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Abstract

Abstract

Phosphatidylinositol 4,5-bisphosphate (PI(4,5)P,) is an important source of second
messengers and can act as a signalling molecule in its own right. This study has
investigated the mechanism of ADP-ribosylation factor (ARF)-stimulated PI(4,5)P,
synthesis. ARF proteins can directly activate type I phosphatidylinositol 4-phosphate 5-
kinase (PIP 5-kinase) and phospholipase D (PLD) in vitro. The role of PLD in the
regulation of P1(4,5)P; synthesis was examined in cytosol-depleted HL60 cells using butan-
I-ol to diminish the PLD-derived phosphatidic acid (PA), and an ARF1 point mutant,
NS52R-ARFI, that can selectively activate type I PIP 5-kinase but not PLD activity. This
work concluded that both PA derived from the PLD pathway, and ARF proteins by directly
stimulating type I PIP 5-kinase activity, contribute to the regulation of PI(4,5)P, synthesis
at the plasma membrane in HL60 cells. The PI(4,5)P, synthesized upon ARF addition was
available for hydrolysis by phospholipase C (PLC) only in the presence of a
phosphatidylinositol transfer protein o (PITPo).

PITPa was previously identified as a cytosolic factor which can reconstitute agonist-
stimulated PLC signalling in cytosol-depleted cells. This study has examined the
importance of PITPa to bind and transfer PI or PC, as well as interact with a membrane
surface, for PI delivery required for PLC signalling. Using structural information obtained
from the recently elucidated crystal structure of human PITPa bound to PI, amino acid
residues were identified that were predicted to be important for PITP to bind to PI, and to
interact with a membrane surface. Residues T59, K61, E86, and N90 were responsible for
interacting with the inositol ring of PI and single point mutants at these residues were
sufficient to cause a selective loss in PI but not PC binding and transfer. These mutants
were also unable to restore PLC signalling. These amino acid residues were conserved in
all proteins with a PITP domain identified in many organisms including mammals, flies,
worms, amphibian, fish, and several unicellular organisms. Two tryptophan residues (W203
and W204) were required to dock at the membrane, allowing a model to be described for

how PITPa. may undergo lipid exchange at a membrane surface.
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Chapter 1: Introduction

Chapter 1

1 Introduction

This thesis examines the role of ADP-ribosylation factor (ARF) and phosphatidylinositol
transfer protein (PITP) in the regulation of phosphoinositide dynamics. In mammalian cells,
ARF and PITP have roles in signal transduction and membrane traffic. It has previously
been reported that both ARF and PITP are able to promote the synthesis of
phosphatidylinositol 4,5-bisphosphate (P1(4,5)P;) [1-5] (See Figure 1.1). PI(4,5)P; has a
multitude of roles in cells, including cell signalling, membrane traffic and reorganisation of
the actin cytoskeleton [6-10]. PI(4,5)P; is a substrate for PLCs and PI 3-kinases where its
metabolism leads to the production of the second messengers I(1,4,5)P3 plus diacylglycerol
and PI(3,4,5)P;, respectively. PI(4,5)P, is now also recognised as a signalling molecule in
its own right, and participates in exocytosis, endocytosis, regulation of ion channels, and
the regulation of the actin cytoskeleton. In this role, PI(4,5)P; is also a co-factor for PLD
activation. These diverse functions which require PI(4,5)P; as an intact signalling molecule
rely upon interaction of PI(4,5)P, with a large number of intracellular proteins to modulate
their subcellular localisation and/or activity. Many of these proteins have binding sites for
PI(4,5)P,, and these include a subset of pleckstrin homology (PH) domains, epsin N-
terminal homology (ENTH) domains, the tubby domain of a transcription factor, and basic
patches of sequence that provide electrostatic interaction with the phosphate groups of the

inositol ring head-group [10-12].

Studies suggest that ARF proteins can regulate type I PIP 5-kinase activity both directly
and, indirectly via PA derived from the ARF-regulated phospholipase D (PLD) pathway
(see Figure 1.1). In contrast, PITPs have been suggested to regulate phosphoinositide levels
by participating in the spatial distribution of phosphatidylinositol (PI) from the endoplasmic
reticulum to subcellular membranes (see Figure 1.1). In this role, PITP is able to deliver PI
to the lipid kinases and therefore enhance phosphoinositide synthesis by ensuring their
levels are not depleted during cellular signalling. Consequently, PITPs have been shown to

enhance PLC and lipid kinase activities, and are also involved in exocytosis and vesicle
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Chapter 1: Introduction

PI is synthesized at the ER [13], but is found on the cytosolic surface of most membranes
and can be further phosphorylated in the different membrane compartments. The specific
distribution of the phosphoinositides in the different membrane compartments of the cell is
governed by the spatial distribution of the lipid substrate, the lipid kinases and
phosphatases, and the proteins that regulate them. Although phosphoinositides represent
only a small percentage of total cellular phospholipids, they play a crucial role in the

regulation of diverse cellular processes.

1.1.1 PIP

There are three PIPs which have been identified in vivo, PI(3)P, PI(4)P, and PI(5)P. It has
been reported that PI(4)P accounts for approximately 93% of the total cellular PIP in NIH-
3T3 cells, whereas PI(5)P and PI(3)P represent only 2% and 5% of cellular PIP,
respectively [14]. Although PI(4)P is the predominant species, PI(3)P and PI(5)P are both
physiologically relevant.

a) Regulation of PI(3)P levels

PI(3)P is synthesized via phosphorylation of the D-3 hydroxyl of the inositol ring of PIL.
Yeast have only one PI 3-kinase known as Vps34 [15]. Vps34 is a type III PI 3-kinase and
was found to be essential for transport of proteins from the Golgi to the vacuole, an
organelle similar to the lysosomes/late endosomes in higher eukaryotes. Vps34 associates
with another protein, Vpsl5, which is a serine/threonine kinase that recruits Vps34 to
membranes and enhances its lipid kinase activity. This role for PI 3-kinase and PI(3)P is
not unique to yeast. In mammalian cells, PI 3-kinase inhibitors such as wortmannin are
potent inhibitors of several membrane trafficking pathways, and at least some of these
effects can be attributed to the inhibition of hVPS34, the mammalian type III PI 3-kinase
homologue of Vps34. This PI 3-kinase is probably responsible for the majority of PI(3)P
production in mammalian cells, and is associated with p150, a Vps15-like serine/threonine
kinase which is thought to regulate the membrane association and activity of hVPS34

[16,17]. In vitro PITP was able to stimulate the PI 3-kinase activity of the hVPS34-p150
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complex, and in addition a PI 3-kinase activity was co-immunoprecipitated from Jurkat

cells with PITP suggesting association of a PI 3-kinase with PITP [18].

One mechanism by which PI(3)P exerts its effect on cellular function, is by recruiting
proteins with specific domains. Proteins that contain a FYVE zinc finger domain are
effectors of PI(3)P, since they bind with high affinity and specificity to PI(3)P [19]. Studies
employing a tandem FYVE domain as a probe for PI(3)P indicate that this lipid is highly
enriched on early endosomes and in the internal vesicles of multivesicular endosomes and
yeast vacuoles [20]. Therefore, both in yeast and mammalian cells, PI(3)P is thought to be
mostly restricted to the endocytic pathway. This restricted localisation of PI(3)P indicates
that the majority of FYVE domain proteins that are able to bind PI(3)P may regulate
endosome function. In endosomal dynamics it has been proposed that PI(3)P is generated
on the early endosomes or incoming endocytic vesicles via recruitment of the type III PI 3-
kinase hVPS34 by the GTP-bound form of the endosomal GTPase Rab5. The PI(3)P
produced facilitates the recruitment of EEA1 (Early Endosomal Antigen 1) via its FYVE
domain to the membrane of the early endosome in conjunction with binding to Rab5-GTP.
This dual binding requirement enables the very specific and regulated recruitment of EEA1
to early endosomes, with only membranes positive for both PI(3)P and Rab5-GTP able to
bind EEA1. Many other PI(3)P protein effectors with FYVE domains have been identified
with roles in membrane trafficking, including Rabenosyn-5, Hrs and PIKfyve [19]. PIKfyve
is the mammalian homologue of the yeast protein Fabl, which are PI(3)P 5-kinases and can
phosphorylate the D-5 hydroxyl of PI(3)P to produce PI(3,5)P, [21,22].

b) Regulation of PI(4)P levels

The synthesis of PI(4)P by phosphorylation at the D-4 hydroxyl of the inositol ring of P, is
an essential step in the biochemical pathway that produces PI(4,5)P, for receptor-dependent
PLC and PI 3-kinase signalling, and, for cellular functions which require intact P1(4,5)P,
for recruitment and/or activation of proteins to the membrane [6,23]. There is also evidence
that PI(4)P itself acts at cellular membranes as a binding partner for PI(4)P-specific PH and
ENTH domain containing proteins. Such proteins include oxysterol binding protein (OSBP)

and epsinR, an AP-1 (adaptor protein-1) accessory protein [24-26].
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In mammalian cells, two families of PI 4-kinases have been cloned, which specifically
catalyse the conversion of PI into PI(4)P, namely the type II and type III PI 4-kinases
[27,28]. In the type II PI 4-kinase family, two isoforms (o and ) have been identified and
both have molecular weights of ~55kDa [29-31]. Yeast also have a type II PI 4-kinase
called LSB6 [32]. Recent results suggest type II PI 4-kinase « is localised to the Golgi,
whereas type II PI 4-kinase B is primarily associated with the plasma membrane,
endoplasmic reticulum, and the Golgi, as well as being present in the cytosol [33]. The type
II PI 4-kinase B isoform can translocate between the cytosol and the plasma membrane
upon stimulation of COS7 cells with PDGF, a phenomenon which was shown to be Rac-
GTP dependent [33]. Recent studies using the technique of RNA interference reveal type 11
PI 4-kinase o is involved in AP-1 recruitment to the Golgi via the production of PI(4)P
[34]. ARF1 is also involved in AP-1 recruitment to the Golgi [35,36], and intriguingly,
epsinR, an AP-1 accessory protein is recruited to the membrane by ARF1 and binds P1(4)P
[26,37]. Therefore it appears that a dual recognition system may be operating, similar in
principal to EEAIl and its localisation to the early endosomes via PI(3)P and Rab$. Such
combinatorial and cooperative binding events may be necessary to anchor AP-1 specifically

to the Golgi.

In the type III PI 4-kinase family, two isoforms (o and B) have also been identified which
are mammalian homologues of the yeast STT4 and PIK1 enzymes, respectively. The type
IIT PI 4-kinase o is a 200-220kDa protein which is localised to the endoplasmic reticulum
and the Golgi, and type III PI 4-kinase B is an 92-110kDa protein localised mostly to the
Golgi [28,38-41]. Association and activation of type III PI 4-kinase B and type I PIP 5-
kinase at the Golgi is regulated by ARF1 [5,42].

The role of PI(4)P is an area of intense research following the recent cloning of the type II
PI 4-kinase isoforms, and recent evidence in mammalian systems suggests that PI(4)P may
exert a direct and regulatory role on Golgi structure and function, which is analogous to
what is emerging in the yeast secretory pathway [8,43]. Furthermore, since at least two PI

4-kinases, (type Ilo. and type IIIB) have been definitively localised to the Golgi in
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mammalian cells, it would appear that PI(4)P is an essential phosphoinositide required for

distinct functions within this organelle.

¢) Regulation of PI(5)P levels

Presently very little is known about PI(5)P. In mammalian cells PI(5)P levels are low [14],
and in some cell types including HeLa, COS, CHO and HEK293 cells PI(5)P levels are
undetectable [44,45]. However, levels of PI(5)P are increased several fold in human
platelets on stimulation with thrombin [46], and during G, of the cell cycle in nuclei of
mouse erythroleukaemia cells [47], suggesting that this lipid might have a physiological
function and that its synthesis is tightly controlled. In mammalian cells an explanation for
the low levels of PI(5)P may be due to highly active type II PIP 4-kinases which could
remove PI(5)P to produce PI(4,5)P,.

The route of PI(5)P synthesis in vivo may involve either a P1 5-kinase acting on PI, or
dephosphorylation of PI(4,5)P, at the D-4 hydroxyl. Recently, the mammalian protein
PIKfyve has been shown to be the enzyme responsible for phosphorylating PI at the D-5
hydroxyl position both in vivo and in vitro [48,49]. Interestingly though, the Shigella
flexneri effector IpgD is a potent 4-phosphatase that specifically dephosphorylates
PI(4,5)P; into PI(5)P [45]. Upon transfection of IpgD into cells, dramatic morphological
changes occur, suggesting an uncoupling of the plasma membrane from the actin
cytoskeleton which may be a necessary step during the invasion process of Shigella
flexneri. Therefore, in mammalian cells the presence of an endogenous inositol 4-
phosphatase for dephosphorylation of PI(4,5)P, may be an alternative pathway for PI(5)P

production.

112 PIP;
Three PIP,’s have been identified in vivo, a PI(4,5)P, a PI(3,4)P,, and a PI(3,5)P,.

PI(4,5)P, is the best characterized of the three, and experimental studies reveal it has a

multitude of functions within the cell and its synthesis and degradation are highly regulated.
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PI(3,4)P, and PI(3,5)P, were identified more recently and are now also emerging as

molecules with second messenger functions [50,51].

1.1.2.1 Regulation of PI1(4,5)P; synthesis

The hydrolysis of PI(4,5)P; by a specific phospholipase C is one of the earliest events in the
regulation of various cell functions by a number of extracellular signalling molecules
[52,53]. This reaction produces two intracellular signalling molecules, the membrane
associated DAG and the water soluble 1(1,4,5)P3;. The production of 1(1,4,5)P; activates
I(1,4,5)P; receptors in the ER, which results in a rise in intracellular Ca?*, while the
generation of DAG activates protein kinase C family members. The I(1,4,5)P;-Ca®*
signalling pathway has been implicated in a variety of functions including; fertilization and
early development in Xenopus oocytes, nuclear signalling, cell growth and differentiation,

secretion, and phototransduction in Drosophila [52].

In addition to being required as a substrate for PLC hydrolysis, there is clear experimental
evidence for the role of PI(4,5)P, in many other cellular functions. For instance, P1(4,5)P,
can be phosphorylated by phosphoinositide 3-kinases (PI 3-kinase) to generate the lipid
second messenger, phosphatidylinositol 3,4,5-trisphosphate (PI(3,4,5)P3) [54,55]. P1(4,5)P;
can also act as a second messenger in its own right by interacting with intracellular proteins
and affecting their localisation and/or their activity. PI(4,5)P, regulates the activity of many
actin-binding proteins, including gelsolin and profilin by potentially binding through
electrostatic interactions [10,56]. PI(4,5)P; is also able to bind to many proteins involved in
signalling and vesicle trafficking through specific binding domains, including PH domains,
FERM (four point-1, ezrin, radixin, moesin) domains, ENTH domains, and ANTH (AP180
N-terminal homology) domains [11,12,57-60]. More recently, proteins such as the o-
subunit of the AP-2 adaptor complex (AP2-a) and the tubby transcription factor have also
been identified with PI(4,5)P; binding regions [61-63]. Therefore, given the importance of
PI(4,5)P; in cellular processes it is critical to understand how the synthesis of this lipid is

regulated.
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1.1.2.2 Phosphoinositide phosphate kinases

PI(4,5)P; can be synthesized by three different routes: (1) by phosphorylation of PI(4)P on
the D-5 position of the inositol ring, (2) by phosphorylation of PI(5)P on the D-4 position
of the inositol ring, or (3) by dephosphorylation of the second messenger, P1(3,4,5)P; at the
D-3 position by the phosphatase PTEN [64]. However, it is not clear whether this third
pathway contributes significantly to PI(4,5)P, levels in vivo, since PI(3,4,5)P; is only
produced in cells upon stimulation by growth factors or hormones, via the phosphorylation
of P1(4,5)P, by a PI 3-kinase.

Analysis in vivo of the relative degree of incorporation of [>?P] into the D-4 and D-5
phosphates of PI(4,5)P,, under non-equilibrium radiolabelling conditions, revealed that the
D-5 phosphate has a higher specific activity, indicating that it is added to PI(4,5)P, after the
D-4 phosphate [65-68]. This suggests that the principal route of synthesis of PI(4,5)P; is by
phosphorylation of PI(4)P on the D-5 position of the inositol ring (pathway (1)). Evidence
that the majority of PI(4,5)P; in cells is synthesized via this route is further supported by
the fact that PI(4)P accounts for approximately 93% of the total cellular PIP in NIH-3T3
cells, whereas PI(5)P and PI(3)P represent only 2% and 5% of cellular PIP, respectively
[14]. Therefore, it seems unlikely that phosphorylation of PI(5)P makes a major
contribution to the bulk PI(4,5)P, concentration in cells. However, although the majority of
PI(4,5)P, is synthesized from PI(4)P, there maybe discrete pools of P1(4,5)P, within the cell
which are synthesized via phosphorylation of PI(5)P on the D-4 hydroxyl of the inositol

ring.

Phosphatidylinositol phosphate (PIP) kinases were initially subdivided into two distinct
classes (type I and type II), based on their biochemical and immunological properties.
When membranes from human erythrocytes, were fractionated by phosphocellulose, the
membrane bound PIP kinase activities separated into two peaks of activity at 0.6M NaCl
(type I) and 1M NaCl (type II) [69,70]. Notable differences were that type I PIP kinases,
but not type II PIP kinases, could be stimulated by PA and could use PI(4)P present in
membranes as a substrate [70-72]. Although the two families of PIP kinase enzymes were
originally termed type I and type II PI(4)P S-kinases (PIP 5-kinases), more recent work
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1.1.2.2.1 Type I PIP S-kinases

Three distinct type I PIP 5-kinase isoforms have been cloned from mouse, an ¢ isoform and
a B isoform, both of which migrate as 68kDa proteins on SDS PAGE [78], and a 'y isoform,
which has two alternative splice forms that migrate at 87 and 90kDa on SDS PAGE [75].
Human homologues of the murine type Iat and B isoforms were also isolated at about the
same time [79], but when named the o and B suffix were used in a reciprocal manner,
therefore, human type Ict is the homologue of mouse type I and vice versa. The type I PIP
S5-kinases are related to the type II PIP 4-kinases (30% identity at the amino acid level in
their catalytic domain), but both the type I and type II PIP kinases exhibit little homology
with any other lipid or protein kinases [75,78,79].

Type I PIP 5-kinase o and B localise predominately to the plasma membrane [75,80-82] but
are also present in the nucleus and perinuclear region [83,84]. Type I PIP 5-kinase v is also
predominately localised at the plasma membrane [82,85]. A recent study indicates that the
type I PIP 5-kinase 7y splice variant of 661 amino acids (90kDa form) is targeted specifically
to focal adhesions where it modulates talin assembly and regulates formation of focal
adhesions [86]. All type I PIP 5-kinase isoforms are differently expressed in tissues [75,78],
with the type Iy isoform being specifically expressed in the brain [75,87].

The most well characterized reaction that type I PIP 5-kinases catalyse is the conversion of
PI(4)P to PI(4,5)P, by phosphorylation of the D-5 hydroxyl on the inositol ring of PI. Type
I PIP 5-kinases have also been shown to catalyse the phosphorylation of several other
phosphoinositides in vitro [88,89]. Examination of the substrate specificities of the
recombinant mammalian type Iot and type IB reveals that they can both convert PI(3,4)P,
into PI(3,4,5)P; [88,89]. This result is interesting since PI(3,4,5)P; is an important
signalling molecule in cells. PIP 5-kinase type Io and type If can also phosphorylate PI(3)P
in vitro. Zhang et al [88] identified the product of this reaction as PI(3,4)P,, whereas Tolias
et al [89] discovered that in addition to PI(3,4)P,, PI(3,5)P; is also synthesized. However,
although PIP 5-kinase type Io and type If have the capacity to phosphorylate the D-5

hydroxyl of PI(3)P in vitro, genetic and biochemical evidence implicate the mammalian
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enzyme PIKfyve as the principal enzyme responsible for the synthesis of PI(3,5)P;, from PI-
3-P in vivo [21,22,44]). Surprisingly, the lipid PI(3,4,5)P; is also produced when the
recombinant type I PIP 5-kinases are mixed with PI(3)P alone. The most likely route of
PI(3,4,5)P; synthesis from PI(3)P is phosphorylation at the D-4 position to make PI(3,4)P,,
followed by phosphorylation at the D-5 position of the inositol ring, since PI(3,5)P, is a
relatively poor substrate compared with PI(3,4)P, [89]. However, the mechanisms of this
reaction and its relevance for lipid production in vivo are not completely clear. Recently,
murine type I PIP 5-kinase o was shown to regulate an alternative pathway of PI(3,4,5)P;
synthesis in cells exposed to oxidative stress [90]. In this study, type I PIP 5-kinase o
phosphorylated the D-5 hydroxyl position on PI(3,4)P, [90]. Although the type I PIP
kinases are able to phosphorylate many substrates, it is clear that their preferred substrate is

PI(4)P [88,89].

1.1.2.2.1.1 Regulation of type I PIP 5-kinases

a) Activation loop

In a recent study the activation loop of type I and type II PIP kinases was shown to be
important for signalling specificity and subcellular targeting [91]. More specifically, the
substitution of a single amino acid in the activation loop of human type I PIP 5-kinase 3,
E362A and the corresponding mutation of human type II PIP 4-kinase B, A381E was found
to be sufficient to swap substrate specificity between these PIP kinases [76]. From this data
Glu-362, a residue which is conserved among the type I PIP 5-kinases, appears to be key
for the orientation of PI(4)P in the catalytic site for phosphorylation of the D-5 hydroxyl on
the inositol ring. In addition, the plasma membrane localisation of human type I PIP 5-
kinase  was also found to be dependent on this glutamate residue in the activation loop.
Therefore, it was concluded that the ability to bind or phosphorylate PI(4)P with high

affinity is critical to stably anchor type I PIP 5-kinase B to the plasma membrane.
b) Small G proteins

Type I PIP 5-kinase activity was originally shown to be influenced by G proteins in a
number of studies which found that the non-hydrolysable GTP analogue, GTPYS, increased
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PIP 5-kinase activity in human placenta, rat brain, rat liver membranes and permeabilized
neutrophils [92-95]. GTPYS may therefore stimulate type I PIP 5-kinase activity by

activating heterotrimeric and/or small G proteins.

The small G proteins Rho and Rac were first implicated as regulators of type I PIP 5-
kinases when it was reported that Rho and Rac could stimulate P1(4,5)P, production, in a
GTP-dependent manner, in cell lysates from mouse fibroblasts and in permeabilized
platelets, respectively [96,97]. Rho and Rac are small G proteins that stimulate stress fibre
formation and membrane ruffling, respectively (see Section 1.2 part ). Rho is involved in
type I PIP 5-kinase targeting, since it can bind type Ia in a GTP-independent manner and
recruit type Ia to the plasma membrane [98,99]. There is also evidence that the regulation
of PI(4,5)P, synthesis by Rho is through its immediate downstream effector, Rho-kinase
[100].

Studies show that as well as stimulating PI(4,5)P, synthesis in permeabilized platelets to
promote uncapping of the actin filaments and thus actin polymerization [97], Rac can also
recruit type I PIP 5-kinase. Racl binds to type I PIP 5-kinase independently of GTP
[101,102], and forms a multi-enzyme signalling complex together with type I PIP 5-kinase,
a Rho guanine nucleotide dissociation inhibitor (GDI), and diacylglycerol kinase [102].

The ARF family of small G proteins are also able to recruit and activate type I PIP 5-
kinases at membranes and will be described in detail in Section 1.3 [42,103,104].

¢) Phosphatidic acid

Phospholipase D (PLD) catalyses the hydrolysis of phosphatidylcholine (PC) to
phosphatidic acid (PA) and choline. The second messenger PA stimulates the activity of all
the type I PIP 5-kinases, o, B and y when present with PI(4)P at an equimolar concentration
in vitro [72,75]. In the additional presence of ARF1 or ARF®6 a further stimulation of type I
PIP 5-kinase o activity is observed [42,103]. However, ARF1 was also found to activate
type I PIP 5-kinase activity in the absence of PA, using vesicles containing PC:PI(4)P
(90:10) [42]. Many studies have used the transphosphatidylation reaction to investigate
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whether PA derived from the PLD pathway is responsible for activating type I PIP 5-kinase
[105]. Using this approach it has been demonstrated that PLD derived PA is not required
for stimulating type I PIP 5-kinase activity in purified Golgi membranes [5,42]. However,
PA from the PLD pathway is suggested to play a role in PI(4,5)P, synthesis required for
regulated exocytosis from HL60 and RBL-2H3 cells [2,4] and membrane ruffling in RBL-
2H3 [106]. Two recent studies have also concluded that PA derived from PLD is required
for P1(4,5)P, synthesis. In these experiments 1.5% butan-1-ol was used to inhibit PI(4,5)P,
synthesis and as a consequence PI(4,5)P, was shown to be required to maintain the
structural integrity and function of the Golgi apparatus [107], and for clathrin coat assembly

on lysosomes [108].

d) Phosphorylation

Type I PIP 5-kinases are regulated by phosphorylation. The autophosphorylation of mouse
type I PIP 5-kinase (o, B, and y) occurs in vitro on serine and to a lesser extent on threonine
residues, indicating that as well as being able to phosphorylate PI(4)P, they are also protein
kinases [109]. Autophosphorylation of type I PIP 5-kinase was enhanced specifically by
addition of PI which in turn strongly suppressed the lipid kinase activity of type I PIP 5-
kinase. From these results it was suggested that because the enzymatic activity of type I PIP
5-kinase is regulated by its intrinsic protein kinase activity in vitro, its phosphorylation on
serine residues in vivo may be explained by autophosphorylation [109]. Type I PIP 5-
kinases are also regulated through phosphorylation by extracellular stimuli. Protein kinase
A (PKA) phosphorylates mouse type I PIP 5-kinases both in vivo and in vitro and this
phosphorylation suppresses type I PIP 5-kinase activity. The PKA phosphorylation site was
identified as Ser214 in mouse type I PIP 5-kinase o. Furthermore, lysophosphatidic acid-
induced protein kinase C activation increased mouse type I PIP 5-kinase a activity by
promoting protein phosphatase-mediated dephosphorylation of the enzyme [110]. Recently,
mouse type I PIP 5-kinase y has been shown to be regulated by phosphorylation in PC12
cells [85]. In this study Ca®" dependent activation of PKC was suggested to increase mouse
type I PIP 5-kinase 7y activity by dephosphorylation of Ser264. This Ca’*-dependent
increase in lipid kinase activity was required to synthesize plasma membrane PI(4,5)P; and

enhance Ca**-dependent dense core vesicle exocytosis in PC12 cells. Interestingly, mouse
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type I PIP 5-kinase 7y exhibited an increased association with ARF6 in response to Ca*".
From these results a model was proposed by the authors whereby Ca®" influx into PC12
cells causes PKC-mediated dephosphorylation of type I PIP 5-kinase, its increased
association with ARF6, and its activation for plasma membrane PI(4,5)P, synthesis. As
well as serine and threonine phosphorylation of type I PIP 5-kinase isoforms described
above, tyrosine phosphorylation also regulates lipid kinase activity. The type I PIP 5-kinase
v splicing variant with 661 amino acids is targeted specifically to focal adhesions by its
association with talin [86]. Furthermore, the authors showed that type I PIP 5-kinase v is
phosphorylated on a tyrosine residue by focal adhesion associated kinase signalling. This
tyrosine phosphorylation increased both the activity of the type I PIP 5-kinase y and its
association with talin, thus resulting in the localised generation of PI(4,5)P, in focal

adhesions.

e) Other regulatory mechanisms

As well as increasing PI(4,5)P; synthesis at the plasma membrane type I PIP 5-kinases have
been shown to localise to the nuclei [83]. Moreover, a number of studies have pointed to a
role for nuclear PI(4,5)P; and the products of its hydrolysis in the regulation of cell cycle
progression [47,111]. Recently, a specific regulatory mechanism for type I PIP 5-kinase in
the nucleus was observed. The retinoblastoma susceptibility gene product, pRB which
regulates progression of cells from G1 through S phase can interact both in vivo and in vitro
with type I PIP 5-kinases. In addition, this interaction stimulates the activity of type I PIP
S-kinase o in vitro. To assess the role of pRB-mediated type I PIP 5-kinase activity in vivo,
large T antigen (LTA) was used to inhibit pRB function. LTA is a pRB binding protein and
in vitro can block the interaction of pRB with type I PIP 5-kinase o.. Expression of a
temperature sensitive mutant of LTA in murine erythroleukaemia cells indicated that
changes in vivo in nuclear PI(4,5)P; levels are consistent with the ability of LTA to disrupt

pRB/type I PIP 5-kinase interactions [112].

PKC also named protein kinase D is located at the Golgi and is involved in basal transport

processes. PKCl associates through its amino terminal region with a type I PIP 5-kinase,
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and the protein kinase activity of PKCu was essential for this association suggesting a role

for PKC in the recruitment of type I PIP 5-kinase to the membrane [113].

1.1.2.2.2 Type II PIP 4-kinases

Several genes encoding type II PIP 4-kinases have been cloned. The first was the type II
PIP 4-kinase o isoform with a molecular mass of 53kDa [114,115]. Subsequently, two
other isoforms, both with a molecular mass of 47kDa were identified, type II PIP 4-kinase
B, and type II PIP 4-kinase y[116,117]. All the type II PIP 4-kinase isoforms phosphorylate
PI(5)P to PI(4,5)P,. However, Type II PIP 4-kinase o can also phosphorylate the D-4
hydroxyl of PI(3)P in vitro [14,88] although PI(5)P is a better substrate [14]. Type II PIP 4-
kinase o0 and B do not synthesize PI(3,4,5)P; when PI(3,4)P, is presented as a substrate
[88], which further proves that these enzymes are not 5-kinases.

The preferred substrate of type II PIP 4-kinases is PI(5)P which they convert to P1(4,5)P.
In cells it is possible that this pathway constitutes an alternative route for PI(4,5)P
production, providing a mechanism for regulating functionally distinct pools of this
important lipid. Clearly given the many diverse roles PI(4,5)P, has been implicated in, it is
clearly critical to have multiple mechanisms to control its synthesis. Alternatively type II

PIP 4-kinases may provide a mechanism to remove PI(5)P from cells (see Section 1.1.1 part

c).

1.1.2.2.2.1 Regulation of Type II PIP 4-kinases

In contrast to the type I PIP 5-kinases there is presently no evidence for the regulation of
type II PIP 4-kinases by small G proteins or phosphatidic acid, but evidence for other
regulatory mechanisms does exist. Type II PIP 4-kinase B was identified by its specific
interaction with the p55 tumour necrosis factor-o. (TNF-ot) receptor, and a role for PIP
kinase activity in TNF-« signalling has been suggested in several cell lines, suggesting that
this isoform can be activated in an agonist-dependent fashion [117]. Integrin-mediated

signals associated with human platelet aggregation promote translocation of type II PIP 4-
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kinase ¢ to the cytoskeleton, where it regulates a cytoskeletally associated pool of PI(4,5)P,
[118]. Type II PIP 4-kinase also has a role in platelet a-granule secretion [119,120]. More
recently, protein kinase C was shown to mediate translocation of type II PIP 4-kinase which

was required for platelet oi-granule secretion [120].

Type Il PIP 4-kinases are also regulated by phosphorylation. Type II PIP 4-kinase o is
phosphorylated on both serine and threonine residues in unstimulated human platelets
[121]. However, upon stimulation with thrombin, type II PIP 4-kinase o activity increases
which was shown to be as a direct result of dephosphorylation. This suggests the existence
of an inhibitory phosphorylation site [121]. Localisation of type II PIP 4-kinase o has also
been shown to be regulated by protein kinase CK2 (formerly casein kinase 2) [122]. CK2
phosphorylates the type II PIP 4-kinase o at a single site, Ser304 which is unique to this
isoform. Mutation of Ser304 to an aspartate to mimic phosphorylation does not
significantly affect type II PIP 4-kinase activity, but promotes both the redistribution of the
GFP-tagged mutant from the cytosol to the plasma membrane and membrane ruffling in
HeLa cells. The type II PIP 4-kinase Y isoform is localised to the endoplasmic reticulum in
rat 3Y1 cells and is also regulated by changes in phosphorylation [117]. This isoform is
phosphorylated predominately on serine residues in vivo, and its phosphorylation increases
in response to the extracellular stimuli, EGF, PDGF and serum in rat 3Y1 fibroblast cells.
However, neither phosphorylation nor dephosphorylation changed the activity of type II
PIP 4-kinase .

1.1.3 PIP;

PI(3,4,5)P; is an intracellular second messenger produced rapidly in response to many
cellular stimuli including hormones and growth factors (see [123-125] for reviews). The
general mechanism of PI(3,4,5)P; synthesis is through the regulated action of type I PI 3-
kinase enzymes on the phosphoinositide PI(4,5)P,. The production of PI(3,4,5)P; stimulates
many downstream cellular processes through its interaction with proteins that contain
modular ligand-binding domains (for example, PH domains) which are able to bind with
some specificity to PI(3,4,5)P; [55,123].
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1.2 Monomeric G proteins

The monomeric G-proteins of the Ras superfamily comprises more than 150 proteins that
are structurally related and can exist in two conformations i) an active GTP-bound form and
i) an inactive GDP bound form [126-131]. In the activated state, small GTPases bind to
effectors which in turn regulate many biological functions. The nucleotide binding state,
and therefore the activity, of most small GTPases is mediated by a variety of interacting
factors. Guanine nucleotide exchange factors (GEFs) activate the GTPases by catalysing
the exchange of GDP for GTP, whereas GTPase activating proteins (GAPs) promote
intrinsic GTP hydrolysis, causing rapid conversion to the GDP-bound state. Another class
of interacting proteins are the guanine nucleotide exchange inhibitors (GDIs). GDI proteins
have at least two biochemical functions. First they preferentially interact with the inactive
GDP bound GTPases and prevent them from being converted to the active, GTP-bound
form that associates with the membrane. Second, after the active GTP-bound form is
converted to the inactive GDP-bound form at the membrane, GDI proteins form a complex

with the GDP-bound form and translocate it to the cytosol [132].

The Ras superfamily is divided into six subfamilies based on structural and functional
relationships. The subfamilies are Ras, Rab, RGK, Ran, Rho and ARF. The functions
regulated by the different subfamilies are extremely diverse as highlighted in Figure 1.4.

a) Ras

The role of the Ras subfamily in cell growth and differentiation is well established, but
evidence also suggests Ras is involved in cell morphology and apoptosis [126]. Active
GTP-bound Ras is able to interact with several downstream effector proteins, including Raf
kinase, PI 3-kinase, RalGEFS, PLCe and adaptor protein Norel [133,134]. Ras mediates its
effects on cellular proliferation by activation of the MAP kinase signalling cascade,
consisting of Raf protein kinase (Raf-1, A-Raf, and B-Raf), MEK (mitogen activated
protein (MAP) kinase kinases 1 and 2), and MAP kinase. Ras proteins activate this kinase
cascade by directly binding to Raf proteins. Raf proteins then phosphorylate and activate
MEK, which then phosphorylates and activates MAP kinase. The activated MAP kinase
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translocates to the nucleus, where it phosphorylates and stimulates the activity of various

transcription factors.

b) Rab

Rab proteins constitute the largest subfamily of small GTP-binding proteins. In humans
over 60 family members have been identified using expressed sequence tags (ESTs) and the
human genome [135]. Rab proteins are localised to the cytosolic face of specific
intracellular membranes where they function as regulators of distinct steps in membrane
traffic pathways. Rabs are known to be involved in vesicle formation, motility, tethering
and docking, and events prior to vesicle fusion [127,136,137]. The key to the function of
Rab GTPases is the recruitment of effector molecules that bind exclusively to their GTP
bound form. Each Rab GTPase may have several protein effectors and this means they may
be capable of regulating several molecular events at a restricted membrane location
[135,136]. Rab5 is able to recruit a large number of effectors on to early endosomes,
including EEA1, Rabenosyn and PI 3-kinase. Therefore, Rab GTPases also help generate
distinct lipid compositions in different organelle compartments, by recruiting specific lipid
kinases and their regulators to distinct compartments, and this in turn may lead to the

recruitment of a distinct set of proteins.

¢) RGK

The RGK proteins are a new subfamily of small GTP-binding proteins and members
include Rem, Rem2, Rad, kir/Gem. Although the cellular functions of these proteins remain
to be established, Rad has been implicated as a regulator of glucose uptake [138], and
kir/Gem has been identified as a regulator of Ca®* channel trafficking [139].

d) Ran

The small GTPase Ran has roles in diverse cellular processes including nuclear transport,

mitotic spindle assembly, and post mitotic nuclear assembly [131,140].
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1.3 ADP-ribosylation factor (ARF)

In 1984 a 20kDa protein cofactor required for the cholera toxin catalysed ADP ribosylation
of Go; was purified and named ADP-ribosylation factor (ARF) [147]. ARF was identified
to encode a small GTP binding protein [148], and subsequently other family members were
identified on the basis of sequence similarity [149-151]. A feature of ARF proteins is the
NH,-terminal myristoylation which is important for function [152]. ARFs are ubiquitously
expressed in eukaryotes and are highly conserved from unicellular organisms, such as
Giardia lamblia, through to humans. There are six mammalian ARF proteins (ARF1-6),
and based on size, amino acid sequences, phylogenetic analysis and gene structure can be
grouped into three classes: class I (ARF1-3), class II (ARF4 and ARFS5), class III (ARF6)
[153,154]. Of these ARF1 and ARF6 have been the most extensively studied, and both
have been shown to participate in distinct events of membrane traffic and cytoskeletal

reorganisation, see Section 1.3.1 [130,155,156].

The effects of ARF proteins depend on their ability to function as GTP dependent switches.
The conformation of ARF changes when GDP is exchanged for GTP. In particular, two
regions of ARF, switch 1 (residues 40-51 of ARF1) and switch 2 (residues 68-81 of ARF1)
differ between the GDP and GTP bound forms [157-161]. There are also two other regions
of ARF which are sensitive to bound nucleotide. One is the myristoylated NH,-terminal
amphipathic helix (residues 2-17 in ARF1) that associates with the hydrophobic cleft in
ARF-GDP, but is free to interact with membranes, lipids and other proteins in the ARF-
GTP form. The second is the interswitch region (residues 52-67 in ARF1) which is covered
by the myristoylated amino terminus in ARF-GDP, but exposed in the ARF-GTP bound

form. The interswitch region connects switch I with switch II [161].

Within the cell ARF functions are regulated by their interactions with several classes of
proteins [154]. Guanine nucleotide exchange factors (GEFs) promote the exchange of GDP
for GTP, whereas GTPase-activating proteins (GAPs) catalyse the hydrolysis of GTP to
GDP (see Figure 1.5), both of which have been extensively reviewed [154,162,163].
Evidence suggests that many ARF GAPs and GEFs are regulated by phosphoinositides,
including PI(3,4,5)P; and PI(4,5)P,, as well as the second messengers, PA and DAG. As a
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cytoskeleton rearrangements and regulation of membrane trafficking [155]. A requirement
for ARF6 activity has been observed for cell spreading [171], membrane ruffling [173,174],
cell migration [175,176], wound healing [176] and phagocytosis [177,178]. Since
phosphoinositides, in particular PI(4,5)P; can recruit and influence the activity of a number
of actin binding proteins, which leads to changes in the cortical actin cytoskeleton, ARF6
may effect these events through its ability to stimulate type I PIP 5-kinase and PLD activity
[10]. In membrane traffic, evidence suggests ARF6 is required for endocytosis and certain
regulated secretory events [85,104,179,180]. Regulated exocytosis from neutrophils and
mast cells also requires ARF [2,4].

1.3.2 Effectors of ARF

ARF proteins as outlined in Section 1.3.1 have important regulatory roles in membrane
trafficking. The biochemical event that has been most directly linked to ARF action in
membrane traffic is the recruitment of membrane coat proteins including coatomer, adaptor
protein (AP)-1, -3, and -4, and GGA (Golgi-localised, ¥ ear-containing, ARF-binding
protein)-1, -2 and -3 [156,181-186]. The binding of AP-2 to membranes is thought to be
regulated by PI(4,5)P,, and recent evidence for a role for ARF6 in the recruitment of
clathrin/AP-2 to synaptic membranes has been shown to be via its ability to stimulate type I
PIP 5-kinase 7y activity [104,187]. ARF-GTP recruits coat proteins to membranes, and
hydrolysis of GTP on ARF is necessary for subsequent dissociation of coat proteins. The
mechanism and regulation of coat recruitment for vesicle formation and membrane traffic is

discussed in the following reviews [35,130,187].

AREF is an activator of PLD [188,189], and all six ARF proteins are able to stimulate PLD
activity [190,191]. NHj-terminal myristoylation of ARF proteins is not required for
activation of PLD but increases the potency of this effect considerably, presumably because
membrane attachment concentrates the G-protein in the vicinity of the enzyme [190]. Two
PLD isoforms have been cloned, PLD1 and PLD2, and for both, activation by ARF is GTP
dependent [191,192]. PLDI1 is potently activated by ARF1 (50 fold) whereas PLD2 is only
mildly sensitive to ARF1, exhibiting only 1.5 to 2 fold activation [191,192]. Removal of
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308 amino acids from the NH,-terminus of PLD2 resulted in a protein with a much lower
basal activity that was stimulated up to 13-fold by ARF proteins, including ARF1 and
ARFS, and yeast ARF2 [191].

The relationship between ARF and signalling phospholipids, PA and PI(4,5)P; is complex.
ARF, PA and PI(4,5)P; can individually or in combination, alter the metabolism or activity
of the others. ARF and PA can affect the production of PI(4,5)P,. First, all three classes of
ARFs (ARF1, ARF5 and ARF6) can activate mouse type I PIP 5-kinase o in the presence
of PA in vitro [103]. Second, PA, a product of ARF-stimulated PLD activity, can activate
type I PIP 5-kinase [71]. Third, in the absence of PA using vesicles containing PC:PI(4)P
(90:10), ARF1 can activate mouse type I PIP 5-kinase o. In addition, ARF1 can recruit type
III PI 4-kinase B and type I PIP 5-kinase o to Golgi membranes, leading to an increase in
PI(4,5)P, [5,42]. PA production is affected by ARF and PI(4,5)P,, since PLDI is
synergistically activated by ARF and PI(4,5)P, [192]. ARF is subjected to positive and
negative regulation by PA, DAG and phosphoinositides, since the ARF GEFs, ARNO and
EFA6 family members contain PH domains and are recruited and activated by PI(4,5)P,
and PI(3,4,5P;. The ARF GAP, GAPI is stimulated by DAG, whereas ASAPI is
stimulated by the co-ordinated action of PA and PI(4,5)P,. Also, the ARF GAPs, GIT1 and
GIT?2 are specifically activated by PI(3,4,5)P3 [130]. Together all these reactions may form
a system of feed-forward and feed-back loops which control PA and PI(4,5)P; levels within
the subcellular compartments, and as a consequence, PA and PI(4,5)P, may be critical

regulators of ARF dependent functions.

1.4 Phospholipase D (PLD)

PLD catalyses the hydrolysis of phosphatidylcholine to produce the putative second
messenger PA, and the water soluble choline. Signalling through PLD occurs downstream
of both G protein coupled receptors, and receptor tyrosine kinases and has been implicated
in multiple physiological events including the budding of coated vesicles [193,194],
regulated exocytosis [2,4,179,195-197], endocytosis [198], super oxide generation [199],
stress fibre formation [200,201], and membrane ruffling [106].
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Two mammalian PLDs have been cloned, PLD1 [202] and PLD2 [203], and both are
members of the PLD superfamily which comprises PLDs from bacteria, yeast and plants, as
well as bacterial phosphatidylserine and cardiolipin synthases, bacterial endonucleases, a
Yersinia pestis murine toxin, and vaccinia viral envelope proteins, K4 and Vp37 [204].
PLD superfamily members all share a conserved motif, HxK(x);D(x)¢GSxN, where x
denotes any amino acid residue [204]. This sequence is the HKD motif and with the
exception of the bacterial endonucleases, and one of the viral proteins, all members of the

PLD superfamily contain two HKD motifs.

PLDI1 has two splice variants. PLD1a is a 1074 amino acid enzyme and PLD1b is a splice
variant that lacks a 38 amino acid region [192]. PLD2 is a 933 amino acid enzyme that
shares 55% identity to PLD1. Three splice variants of PLD2 have been sequenced but only
the longest variant PLD2a has been functionally characterized [203,205]. Mammalian
PLDI1 and PLD2 mainly differ in their NH,- and C-termini. In addition PLD1 has a 116
amino acid loop region inserted immediately following the first HKD motif. Both PLD1
and PLD2 show the existence of a putative PX domain followed by a PH domain. PH and
PX domains are both phosphoinositide binding domains [12]. In addition four motifs, I-IV,
can be identified which are shared with members of the PLD superfamily (Figure 1.6).

Catalysis by PLD of PC occurs in a well defined two step mechanism. The first step
involves the formation of a phosphoenzyme intermediate, and the release of the choline
head-group. The second step of the reaction is the transfer of the phosphatidyl moiety from
the enzyme to the water to produce PA [206]. It has been deduced that residues from the
two HKD motifs associate together to form a single catalytic centre, and a histidine residue
from one motif serves as a nucleophile in the reaction forming the phosphoenzyme
intermediate, while a histidine from the other motif is a general acid that functions in the

hydrolysis of the phosphodiester bond [207-209].
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PLD activity in cells, the assumption being that PA is the putative second messenger.
Furthermore, transphosphatidylation is routinely used as a measure of PLD activity in intact

cells, since phosphatidylalcohols are not rapidly metabolised in comparison to PA.

R—O His — PLD
Rz._o:l_ ﬁ / Phosphatidylcholine

O—P—0— CH,—CH, —N*(CH,),
O.

RO ‘

(o) B . .
Rz—o:l_ " PA-PLD intermediate
o—pP—His — PLD

CH,(CH,),0l} |
3( 2)3 o mH

“Transphosphatidylation”

RO R—O
| 0 ‘ (0]
R;—0O I R~0 Il
o—p= O(CH,);CH, o—lp_m
o (0}
Phosphatidylbutanol (PBut) PA

Figure 1.7

PLD-catalysed hydrolysis and transphosphatidylation reactions.

The first part of the reaction involves the formation of a PA-PLD intermediate by covalent
linkage of PA to a histidine. Either water or a primary alcohol can act as a nucleophile in
the second stage of the reaction. In the presence of water, the reaction product is PA, and in
the presence of a primary alcohol, the product is phosphatidylalcohol. Figure reproduced
from Cockcroft [105].
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1.4.2 Regulation of Phospholipase D1

The baculovirus-expressed recombinant human PLD1 enzyme is directly activated by ARF
proteins, PKCa and Rho in the presence of P1(4,5)P, [192]. This confirmed numerous past
observations that these are all activators of PLD activity. The splice variants of PLD1 (a
and b) do not show any marked differences in their ability to be activated by the numerous
activators. Activation of PLD1 by ARF, Rho and PKCa is synergistic supporting the idea
that these proteins regulate PLD activity by binding to specific regions of the PLDI
molecule. Based on extensive structural analysis, the amino-terminal 325 amino acids are
required for PKCa activation of PLD1 but not for ARF1 and RhoA [211]. In contrast Rho
interacts with a site at the C-terminus of PLD1, amino acid sequence 873-1024 [212,213].
The site of ARF interaction has not been identified. Some studies have shown that PKC can
directly activate PLD1 in an ATP independent manner, whilst others suggested that a
phosphorylation dependent mechanism was important. PLD1 is phosphorylated by PKCa
at serine residue 2, threonine 147 and serine 561 and mutation of any of these residues

leads to significant reductions in PMA-induced PLD1 activity [214].

1.4.3 Regulation of Phospholipase D2

Regulation of PLD2 is less well understood. In contrast to PLD1, when PLD2 is over-
expressed in COS7 cells it was found to be constitutively active [203]. This was also the
case for RBL-2H3 cells [106]. However, this high basal PLD2 activity when assayed in
vitro in the presence of PI(4,5)P, could be reduced by PLD2 binding to a-actinin [215] or
B-actin [216]. Although o-actinin inhibited PLD2 activity, this inhibition could be reversed
by ARF. The NH,-terminal 308 amino acids are required for PLD2’s characteristic high
basal activity [191]. Modest activation of PLD2 is observed with ARF proteins, but PLD2
can also be robustly activated by ARF if 308 amino acids are removed from the NH,-
terminus of PLD2. Together, these data indicate that under certain conditions when an
interacting protein like a-actinin is present, ARF may be a significant regulator of PLD2
activity. Insertion of the “loop” region unique to PLD1, into PLD2 also decreased the high
basal activity, consistent with this region being required for the low basal activity

characteristic of PLD1 [191]. PLD2 can also be activated by phorbol ester stimulation,
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implicating a role for PKCa in the regulation of PLD2 in cells. Co-expression of PLD2 and
PKCa results in an increase in PLD2 activity supporting the possibility that PKCa can
regulate PLD2 activity [217,218]. PKC can also directly associate with PLD2 in vitro and
in vivo [217,219]. Additional regulators of PLD2 activity which are not shared with PLD1,
are unsaturated fatty acids including oleate (18:1), linoleate (18:2) and arachidonate (20:4)
[220-222]. Association of PLD2 with type I PIP S-kinase has also provided a mechanism
for the regulation of this PLD isoform [223]. Although both PLD1 and PLD?2 bind to type I
PIP S5-kinase @, it is only the activity of PLD2 which is increased when the two are co-
expressed in serum starved COS7 cells. These data suggest that the interaction of type I PIP
5-kinase o with PLD2, increases the local concentration of PI(4,5)P2 at the membrane,
which in turn increases PLD2 activity. In agreement with this conclusion O'Luanaigh et al
discovered that PLD2 and type I PIP 5-kinase function in a co-ordinated manner to locally
increase PI(4,5)P; levels in the membrane ruffles of RBL-2H3 cells [106]. The activity of
type I PIP 5-kinase o was shown to be stimulated by PA together with ARF [103].

1.4.4 Regulation of PLD by phosphoinositides

The phosphoinositide PI(4,5)P, was identified as a requirement for mammalian PLD
activity in vitro [188], and subsequently it has been established that this lipid is an allosteric
regulator of both PLD1 and PLD2. Both PLD1 and PLD2 have two sites which have been
reported for PIP, interaction. A putative PH domain is a potential candidate, which has
been shown by mutational analysis to be important for PLD1b and PLD2 activity and
localisation [224,225]. It is important to note that within the putative PH domain of PLD1
there are two palmitoylation sites at cysteine residues 240 and 241, and these are important
for localisation and association of PLD1 with membranes [226-228]. The second site for
phosphoinositide regulation was identified between motifs II and III, which is a unique
conserved region of basic amino acids. Such a stretch of sequence (10-20 amino acids), is
loosely denoted as a “KR” motif [225,229].
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1.4.5 PLD activity in neutrophils and human promyelocytic leukemic (HL60) cells

It is clear from numerous studies in many cell types that PLD activity can be found at both
the plasma membrane and in intracellular compartments including the endoplasmic
reticulum, Golgi, endosomes and lysosomes [105]. Most cells express both isoforms of
PLDs, but there are some exceptions, including HL60 cells, which express only PLDI
[220,221]. HL60 cells have been extensively analysed and widely used as a model system
for neutrophils. In contrast to the human neutrophil, where data clearly establishes the
plasma membrane as the main site of PLD activation [196], in HL60 cells much of the
ARF-regulated PLD activity is found intracellularly with small amounts at the plasma
membrane [230]. However, PI(4,5)P, is mainly present at the plasma membrane in HL60

cells, and this site is likely to be where the majority of the PLD will be active.

The function of PLD in neutrophils and their related cell line, HL60 cells has been
extensively analysed. Neutrophils and HL60 cells contain secretory granules which are
really modified lysosomes. Using primary alcohols to inhibit PA derived from PLD
activity, it was observed that PLD activation is necessary for exocytosis in neutrophils and
HL60 cells [231]. Further analysis has confirmed the importance of ARF and PLD in
exocytosis in neutrophils and HL60 cells [2,196,232]. A reconstitution system was used to
examine the requirement for ARF proteins in both PLD activation and exocytosis. In this
reconstitution system, streptolysin-O (SLO) was used to deplete cytosolic proteins from the
cells. In cytosol-depleted neutrophils and HL60 cells both PLD activity and exocytosis are
refractory to stimulation, but can be restored upon addition of ARF proteins [2,232].
Mutational analysis of ARF proteins have identified regions of ARF1 which are responsible
for activating PLDI, and notably the same regions were required for restoration of

exocytosis [232].

1.4.6 Functions of PA

Cellular PA levels are regulated through three major pathways; 1) the acylation of
lysophosphatidic acid (LPA) by lysophosphatidic acid transferase, 2) the phosphorylation
of DAG by diacylglycerol kinase, and 3) the hydrolysis of phosphatidylcholine by PLD.
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Nevertheless many explanations for the role of PA in cellular processes have been proposed
based on experimental data. The least favoured explanation is for the further metabolism of
PA to LPA and DAG, and very little data exists for these possibilities. The three most
favoured ideas are for PA to: 1) regulate the activity of enzymes at the membrane, for
example, type I PIP 5-kinase, 2) function as a membrane-recruiting device for transiently
targeting proteins to membranes, for example, Raf-1, or, 3) perturb the membrane in such a

way to allow membrane trafficking events to occur (Figure 1.8).

1) Evidence for the role of PA as a regulator of enzyme activity, arose from the observation
that PA could stimulate type I PIP S-kinase activity [71,72]. Therefore, PA derived from
the ARF-stimulated PLD pathway has been proposed to directly regulate levels of PI(4,5)P,
in cells [2,105]. Studies in vitro using type I PIP S-kinase have shown that ARF can also
directly activate this enzyme [42]. Thus, depending on the lipid compositions of the
vesicles used, ARF or PA can independently regulate type I PIP 5-kinase activity.

A study has also shown that under specific in vitro conditions ARF can only stimulate lipid
kinase activity in the presence of PA [42,103]. The possibility that ARF alone is able to
activate type I PIP 5-kinase has complicated the interpretation of the earlier studies where
ARF was shown to stimulate PI(4,5)P, synthesis in permeabilized cells [2,4]. The resultant
increase in PI(4,5)P, synthesis may have arisen either as a direct effect of ARF on type I
PIP 5-kinase or it could have arisen indirectly via PA derived from the ARF stimulated
PLD pathway.

It is possible that in different cellular compartments, different mechanisms operate for
PI(4,5)P, synthesis depending on the precise localisation of the lipid kinases and their
regulators, and also, the lipid compositions at these membrane sites. In Golgi membranes
prepared from rat liver, PI(4,5)P, synthesis is mediated by ARF1 via direct activation of
type III PI 4-kinase B and a type I PIP 5-kinase [5,42]. A requirement for PLD activity was
excluded since PI(4,5)P, synthesis was not blocked by 0.5% butan-1-ol. In membrane
ruffles in RBL-2H3 cells, it was observed that continual PLD2 activity was essential for

local PI(4,5)P, generation for the regulation of dynamic actin cytoskeletal rearrangements
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[106]. PLD activity was required since 0.5% butan-1-ol inhibited membrane ruffling. In
permeabilized RBL-2H3 cells, ARF6 plus antigen stimulated an increase in PI(4,5)P,
which was inhibited by 0.5% butan-1-ol, suggesting that the localised availability of PA via
PLD2, and ARF6, coordinate the activity of type I PIP 5-kinase and therefore PI(4,5)P;
production. A number of studies have used much higher concentrations of butan-1-o0l to
inhibit PI(4,5)P, synthesis, and implicated PA derived from PLD activity as a requirement
to regulate type I PIP 5-kinase activity. In Golgi membranes prepared from GH3 cells, an
increase in PI(4,5)P, synthesis occurs upon addition of cytosol, and is blocked by addition
of 1.5% butan-1-ol [107]. In another study which examined purified lysosomes, P1(4,5)P,
synthesis was also found to be dependent on PLD activity, and this PI(4,5)P, was
responsible for the initiation of clathrin coat assembly on lysosomes [108]. In this study,
0.5% butan-1-0l was used to diminish PA production derived from the PLD pathway
whereas inhibition of PI(4,5)P, synthesis and clathrin coat assembly required 1.5% butan-1-

ol.

2) Evidence for the role of PA in the recruitment of proteins to the membrane has been
forthcoming. The recruitment of Raf-1 to membranes has been reported to be dependent on
its association with PA [233-236]. The serine-threonine kinase Raf-1 is an essential
component of the MAPK cascade (see Section 1.2 part a), and is recruited to membranes
following stimulation of cell surface receptors by extracellular signals. Raf-1 possesses a
PA binding site, and following stimulation with PMA in MDCK cells, its translocation
from the cytosol to the membrane is significantly reduced by treatment with 1% ethanol to
inhibit the formation of PA [233]. It has also been shown that disruption of agonist-
dependent PLD activity by using Brefeldin A, an inhibitor of ARF, or by expression of a
catalytically inactive mutant of PLD2 but not PLDI1, blocked Raf-1 translocation to
membranes and Raf-1 activation [234]. Furthermore, addition of exogenous PA reverses
the effects of PLD inhibition on Raf-1 translocation and MAPK phosphorylation. Although
PA was not found to activate Raf-1 in vivo or in vitro, it does act as a mechanism to recruit

Raf-1 to the membrane [234,235].
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Other proteins which bind PA, and/or are regulated by PA have been proposed and these
include the Src homology 2 (SH2)-domain-containing protein tyrosine phosphatase, SHP-1,
[237], the cAMP-specific phosphodiesterase, PDE4D3, which suggests cross talk between
the cAMP pathway and phospholipid signalling [238], mTOR, which governs cell growth
and proliferation by mediating the mitogen- and nutrient signal transduction that regulates
mRNA translation [239], protein phosphatase-1 (PP1), which is a serine/threonine
phosphatase that regulates a diverse number of cellular functions [240], PLCyl [241] and
sphingosine 1-phosphate kinase, which phosphorylates sphingosine to produce sphingosine
1-phosphate [242].

A recent study has identified a novel phospholipid-binding domain, TAPAS-1 (tryptophan
anchoring phosphatidic acid selective binding domain 1) in the N-terminal membrane
anchoring region of cAMP-specific phosphodiesterase, PDE4A1 [243]. TAPAS-1isa Ca*
dependent, PA selective-binding domain, and the key motif is represented by
LVX..WWDX,.Xaa(K/R), however, a similar region was not identified in Raf-1. These
structural features of TAPAS-1 may aid in the identification and interpretation of other
putative phospholipid binding domains.

The discovery of proteins that appear to interact directly with PA raised the possibility that
other PA binding proteins might exist. For this reason a recent study used PA coupled onto
an agarose-based matrix as an affinity reagent to purify putative cellular PA binding
proteins from rat brain cytosol [244). Identification of several proteins from this screen
emerged as potential targets. Of the identified PA binding proteins, 15 are known and 5 are
novel. Some of these known proteins are involved in intracellular traffic, such as ARF,
coatomer complex, kinesin and N-ethylmaleimide-sensitive fusion protein. A large number
of proteins identified using the PA-coupled beads are either novel proteins or proteins that
have been cloned with no known function. One such protein is neurochondrin, which is

specific to the brain and localises prominently to dendritic outgrowths.

The finding that coatomer binds to PA is in agreement with previous studies which suggest

that PA mediated the recruitment of the coatomer complex during the formation of
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transport vesicles [193,245]. However, the importance of PA in the budding of COPI-
coated vesicles has been questioned by more recent analysis. In an assay monitoring
recruitment of coatomer to membranes by ARF1, 6% ethanol was used to inhibit PA
formation derived from ARF1-stimulated PLD activity. No inhibition of coatomer binding
to membranes was observed under these conditions [232]. Another study used mutagenesis
of ARF proteins and obtained definitive data which showed clear dissociation between
activation of PLD and recruitment of COPI to Golgi membranes. ARF proteins which
could recruit coatomer but not stimulate PLD activity and vice versa were reported [246].
Results by Stamnes et al [247], showed poor correlation between production of PA (the
product of PLD) and conditions required for coatomer recruitment by active ARF in Golgi
membranes. All of these results support a model whereby recruitment of coatomer to
membranes by ARF is dependent on a physical interaction between coatomer and ARF, and
that PA derived from ARF-stimulated PLD activity is not required to bind coatomer to

membranes.

3) Within the cell, PA synthesis occurs at sites of vesicle formation and is thus thought to
be required for membrane trafficking events. The function of PA is proposed to be as a
consequence of the selective interaction of this lipid with specific target proteins, however,
given the unique structure of PA among anionic lipids (a small highly negatively charged
head-group close to the glycerol backbone, and two bulky fatty acyl chains), it has also
been postulated that PA may facilitate the formation of local regions of negative membrane
curvature [248]. Evidence for the role of PA as a biophysical device to perturb membranes
has arisen as a consequence of recent work showing that the generation of PA by LPA-
acyltransferases induces vesicle fission in plasma membrane preparations [249] and Golgi
membrane preparations [250]. As well as the biophysical consequences of the generation of
PA leading to vesicle fission [251], studies have revealed protein interactions with PA also
promote membrane fission. The large GTPase dynamin is involved in the regulation of
membrane constriction and fission during receptor-mediated endocytosis. It was observed
that dynamin penetrates into the acyl chain region of membrane lipids, and this event is
strongly stimulated by PA, PI(4)P and PI(4,5)P,, but is not nucleotide dependent [252].
Endophilin (the LPA-acyltransferase), a dynamin-binding partner is likely to be a key
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player [249]. The endophilin mediated formation of PA could trigger insertion of dynamin
into the membrane and induce membrane bending and/or fission. Thus, the local generation
of PA as well as PI(4,5)P,, which is synthesized as a consequence of PA stimulating type I
PIP 5-kinase activity, may both be important biochemical and biophysical lipid components

required for intracellular membrane events involving fission.

1.5 Phospholipase C (PLC)

Hydrolysis of P1(4,5)P, by PLC produces the two second messengers DAG and 1(1,4,5)P;.
Four families of PLC (B, 7, d and €) have been identified with the PLCP family regulated
by G-protein coupled receptors, the PLCy family regulated by receptor tyrosine kinases, the
PLCS family regulated by increases in cytosol calcium to pmolar levels and the recently

discovered PLCe thought to be regulated by the small G protein Ras [253].

1.5.1 Activation of PLCP by heterotrimeric G proteins

Heterotrimeric G proteins consist of ¢, B, and Y subunits that are stably associated in the
inactive, GDP-bound state. Physical interaction between a G protein and an agonist-
occupied receptor triggers the exchange of GDP for GTP on the o subunit and the
subsequent dissociation of this subunit from the tightly associated By dimer. Both the Go
subunit and Gy participate in intracellular signalling. Hydrolysis of GTP to GDP by the
intrinsic GTPase activity of the Ga subunit, results in the reassociation of Ga with the GBY
complex and consequent inactivation of signalling. Got subunits are divided into four
subfamilies: G0, Gitt, G40 and Gy,0.. All four members of the G4 subfamily activate PLCP
isozymes but not PLCy, PLCS or PLCe. There are four mammalian PLCB isoforms and
they differ in their tissue distribution as well as their ability to be activated by
heterotrimeric G proteins. Expression of PLCB2 is restricted to haematopoietic cells and
that of PLCP4 is limited to the retina and certain neuronal cells, whereas PLCB1 and
PLCP3 are expressed more widely. Studies indicate that Gqou subunits activate PLCJ
isozymes in the order PLCB1 > PLCB3 >> PLCP2. Gy subunits are also implicated in the
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regulation of PLCP isozymes, particularly PLCB2 and PLCB3. In contrast, PLCB1 is the
least sensitive to GBy [253,254]. In this thesis PLC signalling was examined specifically in
HL60 cells using GTPYS to stimulate PLCB2 and PLCPB3 isoforms via the Gy subunits
[1,254,255].

1.6 Phosphatidylinositol transfer proteins

The transfer of PI is of great importance to the proper functioning of the cell. This is
primarily because the enzymatic machinery for the synthesis of PI is located at the
endoplasmic reticulum [13], yet a continuous supply of PI to other subcellular membrane
structures, including the plasma membrane is required for signalling purposes. There are
two protein families which are capable of binding one molecule of PI or PC and facilitating
the transfer of these lipids in vitro. Phosphatidylinositol transfer proteins (PITPs) form one
family and the other is the structurally unrelated Secl14 family [256-258]. Although they
share no sequence or structural similarity, PITP proteins can rescue Secl4 mutants in
Saccharomyces cerevisiae, and likewise Secl4 can be used to compensate for the loss of
PITPs in mammalian cells [259-261]. Another important difference between the two
families is that whereas the Sec14 family of proteins are ubiquitous in eukaryotes, members
of the PITP family are absent from yeast, plants and fungi. However, many of the
eukaryotic Secl4-related proteins do not bind PI and instead have been found to bind other
hydrophobic ligands [262].

The first mammalian PITP to be cloned was from rat, and was a 35kDa protein with 270
amino acids [263]. In contrast human PITP has 269 amino acids [264]. This isoform of
PITP was subsequently designated PITPo upon cloning of the second isoform PITPPB by
complementation of the yeast sec14 mutation [260]. PITP is also a 32-35kDa protein with
270 amino acids and shows 77% sequence identity and 94% sequence similarity with
PITPa. An additional property of PITPB is its ability to transfer sphingomyelin as well as
PI and PC [265,266], although more recent studies have found little evidence for
sphingomyelin transfer by PITPP [267,268]. Localisation analysis has revealed PITPa is
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predominantly present in the cytosol but is also present in the nucleus, whereas PITPP is

localised to the Golgi [265,269,270].

PITPo and PITPB form the first PITP subfamily (see Figure 1.9). A second subfamily
comprises the large RdgBa proteins, so named because the first isoform was identified in
Drosophila as the gene responsible for retinal degeneration (retinal degeneration mutant
phenotype B). Whilst Drosophila have a single RdgBa. gene, humans and mice have two
genes, namely M-RdgBal (also called M-RdgBI, Nir2 and PITPnm) and M-RdgBo2 (also
called Nir3 and M-RdgBIl). Drosophila RdgBa. is required for phototransduction, and
more specifically photoreceptor cell viability and recovery from light stimulation [271].
The PITP domain of Drosophila RdgBa has PI and PC transfer activity, and expression of
this domain in rdgB null mutant flies completely restores the light response and prevents
retinal degeneration [271]. This result indicates that PI transfer may be a major aspect of
Drosophila RdgBo. function in vivo. PI signalling is a key aspect of the Drosophila
phototransduction pathway. Upon light activation of ninaE (rhodopsin), a G protein-

coupled signalling cascade leads to the hydrolysis of PI(4,5)P, by norpA (PLC).

The two mammalian homologues of Drosophila RdgBa, M-RdgBal and M-RdgBo2
[272-276] are ~160kDa proteins and similar to the Drosophila protein, possess an NH,-
terminal PITP domain, an acidic region that binds Ca**, and six hydrophobic stretches (see
Figure 1.9) [277]. M-RdgBal is 39% identical in sequence to Drosophila RdgBa, and M-
RdgBa2 is 46% identical to Drosophila RdgBa and 56% identical to M-RdgBal [275].
The Drosophila and mammalian homologues are also functionally related, because
expression of M-RdgBal fully restores the light response and prevents retinal degeneration
in rdgB mutant flies [276]. On the other hand, M-RdgB0o2 can only partially restore the
light response and exhibits delayed retinal degeneration. The difference between M-
RdgBal and M-RdgBa2 in suppressing the »dgB mutant fly phenotypes suggests there are
functional differences between the two mammalian homologues, and that M-RdgBal is
functionally more similar to Drosophila RdgBo than M-RdgBo2. The functional

conservation of the mammalian RdgBa proteins in the Drosophila retina is not attributable
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1.6.1 Functions of PITP proteins

PITPs were first purified on the basis of their transfer activity towards PI [256]. PITPs can
transfer PI or PC between membrane compartments in vitro (see Figure 1.11) [256]. PITPa
when examined from cellular extracts is liganded to PI and PC in near equal proportions
despite the lower abundance of PI (5-8% of total phospholipids) compared to PC (40% of
phospholipids), and this can be accounted for by the 16-fold higher affinity for PI
[267,280,281].

The biochemical function of PITPa has been extensively examined. The first experimental
system that identified a requirement for PITPq in phosphoinositide signalling came from a
study where G-protein activation of PLCP was examined in permeabilized HL60 cells, a
neutrophil-like cell-line [282]. GTPYS, a direct activator of G-proteins stimulates the
activity of PLCP isozymes leading to increased hydrolysis of P1(4,5)P,. However, depletion
of cytosolic proteins by permeabilization using streptolysin O (SLO) caused loss of GTPYS-
stimulated I(1,4,5)P; formation, which could be restored following addition of cytosol. The
cytosolic protein responsible for reconstituting GTPYS-stimulated I(1,4,5)P3 production was
identified as PITPo. PITPa was also required for fMetLeuPhe (FMLP) activation of PLCPB
in differentiated HL60 cells. A requirement for PITPa in PLCyl-mediated hydrolysis of
PI(4,5P, in A431 cells and RBL-2H3 cells was also observed [3,259]. The
permeabilization of RBL-2H3 and A431 cells with SLO led to loss of I(1,4,5)P3 production
stimulated with antigen and EGF, respectively. This loss of function was accompanied by
the exit of cytosolic proteins including PLCyl and PITP proteins from the cells. Readdition
of PLCy1 alone was not sufficient to restore receptor-mediated inositol lipid hydrolysis in
these cytosol-depleted cells. However, the combined presence of PLCyl and PITPo fully
restored 1(1,4,5)P; production. In permeabilized PC12 cells, PLC31 is stimulated to
hydrolyse cellular PI(4,5)P, by an increase in Ca®>* ion concentration [283]. The depletion
of cytosolic proteins including PITP and PLC31 from PCI12 cells compromised PI(4,5)P;
hydrolysis, but re-addition of exogenous PITPo and PLCS1 restored optimal I(1,4,5)P;
production. All these studies establish that the ability of cells to stimulate I(1,4,5)P;

production requires not only the activation of PLC, but also the presence of PITPa.
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The precise mechanism of PITPa action in the hydrolysis of PI(4,5)P, by PLC activity is
unclear. Two possible mechanisms have been proposed for how PITPo could couple PI
binding and transfer to function. Firstly, evidence has been presented that supports the role
of PITPq as a passive transport vehicle that merely sustains PI kinase activity by effecting
transfer of PI down a chemical gradient, which is created by the depletion of PI by lipid
kinase and/or PLC activity [282,284,285]. Second, PITPo. may through regulated events be
able to stimulate lipid kinase activity by presenting PI to Pl-kinases and optimising
synthesis of signalling pools of PI(4,5)P,, as well as other phophoinositides [1,286]. The
emerging consensus is that PITP proteins are not just passive mediators of lipid transport
but function in complex ways by modulating phospholipid metabolic pathways and
impacting on many cellular processes including lipid mediated signalling pathways and
membrane traffic (see below). Two models were proposed for the function of PITPa in the
delivery and presentation of PI to the lipid kinases (see Figure 1.10), and are discussed in
detail in the following reviews [286,287]. Crucially, though it was suggested that the lipid

carried by PITPq is the preferred substrate for the lipid kinases in signalling complexes.

If PITPa does play a role in the regulation of lipid kinase activity by the provision of PI to
sites of active phosphoinositide metabolism then it can be envisaged that PITPa may form
transient interactions with these proteins and signalling complexes. A number of studies
have demonstrated an association between PITPa and the PI kinases. Examination of
PLCyI signalling in permeabilized A431 cells revealed that the ability of EGF to stimulate
type II PI 4-kinase activity was dependent on PITPa [3]. Moreover, co-
immunoprecipitation experiments indicated that upon EGF stimulation of A431 cells, a
signalling complex comprising of PITPa, PLCyl and type II PI 4-kinase forms,
demonstrating that PITP interacts with the EGF receptor in an agonist dependent manner
[3]. The mammalian homologue of the yeast PI 3-kinase, VPS34, associates with the
adaptor protein p150, and this complex can interact with PITPa in vitro, resulting in an
increase in lipid kinase activity [18]. In addition, a PI 3-kinase activity can be
immunoprecipitated from Jurkat cell lysates using an antibody to PITPa. This indicates an

interaction may occur in vivo, and implicates PITPa in the regulation of PI 3-kinase activity
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[18]. An interaction of PITP and PI 3-kinase has also been shown to accompany the
formation of constitutive transport vesicles from the trans-Golgi network in hepatocytes
[288]. In human neutrophils, stimulation of the fMetLeuPhe receptor with ligand stimulates
the phosphorylation of P1(4,5)P, to PI(3,4,5)P; by class III PI 3-kinase . Permeabilized cell
experiments indicated an absolute dependence on PITP to restore PI 3-kinase ¥ signalling
function in neutrophils [289]. Finally, other proteins from the PITP superfamily may also
have roles in phosphoinositide signalling, since mammalian RdgBall protein can associate

in vivo with type III PI 4-kinase o [290].

Physiological events with a known requirement for phosphoinositides such as regulated
exocytosis, the formation of secretory granules, and acid secretion from gastric glands,
have been examined in vitro and all were identified as being dependent on PITPa [2,4,291-
293]. Analysis of regulated exocytosis using permeabilized cell preparations revealed that
PITPa functioned together with a type I PIP 5-kinase, indicating that the synthesis of
PI(4,5)P; was required for the secretory pathway [2,4,294].

Studies from S. cerevisiae have indicated that Secl4, the yeast PI transfer protein, is
important for regulating PC metabolism [295]. Thus, as well as regulating phosphoinositide
dynamics, PITPa may also have a role in PC metabolism. Studies in intact mammalian
cells have examined the role of PITPa and PITPJ in the metabolism of PI and PC. Firstly,
antisense RNA was able to reduce the amount of PITPa by 25% in WRK-1 rat mammary
tumour cells [296]. This resulted in a 30-40% decrease in choline metabolites, including
PC, sphingomyelin, lyso-PC, glycerophosphocholine and choline, whilst choline phosphate
and CDP-choline were increased. This led to the conclusion that phosphorylcholine cytidyl
transferase was inhibited [296]. The observed decrease in PC biosynthesis is opposite to the
situation in yeast, where suppression of Sec14 leads to enhanced PC synthesis [297]. The
small decrease in PITPa had no effect on basal or stimulated phosphoinositide metabolism

in WRK-1 cells [296].
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In other studies, over-expression of PITPo and PITPPB in NIH-3T3 cells was examined
[266,298]. In cells over-expressing PITPa by two to three fold a PI-specific phospholipase
A, (PLA,) was activated. This activation was not observed in cells over-expressing PITPp.
In NIH-3T3 cells with a ten-fold elevated level of PITPB, degradation of sphingomyelin by
exogenous sphingomyelinase led to enhanced resynthesis of sphingomyelin. This result
suggests that PITPP regulates sphingomyelin synthase activity and/or sphingomyelin
transport from the Golgi to the plasma membrane, which would be consistent with the
finding that PITPP can transport sphingomyelin in addition to PI and PC [265]. In another
study over-expression of PITPa and PITPP was investigated in COS-7 cells for effects on
sphingolipid or PC metabolism [267]. Here, PITP over-expression did not stimulate
sphingomyelin re-synthesis upon degradation by exogenous sphingomyelinase. In purified
Golgi membranes that are depleted of endogenous PITPP, the addition of recombinant
PITPP did not increase sphingomyelin production either. These results are consistent with
the other observation that PITPP can only transfer very minimal amounts of sphingomyelin
in comparison with PI and PC [267,268]. In addition, the over-expression of either PITPo
or PITPP in COS-7 cells did not affect PC biosynthesis.

Genetic studies in mice give further clues to the biological function of PITPo and PITPf.
The mouse vibrator mutation, which causes neuronal degeneration and juvenile death, is
due to an 80% decrease in PITPa levels [299]. Deletion of the gene encoding mouse PITPo
also caused the mice to die soon after birth [300]. Moreover, it appeared that although
PITPa is not required for prenatal development, it is required for neonatal survival. This
study indicates a specialised role for PITPot in mammalian endoplasmic reticulum
functions, which are required for transport of specific luminal lipid cargoes [300]. In
contrast to PITPo. knockout mice, deletion of the gene encoding mouse PITPP is
embryonically lethal [301], suggesting PITPB executes essential housekeeping functions in
mammalian cells. Therefore, although in vitro both PITPa and PITPP are reported to be
capable of restoring GTPyS-stimulated secretion and PLC-mediated inositol lipid signalling
in cytosol depleted cells [2,259], as well as stimulating the formation of constitutive

secretory vesicles and immature granules on purified Golgi membranes [291], it appears
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that within the intact cell both PITPa and PITPJ are not functionally redundant PITPs, and
each has a specialised function which the other cannot substitute for. In mammalian cells
six proteins have been identified with PITP domains (PITPa, PITPB, M-RdgBal, M-
RdgBo2 and RdgBP1 and RdgBP2), all of which have widespread and different expression
patterns, again indicating that different PITP proteins may have distinct functions in vivo
[265,269,270,272,274-276,278,279,302-304]. However, the two large mammalian M-
RdgBa proteins may as yet be shown to have overlapping functions, as deletion of the gene
encoding mouse M-RdgBal (Nir2) is embryonically lethal, whereas M-RdgBo2 (Nir3) is

not required for photoreceptor function or survival, and mice are healthy and fertile [305].

1.6.2 Structural features of PITP

By definition, the ability of PITPa to interact with a membrane and exchange its bound
lipid for either PI or PC must mean that there are at least three structural conformations of
PITP which can exist (Figure 1.11). Incidentally, PITPo¢ may adopt other structural
conformations upon phosphorylation [306], or possibly within signalling complexes when

associating with other proteins.

The crystal structures of rat PITPa bound to PC and mouse PITPa void of a phospholipid
(apo-PITPa) have recently been elucidated, and are reproduced in Figure 1.12 [307,308].
On the basis of these structures PITPa has been found to comprise four functional regions.
The main structural region is the lipid binding core which consists of an eight stranded
concave [-sheet (strands 1-8) flanked by two long o helices (A and F) that face the interior
of the B-sheet. The a helices C-E are part of the loop region known as the “regulatory loop”
where the PKC phosphorylation site Ser166 resides [309]. The third region is a loop
containing o helix B and this was designated the “lipid exchange loop” in the apo-PITPo
crystal structure [308]. The fourth region is the C-terminal domain that contains the o helix
G followed by an extension of 11 amino acids. The structural differences between the apo

and PC bound forms of PITPq. are mainly due to changes in these last two regions which
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1.6.3 Regulation of PITP

PITPa proteins in vitro have constitutive transfer activity towards PI and PC, and ATP is
not required for this process. Until recently in vivo examination of PITPo transfer has been
an impossible parameter to measure, thus it was unknown whether transfer was a regulated
phenomenon within the cell. Using advances in microscopy an elegant study has examined
PITPa proteins to see if they are regulated by cell surface receptors in intact cells [269].
Fluorescence resonance energy transfer (FRET) was used to monitor interactions of PITPo
when it goes to a membrane to pick a lipid. These studies indicated that the lipid transfer

activity of PITPa is regulated in vivo [269].

There are many mechanisms which may regulate the activity of cytosolic PITPa proteins in
vivo. Since a requirement for PITPo at sites of phosphoinositide signalling has been
characterized, it is possible that changes in the structure or composition of the membrane
may regulate the lipid transfer process. Studies have shown that the transfer activity of
PITPa is strongly dependent on the physico-chemical status of the membrane. PITPo
associates much more avidly to vesicles with increased concentrations of PA, PI(4)P and
PI(4,5)P, [310,315,316]. Therefore, transfer activity is inhibited through the enhanced
association of PITPa with negatively charged vesicles. Since these phospholipids all
increase the surface membrane charge, it is clear that electrostatic interactions contribute
significantly to the association of PITPa with the membrane. At membrane sites where the
rapid metabolism of phosphoinositides occurs, such as in the vicinity of activated receptors,
the formation of secretory vesicles at the Golgi, or sites of endocytosis, there may be
localised increases in PI(4)P, PI(4,5)P; or PA, as a consequence of lipid kinase and/or PLD
activities. Therefore, these events may all regulate PITPa by enhancing its association with
the membrane through electrostatic interactions and causing lipid exchange and PI delivery

to happen precisely at sites where active phosphoinositide metabolism is occurring.

Evidence also indicates that the structure of the membrane is a critical parameter for lipid
transfer by PITPa [317]. Transfer activity of PITP« is dependent on the curvature of the

membrane, and is greatest for small, highly curved sonicated vesicles and is decreased for
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large, locally planar unilamellar vesicles [317]. This strong dependence on membrane
curvature suggests that PITPa may specifically deliver PI to metabolically active
membrane sites where the membrane is locally perturbed, for example, cavoelae, the
clustering of receptors, or the formation of clathrin-coated vesicles. A change in membrane
could occur when cells are actively consuming PI(4,5)P, by PLC hydrolysis or
phosphorylation to PI(3,4,5)P3, and this may also cause local deformations in membrane
structure. Although increased association and transfer activities of PITPo are parameters
that oppose one another, it may be that the events at the membrane are co-ordinated.
Therefore, an increased association of PITPo. via electrostatic interactions with the
membrane, together with increased transfer rates at these particular perturbed membrane
sites may act together to ensure that PITPa is associating and transferring PI to sites on the
membrane where signalling complexes require the association of PITPa to stimulate and

regulate phospholipid metabolism for regulated signalling events.

Acyl chain composition of PI and PC effect the lipid binding activities of PITPa [318,319].
Studies in vitro have determined that PITPa has a preference for binding PI and PC with
distinct molecular species compositions in the sn-1 and sn-2 positions. An increased
binding affinity for lipids with decreasing chain length for both the sn-1 and sn-2 positions
was observed [319]. Therefore, the molecular species of PI and PC which are preferentially
bound by PITPa could be important for the function and regulation of PITPa in vivo,

although how these data translate into cellular systems is unknown.

The phosphorylation status of PITPa could provide another source of regulation. PITP«
has five PKC phosphorylation sites and in vitro PITPa. is phosphorylated on serine residue,
166 [306,309]. Morgan et al [306], have recently shown that threonine residue 59 is also
phosphorylated in vitro, but to a lesser extent compared to serine 166. In this study it was
shown that pre-treatment of HL60 cells with PMA leads to phosphorylation of PITPo and
inhibition of FMLP-stimulated PLCP activity, suggesting that phosphorylation of PITPa
may be an important mechanism for regulating PITPa function in PLC signalling [306].
PITPB is phosphorylated in vitro on serine residue 262 by protein kinase C [320].
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Phosphorylation of serine 262 was shown to be required in vivo for localisation of PITPB to
the Golgi since inhibitors of protein kinase C caused PITPB to distribute throughout the

cell.

1.7 Other lipid transfer proteins

1.7.1 StAR-related Lipid Transfer (START) proteins

In the study by Yoder et al [307], the DALI algorithm was used to search for proteins
structurally similar to PITPa, and as a consequence the recently described START (StAR-
related lipid transfer) domain was identified as sharing significant tertiary structure.
START domains are ~210 amino acid lipid binding domains implicated in intracellular
lipid transfer, lipid metabolism, and cell signalling events [321]. START domains are found

in an extensive protein family, including START domain only and multi-domain proteins

(Figure 1.13).

X-ray crystal structures have been solved for the MLN64 START domain [322], StarD4
[323], and phosphatidylcholine transfer protein (PCTP) [324] (see Figure 1.14). All share
the same helix-grip fold, with a-helices at the N and C termini separated by nine B strands
and two shorter -helices. The nine stranded antiparallel B-sheet forms a pocket with the C-
terminal o-helix acting as a lid, resulting in an internal hydrophobic cavity. The PCTP
structure has a bound PC molecule in its cavity, whereas the MLN64 and StarD4 structures
have an internal cavity large enough to accommodate a cholesterol ligand. In each
structure, lipid binding and release requires a major conformational change to occur, most

likely involving the opening or unfolding of the C-terminal a-helix lid.

Despite reasonable similarity at the secondary and tertiary levels of structure, there is no
primary structure homology between members of the PITP family and proteins with a
START domain. It should be noted that the lipid cavity in the PITPa-PC crystal structure is
larger than the cavity in the START domain of MLN64. Superposition of the Ca atoms of
the PITPa and the START domain of MLN64 reveal that one of the o-helices comprising
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Chapter 1: Introduction

Mutations in the StAR gene result in the disease congenital lipoid adrenal hyperplasia, a
cholesterol storage disorder in which synthesis of all gonadal and adrenocortical steroid
hormones is severely compromised. The rate limiting step in steroidogenesis is StAR-
mediated delivery of cholesterol to the P450 side chain cleavage enzyme which resides on
the matrix side of the inner mitochondrial membrane and converts cholesterol to the first
steroid, pregnenolone. This step is rate limiting because the hydrophobic cholesterol cannot
traverse the aqueous intermembrane space of the mitochondria and reach the P450 side

chain cleavage enzyme rapidly enough by simple diffusion to support acute synthesis.

Although the mechanism whereby the StAR protein mediates the transfer of cholesterol to
the inner mitochondrial membrane is as yet unknown, the recent solving of the crystal
structures of the START domains, coupled with structure-function studies of StAR protein
has allowed three models to be proposed: the cholesterol desorption model, the
intermembrane shuttle model and the molten globule model [326,327]. In the cholesterol
desorption model, the START domain of StAR stimulates cholesterol desorption from the
outer mitochondrial membrane and transit to the relatively sterol-poor inner membrane. The
import of StAR into the mitochondria removes the protein from its site of action in the
outer mitochondrial membrane, effectively terminating sterol movement from the outer to
the inner mitochondrial membrane. Thus, continuous synthesis of StAR is required to
sustain steroidogenesis, explaining why protein synthesis inhibitors rapidly block hormone

production.

In the intermembrane shuttle model, it has been suggested that StAR acts as a carrier of
cholesterol from the outer to the inner mitochondrial membrane. This model is supported
by structural evidence, since when three of the most common mutations resulting in
congenital lipoid adrenal hyperplasia are projected on to MLN64-START domain crystal
structure model, they are all found to reside quite close to each other, and two of these
mutations reside within the cholesterol-binding hydrophobic tunnel. These mutations would
be expected to disrupt the structure of the tunnel and quite likely result in a decrease in

cholesterol binding.
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In the molten globule model, StAR acts to promote cholesterol transfer via changes in its
conformation that might produce a hydrophobic tunnel or region through which cholesterol
might pass. For instance, StAR may come into contact with the outer mitochondrial
membrane via its N-terminal signal sequence and then become buried in the phospholipid
bilayer, while simultaneously being transformed to a molten globule. The START domain
may then traverse the outer membrane and appear at the surface of the intermembrane
space. Transformation to the molten globule state could result in a conformational change
in the START domain resulting in the partial opening of the cholesterol entrance to this
hydrophobic pocket. This would allow cholesterol which is rich in the outer mitochondrial
membrane to enter the START domain pocket. If the inner membrane is close to or in
contact with the outer membrane, the cholesterol exiting by way of the other entrance could
be transferred to the inner mitochondrial membrane and the P450 side chain cleavage
enzyme system. Thus, the START domain may act like a hydrophobic tunnel through
which cholesterol can enter at one end and exit at the other, an action highly dependent on
upon conformational changes in the START domain. Evidence for this model arose from a
study where it was demonstrated that at pH values in the 3.5-4.0 range, StAR undergoes
conformational changes that result in a partial unfolding of the protein and a transition to a
molten globule state. Molten globules are structures within proteins that have lost at least

some of their tertiary but have retained virtually all of their secondary structure [326-328].

Although, these models for the mechanism of StAR action are all speculative, analysis of
the evidence from which they are derived allows comparison of the activity and function of

StAR with other lipid binding proteins, including PITPq.

1.7.1.2 Phosphatidylcholine transfer protein (PCTP)
Phosphatidylcholine transfer protein (PCTP) is a 25kDa cytosolic protein that catalyses

intermembrane transfer of phosphatidylcholine in vitro but not other phospholipids or sterol
[329,330]. In the crystal structure of PCTP bound to its ligand (see Figure 1.14), 28
residues in the hydrophobic cavity contact PC which explains the exquisite specificity for
PC compared to other phospholipids classes [324]. PCTP belongs to the START domain
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superfamily of hydrophobic ligand-binding proteins, but whereas StAR protein regulates
acute steroidogenesis by promoting the translocation of cholesterol from the outer to the
inner mitochondrial membrane (see Section 1.7.1.1), extensive studies investigating the
physiological role of PCTP have so far proved inconclusive in determining the function of

PCTP.

PCTP is widely expressed with highest levels in the liver [331], and it has been proposed
that PCTP may function in the supply of PC required for the selective secretion of PC into
bile or lung air space (surfactant), and the facilitation of enzymatic reactions involving PC
synthesis or breakdown. However, knockout mice unable to make PCTP failed to show a
distinct phenotype, and remarkably are normal and have no defect in any of the postulated
PCTP functions analysed [332].

1.7.2 Sterol Carrier Protein 2 (SCP-2)

The intracellular sterol carrier protein 2 (SCP-2) is an animal non-specific lipid transfer
protein (nsLTP) of 13kDa [256,330]. From in vitro experiments SCP-2 has been shown to
catalyse the intermembrane transfer of cholesterol, phosphatidylcholine,
phosphatidylinositol and glycolipids, and can also bind long chain fatty acids and long
chain acyl-CoA [256,330,333]. Thus, two different roles for SCP-2 have been proposed,
one being that SCP-2 functions as a lipid transfer protein, the other that SCP-2 is a carrier
for fatty acids, fatty acyl-coAs, or sterols such as cholesterol. Despite the wide range of in
vitro functions elucidated for SCP-2, the actual physiological role and the mechanism of

action in intact cells is not known.

The crystal structure of SCP-2, determined at 1.8A resolution, reveals another example of a
protein with a hydrophobic, lipid binding core similar to that observed in PITPa-PC and the
START domain of MLN64 [334] (see Figure 1.14). However, SCP-2 was not identified
using the DALI algorithm when searching for proteins with a tertiary structure significantly
similar to PITPa [307,334]. In contrast to PITPa, SCP-2 has a low affinity lipid binding
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site, which therefore implies that only a small proportion of SCP-2 contains a bound lipid

molecule at any one time. As a result SCP-2 can mediate net mass transfer of lipids [330].

1.7.3 Secl4 — phosphatidylinositol transfer protein in yeast

The product of the yeast Saccharomyces cerevisiae Secl4 gene was originally identified as
a cytosolic protein which catalyses in vitro transport of PI and PC between artificial and
biological membranes [335]. Moreover, in S. cerevisiae, the Sec14 protein is essential for
viability and for protein transport from the Golgi complex to the cell periphery in vivo
[336,337]. In contrast, however, characterization of the Sec14 protein from the dimorphic
yeast Yarrowia lipolytica, reveals that although a considerable level of functional homology
exists between Secl4 from S. cerevisiae and Y. lipolytica, as evidenced by the conservation
of PI/PC transfer activity, as well as the ability of the latter to efficiently substitute for the
essential function of the former in S. cerevisiae, the Secl4 protein in Y. lipolytica is not
required for viability, nor is it essential for secretory pathway function in this organism
[338]. Instead, the data suggests a role for the Secl4 protein in promoting the
differentiation of Y. Ilipolytica from yeast to mycelia. In another study, the
Schizosaccharomyces pombe spo20" gene was shown to encode a structural homologue of
S. cerevisiae Secl4 [339]. Like Sec14, the fission yeast Spo20 is a PI/PC transfer protein,
and in heterologous complementation experiments Spo20 and Secl4 are functionally
interchangeable in vivo. The S. pombe, Spo20 is essential for fission yeast cell viability, and
data suggests that as well as having a role in regulating Golgi secretory function (similar to
Secl4 in S. cerevisiae), the Spo20 protein regulates the formation of forespore membranes.
Therefore, irrespective of their functional relatedness, these Sec14 lipid transfer proteins
are involved in controlling both similar and distinct physiological processes in their

respective host organisms.

In addition to Secl4 in S. cerevisiae, five Sth (Sec fourteen homologue) proteins have been
characterized that share 24-64% primary sequence identity with the Sec14 protein [340].
Sth proteins sharing low primary sequence similarity with Secl4 (Sfh2, Sth3, Sfh4, and
SthS) are lipid transfer proteins that exhibit phosphatidylinositol, but not
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phosphatidylcholine transfer activity in vitro. High expression levels of Sth2, Sth4 and
SthS through a strong constitutive yeast promoter suppress the Secl4-related growth and
secretion defects. In contrast, Sfhl, which shares 64% primary sequence identity with
Secl4, is non-functional as a Secl4 in vivo or in vitro [340]. A more recent study in S.
cerevisiae has shown that Sfh2, Sth4 and Sfh5 are mainly localised to the cytosol and
microsomes, similar to Sec14 [341]. Sfhl is in the nucleus and Sfh3 in lipid particles and in
microsomes. This study also confirms the results reported by Li et al [340], that Sth2 and
Sfh4 are the Secl4 homologues which complement the Sec14-related growth defect best
[341]. However, it was also clear that Sfhl could complement the Secl4-related growth
defect to some degree. When the five Sec14 homologues are compared to Secl4 using
features which are regarded as characteristic for Sec14, as well as the ability to complement
the Secl4-related growth defect, the results allow an estimation of functional similarity
within the Sec14/Sfh protein family [341]. Sfh2 and Sfh4 are the closest functional
homologues of Secl14, followed by Sfh5, Sth3 and Sthl. Thus, despite Sfhl exhibiting the
highest level of sequence homology to Secl4, the known biochemical and cell biological

features of Sec14 do not overlap with Sthl.

In 1998, the three dimensional crystal structure of S. cerevisiae Sec14, one member of this
conserved family, was reported by Sha et al [342] (see Figure 1.14). One of the critical
pieces of evidence that was anticipated from the crystal structure was the assignment of the
contacts through which Sec14 binds the inositol and choline head-groups of PI and PC,
respectively. However, the Secl4 structure was a detergent-bound form of the protein and
had no bound phospholipid molecule. Instead two molecules of B-octylglucoside (BOG)
were in the putative lipid binding pocket. Yet, although a crystal structure of a Secl4-
detergent complex does not directly reveal how Sec14 binds the appropriate phospholipid
head-groups, it was able to guide the generation of mutant Sec14 proteins with head-group
specific phospholipid transfer defects [343]. Use of the BOG head-group as an inositol
mimic identified three candidate Sec14 residues (K66, E207, and K239) for involvement in
PI binding/transfer activity. The double mutant of Sec14 (K66A and K239A), not only fails
to transfer PI, but also fails other functional criteria ascribed to PITP with respect to PI
transfer, i.e. stimulation of PI(4)P production in vivo, and PI(4)P and P1(4,5)P, production
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in vitro, both of which wild-type Sec14 can restore [343]. Yet, this double mutant of Sec14
effectively transfers PC in vitro, retains the ability to down-regulate CDP-choline activity
in vivo, and interestingly acts as a functional Sec14 when expressed at physiological levels
in yeast devoid of Sec14 (Sec14 null strains). From this analysis, it was concluded that the

PI transfer function of S. cerevisiae Secl4, is not required for Sec14 function in vivo.

Mammalian PITP proteins (o and ) are similar in size to S. cerevisiae Secl4 (~35kDa),
exhibit similar in vitro lipid binding specificity and transport abilities, and mammalian
PITP proteins can rescue Sec14 mutants in S. cerevisiae, and likewise Sec14 can be used to
compensate for the loss of PITPs in mammalian cells [259,261]. However, the two proteins
share no primary sequence similarity and exhibit very little structural similarity. At present
it is unknown whether any of the mammalian PITP proteins execute similar physiological
functions to the S. cerevisiae Secl4 in vivo, although it is interesting to highlight that
PITPP is localised specifically to the Golgi in mammalian cells. Therefore, based on
existing in vitro evidence it seems highly possible that Sec14 and PITPB may have similar

or overlapping physiological functions within this organelle in vivo.

1.8 Aims of the thesis

The aim of this thesis was to examine the regulation of phosphoinositide dynamics by ARF
and PITP.

The first part of this work focuses on the mechanism of PI(4,5)P, synthesis by the small
GTP-binding protein, ARF, in SLO-permeabilized HL60 cells, a cell line related to
neutrophils. SLO generates holes in the plasma membrane which are sufficiently large
enough to allow cytosolic proteins including ARF to leak from the cells. Reconstitution
with exogenous ARF proteins in the presence of GTPYS has previously been shown to
stimulate PI(4,5)P, synthesis as well as PLD activity [2,189]. Since the second messenger
PA, produced via the PLD mediated hydrolysis of PC, stimulates type I PIP S5-kinase
activity [71,72], it was concluded that ARF-stimulated PI(4,5)P, synthesis was via the
production of PA [2]. Subsequent studies revealed that ARF proteins could directly activate
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type I PIP 5-kinase, in the presence or absence of PA depending on the in vitro assay
conditions used [42,103]. As a consequence of these in vitro studies there are three possible
mechanisms for ARF1 to increase PI(4,5)P; levels; one is by direct activation of the type I
PIP 5-kinase, the second indirect via PA derived from the ARF1-stimulated PLD pathway,
and the third is a combination of both. To elucidate how ARF stimulates PI(4,5)P,
synthesis in permeabilized HL60 cells, butan-1-ol was used to diminish the PLD-derived
PA, and an ARF1 point mutant was identified that could selectively stimulate type I PIP 5-

kinase activity, but was defective in activating PLD.

The ARF-stimulated PI(4,5)P, was found to be a poor substrate for PLC. However, in the
presence of PITPa, the PLC was able to utilise the PI(4,5)P, produced via ARF. To
understand how PITPq participates in PLC signalling, PITPo mutants were designed that
were defective in PI binding and transfer. For PITPa to participate in PLC signalling and
lipid binding and transfer, PITPa must be capable of interacting with a membrane surface.
To investigate how PITPa is capable of performing this function in order for lipid
exchange to occur, PITPo mutants were designed that had lost the ability to interact with a
membrane surface. These studies were facilitated by the availability of the crystal structure

of PITPa bound to PI [344].

PITPa has distinct binding sites for the sn-1 and sn-2 acyl chains of its bound phospholipid
[318,319,330]. To elucidate whether PITPa selectively binds cellular PI or PC with
particular molecular species compositions in the sn-1 and/or sn-2 position, PITPa was
subjected to lipid exchange with permeabilized HL60 cells. Analysis of the molecular
species compositions of the bound cellular lipids was performed using tandem electrospray

ionisation mass spectrometry (ESI-MS/MS).
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Chapter 2

2 Methods

2.1 Preparation and Analysis of DNA

2.1.1 Preparation of plasmid DNA from Escherichia coli

The methods used to prepare plasmid DNA depended on the quantities of DNA required
and the subsequent use of the DNA. Small quantities of DNA (~10ug) were prepared using
the Qiagen QIAprep Spin Miniprep kits. Larger amounts of DNA (~500p1g) were prepared
using the Marligen High Purity Maxiprep System. Both methods are based on alkaline lysis
of bacterial cultures followed by binding of plasmid DNA to a DNA-binding matrix.

2.1.1.1 Small scale plasmid preparation

Cultures were prepared in Sml Luria Broth (LB) (Miller’s LB Base, Sigma), containing
antibiotics for the appropriate vector, 100ug/ml ampicillin (e.g. pRSET, pET14b, pET22b),
and grown overnight at 37°C. The bacterial cells were harvested by centrifugation at 3000g
for 5 minutes and then processed according to the QIAprep spin miniprep kit protocol. In
brief, the pelleted bacterial cells were resuspended in 250l of buffer P1 containing RNase
and then lysed by addition of 250l of buffer P2. The Eppendorf tube was inverted 6 times
to gently mix the contents and after incubation for 5 minutes at room temperature, 350l of
buffer N3 was added. The resulting precipitate was removed by centrifugation at 12,000g
for 10 minutes and the supernatant containing the plasmid DNA was decanted carefully
into the QIAprep column. The column was centrifuged at 12,000g for 1 minute and the
flow-through was discarded. The QIAprep column was then washed by adding 0.75ml
Buffer PE and centrifuged at 12,000g for 1 minute. The flow-through was discarded and the
column was centrifuged for an additional 1 minute to remove residual wash buffer. The
QIAprep column was then placed into a clean 1.5ml eppendorf tube and plasmid DNA
bound to the column resin was eluted by adding 50ul Buffer EB and centrifuging for 1

minute.
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2.1.1.2 Large scale plasmid preparation

Cultures were prepared in 250ml LB, containing antibiotics for the appropriate vector,
100p1g/ml ampicillin (e.g. pRSET, pET14b and pET22b), and grown overnight at 37°C. The
bacterial cells were harvested by centrifugation at 5000g for 15 minutes and then processed
according to the manufacturer’s instructions for the Marligen Maxiprep kit. In brief, the
pellet was resuspended in 10ml cell suspension buffer E1 containing RNase A, and the cells
were then lysed by addition of 10ml cell lysis solution E2 and incubation at room
temperature for 5 minutes. Following cell lysis, the resulting solution was neutralised by
the addition of 10ml of neutralisation buffer E3 and immediate inversion 5 times to mix.
The mixture was centrifuged at 15,000g at room temperature for 10 minutes and the
resulting supernatant, containing plasmid DNA was applied to a column pre-equilibrated
with 30ml equilibration buffer E4. The column was then washed with 60ml of wash buffer
ES, before elution of the DNA with 15ml elution buffer E6. Plasmid DNA was precipitated
by addition of 10.5ml of isopropanol to the eluate, and after centrifugation at 15,000g at
4°C for 30 minutes the plasmid DNA pellet was washed carefully with Sml 70% ethanol.
After centrifuging the DNA at 15,000g at 4°C for 5 minutes the plasmid DNA pellet was
air-dried to remove any residual ethanol and finally dissolved in 200ul of TE buffer (Tris-
EDTA buffer, contains 10mM Tris-HCL, pH 8.0, and ImM EDTA).

2.1.2 Spectrophotometric determination of DNA concentration

The concentration and purity of DNA samples was determined by spectrophotometric
measurement. Absorbance readings were taken at 260nm and 280nm. The reading at
260nm allowed the calculation of the concentration of DNA in the sample. It was assumed
that an absorbance at 260nm of 1 corresponds to approximately 50ptg/ml double stranded
DNA. The DNA sample was of acceptable purity if the OD,60/OD,gp was approximately
1.8.
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2.1.3 Amplification of DNA by the Polymerase Chain Reaction (PCR)

PCR reactions were carried out in 0.5ml thin walled reaction tubes in a total volume of
100ul. Each reaction mixture contained 2U VENTR DNA Polymerase (New England
Biolabs), 10mM KCl, 10mM (NH4)>SO4, 20mM Tris-HCI (pH 8.8 at 25°C), 2mM MgSOs,,
0.1% Triton X-100, 0.2mM deoxynucleotide triphosphates (Invitrogen), 0.1nM forward
and reverse primers (Sigma-Genosys), and approximately 500ng template DNA. Reactions
were performed in a Techne GeneE thermal cycler. The PCR programme outlined in Table

2.1 was routinely used.

No. of cycles PCR step Temperature (°C) Time (seconds)
30 Denaturation 95 30
Annealing 56* 120
Extension 75 60
1 Denaturation 95 30
Annealing 56* 120
Extension 75 900

Table 2.1 Outline of PCR reaction programme.
* Average annealing temperature (Tm) of the specific primers.

2.1.4 Agarose gel electrophoresis of DNA

Agarose gels were routinely made at between 0.8 to 1% (w/v) agarose dissolved in TAE
buffer (40mM Tris-HCL, pH 8.0, 0.1% (v/v) glacial acetic acid, ImM EDTA) containing
0.5ug/ml ethidium bromide. DNA samples were mixed with DNA loading buffer (30%
(v/v) glycerol, 0.25% (w/v) bromophenol blue) and were loaded into the gel. All gels were
run in TAE buffer and the voltage applied was between 50 and 100 volts. DNA was

visualised under ultraviolet light using a UV transilluminator.
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2.1.5 Purification of DNA from agarose gels

For purification of DNA from agarose gels, the DNA was subjected to agarose gel
electrophoresis as described above in Section 2.1.4. After visualisation under ultraviolet
light, the desired DNA band was excised from the gel using a scalpel and was placed into a
1.5ml eppendorf tube. The DNA was then purified from the gel using the GENECLEAN III
kit (BIO 101 Systems). Briefly, the gel slice was incubated with 3 volumes of 6M sodium
iodide at 55°C until the gel had completely dissolved. To this solution, EZ-GLASSMILK
was added and the eppendorf was mixed and incubated at room temperature for 5 minutes
to allow binding of the DNA to the silica matrix. The eppendorf tube was then centrifuged
for 10 seconds at maximum speed in a micro-centrifuge, to pellet the EZ-GLASSMILK
bound to the DNA. The EZ-GLASSMILK pellet was washed 3 times using the NEW Wash
solution containing 50% ethanol, discarding the supernatant each time. After the third
wash, the pellet was dried for 10 minutes at room temperature and the bound DNA was
eluted by resuspension of the EZ-GLASSMILK in an appropriate volume of water. After
centrifugation at maximum speed for 30 seconds in a micro-centrifuge, the supernatant

containing the eluted DNA was transferred carefully into a new tube.

2.1.6 Digestion of DNA with restriction enzymes

DNA was digested using restriction enzymes under conditions specified by the supplier.

Restriction enzymes were routinely obtained from New England Biolabs and were used at a

concentration of 10U of restriction enzyme per g of DNA.

2.1.7 Purification of DNA from solution

In order to purify DNA fragments from solutions used for restriction digests, the
GENECLEAN III kit (BIO 101 Systems) was used. In the absence of agarose, 6M sodium
iodide was added directly to the tube containing the DNA, followed by the protocol as

outlined in Section 2.1.5.
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2.1.8 DNA Ligation

To ligate the DNA fragment into the plasmid vector, ligation reactions were performed
after DNA digestion with the appropriate restriction endonucleases as described in Section
2.1.6. Each reaction was performed in a final volume of 20ul and contained 30mM Tris-
HCI (pH 7.8 at 25°C), 10mM MgCl,, 10mM DTT, ImM ATP (Promega), 6U T4 DNA
ligase (Promega) and plasmid vector and DNA fragment (0.05-11g) at a molar ratio of 1:3.
The ligation reactions were vortexed and spun briefly and placed at 15°C overnight (>16

hours).

2.1.9 Preparation of competent Escherichia coli cells

A culture of the appropriate strain of E. coli was prepared in 10ml LB, and was incubated
overnight at 37°C. The following day the culture was diluted 1 in 20 and grown at 37°C
until the absorbance at 620nm was 0.5. Cells were harvested by centrifugation at 1500g, for
5 minutes at 4°C. The pellet was resuspended in 5SmM CaCl, (10ml per 20ml diluted
culture) and the mixture was incubated on ice for 20 minutes. Cells were centrifuged again
at 1200g for 5 minutes at 4°C and the pellet was re-suspended in 50mM CaCl, (Iml per
20ml diluted culture). The cells were then incubated on ice for one hour and were either
used immediately for transformation, see Section 2.1.10, or were frozen at -80°C following

the addition of glycerol, to a final concentration of 20% (v/v).

2.1.10 Transformation of Escherichia coli with plasmid DNA

Overnight ligation reactions of 20ul were diluted to 100ul in TE buffer. 50ul of diluted
ligation was added to 200ul of competent cells prepared in Section 2.1.9. For
transformation of plasmid DNA prepared from a mini or maxi prep kit (see Section 2.1.1.1
and Section 2.1.1.2), 1ug of DNA was added to 100ul of competent cells. DNA and
competent cells were incubated on ice for 30 minutes before being subjected to a heat
shock at 42°C for 1 minute, and then being returned to ice for a further 5 minutes. 0.5ml LB
was added to the cells, followed by incubation for 1 hour at 37°C to allow the expression of

the appropriate antibiotic resistance. Cells were then spread out onto LB-Agar plates

85



Chapter 2: Methods

containing the appropriate antibiotics, and left to grow overnight inverted at 37°C. Single
bacterial colonies were picked for use in the production of either small or large scale

plasmid DNA preparation (see Section 2.1.1).

2.2 DNA Cloning

2.2.1 Constructs for protein expression in Escherichia coli

The following bacterial expression vectors were used to express recombinant protein.
pET14b (Clontech) was used to express all His-tagged PITPo. proteins. pET22b (Clontech)
was used to express all non-tagged ARF proteins. pGEX4T-1 was used to express the
Glutathione S-transferase (GST) fusion protein type I PIP 5-kinase o, a gift from Prof.
Robin Irvine (University of Cambridge, UK). The myristoyl-Co A: protein N-
myristoyltransferase (NMT) plasmid (pBB131) was a gift from Prof. Jeffrey Gordon
(Washington University, USA) and when present in E. coli with the ARF plasmid catalyses
myristoylation of the ARF recombinant protein. pPRSET-C was used to express ARNO as a
His-tagged protein.

2.2.2 Generation of PITPo mutants in pET14b using site-specific mutagenesis by

overlap extension

Four primers are needed to introduce a site-specific mutation by overlap extension. The
first primer pair is used to amplify the DNA that contains the mutation site together with
upstream sequences. The forward primer contains the mutation to be introduced into the
wild-type template DNA, whereas the reverse primer contains a wild-type sequence. The
second pair of primers is used in a second PCR reaction to amplify the DNA that contains
the mutation site together with downstream sequences. The reverse primer of this pair
contains the mutation site to be introduced into the template DNA. This primer is
complementary to the forward primer containing the mutation site used above in the first
PCR reaction. The forward primer of this second primer pair has a wild-type sequence. The
two sets of primers indicated above are used in two separate amplification reactions to

amplify overlapping DNA fragments. The mutation is located in the region of overlap. In
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the next stage of the protocol the overlapping fragments are mixed together and in a third
PCR, amplified into full-length DNA using two primers that bind to the extremes of the
two initial fragments. PCR reactions were carried out as described in Section 2.1.3. PCR
fragments were digested with BamH-I and Nde-I restriction enzymes before ligation into
pET14b digested with the same enzymes. In order to select a clone without any unwanted
mutations, plasmid DNA was sent to UCL DNA Sequencing Unit to obtain the forward and

reverse sequence of the PITPo. DNA fragment ligated into the pET 14b vector.

The mutagenic primers for T59A, T59E, and double mutation WW203/204AA were made

for site directed mutagenesis according to the PCR overlap extension method.

T59A, 5°’-GGCCAGTACGCACACAAGATC-3’ and
5’-GATCTTGTGTGCGTACTGGCC-3’

TS9E, 5°-GGCCAGTACGAACACAAGATC-3’ and
5’-GATCTTGTGTTCGTACTGGCC-3’

WW203/204AA, 5’-GTTCAAGGCGGCGGGCCTG-3’ and
5’-CAGGCCCGCCGCCTTGAAC-3’

Flanking primers for the 5’ and 3’ ends (5’-GCAGCCATATGATGGTGCTGCTC-3’ and
5’-GCGGATCCTCTTAGTCATCTGC-3’) were used to ligate the mutated sequences into
pET-14b vector with Nde-I and BamH-I.

2.2.3 Generation of PITPo mutants using Quikchange site directed mutagenesis

Mutations in wild-type PITPa were also made using the Quikchange site directed
mutagenesis kit (Stratagene). Briefly, two complementary DNA primer pairs containing the
desired mutation flanked by unmodified nucleotide sequence were designed according to
the instructions. They were then synthesized and purified by polyacrylamide gel
electrophoresis by Sigma-Genosys. Each mutagenesis reaction was carried out in 0.5ml thin
walled reaction tube in a total volume of 50ul. Each reaction mixture contained 10mM

KCl, 10mM (NH4)2SOs, 20mM Tris-HCI (pH 8.8 at 25°C), 2mM MgSOs, 0.1% Triton X-
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100, 0.1lmg/ml nuclease-free bovine serum albumin, 2.5U Pfu Turbo DNA polymerase,
125ng of oligonucleotide primer forward #1, 125ng of oligonucleotide primer reverse #2,
50ng of dsDNA template and 0.25mM deoxynucleotide triphosphates. Reactions were
performed in a Techne GeneE thermal cycler. The PCR programme outlined in Table 2.2

was used.
No. of cycles PCR step Temperature (°C) Time (sec)
1 Denaturation 95 30
16 Denaturation 95 30
Annealing 55 60
Extension 68 720*

Table 2.2 Outline of Quikchange mutagenesis PCR programme.
* Extension time is 2 minutes/kb of plasmid length.

Following the temperature cycling the reaction tube was placed on ice for 2 minutes to
cool. The parental (i.e., the nonmutated) supercoiled dsDNA in each reaction was digested
by adding 10U of Dpn-I restriction enzyme and incubating the tube at 37°C for 1 hour.
After the Dpn-I digestion, a transformation reaction was performed by mixing 3l of the
mutated DNA product with 50ul of XL1-blue supercompetent cells, on ice for 30 minutes.
The transformation reaction was then heat pulsed for 45 seconds at 42°C and then
immediately placed back on ice for 2 minutes. 0.5ml of NZY" broth (LB plus 12.5mM
MgCl,, 12.5mM MgSO,, 0.4% glucose (w/v)) preheated to 42°C was immediately added to
the cells and the transformation reaction was incubated at 37°C for 1 hour. 500ul of the
transformation reaction was spread onto two LB-agar plates (250 of each transformation
reaction per plate), containing the appropriate antibiotic for the plasmid vector (100ug/ml
ampicillin). LB-agar plates were left to grow overnight inverted at 37°C. Single bacterial
colonies were then picked for use in the production of small scale plasmid DNA
preparations (see Section 2.1.1). In order to select a clone with the mutation present and
without any unwanted mutations, plasmid DNA was sent to UCL DNA Sequencing Unit to

obtain the forward and reverse sequence of the PITPa DNA.
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Human PITPa cDNA cloned into pET-14b vector was used for site directed mutagenesis.
Quikchange site-directed primers were constructed according to the manufacturer’s

instructions.

T59S, 5’-GGTGAGAAAGGCCAGTACAGCCACAAGATCTACCACC-3’and
5’-GGTGGTAGATCTTGTGGCTGTACTGGCCTTTCTCACC-3’

N9OL, 5’-CTGAATATACACGAGAAAGCCTGGCTTGCTTACCCCTACTGC-3’ and
5’-GCAGTAGGGGTAAGCAAGCCAGGCTTTCTCGTGTATATTCAG-3’

N9OF, 5’-CTGAATATACACGAGAAAGCCTGGTTTGCTTACCCCTACTGC-3’ and
5’-GCAGTAGGGGTAAGCAAACCAGGCTTTCTCGTGTATATTCAG-3’

K61A, 5’-GGCCAGTACACACACGCGATCTACCACCTGCAGAGC-3’ and
5’-GCTCTGCAGGTGGTAGATCGCGTGTGTGTACTGGCC-3’

T59V, 5’-GGTGAGAAAGGCCAGTACGTACACAAGATCTACCACC-3’ and
5’-GGTGGTAGATCTTGTGTACGTACTGGCCTTTCTCACC-3’

E86A, 5’-GCCCTGAATATACACGCGAAAGCCTGGAATGCTTACCCC-3’ and
5’-GGGGTAAGCATTCCAGGCTTTCGCGTGTATATTCAGGGC-3’

E86Q, 5’-GCCCTGAATATACACCAGAAAGCCTGGAATGCTTACCCC-3’ and
5’-GGGGTAAGCATTCCAGGCTTTCTGGTGTATATTCAGGGC-3’

2.3 Bacterial expression of recombinant proteins and purification

2.3.1 Induction of protein expression in bacteria

2.3.1.1 Recombinant PITPa and ARNO proteins

pET14b and pRSET-C plasmids, all encoding His¢-tagged proteins were used to transform
BL21(DE3)pLysS competent cells (Novagen). The bacteria containing the plasmid were
selected for using 100pg/ml ampicillin and 40pg/ml chloramphenicol. An individual
bacterial colony was picked and grown in 20ml LB containing antibiotics, for ~8 hours in a
shaking incubator at 37°C. 2ml of this culture was diluted into 200ml of LB containing
antibiotics and incubated overnight at 37°C. The following day the overnight culture of
bacteria was diluted into 900ml of LB and incubated for 1.5 hours at 37°C, followed by 30

89







































































































































































































































































































































































































































































































































































































































































































































