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Abstract

Regulated exocytosis is the controlled secretion o f cellular contents or insertion of 
plasma membrane components. This process requires the fusion of a secretory 
vesicle with the plasma membrane, which occurs in response to a specific cellular 
signal, typically an increase in the intracellular Ca2+ concentration. The fusion 
event is mediated by a core molecular machinery known as the SNARE-complex 
and is modulated by a large number of accessory proteins. An additional layer of 
regulation can be employed by protein phosphorylation.

To date, only PKA and PKC have been widely demonstrated to modulate 
exocytosis in a range of cell types. Recent evidence has however demonstrated that 
Akt/PKB can modulate exocytosis in several cell types including adipocytes, 
pancreatic P-cells and adrenal chromaffin cells, suggesting that it too could be a 
widespread modulator of exocytosis. The potential role of Akt in exocytosis has 
been studied by identifying Akt phosphorylation substrates involved in exocytosis 
and by characterising the function of these phosphorylation events.

In this thesis, it is shown that acute stimulation o f neuroendocrine chromaffin cells 
with physiological secretogogues or depolarisation of cerebellar granule neurons 
(CGNs) results in the increased activation o f Akt (P-Akt), demonstrating a 
relationship between an exocytic signal and Akt activation. Cysteine string protein 
(CSP) and Rab3-interacting molecule 1 (R im l) are identified as novel Akt 
substrates. Using phospho-specific antibodies, Akt is shown to phosphorylate CSP 
on a single residue, SerlO in vitro and in vivo. R im l is phosphorylated by Akt on 
three residues, Ser241, Ser287 and Ser413 in vitro. It is also demonstrated that 
phosphorylation o f these residues on CSP and Riml promotes the binding of 14-3-3 
protein, a protein that has also been shown to modulate exocytosis. This interaction 
is phosphorylation-dependent since substantial binding was only observed with the 
phosphorylated protein. In addition, the structure of CSP has been studied at the 
atomic level using NMR spectroscopy. It is shown that unlike the N-terminal 
domain o f CSP, which is highly folded, the C-terminus of CSP is relatively 
unstructured. However, this domain can undergo induced conformational changes 
in structure and may interact with the N-terminus. Furthermore, it is shown that 
phosphorylation o f SerlO by Akt has no effect on the structure of the folded N- 
terminus and consequently is likely to represent an attractive binding site for 
accessory proteins, such as 14-3-3.

The work presented in this thesis demonstrates that Akt is activated in response to 
stimuli that initiate exocytosis, it phosphorylâtes proteins that are key modulators of 
the exocytic process and that this phosphorylation regulates the interacting partners 
for these proteins. Consequently, Akt may regulate exocytosis in a range of cell 
types through the phosphorylation of a number o f core exocytic proteins, thus 
regulating the protein-protein interactions that are essential for the docking, priming 
and fusion o f secretory vesicles.
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Exocytosis and its molecular machinery

1.1.1. The secretory pathway

The secretory pathway is a highly conserved system that controls the transport of 

newly synthesised proteins through the cell to the plasma membrane, where they 

can interact with the exterior environment. This process is mediated by a series of 

membrane bound organelles that successively modify and sort proteins prior to 

secretion (Alberts et al., 2002). The secretory pathway begins when proteins 

translated by the ribosome are concurrently translocated into the endoplasmic 

reticulum (ER), where they are correctly folded. Following folding, proteins are 

packaged into vesicles and transported to the Golgi apparatus (Palade, 1975). At 

the Golgi, proteins are sequentially modified as they pass through a series of 

compartments known as the cis, medial and trans-Golgi cisternae. Modified 

proteins are then sorted into secretory vesicles at the trans-Golgi network (TGN), 

prior to being transported to the plasma membrane where proteins are either 

incorporated into the membrane or released from the cell (Palade, 1975). The 
secretory pathway is shown in figure 1.1a.

1.1.2. Constitutive and Regulated exocytosis

The exchange of material between different compartments of the secretory pathway 

requires the merger of two membranes, a process known as fusion (Burgoyne and 

Barclay, 2002). A widely studied fusion event is that of the secretory vesicle fusing 

with the plasma membrane, a process known as exocytosis. Exocytosis can occur in 
either a constitutive or regulated manner.

Constitutive exocytosis occurs almost continually in the absence of any stimuli and 

is present in all cell types. This process is required for the insertion of new 

membrane and for the secretion of some extracellular molecules, such as antibodies 

and extracellular matrix components (Burgess and Kelly, 1987; Burgoyne and 
Barclay, 2002).
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Figure 1.1

A
Rough Endoplasmic 

Reticulum

Transport vesicle 

Golgi apparatus

Secretory vesicle 

Plasma membrane

The secretory pathway and secretory vesicle cycle.
(A) The secretory pathway. Proteins from the endoplasmic reticulum are packaged 
into vesicles and transported to the Golgi apparatus. At the Golgi, proteins are sorted 
and packaged into secretory vesicles. Having left the Golgi the secretory vesicles are 
transported to the plasma membrane where they fuse and release their contents.
(B) The synaptic vesicle cycle. During regulated exocytosis the majority of vesicles 
are maintained in the reserve pool. Some vesicles are however found close to the 
plasma membrane where they become docked and are primed for release. Upon an 
appropriate stimulus, the vesicles fuse with the plasma membrane and release their 
contents. Following exocytosis, excess plasma membrane created by the complete 
collapse o f a vesicle into the membrane or intact vesicles that have not collapsed are 
retrieved by endocytosis. Vesicles are then recycled ready for subsequent rounds of 
exocytosis and endocytosis.
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In addition to constitutive exocytosis, many cells have a regulated secretion 

pathway that occurs in response to a physiological stimulus, typically an increase in 

the intracellular calcium (Ca2+) concentration. Regulated exocytosis is required for 

the controlled incorporation of new components into the plasma membrane and for 

regulated secretion of products from the cell (Burgess and Kelly, 1987). Good 

examples of these types of exocytosis are the release of catecholamines from 

neuroendocrine adrenal chromaffin cells, neurotransmitter release and the insertion 

of glucose transporter 4 (GLUT4) in the membrane of lipid and muscle cells. These 
exocytic events have both conserved and unique features.

Adrenal chromaffin cells secrete catecholamines (adrenaline and noradrenaline) 

from large dense-cored vesicles, while neurons secrete neurotransmitters from 

small synaptic vesicles and neuropeptides from dense-cored granules (Thureson- 

Klein, 1983; Zucker, 1996; Morgan and Burgoyne, 1997). Release from both of 

these cell types is mediated by a similar core machinery of proteins, although 

release occurs along the whole membrane in chromaffin cells but only at specific 

sites, known as active zones, in neurons. Similarly, exocytosis in both cell types is 

initiated by an increase in the intracellular Ca2+ concentration, but this occurs by 

differing mechanisms and at different Ca2+-affinities for dense-cored vesicles 

compared to synaptic vesicles (Morgan and Burgoyne, 1997). Unlike synaptic 

vesicle and dense-cored exocytosis, GLUT4 translocation is not mediated by an 

increase in the intracellular Ca2+-concentration. Instead, exocytosis is initiated by 

insulin stimulated signalling pathways, probably involving PI3K. This signal 

results in the mobilisation of GLUT4 containing vesicles from an insulin- 

responsive pool of vesicles (Ishiki and Klip, 2005; Hou and Pessin, 2007). The 

docking and fusion of mobilised vesicles with the plasma membrane is then 

probably further regulated by insulin allowing insertion of GLUT4 into the 

membrane (Watson and Pessin, 2007). Differences in the modes of exocytosis have 

been reported for dense-cored and synaptic vesicle exocytosis. Kiss and run 

exocytosis, where a vesicle fuses momentarily with the membrane before being 

recaptured has been widely observed with dense-cored exocytosis but is much more 

controversial in synaptic vesicle exocytosis (Ceccarelli et a l, 1973; Burgoyne et al., 

2001; Royle and Lagnado, 2003). The major difference between synaptic vesicle 

and dense-core exocytosis is in the life cycle of the secretory vesicles. Dense-cored
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granules contain large amounts of luminal protein that can only be taken up from 

the trans-Golgi network (TGN). Consequently, following exocytosis new granules 

must bud from the TGN. In contrast, following exocytosis synaptic vesicles, which 

do not contain luminal protein, are recycled to either the readily releasable or 

reserve pool of vesicles via a mechanism known as endocytosis (Morgan and 

Burgoyne, 1997; Rizzoli and Betz, 2005; Femandez-Alfonso and Ryan, 2006). The 
synaptic vesicle cycle is shown in figure 1.1b.

1.1.3. Identification of the core machinery of exocytosis

The core protein machinery mediating both intracellular membrane fusion and 

exocytosis was determined during the 1980’s and 1990’s, predominantly by the 
laboratories of Randy Schekman and James Rothman.

Genetic analysis of the budding yeast, Saccharomyces cerevisiae, secretory 

pathway identified 23 different temperature-sensitive Sec (secretory) mutants that 

had a defect in cell surface secretion. These mutants were characterised by an 

increased cell density at the non-permissive temperature of 37 °C, due to 

accumulation of transport vesicles throughout the cell (Novick et al., 1980). This 

suggested that the mutant genes were required for membrane fusion at a variety of 

membranes. Subsequent analysis revealed that these mutants were involved in 

different stages of the secretory pathway including ER to Golgi transport and cell 
surface fusion (Novick et al., 1981).

Studying transport between Golgi cisternae, Rothman and colleagues demonstrated 

that jV-Ethylmaleimide (NEM) could inactivate transport between cistemae and that 

this transport could be reconstituted by NEM-sensitive factor (NSF) (Block el al 

1988). An essential co-factor for NSF, which mediates its binding to distinct 

membrane sites, was subsequently identified and termed soluble NSF attachment 

protein (SNAP) (Clary and Rothman, 1990). These findings formed the basis for 

the identification of the core proteins involved in membrane fusion, which were 

first described in a seminal paper by (Sollner et al., 1993b). Mixing recombinant 

NSF and a-SNAP with membrane extract resulted in the formation of a 20S 

complex. This complex dissociated in the presence of ATP and was shown to 

contain syntaxin A and B, SNAP-25 and VAMP2 (synaptobrevin), suggesting that
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syntaxin, SNAP-25 and VAMP2 were SNAP receptors (SNAREs). This led to the 

proposal of the SNARE hypothesis, which stated that a vesicle (v-) SNARE could 

interact with a target (t-) SNARE to encode specificity in fusion events (Sollner et 

a l, 1993b). Subsequently it was demonstrated that syntaxin, SNAP-25 and 

VAMP2 could form a complex in the absence of NSF and SNAPs, demonstrating 

that v- and t-SNARES interact directly (Sollner et a l, 1993a). The protein domains 

mediating formation of the SNARE complex were subsequently identified as the 
coil-coil regions of the SNARE proteins (Hayashi et a l, 1994).

The findings in yeast and mammals converged following the identification that 

Sec 17 and Sec 18 were the yeast homologues of mammalian SNAPs and NSF 

(Schekman, 1992) and that yeast Sec9, Ssol and Sncl were SNARE proteins. 

These findings demonstrate the universally conserved nature of the core membrane 
fusion machinery.

Evidence for the significance of these proteins in neurotransmitter release came 

from studies using tetanus and botulinum toxins, which impair neurotransmitter 

release in central nervous system (CNS) and peripheral neurons (Burgen et al., 

1949). Treatment of purified synaptic vesicles with tetanus or botulinum-B toxins 

resulted in the specific cleavage of VAMP2 (19 kDa) into 12 and 7 kDa fragments 

(Schiavo et a l, 1992). This confirmed the critical role of VAMP2 in exocytosis. 

Consequently the race was on to identify the cellular targets of the other botulinum 

toxins. Botulinum-D was observed to cleave VAMP2, but at a different site to 

botulinum-B (Schiavo et a l, 1993). Botulinum-A and E were shown to cleave 

SNAP-25 (Blasi et a l, 1993a; Schiavo et a l, 1993; Binz et a l, 1994) and 

botulinum-C syntaxin (Blasi et al, 1993b; Schiavo et a l, 1995). These findings 

demonstrated that tetanus and botulinum toxins, which were known to inhibit 

exocytosis, mediate their effect through the cleavage of the SNARE proteins. 

These seminal pieces of research identified and validated the SNARE complex as 
the core machinery of membrane fusion and exocytosis.

1.1.4. SNARE proteins in membrane fusion

A role for the SNARE proteins in membrane fusion was first demonstrated using 

liposome fusion assays. SNAP-25 and syntaxin were incorporated into unlabelled
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‘acceptor’ liposomes and VAMP2 into fluorescently labelled ‘donor’ liposomes 

(Weber et al., 1998). Upon mixing, fluorescently labelled lipids were observed to 

disperse into the unlabelled liposomes, demonstrating that fusion had occurred 

(Weber et al., 1998). A model of SNARE mediated membrane fusion is shown in 

figure 1.2a. A theory of how SNARE proteins could confer fusion was promoted 

by resolution of the SNARE complex by x-ray crystallography. The structure 

revealed that the SNARE motifs of the 3 proteins interacted to form a highly 

twisted parallel four-helix bundle (Poirier et al., 1998b; Sutton et al., 1998; Jahn et 

al., 2003). The centre of this bundle (‘0’ layer) was reported to form leucine- 

zipper-like-layers, which contained an ionic layer consisting of an arginine residue 

from VAMP2 and three glutamine residues, one from syntaxin and two from 

SNAP-25 (Sutton et al., 1998) (Fig 1.2b). Intriguingly, the arginine and glutamine 

residues are highly conserved in all SNARE proteins. This led to the re

classification of the SNAREs as Q- or R-SNARES and subsequently all functional 

SNARE complexes were shown to require one R-containing helix and three Q- 
containing helices (Fasshauer et al., 1998).

The SNARE motifs that form the core complex are usually joined to a single 

transmembrane domain via a short linker, the exception being SNAP-25, which is 

linked to the membrane via palmitoylation of cysteine residues in the region linking 

its two SNARE motifs (Jahn and Scheller, 2006). The parallel nature of the 

SNARE complex led to the suggestion that the core complex forms in a ‘zipper

like’ manner, with zippering proceeding from the N-terminal end of the SNARE 

motif towards the C-terminus (membrane anchor) (Hanson et al., 1997; Lin and 

Scheller, 1997). Perturbing the linker and transmembrane domains in liposome 

fusion assays reduced fusion (McNew et al., 1999; McNew et al., 2000), suggesting 

that tightening of the SNARE complex towards the membrane anchors creates 

stress on the linker, drawing the two membranes into close proximity.

1.1.5. Accessory proteins in regulated exocytosis

Despite being the minimal machinery required for fusion, the SNAREs are 

regulated by a large number of accessory proteins. Several of these proteins are 

highly conserved in all fusion events, while others appear to be specific adaptations 
for regulated exocytosis (Fig 1.3).
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Figure 1.2

B

Syntaxin 1A

The SNARE complex.
(A) Formation of the SNARE complex in membrane fusion. The t-SNAREs are 
located on the plasma membrane and the v-SNAREs on the vesicle. Initially syntaxin 
and SNAP-25 interact to form a dimer. VAMP binds to the dimer forming the trans- 
SNARE complex which brings the two membranes into close proximity. Membrane 
fusion occurs resulting if the formation of a cA-SNARE complex.
(B) The SNARE bundle. Crystal structure of the neuronal SNARE complex (Blue - 
syntaxin 1 A, Red - VAMP2, Green - SNAP-25). Image adapted from Sutton RB et al
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Figure 1.3

Synaptic Vesicle Synapsins

Rabphilin 3A

Rab3^

Synaptophysin

VAMP

Synaptotagmin I
a-SNAP

Active Zone

Munc 18 

SNAP-25

«Î* NSF

Synaptic vesicle and plasma membrane associated exocytic proteins.
Proteins implicated in the regulation o f various stages o f the exocytic process. The 
plasma membrane complex demonstrates the many protein-protein interactions that 
are centred around Rim 1 at the active zone within synapses.

- 9 -



1.1.5.1. NSF and a-SNAP

NSF is an ATPase, which along with its cofactors SNAPs is essential for the Mg2+- 

ATP-dependent disassembly of SNARE complexes (Zhao et a l, 2007). The 

ATPase activity of NSF is mediated through the first of its two ATP domains, the 

second being required for formation of NSF’s hexameric structure (Tagaya et a l, 

1993; Lenzen et al., 1998). The intrinsic ATPase activity of NSF is enhanced upon 

binding to a-SNAP, indicating that a-SNAP both recruits and activates NSF 

(Morgan et a l, 1994; Barnard et al., 1997). The essential nature of NSF and 

SNAPs has been demonstrated in yeast and Drosophila. In yeast, Sec 17 and Sec 18 

(SNAP and NSF homologues) mutants accumulate transport vesicles at restrictive 

temperatures (Novick et al., 1980; Schekman, 1992). Similarly, Drosophila 

Comatose (NSF) mutants have a temperature-sensitive paralytic phenotype 

resulting from the accumulation of SNARE complexes (Pallanck et a l, 1995; 
Littleton et al., 1998).

Despite the suggestion that NSF and a-SNAP disassemble the SNARE complex 

following membrane fusion (Littleton et a l, 2001), evidence suggests that their 

function can also precede membrane fusion. In yeast, analysis of vacuole-vacuole 

fusion indicated that Sec 18 (NSF) and Sec 17 (a-SNAP) exert their ATP-dependent 

function prior to vacuole docking (Mayer et a l, 1996). In adrenal chromaffin cells, 

a-SNAP stimulates exocytosis in Mg2+-ATP-dependent priming assays and 

increases the amplitude of the slow (priming) component of catecholamine release 

(Chamberlain et a l, 1995; Xu et a l, 1999). Furthermore, NSF and a-SNAP can 

disassemble SNARE complexes that form on secretory vesicles (Otto et a l, 1997). 

This has led to the suggestion that NSF-SNAP complexes continually disassemble 

m-SNARE complexes, which are functionally incompetent, thus releasing SNARE 

proteins and allowing them to form fusion competent tram-SNARE complexes 
(Burgoyne and Morgan, 1998).

1.1.5.2. Sec1/Munc18 (SM) proteins

SM proteins function in all SNARE-mediated fusion events investigated in species 

ranging from yeast to mammals, indicating that SM proteins have a conserved, 

essential function in exocytosis (Halachmi and Lev, 1996; Toonen and Verhage,

2003). The essential nature of SM proteins is apparent from knock-out studies in
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yeast, Caenorhabditis elegans (C.elegans) and mice. Yeast Seel mutants have a 

temperature sensitive phenotype due to the accumulation of transport vesicles 

(Novick et al., 1980). C.elegans unc-18 (uncoordinated) mutants accumulate 

acetylcholine at high levels and are resistant to acetylcholinesterases, suggesting 

that unc-18 has an essential function in exocytosis (Hosono et al., 1992). 

Similarly, muncl8-l knock-out mice are stillborn and appear paralysed in early 

embryogenesis, which coincides with the complete abolition of GABAergic and 
cholinergic neurotransmission (Verhage et al., 2000).

The function of SM proteins in exocytosis is thought to be predominantly mediated 

through their interaction with cognate syntaxins via three modes of binding. A 

widely occurring mode of binding is the interaction of the SM protein with the N- 

terminus of their cognate syntaxin as observed for the yeast Slyl and Vps45 (SM 

proteins) interactions with Sed5 and Tlgll and for the mammalian muncl8-3 and 

syntaxin 4 interaction (Toonen and Verhage, 2003; Burgoyne and Morgan, 2007). 

SM proteins also interact with formed SNARE complexes, as seen with the yeast 

SM protein Seel (Carr et al., 1999). These two modes of binding are supportive of 

a role for SM proteins in regulating exocytosis. Uniquely however, neuronal 

muncl8-l has been reported to bind to the closed conformation of syntaxin 1A 

(Dulubova et al., 1999; Misura et al., 2000). This suggests that muncl8-l may 

have an inhibitory role in neuronal exocytosis, excluding syntaxin’s interaction with 

the SNARE complex. Recent findings have however indicated that muncl8-l also 

interacts with the N-terminus of syntaxin 1A and with formed SNARE complexes.

In proteoliposome fusion assays, muncl8-l enhances the rate of fusion following 

pre-assembly of SNARE complexes. This effect is mediated by an N-terminal 

munc 18-1 -syntaxin interaction as it is abolished by N-terminal mutations (Shen et 

al., 2007). Furthermore, mutations in VAMP2 also reduced munc-18’s stimulatory 

effect on proteoliposome fusion, indicating a munc 18-1-SNARE complex 

interaction (Shen et al., 2007). The N-terminal and SNARE interactions have been 

independently verified using a range of techniques (Dulubova et al., 2007; Rickman 

et al., 2007). The three distinct modes of muncl8-syntaxin binding may be 

required for different muncl8 functions. The closed conformation of binding may 

be involved in munc!8’s role in regulating vesicle docking (Voets et al., 2001;
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Hammarlund et al., 2007), while the N-terminal and SNARE complex interactions

may explain the effect of muncl8 on membrane fusion kinetics (Fisher et al.,
2001).

1.1.5.3. Rab3a

Rab proteins are small monomeric GTPases that have a conserved function 

throughout the secretory pathway. In yeast, 11 Rabs have been identified, which 

associate with specific membranes and regulate discrete intracellular trafficking 

events (Novick and Zerial, 1997). In humans there are over 60 Rab proteins, with 

Rab3 having been widely implicated in the regulation of exocytosis. Rab3A is the 

predominant isoform in brain, being expressed in virtually all synapses (Li and 

Chin, 2003). Within cells, Rab3A is found associated with synaptic vesicles (GTP- 

bound form) or within the cytosol (GDP-bound form), suggesting that it cycles 

between these two locations (Li and Chin, 2003). Rab3 has been implicated in 

multiple steps of the exocytic event including the docking and priming of vesicles. 

In C.elegans, Rab3 loss of function mutants have a decreased number of synaptic 

vesicles at the nerve terminal, supporting a role in docking (Nonet et al., 1997). In 

mice, Rab3A deletion impairs activity-dependent recruitment of synaptic vesicles to 

the active zone, providing further support for a docking function (Geppert et al., 

1994a). However, these mice also exhibit increased Ca2+-triggered 

neurotransmitter release and enhanced short-term plasticity, supporting a post

docking (priming) function (Geppert et al., 1997). The functions of Rab3A are 

likely to be mediated through its effectors including Rabphilin, Noc2 and Riml (see 

section 1.1.5.7). Intriguingly, a recently identified Rab3A effector is muncl8-l. In 

chromaffin cells, wild-type Rab3A promotes vesicle docking. This effect is 

abolished when Rab3A is expressed in muncl8-l null cells, suggesting a 

cooperative function between the two proteins (van Weering et al., 2007). This 

finding is intriguing because in yeast, rab proteins have previously been shown to 

regulate docking in conjunction with SM proteins, indicating a potentially 
conserved function for these two proteins.

1.1.5.4. Synaptotagmin

An increase in intracellular Ca2+ is known to be the trigger for exocytosis in many 

systems. This indicates that a Ca2+-sensor is required for the regulation of
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exocytosis. Synaptotagmin is a vesicle bound protein that binds Ca2+ and 

negatively charged phospholipids (Brose et al., 1992). C.elegans synaptotagmin

null mutants exhibit severe locomotion defects that are characteristic of deficiencies 

in synaptic function, although not all exocytosis is abolished (Nonet et al., 1993). 

Similarly, synaptotagmin-1 null mice have severely impaired synchronous (fast) 

release, but exhibit no change in asynchronous release (Geppert et al., 1994b), 

suggesting that synaptotagmin-1 is a low affinity Ca2+-sensor regulating 

synchronous release. The high affinity binding of Ca2+ and phospholipids is 

mediated by two C2 domains (C2A and C2B) that are found in the cytoplasmic 

domain (Davletov and Sudhof, 1993; Fernandez et al., 2001). These domains are 

thought to function cooperatively to modulate the Ca2+-sensitivity of release as 

mutation of either domain regulates the Ca2+-affinity of release, while having 

varying degrees of effect on the amount of release (Femandez-Chacon et al., 2002; 
Mackler et al., 2002; RJiee et al., 2005).

The mechanism by which the Ca2+-sensing of synaptotagmin is conferred to the 

fusion machinery is unclear. Synaptotagmin has been suggested to simultaneously 

bind two membranes, bringing them into close proximity (Arac et al., 2006). 

Alternatively, synaptotagmin may directly interact with the SNARE proteins to 

regulate fusion, although many of the reported interactions appear incompatible 

because they involve the same regions as required for phospholipid binding 

[Reviewed by (Rizo et al., 2006)]. Recent research has however indicated that a 

quaternary SNARE-synaptotagmin-Ca2+-phospholipid complex can form to drive 
membrane fusion (Dai et al., 2007).

1.1.5,5. Complexins

Complexins are soluble proteins that regulate Ca2+-dependent release in a range of 

systems. This effect is likely to be mediated through an interaction with the 

SNARE proteins, as complexins have been shown to bind cw-complexes with high 

affinity (McMahon et al., 1995). Three recent papers have demonstrated that 

complexins potentially act as fusion clamps, inhibiting fusion until the appropriate 

signal is received (Melia, 2007). In a flipped-SNARE cell-cell fusion assay, where 

SNARE proteins are expressed on the outside surface of a cell, addition of 

complexin I reduced the extent of fusion (Giraudo et al., 2006). Furthermore, cells
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grown in the presence of complexin did not fuse, but subsequent removal of 

complexin resulted in a rapid burst of fusion. A similar effect was observed in 

proteoliposome fusion assays, where complexin was observed to reduce fusion by 

20-30% (Schaub et al., 2006). Further support for a fusion clamp function came 

from studies using a construct where complexin was fused to the N-terminus of 

VAMP2. Over-expression of this construct in cortical neurons inhibited exocytosis, 

supporting an inhibitory effect of complexin on exocytosis (Tang et al., 2006). 

This fusion clamp function of complexin appears to be linked to synaptotagmin. 

The complexin-SNARE interaction discussed above is Ca2+-insensitive. However, 

in the presence of synaptotagmin, Ca2+ induces a rapid release of the clamped state, 

increasing fusion considerably above the complexin free state (Giraudo et al., 2006; 

Schaub et al., 2006). These findings suggest that complexin acts as a fusion clamp, 

maintaining the vesicle in a primed state until a Ca2+-influx causes synaptotagmin 

to dissociate complexin and allow fusion to occur. As such, synaptotagmin can be 

considered as a Ca2+-sensor and trigger for exocytosis.

1.1.5.6. Cysteine String Protein (CSP)
Cysteine String Protein (CSP) was originally identified in Torpedo as a Ca2+- 

channel regulatory subunit (Gundersen and Umbach, 1992). The importance of 

CSP in the regulation of secretion was determined by genetic studies in Drosophila. 

Drosophila CSP null mutants exhibit a temperature-sensitive block of synaptic 

transmission, followed by paralysis and early death (Zinsmaier et al., 1994). At 

22 °C, evoked transmission is depressed in null mutants. Raising the temperature to 

30 °C exacerbates this phenotype with stimulus-evoked release gradually declining 

before becoming completely abolished (Umbach et al., 1994). This phenotype was 

subsequently suggested to be symptomatic of impaired synchronisation of evoked 

release as CSP null mutants had a slower time-course and a reduced probability of 

release (Heckmann et al., 1997).

Characterisation of mammalian CSP revealed that CSP is composed of an N- 

terminal J-domain, as well as the cysteine-string domain, which is a sequence of 20 

amino-acids containing 14 cysteine residues, and a linker region that joins the two 

domains (Braun and Scheller, 1995). CSP has been shown to localise to a range of 

secretory vesicles including synaptic vesicles, zymogen granules, adrenal
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chromaffin granules, pancreatic P-cell granules and Xenopus laevis cortical 

granules (Braun and Scheller, 1995; Chamberlain et al., 1996; Brown et al., 1998; 

Gundersen et al., 2001). The localisation and correct targeting of CSP to these 

vesicles is dependent on palmitoylation of the cysteine-string domain (Chamberlain 

and Burgoyne, 1998a; Greaves and Chamberlain, 2006).

The finding that CSP contains a J-domain led to the suggestion that CSP acts as a 

molecular chaperone, because other J-domain containing proteins were known to 

bind and activate the 70 kDa heat-shock cognate protein (Hsc70/Hsp70) to regulate 

protein folding. An interaction between Hsc70 and CSP was identified, with full- 

length CSP or a J-domain containing fragment being capable of stimulating Hsc70 

ATPase activity (Braun et al., 1996). The direct binding of Hsc70 to CSP was 

subsequently demonstrated (Chamberlain and Burgoyne, 1997a) and the precise 

binding site mapped to a HPD motif within the J-domain (Chamberlain and 

Burgoyne, 1997b). The CSP-Hsc70 complex may therefore act as a chaperone at 

the synapse, correcting the conformational folding of proteins involved in the 

secretory response (Chamberlain and Burgoyne, 2000). Yeast two-hybrid screens 

subsequently identified small glutamine-rich tetratricopeptide repeat-containing 

protein (SGT) as a binding partner for both CSP and Hsc70. These proteins form a 

trimeric complex in vitro and in vivo, which can increase the ATPase activity of 

Hsc70 above that of the CSP-Hsc70 complex. Furthermore, the Hsc70-CSP-SGT 

complex is capable of re-folding denatured firefly luciferase, demonstrating that the 

trimeric complex functions as a chaperone (Tobaben et al., 2001). Formation of the 

complex with a brain-specific SGT was subsequently reported, suggesting that this 

complex has a functional role within neurons (Tobaben et al., 2003). Despite 

strong evidence that CSP functions as a chaperone, its precise role has remained 

controversial, mainly due to the observations that CSP can modulate exocytosis and 

may regulate Ca2+-entry through voltage-gated Ca2+-channels.

A role for CSP in regulating Ca2+-channel activity was first reported by Gundersen 

and Umbach (1992), who suggested that CSP was a Ca2+-channel regulatory 

subunit. Further support for an effect on Ca2+-entry comes from Drosophila CSP 

null mutants. As described previously, these mutants have a temperature-sensitive 

defect in neurotransmission. This defect can be overcome by application of a Ca2+-
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ionophore, suggesting that reduced Ca2+-entry accounts for the reduced 

neurotransmission (Ranjan et al., 1998). Other studies have however reported that 

Ca2+-influx is in fact increased in CSP null mutants (Dawson-Scully et al., 2000). 

CSP has also been suggested to interact with P/Q-type Ca2+-channels (Leveque et 

al., 1998), although this interaction has only been shown in vitro. Alternatively, 

CSP may interact with G-protein subunits to tonically inhibit N-type Ca2+-channels 

(Magga et al., 2000; Miller et al., 2003). The idea that CSP regulates Ca2+-channel 

activity has been opposed by other studies. Electrophysiological recordings of 

Ca2+-currents in Drosophila peptidergic synapses indicated that CSP null flies were 

entirely normal and comparable to wild-type (Morales et al., 1999). Further 

evidence arguing against a role for CSP in modulating Ca2+-entry comes from 

studies investigating the role of CSP in exocytosis.

The effect of CSP on secretion was first studied in PC 12 cells stably over

expressing CSP. CSP over-expressing cells exhibited no change in granule 

number, distribution or Ca2+-signalling, indicating that CSP has no role in granule 

maturation, docking or the regulation of Ca2+-channels. In contrast, over

expression of CSP enhanced the extent of exocytosis in permeabilised cells in 

response to Ca2+ (Chamberlain and Burgoyne, 1998b). Transient over-expression 

of CSP in the INS-1 pancreatic cell line produced a significant decrease in insulin 

exocytosis, while no effect on voltage-dependent Ca2+-activity was observed 

(Brown et al., 1998). Similarly, transient over-expression of CSP in adrenal 

chromaffin cells also causes a gross inhibition of catecholamine release. However, 

over-expression of CSP in these cells has a second more subtle phenotype. Carbon 

fibre amperometry indicated that CSP over-expression increased the rise time and 

half-width of the amperometric spike, indicating a slowing of release kinetics 

(Graham and Burgoyne, 2000). These findings indicate that CSP is capable of 

regulating dense-cored granule release. One mechanism by which CSP may 

mediate its effect on exocytosis is through interacting partners. Indeed, a number of 

proteins critical for the exocytic response have been shown to bind CSP. 

Immunoprecipitation of CSP from rat brain and HIT-T15 cell membrane extracts 

identified VAMP2 as a potential interacting partner, although no function has been 

attributed to this interaction (Leveque et al., 1998; Boal et al., 2004). Similarly, 

CSP and syntaxin co-immunoprecipitate from Drosophila heads (Nie et al., 1999).
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Furthermore, expression of CSP in Drosophila larval nerve terminals can suppress 

the decrease in evoked release induced by over-expression of syntaxin-lA, 

indicating a functional interaction (Nie et al., 1999; Chamberlain and Burgoyne, 

2000; Evans et a l, 2001). In vitro experiments using recombinant proteins have 

suggested that CSP can interact with both isolated syntaxin and with formed 

SNARE complexes (Chamberlain and Burgoyne, 2000; Evans et al., 2001; Swayne 

et al., 2006). Similar studies have also identified synaptotagmin as a potential CSP 

interacting partner (Evans and Morgan, 2002).

The studies described above provide conflicting evidence as to the function of CSP. 

Analysis of CSP knock-out mice has however failed to clarify the situation. 

Deletion of CSP was observed to have no effect on mice at birth. However, at 

around three weeks the mice become lethargic and begin to die. This phenotype is 

due to a progressive, fatal sensorimotor degeneration, with mice exhibiting both 

morphological changes in synapse structure and impaired neurotransmission 

(Fernandez-Chacon et al., 2004). Analysis of Ca2+-currents in the Calyx of Held 

synapse, prior to and during neurodegeneration revealed that the mice had no 

observable defect in this regard. Similarly, it was reported that no defects in 

neurotransmission occurred prior to neurodegeneration, but that a progressive loss 

of synaptic function occurred from approximately post-natal day 20 (Fernandez- 

Chacon et al., 2004). A similar neurodegeneration phenotype was reported in 

ribbon synapses of photoreceptors, although it should be noted that the effect on 

neurotransmission or Ca2+-currents was not investigated (Schmitz et al., 2006). 

These findings were therefore suggested to support a chaperone function for CSP 

and to rule out any involvement in exocytosis. However, a follow-up study 

reported some surprising findings. Chandra et al (2005) reported that transgenic 

expression of a-synuclein could rescue the neurodegeneration phenotype of CSP 

null mice. While attempting to identify protein targets responsible for this rescue, it 

was observed that CSP null mice have a significantly reduced number of formed 

SNARE complexes. Furthermore, quantitative immunoblotting identified a 30-40% 

reduction in SNAP-25 expression, with this reduction being present before the 

onset of neurodegeneration (Chandra et al., 2005). These findings, while still 

potentially supporting a chaperone function for CSP, clearly demonstrate that CSP

- 17-



exerts some of its effects on the core exocytic machinery, providing a link to its role 

in modulating exocytosis.

1.1.5.7. Rab3A-interacting molecule 1 (Rim1)
Rim la  is a large pre-synaptic active zone protein that was originally identified as a 

putative Rab3-effector, with binding occurring with GTP (but not GDP) complexed 

Rab3 (Wang et a l, 1997). Riml is composed of an N-terminal Zn2+-finger domain, 

a central PDZ domain and two C2 domains (C2A and C2B), which do not bind Ca2+ 

(Wang et a l, 1997; Gamer et a l, 2000). These domains have been implicated in 

multiple protein-protein interactions, leading to the suggestion that Rim 1 acts as a 

molecular scaffold in exocytosis (Kaeser and Sudhof, 2005). The N-terminal 

domain mediates binding to both Rab3 and another active zone protein muncl3 

(Betz et a l, 2001). Betz et al (2001) showed that perturbation of the Riml-muncl3 

interaction resulted in a reduction in the number of readily releasable vesicles and 

that Rab3 and muncl3 compete for the same binding site. This led to the 

suggestion that the Rab3-Riml interaction may be required for tethering of the 

vesicle to the plasma membrane and that subsequently muncl3 could compete off 

Rab3 to interact with Rim, mediating vesicle priming. NMR structural analysis of 

Rim la  demonstrated that the binding sites for Rab3 and muncl3 are in fact 

adjacent but separate from one another (Dulubova et a l, 2005). This suggests that 

Rab3-Rim-muncl3 exist as a tripartite complex, which approximates synaptic 

vesicles to the priming machinery (Dulubova et a l, 2005). This role may be 

analogous to the exocyst complex which has been shown to define the sites of 

vesicle docking in yeast and some mammalian cells (Hsu et a l, 1996; Lipschutz 

and Mostov, 2002; Munson and Novick, 2006). The role of the exocyst in synaptic 

vesicle exocytosis is controversial however with evidence from Drosophila 

suggesting that the exocyst complex may not be required for neurotransmitter 

release. Consequently the Rim-rab3-muncl3 complex may be a specific neuronal 

adaptation for approximating vesicles to the release sites (Murthy et a l, 2003).

Another active zone protein CAST (alternatively named ELKS or ERC) interacts 

with the PDZ domain of Riml (Ohtsuka et a l, 2002; Wang et a l, 2002). 

Immunoprécipitation using a CAST antibody indicated that CAST interacted with 

Riml, muncl3 and another active zone protein bassoon. Subsequent analysis
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suggested that the CAST/muncl3 interaction was indirect, being mediated through 

Riml (Ohtsuka et a l, 2002). Intriguingly, expression of ELKS in PC 12 cells 

results in a substantial increase in stimulated exocytosis of expressed human growth 

hormone. This increase in exocytosis can be inhibited by disruption of the Rim 

binding site on ELKS, demonstrating a functionally important interaction between 

the two proteins (Inoue et a l, 2006). Riml also interacts with synaptotagmin and 

a-hprins via the C2B domain (Coppola et a l, 2001; Schoch et a l, 2002). The 

interaction between Riml and synaptotagmin appears to be Ca2+-dependent as the 

interaction was observed only in the presence of Ca2+ (Coppola et a l, 2001). Little 

is known about a-liprins, except that it has been implicated in the formation and 

maintenance of synaptic termini in C.elegans (Zhen and Jin, 1999). Currently no 

function has been applied to either of these interactions. A functionally 

characterised interaction is that of Rim-binding proteins (Rim-BP). Rim-BPs have 

unknown function but contain three Src-homology 3 domains which interact with a 

proline-rich domain in Riml, found between the first and second C2 domains 

(Wang et a l, 2000; Hibino et a l, 2002). Rim-BPs have been proposed to mediate 

interactions between Rim and N-type Ca2+-channels, with disruption of this 

interaction in PC 12 cells resulting in augmentation of exocytosis (Hibino et al,

2002). Consequently, Rim-BPs have been proposed as a mechanism to link the 

priming machinery (Rim) to the release machinery (Ca2+-channels). Riml has also 

been suggested to directly interact with SNAP-25 and N-type Ca2+-channels, via the 

synaptic protein interaction site (synprint) motif, although these interactions are still 
to be proven in cells (Coppola et a l, 2001).

The large number of Riml-interacting partners has led to the suggestion that Riml 

is a central player in the formation of the active zone. This is supported by the 

finding that Rim interacting partners, such as CAST, can interact with other active 

zone proteins including bassoon and piccolo at the same time as Rim (Takao- 

Rikitsu et a l, 2004). This large complex may mediate vesicle priming as une-10 

(Rim homologue) null C.elegan mutants exhibit a five-fold reduction in fusion 
competent vesicles (Koushika et a l, 2001).

A considerable body of evidence has highlighted the importance of Riml for 

exocytosis and synaptic plasticity. Transfection of the N-terminus of Rim into
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PC 12 cells greatly enhances regulated exocytosis. This increase in exocytosis is 

fully suppressed by co-expression of Rab3, demonstrating the essential link 

between these two proteins (Wang et al., 1997). Over-expression of the N-terminus 

or full-length Rim enhances release from both intact and permeabilised chromaffin 

cells (Sun et al., 2002). Furthermore, the enhanced release was Mg2+-ATP- 

dependent, supporting a priming role for Rim.

Information regarding R im l’s role in synaptic plasticity has predominantly come 

from the analysis of neurons from Riml knock-out mice (Lonart, 2002; Kaeser and 

Sudhof, 2005). The function of Riml in synaptic plasticity is specific for different 

subsets of neurons. In hippocampal mossy fibre synapses and cerebellar parallel 

fibre synapses, no difference in synaptic transmission or two forms of short-term 

plasticity, paired-pulse facilitation and frequency facilitation, was observed 

between knock-out and wild-type animals. However, long-term potentiation (LTP) 

was completely abolished in both synapses (Castillo et al., 2002). These findings 

were virtually identical to those of the Rab3A knock-out mice (Castillo et al., 1997; 

Lonart et al., 1998), demonstrating that Rab3A may mediate its effects through 

Riml. A different effect of Riml knock-out was observed in Schaffer-collateral 

synapses. Riml null mice exhibited a selective increase in paired-pulse facilitation 

corresponding to an increase in transmitter release, an effect similar to that seen in 

Rab3A knock-out mice (Schoch et al., 2002). Surprisingly, knock-out mice 

exhibited reduced paired-pulse facilitation in inhibitory CA1 pyramidal neurons, 

which was in contrast to the lack of effect observed following Rab3A knock-out. 

This demonstrates that at inhibitory synapses, Riml acts independently of Rab3A. 

No change in long-term potentiation within either set of neurons was observed 

(Schoch et al., 2002). Similar effects have been observed in CA1 hippocampal 

autaptic cultures, where deletion of Riml caused a large reduction in the readily 

releasable pool of vesicles and altered short-term plasticity (Calakos et al., 2004). 

These finding suggest that Riml functions in several distinct forms of short- and 

long-term plasticity. Further discussion of PKA-dependent Riml synaptic 

plasticity is presented in section 1.2.5.2.
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1.2. Phosphorylation in regulated exocvtosis

1.2.1. Protein kinases modulating regulated exocytosis
The exocytic process is typically initiated by an increase in the intracellular Ca2+- 

concentration. This increase in intracellular Ca2+ is thought to result in the 

formation of multiple protein-protein interactions leading to the fusion of the 

vesicle with the plasma membrane (Sudhof, 2004). A further level of regulation 

can be applied to this system by post-translational modification of the exocytic 

machinery. A widely studied post-translational modification shown to have 

functional effects on exocytosis is protein phosphorylation (Evans et al., 2001). 

Numerous kinases have been implicated in exocytosis including protein kinase A 

(PKA), protein kinase C (PKC) and Ca2+/calmodulin-dependent protein kinase II 

(CaMKII) (Turner et al., 1999; Leenders and Sheng, 2005). However, to date only 

PKA and PKC have been convincingly shown to modulate exocytosis in a broad 

range of cell types (Morgan et al., 2005).

1.2.2. Cyclic-AMP-dependent protein kinase A (PKA)
The physiological activation of PKA applicable to exocytosis is via the activation 

of Ca2+-sensitive (type 1) adenylyl cyclases, which elevate intracellular cAMP 

levels and activate PKA (Choi et al., 1992; Leenders and Sheng, 2005). The role of 

PKA in the modulation of exocytosis and synaptic plasticity has predominantly 

been studied by the application of specific PKA activators or inhibitors (Evans and 

Morgan, 2003). These experiments have demonstrated that PKA can modulate 

exocytosis in a wide range of cell types. A small number of examples are given 

below.

In human sperm, application of the adenylate cyclase activator forskolin or cAMP 

analogues stimulates, while PKA inhibitors reduce the acrosome reaction (De Jonge 

et al., 1991). In mouse pituitary melanotrophs, PKA increases the threshold of 

secretion (Sedej et al., 2005). Histamine release from mast cells can be triggered 

by intracellular alkalinisation with NH4C1. This alkalinisation induced histamine 

release is potentiated by the application of forskolin or the cAMP analogue 

dibutyryl-cAMP and inhibited by the PKA inhibitor H89 (Pernas-Sueiras et al.,
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2006). In permeabilised pancreatic acinar cells, cAMP potentiates Ca2+-dependent 

secretion through a PKA dependent pathway, which can be inhibited by H89. This 

potentiation pathway increases the Ca2+-sensitivity of release, allowing exocytosis 

to be initiated at lower Ca2+-levels (O'Sullivan and Jamieson, 1992; Lee et al.,

2005). A similar effect is seen in insulin secreting pancreatic p-cells whereby 

cAMP increases and prolongs Ca2+-induced insulin release and PKA inhibitors 

impair this release (Basudev et al., 1995; Renstrom et al., 1997).

A detailed analysis of the influence of PKA in exocytosis has come from adrenal 

chromaffin cells, where the kinetics of release, as well as the overall extent of 

release can be measured (Cheek and Burgoyne, 1987; Morita et al., 1987; Parramon 

et al., 1995). In permeabilised chromaffin cells, application of a PKA catalytic 

subunit or cAMP stimulates exocytosis in a dose-dependent manner that is 

absolutely dependent on the presence of micromolar Ca2+ (Morgan et al., 1993). 

This suggests that as in other cell types, the role of PKA in chromaffin cells is to 

enhance release. This is supported by studies analysing the release kinetics of 

individual fusion events. Intriguingly, the activation or inhibition of PKA has no 

effect on the number of fusion events while still modifying the extent of total 

catecholamine release (Machado et al., 2001; Koga and Takahashi, 2004). 

Application of forskolin does however alter the kinetics of individual fusion events 

by broadening the amperometric spike, which results in an increased quantal size, 

an effect that is abolished by PKA inhibitors (Machado et al., 2001). This idea is 

supported by Koga et al (2004), who studied the effect of PKA inhibitors on tonic 

PKA activity. Application of inhibitors reduced the total amount of basal 

catecholamine release without affecting the number of release events. The 

inhibitors did however reduce the height, half-width and charge fall-time of the 

amperometric spike, suggesting a reduction in quantal size. These results indicate 

that PKA regulates quantal size in adrenal chromaffin cells, possibly through the 

regulation of fusion pore opening and closing (Koga and Takahashi, 2004).

PKA has also been implicated in the regulation of neurotransmitter release from 

neurons and in synaptic plasticity. Application of forskolin to hippocampal neurons 

enhances evoked neurotransmitter release and synaptic facilitation (Chavez-Noriega 

and Stevens, 1994; Weisskopf et al., 1994). This effect is directly attributable to
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PKA, because application of PKA inhibitors impairs both the enhanced release and 

long-term synaptic potentiation (Weisskopf et al., 1994). This enhancement of 

release may be due to alterations in the Ca2+-sensitvity of release or modulation of 

the events leading to exocytosis. Evidence supporting a role for PKA in directly 

modulating the release events has come from studies considering spontaneous 

transmitter release, a process that does not require changes in the intracellular Ca2+- 

concentration. As with evoked release, spontaneous release is enhanced upon 

forskolin application, with this enhancement being impaired by PKA inhibitors 

(Chavez-Noriega and Stevens, 1994; Chavis et al., 1998). Consequently, the effect 

on release must be due to modulation of the exocytic machinery. Furthermore, 

release stimulated via ruthenium red (Ca2+-independent release) is also enhanced by 

forskolin treatment and inhibited by tetanus toxin, demonstrating that release is 

occurring via SNARE-mediated fusion (Trudeau et al., 1996). These studies 

indicate that the activation of PKA modulates exocytosis, at least in part, via a 

direct effect on the release machinery.

Overall, the studies in numerous cell types indicate that activation of PKA results in 

an enhancement of evoked release. This enhancement of release is likely to be 

mediated through a range of mechanisms, including the regulation of Ca2+-channels 

and Ca2+-sensitvity of release and via a direct effect on the proteins involved in the 

exocytic event. Candidate PKA substrates which may modulate the release event 

are discussed in section 1.2.5.

1.2.3. Protein Kinase C (PKC)
Protein kinase C isoforms are classified based on their co-factor requirements. 

Classical isoforms are activated by Ca2+ and diacylglycerol, novel isoforms by 

diacylglycerol alone and atypical isoforms by neither. The classical PKC isoforms 

have typically been implicated in the regulation of exocytosis (Morgan et al., 2005). 

Many studies investigating the function of PKC in exocytosis have utilised phorbol 

esters, potent diacylglycerol analogues. Another diacylglycerol receptor, Muncl3, 

has also been shown to stimulate exocytosis, although the use of PKC inhibitors has 

confirmed the importance of PKC (Morgan et al., 2005).
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PKC appears to have a modulatory role in exocytosis, typically enhancing release 

occurring in response to another stimulus. This modulatory role has been observed 

in many cell types including macrophages (Tapper and Sundler, 1995), natural 

killer cells (Ting et al., 1992), pituitary cells (Naor et al., 1989; Zhu et al., 2002b) 

and adrenal chromaffin cells (Terbush and Holz, 1990). Exceptions do occur 

however, as in the human sperm acrosome reaction, where phorbol ester treatment 

activates and PKC inhibitors block the acrosome reaction independently of elevated 
Ca2+ (Rotem et al., 1992).

Adrenal chromaffin cells have again proved useful in delineating the physiological 

role of PKC in exocytosis. A brief application of PMA to chromaffin cells enhances 

depolarisation-evoked exocytosis several fold, an effect abolished by PKC specific 

inhibitors (Gillis et al., 1996). This appears to be due to an increase in both the size 

and rate of refilling of the readily releasable pool (RRP) vesicles (Gillis et al., 1996; 

Smith et al., 1998; Smith, 1999). Activation of PKC also greatly enhances the size 

of a small pool of vesicles that are released in response to low Ca2+ levels (Yang et 

al., 2002b) and induces translocation of vesicles to the plasma membrane in PC 12 

cells (Shoji-Kasai et al., 2002). As well as the regulation of vesicle pool size and 

recruitment, PKC appears to regulate the priming and fusion of secretory vesicles.

In permeabilised chromaffin cells, treatment with the phorbol ester TPA enhances 

the Mg2+-ATP-dependent priming, but not the Ca2+-dependent triggering step of 

exocytosis (Misonou et al., 1998). Phorbol ester treatment also alters the release 

kinetics of individual fusion events. This effect on kinetics is represented by a 

decrease in quantal size, due to an increase in the rate of the rise and fall of the 

amperometric spike, an effect that is totally inhibited by the PKC inhibitor Bisl 
(Graham et al., 2000).

PKC has similar effects in neurons as to those observed in chromaffin cells. 

Phorbol ester treatment augments synaptic transmission by increasing 

neurotransmitter liberation (Shapira et al., 1987; Stevens and Sullivan, 1998). This 

is due to an increase in the size and rate of refilling of the RRP (Stevens and 

Sullivan, 1998; Berglund et al., 2002). Furthermore, in retinal bipolar cells 

activation of PKC increases the recruitment of vesicles from the ribbon to the active
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zone, an effect reduced by PKC inhibitors (Minami et al., 1998). Additionally, in 

neurons PKC also appears to regulate release by modifying the Ca2+-sensitivity of 

release (Yawo, 1999; Wu and Wu, 2001).

The studies described above indicate that PKC can modulate exocytosis in a range 

of cell types. Furthermore, this modulation appears to be, at least in part, due to 

changes in the size of the releasable pool of vesicles and in the recruitment of 

vesicles to the plasma membrane. The substrates which may mediate some of 

PKC’s effects on release are discussed in section 1.2.5.

1.2.4. Other kinases implicated in exocytosis
PKA and PKC are the most widely studied kinases implicated in exocytosis. These 

kinases have been shown to function in virtually all secretory cells considered. 

However, the regulation of exocytosis by phosphorylation is not restricted to these 
kinases.

1.2.4.1. Ca2+/calmodulin-dependent protein kinase II (CaMKII)
CaMKII is highly expressed throughout the brain and is activated by 

Ca2+/calmodulin (Leenders and Sheng, 2005). CaMKII has been implicated in the 

modulation of exocytosis in a range of neuronal preparations. Injection of CAMKII 

into the squid giant axon increases the amplitude and rate of rise of the post- 

synaptic potential, indicating an increase in neurotransmitter release (Llinas et al., 

1985). Introduction of CaMKII into synaptosomes increases the initial rate of 

glutamate and noradrenaline release, an effect impaired by CaMKII inhibitors 

(Nichols et al., 1990). Similarly, calcium-evoked dendritic exocytosis from 

astrocyte/hippocampal neuron co-cultures and spontaneous glutamate release from 

cultured hippocampal neurons are both impaired by CaMKII inhibitors (Maletic- 

Savatic et al., 1998; Ninan and Arancio, 2004). These findings suggest that 

CaMKII enhances exocytosis within neurons. Limited evidence suggests that 

CaMKII may function in other cell types, glucose-induced insulin secretion from 

pancreatic P-cells being potentiated by CaMKII catalytic subunits (Yamamoto et 
al., 2003).

- 2 5 -



1.2.4.2. Cyclin-dependent kinase 5 (Cdk5)
Cdk5 is ubiquitously expressed in its active form in neural tissue of the central and 

sympathetic nervous systems (Barclay et al., 2004). In adrenal chromaffin cells 

Cdk5 inhibitors decrease evoked norepinephrine secretion (Fletcher et al., 1999). 

Cdk5 also modulates the kinetics of release within the same cells. Over-expression 

of dominant-negative Cdk5 increased quantal size and broadened the release 

kinetics, suggesting that Cdk5 promotes a more transient fusion event (Barclay et 

al., 2004). As in chromaffin cells, over-expression of dominant-negative Cdk5 

impairs and wild-type Cdk5 enhances Ca2+-dependent insulin release from 

pancreatic P-cells (Lilja et al., 2001; Lilja et al., 2004). Cdk5 appears to have an 

inhibitory role in neurones however, with Cdk5 inhibitors enhancing release from 

synaptosomes and striatal slices (Tomizawa et al., 2002; Chergui et a l, 2004).

1.2.4.3. Mitogen-activated protein kinase (MAPK)
Nicotine stimulation of adrenal chromaffin cells is a known activator of exocytosis. 

This stimulation also activates tyrosine kinases which increases MAPK 

phosphorylation and consequently its activity. Inhibition of tyrosine kinases 

reduces MAPK phosphorylation and inhibits secretion (Cox et al., 1996). 

Similarly, direct inhibition of MAPK reduces catecholamine release (Cox and 

Parsons, 1997). MAPK inhibitors have also been shown to impair activity- 

dependent potentiation of large-dense cored vesicles and vesicle translocation to the 

plasma membrane in chromaffin cells (Park et al., 2006). Contradicting these 

findings in chromaffin cells are studies in pancreatic P-cells, which suggest that 

MAPK has no effect on insulin release (Persaud et al., 1996; Bums et al., 1997,
1999).

1.2.4.4. AMP-activated protein kinase (AMPK)

AMPK has been shown to regulate exocytosis specifically in glucose-sensing cells, 

with the majority of evidence (from pancreatic P-cell derived cell lines) suggesting 

that AMPK inhibits insulin release (Salt et al., 1998; da Silva Xavier et al., 2003). 

Pharmacological activation of AMPK or the introduction of constitutively-active 

AMPK blocks glucose stimulated secretion in MIN6 (pancreatic p-) cells (da Silva 

Xavier et al., 2003). Furthermore, expression of dominant-negative AMPK 

stimulates insulin release at low glucose levels by a Ca2+-independent mechanism
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(da Silva Xavier et a l, 2000). This reduction in secretion mediated by AMPK 

appears to be due to the inhibition of vesicle movement and a reduction in the 

number of docked and fusing vesicles (Tsuboi et a l, 2003).

1.2.5. Phosphorylation substrates implicated in the regulation of 
exocytosis

1.2.5.1. Cysteine String Protein (CSP)

CSP is a vesicle bound protein that functions as a molecular chaperone and can 

regulate exocytosis. CSP is phosphorylated on SerlO by PKA (Evans et a l, 2001) 

and Akt/PKB (Evans et a l, 2006) (Fig 1.4a). Phosphorylation of CSP SerlO has 

been confirmed in vivo using a phospho-specific antibody (Evans and Morgan, 

2005). This study demonstrated that CSP is phosphorylated in a range of neurons 

and that the proportion of phosphorylation varies between brain regions and is also 

developmentally regulated. Furthermore, in vivo phosphorylation of SerlO has 

been described in multiple proteomic studies identifying constitutively 

phosphorylated proteins (Giorgianni et a l, 2004; Collins et a l, 2005). Over

expression of CSP in adrenal chromaffin cells causes a gross inhibition of 

exocytosis and modulates the kinetics of remaining fusion events. The effects on 

kinetics are characterised by an increase in the rise time and half-width of the 

amperometric spike, suggesting that CSP slows the release event (Graham and 

Burgoyne, 2000). Intriguingly, the effect on kinetics, but not the gross effect on 

release, appears to be mediated by CSP phosphorylation. Over-expression of a 

S10A mutant CSP in chromaffin cells completely abolishes the effect on kinetics 

while having no effect on the inhibition of exocytosis (Evans et a l, 2001). The 

effect on kinetics is potentially due to changes in CSP-interacting partners, as 

phosphorylation of CSP reduces its binding to both syntaxin and synaptotagmin 

(Evans et a l, 2001; Evans and Morgan, 2002). These findings indicate that 

phosphorylated CSP can regulate exocytosis by modifying the fusion event, while 

non-phosphorylated CSP may regulate exocytosis through another mechanism.

1.2.5.2. Rab3-interacting molecule 1 (RIM1)

In hippocampal neurons and cerebellar parallel fibre synapses Riml has been 

shown to be essential for maintaining normal neurotransmitter release and
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Figure 1.4
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pre-synaptic long-term potentiation (Castillo et a l, 2002; Schoch et a l, 2002). 

Riml is phosphorylated on Ser413 and Seri 548 by PKA (Fig 1.4b). 

Phosphorylation of Ser413 is essential for LTP in cerebellar parallel fibre synapses 

(Lonart et a l, 2003). LTP in these neurons is absent in Riml knock-out mice but 

can be rescued by pre-synaptic expression of Rim 1. However, expression of Rim 1 

with Ser413 mutated to alanine is unable to rescue LTP and indeed also reduces 

LTP in wild-type neurons (Lonart et a l, 2003). This suggests that PKA 

phosphorylation of Riml at Ser413 is essential for pre-synaptic plasticity. 

Phosphorylation of Ser413 also induces the phosphorylation-dependent binding of 

14-3-3 protein (Simsek-Duran et a l, 2004). This binding is abolished in the S413A 

mutant, which cannot rescue LTP. Furthermore, over-expression of dominant

negative 14-3-3 or a Riml mutant with enhanced 14-3-3 binding inhibits LTP in 

cerebellar parallel fibre synapses. These findings indicate that PKA 

phosphorylation of Riml on Ser413 induces 14-3-3 binding and that this interaction 

is required for LTP (Simsek-Duran et al, 2004). CaMKII has also been suggested 

to phosphorylate Riml on two residues, Ser241 and Ser287. Indeed, in vitro 

phosphorylation of Riml by CaMKII mediates 14-3-3 binding to these sites (Sun et 

a l, 2003). However, no in vitro or in vivo phosphorylation data was presented to 

confirm a role for CaMKII in phosphorylating these two residues and as such the 

kinase responsible for phosphorylating these sites is still to be confirmed. 

Phosphorylation of Riml on various residues therefore appears to be important for 

the regulation of interacting partners, which may be essential for maintaining 

synaptic transmission and synaptic plasticity in neurons.

1.2.5.3. Synapsins

Synapsins 1 and 2 were originally identified as endogenous substrates for cAMP- 

and Ca2 -dependent phosphorylation. They were subsequently shown to be 

synaptic vesicle-associated proteins that are important for the regulation of 

neurosecretion (De Camilli et a l, 1990). Considerably more information exists 

regarding synapsin 1 than synapsin 2 (De Camilli et a l, 1990), as such the data 

discussed here relates to synapsin 1. Synapsin is phosphorylated on a number of 

serine residues. Ca2+/calmodulin-dependent kinase I (CaMKI) and PKA both 

phosphorylate synapsin on Ser9 and CaMKII phosphorylâtes synapsin on Ser566 

and Ser603 (Greengard et a l, 1993; Yamagata, 2003). MAPK phosphorylâtes
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synapsin on three residues, Ser62, Ser67 and Ser594 (Jovanovic et a l, 1996) and 

Cdk5 phosphorylâtes two sites, Ser551 and Ser594 (Matsubara et a l, 1996) (Fig 

1.4c). Synapsin is also phosphorylated on Tyr301 by cSrc (Onofri et a l, 2007). 

The phosphorylation status of synapsin appears to regulate its function. Injection of 

unphosphorylated synapsin into the squid giant axon decreases neurotransmitter 

release, while CaMKII phosphorylated synapsin has no effect on release (Llinas et 

a l, 1985; Greengard et a l, 1993). Phosphorylation of synapsin also regulates its 

cellular location. Depolarisation of isolated nerve terminals results in the 

redistribution of synapsin from synaptic vesicles to the cytosol (Sihra et a l, 1989; 

Torri Tarelli et al, 1992). This redistribution appears to be regulated by 

phosphorylation, as CaMKII phosphorylated synapsin is unable to associate with 

synaptic vesicles (Stéfani et a l, 1997). However, it has also been suggested that 

synaptic vesicle association is dependent on Ser9 phosphorylation by either PKA or 

CaMKI (Hosaka et a l, 1999). Later studies have used advanced imaging 

techniques to visualise synapsin redistribution and to measure vesicle pool 

mobilisation. GFP-tagged synapsin disperses from vesicles following an action 

potential and re-clusters following termination of the stimulus. The dispersion of 

synapsin was significantly slowed following mutation of phosphorylation sites and 

these mutants also slowed vesicle mobilisation (Chi et a l, 2001). In an extension 

to this study it was shown that CaMKII phosphorylation is required for dispersion 

at low frequency stimulations and MAPK phosphorylation at low and high 

frequency stimulation (Chi et a l, 2003). Synapsin has also been shown to form a 

complex with PI3K and inhibition of PI3K or disruption of the complex appears to 

inhibit replenishment of the RRP of vesicles (Cousin et a l, 2003). These findings 

suggest that the phosphorylation status of synapsin regulates neurotransmitter 

release. The exact mechanism by which this occurs is not clear, although 

dissociation of synapsin from vesicles may release synapsin-linked or cytoskeleton- 
bound vesicles, allowing replenishment of the RRP.

1.2.5.4. Muncl 8

Muncl8 is an essential protein for exocytosis that binds to syntaxin and SNARE 

complexes to regulate both early and late stages of exocytosis (section 1.1.4.3). 

M uncl8 is phosphorylated by PKC in vitro and in vivo. Stimulation of 32P-labelled 

synaptosomes with KC1 results in muncl 8 phosphorylation, with this
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phosphorylation being substantially increased upon PKC activation by phorbol 

esters (de Vries et a l, 2000). Phosphorylation of muncl8 by PKC occurs on two 

sites, Ser306 and Ser313 in vitro (Fujita et al., 1996). However, only 

phosphorylation of Ser313 could be detected by phospho-specific antisera in PMA 

or Ca2+-stimulated chromaffin cells and synaptosomes (Craig et a l, 2003) (Fig 

1.4d). Over-expression of a muncl8 double-glutamate mutant (S306,313E), which 

mimics phosphorylation, alters exocytic release kinetics in chromaffin cells in a 

manner identical to that produced by phorbol esters, although they had no effect on 

the number of release events [(Barclay et a l, 2003), section 1.2.3.]. This suggests 

that some of the effects on exocytosis release kinetics mediated by phorbol esters 

can be attributed to muncl8 phosphorylation, although other substrates must 

account for the effect on fusion events. Over-expression of a non-phosphorylatable 

muncl8 in chromaffin cells slows the replenishment of the RRP following a 

depleting stimulus (Nili et a l, 2006). Similarly, expression of a PKC insensitive 

muncl8 mutant into muncl8 null neurons supports basic neurotransmission but not 

diacylglycerol-induced potentiation and vesicle redistribution (Wierda et a l, 2007). 

These findings suggest that phosphorylation of muncl8 may regulate various stages 

of the exocytic event including vesicle mobilisation and fusion. Further work is 

needed however to clarify the function of muñe 18 phosphorylation.

1.2.5.5. SNAP-25

SNAP-25 interacts with syntaxin and VAMP2 to form the SNARE complex, the 

minimal machinery for vesicle fusion. SNAP-25 is phosphorylated by both PKA 

and PKC in vivo. The phorbol ester PMA enhances KCl-induced [3H]- 

norepinephrine release from PC 12 cells and induces the phosphorylation of 

SNAP-25 (Shimazaki et a l, 1996). Cleavage of phosphorylated SNAP-25 with the 

botulinum toxins A and E suggested that the phosphorylation was occurring on 

Seri87, the only serine residue between the two cleavage sites (Shimazaki et a l, 

1996). Evidence for PKA phosphorylation of SNAP-25 has also come from studies 

using botulinum toxins. In hippocampal neurons, neurotransmitter release can be 

initiated by Ca2+-dependent and Ca2+-independent mechanisms, with both of these 

being modulated by PKA. Treatment of these neurons with botulinum-A perturbs 

Ca2+-dependent but not Ca2+-independent release. However, botulinum-A 

treatment abolishes the modulation of Ca2+-independent release by PKA, indicating
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that SNAP-25 mediates some of PKA’s effects on synaptic transmission (Trudeau 

et a l, 1998). The phosphorylation of SNAP-25 by PKA can also be observed using 

in vitro phosphorylation assays with recombinant proteins (Risinger and Bennett, 

1999). Phosphorylation of SNAP-25 by PKA and PKC can be stimulated by the 

application of forskolin or PMA to PC12 cells, with PKA phosphorylating Thrl38 

and PKC Seri 87 (Hepp et a l, 2002) (Fig 1.4e). The functional significance of the 

two phosphorylation events is distinct but complementary. Over-expression of a 

T138D mutant (mimics phosphorylation) in chromaffin cells has no significant 

effect on secretion. However, a non-phosphorylatable T138A mutant reduces both 

the fast and slow exocytic burst, representing release from the readily releasable 

and slowly releasable pool of vesicles (Nagy et a l, 2004). This suggests that PKA 

phosphorylation of SNAP-25 regulates the size of vesicle pools. Over-expression 

of a S187E mutant has a slightly different effect in chromaffin cells. This mutant 

increases the rate of vesicle recruitment following depletion of a vesicle pool (Nagy 

et a l, 2002). Furthermore, this mutant has also been observed to increase the size 

of the highly Ca2+-sensitive pool of vesicles and to enhance SNAP-25’s interaction 

with syntaxin (Yang et a l, 2007). These findings suggest that SNAP-25 

phosphorylation by PKA and PKC can regulate the size and mobilisation of vesicle 

pools in chromaffin cells. The similarity between chromaffin cell and neuronal 

SNARE complexes suggest that these effects could also be transferred to the 
regulation of neurotransmitter release.

1.2.5.6. Rabphilin 3A

Rabphilin 3A is a Rab3A effector that binds Rab3A in a GTP-dependent manner 

and Ca2+ in a phospholipid-dependent manner, the function of which is unclear 

(Sudhof, 2004). Rabphilin 3A is phosphorylated on Ser234 and Ser274 by CaMKIf 

and on Ser234 by PKA in vitro (Fykse et a l, 1995). The phosphorylation of 

Ser234 has subsequently been confirmed to occur in vivo using a phospho-specific 

antibody (Lonart and Sudhof, 2001) (Fig 1.4f). In 32P-labelled cerebellar granule 

neurons stimulation with KC1 increases rabphilin phosphorylation, with this 

phosphorylation being inhibited by CaMKII inhibitors (Fykse, 1998). In CA1 and 

CA3 hippocampal synaptosomes rabphilin 3A is constitutively phosphorylated. 

However, stimulation of synaptosomes with forskolin or KC1 increases rabphilin 

3A phosphorylation only in CA3 synaptosomes (Lonart and Sudhof, 1998). This
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finding is intriguing as PKA-dependent LTP is absent in CA1 neurons and present 

in CA3 neurons, suggesting that PKA phosphorylation of rabphilin 3A may be 
required for LTP (Lonart and Sudhof, 1998).

1.2.5.7. Snapin

Snapin is a SNARE-binding protein that associates with the SNARE complex via 

binding to SNAP-25. Injection of the C-terminal half of snapin into pre-synaptic 

neurons suppresses synaptic transmission (Leenders and Sheng, 2005). Snapin is 

phosphorylated on Ser50 by PKA (Fig 1.4g), with this phosphorylation 

significantly increasing its binding to SNAP-25. The increased association with 

SNAP-25 is mimicked by a S50D mutant but abolished with a S50A mutant 

(Chheda et al., 2001). Application of cAMP analogues to hippocampal neurons 

increases Ser50 phosphorylation, confirming the PKA phosphorylation of this site 

in vivo. Furthermore, over-expression of the S50D mutant in chromaffin cells 

enhances secretion while the S50A mutant moderately impairs secretion (Chheda et 

a l, 2001). In isolated hippocampal neuron cultures over-expression of the S50D 

mutant decreases the number of readily releasable vesicles and increases the release 

probability and synaptic depression rate (Thakur et al., 2004). This suggests that 

snapin phosphorylation regulates exocytosis and possibly synaptic plasticity.

1.2.5.8. Syntaxin

Syntaxin has been shown to be phosphorylated by casein kinase II on Seri4 

(Risinger and Bennett, 1999) (Fig 1.4h). Phospho-specific antibodies have 

confirmed that this site is phosphorylated in neurons and is developmentally 

regulated. Furthermore, syntaxin phosphorylated on this residue appears to 

preferentially associate with SNAP-25 on axons, possibly defining fusion sites that 

do not involve active zones (Foletti et al., 2000). However, it should be noted that 

to date no definitive evidence exists confirming that casein kinase II is the in vivo 
phosphorylating kinase.

1.2.5.9. Tomosyn

Tomosyn is a syntaxin-interacting protein that has a C-terminal R-SNARE domain. 

This SNARE domain can substitute for the VAMP2 SNARE domain, providing an 

inhibitory influence on SNARE complex formation (Sudhof, 2004). Tomosyn is
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phosphorylated by PKA in vitro and in vivo on Ser724 (Fig 1.4i). This 

phosphorylation reduces tomosyn’s binding to syntaxin resulting in an increase in 

SNARE complex formation (Baba et al., 2005). Furthermore, expression of a 

S724D mutant in superior cervical ganglion neurons increases the size of the 

readily releasable pool of vesicles and enhances transmitter release (Baba et a l, 

2005). This suggests that PKA phosphorylation of tomosyn enhances vesicle 

priming and fusion, possibly by allowing SNARE complex formation.
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1.3. Akt and its role in exocvtosis

1.3.1. Identification and characterisation of Akt

Akt/Protein Kinase B (PKB) was originally identified as a transforming murine 

leukaemia virus from mice, AKT8 (Brazil and Hemmings, 2001; Manning and 

Cantley, 2007). Three mammalian isoforms have subsequently been described, 

termed Aktl, 2 and 3 (PKBa, p, y) (Scheid and Woodgett, 2003; Yang et al., 2004). 

Akt is a serine/threonine kinase belonging to the ‘AGC’ family of kinases, a family 

that also includes PKA and PKC (Jones et al., 1991). The three isoforms exhibit a 

high degree of sequence homology and are comprised of three distinct domains. 1. 

An N-terminal pleckstrin homology (PH) domain that mediates lipid binding. 2. A 

middle catalytic domain, which is similar to that of both PKA and PKC. 3. A C- 

terminal hydrophobic motif (HM) generally considered important for protein- 

protein interactions (Hanada et al., 2004) (Fig 1.5a). Quantitative RT-PCR 

identified the tissue distribution of the three Akt isoforms, with Aktl and 2 being 

ubiquitously expressed and Akt3 found predominantly in the brain and testis (Yang 

et al., 2003). In recent years Akt has been shown to regulate a diverse range of 

cellular functions including cell survival and apoptosis, cell proliferation, cell 

differentiation, metabolism and exocytosis (Kohn et al., 1996; Magun el al., 1996; 

Ahmed et al., 1997; Khwaja et al., 1997). The role of Akt in regulating cell 

survival and proliferation has led to extensive investigation into the role of Akt in 

malignancy (Testa and Tsichlis, 2005). One of the primary outcomes of this 

research is the elucidation of the pathways leading to the activation of Akt.

1.3.2. Activation of Akt

Akt has two important regulatory domains that control the kinases activity. The PH 

domain provides a lipid binding module that allows the recruitment of Akt to 

phosphatidy l inositol 3-kinase (PI3K) generated lipids, predominantly

phosphatidylinositol(3,4,5)trisphosphate (PI(3,4,5)P3) (Thomas et al., 2002; 

Milbum et al., 2003; Auguin et al., 2004). PI3K is activated by the stimulation of 

tyrosine-kinase receptors, such as the EGF or IGF receptor. This activation results 

•n the phosphorylation of PI(4,5)P2 to PI(3,4,5)P3
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Figure 1.5

A

N1 Kinase domain
■------------ -------------■  1 —  C

Thr308 Ser473

B

mTor-Rictor

Multiple cellular 
substrates

Structure of Akt and the Akt activation pathway.
(A) Domain structure o f Akt. PH - pleckstrin homology, HM - hydrophobie motif. 
Position o f the two phosphorylation sites are indicated.
(B) Activation o f tyrosine kinase receptors (NGF, IGF receptors) activates 
phosphatidylinositol 3-kinase (PI3K). PI3K phosphorylâtes the lipid PI(4,5)P2 to 
PI(3,4,5)P3. The generation of PI(3,4,5)P3 results in the recruitment of PH domain 
containing proteins to the membrane including PDK1 and Akt. PDK1 
phosphorylâtes Akt on Thr308 and the mTor-Rictor complex phosphorylâtes Akt on 
Ser473. These two phosphorylation events leads to the complete activation o f Akt, 
which then phosphorylâtes multiple downstream targets implicated in a wide range 
o f cellular events including cell survival, proliferation and differentiation.
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(Burgering and Coffer, 1995; Thomas et al., 2002). The recruitment of Akt to 

PI(3,4,5)P3 is essential for its phosphorylation and subsequent activation by the 

upstream kinase phosphoinositide-dependent kinase 1 (PDK1). The second 

regulatory domain, the hydrophobic motif, acts as a docking site for upstream 

activating kinases, including PDK1, as well as providing stability for the catalytic 

subunit. PDK1 is itself recruited to the membrane via its own PH domain. Once at 

the membrane, PDK1 can phosphorylate Akt on Thr308 in the activation loop of 

the catalytic domain (Alessi et al., 1997; Stephens et al., 1998). A second 

phosphorylation event is required for the complete activation of Akt. This 

phosphorylation occurs in the hydrophobic motif at Ser473 (Fig 1.5b). The kinase 

responsible for Ser473 phosphorylation has been hotly debated with numerous 

kinases including mitogen-activated protein kinase-activated protein kinase 2, 

integrin-linked kinase, PKC and PDK1 being suggested to be the in vivo 

phosphorylating kinase (Alessi et al., 1996; Delcommenne et al., 1998; Balendran 

et al., 1999; Kawakami et al., 2004). However, recent evidence suggests that a 

complex of Rictor and mTor may be responsible for Ser473 phosphorylation in 

most circumstances, with mTor being the activating kinase (Sarbassov et al., 2005). 

Following its complete activation, Akt phosphorylates multiple downstream targets 
implicated in a wide range of cellular events.

1.3.3. Akt and regulated exocytosis

The earliest evidence supporting a role for Akt in the modulation of regulated 

exocytosis came from studies in cells involved in insulin-stimulated secretion. 

Recent evidence has however suggested that the role of Akt in exocytosis extends 

beyond these limited cell types. Mice lacking Akt2 exhibit insulin resistance and a 

diabetes-melhtus like syndrome that is due to impaired glucose (hexose) uptake into 

liver and muscle (Cho et al., 2001). This reduction in hexose uptake is due to 

impaired glucose-transporter 4 (GLUT4) translocation, as re-expression of Akt2 

into the Akt2 null mice restores GLUT4 translocation and hexose uptake (Bae et 

al., 2003). The translocation of GLUT4 to the plasma membrane is an essential 

step in insulin-stimulated glucose uptake. Akt2 binds to GLUT4 containing 

vesicles in adipocytes and phosphorylates GLUT4 and other components, providing 

an ideal mechanism whereby it can regulate GLUT4 translocation (Kupriyanova 

and Kandror, 1999). Direct evidence of the regulation of GLUT4 by Akt has come
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from skeletal muscles cells and adipocytes. Expression of constitutively active Akt 

in 3T3-L1 adipocytes or L6 skeletal muscle cells stimulated an increase in GLUT4 

translocation to the membrane (Kohn et al., 1996; Hajduch et al., 1998). Similarly, 

microinjection of an Akt substrate peptide or Akt antibody into adipocytes inhibited 

insulin-stimulated GLUT4 translocation (Hill et al., 1999), as did the expression of 

a dominant-negative Akt construct in L6 skeletal muscle myoblasts (Wang et al., 

1999). Furthermore, inhibition of the phosphatase PP2A in adipocytes results in 

increased Akt phosphorylation and a corresponding two-fold increase in basal 

GLUT4 expression (Ugi et al., 2004). Expression of a kinase-dead Akt in 

adipocytes has also been shown to inhibit the insulin-stimulated secretion of 

adiponectin, demonstrating Akt’s effect is not restricted to the insertion of 
membrane proteins (Pereira and Draznin, 2005).

Evidence supporting a role for Akt in regulating exocytosis beyond GLUT4 

translocation has come from a range of cell types. Transgenic mice expressing a 

kinase-dead mutant Akt exhibit reduced insulin secretion from pancreatic P-cells. 

The mechanisms involved in this dysregulation of secretion lie at the level of the 

secretion machinery and not glucose signalling, because the Ca2+ ionophore 

ionomycin failed to elicit exocytosis in mutant mice (Bernal-Mizrachi et al., 2004). 

In Balb 3T3 fibroblasts, dominant-negative Akt suppresses matrix 

metalloproteinase-9 secretion induced by interlukin-lp (Ruhul Amin et al., 2003), 

while in PS 120 fibroblasts constitutively-active Akt enhances the surface 
expression of epithelial Na+/H+ transporter 3 (Lee-Kwon et al., 2001).

Little evidence currently exists as to a role for Akt in regulating neurotransmitter 

release. However, in C6 glioma cells platelet-derived growth factor (PDGF) 

rapidly increases neuronal glutamate transporter, EAAC1 redistribution from an 

intracellular compartment to the plasma membrane. Over-expression of dominant

negative Aktl blocks PDGF-induced EACC1 redistribution, while constitutively- 

active Akt increases redistribution (Krizman-Genda et al., 2005). This suggests 

that Akt may have a role in modulating neuronal exocytosis. Further evidence of a 

role for Akt in neuronal exocytosis has come from the neuronal models, PC 12 and 

adrenal chromaffin cells. Stimulation of PC12 cells with adenosine results in Akt
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phosphorylation and increased secretion of YFP-tagged neuropeptide Y. Inhibition 

of Akt and PKA was sufficient to abolish this increase in secretion, suggesting that 

Akt and PKA act cooperatively to regulate secretion in these cells (Mori et al.,

2004). In adrenal chromaffin cells, treatment with the PI3K inhibitors wortmannin 

and LY294002 at normal concentrations has no effect on catecholamine release. 

However, at high concentrations these drugs do impair secretion. This appears to 

be due to the presence of PI3K-C2a, which has been shown to be less sensitive to 

PI3K inhibitors. Specific inhibition of PI3K-C2a using an antibody impairs 

secretion, suggesting that PI3K and its downstream kinases may be involved in the 

regulation of secretion (Meunier et al., 2005). Evidence supporting a role for Akt 

in the modulation of chromaffin cell exocytosis has come from studies over

expressing wild-type or kinase-dead Akt. Over-expression of wild-type Akt has no 

effect on the overall extent of exocytosis in chromaffin cells. However, Akt does 

alter the release kinetics of individual release events as assessed by carbon fibre 

amperometry (Evans et al., 2006). Analysis revealed that Akt increased the quantal 

size and slowed the rise and fall time of the amperometric spike, suggesting that 

Akt prolongs the fusion event. The effects on kinetics were directly attributable to 

the kinase as expression of kinase-dead Akt produced kinetics that were the same as 

those observed in control cells (Evans et al., 2006). This suggests that Akt 
regulates the fusion event within chromaffin cells.

In adipocytes, Akt has been shown to regulate a pre-fusion step (Gonzalez and 

McGraw, 2006). Using TIRF microscopy Gonzalez and McGraw demonstrated 

that inhibition of Akt reduced the number of vesicles at the plasma membrane, but 

had no effect on the number of vesicles that fused. The findings in chromaffin cells 

and adipocytes therefore indicate that Akt can regulate exocytosis at several steps. 

Furthermore, this suggests that multiple substrates may mediate Akt’s effect on 
exocytosis.

1.3.4. Akt substrates in the regulation of exocytosis

The evidence described above indicates that Akt can regulate exocytosis in a range 

of cell types. Therefore Akt may be analogous to PKA and PKC acting as a 

universal modulator of exocytosis. However, in contrast to PKA and PKC, few 

substrates that may mediate Akt’s effects on exocytosis have been identified.
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Akt can stimulate PtdIns(3)P 5-kinase (PIKfyve) activity by phosphorylating 

Ser318 in vitro. Over-expression of a S318A mutant in adipocytes enhanced 

GLUT4 translocation, suggesting that Akt phosphorylation of PIKfyve acts as a 

negative regulator of insulin-stimulated exocytosis (Berwick et a l, 2004). Synip, a 

proposed syntaxin 4 binding protein which undergoes an insulin-induced 

dissociation from syntaxin 4, is phosphorylated on Ser99 by Akt. This insulin- 

stimulated dissociation is abolished following the mutation of Ser99 to 

phenylalanine. Furthermore, this mutant impairs GLUT4 translocation in 

adipocytes (Yamada et a l, 2005). In LNCaP cells, over-expression of 

constitutively-active Akt results in the phosphorylation of JFC1, a Rab27a-binding 

protein, on Ser241. This phosphorylation triggers the redistribution of JFC1 from 

the membrane to the cytosol, where Rab27a is located (Johnson et a l, 2005). Akt 

phosphorylation of JFC1 did not affect its binding to Rab27a, suggesting that the 

phosphorylation is required to locate JFC1 to the correct location for the interaction 
to occur, but not for the interaction itself.

The best characterised Akt substrate implicated in the modulation of exocytosis is 

the Rab GTPase-activating protein (RabGAP) AS 160. AS 160 is phosphorylated on 

six residues by Akt in adipocytes (Kane et a l, 2002; Sano et a l, 2003). Over

expression of a dominant-inhibitory AS 160, where four of the Akt phosphorylation 

sites are mutated to non-phosphorylatable residues, results in impaired GLUT4 

translocation (Zeigerer et al, 2004). This suggests that AS 160 is a negative 

regulator of GLUT4 expression and that Akt phosphorylation relieves this 

repression. Akt phosphorylation of AS 160 on Thr642 results in the recruitment of 

14-3-3 protein. Introduction of a constitutive 14-3-3 binding site into dominant- 

inhibitory AS 160 was sufficient to rescue GLUT4 translocation, suggesting that 

recruitment of 14-3-3 to Akt phosphorylated Thr642 is essential for GLUT4 
translocation (Ramm et a l, 2006).
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1-4. Thesis Aims and objectives

1.4.1. Aim

Protein kinases A and C are considered as universal exocytosis kinases because 

they regulate exocytosis in a wide range of cell types. Similarly, it appears that Akt 

can regulate exocytosis in a range of cell types, indicating that it too may be a 

universal exocytosis kinase. The effects of PKA and PKC are mediated through the 

phosphorylation of a number of different substrates that have been shown to have a 

universal function in exocytosis. In contrast, few Akt exocytic substrates have been 

identified and those that have been described are not generally considered as 

universal or key proteins for this event. Since Akt regulates exocytosis in a range 

of cell types, it seems likely that Akt must phosphorylate other exocytic proteins 

that are universally implicated in the modulation of exocytosis. Consequently, the 

overall aim of this thesis is to identify and characterise Akt substrates that 

universally modulate exocytosis and to determine whether Akt is a widespread 
modulator of exocytosis in much the same way as PKA and PKC.

1.4.2. Specific objectives

1. Determine whether Akt is activated in response to stimuli that initiate 
exocytosis.

2. Develop and characterise a neuronal culture system in which the regulation of 
synaptic vesicle exocytosis by Akt can be investigated.

3. Identify and characterise novel Akt substrates that are involved in the regulation 
of exocytosis.

4. Identify novel phosphorylation-dependent binding partners for Akt substrates.

5. Determine the structural consequences of Akt phosphorylation of target 
proteins.
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Chapter 2

Methods
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2.1. Materials

Aktl was purchased from Upstate (Milton Keynes, UK). Akt, P-Akt (S473) and P- 

Akt (T308) antibodies were purchased from Cell Signalling Technologies 

(Massachusetts, USA). pGEX-6Pl GST-tagged protein expression vector, 

glutathione sepharose, [32P]y-ATP and Hyperfilm were obtained from Amersham- 

Pharmacia (Little Chalfont, Buckinghamshire, UK). All molecular biology kits, 

including mini-preps, midi-preps, maxi-preps and gel purification kits and Ni2+- 

NTA agarose were purchased from Qiagen (Crawley, West Sussex, UK). Taq and 

Pfu polymerases and some restriction enzymes were acquired from Promega 

(Southampton, UK). Hyperladder for DNA gels and IPTG for protein induction 

were obtained from Bioline (London, UK). SeeBlue Plus 2 pre-stained protein 

molecular weight markers for SDS-PAGE gels, NuPAGE pre-cast SDS-PAGE gels 

and NuPAGE 20X running buffer and Lipofectamine 2000 were purchased from 

Invitrogen (Paisley, Glasgow, UK). Some restriction enzymes, T4 DNA ligase and 

NEB 5-alpha E.coli were acquired from NEB (Hertfordshire, UK). XLl-Blue 

super-competent E.coli for DNA production and BL21(DE3) and BL21 Codon Plus 

DE3-RIPL E.coli for protein expression were purchased from Stratagene 

(Amsterdam, Netherlands). Bacterial tryptone, yeast extract and agar for bacterial 

cultures were obtained from Lab M (Bury, Lancashire, UK). Polypropylene 

affinity columns, 50X TAE, SDS-PAGE stacking and resolving buffers and 10X 

SDS-PAGE running buffer were all purchased from BIO-RAD (Hertfordshire, UK). 

SulfoLink kits for sulfhydryl-coupling of peptides, Ellman reagent and Slide-A- 

Lyser dialysis cassettes were purchased from Pierce (Cramlington, 

Northumberland, UK). Wortmannin, LY294002 and all other kinase inhibitors 

were purchased from Calbiochem (distributed by Merck Bioscience, Nottingham, 

UK). ,5NH4Cl for NMR studies was purchased from Cortecnet (Paris, France). 

Protease inhibitor cocktails for protein purification and the chromaffin cell prep and 

Laemmli buffer were obtained from Sigma (Poole, Dorset, UK). Collagenase for 

the chromaffin cell prep was acquired from Lome Laboratories (Reading, 

Berkshire). All cell culture reagents, including cell media and FBS were purchased 

from Gibco (distributed by Invitrogen, Paisley, Glasgow). All other materials and
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reagents were purchased from BDH (distributed by VWR, Poole, Dorset, UK), MP 
Biochemicals (Cambridge, UK) or Sigma (Poole, Dorset, UK).
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2.2. Molecular Biology

Recipes

LB media: 10 g/1 Glucose, 10 g/1 Tryptone, 5 g/1 Yeast extract 

LB agar: 10 g/1 Glucose, 10 g/1 Tryptone, 5 g/1 Yeast extract, 20 g/1 Agar

SOC media: 0.3 g/1 Glucose, 20 g/1 Tryptone, 5 g/1 Yeast extract, 10 ml 40% (w/v) 
glucose

NZY media: 10g/l NZ amine (casein hydrolysate), 5 g/1 Yeast extract, 5 g/1 NaCl, 

pH 7.5. Supplemented with 12.5 ml of 1 M MgCl2, 12.5 ml of 1 M MgS04 and 20 
ml of 2 M glucose, all filter sterilised.

2.2.1. Polymerase Chain Reaction (PCR)

Amplification of DNA by PCR was performed with either Pfu or Taq DNA 

polymerase, using an Omni-E dryblock thermocycler (Hybaid, Middlesex, UK). 

DNA was denatured by heating to 95 °C for 1 minute before reactions were cooled 

to allow the primers to anneal. Annealing temperatures were specific for the 

primers used and were initially set a 10 °C below the primer melting point, 

calculated by Tm = 2(A+T) + 4(C+G). Adjustments to the annealing temperature 

were performed to ensure specific annealing if required. The extension time for the 

amplification was determined by the length of the DNA, with Pfu DNA polymerase 

having an extension rate of 1000 nucleotides per minute and Taq 2000 nucleotides 

per minute. This cycle was repeated 30 times to ensure sufficient amplification of

the DNA, before amplified DNA was visualised on agarose gels (2.2.5) (Mullis and 
Faloona, 1987).

2.2.2. Site Directed mutagenesis (SDM)

Complementary HPLC purified oligonucleotide primers (approximately 30 

nucleotides in length) containing the desired mutation flanked by the unmodified 

nucleotide sequence were generated by Sigma-Genosys, Cambridge, UK. Primers 

were diluted to a concentration of 100 pM in distilled water prior to use. 

Amplification of the plasmid containing the gene of interest was preformed by 

using 16 replication cycles with a high fidelity Pfu polymerase. The Pfu 

polymerase extends the nucleotide chain by approximately 1000 nucleotides per
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minute. Extension times were calculated based on the size o f  the plasmid with IV2 

minutes allowed for each 1000 nucleotides, ensuring the complete amplification of  

the plasmid. Following amplification, template DNA was degraded by the addition 

o f  1 pi o f  the restriction enzyme Dpnl, which specifically recognises and digests 

methylated template DNA, for 1 hour at 37 °C. The mutated plasmid was then 

transformed in to XLl-Blue super-competent cells using the standard protocol 

described later, with the exception o f the use o f  NZY broth instead o f SOC media 
following heat shock.

SDM primers used:

pGEX-6P BamHI site mutagenesis. This mutagenesis was performed because in 

the pGEX-6P multiple cloning site the BamHI restriction site encodes the amino- 

acids glycine and serine. This serine has been shown to be phosphorylated during 

in vitro phosphorylation experiments, producing a substantial artefact. The 

mutagenesis was designed to mutate the serine residue o f  the BamHI site to 

alanine. The primers used were:

Forward Primer: CAGGGGCCCCTGGGAGCCCCGGAATTCCCG

Reverse Primer: CGGGAATTCCGGGGCTCCCAGGGGCCCCTG

Mutagenesis o f  the pGEX-Riml-512 (S413E) construct was performed by 
Mutagenex (NJ, USA).

2.2.3. Restriction digests

To enable the cloning o f  DNA fragments into plasmids, DNA was digested using 

specific endonucleases that identify unique restriction sites. Typically, restriction 

digests were performed using 1 pi o f each restriction enzyme required in a 30 pi 

reaction mix containing a buffer suitable for the enzymes used. Reactions were 

allowed to proceed for 1-2 hours at 37 °C, before the digested DNA was visualised 

on an agarose gel (section 2.2.5).

2.2.4. Ligation

The ligation o f  cloned DNA into expression vectors was performed using an insert 

to vector ratio o f  3:1. Ligations were performed using a T4 DNA ligase in its 

specific reaction buffer. Ligation reactions were typically left at room temperature
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overnight, before the product was transformed in to XL 1-Blue super-competent 
cells (section 2.2.8).

2.2.5. Visualisation of DNA on agarose gels

Visualisation and separation of DNA was typically performed using a Bio-Rad Sub- 

Cell® agarose gel system (Bio-Rad, Hertfordshire, UK) with 0.7% agarose gels. 

Molten agarose was generated by dissolving 0.7% (w/v) agarose in IX TAE buffer 

(Diluted from 10X stock (Bio-Rad)) and heating in a microwave. Following 

cooling, 40 ng/ml ethidium bromide was added to the agarose and the gels poured 

using a gel mould with an appropriately sized comb. Gels were allowed to set and 

then submerged in IX TAE buffer in the gel tank. DNA samples in 10X sample 

buffer along with 10 pi of a 100 KB DNA Hyperladder were loaded into the wells 

of the gel and the gel run at 70 volts until adequate separation was achieved. DNA 

was visualised using a transiluminator with GRAB-IT software (UVP, Cambridge 

UK) or a Bio-Rad ChemiDoc XRS system with Quantity One software (Bio-Rad, 

Hertfordshire, UK). DNA concentrations were estimated by comparison to known 
DNA concentrations within the DNA Hyperladder.

2.2.6. Estimation of the DNA concentration by spectrophotometer
DNA concentrations were determined using an Ultraspec 2000 spectrophotometer 

(Pharmacia, Milton Keynes, UK). DNA was diluted 1:10, in a total volume of 100 

pi, added to a quartz microcuvette and the absorbance measured at 260 and 280 nm. 

The concentration was calculated as the extinction coefficient for DNA at 260 nm 
and compared to a distilled H20  control.

2.2.7. Sequencing of DNA plasmids

DNA sequencing reactions were preformed by DBS Genomics (Durham, UK). 

Sequencing primers were generated by Sigma Genosys, Cambridge, UK and 

supplied at a concentration of 3.2 pmol/pl. Sequence alignments were performed 

using BioEdit® sequence alignment software [Hall, T.A. 1999. BioEdit: a user- 

friendly biological sequence alignment editor and analysis program for Windows

95/98/NT. Nucl. Acids. Symp. Ser. 41:95-98]. The plasmids used throughout this 
thesis are detailed in table 2.1.
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2.2.8. Transformation of XL-1 blue super-competent E.coli

XL-1 blue super-competent cells were thawed on ice and mixed gently by flicking. 

100 pi of cells and 24 mM P-mercaptoethanol were added to a pre-chilled rounded 

bottom falcon tube, mixed gently by flicking and incubated on ice for 10 minutes. 1 

pi of ice cold plasmid DNA was mixed with the cells and incubated on ice for 30 

minutes. Cells were heat shocked at 42 °C for 45 seconds and immediately placed 

on ice for 2 minutes. 900 pi of SOC media, pre-warmed to 42 °C, was added to the 

cells and incubated for 1 hour at 37 °C with shaking. 25 pi and 100 pi of cells were 

plated on to agar plates containing the relevant antibiotic (100 pg/ml ampicillin or

25 pg/ml kanamycin) for each specific plasmid and colonies grown at 37 °C 
overnight.

For XL-1 blue transformation of SDM products the above protocol was used with 

the following alterations: 50 pi of cells were used per transformation in the absence 

of P-mercaptoethanol and NZY broth was used in preference to SOC.

2.2.9. Transformation of NEB 5-alpha E.coli

NEB 5-alpha cells were thawed on ice for 10 minutes. 2 pi of ice cold plasmid

DNA was added, the cells mixed carefully by flicking and incubated on ice for 30 

minutes. Cells were heat shocked at 42 °C for 30 seconds and immediately placed 

on ice for 5 minutes. 250 pi of room temperature SOC media was added to the 

cells and incubated at 37 °C, shaking for 1 hour. 250 pi of cells were plated on agar 
plates with the appropriate antibiotic and incubated at 37 °C overnight.
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Table 2.1

Construct Expression Selection

p-GEX-6P-Rim 1-512 GST-tagged Rim 1-512
■ ■ ■ ■MB 

Amp
pGEX-6P-Rim 1-512 

(S413E) GST-tagged Rim 1-512 S413E mutant Amp

pGEX-2T-Rim 1-399 GST-tagged Rim 1-399 Amp
pGEX-2T-Rim 1-399 

(S241.287.379A)
GST-tagged Rim 1-399 

(S241,287,379A) mutant Amp

PQE30-CSP His-tagged wild-type CSP1 Amp

PQE30-CSP 1-112 His-tagged CSP1 1-112 Amp

PQE30-CSP137-198 His-tagged CSP1 137-198 Amp

PGEX-2T-14-3-3 GST-tagged wild-type 14-3-3 eta Amp

pLNCX 1 -HA-Wt-Akt Mammalian expression wild-type Aktl Amp

pcDNA3 -HA-AAA-Akt Mammalian expression kinase dead 
Aktl Amp

pLNCX 1 -HA-Myr-Akt Mammalian expression constitutively 
active Aktl Amp

pCMV-myc-Rim 1 Mammalian expression wild-type 
Riml Amp

pCMV-myc-Rim 1-399 Mammalian expression Rim 1-399 Amp
pCMV-myc-Rim 1-399 

(S241,287,379A) Mammalian expression Rim 1-399 S-A Amp

pCerulean-Cl Mammalian expression Cerulean Kan

Table showing the constructs used for recombinant protein expression in E.coli and

mammalian expression in adrenal chromaffin cells, cerebellar granule neurons and 
Hela cells.
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2.3. Cell and tissue w ork

Recipes

Chromaffin cell media: 88.5 ml DMEM, 10% FBS, 1% Penicillin/Streptamycin,

0.5% Gentamycin, 50 pi of a solution containing a 1:1 mixture of 20 mM cytosine 
arabinoside and 16 mM FUDR

Krebs buffer: 145 mM NaCl, 50 mM KCI, 1.3 mM MgCI, (Omitted in chromaffin 

cell prep), 1.2 mM Nal 12I>04, 10 mM Glucose, 20 mM Hepes, lOmM Ca2* 
(Omitted in calcium free Krebs), pH 7.4

Chromaffin cell permeablisation buffers (KGEP):

0- buffer: 139 mM K+ Glutamate, 5 mM EGTA, 20 mM PIPES, 2 mM ATP, 2 mM 
MgCl2, pH 6.5

0+ buffer: 0- buffer with 20 pM Digitonin, pH 6.5 

10- buffer: 0- buffer with 10 pM Ca2+, pH 6.5 

10+ buffer: 0+ buffer with 10 pM Ca2+, pH 6.5

Cerebellar granule neuron (minus) media: MEM without Ca2+ and Mg2+, 

supplemented with 10% FBS, 1% Penicillin/Streptomycin, supplemented with 33 
mM glucose, 2 mM glutamine and 20 mM KCI

Cerebellar granule neuron (plus) media: Cerebellar granule (minus) media plus 
10 pM cytosine arabinoside

Cerebellar granule neuron solution B: 14 mM glucose, 0.3% BSA, 1.5 mM 
MgS04.7H20  in PBS

Cerebellar granule neuron solution C: 1200 U of DNase, 0.5 mg SBTI, 1.5 mM 
MgS04.7H20

Cerebellar granule neuron solution W: 3.2 ml of solution C and 16.8 ml of 
solution B

2.3.1. Chromaffin cell isolation

Chromaffin cells were isolated as described in (Greenberg and Zinder, 1982), with 

modifications. Chromaffin cells were isolated from bovine adrenal medullae by 

enzymatic digestion. Bovine adrenal glands were washed twice by injecting 10 ml 

of 0 2 aerated Krebs solution through the adrenal vein. Following washing, glands 

were injected with 5 ml of 1 mg/ml protease solution (Sigma) and incubated with
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further protease at 37 °C for 15 minutes. This step was then repeated with a fresh 5 

ml of protease. The adrenal medulla was dissected and added to a 75 ml flask 

containing 50 ml collagenase (2 mg/ml), before being aerated with 0 2 and left 

shaking (100 rpm) at 37 °C for 30-40 minutes. The medulla was filtered through a 

double layer of muslin and spun at 10000 g for 10 minutes. Pellets were 

resuspended into 10 ml of Krebs buffer and spun at 2500 g for 10 minutes. This 

step was repeated a further two times, before the suspension was filtered through a 

single layer of muslin and under-laid with BSA (40 mg/ml). Cells were spun for 10 

minutes at 2500 g and the resulting pellet was resuspended in 10 ml Krebs buffer. 

50 pi of cell suspension was added to a microfuge tube containing 450 pi Krebs 

buffer and 500 pi 0.2% Trypan Blue. Viable cells were counted using a 

haemocytometer. The cell suspension was spun at 2500 g for 10 minutes and the

resulting cell pellet re-suspended in chromaffin cell media at a density of 106 
cells/ml.

lx l0 7 cells were added to a total volume of 20 ml of culture media in non-tissue 

culture 90 mm Petri dishes and left overnight prior to transfection (see below for 

transfection protocol). For stimulation assays, 106 cells were added to each well of

a 24 well tissue-culture plate, and left for a minimum of three days in a humidified 
incubator at 37 °C, 5% C 02.

2.3.2. Chromaffin cell transfections

For immmunofluorescence, 13 mm round coverslips were ethanol flamed and 

added to 60 mm round culture dishes. 500 pi of collagen was added to each dish 

briefly, before being removed and residual collagen allowed to dry for 

approximately 15 minutes. Chromaffin cells plated onto non-tissue culture dishes 

overnight were centrifuged at 2500 g for 10 minutes. Cells were re-suspended in 

fresh growth media to a density o f lxlO7 cells/ml, before being added to sterile 

electroporation cuvettes containing DNA at a final concentration of 20 pg/ml for 

single transfections and 40 pg/ml for dual transfections. Electroporation was 

performed using a Bio-Rad Gene Pulser II electroporator at 0.25 kV and a 

capacitance o f 0.975 farads. Transfected cells were immediately re-suspended in 9

ml of fresh media, plated at a density o f 2.5xl06 cells/ml and maintained in culture 
for three days at 37°C, 5% C 02.
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2.3.3. Chromaffin cell stimulation assay

Prior to stimulation, chromaffin cells in 24 well plates were washed three times in 

Ca free Krebs buffer for intact cell stimulation assays or KGEP buffer with zero 

Ca2+ for permeabilised cell assays (see buffers at the start of this section). 

Stimulations were performed in 300 pi of the appropriate assay buffer and allowed 

to proceed for 30 minutes. Assay buffers were then removed and centrifuged at 

13500 g for 2 minutes to remove cellular debris. Duplicate samples of 75 pi were 

subsequently added to glass test tubes for catecholamine release analysis. 

Remaining cells were lysed in 50 pi of Laemmli buffer and boiled for 10 minutes. 

For assays performed in the presence of various kinase inhibitors, cells were pre- 

mcubated with the inhibitor for 30 minutes prior to stimulation. All subsequent 

stimulations were performed in the presence of the appropriate inhibitor.

2-3.4. Catecholamine release assay

Catecholamine release from cells following stimulation with various agents was 

assessed using a fluorimetric assay. 2 ml of 1 M sodium acetate, pH 6, and 100 pi 

of 0.25% potassium ferricyanide was added to each stimulation assay sample, in 

duplicate. Reactions were mixed thoroughly and left at room temperature for 5 

minutes, before being stopped by the addition of 0.2% ascorbic acid in 90% 5 M 

NaOH. Total cellular catecholamine content was assessed by lysis of one well with 

1% triton X-100 in distilled water. Catecholamine was assayed by fluorescence 

with excitation at 410 nm and emission at 517 nm. Release was expressed as a 
percentage of total cellular catecholamine content.

2.3.5. Hela cell maintenance

Hela cells were cultured in Dulbecco’s modified eagle media (DMEM) with 

pyruvate and high glucose, supplemented with 1% non-essential amino acids and 

5% foetal calf serum (FCS). Culture media was removed, the cells washed with 10 

ml o f sterile PBS and 1 ml of pre-warmed trypsin/EDTA added. Trypsin was 

swirled over the cells and incubated at 37 °C, 5% C 02 for 2 minutes, before the 

cells were dislodged by firmly hitting the side of the flask. 9 ml of pre-warmed 

culture media was added to the cells. The cells were added to a 15 ml falcon tube 

and centrifuged at 60 g for 3 minutes. The supernatant was removed and the cell 

pellet resuspended in 10 ml of media. When passaging, the cells were split 1:4 and
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added to 19 ml of culture media in 75 cm2 flask. For plating, cells were counted 

with a haemocytometer and 4xl04 cells plated into each well of a 24 well plate. For 

immunofluorescence, cells were plated onto coverslips that had been ethanol 

washed and flamed to ensure sterility. Cells were grown to approximately 70% 
confluency before being used in experiments or re-passaged.

2.3.6. Hela cell transfections

Hela cell transfections were performed in 24 well plates with cells plated as 

described above. Transfections were performed approximately 24 hours post

plating. To transfect 6 wells of a 24 well plate, 250 ng total DNA was added to 3 pi 

of Lipofectamine in 300 pi of serum free culture media. Reactions were left for 

approximately 30 minutes at room temperature to allow the DNA to be combined 

with the lipid. 50 pi of transfection mix was added to each well, the cells swirled 

gently and incubated in a humidified incubator at 37 °C, 5% C 02 for 48 hours. 

Culture media was removed and the cells lysed in 50 pi of Laemmli buffer and the 

samples sun on SDS-PAGE gels. Alternatively, the coverslips were removed and 

underwent a standard immunofluorescence protocol (section 2.3.12)

2.3.7. Hela cell stimulations

For Hela cell stimulations the cells were plated in 24 well plates as previously 

described. The culture media was removed and the cells washed in 500 pi of PBS 

for 10 minutes. EGF (100 pg/ml stock solution, diluted 1:1000 in PBS to give a 

stimulation concentration of 100 ng/ml) was added to the desired cells and the cells 

stimulated for 5 minutes. The stimulation mixture was removed and the cells lysed 

m 50 pi of Laemmli buffer. The samples were then run on SDS-PAGE gels and 

subjected to western blotting. For experiments where kinase inhibitors were used, 

inhibitors at the desired concentration (see table 2.2) were added to the appropriate 
cells during both the wash and stimulation stages.

2.3.8. Cerebellar Granule Neuron isolation

Cerebellar Granule Neurons (CGNs) were isolated as described by (Courtney et al, 

1990), with modifications. CGNs were isolated from whole cerebellum of 6-day old 

rats using enzymatic digestion and trituration. Rats were decapitated following 

neck dislocation and whole intact cerebellum removed and placed in ice cold
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Table 2.2

Drug Use Concentration
Nicotine Ach nicotinic receptor agonist 10 pM

Histamine Histamine receptor agonist 100 pM
PMA Activator of PKC 500 nM

Forskolin Activator of cAMP-dependent
kinase 10 pM

NGF NGF receptor agonist 100 nM
H89 PKA inhibitor 10 pM
Bisl PKC inhibitor 100 nM

KN62 CaM Kinase II inhibitor 10 pM
Calmidazolium Calmodulin antagonist 20 pM

SH6 Phosphatidylinositol analog,
inhibits Akt 20 pM

Wortmannin Irreversible inhibitor of PI3K 100 nM
LY294002 PI3K inhibitor 10 pM

AktIV Akt inhibitor 20 pM
AktV Akt inhibitor 20 pM

Table showing the drugs used in stimulation assays with chromaffin cells, 
cerebellar granule neurons and Hela cells.
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solution B (14 mM glucose, 0.3% BSA, 1.5 mM MgS04.7H20  in PBS). Cerebella 

were then cut at 400 pm intervals, rotated through 90° and cut at 400 pm intervals 

again. Tissue was added to 20 ml trypsin (0.25 mg/ml in PBS) and incubated at 

37 C for approximately 15 minutes with occasional agitation. Following the 

incubation, 20 ml of solution W (3.2 ml solution C and 16.8 ml solution B) was 

added to the trypsin solution to stop the digestion. Cells were spun at 1000 g for 1 

minute and then 1.5 ml of solution C (1200 U DNase, 0.5 mg SBTI, 1.5 mM 

MgS04.7H20  in PBS) added to the resulting cell pellet. Single cells were isolated 

by trituration through three pipettes with narrowing bores. Cells were layered onto 

40 ml of Earls Balanced Salt Solution (EBSS) with 4% BSA and 3 mM 

MgS04.7H20  and spun at 1500 g for 5 minutes. The resulting cell pellet was 

resuspended in 2 ml of minus media (MEM without Ca2+ and Mg2+, supplemented 

with 10% FBS, 1% Penicillin/Streptomycin, 33 mM glucose, 2 mM glutamine and 

20 mM KC1). 10 pi of the cell suspension was added to a microfuge tube

containing 90 gl of minus media and viable cells counted on a haemocytometer. 

Total cell yield was calculated using the equation: cell number x 100 x volume, 

before the cell suspension was diluted in minus media to a density of 2xl06 

cells/ml. For immunofluorescence, cells were plated at a density of 1.5xl05 onto 

the centre of poly-d-lysine coated 25 mm coverslips and then incubated at 37 °C,

5 % C 02 for 45 minutes prior to the addition of 2 ml of minus media. For 

stimulation assays, cells were plated at a density of 6x106 cells onto poly-d-lysine 

coated 60 mm Petri-dishes. Cells were incubated at 37 °C, 5 % C 02 for 24 hours 

before the media was replaced with positive media (minus media + 10 gM cytosine

arabinoside). Cells were subsequently incubated for a minimum of 5 days at 37 °C,
5 % C 02.

2.3.9. Transfection of Cerebellar Granule Neurons

CGNs were transfected in 6 well dishes using a calcium phosphate based 

transfection protocol, Profection mammalian transfection kit (Promega). Culture 

media was removed, placed into a sterile tube and 1 ml of wash solution (minimal 

MEM media) applied to the cells before being returned to the incubator, 37 °C, 5 % 

C 02, for 30 minutes. Transfection mixes, suitable for 1 well of a six well plate, 
were produced as in the table below.
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DNA 1 3 Pg
DNA 2 3 pg

2 M CaCl2 12.5 pi
Sterile water to final volume of 100 pi

DNA solution (1/8 part of volume) was added to 100 pi of Hepes Buffered Saline 

(HeBS) and vortexed for 2-3 seconds. This procedure was repeated until all the 

DNA solution had been added to the HeBS. The solution was stored at room 

temperature (21-24 °C) in the dark for 30 minutes, before 200 pi of the solution was 

added drop wise to each well of cells. Cells were gently swirled to mix the DNA 

and then replaced in the incubator for a further 45 minutes. Cells were again 

removed from the incubator and the transfection solution removed, prior to the 

addition of 1 ml of anti-precipitate solution (9 mM HC1, 9 mM NaHC03 in MEM 

media). Cells were returned to the incubator for 15 minutes before the cells were 

washed twice in MEM media and the original culture media replaced. Transfected 

cells were replaced into the incubator and imaged 24 -  48 hours post-transfection.

2.3.10. CGN stimulation assay

Cerebellar granule neurons were grown in culture for at least 9 DIV at a density of 

6x10 cells per 60 mm dish. Culture media was removed and replaced with 5 ml of 

IX incubation buffer (made as a 10X stock (1.2 M NaCl, 30 mM KC1, 4 mM 

KH2P 04, 200 mM TES, pH 7.4, 50 mM NaHC03, 50 mM glucose, 12 mM 

Na2S04)) and supplemented with 50 mM NaCl, 1.2 mM MgCl2 and 1.3 mM CaCl2. 

Cells were allowed to repolarise for 10 minutes before being stimulated by the 

addition of IX KC1 stimulation buffer (10X stock (1.2 M NaCl, 30 mM KC1, 4 mM 

KH2P 0 4, 200 mM TES, pH 7.4, 50 mM NaHC03, 50 mM glucose, 12 mM 

Na2S04)) supplemented with 50 mM KC1, 1.2 mM MgCl2 and 1.3 mM CaCl2 for 30 

minutes before the cells were lysed in 40 pi of Laemmli buffer. Lysed samples 

were boiled for 10 minutes. In experiments where kinase inhibitors were used the 

following modifications occurred: cells were repolarised for 30 minutes in the 

presence of inhibitor and stimulated for 30 minutes, again in the presence of 
inhibitor.
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2.3.11. Styryl-dye functional assay of exocytosis

Styryl-dye release assays were performed as described by (Evans and Cousin, 

2007). CGNs aged 6 or 7 DIV were co-transfected as previously described with 

myr-Akt and a Cerulean fluorescent protein construct as a marker for transfected 

cells. Imaging of styryl-dye release from CGNs was preformed 48 hours post 

transfection on neurons that were aged at least 8 DIV, to ensure that 

neurotransmitter release mechanisms were fully developed (Van Vliet et al., 1989). 

Transfected neurons were visualised by exciting at 480 nm using a band pass filter 

for 510-550 nm and FM1-43 by exciting at 550 nm using a 575 nm DRLD dichroic 

filter to ensure no bleed-through between images. All experiments were performed 

using a Nikon Diaphot TMD epifluorescence microscope with a x40 oil immersion 

objective. Images were obtained every 4 seconds using a Hammamatsu Orca-ER 
CCD digital camera.

Neurons were removed from the culture media and reploarised for 10 minutes using 

an incubation buffer (120 mM NaCl, 3 mM KC1, 0.4 mM KH2P04, 20 mM TES, 

pH 7.4, 5 mM NaHC03, 5 mM glucose, 1.2 mM Na2S04)) supplemented with 50 

mM NaCl, 1.2 mM MgCl2 and 1.3 mM CaCl2. Neurons were then loaded with the 

styryl dye FM1-43 by evoking successive rounds of exocytosis and endocytosis 

using a KC1 stimulus. 10 pM FM1-43 was added to 1.5 ml of KC1 stimulation 

buffer (120 mM NaCl, 3 mM KC1, 0.4 mM KH2P04, 20 mM TES, pH 7.4, 5 mM 

NaHC03, 5 mM glucose, 1.2 mM Na2S04)) supplemented with 50 mM KC1, 1.2 

mM MgCl2 and 1.3 mM CaCl2 and then applied to the neurons for 2 minutes. 

Neurons were then washed thoroughly in incubation buffer for 1 minute, removing 

all of the styryl dye not taken up into the synaptic terminals, and the neurons then 

allowed to repolarise for 10 minutes. Release of FM1-43 was initiated using either 

a strong KC1 stimulus or a weaker electrical stimulus. For the KC1 stimulus; 

neurons were incubated in KC1 stimulation buffer for 30 seconds (Stimulus 1(S1)) 

followed by 1 minute in incubation buffer. A second round of release (S2) was 

then initiated by further addition of KC1 incubation buffer for 30 seconds. This 

dual stimulation protocol is sufficient to allow the complete release of internalised 

dye. For the electrical stimulus, neurons were incubated continuously in incubation 

buffer. Neurons were initially stimulated at a frequency of 20 Hz for 1 minute (SI) 

and then allowed to rest for 2 minutes, before a second stimulus of 40 Hz for 20
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seconds was applied (S2). Again, this stimulation protocol is sufficient to allow 
complete release of internalised dye.

Images obtained from the experiments were manipulated using SimplePCI software 

(Compix Imaging Systems, USA) and quantified using a spreadsheet developed by 

Dr Mike Cousin (University of Edinburgh, UK). Using the SimplePCI software, 

regions of interest (ROIs) were drawn around fluorescent puncta representing 

synaptic terminals. The fluorescence drop over time from within the ROIs could 

then be determined. ROIs were drawn around fluorescent puncta from 

untransfected neurons as well as the transfected neurons giving an internal control. 

The raw data obtained of the fluorescent drops were then transferred into the 

quantification spreadsheet. Firstly, the start of the drop for each individual trace 

was normalised to a single arbitrary fluorescence value, corresponding to the time 

point at which the majority of terminals began to unload. This normalisation allows 

the size of the drop of each individual terminal to be compared and an average drop 

curve to be generated. Next, the average drop trace was corrected for 

photobleaching of the styryl dye by fitting decay curves to the period immediately 

before the start and end of SI. The trace generated here demonstrates the drop in 

fluorescence that is directly attributable to stimulation-dependent release of the FM 

dye. The release from transfected and untransfected neurons can then be directly 

compared and gross effects on synaptic vesicle turnover observed as an increase or 

decrease in release. The kinetics of release, t1/2 (50% drop in fluorescence), can 

also be compared to determine any changes in the rate of release.

2.3.12. Immunofluorescence

Cells were washed three times in PBS before being fixed in 4% formaldehyde in 

PBS for 30 minutes. Three PBS washes were then performed prior to incubation 

with PBT (3% BSA, 0.1% Tween in PBS) for one hour at room temperature. Cells 

were subsequently incubated with primary and secondary antibodies in PBT for one 

hour, with three PBT washes occurring between incubations. Alternatively, 

following the primary antibody incubation, cells were incubated with biotinylated 

IgG for 1 hour’ followed by a streptavidin conjugated dye. Coverslips were air 
dried and mounted on slides using antifade glycerol before being sealed.
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2.3.13. Triple immunofluorescence of transfected adrenal chromaffin 
cells

Fixing and blocking were performed as described above. Cells were then incubated 

with mouse HA 7 antibody (1:200) and rabbit phospho (P)-CSP antibody (1:50) for 

1 hour. Following 3 washes with PBT, cells were incubated with a sheep CSP 

antibody (1:200) for 1 hour. This was done to avoid epitope masking for the P-CSP 

antibody as the CSP antibody was raised against full length recombinant CSP 

protein. Following repeated washes the cells were incubated with anti-mouse alexa 

594 (1:400), anti-rabbit biotin (1:100) and anti-sheep alexa 350 (1:100) secondary 

antibodies for 1 hour. Following further washes with PBT, cells were incubated 

with streptavidin 488 (1:400) for 1 hour. Cells were then washed and mounted onto 

slides as described above. Statastical analysis of the ratio of phosphorylated to non- 

phosphorylated CSP was performed using Students t-test.

2.3.14. Fluorescence microscopy

Standard fluorescence microscopy was performed using a NIKON TE300 inverted 

microscope, typically with a 40x objective. Fluorescent images were obtained 
using a NIKON Coolpix 995 digital camera.

2.3.15. Confocal microscopy

Confocal images were obtained using a Leica AOBS TCS SP2 laser scanning 

confocal microscope using a 63x oil immersion objective with a numerical aperture 

of 1.2. Excitation and collection parameters for the fluorophores used are shown in 

table 2.3. Quantification of fluorescence was performed by defining the region of 
interest, using Leica confocal software.
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Table 2.3

Fluorophore Excitation Collection
Alexa 594 606 nm 757 nm
Alexa 488 476 nm 500-581 nm
Alexa 350 416 nm 506 nm

Table showing the excitation and collection wavelengths for Alexa fluorophores 

used in triple immunofluorescence studies in adrenal chromaffin cells.
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2-4- Protein expression and p u r i f i c a t i o n

Recipes

Supermedia: 5 g/1 Glucose, 15 g/1 Tryptone, 25 g/1 Yeast extract

2.4.1. Transformation of BL21 (DE3) E.coli

BL21 cells were transformed using the same protocol as for XL-1 Blue super- 
competent cells (2.2.8).

2.4.2. Transformation of BL21 Codon Plus DE3-RIPL E.coli

BL21 DE3-RIPL cells were transformed as the BL21 (DE3) protocol with the 

exception of the addition of 35 pg/ml chloramphenicol and 30 pg/ml streptomycin 
to the agar plates to select for the RIPL plasmids.

2.4.3. Large scale purification of recombinant protein

Recombinant protein expression was performed using a variety of E.coli strains 

detailed in table 2.4. For all strains the following growth protocol was employed. 

100 ml of supermedia with appropriate antibiotic selection (plasmid selection and 

strain specific selection) was inoculated with a single transformed colony from an 

agar plate and incubated overnight at 37 °C with shaking. This culture was added 

to 900 ml of super media containing the appropriate antibiotics and incubated at 37 

C with shaking until an OD600 of approximately 0.8 was obtained. Protein 

expression was induced by the addition of IPTG to a final concentration of 1 mM 

and the culture incubated at 37 °C with shaking for 3 hours. Cells were harvested 

by centrifugation at 5000 g for 15 minutes at 4°C and the resulting cell pellet 

resuspended in approximately 10 ml of breaking buffer (100 mM Hepes, 500 mM 

KC1, 5 mM ATP, 5 mM MgCl2, 2 mM P-Mercaptoethanol, pH 7.0). 1% (v/v) 

protease inhibitor cocktail (Sigma) was added and the cell suspension frozen at 
-80°C.
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Table 2.4

E.coli protein
expression strain

BL21

BL21 (Codon Plus) 
DE3-RIPL

GroESL
M15

Recombinant protein

GST-tagged Rim 1-512
His-tagged CSP1 137-198

GST-tagged Rim 1-512 
(S413E) mutant

GST-tagged Rim 1-399

GST-tagged Rim 1-399 
(S241,287,3 79A)mutant

GST-tagged wild-type 14-3-3 
eta

His-tagged wild-type CSP1 
His-tagged CSP1 1-112

E.coli specific 
selection

None

Kan, Strep, Cam

Kan

Kan

Table showing the E.coli strains and antibiotic selection used to generate the 
recombinant proteins used.
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The cell suspension was thawed on ice prior to the E.coli being lysed by either 

sonication or through the use of a one shot cell disrupter (Constant Systems; 

Northants, UK). For sonication, lysozyme was added to the cell suspension to a 

final concentration of 1 mg/ml and the cells lysed by 3 x 80 second cycles of 

sonication at an amplitude of 7%. Lysis of E.coli using the cell disrupter was 

performed at 30 kPSI in the absence of lysozyme. Following lysis the lysate was 

passed through a fine needle to reduce viscosity and then insoluble cell debris 

removed by centrifugation at 100000 g for 1 hour. The cleared lysate was added to 

2 ml of glutathione-sepharose slurry, previously washed 5 times in PBS, and 

incubated at 4 C with rotation for 1 hour. GST-protein bound to the glutathione- 

sepharose beads was recovered by centrifugation at 2500 g and unbound material 

removed. Beads were washed 4 times in 10 ml of PBS. 1 ml of glutathione elution 

buffer (10 mM Glutathione, 50 mM Tris.HCl, pH 8.0, 12.5% Glycerol, 2mM p- 

mercaptoethanol) was added to the beads and incubated for 10 minutes at room 

temperature with rotation. The beads were pelleted by centrifugation at 2500 g and 

recombinant protein in the elution buffer collected. This step was repeated a further 

two times giving three elutions and the protein concentration determined by 

Bradford assay. 10 pi of each elution was added to 90 pi of Laemmli buffer and the 

proteins resolved on SDS-PAGE gels. Gels were stained with Coomassie blue for 

30 minutes to determine the protein concentration, compared to BSA standards.

2.4.4. GST-tagged protein purification

2.4.5. Hise-tagged protein purification

Hise-tagged proteins were purified using an FPLC machine (Pharmacia; Milton 

Keynes, UK). The cell suspension was lysed and cell debris removed by 

centrifugation as described for the purification of GST-tagged proteins. Cleared 

lysate was loaded on to a Ni2+-NTA agarose column (5 ml bed volume), which had 

been equilibrated with 20 ml of buffer A (50 mM Imidazole, 20 mM Hepes, 200 

mM KC1, 2 mM p-mercaptoethanol, 0.5 mM ATP, 10% (v/v) Glycerol, pH 7.0). 

Unbound proteins were washed from the column using a minimum of two volumes 

of buffer A per volume of lysate loaded. At this stage, proteins that were found to 

contain high levels of contaminants underwent a second wash using 10 ml of high 

salt buffer (100 ml Buffer A plus 1 M NaCl, pH 7.0). The washes were collected as 

1 ml fractions to run on an SDS-PAGE gel. The column was then re-washed using
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a minimum of 2 volumes of buffer A per volume of lysate to return it to its 

previously equilibrated state. His6-tagged proteins were eluted by the application of 

an increasing imidazole gradient to the column. This gradient was generated by 

mixing buffer A with increasing proportions of buffer B (100 ml Buffer A plus 

3.064 g of Imidazole, pH 7.0) over 80 minutes, at a flow rate of 0.5 ml/min. Eluted 

protein was collected in forty 1ml fractions. 10 pi of each elution was added to 90 

pi of Laemmli buffer and the proteins resolved on SDS-PAGE gels. Gels were 

stained with Coomassie Blue to identify the elution fractions that contained 

recombinant protein; these typically being between fractions 10-24. Fractions 

containing recombinant protein were pooled and concentrated (section 2.4.6).

2.4.6. Recombinant protein concentration

Recombinant proteins were concentrated using Centricon concentrators (Sigma, 

Cambridge, UK) with a molecular weight cut off of 10000 Da or Vivaspin 

concentrators (Sigma, Cambridge, UK) with a molecular weight cut off of 3000 Da. 

Protein elutions were pooled and concentrated by centrifugation at 4000 g, 4 °C, for 

the time required to reduce the pooled volume to approximately 0.5 ml. The 

concentrated protein was then typically diluted in 10 ml of PBS and concentrated 

down to 0.5 ml again. This was repeated at least twice more. This buffer exchange 

was performed to remove elution buffer contaminants that may inhibit subsequent 

binding to glutathione sepaharose or Ni2+-NTA beads. Concentrated proteins were 

retrieved by the method specific for the concentrator and the protein concentration 
determined by Bradford assay and resolving on SDS-PAGE gels.

2.4.7. Bradford assay

Bradford assays to determine protein concentration were performed using the 

method originally described by (Bradford, 1976), with modifications. BSA 

standards (1, 2, 3, 4, 5, 7.5 and 10 pg), used to generate a standard curve, and 

unknown proteins (1 and 2 pi) were plated on to a 96 well plate. Colour reactions 

were initiated by the addition of 300 pi of filtered Bradford reagent and the protein 

concentration calculated by reading at OD595 on a microtitre plate reader.
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2.4.8. Mass spectrometry

Coomassie blue stained bands were cleaved from SDS-PAGE gels and chopped 

into approximately 1 mm squares. The gel pieces were destained in 100 pi of 50% 

acetonitrile (ACN)/50 mM ammonium bicarbonate for 15 minutes at room 

temperature with occasional agitation. The supernatant was removed and the gel 

pieces dried in a SpeedVac (Eppendorf, Cambridge, UK). Gel pieces were 

rehydrated with approximately 10 pi of trypsin solution (5 ng/pl trypsin in 

ammonium bicarbonate) and incubated at 37 °C overnight. 30 pi of 60% ACN/1% 

tnfluoroacetic acid (TFA) was added, the gel pieces placed in a sonicator bath for 5 

minutes and the supernatant containing peptides collected by spinning briefly. This 

step was repeated and the collected supernatants pooled before drying using a 

SpeedVac. Peptides were analysed using either a MALDI-TOF or NANO-LC 

QSTAR mass spectrometers and identified using MASCOT internet software 

(Matrix Science, London, UK) or ProteinPilot (Applied Biosystems, California, 
USA) for phosphorylated peptide identification.
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2-5. Protein Biochemistry

Recipes

PBS: 142 mM NaCl, 2 mM KC1, 8 mM Na2HP04, 1.5 mM NaH2P04, pH 7.4 
Transfer Buffer: 25 mM Tris, 192 mM Glycine, 20% Methanol

MES buffer: 50 mM MES, pH6.9, 10 mM MgCl2, 0.5 mM EGTA, 1 mM DTT, 
100 pM ATP

2.5.1. SDS-PAGE

Protein samples denatured by the addition of Laemmli buffer and boiling for 10 

minutes were run on SDS-PAGE gels comprising of a 4.5% stacking gel (2.75 ml 

dH20 , 1.25 ml 30% acrylamide, 4 ml stacking gel buffer, 10 pi TEMED, few 

granules of APS) and typically a 12% separating gel (1 ml dH20, 4 ml 30% 

acrylamide, 5 ml separating gel buffer, 8 pi TEMED, few granules of APS) using 

the BIO-RAD Mini-Protean III apparatus at 180 V. Gels were then transferred on 

to nitrocellulose membrane using the BIO-RAD trans blot cell apparatus at 20 V 

overnight or 90 V for 1 hour, or stained with Coomassie blue stain for 30 minutes 

followed by repeated washes with destain (35% Methanol, 4% Acetic acid).

2.5.2. Western Blotting

The standard western blotting protocol described below was applied for all 

antibodies except Akt antibodies from cell signalling, whose protocol is described 

separately. Gels successfully transferred to nitrocellulose membranes were stained 

with Ponceau S stain to confirm even transfer and equal protein loading, before 

being washed twice with PBS (same for all antibodies). Membranes were blocked 

in 5% dried milk with PBS at room temperature for 1 hour, followed by incubation 

with the primary antibody in PBS for 1 hour at room temperature. Unbound 

primary antibody was removed by three 5 minute PBS washes. Horseradish 

peroxidase conjugated secondary antibodies were added in 5% dried milk, 0.5% 

Tween20 m PBS and incubations allowed to proceed for at least 45 minutes at room 

temperature. Unbound secondary antibody was removed by three washes in 0.5% 

Tween20 in PBS. Membranes were then incubated with enhanced
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chemiluminescence (ECL) reagent for 1 minute. Blots were then developed onto 
hyperfilm.

For Akt antibodies: membranes were blocked with 5% dried milk, 0.1% Tween20 

in TBS for 1 hour. Primary antibodies were incubated overnight in blocking buffer 

at 4 °C and secondary antibodies in blocking buffer for 1 hour at room temperature. 
All washes were with 0.1% Tween20 with TBS.

All Western blots presented are representative of at least n = 2, with each blot 
showing an identical trend.

2.5.3. Densitometry

Coomassie blue stained gels or Western blots were scanned using a Bio-Rad GS- 

710 densitometer and the band region defined. Band densities were determined 

using Quantity One software (Bio-Rad). All calculated densities were corrected for 
background using a blank region close to each defined band.

2.5.4. In vitro phosphorylation assays

GST- or His-tagged recombinant protein phosphorylation assays were performed in 

40 pi reaction volumes containing 6 pg recombinant protein in MES buffer (50 mM 

MES, pH 6.9, 10 mM MgCl2, 0.5 mM EGTA, ImM DTT), with 100 pM cold ATP 

and 200 ng active recombinant Aktl (Upstate). Reactions were initiated by the 

addition of 2 pCi [32P]y-ATP. Phosphorylation reactions were allowed to proceed 

for 3 hours at 30 °C, before being terminated by the addition of 40 pi of Laemmli 

buffer. Samples were boiled and run on 12% SDS-PAGE gels. Gels were stained 

with Coomassie blue stain for 30 minutes, followed by 2 hours destaining in 2% 

glycerol, 30% ethanol. Gels were dried overnight, before being exposed to a 

phosphorscreen for 3 hours. 32P incorporation was visualised using a Phospho- 
imager (Molecular Dynamics).

2.5.5 Subcellular fractionation of chromaffin cell granules

Fresh bovine adrenal glands were dissected open and the adrenal medulla removed 

by scraping. Medullas were homogenised in 5 ml of Buffer A per gland (0.3 M 

Suerose, 1 mM EGTA, 5 mM Hepes, pH 7.3) using a glass/Teflon homogeniser. 

Homogenised medullas were centrifuged at 800 g for 15 minutes and the resulting
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pellet was resuspended in 5 ml of Buffer A, giving the nuclear fraction. The 

supernatant from this spin was added to fresh centrifuge tubes and spun at 17000 g 

for 20 minutes, 4 °C. The supernatant from this spin was centrifuged at 100000 g 

for 60 minutes, 4 °C, with the resulting supernatant being the cytosolic fraction and 

the pellet, which was resuspended in 2 ml of buffer A, the microsome fraction. 

The pellet from the previous spin (17000 g) has the appearance of a pink pellet with 

a soft white pellet over the top. The soft white pellet was carefully washed off the 

pink pellet with 2 x 1ml washes with buffer A, giving the mitochondrial fraction. 

The pink pellet, containing the granules, was resuspended in 6 ml of buffer A and 

then overlayed on to 2 ml of buffer B (1.7 M Sucrose, 1 mM EGTA, 1 mM MgS04,

5 mM Hepes, pH 7.3), before being centrifuged at 100000 g for 60 minutes, 4 °C. 

The resulting pellet was resuspended in 5 ml of buffer C (1 mM MgS04> 20 mM 

Hepes, pH 7.4) and then freeze thawed at -80 °C. The resulting suspension was 

passed through a 1 ml pipette tip several times to break up any remaining 

particulate and then centrifuged at 100000 g for 60 minutes, 4 °C. The resulting 

supernatant contained the intragranular contents and the pellet, which was 
resuspended in 2 ml of buffer C, contained the granule membranes.

2.5.6. Generation of phospho-specific antibodies

P-Rim S413 antibody was generated by ProSci Incorporated (California, USA) and 

the P-Rim S241 and S287 antibodies by Sigma Genosys, Cambridge, UK, from the 

peptide sequence provided (see below). Immunogenic peptide synthesis, animal 

immunisation and serum collection were all performed by the company generating 

the antibody. Antibody specificity was initially determined using phosphorylated 

and mock phosphorated recombinant proteins. Affinity purification of antibodies 

was performed if necessary using non-phosphorylated and phosphorylated peptides, 

as described in 2.5.9. Non-phosphorylated peptides were generated and shipped at 

the same time as the phosphorylated (immunogenic) peptide. An N-terminal 

cysteine was incorporated in each peptide to allow the covalent immobilisation of 

the peptide to an agarose support for the affinity purification of the antibody.
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Immunogeneic peptide sequences:

P-Rim Ser413 - CARHERRHpSDV 

P-Rim Ser241 - CQERSRpSQTPLS 

P-Rim Ser287 - CSRSRpSEPPRER

2.5.7. Ellman assay

The Ellman assay was used to determine the free sulfydryl content of the peptides 

(Butterworth et al., 1967). Assays were performed using a 90 well microtitre plate. 

A calibration curve in duplicate was generated using 0, 1,2, 3, 4, 5, 7.5, 10 and 20 

pi of 1.5 rnM cysteine stock solution, made up to 20 pi total volume with H20. 

Peptide samples, 1 and 2 pi in duplicate were also added to the plate. 80 pi of 

Ellman s buffer (0.1 M Na2HP04, pH 8.0) was added to each well along with 2 pi 

of Ellman’s reagent (0.04 g of Ellman’s Reagent (Pierce Biotechnology, Illinois, 

USA) m 10 ml H20). Reactions were mixed by pipetting and the colour allowed to 

develop for 15 minutes. Absorbance was measured at 405 nm and a standard curve 

plotted. The free sulfydryl content of the peptides was then derived from the 
equation of the line.

2.5.8. Peptide affinity column generation

The method for peptide affinity column generation was based on the protocol 

supplied with the SulfoLink® affinity column kit (Pierce Biotechnology, Illinois, 

USA). The kit allows the covalent immobilisation of sulfhydiyl-containing 
peptides or proteins to an agarose gel based support.

Phosphorylated or non-phosphorylated peptides corresponding to the identified Akt 

phosphorylation sites on CSP and Riml were generated with the addition of a C- 

terminal cysteine residue and the percentage of free cysteines available for coupling 

to the column was determined using the Ellman assay (section 2.5.7). SulfoLink® 

coupling gel columns were equilibrated to room temperature before the storage 

buffer was drained by removal of the top and bottom caps, and the columns washed 

with 8 ml of coupling buffer (50 mM Tris, 5 mM EDTA-Na, pH 8.5, supplied with 

kit). The theoretical binding capacity of each SulfoLink® coupling column is 2 mg 

of peptide. Therefore, sufficient peptide to give 2 mg of peptide containing a free 

cysteine residue (determined by the Ellman assay) was diluted in 2 ml of coupling 

buffer and added to a capped column. The column was rotated for 15 minutes end
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over end and then allowed to stand upright for 30 minutes, all at room temperature. 

Unbound peptide solution was drained and the column washed in 6 ml of coupling 

buffer. Non-specific binding sites were then blocked by incubating the column with 

50 mM free cysteine at room temperature for 45 minutes, 15 minutes rotating and 

30 minutes upright. Columns were subsequently washed in 12 ml of wash solution 

(1 M NaCl, 0.05% NaN3, supplied with kit) and 8 ml of PBS containing 0.05% 

sodium azide. Columns were stored until required in 3 ml of PBS containing
0.05% sodium azide.

2.5.9. Affinity purification of phospho-specific antibodies

Phospho-specific antibodies were generated as previously described and 

characterised by Western blotting. Antibodies that showed minimal phospho- 

specificity were affinity purified on affinity peptide columns (see 2.5.8). 

SulfoLmk® columns containing bound phosphorylated and non-phosphorylated 

CSP or Rim peptides were drained and washed in PBS containing 0.05% sodium 

azide before 4 ml of antiserum was added to the non-phosphorylated peptide 

column and the column incubated at room temperature for 1 hour rotating and 30 

minutes upright. Flow-through containing unbound phospho-specific antiserum 

was collected and kept. Non-phosphorylated columns were washed in 16 ml of 

PBS containing 0.1% sodium azide and the bound de-phosphorylated antiserum 

eluted in 8 x 1 ml fractions with 0.1 M glycine, pH 2.7. 50 pi of 1 M Tris, pH 9.5 

was added to each fraction to neutralise the solution and the antiserum 

concentration determined using a Bradford assay. Fractions containing the highest 

antiserum concentrations were pooled and frozen at -80 °C. This process generates 

either de-phospho-specific or pan-specific antiserum. To generate phospho-specific 

antiserum, the flow-through from the non-phospho column was added to the

affinity column containing the phospho-specific peptide and the above wash and 
elution protocol repeated.

2.5.10. Bovine brain preparation

Whole frozen bovine brains were obtained from FirstLink, UK. Frozen brains were 

broken into pieces and homogenised in 2 L of Buffer A (20 mM Tris.HCl, 1 M 

KC1, 250 mM sucrose, 2 mM MgCl2, 1 mM DTT, 1 mM PMSF, pH 8.0) using a 

large probe homogeniser. Homogenised brain was frozen at -80 °C until required.
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2.5.11. Phosphorylated and non phosphorylated-peptide pulldowns
Phosphorylated- and non-phosphorylated-peptide columns were produced as in

2.5.8. Crude bovine brain homogenate in buffer A (20 mM Tris.HCl, 1 M KC1, 

250 mM sucrose, 2 mM MgCl2, 1 mM DTT, 1 mM PMSF, pH 8.0) was thawed on 

ice, 4% Triton X-100 added to solubilise the membrane fraction and incubated for 3 

hours at 4 C with rotation. Homogenate was dialysed overnight at 4 °C in 500 ml 

of dialysis buffer (25 mM Tris.HCl, 50 mM KC1, 1 mM DTT, 1% Triton X-100, pH 

7.8). Dialysed homogenate was transferred to a fresh 500 ml of dialysis buffer for

3-5 hours before centrifugation at 100000 g, 4 °C, for 1 hour to remove the Triton 

insoluble fraction. Protein concentration was determined using a Bradford assay 

and approximately 10 mg of bovine brain extract applied to each column, which 

had previously been washed in 2 column volumes of high salt elution buffer with 

Triton (1M NaCl, 100 mM Hepes, pH 8.0, 1% Triton-XlOO) and 6 column volumes 

of binding buffer (25 mM Tris, 100 mM KC1, 1 mM DTT, pH 7.8). Columns were 

capped and incubated overnight at 4 °C with rotation. Unbound protein was 

removed and the column washed with 6 column volumes of binding buffer. 

Proteins bound to the peptides were eluted by the addition of 6 x 1 ml of low salt 

elution buffer (250 mM NaCl, 100 mM Hepes, pH 8.0), followed by 6 x 1 ml of 

high salt buffer in the absence of Triton X-100. The fractions from each elution 

were then pooled and 600 pi of elution added to an equal volume of ice cold 

methanol and incubated at -20 °C for a minimum of 30 minutes. Methanol 

precipitated samples were centrifuged at 13000 g for 5 minutes, the methanol 

removed and precipitated protein air dried before being resuspended in 15 pi of 
Laemmli buffer and boiled for 10 minutes.

2.5.12. Phosphorylation dependent pulldowns with recombinant 
proteins

Recombinant His6-CSP constructs or GST-Rim constructs were used in these 

experiments. Phosphorylated and Mock phosphorylated protein affinity columns 

were generated as follows. Recombinant proteins were either phosphoiylated or 

mock phosphorylated as described in the in vitro phosphorylation assay protocol 

(section 2.5.4). Briefly, 100 pg of CSP recombinant proteins or 50 pg of Rim 

recombinant proteins were incubated with 600 ng of active PKA and 100 pM cold 

ATP in a total reaction volume of 500 pi of MES buffer for 3 hours at 30 °C. The

- 7 1  -



recombinant proteins were bound to 300 pi of nickel agarose for the CSP 

constructs, and glutathione sepharose for the Rim constructs, by incubation at 4 °C, 

rotating for 2 hours. Bound protein was applied to disposable affinity columns, the 

flow through retained and the columns washed with three 2 ml washes in binding 

buffer (25 mM Tris, 100 mM KC1, 1 mM DTT, pH 7.8). 10 mg of bovine brain 

extract, prepared as described in the phosphorylated and non-phosphorylated 

peptide pulldown protocol (section 2.5.11), was added to each column, and the 

columns capped and incubated overnight at 4 °C, rotating. Unbound protein was 

removed and the columns washed with three 2 ml washes in binding buffer. Bound 

proteins were then eluted using an increasing concentration of salt buffers. Firstly, 

non-specifically bound proteins were eluted using 1 ml of 250 mM salt elution 

buffer and secondly, specifically bound proteins were eluted using 1 ml of 1 M salt 

elution buffer. Eluted proteins were added to an equal volume of ice cold methanol 

and incubated at -20 °C for a minimum of 30 minutes. Methanol precipitated 

samples were centrifuged at 13000 g for 5 minutes, the methanol removed and the 

precipitated protein air dried. The dried pellets were resuspended in 50 pi of 
Laemmli buffer and 20 pi of this run on SDS-PAGE gels.
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2.6. Nuclear magnetic resonance (NMR)

2.6.1. Large scale purification of recombinant protein in minimal 
media for general 1SN labelling

Recombinant proteins for NMR spectroscopy experiments were generated using a 

standard protocol for growth in minimal media. 100 ml of LB media, supplemented 

with appropriate antibiotics, was inoculated with a bacterial colony from a freshly 

grown agar plate and grown overnight at 37 °C with shaking, but not for more than 

16 hours. The following day, cells were harvested by centrifugation at 5000 g, 4 °C 

for 5 minutes and the pellet suspended in 10 ml of LB media. 250 ml of minimal 

media (88 mM Na2HP04, 55 mM KH2P04, pH 7.2), supplemented with 2.5 ml of a 

10 ml solution containing 2.2 M glucose, 1.8 M 15NH4C1, 97 mM MgS04.7H20,

13.6 mM CaCl2.2H20  and 2.96 mM thiamine.HCl was added to four 2 L flasks. 

Appropriate antibiotics were added and the media inoculated with approximately 1 

ml of cell suspension, to an OD600 of between 0.05 and 0.1. Cultures were then 

grown at 37 °C with shaking to an OD600 of 0.7-0.9, typically taking between 4 and 

6 hours. Protein production was subsequently initiated by the addition of IPTG to a 

final concentration of 1 mM and production allowed to continue for approximately 

16 hours at 37 °C, before the cells were harvested by centrifugation at 6000 g, 4 °C 

for 15 minutes. Cell pellets were suspended in 10 ml of breaking buffer (100 mM 

Hepes, 500 mM KC1, 5 mM ATP, 5 mM MgCl2, 2 mM p-Mercaptoethanol, pH 7.0)

and then either frozen at -80 °C or immediately lysed and the protein purified using 
standard protocols.

Proteins that were found to be insoluble (remaining in the pellet) underwent a 

modified protocol, with the protein induction temperature being lowered to 20 °C 

and the cell pellet resuspended in breaking buffer plus 1% Triton X I00. For 

insoluble proteins, the resuspended pellet was always frozen at -80 °C to promote 

cell lysis. All 15N-labelled His-tagged CSP recombinant proteins were purified as 

described using an FPLC machine (section 2.4.5). For NMR studies, the one shot 
cell disrupter was always used for cell lysis.
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2.6.2. Protein concentration and dialysis

All recombinant protein samples for NMR studies were concentrated using spin 

concentrators. Full-length CSP was concentrated in Centricon 10000 Da molecular 

weight cut-off concentrators (Sigma, Cambridge, UK) and CSP 1-112 and CSP 

137-198 in Vivaspin 3000 Da molecular weight cut-off concentrators (Sigma, 

Cambridge, UK). Proteins were concentrated by centrifugation at 4000 g, 4 °C, for 
sufficient time to reduce the total volume to 0.5 ml.

Proteins were also dialysed using spin concentrators. Following concentration, 10 

ml of a modified elution buffer (20 mM Hepes, 200 mM KC1, 0.5 mM ATP, 2 mM 

P-mercaptoethanol, pH 6.5) suitable for use in NMR studies, was added to the 

concentrated protein. The protein was again concentrated down to 0.5 ml, before 

the process was repeated a further two times, ensuring the complete removal of 

contaminating constituents of the elution buffer, namely glycerol and imidazole.

2.6.3. NMR spectrum generation

All NMR spectra were recorded at a 'H frequency of 600 MHz using a Bruker 600 

spectrometer. The spectra were acquired at pH 6.5 and 298 K. For each 

experiment 300 pi of protein was spiked with 10% deuterium (D20) to provide a 

reference signal. The sample was placed into a rounded glass NMR tube, all 

bubbles removed and the sample placed in the spectrometer. The sample was 

allowed to equilibrate to the experimental temperature while the magnet was 

aligned and the experimental parameters set. CSP 137-198 and full-length CSP that 

produced strong clear resonances on one-dimensional spectra (’H), were 

subsequently analysed using two-dimensional proton-detected Heteronuclear Single 

Quantum Coherence (HSQC) experiments to monitor proton and l5N chemical shift 

changes. CSP 1-112, which produced a weak one-dimensional spectrum was 

analysed using two-dimensional proton-detected Heteronuclear Multiple Quantum 

Coherence (HMQC) experiments, which provide greater sensitivity, to monitor 
proton and l5N chemical shift changes.

2.6.4. Phosphorylation of CSP 1-112 in NMR studies

CSP 1-112 recombinant protein was phosphorylated during NMR studies to 

determine changes in protein structure upon phosphorylation. Spectra for un
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phosphorated '^-labelled CSP 1-112 were initially obtained as described above. 

The sample was then removed from the spectrometer and 10 mM MgCl2 and 25 gg 

of active Aktl added. The pH was checked and adjusted if required to ensure it was 

identical to the starting material before the sample was placed back into the 

spectrometer and a second spectra generated. All spectra were gathered over time 
lengths sufficient for stoichiometic phosphorylation of CSP to occur.
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Chapter 3

Ca2+-activation of Akt
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3.1. Introduction

3.1.1. Identification and characterisation of Akt/PKB

Akt/Protein Kinase B (PKB) is a serine/threonine protein kinase that was identified 

by homology cloning and shown to be a member of the ‘AGC’ family of kinases 

(Jones et al., 1991; Brazil and Hemmings, 2001). Three Akt isoforms have been 

identified in mammals, termed Aktl, 2 and 3 (PKBa, p, y), which exhibit a high 

degree of amino acid sequence homology (Scheid and Woodgett, 2003). All three 

isoforms are structurally similar being composed of an N-terminal pleckstrin 

homology (PH) domain, a middle catalytic (kinase) domain and a C-terminal 

hydrophobic motif (HM) (Hanada et al., 2004). The kinase domain of Akt is 

structurally similar to that of other ‘AGC’ kinases including PKA and PKC (Yang 

et al., 2002a). Quantitative RT-PCR identified the tissue distribution of the three 

isoforms, with Aktl and 2 being ubiquitously expressed and Akt3 being highly 

expressed in the brain and testis (Yang et al., 2003). In recent years Akt has been 

shown to regulate a diverse range of cellular functions including cell survival, 

proliferation and differentiation and metabolism (Kohn et al., 1996; Magun et al., 
1996; Ahmed et al., 1997; Khwaja etal., 1997).

3.1.2. Tyrosine kinase receptor activation of Akt

The complete activation of Akt typically occurs at the plasma membrane and is 

dependent on the phosphorylation of two residues: Thr308 in the catalytic domain 

and Ser473 in the hydrophobic motif (Hanada et al., 2004). Recruitment of Akt to 

the membrane is mediated via an interaction between the PH domain of Akt and the 

phosphatidylinositol 3-kinase (PI3K) generated lipid PI(3,4,5)P3 (Burgering and 

Coffer, 1995; Thomas et al., 2002; Milbum et al., 2003). Once at the membrane 

Akt is phosphorylated on Thr308 by phosphoinositide-dependent kinase 1 (PDK1) 

which itself is recruited to the membrane via a PH domain (Alessi et al., 1997; 

Stephens et al., 1998). Akt is then phosphorylated on Ser473 leading to complete 

activation of the kinase. Mitogen-activated protein kinase-activated protein kinase 

2, integrin-linked kinase, PDK1 and PKC have all been suggested to be the in vivo 

Ser473 kinase (Alessi et al., 1996; Delcommenne et al., 1998; Balendran et al., 

1999; Kawakami et al., 2004). Recent opinion however, indicates that a mTor-
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Rictor complex may be responsible for Ser473 phosphorylation in most 

circumstances, with mTor being the phosphorylating kinase (Sarbassov et al.,

2005). Following complete activation, Akt phosphorylates multiple downstream 
targets implicated in a wide range of cellular events.

3.1.3. Ca2*-dependent activation of Akt

In addition to the widely characterised tyrosine kinase receptor pathway of Akt 

activation, a Ca2+-dependent Akt activation pathway has been reported. The precise 

mechanism by which this mode of activation occurs is unclear. Calmodulin is the 

most widely reported substrate suggested to be involved in this activation, with a 

number of reports using calmodulin inhibitors to demonstrate the necessity for 

calmodulin in the Ca2+ activation of Akt (Yang et al., 2000; Egea et al., 2001; 

Cheng et al., 2003). The functional role played by calmodulin is unclear, with it 

being suggested to be required for the targeting of Akt to the membrane (Deb et al., 

2004) or for the upstream modulation of proteins involved in Akt activation 

following neurotrophin stimulation (Egea et al., 2001; Cheng et al., 2003). 

Ca2+/calmodulin-dependent protein kinases (CaMK) have also been implicated in 

the activation of Akt, with CaM-kinase kinase having been suggested to directly 

mediate Akt Thr308 phosphorylation (Yano et al., 1998; Nakayama et al., 2002). 

The involvement of Ca2+/calmodulin-dependent protein kinases is however 

controversial with other groups indicating the lack of requirement of these kinases 

(Cheng et al., 2003; Deb et al., 2004). Ca2+ activation of Akt may also occur in a 

calmodulin and Ca2+/calmodulin-dependent protein kinase independent manner, 

because PKC-piI, which is activated in response to Ca2+, has been suggested to 

capable of phosphorating Akt Ser473 in a cell-type and stimulus-specific fashion 
(Kawakami et al., 2004).

3.1.4. Experimental rationale

A role for Akt in the regulation of exocytosis has been reported in several cell 

types. Expression of constitutively active Akt stimulates GLUT4 translocation in 

3T3-L1 adipocytes and L6 skeletal muscle cells (Kohn et al., 1996; Hajduch et al., 

1998). Similarly, microinjection of an Akt inhibitory antibody into adipocytes 

inhibits GLUT4 translocation, as does expression of dominant-negative Akt in L6 

myoblasts (Hill et al., 1999; Wang et al., 1999). Additionally, transgenic mice
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expressing a kinase-dead Akt exhibited reduced insulin secretion from pancreatic 0- 

cells. Consequently, Akt could function as a universal kinase in the regulation of 

exocytosis, similar to PKA and PKC. One important characteristic of PKA and 

PKC and their role in exocytosis is that they are regulated by secretory stimuli, 

Ca2+, as well as by other modulatory inputs that modify secretion, for example G- 

proteins. The ability to modify Akt activity with secretory stimuli is therefore an 

essential characteristic if it is to have a role in regulating exocytosis. As such, the 

activation of Akt in response to various stimuli was investigated in adrenal 
chromaffin cells.
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3.2. Methods

3.2.1. Chromaffin cell preparation

Bovine adrenal chromaffin cells were prepared by enzymatic digestion of bovine 

adrenal medullae from freshly isolated bovine adrenal glands as described in the 

general methods. For stimulation assays, isolated cells were plated at a density of 

106 cells per well of a 24 well tissue culture plate and 0.5 ml of chromaffin cell 

media added (88.5 ml DMEM, 10% FBS, 0.5 ml Gentamycin, 1 ml 

Penicillin/Streptamycin, 50 pi of 20mM Cytosine Arabinoside/16 mM FUDR 

mixed 1:1). Cells were incubated in a humidified incubator at 37 °C, 5% C 02 for a 
minimum of 3 days prior to any experiments.

3.2.2. Stimulation assays

Prior to stimulation, chromaffin cells were washed three times with 0.5 ml of either 

Ca2+ free Krebs buffer for intact cell experiments or 0- KGEP buffer (139 mM K+ 

Glutamate, 5 mM EGTA, 20 mM PIPES, 2 mM ATP, 2 mM MgCl2, pH 6.5) for 

permeabilised cell experiments. Intact chromaffin cells were stimulated by the 

addition of 300 pi of Ca2 -Krebs buffer containing the appropriate agonist at the 

concentration detailed in table 2.2 of the general methods. Stimulations were 

allowed to proceed for 30 minutes before the stimulation solution was removed, 

added to 1.5 ml eppendorfs and stored at 4 °C for use in catecholamine release 

assays. Cells were immediately lysed by the addition of 50 pi of Laemmli buffer. 

In experiments where protein inhibitors were used, the cells were pre-incubated in 

Ca free Krebs plus inhibitor prior to and during stimulation. For permeabilised 

cell experiments, cells were stimulated by the addition of 10+ KGEP buffer (0- 

KGEP plus 10 pM Ca and 20 pM Digitonin) for 30 minutes. In experiments 

whereby the Ca2+ concentration or stimulation times were optimised the free Ca2+ 

concentration or stimulation time were adjusted as appropriate. For experiments 

that involved the use of protein inhibitors, cells were pre-incubated in 0+  KGEP 

buffer (0- buffer plus 20 pM Digitonin) in the presence of the inhibitor for 30 

minutes prior to stimulation, which were all performed in the continued presence of 
the inhibitor.
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3.2.3. Catecholamine release assay

Stimulation solutions kept for catecholamine release analysis were centrifuged at 

13500 g for 2 minutes and duplicate samples of 75 pi were added to glass test tubes. 

2 ml of 1 M sodium acetate, pH 6, and 100 pi of 0.25% potassium ferricyanide was 

added to each sample and reaction allowed to proceed for 5 minutes at room 

temperature. Reactions were stopped by the addition of 0.2% ascorbic acid in 90% 

5 M NaOH. Catecholamine release was analysed using a spectrophotometer with 
excitation at 410 nm and emission at 517 nm.

3.2.4. Western blotting

Akt activation was assessed by western blotting for Akt Ser473 phosphorylation 

and equal loading confirmed using a total Akt antibody. Anti-P-Akt Ser473 rabbit 

polyclonal and total Akt mouse monoclonal antibodies were purchased from Cell 

Signalling Technologies. Antibodies were used in western blotting in accordance 

with a specific protocol defined by the supplier. Chromaffin cells lysed in Laemmli 

buffer were boiled for 10 minutes prior to loading onto 12% SDS-PAGE gels. 20 

pi of each sample was loaded onto the gel and the gels run at 150 volts until the dye 

front ran off the end of the gel. Gels were transferred onto nitrocellulose membrane 

for 1 hour at 90 volts, with an ice pack inserted for cooling. Membranes were 

blocked by incubation with 5% Milk, 0.1% Tween20 in TBS for 1 hour at room 

temperature. Primary antibodies were diluted 1:1000 in blocking buffer and 

incubated overnight at 4 °C with gentle agitation. Membranes were subjected to 

three 10 minute washes in TBS plus 0.1% Tween20. Secondary antibodies diluted 

1:1000 in blocking buffer plus 0.1% Tween20 were incubated with the membrane 

at room temperature for 1 hour. Three 10 minutes washes in TBS Tween20 and 2 

washes in TBS were used to completely remove unbound secondary antibody. 

Membranes were then incubated with ECL solution for 1 minute and the membrane 

wrapped in cling-film. Membranes were exposed using hyperfilm, with typical 
exposure lengths being between 1 and 3 minutes.
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3.3. Results

3.3.1. Identification of Akt isoforms in bovine adrenal chromaffin cells
Akt is an evolutionarily conserved kinase of which there are 3 known isoforms, 

being classified as Aktl, 2, 3 or PKB a, ß, y. These isoforms exhibit a high degree 

of both sequence and structural homology (Hanada et al., 2004), which has led to 

the proposition that redundancy between the isoforms may occur for many 

signalling pathways. However, evidence exists reporting isoform specific 

signalling, including the reported case of Akt2 being the predominant isoform in the 

regulation of GLUT4 translocation (Hill et al., 1999). Akt isoforms are thought to 

be expressed differentially in different tissues and so it was important to identify the 
isoforms present within chromaffin cells.

Chromaffin cells plated at a density of 106 cells per well were lysed in 50 p.1 

Laemmli buffer. For each Akt isoform, lysed chromaffin cells and cells diluted 1:5 

and 1:10 were run on SDS-PAGE gels along with 5 ng and 10 ng recombinant 

protein standards for the Akt isoform to be blotted, as well as 10 ng recombinant 

protein standards for the two other Akt isoforms. Each gel was exposed to Akt 

isoform specific antibodies appropriate for the recombinant protein standard used. 

The expression of each Akt isoform in chromaffin cells was compared relative to 

the recombinant protein standards. Antibody specificity for the isoform of interest 

was confirmed by the absence of bands in the lanes corresponding to the other 
10 ng Akt standards.

All three Akt isoforms were found to be present in adrenal chromaffin cells, with 

the relative level of expression being different for each isoform (Fig 3.1). A strong 

signal corresponding to Aktl (upper blot) and Akt2 (middle blot) was detected in 

lysed chromaffin cells. The signal detected in chromaffin cells with the anti-Aktl 

antibody was equivalent to between 5 ng and 10 ng recombinant Aktl. However, 

the signal observed with the anti-Akt2 antibody in chromaffin cells was 

considerably less than 5 ng when compared to the 5 ng Akt2 recombinant protein 

standard. A weak Akt3 signal (lower blot) was also observed in chromaffin cells,
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Figure 3.1

5 ng 10 ng Akt2 Akt3 1:1 1:5 1:10
Recombinant protein Cells

— •  —

5 ng 10 ng Aktl Akt3 1:1 1:5 1:10
Recombinant protein Cells

5 ng 10 ng Aktl Akt2 1:1 1:5 1:10
Recombinant protein Cells

Western blotting of Akt isoforms present in bovine adrenal chromaffin cells.
Bovine adrenal chromaffin cells were cultured for 3 days before being lysed and run 
on SDS-PAGE gels, along with Akt recombinant protein standards. Akt isoforms 
present in chromaffin cells were detected using antibodies specific to each of the 
three Akt isoforms and compared to isoform specific recombinant protein standards. 
Top: Aktl expression in cells compared to recombinant protein standards, Akt2 and 
Akt3 standards demonstrate antibody specificity for A ktl. Middle: Akt2 expression 
in cells compared to recombinant protein standards, Aktl and Akt3 standards 
demonstrate antibody specificity for Akt2. Bottom: Akt3 expression in cells 
compared to recombinant protein standards, Aktl and Akt2 standards demonstrate 
antibody specificity for Akt3.
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but the expression of this isoform appears to be minimal when compared to the 5 ng 

Akt3 recombinant protein standard. The blots also revealed that the Aktl antibody 

is not entirely specific, as shown by the detection of both Akt2 and Akt3 

recombinant protein standards (upper blot, lanes 3 and 4). Antibody cross

reactivity however appears to be minimal when the three 10 ng standards are 

compared and as such can only account for a small percentage of the observed Aktl 

signal seen in chromaffin cells. From these blots it was concluded that Aktl is the 

predominant Akt isoform present in adrenal chromaffin cells, with some Akt2 
present and a small amount of Akt3.

3.3.2. Physiological activation of Akt in bovine adrenal chromaffin 
cells

Akt is activated by a range of cellular agonists including epidermal growth factor 

(EGF) and insulin-like growth factor (IGF) (Cahill and Perlman, 1991; Nakayama 

et al., 2002). Classically, this results in the activation of PI3K and the 

phosphorylation of membrane lipids, resulting in the recruitment of Akt to the 

membrane. Once at the membrane, phosphorylation of two residues Thr308 and 

Ser473 is required for complete Akt activation. PDK1 is thought to phosphorylate 

Akt on Thr308 and another kinase, possibly the mTor-Rictor complex (although 

other kinases have been suggested), then phosphorylates Ser473 leading to the 

complete activation of Akt. Little information exists however, as to agonists 

capable of activating Akt in chromaffin cells, and whether any of these agonists 

affect catecholamine release from these cells. Consequently, chromaffin cells were 

stimulated with a range of cellular agonists and Akt activation assessed by Ser473 

phosphorylation using western blot analysis. Catecholamine release was assessed 

using a fluorimetric assay. Chromaffin cells were acutely stimulated for 30 minutes 

with various agonists, stimulation solutions were then removed and kept for 

catecholamine release assays before the cells were lysed in Laemmli buffer. Lysed 

cells were run on SDS-PAGE gels and blotted with an Akt Ser473 phospho-specific 

antibody. All experiments were performed in duplicate, with a minimum of 2 wells 
of cells pooled for each experiment.

Stimulation of adrenal chromaffin cells with either nicotine or histamine resulted in 

a strong activation of Akt, as assessed by Ser473 phosphorylation. Quantitative
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densitometry revealed that nicotine produced a 4-fold increase in P-Akt and 

histamine a 1.5-fold increase when compared to basal phosphorylation levels 

observed with Krebs buffer (Fig 3.2a). Notably, Ser473 phosphorylation was 

observed even in basal conditions, suggesting a level of constitutive Akt activation 

in these cells. Stimulation with the phorbol ester PMA, known to activate PKC, 

forskolin, known to activate cAMP-dependent protein kinase (PKA), or nerve 

growth factor (NGF) had no effect on Akt phosphorylation compared to basal 

conditions. Intriguingly, nicotine and histamine are both known to be activators of 

catecholamine secretion in chromaffin cells (Mizobe and Livett, 1983; Noble et al., 

1988). The ability of these agonists to induce secretion was confirmed using a 

fluorimetric assay for catecholamine release, and results plotted as a percentage of 

the total catecholamine content within the cell (Fig 3.2b). As had previously been 

reported, nicotine was a potent activator of catecholamine release, resulting in the 

release of approximately 20% of the total cellular catecholamine content, compared 

to 3% in basal conditions. Histamine had a less potent affect on release, resulting in 

the release of approximately 5% of total cellular catecholamine. PMA, forskolin 

and NGF had little or no effect on release. These results indicate that agonists 

known to activate exocytosis in adrenal chromaffin cells are also capable of 

activating Akt. Interestingly, one of the downstream consequences of receptor 

stimulation by nicotine and histamine is an increase in the intracellular Ca2+ 

concentration (von Ruden and Neher, 1993). This raised the question as to whether 
Ca2+ was required for Akt activation in these cells.

3.3.3. Ca2+ dependent activation of Akt in adrenal chromaffin cells
A Ca2+-dependent pathway of Akt activation has been described in a number of cell 

types including skeletal muscle, cardiac myocytes, pancreatic beta cells and 

neurones, the latter two being specialised secretory cells (Egea et al., 2001; Tang et 

al., 2002). The exact pathway through which Ca2+ can activate Akt remains 

unclear, although calmodulin or calmodulin kinases have been implicated in most 

circumstances. Calmodulin itself has been suggested to mediate Akt activation by 

trafficking Akt to the membrane, where it can be phosphorylated by the same 

kinases implicated in classical Akt activation (Deb et al., 2004). Alternatively, it 

has been suggested that rather than activating Akt itself, calmodulin activates the
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Figure 3.2

A

Effect of agonists on Akt activation and catecholamine release in chromaffin 
cells.
Intact bovine adrenal chromaffin cells were stimulated with various agonists for 30 
minutes. Stimulation solutions were removed and catecholamine release 
determined. Cells were lysed and run on SDS-PAGE gels before being Western 
blotted for Akt activation using an Akt Ser473 phospho-specific antibody. (A) 
Western blot demonstrating differential Akt activation in response to cell 
stimulation. Nicotine produced a 4-fold increase in P-Akt expression and histamine a 
1.5-fold increase when compared to unstimulated cells (n=2, both giving identical 
results). (B) Histogram demonstrating catecholamine release elicited from 
chromaffin cells following agonist stimulation, expressed as a percentage o f the total 
cellular catecholamine content. Nicotine initiated a 7-fold increase in catecholamine 
release and histamine a 2-fold increase compared to unstimulated cells (n=2).
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calmodulin-dependent protein kinase cascade, and one of the kinase involved in this 

cascade, possibly CaMKII, then phosphorylâtes Akt resulting in its activation 

(Yano et a l, 1998). Whichever of these is the case, the ability of Ca2+ to activate 
Akt is not disputed.

In order to gain an insight into whether Ca2+ was required for the observed Akt 

activation following nicotine stimulation, chromaffin cells were incubated in Krebs 

buffer in the presence or absence of 10 pM Ca2+ and then stimulated with nicotine. 

Un-stimulated cells incubated in either Ca2+-Krebs or Krebs buffer exhibited a basal 

level of Ser473 phosphorylation (Fig 3.3a). When stimulated with nicotine, cells 

incubated with Ca2+-Krebs exhibited increased Ser473 phosphorylation as 

previously observed. In contrast, cells incubated with Krebs in the absence of Ca2+ 

exhibited no increase in Ser473 phosphorylation above basal levels following 

nicotine stimulation (Fig 3.3a). These results indicate that the presence of Ca2+ is 

an essential component for Akt activation following nicotine stimulation.

3.3.4. Ca2+ dependent activation of Akt

Having shown that Ca2+ was required for Akt activation; the ability of Ca2+ to 

directly drive Akt activation by itself was investigated in permeabilised cells, thus 

avoiding any confounding effects of receptor stimulation. Chromaffin cells were 

permeabilised by incubation with KGEP buffer containing digitonin and stimulated 

with either 0 pM Ca2 or 10 pM Ca2+. Cells were then lysed in Laemmli buffer 

and Akt activation assessed by western blotting for Ser473 phosphorylation.

Chromaffin cells incubated with 0 pM Ca2+ exhibited a weak P-Akt signal, 

indicating a basal level of constitutive Akt activation (Fig 3.3b). Stimulation of 

permeabilised cells with 10 pM Ca2+ resulted in a 2.5-fold increase in Ser473 

phosphorylation compared to that observed with 0 pM Ca2+, indicating a strong 

activation of Akt in response to Ca2+ (Fig 3.3b). Stimulation of chromaffin cells 

with 10 pM Ca2+ also caused a substantial increase in catecholamine release when 

compared to basal conditions, an effect that has been well characterised previously. 

These results clearly demonstrate that Ca2+ can directly activate Akt in adrenal 

chromaffin cells at a concentration sufficient to stimulate catecholamine release.
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Figure 3.3

A

........... — ------------*---—..........■....................................

------------------------ ---------
—

No stim Nicotine No stim Nicotine
Ca2 Krebs Krebs

0 pM Ca2+ 10 pM Ca2+

Ca dependent activation of Akt in intact and permeabilised chromaffin cells.
(A) Intact adrenal chromaffin cells in Krebs buffer, in the presence or absence o f Ca2+, 
were treated with 10 pM nicotine for 30 minutes. Akt activation was assessed using 
Western blotting with an Akt Ser473 phospho-specific antibody. (B) Chromaffin 
cells permeabilised with digitonin were treated with 0 or 10 pM Ca2+ for 30 minutes. 
Akt activation was determined via Western blotting for Ser473 phosphorylation. 
Stimulation with 10 pM Ca produced a 2.5-fold increase in P-Akt expression when 
compared to 0 pM Ca2 . Equal loading o f samples was confirmed by Western 
blotting for total Akt in all conditions.
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3.3.5. Characterisation of the Ca2+-dependent activation of Akt
The Ca2+ dependency of Akt activation was studied further using KGEP buffers 

with free Ca2+ concentrations ranging from 0.3 pM to 30 pM. As previously 

described, chromaffin cells were incubated with the respective buffers for 30 

minutes prior to cell lysis and western blotting with the Ser473 antibody. Akt 

activation was observed at Ca2+ concentrations greater than 1 pM, with 10 pM Ca2+ 

producing the maximum observed level of phosphorylation (Fig 3.4a). 

Interestingly, this free Ca2+ concentration also elicits maximal catecholamine 

release in chromaffin cells (Morgan et a l, 1993). Calcium concentrations greater 

than 10 pM did not increase Akt phosphorylation further, possibly due to the 

maximum available Akt having been recruited or the activation of protein 

phosphatases. The time course of Akt activation by Ca2+ was then studied by 

incubation of cells with 10 pM Ca2+ for times ranging from 2 - 6 0  minutes. 

Phosphorylation of Ser473 was observed at the 2 minute time point, indicating 

rapid activation of Akt (Fig 3.4b). Akt phosphorylation continued to increase 

throughout the 60 minute duration of the experiment. This continued increase in 

phosphorylation may represent recruitment of Akt from cellular regions further 

from the membrane, where the initial activation would be expected to occur. 

Catecholamine release following stimulation with 10 pM Ca2+ also increased 

throughout the 60 minute experimental time course, in a manner similar to that seen 

for Akt phosphorylation (Fig 3.4c). Stimulation with 0 pM Ca2+ produced no 

increase in catecholamine release. These results indicate that the Ca2+ dependent 

activation of Akt occurs at physiologically relevant Ca2+ concentrations and times 
in these cells.

3.3.6. Identification of the pathways involved in the Ca2+ dependent 
activation of Akt

As previously discussed, the pathways involved in the Ca2+ dependent activation of 

Akt are not clearly defined. Inhibitor assays were therefore used to elucidate, at 

least in part, some of the components of this pathway. The proteins studied are 

either Ca2+-activated protein kinases or have been implicated in the Ca2+ mediated 

activation of Akt. Four Akt inhibitors, SH6, wortmannin, Akt IV and AktV, with 

different modes of action were also used to further delineate the activation
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Figure 3.4

A

Calcium concentration (pM)

Time (min)
—• — No calcium 
—o— 10(jM calcium

Characterisation of the Ca2+ dependent activation of Akt.
Adrenal chromaffin cells were permeabilised with digitonin and stimulated with 
various Ca concentrations or for various times. Akt activation was assessed by 
Ser473 phopshorylation using Western blotting. (A) Calcium concentration curve: 
Permeabilised chromaffin cells were stimulated with 0 ,0 .3 ,1 ,3 ,10  or 30 pM Ca2+ for 
30 minutes (B) Akt activation timecourse: Quantitative densitometry of Ser473 
phosphorylation at 0 ,2 ,10 ,20 ,30  and 60 minute timepoints following stimulation of 
chromaffin cells with 10 pM Ca2\  (C) Catecholamine release from chromaffin cells, 
expressed as a percentage o f total cellular catecholamine, from the timecourse 
experiment.
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requirements of Akt. The inhibitors used in these experiments are described in 
Table 2.2.

Chromaffin cells were incubated in KGEP buffer in the absence of both Ca2+ and 

digitonin, but in the presence of the relevant inhibitors for 30 minutes prior to 

stimulation. Cells were stimulated in KGEP with digitonin and 10 pM Ca2+ in the 

continued presence of inhibitors for 30 minutes. Lysed cells were blotted for 

Ser473 phosphorylation. As previously described, 10 pM Ca2+ enhanced Akt 

phosphorylation on Ser473 compared to basal conditions (Fig 3.5). The PKA 

inhibitor H89 and PKC inhibitor Bisl were unable to inhibit this activation of Akt. 

The same result was seen in intact cell experiments where cells were treated with 

inhibitors and then stimulated with nicotine. Calmidazolium and KN-62 also had 

no effect on the Ca2+ induced activation of Akt (Fig 3.5). This inability to inhibit 

Akt activation was in contrast to intact cell experiments where both drugs inhibited 

Akt activation, although this effect was possibly due to non-specific effects on Ca2+ 

entry (Li et al., 1992). The use of different Akt inhibitors in these experiments 

produced interesting findings. In contrast to its action in intact cells SH6 had no 

effect on the Ca2+ induced activation of Akt in permeabilised cells. SH6 is a 

phosphatidylinositol analog, and its lack of action suggests that Akt does not 

necessarily need to bind to membrane lipids during Ca2+ mediated activation. 

Wortmannin, a PI3K inhibitor produced a strong inhibition of Akt activation, 

suggesting the requirement for PI3K in Ca2+ mediated activation, although the 

requirement for PI3K activation may be for PDK1 localisation rather than directly 

for Akt. The modes of action for AKT IV and AKT V inhibitors are not well 

defined. Both however produced an observable decrease in Akt phosphorylation, 

with Akt V being the most potent (Fig 3.5). In these experiments no single 

inhibitor produced a complete inhibition of Akt. In order to confirm that the Akt 

inhibitors could indeed inhibit the activation of Akt, the drugs were tested for their 

ability to inhibit Akt activation following EGF stimulation in Hela cells. An 

example for wortmannin is given in Fig 3.6b.

The experiments discussed above clearly indicate that PKA and PKC are not 

involved in the pathways mediating Ca2+-dependent activation of Akt. What is 

surprising is that these studies also appear to indicate that CaMKII and more
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Figure 3.5

OjuM No H89 Bisl Calmid
Ca2 inhibitor

lOpM Ca2+

KN-62 SH6 Wort Akt IV Akt V

lOpM Ca2+

Identification of substrates involved in mediating the Cai+ dependent activation 
of Akt in permeabilised ceils.
Chromaffin cells were incubated for 30 minutes in KGEP 0- buffer with kinase 
inhibitors. Cells were permeabilised with digitonin and stimulated for 30 minutes 
with 10 pM Ca2 in the continued presence o f inhibitors. Akt activation was 
detennined using Western blotting with a Ser473 P-Akt antibody, equal protein 
loading was confirmed using a total Akt antibody.
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Figure 3.6

Characterisation of Akt activation in Hela cells.
Hela cells were grown in culture to a confluency of approximately 70%. (A) Cells 
were washed in 0- KGEP buffer and then incubated in KGEP buffer containing 0 or 
10 pM Calcium or 0- KGEP buffer with 100 ng EGF for 30 minutes. Akt activation 
was assessed by Western blotting for phosphorylated Ser473 and loading confirmed 
by blotting for total Akt.
(B) Hela cells were used to confirm the ability o f Wortmannin to inhibit Akt 
activation. Cells were incubated in PBS for 30 minutes with or without 100 ng EGF in 
the presence or absence o f the PI3K inhibitor Wortmannin. Activation o f Akt was 
assessed by Western blotting for Akt Ser473 phosphorylation and total Akt to 
confirm equal loading of samples.
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importantly calmodulin are also not involved in this activation pathway. An 

involvement of calmodulin has been reported in nearly all papers describing the 

Ca dependent activation of Akt and indeed no reports of a calmodulin 
independent pathway have currently been reported.

3.3.7. Ca2+-dependent activation of Akt in Hela cells

Chromaffin cells are an ideal cell in which to investigate exocytosis for the reasons 

discussed earlier. The poor transfection efficiency achieved with chromaffin cells 

however precludes the use of siRNA approaches to investigate the pathways 

involved in the Ca2 -dependent activation of Akt, hence the required use of 

pharmacological inhibitors for the previously discussed experiments. The 

difficulties in identifying components of the Ca2+ activation pathway for Akt with 

inhibitors indicated that a more tractable cell was required, in which siRNA 

technologies could be employed. Hela cells are one such cell line. No data exists 

however as to whether a Ca2+-dependent pathway of Akt activation exists in these 
cells.

Consequently, to investigate whether Ca2+ could activate Akt in Hela cells, Hela 

cells were stimulated with KGEP buffers containing digitonin and either 0 or 10 

pM Ca2+. No observable Ser473 phosphorylation was seen with 10 pM Ca2+ (Fig 

3.6a). EGF stimulated Hela cells used as a positive control for Akt activation 

exhibited substantial levels of Ser473 activation, indicating the cells were viable 

and that the antibody was capable of detecting phosphorylated Akt at the cell 

density used. These results suggest that Ca2+ mediated activation of Akt does not 

occur in all cell types and as such may represent a specific signalling pathway for a 
currently undefined cellular event.
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3.4. Discussion

Protein kinases A and C can both be activated in a physiologically relevant manner 

by stimulation with various agonists. Stimulation of chromaffin cells with the 

phorbol ester PMA induces PKC activation and this activation results in enhanced 

catecholamine release and alterations to the kinetics of the exocytic response, 

through the phosphorylation of at least Muncl8 (Morgan et al., 2005). Similarly, 

treatment of chromaffin cells with forskolin leads to the generation of cAMP and 

the activation of PKA. Activation of PKA in these cells also enhances 

catecholamine exocytosis (Morgan et al., 1993; Koga and Takahashi, 2004). In 

numerous cell types Akt activation had been demonstrated following stimulation 

with various agonists, most of which activate tyrosine kinase receptors, including 

the EGF, IGF and NGF receptors (Kandel and Hay, 1999). The activation of Akt, 

assessed by Ser473 phosphorylation, was investigated in chromaffin cells using a 

range of cellular agonists. Stimulation with nicotine or histamine produced a 

substantial increase in Akt phosphorylation. The nicotine stimulated activation of 

Akt observed in these cells corresponds well with previous observations, which 

have shown that stimulation with nicotine induces Akt activation in cultured 

cortical neurones and PC12 cells (Nakayama et al., 2002). Nicotine stimulation 

causes depolarisation and thus stimulates Ca2+ influx through voltage sensitive Ca2+ 

channels, resulting in an elevated cytosolic Ca2+ concentration. Elevated cytosolic 

Ca concentrations have been reported to cause the activation of Akt in many cells, 

including neurons and cardiac myocytes (Egea et al., 2001; Tang et al., 2002). 

Consequently, Akt activation following histamine stimulation could be predicted 

because one of the known effects of histamine receptor stimulation is an increase in 
intracellular Ca2+ concentration (von Ruden and Neher, 1993).

Characterisation of the Ca2+ dependency of Akt activation in permeabilised cells 

revealed that direct stimulation with Ca2+ was sufficient for Akt activation, ruling 

out any other receptor mediated effects in this activation. Ca2+-dependent 

activation was shown to be rapid, with observable phosphorylation of Ser473 

occurring withm two minutes. Indeed, activation may be considerably more rapid 

than this, as two minutes was the earliest achievable time point due to the relatively
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slow permeablisation of cells by digitonin. Akt activation increased throughout the 

sixty minute time course of the experiment and exhibited a similar trend to that 

observed for catecholamine release in the same experiment. Furthermore, Akt 

activation appeared optimal at a free Ca2+ concentration of 10 pM, the 

concentration at which catecholamine release from chromaffin cells is also optimal 

(Morgan et al., 1993). The timecourse of Akt activation correlates nicely with the 

timecourse of catecholamine release. This indicates that Akt activation occurs at a 

time when it can potentially regulate the exocytic response. Late activation of Akt, 

for example at 30 minutes, would have made it difficult to believe that Akt could be 

involved in the modulation of exocytosis. In much the same way, the ability to 

optimally activate Akt with 10 pM free Ca2+ demonstrates that Akt activation 

occurs at Ca2+ concentrations relevant for exocytosis. If Akt activation had 

required Ca2+ concentrations in the millimolar range it would have again been 

difficult to believe that Akt could regulate exocytosis. As it is, Akt is activated in a 

manner that is physiologically relevant for catecholamine release in adrenal 
chromaffin cells.

The mechanisms involved in mediating the Ca2+ dependent activation of Akt are 

not clearly defined. However, a role for calmodulin has been reported in many 

cases (Yang et al., 2000; Egea et al., 2001; Cheng et al., 2003; Deb et al., 2004), 

while the activation of Ca2+/calmodulin dependent protein kinases has also been 

suggested (Yano et al., 1998; Nakayama et al., 2002). Calmodulin has been 

reported to mediate brain-derived neurotrophic factor (BDNF) Akt activation, 

potentially by regulating the generation of and/or stabilisation of PI3K generated 

lipids (Egea et al., 2001). Alternatively, calmodulin may regulate Akt activation by 

trafficking Akt to the membrane where it can be activated by PDK1 and the Ser473 

kinase (Deb et al., 2004). No definitive pathway as to how this occurs has currently 

been identified. Calmodulin-kinase kinase has been suggested to directly 

phosphorylate Ser473 of Akt, leading to its activation (Yano et al., 1998), although 

popular opinion favours mTor-Rictor as the Ser473 kinase in most circumstances.

It is however possible that CaMKII is involved in the pathways leading to mTor- 

Rictor activation and the subsequent phosphorylation of Akt. A role for Ca2+ 

activated PKC has also been suggested as one mechanism by which Ca2+ may 
mediate Akt activation (Kawakami et al., 2004).
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In experiments on intact chromaffin cells, the PKC agonist PMA and PKA agonist 

forskolin had no effect on activating Akt. Additionally, incubation of chromaffin 

cells with a PKC or PKA inhibitor prior to stimulation with 10 pM Ca2+ in 

permeabilised cells or nicotine in intact cells produced no inhibition of Akt 

activation. PKC pil, a conventional PKC isoform which is activated by Ca2+ and 

diacylglycerol, has been shown to phosphorylate Ser473 in mast cells following 

phorbol ester activation. This has led to the suggestion that PKC could 

phosphorylate Ser473 in a cell type and stimulus specific fashion (Kawakami et al., 

2004). The lack of effect on Ser473 phosphorylation following PMA activation or 

Bisl inhibition of PKC in these experiments precludes this being the case in adrenal 

chromaffin cells. No evidence currently exists as to an involvement for PKA in Akt 

activation. PKA was considered in these experiments due to its characterised role 

in modulating exocytosis and the fact that it can be activated in response to Ca2+ via 

Ca2+-activated adenylate cyclases (Choi et al., 1992). As with PKC, the lack of 

effect observed with PKA agonists and inhibitors precludes it from having a 

functional role in the Ca2+-dependent activation of Akt in chromaffin cells.

The addition of calmodulin or CaMKII inhibitors significantly impaired Akt 

activation in intact chromaffin cells following nicotine stimulation, in agreement 

with the published literature. Non-specific effects of these inhibitors on Ca2+ entry 

into the cells have however been reported (Li et al., 1992). It had already been 

demonstrated that the presence of Ca2+ was essential for Akt activation. Therefore 

the experiments were repeated in permeabilised cells, avoiding any confounding 

effects on Ca2+ entry. Calmodulin and CaMKII inhibitors had no effect on Akt 

activation following Ca2+ stimulation in permeabilised cells. These results directly 

contradict the published literature and suggest that a calmodulin/CaMKII- 

independent pathway of Ca2+-mediated Akt activation must occur in these cells. 

The lack of effect of CaMKII inhibitors is not totally surprising because several 

groups have reported Ca2+-mediated activation of Akt independent of 

Ca /calmodulin-dependent protein kinases (Cheng et al., 2003; Deb et al., 2004). 

What is surprising is the lack of a requirement for calmodulin, which has not been 

previously reported. The reasons why calmodulin is not involved in these cells is 

unclear. A confounding issue with the previously published requirement for 

calmodulin exists however. All studies reporting a role for calmodulin have been
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performed in intact cells. In the intact cell experiments reported in this thesis, 

inhibition of calmodulin also inhibited Akt activation. The involvement of 

calmodulin in some of the published reports may therefore be an artefact of 

impaired Ca2+ entry. Alternatively, the literature on Ca2+ activation of Akt is 

predominantly concerned with cell survival and apoptosis. A calmodulin dependent 

pathway for Akt activation may therefore be involved in cell survival and a 

calmodulin independent pathway involved in exocytosis.

Treatment of permeabilised chromaffin cells with different Akt inhibitors identified 

some of the characteristics required for Akt activation following Ca2+ stimulation. 

Treatment with the phosphatidylinositol analog SH6 produced no inhibition of Akt 

activation, suggesting that an association with phosphatidylinositol lipids was not a 

requirement for Ca mediated Akt activation. The PI3K inhibitor wortmannin in 

contrast produced a strong, although not complete inhibition of Akt activation, 

indicating that PI3K is required for Ca2+-dependent activation of Akt. Given that 

SH6 had no effect on activation, the results potentially suggest that PI(3,4,5)P3 

generation is required only for the recruitment of PDK1 during Akt activation. 

However, unlike the previously described activation mechanisms for Akt, Akt does 

not appear to need to associate with membranes in order to be activated by PDK1 or 
the Ser473 kinase.

Using the kinase inhibitors discussed above it was difficult to identify any of the 

components of the pathway linking Ca2+ to Akt activation. An interesting 

possibility arises however, involving the newly identified Ser473 kinase mTor 

(mammalian target of rapamycin) (Sarbassov et al., 2005). Until recently, mTor 

had not been considered as the Ser473 kinase, because treatment of cells with 

rapamycin had no effect on Ser473 phosphorylation. However, Sarbassov et al 

(2005) reported a rapamycin insensitive form of mTor when it was bound in 

complex with another kinase, Rictor. The paper proceeded to demonstrate that the 

mTor-Rictor complex could phosphorylate Ser473 both in vitro and in vivo, with 

mTor being the phosphorylating kinase. Intriguingly, reports have suggested that 

mTor activity can be directly stimulated by Ca2+ (Chen and Fang, 2002; Ballou et 

al., 2003). A potential mechanism for the Ca2+-dependent activation of Akt 

therefore exists, whereby Ca2 activates mTor, which then phosphorylates Akt on
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Ser4?3 leading to its activation. No Ca2+-response coupling was observed in Hela 

cells, which express mTor, following permeablisation and stimulation with Ca2+. 

This indicates that Ca2+ is not always capable of directly stimulating mTor 

activation and suggests that an intermediary protein may be involved following 

Ca2+ entry but before mTor activation. It is important to note that this model is 

purely speculation and that no direct evidence for this theory currently exists.

Unfortunately, deciphering whether mTor is responsible for phosphorylating 

Ser473 in these cells is complicated. As described above, Ca2+ may activate mTor, 

which could then phosphorylate Akt leading to its activation. Akt is however a well 

characterised upstream kinase of mTor, with phosphorylation resulting in mTor 

activation (Hay and Sonenberg, 2004). As such, it is difficult to determine whether 

Ca is activating mTor leading to Akt activation or vice versa. To determine 

which of these is the case would require the complete inhibition of one kinase. 

Unfortunately no inhibitor currently exists for the mTor-Rictor complex, while the 

only inhibitor observed to substantially inhibit Akt activation was wortmannin, 

which has also been shown to inhibit mTor activity at near identical concentrations 

to PI3K. Indeed, the use of any kinase inhibitors to investigate activation pathways 

is not ideal, given that although often described as ‘specific’ most inhibitors have 

non-specific effects on other kinases (Brunn et al., 1996; Davies et al., 2000). 

Ideally, the use of techniques such as inhibitory RNA to knock-down kinases that 

may be involved in activation pathways would be employed. The poor transfection 

efficiency of chromaffin cells however precludes the use of these technologies. 

Hela cells are however easily transfected and a transfection efficiency of 90% can 

often be achieved. Treatment of permeabilised Hela cells with 10 pM Ca2+ failed to 

initiate any Akt activation, suggesting that a Ca2+ dependent pathway of Akt 

activation does not exist in these cells. The previously described problems 

associated with chromaffin cells make it difficult to proceed in deciphering the 

pathways involved in the Ca2+ dependent activation of Akt at this stage. The use of 

Ca2+-responsive cells, such as Min6 cells, where RNAi has been shown to work 

efficiently (Varadi et al., 2005) and the development of inhibitors specific to the 

mTor-Rictor complex may allow this work to be performed in the future.
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The data reported here identifies a Ca2+-dependent, calmodulin-independent 

activation of Akt. This mode of activation may represent a mechanism by which 
Akt is activated in response to stimuli initiating exocytosis.
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Chapter 4

Akt regulation of exocytosis in 
cerebellar granule neurons
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4.1. Introduction

4.1.1. The cerebellum

The recognised role of the cerebellum is the fine control of movement and 

coordination (Middleton and Strick, 1998). This fine control is mediated through a 

basic neuronal circuit that is repeated across the whole of the cerebellar cortex 

(Voogd and Glickstein, 1998; Evans, 2007). The primary inputs into the cerebellar 

cortex are the excitatory climbing fibres and mossy fibres. Climbing fibres synapse 

with the dendritic tree of inhibitory purkinje cells, the sole output of the cerebellar 

cortex, while mossy fibres terminate on the dendrites of granule neurons 

(Goldowitz and Hamre, 1998). Granule neurons are excitatory glutamatergic 

interneurons that have an axon which projects into the molecular layer of the 

cerebellar cortex. These axons bifurcate to form parallel fibres which synapse with 

the dendritic tree of purkinje cells. The synapses of granule cells and purkinje cells 

receive inhibitory inputs from golgi, basket and stellate cells (Goldowitz and 

Hamre, 1998; Voogd and Glickstein, 1998). The function of many of these cell 

types is modulated by long-term potentiation (LTP) or depression (LTD) of their 
synapses (Evans, 2007).

4.1.2. Cerebellar Granule Neurons (CGNs)
Synaptic plasticity can be defined as a stimulus-induced increase or decrease in 

synaptic strength. Synaptic plasticity in the post-synapse is mediated by changes in 

the surface expression or activity of receptors, for example AMPA or GABA 

receptors (Malenka, 2003; Nicoll, 2004). In the pre-synapse, synaptic plasticity is 

induced by changes in Ca2+-dependent neurotransmitter release. This change in 

transmitter release can be mediated through a series of mechanisms including 

changes in Ca2+-influx and direct effects on the exocytic machinery (Zucker and 

Regehr, 2002; Stevens, 2004). In CGNs, pre-synaptic LTP can be induced by 

stimulation with forskolin, consequently implicating PKA in this process (Chavis et 

al., 1998). Indeed, forskolin stimulation produces a long lasting PKA-dependent 

increase in synaptic vesicle cycling in CGNs (Chavis et al., 1998; Evans and 

Morgan, 2003). Conversely, inhibition of PKA results in the abolishment of pre- 

synaptic LTP (Linden and Ahn, 1999; Lonart et al., 2003). These findings indicate
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that CGNs are a useful tool for investigating the regulation of synaptic vesicle 

cycling by protein kinases. Furthermore, CGNs are easy to isolate due to the high 

number found in the cerebellum (approximately 1011), they form a highly 

homogenous population when grown in culture and maintain their release 

capabilities (Gallo et al., 1982; Pocock et al., 1995; Yamagishi et al., 2000).

4.1.3. The synaptic vesicle cycle

The synaptic vesicle cycle involves a number of steps. Initially, neurotransmitter 

transporters concentrate neurotransmitters within the vesicle lumen using an energy 

gradient generated by the vacuolar proton pump (Cousin and Nicholls, 1997). The 

vesicle is then transported to distinct pools of vesicles or to the plasma membrane 

where they dock and are primed for release (Schweizer and Ryan, 2006). 

Following Ca2 -influx, the vesicles fuse with the plasma membrane and release the 

vesicular contents. The synaptic vesicles or excess plasma membrane created by 

the complete collapse of the synaptic vesicle membrane, is then retrieved by 

endocytosis (Femandez-Alfonso and Ryan, 2006). The vesicle is then recycled 

back to the start of the cycle. This cycle is mediated at all stages by a vast array of 

proteins and is regulated by post-translational modifications, including 

phosphorylation (Sudhof, 2004; Leenders and Sheng, 2005). The role played by 

proteins or protein regulators within this cycle can be studied using styryl (FM) 
dyes.

4.1.4. Styryl (FM) dyes and synaptic vesicle turnover
The properties of fluorescent styryl dyes make them a useful tool for studying 

exocytosis and endocytosis (Cousin and Robinson, 1999). FM dyes are 

amphipathic molecules composed of a lipophilic tail that is linked to a charged head 

group by one or more double-bonds (Betz et al., 1996). These dyes reversibly 

partition into membranes via their lipophilic tail, but can be removed again by 

simple washing (Brumback et al., 2004). The charged head-group prevents the 

dyes from diffusing across the membrane and therefore enables the dye to 

selectively label membrane that is retrieved from the plasma membrane. In 

solution, FM dyes are virtually non-fluorescent but become fluorescent when they 

partition into hydrophobic environments, such as membranes (Betz et al., 1996). 

These properties allow endocytosis and exocytosis to be studied in real time.
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Application of dye to resting cells results in the labelling of the plasma membrane. 

Following the initiation of exocytosis, using a stimulus, the vesicles collapse into 

the membrane (Betz et al., 1992). The membrane is then retrieved by endocytosis, 

with the dye now labelling the inner surface of the vesicle (Betz et al., 1992; Ryan 

et al., 1993). Subsequent stimulation results in further rounds of exocytosis, 

leading to the collapse of the vesicle and thus allowing the dye to departition from 

the membrane. This is observed as a decrease in fluorescence (Ryan et al., 1997; 

Marks and McMahon, 1998). The precise structure of the individual dyes 

determines their characteristics. FM dyes with long tails are ‘sticky’ and are 

therefore more difficult to wash from membranes. The spectral properties of the 

dye are determined by the number of double-bonds in the region bridging the head 

and tail groups (Betz et al., 1996). The greater the number of double bonds the 

longer the excitation and emission wavelengths of the dye. Therefore dyes such as 

FM1-43 and FM2-10, which have 1 double bond, emit in the green spectra and dyes 

such as FM4-64, 3 bonds, emit in the red spectra (Betz et al., 1996).

4.1.5. Experimental rationale

As discussed in chapter 3, Akt has been shown to regulate exocytosis in a range of 

cell types including adipocytes, pancreatic p-cells and adrenal chromaffin cells 

(Bernal-Mizrachi et al., 2004; Pereira and Draznin, 2005; Evans et al., 2006). This 

indicates that Akt can modulate exocytosis in a range of cell types and as such may 

be considered as a universal kinase involved in the modulation of exocytosis in 

much the same way as PKA and PKC. As Akt regulates exocytosis in chromaffin 

cells, which are considered a good neuronal model, it could be predicted that Akt 

would also modulate neuronal exocytosis. Flowever, to date no evidence exists as to 

a role for Akt in the modulation of neurotransmission. This is in contrast to PKA 

and PKC, which have been widely implicated in modulation of neurotransmitter 

release (Shapira et al., 1987; Coffey et al., 1993; Salin et al., 1996; Spencer and 

Murphy, 2002). To investigate the role of Akt in the regulation of synaptic 

neurotransmission, synaptic vesicle turnover will be monitored using FM1-43. 

Furthermore, the function of Akt in the modulation of exocytosis will be directly 

considered by analysing the kinetics of release. These studies will determine 

whether Akt can regulate neurotransmitter release from neurons.
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4.2. Methods

4.2.1. FM1-43 release assay and experimental quantification
Styryl-dye release assays were performed as described by (Evans and Cousin, 

2007). CGNs aged 6 or 7 DIV were co-transfected with myr-Akt and Cerulean 

(section 2.3.9). Experiments were preformed 48 hours post transfection on neurons 

that were aged at least 8 DIV. Transfected neurons were visualised by exciting at 

480 nm using a band pass filter for 510-550 nm and FM1-43 by exciting at 550 nm 

using a 575 nm DRLD dichroic filter to ensure no bleed-through between images. 

All experiments were performed using a Nikon Diaphot TMD epifluorescence 

microscope with a x40 oil immersion objective. Images were obtained every 4 

seconds using a Hammamatsu Orca-ER CCD digital camera.

Neurons were reploarised for 10 minutes in incubation buffer (120 mM NaCl, 3 

mM KC1, 0.4 mM KH2P04, 20 mM TES, pH 7.4, 5 mM NaHC03, 5 mM glucose, 

1.2 mM Na2S04)) supplemented with 50 mM NaCl, 1.2 mM MgCl2 and 1.3 mM 

CaCl2, prior to loading with 10 pM FM1-43 using a KC1 stimulus. Neurons were 

then washed thoroughly in incubation buffer removing all of the non-intemalised 

FM1-43 dye remaining on the plasma membrane. Following repolarisation, release 

of FM1-43 was initiated using two 50 mM KC1 stimuli, each stimulation being 

separated by a 1 minute rest period in incubation buffer. This dual stimulation 

protocol is sufficient to allow the complete release of internalised dye.

Images obtained from the experiments were analysed using SimplePCI software 

(Compix Imaging Systems, USA) and quantified using a spreadsheet developed by 

Dr Mike Cousin (University of Edinburgh, UK). Using the SimplePCI software, 

regions of interest (ROIs) were drawn around fluorescent puncta, representing 

synaptic terminals from both transfected and untransfected neurites. The 

fluorescent drop traces recorded from these terminals were then transferred into the 

quantification spreadsheet. The start of the drop for each individual trace was 

normalised to a single arbitrary fluorescence value corresponding to the time point 

at which the majority of terminals began to unload. This allowed the extent of the 

fluorescence decrease to be directly compared between individual terminals and an
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average curve to be generated. The averaged trace was corrected for 

photobleaching by fitting decay curves to the period immediately before the start 

and end of the first stimulus. This trace shows the decrease in fluorescence that is 

directly attributable to stimulation-dependent release of the FM1-43. The release 

from transfected and untransfected neurons can then be directly compared and large 

effects on synaptic vesicle turnover observed as an increase or decrease in release. 

The effect of Akt on exocytosis can then be considered by studying the kinetics of 

release, tj/2 (50% drop in fluorescence). This is determined by normalising the start 

and end points of the averaged fluorescent drop between 1 and 0, making the 

unloading values independent of dye accumulation. Consequently the rate of 
release can then be determined.
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4.3. Results

4.3.1. Characterisation of cerebellar granule neurons (CGNs)
Currently little information exists as to the localisation of Akt in cerebellar neurons. 

In order to determine the localisation of endogenous Akt within CGNs by 

immunofluorescence, it was necessary to identify proteins that identified specific 

cellular locations. The identification of these proteins allowed co-localisation 

studies to be performed thus identifying the localisation of Akt.

The localisation of endogenous proteins within CGNs was determined using 

immunofluorescence staining. CGN primary cultures were generated by dissecting 

whole cerebella from 6 day old rats and isolating the granule neurons by 

trypsinisation and trituration. Neurons were plated onto coverslips and grown in 

depolarising culture conditions to an age of 8 days in vitro (DIV) prior to use. At 

this time point, CGN neurites are generally well developed and the exocytic release 

machinery completely developed (Van Vliet et a l, 1989). Cells were fixed with 

paraformaldehyde and incubated with primary antibody, followed by detection with 

Alexa 594 (red) or 488 (green) conjugated secondary antibodies. The primary 

antibodies used were chosen for their ability to identify specific locations within the 

neurons. Synaptophysin, synaptotagmin and cysteine string protein antibodies were 

chosen as they were expected to identify the location of synapses, due to the 

localisation of these proteins to synaptic vesicles (Sudhof, 1995). Syntaxin, SNAP- 

25 and muncl8-l antibodies were expected to label axons and dendrites, as well as 
synapses (Galli e ta l, 1995).

CGNs stained for endogenous synaptophysin exhibited a punctate appearance, 

typical of a synaptic vesicle marker protein (Fig 4.1a). Little or no axonal staining 

was observed with the synaptophysin antibody. Similarly to synaptophysin, 

synaptotagmin staining exhibited a punctate appearance, identifying synapses. In 

contrast to synaptophysin however, the antibody also stained a proportion of the 

neurites, indicating that the localisation of synaptotagmin is not completely 

restricted to the synapse (Fig 4.1b). Immuno-staining for CSP revealed a staining 

pattern similar to synaptotagmin. CSP appeared to be located along the whole
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Figure 4.1

Synaptophysin Synaptotagmin Cysteine String Protein

D E F

Syntaxin SNAP-25 Muncl8-1

G

Synaptophysin Cysteine String Protein Overlay

Immunofluorescence characterisation of cerebellar granule neurons.
Cerebellar granule neurons were grown in culture to 8 DIV. The cells were fixed with 
4% paraformaldehyde and incubated with primary antibodies corresponding to the 
protein o f interest. Primary antibodies were detected by incubation with either Alexa 
594 or 488 conjugated secondary antibodies. Images were taken on a Leica ABOS 
laser scanning confocal microscope. Top row: Synaptic vesicle markers (A) 
synaptophysin, (B) synaptotagmin, (C) cysteine string protein. Middle row: 
Axonal markers (D) syntaxin, (E) SNAP-25, (F) Muncl8-1. (G) Overlay of 
synaptophysin and CSP co-stained CGNs, showing that CSP co-localises with 
synaptophysin at nerve terminals. Scale bar = 1 pm.
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length of the neurite and to synapses, as demonstrated by the bead-like structures 

observed along the stained neurite (Fig 4.1c). The localisation of CSP to synapses 

was confirmed by co-staining CGNs for synaptophysin and CSP (Fig 4.1g). The 

synaptophysin-CSP overlay image revealed substantial co-localisation between the 

two proteins, confirming the localisation of CSP to the synaptic terminals. 

Syntaxin is known to localise along the entire length of most neurons (Galli et al., 

1995). Consistent with this, strong syntaxin labelling was observed along the 

length of the CGN neurites. Additionally, punctate structures were clearly visible, 

defining the location of synapses (Fig 4.Id). As expected, SNAP-25 exhibited a 

very similar staining pattern to that seen with syntaxin, although synapses were not 

as clearly visible (Fig 4.1e). Muncl8-1 immuno-labelling was similar to that seen 

with syntaxin and SNAP-25 (Fig 4 .If). However, puncta identifying synaptic 

terminals were more evident than with syntaxin or SNAP-25, suggesting a slightly 

more restricted localisation for muncl8-l. Immuno-staining for endogenous 

proteins allows the identification of specific cellular locations within the neuron. 

Synaptophysin and to a lesser extent synaptotagmin are located predominantly to 

the synapse, making them good markers for this region. Similarly, syntaxin and 

SNAP-25 clearly label the neurites, while CSP and muncl8 are useful as they 

clearly define synapses, but also label the neurites.

4.3.2. Localisation of Akt to cerebellar granule neuron synapses
Immunofluorescence staining of endogenous proteins identified proteins that 

defined specific locations within the neurites of CGNs. These proteins can 

therefore be used in co-localisation studies to define the location of a protein for 

which the localisation is currently unknown. Immunofluorescence was therefore 

used to determine whether Akt is localised to synapses, which would be necessary 

if Akt was to have a role in modulating exocytosis. CGNs were grown in culture to 

8 DIV as previously described and then co-stained with a rabbit poly-clonal CSP 

antibody and a mouse mono-clonal Ser473 P-Akt antibody, which is specific for 

activated Akt. As previously observed, CSP was found to localise along neurites, 

as well as to punctate structures, revealing the location of synapses (Fig 4.2a). 

Images show multiple neurites (top row) and a single neurite (bottom row). Some 

CSP staining was also observed in the cell body, a phenomenon sometimes 

observed in immature neurons (Evans and Morgan, 2005). P-Akt immuno-staining
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Figure 4.2

A B C

CSP P-Akt (S473) Overlay

Active Akt is localised at synapses in cerebellar granule neurons.
CGNs were grown in culture, fixed with paraformaldehyde and incubated with CSP 
and Ser473 P-Akt primary antibodies. The CSP primary antibody was detected using 
an Alexa 488 and the P-Akt with an Alexa 594 conjugated secondary antibody. 
Images were taken using a Leica ABOS laser scanning confocal microscope. (A) 
CSP, (B) P-Akt (S473), (C) overlay image. Scale bar = 1 pm.
(D) CGNs were stimulated with 50 mM KC1 in the absence or presence of 
Wortmannin. Activation of Akt was assessed by Western blotting with a P-S473 
antibody and equal loading confirmed using a total Akt antibody.
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revealed that active Akt was localised to the cell body as would be expected. In 

addition, P-Akt was localised along the length of the neurite and to distinct punctate 

structures (Fig 4.2b). Overlaying the CSP and P-Akt images revealed a high degree 

of co-localisation between the two proteins, with P-Akt being clearly present within 

synapses identified by CSP. These results demonstrate that Akt, and indeed active 

Akt, is localised to the synapses of CGNs. As such, active Akt is found in the 

appropriate location whereby it could modulate exocytosis. Furthermore, Akt 

strongly co-localises with CSP throughout the neurons and is therefore in the ideal 
location to phosphorylate CSP (see chapter 6).

The activation of Akt in CGNs was investigated using Western blotting for Akt 

Ser473 phosphorylation, in CGN samples stimulated with 50 mM KC1 in the 

presence and absence of the PI3K inhibitor wortmannin. CGNs in the absence of 

stimulation exhibited a basal level of Akt activation, indicating that Akt is 

constitutively active in these cells. Stimulation with 50 mM KC1 for as little as 30 

seconds resulted in the activation of Akt. Wortmannin treatment reduced the 

overall levels of Akt phosphorylation on Ser473 but was unable to inhibit the 

activation by KC1 (Fig 4.2d). Equal loading of samples was confirmed using a total 

Akt antibody. These results indicate that as well as being at the correct location to 

modulate exocytosis, Akt is also activated in response to stimuli that initiate 
exocytosis.

4.3.3. Optimisation of Akt transfection conditions in CGNs

The functional experiments using FM1-43 to analyse the effect of Akt on the 

modulation of exocytosis in CGNs required the over-expression of different Akt 

constructs. However, CGNs have a highly evolved Akt survival pathway (Chin and 

D'Mello, 2004). Over-expression of Akt within these cells could therefore be 

expected to perturb this system, resulting in cell death. Consequently, in order to 

perform the functional studies it was necessary to optimise the transfection 

conditions for the constitutively-active (myr-) and kinase-dead (AAA-) Akt 

constructs to be used within the experiments. CGNs were grown in culture on 

round coverslips for a minimum of 6 DIV prior to transfection using a Ca2+- 

phosphate transfection protocol. Transfections were typically performed at 6 or 7 

DIV as neurons older than this produced very low transfection efficiencies. The
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Akt constructs used only contain a HA-tag and were therefore co-transfected with 

the enhanced CFP construct, Cerulean (Rizzo et al., 2004), as a marker for 

transfected cells. Co-transfection efficiency in CGNs has been reported to be 

approximately 95% (Dr Mike Cousin, personal communication).

Transfection of myr-Akt with 12 pg total DNA (6 pg myr-Akt, 6 pg Cerulean) 

resulted in the death of most transfected neurons, as demonstrated by few Cerulean 

expressing cells being identifiable. Cells that were identified as transfected 

appeared to have uncharacteristically short neurites, a common sign of cell death in 

these cells. Titration of the DNA concentration to a total of 6 pg (3 pg myr-Akt, 3 

pg Cerulean) resulted in the survival of transfected neurons, as demonstrated by the 

presence of long thin neurites that strongly expressed myr-Akt and Cerulean (Fig 

4.3a and b). The transfection efficiency was estimated to be between 2 and 5%. A 

weak level of non-specific staining of untransfected neurons was observed with the 

anti-HA antibody. This staining was found to occur predominantly around the cell 

bodies of untransfected neurites and did not follow the same staining pattern as 

observed with cells that were clearly transfected, as confirmed by the expression of 

Cerulean. It was therefore considered that this staining was non-specific and did 

not represent cells that were singularly transfected with HA-Akt. Overlays of the 

HA-staining and cerulean expression demonstrated the co-expression of both 

proteins within the same neuron (Fig 4.3c). All cells that were clearly identifiable 

as being transfected with myr-Akt were also positive for Cerulean expression. This 

confirmed that the co-transfection efficiency was at least 90%. Transfection of 4 

pg total DNA also resulted in healthy neurons in which the expression of myr-Akt 

and Cerulean could be observed. The transfection efficiency appeared to be lower 

however and the Cerulean expression was not as clearly visible as with 6 pg total 

DNA. 6 pg total DNA was therefore deemed the optimal level for transfection and 

was used in all subsequent experiments. Expression of kinase-dead (AAA) Akt 

resulted in the death of neurons at all concentrations tried, as shown by no Cerulean 

expressing cells being observed (Fig 4.3d and f). Immuno-staining of some 

neurons was observed with the HA antibody (Fig 4.3e), but the lack of any 

Cerulean expressing cells suggested that this was non-specific and did not represent 

singularly transfected cells. The cell death induced by AAA-Akt is likely to be due 

to the disruption of the highly evolved Akt survival pathway present in CGNs
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Figure 4.3

A B C

Cerulean Myr-Akt Overlay
(HA-tag)

D E F

Cerulean AAA-Akt Overlay
(HA-tag)

Expression of constitutively active (Myr-) and kinase-dead (AAA-)Akt in 
cerebellar granule neurons.
Cerebellar granule neurons were grown in culture to 6 DIV. Cells were co-transfected 
with 6 pg total DNA, comprising o f 3 pg o f the enhanced CFP construct (Cerulean) 
and 3 pg o f HA-tagged Myr-Akt or AAA-Akt using a Ca2+-phosphate transfection 
protocol specific for neurons. Following transfection cells were fixed with 
paraformaldehyde and incubated with a primary antibody against the HA-tag o f Akt. 
Primary antibody was detected using a Alexa 594 conjugated secondary antibody 
and images taken using a Leica ABOS laser scanning confocal microscope. Top row: 
Myr-Akt transfected CGN (A) Cerulean expression, (B) Myr-Akt expression (HA- 
tag), (C) overlay image. Bottom row: AAA-Akt transfected CGN (D) Cerulean 
expression, (E) AAA-Akt expression (HA-tag), (F) overlay image.

- 113 -



(Chin and D'Mello, 2004). Therefore it is not practical to use this construct for the 

current experiments. The ability to co-express constitutively-active Akt and 

Cerulean in healthy neurons makes it possible to use this construct in functional 

studies to investigate the modulation of exocytosis by Akt within neurons.

4.3.4. Synaptic vesicle turnover in myr-Akt expressing CGNs
The effect of over-expressing constitutively-active Akt on CGN synaptic vesicle 

turnover was investigated using the styryl dye FM1-43. Synaptic vesicle turnover 

assesses both the exocytic and endocytic components of synaptic vesicle cycling, 

with changes in synaptic vesicle turnover therefore reflecting changes in both the 

amount of dye accumulated and released. The exocytosis and endocytosis 

components can be separated by studying the kinetics of release.

CGNs 6 or 7 DIV were co-transfected with myr-Akt and Cerulean as described 

above and cultured for 48 hours prior to any experiments being performed. 

Transfected neurons were identified by visualising Cerulean expression. The 

transfected cell chosen for imaging was carefully selected, making sure that the 

transfected neurite was identifiable, not within a cluster of neurites and that a 

network of untransfected neurites could be observed in the same field of view. This 

selection of neurites ensured that synaptic terminals belonging to the transfected 

neurite could be distinguished from those of untransfected neurites, allowing the 

loading and unloading of transfected and untransfected neurites to be compared. 

Internalisation of FM1-43 was initiated by evoking exocytosis and subsequently 

endocytosis using a 50 mM KC1 stimulus for two minutes. Extracellularly bound 

FM1-43 was subsequently removed by washing and the neurons allowed to 

repolarise for 10 minutes. Unloading of internalised FM1-43 was mediated by two 

30 second stimuli with 50 mM KC1, each stimulus being separated by a 1 minute 

rest period. A diagram showing the experimental stimulus protocol is shown in 
figure 4.4a.

CGNs transfected with myr-Akt (Fig 4.4b) were observed to internalise FM1-43 

with similar efficiency to untransfected neurons (Fig 4.4d). Puncta identifying the 

location of synaptic terminals were clearly visible in both transfected and 

untransfected neurites, indicating that uptake was specific and localised to
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Figure 4.4

A

FM l-43 FM1-43
load unload

FM l-43 release assay experimental protocol and images.
Cerebellar granule neurons were grown in culture to 6 DIV. Cells were co
transfected with the enhanced CFP construct, Cerulean, and HA-tagged Myr-Akt 
using a Ca2+-phosphate transfection protocol. Neurons were loaded with 10 pM 
FM l-43 using a 50 mM KC1 stimulus, loaded neurites were unloaded with two 50 
mM KC1 stimuli. (A) Experimental protocol showing the load and unload stimulus 
times. (B) Cerulean expression showing the transfected neurite. (C) Overlay of the 
transfected neuron with FM l-43 loaded neurites showing the position of the 
transfected neurite. (D) FM 1 -43 loaded neurites. (E) Unloaded neurites.
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synapses. A level of non-specific staining was observed along the neurites, 

probably representing surface staining that was not removed during the initial wash 

period following loading rather than internalised dye. Furthermore, a high level of 

staining was observed around the cell bodies, probably due to the presence of many 

nerve terminals synapsing with the cell bodies. KC1 stimuli caused the complete 

unloading of dye from distinct puncta in both the transfected and untransfected 

neurons, with no observable difference in the extent of unloading occurring 

between the transfected and untransfected cells (Fig 4.4e). Cell body staining was 

also considerably reduced following stimulation. This is likely to be due to 

stimulus-induced release of dye from terminals synapsing on to the cell bodies. 

Flowever, it was not possible to distinguish individual terminals and therefore these 

regions were not included in the analysis. Surface staining of neurites was only 

marginally reduced during the timecourse of the experiment, demonstrating that this 

was not stimulation-dependent uptake of dye and any small decline was probably 

due to photo bleaching. The similar loading and unloading of transfected and 

untransfected neurites suggests that over-expression of myr-Akt has no gross 

effects on either exocytosis or endocytosis. Consequently, gross changes in 

synaptic vesicle turnover in transfected CGNs can be ruled out.

Visually, no gross changes in synaptic vesicle turnover were occurring following 

transfection of myr-Akt. However, this does not exclude the possibility that more 

subtle effects on exocytosis and endocytosis are occurring in the transfected neuron. 

The extent of fluorescence uptake and loss from transfected and untransfected 

synaptic terminals was therefore quantified by defining specific regions of interest 

corresponding to synapses. The extent of FM1-43 uptake and release varied 

considerably between different synapses on the same neurite for both transfected 

and untransfected neurons. Responses from all the transfected synapses were 

therefore normalised to an arbitrary fluorescence value, corresponding to the time 

point at which the majority of terminals begin to unload, as were the responses from 

untransfected neurites. This allowed average traces to be developed for the 

transfected and untransfected neurites. Analysis of the average traces demonstrated 

that the drop in fluorescence from myr-Akt transfected neurites was almost 

identical to that seen in untransfected neurites within the same field of view (Fig 

4.5a). No difference in the amount of dye internalised was observed between the
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Figure 4.5

Synaptic vesicle turnover in Myr-Akt transfected CGNs in response to KC1.
Cerebellar granule neurons were co-transfected with Cerulean and myr-Akt. 
Neurons were loaded with FM1-43 using a 50 mM KC1 stimulus and unloaded with 
two further KC1 stimuli. Regions of interest were selected corresponding to synaptic 
terminals from both transfected and untransfected neurons in the same field of view. 
Synaptic vesicle turnover was assessed by normalising the start and end points of the 
fluorescence drop for all terminals. Effect of Akt on exocytosis was considered by 
determining the release kinetics (t1/2). (A) Representative normalised traces of 
fluorescence drops for untransfected (blue) and transfected (red) neurites. (B) 
Synaptic vesicle turnover averaged for 3 experiments. (C) Release kinetics (tl/2) 
averaged for 3 experiments. Bar indicates KC1 addition in (A), n = 28 transfected and 
100 untransfected synapses.
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transfected and untransfected neurites either. To confirm that no change in synaptic 

vesicle turnover was occurring, the responses (SI + S2) from 3 individual 

experiments, comprising 28 transfected synapses and 100 untransfected synapses, 

were averaged. The response of transfected neurites was plotted as a percentage of 

the response from untransfected neurites (Fig 4.5b). No significant difference in 

synaptic vesicle turnover between transfected and untransfected neurons was 

observed, with averaged responses for myr-Akt being 102% ± 3% compared with 

control cells set at 100%. These results indicate that over-expression of myr-Akt 

has no effect on synaptic vesicle turnover, indicating that Akt is not regulating the 
extent of release from CGNs.

Evidence from adrenal chromaffin cells suggests that Akt may regulate the kinetics 

of release rather than the overall extent of release (Evans et al., 2006). The 

exocytic component of synaptic vesicle turnover can be considered by looking at 

the kinetics of release. Therefore, the start and end points of the fluorescent drop 

for transfected and untransfected cells were normalised between 1 and 0. This 

normalisation means that the unloading values are independent of dye accumulation 

and reflect only the rate of vesicle release, with the assumption that synaptic 

vesicles mix randomly with other synaptic vesicles following endocytosis (Ryan 

and Smith, 1995). The time taken for the fluorescence to decrease by 50% (ti/2) 

was determined and the response from transfected neurons plotted as a percentage 

of control untransfected neurons. No significant difference in ti/2 was observed for 

myr-Akt transfected neurons, with the response being approximately 107% ± 10% 

that of control cells (Fig 4.5c). These results indicate that over-expressing myr-Akt 

has no gross effect on synaptic vesicle turnover in cerebellar granule neurons. 

Similarly, the kinetics of release (representing the exocytic component of synaptic 
vesicle turnover) appear to be unaffected by myr-Akt.

However, the kinetics of release produced by a KC1 stimulus is very rapid, with t]/2 

occurring in approximately 4-6 seconds. With this time resolution it is unlikely that 

any subtle effects on release kinetics, for example a moderate slowing of release, 

would be observed. Consequently, further experiments using electrical stimulation, 

which slowly releases the dye, are required to determine whether myr-Akt can 
regulate release kinetics.
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4.4. Discussion

Adrenal chromaffin cells are derived from precursor cells of the sympathetic 

nervous system and have many protein isoforms similar to those found within true 

neurons (Morgan and Burgoyne, 1997). In response to a Ca2+ stimulus the cells 

secrete catecholamines from dense-cored granules (Barclay et al., 2005). As such, 

adrenal chromaffin cells are considered a good neuronal model (Morgan and 

Burgoyne, 1997). However, chromaffin cells are only a model for synaptic vesicle 

exocytosis and the function of a protein can not always be transferred between the 

two systems. A prime example of the different regulation of synaptic vesicle and 

dense-core granule exocytosis comes from C.elegans calcium-dependent activator 

protein for secretion (CAPS) and Muncl3 mutants. Studies have indicated that 

CAPS (UNC-31 in C.elegans) is required for dense-core granule exocytosis in 

neuroendocrine cells (Speese et al., 2007). UNC-31 mutants exhibit reduced 

peptide release in vivo, suggesting that UNC-31 (CAPS) is required for dense-core 

exocytosis. Interestingly, UNC-31 mutants have no deficiency in synaptic vesicle 

exocytosis (Speese et al., 2007). Conversely, UNC-13 (Munc-13) mutants were 

found to be essential for synaptic vesicle but not dense-core exocytosis. These 

findings suggest that different proteins can have dedicated roles in modulating 

dense-core or synaptic vesicle exocytosis, thus demonstrating the requirement for 

studying the function of a protein in both systems. In order to determine whether 

Akt is involved in the regulation of synaptic vesicle exocytosis, its role was 

investigated in a true neuronal system of cerebellar granule neurons (CGNs). 

CGNs are excitatory glutamatergic neurons that synapse with purkinje cells in the 

cerebellum (Voogd and Glickstein, 1998). In culture, CGNs can be grown to high 

homogeneity and maintain their release capabilities, making them an amenable 

system in which to study synaptic vesicle cycling (Cousin et al., 1997; Yamagishi 
et al., 2000).

Immunofluorescence staining for endogenous proteins was initially used to 

characterise the neurons. Staining revealed that only synaptophysin represented a 

true marker for synapses. Two other synaptic vesicle bound proteins, 

synaptotagmin and cysteine string protein exhibited substantial staining of neurites

- 119-



as well as synaptic terminals. This suggests that these proteins can be located away 

from the sites of release. Indeed, a similar phenomenon has been reported for 

another synaptic vesicle protein, synaptobrevin (VAMP2). VAMP2 can be fused to 

a pH-sensitive GFP to form a commonly used reporter for investigating exocytosis 

and endocytosis, known as synaptopHluorin (Gandhi and Stevens, 2003). In 

hippocampal neurons synaptopHluorin has been used to investigate controversies 

surrounding the existence of kiss and run like synaptic vesicle cycling. Gandhi and 

Stevens (2003) suggested that synaptopHluorin allowed the identification of three 

modes of synaptic vesicle cycling, including kiss and run. This was based on the 

fact that the kinetics of cycling, reported by synaptopHluorin, could be defined by 

two time constants. An initial fast reduction in fluorescence was observed, 

suggested to represent kiss and run, followed by a slower time constant of decay, 

suggested to represent clathrin-mediated retrieval. Granseth et al (2006) suggested 

that synaptopHluorin reported only a single, slow time constant of fluorescence 

decay however. The difference in the time constants reported was suggested to be 

due to lateral diffusion of the reporter away from the sties of release. The fast 

decay was therefore suggested to be due to diffusion and the slow decay due to 

endocytosis. In accordance with this, synaptopHluorin produced high levels of 

background fluorescence along neurites prior to any experimentation. These 

findings indicate that VAMP2 diffuses away from the sites of release following the 

fusion of a vesicle with the plasma membrane. Interestingly, in the same report it 

was demonstrated that fusion of the pH-sensitive GFP to synaptophysin, rather than 

VAMP2 resulted in reduced background staining along the neurites (Granseth et al.,

2006). This suggests that synaptophysin localisation is restricted to the sites of 

release, while other synaptic vesicle markers may diffuse away from these sites 

following the fusion of a vesicle with the membrane. These findings correspond 

well with the observed staining partners for synaptophysin, synaptotagmin and CSP 

by immunofluorescence. Immuno-staining for syntaxin, SNAP-25 and muncl8 

showed that these proteins are localised along the whole neurite and to synaptic 
terminals as would be expected (Galli etal., 1995).

In order for Akt to be capable of modulating synaptic vesicle exocytosis, Akt must 

be present at the pre-synapse. Previous studies have shown that Akt is found in 

synaptosomes (Dominguez et al., 2007), but no distinction between the pre- and
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post-synapse was made. Immunofluorescence staining for endogenous proteins 

identified proteins that defined specific cellular locations within the neuron, namely 

the neurite and synapse. This allowed the cellular localisation of active Akt (P-Akt) 

to be determined by co-localisation staining with CSP.

CSP was observed to localise to both the neurite and synaptic terminals of CGNs as 

discussed previously. However, a high degree of staining around the cell body of 

the CGN was also observed. Evans and Morgan (2005) reported a similar 

phenomenon using a phospho-specific antibody against SerlO of CSP. 

Phosphorylated CSP staining was observed in the inner granule layer of the 

developing cerebellum, a region devoid of other synaptic vesicle proteins at this 

age. Similarly, CSP has been found in the neuroblast cell layer of the developing 

retina, a region that is not positive for other synaptic vesicle proteins including 

synaptophysin, synaptotagmin and VAMP2 (von Kriegstein and Schmitz, 2003). 

This led to the suggestion that CSP may have a novel developmental role prior to 

synaptogenesis (Evans and Morgan, 2005). The CGNs used for these experiments 

were isolated from 6 day old rats and then grown in culture for 8 days. 

Consequently, the neurons are relatively immature and the observed cell body 

staining for CSP may be connected with the proposed novel developmental role for 
CSP.

Active Akt was localised to the cell body and nucleus of the CGNs. The nuclear 

localisation of Akt has previously been reported, with Akt phosphorylation of 

forkhead transcription factors regulating their nuclear export (Neri et al., 2002). As 

well as the nuclear and cell body localisation, P-Akt was observed to be localised 

along the length of the neurite and in distinct puncta, corresponding to synaptic 

terminals. The localisation of P-Akt to synapses was confirmed by the high degree 

of co-localisation with CSP. The presence of P-Akt at the synapse demonstrates 

that Akt is found at locations whereby it could regulate exocytosis. A role for Akt 

in the regulation of neurite outgrowth and nerve growth cone expansion has 

previously been identified, suggesting that Akt has a functional role beyond that of 

cell survival and proliferation within neurons (Laurino et al., 2005; Tomieri et al.,

2006). Neurite outgrowth is dependent on the exocytic incorporation of 

plasmalemmal precursor vesicles into the nerve growth cone, a process which is
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regulated by IGF-1. Stimulation of cultured hippocampal neurons with IGF 

resulted in the rapid activation of PI3K and Akt along with membrane expansion. 

This plasmalemmal expansion of the growth cone was blocked by inhibition of 

PI3K by wortmannin, indicating that a PI3K-Akt pathway was mediating neurite 

outgrowth (Laurino et al., 2005). Furthermore, inhibition of PI3K or Akt has been 

shown to result in a significant elongation of filopodia and a slow-down in neurite 

outgrowth (Tornieri et al., 2006). These findings indicate that Akt can regulate 

exocytic expansion of the growth cone. Consequently, it is possible that Akt can 

mediate other exocytic events within neurons, including the release of synaptic 
vesicles.

In addition to being present at the synapse, depolarisation of CGNs resulted in the 

phosphorylation of Akt on Ser473. This suggests that in CGNs, a stimulus known 

to elicit exocytosis also results in the activation of Akt. This stimulus-induced 

activation of Akt suggests that Akt could function in the regulation of secretion 

within neurons. Intriguingly, the PI3K inhibitor wortmannin was unable to 

completely inhibit basal Akt activity or stimulus-induced activity. The lack of 

effect produced by wortmannin in CGNs has previously been reported. Lafon- 

Cazal et al (2002) showed that K+ depolarisation and NMDA treatment of CGNs 

increased Akt phosphorylation but that only the NMDA mediated increase was 

sensitive to PI3K inhibitors, wortmannin and LY294002. This suggests that the K+- 

induced activation of Akt may be independent of PI3K and as such, Akt activated 

by this mechanism could have distinct functions to Akt activated by the traditional 
PI3K pathway.

The role of Akt in synaptic vesicle exocytosis was studied using a FM-dye uptake 

and release assay. We had previously observed that it was difficult to obtain 

complete inhibition of Akt by treatment with PI3K inhibitors. Consequently, the 

experiments were designed to assess the function of over-expressed constitutively- 

active (myr) or kinase-dead (AAA) Akt proteins. As the Akt constructs do not have 

a fluorescent tag, they were co-transfected with Cerulean, as a marker of 

transfection. Cerulean is a modified enhanced cyan fluorescent protein (ECFP) 

generated by mutation of three residues in ECFP (S72A,Y145A,H148D). These 

mutations produced a fluorescent protein that is 2.5-fold brighter than ECFP (Rizzo
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et al., 2004). Prior to any experiments being performed the transfection conditions 

for each construct had to be optimised. At high DNA concentrations myr-Akt was 

observed to cause cell death in the majority of transfected neurons, and those that 

were identified as transfected had uncharacteristically short neurites, indicative of 

unhealthy cells. Transfection of CGNs with lower DNA concentrations resulted in 

the survival of neurons, which also appeared to be healthy. Transfection of the 

AAA-Akt construct resulted in the death of all transfected neurons at all 
concentrations attempted.

The cell death caused by expression of AAA-Akt may be difficult to overcome due 

to the highly evolved Akt-dependent survival pathway in CGNs. In culture, CGNs 

undergo apoptosis if they are maintained at physiological K+ concentrations 

(Lauritzen et al., 2003). Survival of CGNs can be mediated by a range of factors 

including depolarising K+ concentrations, NMDA, IGF and Substance P (Zhu et al., 

2002a; Chin and D'Mello, 2004; Amadoro et al., 2007). All of these substances 

have been shown to activate Akt and with the exception of depolarising K+ 

concentrations, this activation appears to be essential for cell survival. Exposure of 

CGNs to high K+ or NMDA increases Akt phosphorylation compared to cells 

maintained at physiological K+ concentrations for a short period (Lafon-Cazal et 

al., 2002; Zhu et al., 2002a). The activation of Akt by NMDA, but not high K+, can 

be inhibited by treatment with the PI3K inhibitors wortmannin and LY294002. 

This inhibition of Akt activity results in cellular apoptosis, indicating that NMDA 

but not high K+ mediates its anti-apoptotic response through Akt (Lafon-Cazal et 

al., 2002). A similar finding is observed with IGF, whereby treatment with 

wortmannin inhibits cell survival mediated by IGF but not high K+ (Chin and 

D'Mello, 2004). Consequently, over-expression of kinase-dead Akt in CGNs is 

likely to disrupt the Akt mediated survival of CGNs, resulting in cell death. 

Intriguingly, the transfected CGNs used in these experiments were cultured at high 

K+ concentrations. Consequently it may have been predicted that the survival of 

the neurons would have been unaffected by over-expression of AAA-Akt. 

However, it is possible that the survival mediated by high K+ may not be sufficient 

to maintain cell survival over the prolonged time periods of transfection (48 hours), 

compared to the relatively short treatment times with PI3K inhibitors.
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The role of Akt in regulating synaptic vesicle turnover (exocytosis and endocytosis) 

was subsequently investigated by comparing the extent of FM1-43 uptake and 

release in myr-Akt transfected cells with control cells in the same field of view. No 

difference in overall synaptic vesicle turnover was observed with myr-Akt 

expressing cells, indicating that no gross effects on exocytosis or endocytosis were 

occurring. This is in accordance with previously published work in adrenal 

chromaffin cells. Expression of wild-type Akt in chromaffin cells had no effect on 

the overall extent of catecholamine release as assessed by carbon fibre 

amperometry (Evans et al., 2006). However, wild-type Akt did alter the release 

kinetics of the fusion event, with an increase in quantal size and also the rise and 

fall time of the amperometric spike being observed. This suggests that Akt may not 

modulate overall release, but may have more subtle effects on the kinetics of 

release. Subtle effects on synaptic vesicle release were investigated by determining 

the release kinetics. No significant difference in ti/2 was observed between 

transfected and control cells in the KC1 stimulus experiment. This suggests that 

Akt is not regulating exocytosis within these cells. However, in KC1 experiments 

the kinetics of release are very rapid, with t)/2 occurring in approximately 4-6 

seconds (Tan et al., 2003; Anggono et al., 2006; Evans and Cousin, 2007). It is 

therefore extremely difficult to accurately assess the kinetics of release in these 

experiments. In order to accurately assess release kinetics the experiments will 

need to be repeated using electrical stimulations. Weak electrical stimulations 

produce a much slower release of FM dye, with a typical t l/2 being between 15-20 

seconds (Femandez-Alfonso and Ryan, 2004). This allows the accurate assessment 

of the rate of release and may reveal subtle effects of Akt on synaptic vesicle 

release kinetics. However, it should be noted that this is still the kinetics for the 

fusion of a population of synaptic vesicles and not the kinetics for a single fusion 

event, as was the case for the analysis of Akt function in adrenal chromaffin cells. 

Consequently, if Akt has subtle effects on single synaptic vesicle fusion events, 

imaging techniques may not have sufficient resolution and electrophysiology 

experiments may be required to assess the function of Akt in neurotransmitter 
release.

These preliminary findings suggest that Akt may not be involved in the regulation 

of synaptic vesicle cycling. However, evidence from the Xenopus neuromuscular
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junction suggests that further investigation is required. Stimulation of theXenopus 

neuromuscular junction with neurotrophin-3 (NT-3) elicits an acute potentiation of 

synaptic transmission, while long-term treatment with NT-3 elicits physiological 

and morphological maturation of synapses (Je et al., 2005). Activation of PI3K can 

mediate acute synaptic potentiation in the same system (Yang et al., 2001). 

Similarly, microinjection of dominant-negative PI3K into pre-synaptic spinal 

neurons was observed to completely abolish synaptic changes following long-term 

NT-3 treatment (Je et al., 2005). Intriguingly, in the same study microinjection of 

dominant-negative Akt, but not wild-type Akt, into pre-synaptic neurons was 

observed to completely block long-term synaptic potentiation induced by NT-3. 

This indicates that Akt can regulate pre-synaptic long-term potentiation in some 

systems. It is therefore possible that in neurons Akt may regulate long-term 

synaptic changes, rather than acute changes. It would be fascinating to perform 

further experiments using LTP paradigms to determine whether Akt is also capable 
of modulating long-term effects in CGNs.
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Chapter 5

Akt phosphorylation of Rab3- 
interacting molecule 1
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5.1. Introduction

5.1.1. Akt in the modulation of exocytosis

The evidence supporting a role for Akt in regulated exocytosis has come 

predominantly from studies in cells involved in insulin-stimulated secretion. Akt2 

knock-out mice exhibit insulin resistance and a diabetes mellitus-like syndrome due 

to impaired insulin stimulated glucose uptake into muscle (Cho et al., 2001). Akt2 

has also been shown to bind to GLUT4 containing vesicles and to phosphorylate its 

components, including GLUT4 itself (Kupriyanova and Kandror, 1999). 

Expression of constitutively active Akt stimulates GLUT4 translocation while 

microinjection of an Akt substrate peptide or antibody inhibits GLUT4 

translocation in adipocytes (Kohn et al., 1996; Hill et al., 1999). Similarly, 

expression of kinase-dead Akt in adipocytes inhibited the insulin-stimulated 

secretion of adiponectin (Pereira and Draznin, 2005). In skeletal muscle cell lines, 

expression of constitutively active Akt again enhances and a kinase-dead Akt 

inhibits GLUT4 translocation (Hajduch et al., 1998; Wang et al., 1999). Mice 

expressing a kinase-dead Akt have impaired insulin secretion from pancreatic p- 

cells and this effect is mediated downstream of Ca2+ entry, indicating that the effect 

of Akt is directly on the secretion machinery and not just a signalling pathway 

(Bemal-Mizrachi et al., 2004). Akt regulation of exocytosis has also been reported 

in fibroblasts. Expression of constitutively active Akt enhanced the surface 

expression of epithelial Na+/H+ exchanger 3 in PS 120 fibroblasts (Lee-Kwon et al., 

2001). In Balb 3T3 fibroblasts, dominant-negative Akt suppressed interlukin-ip 

induced secretion of matrix metalloproteinase-9 (Ruhul Amin et al., 2003). Akt has 

also been shown to regulate exocytosis in neuroendocrine adrenal chromaffin cells. 

Expression of Akt in adrenal chromaffin cells results in changes in the kinetics of 

catecholamine release, namely an increase in quantal size and a slowing of the 
release kinetics (Evans et al., 2006).

5.1.2. Substrates mediating the effect of Akt on exocytosis
A small number of substrates that may mediate Akt’s effects on exocytosis have 

been identified. The best characterised of these is AS 160, a Rab GTPase-activating 

protein (RabGAP). Insulin stimulation of adipocytes results in the activation of Akt
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and the phosphorylation of AS160 on six residues (Kane et al., 2002; Sano et al.,

2003). Expression of a mutant form of AS 160 (AS1604P), where four of the 

phosphorylation sites are mutated to alanine, results in the inhibition of GLUT4 

translocation (Zeigerer et al., 2004; Eguez et al., 2005) and RNAi knock-down of 

AS 160 was shown to increase basal GLUT4 surface expression (Larance et al., 

2005). These findings support a model whereby under basal conditions AS 160 

inhibits a Rab protein required for GLUT4 translocation and the insulin-dependent 

phosphorylation of AS 160 by Akt can overcome this inhibition (Huang and Czech,

2007). Phosphorylation of AS 160 on Thr642 results in the recruitment of 14-3-3 

protein. Introduction of a constitutive 14-3-3 binding site into the AS1604P mutant 

was sufficient to reverse the inhibitory effect of the mutant on GLUT4 

translocation, leading to the suggestion that the association of 14-3-3 with AS 160 is 

important in GLUT4 trafficking (Ramm et al., 2006).

Other Akt substrates implicated in exocytosis are synip, JFC1 and PIKfyve. Akt 

phosphorylation of synip on Ser99 has been suggested to cause the dissociation of 

synip from syntaxin 4, allowing it to interact with VAMP2 (Yamada et al., 2005). 

Expression of constitutively active Akt in LNCaP cells resulted in the 

phosphorylation of the Rab27a-binding protein JFC1 on Ser241. This 

phosphorylation triggered the translocation of JFC1 from the membrane to the 

cytosol, but had no affect on its interaction with Rab27 (Johnson et al., 2005). Akt 

has also been shown to phosphorylate PtdIns(3)P 5-kinase (PIKfyve) on Ser318 in 

vitro, with this phosphorylation stimulating the kinase’s activity. Expression of a 

PIKfyve S318A mutant in adipocytes enhances GLUT4 translocation, indicating 

that phosphorylated PIKfyve is a negative regulator of insulin-stimulated trafficking 
(Berwick et al., 2004).

5.1.3. Experimental rationale

The Akt substrates discussed above have a relatively restricted role and distribution. 

However, Akt has been shown to regulate exocytosis in a wide range of cell types, 

including adrenal chromaffin cells, pancreatic p-cells, adipocytes and fibroblasts, as 

discussed above. It is therefore possible that a number of common Akt targets exist 

that may be involved in the regulation of exocytosis within a range of cell types. In 

order to identify substrates that could mediate Akt’s effect on exocytosis in a range
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of cell types, in vitro phosphorylation assays were performed to identify common 

exocytic proteins that are novel Akt substrates. These proteins included the 

SNARE proteins, syntaxin, SNAP-25 and VAMP2, the classical Ca2+ sensor 

synaptotagmin and the widely studied Muncl8. All of these proteins have been 

shown to play critical roles in exocytosis and to be widely expressed in many 

secretory cells (Sudhof, 1995). Other proteins considered were; CSP, Riml and 

Noc2. CSP is widely distributed in a range of cell types and has been shown to 

have similar effects on release kinetics to Akt (Braun and Scheller, 1995; Brown et 

al., 1998; Evans et al., 2001). Riml is a known phospho-protein with a described 

functional role and is present in neurons, chromaffin cells and pancreatic p-cells 

(Iezzi et al., 2000; Sun et al., 2002; Lonart et al., 2003). Noc2 has described roles 

in regulating exocytosis in neurons, chromaffin cells and pancreatic P-cells (Haynes 

et al., 2001; Fukuda, 2003; Cheviet et al., 2004). Consequently, these proteins 

represent attractive candidate proteins that have the potential to regulate exocytosis 

in a range of different cell types. The substrates shown to be strongly 

phosphorylated by Akt were characterised to identify the sites of phosphorylation 

and to determine phosphorylation-dependent interacting partners.
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5.2. Methods

5.2.1. Recombinant proteins

The following Riml recombinant proteins were used: i. GST-tagged Rim 1-512, 

this is a fragment of wild-type Riml comprising of amino-acids 1-512. ii. GST- 

tagged Rim 1-512 (S413E), this protein is the same as the GST-Rim 1-512 protein 

with Ser413 mutated to glutamate to produce a phosphomimetic mutant, which 

itself cannot be phosphorylated. Hi. GST-tagged Rim 1-399, this is a fragment of 

wild-type Riml comprising amino-acids 1-399. iv. GST-tagged Rim 1-399 

(S241,287,379A), this is the same as the GST-Rim 1-399 protein with three serine 

residues mutated to non-phosphorylatable alanine.

5.2.2. In vitro phosphorylation assays

Recombinant Hise- and GST-tagged recombinant proteins (6 pg) were typically 

phosphorylated in a reaction volume of 40 pi, comprising 200 ng of active Aktl or 

PKA, 100 pM cold-ATP, 2 pCi [32P]y-ATP and MES buffer (50 mM MES, pH 6.9, 

10 mM MgCh, 0.5 mM EGTA, ImM DTT). Phosphorylation reactions were left to 

proceed for 3 hours at 30 °C before the reaction was stopped by the addition of 40 
pi of Laemmli buffer or by freezing.

5.2.3. Analysis of 32P incorporation into recombinant proteins
Following phosphorylation, recombinant proteins were run on 12% SDS-PAGE 

gels followed by staining with Coomassie blue to ensure equal loading of proteins. 

Gels were subsequently destained in 2% glycerol 30% ethanol for a minimum of 2 

hours and dried overnight on a drying frame between a layer of cling-film and a 

layer of cellulose. Dried gels were exposed on a phosphorscreen for between 1 and 

3 hours and 32P incorporation assessed using a Phospho-imager.

5.2.4. Antibodies and peptides

The phospho (P)-Rim S413 antibody was generated by ProSci Incorporated (Ca, 

USA) using the supplied immunogenic peptide CARHERRHpSDV. Immunogenic 

peptide synthesis, rabbit immunisation and serum collection were all performed by 

the company generating the antibody. A non-phosphorylated peptide
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CARHERRHSDV was generated by Sigma Genosys (Cambridge, UK). Affinity 

purification was performed in house using the phosphorylated and non- 

phosphorylated peptides coupled to an agarose-based support using sulfhydry- 

coupling via the peptides N-terminal cysteine residue (SulfoLink®, Pierce 

Biotechnology, Illinois, USA). P-Rim S241 and P-Rim S287 antibodies were 

generated by Sigma Genosys (Cambridge, UK) using the immunogenic peptides 
CQERSRpSQTPLS and CSRSRpSEPPRER.

5.2.5. Pulldowns

Peptide and protein pulldowns were performed as described in the general methods 

using membrane solubilised bovine brain extract. For peptide columns; 6 x 1 ml 

250 mM salt elutions and 6 x 1 ml 1 M salt elutions were used to elute loosely 

bound and then strongly bound proteins. The large elution volumes were used due 

to the large bed volume of the columns used. 600 pi of elution was methanol 

precipitated by the addition of 600 pi ice cold methanol for a minimum of 30 

minutes, followed by air drying and resuspension of the pellet in 15 pi of Laemmli 

buffer. For protein columns; loosely bound proteins were eluted using 1 ml of 250 

mM salt buffer and strongly bound proteins with 1 ml of 1 M salt buffer. Elutions 

were methanol precipitated by the addition of 1 ml ice cold methanol for 30 

minutes. Pellets were air dried and resuspended in 50 pi Laemmli buffer.

5.2.6. Identification of bound proteins

Eluted proteins in Laemmli buffer (10 pi for peptide pulldowns and 20 pi for 

protein pulldowns) were run on 12% SDS-PAGE. The gels were then either stained 

with Coomassie blue or transferred onto nitrocellulose membrane. Gels stained 

with Coomassie blue were destained in 35% methanol 4% acetic acid and bands of 

interest cleaved from the gel. Cleaved bands were identified using either MALDI- 

TOF or MS/MS mass spectrometry. Gels transferred onto nitrocellulose membrane 

were blocked with 5% milk in PBS, followed by incubation with primary and 

secondary antibodies. Western blotted samples were exposed onto hyperfilm.
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5.3. Results

5.3.1. Identification of novel exocytic Akt phosphorylation substrates 
in vitro

In adrenal chromaffin cells expression of wild-type Akt alters exocytic release 

kinetics, causing an increase in quantal size due to a slowing of the rise and fall 

time of the amperometric spike. This effect is directly attributable to Akt 

phosphorylation as expression of a kinase-dead Akt has no effect on kinetics, with 

transfected cells appearing like untransfected cells (Evans et a l, 2006). The protein 

substrates that may mediate these effects on release kinetics are currently unclear. 

In order to identify substrates that may mediate the effect on release kinetics, in 

vitro phosphorylation assays were performed.

His6- or GST-tagged recombinant exocytic proteins were generated as described in 

the methods and phosphorylated by incubation with active Akt in the presence of 

[ P]y-ATP for 3 hours at 30 °C. Reactions were stopped by the addition of an 

equal volume of Laemmli buffer and the samples run on SDS-PAGE gels. Gels 

were stained with Coomassie blue, dried overnight and incorporation of 32P into the 

protein assessed by exposing the gel on a phospho-imager. The autoradiograph 

produced from the phospho-imager identified a number of exocytic proteins that 

were phosphorylated by Akt in vitro (Fig 5.1). CSP, Riml (the protein is a 

fragment of Riml, amino-acids 1-512 and will be referred to as Rim 1-512 from 

here on) and Noc2 exhibited strong levels of phosphorylation, while moderate 

levels of phosphorylation were also observed with synaptotagmin, SNAP-25 and 

muncl8. Incorporation of 32P into proteins was not a non-specific artefact of the 

experiment as syntaxin, VAMP2 and p-SNAP exhibited no discernable 
phosphorylation (Fig 5.1).

The intensity of the signal observed on the autoradiograph is not a quantitative 

representation of the actual extent of phosphorylation of a protein because it does 

not take into account the number of protein molecules within the observed protein 

band or the number of phosphorylation sites. Indeed, the number of molecules 

within a band varies considerably due to the molecular weight of the protein, even
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Figure 5.1
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In  vitro phosphorylation of exocytic proteins byAkt.
His6- and GST-tagged recombinant proteins were incubated with 5 pg of active 
recombinant Aktl in the presence o f 2 pCi o f [32P]y-ATP and 100 pM cold ATP. 
Reactions were allowed to proceed for 3 hours at 30 °C before being terminated by the 
addition o f Laemmli buffer. Samples were run on SDS-PAGE gels and stained with 
Coomassie blue prior to drying and exposure on a phosphorscreen. Top boxes: 
Coomassie blue stain showing recombinant protein. Bottom boxes: phospho-image 
of 32P incorporation into the proteins.
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when equal concentrations of protein are loaded onto the gel. In order to obtain a 

quantitative analysis of phosphorylation the stoichiometry of phosphorylation was 

calculated for proteins that were phosphorylated by Akt. Protein bands from in 

vitro phosphorylation assay gels were cleaved from the gel, added to scintillation 

fluid and the emission of ionising radiation from each sample detected using a 

scintillation counter. Rim 1-512, was strongly phosphorylated, having a calculated 

stoichiometry of phosphorylation of 1.0. CSP was phosphorylated with a 

stoichiometry of 0.25. Muncl8 and SNAP-25, which exhibited only moderate 

phosphorylation were phosphorylated with stoichiometries of 0.17 and 0.11 
respectively.

5.3.2. In vitro phosphorylation of Rim1 on Ser413 by Akt

The high calculated stoichiometry of phosphorylation of Rim 1-512 indicates that 

Riml may be a novel Akt substrate implicated in the regulation of exocytosis. 

Riml is one of the few exocytic proteins that have been confirmed as an in vivo 

phosphorylation substrate. Riml has been shown to be phosphorylated by PKA on 

Ser413 and this phosphorylation triggers pre-synaptic long-term potentiation in 
cerebellar parallel fibre synapses (Lonart et a l, 2003).

The extent of phosphorylation of Rim 1-512 by PKA and Akt was therefore 

compared using the in vitro phosphorylation assay. GST-Rim 1-512 was produced 

using a modified pGEX-6Pl expression vector. pGEX-6Pl has a BamHl 

restriction enzyme site (GGATCC) at the start of its multiple cloning site, which 

encodes the amino acids glycine and serine. This serine residue is encoded between 

the end of the GST-tag and the start of the cloned protein and is maintained even if 

the BamHl site is used during the cloning process. It has been previously observed 

that this serine residue can be phosphorylated in vitro. In order to remove any 

potential artefacts produced by phosphorylation of the protein tag, the serine 

residue was mutated to alanine destroying the BamHl cloning site in the process. 

GST-Rim 1-512 was phosphorylated as previously described with Akt or PKA and 

the protein samples ran on SDS-PAGE gels and 32P incorporation detected using a 

phospho-imager. Bands were then cleaved from the gel, added to scintillation fluid 

and the emission of ionising radiation detected by scintillation counting. Rim 1- 

512 phosphorylated with PKA or Akt demonstrated similar phosphorylation levels
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as assessed visually from the autoradiograph (Fig 5.2a). This similar level of 

phosphorylation by the two kinases was confirmed by stoichiometry calculations, 

with the stoichiometry of phosphorylation by Akt being 1.0 and the stoichiometry 
by PKA being 1.1.

The similar stoichiometries of phosphorylation produced by Akt and PKA 

suggested that a similar number of phosphorylation sites were likely to exist for the 

two kinases. Currently, only a single phosphorylation site has been confirmed 

between Riml residues 1-512, this site being Ser413 (Lonart et a l, 2003). The 

amino-acid sequence surrounding Riml Ser413 (HERRHpSDV) is a strong 

consensus sequence for PKA phosphorylation (RRXpS/TY). The consensus 

sequence for Akt phosphorylation (RXRXXpS/T) is however very similar to that of 

PKA and consequently the region surrounding Ser413 is also a good consensus for 

Akt phosphorylation. To determine if Akt could phosphorylate Riml Ser413 a 

phospho-specific Ser413 antibody was produced using the immunogenic peptide 

CARHERRHpSDV. The antiserum was affinity purified using phosphorylated and 

non-phosphorylated peptides with the same sequence as the immunogenic peptide. 

The affinity purification was expected to generate a de-phospho- or pan-specific 

Riml antibody and a phospho-specific Riml Ser413 antibody. The antibodies were 

tested by western blotting GST-Rim 1-512 recombinant protein that had been Akt, 

PKA or mock phosphorylated.

The pan-specific antibody detected an immunoreactive band at approximately 98 

kDa, the expected mass for GST-Rim 1-512, along with a number of lower 

molecular weight breakdown products in all three samples (Fig 5.2b). The 

membranes were subsequently stripped and re-probed with the phospho-specific 

Rim 1 Ser413 antibody. Immunoreactive bands at 98 kDa were only observed in the 

PKA and Akt phosphorylated Rim 1-512 lanes. The presence of an 

immunoreactive band in the Akt phosphorylated protein lane indicates that Akt is a 

novel kinase capable of phosphorylating Riml on Ser413 in vitro (Fig 5.2b). No 

immunoreactive band was observed in the mock phosphorylated lane with the 

P-Rim Ser413 antibody, demonstrating the absolute specificity of the antibody for 

the phosphorylated protein.
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Figure 5.2
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Rim l is phosphorylated on Ser413 by Akt.
(A) Recombinant Rim 1-512 was incubated with active PKA catalytic subunit or 
Aktl in the presence of 2 pCi [32P]y-ATP and 100 pM cold ATP for 3 hours. Samples 
were Coomassie blue stained and the gels dried. Gels were exposed on a 
phosphorscreen for a minimum of 1 hour.
(B) Rabbit poly-clonal phospho-specific antiserum was generated against a peptide 
with the immunogenic sequence CARHERRHpSDV. Resulting antiserum was 
affinity purified against dephosphorylated and phosphorylated peptide columns. 
Affinity purification generated a pan-specific and phospho-specific antiserum. 
Mock, PKA and Akt phosphorylated Riml were run on SDS-PAGE gels and Western 
blotted with the pan-specific or phospho-specific antibody.
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The data above indicates that Akt can phosphorylate Riml on Ser413. With the 

intention of confirming that the phosphorylation was occurring on Ser413, site 

directed mutagenesis was performed to generate the mutant S413E. The mutation 

of Ser413 to glutamate would be expected to generate a phosphomimetic mutation 

that may mimic the phosphorylated residue. In addition, the glutamate can not be 

phosphorylated, making it possible to confirm the phosphorylation of Ser413 by 

Akt. GST-tagged Rim 1-512 (S413E) recombinant protein was generated as 

described for the wild-type protein. GST-tagged Rim 1-512 and Rim 1-512 

(S413E) were phosphorylated in vitro by incubation with [32P]y-ATP and active 

Aktl or PKA or mock phosphorylated in the absence of kinase. Incorporation of 

P into the protein was determined by exposing the samples on a phospho-imager. 

Coomassie Blue staining demonstrated the equal loading of mature wild-type and 

S413E Rim 1-512 protein samples. The S413E mutant appeared to have fewer 

breakdown products when compared to wild-type protein, although a similar pattern 

of breakdown products between the two proteins was observed (Fig 5.3). The 

autoradiograph confirmed that wild-type Rim 1-512 was indeed phosphorylated by 

both Akt and PKA and that no phosphorylation occurred in the mock 

phosphorylation sample (Fig 5.3). A small reduction in 32P incorporation was 

observed with the S413E mutant protein when phosphorylated by either Akt or 

PKA compared to wild-type protein. Quantitative densitometry confirmed that 

PKA phosphorylation was reduced by approximately 34% and Akt phosphorylation 

by approximately 18%. This shows that both PKA and Akt can phosphorylate 

Riml on Ser413, although the small reduction seen with Akt indicates that Ser413 

is not the predominant site for Riml phosphorylation by Akt. The lack of complete 

abolition of phosphorylation by either kinase suggests that other phosphorylation 

sites may exist for both Akt and PKA.

5.3.3. Identification of alternative Akt and PKA phosphorylation sites 
in Riml

The 34% reduction in Riml Ser413 phosphorylation by PKA was surprising since 

previously published reports have indicated that only one PKA phosphorylation 

sites occurs between Riml residues 1-512 (Lonart et a l, 2003). As such, it would 

have been expected that PKA phosphorylation would have been completely 

abolished with the S413E mutant. Furthermore, the small reduction in Akt
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Figure 5.3
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Characterisation of Ser413 phosphorylation byAkt.
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phosphorylation indicates that other phosphorylation sites must exist in the N- 

terminal region of Riml. The theory that other phosphorylation sites may be 

present within the Rim 1-512 construct was investigated using MS/MS mass 

spectrometry.

Wild-type GST-Rim 1-512 was phosphorylated with Akt as previously described. 

Samples were run on SDS-PAGE gels and Coomassie blue stained bands 

corresponding to the mature protein subsequently cleaved from the gel. The gel 

pieces were digested with trypsin and the resulting peptides analysed using a 

NANO-LC QSTAR mass spectrometer. Peptides that exhibited a mass 80 Da 

greater than expected (mass shift associated with the phosphorylation of a residue) 

or multiples of 80 Da (due to the presence of more than one phosphorylation site) 

were subjected to MS/MS analysis to identify the residue(s) that accounted for the 

mass shift. Mass spectrometry analysis identified two peptides that demonstrated a 

mass shift of 80 Da (Fig 5.4). MS/MS analysis of the peptides confirmed their 

sequence and indicated that the 80 Da mass shifts could be attributed to the third 

residue of each peptide. In the case of both peptides this residue was found to be a 

serine, indicating that it could be a potential phosphorylation site. The first peptide 

identified had the sequence RHSDVALPR. This peptide corresponds to Riml 

amino-acids 411-419 and indeed the phosphorylation occurs on Ser413 which 

corresponds to the previously characterised Akt and PKA phosphorylation site (Fig 

5.4a). The second peptide identified was shown to have the sequence 

SRSQTPLSTAAASSQDAAPPSAPPDR. This peptide corresponds to Riml 

amino-acids 239-264, with the phosphorylation occurring on Ser241 (Fig 5.4b). 

Identical phosphorylated peptides were identified with PKA phosphorylated Rim 1- 

512 but not mock phosphorylated protein. These results indicate that Ser241 may 

be a novel Akt and PKA phosphorylation site for Rim l.

5.3.4. Characterisation of Riml Ser241 phosphorylation by Akt
The identification of Ser241 as a novel Akt phosphorylation site was attractive 

since Ser241 has been suggested to be a phosphorylation site involved in the 

phosphorylation dependent interaction between Riml and 14-3-3 protein (Sun et 

a l, 2003). Phosphorylation of Ser241 was suggested to be mediated by CaMKII,
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Figure 5.4

R esid u es P h o sp h o r y la te d  p e p tid e  se q u en ce P h o sp h o r y la te d  r es id u e

4 1 1 -4 1 9 R H S D V A L P R S er413

2 3 9 -2 6 4 S R S Q T P L S T A A A S S Q D A A P P S A P P D R Ser241

Riml Ser413 and Ser241 are phosphorylated by Akt as assessed by MS/MS 
mass spectroscopy.
10 pg GST-Rim 1-512 was phosphorylated with active Aktl for 3 hours at 30 °C. 
Reactions were stopped by the addition o f an equal volume of Laemmli buffer and 
samples run on SDS-PAGE gels. Gels were stained with Coomassie Blue and mature 
protein bands cleaved from the gel. Following tryptic digest, peptides were analysed 
by MS/MS spectroscopy using a NANO-LC QSTAR mass spectrometer. The 
peptides (A) RHSDVALPR and (B) SRSQTPLSTAAASSGDAAPPSAPPDR were 
sequenced and both shown to be phosphorylated on residue 3, corresponding to 
Ser413 and Ser241 respectively. * indicates the peak corresponding to the first 
residues to exhibit a mass shift of 80 Da, indicating their phosphorylation.
Spectrum produced by Dr R. Jenkins.
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although no direct evidence of phosphorylation was presented. To investigate 

whether Ser241 was indeed phosphorylated by Akt, constructs corresponding to 

Riml residues 1-399 were obtained from R.W. Holz (University of Michigan, 

USA). These constructs consisted of wild-type GST-Rim 1-399 and GST-Rim 1- 

399 (S241, 287, 379A). The Rim 1-399 (S241, 287, 379A) mutant contained three 

serine to alanine substitutions, corresponding to two known 14-3-3 binding sites 

(S241 and 287) and a predicted 14-3-3 binding site (S379). The advantage of these 

constructs is that Ser413 is not present. As such, if the observed phosphorylation of 

the Rim 1-512 protein was only occurring predominantly on Ser413, the 

phosphorylation of the 1-399 protein would be expected to be minimal. However, 

if other phosphorylation sites exist in the N-terminus of Riml, the 1-399 protein 

would be phosphorylated.

Wild-type GST-Rim 1-399 and GST-Rim 1-399 (S241, 287, 379A) recombinant 

protein were generated using a standard GST-tagged protein purification protocol 

as described in chapter 2.4.4. The proteins were again mock or Akt phosphorylated 

in vitro in the presence of [32P]y-ATP. 32P incorporation into the proteins was 

assessed using a phospho-imager. Wild-type Rim 1-399 was observed to be 

strongly phosphorylated by Akt, with no phosphorylation occurring in the mock 

phosphorylation control (Fig 5.5). The Rim 1-399 (S241, 287, 379A) mutant 

protein was also strongly phosphorylated by Akt, with no discernable difference in 

phosphorylation levels being apparent when compared to the wild-type protein. 

Quantitative densitometry was used to correct the phospho-image signal for protein 

loading, which varied between the wild-type and mutant proteins. Quantitative 

densitometry revealed an approximate 12.5% reduction in phosphorylation with the 

mutant protein compared to the wild-type protein. The reason why no substantial 

decrease in phosphorylation occurred is currently unknown, although one potential 

explanation is promiscuous phosphorylation of neighbouring serine residues 

(Whistler and Rine, 1997). The results from these experiments do however confirm 

that phosphorylation sites other than Ser413 exist in the N-terminal of Riml.

In order to determine whether Akt could phosphorylate either Ser241 or Ser287 

phospho-specific antibodies were designed and generated using the peptides 

CQERSRpSQTPLS for Ser241 and CSRSRpSEPPRER for Ser287. The raw serum
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Figure 5.5
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Identification of Akt phosphorylation sites in R im l.
Rim 1-399 and Rim 1-399 (S241,287,379A) were mock or Akt phosphorylated in 
vitro in the presence of 2 pCi [32P]y-ATP and 100 pM cold ATP for 3 hours. Samples 
were run on SDS-PAGE gels, stained with Coomassie blue and the gels dried. Gels 
were exposed on a phosphorscreen for a minimum of 1 hour.
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containing the antibody was tested using recombinant Rim 1-512, which had been 

mock, Akt or PKA phosphorylated or recombinant Rim 1-399, which had been 

mock or Akt phosphorylated. Immunoreactive bands corresponding to Akt and 

PKA phosphorylated Rim 1-512 were observed with the P-S241 antibody, while no 

band was observed in the mock phosphorylated sample (Fig 5.6a). Similarly, an 

immunoreactive band was observed with Akt phosphorylated Rim 1-399 but not the 

mock phosphorylated protein (Fig 5.6b). These findings demonstrate that Akt and 

PKA can both phosphorylate Riml on Ser241 in vitro. Phosphorylation of Ser287 

was then investigated using the same samples. An immunoreactive band 

corresponding to Akt phosphorylated Rim 1-512 was observed with the P-S287 

antibody (Fig 5.6c). Intriguingly, no immunoreactive band was observed with PKA 

phosphorylated Rim 1-512. As with the Rim 1-512 protein, an immunoreactive 

band was observed for Akt phosphorylate Rim 1-399, but not with mock 

phosphorylated protein, confirming the specificity of the antibody for the 

phosphorylated protein (Fig 5.6d). These results suggest that Akt, but not PKA, 

can phosphorylate Riml on Ser287 in vitro. Furthermore, the findings demonstrate 

that kinases can exhibit selectivity in their phosphorylation sites even in vitro. 

Loading of sample in all lanes was confirmed by Ponceau S staining for all 

experiments.

5.3.5. Investigation of the in vivo  phosphorylation status of 
endogenous Riml

An alternative method of investigating Riml phosphorylation by Akt, avoiding 

potential artefacts from in vitro phosphorylation assays, such as promiscuous 

phosphorylation, is investigating the in vivo phosphorylation of endogenous Riml. 

The phospho-specific Rim Ser413 antibody made it possible to investigate the 

phosphorylation of Ser413 in brain tissue from wild-type and Aktl, 2 and 3 isoform 

specific knock-out mice and cerebellar granule neurons. Samples of brain tissue in 

Laemmli buffer from Aktl, 2 and 3 knock-out mice, as well as paired wild-type 

controls were obtained from M.J. Bimbaum (University of Pennsylvania, USA) 

who also generated the knock-out mice. The samples were run on SDS-PAGE gels 

and Western blotted using the P-Rim Ser413 antibody. Ser413 phosphorylation 

was detected in all samples as demonstrated by the presence of an immunoreactive 

band in all lanes (Fig 5.7a). No discernable difference in Ser413 phosphorylation
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Figure 5.6
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Rim 1-512

P-241

Ponceau S

Mock Akt PKA
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Rim 1-399
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Rim l is phosphorylated on Ser241 and Ser287.
Rabbit poly-clonal phospho-specific antiserum was generated against the peptides 
CQERSRpSQTPLS for Ser241 and CSRSRpSEPPRER for Ser287. Mock, PKA and 
Akt phosphorylated Rim 1 -512 or mock and Akt phosphorylated Rim 1-399 were run 
on SDS-PAGE gels and Western blotted with the raw serum of the Ser241 and Ser287 
antibodies (A) Rim 1-512, blotted with the P-S241 antibody (B) Rim 1 -399, blotted 
with the P-S241 antibody (C) Rim 1-512, blotted with the P-S287 antibody (D) Rim 
1 -399, blotted with the P-S287 antibody. Loading of protein in all lanes is shown by 
Ponceau S staining.
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Figure 5.7
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R im l Ser413 phosphorylation in vivo.
(A) A ktl, 2 and 3 knock-out and matched wild-type mice brains in Laemmli buffer 
were obtained from MJ. Bimbaum (University o f Pennsylvania, USA). Samples 
were run on SDS-PAGE gels and Western blotted using a Rim P-S413 antibody. 
Membranes were subsequently stripped and re-probed with an antibody against total 
cellular Akt (n = 1). (B) CGNs were stimulated with 50 mM KC1 in the absence or 
presence of Wortmannin. Riml phosphorylation was detected using a P-S413 
antibody (n = 3).
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was observed between wild-type and any isoform specific knock-out sample 

however. The lack of effect on Ser413 phosphorylation in the knock-out samples 

may be due to redundancy between the different Akt isoforms. Indeed, blotting for 

total Akt revealed that no overall changes in the levels of Akt could be observed in 

the knock-out mice samples, indicating that at least a compensatory increase in the 

other Akt isoforms was occurring upon knock-out of a single isoform (Fig 5.7a).

Phosphorylation of Riml Ser413 has previously been reported to occur in the 

cerebellum (Lonart et a l, 2003). Consequently, the phosphorylation of Riml on 

Ser413 was assessed using the phospho-speciflc antibody in CGN samples that had 

been stimulated with 50 mM KC1 in the presence or absence of wortmannin (the 

samples used are the same as described in 4.3.2). Riml was constitutively 

phosphorylated in all CGN samples including unstimulated controls. No change in 

Ser413 phosphorylation was observed following stimulation with KC1 or treatment 

with wortmannin (Fig 7.7b). These results suggest that Akt may not be 

phosphorylating Riml under these conditions. However, the basal activity of Akt 

seen in these samples may account for the observed constitutive phosphorylation of 

Riml. However, the inability to completely inhibit Akt activity with wortmannin 

makes it difficult to determine this definitively.

The raw serum of the P-S241 and P-S287 antibodies were tested on a range of 

cellular samples including bovine brain extract, CGNs and chromaffin cells. Both 

antibodies exhibited high levels of non-specific staining in these samples however, 

making it difficult to determine the phosphorylation status of Rim at these residues.

5.3.6. Phospho-dependent binding of 14-3-3 protein to Riml peptides
Another mechanism by which the phosphorylation status of a residue can be 

determined is by studying phospho-dependent interactions. One such interaction is 

the binding of 14-3-3 protein to phosphorylated proteins. As discussed above, an 

interaction between 14-3-3 protein and Riml has already been identified for Ser241 

and Ser287 (Sun et a l, 2003). Additionally, an interaction between 14-3-3 protein 

and phosphorylated Ser413 has also been shown (Simsek-Duran et a l, 2004). A 

pull-down approach was therefore used to confirm the interaction of 14-3-3 protein
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with Ser413, as well as providing a mechanism whereby other novel phospho- 

dependent interactions could be identified.

Phosphorylated (CARHERRHpSDV) and non-phosphorylated (CARHERRHSDV) 

peptides composed of eight amino-acids surrounding Riml Ser413 were generated 

by ProSci Incorporated (California, USA). Peptides were covalently immobilised 

onto an agarose gel based support via an N-terminal cysteine residue and loaded 

onto an affinity column. Bovine brain extract was added to the peptides, non

specific or weakly bound proteins eluted using a 250 mM salt elution buffer and 

specifically bound proteins eluted using a 1 M salt elution buffer. Samples were 

run on SDS-PAGE gels and stained with Coomassie Blue. The P-Rim and Rim 

column elution profiles were compared to identify phosphorylation specific 

interactions. Comparison of the 250 mM salt elutions showed that a large number 

of proteins bound non-specifically or weakly to the peptides, with no difference 

between the P-Rim and Rim columns being observed (Fig 5.8). Comparison of the 

1 M salt elutions revealed the presence of a single protein band at approximately 30 

kDa in the P-Rim lane. This band was not present in the Rim lane, suggesting that 

this protein is a phospho-specific binding partner of Riml (Fig 5.8). No other 

phosphorylation-dependent interactions could be observed and the number of 

proteins eluted with 1 M salt was low. In order to identify the Riml phospho- 

specific binding partner the protein band was cleaved from the gel, digested with 

trypsin and the resulting peptides analysed by MALDI-TOF mass spectrometry. 

Mass spectrometry analysis identified the bound protein to be 14-3-3 protein of 

various isoforms. The identification of 14-3-3 as a phospho-specific binding 

partner of Riml Ser413 is in accordance with previously reported findings (Simsek- 

Duran et al., 2004).

The mass spectrometry analysis indicated that various iso forms of 14-3-3 bound to 

Ser413. No evidence however exists as to whether isoform specific binding can 

occur in this region. The possibility of isoform specificity was probed using 

isoform specific antibodies against four mammalian brain 14-3-3 isoforms, these 

being beta (P), epsilon (e), eta (r|) and gamma (y). Samples of the P-Rim and Rim 

1 M salt elutions were Western blotted using isoform specific 14-3-3 antibodies.
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Figure 5.8

98

64

50

36

\ % \ \

- n  4^ 4^ ^
%  %  %

'o

14-3-3

%
\

%

\  %  %  
\  %  \  %  

%  %

Phosphorylation-dependent pulldown of 14-3-3 protein using a Riml peptide.
Peptides CARHERRHSDV and CARHERRHpSDV, corresponding to the amino 
acids surrounding Rim 1 Ser413 were bound to an agarose gel based support via an N- 
terminal cysteine residue and applied to affinity columns. Bovine brain extract was 
incubated against the column overnight at 4 °C. Bound proteins were eluted using a 
250 mM low salt elution buffer followed by a 1 M high salt buffer. Elutions were 
concentrated by methanol precipitation, the pellets resuspended in Laemmli buffer 
and run on SDS-PAGE gels. Gels were stained with Coomassie Blue before bands of 
interest were cleaved from the gel and subjected to identification by MALDI-TOF 
mass spectrometry. 30 peptides corresponding to five 14-3-3 protein isoforms were 
obtained, giving a strong identification.
Mass spectrometry analysis performed by Dr R Jenkins.
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A strong immunoreactive band corresponding to 14-3-3 protein was observed in the 

P-Rim elution for each of the four blotted 14-3-3 isoforms, suggesting that no 

isoform specific binding was occurring (Fig 5.9). A weak immunoreactive band 

was also observed in the Rim elutions for the eta and gamma 14-3-3 isoforms, 

indicating a small amount of binding to non-phosphorylated Rim (Fig 5.9). These 

findings confirm the mass spectrometry analysis of 14-3-3 binding to Riml at 

phosphorylated Ser413, but indicate that no isoform specificity is occurring in these 
circumstances.

5.3.7. Phospho-dependent binding of 14-3-3 protein to Rim1 
recombinant proteins

The results presented above confirm the previously reported phosphorylation 

dependent interaction between 14-3-3 and Riml Ser413. This data was obtained 

using short peptides, the advantage of which is that the P-Rim peptide is 

stoichiometrically phosphorylated. This stoichiometic phosphorylation therefore 

allows clear resolution between phosphorylated and non-phosphorylated samples, 

which is not always the case with recombinant proteins that are not always 

stoichiometrically phosphorylated. Having shown the interaction with the peptide, 

the phospho-dependent binding of 14-3-3 to Rim recombinant proteins 

phosphorylated by Akt was investigated.

Rim 1-512, Rim 1-512 (S413E), Rim 1-399 and Rim 1-399 (S241, 278, 379A) 

GST-tagged recombinant proteins were mock phosphorylated or Aktl 

phosphorylated in the presence of 100 pM cold ATP. The proteins were bound to 

glutathione sepharose, applied to affinity columns and purified 14-3-3 protein 

applied. Specifically bound proteins were eluted using a 1 M salt elution buffer. 

Samples were Western blotted using an anti-gamma 14-3-3 isoform antibody. A 

weak immunoreactive band corresponding to 14-3-3 protein was observed in the 

Rim elution from the Rim 1-512 protein column, while a much stronger band was 

observed in the P-Rim elution (Fig 5.10a). This indicates that Rim 1-512 binds 14- 

3-3 protein in a phosphorylation dependent manner. The ability of the Rim 1-512 

protein to bind 14-3-3 from a complex cell homogenate, rather than a purified 

protein, was investigated using bovine brain extract. A weak level of 14-3-3
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Figure 5.9
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Isoform-specific binding of 14-3-3 protein to Rim l.
Peptides CARHERRHSDV and CARHERRHpSDV, corresponding to the amino 
acids surrounding Rim Ser413, were bound to an agarose gel based support via an N- 
terminal cysteine residue and applied to affinity columns. Solubilised bovine brain 
extract was incubated with the phosphorylated and non-phosphorylated Riml 
peptide columns. Columns were washed and bound proteins eluted initially in a 250 
mM salt buffer and subsequently with a 1 M salt buffer. Elutions were run o f SDS- 
PAGE gels and Western blotted for the mammalian 14-3-3 protein isoforms using 
isoform-specific antibodies. (A) 14-3-3 beta, (B) 14-3-3 epsilon, (C) 14-4-4 eta, 
(D) 14-3-3 gamma.
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Figure 5.10
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Phosphorylation-dependent pulldown of 14-3-3 protein using R im l 
recombinant protein.
GST-tagged Rim 1-512, Rim 1-512 (S413E), Rim 1-399 and Rim 1-399 (S241,287, 
379A) recombinant proteins were generated. Proteins were phosphorylated or mock 
phosphorylated with Akt and bound to glutathione sepharose on an affinity column. 
Purified 14-3-3 protein (A) or bovine brain extract (B) was applied to the column and 
incubated overnight at 4 °C. Specifically bound proteins were eluted using a 1 M 
NaCl high salt buffer and the elutions methanol precipitated. Samples were 
resuspended in Laemmli buffer, run on SDS-PAGE gels and blotted for 14-3-3 
gamma. Flow-throughs were used to demonstrate equal loading of 14-3-3 or bovine 
brain extract onto the columns.
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binding to unphosphorylated Rim 1-512 was observed and this binding was 

enhanced with the phosphorylated protein (Fig 5.10b). Quantitative densitometry 

demonstrated that binding to the phosphorylated protein was 2.5-fold greater than 

to the non-phosphorylated peptide. As with the wild-type Rim 1-512 protein, the 

Rim 1-512 (S413E) protein exhibited phosphorylation dependent binding of 14-3-3, 

with a weak immunoreactive band being present in the Rim elution and a slightly 

stronger band being present in the P-Rim elution (Fig 5.10b). The extent of the 

phosphorylation dependent binding was however considerably reduced when 

compared to the wild-type protein, with quantitative densitometry revealing only a 

1.3-fold increase in binding to the phosphorylated protein. This suggests that some 

of the ability of Riml to bind 14-3-3 protein is lost upon mutation of Ser413 to a 

non-phosphorylatable amino-acid. Some phospho-specific binding was still 

observed, indicating that other binding sites must exist.

As discussed previously, Ser241 and 287 have also been shown to bind 14-3-3 

protein (Sun et al., 2003). The binding of 14-3-3 to these residues was therefore 

considered. An immunoreactive band corresponding to 14-3-3 was observed in the 

P-Rim 1-399 elution demonstrating the presence of 14-3-3 binding sites other than 

Ser413 (Fig 5.10b). As seen with the Rim 1-512 proteins, a weak level of binding 

was also observed with non-phosphorylated Rim 1-399. This was considerably less 

than the binding to the phosphorylated protein, once again demonstrating the 

phospho-specific binding of 14-3-3 to Riml. Quantitative densitometry analysis 

revealed a 5.5-fold increase in binding to the phosphorylated protein. Analysis of 

the Rim 1-399 (S241, 287, 379A) mutant protein elutions revealed a small amount 

of 14-3-3 binding to both the phosphorylated and non-phosphorylated protein (Fig 

5.10b). However, there was no observable difference in binding between the 

phosphorylated and non-phosphorylated proteins, indicating the loss of phospho- 

specific binding. This was confirmed using quantitative densitometry, which 

actually revealed that binding to the phosphorylate protein was actually slightly 

reduced (approximately 0.2-fold) compared to the non-phosphorylated protein. 

These results clearly demonstrate that mutation of Riml Ser241, 287 and 379 to 

non-phosphorylatable amino-acids results in the abolishment of the phospho- 

specific binding of 14-3-3 to Riml. For all pulldowns, the flow-through brain 

extract from the P-Rim and Rim columns were Western blotted for 14-3-3. In all
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cases the two flow-throughs produced a signal of equal intensity, demonstrating the 

equal loading of brain extract, and consequently 14-3-3 onto each column.

Overall, the phosphorylation dependent pulldowns indicate that phosphorylation of 

Ser 413, 241 and 287 and possibly 379 by Akt can mediate the phospho-specific 

binding of 14-3-3 protein to Riml.
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5.4. Discussion

The ability of Akt to regulate exocytosis is likely to be mediated by the 

phosphorylation of substrates that are directly involved in the exocytic response. 

PKA and PKC have both been shown to modulate exocytosis and this is mediated 

through the phosphorylation of multiple substrates. PKA has been shown to 

phosphorylate synapsin, CSP, Riml and SNAP-25 among others (Hosaka et a l, 

1999; Evans et a l, 2001; Lonart et a l, 2003; Nagy et a l, 2004), while PKC has 

been shown to phosphorylate muncl8 and SNAP-25 (Hepp et a l, 2002; Barclay et 

a l, 2003). Only a small number of substrates that may be involved in mediating 

Akt’s effect on exocytosis have been suggested. AS 160, a Rab GTPase-activating 

protein is the most widely reported Akt substrate implicated in the regulation of 

GLUT4 translocation (Kane et a l, 2002). A dominant-inhibitory AS 160 has been 

shown to block insulin stimulated GLUT4 translocation prior to fusion in 3T3-L1 

fibroblasts (Zeigerer et a l, 2004). Other Akt substrates implicated in the regulation 

of GLUT4 translocation are PIKfyve, a phosphatidylinositol-3-phosphate 5-kinase 

and synip, a syntaxin 4 binding protein (Berwick et a l, 2004; Yamada et a l, 2005). 

Akt has also been shown to regulate the subcellular localisation of the Rab27a- 

binding protein JFC1 in LNCaP cells, although no direct link to secretion was 

demonstrated (Johnson et a l, 2005). Other than AS 160, little is known as to how 

these substrates regulate exocytosis following phosphorylation by Akt.

In vitro phosphorylation assays identified Rim 1-512, CSP, muncl8 and SNAP-25 

as potential Akt phosphorylation substrates. Rim 1-512 and CSP were 

phosphorylated with stoichiometries of 1.00 and 0.25 respectively and muncl8 and 

SNAP-25 with stoichiometries of 0.17 and 0.11. The strong stoichiometry of 

phosphorylation for Riml suggests that it is a prime candidate substrate that may 

mediate Akt’s effect on exocytosis. Phosphorylation of CSP by Akt is also 

intriguing because the amino acid sequence surrounding SerlO is an exact match for 

the Akt phosphorylation consensus sequence. SNAP-25 and muncl8 are also 

interesting, the relatively low stoichiometries of phosphorylation for these proteins 

and the lack of a clear potential phosphorylation sites make these proteins difficult 

to investigate however.
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The stoichiometry of Rim 1-512 phosphorylation by Akt was similar to that seen 

with PKA (1.0 and 1.1 respectively). PKA has been shown to phosphorylate Riml 

on Ser413 in vitro using a Rim 377-516 protein. No other PKA phosphorylation 

sites were identified in the N-terminal of Riml. The phosphorylation of Ser413 by 

PKA was confirmed in vivo using a phospho-specific antibody (Lonart et a l, 2003). 

Studying the consensus phosphorylation sequences for PKA (RRXpS/TY) and Akt 

(RXRXXpS/T) it was observed that the sequence surrounding Ser413 

(HERRHSDV), although an exact match for the PKA consensus was also a good 

match for the Akt consensus. Lonart et al (2003) reported that stimulation with 

forskolin resulted in Riml phosphorylation on Ser413 in CA3 hippocampal neurons 

but not in CA1 neurons. Basal phosphorylation of Riml on Ser413 was observed 

in both CA3 and CA1 neurons, leading to the suggestion that another kinase may be 

involved in the phosphorylation of Ser413. To investigate whether Akt could 

phosphorylate Riml on Ser413 a phospho-specific antibody was generated using a 

similar peptide to that used to produce the antibody in the paper by Lonart et al 

(2003). The ability of Akt to phosphorylate Riml on Ser413 was tested using in 

vitro phosphorylated GST-Rim 1-512. The phospho-specific antisera demonstrated 

that Akt could indeed phosphorylate Rim on Ser413 in vitro. This suggests that 

Akt may be an alternative kinase to PKA that can phosphorylate Riml on Ser413.

To confirm the phosphorylation of Ser413 by Akt and to determine whether any 

other putative phosphorylation sites may exist in the Rim 1-512 protein, Ser413 

was mutated to glutamate. Akt phosphorylation of Rim 1-512 was reduced by 

approximately 18% when Ser413 was mutated to glutamate. This suggests that Akt 

phosphorylation of Ser413 is minimal and that other phosphorylation sites must 

exist within the Rim 1-512 protein, although some phosphorylation must occur on 

Ser413 as demonstrated using the P-S413 antibody and by mass spectrometry. 

Intriguingly, PKA phosphorylation of Rim 1-512 was only reduced by 34% in the 

S413E mutant, suggesting that other PKA phosphorylation sites may also exist. 

This is in direct contradiction with previous reports that have indicated that Ser413 

is the only PKA phosphorylation site between Riml residues 1 and 516. Indeed, 

using similar assays to the one described above, PKA was shown to phosphorylate 

a Rim 377-516 protein but not a Rim 11-398 protein. Mutation of Ser413 to
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alanine in the Rim 377-516 protein was reported to inhibit phosphorylation by 
> 90% (Lonart et al, 2003).

The ability of Akt to phosphorylate Ser413 was investigated in vivo using Aktl, 2 

and 3 knock-out mice brain samples or KC1 stimulated CGN samples with the P- 

Rim Ser413 antibody. No observable difference was seen between the knock-out 

animal samples and paired wild-type controls, potentially supporting the idea that 

Ser413 is not the predominant site for Akt phosphorylation. The total level of Akt 

in the knock-out samples was equal to that of the wild-type controls however, 

indicating that a compensatory increase in the other Akt isoforms must have 

occurred following the knock-out of a single isoform. The possibility that 

redundancy between the different isoforms exists can therefore not be ruled out. 

Indeed, redundancy between Akt isoforms has been observed in systems whereby 

the involvement of Akt has been widely characterised. The knock-out of Aktl in 

mice results in reduced placental growth and vascularisation (Yang et a l, 2003). 

Placental growth is mediated in part by an Akt-tuberous sclerosis complex 2 

(TSC2)-p70S6K pathway, with Akt phosphorylation of TSC2 promoting the 

disassembly of a TSC1/TSC2 complex and the subsequent removal of p70S6K 

inhibition. No difference in TSC2 or p70S6K phosphorylation was observed in the 

Aktl knock-out mice when compared to wild-type controls (Yang et a l, 2003). 

This indicates that other Akt isoforms can compensate for the loss of one Akt 

isoform in this circumstance. In contrast, in the same paper eNOS phosphorylation 

by Akt was observed to be substantially reduced in Aktl knock-out mice. The Akt- 

dependent activation of eNOS is required for endothelial cell survival, blood vessel 

formation and vasodilation, suggesting that Aktl is required for placental 

vascularisation (Yang et a l, 2003). These results indicate that redundant and non- 

redundant effects of Akt knock-out can be seen within the same system. The fact 

that no change in Ser413 phosphorylation was observed may therefore be due to 

redundancy within the system and not the inability of Akt to phosphorylate Ser413. 

The use of double isoform knock-out mice may therefore be advantageous in 

revealing the precise nature of Ser413 phosphorylation by Akt.

CGNs stimulated with KC1 or treated with wortmannin exhibited no change in 

Riml phosphorylation on Ser413. The lack of effect produced by the KC1 stimulus
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is in accordance with previous reports (Lonart et a l, 2003). The lack of effect 

produced by wortmannin potentially suggests that Akt is not involved in the 

phosphorylation of Ser413 in these cells. However, Ser413 was observed to be 

constitutively phosphorylated in all samples including unstimulated controls. 

Intriguingly, constitutive Akt activity is also observed in unstimulated CGNs. It is 

therefore possible that the constitutive phosphorylation of Rim 1 Ser413 is mediated 

by Akt. This idea corresponds nicely with findings presented by Lonart et al (2003) 

in a report describing the PKA phosphorylation of Ser413. The report demonstrated 

that Ser413 phosphorylation induced by forskolin was less that that seen following 

treatment with the phosphatase inhibitor okadaic acid. This led to the suggestion 

that Riml is also phosphorylated by other kinases. One of these ‘other kinases’ 
may therefore be Akt.

The inability to substantially reduce Akt phosphorylation of Rim 1-512 protein with 

the S413E mutant indicates that other phosphorylation sites must exist. To address 

this, novel Riml phosphorylation sites were probed for using mass spectrometry 

analysis of Akt or PKA phosphorylated Rim 1-512 recombinant protein. Two 

phosphorylation sites were identified using this approach. The first was Ser413 and 

the second Ser241. The identification of Ser413 as an Akt and PKA 

phosphorylation site confirmed the previous findings using the phospho-specific 

antibody, as well as confirming the efficacy of mass spectrometry as a method for 

identifying phosphorylation sites. The identification of Ser241 as an Akt 

phosphorylation site was intriguing as this residue has previously been shown to 

participate in the phosphorylation-dependent binding of 14-3-3 protein (Sun et a l, 

2003). The kinase responsible for phosphorylating this residue has not been 

convincingly identified. It was suggested that Ser241 would be phosphorylated by 

CaMKII due to the region surrounding Ser241 being a CaMKII consensus 

(RXXS/T). Indeed, in vitro phosphorylation of GST-Rim 1-399 with CaMKII 

stimulated myc-14-3-3 binding (Sun et a l, 2003). No direct evidence of Ser241 

phosphorylation by CaMKII, let alone the extent of phosphorylation was 

demonstrated however, leading to the possibility that another kinase may be 

capable of phosphorylating this residue with greater efficiency. The amino-acid 

sequence preceding Ser241 (LQERSRS) is a reasonable consensus sequence for
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Akt (RXRXXpS) with only the initial arginine residue not being present. It is 

therefore possible that Akt is capable of phosphorylating Riml on Ser241.

The ability of Akt to phosphorylate Ser241 was investigated using recombinant 

GST-Rim 1-399 and GST-Rim 1-399 (S241,278,379A), supplied by R.Holz 

(University of Michigan, USA). The Rim 1-399 (S241,278,379A) protein has three 

serine to alanine mutations, including the mutation of S241. Ser278, like Ser241, 

has been shown to bind 14-3-3 with CaMKII again being suggested to be the kinase 

responsible for phosphorylating this residue, although no positive proof of this 

exists. Ser379 is a predicted 14-3-3 binding site although no evidence of 14-3-3 

binding to this residue could be observed (Sun et a l, 2003). An additional 

advantage of the Rim 1-399 protein is the absence of Ser413. This allowed the 

presence of other phosphorylation sites to be confirmed without the confounding 

issue of any Ser413 phosphorylation.

Analysis of 32P incorporation into Akt phosphorylated wild-type and mutant Rim 1- 

399 revealed that only a small reduction in phosphorylation occurred with the 

mutant protein. The absence of any substantial change in the extent of 

phosphorylation seen with the mutant Rim 1-399 (S241,278,379A) when compared 

to wild-type protein can be explained in several ways. A low level of 

phosphorylation on a number of residues could account for the lack of effect seen 

with the S413E and S241,278,379A mutants. This would suggest that the high 

stoichiometry of phosphorylation observed for the Rim 1-512 construct is due to the 

addition of many weakly phosphorylated sites, rather than one or two strongly 

phosphorylated sites. This seems unlikely however, as Ser413 and Ser241 were 

identified as being phosphorylated by mass spectrometry, a process which requires 

strong levels of phosphorylation. Another possible explanation is that Akt is 

promiscuously phosphorylating nearby serine or threonine residues in the mutated 

proteins.

The promiscuous phosphorylation of neighbouring serine residues has been 

reported following mutagenesis of a primary phosphorylation site. Whistler and 

Rine (1997) reported the phosphorylation of neighbouring serine and threonine 

residues following the mutagenesis of a phosphorylation site. Studying Ras2 

phosphorylation in Saccharomyces cerevisiae they showed that a S214A mutant
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caused a 44% decrease in Ras2 phosphorylation, leaving 56% of the 

phosphorylation unaccounted for. Mutation of other serine and threonine residues 

within the protein caused no change in Ras2 phosphorylation. The only decreases 

in phosphorylation occurred in combinations of mutations containing the S214A 

mutation. When serine or threonine residues near Ser214 were mutated to alanine 

in cis to S214A the level of phosphorylation decreased below that of S214A alone. 

The greater the number of mutations that were made the lower the observed level of 

phosphorylation became. This indicates that the kinase phosphorylating Ser214 can 

phosphorylate neighbouring serine residues following mutation of Ser214 (Whistler 

and Rine, 1997). A similar phenomenon has been observed in studies of PKC- 

betall. These studies showed that a single serine to alanine mutation in the turn 

motif of the kinase didn’t cause an abnormal phenotype because compensatory 

phosphorylation of nearby residues occurred (Edwards et a l, 1999). These studies 

indicate that kinases can phosphorylate neighbouring residues following the 

mutation of a primary phosphorylation site and that this can even have a 

physiologically relevant function. Studying the sequence of the Riml 239-264 

peptide, which was shown by mass spectrometry to contain phosphorylated Ser241, 

reveals the presence of 5 serine and 2 threonine residues in the close vicinity of 

Ser241. The promiscuous phosphorylation of these residues following mutation of 

Ser241 may therefore account for the lack of effect seen with the mutant proteins.

To determine whether Akt could indeed phosphorylate Ser241 and Ser287, 

phospho-specific antibodies were designed for these sites. Using the antibodies 

with phosphorylated recombinant proteins, Ser241 was observed to be 

phosphorylated by both Akt and PKA. Intriguingly, Ser287 was specifically 

phosphorylated by Akt, with no phosphorylation by PKA being observed. These 

findings demonstrate that Akt can phosphorylate Riml on three residues, Ser241, 

Ser287 and Ser413 in vitro.

Ser413 phosphorylation is essential for LTP at cerebellar parallel fibre synapses, 

where expression of a S413A mutant has been shown to abolish LTP (Lonart et al,

2003) . The only known mechanism which may mediate this plasticity is the 

interaction of 14-3-3 protein with phosphorylated Ser413 (Simsek-Duran et al,

2004) . In an attempt to identify other phosphorylation dependent binding partners
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of Ser413, a pulldown approach using bovine brain extract with phosphorylated and 

non-phosphorylated peptides (CARHERRHpSDV and CARHERRHSDV) 

corresponding to the region surrounding Ser413 was employed. A single Ser413 

phospho-specific binding partner was identified, this being 14-3-3 protein. This 

confirmed the previously published report which showed that PKA phosphorylated 

Ser413 binds 14-3-3 protein in vitro and this binding is abolished with a S413A or 

S413D mutant. Furthermore, pre-synaptic expression of dominant-negative 14-3-3 

in cerebellar granule cell-purkinje cell pairs completely abolished LTP associated 

with the PKA phosphorylation of Rim 1 Ser413, leading to the suggestion that the 

binding of 14-3-3 to phosphorylated Ser413 was essential for pre-synaptic LTP 

(Simsek-Duran et al., 2004).

No information regarding the 14-3-3 isoforms that interact with Ser413 has been 

reported. Mass spectrometry analysis of the elutions indicated that 14-3-3 zeta was 

the predominant isoform bound to Ser413. To determine whether the other 14-3-3 

isoforms could bind Ser413, the phosphorylated and non-phosphorylated peptide 

elutions were Western blotted using 14-3-3 isoform specific antibodies. Binding of 

the beta, epsilon, eta and gamma 14-3-3 iso forms to the phosphorylated peptide was 

observed, indicating that no iso form specific binding to Ser413 was occurring. This 

is not surprising as the 14-3-3 isoforms have high sequence homology and function 

as homo- or hetero-dimers (Mackintosh, 2004). As such, it would be surprising if a 

short peptide such as the ones used in the experiments could confer the binding of a 

single homo-dimer of 14-3-3.

Ser413 is not the only Riml residue to be implicated in the binding of 14-3-3 

protein. CaMKII phosphorylated Rim 1-399 was shown to bind myc-tagged 14-3-3 

protein expressed in HEK293 cells. Ser241 and Ser287 have a CaMKII consensus 

sequence and mutation of these two residues to alanine completely abolished 14-3-3 

binding (Sun et al., 2003). Ser241 and Ser287 are the phosphorylation sites

identified above as being phosphorylated by Akt. The ability of Akt

phosphorylated Ser241, Ser287 and Ser413 to interact with 14-3-3 was therefore 

investigated using recombinant proteins.
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Akt-phosphorylated Rim 1-512 demonstrated phospho-dependent binding of 14-3-3 

when compared to mock phosphorylated protein. Rim 1-512 (S413E) protein also 

exhibited a weak phospho-dependent binding of 14-3-3, although this was reduced 

considerably when compared with the Rim 1-512 protein. The reduction in 

phospho-dependent binding observed with the S413E mutant indicates that Akt can 

phosphorylate Ser413 and that this phosphorylation confers 14-3-3 binding. This 

finding corresponds well with those by Simsek-Duran et al (2004) who 

demonstrated that Rim could bind 14-3-3 protein and that this binding was 

abolished with a S413A mutant. The fact that some phospho-dependent binding is 

maintained indicates that other sites must also be mediating 14-3-3 binding 

following Akt phosphorylation. This is in accordance with the in vitro 

phosphorylation data for the S413E mutant. The phospho-dependent binding of 

14-3-3 to Akt phosphorylated Rim 1-399 protein was then considered. Rim 1-399 

phosphorylated with Akt was seen to strongly bind 14-3-3 protein compared to 

mock phosphorylated protein. This phosphorylation dependent binding was 

completely abolished with a Rim 1-399 (S241,287,379A) mutant. This indicates 

that one of three residues Ser241, 287 and 379, or a combination of these residues 

can be phosphorylated by Akt and mediate 14-3-3 binding. This confirms previous 

findings that Ser241 and Ser287 can mediate 14-3-3 binding (Sun et a l, 2003), and 

identifies Akt as a novel Ser241 and Ser287 kinase that may mediate this 

interaction.

No evidence exists as to the functional role of 14-3-3 binding to Ser241 or Ser287. 

One possibility is that a dimer of 14-3-3 may bind to two residues on Riml, for 

example Ser241 and Ser413. The binding of a dimer to two residues within a single 

protein is the most common mechanism of action currently described for 14-3-3 

(Mackintosh, 2004). The binding of a 14-3-3 dimer to two residues on Riml may 

mediate the observed requirement of 14-3-3 protein for LTP in cerebellar synapses 

reported by Simsek-Duran et al (2004). Expression of a dominant-negative 14-3-3 

in cerebellar granule cell synapses results in the inhibition of LTP that can be 

induced by a tetanic stimulation (Simsek-Duran et a l, 2004). This inhibition of 

LTP is similar to that observed in Riml knock-out mice or following expression of 

a S413A mutant within the same cells (Lonart et a l, 2003). This led to the 

implication that the interaction of 14-3-3 with Ser413 was required for cerebellar
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parallel fibre LTP (Simsek-Duran et a i, 2004). The evidence presented does not 

exclude the possibility that other 14-3-3 binding sites may be involved however, as 

no direct evidence was presented which demonstrated that 14-3-3 bound to Ser413 

during the LTP experiments. The ability of 14-3-3 to modulate LTP may therefore 

be mediated by either one or a combination of binding sites.

The results in this chapter indicate that Akt can phosphorylate Riml on Ser241, 

Ser287 and Ser413 in vitro. Other potential phosphorylation sites may exist within 

Riml, accounting for the inability to totally reduce Riml phosphorylation with the 

Ser413 and Ser241 mutants. These sites may not have been identified by mass 

spectrometry as by its very nature of being a basophilic kinase, Akt is likely to 

phosphorylate residues close to basic residues. These basic residues will also be the 

site of digestion for trypsin and consequently small peptides that are difficult to 

identify will be produced. Alternatively, Ser413, Ser241 and Ser287 may be the 

major sites of phosphorylation by Akt and low levels of phosphorylation may occur 

at other residues following mutagenesis of the primary site. Phosphorylation of 

Ser413 by PKA is critical for pre-synaptic LTP in cerebellar parallel fibre synapses. 

Phosphorylation of Ser413 by Akt may therefore also function in the modulation of 

LTP and could account for some of the observed differences in Riml 

phosphorylation by PKA in CA3 synapses compared to CA1 synapses. It has also 

been shown that Akt can mediate the phosphorylation dependent binding of 14-3-3 

to Ser241, Ser287 and Ser413. 14-3-3 protein is also required for the maintenance 

of LTP within cerebellar parallel fibre synapses. This requirement for 14-3-3 may 

be mediated through interactions with Ser413, Ser241, Ser287 or a combination of 

these residues. Overall, Akt-dependent phosphorylation of Rim may play a role in 

mediating LTP at the synapse.
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Chapter 6

Akt phosphorylation of cysteine
string protein
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6.1. Introduction

6.1.1. Cysteine String Protein (CSP)
CSP is a J-domain-containing protein present on a range of secretory vesicles 

(Braun and Scheller, 1995). The precise function of CSP is not clearly defined with 

two hypotheses having been proposed.

The first hypothesis suggests that CSP functions in the regulation of the exocytic 

event (Umbach et al., 1994; Heckmann et al., 1997). This may be mediated by the 

modulation of Ca2+-entry through voltage-gated channels, or via a direct effect on 

the exocytic machinery. The role of CSP in modulating Ca2+-entry is debated due 

to a number of conflicting reports, predominantly from Drosophila, that suggest 

Ca2+ currents are either inhibited, unaffected or enhanced in CSP-null synapses 

(Ranjan et al., 1998; Morales et al., 1999; Dawson-Scully et al., 2000). A more 

direct role for CSP in regulating the exocytic machinery has come from reports 

identifying syntaxin, VAMP2 and synaptotagmin as potential CSP interacting 

partners (Leveque et al., 1998; Nie et al., 1999; Evans and Morgan, 2002). 

Functional evidence of the modulation of exocytosis has come from adrenal 

chromaffin cells, were expression of wild-type CSP caused a gross inhibition of 

fusion events and modulation of the release kinetics of the remaining fusion events 

as assessed by carbon fibre amperometry (Graham and Burgoyne, 2000). A similar 

inhibition of insulin exocytosis is seen in pancreatic P-cells following transient 

over-expression of CSP (Brown et al., 1998; Zhang et al., 1999). In addition to the 

negative functions of CSP, a positive role for CSP in the regulation of exocytosis 

has been reported in PC 12 cells, where stable expression of CSP results in 

enhanced exocytosis (Chamberlain and Burgoyne, 1998b). A number of reports 

have demonstrated the phosphorylation of CSP on SerlO (Evans et al., 2001; 

Collins et al., 2005). This phosphorylation appears to be important for the 

modulation of release kinetics produced by wild-type CSP because expression of a 

S10A mutant CSP abolishes this effect, producing release kinetics similar to those 

observed with control cells (Evans et al., 2001).
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The second hypothesis suggests that CSP functions as a chaperone. CSP, as with 

other J-domain-containing proteins, can bind and activate the ATPase Hsc70 

(Braun et al., 1996; Chamberlain and Burgoyne, 1997a). Within cells, CSP is 

believed to exist as a trimeric complex, composed of CSP, Hsc70 and SGT 

(Tobaben et al., 2001). This complex is capable of refolding denatured firefly 

luciferase, leading to the suggestion that the complex is required for the refolding of 

proteins involved in the exocytic response. The targets for this chaperone complex 

are likely to be the previously discussed CSP interacting partners. The chaperone 

function of CSP is supported by studies using CSP knock-out mice. These mice are 

normal at birth but exhibit a progressive, fatal sensorimotor degeneration phenotype 

from 2-4 weeks of age (Femandez-Chacon et al., 2004). A similar phenotype is 

observed in Drosophila CSP null mutants, which exhibit an embryonic semi-lethal 

phenotype. Only 4% of flies escaped to adulthood and these were sluggish and 

exhibited spasmatic jumping followed by paralysis, before dying at 4-5 days of age 

(Zinsmaier et al., 1994). A consequence of knocking-out CSP in mice is a 

reduction in the number of SNARE complexes and SNAP-25 expression (Chandra 

et al., 2005). The reduction in SNARE complexes led to the suggestion that CSP is 

required for maintenance of SNARE complexes following successive rounds of 

exocytosis.

6.1.2. Experimental rationale
As described above, expression of CSP in adrenal chromaffin cells results in 

changes to the exocytic release kinetics as assessed by carbon fibre amperometry. 

This is manifested by an increase in the rise time and half-width of the 

amperometric spike, indicating a slowing of release. This effect on kinetics is 

directly attributable to SerlO phosphorylation as a S10A mutant produces release 

kinetics similar to control cells. Intriguingly, expression of wild-type Akt in 

chromaffin cells has a very similar effect on release kinetics, causing an increase in 

the rise and fall time of the amperometric spike and an overall increase in the 

quantal size. In chapter 5, in vitro phosphorylation assays revealed that CSP is 

phosphorylated by Akt. As only one phosphorylation site has been identified in 

CSP the ability of Akt to phosphorylate CSP on SerlO was investigated. 

Furthermore, phosphorylation-dependent CSP interacting partners were probed to 

assist in advancing the knowledge as to the function of CSP.
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6.2. Methods

6.2.1. Triple immunofluorescence of transfected adrenal chromaffin 
cells

Chromaffin cells were transfected singularly with either a wild-type (wt) or kinase- 

dead (AAA) Akt construct or dual transfected with either of the Akt constructs and 

a wt-CSP plasmid using the protocol described in the general methods. Transfected 

cells were fixed in 4% paraformaldehyde, washed in PBS and blocked in PBT (see 

2.3.12). Cells were incubated with a mouse HA7 (used to detect the over-expressed 

Akt, which contains an N-terminal HA-tag) and rabbit P-CSP primary antibodies 

prior to washing. Cells were subsequently incubated with a sheep total CSP primary 

antibody. The two CSP antibodies were incubated separately, with P-CSP first, to 

avoid epitope masking due to the total CSP antibody being raised against full- 

length protein. Cells were subsequently incubated with anti-mouse Alexa 594 

(red), anti-rabbit biotin-streptavidin 488 (green) and anti-sheep Alexa 350 (blue) 

secondary antibodies. Cells were mounted onto glass slides using antifade glycerol. 

All images were obtained using a Leica AOBS TCS SP2 laser scanning confocal 

microscope using a 62x oil immersion lens. Quantification of fluorescence was 

performed using Leica confocal software.

6.2.2. Phosphorylation-dependent pulldowns using recombinant 
proteins

Recombinant protein pulldowns were performed as previously described in 2.5.12 

except for the following difference. Ni2+-NTA agarose columns exhibited high 

levels of non-specific protein binding. To reduce this, columns were washed in a 

range of salt concentration buffers. Firstly, loosely bound proteins were removed 

by incubation with 1 ml of a 100 mM salt elution buffer (100 mM NaCl, 100 mM 

Hepes, pH 8.0), followed by a 2 ml wash in a 100 mM salt wash buffer (100 mM 

KC1, 25 mM Tris, 1 mM DTT, pH 7.8). Columns were then incubated with 1 ml 

of 250 mM salt elution buffer (250 mM NaCl, 100 mM Hepes, pH 8.0) to remove 

any further non-specifically bound proteins and the columns washed with 2 ml of 

250 mM salt wash buffer (250 mM KC1, 25 mM Tris, 1 mM DTT, pH 7.8). 

Specifically bound proteins were then eluted by incubation with 1 ml of 1 M salt
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elution buffer (1 M NaCl, 100 raM Hepes, pH 8.0). Eluted proteins were 

subsequently methanol precipitated as previously described (section 2.5.11).
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6.3. Results

6.3.1. Akt phosphorylation of cysteine string protein (CSP) on Ser10 in 
vitro

An in vitro phosphorylation screen for novel exocytic Akt substrates revealed that 

CSP was phosphorylated by Akt with a calculated stoichiometry of phosphorylation 

of 0.25 (Chapter 5, Fig 5.1). CSP is a characterised phospho-protein shown to be 

involved in the modulation of exocytosis release kinetics. Studies using mass 

spectrometry based approaches to identify phosphorylated proteins have shown that 

CSP is phosphorylated on a single residue at the N-terminal of the protein, this 

being SerlO (Giorgianni et al., 2004; Collins et al., 2005). In vitro phosphorylation 

assays have indicated that the phosphorylation of SerlO is mediated by PKA (Evans 

et al., 2001). However, the ability of Akt to phosphorylate CSP and the fact that 

only one phosphorylation site has been identified suggests that Akt may be capable 
of phosphorylating CSP on SerlO.

To determine whether Akt could phosphorylate CSP on SerlO, in vitro Akt 

phosphorylated and mock phosphorylated CSP were run on SDS-PAGE gels and 

western blotted using a phospho-specific antibody against SerlO. A strong 

immunoreactive band corresponding to phosphorylated CSP was observed in the 

Akt phosphorylated sample (Fig 6.1a). No immunoreactive band was observed in 

the mock phosphorylated lane, showing the absolute specificity of the antibody for 

phosphorylated SerlO. The blot was subsequently stripped and re-probed with a 

total CSP antibody. An equal immunoreactive band was observed in both the mock 

and phosphorylated sample lanes, demonstrating the equal loading of samples. 

These results indicate that Akt can indeed phosphorylate CSP on SerlO in vitro.

It was demonstrated in the previous chapter that Akt and PKA can both 

phosphorylate Riml on the same residue (Ser413). PKA phosphorylation of SerlO 

has been reported. The extent of CSP phosphorylation by PKA and Akt was 

considered using CSP phosphorylated by Akt or PKA in the presence if [32P]y- 

ATP. Incorporation of 32P into the protein was determined using a phospho-imager. 

CSP was strongly phosphorylated by both Akt and PKA (Fig 6.1b). PKA appeared
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Figure 6.1

A
Mock Akt

B

Coomassie
Blue

PKA Akt

CSPis phosphorylated on SerlO by Akt and PKA.
(A) Mock or Akt phosphorylated CSP were run on SDS-PAGE gels and western 
blotted using a SerlO P-CSP antibody. Equal loading was confirmed using a total 
CSP antibody. (B)Recombinant CSP was incubated with active PKA catalytic 
subunit or Akt 1 in the presence of 2 pCi [32P]y-ATP and 100 pM cold ATP for 3 hours. 
Samples were Coomassie blue stained and the gels dried. Gels were exposed on a 
phosphorscreen for a minimum of 1 hour.
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to produce a stronger signal that that observed with Akt and this was supported by 

the calculated stoichiometries of phosphorylation, these being 0.49 for PKA and 

0.25 for Akt. This indicates that both kinases are capable of phosphorylating CSP.

The ability of Akt to phosphorylate CSP within cells was investigated using 

singularly transfected (wild-type (wt) or kinase-dead (AAA) Akt) or dual 

transfected (Akt constructs and a wt-CSP plasmid) bovine adrenal chromaffin cells. 

Chromaffin cells have a relatively low transfection efficiency (typically 1-5%), 

precluding the use of western blotting to study the phosphorylation status of the 

protein. An immunofluorescence approach involving triple staining for Akt, P-CSP 

and CSP was therefore used. In order to carry out this approach a sheep CSP 

antibody, raised against full-length recombinant CSP, was initially characterised to 

avoid antibody cross-reactivity problems caused by the previously characterised 

P-CSP and CSP antibodies, which where both raised in rabbits (Evans and Morgan,

2005).

6.3.2. Characterisation of a sheep total CSP antibody
The antibody was characterised for both western blotting and immunofluorescence. 

For western blot analysis; samples from Hela cells transfected with either CSP or 

pcDNA (control) plasmids, and brain and liver extracts were run in duplicate on 

SDS-PAGE gels and transferred onto nitrocellulose membrane. Membranes were 

incubated with either the sheep antibody or the rabbit antibody and CSP expression 

in the various extracts compared. For immunofluorescence; CSP transfected Hela 

cells were immuno-stained with the respective antibodies and expression identified 

using Alexa fluorophore conjugated secondary antibodies.

Western blot analysis revealed near identical CSP expression patterns with the 

sheep and rabbit CSP antibodies (Fig 6.2a). A single immunoreactive band was 

observed in extracts from Hela cells transfected with the CSP plasmid for both 

antibodies. The absolute specificity of the antibodies for CSP was demonstrated by 

the absence of any non-specific bands. This specificity was further confirmed by 

the complete absence of any immunoreactive bands in extracts from pcDNA 

transfected Hela cells. The capacity of the antibody to detect endogenous CSP 

expression was determined using brain and liver extracts. Once again, a single
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Figure 6.2

B

Rabbit CSP Antibody Sheep CSP Antibody

Characterisation of a sheep anti-CSP antibody.
(A) pcDNA or myc-CSP transfected Hela cell lysates, and rat liver and brain lysates 
were run in duplicate on SDS-PAGE gels. CSP expression in the lystaes was 
determined using Western blot analysis with a previously characterised rabbit CSP 
antibody and the new sheep CSP antibody. (B) Hela cells were transfected with a 
wt-CSP plasmid. CSP localisation was determined using immunofluorescence with 
either the rabbit CSP antibody in conjunction with a Streptavidin-488 conjugated 
secondary antibody (green) or sheep CSP antibody in conjunction with an Alexa 350 
conjugated secondary antibody (blue).
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immunoreactive band was observed in brain extract for both antibodies, while no 

expression was observed in the liver extract (Fig 6.2a). This expression profile is 

comparable to that in the literature, where significant levels of CSP are found in the 

brain but no observable expression occurs in the liver (Coppola and Gundersen, 

1996). The recognition of a single immunoreactive band in CSP transfected Hela 

cells and brain extract, along with the comparable expression profile to the rabbit 

CSP antibody shows that the sheep CSP antibody can specifically detect CSP.

As such, this antibody appears suitable for use in western blotting. Furthermore, 

the absolute specificity of the antibody indicates that it may be suitable for 

immunofluorescence. To confirm this, Hela cells were transfected with a CSP 

plasmid and expression observed using the rabbit antibody conjugated to an Alexa 

488 (green) secondary antibody or the sheep antibody conjugated to an Alexa 350 

(blue) secondary antibody. CSP expression with both antibodies was observed to 

be predominantly cytosolic as expected, with some punctate structures also present 

(Fig 6.2b). Untransfected cells in the same field of view exhibited minimal 

staining, demonstrating the specificity of the antibody. The Western blot and 

immunofluorescence data indicate that the sheep CSP antibody is comparable to the 

previously characterised rabbit CSP antibody and is absolutely specific for CSP. 

This antibody was therefore considered suitable for the triple immunofluorescence 

experiments in adrenal chromaffin cells.

6.3.3. Akt phosphorylation of CSP in vivo

Neuroendocrine adrenal chromaffin cells have been shown to express endogenous 

CSP that is associated with the membrane of large dense cored granules 

(Chamberlain et al., 1996). Phosphorylation of CSP by Akt in chromaffin cells was 

therefore investigated using immunofluorescence and staining visualised and 

quantified via confocal microscopy. Transfected wt- or AAA-Akt was identified 

via their HA-tag using a mouse anti-HA antibody (red). P-CSP was detected via the 

previously described rabbit SerlO phospho-specific antibody (green) and total CSP 

using the sheep CSP antibody described above (blue).

Chromaffin cells dual transfected with Akt and CSP constructs exhibited increased 

expression of both Akt (red) and total CSP (blue). Expression of wild-type Akt
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resulted in a strong P-CSP signal being observed, which appeared to be 

substantially greater than that observed following expression of kinase-dead Akt 

(Fig 6.3a). Similarly, chromaffin cells singularly transfected with Akt constructs 

appeared to exhibit increased endogenous CSP phosphorylation in the presence of 

wild-type Akt but not kinase-dead Akt. The specificity of the signal obtained for 

both the P-CSP and CSP antibodies was confirmed using an immunogenic block. 

Antibodies were incubated with either a phosphorylated CSP peptide (P-CSP 

antibody) or full-length recombinant CSP (total CSP antibody) for 30 minutes prior 

to application to the cells. Little or no signal was observed with either antibody 

following incubation with the immunogenic peptide or protein, confirming the 

specificity of the antibodies (Fig 6.3a bottom panel).

Staining for P-CSP and CSP within a single cell allowed the direct comparison of 

P-CSP expression relative to total CSP, overcoming any differences in the extent of 

over-expression between different cells. The intensity of staining for P-CSP and 

CSP was quantified by defining regions of interest corresponding to the cell cytosol 

using confocal software. The P-CSP:CSP ratio was then determined, allowing a 

quantitative assessment of CSP phosphorylation to be made. For transfected CSP; 

quantification of 15 wt- and 20 AAA-Akt transfected cells revealed a significant 3- 

fold increase in CSP expression with wt-Akt compared to AAA-Akt, p < 0.001 

using students t-test (Fig 6.3b). Likewise for cells transfected only with the Akt 

constructs; quantification revealed a significant increase in endogenous CSP 

phosphorylation with wt-Akt compared to AAA-Akt, p < 0.005 using students t-test 

(Fig 6.3c). These results demonstrate that Akt can phosphorylate both over

expressed and endogenous CSP on SerlO in vivo, confirming Akt as a cellular 

kinase involved in the phosphorylation of a protein directly implicated in 

exocytosis.

The phosphorylation status of CSP following activation or inhibition of Akt was 

investigated in chromaffin cells. In chapter 3, Fig 3.5, Akt was shown to be 

activated by stimulation with 10 pM Ca2+ and inhibited, although not completely, 

by treatment with wortmannin or other Akt inhibitors (see 3.3.6). These samples 

were therefore investigated for changes in CSP phosphorylation. Substantial basal 

CSP phosphorylation was observed in unstimulated chromaffin cells. No consistent

- 173 -



Figure 6.3

Transfected CSP

P<0.001

wt-AKT AAA-AKT

Akt phosphorylation of CSP in vivo.
Adrenal chromaffin cells were dual transfected with a HA-tagged wt- or AAA-Akt 
plasmid and a wt-CSP construct or singularly with Akt constructs. Protein expression 
was identified using specific antibodies for Akt (HA-tag) (red), P-CSP (green), CSP 
(blue). Transfected and endogenous CSP phosphorylation in the presence of wt- or 
AAA-Akt was quantified using confocal microscopy software. (A) Confocal 
microscopy images of chromaffin cells dual transfected with Akt and CSP constructs. 
Top: wild-type (wt)-Akt. Middle: Kinase-dead (AAA)-Akt. Bottom: Immunogen 
block for both P-CSP and CSP antibodies. (B) Quantification of CSP 
phosphorylation in CSP transfected cells, P<0.01, n = 18 (C) Quantification of CSP 
phosphorylation in endogenous cells, P<0.05, n = 17
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change in this phosphorylation was observed following stimulation with 10 pM 

Ca2+ 102% ± 3% compared to unstimulated controls set at 100% (Fig 6.4). 

Similarly, no consistent change in CSP phosphorylation was observed following 

treatment with wortmannin or Akt inhibitors IV and V, 95% ± 8% compared to 

unstimulated controls set at 100%. This suggests that Akt may not be 

phosphorylating CSP in these circumstances. However, the other proposed kinase 

for SerlO phosphorylation is PKA. As with the Akt inhibitors, treatment of 

chromaffin cells with the PICA inhibitor H89 had no effect on CSP 

phosphorylation. Indeed, co-treatment of chromaffin cells with H89 and Akt IV 

and V inhibitors also failed to alter the extent of CSP phosphorylation (Fig 6.4). 

The lack of effect on CSP phosphorylation following treatment with the inhibitors 

may be due to the high level of basal phosphorylation observed. This high level of 

basal phosphorylation could mask any small change in CSP phosphorylation 

following activation or inhibition of Akt or PKA.

6.3.4. Not all PKA phosphorylation sites are Akt phosphorylation sites
In the previous chapter Akt was shown to phosphorylate Riml on Ser413, a 

previously characterised PKA phosphorylation site. Similarly, as described above 

Akt can phosphorylate CSP on SerlO, a previously suggested PKA phosphorylation 

site. This raised the question as to whether Akt phosphorylation always occurred at 

PKA phosphorylation sites. To determine whether this is the case, the ability of 

Akt to phosphorylate SNAP-25 on Thrl38, a well characterised PKA 

phosphorylation site was considered (Hepp et a l, 2002). SNAP-25 was mildly 

phosphorylated by Akt during in vitro phosphorylation assays (Fig 5.1). A rabbit 

phospho-specific antibody was therefore obtained to determine if this 

phosphorylation was occurring on Thrl38.

Recombinant His6-SNAP-25 was mock, PKA or Akt phosphorylated, the samples 

run on SDS-PAGE gels and transferred onto nitrocellulose membrane. The 

membrane was then probed using a phospho-specific Thrl38 antibody. A weak 

immunoreactive band was observed in the mock phosphorylated sample indicating 

that the antibody is not entirely specific for phosphorylated SNAP-25 (Fig 6.5a). A 

strong immunoreactive band was observed in the PKA phosphorylated sample
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Figure 6.4

OpM No H89 SH6 
Ca2+ inhibitor

lOpM Ca2+

Wort A k t iv  Akt V H89
Akt IV

________________ Akt V
lOpM Ca2+

Characterisation of CSP phosphorylation in chromaffin cells treated with Akt 
or PKAinhibitors.
Chromaffin cells were incubated for 30 minutes in KGEP 0- buffer with kinase 
inhibitors. Cells were permeabilised with digitonin and stimulated for 30 minutes 
with 10 pM Ca2 in the continued presence o f inhibitors. CSP phosphorylation was 
determined using Western blotting with a Seri 0 P-CSP antibody and equal protein 
loading was confirmed using a total CSP antibody. No difference in CSP 
phosphorylation occurred following stimulation (n = 10) or following treatment with 
inhibitors (n = 3) as assessed by quantitative densitometry.
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Figure 6.5

Phospho-specific antibody

Mock Akt PKA

Mock Akt PKA

SNAP-25 Thrl38 phospho-specific antibody.
Rabbit poly-clonal phospho-specific antiserum was generated against a peptide with 
the immunogenic sequence CFIRRVpTNDARE. Resulting antiserum was affinity 
purified against non-phosphorylated and phosphorylated peptide columns. Affinity 
purification generated a dephospho-specific and phospho-specific antiserum. 
Mock, PKA and Akt phosphorylated SNAP-25 were run on SDS-PAGE gels and 
Western blotted with (A) dephospho-specific antibody and (B) phospho-specific 
antibody.
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demonstrating the phosphorylation of SNAP-25 on Thrl38 by PKA. A weak level 

of phosphorylation was also observed in the Akt phosphorylated sample. This band 

was of similar intensity to that observed with the mock control, suggesting that the 

observed immunoreactivity in the Akt phosphorylated sample is due to non-specific 

binding and not phosphorylation. The findings with the phospho-specific antibody 

were confirmed using a dephospho-specific antibody, which only recognises non- 

phosphorylated protein. A strong immunoreactive band was present in both the 

mock and Akt phosphorylated SNAP-25 samples (Fig 6.5b). A weak 

immunoreactive band was observed in the PKA phosphorylated material, indicating 

the presence of a small amount of non-phosphorylated SNAP-25. The two 

antibodies indicate that SNAP-25 is phosphorylated by PKA, but not Akt, on 

Thrl38. This demonstrates that Akt does not simply always phosphorylate PKA 

sites and that unique sites for these kinases exist.

6.3.5. Phospho-dependent binding of 14-3-3 protein to CSP peptides
The effect on exocytosis mediated by SerlO phosphorylation may be due to 

alterations in its binding partners. Indeed, phosphorylation of SerlO by PKA results 

in reduced CSP binding to syntaxin and synaptotagmin (Evans et al., 2001; Evans 

and Morgan, 2002). In order to identify other phosphorylation dependent binding 

partners for CSP, a pulldown approach using phosphorylated and non- 

phosphorylated CSP peptides was employed. Peptides CQRQRSLpSTSGE and 

CQRQRSLSTSGE were bound to affinity columns via their N-terminal cysteine 

residue. Bovine brain extract was applied to the column and incubated overnight. 

Proteins bound to P-CSP or CSP peptides were eluted using a 1 M salt elution 

buffer, the samples ran on SDS-PAGE gels and stained with Coomassie blue. A 

number of proteins were observed to bind to both the P-CSP and CSP peptide (Fig 

6.6). A single band with a molecular weight of approximately 30 kDa interacted 

specifically with the phosphorylated peptide, indicating a potential phospho- 

specific binding partner for CSP. This band was cleaved from the gel and subjected 

to mass spectrometry analysis. Mass spectrometry identified the band as being 

predominantly 14-3-3 protein zeta. This suggests that 14-3-3 protein may be a 

novel interacting partner for CSP.
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Figure 6.6

Phosphorylation-dependentpulldown of 14-3-3 protein using a CSPpeptide.
Peptides QRQRSLpSTSGE and QRQRSLSTSGE, corresponding to the amino acids 
surrounding CSP SerlO, were bound to an agarose gel based support via an N- 
terminal cysteine residue and applied to affinity columns. Bovine brain extract was 
incubated against the column overnight at 4 °C. Bound proteins were eluted using a 1 
M high salt buffer and the elutions concentrated by methanol precipitation. Pellets 
were resuspended in Laemmli buffer and run on SDS-PAGE gels. Gels were stained 
with Coomassie Blue before bands o f interest were cleaved from the gel and 
subjected to identification by MALDI-TOF mass spectrometry.
Mass spectroscopy analysis was performed by Dr R Jenkins.
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The mass spectrometry analysis identified 14-3-3 zeta as the predominant isoform 

interacting with CSP. Mass spectrometry could however miss some isoforms if 

unique peptides are not covered, due to the high sequence homology between the 

14-3-3 isoforms. Analysis of the mass spectrometry revealed that many of the 

peptides were not unique to 14-3-3 zeta. To determine whether the other 14-3-3 

isoforms could interact with CSP or whether isoform-specific interactions were 

occurring, the elutions from the P-CSP and CSP pulldowns were run on SDS- 

PAGE gels and western blotted using isoform specific 14-3-3 antibodies. A strong 

signal was observed in the P-CSP elution for the epsilon, eta and gamma 14-3-3 

isoforms (Fig 6.7). A small amount of binding to the non-phosphorylated peptide 

was also observed for each of these 14-3-3 isoforms, although binding was minimal 

when compared to the phosphorylated peptide. The beta 14-3-3 antibody revealed 

little or no binding of this isoform to the phosphorylated peptide and no observable 

binding to the non-phosphorylated peptide. These results indicate that various 14- 

3-3 isoforms can interact with CSP, but that the interaction with the beta isoform of 

14-3-3 may be minimal.

6.3.6. Phospho-dependent binding of 14-3-3 to CSP recombinant 
protein
The results reported above indicate that 14-3-3 protein may be a novel 

phosphorylation-dependent binding partner for CSP at SerlO. These results were 

obtained using short peptides that are stoichiometrically phosphorylated. This is 

not the case with full-length proteins and indeed, the stoichiometry of 

phosphorylation for CSP recombinant protein is only between approximately 0.25 

and 0.5. Additionally, no conclusive evidence confirming SerlO as the 14-3-3 

binding site exists. The binding of 14-3-3 protein to phosphorylated CSP was 

therefore considered using full-length recombinant CSP.

His6-CSP and His6-CSP (S10A) recombinant proteins were mock or PKA 

phosphorylated (produces higher stoichiometry of phosphorylation) in the presence 

of 100 pM cold ATP. The proteins were bound to Ni2+-NTA agarose beads, 

applied to plastic affinity columns and solubilised bovine brain extract applied. 

Non-specifically bound proteins were eluted using a range of low salt buffers 

before specifically bound proteins were eluted using a 1 M salt elution buffer.
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Figure 6.7

A
CSP p ~c s p

Beta

c
CSP P-CSP
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CSP P-CSP

Epsilon

D
CSP P-CSP

Gamma

Isoform-specific binding of 14-3-3 protein to CSP.
Peptides QRQRSLSTSGE and QRQRSLpSTSGE, corresponding to the amino acids 
surrounding CSP SerlO, were bound to an agarose gel based support via an N- 
terminal cysteine residue and applied to affinity columns. Solubilised bovine brain 
extract was incubated with the phosphorylated and non-phosphorylated CSP peptide 
columns. Columns were washed and bound proteins eluted initially in a 250 mM salt 
buffer and subsequently with a 1 M salt buffer. Elutions were run on SDS-PAGE gels 
and Western blotted for the mammalian 14-3-3 protein isoforms using isoform- 
specific antibodies. (A) 14-3-3 beta, (B) 14-3-3 epsilon, (C) 14-4-4 eta, (D) 14-3-3 
gamma.
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Samples were western blotted using a 14-3-3 gamma antibody. A strong 

immunoreactive band corresponding to 14-3-3 protein was observed in the 

phosphorylated wt-CSP elution (Fig 6.8a). A weaker band was observed with the 

mock phosphorylated sample, indicating a level of binding to non-phosphorylated 

protein. Quantitative densitometry revealed a 253% ± 74% increase in binding to 

the phosphorylated protein compared to the non-phosphorylated protein, 

demonstrating that full-length CSP interacts with 14-3-3 protein in a 

phosphorylation-dependent manner. The site of interaction was then determined 

using the CSP S10A mutant protein. As with the wild-type protein, a weak 

immunoreactive band corresponding to 14-3-3 was observed with the S10A non- 

phosphorylated protein (Fig 6.8a). However, no increase in 14-3-3 binding, over 

that observed with the non-phosphorylated protein was seen with the 

phosphorylated S10A protein. Quantitative densitometry revealed no significant 

difference in binding of 14-3-3 to the phosphorylated or non-phosphorylated 

protein, the binding for P-S10A being 104% ± 5% that of S10A. This demonstrates 

that SerlO is the site at which the phosphorylation dependent binding of 14-3-3 

protein to CSP occurs. In each case, the flow-through brain extract from the 

columns was also blotted for 14-3-3 gamma. Immunoreactive bands of equal 

intensity was observed for the flow-throughs for both the CSP and P-CSP columns 

with the wild-type and S10A proteins, confirming the equal loading of brain extract 

and consequently 14-3-3 onto the columns.

To confirm that the observed interaction between CSP and 14-3-3 protein was not 

dependent on an intermediary protein also present with the brain extract, pulldowns 

for the wild-type protein were repeated using purified 14-3-3 protein. This protein 

was purified using the P-Rim peptide discussed in the previous chapter (see chapter

5.3.6 and fig 5.8) and the sample had few contaminating proteins. As with the brain 

extract, phosphorylated CSP was observed to strongly bind 14-3-3 with little or no 

binding occurring on the non-phosphorylated protein (Fig 6.8b). These results 

indicate that the binding of 14-3-3 to CSP is via a direct interaction and that no 

intermediary protein is needed to facilitate the interaction. Overall the results 

presented identify 14-3-3 protein as a novel CSP SerlO phospho-dependent binding 

partner.
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Figure 6.8

A

P-CSP CSP P-CSP CSP

B

Phosphorylation-dependent pulldown of 14-3-3 protein using His„-CSP.
His6-CSP (wild-type) and His6-CSP (S10A) recombinant proteins were generated. 
Proteins were phosphorylated or mock phosphorylated by PKA and bound to N r+- 
NTA agarose on an affinity column. (A) Bovine brain extract was added to the 
column and incubated overnight at 4 °C. Specifically bound proteins were eluted 
using a 1 M NaCl high salt buffer and the elutions methanol precipitated. Samples 
were resuspended in Laemmli buffer, run on SDS-PAGE gels and blotted for 14-3-3 
gamma. Flow-throughs demonstrate the equal loading o f brain extract onto the 
columns. (B) To confirm that the interaction between CSP and 14-3-3 was direct, the 
pull-down was repeated using purified 14-3-3 protein.
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6.4. Discussion

In vitro phosphorylation assays indicated that CSP was strongly phosphorylated by 

Akt. To date, a single phosphorylation site has been identified in CSP. 

Immunoprecipitated CSP from 32P metabolically labelled cells and in vitro PKA 

phosphorylated recombinant CSP were shown to be phosphorylated on SerlO by 

HPLC fractionation and Edman degradation (Evans et a l, 2001). Phosphorylation 

of SerlO was subsequently confirmed in proteomic mass spectrometry studies 

designed to identify in vivo phosphorylated proteins from whole tissues. These 

studies demonstrated that CSP is phosphorylated in vivo and that this 

phosphorylation occurs on a single residue, SerlO (Giorgianni et a l, 2004; Collins 

et a l, 2005). The phosphorylation of endogenous CSP within neurons has recently 

been demonstrated using a phospho-specific antibody designed against SerlO 

(Evans and Morgan, 2005). The initial studies into CSP phosphorylation suggested 

that PKA was the kinase responsible for SerlO phosphorylation. This was not 

however confirmed in vivo. As only a single phosphorylation site in CSP has been 

identified, it could be predicted that the phosphorylation of CSP by Akt was 

therefore occurring on SerlO. Studying the amino-acid sequence surrounding SerlO 

(QRQRSLpSTSGE) it was observed that the sequence represented an exact 

consensus sequence for Akt phosphorylation (RXRXXpS/T). This indicated that 

Akt may be capable of phosphorylating CSP on SerlO. Recombinant CSP, mock or 

Akt phosphorylated, were western blotted using a phospho-specific SerlO antibody. 

Strong phosphorylation of CSP was observed with Akt, while no phosphorylation 

was seen in the mock control, indicating that CSP could indeed phosphorylate CSP 

on SerlO. The relative efficiency of phosphorylation by Akt and PKA was 

considered using recombinant CSP phosphorylated in the presence of [32P]y-ATP. 

Both kinases strongly phosphorylated CSP with calculated stoichiometries of 0.25 

for Akt and 0.49 for PKA.

Having determined that Akt could phosphorylate CSP in vitro the ability to 

phosphorylate CSP in adrenal chromaffin cells was investigated. Expression of wt- 

Akt resulted in a significant increase in both over-expressed and endogenous CSP 

phosphorylation when compared to the kinase-dead Akt. This confirms that Akt is
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a cellular kinase capable of phosphorylating CSP on SerlO. CSP phosphorylation 

in response to activation or inhibition of Akt was investigated in adrenal chromaffin 

cells. No change in CSP phosphorylation occurred following activation or 

inhibition of Akt, suggesting that Akt was not the predominant phosphorylating 

kinase in these cells. However, inhibition of PKA, the other known 

phosphorylating kinase for CSP (Evans et a l, 2001) also failed to alter CSP 

phosphorylation. This lack of change may be due to the high basal levels of CSP 

phosphorylation, which could mask small changes in the extent of phosphorylation. 

This basal phosphorylation has been widely reported (Giorgianni et a l, 2004; 

Collins et a l, 2005) and is likely to be of physiological importance. As shown 

above, phosphorylated SerlO binds 14-3-3 protein. Binding of 14-3-3 to 

phosphorylated Raf-1 has been shown to prolong the signalling from Raf-1 (Yip- 

Schneider et a l, 2000). Consequently, binding of 14-3-3 to phosphorylated CSP 

may prolong the effect that SerlO phosphorylation has on exocytosis release 

kinetics.

In the previous chapter Akt was shown to phosphorylate Riml on Ser413, a 

previously characterised PKA phosphorylation site. Similarly, there is once again 

confusion as to which kinase, Akt or PKA, physiologically phosphorylâtes CSP. 

One possibility is that the observed phosphorylation of Riml and CSP by Akt is 

simply non-specific phosphorylation of a residue, due to the similarity in consensus 

phosphorylation motifs for PKA and Akt. To rule out non-specific phosphorylation 

of PKA sites by Akt the in vivo characterised PKA phosphorylation site of SNAP- 

25, Thrl38, was investigated for Akt phosphorylation. Thrl38 was not observed to 

be phosphorylated by Akt, while being strongly phosphorylated by PKA. 

Furthermore, in chapter 5 it was demonstrated that Riml Ser287 was 

phosphorylated by Akt but not PKA. These results demonstrate that Akt does not 

non-specifically phosphorylate all PKA sites and that unique sites for the two 

kinases exist.

A number of reports have previously demonstrated the phosphorylation of the same 

site by both Akt and PKA. This includes the phosphorylation of glycogen synthase 

kinase-3 (GSK-3) on Ser9, which has previously been widely used as a read-out of 

Akt activity (Cross et a l, 1995; Rommel et a l, 2001; Liang and Slingerland, 2003;
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McManus et a l, 2005). In neurons, elevation of intracellular cAMP levels can 

promote cell survival that is independent of PI3K and Akt. Intriguingly, raising the 

intracellular cAMP levels by forskolin stimulation leads to the PKA-dependent 

phosphorylation of GSK-3 on Ser9 in cerebellar granule neurons. Furthermore, the 

direct phosphorylation of GSK-3 Ser9 by purified PKA was demonstrated in vitro 

using a phospho-specific antibody against GSK-3 Ser9 (Li et a l, 2000). This 

finding demonstrates PKA can phosphorylate a widely studied Akt phosphorylation 

site. Other examples of Akt and PKA phosphorylating the same site exist. PKA 

has been shown to phosphorylate bovine endothelial nitric-oxide synthase at serine 

617 and 635, with Akt also capable of phosphorylating serine 617 but not 635 

(Michell et a l, 2002). Similarly, Akt and PKA have both been shown to 

phosphorylate the adaptor molecule paxillin on serine 173 (Webb et a l, 2005). The 

pro-apoptotic Bcl-2 family member BAD is phosphorylated on serines 112, 136 and 

155. Phosphorylation of the 155 site has been shown for both Akt and PKA in vitro 

and in vivo (Masters et a l, 2001). Intriguingly, Seri55 phosphorylation by MSK1 

and RSK kinases has also been reported, leading to the suggestion that the four 

kinases regulate survival signals through differential regulatory mechanisms that 

converge on BAD phosphorylation (Masters et a l, 2001).

The functional consequences of Akt phosphorylation of SerlO can be predicted 

from previously reported data attributed to PKA phosphorylation of SerlO. 

Expression of wild-type CSP in chromaffin cells has two consequences as assessed 

by carbon fibre amperometry. Firstly, a gross reduction in the number of fusion 

events is observed and secondly, a more subtle effect on the kinetics of release is 

seen. The effect on kinetics manifests itself as an increase in the half width and rise 

time of the amperometric spike, suggesting that the release kinetics are slowed 

(Graham and Burgoyne, 2000). The effect on release kinetics is dependent on 

phosphorylation of SerlO, as expression of a S10A mutant of CSP resulted in spike 

parameters that were similar to control cells. A phosphorylation independent role 

for CSP was also seen, as the gross inhibition of fusion events was unaffected by 

the S10A mutant (Evans et a l, 2001). Intriguingly, the phosphorylation dependent 

effects on release kinetics observed with CSP are similar to those seen following 

transfection of wild-type Akt into chromaffin cells. Expression of wild-type Akt 

resulted in an increased quantal size due to an increase in the rise and fall times of
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the amperometric spike (Evans et a l, 2006). This effect was directly attributable to 

the kinase as expression of kinase-dead Akt resulted in release kinetics similar to 

control cells. This similarity between the effects of expressing CSP and Akt in 

chromaffin cells suggests that the effects of Akt on release kinetics may be 

mediated, at least in part, through the phosphorylation of CSP. In vitro pulldown 

experiments have identified some of the biochemical functions of CSP 

phosphorylation. Syntaxin and synaptotagmin have both been identified as CSP 

binding partners (Evans et a l, 2001; Evans and Morgan, 2002), with the syntaxin 

interaction having been confirmed in vivo (Nie et a l, 1999). Pulldowns using mock 

and PKA phosphorylated CSP showed a substantial reduction in both syntaxin and 

synaptotagmin binding to P-CSP when compared to CSP, suggesting that syntaxin 

and synaptotagmin are phosphorylation-dependent interacting partners for CSP 

(Evans et a l, 2001; Evans and Morgan, 2002). The same biochemical 

consequences of SerlO phosphorylation by Akt would be expected as from PKA 

phosphorylation in these in vitro experiments.

The identification of phosphorylation dependent interacting partners is important in 

determining the likely physiological consequences of CSP phosphorylation. 

Phosphorylated and non-phosphorylated peptides corresponding to the region 

surrounding SerlO were therefore used to identify novel phosphorylation dependent 

binding partners for CSP. A single phosphorylation-dependent interacting partner 

was identified and shown to be 14-3-3 protein of various isoforms by mass 

spectrometry and western blot analysis. The binding of 14-3-3 to full-length 

phosphorylated protein was then confirmed and the site of interaction determined 

using a S10A mutant, which abolished phosphorylation-dependent 14-3-3 binding. 

The specific binding of 14-3-3 to the phosphorylated peptide and protein indicates 

that 14-3-3 protein is a novel SerlO phosphorylation-dependent binding partner for 

CSP.

To investigate the nature of this interaction in vivo, immunopreciptiation and cross- 

linking studies using chromaffin cell granules or bovine brain extract were 

attempted. No interaction between CSP and 14-3-3 was observed with these 

experiments. The efficiency of immunoprécipitation using the CSP antibody was 

however low, making the detection of 14-3-3 difficult. Alternatively, the
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interaction between CSP and 14-3-3 may be transient or of low affinity, precluding 

the use of immunoprécipitation to identify the complex. Chemical crosslinkers 

would be expected to overcome problems with transient interactions. However, the 

chemical crosslinkers used were not able to crosslink recombinant CSP and 14-3-3, 

indicating that the crosslinkers used or experimental conditions were not optimal. 

Indeed, control experiments crosslinking recombinant 14-3-3 proteins yielded no 

positive results. Given that 14-3-3 proteins function as dimers this demonstrates 

that the crosslinkers used were not suitable for these experiments. Consequently, 

further experiments using different crosslinkers or advanced techniques such as 

Fluorescence Resonance Energy Transfer (FRET) would be required to confirm the 

interaction between CSP and 14-3-3 in vivo.

The findings described above showing that Akt phosphorylâtes CSP on SerlO and 

this phosphorylation mediates 14-3-3 binding correspond with findings reported by 

Collins et al (2005). Using immobilised metal affinity chromatography (IMAC) 

enrichment of phospho-proteins, Collins et al (2005) identified 79 phospho-proteins 

from synaptosomes. One of these proteins was CSP, which was shown to be 

phosphorylated on SerlO. Further to the study, using a bioinformatics approach, 

the kinases responsible for phosphorylating the identified sites were predicted, 

along with any potential phosphorylation-dependent interactions. Intriguing, Akt 

was predicted as the phosphorylating kinase for SerlO, rather than PKA, and 14-3-3 

was suggested as a potential phosphorylation-dependent interacting partner 

[(Collins et a l, 2005) supplementary data]. The findings presented in this chapter 

confirm these predictions experimentally.

The functional role of the CSP-14-3-3 interaction is unclear. However, two 

physiological roles for CSP have been suggested. First is the proposed role for CSP 

in regulated exocytosis and second is its role as a molecular chaperone. These two 

roles are discussed below.

A role for CSP in the modulation of exocytosis has been reported in several cell 

types. PC12 cells stably expressing CSP exhibit an approximate 50% increase in 

dopamine release (Chamberlain and Burgoyne, 1998b). In chromaffin cells, 

transient expression of CSP inhibits the number of fusion events and alters the
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release kinetics (Graham and Burgoyne, 2000). Similarly, transient expression of 

CSP in pancreatic P-cells also inhibits release (Brown et al., 1998). The 

mechanisms by which CSP mediates its effects on exocytosis are controversial. 

CSP may modulate Ca2+-entry through voltage-gated Ca2+ channels or may directly 

regulate the exocytic machinery. The evidence proposing a role for CSP in the 

modulation of Ca2+-entry is however contradictory and highly debated (Dawson- 

Scully et al., 2000; Gundersen et al., 2001). A role for the direct involvement of 

CSP with the exocytic machinery has been proposed due to its reported interaction 

with syntaxin, synaptotagmin and VAMP2 (Leveque et al., 1998; Nie et al., 1999; 

Evans and Morgan, 2002; Boal et al., 2004). Although it should be noted that these 

interactions in themselves are open to debate.

As discussed in chapter 5, 14-3-3 has been implicated in the regulation of 

exocytosis, with 14-3-3 enhancing catecholamine release from adrenal chromaffin 

cells (Morgan and Burgoyne, 1992a). This at first seems to go against a role for the 

14-3-3/CSP interaction being important for exocytosis, as CSP has been shown to 

cause a gross inhibition of exocytosis in the same cells (Graham and Burgoyne,

2000). However, the experiments considering the role of 14-3-3 in exocytosis only 

looked at bulk exocytosis, and not the release kinetics. Consequently, it is possible 

that 14-3-3 could function with CSP in the late stages of exocytosis to regulate 

release kinetics, but no experimental evidence currently exists. The interaction of 

14-3-3 with CSP may therefore be involved in regulating the interaction of CSP 

with the docking or fusion machinery and thus modulating release.

An alternative mode of action for the CSP-14-3-3 interaction is connected with the 

proposed chaperone function of CSP. CSP is a J-domain-containing protein and as 

with other J-domain proteins can recruit and activate the ATPase Hsc70 (Braun et 

al., 1996; Chamberlain and Burgoyne, 1997a). Similarly, CSP can bind denatured 

proteins, as with other J-domain chaperones, and in conjunction with Hsc70 

synergistically prevent their aggregation (Chamberlain and Burgoyne, 1997b). 

Within cells CSP is found in a trimeric complex with Hsc70 and SGT (Tobaben et 

al., 2001). SGT binding to CSP increases the activity of Hsc70 above that of CSP 

alone and the CSP-Hsc70-SGT complex can synergistically renature the denatured
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protein firefly luciferase (Tobaben et al., 2001). These findings suggest that CSP 

acts as a molecular chaperone and is responsible for refolding exocytic proteins.

The role of CSP as a molecular chaperone is supported by the phenotype of CSP 

knock-out mice. CSP knock-out mice exhibit a progressive neurodegeneration 

phenotype (Femandez-Chacon et al., 2004). Associated with this 

neurodegeneration phenotype was a reduction in the number of formed SNARE 

complexes and SNAP-25 expression (Chandra et al., 2005). The reduction in 

SNARE complexes was suggested to be a result of the failure to refold monomeric 

SNARE proteins following successive rounds of exocytosis and endocytosis.

A recent report identifying a novel role for 14-3-3 protein in the dissolving of 

thermal aggregates has provided a possible mechanism by which 14-3-3 could 

participate in the chaperone function of CSP. Yano et al (2006) reported that 14-3- 

3 could dissolve thermal aggregates of apocytochrome c in Drosophila S2 cells. 

Apocytochrome c is a denatured form of cytochrome c, which aggregates under 

thermal stress conditions. This aggregate is quickly converted to its soluble form 

when cells are returned to their normal conditions. Knock-down of 14-3-3 with 

RNAi resulted in the significant repression of apocytochrome c dissolution 

following the return of cells to normal conditions. Furthermore, application of 

exogenous 14-3-3 could rescue apocytochrome c solubility. In vitro 14-3-3 alone 

could dissolve heat-aggregated citrate synthase but not reactivate the protein, which 

required refolding of the protein. However, when expressed with Hsc70 14-3-3 

could reactive citrate synthase, indicating that refolding of the protein had occurred 

(Yano et al., 2006). The possibility therefore exists that 14-3-3 could function in a 

similar manner in conjunction with CSP. A model can be proposed whereby a 14- 

3-3-CSP-Hsc70-SGT complex can disassemble a protein complex and subsequently 

mediate the refolding of the monomeric parts. Attractive candidates for the proteins 

which may be refolded by this complex are the reported binding partners for CSP, 

which include the SNARE proteins syntaxin and VAMP2.

The two functions of CSP may not be mutually exclusive. In its dephosphorylated 

state, CSP may modulate exocytosis release kinetics via its interactions with 

syntaxin, VAMP2 and synaptotagmin. Following Ca2+-entry and the stimulation of 

exocytosis, CSP could be phosphorylated by Akt. This phosphorylation may
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reduce its affinity for syntaxin and synaptotagmin binding and promote the 

interaction with 14-3-3. Once formed, the 14-3-3-CSP-Hsc70-SGT complex may 

mediate refolding of the proteins involved in exocytosis, making them competent 

for the next round of exocytosis. The gross inhibition of exocytosis produced by 

over-expression of CSP may therefore be due to the sequestration of key 

components of the chaperone complex away from their sites of action (see Fig 8.1 

in the general discussion for a model of the proposed interaction).
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Chapter 7

Structural analysis of cysteine 
string protein by nuclear 

magnetic resonance 
spectroscopy
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7.1. Introduction

7.1.1. NMR spectroscopy
Nuclear Magnetic Resonance (NMR) spectroscopy allows the study of protein 

atomic structure in solution (Opella and Marassi, 2004; Zeeb and Balbach, 2004). 

NMR spectroscopy depends on promoting the nuclear spin of the nuclei from a low 

energy (ground (a)) state to a high energy (excited (P)) state. In NMR these energy 

states arise from the interaction of a nuclear magnetic dipole moment with an 

intense external magnetic field (Harwood and Claridge, 1997). The nuclear 

magnetic dipole moment of nuclei is proportional to its spin angular momentum, an 

intrinsic property of atomic nuclei, which is characterised by the nuclear spin 

quantum number (7). The nuclear spin quantum number is determined by the 

properties of the nucleus itself (Cavanagh et al., 2007). Nuclei with an odd mass 

number have an integral spin quantum number of 7=1/2. Nuclei with an even mass 

number and even atomic number have an integral spin quantum number of 7=0. 

Nuclei with an even mass number and odd atomic number have an integral spin 

quantum number of 7=1 or more. 7=0 nuclei have no spin and are therefore not 

used in NMR studies. 7=1 or more nuclei have much shorter halftimes than 7=1/2 

nuclei. NMR therefore usually makes use of 7=1/2 nuclei, with 'H, l5N, 13C, I9F 

and 31P being the most relevant for biomolecular NMR (Rule and Hitchens, 2006; 

Cavanagh et al., 2007).

In the absence of a magnetic field, nuclear dipole moments can be observed in any 

possible orientation. Application of a static magnetic field causes alignment of the 

nuclear dipole along the axis of the magnetic field. In this circumstance, spin 1/2 

nuclei can form two orientations, in the same direction as the magnetic field or 

opposed to the magnetic field. Nuclei aligned with the magnetic field are at a lower 

energy level (ground state) compared to those opposing it (excited state) (Harwood 

and Claridge, 1997; Rule and Hitchens, 2006). The difference between the ground 

and excited states is increased as the strength of the magnetic field is increased. 

The static magnetic field causes the nuclear spins to adopt either the ground or 

excited energy states. Application of an oscillating magnetic field (radiofrequency 

waves) applied orthogonal to the magnetic dipoles causes the transition from the
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ground to excited state. Nuclei in the excited state produce an oscillating magnetic 

wave which induces a current within the receiver coil. The induced current is 

recorded as a function of time and is known as the free induction decay (FID). 

Digital transformation of the FID is used to generate the NMR spectrum, where 

absorption peaks occur at frequencies corresponding to the difference between the 

two energy states (Cavanagh et al., 2007).

The actual magnetic field that reaches the nucleus is not the same as that applied. 

The magnetic field reaching the nucleus is attenuated by the electrons surrounding 

the nucleus. This process is known as shielding and forms one of the fundamental 

characteristics of NMR spectroscopy. The resonance frequency of nuclei is 

therefore dependent on the chemical environment surrounding the nuclear spin. 

This phenomenon is known as chemical shift and assists greatly in the ability to 

assign specific residues (Rule and Hitchens, 2006; Cavanagh et al., 2007). The 

chemical shift of most protons is between 1-9 ppm. For example, amide protons 

resonate at approximately 8 ppm, Ha protons at approximately 4 ppm and methyl 

groups at approximately 1 ppm. The chemical shifts of protons allows the 

generation of 1-dimensional spectra (Rule and Hitchens, 2006; Cavanagh et al.,

2007).

Another important characteristic considered in NMR spectroscopy is relaxation. 

Following the transition from the ground state to the excited state, nuclei will 

eventually relax back to their equilibrium state with energy being transferred to the 

environment or neighbouring nuclei (Rule and Hitchens, 2006; Cavanagh et al., 

2007). Relaxation, like chemical shift, is therefore also dependent on the chemical 

environment surrounding the nuclei. Relaxation can provide unique information 

concerning molecular motions and intramolecular distances, consequently assisting 

greatly in the generation of 3-dimensional structures. Furthermore, relaxation is 

considered to be an important parameter in determining kinetic processes occurring 

during the NMR experiment. In addition to the positive roles in NMR 

spectroscopy, relaxation is also an important determinant of the sensitivity of the 

experiment as it can greatly affect the line width of the absorption peaks. The line 

width represents the sensitivity of the chemical shift, with tighter lines giving much 

greater sensitivity (Rule and Hitchens, 2006; Cavanagh et al., 2007).
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The difficulty with 1 -dimensional proton NMR spectroscopy described above is the 

poor signal resolution that can be obtained (Opella and Marassi, 2004; Zeeb and 

Balbach, 2004). This is due to the extensive overlap in chemical shifts observed 

with proton groups, making it difficult to assign specific proton resonances to 

specific nuclei. Two-dimensional spectroscopy allows greater resonance resolution 

and functions by studying two groups of spins. These spins are the proton spins 

discussed above and the heteronuclear spins (15N, 13C) (Rule and Hitchens, 2006). 

All experiments in this thesis consider the proton and l5N spins. The 2-dimensional 

spectrum generated from these experiments is presented as a contour plot, with 

proton chemical shifts found on the x-axis and 15N chemical shifts on the y-axis. 

Indeed, the plots can be projected onto each axis to give the corresponding 

1-dimensional spectrum (Cavanagh et al., 2007).

The 2-dimensional NMR spectra used in these experiments are the Heteronuclear 

Single Quantum Coherence (HSQC) spectra and the Heteronuclear Multiple 

Quantum Coherence (HMQC) spectra. Heteronuclear NMR experiments correlate 

the heteronuclear resonances (l5N) with *H resonances by transferring the 

polarisation (coherence) between the heteronuclear and proton spins (Rule and 

Hitchens, 2006; Cavanagh et al., 2007). The radio-frequency pulses in these 

experiments are applied at more than one frequency in order to manipulate both 

spins. The chemical shifts of both spins are recorded. For the purpose of this 

thesis, the HSQC and HMQC spectra can be considered to be very similar, with the 

major difference being the sensitivity of the spectra. HSQC spectra have tighter 

line widths, making the assignment of resonances easier. The HMQC meanwhile is 

considered to be more sensitive due to it having fewer radio-frequency pulses, 

allowing the identification of absorption peaks in protein samples which have 

broader line widths. HSQC spectra were therefore used in experiments where the 

resonance signals were narrow and HMQC spectra when the resonances were 

broad.

7.1.2. NMR and exocytosis

NMR studies have provided important insights into the function of proteins that are 

important for exocytosis. Examples of this are the target SNARE protein syntaxin 

and the putative Ca2+-sensor synaptotagmin. Syntaxin 1A has a central role in
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neurotransmitter release, which is mediated through numerous protein-protein 

interactions. Fernandez et al (1998) used NMR to solve the three-dimensional 

structure of the N-terminal domain of syntaxin 1A. NMR revealed that the N- 

terminal domain consisted of an up-and-down three-helix bundle, with a left handed 

twist. Helices A and B were shown to form a scaffold against which helix C could 

be tightly packed. This packing created a groove between helices B and C. 

Intriguingly, the residues forming the surface of the groove have remarkable 

conservation with all other plasma membrane syntaxins, including those found in 

several species. This suggests that the groove is highly important for the function 

of the plasma membrane syntaxins. Indeed, it was suggested that the length of the 

groove was sufficient that an a-helix from another protein could be packed against 

it, completing a four-helix bundle and thus regulating the function of syntaxin 1A 

(Fernandez et al., 1998). NMR spectroscopy has also provided important 

information into the function of synaptotagmin. Shao et al (1998) solved the 

structure of synaptotagmin I in its Ca2+-free and Ca2+-bound states. Binding of 

three Ca2+ ions to synaptotagmin was shown to stabilise the Ca2+-binding loop but 

not to cause a gross conformational change in structure. Instead, binding of Ca2+ 

initiated a change in electrostatic potential, leading to the suggestion that 

synaptotagmin functions as an electrostatic switch in neurotransmitter release (Shao 

et al., 1998). These studies demonstrate how NMR spectroscopy can provide 

valuable information about the function of a protein. Consequently, determining 

the structure of CSP may provide important information as to its function.

7.1.3. Experimental rationale
CSP has been implicated in the regulation of exocytosis either through a direct 

effect on the release event or through its role as a chaperone, refolding proteins 

involved in the release event [reviewed in (Buchner and Gundersen, 1997; 

Chamberlain and Burgoyne, 2000; Evans et al., 2003) and discussed in chapter 6]. 

CSP knock-out mice are normal at birth, indicating that CSP is not essential for the 

release event (Femandez-Chacon et al., 2004). However, the progressive 

neurodegeneration and associated reduction in SNARE complexes observed in the 

knock-out mice indicate that CSP is required to regulate the exocytic event in some 

capacity (Chandra et al., 2005). Biochemical evidence suggests that all regions of 

CSP have specific roles in modulating the function of CSP. Serine 10 in the N-
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terminal domain of CSP (residues 1-15) is phosphorylated and this phosphorylation 

is important for the effect of CSP on exocytosis release kinetics (Evans et al.,

2001). The J-domain (residues 16-84) mediates Hsc70 binding, which is critical for 

its activity (Braun et al., 1996; Chamberlain and Burgoyne, 1997a) (Fig 7.1). In 

Drosophila, expression of mutants lacking the J-domain were shown to completely 

restore thermal tolerance, but not the evoked neurotransmitter release in CSP null 

flies (Bronk et al., 2005). The linker domain (residues 85-112) is important for 

insulin secretion in pancreatic P-cells (Zhang et al., 1999), but not for 

neurotransmitter release in Drosophila (Bronk et al., 2005). Palmitoylation of the 

cysteine string (residues 113-136) is essential for the targeting and binding of CSP 

to the vesicular membrane (Chamberlain and Burgoyne, 1998a; Greaves and 

Chamberlain, 2006). The importance of the cysteine-string for membrane targeting 

was demonstrated in Drosophila, as a cysteine-sting-less mutant couldn’t associate 

with membranes (Arnold et al., 2004). The C-terminal domain (residues 137-198) 

appears to mediate SGT binding, an essential part of the CSP-Hsc70-SGT trimeric 

complex (Tobaben et al., 2001). Despite this knowledge, little is known about the 

function of CSP within cells. Furthermore, controversies still exist as to the role 

played by other proposed CSP interacting partners including syntaxin, VAMP2, 

synaptotagmin and Ca2+channels (Leveque et al., 1998; Nie et al., 1999; Evans and 

Morgan, 2002; Miller et al., 2003).

No structural data exists for CSP, apart from the determined structure of the N- 

terminal J-domain (Protein Data Bank (PDB) ID: 2CTW). Hence, to address some 

of the remaining questions concerning the function of CSP, NMR spectroscopy was 

used to study the structure of the whole of CSP at the atomic level. NMR 

spectroscopy is performed in solution, allowing dynamic changes in the structure of 

a protein to be observed. Consequently, NMR allows the consideration of 

structural changes that occur within a protein following the introduction of 

accessory proteins. The initial step in this procedure is to develop an understanding 

of the structure of protein on its own. The structure of CSP was therefore 

investigated using NMR spectroscopy with 15N-labelled full-length, 1-112 and 137- 

198 CSP recombinant proteins (Fig 7.1).
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Figure 7.1

CSP

CSP 1-112 

CSP 137-198

Domain structure of CSP and recombinant proteins used.
Top: The domain structure of full-length CSP showing the specific domains within 
the protein that have been shown to have distinct roles in mediating the function of 
CSP. Image modified from Evans et al (2003). Below: Bars illustrating the regions 
contained within the recombinant protein used in the NMR studies.
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7.2. Methods

7.2.1. CSP 1-112 protein purification
The general protocol for growth of l5N-labelled recombinant proteins is described 

in section 2.6.1 of the general methods. Specific growth conditions for each protein 

analysed by NMR are described below.

Full-length CSP was grown in GroESL cells in the presence of ampicillin and 

kanamycin. CSP 137-198 was grown in BL21 DE3 cells in the presence of 

ampicillin only. CSP 1-112 was grown in Ml 5 cells in the presence of ampicillin 

and kanamycin. The specific strain used to produce each of the proteins was 

chosen for its inducibility and maximum protein yield. CSP 1-112 recombinant 

protein was difficult to purify due to the majority of the protein being insoluble, 

remaining in the pellet following cell lysis. The solubility of CSP 1-112 was 

enhanced by inducing protein production at 20 °C compared to the usual 37 °C. 

Initial cell growth was performed at 37 °C as with all other proteins. Following 

induction, cells were harvested as for all proteins by centrifugation at 6000 g. The 

pellet was subsequently resuspended in standard breaking buffer with the addition 

of 1% Triton X100. To assist lysis, cells expressing CSP 1-112 always underwent a 

freeze thaw cycle at -80 °C.

7.2.2. NMR spectrum generation
NMR spectra were recorded at a 'H frequency of 600 MHz using a Bruker 600 

spectrometer. Prior to each experiment, the protein sample was spiked with 10% 

deuterium (D20 ) to provide a reference signal for the spectrum. The spectra were 

acquired at pH 6.5 and 298 K. Proteins were analysed using two-dimensional ('H 

and 15N) Heteronuclear Single Quantum Coherence (HSQC) spectroscopy or 

Heteronuclear Multiple Quantum Coherence (HMQC) spectroscopy for proteins 

with broader line widths.
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7.3. Results

7.3.1. Protein purification
The production of recombinant proteins labelled with NMR active isotopes such as 

l5N is a fundamental feature of NMR spectroscopy. The stable labelling of proteins 

has led to advancements in multidimensional heteronuclear NMR techniques, 

enabling the structures of proteins with a molecular weight of up to 30 kDa to be 

determined. Consequently, the efficient labelling of sufficient quantities of protein 

for NMR spectroscopy is one of the critical parts of the whole NMR procedure.

Three CSP recombinant proteins were generated for NMR analysis. Full-length 

CSP comprises amino-acids 1-198 of CSP1, which includes the N-terminal J- 

domain, the central cysteine-string and the C-terminus. CSP 137-198 comprises the 

C-terminal 61 amino-acids of CSP, extending from the end of the cysteine-string to 

the end of the protein. CSP 1-112 comprises the first 112 amino-acids of CSP, 

extending up to the start of the cysteine string and covering the whole of the J- 

domain (Fig 7.1). The 1-112 and 137-198 proteins were generated to avoid 

possible aggregation difficulties predicted for the cysteine string (Swayne et al., 

2003). To achieve a high level of labelling, all proteins were grown in bacterial 

strains that exhibited low levels of unregulated protein production and which were 

strongly inducible. Proteins were grown in minimal media using a growth and 

induction protocol that would be expected to result in the labelling of between 80 

and 90% of the recombinant protein produced.

Full-length CSP, grown in GroESL cells, resulted in the production of large 

quantities of protein. The initial elution fractions from the FPLC purification 

contained high levels of contaminating protein, with no clearly resolvable band at 

30 kDa, the expected molecular weight of His6-CSP (Fig 7.2a, top gel). Later 

elution fractions contained a single protein band at approximately 30 kDa, with the 

peak protein levels occurring between fractions 22 and 34 (Fig 7.2a, bottom gel). 

Following concentration, a strong band corresponding to CSP was clearly present, 

while a number of higher molecular weight proteins were also observed (Fig 7.2b). 

These high molecular weight proteins are likely to be multimers of CSP, which are
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Figure 7.2
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Production and purification of ,5N-labeIled wild-type His6-CSP.
H is6-CSP was generated using the standard protocol for growth in ,5NH4C1 containing 
minimal media (see methods). Protein production was induced with 1 mM IPTG at 
37 °C and the cells lysed in breaking buffer. Proteins bound to a Ni2+-NTA agarose 
column were purified using an FPLC machine. (A) Elutions were collected in 1 ml 
fractions, run on 12% SDS-PAGE gels and stained with Coomassie Blue. Fractions 
containing recombinant protein were pooled and concentrated. (B) Concentrated 
His6-CSP run on a 15% gel. Protein identification was confirmed by mass 
spectrometry.
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observed in all CSP recombinant protein preparations. The contaminants represent 

a small proportion of the CSP however, when compared to the native band and as 

such the purity of the prep was determined to be high. The concentration of the 

full-length protein was estimated to be approximately 10 mg/ml, consistent with 

previous CSP preps grown in supermedia. The identity of the protein produced was 

confirmed to be CSP by mass spectrometry.

Elution fractions of CSP 137-198, grown in BL21 (DE3) cells, contained an 

apparently pure recombinant protein with a molecular weight of approximately 22 

kDa (Fig 7.3a top and bottom gel). This protein is considerably larger than 8 kDa, 

the expected size for this protein. However, previous preparations grown in 

supermedia indicated that this protein migrated slowly on SDS-PAGE. 

Consequently, elution fractions 10-20 were concentrated and the protein identified 

using MS/MS mass spectrometry. Analysis of the peptides confirmed that they 

corresponded to the C-terminus of CSP, confirming the identity of the protein 

produced. A strong band corresponding to CSP 137-198 was observed in the 

concentrated material, along with a single high molecular weight contaminant (Fig 

7.3b). This contaminant represented a small proportion of the total protein 

however, which was estimated to be at a concentration of approximately 8 mg/ml. 

As such the protein was considered pure and suitable of NMR spectroscopy.

Initial preparations of the CSP 1-112 protein, grown in M l5 cells, yielded low 

protein concentrations. Analysis of the bacterial pellet following lysis revealed that 

the majority of protein remained insoluble within the pellet. Protein solubility was 

enhanced by reducing the induction temperature and lysis of the bacteria in the 

presence of 1% Triton X I00. This protocol increased solubility considerably, with 

protein being present in elution fractions 18-34 (Fig 7.4a). Concentration of the 

protein revealed the presence of a number of high molecular weight contaminants. 

These contaminants still represented a small proportion of the total protein yield, 

with a strong band corresponding to CSP 1-112 being observed at the expected 

molecular weight of 12 kDa (Fig 7.4b). The estimated concentration of the CSP 1- 

112 was 10 mg/ml and the protein identity was confirmed by mass spectrometry.
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Figure 7.3
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Production and purification of lsN-labelled His6-CSP 137-198.
His6-CSP 137-198 was generated in I5NH4C1 containing minimal media (see 
methods). Protein production was induced with 1 mM IPTG at 37 °C and the cells 
lysed in breaking buffer. Proteins bound to a Ni2+-NTA agarose column were 
purified using an FPLC machine. (A) Elutions were collected in 1 ml fractions, run 
on 15 /o SDS-PAGE gels and stained with Coomassie Blue. Fractions containing 
recombinant protein were pooled and concentrated. (B) Concentrated His6-CSP 137- 
198 run on a 15% gel. Protein identification was confirmed by mass spectrometry.
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Figure 7.4
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Production and purification of 15N-labeIled His6-CSP 1-112.
His6-CSP 1-112 was generated using the standard protocol for growth in I5NH4C1 
containing minimal media (see methods). Protein production was induced with 1 
mM IPTG at 22 °C and the cells lysed in breaking buffer with 1% Triton X-100. 
Proteins bound to a N f+-NTA agarose column were purified using an FPLC 
machine. (A) Elutions were collected in 1 ml fractions, run on 15% SDS-PAGE gels 
and stained with Coomassie Blue. Fractions containing recombinant protein were 
pooled and concentrated. (B) Concentrated His6-CSP 1-112 run on a 12% gel. 
Protein identification was confirmed by mass spectrometry.
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All the proteins were estimated to be greater than 95% pure and therefore suitable 

for NMR spectroscopy. NMR spectroscopy experiments were performed using 

300 p.1 of recombinant protein in NMR buffer. The protein sample was placed in a 

rounded glass NMR tube and spiked with deuterium, which provides a signal to 

which the magnet can be aligned. Heteronuclear Single Quantum Coherence 

(HSQC) spectroscopy was used for all experiments involving full-length CSP or 

CSP 137-198 and spectra were generated at pH 6.5 and 298 K (25 °C). 

Heteronuclear Multiple Quantum Coherence (HMQC) spectroscopy was used for 

experiments involving CSP 1-112 and spectra were generated at pH 6.5 and 293 K 

(20 °C).

7.3.2. Analysis of full-length CSP using HSQC spectroscopy
NMR spectroscopy allows the study of proteins with a molecular weight of up to 

approximately 30 kDa. His6-CSP has a molecular weight of approximately 30 kDa, 

making it possible to study the structure of the protein using standard NMR 

techniques. Full-length CSP was expected to produce 210 resonances, 198 from the 

protein and 12 from the His-tag, with the majority of these being from folded 

regions of protein. The presence of folded regions was expected as the solved 

structure of the CSP J-domain indicates that this region is highly structured. The 

HSQC spectrum for full-length CSP revealed resonances that were poorly 

dispersed, grouped between 8.5 and 7.9 ppm on the ’H resonance scale (Fig 7.5a). 

This poor chemical shift dispersion indicated that the majority of the resonances 

observed were from unfolded regions of the protein. Upon closer inspection, only 

75 resonances could be seen on the spectrum, much less than the expected 210 

resonances. This suggested that only resonances from unfolded regions of the 

protein could be resolved. A possible explanation for this is that the folded 

resonances are for some reason masked. Ultracentrifugation of full-length CSP 

indicated that a range of molecular weights were present, with two major 

populations at 239 and 590 kDa being identified (Fig 7.5b). This suggests the full- 

length CSP is forming aggregates of 10 and 25 CSP molecules, thus making the 

protein too large to study with NMR spectroscopy. The presence of the unfolded 

resonances indicates that unfolded regions of the protein have retained sufficient
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Figure 7.5

A

B

F ull-length CSP HSQC NMR spectrum.
''N-labelled His6-CSP was generated using the standard protocol for growth in 
NH4C1 containing minimal media. (A) Two-dimensional ('H  and ,5N) 

Heteronuclear Single Quantum Coherence (HSQC) spectra were obtained at 298 K, 
pH 6.5 using a 600 Mhz spectrometer. The dispersed nature o f the chemical shifts 
indicate that the resonances observed are from unfolded regions o f the protein. 
Spectra produced by LY Lian. (B) Protein sample mass was determined by 
ultracentrifugation absorbance scans at 279 nm. Performed by A Baron, University 
ofLeeds. ’ *
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mobility for the NMR resonances to be detected, suggesting these regions are free 
from the aggregate.

7.3.3. Analysis of CSP 1-112 using HMQC spectroscopy
The apparent oligomerisation of CSP has previously been reported, with the 

cysteine string being predicted to be responsible (Swayne et a i, 2003). In an 

attempt to avoid the difficulties caused by oligomerisation, fragments of CSP were 

generated excluding the cysteine string. The 1-112 protein contains the amino- 

acids up to the start of the cysteine string, including the J-domain, which has been 

shown to be folded. This protein was therefore expected to exhibit folded 

resonances that could be attributed to the J-domain. Initial analysis of the CSP 1- 

112 protein using one-dimensional 'H spectroscopy indicated that only weak 

resonances could be detected from this protein. Weak resonances are indicative of 

large proteins that only tumble very slowly. Inspection of the protein sample 

revealed the presence of large particles that were clearly visible by the naked eye, 

suggesting that the protein was forming large aggregates. The aggregation of the 

CSP 1-112 protein was confirmed by ultracentrifugation, which showed that the 

majority of the protein was pelleted at 3000 g. The presence of weak resonances 

suggested that a proportion of the protein was still in either its monomeric state or 

smaller aggregates. A HMQC spectrum was therefore used to analyse the 1-112 

protein. The HMQC spectra revealed that the CSP 1-112 resonances were widely 

dispersed, falling predominantly between 9.5 and 6.5 ppm for the 'H frequencies 

(Fig 7.6), demonstrating that the 1-112 protein is folded, as was predicted.

7.3.4. Structural consequence of Ser10 phosphorylation
The N-terminal region of CSP contains SerlO, the only known phosphorylation site 

within CSP (Evans et a l, 2001). The structural consequence of phosphorylation of 

this residue was assessed using the CSP 1-112 protein. A HMQC spectrum was 

gathered for the 1-112 protein as previously described prior to phosphorylation of 

the protein. The protein was phosphorylated by the addition of 10 mM MgCI2 and 

25 fig active Aktl, with ATP being already present in the NMR buffer. All spectra 

were gathered over time periods sufficient for stoichiometic phosphorylation of the 

protein. Phosphorylation-dependent changes would be observed as the appearance 

of a new resonance and consequently can easily be observed even with moderate
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Figure 7.6

C SP1-112 HMQC NMR spectrum.
N-labelled His6-CSP 1-112 was grown in I5NH4C1 containing minimal media. 

Protein solubility was enhanced by reducing the induction temperature to 20 °C and 
by the addition o f 1 % Triton X 100 to the cells prior to lysis. Two-dimensional ( ‘H and 
,5N) Heteronuclear Multiple Quantum Coherence (HSQC) spectroscopy was used 
due to the weak resonances observed in a one-dimensional spectrum. HMQC 
spectra were obtained at 293 K, pH 6.5 using a 600 Mhz spectrometer. The 
overlapping nature of the chemical shifts indicate that the protein is predominantly 
folded. Spectra generated by LYLian.
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stoichiometries of phosphorylation such as that observed with CSP. Analysis of the 

phosphorylated CSP 1-112 spectra revealed no substantial differences in the 

resonances when compared with those from non-phosphorylated protein (Fig 7.7a). 

This indicates that phosphorylation of SerlO does not cause any gross changes in 

CSP structure. To confirm the phosphorylation of CSP 1-112 within the NMR 

experiment the sample was removed from the spectrometer, ran on SDS-PAGE gels 

and Western blotted with the P-CSP antibody. The sample from the NMR 

experiment was compared to non-phosphorylated protein from the same 

purification preparation. A strong immunoreactive band corresponding to 

phosphorylated CSP was observed with the phosphorylated NMR sample, while no 

band was detected in the non-phosphorylated control (Fig 7.7b). To confirm the 

loading of protein into each lane the membrane was re-probed with a total CSP 

antibody. Immunoreactive bands were observed in both the phosphorylated and 

non-phosphorylated samples. The immunoreactive band for the non- 

phosphorylated material was substantially stronger than that for the phosphorylated 

protein, despite expected equal loading. This is likely to be due to degradation of 

the NMR (phosphorylated) protein, as NMR experiments are performed at room- 

temperature. Given that the NMR phosphorylated sample produced a much 

stronger P-CSP signal, it can be concluded that the CSP 1-112 protein was strongly 

phosphorylated within the NMR experiment.

7.3.5. Analysis of CSP 137-198 using HSQC spectroscopy
CSP 137-198 contains the C-terminal 62 amino-acids of CSP, starting directly after 

the cysteine string (113-136). The HSQC spectra for CSP 137-198 exhibited a 

tightly packed distribution, with the majority of resonances being found between

8.6 and 7.9 ppm for ’H (Fig 7.8a). The tightly packed nature of the resonances is 

indicative of unfolded proteins. Analysis of the spectrum revealed the presence of 

approximately 61 residues, which was slightly lower than the expected 73 

resonances (CSP 137-198 plus the His-tag). With the NMR experiment used, all 

backbone amide motions with the exception of the N-terminus group should be 

detected. Ultracentifugation indicated that the CSP 137-198 protein was entirely 

monomeric, with a single sharp peak at a molecular weight of 9 kDa being observed 

(Fig 7.8b). This suggests that the resonances not observed may simply have 

degenerate chemical shifts.
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Figure 7.7

A

Phosphorylated CSP 1-112 NMR spectra
A HMQC spectra was generated as shown in Fig 7.6 prior to the addition o f 10 mM 
MgCl2 and 25 pg active A ktl. The spectrum for phosphorylated CSP 1-112 was 
obtained over time periods sufficient for stoichiometric phosphorylation of the 
protein. (A) Overlay o f the non-phosphoiylated CSP 1-112 spectrum (black) with the 
phosphorylated CSP 1-112 spectrum (Red). Spectra generated by LY Lian (B) 
Phosphorylation o f CSP 1-112 within the NMR experiment was confirmed by 
Western blotting with a P-CSP antibody. The phosphorylated protein was compared 
to non-phopshorylated protein from the same material used in the NMR experiment.
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Figure 7.8

A

B

CSP 137-198 HSQC NMR spectrum.
l5N-labelled His6-CSP 137-198 was generated using the standard protocol for growth 
in I5NH4C1 containing minimal media. (A) Two-dimensional ('H and l5N) 
Heteronuclear Single Quantum Coherence (HSQC) spectra were obtained at 298 K, 
pH 6.5 using a 600 Mhz spectrometer. The dispersed nature o f the resonances 
indicate that the protein is predominantly unfolded. Spectra generated by LY Lian. 
(B) Protein mass was determined by ultracentrifugation absorbance scans at 279 nm. 
Performed by A Baron, University of Leeds.

-211  -



7.3.6. Analysis of full-length CSP in conjunction with CSP 137-198
The HSQC spectrum of CSP 137-198 contained approximately 61 detectable 

resonances, while the full-length CSP spectrum contained 75 resonances. The 

resonances of both of these spectra were predominantly from unfolded regions of 

the protein. It was therefore predicted that the majority of the resonances observed 

with the full-length protein were from the C-terminus, with some also coming from 

amino-acids 1-15 of the N-terminus, which is also known to be unfolded. The 

overlap of resonances from full-length CSP and CSP 137-198 were therefore 

compared. A HSQC spectrum of full-length CSP was obtained as before, prior to 

the addition of CSP 137-198 protein. As previously seen for the full-length and 

137-198 proteins, the majority of resonances were tightly packed between 8.6 and 

7.9 ppm for 'H resonances (Fig 7.9). Many of the resonances were observed to 

overlap, identifying resonances corresponding to the C-terminus within the full- 

length protein. Not all resonances overlapped however and a greater number of 

resonances were observed for the full-length protein compared to CSP 137-198. 

This confirmed the presence of resonances from regions of the full-length protein 

other than the C-terminus. Additionally, some resonances that could be attributed 

to the C-terminus were observed to be shifted in the full-length protein when 

compared to CSP 137-198 expressed on its own. This suggests that when attached 

to the N-terminus the chemical environment of the C-terminal domain is 

influenced, indicating that the two domains may not be completely independent of 
one another within the full-length protein.

7.3.7. Analysis of trifluoroethanol (TFE) induced folding of CSP 137- 
198 by HSQC spectroscopy

The NMR data demonstrates that the C-terminal of CSP is predominantly unfolded. 

Intrinsically unfolded domains are of interest in NMR spectroscopy as they often 

form the binding sites for client proteins (Dyson and Wright, 2002). The binding of 

client proteins to these regions often results in the folding of these domains. 

Trifluoroethanol (TFE) has been shown to stabilise helical folds, but also to induce 

folding in domains that have a natural propensity to fold (Shiraki et al., 1995). The 

propensity of the C-terminal of CSP to fold was therefore investigated using TFE. 

A HSQC spectrum was obtained for CSP 137-198 as described previously. TFE 

was subsequently added in a stepwise manner from 5-40% and the
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Figure 7.9

HSQC spectrum for full-length CSP against CSP137-198
HSQC spectra were obtained at 298 K, pH 6.5. A spectra for full-length CSP was 
obtained prior to the addition o f CSP 137-198. Black: Full-length CSP. Red: CSP 
137-198. Overlap of black and red represent the unfolded resonances o f CSP 137- 
198. A greater number of resonances are observed for the full-length protein. Not all 
resonances from the 137-198 protein overlap with the full-length CSP, indicating that 
the presence o f the C-terminus may modulate the chemical environment o f the N- 
terminus. Blue arrows show overlapping resonances from full-length CSP and CSP 
137-198. Green arrows show CSP 137-198 resonances shifted when not attached to 
the N-terminus. Spectra generated by LY Lian.
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spectrum gathered continuously. As previously observed, the resonances of the 

137-198 protein were predominantly clustered between 8.6 and 7.9 ppm in the 

absence of TFE (Fig 7.10 black resonances). However, upon addition of TFE the 

dispersion of the resonances was improved (Fig 7.10 blue resonances). The 

improvement in resonance dispersion suggests that a structural change may be 

occurring in the protein upon the addition of TFE. This indicates the presence of 

local intrinsically folded structures in the C-terminus of CSP, which may be 

stabilised to fold following the binding of a client protein.
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Figure 7.10

HSQC spectrum for CSP137-198 in the presence and absence of TFE.
HSQC spectra were obtained at 298 K, pH 6.5. TFE induces folding in unfolded 
regions of proteins if the region has the propensity to fold under certain 
circumstances. An initial spectrum was attained prior to the stepwise addition of 5 - 
40% TFE. Black: CSP 137-198 prior to TFE treatment. Blue: CSP 137-198 
following TFE treatment. The shift in resonances observed following treatment with 
TFE indicates the occurrence of a structural change in CSP 137-198. Spectra 
generated by LY Lian.
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7.4. Discussion

A number of CSP binding partners have been identified that are likely to contribute 

to the function of CSP, including Hsc70, SGT, syntaxin and VAMP2 (Braun et al., 

1996; Leveque et al., 1998; Nie et al., 1999; Tobaben et al., 2001). Despite the 

identification of these interacting partners the precise function of CSP is still 

strongly debated. Knowledge of the structure of a protein can greatly assist in 

identifying its potential modes of action. Furthermore, the precise mapping of the 

binding sites for interacting partners can aid in determining the likely functional 

significance of an interaction. NMR spectroscopy provides a dynamic picture of a 

protein’s structure, allowing ligand screening and the consideration of protein 

folding and unfolding. Consequently, determining the structure of CSP and 

identifying the structural consequences of its interaction with various accessory 

proteins is likely to identify key factors important for understanding the function of 

the protein.

The structure of the J-domain of CSP has been solved using a protein fragment 

containing amino acids 4-100 (PDB ID: 2CTW). Typically the J-domain of CSP is 

considered to occur between amino-acids 15-84 (Evans et al., 2003). The protein 

used to determine the J-domain structure therefore also contains part of the N- 

terminus and part of the linker domain of CSP. The determined structure revealed 

that the CSP J-domain was similar to previously determined J-domain structures 

such as that found in E.coli (Pellecchia et al., 1996; Jiang et al., 2003). Molecular 

modelling of the CSP J-domain structure was performed by Lu-Yun Lian 

(University of Liverpool) using the J-domain of E.coli as a reference. As can be 

observed in Fig 7.11, the modelled structure (7.11b) was almost identical to the 

published NMR structure (7.11a), demonstrating the similarity between the two J- 

domains. The CSP structure published comprised a highly folded J-domain that 

contained 4 helices and an unstructured N-terminal region. The N-terminal region 

was observed to be free from the remainder of the protein and was shown to be 

found in a number of positions, indicating that this region is flexible (see Fig 7.1 la) 

(PDB ID: 2CTW). The N-terminal region was comprised of amino-acids 4-15 and 

thus contained SerlO, the known phosphorylation site within CSP.
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Figure 7.11

Structure of the J-domain of CSP.
(A) NMR structure of the CSP J-domain, residues 4-100 (PDB ID: (2CTW). SerlO 
(green) is shown in all positions observed for the free N-terminal. (B) Predicted 
structure oftheCSP J-domain, residues 1-105. SerlOis shown in orange. (C) Surface 
diagram of the predicted J-domain, showing SerlO in green, hydrophobic residues of 
the linker domain in orange and the rare double tryptophan residues in the linker 
domain in red.
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This indicates that SerlO is found on an exposed unstructured region of CSP, 

making it an ideal binding site for interacting partners. This links nicely with the 

results in chapter 6, which identify 14-3-3 protein as a novel phosphorylation- 
dependent SerlO interacting partner.

The structure solved only consists of the first 100 amino-acids of CSP and no 

structural information exists as to the structure of the remainder of the protein. 

Molecular modelling was therefore performed to predict the structure of the C- 

terminal domain of CSP. The modelling predicted that the C-terminal region of 

CSP was predominantly unfolded, with the only potential structure being a short 

helix between residues 152-167 (Lu-Yun Lian, personal communication). As such, 

the predictive modelling indicated that the N-terminal of CSP was predominantly 

folded like a classical J-domain, while the C-terminal was predominantly unfolded. 

However, the potential exists that the unfolded domain may interact with the folded 

domain within the full length protein, becoming structured. Consequently the 

predictive modelling was tested experimentally using solution based NMR 

spectroscopy of 15N-labelled full-length His6-CSP.

HSQC spectra for full-length CSP contained only 75 resonances, much less than the 

expected 210. These resonances were tightly packed, indicating that they were 

from unstructured regions of the protein. This was surprising given that the solved 

structure of the J-domain demonstrated that regions of the protein were folded. One 

explanation for the lack of folded resonances is that the protein is aggregated, 

making it too large to observe by NMR. This idea was supported by 

ultracentrifugation experiments, which indicated that CSP was found predominantly 

at masses of 239 and 590 kDa. The oligomerisation of CSP has previously been 

reported (Swayne et al., 2003). CSP from hippocampal homogenate, transiently 

expressed CSP and recombinant CSP were all observed to form SDS-insoluble 

aggregates. The extent of oligomerisation was greater with recombinant CSP 

compared to native CSP with aggregates of five or more CSP molecules being 

observed with the recombinant protein and aggregates of only two CSP molecules 

being observed with the native protein. This difference was proposed to be due to 

post-translational modifications of the native protein, predominantly palmitoylation 

of the cysteine string, thus implicating the cysteine string as the key mediator of
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oligomerisation. Further analysis of the oligomerisation with a series of deletion 

mutants revealed that protein fragments comprising amino-acids 1-82 or 137-198 

did not aggregate, while all other fragments, each of which contained the cysteine

string region of the protein, were observed to aggregate. This led to the suggestion 

that residues 83-136, encoding the linker and cysteine-string domains were required 

for CSP self-association (Swayne et al., 2003). These findings indicate that the 

likely reason why few folded resonances were observed with full-length CSP is due 

to aggregation/oligomerisation of the protein. The fact that some resonances are 

observed indicates that some regions of the protein are free from the aggregate. The 

tight distribution of the resonances suggests that these regions are predominantly 

unstructured.

In an attempt to avoid problems associated with the oligomerisation of CSP, 15N- 

labelled protein fragments composed of CSP amino acids 1-112 or 137-198 were 

generated. These two fragments represent the N- and C-terminal regions of CSP 

either side of the cysteine string, which has been suggested as the predominant site 

associated with CSP oligomerisation (Swayne et al., 2003). Ultracentrifugation 

analysis of the CSP 1-112 protein showed that the protein formed very large 

aggregates which pelleted at 3000 g. This was surprising as the mere fact that the 

structure of the CSP J-domain has been solved indicates that this region of the 

protein can be produced in a soluble form. Differences between the 1-112 protein 

and the protein used to solve the J-domain structure can potentially explain the 

differences in solubility of the two proteins. The protein used to solve the J-domain 

structure comprised amino-acids 4-100. The main difference between the two 

proteins therefore is the extra 12 amino-acids at the C-terminal end of the 1-112 

protein. Close inspection of the 12 residues (LSSWWAKALFIF) revealed that 8 

out of 12 residues were hydrophobic, including two adjacent tryptophan residues 

(Fig 7.1 lc). This region on the linker therefore forms a hydrophobic patch, which 

is likely to be responsible for the aggregation of the 1-112 protein. Furthermore, 

this highly hydrophobic patch could account for the oligomerisation observed with 

full-length CSP. It has previously been suggested that the cysteine string region of 

CSP is most likely to mediate oligomerisation, as native CSP protein, which is 

palmitoylated on the cysteine string, aggregates to a lesser extent that non- 

palmitoylated recombinant CSP (Swayne et al., 2003). Within these experiments, a
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number of CSP deletion mutants (1-82, 83-198, 137-198, 1-146, 1-165, 1-180, 1- 

190) were tested for their ability to oligomerise. Only the 1-82 and 137-198 

proteins were observed not to oligomerise, leading to the suggestion that the region 

containing the cysteine string was required for CSP self-association (Swayne et al., 

2003). None of the proteins used excluded the linker domain and therefore it is 

impossible to rule out the linker as the mediator of CSP self assembly within these 

experiments. Proteins comprising of only the linker domain or cysteine string 

would have been useful in locating the exact region responsible for oligomerisation. 

The experiments here using the 1-112 protein, which excludes the cysteine string, 

indicate that the linker domain alone is sufficient to mediate CSP self assembly.

The precise function of this oligomerisation is unclear. As suggested by Swayne et 

al (2003) the oligomerisation may be required to link two molecules of CSP 

together, aiding the chaperone activity. However, considering current knowledge 

of CSP other explanations exist. In cells, CSP is palmitoylated on the cysteine 

string and this palmitoylation is required for the targeting and binding of CSP to the 

vesicular membrane (Chamberlain and Burgoyne, 1998a; Greaves and 

Chamberlain, 2006). This being the case, it is easy to imagine that the cysteine 

string will sit flat to the membrane. Consequently, the regions of protein directly 

before and after the cysteine string could be expected to be in close proximity with 

the membrane. This would be the case for the hydrophobic patch identified on the 

linker domain. This hydrophobic patch may therefore also be important for 

interactions with the target membrane (Greaves and Chamberlain, 2006). 

Alternatively, this hydrophobic patch may mediate an interaction between CSP and 

another vesicular bound accessory protein, with the identified interacting partners 

VAMP2 and synaptotagmin being extremely attractive candidates (Leveque et al., 

1998; Evans and Morgan, 2002).

A small population of CSP 1-112 was observed to remain in a state that allowed 

weak peaks on the 1-dimensional spectra to be detected. Consequently, the 

resonances from the protein were determined using HMQC spectroscopy, which 

provides better sensitivity but poorer resolution of the resonances. Given that the 

structure of the majority of this region has been solved, the HMQC spectrum was 

deemed sufficient to determine whether the region was folded or not. Analysis of
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the HMQC spectra revealed a broad spread of resonances, confirming the folded 

nature of this region of the protein. The effect of SerlO phosphorylation on the 

structure of CSP was then considered. A HMQC spectrum was obtained prior to 

the protein being phosphorylated by the addition of 10 mM MgCl2 and active Aktl. 

Changes in the resonances of the protein were considered in real time. The 

resulting spectrum for phosphorylated CSP was virtually identical to that of the 

non-phosphorylated protein, with only a few minor changes in resonances being 

observed. This suggests that phosphorylation of CSP on SerlO does not cause any 

gross changes in CSP structure. This is not necessarily surprising as the solved 

structure of the CSP J-domain shows that SerlO is found on the free unstructured 

region of the N-terminus, away from folded regions (PDB ID: 2CTW). 

Consequently, phosphorylation of SerlO is likely to mediate phosphorylation- 

dependent interactions rather than causing gross changes in structure.

An interesting finding of the experiments with full-length CSP and the 1-112 

protein is that the extent of oligomerisation is lower in the full-length protein when 

compared to the 1-112 protein. This suggests that the C-terminal region of CSP is 

able to inhibit the oligomerisation to some extent, indicating that the two ends of 

the protein may interact in some way. The structure of the C-terminus of CSP was 

therefore considered using a 137-198 protein fragment.

The CSP 137-198 protein is composed of the C-terminal region of CSP from the 

end of the cysteine string to the end of the protein (Evans et al., 2003). 

Ultracentrifugation demonstrated that the protein produced was found solely in its 

monomeric state, confirming that the oligomerisation of CSP is mediated N- 

terminally to this region. HSQC spectra for the 137-198 protein produced sharp 

resonances that were tightly associated, indicating that the protein was 

predominantly unstructured. Comparison of the spectra for the 137-198 and full- 

length proteins suggested that many of the resonances observed with the full-length 

protein were similar to those produced by the 137-198 protein. This suggests that 

the unstructured 137-198 region may occur as a ‘tail’ hanging free from the 

aggregated N-terminus. To determine the overlap in resonances the 137-198 and 

full-length proteins were analysed by HSQC spectroscopy in the presence of one 

another. The majority of resonances produced by the full-length protein overlapped
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with those of the 137-198 protein. A few resonances did not, suggesting that other 

regions of the full-length protein, potentially the N-terminal 15 amino-acids were 

also detectable. Interestingly, a few resonances from the 137-198 protein were 

slightly shifted compared to their resonance within the full-length protein, 

indicating that some interaction between the N- and C-terminals was occurring in 

the full-length protein.

Intrinsically unstructured domains are of interest as they can provide important 

information regarding the function of the protein. Unstructured domains can confer 

functional advantages including the ability to bind several accessory proteins 

(Dyson and Wright, 2002). Coupling of these accessory proteins to unstructured 

regions often induces folding, leading to regulation of the client protein (Dyson and 

Wright, 2005; Sugase et al., 2007). A well characterised example of this coupled 

binding and folding comes from studies looking at the interaction between the small 

GTPase Rac and its guanine nucleotide dissociation inhibitor RhoGDI. RhoGDI 

has been shown to be composed of two domains: a N-terminal flexible domain that 

is unstructured and a C-terminal domain which adopts an immunoglobulin fold 

(Golovanov et al., 2001a). Most of the N-terminal domain has been shown to exist 

as a flexible random-coiled structure, with the exception of a short region between 

residues 48-58. This short stretch of the domain has a propensity to form a helix 

and exists in equilibrium between helical and random-coil conformations in 

solution (Lian et al., 2000). Intriguingly, rac-1 can bind to residues 48-58 and this 

interaction mediates the formation of a helix-tum-helix structure in rhoGDI. This 

helix-tum-helix brings rac into close proximity with the immunoglobulin-like head 

group of rhoGDI, allowing the insertion of the isoprenylated group of rac into a 

cavity within the head group. The two sites of interaction between rac and rhoGDI 

produce a stable complex, allowing rhoGDI to inhibit GDP dissociation from rac 

(Lian et al., 2000; Golovanov et al., 2001b).

The structure of rhoGDI is reminiscent of that potentially occurring within CSP, 

where the N-terminus is folded and the C-terminus is unfolded. As described for 

rhoGDI, unfolded proteins or domains often contain regions with transient 

secondary structures. These domains often form important interaction sites for 

client proteins (Golovanov et al., 2001b). Intriguingly, predictive modelling of the
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structure of CSP indicated that a short helix may be present between amino-acids 

152-167. This helix is not far from the proposed binding site of SGT, which has 

been suggested to interact with the C-terminal or cysteine string region of CSP 

(Tobaben et al., 2001; Tobaben et al., 2003). It would be fascinating to see if the 

addition of SGT to the 137-198 construct is sufficient to induce folding of this 

region of the protein.

To test the likelihood that a transient secondary structure may exist with the 137- 

198 protein, the protein was incubated with trifluoroethanol (TFE). TFE can induce 

folding in regions of proteins that have a propensity to fold, but not in those which 

do not (Shiraki et al., 1995; Kumar et al., 2003). Addition of TFE to the CSP 137- 

198 protein mildly increased the spread of resonances when compared to CSP 137- 

198 prior to the addition of TFE. This spread of resonances indicates that the 

protein becomes more folded upon the addition of TFE, indicating that local 

structures exist in the C-terminal domain of CSP. These local structures represent 

attractive binding sites for CSP accessory proteins. Analysis of chemical shifts in 

CSP 137-198 resonances following co-expression with CSP client proteins will 

allow the unequivocal identification of residues involved in binding proteins in this 

region of the protein. This work would be expected to clarify current controversies 

regarding the binding sites for SGT (Tobaben et al., 2001; Tobaben et al., 2003) 

and potentially other client proteins including syntaxin, synaptotagmin and G- 

protein subunits.

Prior to this study, only information regarding the structure of the N-terminus of 

CSP was known. This region of the protein is a classical J-domain and as such its 

function will be to recruit and activate Hsc70, as with any other J-domain. 

Consequently, the specific action of CSP within cells must be centred on the C- 

terminus. Combining the information from the published J-domain, and the 

findings presented in this chapter concerning the C-terminus, it is possible to 

predict how CSP may act within cells (Fig 7.12). The published structure of the N- 

terminal and J-domains demonstrate that the J-domain is highly folded forming the 

classical structure common to several J-domain proteins. This region has been 

shown to bind Hsc70, regulating its activity (Braun et al., 1996). The N-terminal
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Figure 7.12

Model of the structure of CSP bound to a vesicle.
The structure o f the J-domain shown was produced by molecular modelling (LL 
Lian) and shown to be identical to that o f the solved structure o f the CSP J-domain. 
SerlO in the N-terminal domain is shown in orange. CSP associates with the 
vesicular membrane via its palmitoylated cysteine string (CCCCCC). The C- 
terminal domain is unstructured and is potentially free, allowing it to interact with 
accessory proteins.
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domain containing the known phosphorylation site within CSP is unstructured and 

free from the structured J-domain (Evans et al., 2001) (PDB ID: 2CTW). This 

region is easily accessible for client proteins and therefore represents an attractive 

binding site for a range of potential clients, including 14-3-3 protein (see chapter 6). 

The linker and cysteine-string domains can be expected to sit close to the 

membrane with the hydrophobic patch of the linker potentially interacting with 

vesicle bound client proteins and the cysteine-string mediating membrane binding. 

The C-terminal of CSP is likely to be a free unstructured domain that is easily 

accessible to client proteins. Upon binding of client proteins to this region, for 

example SGT, the C-terminal may fold, bring SGT into proximity to the folded J- 

domain, whereby it can interact with the bound Hsc70 to form the trimeric complex 

(Tobaben et al., 2001). Further work is required to determine the precise structural 

changes that occur following client protein binding. The work to date however 
provides a working model for the actions of CSP.
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Chapter 8

General Discussion
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8.1. Review of the experimental findings

In order for a kinase to be capable of modulating exocytosis it must fulfil certain 

criteria: 1) the kinase must be in the correct location to regulate exocytosis, 2) it 

must be activated by stimuli that initiate exocytosis, 3) it must be activated within 

the same time frame that exocytosis occurs. This thesis has demonstrated that 

stimulation of adrenal chromaffin cells or CGNs with agonists that initiate 

exocytosis (nicotine, KC1) also results in the activation of Akt. This activation is 

Ca -dependent and occurs at Ca2 -concentrations suitable for initiating exocytosis. 

This activation is rapid and occurs within the timecourse required for a role in 

modulating exocytosis in permeabilised cells. Furthermore, in CGNs it has been 

shown that Akt is present at synapses and is thus in a position whereby it could 

regulate exocytosis (see chapter 3 and 4). These findings demonstrate that Akt 

fulfils all the criteria required for a kinase to be implicated in exocytosis.

The kinases currently identified as being involved in the regulation of exocytosis 

mediate their effects through the phosphorylation of several substrates directly 

implicated in the exocytic event [reviewed in (Turner et al., 1999; Leenders and 

Sheng, 2005)]. In light of this, Akt has been shown to phosphorylate CSP and 

Riml, two proteins implicated in the regulation of exocytosis in several cell types. 

It has been shown that Akt phosphorylates CSP on SerlO in vitro and within cells 

and that phosphorylation of this residue mediates the phosphorylation-dependent 

interaction of 14-3-3 protein with CSP (see chapter 6). Akt has also been shown to 

phosphorylate the active zone protein Riml on Ser241, Ser287 and Ser413 in vitro. 

These phosphorylation sites are known 14-3-3 binding sites and it has been 

demonstrated that Akt phosphorylation of these three residues mediates a 

phosphorylation-dependent interaction between 14-3-3 protein and Riml (see 
chapter 5).

Finally, the structure of CSP has been considered at the atomic level. It has been 

demonstrated that the C-terminus of CSP is generally unstructured, representing an 

ideal binding site for client proteins. Additionally, the unstructured C-terminus 

may undergo induced folding upon client binding and could interact with the highly 

folded N-terminus. Furthermore, it has been demonstrated that phosphorylation of 

SerlO has no gross effect on the structure of the folded N-terminus of CSP and
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therefore is likely to mediate phosphorylation-dependent interactions, such as that 
shown for 14-3-3 protein (see chapter 7).

8.2. Model of the molecular events mediating Akt’s modulation of 
exocytosis

Membrane depolarisation results in the opening of voltage-gated Ca2+-channels and 

an increase in the intracellular Ca2 concentration. This increase in intracellular 

Ca2 initiates a currently unidentified signalling pathway that leads to the 

phosphorylation of Akt on Ser473, consequently resulting in its activation. 

Following activation, Akt may phosphorylate multiple exocytic proteins that 

regulate exocytosis, including Riml and CSP. These phosphorylation events may 

be spatially or temporally regulated, allowing Akt to regulate various stages of 
exocytosis.

Phosphorylation of Riml on Ser241, Ser287 and Ser413 by Akt would mediate the 

recruitment of 14-3-3 protein to Riml. The Riml-14-3-3 interaction may then be 

responsible for mediating vesicle priming, as both Riml and 14-3-3 have 

previously been implicated in the priming event (Fig 8.1a). Riml has been shown 

to simultaneously bind muncl3 and rab3 in a tripartite complex (Dulubova et a l, 

2005). Disruption of the Riml-muncl3 complex results in a decrease in the 

number of readily releasable vesicles (Betz et a l, 2001) and this has led to the 

suggestion that the rab3-Riml-muncl3 complex may approximate synaptic vesicles 

to the priming machinery (Dulubova et a l, 2005). In permeabilised adrenal 

chromaffin cells, 14-3-3 enhances catecholamine release in an Mg2+-ATP- 

dependent priming assay but not in an Mg2+-ATP-independent, Ca2+-dependent 

triggering assay (Morgan and Burgoyne, 1992b; Chamberlain et a l, 1995). One 

important consideration in this conjecture is that Ser413 has also been shown to be 

phosphorylated by PKA, with this phosphorylation being essential for LTP (Lonart 

et a l, 2003). It is therefore difficult to predict how the two kinases may function 

together. In the paper by Lonart et al (2003) forskolin was observed to increase 

Ser413 phosphorylation in CA3 but not CA1 hippocampal neurons. However, 

constitutive phosphorylation of Riml Ser413 was observed in both CA1 and CA3 

neurons. Consequently, it is possible that PKA may phosphorylate Ser413 in CA3 

neurons and Akt in CA1 neurons. Alternatively, Akt may be responsible for
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Figure 8.1

Model of Akt-mediated regulation of exocytosis by CSPand Rim l.
(A) Akt phosphorylation o f Riml on Ser24l, Ser287 and Ser413 results in the 
recruitment of 14-3-3 protein. The Rim-14-3-3 complex mediates vesicle priming.
(B) Dephosphorylated CSP interacts with syntaxin to regulate the fusion event. (C) 
Akt phosphorylation reduces CSP's affinity for syntaxin and enhances its binding to 
14-3-3 protein. The 14-3-3-CSP-Hsc70-SGT complex then functions as a chaperone 
refolding denatured protein, ready for subsequent rounds o f exocytosis.

- 2 2 9 -



the constitutive phosphorylation in both CA1 and CA3 neurons and subsequent 

PKA phosphorylation may have a distinct function at a different stage of 

exocytosis. Consequently, Akt phosphorylation of Riml Ser413 and the 

subsequent interaction with 14-3-3 may mediate the priming of vesicles, while PKA 

may regulate a late stage in the exocytic process immediately prior to fusion.

The Akt phosphorylation of CSP may occur at a later stage in the exocytic process. 

In its dephosphorylated state CSP may regulate the fusion event, as studies in 

adrenal chromaffin cells have shown that over-expression of CSP results in changes 

to the release kinetics of individual fusion events (Graham and Burgoyne, 2000) 

(Fig 8.1b). This effect on fusion may be mediated by the interaction of CSP with 

its binding partners syntaxin and synaptotagmin (Nie et al., 1999; Evans et al., 

2001; Evans and Morgan, 2002). Following the fusion event, Akt could 

phosphorylate CSP on SerlO. This phosphorylation would reduce CSP’s 

interaction with both syntaxin and synaptotagmin (Evans et al., 2001; Evans and 

Morgan, 2002) and promote the interaction between CSP and 14-3-3 protein. This 

could result in the formation of a quaternary complex between 14-3-3, CSP, Hsc70 

and SGT. This complex could then function as a molecular chaperone to refold 

proteins that have become unfolded during exocytosis (Fig 8.1c), a function that has 

previously been described for the Hsc70-CSP-SGT complex (Tobaben et al., 2001) 

and a Hsc70-14-3-3 complex (Yano et al., 2006). This chaperone function could be 

maintained until a subsequent round of exocytosis was initiated, because 14-3-3 

may prolong CSP phosphorylation in a manner similar to raf-1 phosphorylation 

(Yip-Schneider et al., 2000). This prolonged phosphorylation could potentially 

explain the high levels of constitutive CSP SerlO phosphorylation observed in this 

thesis and other studies. The initiation of a second round of exocytosis may then 

result in the dephosphoiylation of CSP by Ca2+-dependent phosphatases, allowing 
CSP to once again regulate the fusion event.

In summary: Ca -activated Akt could phosphorylate Riml, promoting its 

interaction with 14-3-3 and thereby regulating vesicle priming. Dephosphorylated 

CSP may then regulate the fusion event by interactions with syntaxin and 

synaptotagmin. Following fusion, Akt may phosphorylate CSP, promoting 14-3-3
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binding and the formation of a 14-3-3-CSP-Hsc70-SGT complex, which mediates 

protein refolding prior to a new round of exocytosis (see figure 8.1).

8.3. Future perspectives

Despite the advances made in identifying the role of Akt in regulating exocytosis, a 

number o f questions still remain to be answered.

1. The signalling pathway leading to the Ca2+-dependent activation of Akt is still 

unclear. RNAi experiments specifically knocking-down potential components are 

likely to prove a valuable tool is deciphering this pathway. These experiments 

could be performed in secretory cells using siRNA delivery by viruses. Two key 

components to study would be the mTOR-Rictor complex that phosphorylâtes Akt 

on Ser473 and calmodulin, which has been reported to mediate many 

Ca2 -dependent signalling events. Furthermore, it would be interesting to 

determine whether nicotine or Ca2+ stimulation increases PIP3 levels within 

chromaffin cells as a means of determining whether PIP3 is required for Akt 
activation in these pathways.

2. The Akt phosphorylation of Riml has not been conclusively demonstrated in 

vivo. Investigation of Riml Ser241, Ser287 and Ser413 phosphorylation in double 

Akt isoform knock-out mice may go some way to clarifying this situation. 

Alternatively, the development of Akt specific inhibitors that are stable for long 

periods in culture or siRNA may also be useful. These methods may provide 

information as to whether Akt is responsible for the constitutive phosphoiylation of 
Riml and indeed CSP.

3. The function and in vivo importance of the CSP-14-3-3 interaction has not been 

fully determined. Immunoprécipitation experiments failed to confirm the 

interaction in vivo, potentially due to the interaction being of low affinity. Complex 

imaging studies such a fluorescence resonance energy transfer (FRET) may 

therefore be required to determine whether the interaction does occur within cells. 

In vitro and in vivo experiments, such as the refolding of firefly luciferase, will be 

required to determine whether the 14-3-3-CSP interaction can enhance the 

chaperone function of the Hsc70-CSP-SGT complex.
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4. The function of the C-terminus of CSP has not been fully determined. It would 

be fascinating to express client proteins such as SGT along with CSP in the NMR 

studies. This would help to determine whether the C-terminal domain undergoes a 

binding-induced conformational change, as well as assisting in the identification of 

the precise binding sites for CSP’s interacting partners. Additionally, it would be 

intriguing to see if 14-3-3 binding to phosphorylated SerlO could also induce 
conformational changes in CSP structure.

8.4. Conclusion

The findings in this thesis advance the knowledge as to the role of Akt in 

exocytosis. It now appears clear that Akt can regulate exocytosis in a wide number 

of cell types. Akt can be activated by stimuli that initiate exocytosis. Furthermore, 

Akt can phosphorylate exocytic proteins that have been implicated in the 

widespread modulation of exocytosis, with this phosphorylation modulating their 

interacting partners. Consequently, it is possible to suggest that Akt is a 

widespread modulator of exocytosis, in a manner similar to PKA and PKC.
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