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Abstract

Abstract
Phosphatidylinositol 4,5-bisphosphate (PI(4 ,5)P2) is an important source o f 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)P2 

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 PI(4 ,5)P2 synthesis was examined in cytosol-depleted HL60 cells using butan- 

l-ol to diminish the PLD-derived phosphatidic acid (PA), and an ARFl point mutant, 

N52R-ARF1, 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 o f PI(4 ,5)P2 synthesis 

at the plasma membrane in HL60 cells. The PI(4 ,5)P2 synthesized upon ARF addition was 

available for hydrolysis by phospholipase C (PLC) only in the presence of a 

phosphatidylinositol transfer protein a  (PITPa).

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 PITPa to bind to PI, and to 

interact with a membrane surface. Residues T59, K6 I, 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 (PI(4,5)Pi) [1-5] (See Figure 1.1). PI(4 ,5)P2 has a 

multitude of roles in cells, including cell signalling, membrane traffic and reorganisation of 

the actin cytoskeleton [6-10]. PI(4 ,5)P2 is a substrate for PLCs and PI 3-kinases where its 

metabolism leads to the production of the second messengers I(l,4,5)Ps plus diacylglycerol 

and PI(3,4,5)P], respectively. PI(4 ,5)P2 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)P2 is also a co-factor for PLD 

activation. These diverse functions which require PI(4 ,5)P2 as an intact signalling molecule 

rely upon interaction of PI(4 ,5)P2 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)P2, 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 o f 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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formation, all of which are cellular events that have a strict requirement for 

phosphoinositides.

The mechanisms which regulate phosphoinositide levels in vivo are complex, and as a 

consequence, numerous proteins and cofactors have been described. ARF and PITP are two 

such proteins which have been implicated in regulating phosphoinositides, yet there are 

many critical aspects of how ARF and PITP interplay with the cellular environment which 

still need to be elucidated.

PI 4"........ ^ ^

PIP 5-kinase

PI 4, 5 P

PLD
PC^^ ^ »PA

Regulation and recruitment 
of proteins involved in the 

reorganisation of the actin cytoskeleton, 
vesicle traffic and signalling.

Substrate for PLC and PI 3-kinase 
to form the second messengers 

l(1,4,5)P„ DAG, Ca'" and PI(3,4,5)P,

Figure 1.1
Regulation of PI(4,5)P2 synthesis by ARF and PITP.
ARF proteins can regulate type I PIP 5-kinase activity either directly or indirectly via PA 
derived from the ARF-regulated PLD pathway. PITP regulates phosphoinositide levels by 
participating in the spatial distribution of PI from the ER to subcellular membranes for 
subsequent phosphorylation by the lipid kinases.
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1.1 Phosphoinositides

Inositol containing lipids, collectively termed phosphoinositides, constitute 2-8% of the 

total phospholipids in cells. Phosphatidylinositol (PI) is the most abundant 

phosphoinositide and its polar head-group, the inositol ring can be phosphorylated at a 

single or combination of positions to form numerous derivatives. In total, seven different 

phosphorylated phosphoinositides have been identified in cells to date: PI 3- 

monophosphate (P1(3)P), PI 4-monophosphate (PI(4)P), PI 5-monophosphate (P1(5)P), PI 

3,4-bisphosphate (P1(3,4)P2), PI 3,5-bisphosphate (PI(3,5)P2), PI 4,5-bisphosphate 

(PI(4 ,5)P2) and PI 3,4,5-trisphosphate (PI(3,4,5)P3). The seven polyphosphoinostides 

together with the enzymes responsible for phosphorylating the inositol ring are shown in 

Figure 1.2.

I(1,4 ,5)P3 d a gType II PIP 4K

PIKfyve

PI 3K 
Type I

PI 3K 
Type II

PI 3K 
Type III

Type II 
P I P 4 K

Type I PIP 5K
PIP5K
PIKfyve

PI(5)P

PI(3)P PI(3,4)P, |P I ( 3 A 5 ) P 3

(Type II and III
g.p)

PI 4K PI(4)P Type I PIP 5K
I  ( « - f f y )

Figure 1.2
Phosphoinositides and the enzymes responsible for phosphorylating the inositol ring 
found in mammalian cells.
This figure was adapted from Cockcroft and De Matteis [8].
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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 o f 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 o f PI(3)P levels

PI(3)P is synthesized via phosphorylation of the D-3 hydroxyl of the inositol ring of PI. 

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 p i50, a Vps 15-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-pl50
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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 o f 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 EE A 1 (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 EEAl 

to early endosomes, with only membranes positive for both PI(3)P and Rab5-GTP able to 

bind EEAl. 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)P2 [21,22].

b) Regulation o f  PI(4)P levels

The synthesis of PI(4)P by phosphorylation at the D-4 hydroxyl of the inositol ring of PI, is 

an essential step in the biochemical pathway that produces PI(4 ,5)P2 for receptor-dependent 

PEG and PI 3-kinase signalling, and, for cellular functions which require intact PI(4 ,5)P2 

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 (a  and p) 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 a  is localised to the Golgi, 

whereas type II PI 4-kinase p 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 p isoform can translocate between the cytosol and the plasma membrane 

upon stimulation of C0S7 cells with PDGF, a phenomenon which was shown to be Rac- 

GTP dependent [33]. Recent studies using the technique of RNA interference reveal type II 

PI 4-kinase a  is involved in AP-1 recruitment to the Golgi via the production of PI(4)P 

[34]. ARFl 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 ARFl and binds PI(4)P 

[26,37]. Therefore it appears that a dual recognition system may be operating, similar in 

principal to EEAl and its localisation to the early endosomes via PI(3)P and Rab5. 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 (a  and p) have also been identified which 

are mammalian homologues of the yeast STT4 and PIKl enzymes, respectively. The type

III PI 4-kinase a  is a 200-220kDa protein which is localised to the endoplasmic reticulum 

and the Golgi, and type III PI 4-kinase p is an 92-1 lOkDa protein localised mostly to the 

Golgi [28,38-41]. Association and activation of type III PI 4-kinase p and type I PIP 5- 

kinase at the Golgi is regulated by ARFl [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 I la  and type IIIp) 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.

c) Regulation o f  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 Gi 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)P2.

The route of PI(5)P synthesis in vivo may involve either a PI 5-kinase acting on PI, or 

dephosphorylation of PI(4 ,5)P2 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)P2 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)P2 may be an alternative pathway for PI(5)P 

production.

1.1.2 PIP2

Three PIP2’s have been identified in vivo, a PI(4,5)P2, a PI(3,4)P2, and a PI(3 ,5)P2. 

PI(4 ,5)P2 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)?2 and PI(3 ,5)P2 were identified more recently and are now also emerging as 

molecules with second messenger fimctions [50,51],

1.1.2.1 Regulation of PI(4,5)P2 synthesis

The hydrolysis of PI(4 ,5)P2 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 I(1,4 ,5)P3, The production of I(1,4 ,5)P3 activates 

I(1,4 ,5)P3 receptors in the ER, which results in a rise in intracellular Câ "̂ , while the 

generation of DAG activates protein kinase C family members. The I(l,4 ,5)P3-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'm. Drosophila [52],

In addition to being required as a substrate for PEG hydrolysis, there is clear experimental 

evidence for the role of PI(4,5)P2 in many other cellular functions. For instance, PI(4,5)P2 

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], PI(4,5)P2 

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)P2 regulates the activity of many 

actin-binding proteins, including gelsolin and profilin by potentially binding through 

electrostatic interactions [10,56], PI(4,5)P2 is also able to bind to many proteins involved in 

signalling and vesicle trafficking through specific binding domains, including PH domains, 

PERM (four point-1, ezrin, radixin, moesin) domains, ENTH domains, and ANTH (API80 

N-terminal homology) domains [11,12,57-60], More recently, proteins such as the a- 

subunit of the AP-2 adaptor complex (AP2-a) and the tubby transcription factor have also 

been identified with PI(4,5)P2 binding regions [61-63], Therefore, given the importance of 

PI(4,5)P2 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)?2 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 

o f the inositol ring, or (3) by dephosphorylation of the second messenger, PI(3,4,5)P3 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)P2 levels in vivo, since PI(3,4,5)P3 is only 

produced in cells upon stimulation by growth factors or hormones, via the phosphorylation 

o f PI(4,5)P2 by a PI 3-kinase.

Analysis in vivo o f the relative degree of incorporation of [^^P] into the D-4 and D-5 

phosphates of PI(4,5)P2, 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)P2 after the 

D-4 phosphate [65-68]. This suggests that the principal route of synthesis of PI(4,5)P2 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)P2 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)P2 concentration in cells. However, although the majority of 

PI(4,5)P2 is synthesized from PI(4)P, there maybe discrete pools of PI(4,5)P2 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 fi-actionated by phosphocellulose, the 

membrane bound PIP kinase activities separated into two peaks of activity at 0.6M NaCI 

(type I) and IM 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 5-kinases (PIP 5-kinases), more recent work
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characterizing the enzymatic properties of the two families has revealed that they 

phosphorylate different positions on the inositol ring [14]. The type II PIP kinases actually 

phosphorylate the D-4 position of P1(5)P, rather than the D-5 position of PI(4)P, as 

previously thought. In contrast, the type I PIP kinases phosphorylate PI(4)P to PI(4,5)P2, 

but do not utilise PI(5)P. To reflect this difference accurately, the two enzyme families are 

referred to as either type I PIP 5-kinases or type II PIP 4-kinases (Figure 1.3).

More recently a third class of PIP kinase enzymes was identified and includes the yeast 

Fabl and mammalian PIKfyve enzymes. These type III PIP kinases do not generate 

PI(4,5)P2 but rather phosphorylate PI(3)P to PI(3,5)P2 hence they are called type III PI(3)P

5-kinases (see Figure 1.3) [21,73]. Studies also suggest that PIKfyve may phosphorylate PI 

at the D-5 hydroxyl to produce PI(5)P in cells (see Figure 1.2) [49].

Kinase domain

Kinase domain 405aa Type \\a 
PIP 4-kinase

FYVE domain

Kinase domain 1  I  2052a

Activation loop

2052aa Type ill
PI(3)P 5-kinase 

(PIKfyve)

Figure 1.3
Schematic representation of type I, type II, and type III PIP kinase subfamilies in 
mammalian cells.
This figure was adapted from Doughman et al [74]. Nomenclature as designated by Ishihara 
and representative isoforms are from mouse [75]. The type I, type II, and type III PIP 
kinases all contain a conserved kinase domain (blue) and share significant sequence identity 
throughout this domain, but are functionally unrelated and localise to distinct sub-cellular 
compartments [74]. The activation loop (yellow) is positioned at the C-terminus and is 
evolutionary conserved within each subfamily. Evidence suggests that the activation loop 
o f the PIP kinase determines substrate specificity [76]. The type III PIP kinase family is 
unique in having a FYVE domain (red), which has been shown to be responsible for sub- 
cellular targeting of mammalian PIKfyve to endomembranes [77].
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1.1.2.2.1 Type I PIP 5-kinases

Three distinct type I PIP 5-kinase isoforms have been cloned from mouse, an a  isoform and 

a P 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 la  and p isoforms were also isolated at about the 

same time [79], but when named the a  and p suffix were used in a reciprocal manner, 

therefore, human type la  is the homologue of mouse type Ip and vice versa. The type 1 PIP 

5-kinases are related to the type 11 PIP 4-kinases (30% identity at the amino acid level in 

their catalytic domain), but both the type 1 and type 11 PIP kinases exhibit little homology 

with any other lipid or protein kinases [75,78,79].

Type 1 PIP 5-kinase a  and P localise predominately to the plasma membrane [75,80-82] but 

are also present in the nucleus and perinuclear region [83,84]. Type 1 PIP 5-kinase y  is also 

predominately localised at the plasma membrane [82,85]. A recent study indicates that the 

type 1 PIP 5-kinase y  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 1 PIP 5-kinase isoforms are differently expressed in tissues [75,78], 

with the type ly isoform being specifically expressed in the brain [75,87].

The most well characterized reaction that type 1 PIP 5-kinases catalyse is the conversion of 

P1(4)P to P1(4,5)P2 by phosphorylation of the D-5 hydroxyl on the inositol ring of PL Type 

1 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 la  and type Ip reveals that they can both convert P1(3,4)P2 

into Pl(3,4,5)Ps [88,89]. This result is interesting since P1(3,4,5)P3 is an important 

signalling molecule in cells. PIP 5-kinase type la  and type Ip can also phosphorylate P1(3)P 

in vitro. Zhang et al [88] identified the product of this reaction as P1(3,4)P2, whereas Tolias 

et al [89] discovered that in addition to P1(3,4)P2, P1(3,5)P2 is also synthesized. However, 

although PIP 5-kinase type la  and type Ip have the capacity to phosphorylate the D-5 

hydroxyl of P1(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 P1(3,5)P2 from Pl- 

3-P in vivo [21,22,44]. Surprisingly, the lipid Pl(3,4,5)Ps is also produced when the 

recombinant type 1 PIP 5-kinases are mixed with P1(3)P alone. The most likely route of 

P1(3,4,5)P3 synthesis from P1(3)P is phosphorylation at the D-4 position to make P1(3,4)P2, 

followed by phosphorylation at the D-5 position of the inositol ring, since P1(3,5)P2 is a 

relatively poor substrate compared with P1(3,4)P2 [89]. However, the mechanisms of this 

reaction and its relevance for lipid production in vivo are not completely clear. Recently, 

murine type 1 PIP 5-kinase a  was shown to regulate an alternative pathway of P1(3,4,5)P3 

synthesis in cells exposed to oxidative stress [90]. In this study, type 1 PIP 5-kinase a  

phosphorylated the D-5 hydroxyl position on P1(3,4)P2 [90]. Although the type 1 PIP 

kinases are able to phosphorylate many substrates, it is clear that their preferred substrate is 

P1(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 1 and type 11 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 1 PIP 5-kinase P, 

E362A and the corresponding mutation of human type 11 PIP 4-kinase P, 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 1 PIP 5-kinases, appears to be key 

for the orientation of P1(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 1 PIP 5- 

kinase p 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 P1(4)P with high 

affinity is critical to stably anchor type 1 PIP 5-kinase p to the plasma membrane.

b) Small G proteins

Type 1 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 PI(4,5)P2 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 e). Rho is involved in 

type I PIP 5-kinase targeting, since it can bind type la  in a GTP-independent manner and 

recruit type la  to the plasma membrane [98,99]. There is also evidence that the regulation 

o f PI(4,5)P2 synthesis by Rho is through its immediate downstream effector, Rho-kinase 

[100].

Studies show that as well as stimulating PI(4,5)P2 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].

c) 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, a , P and y when present with PI(4)P at an equimolar concentration 

in vitro [72,75]. In the additional presence of ARFl or ARF6 a further stimulation of type I 

PIP 5-kinase a  activity is observed [42,103]. However, ARFl 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)P2 synthesis required for 

regulated exocytosis from HL60 and RBL-2H3 cells [2,4] and membrane mffling in RBL- 

2H3 [106]. Two recent studies have also concluded that PA derived from PLD is required 

for PI(4,5)P2 synthesis. In these experiments 1.5% butan-l-ol was used to inhibit PI(4,5)P2 

synthesis and as a consequence PI(4,5)P2 was shown to be required to maintain the 

stmctural 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 (a, p, 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 a. Furthermore, lysophosphatidic acid- 

induced protein kinase C activation increased mouse type I PIP 5-kinase a  activity by 

promoting protein phosphatase-mediated dephosphorylation o f the enzyme [110]. Recently, 

mouse type I PIP 5-kinase y has been shown to be regulated by phosphorylation in PC I2 

cells [85]. In this study Ca^^ dependent activation of PKC was suggested to increase mouse 

type I PIP 5-kinase y activity by dephosphorylation of Ser264. This Ca^^-dependent 

increase in lipid kinase activity was required to synthesize plasma membrane PI(4,5)P2 and 

enhance Ca^^-dependent dense core vesicle exocytosis in PCI2 cells. Interestingly, mouse
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type I PIP 5-kinase y exhibited an increased association with ARF6 in response to Ca^ .̂ 

From these results a model was proposed by the authors whereby Ca^^ influx into PC 12 

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)P2 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 

y 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 y 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)P2 in focal 

adhesions.

e) Other regulatory mechanisms

As well as increasing PI(4,5)P2 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)P2 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 Gl 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 

5-kinase a  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 a . Expression of a 

temperature sensitive mutant of LTA in murine erythroleukaemia cells indicated that 

changes in vivo in nuclear PI(4,5)P2 levels are consistent with the ability of LTA to disrupt 

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

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

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

for PKCjX 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 a  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 

p, 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)P2. However, Type II PIP 4-kinase a  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 a  and p do not synthesize PI(3,4,5)Ps when PI(3,4)P2 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 PI(4,5)P2. 

In cells it is possible that this pathway constitutes an alternative route for PI(4,5)P2 

production, providing a mechanism for regulating functionally distinct pools of this 

important lipid. Clearly given the many diverse roles PI(4,5)P2 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 fi*om 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 p was identified by its specific 

interaction with the p55 tumour necrosis factor-a (TNF-a) receptor, and a role for PIP 

kinase activity in TNF-a 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 a  to the cytoskeleton, where it regulates a cytoskeletally associated pool of PI(4,5)?2 

[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 a-granule secretion [120].

Type II PIP 4-kinases are also regulated by phosphorylation. Type II PIP 4-kinase a  is 

phosphorylated on both serine and threonine residues in unstimulated human platelets 

[121]. However, upon stimulation with thrombin, type II PIP 4-kinase a  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 a  has also 

been shown to be regulated by protein kinase CK2 (formerly casein kinase 2) [122]. CK2 

phosphorylates the type II PIP 4-kinase a  at a single site, Ser304 which is unique to this 

isoform. Mutation o f 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 3Y 1 fibroblast cells. 

However, neither phosphorylation nor dephosphorylation changed the activity of type II 

PIP 4-kinase y.

1.1.3 PIP3

PI(3,4,5)P3 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)Ps synthesis is through the regulated action of type I PI 3- 

kinase enzymes on the phosphoinositide PI(4,5)P2. The production of PI(3,4,5)P3 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 

ii) 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 o f specific 

intracellular membranes where they fimction 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 fimction 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 o f 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 EEAl, 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.

c)RG K

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 o f 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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e) Rho

Twenty mammalian Rho GTPases have been described to date: Rho (A, B, C); Rac (1, 2, 

3); Cdc42; TCIO; TCL; Chp (1, 2); RhoG; Rnd (1, 2, 3); RhoBTB (1,2); RhoD; Rif; and 

TTF [128,129]. In their active, GTP bound state they interact with over 60 protein effectors. 

The best characterized members of the Rho GTPase subfamily are Rho, Rac and Cdc42, 

and thieir major function is to regulate the assembly and organisation of the actin 

cytoskeleton. Rho is involved in the formation of stress fibres [141], Rac in the formation 

of membrane ruffles / lamellipodia [142], and Cdc42 in the formation of filopodia [143]. In 

addition to their effect on the actin cytoskeleton, Rho GTPases have roles in a variety of 

biochemical pathways, including activation of NADPH oxidase (Rac) [144], Gl cell cycle 

progression (Rho, Rac and Cdc42) [145] and secretion from mast cells (Rac and Rho) 

[146].

See Section 1.3 on following page.
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Figure 1.4
The Ras superfamily of monomeric G proteins.
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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 Gets 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 

NHi-terminal myristoylation which is important for function [152]. ARFs are ubiquitously 

expressed in eukaryotes and are highly conserved fi*om unicellular organisms, such as 

Giardia lamblia, through to humans. There are six mammalian ARF proteins (ARF 1-6), 

and based on size, amino acid sequences, phylogenetic analysis and gene structure can be 

grouped into three classes: class I (ARF 1-3), class II (ARF4 and ARF5), class III (ARF6) 

[153,154]. Of these ARFl 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 ARFl) and switch 2 (residues 68-81 of ARFl) 

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 NHi-terminal 

amphipathic helix (residues 2-17 in ARFl) that associates with the hydrophobic cleft in 

ARF-GDP, but is fi*ee to interact with membranes, lipids and other proteins in the ARF- 

GTP form. The second is the interswitch region (residues 52-67 in ARFl) 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)P3 and PI(4,5)P2, as well as the second messengers, PA and DAG. As a
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consequence of this regulation the ARF GAPs and GEFs provide a mechanism, whereby 

regulatory signals within the cell can co-ordinate the GTP/GDP binding state of ARF.

GDP GTP

GDP/GTP- 
exchange protein

GTPase- 
activating protein

G A P

Pi

Figure 1.5
Regulation of ARF activity by GEFs that accelerate exchange of GDP for GTP and 
GAPs that activate GTP hydrolysis by ARF.

1.3.1 Physiological functions of ARFl and ARF6

In its GTP bound form, ARFl is predominately localised to the Golgi [164-166]. At the 

Golgi, ARFl has been implicated in numerous membrane trafficking events including intra- 

Golgi transport, transport from the trans-Golgi network (TGN), endosomal trafficking, and 

the generation and exocytosis of synaptic vesicles and nascent secretory vesicles [130]. 

ARFl can also regulate the actin cytoskeleton that is associated with the Golgi complex 

[167]. In this study it was shown that ARFl can recruit actin and a Golgi specific isoform 

of spectrin, to the Golgi, and furthermore, spectrin binding was dependent on PI(4,5)P2. At 

the cell periphery, ARFl has also been shown to regulate the actin cytoskeleton, by 

recruiting paxillin to focal adhesions [168].

ARF6 localises predominately to the plasma membrane and is also associated with 

endosomes [169-172]. At the plasma membrane ARF6 has been implicated in actin
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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)P2 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)-l, -3, and -4, and GGA (Golgi-localised, y 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)P2, 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 y 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].

ARF is an activator of PLD [188,189], and all six ARF proteins are able to stimulate PLD 

activity [190,191]. NH2-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, PLDl and PLD2, and for both, activation by ARF is GTP 

dependent [191,192]. PLDl is potently activated by ARFl (50 fold) whereas PLD2 is only 

mildly sensitive to ARFl, exhibiting only 1.5 to 2 fold activation [191,192]. Removal of
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308 amino acids from the NH2-terminus of PLD2 resulted in a protein with a much lower 

basal activity that was stimulated up to 13-fold by ARF proteins, including ARFl and 

ARF5, and yeast ARF2 [191].

The relationship between ARF and signalling phospholipids, PA and PI(4,5)P2 is complex. 

ARF, PA and PI(4,5)P2 can individually or in combination, alter the metabolism or activity 

of the others. ARF and PA can affect the production of PI(4,5)P2. First, all three classes of 

ARFs (ARFl, ARF5 and ARF6) can activate mouse type I PIP 5-kinase a  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), ARFl can activate mouse type I PIP 5-kinase a. In addition, ARFl can recruit type 

III PI 4-kinase p and type I PIP 5-kinase a  to Golgi membranes, leading to an increase in 

PI(4,5)P2 [5,42]. PA production is affected by ARF and PI(4,5)P2, since PLDl is 

synergistically activated by ARF and PI(4,5)P2 [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)P2 

and PI(3,4,5)P]. The ARF GAP, GAPl is stimulated by DAG, whereas ASAPl is 

stimulated by the co-ordinated action of PA and PI(4,5)P2. Also, the ARF GAPs, GIT 1 and 

GIT2 are specifically activated by PI(3,4,5)P] [130]. Together all these reactions may form 

a system of feed-forward and feed-back loops which control PA and PI(4,5)P2 levels within 

the subcellular compartments, and as a consequence, PA and PI(4,5)P2 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, PLDl [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)4D(x)6GSxN, 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.

PLDl has two splice variants. PLD la  is a 1074 amino acid enzyme and PLD lb is a splice 

variant that lacks a 38 amino acid region [192]. PLD2 is a 933 amino acid enzyme that 

shares 55% identity to PLDl. Three splice variants of PLD2 have been sequenced but only 

the longest variant PLD2a has been fimctionally characterized [203,205]. Mammalian 

PLDl and PLD2 mainly differ in their NH2- and C-termini. In addition PLDl has a 116 

amino acid loop region inserted immediately following the first HKD motif. Both PLDl 

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 fimctions in the 

hydrolysis o f the phosphodiester bond [207-209].
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human PLD1a 
1074 aa

PKC Catalysis

PIP,

Rho

HKD HKD

human PLD2 
933 aa

HKD HKD

Figure 1.6
Domain structure of PLDl and PLD2 found in Homo sapiens.
Regions of conserved sequence are shown. PX, phox homology domain; PH, pleckstrin 
homology domain; motifs I, II, III and IV, regions of sequence conserved among all PLD 
isozymes. Motifs II and IV (also known as HKD) associate together to form a single active 
site. Regions of PLDl identified in stimulation of catalytic activity by protein kinase C and 
Rho are indicated and the PIP2-interacting site is also denoted. Figure reproduced from 
Cockcroft [105].

1.4.1 Transphosphatidylation

This two step mechanism of catalysis provides an explanation for the unique property of the 

PLD enzymes to function as phosphatidyltransferases in which primary alcohols serve as 

nucleophiles instead of water in the second step of the reaction hydrolysing the 

phosphoenzyme intermediate and generating a phosphatidylalcohol product [204]. The 

transphosphatidylation reaction is a unique property of enzymes in the PLD superfamily, 

and because primary alcohols are preferred over water by at least 1000-fold, low 

concentrations are sufficient to maximally divert 70-80% of the PA to phosphatidylalcohols 

(Figure 1.7). Secondary and tertiary alcohols are not substrates for PLD enzymes, therefore 

this reaction is specific for primary alcohols [210]. In the absence of specific PLD 

inhibitors, the use of primary alcohols to divert the production of PA to 

phosphatidylalcohols has been exploited to investigate the function of PA derived from
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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 o f PLD activity in intact 

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

His — PLDR—0 - |
p —0-1 U ^  Phosphatidylcholine

^ O ^ P — O—  CHg— CHg — NXCH3L 

O

R - O ^  ▼
R - o H  II

1—0—p—His — PLD
PA PLD intermediate

CH^ICHzlgO H
T ransphosphatidylation'

R—O’ 
R,—O’

O— P —

HOO

o-
Phosphatidylbutanol (PBut)

O
PA

Figure 1.7
PLD-catalysed hydrolysis and transphosphatidylation reactions.
The first part o f the reaction involves the formation o f 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 o f water, the reaction product is PA, and in 
the presence o f 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 PLDl enzyme is directly activated by ARF 

proteins, PKCa and Rho in the presence of PI(4,5)P2 [192]. This confirmed numerous past 

observations that these are all activators of PLD activity. The splice variants of PLD 1 (a 

and b) do not show any marked differences in their ability to be activated by the numerous 

activators. Activation of PLDl by ARF, Rho and PKCa is synergistic supporting the idea 

that these proteins regulate PLD activity by binding to specific regions of the PLDl 

molecule. Based on extensive structural analysis, the amino-terminal 325 amino acids are 

required for PKCa activation of PLDl but not for ARFl and Rho A [211]. In contrast Rho 

interacts with a site at the C-terminus of PLDl, 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 PLDl in an ATP independent manner, whilst others suggested that a 

phosphorylation dependent mechanism was important. PLDl 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 PLDl activity [214].

1.4.3 Regulation of Phospholipase D2

Regulation of PLD2 is less well understood. In contrast to PLDl, 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)P2 could be reduced by PLD2 binding to a-actinin [215] or 

P-actin [216]. Although a-actinin inhibited PLD2 activity, this inhibition could be reversed 

by ARF. The NH2-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 fi*om the NH2- 

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 PLD 1, into PLD2 also decreased the high 

basal activity, consistent with this region being required for the low basal activity 

characteristic of PLDl [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 PLDl, 

are unsaturated fatty acids including oleate (18:1), linoleate (18:2) and arachidonate (20:4) 

[220-222]. Association of PLD2 with type I PIP 5-kinase has also provided a mechanism 

for the regulation of this PLD isoform [223]. Although both PLDl and PLD2 bind to type I 

PIP 5-kinase a , 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 a  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)P2 levels in the membrane ruffles of RBL-2H3 cells [106]. The activity of 

type I PIP 5-kinase a  was shown to be stimulated by PA together with ARF [103].

1.4.4 Regulation of PLD by phosphoinositides

The phosphoinositide PI(4,5)P2 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 PLDl and PLD2. Both PLDl and PLD2 have two sites which have been 

reported for PIP2 interaction. A putative PH domain is a potential candidate, which has 

been shown by mutational analysis to be important for PLD lb and PLD2 activity and 

localisation [224,225]. It is important to note that within the putative PH domain of PLDl 

there are two palmitoylation sites at cysteine residues 240 and 241, and these are important 

for localisation and association of PLDl 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 PLDl 

[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 o f the 

ARF-regulated PLD activity is found intracellularly with small amounts at the plasma 

membrane [230]. However, PI(4,5)P2 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 ARFl which are responsible 

for activating PLDl, 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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Figure 1.8
Direct activators of PLDl and PLD2 and the potential functions of PA.
Broken lines indicate the lack of substantial evidence to support the possibility. Figure 
adapted from Cockcroft [105].

The tight regulation of these pathways results in low basal cellular concentrations of PA 

that can be rapidly induced upon stimulation of cells with cellular agonists.

Many of the functional responses where PLD activity has been implicated relate to 

membrane-trafficking events. Many of the membrane trafficking events include the 

lysosomes, endosomes, plasma membrane, endoplasmic reticulum and Golgi, and PLD 

enzymes have been found in all these compartments [105]. Yet, although it has been 

deduced that PLD activity is essential for these membrane trafficking events, the precise 

role of the putative second messenger PA in cellular processes is not clear. So far a 

“universal” PA-binding module that is common to many different proteins and has similar 

properties to other lipid binding domains (e.g. PH domains, PX domains or FYVE 

domains) has not been discovered suggesting that the structural requirements for such a 

module are very simple and heterogeneous.
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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 5-kinase activity [71,72]. Therefore, PA derived from 

the ARF-stimulated PLD pathway has been proposed to directly regulate levels of PI(4,5)P2 

in cells [2,105]. Studies in vitro using type I PIP 5-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)P2 synthesis in permeabilized cells [2,4]. The resultant 

increase in PI(4,5)P2 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)P2 synthesis depending on the precise localisation o f 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)P2 synthesis is mediated by ARFl via direct activation of 

type III PI 4-kinase p and a type I PIP 5-kinase [5,42]. A requirement for PLD activity was 

excluded since PI(4,5)P2 synthesis was not blocked by 0.5% butan-I-ol. In membrane 

ruffles in RBL-2H3 cells, it was observed that continual PLD2 activity was essential for 

local PI(4,5)P2 generation for the regulation of dynamic actin cytoskeletal rearrangements
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[106]. PLD activity was required since 0.5% butan-l-ol inhibited membrane ruffling. In 

permeabilized RBL-2H3 cells, ARF6 plus antigen stimulated an increase in PI(4,5)?2 

which was inhibited by 0.5% butan-l-ol, suggesting that the localised availability o f PA via 

PLD2, and ARF6, coordinate the activity of type I PIP 5-kinase and therefore PI(4,5)P2 

production. A number of studies have used much higher concentrations of butan-l-ol to 

inhibit PI(4,5)P2 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)P2 synthesis occurs upon addition of cytosol, and is blocked by addition 

of 1.5% butan-l-ol [107]. In another study which examined purified lysosomes, PI(4,5)P2 

synthesis was also found to be dependent on PLD activity, and this PI(4,5)P2 was 

responsible for the initiation of clathrin coat assembly on lysosomes [108]. In this study,

0.5% butan-l-ol was used to diminish PA production derived from the PLD pathway 

whereas inhibition of PI(4,5)P2 synthesis and clathrin coat assembly required 1.5% butan-l-

01.

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 PLDl, 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 (PPl), 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-1 is a Ca^^ 

dependent, PA selective-binding domain, and the key motif is represented by 

LVXaaWWDXaaXaa(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 ARFl, 6% ethanol was used to inhibit PA 

formation derived from ARFl-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)P2, 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 

o f PA as well as PI(4,5)P2, 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 PI(4,5)P2 by PLC produces the two second messengers DAG and I(1,4,5)P]. 

Four families of PLC (p, y, Ô and 8) have been identified with the PLCp family regulated 

by G-protein coupled receptors, the PLCy family regulated by receptor tyrosine kinases, the 

PLCÔ family regulated by increases in cytosol calcium to fimolar 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 a , P, 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 a  subunit and the 

subsequent dissociation of this subunit fi’om the tightly associated Py dimer. Both the G a 

subunit and Gpy participate in intracellular signalling. Hydrolysis of GTP to GDP by the 

intrinsic GTPase activity of the Got subunit, results in the reassociation of G a with the GPy 

complex and consequent inactivation of signalling. G a subunits are divided into four 

subfamilies: Gga, Gja, Gqa and G 12a. All four members of the Gq subfamily activate PLCP 

isozymes but not PLCy, PLCÔ or PLCe. There are four mammalian PLCp isoforms and 

they differ in their tissue distribution as well as their ability to be activated by 

heterotrimeric G proteins. Expression of PLCp2 is restricted to haematopoietic cells and 

that of PLCp4 is limited to the retina and certain neuronal cells, whereas PLCpl and 

PLCPS are expressed more widely. Studies indicate that Gqa subunits activate PLCp 

isozymes in the order PLCpl > PLCpS »  PLCp2. Gpy subunits are also implicated in the
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regulation of PLCp isozymes, particularly PLCp2 and PLCp3. In contrast, PLCpi is the 

least sensitive to Gpy [253,254]. In this thesis PLC signalling was examined specifically in 

HL60 cells using GTPyS to stimulate PLCP2 and PLCp3 isoforms via the Gpy 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 Sec 14 family [256-258]. Although they 

share no sequence or structural similarity, PITP proteins can rescue Sec 14 mutants in 

Saccharomyces cerevisiae, and likewise Sec 14 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 Sec 14 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 PITPa upon cloning of the second isoform PITPP by 

complementation of the yeast sec 14 mutation [260]. PITPP 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 PITPp 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].

PITPot and PITPp 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-RdgBII). 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 RdgBa 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)P2 by norpA (PLC).

The two mammalian homologues of Drosophila RdgBa, M -RdgBal and M-RdgBa2 

[272-276] are ~160kDa proteins and similar to the Drosophila protein, possess an NH2- 

terminal PITP domain, an acidic region that binds Câ "̂ , 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-RdgBa2 can only partially restore the 

light response and exhibits delayed retinal degeneration. The difference between M- 

RdgBal and M-RdgBa2 in suppressing the rdgB mutant fly phenotypes suggests there are 

functional differences between the two mammalian homologues, and that M -RdgBal is 

functionally more similar to Drosophila RdgBa than M-RdgBa2. The functional 

conservation of the mammalian RdgBa proteins in the Drosophila retina is not attributable
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entirely to the presence of a PITP domain because expression of PITPa failed to have any 

effect on the RdgB mutant phenotypes [271].

A third subfamily contains the RdgB(31 and RdgB[32 (also called RdgBp) proteins, which 

are smaller in size compared to the RdgBa proteins and were identified by their similarity 

to RdgBa [278,279]. A new PITP subfamily has recently been found in the genomes of the 

parasites Plasmodium falciparum and Plasmodium yoelii yoelii. Plasmodium PITP has a 

much larger C-terminus compared to the other PITP proteins identified, and within this 

region there is a putative PH domain. Sequence alignments of 38 PITP domains from 

proteins in the PITP superfamily are included in the Appendix. Figure 1.9 contains 

representative proteins from each subfamily for comparison.

human
PITPa (269 aa) 
PITPp (270 aa)

human
M-RdgB(i1 (1244 aa) 
M-RdgBa2 (1349 aa)

human
RdgBpi (268 aa) 
RdgBp2 (332 aa)

Plasmodium falciparum  
Pf-PITP(1856 aa)

PYK2

Domain Key 

P I T P ^  PITP dom ain

Acidic C a" binding site 

Heavy m etal binding dom ain

PYK2 I PYK2 in teraction  site

P leckstrin  Homology domaii

Figure 1.9
Schematic representation of the domain organisation of PITP-domain containing 
proteins.
Representative isoforms of the PITP protein subfamilies from Homo sapiens. The novel 
Plasmodium PITP subfamily is also represented. The domain organisation of the 
Plasmodium falciparum PITP protein has only been identified in the Plasmodium genus to 
date.
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1.6.1 F unctions 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 fi*om 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 PITPa in phosphoinositide signalling came fi’om 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 PI(4,5)Pi. However, depletion 

of cytosolic proteins by permeabilization using streptolysin O (SLO) caused loss of GTPyS- 

stimulated I(l,4,5)Pg formation, which could be restored following addition of cytosol. The 

cytosolic protein responsible for reconstituting GTPyS-stimulated I(1,4,5)P] production was 

identified as PITPa. PITPa was also required for fMetLeuPhe (FMLP) activation of PLCp 

in differentiated HL60 cells. A requirement for PITPa in PLCyl-mediated hydrolysis of 

PI(4 ,5)P2 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)P] production 

stimulated with antigen and EGF, respectively. This loss of function was accompanied by 

the exit o f cytosolic proteins including PLCyl and PITP proteins from the cells. Readdition 

of PLCyl alone was not sufficient to restore receptor-mediated inositol lipid hydrolysis in 

these cytosol-depleted cells. However, the combined presence of PLCyl and PITPa fiilly 

restored I(l,4,5)Ps production. In permeabilized PC 12 cells, PLCÔ1 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 PLC61 fi'om PC 12 cells compromised PI(4,5)P] 

hydrolysis, but re-addition of exogenous PITPa and PLCÔ1 restored optimal I(l,4,5)Ps 

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)P2 by PLC activity is 

unclear. Two possible mechanisms have been proposed for how PITPa could couple PI 

binding and transfer to function. Firstly, evidence has been presented that supports the role 

of PITPa 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, PITPa 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)P2, 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 PITPa 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 

PLCyl 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 p i50, 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 PI(4 ,5)P2 to PI(3,4 ,5)P3 by class III PI 3-kinase y. Permeabilized cell 

experiments indicated an absolute dependence on PITP to restore PI 3-kinase y  signalling 

function in neutrophils [289]. Finally, other proteins from the PITP superfamily may also 

have roles in phosphoinositide signalling, since mammalian RdgBa 1 protein can associate 

in vivo with type III PI 4-kinase a  [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)P2 was required for the secretory pathway [2,4,294].

Studies from S. cerevisiae have indicated that Sec 14, 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 PITPp 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 Sec 14 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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Figure 1.10
The two models proposed for the function of PITPa in the delivery and presentation 
of PI to the lipid kinases for the synthesis of PIP2.
Both models propose that the lipid carried by PITP is the preferred substrate for the lipid 
kinases in the signalling complexes. [A] In the first model, the PI molecule bound to PITP 
is channelled through a complex of enzymes through phosphorylation and finally 
hydrolysis. PI could be either delivered directly to the PI 4-kinase or, alternatively, in the 
vicinity of the signalling complex. [B] In the second model, PI bound to PITP is 
sequentially phosphorylated by the lipid kinases, and the PIP2 bound to PITP is the ultimate 
substrate for hydrolysis by PLC. Figure adapted from Cockcroft [286] and Cunningham et 
a l[ lj.
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In other studies, over-expression of PITPa and PITPP in NIH-3T3 cells was examined 

[266,298]. In cells over-expressing PITPa by two to three fold a Pl-specific phospholipase 

A2 (PLA2) was activated. This activation was not observed in cells over-expressing PITPp. 

In NIH-3T3 cells with a ten-fold elevated level of PITPp, 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, PITPP 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 PITPa 

or PITPp in COS-7 cells did not affect PC biosynthesis.

Genetic studies in mice give further clues to the biological function of PITPa and PITPp. 

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 PITPa 

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 PITPa in mammalian endoplasmic reticulum 

functions, which are required for transport of specific luminal lipid cargoes [300]. In 

contrast to PITPa knockout mice, deletion of the gene encoding mouse PITPp is 

embryonically lethal [301], suggesting PITPp 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 PITPp 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, PITPP, M -RdgBal, M- 

RdgBa2 and RdgBP 1 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-RdgBa2 (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, PITPa 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 p-sheet (strands 1-8) flanked by two long a  helices (A and F) that face the interior 

of the p-sheet. The a  helices C-E are part of the loop region known as the “regulatory loop” 

where the PKC phosphorylation site Seri 66 resides [309]. The third region is a loop 

containing a  helix B and this was designated the “lipid exchange loop” in the apo-PITPa 

crystal structure [308]. The fourth region is the C-terminal domain that contains the a  helix 

G followed by an extension of 11 amino acids. The structural differences between the apo 

and PC bound forms of PITPa are mainly due to changes in these last two regions which
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Figure 1.11
Three structural conformations of PITPa may exist as a consequence of its ability to 
bind and transfer PI or PC between membrane compartments.
Phosphatidylinositol lipids are red and phosphatidylcholine lipids are blue.

cause apo-PITPa to adopt a more “open” conformation representative of a likely 

membrane-associated form compared to the “closed” conformation of PITPa bound to PC. 

In the PITPa-PC structure the PC molecule is fully enclosed within the lipid binding cavity 

of PITPa, with the polar head-group in the centre of the protein and the two acyl chains 

projecting towards the surface. Biochemical analysis of C-terminal deletion mutants 

together with the recently elucidated structure of the apo-form of PITPa, provide evidence
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for how the structure of PITPa may interact with the membrane for lipid exchange events 

to occur [310-314]. These data suggest that movement of the C-terminus is a critical 

conformational change which allows the soluble lipid-bound PITPa protein to become 

membrane associated and undergo lipid exchange. It is also apparent that the C-terminus 

plays an equally important role in ensuring that PITPa when bound to a lipid is maintained 

as a compact structure which is highly soluble.

[A] PITPa bound to PC [B] Apo-PITPa

C-terminal
region

pid-e:-change Icop

Figure 1.12
A ribbon diagram of the folding topology of [A] PITPa bound to PC and [B] apo- 
PITPa
PITPa bound to PC is in a closed conformation with the PC molecule enclosed within the 
structure, whereas, apo-PITPa is in an open conformation stabilized through dimerization 
[307,308]. The functional regions for both PITPa crystal structures are colour-coded; 
regulatory loop (green), lipid-binding core (blue), C-terminal region (red) and in the apo- 
structure of PITPa the lipid exchange loop (orange), p-sheets are labelled 1-8 and a-helices 
A-G. The alignment in the Appendix shows the location of P-sheets and a-helices in the 
sequence.
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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 PITPa 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 PITPa 

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 PITPa 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. PITPa 

associates much more avidly to vesicles with increased concentrations of PA, PI(4)P and 

PI(4 ,5)P2 [310,315,316]. Therefore, transfer activity is inhibited through the enhanced 

association o f 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)P2 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 PITPa 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)P2 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 PITPa are parameters 

that oppose one another, it may be that the events at the membrane are co-ordinated. 

Therefore, an increased association of PITPa 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-\ 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. PITPa 

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 PITPa 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]. 

PITPp 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 PITPp to 

the Golgi since inhibitors of protein kinase C caused PITPp 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 p strands 

and two shorter a-helices. The nine stranded antiparallel p-sheet forms a pocket with the C- 

terminal a-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 o f 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 C a  atoms of 

the PITPa and the START domain of MLN64 reveal that one of the a-helices comprising
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the putative lipid-binding cavity of MLN64 clashes with the sn-\ acyl chain of the bound 

PC in the PITPa structure [307]. This is not unsurprising since PITPa binds diacyl 

phospholipids, whereas MLN64 binds the more compact cholesterol molecule.

START STAR Hs 1351124 (Vertebrates, Ce)

START PPCT_B!_ 130768 (Vertebrates Ce)

-  — — START MLN64_H5_?135214 (Vertebrates, Go)
Tiansmembrane

'ogions

HÙ START

Thioesterase Thioesterase *—

PH '--------------------------

RHOGAP
DLC 1 Hs 2654198 

START (Vertebrates)

PH START

----------------------------------------  Gla2 At 2506525 (Plants)

START —  KIAA0707 Hs 3327228 (Vertebrates) 

START   F25H2.6 Co 1523911 (Ce)

F13C5.210 At 2832632 (Plants) 100 aa

Figure 1.13
Schematic representation of the domain organisation of StAR-related lipid transfer 
(START)-domain-containing proteins.
This diagram was reproduced from Ponting and Aravind [325]. Protein names include 
protein/gene names, species abbreviations and GenBank identifier codes, which are 
separated by underscores, aa, amino acid residues; At, Arabidopsis thaliana; Bt, Bos 
taurus\ Ce, Caenorhabditis elegans; DLC-1, deleted in liver cancer-1; HD, homeodomain; 
Hs, Homo sapiens; PH, pleckstrin-homology domain; PPCT, phosphatidylcholine transfer 
protein (usually referred to as PCTP); SAM, sterile-alpha-motif domain; RHOGAP, 
GTPase activating protein specific for Rho-type small GTPases.

1.7.1.1 Steroidogenic acute regulatory (StAR) protein

StAR, a 30kDa phosphoprotein, regulates acute steroidogenesis in the adrenal cortex and 

gonads by promoting the translocation of cholesterol from the outer to the inner 

mitochondrial membrane where the first step in steroid hormone biosynthesis is catalysed.
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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 fi'om its site of action in the 

outer mitochondrial membrane, effectively terminating sterol movement fi'om 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 MLN 64- ST ART 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 o f 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 PITPa.

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 ftmctions 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 1.8Â 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 o f the yeast Saccharomyces cerevisiae Sec 14 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 Sec 14 protein is essential for 

viability and for protein transport fi*om the Golgi complex to the cell periphery in vivo 

[336,337]. In contrast, however, characterization of the Sec 14 protein from the dimorphic 

yeast Yarrowia lipolytica, reveals that although a considerable level of functional homology 

exists between Sec 14 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 Sec 14 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 Sec 14 protein in promoting the 

differentiation of Y. lipolytica fi*om yeast to mycelia. In another study, the 

Schizosaccharomyces pombe spo20^ gene was shown to encode a structural homologue of 

S. cerevisiae Sec 14 [339]. Like Sec 14, the fission yeast Spo20 is a PI/PC transfer protein, 

and in heterologous complementation experiments Spo20 and Sec 14 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 fimction (similar to 

Sec 14 in S. cerevisiae), the Spo20 protein regulates the formation of forespore membranes. 

Therefore, irrespective of their functional relatedness, these Sec 14 lipid transfer proteins 

are involved in controlling both similar and distinct physiological processes in their 

respective host organisms.

In addition to Sec 14 in S. cerevisiae, five Sfh (Sec fourteen homologue) proteins have been 

characterized that share 24-64% primary sequence identity with the Sec 14 protein [340]. 

Sfh proteins sharing low primary sequence similarity with Sec 14 (Sfh2, Sfh3, Sfh4, and 

Sfh5) are lipid transfer proteins that exhibit phosphatidylinositol, but not
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phosphatidylcholine transfer activity in vitro. High expression levels of Sfh2, Sfh4 and 

Sfh5 through a strong constitutive yeast promoter suppress the Secl4-related growth and 

secretion defects. In contrast, Sfhl, which shares 64% primary sequence identity with 

Sec 14, is non-functional as a Sec 14 in vivo or in vitro [340]. A more recent study in S. 

cerevisiae has shown that Sfh2, Sfli4 and Sfh5 are mainly localised to the cytosol and 

microsomes, similar to Sec 14 [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 Sfh2 and 

Sfh4 are the Sec 14 homologues which complement the Secl4-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 Sec 14 homologues are compared to Sec 14 using 

features which are regarded as characteristic for Sec 14, as well as the ability to complement 

the Secl4-related growth defect, the results allow an estimation of functional similarity 

within the Secl4/Sfh protein family [341]. Sfh2 and Sfh4 are the closest functional 

homologues of Sec 14, followed by Sfh5, Sfh3 and Sfhl. Thus, despite Sfhl exhibiting the 

highest level o f sequence homology to Sec 14, the known biochemical and cell biological 

features of Sec 14 do not overlap with Sfhl.

In 1998, the three dimensional crystal structure of S. cerevisiae Sec 14, 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 o f the 

contacts through which Sec 14 binds the inositol and choline head-groups o f PI and PC, 

respectively. However, the Sec 14 structure was a detergent-bound form of the protein and 

had no bound phospholipid molecule. Instead two molecules of p-octylglucoside (pOG) 

were in the putative lipid binding pocket. Yet, although a crystal structure of a Sec 14- 

detergent complex does not directly reveal how Sec 14 binds the appropriate phospholipid 

head-groups, it was able to guide the generation of mutant Sec 14 proteins with head-group 

specific phospholipid transfer defects [343]. Use of the pOG head-group as an inositol 

mimic identified three candidate Sec 14 residues (K66, E207, and K239) for involvement in 

PI binding/transfer activity. The double mutant of Sec 14 (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 PI(4 ,5)P2 production
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[A] PITPa bound to PC

[C] SCP-2

j  ( j
[E] STARTdomain of MLN64

[B] Secl4

fDl PCTP bound to PC

[F] START domain of StarD4

Figure 1.14 Crystal structures of lipid transfer proteins for comparison.
[A] PITPa from Rattus norvégiens bound to PC [307], [B] Seel4 from Saccharomyces 
cerevisiae bound to pOG [342], [C] SCP-2 from Oryctolagus cuniculus [334], [D] PCTP 
from Homo sapiens bound to PC [324], [E] START domain of MLN64 from Homo sapiens 
[322], and [F] START domain of StarD4 from Mus musculus [323].
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in vitro, both of which wild-type Sec 14 can restore [343]. Yet, this double mutant of Sec 14 

effectively transfers PC in vitro, retains the ability to down-regulate CDP-choline activity 

in vivo, and interestingly acts as a functional Sec 14 when expressed at physiological levels 

in yeast devoid of Sec 14 (Sec 14 null strains). From this analysis, it was concluded that the 

PI transfer function of S, cerevisiae Sec 14, is not required for Sec 14 function in vivo.

Mammalian PITP proteins (a  and P) are similar in size to S. cerevisiae Sec 14 (~35kDa), 

exhibit similar in vitro lipid binding specificity and transport abilities, and mammalian 

PITP proteins can rescue Sec 14 mutants in S. cerevisiae, and likewise Sec 14 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 Sec 14 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 Sec 14 and PITPp 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)P2 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)P2 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 5-kinase 

activity [71,72], it was concluded that ARF-stimulated PI(4 ,5)P2 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 ARFl to increase PI(4 ,5)P2 levels; one is by direct activation of the type I 

PIP 5-kinase, the second indirect via PA derived from the ARFl-stimulated PLD pathway, 

and the third is a combination of both. To elucidate how ARF stimulates PI(4 ,5)P2 

synthesis in permeabilized HL60 cells, butan-l-ol was used to diminish the PLD-derived 

PA, and an ARFl 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)P2 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)P2 produced via ARF. To 

understand how PITPa participates in PLC signalling, PITPa 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, PITPa 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 5«-l 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-\ 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 (~10|ig) were prepared using 

the Qiagen QIAprep Spin Miniprep kits. Larger amounts of DNA (~500jig) 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 5ml Luria Broth (LB) (Miller’s LB Base, Sigma), containing 

antibiotics for the appropriate vector, 100|ig/ml ampicillin (e.g. pRSET, pETMb, 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 250|il o f buffer PI containing RNase 

and then lysed by addition of 250|il of buffer P2. The Eppendorf tube was inverted 6 times 

to gently mix the contents and after incubation for 5 minutes at room temperature, 350pl 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 50|Xl 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, 

lOOpg/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 El 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 

E5, 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 5ml 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 200p,l o f TE buffer (Tris- 

EDTA buffer, contains lOmM 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 50jxg/ml double stranded 

DNA. The DNA sample was of acceptable purity if the OD260/OD280 was approximately 

1.8 .
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2.1.3 Amplification of DNA by the Polymerase Chain Reaction (PCR)

PGR reactions were carried out in 0.5ml thin walled reaction tubes in a total volume of 

100|ll. Each reaction mixture contained 2U VENTr DNA Polymerase (New England 

Biolabs), lOmM KCl, lOmM (NH4)2S04 , 20mM Tris-HCl (pH 8.8 at 25°C), 2mM MgS04 , 

0.1% Triton X-100, 0.2mM deoxynucleotide triphosphates (Invitrogen), O.lnM 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 Dénaturation 95 30

Annealing 56* 120

Extension 75 60

1 Dénaturation 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 

0.5|ig/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 lOU of restriction enzyme per jxg 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 20pl and contained 30mM Tris- 

HCl (pH 7.8 at 25°C), lOmM MgCb, lOmM DTT, ImM ATP (Promega), 6U T4 DNA 

ligase (Promega) and plasmid vector and DNA fi-agment (0.05-l|ig) 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 2>TC 

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 5mM CaCli (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 CaCb (1ml 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 20|il were diluted to lOOpl in TE buffer. 50|il o f diluted 

ligation was added to 200|il of competent cells prepared in Section 2.1.9. For 

transformation of plasmid DNA prepared fi’om a mini or maxi prep kit (see Section 2.1.1.1 

and Section 2.1.1.2), Ijig of DNA was added to lOOpl 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
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containing the appropriate antibiotics, and left to grow overnight inverted at 37°C. Single 

bacterial colonies were picked for use in the production o f 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 PITPa proteins. pET22b (Clontech) 

was used to express all non-tagged ARF proteins. pGEX4T-l was used to express the 

Glutathione S-transferase (GST) fusion protein type I PIP 5-kinase a , a gift from Prof. 

Robin Irvine (University o f Cambridge, UK). The myristoyl-Co A: protein N- 

myristoyltransferase (NMT) plasmid (pBBlSl) was a gift fi’om Prof. Jeffrey Gordon 

(Washington University, USA) and when present in E. coli with the ARF plasmid catalyses 

myristoylation of the ARF recombinant protein. pRSET-C was used to express ARNO as a 

His-tagged protein.

2.2.2 Generation of PITPa 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 fi’agments. 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 PITPa DNA fragment ligated into the pET14b 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 ’

T59E, 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 P IT P a m utants 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 50|xl. Each reaction mixture contained lOmM 

KCl, lOmM (NH4)2S04 , 20mM Tris-HCl (pH 8.8 at 25°C), 2mM MgS04 , 0.1% Triton X-
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100, O.lmg/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 Dénaturation 95 30

16 Dénaturation 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 lOU 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 3|ll of the 

mutated DNA product with 50|il of XL 1-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 MgS04 , 0.4% glucose (w/v)) preheated to 42°C was immediately added to 

the cells and the transformation reaction was incubated at 3TC  for 1 hour. 500jil o f the 

transformation reaction was spread onto two LB-agar plates (250|il of each transformation 

reaction per plate), containing the appropriate antibiotic for the plasmid vector (lOOpg/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 ’

N90L, 5’-CTGAATATACACGAGAAAGCCTGGCTTGCTTACCCCTACTGC-3’ and 

5’-GCAGTAGGGGTAAGCAAGCCAGGCTTTCTCGTGTATATTCAG-3’

N90F, 5’-CTGAATATACACGAGAAAGCCTGGTTTGCTTACCCCTACTGC-3’ and 

5 ’-GCAGTAGGGGTAAGCAAACC AGGCTTTCTCGTGTATATTCAG-3 ’

K61A, 5’-GGCCAGTACACACACGCGATCTACCACCTGCAGAGC-3’ and 

5’-GCTCTGCAGGTGGTAGATCGCGTGTGTGTACTGGCC-3’

T59V, 5 ’-GGTGAGAAAGGCCAGTACGTACACAAGATCTACCACC-3 ’ and 

5 ’-GGTGGTAGATCTTGTGTACGTACTGGCCTTTCTCACC-3 ’

E 86A, 5’-GCCCTGAATATACACGCGAAAGCCTGGAATGCTTACCCC-3’ and 

5 ’-GGGGTAAGCATTCCAGGCTTTCGCGTGTATATTCAGGGC-3 ’

E 86Q, 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 P IT P a and ARNO proteins

pET14b and pRSET-C plasmids, all encoding Hisg-tagged proteins were used to transform 

BL21(DE3)pLysS competent cells (Novagen). The bacteria containing the plasmid were 

selected for using lOOjig/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
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minutes at 28°C. Protein expression was then induced by the addition of 0.5mM isopropyl- 

(3-D-galactopyranoside (IPTG), and the bacterial culture was incubated at 28°C for a further 

5 hours. The induced bacteria were harvested by centrifugation at 6000g for 15 minutes at 

4°C. The bacterial pellets were then frozen at -20°C until purification of proteins was to be 

performed.

2.3.1.2 Recombinant partially myristoylated ARF proteins

All bovine ARFl constructs had been previously cloned into the pET22b plasmid as non

tagged proteins. The ARF plasmid together with the plasmid encoding the N- 

myristoyltransferase [345] were sequentially transformed into BL21(DE3) Escherichia coli 

(Novagen). Bacteria containing the plasmids were selected for using lOOpg/ml ampicillin 

(pET22b) and 50|ig/ml kanamycin (A^-myristoyltransferase). 200ml of LB containing 

antibiotics was inoculated with a bacterial glycerol stock containing the desired ARF 

construct and A-myristoyltransferase, and was shaken overnight at 37°C. The following 

day, the 200ml bacterial culture was diluted into 900ml of LB, containing antibiotics and 

100p,M myristic acid. The bacterial culture was incubated for 2 hours at 28°C, and then 

IPTG was added to a final concentration of 0.25mM. The bacterial culture was induced at 

28°C for a further 5 hours and then harvested by centrifugation at 6000g for 15 minutes at 

4°C. The bacterial pellets were frozen at -20°C until purification of proteins was to be 

performed.

2.3.1.3 Recombinant Type I PIP 5-kinase a

pGEX4T-l containing mouse type I PIP 5-kinase a  [78] as a GST fusion protein was 

transformed into BL21 Escherichia coli (Novagen) and selected for using 100|ig/ml 

ampicillin. 200ml of LB containing ampicillin (lOOpg/ml) was inoculated with a bacterial 

glycerol stock and was shaken overnight at 37°C. The following day the 200ml overnight 

culture was diluted into 900ml of LB containing antibiotics, and further grown for 1.5 

hours at 37°C. The bacteria were then transferred to 28°C, and shaken for 30 minutes to 

allow the LB to cool. Bacterial cultures were then induced with 0.2mM IPTG overnight.
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shaking at 28°C. The next morning, bacteria were pelleted by centrifugation at 6000g for 15 

minutes at 4°C, and then frozen at -20°C until purification of proteins was to be performed.

2.3.2 Purification of recombinant proteins

2.3.2.1 His-tagged proteins - PITPa and ARNO

The bacterial pellet was thawed on ice and each litre batch was resuspended in 5ml of 

sonication buffer (50mM phosphate buffer, BOOmM NaCl, pH 8.0) containing 20|il DNase 

(lOU/pl). To ensure complete lysis of the bacteria the suspension was sonicated at 30 

microns, for 3 x 30 seconds using a probe sonicator (Vibra cell, Sonics and Materials Inc, 

USA). When the bacterial suspension was no longer viscous, it was centrifuged at 100,000g 

for 30 minutes at 4°C. In an empty Econo-Pac chromatography column (BioRad), 0.5 ml of 

NT A agarose resin (Qiagen) was washed with 20ml of sonication buffer, and the resin was 

mixed with the bacterial supernatant for 30 minutes at 4°C to allow the recombinant protein 

to bind. The supernatant was allowed to flow through the column and the NTA agarose 

resin was washed with 5ml of low salt wash buffer (50mM phosphate buffer, BOOmM 

NaCl, 10 % glycerol (v/v), pH 6.0) followed by 5ml of high salt wash buffer (50mM 

phosphate buffer, 525mM NaCl, 10 % glycerol (v/v), pH 6.0). The recombinant protein 

bound to the NTA agarose resin was then eluted with 3ml of 500mM Imidazole in high salt 

wash buffer. Using an Econo-Pac lODG column (BioRad), the eluted protein was buffer 

exchanged into 4ml PIPES buffer (20mM PIPES, 137mM NaCl, 2.7mM KCl, pH 6 .8). The 

recombinant protein was aliquoted and frozen at -20°C.

If PITPa was required as a non-His-tagged protein, the protein was exchanged into 

cleavage buffer (20mM Tris-HCL, pH 8.4 at 25°C, 150mM NaCl, 2.5mM CaCli) and 

cleavage was obtained by incubating 1 unit of thrombin per mg of recombinant protein at 

25°C overnight (~16 hours). The cleaved protein was purified on FPLC using a Superdex- 

75 (Pharmacia - 26/60 or 16/60) gel filtration column at 4°C in PIPES buffer (20mM 

PIPES, 137mM NaCl, 2.7mM KCl, pH 6 .8). The recombinant PITP fractions were 

collected and analysed as described [259].
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2.3.2.2 Purification of myristoylated ARF proteins

ARF proteins were expressed and purified as previously described [232,346]. Each litre 

batch o f bacterial pellet was resuspended in 5ml buffer A (50mM Tris-HCl, 40mM EDTA, 

25 % (w/v) sucrose, 0.02% NaN], pH 8.0) containing 5mg lysozyme. 25|il DNase (10U/|il) 

was mixed with the bacterial suspension before incubating at room temperature for 20 

minutes. 2ml of buffer B (50mM Tris-HCl, lOOmM MgCb, 0.2 % (v/v) Triton-X-100, 0.02 

% NaN], pH 8.0) was then mixed with the bacterial suspension and incubated at 4°C for 10 

minutes. The lysed bacterial suspension was centrifuged at 50,000g for 1 hour at 4°C. After 

centrifugation the bacterial supernatant was mixed with 3 x volumes of buffer C (20mM 

Tris-HCl, 50mM NaCl, ImM DTT, ImM EDTA, pH 8.0), and applied to the top of a DE52 

column equilibrated with buffer C. The eluate was collected and 10ml of buffer C was 

added to the DE52 column and collected. The eluate was then concentrated to 5ml in an 

8050 pressure concentrator (Amicon) using a membrane with a cut off of lOkDa. The 5ml 

of partially purified recombinant myristoylated ARF was then injected on to an FPLC, 

Superdex-75 Gel-filtration column (26/60) at 4°C in PIPES buffer (20mM PIPES, 137mM 

NaCl, 2.7mM KCl, pH 6 .8). Flow rate 1.5ml/minute; paper speed 0.15cm/ml; fraction size 

4ml). Fraction collection was started at 158ml and stopped at 238ml since myristoylated 

ARF elutes at -200ml. The FPLC run was stopped after 330ml, and a small aliquot of each 

fraction was subjected to analysis on 14% SDS-PAGE to identify which ones contained 

ARF. The ARF fractions were then pooled and concentrated using an 8050 pressure 

concentrator (as described above). MgCl2 (ImM final concentration) and GDP (l|iM  final 

concentration) were added to stabilize the ARF preparation and it was aliquoted and frozen 

at -80°C.

2.3.2.3 Purification of Type I PIP 5-kinase a  GST-fusion protein

For each litre batch of bacterial culture the pellet was resuspended in 10ml of PBS 

(Phosphate Bufferered Saline) containing 1% Triton-X-100 (v/v), 1% Tween (v/v), ImM 

PMSF (phenylmethanesulphonyl fluoride), 5mM DTT and 20|il of DNase (lOU/pl). The 

bacterial suspension was mixed until it was no longer viscous and then was sonicated 4 x 

30 seconds at 30 microns on ice with a probe sonicator to ensure complete lysis of bacteria.
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The bacterial suspension was centrifuged at 40,000g for 1 hour at 4°C, and the supernatant 

was mixed with 1 ml of glutathione sepharose beads (Amersham BioSciences), for 30 

minutes at 4°C in an Econo-Pac chromatography column (BioRad). The supernatant was 

allowed to pass through the column and the beads and recombinant protein were washed 

with 10ml of PBS. The type I PIP 5-kinase a  GST fusion protein was eluted from the beads 

by cleavage of the GST tag using thrombin. 1ml of PBS was mixed with 50|xl of thrombin 

(0.4U/|i,l) and this was mixed with the glutathione sepharose beads and bound GST protein 

for 5 hours at room temperature. The type I PIP 5-kinase a  was eluted in 2ml of PBS per 

litre of bacterial culture and frozen immediately at -80°C.

2.3.3 Concentration of protein samples

In cases where the yield of protein was low or the volume of the sample was large, protein 

samples were concentrated. The type of concentrating device depended on the starting 

volume of the sample and the end volume. All devices used had a membrane with a 

molecular size cut off of lOkDa. For starting volumes of less than 0.5ml a microcon 

(Amicon) was used. For starting volumes of up to 2ml and an end volume of >200pl, a 

centricon (Amicon) was used. For starting volumes of up to 15ml and an end volume of 

>lm l, a centriprep (Amicon) was used. In all the above devices centrifugation was used for 

concentration of the sample, however, in the case of much larger volumes pressure 

concentrators were used. For starting volumes of up to 50ml and end volumes of >5ml, an 

8050 pressure concentrator (Amicon) was used. For starting volumes of up to 350ml and an 

end volume of > 10ml, an 8400 pressure concentrator (Amicon) was used.

2.4 Methods for protein analysis

2.4.1 Determination of protein concentration

2.4.1.1 Bradford protein assay

Protein concentrations of samples were routinely calculated using the Bradford assay [347]. 

BSA standards were prepared from a 2mg/ml stock (Pierce) at 1.5mg/ml, l.Omg/ml,
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0.75mg/ml, 0.5mg/ml, 0.375mg/ml, 0.25mg/ml. 0.15mg/ml and Omg/ml. 5|xl of each 

standard was aliquoted onto a 96 well plate in triplicate. The protein samples of unknown 

concentration were diluted appropriately and 5pl of each one was also aliquoted on to the 

96 well plate in triplicate. The Bradford reagent (Biorad) was diluted 1:5 with water and 

100|xl was added to the samples in the 96 well plate. The plate was incubated for 5 minutes 

at room temperature and mixed gently. Protein absorbance was analysed on a Labsystems 

Multiskan MS at 620nm. To determine the unknown protein concentrations of the samples, 

data was analysed on Genesis software.

2.4.1.2 Bicinchoninic acid (BCA) protein assay

Protein concentrations for samples prepared in buffer containing detergents were calculated 

using the BCA protein assay [348]. BSA standards and protein samples of unknown 

concentration were prepared and aliquoted on to a 96 well plate as described in Section 

2.4.1.1. The BCA reagent was prepared by mixing bicinchoninic acid solution (Sigma) with 

copper (II) sulphate (pentahydrate, 4% w/v solution, Sigma) at a ratio of 50:1. lOOpl of this 

mixture was added to the samples in the 96 well plate and incubated for 30 minutes at 37°C. 

After incubation, the plate was cooled to room temperature and absorbance was measured 

at 560nm on a Labsystems Multiskan MS. To determine the unknown protein 

concentrations of the samples, data was analysed on Genesis software.

2.4.2 SDS polyacrylamide gel electrophoresis (PAGE) of proteins

SDS PAGE gels according to the method of Laemmli [349] were ran in Mini-PROTEAN II 

(BioRad) electrophoresis apparatus. The resolving gels were prepared as outlined in Table 

2.3, at acrylamide concentrations of 10%, 12% or 14%. The percentage of acrylamide in the 

resolving gel affects the kDa range of protein separation.

After the resolving gel had polymerized a 4% stacking gel (5ml) was prepared and 

contained the following; 3.16ml H2O, 0.5ml of 40% Acrylamide: Bis-Acrylamide (w/v)

37.5 : 1 (Qbiogene), 1.26ml of IM Tris-HCl, pH 6.8 at 25°C, 50|il of 10% SDS (w/v), 20|il
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of 10% APS (w/v) and 5|il of TEMED. This was poured on top of the resolving gel and the 

appropriate width of comb with either 10 or 15 wells was inserted and the stacking gel was 

allowed to polymerize.

% Acrylamide 10% 12% 14%

Volume to be 

prepared

12.55ml 12.55ml 12.55ml

H2O 6.03ml 5.37ml 4.77ml

40% Acrylamide: 

Bis-Acrylamide 

(37.5:1)

3.14ml 3.8ml 4.4ml

1.5M Tris-HCl, 

pH 8.8 at 25°C

3.14ml 3.14ml 3.14ml

10% SDS 125pl 125pl 125pl

10% Ammonium 

Persulfate (APS)

lOOpl lOOpl lOOpl

TEMED lOpl lOpl lOjil

Table 2.3 SDS PAGE resolving gel components

The gels were mounted into the electrophoresis apparatus and samples were loaded. Gels 

were ran in Tris-glycine electrophoresis buffer (25mM Tris, 193mM glycine, 0.1% SDS 

(w/v), pH 8.3) at 120 volts until the bromophenol blue from the samples had reached the 

bottom of the resolving gel. At this stage the gel was either stained with Coomassie blue 

(see Section 2.4.4) or used for western blotting (see Section 2.4.5).

2.4.3 Sample preparation for SDS PAGE

Protein samples were prepared either at a known concentration or as a known number of 

cells. Samples were mixed with 4 x SDS gel loading buffer (62.5mM Tris-HCl, pH 6.8 at
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25°C, 10% glycerol (v/v), 2% SDS (w/v), 0.0013% bromophenol blue (w/v), 0.72M p- 

Mercaptoethanol), and heated to 100°C for 3 minutes to denature the proteins.

2.4.4 Staining SDS polyacrylamide gels with Coomassie blue

Proteins separated by SDS PAGE can be simultaneously fixed with MeOH:glacial acetic 

acid and stained with Coomassie blue R-250 (Sigma). Gels were immersed in Coomassie 

stain (0.1% (w/v) Coomassie blue R-250, 40% MeOH, 50% H2O and 10% glacial acetic 

acid) overnight at room temperature. The gel was de-stained by soaking it in de-staining 

solution (40% MeOH, 50% H2O and 10% glacial acetic acid), for >24 hours, changing the 

de-stain solution three or four times. The gels were then washed for 1-2 hours in H2O and 

were dried on to 3MM Whatman paper under vacuum using a slab gel dryer (Savant) for 2 

hours at 40°C, and then overnight at room temperature.

2.4.5 Western blotting

Western blotting was performed similar to the methods of Towbin et al [350] and Renart et 

al [351] using a Mini Trans-Blot Electrophoretic Transfer cell (BioRad). SDS 

polyacrylamide gels were immersed in transfer buffer (25mM Tris, 193mM glycine, 10% 

MeOH (v/v), pH 8.3) for ~10 minutes. Filter paper and fibre pads were also soaked in 

transfer buffer. It was essential that the Immobilon-P membrane (Millipore) was soaked in 

100% MeOH before equilibrating with transfer buffer. The blotting sandwich was then 

assembled on the black side of the blotting cassette, and the black side was then placed 

towards the black electrode in the transfer cell apparatus.
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BLOTTING SANDWICH

Black electrode

Fibre pad

Filter paper

Gel

Membrane 

Filter paper 

Filter pad 

Red electrode

The tank was filled with transfer buffer and the ice pack was inserted. Blotting of small gels 

was carried out at 60 volts for 1 hour 30 minutes or alternatively at 30 volts overnight. The 

membrane was placed in TBS (Tris Base Saline)/Tween (0.1% v/v). The membrane was 

probed with indian ink (1:500) for 30 minutes and then washed for 5 minutes with 

TB S/Tween. The membrane was then placed in blocking buffer (5% marvel (w/v) in 

TB S/Tween) for at least 1 hour. Primary antibody was diluted in TB S/Tween containing 

1% marvel (w/v) and incubated with the membrane overnight at 4°C. The following day the 

membrane was washed 3 x 5  minutes with TB S/Tween and was then incubated for 1 hour 

at room temperature, with secondary horseradish peroxidase conjugated antibody diluted in 

TB S/Tween containing 1% marvel (w/v). Finally, the membrane was washed extensively, 3 

X 5 minutes followed by 3 x 3 minutes, with TB S/Tween. Detection o f immunoreactive 

proteins was performed on a Fugifilm LAS-1000 imaging system using Enhanced 

Chemiluminescence (ECL, Amersham BioSciences) following the manufacturers 

instructions.

Detection of ARFl and ARF6 

Primary antibody’.

A RFl: Rabbit polyclonal peptide antibody for ARFl was made by Eurogentec for our 

Laboratory. Western blots were incubated overnight at 4°C with the unpurified anti-ARFl 

serum, diluted 1:1000 in TB S/Tween containing 1% marvel (w/v).
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ARF6 : Purified rabbit polyclonal peptide antibody for ARF6 was a gift from Dr. Julie 

Donaldson, National Heart, Lung and Blood Institute, NIK, Bethesda, USA. Western blots 

were incubated overnight at 4°C with the purified anti-ARF6 serum, diluted 1:1000 in 

TB S/Tween containing 1% marvel (w/v).

Secondary antibody'. Anti-rabbit, goat-horseradish peroxidase conjugated secondary 

antibody (Sigma) was diluted 1:10,000 in TB S/Tween containing 1% marvel (w/v) and 

incubated with western blots for 1 hour at room temperature.

2.5 Mammalian cell culture

Cells were grown under sterile conditions in a 37°C humidified incubator with 5% CO2.

2.5.1 Human promyelocytic leukemic (HL60) cells

HL60 cells were cultured in suspension in RPMI-1640 medium (Sigma) supplemented with 

12.5% (v/v) heat inactivated fetal calf serum (PCS) (Sera Laboratories International Ltd), 

penicillin (60 units/ml), streptomycin (60jig/ml) and L-glutamine (5mM). Cells were 

diluted to 0.5 x lOVml and grown to 80% confluence (2 x loVml is the maximum cells can 

grow to).

2.5.2 Supplementation of HL60 cells with arachidonic acid

For arachidonic acid supplementation, 30|iM arachidonate complexed with albumin was 

added to the culture medium and the cells were continuously cultured over a three month 

period.

Arachidonic acid-albumin complex was prepared in Hanks Balance Salt Solution (HBSS 

without Ca^^ and Mg^^) (Invitrogen) at 3mM. In brief, lOOmg of arachidonic acid (Sigma) 

in 10ml HBSS was prepared by heating to 50°C. Separately, 9.12g fatty acid-ffee BSA 

(Sigma) was dissolved in 75ml HBSS. The two solutions were combined and mixed for 60 

minutes, adjusted to pH 7.0, and the volume made up to 91ml with HBSS to bring
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arachidonic acid concentration to 3mM. The solution was filter sterilised and kept at 4°C 

for short term storage or -20°C and thawed as required. However, the solution cannot be 

subjected to freeze-thaw.

2.6 Methods for labelling HL60 cells

2.6.1 [^H]-choline labelling

To label the PC pool of phospholipids, HL60 cells were pelleted by centrifugation and 

resuspended at 0.5 x lOVml in M-199 (Sigma) supplemented with 12.5% (v/v) heat 

inactivated PCS (SLI Ltd), penicillin (60units/ml), streptomycin (60|lg/ml) and L- 

glutamine (5mM). [methyl-^H]-choline chloride (Amersham BioSciences, TRK593) was 

added at IpCi/ml for PLD assays and 0.5pCi/ml for PC transfer assays. The cells were 

grown for 48 hours in a 37°C humidified incubator with 5% CO2.

2.6.2 [^H]-alkyl-lyso-PC labelling

HL60 cells were harvested by centrifugation and washed twice with 20mM Pipes, 137mM 

NaCl, 3mM KCl, O.lmg/ml fatty acid fi"ee BSA and Img/ml glucose, pH 6 .8 . Cells (5 x 

10^) were resuspended in 1ml of PIPES buffer and incubated for 30 minutes in the presence 

of lOpCi [^H]-alkyl-lyso-PC (Amersham BioSciences, TRK745). Lyso-PC is rapidly 

incorporated into the cells and is acylated to PC, where the majority of the label is found 

[352]. Following labelling, the cells were washed with 50ml of PIPES buffer at room 

temperature to remove unincorporated radiolabel.

2.6.3 [*"*€]-acetate labelling

To radiolabel all phospholipids to equilibrium, HL60 cells were pelleted by centrifugation 

and resuspended at 0.5 x lO^/ml in RPMI (Sigma) supplemented with 12.5% (v/v) heat 

inactivated PCS (SLI Ltd), penicillin (60units/ml), streptomycin (bOpg/ml) and L- 

glutamine (5mM). [^"^C]acetate (NEN, PerkinElmer) was added at 2|iCi/ml. The cells were 

grown for 48 hours in a 37°C humidified incubator with 5% CO2.
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2.6.4 [^H]-inositol labelling

HL60 cells were pelleted by centrifugation and resuspended at 0.5 x 10^/ml in M-199 

(Sigma) supplemented with 12.5% (v/v) heat inactivated dialysed FCS (SLI Ltd), penicillin 

(60 units/ml), streptomycin (60|ig/ml) and L-glutamine (5mM). m y o - - I n o s i to l  

(Amersham BioSciences, TRK317) was added at IpCi/ml as described [353]. The cells 

were grown for 48 hours in a 37°C humidified incubator with 5% CO2.

2.7 Reconstitution assays for PLC and PLD

Methods used are similar to those described previously [1,189,353-355].

2.7.1 Permeabilization of HL60 cells

50ml of HL60 cells (lO^cells/ml) were centrifuged at 450g for 5 minutes. Cells were 

resuspended and washed twice in 50ml of PIPES buffer (20mM Pipes, 137mM NaCl, 3mM 

KCl, 0.1 mg/ml BSA and 1 mg/ml glucose (pH 6.8)). Cells were then resuspended in 4ml of 

PIPES buffer at room temperature. To permeabilize the cells, 1ml of a 5x concentrated 

permeabilization buffer (final concentrations lOOnm Ca^^, ImM Mg.ATP and 0.4i.u./ml 

SLO) was added. The cells were always permeabilized for 10 minutes unless otherwise 

stated. This permeabilization caused run down of both GTPyS-stimulated PLD and PLC 

activities due to loss of ARE and PITP proteins, respectively.

2.7.2 Reconstitution of cytosol-depleted HL60 cells

Following permeabilization, the cells were washed in 50ml of ice cold PIPES buffer and 

centrifuged at I500g for 5 minutes at 4°C to remove the cytosol. These cells are now 

termed cytosol-depleted or permeabilized HL60 cells. The cells were then resuspended in 

the appropriate amount of 2% assay cocktail (final concentrations, ImM Mg.ATP, 2mM 

MgCli and free Ca^^ maintained at the indicated concentrations using Ca^^-EGTA buffers 

(3mM EGTA), see Section 2.8 and Table 2.4). Cells were then added to the reaction tubes 

on ice which contained 50jil of the indicated concentrations of GTPyS and protein samples
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to be tested. Alcohols were also included in the incubations at the stated concentrations. All 

concentrations reflect the final concentration in the assay. The assay volume was usually 

100|il. The reaction was initiated by placing the samples at 37°C. Incubations were for 20 

minutes unless otherwise stated. The reactions were quenched in an appropriate manner 

related to the assay. If [^HJcholine release or inositol phosphate production were 

monitored then the tubes were transferred to ice and 375j0.1 of CHClgiMeOH (1:2) was 

added and the tubes were vortexed. To obtain two phases, 125|xl of H2O and 125|xl of 

CHCI3 were added and the reaction tubes were again mixed and centrifuged for 10 minutes 

at 1500g. The upper aqueous phase was used to monitor either [^HJcholine release or 

[^HJinositol phosphate production. If phosphoinositides were measured then the tubes were 

transferred to ice and 375pl of CHClsiMeOHiHCl (1:2:0.025) was added and the tubes 

were vortexed. 10|il of Folch extract (10|ig) was added as a carrier to maximise recovery of 

the radioactive lipids (Folch extract is a brain lipid extract rich in phosphoinositides). To 

obtain two phases, 125|il of 0.1 M HCl and 125|ll of CHCI3 were added and the reaction 

tubes were again mixed and centrifuged for 10 minutes at 1500g. The lower phase was used 

to monitor phosphoinositides. If [^HJPBut production was monitored then tubes were 

transferred to ice and 375)0,1 of CHCl3:MeOH (1:2) was added and the tubes were vortexed. 

To obtain two phases, 125|ol of 0.1 M HCl and 125|ol of CHCI3 were added and the reaction 

tubes were again mixed and centrifuged for 10 minutes at 1500g. The lower phase was used 

to monitor [^HJPBut production.

2.7.3 Acutely permeabilized HL60 cells

To measure the response of acutely permeabilized HL60 cells, the intact cells were added 

to assay tubes containing 0.4i.u./ml SLO, final concentration. Acutely permeabilized are 

cells where the endogenous proteins are not depleted.

2.8 Preparation of Calcium buffers

In order to control calcium concentrations, Ca^^ buffers were made [356]. To prepare the

Ca^^ buffers two stock solutions were prepared. (1) lOOmM EGTA in 20mM Pipes,
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137mM NaCl, 3mM KCl, pH 6.8 and (2) lOOmM Ca^^-EGTA in 20mM Pipes, 137mM 

NaCl, 3mM KCl, pH 6 .8. By combining appropriate amounts of these solutions in the 

correct ratios, a series of Ca^^-EGTA buffers containing the same concentration of EGTA 

(lOOmM) but different free Câ "̂  concentrations can be generated (Table 2.4) [356]. High 

quality EGTA is required (Fluka Chemie AG) and CaCl2 is analytical grade (BDH). The 

buffers are stored at -20°C and are used at a final concentration of 3mM EGTA in the 

assays.

pCa
Final free Ca^* 

concentration

Volume (ml) 

Ca^-EG TA

Volume (ml) 

EGTA

8 lOnM 0.112 7.888

7 lOOnM 0.996 7.004

6.75 178nM 1.614 6.386

6.5 316nM 2.481 5.519

6.25 562nM 3.555 4.445

6 IpM 4.698 3.302

5.75 1.78pM 5.736 2.264

5.5 3.16pM 6.552 1.448

5.25 5.62pM 7.125 0.875

5 lOpM 7.501 0.499

Table 2.4 Recipe for Ca^-EG TA  buffers.
8ml of each Ca^^-EGTA buffer stock solution are prepared by mixing the lOOmM EGTA 
and lOOmM Ca^^-EGTA solutions in the proportions indicated above. Ca^^-EGTA buffer 
stock solutions (lOOmM) are diluted to 3mM EGTA in the assays.

2.9 Preparation of Mg.ATP

To prepare a lOOmM stock solution of Mg.ATP, 605mg o f Na.ATP (Roche) was mixed 

with 1ml IM MgClz and 2ml IM Tris and made up to 10ml with H2O. The pH was adjusted
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to ensure it was neutral (pH 7.0). Assays were typically performed in the presence of ImM 

Mg.ATP.

2.10 Detection of ARFl and ARF6 proteins in HL60 cells

2 X 10  ̂HL60 cells were washed and resuspended in 1ml of PIPES buffer (20mM PIPES, 

137mM NaCl, 3mM KCl, 2mM MgCl2, Img/ml glucose, pH 6 .8), and were added to 1ml 

o f permeabilization buffer to give final concentrations of ImM Mg.ATP, 0.4i.u./ml SLO 

and lOOnm Ca^^. To study the translocation of endogenous ARFl and ARF6 to membranes, 

IGOjaM GTPyS was also added. After 5 minutes of permeabilization, the cells were 

centrifuged for 5 minutes at 2000g at 4°C. The supernatant which contained the leaked 

proteins was harvested and 200pl of 100% TCA was added. Samples were then vortexed 

thoroughly and left on ice for 30 minutes to allow the proteins to precipitate. The 

precipitate was recovered by centrifugation at 11500g for 15 minutes at 4°C, and was 

resuspended in lOOpl of IM NaOH. lOOpl of IM Tris, pH 6.8 was added to neutralise the 

sample. The cell pellet was washed with PIPES buffer, and then lOOpl of RIPA buffer 

(50mM Tris, 150mM NaCl, 1% Nonidet P-40, 0.5% deoxycholate, 0.1% SDS, pH 7.5) was 

added. Samples were vortexed thoroughly and left on ice for 30 minutes with occasional 

shaking, followed by centrifugation at 15000g for 15 minutes at 4°C. The supernatant was 

removed.

4 X SDS gel loading buffer (62.5mM Tris-HCl, pH 6.8 at 25°C, 10% glycerol (v/v), 2% 

SDS (w/v), 0.0013% bromophenol blue (w/v), 0.72M p-Mercaptoethanol) was added and 

samples were heated to 100°C for 3 minutes to denature the proteins. Samples were loaded 

on to a 14% gel as indicated (usually between 10  ̂ and 10  ̂ cells per lane). Proteins were 

transferred from the gel onto Immobilon-P membrane (Millipore), and probed with ARFl 

and ARF6 rabbit polyclonal antibodies (see Section 2.4.5).

2.11 Reconstitution of PLD activity in permeabilized HL60 cells

Two separate protocols were used to monitor PLD activity in HL60 cells.
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2.11.1 Analysis of -choline release

The lOOjxl assay was quenched as described in Section 2.7. Choline was separated from 

phosphocholine and glycerophosphocholine by passage through Bio-rex 70 cation 

exchange resin [355,357]. An aliquot of the aqueous phase was loaded onto a 1ml bed 

volume Bio-rex 70 column. The column was rinsed with 3ml of H2O to elute 

phosphorylated choline metabolites. Choline was then eluted directly into scintillation vials 

using 1.5ml of 50mM glycine, 500mM NaCl (pH 3.0). Radioactive choline was counted 

following the addition of 4ml of scintillation fluid (Ultimagold-XR). After use the Bio-rex 

70 resin was regenerated by the addition of 3 bed volumes of 500mM NaOH, followed by 

10 bed volumes of H2O.

2.11.2 Analysis of [^Hj-Phosphatidylbutanol (PBut) and -PA formation

This protocol was previously described by Geny et al [358]. The lOOpl assay was quenched 

as described in Section 2.7. The lower phase containing [^H]PBut was removed and 5jil of 

PBut standard (also contains PA and PC) was added so that the location of this lipid and PA 

could be accurately determined when the samples were run on TLC plates. The samples 

were dried under vacuum in a Savant SpeedVac, and re-dissolved in 50|il CHCI3. Samples 

were spotted onto Whatman silica gel 60 TLC plates which had been desiccated at 100°C 

for at least one hour prior to use. The plates were developed in CHClgiMeOHiacetic- 

acidiwater (75:45:3:0.4) [359], dried at room temperature and the lipid spots visualised with 

iodine vapours. The spots corresponding to PBut and PA were marked and following iodine 

sublimation at room temperature were excised by scraping and placed into scintillation 

vials. The lipids were extracted from the silica by adding 250pl of MeOH. Following the 

addition of 4ml of Ultimagold scintillation fluid the vials were counted for radioactivity.

2.11.2.1 Preparation of PBut standard

The protocol for the preparation of PBut standard was described previously by Geny et al 

[358]. Approximately lOmg phosphatidylcholine (lOOmg/ml in CHCI3) was dried down 

under nitrogen and then re-dissolved in 400pl 0.2M acetate buffer (pH 5.6). The mixture
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was sonicated on ice at an amplitude of 40 microns until the solution was clear. To the PC 

solution 400pl PLD (approximately 1000 units of PLD from peanut dissolved in 400|il 

0.2M acetate buffer, pH 5.6), lOOpl of IM CaCh, 400|il ether and 2% butan-l-ol (final 

concentration) was added. This solution was then vortexed well and left overnight at room 

temperature. The following day, the ether was evaporated and 3.75ml of CHClgiMeOH 

(1:2) per ml of sample was added, followed by 1.25ml CHCI3 and 1.25ml water. The 

mixture was vortexed thoroughly and the organic lower phase containing the PC, PA and 

PBut was extracted and used as a standard for visualisation of these lipids using iodine 

vapour.

2.12 Reconstitution of PLC activity in permeabilized HL60 cells

The reconstitution of permeabilized inositol labelled HL60 cells was as described in 

Section 2.7, except lOmM LiCl (final concentration) was included in the assay cocktail. 

The reconstitution method has previously been described by Cockcroft et al [354]. Two 

methods for the analysis of inositol phosphate production were utilised.

2.12.1 Analysis of [̂ H] inositol phosphates on Dowex anion exchange columns

After quenching the assays and achieving phase separation under neutral conditions as 

described in Section 2.7, the top phase or a fraction of it (lOOpl), containing the soluble 

inositol-labelled compounds, was loaded on to Dowex 1-X8 anion exchange columns 

(0.5ml bed volume). The columns were washed with water (6ml) to elute [^HJinositol, 

followed by 5mM tetraborate/60mM sodium formate (6ml) to elute glycerophosphoinositol 

(GPI). Typically, the total inositol phosphates were eluted with IM ammonium 

formate/0.IM formic acid (3ml). Where specified the inositol mono-phosphate (IP), inositol 

bis-phosphate (IP2), and inositol tris-phosphate (IP3) fractions [360,361], comprising 

multiple isomers were eluted as shown in Table 2.5.
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Inositol phosphate Elution buffer

IP 0.2M ammonium formate/0.IM formic acid

IP2 0.4M ammonium formate/0. IM formic acid

IP3 IM ammonium formate/0. IM formic acid

Table 2.5 Elution of inositol phosphates from Dowex anion exchange resin.

After addition of scintillation fluid (UltimaFLO AF), the radioactivity in the sample was 

measured using liquid scintillation counting. Columns were regenerated by washing with 

2M  ammonium formate/0. IM formic acid, followed by water (15ml).

2.12.2 HPLC analysis of inositol phosphates

After quenching the assays and achieving phase separation under neutral conditions as 

described in Section 2.7, the aqueous top phase was dried down in the Savant SpeedVac 

and re-suspended in 70pl of H2O (sample volume never exceeded half the loop volume). 

The sample was analysed by anion exchange, high performance liquid chromatography 

(HPLC) on a Partisil 10 SAX column (25cm x 4mm cartridge) with a Partisil 10 SAX 

guard cartridge. The method used was described previously by Bird [362]. The buffer 

solution and water were filtered and degassed, and the pumps were primed. The gradient 

program (Table 2.6) was set up using a flow rate of 1.25ml/minute (operating pressure of 

600 psi for a new column) and a loop volume of 150pl. The in line UV monitor was set to 

254nm to monitor nucleotides AMP, ADP and ATP which were spiked into the samples as 

required (20pg of each).

The fi’action collector was set up to collect fractions at 0.5 minute intervals (750|xl per 

fi-action). Prior to injection onto HPLC the sample was centrifuged at 12,000g for 5 minutes 

to remove particulate matter and the column was washed extensively for >30 minutes with 

water at a flow rate of 1.25ml/minute.
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0-1.4M ammonium phosphate/orthophosphoric acid, pH 3.7

Time (minutes) 0 10 55 70 75 75.5 85

% buffer 0 0 35 100 100 0 0

Table 2.6 HPLC gradient for analysis of inositol phosphates on a Partisil 10 SAX 
column (25cm x 4mm cartridge).
The protocol used was described by Bird [362].

The sample was injected on to the Gilson HPLC using the Gilson Unipoint software to 

control sample injection and fraction collection. After injection of the sample and the end 

of the gradient, the column was washed for 15 minutes with water at a flow rate of 

1.25ml/minute before injecting another sample onto the column. To analyse the fractions, 

the tubes were dropped upside down into scintillation vials containing 4ml of UltimaFLO 

AF scintillation fluid. The radioactivity in each fraction was then measured using liquid 

scintillation counting. The peaks were identified by using appropriate standards I(4)P, 

I(1,4)P2, and I(1,4 ,5)P3 obtained from Amersham BioSciences. The standard of 

glycerophosphoinositol 4-phosphate was a gift from Dr. Chris Berrie, Consorzio Mario 

Negri Sud, Italy.

After use, the HPLC system including both pumps and the column were flushed with water 

for 30 minutes, ensuring flow rate on the column was always less than 1.25ml/minute. 

Finally, the column and HPLC system including pumps were washed and stored in 

MeOHiwater (70:30) to prevent microbial growth.

2.13 Reconstitution of PIP2 synthesis in permeabilized HL60 cells

PIP2 production in permeabilized HL60 cells was measured using two different protocols.

2.13.1 Analysis of [^^P]PIP2 synthesis

In this protocol, which was described in previous studies [2,4], PIP2 synthesis was 

monitored by measuring the incorporation of y-labelled [^^P]ATP into phosphoinositides.
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Typically, 5 x 10  ̂ permeabilized HL60 cells were resuspended in the appropriate amount 

of 2x assay cocktail (final concentrations, ImM Mg.ATP, 2mM MgCl] and free Ca^^ 

maintained at the indicated concentrations using Ca^^-EGTA buffers (3mM EGTA)). Cells 

(between 10  ̂ and 2 x 10 )̂ were then added to the reaction tubes on ice which contained 

50|il of the indicated concentrations of GTPyS and protein samples to be tested (at 2 x 

concentration), as well as 2|xCi of y-labelled [^^P]ATP per assay. The assay volume was 

usually lOOjil. The reaction was initiated by placing the samples at 37°C. Incubations were 

for 20 minutes unless otherwise stated. The reactions were terminated with 375|il 

choloroform:MeOH:HCl (1:2:0.025) and the tubes were vortexed thoroughly. 10|il o f Folch 

extract (lOjig) was added as a carrier to maximise recovery o f the radioactive lipids. 125|il 

each of CHCI3 and of O.IM HCl was added to obtain two phases. The samples were 

vortexed thoroughly and centrifuged at 2000g for 10 minutes. The lower organic phase 

containing the phosphoinositides was washed twice as follows: the upper phase was 

removed, and 600jil of synthetic upper phase (1.5ml CHCI3, 24ml MeOH, 23.5ml O.IM 

HCL) was added. The samples were again vortexed, and centrifuged at 2000g for 10 

minutes. After the second wash the lower organic phase was removed to a fresh tube and 

dried down in Savant SpeedVac for one hour. The lipids were re-suspended in 50jil of 

chloroform, vortexed thoroughly, and spotted on to Whatman silica gel 60 TLC plates 

which had been oxalate treated.

Oxalate-treated plates

To prepare oxalate treated plates, 2g of potassium oxalate was dissolved in 120ml water 

and 80ml of MeOH. TLC plates were immersed in solution for 5 seconds, before drying the 

plates horizontally at room temperature overnight.

Prior to use the TLC plates were desiccated at 100°C for at least one hour. The plates were 

developed in CHCI3:MeOH:acetone:acetic-acid:water (40:13:15:12:8) [363], dried at room 

temperature and imaged using Fuji phosphorimaging screens. The analysis was carried out 

using a Fuji BAS 1000 phosphoimager and TLC plate images were quantified by 

densitometry using AIDA software.
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2.13.2 Analysis of [^HjPIPz synthesis

The second protocol used inositol labelled HL60 cells as described in Section 6.7.4. 

and [4]. HL60 cells were permeabilized and reconstituted as described in Section 2.7. The 

reaction tubes were incubated for 20 minutes at 37°C and were quenched with 375|il 

cboloroform:MeOH:HCl (1:2:0.025) and the tubes were vortexed thoroughly. lOpl of Folch 

extract (10|ig) was added. 125pl each of CHCI3 and of O.IM HCl was added to obtain two 

phases. The lower organic phase was removed to a fresh tube and dried down in Savant 

SpeedVac for one hour.

The phosphoinositides were analysed by TLC as described in Section 2.13.1 with the 

following modifications: The TLC plates were imaged using Fugi phosphorimaging screens 

for one week in a lead safe.

2.14 In vitro assay for measuring ARF-stimulated type I PIP 5-kinase a  

activity

2.14.1 Preparation of liposomes

Liposomes with three different compositions were prepared:

1) PC:PI(4)P (90:10) liposomes. 20jil of PC (lOmg/ml didecanoyl stock in CHCI3) and 

20|xl of PI(4)P (1 mg/ml stock in CHCI3; Sigma P9638) were dried down under nitrogen 

[42].

2) PA:PI(4)P (50:50) liposomes. lOpl of PA (lOmg/ml stock in CHCI3) and lOOpl of 

PI(4)P (1 mg/ml stock in CHCI3; Sigma P9638) were dried down under nitrogen [103].

3) PI(4)P liposomes. lOOpl of PI(4)P (1 mg/ml stock in CHCI3; Sigma P9638) were dried 

down under nitrogen [103].

In all cases the lipids were sonicated at an amplitude of 40 microns for 3 x 15 seconds in 

250pl of PBS. Liposomes were always prepared fresh on day of use.
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2.14.2 Preparation of Mg.ATP/[^^P]-ATP

25p,l of lOOmM Mg.ATP was mixed with 4jil of [^^P]ATP (40|xCi) and made up to 250jxl 

with water. This was a lOx stock for a final concentration in each lOOpl assay of ImM

Mg.ATP and ~2|xCi of y-labelled [^^P]ATP.

2.14.3 In vitro assay for type I PIP 5-kinase a  activity

The method used in this thesis was adapted from the in vitro type I PIP 5-kinase assay 

described previously by Jones et al [42]. Typically, 50)il 2 x buffer A (final concentrations; 

25mM HEPES, 25mM NaCl, 2.5mM MgCl2, 0.2M sucrose, ImM DTT, pH 7.2) was 

incubated with lOpl liposomes (prepared in Section 2.14.1), lOjxl Mg.ATP/[^^P]ATP 

(prepared in Section 2.14.2), 5pl nucleotide (final concentrations; 250|xM GDP or 20|iM 

GTPyS), 5|ll ARFl (final concentration; lOpM partially myristoylated ARFl (200pg/ml) 

prepared in PIPES buffer), 5pi ARNO (final concentration; 20pg/ml rat ARNO prepared in 

PIPES buffer), 5pi fatty-acid free BSA (final concentration; 1 mg/ml fatty-acid free BSA). 

Tubes were pre-incubated for 10 minutes at 30°C prior to addition of lOpl recombinant 

mouse type I PIP 5-kinase a  (final concentration was unknown, as protein expression levels 

were too low for quantification -  lOpl of material eluted from GST beads in PBS (see 

Section 2.3.2.3) was used undiluted per assay). After incubation at 30°C for 20 minutes, the 

reaction was quenched by the addition of 750pl of CHClgiMeOHiHCl (1:2:0.025). To the 

samples a further 250pl CHCI3 and 250pl salt solution (5mM EDTA, 0.5M NaCl, O.IM 

HCl) was added, and the samples were vortexed and centrifuged at 2000g for 10 minutes. 

The lower organic phase containing the phosphoinositides was washed twice as follows: the 

upper phase was removed, and 600pl of synthetic upper phase (1.5ml CHCI3, 24ml MeOH, 

23.5ml salt solution) was added. The samples were again vortexed, and centrifuged at 

2000g for 10 minutes. After the second wash the lower organic phase was removed to a 

fresh tube and dried down in a Savant SpeedVac for one hour.

The phosphoinositides were analysed by TLC as described in Section 2.13.1.
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2.15 PI and PC transfer assay using permeabilized HL60 cells

PI and PC transfer was monitored using appropriately labelled cytosol-depleted HL60 cells 

as the donor membranes and liposomes as the acceptor membranes [267].

2.15.1 Preparation of liposomes

To prepare PC:PI (98:2) liposomes, 47|il of PC (lOOmg/ml stock in CHCI3) and lOjxl of PI 

(lOmg/ml stock in CHCI3) were dried down under nitrogen. The lipids were then sonicated 

at an amplitude of 40 microns for 3 x 15 seconds in 6mls of PIPES buffer (20mM PIPES, 

137mM NaCl, 3mM KCl, 0.1 mg/ml BSA and 1 mg/ml glucose, IjiM Câ "̂ , 2mM MgCli 

and ImM Mg.ATP, pH 6 .8). The liposomes were always prepared fresh on day of use.

2.15.2 In vitro assay for PI and PC transfer

The PITPa proteins to be assayed were diluted in PIPES buffer (20mM PIPES, 137mM 

NaCl, 3mM KCl, O.lmg/ml BSA and 1 mg/ml glucose (pH 6 .8)). Typically, 50|il 

permeabilized HL60 cells (10^ cells) labelled with either [^HJinositol or [^HJcholine were 

incubated with lOOpl liposomes (prepared in Section 2.15.1) and 50|il o f the PITPa 

sample. After incubation at 37°C for 20 minutes, the reaction was quenched by the addition 

o f 40|il of ice-cold 0.2M sodium acetate, 0.25M sucrose at pH 5.0. The samples were then 

vortexed and left on ice for 10 minutes. The permeabilized cells were pelleted by 

centrifugation at 12000g for 10 minutes. 80|xl of supernatant containing the liposomes was 

transferred to scintillation vials and 3ml of scintillation fluid (Ultimagold) was added. 

Radioactivity associated with the liposome fraction was then counted in a liquid 

scintillation counter. The dpm transferred to the liposomes was expressed as a percentage 

o f the total radiolabelled lipids in the cells. The amount of radioactivity transferred to the 

liposomes in the absence of PITPa was subtracted (background transfer).

I l l



Chapter 2: Methods

2.16 PI and PC binding assay using permeabilized HL60 cells

This method was adapted from Segui et al [267]. The PITPa proteins to be assayed were 

diluted in PIPES buffer (20mM PIPES, 137mM NaCl, 3mM KCl, O.lmg/ml BSA and 

1 mg/ml glucose (pH 6 .8)). Approximately 10  ̂ permeabilized HL60 cells labelled with 

[^"^CJacetate were incubated with PITPa proteins (200pg/mL) in a final volume of 600p,l 

PIPES buffer. After 15 minutes at 37°C the cells were removed by centrifugation at 1500g 

for 5 minutes at 4°C. The supernatant containing the PITPa was collected into a new 

eppendorf tube and further centrifuged at ll,500g for 10 minutes at 4°C to remove any 

remaining cellular debris. The supernatant was then removed and incubated with Nickel 

NT A agarose in mini-spin columns (Affiniti) for 30 minutes at 4 °C. The columns were 

placed on a rotating wheel to ensure optimal mixing. After recapturing the His-tagged 

PITPa on Nickel NT A agarose beads it was washed twice with 250jil low salt buffer 

(50mM sodium phosphate, 300mM NaCl, 10% glycerol, pH 6.0) followed by two washes 

with 250|il high salt buffer (50mM sodium phosphate, 525mM NaCl, 10% glycerol, pH 

6.0). The PITPa proteins were finally eluted from the Nickel beads with 500)il o f SOOmM 

imidazole in high salt buffer. The PITPa proteins were desalted using a buffer exchange 

column (Amersham BioSciences) and were eluted in 1ml PIPES buffer. 20}i,l of sample 

containing -2pg  of recaptured PITPa was analysed on a 12% SDS-PAGE to monitor 

protein recovery.

The 1ml of recovered PITPa with bound lipids was extracted by adding 3.75ml 

CHClgiMeOH (1:2) followed by 1.25ml CHCI3 and 1.25ml water. The mixture was 

vortexed thoroughly and the lower organic phase was dried down in a Savant SpeedVac. 

The radioactive lipids were resuspended in 50|il chloroform and were spotted on to 

Whatman silica gel 60 TLC plates which had been desiccated at 100°C for at least one hour 

prior to use. The TLC plates were developed using the solvent system 

CHClgiMeOHiacetic-acidiwater (75:45:3:1) to separate the lipids. The plates were dried at 

room temperature and the TLC plates were imaged using Fuji phosphorimaging screens for 

one week. The analysis was carried out using a Fuji BAS 1000 phosphoimager. Both SDS- 

PAGE gels and TLC plate images were quantified by densitometry using AIDA software.
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2.17 Analysis of the molecular species composition of lipids bound to 

PITPa

2.17.1 Preparation of lipids bound to P IT P a for mass spectrometric analysis

This protocol was a scaled up version to that described in Section 2.16, with the following 

differences.

HL60 cells were permeabilized as described in Section 2.7. Permeabilized cells (5 x 10^) 

were incubated with PITPa (bOOpg/ml) in a final volume of 600|il PIPES buffer, for 15 

minutes at 37°C. This ratio of cells to protein was empirically arrived at based on analysis 

of the lipids associated with PITPa. At lower cell numbers, complete exchange of the 

bacterial lipid, phosphatidylglycerol (PG), was not observed. PITPa was recaptured using 

the His-tag and lipids were extracted exactly as described in Section 2.16. All chloroform 

extractions were performed in borosilicate glass screw capped tubes, using glass pipettes 

and fresh chloroform to prevent polymer contamination of the samples. After obtaining two 

phases in the lipid extraction procedure, the lower organic phase was carefully pipetted into 

glass amber vials using a glass Pasteur pipette. The lipid sample was then dried down under 

vacuum.

2.17.2 Tandem electrospray Ionization mass spectrometry (ESI-MS/MS) of PC and PI

All lipid mass spectrometry was performed at the University of Southampton by Dr A.D. 

Postle, Dr A.N. Hunt, and Dr G. Koster. The spectra obtained were processed by Dr A.N. 

Hunt using Masslynx software (Micromass, Manchester, UK), and molecular species 

composition data for each sample was provided for further interpretation and analysis.

PC and PI were analysed by ESI-MS/MS using a Quatro Ultima triple quadropole mass 

spectrometer (Micromass, Wytheshaw, UK)[364-367]. PC was selectively determined by 

precursor scans of the phosphocholine fragment (m/z +184), as described previously 

[365,366]. To account for a previously reported decrease in response with increasing m/z 

values, empirically derived correction factors were employed [365,366]. The differential
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fragmentation of PUFA-containing species [367], which can result in significant 

overestimation at high concentration, was minimised by low sample loadings. All samples 

were routinely diluted to give similar ion intensities, and comparison of m/z +184 precursor 

scans with total positive scans over the same m/z range, showed no dramatic discrimination 

of any molecular species. For analysis of PI composition, precursor scans of m/z -241 were 

constructed in negative ionisation mode. This fragment represents the inositol phosphate 

moiety minus an H2O. Limited availability of an appropriate selection of purified PI 

molecular species standards, precluded determination of intensity correction factors for PI 

analyses. Accordingly, only correction factors were applied to ion intensities. 

Increasing acyl chain length may have resulted in underestimates of the intensities of higher 

mass species, however, no evidence of differences between total negative ionization scans 

and precursor scans of m/z -241 were apparent at the dilutions applied in these analyses.

2.18 Expression of Data

The results illustrated are representative of at least two experiments unless otherwise stated. 

All determinations were carried out in duplicate except where described differently.
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Chapter 3

3 Regulation of PI(4,5)P2 synthesis in HL60 cells by ADP-ribosylation 

factor

3.1 Introduction

Signalling, exocytosis and endocytosis all occur at the plasma membrane, where the 

majority of the cellular PI(4,5)?2 is localised [368,369], as well as the type I PIP 5-kinase 

activity [80,91,99,230]. Therefore, the opposing requirement for PI(4,5)P2 as a substrate for 

signalling purposes and as an intact lipid for cellular function at the plasma membrane 

demands that PI(4,5)P2 levels are tightly regulated. Evidence suggests that there are distinct 

pools of PI(4,5)P2 within the cell, and that these pools o f PI(4,5)P2 are regulated by the 

spatial distribution of the lipid substrate, the specific lipid kinases and phosphatases, and 

their regulators [8,370].

ARFl and ARF6 have been shown to stimulate PI(4 ,5)P2 production in permeabilized cells 

[2,4,106]. Since ARE is a direct activator of PLD, it is not clear whether the effect of ARFl 

on PI(4 ,5)P2 synthesis is (1) a direct result of type I PIP 5-kinase activation, or (2) an 

indirect result o f PA production via ARF-stimulated PLD, or (3) a combination of both. 

ARFl also stimulates PI(4 ,5)P2 production in purified Golgi membranes, and in this case it 

was demonstrated that ARFl sequentially activated type III PI 4-kinase p and type I PIP 5- 

kinase a  directly, and that PA derived from PLD activity was not required [5,42]. Primary 

alcohols were unable to inhibit PIP2 synthesis and PLD activity was not enriched in this 

compartment. This was taken as evidence that PLD-derived PA was not required. In 

contrast, recent studies using purified lysosomes and Golgi membranes, reported that 

butan-l-ol blocked PI(4 ,5)P2 synthesis and attributed this to a requirement for PA derived 

from the PLD pathway [107,108,371].

In this Chapter and Chapter 4, the mechanism of ARF-stimulated PIP2 synthesis was 

examined. Using a cell-based reconstitution assay, this study has found that both ARFl and 

ARF6 are capable of stimulating PIP2 synthesis in cytosol-depleted HL60 cells.
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Furthermore, it was found that the ARF-stimulated PIP2 was a poor substrate for PLC, but 

in the presence of PITPa the PLC was able to utilise the PIP2 synthesized via ARF. This 

result indicated that the ARF-stimulated PIP2 was the PI(4 ,5)P2 isomer. To examine the 

contribution of the ARF-stimulated PLD pathway in the activation of type I PIP 5-kinase, 

the primary alcohol butan-l-ol was used to diminish PA production.

3.2 Results

3.2.1 Both ARFl and ARF6 stimulate the synthesis of PIP2 in permeabilized HL60 

cells.

HL60 cells were analysed for the presence of endogenous ARFl and ARF6 proteins using 

isoform-specific polyclonal antibodies (Figure 3.1 [A]). Both ARFl and ARF6 were 

detected and were found to leak out of the cells following permeabilization with SLO for 5 

minutes (Figure 3.1 [A] lane 3). The level of ARF6 expressed in HL60 cells is 10-20 fold 

less than that of ARFl calculated using recombinant ARF proteins as standards. 20ng of 

ARFl was detected compared to l-2ng ARF6 in 10̂  HL60 cells. The concentration of 

ARFl was estimated as lOjiM and ARF6 as 0.5-IpM. ARF is a GTPase and cycles from its 

inactive state to an active state when bound to GTP. In the presence of GTPyS, a non- 

hydrolysable analogue of GTP, ARF is recruited to membranes (Figure 3.1 [A] lane 2) and 

is no longer found in the leaked cytosol (Figure 3.1 [A] lane 4).

GTPyS-stimulated PIP2 synthesis is compromised in cytosol-depleted HL60 cells [2]. Re

addition of ARFl or ARF6 proteins to permeabilized cells was sufficient to restore PIP2 

synthesis (Figure 3.1 [B]). Synthesis of PIP2, monitored by the incorporation of [^^P] from 

y-labelled [^^P]ATP, was maximally stimulated at 2-5|iM ARF proteins. However, the 

effective concentration of active ARF required was assumed to be between 0.4 and l|iM  

due to the partial myristoylation of the recombinant ARF proteins. These quantities of 

recombinant ARF proteins are comparable to the levels of endogenous ARF proteins that 

were estimated in HL60 cells. Stimulation of PIP2 synthesis by ARFl (5|iM) in 

permeabilized HL60 cells was linear with time up to 20 minutes (Figure 3.2).
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Figure 3.1
[A] ARFl and ARF6 leak out of permeabilized HL60 ceils and [B] re-addition 
stimulates the synthesis of PIP2.
[A] HL60 cells were permeabilized with SLO for 5 minutes in the absence or presence of 
GTPyS (lOOpM). The cytosol and membranes (10^ cell equivalents) were probed with 
isoform specific peptide antibodies. Recombinant ARFl and ARF6 (rARF) were used as 
standards to estimate the concentration of endogenous ARFl and ARF6 proteins. Results 
are presented from a single experiment that was reproduced on three separate occasions.
[B] HL60 cells were permeabilized for 10 minutes and washed. Cells were incubated at 
37°C with ARFl or ARF6 (5pM) in the presence of GTPyS (lOpM). Incubations were 
carried out for 20 minutes in a total assay volume of lOOpl. Ca^^ was maintained at lOOnM. 
Samples were quenched and [^^PJPIP] production was analysed by TLC. Results are 
presented from a single representative experiment, which was reproduced on 3 separate 
occasions. The experiment was conducted in duplicate, and the error bars denote the range 
of the duplicate samples.
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Figure 3.2
Time dependence of ARFl-stimulated PIP2 synthesis.
Permeabilized cells were incubated at 37°C for increasing lengths of time up to 20 minutes. 
Incubations were carried out at lOOnM Ca^^ in the absence (circles) or presence (triangles) 
of 5|iM ARFl and with (filled symbol) or without (open symbol) lOjiM GTPyS. Samples 
were quenched and [^^PjPIP] production was analysed by TLC. Results are presented fi*om 
a single representative experiment, which was reproduced on 2 separate occasions.
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It was next examined whether the incorporation of [^^P] into PIP2 was due to increased 

turnover or due to an actual increase in PIP2 levels. HL60 cells were grown in the presence 

o f inositol for 2 days to achieve equilibrium labelling of the entire pool of inositol 

containing lipids. HL60 cells were depleted of endogenous ARF proteins, and the washed 

cells were incubated with recombinant ARFl in the presence of GTPyS. Under these 

conditions an increase in PIP2 levels at the expense of PIP was observed, with insignificant 

changes in PI (Figure 3.3 [A-C]). It was calculated that PI represented 81%, PIP was 13% 

and PIP2 was 6% of the total inositol lipids under steady state conditions. In the presence of 

ARFl and GTPyS, PIP2 increased to 9% and the percentage of PIP decreased to 10% 

(Figure 3.3).

The inositol containing lipids were separated by TLC, using a solvent system of 

CHCl3:MeOH:acetone:acetic-acid:H20  (40:13:15:12:7 (v/v)), which is capable of 

separating PI, and the mono- and di-phosphorylated species, but is not able to resolve the 

individual isomers. Therefore, PlPs will include P1(3)P, P1(4)P, and P1(5)P, and PIP2 will 

include P1(4 ,5)P2, P1(3 ,5)P2, and P1(3,4)P2 isomers. P1(4)P and P1(4 ,5)P2 constitute the 

major phosphoinositides, and the magnitude of changes induced by ARFl would suggest 

changes in these two lipids.

The pool of PIP2 stimulated by ARFl was examined to identify whether it could be 

hydrolyzed by the G-protein-regulated PLCp2 that is present in HL60 cells [282]. PLCP is 

present at the plasma membrane [230] and can only utilize P1(4 ,5)P2 as substrate but not the 

3-phosphorylated phosphoinositides. [^H]inositol-labelled cells were permeabilized, 

washed and stimulated with GTPyS in the presence of ARFl. In addition PITPa was used 

as a control, since it was previously shown to increase inositol phosphate formation [282]. 

A fraction of the samples were initially analysed (lOOjxl) on anion exchange resin (Dowex) 

to obtain values for total inositol phosphate production (Figure 3.4). ARFl showed only a 

slight increase in total inositol phosphate production in comparison to PITPa. As PITPa is 

able to influence the availability of P1(4 ,5)P2 for the PLC, ARFl and PITPa were 

simultaneously incubated with cytosol-depleted HL60 cells in the presence of GTPyS. It
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was observed that PITPa was able to allow PLC access to the pool of PIP2 that was 

synthesized by A R Fl.

The dependence on Ca^^ for the restoration of G-protein-stimulated PLCp activity by 

recombinant ARFl and PITPa was next examined (Figure 3.5 [A]). Stimulation of inositol 

phosphate production by ARFl was dependent on Ca^^ and was highest at Ca^^ 

concentrations found in stimulated cells (1-lOjxM). This is comparable to the Ca^^ 

dependence of ARF-stimulated PLD activity [2] (see also Figure 3.11). The production of 

inositol phosphates by PITPa was also dependent on Ca^^, but surprisingly in a biphasic 

manner. At lOnM Ca^^ almost no inositol phosphate production was observed. At Ca^^ 

concentrations up to IpM production of inositol phosphates increased in a Ca^^ dependent 

manner, and were maximal at ~ lpM  Ca^\ However, between l|iM  and lOpM Ca^^, the 

stimulation of inositol phosphate production by PITPa decreased. The ability of PITPa to 

allow the PLCp access to the pool of PIP2 synthesized by ARFl was also examined under 

various Ca^^ concentrations. It was observed that stimulation of inositol phosphate 

production by ARFl and PITPa was also dependent on Ca^^ in a biphasic manner similar 

to PITPa alone. To further analyse this strict dependence on Ca^^ for PLCP activity, HL60 

cells were permeabilized in the presence of GTPyS and Ca^^ buffers (Figure 3.5 [B]). With 

the full complement of endogenous cytosolic proteins present during the incubation 

(acutely permeabilized HL60 cells), it was observed that GTPyS-stimulated inositol 

phosphate production was strictly dependent on Ca^^ concentration. However, the 

production of inositol phosphates in acutely permeabilized HL60 cells did not show a 

biphasic pattern. This phenomenon was not investigated any further.

The initial products of PI(4 ,5)P2 hydrolysis by PLC are I(1,4,5)P] and DAG. For the 

measurement o f PLC activity described so far, the production of total inositol phosphates 

has been monitored by Dowex anion exchange resin. However, the individual constituents 

o f the total inositol phosphates obtained were unknown. A crude method for the 

measurement o f inositol phosphates was also performed using Dowex anion exchange resin 

and increasing concentrations of ammonium formate to elute step-wise IP, IP2 or IP3.
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Figure 3.3
ARFl increases PIP2 levels at the expense of PIP.
HL60 cells radiolabelled with [^H]inositol were permeabilized, washed and incubated with 
ARFl (5|iM) and GTPyS (lOpM) for 20 minutes at 37°C. Incubations were carried out at 
IjxM Ca^^. The samples were quenched and the lipids were extracted and analysed by TLC 
to separate [A] PIP2, [B] PIP, and [C] PL Results are presented from a single representative 
experiment which was reproduced on 2 separate occasions and are means of 4-6 
observations (±S.E.).* Significantly different from equivalent incubation without ARFl and 
GTPyS (P<0.05). ** Significantly different from equivalent incubation without ARFl and 
GTPyS (P<0.05).
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Figure 3.4
The ARFl-stimulated pool of PIP2 is available for hydrolysis by PLCp in the presence 
of PITPa.
Permeabilized [^H]inositol-labelled HL60 cells were reconstituted with ARFl (5|iM), 
GTPyS (lOjiM), and PITPa (5|iM) as indicated for 20 minutes at 37°C. Incubations were 
carried out at I|iM  Ca^^. A fraction of the inositol phosphates from each sample 
(100|il) were analysed by Dowex anion exchange resin and results (±S.D., n=3) are 
presented from a single representative experiment repeated on 4 separate occasions.
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Figure 3.5
The effect of concentration on [A] restoration of GTPyS-stimulated PLCp 
activity by PITPa and ARFl in cytosol-depleted cells and [B] GTPyS-stimulated 
PLCp activity in acutely permeabilized cells.
[A] Permeabilized inositol labelled HL60 cells were incubated with ARFl (5pM) and 
PITPa (SjiM) as indicated in the absence or presence of lOjxM GTPyS for 20 minutes at 
37°C. Incubations were carried out at the indicated concentration of Ca^^. [B] Washed 

inositol labelled HL60 cells were incubated for 20 minutes at 37°C in the presence of 
SLO, ImM Mg ATP and 2mM MgC^. Incubations were carried out at the indicated 
concentrations of Ca^^ in the absence or presence of lOpM GTPyS. For both [A] and [B] 
samples were quenched and [^HJinositol phosphates were analysed. Each experiment was 
conducted in duplicate, and the error bars denote the range of the duplicate samples. One 
experiment representative of two is shown.
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Figure 3.6
Comparison of two identical samples analysed on [A] Dowex anion exchange resin 
and [B] anion exchange HPLC.
Permeabilized [^H]inositol labelled HL60 cells were washed and incubated at 37°C with 
PITPa (5pM), ARFl (5pM) and GTPyS (lOpM). After 20 minutes the samples were 
quenched and the aqueous phase containing the inositol phosphates was analysed by [A] 
Dowex or [B] HPLC. In [A] the sample was loaded onto the Dowex anion exchange resin 
and the inositol phosphates were eluted in 1ml fractions using the solutions indicated. In
[B] the inositol phosphates were analysed on a Partisil 10 SAX column using a gradient of 
1.4M monobasic ammonium phosphate buffer adjusted to pH 3.7 with orthophosphoric 
acid, and fractions were collected every 0.5 minutes.
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Figure 3.7
Inositol 1,4,5-trisphosphate is rapidly removed by degradation to inositol 1,4- 
bisphosphate.
HL60 cells were permeabilized for 10 minutes. Cells with no additions except 
[^H]I(1,4,5)P3 were immediately quenched (black line). Cells mixed with 5pM PITPa, 
5pM ARFl and lOpM GTPyS in the presence of [^H]I(1,4 ,5)P3 were incubated for 20 
minutes at 37°C (red line). Samples were quenched and the aqueous phase containing the 
inositol phosphates was analysed by anion exchange HPLC on a Partisil 10 SAX column 
using a gradient of 1.4M monobasic ammonium phosphate buffer (pH 3.7), and fractions 
were collected every 0.5 minutes.
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The sample analysed in Figure 3.6 [A] was from cytosol-depleted HL60 cells stimulated 

using GTPyS in the presence of PITPa and ARFl. 0.2M ammonium formate elutes the 

inositol mono-phosphates (IP) and this gave the largest peak, however, it was observed that 

the radioactivity levels would not decrease back to basal levels even after 20ml of 0.2M 

ammonium formate. The inositol bis-phosphates (IP2) were eluted in the second peak using 

0.4M ammonium formate, and in this case the radioactivity did return to basal levels after 

-12ml. The final peak was eluted using IM ammonium formate, and this, the smallest of 

the three peaks represented the inositol tris-phosphates (IP3). This crude analysis indicated 

that the majority o f the IP3 produced from hydrolysis of PIP2 by PLCp had been degraded 

to IP2 and IP.

Since this approach to separate IP, IP2 and IP3 was only a very crude technique, an identical 

sample from the same experiment was analysed using high performance liquid 

chromatography (HPLC) to identify the individual inositol phosphates as products of PLC 

hydrolysis (Figure 3.6 [B]). The two major peaks were identified as I(4)P and I(1,4)P2 and a 

very small peak was evident where I(1,4 ,5)P3 should have been making its quantification 

unreliable. This rapid degradation of I(1,4 ,5)P3 was attributed to the highly active 

membrane-localised inositol polyphosphate 5-phosphatase. This was demonstrated by 

incubating radiolabelled I(1,4 ,5)P3 with permeabilized cells for 0 minutes and 20 minutes 

(Figure 3.7). Permeabilized cells incubated for 20 minutes had all their [^H]I(1,4 ,5)P3 

degraded to [^H]I(1,4)P2, whereas cells incubated for 0 minutes had no degradation of their 

[^H]I(1,4 ,5)P3. In Figure 3.6 [B], the smaller peak of I(4)P was proposed to be formed from 

the degradation of I(1,4)P2 by an inositol polyphosphate 1-phosphatase. In all these 

experiments lithium chloride was also present to inhibit the inositol mono-phosphate 

phosphatases and thus prevent the formation of free inositol. Although no degradation of 

[^H]I(1,4)P2 to [^H]I(4)P was observed in Figure 3.7, this was thought to be because of the 

small quantity of radioactive [^H]I(1,4 ,5)P3 used, and not because another metabolic 

pathway had led to its formation.

The ability of PITPa to (1) restore PLCP-mediated PIP2 hydrolysis, and (2) allow PLCP 

access to the pool of PIP2 synthesized by ARFl, was examined more thoroughly by

126



Chapters: Regulation of Pi(4,5)P2 synthesis by ARF

analyzing on HPLC the inositol phosphates from the remainder o f the samples (300jj,l) that 

were previously analysed on Dowex anion exchange chromatography (Figure 3.4). In this 

case the triplicate samples were combined for HPLC analysis. Figure 3.8 shows a selection 

o f the traces with the quantification of results in Table 3.1. GTPyS caused an increase in 

both I(4)P and I(1,4)P2 that were marginally increased in the presence of ARFl. In the 

combined presence of PITPa and GTPyS, a substantial increase in I(4)P and 1(1,4)P] 

occurred that was further increased when ARFl was present. In all the samples analysed on 

HPLC, no significant increases were observed in the I(1,4,5)P] peak due to the inositol 

polyphosphate 5-phosphatase. These data further confirmed that the PIP2 formed by ARFl 

was the PI(4 ,5)P2 isomer. In addition to the inositol phosphates, glycerophosphoinositol 

(GPI) was also present but did not alter in the presence of GTPyS, PITPa, or ARFl. In the 

presence of GTPyS and PITPa, an additional minor peak was observed (labelled as X in 

Figure 3.8 [C] and [D]), which eluted at 31.5 minutes. This peak was not 

glycerophosphoinositol 4-phosphate, since its elution time was 26.5 minutes (Figure 3.9). 

Because extraction of the inositol phosphates was performed under neutral conditions, 

cyclic derivatives of inositol phosphates would still be present. To check this possibility, 

the sample was treated with perchloric acid and the complete disappearance of this peak 

was observed, suggesting that it was a cyclic-inositol diphosphate (data not shown). The 

presence of cyclic inositol phosphates is not unexpected because they are normal products 

of all PLCs [372,373].

3.2.2 Mechanism of ARF activation of PI(4,5)P2 synthesis

There are three possible mechanisms for ARFl to increase PI(4 ,5)?2 levels; one is by direct 

activation of type I PIP 5-kinase, the second is indirect via PA derived from ARFl- 

stimulated PLD, and the third is a combination of both. To investigate the indirect route, 

0.5% butan-l-ol was used to diminish PA production. PLD utilizes butan-l-ol instead of 

H2O in the transphosphatidylation reaction to produce phosphatidylbutanol (PBut) instead 

of PA. As a control, the secondary alcohol butan-2-ol was used, which cannot participate in 

the transphosphatidylation reaction. Butan-l-ol (0.5%) had no effect on the stimulation of 

PIP2 synthesis by ARFl and GTPyS in cytosol-depleted HL60 cells (Figure 3.10).
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Figure 3.8
HPLC analysis identifies inositol 4-monophosphate and inositol 1,4-bisphosphate as 
the major inositol phosphates formed in the presence of ARFl and PITPa.
[^HJInositol-labelled HL60 cells were reconstituted with ARFl, PITPa and GTPyS as 
indicated in Figure 3.4, and the inositol phosphates from the remainder of the samples 
(300pl) were analysed by HPLC. In this case triplicate samples were combined. Fractions 
were collected every 0.5 minute. Elution times were 19 minutes for glycerophosphoinositol 
(GPI), 21 minutes for I(4)P, 26.5 minutes for glycerophosphoinositol 4-phosphate, 35 
minutes for 1(1,4)P:, and 62 minutes for I(l,4,5)Ps. An unidentified peak eluted at 31.5 
minutes (labelled X), which was tentatively identified as a cyclic IP2 in Figure 3.9.
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Figure 3.8 continued.
A representative set of HPLC runs from an experiment are shown. The calculated data for 
the entire experiment is shown in Table 3.1. Similar results were obtained in three 
independent experiments. [A] No additions; [B] GTPyS (lOpM); [C] GTPyS (lOpM) and 
PITPa (5pM); [D] GTPyS (lOpM), PITPa (5pM) and ARFl (5pM).
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Experimental conditions DPM In l(4)P DPM In I(1 ,4 )P2

Control 390 498
GTPyS 4,479 8,387
PITPa alone 553 1,156
ARFl alone 334 768
PITPa + ARF1 606 876
ARF1 + GTPyS 4,904 11,583
PITPa + GTPyS 13,530 38,397
ARF1 + PITPa + GTPyS 14,452 48,998

Table 3.1 
Quantification of the inositol phosphates identified in the HPLC analysis.
The experimental data from Figure 3.8 are tabulated here. Since the two major inositol 
phosphate peaks observed upon GTPyS stimulation were I(4)P and I(1,4)P2 only these data 
are presented.
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Figure 3.9
HPLC analysis indicates peak X is not glycerophosphoinositol 4-phosphate.
The [^^P]glycerophosphoinositol 4-phosphate standard (red line) was analysed by anion 
exchange HPLC on a Partisil 10 SAX column using a gradient of 1.4M monobasic 
ammonium phosphate buffer (pH 3.7), and fractions were collected every 0.5 minutes. The 
[^^PJglycerophosphoinositol 4-phosphate standard was injected using the same conditions 
as the samples analysed in Figure 3.8 which enabled comparison of the 26.5 minute elution 
time for the glycerophosphoinositol 4-phosphate peak with the elution times of the inositol 
phosphate peaks identified in Figure 3.8 [D]. N.B. Peak X eluted at 31.5 minutes.
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The lack of inhibition by butan-l-ol could result from sufficient PA still being generated, as 

transphosphatidylation is never complete. Thus the production of PA in the presence of 

0.5% butan-l-ol was examined. The HL60 cells were labelled with [^H]alkyl-lyso-PC, 

which gets incorporated into the cells and is acylated to make PC. In the absence of butan- 

l-ol, cytosol-depleted HL60 cells reconstituted with ARFl and GTPyS generated large 

amounts of PA (Figure 3.11 [A]). In the presence of 0.5% butan-l-ol, phosphatidylbutanol 

(PBut) was produced at the expense of PA (Figure 3.11 [B]). However, PA production by 

ARFl and GTPyS was not totally suppressed in the presence of 0.5% butan-l-ol and this 

PA (observed at all Ca^^ concentrations) could participate in the synergistic activation of 

type I PIP 5-kinase with ARFl. PLD activation by ARFl and GTPyS was also observed at 

all Ca^^ concentrations, and was enhanced at higher levels of Ca^ .̂

In contrast to the results in permeabilized HL60 cells (Figure 3.10) or in Golgi membranes 

[42], two recent studies have shown that butan-l-ol inhibits PIP2 synthesis [107,108]. 

Synthesis of PIP2 was examined in Golgi membranes [107] or lysosomal membranes [108] 

after incubation with cytosol, and in both studies butan-l-ol was found to be inhibitory. An 

important aspect o f the experimental design found to differ between the in vitro studies, 

was the concentration of butan-l-ol used to investigate the effect of PA production from 

PLD activity, on PIP2 synthesis. In Figure 3.10 and the study in Golgi membranes by Jones 

et al [42], 0.5% butan-l-ol was used, however, the other two studies cited used 1.5% butan- 

l-ol.

The effects of 1.5% butan-l-ol on PIP2 production were therefore examined in cytosol- 

depleted HL60 cells reconstituted with ARFl and GTPyS, and it was observed that this 

concentration of butan-l-ol was indeed inhibitory (Figure 3.12 [A]). However, at 1.5% 

butan-l-ol PIP levels were also diminished by 70-80% (Figure 3.12 [B]). These data 

suggest that 1.5% butan-l-ol reduces phosphoinositide levels and may therefore interfere 

with the activation of PLD, since this enzyme is dependent on PI(4 ,5)P2 [374,375].

Examination of the effect of butan-l-ol was undertaken, to assess any non-specific effects 

o f this primary alcohol, on ARFl-stimulated PLD activity in cytosol-depleted HL60 cells.
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Figure 3.10
Butan-l-ol does not inhibit ARFl-stimulated PIP] synthesis.
Permeabilized HL60 cells were incubated at 37°C with ARFl (5|iM) in the presence of 
GTPyS (lOpM). Incubations were carried out for 20 minutes in the absence or presence of
0.5% butan-l-ol or butan-2-ol. Ca^^ was maintained at lOOnM. Samples were quenched and 
[32p]pip2 production was analysed by TLC. Results are presented from a single 
representative experiment, which was reproduced on 3 separate occasions. The experiment 
was conducted in duplicate, and the error bars denote the range of the duplicate samples.
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Figure 3.11
Production of PA in [A] the absence or [B] the presence of 0.5% butan-l-ol.
[^H]Alkyl-lyso-PC-labelled HL60 cells were reconstituted with ARFl (5|iM) and GTPyS 
(lOpM) in [A] the absence or [B] the presence of 0.5% butan-l-ol. Incubations were carried 
out at the indicated concentrations of Ca^^, for 20 minutes at 37°C. Samples were quenched 
and PA and PBut levels were analysed by TLC. Results are the average of duplicate 
samples (± range) from a single representative experiment repeated on two separate 
occasions. Data reproduced with permission of Clive P. Morgan.
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In two independent assays used to measure PLD activity, the effects of various 

concentrations of butan-l-ol were examined. In the first assay, PBut production was 

measured in cells labelled with [^H]alkyl-lyso-PC. It was observed that 1.5% butan-l-ol 

inhibited the formation of PBut (Figure 3.13). The optimal concentration for 

transphosphatidylation was 0.5% butan-l-ol. In the second assay, [^H]choline head-group 

release was measured, which is a product of PC hydrolysis by PLD. At 1.5% butan-l-ol, 

[^HJcholine head-group release was inhibited by -80%  (Figure 3.14 [A]). As a control 

butan-2-ol, which is unable to participate in the transphosphatidylation reaction was 

examined. It was observed that significant inhibition o f choline head-group release 

occurred at 1.5% butan-2-ol but not at 0.5% butan-2-ol.

Since a reduction in phosphoinositide levels by 1.5% butan-l-ol may cause non-specific 

effects on cellular processes dependent on phosphoinositides, examination of the effect of 

butan-l-ol on the restoration of PLCp signalling by PITPa and GTPyS in cytosol-depleted 

HL60 cells was undertaken. It was observed that 1.5% butan-l-ol inhibited both the 

restoration of PLCp-mediated inositol phosphate production by PITPa, and the PLCp- 

mediated hydrolysis of the ARFl stimulated P1(4 ,5)P2 pool, which PITPa allowed PLCp 

access to (Figure 3.14 [B]). At 0.5% butan-l-ol, only slight inhibition of the PLCP- 

mediated production of inositol phosphates was observed.
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Figure 3.12
1.5% Butan-l-ol inhibits ARFl-stimulated PIP2 synthesis and reduces the labelling of 
PIP.
HL60 cells were reconstituted with ARFl (5|iM) and GTPyS (lOjiM) in the absence or 
presence of 1.5% butan-l-ol. Incubations were carried out for 20 minutes at 37°C. Ca^^ was 
maintained at lOOnM. Samples were quenched and production o f [A] [^^P]PI?2 and [B] 
[32p]pip analysed by TLC. The experiment was conducted in duplicate, and the error 
bars denote the range of the duplicate samples. A single experiment representative of three 
others is shown.
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Figure 3.13
ARFl-stimulated PBut formation is maximal at 0.5% butan-l-ol and is inhibited at 
higher concentrations of butan-l-ol.
Permeabilized HL60 cells labelled with [^H]alkyl-lyso-PC were reconstituted with ARFl 
(5|iM) and GTPyS (lOjxM) in the presence of butan-l-ol concentrations ranging from 0 to 
2%. Incubations were carried out for 20 minutes at 37°C. Ca^^ was maintained at lOpM. 
Results (S.D., n=3) are presented from a single experiment which was reproduced on three 
separate occasions.
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Figure 3.14
Inhibition of [A] PLD activity and [B] PLC activity by 1.5% butan-l-ol.
[A] Permeabilized HL60 cells labelled with [^HJcholine were incubated with ARFl (5pM) 
and GTPyS (lOfiM) in the presence of butan-l-ol or butan-2-ol concentrations ranging from 
0 to 2%, as indicated. Ca^^ was maintained at lOpM. [B] [^HJinositol-labelled HL60 cells 
were reconstituted with PITPa (5pM), ARFl (5pM) and GTPyS (lOpM) in the presence of 
butan-l-ol concentrations ranging from 0 to 1.5%, as indicated. Ca^  ̂ was maintained at 
IpM. For both [A] and [B], incubations were carried out for 20 minutes at 37°C. Results 
are presented from a single representative experiment, which was reproduced on 2 separate 
occasions. The experiment was conducted in duplicate, and the error bars denote the range 
of the duplicate samples.
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3.3 Discussion

ARFl and ARF6 stimulate PIP2 synthesis in permeabilized HL60 cells 

This study has analysed the role of ARF proteins in the regulation of PI(4 ,5)P2 synthesis. In 

HL60 cells, ARFl and ARF6 are freely soluble proteins, as evidenced by their ability to 

leak out of the permeabilized cells. Binding of GTP or GTPyS catalysed by guanine 

nucleotide exchange factors is required for activation of ARF proteins, and this stabilizes its 

association with target membranes. Addition o f GTPyS during the permeabilization of 

HL60 cells caused both ARFl and ARF6 to become membrane associated (Figure 3.1 [A]). 

In a study using Chinese hamster ovary (CHO) cells it was demonstrated that human 

ARF 1-5 were cytosolic proteins and could be recruited to membranes with GTPyS but 

significantly not to the plasma membrane, whereas ARF6 was found stably bound to 

membranes [376]. In a study using RBL-2H3 cells, permeabilization caused ARFl but not 

ARF6 proteins to leak out, and ARF6 was assumed to be bound to intracellular structures in 

these cells [106]. Subsequent studies using over-expression have localised ARF6 to the 

plasma membrane-endosome trafficking pathway [104,169,170,377,378]. In other cell 

types, ARF6 is both cytosolic and membrane bound, and like ARF 1-5, its distribution is 

regulated by its GTPase cycle [171,379,380]. Therefore, depending on the cell type, the 

distribution of the membrane-bound form versus the cytosolic form must be variable to 

account for the differences observed, and in the case of HL60 cells the membrane bound 

pool is insignificant under un-stimulated conditions.

This study has demonstrated that both recombinant ARFl and ARF6 are capable of 

stimulating PIP2 synthesis in cytosol depleted HL60 cells (since ARFl and ARF6 are both 

capable of reconstituting the synthesis of PIP2, this study has used ARFl rather than ARF6 

for experimental purposes because ARF6 is more difficult to purify, unstable, and has a 

tendency to aggregate). Since the PIP2 synthesized by the addition of ARFl is available for 

hydrolysis by a plasma membrane located PLCp it might be considered that not only ARF6 

but also ARFl could function at the plasma membrane at least in the permeabilized cells 

used here.
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ARF proteins function at diverse sites in the cell. ARFl is predominately involved in 

membrane trafficking events at the Golgi. However, a combination of biochemical and cell 

biological approaches have implicated ARFl in intra-Golgi transport, transport from the 

trans-Golgi network (TGN), endosomal trafficking, and the generation and exocytosis of 

synaptic vesicles [181-183,381-385]. Similarly, ARF6, which has been found to control at 

least two types of peripheral membrane trafficking events probably also acts at multiple 

sites within the cell. Studies indicate that ARF6 regulates the movement of membrane 

between the plasma membrane and the endosomes [169,170,377], and recently it has been 

reported that ARF6 can stimulate clathrin/AP-2 coated pit formation from synaptic 

membranes by directly activating type I PIP 5-kinase y  to produce PI(4 ,5)P2, which is 

required for clathrin-mediated endocytosis at the synapse [7,104]. A second membrane 

trafficking event involving the activation of ARF6 is regulated exocytosis [180,386]. In a 

study using PC 12 cells, ARF6 was found to play a role in Ca^^-dependent exocytosis by 

regulating the activity of type I PIP 5-kinase for the synthesis of a plasma membrane pool 

of PI(4 ,5)P2 [85].

At the Golgi, ARFl functions to recruit a number of coat proteins including GGAs, 

coatomer, and AP-l/clathrin [163]. In addition, activated ARFl is capable of recruiting and 

activating type III PI 4-kinase p and type I PIP 5-kinase a , leading to an increase in the 

production of PIP and PIP2 on the Golgi [5,42]. In permeabilized HL60 cells, myristoylated 

ARFl in the presence of GTPyS causes an increase in PIP2 levels, and a decrease PIP levels 

(Figure 3.3). This phenomenon is different to what ARFl was reported to do in the 

presence of purified Golgi fractions [42]. This suggests that in permeabilized HL60 cells, 

the changes observed in PIP2 levels by ARFl, are the direct result of activation of a type I 

PIP 5-kinase at the plasma membrane, where a pre-existing pool of PI(4)P is used as 

substrate. This conclusion is further supported by the fact that if  ARFl was functioning to 

increase PIP2 at the Golgi in permeabilized cells, it would be necessary for the PIP2 to be 

transported to the plasma membrane where it can be utilised as a substrate by PLCp. 

However, GTPyS inhibits constitutive vesicular transport out of the Golgi [387]. These 

results all support the conclusion that the major effect of ARFl on PIP2 levels occurs at the 

plasma membrane rather than the Golgi, in permeabilized HL60 cells. Although it is highly
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possible that ARFl does influence phosphoinositide levels at the Golgi as previously 

reported, this effect may be masked by the more extensive changes happening at the plasma 

membrane.

Mechanism o f  ARF stimulated PIP2

Two possible regulators of type I PIP 5-kinase activity at the plasma membrane in HL60 

cells are PA and ARF, or a combination of both. In the study here, the primary alcohol 

butan-l-ol was used to reduce the amount of PA produced by the PLD pathway. It was 

observed that under conditions of maximal transphosphatidylation using 0.5% butan-l-ol, 

PIP2 synthesis was unaffected. Significantly though at 0.5% butan-l-ol, PA production was 

not completely suppressed (Figure 3.11). Therefore, since a small but notable amount of PA 

was still being formed under conditions of maximal transphosphatidylation, these data were 

not conclusive to exclude PA as an activator of type I PIP 5-kinase at the plasma 

membrane.

In two studies, a requirement for PA derived from the PLD pathway was demonstrated for 

PIP2 synthesis based on the use of 1.5% butan-l-ol [107,108]. In this chapter, it was 

confirmed that 1.5% butan-l-ol was indeed capable of inhibiting PIP2 synthesis (Figure 

3.12 [A]). However, this concentration of butan-l-ol was far in excess of what was required 

for maximal transphosphatidylation. As a consequence of using such high levels of butan- 

l-ol, PIP levels were severely affected (Figure 3.12 [B]) and PLD activity was inhibited 

(Figure 3.13 and Figure 3.14 [A]). Furthermore in cytosol-depleted HL60 cells 1.5% butan- 

l-ol inhibited the restoration of GTPyS-stimulated PLCP-signalling by PITPa (Figure 3.14

[B]). Thus, the inhibition o f PIP2 synthesis by 1.5% butan-l-ol, observed in this Chapter 

and in the earlier studies cannot be attributed to a requirement for PA-derived from the 

PLD pathway. Instead, it is possible that the observed inhibition of PIP2 synthesis is due to 

non-specific effects of butan-l-ol on lipid metabolising enzymes, or on the lipid 

membranes themselves. In conclusion, it is likely that high concentrations o f butan-l-ol 

cause non-specific toxic effects on the cells.
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In the study assessing the role of PLD activity in the late secretory pathway, inhibition of 

PA synthesis using 1.5% butan-l-ol was examined in GH3 cells [107]. In the presence of 

1.5% butan-l-ol the architecture of the Golgi apparatus was disrupted, resulting in complete 

disassembly and fragmentation. The authors concluded that PA stimulation of P1(4 ,5)P2 

synthesis was required for maintaining Golgi morphology. However, since 

phosphoinositides may play a role in preserving Golgi structure and function [388], the 

effects of 1.5% butan-l-ol could be attributed to depletion o f PIP levels rather than PA.

The diagram in Figure 3.15 summarises the potential pathways which may exist in HL60 

cells for the ARF-stimulated synthesis of PIP2 at the plasma membrane. Existing in vitro 

data shows ARFl can stimulate the synthesis of type 1 PIP 5-kinase either directly [42], or 

require PA as a co-stimulus [103]. The data from this chapter using butan-l-ol as a tool to 

reduce PA production cannot exclude a role for PA in the activation of type 1 PIP 5-kinase 

in HL60 cells, even though no reduction in PIP2 synthesis was observed with 0.5% butan-l-

ol. This may be because of at least three reasons, (i) the transphosphatidylation reaction is 

never complete and thus sufficient PA maybe produced via the ARFl stimulated PLD 

pathway to activate the type 1 PIP 5-kinase, (ii) the presence of a pre-existing basal pool of 

PA, or (iii) the production of a small pool of PA from the PLCp pathway which may 

potentially be enough to ensure co-stimulation of type 1 PIP 5-kinase in the presence of 

activated ARFl at the plasma membrane in HL60 cells (Figure 3.16).

The PIP2 produced via ARFl at the plasma membrane is only marginally available for 

hydrolysis by PLCp, but can be accessed by the PLCp provided that PITPa is also present. 

Therefore, PITPa is a critical factor in determining the availability o f PIP2 for PLC 

hydrolysis (Figure 3.15). The data suggests that there are multiple pools of PIP2 within 

cellular membranes.
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Figure 3.15
Summary of the potential pathways for ARF-stimulated PIP2 synthesis at the plasma 
membrane in HL60 cells.
ARF could stimulate the synthesis of type I PIP 5-kinase either directly, or require PA as a 
co-stimulus. However, in HL60 cells the mechanism of ARF-stimulated PIP2 synthesis has 
yet to be determined. It was shown in this Chapter that the ARF-stimulated pool of PIP2 is 
only accessible to degradation by the plasma membrane PLCp provided that PITP is also 
present.
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Figure 3.16
Potential pathways for GTPyS-stimulated PA synthesis in cytosol-depleted HL60 cells 
reconstituted with ARF.
[A] As well as PA being produced via ARF stimulating the PLD pathway, PA could also be 
formed via GTPyS stimulating the PLC pathway. This is because cytosol-depletion of 
HL60 cells does not totally diminish the activation of the PLC pathway by GTPyS as 
observed in Figure 3.4. Thus DAG, one of the products of PLC-mediated PIP2 hydrolysis 
could potentially be metabolised by a DAG kinase, which may lead to the accumulation of 
PA via this alternative pathway. [B] In the presence of the primary alcohol butan-l-ol, the 
transphosphatidylation reaction results in the formation of phosphatidylbutanol at the 
expense of PA. However, the transphosphatidylation reaction is never complete and a small 
amount of PA will still be produced via the ARF-stimulated PLD pathway.
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Determining the cellular functions o f  PA derived from PLD signalling pathways 

At present alcohols are the only tools available in modulating PA levels generated from 

endogenous PLD activation. For them to remain a useful tool, care must be taken to ensure 

that concentrations used are kept within limits and consideration is taken that 

transphosphatidylation will always be incomplete. This is especially the case when GTPyS 

is used as a stimulus. In a study by Way et al [4], the concentration o f alcohol required to 

inhibit receptor-mediated activation of PLD was compared with GTPyS-mediated 

activation of PLD. It was found in both cases that maximal production of 

phosphatidylethanol occurred with 1% ethanol [4]. Higher concentrations of alcohol did not 

produce a further increase in phosphatidylethanol. Comparison of a receptor-activated 

system versus stimulation with GTPyS highlighted the difference between the degrees of 

stimulation. With GTPyS a much higher level of PLD activation was observed compared to 

agonist. Therefore, since transphosphatidylation is always incomplete, and is always 

accompanied by some degree of PA production [105,358], it can be assumed that with 

GTPyS as a stimulus, a higher level of PA will be formed compared to agonist. Therefore, it 

was concluded that functional responses can be blocked more completely with alcohols 

when stimulated with a receptor compared to stimulation with GTPyS.

Recently, studies have used catalytically inactive PLD mutants as dominant-negative PLDs 

in the search for cellular functions of PLD-derived PA. These PLDl and PLD2 mutants 

have been previously shown to be devoid of activity in vivo and in vitro using PC as a 

substrate [389]. Over-expression of catalytically inactive PLDl in PCI2 cells inhibited 

regulated exocytosis, whereas catalytically inactive PLD2 was without effect [390]. In the 

same study microinjection of dominant negative PLDl blocked exocytosis by chromaffin 

cells. In another study both the insulin dependent activation of PLD and phosphorylation of 

mitogen activated protein kinase were blocked by over-expression of a catalytically 

inactive variant of PLD2, but not PLDl [234]. A role for PLD was also reported for EGF 

receptor mediated endocytosis, since EGF-induced receptor degradation was accelerated by 

over-expression of wild-type PLDl or PLD2 and was retarded by over-expression of 

catalytically inactive mutants of PLDl or PLD2 [198]. In addition, constitutive protein 

transport from the trans Golgi network to the plasma membrane was inhibited in epithelial
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HT29-cll9A cells by a catalytically inactive PLD2 mutant [391]. Although, these 

catalytically inactive PLD mutants have proven to be useful additional tools in the pursuit 

of characterising functional roles for PA derived from PLD signalling pathways, they can 

only be applied to cell types that can be transfected. Therefore, they are not an option for 

many haematopoietic cells including HL60 cells which have extremely low transfection 

efficiencies.

To circumvent the use of primary alcohols in HL60 cells, the potential pathways causing 

ARF-stimulated PI(4 ,5)P2 synthesis at the plasma membrane have been examined further in 

Chapter 4 using an ARFl point mutant.
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Chapter 4

4 Regulation of PI(4,5)P2 synthesis in HL60 cells using the ARFl 

mutant N52R

4.1 Introduction

This Chapter focuses on the mechanism of ARF-stimulated PIP2 synthesis and has sought 

to expand on the results obtained in Chapter 3, which show that both ARFl and ARF6 are 

capable of stimulating PIP2 synthesis at the plasma membrane in permeabilized HL60 cells. 

In cytosol-depleted HL60 cells incubated with active ARF there are two possible regulators 

of type I PIP 5-kinase activity at the plasma membrane; the phospholipid PA and the small 

G protein ARFl, or a combination of both. PA is produced via the activation of PLD at the 

plasma membrane by ARF [230]. Thus, the critical question to be addressed is whether 

ARF activates type I PIP 5-kinase directly or indirectly via PA derived from the PLD 

pathway. In Chapter 3, the primary alcohol hutan-l-ol was used to reduce PA produced 

from the ARF-stimulated PLD pathway, but under conditions of maximal 

transphosphatidylation results were inconclusive. Although ARF 1 -stimulated PIP2 levels 

were not affected by 0.5% butan-l-ol, a requirement for PA to activate the type I PIP 5- 

kinase could not be excluded, since PA levels were not completely diminished.

To circumvent the use of primary alcohols and therefore avoid the problems of 

interpretation discussed in Chapter 3, the possibility of identifying a mutant of ARFl that 

was selective for either PLD activation or type I PIP 5-kinase activation was investigated. 

Previously, several ARFl substitution and deletion mutants were tested for their ability to 

activate PLD in vitro [232], and this analysis allowed the PLD effector region on ARFl to 

be mapped to the N-terminal helix and the following loop, the a2  helix and part of the p2 

strand. Figure 4.1 [A] (taken from [232]) identifies the individual residues which affected 

PLDl activation (residues marked red), and these define the part of ARFl that is most 

likely to interact with PLD l.
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In the study by Jones et al [232], mutation of ARFl at Asn52 (present in the p2 strand) to a 

number of residues including arginine (R), resulted in an ARFl mutant that was unable to 

activate PLD, but showed little alteration in GTP binding. The mutant used in that study 

was not myristoylated. The results in this Chapter, show that myristoylated N52R-ARF1, is 

similarly defective in its ability to activate PLD in permeabilized HL60 cells. However, 

myristoylated N52R-ARF1 could still activate type 1 PIP 5-kinase a  in vitro. The 

identification of an ARFl mutant that could selectively activate type 1 PIP 5-kinase a  

enabled further analysis of the mechanism of ARF-stimulated PIP2 synthesis in HL60 cells. 

The mutant N52R-ARF1 was found to be active in the synthesis of PIP2 in cytosol-depleted 

HL60 cells, but PIP2 synthesis was reduced by 45%. This illustrates that PA-derived fi*om 

the PLD pathway can make an important contribution to the activation of type 1 PIP 5- 

kinase at the plasma membrane in HL60 cells.

4.2 Results

4.2.1 Myristoylated N52R-ARF1 is defective in PLD activation

The N52R-ARF1 mutant and the wild-type protein were expressed in E. coli as described in 

Chapter 2, and the purified recombinant proteins were analysed on SDS-PAGE to assess 

purity (Figure 4.1 [B]). Expression and purity of wild-type ARFl and N52R-ARF1 were 

comparable.

In two independent assays for PLD activity, (1) release of [^HJcholine and (2) formation of 

[^HJPBut, N52R-ARF1 (5pM) was ineffective in stimulating PLD activity compared with 

wild-type ARFl (5|iM) (Figure 4.2 [A] and [B]). This result was similar to that reported for 

non-myristoylated N52R-ARF1 [232].
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Figure 4.1
[A] Worm representation of the GTP bound-form of ARFl.
Mutation of residues in red disrupt the activation of human PLDl, mutations in blue do not 
[232]. The amphipathic N-terminal helix of ARFl (with hydrophobic residues shown in 
green) was modelled in a plausible conformation on to the crystal structure of 
Ndel 17ARF1 -guanosine 5’-[P,y-imido]triphosphate [158]. Asn52 is in the P2 strand. Figure 
reproduced from [232].
[B] SDS PAGE analysis of myristoylated wild-type ARFl and mutant N52R-ARF1
proteins.Myristoylated recombinant ARFl proteins were purified as described and purity 
was assessed by running 3, 4 and 5pg of protein on a 14% SDS-PAGE gel followed by 
protein staining using Coomassie blue. Molecular weight markers are in kDa.
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Figure 4.2
N52R-ARF1 is unable to allow significant activation of PLD compared with wild-type 
ARFl in permeabilized HL60 cells.
Permeabilized HL60 cells labelled with [A] [^HJcholine or with [B] [^H]alkyl-lyso-PC were 
reconstituted with wild-type ARFl (5pM) or mutant N52R-ARF1 (5|lM) in the presence or 
absence of GTPyS (lOpM) as indicated. Incubations were carried out for 20 minutes at 
37°C. Ca^^ was maintained at lOpM. PLD activity is measured by [A] the release of 
choline or [B] PBut formation in the presence of 0.5% butan-l-ol. Results are presented 
from single representative experiments, which were reproduced on 3 separate occasions. 
The experiment was conducted in duplicate, and the error bars denote the range of the 
duplicate samples.
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4.2.2 Analysis of type I PIP 5-kinase a  activity in vitro

ARFl was previously shown to stimulate recombinant type I PIP 5-kinase a  in the presence 

of GTP or GTPyS, using PC vesicles with 10% PI(4)P [42]. The in vitro assay conditions 

contained Img/ml fatty-acid free BSA and 20|xg/ml ARNO (ARF nucleotide binding site 

opener). To establish whether both were obligatory assay components, the effect o f BSA 

and ARNO was examined.

4.2.2.1 Effect of BSA

1 mg/ml fatty-acid free BSA caused a dramatic increase in the ability of ARFl to activate 

type I PIP 5-kinase a  (Figure 4.3). This effect appears to be only modestly dependent on 

ARFl binding to GTPyS, since in the absence of the activator GTPyS, ARFl was still just 

as capable of stimulating type I PIP 5-kinase a  activity. This was suggested to be due to a 

proportion of ARFl being bound to GTP after purification from E. coli and/or the 

remaining ARF proteins bound to GDP not efficiently exchanging their GDP for GTPyS 

(see below). In the remaining in vitro type I PIP 5-kinase experiments 1 mg/ml fatty-acid 

free BSA was present in all samples.

4.2.2.2 Effect of ARNO

The ARF GEFs catalyse the nucleotide exchange activity on ARF proteins. Since isolated 

ARF proteins exchange bound nucleotide very slowly it was important to examine the 

effect of ARNO in the in vitro assay. In the presence of ARNO, ARFl should exchange its 

bound nucleotide (GDP) for the non-hydrolysable guanine nucleotide, GTPyS, at a higher 

rate, and therefore a greater activation of type I PIP 5-kinase a  should be observed.

ARNO (20|lg/ml) increased the ability of ARFl to stimulate the activity o f type I PIP 5- 

kinase a  in vitro (Figure 4.4). The presence of ARNO also revealed that it is only the active 

form of ARFl (not ARFl-GDP), which is capable of activating type I PIP 5-kinase a  in 

vitro.
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4.2.2.S Effect of pre-incubation

Since isolated ARF proteins exchange bound nucleotide very slowly, a pre-incubation step 

of 10 minutes was included before the type I PIP 5-kinase a  enzyme was added (Figure

4.4). Even in the absence of ARNO this pre-incubation step in the in vitro assay increased 

ARFl-stimulated PI(4 ,5)P2 synthesis, in the presence of GTPyS (compare Figure 4.3 with 

Figure 4.4). Since the 10 minute pre-incubation may have allowed some guanine nucleotide 

exchange events to occur, this result suggested that the exchange rate on ARFl may have 

been limiting the ability of ARFl to activate the type I PIP 5-kinase. This again 

demonstrates that it is only the active form of ARFl, which is capable of stimulating type I 

PIP 5-kinase a  activity in vitro.

4.2.3 N52R-ARF1 is capable of stimulating type I PIP 5-kinase a  activity in vitro

In Figure 4.4, the ability of N52R-ARF1 to activate the type I PIP 5-kinase a  in the 

presence and absence of ARNO was examined. N52R-ARFI substantially increased the 

production of PI(4,5)Pz compared to controls. However, the amount of PI(4 ,5)P2 produced 

was considerably less than that observed when wild-type ARFl was examined within the 

same in vitro type I PIP 5-kinase a  assay.

In a study by Honda et al [103], it was reported that type I PIP 5-kinase a  can be activated 

by ARFl but that this requires the presence of PA. Under their assay conditions, 50jiM 

PI(4)P was used as a substrate, and PA was added at an equimolar concentration. Under the 

assay conditions used here, vesicles containing 100% PI(4)P (40|xM) or PI(4)P:PA (1:1, 

40|iM of each) were used to investigate whether PA could affect the ability o f wild-type 

ARFl or N52R-ARF1 to activate type I PIP 5-kinase a. ARNO and fatty-acid free BSA 

were present in all samples to ensure quick exchange of GTPyS onto the ARF proteins and 

to obtain maximal stimulation of the lipid kinase. The use of 100% PI(4)P vesicles revealed 

ARFl and N52R-ARF1 were unable to stimulate type I PIP 5-kinase a  activity (Figure

4.5). However, in the presence of PI(4)P:PA (1:1) vesicles it was observed that PA alone 

was stimulatory, and wild-type ARFl in the presence of PA was capable of further
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stimulating the type I PIP 5-kinase a . This was in complete agreement with the results 

obtained by Honda et al [103]. In addition, similar to ARFl, the point mutant N52R-ARF1 

in the presence of PA, was also able to further stimulate the type I PIP 5-kinase a  (vesicles 

were composed of PI(4)P;PA (1:1)).

From the data it is evident that vesicles containing PA allow the N52R-ARF1 point mutant 

to stimulate the type I PIP 5-kinase a  to levels equivalent o f those observed with wild-type 

ARFl. This is in contrast to the previous assay using PC vesicles containing 10% PI(4)P, 

where N52R-ARF1 was able to stimulate the type I PIP 5-kinase a , but the stimulation was 

markedly less than that observed when wild-type ARFl was assessed during the same assay 

(Figure 4.4). Therefore, in two independent in vitro assays monitoring type I PIP 5-kinase a  

activity; one using PC vesicles containing 10% PI(4)P and the other using equimolar 

concentrations of PA and PI(4)P, the point mutant N52R-ARF1 (defective for PLD 

activation), was able to stimulate type I PIP 5-kinase a  activity. However, the extent of 

stimulation by N52R-ARF1, when compared to wild-type ARFl, appears to be dependent 

on the vesicle compositions used in the in vitro assays.

4.2.4 ARFl stimulates PI(4,5)P2 synthesis in HL60 cells indirectly via PA from the 

PLD pathway and by directly activating a type I PIP 5-kinase

Following the identification of an ARFl point mutant that was defective in PLD activation 

but was still able to activate type I PIP 5-kinase a  in vitro, the mechanism of ARFl- 

stimulated PIP2 synthesis in permeabilized HL60 cells was examined. The PLD defective 

mutant, N52R-ARF1 was able to increase PIP2 synthesis in cytosol-depleted HL60 cells, 

but this activity was reduced when compared to wild-type ARFl (Figure 4.6 [A]). From 

four independent experiments it was calculated that the response to N52R-ARF1 was 

reduced to 55±7% of the wild-type ARFl response. It was also observed that both wild- 

type ARFl and N52R-ARF1 increased PIP2 synthesis at the expense of PIP levels in 

permeabilized HL60 cells (Figure 4.6 [B]). Although, because N52R-ARF1 was unable to 

increase PIP2 synthesis to the same levels observed with wild-type ARFl, PIP levels in turn 

were not reduced by the same extent either.
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Figure 4.3
Effect of fatty acid free BSA on ARFl-stimulated type I PIP 5-kinase a  activity in 
vitro.
Vesicles consisting of PC:PI(4)P (90:10, molar ratio) were mixed with ARFl (5|iM) and 
GTPyS (40jxM) or GDP (250jiM) as indicated, in the absence (unfilled bars) or presence 
(filled bars) of 1 mg/ml fatty acid free BSA. The enzyme type I PIP 5-kinase a  was added 
and after incubation for 20 minutes at 30°C the samples were quenched and analysed for 
[32p]pn>2 fonnation. The experiment was conducted in duplicate, and the error bars denote 
the range of the duplicate samples. A single experiment representative of two others is 
shown.
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In vitro type I PIP 5-kinase a  assay 
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Figure 4.4
N52R-ARF1 activates type I PIP 5-kinase a  activity in vitro
Vesicles consisting of PC:PI(4)P (90:10, molar ratio) were mixed with ARFl (5|iM) or 
N52R-ARF1 (5|iM) in the presence of GTPyS (40|iM) or GDP (250|xM) as indicated. 
Incubations were performed in the absence (unfilled bars) or presence (filled bars) of 
20|ig/ml ARNO. Also present in the assay were 1 mg/ml fatty-acid free BSA, ImM 
Mg. ATP and 2pCi of y-labelled [^^P]ATP. After a 10 minute pre-incubation of the samples 
at 30°C, the enzyme type I PIP 5-kinase a  was added. Samples were then incubated for a 
further 20 minutes at 30°C and were quenched and analysed for [^^P]PIP2 formation. The 
experiment was conducted in duplicate, and the error bars denote the range of the duplicate 
samples. A single experiment representative of two others is shown.
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Figure 4.5
Effect of PA on ARFl and N52R-ARFl-stimulated type I PIP 5-kinase a  activity using 
vesicles containing PI(4)P alone or PI(4)P with PA (1:1 molar ratio)
Vesicles consisting of PI(4)P alone (unfilled bars) or PI(4)P and PA (1:1, molar ratio) 
(filled bars) were mixed with ARFl (5|xM) or N52R-ARF1 (5|iM) in the presence of 
GTPyS (40|iM) or GDP (250|iM) as indicated. 20|ig/ml ARNO, 1 mg/ml fatty acid free 
BSA, ImM Mg.ATP and 2|xCi of y-labelled [^^P]ATP were also present. After a 10 minute 
pre-incubation of the samples at 30°C, the enzyme type I PIP 5-kinase a  was added. 
Samples were then incubated for a further 20 minutes at 30°C and were quenched and 
analysed for [^^P]PIP2 formation. The experiment was conducted in duplicate, and the error 
bars denote the range of the duplicate samples. A single experiment representative of two 
others is shown.
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Figure 4.6
N52R-ARF1 restores PIP2 synthesis in permeabilized HL60 cells
HL60 cells were permeabilized for 10 minutes and washed. Cells were reconstituted with 
ARFl (5|xM) or N52R-ARF1 (5|xM) in the presence of GTPyS (10|xM). Incubations were 
carried out for 20 minutes at 37°C at l|iM  Ca^^, ImM Mg.ATP and 2mM MgCli in a total 
assay volume of 100 |il. 2|iCi of y-labelled [^^P]ATP was also present. Samples were 
quenched and production of [A] [^^P]PIP: and [B] [^^P]PIP were analysed by TLC. The 
experiment was conducted in duplicate, and the error bars denote the range of the duplicate 
samples. A single experiment representative of three others is shown.
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4.3 Discussion

Characterization o f  the in vitro type I  PIP 5-kinase assay

In the type I PIP 5-kinase a  assay utilised by Jones et al [42], 20|ig/ml ARNO and 1 mg/ml 

fatty-acid free BSA were included in all samples when activation of type I PIP 5-kinase a  

by wild-type ARFl was investigated. In this assay PC vesicles containing 10% PI(4)P were 

used. To assess how essential ARNO and fatty-acid free BSA were for the robust activation 

of the type I PIP 5-kinase a  by wild-type ARFl both components were left out of the assay 

(Figure 4.3 Control Samples). Equivalent samples were also incubated with 1 mg/ml fatty- 

acid free BSA, and this resulted in the activity of the lipid kinase increasing by at least 2- 

fold in all samples, even those without ARFl. It can therefore be concluded, that under the 

experimental conditions utilised, 1 mg/ml fatty acid free BSA is an important component in 

the assay and is required for the robust activation of the type I PIP 5-kinase a  both in the 

absence and presence of ARFl. The results suggest that fatty-acid free BSA may have a 

stabilising effect on the enzyme and thus allow the active site of the type I PIP 5-kinase to 

bind and phosphorylate the substrate PI(4)P more efficiently.

In both the absence and presence of fatty-acid free BSA, it was also clear that although 

wild-type ARFl could activate the type I PIP 5-kinase, this effect was only modestly 

dependent on GTP'yS. This could be due to a proportion of ARFl being bound to GTP after 

purification from E. coli and/or the ARF proteins bound to GDP not efficiently exchanging 

their GDP for GTPyS. To obtain a greater amount of ARFl in its active conformation, a 10 

minute pre-incubation step was added to the protocol conditions to allow more time for 

exchange of GDP for GTP'yS. The results show that pre-incubation of the samples enables a 

greater amount of ARFl dependent synthesis of PI(4 ,5)P2 to occur in the presence of 

GTPyS, suggesting that the guanine nucleotide exchange rate by ARFl does indeed limit 

the ability of ARFl to activate the type I PIP 5-kinase.

Since isolated ARF proteins exchange bound nucleotide very slowly, the effect of ARNO 

was examined in the in vitro assay. It was observed that ARNO increases the ARFl 

dependent activation of type I PIP 5-kinase a  in the presence of GTP7S. As ARNO is an
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ARF GEF and catalyses the nucleotide exchange activity on ARF, it is proposed that in the 

in vitro assay ARNO causes ARFl to exchange its bound nucleotide (GDP) for the non- 

hydrolysable GTP analogue, GTPyS, at a higher rate, therefore allowing increased 

activation of type I PIP 5-kinase to be observed.

Thus, in characterising the type I PIP 5-kinase assay, evidence from this Chapter suggests 

ARNO is an essential component and its inclusion in the assay by Jones et al [42], and in 

the study here, was critical to observe maximal and robust ARFl dependent activation of 

the type I PIP 5-kinase a. Results from this Chapter also reveal that it is most likely only 

the active conformation of ARFl which is capable of activating type I PIP 5-kinase a  in 

vitro.

Activation mechanism o f Type I  PIP 5-kinase by PA and ARFl in HL60 cells 

This Chapter has investigated the ARFl point mutant, N52R-ARF1 and results reveal that 

myristoylated N52R-ARF1 stimulates type I PIP 5-kinase a  in vitro, but is inactive for PLD 

activation in permeabilized HL60 cells. The identification of an ARFl mutant that can 

selectively activate type I PIP 5-kinase a  in vitro has enabled further analysis of the 

mechanism of ARF-stimulated PIP2 synthesis in HL60 cells.

From previous in vitro studies of type I PIP 5-kinase activation (as well as results presented 

in this Chapter), ARF proteins can either activate type I PIP 5-kinase directly [42], or 

require PA as a co-stimulus [103]. However, the vesicle compositions used in the in vitro 

studies do not reflect the lipid compositions that type I PIP 5-kinase would encounter 

within the cell. The studies using permeabilized HL60 cells avoid this problem and are 

more physiological since the activation of the endogenous lipid kinase is studied in its 

“native” membrane environment.

The studies presented in this Chapter show firstly, that ARF proteins can activate type I PIP 

5-kinase without being dependent on PA generated from the PLD pathway. Secondly, they 

indicate that PA can further enhance the ARF effect, and therefore PA also makes a 

contribution to the activation of type I PIP 5-kinase activity. Whether PA is capable of
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activating type I PIP 5-kinase a  independently of ARFl in HL60 cells awaits the 

identification of an ARF mutant that can selectively activate PLD but not type 1 PIP 5- 

kinase activity.

Figure 4.7 summarizes the ARF-regulated pathways that lead to the synthesis of PIP2 in 

HL60 cells. It would appear from the data in this Chapter that ARFl alone is capable of 

stimulating type 1 PIP 5-kinase activity, which can be further stimulated by PA derived 

from PLD activity. However, under the experimental conditions used here there is always 

some PA formed from the GTPyS stimulated PLC pathway (see Figure 3.16). This PA may 

contribute to the activation of the type 1 PIP 5-kinase, therefore, a role for PA as a co

stimulus in the activation of type 1 PIP 5-kinase in the presence of N52R-ARF1 cannot be 

totally excluded.
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Figure 4.7
ARF stimulated PIP2 synthesis; the relative contribution made by the direct activation 
of type I PIP 5-kinase and indirect activation via PA
The contribution made by ARF directly stimulating type 1 PIP 5-kinase activity is 55±7%, 
calculated from 4 independent experiments using N52R-ARF1 as the activator (denoted by 
the solid black line). PA derived from ARF-stimulated phospholipase D pathway can 
further enhance P1(4 ,5)P2 synthesis (route denoted by dotted black line).
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Chapter 5

5 Identification of PITPa mutants that cannot bind PI but still bind PC

5.1 Introduction

In Chapter 3 it was demonstrated that in the presence of PITPa, PLC-mediated hydrolysis 

of PIP2 is greatly increased. Since PITPa can bind and transfer PI, it has been assumed that 

PITPa transfers individual molecules of PI to the plasma membrane for subsequent 

phosphorylation into PI(4 ,5)P2. Another possibility that has yet to be explored is that PITPa 

can stimulate vesicular flow and this provides the substrate for the PLC [256,286]. In this 

case PITPa may not have to hind PI, as observed for Sec 14 from Saccharomyces cerevisiae 

[343].

The aim of this Chapter was to identify PITPa mutants that had lost the ability to bind and 

transfer PI. So called PC selective PITPa mutants, if identified would be useful for 

investigating whether PI transfer and binding were essential features of PITPa function 

within the cell. Elucidation of the crystal structure of PITPa bound to PI has provided the 

structural information required to design mutants that would potentially bind and transfer 

PC, but not PI [344]. Extensive biochemical analysis allowed the identification of PITPa 

mutants which were unable to bind or transfer PI, but were wild-type for PC. It was also 

evident that the ability of these PITPa mutants to reconstitute PLCp activity was dependent 

on PI binding and transfer.

In collaboration with Neil McDonald, Sarah Tilley and Judith Murray-Rust from Birkbeck 

College, University of London, the crystal structure of human PITPa bound to its 

physiological ligand PI, at 2.9Â was recently solved (Figure 5.1 [A]). The crystal structure 

is a dimer of two PITPa monomers, each bound to one molecule of PI (see Figure 6 .1). The 

dimer interface is predicted to be the site of membrane attachment since it contains a 

number of residues which are chemically favourable for interactions with a membrane 

surface. It is also likely, that because the dimer interface is buried away from the aqueous
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environment, this site on the PITPa protein has properties which favour hydrophobic 

interactions.

Surprisingly, the crystal structure of PITPa liganded to PI is almost identical to the crystal 

structure of PITPa bound to PC, with both structures in the closed and soluble 

conformation. This is in marked contrast to the apo-structure which is in an open 

conformation. In the PITPa-PI structure, the majority of the PI lipid is buried within the 

lipid binding pocket of PITPa including the inositol head-group of PI (Figure 5.1 [B]). 

Further examination of the PITPa-PI structure identifies side chains within the lipid head- 

group binding pocket that may define the exquisite specificity for PI. Comparison of the PI 

and PC crystal structures of PITPa revealed amino acids in the lipid binding pocket that 

interact via a specific set of hydrogen bonds with only the inositol ring of PI (Figure 5.1 

[C]). Contacts with the PI and PC lipid head-groups by PITPa can be grouped into three 

discrete classes: those that contact both PC and PI, those that contact PI differently from PC 

and those unique to PI.

Residues employed in the recognition of both PI and PC include those making contact with 

the phosphate moiety of each lipid, namely Q22 (indirectly via a water) and K195 to one 

phosphate oxygen and T114 (indirectly via a water) and T97 to the other. Residues T59 and 

E86 interact with both PI and PC but in distinctive ways. In PITPa-PC, the side chain of 

T59 is approximately 3.5Â from a methyl group of PC. In PITPa-PI this residue forms a 

hydrogen bond with the D-4 hydroxyl of the inositol ring of PI. In both structures E86 is 

held in position by a hydrogen bond to Y63. In PITPa-PI, E86 also makes a hydrogen bond 

with the D-3 hydroxyl of the inositol ring, which is not possible in PITPa-PC. Residues 

that contact PI and not PC include K61, which is close enough to make contact to either the 

D-3 or D-4 hydroxyls of the inositol ring, N90 which hydrogen bonds to the D-5 hydroxyl 

of the inositol ring and Y92, and Q22 which is 3.22Â from the D-6 hydroxyl of the inositol 

ring, and therefore close enough to hydrogen bond. There is also an important role for 

solvent although the modest resolution of the PITPa-PI structure precludes reliable 

identification of many water molecules. However, it is clear that solvent molecules will be
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Figure 5.1
[A] Overall fold of PITPa PI
Functional regions as previously defined are lipid binding core (blue), regulatory loop 
(green), C-terminal region (red), and lipid exchange loop (orange). Figure reproduced with 
permission of Judith Murray-Rust.
[B] Electron density around the PI lipid head-group
The top panel and lower panel are orthogonal stereo views of the head-group showing the 
fit of PI to the density. The refined molecule of PI has magenta bonds. For comparison the 
PC ligand from the superimposed PC complex is shown with orange bonds. Figure 
reproduced with permission of Judith Murray-Rust.
[C] Amino acid side-chains predicted to be responsible for PI binding in PITPa-PI.
The side-chains of residues mutated in the present study are shown in green and contacts 
between these residues and hydroxyl groups in the PI inositol head-group by cyan dotted 
lines. Figure reproduced with permission of Judith Murray-Rust.
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located within the lipid binding cavity. A similar situation is observed for other lipid 

binding proteins, which have apparently quite conserved waters which provide a “hydration 

sphere” for the head-group in an otherwise non-polar environment [392].

5.2 Results

5.2.1 Identification of T59, K61, E86 and N90 as residues important for lipid 

transfer specificity by PITPa

From the crystal structure of PITPa bound to PI, amino acids have been identified that 

interact via hydrogen bonding with the lipid head-group of PI (Figure 5.1 [A], [B] and [C]). 

Mutations were made at the four key residues, T59, K61, E86 and N90, to prevent the 

hydrogen bonding interactions from forming between the inositol head-group of PI and 

PITPa. The mutations were; T59 to either a Glu (E), an Ala (A), a Ser (S) or a Val (V); 

K61 to an Ala (A); E86 to either an Ala (A) or a Gin (Q), and, N90 to either a Phe (F) or a 

Leu (L). The inositol head-group mutants and the wild-type protein were expressed in E. 

coli and the purified proteins were analysed on SDS-PAGE to assess purity (Figure 5.2 [A]-

[D]). Whilst the expression of wild-type PITPa and mutants T59S, T59V, E86A, and E86Q 

were comparable, T59E, T59A, K61A, N90F and N90L all had higher levels of impurity 

and reduced levels of expression compared to wild-type. Protein concentrations were 

therefore estimated from the SDS-PAGE gel by densitometry on AIDA software relative to 

wild-type PITPa protein.

The inositol head-group mutants were first examined for PI and PC transfer using a cell 

based assay [267], which is more physiological than assays used in previous studies. In this 

assay PITPa proteins are incubated with cytosol-depleted HL60 cells, which act as a source 

of radiolabelled lipids. Lipid transfer is measured by monitoring transfer of radiolabelled 

cellular lipid to exogenously added liposomes. A summary of the results for PI and PC 

transfer by the inositol head-group mutants at protein concentrations of lOOpg/ml and 

200|ig/ml is provided in Table 5.1.
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Analysis o f  PITPaK61 and N90 mutants fo r  lipid transfer

The two residues that make specific contact with PI and not PC are K61 and N90. The 

PITPa mutant K61A was unable to transfer PI at any of the concentrations tested, whilst 

PC transfer was similar to wild-type (Figure 5.3 [A] and [B]). Analysis of the N90 mutants 

revealed that both N90F and N90L were unable to transfer PI at concentrations of 0- 

50jig/ml. However, at higher concentrations of N90F and N90L low levels of PI transfer 

were observed (Figure 5.3 [A]). In contrast, PC transfer of both N90 mutants was 

comparable to wild-type levels (Figure 5.3 [B]). Both K61 and N90 make specific 

hydrogen bonds with PI and not PC, so this result is easily rationalized by the structure. In 

addition, the N90F mutant may also be affected by steric hindrance of the phenyl group 

with the larger PI head-group contributing to loss of PI interaction.

Analysis o f  PITPa T59 mutants fo r  lipid transfer

Previous studies have described the effect of T59E in abolishing transfer o f PI whilst 

leaving PC transfer unaffected [306,393]. Analysis of the T59 mutants revealed only T59E 

was completely unable to transfer PI at all protein concentrations tested (Figure 5.4 [A] and 

Table 5.1). This is thought to be through a combination of charge repulsion and steric clash. 

It is less clear how PC transfer is retained, but it is possibly through the glutamic acid 

neutralisation of the positive charge of choline (Figure 5.4 [B]). Both T59A and T59S had a 

reduction in PI transfer compared to wild-type PITPa (Figure 5.4 [A], Figure 5.5 [A] and 

Table 5.1). However, although PC transfer for T59E was similar to wild-type levels (Figure

5.4 [B]), PC transfer for T59A was reduced and for T59S was slightly better than wild-type 

PITPa (Figure 5.4 [B] and Figure 5.5 [B]). The final T59 mutant examined for lipid 

transfer was T59V. This mutant had reduced PI and PC transfer compared to wild-type 

PITPa (Figure 5.5 and Table 5.1).

Analysis o f  PITPa E86 mutants fo r  lipid transfer

Analysis of lipid transfer by the E86 mutants reveals a more complex set o f interactions. 

Mutation of E86 to an alanine removes the hydrogen bond contact with the D-3 hydroxyl of 

the inositol ring. E86A caused PI transfer to be reduced to 54±2% for lOOpg/ml and 65±4% 

for 200jig/ml (Table 5.1), whilst PC transfer was similar to wild-type PITPa (Figure 5.6
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and Table 5.1). A reasonable explanation is that the specific hydrogen bonding between 

E86 and the D-3 hydroxyl of the inositol ring is important for optimal PI transfer to occur. 

In contrast, the conservative mutation of E86 to a Q caused a reduction in both PI and PC 

transfer (Figure 5.6). PI transfer was reduced to 75±4% for 100|ig/ml and 81±3% for 

200|Xg/ml, but surprisingly, PC transfer was more affected and was reduced to 39±2% for 

lOOjig/ml and 47±2% for 200|Xg/ml (Table 5.1). These observations for lipid transfer by 

E86Q are unexpected as the PITPa crystal structures did not indicate any interactions 

between E86 and the bound phospholipid PC. It appears though that changing residue 86 

from an E to a Q clearly affects PC transfer more than PI transfer. Perhaps the electrostatic 

interaction between E86 and the lipid head-group is a contributory factor for maintaining 

wild-type PC transfer.

5.2.2 Identification of T59, K61, £86 and N90 as residues important for lipid binding 

specificity by PITPa

To determine the specificity and ability of the PITPa inositol-binding site mutants to 

exchange their bound lipid for cellular PI or PC, a cell based lipid binding assay was used 

[267]. In this assay, HL60 cells are labelled with [^'^C]acetate for 48 hours to metabolically 

label all lipids to equilibrium. The [^"^CJacetate labelled HL60 cells are permeabilized using 

SLO and incubated at 37°C with recombinant His-tagged PITPa proteins. After 15 minutes 

the proteins are re-purified via their His-tag using nickel resin, and the radiolabelled lipids 

bound to the PITPa proteins are extracted and analysed on TLC (see Figure 7.1 [B]).

When the PITPa mutants are compared to wild-type, a sample of the recaptured PITPa 

protein is always analysed on SDS-PAGE to standardise the amount of PITPa protein 

present. The amount of radioactivity associated with PI and PC is divided by the amount of 

protein and the value obtained for wild-type protein is set to 100%. The amount of lipid 

bound to the mutant proteins is compared to wild-type, and % binding values are 

calculated. Under these experimental conditions wild-type PITPa specifically exchanges its 

bound PG for PI or PC from cellular HL60 cell membranes (see Figure 7.1 [B]).
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Figure 5.2
SDS PAGE analysis of His-tagged PITPa proteins [A] K61A, N90F and N90L, [B] 
T59A and T59E, [C] T59S and T59V, and (D| E86A and E86Q.
PITPa mutants were purified as His-tagged proteins as described and protein purity was 
assessed by running 5pg of protein on a 12% SDS-PAGE gel followed by protein staining 
using Coomassie blue.
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Figure 5.3
PI and PC transfer of PITPa mutants K61 A, N90F and N90L.
Permeabilized HL60 cells radiolabelled with [A] inositol or [B] choline were 
incubated at 37°C with recombinant PITPa proteins and acceptor liposomes (PC:PI, 98:2 
molar ratio) in a total assay volume of 200jxl. Incubations were carried out at IfiM Ca^^, 
ImM Mg.ATP and 2mM MgCli. After 20 minutes the samples were transferred to ice and 
centrifuged and phospholipid transfer from the donor cells to the acceptor liposomes was 
monitored. The experiments were conducted in duplicate, and the error bars denote the 
range of the duplicate samples. Results are presented ft"om single representative 
experiments which were reproduced on at least two separate occasions.
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Figure 5.4
Effect of P IT Pa mutants T59A and T59E on PI and PC transfer.
Permeabilized HL60 cells radiolabelled with [A] [^H]inositol or [B] [^HJcholine were 
incubated at 37°C with recombinant PITPa proteins in the presence of acceptor liposomes 
(PC:PI, 98:2 molar ratio) in a total assay volume of 200pl. Incubations were carried out at 
IjiM Ca^ .̂ After 20 minutes the samples were transferred to ice and centrifuged and 
transfer of radiolabelled cellular phospholipid to the liposomes was monitored. Results are 
presented from single representative experiments, which were reproduced on three separate 
occasions. Experiments were conducted in duplicate, and the error bars denote the range of 
the duplicate samples. Data reproduced with permission of Bruno Segui.

170



C hapter 5: Identification of P IT P a  mutants that cannot bind P I but still bind P C

[A] PI transfer [B] PC transfer

30

Î  20

I . ,
0

b 20

Wild-type PITPa 
T59S

Wild-type PITPa 
T59S

0 50 100 150 200

Protein Concentration (|Xg/ml)

0 50 100 150 200

Protein Concentration (p.g/ml)

Wild-type PITPa 
T59V

20

10

0

0 50 100 150 200

«2

Wildtype PITPa 
T59V30

20

10

0

0 50 100 150 200
Protein Concentration (ilg/ml) Protein Concentration (jig/ml)

Figure 5.5
Effect of P IT P a mutants T59S and T59V on PI and PC transfer.
HL60 cells were radiolabelled with [A] [^H]inositol or [B] [^HJcholine and were 
permeabilized for 10 minutes. The cells were washed and incubated with recombinant 
PITPa proteins as indicated for 20 minutes at 37°C. Incubations were performed in the 
presence of acceptor liposomes (PC:PI, 98:2 molar ratio). Ca^^ was maintained at l|iM.. 
Samples were quenched on ice and transfer of radiolabelled cellular phospholipids to 
liposomes was analysed. Results are the average of duplicate samples (± range) from a 
single experiment repeated on two separate occasions for T59S, but only once for T59V.
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Figure 5.6
PI and PC transfer of PITPa mutants E86A and E86Q.
HL60 cells were radiolabelled for 48 hours with [A] inositol or [B] [^HJcholine. Cells 
were permeabilized and washed to remove endogenous proteins and incubated with 
recombinant PITPa proteins as indicated, in the presence of acceptor liposomes (PC:PI, 
98:2 molar ratio). Incubations were carried out at IjiM Ca^^. Samples were quenched on ice 
and transfer of radiolabelled cellular phospholipids to liposomes was monitored. The 
experiments were conducted in duplicate, and the error bars denote the range of the 
duplicate samples. One experiment representative of at least three is shown.
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PITPa

proteins

%PI

Transfer

(100pg/ml)

%PC
Transfer

(100pg/ml)

%PI
Transfer

(200pg/ml)

%PC
Transfer

(200]Lig/ml)

Wild-type 100 100 100 100

K61A*** 0±0 95±2 -6±3 96±3

N90F** 10±5 98±4 21±6 97±1

N90L* 10±2 111±8 20±4 100±2

T59E*** 1±1 102±12 0±1 88±4

T59A*** 60±7 65±9 62±5 68±10

T59S* 79±4 135±2 87±1 125±0
T59V 51 49 63 56

E86A*** 54±2 102±4 65±4 102±2

E8 6Q*** 75±4 39±2 81 ±3 47±2

Table 5.1
Summary of the PI and PC transfer activities of the PITPa inositol binding site point 
mutants
The experimental data for all the PI and PC transfer assays performed using the PITPa 
inositol binding site point mutants is tabulated here at protein concentrations of lOOng/ml 
and 200|ig/ml. Each mutant protein was analyzed in two* or three** or more*** 
independent experiments for PI and PC transfer, and results are the means of these 
experiments. The exception is T59V which was only tested once. Errors where n=2 
represent the range of the two experimental values and errors where n>3 are represented by 
S.E.M.
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Analysis o f  PITPaK61 and N90 mutants fo r  lipid binding

Point mutants of PITPa at residues K61 and N90 were examined for lipid binding (Figure 

5.7 and Table 5.2). The PITPa mutant K61A was unaffected in its ability to exchange its 

bound lipid for PC, but, PI binding was completely abolished. It was observed that PC 

binding was 140±17% and PI binding was 1±0% (Table 5.2). When lipid binding by N90F 

and N90L was examined, it was observed that they were both capable of binding PC 

(Figure 5.7 and Table 5.2). Mean values for PC binding were 129±18% for N90F and 

112±9% for N90L (Table 5.2). In contrast, the ability of the N90 point mutants to exchange 

and bind PI was severely impaired. The mean values for binding PI were just 7± 1% for 

N90F and only 4±2% for N90L (Table 5.2).

Analysis o f  PITPa E86 mutants fo r  lipid binding

Examination of the mutants E86A and E86Q for lipid binding was important since they had 

previously revealed a more complex set of interactions when analysed for lipid transfer 

than predicted from the crystal structure. Examination of lipid binding revealed that E86A 

and E86Q have different PI and PC binding properties (Figure 5.8 and Table 5.2). E86A 

was capable of exchanging its bound lipid for a PC molecule, with a mean value obtained 

of 129±22% (Table 5.2). However, binding of PI to E86A was considerably reduced and it 

was only able to exchange and bind 23±3% (Table 5.2). The mutant E86Q which has 

already shown atypical transfer properties to those predicted was also able to exchange its 

bound lipid for PI or PC, but binding to both lipids was reduced. The mean value for PI 

binding was 52±11%, and for PC binding was 55±7% (Table 5.2). It is immediately clear 

that the amount of PI and PC transferred and bound by the E86 mutants follows a similar 

pattern, therefore, although the two assays measure slightly different parameters o f PITPa 

function, the data reflects the fact that PI and PC binding and transfer are linked.

Analysis o f  PITPa T59 mutants fo r  lipid binding

From the crystal structures of PITPa, the residue T59 is able to contact both PI and PC but 

in distinctive ways. The site specific mutants, T59A, T59E (Figure 5.9) and T59S (Figure 

5.10) were all analysed to understand how important the residue T59 is for binding to PI or 

PC. T59A was wild-type for PC binding, whereas its ability to exchange and bind PI was
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significantly reduced (Figure 5.9 and Table 5,2). The mean value for PI binding was 

36±11%, and for PC binding was 101±21% (Table 5.2). The phosphomimetic mutant, 

T59E was, as previously described [306], almost completely unable to exchange and bind 

PI (Figure 5.9 and Table 5.2). The mean value for PI binding was just 5±2% (Table 5.2). 

This was in contrast to its ability to exchange and bind PC, which was similar to wild-type 

at 90±27% (Table 5.2).

The final mutant T59S, was predicted to have similar properties to wild-type PITPa, since 

threonine and serine are chemically very similar, and only differ by one additional methyl 

group in threonine. Thus, the hydrogen bonding between PITPa and the inositol head- 

group could potentially still occur when T59 is mutated to a serine. Examination of T59S 

reveals it is capable of exchanging and binding PC to levels seen with wild-type protein, 

surprisingly though, as seen with PI transfer, PI binding is reduced (Figure 5.10 and Table 

5.2). The PC binding value is 135±4%, whereas the value for PI binding is only 27±2% 

(Table 5.2). Therefore, the loss of a methyl group from the side chain at residue 59, which 

occurs when T59 is mutated into a serine is enough to disrupt both PI transfer (Table 5.1), 

and PI binding (Table 5.2). A reasonable explanation for this observation is that mutation of 

T59 to a serine prevents the formation of a hydrogen bond between the D-4 hydroxyl of the 

inositol ring of PI and residue 59.

5.2.3 Identification of T59, K61, E86 and N90 as residues important for the 

restoration of PLCP signalling by PITPa

The majority of the inositol-binding site mutants exhibited reduced or no binding and 

transfer of PI, whereas in both functional assays, PC binding and transfer remained 

generally unaffected. An important exception was E86Q, which also had reduced PC 

binding and transfer.

Equipped with mutant PITPa proteins that displayed differential affinities for PI and PC, it 

was now possible to investigate their effectiveness at reconstituting GTPyS-stimulated 

PLCP signalling.
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PI

/

PC

PiTPa

PiTPa proteins % PI binding % PC binding

Wild-type 100 100

K61A 1 141
N90F 7 113
N90L 5 121

Figure 5.7
Determination of phospholipids bound to PITPa mutants K61A, N90F and N90L 
following incubation with permeabilized HL60 cells.
HL60 cells were radiolabelled for 48 hours with [‘"‘C]acetate. After permeabilization, cells 
were in incubated in the presence (wild-type PITPa, K61A, N90F or N90L) or absence 
(none) of His-tagged PITPa proteins for 20 minutes. Incubations were carried out at 1 pM 
Ca^ .̂ After incubation for 15 minutes at 37°C, samples were centrifuged and the 
supernatants were collected. PITPa proteins were then recovered and the lipids associated 
were extracted and separated using TLC (top panel). An aliquot of the recovered PITPa 
protein was also analysed on a 12% SDS gel. The amount of ['"‘C] labelled PI or PC 
associated with the PITPa proteins was quantified with respect to recovered protein (lower 
panel).
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PC

PITPa

/ / /

PiTPa proteins % PI binding % PC binding

Wild-type 100 100

E86A 29 172
E86Q 74 68

Figure 5.8
Determination of phospholipids bound to PITPa mutants E86A and E86Q.
HL60 cells were radiolabelled for 48 hours with [‘"‘C]acetate. After permeabilization, 
labelled HL60 cells were in incubated in the presence (wild-type PITPa, E86A or E86Q) or 
absence (none) of His-tagged PITPa proteins. Incubations were carried out at IpM Ca^ .̂ 
After incubation of the samples for 15 minutes at 37°C, the PITPa proteins were recovered 
from the supernatant and the bound lipids were extracted and separated using TLC (top 
panel). An aliquot of each of the recovered PITPa proteins was also analysed on a 12% 
SDS gel. The amount of labelled PI or PC associated with the PITPa proteins was 
quantified with respect to recovered protein (lower panel).
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PI

PC

PITPa

PITPa proteins % PI binding % PC binding

Wild-type 100 100
T69A 56 133
T59E 8 138

Figure 5.9
Analysis of phospholipids bound to PITPa mutants T59A and T59E.
HL60 cells were radiolabelled for 48 hours with ['"^C]acetate. After permeabilization, 
labelled HL60 cells were reconstituted with either wild-type, T59A or T59E His-tagged 
PITPa proteins. Incubations were carried out at 1 pM Ca^ .̂ After incubation of the samples 
for 15 minutes at 37°C, the PITPa proteins were recovered from the supernatant and the 
bound lipids were extracted and separated using TLC (top panel). An aliquot of the 
recovered PITPa protein was also analysed on a 12% SDS gel. The amount of 
labelled PI or PC associated with the PITPa proteins was quantified with respect to 
recovered protein (lower panel).
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PI

PC

PiTPa

PiTPa proteins % PI binding % PC binding

Wild-type 100 100

T59S 28 132

Figure 5.10
Determination of phospholipids bound to PITPa mutant T59S.
HL60 cells radiolabelled with ['"^C]acetate were cytosol-depleted and incubated in the 
presence (wild-type PITPa or T59S) or absence (none) of His-tagged PITPa proteins for 
15 minutes at 37°C. Ca^^ was maintained at IpM. After centrifugation the supernatants 
were collected and PITPa proteins were recovered. The lipids associated with the PITPa 
proteins were extracted and separated using TLC (top panel). The amount of labelled 
PI or PC associated with the PITPa proteins was quantified with respect to recovered 
protein (lower panel).
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PITPa proteins
Mean % 

PI Binding

Mean % 

PC Binding

Wild-type 100 100
K61A** 1±0 140±17
N90F** 7±1 129±18
N90L* 4±2 112±9
T59E** 5±2 90±27
T59A** 36±11 101±21

T59S* 27±2 135±4
E8 6A** 23±3 129±22

E8 6Q** 52±11 55±7

Table 5.2
Summary of PI and PC binding by the PITPa inositol binding site point mutants.
The experimental data for all the phospholipid binding assays performed using the PITPa 
inositol head-group point mutants is tabulated here. Each mutant protein was analysed in 
two* or three** independent experiments for both PI and PC binding, and results are the 
means of these experiments. Errors where n=2 represent the range of the two experimental 
values and errors where n=3 are represented by S.E.M.
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PITPa was previously identified as the reconstituting factor for PLCp signalling in cytosol- 

depleted HL60 cells [1,282], and it was proposed that PITPa promotes the synthesis of 

P(4,5)P2, which upon hydrolysis by PLC gives rise to increased levels of inositol 

phosphates [1].

In this PLC-signalling reaction the ability of PITPa to fulfil this role was attributed to its 

capacity to bind and deliver PI to the membrane, for its subsequent phosphorylation by a PI 

4-kinase and a type I PIP 5-kinase to yield the PLC substrate, PI(4,5)P2. If PI transfer and 

binding were important parameters for PITPa function in PLC signalling, then it would be 

expected that the PI binding and transfer defective mutant K61A would not be able to 

restore PLC activity, whereas E86A and E86Q would exhibit approximately 50% 

restoration of PLC activity. In order to establish whether this hypothesis was correct, all the 

inositol-binding site mutants were examined for their ability to reconstitute PLC signalling 

compared to wild-type PITPa. In this assay, HL60 cells are radiolabelled with [^HJinositol 

for 48 hours. Cytosol-depleted HL60 cells are then incubated with PITPa mutant proteins 

in the presence of GTPyS. PITPa protein concentrations up to 200|ig/ml were examined 

and PLC activity was measured by analysing total inositol phosphates on Dowex anion 

exchange columns as described in Chapter 2, Section 2.12.1.

Analysis o f  PITPaK61 and N90 mutants fo r  restoration o f PLC signalling 

Examination of PITPa-K61A revealed it was unable to restore PLC signalling in HL60 

cells (Figure 5.11 [A]). However, the calculated data for K61A at protein concentrations of 

lOOpg/ml and 200|Xg/ml indicated a small amount of reconstitution of PLC signalling 

(Table 5.3). In retrospect, the qualitative analysis of the experimental data is what appears 

to be correct, and therefore the conclusion that K61A is defective for restoration of PLC 

signalling holds. This data is in agreement with K61A being unable to bind and transfer PI. 

N90F and N90L, both resulted in severely impaired PLC signalling (Figure 5.11 [B]). 

Further analysis revealed restoration of the PLC response was reduced to 38±1% and 

37±1% for N90F and N90L at 200pg/ml, respectively (Table 5.3). PI transfer was reduced 

to 21 ±6% for N90F, and 20±4% for N90L at 200|ig/ml.
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Analysis o f  PITPa T59 mutants fo r  restoration o f PLC signalling

T59A and T59S were able to restore PLC signalling to levels similar to wild-type (Figure 

5.12 [A] and Figure 5.12 [B]). The data reveals that a modest reduction in PI transfer, in the 

case of T59A and T59S, does not adversely affect the ability to restore PLC signalling 

compared to wild-type. The T59E mutant was completely unable to reconstitute PLC 

signalling (Figure 5.12 [A]). This observation reflects the PI binding and transfer data 

obtained for T59E (Table 5.1 and Table 5.2). For a summary of the ability of the PITPa 

proteins to restore PLC signalling see Table 5.3.

Analysis o f  PITPaE86 mutants fo r  restoration o f PLC signalling

E86A and E86Q were assessed for restoration of PLC signalling in cytosol-depleted HL60 

cells. Since these two mutants gave such different results in the previous functional assays, 

and E86Q in particular, has transfer and binding activities which were not predicted, 

examination of the ability of E86A and E86Q to restore PLC activity was important. The 

E86A mutant showed a modest reduction in its ability to restore PLC-mediated inositol 

phosphate production (Figure 5.13 [A] and Table 5.3). At lOOjig/ml PLC activity was 

86±1% and at 200)J,g/ml was 86±5%. This data suggested that the amount of PI transfer 

exhibited by E86A of 54±2% (100p,g/ml) and 65±4% (200|ig/ml) (Table 5.1) is enough to 

restore PLC signalling to almost wild-type levels.

The mutant E86Q has anomalous behaviour when examined for its ability to restore PLC 

signalling (Figure 5.13 [A]). Typically, at protein concentrations up to 50-100jJ,g/ml, E86Q 

was similar to wild-type in its ability to restore PLC signalling, however, at 100|ig/ml, PLC 

activity levelled out and at higher concentrations of E86Q, PLC activity was diminished. A 

reasonable explanation would link this phenomenon with the unusual lipid transfer 

properties exhibited by E86Q. PC transfer was reduced to 39±2% for 100|ig/ml and 47±2% 

for 200p,g/m, whereas PI transfer was only modestly reduced to 75±4% for 100|ig/ml and 

81±3% for 200jig/ml (Table 5.1). Therefore, it seems likely that the ability of PITPa to 

bind and transfer PC also influences its ability to restore PLC signalling in permeabilized 

HL60 cells.
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5.2.4 E86Q-PITPa inhibits the function of wild-type PITPa in PLC signalling

To further understand the unusual properties of E86Q, this mutant was examined for its 

ability to inhibit the restorative effects of wild-type PITPa in PLC signalling (Figure 5.13 

[B]). E86Q inhibited wild-type PITPa when added simultaneously to permeabilized HL60 

cells. The concentration of wild-type PITPa used was lOOpg/ml. It was observed that 

inhibition began to occur when both E86Q and wild-type PITPa were at the same 

concentration (lOOpg/ml), and then as the concentration of E86Q was increased, inhibition 

o f wild-type PITPa continued until the highest concentration of E86Q examined. At 

400p.g/ml of E86Q the ability of wild-type PITPa to restore PLC-signalling was inhibited 

by 70%. Therefore, it appears that the unusual properties which E86Q exhibits in lipid 

transfer, binding and PLC signalling assays, also allows this mutant to inhibit the 

restorative effects of wild-type PITPa in PLC signalling. The mechanisms by which this 

phenomenon occurs are as yet unknown. The only other PITPa mutant that has been 

reported to inhibit wild-type PITPa in the PLC signalling assay is the C-terminal truncation 

mutant, A5 ([313] and Chapter 6). A5 has a much higher affinity for membranes than wild- 

type PITPa [269,310-312], and this characteristic may be responsible for A5 being able to 

inhibit the restoration of PLC signalling by wild-type PITPa (see Figure 6.9 [B]). As yet 

the affinity of E86Q for membranes has not been assessed.
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Figure 5.11
The PITPa mutants K61A, N90F and N90L are unable to restore GTPyS-stimuIated 
PLCp activity.
[^HJinositoI labelled HL60 cells were permeabilized for 10 minutes and were reconstituted 
with PITPa mutants [A] K61A, or [B] N90F or N90L, in the presence of 30pM GTPyS. 
Incubations were carried out for 20 minutes at 37°C. Ca^  ̂ was maintained at IpM. After 
quenching, inositol phosphates were extracted and analysed using Dowex anion exchange 
resin. Results are the average of duplicate samples (± range) from a single representative 
experiment repeated on two separate occasions.
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Figure 5.12
Effect of PITPa mutants T59A, T59E and T59S on the reconstitution of GTPyS- 
stimulated PLCp activity.

inositol labelled HL60 cells were permeabilized with SLO for 10 minutes. The cells 
were washed and incubated at 37°C in the presence of PITPa proteins [A] T59A or T59E, 
or [B] T59S. Incubations were performed in the presence of 30|iM GTPyS. Ca^^ was 
maintained at IjiM. After 20 minutes at 37°C, samples were quenched and analysed for 
total [^H]inositol phosphate production on Dowex anion exchange columns. The 
experiments were conducted in duplicate, and the error bars denote the range of the 
duplicate samples. One experiment representative of two is shown.
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Figure 5.13
[A] Effect of PITPa mutants E86A and E86Q on the reconstitution of GTPyS 
stimulated PLCp activity.
[B] E86Q inhibits the function of wild-type PITPa (lOOpg/ml) in PLCp signalling.
[A] Permeabilized [^H]inositoi labelled HL60 cells were stimulated with 30pM GTPyS in 
the presence of increasing concentrations of E86A and E86Q for 20 minutes at 37°C.
[B] Permeabilized [^H]inositol labelled HL60 cells were stimulated with 30pM GTPyS in 
the presence of lOOpg/ml wild-type PITPa and the indicated concentration of E86Q (red) 
or E86Q alone (black). For both [A] and [B], samples were quenched and monitored for 
total [^H]inositol phosphate production. Results are presented from a single representative 
experiment, which was reproduced on two separate occasions. The experiment was 
conducted in duplicate, and the error bars denote the range of the duplicate samples.
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PITPa proteins
% PLC Activity 

(100pg/ml)

% PLC Activity 

(200pg/ml)

Wild-type 100 100

K61A* 24+4 11±0

N90F* 13±8 38±1

N90L** 33±7 37±1

T59E* 2±19 5±5

T59A* 83±17 80±4

T59S* 95±13 89±4

E86A*** 86±1 86±5

E86Q*** S ee  text and Fig S e e  text and Fig

5.13 [A] and [B]. 5.13 [A] and [B].

Table 5.3
Summary of the ability of the PITPa inositol binding site point mutants to restore 
GTPyS stimulated PLCP signalling in permeabilised HL60 cells
Each PITPa inositol head-group point mutant was tested at a range of concentrations to 
assess their ability to restore GTPyS-stimulated PLCP activity in permeabilised HL60 cells. 
Wild-type PITPa activity is equal to 100% whereas no restoration of PLC activity is 0%. 
The PITPa mutant proteins were analyzed in two* or three** or more*** independent 
experiments, and the data presented are means of these experiments at protein 
concentrations, lOOjig/ml and 200|ig/ml. Errors where n=2 represent the range of the two 
experimental values and errors where n>3 are represented by S.E.M.
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PITPa
proteins

%PI
Transfer

(100pg/ml)

%PC
Transfer

(lOOpg/mi)

%PI
Transfer

(200pg/ml)

%PC
Transfer

(200pg/mi)

Mean % 

PI Binding
Mean % 

PC Binding

% PLC 

Activity 

(100pg/ml)

% PLC 

Activity 

(200pg/mi)

Wild-type 100 100 100 100 100 100 100 100

K61A 0±0 95±2 -6±3 96±3 1±0 140±17 24±4 11±0

N90F 10±5 98±4 21±6 97±1 7±1 129±18 13±8 38±1

N90L 10±2 111±8 20±4 100±2 4±2 112±9 33±7 37±1

T59E 1±1 102±12 0±1 88±4 5±2 90±27 2±19 5±5

T59A 60±7 65±9 62±5 68±10 36±11 101±21 83±17 80±4

T59S 79±4 135±2 87±1 125±0 27±2 135±4 95±13 89±4

T59V 51 49 63 56 X X X X

E86A 54±2 102±4 65db4 102±2 23±3 129±22 86±1 86±5

E86Q 75±4 39±2 81 ±3 47±2 52±11 55±7 S e e  Fig 5.13 S e e  Fig 5.13

Table 5.4
Final data summary for the PlTPa inositol binding site point mutants
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5.3 Discussion

In this study there is good agreement between the crystal structure of PITPa bound to PI 

(Figure 5.1), and the functional data obtained from the mutational analysis (Table 5.4). So 

why does PITPa bind to PI with a much higher affinity than PC [267,280,281]? It seems 

reasonable to conclude that the distinct preference of PITPa for PI over PC can be 

explained by additional hydrogen bonds formed between the residues in the lipid head- 

group binding pocket (T59, K61, E86 and N90), and the hydroxyls on the inositol ring of 

PI. This hydrogen bond formation does not occur with the choline moiety. Sequence 

alignments of PITP domains from proteins in the PITP superfamily reveals that these four 

amino acid residues (T59, K61, E86 and N90) are absolutely conserved from mammals, 

amphibians, and flies, to unicellular organisms, for example, Plasmodium falciparum  and 

Giardia lamblia (see Appendix for sequence alignments). From this clear evolutionary 

conservation of the residues which are required for PI binding, it can be predicted that the 

biochemical function will be similar for all PITP domains.

Role o/T59 in PITP a  function

As observed from the crystal structure of PITPa bound to PI, T59 is part of the 

phospholipid head-group binding cavity. T59 has been identified as a consensus PKC 

phosphorylation site in PITPa [306,309], although surprisingly this site is solvent 

inaccessible in both the PI and PC bound structures. Data presented in this chapter shows 

that when mutated to the phosphomimetic mutant T59E, the protein effectively becomes a 

PC binding/transfer protein. In the T59E mutant, PI binding was reduced by over 90% and 

PI transfer was undetectable, whilst PC binding and transfer were totally unaffected. A 

similar pattern has previously been observed where mutation of this residue to a variety of 

amino acids (T59V, T59E, T59D, T59S, T59N, and T59Q) all led to near complete 

inhibition of PI transfer but with very little effect on PC transfer [393]. The only mutant 

that was unaffected was T59A, which was reported to retain 50% PI transfer activity and 

77% PC transfer activity [393]. However, in that study binding of PI or PC was not 

analysed. In this Chapter only a small decrease in PI transfer was observed with T59A and 

T59S, but PI binding was substantially reduced (Table 5.1 and Table 5.2). Analysis of the
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mutant T59V in this Chapter revealed a 50% reduction in both PI and PC transfer (Table 

5.1). This result contrasted with data from the previous study by Alb et al [393]. This could 

be due to different assay procedures for transfer activity and the use of purified proteins in 

this study as opposed to crude cytosol used by Alb et al [393].

In the crystal structure of PC bound to PITPa, T59 does not make a direct contact with the 

PC molecule, although T59 is approximately 3.5Â from a methyl group of PC [307], 

therefore, it is not surprising that mutation of this site has minimal effect on PC binding. In 

contrast, this residue is responsible for co-ordinating the inositol head-group of PI via the 

formation of a hydrogen bond with the D-4 hydroxyl, as observed in the crystal structure of 

PITPa bound to PI (Figure 5.1). Steric crowding would provide an explanation for the near 

complete loss of PI binding when T59 is mutated to an E. The reduction in PI transfer and 

binding by T59S was not anticipated since this is such a conservative substitution. Yet, the 

loss of a methyl group at this site clearly does affect the ability of PITPa to bind PI.

In the mammalian M-RdgBal protein (also known as Nir2), a similar mutation to T59E in 

the PITP domain causes targeting to spherical cytosolic structures identified as lipid 

droplets [394]. Neither the PITP domain of the wild-type M -RdgBal nor the T59A M- 

R dgBal, were associated with these lipid droplets under normal growth conditions. 

Treatment with oleic acid, caused the partial translocation of endogenous M -RdgBal to the 

lipid droplets, which suggests that T59 can become solvent accessible at some point in the 

transfer cycle, and that phosphorylation of this residue may cause a regulated translocation 

o f M -RdgBal to the lipid droplets [394]. Although T59, in M-RdgBal and PITPa proteins 

is a putative PKC phosphorylation site, it has recently been demonstrated in vitro to be only 

a minor phosphorylation site in PITPa [306]. However, the extent of T59 phosphorylation 

in cells may be higher. Therefore, although T59 is solvent inaccessible in both the PI and 

PC crystal structures of PTTPa, in a cellular environment there is evidence that 

phosphorylation may occur, perhaps when PITPa undergoes lipid exchange at the 

membrane.
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The equivalent of residue T59 has also been mutated in the amino-terminal PITP domain of 

Drosophila RdgBa (D-RdgBa) [271]. When the PITP domain of D-RdgBa (D-RdgBa- 

PITP) is expressed in the absence of the large C-terminal region, it exhibits PI and PC 

transfer activity in vitro [395]. When both the T59E and T59A mutants of D-RdgBa-PITP 

were examined for PI and PC transfer, the results were surprisingly, in each case, opposite 

from those expected from the PITPa data obtained in previous studies [306,393], and also 

presented in this Chapter (Figure 5.4 and Table 5.1). PI and PC transfer by T59E D- 

RdgBa-PITP was similar to the wild-type D-RdgBa-PITP, whereas T59A D-RdgBa-PITP 

failed to exhibit any detectable PI transfer activity, even though PC transfer activity was 

essentially unaffected [271]. These data indicate that while PI transfer activities of both 

mammalian PITPa and D-RdgBa-PITP are sensitive to mutation at residue T59, the 

specific substitution at T59 which causes the reduction in only PI transfer clearly differs 

between D-RdgBa-PITP and PITPa [271,306,393]. Since the PITP domain is so highly 

conserved in the PITP family, and the four amino acids which were identified from the 

structure as forming hydrogen bonding contacts with the inositol ring are absolutely 

conserved, these conflicting data defy explanation. In light of the elucidation of the crystal 

structure of PITPa bound to PI, it would seem sensible to re-analyse the transfer activities 

of the T59 mutants of D-RdgBa-PITP, or to model the D-RdgBa-PITP domain sequence 

onto the PITPa-PI structure. Such a model would demonstrate if  any amino acid changes 

have resulted in the lipid head-group binding pocket taking on a slightly different 

conformation, which might explain the opposing data for T59.

Role o f  K61 and N90 in PITP a  function

The two residues identified fi*om the PI and PC crystal structures of PITPa as making 

specific hydrogen bonding contacts with only the inositol head-group of PI, were K61 and 

N90 (Figure 5.1 [C]). Mutation of K61 or N90 severely impaired the function of PITPa in 

PI binding and transfer, whereas PC binding and transfer were unaffected. Closer 

inspection of PC binding values revealed that K61A, N90F and N90L (as well as T59S and 

E86A), all bound a greater amount of PC from the cellular pool of lipids than the wild-type 

PITPa protein (more than 100%). Since K61A, N90F and N90L are defective for binding
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and transferring PI (T59S and E86A exhibit reduced PI binding and transfer), they would 

by definition exchange more of their bound PG for PC than the wild-type protein.

The results suggest both K61 and N90 are residues which are critical for the PI transfer and 

binding fiinction o f PlTPa. The importance of these residues for binding PlTPa is most 

likely dependent on the hydrogen bonds formed between the amino acid side-chains and the 

hydroxyl groups on the inositol ring of PI (Figure 5.1 [C]).

Role o f  E86 in PITP a  function

Analysis of the data obtained with the E86 mutants, E86A and E86Q revealed a more 

complex set o f results. E86A caused a reduction in both PI binding and transfer whilst PC 

binding and transfer were unaffected. The PlTPa mutant, E86Q, exhibited anomalous 

activities which were not predicted from the PI and PC crystal structures o f PlTPa. 

Mutation of E86 to a Q decreased the lipid transfer activity of both PI and PC. Most 

unexpected though was that PC transfer activity was affected more than PI transfer activity. 

E86Q also exhibited reduced lipid binding, although PI and PC were reduced by similar 

amounts. A reasonable explanation for the data observed for E86A is that the specific 

hydrogen bonding contacts between E86 and the inositol ring make a contribution to 

inositol head-group binding. However, the conservative mutation of an E to a Q is 

detrimental to both PI and PC binding and transfer, and a logical rationale for the data 

obtained with E86Q is that the electrostatic interaction between E86 and the lipid head- 

group is also a contributory factor.

Importance o f  the PITP a  inositol binding site fo r  phosphoinositide signalling 

A suggested cellular fimction of PlTPa is in the supply of PI to the lipid kinases, in order to 

maintain subcellular pools of phosphoinositides, during periods of active phosphoinositide 

metabolism. PITPa was identified as an essential requirement for agonist-regulated PLC 

hydrolysis of P1(4,5)P2 [259,282,283], and several ideas have been presented concerning 

the mechanism of PlTPa in the supply of PI to signalling sites [1,287]. One mechanism 

proposed that the lipid carried by PlTPa is the preferred substrate for the lipid kinases and 

the PLC, in signalling complexes. Two models have been suggested which predict how the
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PI bound to the PITPa is preferentially accessed by the lipid kinases (Figure 1.10). In 

model (A), the PI molecule bound to PITPa is channelled through a complex of enzymes 

through phosphorylation and hydrolysis [287]. In the second model (B), PI bound to PITPa 

is sequentially phosphorylated by the lipid kinases, and the PI(4,5)P2 bound to PITPa is the 

ultimate substrate for PLC [1].

In the crystal structure of PITPa bound to PI, the inositol head-group of PI is buried deep 

inside the lipid binding pocket, and therefore, it is unlikely that the bound PI would be 

accessible for phosphorylation by the lipid kinases, as suggested in model (B). However, 

since the membrane-bound structure of PITPa is not known, model (B) may still be 

possible. If it is the case that the lipid kinases cannot directly phosphorylate the bound PI, 

another possibility remains whereby the interaction o f PITPa with the membrane and/or 

other membrane associated proteins, such as the Pl-kinases, initiates conformational 

changes which allow PITPa to deliver PI to the correct subcellular localisation or more 

specifically directly to the active site of the Pl-kinase.

It has been predicted that the biological function which PITPa is required for, will more 

than likely rely on its ability to bind and transfer PI. Therefore, it follows that a deficiency 

in PI binding/transfer activity will prevent PITPa from functioning, for example, in 

restoration of PLC signalling. Despite the wild-type PC binding and transfer activity seen 

with T59E, K61 A, N90F and N90L, all these PITPa mutants had significantly impaired PI 

binding and transfer activities (Table 5.4). Examination of these PI defective mutants for 

restoration of G-protein-mediated PLCp signalling in HL60 cells, revealed they all had 

diminished ability to restore PLCP activity, even at concentrations of 200p,g/ml (Table 5.4). 

Significantly, even N90F and N90L which were able to transfer 21 ±6% and 20±4% PI at 

protein concentrations of 200|ig/ml, respectively, had reduced ability to restore PLC 

signalling. Restoration of PLC signalling by N90F was 38±1% and for N90L was 37±1% at 

200jj-g/ml.
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Thus, in conclusion it can be stated that the data from the PITPa mutants, T59E, K61A, 

N90F and N90L, strongly supports the suggestion that PI binding and transfer are required 

for restoration of PLC signalling (Table 5.4). Therefore, an essential function for PITPa in 

PLC signalling is the transfer of PI from intracellular membrane sites where it is 

synthesized, to sites of active phosphoinositide metabolism, such as the plasma membrane, 

where PI could be sequentially phosphorylated by the lipid kinases to generate the PLC 

substrate, PI(4,5)P2.

Similar to T59E, K61A, N90F and N90L, the majority of the other PITPa inositol binding 

site mutants analysed in this Chapter also support a model that suggests PI transfer and 

binding are required for restoration of PLCp signalling (Table 5.4). The two residues in the 

lipid binding pocket of PITPa which make contact with both PI and PC but in distinctive 

ways are T59 and E86. Mutation of these residues in most cases (T59A, T59S and E86A) 

caused variable but modest reductions in PI transfer/binding, and thus accordingly they 

were still capable of restoring significant amounts of PLC signalling within the 

reconstitution system used for this analysis (Table 5.4). All these results therefore suggest 

that PI delivery by PITPa is a requirement for maintaining phosphoinositide signalling 

pathways.

An important exception however is E86Q. In addition to the unexpected transfer and 

binding results obtained for E86Q, this mutant also exhibited a concentration dependent 

“biphasic” activity when examined for restoration of PLC signalling in HL60 cells (Table 

5.4). Results showed that at concentrations greater than lOOjig/ml of E86Q, this mutant was 

no longer able to restore PLC activity. This phenomenon was unlike any observed for the 

other PITPa mutants. As PC transfer was more reduced than PI transfer for E86Q, these 

data, in addition to the results obtained for the other point mutants, have led to the 

suggestion that the ability of PITPa to restore PLC signalling requires both robust PI and 

PC transfer activities.

The inositol head-group binding site mutants have provided evidence indicating that when 

transfer and binding of PI is diminished, the ability to restore PLC signalling becomes
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impeded. Yet, it is clear to see why PC transfer and binding is just as much a critical 

fimction as PI transfer in the delivery o f PI to sites of phosphoinositide metabolism. Since, 

although delivery of PI maybe required for continued supply of the phosphorylated 

substrate, PI(4,5)P2, to the PLC signalling pathway, PITPa must also be able to exchange a 

PI for a PC at the membrane. There are two possible reasons for this; first, the binding and 

transfer of PC back to the ER where lipid exchange of the bound PC for another PI can 

occur is important since it is predicted that multiple rounds of PI and PC transfer are 

required to maintain robust PLC signalling. Second, in the absence o f PC binding, PITPa 

may remain in its apo-form at the membrane, and therefore, prevent other PITPa proteins 

from supplying their PI to the signalling site.

In addition to the concentration dependent response exhibited by E86Q in the restoration of 

PLC signalling, E86Q also inhibits wild-type PITPa function in the PLC signalling assay. 

Another mutant of PITPa reported to cause inhibition of wild-type PITPa in the PLC 

signalling assay, is the PITPa truncation mutant, A5 [313]. To explain the inhibition, it was 

speculated that A5 associated with a “putative” receptor and this effectively inhibited wild- 

type PITPa fi*om exerting its effect. Therefore, it is possible that these mutants could prove 

useful in identifying the “putative” receptor or binding partners for PITPa.

In conclusion, the crystal structure of PITPa bound to PI reveals that a major determinant 

in the specificity for PI over PC, resides within the lipid head-group binding site. Results 

presented in this chapter provide functional data to support the detailed interactions 

identified. The four residues T59, K61, E86 and N90 are all able to form hydrogen bond 

contacts with the hydroxyl groups on the inositol ring, and all make contributions to the 

binding and transfer of PI and the supply of PI to the lipid kinases to synthesize the PLC 

substrate, PI(4,5)P2. Significantly though, binding of PITPa to PI does not trigger a major 

conformational change in the PITPa structure close to the inositol head-group as has been 

previously proposed [307,308]. Therefore, the mechanism of how the cell discriminates 

between the PI and PC bound forms of PITPa is as yet unknown. Other proteins, like the 

ARE family of guanine nucleotide binding proteins, switch between two conformations
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depending on whether they are bound to GTP or GDP (Chapter 3 and 4). In the future 

perhaps upon elucidation of the physiological fonction of PITPa in vivo, the mechanisms 

that control which phospholipid class is bound, and how the cell differentiates between PI 

or PC bound PITPa will be deduced. It is interesting to note that although the PI and PC 

bound forms of PITPa are structurally almost identical, they exist as two differently 

charged isomers, which can be distinguished from one another using isoelectric focusing 

(lEF). The physiological significance of the two charge isomers of PITPa is as yet 

unknown, but it can be postulated that within the cell, perhaps the difference in the surface 

charge of PITPa bound to PI compared to when bound to PC, is the “switch” which causes 

PITPa to be present in the correct place with the correct lipid at the right time.
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Chapter 6

6 Membrane association of PITPa

6.1 Introduction

Targeting and interaction of proteins with membranes is one of the key steps in cellular 

processes. These interactions at a membrane surface can be promoted by lipid anchors, 

electrostatic forces or surface-exposed aromatic and aliphatic residues. Although PITPa is 

an extremely soluble protein, it has to interact with a membrane surface to exchange its 

lipid cargo. At the membrane, PITPa has to undergo a conformational change, resulting in 

access to the lipid binding cavity in order to allow the lipid to leave. The three solved 

crystal structures o f PITPa have enabled a greater understanding of how this process may 

occur. The crystal structure of apo-PITPa in an “open” conformation could represent a 

membrane-associated form, whereas, the crystal structures of PITPa bound to PC or PI 

represent the soluble forms [307,308,344].

In the apo-structure the a-helix B has swung outwards by -90°, and the C-terminal region 

has dislodged, accompanied by a partial unwinding of a-helix G and a disordering of the C- 

terminal 11 amino acids. These structural changes have caused the lipid binding cavity to 

be exposed and a more relaxed and “open” conformation to exist. In the “closed” lipid 

bound conformation of PITPa, the lipid binding cavity is covered by the a-helix B and the 

11 C-terminal amino acids, to form a more compact structure. Studies using C-terminal 

truncated mutants of PITPa complement the apo-structure and together they allow a 

potential mechanism of lipid exchange to be proposed [269,310-314]. All the evidence 

implicates the C-terminus as a critical functional region, which undergoes conformational 

changes that allow PITPa to dock onto a membrane. Although, membrane binding is a 

necessary event for lipid exchange, if the association is too strong the protein will be 

immobilised and therefore be unable to participate in multiple rounds of transfer. Therefore, 

the C-terminus is critical in ensuring that the PITPa molecule has a compact structure and 

remains soluble, yet movement of the C-terminus to allow the lipid binding site to be
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exposed is equally just as important for membrane docking of PITPa. The apo-structure is 

representative of this event at the membrane [308].

In the recently elucidated structure of PITPa bound to PI, the four molecules in the 

asymmetric unit of the crystal are arranged as two identical “end to end” dimers, in which 

residues in the lower part of the molecule are in contact (Figure 6.1). To date no evidence 

for the existence of PITPa as a dimeric or oligomeric protein has been reported, and the 

formation of a dimer in the crystal of PITPa bound to PI may be an artefact. To verify 

whether PITPa can be present as a dimer, initial studies were undertaken using gel 

filtration analysis.

Examination of the dimer interface where the two monomers of PITPa converge, reveals 

that it is chemically and structurally a potential site of membrane interaction. The dimer 

interface contains a number of residues which are chemically favourable for interactions 

with a membrane surface, and because the interface is buried in the crystal structure, it is 

likely that this surface on the PITPa protein has properties which favour hydrophobic 

interactions. On the dimer interface between the two PITPa monomers, and close to the 

lipid binding pocket opening are the aromatic residues TyrlOB, Trp203 and Trp204. 

Analyses of the structure of transmembrane proteins suggest that these types of amino acids 

may be of special importance for interactions o f membrane proteins with the interfacial 

region [396]. In particular tryptophans are enriched at the ends of transmembrane 

fragments, and appear to have a preferred interaction with the interface [397,398].

This chapter has sought to elucidate the mechanism of PITPa membrane interaction and 

lipid exchange using mutagenesis of amino acids in the PITPa protein which were 

predicted from the crystal structure to be important for contact with a membrane surface. 

The “lipid exchange loop” otherwise known as the a-helix B was also investigated to 

determine if this was a bona fide functional region as predicted from the apo crystal 

structure. Schouten et al [308] suggested that this “loop” may partially insert into the
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c > -

Figure 6.1
Dimer contact between two PITPa-Pl molecules in the crystal
Protein cartoons are coloured red and green, and the W203, W204 and Y 103 side-chain for 
the two molecules are shown in magenta and blue respectively. Figure reproduced with 
permission of Judith Murray-Rust.
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membrane bilayer and hence anchor the molecule to the membrane. From the results a 

model for PITPa lipid exchange at a membrane surface is suggested.

6.2 Results

6.2.1 Can P IT P a  form a dimer?

In the crystal structure of PITPa bound to PI, two monomers of PITPa were crystallised as 

a dimer structure (Figure 6.1). To determine whether this was an artefact of crystallization 

or a characteristic of PITPa, recombinant His-tagged PITPa was thrombin cleaved 

overnight in the presence of PI vesicles (40-fold molar excess) to allow exchange of the 

recombinant PITPa from the bacterially derived PG form to the PI form. The PITPa bound 

to PI was analysed on Superdex-75 and three distinct peaks were observed on the UV 

detector (280nm), labelled 1, 2 and 3 (Figure 6.2 [A]). Protein levels in all fractions were 

also analysed using Bradford Reagent (absorbance 620nm) and peaks 1*, 2* and 3* were 

observed, suggesting PITPa proteins were present in all peaks identified by the UV 

detector.

To assess the levels of PITPa in each peak all FPLC fractions were additionally ran on 

SDS-PAGE (Figure 6.2 [B]). It was clear that peak 3 (elution volume at 185ml) was where 

the majority of PITPa eluted. This observation has previously been reported, and it was 

also calculated using protein standards, that PITPa elutes anomalously on gel filtration as a 

20kDa protein [314]. In addition to peak 3 at 185ml, peak 1 eluted at 120ml and peak 2 

eluted at 153ml and both contained PITPa (Figure 6.2 [B]). Although PITPa was present in 

peaks 1 and 2, there was considerably less protein present compared to that in peak 3. From 

the UV trace (absorbance at 280nm) it is apparent that peak 1 has a greater UV absorbance 

than protein absorbance at 620nm (peak 1 *), which is most likely due to the presence of the 

PI vesicles. PITPa has an affinity for negatively charged vesicles causing some protein to 

elute with the PI vesicles. Peak 2 can be accounted for by uncleaved His-tagged PITPa, 

which separates out on Superdex-75 (Clive Morgan, personal communication).
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From the gel filtration profile in Figure 6.2 it appears that almost all the PITPa exchanged 

for PI is in a monomeric form, which is in agreement with previous studies [314]. The 

monomeric peak of PITPa (fractions 53-73 in Figure 6.2), was concentrated to 3mg and 

allowed to form dimers. Re-analysis on Superdex-75 revealed a single peak of protein, with 

no evidence of dimers (Figure 6.3). From this analysis it was concluded that PITPa bound 

to PI exists predominately as a monomeric protein in an aqueous environment. However, 

the formation of PITPa dimers in vivo cannot be completely discounted using these gel 

filtration studies.

To fulfil the function of lipid transfer in vitro, the soluble PITPa must interact with a 

membrane surface even if this interaction is very transient. Therefore, although evidence 

suggests that the interface of the crystallisation dimer of PITPa is not capable of 

maintaining a covalent complex with itself in an aqueous solution, it may represent a 

surface which has a propensity for interacting with a membrane.

6.2.2 The two adjacent aromatic tryptophans W203 and W204 on PITPa are 

essential for phospholipid transfer

Using the recently elucidated PITPa crystal structures, amino acid residues were identified 

which may potentially be important for membrane interaction and/or lipid exchange. 

Mutation of these amino acids in PITPa was performed to investigate their importance for 

wild-type PITPa functions. Membrane proteins generally have aromatic residues located in 

the water-lipid interface, and the structural position of two adjacent tryptophans at residues 

203 and 204 on the dimer interface of the PITPa-PI crystal structure, indicated that they 

could be crucial for membrane interaction. Both tryptophans, located on the loop between 

beta strand 8 and a-helix F, were simultaneously mutated into two alanines. Another 

aromatic amino acid Y 103, also present on the dimer interface of the PITPa-PI crystal 

structure, is located next to the opening of the lipid binding cavity on the loop between beta 

strands 5 and 6.
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Figure 6.2
Separation by gel filtration of recombinant PITPa after lipid exchange with PI 
vesicles
[A] 12mg of His-tagged PITPa was thrombin cleaved overnight in the presence of a 40 fold 
molar excess of PI vesicles. This mixture was loaded on a Pharmacia Superdex-75 gel 
filtration column at a flow rate of 1.5ml/minute. The first 70ml were not collected (void 
volume). Fractions of 2ml were subsequently collected up to 240ml. The black line is the 
protein trace of the fractions after analysis with Bradford reagent at an absorbance of 
620nm. The red line is the FPLC UV detector trace of fractions at an absorbance of 280nm.
[B] The column fractions obtained from Superdex-75 gel filtration in [A] were analysed on 
12% SDS gels. 5pl of each 2ml fraction was used. All fraction numbers (1-85) were 
analysed, and lane A denotes an aliquot of cleaved PITPa prior to gel filtration. MW = 
molecular weight markers (kDa).
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Figure 6.3
Further analysis by Superdex-75 gel filtration suggests PITPa bound to PI does not 
form a protein dimer under these conditions
Fractions 53-73 from the Superdex-75 gel filtration experiment conducted in Figure 6.2 [A] 
and [B] were combined and concentrated to 500pl. These fractions contained only PITPa 
eluted in peak 3. This concentrated PITPa sample (3mg) was then re-loaded on to the 
Superdex-75 gel filtration column at a flow rate of 1.5ml/minute. The first 70ml was not 
collected (void volume). Fractions of 2ml were subsequently collected up to 240ml. The 
black line is the protein trace of the fractions after analysis with Bradford reagent at an 
absorbance of 620nm. The red line is the FPLC UV detector trace of fractions at an 
absorbance of 280nm.
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When the crystal structures of the PC and PI form were superimposed Y 103 was shifted 

slightly in the PI-PITPa crystal structure when compared to the PC-PITPa crystal 

structure. This difference was attributed to the PI and PC lipids having different fatty acid 

species enclosed in the lipid binding site of PITPa. The PC ligand was synthetic and 

contained two oleate acyl groups (18:ln-9), whereas the PI ligand was predicted to be 

steroyl-arachidonyl (18:0/20:4), since prior to crystallisation the protein was exchanged for 

PI from bovine liver which is extremely rich in this molecular species.

Y 103 was mutated into an alanine and an isoleucine. Y 103A assessed both the loss of 

hydrophobicity at this site and the requirement for capping the lipid binding pocket, whilst 

Y 1031 was to determine how crucial flexibility was at this position. The PITPa mutants 

were expressed as His-tagged proteins in E. colt and purified on a Nickel column as 

described in Chapter 2. The proteins were analysed on SDS PAGE (Figure 6.4 [A]) and the 

purity and expression levels of wild-type PITPa and the mutants WW203/204AA and 

Y 103A were comparable. In contrast, no expression was observed with Y 1031. It was 

assumed that the presence of isoleucine at residue 103 caused a significant structural 

alteration which prevented stable expression of the Y 1031 protein in E. coll.

To analyse PI and PC transfer of the mutant PITPa proteins, a cell based assay was utilised 

[267]. PITPa proteins were incubated with cytosol-depleted HL60 cells, which acted as a 

donor compartment o f radio-labelled lipids. Lipid transfer was monitored by measuring 

transfer of radioactive lipids to exogenously added liposomes. It was observed that PITPa- 

WW203/204AA was defective for both PI and PC transfer (Figure 6.5 [A] and [B]). PI 

transfer was reduced to 9±2% for 100|ig/ml and 16±0% for 200|ig/ml of WW203/204AA, 

and PC transfer was reduced to 6±2% for lOOjXg/ml and 6±0% for 200|ig/ml of 

WW203/204AA (Table 6.1). In contrast Y 103 A had only a modest reduction in PI and PC 

transfer (Figure 6.5 [A] and [B]). PI transfer was reduced to 65±2% for lOOjig/ml and 

73±3% for 200|ig/ml o f Y 103 A, and PC transfer was reduced to 63±3% for lOOpg/ml and 

62±3% for 200|ig/ml of Y 103 A (Table 6.1).
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6.2.3 The phenylalanine at residue 72 is part of the ^iipid exchange loop” in the apo- 

PITPa crystal structure but is not essential for phospholipid transfer

In the crystal structure of PITPa bound to PC or PI, the loop containing a  helix B is folded 

close to the main structure of PITPa, and together with the C-terminus they form a lid to 

the lipid binding cavity. In the apo-PITPa crystal structure, this loop has moved outward by 

-90° resulting in an “open” conformation, and thus it is designated the “lipid exchange 

loop”. It was predicted that because the apo-PITPa crystal structure was in an “open” 

conformation, with the biochemically defined characteristics of PITPa bound to a 

membrane, this loop may insert partially into the bilayer, anchoring the protein to the 

membrane. To further understand the importance o f the “lipid exchange loop” for 

anchoring PITPa to a membrane surface during lipid exchange, F72, the most likely amino 

acid within this loop to have membrane interaction properties, was mutated to an alanine. 

F72A was expressed as a His-tagged protein in E, colt and purified as described in Chapter 

2. Protein analysis on SDS PAGE (Figure 6.4 [B]) revealed that the purity and expression 

levels of the wild-type PITPa and F72A were comparable. The cell-based transfer assay 

was used to measure phospholipid transfer. It was observed that F72A exhibited wild-type 

PI and PC transfer properties (Figure 6.6 [A] and [B]). PI transfer was 108% for lOOpg/ml, 

and 102% for 200pg/ml F72A, and, PC transfer was 115% for 100|Xg/ml and 97% for 

200pg/ml F72A (Table 6.1).

6.2.4 Deletion of 5 amino acids from the C-terminus of the WW203/204AA-PITPa 

restored phospholipid transfer

The WW203/204AA mutant was unable to transfer PI or PC which suggested a critical role 

for these two adjacent tryptophans in phospholipid exchange by PITPa at a membrane 

surface (Figure 6.5 [A] and [B]). The PITPa truncation mutant A5, is reported to have a 

higher affinity for membrane surfaces than wild-type PITPa due to the deletion of 5 amino 

acids from the C-terminus [269]. To probe deeper into the mechanism of phospholipid 

exchange by PITPa it seemed appropriate to determine whether the PITPa truncation 

mutant if combined with WW203/204AA could create a PITPa protein which would be
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able to function in phospholipid transfer. It was predicted that deletion of 5 amino acids 

from the C-terminus of WW203/204AA would enable the PITPa protein to interact with a 

membrane surface again.

A PITPa protein was constructed which had two tryptophans at residues 203 and 204 

mutated into two alanines, and 5 amino acids deleted from the C-terminus. This PITPa 

protein was called A5-WW203/204AA. The previously studied C-terminally truncated form 

of PITPa, A5, was also examined. Both A5 and A5-WW203/204AA proteins were 

expressed in E. colt and purified as described in the methods. The purified proteins were 

analysed on SDS-PAGE (Figure 6.4 [B]) and the purity and expression levels of wild-type 

PITPa, A5 and A5-WW203/204AA were comparable.

Transfer of PI and PC was monitored using the cell-based assay. The truncation mutant, A5 

was able to transfer PI and PC at levels slightly better than wild-type PITPa (Figure 6.7 [A] 

and [B]). This result was surprising as A5 had previously been reported to have reduced PI 

and PC transfer [313]. The study by Kara et al [313], was conducted using two different 

assays to monitor PI and PC transfer. Although their method was more sensitive for PI 

transfer, both PI and PC transfer assays were less physiological compared to the cell-based 

assay used here. In addition, different assay conditions were used to monitor PC and PI 

transfer, so comparisons between the two were not reliable. Since the data presented in 

Figure 6.7 indicated A5 was capable of transferring PI and PC, the more interesting PITPa 

mutant, A5-WW203/204AA was next examined. It was observed that A5-WW203/204AA 

had moderately reduced PI and PC transfer compared to wild-type PITPa (Figure 6.7 [A] 

and [B], lower panels). PI transfer was reduced to 64±4% for lOOpg/ml and 78±1% for 

200|ig/ml A5-WW203/204AA, and, PC transfer was reduced to 51±5% for 100|ig/ml and 

57±2% for 200|ig/ml A5-WW203/204AA (Table 6.1). As only very minimal PI or PC 

transfer was previously observed for WW203/204AA, it was clear that deletion of 5 amino 

acids from the C-terminus of WW203/204AA had restored a significant amount of 

phospholipid transfer activity (Figure 6.7 [A] and [B]).
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Figure 6.4
SDS PAGE analysis of PITPa proteins [A] wild-type, WW203/204AA and Y103A, and
[B] wild-type, A5, F72A and A5-WW203/204AA
P IT Pa mutants w ere purified as H is-tagged proteins as described and protein purity w as 

assessed  by running 5 p g  o f  protein on a 12% gel fo llow ed  by protein staining using  

C oom assie blue.

208



Chapter 6: Interaction of PiTPa with a membrane surface
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Figure 6.5
PI and PC transfer by PITPa mutants WW203/204AA and Y103A
Permeabilized HL60 cells radiolabelled with [A] [^H]inositol or [B] [^H]choline were 
incubated at 37°C with recombinant PITPa proteins and acceptor liposomes (PC:PI 98:2 
molar ratio) in a total assay volume of 200|iL Incubations were carried out at IjxM Ca^^. 
After 20 minutes the samples were transferred to ice and centrifuged and phospholipid 
transfer from the donor cells to the acceptor liposomes was monitored. The experiment was 
conducted in duplicate, and the error bars denote the range of the duplicate samples. One 
experiment representative of least two others is shown.
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Figure 6.6
PI and PC transfer by PITPa mutant F72A
Permeabilized HL60 cells radiolabelled with [A] [^HJinositol or [B] [^Hjcholine were 
incubated at 37°C with recombinant PITPa proteins and acceptor liposomes (PC:PI 98:2 
molar ratio) in a total assay volume of 200|il. Incubations were carried out at l|iM  Ca^ .̂ 
After 20 minutes the samples were transferred to ice and centrifuged and phospholipid 
transfer from the donor cells to the acceptor liposomes was monitored. The experiment was 
conducted in duplicate, and the error bars denote the range of the duplicate samples.
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Figure 6.7
Restoration of [A] PI and [B] PC transfer by deletion of 5 amino acids from the C 
terminus of WW203/204AA
HL60 cells were radiolabelled with [A] inositol or [B] [^HJcholine and were 
permeabilized for 10 minutes. Washed cells were incubated at 37°C with recombinant 
PITPa proteins and acceptor liposomes (PC:PI 98:2 molar ratio) in a total assay volume of 
200pl. Incubations were carried out at IpM Ca^ .̂ After 20 minutes the samples were 
transferred to ice and centrifuged and transfer of radiolabelled cellular phospholipid to the 
liposomes was monitored. The experiment was conducted in duplicate, and the error bars 
denote the range of the duplicate samples. One experiment representative of least two 
others is shown.
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PITPa proteins

%Pi

Transfer

(100pg/mi)

%PC
Transfer

(100pg/mi)

%Pi

Transfer

(2 0 0pg/mi)

%PC
Transfer

(2 0 0pg/mi)

Wild-type 100 100 100 100

WW203/204AA* 9±2 6±2 16±0 6±0

Y103A** 65±2 63±3 73±3 62±3

F72A 108 115 102 97

AS** 109±7 122±6 104±6 112±4

A5-WW203/204AA* 64±4 51±5 78±1 57±2

Table 6.1
Summary of the PI and PC transfer activities of the PITPa membrane interaction 
mutants
The experimental data for all the PI and PC transfer assays performed using the PITPa 
membrane interaction mutants is tabulated here at protein concentrations of lOOjlg/ml and 
200pg/ml. Each mutant protein was analyzed in two* or more** independent experiments 
for PI and PC transfer, and results are the means of these experiments. The exception is 
F72A which was only tested once. Errors where n=2 represent the range o f the two 
experimental values and errors where n>3 are represented by S.E.M.
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6.2.5 Identification of W203 and W204 as important residues required for the 

restoration of GTPyS-stimulated PLCp signalling by PITPa

PITPa-WW203/204AA has no PI or PC transfer activity (Figure 6.5 [A] and [B]). It was 

previously observed in Chapter 5 that restoration of GTPyS-stimulated PLCp signalling 

requires transfer of PI and PC. Therefore, it was expected that WW203/204AA would be 

unable to restore PLCP signalling. In contrast, Y 103A which exhibited only a modest 

reduction in PI and PC transfer (Figure 6.5 [A] and [B]), was predicted to be able to restore 

some PLCp activity. Both purified PITPa proteins were examined for their ability to 

support the production of inositol phosphates following the activation of PLCP in HL60 

cells. HL60 cells were depleted of endogenous PITP, and the washed cells were incubated 

with either wild-type PITPa, WW203/204AA or Y 103 A in the presence of GTPyS (Figure 

6.8 [A] and [B]). Protein concentrations up to 200pg/ml were tested. As predicted, 

WW203/204AA was unable to restore PLCp mediated signalling (Table 6.2). In contrast, 

Y 103A was capable of restoring PLCP activity (73±8% for 1 OOpg/ml and 64±6% for 

200|ig/ml) (Table 6.2).

6.2.6 Residue F72 on the “lipid exchange loop” is not critical for the restoration of 

PLCP signalling by PITPa

F72A was able to transfer PI and PC to wild-type levels, which suggested that the 

phenylalanine residue in the “lipid exchange loop” was not critical for phospholipid 

exchange by PITPa. However, although it was likely that F72A would restore PLCp 

signalling to levels seen with wild-type PITPa, it was possible F72 may have a critical role 

in the restoration of PLCp signalling by PITPa. For instance, F72 could be involved in 

directing PITPa to membrane sites actively requiring PI. Examination of F72A revealed 

that it was capable of restoring PLCP activity to levels observed with wild-type PITPa 

(Figure 6.9 [A] and Table 6.2).

213



Chapter 6: Interaction of PiTPa with a membrane surface

6.2.7 Deletion of 5 amino acids from the C-terminus of WW203/204AA-PITPa 

restores PLCP signalling

WW203/204AA was unable to transfer PI or PC (Figure 6.5 [A] and [B]), or restore PLCP- 

mediated inositol phosphate production in cytosol-depleted HL60 cells (Figure 6.8 [A]). To 

investigate the mechanism of PITPa phospholipid exchange as a necessary requirement for 

PI delivery to the lipid kinases and thus restoration of PLC activity, the A5-WW203/204AA 

mutant was examined in the PLC signalling assay. It was previously observed that A5- 

WW203/204AA was capable of PI and PC transfer although at slightly reduced levels 

compared to wild-type (Figure 6.7 [A] and [B]), therefore it seemed likely that A5- 

WW203/204AA would also be able to restore some PLCP-activity.

The truncation mutant A5 was able to restore PLCp activity to wild-type levels at protein 

concentrations up to lOOpg/ml (Figure 6.9 [A]). At concentrations o f A5 greater than 

1 OOjig/ml, a reduction in the restoration of PLCp-mediated inositol phosphate production 

was observed. This phenomenon appeared to be strictly dependent on the concentration of 

A5 used. At 100|ig/ml A3, restoration of PLCp activity was 100% however at 300|ig/ml of 

A5 restoration of PLCp was reduced to 18% compared to wild-type PITPa. In the study by 

Kara et al [313], using a similar assay system to one used in this Chapter, the truncation 

mutant A3 was observed to be unable to restore PLCp-mediated signalling. The difference 

between the two studies is most likely related to the PITPa protein range used to analyse 

PLCp restoration. In the previous study, A3 protein concentrations of 100-1300pg/ml were 

used, whereas in this Chapter concentrations up to 300pg/ml were analysed in detail. Due 

to the small sensitive range of only low A3 protein concentrations (up to lOOpg/ml) being 

able to restore PLCp signalling to wild-type levels, it was likely that this unusual behaviour 

displayed by A3 could have easily been missed. The results in this Chapter confirm the 

observation in the previous study that concentrations of A3 greater than lOOpg/ml are 

severely impaired for restoration of PLCp signalling in HL60 cells (Figure 6.9 [A]).
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When the PITPa mutant A5-WW203/204AA was examined, it restored PLCP-mediated 

inositol phosphate production to levels similar to wild-type PITPa (Figure 6.9 [A] and 

Table 6.2). No significant reduction in the restoration o f PLCp activity was observed at any 

concentration of A5-WW203/204AA tested. Therefore, it can be concluded that when the 

C-terminally truncated PITPa, A5, and the WW203/204AA mutant are combined together 

to make A5-WW203/204AA, the result is a PITPa protein which has restored fimctional 

properties compared to WW203/204AA.

6.2.8 A5-PITPa inhibits the function of wild-type PITPa in PLCp signalling

Inhibition by A5 of wild-type PITPa function in PLCP signalling was previously observed 

by Hara et al [313]. There were many reasons to reaffirm this observation during the time 

the research in this Chapter was conducted. Firstly, anomalous behaviour o f A5 that had 

previously not been reported was observed during reconstitution of PLCp signalling in 

cytosol-depleted HL60 cells (Figure 6.9 [A]). Secondly, this unreported behaviour observed 

with A5 was not limited to just this truncated mutant since the PITPa inositol binding site 

mutant E86Q, also exhibited a similar effect during reconstitution of PLCP activity in 

Chapter 5. Finally, E86Q could inhibit the function of wild-type PITPa in PLCP signalling, 

so it was important to re-establish that A5 could do the same.

In this study, when the truncation mutant A5 was examined for its ability to inhibit the 

restorative effects of wild-type PITPa, it was observed that A5 was able to strongly inhibit 

wild-type PITPa (Figure 6.9 [B]). The concentration of wild-type PITPa used was 

ISOpg/ml. It was also observed that inhibition started to occur significantly when lOOjig/ml 

A5 was incubated with 150|ig/ml wild-type PITPa. As the concentration of A5 was 

gradually increased, inhibition of wild-type PITPa continued until the highest 

concentration of A5 examined. At 400 pg/ml A5, the ability of 150|ig/ml wild-type PITPa 

to restore PLC-signalling was inhibited by 88%.
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Figure 6.8
Effect of PITPa mutants [A] WW203/204AA and [B] Y103A on reconstitution of 
GTPTS-stimulated PLCP activity
[^HJinositol labelled HL60 cells were permeabilized with SLO for 10 minutes. The cells 
were washed and incubated at 37°C in the presence of PITPa proteins [A] WW203/204AA, 
or [B] Y 103A. Incubations were performed in the presence of 30pM GTPyS in a lOOpl 
assay volume. Ca^^ was maintained at 1 pM. After 20 minutes, samples were quenched and 
analysed for total [^Hjinositol phosphate production. The experiments were conducted in 
duplicate, and the error bars denote the range of the duplicate samples. One experiment 
representative of two is shown.
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Figure 6.9
[A] Effect of PITPa mutants F72A, A5 and A5-WW203/204AA on the reconstitution 
of GTPTS-stimulated PLCp activity
[B] A5 inhibits the function of wild-type PITPa (150|Xg/ml) in PLCp signalling
HL60 cells were radiolabelled with inositol and were permeabilized for 10 minutes. 
Cells were washed and incubated at 37°C with the indicated PITPa mutant proteins in the 
presence of 30|iM GTPyS. Incubations were carried out for 20 minutes in a total assay 
volume of lOOpl. Ca^^ was maintained at l|xM. Samples were quenched and total 

inositol phosphate production was monitored. The experiments were conducted in 
duplicate, and the error bars denote the range of the duplicate samples. One experiment 
representative of two is shown.
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PITPa proteins
% PLC Activity 

(100pg/mi)

% PLC Activity 

(2 0 0pg/mi)

Wild-type 100 100

WW203/204AA** 3±2 3 i2

Y103A** 73±8 64±6

F72A 114±3 112±4

A5** S ee  text and Fig S e e  text and Fig

6.9 [A] and [B]. 6.9 [A] and [B].

A5-WW203/204AA* 112±14 95±8

Table 6.2
Summary of the ability of the PITPa membrane interaction mutants to restore GTPyS 
stimulated PLCp signalling in cytosol-depleted HL60 cells
Each PITPa membrane interaction mutant was tested at a range of concentrations to assess 
their ability to restore GTPyS-stimulated PLC activity in cytosol-depleted HL60 cells. Wild 
type PITPa activity is equal to 100% whereas no restoration of PLC activity is 0%. The 
PITPa mutant proteins were analyzed in two* or three** independent experiments, and the 
data presented are means of these experiments at protein concentrations, lOOjXg/ml and 
200pg/ml. Errors where n=2 represent the range of the two experimental values and errors 
where n>3 are represented by S.E.M.
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6.2.9 PITPa proteins Y103A and WW203/204AA were both able to exchange their 

bound lipid and bind PI or PC

To monitor the ability of PITPa to exchange bound lipid with cellular lipids requires the 

measurement of a different aspect of PITPa function compared to phospholipid transfer. 

This is because the ability to bind lipid does not necessarily mean the protein is active for 

transfer. During phospholipid transfer the PITPa protein must undergo many exchange and 

transfer events at the membrane, whereas phospholipid exchange of PITPa may involve 

only one membrane association event. Therefore, phospholipid binding measurements 

indicate whether the PITPa protein is structurally and functionally capable of exchanging 

its bound lipid for a PI or a PC. Phospholipid binding by the mutant PITPa proteins was 

measured using the cell based assay [267], as described in Chapter 2.

The PITPa mutant WW203/204AA was previously observed to be defective for PI and PC 

transfer (Figure 6.5 [A] and [B]), and was also unable to reconstitute PLCp signalling 

(Figure 6.8 [A]). Therefore, it was important to assess whether WW203/204AA could still 

undergo lipid exchange and bind to PI or PC. Examination for binding revealed that 

WW203/204AA was capable of exchanging its bound lipid for cellular PI or PC, although 

this activity was clearly reduced (Figure 6.10). PI and PC binding were 30±5% and 

55±15%, respectively (Table 6.3).

Analysis of Y 103 A revealed that PI and PC binding were only slightly affected (Figure 

6.10). PI binding was 82±6% and PC binding was 95±6% (Table 6.3).
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PI

0 PC

PiTPa

PITPa proteins % PI binding % PC binding

Wild-type 100 100
WW203/204AA 27 43
Y103A 90 93

Figure 6.10
Determination of phospholipids bound to PITPa mutants WW203/204AA and Y103A 
following incubation with permeabilized HL60 cells.
HL60 cells were radiolabelled for 48 hours with [‘"‘C]acetate. After permeabilization with 
SLO, labelled HL60 cells were in incubated in the presence (wild-type PITPa, 
WW203/204AA or Y 103 A) or absence (none) of His-tagged PITPa proteins for 15 minutes 
at 37°C. After centrifugation PITPa proteins were recovered and the lipids associated were 
extracted and separated using TLC. The amount of [*̂ 0̂] labelled PI or PC associated with 
the PITPa proteins was quantified using AIDA software with respect to recovered protein. 
Binding of PI or PC by wild-type PITPa was always 100%, and PI or PC binding data for 
the PITPa mutants was expressed as a percentage of wild-type PITPa.
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PITPa proteins
Mean % 

Pi Binding

Mean % 

PC Binding

Wild-type 100 100
WW203/204AA 30±5 55±15
Y103A 82±6 95±6

Table 6.3
Summary of PI and PC binding by PITPa membrane interaction mutants 
WW203/204AA and Y103A
The experimental data for all the phospholipid binding assays performed using the PITPa 
membrane interaction mutants WW203/204AA and Y 103A is tabulated here. Each mutant 
protein was analysed in three independent experiments for both PI and PC binding, and 
results are the mean values (Mean ±S.E.M. n=3).
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PITPa proteins

% PI 

Transfer 

(100pg/ml)

% PC 

Transfer 

(100pg/ml)

% PI 

Transfer 

(200pg/ml)

% PC 

Transfer 

(200pg/ml)

Mean % 

PI Binding

Mean % 

PC Binding

% PLC 

Activity 

(100p,g/ml)

% PLC 

Activity 

(200pg/ml)

Wlld-type 100 100 100 100 100 100 100 100
WW203/204AA* 9±2 6±2 16±0 6±0 30±5 55±15 3±2 3±2
Y103A** 65±2 63±3 73±3 62±3 82±6 95±6 73±8 64±6
F72A 108 115 102 97 X X 114±3 112±4

AS** 109±7 122±6 104±6 112±4 X X See Fig 6.9 See Fig 6.9

A5-WW203/204AA* 64±4 51±5 78±1 57±2 X X 112±14 95±8

Table 6.4
Final data summary for the P lTPa membrane interaction mutants
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6.3 Discussion

PITPa is a lipid transport protein which binds a single molecule of PI or PC and is able to 

transfer this bound lipid from one membrane to another through an aqueous environment. 

From the crystal structures of PITPa in its “closed” conformation, the bound phospholipid 

is fully enclosed in the lipid binding cavity such that binding and release of lipid can only 

occur by opening the lipid binding cavity when PITPa is associated with the membrane. 

This study has attempted to understand the mechanism of lipid exchange by addressing 

how PITPa, a cytosolic and highly soluble protein is able to interact with a hydrophobic 

membrane surface.

Implications fo r  the PITP a  dimer interface in membrane interaction 

In the structure of PITPa-PI the four molecules in the asymmetric unit of the crystal are 

arranged as two identical “end to end” dimers, in which residues in the lower part of the 

molecule are in contact (Figure 6.1). From the gel filtration analysis of PITPa bound to PI 

it was concluded that the dimer interface is probably not sufficient to maintain PITPa as a 

dimer in solution (Figure 6.2 and Figure 6.3). However, the dimer interface of PITPa does 

have hydrophobic contacts, in particular W203, W204 and Y103, which were predicted to 

have a role in membrane recognition and binding. Aromatic amino acids, in particular 

tryptophan side-chains, have a high propensity for membrane interactions because of their 

physico-chemical properties [396,397,399]. Using artificial peptides de Planque et al [396], 

have obtained data suggesting tryptophan side-chains prefer to be located at the 

polar/apolar interface in PC bilayers near the lipid carbonyl region, with the large 

hydrophobic, fused aromatic ring in contact with the hydrophobic lipid acyl chains. 

Attached to this aromatic ring is an amide group which localises more preferentially near to 

the centre of the more polar lipid carbonyl region. In a previous study, an aromatic cluster 

of tryptophans on the surface of equinatoxin II, a pore forming toxin, were observed to be 

important for membrane binding [400]. This chapter has revealed that mutating the side- 

chains of PITPa at residues W203 and W204 to alanines severely impaired PI and PC 

transfer, and the reconstitution of PLCP signalling in cytosol-depleted HL60 cells (Table

6.4). In contrast, the binding of PI and PC was only reduced to 30±5% and 55±15%,
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respectively. Although the measurement of phospholipid binding and transfer may appear 

to monitor similar aspects of PITPa function, it is very apparent when examining the 

PITPa mutant WW203/204AA, that this is not the case. This is because the ability to bind 

lipid does not necessarily mean the protein is active for transfer. During phospholipid 

transfer the PITPa protein must undergo many exchange and transfer events at the 

membrane, whereas phospholipid exchange (binding) of an endogenous phospholipid for a 

membrane-associated phospholipid may involve only one membrane association event. 

Therefore, phospholipid binding measurements indicate whether PITPa is structurally and 

functionally capable of exchanging its bound lipid for a PI or a PC. With this insight, it can 

be deduced that WW203/204AA is capable of binding and exchanging a phospholipid at a 

membrane surface, but kinetically this membrane interaction event is occurring at a 

massively reduced rate compared to wild-type protein. This therefore causes 

WW203/204AA to be defective for PI and PC transfer, and is also unable to restore PLCp 

activity (Table 6.4). Since the binding assay incubated PITPa proteins for only 15 minutes 

with cytosol-depleted HL60 cells, it can be predicted that incubating WW203/204AA for a 

much longer period of time would eventually allow exchange of PG for cellular PI or PC to 

reach levels comparable to wild-type PITPa.

When crystal structures of the PC and PI form were superimposed, the aromatic amino acid 

Y 103 located next to the opening of the lipid binding cavity on the loop between beta 

strands 5 and 6 was shifted slightly outwards in the PI-PITPa crystal structure when 

compared to the PC-PITPa crystal structure. This difference was attributed to the PI and 

PC lipids having different fatty acid species enclosed in the lipid binding site of PITPa. 

The PC ligand was synthetic and contained two oleate acyl groups (18:ln-9), whereas the 

PI ligand was predicted to be steroyl-arachidonyl (18:0/20:4), since prior to crystallisation 

the protein was exchanged for PI from bovine liver which is extremely rich in this 

molecular species. In the PC-PITPa structure [307], the short oleate fatty acid species of 

synthetic PC are encapsulated within the structure and the entrance to the sn-2 channel is 

capped by the side-chain of Y 103. In the PI-PITPa structure the side-chain of Y 103 is 

swung away from the end of the sn-2 channel, opening it up. This implies that some
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proportion of a longer fatty acid chain is present, with the tip of the arachidonyl fatty acid 

chain possibly extending past Y 103 into solvent. This study reveals that mutating Y 103 to 

an alanine results in only modest reductions in PI and PC transfer and binding, while the 

restoration of PLCP activity is also only slightly reduced (Table 6.4). These results infer 

that this aromatic amino acid is not absolutely critical for PITPa membrane interaction or 

lipid exchange. However, Y 103 does appear to make a modest contribution to the function 

o f PITPa, most likely in membrane association. Thus, despite the close proximity of Y 103 

to the opening of the sn-2 channel of the lipid binding site and the chemical properties of 

tyrosine residues which make them ideally suited for membrane interactions in the 

interfacial region, Y 103 is not critical for membrane association of PITPa.

Sequence alignment of PITP domains from proteins in the PITP super-family indicates that 

although W203 and W204 are not conserved, a hydrophobic amino acid is almost always 

present in at least one (usually both) of these positions in all PITP domains assessed (see 

Appendix). This includes the small soluble PITPs (PITPa and PITPp) and the large RdgBa 

(M-RdgBal and M-RdgBa2) family members which are thought to exist as membrane- 

associated proteins through the interaction of their large C-terminal regions with the 

membrane. This leads to the conclusion that this site on the PITP domain has a specific 

requirement to be hydrophobic, but whether it is a requirement for function and/or 

membrane interaction for all proteins with PITP domains is unknown.

From the sequence alignment, it was also observed that the amino acid residue Y 103 was 

not conserved in all PITP domains. However, Y 103 was conserved in all mammalian 

PITPct and PITPP isoforms identified, and in PITP proteins found in puffer fish (Fugu 

rubrides), zebra fish {Danio rerio) and worm {Caenorhabditis elegans). It was also 

apparent that in almost all PITP domains used for the sequence alignment there was an 

aromatic amino acid (Tyr, Trp or Phe) present at this position (see Appendix).

The role o f  the “lipid exchange loop ” or a-helix B

In the crystal structure of the apo-form of PITPa [308], the a-helix B (residues 65-83) has 

moved outwards by -90°, resulting in an open, relaxed conformation. The authors termed
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this the “lipid exchange loop”. As well as movement of a-helix B, the C-terminal domain is 

dislodged, accompanied by a partial unfolding of the helix G and a disordering of the C- 

terminal tail. It was suggested that upon conformational change of PITPa at the membrane 

from the closed form to the open form, the so called “lipid exchange loop” may insert 

partially into the lipid bilayer, anchoring PITPa to the membrane, and allowing lipid 

exchange to occur. The aromatic residue F72, located in the middle o f the “lipid exchange 

loop” was predicted to be important for this interaction with the membrane. In the crystal 

structure of PITPa bound to PI, residue F72 was identified as being part o f the dimer 

interface formed between the two monomers of PITPa (Figure 6.1). This confirmed that 

F72 may be important for membrane association. However, phenylalanine residues 

although aromatic, are completely hydrophobic and are usually found in the transmembrane 

region of membrane proteins close to the lipid acyl chains rather than in interfacial parts of 

membrane proteins. Phenylalanine residues therefore do not have a special affinity for the 

membrane interfacial region of the membrane bilayer. In contrast, tryptophan and tyrosine 

are aromatic residues which do have chemical properties that favour the polar/apolar 

interface of the membrane interfacial region [399].

The investigations in this chapter show that mutagenesis of F72 into an alanine does not 

compromise PI or PC transfer, and reconstitution of PLC activity is also unaffected (Table

6.4). Although it would appear that F72 is not essential for wild-type PITPa fimction in the 

studies presented here, the sequence alignments reveal that this site almost always has an 

aromatic residue present (see Appendix). Since F72, in the structure of PITPa-PI is located 

on the dimer interface, the sequence alignments would suggest that within a cellular 

environment F72 may have a role in the optimal function of PITPa at a membrane. It is 

possible that the hydrophobic nature of this site ensures a stronger PITPa-membrane 

interaction during lipid exchange, but this extra hydrophobicity is not absolutely required. 

With respect to membrane insertion of a-helix B, the results do not confirm or refute the 

idea that insertion is a requirement of lipid exchange. Even without phenylalanine at 

residue 72, membrane insertion of this loop may still occur regardless, since the proposed 

conformational change of PITPa at the membrane may drive the insertion of a-helix B into
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the lipid bilayer without a hydrophobic amino acid there, hence no effect on PITPa 

function would be observed. In the absence of experimental evidence for insertion of a - 

helix B into the membrane, it would seem premature to label this region a “lipid exchange 

loop”.

The role o f  the C-terminus in membrane interaction and lipid exchange 

At its C-terminus, PITPa has an a-helix (G-helix) followed by an extension of 11 amino 

acids [307]. Prior to any knowledge of the crystal structures limited proteolysis of PITPa 

was used to study the structural requirements for function. In one study, the protease 

subtilisin resulted in the removal of 24 amino acids from the C-terminus and this led to 

dimérisation of the truncated PITP molecules, accompanied by loss o f PI transfer function 

as well as the ability to restore PLC signalling [314]. For dimérisation of PITPa to be 

explained, the removal of 24 amino acids must result in a hydrophobic region being 

exposed. In a study by Tremblay et al [312], limited protease digestion of PITPa by trypsin 

was greatly enhanced in the presence of lipid vesicles (PC:PA, 80:20 molar ratio). Here, 

trypsin cleavage of PITPa resulted in the formation of two products one lacking 12 amino 

acids and the other lacking 18 amino acids. These C-terminal truncated PITPa proteins 

both had a more relaxed conformation and a higher affinity for membranes than the full 

length protein, which could explain their decrease in lipid transfer activity [310-312]. Yet 

the ability of these truncated mutants to bind a lipid was not affected.

The systematic deletion of five, ten and twenty amino acids from the C-terminus showed 

that only five amino acids is sufficient to impair the ability of PITPa to function in the 

reconstitution of PLCp signalling [313]. Nonetheless, the protein retained its ability to bind 

a phospholipid although transfer activity was reduced. However, results from this chapter, 

using a different type of transfer assay with cytosol-depleted HL60 cells as the donor 

membranes, showed that deletion of 5 amino acids from the C-terminus of PITPa is not 

detrimental for PI or PC transfer (Table 6.1). Also, A5 was able to restore PLC signalling, 

but this effect was strictly dependent on protein concentration (Figure 6.9 [A]). At protein 

concentrations above lOOpg/ml, A5 was no longer able to reconstitute PLC signalling.
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Previously in the study by Hara et al [313], it was observed that A5 was unable to restore 

PLC signalling at any concentration tested. In their study A5 protein concentrations of 100- 

1500|ig/ml were used, whereas in this Chapter concentrations up to 300|lg/ml were 

analysed in detail. Due to the small sensitive range of only low A5 protein concentrations 

(up to 100|ig/ml) being able to restore PLC signalling to wild-type levels, it was likely that 

this unusual behaviour displayed by A5 would not have been observed by Hara et al [313]. 

In agreement with the previous study, this Chapter confirms the inhibition by A5 of wild- 

type PITPa function in PLC signalling (Figure 6.9 [B]) [313].

Larijani et al [269], used fluorescence lifetime imaging microscopy (FLIM) to measure 

fluorescence resonance energy transfer (FRET) between EGFP-PITPa and fluorescently 

labelled phospholipids. Using this technique it was shown in vivo that deletion of only 5 

amino acids from the C-terminus is enough to produce a PITPa protein which has an 

increased affinity for cellular membranes. This data was further corroborated using 

fluorescence recovery after photobleaching (FRAP) to measure diffusion coefficients of 

PITPa proteins. The diffusion coefficient of A5 at the plasma membrane was lower than 

wild-type PITPa, suggesting A5 exhibits increased membrane association. Interestingly this 

study also observed using FLIM, that A5 despite being associated with membranes under 

basal conditions, undergoes an increased interaction with PI and PC at the membrane upon 

stimulation of COS-7 cells with EOF [269]. This suggests that EOF stimulation of COS-7 

cells causes a physical change that could potentially be the membrane insertion of 

hydrophobic residues on the PITPa molecule, such as W203 and W204.

Although membrane binding is a necessary condition for lipid exchange, if the association 

is too strong then the protein will be immobilised, and therefore, will be unable to function 

effectively in lipid transfer and restoration of PLCp signalling. The C-terminus therefore 

appears to be critical in ensuring that the PITPa molecule has a compact structure and 

remains soluble. Movement of the C-terminus appears to be required to expose a 

hydrophobic surface that would allow the protein to interact with the membrane (hence 

dimersiation of the apo-PITPa crystal structure and the subtilisin cleaved PITPa lacking 24
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amino acids from the C-terminus). The apo-structure has been suggested to represent this 

process where the a-helix G and the C-terminal 11 amino acids have moved and unfolded 

exposing the hydrophobic lipid binding cavity. In this open and relaxed conformation at the 

membrane, the lipid binding channel is exposed to the membrane interface and the lipid 

binding site for PI and PC is presented. Given the four amino acids in the lipid binding site 

which hydrogen bond specifically with the hydroxyl groups of the inositol head-group of PI 

(identified in Chapter 5), PITPa will preferentially bind PI in exchange for PC. Refolding 

and movement of the C-terminus closes the lipid binding channel and allows the PITPa to 

dissociate from the membrane.

In this Chapter, the two adjacent tryptophan residues W203 and W204 on the proposed 

membrane interaction surface of PITPa were found to be essential for PI and PC transfer, 

as well as restoration of GTPyS-stimulated PLCP activity in cytosol-depleted HL60 cells. 

From these results, W203 and W204 were concluded to be essential for the association of 

PITPa with a membrane surface. To elucidate further the mechanistic steps which allow 

membrane attachment and lipid exchange of PITP a, five amino acids were deleted from the 

C-terminus of the double tryptophan mutant WW203/204AA. The specific question to be 

addressed was whether the two tryptophans are required for the first step of membrane 

attachment only or are they also required for the lipid exchange event at the membrane. 

Since lipid binding was not completely diminished by WW203/204AA, the former was the 

more likely scenario. C-terminal truncation of the WW203/204AA protein was predicted to 

increase membrane affinity and therefore override the need for the two tryptophans to cause 

membrane association. The results show that A5-WW203/204AA partially restored PI and 

PC transfer, and fully restored PLCp activity, when compared to WW203/204AA (Table

6.4). Therefore, increasing membrane affinity of the WW203/204AA mutant restored its 

ability to undergo multiple rounds of transfer, and as a consequence was capable of 

supplying PI to the lipid kinases to produce the PLCp substrate, PI(4,5)P2. These results 

indicate that although W203 and W204 are essential for the initial docking event of PITPa 

with the membrane, the following lipid exchange event is not dependent on the presence of 

the two tryptophan residues. Hence, once PITPa is membrane associated it is the
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subsequent conformational change associated with the C-terminal region which controls the 

lipid exchange event at the membrane.

Potential mechanism o f  PITP a  lipid exchange at the membrane

This chapter has provided evidence that PITPa has residues on its surface which are 

important for membrane interaction. Although PITPa is a highly soluble protein, 

membrane association is a necessary event for lipid transfer, binding and restoration of 

PLCp signalling. By combining results from this chapter with the existing knowledge about 

PITPa activity and structure, a model can be proposed for the mechanism of PITPa lipid 

exchange at a membrane surface (Figure 6.11). Firstly, PITPa bound to PI in its “closed” 

conformation initially interacts with the interfacial region of the membrane through two 

adjacent tryptophans, W203 and W204. Upon membrane association, the C-terminus of 

PITPa moves and causes PITPa to undergo conformational changes which expose the 

hydrophobic lipid binding cavity to the membrane. This is the membrane-associated form 

o f PITPa. At this point whether insertion of a-helix B into the membrane occurs is not 

known. In its membrane-associated conformation, PITPa undergoes lipid exchange 

supplying PI to a PI deficient membrane, such as a site which requires replenishment of 

phosphoinositides for subsequent PLC hydrolysis. Finally, PITPa now bound to PC 

undergoes another conformational change back into the “closed” form, and freely diffiises 

away from the membrane.

The binding of proteins to lipid membranes results from a mixture of electrostatic and 

hydrophobic interactions, and both of these parameters may make important contributions 

to the regulation of PITPa in vivo. As revealed in this Chapter, hydrophobic interactions 

between residues on the surface of PITPa and the membrane are important for membrane 

association. There is also evidence that PITPa activity is strongly dependent on membrane 

composition. PITPa binds much more avidly to phospholipid vesicles as the PA content is 

increased [310,315]. This is also true for the phosphoinositides, PIP and PIP2 [315]. PA, 

PIP and PIP2 all increase membrane surface charge therefore these studies demonstrate that 

electrostatic interactions contribute significantly to binding of PITPa to vesicles.
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1 . 5.

PI d e f ic ie n t  m e m b r a n e

Figure 6.11
Model for membrane interaction and lipid exchange by PITPa
1. Soluble PITPa bound to PI in the “closed” conformation in the cytosol. 2. PITPa 
initially docks onto a PI deficient membrane using the two tryptophan residues (WW). 3. 
Conformational change of PITPa at the membrane into an “open” form, involves 
movement of the C-terminus and a-helix G (pink) which exposes the hydrophobic surface 
of the lipid binding cavity. This allows lipid exchange of PI for PC to occur. 4. Following 
lipid exchange events at the membrane PITPa bound to PC undergoes conformational 
change back into a “closed” form. 5. PITPa bound to PC in the “closed” conformation is 
soluble and freely diffuses away from the membrane. PI lipids are red and PC lipids are 
blue.
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Interestingly, the charge on PITPct bound to PI is different to the charge when bound to PC 

therefore local changes in membrane charge at sites of active phosphoinositide metabolism, 

may attract PITPa-PI to associate with them through electrostatic interactions. Membrane 

curvature has also previously been shown to influence the transfer properties of PITPa 

[317]. Therefore cellular sites where the membrane is locally perturbed, for instance 

caveolae [401], and the formation clathrin coated vesicles [402], could provide the ideal 

conditions for lipid transfer by PITPa [317].
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Chapter 7

7 Analysis of the molecular species binding selectivity of PITPa for 

HL60 cell membrane phospholipids

7.1 Introduction

Phosphatidylinositol transfer protein a  (PITPa) belongs to a family of phospholipid 

binding proteins that bind and transfer individual molecules of PI or PC between membrane 

compartments [256]. PITPa when examined from cellular extracts is bound to PI and PC in 

near equal proportions despite the lower abundance of PI (5-8% of total cell lipids) 

compared to PC (40% of total cell lipids) and this can be accounted for by the 16 fold 

higher affinity for PI than PC [267,280,281].

Previous studies have provided clear evidence that PITPa has distinct binding sites for the 

sn-\ and sn-1 acyl chains [318,319,330]. From the crystal structures it was observed that 

proximal to the head-group binding region are two channels, one for each of the sn-1 and 

sn-1 acyl chains of the phospholipid. In the crystal structure of PITPa bound to PC, the 

synthetic PC ligand contains two oleate (18:1) acyl groups. It appears that the lipid cavity 

follows the contour of the sn-2 acyl chain closely, but the cavity around the sn-\ chain is 

less confining. In the crystal structure of PITPa bound to PI, the PI ligand was from bovine 

liver extracts, which naturally contain a mixture of lengths and saturation of fatty acid 

chains, but which is predominantly 18:0/20:4. Mass spectrometry confirmed that the 

majority of Pl-loaded samples of PITPa used for crystallization contain 18:0/20:4, but the 

moderate resolution of the crystal structure makes definite identification of the unsaturated 

bonds difficult, since there are no clear kinks in either of the tails.

A notable difference between the Pl-bound and PC-bound crystal structures o f PITPa is 

related to the molecular species of the acyl chains found on the bound phospholipid. 

Specifically, in PC-PITPa, the short oleate (18:1) chains of the synthetic PC ligand are 

completely enclosed within the structure, and the entrance to the sn-1 channel is capped by
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the side chain of Y 103. Whereas in PI-PITPa, the side chain of Y 103 has swung away from 

the end of the channel. This implies the presence of a longer fatty acid chain in the sn~2 

position with the hydrophobic tails possibly extending past Y 103 into solvent. Therefore, it 

seems likely that for PITPa to bind to phospholipids with longer fatty acid tails (> carbon 

chain length 18) in the sn-2 position, the side chain of Y 103 must move to allow the sn-2 

entrance to be occupied by the extended fatty acid tail of the phospholipid. As a 

consequence, the ionic charge distribution across the surface of the protein may be altered, 

and since PITPa is a soluble lipid transfer protein, the presence of hydrophobic fatty acid 

tails protruding from the phospholipid binding cavity may be detrimental to its 

physiological function.

Although PITPa will first encounter the phospholipid head-group on a membrane surface, 

and this is a critical determinant when defining lipid binding affinities, comparatively little 

information concerning any relative binding selectivity o f molecular species resulting from 

different acyl chain substituents at the sn-\ and sn-2 positions of PI or PC has been 

reported. In studies which have attempted to characterize the interactions between PITPa 

and the hydrophobic region of PI and PC molecules, lipids with defined fatty acyl species at 

their sn-l and sn-2 positions, combined with or without fluorescent acyl derivatives have 

been used to measure both binding to PITPa and protein catalysed transfer from a vesicle 

surface [318,319]. For the 5«-l group, a broad range of structures could be accommodated, 

with preference for 14- and 16-carbon saturated and monounsaturated fatty acids, but 18 

carbon polyunsaturated fatty acids were still bound and transferred. For the sn-2 group, a 

preference order of 14- > 16- > 18-carbon fatty acids was observed. However, most notable 

was a marked increase in the affinity of PITPa for PC species with unsaturation up to 18:3 

chain in the sn-2 position, yet PC molecules containing arachidonate (20:4) or 

docosahexaenoate (22:6) in the sn-2 position bound weakly to PITPa. Although these 

studies provide information about binding affinity of PITPa to specific lipids with defined 

acyl chain species at their sn-\ and sn-2 positions, the fact that these were in vitro studies, 

and in some cases conducted with lipids conjugated to bulky fluorophores may have altered 

actual specificities. Indeed, given our present understanding of the structure o f PITPoc, it is
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difficult to understand how these fluorophores would not have some modifying effect on 

specificities. Accordingly, such studies cannot reliably inform the binding selectivity of 

PITPa with regard to acyl chain substituents at the sn-\ and sn-2 positions when presented 

with an array of PI and PC molecular species from within a complex intracellular 

environment.

Recent advances in the application of electrospray ionisation mass spectrometry and in 

particular tandem ESI-MS/MS to the analysis of phospholipids now permits detailed, 

sensitive characterization of phospholipid molecular species compositions [366,403-406]. 

In this chapter the technique of tandem ESI-MS/MS has been used to investigate whether 

PITPa selectively binds molecular species of PI or PC which have different acyl chain 

substituents at the sn-\ and sn-2 positions. In this study recombinant human PITPa is 

incubated with cellular lipids in cytosol-depleted HL60 cells. These were grown under 

normal cell culture conditions or following long term supplementation with arachidonate. 

Detailed comparison of bound lipid and whole cell lipids by tandem ES-MS/MS of lipid 

extracts enabled analysis of PITPa binding selectivity preferences from a diverse mixture 

o f biologically relevant molecular species compositions. To probe further the ability of 

PITPoc to bind PI and PC with different acyl chain species at the sn- 1 and sn-2 positions, 

HL60 cells enriched with arachidonate over many weeks of culture were also used, since 

they present a more restricted range of phospholipid molecular species.

This type of analysis by tandem ESI-MS/MS has provided the first detailed assessment of 

PITPa molecular species binding selectivity for both PI and PC acyl chain species from 

cytosol-depleted HL60 cells grown under normal cell culture conditions and from cells 

enriched in arachidonate-containing molecular species.
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7.2 Results

7.2.1 Recovery of His-tagged PITPa following incubation with cytosol-depleted 

HL60 cells

The main purpose of this analysis was to examine the acyl chain selectivity exhibited by 

PITPa when presented with a complex mixture of molecular species of PI and PC lipids 

found in mammalian cells. Although PITPa is a highly soluble protein, it must also be able 

to associate transiently with a membrane during lipid exchange. To check that PITPa was 

not retained in the permeabilized cells after incubation, equivalent amounts of recombinant 

PITPa proteins were incubated in the absence (Figure 7.1 [A], lanes 2 and 3) or in the 

presence of cytosol-depleted HL60 cells (Figure 7.1 [A], lanes 4 and 5). Following His- 

tagged PITPa recovery and SDS PAGE analysis, AIDA imaging software was used to 

quantify recovery of PITPa proteins. It was observed that PITPa protein recovery was 

identical regardless of the presence of HL60 cells.

It was also empirically established that the ratio of cells added to PITPa was such that the 

total PG pool bound to PITPa was exchanged. Bacterially-expressed PITPa comes pre- 

loaded with PG mainly and a small amount of PE [313], but readily exchanges this cargo 

for cellular PI and PC when exposed to permeabilized HL60 cells [267]. The exchange of 

bacterial PG for PC and PI can be monitored using [^"^C]acetate labelled HL60 cells where 

the total cellular lipids are labelled to equilibrium, followed by analysis of the 

chloroformimethanol extracts by TLC (Figure 7.1 [B]). Initial ESI-MS/MS analysis of lipid 

extracts of residual permeabilized HL60 cells after incubation suggested that excessive 

amounts of recombinant protein were being used since incomplete exchange of the PITPa 

bound bacterial PG was observed (results not shown). Consequently, the ratio of 

recombinant protein to permeabilized cells in all subsequent experiments was adjusted to 

ensure complete bacterial PG was transferred to the cells in exchange for endogenous PI 

and PC (data not shown).
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7.2.2 Determination of cellular phospholipid molecular species bound to PITPa.

HL60 cell membranes in common with those of all mammalian cells contain phospholipids 

which consist of a mixture of many different classes as seen by TLC (Figure 7.1 [B]). 

These include PC, PI, phosphatidylethanolamine (PE), and phosphatidylserine (PS) as 

indicated. Different cells and tissues exhibit their own unique pattern of phospholipid 

classes and each class in turn exhibits a unique pattern o f molecular species containing 

various combinations of fatty acids in different proportions. Since the crystal structures of 

PITPa show the bound PI or PC ligand are enclosed within the same phospholipid binding 

cavity, it is not unreasonable to expect that in addition to the binding specificity exhibited 

by PITPa for the phospholipid head-group, there may be additional specificity conferred 

towards the acyl chain compositions of PI and PC. To determine whether PITPa when 

presented with a mixture of cellular lipids has a preference for cellular PI and PC with 

particular acyl chain species in the sn- 1 and sn-2 position, permeabilized HL60 cells were 

exposed to recombinant His-tagged PITP a , in an adaptation of the lipid binding assay 

[267]. After incubation and protein recovery, the extracted PITPa-bound lipids were 

analysed by ESI-MS/MS. Intact HL60 cell lipids were also extracted and analysed by ESI- 

MS/MS for comparison.

7.2.3 PITPa molecular species binding selectivity of HL60 cell membrane 

phospholipids.

HL60 cellular phosphatidylcholine

Analysis o f the molecular species composition of PC in lipid extracts o f HL60 cells 

obtained using precursor scans of the m/z+184 fi*agment revealed that the predominant 

molecular species contained combinations of saturated and monounsaturated fatty acids, 

with low proportions of molecular species containing polyunsaturated fatty acids (Figure 

7.2 [A] and Figure 7.4). The fatty acyl chains 16:1, 16:0 and 18:1 were the major 

components in both the sn-\ and sn-2 positions of the PC fraction.
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Figure 7.1
Recovery of PITPa after selection of PI and PC from total cellular lipids of HL60 cells
[A] His-tagged PITPa proteins were incubated in the absence (lanes 2 and 3) or presence 
(lanes 4 and 5) of permeabilized HL60 cells for 15 minutes. After centrifugation to remove 
the cells, the supernatants were collected, and His-tagged proteins were recovered on 
Nickel resin. SDS PAGE analysis followed by staining with Coomassie blue of the 
recovered PITPa proteins was performed to determine protein recovery. Lane 1 : molecular 
mass markers.
[B] HL60 cells were radiolabelled for 48 hours with ['"‘C]acetate and were permeabilized to 
remove endogenous proteins. Washed cells were incubated in the absence or in the 
presence of His-tagged wild-type PITPa for 15 minutes. After centrifugation the 
supernatants were collected, and the lipids associated with wild-type PITPa were extracted 
and separated using TLC. Total lipid extract (T.E.) was obtained from [''^CJacetate labelled 
HL60 cells and 100,000 DPM was analysed.
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PITP a  bound phosphatidylcholine

Analysis of cellular PC bound to PITPa, revealed PITPa was capable of binding all 20 of 

the most abundant PC molecular species present in HL60 cells (Figure 7.2 [B] and Figure

7.4). Intriguingly, the absence of a peak corresponding to m/z of 703 for bound PC shows 

that 16:0 sphingomyelin, the dominant sphingomyelin species in HL60 cells is not bound 

by recombinant PITPa when presented with a full range of cellular phospholipids. This 

absence was confirmed by precursor scans of the m/z-168 fragment under negative 

ionization, characteristic of sphingomyelins (results not shown) and implies that reported 

PITPa specificity for this lipid [268] may be an artifact of limited physiological 

significance.

On detailed comparison it was observed that there was a significant selectivity by PITPa 

for the two mono-unsaturated PC species, PC16:0/16:1 and PC16:1/18:1 (Table 7.1). The 

PC16:0/16:1 proportion increased from 13.95±0.68% in control HL60 cells to 31.98±4.81%  

in PITPa, while the corresponding values for PC 16:1/18:1 were 7.78±0.30%  and 

16.92±1.38% in control HL60 cells and PITPa, respectively. Using a ratio of means for 

whole cell and PITPa-bound lipid (Table 7.1), numerical values above 1 indicated a degree 

of selectivity by PITPa while those below one showed active discrimination. For this 

selectivity to occur there were molecular species of PC which were not bound by PITPa as 

well. Since many of these species were not present in large quantities in HL60 cells, this 

discrimination is not as clear as the selectivity observed above, however, the following PC 

molecular species are found in significantly lower amounts bound to PITPa than present in 

control HL60 cells (Table 7.1); PC16:0/18:1, PC16:0aikyi/18:l, PC16:0/20:4,

PC16:0aikyi/16:l, PC18:0/18:1, and PC18:0/20:4. In summary, the data shows selectivity by 

PITPa for PC molecular species possessing shorter acyl chain molecular species at both the 

sn-1 and sn-2 position. A preference order by PITPa for cellular PC molecular species was 

16:1>16:0>18:1>18:0>20:4. It also appears that the presence of alkyl chains, typically 

found at the sn-\ position, is not favoured in selectivity terms and this too may reflect 

structural constraints in the sn-l channel.
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HL60 cellular phosphatidylinositol

Analysis of the molecular species composition of PI in lipid extracts from HL60 cells 

obtained using precursor scans of the m/z -241 fragment in negative ionization revealed a 

mixture of species, with combinations of saturated and mono-unsaturated fatty acids but 

with much higher proportions of PI molecular species containing polyunsaturated fatty 

acids than seen for PC (Figure 7.3 [A] and Figure 7.5). For example, PI species containing 

arachidonate (20:4) in the sn-2 position represented 35% of whole cell PI species (Figure

7.5).

PITP a  bound phosphatidylinositol

Analysis of the composition o f cellular PI bound to PITPa by tandem ESI-MS/MS, 

revealed PITPct was capable of binding all the most abundant PI molecular species present 

in HL60 cells (Figure 7.3 [B] and Figure 7.5), as was observed for PC molecular species 

(Figure 7.4). In common with the observations for PC, detailed comparison of PITPa- 

bound PI molecular species with those of HL60 cells showed that there was a significant 

selectivity by PITPa for the three mono-unsaturated PI species, PI16:0/16:1, PI16:1/18:1 

and PI16:0/18:1 (Table 7.2). The PI16:0/16:1 proportion increased from 2.14±0.48% in 

control HL60 cells to 7.54±1.58% bound to PITPa, while the corresponding values for 

PI16:1/18:1 were 4.40±0.18% and 14.11 ±3.09%, and the values for PI16:0/18:1 were 

10.41 ±0.64% and 14.89±1.37%, in PI fi*om whole HL60 cells and Pl-bound to PITPa, 

respectively. In contrast, PITPa discriminated against molecular species of PI containing 

longer acyl chain lengths in the sn-\ and sn-2 position and more specifically PI species with 

polyunsaturated chains in the sn-2 position. The molecular species of PI which were 

significantly affected were P I l8:0/20:3, PI18:0/18:1 and PI18:0/20:4 (Table 7.2). Thus, 

PI18:0/20:4 decreased from 19.37±1.99% in control HL60 cells to 10.56±3.28% bound to 

PITPa, while the corresponding values for P Il8:0/20:3 were 10.05±0.96% and 

3.21±1.29%, and the values for PI18:0/18:1 were 13.66±0.33% and 6.46±1.35% in PI from 

whole HL60 cells and fi*om Pl-bound to PITPa, respectively.
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In summary, the data shows selectivity by PITPa for PI molecular species possessing 

shorter acyl chain molecular species at both the 5«-l and sn-2 position, and discrimination 

against more unsaturated acyl chains in the sn-2 position. A preference by PITPa for 

cellular PI molecular species appears to follow the order 16:1>16:0>18:1>18:0>20:4>20:3. 

This mimics exactly the preference order seen above for the PC molecular species bound to 

PITPa. However, this observation is not surprising since the crystal structures of PITPa 

liganded to PI and to PC show the lipids are bound in an identical orientation. It is likely 

that the sn-\ and sn-2 acyl chains of PI and PC will be also be enclosed in the same 

channels within PITPa, and the hydrophobic fatty acid tails of PI and PC will therefore be 

subjected to the same physical and chemical constraints in the phospholipid binding cavity. 

Unfortunately, the moderate resolution of the crystal structure of PI-PITPa where the acyl 

chains reside has prevented any comparison of this region with the PC crystal structure of 

PITPa.

7.2.4 PITPa molecular species selectivity from arachidonate-enriched HL60 cell 

membrane phospholipids

HL60 cells in culture are marginally essential fatty acid-deficient (EFAD) in common with 

other cultured cells [407,408], as evidenced by their reduced phospholipid arachidonate 

pools when compared with those of freshly isolated neutrophils [409,410], and by the 

presence of the EFAD marker, mead acid (20:3), in their phospholipids [411]. In order to 

preclude the possibility that some of the specificity data obtained above were simply a 

consequence of the dominance of more saturated acyl molecular species of HL60 cell 

phospholipids in culture, similar experiments were undertaken in arachidonate enriched 

cells.
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Figure 7.2

Comparison of [A] total HL60 cell PC and [B] PITPa-bound PC.

Representative ESI-MS/MS precursor scan of m/z+184 fragment in positive ionisation 

showing PC composition o f [A] whole HL60 cell extract and [B] PITPa-bound lipid 

extract. Samples were analysed on ESI-MS/MS by Dr G. Koster. The spectra obtained were 

processed by Dr A.N. Hunt using Masslynx software.
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Figure 7.3

Comparison of [A] total HL60 cell PI and [B] PITPa-bound PI.

Representative ESI-MS/MS precursor scan of m/z-241 fragment in negative ionisation 

showing PI composition of [A] whole HL60 cell extract and [B] PITPa-bound lipid extract. 

Samples were analysed on ESI-MS/MS by Dr G. Koster. The spectra obtained were 

processed by Dr A.N. Hunt using Masslynx software.
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Figure 7.4

Profile of HL60 cell PC molecular species composition compared with PITPa-bound 

PC molecular species.

Comparison of the fractional representations of the identified control whole HL60 cell PC 

molecular species compositions of HL60 cell PC molecular species (mean ± SEM, n = 4), 

and PITPa-bound PC (mean ± SEM, n = 4) following incubation with permeabilized HL60 

cells. Species identified represent the dominant species from MS/MS fragmentation 

analysis. A significant difference between whole cell and PITPa-bound PC for each 

molecular species is indicated by either * P<0.05 or ** P<0.01 (impaired, two-tailed t-test). 

Samples were analysed on ESI-MS/MS by Dr G. Koster, The spectra obtained were 

processed by Dr A.N. Hunt using Masslynx software.

244



Chapter 7: Analysis by EShMS/MS of the acyl chain selectivity of PITPa

25

20  -

15 -

0> Q. 10 -

5 -

li
3 80> Q.P

total cell PI 
I I PITPa-bound PI

lb I f IW f - r

Figure 7.5

Profile of HL60 cell PI molecular species composition compared with PITPa-bound 

PI molecular species.

Comparison of the fractional representations of the identified control whole HL60 cell PI 

molecular species compositions of HL60 cell PI molecular species (mean ± SEM, n = 4), 

and PITPa-bound PI (mean ± SEM, n = 4) following incubation with permeabilized HL60 

cells. Species identified represent the dominant species from MS/MS fragmentation 

analysis. A significant difference between whole cell and PITPa-bound PI for each 

molecular species is indicated by either * P<0.05 or ** P<0.01 (unpaired, two-tailed t-test). 

Samples were analysed on ESI-MS/MS by Dr G. Koster. The spectra obtained were 

processed by Dr A.N. Hunt using Masslynx software.
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Dominant
molecular
species

Mean % total 
HL60 cell PC 

(±S.E.M.)

Mean % PITPa- 
bound PC 
(±S.E.M.)

Selectivity Ratio 
(PITPa- 

bound/whole 
cell)

*P<0.05
**P<0.01

16:1/16:1 1.28±0.02 2.96±0.33 2.30 *

16:0/16:1 13.95±0.6B 31.98±4.81 2.29 *

16:1/18:1 7.78±0.30 16.92±1.38 2.17 **

14:0/16:1 1.88±0.20 2.85±0.25 1.52 *

16:0/16:0 2.56±0.75 3.22±1.45 1.26
14:0/16:0 3.04±0.09 2.99±0.44 0.98
16:0/20:3 3.29±0.16 2.96±0.43 0.90
18:1/18:1 10.77±0.87 8.33±0.92 0.77
16:0/18:1 17.40±0.60 13.35±1.42 0.76 *

16:0aikyi/18:1 4.02±0.33 2.92±0.34 0.73 *

16:0/20:4 3.83±0.16 2.34±0.49 0.61 *

16:0aikyi/16:1 3.60±0.62 1.96±0.18 0.55 *

18:1/20:4 4.15±0.36 1.85±1.47 0.45
18:0/18:1 3.12±0.28 1.37±0.58 0.44 *

16:0/22:6 2.78±0.27 1.12±0.75 0.40
18:0/20:4 3.07±0.04 0.61 ±0.70 0 .20 *

Table 7.1
Phosphatidylcholine binding preferences of recombinant PITPa incubated with 
control permeabilized HL60 cells.
The mean % values for the individual molecular species of PC from control HL60 cells and 
PITPa-bound to cellular PC, were expressed as a ratio in order to determine if PITPa had a 
preference for cellular PC with a particular acyl chain composition (HL60 cells n=4, PITPa 
n=4, mean ± S.E.M). Where the individual molecular species % values of PC for both 
HL60 cells and PITPa were less than 2%, these data were omitted from the table. A ratio of 
one indicates equivalent representation while figures above one reflect increased selectivity 
and those below one, an apparent discrimination. A significant difference between control 
HL60 cells and PITPa for each molecular species of PC, is indicated by either * P<0.05 or 
** P<0.01 (unpaired, two-tailed t-test). Samples were analysed on ESI-MS/MS by Dr G. 
Koster. The spectra obtained were processed by Dr A.N. Hunt using Masslynx software.
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Dominant
molecular
species

Mean % total 
HL60 cell PI 

(±S.E.M.)

Mean % PITPa- 
bound PI 
(±S.E.M.)

Selectivity Ratio 
(PITPa- 

bound/whole 
cell)

*P<0.05
**P<0.01

16:0/16:1 2.14±0.48 7.54±1.58 3.52 *

16:1/18:1 4.40±0.18 14.11 ±3.09 3.20 *

16:0/18:1 10.41 ±0.64 14.89±1.37 1.43 *

16:0/20:4 3.59±0.50 5.07±0.69 1.41
18:1/18:1 12.99±0.82 15.78±1.66 1.22

18:1/18:2 3.45±0.79 3.77±1.00 1.09
18:1/20:4 9.45±0.24 9.78±2.05 1.04
20:1/20:4 2.81 ±0.46 2.84±0.71 1.01

18:0/22:6 3.01 ±0.43 2.42±1.20 0.80
18:0/20:4 19.37±1.99 10.56±3.28 0.55 *

18:0/18:1 13.66±0.33 6.46±1.35 0.47 **

18:0/20:3 10.05±0.96 3.21 ±1.29 0.32 **

18:0/20:2 3.05±0.33 0.93±0.51 0.31 **

Table 7.2
Phosphatidylinositol binding preferences of recombinant PITPa incubated with 
control permeabilized HL60 cells.
The mean % values for the individual molecular species of PI from control HL60 cells and 
PITPa-bound to cellular PI, were expressed as a ratio in order to determine if PITPa had a 
preference for cellular PI with a particular acyl chain composition (HL60 cells n=4, PITPa 
n=4, mean ± S.E.M). Where the individual molecular species % values of PI for both HL60 
cells and PITPa were less than 2%, these data were omitted from the table. A ratio of one 
indicates equivalent representation while figures above one reflect increased selectivity and 
those below one, an apparent discrimination. A significant difference between control 
HL60 cells and PITPa for each molecular species of PI, is indicated by either * P<0.05 or 
** P<0.01 (unpaired, two-tailed t-test). Samples were analysed on ESI-MS/MS by Dr G. 
Koster. The spectra obtained were processed by Dr A.N. Hunt using Masslynx software.
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HL60 phosphatidylcholine and phosphatidylinositol composition following arachidonate- 

supplementation

Following prolonged arachidonate supplementation (30|xM) over many weeks HL60 cells 

tolerated a wide variation in the molecular species compositions of their endogenous PC 

and PL This was predominately reflected in increased concentrations of unsaturated acyl 

chains predominately in the sn-2 position (Figure 7.6 and Figure 7.7). This was an extreme 

membrane modification of PI and PC molecular species, causing PI species containing 20:4 

acyl chains to increase from 35% in control HL60 cells to 94% in arachidonate- 

supplemented HL60 cells, and arachidonoyl PC species to increase from 11% in control 

HL60 cells to 63% in arachidonate-supplemented HL60 cells (Table 7.1-Table 7.4). The 

EFAD marker, mead acid (20:3) was absent in the phospholipids of these cells.

As the PI and PC molecular species were so highly enriched in arachidonyl species, there 

were relatively fewer molecular species quantified above the recorded thresholds. The PC 

from arachidonate-supplemented HL60 cells was dominated by the following molecular 

species (Figure 7.8); PC16:0/16:0 (7.14±1.39%), PC18:1/20:4 (9.77±1.61%), PC 16:0/20:4 

(30.52±0.85%), PC16:0/18:1 (8.89±0.61%), and PC18:0/20:4 (15.14±1.90%). Whereas, the 

PI from arachidonate-supplemented HL60 cells had an even smaller range of molecular 

species (Figure 7.9) dominated by PI18:l/20:4 (12.99±1.13%), PI 16:0/20:4 (28.36±1.09%), 

and PI 18:0/20:4 (47.69±1.64%). However, this restricted range of molecular species 

present in the PI and PC phospholipids from HL60 cells enriched in arachidonate did not 

adversely affect cell viability and growth, although normal physiological and cellular 

activities, such as secretion and PLD/PLC activation were not investigated.

Composition o f  PITP a  bound phosphatidylcholine following arachidonate-supplementation 

o f  HL60 cells

Analysis of the molecular species composition of cellular PC bound to PITPa, obtained 

using precursor scans of the m/z+184 fragment (Figure 7.6 [B]), revealed PITPa was 

capable of binding all PC molecular species present in arachidonate-supplemented HL60 

cells (Figure 7.8). Moreover, comparison between PITPa-bound species and those of whole 

arachidonate-supplemented HL60 cells indicated selectivity by PITPa for PC species with
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shorter acyl chain lengths as well as discrimination against the longer and more unsaturated 

species (Table 7.3). In summary, when arachidonate-supplemented HL60 cells are used as a 

source of cellular lipids, the dominance and restricted range of PUFA-containing PC 

species results in a similar preference order for PITPa-binding compared to when control 

HL60 cells are used. The specificity order seen is 16:1>16:0>18:1>18:0>20:4 (Table 7.3).

Composition o f  PITPa bound phosphatidylinositol following arachidonate- 

supplementation o f  HL60 cells

As with control HL60 cells, tandem ESI-MS/MS analysis of the molecular species 

composition of cellular PI bound to PITPa was obtained using precursor scans o f the m/z 

-241 fragment (Figure 7.7 [B]). Examination of the results revealed the expected pattern 

that PITPa was capable of binding all PI molecular species present in arachidonate- 

supplemented HL60 cells (Figure 7.9). When the PI molecular species binding preferences 

for PITPa were assessed it was apparent that there was significant selectivity by PITPa for 

PI18:1/20:4 and PI16:0/20:4 (Table 7.4). The PI18:l/20:4 proportion increased from 

12.99±1.13% in arachidonate-supplemented HL60 cells to 17.89±1.08% in PITPa, while 

the corresponding values for cellular and PITPa-bound PI for PI 16:0/20:4 were 

28.36±1.09% and 35.33±0.76%, respectively. In contrast, there was a significant decrease 

in the amount of PIl 8:0/20:4 bound by PITPa compared whole arachidonate-supplemented 

HL60 cells with only 34.24±2.72% associated with PITPa protein contrasted with 

47.69±1.64% present in whole cells (Table 7.4).

The vast predominance of arachidonate-containing PI species found in these cells is 

associated with a lower abundance of shorter chain saturated species. In these cells there is 

specific enrichment of three major species of PI with arachidonoyl principally in the sn-2 

position as judged by fragmentation patterns. These species are P Il6:0/20:4 (3.59±0.50% in 

control HL60 cells to 28.36±1.09% in arachidonate-supplemented HL60 cells), P I l8:1/20:4 

(9.45±0.24 in control HL60 cells but 12.99±1.13% in supplemented HL60 cells), and 

PI 18:0/20:4 (19.37±1.99% versus 47.69±1.64%). The tandem ESI-MS/MS data (Figure 7.9 

and Table 7.4) do however show a similar order to the PITPa molecular species selectivity
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observed previously with control HL60 cells (Figure 7.5 and Table 7.2). For the dominant 

PI molecular species in arachidonate-supplemented HL60 cells, it was seen that PITPa 

selectively binds the two PI molecular species with shorter acyl chains in the sn- 1 position 

(16:0 and 18:1), and discriminates against the PI molecular species with the slightly longer 

acyl chain (18:0) in the 5«-l position.

The data from the studies here clearly demonstrates that whether control HL60 cells or 

arachidonate-supplemented HL60 cells are used, the proportion of PI 18:0/20:4 bound by 

PITPa is significantly reduced compared to the amount of PI 18:0/20:4 present in whole cell 

membranes. Consequently, although PI 18:0/20:4 pre-dominants in cell membranes it would 

appear from the results shown here that PITPa does have a binding preference for PI 

molecular species with shorter acyl chains which are saturated or monounsaturated. It is 

important to remember that these data only refer to binding preferences and not transfer 

abilities. The data also clearly demonstrates that PITPa can exchange its lipid for a PI 

molecule with the molecular species 18:0/20:4 quite happily with no adverse affects on 

protein solubility as protein recovery from the cells is always close to 100%.
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Figure 7.6
Comparison of arachidonate-enriched HL60 cell PC molecular species and PITPa- 
bound PC molecular species.
[A] Representative ESI-MS/MS precursor scan of m/z+184 fragment in positive ionisation 
showing PC composition of arachidonate-treated [A] whole HL60 cell lipid extract and [B] 
PITPa-bound lipid extract. Samples were analysed on ESI-MS/MS by Dr G. Koster. The 
spectra obtained were processed by Dr A.N. Hunt using Masslynx software.
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Figure 7.7
Comparison of arachidonate-enriched HL60 cell PI molecular species and PITPa- 
bound PI molecular species.
[A] Representative ESI-MS/MS precursor scan of m/z-241 fragment in negative ionisation 
showing PI composition of arachidonate-treated [A] whole HL60 cell lipid extract and [B] 
PITPa-bound lipid extract. Samples were analysed on ESI-MS/MS by Dr G. Koster. The 
spectra obtained were processed by Dr A.N. Hunt using Masslynx software.
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Figure 7.8
Profile of arachidonic acid-supplemented HL60 cell PC molecular species composition 
compared with PITPa-bound PC molecular species.
Comparison of the fractional representations of the identified arachidonate-supplemented 
whole HL60 cell PC molecular species (mean ± SEM, n = 4), and PITPa-bound PC (mean 
± SEM, n = 3) following incubation with arachidonate-supplemented permeabilized HL60 
cells. Species identified represent the dominant species from MS/MS fragmentation 
analysis. A significant difference between whole cell and PITPa-bound PC for each 
molecular species is indicated by either * P<0.05 or ** P<0.01 (unpaired, two-tailed t-test). 
Samples were analysed on ESI-MS/MS by Dr G. Koster. The spectra obtained were 
processed by Dr A.N. Hunt using Masslynx software.
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Figure 7.9
Profile of arachidonic acid-supplemented HL60 cell PI molecular species composition 
compared with PITPa-bound PI molecular species.
Comparison of the fractional representations of the identified arachidonate-supplemented 
whole HL60 cell PI molecular species (mean ± SEM, n = 4), and PITPa-bound PI (mean ± 
SEM, n = 4) following incubation with arachidonate-supplemented permeabilized HL60 
cells. Species identified represent the dominant species fi'om MS/MS fi*agmentation 
analysis. A significant difference between whole cell and PITPa-bound PI for each 
molecular species is indicated by either * P<0.05 or ** P<0.01 (unpaired, two-tailed t-test). 
Samples were analysed on ESI-MS/MS by Dr G. Koster. The spectra obtained were 
processed by Dr A.N. Hunt using Masslynx software.
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Dominant
molecular
species

Mean % total AA- 
HL60 cell PC 

(±S.E.M.)

Mean % PITPa- 
bound PC 
(±S.E.M.)

Selectivity Ratio 
(PITPa- 

bound/whole 
cell)

*P<0.05
**P<0.01

16:0/16:1 4.12±1.43 9.83±2.95 2.39
16:1/18:1 1.75±0.28 3.44±0.56 1.96 *

16:1/20:4 1.96±0.29 2.79±0.25 1.42 *

16:0/16:0 7.14±1.39 9.36±2.49 1.31
18:1/20:4 9.77±1.61 10.72±1.02 1.10

14:0/16:0 4.40±1.65 4.73±1.10 1.08
16:0/20:4 30.52±0.85 30.15±0.78 0.99
16:0/18:1 8.89±0.61 7.73±0.72 0.87
18:0/20:4 15.14±1.90 8.13±0.60 0.54 *

20:1/20:4 3.67±0.60 1.32±0.07 0.36 *

16:0aikyi/20:4 2.05±0.21 0.68±0.42 0.33 *

Table 7.3
Phosphatidylcholine binding preferences of recombinant PITPa incubated with 
arachidonic acid supplemented permeabilized HL60 cells.
The mean % values for the individual molecular species of PC from arachidonic acid 
supplemented HL60 cells and PITPa-bound to cellular PC, were expressed as a ratio in 
order to determine if PITPa had a preference for cellular PC with a particular acyl chain 
composition (HL60 cells n=4, PITPa n=3, mean ± S.E.M). Where the individual molecular 
species % values of PC for both HL60 cells and PITPa were less than 2%, these data were 
omitted from the table. A ratio of one indicates equivalent representation while figures 
above one reflect increased selectivity and those below one, an apparent discrimination. A 
significant difference between arachidonic acid supplemented HL60 cells and PITPa for 
each molecular species of PC, is indicated by either * P<0.05 or ** P<0.01 (unpaired, two- 
tailed t-test). Samples were analysed on ESI-MS/MS by Dr G. Koster. The spectra obtained 
were processed by Dr A.N. Hunt using Masslynx software.
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Dominant
molecular
species

Mean % total AA- 
HL60 cell PI 

(±S.E.M.)

Mean % PITPa- 
bound PI 
(±S.E.M.)

Selectivity Ratio 
(PITPa- 

bound/whole 
cell)

*P<0.05
**P<0.01

18:1/20:4 12.99±1.13 17.89±1.08 1.38 *

16:0/18:1 3.01 ±0.60 3.78±1.37 1.26
16:0/20:4 28.36±1.09 35.33±0.76 1.25 **

18:0/20:4 47.69±1.64 34.24±2.72 0.72 **

20:1/20:4 2.16±0.22 1.45±0.13 0.67 *

18:1/18:1 2.03±0.13 1.22±0.48 0.60
20:0/20:4 2.88±0.27 1.53±0.69 0.53
18:0/18:1 2.59±0.26 0.73±0.63 0.28 *

Table 7.4
Phosphatidylinositol binding preferences of recombinant PITPa incubated with 
arachidonic acid supplemented permeabilized HL60 cells.
The mean % values for the individual molecular species of PI from arachidonic acid 
supplemented HL60 cells and PITPa-bound to cellular PI, were expressed as a ratio in 
order to determine if PITPa had a preference for cellular PI with a particular acyl chain 
composition (HL60 cells n=4, PITPa n=4, mean ± S.E.M). Where the individual molecular 
species % values of PI for both HL60 cells and PITPa were less than 2%, these data were 
omitted from the table. A ratio of one indicates equivalent representation while figures 
above one reflect increased selectivity and those below one, an apparent discrimination. A 
significant difference between arachidonic acid supplemented HL60 cells and PITPa for 
each molecular species of PI, is indicated by either * P<0.05 or ** P<0.01 (unpaired, two- 
tailed t-test). Samples were analysed on ESI-MS/MS by Dr G. Koster. The spectra obtained 
were processed by Dr A.N. Hunt using Masslynx software.
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7.3 Discussion

This study has investigated the molecular species binding selectivity of human PITPa using 

HL60 cells as a source of cellular phospholipids. Earlier studies have shown that the sn-1 

and sn-2 chain binding sites on PITPa are different and that the steric and hydrophobic 

properties of the acyl chains contribute to affinity. As these studies have used lipids with 

defined fatty acyl species at their 5«-l and sn-2 positions, combined with or without 

fluorescent acyl derivatives to measure both binding to PITPa and protein catalysed 

transfer fi'om a vesicle surface [318,319], it remains unclear how such bulky fiurophores 

may have altered molecular species specificity, since it is apparent that the 5«-l and sn-2 

sites in the lipid binding cavity o f PITPa are sensitive to acyl chain length and steric 

properties. From these earlier studies it also uncertain how the acyl chain properties 

influence selectivity o f PITPa, when it is presented with a range of cellular PI and PC 

molecular species from within a cellular environment.

ESI-MS/MS analysis facilitated the analysis of cellular PI and PC molecular species bound 

to PITPa from HL60 cells grown under normal cell culture conditions and from HL60 cells 

enriched with arachidonate. Any preference of PITPa for PI and PC with a particular acyl 

chain composition, is potentially important for membrane function and for the delivery of 

defined phospholipid molecular species to particular locations in the cell, such as the 

plasma membrane, but also the nucleus where PITPa has been localised using confocal 

microscopy [269,270]. Within each bound phospholipid class, detailed comparison with 

whole cell phospholipid compositions has permitted the assessment of acyl chain- 

dependant binding selectivity. For both PI and PC, a preference in the bound species 

possessing shorter acyl chains was apparent with a preference order: 16:1 > 16:0 > 18:1 > 

18:0 > 20:4. This selectivity order for PI and PC molecular species bound to PITPa was 

also maintained from a restricted range of molecular species present in HL60 cells enriched 

with arachidonate over many weeks of culture. These results obtained using ESI-MS/MS 

confirm and extend the interpretation of results obtained fi'om the earlier studies employing 

fluorescent lipids to examine the fatty acid chain specificity of PITPa, but now with 

physiologically appropriate and biologically relevant lipids.
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Here, using a cellular-based binding assay, the individual molecular species present in 

cellular PI and PC were able to be monitored rapidly by ESI-MS/MS both from control 

whole HL60 cell lipid extract and lipid bound to PITPa (Figure 7.4 and Figure 7.5). Using 

cytosol-depleted HL60 cells as a source of cellular phospholipid, a vast array of molecular 

species compositions were identified, representing a more physiological environment for 

PITPa to lipid exchange with. Clearly, the major determinant for PITPa lipid binding 

specificity is the visible phospholipid head-group on the exterior of the membrane bilayer, 

since specific amino acid residues have been identified in the phospholipid binding cavity, 

which have been attributed to causing PITPa to have a 16 fold higher affinity for PI than 

PC. However, the events which follow may then allow a secondary form of selectivity to 

occur and thus result in the molecular species specificity observed here, whereby the 

shorter acyl chains are preferentially bound by PITPa.

This apparent preference order for shorter acyl chain length is possibly due to the longer 

acyl chains being poorly accommodated in the phospholipid binding pocket of PITPa. The 

two crystal structures of PITPa in the ‘closed’ conformation, one of which is bound to PC 

and the other to PI, differ because of the acyl chains found on the bound phospholipids. The 

short oleate (18:1) chains of the synthetic PC ligand are completely enclosed within the 

structure, and the sn-2 channel is capped by the side chain of Y 103. However, in PI-PITPa 

the lipid thought to be bound is PI 18:0/20:4, and in this structure the presence o f a longer 

fatty acid chain in the sn-2 position has caused the side chain of Y 103 to move away from 

the end of the channel, thus opening it up. This implies that a longer fatty acid chain in the 

sn-2 position must extend past Y 103 into solvent and therefore no longer be enclosed 

within the protein structure. As PITPa is a soluble lipid transfer protein, the presence of 

hydrophobic fatty acid tails protruding from its phospholipid binding cavity may be 

detrimental to its physiological function and therefore, the shorter acyl chains which can be 

fully enclosed within the structure may be preferentially selected. On the other hand, longer 

acyl chains may energetically favour the presence of these phospholipids in the bilayer. 

Therefore, it would be energetically unfavourable for PITPa to exchange its bound lipid for 

PI or PC species with longer acyl chains, since energetically it would be easier to exchange 

for phospholipids with shorter molecular species.
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While the data in this study confirms that 18:0/20:4 is the major molecular species of PI in 

HL60 cell membranes, it is diminished with respect to freshly isolated human neutrophil 

membranes and indeed other mammalians cells and whole tissues [410,412-415]. In this 

chapter it has been observed that recombinant PITPa does have a binding preference at sn- 

1 and sn-2 for molecular species with shorter acyl chains which are saturated and 

monounsaturated and these preferences are retained following arachidonate enrichment. 

Moreover this preference order extends to PC species and suggests that PITPa-bound 

phospholipids will likely be enriched in these species in vivo. Yet, although lipids with 

longer acyl chain molecular species, such as PI 18:0/20:4 are not preferentially bound, the 

results from this study show that PITPa is able to bind all major natural PI and PC species 

present within control HL60 cells and arachidonate-supplemented HL60 cells.

Although a preference order for acyl chain length of 16:1 > 16:0 > 18:1 > 18:0 > 20:4 is 

observed, it remains to be established whether the different affinities of the various PI and 

PC species are connected to their metabolic and/or functional properties. A key future 

priority will be to establish whether these in vitro binding preferences are (or are not) 

reflected in transfer preferences within the cell since this data will provide important 

mechanistic and functional insights that extend to linkages with phospholipid biosynthesis. 

Nevertheless if  the reported binding preferences are manifested in vivo then irrespective of 

actual transfer dynamics, it is probable that molecular species sequestered and transported 

within the cell are predominately the shorter chain saturated species of PI and PC indicated 

in Table 7.1 and Table 7.2.

Therefore, if  short chain, saturated/monounsaturated binding preferences are matched by 

equivalent predisposition to transfer it may indicate that target cell membranes actively 

remodel newly delivered phospholipids to final arachidonate compositions after delivery of 

PI species. If the “lesser” binding preference of 18:0/20:4 molecular species is reflected for 

lipid transfer, then a model can be proposed whereby post-delivery remodelling might 

effectively anchor longer more unsaturated molecular species in the target membrane. 

Accordingly mass action effects limiting build up may occur as the concentration of 

arachidonyl species in the target membranes rise. In this sense the relative binding affinities
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of piTPoc in vivo may serve as a mechanism for maintaining target membrane P I l8:0/20:4 

contents within a desirable range.

One example where post-delivery remodelling may operate is provided by the enclosed 

system represented by endonuclear lipids. Mammalian cells lack the capacity to synthesize 

endonuclear PI [416,417] despite its use as a signalling precursor. Instead, cells must rely 

on transport of PI by a lipid transport protein (suggested to be PITPa), to replenish the 

endonuclear PI pool consumed by phosphoinositide signalling pathways [111]. However, 

the nuclear compartment does synthesize and remodel PC species to high saturation 

[365,366], and this may provide a pool of PC lipids with which PITPa could readily 

exchange its bound PI with. Transport of more saturated PI species due to their preferential 

binding by PITPa, as observed in this study is difficult to rationalise with the observation 

that endonuclear PI is predominately 18:0/20:4 (Alan Hunt, personal communication). 

However, newly synthesized endonuclear PC incorporates arachidonoyl containing DAG 

species which are remodeled to more saturated species yielding unsaturated acyl coA. It is 

therefore possible that liberated unsaturated acyl coA is modelled in to newly delivered PI 

which would in turn release more saturated acyl species for reciprocal PC remodelling. This 

scenario would provide a mechanism that would drive relatively saturated PI into the 

nucleus by PITPa, but remodelling to more unsaturated PI species would prevent PI 

transfer back out [366].

However, if  transfer capacity is more dependent upon a relatively weaker binding affinity, 

then 18:0/20:4 may be less tightly bound but more readily transferred than the more highly 

retained saturated species. Such acyl remodelling of phospholipids after transfer by PITPa 

remains to be established. However, this information may be important for determining the 

mechanisms regulating PITPa function in the cell. The technique of ESI-MS/MS, as well 

as providing detailed compositional information, is also ideally designed for metabolic 

studies of phospholipid synthesis and turnover using deuteriated substrates [365,366].

Notwithstanding these speculations, to date no physiological function related to PITPa has 

been attributed to the molecular species of PI or PC that it binds to. Yet, within the complex
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environment of the cell these physical properties of PITPa which may appear to be only 

subtle binding preferences in vitro^ may have critical consequences for cell viability and 

growth in vivo. The ability to investigate these phenomena under conditions that more 

closely resemble the intracellular environment in vivo, will in the future offer more clues to 

the regulation and function of PITPa in mammalian cells.
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Chapter 8

8 Summary

8.1 Regulation of PI(4,5)P2 synthesis by ARF in HL60 cells

The data presented in Chapter 3 and 4 has sought to elucidate the mechanism of ARF 

stimulated PI(4,5)P2 synthesis in HL60 cells. Two possible regulators o f type I PIP 5-kinase 

activity are PA and ARF or a combination of both. Thus, the aim of this work was to 

address whether ARF activates type I PIP 5-kinase directly or indirectly via PA derived 

from PLD. Investigations using the primary alcohol, butan-l-ol to reduce the amount of PA 

produced via the PLD pathway showed that under conditions of maximal 

transphosphatidylation, PI(4,5)P2 synthesis was unaffected. It was also observed that 0.5% 

butan-l-ol did not completely diminish PA production. Thus, these data were not 

conclusive to exclude PA as an activator of type I PIP 5-kinase activity (Chapter 3).

To circumvent the use of alcohols, an ARFl point mutant was identified which could 

selectively activate PIP 5-kinase activity but not PLD activity (Chapter 4). Results using 

ARF1-N52R in HL60 cells demonstrated that ARFl alone was capable of stimulating type 

I PIP 5-kinase activity, which could be fiirther stimulated by PA derived from the PLD 

pathway. However, under the experimental conditions used here, there will always be some 

PA formed from the PLC pathway which is activated by GTPyS. This PA could contribute 

to the activation of the lipid kinase, therefore, a role for PA as a co-stimulus in the 

activation of type I PIP 5-kinase in the presence of N52R-ARF1 could not be totally 

excluded in this study.

Within the cell there are multiple pools of PI(4,5)P2 at the plasma membrane. In 

permeabilized HL60 cells one pool of PI(4,5)P2 which is effectively restored by PITPa, is 

readily accessible for hydrolysis by PLCp. In contrast, the pool of ARFl-stimulated 

PI(4,5)P2 is only marginally available for hydrolysis by the PLCP pathway. It has been 

suggested that the action of PITPa in the PLCp pathway is more complex than simply 

supplying PI to the lipid kinases for PI(4,5)P2 synthesis. The results in Chapter 3 support
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this statement, since it was apparent that the ARFl-stimulated PI(4,5)P2 pool was 

accessible for hydrolysis by the PLCP in the presence of PITPa. In conclusion, the data 

suggests that PITPa, as well as supplying PI to the lipid kinases for PI(4,5)P2 synthesis, 

may also have a role in regulating the availability of different pools of PI(4,5)P2 for 

hydrolysis by PLCp.

8.2 Regulation of PITPa activity

Investigations in this thesis have concentrated on the PITPa isoform and how its structure 

influences its functional activity with regard to phosphoinositide dynamics. 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]. Elucidation of the crystal structure of PITPa bound to PI identified 

hydrogen bonding interactions between the hydroxyl groups on the inositol head-group of 

PI and four amino acid residues in the lipid binding cavity of PITPa, which explains 

structurally, the higher affinity for PI than PC. Results using point mutations of these amino 

acids in the lipid binding cavity of PITPa, illustrate that disruption of a single hydrogen 

bond is sufficient to lead to loss of PI binding and transfer, as well as defective restoration 

of PLC signalling, a result that could not be predicted from structure alone (Chapter 5). In 

contrast, PC transfer and binding were mostly unaffected for all but one point mutant 

(Chapter 5). Therefore, the high affinity of PITPa for PI is mediated through the inositol 

head-group, since none of these hydrogen bonding interactions can occur with the PC head- 

group. One of the point mutants unexpectedly had reduced PC transfer and binding, and as 

a consequence, its ability to restore PLC signalling was also severely impaired. These 

results demonstrate that the binding of PC to PITPa is equally essential for maintaining 

optimal PITPa activity in the restoration of PLC signalling. Therefore, the regulation of 

phosphoinositide dynamics by PITPa relies on its ability to bind and transfer PI to the lipid 

kinases, as well as its ability to bind PC for efficient exchange o f PI at the membrane.
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A  critical question that arises from these studies is why structurally PITPa cannot exist as a 

soluble apo form and mediate net mass transfer of PI or PC without a requirement for lipid 

exchange? At present it is not completely clear, but it has been demonstrated that without a 

bound lipid, PITPa is structurally unstable [418]. Therefore, it appears that exchange of PI 

for PC or vice versa could be an essential requirement for physiological fimction. Identified 

in the structure of PITPa are four additional hydrogen bonds which make specific contacts 

with the phosphate moiety of bound PI and PC, and although not investigated in this thesis 

it is likely that these amino acids are responsible for PITPa binding to both lipids. It is 

interesting to note that other lipid transfer proteins can exist without a bound phospholipid, 

for example, phosphatidylcholine transfer protein (PCTP) and sterol carrier protein 2 (SCP- 

2). In this case, the lipid transfer proteins can mediate net mass transfer of their 

hydrophobic ligand [330].

Evidence suggests that the regulation of proteins with PITP domains may occur at several 

possible levels including: membrane localisation, the bound phospholipid class, the acyl 

chain molecular species of the bound phospholipid, the curvature of the membrane, the 

composition of the membrane, or interactions with enzymes responsible for modulating 

phospholipid metabolism. For PITPa one level of regulation could be the control of 

membrane interaction since its association with the membrane may be critical for its 

function in phosphoinositide dynamics. From a structural perspective it is the C-terminus 

which has been demonstrated to be important since membrane affinity is increased in C- 

terminally truncated PITPa proteins, and as a consequence of truncation, PITPa has a more 

relaxed conformation similar to the crystal structure of apo-PITPa [308,310-314].

Results presented in this thesis using point mutations of amino acids with potential 

membrane interaction properties suggest that the initial association of PITPa with the 

membrane, is most likely mediated by the two adjacent tryptophan residues located in the 

loop between beta strand 8 and a-helix F (Chapter 6). The membrane association mediated 

by these two tryptophans is essential since disruption of PITPa interaction with the 

membrane by mutation reduces PI and PC transfer and binding, and prevents restoration of
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PLCp signalling in permeabilized HL60 cells. Although membrane association by the two 

tryptophans is evidently essential, a conformational change at the membrane is predicted to 

occur in order for lipid exchange to take place. Evidence presented in previous studies 

postulates that this conformational change is most likely mediated by the C-terminus, and 

its movement causes PITPa to adopt a more relaxed structure at the membrane exposing a 

hydrophobic surface for greater membrane affinity. A further investigation in this study has 

concentrated on deducing a potential mechanism for PITPa lipid exchange at the 

membrane. C-terminal truncation of PITPa containing mutation of the two tryptophans 

modestly affected PI and PC transfer and was able to fully restore PLCp signalling. These 

results demonstrate that although the two adjacent tryptophans are critical for the initial 

interaction of PITPa with the membrane, once associated the exposure of the hydrophobic 

lipid binding cavity as a result of conformational changes at the C-terminus is enough to 

maintain membrane interaction for the process of lipid exchange (Chapter 6).

Another level of regulation for PITPa could be the preferential binding of PI or PC with 

particular acyl chain molecular species compositions. Previous studies have provided clear 

evidence that PITPa has distinct binding sites for the 5«-l and sn-2 acyl chains 

[318,319,330]. These results were confirmed in the two crystal structures of PITPa which 

show that proximal to the head-group binding region are two channels which can 

accommodate each of the sn-l and sn-2 acyl chains of the phospholipid. It has been 

demonstrated that PITPa selectively binds PI and PC with shorter acyl chain molecular 

species in both the sn-l and sn-2 positions (Chapter 7 and [318,319]). Such acyl chain 

preferences were observed in previous studies using in vitro analyses employing few 

molecular species with or without bulky fluorophores. The study in Chapter 7 has 

confirmed and extended these conclusions using permeabilized cells which contain a 

diverse mixture of biologically relevant molecular species compositions, for exogenous 

PITPa to lipid exchange with. Analysis using tandem ESI-MS/MS of the molecular species 

composition of phospholipids bound to PITPa, compared with those in whole cells 

demonstrated for both PI and PC enrichment in bound molecular species possessing shorter
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acyl chains. In conclusion, PITPa has an acyl chain binding preference order of 

16:1>16:0>18:1>18:0>20:4.

8.3 PITPa and other members of the PITP family

In mammalian cells six proteins have been identified with PITP domains; PITPa, PITPp, 

M -RdgBal, M-RdgBa2, RdgBpl, and RdgBp2 (Chapter 1, Section 1.6). Proteins with a 

PITP domain have also been found in both unicellular and multicellular eukaryotes (see 

Appendix). Although, there is much evidence supporting an important role for PITPs in 

neuronal and retinal function, as well as a recently reported role for PITPa in dietary fat 

and vitamin E transport in the small intestine, and neutral lipid secretion in hepatocytes, the 

presence of PITP genes in unicellular organisms, including parasites, indicates that PITP 

proteins have been put to use in multiple ways. Ultimately though, the fundamental 

biochemical mechanism which PITP is involved is likely to be the same, and evidence 

suggests this will entail the regulation of phospholipid metabolism. This conclusion is also 

supported by sequence alignments which show high conservation of the residues identified 

from structural and functional analyses of PITPa to bind PI only (T59, K61, E86, and N90) 

and bind PI and PC (Q22, T97, T114, and K195) (see Chapter 5 and Appendix).

In all PITP domains identified to date, the four residues (T59, K61, E86 and N90) which 

form hydrogen bonding contacts with PI and not PC are absolutely conserved throughout 

evolution, fi'om unicellular organisms, including Encephalitozoon cuniculi and Giardia 

lamblia, through to humans, flies, fish and frogs (see Appendix). Indeed functional analysis 

o f PITP domains from proteins in the PITP family, including mammalian PITPp and M- 

RdgBa, as well as Drosophila RdgBa, have so far indicated they are also capable of 

binding and transferring PI and PC, similar to PITPa [267,271,274]. The major difference 

between the RdgBa proteins and PITPa/p is size; PITPa/p are soluble ~35 kDa proteins 

whereas RdgBa proteins are much larger at 160kDa. In RdgBa, the NHi-terminus contains 

the PITP domain, and the large C-terminal portion has a calcium binding domain and six 

hydrophobic segments which are putative membrane spanning regions. Recent data
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suggests that M-RdgBot2 proteins are not integral membrane proteins, but are associated 

with a large protein complex [275]. The identification of a PITP domain in a protein in the 

Plasmodium genus bas revealed a new PITP subfamily. The Plasmodium PITP protein is 

much larger in size than any of the other identified PITP proteins, but what is most 

fascinating is the presence of a putative PH domain in the large C-terminal region. Since 

PH domains can bind pbospboinositides, this could represent a targeting signal similar to 

that recently described for CERT, a ceramide transfer protein, with an HR (FEAT) and 

Golgi (PH) targeting domain [419,420]. Investigation into the function of PITP proteins 

from diverse organisms will more than likely provide insight into the similarity and 

differences between these closely related proteins. It is clear that investigation into the 

regulation of all these proteins is required in vivo to elucidate common or diverse regulatory 

mechanisms.

8.4 Role of ARFl and FITPa in the regulation of phosphoinositide 

dynamics

Within the cell, both ARF and PITPa have been implicated in the regulation of 

phosphoinositide levels required for physiological functions such as; signalling, 

endocytosis, exocytosis, actin-cytoskeleton rearrangements, nuclear signalling, and 

membrane trafficking (see Chapter 1). A model showing how they function to co-ordinate 

the synthesis of different pools of PI(4,5)P2 for PLCP signalling or for the recruitment 

and/or activation of proteins to the plasma membrane is summarised in Figure 8.1.

The first step in the ARF-stimulated synthesis of PI(4,5)P2 involves membrane localisation 

o f ARF which is mediated by nucleotide exchange of GDP for GTP. This causes a 

conformational change in the structure of ARF allowing the NH2-terminal helix and the 

myristoyl group to interact with the membrane. At the membrane ARF is able to stimulate 

PLD and type I PIP 5-kinase activity. The PA from the PLD pathway can also further 

stimulate the activity of type I PIP 5-kinase at the membrane. The subsequent increase in 

PI(4,5)P2 may further stimulate PLD activity and thus act as a feed-forward pathway to 

positively maintain a pool of PI(4,5)P2 which is not readily accessible for hydrolysis by
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PLC, but instead may be required for recruitment and activation of proteins with PI(4,5)?2 

binding domains. ARF proteins may subsequently be subjected to negative regulation since 

pbospboinositides regulate the ARF GAPs.

Whilst ARF can use pre-existing precursors of inositol lipids to regulate PI(4,5)P2 levels, it 

is PITPa that can provide additional precursors for synthesis of pbospboinositides. The 

initial signals which drive PITPa to membrane sites of active phosphoinositide metabolism 

are not known, although studies using FRET indicate lipid exchange by PITPa is a 

regulated process [269]. During periods of phosphoinositide metabolism induced by agonist 

stimulation, PITPa is able to supply PI to the lipid kinases to maintain a pool of PI(4,5)P2 

which is accessible by the PLC for hydrolysis to I(1,4,5)P3 and DAG. The data in Chapter 6 

demonstrates that the initial association of PITPa with the membrane requires the two 

adjacent tryptophans at residues 203 and 204. This event is followed by a conformational 

change in PITPa at the membrane that involves movement of the C-terminus to expose the 

hydrophobic surface of the lipid binding site. Given the additional stability of the hydrogen 

bonding, PITPa will preferentially bind a PI molecule in exchange for a PC molecule 

(Chapter 5). However, at membrane sites that are deficient in PI and require it for 

phosphoinositide metabolism, PITPa gives up its bound PI in exchange for a PC. A 

possibility remains that the interaction of PI kinases with PITPa at the membrane interface 

gives rise to a structural change so that PI can switch fi'om the lipid binding cavity to the 

active site of the PI kinase.

How PITPa is able to allow plasma membrane pools of PI(4,5)P2 which are inaccessible to 

the PLC in its absence, to become accessible for PLC hydrolysis in its presence is 

unknown. It may be postulated that association of PITPa with the membrane alters the 

plasma membrane surface in such a way that PI(4,5)P2 which is sequestered from the PLC 

becomes freely available.
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Figure 8.1
Regulation of PI(4,5)P2 synthesis by ARF and PITPa at the plasma membrane
ARF can drive an increase in PI(4,5)?2 levels using pre-existing pools of PI and PI(4)P at 
the plasma membrane. This relies on the ability of ARF to activate type I PIP 5-kinase 
directly and by producing PA via PLD. In contrast, PITPa can introduce additional 
precursor molecules of PI to the plasma membrane for phosphorylation to PI(4,5)P2. Thus, 
ARF and PITPa function to maintain pools of PI(4,5)P2 during cell stimulation for 
endocytosis, exocytosis, and the actin cytoskeleton, in the face of consumption of PI(4,5)P2 
by phospholipases and by lipid kinases.
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PITP sequence alignments
38 proteins containing the PITP domain were aligned using ClustalW.

The colouring o f residues takes place according to the following physiochemical criteria: 

A V F P M I L W  = red. Small (small and hydrophobic (including aromatic - Y)) 

S T Y H C N G Q  = green. Hydroxyl and Amine and Basic - Q 

D E = blue. Acidic 

R H K = magenta. Basic

The alignment displays the following symbols denoting the degree of conservation 

observed in each column:

* Means that the residues in that column are identical in all sequences in the alignment.

: Means that conserved substitutions have been observed, according to the colours above. 

. Means that semi-conserved substitutions are observed.
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Key Accession No Organism Common name
MsPITPa P53810 Mus musculus Mouse
RatPITPa P16446 Rattus norvegicus Rat
HsPITPa Q00169 Homo sapiens Human
RbPITPa P48738 Oryctolagus cuniculus Rabbit
DrPITPa AAH44192.1 Danio rerio Zebra fish
FUGUPITPa Scaffold 1309 Fugu Rubrides Puffer fish
MsPITPb P53811 Mus musculus Mouse
RatPITPb P53812 Rattus norvegicus Rat
HsPITPb P48739 Homo sapiens Human
frogPITP AAH56087.1 Xenopus laevis Frog
FUGUPITPb Scaffold 3182 Fugu Rubrides Puffer fish
FuguPITPc scaffold 58 Fugu Rubrides Puffer fish
DmPITPl Q9VDY8 Drosophila melanogaster Fruit fly
AgPITPl EAA01271.1 Anopheles gambiae Mosquito
CiPITP AK112446.1 Ciona intestinalis Sea squirt
CePITPl Q965T2 Caenorhabditis elegans Worm
DdPITP2 Q9NCL7 Dictyostelium discoideum Slime mold
PfPITP NP_705395.1 Plasmodium falciparum Malarial parasite
PyPITP EAA20463.1 Plasmodium yoelii yoelii Malarial parasite
DdPITPl Q9NCL8 Dictyostelium discoideum Slime mold
EcPITP Q8SRW5 Encephalitozoon cuniculi Microsporidia
DrPITPbl AAH47829.1 Danio rerio Zebra fish
DrPITPb AAH46882,1 Danio rerio Zebra fish
CePITP2 Q95XP0 Caenorhabditis elegans Worm
AgRDGBb EAA09237.1 Anopheles gambiae Mosquito
DmRDGBb Q9U9P7 Drosophila melanogaster Fruit fly
AgRDGBa EAA06521.1 Anopheles gambiae Mosquito
mRDGBbi Q8K4R4 Mus musculus Mouse
mRDGBbi i Q8K4R5 Mus musculus Mouse
HsRDGBbi Q96I07 Homo sapiens Human
HsRDGBbii AAF06148.1 Homo sapiens Human
msRDGBal 035954 Mus musculus Mouse
msRDGBa2 Q9R1P5 Mus musculus Mouse
HsRDGBaNir2 000562 Homo sapiens Human
HsRDGBaNIRS Q9BZ72 Homo sapiens Human
CeRDGBa NP_49772 6.1 Caenorhabditis elegans Worm
DrtiRDGBa NP_511149.2 Drosophila melanogaster Fruit fly
GlPITP EAA41563.1 Giardia lamblia Parasite
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Alignment of 38 sequences of the PITP domain 
slsssssss hAhhhhhhhhhhhhhhhh s2sssss

10 20 30 40
--MKIVEFRLAMPLTIEEYKVCQLYFVAKASLEDAENNINSNCEKGDENNDSKKGIVILK 58 
--MKWEFRICMPLKVEEYQKCQLYLVTKGTLEDAEQRIKNAEKYGSENNS— V G W I L K  56
--MRYYVFAIPLPFSIEKYKLGQLYMVARSTLEESSKKSSD-------------- GFEILK 45
-MVLIKEYRICMPLTVEEYKIGQLYMIARHSLEQSD---------------- DGEGVEVIE 44
-MVLIKEYRVCMPLTVEEYKIGQLYMIARHSLEQSE---------------- EGEGVEWE 44
- -MLLKEYRICMPLTVDEYKIGQLYMISKHSHEQSD---------------- RGEGVEWQ 4 3
--MLLKEYRICMPLTVDEYKIGQLYMISKHSHEQSD---------------- RGEGVEWQ 43
--MLLKEYRICMPLTVDEYKIGQLYMISKHSHEQSD---------------- RGEGVEWQ 43
--MLLKEYRICMPLTVDEYKIGQLYMISKHSHEQSD---------------- RGEGVEWQ 43
■ -MLIKEYRIPLPLTVEEYRIAQLYMIAKKSREESSG--------------- AGSGVEIIV 44
--MLIKEYRIPLPLTVEEYRIAQLYMIAKKSREESHG--------------- EGSGVEIII 44
- -ML I KE YHILLPMSLDE YQVAQLYMIQKKSREE SSG--------------- EGSGVEILA 44
--MLIKEYHILLPMSLDEYQVAQLYMIQKKSREESSG--------------- EGSGVEILA 44
- -MI I KE YRI PLPMTVDE YRI AQLYMI QKKSRNETHG--------------- QGSGVE ILE 44
- -MI IKEYRIPLPMTVEEYRIAQLYMIQKKSRNETYG--------------- EGSGVEILE 44
--MLIKEYRILLPMTVQEYRIAQLYMIQKKSRLDSHG--------------- QDSGVEIIS 44
--MLIKEYRMVLPLTVEEYQIAQLYMVAKKSKESTK---------------- GGEGIEIIK 43
--MLIREFRWLPLTVEEYRVGQLYSVAKTSSQETS---------------- NGEGVEVLV 43
--MQIKEFRVTLPLTVEEYQVAQLFSVAEASKENTG---------------- GGEGIEVLK 43
--MLIKEFRVTLPLTVEEYQVAQLYCVAEVSKNETG---------------- GGEGIEVLK 27
- -MI IKEYRVILPMTVEEYQVAQLWSVAEASKNETG---------------- GGEGIEVLN 4 3
-MVLLKEYRVILPVSVDEYQVGQLYSVAEASKNETG---------------- GGEGVEVLV 44
-MVLLKEYRVILPVSVDEYQVGQLYSVAEASKNETG---------------- GGEGVEVLV 44
-MVLLKEYRVILPVSVDEYQVGQLYSVAEASKNETG---------------- GGEGVEVLV 44

Numbering HsPITPa
PfPITP
PyPITP
GlPITP
AgRDGBb
DmRDGBb
mRDGBbi
HsRDGBbii
mRDGBbii
HsRDGBbi
AgRDGBa
DmRDGBa
msRDGBal
HsRDGBaNir2
msRDGBa2
HsRDGBaNIR3
CeRDGBa
DdPITP2
DdPITPl
DmPITPl
AgPITPl
CiPITP
MsPITPa
RatPITPa
HsPITPa



Numbering
RbPITPa
DrPITPa
FUGUPITPa
frogPITP
DrPITPb
MsPITPb
RatPITPb
HsPITPb
DrPITPbl
FuguPITPc
FUGUPITPb
CePITPl
CePITP2
EcPITP

slsssssss hAhhhhhhhhhhhhhhhh s2sssss
HsPITPa 10 20 30 40

-MVLLKEYRVILPVSVDEYQVGQLYSVAEASKNETG-----------------GGEGVEVLV 44
— MLIKEFRIVLPVSVEEYQVGQLYSVAEASKNETG-----------------GGDGVEVLK 43
------------------ QYQVGQLYSVAEASKNETG GGEGVEVLK 28
“MVLIKEFRVLLPVSVEEYQVGQLFSVAEASKDNTG-----------------GGEGIEVLK 44
-MVXIKQYQVLLPCSVEEYQVGQLYSVAEASKNNTG-----------------GGEGIEVLR 44
-MVLIKEFRWLPCSVQEYQVGQLYSVAEASKNETG-----------------GGEGIEVLK 44
-MVLIKEFRWLPCSVQEYQVGQLYSVAEASKNETG-----------------GGEGIEVLK 44
-MVLIKEFRWLPCSVQEYQVGQLYSVAEASKNETG-----------------GGEGIEVLK 44
-MVLIKEYRWLPCSVEEYQVGQLFSVAEASKNETG-----------------GGEGIEVLK 44
-------------PPLFTQYQVGQLYSVAEASKNETG----------------- GGEGIEVLK 33
-MVLIKEYRVALPVSVEAYQV SVAEGSKKETG-----------------GGEGIEVLK 40
-1FSKKKSRWLPMS VEE YQVGQLWSVAEASKAETG-----------------GGEGVEVLK 4 4
— MIVKEYRIPLPLTVDEFERGLLYAVSACSRNETG-----------------GGEGVEFLV 43
MGKIEKIYVTVLPMTTDEYAVGHLHTVSSMTESENAG-----------------DLRVELVG 45

Consensus
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PfPITP
PyPITP
GIPITP
AgRDGBb
DmRDGBb
mRDGBbi
HsRDGBbii
mRDGBbii
HsRDGBbi
AgRDGBa
DmRDGBa
msRDGBal
HsRDGBaNir2
msRDGBa2
HsRDGBaNIR3
CaRDGBa
DdPITP2
DdPITPl
DmPITPl
AgPITPl
CiPITP
MsPITPa
RatPITPa
HsPITPa

sssss s3sssss-sss hBhh s4ssssss s5ss-
50 60 70 80 90

NES YIN------EDGTCGQYTYK-RINLINKLPKWLLNFIDPKYCIIDEKSWNAYPYLKT- 111
NESYV-------ENYTSGQYTLK-KLNILHKMPKWLLNFVDKKYCTIEEQCWNAYPYIKT- 108
NEPYTRT-LPSGQEESGIYTFK-LLHLSKMVPKAIANLIPKKGLKMEETCYNAFPHTVT- 102
NKECF------DPEHGKGQYTEK-RIHLSSRLPYWLQAVCPK-VFYVIEKGWNYYPYTVT- 96
NKPCE------DPVHGKGQYTEK-HIHLSSRLPYWIQAICPR-VFYVIEKSWNYYPYTLT- 96
NEPFE------DPHHGNGQFTEK-RVYLNSKLPSWARAWPK-IFYVTEKAWNYYPYTIT- 95
NEPFE------DPHHGNGQFTEK-RVYLNSKLPSWARAWPK-IFYVTEKAWNYYPYTIT- 95
NEPFE------DPHHGNGQFTEK-RVYLNSKLPSWARAWPK-IFYVTEKAWNYYPYTIT- 95
NEPFE------DPHHGNGQFTEF.-RVYLNSKLPSWARAWPK-IFYVTEKAWNYYPYTIT- 95
NEPYQ------DGPGGNGQYTRK-IYHVGSHLPGWIKGLLPKSALTVEEEAWNAYPYTKT- 97
NEPYK------DGPGGNGQYTKK-IYHVGNHLPGWIKSLLPKSALTVEEEAWNAYPYTRT- 97
NRPYT------DGPGGNGQYTHK-VYHVGSHIPGWFRALLPKAALQVEEESWNAYPYTRT- 97
NRPYT------DGPGGSGQYTHK-VYHVGSHIPGWFRALLPKAALQVEEESWNAYPYTRT- 97
NRPYT------DGPGGSGQYTHK-VYHVGMHIPGWFRSILPKAALRWEESWNAYPYTRT- 97
NRPYT------DGPGGSGQYTHK-VYHVGMHIPSWFRSILPKAALRWEESWNAYPYTRT- 97
NKPYT------DGPGGSGQYTFK-IYHIGSRIPAWIRTVLPTNALEAHEESWNAYPVTKT- 97
NEPFD------N-EKGKGQYTEK-IIYLANSLPRFAAAILPSSALKIEEKAWNAYPYCKT-- 95
NEPYK------E-PEHEGQYTHK-IYHLGSRLPGWIRALIPSSALKLEEKAWNAYPYCKT- 95
NEPFEDFPLLGGKYNSGQYTYK-IYHLQSKVPAYIRLLAPKGSLEIHEEAWNAYPYCRTI 102 
NEPFDNYPLLGGKYNSGQYTYK-IYHLASKVPAFIRLLAPKGSLEVHEEAWNAYPYCRTV 86 
NEPYTKT-LENGTVESGQYTNK-IYHFASRVPGFIRLFAPTGSLSAKEEAWNAYPSCRTE 101
NEPYE------KDDGEKGQYTHK-IYHLQSKVPTFVRMLAPEGALNIHEKAWNAYPYCRT- 97
NEPYE------KDDGEKGQYTHK-IYHLQSKVPTFVRMLAPEGALNIHEKAWNAYPYCRT- 97
NEPYE------KD-GEKGQYTHK-IYHLQSKVPTFVRMLAPEGALNIHEKAWNAYPYCRT- 96



RbPITPa
DrPITPa
FUGUPITPa
frogPITP
DrPITPb
MsPITPb
RatPITPb
HsPITPb
DrPITPbl
FuguPITPc
FUGUPITPb
CePITPl
C0PITP2
EcPITP

consensus

sssss s3sssss-sss hBhh s4ssssss s5ss-
50 60 70 80 90

NEPYE------KD-GERGQYTHF.-IYHLQSKVPTFVRMLAPEGALNIHEKAWNAYPYCRT- 96
NEPYE------KEDGEKGQYTHK-IYRLQSKVPSFVRLLAPSSALIIHEKAWNAYPYCRT- 96
NEPYE------KEEGEKGQYTHK-IYHLQSKVPSFVRMLAPASALNIHEKAWNAYPYCRTS 82
NEPYE------KN-GEKGQYTHK-IYHLQSKVPSFVKMLAPEGSLVFHEKAWNAYPYCCT- 96
NEPYE------KE-GEKGQYTHK-IYHIHSKVPGFIQMFAPEGALVFHEKAWNAYPYCRT- 96
NEPYE----- ND-GEKGQYTHK-IYHLKSKVPAFVRMIAPEGSLVFHEKAWNAYPYCRT- 96
NEPYE----- ND-GEKGQYTHK-IYHLKSKVPAFVRMIAPEGSLVFHEKAWNAYPYCRT- 96
NEPYE------KD-GEKGQYTHK-IYHLKSKVPAFVRMIAPEGSLVFHEKAWNAYPYCRT- 96
NEPYE------KE-GEKGQYTHK-IYHLKSKVPGFVKMIAPEGALVFHEKAWNAYPYCRT- 96
NEPYE------KEEGEKGQYTHr.-IYHLKSKVPGFVKMIAPEGSLVFHEKAWNAYPYCRT- 86
NEPYE----- ES— EKGQYTHKQIYHLKSKVSAFIKLIAPEGSLAFHEKAWNAYPYCRT- 92
NEPFDNVPLLNGQFTKGQYTHr-IYHLQSKVPAILRKIAPKGSLAIHEEAWNAYPYCKTV 103 
QEDFTSNTLRPGQTVSGTYTKK-IYRLRSKAPWVLQKLLPPEAFVIYEESWNAYPYCKTV 102 
AERTVH----- ETLGKVNKTHK-IMYLKPRFPRVLHSLIPEDACIVEEISYNAYTRYHTF 99

- f  -  _ _ *  1 * 1 . *

--------- INOSITOL BINDING--------
N P GQYT K P P E WNAYPY T

I
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PfPITP
PyPITP
GIPITP
AgRDGBb
DmRDGBb
mRDGBbi
HsRDGBbii
mRDGBbii
HsRDGBbi
AgRDGBa
DmRDGBa
msRDGBal
HsRDGBaNir2
msRDGBa2
HsRDGBaNIR3
CeRDGBa
DdPITP2
DdPITPl
DmPITPl
AgPITPl
CiPITP
MsPITPa
RatPITPa
HsPITPa

sss sSssssssss slsss h-
100 110 120 130 140

VYESSGFP-KAKIQVESAHFNG---------YDTEENALNLSEEALSLRKVIYVDIVND- 160
lYQSSGFP-KGKIQLESSHHSG---------FDTEYNALNLSEDLLNIRKIIYIDIVND- 157
SYHNPGYPDKLAMSVETWVYSAPKNASYAETFDLPEEVRKSIPESFTLEKKDKESLKKD- 161
EYTCSFI-PKLHIRILTRFEDN---------AGTSENCLNLPEETLANRIVDHVDIAFE- 145
EYTCSFI-PKLNVLIKTKYEDN---------NGSTENCLDLTEDELKVRTVDHLDIAFD- 145
EYTCSFL-PKFSIHIETKYEDN---------KGSND SIFD S -EAKDLEREVCFIDIACD - 143
EYTCSFL-PKFSIHIETKYEDN---------KGSNDTI FD S -EAKDVEREVCFIDI ACD - 143
EYTCSFL-PKFSIHIETKYEDN---------KGSND SIFDS-EAKDLEREVCFID I ACD- 143
EYTCSFL-PKFSIHIETKYEDN---------KGSNDT IFDN-EAKDVEREVCFID I ACD- 143
RYTCPFV-EKFSLEIETYYFPD---------KGHQDNVFKLSGADLRNRIVDLIDIVKD- 146
RYTCPFV-EKFSLDIETYYYPD---------NGYQDNVFQLSGSDLRNRIVDVIDIVKD- 146
RYTCPFV-EKFSIEIETYYLPD---------GGQQPNVFNLSGAERRQRIVDTIDIVRD- 146
RYTCPFV-EKFSIEIETYYLPD---------GGQQPNVFNLSGAERRQRILDTIDIVRD- 146
RFTCPFV-EKFSIDIETFYKTD---------TGENNNVFNLSPVEKSQLITDIIDIVKD- 146
RFTCPFV-EKFSIDIETFYKTD---------AGENPDVFNLSPVEKNQLTIDFIDIVKD- 146
RYSTPMM-DRFSLEVETLYFDD---------HGQQENVFNLNEKDKSTRI ID YMDFVKD - 146
EYSCPFFGEKLVLSIESMHLPG---------RGEVENALKCDAETLKQRHVDFIDIAND- 145
VLKSPFLGEKFTFIIESRHAQD---------NCKTENIHNLSEKELKERTVEVIDITKP- 145
ITNPKFMKDAFKIIIDTLHVGD---------AGDSENVHELTPDKLKVREIVHIDIAN—  151
ITNPNWMKEKMTITIDTYSIDG---------DDDLENAHELTPEKLKQRDWHIDIAN—  135
FTNPGYMKDNFQIVIQSYHADD---------VGESENVHNLTPKQLKDREVITIDIAN—  150
VITNEYMKEDFLIKIETWHKPD---------LGTQENVHKLEPEAWKHVEAIYIDIADR- 147
VITNEYMKEDFLIKIETWHKPD---------LGTQENVHKLEPEAWKHVEAIYIDIADR- 147
VITNEYMKEDFLIKIETWHKPD---------LGTQENVHKLEPEAWKHVEAVYIDIADR- 146



RbPITPa
DrPITPa
FUGUPITPa
frogPITP
DrPITPb
MsPITPb
RatPITPb
HsPITPb
DrPITPbl
FuguPITPc
FUGUPITPb
CePITPl
CePITP2
EcPITP

S S S  sSssssssss s7sss h -

100 110 120 130 140
VITNEYMKEDFLIKIETWHKPD---------LGTQENVHKLEPETWKHVEVIYIDIADR- 146
VLTNEYMKDNFLIMIETWHKPD---------LGEQENVHNLDSERWKQVEVIHIDIADR- 146
LVQNEYMKDNFLIKIETWHKPD---------MWHLENVHGLDAETWKKVDWYIDIADR- 132
IVTNEYMKDDFFVKIETWHKPD---------FGEQENVHGLDCDTWKEVEWPIDIADR- 146
IVTNEYMKDDFFIKIETWHKPD---------IGTTENPHGLPPEEWEDIEIVPIDIADR- 146
IVTNEYMKDDFFIKIETWHKPD---------LGTLENVHGLDPNTWKTVEIVHIDIADR- 146
IVTNEYMKDDFFIKIETWHKPD---------LGTLENVHGLDPNTWKTVEIVHIDIADR- 146
IVTNEYMKDDFFIKIETWHKPD---------LGTLENVHGLDPNTWKTVEIVHIDIADR- 146
IVTNE YMKDDFMIKIE TWHKPD---------TGALENVHDLD PITWKTVEWH ID I ADR- 146
-LQNEYMKDDFMIKIETWHKPD----------MGTLENVSKLDEQTLKDVEWPIDIANK- 135
IVTNGYMKDDIVIKIKTWHKPD----------MGALENVHQLDEETLKGVEWSLDIANK- 142
VTNPDYMKENFYVKIETIHLPD----------NGTTENAHGLKGDELAKREWNINIANDH 154
LTNPGYMKDNFHQIIETIHLDD----------NGSSENP— LDGP— EKREIVFIDIADN- 148
YRNRYFSSDTFNMVFNTINRDG----------AEILENPFGYDPEHINQIERISLDLHAA- 14 9

consensus lET IDI

279 Appendix



280 Appendix

PfPITP
PyPITP
GIPITP
AgRDGBb
DmRDGBb
mRDGBbi
HsRDGBbii
mRDGBbii
HsRDGBbi
AgRDGBa
DmRDGBa
msRDGBal
HsRDGBaNir2
msRDGBa2
HsRDGBaNIRS
CeRDGBa
DdPITP2
DdPITPl
DmPITPl
AgPITPl
CiPITP
MsPITPa
RatPITPa
HsPITPa

Ch hDh
150 160

-KISYKDYNESEDPSLFYSDKAK------------------------------------------182
-KVSSKEYNINEDPSLFLSQKTG------------------------------------------179
-KEALKERKDTEDISKLEFAEAKGGVIERVYCDVTQPLKIDKKKEAKEKKLAAKENREAP 220
-EPSEKHYKKEEDPKFFKSRITG------------------------------------------167
-EVSAKHYKKEEDPKFFKSEKTN------------------------------------------167
-EIPERYYKESEDPKHFKSEKTG------------------------------------------165
-EIPERYYKESEDPKHFKSEKTG------------------------------------------165
-EIPERYYKESEDPKHFKSEKTG------------------------------------------165
-EIPERYYKESEDPKHFKSEKTG------------------------------------------165
-QLYGADYTREEDPTVYCSERTG------------------------------------------168
-QLWGGDYVKEEDPKHFVSDKTG------------------------------------------168
-AVAPGEYKAEEDPRLYRSAKTG------------------------------------------168
-AVAPGEYKAEEDPRLYHSVKTG------------------------------------------168
-PVPPSEYKTEEDPKLFQSVKTC------------------------------------------168
-PVPHNEYKTEEDPKLFQSTKTQ------------------------------------------168
-PISSHDYCAEEDPKLYRSETTN------------------------------------------168
-Q— PKE YIKEED PKIFKS VKTE------------------------------------------165
-IKDPKNYKETEDPTKIRSEKAN------------------------------------------167
DPVLPADYKPDEDPTTYQSKKTG------------------------------------------174
DPVSQTDYRETEDPTKFKSKKTG------------------------------------------158
DWRSADYKPEFDPSKFTSQKAG------------------------------------------173
SQVLSKDYKAEEDPAKFKSVKTG------------------------------------------170
SQVLSKDYKAEEDPAKFKSIKTG------------------------------------------170
SQVLSKDYKAEEDPAKFKSIKTG------------------------------------------169



RbPITPa
DrPITPa
FUGUPITPa
frogPITP
DrPITPb
MsPITPb
RatPITPb
HsPITPb
DrPITPbl
FuguPITPc
FUGUPITPb
CePITPl
C0PITP2
EcPITP

Ch hDh
150 160

SQVLSKDYKAEEDPAKFKSIKTG------------------------------------------169
SQVDTKDYKPDEDPATFKSQKTG------------------------------------------169
TQVEPKDYKPEEDPCRYKSVKTG------------------------------------------155
SQINEGDYKANEDPAIYRSEKTG------------------------------------------169
SQVDDVDYKAEEDPAIYHSEKTG------------------------------------------169
SQVEPADYKADEDPALFHSVKTK------------------------------------------169
SQVEPADYKADEDPALFQSVKTK------------------------------------------169
SQVEPADYKADEDPALFQSVKTK------------------------------------------169
SQVEPGDYKPEEDPEIFHSEKTG------------------------------------------169
DEVQ— DYKPEEDPALFHSAKTG------------------------------------------156
DEEAPGDYKPEEEPALLQSTKTG------------------------------------------165
EYLNSGDLHPDSTPSKFQSTKTG------------------------------------------177
DIFGTKNYEKEKDARLFEAETVE------------------------------------------171
------ PVNPAFDPSVYYHEESG------------------------------------------166

consensus DP S K
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PfPITP
PyPITP
GIPITP
AgRDGBb
DmRDGBb
mRDGBbi
HsRDGBbii
mRDGBbii
HsRDGBbi
AgRDGBa
DmRDGBa
msRDGBal
HsRDGBaNir2
msRDGBa2
HsRDGBaNIR3
CeRDGBa
DdPITP2
DdPITPl
DmPITPl
AgPITPl
CiPITP
MsPITPa
RatPITPa
HsPITPa

hEhhh 
170 180

-------- RGKLEKNWKENHSI--------
-------- RGHFKQNWKETSEH--------
KALSEGPLKADIKRISKENNGD-------
------- RGPLVEG-WRQTD---------
------- RGPLIEG-WRETD---------
------- RGQLREG-WRDNH---------
------- RGQLREG-WRDSH---------
------- RGQLREG-WRDNH---------
------- RGQLREG-WRDSH---------
------- RGPLSDC-WLDEHWEEVQGKQQ-
------- RGPLAED-WLEEYWREVKGKKQ ■
------- RGPLADD-WART-----------
------- RGPLSDD-WART-----------
------- RGPLSEN-WIQEY---------
------- RGPLSEN-WIEEY---------
------- RGPLNDD-WVAEH---------
------- RGPLDDPKWRDKV---------
------- RGPLEEEKWREST---------
------- RGPLVGSDWKKHVNPV------

sSsssssssss hh
190 200

---------- IMTCYKVFTINIPYFGIFC 215
---------- LMTCYKLITLDIPYFGLFC 212
----------HCIVYKILKVHTAFPGE—  259
--------EPMMCSYKLVEASFEVWGLQT 200
--------KPIMC S YKWHAS FE VWGLQT 200
--------QP IMC SYKLVTVKFE VWGLQT 198
--------QPIMCSYKLVTVKSEVWGLQT 198
--------QPIMCSYKLVTVKFEVWGLQT 198
--------QPIMCSYKLVTVKFEVWGLQT 198
---PTARNMSLMCAYKLCRVEFRYWGMQT 215 
- —  PTPRNMSLMTAYKICRVEFRYWGMQT 215
 AAQTGPLMCAYKLCKVEFRYWGMQA 204
 AAQTGPLMCAYKLCKVEFRYWO^QA 204
 KKRLLPIMCAYKLCKVEFRYWGMQS 205
 KKQVFPIMCAYKLCKVEFRYWGMQS 205
 LKKGLPIMCAYKLCKVEFRYWGMQT 205
--------E PVMTCYKLVHAEFKYWGFQT 199
-------EMPIMTCYKLVTVEFKYFGFQT 202
----------- MTCYKLVTCEFKWFGLQT 208

■RGPLVGPDWKKSVSPVKEELDKQRHVGEVRGMRAEMTCYKLVTCEFKWFGLQS 211 
■RGP-FGPNWIEHMRMQKQIYDNQEPGAGIQR-PAVMCAYKLVTVKFKWLGFQN 224
•RGPLG- PNWKQELVNQ--------------- KDCPYMCAYKLVTVKFKWWGLQN 208
■RGPLG- PNWKQELVNQ--------------- KDCPYMCAYKLVTVKFKWWGLQN 208
■RGPLG- PNWKQELVNQ--------------- KDCPYMCAYKLVTVKFKWWGLQN 207



RbPITPa
DrPITPa
FUGUPITPa
frogPITP
DrPITPb
MsPITPb
RatPITPb
HsPITPb
DrPITPbl
FuguPITPc
FUGUPITPb
CePITPl
CePITP2
EcPITP

170
-RGPLG- 
-RGPLG- 
-RGPLG- 
-: GPLK- 
-RGPLG- 
-RGPLG- 
-RGPLG- 
-RGPLG- 
-RGPLG- 
-RGPLS- 
-RGPLS- 
-RGPLS- 
-RGPLD- 
-RGRLD-

hEhhh sSsssssssss hh
180 190 200

-PNWKQELVNQ--------------- KDCPYMCAYKLVTVKFKWWGLQN 207
■PDWKKELPQK--------------- KDCPHMCAYKLVTVNFKWFGLQK 207
-KDWKKELHAK--------------- KDCPHMCAYKLVTVKFKWWGLQN 193
-QDWKKALANN--------------- PSSPHMCAYKLVTVKFQWWGLQG 207
■PEWKKELHNG---------------- NCPYMTAYKLVTVHFRWWGLQG 206
-PNWKKELANT----------------PDCPRMCAYKLVTIKFKWWGLQS 207
-PNWKKELANT----------------PDCPKMCAYKLVTIKFKWWGLQS 207
-PNWKKELANS--------------- PDCPQMCAYKLVTI KFKWWGLQS 207
-PDWKKELLAK----------------PDSPRMCAYKLVTGKFKWWGLQT 207
-PEWKKS--------------------- ECPHMCAYKLVTVKFRWWGLQT 189
-PEWKDELRS------------------ECPQMCTYKLVTVQFHWWGLQT 201
-GNWKDSVQ--------------------- PVMCAYKLVTVYFKWFGFQK 210
-EDWIDEHD--------------------- PVMCCYKLVSCHFKWTGLQR 204
-ENWVETYKSR-----------------GMPMMVSYKHLTVEINNYMMGW 203

★ ★

consensus RGP L W MC YK F WWG Q
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PfPITP
PyPITP
GIPITP
AgRDGBb
DmRDGBb
mRDGBbi
HsRDGBbii
mRDGBbii
HsRDGBbi
AgRDGBa
DmRDGBa
msRDGBal
HsRDGBaNir2
msRDGBa2
HsRDGBaNIRS
CeRDGBa
DdPITP2
DdPITPl
DmPITPl
AgPITPl
CiPITP
MsPITPa
RatPITPa
HsPITPa

hFhhhhhhhhhhhhhhhhhhhhhh hGhhhhhhhhhhhhhh
210 220 230 240 250

SKLENWIISALRDNILKYHRKAFCWIDEWIDLTIDDIRNLERDVQKKLNKFWND---269
SKIENWIISAIRDNLLKYHRKAFCWIDEWFELKIEDIRKIEKDVQTKLKKFWTE---266
KLIEGILGKKMESVFTETHKKCCIWWDEWKGMTMDDIKKMENDAAEALKRTIAEREAANN 319
RVEDFIQKC-IRDVLLLGHRQAFAWIDEWHGMSIDDVRMYEKDKQTEAN-------- 248
KVED FI QRG-1 RE ILLLGHRQAFAWVDEWHGMTLEDVRAYERQKQAETN-------- 248
RVEQFVHKV-VRDILLIGHRQAFAWVDEWYDMTMDEVRE FERATQEATNKKIGVFPPAIS 257
RVEQFVHKV-VRDI LL I GHRQAFAWVDEWYDMTMDE VRE FERATQEATNKKIGIFPPAIS 257
RVEQFVHKV-VRD ILLIGHRQAFAWVDEWYDMTMDDVRE YEKNMHEQTN-------- 246
RVEQFVHKV-VRD ILLIGHRQAFAWVDEWYDMTMDDVRE YEKNMHEQTN-------- 246
KLEKFIHDTALRKTMLRAHRQAWAWQDEWYGLSMDDIRElERQTQLALQRKMGNEEGGNE 275
KLEKFI HD VALRKMMLRAHRQAWAWQDEWFGLTI ED I RE LERQTQLALAKKMG----GGE 271
KIEQFIHDVGLRRVMLRAHRQAWCWQDEWIELSMADIRALEEETARMLAQRMA----257
KIEQFIHDVGLRRVMLRAHRQAWCWQDEWTELSMADIRALEEETARMLAQRMA----257
KIERFIHDTGLRRVMVRAHRQAWCWQDEWYGLTMEKIRELEREVQLMLSRKMA----258
KIERFIHDTGLRRVMVRAHRQAWCWQDEWYGLSMENIRELEKEAQLMLSRKMA----258
RAERWIHDLALRNTMMRAHRQAWAWQDEWTGLTMNDIRKLEAEAALHLSKVMS------ V 259
KVENVIQDTGVRDVLLKAHRALFCWIDEWFGLTIEDIRKIEEETKAELAKKLE----252
KVENFMMGI -EFDLFTKFHRQVYCWLDEWFGMSMDD VRAFELKTKEDLKKKLE----254
RVENFIQKS-ERRLFTNFHRQVFCSTDRWYGLTMEDIRAIEDQTKEELD-------- 256
RIENFIQKS -ERRLFTIFHRQVFCWMD SWHGLTMQDIRELEDK--------------- 253
RIEKFIHNQ-ERRLFTNFHRQWCWMDNYHGMTMVDIRRIEDEIKKELD-------- 272
KVENFIHKQ-EKRLFTNFHRQLFCWLDKWVDLTMDDIRRMEEETKRQLD-------- 256
KVENFIHKQ-EKRLFTNFHRQLFCWLDKWVDLTMDDIRRMEEETKRQLD-------- 256
KVENFIHKQ-ERRLFTNFHRQLFCWLDKWVDLTMDDIRRMEEETKRQLD-------- 255



RbPITPa
DrPITPa
FUGUPITPa
frogPITP
DrPITPb
MsPITPb
RatPITPb
HsPITPb
DrPITPbl
FuguPITPc
FUGUPITPb
CePITPl
C0PITP2
EcPITP

hFhhhhhhhhhhhhhhhhhhhhhh hGhhhhhhhhhhhhhh
210 220 230 240 250

KVENFIHKQ-ERRLFTNFHRQLFCWLDKWVDLTMDDIRRMEEETKRQLD-------------255
KVEGFIHRQ-EKRLFTSFHRQLFCWLDRWIDLTMEDIRRMEEETQKELD-------------255
KVENFIQKQ-EKRLFTNFHRQLFCWIDKWIDLNMEDIRRMEEETRRELDEVRLVC 247
KVERFIHKQ-EKRLFTNFHRQLFCSLDRWVELNMEDIRKMEDETQKELD-------------255
RVENFIHKQ-EKRLFTNFHRQLFCWLDRWVDLTMDDIRRMEEETQRELD-------------254
KVENFIQKQ-EKRIFTNLHRQLFCWIDKWIDLTMEDIRRMEDETQKELE------------- 255
KVENFIQKQ-EKRIFTNLHRQLFCWIDKWIDLTMEDIRRMEDETQKELE-------------255
KVENFIQKQ-EKRIFTNFHRQLFCWIDKWIDLTMEDIRRMEDETQKELE-------------255
KIENFIHKQ-EKRIFTNFHRQLFCWIDNWVELTMEDIRRMEEETQRELE-------------255
KVENIIHKQ -EKRIFTNFHRQLFCWIDKWVGLTMEDIRRMEDE TQRELE-------------237
KVENFI HKQ-EKRIFTNFHRQLFCWMDRWVGLSMEDIRQMEDETQKELE-------------249
IVENYAHTQ-YPRLFSKFHREVFCWIDKWHGLTMVDIREIEAKAQKELE-------------258
MVEKTVHKQ-YPRVFGLMHRDAYVLLDNWFNMSMESIREYERATGDILR-------------252
VSAEIEKVM— RGVITSIQQRIFCTMDKWYGRNNIDRTQEEDQEDGNFIE------------251

•  •  •  X  •  ★

consensus HR W D W D R E
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PfPITP
PyPITP
GIPITP
AgRDGBb
DmRDGBb
mRDGBbi
HsRDGBbii
mRDGBbii
HsRDGBbi
AgRDGBa
DmRDGBa
msRDGBal
HsRDGBaNir2
msRDGBa2
HsRDGBaNIR3
CeRDGBa
DdPITP2
DdPITPl
DmPITPl
AgPITPl
CiPITP
MsPITPa
RatPITPa
HsPITPa

hhhh
260 270

------ SQDENVTDDIL----------
------ TGQDVPIDDIANHV-------
DSKEEESTGDDDDDEWEDADKADDK-
-DKLRQSLPPALATDKAQETT-----
-EKIHNTSGGANAAANAKEANDGDID ■

 280
 280
------------------------------------------------------------------------------ 345
 268
------------------------------------273

ISSIALLPSSVRSAPSSAPSTPLSTDAPEFLSIPKDRPRKKSAPETLTLPDPEKKATLNL 317 
ISSIPLLPSSVRSAPSSAPSTPLSTDAPEFLSVPKDRPRKKSAPETLTLPDPEKKATLNL 317
IKVCNQHSSTVDDIESHAQTST-------------------------------------------268
IKVCNQHSSPVDDIESHAQTST-------------------------------------------268
QDGEGEEGEGKCDAAGPAAVLAGQSKRQSN LLDRKDERKFDASHGEEG SDP 326
ECSDDSVSEPYVSTAATAASTTGSERKKSAPAVPPIVTQQPPSAEASSDEEGEEEEDDDE 331
KCNTGSEGPEAQTP----------------------------------------------------271
KCNTGSEGSEAQP-----------------------------------------------------270
QFSEEG— PSELSKDSATKD--------------------------------------------- 276
QFNEDGEEATELVKHEAVSDQT-------------------------------------------280
KENEDGHQDENDTDDDMDAGD-------------------------------------------- 280
--------- ENKAANK--------------------------------------------------259
------ EKDENKAAEK--------------------------------------------------264
KARQVGEVRGMRADAD------------------------------------------------- 272

RIREQGCIRGTW ED PDAKKT ■
EMRQKD PVKGMT ADD------------
EMRQKD PVKGMT ADD------------
EMRQKD PVKGMT ADD------------
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RbPITPa
DrPITPa
FUGUPITPa
frogPITP
DrPITPb
MsPITPb
RatPITPb
HsPITPb
DrPITPbl
FuguPITPc
FUGUPITPb
C e P IT P l
CePITP2
EcPITP

h h h h
260 270

EMRQKD PVKGMT ADD-------------------------------------------------- 270
KMREKDPVKGMSAADE------------------------------------------------- 271
QMRVKD PVKGMVA-----------------------------------------------------260
EMRQKGTVRGMSAKDE------------------------------------------------- 271
QMRSQGSVRGMKAGED------------------------------------------------- 270
TMRKKGSVRGTSAADA------------------------------------------------- 271
TMRKKGSVRGTSAADA------------------------------------------------- 271
TMRKRGSVRGTSAADV------------------------------------------------- 271
ELRKTGQVRGTSAAHEQ------------------------------------------------ 272
------EV---------------------------------------------------------- 239
ELRNKGPVRGTTA-----------------------------------------------------262
EQRKSGQVRGMNG-----------------------------------------------------271
KQLAEPEKRGTKCDDDVNNN--------------------------------------------- 272

Ser 262
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PfPITP
PyPITP
GIPITP
AgRDGBb
DmRDGBb
mRDGBbi
HsRDGBbii
mRDGBbii
HsRDGBbi
AgRDGBa
DmRDGBa
msRDGBal
HsRDGBaNir2
msRDGBa2
HsRDGBaNIRS
CeRDGBa
DdPITP2
DdPITPl
DmPITPl
AgPITPl
CiPITP
MsPITPa
RatPITPa
HsPITPa

PGVYTSEKPCRPKSE-----------332
PGMHSSDKPCRPKSE-----------332

DHHDHGGGGPRRGQSQQGAACYLR 350 
DENDAIGTGVDLSANQGGS 350



RbPITPa
DrPITPa
FUGUPITPa
frogPITP
DrPITPb
MsPITPb
RatPITPb
HsPITPb
DrPITPbl
FuguPITPc
FUGUPITPb
CePITPl
C0PITP2
EcPITP

t
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