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ABSTRACT

CTP:phosphocholine cytidylyltransferase (CT), which catalyses a key regulatory step
in the biosynthesis of phosphatidylcholine in mammalian systems, is regulated by
reversible binding to membranes. A region in the protein is predicted to form an
amphipathic a-helix which has been proposed to be involved in the lipid interactions.
Various approaches were taken to identify and characterize the membrane-binding
domain of CT: (I) While the yeast and rat CT's share a large central region of
homology, the yeast protein lacks the putative amphipathic helical domain. The
activation of rat-liver CT and yeast CT by lipid vesicles was compared. Unlike rat-liver
CT, the yeast CT was not affected by non-anionic lipids and its activation by anionic
lipids occurred at an optimum lipid concentration about 10 fold lower than for the rat
CT, above which the activity declined. Thus, we concluded that yeast CT is activated
by a different mechanism than is rat CT. (lI) We obtained four synthetic peptides
corresponding to portions of the amphipathic a-helix of CT. All four peptides
converted from random coil in dilute buffer to >60% a-helix in the presence of anionic
membranes, as assessed by circular dichroism. In the presence of anionic lipid
vesicles, a tryptophan on these peptides was relatively inaccessible to the aqueous
quencher iodide, but was quenched effectively by the lipid phase quencher 9,10-
dibromophosphatidylcholine. These results suggest a role in membrane binding for
the region represented by these peptides, and suggest that binding is induced by
stabilization of an a-helical conformation. (ill) The hydrophobic photoreactive
radiolabelled probe 3-(trifluoromethyl)-3-(m-{1251jiodophenyl)diazirine ([1251]TID)
partitions into the membrane core, and upon irradiation, labels embedded regions of
proteins. CT that was bound to phosphatidylcholine/oleic acid vesicles containing
[1251]TID became covalently labelled upon irradiation. Chymotrypsin digestion of

[125(]TID-labelled CT revealed that only fragments containing the amphipathic helix



contained significant label. A 62-residue synthetic peptide corresponding to the
amphipathic helical domain of CT also becomes labelled by [1 25(]TID in the presence
of lipid vesicles. Thus, all results obtained indicate a membrane-binding mechanism
for cytidylyltransferase involving the intercalation of the amphipathic a-helix region into

the acyl chain core of the activating membrane.



Dedication

For my mother



Acknowledgements

I would like to thank my supervisor, Rosemary Cornell. Rose: what can | say!
For six years of guidance through this research project, for your thorough proof-
reading of this thesis, and most of all, for your tremendous enthusiasm for
science. You have been a great inspiration, and | couldn't have had a better
supervisor.

To my labmates, Dallas and Becky: thank you for your support, friendship, and
for putting up with me over the past few months! Dallas, thanks for your great
editing skills. Becky, thank you for helping me obtain a place to go when this is
all done. | really appreciate everything!!

Many thanks to Gabe Kalmar, for his endless willingness to help with any
question or problem that arose over the past six years.

Thanks to the many members of the Borgford lab, the Richards lab, the Cushley
lab and the Kalmar lab for providing an environment where exchange of ideas
(and reagents) was encouraged.

Thanks to my "off-the-hill" friends and family, for your encouragement and
support, and for trying to understand exactly what | was doing up here. Special
thanks to Melissa, for making me smile; to Jim and Enis, for the ham-soup; to
my Dad, who never set limits (and who can now pronounce cytidylyitransferase!).
Finally, thanks to Joe and Norm, for being my "home". After ten years up on the
hill, you can kinda get your head in the clouds. Thanks for keeping me down on
earth.

vi



TABLE OF CONTENTS

B 1P P PSP PRURUPPO [
FY o] o] (o)1 IO PREPPRERR i
ADSIFTACT. ... ... e iii
DediCatiON .........uiieeiee e v
AcCKNOWIEAGEMENTS ... Vi
Table of CONENLS ...........eiiiiiiiiiii e vii
List OF fIQUIES ....oveiiiiiee e Xiv
List Of tabIES.......oveeiiiiee e XVi
List of abbreviations.................vviiiii i Xvii
INTRODUCTION ...ttt ettt ettt e e e 1
1.1 Phosphatidylcholine in Mammalian systems..............c.cccccooiinnn. 1
1.2 PC metabolism in mammalian systems ................cccoeein 3
1.2.1 PC synthesis via the CDP-choline pathway....................... 3
1.2.2 Other pathways for PC synthesis ...........c.ccccccciiin 4
1.2.3 PC catabolism ..........coocuiiiiii 6
1.2.4 Regulation of PC levels ............ccccviiiiiiiiiiis 7
1.2.4.1 CTP:phosphocholine cytidylyltransferase is
the key regulatory enzyme of the CDP-choline
PALAWAY ....ouviieie i 8
1.2.4.2 Regulation by other enzymes of the CDP-
choline pathway ..........ccccoeiiiiiiiii e, 9
1.3 CTP:phosphocholine cytidylyltransferase ....................ccccoei 9
1.3.1 The key regulatory event for CT is its association with
cellular MEeMDIANES .........cuviviiiiiiiiieeiiiiiiiiir e 10

vii



1.3.1.1 Initial Investigations of Lipid activation.................. 10

1.3.1.2 The Translocation Model ...............c....ccoeeveenn. 11
1.3.1.3 Fatty acids induce translocation ........................ 14
1.3.1.4 Diacylglycerol induces translocation.................... 15
1.3.1.5 Role of phosphorylation in translocation............... 17
1.3.1.6 Subcellular site of translocation........................... 19

1.3.1.7 Translocation as a common mechanism for
protein regulation.............cccccoiiiieii i, 20

1.3.2 Mechanistic studies of the Membrane activation of

O U PO 22
1.3.2.1 Purification of CT ..........oooiiiiiiine e, 22
1.3.2.2 Lipid activators............ccccoovvnrieiieeeniiiiciiinieeeeeee 24
1.3.2.3 CT membrane binding involves both
electrostatic interactions and membrane intercalation...... 26

1.3.3 A model for the structural domains of CT..........c..cccceennee. 28
1.3.3.1 Conserved catalytic domain.............c.ccccvvveeereeenn. 30
1.3.3.2 Phosphorylation domain ............ccccceeviriiiiinnnen. 30

1.3.3.3 The proposed membrane binding domain

containing a putative amphipathic a-helix......................... 31

CHAPTER TWO: COMPARISON OF THE LIPID INTERACTIONS OF

RECOMBINANT YEAST-CT AND RAT-CT EXPRESSED IN COS CELLS ..... 34
2.1 INtrodUCHON .........oceieiiiiiecii e 34

2.2 Experimental Procedures..............cccooiiniiiiiiiinicinen e, 37

2.2.1 Materials.......c..oooeeiimiiiiiieccii 37

2.2.1.1 Preparation of sn-1,2,diacylglycerol..................... 38

2.2.1.2 Preparation of [3H]phosphocholine .................... 38

viii



2.2.2 Protein QUANttAtiON. ... oviinieee et 39

2.2.3 Phospholipid Analysis.........ccccccoeriiiiiiiiiiii. 39
2.2.4 Preparation of sonicated vesicles............cccccccoerniinnin 40
2.2.5 CT activity @SSaY ......ccooveiiimiiiiiriiiiieceee e 41
2.2.6 Preparation of recombinant CT from COS cell culture ...... 41
2.2.6.1 Maintaining COS cells: .........cc.ccovmiiiriiniiininnn, 41
2.2.6.2 Transfection with Recombinant DNA................... 42
2.2.6.3 Preparation of COS cell cytosolic extracts............ 42
2.2.7 Assay for CT binding to Lipid-Enriched Microsomes.......... 43
2.3 RESUIS ....oveieieieeiee et e 44
2.3.1 Expression of Yeast-CT and Rat-CT in COS cells ............ 44
2.3.2 Effect of oleic acid and sphingosine...............ccccceeeeneeenne 46
2.3.3 Effects of anionic phospholipids ..........cccccouviiiinnniinnnnnn. 50
2.3.4 Effects of neutral lipid activators............ccccoevmiein s 53
2.3.5 Translocation to MIiCrOSOMES.............ccceeeiiiiiiinniinisienneas 55
2.4 DISCUSSION .....oviiiiiureeeeieeeeeirteerer e rreeseetie s saree s e e e ssra e s s ate e s sabreesenes 59
2.4.1 Recombinant CT is activated by membrane in a
manner similar to the native protein. .............ccocooiiiiiiiin 59
2.4.2 Recombinant yeast-CT is responsive to the lipid
ENVIFONMENE. .....eieiiiiiieeeetice e riirr e et 60
2.4.3 Yeast-CT and rat-CT respond to lipids via different
MECRANISIMS ...cooiiitirieieeirrreeeeereee it serr e e e s st 61
CHAPTER THREE: ANALYSIS OF THE SECONDARY STRUCTURE
AND LIPID-BINDING ABILITIES OF SYNTHETIC PEPTIDES
CORRESPONDING IN SEQUENCE TO THE PUTATIVE AMPHIPATHIC
HELICAL REGION OF CT ..ottt ebs e 63



3.1 Introduction ... 63
3.2 Experimental Procedures............cccouuuiiumeiiimimiiiiiieeeieeeeeenieeeeaeeneeene 66
3.2.1 Materials.........o.oveiiiieiii 66
3.2.2 Peptide synthesis ...........ccceeevieiiine 66
3.2.3 Gel filtration analysis of peptide aggregation state. ........... 67
3.2.4 Peptide-Vesicle Binding Assay...........ccccoeviiiiiininiinnnnnn, 67
3.2.5 o-Phthaldialdehyde assay for peptide quantitation............ 68
3.2.6 Circular DiChroism .........ccccooocceiiiiiiiiecie e, 69
3.2.7 Fluorescence Studies.........c.ccccveeimiieiiinninninniiiiieeeecen 70
3.3 RESUIS ..ottt s s 72
3.3.1 Properties of the peptides .............cccoccviiiiiiiiiii 72
3.3.2 Circular Dichroism Indicates a Propensity of the
Peptides for a Helical Conformation................ccccooniiiiniiincs 76
3.3.3 Anionic Lipid Vesicles Promote an o-Helical Structure...... 79
3.3.4 Anionic Lipid Vesicles Promote a Blue Shift in the
Fluorescence EmiSSioN ...........cooeieiiiiiniiiiiicn it 84
3.3.5 Anionic Lipid Vesicles Shield the Peptide from
Aqueous lodide Quenching ............coocveeiniiiiiiini, 88
3.3.6 Fluorescence Quenching by Bromine-labelled PC
demonstrates peptide intercalation.................cconnini 93
3.3.7 Physical Binding of the Peptides to Vesicles..................... 97
3.4 DISCUSSION ... ..eoiiiitreeeeieeerieeeereree e e e st e st e s eane e e srnre s s bee e e 101
3.4.1 The peptides interact with membranes in an o-helical
(7010111117 | (o) 1 VUURRRR PSPPI PP 101
3.4.2 The peptides intercalate into the hydrophobic core of
the MEeMDIANe ........oviiiiieeeeeee e 102



3.4.3 The peptides interact selectively with anionic

membranes

3.4.4 Determinants of membrane affinity

...................................

3.4.5 Relation to the Native Cytidylyltransferase

........................

CHAPTER FOUR: IDENTIFICATION OF THE MEMBRANE BINDING
DOMAIN OF NATIVE CT BY HYDROPHOBIC PHOTOLABELLING

4.1 INtrOdUCHION ..o e
4.2 Experimental Procedures...........c.cceviiiiiiiiiiiiiiiiiiicceee e
421 Materials..........oooeeiiiiiiiiic e
4.2.2 Preparation of Recombinant CT from insect cells using
a baculovirus expresSion VECOr ............c.cccvuuuuuuiueciiiinrnceenseanns
4.2.2.1 Maintaining T.nicells ............cccccvveeeeiiiiiiiineneeen.
4.2.2.2 Maintaining virus StOCKS..............oueeevuiumiennernrennnne
4.2.2.3 Infection of Insect cells with CT recombinant
DACUIOVIFUS.......coieiiiierce et

4.2.2.4 Harvesting cells and preparation of cell

4.2.2.5 Purification of Recombinant CT from Insect

Cell CYtosol..........oiiiiiiii
4.2.3 Gel filtration analysis of CT binding to PC/oleic acid
VESICIES .....oooeiiie ettt e
4.2.4 Partial digestion of CT with chymotrypsin..........................
4.2.5 Gel Electrophoresis ..........cccceerieeeciiiiinneniciiinnne,
426 Immunoblotting..........c..ooooiiiiiiiii
4.2.7 Sequence analysis .............cccceermmiriiiiieiiii

4.2.8 Protein and Radioactivity quantitation ...............................

Xi



4.2.9 Photolabelling experiments: ...................ccoceevvveiiiieeeenne. 120

4.2.9.1 [PH]TUA Photolabelling of CT .........cccoevvreernnnnn. 120
4.2.9.2 ['*®IITID Photolabelling of CT........cocoovverrrerennn.. 120
4.2.9.3 ['®IITID Photolabelling of Peptide 62................... 121
4.3 RESUIS ... et 122
4.3.1 Gelfiltration analysis of CT binding to PC/oleic acid
VESICIES ...ttt e e e e e e e e ar e 122
4.3.2 ["*®|TID labelling of CT in the presence of PC/oleic
ACHA VESICIES ... 125
4.3.3 [PH]TUA labelling of CT in the presence of PC/oleic
ACIH VESICIES ..ot 128
4.3.4 Chymotrypsin Fragmentation Pattern of CT ...................... 130
4.3.5 Localization of ['I]TID Labelling on the CT Protein ......... 134
4.3.6 Photolabelling of CT in the presence of
PC/diacylglycerol Vesicles ..........cocccvirieiiiiieeriiiiiiieee 139
4.3.7 Photolabelling of a Peptide Corresponding to the
Entire Amphipathic Helical Domain .............c..ccoocoiinie 140
4.4 DiSCUSSION......cuuueiiriieieeeiiiirtteieeeesereiiirrer e s e e e e ssaesre e rr e e e e e nes 141
4.4.1 The CT-membrane interaction involves intercalation
into the hydrophobic membrane core. .............ccccooeeiiiinie, 141
4.4.2 The amphipathic helix of CT is the key region involved
inintercalation .............ooouveieieciree s 142
CONCLUDING DISCUSSION. ...ttt 145
5.1 The amphipathic a-helix region of CT plays a key role in the
membrane INteractioNs............cveeivreeriiiinie e 145

Xii



5.2 An amphipathic a-helix model is consistent with other known

features of CT membrane interactions..............cccocceeiviiiiiiniiiinne, 146
5.3 Amphipathic a-helices have been proposed to mediate

membrane binding of other proteins ..............cccccccrviiini 147
5.4 How does membrane binding of the amphipathic helix induce

ACHVALION OF Gl ettt r e ettt e e e ettt e e e e e s e aanes 150

REFERENCES ......ooiiieeecttect ettt 153

xiii



LIST OF FIGURES

Figure 1.1:
Figure 1.2:
Figure 1.3:
Figure 1.4:

Figure 1.5:
Figure 2.1:

Figure 2.2:

PC metabolic pathway...........cccccooooiiiiii e, 5
Amino acid sequence of rat-liver CT ..............cevvevevviiiiivinnnnn., 29
Domain structure for mammalian CT. .............ccccieiiinis 29
Helical wheel representation of residues 238 to 291 of

Model for membrane-bound CT ..., 33
Comparison of yeast-CT and rat-CT protein sequences

and domain MOdeIS.........ccoeviiiiiieeeeriiece s 36
Dependence of CT activity on the concentration of egg

PCloleic acid or SOPC vesicles. .......cocoeveiviimiiiiniieiinnannn. 47

Figure 2.3: Dependence of CT activity on the mole % of oleic acid in

Figure 2.4:
Figure 2.5:

Figure 2.6:

Figure 2.7:

Figure 2.8:

Figure 3.1:

Figure 3.2:

Figure 3.3:

Figure 3.4:

SOPC veSICIeS. ....ceeviieee et 48
Antagonism between oleic acid and sphingosine................... 49
Dependence of rat-CT or yeast-CT activity on the

concentration of anionic phospholipids. ...........cccccccceininiis 51

Dependence of rat-CT or yeast-CT activity on the mole

% of anionic phospholipids. .........c..ccccvviiiiiiinnn 52
Dependence of CT activity on the mole % of neutral lipid

iN SOPC VESICIES. .....coueieeiieiieiccniie e 54
TLC of lipid extracted from enriched microsomes. ................ 57
Amino acid sequence of the peptides. ................cccooeiiin. 65
Helical wheel projections of the peptides. ............................. 74

Determination of aggregation state of peptides by gel
111U =1 (Lo 2 VOO PO U O PPR PP 75

Circular dichroism spectra of the peptides. ........................... 77

Xiv



Figure 3.5: Dependence of peptide properties on anionic lipid :

peptide ratio..............cceeeeeiiiiii e, 82
Figure 3.6: Dependence of peptide properties on mole % anionic

lipids in PC membranes. ...............ccoovvviiieiieiiiieecieeee 83
Figure 3.7: Tryptophan fluorescence of Pep33. ............cccovieeriiiiinnneeens 86
Figure 3.8: Quenching of tryptophan fluorescence of Pep33 by

aqueous iodide. ..........ccoeoiiiii 390
Figure 3.9: Stern-Volmer plot for iodide quenching of Pep33

tryptophan fluorescence. ..........ccccocceviiiiciiieeiiie e 92
Figure 3.10: Quenching of tryptophan fluorescence of the Pep33 by

9,10-dibromoPC. ..o 95
Figure 3.11 Binding of peptides to vesicles as a function of the

amount liPid. ... 99
Figure 4.1: Gel filtration analysis of the binding of CT to PC/ oleic

acid VESICIES. .......ooeeiieiiee e 124
Figure 4.2: [125(]TID labelling of CT and control proteins. ...................... 127
Figure 4.3: [3H]TUA labelling of CT and control proteins. ..............c........ 129

Figure 4.4: Proposed CT fragments generated by chymotryptic

dIgeStioN. ......ccooiviiiiii 132
Figure 4.5: Antibody mapping of the low molecular weight

chymotryptic fragments of CT. ... 133
Figure 4.6: Analysis of the high molecular weight fragments derived

from [1251]TID labelled CT. ........ooveuimrrieirncreeeeeenee 136
Figure 4.7: Analysis of the low molecular weight fragments derived

from [1251]TID labelled CT. .......ccoooveerrrvrernne... e 137



LIST OF TABLES

Table 2.1:
Table 2.2:

Table 3.1:

Table 3.2:

Table 3.3:

Table 3.4:

Table 3.5:

Table 3.6:
Table 4.1:

CT specific activity in transfected COS cell cytosols....................... 45
Yeast-CT and rat-CT translocation to lipid-enriched

Fat MICTOSOMES .....ceuiiiiiiiiiiiiitee e 58
Circular Dichroism Analysis of Peptides with Various Lipid

VESICIES ...ttt e e 78
Circular Dichroism Analysis of Pep33 with Various Lipid

VESICIES ..ottt et e e e e 80
Ratio of fluorescence intensity at 330 nm : 350 nm........................ 87
Quenching of Peptide Fluorescence by 0.2 M Aqueous lodide....... 91
Quenching of Peptide Fluorescence by 50 mole % 9,10-

dIDrOMOPC ... 96
Partition coefficients for the peptides...........ccccocciiie 100
Extent of [1251]TID labelling of the fragments of CT.............c......... 138



ABBREVIATIONS

APS
ATP
ADP
BHA2
BSA
CD
CDP
CHO
CL
CTP
CcT
DAG
DEAE
DMEM
DOPG
DPPC
DTT
EDTA
FCS
HEPES

HPLC
lysoPC
MG
OA

Ammonium persulfate

adenosine 5'-triphosphate

adenosine 5'-diphosphate
Bromelain-released fragment of hemaggiutinin
Bovine serum albumin

Circular dichroism

Cytidine 5'-diphosphate

Chinese hamster ovary

Cardiolipin

Cytidine 5'-triphosphate
CTP:phosphocholine cytidylyltransferase
Diacylglycerol

O-(diethylaminoethyl)-

Dulbecco's modified Eagle medium
Dioleoyl-phosphatidylglycerol
Dipalmitoyl-phosphatidylcholine
Dithiothreitol

Ethylenediaminetetraacetic acid

Fetal calf serum

(N-[2-Hydroxyethyl)piperazine-N'-[2-ethanesulfonic

acid))

High performance liquid chromatography
Lysophosphatidylcholine
Mono-acylglycerol

Oleic acid



OH

PAGE

PA

PBS

PC

PE

PG

Pl

PS

PPi

6,7-dibromo PC
9,10-dibromo PC
11,12-dibromo PC
PMSF

PVDF

SDS

Sph

SOPC

D

TEMED
TFE
TID
TLC
TPA

Tris

Oleyl alcohol

Polyacrylamide gel electrophoresis

Phosphatidic acid

Phosphate-buffered saline

Phosphatidylcholine

Phosphatidylethanolamine

Phosphatidyiglycerol

Phosphatidylinositol

Phosphatidylserine

Pyrophosphate

1-palmitoyl, 2-stearoyl-6,7-phosphatidylcholine
1-palmitoyl, 2-stearoyl-9,10-phosphatidylcholine
1-palmitoyl, 2-stearoyl-11,12-phosphatidylcholine
Phenylmethylsulfonyl fluoride

Poly(vinylidine difluoride)

Sodium dodecy! sulfate

Sphingosine

1-stearoyl, 2-oleoyl-phosphatidylcholine

buffer: 25 mM Tris, pH 7.5, 140 mM NaCl, 5 mM KCI,
0.5 mM NagHPOg4)
N,N,N',N',-tetramethylenediamine
Trifluoroethanol
3-(trifluoromethyl)-3-(m-[1251Jiodophenyl)diazirine
Thin layer chromatography
12-O-Tetradecanoyl-phorbol-13-acetate

Tris (hydroxymethyl) methylamine

xviii



TS

TUA

uv
(@]

buffer: 25 mM Tris, pH 7.5, 140 mM NaCl, 5§ mM KCl,
0.5 mM NagHPO4, 1 mM MgCls, 1 mM CaClp

1 1-[4-[3-(triﬂuoromethyl)diazirinyl]phenyl]-[23 HJ-
undecanoic acid

Ultra violet

mean residue molar ellipticity

Xix



CHAPTER ONE: INTRODUCTION

1.1 Phosphatidylcholine in Mammalian systems

Phosphatidylcholine (PC) is the major phospholipid present in mammalian
membranes, and is also a main component of serum lipoproteins and lung
surfactant. In recent years, a key role for PC has been demonstrated in the
formation of lipid second messengers in the signalling pathway of many growth
factors and hormones. Due to its obvious importance, the regulation of cellular

PC metabolism has been of much interest.

PC is the major phospholipid of biological membranes

Biological membranes are a collection of proteins embedded in a bilayer
structure composed of many types of lipid. Phospholipids play an important role
in forming the basic bilayer structure. In most cases, PC is the predominant
phospholipid. For example, in the red blood cell, 40 to 60 % of the phospholipids
in each subcellular membrane are composed of PC. (Gennis, 1989). The
presence of PC appears to be critical, as there are no known diseases relating to
a defect in cellular PC levels or metabolism. Interestingly, PC is absent in most

prokaryotic organisms.

PC is the phospholipid component of serum lipoproteins
Lipids such as cholesterol which are water insoluble are transported
through blood in a lipoprotein complex. In the complex, a neutral lipid core of
triglycerides and cholesterol-ester is solubilized by an outer monolayer of
phospholipids and protein. PC is the main (~70%) phospholipid component
1



forming the outer monolayer. Minor components include sphingomyelin (10-
15%), lysoPC (2-5%), phosphatidylethanolamine (PE; ~3%) and anionic
phospholipids (~5%) (Kostner, 1981). Liver cells are the major site for assembly
of lipoprotein particles, and thus are responsible for PC synthesis above that
needed for subcellular membranes. Blood levels of certain types of cholesterol-
containing lipoproteins have been correlated with the risk of athlerosclerosis

(Brown & Goldstein, 1983).

PC is the phospholipid component of lung surfactant

Surfactant is a protein/lipid mixture secreted by lung cells which reduces
surface tension at the air : liquid interface by spreading in a phospholipid
monolayer on the cell surface. The major component is PC (~70%), of which
about half is the saturated species dipalmitoyl-PC. Phosphatidyiglycerol (PG) is
the major anionic lipid component (~10%), while phosphatidylethanolamine (PE),
phosphatidylinositol (Pl), sphingomyelin and cholesterol are present in small
amounts. The protein component accounts for only about 10% of the mass (Yu
et al., 1983; Possmayer, 1989). Surfactant production begins in the lung of the
fetus just before birth. Its presence is crucial to newborns to prevent respiratory
distress syndrome, a common condition in premature births (Fulmer & Crystal,

1976).

PC is involved in signal transduction

PC breakdown is important in the generation of lipid second messengers,
which function in the transduction of intracellular signals for cell growth and
regulation in response to extracellular stimuli (Exton, 1990; 1994). In the past

decade, diacylglycerol formed by the breakdown of phospholipids has been

2



recognized as an important second messenger. It has been found to activate a
key cell regulatory protein, protein kinase C. Initial studies demonstrated the
importance of phosphatidylinositol-4,5,-bisphosphate hydrolysis in producing
diacylglycerol upon cell stimulation. It is now apparent that a major source for
diacylglycerol involved in signal transduction is PC (Exton, 1990; 1994). Thus,
upon stimulation by certain growth factors, cellular PC is broken down by
activated phospholipases. As diacylglycerol is a direct substrate, PC
biosynthesis may be a mechanism to attenuate the diacylglycerol signal (Pelech
and Vance, 1989).

PC hydrolysis can also produce arachidonic acid, the immediate precursor
for the biosynthesis of the intercellular signalling molecules, prostaglandins.
Arachidonic acid is a fatty acid that is esterified to the sn-2 carbon of the glycerol
backbone of PC, and can be released by hydrolysis with an activated

phospholipase A».

1.2 PC metabolism in mammalian systems

1.2.1 PC synthesis via the CDP-choline pathway

While there are a number of possible pathways for the synthesis of PC in
animal cells, the key pathway is via CDP-choline, elucidated by Kennedy
(reviewed 1989). This pathway is utilized exclusively for de novo PC synthesis in
all tissues examined, with the exception of liver cells in which the methylation
pathway also functions (Section 1.2.2). A mutation in the CDP-choline pathway
in chinese hamster ovary (CHO) cells caused growth arrest and a large decrease

in the cellular PC levels at the non-permissive temperature, demonstrating this

3



route as the primary PC source (Esko and Raetz, 1980).

The substrates and enzymes of this biosynthetic pathway are outlined in
Figure 1.1. In the first step of the pathway, choline taken up by the cell is quickly
phosphorylated with ATP by the enzyme choline kinase to form phosphocholine.
CTP:phosphocholine cytidylyltransferase then catalyzes the transfer of a cytidyl-
group to phosphocholine to produce CDP-choline and pyrophosphate. The
activated choline is then transferred from CDP-choline to diacylglycerol by
cholinephosphotransferase to form the end product, PC. An interesting feature
of this pathway is the involvement of both soluble (choline, phosphocholine,
CDP-choline) and membrane-associated (diacylglycerol) substrates in the
synthesis of the membrane phospholipid. As a result, the enzymes in the
pathway are also both soluble (choline kinase) and membrane-embedded
(cholinephosphotransferase). The medial step in the pathway is carried out by

cytidylyltransferase, which can be found at both sites in the cell.

1.2.2 Other pathways for PC synthesis

A second major route for the synthesis of PC involves methylation of the
head group of PE. PE-N-methyltransferase catalyzes three successive transfers
of a methyl group from the donor, S-adenosyimethionine, to PE and the
intermediates monomethyl- and dimethyl-PE to form PC (Fig. 1.1). This
biosynthetic route is active only in liver, where it accounts for only 20 to 40 % of

PC synthesis (Ridgeway, 1989).
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Figure 1.1: PC metabolic pathway.



Lysophosphatidylcholine (lysoPC) is a breakdown product of PC which
can be converted to PC upon addition of a fatty acyl chain (fatty acyl-CoA) by an
acyltransferase. This acylation reaction is part of a deacylation/reacylation cycle
that functions to control the fatty acid composition of PC (Choy & Arthur; 1989).
Cells lacking a functional CDP-choline pathway (Esko et al., 1982) or starved for

choline (Tercé et al., 1994) are able to survive in the presence of lysoPC.

1.2.3 PC catabolism

PC is broken down in the cell by a group of enzymes known as
phospholipases (Roberts & Dennis, 1989). Numerous sites on the PC molecule
are subject to hydrolysis, and phospholipases are grouped according to the site
hydrolysed and products formed (Fig. 1.1). Phospholipase A hydrolyses the fatty
acyl bond, producing free fatty acid and lysoPC, which can be further degraded
by a lysophospholipase A to a free fatty acid and glycerol phosphocholine.
Phospholipase A1 and A2 hydrolyze the acyl chain at the sn-1 and sn-2 positions
respectively of the phospholipid. Phospholipase C hydrolyses the
glycerophosphate bond of PC, releasing diacylglycerol and phosphocholine.
Phospholipase D hydrolyses the choline phosphate bond, releasing choline and
phosphatidic acid. In unstimulated cells, the phospholipase A pathway appears
to be the dominant basal catabolic route for PC (Morash et al., 1988). All three

phospholipases can be signal activated (Liscovitch, 1992; Exton, 1994).



1.2.4 Regulation of PC levels

The importance of PC in cells dictates a need for its levels to be well
regulated. PC synthesis is required for progression of cells through the cell cycle
(Tercé et al., 1994). As cells grow, there is a requirement for increased
membrane mass, and thus an increased supply of the main phospholipid. As PC
is broken down by phospholipases, due to basal turnover or for production of lipid
second messengers, there must be a mechanism whereby the pool of lipid is
replaced. In some cell lines PC biosynthesis is necessary for functions other
than membrane biogenesis, such as surfactant production by lung starting
immediately before birth, and lipoprotein secretion by liver.

Coordinated regulation of PC metabolism has been demonstrated.
Treatment of cells with an exogenous PC-specific phospholipase C greatly
stimulated the biosynthesis of PC, demonstrating the presence of a regulatory
mechanism for the cellular membrane composition (Kent 1979; Sleight & Kent,
1983a). The breakdown of PC by signal-activated phospholipases was
coordinated to an increase in PC biosynthesis (Tronchére et al., 1995).
Conversely, artificial stimulation of the PC biosynthetic pathway by
overexpression of a key enzyme resulted in a concurrent increase in PC
breakdown, such that the overall cellular PC level was not greatly affected
(Walkey et al., 1994). Elucidation of the regulatory step in the PC biosynthetic

pathway is central to understanding the control of cellular PC levels.



1.2.4.1 CTP:phosphocholine cytidylyltransferase is the key regulatory
enzyme of the CDP-choline pathway

Over many years of study it has become apparent that the key regulatory
step for PC biosynthesis is that catalyzed by CTP:phosphocholine
cytidylyltransferase (CT). Choline supplementation of rat hepatocytes resulted in
only a slight increase in PC synthesis, but a great accumulation of cellular
phosphocholine, the substrate for CT (Sundler & Akesson, 1975). Radiolabelled
choline taken up by Hel.a cells rapidly accumulated in the form of
phosphocholine (Vance et al., 1980). As the radiolabel disappeared from this
substrate, it was rapidly converted to PC with no accumulation of CDP-choline.
In the same study, addition of poliovirus stimulated PC biosynthesis at the CT
step by increasing turnover of phosphocholine to PC. CT was thus suggested as
the rate-controlling reaction of PC synthesis (Vance & Choy, 1979). Similar
analyses of choline metabolites in myoblasts (Cornell & Goldfine, 1983) and lung
type Il cells (Post, et al., 1982) corroborate these results. Since this initial
hypothesis, there has been abundant evidence that the modulation of CT activity
correlates with changes in PC synthesis, stimulated by phospholipase C (Sleight
& Kent, 1980; 1983 a & b; Wright et al., 1985; Watkins & Kent, 1991; Slack et al.,
1991), fatty acids (Pelech et al., 1983; Pelech et al., 1984; Whitlon et al., 1985;
Aeberhard et al, 1986; Tronchere et al., 1991; Wang et al., 1993a) or other
mechanisms (Paddon & Vance, 1980; Esko & Raetz, 1980; Weinhold et al.,
1981; Pelech et al., 1981; Pritchard et al., 1982; Lim et al., 1983; Sleight & Kent,
1983c; Pelech et al., 1984 ; Jamil et al, 1990; Hatch ef al., 1991; Utal et al., 1991;
Weinhold et al., 1994; Walkey, et al., 1994).



1.2.4.2 Regulation by other enzymes of the CDP-choline pathway

The reaction catalyzed by choline kinase commits cellular choline to the
CDP-choline pathway, directing it away from aiternate metabolism to betaine.
Hence, this enzyme was a candidate for regulation. Choline destined for PC
synthesis is rapidly converted to phosphocholine by choline kinase under most
conditions. However, there are systems where changes in the PC synthesis rate
correlated with changes in cellular choline kinase activity (Teegarden et al., 1991;
Kent, 1989). Gene induction and phosphorylation have been proposed to
regulate choline kinase activity (Ishidate, 1989).

Cholinephosphotransferase appears to be regulated only by substrate
availability, and has been proposed to serve as the rate-limiting step for PC
synthesis only in such circumstances where the diacyiglycerol supply is limiting

(Lim et al., 1986; Cornell, 1989a; Jamil et al., 1992; Walkey et al., 1994).

1.3 CTP:phosphocholine cytidylyltransferase

It has become clear that a major mechanism for activation of CT is its
reversible association with membranes (Vance & Pelech, 1984). Purification of
the rat-liver enzyme in 1986 and the subsequent cloning, in 1987, of a yeast CT
gene and in 1990 of a rat CT cDNA have lead to the production of tools such as
CT-directed antibodies, expression systems and the study of mutants. With
these new technologies in hand, recent studies have shown phosphorylation and
lipid-association to be involved in a complex regulation of CT. It is apparent that
the key signals for CT activation are the properties and lipid composition of the

target membrane. An understanding of the mechanism of membrane binding
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and identification of the membrane binding domain of the protein are therefore

central to the understanding of the regulation of the enzyme and PC metabolism.

1.3.1 The key regulatory event for CT is its association with cellular

membranes

1.3.1.1 Initial Investigations of Lipid activation:

Initial characterization of CT in rat-liver homogenates revealed that
storage of the enzyme, or incubation at 37 °C for a few hours, resuited in an
increase in the enzymatic activity (Schneider, 1963). Extraction of the lipids from
the solution with acetone/butanol abolished CT activity, which was returned by
re-addition of the isolated lipid (Fiscus & Schneider, 1966). In the same study,
analysis of the extracted lipid components revealed elevated levels of
lysophospholipids, formed along with fatty acids from the breakdown of
phospholipids. The necessity for an incubation period in order to produce
activating lipids suggested that breakdown products, not the steady-state lipids
themselves, were involved in this stimulation. Thus, a positive feedback
mechanism for the stimulation of PC synthesis by its breakdown products was
proposed (Fiscus & Schneider, 1966). A further study of rat-liver cytosolic CT
suggested that the presence of lysoPE and fatty acids, produced from hydrolysis
of PE by an endogenous phospholipase A upon incubation, could be responsible
for CT activation (Choy & Vance, 1978).

Lipid stimulation of CT activity was also observed in lung extracts. CT in
the soluble fraction of fetal rat lung was stimulated 10-fold by addition of a

chloroform/methanol extract containing total lung lipids (Stern et al., 1976).
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Further investigation revealed that CT was activated ~6-fold by addition of pure
anionic phospholipids PI, and PG, but was not affected by PC or PE, and only
slightly affected at high concentrations by lysoPC (Stern et al., 1976). The CT
activity lost from rat lung extracts upon isopropyl ether extraction was restored by
readdition of fatty acids (Feldman et al., 1981).

Addition of lipids to soluble extracts of CT from rat-liver or lung not only
activated the enzyme, but induced the formation of large CT-lipid aggregates,
suggesting that CT was binding to a lipidic structure (Stern et al., 1976; Choy et
al., 1979). Lipid induced aggregation of rat-liver cytosolic CT was stimulated in
vitro by PC, and phospholipase C treatment (forming diacylglycerol from
phospholipids), but not by cholesterol or lysophospholipids (Choy et al., 1979).
Fatty acids were effective at inducing aggregation of cytosolic CT from rat liver
(Pelech et al., 1983). Aggregation, and accompanying activation of CT from rat
lung was induced by the anionic phospholipids PG, Pl and cardiolipin, but not by
PC alone, or lysoPC (Feldman et al., 1978). Thus, selective activation of the

enzymatic activity was accompanied by association of CT with lipids.

1.3.1.2 The Translocation Model

Early studies noted a bimodal distribution of CT in rat liver or lung
homogenates, with a large percentage in the soluble and the remainder
associated with membrane fractions (Schneider, 1963; Weinhold et al., 1973).
The subcellular distribution of CT in lung tissue varied with the developmental
state: adult lung, with a higher CT activity, had a greater percent of microsomal
CT than fetal lung (34% vs. 7%) (Stern et al., 1976). A correlation between the

activity and membrane association of CT in these systems was not perceived at
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the time.

A model for CT regulation involving interconversion between membrane-
bound and soluble forms was first proposed based on studies of PC biosynthesis
in phospholipase C-treated myoblast cells (Sleight & Kent, 1980). In this model
system, PC was hydrolyzed by addition of exogenous phospholipase C,
stimulating the cells to increase PC synthesis in order to maintain membrane
integrity (Kent, 1979). PC synthesis, monitored by incorporation of [3H]choline,
was stimulated at the step of CDP-choline formation. Total cellular CT activity
measured in vitro was increased. A larger portion of the CT was associated with
the membrane fraction in phospholipase C-treated cells (70%) than in control
cells (30%). Membrane CT was fully active in the absence of added lipids, while
soluble CT was inactive unless supplemented by lipids. Thus, a model was
proposed in which soluble CT forms an inactive cellular reservoir, which can be
recruited to the cellular membrane and activated when there is a requirement for
increased PC biosynthesis.

Translocation of CT to membranes, resulting in an activation of the
enzyme and increased PC biosynthesis, has been demonstrated in many cell
types (e.g. CHO cells, Hela cells, rat lung, rat hepatocytes), and has been
promoted by such stimuli as addition of exogenous phospholipase C, (Section
1.3.1.4), fatty acids (Section 1.3.1.3), diacylglycerol (Section 1.3.1.4) and phorbol
ester (Section 1.3.1.4). As well, physiologically relevant circumstances have
been responsible for a change in the distribution of CT. In hepatocytes, inhibition
of the methylation pathway for PC synthesis resulted in increased use of the
CDP-choline pathway, and translocation of CT to the membrane (Pritchard ef al.,
1982). Liver from rats fed a high cholesterol and cholate diet had an increased

PC synthesis rate, increased cellular CT activity and a higher distribution of CT
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on the membrane (Lim ef al., 1983). Shortly after birth, a stage of lung
development at which PC synthesis is elevated, CT membrane activity is
increased (Weinhold et al., 1984). In hepatocytes starved for choline, thus
unable to use the CDP-choline pathway, CT was located in the membrane
fraction. Upon readdition of choline, PC synthesis was reinstated whereupon CT
moved back to the soluble fraction (Yao et al., 1990; Jamil et al., 1990; Weinhold
et al,, 1994). In all cases studied, with the exception of choline starvation in
which there is a lack of substrate, CT translocation to membranes correlated with
increased enzymatic activity and an increased rate of PC synthesis. In these
studies, CT translocation was assessed by separation of soluble and particulate
cell fractions after treatment of intact cells with the various agents. Two methods
for separation have been employed: 1) centrifugation of cell homogenates, or 2)
digitonin permeabilization. The distribution of enzyme has been assessed by
monitoring activity in these fractions, or more recently, by CT mass determination
by immunoblotting approaches (Utal et al., 1991; Watkins & Kent, 1991; 1992,
Wang et al., 1993a). Moreover, changes in CT intracellular distribution have
been directly visualized in fixed cells via immunolocalization using fluorescent-
tagged anti-CT antibodies (Watkins & Kent, 1992; Wang et al, 1993a).

An in vitro translocation assay was developed which enabled easier
analysis of the translocation phenomenon. Isolated cell extracts were incubated
with various effectors in vitro, then separated into soluble and particulate
fractions by ultracentrifugation in order to localize the CT activity (Pelech et al.,
1984b, Weinhold et al., 1984). Translocation promotion by various lipid species
was examined and compared directly, without interference by differential cellular
uptake or potential secondary effects, in order to better understand the binding

mechanism (Cornell & Vance 1987a). In this study, a variety of compounds with
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differing head group and acy! chain length functioned as translocation activators.
Membrane binding was inhibited by detergents but not high ionic strength
suggesting an important role for hydrophobic interactions (Section 1.3.2.3).
Translocation of CT to membranes is reversible in vivo. CT returned from
the membrane to the soluble fraction upon removal from cell culture media of the
translocation stimulators oleic acid (Pelech et al., 1984b; Houweling et al, 1994),
phorbol ester (Pelech et al, 1984a), choline deficiency conditions (Yao et al,
1990; Jamil et al., 1993), or phospholipase C (Sleight & Kent, 1983b; Wright et
al., 1985; Houweling et al., 1994). In vitro translocation of CT is also readily
reversible upon removal of oleic acid with bovine serum albumin (BSA)

(Weinhold et al., 1984; Cornell & Vance 1987a).

What are the cellular signal(s) that cause CT to translocate? There are
many examples of translocation stimulators added exogenously to cells (see
above). Although a phosphorylation mechanism was suggested to mediate
these effects, it is apparent that a lipid signal is the main element responsible for
CT translocation (Section 1.3.1.5). Two key potential activators of CT activity are
free fatty acid levels (Section 1.3.1.3) and membrane diacylglycerol (Section
1.3.1.4). Both of these activators are formed from the breakdown products of

PC, suggesting a positive feedback mechanism to maintain PC levels.
1.3.1.3 Fatty acids induce translocation

Translocation of CT can be promoted by addition of exogenous fatty
acids. Fatty acids were the predominant species extracted from lung cytosol

that, upon readdition, activated lipid-free cytosolic CT (Feldman et al., 1981).
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Treatment of cells with fatty acids stimulated PC synthesis and promoted CT
translocation to membranes (Pelech et al., 1983; 1984b; Whitlon et al, 1985;
Aeberhard et al., 1986; Cornell & Vance, 1987a; Wang et al., 1993a; Houweling
et al., 1994). Translocation of CT in vitro correlated with the free fatty acid
content of the membrane fraction (Weinhold et al., 1984). While a selectivity for
unsaturated over saturated fatty acids has been reported (Feldman et al., 1981;
Weinhold et al., 1984; Pelech et al., 1984b), in vitro studies demonstrated that
both classes of fatty acid were effective translocation promoters (Cornell &
Vance, 1987a). Differential solubility or effects of Ca*2 in the cell media, may be
the source of apparent selectivity for unsaturated over saturated fatty acids in the
cell culture systems.

A role for fatty acid stimulation has been postulated in a physiological
situation (Weinhold et al., 1984). Shortly after birth, PC synthesis increases in
order to produce surfactant. The level of membrane-bound CT in rat lungs
increased shortly after birth, with a coincident increase in free fatty acid levels.
Thus, fatty acid levels may play an important role in regulation of CT in lungs of
newborns.

Fatty acids are a good candidate for the regulation of PC synthesis. They
are direct breakdown products of PC, resulting from hydrolysis by phospholipase
A. Thus, their production can lead to a positive feedback mechanism for the

resynthesis of PC.

1.3.1.4 Diacylglycerol induces translocation

Activation of CT by diacylglycerol was initially proposed due to the
promotion of a CT-lipid aggregate by a phospholipase C treated extract
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containing elevated diacylglycerol (Choy et al., 1979). However, in the same
study, exogenous diacylglycerol alone did not promote CT-lipid aggregation.
Likewise, treatment of whole cells with phospholipase C increased the
diacylglycerol content (Sleight & Kent, 1980), but the observation that a
diacylglycerol suspension did not activate cytosolic CT prompted the conclusion
that a transient decrease in PC levels triggered CT translocation in this system.
Similar results were obtained with an in vitro translocation assay (Cornell &
Vance; 1987a). Phospholipase C-treated membranes containing elevated
diacylglycerol levels promoted CT binding in vitro while a suspension of
diacylglycerol was ineffective. However, these authors noted that diacylglycerol
alone does not form a stable membrane bilayer so addition of diacylglycerol in a
suspension may not present an appropriate surface to activate CT.
Diacylglycerol incorporated into sonicated PC vesicles was, in fact, capable of
binding CT in vitro (Cornell & Vance, 1987b).

Diacylglycerol promoted CT translocation in vivo, independently of
phospholipase C-treatment. Diacylglycerol containing short (8 carbon) fatty acyl
chains, which is able to effectively enter the cell and become incorporated into
subcellular membranes, promoted CT translocation in pituitary cells (Kolesnick &
Hemer, 1990; Slack et al., 1991). When added to neuroblastoma cells together
with phospholipase C, this short-chain diacylglycerol caused no further increase
in CT activity while oleic acid (Section 1.3.1.3) elevated CT activity. This implied
a common mechanism of action for the phospholipase C and diacylglycerol, a
mechanism not shared with oleic acid (Slack et al., 1991).

Diacylglycerol levels are altered by phorbol esters, which affect CT
translocation. 12-O-Tetradecanoyl-phorbol-13-acetate (TPA) is a potent tumor-

promoting agent, producing many cell responses including a stimulation of PC
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synthesis (Paddon & Vance, 1980) with a corresponding activation and
translocation of CT (Pelech et al, 1984a). However, TPA had no direct effect on
CT membrane binding in vitro (Cornell & Vance, 1987a; Kolesnick & Hemer,
1990). Protein kinase C is aciivated by tumor-promoting phorbol esters such as
TPA, suggesting a phosphorylation regulatory mechanism (see Section 1.3.1.5).
However, no change in the in vivo phosphorylation level of CT was observed
after treatment of HelLa cells with TPA (Watkins et al., 1990). Treatment of
pituitary cells with short-chain diacylglycerol produced a similar effect as TPA
(Kolesnick & Hemer, 1990). TPA treatment of Hel.a cells caused an elevation in
cellular diacylglycerol levels which correlated to CT activation and translocation
(Utal et al., 1991). These results demonstrate that the key trigger for TPA-
induced membrane binding was mediated by the lipid signal, diacylglycerol.
Diacylglycerol is an ideal candidate for a physiological regulator of CT
activity and PC synthesis. Diacylglycerol is a direct breakdown product of PC, via
phospholipase C or the combined action of phospholipase D and phospha