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ABSTRACT

Communication between neurones in brain occurs at specialised zones, the synapses.
The transport of proteins and organelles to these active regions relies on motor proteins.
Motors associate with their cargoes either directly or via adaptor proteins. GABA
receptor interacting factor-1, GRIF-1, is thought to function as a scaffold linking
kinesin-1 to mitochondria and/or vesicle-enclosed GABA, receptors for transportation
to synapses.

A confocal microscopy approach was used to investigate the association between GRIF-
1 and the prototypic kinesin-1, KIF5C, GRIF-1 and the GABA, receptor and GRIF-1
and the enzyme, 3-O-linked N-acetylglucosamine transferase (OGT). Enhanced yellow
or cyan fluorescent (EYFP, ECFP respectively) fusion proteins of GRIF-1, KIF5C, the
motor domain of KIF5C, the non-motor domain of KIF5C, the GABA, receptor 32
subunit and OGT were generated. The fusion proteins were characterised and their
distribution in mammalian cell lines was examined. To characterise further GRIF-
1/KIF5C interactions, fluorescence resonance energy transfer analyses were carried out.
These studies showed that ECFP-GRIF-1 was associated directly with the carboxyl-
terminal, non-motor domain of EYFP-KIF5C. Cellular organelles in cells
overexpressing ECFP-GRIF-1 and EYFP-KIF5C were fluorescently labelled. In these
cells, mitochondria were found re-distributed to GRIF-1 enriched regions.

Searching for novel GRIF-1 associated proteins, a yeast two-hybrid cDNA library
screen using the bait, GRIF-1 (545-913), was carried out and a partial cDNA encoding
an interactor was isolated. Characterisation of this cDNA revealed that it encoded a
mitochondrial isoform of OGT.

The potential use of the CytoTrap® yeast two-hybrid system to identify new GRIF-1
interactors was investigated. A full length GRIF-1 bait fusion protein was generated,
characterised and the CytoTrap® yeast two-hybrid system evaluated.

To conclude, the analysis of GRIF-1 and its associated proteins indicates a role for
GRIF-1 as an adaptor linking kinesin-1 to its cargoes, i.e. mitochondria and vesicle-

enclosed GABA4 receptors. This association may be regulated by the enzyme OGT.
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Chapter 1

1.1. KINESINS AND FAST TRANSPORT MECHANISMS IN
NEURONES

Neurones are asymetric, polarised cells formed by a cell body, numerous dendrites and
a single, long axon (Figure 1.1). Dendrites and axon terminals are specialised cellular
extensions that connect adjacent neurones. The contact zones or synapses underly
synaptic transmission (section 1.2). Axon terminals form the presynapse and they send
synaptic signals to other neurones. Dendrites form the postsynapse and they receive
synaptic inputs from surrounding neurones.

Maintenance of neuronal function relies on the presence of specific proteins and
organelles in a given neuronal location, e.g. postsynaptic receptors in dendritic
membranes or mitochondria in axon terminal. Synaptic proteins and organelles are
generally synthesized in the cell body although some local protein synthesis also occurs
in the dendrites. They are targeted to the synapses by fast axonal/dendritic transport
processes performed by molecular motors. Motor proteins transport various cargoes to
their destination by travelling via the neuronal cytoskeleton network. These trafficking
mechanisms are highly regulated. The role of the protein, GABA, receptor interacting
factor-1, GRIF-1, in these transport processes is addressed in this PhD-thesis.

1.1.1. The neuronal cytoskeleton

The cytoskeleton network consists of microtubules, actin microfilaments and
neurofilaments (Baas and Ahmad, 2001).

Microtubules- Microtubules are polymers of o- and B-tubulin. They are polarised
structures with a fast growing- or plus-end and an opposite slow growing- or minus-end.
In the axon and distal dendrites, microtubules are oriented with their plus-end radiating
either from the cell body to the synapse, or from the cell body to the dendrites
respectively. In proximal dendrites, microtubules have mixed orientations (Baas et al.,
1988). Microtubules are highly unstable structures that assemble and disassemble
constantly. They are stabilised by microtubule-associated-proteins (MAPs) that differ
according to their axonal or dendritic location. For example, tau is a MAP found in
axons whereas MAP?2 is localised in dendrites (Dotti ef al., 1987).

Actin microfilaments- Actin microfilaments result from the polymerisation of actin
subunits and they are polarised similarly to the microtubules (Baas and Ahmad, 2001).
Actin microfilaments are found undemeath the plasma membrane. They are particularly

enriched within dendritic spines at post-synaptic sites and at axon termini.
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Microtubules and actin microfilaments serve as tracks for molecular motors in fast

axonal/dendritic transport processes.

Neurotransmitter

. receptor —
Dendriti(
spine"
Nucleus
-E 1 i
Cell body ndt)p asmic
reticulum
uGolgi apparatus
. Mitochondria
Dendrite!
-Kinesin
Microtubule
Axon
Dynein
Myosin. Presynaptic vesicles
Actin
Synapse
Postsynaptic ynap

neurotransmitter receptor

Extrasynaptic -———

neurotransmitter receptor

Figure 1.1. A schematic diagram depicting the general organisation of a neurone. A neurone is an
asymétrie cell composed of a cell body, dendrites and a long axon. Neuronal components such as
organelles, neurotransmitter receptors and other synaptic proteins are transported to and from the
dendrites and to and from axonal terminals by molecular motor proteins. Those are kinesins, dyneins and
myosins. Molecular motors move their cargoes along the neuronal cytoskeleton. Kinesins move
anterogradely towards the microtubule plus-end. Dyneins move retrogradely towards the microtubule
minus-end. Myosins can move in both directions along actin filaments in areas devoided of microtubules
such as the dendritic spines or axon terminals.

Neurofilaments- Neurofilaments (NF) are formed of 3 subunits with low (L), medium

(M) and high (H) molecular weights, i.e. NF-L, NF-M and NF-H (Baas and Ahmad,
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2001). Neurofilaments are mostly found within the axon where they help to maintain

the axon structure.
1.1.2. The meolecular motors

Motor proteins are ATPases. They move along microtubules or actin microfilaments by
hydrolysing ATP (reviewed in Vale, 2003). They are composed of 2 functional
domains: a cargo binding domain and a motor domain that contains the ATPase activity
and the microtubule/actin binding site. Three molecular motor superfamilies have been
identified: kinesin, cytoplasmic dynein and unconventional myosin. Kinesins and
dyneins are microtubule-based motors whereas myosins are actin-based motors.
Kinesins and dyneins are responsible for long-distance vesicular transport whereas
myosins carry out short range vesicular transport.

Kinesins- This thesis focuses on kinesins and they are described in detail in section
1.1.3.

Dyneins- Cytoplasmic dyneins, referred to hereafter as dyneins, transport vesicular
cargoes and organelles towards the minus-end of the microtubules. They are protein
complexes composed of 2 heavy chains (HC), 2 intermediate chains (IC), 4 light
intermediate chains (LIC) and several light chains (LC) (Kamal and Goldstein, 2002)
(Figure 1.2 A). The HCs form a motor domain that contains a microtubule binding site
and several ATP binding sites. LCs and LICs are involved in cargo attachment. Dynein
is always associated with the dynactin complex via the interaction of the LICs with the
plSOG]ued subunit of the dynactin complex (Kamal and Goldstein, 2002; Vale, 2003).
The dynactin complex is necessary for the attachment of dynein to its different cargoes
and for the regulation of dynein motility.

Myosins- Unconventional myosins, referred to hereafter as myosins, ensure short range
anterograde and retrograde transport of vesicular cargoes and organelles along actin
microfilaments (Mermall et al, 1998). Among the 18 classes of myosin motor
identified, myosin-Vs are the most studied (reviewed in Langford, 2002). They carry
out actin-based transport of the endoplasmic reticulum (ER), synaptic vesicles and
neurotransmitter receptors in neurones (Langford, 2002; Lisé et al, 2006). Myosin-Vs
transport also pigment granules, i.e. melanophores, in melanocytes. Myosin-Vs are
heteromers composed of 2 HCs and 12 calmodulin-like LCs (6 LCs per HCs) (Figure
1.2 B). The HCs contain 3 functional domains: (i) an N-terminal motor domain with
actin, ATP and LC binding sites, (ii) a medial tail domain serving for the dimerisation

of the 2 HCs and containing regulation sites and (iii) a C-terminal cargo binding
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domain. Attachment of myosin-Vs to their cargoes is mediated by vesicle-specific Rab
proteins. Additional adaptor proteins can be necessary to bridge myosin-V to Rab
proteins. For example, the protein melanophilin interacts with both myosin-V and
Rab27, a Rab-protein found in the membrane of melanophores, thus linking motor and
cargo (Langford, 2002). Myosin-V is associated with microtubule motors. This is

discussed in section 1.1.3.4.
1.1.3 Kinesins

1.1.3.1. Identification, structure and function

The kinesin superfamily (KIF) of molecular motors are ATPases that mediate
anterograde transport of organelles along microtubules. More than 40 different kinesin
proteins have been identified in human and mouse and classified into 14 phylogenetic
kinesin families (kinesin-1 to kinesin-14) (Lawrence et al., 2004). The nucleotide and
amino acid sequences encoding the motor domain are highly conserved across families
whereas the nucleotide and amino acid sequences encoding the remaining region show
little similarities (Hirokawa and Takemura, 2005). The position of the motor domain
can vary across families. For example, kinesin-1 proteins have an N-terminal motor
domain whereas kinesin-13 members have a middle motor domain and kinesin-14
proteins a C-terminal motor domain (Hirokawa and Takemura, 2005).

The conventional kinesin (kinesin-1) was initially isolated from squid axoplasm, bovine
and chick brains, searching for a “translocator”, i.e. a protein responsible for fast
microtubule-based organelle transport (Vale et al., 1985; Brady, 1985). Kinesin was co-
purified with microtubules in the presence of the non-hydrolysable ATP analogue,
adenylyl imidodiphosphate (AMP-PNP), as it was known that the “translocator” could
not dissociate from microtubules under this condition. The purified kinesin was a 130
kDa protein with a microtubule-dependent ATPase activity (Brady, 1985; Vale et al.,
1985; Kuznetsov and Gelfand, 1986). Further, the isolated protein could mediate
microtubules, beads and organelles movements in in vitro motility assays (Brady, 1985,
Vale et al., 1985). The purified kinesin was found associated with membranous
organelles and it was shown to be involved in their anterograde transport (Hollenbeck et
al., 1989; Hirokawa et al., 1991).

The human conventional kinesin was identified, cloned and characterised by Navone et
al. (1992). It was isolated from a human placenta complementary DNA (cDNA) library
using a probe based on the sequence of the Drosophila kinesin C-terminal domain.

Most of the mouse kinesin genes were discovered by Hirokawa’s group (Aizawa et al.,
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1992; Nagawa et al, 1997). This was done using polymerase chain reaction method

with degenerate primers designed according to the nucleotide sequence ofkinesin motor

domains already identified using as template, mouse brain cDNA libraries.
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Figure 1.2. A schematic representation of the molecular motors dynein, myosin and kinesin. A,
dynein; B, myosin-V; C, kinesin-1. Taken from Karcher ef ai, 2002.

The structure of'the conventional kinesin (kinesin-1) was first determined using purified

bovine brain kinesin (Kuznetsov et al, 1988). Kinesin is a heterotetramer consisting of

2 kinesin heavy chains (KHCs), or KIF5s, with a molecular weight (Mr) of 120 kDa and
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2 kinesin light chains (KLCs) with M; ~ 62 kDa (Figure 1.2 C). Each KHC consists of
(i) an N-terminal motor domain containing a microtubule binding site and the ATPase
activity (Kuznetsov et al., 1989), (ii) a C-terminal domain with a membrane binding site
(Skoufias et al., 1994) and for the interaction of KHC with KLCs (Diefenbach et al.,
1998) (iii) a central coiled-coil region serving for dimerisation of KHCs. The KLCs are
formed of 15 N-terminal hepta repeats for the interaction with KHC and 7 C-terminal
tetratricopeptide repeats (TPRs) (Cyr et al., 1991; Gauger et al., 1993). TPRs are 34
amino acid repeats that mediate protein-protein interactions (Lamb et al., 1995). In
mouse, 3 KHC isoforms, KIF5A, KIF5B and KIF5C, and 3 KLC isoforms, KLCI,
KLC2 and KLC3, have been identified (Aizawa et al., 1992; Nagawa et al., 1997,
Rahman et al., 1998). KIF5A, KIF5C and KLC1 are found in neurones whereas KIFSB
and KLC2 are distributed ubiquitously. The localisation of KLC3 is not known.

As mentioned earlier, many different kinesin molecules have been identified. The
diversity of existing kinesins accounts for the importance of their function: kinesins are
involved in fast intracellular transport, cell cycle processes and neuronal development
(Hirokawa and Takemura, 2005). This thesis focuses on the role of kinesin in fast
axonal/dendritic transport mechanisms.

In neurones, kinesin-driven anterograde transport ensures the correct localisation of
neurotransmitter receptors, ion channels, organelles and dendritic mRNAs. For example
the kinesin-1 protein, KIFSB, trafficks the o-amino-3-hydroxy-5-methylisoxazole-4-
propionate (AMPA) receptor GluR2 subunit to dendrites (Setou et al., 2002; sections
1.1.3.2-1.1.3.3). Kinesin-1 molecules, KIF5A, KIFSB and KIF5C are also involved in
mRNA granule transport to the dendrites for local protein synthesis (Kanai ef al., 2004).
The kinesin-2 protein, KIF17, transports N-methyl-D-aspartate (NMDA) receptors
(Setou et al., 2000; sections 1.1.3.2-1.1.3.3) and potassium channels Kv4.2 (Chu et al.,
2005; section 1.1.3.3) to the dendrites. Kinesins also play an important role in
mitochondrial transport in neurones (section 1.1.4).

1.1.3.2. Kinesin/cargo interactions

A given kinesin can transport various cargoes along microtubules as described above
for KIFSB (section 1.1.3.1). The specific attachment of kinesin to a cargo is mediated
by adaptor proteins. These molecules provide a physical link between the motor and its
cargo. Recently, several adaptors have been identified (Hirokawa and Takemura, 2005).
Known kinesin/adaptor complexes are summarised in Table 1.1. Some examples are

described hereafter.
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Cargo Adaptor Kinesin isoform* Reference
AMPA receptors GRIP1 KIF5Agg7.034, B, C Setou et al., 2002
mLin-10/mLin-
NMDA receptors 5 /&inﬂ 1n KIF17539.1039 Setou et al., 2000
. . Milton KIF5Bg; 0801 Stowers et al., 2002
Mitochondria Syntabulin KIF5Bg14 063 Cai et al., 2005
Syntaxinl Syntabulin KIF5Bs14-963 Su et al., 2004
Synaptic vesicles APLIP-1 KLC Horiuchi et al., 2005
precursor Liprin-a KIFS, KIF1A Miller et al., 2005
APP JIP 1 KLC Matsuda et al., 2003
APOER2 JIP 1-2 KLC Verhey et al., 2001
mRNA Protein complex |KIF5A, B, Cgss.923 Kanai et al., 2004
Dystrophin associated . .
protein complex Dystrobrevin KIF5Ag04-934 Macioce et al., 2003
Nuclear export Ran ‘t?lndmg KIFS Cai et al., 2001
complex protein 2
Vesicles Kinectin Kinesin-1 Toyoshima et al.,
1992
KLC (TPRs) Wisniewski et al.,
Unknown YETI KIFSg5097s 2003

Table 1.1. A summary of the known adaptor proteins linking kinesin motors to their cargoes. * The
adaptor protein binding site on kinesin is indicated as subscript when known. The full length KIF5A,
KIF5B, KIF5C and KIF17 are 1027, 963, 957 and 1039 amino acid long respectively.

The glutamate receptor interacting protein 1, GRIP1, links GluR2-containing AMPA
receptors to the kinesin-1 heavy chains, KIF5 (Dong et al., 1997; Setou et al., 2002).
GRIP1 is a cytoplasmic protein found at the synapse. It contains 7 PDZ (postsynaptic
density-95 (PSD-95), Drosophila discs large tumor suppressor gene A (DIgA), zonula
occludens-1 (ZO-1)) domains. The PDZ domains 4-5 bind to the AMPA receptor
GluR2 subunit (Dong et al., 1997). The region between PDZ domains 6-7 mediates the
interaction with the KIF5B C-terminal domain (KIF5B residues 807-1027) (Setou ef al.,
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2002). The KIF5/GRIP1/AMPA receptor complex is targeted to the dendrites following
the interaction between KIFS and GRIP1 (section 1.1.3.3).

Kinesin-1 is also involved in amyloid precursor protein (APP) transport processes. The
APP interaction with KLC is mediated by the adaptor protein, c-Jun NH,-terminal
kinase (JNK)-interacting protein 1 (JIP1). This protein, JIP1, serves as an anchor point
for MAP kinases that activate the JNK signaling pathway. JIP-1 associates with the
TPRs of KLC by its C-terminal domain (Matsuda e? al., 2003).

The kinesin-2 protein, KIF17, association with NR2B subunit-containing NMDA
receptors is indirect. KIF17 interacts with the PDZ domain-containing protein complex,
mLin-10/mLin-2/mLin-7, that in turn binds the NMDA receptor NR2B subunit (Setou
et al., 2000). The KIF17 C-terminal region (residues 939-1038) interacts with a C-
terminal PDZ domain of mLin-10 as shown by yeast two-hybrid studies. Co-
immunoprecipitation analyses confirmed that KIF17 was associated with the mLin-
10/mLin-2/mLin-7/NR2B subunit-containing NMDA receptor complex in brain.
Association of KIF17 with mLin-10 is essential for NMDA receptor NR2B subunit
trafficking as shown by in vitro motility assays.

1.1.3.3. Axonal versus dendritic anterograde transport

Kinesin motors selectively deliver their cargoes either to the dendrites or to the axon.
For example, kinesin-1 (KIF5) targets AMPA receptors to dendrites and apolipoprotein
E receptor 2 (APOER?2) receptors to axon terminals (Setou et al., 2002; Verhey et al.,
2001), kinesin-2 (KIF17) transports NMDA receptors and Kv4.2 potassium channels to
dendrites (Setou et al., 2000; Chu et al., 2005, section 1.1.3.1). It is still not clear how
selective axonal/dendritic transport is achieved but recent findings suggest that the
ability of the molecular motor to recognise axonal versus dendritic microtubules and/or
targeting signals within the cargo could target the molecular motor to the correct
compartment.

Kinesins can distinguish axonal from dendritic microtubules. This is because
microtubules in these regions have different biochemical properties that may affect
motor-microtubule interactions (Nakata and Hirokawa, 2003; Jacobson ef al., 2006). In
hippocampal neuronal cultures, KIF5 motor domains recognise the axon initial segment
and move preferentially to axon terminals (Nakata and Hirokawa, 2003; Jacobson ef al.,
2006). This selectivity is lost following application of paclitaxel, a chemical that
inhibits microtubule dynamics by modifying tubulin and MAP phosphorylation
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patterns. This suggests that selective accumulation of KIFS in the axon is dependent on
microtubule properties.

However targeting of KIFS/GRIP1 complexes to dendrites (Setou et al., 2002) is in
contrast with the previous observations and it indicates that additional signals direct the
direction of kinesin movements. As mentioned earlier (section 1.1.3.2), GRIP1 consists
of 7 PDZ domains with PDZ domains 4-7 involved in the attachment to kinesin-1 and to
the AMPA receptor GluR2 subunit. Thus, it could be possible that PDZ domains 1-3
interact with another protein containing a dendritic targeting sequence. Alternatively,
the GluR2 subunit could carry this targeting signal itself thereby enabling the specific
dendritic localisation. Thus the ability of the motor to recognise axonal from dendritic
microtubules is not sufficient for the correct targeting of motor/cargo complexes.

This is supported by recent studies on the trafficking of the potassium channel Kv4.2
(Rivera et al., 2003; Chu et al., 2005). KIF17 transports Kv4.2 channels to the dendrites
(Chu et al., 2005). However a Kv4.2 dileucine motif within Kv4.2 is essential for
dendritic targeting (Rivera et al, 2003). Thus, in this example correct dendritic
localisation of Kv4.2 channels requires both the motor protein, KIF17, and the cargo
targeting sequence.

1.1.3.4. Regulation of kinesin function

Kinesin function can be regulated by conformational changes and by post-translational
modifications.

In cells, kinesin is found as both a soluble form and an organelle-associated form
(Hollenbeck, 1989). Soluble kinesin is in a folded conformation that prevents kinesin
from binding to microtubules (Hackney et al., 1992; Friedman and Vale, 1999; Coy et
al., 1999). In contrast, organelle-associated kinesin is an extended, motile microtubule-
bound form. The inactive folded conformation results from the interaction of the KHC
tail domain with the KHC motor domain (Friedman and Vale, 1999; Coy et al., 1999).
This conformation is stabilised by KLCs (Verhey et al, 1998). In in vitro assays,
kinesin motility can be restored by binding to a cargo (Coy et al., 1999). This suggests
that association of kinesin to its cargo mediates the transition from the folded to the
unfolded form thereby enabling movement along microtubules.

In addition to these conformational changes, kinesin motor activity and kinesin cargo
attachment can be modulated by post-translational modifications. Kinesin is
phosphorylated on serine residues in vivo within its non-motor region (Hollenbeck,

1993). The level of kinesin phosphorylation is increased in cells with intense
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anterograde trafficking (Lee and Hollenbeck, 1995). Further, organelle-associated
kinesin is more phosphorylated than the soluble form of kinesin (Lee and Hollenbeck,
1995). Therefore it was proposed that phosphorylation could regulate kinesin motor
activities and/or its association with organelles. Another study showed that, in vivo,
KLC was specifically phosphorylated by the serine/threonine kinase, glycogen synthase
kinase 3 (GSK3), which resulted in cargo detachment and inhibition of kinesin-based
transport (Morfini et al., 2002). Since GSK3 is expressed in specific neuronal locations
such as the growth cone, it was proposed that GSK3 phosphorylation could regulate the
cargo delivery at specific sites within the neurone.

1.1.3.5. Coordination of molecular motor activities

Cargoes such as mitochondria and synaptic vesicle precursors are moved along
microtubules anterogradely by kinesins and retrogradely by dyneins (Hollenbeck and
Saxton, 2005; Pilling et al., 2006; Miller et al., 2005). Subsequently, their delivery to
specific actin-rich neuronal areas lacking microtubules such as dendrites or axon
terminals is achieved by myosins (Dillon and Goda, 2006; Hollenbeck and Saxton,
2005). Thus, transport and targeting of cargoes involve both microtubule- and actin-
based motors. Several motors can be present on the same cargo, e.g. both dynein and
kinesin are found on mitochondria (Pilling ef al., 2006). Therefore motor activities must
be tightly coordinated so that the cargo can switch from the microtubule to the actin
track for a successful delivery (Welte, 2004). It has been proposed that motor activities
could be coordinated by turning-off one motor and turning-on another one (Gross et al.,
2002; Kural et al.,, 2005). This may be achieved via motor-motor interactions as
kinesin-1 KHCs (residues 763-856) were found to associate with myosin-V in mouse
brain (Huang et al., 1999).

A direct interaction of dynein with kinesin-1 KL.Cs was revealed by yeast two-hybrid
studies (Ligon et al, 2004). Dynein was mainly found associated with KLC in the
soluble pool of inactive kinesin isolated from rat brain. It was proposed that binding of
dynein to KLC could activate kinesin motility (section 1.1.3.3). Immunocytochemistry
analyses showed that kinesin and dynein were co-localised on some vesicles transported
along microtubules. It was suggested that kinesin could transport newly synthetised
inactive dynein molecules to the microtubule minus-end (Ligon ef al., 2004).

Additional studies from the Saxton laboratory also suggested that kinesin and dynein-
based transports were inter-dependent. Work from Martin et al. (1999) showed that a

mutation in dynein heavy chain and in the dynein-associated protein, dynactin, impaired
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both anterograde and retrograde transport processes (Martin et al., 1999). It was also
shown that kinesin-1 was necessary for the dynein-based retrograde transport of
mitochondria in neurones (Pilling ef al., 2006). Indeed disruption of KHC expression in
flies affected both anterograde and retrograde transport of mitochondria. Another study
showed that the Drosophila adaptor protein, APP like protein-1, (APLIP-1) was
important for both anterograde and retrograde transport of synaptic vesicles (Horiuchi ez
al., 2005). APLIP-1 is the Drosophila homologue of the JNK signalling pathway
scaffold protein, JIP1. Since APLIP1 binds to both kinesin-1 (KLC) and dynein, it was
proposed that kinesin-1 and dynein activities were coordinated by the JNK-signalling
pathway.

1.1.4. Mechanisms of mitochondrial transport in neurones

In neurones, mitochondria are found at energy-demanding sites where they provide the
ATP necessary for metabolic reactions and they buffer cytosolic calcium. Transport of
mitochondria to these regions is stimulated by synaptic activity (Li et al., 2004) and
extracellular molecules such as neuronal growth factor (NGF) (Chada and Hollenbeck,
2004). Mitochondrial transport is performed by molecular motors. Dyneins and kinesins
move mitochondria along microtubules and in areas devoided of microtubules, myosins
transport these organelles along actin filaments (Morris and Hollenbeck, 1995).
Kinesin-1 and kinesin-3 motor proteins, ie. KIFSB and KIF1Ba, transport
mitochondria anterogradely to the axon terminal and to dendrites (Elluru et al., 1995;
Tanaka et al., 1998; Hirokawa and Takemura, 2005). Dyneins transport mitochondria
retrogradely to the cell body in a kinesin-1-dependent manner (Hollenbeck and Saxton,
2005; Pilling et al., 2006). The minus-end-directed kinesin-14 motor, KIFC2, could also
be involved in retrograde transport processes (Hirokawa and Takemura, 2005).
Targeting of mitochondria to kinesin can be mediated via the KLC and/or adaptor
proteins. In contrast with mouse brain where 2 KLC isoforms co-exists (section
1.1.3.1), 5 KLC isoforms have been identified by phage-display in chinese hamster
ovary cells (Khodjakov et al., 1998). They all interact with KHC but only one of them
co-localises with mitochondria. Therefore it has been proposed that this isoform could
target mitochondria to KHC.

Scaffolding proteins essential for microtubule-based mitochondrial transport, have been
recently identified in rat and in Drosophila (Table 1.1). In rat hippocampal neurones the

protein, syntabulin, facilitates mitochondrial anterograde axonal transport (Cai et al.,
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2005). Depletion of syntabulin expression results in impairment of this transport. The
Drosophila protein, Milton, is a kinesin-1-associated protein necessary for the proper
distribution of mitochondria at the synaptic terminal (Stowers et al, 2002; section
1.3.2). In Milton mutants, mitochondria are not trafficked to the axon terminals and they
accumulate in the cell body (Stowers et al., 2002; Gorska-Andrzejak et al., 2003; Glater
et al., 2006). Another Drosophila protein, APLIP-1, is required for the retrograde
transport of mitochondria (Horiuchi et al., 2005). As noticed earlier, APLIP-1 is the
Drosophila homologue of JIP1 and it associates with both kinesin-1 and dynein (section
1.1.3.4). In APLIP-1 mutants, retrograde transport of mitochondria is significantly
reduced thus suggesting an important role for APLIP-1 in this process.

The importance of APLIP-1 in mitochondrial retrograde transport suggests that
trafficking of mitochondria could be regulated by the JNK signalling pathway (Horiuchi
et al., 2005).Mitochondrial transport may also be regulated by small GTPases as
suggested by the identification of the Drosophila GTPase, dmiro (Guo et al., 2005).
This protein consists of a mitochondrial transmembrane domain for mitochondrial
targeting, 2 EF hand motifs for calcium binding and 2 GTPase domains. In dmiro
mutant flies, mitochondria accumulate in the cell soma as seen in Milton mutants.
Further, dmiro and Milton were shown recently to interact, thereby providing a link
between Milton and mitochondria (Glater et al., 2006).

1.1.5. Molecular motors and neurodegenerative diseases

Defects in axonal/dendritic transport have been linked to neurodegenerative diseases.
These defects can be caused by mutations of the molecular motor, misregulation of the
cargo attachment/release processes or interference with the formation of the transport
machinery.

A mutation in KIF1B, a kinesin transporting synaptic precursors and mitochondria to
axon terminals, is found in Charcot-Marie-Tooth disease type 2 (Zhao et al., 2001). A
mutation in KIF5A is found in hereditary spastic paraplegia, a disease characterised by
lower-limb weakness (Reid ef al., 2002). A mutation in dynein or its associated protein,
dynactin/plSOG]“ed, has been found in patients with motor neurone disease (Hafezparast
et al., 2003). Finally, a mutation in myosin-V has been found in Griscelli syndrome type
2 patients, a disease characterised by pigmentation defects and neurologic dysfunctions
(Pastural et al., 1997).

Recent studies suggest that misregulating kinesin/cargo attachment could be involved in
Alzheimer’s disease pathology (Morfini et al, 2002; Morfini et al., 2004). As
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mentioned earlier (section 1.1.3.4), the protein kinase, GSK3, regulates the attachment
of kinesin-1 to membranous organelles by phosphorylating KL.C. Activation of GSK3 is
dependent on another enzyme, cyclin dependent kinase 5 (CDKS5). Since CDKS5 and
GSK3 activities are changed in Alzheimer’s disease, it has been suggested that these
alterations could account for axonal transport deficiencies seen in this disease.

Another neurodegenerative disease, Huntington’s disease has also been linked to
defects in both anterograde and retrograde transport. This disease is characterised by the
addition of glutamine repeats (polyQ) to the protein huntingtin (htt), a protein involved
in brain-derived neurotrophic factor (BDNF) transport via its association with
huntingtin-associated protein, HAP1 (Gauthier et al., 2004; sections 1.2.2.2.6, 1.3.2.4).
The affinity of htt for HAP1 increases in a polyQ-dependent manner. Thus, it has been
suggested that this stronger polyQ-htt/HAP1 interaction could affect fast axonal
transport by preventing HAP1 from binding efficiently to molecular motors.

1.2. GENERAL MECHANISMS OF FAST SYNAPTIC
TRANSMISSION AT CHEMICAL SYNAPSES

Communication between adjacent neurones occurs at the synapses where synaptic
information is transmitted as an electrical signal, the action potential (AP). Synapses are
specialised zones of contact between the axon terminal of a neurone, i.e. the presynapse,
and the dendrite of an adjacent neurone, i.e. the postsynapse. There are 2 distinct classes
of synapses: electrical and chemical synapses. At electrical synapses, pre- and
postsynaptic compartments are connected by gap junctions through which the AP flows.
At chemical synapses, pre- and postsynaptic compartments are separated by an
extracellular space, the synaptic cleft. The AP is converted into a chemical signal via
the presynaptic release of neurotransmitter molecules which diffuse across the synaptic
cleft and subsequently bind to postsynaptic receptors located in the dendritic membrane
(Figure 1.3). Based on structure/function properties, neurotransmitter receptors can be
broadly classified into 2 types, ionotropic or metabotropic receptors. lonotropic
receptors are usually ligand-gated ion channels. They mediate fast synaptic
transmission. Metabotropic receptors are coupled to G-proteins. Their activation results

in slow synaptic transmission. Depending on the nature of the neurotransmitter released,
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Figure 1.3. A schematic representation of a neurone during fast synaptic transmission at chemical
synapses. The Figure shows the structure/function relationship of a neurone within a neuronal network.
A, Dendrites make connections with axon terminals of neighbouring neurones. Neurotransmitters are
released by the axon terminals, i.e. the presynapse, and they bind to their receptors located in the dendritic
membrane, i.e. postsynapse. Activated neurotransmitter receptors open allowing ions to enter the cell.
The resulting depolarisation activates voltage-gated Na” and channels resulting in an enhancement of
the initial depolarisation. Ifthe depolarisation reaches a threshold, an AP is generated. The AP propagates
down the axon by depolarising the axonal membrane and activating voltage-gated Na" and K* ion
channels. B, Enlargement of the boxed region in A. Arrival of the AP at the axon terminal activates
voltage-gated Ca™ channels leading to neurotransmitter release in the synaptic cleft and their binding to
postsynaptic neurotransmitter receptors.
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synaptic transmission is excitatory or inhibitory. Only fast synaptic neurotransmission
at chemical synapses will be considered in this section.

1.2.1. Jon movements across neuronal membrane

Neurones can actively change their membrane potential in response to extracellular
stimuli. At rest the intracellular space is relatively more negatively charged than the
extracellular space. Upon stimulation, with electrodes for example, the membrane is
depolarised, i.e. the intracellular space becomes relatively more positively charged than
the extracellular space. Depolarisation of the neuronal membrane above a critical
threshold leads to an AP (reviewed in Elmslie, 2001).

Neurones contain specific concentrations of several ions, i.e. potassium (K'), sodium
(Na"), chloride (CI") and calcium (Ca®"). Higher K™ concentrations are found in the
intracellular space than in the extracellular space but the converse is true for Na*, CI
and Ca®*. Jon movements between intracellular and extracellular sides across the
impermeable neuronal membrane occur through ion channels. These form selective
pores that are either constitutively opened, e.g. leakage channels, or opened in response
to a stimulus, e.g. voltage-gated or ligand-gated ion channels. Ion movements are driven
by the ion concentration and electrical gradients. For example, K™ flows towards the
extracellular side and Na®, CI, Ca’* flow intracellularly. At rest the membrane is
relatively more permeable to K through K' leakage channels and this contributes
largely to the negative resting potential. In depolarised neurones, the membrane
becomes more permeable to Na”.

1.2.2. Generation and propagation of the action potential

At chemical synapses, the neuronal membrane is depolarised following ion movements
through activated ligand-gated ionotropic ion channels such as AMPA receptors (see
section 1.2.4). Membrane depolarisation results in activation of voltage-gated Na” and
K" channels. Na* channels have faster activation and inactivation kinetics and thus they
open first. K™ channels open later during the closing phase of Na* channels. Following
opening of voltage-gated Na* channels, Na* enters the cell. The increase in intracellular
Na' concentration further enhances the initial depolarisation and additional voltage-
gated Na* channels open (Figure 1.4). This positive feedback process goes on until a
threshold depolarisation is reached leading to the AP (Figure 1.4). If the threshold
potential is not reached, no AP is generated. This is the “all-or-nothing” principle. APs
are usually generated at the axon hillock, also called, the initial segment. This region

connects the cell body of a neurone to the axon. It is highly enriched in voltage-gated
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Na” channels and it has a membrane potential close to threshold. Na”* channels are
closed and inactivated within milliseeonds after their opening. At the same time,
voltage-gated channels activated by the initial depolarisation open. This allows the
exit of towards the extracellular side and the repolarisation of the neuronal
membrane to the resting potential (Figure 1.4). The entry of Na™ into the cell
corresponds to the rising phase of the AP and the exit to its falling phase (Figure
1.4).

Rising phase Falling phase
+30 mV Action potential
0 mV
-55 mV Threshold potential
Repolarisation
=70 mV Resting potential

Hyperpolarisation

Figure 1.4. A schematic representation of an action potential. An action potential occurs when the
neuronal membrane reaches a threshold potential. The Figure shows the 3 phases that characterise an
action potential, i.e. rising phase, falling phase and hyperpolarisation. The numbers correspond to the
opening state of voltage-gated Na" and K' channels during each ofthese phases as described hereafter. 1,
Na" channels are opened, channels are closed; 2, more Na" channels are opened, K' channels are
closed; 3, Na" channels are closed and channels are opened; 4, more K" channels are opened, Na*
channels are closed; 5, Na" and channels are closed. Adapted from Elmslie, 2001.

APs propagate from the axon hillock down to the axon terminal by depolarising the
axonal membrane and activating axonal voltage-gated Na®and  channels in a positive
feedback cycle similar to that described above. In the brain, many axons are covered by
an insulating phospholipid layer, the myelin sheath, interrupted by myelin-free areas,
the Ranvier nodes. Voltage-gated Na"* channels are enriched in the Ranvier nodes, while
voltage-gated channels are thought to be in the intemodal regions (Elmslie, 2001).
APs propagate by depolarising the membrane and activating voltage-gated Na” channels
in the Ranvier nodes. This is known as saltatory propagation. In non-myelinated axons,
the AP is conducted continuously via activation of voltage-dependent ion channels
distributed uniformly along the membrane. Backward propagation of the AP from the

axon to the cell body is prevented by the inability of inactivated Na'"* channels to re-
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open immediately (refractory period). Arrival of the AP in the axon terminal, i.e. the
presynaptic compartment, results in depolarisation of the presynaptic membrane and
activation of voltage-gated Ca’* channels. The subsequent entry of Ca®* into the
terminal triggers synaptic vesicle fusion with the presynaptic membrane and release of
their contents, the neurotransmitters, into the synaptic cleft (reviewed in Martin, 2002).
1.2.3. Mechanisms of neurotransmitter release

Neurotransmitters are stored as packets or quanta inside synaptic vesicles. These are
broadly divided into 2 different pools: a recycling pool which participates in synaptic
transmission and a non-releasable pool which does not. The recycling pool contains a
subset of vesicles forming the ready releasable pool docked at electron-dense regions,
the active zones, close to voltage-gated Ca”* channels (Figure 1.3) (reviewed in Zhai
and Bellen, 2004). Docking and fusion of neurotransmitter-containing synaptic vesicles
with the presynaptic membrane is mediated by proteins from the SNARE (soluble N-
ethylmaleimide-sensitive  factor attachment protein receptor) complex, i.e.
synaptobrevin, SNAP2S (synaptosomal-associated protein of 25 kDa) and syntaxin.
Synaptobrevin is localised to synaptic vesicles and it interacts with the plasma
membrane proteins, syntaxin and SNAP25. Another protein, synaptotagmin I, is thought
to behave as the Ca®* sensor in the Ca®*-dependent exocytosis of neurotransmitters. It is
a transmembrane protein composed of 2 C2 Ca®" binding domains and it is found on
synaptic vesicles. It associates with syntaxin and SNAP25 in a Ca**-dependent manner
(Martin, 2002) forming a complex that might be involved in the formation of the fusion
pore for neurotransmitter secretion (Zhai and Bellen, 2004). Following exocytosis and
diffusion into the synaptic cleft, neurotransmitters bind to and activate specific receptors
in the postsynaptic membrane. Unbound transmitters are quickly removed from the
synaptic cleft either by enzymatic degradation (acetylcholine) or by reuptake into the
presynaptic compartment and into neighbouring glial cells.

1.2.4. Basic mechanisms of excitatory and inhibitory neurotransmissions
Neurotransmitters can be either excitatory or inhibitory. In the central nervous system,
the main excitatory transmitter is glutamate while the major inhibitory transmitter is y-
aminobutyric acid (GABA). Glutamate binds to the ionotropic AMPA, NMDA or
kainate receptors that are usually located at the surface of dendritic spines (Figure 1.3).
Binding of glutamate to AMPA or kainate receptors results in the opening of the
receptors. Subsequently Ca®* and Na* enter the cell whereas K* moves towards the

extracellular space. These ion movements result in depolarisation of the neuronal
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membrane and in the generation of an excitatory postsynaptic potential (EPSP). This
leads to the activation of voltage-gated Na* and K channels as described in section
1.2.2. GABA binds to GABA, receptors located on dendritic or somatic membranes
(Fritschy and Brunig, 2003). As described in section 1.3, GABA, receptors are CI-
permeable. Activation of GABA,4 receptors by GABA results in entry of Cl' into
neurones. This leads to a hyperpolarisation of the postsynaptic membrane and to the
generation of an inhibitory postsynaptic potential (IPSP). EPSPs and IPSPs are spatially
and temporally summated by the postsynaptic neurone. If the summated PSP is above
threshold an AP will be generated (section 1.2.2). This is the basis for excitatory
neurotransmission. In contrast, in inhibitory neurotransmission, the summated PSP does

not reach the threshold and no AP occurs.

1.3. MECHANISMS OF GABA, RECEPTOR TRAFFICKING IN
NEURONES

As mentioned earlier, efficient synaptic transmission relies on the presence of
neurotransmitter receptors at the surface of neurones. Multi-subunit neurotransmitter
receptors are assembled in the endoplasmic reticulum (ER), modified in the Golgi
apparatus and transported to the neuronal cell surface. This section describes the
molecular mechanisms underlying the trafficking of y-aminobutyric acid type A
(GABA\) receptors to and from the synapse, focussing on the role of GABA4 receptor
interacting proteins in the regulation of these events.

1.3.1. The GABA, receptors

GABA receptors are belong to the Cys-Cys loop family of ligand-gated ion channels
(LGIC). The LGIC superfamily also includes nicotinic acetylcholine (nACh) receptors,
the S5-hydroxytryptamine 3 (5-HT3) subclass of serotonin receptors, and the glycine
receptors. Amino acid sequence comparisons showed that the LGIC superfamily was
derived from a common ancestor (Ortells and Lunt, 1995). The GABA,4 and glycine
receptors are inhibitory neurotransmitter receptors whereas the nACh and 5-HT;
receptors are excitatory receptors.

GABA, receptors mediate fast synaptic inhibition in the brain (for review, see
Stephenson, 2001). They are chloride permeable channels activated by the binding of
the neurotransmitter, GABA. GABA4 receptors are of medical interest because of their

sensitivity to benzodiazepines, barbiturates, neurosteroid and anaesthetics.
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GABAa receptors are hetero-pentamers assembled from the combination of different
subunits. A total of 7 GABAa receptor subunit classes, a, 3y, 5, 8, 0 and n, encoded by
16 different genes, have been identified in human brain (Schofield et al, 1987; Liischer
and Keller, 2004). Each class contains several isoforms; a (1-6), P (1-3), y (1-3).
Additional P andy isoforms (P4 and y4) are found in chick brain (Liischer and Keller,
2004). Further diversity is generated by alternative splicing. For example, the y2 subunit
is expressed as a short (y2S) and as a long (y2L) isoform, with y2S lacking 8 amino
acids in the intracellular loop (Whiting et al, 1990). Amino acid sequences are
conserved across subunit classes (30-40% amino acid identity) and within subunit
classes (70% amino acid identity).

The GABAA receptor subunits have a similar structure: a large -220 amino acid N-
terminal domain, 4 transmembrane domains (TM1-TM4), a large intracellular loop
between TM3-TM4 and a short extracellular C-terminal domain (Figure 1.5 A). The
TM2 forms the lining of the pore. The N-terminal region contains consensus sequences
for N-glycosylation and a 15 amino-acid Cys-Cys loop that is conserved within the
LGIC superfamily. The intracellular loop contains consensus sequences for protein
kinase A (PKA), protein kinase C (PKC) and tyrosine kinase. It is the most divergent

region within subunit classes (Stephenson, 2001).

Extracellular

domain

Cys-Cys loop

™1 ™2 TM3 TM4

Intracellular

domain

Figure 1.5. A schematic representation of a prototypic GABA” receptor subunit. A, a GABAa
receptor subunit eontains a large extracellular domain with a Cys-Cys loop, 4 TM domains and a short
extracellular C-terminal domain. The large intracellular loop between TM3 and TM4 is the target of
protein phosphorylation and it interacts with several eytoplasmic proteins. B, CABAa receptors are
hetero-pentamers composed of2 a, 2 P and 1y subunit.
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The subunits are assembled as pentameric integral membrane receptors with
pharmacological and electrophysiological properties differing according to the subunit
composition (Sieghart, 2000). Further, the receptor distribution in the brain varies
depending on the subunit subtypes (reviewed in Fritschy and Briinig, 2003).
Immunofluorescence analysis using antibodies raised against the different GABA4
receptor subunit isoforms and in sifu hybridisation studies demonstrated that the 3
(1/2/3) subunits in combination with a (1/2/5) and/or y2 are widely distributed
throughout the brain (Fritschy et al., 1992; Wisden et al., 1992; Pirker et al., 2000).
Particularly, the a13(2/3)y2 combination is the most common GABA,4 receptor subtype
found in brain. The GABA, receptor stoichiometry was determined as 2 o subunits, 2 3
subunits and 1 y subunit (Figure 1.5 B) (Tretter et al., 1997; Farrar et al., 1999). The
GABA binding site is located at the interface between o and {3 subunits and the
benzodiazepine binding site at the interface between the o and y subunits (Stephenson,

2001).
1.3.2. Regulation of GABA, receptor cell surface expression by

GABA, receptor associated proteins

Transport of GABA, receptors to synaptic sites and maintenance of inserted receptors
at the neuronal cell surface are crucial for efficient synaptic inhibition. GABA4 receptor
associated proteins are thought to play an important role in the regulation of trafficking
and clustering of GABA, receptors to the synapse (Kittler and Moss, 2003). Known
GABA\, receptor associated proteins are summarised in Table 1.2. Some of them are
described in more detail below.

1.3.2.1. GABA, receptor clustering proteins

Maintenance of GABA, receptors at the postsynaptic membrane is thought to be
mediated by the scaffolding proteins, gephyrin and dystrophin.

Gephyrin was initially co-purified with glycine receptors. It is a 93-kDa protein
essential for glycine receptor postsynaptic localisation (reviewed in Liischer and Keller,
2004). It also associates with the cytoskeletal protein tubulin and forms oligomers, thus
gephyrin was proposed to function as a postsynaptic scaffold for glycine receptors.
Gephyrin is also co-localised with GABA, receptors in brain (Craig et al., 1996).
Gephyrin was suggested to play a similar anchoring function for GABA4 receptors.
This was supported by the observation that GABA, receptor y2 subunit knock-out mice

showed a reduction in gephyrin expression at GABAergic synapses (Essrich et al.,
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Interac?mg Sulrun.l ¢ Function Reference
protein specificity
Gephyrin In_dlrect interaction | Clustering of GABA 4 receptors at Essrich et al., 1998
with y2 the synapse

Dystrophin I

associated Not known Stabilisation of GABA, receptors at Knuesel et al., 1999
the synapse

complex
Trafficking of GABA 4 receptors

GABARAP Y2 from the Golgi apparatus to the Wang et al., 1999
synaptic membrane
Regulation of GABA 4 receptor Kittler et al., 20002

AP2 P1-3,y2L52and & endocytosis Kittler et al., 2004a

GODZ v1-3 Targeting pf GABA, receptors to Keller et al., 2004
the synaptic membrane
Trafficking of GABA 4 receptors

BIG2 B1-3 from the Golgi to the plasma Charych et al., 2004
membrane

Plicl al-3,a6,p13 | Regulation of GABAsreceptor cell | poyro g or 01 2001
surface expression

HAP1 B1-3 Regulation of QABAA receptor cell Kittler et al., 2004b
surface expression

GRIF-1 B2 Trafficking factor Beck et al., 2002

PKC B1, B3 Modulation of receptor function Brandon et al., 1999

Receptor for

activated C Facilitation of GABA 4 receptor

kinase-1 Bl al phosphorylation by PKC Brandon et al., 1999

(RACK-1)

gClg-R B1-3 Modulation of receptor function Schaerer et al., 2001

A-kinase Facilitation of GABA , receptor

anchoring protein | B1, 3 phosphorylation by PKA by Brandon et al., 2003

(AKAP) 79/150 targeting PKA to the receptor
Regulation of GABA 4 receptor
endocytosis by facilitating GABA, | Terunuma et al., 2004

PRIP-1, PRIP-2 | B1-3 receptor dephosphorylation by PP1 | Kanematsu et al., 2006
or PP2A

Dopamine D5 2 ers§-1nh1b1t10n of GABA 4 receptor Liu ef al., 2000

receptors activity

Glyceraldehyde- .

3-phosphate al Phosphorylation of GABA4 Laschet et al., 2004
receptors

dehygrogenase

Table 1.2. A summary of the known GABA, receptor associated proteins
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1998). Conversely, disruption of gephyrin expression using antisense oligonucleotides
resulted in a decrease in y2 subunit-containing GABAa receptor localisation at
postsynaptic sites (Essrich ef al., 1998). In agreement with this study, Lévi et al. (2004)
showed that only reduced levels of y2 subunit-containing GABA, receptors were
expressed in hippocampal neurone cultures of gephyrin knock-out mice. Further,
GABAergic electric activity could be recorded in these neurones. Therefore it was
suggested that GABA, receptors could be clustered at postsynaptic membranes in a
gephyrin-independent mechanism. Gephyrin was proposed to maintain those receptors
that were already inserted in the postsynaptic membrane rather than promoting their
insertion at these sites. No study has yet shown a direct interaction between gephyrin
and GABA4 receptors.

Dystrophin is found at GABAergic synapses, co-localised with GABA, receptors and
gephyrin. Targeted disruption of dystrophin expression results in a reduction in the size
and number of GABA, receptor clusters at the synapse. Therefore, dystrophin was
suggested to be important for the stabilisation of GABA, receptors at the synapse
although again as for gephyrin, a direct interaction between dystrophin and GABA,4
receptors has not been shown yet (Liischer and Keller, 2004).

1.3.2.2. GABA, receptor trafficking to the cell surface

Several GABA, receptor-associated proteins involved in GABA, receptor trafficking
processes were identified, mostly using the yeast two-hybrid system.

1.3.2.2.1. The GABA 4 receptor associated protein, GABARAP

GABARAP is a 17-kDa protein that was identified in a yeast two-hybrid screen using
the intracellular loop (IL) of the GABAa receptor y2 subunit (y2-IL) as a bait.
GABARAP interacts specifically with the y2 subunit (Wang et al., 1999). Association
of GABARAP with the y2 subunit is modulated by the phospholipase-C related inactive
protein-1, PRIP-1, described in section 1.2.2.3 (Kanematsu et al., 2002). GABARAP is
a microtubule-associated protein (Wang et al., 1999). It associates also with gephyrin in
vitro and the trafficking protein, N-ethylmaleimide-sensitive factor (NSF) in vitro and
in vivo (Kneussel et al., 2000; Kittler ef al., 2001). In neurones, GABARAP is not co-
localised with GABA, receptors and gephyrin at postsynaptic sites. Instead,
GABARAP is found co-localised with the NSF to intracellular membranes including
the Golgi apparatus in the soma. It was therefore suggested that GABARAP was
involved in the transport of GABA, receptors from the Golgi to the plasma membrane
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(Kittler et al., 2001). Accordingly, overexpression of GABARAP in neurones led to an
increase in GABA, receptor cell surface expression (Chen et al., 2000; Leil et al.,
2004).

1.3.2.2.2. The adaptor protein 2 complex, AP2

GABA, receptors can be removed from the plasma membrane by endocytosis to be
either recycled to the cell surface or degraded (Connolly ef al., 1999). GABA, receptor
endocytosis is a clathrin-dependent mechanism requiring the multi-subunit adaptor
protein 2 complex, AP2, and the GTPase, dynamin (Kittler ef al., 2000a). AP2 interacts
specifically with the intracellular loops of GABA, receptor 1, B2, B3, y2.s and &
subunits in brain extracts (Kittler et al., 2000a; Kittler et al., 2004a; section 1.2.2.3).
AP2 was proposed to facilitate the recruitment of GABA, receptors to clathrin-coated
vesicles for the removal of receptors from the synaptic membrane.

1.3.2.2.3. The Golgi apparatus-specific protein with a DHHC zing finger domain,
GODZ

The novel palmitoyltransferase, GODZ, was identified as a GABA4 receptor y2 subunit
interacting protein using the SOS recruitment yeast two-hybrid system (see Chapter 5)
(Keller et al., 2004). Palmitoylation is a post-translational modification that regulates
the cell surface expression and clustering of y2 subunit-containing GABA, receptors in
neurones (Rathenberg ef al., 2004). GODZ binds specifically to a 14-amino acid region
that is conserved in all y subunits but is absent from o and B subunits. This region
contains 5 cysteine residues potentially modified by GODZ. Mutation of these residues
to alanines resulted in a loss of synaptic y2 subunit-containing GABA4 receptor clusters
in neurones (Rathenberg et al., 2004). Therefore GODZ was proposed to be involved in
the trafficking and clustering of GABA 4 receptors to the synapses.

1.3.2.2.4. The brefeldin A-inhibited GDP/GTP exchange factor 2, BIG2

BIG2 was identified as a GABA4 receptor B3 subunit binding protein in a yeast two-
hybrid screen using the GABAA receptor subunit 33-IL as a bait. BIG2 interacts also
with the intracellular domain of GABA, receptor B1 and 32 subunits but not with o or
vy subunits. BIG2 was proposed to promote the exit of assembled GABA, receptors
from the ER and/or Golgi to the plasma membrane (Charych et al., 2004).

1.3.2.2.5. The ubiquitin-like protein, Plic-1

Plic-1 was found to interact with the GABA, receptor al-IL in a yeast two-hybrid

screen (Bedford et al., 2001). Plic-1 also associates with the intracellular loops of
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GABA, receptor a2-06 and B1-B3 subunits. In neurones, Plic-1 co-localises with
GABA, receptors in intracellular compartments and at synaptic sites thereby suggesting
a role for Plic-1 in GABA4 receptor trafficking. Further, Plic-1 was shown to stabilise
the GABAA receptor intracellular pools by preventing the degradation of internalised
receptors by the proteasome.

1.3.2.2.6. The huntingtin-associated protein 1, HAP1

HAPI was also isolated in a yeast two-hybrid screen using the GABA4 receptor subunit
B1-IL as a bait (Kittler et al., 2004b). HAP1 can also interact with GABA, receptor
subunits B2-IL and B3-IL in vitro. It co-localises with intracellular and cell surface y2
subunit-containing GABA, receptors in dendrites and axons in neurones. When HAP1
is overexpressed in neurones, the proportion of endocytosed receptors degraded in
lysosomes is decreased while the number of cell surface receptors is increased. Thus,
HAP1 was proposed to play a role in GABA,4 receptor endocytosis by blocking
degradation of internalised receptors and promoting their reinsertion in the plasma
membrane. HAP1 is described in more detail in section 1.3.2.

1.3.2.3. GABA, receptor associated proteins and phosphorylation

GABA receptor endocytosis is regulated by phosphorylation. Hence, GABA4 receptor
3 and y subunits harbor consensus sequences for phosphorylation by PKA, PKC and the
tyrosine kinase, Src, within their intracellular domain (Kittler and Moss, 2003).
Phosphorylation of a GABA, receptor subunit can interfere with its association with an
associated protein and thus affect the receptor trafficking (e.g. Kittler et al., 2004a).
Alternatively, a GABA, receptor interacting protein can facilitate the
phosphorylation/dephosphorylation of the receptor thereby modulating the receptor
activity (e.g. Kanematsu et al., 2006). Two examples are described hereafter (see also
Table 1.2).

As explained earlier, association of AP2 with GABA, receptors is thought to facilitate
clathrin-mediated endocytosis of cell surface GABA4 receptors (Kittler et al., 2000a).
AP2 binds to residues 401-410 within the GABA 4 receptor 33-IL (Kittler ef al., 2004a).
This region is highly conserved amongst 3 subunits and it contains 2 serine residues
(Ser-408/Ser-409) phosphorylated by PKC and PKA in vitro and in vivo (Kittler and
Moss, 2003). The affinity of AP2 for GABA, receptor B3 subunits was shown to be
considerably reduced following phosphorylation of Ser-408/Ser-409 (Kittler et al.,

2004a). Further the number of cell surface receptors in neurones was increased
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following following phosphorylation of the subunit. This was demonstrated by
measuring GABA, receptor-mediated currents in the presence of phosphorylated or
non-modified peptides mimicking the AP2-binding site on GABA4 receptor 33 subunits
(Kittler et al., 2004a). Application of non-modified peptides resulted in an increase in
GABA, receptor-mediated currents while phosphorylated peptides had no effect on
these currents. This was because non-modified peptides competed with GABA4
receptor 33 subunits for an interaction with AP2 thereby preventing the binding of
GABA, receptors to AP2. This may have resulted in a reduction in receptor
internalisation, thus in an increase in receptor cell surface number and thus in an
increase in GABA, receptor-mediated currents. In contrast, phosphorylated peptide
have a low affinity for AP2 and therefore they do not prevent the binding of the receptor
to AP2. As a result the receptor endocytosis remained as in non-treated cells. Thus it
was proposed that phosphorylation of GABA, receptor (33 subunits may regulate
GABA, receptor endocytosis by modulating the interaction between the receptor and
AP2,

The phospholipase-C related inactive protein-1, PRIP-1, was initially identified as a
GABARAP associated proteins in a yeast two-hybrid screen using GABARAP as a bait
(Kanematsu et al., 2002). PRIP-1 associates with GABA receptor [3 subunits and with
protein phosphatases 1 and 2A, PP1 and PP2A (Terunuma et al., 2004; Kanematsu et
al., 2006). Another PRIP isoform, PRIP-2 has been identified. Like PRIP-1, PRIP-2
interacts with GABARAP, GABA, receptor 3 subunits, PP1 and PP2A (Terunuma et
al., 2004; Kanematsu et al., 2006). PRIP-1 co-localises with cell surface GABAA
receptors in cortical neurones. Further PRIP-1 forms a complex with GABA4 receptors
and PP2A in brain as demonstrated by co-immunoprecipitation from brain extracts
(Kanematsu et al., 2006). PRIP-1 was shown to be necessary for the targeting of PP2A
to GABAA receptors by using PRIP-1, PRIP-2 double knock-out mice.
Dephosphorylation of GABA, receptors by PP2A is essential for GABA, receptor
clathrin-dependent endocytosis. It was proposed that PRIP-1 and PRIP-2 were adaptor
proteins linking GABA4 receptors to PP2 and that PRIP proteins played a role in
GABA4 receptor clathrin-mediated endocytosis by modulating their phosphorylation
state.
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1.4. THE GABA, RECEPTOR INTERACTING FACTOR-1, GRIF-1

1.4.1. Identification and characterisation

GABA, receptor interacting factor-1, GRIF-1, was originally isolated from a rat brain
cDNA library through its interaction with the intracellular loop of the GABA4 receptor
2 subunit, B2-IL, in a yeast two-hybrid screen (Beck ef al., 2002). Initially, 32-IL was
selected as a bait because GABA, receptor 32 subunits are highly expressed in brain,
predominantly associated with GABA4 receptor ol and y2 subunits (McKerman and
Whiting, 1996; section 1.3). Further, GABA, receptor 32 subunits are crucial for the
trafficking of a1P32y2 GABA, receptor subtypes to the cell surface (Connolly et al.,
1996a). Lastly, the (32 subunit intracellular domain is exposed to cytoplasmic
components during clustering and trafficking events.

GRIF-1 associates specifically with GABAA receptor B2-IL but not with GABAA
receptor al-IL, B1-IL, B3-IL, y2-IL as demonstrated by yeast two-hybrid assays (Beck
et al., 2002). The interaction between GRIF-1 and 32-IL was of low affinity compared
to a positive control used in the yeast two-hybrid assays. The association between
GRIF-1 and GABA, receptor 32 subunits was confirmed by pull-down assays and also
by immunoprecipitation experiments following transfection of HEK 293 cells with
constructs encoding GRIF-1 and GABA, receptor B2 subunits. However in vivo
evidence for this interaction 1is still lacking,

GRIF-1 is a 913 amino acid protein with a calculated M; of 102 kDa and an isoelectric
point of 5.14. GRIF-1 forms disulphide-bridge linked homodimers (G. Ojla, K. Brickley
and F.A Stephenson, unpublished observations). GRIF-1 exists as 3 splice variants,
GRIF-1a, GRIF-1b and GRIF-1c, that differ in their C-termini (Beck et al., 2002; Iyer et
al., 2003a) (Table 1.3). GRIF-1a is the full length GRIF-1 and it is referred to as GRIF-
1.

Lenght Missing
.GRIF-I (amino GRIF-1a Calculated Tissue distribution Reference
isoform . . M; (kDa)
acids) domain
Forebrain, cerebellum,
GRIF-1a 913 - 102 heart, skeletal muscle, | Beck et al., 2002
testes
GRIF-1b 672 673-913 88 Forebrain, heart, Beck et al., 2002
skeletal muscle
GRIFl-c 848 620-688 08 Brain, heart, lung, | [ o o/ 01 20032
smooth muscle tissue

Table 1.3. A Table summarising the main features of GRIF-1 splice variants
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As shown in Figure 1.6, GRIF-1 (GRIF-la) is encoded by a gene containing 16 exons.
GRIF-1b lacks exon 15 and part of exon 16 (Beck et al., 2002). It is the shortest GRIF-1
splice variant with 672 amino acids and a predicted Mr of 80 kDa. GRIF-1 ¢ lacks exon
15 (Iyer et ai, 2003a). It is a 848 amino acid protein with a predicted Mr of 98 kDa.
Analysis of GRIF-1 tissue distribution by immunoblotting using anti-GRIF-Ig-0ss
antibodies revealed 2 immunoreactive bands with Mr ~ 115 kDa and 106 kDa in brain,
heart and muscle showing that GRIF-1 is expressed exclusively in excitable tissues
(Beck et al., 2002). An immunoreactive band with Mr ~ 88 kDa detected in heart and
muscle showed that GRIF-Ib is expressed in these tissues. Only low levels of GRIF-1lb
were detected in brain. GRIF-1c was detected in brain, muscles, heart and lungs (Iyer ef

a/., 2003a).

GRIF-la 1 2 3 4 5 6 7 8 9 10 um 12 13 14 15116
GRIF-Ib 1 2 3 4 5 6 7 8 9 10 1 12 13 4
GRIF-le 1 2 3 4 5 6 7 & 9 10 um 12 13 14116

Figure 1.6. A representation ot the genes encoding UKih-i splice variants, ihe gene encoding for
GRIF-1 contains 16 exons. This gene encodes 3 splice variants: GRIF-la (GRIF-1) is the full length
isoform, GRIF-Ib lacks exon 15 and part of exon 16, GRIF-lc lacks exon 15.

Bioinformatic analyses of the deduced amino acid sequence of GRIF-1 predicted 2 N-
terminal coiled-coil domains at residues 133-188 and at residues 202-355 and a proline
rich region at residues 756-793 (Beck et al, 2002) (Figure 1.7). Phosphorylation
consensus sequences for PKA (2 predicted sites, Ser-384 and Ser-726), PKC (16
predicted sites), tyrosine kinase (1 predicted site, Tyr-273) and casein kinase II (15
predicted sites) were also identified on GRIF-1 deduced amino acid sequence. Several
predicted 0-glycosylation sites were detected in the C-terminal domain of GRIF-1 (Iyer
et ai, 2003a).

133-188 202-355 756-793 913

Figure 1.7. A schematic representation of GRIF-1 GRIF-1 contains 2 predicted N-terminal coiled-coil
regions, an a proline rich C-terminal domain. coiled-coil domain, , proline rich domain.
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Sequence homologies searches using BLAST were carried out to identify proteins
related to GRIF-1. GRIF-1 shares 88% amino acid similarity with the human protein of
unknown function KIAA0549/ALS2CR3, the GRIF-1 human homologue (Hadano et
al., 2001). Like GRIF-1, KIAA0549/ALS2CR3 interacts with GABA, receptor (2-IL
(Beck et al., 2002). The gene encoding ALS2CR3 was mapped to chromosome 2q33-
2q34, the juvenile amyotrophic lateral sclerosis critical region. However, there is no
evidence for a role of ALS2CR3 in amyotrophic lateral sclerosis. GRIF-1 also has 60%
amino acid similarity with the human protein KIAA1042 also known as (3-O-linked N-
acetylglucosamine transferase (OGT) interacting protein of 106 kDa (OIP106) (Iyer et
al., 2003a). OIP106 is the GRIF-1 human orthologue. It is described in section 1.3.2.
GRIF-1 shares also 47% amino acid similarity over 848 residues with Milton, a
Drosophila protein involved in mitochondrial transport to the synapse (Stowers et al.,
2002; section 1.4.2). Milton may be the GRIF-1 Drosophila orthologue. GRIF-1 has
also 47% amino acid similarity over 306 amino acids with the rat protein, HAPI, a
protein involved in intracellular trafficking processes (Li et al., 1995; sections 1.1.5,
1.3.2 and 1.4.2). Based on its sequence homologies with the trafficking proteins, Milton
and HAPI1, and based on its association with GABAa receptor B2-IL, GRIF-1 was
proposed to serve as a GABA, receptor trafficking protein (Beck et al., 2002). As
discussed in the next section (section 1.4.2), GRIF-1, OIP106, Milton and HAP1 are
thought to be the members of a new family of coiled-coil proteins.

GRIF-1 interacting proteins other than GABA, receptor 32 subunits (Beck et al., 2002)
have been recently identified. Those are the molecular motor protein, kinesin-1, and the
post-translational modification enzyme, OGT (Brickley et al., 2005; Iyer et al., 2003a;
Pozo et al., 2004). Because of its association with kinesin, GRIF-1 is also named
trafficking protein, kinesin binding 2 (TRAK2), and because of its association with
OGT, GRIF-1 is also named OIP98. GRIF-1 interacting proteins are described in
section 1.3.3 and they are the focus point of this PhD thesis.

Table 1.4 summarises the nomenclature used to name GRIF-1 and its related proteins in
the literature. In rat GRIF-1 is named OIP98 or GRIF-1. In human, GRIF-1 is referred
to as ALS2CR3, humilt2 or TRAK2. In Drosophila, the name, Milton, is used to design
the Drosophila GRIF-1 related protein. The GRIF-1 human orthologue is referred to as
KIAA1042, humiltl or TRAKI1 in human and to as OIP106 in rat. In this PhD thesis,
the names GRIF-1, OIP106 and Milton will be used.
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Species Nomenclature
Rattus norvégiens GRIF-1 -01P938
Homo sapiens ALS2CR3 = humilt2= TRAK?2
Drosophila melanogaster Milton
Species Nomenclature
Rattus norvégiens OIP106
Homo sapiens humiltl= TRAKI

Table 1.4. A summary of the GRIF-1 and OIP106 nomenclature in the littérature

1.4.2. GRIF-1 and the new family of coiled-coil proteins
Recent evidence suggests that GRIF-1, OIP106, Milton, and possibly HAPl could

belong to a new family of coiled-coil proteins involved in trafficking events (Figure 1.8)

(Brickley et al, 2005; Glater et ai, 2006). OIP106, Milton and HAPI] are described

hereafter.
133-188 202-355

GRIF-1

102-175 202-355
OIP106

140-380
Milton
267-305 329-370

HAPI

Figure 1.8. A schematic representation of GRIF-1 and the new family of coiled-coil proteins. GRIF-
1, OIP106, Milton and HAPI all have at least an N-terminal coiled-coil region. These proteins have high
amino acid amino sequence similarities within their N-terminal coiled-coil regions, , coiled-coil
domain.

1.4.2.1. The OGT-interacting protein of 106 kDa, OIP106

OIP106 is a 953 amino acid protein with 2 predicted N-terminal coiled-coil regions
(residues 104-175 and 202-354). OIP106 and GRIF-1 share 76% amino acid similarity
within their coiled-coil regions and therefore they were proposed to belong to the same
family of coiled-coil proteins. OIP106 was named after its interaction with the post-

translational modification enzyme, OGT (Iyer et a/, 2003a; section 1.4.3). OIP106 is
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expressed in excitable and non-excitable tissues with a M; ~ 115 kDa (Iyer et al., 2003a;
Brickley et al., 2005). OIP106 is also expressed in the nucleus of Hela cells where it
forms a complexe with RNA-polymerase II and OGT (Iyer et al., 2003a). Therefore
OIP106 was proposed to play a role in the regulation of transcription by targeting OGT
to RNA-polymerase II for post-translational modification (Iyer et al., 2003a).
Interestingly, OIP106 is localised only in the cytoplasm in OIP106 transfected HEK 293
cells (Brickley et al., 2005). Like GRIF-1, OIP106 associates with the molecular motor
kinesin-1 in brain and it aggregates mitochondria in OIP106 transfected HEK 293 cells
(Brickley et al, 2005; section 1.4.4). OIP106 was recently reported to co-
immunoprecipitate GABA, receptors from hypertonic, 4yrt, mutant mice brainstem and
spinal cord extracts by using antibodies directed against GABA,4 receptor al subunits
(Gilbert et al., 2006). Hypertonia is a condition characterised by limb stiffness. It may
be caused by a deficit in GABA, receptor-mediated inhibition as suggested by the low
levels of GABA, receptors found in brain and spinal cord of Ayrt mice. The gene
encoding OIP106 is mutated in Ayrt mice. A 20-bp deletion in the last exon results in a
premature stop codon at position 824. The mutation in OIP106 was proposed to affect
GABA\ receptor trafficking in Ayrf mice brain and spinal cord (Gilbert et al., 2006).
1.4.2.2. Milton

Milton was identified in a genetic mutation screen in Drosophila retina, searching for
proteins involved in axons and synaptic terminals physiology (Stowers et al., 2002).
Milton is a 1116 amino acid protein with a predicted N-terminal coiled-coil domain
(residues 140-380). The Milton coiled-coil region shares 55% amino acid similarity
with the GRIF-1 coiled-coil regions. Milton has 4 isoforms that differ in their N-
terminal domains (Glater et al., 2006). Like GRIF-1 and OIP106, Milton associates with
OGT (Glater et al., 2006). Several lines of evidence suggest that Milton is a kinesin-
associated protein necessary for axonal transport of mitochondria in Drosophila
neurones (Stowers et al., 2002). First, Milton immunoprecipitates KHC from fly head
extracts and it co-sediments with the mitochondrial marker cytochrome C on sucrose
gradients of fly head extracts. Second, Milton co-localises with both KHC and
mitochondria in peripheral nerve axons. In addition, overexpression of Milton in HEK
293 cells results in mitochondrial aggregation. Finally, in Milton mutants, mitochondria
are found within the neuronal cell body. No mitochondria are seen within the axon or at
the axon terminals (Stowers et al., 2002; Gorska-Andrzejak et al., 2003; Glater et al.,
2006, section 1.1.4). Binding of Milton to KHC and mitochondria is mediated via
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different Milton domains (Glater et al., 2006). The Milton N-terminal domain (residues
138-450) interacts with the KHC cargo binding domain (residues 810-891) while the
Milton C-terminal region (residues 750-1116) is necessary for mitochondrial
association. Milton is linked to mitochondria via the Rho-GTPase, dmiro (Guo et al.,
2005). Association of the Milton/dmiro/mitochondria complex to KHC does not require
KLC as shown by immunoprecipitation and co-localisation experiments in African
green monkey fibroblasts (Glater ef al., 2006).

1.4.2.3. The huntingtin-associated protein 1, HAP1

HAPI1 was initially identified by a yeast two-hybrid screen searching for huntingtin-
associated proteins (Li et al., 1995; section 1.1.5). HAP1 is a 629 amino acid brain
protein with 2 coiled-coil domains (residues 267-305 and 329-370). HAP1 shares 56%
amino acid similarity with the GRIF-1 coiled-coil regions. In rat brain HAP1 exits as 2
splice variants, HAP1-A and HAP1-B, that differ in their C-terminal regions (Li et al.,
1995). In humans, a single HAP1 isoform, similar to the rat HAP1-A, is expressed.
HAP-1 interacts with the KL.Cs of the anterograde motor, kinesin-1 (McGuire et al.,
2006) and with dynactin/p150°™, a protein associated with the retrograde motor,
dynein (Engelender et al., 1997). HAPI is involved in intracellular trafficking of BDNF
and in GABA, receptor endocytosis (sections 1.1.5 and 1.4.2.2; Gauthier et al., 2004;
Kittler et al., 2004b). HAP1 may play an important role in neuronal development as it
promotes neurite outgrowth (McGuire et al., 2006; Rong et al., 2006). HAP1 may also
be involved in intracellular signalling as it binds to the Rho-GTPase, Duo (Colomer et
al., 1997) and to the type 1 inositol (1,4,5)-triphosphate calcium release receptor in
brain (Tang et al., 2003).

1.4.3. GRIF-1 interacting proteins

1.4.3.1. GABA, receptor 32 subunits

As described in section 1.3.1, GRIF-1 was originally identified by virtue of its
interaction with GABA, receptor subunit 32-ILs in a yeast two-hybrid screen (Beck et
al., 2002; section 1.3.1). The GRIF-1/B2-IL binding sites were mapped by yeast two-
hybrid interaction assays (Beck et al., 2002). The N-terminal GRIF-1 coiled-coil region
(residues 124-283) was shown to be the minimal 32 subunit interacting site on GRIF-1.
The GABA receptor 2 subunit domain between residues 324-394 (Ymer et al., 1989)

was found to be the minimal GRIF-1 binding domain on (32-ILs. As mentioned in
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section 1.4.1, GRIF-1/GABA receptor [32 subunit interactions have been substantiated
in vitro but not in vivo. This will be discussed in detail in Chapter 3.

1.4.3.2. OGT

OGT and N-acetyl-B-D-glucosaminidase are post-translational modification enzymes.
They catalyse the addition and removal of N-acetylglucosamine (O-GlcNAc) moities to
serine and threonine residues of nuclear and cytoplasmic proteins (Wells et al., 2001).
O-GIcNAc is a dynamic and reversible post-translational modification similar to
phosphorylation. It regulates the function of a wide range of proteins such as
neurofilaments, transcription factors or cell adhesion molecules (Iyer and Hart, 2003).
OGT acts reciprocally to kinases by modifying the same, or adjacent, serine/threonine
residues as kinases. This is the so-called “YinOYang” relationship, i.e. a residue is
either phosphorylated or O-glycosylated. OGT has been proposed to participate in
signal transduction events by modulating the phosphorylation state of proteins (Wells et
al., 2001).

OGT is encoded by a single gene mapped to chromosome X that is essential for cell
survival (Shafi et al, 2000). This gene encodes 2 OGT splice variants,
nucleocytoplasmic OGT (ncOGT) and mitochondrial OGT (mOGT), that differ by their
size, structure, cellular location and activity levels (Kreppel et al., 1997; Lubas ef al.,
1997; Love et al., 2003; Chapter 4). In brain, ncOGT is a homodimer or homotrimer
formed by 3 catalytic subunits of 110 kDa (Kreppel ef al, 1999). Each subunit is
composed of 11.5 N-terminal tetratricopeptide repeats (TPRs) and a C-terminal
catalytic domain (Haltiwanger et al., 1992). mOGT is an homodimer or homotrimer of a
103-kDa subunit. Each subunit contains an N-terminal mitochondrial targeting
sequence, 9 N-terminal TPRs and a C-terminal catalytic domain (Love ef al., 2003). As
mentioned in section 1.1.3.1, TPRs mediate protein/protein interactions. They facilitate
OGT di- or trimerisation state and OGT/substrate interactions (Kreppel et al., 1999). It
is thought that additional proteins may regulate the association of OGT with its
substrates. OGT is post-translationally modified by O-glycosylation and tyrosine
phosphorylation but the functional significance of these modifications is not known
(Kreppel et al., 1997). OGT activity is regulated by the local concentration of uridine
diphosphate-N-GlcNAc, the donor sugar of GlcNAc (Kreppel ef al., 1999).

OGT forms stable complexes with GRIF-1 and OIP106 in vitro and in vivo (Iyer et al.,
2003a; Pozo et al., 2004; Chapter 4). GRIF-1/0GT and OIP106/OGT interactions were
discovered in a yeast two-hybrid screen searching for OGT regulatory proteins (Iyer et
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al., 2003a). GRIF-1 and OIP106 binding site were mapped to the N-terminal TRPs of
OGT (residues 11-463) (Iyer et al., 2003a; Iyer et al., 2003b). GRIF-1 and OIP106 can
also be O-glycosylated by OGT (Iyer ef al., 2003a). It was proposed that GRIF-1 and
OIP106 could target OGT to its substrate in different intracellular compartments,
thereby regulating OGT function. The functional significance of GRIF-1/0GT
complexes is discussed in Chapters 4 and 6.

1.4.3.3. Kinesin-1 heavy chains, KIFSs

Recently, GRIF-1 and OIP106 were shown to associate with the human kinesin-1 heavy
chains, the KIFSs (Brickley et al., 2005). As described in section 1.2, kinesin-1 proteins
are molecular motors consisting of 2 KHCs, the KIF5s, and 2 KLCs (Figure 1.2 C).
They transport cargoes such as organelles, mRNAs and neurotransmitter receptors
anterogradely along microtubules (section 1.2; Table 1.1). As mentioned in section 1.2,
3 different KIFS5s isoforms have been identified in mouse brain, KIFSA, KIF5B and
KIF5C. KIFSA and KIF5B are pan-neuronal isoforms whereas KIFSC is expressed only
in motor neurones (Kanai ez al., 2000). KIF5B is also present in non-neuronal tissues.
The KIFS5 isoforms show a high degree of amino acid sequence homologies over their
N-terminal motor domain and their C-terminal cargo-binding domain (Kanai et al.,
2000). Knock-down studies suggested a specific role for KIFSB in mitochondrial
transport (Tanaka et al., 1998; section 1.1.4). Indeed, disruption of KIF5B gene
expression was lethal and analyses of extra-embryonic KIF5SB mutant cells showed an
abnormal perinuclear mitochondrial distribution in these cells (Tanaka et al, 1998).
This phenotype could be rescued by overexpressing KIFSA or KIFSC, thus suggesting a
redundancy in the 3 isoform functions (Kanai et al., 2000). Depletion of KIFSC
expression is not lethal but it results in a decrease in brain size and in the number of
motor neurones (Kanai et al., 2000).

The GRIF-1 Drosophila orthologue, Milton, was proposed to be a kinesin-1-associated
protein, although no direct interaction between Milton and kinesin-1 was demonstrated
(Stowers et al., 2002). Thus it was tested whether GRIF-1 could interact with kinesin-1
(Brickley et al, 2005). In brain, GRIF-1 immunoprecipitated KIFSA. In GRIF-1-
transfected HEK 293 cells, GRIF-1 immunoprecipitated endogenous KIFSB. Finally,
GRIF-1 immunoprecipitated KIF5C following exogenous expression of GRIF-1 and
KIF5C in HEK 293 cells. The GRIF-1/KIF5C interaction was direct as shown by yeast
two-hybrid studies and the GRIF-1 binding domain on KIF5C was mapped to GRIF-1
residues 124-283. Thus GRIF-1 could associate with the 3 KIFS isoforms. In the same
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study, OIP106 was shown to associate with KIFSA, KIF5B and KIF5C in a manner
similar to GRIF-1. However, yeast two-hybrid studies revealed that the OIP106/KIF5C

interaction was not direct (Brickley ef al., 2005).
1.5. AIMS OF THE THESIS

As described above, transport of synaptic proteins, GABA4 receptors and organelles to
the correct location within neurones are regulated by several mechanisms. GRIF-1 was
proposed to participate in these regulatory events by acting as a trafficking factor (Beck
et al., 2002). The general objective of this thesis was to delineate the function of GRIF-
1 in intracellular transport processes. The first aim was to characterise further the
interactions between GRIF-1 and the GABA4 receptor 32 subunits and between GRIF-1
and the molecular motor, kinesin-1. This was achieved using a confocal microscopy
approach. The second aim was to analyse a partial cDNA encoding a putative GRIF-1
interactor. The third aim of the thesis was to investigate the potential use of the

CytoTrap® yeast two-hybrid system to identify new GRIF-1 binding partners.
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CHAPTER 2

MATERIAL AND METHODS
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2.1. MATERIALS

2.1.1. Materials
Polyethylene glycol (PEG) mwt-8000 and 3500, dimethylsulphoxide (DMSO), dimethyl

formamide (DMF), ethidium bromide, lithium acetate, DNA sodium salt from salmon
testes, D(+)-galactose, D(+)-raffinose, L-isoleucine, L-valine, L-adenine hemisulphate
salt, L-arginine HCI, L-histidine HCl monohydrate, L-leucine, L-lysine HCI, L-
methionine, L-phenylalanine, L-threonine, L-tryptophan, L-tyrosine, L-uracil, L-
glutamic acid, L-aspartic acid, L-serine, poly D-lysine hydrobromide, DL-lysine, (-
mercaptoethanol, ampicillin, kanamycin, chloramphenicol, benzamidine, bacitracin,
soybean trypsin inhibitor, chicken egg trypsin inhibitor, phenylmethylsulphonyl fluoride
(PMSF), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), ethylene glycol
bis(2-aminoethyl ether)-N,N,N'N'-tetraacetic acid (EGTA), 4-hydroxycinnamic acid (p-
coumaric acid), S5-amino-2, 3-dihydro-1, 4-phthalazedinedione (luminol), sodium
dodecyl sulphate (SDS), Tween-20, Triton X-100, protein-A Sepharose, protein-G
Sepharose, bovine serum albumin (BSA), goat serum, foetal bovine serum, Dulbecco’s
Modified Eagle Medium/Nutrient F-12 Ham powder (DMEM/F-12), Hank’s balanced
salt solution (Hbss), sodium bicarbonate solution, trypsin-ethylenediaminetetraacetic
acid (EDTA), Hispeed Plasmid Maxi preparation kit were purchased from SIGMA-
Aldrich Company Ltd. (Poole, UK). Penicillin/streptomycin, Luria-Bertani (LB) broth,
agar, Tag DNA polymerase and seeblue prestained protein standards were purchased
from Invitrogen (Paisley, UK). DNA molecular weight markers and restriction enzymes
were purchased from MBI Fermentas (Tyne and Wear, UK). Pfu DNA polymerase,
deoxynucleotides (dATP, dCTP, dGTP, dTTP) were purchased from Promega
(Southampton, UK). Shrimp alkaline phosphatase (SAP) and nitrocellulose membranes
were from Amersham Pharmacia Biotech Ltd. (Buckinghamshire, UK). Protogel,
N,N,N'N'-tetramethylethylenediamine (TEMED) and ammonium persulphate were
from National Diagnostics (Hessle, UK). Bio-Rad Protein Assay was purchased from
Bio-Rad Laboratories Ltd. (Hertfordshire, UK). Yeast extract, 5-bromo-4-chloro-3-
indolyl-B-D-galactopyranoside (X-GAL), isopropyl-B-D-thiogalactopyranoside (IPTG)
and dithiothreitol (DTT) were from Melford Laboratories Ltd. (Ipswich, UK). Bacto
peptone, yeast nitrogen base without amino acids and yeast dropout supplements were
from BD Biosciences-Clontech (California, USA). D(+)-glucose, agarose, ammonium

sulphate, magnesium chloride, magnesium sulphate, Tris(hydroxymethyl)methylamine
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(Tris-base), sodium acetate, sodium chloride, sodium hydrogen phosphate, ethanol,
methanol, isopropyl alcohol, microscope slides and cover glasses were from VWR
International Ltd. (Poole, Dorset, UK), mounting solution CFPVOH and anti-fading
agent AF100 were from CitiFluor Itd. (Leicester, UK) and clear nail vanish was from
Maybelline (Boots, London, UK). The CytoTrap® vector kit and the QuikChange®
site-directed mutagenesis kit were purchased from Stratagene (Amsterdam,
Netherlands). The gel extraction and PCR purification kits were purchased from
QIAgen (West Sussex, UK).

2.1.2. Bacteria and yeast genotypes

The yeast strains, S.cerevisae cdc25Ho (MATa, ura3-52, his3-200, ade2-101, lys2-801,
trp1-901, leu2-3, 112cdc25-2, Gal+) (Stratagene) and AH109 (MATa, trp 1-901, leu2-
3, 112, ura3-52, his3-200, gald4A, gal80A, LYS2 : : GAL! yas -GALlrtaTa-HIS3,
GAL2yas-GAL21a1A-ADE2, URA : : MELlyas-MEL11aTA-lacZ) (BD Biosciences-
Clontech), were used to perform yeast two-hybrid assays. The bacteria strains, E.coli
XL1-Blue (endAl, gyrA96(nalR), thi-1, recAl, relAl, lac, ginV44, F’[ ::Tnl0 proAB+
lacI® A(lacZ)M15] hsdR17(r¢” mi') (Stratagene), was used in mutagenesis experiments
and E.coli DH5a (supE44, delta lac U169 (phi 80 lacZ delta M15), hsdR17, recAl,
endAl, gyrA96, thi-1, relAl, hsdR17(rx mK+), F’), was used in all other experiments
involving the use of bacteria.

2.1.3. Mammalian cell lines

Human embryonic kidney cells (HEK) 293 were from the European Cell Culture
collection. Transformed African green monkey kidney fibroblasts (COS-7 cells) were a
gift from Dr. Andrew Stoker (Institute of Child Health, UCL, London, UK).

2.1.4. Cloning vectors and plasmids

Cloning vectors and constructs used in this PhD thesis are described in Tables 2.1-2.4.
2.1.5. Oligonucleotide primers

Oligonucleotide primers wefe purchased from Sigma-Proligo (Paris, France). The
sequences of the primers used for polymerase chain reaction (PCR) amplification,
mutagenesis and nucleotide sequencing of defined constructs are described in Table 2.5.
Oligonucleotide primers used for PCR and sequencing were of basic grade. For

mutagenesis, oligonucleotide primers were always HPLC purified by the manufacturer.
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Table 2.1. A summary of the yeast expression cloning vectors and yeast control plasmids used for
yeast two-hybrid studies

Cloning vector Description” Supplier” (S]Z:;
BD
pGADI10 ADH 1 promoter, AD, LEU2, AMP Biosciences- 6.7
Clontech
BD
pGBKT7 ADH 1 promoter, DNA-BD, TRP1, KAN Biosciences- 7.3
Clontech
ADH 1 promoter, DNA-BD, murine ps3 | LD
pVA3-1 . P ’ ’ p Biosciences- 9.4
protein,TRP1, KAN
Clontech
. BD
pTDI-1 ADH 1 promoter, AD, SV40 large T-antigen, Biosciences- 10.0
LEU2, AMP
Clontech
ADH 1 promoter, human SOS protein (hSOS,;.
pSos 067), LEU2, Amp" Stratagene 11.3
pMyr GAL 1 promoter, src myristylation signal, URA3, Stratagene 56
CAM
ADH 1 promoter, hSOS,_j¢¢7, full length MAFB
pSos-MAFB protein, LEU2, AMP Stratagene 12.0
GAL 1 promoter, src myristylation signal, full
pMyr-MAFB length MAFB protein, URA3, CAM Stratagene 6.9
_ ADH 1 promoter, hSOS,.14¢7, murine 72 kDa type
pSos-Col I IV collagenaseysg.s57, LEU2, AMP Stratagene 1.9
. GAL 1 promoter, src myristylation signal, human
pMyr-LaminC lamin Cgr.z30, URA3, CAM Stratagene 6.5
. GAL 1 promoter, src myristylation signal, Sos-
pMyr-SB binding protein, URA3, CAM Stratagene 72

*ADH 1, alcohol dehydrogenase 1; AD, activation domain ; LEU2, leucine auxotrophy gene; DNA-BD,
DNA binding domain; TRP1, tryptophan auxotrophy gene; URA3, leucine auxotrophy gene; AMP,
ampicillin resistance; KAN, kanamycin resistance; CAM, chloramphenicol resistance.
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Table 2.2. A summary of the yeast expression constructs that were generated and used for yeast
two-hybrid studies

.. Size
*
Vector Description Source (kb)
Matchmaker rat
ADH 1 promoter, AD, mOGT40.374, .
pGAD10-mOGT40.374 LEU2, AMP bram cDNA 7.6
library
ADH 1 promoter, DNA-BD, GRIF- .
pGBKT7-GRIF-1 545-913 1545-913, TRPI, KAN Mlke Beck 8.4
ADH 1 promoter, hSOS;.1¢67, GRIF-1;. .
Sos-GRIF-1,. Karine P 13.9
po0s 1913 o13, LEU2, AMP ine Pozo
GAL 1 promoter, src myristylation .
pMyr-GRIF-1, 43 signal, GRIF-1,.5;5, URA3, CAM Karine Pozo 8.7
GAL 1 promoter, src myristylation
pMyr-B2-IL3g3427 signal, GABA 5 Receptor 2 Karine Pozo 6.4
subunit303_427, URA3, CAM

*ADH 1, alcohol dehydrogenase 1; AD, activation domain; LEU2, leucine auxotrophy gene; DNA-BD,
DNA binding domain;, TRP1, tryptophan auxotrophy gene; URA3, leucine auxotrophy gene; AMP,
ampicillin resistance; KAN, kanamycin resistance; CAM, chloramphenicol resistance.

Table 2.3. A summary of the mammalian expression cloning vectors used

Cloning vector Description” Supplier (Slge)
A gift from Genentech Inc. 44
pCIS CMV promoter, AMP (CA, USA)
CMV promoter, C-terminal
pCMVTagda FLAG-tag, KAN Stratagene 4.3
CMV promoter, N-terminal
pcDNA4HisMax | [S-18g Xpressepitope, |y o 00y 53
entero-kinase recognition site,
AMP
pEYFP-C1 CMV promoter, EYFP, KAN | BD Biosciences-Clontech 4.7
pECFP-C1 CMV promoter, ECFP, KAN BD Biosciences-Clontech 47

* CMV, cytomegalovirus; AMP, ampicillin resistance; KAN, kanamycin resistance; EYFP, enhanced
yellow fluorescent protein; ECFP, enhanced cyan fluorescent protein.
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Table 2.4. A summary of the mammalian expression constructs generated and used

Cloning vector Description” Supplier’ (Slg;
pCIS-GRIF-1 CMV promoter, GRIF-1,4;3, AMP | K. Brickley 7.8
CMV promoter, GRIF-1,.9;3,
pCMVTagda-GRIF-1 FLAG, KAN M. Beck 7.0
pEYFP-GRIF-1 CMV promoter, EYFP, GRIF-11. | 4 nr gatoueiro 7.7
913, KAN
CMV promoter, ECFP, GRIF-1 1913 .
pECFP-GRIF-1 KAN A.M. Salgueiro 7.7
CMV promoter, His-tag, Xpress
pcDNAHisMax-KIF5C epitope, entero-kinase recognition K. Brickley 8.1
Site, KIF5C1.957, AMP
3 CMYV promoter, c-myc epitope, .
pCMVmycKIF5C-MD KIF5C, 355, KAN M.J. Smith 53
3 CMV promoter, c-myc epitope, .
pCMVmycKIF5C-NMD KIFSCs34.057, KAN M.J. Smith 7.1
CMYV promoter, c-myc epitope, .
pCMVmycKLC KLC, KAN M.J. Smith 4.8
CMYV promoter, EYFP, KIF5C, 957, .
PN-EYFP-KIF5C KAN A.M. Salgueiro 7.6
CMV promoter, KIF5C, 457, EYFP,
pC-EYFP-KIF5C KAN K. Pozo 7.6
_ CMV promoter, ECFP, KIF5C1.957,
pN-ECFP-KIF5C KANF K. Pozo 7.6
CMV promoter, KIF5C,.o5;, ECFP,
pC-ECFP-KIF5C KAN K. Pozo 7.6
EYFP-KIF5C-MD CMYV promoter, EYFP, KIF5C, 33, K. Pozo 57
p KAN : '
CMV promoter, KIF5C;36.957,
PEYFP-KIF5C-NMD EYFP, KAN K. Pozo 7.3
EYFP CMYV promoter, GABA,R-f2
pCIS-GABA,R-32 subunit, EYFP, AMP" K. Pozo 6.9
CMV promoter, rat GABA,R-32 .
pCIS-GABA,R-B2 subunit, AMP K. Brickley 6.2
CMV promoter, rat GABA,R-y2 .
pCIS-GABA ,R-y2 subunit, AMP K. Brickley 6.3
CMV promoter, bovine GABAsR-
pcDM8-GABA ,R-a 1 a1 subunit, AMP Not known 6.7
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CMYV promoter, His-tag, Xpress
pcDNAHisMax-mOGTg.374 epitope, entero-kinase recognition K. Pozo 6.3
Site, mOGT40_374, AMP
CMV promoter, OGT}. 1067, C-
pCMVTag4a-OGT terminal FLAG-tag, KAN K. Pozo 7.4
pEYFP-OGT CMV promoter, EYFP, OGT;.1067, K. Pozo 78
KAN
A gift from Dr. L. He
CMV promoter, ECFP, EYFP, (National Institute of
PECFP-EYFP KAN Health, Bethesda, >4
USA)
CMV promoter, ECFP, KDEL BD Biosciences-
PECFP-ER sequence, KAN Clontech 4.8
A gift from Dr. R.J.
. CMV promoter, DsRed1, human Harvey (School of
PDsRed1-Mito cytochrome C oxidase; _59, KAN Pharmacy, London, 4.8
UK)
A gift from Dr. G.W.
Hart (John Hopkins
pShuttle-OGT CMYV promoter, OGT}.;067, KAN University, 7.2
Baltimore, USA)

* CMV, cytomegalovirus; AMP, ampicillin resistance; KAN, kanamycin resistance; EYFP, enhanced
yellow fluorescent protein; ECFP, enhanced cyan fluorescent protein.
* All constructs were generated in house or were a gift from other laboratories. The source indicates the

name of the person who generated the construct.

Table 2.5. Oligonucleotide primer sequences used for nucleotide sequencing and PCR amplification

of DNA

Name

Sequence

pGADI10 forward sequencing primer

5’-CAGTTGAAGTGAACTTGCGGGG-3’

11(1) cDNA forward sequencing primer 1

5’-GGCTCATTGCCTACAGATTGTC-3’

11(1) cDNA forward sequencing primer 2

5’-GCCTCATTTCCCTGATGCATAC-3’

11(1) ¢cDNA forward sequencing primer 3

5’-GCAACCTGGCTTGTGTGTAC-3’

11(1) cDNA forward sequencing primer 4

5’-GGCTTCCATTCACAAGGATTCAGG-3’

11(1) cDNA forward sequencing primer 5

5’-GGAGATGCAGGATGTTCAGG-3’

pCMV4A forward sequencing primer

5’-CGGTGGGAGGTCTATATAAGC-3’

pCMV4A reverse sequencing primer

5’-CGACTCACTATAGGGCGAATTG-3’

pSos forward sequencing primer

5’-CCAAGACCAGGTACCATG-3’

pMyr forward sequencing primer

5’-ACTACTAGCAGCTGTAATAC-3’
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pcDNAHisMax forward sequencing primer

5-TAGCATGACTGGTGGACAGC-3'

pEYFP-C1 sequencing primer

5'-TACCAGCAGGAGGTGGATCGTATCAA-3'

pEYFP-C1 sequencing primer 2

5’-CATGGTCCTGCTGGAGTTCGTG-3’

GABAAR-325Y™ subunit sequencing primer

5'-ACTGTCCTGACGATGACCACAATC-3'

GRIF1/EcoRI forward primer

5’-TATAGAATTCATGAGTCTGTCCCAG-3’

GRIF1/Sall reverse primer

5’-TATAGTCGACTCAGTCTTCCTTCAGGATAC-3’

GRIF1/BamH]1 forward primer

5’-CGCGGATCCCGATGAGTCTGTCCCAG-3’

GRIF1/Not! reverse primer

5’-ATTTGCGGCCGCTCAGTCTTCCTTCAGG-3’

GABA ,R-(2 subunit/Sall reverse primer

5’-ATAGTCGACCCGATCAATGGCGTTCACATC-3’

GABAR-f2 subunit/EcoRI forward primer

5’-TGAATTCGTCAACTACATCTTCTTTGGGAG-3’

GABAR-(2 subunit/BamH 1 forward
primer

5’-CGCGGATCCCGGTCAACTACATCTTCTTT-3’

GABA sR-B2subunit/Not] reverse primer

5’-ATTTGCGGCCGCCCGATCAATGGCGTTCAC-3’

EYFP/BssHII forward primer

5“TTTGGCGCGCCATGGTGAGCAAGGGCGAGG-3'

EYFP/BssHII reverse primer

S"TTGGCGCGCCCCTTGTACAGCTCGTCCATG-3'

KIF5c/EcoRI forward primer

5“TTATGAATTCTATGGCGGATCCAGCCGA-3'

KIF5c/Sall reverse primer

5’-TCTAGTCGACCCTTTCTGGTAGTGAGTGG-3’

KIF5c¢/Nhel forward primer

5’-TCTAGCTAGCTATGGCGGATCCAGCC-3’

KIF5c/Nhel reverse primer

5’-TCTAGCTAGCCCTTTCTGGTAGTGAGTGG-3’

KIF5cNMD/Nhel forward primer

5’-GCCGCTAGCCATGGAACTGACAGCAGAAG-¥

KIF5¢cMD/Xhol forward primer

5’-CCGCTCGAGGGATGGCGGATCCAGCCGAAT-3’

KIF5¢cMD/EcoRI reverse primer

5’-CCGGAATTCTTATAGGTTCACAGAGACTGT-3’

EYFP/NotI forward primer

5-ATTTGCGGCCGCTATGGTGAGCAAGGGCG-3'

EYFP/EcoRI reverse primer

S-TTTGAATTCTCACTTGTACAGCTCGTCC-3'

OGT/BamH] forward primer 5-TATAGGATCCATGGCGTCTTCCGTGGGCAA-3'
OGT/EcoRV reverse primer 5-ATAGATATCGGCTGACTCAGTGACTTCAAC-3'
OGT/HindIII forward primer 5’-CCCAAGCTTCCATGGCGTCTTCCGTGGGCA-3’

OGT/BamHI reverse primer

5’-CGCGGATCCTCAGGCTGACTCAGTGACTTC-3’

GABA,R-$2 subunit C1012G mutagenic
forward primer

5-GAGGACCCCAGCGCGAAAAGAAAGCAGCTG-3'

GABA,R-2 subunit C1012G mutagenic
reverse primer

5-CAGCTGCTTTCTTTTCGCGCTGGGGTCCTC-3'
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GABA ,R-B2 subunit A1013C mutagenic

; 5'-GGACCCCAGCGCGCAAAGAAAGCAGCTG-3'
forward primer

GABA R-B2 subunit A1013C mutagenic

. 5-CAGCTGCTTTCTTTGCGCGCTGGGGTCC-3'
Teverse primer

The name of the restriction enzyme added at the 5’-end is indicated in italics and the sequence of the
restriction site in bold.

2.1.6. Antibodies

Primary antibodies were either from commercial sources or were generated and affinity-
purified in house by Dr. Kieran Brickley. A summary of the primary antibodies that
were used for immunoblotting, immunoprecipitation and immunocytochemistry
experiments is shown in Table 2.6. Secondary antibodies were from commercial
sources only. Anti-mouse, anti-rabbit and anti-sheep horseradish peroxidase-conjugated
immunoglobulin G (IgGs) were from Amersham Pharmacia Biotech, anti-rabbit

AlexaFluor® 594 conjugated IgGs were purchased from Molecular Probes-Invitrogen.
2.2. METHODS

2.2.1. Bacteria protocols

2.2.1.1. Bacteria maintenance

Bacteria were grown either in Luria-Bertani (LB broth) or on LB agar plates (LB broth
supplemented with 1.7% agar) overnight at 37°C.

2.2.1.2. Preparation of glycerol stocks

A single colony was used to inoculate 5 ml LB broth and grown overnight at 37°C. The
overnight culture (1 ml) was added to 0.5 ml 50% (v/v) sterile-filtered glycerol, mixed
by inversion and stored at -80°C.

2.2.1.3. Preparation of chemo-competent bacteria

Chemo-competent bacteria were prepared according to the protocol of Nishimura et al.
(1990). LB broth (5 ml) was inoculated with a single DHSa E. coli colony and grown
overnight at 37°C, with shaking. An aliquot of this preculture (0.5 ml) was used to
inoculate 50 ml LB broth supplemented with 10 mM MgSO, and 0.2% (w/v) glucose
(media A). The culture was grown at 37°C, with shaking, to a mid-logarithmic phase
(ODj=600nm = 0.7-0.9). The culture was incubated for 10 min on ice, centrifuged at 2500
g for 10 min at 4°C. The cell pellet was resuspended in 0.5 ml ice-cold media A, and
then mixed with 2.5 ml ice-cold sterile storage solution (36% (v/v) glycerol, 12% (w/v)
polyethylene glycol (PEG) mwt-8000, 12 mM MgSOys, in LB broth). Competent cells
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Table 2.6. A summary of the primary antibodies that were used in immunoblotting, immunoprecipitation and immunocytochemistry experiments

Antibody Host species Antigen Origin
GRIF-15.433 Rabbit polyclonal GRIF-1 8-633 In-house (Beck et al., 2002)
GRIF-1579.834 Sheep polyclonal CNSGGSLLGGLRRNQSL | In-house (Brickley et al., 2005)
FLAG Rabbit polyclonal CDYKADDEEK In-house (Smith et al., 2006)
GABA sReceptor 3235395 subunit | Rabbit polyclonal KAGLPRHSFGRNAL In-house (Pollard and Stephenson., 1997)
GABA sReceptor al;_14 subunit Rabbit polyclonal QPSQDELKDNTTVFC In-house (Duggan et al., 1989)
GABA sReceptor a.1413.420 subunit | Sheep polyclonal ATYLNREPQLKAPTPHQ | In-house (Pollard et al., 1993)
GABA Receptor y2,_;5 subunit Rabbit polyclonal QKSDDDYEDYASNKTC In-house (Stephenson et al., 1990)
GFP (ab6556) Rabbit polyclonal Full length GFP Abcam (Cambridge, UK)
Kinesin 5C (ab5630) Rabbit polyclonal SIZHAIRGGGGSSSNSTHY Abcam (Cambridge, UK)
HisG Mouse monoclonal HHHHHHG Invitrogen (Paisley, UK)
Myc-Tag 4A6 Mouse monoclonal EQKLISEEDL Upstate USA Inc. (Charlottesville, VA, USA)

Anti-58K Golgi protein (ab6284)

Mouse monoclonal

Full lenght rat microtubule-
binding peripheral Golgi
membrane 58 kDa protein

Abcam (Cambridge, UK)
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were divided into 0.1 ml aliquots in pre-chilled microtubes and used immediately or
stored at -80°C until use.

2.2.1.4. Transformation of chemo-competent bacteria by heat shock

A frozen aliquot of chemo-competent cells was thawed on ice, mixed with 2-5 ng
plasmid DNA and kept on ice for 30 min. The cell-DNA mixture was incubated for
exactly 1 min at 42°C, then chilled on ice for 5 min. The cells were mixed with 0.9 ml
SOC media (2% (w/v) tryptone, 0.5% (w/v) yeast extract, 10 mM NaCl, pH 7.0, 2.5
mM KCl, 10 mM MgCl,, 10 mM MgSQ,, 20 mM glucose) and incubated for 1 h at
37°C with gently shaking. The cell suspension was centrifuged at 6000 g for 2 min. The
pellet was resuspended in 150 pl SOC media and spread onto LB agar plates
supplemented with the appropriate antibiotic. This was either 50-100 pg/ml ampicillin,
kanamycin or chloramphenicol.

2.2.1. Recombinant DNA protocols

2.2.2.1. Small scale purification of plasmid DNA

A single colony was used to inoculate 5 ml LB broth containing the appropriate
antibiotic and grown for 12-16 h at 37°C with shaking at 250 rpm. Cells (1.5 ml) were
pelleted by centrifugation at 15000 g at room temperature and resuspended in 200 pl
resuspension buffer (50 mM Tris-HCl, pH 8.0, 10 mM ethylenediaminetetraacetic acid
(EDTA), 100 ng/ml RNase A) by pipetting up and down. The lysis buffer (200 ul) (200
mM NaOH, 1% (w/v) sodium dodecyl sulphate (SDS)) was added and tubes were
inverted gentle. The lysate (chromosomal DNA, denatured proteins, cellular debris) was
precipitated with 200 pl neutralisation buffer (3 M potassium acetate, pH 5.5). The
plasmid DNA was separated from the precipitated lysate by centrifugation at 15000 g
for 10 min at room temperature (RT). The supernatant was transferred to a clean
microfuge tube and plasmid DNA was precipitated by adding 1 volume isopropanol
with mixing by inversion. The DNA-isopropanol solution was centrifuged for 10 min as
before. The supernatant was removed and the pellet was washed with ice-cold 70%
(v/v) ethanol (200 pl) and centrifuged for 2 min as before. The supernatant was
removed and the DNA pellet was dried for 15 min at RT. The DNA was resuspended in
30 pl 10 mM Tris-HCI, pH 8.5 and stored at -20°C until use.

2.2.2.2. Large scale purification of plasmid DNA

Plasmid DNA was purified using the HiSpeed Plasmid Purification Kit. A single colony

was used to inoculate 5 ml LB broth containing the appropriate antibiotic and grown for
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8 h at 37°C with shaking. A large culture was made by inoculating 250 ml LB broth,
supplemented with the appropriate concentration of antibiotic with 0.5 ml of overnight
bacterial culture, and incubated for 12-16 h at 37°C with shaking. Bacterial cells were
harvested by centrifugation at 5000 g for 10 min at 4°C. The pellet was resuspended in
12 ml resuspension buffer by pipetting up and down. The lysis buffer (12 ml) was added
and the cell suspension was mixed by inversion and incubated for 5 min at RT. Chilled
neutralisation buffer (12 ml) and binding buffer were added to the cell lysate and mixed
by inversion. The mixture was immediately transferred into a filter syringe and
incubated for 5 min at RT. Meanwhile a column containing a silica membrane was
equilibrated by adding 12 ml column preparation solution and centrifuging for 2 min at
3000 g in a swinging bucket centrifuge. The cell lysate was added to the equilibrated
column and centrifuged as before. This step was repeated once. The silica membrane
was washed by adding 12 ml washing solution I and centrifuging the column as before.
Washing solution II (12 ml) was added and the column was centrifuged at 3000 g for 5
min. The DNA was eluted from the membrane by adding 2 ml TE (10 mM Tris-HCI,
pH 8.0, 1 mM EDTA) and centrifuging for 5 min at 2000 g. The eluate was transferred
onto the column and centrifuged again for 5 min at 3000 g. This step was repeated.
Purified plasmid DNA was analysed by spectrophotometry and restriction enzyme
digestion, divided into 0.05 ml fractions and stored at -20°C until use. A working
aliquot was kept at 4°C.

2.2.2.3. Determination of the concentration and purity of DNA by
spectrophotometry

The concentration of DNA was determined by measuring the absorbance at A = 260 nm,
where 50 pg/ml double-stranded DNA has an ODj-26onm = 1. The purity of the DNA
was calculated from the ratio ODj=260nm/ODa=280nm- This ratio is equal to ~ 1.8-2 for a
pure DNA preparation, free of proteins.

2.2.2.4. DNA amplification by polymerase chain reaction (PCR)

Oligonucleotide design- The oligonucleotide primer sequences were designed
according to the following rules. Oligonucleotide primer sequences must be specifically
complementary to the flanking sequence of the DNA to amplify. They should be 15 to
30 bases long, with a GC content of 40 to 60% and end with a 3’-GC clamp to increase
the priming efficiency. A run of more than 3 identical bases in the primer sequence and

a run of three or more C or G at the 3’-end should be avoided. A melting temperature
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(Tm) of 55-80°C is recommended. When adding the sequence of a restriction site at the
5’-end of a primer, 4 extra-bases must be added according to the enzyme
manufacturer’s recommendations, upstream of the restriction site sequence, to provide a

binding site for the restriction enzyme,

e.g 5-TATA GAATTC ATGAGTCTGTCCCAG-3

Extra bases  Restriction site DNA sequence 1o amplify
The melting temperature was estimated by the “Wallace rule” (Suggs et al., 1981): Tm
=2°C x (number of A and T residues) + 4°C x (number of G and C residues) for primers
15-20 bases long. For longer primers (20-70 bases), the melting temperature was
estimated by the following: Tm = 81.5 + 0.41 (% GC) - 675/N (Bolton and McCarthy,
1962) where N is the number of bases in the oligonucleotide sequence. The
oligonucleotide primers that were used for PCR reactions and nucleotide sequencing of
DNA constructs are summarised in Table 2.5. Oligonucleotides were stored at a
concentration of 10 uM at -20°C, upon arrival.
PCR reaction- PCR reactions were performed in a Hybaid PCR Express thermocycler
(VWR, Lutterworth, UK). The PCR mix was generally made of 100-250 ng template
DNA, 1.5 mM MgCl,, 0.2 uM forward primer, 0.2 uM reverse primer, 200 uM dNTP
mix (200 uM dATP, 200 uM dCTP, 200 uM dGTP, 200 uM dTTP), reaction buffer, 1
unit DNA polymerase (7ag or Pfu) in a final volume of 100 pl. A standard PCR
amplification cycle was performed by denaturing the template DNA at 95°C for 1 min.
The primers were allowed to hybridise to the DNA at an annealing temperature (Ta) of
2-5°C below the lowest Tm of the primer set. The DNA was elongated at 72°C, in the
presence of Taq or Pfu DNA polymerase for the appropriate time, i.e. 1 min/kb for 7ag
and 2 min/kb for Pfu. This amplification cycle (denaturation-hybridation-elongation)
was repeated 25-30 times. The amplification of the template DNA was analysed by flat
bed agarose gel electrophoresis (section 2.2.2.9). The PCR product was extracted from
flat bed agarose gel or purified using the QIAgen Gel extraction kit or QIAgen PCR
purification kit, respectively before further applications (sections 2.2.2.10 and 2.2.2.11).
2.2.2.5. Site-directed mutagenesis
Mutations in target DNA sequences were introduced using the QuikChange® site-

directed mutagenesis kit following the manufacturer’s instructions.
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Design of the mutagenic oligonucleotide primers- Oligonucleotide primers were
designed according to the manufacturer’s recommendations. For each mutation, two
primers were designed which hybridise to the same sequence on opposite strands of the
plasmid. The primers were 25-45 bp long, with the mutation in the middle of the
sequence. They had a melting temperature greater or equal to 78°C and a minimum GC
content of 40%. The 3’-end of each primer contained one or more G or C. Mutagenic
oligonucleotide primers are shown in Table 2.5.

Mutagenesis reaction- A reaction mix containing 5-50 ng of template DNA, 125 ng of
each primer, 5 pl reaction buffer 10 x and 2.5 U Pfu turbo DNA polymerase was
prepared to a final volume of 50 pl. A control reaction was also carried out using 10 ng
pWhitescript control plasmid and the appropriate primers. The mutated DNA strand was

generated by using the programme:

Step Cycles Temperature | Time
1 1 95°C 30 sec
2 12 95°C 30 sec
55°C 1 min
68°C 1 min/kb plasmid

The amplification step was followed by the addition of 1 pl Dpnl for 1 h at 37°C. The
amplified product was used to transform XL1-blue supercompetent E.coli cells by heat—
shock as described in section 2.2.1.4. Transformed cells were plated on an LB agar plate
containing the appropriate antibiotic and incubated overnight at 37°C. DNA was
isolated from the transformants and verified by nucleotide sequencing.

2.2.2.6. Restriction enzyme digestion

DNA was digested by adding 20 units restriction enzyme per pg DNA to digest (1-5 pg
DNA depending on the experiment), in the appropriate reaction buffer (e.g. the buffer
EcoRI+ was used to digest DNA by EcoRI). The reaction mix was incubated at the
appropriate temperature (e.g. 37°C for EcoRI) for 1-2.5 h. The digestion was verified by
1% flat bed agarose gel electrophoresis (section 2.2.2.9). After the digestion, DNA was
purified as explained in section 2.2.2.11.

2.2.2.7. Dephosphorylation of the 5’- DNA end of the digested cloning vector
Shrimp alkaline phosphatase (SAP) (0.5 units) was added to 1-5 pg digested and
purified vector and incubated at 37°C for 1 h. After the reaction, SAP was inactivated
by heating at 65°C for 20 min.
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2.2.2.8. DNA ligation reactions

Insert DNA and cloning vector with compatible ends were ligated using T4 DNA ligase.
Ratios of insert:vector of 1:1 and 3:1 were mixed with 1 unit T4 DNA ligase in reaction
buffer, in a final volume of 10 pl. The reaction mix was incubated for 4 h at 20°C, or
overnight at 16°C, or overnight using a programme cycling between 1 min at 10 °C and
1 min at 30°C (Lund ef al., 1996). At 30°C the ligase activity of the enzyme is optimal
and at 10°C the DNA is very stable, thus resulting in an increased ligation efficiency.
2.2.2.9. Flat bed agarose gel electrophoresis

Agarose gels (1%) were made by adding 0.5 g agarose to 50 ml TBE buffer (89 mM
Tris, 8 mM boric acid, 2 mM EDTA, pH 8.5). The agarose was melted by heating the
solution. Ethidium bromide (20 nug) was added to the agarose solution and mixed by
swirling. The solution was cooled to RT and poured into an electrophoresis unit
assembled as indicated by the manufacturer (Flowgen, VWR, Lutterworth, UK). The
gel was allowed to solidify for 30 min and covered with 50 ml TBE buffer. DNA
samples to be analysed were mixed with sample buffer (0.25% (w/v) bromophenol blue,
0.25% (w/v) xylene cyanol FF, 40% (w/v) sucrose in H,O) and loaded onto the gel. A
DNA size marker was applied to a parallel lane of the gel. Electrophoresis was carried
out for 1 h at constant voltage, i.e. 55 V. DNA was visualised by exposing the gel to UV
light.

2.2.2.10. Extraction of DNA fragments from agarose gels

DNA fragments were separated according to their size by flat bed electrophoresis
(section 2.2.2.9) on a 2% agarose gel. The fragment of interest was excised from the gel
and extracted using the QIAgen gel extraction kit, following the manufacturer’s
instructions. The gel slice was weighed and solubilised by adding 3 volumes buffer QG
at 50°C for 10 min in a thermomixer. The melted gel slice was mixed with 1 volume
isopropanol, transferred to a QIAquick spin column and centrifuged for 1 min at 15000
g to bind the DNA to the column. The DNA was washed by adding 0.75 ml buffer PE
and centrifuging as before. The DNA was eluted from the column with 30 pl elution
buffer EB and used immediately or stored at 4°C until use. The purification efficiency
was assessed qualitatively by flat bed agarose gel electrophoresis.

2.2.2.11. DNA purification of digestion and PCR products

Unwanted salts or enzymes were removed from DNA using the QIAgen PCR
purification kit. The DNA sample was mixed with 3 volumes binding buffer PB and
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transferred to a QIAquick spin column. The DNA was allowed to bind to the resin by
centrifuging at 15000 g for 1 min at RT. The DNA was washed with 0.75 ml washing
buffer by centrifuging as before. The DNA was eluted from the resin in 30 pl elution
buffer EB by centrifuging as before. The purified DNA was used immediately or stored
at -20°C until use.

2.2.2.12. Ethanol precipitation of DNA

DNA was mixed with cold sodium acetate 3 M, pH 5.2, 4°C (0.1 DNA sample volume)
and ice-cold 100% (v/v) ethanol (2 DNA sample volumes) by pipetting up and down.
The DNA solution was stored at -20°C for at least 1 h or 30 min at -80°C. The DNA
sample was centrifuged at 15000 g for 15 min at 4°C and the supernatant was discarded.
The sample was centrifuged again for 5 min as before to remove the remaining
supernatant. Ice-cold 70% (v/v) ethanol (200 pl) was added to the pellet and centrifuged
for 5 min as before. The supernatant was removed and the remaining ethanol was
evaporated by heating the samples at 37°C for 15 min. The pellet was resuspended in
the desired volume of sterile bi-distilled water (ddH,O) or 10 mM Tris-HCl, pH 8.0.
2.2.2.13. Bioinformatic analysis

For sequence analysis, the homology search program Blast (Altschul et al., 1997),
sequence alignment program ClustalW (Thompson et al., 1994) and other programs
available on Expasy web-sites (e.g. Expasy tools from www.expasy.ch) were used.
2.2.2.14. Nucleotide sequencing of DNA constructs

Nucleotide sequencing of defined DNA constructs was performed by MWG-Biotech
(Ebersberg, Germany). Alternatively, the ABI PRISM 310 Genetic Analysis System
(Applied Biosystems, Foster city, CA, USA) was used following the procedure
described in appendix 4.1.

2.2.3. Yeast protocols

2.2.3.1. Yeast maintenance

GALA yeast strain

The yeast strain, AH109, was grown in YPAD broth (1% (w/v) yeast extract, 2% (w/v)
bacto-peptone, 2% (w/v) dextrose, 40 mg adenine/l) at 30°C for 16 h with shaking or on
YPAD agar (YPAD broth supplemented with 2% (w/v) bacto-agar) at 30°C.
CytoTrap® yeast strain

Cdc25Ha strain was grown either in YPAD broth at 25°C for 16 h or on YPAD agar
plate at 25°C for 4 days.
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2.2.3.2. Preparation of glycerol stock of yeast cells

Yeast cells were scraped from a provided glycerol stock and streaked onto a YPAD agar
plate using an inoculation loop. They were incubated at 30°C (AH109) or 25°C
(cdc25Ha) for 4 days. A single colony was used to inoculate 5 ml YPAD broth. The
cells were grown for 18 h to a late growth phase (ODj=s00nm = 0.8-1). This culture (1 ml)
was added to 0.5 ml sterile-filtered 50% (v/v) glycerol. The cell suspension was mixed
by inversion and stored at -80°C.

2.2.3.3. Verification of the yeast strain phenotype

The phenotype of the cdc25Ho, yeast strain was checked prior to performing a
CytoTrap® assay. Cells were streaked from the glycerol stock onto a plate containing a
glucose minimal media lacking tryptophan, leucine, histidine and uracil (-W, -L, -H; -
U) and incubated at 25°C for 4 days. No growth was expected under these conditions.
The temperature-sensitive phenotype was checked by streaking cdc25Ha cells from the
glycerol stock onto a YPAD agar plate and incubated at 37°C for 4 days. The
temperature-sensitive strain, cdc25Ha, cannot grow at 37°C.

2.2.3.4. Preparation of competent yeast cells and transformation

Competent cells were prepared and transformed according to the protocol of Schiestl
and Gietz (1989).

Preparation of the competent cells- A starter culture was prepared by inoculating 5 ml
fresh YPAD-broth with a single AH109 yeast colony and this was grown for 16 h at
30°C, with shaking at 250 rpm. The ODj-600nm Was determined. This preculture was
used to make a 50 ml culture with a starting ODj=600nm = 0.15 and incubated at 30°C
until an ODj-¢0onm = 0.4 was attained. The cells were harvested by centrifugation at
2500 g for 5 min at RT and the supernatant was removed. The pellet was resuspended in
25 ml sterile ddH,O and centrifuged as before. The ddH,0O was removed and the pellet
was resuspended in 10 ml LISORB (100 mM lithium acetate, 10 mM Tris, pH 8.0, 1
mM EDTA, pH 8.0, 1 M sorbitol) and centrifuged as before. The cell pellet was
resuspended in 300 ul LISORB. Boiled single stranded salmon sperm DNA (80 ul of a
2 mg/ml stock) and 1 ml LIPEG (100 mM lithium acetate, 10 mM Tris, pH 8.0, | mM
EDTA, pH 8.0, 40% (w/v) PEG [mwt 3350]) were added to the LISORB. The cell

suspension was then divided into 130 pl aliquots and used immediately.
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Transformation of competent cells- Yeast cells were transformed by adding 0.2 ug of
each plasmid DNA, mixed by vortexing and incubated for 20 min at RT. DMSO (12 pl)
was added to each aliquot and the cells were heat-shocked at 42°C for 10 min. The cells
were centrifuged at 15000 g for 1 min and resuspended in 200 pl sterile ddH,O.
Transformants (100 pl) were plated on a synthetic dropout medium lacking tryptophan
and leucine, SD (-W, -L), and on a dropout media lacking tryptophan, leucine, uracil,
histidine, SD (-W, -L, -H, -U), for the detection of protein-protein interactions. Cells
were incubated at 30°C for 4-10 days.

These protocols were adapted for the preparation of competent cdc25Ha yeast cells as
follows:

-cultures were grown at 25°C;

-the 50 ml culture had a starting ODj=600nm = 0.2-0.3 and was grown to an OD3=6oonm =
0.7.

Transformants were plated onto a synthetic glucose minimal medium (1.7 g/l yeast
nitrogen base without amino acids, 5 g/l ammonium sulphate, 20 g/l galactose, 10 g/l
raffinose, 1.7% (w/v) agar) lacking uracil and leucine, SD glucose (-U, -L) and
incubated at 25°C for 4-6 days.

2.2.3.5. Detection of protein-protein interactions

2.2.3.5.1. GAL4 yeast two-hybrid system

Nutritional selection - Protein-protein interactions were detected on SD (-W, -L, -H, -
U). For each co-transformation, colony forming units (cfu) grown on SD (-W, -L, -H, -
U) were counted. The number of cfu/plate is proportional to the strength of the
interaction between the 2 proteins that are expressed in the yeast.

B-Galactosidase filter lift assay - Colonies grown on SD (-W, -L, -H, -U) plates were
transferred onto a filter-paper. The filter was frozen in liquid nitrogen for 1 min and
thawed at RT. This filter was placed on another filter that was pre-soaked with 2 ml Z-
buffer (60 mM Na,HPO,, 40 mM NaH,PQO4, 10 mM KCl, 0.1 mM MgSO,, pH 7.0)
containing 1mg/ml S-bromo-4-chloro-3-indolyl-B-D-galactopyranoside (X-GAL)
dissolved in dimethylformamide (DMF), 0.27% (v/v) B-mercaptoethanol. The filters

were incubated at 37°C up to 8 h, until the appearance of blue colonies.

74



Chapter 2

2.2.3.5.2. CytoTrap® yeast two-hybrid system

Colonies (3) from each co-transformation (section 2.2.3.4) were picked and
resuspended in 25 pl sterile ddH,O. These cell suspensions (2.5 pl each) were
transferred to a galactose minimal medium, i.e. SD galactose (-U, -L) plate, a glucose
minimal medium, i.e. SD glucose (-U, -L) plate, and incubated at 37°C for 4-10 days.
As a control, duplicates of these plates were incubated at 25°C for 4-10 days.

2.2.3.6. Extraction of recombinant proteins from the yeast cells

The expression of bait and target fusion proteins was checked by extracting proteins
from the appropriate yeast lysates followed by immunobloting analysis (section
2.2.4.11). A single colony from each transformed yeast strain was used to inoculate 5
ml selective media and grown until the culture was saturated (ODj=go0nm > 1). The cells
were harvested by centrifugation at 1000 g for 5 min at RT. The pellet was resuspended
in 200 pl cell lysis buffer (140 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO4, 1.8 mM
KH,PO4, pH 7.4, 1% (v/v) Triton X-100) containing protease inhibitors (1 mM PMSF,
1 uM pepstatin A, 100 uM leupeptin, 1 pg/ml chymostatin, 10 pg/ml aprotinin). The
cell suspension was supplemented with an equal volume of acid-washed glass beads and
was mixed by vortexing for 5 min at 4 °C. The cell lysate was collected by centrifuging
at 15000 g for 5 min at 4°C. The supernatant was removed and kept on ice. Cell lysis
buffer (100 pul) was added to the glass-bead pellet and was mixed by vortexing. The cell
lysate was collected by centrifugation as before. The two supernatants were pooled,
aliquoted and used immediately or stored at -20°C until analysis.

2.2.4. Mammalian cell culture and protein expression protocols

2.2.4.1. Maintenance of mammalian cell lines and sub-culturing

Human embryonic kidney (HEK) 293 cells- HEK 293 cells were routinely maintained
in DMEM/F-12 media containing 10 % foetal bovine serum in 250 ml flasks at 37°C,
5% CO,. One day prior to transfection, they were sub-cultured when reaching 70-80%
confluency. The culture media was removed and cells were rinsed with 10 ml Hank’s
buffered salt solution (HBSS), trypsinised with 2 ml trypsin-EDTA for 20-60 sec and
removed from the flask surface by slapping the flask. DMEM/F-12 media (10 ml) was
added and cells were resuspended by pipetting up and down. This cell solution was
added to 40 ml DMEM/F-12 media and mixed by inversion (suspension A). This
suspension was distributed to clean, sterile 250 ml flasks (12 ml/flask). Cells were
incubated at 37°C, 5% CO; until transfection.
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For confocal microscopy studies, autoclaved coverslips were incubated in a poly D-
lysine solution (0.1 mg/ml) either overnight at RT or for 1 h at RT, rinsed twice with
sterile ddH,O and dried for 20 min at RT, in a cell culture hood. Coverslips (2-4) were
transferred to a sterile 35 x 10 mm Petri-dish. HEK 293 cells were sub-cultured as
before. Suspension A (1 ml) was added to 5 ml DMEM/F-12 media, mixed by inversion
and transferred to the Petri-dishes (2.5 ml/dish). Cells were incubated at 37°C, 5% CO,
until transfection.

African green monkey fibroblast (COS-7 cells)- COS-7 cells were routinely
maintained and sub-cultured as explained for HEK 293 cells except from the
trypsination step. COS-7 cells were incubated with 2 ml trypsin-EDTA for 1 min at
37°C, 5% CO; and scraped from the 250 ml flask surface using a platic rod. DMEM/F-
12 media (10 ml) was added to the flask and cells were resuspended by pipetting up and
down. The cell suspension was mixed by inversion to 40 ml DMEM/F-12 media,
yielding to suspension B that was transferred (12 ml) to a clean 250 m] flask.

For confocal microscopy studies, the same procedure as for HEK 293 cells was
followed except that suspension B (1 ml) was mixed to 7 ml DMEM/F-12 media prior
to transfer to the Petri-dishes.

2.2.4.2. Cell culturing from a frozen stock

An aliquot of frozen HEK 293 or COS-7 cells (1 ml) was thawed at 37°C and mixed by
inversion to 50 ml pre-warmed DMEM/F-12 media. Cells were centrifuged at 1800 g
for 10 min at 4°C and the supernatant was discarded. The cell pellet was resuspended in
12 ml fresh pre-warmed DMEM/F-12 media by pipetting up and down, transferred to a
250 ml flask and incubated at 37°C, 5% CO, for 24 h. The media was replaced by 12 ml
fresh pre-warmed DMEM/F-12 media. Cells were routinely cultured as described in
section 2.2.4.1.

2.2.4.3. Preparation of frozen stocks of HEK 293 and COS-7 cells

HEK 293 and COS-7 cells were cultured to 70% confluency and trypsinised as
described in 2.2.4.1. Cells were resuspended in 10 ml pre-warmed DMEM/F-12 media.
The contents of 2 flasks were pooled in a 50 ml tube and the cells were centrifuged at
1800 g for 10 min at 4°C. The supernatant was removed and the pellet was resuspended
in 4.8 ml pre-warmed DMEM/F-12 supplemented with 10% foetal bovine serum and
10% filter sterilised DMSO. The solution was mixed thoroughly and aliquoted (1.5 ml)
into cryotubes. The tubes were wrapped in tissue and stored at -80°C overnight. The

tubes were transferred to a -150°C freezer on the following day and stored until use.
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2.2.4.4. Transfection of HEK 293 and COS-7 cells by the calcium phosphate
method

For each transfection, a 250 ml flask of HEK 293 cells was placed at 37°C, 7.5% CO;
for 3 h. Plasmid DNA solution (450 pl) was prepared by adding the DNA (10 ug) to the
appropriate volume of 1 in 10 TE buffer. A total plasmid DNA concentration of 10 pg
was used for each flask. The calcium-DNA precipitate was prepared by adding 50 ul
2.5 M CaCl,, pre-warmed to 37°C, to the DNA and shaking vigorously for 15 sec. This
solution was pipetted dropwise (1 drop/3 sec) to 500 ul HBS buffer (50 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH 8.0, 280 mM NaCl, 1.1
mM Na,HPO,). The resulting DNA mixture was added to the cell culture flask and
mixed gently by moving the flask. The flask was incubated at 37°C, 5% CO, for 24-36
h, until transfected cells were harvested.

For confocal microscopy studies, Petri-dishes of HEK 293 or COS-7 cells were placed
at 37°C, 7.5% CO, for 3 h. For each dish, a total plasmid DNA concentration of 1 pg
was used. Plasmid DNA solution was prepared by adding 10 pg DNA to 1 in 10 TE
buffer to a final volume of 450 ul. CaCl, (2.5 M, 50 ul) was added to the plasmid DNA
solution and mixed by shaking for 15 sec. The calcium-DNA precipitate was pipetted
dropwise to 500 ul HBS buffer. This final DNA mixture (100 pl, i.e. 1 pg total DNA)
was added to each dish. Cells were incubated at 37°C, 5% CO, for 24-48 h, until
imaged.

The plasmid DNAs used to transfect HEK 293 or COS-7 cells were:

-pEYFP-C1 -pCMV-FLAG-GRIF-1  -pCMVmycKLC

-pECFP-C1 -pN-EYFP-KIF5C -pCMVmycKIF5C-MD
-pECFP-EYFP -pN-ECFP-KIF5C -pCMVmycKIF5C-NMD
-pECFP-ER -pC-EYFP-KIF5C -pCIS-GABAAR-B25YFF
-pECFP-GRIF-1 -pC-ECFP-KIF5C -pCMV- FLAG-OGT
-pDsRed1-Mito -pcDNAHisMax-KIF5C  -pEYFP-OGT
-pEYFP-GRIF-1 -pEYFP-KIF5C-MD -pcDNAHisMax-mOGT 49374
-pCIS-GRIF-1 -pEYFP-KIF5C-NMD
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The different combination of plasmid DNAs used to transfect HEK 293 and/or COS-7

cells were:

-pCIS-GRIF-1 (5 ug) +
pcDNAHisMax-KIF5C (5 pg)

-pCIS-GRIF-1 (5 pg) +
pN-EYFP-KIF5C

-pCIS-GRIF-1 (5 pg) +
pC-EYFP-KIF5C (5 pg)

-pCIS-GRIF-1 (5 pg) +
pEYFP-KIF5C-MD (5 pg)

-pCIS-GRIF-1 (5 pg)+
pEYFP-KIFSC-NMD (5 pg)

- -pECFP-GRIF-1 (5 pg) +
pcDNAHisMax-KIF5C (5 pg)

-pECFP-GRIF-1 (5 pg)+
pN-EYFP-KIF5C (5 pug)

-pECFP-GRIF-1 (5 pg) +
pC-EYFP-KIF5C (5 pg)

-pECFP-GRIF-1 (5 pg) +
pEYFP-KIF5C-MD (5 pg)

-pECFP-GRIF-1 (5 pg) +
pEYFP-KIF5C-NMD (5 pug)

-pECFP-GRIF-1 (2 pg) +
pN-EYFP-KIF5C (2 ug) +
pCMVmycKLC (4 ng)

-pEYFP-GRIF-1 (5 pg) +
pECFP-ER (5 ug)

-pN-EYFP-KIF5C (5 pg) +
pECFP-ER (5 pg)

-pCIS-GRIF-1 (3.3 pg) +
pN-EYFP-KIF5C (3.3 pg) +
pECFP-ER (3.3 pg)

-pECFP-GRIF-1 (8 pg) +
pDsRed1-Mito (2 pg)

-pN-ECFP-KIF5C (8 pg) +
pDsRed1-Mito (2 pg)

-pECFP-GRIF-1 (4 ug) +
pN-ECFP-KIF5C (4 ng) +
pDsRed1-Mito (2 pg)

-pCIS-GABAAR-B32 (3.3 pg) + pCIS-
GABAAR-y2 (3.3 pug) + pcDM8-
GABAR-al (3.3 ng)

-pCIS-GABAAR-B2EYFP (3.3 pg) +
pCIS-GABAAR-2 (3.3 pg) + pcDMS-
GABAaR-al (3.3 pg)

-pCIS-GRIF-1 (2 pug) +
pcDNAHisMax-mOGT 40-374 (8 ug)

-pCIS-GRIF-1 (3 ng) +
pCMVTag4a-OGT (7 pg)

-pCMVTag4a-GRIF-1 (3 pg) +
pEYFP-OGT (7 pg)

-pECFP-GRIF-1 (5 ng) +
pEYFP-OGT (5 pg)

-pECFP-KIF5C (5 pg) +
pPEYFP-OGT (5 png)
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2.2.4.5. Harvesting of transfected HEK 293 cells and preparation of the total cell
homogenates

HEK 293 cells were removed from the incubator 24-36 h after transfection. The culture
media was removed and the flask was rinsed twice with 10 ml ice-cold phosphate buffer
saline, PBS (136.9 mM NaCl, 2.68 mM KCl, 10 mM Na,HPO4, 1.76 mM KH,PO4, pH
7.4). Ice-cold PBS (10 ml) was added to the flask and the cells were scraped using a
plastic rod and transferred to a 15-ml tube. The cells were centrifuged at 1000 g for 5
min at 4°C. The supernatant was removed and the cell pellet was resuspended in 1 ml
homogenisation buffer (10 mM HEPES, pH 7.4, 145 mM NaCl, 1 mM ethylene glycol
bis(2-aminoethyl ether)-N,N,N'N'-tetraacetic acid (EGTA), 0.1 mM MgCl,) containing
protease inhibitors (0.1 mg/ml soybean trypsin inhibitor, 0.1 mg/ml chicken egg trypsin
inhibitor, 0.1 mg/ml bacitracin, 0.1 mg/ml benzamidine, 1 mM PMSF). The cell pellet
was homogenised using a glass-glass homogeniser and transferred to a 1.5 ml tube. The
total cell homogenate was used immediately or frozen in liquid nitrogen prior to storage
at -20°C until use.

2.2.4.6. Preparation of soluble and detergent soluble fractions of transfected HEK
293 cells

Total cell homogenates (section 2.2.4.5) of transfected HEK 293 cells were centrifuged
at 100000 g for 30 min at 4°C. The supernatant, i.e soluble fraction, was removed and
kept on ice. The pellet was resuspended in 1 ml homogenisation buffer containing 1%
(v/v) Triton X-100 and protease inhibitors as in 2.2.4.5 and incubated 1 h at 4°C. The
detergent soluble fraction was obtained by centrifuging at 100000 g for 30 min at 4°C.
The supernatant was kept on ice. The pellet was either resuspended in 500 pl
homogeneisation buffer for analyses or discarded. Alternatively, total cell homogenates
of co-transfected HEK 293 cells (section 2.2.4.5) were prepared in 2 ml
homogeneisation buffer containing 1% (v/v) Triton X-100 and protease inhibitors (same
as in section 2.2.4.5), solubilised 1 h at 4°C and centrifuged as before. The supernatant,
i.e. detergent soluble fraction, was used immediately for co-immunoprecipitation
experiments (section 2.2.4.7).

2.2.4.7. Co-immunoprecipitation assays

Detergent solubilised extracts of co-transfected HEK 293 cells (section 2.2.4.6) were
supplemented with an equal volume of homogenisation buffer containing protease

inhibitors (as in section 2.2.4.5). Primary antibodies (5-10 pg) were added to the extract
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and incubated for 90 min at 37°C with gentle shaking. Alternatively, antibodies were
incubated overnight at 4°C with gentle shaking. Immune pellets obtained using
polyclonal anti-rabbit primary antibodies were precipitated by incubation with protein-
A Sepharose beads (20 pl) for 1 h at 37°C. Protein-G Sepharose beads (20 pl) were
added to immune pellets containing polyclonal anti-sheep IgGs and incubated for 1 h at
37°C. Sepharose beads were sedimented by centrifugating at 200 g for 2 min at 4°C.
The supernatant was removed and the pellet was transferred to a clean 1.5 ml tube and
centrifuged for 15 sec at 200 g. The immune pellet was washed 3 times by adding 1 ml
homogenisation buffer containing 0.5% (v/v) Triton X-100 and centrifuging as before.
The pellet was resuspended in SDS-PAGE sample buffer (section 2.2.4.10) and
analysed by SDS-PAGE followed by western-blotting (sections 2.2.4.10 and 2.2.4.11).
2.2.4.8. Determination of the protein concentration

Protein concentrations were determined using the Bio-Rad Protein Assay. The assay
was performed according to the manufacturer’s instructions. Bovine serum albumin
(BSA) standard solutions were prepared by diluting a BSA stock-solution to 0.2, 0.45,
0.7, 0.9, 1.4 mg/ml. The standard solution or test sample (100 ul) was added to 5 ml of
the dye reagent provided in the kit, mixed by vortexing and incubating at RT for 5-60
min. The OD; = s9snm Was determined by spectrophotometry and a standard curve was
established using the ODj)=s9snm Of the standard solutions. The protein concentration of
the samples was determined using the standard curve.

2.2.4.9. Methanol/chloroform precipitation of proteins

Total cell homogenates, soluble or detergent soluble extracts of transfected HEK 293
cells were precipitated prior to electrophoresis analysis. Protein samples (50 pl) were
mixed by vortexing with methanol (150 ul). Chloroform (50 pl) was added and mixed
by vortexing. Bi-distilled H,O (150 pul) was added and mixed by vortexing. The sample-
methanol-chloroform-ddH,O mix was centrifuged at 15000 g for 4 min at RT. The
upper phase was removed. Methanol (50 ul) was added to the remaining solution,
mixed by vortexing and centrifuged at 15000 g for 5 min at RT. The supernatant was
carefully discarded and the protein pellet was dried under vacuum for 15 min.
Precipitated proteins were either dissolved in SDS-PAGE sample buffer (section
2.2.4.10) or stored at -20°C until use.

80



Chapter 2

2.2.4.10. Separation of proteins by sodium dodecyl sulphate polyacrylamide gel
(SDS-PAGE) electrophoresis

Polyacrylamide gels were prepared according to Laemmli (1970).

2.2.4.10.1. Preparation of resolving and stacking polyacrylamide gels

The resolving gel - For the analysis of 60-200 kDa proteins, 7.5% resolving gels were
prepared by adding 2.2 ml resolving gel buffer 4 x (1.5 M Tris pH 8.8, 8 mM EDTA,
0.4% (w/v) SDS), 2.2 ml acrylogel (30% acrylamide:bisacrylamide (37:1)), 16 pl
N,N,N',N'-tetramethylethylenediamine (TEMED) and 4.4 ml ddH2O. Proteins with a
molecular size of 20-60 kDa were analysed using a 10% resolving gel, that was
prepared by supplementing the resolving gel buffer 4 x (2.2 ml) with 3.3 ml acrylogel,
16 ul TEMED and 3.3 ml ddH20. The solutions were degassed for 20 min under
vacuum. An aluminium and a glass plate, separated by 1.5 mm plastic spacers, were
assembled in a gel caster (Hoefer, Amersham Pharmacia Biotech Ltd.). The resolving
gel solution was supplemented with 66 pl ammonium persulphate (APS) 10% (w/v),
mixed and poured between the assembled plates. The top of the resolving solution was
overlaid with 50% butanol (v/v) and allowed to polymerise at RT for 30 min. The plates
were removed from the gel caster and the top of the gel was washed with distilled
water. The plates were placed in the electrophoresis unit (Mighty small, Amersham
Pharmacia Biotech Ltd.). The base of the gel was covered with electrode buffer (50 mM
Tris pH 8.8, 400 mM glycine, 1.8 mM EDTA, 0.2% (w/v) SDS). The top of the gel was
cleaned from water by capillarity using a filter paper prior to pouring the stacking gel.
The stacking gel - The stacking gel (4%) was prepared by mixing 1 ml stacking gel
buffer 4 x (0.5 M Tris pH 6.8, 8 mM EDTA, 0.4% SDS), 0.6 ml acrylogel (30%
acrylamide:bisacrylamide (37:1)), 5 ul TEMED and 2.6 ml ddH,O. The solution was
degassed under vacuum for 20 min. APS 10% (w/v) (80 pl) was added to the degassed
solution. The stacking gel was poured to the top of the separating gel, a gel comb was
inserted and the gel was allowed to polymerise at RT for 30 min. After polymerisation,
electrode buffer (as before) was added to the electrophoresis until the top of the stacking
gel was covered.

2.2.4.10.2. Preparation and loading of protein samples

Precipitated protein samples (2.2.4.9) were dissolved in 15 pl SDS-PAGE sample
buffer (10 mM NaH,POy4, pH 7.0, 10% (v/v) glycerol, 0.015% (v/v) bromophenol blue
and 2.5% (w/v) SDS) containing 135 mM DTT and boiled 4 min at 95°C. The gel comb
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was removed from the stacking gel and the wells were rinsed with electrode buffer.
Protein samples (15 ul) were loaded into the wells using a Hamilton’s syringe.
Molecular weight markers (M, = 250, 98, 64, 50, 36, 30, 16 kDa) were loaded in a
parallel well. Wells with no samples were filled with 15 pl SDS-PAGE sample buffer.
2.2.4.10.3. SDS-PAGE electrophoresis

Electrophoresis was carried out at constant current, i.e.10 mAmp per gel for 3 h, until
the dye front reached the bottom of the gel.

2.2.4.11. Western-blotting

After separation of proteins by electrophoresis, proteins were transferred from the SDS-
PAGE gel onto a nitrocellulose membrane and analysed by immunoblotting.
Electrophoretic transfer of proteins to nitrocellulose membranes - After
electrophoresis, the plates were removed from the electrophoresis unit. A sponge was
placed on a plastic blot holder. Blotting paper (2 pieces) and 1 piece of nitrocellulose
filter, all pre-equilibrated in transfer buffer (12.5 mM Tris pH 8.5, 96 mM glycine, 40%
(v/v) methanol) were placed on the sponge. The separating gel was placed on the top of
the nitrocellulose membrane. The gel was covered with 2 pieces of blotting paper. Air
pockets were removed by rolling a pipette on the blotting paper. The blotting paper was
covered with a sponge, the blot holder was closed and placed in an electro-tranfer tank
(Hoefer, Amersham Pharmacia Biotech Ltd.) filled with transfer buffer as above. The
electrophoretic transfer was performed overnight at constant voltage, i.e. 14 V. The tank
was cooled down by circulating water.

Detection of proteins - The nitrocellulose membrane was removed from the plastic blot
holder and washed in PBS for 10 min. Non specific sites were blocked by incubation in
PBS containing 5% (w/v) powdered milk and 0.1% (v/v) Tween-20 at 37°C for 1 h with
shaking. The membrane was incubated with the primary antibody (Table 2.6) diluted to
the appropriate concentration, in general 1 pg/ml, in PBS containing 2.5% (w/v)
powdered milk for 90 min at 37°C or overnight at 4°C with shaking. The membrane
was washed with PBS containing 2.5% (w/v) powdered milk and 0.1% (v/v) Tween-20
for 10 min at 37°C with shaking. This washing step was repeated 3 times. The
membrane was incubated with the appropriate horseradish peroxidase-conjugated
secondary antibody diluted to a concentration of 0.5 pg/ml in PBS containing 2.5%
(m/v) powdered milk at 37°C for 1 h with shaking. The membrane was washed with
PBS containing 0.2% (v/v) Tween-20 for 20 min with shaking. This step was repeated 3
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times. Finally the membrane was washed in PBS for 10 min. The membrane was
incubated with enhanced chemi-luminescence mix (800 mM luminol, 100 mM Tris, pH
8.5, 11 pg/ul p-coumaric acid, 10 pl H>O;) for 1 min exactly with gentle shaking.
Proteins were visualised by imaging the membrane for 2-10 min with the GeneGnome
(Syngene Bio Imaging, Cambridge, UK). Pictures were stored in the computer and
analysed with the Syngene software provided with the GeneGnome.

2.2.4.12. Fixation of cells

Dishes of HEK 293 or COS-7 cells were removed from the incubator 24-72 h after
transfection. Coverslips were washed with 2.5 ml pre-warmed HBSS for 1 min at RT
and fixed in 2.5 ml pre-warmed 4% (w/v) paraformaldehyde, pH 7.6, for 10 min at
37°C, 5% CO,. Each coverslip was washed 3 times in PBS and mounted onto a
microscope slide in 10 pl mounting solution containing an anti-fading agent. Coverslips
were sealed with clear nail vanish and kept at 4°C until analysed.

2.2.4.13. Immunocytochemistry

Cells were plated onto coverslips, transfected and fixed as described in sections 2.2.4.4
and 2.2.4.12. After fixation, each coverslip was washed 3 times in TBS (10 mM Tris,
pH 7.4, 145 mM NaCl), for 5 min at RT and cells were permeabilised with 0.2% (v/v)
Triton X-100 for 10 min at RT. Coverslips were washed as before. Non-specific sites
were blocked by incubation of each coverslip with a solution containing 10% (w/v) goat
serum, 4% (w/v) BSA, 0.1% (w/v) DL-lysine (100 pl/coverslip) for 1 h at RT in the
dark. Primary antibodies were diluted to the appropriate concentration in solution D
(5% (w/v) goat serum, 2% (w/v) BSA, 0.1% (w/v) DL-lysine), added to the coverslip
(60 pl) and incubated at 4°C overnight in the dark. Coverslips were washed 3 times as
before. Secondary antibodies (60 ul) were diluted to the appropriate concentration in
solution D and added to the coverslips for 50 min at RT in the dark. Coverslips were
washed with TBS for 7 min in the dark. This step was repeated 5 times and coverslips
were mounted onto a microscope slide as in section 2.2.4.12. The coverslips were
sealed and stored at 4°C until imaged.

The primary antibodies used were rabbit polyclonal anti-GRIF-1g.633 (0.1 pg/ml) and
rabbit polyclonal anti-58K Golgi protein (1 in 2000) IgGs. Secondary antibodies were
anti-rabbit AlexaFluor®594-conjugated IgGs and they were always used at a

concentration of 5.5 pg/ml.
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2.2.5. Confocal microscopy imaging of transfected mammalian cells
Fixed transfected HEK 293 and COS-7 cells were imaged with an inverted LSM510
Meta laser-scanning confocal microscope (Zeiss, Germany) and visualised using a 63 x
immerged oil objective with a numerical aperture of 1.4. For each image, the pinhole
diameter was of ~ 1 Airy unit and the resolution was of 12 bits over 512 x 512 or 1024
x 1024 pixels. The lasers were either a 30 mW argon laser used at 50% of its full power
and containing the lines A = 458, 477, 488 and 514 nm or a 1 mW A = 543 nm HeNe
laser. Confocal sections, or Z-stacks, were generated with a Z-step size of 0.36 um. The
stacks were saved on the computer. Images were analysed using the LSMS510 software
provided with the microscope.

2.2.5.1. Imaging of a cell containing a single fluorophore

2.2.5.1.1. Single channel imaging mode

Transfected HEK 293 and COS-7 cells were imaged on a single channel, i.e. single-
track mode of the microscope. Enhanced cyan fluorescent protein (ECFP) was excited
with the A = 458 nm laser line and emission fluorescence between A = 475-525 nm was
collected with a band-pass (BP) filter, BP 475-525. Enhanced yellow fluorescent
protein (EYFP) was excited at A = 514 nm and emission fluorescence above A =530 nm
was recorded with a long-pass (LP) filter, LP 530. DsRedl and AlexaFluor®594 were
excited with the A = 545 nm HeNe laser and emission fluorescence above A = 560 nm
was collected with a LP 560. Each excitation laser was paired with one or more of the
dichroic mirrors available on the microscope: the A = 458 nm excitation laser line was
used with a A = 458 nm dichroic mirror, the A = 514 nm laser line with the A = 458/514
nm dichroic mirrors and the A = 545 nm HeNe laser with the A = 488/543 nm. The
detailed procedure for the imaging of a fluorophore in the single channel imaging mode
is shown in Figure 2.1.

2.2.5.1.2. Generation of a fluorophore reference spectrum: imaging of a cell
containing a single fluorophore in the lambda mode

For each fluorophore, a reference spectra was generated using the lambda mode of the
microscope as described in the section 2.2.5.2.2. In this imaging mode, an image of the
test sample is captured at each wavelength of a defined range, i.e. lambda stacks, on a
Meta detector. By plotting the fluorescence intensity obtained for each wavelength

versus the wavelength, an emission spectrum of the sample is generated.
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STEP 1: Select a transfected cell in the visual mode of the microscope
STEP 2: Click on the icon “LSM” to return to the confocal mode

STEP 3: Select the single- or multi-track imaging mode by clicking on the corresponding icon.
Choose excitation laser(s), dichroic mirrors and emission fluorescence collection filter (sections
22.5.1.1and2.25.2.1)

STEP 4: Capture an image of the sample by clicking on “Find”
STEP 5: Reduce the level of background and saturation using the “gain” and “offset” functions
STEP 6: Image a Z-stack series by selecting “Z-stack” followed by “Find”

STEP 7: Save the images on the computer

Figure 2.1. Detailed procedure for the imaging of transfected cells in the single- or multi-track
mode of the LSM510 Meta confocal microscope

An HEK 293 cell expressing a single fluorescent fusion protein or a single protein
labelled with a fluorescent dye conjugated antibody was imaged in the lambda mode.
ECFP and EYFP were excited as in 2.2.5.1.1. Alternatively, EYFP was excited using
the A = 488 nm laser line with the A = UV/488/543/633 dichroic mirrors. DsRedl and
AlexaFluor®594 were excited at A = 545 nm with the HeNe laser with the A =
UV/488/543/633 dichroic mirrors. For each fluorophore, emitted fluorescence was
collected on the Meta detector between A = 456.5-650 nm, every 10.7 nm. Emission
spectra were generated using the LSM510 software. All spectra were saved in the
spectra database. The detailed procedure for the imaging of a fluorophore in the lambda
mode is shown in Figure 2.2. An example of the emission spectrum obtained for each

fluorophore is shown on Figure 2.3.

STEP 1: Select a transfected cell in the visual mode of the microscope
STEP 2: Click on the icon “LSM” to return to the confocal mode

STEP 3: Select the lambda imaging mode by clicking on the corresponding icon. Choose excitation
laser(s), dichroic mirrors and the emission fluorescence collection range (sections 2.2.5.1.1 and
22.52.1)

STEP 4: Capture a lambda stack of the sample by clicking on “Find”

STEP 5: Reduce the level of background and saturation using the “gain” and “offset” functions
STEP 6: Repeat step 4

STEP 7: Get the emission spectra as follows: click on the icon “Mean”, click on the icon “ROI” and
overlay the cell analysed. Save the emission spectrum in the spectra database

Figure 2.2. Detailed procedure for the imaging of transfected cells in the lambda mode of the
LSMS510 Meta confocal microscope
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Figure 2.3. Generation of ECFP, EYFP and DsRedl-Mito emission spectra using the lambda
imaging mode of the LSM510 Meta confocal microscope. An HEK 293 cell transfected with either A,
pECFP-C1, B, pEYFP-C1 or C, pDsRedl-Mito was fixed 24 h post-transfection and imaged as described
in section 2.2.5.1.2. A, ECFP was excited at A = 458 nm, B, EYFP was excited at A = 514 nm and, C,
DsRed1-Mito was excited at A = 543 nm. Fluorescence emissions were collected between A = 456.5-617
nm, every 10.7 nm. The arrows indicate the fluorescence emission peak of A, ECFP (A = 482 nm), B,
EYFP (A =527 nm) and C, DsRed1-Mito (A = 600 nm).

2.2.5.2. Imaging of a cell containing multiple fluorophores

2.2.5.2.1. Imaging a cell in the multi-track mode

Multi-colour fluorescence imaging was done by sequential imaging of fluorophores on
different channels, using the multi-track mode of the microscope. The detailed
procedure for the imaging of fluorophore in the multi-track mode is shown in Figure
2.1. Excitation laser lines, dichroic mirrors and emission filters were selected depending
on fluorophore combinations and to minimize possible bleedthrough between
fluorophores. The problem of fluorophore bleedthrough is discussed in Chapter 3.
Briefly, it was not possible to avoid the bleedthrough between fluorophore in the multi-
track mode using the filters available on the microscope. However it was possible to
reduce the bleedthrough to a background level (Figure 2.4 A-C). For each fluorophore
combination, the settings were as described in Table 2.7. For all the combinations, the A
= 458 nm laser line was used at 15-25% of its full power, the A = 488 nm and the A =
514 nm laser lines at 2-5% of their full po§ver, the A = 545 nm HeNe laser at 50-100%
of its full power.
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Table 2.7. A summary of the settings used for the imaging of multiple fluorophores

Fluorophore
combination

ECFP + EYFP
ECFP + DsRedl

ECFP + EYFP +
DsRedl

ECFP +
AlexaFluor®594

ECFP + EYFP +
AlexaFluor®594

ECFP Channel

ECFP Channel

Figure 2.4. Imaging of ECFP and EYFP. HEK 293 cells were transfected with A, a pECFP-fusion
construct and B, a pEYFP-fusion construct. Cells were fixed 24 h post-transfection and imaged using the
A= 458 nm and the A- 514 nm laser lines in the multi-track imaging mode. A, background fluorescence
is detected in the EYFP channel although no EYFP is expressed. B, background fluorescence is detected
in the ECFP channel although no ECFP is expressed. A and B show the bleedthrough between ECFP and
EYFP. C, D, HEK 293 cells were co-transfected with a pECFP-fusion construct + pEYFP-fusion
construct, fixed 24 h post-transfection and imaged using the A= 458 nm and the A= 514 nm laser lines in
C, the multi-track imaging mode and D, the lambda mode. Fluorescences were detected in both channels.
The images in D show the real contribution of each fluorophore. The fluorescences in C are similar to the
fluorescence in D. This shows that the fluorescences detected in C are not artefacts due to fluorophore

Imaged
fluorophore
ECFP
EYFP
ECFP
DsRedl
ECFP
EYFP
DsRedl
ECFP
AlexaFluor®594
ECFP
EYFP
DsRedl

I EYFP Channel

I EYFP Channel

Excitation

(A nm)
458
514
458
545
458
488
545
458
545
458
488
545

Dichroic mirrors

(A nm)
458/514

488/543

UV/488/543/633

488/543

UV/488/543/633

ECFP Channel

ECFP Channel

bleedthrough but they correspond to the real contribution of ECFP and EYFP.
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Emission filters
(A nm)
BP 475-525
LP530
BP 475-525
LP 560
BP 475-525
BP 505-530
LP 560
BP 475-525
LP 560
BP 475-525
BP 505-530
LP 560

EYFP Channe

EYFP Chanhe
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2.2.5.2.2. Lambda mode imaging

The lambda mode is characterised by a Meta detector used in conjunction with a Meta
hardware (Dickinson et al., 2001). This hardware uses a mathematical algorithm to
decompose a mixed emission spectra for a sample containing 2-3 fluorophores into the
emission spectrum of a single fluorophore. The decomposition or unmixing step is
carried out using reference spectra that were generated with samples containing a single
fluorophore (section 2.2.5.1.2). Following the unmixing step, images showing the real
contribution of each fluorophore present in the test sample are generated (1
image/fluorophore) (Figure 2.4 D). An overlaid image of all fluorophores is also
generated.

Lambda stacks of a transfected HEK 293 or COS-7 cell containing 2-3 fluorophores
were generated by exciting the sample and collecting emitted fluorescence at the
appropriate wavelengths. ECFP, EYFP and DsRedl or AlexaFluor®594 were excited
using the laser lines and dichroic mirrors described in 2.2.5.2.1 and emitted
fluorescence was collected on the Meta detector between A = 456.5-650 nm, every 10.7
nm. Mixed emission spectra were obtained using the “Mean” function and decomposed
linearly using the “Unmix” function. Unmixed images were saved on the computer. The
detailed procedure for the imaging of fluorophores in the lambda mode is shown in
Figure 2.2.

2.2.5.3. FRET analyses

2.2.5.3.1. Definition, detection and applications of FRET

The principle of FRET

FRET is a non-radiative, dipole-induced dipole energy transfer from a fluorescent donor
molecule in an electronic excited state to a fluorescent acceptor molecule that is located
in very close proximity (Forster, 1948). Excitation of the donor at the appropriate
wavelength results in excitation of the acceptor that in turn emits fluorescence.
Consequently the donor fluorescence emission intensity is decreased whereas the
acceptor fluorescence emission intensity is increased. Accordingly, the donor
fluorescence lifetime, i.e. the time the fluorophore stays in an electronic excited state, is
decreased whereas the acceptor fluorescence lifetime is increased. FRET is used to
detect protein-protein interactions in live or fixed cells and to measure the distance

separating the associated proteins (reviewed by Selvin, 1995).
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FRET efficiency is dependent on: (i) the distance between donor and acceptor, r (nm) (r
< 10 nm for most donor/acceptor pairs), (ii) the relative orientation of the donor and
acceptor,  (k* = 2/3 for randomly oriented donor and acceptor), with k a geometric
factor, (iii) the overlap of the donor emission and acceptor absorption spectra, J (X) (M*
| em”, nm™), (iv) the donor quantum yield (ratio of photon emitted by photon
absorbed), Q, (v) the refractive index of the media, n (M”.cm™), (vi) the Forster radius,
RQ Rorepresents the distance at which 50% of the energy transfer occurs. RQ varies
depending on the donor/acceptor pair. It has been determined experimentally for
different donor/acceptor pairs (Patterson et a/, 2000; Handbook of Molecular Probes).
Rois given by the equation /(0o = (k*. n* . Q . JA)™. 9.7.10" where J(A) is defined by
JX) = fF(A).s(A) dA / (F(X).dl, with F(k), the fluorescence emission intensity of the
donor at the wavelength, X and 6(XJ (M™.cm™), the extinction coefficient of the acceptor
at the wavelength, X

The FRET efficiency, E, is given by the equation £ =R@" / {RJ'+ ). In general, E is
determined experimentally and the latter equation is used to deduce the distance r
separating the 2 fluorophores.

A diagram describing the principle of FRET is shown in Figure 2.5.

Figure 2.5. A diagram describing the principle of FRET between 2 fluorophores. FRET occurs
between a donor fluorophore (D) and an acceptor fluorophore (A) that are in close proximity. When
FRET occurs, excitation of the donor at the appropriate wavelength {X) results in excitation of the
acceptor. A, No FRET occurs because D and C are too far away. Excitation of D at A results in emission
of D fluorescence. B, FRET occurs because D and A are in close proximity. Excitation of D at Aresults in
excitation of A and emission of A fluorescence, as a result of FRET.

89



Chapter 2

Donor and acceptor pairs

FRET donors and acceptors are either fluorescent dyes or fluorescent proteins.
Fluorescent dyes such as fluorescein and eosin are linked chemically either to the
proteins of interest or to an antibody directed against the proteins of interest (reviewed
in Selvin, 1995). Fluorescent proteins are genetic variants of EGFP (section 3.1.2). The
most commonly used donor/acceptor pairs are EBFP/EGFP (blue/green) and
ECFP/EYFP (cyan/yellow) (see section 3.1.2) (Tsien, 1998; Miyawaki and Tsien, 2000;
Shaner ef al, 2005). Fluorescent proteins are genetically fused to the proteins of interest
thereby generating fluorescent chimeras that are expressed in cells without any extra
steps such as purification or labelling of the proteins of interest being required.
Acceptors can also be non-fluorescent molecules such as the ligand FlasH that was used
as an acceptor for ECFP to study G protein-coupled receptor activation in living cells
(Hoffmann et al, 2005). Donors and acceptors within a pair are chosen so that the
donor emission spectrum overlaps with the acceptor excitation spectrum as shown for

ECFP and EYFP in Figure 2.6.

X=501 nm
X=475 nm X.=513 nm

ECFP emission spectra
EYFP excitation spectra

Wavelenght (nm)

Figure 2.6. A diagram showing the overlap of ECFP emission spectrum and EYFP excitation
spectrum. The ECFP emission peaks and EYFP excitation peak are indicated on the top of each
spectrum.  (These  spectra  were generated using the  Fluorescence Spectra  Viewer,
http://probes.invitrogen.com/resources/spectraviewer/).

Detection of FRET

As explained before, FRET causes a decrease in donor fluorescence emission and
lifetime and an increase in acceptor emission fluorescence and lifetime. Based on these
effects, different methods were developed to detect and quantify FRET.

Sensitized emission measurements- This method measures the changes of both donor
and acceptor fluorescence emissions following excitation of the donor molecule only

(Hamori et al, 1980). Therefore the donor is excited at a specific wavelength and the
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resulting donor and acceptor fluorescence emissions are collected on 2 different
channels, i.e. donor channel and FRET channel respectively, and they are compared.
Acceptor emissions higher than donor emissions indicate that FRET occurred. To obtain
an accurate and quantitative FRET value, it is necessary to correct mathematically the
acceptor emission values for the spectral cross-talk (Mahajan et al., 1998). Sensitized
emission measurements are performed using either a fluorescence microscope (Hamori
et al., 1980, Miyawaki et al., 1997; Day et al., 2001), a flow-sorter (Hamori et al.,
1980) or a fluorometer (Lin et al., 1997; Miyawaki and Tsien, 2000).

Acceptor photobleaching- This method measures changes in donor fluorescence
emissions following photobleaching of the acceptor (Mekler ef al., 1994). The principle
of acceptor photobleaching FRET measurements between ECFP and EYFP is shown in
Figure 2.7. A major consequence of FRET is a reduction in donor emissions.
Photobleaching the acceptor prevents FRET from occurring and results in the donor
fluorescence emission recovery. The measurements are carried out by exciting the
donor at a specific wavelength and recording the donor fluorescence emission before
and after photobleaching the acceptor. An increase in donor fluorescence following
acceptor photobleaching indicates that FRET occurred. This is a qualitative FRET
measurement that is performed using either a fluorimeter, a fluorescence microscope
(Day et al., 2001), a flow-cytometer (He et al, 2003) or a laser-scanning confocal
microscope (Karpova et al., 2003). Confocal microscopy is preferentially used for
acceptor photobleaching FRET measurements as it enables the bleaching of small areas
in a cell instead of bleaching the whole cell. This is a great advantage for the study of
membrane proteins (Verveer et al., 2001). In addition, confocal microscope softwares
have been improved to measure fluorescence emissions free of spectral cross talk
contaminations, thus enabling a more accurate FRET quantification (Dickinson et al.,
2001).

Donor photobleaching- This method is based on the observation that a fluorophore
with a long fluorescence lifetime is photobleached faster than a fluorophore with a
shorter one (Bastians and Squire, 1999). Since FRET results in a reduction in donor
fluorescence lifetime, photobleaching a donor involved in a FRET process takes longer
than photobleaching a free donor. By calculating the time necessary to photobleach a
donor in the presence or in the absence of an acceptor, it is possible to deduce the FRET

efficiency.
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Fluorescence lifetime imaging microscopy, FLIM- This method measures the variation
in the donor fluorescence lifetime in the presence and the absence of the acceptor
following excitation of the donor (Bastians and Squire, 1999). FLIM is performed either
on a conventional fluorescence microscope or on a confocal microscope. This detection
method is appropriate for FRET measurements in live cells whereas photobleaching

based techniques should be performed in fixed cells.

456 nm
ML TV
ECFP EYFP
<10 nm
B 514 nm
W
ECFP EYFP
ECFP
D 456 nm
/Kkit-
ECFP

Figure 2.7. A diagram describing the principle of the detection of FRET between ECFP and EYFP
by acceptor photobleaching. This diagram shows that photobleaching the acceptor, i.e. EYFP, results in
a disparition of EYFP fluorescence and in an increase in donor, i.e. ECFP, fluorescence following
excitation of the donor. A, FRET occurs between ECFP and EYFP located within 10 nm of each other.
As a result, excitation of ECFP at A = 456 nm results in excitation of EYFP and emission of EYFP
fluorescence. B, EYFP is photobleached at an appropriate wavelenght, i.e. A= 514 nm resulting in C, a
destruetion of EYFP fluorophore. D, an increase in ECFP fluorescence emissions is detected following
excitation of ECFP at A= 456 nm.

Applications
FRET imaging was successfully used to detect inter-molecular interactions in vivo to

study protein dynamics in live cells. For example, the interaction between the neuronal
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proteins, syntaxin-1 and Munc-18, was studied by tagging the proteins with either ECFP
or EYFP and detecting FRET by using 2 methods: acceptor photobleaching and
sensitized emission measurements (Liu ez al., 2004). Inter-molecular FRET was also
used to study heteromeric ion channel assembly such as the a4f2 nicotinic
acetylcholine receptor (Nashmi et al., 2003). This was performed by tagging the a4 and
B2 subunits with ECFP or EYFP in their intracellular loop and measuring FRET
between both subunits by acceptor photobleaching.

Intra-molecular FRET was used to develop molecular indicators for the in vivo
detection of intracellular calcium concentrations (Miyawasaki et al., 1997), enzyme
activity (Miyawasaki and Tsien, 2000) and protein phosphorylation (Nagai et al., 2000),
in vivo.

2.2.5.3.2. Determination of FRET efficiencies by acceptor photobleaching

Using the multi-track imaging mode of the LSM510 Meta

HEK 293 cells were co-transfected with constructs encoding both EYFP and ECFP
fusion proteins, fixed 24-48 h after transfection and analysed for FRET in the multi-
track imaging mode of the microscope. The test sample was excited with the A = 458
nm laser line paired with a A = 458 nm dichroic mirror. ECFP and EYFP emitted
fluorescences were collected on 2 different channels. ECFP emissions were collected
between A = 475-525 nm with a band-pass (BP) filter 475-525 and EYFP emissions
above A = 530 nm were collected with a long pass (LP) filter 530. An area of co-
localisation was selected and EYFP was photobleached for 20 sec in this area using the
A = 514 nm laser line at full power. The cell was imaged again with the A = 458 nm
laser line paired with a A = 458 nm dichroic mirror and ECFP and EYFP emitted
fluorescences were collected on 2 different channels as before.

(iv) FRET efficiency, E, was calculated with the equation £ = [(Iafierpb - Ibefore,pb) /
(Lafier,pb)] x 100, with Iieforeprs ECFP fluorescence intensity pre-photobleaching and
Lager,pbs ECFP fluorescence intensity post-photobleaching.

Using the lambda imaging mode of the LSM510 Meta

An HEK 293 cell expressing both EYFP and ECFP fusion proteins was imaged in the
lambda mode. Lambda stacks were generated by exciting the test sample with A = 458
nm laser line paired with a A = 458 nm dichroic mirror and collecting emitted
fluorescence on the Meta detector between A = 456.5-617 nm, with a 10.7 nm

increment. A defined area of co-localisation in the cell was selected and EYFP, in this
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region, was photobleached by using the A = 514 nm laser line at full power for 30 s. The
cell was imaged post-photobleaching with the A = 458 nm laser line as before. The
mixed signals generated pre- and post-photobleaching were unmixed using ECFP and
EYFP reference spectra with the LSM510 Meta hardware package.

Relative FRET efficiencies were calculated according to Liu ez al. (2004). The relative
energy transfer efficiency was measured as the increase in ECFP emission fluorescence
after photobleaching EYFP. Only cells where EYFP was bleached at least 80% were
used for the calculations. Fluorescence intensity values were obtained from the unmixed
data. These values were corrected for background fluorescence (~10%) measured in a
region containing an untransfected cell. Relative FRET efficiency was calculated as
follows: [(Iafierpb - Ipefore,pp) / (afierpp)] X 100 With Ipefore 5, ECFP fluorescence intensity
pre-photobleaching and I,z ,5, ECFP fluorescence intensity post-photobleaching. Pre-
and post-photobleaching values were taken at t = 1.6 sec and at t = 32 sec respectively.
FRET efficiency values were corrected for pseudo-FRET. Pseudo-FRET was measured
by applying the photobleaching protocol to cells that were transfected with pECFP only.
Pseudo-FRET efficiencies were substracted from the calculated relative FRET
efficiencies of the test samples. As a further control, relative FRET efficiencies were
also calculated for an area of co-localisation that was not photobleached when possible.
This was to ensure that the determined FRET efficiencies were not artefacts due to the
photobleaching protocol. FRET values in the photobleached region were compared to:
(i) FRET values obtained in the unbleached region using a paired t-test

(i1) FRET values obtained for the negative control using an unpaired t-test

If the FRET value in the photobleached region was significantly different from the
values obtained in the unbleached region and for the negative control, it was concluded
that FRET occurred (Karpova et al., 2003). For significancy, a p-value lower than 0.01
was chosen. The detailed procedure for the measurement of FRET efficiencies by
acceptor photobleaching is shown on Figure 2.8. An example of FRET measurement by

acceptor photobleaching is shown on Figure 2.9.
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STEP 1: Choose a fluorescent cell co-transfected with ECFP and EYFP. Select the excitation laser
line A= 458 nm, the A= 458 nm dichroic mirror and an emission fluorescence collection range
between A= 456.5-517 nm

STEP 2: Generate a lambda scan by clicking on “Find”. Reduce the level of background and
saturation using the “gain” and “offset” functions to optimise the brightness and saturation.
Generate a lambda stack again

STEP 3: Obtain the mixed emission spectra by selecting “Lambda Mean”

STEP 4: Click on the “Bleaching” icon. Select a region of co-localisation to photobleach. Go to the
“Time series” window and start the bleaching: photobleach EYFP with the A= 514 nm laser line, at
full power

STEP 5: Obtain the mixed emission spectra after photobleaching by selecting “Mean”

STEP 6: “Unmix” the mean mixed emission spectrum and get pre- and post-photobleaching images
showing the real contribution of each fluorophore

STEP 7: Quantify FRET efficiency

Figure 2.8. Detailed procedure for the measurement of acceptor photobleaching FRET between
ECFP and EYFP using the lambda mode of the LSM510 Meta confocal microscope

B

ECFP Channel EYFP Channel

Pre-photobleaching

Post-photobleaching

Figure 2.9. An example of FRET acceptor photobleaching measurement A, an HEK 293 cell
transfected with pECFP-EYFP is imaged using the lambda mode of the microscope. A lambda stack is
generated for a range A= 456.5-620 nm every ~ 10.7 nm following excitation of the sample with the A=
458 nm laser line. B, the mean lambda stack is obtained by clicking on the icon “Mean”. Two areas of
ECFP/EYFP co-localisation (red and green boxes, left panel) are selected within the cell. For each area, a
mixed emission spectrum is automatically generated (red and green, right panel). C, EYFP was
photobleached in the red area resulting in a decrease in EYFP fluorescence and in an increase in ECFP
emission fluorescence. The “Unmixed” pictures before and after photobleaching are shown in C. They
are obtained using the function “Unmix”.
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CHAPTER 3

MOLECULAR CHARACTERISATION OF GRIF-1 AND
KINESIN-1 HEAVY CHAINS INTERACTIONS BY
CONFOCAL MICROSCOPY IMAGING STUDIES
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3.1. INTRODUCTION

3.1.1. Rationale for the use of confocal microscopy imaging to investigate
GRIF-1/kinesin-1 interactions

Little is known about the role of GRIF-1 in brain. As described in section 1.4, GRIF-1 is
related to the human trafficking protein, HAP-1, and to the Drosophila kinesin-associated
protein, Milton. GRIF-1 associates with GABA, receptor 2 subunits and with the
molecular motor, kinesin-1 (Beck et al., 2002; Brickley et al., 2005). Therefore GRIF-1
was proposed to play a role in kinesin-1-dependent transport processes by linking kinesin-1
to cargoes such as GABA, receptor B2 subunits. The function of GRIF-1 was initially
investigated in crude homogenates of GRIF-1-transfected cells using several biochemical
methods such as immunoprecipitations (Beck et al., 2002; Brickley et al., 2005). A
different approach involving intact cells could provide further information on GRIF-1
function.

The green fluorescent protein (GFP) and its variants are commonly used as reporters to
study protein localisation in transfected cells (see section 3.1.2). Proteins of interest are
genetically fused to GFP, expressed in cells and visualised by confocal or fluorescence
microscopy. Several proteins within a cell can be visualised simultaneously and co-
localisation studies carried out by tagging them with different GFP spectral variants such as
enhanced cyan fluorescent protein (ECFP) and enhanced yellow fluorescent protein
(EYFP) (see section 3.1.2). For example, the neuronal proteins, syntaxin-1 and Munc-18,
were labelled with ECFP and EYFP respectively and their subcellular localisation within
the same cell was analysed by confocal microscopy imaging (Liu et al., 2004).

The HEK 293 and COS-7 mammalian cell lines are widely used for confocal microscopy
imaging studies because they are easy to grow and to transfect. They do not express GRIF-
1 endogenously and thus they are appropriate for the study of GRIF-1 cellular location
following the transient expression of a fluorescently-tagged GRIF-1. Since GRIF-1
interacts with the prototypic kinesin heavy chain, KIF5C (Brickley et al., 2005), analyses
of GRIF-1 distribution in the presence of KIFSC could provide further understanding on
the role of GRIF-1 in intracellular kinesin-1-based trafficking events.
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This chapter describes the confocal microscopy imaging study of GRIF-1 and KIF5C in
HEK 293 and COS-7 cells using GRIF-1 and KIF5C constructs fused to GFP variants (see
section 3.1.2).

3.1.2. The green fluorescent protein, GFP: a marker to study protein

localisation

GFP was initially isolated from the jellyfish, Aequorea victoria, as a protein co-purified
with the chemiluminescent protein, aequorin. GFP was characterised and shown to emit
bright green fluorescence following excitation at A = 395 nm or A = 475 nm without
additional co-factors or substrates (Morise et al., 1974). Following the cloning of the gene
encoding GFP (Prasher ef al., 1992), the GFP amino acid sequence was deduced and its
structure was solved (Ormg et al., 1996; Yang et al., 1996; reviewed by Tsien, 1998). GFP
1s a 238 amino acid protein, formed by 11 B-strands, the so-called “B-can” structure and an
axial a-helix to which a three-residue chromophore (Ser-65, Tyr-66, Gly-67) is attached.
To emit fluorescence, the chromophore needs to be buried in the B-can structure.
Expression of GFP in heterologous systems revealed that the protein was still able to emit
bright green fluorescence as initially observed with purified GFP (Chalfie et al., 1994).
Since then, GFP has been used as a reporter gene to study gene expression and protein
dynamics in cells, tissues and organisms (reviewed in Tsien, 1998; Zhang et al., 2002).

To improve the fluorescence, the expression and the folding properties of wild-type GFP in
mammalian cells, the protein was engineered leading to several GFP variants such as EGFP
(reviewed by Tsien, 1998). Addition of mammalian codons and mutation of Phe-64 to Leu
improved GFP expression in mammalian cells and folding of the chromophore at 37°C.
Mutation in the chromophore or in adjacent residues yielded GFP variants with different
spectral properties, i.e. different excitation and emission spectra. They are used in
combination to study simultaneously the function of different proteins in the same cell,
tissue or organism. For multi-colour imaging, GFP variants are also used in combination
with fluorescent proteins isolated from other organisms such as the red fluorescent protein,
DsRed, from the coral Discosoma sp. (Matz et al., 1999). Further, GFP variants such as
ECFP and EYFP are commonly used as donor and acceptor for the detection of FRET
(section 3.1.3.2). ECFP contains 6 mutations, Phe-64 to Leu, Ser-65 to Thr, Tyr-66 to Trp,
Asn-146 to Ile, Met-153 to Thr, Val-163 to Ala (Heim et al., 1994; Heim and Tsien, 1996;
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Angres and Green, 1999) and it has its maximal excitation and emission peaks at A = 433
nm and A =475 nm, respectively. EYFP has 4 mutations, i.e. Ser-65 to Gly, Val-68 to Leu,
Ser-72 to Ala and Thr-203 to Tyr. EYFP is excited at A = 514 nm and emits at A = 527 nm
(Rizzuto et al., 1996). A new generation of GFP variants with improved spectral properties
has been recently developed for multi-colour imaging and FRET studies (reviewed in
Shaner et al., 2005).

3.1.3. Aim of this chapter

The aim of this chapter was to investigate the putative role of GRIF-1 as an adaptor protein
involved in kinesin-1-based intracellular trafficking using a confocal microscopy imaging
approach. Therefore fluorescent GRIF-1 and fluorescent KIFSC probes were generated,

characterised and their distribution in mammalian cell lines was analysed.
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3.2. RESULTS

To examine the function of GRIF-1 in kinesin-1-mediated transport, GRIF-1 and the
prototypic kinesin-1, KIF5C, were fused to ECFP or EYFP by molecular cloning. The
fluorescent GRIF-1 and fluorescent KIF5C fusion proteins were characterised according to
their molecular weight and their ability to behave as the non-fluorescent GRIF-1 and non-
fluorescent KIFS5C proteins in immunoprecipitation assays following expression in HEK
293 cells. After characterisation, their distribution in transfected HEK 293 and COS-7 cells
was examined by confocal microscopy imaging. The functional significance of GRIF-1 and
KIF5C interactions was further investigated following transfection of COS-7 cells with
fluorescent-tagged GRIF-1, fluorescent-tagged KIF5C and fluorescent-tagged organelle
markers.

The results presented in this section were published in part in Smith et al. (2006) and in
Pozo and Stephenson (2006).

3.2.1. Preparation of ECFP-GRIF-1, EYFP-GRIF-1, ECFP-KIF5C,

EYFP-KIF5C and truncated EYFP-KIF5C chimeras

GRIF-1 was N-terminally tagged with either ECFP or EYFP since previous tagging of
GRIF-1 with short tags at this end of the protein did not alter GRIF-1 binding properties
(Beck et al., 2002). As described in chapter 1.1, KIFSC contains functional domains at both
ends, i.e an N-terminal microtubule binding site and a C-terminal cargo binding site. It was
not known whether addition of a fluorescent protein would interfere with these. Therefore
ECFP or EYFP were fused to either the KIFSC N-terminal end or to the KIF5C C-terminal
end. Fluorescent truncated KIFSC chimeras were also generated to determine the GRIF-1
binding sites on KIF5C. Hence the motor domain of KIF5C, KIFSC-NMD, was N-
terminally fused to EYFP while the non-motor domain of KIFSC, KIFSC-NMD, was C-
terminally tagged with EYFP. The sub-cloning strategy for all constructs is shown in Table
3.1.

GRIF-1 constructs- GRIF-1 was amplified by PCR from pCIS-GRIF-1 and ligated in
frame into the EcoRI/Sall restriction sites of pECFP-C1 and pEYFP-C1 cloning vectors to
yield pECFP-GRIF-1 and pEYFP-GRIF-1 respectively (Appendices 3.1-3.7).
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Oligonucleotide primers used for

KIF5c/Nhel reverse primer

Fusion protein Construct Vector* Insert PCR amplification Restriction sites
EYFP-GRIF-1 pEYFP-GRIF-1 Y GRIF-1,615 Gggéﬁggg rfa"vrg:;‘iafiﬁnfe‘f’ EcoRI/Sall
ECFP-GRIF-1 pECFP-GRIF-1 C GRIF-1,915 ORI Lieor! rf::;:z‘;‘r’ggfr EcoRI/Sall

N-EYFP-KIF5C pN-EYFP-KIF5C Y KIF5C,.957 mﬁ;‘;@g‘;ﬁi&i‘g’zg&‘;ﬂ EcoRl/Sall

N-ECFP-KIF5C pN-ECFP-KIF5C- C KIF5C, 57 mé;g@ggi’rg‘::;‘;fﬁ;er EcoRI/Sall

C-EYFP-KIF5C pC-EYFP-KIF5C Y KIFSC.os7 g@iﬁ%‘jﬁgﬁggﬁg Nhel

C-ECFP-KIF5C pECFP-GRIF-1 o KIF5C,.057 g@‘;ﬁ%ﬁ’li‘;‘;ﬁ;‘:gﬁ:j Nhel

EYFP-KIF5C-MD pEYFP-KIF5C-MD Y KIF5C, 336 glf 5551{‘/[’13 //1/5\;}1:12 If;’;:’;rs‘l grrll‘;zrr Xhol/EcoRI
EYFPKIFSC-NMD | pEYFP-KIFSC-NMD Y KIF5Caess7 KIFScNMD/Nhel forward primer Nhel

Table 3.1. A summary of the cloning strategies used for the generation of fluorescently-tagged GRIF-1 and fluorescently-tagged KIFSC fusion proteins.

*The cloning vectors used were either pPEYFP-C1 (Y) or pECFP-C1 (C). The name of the oligonucleotide primers refers to the sequences in Table 2.5.

101




Chapter 3

KIF5C constructs- KIF5C was amplified by PCR from pcDNAHisMax-KIF5C and sub-
cloned in frame into the EcoRI/Sall restriction sites of pECFP-C1 and pEYFP-CI1, yielding
pN-ECFP-KIF5C and pN-EYFP-KIF5C respectively. The KIF5C PCR product was sub-
cloned in frame into the Nhel restriction site of pECFP-C1 and pEYFP-C1 to generate pC-
ECFP-KIF5C and pC-EYFP-KIF5C respectively (Appendix 3.8)

Truncated KIF5C constructs- The motor domain (MD) of KIF5C (residues 1-335) was
amplified from pcDNAHisMax-KIF5C and sub-cloned in frame into the Xhol/EcoRI
restriction sites of pEYFP-CI1 to yield pEYFP-KIF5C-MD. The non-motor domain (NMD)
of KIF5C (residues 336-957) was amplified from pcDNAHisMax-KIF5C and ligated in
frame into the Nhel restriction site of pEYFP-C1 to yield pEYFP-KIF5C-NMD (Appendix
3.9).

3.2.2. Molecular size of ECFP-GRIF-1, EYFP-GRIF-1, ECFP-KIF5C,

EYFP-KIF5C and truncated EYFP-KIFS5C chimeras

To test whether the molecular size of the fluorescent GRIF-1 and fluorescent KIF5C
chimeras was consistent with the addition of ECFP or EYFP, the M, of each fluorescent
fusion protein was compared to the M; of the non-fluorescent protein, i.e. GRIF-1, KIF5C,
KIF5C-MD and KIF5C-NMD, by immunoblotting following expression of each construct
in HEK 293 cells. Since fluorescent GRIF-1 and fluorescent KIF5C fusion proteins were to
be used for confocal microscopy imaging studies, it was also necessary to ensure that ECFP
or EYFP were not cleaved from GRIF-1 or KIF5C and thus the fluorescence observed by
confocal microscopy was obtained from fluorescent GRIF-1 or KIF5C fusion proteins.
Therefore immunoblotting analyses were carried out using both anti-GFP antibodies and
either anti-GRIF-1g¢33, anti-KIFSC or anti-c-Myc antibodies. Homogenates of
untransfected cells were used as a control for the specificity of the immunoreactive bands
detected by each antibody.

GRIF-1 constructs- Anti-GRIF-13.633 antibodies recognised 3 major bands with M; = 115
kDa, M; = 93 kDa and M; = 85 kDa in homogenates of cells transfected with pCIS-GRIF-1
(Figure 3.1, lane 2). Additional bands of lower molecular size were also detected. The
immunoreactive band with M; = 115 kDa corresponded to that predicted for GRIF-1. The
bands with M; = 93 kDa, M; = 85 kDa and with lower molecular size may be either
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proteolytic or not fully post-translationally modified variants of GRIF-1. In homogenates of
cells transfected with pECFP-GRIF-1 or pEYFP-GRIF-1, anti-GRIF-18633 antibodies
recognised a major immunoreactive band with Mr = 143 kDa and 3 minor bands with Mr =
115 kDa, Mr = 93 kDa and Mr = 85 kDa (Figure 3.1, lanes 3, 4). The band with Mr =143
kDa corresponded to that predicted for ECFP-GRIF-1 and EYFP-GRIF-1. The 115-kDa
band had a molecular size consistent with the size of non-fluorescent GRIF-1 suggesting
that ECFP-GRIF-1 could be proteolytically cleaved giving 2 moieties, ECFP and GRIF-1.
However this 115-kDa immunoreactive band is also recognised by anti-GFP antibodies
(Figure 3.1, lanes 7, 8) thus showing that ECFP-GRIF-1 is not cleaved. The bands with Mr
= 93 kDa and Mr = 85 kDa are also detected by the anti-GFP in homogenates of cells
transfected with pECFP-GRIF-1 or pEYFP-GRIF-1 (Figure 3.1, lanes 7, 8). These bands
may be proteolytic variants of ECFP-GRIF-1 or EYFP-GRIF-1. Anti-GFP antibodies
detected major immunoreactive bands with Mr = 143 kDa consistent with the size expected
for ECFP-GRIF-1 or EYFP-GRIF-1. No bands were detected when probing homogenates
of cells transfected with pCIS-GRIF-1 with anti-GFP antibodies.

1 2 3 4 5 6 7 8

-250
143 kDa _ A *
115 kDa r ® .98
- 64
-50
GRIF-1, GFP

Figure 3.1. Molecular size characterisation of ECFP-GRIF-1 and EYFP-GRIF-1. Homogenates of HEK
293 cells transfected with either pCIS-GRJF-1, pECFP-GRIF-1 or pFYFP-GRIF-1 were analysed by
immunoblotting using antibodies as indicated on the abcissa. Lanes 1, 5, homogenates of untransfected cells;
lanes 2, 6, homogenates of cells transfected with pCIS-GRIF-1; lanes 3, 7, homogenates of cells transfected
with pFCFP-GRIF-1; lanes 4, 8, homogenates of cells transfected with pFYFP-GRIF-1. The molecular
weight standards (kDa) are shown on the right. Inmunoreactive bands of interest are indicated by an arrow,
Mr (GRIF-1) =115 kDa, Mr (FCFP-GRIF-I) = 143 kDa, Mr (FYFP-GRIF-I) = 143 kDa. This immunoblot is
representative of n = 3 experiments from n = 3 independent transfections.

KIF5C constructs- Anti-KIF5C antibodies recognised a single immunoreactive band with
Mr = 115 kDa in homogenates of cells transfected with pcDNAHisMax-KIF5C consistent
with that predicted for His-tagged KIF5C (Figure 3.2 A, lane 2; Figure 3.2 B, lane 2). A

single band with Mr = 143 kDa was detected in homogenates of cells transfected with either
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pN-ECFP-KIF5C (Figure 3.2 A, lanes 3), pC-ECFP-KIF5C (Figure 3.2 A, lanes 4), pN-
EYFP-KIF5C (Figure 3.2 B, lanes 3) or pC-EYFP-KIF5C (Figure 3.2 B, lanes 4). This
immunoreactive band corresponded to that predicted for N-ECFP-KIF5C, C-ECFP-KIF5C,
N-EYFP-KIF5C or C-EYFP-KIF5C. This Mr = 143 kDa immunoreactive band was also
detected by anti-GFP antibodies (Figure 3.2 A, lanes 7, 8; Figures 3.2 B, lanes 7, 8).

B

12 3 4 56 7 8 1 2 3 4 5 6 17 8
-250
-250
143 kDa-*
141 kDa, 115 kDa"* i -98
115 kDa 08 -64
-64 -0
-50
1 11 1 1 I 1
KIF5C GFP KIF5C GFP

Figure 3.2. Molecular size characterisation of EYFP-KIF5C and ECFP-KIF5C. Homogenates of HEK
293 cells transfected with either pcDNAHisMax-KIF5C, pN-EYFP-KIF5C, pC-EYFP-KIF5C, pN-ECFP-
KIF5C or pC-ECFP-KIF5C were analysed by immunoblotting using antibodies as indicated on the abscissae.
A, expression of EYFP-KIF5C, B, expression of ECFP-KIF5C. The layout is the same in A and B. Lanes 1, 5,
homogenates of untransfected cells; lanes 2, 6, homogenates of cells transfected with pcDNAHisMax-KIF5C;
lanes 3, 7, homogenates of cells transfected with pN-EYFP-KIF5C or pN-ECFP-KIF5C; lanes 4, 8,
homogenates of cells transfected with pC-EYFP-KIF5C or pC-ECFP-KIF5C. The molecular weight standards
(kDa) are shown on the right. Immunoreactive bands of interest are indicated by an arrow, Mr (His-tagged
KIF5C) - 115 kDa, Mr (N-EYFP-KIF5C) = 143 kDa, Mr (C-EYFP-KIF5C) - 143 kDa, Mr (N-ECFP-KIF5C)
= 143 kDa, Mr (C-ECFP-KIF5C) = 143 kDa. These immunoblots are representative of n = 3 experiments
from n = 3 independent transfections.

KIF5C truncated mutants- Anti-c-Myc antibodies revealed an immunoreactive band with
Mr = 39 kDa in homogenates of cells transfected with pCMVKIF5C-MD (Figure 3.3 A,
lane 2). This was consistent with the Mr predicted for c-Myc-tagged KIF5C-MD. Anti-GFP
antibodies recognised a Mr = 64 kDa immunoreactive band in homogenates of cells
transfected with pEYFP-KIFSC-MD, consistent with the Mr predicted for EYFP-KIF5C-
MD (Figure 3.3 A, lane 6).

Anti-KIF5C antibodies recognised a Mr = 98 kDa band in homogenates of cells transfected
with pCMVKIF5C-NMD consistent with the size predicted for non-fluorescent KIF5C-
NMD (Figure 3.3 B, lane 2). In homogenates of cells transfected with pEYFP-KIF5C-
NMD, anti-KIF5C antibodies detected 2 bands with Mr = 98 kDa and Mr = 139 kDa

(Figure 3.3 B, lane 3). The 139-kDa band had a size consistent with that of EYFP-KIF5C-
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NMD, within the 10% range expected in SDS-PAGE electrophoresis. The 98-kDa band is
consistent with the size expected for KIFSC-NMD and it is not detected by anti-GFP
antibodies in pEYFP-KIF5C-NMD transfected cell homogenates (Figure 3.3 B, lane 6).
This indicates that EYFP-KIF5C-NMD can be proteolytically degraded in 2 moieties,
EYFP and KIF5C-NMD, upon expression in HEK 293 cells. Anti-GFP antibodies
recognised 2 immunoreactive bands with Mr = 139 kDa and Mr = 136 kDa in homogenates
of cells transfected with pEYFP-KIF5C-NMD (Figure 3.3 B, lane 6). The band with Mr =
139 kDa band corresponded to that expected for EYFP-KIF5C-NMD and the band with Mr
= 136 kDa may be a not fully post-translationally modified form of EYFP-KIF5C-NMD.
Indeed KIFSC-NMD has been shown to be highly phosphorylated in its NMD (Hollenbeck,
1993).
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Figure 3.3. Molecular size characterisation of EYFP-KIF5C truncated constructs. A, homogenates of
HEK 293 cells transfected either with pCM VKIFS5C-MD or pEYFP-KIFSC-MD and B, homogenates of HEK
293 cells transfected with either pCMVKIFSC-NMD or pFYFP-KIFSC-NMD were analysed by
immunoblotting using antibodies as indicated on the Figure. A, lanes 1, 4, homogenates of untransfected cells;
lanes 2, 5, homogenates of cells transfected with pCMVKIF5C-MD; lanes 3, 6, homogenates of cells
transfected with pFYFP-KIF5C-MD. B, lanes 1, 4, homogenate of untransfected cells; lanes 2, 5,
homogenates of cells transfected with pCM VKIF5C-NMD; lanes 3, 6, homogenates of cells transfected with
pFYFP-KIFSC-NMD. The molecular weight standards (kDa) are shown on the right. Immunoreactive bands
of interest are indicated with an arrow, Mr (c-Myc-tagged KIFSC-MD) = 39 kDa, Mr (FYFP-KIF5C-MD) =
64 kDa, Mr (c-Myc-tagged KIFSC-NMD) = 98 kDa, Mr (FYFP-KIF5C-NMD) = 139 kDa. These
immunoblots are representative ofn = 3 experiments from n = 3 transfections.

To summarise, in all cases, the fluorescent-tagged proteins showed an increase of ~ 30 kDa
consistent with the addition of ECFP or EYFP (Figure 3.4). Further, this increase in Mrwas

seen with both specific antibodies as appropriate, showing no tendency for protein
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degradation except for a small proportion of EYFP-KIFSC-NMD as detected by anti-
KIF5C antibodies.

GRIF-1 fluorescent constructs

ECFPGRIF-1

EYFPGRIF-1 | Y

Key = GRIF-1 rc~1 = ECFP
= Coiled-coil m = EYFP

KIF5C fluorescent constructs

N-ECFPKIF5C 1-957
N-EYFPKIF5C 1-957
C-ECFPKIF5C 1-957
C-EYFPKIF5C 1-957
EYFPKIF5C-MD 1 Y_ 1-335
EYFPKIF5C-N.V1D 336-957
Key = Motor domain
= Stalk domain m =ECFP
#£ 41 = Cargo binding domain m = EYFP
Fusion protein Calculated Mr (kDa) Experimental Mr (kDa)
EYFP-GRIF-1 129 143
ECFP-GRIF-1 129 143
N-EYFP-KIF5C 139 143
N-ECFP-KIF5C 139 143
C-EYFP-K1F5C 139 143
C-ECFP-KIF5C 139 143
EYFP-KIF5C-MD 65 64
EYFP-KIF5C-NMD 108 139

Figure 3.4. A Figure summarising the structure and molecular weight (MJ of GRIF-1 and KIF5C
fluorescent fusion proteins. A, GRIF-1 fluorescent constructs; B, KIFSC fluorescent constructs and C, a
Table summarising the calculated and experimental Mr.
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3.2.3. Characterisation of ECFP-GRIF-1, EYFP-GRIF-1, ECFP-KIF5C,
EYFP-KIF5C and truncated EYFP-KIF5C chimeras according to their

protein-protein interaction properties

It was necessary to show that the addition of ECFP or EYFP did not interfere with the
intrinsic properties of GRIF-1, KIF5C, KIFSC-MD and KIF5C-NMD. Non-fluorescent
GRIF-1 has been shown to associate with His-tagged KIF5C and c-Myc-tagged KIF5C-
NMD but not with c-Myc-tagged KIFSC-MD in immunoprecipitation studies (Brickley et
al., 2005; Smith et al., 2006). To investigate whether fluorescent GRIF-1, fluorescent
KIF5C, fluorescent KIFS5C-MD and fluorescent KIFSC-NMD behaved as the non-
fluorescent GRIF-1, non-fluorescent His-tagged KIF5C, non-fluorescent c-Myc-tagged
KIF5C-MD and non-fluorescent c-Myc-tagged KIFSC-NMD, respectively,
immunoprecipitation experiments were carried out. Detergent soluble extracts of HEK 293
cells co-transfected with different combinations of fluorescent or non-fluorescent GRIF-1
and KIF5C constructs were prepared and immunoprecipitations were performed using
either sheep polyclonal anti-GRIF-1g74.830 antibodies or non-immune sheep IgGs as a
control. The immune pellets were analysed by immunoblotting using first anti-GRIF-1
antibodies to show that GRIF-1 was specifically immunoprecipitated and thus that the
immunoprecipitation was successful. Then, either anti-HisG, anti-KIF5C or anti-GFP
antibodies were used to detect the protein that was co-immunoprecipitated with the GRIF-1
construct.

Association properties of ECFP-GRIF-1- Immune pellets from cells co-transfected with
pECFP-GRIF-1 + pcDNAHisMax-KIF5C were probed with either anti-GRIF-1g.33
antibodies or anti-HisG antibodies. Anti-GRIF-13433 antibodies recognised an
immunoreactive band with M; = 143 kDa in the detergent soluble fraction and in the
immune pellet, but not in the non-immune control pellet, indicating that ECFP-GRIF-1 was
expressed and specifically immunoprecipitated (Figure 3.5 A, lanes 1-3). Anti-HisG
antibodies detected an M; = 115 kDa band in the immune pellet but not in the control pellet
thus showing that His-tagged KIFS5C was co-immunoprecipitated with ECFP-GRIF-1
(Figure 3.5 A, lanes 4-6). Immune pellets of cells co-transfected with pECFP-GRIF-1 +
pN-EYFP-KIF5C were analysed with either anti-GRIF-1g74.339 antibodies or anti-KIF5C

antibodies. Anti-GRIF-1g74.339 antibodies recognised an immunoreactive band with M; =
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143 kDa in the detergent soluble fraction and in the immune pellet, but not in the non-
immune control pellet, indicating that ECFP-GRIF-1 was expressed and specifically
immunoprecipitated (Figure 3.5 B, lanes 1-3). When probing with anti-KIF5C antibodies, a
band with Mr = 143 kDa was detected (Figure 3.5 B, lanes 4, 5). This band was not visible
in the control pellet (Figure 3.5 B, lane 6). Immune pellets of cells co-transfected with
pECFP-GRIF-1 + pC-EYFP-KIF5C were analysed with anti-GRIF-1874-889 antibodies or
anti-KIF5C antibodies. As before, anti-GRIF-137489 antibodies recognised an
immunoreactive band with Mr = 143 kDa in the detergent soluble fraction and in the
immune pellet, but not in the non-immune control pellet, indicating that ECFP-GRIF-1 was
expressed and specifically immunoprecipitated (Figure 3.5 C, lanes 1-3). Anti-KIF5C
antibodies detected a band with Mr = 143 kDa (Figure 3.5 C, lanes 4, 5). This band was not
visible in the control pellet (Figure 3.5 C, lane 6). This indicated that N-EYFP-KIF5C and
C-EYFP-KIF5C were specifically co-immunoprecipitated with ECFP-GRIF-1.

=250 -2;
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Figure 3.5. Demonstration by immunoprécipitation that ECFP-GRIF-1 associates with His-tagged
KIF5C, N-EYFP-KIF5C and C-EYFP-KIF5C. Detergent soluble extracts of HEK 293 cells co-transfected
with either A, pECFP-GRIF-1 + pcDNAHisMax-KIF5C, B, pECFP-GRIF-1 + pN-EYFP-KIF5C or C,
pPECFP-GRIF-1 + pC-EYFP-KIFS5C were prepared 24 h after transfection. Immunoprécipitation experiments
were carried out using either sheep anti-GRIF-1s874.830 antibodies or sheep non-immune IgGs. Immune pellets
were analysed by immunoblotting using antibodies as indicated on the abcissae. The gel layout is identical in
A, B and C, where lanes 1, 4, detergent soluble extract; lanes 2, 5, immune pellet; lanes 3, ¢, non-immune
pellet. The molecular weight standards (kDa) are shown on the right. Immunoreactive bands of interest are
indicated by an arrow, Mr (His-tagged KIF5C) =115 kDa, Mr (ECFP-GRIF-1) = Mr (N-EYFP-KIF5C) = Mr
(C-EYFP-KIF5C) = 143 kDa. These immunoblots are representative of n = 3 immunoprécipitations from n =
3 transfections.

Association properties o fEYFP-KIF5C- Immune pellets of cells co-transfected with pCIS-
GRIF-1 + pN-EYFP-KIF5C were probed with either anti-GRIF-18-633 antibodies or anti-
KIF5C antibodies (Figure 3.6 A). Anti-GRIF-18633 antibodies recognised an

immunoreactive band with Mr = 115 kDa in the detergent soluble fraction and in the
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immune pellet, but not in the non-immune control pellet, indicating that GRIF-1 was
expressed and specifically immunoprecipitated (Figure 3.6 A, lanes 1-3). Anti-KIF5C
antibodies detected a band with M; = 143 kDa band in the immune pellets but not in the
control pellets thereby indicating that N-EYFP-KIF5C was associated with non-fluorescent
GRIF-1 (Figure 3.6 A, lanes 4-6). Immune pellets of cells co-transfected with pCIS-GRIF-1
+ pC-EYFP-KIF5C were probed with either anti-GRIF-1g74.339 antibodies or anti-KIF5C
antibodies. (Figure 3.6 B). As before, anti-GRIF-1g74.330 antibodies recognised an
immunoreactive band with M; = 115 kDa in the detergent soluble fraction and in the
immune pellet, but not in the non-immune control pellet, indicating that GRIF-1 was
expressed and specifically immunoprecipitated (Figure 3.6 B, lanes 1-3). When probing
with anti-KIF5C antibodies, an M; = 143 kDa band was recognised in the immune pellets
but not in the control pellets thereby indicating that C-EYFP-KIFSC was associated with
non-fluorescent GRIF-1 (Figure 3.6 B, lanes 4-6). Further, as shown earlier (Figure 3.6 B,
C), both N-EYFP-KIF5C and C-EYFP-KIF5C were associated with ECFP-GRIF-1.
Association properties of truncated EYFP-KIF5C constructs- Immune pellets of cells co-
transfected with pCIS-GRIF-1 + pEYFP-KIF5C-MD were probed with either anti-GRIF-15.
633 antibodies or anti-GFP antibodies (Figure 3.7 A). As mentioned before, anti-GRIF-15.433
antibodies recognised an immunoreactive band with M; = 115 kDa in the detergent soluble
fraction and in the immune pellet, but not in the non-immune control pellet, showing that
GRIF-1 was expressed and specifically immunoprecipitated (Figure 3.7 A, lanes 4-6).
When probing with anti-GFP antibodies, no immunoreactivity was detected in either
immune nor control pellets (Figure 3.7 A, lanes 1-3). This showed that EYFP-KIFSC-MD
was not associated with GRIF-1 as predicted by Smith et al. (2006). Immune pellets of cells
co-transfected with pECFP-GRIF-1 + pEYFP-KIF5C-MD were also probed with either
anti-GRIF-1g¢33 antibodies or anti-GFP antibodies. Anti-GRIF-13.433 antibodies recognised
an immunoreactive band with M; = 143 kDa in the detergent soluble fraction and in the
immune pellet, but not in the non-immune control pellet, showing that ECFP-GRIF-1 was
expressed and specifically immunoprecipitated (Figure 3.7 B, lanes 4-6). Again, no
immunoreactivity was detected by anti-GFP antibodies in either immune nor control pellets
(Figure 3.7 B, lanes 1-3). This showed that EYFP-KIF5C-MD was not associated with
ECFP-GRIF-1 in agreement with Smith ez al. (2006).
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Figure 3.6. Demonstration by immunoprécipitation that EYFP-KIF5C associates with GRIF-1.
Detergent soluble extracts of HEK 293 cells co-transfected with either A, pCIS-GRJF-1 + pN-EYFP-KIF5C
or B, pCIS-GRIF-1 + pC-FYFP-KIFSC were prepared 24 h post-transfection. Immunoprécipitation
experiments were carried out using either sheep anti-GRIF-1374.380 antibodies or non-immune IgGs. Immune
pellets were analysed by immunoblotting using antibodies as indicated on the abcissae. The gel layout is
identical in A and B where lanes 1, 4, detergent soluble extract; lanes 2, 5, immune pellet; lanes 3, s, non-
immune pellet. The molecular weight standards (kDa) are shown on the right. Immunoreactive bands of
interest are indicated by an arrow, Mr (GRIF-1) = 115 kDa, Mr (N-FYFP-KIF5C) = Mr (C-FYFP-KIFSC) =
143 kDa. These immunoblots are representative of n = 3 immunoprécipitations from n = 3 transfections.

Immune pellets of cells co-transfected with pCIS-GRIF-1 + pEYFP-KIFSC-NMD were
analysed with either GRIF-lg-6ss antibodies or anti-KIF5C antibodies (Figure 3.8 A). Anti-
GRIF-18633 antibodies recognised an immunoreactive band with Mr = 115 kDa in the
detergent soluble fraction and in the immune pellet, but not in the non-immune control
pellet, showing that GRIF-1 was expressed and specifically immunoprecipitated (Figure 3.8
A, lanes 4-6). When using anti-KIF5C antibodies, a band with Mr = 139 kDa was detected
in the immune pellets, but not in the control pellets showing that EYFP-K1F5C-NMD was
associated with non-fluorescent GRIF-1 (Figure 3.8 A, lanes 1-3). Immune pellets of cells
co-transfected with pECFP-GRIF-1 + pEYFP-KIF5C-NMD were also analysed with either
GRIF-18633 antibodies or anti-KIF5C antibodies (Figure 3.8 B). Anti-GRIF-18633
antibodies recognised an immunoreactive band with Mr = 115 kDa in the detergent soluble
fraction and in the immune pellet, but not in the non-immune control pellet, showing that
GRIF-1 was expressed and specifically immunoprecipitated (Figure 3.8 B, lanes 4-6). Anti-
KIF5C antibodies detected a band with Mr = 139 kDa in the immune pellets, but not in the
control pellets showing that EYFP-KIF5C-NMD was also associated with ECFP-GRIF-1
(Figure 3.8 B, lanes 1-3)
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Figure 3.7. Demonstration by immunoprécipitation that EYFP-K1F5C-MD does not associate with
GRIF-1 and ECFP-GRIF-1. Detergent soluble extracts of HEK 293 cells co-transfected with either A,
pCIS-GRIF-1 + pEYFP-KIF5C-MD or B, pECFP-GRIF-1 + pEYFP-KIFSC-MD were prepared 24 h post-
transfection. Immunoprécipitation experiments were carried out using either sheep anti-GRIF-1374.339
antibodies or non-immune IgGs as a control. Immune pellets were analysed by immunoblotting using
antibodies as indicated on the abcissae. The gel layout is identical in A and B where lanes I, 4, detergent
soluble extract; lanes 2, S, non-immune pellet; lanes 3, s, immune pellet. The molecular weight standards
(kDa) are shown on the right. Arrows indicate the immunoreactive bands of interest, Mr (EYFP-KIF5C-MD)
= 64 kDa, Mr (GRIF-1) =115 kDa, Mr (ECFP-GRIF-1) = 143 kDa. These immunoblots are representative of
n= 3 immunoprécipitations from n = 3 independent transfections.

To summarise, ECFP-GRIF-1 associated with either non-fluorescent His-tagged KIF5C or
fluorescent KIF5C; EYFP-KIF5C and EYFP-KIF5C-NMD associated with either non-
fluorescent GRIF-1 or fluorescent GRIF-I; EYFP-KIF5C-MD did not associate with either
non-fluorescent GRIF-1 or fluorescent GRIF-I. Thus immunoprécipitation experiments
showed that the association properties of GRIF-I, KIF5C, KIF5C-MD and KIF5C-NMD
were not modified by the addition of either ECFP or EYFP.

Experiments with EYFP-GRIF-I, N-ECFP-KIF5C and C-ECFP-KIF5C constructs were not
performed. However, it could be predicted that the same results would be obtained whether
ECFP or EYFP are used since these 2 proteins differ by only 9 amino-acids within the

chromophore region (section 3.1.2).
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Figure 3.8. Demonstration by immunoprécipitation that EYFP-KIFSC-NMD associates with GRIF-1
and ECFP-GRIF-1. Detergent soluble extracts of HEK 293 cells co-transfected either with A, pCIS-GRJF-1
+ pEYFP-KIFSC-NMD or B, pECFP-GRIF-1 + pEYFP-KIFSC-NMD were prepared 24 h post-transfection.
Immunoprécipitation experiments were carried out using either sheep anti-GRIF-1374.839 antibodies or non-
immune IgGs as a control. Immune pellets were analysed by immunoblotting using antibodies as indicated on
the abcissae. The gel layout is identical in A and B where lanes 1, 4, detergent soluble extract; lanes 2, 5, non-
immune pellet; lanes 3, s, immune pellet. The molecular weight standards (kDa) are shown on the right.
Immunoreactive bands of interest are indicated by an arrow, Mr (EYFP-KIF5C-NMD) = 139 kDa, Mr (GRIF-
1) = 115 kDa, Mr (ECFP-GRIF-1) = 143 kDa. These immunoblots are representative of n = 3experiements.

3.2.4. Confocal microscopy imaging of ECFP-GRIF-1, EYFP-GRIF-1,
ECFP-KIF5C, EYFP-KIF5C and truncated EYFP-KIF5C chimeras in
transfected HEK 293 and COS-7 cells

Fluorescent GRIF-1 and KIF5C fusion constructs were shown to behave as non-fluorescent
GRIF-1 and non-fluorescent KIF5C, respectively, and therefore they were used to study the
subcellular distribution of GRIF-1 and KIF5C in transfected mammalian cell lines by
confocal microscopy imaging. Initial studies were carried out in HEK 293 cells. However, a
better resolution was obtained by using COS-7 cells. This cell line is more generally used
for subcellular localisation studies because cells have a large cytoplasm allowing a clearer
distinction of subcellular compartments. Thus subcellular localisation studies were also
carried out in COS-7 cells.

Because identical localisation patterns were observed for ECFP-GRIF-1 and EYFP-GRIF-
1, results obtained for ECFP-GRIF-1 only are shown here. Similarly, identical distribution
profiles were seen for ECFP-KIF5C and EYFP-KIF5C and only an example, i.e. EYFP-

KIF5C, is shown in the results.
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3.2.4.1. Single construct expression analysis

HEK 293 and COS-7 cells were transfected with either ECFP-GRIF-1, EYFP-KIF5C or
truncated EYFP-KIF5C chimeras, fixed 24-48 h post-transfection and imaged as in section
2.2.5.2.1. The cellular distribution of each fluorescent contruct is reported hereafter.
ECFP-GRIF-1- In HEK 293 cells transfected with pECFP-GRIF-1, fluorescence was
localised within the cell cytoplasm with an enrichment in the cytoplasmic regions adjacent
to the nucleus and at the edge of the cell (Figures 3.9 A, B). Also, the fluorescence had a
tubular, vesicular aspect. This pattern is consistent with immunocytochemistry experiments
where HEK 293 cells were transfected with pCIS-GRIF-1 and labelled with anti-GRIF-15s.
633 antibodies (Beck et al., 2002). In transfected COS-7 cells, the fluorescence was also
detected within the cell cytoplasm with a tubular, vesicular shape, enriched at the periphery
of the cell nucleus (Figures 3.9 C, D). No ECFP-GRIF-1 fluorescence was detected in
COS-7 cell processes. The same perinuclear distribution was observed when pCIS-GRIF-1-
transfected COS-7 cells were immunostained with anti-GRIF-13.43; antibodies (Figure
3.10). In these cells, the fluorescence was still seen as tubular, vesicular. The perinuclear
distribution observed in both cell types suggests that GRIF-1 might be localised to
perinuclear organelles such as the Golgi apparatus, the endoplasmic reticulum (ER) or the
endosomes. Further, in both cell types, ECFP-GRIF-1 fluorescence also showed a
filamentous pattern that was reminiscent of the cytoskeleton. This indicates that GRIF-1
might be associated with cytoskeleton elements consistent with GRIF-1 association with

the microtubule motor, kinesin (Brickley et al., 2005).
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Figure 3.9. Expression of ECFP-GRIF-1 in transfected HEK 293 and COS-7 cells. Confocal sections of
HEK 293 and COS-7 cells transfected with pECFP-GRIF-1. Cells were fixed 24-48 h post-transfection and
imaged. A, B, HEK 293 cells; C, D, COS-7 cells. The same distribution was observed in pEYFP-GRIF-1
transfected cells. The images are representative of at least n = 20 cells observed for n = 3 independent

transfections. Scale bars, 10 pm

Figure 3.10. Expression of GRIF-1 in transfected COS-7 cells. Confocal section of a COS-7 cell
transfected with pCIS-GRIF-1. The cell was fixed 36 h post-transfection, permeabilised and GRIF-1 was
detected using anti-GRIF-lg.33 primary antibodies and AlexaFluor®594-labelled secondary antibodies. This

cell is representative of n = 10 cells observed for n = 2 independent transfections. Scale bar, 10 pm
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EYFP-KIF5C- In HEK 293 (Figure 3.11 A, B) and COS-7 cells (Figure 3.11 C, D)
transfected with pN-EYFP-KIF5C, the fluorescence was diffused throughout the cell
cytoplasm. Also EYFP-K1F5C fluorescence displayed a filamentous pattern (Figures 3.11
B, D). This might result from an association of EYFP-KI1F5C with microtubules as
previously shown by Verhey ef al. (1998) who overexpressed c-Myc-tagged rat kinesin
heavy chain in microtubule-stained COS-7 cells. Further, in COS-7 cells, fluorescence was
accumulated at the tips of cellular processes when they were present. As mentioned earlier,
the same distribution was obser\*ed in HEK 293 and COS-7 cells transfected with pC-
EYFP-K1F5C thus suggesting that the addition of EYFP at the N- or at the C-terminal of
K1F5C did not interfere with K1F5C cellular location.

Figure 3.11. Expression of EYFP-KIFSC in transfected HEK 293 and COS-7 cells. Confocal sections of
HEK 293 and COS-7 cells transfected with pN-EYFP-KIF5C Cells were fixed 24-48 h post-transfection and
imaged. A, B, HEK 293 cells; C, D, COS-7 cells. The same distribution patterns were observed in cells
transfected with either pC-EYFP-KIFS5C, pC-ECFP-KIF5C or pN-EYFP-KIFSC. The images are
representative of at least n = 20 cells observed for n = 3 independent transfections. Scale bars, 10 pm.

116



Chapter 3

EYFP-KIF5C-MD- More than 50% of HEK 293 cells transfected with pEYFP-KIF5C-MD
showed multiple cytoplasmic vacuolae (Figure 3.12 A). FYFP-KIF5C-MD fluorescence
was localised in the cell cytoplasm as filamentous structures (Figures 3.12 A), consistent
with the existence of a microtubule binding site within the KIF5C-MD (Kuznetsov et al,
1989; Navone et al, 1992). In other cells (~ 50%), fluorescence was also seen in the cell
nucleus (Figures 3.12 B). The same observations were performed in COS-7 cells
transfected with pFYFP-KIF5C-MD. Similarly, the cells appeared vacuolated (Figure 3.12
C, D). Also, the fluorescence was distributed diffusely in the cytoplasm including the
nucleus (55% of analysed cells) (Figures 3.12 C, D). As described for HEK 293 cells, in
25% of analysed COS-7 cells, the fluorescence was detected as filamentous structures

consistent with an association of FYFP-K1F5C-MD with microtubules (Figure 3.12 C).

Figure 3.12. Expression of EYFP-KIF5C-MD in transfected HEK 293 and COS-7 cells. HEK 293 and
COS-7 cells were transfected with pEYFP-KIFSC-MD, fixed 24-48 h post-transfection and imaged. A,
confocal section of a transfected HEK 293 cell; B, Z-stack (n = 20 sections) of a transfected HEK 293 cell; C,
D, confical sections of transfected COS-7 cells. These images are representative of n = 20 cells observed for n
= 3 transfections. Scale bars, 10 pm.
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EYFP-KIF5C-NMD- In HEK 293 cells transfected with pEYFP-KIFSC-NMD,
fluorescence was localised within the cytoplasm as filamentous structures also suggesting
an association with the cytoskeleton (Figure 3.13 A). The same fluorescence distribution
was observed in COS-7 cells transfected with pEYFP-KIFSC-NMD (Figures 3.13 B, C).
Navone et al. (1992) observed also a filamentous profile when they expressed the NMD of
human KHC in CV-1 cells. They showed that these filaments were microtubules and that a

second microtubule-binding site was present on the NMD ofhuman KHC.

m

Figure 3.13. Expression of EYFP-KIFSC-NMD in transfected HEK 293 and COS-7 cells. Confocal
sections of HEK 293 and COS-7 cells transfected with pEYFP-KIF5C-NMD. Cells were fixed 24-48 h after
transfection and imaged. A, HEK 293 cells; C, B, COS-7 cells. These images are representative of at least n =
20 cells observed for n = 3 independent transfections. Scale bars, 10 pm.

3.2.4.2. Co-expression studies

HEK 293 and COS-7 cells were co-transfected with ECFP-GRIF-1 and an EYFP-KI1F5C
construct, fixed 24-48 h post-transfection and imaged using the settings described in section
2.2.5.2. The cellular distribution of ECFP-GRIF-1 and an EYFP-K1F5C construct in
transfected COS-7 cells is described hereafter.

ECFP-GRIF-1 + EYFP-KIF5C- In HEK 293 cells co-transfected with pECFP-GRIF-1 +
pN-EYFP-KIF5C, ECFP-GRIF-1 fluorescence was localised exclusively at the end of the
cell, adjacent to the cell membrane instead of being mainly cytoplasmic as seen in single
construct expression experiments (Figure 3.14 B). Tubular, vesicular structures similar to
those observed in single transfections were still distinguishable. EYFP-K1F5C fluorescence
was also visualised concentrated at the cell periphery toward the end of the cell (Figure
3.14 A). In some cells, EYFP-K1F5C fluorescence was still diffused in the cell cytoplasm
as seen in single transfections. ECFP-GRIF-1 and EYFP-K1F5C fluorescence were co-

localised in the region adjacent to the cell membrane displaying a tubular pattern as shown
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on the overlaid image (Figures 3.14 C). In co-transfected COS-7 cells, ECFP-GRIF-1
fluorescence localisation was changed comparing to single transfections. Instead of
showing a cytoplasmic perinuclear localisation, ECFP-GRIF-1 fluorescence was
concentrated in a region adjacent to the cell membrane although minor fluorescence

remained in the cytoplasm (Figure 3.14 H). ECFP-GRIF-1 fluorescence was

Figure 3.14. ECFP-GRIF-1 and EYFP-KIF5C co-localise at the cell periphery in transfected HEK 293
and COS-7 cells. Confocal sections of HEK 293 and COS-7 cells co-transfected with pECFP-GRIF-1 and
PN-EYFP-KIFS5C. Cells were fixed 24-48 h after transfection and imaged. A-C, HEK 293 cells; D-I, COS-7
cells. A, D, G, N-EYFP-KIF5C; B, F, H, FCFP-GRIF-1; C, F, 1, overlaid pictures of (A + B), (D + F), (G +
H) respectively. The same distribution was observed in cells transfected with pFCFP-GRIF-1 + pC-FYFP-
KIF5C, pFYFP-GRIF-1 + pN-FCFP-KIF5C, pFYFP-GRIF-1 + pC-pFCFP-KIF5C. These images are
representative of at least n = 20 cells observed for n = 3 independent transfections. Scale bars, 10 pm.
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particularly accumulated in cellular extensions when they were formed and tubular
structures were still visible (Figures 3.14 E). EYFP-KIFSC fluorescence was also modified
comparing to single construct expression experiments. EYFP-KIF5C fluorescence was
accumulated exclusively in the vicinity of the cell membrane and in cellular extensions
when they were formed. In some cells, EYFP-KIF5C fluorescence was also localised
diffusely within the cell cytoplasm as previously reported in single construct expression
experiments (Figures 3.14 D, G). ECFP-GRIF-1 and EYFP-KIF5C fluorescences were co-
distributed in the area adjacent to the cell membrane and in cellular processes as indicated
on the overlaid image (Figures 3.14 F, I). In some cells, ECFP-GRIF-1 and EYFP-KIF5C
fluorescences were also co-distributed as small clusters within the cell cytoplasm in the
vicinity of the cell membrane (Figures 3.14 G, H, I). The same observations were made in
HEK 293 and COS-7 cells co-transfected with pECFP-GRIF-1 and pC-EYFP-KIF5C.
Overall these observations suggest that co-expression of EYFP-KIF5C with ECFP-GRIF-1
caused a re-distribution of ECFP-GRIF-1 fluorescence to EYFP-KIFS5C-containing regions
adjacent to the cell membrane or to cellular processes in co-transfected HEK 293 and COS-
7 cells. This is consistent with an interaction between the 2 proteins. Further, the ECFP-
GRIF-1 tubular pattern suggests that GRIF-1 is still localised to the same organelle as in
single transfections.

To show that the fluorescence accumulation at the cell periphery was not an experimental
artefact due to dimerisation of ECFP and EYFP, ECFP-GRIF-1 and ECFP-KIF5C were
also co-expressed each with a different EYFP-tagged chimera in HEK 293 cells. EYFP-
OGT was used as a control as this construct was available in the laboratory. As explained in
Chapter 1, OGT is a M; ~ 120 kDa cytoplasmic protein forming trimers. OGT is a GRIF-1
associated protein therefore it is expected to co-localise with GRIF-1 in co-transfected HEK
293 cells. OGT has never been reported to be associated with KIFSC. The cellular
localisation of EYFP-OGT expressed on its own or with ECFP-GRIF-1 in HEK 293 cells is
described in detail in Chapter 4. Briefly in EYFP-OGT transfected HEK 293 cells, the
fluorescence was diffused throughout the cell cytoplasm with some enrichment visible
along the membrane. These transfected cells contained several vacuolae. Cells co-
expressing ECFP-GRIF-1 + EYFP-OGT displayed also a vacuolated pattern. In these cells,
EYFP-OGT fluorescence was co-localised with ECFP-GRIF-1 fluorescence in the
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cytoplasm and along the cell membrane. No fluorescence accumulation in any region of the
cell was observed (Chapter 4, Figure 4.17). Again, HEK 293 cells co-expressing ECFP-
KIF5C + EYFP-OGT were vacuolated and EYFP-OGT fluorescence was as described
above (Figure 3.15 A, B, C). ECFP-KIF5C fluorescence was diffused throughout the cell
cytoplasm as observed in single construct transfections (Figure 3.15 B). No fluorescence
accumulation was detected in these cells. This was in contrast with the observations in
pECFP-GRIF-1 + pEYFP-KIF5C transfected cells. Thus co-expression of ECFP-GRIF-1 +
EYFP-OGT and ECFP-KIF5C + EYFP-OGT did not cause fluorescence to accumulate in a
single area ofthe cell cytoplasm. Therefore the fluorescence accumulation observed in cells
co-expressing ECFP-GRIF-1 + EYFP-KIF5C is due to the physiological functions of
GRIF-1 and KIF5C and it is not an experimental artefact due to the ability of ECFP and
EYFP to dimerise.

Figure 3.15. Demonstration that the distribution pattern observed in cells co-expressing ECFP-GRIF-1
and EYFP-KIF5C is not an artefact. Confocal section of HEK 293 cells transfected with pECFP-KIF5C
and pEYFP-OGT. Cells were fixed 36 h post-transfection and imaged. A, EYFP-OGT; B, ECFP-KIF5C; D,
overlaid picture of (A + B). This cell is representative of n = 5 cells imaged for n = 1 transfection. Scale bar,
10 pm.

ECFP-GRIF-1 + EYFP-KIF5C-MD- In HEK 293 cells co-transfected with pECFP-GRIF-
1+ pEYFP-KIF5C-MD, ECFP-GRIF-1 fluorescence was localised in the cell cytoplasm as
described in single construct expression experiments. EYFP-KIF5C-MD fluorescence was
also cytoplasmic as seen when it was expressed on its own. Co-transfected cells also
contained several cytoplasmic vacuolae as described before (Figure 3.16 A, B, C). The
same observations were performed in COS-7 cells co-transfected with pECFP-GRIF-1 +

pEYFP-KIF5C-MD (Figure 3.16 D, E, F). Thus, co-expression of EYFP-KIF5C-MD had
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no effect on the localisation of ECFP-GRIF-1 fluorescence in co-transfected HEK 293 and

COS-7 cells consistent with their failure to interact.

Figure 3.16. Expression of EYFP-KIF5C-MD does not change ECFP-GRIF-1 localisation in transfected
HEK 293 and COS-7 cells. Confocal sections of HEK 293 and COS-7 cells were co-transfected with
pECFP-GRIF-1 + pEYFP-KIF5C-MD, fixed 24-48 h post-transfection and imaged. A, B, C, HEK 293 cells;
D, E, F, COS-7 cells. A, D, EYFP-KIF5C-MD; B, C, ECFP-GRIF-1; C, D, overlaid pictures of (A + B), (C +
D) respectively. These images are representative of at least n * 20 cells observed for n = 3 independent
transfections. Scale bars, 10 pm.

ECFP-GRIF-1 + EYFP-KIF5C-NMD- In HEK 293 cells co-transfected with pECFP-
GRIF-1 + pEYFP-KIF5C-NMD, ECFP-GRIF-1 fluorescence was visualised within the cell
cytoplasm as described in single construct transfections (Figure 3.17 B). However, the
distribution of EYFP-KIF5SC-NMD fluorescence was modified (Figure 3.17 A). Instead of
showing a filamentous cytoplasmic pattern, EYFP-KIFSC-NMD fluorescence was localised
in ECFP-GRIF-1-enriched cytoplasmic regions (Figure 3.17 C). This suggests that GRIF-1
might compete with the microtubule binding site on the KIFSC-NMD. The same
fluorescence localisation patterns were observed in COS-7 cells co-transfected with

pECFP-GRIF-1 + pEYFP-KIF5C-MD (Figure 3.17 A, B, C). Thus co-expression of ECFP-
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GRIF-1 caused a re-distribution of EYFP-KIF5C-NMD fluorescence to ECFP-GRIF-1

enriched regions in the cytoplasm ofco-transfected HEK 293 and COS-7 cells.

Figure 3.17. EYFP-KIFSC-NMD is concentrated in ECFP-GRIF-1 enriched regions in co-transfected
HEK 293 and COS-7 cells. Confocal sections of HEK 293 and COS-7 cells co-transfected with pEYFP-
KIFS5C-NMD. Cells were fixed 24-48 h post-transfection and imaged. A-C , HEK 293 cells; D-F, COS-7
cells. A, D, EYFP-KIF5C-NMD; B, E, ECFP-GRIF-1; C, F, overlaid pictures of (A + B), (D + E)
respectively. The images are representative of at least n = 20 cells observed for n = 3 independent
transfections. Scale bars, 10 pm.

In summary, these observations suggest that GRIF-1 could associate with the NMD of
KIF5C but not with the MD of KIF5C as shown in the immunoprécipitation assays (section
3.2.1.3). These results substantiate yeast-two hybrid studies that mapped the GRIF-1

binding domain on KIF5C to the KIF5C non-motor domain (Smith et al, 2006).
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3.2.5. Further characterisation of the subcellular localisation of GRIF-1
and KIF5C by confocal microscopy imaging studies using organelle

markers

GRIF-1 association with the non-motor cargo binding domain of kinesin-1 heavy chain,
KIF5C, (Smith et al, 2006) suggests that GRIF-1 could serve as an adaptor protein linking
kinesin-1 to a cargo. Further, recent studies have reported that overexpression of GRIF-1 in
HEK 293 cells resulted in mitochondrial aggregation to GRIF-1 enriched regions (Brickley
etal, 2005).

To gain further insights into GRIF-1 function, transfected COS-7 cells were labelled with
fluorescent organelle markers and the subcellular distribution of GRIF-1, KI1F5C, GRIF-1
and K1F5C in these cells was analysed by confocal microscopy imaging. The mitochondria
were visualised using a DsRedl-tagged mitochondrial targeting sequence, i.e. DsRedl-
Mito, the endoplasmic reticulum (ER) was identified using an ECFP-tagged KDEL ER
targeting sequence, i.e. ECFP-ER, and the Golgi apparatus was detected with antibodies
recognising the 58 K Golgi protein. COS-7 cells were transfected as described in the text
below and fixed 24-72 h post-transfection. Where necessary, transfected cells were
permeabilised, stained for either GRIF-1 or the Golgi marker p58K and imaged as
explained in section 2.2.5.2.1.

Mitochondria- In COS-7 cells transfected with pDsRedl-Mito, labelled mitochondria were
distributed evenly throughout the cell cytoplasm (Figure 3.18). They were visualised as

distinct cytoplasmic vesicular organelles.

Figure 3.18. Mitochondria are distributed evenly in COS-7 cell cytoplasm. Confocal section of COS-7
cells transfected with pDsRedl-Mito. Cells were fixed 36-72 h post-transfection and imaged. These cells are
representative of n = 12 cells observed for n = 3 independent transfections. Scale bar, 10 pm.
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In COS-7 cells co-transfected with pDsRedl-Mito + pECFP-GRIF-1, ECFP-GRIF-1
fluorescence was localised in the cell cytoplasm with some enrichment in the perinuclear
region and again tubular, vesicular structures were visible as reported for pECFP-GRIF-1
transfections. All the DsRedl-Mito fluorescence, i.e. mitochondria, was concentrated in
ECFP-GRIF-1 enriched regions in the vicinity of the nucleus (Figure 3.19). This
observation is in agreement with a previous study showing that mitochondria were
aggregated in GRIF-1 enriched regions in pCIS-GRIF-1 transfected HEK 293 cells
(Brickley et al, 2005). Further this suggests that the vesicular structures described in
ECFP-GRIF-1 transfected cells are mitochondria and thus that GRIF-1 might be localised

or associated to mitochondria.

Figure 3.19. ECFP-GRIF-1 aggregates mitochondria in transfected COS-7 cells. Confocal section of a
COS-7 cell transfected with pECFP-GRIF-1 + pDsRedl-Mito. The cell was fixed 36-72 h post-transfection
and imaged. A, ECFP-GRIF-1; B, DsRedl-Mito; C, merged picture of (A + B). This cell is representative of n
= 18 cells observed for n = 3 independent transfections. Scale bar, 10 pm.

In COS-7 cells co-transfected with pN-ECFP-KIF5C + pDsRedl-Mito, ECFP-K1F5C
fluorescence was found in the cell cytoplasm as reported for pN-EYFP-KIF5C
transfections. DsRedl-Mito fluorescence was seen evenly distributed in the cell cytoplasm
as seen for pDsRedl-Mito transfections (Figure 3.20). This suggests that ECFP-KI1F5C
overexpression does not affect the cellular localisation of mitochondria.

In COS-7 cells co-transfected with pN-EYFP-KIF5C + pECFP-GRIF-1 + pDsRedl-Mito,
ECFP-GRIF-1 and EYFP-K1F5C fluorescences were co-localised at the cell periphery as
seen in pN-EYFP-KIF5C + pECFP-GRIF-1 co-transfections. DsRedl-Mito fluorescence,
i.e. mitochondria, was accumulated and co-loealised with ECFP-GRIF-1 and EYFP-K1F5C
fluorescences in this region, although some DsRedl-Mito fluorescence, i.e. mitochondria,

remained in the cell cytoplasm (Figure 3.21 A-F). In co-transfected COS-7 cells forming
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cellular extensions, ECFP-GRIF-1 and EYFP-KIF5C fluorescences were concentrated and
co-localised at the end of the extensions as in pECFP-GRIF-1 + pN-EYFP-KIF5C co-
transfections (Figure 3.21 G-L). DsRedl-Mito fluorescence was also found accumulated
and co-localised with ECFP-GRIF-1 and EYFP-KIF5C fluorescences in the cellular
extensions although some remaining DsRedl-Mito fluorescence was still visible in the cell

cytoplasm.

Figure 3.20. ECFP-KIFS5C has no effect on mitochondrial distribution in transfected COS-7 cells.
Confocal section of a COS-7 cell transfected with pN-ECFP-KIFSC and pDsRedl-Mito. The cell was fixed
36-72 h post-transfection and imaged. A, N-ECFP-KIF5C; B, DsRedl-Mito; C, merged picture of (A + B).
The same results were observed for pC-ECFP-KIFSC. This cell is representative of n = 11 cells observed for
n - 3 independent transfections. Scale bar, 10 pm.

These distribution patterns showed that in the presence of GRIF-1 the mitochondrial
distribution was changed: (i) mitochondria were aggregated to GRIF-1 enriched regions,
(i1)) no changes were seen in the presence of KIF5C, (hi) mitochondria were co-localised
with GRIF-1 and KIF5C. This suggests a role for GRIF-1 in recruiting mitochondria to

kinesin-1 heavy chains, KIF5C.
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Figure 3.21. Mitochondria eo-distribute with ECFP-GRIF-1 and EYFP-KJF5C at the cell periphery
and in cellular processes in transfected COS-7 cells. The Figure shows two examples of COS-7 cells co-
transfected with pECFP-GRIF-1 + pN-EYFP-KIF5C + pDsRedl-Mito, i.e. confocal sections of A-F, a cell
with little or short cellular processes and G-L, a cell with long cellular extensions. Cells were fixed 36-72 h
post-transfection and imaged. A, E, EYFP-KIF5C; B, F, ECFP-GRIF-1; C, G, DsRedl-Mito; D, H, merged
pictures of (A + B + C), (E + F + G) respectively. These cells are representative of n = 25 cells observed for n
= 3 independent transfections. Scale bars, 10 pm.

Go/gi apparatus- In untransfected COS-7 cells stained for the Golgi apparatus using
antibodies directed against the 58 K Golgi protein, immunoreactivity was detected in the

perinuclear region ofthe cell (Figure 3.22).

Figure 3.22. The Golgi apparatus is located in the cytoplasmic perinuclear region in COS-7 cells.
Confocal section of untransfected COS-7 cells. Cells were fixed, permeabilised, stained with anti-58K golgi
protein antibodies followed by AlexaFluor®594 conjugated secondary antibodies and imaged. This image is
representative of n = 5 cells observed for n = 3 independent transfections. Scale bar, 10 pm. This experiment
was performed by Dr K. Brickley.
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In COS-7 cells transfected with pECFP-GRIF-1 and stained for the Golgi apparatus, ECFP-
GRIF-1 fluorescence was co-distributed with the Golgi apparatus immunoreactivity in the
vicinity of the nucleus (Figure 3.23). This might result either from: (i) an artefact of the
overexpression procedure, i.e. large amounts of ECFP-GRIF-1 are synthesized and
processed through the Golgi apparatus following transfection of pECFP-GRIF-1, ii) from
an association of GRIF-1 with the Golgi apparatus, iii) from an association of GRIF-1 with
endosomes that are organelles localised in the Golgi region (Soldati and Schliwa, 2006) or
iv) from an association of GRIF-1 with the microtubule minus-ends at the centrosome, i.c.
the microtubule organisation centre, a structure shown to be localised in the Golgi region

(Kellogg et al, 1994).

Figure 3.23. ECFP-GRIF-1 co-localises with the Golgi apparatus in transfected COS-7 cells. Confocal
section of a COS-7 cell transfected with pECFP-GRIF-1. The cell was fixed 36 h post transfection, stained
with anti-58K Golgi protein antibodies followed by AlexaFluor®594 secondary antibodies and imaged. A,
ECFP-GRIF-1; B, 58K Golgi protein; C, overlaid picture of (A + B) This cell is representative of n = 8 cells
observed for n = 3 independent transfections. Scale bar, 10 pm. This experiment was performed by Dr K.
Brickley.

In COS-7 cells that were transfected with pN-ECFP-KIF5C and stained for the Golgi,
ECFP-KIF5C fluorescence was in the cytoplasm as mentioned before and it was not co-
distributed with the Golgi apparatus immunoreactivity (Figure 3.24).

In COS-7 cells co-transfected with pECFP-GRIF-1 + pN-EYFP-KIF5C and stained for the
Golgi apparatus, ECFP-GRIF-1 and EYFP-KIF5C fluorescences were concentrated at the
cell periphery or in cellular extensions as described earlier and they were not co-localised
with the Golgi apparatus (Figure 3.25). The morphology of the Golgi apparatus was not
altered following the redistribution of GRIF-1 to the cell periphery thereby showing that
GRIF-1 is not located within the Golgi and that GRIF-1 is not involved in the maintenance

ofthe Golgi stmcture.
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Figure 3.24. ECFP-KIF5C does not co-localise with the Golgi apparatus in transfected COS-7 cells.
Confocal section of a COS-7 cell transfected with pECFP-KIF5C. The cell was fixed 36 h post-transfection,
stained with anti-S8K Golgi protein antibodies followed by AlexaFluor®594 secondary antibodies and
imaged. A, ECFP-KIFSC; B, S8K Golgi protein; C, overlaid picture of (A + B). This cell is representative of
n = 6 cells observed for n = 3 independent transfections. Scale bar, 10 pm. This experiment was performed by
Dr K. Brickley.

Figure 3.25. ECFP-GRIF-1 and EYFP-KIF5C do not co-localise with the Golgi apparatus in
transfected COS-7 cells. Confocal section of a COS-7 cell transfected with pECFP-GRIF-1 and pN-EYFP-
KIF5C. The cell was fixed 36 h post-transfection, stained with anti-58K. Golgi protein antibodies followed by
AlexaFluor®594 secondary antibodies and imaged. A, EYFP-KIF5C; B, ECFP-GRIF-1; C, 58K Golgi
protein; D, overlaid picture of (A + B + C). This cell is representative of n = 8 cells observed for n =3
independent transfections. Scale bar, 10 pm. This experiment was performed by Dr K. Brickley.
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Endoplasmic reticulum- In COS-7 cells transfected with pECFP-ER, the fluorescence was
localised around the nucleus and in the cytoplasmic region adjacent to the nucleus forming
a tubular network (Figure 3.26). This distribution pattern was not changed in the presence

ofeither EYFP-GRIF-1 or EYFP-KIF5C as described hereafter.

Figure 3.26. The endoplasmic reticulum is located in a cytoplasmic perinuclear region of COS-7 cells.
Confocal section of COS-7 cells transfected with pECFP-ER. Cells were fixed 40 h after transfection and
imaged. This image is representative of n = 24 cells observed for n = 3 independent transfections. Scale bar,
10 pm.

In COS-7 cells co-transfected with pECFP-ER + pEYFP-GRIF-1, EYFP-GRIF-1
fluorescence was localised within the cell cytoplasm in the perinuclear region of the cell
forming tubular structures (Figure 3.27). EYFP-GRIF-1 and ECFP-ER were only partially
co-distributed in the area close to the nucleus as shown on the overlaid image (Figure 3.27

C). This implies that GRIF-1 is not associated with the ER.

Figure 3.27. EYFP-GRIF-1 co-localises partially with the endoplasmic reticulum in transfected COS-7
cells. Confocal section of a COS-7 cell co-transfected with pEYFP-GRIF-1 + pECFP-ER. A, EYFP-GRIF-1;
B, ECFP-ER; C, overlaid picture of (A + B); This image is representative of n = 10 cells observed for n = 2
independent transfections. Scale bar, 10 pm.

In COS-7 cells co-transfected with pECFP-ER + pN-EYFP-KIF5C, EYFP-KIF5C

fluorescence was distributed within the cell cytoplasm. Some areas of co-localisation with
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ECFP-ER fluorescence were visible throughout the cell cytoplasm consistent with a role of

KIF5C in ER transport (Figure 3.28 D) (Bannai et al, 2003).

Figure 3.28. EYFP-KIFSC co-localises partially with the endoplasmic reticulum in transfected COS-7
cells. Confocal section of a COS-7 cell co-transfected with pN-EYFP-KIFSC and pECFP-ER. A, N-EYFP-
KIF5C; B, ECFP-ER; C, overlaid picture of (A + B). This image is representative of n = 11 cells observed for
n = 2 independent transfections. Scale bar, 10 pm.

In COS-7 cells co-transfected with pCIS-GRIF-1 + pN-EYFP-KIF5C + pECFP-ER were
stained for GRIF-1 wusing anti-GRIF-Ig-6ss antibodies (Figure 3.29). GRIF-I
immunoreactivity was concentrated in cellular extensions and it was co-localised with
EYFP-KIF5C fluorescence as observed in pECFP-GRIF-I + pN-EYFP-KIF5C
transfections. The ER fluorescence was localised within the cell cytoplasm. Some ER
fluorescence was also co-distributed with GRIF-I and EYFP-KIF5C in cellular extensions
(Figure 3.29 C, D), consistent with the findings that kinesin-I is involved in ER transport
(Bannai et al, 2003). It is not clear from these data whether GRIF-I plays a role in kinesin-

I-mediated ER transport.
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Figure 3.29. GRIF-1 and EYFP-KIF5C co-localise partially with the endoplasmic reticulum in
transfected COS-7 cells. Confocal section of a COS-7 cell transfected with pCIS-GRIF-1 + pN-EYFP-
KIF5C + pECFP-ER. The cell was fixed 36 h post-transfection, permeabilised and incubated with anti-GRIF-
1s5-633 antibodies followed by Alexa Fluor®594 secondary antibodies and imaged. A, EYFP-KIFS5C; B, ECFP-
ER; C, GRIF-1; D, overlaid pictures of (A + B + C). This image is representative of n = 5 cells observed for n
= 1 transfection. Scale bar, 10 pm
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3.3. DISCUSSION

This chapter describes the generation and characterisation of fluorescently-tagged GRIF
and fluorescently-tagged KIF5C constructs and their use in confocal microscopy imaging
studies. It was shown that fusion of ECFP or EYFP to the N-terminal end of GRIF-1 did
not modify GRIF-1 interacting properties for KIFS5C or truncated KIF5C mutants.
Similarly, addition of ECFP or EYFP to either the N- or C-terminal ends of KIF5C did not
affect KIFSC interacting properties for GRIF-1.

When overexpressed on its own in mammalian cell lines, ECFP-GRIF-1 was found in the
proximity of the nucleus in the Golgi region and it formed tubular, vesicular structures. Co-
expression of ECFP-GRIF-1 with EYFP-KIF5C in mammalian cell lines resulted in a re-
distribution of GRIF-1 to KIFSC-enriched region at the cell periphery in agreement with an
interaction between GRIF-1 and KIF5C (Brickley et al., 2005). Further, co-distribution
analyses where ECFP-GRIF-1 was co-expressed with the MD or NMD of EYFP-KIF5C
suggested that GRIF-1 may be associated with the NMD in agreement with yeast two-
hybrid and immunoprecipitation analyses carried out in parallel to the work presented here
(Smith ez al., 2006).

Studies using organelle markers indicated that GRIF-1 was localised or associated to
mitochondria consistent with previous findings (Brickley ez al., 2005) but not to the Golgi
or the ER. More importantly these studies showed that GRIF-1 was necessary for the
targeting of mitochondria to KIF5C. These analyses also indicated that GRIF-1 was not
involved in the maintenance of either Golgi or ER cellular location since overexpressing
GRIF-1 did not affect the structure of the ER or Golgi apparatus. However, the partial
localisation of GRIF-1 with the Golgi and the ER in the absence of KIF5C suggests that
GRIF-1 might be involved in KIF5C-independent ER-to-Golgi or Golgi-to-ER transport
processes. A recent study showed that GRIF-1 was localised to early endosomes in rat
pheochromocytoma cells (PC) -12 cells (Kirk ef al., 2006). The tubular structures observed
in ECFP-GRIF-1 transfected cells may represent early endosomes since these organelles
are found in the Golgi region. Thus GRIF-1 may localise to both mitochondria and early
endosomes.

Taken together these results support a role for GRIF-1 in intracellular trafficking processes.

Particularly they suggest a role for GRIF-1 as a scaffolding protein linking physically
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kinesin-1 to mitochondria in kinesin-1-based mitochondrial transport. In a recent report by
Glater et al. (2006), the Drosophila orthologue of GRIF-1, Milton, was also shown to be
localised to kinesin-1-containing regions at the cell periphery following overexpression of
Milton and KIF5B in COS-7 cells. Further, Milton was also necessary for the recruitment
of mitochondria to KIF5B. Overall this suggests that GRIF-1 may have a similar function

to Milton in kinesin-1-directed mitochondrial tranport mechanisms.

Here, the role of GRIF-1 in transport mechanisms was addressed by comparing the
distribution patterns of ECFP-GRIF-1 or EYFP-GRIF-1 to that of fluorescently-tagged
KIF5C or fluorescently-tagged organelles. Co-localisation analyses were carried out
qualitatively by observation of overlapping pixels in confocal microscopy images, i.e.
optical sections or Z-stacks. Optical sections are performed throughout the whole cell
perpendicularly to the Z-axis. Each section is a focal plane that provides fine details on the
location of the fluorescent protein or fluorescent organelle inside the imaged cell in the
given section. A Z-stack corresponds to the superimposition of optical sections. A line scan
drawn through a Z-stack informs about the total fluorescence intensity of the layered
optical sections. Thus pixels may overlap on the Z-stack although they are not even
localised within the same section. Therefore co-localisation analyses should not be
performed on Z-stack projections but on an optical section of the object imaged.

To improve the analyses carried out in this chapter, co-localisation could have been
assessed in a quantitative manner. Some of the methods developed for this purpose are
discussed hereafter (reviewed in Media Cybernetics, Application note #1; Bolte and
Cordelieres, 2006). The pixel intensity from one channel can be plotted versus the pixel
intensity fro