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ABSTRACT

Ca2+ is essential for both synaptic vesicle exocytosis and endocytosis. In exocytosis it is

involved in controlling a number of different protein-protein interactions. In endocytosis one

Ca2+-dependent step is already identified, the Ca2+-calmodulin dependent phosphatase

calcineurin dephosphorylates a group of proteins called the dephosphins. The aim of this

thesis was to identify new Ca2+-dependent interactions that occur with endocytosis proteins

and to investigate their mechanism of action.

Endocytosis proteins contain a number of different specialised domains which control

protein-protein interactions at specific steps. A variety of these domains were used in a

proteomic screen using GST-pull down assays from nerve terminal lysates to investigate

whether Ca2+ controlled any specific interactions. Many interactions appeared to occur only

in the presence of Ca2+, however this was attributed to non-specific binding due to the

presence of ZnS04. Two new interactions were identified that bind SH3 domains only in the

absence of Ca2+, the adaptor protein caskin I and a protein known as "similar to KIAA0856".

Since SH3 domain containing proteins had Ca2+-dependent interactions, these were

examined in more detail. Most proteins that bound to SH3 domains had increased binding or

only bound in the absence of Ca2+. These proteins included caskin I, synaptojanin,

amphiphysin I, dynamin I and synapsin I. However an unidentified 90 kDa band bound only

in the presence of Ca2+ suggesting Ca2+ positively and negatively regulates interactions.

These interactions were characterised further by examining the amount of Ca2+ required to

stimulate or inhibit the above associations.

Ca2+-binding of endophilin II has been proposed to control its protein-protein interactions. A

number of complementary techniques were used to examine the Ca2+ affinity of SH3

domains including endophilin. These techniques included 45Ca2+ overlay assays, tyrosine

and tryptophan fluorescence and equilibrium dialysis. From all of the fusion proteins

XVI



investigated the SH3 domains appeared to bind 45Ca2+ however the full length proteins did

not. Tyrosine and tryptophan fluorescence showed a Ca2+ dependent fluorescence shift

suggesting a conformational change on the addition of Ca2+, meaning that Ca2+ may bind to

the SH3 domains. Finally equilibrium dialysis showed that no endophilin GST fusion protein

bound to Ca2+. From these results it is still open to question whether endophilin binds Ca2+.
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1.1 Constitutive exocytosis and endocytosis

Intracellular vesicle trafficking is an essential process in all cells. Vesicles transport a wide

array of molecules to the cell surface where the vesicle can fuse with the plasma membrane

and release its contents extracellularly. This continuous process is known as constitutive

exocytosis, and can involve the transport of molecules such as plasma membrane proteins.

The cell must then be able to recover the vesicle membrane proteins from the plasma

membrane by membrane invagination and budding which occurs by constitutive endocytosis.

Exocytosis and endocytosis can also be regulated by extracellular signals. This allows the

cell to control the release of proteins from the vesicle and control the uptake of membrane.

Regulated exocytosis is required for the secretion of proteins such as enzymes and

antibodies and for antigen presentation during the immune response.

Receptor-mediated endocytosis is an example of regulated endocytosis. This requires ligand

binding to a receptor on the cell surface triggering plasma membrane invagination. Viruses

and toxins may use this process to gain entry into the cell and cause infection.

1.2 Types of endocytosis

Endocytosis exists in two forms, pinocytosis which is described as cell drinking and

phagocytosis described as cell eating. Pinocytosis can be divided into clathrin-mediated

endocytosis, caveolin-mediated endocytosis, macropinocytosis and clathrin- and caveolin-

independent endocytosis (figure 1.1) (Conner & Schmid 2003).

Clathrin-mediated endocytosis is one of the ways by which synaptic vesicles can recycle. It

involves the formation of a clathrin coat around a membrane invagination which is

internalised into the cell and the clathrin coat is then removed. The other pathways have

been identified by the presence of lipid rafts. Lipid rafts are thought to be detergent resistant

regions of the plasma membrane enriched in cholesterol, glycosphingolipids,

glycophosphatidylinositol (GPI)-anchored proteins and some membrane proteins.
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Caveolin-mediated endocytosis is characterised by the presence of caveolins, which are a

family of cholesterol-binding proteins. Caveolins insert into the inner leaflet of the plasma

membrane resulting in a caveolin coat surrounding a flask-shaped plasma membrane

invagination which is internalised into the cell (Conner & Schmid 2003).

Macropinocytosis involves the formation of large, irregular primary endocytic vesicles by the

closure of lamellipodia generated at membrane ruffles. Membrane ruffles are present on the

plasma membrane and are induced by stimulation of the cell by growth factors or other

signals (Conner & Schmid 2003, Nichols & Lippincott-Schwartz 2001). These membrane

ruffles are formed by actin and their production has been linked to the small GTPase arf6.

Arf6 may also mediate the production of phosphatidylinositol 4,5-bisphosphate (PIP2) by

activating phosphatidylinositol 4-phosphate 5-kinase (Nichols & Lippincott-Schwartz 2001).

Another phosphoinositide which may play a role in macropinocyotsis is phopshoinositide 3-

kinase (PI3-K) which when inhibited prevents the formation of macropinosomes (Johannes &

Lamaze 2002).

1.3 Synaptic exocytosis and endocytosis

Nerve cells or neurons are specialised secretory cells found in the brain. Synaptic vesicle

(SV) exocytosis and endocytosis occur at nerve endings known as synapses. A synapse is

the junction between the nerve terminal and the post synaptic region of another neuron or

muscle. For a nerve signal to be transferred at this junction, an action potential travels down

the axon and causes a Ca2+ influx through voltage-gated Ca2+ channels (VGCCs). SVs then

fuse with the plasma membrane by exocytosis allowing them to release their package of

neurotransmitters into the synaptic cleft. Neurotransmitter then crosses the synaptic cleft and

binds to receptors on the post-synaptic membrane to propagate the signal (figure 1.2). The

membrane proteins involved are then recycled by SV endocytosis to regenerate the vesicle

pool and be used in the next round of exocytosis.
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Figure 1.2 Transfer of a neuronal impulse.

1) A neuronal impulse travels down the axon and causes a Ca2+ influx in the
presynaptic terminal through voltage-gated Ca2+ channels.

2) Synaptic vesicles then fuse with the plasma membrane.

3) They then release their contents into the synaptic cleft.

4) Neurotransmitters bind to the post synaptic receptors allowing the influx of Na+ and
Ca2+ ions resulting in membrane depolarisation and the transfer of a new action

potential.
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Synaptic vesicles must be recycled in order to maintain neuronal signaling. If proteins

involved in their recycling are mutated or expressed aberrantly then this can lead to

neurological conditions such as epilepsy (Garcia et al 2004), Alzheimer's disease (Cataldo et

al 1997, Yao 2004, Kelly et al 2005, Carey et at 2005), mania and depression (Saito et al

2001, Stopkova et al 2004) and spinocerebellar ataxia (Raiser et al 2005).

1.4 Synapse structure and function

The synapse is characterised by the presence of an active zone, a region where the plasma

membrane of the presynaptic terminal faces the synaptic cleft (Murthy & De Camilli 2003). It

has a dense appearance under the electron microscope, reflecting the presence of a protein

scaffold, where some SVs are located. SV exocytosis only occurs at the active zone and SV

endocytosis occurs at the endocytosis zone surrounding the active zone (Roos & Kelly

1999).

1.5 SV filling & traffic

The diameter of a SV is between 40 to 60 nm (Sudhof 2004). The SVs are able to undergo

one or two thousand rounds of exocytosis and endocytosis without need for degradation or

regeneration from the golgi (Bauerfeind et al 1998). This is important as the golgi is located a

large distance away from the neuronal cell body.

There are typically 200-250 SVs at a nerve terminal but this number is dependent on the

type and function of the synapse (Schikorski & Stevens 2001). These can be functionally

divided into a small readily releasable pool (RRP) and a large reserve pool. The RRP

contains roughly 5% of the total SVs and is thought to be made up of pre-docked SVs

present at the active zone which are primed and immediately available for release upon

nerve terminal stimulation. The reserve pool contains all the remaining SVs and ensures that

a continual supply of SVs is available for delivery to the RRP. The SVs from the reserve pool

are only needed under intense or prolonged stimulation.
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There are several stages in the SV life cycle (figure 1.3). These are 1) the filling of the SV

with neurotransmitter via a proton-motive force, 2) the trafficking of the vesicles to the

plasma membrane for docking and priming, 3) the fusion of the SV and release of its

neurotransmitter content and 4) the retrieval of the SV by 'kiss and run', clathrin-mediated

endocytosis or by bulk endocytosis. The SV can then be refilled for subsequent rounds of the

cycle.

SVs accumulate and store neurotransmitters at high concentrations by active transport,

driven by a vesicular proton pump whose activity establishes an electrochemical gradient

across the vesicle membrane driving neurotransmitter uptake (Sudhof 2004). Glutamate is

the predominant neurotransmitter with over 90% of the central synapses being glutamatergic

(Nicholls 1993).

The mechanism of SV trafficking to the active zone is not well understood. The actin

cytoskeleton has been proposed to have a role in some synapses (Murthy & De Camilli

2003). Synapsin is thought to control the binding of SVs to the actin cytoskeleton and is

thought to deliver the SVs from the reserve pool to the RRP (Pieribone et al 1995, Li et al

1995, Cousin et al 2003). Synapsin is an abundant vesicle protein that coats the vesicle

surface as a peripheral membrane protein. Synapsin is phosphorylated at many sites which

is thought to regulate its interactions with SVs and actin.

Site 1 (serine 9) is phosphorylated by protein kinase A and Ca2+/calmnodulin protein kinase I

(CaMKI) and site 2 and 3 (serine 566 and 603) by Ca2+/calmodulin protein kinase II

(CaMKII). Phosphorylation at these three sites is thought to reduce the binding of synapsin

to SVs (De Camilli et al 1990, Greengard et al 1993, Hilfiker et al 1999). Synapsin is also

phosphorylated by mitogen-activated protein kinase (MAPK) at sites 4, 5 and 6 (serine 62,

67 and 549) and by cyclin-dependent kinase 5 (Cdk5) at site 6 and 7 (serine 551).

Phosphorylation by any of these kinases is thought to reduce actin binding properties which

include the bundling of F-actin and G-actin polymerisation (Jovanovic et al 1996, Yamagata
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Figure 1.3 The SV life cycle.

1) The vesicle is filled with neurotransmitter via a proton-motive force.

2) Vesicles are released from the SV pools and are trafficked to the membrane.

3) Vesicles dock and are primed at the presynaptic plasma membrane.

4) Vesicles fuse with the membrane and release their neurotransmitter content.

5) The vesicles are recycled either by 'kiss and run', clathrin-mediated

endocytosis or by bulk endocytosis.

Figure adapted from Clayton et al 2007.
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et at 2002, Chi et at 2003). Therefore phosphorylation may increase neurotransmitter release

by increasing SV turnover.

Synapsin also has a C-terminal proline rich domain (PRD) which binds to p85, the catalytic

subunit of PI3-K. Synapsin is thought to form a complex with PI3-K and the synapsin

associated kinase activity increases with depolarisation. This kinase activity is proposed to

phosphorylate inositol lipids either on the SV or on the plasma membrane. Disruption of

either PI3-K or its interaction with synapsin inhibited the replenishment of the RRP (Cousin

ef at 2003).

1.6 Exocytosis

Exocytosis is triggered by Ca2+ influx into the nerve terminal via VGCCs. Synaptic vesicles

dock at the plasma membrane and are then primed for this Ca2+ influx. They can then fuse

with the plasma membrane releasing their contents into the synaptic cleft (figure 1.4). The

proteins and membrane can then be recycled by endocytosis ready to be refilled and go

through the cycle again.

1.6.1 Exocytosis: docking, priming and fusion

Vesicle docking is the transfer of SVs to the plasma membrane. Docked SVs are

characterised by their close proximity to the plasma membrane. Two proteins have been

linked to SV docking, these are piccolo and bassoon. These proteins are very large, over

400 kDa and contain multiple protein interaction domains which may form complexes to

anchor vesicles to the cytoskeleton or plasma membrane. They are thought to act as active

zone scaffolds on which SVs can be held. Piccolo also binds to prenylated rab acceptor

protein 1 (PRA1) which in turn binds to Rab3A, a protein which is attached to synaptic

vesicles (Gundelfinger & Dieck 2000).

Rabs are members of the Ras superfamily of small GTPases. Rab3A binds to SVs in a GTP

bound state. During or after vesicle fusion GTP is hydrolysed to GDP and rab3A dissociates
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Figure 1.4 SV exocytosis.

1) The vesicle approaches the plasma membrane.

2) The SNARE complex consisting of SNAP-25, syntaxin and synaptobrevin zippers

together to bring the vesicular and plasma membranes together.

3) Ca2+ influx allows the vesicle to fuse and release its contents into the synaptic cleft.

4) NSF then binds to SNAPs and the ATP hydrolysis causes the complex to
disassemble.

5) The vesicle is budded away from the plasma membrane.

Figure adapted from Rizo & Sudhof 2002.

10



from the SV. Rab3 binds to the N-terminal zinc finger domain of Rab3-interacting molecule

(RIM). RIM also has two Ca?+-binding C2 domains which bind to N-type Ca2+ channels via

their pore-forming subunit a1B. Through these interactions with Rab3 and N-type Ca2+

channels RIM is thought to co-ordinate vesicle arrival at the active zone with vesicle

placement near points of Ca2+ entry (Coppola et al 2001). Therefore these proteins may also

play a role in vesicle docking.

RIMs bind to the N-terminus of muncl 3, a protein thought to be involved in vesicle priming

(Betz et al 2001, Rizo & Sudhof 2002). The C-terminus of muncl 3 binds to the SNARE

(soluble N-ethylmaleimide-sensitive fusion attachment protein receptors) protein, syntaxin I.

Syntaxin I is one of three SNARE proteins which form a complex and are involved in

membrane fusion (Rizo & Sudhof 2002). Muncl 3 binds to the open conformation of syntaxin

I which is able to form the SNARE complex (Rizo & Sudhof 2002). A different protein,

muncl 8 binds to syntaxin I in its closed conformation and prevents the formation of the

SNARE complex, thus acting as a negative regulator of membrane fusion (Dulubova et al

1999, Rizo & Sudhof 2002). In order for the SNARE complex to form syntaxin I must be

released from muncl 8 and may then bind to muncl 3. Therefore the switch between muncl 8

and muncl 3 may mediate the transition between the syntaxin l-munc18 complex and the

SNARE complex promoting membrane fusion (Rizo & Sudhof 2002).

The SNARE proteins are identified by an approximately sixty residue sequence known as

the SNARE motif and they have a high propensity to form coiled coils (Rizo & Sudhof 2002).

The three SNARE proteins involved in exocytosis are known as synaptobrevin (also known

as vesicle-associated membrane protein or VAMP) on SVs, and syntaxin I and

synaptosomal-associated protein of molecular mass 25 kDa (SNAP-25) on the presynaptic

plasma membrane (Rizo & Sudhof 2002, Sudhof 2004). These three proteins form a tight

SNARE complex and this is thought to account for the specificity of membrane fusion by

bringing the SV membrane and the plasma membrane together. The formation of this
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complex may generate enough energy to overcome the energy barrier separating the

membranes and drive fusion (Sudhof 2004).

Fusion may be promoted by a protein known as synaptotagmin I which is an abundant SV

protein that acts as a Ca2+ sensor in release. Synaptotagmin is thought to promote

membrane fusion by affecting local membrane curvature (Martens ef a/2007) and by binding

to the SNARE complex (Pang et al 2006). Synaptotagmin I is a vesicle-localised

transmembrane protein with two tandem C2 domains in its cytoplasmic region, the C2A

domain binds three Ca2+ ions (Ubach et al 1998) and the C2B domain binds two Ca2+ ions

(Fernandez et al 2001). Ca2+-binding allows the C2A and C2B domains to interact with

negatively charged phospholipids and this interaction results in the insertion of four loops

(two from each C2 domain) into the lipid bilayer (Hui et al 2006). This insertion is thought to

aid in bending of the monolayer which will release tension created by the insertion.

Although synaptotagmin I binds Ca2+, it is under debate as to whether the binding of the

SNARE complex is Ca2+-dependent or independent. One proposal is that synaptotagmin I

binds to a SNARE complex intermediate heterodimer consisting of syntaxin I and SNAP-25

in a Ca2+-independent manner. The binding of synaptotagmin I with the heterodimer requires

the C2B Ca2+-binding domain despite the fact that Ca2+ is not needed for this interaction

(Rickman et al 2004). This intermediate may precede and facilitate the binding of

synaptobrevin into the fusion-competent SNARE complex (Rickman & Davlevtov 2003).

When Ca2+ influx occurs it can then bind to the C2 domains and bring the already formed

SNARE complex into close proximity to the plasma membrane.

Synaptotagmin I has also been suggested to bind in a Ca2+-dependent manner to the ternary

SNARE complex and an aspartate to asparagine mutation (D232N) in the C2A domain

increases this Ca2+-dependent binding (Pang et al 2006). Ca2+ can bind to the C2 domains

allowing synaptotagmin to interact with either or both the plasma membrane or the SNARE

complex bringing them into close proximity to drive membrane fusion (Pang et al 2006).
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After fusion the complex binds to N-ethylmaleimide-sensitive fusion protein (NSF) through

soluble NSF attachment proteins (SNAPs) and is disassembled by the ATPase activity of

NSF (Rizo & Sudhof 2002).

1.7 Endocvtosis

Exocytosis at the nerve terminal must be followed by endocytosis in order for the synapse to

maintain a recycling pool of SVs and to remove the extra membrane added to the plasma

membrane. There are three models of vesicle retrieval currently in existence. Fleuser and

Reese showed that with strong stimulation vesicles fully fuse with the plasma membrane and

are then retrieved in a clathrin-dependent process in a region located away from the active

zone. This is now termed clathrin-mediated endocytosis (figure 1.5A) (Heuser & Reese

1973, Wilkinson & Cole 2001, Royle & Lagnado 2003). Ceccarelli et al gave a mild

stimulation and described a model where endocytosis occurred rapidly and did not involve

the vesicle fusing with the plasma membrane but opening enough to release its contents

through a small fusion pore and recycling at that same site within the active zone. This is

now known as 'kiss and run' and is thought not to involve clathrin (figure 1,5B) (Ceccarelli et

al 1972, Wilkinson & Cole 2001, Royle & Lagnado 2003). More recently another mode of

retrieval has been described where large areas of membrane are invaginated and/or

internalised following complete vesicle collapse. Clathrin-coated vesicles may then bud from

these structures (Richards et al 2000, Royle & Lagnado 2003) (figure 1,5C). This mode is

referred to as bulk endocytosis.

1.7.1 Clathrin-mediated endocvtosis

Clathrin-mediated endocytosis at the synapse involves the formation of a clathrin-coated

vesicle around an invaginated portion of the plasma membrane. Clathrin is made up of two

subunits, a heavy chain of 170 kDa and a light chain of 35 kDa. On the end of the heavy

chain there is a flexible linker which allows the chains to form triskelia. These are composed

of three heavy chains and three light chains and this makes up the basic clathrin unit which
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Figure 1.5 Different modes of endocytosis.

A, Heuser and Reese Model, schematic (left) shows vesicles fully fuse with the plasma
membrane and are then recycled in a clathrin-dependent step away from the active zone.

Electron micrograph (right) of frog neuromuscular junction following 1 minute stimulation at
10 Hz. B, Ceccarelli et al Model, schematic (left) shows vesicles not fully fusing with the

plasma membrane, the contents discharged through the fusion pore and the vesicle
retrieved at the same site. Electron micrograph (right) of frog neuromuscular junction
following 2 hours of stimulation at 4 Hz. C, Bulk Retrieval Model, schematic (left) shows
vesicle fully fusing with the membrane and then large invaginations of the plasma membrane
or large internalised cisternae from which vesicles can then bud. Electron micrograph (right)
of frog neuromuscular junction showing large internalised cisternae. All scale bars 250 nm.

Figure adapted from Royle & Lagnado 2003.
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in turn polymerises into a lattice of pentagons and hexagons surrounding the vesicle forming

the clathrin-coated pit (Slepnev & De Camilli 2000).

Many proteins such as the adapter proteins AP2, AP180, amphiphysin and epsin contain a

"clathrin box". This has a consensus sequence of LLpL(-), where p is an amino acid with a

polar side-chain and (-) represents a negative sidechain. This clathrin box binds to the N-

terminal domain of the heavy chain of clathrin and this may help to regulate vesicle formation

(ter Haar et al 2000).

Clathrin-mediated endocytosis consists of a number of different steps each involving

different proteins and different protein-protein interactions through a variety of specialised

domains. These steps include nucleation, invagination, fission and uncoating (figure 1.6).

1.7.1.2 Clathrin-mediated endoevtosis: nucleation

Nucleation involves proteins assembling at the plasma membrane in order to initiate the

growth of the clathrin coat. This involves synaptotagmin I, PIP2 and the adapter proteins AP2

and AP180.

1.7.1.2.1 Synaptotaqmin I

Synaptotagmin I has an important role in exocytosis but it has also been shown to take part

in endocytosis. Microinjection of antibodies against the C2B domain of synaptotagmin I in

giant nerve terminals of the squid inhibits SV endocytosis at an early stage in living synapses

(Fukuda et al 1995). Synaptotagmin I binds with high affinity to the p2 subunit of adapter

protein 2 (AP2) via its C2B domain, through a unique cluster of lysine residues (Grass et al

2004). Synaptotagmin I is therefore thought to act as a docking site for AP2 at the plasma

membrane acting as a nucleation site for endocytosis.
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1.7.1.2.2 AP2

AP2 is a member of the heterotetrameric family of clathrin adapter proteins which link

clathrin to the plasma membrane (Slepnev & De Camilli 2000). It consists of two large

subunits a (100-110 kDa) and (32 (105 kDa), and two smaller subunits p2 (50 kDa) and o2

(17 kDa). These subunits are also known as adaptins. AP2 has a brick like structure, with

two ear domains that correspond to the carboxy-terminai regions of a and p2-adaptin (figure

1.7) (Slepnev & De Camilli 2000). AP2 binds to both cargo and plasma membrane

phospholipid headgroups as well as to clathrin (Collins et al 2002).

AP2 recognises two cargo interalisation motifs; a tyrosine based endocytic sorting motif

(YXXcp) where cp represents a bulky hydrophobic amino acid, and a dileucine based motif

(DXXLL). The p2 subunit recognises both internalisation motifs and the (32 subunit also

recognises the dileucine based motif (Ohno et al 1995, Owen & Evans 1998, Rapoport et al

1998, Rodionov & Bakke 1998). Synaptic Vesicle protein 2 (SV2), thought to be a Ca2+ -

transporter in SVs possibly interacting with synaptotagmin I (Schivell et al 1996) contains two

YXXcp motifs, YSRF and YRRI (Haucke & De Camilli 1999). AP2 binds to these motifs and

concentrates cargo proteins in the emerging bud for internalisation (Takei & Haucke 2001).

AP2 is also thought to be phosphorylated at threonine 156 on the p2 subunit by adapter-

associated kinase I (AAKI) and this increases the affinity for YXXcp motifs 25 fold (Conner &

Schmid 2002, Ricotta et al 2002, Jackson et al 2003). Mutation of threonine 156 to alanine

(T156A) inhibits transferrin uptake (Olusanya et al 2001) and therefore the phosphorylation

site is thought to be important in endocytosis.

AP2 also binds to the plasma membrane and interacts with PIP2 at two basic sites on the a

and p2 subunits (Gaidarov et al 1996, Rohde et al 2002). This along with the binding to

synaptotagmin I may be responsible for the targeting of clathrin to the plasma membrane.

AP2 has two clathrin binding sites both of which are located on (32 adaptin, one is on the ear

domain and the other is on the hinge region (Haucke & De Camilli 1999). The ear domains

also recruit a lot of accessory/regulatory proteins, which include eps15, AP180, epsin,
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Figure 1.7 Proteins involved in the early stages of endocytosis.

Schematic representation of the proteins involved in the early stages of endocytosis. Clathrin
triskelia which is made up of three heavy chains and three light chains. Adapter protein 2

(AP2) which is a heteroligomer made up of four subunits or adaptins, a, (32, p2 and o2.
Others domains are abbreviated as follows: AP180 N-terminal homology (ANTH) and epsin
N-terminal homology (ENTH), involved in binding to PIP2. Asp-Pro-Trp (DPW) repeats which
bind to AP2, Asn-Pro-Phe (NPF) repeats which bind to epsin homology (EH) domains.
Coiled coil (CC) region which is responsible for dimerisation and Asp-Pro-Phe (DPF) repeats
which bind to AP2. Figure adapted from Slepnev & De Camilli, 2000.

18



amphiphysin, auxilin and synaptojanin I which bind through multiple Asn-bulky hydrophobic-

Phe (DcpF) motifs (Collins et al 2002).

1.7.1.2.3 AP180

AP180 is also important in clathrin binding and polymerisation and contains a N-terminal

clathrin box, however clathrin binding has been attributed to the twelve Asp-Leu-Leu (DLL)

repeats which are present at the C-terminus (figure 1.7). AP180 is four times more effective

than AP2 at assembling clathrin coats (Lindner & Ungewickell 1992, McMahon 1999)

however a complex of AP180 and AP2 has much stronger ability to assemble clathrin than

each protein has separately (Hao et al 1999). AP180 also binds to PIP2 through the AP180

N-terminal homology domain (ANTH) and this regulates its clathrin polymerising activity and

localises it to membranes (Stahelin et al 2003, Slepnev & De Camilli 2000). AP180 has been

proposed to mediate vesicle size. In the presence of AP180 vesicles are smaller and more

homogeneous in size than baskets formed in its absence (Morgan et al 1999). This was also

shown in Drosophila where the AP180 gene was disrupted by insertional mutagenesis.

Mutant flies showed a smaller number of synaptic vesicles and vesicles of varied size,

notably larger than those in control synapses (Zhang et al 1998).

1.7.1.2.4 PIP, and PIPKIy

The regulation of PIP2 is very important in nucleation. Many of the proteins involved in this

process bind to this phosphatidylinositol such as AP2, AP180 and epsin, as well as proteins

involved in the later stages of endocytosis such as dynamin I (Salim et al 1996). PIP2 is

concentrated at the plasma membrane and could therefore anchor these proteins to the

membrane. PIP2 is synthesised by phosphatidylinositol 4 phosphate 5 kinase type ly

(PIPK1 y) which therefore acts as a positive regulator of clathrin coat recruitment (Wenk et al

2001).

PIPKIy knock-out (KO) mice die shortly after birth and have impaired mobility (Di Paolo et al

2004). As expected there is a decrease in the amount of PIP2 levels and synthesis in the
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brain. There is also a decrease in the RRP and a decrease in refilling kinetics. These

findings are consistent with a study of chromaffin cells from KO mice (Gong et al 2005). In

this study there is also an increase in the number of docked vesicles suggesting a defect in

vesicle priming. In KO mice there is also a delay in endocytosis with slower recycling kinetics

(Di Paolo et at 2004). This may be because PIP2 is very important in various steps in

endocytosis, from the nucleation of the clathrin coated pit to the recruitment of dynamin I

which is involved in vesicle fission. These studies from KO mice show that the generation of

PIP2 by PIPKIy is very important in both SV exocytosis and endocytosis.

In summary nucleation is initiated by the presence of synaptotagmin 1 which acts as a

docking site for AP2. AP2 forms an adapter complex with AP180 which act together to bind

clathrin triskelia. This initiates the growth of the clathrin coat.

1.7.1.3 Clathrin-mediated endocytosis: invagination

Invagination involves the membrane of the nascent vesicle bending and the formation of a

vesicle bud ready to be fissioned off the membrane. The proteins involved in invagination are

the accessory proteins epsin and eps15 and the scaffold proteins intersectin, amphiphysin

and endophilin.

1.7.1.3.1 Epsin

Epsin was first discovered by virtue of its binding to eps15 and was therefore named eps15

interacting protein (epsin) (Chen et al 1998). Epsin binds to eps15 to form a complex around

the AP2-AP180 complex via three C-terminal Asn-Pro-Phe (NPF) motifs (figure 1.7). This

motif recognises proteins containing eps15 homology (EH) domains which also include the

endocytosis protein intersectin (De Camilli ef a/2002).

Epsin also has an important role in driving membrane formation and is responsible for

creating membrane curvature. It does this via its epsin N-terminal homology (ENTH) domain

which binds to PIP2. This induces the formation of an N-terminal helix which can insert
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between the lipid headgroups pushing them apart and facilitating membrane curvature.

Clathrin polymerisation into a lattice could then stabilise this structure (Ford et al 2002,

Hurley & Wendland 2002, Schmidt 2002, Horvath et al 2007). The C-terminus is responsible

for recruiting clathrin coat components and drives clathrin assembly. Epsin binds to AP2 and

clathrin via Asp-Pro-Trp (DPW) repeats (Wendland 2002, Horvath et al 2007).

1.7.1.3.2 Eps15

Eps15 has three EH domains which bind to epsin, AP180, synaptojanin I (the 170kDa

isoform) and intersectin (figure 1.7) (Chen et al 1999, Morgan efa/2003). Each of the three

EH domains consist of a pair of EF-hand motifs, in the second and third EH domains one of

the EF-hands of each domain has been shown to bind Ca2+ (de Beer et al 1998, Confalonieri

& Di Fiore 2002). The C-terminal domain contains a proline rich domain as well as 15 Asp-

Pro-Phe (DPF) motifs which bind to the a-adaptin ear domain of AP2 (Slepnev & De Camilli

2000).

Eps15 has previously been demonstrated to bind to the growing edges of clathrin-coated pits

and so is thought to have a role in clathrin assembly (Tebar et al 1996). Eps15 binds to two

NPF binding motifs on AP180 and this stimulates the activity of AP180 to assemble clathrin.

Clathrin then displaces eps15 from AP2 and leaves it at the expanding rim of the pit (Morgan

et al 2003).

1.7.1.3.3 Intersectin

Intersectin is a scaffolding protein thought to be involved in invagination, acting as a

regulator of dynamin I recruitment, a GTPase involved in vesicle fission. Intersectin has two

EH domains along with a coiled-coil domain which bind epsin, eps15 and SNAP-25

(Okamato et al 1999, Sengar et al 1999). It also has five src homology 3 (SH3) domains

located in the central region, of which three interact with the PRD of dynamin I (figure 1.8).

These SH3 domains also bind to synapsin and synaptojanin I (Hussain et al 1999, Evergren

et al 2007). The neuronal splice variant of intersectin also has a pleckstrin homology (PH)
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Figure 1.8 Proteins involved in the latter stages of endocytosis.

Schematic representation of the proteins involved in the latter stages of endocytosis.
Domains are abbreviated as follows: N-terminal Bin Amphiphysin Rvs (N-BAR) and Fes/Cip4

homology Bin Amphiphysin Rvs (F-BAR) domain, both to sense and aid membrane
curvature. Disabled homology (DFI) to activate cdc42. C2 domain to bind to Ca2+. Pleckstrin
homology (PH) for lipid binding. Src-homology 3 (SH3) domain which binds to proline rich
domains (PRD). GTPase effector domain (GED) responsible for self assembly. Suppressor
of actin (Sac1) phosphatase domain to dephosphorylate PIP2 and J domain which binds to
Hsc70. EH, CC and NPF as described in fig 1.6.
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domain which interacts with phospholipids, a putative Ca2+-binding (C2) domain and a

disabled homology (DH) domain. This domain functions as a guanine nucleotide exchange

factor (GEF) for Cdc42 (Zamanian et al 2003), indicating a potential role for intersectin in the

organisation of the actin cytoskeleton (Hussain ef a/2001).

Intersectin is so called because it is thought to act as a link between EH and SH3 domain

proteins (Yamabhai et al 1998). Recent studies on dap160, the drosophila homolog of

intersectin, suggest that it serves to stabilise an endocytic macromolecular complex. Null

mutant flies have a severe reduction in the levels of dynamin I, endophilin and synaptojanin

(Koh et al 2004). These three proteins are involved in fission, invagination and uncoating

respectively. Intersectin is therefore proposed to act as a stabilising scaffold interacting with

various endocytosis proteins at different steps of endocytosis. There are also fewer vesicles,

aberrant large vesicles and an accumulation of endocytic intermediates at active and

periactive zones in mutant nerve terminals (Koh et al 2004). These changes in morphology

are likely to be due to the reduction in dynamin I, synaptojanin and endophilin disrupting the

coordination between invagination and fission. This may lead to large invaginations before

the vesicle is pinched off the plasma membrane producing larger vesicles and therefore

fewer vesicles (Koh et al 2004).

1.7.1.2.4 Amphiphysin

Amphiphysin I and II are similar proteins both concentrated at nerve terminals. Amphiphysin

I is predominantly expressed in the brain whereas amphiphysin II is broadly expressed and

undergoes extensive alternative tissue-specific splicing (Slepnev & De Camilli 2000).

Amphiphysin I and II form a heterodimer as shown by the amphiphysin I KO mouse. KO

mice exhibited defects in SV recycling, such as a smaller recycling pool size and a slower

recycling time. Amphiphysin II levels were also lower suggesting that the dimer is necessary

for stability of the proteins (Di Paolo et al 2002).
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Amphiphysin is thought to be involved in the recruitment of proteins through a C-terminal

SH3 domain which binds to the PRDs of dynamin I and synaptojanin (figure 1.8). The most

investigated interaction of amphiphysin is that with dynamin I. This interaction has been

shown to be essential for SV endocytosis and occurs at a single site on the dynamin I PRD

comprising the sequence PSRPNR with a relatively high affinity of 190 nM (Grabs et al

1997). Injection of a GST fusion protein containing the SH3 domain of amphiphysin I into the

lamprey giant synapse caused drastic morphological changes. There was an increase in the

number of coated pits, large plasmalemmal invaginations and the number of SV decreased.

These changes suggest that there has been an arrest of endocytosis before fission as the

injected SH3 domain is binding to dynamin I rather than the endogenous amphiphysin

(Shupliakov et al 1997).

Amphiphysin has also been demonstrated to bind to the proline rich region of synaptojanin I,

an inositol 5-phosphatase, at two sites, PIRPSR and PTIPPR (Cestra et al 1999). This

interaction has a lower affinity than the interaction between amphiphysin and dynamin I

(Slepnev & De Camilli, 2000). Synaptojanin may be brought to the plasma membrane to

interact with its major binding partner endophilin (Sparks et al 1996, de Heuvel et al 1997,

Ringstad et al 1997).

The central portion of amphiphysin is the most variable region. Amphiphysin I and the brain

specific form of amphiphysin II have a proline rich domain which binds endophilin (Micheva

et al 1997) although this has only been demonstrated in vitro. They also have a CLAP

domain for binding to C/athrin and API (McMahon et al 1997, Slepnev & De Camilli 2000).

The muscle specific form of amphiphysin II lacks this region as do all amphiphysin isoforms

in Drosophila, C.elegans and yeast. This binding allows amphiphysin I to bind to nucleated

clathrin pits ready to perform its scaffolding function. Injection of a GST fusion protein

containing the amphiphysin I CLAP site or an antibody mediated against the CLAP site into

the lamprey giant reticulospinal synapse inhibited recycling of synaptic vesicles and caused

an accumulation of clathrin-coated intermediates with distorted morphology (Evergren et al
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2004). Some clathrin-coated pits were seen that had clathrin over the majority of the pit

rather than being restricted to just the top. There were also flat patches of plasma membrane

which were decorated by a flat clathrin-like coat. These effects have been suggested to be

either due to the GST CLAP fusion protein binding to the clathrin triskelia and preventing

normal oligermisation or it may compete with the endogenous amphiphysin and prevent

membrane curvature (Evergren et al 2004).

Amphiphysin also has a Bin/amphiphysin/Rvs (BAR) domain at its N-terminal. This domain is

the most conserved feature in amphiphysins from yeast to humans and is also found in

endophilins and nadrins (Peter et al 2004). In amphiphysin this domain is referred to as an

N-BAR as it has N-terminal unstructured residues which are proposed to form an

amphipathic helix. The N-BAR domain has a coiled-coil structure required for dimerisation

and plasma membrane interaction (Zhang & Zelhof 2002). It is also thought to be involved in

both sensing and creating membrane curvature. Amphiphysin I has also been shown to bind

and tubulate liposomes in vitro due to its BAR activity (Zhang & Zelhof 2002).

The structure of the N-terminus of Drosophila amphiphysin was determined by x-ray

crystallography and was shown to be an elongated banana-shaped dimer. The concave

surface of the dimer has several positively charged patches which suggests that this is the

surface that interacts with phospholipids membranes. The BAR domain is also predicted to

bind more tightly to curved than to flat membranes. The curvature of the membrane is

thought to be generated by the action of the N-terminal helices embedding in the membrane

and by the banana-shaped dimer acting to scaffold membrane curvature. The membrane is

then forced to locally adopt the intrinsic shape of the BAR domain (Blood & Voth 2006).

1.7.1.3.5 Endophilin

The endophilin family of proteins includes two subfamilies, endophilin A and the more

recently identified endophilin B. The two subfamilies share many structural and functional

properties but differ in their binding partners. Endophilin A and B both bind to dynamin I and
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amphiphysins I and II but endophilin B does not bind to synaptojanin (Modregger et al 2003).

Endophilin A is found at the plasma membrane whereas endophilin B is found at intracellular

membranes, implying that they perform different roles. Endophilin A is known to take part in

endocytosis at the plasma membrane but endophilin B may play a role in intracellular

membrane dynamics. Consistent with this theory, overexpression of endophilin B has been

shown to have no inhibitory effect on transferrin uptake via endocytosis unlike endophilin A

(Modregger et al 2003).

There are three identified forms of endophilin A; A1, 2 and 3. These are also known as

SH3p4/p8/p13 or SH3GL1 - 3. Endophilin was first discovered in a screen for proteins

containing an SH3 domain. They were first named SH3GL1 - 3 where SH3GL1 is endophilin

A2, SH3GL2 is endophilin A1 and SH3GL3 is endophilin A3. Endophilin A1 is found in the

brain, A2 is ubiquitously expressed and A3 is found in the brain and testes (Giachino et al

1997).

Endophilin contains an N-terminal N-BAR domain and a C-terminal SH3 domain which are

separated by a variable linker region. The endophilin N-BAR domain has an N-terminal

amphiphathic helix (Peter et al 2004) that was demonstrated by electron paramagnetic

resonance spectroscopy to insert into membranes. There was also an additional insert

identified on the concave face of the N-BAR domain. This insert includes a further

amphipathic helix and is important for membrane curvature. The presence of this insert

defines an endophilin subclass of BAR domains (Gallop et al 2006).

The endophilin N-BAR domain is similar to that of amphiphysin in that it is an elongated

banana-shaped dimer but it has more negative charges in the convex face. The structure

has been solved with 11 cadmium ions and these are proposed to mimic Ca2+-binding sites

of endophilin in vivo (Weissenhorn 2005). However there was no evidence of Ca2+

interactions when di-bromo BAPTA (which allows detection of low micromolar affinities) and
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isothermal titration calorimetry (which allows detection of nanomolar affinity interactions)

were used (Gallop et al 2006).

There are two ways by which endophilin modulates membrane curvature. Firstly it

penetrates the amphipathic helices between the outer and inner leaflets of the bilayer

causing an increase in positive curvature and secondly the positively charged concave face

binds to negatively charged membranes acting as a scaffold (Gallop et al 2006). This model

is very similar to that of the amphiphysin N-BAR domain.

The SH3 segments of endophilin A2 and A3 are 92% similar whereas they are only 84% and

80% similar to endophilin A1 respectively (Giachino et al 1997). The SH3 domain has been

shown to bind to dynamin I, amphiphysin I and II and synaptojanin (Sparks et al 1996, de

Heuvel et al 1997, Micheva et al 1997, Ringstad et al 1999). If these interactions are

blocked there are many morphological changes to nerve terminals suggesting that

endophilin takes part in endocytosis before, during and after fission.

Experiments were performed where antibodies directed against endophilin were

microinjected into the lamprey giant reticulospinal synapse. This resulted in the SV pool

being almost completely depleted and "pocket-like" expansions of the plasma membrane

appearing. Clathrin-coated pits without constricted necks were also present around the

active zone (Ringstad et al 1999). This demonstrates that endocytosis was arrested at the

step preceding fission as dynamin I was unable to target to vesicle necks.

Endophilin may also have a role in fission and uncoating. Another study was carried out

again using the lamprey giant reticulospinal synapse but this time with a peptide blocking the

endophilin SH3 domain. This peptide blocks the binding of dynamin I and synaptojanin to

endophilin. There was a decrease in the number of synaptic vesicles and there were

"pocket-like" expansions present on the plasma membrane similar to the results seen with

the antibody injection. However numerous free clathrin-coated vesicles also occurred in
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synaptic regions and there were clathrin-coated pits accumulated on the plasmalemma

mainly of an invaginated type with a narrow neck (Gad et al 2000). These results tend to

suggest that the interaction of endophilin with dynamin I is essential for fission and the

interaction with synaptojanin I is essential for uncoating.

The SH3 domain of endophilin I has also recently been shown to bind to a proline rich motif

of vesicular glutamate transporter 1 (VGLUT1). VGLUT 2 and 3 do not contain any proline

rich motifs unlike VGLUT 1 which has two and therefore these do not bind to endophilin I

(Vinatier et al, 2006, Voglmaier et al 2006).

In summary during invagination the adapter proteins epsin and eps15 which are present at

the fringes of the clathrin-coated pit form a complex around the AP2-AP180 complex (Cousin

& Robinson 2001). Epsin then initiates the bending of the membrane. Scaffold proteins

amphiphysin I and II, intersectin and endophilin act as binding platforms and recruit proteins

such as dynamin I and synaptojanin I for the latter stages of endocytosis. Amphiphysin and

endophilin also act to sense and induce membrane curvature through their N-BAR domains.

1.7.1.4 Clathrin-mediated endocytosis: fission - dynamin I

The main protein involved in fission of clathrin-coated synaptic vesicles is the large GTPase

dynamin I. It was first linked to a role in endocytosis when it was identified as the protein

encoded by the shiblre gene of Drosophila. Temperature-sensitive mutations of this gene

stop endocytosis at the stage of deeply invaginated uncoated pits which have an electron-

dense collar surrounding the neck (Kosaka & Ikeda 1983). The electron-dense collar was

identified as dynamin I.

There are three different dynamin isoforms. Dynamin I is neuron-specific, dynamin II is

ubiquitously expressed and dynamin III is expressed exclusively in the testes, lung and

brain. Dynamin I has 8 different splice variants, dynamin II has 4 splice variants and dynamin
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Ill has 13 splice variants. This means that there may be at least 25 different isoforms present

in the brain (Cao et al 1998).

Dynamin I has four different domains (figure 1.8). It has an N-terminal GTPase domain, a

pleckstrin homology (PH) domain, a GTPase effector domain (GED) and a C-terminal PRD

(Urrutia et al 1997, Slepnev & De Camilli 2000).

The GTPase domain is the most highly conserved region within the dynamin family of

proteins (van der Bliek 1999). This domain exhibits an intrinsic rate of GTP hydrolysis (2-100

GTP molecules hydrolysed per minute) (Kelly 1999). This GTPase activity of dynamin I is

thought to be essential for SV endocytosis. Many of the shibire alleles have mutations in or

near the GTPase domain, leading to the characteristic block in endocytosis (Urrutia et al

1997). The GTPase activity of dynamin I is stimulated by its oligmerisation (Warnock et al

1996), which in turn increases the affinity of the PH domain for phospholipids (Klein et al

1998, Praefcke & McMahon 2004). The PH domain binds to PIP2and is thought to be crucial

for the membrane localisation of dynamin I (Salim et al 1996). PIP2 binding also increases

the GTPase activity of dynamin I 1000 fold (Stowell et al 1999).

Dynamin I exists as a tetramer (Hinshaw & Schmid 1995), that fluctuates between a

monomer-tetramer equilibrium under physiological salt conditions (Binns et al 1999, Hinshaw

2000). The tetramers can then assemble into more ordered structures such as spirals and

rings. The GED which contains two coiled-coil segments is essential for self-assembly and

interacts strongly with the GTPase domain (Warnock et al 1996).

Dynamin I has been shown to tubulate lipid membranes and to fragment them into small

vesicles on GTP hydrolysis (Sweitzer & Hinshaw 1998). The mechanism of action for GTP

hydrolysis is still under debate. The most recent theory suggests that upon the addition of

GTP, the dynamin I helix undergoes twisting and this results in an increase in tension. The

tubule then straightens out and supercoils until a break occurs allowing more supercoiling

29



until the vesicle fissions off the membrane (Roux et al 2006). Other models include 1) the

poppase model where dynamin I pops the vesicle membrane off rather like a spring (Stowell

et al 1999); 2) the pinchase model where dynamin I is proposed to pinch the vesicle neck

releasing the vesicle from the plasma membrane (Sweitzer & Hinshaw 1998); and 3) a

model which suggests that dynamin I acts as a conventional GTPase and that the rate of

hydrolysis is to activate downstream effectors (Sever et al 2000, Kelly 1999).

The PRD of dynamin I forms many associations with SH3 domains from a variety of

endocytosis proteins. These major interacting proteins include amphiphysin I (Grabs et al

1997), endophilin I (Ringstad et al 1997) and syndapin I (Qualmann et al 1999). The former

of the two interactions have already been discussed and these proteins may aid in the

recruitment of dynamin I to the sites of endocytosis. The interaction between dynamin I and

syndapin is thought to form a link between actin polymerisation and SV endocytosis as

syndapin also binds to N-WASP, an arp 2/3 activator which stimulates actin filament

nucleation (Qualmann & Kessels 2002).

In the dynamin I KO mouse surprisingly functional synapses could still be formed. Dynamin I

was shown to be essential for endocytosis when there is an intense stimulus (Ferguson et al

2007). This may be because dynamin I is dephosphorylated upon heavy stimulation and this

could control its protein-protein interactions. The dynamin I KO phenotype is rescued by

overexpression of dynamin 3 which shares some of the same phosphorylation sites as

dynamin I. There was an increase in clathrin-coated intermediates mainly in the form of

interconnected clathrin-coated buds suggesting that vesicle fission was impaired. This is

reflected by a wider range of vesicle size, with vesicles appearing slightly larger in the KO

when compared to their wildtype counterparts (Ferguson et al 2007).

In summary dynamin I regulates vesicle fission through its GTPase activity which is

enhanced upon oligomerisation and self-assembly around the vesicle neck. Dynamin I also

interacts with many other endocytosis proteins through its PRD which may aid in dynamin I
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recruitment to the site of endocytosis and may form phosphorylation-dependent complexes

with syndapin I.

1.7.1.5 Clathrin-mediated endocytosis: uncoating

After the SV has been released from the plasma membrane by dynamin I the clathrin coat

must be removed. This involves the polyphosphoinositide phosphatase synaptojanin I, the

ATPase heat shock cognate 70 (Hsc70) and its cofactor auxilin.

1.7.1.5.1 Synaptojanin

Synaptojanin is a polyphosphoinositide phosphatase which can dephosphorylate

phosphoinositides and in particular PIP2 to phosphatidylinositol phosphate (PIP). PIP2 is a

positive regulator of clathrin coat assembly and so its degradation may facilitate clathrin

uncoating.

There are two alternatively spliced isoforms of synaptojanin I, a long form of 170 kDa which

is ubiquitously expressed and a short form of 145 kDa which is brain specific. Synaptojanin II

differs from synaptojanin I in that it has a C-terminal extension with an NPF motif and an AP2

binding motif. It also has two main splice variants, synaptojanin IIA is targeted to the outer

mitochondrial membrane and synaptojanin 11B is more similar to synaptojanin I, its function

may overlap with synaptojanin I (Slepnev & De Camilli 2000).

Synaptojanin contains two inositol-phosphatase domains and a C-terminal PRD. The central

inositol phosphatase domain acts at the 5' position on the inositol ring of PIP2 and

phosphatidylinositol 3,4,5-triphosphate (PIP3) and is therefore known as the 5-phosphatase

domain. The N-terminal inositol phosphatase domain, also known as the suppressor of actin

1 (Sac1) homology domain, can act on several positions on the inositol ring on PIP2 (figure

1.8) (Slepnev & De Camilli 2000, Lee et al 2004). The Sac1 homology domain is

homologous to the product of the yeast SAC1 gene which was identified as a gene whose

mutation displays an allele-specific suppression of yeast actin mutations (Cleves et al 1989,
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Nemoto et at 2000). Synaptojanin may also have a role in the down-regulation of actin

polymerization (Sakisaka et at 1997, Lee et at 2004).

The C-terminal PRD of synaptojanin binds to the SH3 domain of amphiphysin and endophilin

(Cestra et at 1999, Micheva et at 1997). Endophilin is thought to be the major binding partner

of synaptojanin (Slepnev & De Camilli 2000). In Drosophila and C. elegans endophilin

mutants the protein levels of synaptojanin were much lower than wildtype; however

unexpectedly the endophilin levels were unaffected by synaptojanin mutants (Schuske et at

2003, Verstreken et at 2003). This suggests that the interaction with endophilin is vital for

recruitment and stabilisation of synaptojanin at nerve terminals. Endophilin and synaptojanin

mutants of both Drosophila and C. elegans had very similar phenotypes with both showing a

depletion of SVs and a number of coated vesicles, suggesting a defect in vesicle uncoating

(Schuske et al 2003, Verstreken et al 2003). Interestingly double mutants of both

synaptojanin and endophilin had the same defects as the single mutants suggesting that

these two proteins are closely linked during SV endocytosis (Schuske et al 2003, Verstreken

et al 2003).

The role of clathrin uncoating is further supported by investigations performed in

synaptojanin I KO mice (Kim et al 2002), C.elegans null mutants of the synaptojanin

homologue UNC26 (Harris ef al 2000) and lamprey giant reticulospinal axons with antibodies

injected against synaptojanin I (Gad et al 2000). All showed an increase in the number of

free clathrin-coated vesicles similar to the Drosophila and C.elegans mutants described

above. This indicates that the clathrin coat has not been removed and synaptojanin I is

important in the uncoating of vesicles. It is thought that synaptojanin I dephosphorylates PIP2

on endocytic membranes and this may facilitate clathrin uncoating by decreasing the affinity

of clathrin adapters for the membrane.

1.7.1,5.2 Hsc70 and auxilin

The dissociation of clathrin from the clathrin-coated vesicle has been demonstrated to be

ATP-dependent and is catalysed by Hsc70 (Chappell et al 1986). Hsc70 is a molecular
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chaperone protein and it is known to provide energy from ATP hydrolysis for folding of

proteins and translocation through the endoplasmic reticulum (Eisenberg & Greene 2007).

For clathrin uncoating Hsc70 also requires the co-factor auxilin (Prasad et al 1993,

Ungewickell et al 1995) where it binds to a HPD motif on the C-terminal J domain of auxilin

(Ungewickell et al 1995).

Auxilin has 3 domains, a N-terminal PTEN-like domain, a central domain and the C-terminal

J domain (Eisenberg & Greene 2007). The PTEN-like domain binds to PIP2 and mono-

phosphatidylinositols. The central domain binds to AP2 and clathrin and is responsible for

targeting Hsc70 to the assembled clathrin coat (Slepnev & De Camilli 2000, Scheele et al

2001). The binding of auxilin to clathrin allows Hsc70 to destabilise the clathrin coat by ATP

hydrolysis which releases clathrin triskelia from the clathrin-coated pit and adapter proteins

such as AP2 are displaced (Smith et al 2004, Eisenberg & Greene 2007). The interaction

between Hsc70 and auxilin is essential for uncoating as peptides that disrupt this interaction

cause an increase in the number of clathrin-coated vesicles and inhibit endocytosis (Morgan

et al 2001).

Auxilin has also been proposed to play a role in other stages of endocytosis such as vesicle

constriction and it may be involved in binding clathrin to prevent aggregation in the cytosol

(Eisenberg & Greene 2007). The central domain also binds to dynamin I but only in its

tetramerised GTP bound form and not when GDP is bound to dynamin I (Newmyer et al

2003, Sever et al 2006). An auxiiin mutant where histidine is mutated to glutamine at position

875 (H875Q) (which is the histidine in the HPD motf of the J domain that binds to Hsc70)

inhibits both vesicle uncoating and endocytosis after the invagination step. When auxilin was

depleted from the cytosol vesicle constriction but not severing was shown to be impaired.

Therefore the J domain of auxilin is proposed to have a role in both vesicle uncoating and

vesicle constriction (Sever et al 2006).
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In summary synaptojanin dephosphorylates membrane phospholipids whose breakdown

may facilitate clathrin uncoating of vesicles. Hsc70 with its cofactor auxilin can then catalyse

the ATP-dependent dissociation of clathrin from the clathrin-coated vesicle.

1.7.1.6 Clathrin-mediated endocvtosis: role of the actin cvtoskeleton.

The actin cytoskeleton has been implicated in several steps during SV endocytosis. In

endocytosis the best studied model of actin involvement is in the lamprey giant reticulospinal

synapse (Shupliakov et al 2002, Bloom et al 2003). At the plasma membrane surrounding

the active zone an actin cytomatrix develops and extends internally back into the centre of

the synapse. New actin filaments associate with clathrin-coated vesicles at the plasma

membrane and uncoated vesicles further along their length. Two changes occur when this

cytomatrix is disrupted by C2 toxin from Clostridium botulinum. There is an increase in the

number of unconstricted clathrin-coated pits and a reduction in the size of the vesicle pools

(Shupliakov et al 2002, Bloom et al 2003, Dillon & Goda 2005). This shows that actin may

have a role in vesicle fission with a potential link between dynamin I and actin.

This link could be provided by a protein known as syndapin or PACSIN. Syndapin is a

protein which has been proposed to interconnect the machinery for vesicle formation and

actin polymerisation (Kessels & Qualmann 2006). Syndapin I is an SH3 domain containing

protein that interacts with the PRD of dynamin I and the PRD of N-WASP, a potent activator

of the Arp2/3 complex which induces actin filament nucleation (Qualmann et al 2000).

Syndapin also contains a N-terminal Fes/Cip4 homology (FCH) domain followed by a coiled

coil region. This coiled coil region shares some homology with the C-terminal half of the BAR

domain. A sequence comparison and structural predictions of the FCH domain followed by

the coiled coil region reveal a protein domain very similar to the BAR domain, therefore this

domain is now referred to as the F-BAR domain (Itoh et al 2005). Both the BAR and the F-

BAR domain are able to dimerise, induce membrane tubulation and bind to

phosphatidylserine with binding enhanced by PIP2 (Itoh et al 2005, Dawson et al 2006).
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In order for syndapin to bind to both dynamin I and N-WASP, syndapin must be able to

oligomerise so that it has at least two SH3 domains available. The FCH domain of the F-

BAR domain is essential for this oligomerisation therefore allowing the SH3 domains to be

free to bind to PRDs (Kessels & Qualmann 2006). Syndapin is now known to tetramerise

allowing it to interact with multiple SH3 binding partners (Flalbach et al 2007).

Syndapin is known to be essential for both actin polymerisation and endocytosis.

Overexpression of the full-length syndapins has a strong effect on cortical actin organisation

and there is induced filopodia. The SH3 domain of syndapin inhibited receptor-mediated

internalisation of transferrin demonstrating syndapin involvement in endocytosis in vivo

(Qualmann & Kelly 2000).

1.7.2 Bulk endocvtosis

Bulk endocytosis occurs when the synapse has been stimulated strongly. This model

proposes that SVs bud from endosomes which are formed from large plasma membrane

invaginations. These endosomes may be internalised or they may remain attached to the

plasma membrane while constantly allowing SVs to bud from them (Takei et al 1996, Gad et

al 1998). Bulk endocytosis has been demonstrated in many different systems including the

frog neuromuscular junction (NMJ) (Richards et al 2000 & 2004), lamprey giant reticulospinal

synapses (Gad et al 1998), snake motor terminals (Teng & Wilkinson 2000, Teng et al 2007)

rat hippocampal neurons (Takei et al 1996) and goldfish bipolar cells (Holt et al 2003, Paillart

et al 2003).

Bulk endocytosis has been visualised in the frog NMJ using lipid binding styryl dyes. Styryl

dyes have a hydrophobic head group and a lipophilic tail that can bind but not pass through

the surface of the lipid membrane. These dyes are not fluorescent in aqueous solution but

fluoresce intensely when they are inserted into lipid membranes (Betz et al 1996, Cousin &

Robinson 1999). Styryl dyes can bind to lipid membranes with different lifetimes depending
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on their hydrophobicity. Two of the styryl dyes used to study vesicle recycling are FM2-10

and the more hydrophobic FM1-43.

In the frog NMJ, vesicles loaded during strong stimulation could only be labelled by FM1-43

and not by FM2-10. The explanation for this is that the invaginations the SVs bud from are

still attached to the plasma membrane and so FM2-10 is washed out of the invagination after

termination of stimulation due to it being more hydrophilic (Richards et al 2000). Large

molecular weight dextrans tagged with fluorescent molecules are also used to visualise bulk

endocytosis as these molecules are too large to be accumulated inside single SVs (Holt et al

2003, Teng et al 2007, Clayton et al 2007).

Vesicles retrieved by bulk endocytosis are thought to be trafficked to the reserve pool since

after they were loaded with FM1-43 they could not immediately undergo exocytosis, whereas

vesicles labelled with FM2-10 can (Richards et al 2000). The synaptic vesicles labelled with

FM1-43 were eventually exocytosed after around ten to fifteen minutes. This time delay is

thought to correspond to the time needed for SVs to be generated from the endosomes. SVs

are thought to be formed from the infolded membrane by clathrin-mediated endocytosis as

clathrin-coated pits have been seen in lamprey synapses and snake motor terminals

(Shupliakov et al 1997, Teng & Wilkinson 2000, Royle & Lagnado 2003).

The large invaginations in bulk endocytosis are thought to occur away from the site of fusion

and their formation is not thought to directly involve clathrin (Royle & Lagnado 2003). Bulk

endocytosis has most recently been linked to macropinocytosis which involves the formation

of large, irregular primary endocytic vesicles by closure of lamellipodia. The small GTPase

Arf6 is thought to regulate the recycling of membrane between the plasma membrane and

the endosomal compartments during macropinocytosis by controlling actin remodelling

(Conner & Schmid 2003, Nichols & Lippincott-Schwartz 2001). Interestingly disruption of

actin function with pharmacological agents results in an inhibition of bulk endocytosis (Holt et
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a/ 2003, Richards et al 2004). These finding suggest that bulk endocytosis and

macropinocytosis may be the same process as they are both driven by actin.

1.7.3 Kiss and run

A rapid form of endocytosis known as kiss and run involves incomplete fusion of the vesicle

membrane with the plasma membrane allowing the vesicle membrane to be rapidly retrieved

and recycled. The vesicle partly fuses with the plasma membrane and forms a fusion pore

through which the contents are released, the vesicle membrane then reseals and the vesicle

is recycled to be refilled for another round of exocytosis. Kiss and run is proposed to be the

mechanism the synapse uses during mild stimulation (Ceccarelli & Hurlbut 1980, Fesce et al

1994, Harata et al 2006).

A number of studies have proposed to demonstrate the existence of kiss and run in central

nerve terminals using both fluorescent styryl dyes (Klingauf et al 1998) and superecliptic

synaptopHluorin, a pH sensing green fluorescently tagged version of the SNARE protein

VAMP2 (Miesenbock et al 1998, Gandhi & Stevens 2003). SynaptopHluorin produces a

fluorescent signal when exposed to the neutral pH of the extracellular medium but when

vesicle fission occurs the fluorescence is quenched due to reacidification of the vesicle.

However experiments conducted with synaptopHluorin fused to the integral SV protein

synaptophysin called sypHy have cast doubt on this claim (Granseth et al 2006). During mild

frequency conditions only one slow (t = 15 sec) mode of endocytosis was found, which was

shown to be clathrin-dependent. Therefore these results raise reasonable doubt over the

existence of kiss and run, at least in hippocampal synapses (Granseth et al 2006, LoGiudice

& Matthews 2006).

1.8 The regulation of SV endocytosis by phosphorylation

Protein phosphorylation is the most common covalent modification of proteins in cells and

plays an important part in regulating protein-protein interactions in exocytosis and

endocytosis (Liu 1997). Proteins are co-ordinately phosphorylated and dephosphorylated
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upon nerve terminal stimulation allowing essential interactions to be modified and regulated

for these processes.

The Ca2+/calmodulin - dependent phosphatase calcineurin dephosphorylates a group of

proteins known as the dephosphins upon nerve terminal stimulation. These proteins are

structurally unrelated but are grouped together by two criteria: 1) They are all rapidly

dephosphorylated upon nerve terminal stimulation and subsequent Ca2+ influx through

VGCCs and 2) They are all essential for SV endocytosis (Cousin & Robinson 2001). These

proteins include dynamin I, amphiphysin I and II, synaptojanin I, epsin, eps15 and AP180

and PIPKIy (Cousin & Robinson 2001, Wenk et al 2001). Following repolarisation these

proteins also undergo a slower rephosphorylation before the next stimulus when the cycle

repeats again.

Cdk5 which is enriched at nerve terminals is one of the dephosphin kinases, and can

rephosphorylate dynamin I (Earnest et al 1996), amphiphysin (Rosales et al 2000, Floyd et al

2001), eps15 and epsin (Kariya et al 2000) in vitro (Cousin & Robinson 2001). Cdk5

rephosphorylates dynamin I in vivo on serines 774 and 778 (Graham et al 2007). Mass

spectrometry of 32P-labelled phosphopeptides of dynamin I revealed seven phosphorylation
32

sites and P quantification showed that S774 and S778 were the major phosphorylation

sites responsible for 69% of the total phosphorylation. The 5 other sites identified were S347,

S512, S822, S851 and S857 but the kinases responsible for rephosphorylation have not

been identified (Graham efa/2007). S857 is thought to be phosphorylated in vitro by

minibrain kinase/DyrklA but this has not been demonstrated in vivo (Huang et al 2004).

The rephosphorylation of dynamin I at S774 and S778 is blocked by the cdk5 antagonist

roscovitine and a dominant negative form of cdk5 was also shown to block SV endocytosis

(Tan et al 2003). This demonstrates that cdk5 is essential for SV endocytosis. The

rephosphorylation of synaptojanin I but not AP180 and amphiphysin was also blocked by

roscovitine. Therefore AP180 and amphiphysin are not in vivo substrates of cdk5 despite the
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in vitro phosphorylation of amphiphysin. This means that there is at least one other

dephosphin kinase apart from cdk5 that has not yet been identified (Tan et ai 2003). Cdk5

has also been shown to phosphorylate PIPKIy in vivo (Lee et al 2005).

Phosphorylation of dynamin I by cdk5 is proposed to regulate its interactions with syndapin I

but not amphiphysin or endophilin (Anggono et al 2006). This is unusual as both endophilin

and syndapin bind to the PRD at regions that encompass the phosphorylation sites S774

and S778 (Anggono & Robinson 2007). A peptide mimicking the phosphorylation site

disrupted the dynamin I - syndapin complex and arrested SV endocytosis showing that

dynamin I phosphorylation is essential for endocytosis. During nerve stimulation and

subsequent depolarisation dynamin i is dephosphorylated by calcineurin. This enhances the

interaction between dynamin I and syndapin I and can be reversed by calcineurin

antagonists (Anggono et al 2006). Therefore this interaction may control syndapin

recruitment for SV endocytosis.

Cdk5 can also control the inositol 5'phosphatase activity of synaptojanin, as the

rephosphoryiation inhibits the activity but the dephosphorylation by calcineurin stimulates

such activity (Lee ef a/2004). Synaptojanin was identified as being rephosphorylated in vitro

by cdk5 at serine 1144 which is adjacent to the endophilin binding site. Mutation of this site

to aspartic acid (S1144D) to mimic phosphorylation inhibited the interaction between

synaptojanin and endophilin, suggesting that rephosphoryiation by cdk5 may regulate this

interaction (Lee et al 2004).

Calcineurin is an activity-dependent phosphatase that is only activated under strong

stimulation when the intracellular concentration of Ca2+ is higher than during mild stimulation.

It is now proposed that calcineurin is the Ca2+ sensor for bulk endocytosis as this only occurs

during strong stimulation (Evans & Cousin 2007, Clayton et al 2007). During this intense

stimulation calcineurin will dephosphorylate the group of proteins known as the dephosphins
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which can then be rephosphorylated by cdk5 and other kinases after participating in bulk

endocytosis.

This was demonstrated using pharmacological antagonists against calcineurin and cdk5 and

overexpression of dominant negative constructs in primary neuronal culture (Evans & Cousin

2007). During intense stimulation this arrested the uptake of FM1-43 but not FM2-10

suggesting a control of bulk endocytosis selectively labelled by the former more hydrophobic

dye (Evans & Cousin 2007). This is reflected by the fact that FM1-43 loading was not

affected by calcineurin or cdk5 inhibition during mild stimulation and the inhibition of cdk5

reduced endosome generation but not SV generation (Evans & Cousin 2007). This means

that calcineurin and cdk5 substrates such as the dephosphins may trigger and control bulk

endocytosis. Interestingly dynamin I has now been demonstrated to be dephosphorylated by

calcineurin only under strong stimulation intensity and not during mild stimulation (Clayton et

al 2007).

The dephosphins are thought to take part in both clathrin-mediated and bulk endocytosis. An

activity-dependent dephosphorylation of the dephosphins is now thought to be the trigger for

bulk endocytosis and not all of the dephosphins may be required for this process (Clayton et

al 2007). Dynamin I in its phosphorylated form can still interact with amphiphysin and

endophilin as the regulation of these associations is not phosphorylation-dependent

(Anggono et al 2006, Clayton et al 2007). Flowever the interaction with syndapin I is

phosphorylation-dependent and so this interaction may be necessary for bulk endocytosis.

Syndapin I is thought to act as a link between membrane fission and actin polymerisation,

through its interactions between dynamin I and N-WASP and so makes an excellent

candidate for a bulk endocytosis effector. The F-BAR domain of syndapin I could be

responsible for the facilitation of membrane invagination. Therefore dynamin I and syndapin I

may interact in a phosphorylation-dependent manner to control bulk endocytosis (Clayton et

al 2007).
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1.9 Ca2+ involvement in synaptic transmission

The role of Ca2' in exocytosis has been well defined but its involvement in endocytosis is still

unclear. Ca2+ binds to a number of specialised domains which are present in proteins

involved in both SV exocytosis and endocytosis. In SV exocytosis the major role of Ca2+ is to

trigger fusion pore opening by binding to the Ca2+ sensor synaptotagmin. In SV endocytosis

Ca2+ has been implicated in controlling the phosphorylation state of a group of proteins

called the dephosphins by regulating the activity of calcineurin. In both SV exocytosis and

endocytosis Ca2+ binds to a number of proteins which indirectly or directly controls their

protein-protein interactions.

1.9.1 Ca2+- binding domains

In SV exocytosis and endocytosis two specialised domains have been identified that bind to

Ca2+; these are C2 domains and EF-hand motifs. C2 domains are present in synaptotagmin,

munc13, RIM, piccolo and intersectin. EF-hand motifs are present in calmodulin and eps15

(Barclay et at 2005, de Beer et at 1998).

1.9.1.1 C2 domains

The C2 domain consists of around 130 amino acids and was originally identified as a

conserved regulatory domain of protein kinase C (PKC). The Ca2+-binding property of C2

domains was discovered first as Ca2+ independent PKCs did not contain the C2 domain,

however it was shown later they contain C2 domains that do not bind Ca2+ (Sossin &

Schwartz 1993, Cho & Stahelin 2006). The C2 domain was identified as binding to lipids

later when synaptotagmin (which binds to the plasma membrane in a Ca2+-dependent

manner) was shown to contain two C2 domains. C2 domains therefore bind to both Ca2+ and

the phospholipid membrane and this membrane association tends to increase the Ca2+

affinity of the C2 domains (Perin et at 1990).

The Ca2+ affinity of C2 domains varies between proteins and some have been shown not to

bind to Ca2+ at all. The Ca2+-binding C2 domains are composed of three Ca2+-binding loops,
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both sidechains and the peptide backbone are involved in binding Ca2+ ions. In non Ca2+-

binding C2 domains one or more of the sidechains is missing, if this sidechain is

reintroduced then this C2 domain will bind Ca2+. If the sidechain is removed from the Ca2+-

binding C2 domain then this C2 domain will no longer bind Ca2+ (Medkova & Cho 1998,

Bittova et al 1999, Cho & Stahelin 2006).

Most C2 domains have a well-defined lipid binding pocket and they interact with lipids at two

sites. These are the Ca2+-binding loops and the cationic [B-groove, however neither of these

structures are conserved in terms of primary or tertiary structures. This therefore means that

C2 domains are highly variable and have low lipid selectivity. C2 domains can also show

different lipid selectivity when Ca2+ binds due to the conformational change in the Ca2+-

binding loops (Bai & Chapman 2004, Cho & Stahelin 2006).

Synaptotagmin has two C2 domains, the C2A domain binds three Ca2+ ions and the C2B

domain binds two Ca2+ ions (Ubach et al 1998, Fernandez et al 2001). Upon nerve

stimulation, the intracellular Ca2+ concentration rises, Ca2+ can then bind to the C2 domains

and allow them to interact with the plasma lipid membrane to drive membrane fusion. Other

proteins that have C2 domains that bind to Ca2+ include piccolo which contains two C2

domains and binds to Ca2+ via its C2A domain, however the function of piccolo is not clear

and so the role of Ca2+-binding cannot be explained. The neuronal splice variant of

intersectin, a protein involved in the invagination step of SV endocytosis is reported to

contain a C2 domain but Ca2+-binding of this protein has not been reported.

1.9.1.2 EF-hand motifs

The EF-hand motif was first used to describe the Ca2+-binding motif observed in paralbumin

which occurs in helices E and F (Kretsinger & Nockolds 1973). They are present in a large

number of protein families and in most cases bind to Ca2+ but sometimes bind to Mg2+

(Malmendal et al 1999). The EF-hand motif has a secondary structure described as a helix-

loop-helix; two a-helices bridged by a Ca2+-chelation loop. A turn-loop structure is more
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flexible than helices and sheets and can readily supply three ligands from a sequence of five

amino acids (Gifford et al 2007). The Ca2+-chelation loop contains around 30 residues which

is characterised by a sequence of twelve residues with the pattern X»Y»Z*-Y»-X**-Z, where

X,Y,Z,-X,-Y and -Z are the ligands that participate in metal coordination and the dots

represent intervening residues. This sequence forms the loop that can accommodate Ca2+ or

Mg2+ (Lewit-Bentley & Rety 2000). Variations in the intervening residues causes

conformational change between EF-hand proteins and therefore proteins have a different

Ca2+or Mg2+ affinity. Upon Ca2+-binding the EF-hand opens up and a hydrophobic binding

surface is exposed for binding to other proteins. EF-hands motifs usually occur in pairs and

make up an EF-hand domain. In eps15 the three EH domains are each made up of a pair of

EF-hands.

Eps15 is involved in nucleation of the clathrin coated pit where it is thought to have a role in

stimulating the activity of the adapter protein AP180 (Morgan ef a/2003). Eps15 contains

three EH domains each containing a pair of EF-hands. The second EF-hand of EFI2 and the

first EF-hand of EH3 bind Ca2+, but neither EF-hand in EH 1 binds Ca2+(de Beer et al 1998,

Confalonieri & Di Fiore 2002). The EH domains consist of two helix-loop-helix motifs

connected by a short antiparallel p sheet (de Beer et al 1998). In the EF-hands which are

reported not to bind to Ca2+ there are differences in critical residues required for Ca2+-

binding. For example at position 11 of the characteristic 12 residue pattern there is normally

a residue which provides a side chain oxygen ligand for metal-binding but in EH 1 the first

EF-hand contains a leucine at this position which cannot perform this function (Confalonieri

& Di Fiore 2002). In EH2, the second EF-hand Ca2+-binding has been proposed to be due to

the carboxyl groups of D173, D175, D177, E184 and the carbonyl group of M179 (de Beer et

al 1998).

Calmodulin is also an EF-hand domain containing protein. Calmodulin is a Ca2+-binding

protein that regulates the activity of many enzymes in response to changes in intracellular

Ca2+ concentration. For example it regulates the activity of both calmodulin-kinase II (which
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promotes the phosphorylation of synapsins) and calcineurin (which dephosphorylates the

dephosphins upon nerve terminal stimulation). It contains two EF-hand domains, each with a

pair of EF-hands, one at the N-terminus and one at the C-terminus, separated by a flexible

linker. Calmodulin binds to 4 Ca2+ ions, one to each of its EF-hands. Ca2+-binding induces

the opening of both domains thereby exposing the hydrophobic pockets that can then bind to

target enzymes such as calcineurin (Barclay et al 2005, Grabarek 2005).

1.9.2 The role of Ca2* in SV endocytosis

Ca2+ is known to be essential for SV endocytosis. Experiments using a-latrotoxin to stimulate

mass exocytosis in the absence of Ca2+ showed that endocytosis only occurred after the

addition of Ca2+ (Flenkel & Betz 1995, Ramaswami et al 1994). In the lamprey giant

reticulospinal synapse if Ca2+ was removed after stimulation from the physiological solution

there were less SVs and there were large membrane expansions. This meant that the

removal of Ca2+ inhibited endocytosis and the vesicle pool could not recover (Gad et al

1998).

The Ca2+ sensitivities of exocytosis and endocytosis are very different. Exocytosis

stimulation requires 1.3 mM extracellular Ca2+ whereas endocytosis only needs 0.1 mM Ca2+

(Marks & McMahon 1998). This means that if exocytosis is activated then endocytosis will

also be activated. It also suggests that the endocytic Ca2+ sensor must have a higher affinity

for Ca2+ than that of exocytosis (Cousin 2000).

1.9.2.1 The Ca2+ sensor for SV endocytosis

The Ca2+ sensor for exocytosis is synaptotagmin I but this is unlikely to be the sensor for

endocytosis due to the differences in the affinity for the two processes (Cousin 2000).

Another reason for a different sensor is the fact that SV endocytosis is inhibited by

substitution of either Ba2+or Sr2+for extracellular Ca2+ while exocytosis is unaffected (Cousin

& Robinson 1998, Marks & McMahon 1998, Cousin 2000).
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There is evidence for the Ca2+-binding protein calmodulin as the endocytosis Ca2+sensor

since Ba2+ and Sr2+ block the activation of calmodulin by Ca2+ (Cousin 2000). Calmodulin

may also be involved as it is known to activate calcineurin, which has shown to be essential

for endocytosis by dephosphorylating the group of proteins known as the dephosphins

(Cousin & Robinson 2001). Drugs that inhibit the phosphatase activity of calcineurin such as

FK506 and cyclosporin A have been shown to impair endocytosis (Cousin & Robinson 1998,

Marks & McMahon 1998). Therefore the Ca2+ sensor may be calcineurin and it is shown to

be essential for endocytosis as it interacts directly with dynamin I in a Ca2+-dependent

manner (Lai et al 1999).

1.9.2.2 The control of dynamin I by Ca2+

Dynamin I is essential for SV endocytosis and binds to both calcineurin and synaptophysin

and both of these interactions are Ca2+-dependent. Dynamin I also binds directly to Ca2+

and this is thought to regulate its location to beyond the active zone during SV endocytosis.

Calcineurin and dynamin I are not associated under basal conditions but the rise in

intracellular Ca2+ due to nerve terminal stimulation allows them to interact (Lai et al 1999).

This interaction is essential for endocytosis as its disruption inhibits clathrin-mediated

endocytosis. Dynamin I is dephosphorylated by calcineurin when the Ca2+ concentration

rises in the nerve terminal but the phosphorylation status of dynamin I does not appear to be

important for the calcineurin-dynamin I complex since it could not be disrupted by FK506.

The complex also binds to amphiphysin I but this is thought to be due to an interaction

between amphiphysin and dynamin I since calcineurin can no longer bind amphiphysin when

the interaction between dynamin I and amphiphysin I is inhibited. Therefore dynamin I may

act as a link between calcineurin and amphiphysin I (Lai et al 1999), allowing calcineurin to

be in close proximity to other endocytosis proteins which may take part in Ca2+-dependent

dephosphorylation.
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Dynamin I has also been demonstrated to form a Ca2+-dependent complex with the SV

membrane protein synaptophysin in high concentrations of Ca2+ (Daly & Ziff 2002). The

function of synaptophysin is unknown but it has been shown to interact with VAMP 2 which

makes up part of the SNARE complex. The VAMP 2-synaptophysin complex dissociates in

the presence of Ca2+ allowing VAMP 2 to enter the SNARE complex and synaptophysin to

interact with dynamin I. Synaptophysin may play a role in targeting dynamin I to the SV

membrane (Daly & Ziff 2002).

The interaction between dynamin I and synaptophysin is thought to be essential for SV

recycling as disruption of this interaction inhibits neurotransmitter release during high

frequency stimulation (Daly et al 2000). The injection of a GST construct of the C-terminus of

synaptophysin into the squid giant synapse caused a decrease in the number of synaptic

vesicles and an increase in clathrin-coated vesicles (Daly et al 2000). The increase in

clathrin-coated vesicles is thought to be due to the ciathrin-mediated pathway having to

compensate for a clathrin-independent mechanism which would normally operate but which

may be affected at high frequency stimulation (Daly et al 2000).

Ca2+ also binds directly to dynamin I with an IC50 of 30pM (Liu et al 1996). This interaction

was abolished when the C-terminal tail of dynamin I was removed demonstrating that this

portion of dynamin I is important for Ca2+-binding. Ca2+ also inhibited the GTPase activity of

dynamin I, as well as the ability to vesiculate phospholipids (Cousin & Robinson 2000). Since

Ca2+concentrations are high at the active zone during stimulation, dynamin I GTPase activity

should be blocked and endocytosis prevented from occurring. However lower concentrations

of Ca2+ are present in the non-active zones during stimulation that are still high enough to

activate calcineurin and thus endocytosis. Therefore endocytosis is said to be 'shunted' from

the active zone to the non-active zone where endocytosis can take place (Cousin &

Robinson 2000).
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1.9.2.3 Ca2+-bindinq of endophilin

Ca2+ has been proposed to bind to endophilin II and may regulate the interaction between

the central region of endophilin II and a N-type VGCC. Maximal binding of endophilin II to

this Ca2+ channel occurs between 0 and 300 nM Ca2+and this binding decreases very

steeply at 1 pM Ca2+. Dynamin I also bound to endophilin II in a Ca2+-dependent manner,

again with maximal binding between 0 and 300 nM Ca2+ and a steep decrease at 1 pM Ca2+

(Chen et al 2003).

Removal of the SH3 domain from endophilin II results in a loss of Ca2+ dependency and the

decrease in binding between endophilin II and the Ca2+ channel at 1 pM Ca2+ is abolished.

This indicated that the SH3 domain may hinder the interaction between the Ca2+ channel and

endophilin II. SH3 domains interact with PRDs through a PXXP motif, where X is any amino

acid. Endophilin II contains two PXXP motifs in the variable linker between the N-BAR

domain and the SH3 domain. One of these PXXP motifs is unusual because it contains a

negatively charged glutamate residue (E264). Mutation of the glutamate residue to alanine

(E264A) resulted in the Ca2+-dependency of the interaction between the VGCC and

endophilin II being abolished. Therefore this indicated that Ca2+ may bind to the glutamate

present in the PXXP motif and this interaction may regulate the formation of the complex

(Chen et a/2003).

It is now thought that through interactions with endophilin II, the Ca2+ channel may act as an

anchor for clathrin-mediated machinery. Endophilin II is proposed to have two modes or

conformations (figure 1.9) (Chen et al 2003). At resting conditions of low Ca2+ endophilin II is

proposed to be in an open mode. In this mode endophilin II is able to interact with both the

N-type VGCC and dynamin I as there is no interaction between the SH3 domain and the

PXXP motif. At high concentrations of Ca2+ such as those seen during action potentials

endophilin II is thought to be in a closed mode. Ca2+ is thought to bind to E264 and this may

increase the affinity of the SH3 domain for the PXXP motif preventing the formation of the

endophilin-channel complex and the interaction between endophilin II and dynamin I.
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Figure 1.9 A model for the Ca2+-dependent interaction between endophilin and VGCCs.

During resting conditions of 100 - 300 nM Ca2+endophilin is in an open mode and can bind
to the VGCC and the SH3 domain can interact with other PRD containing proteins such as

dynamin I. During an action potential when the Ca2+concentration rises to over 1 pM,

endophilin is in a closed mode. Ca2+ binds to the PXXP motif of endophilin and the SH3
domain and PXXP interact, preventing the SH3 domain interacting with other proteins.

Figure taken from Chen et al, 2003.
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However no SH3 domains have ever been implicated in Ca2+-binding and Ca2+ has not been

proposed to regulate interactions between SH3 domains and PRDs.

1.10 Aims of thesis

Protein interactions are regulated by Ca2+ which is essential for both SV exocytosis and

endocytosis. In SV exocytosis Ca2+ is responsible for the triggering fusion of the SV with the

presynaptic membrane. In SV endocytosis the role of Ca2+ is not well defined but it does bind

directly to individual proteins such as dynamin I and possibly endophilin and controls their

interactions with each other and with other proteins. Ca2+ has an important role to play in SV

endocytosis but how it binds to specific proteins and regulates their interactions has still to

be defined.

The main aim of this thesis is to investigate the role that Ca2+ may play in SV endocytosis via

control of protein-proteins interactions. Thus the aims are

1) Identify novel Ca2+-dependent interactions using a proteomic screen of different

endocytosis protein domains

2) Characterise these interactions

3) Define Ca2+-binding sites on domains

4) Prove Ca2+-binding is responsible for protein-interactions
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CHAPTER 2

MATERIALS AND METHODS
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2.1 Materials

2.1.1 Growth media and solutions

LB media

For 1 litre: 5 g yeast extract, 10 g bacto-tryptone, 85.6 mM NaCI, adjust pH to 7.4 with

NaOH

Table 2.1 Polyacrylamide separating gel solutions

7.5% acrylamide 10% acrylamide 15% acrylamide Tris-tricine
30 % bis-

acrylamide
7.5% 10% 15% 16%

1.5 M Tris-HCI

pH 8.8
25% 25% 25% "

2.5 M Tris-HCI
pH 8.5

- - - 40%

glycerol - - 15% -

SDS 0.1% 0.1% 0.1% -

APS 0.04% 0.04% 0.04% 0.05%
TEMED 0.08% 0.08% 0.08% 0.001%

51



2.1.2 Chemicals

Amersham Biosciences Ltd, Bucks, UK.

45CaCI2, glutathione sepharose 4B, microspin™ G-50 Columns, pGEX Vectors.

Bioline, London, UK.

Hyperladder I markers.

Bio-Rad, Hertfordshire, UK.

Precision plus protein™ markers - unstained and kaleidoscope™, trans-blot® transfer

membrane pure nitrocellulose (0.45pM pore size).

Genscript Corporation, Piscataway, NJ, USA

High affinity GST resin.

Invitroqen, Strathclyde, UK.

Simplyblue™ safestain.

Pierce Biotechnology Incorporated, Illinois, USA,

Micro BCA™ protein assay kit, sulfolink® coupling gel, slide-A-lyzer MINI dialysis unit 10 kDa

MWCO, supersignal west pico chemiluminescent substrate.

Promeqa Corporation UK, Southampton. UK.

All restriction enzymes, Pfu polymerase, Taq polymerase, T4 DNA ligase.

Roche Diagnostics Ltd, East Sussex. UK.

Protease inhibitor cocktail tablets, complete and EDTA-free.
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Siqma-Aldrich Chemical Company, Dorset, UK.

All general chemicals, deoxynucleotide set, dialysis tubing cellulose membrane MWCO 12

kDa, kodak biomax MR film for autoradiography, leupeptin, p-aminobenzamidine-agarose,

PMSF, protease inhibitor cocktail, thrombin.

Qiaqen Ltd, Surrey, UK.

Hispeed plasmid maxi kit, Qiaprep spin miniprep kit, Qiaquick gel extraction kit.

53



2.1.3 Protein expression plasmids

Plasmids were both donated to the lab and generated by myself, details of the origin of each

construct is given in the table below.

Table 2.2 Protein expression plasmids

Name Species Vector Amino Acids
Encoded

Source

a-Adaptin Ear
Domain

Mouse pGEX-2T 701 -938 R.G.W. Anderson

(University of Texas
Southwestern Medical
Centre, Dallas, TX,
USA)

Amphiphysin I
SH3

Human pGEX-2T 545 - 695 P. De Camilli (Yale
University School of
Medicine, Connecticut,
USA)

Amphiphysin I
SH3

Rat pGEX-4T-2 596-683 H.T. McMahon (MRC-
LMB, Cambridge, UK)

Amphiphysin II
SH3

Rat pGEX-4T-2 494-588 H.T. McMahon (MRC-
LMB, Cambridge, UK)

Dynamin I PRD Rat pGEX-2T 751 -864 P. De Camilli (Yale
University School of
Medicine, Connecticut,
USA)

Endophilin I Full
Length

Mouse pGEX-2TK 1 -352 P.S. McPherson

(Montreal Neurological
Institute, Montreal,
Canada)

Endophilin I
BAR

Mouse pGEX-4T-1 1 -249 Cloned in Lab

(H. Falconer)
Endophilin I
SH3

Mouse pGEX-4T-1 290 - 352 Cloned in Lab

(H. Falconer)
Endophilin I A
SH3

Mouse pGEX-4T-1 1 -290 Cloned in Lab

(H. Falconer)
Endophilin II
Full Length

Mouse pEXIox(+) 1 -368 P.S. McPherson

(Montreal Neurological
Institute, Montreal,
Canada)

Endophilin II
Bar

Mouse pGEX-4T-1 1 -249 Cloned in Lab

(H. Falconer)
Endophilin II A
SH3

Mouse pGEX-4T-1 1 -306 Cloned in Lab

(H. Falconer)
Endophilin II
SH3

Mouse pGEX-2TK 307 - 368 P.S. McPherson

(Montreal Neurological
Institute, Montreal,
Canada)
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Table 2.2 Protein expression plasmids

Name Species Vector Amino Acids
Encoded

Source

p85 SH3 Cow pGEX-2T 2-83 T. Pawson

(Samuel Lunenfeld
Research Institute
Toronto, Canada)

Syndapin 1 Full
Length

Mouse pGEX-3X 1 -441 M. Plomann (University
of Cologne, Cologne,
Germany)

Syndapin 1 SH3 Mouse pGEX-3X 386-441 M. Plomann (University
of Cologne, Cologne,
Germany)
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2.1.4 Bacterial strains

Escherichia coli strains used included top10 (Invitrogen) and XL10-gold® (Stratagene), for

production of DNA and BL21 (DE3) (Invitrogen), for production of protein.

2.1.5 Primers

A list of the primers used to make endophilin fusion proteins is given below:

Table 2.3 Primers used to create new endophilin fusion proteins

Protein Expression Plasmid Direction Species Sequence Restriction
Site

Endophilin I BAR Antisense Mouse AATGCCGTCGACTCAGG
ATGAAGCTTGTCTTATTCT

Sail

Endophilin I BAR
Endophilin I ASH3

Sense Mouse ATGCTGGGATCCATGTC
GGTGGCAGGGCTGAAG

BamHI

Endophilin I ASH3 Antisense Mouse AATGCCGTCGACTCATTG
GACACCTGGAGGTTTGGG

Sail

Endophilin I SH3 Antisense Mouse AATGCCGTCGACTCAATG
GGGCAGAGCAACCAGAAT

Sail

Endophilin I SH3 Sense Mouse ATGCTGGGATCCATGG
ATCAGCCCTGCTGCCG

BamHI

Endophilin II
Full Length

Antisense Mouse AATGCCGTCGACTCACT
GAGGCAGAGGCACCAG

Sail

Endophilin II Full Length
Endophilin II BAR
Endophilin II A SH3

Sense Mouse ATTCTGGGATCCATGTCG
GTGGCGGGGCTGAAGAAG

BamHI

Endophilin II BAR Antisense Mouse AATGCCGTCGACTCATG
AGGAGGCTTCCCGACC

Sail

Endophilin II A SH3 Antisense Mouse AATGCCGTCGACTCAGG
GTGGCATGCTCTTGCT

Sail

Endophilin II SH3 Antisense Mouse AATGGAGAATTCGCT
GAGGCAGAGGCACCA

EcoRI

Endophilin II SH3 Sense Mouse ATGCTGAAGCTTATGGA
CCAGCCAAGCTGCAAG

Hindi 11

Amphiphysin II Full Length Antisense Rat GCAGAATTCGCTGCAC
CCGCTCTGTGAAATTC

EcoRI

Amphiphysin II Full Length Sense Rat GCTGAAGCTTATGTCAG
CAACTGTGAATGGCGC

Hindlll
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2.1.6 Antibodies

2.1.6.1 Primary antibodies

Table 2.4 Primary antibodies

Antigen Species Dilution Manufacturer

Amphiphysin Goat

Mouse

1:500

1:1000

Santa Cruz Biotechnology Inc

Synaptic Systems

A-adaptin Mouse 1:1000 Santa Cruz Biotechnology Inc

Caskin Rabbit 1:1000 Pro-Sci Incorporated

Clathrin Goat 1:200 Santa Cruz Biotechnology Inc

Dynamin I Rabbit

Goat

1:1000

1:1000

Synaptic Systems

Santa Cruz Biotechnology Inc

Endophilin Goat 1:1000 Santa Cruz Biotechnology Inc

Munc18 Mouse 1:5000 BD Biosciences

Synapsin Goat

Mouse

1:1000

1:1000

Santa Cruz Biotechnology Inc

Synaptic Systems

Synaptojanin Rabbit 1:2000 Synaptic Systems

Syndapin Mouse 1:2000 BD Biosciences

2.1.6.2 HRP - conjugated secondary antibodies

Table 2.5 HRP- conjugated secondary antibodies

Species Dilution Manufacturer

Goat 1:10000 Sigma-Aldrich

Mouse 1:10000 Sigma-Aldrich

Rabbit 1:10000 Sigma-Aldrich
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2.2 Routine procedures

2.2.1 Preparation of competent cells

A scraping of competent cells was taken using a sterile pipette tip. This was added to 5 ml of

sterile LB media in a sterile 15 ml falcon tube. No antibiotics were added. The culture was

then left to grow overnight in the shaking incubator at 37°C.

The following morning the overnight culture was used to seed 100 ml LB media at a dilution

of 1:100. This was supplemented with 2 ml of filter sterilised 1 M MgS04. The culture was

then left at 37 °C in the shaking incubator until the optical density at 600 nm was between

the range 0.4 to 0.6 which is the log phase of bacterial growth. The optical density was

measured using a Biowave C08000 Cell Density Meter (WPA, Cambridge UK). The

bacterial culture was then poured into an autoclaved 250 ml culture bottle and centrifuged at

4500 g for 5 minutes at 4 °C. The supernatant was discarded and the cell pellet was

resuspended in 40 ml of ice-cold filter sterilised TFB1 buffer (30 mM Potassium Acetate, 10

mM CaCI2, 50 mM MnCI2, 100 mM RbCI, 15% (v/v) glycerol, pH 5.8). The cells were then

incubated on ice for 5 minutes and then pelleted by centrifugation at 4500 g for 5 minutes at

4 °C. The supernatant was discarded and the cells resuspended in 4 ml of ice-cold filter

sterilised TFB2 buffer (10 mM MOPS, 75 mM CaCI2, 10 mM RbCI, 15% (v/v) glycerol, pH

6.5). They were then incubated on ice for 1 hour and afterwards aliquoted into 100 pi in

sterile eppendorfs and snap frozen using a dry ice and isopropanol bath.

2.2.2 Preparation of agar plates

Agar (1.5% Agar in LB Media) was melted by heating on medium power in the microwave

(800 W) for 10 minutes. It was then left to cool until the bottle could be held in the palm of the

hand. Antibiotic was then added, either ampicillin (0.1 mg/ml) or kanimycin (0.05 mg/ml). The

agar was poured into plates which were placed next to the bunsen flame. Once the bottom of

the plate was covered a blue bunsen flame was passed over the plate to sterilise it and

remove any bubbles.
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2.2.3 Transformation of bacteria

Bacterial cells were transformed with DNA using the heat shock method. 1 pg of DNA was

added to the cells and they were incubated on ice for 30 minutes allowing the DNA to stick to

the outside of the cells. They were then heat shocked for 45 seconds at 42 °C, stimulating

the cells to take up the DNA. This was followed by incubation on ice for 2 minutes. Warmed

LB media (500 pi) was then added and the bacterial cells were placed horizontally in the

shaking incubator at 37 °C for 1 hour. This allows the bacteria to recover from heat shock

and aids growth. The cell suspension (250 pi) was then spread onto agar plates containing

the relevant antibiotic and left to incubate at 37 °C overnight.

2.2.4 Production of glycerol stocks

The production of a glycerol stock allowed seeding of bacterial cultures without previous

transformation. 1 ml of bacterial culture with an optical density of greater than 0.6 at 600 nm

was added to 1 ml 50% glycerol to make a glycerol stock. This was then mixed thoroughly

and was stored at -70 °C. Glycerol stocks are stable at -70 °C for several months.

2.2.5 Agarose gels with ethidium bromide

Ethidium bromide is a nucleic acid stain that allows DNA to be visualised by ultraviolet

irradiation of the gel. For a small gel 60 ml of TBE buffer (89 mM Tris, 89 mM boric acid, 2

mM EDTA) was poured into a conical flask, for a larger gel this was increased to 100 ml.

Agarose was then added to the conical flask. The percentage of agarose in the gel was

determined by the size of the DNA to be visualised. For a small fragment of 400 bp or less,

2% was used, for anything larger 0.7% was used. This was then put in the microwave at full

power for 1 minute or until all of the agarose had dissolved. It was then left to cool for a few

minutes. During this time the gel cassette was sealed at each end using thick tape. Then 2.5

pi of ethidium bromide (10 mg/ml) was added to the flask. This was then poured into the gel

cassette and the comb placed into the gel making sure that no bubbles were present. The

gel was then left for around 15 minutes to set. The comb was then removed and the tape

taken off. The gel was then placed in the gel tank which was filled with 1 x TBE buffer.
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Samples were prepared by adding 1 x DNA loading buffer (4% sucrose, 0.025%

bromophenol blue). Samples were then loaded and the gel ran at 170 V with the DNA

running from the negative black electrode to the positive red electrode. The gel was then

visualised using the transilluminator.

2.2.6 Agarose gels with crystal violet

Crystal violet stains DNA in a similar way to ethidium bromide but allows the visualisation

without ultraviolet irradiation. This is ideal for cutting out DNA bands for gel extraction and

purification. The gels are made in the same way as agarose gels with ethidium bromide but

instead of adding ethidium bromide, crystal violet (10 mg/ml) is added at a 1:1000 dilution,

for a small gel 60 pi of crystal violet would be added to 60 ml of TBE buffer. Crystal violet is

also added to the TBE buffer present in the gel tank, also at a dilution of 1:1000. Samples

are prepared by adding 1 x clear DNA loading buffer (4% sucrose). The gel was examined

using a light box and DNA bands cut out for gel extraction with a clean scalpel blade.

2.2.7 SDS polyacrylamide gel electrophoresis

A mini-PROTEAN® III kit from Bio-Rad was used for running small gels, this was performed

according to the manufacturer's instructions. Following the gel cassette preparation the

separating gel (see 2.1.1) was poured into the gel cassette sandwich leaving enough space

for the stacking gel on top. Water saturated butan-2-ol was then layered on top of the

separating gel to ensure that it set smoothly and the gel was left to polymerise. Once

polymerised the butan-2-ol was discarded and the 4% stacking gel poured (125 mM Tris-

HCI, pH 6.8, 15% 30%-bis-acrylamide, 0.1% SDS, 0.1% APS, 0.1% TEMED). A comb was

then inserted allowing wells to form before the gel had polymerised. Once polymerised the

comb was removed and the PROTEAN module assembled. The tank was then filled with

upper electrode buffer (100 mM Tris, 767 mM glycine, 14 mM SDS) and the samples were

loaded. The samples were prepared by heating to 100 °C for 5 minutes in 3x SDS sample

buffer (0.2 M Tris-HCI pH 6.8, 28% (v/v) glycerol, 7%(w/v) SDS, 6 mM EGTA, 12% (v/v) (3-

mercaptoethanol, 0.07% (w/v) bromophenol blue). The gel was then run by applying a
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voltage of 140 V for an hour or until the dye front came off the bottom of the separating gel.

Gels were incubated for 1 hour in coomassie R250 stain (50% methanol, 7.5% acetic acid,

0.25% coomassie blue R250) and then incubated in destain solution (40% methanol, 10%

acetic acid), which was changed every 30 minutes until the protein bands were clear.

2.2.8 Western blotting - protein transfer and immunoblottinq

A mini trans-blot© cell from Bio-Rad was used and the western blot performed according to

the instruction manual. After SDS-PAGE gels were equilibrated in transfer buffer (100 mM

Tris, 767 mM glycine, 20% methanol) for 10 minutes. The nitrocellulose membrane was pre-

soaked in water for 10 minutes and then in transfer buffer for 10 minutes before use. The

tank was filled with transfer buffer and ran at 100 V on ice for 2 hours or at 20 V overnight.

Transfer efficiency was assessed using ponceau-S (0.5% ponceau S red, 1% acetic acid) for

1 minute and then the membrane was destained using dH20. The membranes were then

incubated in blocking buffer (0.5% (w/v) PVP-40 in PBS (274 mM NaCi, 8 mM KCI, 40 mM

Na2HP04, pH 7.3 with NaH2P04)) supplemented with 5% (w/v) low fat milk powder for 1

hour. The membranes were washed in PBS (5x5 minutes) and then incubated in primary

antibody, diluted at the appropriate concentration in blocking buffer for at least 2 hours. The

membranes were then washed in PBS (5x5 minutes) and incubated in HRP-conjugated

secondary antibody also diluted in blocking buffer for at least one hour. The membranes

were then washed in PBS (8x5 minutes) before incubation with ECL substrate solution for 4

minutes according to the manufacturers instructions (Pierce). The membranes were then

exposed to Konica Minolta x-ray medical film, with exposure time ranging from 10 seconds to

10 minutes.

2.2.9 SDS-PAGE - large gradient gels

These gels are used to load more protein sample and therefore allow the visualisation of

weaker or less concentrated bands. They also allow greater separation in the range 50 - 200

kDa which is important when cutting out bands for mass spectrometry, since the majority of
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proteins of interest fall within this range. A PROTEAN II xi cell (Bio-Rad) was used to make

and run large gradient gels. The gel apparatus was assembled according to the instruction

manual. The separating gel was made using 15% and 7.5% acrylamide gel solutions (see

1.1.2.). A gradient former (Bio-Rad) was used to pour the gel. Before the solutions were

poured into the gradient former the outlet between the chambers was checked to make sure

that it was in the closed position so that the solutions cannot mix. 10% APS and TEMED was

added to the 7.5% solution (see 2.1.1) and it was poured into the back chamber. This was

repeated with the 15% solution which was poured into the front chamber. The 15% solution

was then allowed to flow into the gel sandwich. The gate was then opened so that the two

solutions could mix. After reaching the appropriate level the separating gel was overlaid with

water saturated butan-2-ol. This was then left for a minimum of 5 hours to ensure the gel had

fully polymerised.

After polymerisation the butan-2-ol was discarded and the 4% stacking gel (125 mM Tris-

HCI, pH 6.8, 15% 30%-bis-acrylamide, 0.1% SDS, 0.1% APS, 0.1% TEMED) was poured

and a comb inserted. The PROTEAN module was then assembled according to the

manufacturer's instructions. Upper electrode buffer was poured on top of the plates and

lower electrode buffer (250 mM Tris pH 8.8) was poured into the bottom of the tank. Samples

were prepared as described for small gels and were then loaded into the wells. The water

jacket was filled to ensure that the gel is kept cool. The gel was run at 100V overnight or

until an hour after the dye front came off the separating gel.

2.2.10 Gradient gel staining and mass spectrometry sample preparation

Gradient gels were handled with extreme care ensuring that no protein contamination

occurred. This was done by cleaning all equipment with methanol and wearing of a face

mask and nitrile gloves. This reduces the risk of contamination from keratin. Gels were first

washed with dH20 (3x5 minutes) to remove SDS and buffer salts, which interfere with

binding of the dye to the protein. Gradient gels were then stained using colloidal coomassie

blue G-250 simplyblue™ safestain (Invitrogen) for 1 hour. The gels were then destained

62



using dH20 for 1 hour. Bands were then cut out using a clean scalpel blade and stored in an

autoclaved eppendorf.

2.2.11 Mass spectrometry

The bands were then sent off for analysis by mass spectrometry using a Voyager matrix

assisted laser desorption ionisation - time of flight mass spectrometer (maldi-tof ms). This

involves the irradiation of a co-precipitate of an UV-light absorbing matrix and a digested

protein or peptides by a nanosecond laser pulse. The laser pulse causes the peptides to be

ionised and they are accelerated in an electric field and can then enter the flight tube.

Peptides are then separated according to their mass to charge ratio and therefore reach the

mass detector at different times. In this way each peptide yields a distinct signal.

A probability for any given identification is based on a statistical score or molecular weight

search (MOWSE) score. This compares the known mass of the matched peptides with the

experimental calculated masses. In general, the higher the probability or score, the higher

the confidence level that the correct protein has been identified (Henkin et al 2004). A

MOWSE score of e+03 is considered significant. Another score that is used is the protein

score, this again compares the mass of the peptides to the experimental calculated masses.

A protein score of over 68 is equivalent to p<0.001.

2.3 Molecular biology

2.3.1 Primer design

Design of the sense primer followed the rules as stated below.

First 6 bases were inserted to protect the restriction site as restriction enzymes bind to this

area before performing their digestion. Then a restriction site was added. Following the

restriction site the first 30 bases of the protein to be cloned were added. If possible the end

of the code for the protein sequence should contain guanine or cytosine bases as these form

three hydrogen bonds with each other and will make the binding of the primer more stable.

To ensure the protein was in frame bases were sometimes added after the restriction site.
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6b 6b 30b

6 Bases Restriction Site Start of Protein Code

The antisense primer sequence was designed in a very similar manner to the sense primer.

The only additional sequence inserted was a stop codon TGA.

30b 6b 6b

Start of the Protein Code TGA Restriction Site 6 Bases

2.3.2 Polymerase chain reaction

PCR was performed on a GeneAmp PCR system 9700 PCR machine (Applied Biosystems,

California, USA). Pfu polymerase was used for amplifying DNA accurately, for ligation into

vectors. Taq polymerase was used to amplify DNA as a quantitative measure, to check

whether an insert is present in the plasmid. The programme was the same for both types of

PCR. The extension time (t extend) is 2 minutes/kb of protein for Pfu polymerase and 1

minute/kb of protein for Taq polymerase. The programme is as follows:

1 x 95 °C 1 minute melt

35 x 95 °C 30 seconds melt
55 °C 45 seconds anneal
68 °C t extend

1 x 72 °C 10 minutes

2.3.2.1 Pfu polymerase PCR reaction

A typical Pfu polymerase PCR reaction is as follows: (final concentration)

10 x Pfu polymerase buffer - 5 pi

Pfu polymerase (2.5 U) -1 pi

Sense primer (1 pM) - 0.5 pi

Antisense primer (1 pM) - 0.5 pi

dNTPs (0.8 mM) - 4 pi

DNA template (50 ng) -1 p|
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dH20 -38 ul

50 ul

2.3.2.1 Tag polymerase PCR reaction

A typical Taq polymerase PCR reaction mix is as follows: (final concentration)

10 x Taq polymerase buffer - 5 pi

Taq polymerase (3 U) -1 pi

Sense primer (1.66 pM) -0.5 pi

Antisense primer (1.66 pM) -0.5 pi

dNTPs (0.8 mM) -4 pi

DNA template (200 ng) - 3 pi

MgCI2 (2.5 mM) - 3 pi

dH20 -13 ul

30 ul

2.3.3 Restriction digest

Restriction digests were used to cut PCR products in order to produce sticky ends for

ligation, called a PCR product digest. They were also performed as an analytical tool to

check for example that the insert DNA has ligated into the plasmid DNA or to see if an insert

is the right size. These digests are referred to as analytical digests.

2.3.3.1 PCR product digest

The components for a PCR product digest were as follows: (final concentration)

10 x buffer - 6 pi

BSA (1 mg/ml) - 6 pi

Enzyme 1(10 U) - 2 pi

Enzyme 2 (10 U) - 2 pi

DNA template (50 ng) - 20 pi
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dH20 -24 ul

60 ul

The reaction was mixed and then incubated for 1 hour at 37 °C.

2.3.3.2 Analytical digests

The components for an analytical digest are as follows: (final concentration)

Double digest Single Digest

10 x buffer 3 pi 2 pi

BSA (1 mg/ml) 3 pi 2 pi

Enzyme 1(10 U) 1 pi 1 pi

Enzyme 2 (10 U) 1 pi

DNA template (200 ng) 3 pi (400 ng) 2 pi

dH20 1_9jjJ 13 ul

30 ul 20 ul

The reaction was mixed and then incubated for 1 hour at 37 °C.

2.3.4 Gel extraction

Gel extraction was performed using a Qiaquick gel extraction kit according to the

manufacturer's instructions (Qiagen).

2.3.5 Ligation of insert DNA into plasmid DNA

A 1:3 ratio of vector to insert was calculated using the following equation:

nq vector x insert size (kb) x 3 = ng of insert
vector size (kb)

The concentration of the vector and the insert was estimated using agarose gel

electrophoresis by comparison with known concentrations of DNA molecular weight markers.

The reaction was then prepared using a 10 pi reaction mix with the relevant concentrations

of vector and insert DNA. 1 pi of T4 DNA ligase (5 U/pl) and 10 x ligase buffer was also
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added with dH20 making up the remaining volume. This mix was incubated at room

temperature for three hours after which it was transformed either into XL10-gold® or top10

Escherichia coli.

2.3.6 Purification of DNA

Small scale plasmid purifications were performed using a Qiaprep spin miniprep kit and large

scale plasmid preparations were performed using a hispeed plasmid maxi kit. These were

both carried out according to the manufacturer's instructions (Qiagen).

2.3.7 Quantification of plasmid DNA

The concentration of plasmid DNA was measured using a Thermo Spectronic Biomate 3

spectrophotometer at 260 nM. DEPC was used as a blank and then a 1:100 dilution of DNA

was used to measure the concentration. An absorbance of 1 was equal to 50 pg/ml of

double stranded DNA.

2.4, Expression of recombinant proteins

2.4.1 Bacterial cultures

Starter cultures of LB media were set up using a dilution of 1 in 20 of the final culture

volume, i.e. 5 ml starter for final volume of 250 ml. To this the appropriate antibiotic was

added, 0.1 mg/ml ampicillin or 0.05 mg/ml kanimycin and a scrape using a sterile P20 tip

from either a glycerol stock or a single colony from an agar plate. These were grown at 37 °C

overnight in the shaking incubator.

The starter culture was then added to LB media with antibiotic added and left to grow in the

shaking incubator at 37 °C until the optical density at 600 nm had reached greater than 0.6,

typically taking 2 or 3 hours. 1 mM IPTG was then added to induce expression of the protein.

The culture was then left to grow for 3 to 4 hours at 37 °C in the shaking incubator. It was

then centrifuged at 5000 g for 5 minutes, the pellet resuspended in 40 ml STE buffer (10 mM

67



Tris, 150 mM NaCI, 1 mM EDTA, pH 8) and centrifuged at 5000 g for 5 minutes. The

supernatant was discarded and the pellet frozen at -70 °C overnight.

2.4.2 Preparation of GST fusion proteins

Glutathione sepharose 4B beads (Amersham or Genscript) were prepared by washing with

10 volumes PBS and centrifuging at 49 g for 5 minutes. The supernatant was then removed

and the beads resuspended with 10 volumes PBS + 0.1 TX-100 to block the beads. The

centrifuge step was then repeated and the beads washed once more with PBS. The PBS

was removed and the beads were stored in the fridge until use.

The -70 °C pellet from the induced bacterial culture was resuspended in 40 ml STE buffer

plus 1 mM PMSF and a protease inhibitor cocktail tablet. Lysozyme (5.66pM) was then

added to break down bacterial cell walls and the suspension was incubated on ice for 30

minutes. DTT (5 pM) was then added as it returns the proteins to a reduced state as would

be found in cellular conditions and 1% TX-100 was also added to solubilise membranes. The

suspension was then sonicated to breakdown any remaining bacterial matter at 10 MHz for

30 seconds on ice with 30 seconds interval, this was repeated 6 times. The lysate was then

centrifuged at 17226 g for 5 minutes to remove any cell debris. The supernatant was added

to the prepared glutathione sepharose 4B beads and incubated with rotation at 4 °C for at

least an hour.

The beads were pelleted by centrifuging at 49 g for 5 minutes, the supernatant was removed

and the beads were resuspended in 50 ml PBS. This was repeated a further 4 times. The

beads were then washed in 1.2 M NaCI and washed with PBS twice more. After the last

wash the beads were left in a 50% slurry in PBS. The amount of fusion protein bound to

beads was then analysed by SDS page after eluting in SDS sample buffer.
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2.4.3 Glutathione elution of GST fusion proteins

Glutathione elution was used to prepare proteins for equilibrium dialysis as the beads may

interfere with the movement of ions such as 45CaCI2. Bead slurry (50%) was aliquoted into 1

ml samples and centrifuged at 479 g for 1 minute. The PBS was then removed. 500 pi of

glutathione elution buffer (10 mM reduced glutathione, 50 mM Tris-HCI pH 8) was then

added and the beads were incubated for 30 minutes with mixing. The samples were

centrifuged at 479 g for 1 minute and the supernatant fraction collected. Another 500 pi of

glutathione buffer was added and the process repeated. This was repeated twice more. The

fractions were analysed by SDS page mini gel and then dialysed to remove glutathione.

2.4.4 Dialysis of glutathione eluted proteins

Dialysis tubing was washed and prepared according to the manufacturers instructions

(Sigma). The Molecular Weight Cut Off (MWCO) of the dialysis tubing must be smaller than

the protein to be dialysed to ensure that the protein does not leak out of the tubing. The

protein was placed inside the dialysis tubing and two knots made in either end to ensure that

the sample is secure. This was then placed in a 1:1000 ratio against HEPES Buffer (10 mM

HEPES, 100 mM KCI, pH 7.5) and left to incubate at 4 °C with mixing overnight. The buffer

was then changed and the sample left to dialyse for 8 hours.

2.4.5 Thrombin cleavage of GST fusion proteins

Thrombin cleavage was used to remove the GST tag from GST fusion proteins as this

interferes with the fluorescence signal in the tryptophan and tyrosine fluorescence assay

(data not shown). The beads were first washed in HEPES buffer to remove all traces of PBS.

The 50% PBS bead slurry was centrifuged at 479 g for 5 minutes, the supernatant was

removed and the beads resuspended in HEPES buffer. This was repeated three times and

the beads were left in a 50% slurry. Thrombin was added at a concentration of 10 units per

mg of protein on beads. This was left to incubate with mixing for 1 hour at 37 °C. Thrombin

was then inactivated by adding p-aminobenzamidine beads as these bind to the catalytic

site. These were prepared by washing in 0.3 M imidazole. The beads were centrifuged for 5
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minutes at 479 g, the supernatant removed and the beads resuspended in 0.3 M imidazole.

This was repeated 3 times and the beads were left as a 50% slurry. Slurry (200 pi) was then

added per 50 units of thrombin added. The solution was then centrifuged at 479 g for 5

minutes and the supernatant was collected. This spin was repeated to remove all beads and

the supernatant collected. The sample was then analysed using a 15% polyacrylamide gel

with Tris-tricine electrophoresis buffer (100 mM Tris, 100 mM tricine, 0.1% SDS, pH 8.3) as

this allows visualisation of low molecular weight proteins.

2.4.6 Quantification of proteins

2.4.6.1 Bradford assay

This assay is best for high molecular weight proteins but cannot be used for low molecular

weight proteins as coomassie blue G-250 stains basic amino acids, which may not be

abundant in a small protein. A range of protein concentrations were made using BSA in

order to form a standard curve. These concentrations were 0.005 mg/ml, 0.01 mg/ml, 0.015

mg/ml, 0.02 mg/ml, 0.05 mg/ml, 0.1 mg/ml and 0.15 mg/ml. BSA (50 pi) was used for each

standard and each was done in duplicate. Bradford reagent (1 ml) (100 mg coomassie

brilliant blue G-250, 4.75% ethanol, 8.5% (w/v) phosphoric acid) was added to each standard

and the samples were mixed and left to incubate for 15 minutes. The absorbance was then

read at 595nm using water and bradford reagent as a blank reference. The absorbance was

then plotted against the concentration and a standard curve created. The unknown sample

was made up using 50 pi of the sample or a dilution of the sample in 50 pi plus 1 ml of

bradford reagent. The concentration of the unknown sample can be determined using its

absorbance and the BSA standard curve.

2.4.6.2 BCA assay

This assay is useful for measuring the concentration of low molecular weight proteins,

however it is more sensitive to detergents and reducing agents such as DTT.

This method works by the colour change that occurs when Cu2+ is reduced to Cu+ which then

reacts with bicinchoninic acid (BCA). It does not rely upon amino acid content and therefore
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it can measure proteins regardless of molecular weight. This assay was performed according

to the manufacturers instructions (Pierce).

2.5 Protein - protein interactions

2.5.1 Svnaptosome preparation

Synaptosomes were made from isolated rat cerebral cortex rinsed with 10 ml ice-cold

sucrose/EDTA (0.32 M sucrose, 1 mM EDTA and 5 mM Tris pH 7.4) and then homogenised

in 10 ml ice-cold sucrose/EDTA. The suspension was then centrifuged at 4 °C for 10 minutes

at 1075 g and the supernatant (S1) decanted being careful to leave behind a creamy layer

and red pellet. 10 ml ice-cold sucrose/EDTA was added to the pellet and it was

homogenised by hand. The homogenate was then spun at 4 °C for 10 minutes at 1075 g and

the supernatant combined with S1 and recentrifuged at 4 °C for 30 minutes at 20198 g. The

supernatant was then discarded and the pellet resuspended in 10 ml krebs-like buffer (118.5

mM NaCI, 4.7 mM KCI, 1.18 mM MgS04, 10 mM glucose, 1 mM Na2HP04, 20 mM HEPES,

pH 7.4 with saturated Tris base). This was then centrifuged for 10 minutes at 31075 g. The

supernatant was then removed and the pellet resuspended in krebs-like buffer with 1.3 mM

Ca2+ added.

2.5.2 Pull down assay

2.5.2.1 Preparation of columns

Amersham micro-spin G50 columns were used in these methods. The bottom of the columns

were broken off and the columns were washed out with distilled water to remove beads. The

columns were then placed in a 2 ml eppendorf and spun in a chilled microfuge at 870 g for

10 seconds. dH20 (500 pi) was then added and the column spun again. The appropriate

amount of GST beads were then added and the PBS spun off. The beads were then washed

with 500 pi lysis buffer (1% TX-100, 25 mM Tris-HCI pH 7.4, 150 mM NaCI, 1 mM EGTA, 1

mM EDTA) and spun again. The columns were then plugged and 50 pi of lysis buffer with

protease inhibitors (1 mM PMSF, 20 pg/ml leupeptin) was added.
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2.5.2.2 Preparation of P2 synaptosome samples

Synaptosomes were suspended in 500 pi plus Ca2+ krebs-like buffer at 37 °C. After 10

minutes they were stimulated by adding 500 pi 60 mM KCI (final concentration 30 mM) in

plus Ca2+ krebs or kept unstimulated by adding 500pl plus Ca2+ krebs-like solution. After 10

seconds the samples were centrifuged for 1 minute at 15142 g and the pellet was

resuspended in 200 pi lysis buffer plus protease inhibitors with either 1 mM EDTA and 1 mM

EGTA for minus Ca2+ samples or 2 mM Ca2+ for plus Ca2+ samples. These were incubated

on ice for 15 minutes, vortexing every 5 minutes and then spun at 18890 g at 4 °C. The

supernatant (175 pi) was then used in the pull down assays.

2.5.2.3 Pull down assay

Pull down assays are used to examine in vitro protein interactions. A protein or protein

domain attached to a GST bead is incubated with a cell lysate and then binding partners are

eluted from the beads for examination using SDS-PAGE and western blotting.

P2 synaptosome lysates (175 pi) were added to the prepared columns containing the GST

beads. These were then rotated at 4 °C for 1 hour. The columns were unplugged and placed

inside 2 ml eppendorfs inside a chilled microfuge at 4 °C and spun for 10 seconds at 870 g.

Lysis buffer (500 pi) was then added and the column was then spun again and the through

discarded. This wash was repeated four times with the fourth step using lysis buffer

supplemented with 500 mM NaCI. The beads were then washed with 500 pi ice-cold 20 mM

Tris pH 7.4. The columns were then plugged and 50 pi 1 x SDS sample buffer was added.

They were then boiled for 5 minutes to elute bound proteins and the through was collected in

a 1.5 ml eppendorf by spinning for 10 minutes at 18890 g. The samples were then analysed

by SDS-PAGE.
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2.6 Ca2* binding assays

2.6.1 45Ca2+ overlay assays

The 45Ca2+overlay assay is a technique to determine if proteins or protein domains bind to

Ca2+. It is based on a method devised by Maruyama et al (1984) and modified by Liu et al

(1996). GST fusion proteins were transferred from a 10% SDS-PAGE to nitrocellulose

membrane by western blotting. The membrane was then stripped of any divalent cations by

washing twice for 5 minutes in 5 mM imidazole (pH 7.4) and then left in 45Ca2+ incubation

buffer (5 mM imidazole, 60 mM KCI, 5 mM MgS04, 10 juCi/ml (approximately 200 nM)

45CaCI2, pH 7.4) for 30 minutes. The membrane was then washed twice in 30% ethanol,

once for 10 minutes and then for 1 minute. The membrane was then dried using a hairdryer

and covered with x-ray film for two or three days and the film was developed by

autoradiography.

This assay was also modified so that proteins could be added to the nitrocellulose

membrane without being transferred by SDS-PAGE. This was performed by spotting the

proteins onto the nitrocellulose membrane, 2 pi of protein was added and then left to dry and

this was repeated until the desired amount of 10 pg protein was added. The membrane was

then treated in the same way as before.

2.6.2 Tyrosine and tryptophan fluorescence

This assay uses a change in tryptophan or tyrosine fluorescence as a measure of

conformational change that may be induced when Ca2+ binds to a protein or protein domain.

This assay was developed from information given in Vogel et al 2002. For this assay a Spex

Fluoromax Fluorimeter was used.

For tyrosine fluorescence the sample was excited at 270 nm and emission spectra collected

from 280 nm to 400 nm. For tryptophan fluorescence the sample was excited at 295 nm and

emission spectra was collected from 300 nm to 450 nm. Thrombin cleaved proteins in

HEPES buffer were used at a final concentration of 0.1 mg/ml. 3 ml quartz cuvettes were
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used with a starting volume of 1.5 ml. The emission spectra of the proteins was then

measured as increasing Ca2+ concentrations were then added as follows:

Free Ca2+ Amount added

0 EGTA (12 pi of 125 mM stock)

10 (IM Ca2+ (3.02 pi of 0.005 M stock)

30 pM Ca2+ (6.58 pi of 0.005 M stock)

100 pM Ca2+ (2.14 pi of 0.05 M stock)

300 pM Ca2+ (6.05 pi of 0.05 M stock)

1 mM Ca2+ (2.12 pi of 0.5 M stock)

5 mM Ca2+ (12.16 pi of 0.5 M stock)

2.6.3 Equilibrium Dialysis

This assay uses an equilibrium principle and 45Ca2+to assess if Ca2+ binds to proteins or

protein domains. The protein was placed in the small cassette which contains a membrane

to prevent the proteins leaking out into the solution in the beaker. 45Ca2+ is present in the

solution in the beaker and it can then migrate into the small cassette and set up an

equilibrium between the two solutions. If Ca2+ binds to the protein then there will be a change

in the equilibrium due to the smaller volume of free Ca2+ in the cassette. This means that

there will be more 45Ca2+ in the cassette containing the protein and will it will therefore have a

larger radioactive count when measured by scintillation.

The MWCO of the membrane in the small cassette is 10 kDa. The cassette contains 1 pM

protein in 100 pi HEPES buffer. The beaker contains HEPES buffer, 100 pM Ca2+and 10

MBq of 45Ca2+ which is around 20 nM. The cassette was then placed in a floating device and

put into the beaker which was put on a magnetic stirrer and left to equilibrate at room

temperature for 24 hours. The solution was then removed from the small cassette and six

100 pi samples were taken from the water bath. These samples were placed in a scintillation

vial with 3.5 ml scintillation fluid was added and the tube was mixed thoroughly before being

scintillation counted.
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CHAPTER 3

IDENTIFICATION OF Ca2+-DEPENDENT

INTERACTIONS BETWEEN ENDOCYTOSIS

PROTEINS USING A PROTEOMIC SCREEN
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3.1 Introduction

Ca2+ is essential for both SV exocytosis and endocytosis but its exact role in SV endocytosis

is not well defined. In SV exocytosis the Ca2+ sensor is synaptotagmin I, which is responsible

for Ca2+-triggered fusion of the synaptic vesicle with the presynaptic membrane (Geppert et

al 1994). Ca2+ controls the binding of synaptotagmin I to phospholipid membranes by binding

to both of the C2 domains and thus promoting its insertion into the membrane and inducing

high positive curvature. This lowers the activation barrier that must be overcome for

membrane fusion to occur via the SNARE proteins (Martens et al 2007).

Synaptotagmin I also binds to the SNARE complex but whether this is Ca2+-dependent or

independent is under debate. Synaptotagmin I was proposed to bind to a stable heterodimer

intermediate consisting of syntaxin I and SNAP-25 in a Ca2+-independent manner which

requires only the C2B domain (Rickman et al 2004). The binding of synaptotagmin I to this

intermediate may facilitate the binding of synaptobrevin to form a fusion-competent SNARE

complex. Upon Ca2+ influx, Ca2+ could then bind to the C2 domains and allow the already

formed SNARE complex to be in close proximity to the plasma membrane (Rickman and

Davletov 2003). Synaptotagmin I has also been suggested to bind to the ternary SNARE

complex in a Ca2+-dependent fashion with an aspartate to asparagine mutation at position

232 (D232N) in the C2A domain increasing this Ca2+-dependent binding (Pang et al 2006).

Stimulation of the nerve terminal and Ca2+ influx could then result in Ca2+ -binding to the C2

domains which can then bind to either or both the phospholipid membrane and the SNARE

complex, bringing them into close proximity for fusion to occur (Pang et al 2006).

In SV endocytosis the Ca2+ sensor is the Ca2+/calmodulin - dependent phosphatase,

calcineurin (Marks & McMahon 1998, Cousin & Robinson 2001). Upon nerve terminal

stimulation and Ca2+ influx calcineurin dephosphorylates a group of proteins called the

dephosphins which are all essential for SV endocytosis (Cousin & Robinson 2001).

Calcineurin forms a complex with dynamin I in a Ca2+-dependent manner (Lai et al 1999). If

this complex is disrupted then clathrin-mediated endocytosis is inhibited.
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Dynamin I also forms a Ca2+-dependent complex with synaptophysin, a synaptic vesicle

membrane protein (Daly and Ziff 2002). Synaptophysin binds to VAMP 2, a protein which

forms part of the SNARE complex. Upon nerve terminal stimulation and increased

concentrations of Ca2+, synaptophysin dissociates from VAMP 2 and binds to dynamin I,

allowing VAMP 2 to enter the SNARE complex and promote vesicle fusion (Daly and Ziff

2002).

Dynamin I also binds directly to Ca2+ with low affinity (Liu et al 1996). This interaction was

abolished when the C-terminal tail of dynamin I was deleted demonstrating that the PRD

must be involved in Ca2+-binding. Ca2+-binding of dynamin i inhibits the GTPase activity and

reduces its ability to vesiculate phospholipids (Cousin & Robinson 2000). One consequence

of this could be that at the active zone where Ca2+ concentrations are high, Ca2+-binding to

dynamin I will prevent endocytosis since dynamin i GTPase activity is inhibited. Therefore

SV endocytosis may be shunted to the non-active zone, where Ca2+ concentrations are

lower but still high enough stiil to activate calcineurin (Cousin & Robinson 2000).

Another potential Ca2+-binding protein is endophilin II. Ca2+ has been proposed to bind to the

PRD of endophilin II promoting an interaction between its PRD and SH3 domain preventing

other proteins binding to the SH3 domain. Two such proteins that may be affected by the

binding of Ca2+ to endophilin II are dynamin I and N-type Ca2+ channels (Chen et al 2003).

When the Ca2+ concentration is between 100 and 300 nM, the interactions between

endophilin II and both of these proteins is thought to be at its strongest. When the Ca2+

concentration increases these interactions weaken and the Ca2+ is thought to bind to the

PRD of endophilin II. This then binds to the SH3 domain preventing dynamin I and N-type

Ca2+ channels from binding to endophilin II (Chen et al 2003).

In both SV exocytosis and SV endocytosis many Ca2+-dependent interactions have been

identified. A strategy was therefore developed to identify any new interactions in SV

endocytosis that are controlled by Ca2+. To do this GST pull downs were used to screen for
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Ca2+-dependent interactions using a number of different protein domains involved at various

steps during endocytosis.

This chapter identifies many different Ca2+-dependent interactions involved with various

protein domains that participate in SV endocytosis. Many interactions occur only in the

presence of Ca2+, but most of these interactions were shown to be non-specific with binding

attributed to the GST tag. However the interactions that take place only in the absence of

Ca2+ are thought to be specific and the proteins identified are novel proteins that have not

been implicated in SV endocytosis. Therefore the use of large gels for proteomic screening

and maldi-tof ms for identification of proteins is a useful method for discovering new Ca2+-

dependent interactions.

3.2 Strategy to screen for Ca2+-dependent interactions in SV endocytosis

A variety of different protein domains are present on the proteins involved in SV endocytosis.

As a starting point for these experiments all of the GST fusion protein domains available in

the lab were screened for Ca2+-dependent interactions. The protein domains used included

SH3 domains, the PRD of dynamin I and the a-adaptin ear domain of AP2.

GST pull downs were performed using synaptosomes lysed in 2 mM ZnS04 and in the

presence of either 1 mM EGTA and 1 mM EDTA or 2 mM Ca2+. Large gradient gels (7.5-15

%) were used for these experiments as they give a better separation due to their size and

allow a good resolution over a wider molecular weight range (50 - 200 kDa). Any bands that

either appeared or disappeared between the two conditions were then cut out of the gel and

sent off for digestion and matrix-assisted laser desorption/ionisation - time of flight mass

spectrometry (maldi-tof ms) analysis.

3.3 Ca2*-dependent interactions of GST amphiphvsin I SH3 human and rat

The first protein domain to be screened was the SH3 domain of amphiphysin I. Amphiphysin

I has two major roles in SV endocytosis. It is thought to aid in the membrane bending during
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invagination (Peter et at 2004, Blood & Voth, 2006) and it is thought to act as a scaffolding

protein to recruit other endocytosis proteins. It does this by binding to proteins through both

its SH3 domain and its CLAP site. The CLAP site binds to clathrin and AP2 allowing

amphiphysin to be anchored at the sites of endocytosis (McMahon et at 1997, David et at

1996). The SH3 domain binds to the PRD of proteins such as dynamin I and synaptojanin

bringing them to the membrane to fulfil their roles in fission and uncoating (Grabs et at 1997,

Cestra et at 1999).

In this screening process two different constructs were used, one with the SH3 domain of

human amphiphysin I and one with the SH3 domain of rat amphiphysin I. The sequences for

the two constructs were aligned (figure 3.1) to check for similarities and differences. The C-

terminal 79 amino acids which form the SH3 domain have 97% identity but the sequence

used for the human fusion protein has 71 amino acids N-terminal to the SH3 domain, 62 of

which are not present in the rat fusion protein. These extra amino acids contain 2 PXXP

motifs raising the possibility that this sequence could bind to PRDs of other endocytosis

proteins. Therefore the human fusion protein may take part in more interactions.

Three GST pull down experiments were performed with the human SH3 fusion protein

(figures 3.2, 3.3 and data not shown) and two were performed using the rat SH3 fusion

protein (figure 3.4 and data not shown). In all of these experiments the binding of the major

interaction partners dynamin I and synaptojanin was unaltered by the presence or absence

of Ca2+(figure 3.2, 3.3 and 3.4). To ensure the validity of the maldi-tof ms analysis major

bands at around 100 and 150 kDa thought to be dynamin I and synaptojanin respectively

were cut out of the first human SH3 domain pull down (figure 3.2) and sent for identification.

These both came back with positive results and significant MOWSE scores of 6.259 e+19

and 2.638 e+10 respectively, thus validating the maldi-tof ms approach.
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Figure 3.1 Alignment of amphiphysin I human and rat SH3 domains.

The human sequence (red) used is 62 amino acids longer when compared to the rat

sequence (blue) and has two PXXP motifs highlighted in green. The black line represents

the start of the SH3 domains and there is 97% identity between the two SH3 domain

sequences. Alignment performed by ClustalW. * = identical, : = conserved substitution.

Protein Lane MW MOWSE
Score

Synaptojanin I GST Amph I SH3 - Ca2+ 145 kDa 2.368 e+10

Pyruvate carboxylase GST Amph I SH3 - Ca2+ 130 kDa 2.927 e+14
Hexokinase I GST Amph I SH3 - Ca2+ 102 kDa 1.162 e+10

Synapsin la GST Amph I SH3 - Ca2+ 74 kDa 9.375 e+13
Hsc70 GST Amph I SH3 - Ca2+ 71 kDa 8.021 e+13
DRP-2 GST Amph I SH3 - Ca2+ 62 kDa 4.457 e+14

P - tubulin GST Amph I SH3 - Ca2+ 50kDa 9.797 e+13

Dynamin I GST Amph I SH3- EGTA 96 kDa 6.259 e+19
DRP-2 GST - Ca2+ 62kDa 2.120 e+16

Table 3.1 MOWSE scores for GST pull down with GST amphiphysin I SH3 human and

GST.

Proteins identified by MALDI-TOF MS. Lane = lane they were extracted from. MW =

MolecularWeight.
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Figure 3.2 Pull down with GST amphiphysin I SH3 human and GST

Colloidal coomassie stained gradient gel (7.5% -15%) of pull down using GST amphiphysin
I SH3 and GST using synaptosomes lysed in the presence of 2 mM Ca2+ or 1 mM EGTA

and 1mM EDTA. B = Beads alone, Ca2+ = Synaptosomes lysed in the presence of 2 mM
Ca2+, EGTA = Synaptosomes lysed in the presence of 1 mM EGTA and 1 mM EDTA.

Unidentified bands are labelled with a red dot.
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The first human amphiphysin I SH3 pull down (figure 3.2) has many proteins which bind in

the presence of Ca2+ compared to the absence of Ca2+ for both the human GST amphiphysin

I SH3 protein and the GST itself. There are no proteins present in the EGTA lane only,

suggesting that there are no interactions which bind only in the absence of Ca2+. Therefore

bands were selected for identification in the human amphiphysin I SH3 lane only if they

appeared in the presence of Ca2+ and were not present in the GST control lane. The

observations noted above were also true for the repeat of this experiment (figure 3.3) and for

the pull down performed with the rat amphiphysin SH3 fusion protein (figure 3.4). The rat

amphiphysin I SH3 pull down does have an additional band present when compared to the

human amphiphysin I SH3 pull down which is around 120 kDa and is not Ca2+-dependent.

A list of all the bands identified for the human amphiphysin I SH3 pull downs is given in

tables 3.1 and 3.2 and table 3.3 for the rat amphiphysin I SH3 pull downs. In the first human

amphiphysin I SH3 pull down bands identified included synaptojanin I and dynamin I as

already mentioned, pyruvate carboxylase, hexokinase I, synapsin la, Hsc70, DRP-2 and P-

tubulin. In the second pull down additional bands included the clathrin heavy chain. In the rat

amphiphysin I SH3 pull down identified bands included synapsin I.

One band that failed to be identified at around 160 kDa on the first human GST amphiphysin

I SH3 pull down (figure 3.2, marked by a red dot) was identified in the second pull down

(figure 3.3) This band was only seen in the presence of Ca2+ and was identified as the

clathrin heavy chain with a MOWSE score of 1.093 e+17. The clathrin heavy chain appears

to run anomalously at 160 kDa but its actual molecular weight is 192 kDa. This interaction is

likely to be due to the extra 62 amino acids present on the human fusion protein as

amphiphysin I is reported to bind clathrin at the CLAP site in the central region which

preceeds the SH3 domain (McMahon et al 1997, Slepnev & De Camilli 2000).

Synapsin I was identified in the Ca2+ lane of GST amphiphysin I SH3 of both human and rat

pull downs (figure 3.2 and 3.4) with a MOWSE score of 9.375 e+13 and 2.22 e+03
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Figure 3.3 Pull down with GST amphiphysin I SH3 human, GST endophilin IISH3, GST
p85 SH3 and GST

Colloidal coomassie stained gradient gel (7.5% -15%) of pull-down using GST amphiphysin I

SH3, GST endophilin II SH3, GST p85 SH3 and GST using synaptosomes lysed in the

presence of 2 mM Ca2+ or 1 mM EGTA and 1 mM EDTA. B = Beads alone, Ca2+ =

Synaptosomes lysed in the presence of 2 mM Ca2+, E = Synaptosomes lysed in the presence

of 1 mM EGTA and 1 mM EDTA. Unidentified bands are labelled with a red dot. Interactions

labelled in green have not been confirmed by maldi-tof ms.
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Protein Lane MW MOWSE Score

Clathrin, heavy chain GST Amph I SH3 Human -
Ca2+

192 kDa* 2.812 e+11

Hexokinase I GST Amph I SH3 Human -

Ca2+
102 kDa 8.238 e+07

A-spectrin II GST Endo II SH3 - Ca2+ 285 kDa 1.109 e+08

Fatty acid synthase GST Endo II SH3-Ca2+ 272 kDa 5.343 e+12

Amphiphysin I GST Endo II SH3-Ca2+ 75 kDa** 1.552 e+06
Hexokinase I GST Endo II SH3 - Ca2+ 102 kDa 1.277 e+11

Synapsin la GST Endo II SH3 - Ca2+ - top
band

74 kDa 2.996 e+13

Synapsin lb GST Endo II SH3 - Ca2' -

bottom band
70 kDa 5.278 e+10

Similar to KIAA0856

protein
GST Endo II SH3 - EGTA 278 kDa 9.606 e+17

Caskin I GST Endo II SH3 - EGTA - top
band

180 kDa 2.866 e+09

Caskin I GST Endo II SH3 - EGTA -
bottom band

180 kDa 5.560 e+11

Fatty acid synthase GST p85 SH3- Ca2+ 272 kDa 3.846 e+04
Clathrin, heavy chain GST p85 SH3 - Ca2+ 192 kDa* 1.093 e+17
Hexokinase I GST p85 SH3 - Ca2+ 102 kDa 1.524 e+03

Synapsin la GST p85 SH3 - Ca2+ - top band 74 kDa 7.676 e+12

Synapsin lb GST p85 SH3 - Ca2+ - bottom
band

70 kDa 3.998 e+12

Caskin I GST p85 SH3- EGTA 180 kDa 3.599 e+12
Hexokinase I GST - Ca2+ 102 kDa 7.415 e+12

Synapsin lb GST - Ca2+ 74 kDa 1.731 e+11
Hsc 70 GST - Ca2* 71 kDa 2.243 e+09

Table 3.2 MOWSE scores for GST pull down with GST amphiphysin I SH3 human, GST

endophilin II SH3, GST p85 SH3 and GST.

Proteins identified by MALDI-TOF MS. Lane = lane they were extracted from. MW =

Molecular Weight. * Clathrin appears to run anomalously at 160 kDa, **Amphiphysin runs

anomalously at 120 kDa.
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respectively. Synapsin I may control the binding of synaptic vesicles to the actin cytoskeleton

and may have a role in delivering the synaptic vesicles from the reserve pool to the RRP

(Pieribone et al 1995, Li et al 1995, Cousin et al 2003). The interaction with the SH3 domain

of amphiphysin I is surprising as synapsin I does not to bind to the SH3 domains of

amphiphysin I and II (Cousin et al 2003).

In the rat GST amphiphysin I SH3 pull down (figure 3.4) there is an additional band present

at around 120 kDa which does not appear in the human GST amphiphysin I SH3 pull down.

This band may have bound to the beads alone as it is present in the beads only lane but it

appears to be present to a greater extent in the pull down lanes and stronger in the presence

of Ca2+. However this band failed to be identified (figure 3.4, marked by a red dot) but it may

be amphiphysin itself as this band is around 120 kDa, the weight at which amphiphysin I

runs anomalously. Amphiphysin I SH3 has previously been shown to bind to full length

amphiphysin I, where it binds the proline rich region which is present in the central area

preceeding the SH3 domain (Farsad et al 2003). This means that the rat fusion protein could

bind to endogenous amphiphysin I as it does not contain the proline rich region. The human

fusion protein on the other hand contains the proline rich region which could bind to the SH3

domain and possibly make it unavailable to bind endogenous amphiphysin I.

In summary both of the amphiphysin I SH3 domain isoforms appear to bind both dynamin I

and synaptojanin regardless of the presence of Ca2+. They also both bind to synapsin I and

this appears to be Ca2+-dependent since there is no band present in the absence of Ca2+.

Clathrin binds to the human fusion protein of the amphiphysin I SH3 domain which may be

due to its additional 62 amino acids. This interaction occurs only in the presence of Ca2+ and

so may also be Ca2+-dependent. The rat amphiphysin I SH3 domain binds to an unknown

protein of around 120 kDa which is not present in the human amphiphysin I SH3 pull down,

which may be amphiphysin as there may be an interaction between the PRD and the SH3

domain of the same amphiphysin I protein molecule. Therefore two putative Ca2+-dependent

amphiphysin interactions have been identified with clathrin and synapsin.
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Figure 3.4 Pull down with GST amphiphysin I SH3 rat, GST p85 SH3 and GST

Colloidal coomassie stained gradient gel (7.5% -15%) of pull down using GST

amphiphysin I SH3, GST p85 SH3 and GST using synaptosomes lysed in the

presence of 2 mM Ca2+ or 1 mM EGTA. B = Beads alone, Ca2+ = Synaptosomes

lysed in the presence of 2 mM Ca2+, E = Synaptosomes lysed in the presence of 1
mM EGTA and 1 mM EDTA. Unidentified bands are labelled with a red dot.

Interactions labelled in green have not been confirmed by maldi-tof ms.
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Protein Lane MW MOWSE Score

Synapsin la GST Amph I SH3-Ca2+ 74 kDa 2.22 e+03

Amphiphysin I GST p85 SH3 - Ca2+ 75 kDa* 9.98 e+05
B-tubulin GST p85 SH3 - Ca2+ 50 kDa 5.74 e+14

Synapsin lla GST p85 SH3 - Ca2+ 63 kDa 3.35 e+08

Synapsin lib GST p85 SH3 - Ca2+ 52 kDa 3.84 e+08

Table 3.3 MOWSE scores for GST pull down with GST amphiphysin I SH3 rat, GST p85

SH3 and GST.

Proteins identified by MALDI-TOF MS. Lane = lane they were extracted from. MW =

Molecular Weight. * Amphiphysin runs anomalously at 120 kDa.

Protein Lane MW MOWSE Score
Hexokinase I GST Amph II SH3-Ca2+ 102 kDa 8.932 e+11

Adaptor protein complex
AP-2, alpha 2 subunit

GST Amph II SH3- Ca2+ 104kDa 1.132 e+07

Caskin I GST Amph II SH3 - EGTA
- top band

180 kDa 7.772 e+05

Caskin I GST Amph II SH3 - EGTA
- top band

180 kDa 2.602 e+16

Hexokinase I GST - Ca2+ 102 kDa 3.800 e+11

Adaptor protein complex
AP-2, alpha 2 subunit

GST - Ca2+ 104kDa 9.635 e+06

Table 3.4 MOWSE scores for GST pull down with GST amphiphysin II SH3, GST

syndapin SH3 and GST.

Proteins identified by MALDI-TOF MS. Lane = lane they were extracted from. MW =

Molecular Weight.
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3.4 Ca2*-dependent interactions of amphiphysin II SH3

Amphiphysin I is expressed in the brain whereas amphiphysin II is expressed ubiquitously

and undergoes extensive alternative tissue-specific splicing (Slepnev & De Camilli 2000).

The brain-specific isoform of amphiphysin II binds to dynamin I and synaptojanin through its

SH3 domain and clathrin and AP2 through its CLAP site (McMahon et al 1997, Slepnev & De

Camilli 2000).

The GST pull down with the SH3 domain of amphiphysin II was performed three times using

a fusion protein containing the rat SH3 domain (figure 3.5 and data not shown). A list of

identified bands is given in table 3.4. From the gel it appears that there are a lot of proteins

which bind to both GST amphiphysin II SH3 and GST only in the presence of Ca2+, these are

likely to be non-specific interactions. However there are some bands, for example at 180

kDa and 130 kDa which appear in the GST amphiphysin II SH3 EGTA lane which are not

present in the GST EGTA lane or the GST amphiphysin II SH3 Ca2+ lane. These interactions

would therefore appear to be Ca2+-dependent, binding to amphiphysin II SH3 only in the

absence of Ca2+. Those bands or bands that appeared or were increased in the GST

amphiphysin II SH3 Ca2+ lane, but that were not present in the GST Ca2+ lane, were cut out

and sent off for identification by maldi-tof ms.

GST amphiphysin II SH3 was shown to bind to synaptojanin and dynamin I by the

appearance of bands at approximately 150 kDa and 100 kDa respectively, (figure 3.5,

marked in green), although these bands were not identified by maldi-tof ms. Again there is

no difference in the binding of these two proteins irrespective of the presence or absence of

Ca2+. Bands that were identified in the Ca2+ lane of amphiphysin II SH3 included hexokinase

I and a-adaptin. In the EGTA lane bands identified included caskin I and in the GST Ca2+

lane bands identified included hexokinase I and a-adaptin. Therefore only the interaction with

caskin I was shown to be specific and Ca2+-dependent.
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Figure 3.5 Pull down with GST amphiphysin II SH3, GST syndapin SH3 and GST

Colloidal coomassie stained gradient gel (7.5% -15%) of pull down using GST

amphiphysin II SH3, GST syndapin I SH3 and GST using synaptosomes lysed in the

presence of 2 mM Ca2+ or 1 mM EGTA and 1 mM EDTA. B = Beads alone, Ca2+ =

Synaptosomes lysed in the presence of 2 mM Ca2+, E = Synaptosomes lysed in the

presence of 1 mM EGTA and 1 mM EDTA. Unidentified bands are labelled with a red
dot. Interactions labelled in green have not been confirmed by maldi-tof ms.
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Protein Lane MW MOWSE Score
Hexokinase 1 GSTEndollSH3-Ca2+ 102 kDa 1.631 e+10

Dynamin 1 GST Endo II SH3 - Ca2+ 96 kDa 1.437 e+08
Mitochondrial Aconitase GST Endo II SH3-Ca2+ 85kDa 1.578e+09
Munc18 GST Endo II SH3-Ca2+ 68 kDa 1.263 e+07

Myosin VIIA GST Endo II SH3- EGTA 251 kDa 9.112 e+04

P - tubulin GST Endo II SH3 - EGTA 50 kDa 5.452 e+07
Hexokinase I GST - Ca2+ 102 kDa 3.597 e+10
Mitochondrial Aconitase GST - Ca2+ 85 kDa 1.669 e+14

Table 3.5 MOWSE scores for GST pull down with GST endophilin II SH3 and GST.

Proteins identified by MALDI-TOF MS. Lane = lane they were extracted from. MW =

MolecularWeight.

Protein Lane MW MOWSE Score
Intersectin I GST a-adaptin ear domain - Ca2+ 201 kDa 9.41 e+05

Synapsin la GST a-adaptin ear domain - Ca2+ 74 kDa 1.01 e+013

a-adaptin ear domain GST a-adaptin ear domain - Ca2' 27 kDa 3.66 e+05
Munc18 GST Dynamin I PRD - Ca2+ 68 kDa 1.81 e+07
Glutamate

dehyrogenase I
GST Dynamin I PRD - Ca2+ 61kDa 1.03 e+09

Dynamin II GST Syndapin I SH3 - EGTA 98 kDa 1.02 e+05

Table 3.6 MOWSE scores for GST pull down of GST a-adaptin ear domain, GST

dynamin I PRD, GST syndapin SH3 and GST.

Proteins identified by MALDI-TOF MS. Lane = lane they were extracted from. MW =

Molecular Weight.
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Caskin I or CASK interacting protein was identified as binding to amphiphysin II in the

absence of Ca2+ at around 180 kDa. Caskin I is a novel brain-specific adaptor protein that

binds to the adaptor protein CASK at its N-terminal Ca2+/calmodulin - dependent protein

kinase domain. Caskin I is a multidomain protein containing six N-terminal ankyrin repeats, a

SH3 domain, a long proline rich sequence and a short conserved C-terminal domain

(Tabuchi et al 2002). With the exception of CASK, caskin I has no reported binding partners.

In this pull down with GST amphiphysin II SH3, caskin I bound in the absence of Ca2+, and is

present as two bands about 10 kDa apart with MOWSE scores of 7.772 e+05 for the upper

band and 2.602 e+16 for the lower band. This pull down was repeated twice (data not

shown) and again two bands at around 180 kDa were identified as caskin I with MOWSE

scores of 8.810 e+07 and 4.570 e+05 for the upper band and 3.630 e+11 and 1.321 e+15

for the lower band. Thus caskin is the first identified Ca2+-dependent interacting protein in

nerve terminals which appears to bind only in the absence of Ca2+.

The other band that appears to bind only in the absence of Ca2+ at around 130 kDa failed to

be identified (figure 3.5, marked by a red dot). This band is also present in the repeat of this

pull down but again could not be identified (data not shown).

Amphiphysin II SH3 also binds to the a-adaptin subunit of AP2 which was identified at

around 100 kDa with a MOWSE score of 1.132 e+07 only in the presence of Ca2+. This is not

expected since the construct used does not contain the CLAP site. This may be a non¬

specific interaction since the a-adaptin subunit of AP2 also binds to the GST control in the

presence of Ca2+ with a MOWSE score of 9.635 e+07. The same is true for hexokinase I

which binds to amphiphysin II SH3 domain in the presence of Ca2+ with a MOWSE score of

8.932 e+11 and it also binds to the GST alone in the presence of Ca2+ with a MOWSE score

of 3.8 e+11.

In summary amphiphysin II SH3 binds to dynamin I and synaptojanin although these were

not identified through maldi-tof ms. In the absence of Ca2+, amphiphysin II SH3 binds caskin
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I and a 130 kDa band which was not identified. Amphiphysin II SH3 appeared to bind to a-

adaptin and hexokinase I but this may be explained by background binding to the GST tag.

3.5 Ca2*-dependent interactions of endophilin II SH3

Endophilin is a protein involved in various stages of SV endocytosis. Like amphiphysin it has

two major roles; it may be involved with the initiation of membrane bending (Gallop et al

2006) and in the recruitment of dynamin and synaptojanin to the membrane for fission and

uncoating (Ringstad et al 1999, Sparks et al 1996).

In this pull down a GST fusion protein containing the SH3 domain of mouse endophilin II was

used. The GST fusion protein of endophilin II SH3 was the only endophilin fusion protein

available in the lab, however although this protein is ubiquitously expressed and not brain-

specific like endophilin I, endophilin II has been proposed to bind to Ca2+. This is proposed to

mediate its interactions with PRD containing proteins such as dynamin I (Chen et al 2003)

and may mean that there are a number of Ca2+-dependent interactions that have yet to be

identified.

This pull down was repeated three times (figure 3.3 and 3.6 and data not shown) and a list of

results is given in tables 3.2 and 3.5. From both of the gels again a number of proteins which

are present in the Ca2+ lanes of both the GST endophilin II SH3 and the GST alone are likely

to be non-specific interactions. However there are a few bands present in the EGTA lane of

GST endophilin II SH3 that are not seen in the GST EGTA lane. These bands at around 300

kDa and 180 kDa are thought to be Ca2+-dependent interactions that occur only in the

absence of Ca2+. Therefore these bands in the EGTA lane were sent for identification, as

well as any bands that appeared in only the GST endophilin II SH3 Ca2+ lane but not in the

GST Ca2+ lane.

Dynamin I and synaptojanin are present in both of the gels although only dynamin I was

identified by maldi-tof ms with a MOWSE score of 1.437 e+08. Again there is no apparent
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Figure 3.6 Pull down with GST endophilin II SH3 and GST

Colloidal coomassie stained gradient gel (7.5% -15%) of pull down using GST endophilin
II SH3 and GST using synaptosomes lysed in the presence of 2 mM Ca2+ or 1 mM EGTA
and 1 mM EDTA. B = Beads alone, Ca2+ = Synaptosomes lysed in the presence of 2 mM

Ca2+, E = Synaptosomes lysed in the presence of 1 mM EGTA and 1 mM EDTA.
Unidentified bands are labelled with a red dot. Interactions labelled in green have not been
confirmed by maldi-tof ms. Red box contains protein band which may represent caskin I.

munc18

(3-tubulin

myosin VIIA

synaptojanin I

hexokinase I

dynamin I

mitochondrial
aconitase

93



difference in binding of the endophilin II SH3 regardless of the presence or absence of Ca2+.
Bands identified in the pull downs that were present only in the presence of Ca2+ or that were

increased by Ca2+included a-spectrin II, fatty acid synthase, amphiphysin I, hexokinase I,

mitochondrial aconitase, munc18, and synapsin la and lb. Bands only present in the

absence of Ca2+ included "similar to KIAA0856", myosin VII A, caskin I and p-tubulin.

In the first pull down with endophilin II SH3 the band identified at around 300 kDa which was

only present in the absence of Ca2+ was identified as "similar to KIAA0856 protein" (figure

3.3) with a MOWSE score of 9.606 e+17. However when the pull down was repeated (figure

3.6) the band was identified as myosin VIIA with a MOWSE score of 9.112 e+04. The pull

down was then repeated a third time (data not shown) and was identified for a second time

as myosin VIIA with a MOWSE score of 2.392 e+5. This band is more likely to be "similar to

KIAA0856" as it has a much larger MOWSE score and had 18% coverage of the protein

when compared to 9% and 10% protein coverage of myosin VIIA. There was no significant

sequence similarity when these two proteins were aligned via BLAST but there were a few

identical and conserved residues when aligned with clustalW which could explain why the

proteins could have some similar peptide masses.

The other band present in the absence of Ca2+ was identified as caskin I in the form of two

bands at around 180 kDa (figure 3.3). The MOWSE scores were 2.866 e+09 for the upper

band and 5.560 e+11 for the lower band. In the second endophilin II SH3 pull down the

bands which may represent caskin I are present (figure 3.6, red box) but were very faint so

they were not sent off for identification. Therefore caskin I may interact with endophilin II SH3

in a Ca2+-dependent manner only binding in the absence of Ca2+.

In the first pull down (figure 3.3) there is a band at around 160 kDa in the presence of Ca2+.

This band failed to be identified but it may be clathrin since the same band is present in both

the human amphiphysin I SH3 domain and in the p85 SH3 domain pull downs shown on the
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same gel. Therefore clathrin may bind to the SH3 domain of endophilin II only in the

presence of Ca2+.

Amphiphysin was also identified as binding to endophilin II SH3 in the first pull down (figure

3.3) only in the presence of Ca2+ with a MOWSE score of 1.552 e+06. This is not surprising

as amphiphysin I and II bind to the SH3 domain of endophilin I (Micheva et al 1997), and

endophilin I and II share 79% identity between their two SH3 domains.

Synapsin la and lb which are 74 kDa and 70 kDa respectively were identified in the first pull

down (figure 3.3) in the presence of Ca2+ with MOWSE scores of 2.996 e+13 and 5.278

e+10. Less intense bands were also present in the absence of Ca2+ suggesting the

interaction may be enhanced in the presence of Ca2+. Synapsin la was also identified in the

GST lane but as a much smaller band and had a MOWSE score of 1.731 e+11. Synapsin I

therefore may interact with endophilin II SH3 in a Ca2+-dependent manner where synapsin I

has a stronger affinity for endophilin II SH3 in the presence of Ca2+.

In the second pull down (figure 3.6) another protein to be identified was munc18 at around

70 kDa. This is present only in the presence of Ca2+ with a MOWSE score of 1.263 e+07.

This is very unusual as munc18 is an exocytosis protein which binds to syntaxin I and

prevents it from interacting with the SNARE complex which is involved in vesicle fusion

(Burgoyne & Morgan 2003, Rizo & Sudhof 2002).

In summary the SH3 domain of endophilin II was shown to bind to dynamin I and

synaptojanin irrespective of the presence of Ca2+ in a similar manner to the amphiphysin I

and II SH3 domains. However it may have Ca2+-dependent interactions with caskin I in the

absence of Ca2+ and with a large protein of around 280 kDa which has been identified as

myosin VIIA twice and "similar to KIAA 0856 protein" once. Endophilin II SH3 also appears to

form Ca2+-dependent interactions with synapsin I binding more in the presence of Ca2+.
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Finally the SH3 domain of endophilin II binds to clathrin, amphiphysin and munc18 only in

the presence of Ca2+, making these yet more putative Ca2+-dependent interactions.

3.6 Ca2+-dependent interactions of p85 SH3

p85 is the regulatory subunit of PI3K. p85 forms a complex with synapsin, and the synapsin

associated kinase activity increases with depolarisation. This kinase activity is proposed to

phosphorylate inositol lipids either on the synaptic vesicle or on the plasma membrane

Disruption of either PI3K activity or its interaction with synapsin inhibited the replenishment

of the RRP (Cousin et al 2003).

A GST fusion protein with the bovine SH3 domain of p85 was used for this pull down. This

was performed twice (figures 3.3 and 3.4) and a list of results are given in tables 3.2 and 3.3.

Again from the gel there appears to be a lot of proteins that bind to both GST p85 SH3 and

GST in the presence of Ca2+. Therefore a pattern appears to be emerging where there are a

lot of non-specific interactions in the presence of Ca2+. However there are bands present in

the GST p85 SH3 lane at around 180 kDa in both gels only in the absence of Ca2+.

Therefore bands that were present in the absence of Ca2+ or that appeared in the presence

of Ca2+ with p85 SH3 but were not present in the GST lane were excised for identification by

maldi-tof ms.

From the first pull down (figure 3.3) it is shown that p85 binds to both dynamin I and

synaptojanin irrespective of Ca2+, although these bands were not identified (marked in

green). Bands identified included fatty acid synthase, clathrin heavy chain, amphiphysin I,

hexokinase I, synapsin la and lb, synapsin lla and lib and (B-tubulin in the presence of Ca2+,

and caskin I in the absence of Ca2+.

p85 was identified as binding to caskin I with the presence of two bands at around 180 kDa

in the absence of Ca2+, however only the lower band of the two was identified with a
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MOWSE score of 5.560 e+11. Thus caskin interacts with a number of different SH3 domains

in a Ca2+-dependent manner only binding in the absence of Ca2+.

A number of proteins were identified as binding to p85 SH3 in only the presence of Ca2+. The

clathrin heavy chain was identified in the first pull down (figure 3.3), with a MOWSE score of

1.093 e+17. In the repeat of this pull down (figure 3.4) amphiphysin I was identified as

binding to the p85 SH3 domain with a MOWSE score of 9.98 e+05. Both of these

interactions are unexpected as neither of these proteins has been reported to bind to p85.

Synapsin la and lb were shown to bind the p85 SH3 domain in the first pull down, with more

protein present in the presence of Ca2+ (figure 3.3) with MOWSE scores of 7.676 e+12 and

3.998 e+12 respectively. As mentioned earlier, in this gel GST also binds to synapsin la with

a MOWSE score of 1.731 e+11 but in a much smaller amount and as mentioned already p85

is reported to form a complex with synapsin I to increase its kinase activity upon

depolarisation. Therefore the interaction between synapsin la and lb with p85 may be Ca2+-

dependent, with more binding in the presence of Ca2+.

Synapsin I la and lib were also identified as binding in the presence of Ca2+ to the p85 SH3

domain in the second pull down (figure 3.4) with MOWSE scores of 3.35 e+08 and 3.84

e+08 respectively. These bands are also present in the absence of Ca2+ but they are less

prominent. There are also bands which are most likely to be synapsin I la and lib in the first

p85 SH3 pull down again with a stronger interaction in the presence of Ca2+ (figure 3.3,

marked in green). Therefore synapsin I la and lib may interact with the p85 SH3 domain in a

Ca2+-dependent manner, again with a higher affinity in the presence of Ca2+.

In summary p85 binds to dynamin I and synaptojanin regardless of Ca2+. It also interacts with

caskin I only in the absence of Ca2+ however only one band was identified and this was only

performed once. Clathrin, amphiphysin I, and synapsin I and II were all shown to form Ca2+-
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dependent interactions with the p85 SH3 domain and all bound more in the presence of Ca2+

with clathrin and amphiphysin 1 not binding at all in the absence of Ca2+. Thus a common

pattern of Ca2+-dependent interactions is appearing between the various SH3 domains.

3,7 Ca2+-dependent interactions of syndapin SH3

Syndapin is the protein that forms a link between the actin cytoskeleton and the presynaptic

membrane, as it binds to both dynamin I and to N-Wasp, an arp2/3 activator which increases

actin filament nucleation (Qualmann and Kelly 2000).

The syndapin SH3 pull down was performed twice (figure 3.5 and 3.7) with a GST fusion

protein of the mouse SH3 domain and a list of results are given in tables 3.4 and 3.6. Again

the pattern of non-specific interactions is seen with many more interactions occurring for

both the GST syndapin SH3 and the GST in the presence of Ca2+. However there are two

bands that appear in the EGTA lane for GST syndapin SH3 at around 40 and 50 kDa.

Therefore bands were excised from the synapsin SH3 pull down if they were only present in

the absence of Ca2+ or if they were upregulated or appeared in the presence of Ca2+.

From the first pull down (figure 3.5), syndapin SH3 bound to dynamin I in a Ca2+-

independent way, although dynamin I was not identified by maldi-tof ms. There also

appeared to be no Ca2+-dependent interactions that were specific for syndapin SH3 in this

pull down. In the second pull down (figure 3.7) again syndapin SH3 bound to dynamin in a

Ca2+-independent manner but it was also identified as binding to dynamin II with a MOWSE

score of 1.020 e+05; however this interaction does not appear to be Ca2+-dependent. There

were other bands cut out from this second pull down which looked to be Ca2+-dependent at

around 40 and 50 kDa (figure 3.7, marked by a red dot) but both these bands failed to be

identified. Syndapin SH3 therefore may take part in Ca2+-dependent interactions but the

proteins involved are unknown. There are also no caskin bands present unlike the other SH3

domains.
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Figure 3.7 Pull down with GST dynamin I PRD, GST a-adaptin ear domain, GST

syndapin SH3 and GST

Colloidal coomassie stained gradient gel (7.5% -15%) of pull down using GST dynamin I

PRD, GST a-adaptin ear domain, GST syndapin I SH3 and GST using synaptosomes lysed
in the presence of 2 mM Ca2+ or 1 mM EGTA and 1 mM EDTA. B = Beads alone, Ca2+ =

Synaptosomes lysed in the presence of 2 mM Ca2+, E = Synaptosomes lysed in the presence

of 1 mM EGTA and 1 mM EDTA. Unidentified bands are labelled with a red dot. Interactions

labelled in green have not been confirmed by maldi-tof ms.
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3.8 Ca2+-dependent interactions of the a-adaptin ear domain

a-adaptin is one of the large sub-units that comprises AP2 and its ear domain is found at the

C-terminus. This domain acts as a hub to concentrate accessory proteins such as AP180,

epsin, eps15, amphiphysin, auxillin and synaptojanin (Collins eta/2002). The a-adaptin ear

domain GST pull down was performed twice (figure 3.7 and data not shown) using a fusion

protein with the mouse a-adaptin ear domain and a list of results is given in table 3.6. Again

there is a recurring pattern of non-specific interactions in the presence of Ca2+. There were

no bands in the GST a-adaptin ear domain EGTA lane. The a-adaptin ear domain was

identified as binding to intersectin and synapsin la in a Ca2+-dependent manner with binding

only taking place upon the addition of Ca2+.

Intersectin was identified as binding to a-adaptin in the presence of Ca2+ with a MOWSE

score of 9.41 e+05. Intersectin is a multidomain protein containing two EH domains along

with a coiled-coil domain which bind epsin, Eps15 and SNAP-25 (Okamato et al 1999,

Sengar et al 1999). It also has five SH3 domains located in the central region, of which three

interact with the PRD of dynamin 1, synapsin and synaptojanin I Hussain et al 1999,

Evergren et al 2007). This means that the interaction with a-adaptin could be due to an

intermediate binding of Eps15, epsin or synaptojanin, all of which bind both intersectin and a-

adaptin. Therefore the a-adaptin ear domain may form a Ca2+-dependent interaction with

intersectin only in the presence of Ca2+ but this interaction has not been confirmed with

western blotting, and background binding of the GST tag has not been excluded.

3.9 Ca2+-dependent interactions of dynamin I PRD

Dynamin I is a large GTPase essential for the fission of vesicles from the presynaptic

membrane. Dynamin I binds amphiphysin, endophilin, and syndapin as well as other SH3

domain containing proteins (Grabs et al 1997). Dynamin I is also reported to bind calcineurin

and synaptophysin in a Ca2+-dependent way (Lai et al 1999) and binds to Ca2+ directly, an

interaction which is abolished when the C-terminal PRD is removed (Liu et al 1996).
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The dynamin I PRD pull down was performed twice (figure 3.7 and data not shown) using a

GST fusion protein of the rat PRD (splice variant laa) and a list of results is given in table

3.6. Again there appear to be a lot of non-specific interactions that occur in the presence of

Ca2+.There are no new bands in the EGTA lane that do not appear in the Ca2+ lane for

dynamin I PRD. Therefore bands were sent for identification if they appeared in the Ca2+

lane of dynamin I PRD and not in the GST Ca2+ lane.

In this pull down (figure 3.7) dynamin I PRD was shown to bind to glutamate dehydrogenase

and muncl8 in the presence of Ca2+ with MOWSE scores of 1.03 e+09 and 7.69 e+07. The

lack of Ca2+-dependent interactions is very surprising as dynamin I is known to take part in a

number of Ca2+-dependent interactions such as those with calcineurin and synaptophysin.

The interaction of dynamin I with calcineurin occurs in the presence of Ca2+ and this complex

also binds to amphiphysin I. Dynamin I also interacts with synaptophysin in the presence of

Ca2+, perhaps at sites of exocytosis (Daly & Ziff 2002). Therefor e you would expect

dynamin I to bind to calcineurin, amphiphysin I and synaptophysin in the presence of Ca2+.

3.10 Ca2+-dependent interactions that occur in the presence of Ca2+ are non-specific

In all of the pull downs performed to screen for Ca2+-dependent interactions many proteins

appear to bind to the GST fusion proteins only in the presence of Ca2+. Western blotting was

performed to confirm that these interactions were specific and indeed Ca2+-dependent. Four

proteins that were shown to be Ca2+-dependent and known to be involved in SV exocytosis

and endocytosis were blotted for; these included synapsin I, amphiphysin I, a-adaptin and

munc18.

Synapsin I was shown to bind to the human and rat GST fusion proteins of amphiphysin I

SH3 (figures 3.2 and 3,4), the GST endophilin II SH3 domain (figure 3.3), the GST p85 SH3

domain (figure 3.4) and the GST a-adaptin ear domain (figure 3.7). The level of binding of

synapsin I to each of the amphiphysin constructs was checked by western blot (figure 3.8)

The constructs used included GST amphiphysin I SH3 both human and rat fusion proteins,
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amphiphysin II SH3, amphiphysin II full length and GST. There was no binding to any fusion

proteins in the absence of Ca2+ as demonstrated by the band in the positive control of lysed

synaptosomes. In the presence of Ca2+ however synapsin I bound to all of the fusion

proteins including the GST alone and so it is concluded that the interaction of synapsin I with

the amphiphysin fusion proteins is non-specific. Endophilin II SH3 and p85 SH3 also bind to

synapsin I (figure 3.3). Synapsin I binds to these proteins in both the presence and absence

of Ca2+. However the interaction in the presence of Ca2+ may be non-specific and due to

background binding of the GST tag. Therefore the interaction between endophilin II and p85

may be Ca2+-dependent but western blotting is needed to confirm this.

Amphiphysin I was shown to bind to GST endophilin II SH3 (figure 3.3) and GST p85 SH3

(figure 3.4). It was also thought to bind to the rat GST fusion protein of amphiphysin I SH3

(figure 3.4) and not to the human GST fusion protein of amphiphysin I SH3. A western blot

was therefore performed to check for amphiphysin I binding to amphiphysin (figure 3.8). The

blot was done with samples made from pull downs using GST amphiphysin I SH3 human

and rat fusion proteins, GST amphiphysin II SH3, GST amphiphysin II full-length and GST.

In the absence of Ca2+ both the amphiphysin I and II SH3 domains but not the human fusion

protein of amphiphysin I SH3 appeared to bind to amphiphysin I. The binding of amphiphysin

I to amphiphysin II full-length appeared to be the most prominent and in the presence of Ca2+

it was the only fusion protein that bound to amphiphysin I more than the GST control. The

interaction between amphiphysin I and the I and II SH3 domains appear to be Ca2+-

dependent with the SH3 domains only binding in the absence of Ca2+.

The a-adaptin ear domain was shown to bind GST amphiphysin II SH3 and GST (figure 3.5).

Since the a-adaptin ear domain bound to GST alone it is more than likely that this interaction
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Figure 3.8 Amphiphysin i and synapsin binding of GST amphiphysin fusion proteins

Western blots of GST pull downs with GST amphiphysin I SH3 rat (AISR), GST amphiphysin II
SH3 (AIIS), GST amphiphysin I SH3 human (AISH), GST amphiphysin II full length (AIIF) and
GST probed with anti-amphiphysin I and anti-synapsin. Synaptosomes were prepared by

lysing in buffer containing 2 mM Ca2+or 1 mM EGTA and 1 mM EDTA. Lysed synaptosomes

(L) were used as a positive control.
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Figure 3.9 a-adaptin ear domain binding of GST amphiphysin fusion proteins

Western blots of GST pull downs with GST amphiphysin I SH3 rat (AISR), GST amphiphysin
II SH3 (AIIS), GST amphiphysin I SH3 human (AISH), GST amphiphysin II full length (AIIF)
and GST probed with anti-a-adaptin ear domain. Synaptosomes were prepared by lysing in
buffer containing 2 mM Ca2+ (Ca2+) or 1 mM EGTA and 1 mM EDTA (E).

103



is non-specific. Western blotting of all the amphiphysin constructs was then performed to

check the level of binding (figure 3.9). From the western blot a-adaptin does not bind to any

of the constructs except GST amphiphysin full length in the absence of Ca2+. It is also shown

that this is the only interaction in the presence of Ca2+ that is stronger than the GST. This

may be because there is an interaction that occurs between the GST amphiphysin full length

and a-adaptin in both the presence and absence of Ca2+ that increases with the presence of

Ca2+ due to non-specific binding of the GST tag. The interaction with amphiphysin II full

length is most likely due to the presence of the CLAP site which binds to AP2 via its a-

adaptin ear domain (McMahon et al 1997, David et al 1996). The interactions between a-

adaptin and the amphiphysin constructs that occur in the presence of Ca2+ are due to a-

adaptin binding of the GST tag and are therefore non-specific.

The last protein to be tested by western blot was muncl 8 (figure 3.10). Muncl 8 is an

exocytosis protein and so it is unlikely to bind to any of the proteins involved in endocytosis.

In this screen muncl 8 bound to GST endophilin II SH3 (figure 3.6) and GST dynamin I PRD

(figure 3.7) The interaction of muncl 8 and endophilin II SH3 was checked with a western

blot using a pull down from GST endophilin II SH3 and GST in the presence and absence of

Ca2+ (figure 3.10) Munc18 bound to the GST as well as to GST endophilin II SH3 in the

presence of Ca2+. Therefore the interactions of muncl 8 with GST fusion proteins in the

presence of Ca2+ may be non-specific with binding attributed to the GST tag.

From the protein interactions investigated via western blot it appears that all of the

interactions that occur in the presence of Ca2+ are non-specific. The interactions of synapsin

with the amphiphysin GST proteins are thought to be non-specific, although it may interact

with endophilin II SFH3 and p85 SH3. The interaction of amphiphysin with amphiphysin SH3

domains however may well be a specific and Ca2+-dependent interaction as they bind in the

absence of Ca2+. Therefore from the four proteins studied all of them appear to bind to the

GST alone in the presence of Ca2+ casting doubts over any of the interactions that were

proposed to be Ca2+-dependent only binding in the presence of Ca2+.
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Figure 3.10 Munc18 binding of GST endophilin II SH3.

Western blot of GST endophilin II SH3 (Endo II SH3) and GST with anti-munc18

antibody. Samples are from pull down performed in figure 3.10. Synaptosomes were

lysed in 2 mM Ca2+ or 1mM EGTA, Ca2+ = 2mM Ca2+, E = 1mM EGTA and 1 mM
EDTA. n = 2.
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3.11 Discussion

From the proteomic screens that were performed it is clear that there are Ca2+-dependent

interactions which bind only in the absence of Ca2+, such as those with caskin I and "similar

to KIAA0856" and some which bind only in the presence of Ca2+ such as those with clathrin

and intersectin. However all of these Ca2+-dependent interactions that bind only in the

presence of Ca2+ are non-specific and binding can be attributed to the GST tag, such as

munc18 with endophilin II SH3 and a-adaptin with amphiphysin II SH3. There were also Ca2+
- independent interactions identified, such as all of the SH3 domain proteins with dynamin I

and synaptojanin.

3.11.1 Ca2*-dependent interactions that occur only in the absence of Ca2+

Caskin I was shown to participate in Ca2+-dependent interactions with amphiphysin II SH3,

endophilin II SH3 and p85 SH3. Caskin I is always present as a pair of bands about 10 kDa

apart at around 180 kDa. The SH3 domains of these proteins are likely to bind to PXXP

motifs in the caskin proline rich sequence. Caskin I has 39 PXXP motifs, so it could bind to

multiple proteins and function as a scaffolding protein. The appearance of two bands may be

due to post-translational modification since a blast search revealed no other caskin isoforms

or splice-variants.

The most likely type of post-translational modification is ubiquitination as it would add about

8 kDa to the protein. Polyubiquitination is thought to target proteins to the 26S proteasome

degradation pathway but in some cases monoubiquitination does not lead to degradation but

instead regulates other cellular processes such as chromatin remodelling (Hofmann &

Falquet 2001). Recently the SH3 domains of both amphiphysin I and II were both shown to

bind ubiquitin (Stamenova et al 2007). However as this band was not seen in any of the

amphiphysin I SH3 pull downs western blotting may need to be performed to confirm that

this interaction does not take place.
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Another type of post-translational modification that could occur is sumoyiation. This process

involves the attachment of a protein called small ubiquitin-related modifier (SUMO) (Johnson

2004) and would add approximately 15 kDa to any protein. Sumoyiation was first thought to

only occur in nuclear proteins but more recently has been shown to modify membrane

proteins such as glutamate transporters, K+ channels and metabotropic glutamate receptors

(Rajan et at 2005, Tang et at 2005). Sumoyiation has been proposed to mediate protein-

protein interactions as the addition of the 15 kDa could prevent the binding of specific

interacting proteins or could create new binding sites for other interacting proteins

(Scheschonka et at 2007).

Caskin I could also be phosphorylated as it is a large protein and has many serines,

threonines and tyrosines that could be phosphorylated. This phosphorylation could also

cause a mobility shift in the gel and when the protein is phosphorylated it could run at a

higher molecular weight than the unphosphorylated protein, explaining the presence of two

bands.

The other interaction that was identified as Ca2+-dependent, with binding only taking place in

the absence of Ca2+, was the band present on the endophilin II SH3 pull down at around 300

kDa. This band as identified as both "similar to KIAA0856" and myosin VIIA. It was

concluded that this band is more likely to be "similar to KIAA0856" because of its higher

MOWSE score and percentage coverage by maldi-tof ms. KIAA0856 has been recently

identified as rabconnectin-3, and the protein with the second highest MOWSE score

identified in the first endophilin II SH3 pull down (figure 3.3) was indeed human

rabconnectin-3 (accession number 20521676) with a MOWSE score of 8.549 e+08.

Rabconnectin-3 is a 340 kDa protein that is primarily expressed in the brain, and is

concentrated in SVs at synapses. It binds to rab3 GDP/GTP exchange protein (rab3 GEP)

and to rab3 GTPase-activating protein (Rab3 GAP) (Nagano et at 2002). These two proteins

modulate the activation and inactivation of rab3A, which in its GTP bound form binds to

synaptic vesicles (Takai et at 1996) and is thought to be involved in vesicle docking.
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A blast search was performed using the protein sequence for "similar to KIAA0856"

(accession number 34863411) and the closest match that was 89% identical was for a

protein called human protein DmX-like 2, which is also known as rabconnectin-3 (accession

number 74751424). This sequence for human rabconnectin-3 is 99% identical for the human

rabconnectin-3 that was identified with the second highest MOWSE score by maldi-tof ms

(accession number 20521676).

The main difference between the human rabconnectin-3 sequences and the protein

identified here as "similar to KIAA0856" is at the N-terminus, where the former of the two

proteins have an extra 800 amino acids. There are also inserts in both proteins that range

between 50 and 200 amino acids nearer to the C-terminus (figure 3.11, appendix). This

could mean two things either the protein identified is a splice variant of rabconnectin-3 or it

may be a different gene product.

One thing that all of these proteins have is a lot ofWD repeats. Human rabconnectin has 16

WD repeats. The WD repeat is a domain of about 40 amino acids usually with a central trp-

asp or WD repeat. These repeats form propeller structures that create a stable platform that

can form complexes with several proteins (Smith et al 1999). Therefore this protein could be

acting as a protein scaffold to coordinate protein-protein interactions.

3.11.2 Ca2+-dependent interactions that occur in the presence of Ca2+ may be non¬

specific

As mentioned before there are many interactions that occur in the presence of Ca2+ that are

seen in the GST controls as well as in the GST protein domains themselves. Proteins that

have been identified in both of these lanes include hexokinase I, a-adaptin, hsc70 and drp2.

Therefore the interactions that these proteins make are thought to be non-specific, with

binding attributed to the GST tag. Other proteins that may be involved in non-specific binding

in the presence of Ca2+ are amphiphysin I, synapsin I and munc18.
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3.11.2.1 Interactions of amphiphysin I

Amphiphysin I binds to the rat SH3 domain of amphiphysin I, amphiphysin II SH3, endophilin

II SH3 and p85 SH3. From the western blot (figure 3.8) amphiphysin I appears to bind to all

of the constructs in the presence of Ca2+ making this interaction non-specific. However it

does also bind to the rat SH3 domains of amphiphysin I and II in the absence of Ca2+. From
the gel of the rat SH3 domain amphiphysin I (figure 3.4) it is proposed that an extra band that

appears around 120 kDa is amphiphysin I. Therefore amphiphysin I may interact with the rat

SH3 domains of amphiphysin I and II and this may be Ca2+-dependent as the binding in the

presence of Ca2+ can be attributed to the GST tag as confirmed by western blot (figure 3.8).

Amphiphysin I was not shown to bind to the human SH3 domain of amphiphysin I. This may

be due to the extra 62 amino acids and two PXXP motifs that are present on the human

fusion protein. The amphiphysin I SH3 human fusion protein may bind back on itself with the

SH3 domain binding to a PXXP motif. This means that the SH3 domain is not available to

bind amphiphysin I present in the synaptosomes.

Amphiphysin I was also shown to bind to the endophilin II SH3 and p85 SH3 domains in the

presence of Ca2+. Both of these interactions are thought to be non-specific as amphiphysin I

binds to GST in the presence of Ca2+ as shown by western blot (figure 3.8). This is backed

up by the fact that p85 has never been shown to bind to amphiphysin I. However endophilin I

SH3 does bind to amphiphysin I (Micheva et al 1997) but only in vitro. The experiments

performed for this finding used synaptosomes lysed without Ca2+; therefore you would

expect to see an interaction between the proteins in the absence of Ca2+ which is not the

case here. However an interaction between amphiphysin I and endophilin II SH3 cannot be

ruled out as no western blotting was performed to investigate this. This will however be

covered in the next chapter.

3.11.2.2 Interactions of synapsin

Synapsin I was shown to bind to amphiphysin I, both human and rat fusion proteins,

amphiphysin II SH3, endophilin II SH3, p85 SH3 and the a-adaptin ear domain. The
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interaction of synapsin I in the presence of Ca2+ is thought to be non-specific as it has been

shown to bind to GST as identified by maldi-tof ms (figure 3.3 and table 3.2) and by western

blot (figure 3.8). From the western blot with the amphiphysin fusion proteins it was

demonstrated that synapsin bound to all of the fusion proteins including GST in the presence

of Ca2+. Therefore all of the interactions with the fusion proteins of amphiphysin are thought

to be non-specific. The interaction with the a-adaptin ear is also thought to be non-specific as

the interactions were only identified in the presence of Ca2+.

Synapsin I was also shown to interact with endophilin II SH3 and p85 SH3. These

interactions were identified by maldi-tof ms using proteins identified in the Ca2+ lanes.

However these bands were also present in the EGTA lanes for these fusion proteins and

were not seen in the EGTA lane for GST. Therefore both of these interactions may occur in

the absence of Ca2+. The interaction in the presence of Ca2+ does appear to be enhanced

and this may be due to non-specific binding of the GST tag.

The interaction with p85 and synapsin I is not surprising as this interaction has been reported

before (Onofri et al 2000, Cousin eta! 2003). However the interaction between synapsin I

and the SH3 domain of endophilin II has not been reported before and is a new interaction.

This interaction is not entirely surprising as amphiphysin which has a very similar structure to

endophilin, with an N-BAR domain and an SH3 domain, also binds to synapsin (Onofri et al

2000).

3.11.2.3 Interactions of clathrin

Clathrin was shown to bind to the human SH3 domain of amphiphysin I, p85 SH3 and was

proposed to bind to endophilin II SH3 in the presence of Ca2+. Clathrin may bind to the

human SH3 domain of amphiphysin I and not the rat SH3 domain because the human fusion

protein contained the CLAP site which binds to clathrin and AP2 and precedes the SH3

domain. However the interactions with p85 SH3 and endophilin SH3 are very unusual as

neither of these proteins has been reported to bind to clathrin. Non-specific binding of
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clathrin to the GST tag in the presence of Ca2+ has not been excluded. Western blotting was

performed to try and rule this out but the antibody only recognised clathrin in lysed

synaptosomes.

3.11.2.4 Interactions of munc18

From the proteomic screen munc18 was identified as binding to the SH3 domain of

endophilin II and the PRD of dynamin I in the presence of Ca2+. Both of these interactions

are likely to be non-specific as munc18 was identified as binding to GST in the presence of

Ca2+ in a western blot (figure 3.10).

3.11.2.5 Interactions of intersectin

Intersectin may form a Ca2+-dependent interaction with a-adaptin binding only in the

presence of Ca2+. However binding to a-adaptin in the absence of Ca2+ has not been

excluded and neither has non-specific binding to the GST tag. Therefore the interaction

cannot be confirmed as Ca2+-dependent. Intersectin may well bind to a-adaptin as both of

these proteins share a number of binding partners such as epsin, eps15 or synaptojanin

which may act as an intermediate binding partner.

3.11.3 Why are the interactions in the presence of Ca2* non-specific?

The majority of the interactions that occur only in the presence of Ca2+ have been shown to

be non-specific. The cause of these non-specific interactions is thought to due to the addition

of ZnS04 in the buffer that was used to lyse synaptosomes. This was added to the buffer to

act as a protease inhibitor and prevent proteins being degraded when synaptosomes were

lysed. In the next chapter the GST pull downs are perfomed using synaptosomes that have

been lysed with no ZnS04. The result is that there is no rise in binding to the GST fusion

proteins when they are incubated with synaptosomes that have been lysed in the presence

of Ca2+. The reason that ZnS04 may promote these non-specific interactions in the presence

of Ca2+ may be that the proteins present in the synaptosomal lysate are precipitated. This

means that they will be pelleted to the bottom of the column and cannot be removed by
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washing away by the lysis buffer. Therefore when the proteins are eluted from the beads

with SDS sample buffer these proteins will also be present. To test for this hypothesis the

GST pull down could be repeated in an eppendorf to see if the precipitated protein is present

in the pellet.

3.11.4 Why does dynamin not take part in any Ca2+-dependent interactions?

Dynamin I has been reported to participate in Ca2+-dependent interactions with

synaptophysin and calcinuerin (Daly & Ziff 2002, Lai et at 1999). However the pull down with

dynamin I (figure 3.7) has no apparent Ca2+-dependent interactions apart from the non¬

specific interactions identified with glutamate hydrogenase and munc18. However the Ca2+ -

dependent interactions with synaptophysin and calcinuerin may still take place since these

proteins were not investigated by western blot.

3.12 Conclusions

From this proteomic screen of different protein domains involved in endocytosis, there were

many proteins that appeared to bind to GST fusion proteins non-specifically in the presence

of Ca2+. However two interactions have been identified to be Ca2+-dependent in this screen.

These are the interactions of "similar to KIAA0856" with endophilin II SH3 and caskin I with

the SH3 domains of amphiphysin II, endophilin II and p85. These interactions cannot be

confirmed by western blotting as there are no antibodies for these proteins. However since

they are not observed in the presence of Ca2+ or in the GST control it is likely that 2 new

protein Ca2+-dependent interations have been identified.
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CHAPTER 4

-DEPENDENT INTERACTIONS OF SH3

DOMAINS AND ENDOPHILIN
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4.1 Introduction

The last chapter showed that SH3 domains participate in various Ca2+-dependent protein
interactions. These were novel interactions that occurred only in the absence of Ca2+. These

interactions included "similar to KIAA0856" with endophilin II SH3 and caskin I with the SH3

domains of amphiphysin II, endophilin II and p85. Therefore the interactions of SH3 domains

and in particular endophilin SH3 domains were investigated further with respect to specificity

and the amount of Ca2+ required to regulate the interaction.

4.1.1 SH3 domains

The SH3 domain is responsible for mediating protein-protein interactions and is found on

many proteins involved in a variety of cellular processes such as signal transduction,

cytoskeleton organisation and membrane trafficking (Cesareni et al 2002).

SH3 domains contain approximately 60 amino acids and are readily identified by their

sequence similarity. They all have a similar topology consisting of five [3-strands ((31 - (35),

which make up two p-sheets. Each p-sheet contains 3 antiparallel p-strands where the p2-

strand forms part of each sheet. The p-strands are linked by three variable loops, termed the

RT-src, N-src and distal loops (Agrawal & Kishan 2002).

The RT-src loop refers to the observation that point mutations of residues arginine 95 and

threonine 96 on c-src (a cellular tyrosine kinase), to the corresponding residues on v-src

(viral tyrosine kinase) tryptophan 95 and isoleucine 96, allows c-src to form tumours in

chicken embryo fibroblasts (Kato et al 1986). The N-src loop is the site for insertions in the

neuronal splice variants N1 and N2-src (Martinez et al 1987, Pyper & Bolen 1990, Noble et

al 1993). The RT-src and N-src loops are present on the ligand binding face of the domain

and can modulate peptide binding. The distal loop is on the opposite face and may interact

with other parts of the protein (Mayer & Eck 1995). The peptide binding site contains a large

patch of aromatic residues which can bind to proline rich ligands.
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These proline rich ligands contain a PXXP motif (where X is any amino acid) which binds

directly to the SH3 domain. The residues that lie beyond the binding motif are often

conserved, such as an arginine located three residues N-terminal to the PXXP motif. This

forms a RXXPXXP consensus sequence and is termed a class I site. Dynamin I contains a

class I site at its C-terminus, RRAPAVP, which binds to the SH3 domain of endophilin I

(Anggono & Robinson 2007). An arginine can also be conserved at a position two residues

C-terminal to the PXXP motif forming the sequence PXXPXR. This sequence is described as

a class II site (Feng et al 1994). Dynamin I also contains a class II binding site, PSRPNR,

which binds to the SH3 domain of amphiphysin I (Grabs et al 1997). Specialised PXXP

motifs also exist, endophilin I usually binds to a PXXP motif rich in proline residues and

positive amino acids. For example it binds to PKRPPPR on synaptojanin (Cestra et al 1999),

PPRPPPR on rat germinal center kinase-like kinase (Ramjaun et al 2001) and PPRPPPP on

VGLUT1 (De Gois et al 2006).

4.1,2 Endophilin

Endophilin is thought to be involved in invagination and may act to recruit proteins involved

in the later stages of SV endocytosis to the plasma membrane. It contains an N-BAR domain

at the N-terminus and a SFI3 domain at the C-terminus, which are separated by a variable

linker (figure 4.1).

Endophilin induces membrane curvature by binding to the plasma membrane through its N-

BAR domain. It does this by binding to negatively charged membranes through its positively

charged concave face and inserting two amphipathic helices into the plasma membrane

forcing the membrane bilayers apart. The N-BAR domain can then act as a protein scaffold

to achieve membrane curvature (Peter et al 2004, Gallop et al 2006).

The SH3 domain of endophilin interacts with many PRD proteins including dynamin I and

synaptojanin (Ringstad et al 1997, Cestra et al 1999) and is thought to bring them to the

plasma membrane to perform their roles in fission and uncoating. This has been
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demonstrated by injection of a peptide that binds to the SH3 domain of endophilin into the

giant reticulospinal synapse of the lamprey. The peptide prevented the interactions of

endophiiin with dynamin I and synaptojanin and SV endocytosis was arrested at both the

fission and uncoating stages (Gad et al 2000). Endophilin also binds to amphiphysin but this

has only been demonstrated in vitro (Micheva et al 1997).

Interestingly, endophilin II has also been proposed to bind Ca2+ (Chen et al 2003). Endophilin

II is expressed ubiquitously whereas endophilin I is expressed exclusively in the brain

(Giachino et al 1997). The two proteins are very structurally alike, both containing the N-BAR

domain and SH3 domain separated by a variable linker. It is in this linker region that the two

proteins differ. Endophilin II has an extra 16 amino acids in this region and contains two

PXXP motifs whereas endophilin I only contains one PXXP motif (figure 4.1).

The Ca2+-binding of endophilin II is thought to be mediated by the first PXXP motif that is not

present in endophilin I. This motif differs from most other PXXP motifs by the presence of a

negatively charged glutamate residue. This proposed Ca2+-binding is thought to control the

interactions between endophilin and both dynamin I and N-type VGCCs. When the Ca2+
concentration is high, Ca2+ is thought to bind to the PXXP motif and the SH3 domain of

endophilin II may then bind to the PXXP preventing the SH3 domain from interacting with

other proteins. Ca2+ is thought to act like an arginine residue providing a positive charge for

the SH3 domain to bind. When the Ca2+ concentration is low and there is no Ca2+ bound to

endophilin, the SH3 domain does not bind to the PXXP motif and is available to interact with

other proteins such as dynamin I (Chen et al 2003).

From the previous chapter some SH3 domains have Ca2+-dependent interactions and

endophilin is published to have Ca2+-dependent interactions. Therefore the interactions of

both endophilin SH3 domains and full length proteins were investigated in more detail. The

GST pull downs performed in the chapter used synaptosomes that were lysed without ZnS04

as this has previously been shown to result in non-specific interactions. This chapter
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Figure 4.1 Endophilin fusion proteins

A) Schematic Diagram of endophilin fusion proteins.

B) Alignment of Endophilin I (red) and II (blue), first line represents the end of the BAR
domain and the second line represents the start of the SH3 domain with the variable

region in between. PXXP motifs in the variable region are marked in green.

Alignments performed by ClustalW. * = identical, : = conserved substitution, . = semi
conserved substitution.
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identifies new Ca2+-dependent interactions of endophilin with most of the associations

present only in the absence of Ca2+orwith binding reduced severely when Ca2+ is present.

However one protein of approximately 90 kDa appears to bind only when Ca2+ is present.

4.2 Caskin Antibody

In the previous chapter caskin I was identified as a Ca2+-dependent binding partner of the

SH3 domains of amphiphysin II, endophilin II and p85. Therefore an antibody was raised to

investigate its interactions. The antibody was raised in rabbits against the last 15 amino

acids of caskin I (SMFDDLADQLDAMLE). An additional cysteine residue was added to the

N-terminus to link the peptide to a carrier protein. Conjugation to a carrier protein is

important because peptides are small molecules, that alone do not tend to be immunogenic,

thus possibly eliciting a weak immune response and therefore failing to raise antibodies.

The antibody specificity was tested by immunoprecipitation of caskin I from lysed

synaptosomes. This showed that the antibody did bind a band at the same molecular weight

as caskin I and binding was abolished when the peptide used to raise the antibody was

present (data not shown) suggesting caskin I was recognised by the antibody. This antibody

did not appear to immunoprecipitate any other proteins (data not shown). When the antibody

was tested by western blotting with nerve terminal lysates there was a band present at the

correct molecular weight but there did not appear to be a lot of the protein present. However

when the antibody was used in western blotting of GST pull downs of SH3 domains the band

appeared to be much stronger indicating that caskin I has enriched binding to specific GST

fusion proteins.

4.3 Screen of SH3 domains for Ca2*-dependent interactions

An SH3 screen was performed in order to investigate Ca2+-dependent SH3 domain

interactions and to identify any sequence similarities or homology between Ca2+-dependent

SH3 interactions. The SH3 screen was performed using GST fusion proteins containing the

SH3 domains of amphiphysin I, amphiphysin II, endophilin I, endophilin II, p85, syndapin

118



and GST alone, with synaptosomes lysed in the presence (2 mM) and absence of Ca2+. To

obtain a global picture of all interactions, retained proteins were separated by SDS-PAGE

and stained with coomassie (figure 4.2). On examination, most proteins appear to bind to the

fusion proteins only in the absence of Ca2+. This is specific for SH3 domains since GST

shows no Ca2+-dependency. A 145 kDa band most likely to be synaptojanin binds to all of

the SH3 domains in the absence of Ca2+ but not in its presence. A 96 kDa band which is

probably dynamin I binds all of the SH3 proteins but demonstrates increased binding in the

absence of Ca2+. This pattern is repeated for most other proteins. However a protein at

approximately 90 kDa binds to all of the SH3 domains only in the presence of Ca2+ proving

that protein interactions with these domains can be both negatively and positively regulated

by Ca2+. An additional protein at approximately 120 kDa also binds only in the presence of

Ca2+ to the amphiphysin II SH3 domain.

To confirm the identity of the proteins and to investigate other known SH3 interacting

proteins western blotting was performed (figure 4.3). In general most proteins only bind or

have increased binding in the absence of Ca2+. Caskin I binds to all of the SH3 domains

apart from amphiphysin I and binds only in the absence of Ca2+. Synaptojanin binds to all of

the SH3 domains and again only in the absence of Ca2+. Dynamin I also binds to all of the

SH3 domains but in both the presence and absence of Ca2+with increased binding in the

absence of Ca2+.

In contrast to dynamin I, amphiphysin only interacts with a subset of SH3 domains which

include endophilin I, endophilin II and p85. The binding of amphiphysin I (top band) is

independent of the presence of Ca2+ but amphiphysin II (bottom band) binds more in the

absence of Ca2+. Synapsin binds to the same subset of domains as amphiphysin I and again

binds more in the absence of Ca2+.

In summary all proteins bind to the SH3 domains more in the absence of Ca2+ but

amphiphysin I and II and synapsin only bind to a subset of SH3 domains. Therefore Ca2+
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Figure 4.2 Screen of SH3 domains to identify Ca2+-dependent interactions in nerve

terminal lysates

A GST pull down experiment was performed using either GST amphiphysin I SH3 (AIS), GST

amphiphysin II SH3 (AIIS), GST endophilin I SH3 (EIS), GST endophilin II SH3 (EIIS), GST

p85 SH3 (P85), syndapin SH3 (SS) or GST incubated with synaptosomes lysates prepared
either in the presence of 2 mM Ca2+ or 1 mM EGTA and 1 mM EDTA. The SDS-PAGE gel

displayed is representative of n = 3 experiments. Bands at 145 kDa, 96 kDa and 75 kDa are

marked as synaptojanin (SJ), dynamin (DYN) and synapsin (SYN) respectively. Molecular

weight markers are expressed in kDa on the left side of the gel.
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Figure 4.3 Western blots of SH3 domain Ca2+-dependent interactions in nerve

terminal lysates

Samples from GST pull down performed in figure 4.2 were used for western blotting.
Proteins blotted for include caskin, synaptojanin, amphiphysin (top band - amphiphysin I,
bottom band - amphiphysin II), dynamin I (synaptic systems) and synapsin (synaptic

systems). Blots are representative of n = 2 experiments.
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appears to negatively regulate the majority of protein interactions with SH3 domains, apart

from an unidentified protein at 90 kDa which binds only in its presence.

4.4 Comparison of interactions between SH3 domains and full length proteins

The interactions of the SH3 domains were then compared against full length proteins

because isolated domains sometimes do not behave in the same way as full length proteins.

This is because the conformation of the full length proteins may be different due to additional

binding proteins or if Ca2+ is bound to the protein. Therefore a GST pull down was performed

using the SH3 domains and full length proteins of endophilin I, endophilin II and syndapin

with synaptosomes lysed in the presence and absence of Ca2+. In order to make a

comparison between the SH3 domains and the full length proteins, retained proteins were

separated by SDS-PAGE and stained with coomassie (figure 4.4).

Similarly to the SH3 screen, most proteins bind to the fusion proteins only in the absence of

Ca2+. There is no Ca2+-dependent binding to GST and so these interactions are specific to

the SH3 domains and full length proteins. A 145 kDa band most likely to be synaptojanin

binds to all of the SH3 domains and full length proteins in the absence of Ca2+ except

syndapin full length. A 96 kDa band most likely to be dynamin binds to all of the SH3

domains and full length proteins with increased binding in the absence of Ca2+. Again this

pattern is repeated for most proteins. In agreement with the SH3 screen there is also a band

present at 90 kDa that binds only in the presence of Ca2+. However this band does not

appear to bind to endophilin II full length and whether it binds to syndapin full length is

unclear as the fusion protein is approximately 90 kDa and so the band cannot be seen.

Western blotting was then performed to confirm the identity of these proteins (figure 4.5).

Caskin I binds to the SH3 domains to a much greater extent than the full length proteins and

binds both only in the absence of Ca2+. This binding pattern is repeated with synapsin which

binds to the SH3 domains of endophilin I and II much more strongly than to the full length

endophilin proteins. Synapsin binds to the endophilin fusion proteins in both the presence
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Figure 4.4 Comparison of interactions between SH3 domains and full length proteins
in nerve terminal lysates

A GST pull down experiment was performed using either GST endophilin I SH3 (EIS) and full

length (EIF), GST endophilin II SH3 (EIIS) and full length (EIIF), syndapin SH3 (SS) and full

length (SF) or GST incubated with synaptosome lysates prepared either in the absence or

the presence of 2 mM Ca2+ or 1 mM EGTA and 1 mM EDTA. The SDS-PAGE gel displayed
is representative of n = 3 experiments. Bands at 145 kDa and 96 kDa are marked as

synaptojanin (SJ) and dynamin (DYN) respectively. Molecular weight markers are expressed
in kDa on the left side of the gel.
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Figure 4.5 Western blots of SH3 domain and full length interactions in nerve terminal
lysates

Samples from GST pull down performed in figure 4.4 were used for western blotting. Proteins
blotted for include caskin, synaptojanin, amphiphysin (top band - amphiphysin I, bottom band
- amphiphysin II), dynamin I (synaptic systems) and synapsin (synaptic systems). Blots are

representative of n = 2 experiments.
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and absence of Ca2+with increased binding in the absence of Ca2+. However synapsin has

little or no binding to the syndapin fusion proteins. Synaptojanin binds to all of the fusion

proteins except syndapin full length. This suggests that the interaction between synaptojanin

and the SH3 domain of syndapin does not occur in vivo and may be a direct result of the

isolated domain. The other possibility is that this is a phosphorylation dependent interaction

and that syndapin may only interact with dephosphorylated synaptojanin.

Amphiphysin I (top band) binds only to endophilin I and II with no difference in binding to the

SH3 domains between the absence or presence of Ca2+. However there does appear to be a

difference in amphiphysin I binding to the full length proteins with increased binding in the

absence of Ca2+. Amphiphysin II (bottom band) on the other hand appears to bind to the SH3

domains less in the presence of Ca2+ and not to bind at all to the full length proteins in the

presence of Ca2+.

Dynamin I binds to all of the SH3 domains and full length proteins with increased binding in

the absence of Ca2+. There is also a band present underneath the main dynamin I band on

the western blot that binds to all of the fusion proteins except endophilin II full length and

syndapin full length. This band may represent the unidentified band at 90 kDa as it has the

same binding pattern as the coomassie gel.

In summary most proteins bind to both the SH3 domains and the full length proteins with

either increased binding or binding only in the absence of Ca2+. However caskin I and

synapsin appear to bind to the SH3 fusion proteins much better than the full length proteins.

There is also a difference in amphiphysin I interactions between the SH3 domains and full

length proteins. Amphiphysin I binds to all of the endophilin fusion proteins with binding to

the SH3 domains being irrespective of Ca2+. However with the full length proteins the

interaction with amphiphysin I is Ca2+-dependent and more amphiphysin I binds in the

absence of Ca2+. Therefore there are some interactions that differ between the SH3

domains and full length proteins.
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4,5 Ca2*-dependent interactions of endophilin

Since the majority of interactions of endophilin SH3 domains and full length proteins are

Ca2+-dependent, the concentration of Ca2+ at which these interactions occur was

investigated. These results may produce an indication as to whether Ca2+ was binding to the

fusion protein (all change at the same Ca2+ concentration) or the endogenous protein

(change at different Ca2+ concentrations). The previously identified interactions were

therefore studied with synaptosomes lysed in a range of different Ca2+ concentrations (100

nM - 2 mM).

4,5.1 Ca2+-dependent binding of endophilin I SH3

When interactions at the SH3 domain of endophilin I were examined globally with an SDS-

PAGE coomassie gel (figure 4.6), the binding of most proteins to the SH3 domain of

endophilin I occurred only in the absence of Ca2+ and were not observed even at the lowest

Ca2+ concentration (100 nM). However once again a 90 kDa protein bound to endophilin I

SH3 only in the presence of Ca2+ and this binding appeared to be maximal at 100 nM Ca2+.

When identified interactions were investigated by western blot (figure 4.6) caskin I,

synaptojanin, amphiphysin II (bottom band) and synapsin only bound to the SH3 domain of

endophilin I in the absence of Ca2+ and did not bind even at the lowest concentration of Ca2+.

Amphiphysin I (top band) binds to endophilin I SH3 but is unaffected by the Ca2+

concentration. The interaction with dynamin I is strongest in the absence of Ca2+ with a

reduction in binding observed in the presence of 100 nM Ca2+ and no variation in binding

with increased Ca2+ concentration. Again there is a band present underneath the main

dynamin I band in the western blot that may represent the unidentified protein at 90 kDa as it

is appears only in the presence of Ca2+and there is no variation with increasing Ca2+

concentration. Thus no difference in protein affinities for endophilin I SH3 is observed at

different Ca2+ concentrations.
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Figure 4.6 Ca2+- dependent binding of synaptic proteins to endophilin I SH3

A) A GST pull down experiment was performed using GST endophilin I SH3 incubated
with synaptosome lysates prepared in increasing concentrations of Ca2+ as

indicated. The SDS-PAGE gel displayed is representative of n = 2 experiments.
Bands at 145 kDa and 96 kDa are marked as synaptojanin and dynamin I

respectively.

B) Western blots of the above GST pull down. Proteins blotted for include caskin,

synaptojanin, amphiphysin (top band - amphiphysin I, bottom band - amphiphysin

II), dynamin I (synaptic systems) and synapsin (santa cruz). Blots are representative
of n = 2 experiments.
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4.5.2 Ca2+-dependent binding of endophilin I full length

Next the binding of endophilin I full length was examined. The pattern of global binding is

very similar to the SH3 domain with the binding of most proteins being Ca2+-dependent and

the majority of binding occurring only in the absence of Ca2+ (figure 4.7). The unidentified

protein at 90 kDa that binds only in the presence of Ca2+, again does not vary with Ca2+

concentration.

The western blots show that caskin I, synaptojanin I and amphiphysin II bind to endophilin I

full length only in the absence of Ca2+. In contrast to the SH3 domain, amphiphysin I (top

band) binds less in the presence of Ca2+ when compared to the absence of Ca2+. This

interaction is therefore Ca2+-dependent with the full length protein. Dynamin I binds to

endophilin I full length in the absence of Ca2+ and this is reduced at 100 nM Ca2+ with a slight

increase in binding at 2 mM Ca2+. Again in the presence of Ca2+ there is a band below the

main dynamin I band which may represent the unidentified protein at 90 kDa and this does

not vary with Ca2+ concentration. Synapsin does not bind to endophilin I full length.

4.5.3 Ca2+-dependent binding of endophilin II SH3

The global interactions of synaptic proteins with endophilin II SH3 are very similar to those

seen with endophilin I SH3. Most proteins bind to endophilin II SH3 in a Ca2+-dependent

manner in the absence of Ca2+ (figure 4.8). The unidentified protein at 90 kDa is also present

on the gel with binding occurring in all concentrations of Ca2+.

Western blotting shows that caskin I, synaptojanin and synapsin only bind to endophilin II

SH3 in the absence of Ca2+. Amphiphysin I (top band) binding is not affected by Ca2+

concentration but amphiphysin II (bottom band) and synapsin only bind to endophilin II SH3

in the absence of Ca2+. Dynamin binding is strongest in the absence of Ca2+ with reduced

binding at 100 nM Ca2+ and no change in binding regardless of Ca2+ concentration. The

band below the main dynamin I band may represent the unidentified protein at 90 kDa as it

appears only in the presence of Ca2+.
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Figure 4.7 Ca2+-dependent binding of synaptic proteins to endophiiin I full length

A) A GST pull down experiment was performed using GST endophiiin I full length
incubated with synaptosome lysates prepared in increasing concentrations of Ca2+ as
indicated. The SDS-PAGE gel displayed is representative of n = 2 experiments. Bands
at 145 kDa and 96 kDa are marked as synaptojanin and dynamin I respectively.

B) Western blots of the above GST pull down. Proteins blotted for include caskin,
synaptojanin, amphiphysin (top band - amphiphysin I, bottom band - amphiphysin II),
dynamin I (synaptic systems) and synapsin (santa cruz). Blots are representative of n =

2 experiments.
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Figure 4.8 Ca2+- dependent binding of synaptic proteins to endophilin II SH3.

A) A GST pull down experiment was performed using GST endophilin II SH3 incubated
with synaptosome lysates prepared in increasing concentrations of Ca2+ as indicated.
The SDS-PAGE gel displayed is representative of n = 2 experiments. Bands at 145
kDa and 96 kDa are marked as synaptojanin and dynamin I respectively.

B) Western blots of the above GST pull down. Proteins blotted for include caskin,

synaptojanin, amphiphysin (top band - amphiphysin I, bottom band - amphiphysin II),

dynamin I (synaptic systems) and synapsin (santa cruz). Blots are representative of n
2 experiments.
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4.5.4 Ca2*-dependent binding of endophilin II full length

Endophilin II full length shows similar interactions to endophilin I full length. Most proteins

appear to bind only in the absence of Ca2+ and do not vary with Ca2+ concentration (figure

4.9). From the western blots caskin I, synaptojanin and amphiphysin II (bottom band) only

bind to endophilin II full length in the absence of Ca2+. Dynamin I and amphiphysin I (top

band) bind in the absence of Ca2+ but this is reduced with 100 nM Ca2+ and does not vary

with Ca2+ concentration. Interestingly the dynamin I interaction with endophilin II is more

Ca2+-dependent than endophilin I and this may reflect its ability to bind Ca2+ (Chen et al

2003). In the dynamin I blot the band that is below the main dynamin I band may again

represent the unidentified protein at 90 kDa as it is present only in the absence of Ca2+. As

seen with endophilin I full length synapsin does not bind to endophilin II full length.

4.5.5 Ca2+-dependent binding of GST

Finally the GST pull down with GST alone was used as a negative control to confirm

observed interactions were specific for the endophilin protein domains. Almost no proteins

were observed in the GST pull down gel (figure 4.10) with none of these proteins having any

Ca2+-dependency. The western blots show that none of the proteins investigated previously

bind to GST but they are all present in the positive control of lysed synaptosomes. Therefore

the proteins investigated bind to the endophilin fusion proteins with no binding to the GST

tag.

4.6 Truncation of endophilin fusion proteins to identify protein binding domains

Full length endophilin has now been demonstrated to participate in many Ca2+-dependent

interactions but the binding domains involved are unknown. Therefore both the endophilin I

and endophilin II fusion proteins were truncated to produce an additional four fusion proteins.

These fusion proteins contain the N-terminal N-BAR domain, known as endophilin BAR and

all of the protein without the SH3 domain, known as ASH3 (figure 4.1). These fusion proteins

were then used in a GST pull down with synaptosomes lysed in the presence and absence

of Ca2+.
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Figure 4.9 Ca2+- dependent binding of synaptic proteins to endophilin II full length.

A) A GST pull down experiment was performed using GST endophilin II full length
incubated with synaptosome lysates prepared in increasing concentrations of Ca2+ as
indicated. The SDS-PAGE gel displayed is representative of n = 2 experiments. Bands
at 145 kDa and 96 kDa are marked as synaptojanin and dynamin I respectively.

B) Western blots of the above GST pull down. Proteins blotted for include caskin,

synaptojanin, amphiphysin (top band - amphiphysin I, bottom band - amphiphysin II),
dynamin I (synaptic systems) and synapsin (santa cruz). Blots are representative of n
= 2 experiments.
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Figure 4.10 Ca2+- dependent binding of synaptic proteins to GST.

A) A GST pull down experiment was performed using GST incubated with synaptosome

lysates prepared in increasing concentrations of Ca2+as indicated. The SDS-PAGE gel

displayed is representative of n = 2 experiments.

B) Western blots of the above GST pull down. Proteins blotted for include caskin,
synaptojanin, amphiphysin (top band - amphiphysin I, bottom band - amphiphysin II),
dynamin I (synaptic systems) and synapsin (santa cruz). Blots are representative of n =
2 experiments. + = positive control of lysed synaptosomes.
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4.6.1 Endophilin I

Firstly examining the global interactions of the endophilin I fusion proteins (figure 4.11), the

majority of proteins bind to the SH3 domain and the full length protein with most proteins

having increased binding in the absence of Ca2+. The unidentified protein at 90 kDa which

binds only in the presence of Ca2+ also binds to both endophilin I full length and the SH3

domain. There are also bands in both the endophilin I BAR domain and endophilin I ASH3

lanes at approximately 200 kDa which are not Ca2+-dependent. This is very unusual as the

N-BAR domain is a lipid binding domain and has no reported protein interactions. These

proteins were identified by maldi-tof ms as endophilin, with p scores of 377 and 179 and

peptide coverage of 21% and 11% for the BAR and ASH3 lanes respectively. This is

consistent with published roles for the N-BAR domain since it is the area in endophilin that is

responsible for dimerisation.

When western blotting was performed caskin I and synapsin bound to the SH3 domains and

the full length proteins both only in the absence of Ca2+ but binding was severely reduced in

the full length protein. Amphiphysin I (top band) and amphiphysin II (bottom band) both

bound to the SH3 domains and the full length proteins and had increased binding in the

absence of Ca2+. Dynamin I also bound to both the full length proteins and the SH3 domains

with binding slightly reduced in the presence of Ca2+.

4.6.2 Endophilin II

The gel for the endophilin II fusion proteins (figure 4.12) shows very similar results to

endophilin I with most proteins, binding to both the SH3 domain and full length protein. Again

binding was increased in the absence of Ca2+. However there is no protein present at 90 kDa

that binds only in the presence of Ca2+. Again there are bands present in the BAR domain

and ASH3 lanes. Since these proteins are the same molecular weight as those seen in the

endophilin I gel (figure 4.11) and they are also Ca2+-independent these proteins are

suspected to be endophilin dimers. However there was no band in the endophilin II ASH3

134



250kDa-

150kDa•

100kDa-

75kDa -

50kDa

37kDa

25kDa

■ Synaptojanin

- Dynamin I
- Synapsin

Coomassie

B

Caskin

Ca2+

EIF EIB EIAS EIS GST

Amphiphysin

Dynamin I

Synapsin

Western
Blot

Figure 4.11 Identification of protein interaction domains in endophilin I.

A) A GST pull down experiment was performed using either GST endophilin I full length
(EIF), GST endophilin I BAR domain (EIB), GST endophilin I A SH3 (EIAS), GST
endophilin I SH3 (EIS) or GST incubated with synaptosome lysates prepared either in the
presence of 2 mM Ca2+ or 1 mM EDTA and 1mM EGTA. The SDS-PAGE gel is
representative of n = 2 experiments. Bands at 145 kDa, 96 kDa and 75 kDa are marked
as synaptojanin, dynamin I and synapsin respectively.

B) Western blots of the above GST pull down. Proteins blotted for include caskin,
amphiphysin (top band - amphiphysin I, bottom band - amphiphysin II), dynamin I (santa
cruz) and synapsin (santa cruz). Blots are representative of n = 2 experiments.
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Figure 4.12 Identification of protein interaction domains in endophilin II.

A) A GST pull down experiment was performed using either GST endophilin II full length
(EIIF), GST endophilin II BAR domain (EIIB), GST endophilin II A SH3 (EIIAS), GST
endophilin II SH3 (EIIS) or GST incubated with synaptosome lysates prepared either in
the presence of 2 mM Ca2+ or 1 mM EDTA and 1mM EGTA. The SDS-PAGE gel is

representative of n = 2 experiments. Bands at 145 kDa, 96 kDa and 75 kDa are marked
as synaptojanin, dynamin I and synapsin respectively.

B) Western blots of the above GST pull down. Proteins blotted for include caskin,
amphiphysin (top band - amphiphysin I, bottom band - amphiphysin II), dynamin I (santa

cruz) and synapsin (santa cruz). Blots are representative of n = 2 experiments.
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domain lanes which could represent the N-type VGCC which has been proposed to bind to

endophilin II at its central region (Chen et al 2003). This band should be approximately 300

kDa but western blotting would have to be performed to investigate whether this Ca2+
channel has bound.

The western blots also show similar results to endophilin I, with caskin and synapsin binding

to the SH3 domains better than the full length proteins and both binding only in the absence

of Ca2+. Amphiphysin I (top band) and amphiphysin II (bottom band) bind to the SH3 domain

and full length protein most strongly in the absence of Ca2+ which is also true for dynamin I.

Therefore the majority of interactions that occur in endophilin occur in the SH3 domain and

also occur in the full length protein. As expected these interactions are mainly Ca2+-

dependent having increased binding or only occurring in the absence of Ca2+.

4.7 Discussion

The GST pull downs performed in this chapter were carried out to examine the Ca2+-

dependent interactions of SH3 domains and endophilin. The interactions between the SH3

domains were compared against full length proteins and the Ca2+ concentration at which

these interactions occurred was examined.

Most of the interactions with SH3 domains were shown to be Ca2+-dependent with the

majority of proteins binding to the SH3 domains in the absence of Ca2+ with the exception of

a protein at approximately 90 kDa which bound only in the presence of Ca2+.

4.7,1 A splice variant of dynamin I may be the 90 kDa band

The protein found at 90 kDa that bound only in the presence of Ca2+ has now been identified

as dynamin I by maldi-tof ms with a protein score of 681 and 16% sequence coverage (figure

4.13). However dynamin I has a molecular weight of 96 kDa which is too heavy to account

for this protein. The peptide coverage was then examined for any possible regions of the
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Figure 4.13 Dynamin I peptide coverage and dynamin I splice variants

A) Sequence of rat dynamin I, overlaid with peptide coverage from maldi-tof ms of
the 90 kDa band. Coverage was 16%, peptides matched are marked in red and

the PRD is marked in green.

B) Dynamin I has 8 splice variants. There are two regions where splicing occurs.

The first region is present in the middle of the protein and contains one of two

possible sequences equal in length but with distinct nucleotide sequences. The
other is present in the PRD and has 4 possible sequence insertions. A has 20

aa, B has 7 aa, C has 49 aa and D has 12 aa. Sequence C also contains a

premature stop codon which results in the deletion of 26 aa from the protein.

Figure adapted from Cao et at 1998.
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protein that were not covered to identify any possible splice variants. No peptides were

matched to the C-terminus, therefore raising the possibility that this protein could be a splice

variant of dynamin I with a deleted portion somewhere after 500 amino acids (aa) There are

8 known splice variants of dynamin I (Cao et al 1998) that differ in two different regions

(figure 4.13). The first region is present in the middle of the protein which contains either one

of two sequences (a and b forms) of identical size but distinct nucleotide sequences. The

second region is present in the C-terminal PRD domain and results in 4 possible sequence

insertions. Sequence A has 20 aa, sequence B has 7 aa, sequence C has 49 aa and

sequence D has 12 aa. Sequence C also has a premature stop codon which would mean a

26 aa deletion from dynamin I. All of these splice variants are still too large for the 90 kDa

protein. In addition these four splice variants all differ in the C-terminal PRD which is unlikely

to be the region of splicing in this new splice variant, since all SH3 domain interactions are

retained by the protein. This suggests that splicing occurs further N-terminally to the PRD.

The other possibility is some sort of proteolytic cleavage perhaps by a Ca2+-depedendent

enzyme which results in part of the C-terminus being deleted.

From the gels this protein bound to all of the SH3 domains and endophilin I full length in the

presence of Ca2+ but it did not bind to endophilin II full length or syndapin full length.

However from the western blots performed with dynamin I in all of the Ca2+-dependent

binding pull downs with the endophilin fusion proteins (figures 4.6 - 4.9) there is a band

below the main dynamin I band which may represent this splice variant of dynamin I

including the endophilin II full length pull down. However there does appear to be less

dynamin in this pull down (figure 4.6) and this may explain why the band is not present on

the gel.

However this band is not present in all of the western blots performed such as the GST pull

downs with the different domains of endophilin (figures 4.11 and 4.12). This may be

explained by the fact that two different antibodies were used to recognise dynamin I. When

blots were performed with the antibody from synaptic systems, there is an additional band
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present below the main dynamin I band that binds in the presence of Ca2+. However this

band was not present on the western blots performed with the santa cruz antibody. This is

best demonstrated by examining two blots performed with samples from an endophilin II

SH3 pull down (figure 4.14).

Interestingly, the santa cruz antibody is raised against a peptide mapping to the C-terminal

PRD (somewhere between aa 796 and 846) of dynamin I which is the area proposed to be

different in this splice variant. The antibody from synaptic systems however is raised against

a peptide mapping the N-terminus which should be present in the splice variant and explains

why the antibody may recognise both bands in the presence of Ca2+. In fact the peptide that

this antibody was raised against is actually from residues 2 to 17 which is part of one of the

peptides matched to dynamin I from the maldi-tof ms. These results further support the fact

that this protein at 90 kDa may be a splice variant of dynamin I which varies at the C-

terminus but further analysis would have to be performed by mass spectrometry to confirm

these findings. This splice variant could be purified by performing a pull down with GST

endophilin I SH3 with synaptosomes lysed in the presence of Ca2+ but instead of eluting the

proteins bound by incubating the beads with SDS sample buffer, the beads could be

incubating in lysis buffer containing EGTA. This should allow dynamin I to be eluted off the

beads into the solution while all other proteins remain bound to the endophilin beads.

4.7.2 Synapsin binding

The western blots performed for synapsin also show slightly different results. This again is

suspected to be due to the use of two different antibodies from santa cruz and synaptic

systems. The santa cruz antibody used in the GST pull downs of the SH3 screen (figure 4.3)

and the comparison between the SH3 domains and full length proteins (figure 4.5) shows

that synapsin binds in both the presence and absence of Ca2+ but more strongly in the

absence of Ca2+. However the experiments performed with the synaptic systems antibody,

such as the GST pull downs performed with synaptosomes lysed in different concentrations

of Ca2+ (figures 4.6 - 4.9), and the GST pull downs with the different domains of endophilin
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Figure 4.14 Different antibodies of dynamin I

Western blots of GST pull downs performed with GST endophilin II SH3 incubated
with synaptosome lysates prepared in increasing concentrations of Ca2+. The blot

performed with synaptic systems shows an additional band in the presence of Ca2+
when compared to the other blot performed with the santa cruz antibody. This is now
proposed to be a splice variant of dynamin I.
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(figures 4.11 and 4.12), showed that synapsin bound only in the absence of Ca2+ and not to

the full length proteins. Therefore it is suspected that the santa cruz antibody is much more

sensitive and binds more strongly to synapsin I or different isoforms of synapsin have

different interaction properties with endophilin.

4.7.3 Caskin I binding

From the SH3 screen of Ca2+-dependent interactions caskin I was identified as binding to all

of the SH3 domains in the absence of Ca2+ except amphiphysin I. This is very surprising as

caskin I did bind to the SH3 domain of amphiphysin II which is 52% identical to the SH3

domain of amphiphysin I. A potential binding site for caskin I may be identified by performing

two amino acid alignments, one with all of the SH3 domains and one with all of the SH3

domains except amphiphysin I. This shows any differences in conserved residues when

amphiphysin I is removed.

The alignments (figure 4.15) show that there are not a lot of conserved residues between the

SH3 domains. When amphiphysin I is removed from the alignment there is a slight change in

the way the domains are aligned but this does not affect the conserved residues. However

there is a slight change near the N-terminus of the SH3 domains where an alanine switches

from a conserved substitution to a completely conserved residue when amphiphysin I is

removed. This position was previously occupied by a threonine on amphiphysin I which

could be phosphorylated preventing the interaction with caskin. The residue on the left of the

alanine also changes from a semi-conserved substitution to a conserved substitution and is

now either a positively charged arginine or lysine or a neutral glutamic acid. In amphiphysin I

this position is occupied by negatively charged glutamate and so this charge change may be

the reason that caskin I does not bind to amphiphysin I.

Amphiphysin I is phosphorylated in vitro by minibrain kinase, MAPK and cdk5 (Floyd et al

2001, Tomizawa et al 2003, Shang et al 2004, Murakami et al 2006). These phosphorylation

sites are all part of the CLAP domain on amphiphysin I. The phosphorylation of serine 293
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Figure 4.15 Alignments of SH3 domains used in screening studies

A) Alignment of all SH3 domains

B) Alignment of all SH3 domains except amphiphysin I

Box represents potential caskin I binding site. Alignments performed by ClustalW. * =

identical, : = conserved substitution, . = semi conserved substitution. SH3 domains included

amphiphysin I (amph I), amphiphysin II (amph II), endophilin I (endo I), endophilin II (endo II),

p85, and syndapin (synd). SH3 sequences used are those present in the fusion proteins.
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inhibits endophiiin binding in vitro (Murakami et al 2006) and so it is possible that if the

threonine in amphiphysin I SH3 is phosphorylated this may inhibit caskin I binding. To test

for phosphorylation a mutant of amphiphysin I SH3 could be made with the threonine

substituted for an alanine which would then act as a dephosphorylated protein, or the

threonine could be substituted for a glutamate to mimic phosphorylation. If caskin bound to

the mutant with the alanine and not to the mutant with glutamic acid then it may be proposed

that amphiphysin I may be phosphorylated at this site. To test whether the charge change

has an effect a positively amino acid could replace the negatively charged glutamate on

amphiphysin I to see if caskin can then bind to amphiphysin I.

4.7.4 Why are some SH3 domain interactions not reproducible with full length

proteins?

Caskin I also appears to bind better to the SH3 domains than it does to the full length

proteins as demonstrated by the pull down of endophiiin I and II, SH3 and full length (figure

4.4) and the pull downs performed with the different domains of endophiiin I and II (figures

4.11 and 4.12). This is also true for synapsin (figures 4.4, 4.6 - 4.9, and 4.11 - 4.12).

The reason that proteins may bind to isolated SH3 domains and not bind to full length

proteins is that the conformation of the full length protein may be different to the isolated

domain and this may mean the binding site is not available. The conformation change may

be a result of the full length protein binding to itself or binding to other proteins. Either way if

a protein binds to an isolated domain rather than a full length protein it casts doubt over

whether this interaction is physiologically relevant and whether it can occur in vivo.

Synaptojanin also appears to bind to the SH3 domain of syndapin I as seen from the SH3

screen (figures 4.2 and 4.3) and the comparison of SH3 domains with full length proteins

(figures 4.4 and 4.5) however it does not bind to the full length protein. This is not surprising

as the SH3 domain of syndapin has been shown to bind to synaptojanin before (Qualmann &

Kelly 2000) but the full length protein has not. The interaction could also be phosphorylation
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dependent with syndapin only binding to dephosphorylated synaptojanin. A similar

phenomenon has recently been shown between syndapin and dynamin I, where syndapin

binding is dependent on dynamin I dephosphorylation by calcineurin and does not occur with

phosphorylated dynamin I (Angonno ef a/2006). Synaptojanin is dephosphorylated by

calcineurin on serine 1144 which is in its PRD (Lee ef a/ 2004) and so this serine may have

to be dephosphorylated to bind syndapin. This hypothesis could be tested by repeating the

GST pull down using different point mutants of a GST fusion protein containing the

synaptojanin PRD. If serine 1144 is mutated to alanine it would mimic a dephosphorylated

protein and if mutated to an aspartic acid the protein would mimic a phosphorylated protein.

Syndapin binding could then be tested by western blotting.

4.7.5 Synapsin and amphiphysin bind a subset of SH3 domains and proteins

Although synapsin has been shown to have greater affinity for SH3 domains than full length

proteins, it does appear to have some specifity in the proteins that it binds. Synapsin I only

binds to endophilin I SH3, endophilin II SH3 and p85 SH3. This is the same subset of SH3

domains that amphiphysin binds to but it binds to both the SH3 domains and the full length

proteins. The explanation for this is unclear as the SH3 domain of syndapin which does not

bind to these proteins is very similar to the SH3 domains that do bind and there is no clear

conserved site between them that is not present on the SH3 domain of syndapin (figure

4.16).

4.7.6 Different interactions of amphiphysin I

Amphiphysin I binds to both the SH3 domains and full length proteins of endophilin I and II

but it appears to have different Ca2+ sensitivies between the SH3 domain and the full length

protein. Amphiphysin I has no Ca2+-dependency when binding to the SH3 domain whereas

with the full length protein it appears to bind less in the presence of Ca2+. This may be due to

a Ca2+ ion binding to the full length protein when the Ca2+ concentration is high and causing

a conformational change to the protein. This could mean that the full length protein cannot

bind to amphiphysin I as the binding site is not available when Ca2+ is bound.
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Figure 4.16 Alignments of SH3 domains

A) Alignment of endophilin I, endophilin II, p85 and syndapin SH3 domains.

B) Alignment of endophilin I, endophilin II and p85 SH3 domains

Alignments performed by ClustalW. * = identical,: = conserved substitution, . = semi
conserved substitution. Endophilin I (endo I), endophilin II (endo II), p85, and syndapin

(synd). SH3 sequences used are those present in the fusion proteins.
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However this result was not seen in the pull downs using the truncated endophilin fusion

proteins (figures 4.9 and 4.10). Amphiphysin I was seen to bind to both the SH3 domain and

full length protein in a Ca2+-dependent manner. The reason this result is not consistent may

be due to a difference in the amount of detergent in the lysis buffer. This would cause more

or less proteins to be solubilsed and therefore may cause a reduction or increase in the

proteins that could bind to Ca2+. If these proteins bound to Ca2+ and also to the SH3 domain

of endophilin then this could block the amphiphysin I binding site on endophilin. Dynamin I

has been shown to bind Ca2+ and to bind the SH3 domain of endophilin. Therefore an

increase in dynamin I due to the detergent increase could cause the SH3 domain of

endophilin to bind to amphiphysin I in a Ca2+-dependent manner.

4.7,7 Why is there no variation in Ca2+ concentration in Ca2+-dependent interactions?

In the GST pull downs performed with endophilin with synaptosomes lysed in different

concentrations of Ca2+ (figures 4.6 - 4.9) there was no variation in the Ca2+ concentration at

which the proteins bound to endophilin. They all appear to have increased binding or bind

only in the absence of Ca2+ with no variation in binding in the presence of Ca2+. For example

caskin I, synaptojanin and synapsin all bind to the endophilin fusion proteins only in the

presence of Ca2+ with no binding even at the lowest concentration of Ca2+. Dynamin I has

increased binding in the absence of Ca2+ but binding does not vary with increasing Ca2+

concentration. The most obvious explanation is that it is endophilin that binds Ca2+, resulting

in a conformational change in endophilin inhibiting the binding of these proteins when Ca2+ is

present, and thus explaining why all interactions are affected by the same Ca2+

concentration.

4.8 Conclusions

From the GST pull downs used to investigate the Ca2+-dependent interactions that occur with
SH3 containing proteins it has been demonstrated that most proteins bind in a Ca2+-

dependent manner, having greatest affinity in the absence of Ca2+. These proteins include

caskin I, synaptojanin, amphiphysin I and II, dynamin and synapsin. However at least one

147



protein was identified that binds only in the presence of Ca2+, a possible splice variant of

dynamin I. This means that Ca2+ is able to positively and negatively regulate the interactions

that occur in SV endocytosis.
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CHAPTER 5

-BINDING OF SV ENDOCYTOSIS

PROTEINS
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5.1 Introduction

The last chapter showed that both SH3 domains and full length endophilin and syndapin

participate in Ca2+-dependent interactions. The majority of these interactions occurred in the

absence of Ca2+ except for one protein of approximately 90 kDa that bound only in the

presence of Ca2+. This suggests that either the fusion protein was binding to Ca2+ to regulate

these interactions or endogenous nerve terminal proteins. Therefore Ca2+-binding to SH3

domains and specifically endophilin was investigated.

Ca2+ binds to both calcineurin and dynamin I and it has been proposed to bind to endophilin

II (Klee et al 1979, Liu et al 1996, Chen et al 2003). Work in this chapter will use a variety of

different techniques such as 45Ca2+ overlay assays, Ca2+-dependent electrophoretic shifts,

tryptophan and tyrosine fluorescence and equilibrium dialysis to determine Ca2+-binding of

endophilin.

5.1.1 Calcineurin

Calcineurin was one of the first identified Ca2+-binding proteins. In 1979 Klee et al showed

that calcineurin (which was originally known as calmodulin binding protein) bound to Ca2+.
Calcineurin is composed of two subunits, calcineurin A (59 kDa) and calcineurin B (19 kDa)

(Klee et al 1998). The A subunit is proposed to bind to calmodulin in a Ca2+-dependent

manner and regulate its ability to stimulate other enzymes such as adenylate cyclase

(Wallace et al 1979) hence the original name calmodulin binding protein. The B subunit is

proposed to bind to Ca2+ as originally shown by a Ca2+-dependent electrophoretic shift, gel

filtration and equilibrium dialysis (Klee et al 1979). Anaylsis of the electrophoretic shift

showed that the molecular weight of the B subunit was 19 kDa in the presence of 1 mM

EGTA and 17 kDa in the presence of 1 mM Ca2+ showing that the protein was able to

migrate further in the presence of Ca2+. Gel filtration and equilibrium dialysis provided direct

evidence that Ca2+ binds to calcineurin and suggested there were four to six binding sites for

Ca2+ (Klee et al 1979). The number of Ca2+-binding sites is now known to be four, one with a

high affinity, KD <100 nM and three with affinities in the pM range, this was discovered using

equilibrium dialysis (Kakalis et al 1995, Gallagher et al 2001).
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Calcinuerin is activated upon nerve terminal stimulation and Ca2+ influx through VGCCs

where it is then able to dephosphorylate a group of proteins called the dephosphins. These

proteins are all essential for SV endocytosis and include the large GTPase dynamin I

(Cousin & Robinson 2001). Calcineurin is also proposed to form a Ca2+-dependent complex

with dynamin I which may be responsible for bringing calcineurin into close contact with

other dephosphins such as amphiphysin I so that it may carry out its dephosphorylation role

(Lai etal 1999).

5.1.2 Dynamin I

Dynamin I has also been proposed to bind Ca2+ and this has been shown by Ca2+-dependent

electrophoretic shift and 45Ca2+ overlay assay (Liu et al 1996). In the overlay assay dynamin I

was spotted onto nitrocellulose membrane and then incubated with 45CaCI2. This showed

that dynamin I bound to 45Ca2+ and this increased about two fold when it was phosphorylated

by protein kinase C (Liu et al 1996). Dynamin I and protein kinase C were both shown to

migrate further on SDS-PAGE containing Ca2+ than on SDS-PAGE containing EGTA, again

reflecting the possibility that Ca2+ may bind to dynamin I. However if the dynamin I C-

terminus was removed by papain digestion then it did not bind 45Ca2+. Therefore dynamin I

may bind Ca2+ at its proline rich C-terminus (Liu et al 1996). However there has been no

estimate of the Ca2+-binding affinity of dynamin I.

Ca2+ inhibits the GTPase activity of dynamin I stimulated by either protein kinase C or

phosphatidylserine by 50% In vitro at a concentration of 30 pM (Liu et al 1996). This Ca2+-

dependent inhibition is thought to be important for preventing endocytosis occurring at the

active zone, where under intense stimulation there is only a limited number of sites available

for exocytosis (Cousin & Robinson 2000). Microdomains of high Ca2+ concentration at the

active zone may block the GTPase activity of dynamin I preventing endocytosis, therefore it

is said to be shunted to a zone surrounding the active zone where the Ca2+ concentration is

less but still high enough to activate calcineurin and allow it to dephosphorylate proteins

(Cousin & Robinson 2000).
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5.1.3 Endophilin II

Endophilin II has also been proposed to bind Ca2+ and this is thought to control its protein-

protein interactions with an N-type VGCC and dynamin I (Chen et al 2003). Ca2+ is thought

to bind to a PXXP motif in the central region of endophilin II. This PXXP motif is unusual

because it contains a negatively charged glutamate residue which is proposed to be the

Ca2+-binding site. Ca2+ is thought to bind to endophilin II when the concentration of Ca2+ in

the neuron exceeds 1 pM. This promotes an interaction between the endophilin II PXXP

motif and the endophilin II SH3 domain preventing the SH3 domain and the central region

from interacting with dynamin I and the N-type VGCC respectively. Therefore these

interactions are said to be Ca2+-dependent, only taking place when the concentration of Ca2+
is below 1 pM and Ca2+ is not bound to endophilin. However there has been no direct

investigation of Ca2+-binding to endophilin and whether this binding takes place has still to be

resolved.

5.2 45Ca2+ overlay assay of protein domains

Since SH3 domains have been shown to participate in Ca2+-dependent interactions with

other synaptic proteins (chapter 3 & 4) the Ca2+-binding of SH3 domains was investigated by

45Ca2+ overlay assay (figure 5.1). The SH3 domains used in this experiment were GST fusion

proteins and included amphiphysin I human and rat isoforms, amphiphysin II, endophilin II,

p85 and syndapin. Calmodulin was used as a positive control and GST was used as a

negative control.

The SH3 domains were first equalised by SDS-PAGE so that the same amount of each

protein was present in the experiment (10 pg) (figure 5.1A). The proteins were then

transferred to nitrocellulose membrane, incubated with 45Ca2+ and exposed to photographic

film. The autoradiograph shows that all of the SH3 domains and calmodulin bound to 45Ca2+

but GST did not. To determine whether different SH3 domains had differential affinity for

Ca2+, the density of the bands was then measured and normalised against the amount of

protein run on the gel to identify which SH3 domains bound most strongly to 45Ca2+.
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Figure 5.1 ^Ca24 overlay assay with SH3 domains.

A) Coomassie stained SDS-PAGE of SH3 domain fusion proteins (10 pg) transferred

by western blot for autoradiograph. Gel representative of n = 2 experiments.

B) Autoradiograph of SH3 domain fusion proteins on nitrocellulose membrane exposed
to 45Ca2+. Autoradiograph representative of n = 2 experiments.

C) Densitometry of autoradiograph with bands on autoradiograph normalised to protein
bands on SDS-PAGE gel. Error bars ± data range.

Proteins used include calmodulin (CAL), amphiphysin I SH3 Human (AIH),

amphiphysin I SH3 rat (AIR), amphiphysin II SH3 (All), endophilin II SH3 (EIIS), p85
SH3, syndapin SH3 (SYD) and GST.
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The densitometry shows that Ca2+-binding between the SH3 domains was relatively

constant. It also shows that GST bound very little 45Ca2+ and so it can be concluded that the

SH3 domains do bind to Ca2+ in the 45Ca2+ overlay assay. This experiment was also

performed with the PRD of dynamin I and the a-adaptin ear domain but neither of these

protein domains appeared to bind to 45Ca2+ (n = 2, data not shown).

5.3 Tyrosine and tryptophan fluorescence

Taking into account the results of the 45Ca2+ assay, the SH3 domains investigated seem to

bind Ca2+. However nothing is known about the affinity of binding. Therefore to determine the

Ca2+-binding affinity and also to corroborate the 45Ca2+ overlay assays, the Ca2+-binding of

the SH3 domains was also investigated by measuring tyrosine and tryptophan fluorescence

of two different SH3 domains. Since tyrosine and tryptophan residues have an intrinsic

fluorescence, a conformational change where these residues become more or less exposed

can be detected by measuring the change in fluorescence on addition of Ca2+. Therefore on

the addition of Ca2+, the fluorescence emitted by both tyrosine and tryptophan residues was

measured to record any change in fluorescence with increasing Ca2+ concentration.

Tyrosine fluorescence was measured by exciting the sample at 270 nm and the emission

spectra was collected from 280 nm to 400 nm. For tryptophan fluorescence the sample was

excited at 295nm and the emission spectra was collected from 300 nm to 450 nm. This was

performed in the presence of EGTA (1 mM) and a range of different concentrations of Ca2+

(10 pM - 5 mM). All of the emission spectra were then plotted on one graph to allow the

effect of increasing concentrations of Ca2+ to be measured.

The SH3 domain of endophilin II and amphiphysin II were selected for these experiments

because endophilin II has been proposed to bind Ca2+ and both of these proteins are

expressed well by bacteria, which is important since both were cleaved away from the GST

tag using thrombin. Both of these SH3 domains also contain tyrosine and tryptophan

residues making it possible to see a conformational change when Ca2+ is added.
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Amphiphysin II SH3 has one tyrosine residue and two tryptophan residues. Endophilin II SH3

has three tyrosine residues and one tryptophan residue (figure 5.2).

5.3.1 Amphiphysin II SH3 - Ca2+

The tyrosine fluorescence of the amphiphysin II SH3 domain was measured in the presence

of increasing concentrations of Ca2+ (figure 5.3A). As the Ca2+ concentration increased, there

was little effect on the spectra with the exception of a trough which peaked at 355 nm. The

lowest fluorescence is observed in the presence of EGTA at 355 nm. This then increases

with Ca2+ concentration until it reaches a maximum at 1 mM Ca2+, then drops slightly at 5

mM Ca2+. Thus there is a Ca2+-dependent change in amphiphysin tyrosine fluorescence.

The tryptophan fluorescence of the amphiphysin II SH3 domain (figure 5.3B) shows a similar

pattern to the tyrosine fluorescence. Again an increase in fluorescence coincidental with

addition of Ca2+ is observed at a trough at 350 nm. The fluorescence is lowest in the

presence of EGTA and this increases with each increase in Ca2+ concentration until it

reaches a maximum at 1 mM Ca2+. Therefore for both tyrosine and tryptophan fluorescence

a Ca2+-dependent effect is observed, suggesting that the amphiphysin II SH3 domain binds

Ca2+.

5.3.2 Amphiphysin II SH3 - Ba2+

Figure 5.3 shows that the amphiphysin II SH3 domain exhibited Ca2+-dependent changes in

tyrosine and tryptophan fluorescence, suggesting it binds Ca2+. However how specific is this

interaction? To test this the fluorescence change evoked by increasing concentrations of

BaCI2 and MgCI2 (two divalent cations) were examined. When Ba2+ was investigated the

tyrosine fluorescence spectrum (figure 5.4A) was relatively the same as for Ca2+ (figure

5.3A). Again an increase in fluorescence spectra at 355 nm is observed with increasing

concentrations of Ba2+ until it reaches a maximum at 5 mM.
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Amphiphysin II SH3

SATVNGAVEGSTTTGRLDLPPGFMFKVQAQHDYTATDTDELQLKAGDWLVIPFQNPEEQD

EGWLMGVKESDWNQHKELEKCRGVFPENFTERVQ

Endophilin II SH3

MDQPCCRALYDLEPENEGELAFKEGDIITLTNQIDENWYEGMLHGQSGFFPINYVEILVALP

H

GST

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGD

VKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSKDFETLKVDFLSKL

PEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDWLYMDPMCLDAFPKLVCFKKRIEAIPI

DKYLKSSKYIAWPLQGWQATFGGGDHPPKSDLVPRGS

Figure 5.2 Sequences of SH3 domains and GST used in tyrosine and tryptophan

fluorescence

Sequences of rat amphiphysin II SH3 domain, mouse endophilin II SH3 domain and GST, all

used to investigate Ca2+-binding by recording changes in tyrosine and tryptophan

fluorescence. Amphiphysin II SH3 has one tyrosine (Y) residue and two tryptophan (W)

residues. Endophilin II SH3 has three tyrosine residues and one tryptophan residue. GST

has thirteen tyrosine residues and four tryptophan residues. Tyrosine residues are marked in

red and tryptophan residues are marked in green.
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Figure 5.3 Tyrosine and tryptophan fluorescence of the amphiphysin II SH3
domain with increasing concentrations of CaCI2.

Thrombin cleaved amphiphysin II SH3 (0.1 mg/ml) was incubated with increasing
concentrations of CaCI2 and tyrosine and tryptophan fluorescence was recorded. A)

Amphiphysin was excited at 270 nm for tyrosine fluorescence and emission spectra

recorded from 280 nm to 400 nm. B) Amphiphysin was excited at 295 nm for

tryptophan fluorescence and emission spectra recorded from 300 nm to 450 nm. For
both Tyrosine and Tryptophan, all Ca2+ concentrations, n = 3 ± SEM.
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Figure 5.4 Tyrosine and tryptophan fluorescence of the amphiphysin II SH3 domain
with increasing concentrations of BaCI2.

Thrombin cleaved amphiphysin II SH3 (0.1 mg/ml) was incubated with increasing
concentrations of BaCI2 and tyrosine and tryptophan fluorescence was recorded. A)

Amphiphysin was excited at 270 nm for tyrosine fluorescence and emission spectra
recorded from 280 nm to 400 nm. B) Amphiphysin was excited at 295 nm for tryptophan
fluorescence and emission spectra recorded from 300 nm to 450 nm. For both Tyrosine
and Tryptophan, all Ba2+ concentrations, n = 3 ± SEM.
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The tryptophan fluorescence spectum observed in the presence of many concentrations of

Baz+ (figure 5.4B) is also very similar to Ca2+ (figure 5.3B), with a maximal fluorescence

effect seen at 1 mM Ca2+. Therefore these results indicate that Ba2+ induces a similar shift in

fluorescence spectra of the amphiphysin II SH3 domain to Ca2+ and therefore may have a

similar affinity for the amphiphysin II SH3 domain as Ca2+.

5.3.3 Amphiphysin II SH3 - Mq2*

Next the effect of the divalent cation Mg2+ was observed. The tyrosine fluorescence

spectrum with Mg2+ (figure 5.5A) was very similar to the tyrosine fluorescence spectrum with

Ca2+(figure 5.3A). Again an increase in fluorescence spectra is observed at 355 nm, with

maximum fluorescence observed at 5 mM Mg2+.

The tryptophan fluorescence spectrum for Mg2+ (figure 5.5B) is also relatively the same as

the Ca2+ tyrosine fluorescence spectrum (figure 5.3B) with maximal fluorescence at 1 mM

Mg2+. However the Mg2+ spectrum differs in wavelength at which this increase is observed, in

the Mg2+ spectrum this is at 360 nm, a small shift to the right of 5 nm when compared to the

Ca2+ spectrum.

Thus both Mg2+ and Ba2+ induce very similar changes in fluorescence when compared to

Ca2+ suggesting that the interaction is not specific for Ca2+.

5.3.4 How specific is the amphiphysin II SH3 affinity for Ca2+?

Since the tyrosine and tryptophan fluorescence spectra show that both Mg2+ and Ba2+ may

bind to the amphiphysin II SH3 domain, the KD for each of these ions was calculated to

determine whether Ca2+ had a higher affinity than these two cations. This was done by taking

the largest or total fluorescence shift between the individual spectra at 350 - 355 nm (usually

between EGTA and 1 mM Ca2+) and plotting the difference of each individual spectra and

EGTA as a percentage of total fluorescence shift. The KD is then calculated by taking the

concentration of Ca2+ at which 50% of the total fluorescence shift occurs (figure 5.6).

159



A 2.3

x

0
CJ
C
0
O
0
0
i_

o

«4—

>
V_

0
»

I—

<

B

2.1

1.9

1.7

1.5

1.3

1.1

0.9

0.7

280 300 320 340 360

Wavelength (nm)

380 400

TRP
2.3

5mM

□ 1mM
■ 300(jM
□ 100pM
□ 30pM
□ 10pM
Q EGTA

360 380 400

Wavelength (nm)

Figure 5.5 Tyrosine and tryptophan fluorescence of the amphiphysin II SH3
domain with increasing concentrations of MgCI2.

Thrombin cleaved amphiphysin II SH3 (0.1 mg/ml) was incubated with increasing
concentrations of MgCI2 and tyrosine and tryptophan fluorescence was recorded. A)

Amphiphysin was excited at 270 nm for tyrosine fluorescence and emission spectra

recorded from 280 nm to 400 nm. B) Amphiphysin was excited at 295 nm for

tryptophan fluorescence and emission spectra recorded from 300 nm to 450 nm. For

both Tyrosine and Tryptophan, all Mg2+ concentrations, n = 3 ± SEM.
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Fig 5.6 Comparison of divalent ion binding affinities of the amphiphysin II SH3 domain.

Amphiphysin II SH3 (0.1 mg/ml) was incubated with increasing concentrations of CaCI2 or

MgCI2 or BaCI2 A) Amphiphysin was excited at 270 nm for tyrosine fluorescence and emission

spectra recorded from 280 nm to 400 nm. B) Amphiphysin was excited at 295 nm for tryptophan
fluorescence and emission spectra recorded from 300 nm to 450 nm. For both tyrosine and

tryptophan fluorescent shift was calculated as a % of the largest fluorescent response from
EGTA. For both tyrosine and tryptophan fluorescence n = 3 ± SEM. KDs are as follows:

Tyrosine, Ca2+ = 27.3 ± 6.1 pM, Mg2+ = 98.9 ± 30.9 pM, Ba2+ = 13.4 ± 2.7 pM, p = 0.085
between Ca2+and Mg2+, p = 0.1506 between Ca2+ and Ba2+. Tryptophan, Ca2+ = 32.3 ± 17.0

pM, Mg2+ = 59.2 ± 9.2 pM, Ba2+ = 21.9 ± 6.4 pM, p values are 0.236 between Ca2+ and Mg2+,
and 0.598 between Ca2+ and Ba2+.
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From the tyrosine fluorescence spectra (figure 5.6A) the KD for Ba2+ is 13.4 ± 2.7 pM which is

less than Ca2+ which has a KD of 27.3 ± 6.1 pM. The KD for Mg2+ however is much larger

than Ca2+, 98.9 ± 30.9 pM. However none of these results are statistically significant (figure

5.6A) and therefore only provide an indication that Ba2+ may bind with greater affinity to the

amphiphysin II SH3 domain than Ca2+ but that Ca2+ may bind more tightly than Mg2+.

The binding affinities derived from the tryptophan fluorescence spectra (figure 5.6B) are

similar to those derived from tyrosine (figure 5.6A). The KD for Ba2+ is again smaller than the

Kd for Ca2+ which are 21.9 ± 6.4 pM and 32.3 ± 17.0 pM respectively. Similarly, the KD for

Mg2+ is larger than the KD of Ca2+, 59.2 ± 9.2 pM. Again these results are not statistically

significant. Thus for both measures of divalent cation binding the amphiphysin II SH3 domain

has no significant specificity of binding between Ca2+, Ba2+ and Mg2+.

5.3.5 Amphiphysin II SH3 - Ca2+ with Mq2+

Since Mg2+ is able to induce changes in tyrosine and tryptophan fluorescence of the SH3

domain of amphiphysin II, it is possible that when it is present in physiological concentrations

no difference in Ca2+-binding is observed. This would render the data obtained up to this

point physiologically irrelevant. Therefore the binding of Ca2+ to the amphiphysin II SH3

domain was investigated in the presence of 1 mM Mg2+.

The overall tyrosine fluorescence spectra of Ca2+ with 1 mM Mg2+ (figure 5.7A) follows the

same pattern as seen with Ca2+alone (figure 5.3A). Again a trough is present at 355 nm. The

fluorescence increases at 355 nm with Ca2+ concentration until it reaches 1 mM Ca2+ Thus

Ca2+ is still able to induce changes in tyrosine even in the presence of 1 mM Mg2+.

The tryptophan fluorescence spectra with Ca2+ in the presence of 1 mM Mg2+ (figure 5.7B)

displays a similar pattern to the tryptophan fluorescence spectra with Ca2+(figure 5.3B).

Again a Ca2+-dependent increase in fluorescence is observed with increasing Ca2+
concentration which increases up to 1 mM Ca2+.

162



A 2.3
TYR

X

o,
0
O
c
0
O
(/)
0
i_

o
_3
m—

X
i_

0
i—

-Q
i—

<

B

0.7
280

2.3

_ 2.1
o

x 1-9
0^
0 1.7
o
c
0

8 15
0

§ 1.3
M—

>

to 1.1

15
< 0.9

0.7

300

300 320 340 360

Wavelength (nm)

380

TRP

400

320 340 360 380 400

Wavelength (nm)

420 440

Figure 5.7 Tyrosine and tryptophan fluorescence of the amphiphysin II SH3
domain with increasing concentrations of CaCI2 with 1 mM MgCI2.

Thrombin cleaved amphiphysin II SH3 (0.1 mg/ml) was incubated with increasing
concentrations of CaCI2 and 1 mM MgCI2 and tyrosine and tryptophan fluorescence
was recorded. A) Amphiphysin was excited at 270 nm for tyrosine fluorescence and
emission spectra recorded from 280 nm to 400 nm. B) Amphiphysin was excited at

295 nm for tryptophan fluorescence and emission spectra recorded from 300 nm to

450 nm. For both Tyrosine and Tryptophan, all Ca2+ concentrations, n = 3 ± SEM.
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Therefore the tyrosine and tryptophan fluorescence spectra recorded with the amphiphysin II

SH3 domain with different concentrations of Ca2+ in the presence of 1 mM Mg2' suggest that

a conformational change is still taking place and Ca2+ can still bind to amphiphysin II SH3 in

the presence of physiological concentrations of Mg2+.

5.3.6 What effect does Mq2* have on the Ca2+-bindinq affinity of the amphiphysin II SH3

domain?

Even though Ca2+ still causes changes in fluorescence it could be that the presence of Mg2+
shifts the binding affinity of the SH3 domain out of the physiological range. Therefore the KD

of the amphiphysin II SH3 domain for both Ca2+ and Ca2+ in the presence of Mg2+ was

calculated. This was done using the same method described in 5.3.4.

From the tyrosine fluorescence spectra (figure 5.8A) the KD of the amphiphysin II SH3

domain for Ca2+ alone is 27.3 ±6.1 pM but when 1 mM Mg2+ was added it dropped to 14.5 ±

2.4 pM. The tryptophan fluorescence spectra (figure 5.8B) also showed a similar pattern,

where the KD of the amphiphysin II SH3 domain for Ca2+ alone was 32.3 ± 17.0 pM and this

decreased to 13.9 ± 2.8 pM when Mg2+ was added. However none of these results were

statistically significant. Thus the presence of physiological concentrations of Mg2+ does not

decrease the affinity of the amphiphysin II SH3 domain for Ca2+ and may actually increase it.

5.3.7 Endophilin II SH3 - Ca2*

Since amphiphysin II SH3 appeared to bind Ca2+, tyrosine and tryptophan fluorescence was

performed for endophilin II SH3 which as mentioned previously has been implicated in Ca2+-

binding. The tyrosine fluorescence spectrum of endophilin II SH3 with increasing

concentrations of Ca2+ (figure 5.9A) has a similar pattern to the amphiphysin tyrosine

fluorescence spectra, again with a trough present which peaks at 360 nm. The lowest

fluorescence value is observed with EGTA which increases until it reaches a maximum at 5

mM Ca2+ at 360nm. Therefore again there is a Ca2+-dependent change in the endophilin II

SH3 domain fluorescence.
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Fig 5.8 Effect of Mg2+ on Ca2+-binding affinity of the amphiphysin II SH3 domain.

Amphiphysin II SH3 (0.1 mg/ml) was incubated with increasing concentrations of CaCI2
or CaCI2 in the presence of 1 mM MgCI2. A) Amphiphysin was excited at 270 nm for
tyrosine fluorescence and emission spectra recorded from 280 nm to 400 nm. B)

Amphiphysin was excited at 295 nm for tryptophan fluorescence and emission spectra
recorded from 300 nm to 450 nm. For both tyrosine and tryptophan fluorescent shift
was calculated as a % of the largest fluorescent response from EGTA. For both

tyrosine and tryptophan fluorescence n = 3 ± SEM. KDs are as follows: Tyrosine, Ca2+ =

27.3 ± 6.1 pM, Ca2+ + 1mM Mg2+= 14.5 ± 2.4 pM, p = 0.028. Tryptophan, Ca2+ = 32.3 ±

17.0 pM, Ca2+ + 1 mM Mg2+ = 13.9 ± 2.8 pM, p = 0.348.
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Figure 5.9 Tyrosine and tryptophan fluorescence of the endophilin II SH3 domain
with increasing concentrations of CaCI2.

Thrombin cleaved endophilin II SH3 (0.1 mg/ml) was incubated with increasing
concentrations of CaCI2 and the tyrosine and tryptophan fluorescence was recorded. A)

Endophilin was excited at 270 nm for tyrosine fluorescence and emission spectra

recorded from 280 nm to 400 nm. B) Endophilin was excited at 295 nm for tryptophan
fluorescence and emission spectra recorded from 300 nm to 450 nm. For both Tyrosine
and Tryptophan, all Ca2+ concentrations, n = 3 ± SEM.
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The tryptophan fluorescence spectra with the endophilin II SH3 domain (figure 5.9B) is very

similar to the amphiphysin II SH3 domain tryptophan fluorescence spectra. Again there is a

Ca2+-dependent increase with a maximum fluorescence value recorded with 5 mM Ca2+

which is at 375 nm and not 360 nm as with amphiphysin II SH3. Thus from both tyrosine and

tryptophan fluorescence spectra it would appear that Ca2+ may bind to the endophilin II SH3

domain.

5.3.8 Endophilin II SH3 - Ba2*

Since increasing the Ca2+concentration increases the tyrosine and tryptophan fluorescence

of the endophilin II SH3 domain, the effects of Ba2+ and Mg2+ were also investigated to

determine the specificity of endophilin II SH3 for divalent cations. The tyrosine fluorescence

spectrum (figure 5.1 OA) again was very similar to the spectrum seen with Ca2+ (figure 5.9A),

Again there is a trough present at 360 nm which maximal fluorescence observed at 5 mM

Ba2+. Thus there is also a Ba2+-dependent increase with tyrosine fluorescence.

The tryptophan fluorescence spectrum (figure 5.1 OB) is relatively the same as the Ca2+

tryptophan fluorescence spectrum (figures 5.9B). Similarly there is a Ba2+-dependent

increase in tryptophan fluorescence which reaches a maximum fluorescence at 375 nm and

5 mM Ba2+. Thus Ba2+ causes an increase in both tyrosine and tryptophan fluorescence

suggesting that it may bind to the endophilin II SH3 domain.

5.3.9 Endophilin II SH3 - Mq2*

Next the effect of Mg2+ was recorded. The tyrosine fluorescence spectra with increasing

concentrations of Mg2+ (figure 5.11 A) is very similar to the tyrosine fluorescence spectra

observed with increasing concentrations of Ca2+and Ba2' (figure 5.9A and 5.1 OA) and again

reaches a maximum at 5 mM Ca2+ at 360 nm.

The tryptophan fluorescence spectrum with the endophilin II SH3 domain and Mg2+ (figure

5.1 OB) again has relatively the same pattern as the tryptophan fluorescence spectra
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Figure 5.10 Tyrosine and tryptophan fluorescence of the endophilin II SH3
domain with increasing concentrations of BaCI2.

Thrombin cleaved endophilin II SH3 (0.1 mg/ml) was incubated with increasing

concentrations of BaCI2 and the tyrosine and tryptophan fluorescence was recorded. A)

Endophilin was excited at 270 nm for tyrosine fluorescence and emission spectra

recorded from 280 nm to 400 nm. B) Endophilin was excited at 295 nm for tryptophan
fluorescence and emission spectra recorded from 300 nm to 450 nm. For both Tyrosine
and Tryptophan, all Ba2+ concentrations, n = 3 ± SEM
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Figure 5.11 Tyrosine and tryptophan fluorescence of the endophilin II SH3 domain
with increasing concentrations of MgCI2.

Thrombin cleaved endophilin II SH3 (0.1 mg/ml) was incubated with increasing
concentrations of MgCI2 and the tyrosine and tryptophan fluorescence was recorded. A)

Endophilin was excited at 270 nm for tyrosine fluorescence and emission spectra

recorded from 280 nm to 400 nm. B) Endophilin was excited at 295 nm for tryptophan
fluorescence and emission spectra recorded from 300 nm to 450 nm. For both Tyrosine
and Tryptophan, all Mg2+ concentrations, n = 3 ± SEM.
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observed with Ca2+ and Ba2+ (figure 5.9B & 5.1 OB). Once again there is a trough present at

375 nm which reaches a maximum fluorescence value at 5 mM Mg2+. These results suggest

that increasing concentrations of Mg2+ can also induce an increase in both tyrosine and

tryptophan fluorescence of the endophilin II SH3 domain suggesting that the SH3 domain

may bind Mg2+.

5.3.10 The different binding affinities of Ca2+, Mq2+ and Ba2* for the endophilin II SH3

domain

Since increasing the concentration of Ca2+, Mg2+ and Ba2+ has similar affects on the tyrosine

and tryptophan fluorescence of the endophilin II SH3 domain, the KD of each ion was

calculated. This was performed by the same method described in 5.3.4.

From the tyrosine fluorescence binding affinity spectra (figure 5.12A) the KD of Ca2+ is 50.8 ±

26.8 pM and the KD of Ba2+ is 79.0 ± 26.1 pM. Again these results are not statistically

significant. The KD of Mg2+ is 0.40 ± 0.08 mM, however unlike the previous experiments this

result is statistically significant. These results therefore provide an indication that Ca2+ may

bind to the endophilin II SH3 domain with the greatest affinity followed by Ba2+ and then

Mg2+.

From the tryptophan fluorescence binding affinity spectra (figure 5.12B), the KD of Ca2+ is

51.8 ± 18.2 pM, Kd for Ba2+ is 68.8 ± 24.5 pM and the KD for Mg2+ is 1.33 ± 0.66 mM. Again

none of these results are statistically significant and so there is only a hint that endophilin II

SH3 binds with the greatest affinity to Ca2+, followed by Ba2+ and then Mg2+.

5.3.11 GST-Ca2*

Since both the SH3 domains of amphiphysin II and endophilin II both show Ca2+-dependent

increases with tyrosine and tryptophan fluorescence, the fluorescence spectra of GST, a

protein known not to bind Ca2+, was then investigated as a negative control.
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Fig 5.12 Comparison of divalent ion binding affinities of the endophilin II SH3 domain.

Endophilin II SH3 (0.1 mg/ml) was incubated with increasing concentrations of CaCI2 or

MgCI2 or BaCI2 A) Endophilin was excited at 270 nm for tyrosine fluorescence and emission

spectra recorded from 280 nm to 400 nm. B) Endophilin was excited at 295 nm for

tryptophan fluorescence and emission spectra recorded from 300 nm to 450 nm. For both

tyrosine and tryptophan fluorescent shift was calculated as a % of the largest fluorescent

response from EGTA. For both tyrosine and tryptophan fluorescence n = 3 ± SEM. KDs are
as follows: Tyrosine, Ca2+ = 50.8 ± 26.8 pM, Mg2+ = 0.40 ± 0.08 mM, Ba2+ = 79.0 ± 26.1 pM,

p = 0.0144 between Ca2+ and Mg2+, p = 0.4929 between Ca2+ and Ba2+. Tryptophan, Ca2+ =

51.8 ± 18.2 pM, Mg2+ = 1.33 ± 0.66 mM, Ba2+ = 68.8 ± 24.5 pM, p values are 0.124 between
Ca2+ and Mg2+, and 0.607 between Ca2+ and Ba2+.
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The tyrosine fluorescence spectrum (figure 5.13A) shows that with GST there is still an

increase in fluorescence with increasing Ca2+ concentrations at 340 nm. This reaches a

maximum value at 5 mM Ca2+ at 340 nm. The tryptophan fluorescence spectrum (figure

5.13B) is slightly different to the previous tryptophan fluorescence spectrum but still shows a

Ca2+-dependent increase at 340 nm, which again has a maximal value at 5 mM Ca2+.

Therefore from both tyrosine and tryptophan fluorescence spectra it appears that GST also

binds to Ca2+ as both spectra show a Ca2+-dependent increase. However in order to

compare this Ca2+-binding to the SH3 domains of amphiphysin II and endophilin II, the GST

Kd of Ca2+ will have to be calculated.

5.3.12 The binding affinity of Ca2* for GST

Since GST also appears to bind to Ca2+, the KDfor both tyrosine and tryptophan

fluorescence was calculated for comparison with those observed for the SH3 domains of

endophilin II and amphiphysin II. From the tyrosine fluorescence spectra (figure 5.14) the KD

for Ca2+ is 29.6 ± 8.5 pM and the from the tryptophan fluorescence spectra the KD is 27.1 ±

12.1 pM. This is very similar to the KD values observed for amphiphysin which were 27.3 ±

6.1 pM and 32.3 ± 17.0 pM for tyrosine and tryptophan fluorescence respectively. The KDs

observed for endophilin were slightly larger, 50.8 ± 26.8 pM and 51.8 ± 18.2 pM for tyrosine

and tryptophan fluorescence respectively. Therefore GST appears to bind to Ca2+ with a

similar affinity as the amphiphysin II SH3 domain and a slightly greater affinity than the SH3

domain of endophilin II. These results place doubt on the KDs obtained for Ca2+-binding of

the amphiphysin II and endophilin II SH3 domains.

5.4 Equilibrium Dialysis

The 4bCa2+ overlays indicate that SH3 domains may bind Ca2+ but the tyrosine and

tryptophan fluorescence has suggested that SH3 domains may not. Both techniques are

prone to artefact and to determine whether SH3 domains do bind Ca2+, equilibrium dialysis

was performed since it is considered to be the most accurate technique for measuring Ca2+-

binding and deriving binding affinities. Equilibrium dialysis has been used to calculate Ca2+-
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Figure 5.13 Tyrosine and tryptophan fluorescence of GST with increasing
concentrations of CaCI2.

GST (0.1 mg/ml) was incubated with increasing concentrations of CaCI2 and the tyrosine
and tryptophan fluorescence was recorded. A) GST was excited at 270 nm for tyrosine
fluorescence and emission spectra recorded from 280 nm to 400 nm. B) GST was

excited at 295 nm for tryptophan fluorescence and emission spectra recorded from 300
nm to 450 nm. For both Tyrosine and Tryptophan, all Ca2+ concentrations, n = 3 ± SEM.
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Fig 5.14 Comparison of tyrosine and tryptophan fluorescence of GST.

GST (0.1 mg/ml) was incubated with increasing concentrations of CaCI2 For tyrosine
fluorescence GST was excited at 270 nm emission spectra recorded from 280 nm to 400 nm.

For tryptophan fluorescence GST was excited at 295 nm and emission spectra recorded from
300 nm to 450 nm. For both tyrosine and tryptophan fluorescent shift was calculated as a %
of the largest fluorescent response from EGTA. For both tyrosine and tryptophan
fluorescence n = 3 ± SEM. KDs are as follows: Tyrosine, Ca2+ = 29.6 ± 8.51 pM, Tryptophan,
Ca2+ = 27.1 ± 12.1 pM.
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binding affinities for many different Ca2+-binding proteins including synaptotagmin,

calcineurin and NSF (Klee et al 1979, Brose et al 1992, Hanley 2007). Equilibrium dialysis

was performed for both endophilin I and II, using GST fusion proteins containing the SH3

domain and the full length protein. Calmodulin was used as a positive control and GST used

as a negative control. The dialysis was carried out using 1 pM protein in the presence of 100

pM Ca2+. This will provide an indication of Ca2+-binding at saturating Ca2+ concentrations.

The table displaying the concentration of Ca2+ bound to the individual GST fusion proteins

and calmodulin (table 5.1) shows that the only protein to bind Ca2+ was the positive control,

calmodulin. The concentration of Ca2+ bound was 3.5 ± 0.3 pM, which is very close to the

expected value of 4 pM, since calmodulin has four binding sites. However neither of the SH3

domains or full length proteins exhibited any Ca2+-binding in numerous experiments. These

results are very surprising as the 45Ca2+ overlay assay indicated that Ca2+ bound to

endophilin II SH3 and endophilin II has been previously proposed to bind Ca2+. This raises

the possibility that the SH3 domains of endophilin I and II do not bind Ca2+ at all.

5.5 45Ca2* overlay assay of endophilin fusion proteins

The equilibrium dialysis results show that neither full length endophilin I or II bind to Ca2+.
However the previous 45Ca2+ overlay assay indicated that the SH3 domain of endophilin II

did bind to Ca2+. Therefore the 45Ca2+ overlay assay was repeated to investigate whether the

other endophilin fusion proteins bound Ca2+ in this assay.

Once more the proteins were equalised by SDS-PAGE (figure 5.15A). The autoradiograph

(figure 5.15B) shows that only calmodulin and the SH3 domains bound to 45Ca2+. From the

densitometry (figure 5.15C) calmodulin appears to bind most strongly, followed by endophilin

I SH3 and then endophilin II SH3. There also appears to be some background binding of the

other endophilin fusion proteins when compared to GST. Interestingly full length endophilin I

and endophilin II do not bind Ca2+ even though they have an SH3 domain. These results

175



Protein (pM) Ca2+ Bound

Calmodulin 3.5 pM ± 0.3, n = 8

GST 0 pM ± 0, n = 4

GST Endophilin 1 SH3 0 pM ± 0, n = 4

GST Endophilin 1 FL 0 pM ± 0, n = 4

GST Endophilin II SH3 0 pM ± 0, n = 4

GST Endophilin II FL 0 pM ± 0, n = 8

Table 5.1 Equilibrium dialysis of 45Ca2+ against endophilin fusion proteins

Equilibrium dialysis of Ca2+ against calmodulin, GST, GST endophilin I SH3, GST endophilin

I full length, GST endophilin II SH3 and GST endophilin II full length. The number given is

the amount of Ca2+ bound to 1 pM protein ± SEM, FL = full length.
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Figure 5.15 45Ca2+ overlay assay with GST endophilin fusion proteins

A) Coomassie stained SDS-PAGE of endophilin fusion proteins (10 pg) transferred

by western blot for autoradiograph. Gel representative of n = 2 experiments.

B) Autoradiograph of endophilin fusion proteins on nitrocellulose membrane exposed
to 45Ca2+. Autoradiograph representative of n = 2 experiments.

C) Densitometry of autoradiograph with bands on autoradiograph normalised to

protein bands on SDS-PAGE gel. Error bars ± data range.

Proteins used include calmodulin (CAL), endophilin I full length (EIF), endophilin I
BAR (EIB), endophilin IAS (EIAS), endophilin II full length (EIIF), endophilin II
BAR (EIIB), endophilin MAS (EllAS), endophilin II SH3 (EIIS) and GST.
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indicate that while SH3 domains may bind to Ca2+ in the 45Ca2+ overlay assay they do not

bind Ca2+ in the equilibrium dialysis.

5.6 45Ca2+ overlay assay with native GST fusion proteins

What could be the reason for the strikingly different data between the 45Ca2+ overlay assay

and the equilibrium dialysis? One possibility is that the equilibrium dialysis protocol uses SH3

domains in their native state, whereas in the 45Ca2+ overlay assay they are denatured. To

test which could account for the difference, the 45Ca2+ overlay assay was modified so that the

proteins were present in a native state. The proteins used in the equilibrium dialysis assay

were therefore spotted onto the nitrocellulose membrane and then incubated with 45Ca2+ and

exposed to photographic film. The membrane stained with ponceau S (figure 5.16A) shows

that the same amount of protein (10 pg) was used for each spot. From the autoradiograph

(figure 5.16B) the only protein that bound to 45Ca2+ was calmodulin, which once again was

used as a positive control. Therefore endophilin SH3 domains do not bind Ca2+ in their native

state.

5.7 Discussion

In this chapter different techniques were used to assess whether any protein domains bound

to Ca2+. The 45Ca2+ overlay assay demonstrated that SH3 domains may bind Ca2+ but the

tyrosine and tryptophan fluorescence gave no indication of Ca2+-binding due to the apparent

Ca2+-binding of GST which is known not to bind Ca2+. However as both of these methods did

not give a definite answer or binding affinity, equilibrium dialysis was then performed to

determine whether endophilin fusion proteins including the SH3 domain bound Ca2+. This

method showed that endophilin did not bind Ca2+ despite the earlier indications from the

45Ca2+ overlay assay. This suggests that this assay provided false positive results, which was

proven when native SH3 domains were tested in the 45Ca2+ overlay assay.
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Figure 5.16 Modified 45Ca2+ overlay assay using native proteins.

A) Membrane stained with ponceau S to show equal amounts of protein (10 pg) for
incubation with 45Ca2+. Membrane representative of n = 2 experiments.

B) Autoradiography of membrane with native proteins exposed to 45Ca2+.
Autoradiography representative of n = 2 experiments.

Proteins used include calmodulin (CAL), endophilin I SH3 (EIS), endophilin I full

length (EIF), endophilin II SH3 (EIIS), endophilin II full length (EIIF) and GST.
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5.7.1 Why do SH3 domains bind Ca2+ in the 45Ca2+ overlay assay?

When the 45Ca2+ overlay assay was first performed with different SH3 domains (figure 5.1),

ail of the SH3 domains bound to 45Ca2+. However when the different fusion proteins of

endophilin were examined for Ca2+-binding via equilibrium dialysis none of the fusion

proteins including the SH3 domains bound Ca2+(table 5.1). Therefore the 45Ca2+ overlay

assay was repeated for all of the different fusion proteins of endophilin (figure 5.13) and only

the SH3 domains bound to 45Ca2+. Since the same proteins were used in both of these

assays, it was concluded that the denatured state of the SH3 domains due to the prior SDS-

PAGE step was responsible for the Ca2+-binding, therefore the 45Ca2+ overlay assay was

modified so that the proteins were present in a native state, the same as in the equilibrium

dialysis. This assay showed that none of the endophilin fusion proteins bound to Ca2+,

therefore confirming the suspicion that the SH3 domains do not bind to 45Ca2+ in a native

state.

A molecular explanation may be that in the unfolded state the protein has more negative

charges available to bind Ca2+ than when it is folded. On examination of the endophilin II

SH3 domain there were 10 negatively charged amino acids, (mainly found in the RT-src and

N-src loops) compared to 2 positively charged amino acids, this means that when unfolded

the SH3 domain may have more of a negative charge and could therefore bind Ca2+.

However when full length endophilin II was examined, the number of negative and positively

charged amino acids was approximately the same, explaining why endophilin II full length

may not bind Ca2+, even in its denatured state.

The fact that the SH3 domains bind 45Ca2+ in a denatured state is not entirely surprising as

45Ca2+ overlay assays have produced false positives in the past. The C-terminus of

synaptophysin was proposed to bind Ca2+ when it bound 45Ca2+ in an overlay assay (Rehm

et al 1986), however another study using equilibrium dialysis showed that synaptophysin did

not (Brose et al 1992).
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5.7.2 Why does the dynamin I PRD not bind Ca2+?

From the 45Caz+ overlay assay the PRD of dynamin I was demonstrated not to bind to Ca2+

(data not shown). This is very surprising as dynamin I has previously been demonstrated to

bind Ca2+ with the removal of the C-terminus by papain digestion resulting in the loss of

Ca2+-binding (Liu et al 1996). Although this technique is known to produce false positives, it

is unlikely that a Ca2+-binding protein will not bind Ca2+ in the 45Ca2+ overlay assay.

Therefore it can be concluded that dynamin I may still bind Ca2+ but another part of the

protein may be required as well as the PRD.

5.7.3 Tyrosine and tryptophan fluorescence

The results from the tyrosine and tryptophan fluorescence suggest that Ca2+ binds to the

SH3 domains of amphiphysin II and endophilin II but also shows that there is a Ca2+-

dependent change in tyrosine and tryptophan fluorescence with GST which is known not to

bind Ca2+. The Ca2+ KDs obtained for the amphiphysin II SH3 domain and the endophilin II

SH3 domain are approximately 30 pM and 50 pM respectively, however the KD for GST is

also around 30 pM and so these values are now thought to be an artefact and whether the

SH3 domains bind Ca2+ cannot be determined from these assays.

5.7.3.1 Why does GST induce a Ca2*-dependent increase in tyrosine and tryptophan

fluorescence?

The reason for the Ca2+-dependent increase in tyrosine and tryptophan fluorescence with

GST may be because GST contains 13 tyrosine residues and 4 tryptophan residues, far

more than is present in both the SH3 domain of amphiphysin II (which has 1 tyrosine residue

and 2 tryptophan residues) and the SH3 domain of endophilin II (which has 3 tyrosine

residues and 1 tryptophan residue). Tyrosine and tryptophan fluorescence is only usually

used to detect Ca2+-binding with proteins which have a small number of tyrosine or

tryptophan residues because if there are multiple residues a very slight conformational

change could result in a large fluorescence change and does not give a good indication of

Ca2+-binding. For example calmodulin and troponin C which have both been demonstrated to
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bind Ca2+ using tyrosine fluorescence contain 2 tyrosine residues (Chao et al 1984) and 3

tyrosine residues (Johnson et al 1978) respectively. Therefore the Ca2+-dependent increase

seen with GST may not be due to Ca2+-binding as there are too many tyrosine and

tryptophan residues present. The results from the SH3 domains of amphiphysin II and

endophilin II are more likely to be due to Ca2+-binding as only a small number of residues

account for the Ca2+-dependent increase. Therefore the SH3 domains may still bind Ca2+ but

this would have to be confirmed using another assay such as equilibrium dialysis.

5.7.3.2 Kn values between the tyrosine and tryptophan fluorescence

The results between the tyrosine and tryptophan fluorescence are very similar with binding

affinities for the majority of ions within error. For example the amphiphysin II SH3 KD

obtained from tyrosine fluorescence for Ca2+ is 27.3 ±6.1 pM and for tryptophan

fluorescence this value is 32.3 ± 17.0 pM, showing that these values overlap. This means

that two independent measures of Ca2+ affinity are in agreement with each other and

therefore there is more confidence about the KD values obtained from these methods.

5.7.3.3 Do other Ca2+-bindinq proteins have differential affinity for other divalent

cations?

From the tyrosine and tryptophan fluorescence spectra it appears that all three ions tested

bind to both SH3 domains but maybe with differential affinity. In contrast to these results, the

Ca2+-binding protein synaptotagmin I, binds to Ba2+ and Sr2+ but not to Mg2+ (Davletov &

Sudhof 1993). Ba2+ and Sr2+ can both activate phospholipid binding but are not as efficient

as Ca2+ suggesting a lower binding affinity. However Mg2+ is not able to activate

phospholipids binding and therefore Mg2+ is not thought to bind to synaptotagmin I.

Calmodulin on the other hand, has been shown to bind to Mg2+ with NMR studies indicating

that the EF-hands of calmodulin bind Mg2+ with KDs in the millimolar range, implying that the

protein is almost 50% saturated with this cation at resting Ca2+ levels. Although Mg2+ binds

the same sites as Ca2+, it does not have an effect on the overall conformation of the EF-
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hand, and is not able to activate calmodulin (Ohki et al 1997, Malmendal et al 1998, Gifford

et al 2007).

5.7.3.4 Are the Kqs obtained for Ca2+ and Mq2* physiological?
The Kds obtained for Ca2+ are outside the physiological range normally seen in the neuron.

For example the amphiphysin II SH3 KD for Ca2+ is around 30 pM which will not be present

even at the active zone of a neuron. This indicates that amphiphysin may not bind Ca2+.

However the amphiphysin II SH3 KDs obtained for Mg2+ are less than the concentration of

Mg2+ present in the neuron (1 mM) and this therefore indicates that amphiphysin II SH3

always binds Mg2+/'n vivo. Endophilin II SH3 on the other hand produced Mg2+ KD values in

the mM range which is much higher than those obtained for amphiphysin II SH3. However

the two Mg2+ KDs obtained for endophilin II SH3 from the tyrosine and tryptophan

fluorescence were very different and so the binding affinity of endophilin II for Mg2+ is not

clear.

The amphiphysin II KD values for Ca2+ were also measured in the presence of 1 mM Mg2+.

This caused the binding affinity of Ca2+to increase indicating that Ca2+ bound more tightly in

the presence of Mg2+. This difference in binding affinity could be due to Mg2+-binding to

another part of the SH3 domain and inducing a conformational change which allows Ca2+ to

bind to the SH3 domain more tightly.

5.7.4 Methods used to investigate Ca2+-bindinq

As well as 45Ca2+ overlay assays, tyrosine and tryptophan fluorescence and equilibrium

dialysis, a number of other techniques were used to investigate Ca2+-binding of SH3

domains over the time course of the thesis. These techniques included electrophoretic shift

assays and fluo-4 fluorescence assays (data not shown).
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Each method of monitoring Ca2+ binding has particular advantages and disadvantages.

45Ca2+ overlay assays are a quick way to screen for potential Ca2+-binding proteins providing

that native proteins are used rather than denatured proteins since this may not reflect the

binding environment for Ca2+ in the cell. Tyrosine and tryptophan fluorescence is a useful

method to determine whether a particular protein can bind Ca2+ and gives accurate binding

affinities but it is restricted to proteins which only contain a small number of tyrosine or

tryptophan residues. Equilibrium dialysis is the best way to obtain binding affinities for Ca2+-

binding proteins. However this method has to be carried out using a dialysis cassette or

slide-a-lyser which leak very easily and so it can take several attempts to obtain valid results.

The electrophoretic shift assay was attempted using a method adapted from Garrigos ef al in

1991. This assay can identify Ca2+-binding proteins such as calmodulin by their ability to

migrate further on SDS-PAGE performed in the presence of Ca2+ compared to SDS-PAGE

containing EGTA. This is due to a change in overall charge and conformation of the Ca2+-

binding proteins resulting from Ca2+-binding, allowing them to migrate faster. This method

has been used to demonstrate Ca2+-binding of many different proteins including calcineurin,

calmodulin, calsequestin etc (Klee et al 1979, Garrigos ef al 1991). The problem with using

this method is that not all Ca2+ binding proteins migrate faster, either because there may not

be the same charge change depending on the number of Ca2+ ions bound, or the extent of

the conformational change may be different.

Another technique attempted was measuring the fluorescence of glutathione eluted GST

proteins in the presence of fluo-4. This was adapted from a method performed by Eberhard

and Erne in 1991. This assay is based on the competition of Ca2+-binding to the protein of

interest and fluo-4, a Ca2+ indicator. This technique provides a very sensitive signal, a

thermodynamic binding constant in the physiologically relevant range and a fast response to

changes in Ca2+ concentration. The Ca2+-binding of the protein is measured by comparing

the fluorescence of fluo-4 in the presence and absence of the protein. However when the

fluorescence was measured in the presence of the protein of interest there was no increase
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in fluorescence suggesting that there was no competition between the fluo-4 and the protein

and so no Ca2+-binding could be detected. This was perhaps because the protein used was

attached to a GST tag and this may have interfered with the fluo-4 binding, therefore this

technique may only work with endogenous purified protein.

5.8 Conclusion

From the 45Ca2+ overlay assays it appeared that SH3 domains may bind Ca2+, while the

tryptophan and tyrosine fluorescence spectra gave ambiguous results. However equilibrium

dialysis experiments proved that none of the endophilin fusion proteins including the SH3

domain bound to Ca2+ despite the fact that endophilin II has been proposed to bind Ca2+.

The binding of SH3 domains to Ca2+ in the 45Ca2+ overlay assay has now been attributed to

the increase in negative charges available in the denatured proteins.
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CHAPTER 6

GENERAL DISCUSSION
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6.1 Introduction

SV exocytosis and endocytosis are essential for the propagation of nerve signals at the

synapse. These processes involve various stages which are tightly regulated by protein-

protein and protein-lipid interactions. Both SV exocytosis and endocytosis also require Ca2+,

which controls these interactions through binding to various proteins. In SV exocytosis Ca2+

binds to synaptotagmin I which is responsible for triggering fusion of SVs with the plasma

membrane. The role of Ca2+ in SV endocytosis is more unclear, although it does control

some protein-protein interactions and has been proposed to bind to a few SV endocytosis

proteins.

This thesis identifies a number of new Ca2+-dependent interactions between SH3 domains

and PRDs of SV endocytosis proteins. The majority of these Ca2+-dependent interactions
occur in the absence of Ca2+ except for an interaction with an unknown protein at 90 kDa

which is proposed in this thesis to be a new splice variant of dynamin I. Endophilin I and II

were two of the proteins previously proposed to take part in Ca2+-dependent interactions but

surprisingly neither was shown to bind Ca2+.

6.2 Ca2*-dependent interactions in SV endocytosis

The PRD proteins identified that participate in Ca2+-dependent interactions include caskin I,

synaptojanin I, amphiphysin I and II, dynamin I and synapsin, all of which bind to SH3

domains including amphiphysin I and II, endophilin I and II, p85 and syndapin. These

interactions occur either with increased binding or only occur in the absence of Ca2+. The

interactions of endophilin I and II were investigated further with different concentrations of

Ca2+ to determine the Ca2+ concentration where these interactions occurred. These

experiments showed that all of the interactions that bound only in the absence of Ca2+ did

not occur at even the lowest concentration of Ca2+ (100 nM) and those that bound less in the

presence of Ca2+ did not vary with Ca2+ concentration.
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Since these interactions terminate at the same concentration of Ca2+ and not at different

concentrations of Ca2+, this suggests that the fusion proteins and not the endogenous

proteins are responsible for the Ca2+-dependency of these interactions. On closer

examination of the domains present in SV endocytosis proteins the SH3 domains appeared

to bind Ca2+ in 45Ca2+ overlay assays. However the KDs obtained for Ca2+ for the

amphiphysin il and endophilin II SH3 domains are not consistent with the concentrations at

which Ca2+-dependent interactions take place. For example the Ca2+ KD for endophilin II SH3

is around 50 pM, whereas all Ca2+-dependent interactions with the SH3 domain of endophilin

occur at just 100 nM Ca2+. However since GST appeared to induce a Ca2+-dependent

change in the tyrosine and tryptophan fluorescence assays, the amphiphysin II and

endophilin II SH3 domains may not bind to Ca2+.

Therefore it was not entirely surprising that Ca2+-binding of both the SH3 domains and full

length endophilin I and II was not demonstrated using equilibrium dialysis. When the 45Ca2+

overlay assay was repeated using native proteins these proteins did not bind Ca2+. This

therefore shows that the denatured state of the SH3 domains allowed them to bind Ca2+.

This Ca2+~binding has been attributed to the increase in negative charge in the denatured

proteins not normally available when the protein is folded. Therefore endophilin I and II do

not seem to bind Ca2+and the mechanism for Ca2+-dependent binding with SH3 domains is

unclear at this stage.

The other possibility is that the endogenous proteins bind to Ca2+ and it is this Ca2+-binding
that controls the Ca2+-dependent interactions between the fusion proteins and the

endogenous proteins. However if Ca2+ bound to the endogenous proteins instead of the SH3

domain fusion proteins, the concentration at which this occurred would probably vary

between different proteins. Dynamin I has been proposed to bind Ca2+ with the last 20 - 30

amino acids present in the C-terminal PRD being essential for this interaction (Cousin &

Robinson 2000).
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6.3 Dynamin I may still bind Ca2+

When the PRD of dynamin I was examined for Ca2+-binding in the 45Ca2+ overlay assay in

this thesis it was demonstrated not to bind Ca2+. This could be because another part of

dynamin I as well as the PRD may be required for Ca2+-binding. To test this possibility the

45Ca2+ overlay assay could be repeated using endogenous protein to try and find out what

regions of dynamin I are required for Ca2+-binding. Another possibility is that the splice

variant used (dynamin laa) may not be the splice variant that binds to Ca2+ since there are at

8 different splice variants of dynamin I (Cao et al 1998).

It is also possible that the potential new splice variant of dynamin I identified in this thesis

could bind to Ca2+ and control the Ca2+-dependent interactions. This potential splice variant

binds to all of the SH3 domains examined including amphiphysin I and II, endophilin I and II,

p85 and syndapin. It also binds to full length endophilin I and endophilin II, demonstrating

that the interaction is not due to the isolated SH3 domain. The fact that this protein still

interacts with all of these SH3 domains suggests that the PRD is still very similar to other

splice variants of dynamin I. However these interactions only occur in the presence of Ca2+
and so Ca2+ may bind to this splice variant of dynamin I causing a conformational change

that allows it to interact with SH3 domains. This could explain why the majority of Ca2+-

dependent interactions can only occur in the absence of Ca2+ and when Ca2+ is present the

SH3 domains are able to bind this splice variant of dynamin I.

The Ca2+-binding site on this potential splice variant may be N-terminal to the PRD because

this is the region where the splice variant is proposed to vary since this region was not

covered by the peptides produced by mass spectrometry and it is not recognised by an

antibody directed against part of the C-terminus.

6.4 Could another protein bind to Ca2+?

Another way to explain how these Ca2+-dependent interactions are controlled is the fact that

Ca2+ may bind to a completely different protein not directly involved in these interactions.
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This may cause the proteins involved in these interactions to bind this protein instead

causing a decrease in interactions with other SV endocytosis proteins in the presence of

Ca2+.

An ideal candidate for this mechanism is intersectin because the neuronal splice variant

contains a C-terminal C2 domain. Ca2+ is known to bind to some C2 domains but the Ca2+-

binding of intersectin has not been investigated. Intersectin also contains 5 SH3 domains

which are known to interact with synapsin, synaptojanin, and dynamin I (Hussain eta11999,

Evergren et al 2007), three of the proteins that have been shown to participate in Ca2+-

dependent interactions. Therefore when the Ca2+ concentration increases upon nerve

terminal stimulation, Ca2+ may bind to intersectin and this may enhance the interactions

between the SH3 domains and the PRD domains of dynamin I, synapsin and synaptojanin.

This may result in a reduction of protein in interactions between these PRD proteins and

their SH3 domain Ca2+-dependent interaction partners.

Another candidate for this Ca2+-binding protein is eps15, which does bind Ca2+ (de Beer et al

1998, Confalonieri & Di Fiore 2002). This Ca2+ site has been attributed to two out of three EH

domains, each of which containing a pair of EF-hand motifs. One of these EF-hand motifs is

proposed to bind Ca2+ in EH2 and EH3 (de Beer et al 1998, Confalonieri & Di Fiore 2002).

Similar to intersectin, eps15 also interacts with many SV endocytosis proteins including

epsin, dynamin I, synaptojanin I, intersectin, AP180 and AP2 (Chen et al 1999, Slepnev &

De Camilli 2000, Morgan et al 2003). Therefore when Ca2+ binds to eps15 there could be an

increase in these interactions which may result in a reduction of interactions with SH3

domain containing proteins.

6.5 Why would Ca2+ bind to intersectin or eps15 and where would this take place?

Intersectin and eps15 are both involved in the invagination stage of SV endocytosis.

Intersectin is proposed to have be involved in the recruitment of dynamin I (Evergren et al

2007), and may have a role in the organisation of the actin cytoskeleton (Hussain et al
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2001). Eps15 is found at the growing edges of clathrin-coated pits and is thought to be

involved in the assembly of the clathrin coat (Tebar et al 1996, Morgan et al 2003).

Invagination is the step in SV endocytosis where most protein-protein interactions occur and

so this step may be very tightly regulated. Eps15 and intersectin both participate in many

interactions which could be regulated by Ca2+ possibly by Ca2+-binding to the EF-hand motif

and C2 domain respectively.

Recent studies with the Drosophila homolog of intersectin (dapl 60) and eps15 show that null

mutant flies for these two proteins show very similar defects which include reductions in the

levels of dynamin I, endophilin and synaptojanin and an accumulation of endocytic

intermediates (Evergren ef a/2007, Koh et al 2007). Therefore intersectin and eps15 are

thought to act together to stabilise several proteins at the synapse including dynamin I and

may form macromolecular complexes (Evergren et al 2007, Koh et al 2007). Intersectin and

eps15 are known to interact and during resting conditions are both found at the synaptic

vesicle cluster which surrounds the active zone, in a honeycomb-like pattern. Upon nerve

terminal stimulation intersectin and eps15 then redistribute to the plasma membrane to areas

of clathrin-mediated endocytosis (Evergren et al 2007, Koh et al 2007). Therefore eps15 and

intersectin may bind Ca2+ in the areas surrounding the active zone as the concentration here

would be around 100 nM, the concentration where some of the Ca2+-dependent interactions

(identified in this thesis) were shown to occur. This Ca2+-binding could enhance the formation

of the macromolecular complexes ready for the delivery of the SV endocytosis proteins to

the plasma membrane. Upon nerve terminal stimulation the complexes can then redistribute

to the areas of clathrin-mediated endocytosis where Ca2+ concentration is lower and the

proteins may be released to fulfil their role in SV endocytosis.

To test this theory several experiments could be performed. The first involves performing a

GST pull down experiment with GST SH3 domains such as endophilin or amphiphysin with

synaptosomes lysed in the presence and absence of Ca2+. However before the synaptosome
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lysates are incubated with the GST fusion proteins, an antibody for eps15 or intersectin

could be added to the synaptosome lysates to immunodeplete these proteins. The GST pull

down could then be performed as normal and the interactions with PRD domain proteins

examined. If these interactions are not Ca2+-dependent then it can be concluded that the

proteins responsible for controlling these interactions are eps15 or intersectin as these

proteins are now not present in the synaptosomal lysate.

Another way to test this hypothesis would be to perform immunoprecipitations with

ionomycin, which is an ionophore used to raise the intracellular Ca2+ concentration. These

experiments would be performed with synaptosome lysates previously stimulated with

ionomycin using an antibody to either eps15 or intersectin. If there is an increase in the PRD

proteins found to be coimmunoprecipitated with eps15 and intersectin after stimulation with

ionomycin (Ca2+ concentration is higher) compared to no stimulation with ionomycin it can be

concluded that these proteins may participate in Ca2+-dependent interactions.

Another way to examine these interactions is to overexpress proteins in a heterologous

system, such as HEK-293 cells. For example intersectin and dynamin I could be

overexpressed, one with a myc-tag and the other an HA-tag. The cells could then be lysed in

the presence and absence of Ca2+ and coimmunoprecipitation could be performed to see if

these proteins interact, lonomycin could also be to the medium before cell lysis to determine

what effect raising the intracellular Ca2+ had on these interactions.

To determine what effect these Ca2+-dependent interactions have on SV endocytosis,

experiments could be performed using styryl dyes or synaptopHluorin, using intersectin or

eps15 Ca2+-binding mutants. This would involve transfecting cells such as cerebellar

granular neurons with mRFP-tagged intersectin or eps15, with point mutations in the C2

domain or EF-hand motif respectively which would eliminate Ca2+-binding.
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FM dyes are not fluorescent in aqueous solution when inserted into membranes their

quantum yield increases by approximately 400 fold. Therefore to monitor SV endocytosis

with styryl dyes, cells are first incubated with styryl dyes to allow them to insert into the

plasma membrane. The cells are then stimulated using KCI and the dye is internalised into

SVs by endocytosis. The cells are then washed to remove any dye not present in SVs and

then stimulated again so that the dye from the SVs unloads and gives a measure of SV

turnover. To determine if transfecting a cell with mRFP-tagged intersectin or eps15 with

mutated Ca2+ binding domains had an effect on SV endocytosis, the fluorescence decrease

produced from vesicle unloading could be compared between untransfected and transfected

cells.

SynaptopFlluorin could be used to look at SV endocytosis by transfecting the neurons with

synaptopFlluorin and the mRFP-tagged intersectin or eps15 with mutated Ca2+~-binding
domains. SynaptopFlluorin is a pFH sensing green fluorescently tagged version of the SNARE

protein VAMP2. SynaptopFlluorin produces a fluorescent signal when exposed to the neutral

pH of the extracellular medium but when vesicle fission occurs the fluorescence is quenched

due to reacidification of the vesicle. Therefore the kinetics of SV endocytosis can be

measured by looking at the decrease in fluorescence after stimulation To see if the mRFP-

tagged intersectin or eps15 with mutated Ca2+"-binding domains, had an effect on the neuron

these fluorescence parameters could be compared against those obtained when the neuron

is transfected with empty mRFP vector.

However when the neurons are transfected with the mRFP-tagged both FM-dyes and

synaptopHluorin with intersectin or eps15 Ca2+"-binding mutants there is no guarantee that

these proteins will be dominant negative since they may not be able to replace the

endogenous proteins.
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6.6 Summary

This thesis identifies a number of different Ca2+-dependent interactions that occur in SV

endocytosis, mainly in the absence of Ca2+. It also suggests that these interactions are not

controlled by SH3 domain containing proteins such as endophilin. However a potential splice

variant of dynamin I was identified which binds to SH3 domains only in the presence of Ca2+.

Therefore this protein may bind Ca2+ but whether this may control other Ca2+-dependent

interactions is not known.

Reflecting on this project, if the work was to be repeated it may be a good idea to screen for

Ca2+-dependent interactions using another method as the GST pull-downs method was quite

time consuming and it would be better to examine a wider range of domains. This could be

done by phage display or by immobilising an endocytosis protein library on a membrane and

then incubating this with synaptosomes lysed in the presence and absence of Ca2+. To look

at the Ca2+-dependency interactions identified in the presence of Ca2+ could be compared

against interactions identified in the absence of Ca2+. The interactions identified could then

be verified by western blotting.

To examine these possible Ca2+-dependent interactions, GST pull downs and also

immunoprecipitations could be used. This would give an idea as to whether these

interactions occur in vivo as well as in vitro and would also show that the interactions are not

due to an isolated domain. To examine Ca2+-binding 45Ca2+ overlay assays could be

performed using native endogenous purified proteins which is a quick and easy method to

determine whether or not these proteins bind Ca2+, although gives no indication of Ca2+

affinity. Once Ca2+-binding is established equilibrium dialysis could be performed since it

appears to be the best assay for obtaining Ca2+ affinities.
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Figure 3.11 Alignment of rabconnectin-3 and "similar to KIAA0856"

Alignment of human rabconnectin-3 (blue), (accession number 20521676), against rat

"similar to KIAA0856" (red), (accession number 34863411). Rabconnectin-3 has an extra

800 amino acids N-terminally when compared to "similar to KIAA0856". There are also

inserts in both proteins near to the C-terminus that range between 50 and 200 amino acids.

Alignment performed by ClustalW. * = identical, : = conserved substitution.

mhlhqvltgavnpgdncysvgsvgdvpftaygsgcdivilandfecvqiipgakhgniqvscvecsnq

qgriaasygnavcifeplginshkrncqlkcqwlktgqfflssvtynlawdpqdnrlltttdsiqlwa

PPGDDILEEEEEIDNTVPPVLNDWKCVWQCKTSVSVHLMEWSPDGEYFATAGKDDCLLKVWYPMTGWK

ssiipqdhhevkrrqsstqfsfvylahpravtgfswrktskymprgsvcnvlltschdgvcrlhkdri

WAETLLPEDCLLGEQICETTTSSIASSLSHAGRQHALETIHHLKNLRKGQRRSSVLVTHAELMPDQTA

mhevqrhishhanalchfhiaasinpatdopnvlvgtafnvddgnggfwhwlmmkefhftsstevfm

HQLRKLSDKQVDHENDDADREDEEHSQEDRERGLHMKIiDHDLSLDRESEAGTGSSEHEDGEREGSPRT

YSRLSVPMPLPTVLLDRKIETLLTEWNKNPDMLFTIHPVDGTFLVWHVKYLDEYNPGIFRQVQVSFSS

RIPVAFPSGDASSLSKNIMMYACINATKDSHHTLLHQEGMSVGSPHGSQPHSRSHSTHMNILAPTVMM

ISKHIDGSLNQWAVTFADKSAFTTVLTVSHKFRYCGHRFHLNDLACHSVLPLLLTSSHHNALLTPELD

CQWDSDNKLSRLMDPVKHIKGSSKQPLRNAATRTFHDPNAIYSELILWRVDPIGPLSYTGGVSELARI
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ETASTVVNYYTLVASLLPGQPIYIQFSNHKEFKTDSSPNQAHAQAALQAVNSVQSGNT.AT.AAT.AAWN

ARMAKASPSPVLRTTVENLFYFVTLDVLHQIFSKIGTVLKIITFTKNNQFQALLLYADPAAGFSVPNV

HGAXiWLAIPSATAAGCIAIPGLAGPGNSILLVINQNPKKLPCTSPTTCPLSEDDliKSLFSSSSSWK

GFRFFQKDPPPVASEDIDKHRRRFNMRMLVPGRPVKDATPPPVPAEKPSXKEKF1PPKLSMWDYFVAK
APPVLSEDIDKHRRRFNMRMLVPGRPVKDATPPPVPAERPSYKEKFIPPELSMWDYFVAK

PFLPLSDSGVIYDSDESVHSDDEEDDAFFSDTQIQEHQDPNSYSWALLHIITMVKTJATIHNIKNFFPIAG
PFLPLSDSGVIYDSDESIHSD-EEDDAFFSDTQIQEHQDPNSYSWALLHLTMVKLALHNVKNFFPIAG
★★★★★★★★★★★★★★★★★'★★★ ★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★•★★★★★★★★

LEFSVG AGPAILRNKAMVEPEN

LEFSELPVTSPLGIAVIKNLENWEQILQEKMDQFEGPPPNYINTYPTDLSVGAGPAILRNKAMLEPEN
★★★★ ★★★★★★★★★★★•★★★★

TPFKSRDSSALPVKRLWHFLVKQEVXiQETFIRY IFTKKKKySEVEAJJLiGYPGGKAKVIHKESDMIMAF
TPFKSRDSSAFPVKRLVfHFLVKQEVLQETFIRYIFTKKRKQSEVEADLGYPGGKAKVIHKESDMIMAF

SINKANCNEIVLASTHDVQELDVTSLLACQSYIWIGEEYDRESKSSDDIDYRGSTTTLYQPGAASHSS
SVNKANCNEIVLASTHDVQELDVTSLLACQSYIWIGEEYDRESKSSDDVDYRGSTTTLYQPSATSYSA
★ I ★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★*★★★ • ★★★★★★★★★★★★ # ★ • ★ • ★ •

SQVHPPPSLPWLGSGQTSTGATVLMKRNDHNVKRMTSHPVHQYYi.TGAyDGSVKMFEWTRPQQLVCFR
SQVHPPSSLFWLGTGQTSTGASVLMKRNLHNVKRMTSHPVHQYYLTGAQDGSVRMFEWTRPQQLVCFR
★★★★★★#★★★★★★;★★★★★★★•★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★*★★★★★★

QAGNARVTRLYFNSQGNKGRKELGIRGKHRETAVGGVCEVGSEQASVIGYFTFGKNSEYLCLVFMPFL
QAGNARVTRLYFNSQGNK
★★★★★★★★★★★★★★★★★★

QCGVADGEGFLSIWQVNQTASNPKPYMSWQCHSKATSDFAFITSSSLVATSGQSNDNRNVCLWDTLIS
-CGVADGEGFLSIWQVNQTASNPKPYMSWQCHSKATSDFAFITSSSLVATSGHSNDNRNVCLWDTLIS

219



PGNSLIHGFTCHDHGATVLQYAPKQQLLISGGRKGYICIFDIRQRQLMHTFQAHDSAIKALALDSCEE
PGNSLIHGFTCHDHGATVLQYAPKQQLLISGGRKGHVCIFDIRQRQLIHTFQAHDSAIKALALDPYEE
★ ★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★★ • • ★★★★★★★★★★ • ★*★*★★★★★★★★★★★★

# * ★

YFTTGSAEGNIKVWRLTGHGLIHSFKSEHAKQSIFRNIGAGVMQIEISQDNRLFSCGADGTLKTRVLP
YFTTGSAEGNIKVWRLTGHGLIHSFKSEYAKQSIFRNIGAGVMQIDIIQGNRLFSCGADGTLKTRVLP
★★★★★★★★★★★★★★★★★★★★★★★★★★★★ • ★★★★★★★★★★★★★★★★ l ★ ★ # *★★★★★★★★★★★★★★★★★

SAFNIPNRIIiDIL SIMILAR TO KIAA0856
NAFNIPNRILDIL RABCONNECTIN-3
★★★★★★★★★★★★
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