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ABSTRACT

The mechanism by which phosphatidylcholine biosynthesis is
stimulatcd by treatment of HecLa cells with 12-O-tetradecanoylphorbol 13-
acctatc (TPA) was investigated. TPA causced a three-fold incrcase in particulate
CTP:phosphocholinc cytidylyltransferase activity in HeLa cclls which
corrclated with dccreased cytidylyltransferase activity in thc cytosol.
Similarly, an incrcase in membranc-associated cytidylyltransferasc after TPA
trcatment of HcLa cclls was demonstrated by immunoblotting.
Immunoprecipitation studics suggested that TPA had no cffect on the state of
phosphorylation of cytidylyltransfcrase.  The cnhanced binding of
cytidylyltransfecrase to mecmbrancs could not be cxplained by changes in the
levels of fatty acid or phosphatidylcholine.  Diacylglycerol was considered a
possible signal since an increasc in the level of diacylglyccrol in membrances
has bcen previously shown to cnhance binding of cytidylyliransferase to
membranes.  The level of diacylglycerol in TPA-trcated HclLa cells was
measurcd and found to be incrcascd approximatcly 2-fold (2.29 to 4.02 nmol/mg
protcin) after 1 h of TPA trcatment. In timc coursc cxpcriments, a icmporal
rclationship was shown in which production of diacvizlycerol appcared to
signal translocation of cytidylyltransfecrasc to membrancs followed by a
stimulation of phosphatidylcholine biosynthesis.  In anothcr approach to test
the potential for diacylglycerol to stimulatec cytidylyltransferase binding to
membranes, the protein kinase C activity of HcLa cclls was downrcgulated and
the cells were incubated with the cell permcable diacylglycerol,
dioctanoylglycerol.  This trcatment resulted in almost a 2-fold incrcasec in both
cytidylyltransferase activity on membrancs and the ratc of

phosphatidylcholine biosynthesis.  Time course cxperiments with



dioctanoylglyccrol revealed a strong positive correlation (r?=0.89) between the
amount of particulatc cytidylyltransferase activity and thc rate of
phosphatidylcholine biosynthesis.  In addition, dioctanoylglycerol was shown
to be incorporated into PC by radiolabcling and gas liquid chromatographic
techniques. It was concluded that a TPA-mediated increase in diacylglycerol
concentration stimulates phosphatidylcholinc biosynthesis by causing a
translocation of CT from cytosol to membrancs.

Other possible mechanisms such as cnzyme aggregation and
involvement of the cytoskeleton in TPA-clicited CT translocation were
climinated.  Cytochalasin E, an anti-microfilament agent cnhanced TPA-
stimulated PC biosynthesis via cnhanced CT translocation. Evidence suggested

that calcium mecdiated the cytochalasin E-cnhanced CT association with

membrancs via ‘calcium bridges’.
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CHAPTER 1 INTRODUCTION

The literature on thc rcgulation of phosphatidylcholine (PC)
biosynthesis is vast and contains scveral cxccllent reviews, including those by
Vance and Choy (1979); Pclech and Vance (1984a); Pclech and Vance (1984b):
Vance and Pelech (1984); Pelech, Audubert and Vance (1985); Vance and
Pelech (1985); Pelech and Vance (1989); Vance (1990); Kent (1990); Kent et al.,
(1991). These reviews deal in considerable detail with the rcgulation of PC
biosynthesis, in particular the mecchanisms of rcgulation of activation of
CTP:phosphocholine cytidylyltransferase (CT), the rate-limiting cnzymec in PC
biosynthesis. The aim of scction 1.1, therefore, is not to repecat the material in
these reviews but to provide a brief overview of the gencral pathways of PC
biosynthesis, and updatc relevant litcrature.

PC is quantitatively thc most important phospholipid constitucnt of
mammalian ccll membrancs but is absent from most prokaryotic cclls. The
lipid has long becn known to be important for a varicty of rcasons; it is a
major structural constituent of cell membranes as well as lipoprotcins and
bile. In addition, PC is a critical componcnt of lung surfactant, and also scrves
as a donor of the fatty acyl moiety in thc synthesis of cholesterol cster in
plasma in a reaction catalvzed by lccithin-cholesterol acyltransferase.  The
arachidonic acid for the synthesis of the mediators of inflammation is derived
from PC. Platelet activating factor (PAF) is a particular molccular specics of PC
(1-alkyl-2-acatyl-PC) and is a potent biological agent (active at 1010 M)
causing platelet aggregation as well as being a potent vasodepressor
compound. It is generally understood that PC is cssential to lifc as we know it,

primarily because there are no known discases rclated to PC metabolism.



The aforecmentioned cxamples of the importance of PC, however, arc the
more traditional concepts rcgarding the role of PC, in particular that of
maintaining membrane intcgrity. Rescarch on PC has undcrgone a
renaissance, particularly in thc last 5 years duc to the exciting discovery that
PC can contributc to signal transduction pathways by providing sccond

messengers (Besterman et al., 1986; Danicl et al., 1986; review by Exton, 1990).

1.1. PATHWAYS AND ENZYMES OF PHOSPHATIDYLCHOLINE

BIOSYNTHESIS

There are three major pathways for PC biosynthesis, as shown in Fig. 1
all of which do not contribute equally towards the production of PC in cells.
The liver has traditionally been the organ of choice for studying PC
mctabolism mainly because this organ produces PC not only for mecmbrane
biogenesis but alse for cxport in lipoproteins and bile. Pulmonary PC
mctabolism has also becn the target of intense study particularly after PC was
identificd as a critical component of lung surfactant (Pattle and Thomas, 1961;
Klaus et al., 1961). In recent years, however, the study of PC metabolism has
shifted somewhat to other cell lines. This shift in focus is in most part due to

the discovery that PC can participate in signal transcuction.

1.1.1. The CDP-choline Pathway

The CDP-cholinc pathway is also known as the Kennedy Pathway after
Eugene P. Kennedy whose pioneering work described most of the enzyme
rcactions in the biosynthesis of PC via this route (Kennedy and Weiss, 1955;
Kcnnedy and Weiss, 1956; Smith et al., 1958) and is shown in Fig. 2. This is the
major routc for PC biosynthesis. 80% of hepatic PC is made from choline via

CDP-cholinc (Sundler and Akesson, 1975).
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Fig. 1. PC Biosynthetic Pathways. Abbreviations uscd arc: AT,
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adenosylhomocysteinc; AdoMet, S-adenosylmethionine; CK, choline kinase; CT,
CTP:phosphocholinc cytidylyltransferase; CPT, CDP-choline:1,2-diglyceride
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a) Choline transport and phosphorylation - Cholinc is a dictary
requirecment that is transported into cells by a carricr-mediated process. The
kinetics of cholinc transport into animal cells and cholincrgic nerve tissucs
are reviewed by Ishidatc (1989). Cholinergic synaptosomes transport choline
via a high affinity transporter (Km < 5 pM) which is tightly coupled to
acctylcholine synthesis, whercas most animal cells as well as cholinergic
nerve tissucs transport cholinc via a low affinity transportcr with a Km for
choline > 20 uM. The intraccllular degradation of PC by phospholipasc D, or by
phospholipases A and C followed by phosphodicsterases may also contribute to
intraccllular choline, which can bc rcuscd for PC biosynthesis (Esko and
Matsuoka, 1983). The contribution of PC-derived cholinc in cells incubated
under normal conditions is questionable, however. It is possible that this may
play an important role only under conditions of choline-depiction.

Choline is phosphoryiated to phosphocholinc by choline kinase (CK) by
the transfer of the ATP y-phosphaic te choline (Wittcnberg and Kornberg,
1953). This is genecrally bclieved (o be the commited step in the pathway since
phosphocholine and CDP-choline arc obligate precursors of PC. CK, with a few
exceptions, is a cytosolic ecnzyme. There arc many rcports claiming its
purification to homogencity from varied sources (Ishidatc, 1989). Ishidatc et
al. (1984) have reported the purification of CK which has a molccular weight
of 42,000 when subjected to SDS-polyacrylamide gel clectrophoresis (SDS-
PAGE). CK is generally not considered to be a rcgulatory enzyme although it is,
like CT, far from equilibrium i.e., the reaction catalyzed by CK is csscntially
irreversible in rat liver (Infante, 1977) and chick muscle cells (Sleight and
Kent, 1980). This is because thc enzymatic activity of CK does not usually
correlate with the rate of PC biosynthesis. However, there are instances

where the enzyme can be rate limiting (Reviewed by Pclech and Vance, 1984a;



Ishidate, 1989; Kent, 1990). There are recent questionable claims in the
litcrature that CK rcgulatcs PC biosynthesis. Teergarden et al. (1990) claim
that PC biosynthesis in ras-transfected C3H10T 1/2 rat fibroblasts was
incrcased as cvidenced by increased phosphocholine turmover rates. In
addition, in vitro CK activity was incrcased approximately two-fold whercas
particulate CT activity dccrcased by 50% compared to untransfected controls.
In keceping with increased choline kinase activity the phosphocholine pool
size in the ras-transfected cells had increased 3-4 fold over that in controls.
Although continuous labeling experiments with [3H]choline showed decreased
label in lipids in addition to reduced PC mass, it was claimed by the authors that
PC biosynthesis had increased possibly due to increased CK activity. More
recently, Kaplan and Cohen (1991) have shown by 3!'P NMR techniques that
because phosphocholine levels in human lymphocytes were very low
compared with other cell lines and increased when CT was inhibited by
dapsonc that CK was regulating PC synthesis in these cells. These reports
indicate that CK is important in PC biosynthesis but fail to provide any
conclusive cvidence for assigning a regulator role to CK.

b) CTP:phosphocholine cytidylyltransferase - The second step in the
CDP-cholinc pathway, the conversion of phosphocholine to CDF-choline, is
catalyzed by CTP:phosphocholinc cytidylyltransferase (EC 2.7.7.15) and is
generally considered to regulate the overall rate of PC biosynthesis.  Although
Infante (1977) had suggested CK as being rate-limiting for PC biosynthesis,
Vance and Choy (1979) summarized evidence from various studies that argued
strongly for CT govemning the ratc of PC biosynthesis in most cell types. As
such CT has an extremely important regulatory role in PC biosynthesis and is
the target of intensc investigation in various laboratories around the world

and the subject of the reviews cited at the beginning of this chapter.



The CT catalyzed rcaction was described in rat liver by Kennedy and
Weiss (1956). It was subscquently shown in the same laboratory that the
cnzyme resided both in the cytosol and in microsomes (Wilgram and Kcnnedy,
1963). Vance and Pelech (1984) suggested that the cytosolic form of the
enzyme was an inactive rescrvoir whercas the microsomal form was active,
The authors reviewed data from various studics consistent with the hypothesis
that CT translocates from the cytosol to thec ER where it is activated by certain
phospholipids.

CT may not always bc activated by a translocation mcchanism. Choy et
al. (1980) showed that in poliovirus-infeccted Hecla cells, the reaction catalyzed
by CT was accelerated due to an increasc in cytosolic CTP, in which casc the
.vailability of substratc rcgulated the pathway of PC biosynthcsis.

There are instances in which the difference between CT  translocation
and increase in cnzyme activity bccomes somewhat indistinct. For cxample, it
was shown in lymphocytes that low amounts of fatty acids incrcased PC
biosynthesis with an increase in microsomal CT activily, but thc dccrease in
cytosolic activity accounted for only 20% of the total activity in the
membranes (Whitlon et al,, 1985). Fatty acid trcatment of Type H cells isolated
from rabbit fetal lung (Aeberhardt et al., 1986) or adult rat lung (BurkhardL et
al., 1988) caused increascd microsomal CT activity without a changc in
cytosolic activity. In contrast, Chander and Fisher (1988) showed increascs in
both microsomal and cytosolic CT activity in cells from adult lung upon
treatment with fatty acids. It is difficult to draw any conclusions about CT
translocation from the studies by Acberhardt et al. and Burkhardt et al.
because cytosolic CT activity in these studics was not assayed under optimal
conditions i.e., lipids required for maximal CT activity were ommitted. In

another study Mock et al. (1986) showed that stearic acid causcd sclective



activation of microsomal CT in hamster hearts possibly duc to membrane
modification by the fatty acid. It was unclear whether cytosolic CT had
correspondingly decrcascd as the assays were not performed under optimal
conditions (indced thc authors cautioned that translocation of CT could not be
climinated in these studies). Subsequent work by Hatch and Choy (1990)
showed that accumulation of fatty acids in hypoxiated hamster hcarts may
have caused a tramslocation of CT from cyiosol to microsomes. Weinhold ez al.
(1991) have shown that fatty acids stimulated PC biosynthesis in Hep G2 cells
via activation of CT. Both cytosolic and microsomal fractions showed increased
CT activity which was confirmed by immunochemical techniques.

In some cell types CT may also be regulated by its aggregation state.
Weinhold et al. (1989) have demonstrated the presence of two forms of CT in
the cytosol of lung, Hep G2 cells, A549 cells and alvcolar type II cells, the so-
called L-and H-forms. The L-form, which is a dimer of the MW 42,000 subunit,
requires lipids for activity, whereas the aggregated H-form is a lipoprotein
and rclatively independent of lipids for activity. More recently, an
investigation of the relationship between the cytosolic and membrane forms
of CT in rat lung has revealed that oleic acid caused the translocation of the
cytosolic L-form of CT to membranes where it was present as the H-form
(Fcldman et al., 1990). In addition, oleic acid, which stimulated PC biosynthesis
via activation of CT in Hep G2 ccils, caused an increase in both cytosolic and
membrane CT activitics as evidenced by immunological techniques (Weinhold
et al., 1991). This increase was independent of protein synthesis. The increase
in cytosolic CT was due to an increase in the H-form and it was concluded that
fatty acids promoted the formation of native CT (H-form) from a pre-existing

inactive form (undetected by immunochemical methods) in Hep G2 cells.
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The subcellular distribution of CT has been proposed to be rcgulated by
various mechanisms (rcviewed most recently by Vance 1989 and 1990).
Briefly, these include a reversible phosphorylation mecchanism where
dephosphorylation of CT causes it to translocate to mcmbrancs and
phosphorylation reverts it back to the cytosol (Sanghcra and Vance. 1989).

Faity acids have becn proposcd to regulaic CT binding to ccllular
membranes. In cultured hepatocytes, albumin-bound fatty acids caused a 2- to
3-fold stimulation of PC biosynthesis accompanied by translocation of cytosolic
CT to microsomes (Pelech er al., 1983). An cven more dramatic cffcct was scen
when HeLa cells were treated with fatty acids. Oleatec (1 mM) stimulated a 5 10
10-fold stimulation of PC biosynthesis accompanied by a dramatic
redistribution of cytosolic CT to membrancs (Pclech et al., 1984; Corncll and
Vance, 1987a). The addition of albumin to the incubation mcdia extracted the
cellular fatty acids and reversed thesc cffects.

Diacylglycerols and PC levels have also been proposed to modulate the
subcellular distribution of CT. Choy et al. (1979) rcported that incrcased
amounts of diacylglycerol (DG) in Phospholipasc C-trcated or
hypercholesterolemic rat liver cytosol promoted aggregation and activation of
CT. In addition, CT was seen to bind DG-enriched phospholipasc C-trcated
membranes and to egg PC vesicles containing 20-30 mol% DG (Corncll and
Vance, 1987b). More recently, Kolesnick and Hermer (1990) have shown that
DiCg, a DG analogue, promotes purified CT to bind to boiled microsomes.

In another approach, intact cells were treated with cxogenous
phospholipase C which degraded PC on the plasma membranc 1o produce DG
and phosphocholine (Sleight and Kent, 1980; 1983a; 1983b; 1983c; Wright et al.,
1985; Tercé et al., 1988). In these siudies, a reversible stimulation of PC

biosynthesis and CT translocation to mecmbranes was observed. However, it was
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not clear whether the effects scen were due 1o increased DG or reduced PC
levels. Evidence for a ncgative feedback rolc for PC came from studics on
cholinc-deficient rat liver (Yao et al., 1990) and rat hcpatocytes (Jamil et al.,
1990) which indicated that PC levels could modulate the binding of CT to
membrancs; decreased PC levels caused CT to translocate tb membrances,
whereas increased PC levels caused CT to revert to the cytosol.

It is clear from these studics that, although CT in most cases regulates PC
biosynthesis in a variety of cell types and conditions, the regulation
mechanisms of the cnzyme itself are very complex and dependent on the tissue
or cell type under consideration and the conditions of incubation.

Fig. 3 summarizes the possible mcchanisms of regulation of CT.

The full length ¢cDNA of rat liver CT has been cloned (Kalmar et al.,
1990). It contains an open reading frame cncompassing 367 amino acids. The
predictcd MW of 41,720 compares well with a MW of 42,000 estimated by SDS-
PAGE of purified rat liver CT (Sanghcra and Vance, 1989; Cornell, 1989). CT has
been shown to exist as a dimer of the 42 KDa subunit (Cornell, 1989). The
predicted amino acid sequence reveals several potential phosphorylation sites.
Indeced, CT has been shown to be highly phosphorylated in HeLa cells (Watkins
and Kent, 1990; Utal ez al., 1991). In addition, there do not appear to be any
known consensus scquences for sites for covalent attachment of lipids. Rat
liver CT has very little homology with protein kinase C (PKC), an enzyme
which shares many regulatory properties with CT, for example, activation by

anionic phospholipids, diacylglycerols and fatty acids, and inhibition by



Fig. 3. Proposed Mechanisms for Translocation of CT Between
Cytosol and Endoplasmic Reticulum. It is postulated that CT cxists in
cytosol in an inactive, and phosphorylated form. The enzymec can be
translocated to the cndoplasmic reticulum (ER) by dcphosphorylation, or the
phosphorylated form could be bound to thc membrane in the presence of
increased fatty acids or DG, or decrcased PC. Upon binding to mcmbrancs CT is
activated by the lipids in the mcmbrane. The association of CT with ER can be
reversed by phosphorylation by a kinasc such as cAMP-dcpendent protein
kinase or reduction in the levels of fatty acid or DG, or increase in PC.

(Modified from Vance, 1989).
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sphingosine (Rando, 1988; Sohal and Cornell, 1990). An important feature of
the predicted amino acid scquence of CT is a 58 residuc amphipathic a-helix

which is bclieved to mediate the association of CT with membrance lipids.

¢) Cholincph hotrs - the final step in PC biosynthesis is the

condensation of CDP-choline with DG, a rcaction catalyzed by
cholinephosphotransfcrasc (CPT). CPT is an integral mecmbranc protcin
localized largely on the ER (Van Golde et al., 1971). To datc complcte
purification of CPT has not been reported. The cnzyme appears to be gencrally
non-sclective for its DG substrate. Ide and Weinhold (1982) showed that the PC
formed was of the samec molecular specics as that of the substratc DG which was
endogenously gencrated by incubating rat lung microsomes with various fatty

acid precursors of DG.

1.1.2. Methylation of Phosphatidylethanolamine

The second route for PC synthesis involves N-methylation of PE.
Successive transfer of three methyl groups from S-adenosyl-L-mecthioninc
(AdoMet) to PE is catalyzed in rat liver by a single cnzyme, PE N-
methyltransferase (PEMT), generating PC, the final product (Ridgway, 1989).
Bremer and Greenberg (1960) discovered that the mecthy! groups of cholinc
could be derived from S-adenosylmethionine by transmcthylation. Conversion
of PE to phosphatidylmonomethylethanolaminc (PMME), thc first mecthylation
step is rate-limiting for this route (Bremer and Greenberg, 1961). In ycast two
methyltransferases arc involved in the pathway, onc enzyme catalyzing the
conversion of PE to PMME (phosphatidyl-N-monomecthylcthanolamine) and
the other catalyzing all threc reactions (Scarborough and Nyc, 1967). The

purification of rat liver PEMT to homogeneity was reported by Ridgway and

13



Vance (1987) who showed that the enzyme was an 18.3 KDa protein as analyzed
by SDS-PAGE.

PE mecthylation accounts for 20-40% of PC synthesis in the liver, the
only organ wherc it might be quantitatively important (Sundler and Akesson,
1975). PE methylation activity was the highest in the liver and very low in

other organs (Bremer and Greenberg, 1961; Vance et al., 1982).

The literature on the subcellular distribution appears to be inconsistent.

PEMT activitics have been reported in the ER, and cis-Golgi whercas
mitochondrial and plasma membrane associated PE methylation activities have

been attributed to contamination from ER (reviewed by Ridgway, 1989).

1.1.3. Are the CDP-Choline and PE Methylation Pathways Coordinately
Regulated?

The two major pathways for PC biosynthesis appear to be coordinately
rcgulated.  Unsaturated fatty acids which stimulate PC biosynthesis from
choline in culturcd rat hepatocytes (Pelech et al., 1983) were found to inhibit
PE methylation (Audubert et al., 1984). Conversely, when PE methylation was
inhibited by 3-dcazaadenosine (DZA) (Chiang and Cantoni, 1979), a 2 to 3-fold
incrcasc in PC synthesis from choline was obscrved (Pritchard et al., 1982).
Similar results werc observed in the livers of rats or hamsters treated with 3-
DZA. In thesc tissucs, although PE methylation was inhibited, overall
phospholipid and PC content rcmained unchanged, presumably compensated
for by thc greatly incrcased incorporation of choline into PC (Chiang et al.,
1980). In addition, in the livers of choline-deficient rats where PC synthesis
via thc CDP-choline route is inhibited, there was a 2-fold elevation in in vitro
PEMT activity (Schneider and Vance, 1979; Hoffman er al., 1980) and was the

dircct result of increased PE leveis in thc membranes (Ridgway et al., 1989).
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More recently, PC biosynthesis in Madin-Darby Caninc Kidncy (MDCK)
cells has beecn shown to be inhibited by a phospholipid analoguc,
hexadecylphosphocholine (Haase et al, 1991). Interestingly, whercas the PC
content in hexadecylphosphecholine-trcated MDCK cclls was decrcased, PE
mass was shown to be increased, indicating that PE mcthylation might

compcnsate for some PC.

1.1.4. Base Exchange

Basc exchange reactions have been defined by Kanfer as thosc which
‘catalyze the incorporation of thic aminoalcohols normally found in
phospholipids into their corresponding phospholipids’.  Kanfer also suggested
that base exchange reactions are not responsible for nct phospholipid
synthesis but for remodeling of preexisting membranc phospholipids.

Phospholipase D and basc-exchange activitics arc often considered
together since they rcact with the samc moicty of the phospholipid molccule.
Basc exchange enzymes catalyze the substitution of a free cthanolamine,
serine, choline or inositol for a similar substituent on thc preexisting
phospholipids. Phospholipase D, on the other hand, is a hydrolytic cnzyme
which liberates the amino alcohol from intact phospholipids giving risec to
phosphatidic acid. As reviewed by Kanfer (1989), basc cxchange activitics
have becn studied in microsomes from various sources. It also appcars to be a
distinct enzyme activity from phospholipasc D.

Suzuki and Kanfer (1985) rcported the purification of scrinc and
ethanolamine base exchange enzyme activity from solubilized rat brain
microsomes to apparent homogencity. The enzyme has a MW of 100,000 bascd
on SDS-PAGE. Of the phospholipids tested only PE was capable of being the

acceptor.
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In contrast to PC biosynthesis the exchange of L-serine with the
cthanolaminc moicty of PE is belicved to rcpresent the principal route of PS
biosynthesis in animals (Yavin and Zeigler, 1977). Mutant Chinese Hamster
Ovary (CHO) cells auxotrophic for PS showed reduced serine base ecxchange
activity (Kuge et al., 1985, 1986a, 1986b). Studies indicated that these
auxotrophs were deficient in ccllular PS but not PC, suggesting that PC
synthesis by cxchange is of minimal importance. Choline exchange in CHO

cells appears to bc a futile process since PC is required as a lipid acceptor.

1.1.5. PC Biosynthesis from Lysophosphatidylcholine

The biosynthesis of PC from lysophosphatidylcholine (LPC) has been
reviewed by Choy and Arthur (1989). Synthesis of PC from LPC serves not only
to reducc the levels of LPC which is cytotoxic at high concentrations, but may
also play a role in regulating the levels of free fatty acids (Irvine et al, 1982)
and for remodeling PC.

In studies with isolated and perfused Hamster hearts, Savard and Choy
(1982) cstimated that 14% of newly formed cardiac PC might be accounted for
by rcacylation of cxogenous LPC. The in vivo formation of PC by the acylation
of LPC has also been shown in the arterial wall (Portman and Illingworth,
1974).

In mammalian tissue LPC acylation is regulated by two ways:

1) an acyltransfcrase catalyzes the transfer of an acyl group from acyl CoA to
LPC,

2) a transacylation reaction involves the transfer of an acyl group from
anothcr phospholipid directly to LPC without the release of free fatty acid.

The acyltransferase activities involved in the acylation of LPC to PC

have been reported in the cytosolic, microsomal, mitochondrial and nuclear
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fractions of a varicty of tissues. Although acyltransferasc activitics have been
reported in rat and pig livers, lung and brain, it is unclear to what cxtent they
may contribute to overall PC biosynthesis. As mentioned above, 14% of thc PC
may be derived from LPC acylation in hamster heart. This pathway may bc
significant in this organ as a mecthod of rcgulating the levels of free fauy

acids which arc the principal sources of cnergy in the cardiac tissuc.

1.1.6. Precursors of Glycerolipid Synthesis

The regulation of glycerolipid synthesis has been reviewed in detail by
Brindley (1985). Phosphatidic acid (PA) plays a central role in glycerolipid
synthesis. It can be channcled to the synthesis of acidic phospholipids,
phosphatidylinositol, phosphatidylglycerol and diphosphatidylglycerol via
CDP-diacylglycerol, or PA can bc dcphosphorylatcd by phosphatidatc
phosphohydrolase (PAP) to DG. DG is a precursor for zwiticrionic
phospholipids, PC, PE and for triacylglycerol (TG). In most tissucs PA is
thought to be derived from the mctabolism of glyccrol-3-phosphatc formed by
glycolysis. In the liver glycerol-3-phosphate is also obtained by
phosphorylation of glycerol and can bec acylated to I-monoacylglycerol-3-
phosphate (or lysophosphatidic acid) by glyccrolphosphatc acyltransferase.
PA can also be synthesized by acylation of dihydroxyacctonc phosphate
(DHAP) by glycerolphosphate acyliransferase. In rat liver slices, it was shown
that 50-70% of glycerolipid synthesis occured by acylation of DHAP (Manning
and Brindley, 1972). Similar estimations were obtained in lung type II cclls

(Mason, 1978) and BHK-21 and BHK-TS-a/lb-2 cclls (Pollock et al., 1976).



1.1.7. Phosphatidate Phosphohydrolase

Phosphatidatc Phosphohydrolase (PAP) plays an important role in
glycerolipid synthesis as it can dephosphorylatc PA to provide DG, a precursor
for the synthesis of zwittcrionic phospholipids, PC and PE and for TG. The
purification of the cnzymc has not been reported to date. Much of the initial
characterization of PAP activities has been reported from the laboratory of Dr.
David N. Brindlecy. PAP has been reported in plasma membrane, lysosomcs,
mitochondria, ER and cytosol (Brindley, 1984 and 1938). There are at least two
different PAP activities in the liver (Martin et al., 1991; Jamal et al., 1991). The
cytosolic PAP activity is dependent on Mg2+, is inhibited by thiol group
reagents such as N-cthylmaleimide and can translocate to the ER (Brindley,
1984 and 1988) and mitochondria (Freeman, 1989) in response to fatty acids.
This type of regulation of PAP is consistent with a regulatory role in
glycerolipid synthesis.

The second PAP activity has distinct properties from the one just
described. The second PAP has a plasma membrane location, is not inhibited
by N-cthylmalecimide, and is not stimulated by Mg2+ (Jamal et al., 1991). The
plasma membranc location of the enzyme is consistent with a role in signal
transduction. The plasma membrane PAP may play a major role in the
dephosphorylation of PA following agonist- or phorbol ester-stimulated
phospholipase D hydrolysis of phospholipids. This has a two-pronged
implication; not only would the plasma membrane PA contribute to the
sccond and sustained phase of DG in agonist- or phorbol ester-stimulated cells,
but would do so by preventing the accumulation of PA thercby making the PA
signal short-lived. Both DG and PA are considered second messengers but their

specific targets, besides the well known activation of protein kinase C by DG,
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are largely unknown. In addition, CT can bec targeted by TPA-stimulated DG

(Utal et al., 1991).

1.2. PHORBOL ESTERS; AN HISTORICAL PERSPECTIVE

Phorbol esters arc a class of potent tumor-promoters which exert
profound effects on cell growth and prolifcration. In /941, Berenblum while
investigating the relatedness of certain skin irritants to their role in
carcinogenesis at Oxford University in England, described the oil from croton
seeds as ‘cocarcinogenic’. Croton sceds arc obtained from Euphorbiacea croton
tiglium L., a leafy shrub native to southcast Asia. Thec studics of Berenblum
stemmed from investigations begun in 1936 10 dctermine whcther ‘an optimal
degree of irritation was nccessary for carcinogencsis’.  Substances such as
xylene, turpentine and croton oil were tested in the now classic ‘Berenblum
Experiments’ to ascertain whether certain substances, without themsclves
being carcinogenic, could ‘augment the tumor-producing action of a
carcinogenic agent when the degrec of irritation by the latter was
insufficient’. A petroleum ether extract of croton oil (called croton residuc)
was found to possess even greater cocarcinogenic action than total oil. It was
more than twenty ycars before the successiul isolation and clucidation of the
chemical structure of the tumor-cnhancing constituents of croton oil were
reported (Van Duuren et al.,, 1963; Van Durren and Orris, 1965; Hecker, 1968).
The croton residue was reported to have cleven compounds with similar
molecular structure and these were described as dicsters of phorbol, the
parent compound (Hecker, 1968). In the samec rcport, an investigation of somec
syrnthetic 12-0 -acyl-phorbol-13-acctates as a function of fatty acid chain
length, showed that a chain length of 14 carbons at position 12 confcrred the

greatest cocarcinogenic activity on the phorbol cster.



Subscquently, other biological effects of phorbol and four synthetic
diesters of phorbol werc correlated with their tumor-promoting potentials
(Baird and Boutwell, 1971; Baird, Sedgwick and Boutwell, 1971). 12-0-
tetradecanoylphorbol 13-acctate (TPA) and phorbol-12,13-didecanoate were
found to be the most effective in tumcr-promotion as well as stimulation of
DNA, RNA and protein synthesis in mouse epidermis. Phorbol, the parent
compound, was ineffective. Fig. 4 shows the structure of TPA, biologically the
most potent phorbol ester.

Studics on he effccts of TPA on phospholipids were initiated after it was
rationalized that TPA most probably interacted with membrane sites which
controlled DNA synthesis and cell division (Siiss et al., 1971; Rohrschneider et
al., 1972), particularly as studies by Sivak et al. indicated that cell membranes
arc important targets for phorbol esters (Sivak et al., 1969; Sivak ei al, 1972;
Sivak, 1972). Rohrschneider er al. (1972) and others showed that TPA
stimulated the incorporation of 32Pi (Balmain and Hecker, 1974) and
[3H]choline (Rohrschneider et al., 1973) into phospholipids, the greatest effrt
being on radiolabeling of PC. This effect was independent of protein or RNA
synthesis and was deduced to be due to pre-cxisting enzymes. These studies
also correlated positively the stimulation of phospholipid synthesis with the
tumor-promoting ability of different phorbol esters. Subsequent studies with
bovinc lymphecytes (Wertz and Mueller, 1978) and HeLa cells (Kinzel et al.,
1979) confirined the potent stimulatory cffect of phorbol esters on PC
mctabolism.  The significant correlation between the stimulation of
[3H]choline incorporation in cell cultures and the tumor-promoting abilitics
of phorbol esters led Kinzel et al. (1979) to suggest the use of [3H]choline
incorporation into cell lines as a measure of the potency of tumor promoting

substances.
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1.3. ACTIVATION OF PROTEIN KINASE C BY PHORBOL ESTERS

1.3.1. Protein Kinase C as a Phorbol Ester Receptor

Protcin kinasc C (PKC) was discovered in the laboratory of Dr. Yasutomi
Nishizuka at Kobe University in Japan as a novel proteolytically-activated,
cyclic nuclcotide-independent protein kinase (Inuoc et al, 1977; Takai et al.,
1977) and was subscquently shown to be dependent on Ca?+ and acidic
phospholipids in vitro (Takai et al., 1979b). The simultancous discovery that

this kinasc was activated by diacylglycerol (DG), a product of

phosphatidylinositol-4,5-bisphosphate  (PIP;) turnover (Takai et al., 1979a;
Kishimoto er al., 1980) suggested that protein kinase C had an important role in
this signal transduction pathway. Available evidence suggested that phorbol
esters exerted their effects at the cell surface by binding to specific receptors
(Dricdger and Blumberg, 1980; Shoyab and Todaro, 1980; Jaken et al., 1981).
However, it was not until PKC was identified as the major cellular receptor for
phorbol esters, that a role for PKC in tumorigenesis was established (Ashendel
et al., 1983a, 1983b, 1983c; Leach e: al., 1983; Neidel et al., 1983).

Onc of the most important observations was that TPA could activate PKC
by substituting directly for DG without involving PIP, breakdown (Castagna et
al., 1982). Subsequently, Sharkey et al. (1984) showed that DG interacts with
PKC at the same site as phorbol esters. Activation of PKC by diacylglycerols

and other lipids has been reviewed (Bell, 1986; Nishizuka, 1986; Bell and Bumns,

1991).

1.3.2. Translocation of PKC

PKC was shown to be rcgulatcd by movement between the cytosol and
plasma mcmbranc by Kraft and Anderson, who initially showed that phorbol

cster treatment of EL4 thymoma cells caused a 90% decrease of cytosolic
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phorbol ester receptor (Kraft and Anderson, 1982), and subscquently showed
that TPA causcd a concomitant incrcase of PKC in thc plasma mcmbrancs of
parietal yolk sac (PYS) cells (Kraft and Andcrson, 1983). At thc samc time
Ashendell er al. (1983) also showed that PKC could move between the cytosol
and cecll membrancs. Since then the phorbol ester-induced rapid and
quantitative translocation of PKC from cytosol to mecmbrancs has been

documented in almost every cecll type under investigation.

1.3.3. Synergistic Activation of PKC by Ca’* and Phorbol Esters

The synergistic effect of Ca?* and phorbol esters on PKC translocation
and activation was investigated and a model proposed in which Ca2*, which was
ineffective by itself, recruited PKC to the plasma membrane, thus priming the
system for activation by phorbol csters (Wolf et al., 1985; May et al., 1985).
Ganong et al. (1986) hypothesized that DG interacts with Ca2* o stabilizc the
membrane-bound PKC. Similarly, Siess and Capetina (1988) have suggested
that Ca2* may prime the binding of PKC to human platclet plasma membranes,
placing it in a strategic position for activation by phorbol esters. Indeced,
concentrations of phorbol esters that by :hcmselves caused only slight PKC
activation, elicited rapid and large PKC stimulations when added in
combination with low concentrations of calcium-mobilizing agents.

Snoek et al. (1988) have proposcd a model in which the initial binding
of PKC to membranes is electrostatic involving calcium bridges. DG or phorbol
esters induce tighter binding to mcmbrancs favouring hydrophobic
interaction and facilitating activation of PKC. This model supports the
findings that PKC may be able to interact with membrancs in cither a tightly-

or loosely-bound fashion (Gopalakrishna et al., 1986; Bazzi and Nclsustuen,

1989).
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phorbol cster receptor (Kraft and Anderson, 1982), and subsequcntly showed
that TPA caused a concomitant incrcasc of PKC in the plasma membranes of
parictal yolk sac (PYS) cells (Kraft and Anderson, 1983). At the same time
Ashendell et al. (1983) also showed that PKC could move between the cytosol
and cell membranes. Since then the phorbol ester-induced rapid and
quantitative translocation of PKC from cytosol to membranes has been

documented in almost cvery cell type under investigation.

1.3.3. Synergistic Activation of PKC by Ca?* and Phorbol Esters

The synergistic effect of Ca2* and phorbol esters on PKC translocation
and activation was investigated and a model proposed in which Ca2*, which was
incffective by itsclf, recruited PKC to the plasma membrane, thus priming the
system for activation by phorool esters (Wolf et al., 1985; May et al., 1985).
Ganong et al. (1986) hypothesized that DG interacts with Ca2* to stabilize the
membranc-bound PKC. Similarly, Siess and Capetina (1988) have suggested
that Ca2* may primc the binding of PKC to human platelet plasma membranes,
placing it in a strategic position for activation by phorbol esters. Indeed,
concentrations of phorbol esters that by themseclves caused only slight PKC
activation, clicited rapid and large PKC stimulations when added in
combination with low conceutrations of calcium-mobilizing agents.

Snoek et al. (1988) have proposed a model in which the initial binding
of PKC to membranes is clectrostatic involving calcium bridges. DG or phorbol
esters induce tighter binding to membranes favouring hydrophobic
interaction and facilitating activation of PKC. This model supports the
findings that PKC may bc able to interact with membranes in either a tightly-

or loosely-bound fashion (Gopalakrishna et al., 1986; Bazzi and Nelsustuen,

1989).



1.3.4. Down-Regulation of PKC

Prolonged treatment of cclls with phorbol esters causes down-
regulation of PKC. A down-modulation of [3H]phorbol-12,13-dibutyratc
binding sites upon prolonged trcatment of GH4 CI rat pituitary cclls with
ptorbol esters was first shown by Jaken er al. (1981). It was subscquently
shown that membrane-associated PKC was susceptible to limited protcolysis by
calpain (Kishimoto et al., 1983), and that prolonged trcatment of many cell
types with phorbol esters caused a total disappearence of ccllular PKC activity
(Rodriguez-Pena and Rozengurt, 1984). This disappcarcnce of PKC was
confirmed by Ballester and Rosen (1985) who showed a complcte loss of
immunodetectable PKC from GH3 cclls after prolonged trcatment with phorbol
esters.

Phorbol csters werc shown to have no cffect on cither the synthetic
rate of PKC (Woodgett and Huntcr, 1987) or the levels of PKC-specific mRNA
transcripts (Young et al., 1987; Mizuguchi ez al., 1988). It has been suggested
that calpain may be the protease responsible for PKC degradation, sincc

leupeptin, a calpain inhibitor, prevented the loss of PKC by TPA (lo et al.,

1988).

1.3.5. PKC Heterogeneity

Structural information on PKC first became available when the protein
was cloned. Oligonucleotide probes based on a partial amino acid sequence of
purified bovine brain PKC were used to obtain cDNA clones from bovinc brain
cDNA libraries (Parker et al., 1986). Thc complcte primary structure of PKC
was elucidated and revealed cysteinc-rich domains followed by a putative Ca2*-
binding domain at the amino terminus. Substantial homology with other

protein kinases was revealed at the carboxyl terminus. Bascd on this study, it



was shown that therc was considerable hetcrogeneity in the so-called PKC
family, and Northern and Southern hybridization analyses suggesied an even
greater genetic complexity than was revcaled in these studies. To datc seven
isozymes of PKC, namcly o, B (BI plus BII), v, 8, € and , have been discovered.
This heterogeneity and its implication in cellular regulation has been
reviewed by Nishizuka (1988) and Kikkawa et al. (1989). These isozymes have
dissimilar cofactor requirements, bind to phorbol esters with different
affinitics (Burns et al., 1990) and are differentially translocated to membranes
(Fournicr et al., 1989). The isozymes also have different susceptibilies to
protcolytic dcgradation in vitro and in intact cells treated with TPA (Huang et
al., 1989). Morcover, different cell lines show different patterns of TPA-
induced downregulation of PKC (Adams and Gullick, 1989; Robes-Flores et al.,
1991). It is also known that some PKC sub-types arc more resistant to down-
rcgulation in TPA-treated cells than others (Strulovici et al, 1991). Clearly
PKC sub-types have distinct properties from each other and the elucidation of
their roles in different cell types is a logical progression in their study.

Indced, a baculovirus-insect cell expression system developed in the
laboratory of Dr. Robert Bell (Duke University, North Carolina) for the
cxpression of different PKC sub-types appears to be a powerful tool for the
characterization of the individual proteins (Burns et al., 1990). This approach
in studying individual sub-types of PKC is extrcmely useful given the
difficultics in the consistent scparation of the proteins from ecach other.

Onc of the most important challenges in the study of PKC is finding the
natural ccllular substrates for the various sub-types.

Morc recently, an interesting twist was added to the study of PKC
rcgulation by Pelech er al. (1991). The authors showed that in rabbit platelets

trcatcd with TPA therc was conversion of PKC-B from being calcium- and lipid-
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dependent for histone 1 phosphorylation to forms that had different clution
characteristics upon Mono Q column chromatography and correspondingly
different co-factor requirements. Trcatment of two of thesc forms of PKC with
alkaline phosphatase resulted in a protein with the characteristics of the
original form, suggesting that thc phosnhorylation statc of PKC has important

implications in the regulation o its activity.

1.4. TPA-STIMULATED PC BIOSYNTHESIS VIA THE CDP-CHOLINE

PATHWAY

1.4.1. TPA Stimulates PC Biosynthesis in a Variety of Cell Types

The effect of phorbol csters (or croton oil, before purification and
characterization of its cocarcinogenic constituents in the 1960s) on
phospholipid metabolism has been under intense investigation cver since it
was hypothesized that phorbol csters mediated their pleiotropic cffects via the
outer cell membrane (sec scction 1.2). Studics in the carly 1970s showed that
the increased incorporation of [3H]choline into PC was onc of the largest
known responses to TPA and thc stage was sct for the study of PC biosynthesis
stimulated by TPA via the CDP-choline route, particularly with respect to the
role of this event in carcinogencsis (Rohrschneider et al., 1972,
Rohrschneider et al., 1973; Balmain and Hecker, 1974). Subscquently, othcr
studies confirmed the increased incorporation of [3H]cholinc or 32Pi duc to
TPA into the phospholipids of bovine lymphocytes (Wertz and Muclicr, 1978),
Hela cells (Kinzel, 1979; Paddon and Vance, 1980; Guy and Murray, 1982) human
myeloid leukemia cells (Cabot et al., 1980), cultured myobiasts (Grove and

Schimmel, 1980), thec neuroblastoma-glioma hybrid cell line, NGI108-15
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(Liscovitch, 1986), GH, pituitary cells (Kolesnick and Paley, 1987; Kolesnick,
1989), and morc rccently by Kiss er al. (1991) in rat-1 fibroblasts, NIH 3T3
fibroblasts and A-raf-transformed 3T3 fibroblasts. Wertz and Mucller (1978)
and Kinzel et al. (1979) also showed that this response, as it was unaffected by
inhibitors of RNA and protein synthesis, was due to pre-existing enzymes.
Although a wide varicty of agents have been shown to stimulate PC
biosynthesis mainly by activation of CTP:phosphocholine cytidylyltransferase
(CT), the ratc-limiting enzymec in the CDP-choline pathway (see scction 1.1.1
b), the mcchanisms immecdiatcly preceeding CT activation are unclcar. Many
hormonal and growth factor cffects appear to be due to PKC activation caused
by DG production via the phosphatidylinositol signal transduction pathway
(Berridge et al., 1987). Since phorbol csters are now commonly used to probe
PKC function because of their structural similarity to DGs, the literature
review in this scction will be confined exclusively to the effects of phorbol
esters on PC biosynthesis and references will be made to exogenous DG-

mediated cvents where appropriate.

1.4.2. The Mechanism of Stimulation

The clucidation of the mechanism whereby phorbol esters stimulate PC
biosynthesis was begun in the laboratory of Dr. Dennis Vance. It was shown
that TPA stimulated PC biosynthesis in Hela cells by increasing the rate of the
rcaction catalyzed by CT without affecting the in vitro activity or kinetic
parameters of the cnzyme (Paddon and Vance, 1980). Subsequently Hill et al.
(1984) confirmed thesc observations in TPA-treatcd rat skeletal myoblasts.
Further investigation revealed that there was a 2.3-fold activation of CT
activity in thc homogenates of TPA-treated Hela cells (Pelech, Paddon and

Vance, 1984). Subcellular fractionation studies showed that TPA activated CT



by causing it to translocatc from an inactive cytosolic form to an uctive
membrane-associated form. The mechanism of TPA-clicited CT translocation
was studicd by Cook and Vance (1985) and shown not to bc duc to the releasc of
free fatty acids. Previously, fatty acids had becen shown to translocate cytosolic
CT to membranes in rat hepatocytes (Peclech et al.,, 1983) and Hela cells (Pclech
et at., 1984). Cook and Vance (1985) also showed that CT could not be
phosphorylated by PKC using partially purified preparaiions of the cnzymes.
Subsequently, Jamil, H. and Vance, D.E. (unpublishcd observations) werc able
1o reproduce a similar result with pure PKC and CT. Watkins and Kent (1990)
showed for the first time by immunoprecipitation mecthods that the
phosphorylation state of cytosolic CT was unchanged by TPA-trcatment of Hcla
cells. This study was, however, unable to reproduce the carlier studics of
Pelech et al. (1934) showing TPA-mecdiated CT translocation to membrancs. The
authors werc also unable to visualize cytosolic CT by immunoblotting mecthods.
Subsequently, Utal et al. (1991) resolved the issuc by demonstrating that CT
translocation to mecmbranes did indeed occur upon TPA-trecatment of HeLa
cells, both by activity mcasurements and immunoblotting mecthods. The
authors also confirmed the lack of a change in the phosphorylation statc of
cytosolic CT as reported earlier by Watkins and Kent (1990). It appcars from
these studies that fatty acid accumulation or a dircct phosphorylation of CT as
mechanisms of translocation t0 membrancs in responsc to TPA can be ruled
out.

TPA has been shown io stimulatc PC biosynthesis in a varicty of ccll
types and generally appears to be duc to activation of the rate-limiting cnzyme
for PC biosynthesis, CT. While it is gencrally accepted that activation of CT by
TPA is due to translocation of the enzymec to membranes, the mcchanism of this

translocation was unknown. Guy and Murray (1982) showed that PC hydrolysis
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(as cvidenced by radiolabeied choline release from cells prelabeled with
{3H]choline) precceded stimulation of PC biosynthesis in HeLa cells treated
with TPA, and that this cffect conld be mimicked by treating cclls with
cxogenous phospholipase C.  The authris suggested that TPA stimulated PC
biosynthesis in a manner similar to that of phospholipase C. Earlier, frove
and Schimmel (1981) had shown that 30 min treatment of chick embryo
differentiated myoblasts with TPA caused a two-fold increase in DG which was
not duc to de novo synthesis but was derived from pre-existing phospholipids
located in the plasma membrane fraction. The authors suggested that
alterations in lipid metabolism could be secondary to increcased DG generation.
It was subscquently shown by gas liquid chromatography (GLC) analysis that
the fatty acid composition of the newly-derived DG was similar to that of PC
which indicated that TPA might stimulate PC hydrolysis via a membranc-
associated phospholipase C to generate DG which could then be metabolized
back to phospholipids (Grove and Schimmel, 1982). It was unclear until
recently how DG, a hydrolysis product of FC could stimulate PC biosynthesis
when Utal er al. (1991) provided evidence showing that the production of DG
duc to TPA-trcatment of HeLa cells caused the translocation of CT to membranes

and thercby stimulated PC biosynthesis.

1.4.3. TPA May Not Always Stimulate PC Biosynthesis

There are rcports in the literature that suggest that TPA-stimulation
may not always increase PC biosynthesis (Plagemann and Estensen, 1980; Muir
and Murray, 1988; Cook et al., 1989). Plagemann and Estensen (1980) could
show stimulation of [*H]choline incorporation into HeLa cells within 60 min
but not in 3T3 and other cultured cell lines with various concentrations of TPA

for upto 6 or 16 h. Kinzel er al. (1979) showed that TPA could stimulate



incorporation of [3H]cholinc into 3T3 cclls, an effect that has since becen
reproduced (Muir and Murray, 1987; Takawa et al., 1987; Kiss et al., 1991). 1t is
unclear why Plagmann and Estensen wcere unable to show a similar result.

In another study Muir and Murray (1988) concluded that treatment of

human platelets with phospholipase C or the DG analoguc, DiCg could stimuiate
the incorporation of 32Pi into PC over 20 min of incubation, but not with TPA
or the agonist, thrombin. It is possible that thc authors failed to take into
account the time factor; whereas phospholipase C and DiCyg could cxert their
effects almost immediately, TPA and thrombin would rcquirc a certain lag
period (presumably to activate the pathways for thc gencration of DG) before
their effects would be apparent. Therefore, the 20 min of incubation in the
study by Muir and Murray (198%) would be insufficiecnt for TPA and thrombin
to manifest themselves. Indced, a time-course study of TPA-stimulated PC
biosynthesis in HeLa cells showed a 30 min lag before increased incorporation
of [3H]choline into PC becamc apparcnt (Utal er al., 1991).

Cook et al. (1989) showed that TPA was incffective in stimulating PC
biosynthesis in the neuroblastoma cell linc (NIE-115). The significance of this
is unclear as in the samc study TPA was ablc to stimulatc PC biosynthesis 1.5 10
3-fold in Glioma (Gg) cells and to an intermediate cxtent in the hybrid cell linc,
NG108-15. The difference would appcar to be at at the level of PKC activation
or PC hydrolysis (parameters not investigated in this study) since the PC
biosynthetic machinery of the cells was opcrative as scen by oleic acid

stimulation of PC biosynthesis in all three cell lincs.

1.4.4. Does TPA Cause PC Hydrolysis to Trigger its Own Synthesis’?
Intracellular signalling by PC hydrolysis products formed duc to

treatment of cells with phorbol esters or various agonists, and thc mcchanisms
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mediating PC hydrolysis are the subjects of comprehensive reviews by Exton
(1990) and Billah and Anthes (1990), respectively. The objective of this
section, therefore, is not to list the reports that have alrcady been compiled in
thesc reviews but to try and understand instances which might diverge from
the present consensus in the literature.

It is now gencrally accepted that PC biosynthesis is triggered by PC
hydrolysis presumably by signalling from the hydrolysis products themselves.
The mechanisms whercby these hydrolysis products may stimulatc PC
biosynthesis are only beginning to be understood. Treatment of various cells
with phorbol esters invariably causes PC (and PE) hydrolysis where mecasured.
Various methods have been used to show that TPA-treatment of cells causes PC
hydrolysis. Thesc mecthods have generally been to prelabel cellular PC with
appropriatcly labeled precursors followed by analyses of intra- and extra-
cellular metabolites formed upon incubation of the cells with TPA (Reviewed
by Exton, 1990; Billah and Anthes, 1990).

It is apparent from many of these studies that PC hydrolysis and
biosynthesis arc intimately linked, and where studied it is apparent that the
former precceds the latter. A recent report has questioned this linkage
between hydrolysis and stimulation of biosynthesis (Kiss et al, 1991). This
study has comparcd the extent of TPA-mediated relcase of radiolabeled
hydrolysis products of PC and PE in various cell lines with the extent of TPA-
stimulated [3H]cholinc-incorporation.  Since the differences observed in PC
hydrolysis do not correlate quantitatively with stimulation of PC biosynthesis,
the authors conclude that PC synthesis and hydrolysis are not linked.
However, the authors appear to have overlooked several things:

(1) To analyze scriously and quantitatively correlate these two events, it is

impcrative that the specific radioactivity of the metabolites under



investigation bec considered. This may bc particularly significant if
corrclations are to be madc among different cell lines.

(2) The authors were unable td show an increasc in DG mass in TPA-trcated
3T3 cells inconsistent with a previous rcport by Takawa et al. (1987) which
showed substantial (at least two-fold) increasc in the DG content of TPA-treated
3T3 cells

(3) In some instances the data has been reported in percentages rather
than absolute values making comparisons among different ccll lincs
impossible

(4) A comparison has been made between 3T3 and A-raf-transformed 3T3
cells with respect to TPA-stimulated PC hydrolysis and biosynthesis. Ras-
transformed 3T3 cells have previously been shown to have clevated levels of
DG to start with (Wolfman and Macara, 1987; Lacal et al., 1987), higher stcady
state levels of phosphocholine (Lacal er al., 1987) and fewer phorbol cster
binding sites (Wolfman and Macara, 1987). These differences werc not taken
into account by the authors, making the intcrpretation of their results
difficult.

Due to the points mentioned above the conclusions arrived at in the
report by Kiss et al. (1991) arc questionable until more dctailed studies arc
undertaken to demonstrate uncgivocally the relationship between PC
hydrolysis and biosynthesis.

In another report, Cabot et al. (1988) have shown that phorbol esters
stimulate PC hydrolysis in REF 52 cells but not in the transformed deratives.
Although not addressed by the authors this diffcrence can be cxplained on the
basis of the observations of Wolfman and Macara (1987) and Lacal et al. (1987)
that clevated levels of DG mass in transformed cclls may downrcgulatc PKC to

some cxtent and thercfore, make them less sensitive or unresponsive (o
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phorbol cster trcatment. Indeed the data of Cabot et al. (1988) shows clevated
stcady-state levels of [2-3H]glycerol-labeled DG in the transformed cells. PC
biosynthesis was not studied in this report, making it difficult to draw
conclusions on the association between PC hydrolysis and synthesis. However
it would be logical to speculatc that the transformed derivatives would not
respond to TPA-stimulation of PC biosynthesis as they would be expected to
have a high rate of PC biosynthesis per se and low levels of PKC.

In conclusion, the data in the existing literature supports the view that
the hydrolysis products of PC stimulate its biosynthesis. However once PC
biosynthesis has bcen triggered it is possible that various catabolic pathways
may bc activated to restore homcostasis. Studies on this should provide further
insight into the balancing cellular mechanisms that come into play. Indeced
recent studies by Tijburg et al. (1991) and Tercé et al. (1991) provide evidence
that PC catabolism may be regulated by increased PC biosynthesis, presumably

by PC lcvels themselves.

1.5. STIMULATION OF PC BIOSYNTHESIS BY TPA VIA PE

METHYLATION

The contribution of the PE methylation pathway to PC appears to be
quantitatively important only in the liver (see section 1.1.2.). However recent
cvidence from Kiss (1990) suggests that in NIH 3T3 cells TPA-treatment results
in greater hydrolysis of PC derived from methylated PE than of PC derived
from the CDP-cholinc route. An earlier report by Liscovitch (1987) also
showed a release of [3H]choline from TPA-treated NG108-15 cells prelabeled
with [3H]methionine. Kiss (1990) showed that TPA-treatment of 3T3 cells
prelabeled with [14CJethanolamine caused a greater than 70% release of

{14C]cholinc from the [!4C]ethanolamine-labecled PC, compared to a 4.2% release



of [14C]choline from cells prelabeled with [14Clcholine. In the samec study it
was shown that TPA caused hydrolysis of 50% of ncwly decrived PC from PE
methylation in 3T3 cells prelabeled with cxogenous [32PJPE. These results have
important implications. They suggest that

(1) TPA may preferentially cause the hydrolysis of a very specific pool of PC,
(2) although a quantitatively minor route for PC biosynthesis, PE-derived PC
may constitutc a metabolically active pool of PC, and

(3) PE methylation may bec activated under conditions requiring PC synthesis
in non-hepatic cell lincs as in the case of TPA-stimulation via PC hydrolysis.

PE methylation in tissucs other than the liver has not attracted
attention becausc of its rclatively minor contribution to PC biosynthesis. The
findings of Kiss (1990) may, however, shift somewhat the focus of TPA-
mediated c¢ffects on PC mectabolism towards PE mecthylation.

The literature on the effects of TPA on PE mecthylation is scarce. Kelley
(1987) reported that TPA-stimulated phospholipid mcthyltransferase activity
in rat adipocytes by approximatcly 1.4-fold. In addition, Villaba et al. (1987)
reported that a purified preparation of PEMT (MW 50,000) was phosphorylated
by bovine brain PKC, and under thesc conditions PEMT activity was stimulated
two-fold. In the same study tryptic-pcptide mapping of the phosphorylated
protcin using high performance liquid chromatography rcvealed that the
protein was phosphorylated at two different sites, precdominantly at scrinc.
The work of Ridgway and Vance (Ridgway, 1989), however, indicates that the
50 kDa protein is a contaminant and that the purificd PEMT cxhibits a MW of
18,300 on SDS-PAGE. In light of these findings rcports claiming dircct
phosphorylation of PEMT nced to be reevaluated. However, it is significant
that incubation of PKC with the PEMT preparation of Villaba et al. (1987)

stimulated PEMT activity and entirely consistent with thc report by Kiss (1990)
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which shows that TPA stimulatcd the hydrolysis of PE-derived PC, suggesting
that PE mecthylation may also bc stimulated. PE synthesis is also stimulated by
TPA-treatment of myoblasts (Hill et al., 1984), 3T3 fibroblasts (Takuwa et al.,
1987) and HL60 cells (Kiss et al., 1989). These reporis are consistent with a
mechanism whereby increasced PE would be available for methylation by PEMT
to produce PC, whose hydrolysis is stimulated by TPA.

Although these reports appear to explain the results of Kiss (1990), it is
difficult to cxplain them in the context of coordinate regulation of PC
biosynthesis by the two main pathways (section 1.1.3), or the observations of
Cassilcth et al., (1981) in HL60 cells wherc TPA caused increased incorporation
of radiolabeled choline and coordinately decreased incorporation of
radiolabeled methionine into cellular phospholipids.  Moreover, in this study

TPA stimulated PC biosynthesis by only 50%, making it difficult to interpret

the results.

1.6. PKC-DEPENDENT AND -INDEPENDENT EFFECTS OF TPA AND

OTHER DG ANALOGUES

It is evident thus far that TPA, one of the most potent phorbol esters
known, is cxtensively cmployed as a probe for PKC function. TPA is believed to
be cffective becausc it is a structural analogue of DG, the natural lipid co-
factor for PKC. TPA is also reclatively metabolically stable in tissue culture as
shown by Welsh and Cabot (1987) in HL60 cells where only 1% of [20-3H]TPA
was metabolized after one hour of incubation whereas other 1,2-diacyl
analogues of DG were short-lived and rapidly metabolized (c.g., 95% of 1-
olcoyl-2-acetyl-sn-glycerol was metabolized to phospholipids, triacylglycerol

or monoacylglycerol within the onc hour of incubation). This degree of



stability makes TPA particularly compcient in sustaining biological signals
normally govermed by short-lived diacylglyccrols.

There is overwhelming conscnsus in the litcrature that TPA cxcerts its
effects exclusively via PKC activation. While this conscnsus is unchallenged,
certain biological effects that arc generally mediated by TPA via PKC
activation (and mimicked by other DG analogucs) arc somctimes said to be PKC-
independent. The rcason for suggesting that certain biological cvents can be
opcrative via PKC-indcpendent pathways is that high lcvels of cxogenous DG
analogues can bring about similar cffects in instances where PKC is inhibited
or is depleted in cclls by prolonged treatment with phorbol esters.  Since TPA-
activation of PKC generally results in accumulation of intraccllular DG it may
be incorrcct in many cases to refer to DG-mediated cvents as ‘PKC-
independent’, since this implics morc complex mcchanisms than arc
warranted. Supplying cclls with the product of PKC activation docs not
constitute a different pathway, c.g., in rat adipocytes, TPA, cxogenously added
DGs and cndogenously gencratced DGs by phospholipase C-trcatment could
mimic the stimulation of glucosc uptake by insulin (Stilfors, 1988). Long
chain DGs which arc unable to activatc PKC were also able to stimulaic glucosc
uptake. It would appcar that supplying a PKC activation product itsclf, namecly
DG, a TPA-cffect was simulated.

The list of so-called PKC-independent cffects of DG include the
following: stimulation of PC biosynthesis (Kolesnick and Paley, 1987;
Liscovitch et al., 1987), stimulation of sphingomyclin hydrolysis (Kolcsnick,
1987), activation of platelets (Ashby et al., 1985), inhibition of granulosa ccll
maturation (Shinohara er al., 1985), maturation of HL60 cclls (Krcutter et al.,
1985), superoxide production in ncutrophils (Ozaki et al., 1986), glucosc uptake

in adipocytes (Stdlfors, 1988), mobilization of intraccllular calcium in platclets

36



(Brass and Laposata, 1987) and stimulation of melanogenesis in UV-irradiated
human melanocytes (Fricdman, 1990). In most of these studies the differences

between TPA and other DG analogues can be explained quite simply.

1.6.1. PKC-Independent Stimulation of PC Biosynthesis

Reports claiming PKC-independent stimulation of PC biosynthesis can
be casily explained on the basis of intraccllular DG levels. TPA and the DG
analogucs DiCg and OaG, were shown to stimulate the incorporation of
(3H]cholinc into PC in GHj; rat pituitary cells (Kolesnick and Paley, 1987) and in
NG108-15 ncuroblastoma x glioma hybrid cells (Liscovitch et al., 1987). In
these studics, inactivation of PXC cither by its down-regulation or by the use
of H-7, a PKC inhibitor, abolished the stimulation of PC biosynthesis by TPA but
not that by the DG analogues. Morcover, treating the cells simultancously with
both TPA and DiCg resulted in an additive cffect (Liscovitch et al., 1987;
Kolcsnick, 1990), which suggested according to the authors, to be duc to
different pathways. Subscquently, it was shown that CT, the rate-limiting
cnzyme in PC biosynthesis is translccated to membranes (and thercby
activated) in response to increased intracellular DG levels (Utal et al, 1991).
Kolesnick (1990) has also provided in vitro evidence for translocation of CT by
DiCg. Therefore, it would appear that both DiCg- and TPA-mediated stimulation
of PC biosynthesis are, in cffect, via the same pathways, that of CT activation

duc to incrcased levels of DG.

1.6.2. The Differences Between DG Analogues on Sphingomyelin

Metabolism

DiCg-trcatment of GH, rat pituitary cells prelabeled to equilibrium with

[3H]choline caused a 42% deccrcase in labeled sphingomyelin compared to
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controls after onc hour of treatment, suggesting hydrolysis of sphingomyclin
(Kolesnick, 1987). Another DG analoguc OaG gave a similar result which
phorbol esters were unable to mimic. In addition, DiCg was ablc to stimulatc
sphingomyelin hydrolysis in PKC-downregulated cells.  The authors concluded
that this was a PKC-independent event. Howcver, there are reports showing
TPA-stimulated sphingomyelin synthesis in GHj3 cells (Kolesnick, 1898) and
HL60 cells (Kiss ez al., 1988). Stimulation of sphingomyeclin synthesis would
mean a dilution of labcled sphingomyclin, thereby decreasing its specific
radioactivity. A subscquent hydrolysis in the presence of TPA may not,
therefore, be readily detccted. Clearly, further dctailed studics arc nceded

before a valid conclusion regarding the apparcntly different cffects of DiCy

and TPA on sphingomyelin hydrolysis can bc made.

1.6.3. Involvement of Calcium in TPA- and DG-mediated Responses
0aG and TPA have becen shown to induce supcroxide production by
neutrophils, a characteristic of ncutrophil activation. Low concentrations of

0aG were shown to synergize with Ca?* but Ca?* had no cffect on the TPA
response (Ozaki et al., 1986), and another study showed that high

concentrations of OaG did not syncrgize with Ca2* to activatc ncutrophils
(Fugita et al., 1984). This is entircly consistent with PKC activation, where low
levels of DG synergize with Ca2* to activatc PKC but high levels arc apparcntly
sufficient in themselves to activate PKC. It is gencrally belicved that TPA-
mediated PKC activation in cclls is independent of Ca?*; OaG and TPA havc been
reported to activate platelets without causing a risc in intraccllular calcium
(Rink et al., 1983). This obscrvation is questionable because there is cvidence
that 0aG and TPA can causc incrcascs in intracellular Ca2* in platclets (Ware et

al., 1985; Brass and Laposata, 1987). Thesc discrepancics appcar to be duc to the
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differencies in the agent used by various investigators to detect changes in
intraccllular Ca2*. It is suggested that the morec commonly used methods of

dctecting small localized changes in intracellular Ca?* may not bc sensitive

cnough (Johnson et al., 1985; Ware et al., 1985).

1.6.4. Dijj - logical Effects of TPA and other DG Analogues
TPA and »-. ¢s such as DiCg and OaG have been suggested to act
via diffcrent .~.cui- . an activating platelets and neutrophils, or on the

maturation of HL60 ccils. TPA and OaG caused platelet aggregation, a
characteristic of platelet activation, and phosphorylation of a 40 kDa protein
(Ashby et al., 1985). In the same study low concenirations of OaG stimulated
cAMP production whereas high concentrations of OaG did not. TPA was shown
to inhibit forskolin-induced cAMP production.  Thercfore, high
concentrations of 0aG acted in a similar fashion to TPA. TPA generally causes
sustained DG production. Since 0aG is known to be metabolically unstable in
cell culture (scc beginning of section 1.6), a transient activation of PKC may
have caused the incrcase in cAMP. TPA causes an irreversible activation of
PKC and thercfore, a comparison between effects mediated by low
concentrations of 0aG and TPA is not valid.

It is possible that certain metabolic products of OaG may mediate the
cffects normally attributed to the DG analogue itsclf. OaG may activate
ncutrophils due to its conversion to 1-oleyl-2-acetyl-phosphatidic acid (OaPA),
a molecule structurally similar to PAF, a known activator of neutrophils
(Ingraham et al, 1982). Indeed, not only was exogenous OaPA more effective
in relcasing Ca2* from the platclet dense tubular system than QaG itself
(Laposata, 1987), but 0aG was shown to be converted to OaPA in platelets

(Kaibuchi et al., 1983),
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Another apparently different cffcct of OaG versus TPA frequently cited
in the literaturc as an cxample of PKC-independent cffects of OaG, is that of
HL60 ccll maturation. TPA has been shown to induce maturation of HL60 cells,
which OaG was unablc to mimic, although both agents activated PKC and
stimulated PC biosynthesis (Kreutter et al,, 1985). In this study TPA was shown
to causc the phosphorylation of 14 proteins, only 9 of whosc phosphorylation
was enhanced by OaG. 0aG was unable to induce maturation of HL60 cells cven
when treating cells with fresh OaG cvery 2 h for 12 h. The authors concluded
that PKC activation was nccessary but insufficient for induction of maturation.
It is possible that PKC-downregulation (or inactivation of PKC) is required for
the maturation process. DG analogues such as DiCg and OaG arc unable 10
downregulate PKC in MCF-7 (Issandou et al., 1988) or in Swiss 3T3 cclls
(Issandou and Rozengurt, 1989). Therefore, the differences in the ability of
TPA and other DG analogues to induce HL60 maturation may bc duc to the
relative metabolic stabilitics of these agents rather than activation of
different pathways.

TPA and DiCg differ in their abilitics to inhibit growth of MCF-7 cclls,
although both showed similar cffects on cell morphology and the
phosphorylation of a 28 kDa protcin (Issandou et al., 1988). In this study TPA

induced the phosphorylation of more proteins than DiCy. In addition, DiCy was

unable to mimic TPA-induced PKC downrcgulation despite repeated additions 10
the culture medium. It, thercfore, appears that DiCg was unable to mimic TPA-
induced inhibition of prolifcration duc to its inability to downrcgulatc PKC,
rather than acting via a divergent pathway.

It is clear that most of the biological ecffects mediated by TPA and other
DG analogues that are attributed to divergent pathways may be cxplained on

the basis of their rclative metabolic stabilitics and conscquently by their



abilities to activate or downregulate PKC. Indeed, recently Molina and
Ashendel (1991) have shown by immunochemical techniques that DiCg induces
the phosphorylation of PKC only half as much as TPA. Ohno et al. (1990) have
demonstrated that autophosphorylation may be a neccssary prelude to
downregulation which may cxplain why DiCg was unable to cause
downregulation of PKC in the studies cited in this thesis. Therefore, the poor
efficacy of DiCg in inducing long-term rcsponses may result in part from its
very rapid metabolism and in part from its inability to downregulatc PKC. A
recvaluation of many of the so-called PKC-independent pathways is in order.
However, there are instances where this explanation may not suffice.
Fricdman et al. (1990) showed that OaG but not TPA cnhanced meclanogenesis in
UV-irradiatcd melanocytes, and that downregulation of PKC by TPA augmented
the responsc mediated by OaG. 0aG but not TPA was able to inhibit forskolin-
induced cAMP production in granulosa cells (Shinohara et al., 1985), although

both 0aG and TPA were able to inhibit the maturation process.

1.7. THE CENTRALITY OF DG IN PC METABOLISM

It is evident from thc previous sections that DGs can evoke potent
cffects on PC metabolism. DG can exert a rcgulatory influence on the PC
biosynthctic pathway, not only by virtue of being a substrate for the
cholincphosphotransfcrase (CPT) reaction but by regulating the subcellular
distribution of the rcgulatory cnzyme in the pathway itself. The regulatory
cffect of DG as a substraic has been shown by Jamil et al. (1992) where
decreased levels of DG caused a decrease in PC biosynthesis. DG as a regulator
of CT is evident in a report by Utal ef al. (1991). It is also clear that the
production of DG as a consequence of PC hydrolysis triggers PC biosynthesis

and would appear to do this first by activating the pathway (via CT activation)



and then by itself acting as substratc because of its incrcased requirement by
CPT. In this fashion, DG can also rcgulate its own levels.

The importance of DG in PC mctabolism, thercfore, must not be
underestimated. It occupics a central position in PC mectabolism by rcgulating
PC biosynthesis at two lcvels and at the same time imposing a sclf-correcting

mechanism on the pathway by regulating its own accumulation.

1.8. IS DG A SECOND MESSENGER?

There is niounting cvidence in the litcrature that a phospholipase D is
activated via PKC activation (upon hormonc- or TPA-trcatment of cclls) to
produce phosphatidic acid (PA) which is decphosphorylated by the action of the
enzyme phosphatidatec phosphohydrolasc (PAP), giving rsisc to the so-called
second phase of sustaincd DG production. The first phasc of DG production is
rapid and transient, is derived from PIP, hydrolysis and activates PKC,
whereas the sccond phase is a conscquence of PKC activation, is sustained and
derived from PC hydrolysis (Exton, 1990; Billah and Anthes, 1990; van
Bliticrswijk et al., 1991a and 1991b).

For a molecule to be an appropriate sccond messenger, it should bc
characteristically potent and short-lived. While phasc 1 of DG accumulation
clearly satisfies these characteristics, phasc 2 of DG accumulation apparently
docs not. Therefore, the question arises: Is phasc 2 DG a sccond mcssenger at
least in those cells where it arises via PAP? Thce PA preduced by phospholipase
D appears to bc a potent and transient signal, making it a suitablc mcssenger.
PA itself has been shown to stimulate pcicntly DNA synthesis in cultured
human mesangial cells (Knauss er al., 1990) and protcin phosphorylation in
cell free systcms (Bocckino et al., 1991). PA may also bc metabolized 10

lysophosphatidic acid (IysoPA) which stimulated lipid iurnover and
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mitogenesis in fibroblast ccli lincs (van Corven et al., 1989). Indecd, it was
jater shown from thc samc laboratory that lysoPA but not PA was stinsulatory
for fibroblasts (Jalink et ul., 1990). This calls into question the stawus of the
phasc 2 of DG production. What is the biological .signiﬁcancc of this DG - is it a
seccond messenger or mercly a by-product of PA metabolism and which takes
carc of housckceping functions such as restoring PC homeostasis in activated
cells? Indeed, it has been suggested by Martinson et al. (1990) that the
conversion of PA to DG by PAP might be a ‘turn-off’ mechanism rather than
an activation,

In the same context, LPC which is normally present at low
concentrations within the cell has recently been shown to synergize with DG
and Ca2* 10 activate PKC (Asaoka et al., 1991). LPC is normally rapidly cleared
by its acylation to PC. Indecd LPC has been used to raise PC levels in
hepatocytes (Jamil et al., 1990). High levels of LPC would be potentially toxic to
cells duc to the dctergent-like properties of LPC and, therefore, requires rapid
clecarance. Its transient statc may makc it a suitable second messcnger.

It is not clear whether the second phase DG can target the activation of

other proteins; the work preseated in this thesis has identified CT as one

targel.

1.9. THE TERM ‘SECOND MESSENGER’ MAY BE IMPRECISE

As thc cascade of biochemical cvents leading to various metabolic
changes and/or DNA synthesis after cell activation is unravelled, more
molccules mediating these cvents will be discovered. Consequently, it will be
inappropriatc to label all the molecules ‘second messengers’, as a second
messenger for onc event may well be a third or fourth messenger for the same

cvent in another system. For example, PA or DG would be second messengers
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in TPA-trcated cclls, whercas in hormone-treated cclls PC hydrolysis to
producc PA or DG is gencrally considered to be downstream of recognition by
receptors, PIP, hydrolysis, €a2* mob:lization and PKC activation (Exton., 1990).
Stimulation &f cellv by certain hormones r:ults in the production of ¢cAMP aue
10 activation «f adenylatec cyclase, or DG and inosito} phosphates due to the
activation of the PIP,-specific phospholipase C. Inositol phosphates in turn
cauze the releasc of Ca?* from intraccllular storcs. DG causes the activation of
PKL which stimulates a PC-specific phospholipase D or phospholipase C to
generate the sccond phasc of DG production.  Subscquent cvents leading 10
changes in nuclecar transcription arc largely unchartered.

The seccond messenger concept arosc from E.W. Sutherland’s observation
that epincphrine activated adenylate cyclasc to catalyze the production of
cAMP on the inside of avian crythrocyic cell membranes (Sutherland et al.,
1965). The authors proposcd a multimessenger system in which a first
messenger (such as a hormonc) imteracts with sites at the cell membrane 1o
stimulatc formation of a sccond messenger which may modify cnzyme activity.
The second messenger may in turn stimulatc the formation of a third
messenger. A sccond messenger iias been defined by G. Zubay in Biochemistry
(second cdition, Macmillan Publishing Company, Ncw York) as ‘a diffusibic
small molccule, such as cAMP, that is formed at the inncr surface of the plasma
membrane in response tc a hormonal signal’. Thke discovery of other
intraccllular mecdiators cffecting hormonc- or growth factor-induced
metabolic changes renders the current definition obsoletc.  According to the
current definition, first and sccond phasc DGs, inositol phosphatcs, PA, cAMP
arc all sccond messengers, although the exact sites of their production have
not been unegivocally identified. Ca2* is also rcferred in the literature as a

second messenger, although it is not clear from which intraccllular sitc it
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ariscs. Morcover, the term ‘second messenger’ implies a hicrarchical stam:
that may not bc appropriatc nositol phosphates and Ca?* are both ievan¢ 3s
second messengers, yet one preceeds the other as is the case for thi yivres of
DG production). Indecd, J.K. Grant cautioned that the term ‘messenger’ be used
with caution (Sutherland et al., 1965). Therefore, I propose that the term
‘sccond messenger’ be replaced by ARIEL (A Rapid Intraccllular Effector
Link) to cmbracc all such molecules that arc presently called second
messengers and those that are yet to be discovered. Since Aricl was an airy
spirit, who frcquently acted as a messenger in William Shakespeare’s The
Tempest, this -crm is in kecping with the concept of ‘second messcnger’
biochemical molccules. Thercfore, ARIELS would be defined as ‘small
molccules such as DGs, inositol phosphates and calcium, generatcd in responsc
to extraccllular activating signals, and effecting various biochemical
responses such as protein phosphorylation, which may affect cellular
mctabolism and may ultimately lead to nuc.car transcription’.

In this thesis the term ‘second messenger’ has beci used as currently
understood in the litcrature, which is that a second messenger is a molecule

generated in response to an cxtracellular agent.

1.10. RATIONALE AND OBJECTIVES OF THESIS

As is apparcnt from the literature review in this chapter, TPA stimulates
PC mctabolism in a varicty of cell types, including HeLa cells. The stimuletior.
of PC biosynthesis appears to be duc to the activation of the CDP-choline
pathway via the rate-limiting cnzyme, CT whose regulation in turn is diverse
and complex. Therefore, the major objective of this study was to elucidate the
mcchanism(s) whercby TPA caused the activation of CT. A model for TPA-

cliciicd CT translocation in Hela cells was proposed (kig. 5).
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The objectives of this thesis were to determine

1) whether CT was translocated to membrancs upon TPA-trcatment of HeLa

cells

2) whether the translocation of CT was duc to a reversible phosphorylation

mechanism

3) whether increascd DG levels or decreascd PC levels duc to TPA-treatment
modulated associaiion of CT with mcmbrancs

4) the subccllular location of translocated CT by immunocytochemical

techniques.
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Fig. S. Proposed Schematic Outline for CT Translocation to

Membranes in TPA-Treated HeLa Cells. It was postulated that activation
of PKC upon TPA trecatment of HeLa cells caused (1) the activation of a
phospholipasc D (Plasc D) followed by phosphatidate phosphohydrolase (PAP),
or a phospholipase C (Plasc C), which hydrolyzed PC to generate DG. The
resulting decreased PC levels or incrcased DG levels would cause CT to
transtocate to the ER, or (2) activation of a phosphatase(s) which would
dephosphorylatc TT causing it to translocate cither by making CT more
hydrophobic, or causing other changes in the enzyme facilitating its

tnteraction with membrancs,
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CHAPTER 2 EXPERIMENTAL PROCEDURES

2.1. Materials

All mcdia and materials (including fctal bovine scrum and antibiotics)
for cell culturing were from Gibco, Canada. Tissuc culture dishes were from
Falcon. Solvents (mcthanol, cthanol, and dicthyl ether) were from BDH and
were of rcagent grade. Hexanc and acctonitrile werc from T.J Baker Inc.

Radiochemicals, [y-32P]JATP (300G Ci/mmol), 32P-orthophosphate
(carrier-free), [methyl-3H]choline chloride (15 mCi/mmol), [2-3H{glycerol  and
353-methioninc were from Amecrsham. ACS scintillation fluid and a
monoclonal antibody to PKC (MC 5) werc purchascd from Amcrsham,

Nitroccllulose membrancs, dyc rcagent for protein assays and molecular
wcight standards for SDS-PAGE wecre fro:n Bio-Rad. The Immobilon-P
mcmbranec was from Millipore.,

Glass and plastic-backed silica gel G 60 (20 x 20 cm) plates and reversed
phasc C;g (5 x 10 cm) plates for thin layer chromatography were purchascd
from BDH chemicals.

Rcagents for the BCA protein assay mcthod werc from the Picree

Chemical Company.

The mixturc of fauy acid standards, transmcthylation rcagents (BFj;-
methanol, 10% w/w; and BF;-butanol, 14% w/w) and the 10% DEGS column for
GLC were from Supclco.

Octyl-B-D-glucoside and DG kinase inhibitor werc from Bochringer
Mannhiem. Escherichia <oli DG kinasc for DG mass mcasurcment; was from
Lipidex Inc. Protecin A Scpharosc CL 4B uscd in immunoprecipitation studics

was from Pharmacia LKB Biotechnology AB, Uppsala, Swedcn.
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Scveral reagents were gencrously shared by other scientists : 1,2-sn-
dioctanoyl[2-3H]glyccrol and DG lipasc inhibitor were provided by Dr. David
Scverson from the University of Calgary. Purified PKC used as a standard in
PKC-immunoblotting was from Dr. Robert M. Bell (Duke University Medical
Centre, North Carolina), U-73122, a phospholipase C inhibitor was provided by
Dr. John Blcasdale (The Upjohn Company, Kalamazoo, MI), lovastatin and 1251.
protein A werc obtaincd from the laboratorics of Drs. Shinji Yokoyama and
Wolfgang Schneider (University of Alberta), respectively.  Rcagents used in

the immunofluorescence studics were obtained from the laboratory of Dr. Ann

Acheszn  (University of Alberta).

2.2. Cell Culturing

2.2.1. HeLa Cells

HcLa cells (ATCC CCL2) were obtained from the Amecrican Type Culture
Collection and maintained in growth medium Dulbecco’s Modified Eagle's
Mcdium buffcred with 10 mM Hepes and supplemented with 50 U/ml penicillin,
50 U/ml streptomycin and 10% fetal bovine serum). Cells were maintained in
100 mm tissuc culturc dishes at 37°C, 5% CO2 and 90% relative humidity. For
passaging thc adherent cells were first trypsinized with 0.1% trypsin in
Hank’s salt solution (minus Ca2* and Mg2+*), pH 7.5, and rcsuspended in growth
mcdium. The trypsinized cells were diluted five times before plating in tissuc
culture dishes. For expcriments cells were plated in 60 mm tissuc culture

dishes at a density of 8.5 x 10% cells/dish and used 2-3 days later.

2.2.2. REF 52 Cells
Ref 52 (REF A) cells were obtained from Dr. Myles Cabot and were

maintaincd in a 3:1 mixture of Dulbecco’s Modified Eagle’s Medium : F-12
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Nutricnt Mixture (Ham’s F-12) and buffcred with 20 mM Hepes and §.2 g/l
sodium hydrogen carbonatc. The media were supplemented with antibiotics
(ampicillin, 0.024 mg/ml; penicillin, 0.12 mg/m! and streptomycin  sulphate,
0.27 mg/ml), 50 uM o-aminocthanol, 0.005 nM sodium sclenitc and 0.4 g/l of
histidine-HCl. The cclls were trypsinized, passaged and plated for cxperiments

as described above for HeclLa cells.

2.3. Composition of Buffers

Bouin's Solution - 2% paraformaldchyde, S% picric acid, 5% sucrosc in
0.2 M phosphate buffer, pH 7.6; Buffer A - 50 mM Tris-HCl, pH 7.4, 0.15 M NaCl, 2
mM DTT, 1 mM EDTA, 0.1 mM PMSF; Buffer R - 10 mM Tris-HCI, pH 7.4, 250 mM
sucrosc, | mM EDTA and 0.1 mM PMSF; Digitonin buffer - 0.5 mg/ml digitonin,
10 mM Tris-HCI, pH 7.4, 0.25 M sucrose, 0.5 mM phenylmethylsulfony! fluoride;
Hepes-buffered saline(HBS) - 20 mM Hcpes, pH 7.5, 0.15 NaCl; RIPA buffer - 50
mM Tris-HCI, pH 7.4, 0.15 M NaCl, 1% nonidct P-40, 0.5% socium deoxycholate,
0.1% SDS; Tris-buffered saline (TBS) - 25 mM Tris-HCI, pH 7.4, 0.15 M NaCl; TTBS
- TBS with 0.05% Tween-20; Blotto - TTBS with 5% Carnation non-fat skim milk
powder (Camation Inc., Toronto); lysis buffer - 25 mM Tris-HCI, pH 74, 0.25 M
sucrose, 5 mM EGTA, 2 mM EDTA, 1 mM DTT, 10% glyccrol, 0.5 mM
phenylmethylsulfonyl fluoride, 4 pg/m! lcupeptin; Laemmli buffer - 62.5 mM
Tris-HC], pH 6.8, 2% SDS, 10% glycerol, 5% 2-mecrcaptocthano! (or 100 mM

dithiothreitol) and 0.001% bromophenol bluc.

2.4. Estimation of Protein
Since the measurcment of protein from membranc fractions constituted
a significant part of this study, it was important to make surc that the mcthod

utilized did not have scrious interference duc to the lipid constituent of
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membrancs. Three different methods of protein measurcment were tricd with
bovinec scrum albumin! (BSA) as thc standard against which actual samplcs
were measured.  Fig. 6 shows the standard curves obtaincd by utilizing the (4)

Bio-Rad, (B) BCA and (C) Lowry mecthods.

(A) the Bio-Rad method

This mecthod is bascd on thc method of Bradford (1976) and utilizes the
principle of the binding of the dyc Coomassic Brilliant Blue G-250 to proteins.
The interaction of the dye with protcins shifts the absorption maximum of the

dyc from 465 to 595 nm.

(B) the BCA protein assay method (Smith et al., 1985)

The reagents for this method are commercially available from the
Fiercc Chcmical Company. The method utilizes the biuret reaction in which
Cu(l) ions arc formed when proteins react with alkaline Cu(Il) ions. The
resulting Cu(l) ions are detected by a sensitive and sclective reagent,
bicinchoninic acid (BCA). The rcsulting complex between Cu(I) and BCA gives
a purple color which absorbs strongly at 562 nm. According to Kessler and
Fanestil (1986) large amounts of lipids in samples can give artificially high
absorbancies in this mcthod. However, this was not apparent when this
method was utilized for measuring the protein content of microsomal samples
in the present study presumably because the membranc lipids in the assay

were not present to the extent used by Kessler and Fanestil (1986).

1BSA standard was prepared as a 1 mg/ml stock from fatty acid-free BSA and
was quantificd with an absorption of 0.66 at 280 nm.



Fig. 6. Standard Curves for the Measurement of Protein. 10 10
80 ng standards were prepared from a 1 mg /ml BSA stock to obtain the
standard curves for protcin mecasurcment using the (A) Bio-Rad (B) BCA and

(C) Lowry mcthods.
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(C) the Lowry Method (Lowry et al., 1951)

This is thc most scnsitive mcthod, although laborious and inconvenient
for the routinc assay of a large number of samples. Morcover, a large number
of biochemicals (which arc frequently important constituents of buffers)
causc interfercrice in the assay.

The absoluic values of cytosolic and microsomal samples varied with the
three different methods. Howcver, the differences between samples were
constant among thesc mcthods. The Bio-Rad mecthod was the method of choice
in this study due to its convenicnce and cconomy and its relative resistance 1o
various interfering biochemicals compared to the BCA mcthod and especially

the Lowry mecthod.

2.5. Lipid Extractions
Lipid extractions wcre carricd out by thc mecthod of Bligh and Dyer,
1959. Where specified 1 M NaCl (or 0.1 N HCl) instcad of water was used in the

scparation of the phases.

2.6. Phosphorous Assay
Lipid phosphorous was dctecrmincd by thc mcthod of Rouser et al, 1966.

Sterile solutions of 1 mM KH,PO, were used to gencratc standards against

which samples were measured at 820 nm.

2.7. Pulse-Chase Experiments

HeLa cells in 60 mm dishes were prelabeled in 2 ml mcdium containing 2
nCi/mi [3H]cholinc chloride for 1 h or 2 pCi/ml [2-3H]glyccrol for 24 h. The
labeled medium was removed, cells were rinsed three times with warm medium

and incubated in unlabeled medium in the absence or presence of agents as
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specified in the Figurc legends. Unless specified the various agents were
dissolved in DMSO. Cclls used as controls in the experiments in which these
agents were used were incubated with 0.1% DMSO. This was usually the final
concentration of DMSO when cells were treated with the agents. In
cxperiments where two agents were used together the controls were incubated

in the presence of 0.2% DMSO, the highest concentration of DMSO to which

cells were subjected.

2.8. SDS-Polyacrylamide Gel Electrophoresis
Samples were preparcd for SDS-PAGE by heating in an equivalent
volume of Lacmmli Buffer (62.5 mM Tris.HCI, pH 6.8, 2% SDS, 10% glyccrol, 5%
2-mercaptocthanol and 0.001% bromophenol blue) for 10 min at 80°C.
SDS-PAGE was performed on 1.5 mm thick gels as described by Laemmli,
1970. The stacking gels were 3% and samples were scparated on 10%
scparating gels containing 0.1% SDS. Electrophoresis was performed at a

constant current (25 mA) for 6-7 h or 10 mA for approximately 15 h.

2.9. Electroblotting of Proteins

After SDS-PAGE, the proteins in the gels were transferred onto
nitrocellulose (in the case of protcin kinase C) and immobilon-P (in the case of
CT) membrancs in a transfer buffer system containing 25 mM Tris, 192 mM
glycine and 20% mecthanol. In the case of PKC, the transfer was carried out at

200 mA for 6 h and in the casc of CT, the transfer was at 200 mA overnight for

12-14 h (or 300 mA for 10 h).
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2.10. Preparation of Oleate Stock

Olecatc was preparcd as a 35 mM stock by dissolving olcic acid in medium
(DMEM) containing a 20% molar cxcess of potassium hydroxide. This stock was
aliquoted and stored frozen at -20 °C. When required it was thawed and added

dircctly to cells in growth medium.

2.11. Assay of CT

2.11.1.  Preparation of PC : Oleic Acid Vesicles

PC : oleic acid (1 : 1 molar ratio) vesicles were prepared by mixing the
appropriatc volumes of stock :clutions of PC and olcic acid in a round bottomed
flask. The solvent was cvaporatcd under a strcam of nitrogen followed by
cvaporation under vacuum in a rotary cvaporaior. Buffer A (50 mM Tris.HCI,
pH 7.4, 0.15 M NaCl, 2 mM DTT, 1 mM EDTA) was addcd 10 give a 10 mM stock, and
sonicated with a microtip probc sonicator until a translucent solution was
obtained. The stock solution was stored at 4 “C. When required the 10 mM stock

was diluted to 2 mM with buffer A.

2.11.2.  Preparation of Phospho[methyl-3H|choline

The substrate for the CT assay was prepared by converting 2 mCi of
[methyl-3H]cholinc chloride (1 mCi/ml) aficr drying ander nitrogen 1o
phospho[methyl-3H|choline with 0.25 uniis of dialyzed choline kinase. The
reaction was carried out at 37 °C for 1 h in the presence of 0.1 M Tris.HCI, pH
8.0, 10 mM MgCl,, and 10 mM ATP. The rcaction was stopped by placing the
tube in a boiling water bath for 2 min. The tubc was centrifuged at 5,000 rpm
for 5 min and thec supcrnatant applicd along thc length of a glass-backed silica
gel G-60 TLC platec (20 x 20 cm) 2 cm from the bottom of the platc. The plate was

developed in methanol : 0.6% NaCl : ammonia (10 : 10 : 1) for 3 h. Lincs 1 c¢cm



apart were drawn horizontally across the plate. 1 x 1 cm squarc sections were
marked vertically along the middle of the plate and scraped into tubes
containing 2 ml of water. After vortexing 20 pl aliquots were removed for
scintillatior: counting. The lanc where the radioactivit peaked was scraped
and the silica extracted with 2 ml of water. Extraction with water was repeated
until most of the radioactivity was cluied from the silica. The washes wois
pooled and non-radioactive (‘cold’) phosphocholine was added so that the iinal

concentration was 15 mM and the specific radioactivi'y was 9-10 pCi/umol.

2.11.3.  The Assay Procedure

CT assays were performed cssentially as described by “Yeinhold et al.
{1986 with modifications (Yao et al., 1990). Bricfly, 60 pl sz..ples were added to
tubcs containing 10 pl of 2 mM PC : olcate vesicics. 30 ul of the assay buffer
containing 1.5 mM phosipizsimethyl-3Hlcholine as substrate, 7.5 mM
magnesium acetate, 75 mM Tris-HCI, pH 6.5 and 2 mM CTP, was added to cach
tubc and incubatcd with shaking at 37 °C. After 30 min (unless specificd), the
tubes were removed and placed in a water bath at 85 °C for 2 min to stop the
rcaction. The tubes were centrifuged @ 1000 x g for S min and 15 pl of the
supcrnatant was spotted on plastic-backed silica gel G-66 TLC plates (10 x 20
cm) alongwith 5 ul of a mixturc of standards containing 80 mg/ml of
phosphocholine and 15 mg/ml of CDP-choline. The metabolites werc scparated
using the following solvent system : methanol : 0.6% NaCl : ammonium
hydroxide (10 : 10 : 1, v/v) The plates were sprayed lightly with 0.1% 2',7'-
dichlorofluorescein in methanol.  The CDP-choline was viualized under U/V
light and scraped into plastic scintiliation vials containing 0.5 ml water. 5 ml
of ACS scintillation fluid was added. The vials were counted the next day after

voricxing. CT activity was expressed as nmol CDP-choline formed min-1,
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2.17. Asray of Lactate Dehydrogenase (LD!)

i .M. assays were carricd out cssentially as described by Bergmeyer and
Bemt (1%7+,, with modifications. Bricfly, 10 to 20 pl of the digiionin-relecased
~vtosol (in triplicate) was placed in a 96 - well microtitre plate. 200 pl of a
mu.urc containing 175 mM Tris-HCI, pH 7.4, 0.16 mg/ml sodium pyruvate and
0.24 mg/ml NADH was addcd to the sample, and the decrease in absorbance
monitered cvery 30 scc. using a multi-well plate rcader EAR 340 AT (SLT -
labitistruments, Austria). The LDH activity was catculated from the decrcase in

absorbance at 340 nm per min 2nd a molar extinciion cocfficient of 6.22 x 103,

2.13, Cell Disruption Methods

2.13.1. Dounce Homogenizaiion

Cells in 0.5 ml of Buffer % -were homogenized in a brght fitting glass
homogenizer with 40 strokes of 2 inctor-driven tcflen pestle. By this mcthod
approximately 90% of the cclls were broken and mostly cell debris was visible

under the light microscope in the presence of Trypan Bluc.

2.13.2. Nitrogen Cavitation

Cells in 0.5 ml of Buffer A were placed ian the steel chamber of a mini-
Lomb apparatus which had been cquilibrated on icc for 15 min. Nitrogen gas
was applied at 500 psi for 5 min. The gas supply was turncd off and the
resulting homogenate was slowly rclcased through a narrow outlet from the
chamber.  Visualization of thc homogenate by light ‘nicroscopy revealed only

cell debris and no intact cells.
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2.13.3. Digitonin Fermeabilization of ells

This was performed essentially as described previously (i1) Cells in 60
mm dishes were rinsed twice with cold PBS after various trcaiments, and
permeabilized with 1 ml diritonin buffer for 5 min (cxcept where specificd
otherwise) at i°C with occassionzi gentle shaking. The released cytosolic
contenis were removed into Dppendorf wbes which were cenirifuged at 13,000
x g in a microfuge for 2 min to ;= uiet ay cell debris or particles. The
superiiatants  (cytosolic fractions) were transferred to clean tubes.

The cell ghosts remaining on the dishes after digiionin treatment were
.insed ¢nce with PBS, and scraped into 0.4 ml of Beffer R (10 mM Tris-HCl, pH
7.4, 025 M sucrose, 1 mM EDTA and 0.1 mM phenylmethylsultcayl fluoride).
The scraped cell ghosts were sonicated with two 10 sccond bursts at 30% power
nutput with a sonicaior cquipped with a microtip probe {modcl W-385, ijeat

Systems Ultrasonics Inc.) and termed the particulate fraction.

2.14. " ->paration of Microsomes

Microsomes were prepared from cclls as described by Cormell and Vance
(1987). Bricfly, after rinc.ag with cold PBS, cclls from 100 mm dishes were
scraped into 1 ml of Buffer A (10 mM Trir-HCI, pH 7.4, 0.15 M NaCi, 10 mM NaF,
0.1 mM EMSF, | mM EDTA) ard homogcnized with 40 strokes of a tight-fitting
Dounce homogenizer. The homogenatc was centrifuged at 10,500 x g for 10
min in a JA 20 rotor using a Becckman Model J2-21 centrifuge to sediment
mitochondria, nuclei, cell debris and unbroken cells. The so-called post-
mitochondrial fraction supcrnatant was centrifuged at 4°C for 1 h at 43,000
rpm (100,000 x g) in a Ti 70.1 rotor using an L8-M ultracentrifuge. In some
cxperiments the post-mitochondrial fraction was centrifuged at 4°C for 15 min

at 99,000 rpm (350,000 x g) in a TL 100 Beckman ultracentrifuge using a TL



1" V2 rotor. The resuliing supcinaiav: was saved as the cytosol and the pellet
was re-suspended in 0.5 ml of Buffer R (10 mM Tris-HCI, pH 7.4, 0.25 M sucrose,
I mM EDTA and 0.1 mM PMSF) to obtain the microsomal fraction.

Homogenates obtained from nitrogen cavitation experiments were

fractionated into cytosol and microsomcs as described above.

2.15. Quantitation of Diacylglycerol Mass

Two methods are described here, the first onec was developed from a
commercially available kit, and the scconu one was adopted as the mcethod of
cheice for routinc DG mass determination after DG kinasc became

commercially available in a purificd form.

2.15.1. Measuremen: of ()G Using a Colorimetric Assay

This mecthod was modified from a triglyceride assay kit purchased [rom
Wako Pure Chemical Industries, Ltd. (Osaka, Japan). It is bascd on the
enzymatic hydrolysis of triglycerides (in this case DG) with the subscqucnt
determination of liberaicd glycerol by colorimetry (sce Appendix A).  Bucolo
and David (1973) first published thc mecthod using lipasc tc generatc irce
glycerol with its subscquent mcasurcment using glycerol kinasc.
Diacylglycerol is acted upor by lipoprotcin lipasc (LPL) to glycerol and free
fatty acids. The glycerol thus produced is converted to glycerol-3-phosphate
by glyceroi kinase (GK) in the presence of ATP.  This glycerel-3-phosphate i
then oxidized to glycerol-3-phosphate oxidase (GPO) to yicld hydrogen
peroxide, which yieclds a rcd colour compound upon oxidative condensation
with p-chlorophenol and 4-aminoantipyrinc in the presence of peroxidase.

The amount of DG in the original sample is then dctermined by mcasuring the
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absorption of the developed colour at 505 nm as compared with that of a sct of
standards.

The colour reagent was preparcd by rcconstituting 2 mg of a mixturc
containing 29 units of LPL, 1% units of GK, 3.6 units of GPO, 1.7 units of
pcinxidase, 0.9 mg of ATP and 0.1 mg of 4-aminoantipyridinc in 1 ml of buffer
containing 0.05 M Tris-HCl pH 7.5 with 0.07% p-chlorophenol.

a) Standard Curve for Dipalmitin - Dipalmitin standards werc
prepared from a 1 mg/ml stock; 1, 2, 4, 8, 10 pg in chloroform and dricd under
nitrogen. The standards were resolubilized in 15 ul of 2-propanol. 300 ul
colour recagent was added to cach tubc and tie tubes shaken for 30 min at room
tecmperature.  The tubts were then centrifuged at 14,000 x g briefly to pellet
any particles. A volume of 200 pl was transferred to a 96-wcll microti~.v e
and the absorbancc measurcd at 492 nm using a multi-well plate rcader EAR
340 AT (SLT-labinstruments, Austria). A typical standard curve is represented
in Fig. 7.

b) Preparation of sampigs - One, 100 mm, dish was used for onc
sample. The cells were scraped into 0.7 mi PBS and sonicated for 10 scc x 2. 05
ml of the hoiogenatc was removed for lipid extraction and an aliquot of the
remainder for protein cstimation. At this poir. 15 ul of 3H-labelled DG tracer
(scc below) was added to the sample. The DG in the lipid fraction was separated
by thin layer chromatography using dicthyl ether : hexanc : acetic acid 30 :
70 - 2). The DG bands were visualized with iodine which was let 10 vapourize
overnight under vacuum. The DG bands were scraped and the DG cluted from
the silica with 0.5 ml of dicthyl ether 3 times. The washes were pooled and

dricd under nitrogen. 15 pl of 2-propanol was added to resolubilize the DG
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Fig. 7. Standard Curve for the Measurement of Dipalmitin.

Incrcasing amounts of dipalmitin were subjccted to a colorimetric

analysis using thc Wako Kit.

The resulting color was mcasured at 492 ni.
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followed by 300 pl of colour rcagent. A sct of dipalmitin standards was also
measured cach timc to obtain a fresh standard curve against which the sample
absorbancics were quantitated.  Aliquots werc then counted by liquid
scintillation and the % rccovery calculated. Generally, the recovery was 60 -
70%. The sample values were corrected for recovery and cxpressed as nmol DG
per mg protcin (assuming MW of DG to be 540).

This mecthod, apart from being lengthy and laborious, has secrious draw
backs; the sensitivity was only to 2 pg i.c., 4 nmol DG, and large amounts of
samplc were rcquired.  Morcover, the results were inconsistent and  the
ahsolute vaiues varied widely from experiment to cxperiment.  However, the
mecthod did yicld cxpecied resuits of DG accumulation upon trcatment of ceils
with TPA.

¢)  Prcparation_of 3H-Jabelled DG for usc as tracer in DG mass
mecasurements - 4, 100 mm, dishcs of HeLa cells were incubated with mcdium
containing 6 pCi [2-3Hjglycero! per dish for 2.5 h. By this time thc
rzdiolabeling of the DG is at a sicady state (sec scction 3.2.1). Cclis from the 4
dishcs were pooled and lipids exiracted. Unlabelled cclls from 4 dishes (2
dishcs were pooled for onc sample) were treated similarly. DG was separated
by TLC, visualized, and cluted as described above. The two unlabelled samples
were resolubilized with 15 pl of 2-propanol and procceded with DG quantitation
as described above. 5.5 pug DG was obtained from 2 pooled, 100 mm, dishes of
HecLa ccils.

The DG obtained from the labeled cells was dried under nitrogen and
redissolved in 2 ml chloroform. Aliquots of 10 and 20 pl were dried and
subjected to liquid scintillation counting. The specific radioactivity was
calculated to be 14,400 dpm/ug DG. 15 pl (i.e., 0.11 pg) was used as a tracer in

mecasurcments of DG mass.
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2.15.2. Measurement of DG Mass Using the DG Kinase Method

This method for mecasuring DG has several advantages over the previous

one:
i. There are relatively fewer steps in the protocol and can be
performecd on a routinc basis
ii. It is verv scnsitive and can detect DG levels as fow as 100 pmol ic..

it is morg than ten times as scnsitive as the previous method.
The method relics on the quantitative conversion of DG to phosphatidic acid by
Escherichia coli 1,2-sn-diacylglyccrol kinasc (Lipidex Inc.) in the presence of
(v-32P]JATP. The method was first described by Priess et al. (1986) and later
modificd by Wrigir -~ . (1988). The modificd methed was used in this study.
After lipids were cextiacicd from the respective samples, aliquots of the
chloroform phase were dricd under nitrogen and resolubilized with 20 pl
octyl-B-D-glucoside/cardiolipin  (7.5% octyl--D-glucoside, 5 mM cardiolipin in
1 mM dicthylenctriaminepentaacetic acid |[DETAPAC]) by alternatively
sonicating in a Branson 1200 bath sonicator and vortexing. To these samples
were added 80 pl aliquois of the foiluwing assay mixture. For cach 5 ul of DG
kinasc containing 10 milliuniis, therc were S0 pl of 2x assay buffer (100 mM
imidazole.HCI, pH 6.6, 100 mM NaCl, 25 mM MgCl,, 2 mM EGTA), 10 ul of 20 mM
freshly prepared dithicthreitol, 10 pl of [y-32P)ATP2 (specific activity = 10° 10 §
x 105 cpm/nmol) and 5 pl water. This mixturc was hcated at 30°C for 25 min
before 80 pl aliquots were added to the tubes containing the samples. The assay
tubes containing the assay mixture were incubated for 25 min at 30°C with
vigorous shaking. The rcaction was terminated by adding 1.88 ml C : M (1 : 2).

Lipids were extracted cssentially by the mecthod of Bligh and Dyer czcept that |

2Carricr ATP was quantificd by absorbancc at 259 nm using a millimolar
extinction coefficient of 15.4.



M NaCl was uscd instcad of water. The organic phasc was washed twice with 2
ml of 1% perchloric acid. Aliquots of the organic phasc were spotied on 20 x 20
cm glass-backed silica gel 60 plates for TLC along with PA standard and the
plates were devcloped in chloroform : acctone : methanol : acetic acid : water
(10 : 4 : 3 : 2 :1). Upon autoradiography of the platc three phosphorylated spots
were scen, the major onc corrcsponding to that of PA. This solvent sy’ :m
scparated the labelled PA (R = 0.6) from ceramide phosphatc (Ri = 0.4 - 0.45).
In additition therc was an unidentificd band exhibiting an R value of 0.25.
This unidentificd spot may be lysophosphatidic acid because the DG kinasc used
in this assay is known to phosphorylatc monoglyceride to this lipid
(Bohcnberger and Sandcerman, 1982).  Routinely, the PA bands were visualized
with iodinc and scrapcd inlo plastic scirtillation vials containing 0.5 ml water.
5 ml scintillation fluid was added and the vials counted in a liquid scintillation
counter (Beckman LS 3801).

Since thc amount of carricr ATP added per sample was known, the
specific activity of ATP was dctermined by counting 10 pl of thc assay mixture
added to thc samples.

This assay was also used to quantify DiCyq lcvels. The

dioctanoylphosphatidic acid formed comigrated with ccramide phosphate as

visualized by autoradiography. Thercfore, the values obtained for DiCgare

cxpressed after subtracting control  values,

a)  Preparation of DG siandard by phospholipase C digestion of PC -
This procedurc was carricd out cssentially as described by Kuksis ef al. (1981).
100 mg cgg PC was dissolved in 1 ml diethyl cther. 4.1 ml of 17.5 mM Tris-HCI,
pH 7.3, 1 ml of 1% CaCl, and 1 unit of Clostridium welchii phospholipasc C was
added. The reaction was carried out at 30°C for 3 h with vigorous shaking. DG

was cxtracted by adding 200 pl water and 6.5 ml hexane. The upper hexane
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phasc was transferred to a clean pre-weighed glass tube and dricd under
nitrogen. The tubc was rewcighed and 81 mg of DG was obtained i.c. 130 pmol
DG (let MW, of DG = 620.97). The DG was dissolved in a known amount of hexane
and aliquots containing 2 nmol DG were put in clean tubes, dricd under
nitrogen and stored at -20°C until required.

b) Standard curve for DG mass - Fig. 8 shows a typical standard cuvive
obtained after assaying a sct of DG standards preparcd as described above (the
use of commercially available DG was avoided because of the presence of

significant amounts of 1,3-DG).

2.16. Antibodies to C7T

Antibodics were sarer zgainst a septide sequence within CT and
affinity purificd by Dr. Ha: s iumil in this laoratory. The procedure s
described in a2 manuscript in Press (Jamil et al., 1992). Bricfly, a synthetic
peptide frgment of CT between aming acid residucs 164 and 176 (asp-phe-val-
ala-his-asp-asp-ilc-pro-tyr-ser-scr-ala) according to Kalmar es al (1990)
conjugated with bovinc scrum albumin and kcyhole limpet hemocyanin (KLH)
was purchased from thc Alberta Fepuae Institate, University of Alberta,
Edmonton. Rabbit antibodics were raiscd to the peptide-KLH conjugate and
purified initially on a Protcin A Scphrosc CL4B column.  The cluted IgG was
subscquently affinity purified on a column containing synthctic peptide-BSA
conjugaicd to «NBr-activated Scpharose 4 B. The unadsorbed I1gG was saved and

used in CT immunoprccipitation and immunofiuorcscence studics.

2.17. Immunoblotting of CT

Cells were grown to confluency in 100 mm dishes. Four dishes that had
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Incrcasing amounis of DG were converted 1o phosphatidic acid (PA) in
the presence of [Y-32P]JATP using DG kinase. The products were scparated by
TLC and thc arca corresponding to PA was scraped and subjected to liquid

scintillation counting,

67



68

been incubated in the absence or presecace of 100 nM TPA for 1 h were
digitonin-permeabilized with 2.5 ml digitonin buffer per dish for 5 min. The
released cytosol was rctained.  The ccll ghosts remaining on the dishes were
rinscd once with PBS, scraped inte PBS and centrifuged at 100,000 x g for 1 h in
a Ti 70.1 rotor in a Beckman L8-M ultracentrifuge at 4°C.  The supematant was
discarded and thc pellct was resuspended in 0.3 ml RIPA buffer and sowcated
with 2 bursts of 10 s cach. This was allowed to sit on icc for 15 min with
occasional vortexing and spun at 350,000 x g for 15 min at 4°C in a TL 100.2
rotor using a Beckman TL 100 ultracentrifuge.  The supernatant was saved as
the particulate fraction.

Specific amounts of cytosolic and particulaie fractions were prepared
for SDS-PAGE by hcating the fractions in Lacmmli buffcr at 80°C for 10 min.
The proteins in the samples were scparaicd by SDS-PAGE (10% polyacrylamide
gel), transfered to an Immobilon-P membranc using a transfer buffer
containing 25 mM Tris, 192 mM glycine, 20% mcthanol for 10 h at 0.3 A.
Unoccupicd sites on thc membranc were blocked wy incubating in Bloto for 4
h, beforc incubating overnight with gentle rocking in Blotto containing a
rabbii polyclonal antibody to CT at a 1:500 dilution at 4°C. The antibody
solution was rcmoved and the membranc rinsed 4 times with Blotto (10 min

/rinsc).

2.17.1.  Visualization of CT Using '?51-Protein A

After incubating the blotted membrane with anti-CT antibody followed
by the necessary rinscs, the mcmbranec was incubatcd in blotto containing
1251-Protein A (1.0 to 0.5 x 106 cpm/ml) for 1 h. The radiolabeled blotto was

removed and the membrane rinsed 2 times with blotto (5 min/rinse) and 2



times with TTBS. Subscquently the membranc was air-dricd and cxposed to X-

ray film at -70°C in a tight-fitting film cassciic with intensificr screens.

2.17.2. Visualization of CT Using Chemiluminescence

Following incubation of thc blotted membranc with the primary
antibody and nccessary rinscs. the membranc was incubated in Blotto
containing goat anti-rabbit . nmunoglobulin conjugated to horse radish
peroxidase (1:2000 dilution) for 1 h, then rinsed twice with Blotto (5
min/rinse), twice with TTBS (5 min/rinse) and finally twice with TBS (10
min/rinse). Thc mecmbranc was cxposed to ECL detcciion reagents (Amersham
Corp.) for 2 min. The ECL was dctected by cxposure of the mcmbrane (sealed in
+ =olyester pouch) to X-ray film for 30 min (the principlc of the dctection is

:strated in Appendix B).  The scnsitivity of this mcthod cnabled the

visualization of membranc-associated CT which is present at low levels.

2.18. Immunoprecipitation of CT

2.18.1. Titration of CT From HeLa Cell Cytosol With Antibody to CT

Cytosol was obtaincd as usual by digitonin-pcrmeabilization of HcLa
cclls. To 100 ul aquots were added incrcasing amounts of finity purified o-
CT 1gG (0 to 10 ug). The final volume was made to 200 pl with PBS, and the tubes
were shaken for 1 h ar 4°C. 50 pl of Protcin A-Scpharose CL-4B (0.125 g/ml in
PBS) was added to cach tubc and shaken again for 1 h at 4°C. The tubes werc
centrifuged in a microfuge at 14,000 x g for 1 min. 60 pl of the resulting
supcrnatant was rcmoved to assay for CT. The decreased activity in the

supernatant  after immunoprecipitation is illustrated in Fig. 9.
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Fig. 9. Immunoprecipitation of CT from HeLa Cell Cytosol.

]

HcLa cclls were digitonin-permcabilized for 5 min.  Incrcasing amounts

of affinity-nurified «-CT IgG were added to the relcased cytosol.  The complex

formed beiwecen CT and its antibody was immunoprecipitated with Protcin A-

sepharosc. CT activitics werc determined in the resulting supernatants  after

immunoprecipitation.
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A similar immunoprecipitation of CT from rat hepatocyte cytosol using a non-

specific 1gG fraction showed no loss of CT activity (Jamil, er al., 1992).

2.18.2. Immunoprecipitation of CT from 32P-Labeled Cells

Conflucnt cells in 60 mm dishes were incubated in phosphorus-free
medium for 30 min and then in phosphate-frec medium containing 100 puCi/ml
of 32p-orthophosphate (200 pCi /dish) for 2 h. TPA (100 nM) was added to one
dish and 0.1% DMSO to the control dish. After 1 h thc medium was removed,
cells were rinscd twice with cold PBS and permcabilized with digitonin. CT was
immunoprecipitated from 450 pl of released cytosol and from RIPA buffcr-
solubilized cell ghosts as described by Jamil et al., (1992) cxcept that the
preclearing stcp was ommitted and 0.5% bovinc scrum albumin was uscd 1o
climinate non-spccific binding.  The immunoprecipitated samples were
prepared for SDS-PAGE by hcating them at 80°C for 10 min with 75 pl Lacmmli
buffer. Proteins were scparated by SDS-PAGE (10% polyacrylamide gei). The
gel was dried and exposed to X-ray film for 20 h at -70°C in a film cassctic with

intensificr screens.

2.19. Downregulation and Immunoblotting of PKC

Cells were grown on 100 mm dishes and incubated in growth medium
containing 1 M TPA. At cach time point cells from two dishes were rinscd
with cold PBS, scraped into PBS and cclls were pelleted for 15 scconds in a
microfuge at 13,000 x g. The ccll pellict was resuspended in 0.5 ml lysis buffcr
and sonicated with two 10 s bursts from a microtip probe. Unbroken cells and
debris were pelleted by centrifugation at 13,000 x g in a microfuge for 15 s.
The homogenate was centrifuged in a Beckman TL 100.2 rotor at 350,000 x g for

15 min in a Beckman TL 100 ultracentrifuge. The supcrnatant was saved as
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cytosol. The pellet was resuspended in 0.5 ml lysis buffer containing 1%
Triton-X 100, sonicated with 2 bursts of 10 s cach and placed on ice for 15 min
with occasional vortexing. The solubilized pcllet was centrisaged for 15 min at
350,000 x g and the supcrnatant saved as the particulate fraction.

For SDS-PAGE 50 jg of protcin from cach of cytosol and particulaic
fraction, and S pl of purc bovine brain PKC (60 pg/ml) were prepared by
adding cquivalent amounts of Lacmmli buffer and heating at 80°C for 10 min.
The protcins in the samples were scparated by SDS-PAGE (10% polyacrylamide
gel), blotted onto a nitroccliulose membranc using a transfer buffer
containing 25 mM Tris, 192 mM glycine, 20% mecthanol for 6 h at 0.2 A. The
membranc was incubated in Blotto for 2 h, then in Blotto containing a
monoclonal antibody to PKC (MC5 purchased from Amersham Corp.) at a 1:100
dilution overnight at 4°C with gentle shaking. The antibody solution was

removed and the membranc rinsed four times with Blotto (10 min/rinse).

2.19.1. Visualization of PKC Using 1251-Protein A

After the blotted mcmbrane had been incubated with the primary
antibody and rinsed, it was incubated in Blotto containing 1251-Protein A (1.0
to 0.5 x 105 cpm/mi) for 1 h and rinsed 2 times with Blotto (5 min/rinse)
followed by 2 rinscs in TTBS. The membrane was air-dried and exposed to X-ray

film at -70°C in a tightly-fitting film cassette with intensifier screens.

2.19.2. Visualization of PKC Using Chemiluriinescence

The membrane was incubated in Blotto containing antibody to mouse
immunoglobulin conjugated to horseradish peroxidase (1:500 dilution). After 1
h this was rcmoved and thc¢ membrane was rinsed twice with Blotto (5 min

/rinsc), twice with TTBS (5 min/rinse) and finally twice with TBS (10
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min/rinse). The membranc was placed in cnhanced chemiluminescence (ECL)
detection reagents (Amersham Corp.) for 2 min and scaled in a polycster
pouch. This method of detection relics on the oxidation of luminol catalyzed by
horseradish peroxidase, resulting in thc emission of light (scc Appendix B).
The ECL was detected by cxposing the scaled membrane to X-ray film (Kodak X-

OMAT AR) for 15 s.

2.20. Immunocytochemistry of CT in HeLa Cells

2.20.1 Immunofluorescence o TT in Intact Hela Cells

HeLa cells were plated sparcely (0.5 ml of 105 cclls/ml in onc chamber)
in sterile Lab-Tek 4-chamber glass-slides (Nunc Inc., Illinois, USA) and used
for immunofluorescence studics the next day. 4 chambers were plated 10
enable positive and negative controls to bc carricd out in parallel. The
procedure was carried out as described in the following steps:
i) The cells were fixed for 20 min to the slides with 0.2 ml of Bouin's
solution (2% paraformaldchyde, 5% picric acid, 5% sucrosec in 0.2 M phosphatc
buffer, pH 7.6)
ii) The fixed cells wecre rinsed twice (5 min/rinsc) with Hepes-buffered
saline (HBS) containing 1 mM Ca2+, 0.5 mM Mg?* and 0.1 M glycinc
iii) As CT is an intracellular antigen, the fixed cells were permeabilized for
3 min with HBS containing 1 mM Ca2+, 0.5 mM Mg2+ and 0.1% Triton X-100, and
subsequently rinsed once for onc min with HBS-Ca2*-Mg2+,
iv)  Non-specific sites were blocked with 0.2 ml of HBS-Ca2+-Mg2+
containing 2% FBS for 20 min, followed by a rinsc of onc min with HBS-Ca2+*-
Mg+,
V) In one chamber was placed 0.5 ml of HBS-Cal*-Mg2+ containing

antibody to CT (1 : 100 dilution). As a control 0.5 ml of HBS-Ca2*-Mg2+
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containing non-specific IgG (the cluant obtained after affinity-binding of
immune scrum on an affinity column for obtaining anti-CT IgG) at a dilution
of 1 : 100 was placed in the second chamber. As a positive control 0.5 ml of
HBS-Ca2+-Mg2* containing rabbit antibody to actin (1 : 100 dilution) was placed
in the third chamber, In the fourth chamber was placed HBS-Ca2*-Mg2+
without any antibody and this formed the necgative control. The antibody
solutions werc allowed to sit in the slide chambers overnight at 4°C.

vi) The following day the antibody solutions were aspirated from all 4
chambers, and the cells were rinsed once with HBS-Ca?+-Mg2+ for 5 min to
dilutc out unbound antibodiecs.

vii) The cells were incubated for 1 h at room temperaturc in the presence of
HBS-Ca2*-Mg?2* containing 2% goat serum and 2ul/m! of biotinylated goat anti-
rabbit 1gG as thc sccondary antibody.

viii) Subsequently, the solutions were aspirated and the cells rinsed once
with HBS-Ca2+-Mg2+ for onc min, followed by a 30 min incubation with HBS
containing 4 pg/ml Tecxas-red streptavaidin

ix)  The Tcxas-red streptavidin solution was aspirated and the cells rinsed
twice (5 min/rinsc) with HBS-Ca2+-Mg2*,

X) The partitions between the chambers were removed, a coverslip placed
on the slide and mounted with MCWIOL. Sealing was done with Revlon nail
varnish.

xi)  The cells were examined under a x40 oil immersion objective using a
Zciss microscope cquipped with cpifluorescent optics. Black and white
photographs were taken using a high speed 35 mm, TMAX 400 Kodak film with
a Contax 167 MT camecra mounted on the microscope and equipped with an

automatic photometer system.



75

2.20.2, Immunofluorescence of CT in Digitonin-Permeabilized Cells

For experiments dcaling with dctection of membranc-associatcd CT the
cells were permcabilized on the glass slides with 0.5 ml of digitonin-buffer for
5 min after various trcatments with agents. The cclls were rinsed with PBS to
remove all traces of cytosolic CT. Subsequently the cell-ghosts were fixed 10
the glass slides with Bouin's solution. All steps here on werc as described in

section 2.20.1.

2.21. Separation of DiCg-PC by Thin Layer Chromatography

After lipid extraction the organic phasc was spoticd on silica gcl plates
which were developed in chloroform : methanol : acctic acid : formic acid :
water (70 : 30 : 12 : 4 : 2). In this solvent systcm PC and
dioctanoylphosphatidylcholine (DiCg-PC) cxhibited Rj: values of 0.25 and 0.17,
respectively.

DiCg-PC was also scparatecd according to a publishcd procedurc by

Liscovitch et al. (1987) in which the organic phasc was spotted on C;g-reversed

phase TLC plates which wecre developed in mecthanol : acetonitrile : 0.25 M

aqueous choline chloride (90.5 : 2.5 : 7). In this solvent system PC remained at

the origin while DiCg-PC exhibited an Ry valuc of 0.11.

2.22. Gas Liquid Chromatography of Fatty Esters.

A mixturc of fatty acids werc butylated for use as standards. 50 ul of a 10
mg/ml stock in dimethyl chloride werc dricd under nitrogen. The fatty acid
mixture had the following composition; 8:0 (2%), 10:0 (3%), 12:0 (6%), 14:0

(12%), 16:0 (19%), 18:0 (25%) and 20:0 (33% by wcight).



10 pl of a 0.5 M DiCg stock in DMSO was butylated to obtain the butyl cster
of 8:0 as a single standard.
DiCg-PC was scparated from long chain PC as described in section 2.21

above. The arca on the TLC plates corresponding to DiCg-PC was scraped into a

clean borosilicatc screw-capped tube.

The above samplcs were trans-csterified by adding 1 ml of boron
trifluoride (BF3)-butanol3 (10%, w/w) and immersing the tube in a boiling
water bath for 15 min. The tube was cooled and 1 ml of water and 1 ml of
hexane were added. The hexanc phasc was removed to a clean tube aad
extracted 3-5 times with a 10 times excess of water to remove the unreacted
butanol. In the case of the DiCg-PC sample, the extracted butylated 8:0 was
evaporated at room tcmpcrature under nitrogen to a 20 pl volume (care was
taken not to evaporatc the sample to dryness as this could result in loss of some
butyi 8:0).

For GLC scparation of the butyl esters, 0.5 or 2 pl were injected into a
Perkin-Elmer 8420 Capillary Gas Chromatograph. The oven temperature was
programmed to be at 70°C for 15 min, after which it increased to 210°C at a
lincar rate of 2°C/min. The temperature remained at 210°C for a further 10
min. The total run timec for each sample was 95 min. The injection and

detection temperatures were 250°C.  Helium at 30 pounds per sq. inch (psi) was

3Initially, BF;-m<thanol (14% BF; in methanol) was used to obtain mcthyl
esters. However, the methyl ester of Cg obtained was highly volatile and
cvaporated upon extraction and drying under nitrogen. Some methyl-Cg was
obtaincd when the hcxanc phasc obtained after the trans-methylation
rcaction was cvaporated to a volume of 20 pul under nitrogen by placing the
tubes on ice, but this still resuited in considerable loss of methyl-Cg. The
substitution of n-butanol for methanol in the borontrifluoride method
prepares the butyl esters of the fatty acids. The losses associated with
rccoverics of short chain fatty acids such as 8:0 are avoided when butyl esters
arc used. Butyl csters arc less volatile and less water soluble than are
comparable short chain fatty acid methyl esters.
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used as the ncutral carricr gas. The 6 foot x 0.125 inch stainless steel column
was packed with 10% dicthylencglycol succinatc (DEGS) on a 100/120 mesh
Supclcoport™,  The butyl esters were detected by a flame ionization detector,
and the rcsulting chromatogram printed on a Perkin-Elmer GP-100 Graphics
Printer conected to the instrument. The chart speed was sct at 2 mm/min and
attenuation at 128 for thc butyl fatty ester standards and at 32 for the other

samples.

2.23. Separation of L and H Forms of CT by Glycerol Gradient
Centrifugation

This procedure was performed cssentially as described by Weinhold e? al.
(1989). Glycerol gradicnts (12 ml, lincar 8 t0 40%, v/v, in Buffcr A) were
prepared with a two-chamber gradient mixer. 0.5 ml cytosolic samplcs from
various sources werc layered over the gradients.  Centrifugaiion was
performed in a SW 40 rotor at 40,000 rpm for 14 h at 4°C in an L5-M
ultracentrifuge. 0.5 ml aliquots were removed starting from the top and 60 pl

assayed for CT for 30 min as described clsewherc in this chapter.

2.24. Transfection of HeLa Cells With the Yeast Phospholipid
Methyltransferase (PEM2) Gene

2.24.1. Construction of the Expression Vector Containing the Yeast

PEM2 Gene

A construct (pPM106G) with the ycast PEM2 genc inseried into the
plasmid vector pBR322 was obtained from Kodaki ard Yamashita (1987). An
expression vector containing PEM2 was constructed in this laboratory by Dr.
Zheng Cui according to the strategy outlined in Fig. 61. The EcoRI fragment

containing the entire coding sequence of PEM2 was spliced from pPM106G and
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ligated into the EcoRI sitc of the retrovira: expression vector pDOJ (Price et al.,
1987). The mousc murine lcukemia virus long terminal repcat (Mo-MuLV LTR)
provided the promoter for the PEM2 gene. The SV40 early promoter and the
TnS neo gene, which transmits G418 resistance, were present downstream

from PEM2 and cnabled sclection of successfully transfected cell lines in the

presence of G418.

2.24.2. Transfection of Hela Cells

HeLa cells were transfected with pDOJ/PEM2 and the pDOIJ control
vector by the calcium phosphate precipiiation method (Wigler er al., 1978). 8,
100 mm, dishes were plated with 1:15 diluted HeLa cells from confluent cultures
the day beforc the transfection. The cells were fed again with growth medium
4 h beforc transfection. 10 pg of plasmid DNA which had been purified twice
by cacsium chloride gradient centrifugation by Dr. Zheng Cui were used for
cach dish. DNA was precipitated in 0.5 ml ¢ 250 pM CaCl,, 5 mM Tris-OH, 0.5 mM
EDTA (pH 7.6) and added to an equal volume of 2x HEPES - buffered saline. The
mixturc was lct to sit at room temperature for 30 min to allow the DNA to
precipitate before being added dropwise to the cells. The dishes were swirled
and put back in the incubator. The precipitates were left on the cells for 16 h
and washcd off with fresh growth medium containing 0.5 mg/ml G418
(gentamycin sulfaic) and supplemented with 2 mM L-glutamine. Control cells
were transfected with the pDOJ vector without any insert and grown in the
samc¢ mcdium as pDOJ/PEM2 - transfected cells.

Cells transfected with pDOJ/PEM2 and pDOJ (controls) were selected in
parallel. The cells were grown in growth medium containing 0.5 mg/ml G418

and 20 G418 - resistant clones were picked over the course of 7 to 30 days. The



79
cell lines were maintained in growth medium containing 0.5 mg/ml G418 and

supplemented with 2 mM L-glutaniine.

2.25. Harvesting of Cells

After the trcatments specified in the figure legends, cells were rinsed
twicc with icc-cold PBS and scraped with a rubber policeman into 0.4 ml x 2 of
PBS. Subsequently, the cells were sonicated with a microtip probe for 10 sec x
2, and 0.5 ml of the homogenate taken for lipid ecxtractions. Aliquots from the

remaining homogenatc were taken for prolein cstimations.

2.26. Data Analyses

CT assays werc pcrformed in duplicatc and cxpressed as an average of
the two values, as werc protcin and phospholipid mcasurcments. LDH assays
were performed in triplicatc and cxpressed as an avcrage of the three values.

Lincar regression analyses (performed on a Mackintosh Plus computer
using the Cricket graph program) were used to dctermine the best fit of lines
through data points on standard curve plots.

Where appropriatc significance of difference of data between the

means of two scts of data was determined by the Student’s t-test.

Normalization of data - Since therc was some variaiion in absolulc
values obtaincd from apparently identical experiments, the data from some
experiments were normalized. The expcrimental values obtained were
multipliecd by a numcrical factor which was obtained by dividing thc average

control value by the individual control valuec.
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CHAPTER 3 RESULTS

3.1 STIMULATION OF PC BIOSYNTHESIS BY TPA

In 1979 Kinzel et al. showed that TPA was thc most potent phorbol ester
in stimulating thc incorporation of [methyl-3H]cholinec into the cholinc-
containing lipids of HcLa cclls. The tumor-promoting activities of TPA
corrclated positively with its ability to stimulate PC biosynthesis. This
stimulation of PC biosynthesis was, thercfore, uscd as a diagnostic tool to asscss
the potency of other phorbol esters. 100 nM TPA caused a maximal effect
within 2 h. 1 and 10 nM TPA concentrations exhibited significant cffects at
later times. Therefore, TPA has been used at a 100 nM concentration
throughout this study. This concentration has also been used consistently in

previous work from this laboratory.

3.1.1 Incorporation of [methyl-3H]choline into PC

Pulsc-chasc expcriments showed stimulation of PC biosynthesis by TPA.
Conflucnt HclLa cells were prelabeled with [methyl-3H]choline for 1 h. The
labcled medium was removed and the cells incubated for a further 1 h in
mecdium containing 0.1% DMSO (Control) or TPA (100 nM). Total ccllular lipids
were cxtracted and the radiolabel in the aqueous mectabolites and the total lipid
fraction dectecrmined. There was a three-fold stimulation of incorporation of
tritiatcd choline into the total lipid fraction (radiolabeled PC constituted
greater than 90% of the radiolabel in the total lipid fraction) with a
concomitant decrease of radiolabecled aqueous metabolites (Fig. 10). These

results are in agreement with those of Pelech, Paddon and Vance (1984). The



Fig. 10. Effect of TPA on Choline-Containing Metabolites.
Confluent HeLa cells wer~ prelabeled for 1 h in medium containing 2 pCi
/ml [3H)choline chloride. The labeled medium was removed, cells were rinsed
thrice and incubated for a further 1 h with medium containing 0.1% DMSO
(Control) or TPA (100 nM). The chasc medium was removed, and the cells were
rinsed twicc with icc-coid PBS. Lipids werc cxtracted from the ccells.
Radiolabel was dectermined in cholinc-containing metabolites in the aqueous
phasc (A) and toal lipid fraction (B). These data (mean + S.D.) represent
duplicatc determinations from four experiments, after normalization 1o
control valucs and are cxpressed on a per mg protein basis.
a 0.0005 < p < 0.005 (n=4)

b p < 0.0005 (n=4)
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decrcase in radiolabecled aqucous mectabolites in TPA-trcated Hcla cells as
compared te untreated cclls has previously been shown by Pelech er al., (1984)
to bc from phosphocholinc (thc major labcled aquecous mctabolite) with no
significant differericc in labeled choline.  Radiolabeled CDP-choline

constituted less than 5% of the radiolabel in the aqucous phasc.

3.1.2. Time-Course of TPA-Stimulated PC Biosynthesis

The stimulaiion of PC biosynthesis by TPA over a 2 h timc period was
investigated. HecLa cclls were prelabeled for 1 h with 2 pCi/ml {methyl-
3H]cholinc chloride and subscquently chased in the presence of 0.1% DMSO
(Control) or TPA (100 nM). At various times cclls were harvested, lipids
extracted and the radioactivity in thc total lipid fraction dctermined. There
was a 30 min lag beforc an incrcased incorporation of [3H|cholinc was scen in

TPA-treated cells (Fig. 11).

3.1.3 Translocation of CT

Since TPA has been shown by Paddon and Vance (1980) not 1o affect
choline transport into HeLa cells, or cholinc kinasc or
cholinephosphotransferase activities, it appcared that thc TPA-mediated
stimulation of PC biosynthesis was via CT. Subscquently, Pelech, Paddon and
Vance (1984) showed that CT was activated in TPA-trcatcd HeLa cells by causing
a redistribution of the cnzyme activity from an inactive cytosolic form to an
active membranc-associated form. This finding is confirmed in Fig. 12.

a) Subcellular distribution of CT after Dounge homogenization of
HeLa cells:  subcellular distribution of CT was studied by breaking cells open
by Dounce homogenization after various treatments (Fig. 12). This method of

rupturing cells, however, gave inconsistent results with respect to the
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Fig. 11. Time-Course of TPA-Stimulated PC Biosynthesis.

Confluent HeLa cells were prelabeled for 1 h with 2 uCi/ml
[3H]cholinc chloride (4 pCi/dish), rinsed thrice with warm medium and
incubated in chasc medium containing 0.1% DMSO (control) or TPA (100 nM).
Cells were harvested after various times, lipids extracted and radiolabel in total
lipids dctermined. The data arc cxpressed on a per mg protein basis, are means

of duplicatc values and representative of three cxperiments.



absolute values obtained as well as the total (cytosolic plus microsomal)
activities obtained. The results in Fig. 12 arc, thercfore, expressed as % of total
cytosolic and microsomal activitics. Morcover, the extent of TPA-clicited
incrcase in microsomal CT activity (less than two-fold over that in controls)
after 1 h did not corrclate with the thrce-fold stimulation of PC biosynthesis
observed in Fig. 10 at thc samc time.

Unsaturated fatty acids such as oleatc have been reported by Pclech,
Paddon and Vance (1984) and Comcll and Vance (1987a) 10 causc dramatically
the translocation of CT from the cytosol to membranes in HeLa cells.  Fig. 13
shows the translocation of CT activity from the cytosol to microsomes upon
incubation of HeLa cclls with 0.35 mM olcate, and the reversal of this
phenomenon by 10 mg/ml albumin. Since olcate causcs such a dramatic
translocation of CT activity, this trcatment was uscd frequently as a positive
control in studies dcaling with CT translocation.

b) the nitrogen cavitation method: A differcnt mecthod of rupturing
cells was tried. Cells were put in a mini-bomb cell disrupter chamber and
subjected to high pressurc (500 psi of nitrogen for 5 min) as described in
Section 2.13.2. The resulting homogenate was sub-fractionated into cytosolic
and microsomal fractions, and the CT activitics dctermined. Fig. 14 shows the
results of CT activitics obtained in cytosolic and microsomal fractions after 1 h
TPA-treatment of HeLa cclls. Table 1 summarizes the results of cytosolic and
microsomal activities expressed as total activitics (nmol/min). The absolute CT
activity values obtained when cel'ls were ruptured by nitrogen cavitation were
consistent betwcen samples (as shown by the values from controls in Table 1)
and also between experiments. However, thc cxpected TPA-clicited

translocation was not apparent, as both cytosolic and microsomal activitics
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Fig. 12, TPA-Elicited Translocation of CT Activity From the
Cytosol to Microsomes. HeLa cells were incubated £ 100 nM TPA. At
various times cclls werc harvested, homogenized and fractionated into cytosol
and microsomes. CT activitics were determined and are expressed as % of total
cytosolic + microsomal activities. Control values of CT activities in the cytosol
and microsomes were 8.61 £ 1.40 and 4.10 £ 0.52 nmol/min/mg protein,

respectively (n=6). Open and solid symbols represent samples from untreated

and TPA-trcated cells, respectively.
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Fig. 13. Translocation of CT Activity to Microsomes in the

Presence of Oleate and the Reversal to Cytosol by Albumin. HclLa
cells in growth medium werc treated wvith 0.35 mM olecatec for various times. Al
60 min albumin was added to a final concentration of 10 mg/ml. The cclls were
harvested at the times shown, homogenized and fractionated into cytosol and
microsomes. Specific CT activitics were determined in the cytosolic (open
symbols) and microsomal (solid symbols) fractions. The results are

representative of three diifecrent cxperiments.
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were increased upon TPA-trcatment. When the activitics were expressed as %
of total, no TPA-clicited cffect was apparent (Table 1).

c) the digitonin-permeabilization method: Sincc both of the
methods for rupturing cells described above are harsh, a relatively mild
procedurc (detergent-permeabilization) was employed. Detergent-
permeabilization is the least destructive method of rupturing cells (Mackall et
al., 1979). A buffered digitonin solution was used to permeabilize cells that had
been trcated with 100 nM TPA for 1 h. LDH activity was determined as a
marker of cytosolic rclecase (Fig. 15). Fig. 16 shows the total protein and CT
activities that were determined in the released cytosolic fraction and retained
particulatc fraction. Fig. 17 shows the results of an cxperiment in which Hela
cells were incubated in the absence (A) or presence (B) of 100 nM TPA for 1 h,
and then permeabilized with digitonin for 5 min. The released cytosclic and
retained CT activitiecs were determined. There was a small but significant
decrease in cytosolic CT from TPA-treated cells as compared to controls.
Morcover, the corresponding increase in particulate CT activity from TPA-
trcated cclls was three-fold that in control cells. This correlated well with the
thrce-fold stimulation of PC biosynthesis seen in Fig. 10.

The digitonin-permeabilization technique was also used to investigate
the translocation of CT elicited by the unsaturated fatty acid, oleate (Fig. 18).
Incubation of HeLa cells in the presence of 0.35 mM oleate for 1 h caused a
decrcase in the digitonin-mediated release of cytosolic CT from 7.56 in controls
to 2.84 nmol/min/mg in oleated-trcated cells. There was a corresponding
incrcasc in particulate CT activity from 0.351 in controls to 4.2 nmol/min/mg
in olcate-treated cells.  This translocation of CT was reversed to 6.98 and 0.354
nmol/min/mg in the cytosolic and particulate fractions, respectively, within

30 min upon the addition of 10 mg/ml albumin to the incubation medium.
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Fig. 14. Effect of Nitrogen Cavitation on the Subcellular
Distribution of CT Activity in HeLa Cells. HeLa cells were incubated
in the absence (open symbols) or presence (solid symbols) of 100 nM TPA for 1
h. The cells were harvested, subjected to nitrogen cavitation (500 psi for 5
min) and fractionated into cytosol and microsomes. CT activitics were
dctermined in the cytosol and microsomes and arc cxpressed as specific

activity.
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Fig. 15. Digitonin-Mediated Release of LDH Activity in HeLa
Cells. HeLa cells were incubated in the absence (open symbols) or
presence (solid symbols) of 100 nM TPA for 1 h and permeabilized with
digitonin for various times. The released cytosolic LDH activities were
dcicrmined. The results arc averages of duplicate determinations and arc

recpresentative  of three separatc experiments.
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Fig. 16. Digitonin-Mediated Release of CT From TPA-Treated
Cells. Conflueat HeLa cells were treated with medium containing 0.1%
DMSO (open symbols) or 100 nM TPA (solid symbols) for | h. The medium was
removed, cells were rinsed twice with PBS and permcabilized with digitonin
for the times indicated. The released cytosolic (A) and retained particulate (B)
fractions were assayed for protein and total CT activity. Inscts show profiles of
total mg protein rclcased and retained respectively, per dish.  The data arc
means of duplicate valucs from onc of threc similar experiments. CT aclivity is

cxpressed as total nmol CDP-choline formcd/min/dish of cells.
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Fig. 17. TPA Causes a Three-Fold Increase in Membrane-
Associated CT Activity. HcLa cells were treated with 0.19% DMSO
(control) or TPA (100 nM) for 1 h, rinsed twicc with cold PBS and then
permeabilized with digitonin for 5 min. Digitonin-relcased cytosol (A) and
retaincd particulate (B) CT activitics were assayed and cxpressed on a per mg
protein basis. These data (mcan + S.D.) represent duplicatc detcrminations

from four cxperiments and are ploticd after normalization to control valucs.

a p < 0.005 (n=4)

<>
o~
1A

0.0005 (n=4)
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The utility of the digitonin-pcrmeabilization mcthod for studying CT
translocation was further demonstrated using a different cell line. The REF 52
cell linc is a Fisher rat cmbryo-derived cell linec. It is immonalized,
nontransformed and nontumorigenic.  Agonist (c.g. vasopressin)- or TPA-
stimulation of this ccll linc causes a 3 to 4-fold stimulation of PC hydrolysis
(Cabot et al., 1988). The cells were treated with 100 nM TPA for 30 min and
permeabilized with digitonin for various times. Fig. 19 shows the digitonin-
rcleased LDH activities. CT activitics were determined in the released cytosolic
contents and the rctained particulate fractions as shown in Fig. 20. Similar
studies using Dounce homogcnization to rupturc cells and obtain sub-cellular
fractions were largely unsuccessful as they gave inconclusive and

inconsistent results.

3.14. Time-Course of TPA-Elicited CT i'ranslocation

The time-course of CT translocation to membrancs in rcsponse to TPA-
trcatment was investigated (Fig. 21). HeLa cells were incubated in the
presence of 0.1% DMSO (Control) or TPA (100 nM). At various times the cells
were digitonin-permcabilized and CT activitics dectermined in the particalale
fractions. There was 2 lag of approximately 10 min beforc an increase in
membranc-associated CT was obscrved in TPA-treated cells.  The increase in CT
translocation to membranes was maximal at 30 min and remained clevated over

the 2 h time period of TPA-treaiment.

3.1.5 Immunoblotting of CT
Translocation of CT to membranes was visualized by immunoblotting.
Earlier attempts to detcct membrane CT were largely unsuccessful as scen in

Fig. 22 although cytosolic CT was dectectable. Since the amount of CT activity



Fig. 18. Olcate-Elicited CT Translocation to Membranes and its
Reversal by Albumin. HeLa cells were treated with 0.35 mM oleate. At 30
min albumin at 10 mg/ml (dashed lines) was added to the incubation medium,
The cells were permeabilized with digitonin for 5 min and specific CT activitics
determined in the relcased cytosolic (A) and retained particulate (B) fractions.
The dashed lines show the reversal of oleate-induced CT translocation by

albumin, whercas the solid lines represent cells that were incubated in the

prescnce of olcatc alone.
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Fig. 19. Release of LDH Activity From REF 52 Cells by Digitonin.
REF 52 ceclls were incubated in the absence (open symbols) or presence
(solid symbols) of 100 nM TPA for 30 min. The cells were permeabilized with

digitonin for various times. The released LDH activitics were determined in

triplicate.



Fig. 20. Subcellular Distribution of CT in TPA-Treated REF 52
Cells. REF 52 ccils were incubated in the absence (open symbols) or
presence (solid symbols) of 100 nM TPA for 30 min. The cells were
permeabilized with digitonin for various times. Specific CT activitics were
determined in the released cytosolic (A) and the rctained particulate (B)

{raction.
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Fig. 21. Time-course of TPA-elicited CT translocation.

Confluent HcLa cells were incubated in medium containing 0.1% DMSO
(open symbols) or 100 nM TPA (solid symbols). At various times incubation
medium was removed, cclls permecabilized witi: digitonin for 5 min and
particulatc CT activity determined. The data arc cxpressed on a per mg protcin

basis, are means of duplicate values and represcntative of threce cxperiments.
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associated with membranes is only 3% of the total cecllular activity (as scen by
digitonin-permcabilization cxperiments), morc sensitive mcans of dctection
were cmployed. This was madc possible by the commercial availability of a
dctcction system using chemiluminescence. The principle of the method is
described in Appendix B. Fig. 23 shows that upos TPA-treatment of HeLa cells,
the amount of membranc-associated CT increased with respect to that in
untrcated cells. Thus the translocation of CT activity is confirmed by the
translocation of the enzyme protein itself.

Scveral unsuccessful attempts were made to demonstratc the
translocation of CT by immunoprecipitating CT from [33S]methionine-labeled
cells. Upon fluorography of the gels numerous labeled bands were seen, many
overlapping with CT, making it impossible to identify CT.

Immunoblotting was also used to demonstrate oleate-clicited

translocation of CT to membranes and its reversal by albumin (Fig. 24).

3.2 DIACYLGLYCEROL AS A TRANSLOCATION SIGNAL FOR CT

The mechanism of translocation of CT to membranes in TPA-treated cells
was investigated. TPA is known to increase the formation of DG in various cell
types (Danicl et al., 1986; Bestcrman et al., 1986; Glatz et al., 1987; Cabot et al.,
1988). In addition, enhanced binding of CT to DG-enriched membranes has
becen demonstrated by Cornell and Vance (1987). The role of DG in the

translocation of CT in TPA-treated cells was, therefore, investigated.

3.2.1 Accumulation of labelea DG in TPA-treated cells
As a first stcp towards evaluating the role of DG as a possible

translocation signal for CT, cxperiments were carried out to demonstrate an



Fig. 22. Immunoblotting of CT. HeLa cells were incubated in the
absence (lanes 1 and 3) or presence (lancs 2 and 4) of 100 nM TPA for 1 h, and
digitonin-permeabilized to obtain the cytosolic and particulatc fractons. 400
png of cytosolic (lanes 1 and 2) and 800 pg of solubilized particulate (lanes 3 and
4) were subjccied to SDS-PAGE (10% scparating gel) and blotted onto an
Imobilon-P membranc. The membranc was subjected to immunoblot analysis
using a rabbit polyclonal antibody to CT. 125I-proicin A was uscd (o visualize
CT. X-ray film was exposcd to the dricd gel for 7 days at -70 °C with

intensifying screens. The first lanc had purified CT.
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Fig. 23. Immunoblot Showing TPA-Elicited CT Translocation.
Digitonin-rclecased cytosolic (panel A) and particulatc (pancl B) samples from
untreated (I) or TPA-treated (2) cells were fractionated by SDS-PAGE (10%
polyacrylamide gel), blotted onto an Immobilon-P membranc and subjccted 1o
immunoblot analysis using a rabbit polyclonal antibody to CT and a
chemiluminescent method for visualizing CT. 100 pg cytosolic fractions and
400 pg particulate fractions were loaded onto the gel. The first lanc in pancl A

shows pure CT.
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Fig. 24. Immunoblot Analysis of CT Translocation Caused by TPA
and Oleate. HeLa cclls were incubated in the presence of 100 nM TPA
for 1 h (lanc 2), 0.35 mM olcate for 1 h (lanc 3), and 0.35 mM olcate for 30 min.
followed by 10 mg/ml albumin for a further 30 min. (lanc 4). Lanc | shows a
sample from untrcated control cells. The cells were digitonin-permeabilized
for 5 min to obtain the particulatc fraction. 400 pg of solubilized particulate
fractions were subjected to SDS-PAGE (10% scparating gel) and blotted onto an
Imobilon-P membranc. The membranc was subjected to immunoblot analysis
using a rabbit polyclonal antibody to CT and CT was visualized using the ECL
method.  The results of the immunblot arc shown as inscts corresponding 1o

the CT activitics represented in the bar graph.
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increase in DG upon treating cells with TPA. Initially, this was investigated by
monitoring the incrcasc of DG by labeling cells with a suitable radiolabelled
precursor.  For this purposc [2-3H]glycerol was chosen since this precursor
would enable mest lipids to bc labeled and the cffect of TPA on DG labeling
could bc monitered. In initial cxperiments cclls were prelabeled for 4 h, and
chased £ 100 nM TPA for various times in thc absencc of labeled glycerol.
Subsequently, the cclls were harvested, the lipids scparated by TLC and
subjected to liquid scintillation counting. There was no difference in the label
in DG from TPA-treated cells as comparcd to thc labcled DG from untrcated
controls. A rcport by Glatz et al. (1987) showed that the DG produced in HcLa
cells due to TPA-trcatment was derived from PC (likcly via a phospholipase C
hydrolysis of PC). In the light of this obscrvation it appcarcd that the PC in
the [2-3H]glycerol-labeling experiments above was not sufficiently labeled by
4 h to cnable its hydrolysis product, namely DG, to be detected. Therefore, long
term incubations of HcLa cells were done with [2-3H]glycerol to label PC to
equibilibrium. Fig. 25 shows the distribution of label in various lipids. PC was
labelled to equilibrium after approximatcly 20 h (pancl A). The labeling of
various other lipids is shown in pancls B and C. Tablec 2 shows the labcling of
different lipids after 24 h as a % of the radioactivity in the total lipid fraction.
Pulse-chase experiments were carried out in which cells were prelabeled for
24 h with [2-3H]glycerol and then incubated £ 100 nM TPA in the absence of
the label. The radiolabel in DG was dctcrmined after various times of TPA-
trcatment. Fig. 26 A shows that within 30 min the label in DG from conirol
cells had decreased from 5.72 to 3.2 x 104 dpm/mg but in TPA-trcatcd cclis the
labeled DG, after a small increasc to 6.25 x 104 dpm/mg, remaincd clevated over
the 2 h time period of thc chase. There appeared to be no significant

difference in cither the label in PC (pancl B) or the label in PE (pancl C) in
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TPA-treated or control cells. Similar pulsc-chase experiments were conducted
in which trcatment of cells with 100 nM TPA for 1 h caused an approximatcly

2-fold accumulation of labcled DG compared to untreated controls (Fig. 27).

3.2.2. Increase in Cellular Diacylglycerol Mass by TPA

To detcrmine whether the lack of decrease of labeled DG was due to the
actual increasc in DG content and not merely due to altered turnover, DG mass
measurcemenis were carried out in cells treated with TPA. Fig. 28 shows that
TPA-treatment causcd the DG content of cells to increase by approximately 50%
within 15 min when compared to untrcated controls. The colorimetric method
uscd to mcasurc DG mass in these experiments was, however, complicated and
inconsistent with respect to absolute values between experiments.  Another
method was cmployed after DG kinase became commercially available. This
method utilizes the quantitative conversion of DG to 32P-labeled phosphatidic
acid by DG kinasc in the presence of [y-32P]JATP and the subsequent
mcasurcment of the labeled product. It is a sensitive method and gave
reproducible results.  Using the DG kinase method for DG quantitation it was
shown that the DG mass incrcased from 2.29 nmol/mg in control cells to 4.02 %
0.7 nmol/mg (p< 0.0005) in cells that had been treated with 100 nM TPA for 1 h
(Fg. 29).

DG mass was also measured in microsomes prepared from HeLa cells
trcated £ 100 nM TPA for 1 h. Lipids were extracted and DG assayed. The DG
content was found to increasec from 2.77 to 6.84 nmol/mg in microsomes from

cells incubated in the absence or presence of TPA, respectively.



Fig. 25. Labeling Cellular Lipids with [2-3H]glycerol. Hela
cells in 100 mm dishes were incubated in the presecnce of 2 pCi/ml [2-3H)
glycerol. Cells were harvested at various times and lipids cxtracted.
Phospholipids werc scparated by TLC in chloroform : mcthanol : acctic acid :
formic acid ( 70 : 30 : 12 : 4 : 2). Necutral lipids wcre scparated by TLC in dicthyl
ether ; hexanc : acetic acid (35 : 65 : 2). The scparated lipids were visualized
with iodine, scraped into 0.5 ml of water and subjected to liquid scintillation

counting.
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Table 2, Distribution of [2-3H]glycerol in Different Lipids.
HeLa cells in 100 mm dishes were incubated in the presence of 2 pCi/ml
of [2-3H]glycerol. Cells were harvested after 24 h and lipids extracted.
Phospholipids werc scparated by TLC in chloroform : mecthanol : acetic acid :
formic acid : water (70 : 30 : 12 : 4 : 2). Ncutral lipids were scparated by TLC in
dicthyl ether : hexane : acetic acid (35 : 65 : 2). The separated lipids were

visualized with iodine, scraped and subjected to liquid scintillation counting.

dpm
(as % of total)*
phosphatidylcholine 65.0
phosphatidylethanolamine 7.0
phosphatidylinositol 13.1
phosphatidylserine 6.0
sphingomyelin 1.8
lysophosphatidylcholine 2.7
diacylglycerol 4.4
a The results are cxpressed as % of the radioactivity in the total lipid

fraction



Fig. 26. Effect of TPA on the Levels of [3H]DG, PC and PE. HclLa
cclls were prelabeled with 2 pCi/ml of [2-3H]glycerol for 24 h. The labeled
medium was removed, the cells rinsed thrice and incubated in the presence of
0.1% DMSO (open symbois) or 100 nM TPA (solid symbols). At various times
cclls were harvested, lipids extracted and separated by TLC. Lipids were
visualized with iodine, scraped into 0.5 ml water and subjected to liquid
scintillation counting. The radioactivity in DG (Panel A), PC (Panel B) and PE
(Panel C) was dctermined. The data are mcans of duplicate samples and

rcpresentative of three scparate cxperiments.
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4
dpm x 10 /mg

Control TPA

Fig. 27. Accumulation of [3HIDG in TPA-Treated Cells.

HcLa cells were prelabeled for 24 h in the presence of 2uCi/ml (2-3H]glycerol.
Subscquently, the labeled medium was removed, the cells rinsed thrice and
incubated in the prescnce of 0.1% DMSO (Control) or 100 nM TPA. After 1 h
cclls were harvested, lipids extracted and separated by TLC in diethyl ether
hexanc : acctic acid (35 : 65 : 2). The radioactivity in DG was determined by
liquid scintillation counting and expresscd on a per mg protein basis. The data
(mcan * S.D.) arc from four determinations and plotted after normalization to

control values.



119

180

160
o
]
g
g 140
R

120

]00 ] 1 L 1

0 30 60 90 120
Time (min)

Fig. 28. DG Accumulation in TPA-Treated Cells. HcLa cclls were
incubated £ 100 nM TPA. At various times cells were harvested, DG extracied
and assayed using enzymatic analysis as described in ‘Experimental
Procedures’. The results + are expressed as % incrcasc of DG over control.  The

average control value was 9.9 * 3.4 nmol/mg protcin (n=5).
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Fig. 29. Accumulation of DG Mass in TPA-Treated Cells. HeLa

cells were incubated in medium containing 0.1% DMSO (Control) or 100 nM TPA
for 1 h, followed by lipid extraction and DG quantitation by the DG Kinase
mcthod. The data (mean + S.D.) are from four determinations expressed on a

per mg protein basis and plotted after normalization to control values.



3.2.3. TPA-Mediated DG Increase as a Function of Time

The time-course of DG accumulation was investigated (Fig. 30). HcLa
cells were incubated £ 100 nM TPA and the cells harvested at various times.
Lipids were extracted and the DG levels determined.  An increase in DG mass
was observed from 1.7 at zcro time to 2.5 nmol/mg after 10 min of TPA-

treatment. The increase .2 DG mass was maximal by 15 min at 4.31 nmol/mg.

3.3. FURTHER EVALUATION OF DG AS A TRANSLOCATION SIGNAL FOR

Ccr

In scction 3.2 it was demonstrated by differcnt mcthods ihat DG
accumulated in cells trcated with TPA. Trcatment of HcLa cells with TPA has
been shown to gencrate DG by the hydrolysis of PC via a protcin kinasc C (PKC)
activated pathway (Besterman et al., 1986; Danicl et al., 1986; Glatz et al., 1987).
It was, therefore, possible that the translocation of CT to mcmbrancs obscrved
upon TPA-treatment was due to a decrease in the cellular PC content rather
than the incrcase in DG content. There is evidence that the amount of
membrane-associated CT activity can be influenced by the mcembranc PC levels
(Jamil et al., 1990). To dissociate these two cvents, i.c., incrcased cellular DG
and PC hydrolysis, it was proposcd that cecllular DG levels be increased by

incubating the cells in the presence of an cxogenous source of DG such as DiCy,

a cell-permeant analogue of DG. This would incrcase ccllular DG levels without

affecting PC hydrolysis. However, DiCgis known to activatc PKC (Lapetina et

al., 1985) and sincc the activation of PKC would result in PC hydrolysis, a

modified approach was required so that PKC would be bypassed.
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Fig. 30. Time-Course of DG Accumulation in TPA-Treated Cells.
Confluent HeLa cells were incubated in medium containing 0.1% DMSO
(open symbols) or TPA (solid symbols). At various times cells were harvested,
lipids extracted and DG quantitated. The data are expressed on a per mg protein
basis, arc mcans of duplicatc samples and representative of three separate

cxpecriments,
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3.3.1 Downregulation of Protein Kinase C

Prolonged incubation of various cell types with TPA has been shown to
result in the depletion of PKC from the cells (Rodrigucz-Pena and Rozengurt,
1984; Ballester and Rosen, 1985). This phcnomenon is known as down-
rcgulation.  Diacylglycerol or phorbol cster mediated translocation of PKC 1o
the plasma mcmbrane makes PKC susceptible to riotcolysis and prolonged
trcatment results in its complete disappcarence as demonstrated by
immunological studies (Ballester and Rosen, 1985). HecLa cells were
downregulated for PKC by incubating them in the presence of 1 uM TPA. Al
various intervals cells were harvested and fractionated into cytosolic and
particulatc fractions. The proteins in the samples were separatcd by SDS-PAGE
and subjected to immunoblot analysis using a commercially available
monoclonal antibody to PKC. This antibody rccognizes the hinge region
between the catalytic and the regulatory domains of the o and B (Bl and BII)
isoforms of PKC. HcLa cclls have been reported to have predominantly the &
isoform (Hii et al., 1990). Fig. 31 shows the results of an immunoblot analysis
using 1?3[-protein A for PKC visualization. Within 15 min all the
immunologically detectable PKC had translocatcd from the cytosol to the
membranes and by 22 h it had all disappeared. In another cxperiment (not
shown) twice the amount of particulate protcin from the 22 h samplec was
included for immunoblot analysis and still no PKC band was visible, further
indicating that the cells were depleted of PKC.

Another more scnsitive method involving the use of
chemiluminescence for the detection of PKC on immunoblots was utilized. The
principle of the method is illustratcd in Appendix B and described in scction

2.19.2. Fig. 32 shows the results of an autoradiogram obtained after a 5 sccond
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cxposurc. A longer cxposurc of 15 seconds {panel B) failed to dctect any PKC at
22 h or 24 h of TPA-treatment.
Thus, the results of the immunoblot analyses indicate that by 22 h the

cells had been downregulated for PKC.

3.3.2 Translocation of CT and Stimulation of PC Biosynthesis by
Exogenous Diacylglycerols
Downrcgulated HeLa cells were incubated in the prescnce of sonicated
suspensions of 0.5 mM of three different types of diacylgylcerols; DiCg, 0aG (1-
Olcoyl-2-acetyl-sn-glycerol) and egg PC-derived DG (made by the C. welchii
hydrolysis of cgg PC as described in scction 2.15.2 a). Afier 30 min membranc-

associated CT activity from digitonin-permeabilized cells was determined (Fig.

33). DiCg caused thc maximal CT translocation from 0.18 in untreated to 0.30
nmol/min/mg in DiCg-treated cells (lane 2), while egg PC-derived DG was
without cffect (lanc 4), presumably due to its inability to enter cells because of
its highly hydrophobic nature. Parallel pulse-chase experiments (Fig. 34)
with all threc DG’s revealed that the CT translocation clicited by them was
functional as scen by resulting stimulation of PC biosynthesis. Panel B shows
that DiCg trcatment caused the incorporation of [methyl-3H]choline into the
total lipid fraction to increasc from 1.3 (lane 1) to 2.71 x 105 dpm/mg (lane 2).
0aG causcd a lesser increase to 1.92 x 105 dpm/mg (lane 3), while cgg PC-
derived DG was without effect (Jane 4. The radiolabel in the aqueous choline
metabolites (panel A) decreased concomitantly, indicating increased formation
of CDP-chuline i.e., increased activity of CT. These results, therefore, agree
with a DG-stimulated CT activity. Since DiCg gave the maximum responsc of all
three DG’s it was chosen to be the exogenous source of DG in all subsequent

experiments.



Fig. 31. Immunoblotting of PKC. 100 pg of cytosolic and
particulate proteins from HecLa cells treated with 1 uM TPA for various times
were scparaicd by SDS-PAGE and subjected to immunoblot analysis using a
commercially available monoclonal antibody to PKC (MC 5) and visualized with
1251 Protein A.  Autoradiographs were obtained aftcr cxposing the
immunoblots to X-ray film ia a film cassctic with intensifier screens for 5 days

at -70°C.
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Fig. 32. Downregulation of PKC as Visualized by
Immunoblotting. 100 pg of cytosolic and particulatc proteins from
HeLa cells trcated with 1 pM TPA for various limes wcre scparatcd by SDS-PAGE
and subjected to immunoblot analysis using a commercially available
monoclonal antibody to PKC (MC 5) and a chemiluminecsent method for
visualizing antigen.  Panel A shows autoradiographs after 5 scconds cxposurc
of the blots to X-ray film, whercas pancl B shows results after 15 scconds
cxposure. The 80 kD band in thc right-hand lanc of the mcmbranc blots shows

pure bovinc brain PKC.
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Fig. 33. Translocation of CT by Various Diacyigiycerols. PKC-

downregulated HeLa cclls were incubated in the absence (lanc 1) or presence

of 0.5 mM DiCqg (lanc 2), OaG (lanc 3) and cgg PC-derived DG (lanc 4).  Aficr 30
min cells were digitonin-permeabilized, mcmbranc CT activitics were

deter:nined and cxpressed as per mg protein.
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Fig. 34. Stimulation of PC Biosynthesis by Various
Diacylgliycerols. PKC-downregulated HeLa cclls were prelabeled with
2 uCi/ml [methyl-3H]choline chloride for 1 h. Subsequently, the labeled

medium was recmoved, the cells rinsed thrice and chased in the absence (lanc

I) or presence of 0.5 mM DiCg (lanc 2), 0aG (lane 3) and egg PC-derived DG
(lanc 4). Afier 1 h the cells were harvested, lipids extracted and the
radioactivity in the choline-containing aquecous metabolites (Panel A) and the

total lipid fraction (Pancl B) dctcrmined.
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3.3.3. DiCg Stimulates CT Translocation and PC Biosynthesis in PKC-
Downregulated HeLa Cells

The cffect of DiCg on CT translocation and PC biosynthesis was cxamined
with an additional control which excluded TPA from incubations £ DiCg after
down-rcgulation. In these experiments 100 nM TPA was included in all the
incubations subscquent to PKC-downrcgulation. It was possible that the
presence of TPA enhanced the DG-stimulated effects. Thercfore, a control was
included where TPA was cxcluded after PKC-downregulation (Figs. 35 and 36).
The results indicate that the effects observed werc independent of the
presence or absence of TPA in the media during incubations £ DiCg. PKC-
downrcgulated cells were incubated for 3C min in medium alone, medium
containing 100 nM TPA or medium containing 100 nM TPA plus 0.5 mM DiCg.
Particulate CT activity incrcased to 0.67 + 0.02 nmol/min/mg in DiCg-treated
cells from 0.41 £ 0.07 and 0.37 £ 0.04 nmol/min /mg in controls (cells
incubated in medium alone and medium containing 100 nM TPA, respectively)
as scen in Fig. 35. This translocation would be expected to enhance PC
biosynthesis.  Therefore, PKC-downregulated cells were prelabeled with
I3H]cholinc for 1 h and incubated for a further 1 h in unlabeled medium alone,
mcdium containing 100 nM TPA or medium containing 100 nM TPA plus 0.5 mM
DiCg (Fig. 36). DiCg stimulated the incorporation of labeled aqueous metabolites
into the total lipid fraction (as seen by the decrease in label in the aqueous
metabolites and the increase in label in the organic phase). The label in total

lipids incrcased from 1.54 + 0.06 and 1.56 % 0.10 x 105 dpm/mg in controls
(lancs 1 and 2) to 2.95 + 030 x 10° dpm/mg in DiCg-treated cells (lane 3).
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Fig. 35. Effect of DiCg on CT Translocation in PKC-
Downregulated Cells. HecLa cells were incubated for 22-24 h in growth

medium containing 1 pM TPA. The medium was removed and cells were

incubated for 1 h in mecdium without TPA (1), with 100 nM TPA (2) or with 100

nM TPA plus 0.5 mM DiCg(3). The medium was recmoved, cclls were digitonin-
permcabilized for 5 min and particulatc CT activity was dctcrmined. The data
(mean + S.D.) represent duplicatc values from three scparatc cxperiments and

arc cxpressed on a per mg protein basis.



Fig. 36. Effect of DiCg on PC Biosynthesis in PKC-Downregulated

Cells. HelLa cells in 60 mm dishes were incubated for 22-24 h in growth
mecdium containing 1 pM TPA. This medium was removed and the cells
prelabeled for 1 h with medium containing 100 nM TPA and 2 puCi/ml
[3H]cholinc chloride (4 pCi/dish). The labeled medium was removed, and the
cells were incubated for a further 1 h in medium without TPA (I), with 100 nM
TPA (2) or with 100 nM TPA, 0.5 mM DiCg (3). Cells were harvested, lipids were
cxtracted and the radiolabel in aqucous phase and organic phase determined.

The data (mecan * S.D.) arc duplicate dcterminations from three separate

cxperiments.
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3.3.4. Time-Course of DiCg-Elicited CT Translocation and PC

Biosynthesis

The DiCg-induced CT translocation was cxamined as a function of time

(Fig. 37 A). PKC-down regulated cells were incubated in the absence or

presence of 0.5 mM DiCg and the translocation of CT to membranes examined at

different times. Within 10 mir of DiCg treatment CT activity in membranes had

increcased from 0.46 to 0.62 . g and to 0.90 nmol/min/mg at 15 min.
A surprising finding was that Ar. particulate CT activity in DiCg-treated
cclls had recturned to C.03 nniei.  n/mg and continued to decrease so that by 1

h and 2 h, CT activity was ncar cuatrol levels.

The time course of DiCg-induced PC biosynthesis was also cxamined (Fig.
37 B) in pulse-chasc cxperiments using PKC-downregulated cells. The
incorporation of {*Hicholine inio total lipids was examined at various times up
to 120 min. After a short (5 min) lag increased incorporation of radiolabel into
lipids was scen in the DiCg-treated cells. This accelerated over 15 min and the
ratc of incorporation then slowed to ncar control levels. Fig. 38 A shows a plot
of the rate of [*H]choline incorporation into total lipids at a specific time point
calculated with respect to the previous time point using data generated from
Fig. 37 B. At 5 min the rate was the samc as that of controls, but between 5 and
10 min the rate incrcased to 6,936 dpm/min and was maximal between 10 and
15 min (8,101 dpm/min). In agrcement with the profile of DiCg-induced
translocation of crzyme, the rate at 30 min decreased to 3,552 dpm/min and at 1
h and 2 h approachcd the control levels of approximately 1,500 dpm/min. A
plot of thc ratc of incorporation of label into total lipids against particulate CT

activity showed a positive corrclation (r2=0.89, Fig. 38B).



Fig. 37. Time Course of DiCg-Elicited CT Translocation(A) and PC
Biosynthesis(B) in PKC-Downregulated Cells. HeLa cclls werc
incubated for 22-24 h in growth medium containing 1 pM TPA. (A)The
medium was removed and ceils were incubated for the indicated times in
medium containing 100 nM TPA (open symbols) or 100 nM TPA, 0.5 mM DiCy
(solid symbols). The cells were digilonin-pcrmcabilizcd for 5 min and
particulate CT activity was determined. (B)Thc medium was removed and cells
were incubated in medium containing 100 nM TPA and 2 pCi/ml |3chholinc
chloride (4 uCi/dish). After 1 h ithc medium was removed, cclls werc rinsed
thrice and were incubated for the indicated times in chasc medium containing

100 nM TPA (open symbols) or 100 nM TPA, 0.5 mM DiCy (solid symbols). The

data are mcans of duplicatcs from onc of 3 similar cxperiments.
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Fig. 38. Plot of Rate of PC Biosynthesis and Correlation With
Particulate CT Activity. Pancl A, The rates of [3H]cholinc incorporation
into total lipids induccd by DiCg between two consccutive time points were
calculated (data of Fig. 37B) and plotted against thc later time. Pancl B, the
calculated rates in pancl A were plotted against particulatec CT activities (data

from Fig. 37A) and a corrclation obtained.
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3.3.5. Confirmation of DiCg-Elicited CT Translocation by Immunoblot

Analysis

The translocation of CT activity to membrancs after DiCy-trcatment of
PKC-downrcgulated cells was ¢xamined further by immunoblot analysis. Hcla
cells were downregulated for 22-"3 h in the presence of : uM TPA and treated
with 0.5 mM DiCg for 15 min {incubation with DiCg was only for 15 min beccausce
CT translocation was msximal at that time, Fig. 35). The protcins in a
solubilized particaiate fraction were scparated by SDS-PAGE and subjected to
immunoblot anaiysis (Fig. 39). The results show that the incrcase in
membranc-associated CT activity scen in DiCg-treated cells is duc te¢ an increase

in thc amount of the enzymec associated with the membrancs.

3.3.6. DiCg Accumulation in DiCg-Treated Cells

To attribute the incrcase in mcmbranc-associated CT in DiCg-trecated cells
to increascd lcveis of DG, it was nccessary to show that cellular DG levels had
indeed incrcased. Fig. 40 shows the levels of DG at various times of DiCy-
trcatment of PKC-downrcgulated cells. DiCg mass increased maximally to 2.75
nmol/mg within 10 min and then decrcased to 1.24 nmol/mg after 2 h of DiCq-

treatment (pancl A). The levels of long-chain DG were alse mcasured and no

significant difference was found between untreated and DiCy-trcated cells.

It was also impcrative to show that membranc-associated DG levels were
cicvated in DiCg-treated cells to make their role as signals for TT translocation
more significant.  Thercforc, mcmbranc-associated DiCg mass was quantitated

in the particulate fraction of digitonin-permcabilized cells which had been

treated with 0.5 mM DiCg for 15 min after PKC-downregulation and found to be

5.18 £ 1.54 nmol/mg. Again long-chain DG levels were found to be unchanged

(6.15 £ 0.34 in control compared to 7.72 £ 1.38 nmol/mg in DiCq-trcated cells).



Fig. 39. Immunoblot Analysis of DiCg-Elicited CT Translocation.
PKC - downregulated HeLa cells in 60- and 100-mm dishes were

incubated in the absence or presence of 0.5 mM DiCq. Afier 15 min the cells
were digitonin-permcabilized for 5 min and particulate CT activity determined
in the samples from the 60-mm di-hes. The particulate fractions from the 100-
mm dishes were solubilized, the proteins scparated by SDS-PAGE and subjected
to immunoblot analysis using a rabbit antibody to CT as described in section
2.17.2. CT was visualized by cnhanced chemiluminescence (Appendix B).  The
results of particulate CT activitics in control cells (solid bar) and in DiCg-
trcated cells (hatched bar) arc shown in the bar graph. The corresponding
inscts arc portions of autoradiographs obtaincd from the parallel immunobles

cxperiment showing particulate CT.
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Fig. 40. DiCg Accumulation in DiCg-Treated Cells. PKC -

downregulated HecLa cells were incubated in the absence (open symbols) or
presence (solid symbols) of 0.5 mM DiCg. At the indicated times cells were
harvested, lipids cxtracted and DG quantitated by the DG kinase mcthod. The
resulting [32P]phosphatidic acid was scparated from dioctanoyl-
[32P|phosphatidic acid by TLC in chloroform : acetonc : mecthanol : acetic acid :
water (10 : 4 : 3 : 2 : 1) as described in scction 2.15.2. The positions of the
rclevant bands were detected by autoradiography. The bands were scraped
into 0.5 ml waicr and subjccted to liquid scintillation counting. Panels A and B

show the mass of DiCg and long chain DG, respectively.
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3.3.7. Incorporation of DiCg into PC
Sincc the levels of long-chain DG remained unchanged during DiCg-

trcatment of PKC-downregulated cclls it appecared that an altcrnati-¢ source of

DG was bcing uscd for incorporation into PC via the

cholinephosphotransferase rcaction.  Therefore, the incorporation of DiCg

into PC to form dioctanoylphosphatidylcholine (DiCg-PC) was investigated by

three different methods:

(a) The formation of DiCg-PC as scen in [3H]cholinc _pulsc-chase
studies - PKC-downrcgulated HecLa cells were prelabeled with 2 pCi/ml of
[methyl-3H]choline chloride for 1 h and the labeled medium replaced with
medium £ 0.5 mM DiCg. After various times the cells were harvested, lipids
cxtracted and phospholipids scparated by TLC. The radiolabel in long-chain PC
and DiCg-PC was determined (Fig. 41). Panel A shows that therc was increased
incorporation of [3H]choline into long-chain PC in DiCg-trcated cells compared
to coitrols. This incrcase (1.5-fold at 30 min) was insufficient to account for
thc morc than 2-fold stimulation of [3H]choline incorporation into the total

lipid fraction scen in Fig. 37 B. However, the incorporation of [3H]choline into

DiCg-PC could account for the rest of the stimulation of PC biosynthesis. Table 3
shows the relative distributions of radiolabel in long-chain PC and DiCg-PC. In
control cclls 98% of the radioactivity in the total lipid fraction was associated
with PC, whereas in DiCg-treated cells, 60% was associated with long-chain PC
and 31% with DiCg-PC. When the results were cxpressed in terms of DiCyg-
stimulated radioactivity, 72% was in DiCg-PC whereas long-chain PC accounted
for only 29%.

Similar results were obtained when long-chain PC and DiCg-PC were
scparatcd by a published procedure (Liscovitch et al.,, 1987) using a reversed-

phasc C18 TLC system (as described in scction 2.21).



Fig. 41. Incorporation of DiCginto Phosphatidyl[methyl-

3Hlcholine. PKC - downrcgulated cells were prelabeled with 2 pCi/mi of

[methyl-3H]cholinc chloride for 1 h afier which the cells were chased in the

absence (open symbols} or presence (solid symbols) of DiCy;. 15 min later the

cells were harvested, lipids extracted and long-chain PC scparated from DiCy-

PC as described in scction 2.21. The radioactivity in the long-chain PC bands

(pancl A) and in DiCg-PC (pancl B) was dciermined. The mass of PC and PE was

also dctermined as shown in pancl C.
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Table 3. Incorporation of DiCg into PC. PKC-dowarcgulated cclls

were prelabeled for 1 h with 2 pCi/ml [3H]cholinc. The labeled medium was

replaced with medium % 0.5 mM DiCg for 15 min amd the cells harvested.  Lipids

were extracted and scparated by TLC in chloroform : mecthano! : acetic acid :

water (70 : 30 : 12 : 4 : 2). The radioactivity in long-chain PC (R;:=0.25) and DiCy-

PC (Rg=0.17) was detcrmincd by scraping the silica followed by liguid

scintillation counting.

% of total? % of stimulated?
(in DiCg-trecated c¢clls)
long-chain PC DiCg-PC
DiCg- (in DiCg-treated
control treated cells) long-
cells cells chain  PC DiCg-PC
98 + 1 60 + 3 31+ 5 29 + 2 72 = 3
(n=4) (n=5) (n=5) (n=3) (n=4)
a represents the % of radioactivity in the total lipid fraction
b represents thc % of incrcased radioactivity in the total lipid fraction of

DiCg-treated cells (thc control values were subtracted from DiCy values 10
give the incrcasc in radioactivity duc to DiCg-trcatment. The values
represented arc cxpressed as a % of this incrcasc).
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(b)  The formation of DiCg-PC as secn by 1.2-sn-dioctanoylf2-
3Hlglycerol labeling - PKC-downrcgulated cells were incubated with medium
containing 2 uCi 1,2-sn-dioctanoyl{2-3H]glyccrol and 0.5 mM DiCg. Cells were
harvested after various times and lipids extracted. Lipids were separated by
TLC and the radiolabel in PC and DiCq determined. As seen in Fig. 42, the level
of radiolabcled DiCg decrcased with a concomitant incrcase in labeled PC.  After
15 min approximatcly 12% of the radioactivity in the total lipid fraction was
found to be associated with DiCg-PC, whereas 70% rcmained associated with
DiCq.

(c) Formation of DiCg-PC as confirmed by GLC analysis - Gas liquid
chromatography was used to confirm the incorporation ¢f DiCginto PC by
demonstrating the presence of 8:0 in DiCg-PC. PKC-downrcgulated Hcla cells
were incubated in the presence or absence of 0.5 mM DiCg. After 15 min the
cclls were harvested, lipids extracted and DiCg-PC scparated fromi long-chain

PC by TLC. Fig. 43 shows the rctention times of a mixture of butyl fatty ester

standards prcparcd by transesterification of a fatty acid mixture with BFj3-
butanol (10%, w/w). The butyl 8:0 cluted with a retention time of 17.63 min.
The presence of 8:0 in DiCg-PC obtained from cells is shown in Fig. 44. The

portion of the silica gel scraping corresponding to DiCg-PC was scraped from

the TLC platc uscd for separating the two forms of PC and subjected to
transbutyiation and subscquently to GLC analysis. A peak eluting with a
rctention time of 17.68 min was scen when samples from DiCg-treated cells
were analysed (pancl B). This pcak was absent from samples obtained from

untrcated control cells (pancl A). To confirm further the identity of this peak,

a sample of thc butyl csters prepared from the DiCg-treated cells was coinjectied

with a butyl 8:0 standard prcpared from DiCg (Fig. 45). A single peak with a

retention time of 17.73 was observed (Fig. 45, panel Bj. Panel A shows the
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Fig. 42. Incorporation of 1,2-sn-dioctanoyl{2-3H]glycerol into
PC. PKC-downrcgulated HeLa cells in 35 mm dishes were incubated in
mcdium containing 2 uCi 1,2-sn-dioctanoyl[2-3H]glyccrol.  Cells were harvested
at various times, lipids extracted and PC scparated from DiCg by TLC.
Phospholipids were scparated by developing the TLC plate half way in
chloroform : methanol : acctic acid : formic acid : water (70 : 30 : 12 : 4 : 2).
Neutral lipids which migrated with the solvent front werc scparatcd by
developing the same TLC plate to its full extent in dicthyl cther : hexanc :
acctic acid (35 : 65 : 2). The bands on the silica gel corresponding to PC (open
symbols) and DiCg (solid symbols) wcre subjected to liquid scintillation
counting. The results arc cxpressed as % of the radioactivity in the total lipid

fraction.



Fig. 43. GLC Separation ¢f Butyl Esters of Fatty Acids Prepared
from a Mixture of Free Fatty Acid Standards. A mixture of fatty acids
was butylated as described in section 2.22. 2 ul of the butyl-fatty esters were
injected for GLC scparation on a 6 fect x 0.125 inch stainless steel column

packed vih 10% DEGS on a 100/120 mesh Supclcoport™. The horizontal axis
shows the sctention time scale in min, and the vertical axis shows the oven
temperaturc. The retention times of the various pecaks are indicated on the
chromatogram itsclf alongwith the fatty acid chain length. The peak at the

beginning is duc to the solvent.
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Fig. 44. GLC Separation of Butyl Esters of DiCg-PC Showing the

Presence of Octanoic Acid (8:0). 5. 100 mm, dishes of HeLa cells werc
down-rcgulatcd for PKC by incubation for 22 h in growth medium containing

I uM TPA. The cclis were subscquently incubated for 15 min in the absence

(A} or presence (B) of 0.5 mM DiCg and harvested. Total lipids were extracted
and DiCyg-PC separated from long-chain PC by TLC in chloroform : mectha: 1 :
acetic acid : formic acid : water (70 : 30 : 12 : 4 : 2). Long-chain PC an¢ PiCg-PC
cxiitbited Rp values of 0.11 and 0.25, respectively. The area corresponding t~
DiCg-PC was scrzped and subjected to trans-esterification in the presence of
BF;-butanol (10%, w/w) as described in sectiun 2.22. The resulting hexane
phasc after cxtraction was cvaporated undcr wnitrogen to 20 pl, and 2 pl injected
for GLC analysis. The pcak at the beginning is duc to the solvent. The
horizontal axis shows the retention time scale and the individual peak

retention times in min arc indicated.
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Fig. 48, i4) GLC Separation of the B:..;-+w, Standard cf
Octanoic Acid (8:0) Made from DiCg. 0.5 ml of the he:anc phasc after

trans-butylation of DiCy was injected for GLC analysis. The butyl 8:0 peak

cluted with a reizntion time of 17.58 min.
(B) Co-injection of the Butyl-Ester Standard of Octanoic Acid

Alongwith the Butyl Esters of Cellular DiCg-PC. ©.5 nul of butylated 8:0

standard was co-injected alongwith 2 pl of the butylated fatty acids of cecllular

DiCy-PC obtained from PKC-downregulatcd cells treated with 0.5 mM DiCq. The

portion of the chromatogram with the butyl-8:0 peak (retention time = 17.73

min) i; shown.
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single pcak obtaincd from an 8:0 standard prepared by transbutylation of DiCg

(retention time = 17.58 min).

3.3.8 Effect of Inhibitors of DG Metabolism on DG Formation

As another approach to increcasing intracellular DG lcvels, in additition
to the DiCy cxpariments described in the previous scctions, HeLa cclls were
trcatcd with inhibitors of DG mctabolism. ['wo inhibitors were used; (i) an
:ahibitor of platelet DG lipasc (Sutherland and Amin, 1982) known as U-57908
(formerly RHC 80267, from thc Upjohn Company) which has bzen shown to
increase DG Icvels in gonadotropes by inhibiting DG hydrolysis (Chang et al.,
102%y and (ii) a DG kinasc inhibitor (R-59022 purchascd from Boerhinger
Mannhicm) which has also bcen shown :: enhaonce DG levels in thrombin-
stimulated platclets by inhibiting the conversion of DG to PA (de Chaffoy de
Courceclles et al., 1985; Nunn and Watson, 1987). The chemical structure of both
inhibitors arc shown in Appendix C.

Pulsc-chase cxperiments using these two inhibitors wcere performed in
HeLa cells that had been prelabeled for 24 h with [2-3H]glycerol. The labeled
cclls were incubated in medium + inhibitors for 2 h and harvested. Lipids
were cxtracted and ncutral lipids separated by TLC. The 20unis of
radioactivity in DG were determined. An additional sct of cells was treated with
TPA as a positive control. The results in Fig. 46 show that TPA, as in section
3.2.1, caused increased formation of [3H]DG (2.5 x 10* dpm/dish, lanc 2) over
that in control gelis (1.5 z 104 dpm/dish, lane 1). However, the DG lipase (lane
3} but not the DG kinasc inhibitor (lane 4) showed only a slight incrcase in
[3HIDG. Both inhibitors together increased [SH]DG to the samc level as DG lipase
inhibitor alonc (1.9 x 10% dpm/dish, lane 5), but this was still lower than the

increase caused by TPA alonc. As secn in lanes 6, 7 and 8 inclusion of the
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Fig. 46. Effect of U-57908 and R-59022 on the Accumulation of
BH]DG. HcLa cells were prelabeled with 2 pCi/mi [2-3H|glycerol for 24 h
at which timc the labcled medium was removed and the cells were incubated in
the absence (Control, lanc 1) or presence of 100 nM TPA (lanc 2), 10 uM U-
57908 (lanc 3), 10 pM R-5¢022 (lanc 4), U-57908 + R-59022 (lanc 5). TPA + U-
57908 (lanc 6), TPA + R-59022 (lanc 7) and TPA + U-57908 + R-59022 (lanc B).
After 2 h of chase cclls were harvested, lipids cxtracted and scparated in
dicthyl ether : hexanc : acctic acid (35 : 65 : 2). The radioactivity in thc DG was

determined and expressed as total dpm x 10%/:%.
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inhibitors alongwith TPA did not cnhancc the accumulation of [3H]DG except
for DG lipasc which cnhanccd the TPA-mcdiated increasc slightly to 2.8 x 104
dpm/dish.  Sincc the cffccts obtained sith the inhibitors wecre minor

comparcd to those obtained with TPA, no further studics with thc inhibitors

were  attempted.

3.3.9. Effect of U-73122 (in TPA-Stimuleted PC Biosynthesis

To furiher investigate the role of DG in CT translocation and PC
biosynthesis cxperiments were performed with U-73122 (for chemical

¢ sco Appendix C), a phospholipase C inhikitor (from thc Upjohn

nany, Kalamazoo, MI). Sin-.c theiz was some evidence that the DG
rormation duc to TPA-trcatmemt was possibly a phospholipase C - mediated
hydrolysis of PC (Glatz er al., 1987), an attempt was made to inhibit this
formation of DG and, thercfore, to delincaiz the rcie of DG.

Initially, continuous iabeiing cxpcriments were performed in the
absence or presence of U-73122 + TPA. Cells werc preincubated in the
presence of U-73122 for 10 min before incubating in medium containing 2
uCi/ml [methyl-3H|choline chloride and 5 pM U-73122 + 100 mM TPA. Controls
were preincubated in medium alone and then incubated in labeled medium %
100 nM TPA. Ceclls were harvested after 30 and 60 min, lipids were cxtracted
and the radioactivity in the aqucous choline metabolites and the total lipid
fraction dctermincd. The results are shown in Fig. 47. U-73122 did not appear
to have any effect on the incorporation of label into the aqucous choline
mctabolites (pancl A) or into the total lipid fraction (Panel B). However, the
inclusion of U-73122 alongwith TPA appcared to decrease the TPA-stimulated

incorporation of [3H]cholinc-labeled precursors into PC. In agreement with



Fig. 47. Effect of U-73211 on [SHiCnoline Incorporation. Hcl.a
cclls were preincubaied in the absence (circles) or presence (triangles) of 10
uM U-73122 for 10 min before incubating in the presence of medium
containing 2 pCi/ml [methyl-3H]cholinc chloride, and 100 nM TPA % 10 yM U-
73122.  Cells were harvesied ar 30 min as? &) min, lipids cxtracted and the
radioactivity in thec cholinc-containing «j-. -v5 metabolites (pancl A) and the
total lipid fraction (pancl B) dctermincd. The apen and solid symbols
represent incubations in the absence or presence of TPA, respectively.
Incubations in the abscnce or presence of U-73122 are represented by circles

and triangles, respectively.
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tieeet etal. (1979) TPA increased the incorporation of [PH|choline into Hel.a
cells.

Pulsc-chasc expcriments were performed so that all the ccllular choline
metabolites were labeled cqually before incubation of the cells with agents
and to follow the progress of the labeled mctabolites. The results arc shown in
Fig. 48. HcLa cclls were prelabeled with 2 uCi/ml [methyl-3H]|choline  chloride.
After 1 h the labeled medium was replaced with unlabeled medium and the
cclls were preincubated for 10 min in the presence of 10 uM  U-73122.
Subscquently the preincubation medium was rcmoved and the cells incubated
in mcdium containing 10 pM U-73122 in the absence (lanc 4) or presence (lance
5) of TPA. The various controls were preincubated for 10 min in the abscnce
of U-73122, and the subscquent chasc «a4s also in #° - absence of the inhibitor
(lanes 1, 2 and 3). Cclls were harvestz.i afte: 1 b, lipids cxtracted and the
radioactivity in thc total lipid fraction dctermined.  As expecied, the positive
control incubated in the presence of TPA alonc showed a stimulation of PC
biosynthesis (lanc 3) over that of the controls without agents (lancs @ and 2}
U-73122 had no cffect on the TPA-stimulated incorporation of radiolabel into
the total lipid fraction (lanc 5), and was without cffect when it was present
alonc (lanc 4).

In light of the lack of cffect of U-73122 on TPA-mediated stimulation of

PC biosynthesis as scen in the above cxperiments, cxperiments involving this
inhibitor were not pursued further.
At the time these experiman's with U-73122 were done, Bleasdale er al. (1990)
reported that the inhibitor did not affecct TPA-stimulated DG production.  This
explained the lack of cffect of U-73122 on TPA-stimulatcd PC mectabolism. The
specificity of this inhibitor towards Pl-specific phospholipasc C was also

rcported (Smith et al., 1990), again supporting observations in the litcrature
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Fig. 48. Lack of Effect of U-73122 on TPA-Stimulated PC
Biosynthesis. HeLa cclls were prelabeled with 2 pwCi/ml [methyl-
3H|cholinc chloride for 1 h at which time thc labeled medium was re.:oved and
the cells preincubated  for 10 min in the abscnce (lanes 1, 2 3) or presence
(lancs 4 and 5) of 10 uM U-73122. Subsequently, the cells were chased in
mecdium alonc (lanc 1), medium containing 10 uM U-73122 (lane 2), 100 nM TPA
(lane 3), U-73122 minus 100 nM TPA (lane 4) and U-73122 plus TPA (lane 5).
After 1 h of chasc cclls were harvested, lipids extracted and the radioactivity
in the total lipid fraction deicrmined. Contrcls which were not trcated with U-
73211 arc rcpresented by lancs 1, 2, and 3. Lanes 4 and 5 represent cells that
were preincubated with U-73211 followed by a chase in the absence or

presence TPA, respectively.
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that TPA-stimulated PC hydrolysis is duc to an cnzymc distinct from Pl-specific

phospholipasc C.

3.4 ELIMINATION OF OTHER POSSIBLE MECHANISMS OF CT

TRANSLOCATION DUE TO TPA

Several other mecchanisms as possible mediators of CT translocation to
membrancs were investigated. A wide range of cukaryotic and viral protcins
arc known to undergo post-translational covalent modifications (Cross, 1987;
Merrill, 1989; Glomset et al., 1990). Possible covalent madifications of CT such
as rcversible phosphorylation and covalent attackment of lipid moictics werce
investigated as described below.  Aggregation of CT as a non-covalent
modification was also investigated as was the cffect of choline deprivation on

the subcellular distribution of CT.

3.4.1 Reversible phosphorylation

Scveral lines of cvidence indicated that the subcellular distribuiion of
CT may be regulated by a reversible phosphorylation mechanism.  The studics
of Pclech et al. (1981) have shown that incubation of rat hepatocytes with
stable anaiogues of cAMP inhibited PC biosynthesis and was shown to be
accompanied by a decrcasc in microsomal CT activily accompanicd by a
redistribution of CT to the cytosol. [In vitro cvidence for a rcversible
phophorylation mechanism was provided by Sanghcra and Vance (1989) in
which purified rat liver CT was shown to translocalc to membrancs upon
dephosphorylation with alkaline phosphatasc. In the samc study it was
demonstrated that pure rat liver CT could be phosphorylated with cAMP-

dependent protein kinasc. More recently, okadaic acid, a specific inhibitor of
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prolcin phosphatases 1 and 2A has been used in this laboratory to increasc
intracellufar phosphorylation states (Hatch, G.M. and Vance. D.E., unpublished
obscrvations) and to probe the cffect of incrcased phosphorylation on the
subcellular distribution of CT and PC biosynthesis. Treatment of hecpatocytes
with okadaic acid inhibited PC biosynthesis by 29%. This was accompanicd by
a 37% dccrease in membranc-associated CT activity and its redistribution to the
cytosol (Hatch et al., 1991). These stuv s, however, only provided indirect
cvidence for the roie of a reversible phosphorylation mechanism for CT as it
was not possible to demonstraic whether the chunges in the subccllular
distsitution of CT aclivity were accompaiied by an altered phosphorylation
statc of CT duc to the lack of a precipitating antibody to CT. Direct -wdics on
thc phosphorylation statc of CT only became possible with the successful
production ¢ -n antibody that precipitated CT. Rabbit antibodics were
generated agzinst a synthetic peptide sequence (amino acid residues 164 to 174
of rat liver CT) as dercribed in section 2.106.

(a)  Immunoprecipitation of CT from 32P-labeled HeLa cells - Since

HeLa cclls were treated with TPA which activates PKC, it was possible that a

‘phorylation cvent dircctly influenced CT tramslocation. A direct
- =phorylation of CT by protzin kinase C or another kinase appeared
unlikely as this was contrary to the hypothesis that uephosphorylation of CT
causes CT to associate with membranes. Moreover, TPA caused CT to translocate
(o membrancs which would not agrece with a phosphorylation of CT mediating
translocation as phosphorylation would make CT more hydrophillic and less
likcly to associatc with membraancs. However, it was possible that PKC
activated a phosphatasc that would dephosphorylate CT and therefore, causc its

translocation to membrancs in TPA-trcated cells. In a recent report Watkins
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and Kent (1990) showed for the first tizac by immunoprecipitation methods
that cytosolic CT from HcLa cclls is phosphorylated.

Thercfore, experiments were performed to investigate the role of
phosphorylation, if any, in CT translocation in HclLa cells activated for PKC. CT
was immunoprecipitated .: m 32p_jabeled cells treated in the absence or
presence of TPA (Fig. 49). Tic immunoprecipitated proteins were separated by
SDS-PAGE and the gel was cxposed for autoradiography. TPA trcatment did not
result in any significant diffcrence in the phosphorylation statc of cytosolic
CT (lanes I and 2). Immr - - cipitated particulate CT from TPA-ircated cells
(lanc 6) showed a 50% inc.2asc in intensity (as mcasurced by densiiometric
scanning) over that from control cclls (lanc 5). Since samples were
immunoprecipitated from cqual amounts of particulate protcin this increase is
most likely due to the increascd mass of particulatc CT clicited by TPA. A
similar result (Fig. 50) was obtaincd when the immunoprecipitations were
repeated in the presence of 25 mM sodium fluoride, 2 mM EDTA and 1 mM EGTA,
conditions that inhibit phosphatase activity.

Thercfore, these results do not indicatc ar obvicus role for a reversible
phosphorylation mechanism in TPA-clicited CT translocation, although ihe
enzyme is highly phosphorylated in the presence and abscnce of TPA.

Furthermorc, there is no cvidence that purified rat liver CT is
phosphorylated by wvrotein kinasc C, again indicating the lack of a regulatory
mechanism by phosphorylation of CT via PKC (Jamil, H. and Vance, D.E,,
unpublished observations).

(b)  The lack of an cffect of okadaic acid on TPA-stimylated PC
biosynthesis - As another approach to studying the cffccts of increased
phosphorylation on CT okadaic acid was uscd. Okadaic acid is a polycther fauy

acid which was first isoiated from the marinc sponges Halichondria okadii and



Fig. 49, Immunoprecipitation of CT from 32P-Labeled HeLa Cells.
Confluent HeLa cells were labeled with 22Pi for 2 h and incubated in the
absence or presence of TPA for a further 1 h. The cells were digitonin-
permeabilized and CT was immunoprecipitated from released cytosol and
particulate fractions with a rabbit polyclonal antibody to CT. 0.5% BSA was
included in thc incubations to climinatc non-spccific binding.  The
immunoprecipitated CT samples were scparated on SDS-PAGE which was
subjected to autoradiography (cxposurc at -70°C for 5 days in a film cassctic
with intensificr screens). Immunoprecipitation of cytosolic CT is shown in
lanes I and 2, non-specific immunoprecipitation of cytosolic CT with
unadsorbed IgG in lanes 3 and 4 and immunoprecipitation of particulatc CT in
lancs 5 and 6. Lanes /, 3 and 5 show samples from untrcated control cells,

lanes 2,4 and 6 show samples from TPA-treated cells.
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Fig. 50. Immunoprecipitation of CT From 32P-Labeled HeLa Cells
in the Presence of Phosphatase Inhibitors. Confluent HeLa cells were
labeled with 32Pj for 2 h and incubated in the absence or presence of TPA for a
further 1 h. The cells were digitonin-pcrmeabilized and CT was
immunoprecipitated from 200 pl releascd cytosol and total particulate fractions
with a rabbit polyclonal antibody to CT in the presence of 25 M NaF, 2 mM
EDTA and 1 mM EGTA. 1% BSA was included in the incubations to climinate
non-specific binding.  The immunoprecipitated CT samples were scparated on
SDS-PAGE which was subjccted to autoradiography (cxposurc at -70°C for 2
days in a film cassettc with inwnsificr screens). Immunoprecipitation of
cytosolic CT is shown in lancs / and 2, non-specific immunoprecipitation of
cytosolic CT in lanes 3 and 4 and immunoprecipitation of particulate CT in
lanes 5 and 6. Lancs 7,3 and 5 show samples from untreated control cells,

lanes 2,4 and 6 show samples from TPA-trcaied cells.
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Halichondria melanodocia by Tachibana et al. (1981). It is a potent and specific
inhibitor of protein phosphatascs 1 (PP1) and 2A (PP2A), twe of the four major
cytosolic phosphatascs in mammalian cclls (for a review sce Cohen er al.,
1990). It was proposed that okadaic acid might reverse TPA-stimulated PC
biosynthesis in HcLa cells by inhibiting the phosphatases that might have
been responsible for any dephosphorylation of CT if such a mcchanism were
operative. As a preliminary study to investigatc this pulsc-chasc experiments
were conducted with HeLa cells + agents.

Addition of okadaic acid to cultured hepatocytes resulicd in the cells
assuming a rounded shapc and not adhcring to the tissuc culture dishes.
Therefore, experiments in this laboratory involving okadaic acid were
performed on hepatocyte suspensions, rather than on adherent cultured
hepatocytes (Hatch et al., 1991). The cffect of various concentrations of
okadaic acid on HecLa cell adherence was assessed by light microscopy. For
upto 50 min 10 nM, 100 nM and 1uM okadaic acid did not causc cells to ‘lift off*
from the tissuc culture dishes. After 50 min cells in 1 pM okadaic acid showed
signs of rounding up but still remained adhered to the dishes. Cells in 100 nM
okadaic acid showed signs of rounding up only after 5 h whercas cells in 10
nM okadaic acid appeared to bc morphologically unaffccted throughout this
time period. Cells were viable at all times as scecn by trypan bluc cxclusion.

HeLa cells werc prelabeled with 2 uCi/ml [methy!-3H|choline chloride
for 1 h followed by a chase of 40 min + agents (Fig. 51). Cells were harvested,
lipids extracted and thc radiolabel in the total lipid fraction dctermined. Lancs
I and 2 are controls which werc chased with medium alonc and medium with
0.25% DMSO (the final concentration of DMSO when TPA and okadaic acid were
present together), respectively. The results show that okadaic acid was

without effect (lane 4) and did not reverse TPA-stimulated PC biosynthesis
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Fig. 51, Ei{fect of Okadaic Acid on TPA-Stimulated PC
Biosynthesis. Hela cells were prelabeied with 2 pCi/ml [methyl-
3H]choline chloride for 1 h at which time the labeled medium was removed and
the cells rinsed thrice. The cells were chased in the absence or presence of
100 nM TPA + 1 uM okadaic acid. Aftecr 40 min the cells were harvested, lipids
extracted and the radioactivity in the total lipid fraction determined. Lanes 1
and 2 represent controls which were incubated without agents in the absence
or presence of 0.25% DMSO, respectively (0.25% DMSO was the highest
concentration of DMSO prescnt when TPA and okadaic acid were present
together as in lane 5). Lane 3 represents cells that were chased in the
prescnce of 100 nM TPA alonc, lanc 4 represents cells that were chased in the
presence of okadaic acid alonc and lane 5 represents cells that were incubated

in the presence of both TPA and okadaic acid.
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(lanc 5). On the contrary, okadaic acid was seen (o slightly incrcase the TPA-
effect from 5.7 x 10* dpm (chasc mecdium with TPA alone, lanc 3) 10 6.9 x 10*
dpm {(chas¢c mcdium with both TPA and okadaic acid, lane 5). This increase can.
however, be attributed to the presence of 0.25% DMSO which on its own
slightly incrcased incorporation of [3Hjcholinc into the total lipid fraction
from 2.2 x 104 dpm (control, lanc 1) to 3.3 x 104 dpm (lanc 2).

Since thesc preliminary results showed that okadaic acid had no cffect
on TPA-stimulated PC biosynthesis, no further cxperiments with okadaic acid

were  conducted.

3.42 Covalent Lipid Modification

The possibility that TPA-clicited CT translocation to membrancs was duc
to covalent lipid modifications was addressed. The commonly known lipid
modifications of proteins are covalent linkage of phouphatidylinositol (for a
review sec Cross, 1987), myristoylation, palmitoylation and covalent
attachment of precursors of cholesterol biosynthesis such as farncsyl,
isoprenyi or geranyl groups. The amino acid requircment or the conscnsus
sequences for these modifications to occur are fairly well characterized in the
literature. The cloning of rat liver CT by Comell er al. (1990) showed that the
deduced amino acid sequence did not possess the structural featurcs generally
required for covalent lipid modifications to occur and, thercfore, the
possibility of CT undergoing thesc modifications in TPA-trcatcd HeLa cells was
not rigorously pursucd.  Morcover, an immunoprecipitating antibody which
was required for the facilitation of most of these studics became available only
recently.

However, a preliminary study of one of these modifications was possible,

albeit in an indircct fashion. Modification of protecin by long chain prenyl
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groups rcquircs thc biosynthesis of mevalonic acid. Inhibition of isoprenoid
biosynthesis by the use of an inhibitor of HMGCoA reductasc such as

mevinolin can block the maturation of p21'2s (n HelLa cells (Lconard e al.,
1990). p21™S requires isoprenylation for maturation, and sincc the inhibition
of isoprenoid biosynthesis has been well characterized in thesc studies from
the laboratory of Dr. Michael Sinensky, experiments were performed in which
the cffect of inhibition of cholesterol precursors on TPA-stimulated PC
biosynthesis and CT translocation was investigated.

Effect of isoprencid biosynthesis on PC biosynthesis and CT
translocation - HeLa cells in growth medium were treated with 20 uM
lovastatin, a potent inhibitor of HMGCoA reductase, for 24 h. At the cnd of this
time period cells were prelabeled with 2 pCi/ml [methyl-3H]choline chloride
for 1 h, after which the labcled medium was removed and the label chased *
TPA. Ceclls were harvested and t.  radioactivity in the total lipid fraction was
dctermined. 10 pM lovastaiin was present in all the incubations. TPA-
stimulated incorporation of [3H]choline into PC (from 1.5 x 104 dpm in controls
to 3.8 x 104 dpm in TPA-trcated cells) was not blocked in cells that had been
starved of mcvalonatc by lovastatin treatment.

Parallel cxperiments were conducted to examine the effect of
mcvalonate-deprivation on TPA-clicited CT translocation. Cells which had
been treated with 20 pM lovastatin for 24 h were incubated £ 100 nM TPA for 1
h.  Subscquently the cells were digitonin-permeabilized and CT activity in the
particulated fraction determined. TPA caused CT to translocatc to membranes
from 0.086 nmol/min/dish in control cells to 0.216 nmol/min/dish which is

similar to the effect obscrved in cells that are not impaired for mevalonate

biosynthesis.
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These preliminary results indicated a lack of involvement of
prenylation or covalent modification of CT by precursors of cholesicrol
biosynthesis in TPA-stimulatcd CT translocation and PC biosynthesis. It also
appears from thesc results that cholesterol metabolism is unconnected with PC
biosynthesis since impairment of mevalonate did not appear to affeer the
levels of PC labeling or of membranc CT compared to cells that were not treated

with lovastatin.

3.4.3 Lack of Aggregation of Cytosolic CT in TPA-Treated Hela Cells

CT has been shown by Weinhold er al. (1989) to exist in two forms in the
cytosol of rat lung, HepG2 cclls, A549 cclls and alvcolar Type I celis; a low
molecular weight dimeric form of MW 45,000, the so-called L-form which is
dependent on lipids for activation, and an aggregatcd H-form which is a
lipoprotcin complexed with lipids and is independent of added lipids for
activity.  Lipids such as phosphatidylinositol, oleic acid und
phosphatidylglycerol caused the L-form to aggregaic to the H-form jn vitro
and a change in the relative distribution of thesec two forms of CT has bcen
suggested to be important in the regulation of PC biosynthesis.

Therefore, the existence of the L and H forms of CT in HcLa cells was
investigated before and after treatment of the cells with TPA.,  Hcla cells were
incubated in the absence (control) or presence of 100 nM TPA for 1 h. The
cells werc Dounce homogenized and the resulting homogenate was  centrifuged
at 99,000 rpm using a TL100.2 rotor in a Beckman TL100 ulracentrifuge. The
supcrnatant was saved as cytosol and cquivalent amounts of prowcin (0.65 mg)
were layered onto 8 to 40% (v/v) lincar glyccrol gradients.  Centrifuga’ion was
performed in a SW 40 rotor at 40,000 rpm for 14 h at 4°C in an L§-M

ultracer-isifuge. Fig. 52 shows that poth the cytosol of untrcated controls
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(pancl A) and TPA-trcated cclls (pancl B) cxhibited only the L form of CT. The
activitics in the various fractions after glycerol gradient centrifugation could
account for the total activities loaded onto the gradients. Thercfore, all the
activitics loaded were accounted for by the L form of CT. Rat liver and rat lung
cytosol were also subjected to glycerol gradient centrifugation. As rcported by
Wecinhold er al. (1989), rat liver cytosol exhibited only the L form (Fig. 53,
pancl A), whercas rat lung cytosol had both the L and H forms of CT (Fig. 53,
pancl B).

These results indicate that CT is present as the L form in HeLa cell

cytosol and docs not aggrcgate into the H form upon trcatment of the cclls with

TPA.

3.4.4. Lack of Evidence for Subcellular Redistribution of CT Due to

Changes in Intracellular PC Levels

Recent cvidence from this laboratory suggested that intracellular levels
of PC could influcnce the subcellular distribution of CT in hepatocytes. Yao et
al. (1990) showed that there was 2-fold greater microsomal CT activity in
cholinc-dceficient rat livers compared to that in livers from rats fed a normal
dict.  When hepatocytes prepared from choline deficient rats were cultured in
cholinc-supplemented medium a decrease in microsomal CT was seen with a
concomitant increase in cytosolic CT activity. In another study by Jamil et al.
(1990) it was demonstrated that choline-deficient hepatocytes had decreased PC
levels compared to hepatocytes from normal rats, and that when PC levels were
raiscd by various mcans microsomal CT activity redistributed to the cytosol. In
the same study a highly significant inverse relationship was established
between microsomal PC levels and the amount of microsomal CT. Therefore,

the intraccllular content of PC provided a level of control over the subcellular



Fig. 52. Analysis of Forms of CT in HeLs Cell Cytosol by Glycerol
Gradient Centrifugation. Cytosolic samples were obtained form Hcl.a
cells incubated for 1 h in the (A) absence or (B) prescnce of 100 nM TPA. 0.65
mg of proicin was laycred onto a 12 ml, 8 - 40% (v/v) lincar glycerol gradient
and centrifuged at 40,000 rpm for 14 h at 4°C. 0.5 m! aliquots wcre removed

starting from the top of the tube and assayed for CT activity.
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Fig. 53. Separation of H and L Ferms of Rat Liver and Rat Lung
CT by Glycerol Gradient Centrifugation. Cytosolic samples from

(A) rat liver (6.16 mg) or (B) rat lung (5.2 mg) were laycred on 12 ml, 8§ - 40%
(v/v) linear glycerol gradients and centrifuged at 40,000 rpm for 14 h at 4°C.
0.5 ml aliquots were removed starting from the top of the tube and assayed for

CT activity.
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distribution of CT. This mcchanism was investigated in TPA-trcated HeLa cells
since there was cvidence that TPA-trcaiment caused PC hydrolysis (Glatz et al..
1987). The situation was complicated, however, because although TPA causes
hydrolysis of PC there is also the formation of DG which has been shown
clsewhere in the present study to translocate CT. Morcover, previous studics
by Corncll and Vance (1987) have shown that DG translocated CT in vitro.
Iniraccllular PC levels were unchanged in both TPA-trcated cells (187 £ 12
nmol/mg membrane protcin) and controls (184 i 8 nmol/mg mcmbranc
protein) as were PE levels (42 + 4 and 46 + 3 nmol/mg mcmbrane protcin in
controls and TPA-treated cells, respectively).  This is in agrcement with
prcvious studics from this laboratory (Mucller, H.W. and Vance, D.E.,
unpublished obsecrvations).

As an approach to changing intraccllular PC levels without affccting DG
levels, experiments were autempted in which HeLa cells were placed in choline
deficient medium for 24 h. The celis were then digitonin-permeabilized and CT
activities in the cytosolic and particulate fractions werc dctermined. The
results from these experiments were largely inconclusive as PC levels were
unchanged from cells in normal medium compared to cells in choline
deficient medium. Subcellular distribution of CT activity also appcarcd to be

unchanged.

3.5 THE ROLE OF THE CYTOSKELETON IN PC BIOSYNTHESIS AND CT
TRANSLOCATION
There is increasing cvidence in the literziure that cnzymes and
intermediates of mectabolic pathways are not freely diffusible within a cell but

form highly organized and functional associations. Studics from the
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laboratory of M.W. Spencc indicate that the PC biosynthetic pathway in
culturcd glioma cells is highly organized, suggesting that the reaction
intcrmediates arc not freely diffusible within these cells but arec channcled to
PC biosynthesis (George et al., 1989). For metabolic compartmentation to occur
it is proposcd in thc present study that the cytoskeleton which is a highly
organized structurc itsclf would be involved in confering structure and
organization to a mctabolic pathway, specifically to the enzymes of the PC
biosynthetic pathway. Therefore, studies were initiated to determine what
role, if any, the cytoskelcton played in PC biosynthesis in HeLa cells. Several
cytoskclctal disrupting agents were used to investigate the role of the
cyloskeleton on PC biosynthesis in HeLa cells. Morcover, since TPA is known
to causc the polymerization of actin (Rao, 1985; Keller et al., 1985) which forms
thc microfilaments of the cytoskeleton, it was conceivable tkat the TPA-
elicited translocation ocurred by the association of CT with actin. In addition,
diacyiglyccrols such as OaG and DiCg also cause the polymerization of actin
(Kclier et al.,, 1989) and, as dcmonstrated in section 3.3. cause CT translocation
to membranes. Somec support for this hypothesis was lent by Hunt er al. (1990),
who postulated that CT in human and rat lung associated in vitro with actin.
Although the cvidence provided by Hunt et al (1990) for this association is

largely circumstantial, the theoretical basis for the postulation appears to be

sound.

3.5.1. The Effect of Anti-Tubulin Agents on PC biosynthesis in HeLa

Cells

Anti-tubulin agents such as colchicine, vinblastine and nocodazole
were used to disrupt microtubules. Colchicine, an alkaloid extracted from the

mcadow saffron binds to tubulin dimers inhibiting the addition of tubulin
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molecules to microtubules thereby lecading to microtubule depolymcrization
(Taylor, 1965; Inouc and Sato, 1967). Vinblastinc inhibits microtubule
formation by inducing the formation of paracrystalline aggregates of tubulin
(Fugiwara and Tilney, 1975) and has been widely used as an anti-cancer drug.
Nocodazole, a powerful inhibitor of mitosis, blocks microtubule asscmbly in
vitro (Hoebeke et al., 1976).

Initially, pulse-chasc cxperiments were performed in the absence or
presence of these microtubule-disrupting agents and their effccts on PC
biosynthesis were cvaluated cither when present by themselves or along with
TPA. The goal was to study the cffcct of microtubule-disrupting agents on TPA-
stimulated PC biosynthesis. HcLa cclls were prelabeled with 2 uCi/ml [methyl-
3H]choline chloride for 1 h and chased in the absence or presence of the
various microtubule-disrupting agents £ 100 nM TPA. After a 1 h chase cells
were harvested, lipids extracted and the radiolabel in the choline-containing
metabolites determined. The results are shown in Table 4. Colchicine,
vinblastine and nocodazole had no cffect on the incorporation of [3H]choline
into the total lipid fraction when present by themsclves.  Neither did any of
the agents have any cffcct on TPA-stimulatced PC biosynthesis. The
concentrations of agents uscd in these studies were similar to those used in the
literaturc to achieve maximal results.

Experiments were also conducted to determine if these agents had any
cfiect on CT translocation in the presence of TPA or when present by
themselves. The results were largely inconclusive as the mcthod to disrupt
cells employed in these studics was Dounce-homogenization. These
cxperiments were conducted before the digitonin-permeabilization method

was routinely utilized to study CT translocation.



Table 4. The Effect of Anti-Tubulin Agents on PC Biosynthesis. HelLa
cells were prelabeled with 2 pCi/ml [methyl-3H]choline chloride for 1 h. The labeled
mcdium  was replaced with unlabeled medium containing  various tubulin-disrupting
agents £ 100 nM TPA as shown. Controls were incubated in the presence of 0.2%
DMSO, the highest concentration of DMSO present in any given sample. After 1 h
cells were harvested, lipids cxtracted and the radioactivity in the choline-containing
aqucous metabolites and in the total lipid fraction was determined by liquid
scintillation counting.  Unless indicated otherwise the values are averages of

duplicatc samples from two different cxpcriments.



Table 4
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Aqueous choiine-

Additions containing metabolites Total Lipids
(dpm x 10°%/mg) {dom x 10-
S/mg)
0.2% DMSO 1.60 £ 0.04 0.75 + 0.03
(Control) (n=4) (n=4)
100 nM TPA 1.25 £ 0.10 224 + 0.11
(n=8) (n=8)
10 uM Colchicine 1.49 0.83
TPA + 1.18 2.59
Colchicine
10 pM Vinblastine 1.53 0.68
TPA +
Vinblastine 1.13 2.21
3 uM Nocodazole 1.53 0.84
TPA +
Nocodazole 1.19 2.21
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3.5.2. The Effect of Cytochalasin E on TPA-Stimulated PC Biosynthesis

and CT Translocation in HelLa Cells

The cytochalasins (cytochalasin A, B, C, D and E) arc a family of
mctabolites excreted by various specics of moulds. They are employed as actin-
binding drugs that inhibit the addition of actin molecules to actin filaments,
lcading to microfilament dcpolarization. Cytochalasin E has been described as
the most potent of all the cytochalasins in inhibiting actin polymerization
(Lin et al., 1980). Therefore, cytochalasin E (CE) was chosen as the
microfilamcnt-disrupting agent in the present study.

(a) The cffect of CE on PC biosynthesis - As a preliminary study to
investigate the cffect of microfilament disruption on TPA-stimulated PC
biosynthesis, HcLa cells were prelabeled with 2 uCi/ml [methy!-3H]cholinc
chloride for 1 h. Subscquently, the cells werc chased in thc absence or
presence of CE £ 100 nM TPA. After 1 h the cells were harvesied, lipids
cxtracted and the radiolabel in the choline-containing metabolites determined.
10 uM CE was used in initial swudies. Experiments with various CE
concentrations (0.1, 1, and 10 uM) revcaled that 1 yM CE was as effective in
cnhancing TPA-stimulatcd PC biosynthesis as 10 uM CE. Therefore, 1 pM CE was
uscd in subsequent cxperiments. A summary of the pulse-chase experiments is
shown in Table 5. CE alonc had no effect on the incorporation of [*H]choline
into the total lipid fraction.  Surprisingly, instead of inhibiting TPA-stimulated
incorporation of [3H]choline into PC as would be expected if the TPA-effects
werec mediated by actin, CE enhanced the TPA-effect. The presence of 100 nM
TPA alonc increased the incorporation of [3H]choline into the total lipid
fraction by 3-fold in agreement with previous results in the present study
from 0.75 £ 0.03 x 10° dpm/mg (in controls) to 2.24 + 0.03 x 105 dpm/mg. The

presence of 1 uM CE cnhanced this significantly from 2.24 + 0.03 to 4.35 £ 0.1 x
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105 dpm/mg. This incrcase was statistically significant as indicated in Table S.
An analysis of the aqucous cholinc-containing mectabolites revealed a decrease
in the level of radiolabeled phosphochline, indicating an cnhancement ¢f the
CT-catalyzed reaction. There was no difference in the levels of radiolabeled
CDP-cholinc between cells incubated with TPA alone or with TPA + CE (4.41 and
4.02 x 103 dpm/mg, respectively).  There was an approximately 2-fold increase
in cellular [3H]choline when TPA and CE were present together (8.0 + 1.27 x
103 dpm/mg) comparcd to when TPA was present alonc (4.31 + 1.2 x 103

dpm/mg).

(b) The effect of CE on CT translocation - Since a reaction catalyzed
by CT was implicated in the previous scction, the cffect of CE on TPA-clicited CT
translocation to membrancs was studied. Initial studies using Douace-
homogenization were largely inconclusive duc to the large variations between
samples and cxperiments. Digitonin-permeabilization cxperiments revealed
interesting results as summarized in Table 6. HecLa cclls were incubated in the
absence or presence of CE + 100 nM TPA for 1 h. Subscquently, the cells were
permeabilied with digitonin for 5 min and the CT activities in the particulatc
fractions determined. Incubation of cclls in the presence of CE alone
increascd membrane-associated CT activity from 0.27 in untrcated controls 1o
0.45 nmol/min/mg. The TPA-clicited incrcase (0.74 nmol/min/mg) was
enhanced to 1.10 nmol/min/mg when CE was present together with TPA.

Cytochalasins have been shown to incrcase intraccliular calcium in
various cell types (Treves et al., 1986). In addition, work from this laboratory
has shown that incrcasing intracellular Ca?* in rat hcpatocyics with the help

of the ionophore A23187 increased PC biosynthesis as well as CT translocation



Table 5. The Distribution of [3H]choline in Choline-Containing
Metabolites in Cells Treated with Cytochalasin E * TPA. HcLa cells were
prelabeled for 1 h with 2 pCi/ml [methyl-3H]choline chloride for 1 h. The labeled
medium was replaced with unlabeled medium + agents as shown. Controls were
incubated in the presence of 0.2% DMSO, the highest concentration of DMSO present
in any given samplc. After 1 h the cclls were harvested and lipids extracted.

Aqucous mectabolitcs were scparated by TLC in methanol : 1.2% NaCl : NH,OH (10 : 10 :

1). In this solvent system choline, phosphocholine, glycerophosphocholine and CDP-

cholinc exhibited Rp values of 0.15, 0.38, 0.51 and 0.59, respectively. The separated

aqucous mctabolitcs were scraped off the TLC plates and subjected to liquid
scintillation counting. The radioactivity in the total lipid fraction was also

determincd.  Unless ‘ndicated otherwise the results are averages of duplicate samples

from (wo different cxperiments.

* 0.005 < p < 0.01
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to membrancs (Sanghcra and Vance, 1989). The study also showed that thesc
cffects could be partially overcome by Verapamil, a calcium channel blocker.
In order to decterminc whether calcium was directly involved in the
association of CT with membranes after CE treatment of HelLa cells, digitonin-
permcabilization of cells was performed in the presence of 5 mM EGTA after
the cells had been treated with the various agents (Table 6). The inclusion of
EGTA appcarcd to have climinated the CE-mediated increase in membrane-
associated CT acitivity (0.392 nmol/min/mg in CE-treated ceclls compared to
0.353 nmol/min/mg in untrcated controls). However, EGTA did not appear to
affect the incrcase in membranc-associated CT secen when TPA and CE were
present together. To find out whether the presence of EGTA was affecting CT
activity by removing Ca?* that might be inhibiting CT activity, particulate CT
assays were performed =+ 5 mM EGTA. There wa: no difference in CT activities
in the presence or absence of EGTA (data not shown).

(c) The effect of CE on cellular DG levels - Since the cellular levels of
DG arc important in the translocation of CT (sections 3.2 and 3.3), and can limit
PC biosynthesis (Jamil et al,, 1992) experiments to determine DG mass in CE-
trcated cells were performed.

HeLa cells were incubated in the absence or presence of 1 uM CE + 100
nM TPA for 1 h. Subsequently, the ceclls were harvested, lipids extracted and
the DG quantitated by thc DG kinase method described in section 2.15.2. Fig. 54
shows the results of such an experiment. As expected the presence of TPA
incrcased the DG levels from 1.8 nmol/mg in controls (lane 1) to 3.67 nmol/mg
(lanc 2). Incubation of cclls with 1 uM CE for 1 h showed a small increase over
controls to 2.37 nmol/mg (lanc 3). Interestingly, incubation of cells with
TPAand CE together decreased the TPA-elicited DG increase to 3.33 nmol/mg

(lanc 4).



Table 6. The Effect of Cytochalasin E + TPA on the Amount of
Membrane CT in HeLa Cells. HeLa cells were incubated in the presence of
agents for 1 h as shown. Controls were incubated in the presence of 0.2% DMSO. the
highest concentration present in any given sample. Subscquently the cells were
digitonin-pcrmeabilized for 5 min in the absence or presence of 5 mM EGTA. Specifi..
CT activities were determined in the particulate fractions and the results are

presented as the average values of duplicate samples from two separate  experiments.

Particulate CT  Activity
(nmol/min/mg)

Additions minus EGTA® plus S mM EGTAP

Control 0.269 0.353
(0.2% DMSO)

TPA 0.740 0.925
Cytochalasin E 0.446 ).392
TPA +

Cytochalasin E 1.102 1.14
a cells were digitonin-permeabilized in the absence of EGTA

b cells were digitonin-permeabilized in the presence of 5§ mM EGTA
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3.6. IMMUNOFLUORESCENT STUDIES ON CT

CT appcars to cxist in a dual location in many ccll types - in the cytosol
and associated with membranes.  Originally, Wilgram and Kcnnedy (1963)
found that cytosclic and microsomal CT activities were present in roughly
cqual amounts in the rat liver. In embryonic muscle celis, cytosolic CT activity
was shown to be 78% of the total activity prescnt (Sleight and Kent, 1980). In
HeLa cells, digitonin-permeabilization relcased 97% of total cellular activity
and only 3% remained associated with membranes, as seen in previous  sections
in the present study.

Although PC biosynthesis has been reported to occur in several
organclies in animal cells the major quantitative sitc appears 1o be the
endoplasmic reticulum (ER). The location of CT was first described by Wilgram
and Kennedy (1963) to be microsomal in rat liver. Subscquently, studics from
two different laboratories localized CT more specifically to the ER (Tercé et al.,
1988; Vance and Vance, 1988). Vance and Vance (1988) also repornied CT
activities associatcd with the cis-golgi. Morand and Kent (1989) reporied a
nuclear-cnvelope location for CT in CHO cells that had an altered membranc
composition.  Functionally it would appcar more rcasonable for CT to be
associated with the ER, along with other cnzymes of the PC biosynthctic
pathway, notably, cholinephosphotransferasc.

With the availability of an antibody to CT it would be possible 1o
uncquivocally demonstrate the subcellular location of CT with the help of
electron microscopy. The aim was to investigate whether CT was indeed
functionally located at thc ER and if so, what particular region of the ER.

Another aim was to investigate, if possible, the claim by Hunt ef al. (1990) thay
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CT associates with actin and, by extrapolation, with microfilaments of the

cytoskelcton.

3.6.1. Immunofluorescent Studies on CT in Intact HelLa Cells

Initial studies were done using immunofluorescence techniques on
whole cells. The objective was to see if CT could be detected in cells before
further cxperiments were performed on the detection and location of
mcmbrane-associated CT.

HecLa cclls growing on glass slides were fixed to the slides and the
detection and visualization of CT was performed according to the procedure
described in section 2.20. Positive and negative controls were included in the
proccdure. Fig. 55 shows the results of such an experiment. Panel A shows
cclls that had bcen incubated with a rabbit antibody to a synthetic peptide
correcsponding to an N-tcrminal region of rat liver CT. In pane! B cells were
incubated with non-specific IgG from immune serum, while panel C shows a
positive control in which cells were incubated with a rabbit antibody to actin.

The results of the negative control (minus primary antibody) are shown in

pancl D.

3.6.2. Detection of Membrane-Associated CT by Immunofluorescence

It appcarcd from Fig. 55 A that CT could be dctected casily by
immunofluorescent techniques. The next step was to visualize membrane-
associated CT which was done by first releasing cytosolic CT by digitonin-
permeabilization followed by fixing the cell ghosts to the glass slides and
probing with the antibody to CT. The cells were treated with TPA or oleate so
that incrcascs in membrane CT due to these treatments could be detected. The

results arc shown in Fig. 56. HeLa cells growing on 4-chamber glass slides



196
were treated in the absence (panel A) or presence (pancl B) of 100 nM TPA for
30 min, 0.35 mM olcate for 30 min (panel C) and 0.35 mM olcatc for 30 min
followed by 10 mg/ml albumin for a further 30 min (pancl D). At the end of
thesc trcatments the cclls werc permeabilized with digitonin for 5 min 10
relcase the cytosolic CT, followed by fixing the resulting cell-ghosts 1o the
glass slides. The cells werc probed with antibody to CT and visualized as
described in section 2.21. Therc did not appear to be any diffcrence in the
fluorescent intensity emitted from the cclls as a result of thesc manipulations.

Immunofluorescence studies were also donc on HeLa cells on another
slide where after digitonin-pecrmeabilization the ccll gosts were fixed and
probed with non-CT antibodies as shown in Fig. 57. The cclls shown in pancl A
were probed with non-specific IgG from immunc serum, whereas the cells in
panel B were probed with rabbit antibodies to actin and pancl C was the
negative control where no primary antibody was uscd.

Two interpretations could be drawn from the above results:

i. The fluorescence scen in these slides was not due to CT but some other
antigen cross-reacting strongly with the antibody to CT

ii. The cells were in an active log phasc and, thercfore, the majority of CT
would be found associated with membranes to facilitate the synthesis of PC
since increased amounts of PC would bec required in actively growing celis.

To test the second hypothesis, the subcellular distribution of CT activities were
examined at different growth stages of HeLa cells as described in the following

section.



Fig. 55. Detection of CT in Intact HeLa Cells by Indirect
Immunofluorescence. Intact HcLa cells fixed on glass slides were probed
with a rabbit antibody to CT (pancl A), a non-specific antibody (panecl B), a
rabbit antibody to o-actin (pancl C) and minus primary antibody (panel D) as
described in scction 2.24. The cells were visualized by indirect

immunofluorcscence. Bar, 1 pm.






Fig. 56. Detection of Membrape-Associated CT by Indirect
Immunofiuorescence in Digitonin-Permeabilized HeLa Cells. Hela
cclls were incubated in the abscnce (panel A) or presence of 100 nM TPA for
30 min (pancl B), 0.35 mM Oleate for 60 min (panel C) and 0.35 mM oleate for 30
min followed by the addition of 10 mg/ml albumin for a further 30 min (panel
D). Following these trcatments the cells were permeabilized with digitonin,
fixed and probed with a rabbit antibody to CT. The cells were visualized by

indirect immunofluorescence as described in scction 2.24. Bar, 1 pum.






Fig. 5§7. Detection of Non-CT Antigens by Immunofluorescence.

HeLa cells were digitonin-permeabilized and probed with a non-specific
antibody to CT (pancl A), a rabbit antibody to a-actin (panel B) and minus
primary antibody (panel C). The cells were visualized by indirect

immunofluorescence. Bar, 1 pum.
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3.6.3. The Effect of Growth Phase on the Subcellular Distribution of CT

HcLa cells were plated in 60 mm dishes at a low density (105 cells/dish)
so that two scts of dishes had cclls in an active log phase. Onc set of dishes was
plated at twicc the density of the other dishes so that at the time of the
experiment the cells were fully confluent. One set of dishes that had cells in
an active log phase werc put in scrum-free medium for 24 h beforec the
cxperiment to stop their growth and makc them quiescent. All three sets of
ccells were digitonin-permecabilized and the CT activities in the cytosolic and
particulatc fractions dctermincd. The results are shown in Table 7. It was
cxpected that cells in the log phase would have higher membrane-associated
CT activitics than cclls that were growth-arrested or were confluent. However,
as can bc scen from Table 7 there appcared to be no obvious differences among
membranc-associated CT activitics from cells at different stages of growth.

Therefore, from the results of these cxperiments it was concluded that
the antigen dctected by the rabbit antibody to CT was not CT but another
protcin that was not rclcased during digitonin treatment and that cross-
rcactcd with the antibody giving a strong signal in the immunofluorescence
studies. As a result of this reasoning the immunocytochemical studies on CT

were not carricd to their logical conclusion, that of electron microscopy.
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Table 7. Subcellular Distribution of CT in HeLa Cells at Different
Stages of Growth, HeLa cells were plated at a low density (105 cells
/dish) in two scts of 60 mm dishes (I and II). The cells in set | were placed in
serum-free medium for 24 h prior to the experiment, whereas the cells in set
Il were left in an actively growing stalc in growth mcdium. The dishes in sct
HI were plated at twice the density in cither sets 1 or Il so that the cells were
fully conflucnt at the time of the cxperiment. Cells were digitonin-
permeabilized for 5 min and specific CT activitics in the relcased cytosol and
retained particulate fractions dctermincd. The results shown are averages of

duplicate samples from iwo separatc cxperiments.

CT Activity

(nmol/min/mg)

Cytosol Particulatc
I. Growth-arrested
(quiescent) cells 6.69 0.350
IT. Actively-
growing cclls 7.27 0.368

II. Confluent celis 7.11 0.425
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CHAPTER 4 DISCUSSION

4.1. THE STIMULATION OF PC BIOSYNTHESIS BY TPA

In section 2.1 it was shown by pulse-chasc experiments that TPA stimulates
the biosynthesis of PC 3-4 fold in HeLa cclls. This is in agreement with
previous reports.  Kinzel et al. (1979) showed that 100 nM TPA increased the
labeling of cholinc-containing lipids in Hela cells. Subscquently, it was
shown in pulsc-chasc cxpcriments that the stimulation of PC labeling was
accompanicd by a dccrcasc in label in the aqueous precursor, phosphocholine
(Paddon and Vance, 1980). This suggested that the accelerated disappearence
of labcled phosphocholinc in TPA-stimulated cells was due to its rapid
conversion 10 CDP-choline and subsequent incorporation into PC. Since CDP-
cholinc constituted less than 5% of the labeled aqucous metabolites it was
suggested that the stimulation of PC biosynthesis was due to the stimulation of
the CT-catalyzed reaction. It was also shown that whercas the other enzymes
of thc CDP-choline pathway, choline kinase and cholinephosphotransferase
were unaffccted by TPA-treatment, CT activity was increased. CT activity
appcarcd to be activated by a redistribution from an inactive cytosolic form to
an active mcmbranc-associated form (Pelech, Paddon and Vance, 1984).

In the present study the TPA-stimulated PC biosynthesis via CT was
confirmed and CT translocation to membranes was demonstrated both by

mcasuring activity and by immunoblot analyses (section 2.1).

4.1.1. TPA-Elicited Translocation of CT Activity to Membranes
Of the three methods used to rupture cells to obtain subcellular fractions
digitonin-mediated rclease of cytosolic contents provided information about

the distribution of CT that best explained the results of the pulse-chase
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experiments., Thc Dounce homogenization mcthod of rupturing cclls showed
that 82% of the total activity was present in the cytosolic fraction and 18% in
the microsomal fraction. Upon 30 min of TPA trcatment membranc-associated
CT activity increascd to 33% and the cytosolic activity decreased o 67% of the
total cellular activity (Fig. 12).

On the other hand the nitrogen cavitation experiments indicated that both
cytosolic and microsomal CT activitics incrcased after TPA-treatment (Fig. 14)
and indicated a lack of CT translocation to membrancs (Table . 1).

The Dounce homogenization cxperiments showed that 2pproximately 20%
of total CT activity was present in microsomes whereas the digitonin-
permeabilization cxperiments showed that only 3% of the total CT activity was
membranc-associated.  The 3-fold stimulation of PC biosynthesis by TPA
suggested a CT activation of similar magnitude particularly as the in vitro
activity of CT and its Km for CPT wcre unchanged (Paddon and Vance, 1980).
The digitonin-permcabilization cxperiments showed that indced TPA-
treatment resulted in a 3-fold incrcase in membranc-associated CT activity.
This was confirmed by immunoblotting cxpcriments.

The findings in this study werc directly contradicted by Watkins and Kent
(1990) who reported that although a stimulation of PC biosynthesis was scen in
TPA-treated HeLa cells there was no decrease in cytosolic CT activity. Watkins
and Kent interpreted this to mecan a lack of CT translocation t0 membranes and
suggested that TPA-stimulated PC biosynthesis via CT occurred by a mechanism
other than increased association with membranes perhaps a reversible
phosphorylation mechanism.  However, their studics showed that the
phosphorylation state of cytosolic CT was unchanged in control and TPA-
treated cells. There appear to be two salient points that were overlooked by

these authors:
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1) Due to the rclatively large pool of cytosolic CT (97% of total CT activity as
scen bv digitonin-mediated relcasc), redistribution of a fraction of this
activity to membrancs would not be apparent beyond experimental error.
Morcover, the data were rcported as % of total activity and actual values were
not reported.

2) The authors did not recport membranc-associated CT activitics afler
digitonin-mcdiated relecasc of the cytosolic contents. This was critical to the
interpretations drawn from the study. A minor loss of CT activity (0.11
nmol/min/dish) from a relatively large cytosolic pool (1.24 nmol/min/dish in
control cells) translated into a significantly large increase in membrane-
associated CT aclivity (0.04 nmol/min in control cells to 0.15 nmol/min after
TPA-trcatment).

Dounce homogenization expcriments showed only a 1.5-fold increase in
microsomal CT activity in TPA-trcated cclls (4.43 nmol/min/mg) compared to
controls (6.43 nmol/min/mg) after 30 min. Since the homogenization
procedure itsclf can be cxpected to produce vesicles and alter the subcellular
distribution of CT in favour of microsomes, it is possible that the extent of CT
translocation sccn after TPA-trcatment was underestimated. If the microsomal
activity were high to start with an increase in CT activity that would be three
times the true microsomal activity would not be three times the apparent
(higher than the truec valuc) microsomal activity. Therefore, the increase in
microsomal CT activity in TPA-trcated cells appears to be only 1.5 times that in
controls.

The rcason for the lack of translocation after TPA-treatment in the
nitrogen cavitation expcriments is unclear. It is possible that the high
pressures of nitrogen used in these studies produce artifacts that cause

changes in the cnzyme itsclf.
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Digitonin-permcabilization of cells, thc lcast destructive method for
rupturing cells, gave results in terms of CT translocation that could best
account for the changes secn in PC biosynthesis upon TPA-trcatment.
Morcaver, the utility of this mecthod was further demonstraicd in oleate-
clicited CT translocation (Fig. 18) and in REF 52 cells, another cell-line whose
PC biosynthesis is stimulated by TPA via CT activation. Dounce homogcnization
of these cells to study subcellular distribution of CT gave inconclusive results.
Digitonin-permeabilization showed that TPA causcs a decrcasc in cytosolic CT
activity accompanied by an incrcasc in mecmbranc-associated activity (Fig. 20).
The digitonir-pcrmeabilization mecthod, therefore, provides information on
the subcellular distribution of CT that best agrees with observed changes in PC

biosynthesis by TPA.

4.1.2. Confirmation of CT Translocation by Immunoblotting

It was imperative to show that the increase in membranc-associated CT
activity was due to an increasc in the amount of the cnzyme itscll and not duc
to changes in activity. This was donc by immunoblot analyscs. Initial attemplts
to visualize translocation using !25I-protcin A for detection on immunoblots
were only partially successful as cytosolic CT could be detecied but not
memborane-associated CT (Fig. 22). Since thc membranc-associated CT
constituted only 3% of the total activity this was not surprising and more
sensitive means of detection were cmployed. A recently available technique
that utilizes enhanced chemiluminescence of horscradish peroxidase-
catalyzed H,0, hydrolysis (the principle of the method is described in
Appendix B) was successfully used to detecct membranc-associated CT. By this
method an increase in membranc-associated CT in TPA-treated HeLa cells was

observed, thus confirming that translocation of the cnzymc had indced takcn
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place (Fig. 23). CT translocation by oleate and its reversal by albumin was also

demonstrated by immunoblotting (Fig. 24)

4.2. THE ROLE OF DG AS A TRANSLOCATION SIGNAL FOR CT

There arc scveral indications in the literature that implicate DG as a
translocation signal for CT. Trcatment of various cell-types with TPA has been
shown to increasc thc formation of DG (Daniel et al.,, 1986; Besterman et al.,
1986; Glaiz, et al., 1987; Cabot et al., 1988). In addition, Comnell and Vance
(1987a) demonstrated cnhanced binding of CT to DG-cnriched vesicles. More

rccent cvidence from Kolesnick and Hermer (1990) showed that DiCg, a DG

analoguc, caused purified CT to translocate to boiled microsomes.

42.1. DG as a Mediator of TPA-Elicited CT Translocation

In the present study the role of DG in signaling translocation of CT to
mcmbranes was investigated. As a prcliminary study towards evaluating this
role of DG, [3HIDG was shown to accumulate in HeLa cells prelabeled with [2-
3H|glycerol and chased in the absence or presence of TPA (Figs. 26 and 27).
Although Glatz er al. (1987) have shown that the increased DG upon TPA-
trcatment in HeLa cells is derived from PC, no apparent decrease in [3H]PC in
TPA-trcated cells was scen in Fig. 27. This is not surprising because the [PH]PC
had morc than 100 times morc radioactivity than DG and a difference of 0.035 x
106 dpm/mg in [H]DG between controls and TPA-treated cclls would not be
apparcnt as a decrcase in [3SH]PC in TPA-treated ceclls.

From the time-course of [3H]DG accumulation (Fig. 26) it was apparent that
the [3HIDG in control cells was rapidly metabolized and that the level of [SH]DG
scen in TPA-trcaicd cells was not seen as an increase but as two-fold more than

in control cells. This likcly represented a net balance between metabolism of
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DG and its formation as a result of PC hydrolysis. An alternative cxplanation
would be decreased turnover of DG allowing [3H]DG to accumulate in TPA-
treated cells. This appears to be unlikely in light of the report by Glatz er al.
(1987) in which NBD-labcled DG was formed after treatment with TPA in Hela
cells prelabeled with NBD-PC (a fluorescent analoguc of PC) vesicles.

The incrcased DG in TPA-trcated cells has been shown to be derived from
PC hydrolysis, and not from incrcased de novo synthesis (sce section 1.4.1).
However, since it is not clear whether fatty acids which are precursors of DG
were included in the incubation media of the cells under investigation, it is
possible that de novo synthesis of DG was limited by faity acid availability.

DG mass was measurcd in TPA-trcated cells to show that cellular levels of
DG were actually incrcased by TPA. This was greatly facilitated by a sensitive
method for measuring DG which utilizes the quantitative conversion of DG 1o
PA in the presence of DG kinase and [y-32P)ATP (Pricss et al., 1986; Wright e
al., 1988). As expected, TPA caused cellular DG levels to increase from 2.29
nmol/mg to 4.02 + 0.7 nmol/mg (Fig. 29). An investigation of the time-coursc
of TPA-induced DG increasc is consistent with a recent report by Van
Blitterswijk et al., (1991a) in which the carliest significant increasc in fatty-
acid labeled DG in human fibroblasts was observed at 10 min after TPA-
treatment.

Upon comparison of the time-coursc of DG accumulation (Fig. 30), CT
translocation (Fig. 21) and PC biosynthesis (Fig. 11) it was possible to draw a
temporal relationship among them. DG, which was maximally incrcased at 15
min of TPA-treatment appeared to signal the translocation of CT to mecmbrancs.
At 15 min a partial CT translocation was seen which was maximal at 30 min.
After a lag of 30 min PC biosynthesis was activated. These data indicate a

temporal relationship among DG accumulation, CT translocation and PC
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biosynthesis in which production of DG appeared to signal CT translocation
which then increased the ratc of PC biosynthesis.

The situation is complicated, however, because TPA-induced DG
accumulation is a conscquence of PC breakdown, which is the result of a
putative phospholipase C-like reaction activated by PKC (Daniel er al., 1986;
Glatz et al., 1987). Consequently, PC levels may have been decreased in TEA-
trecated cells. It is also known that decreased PC levels can incrcase the amount
of mcmbrane-associated CT (Yao et al.,, 1990; Jamil et al., 1990). There was no
dccreasc in the ccllular PC content, however, upon TPA treatment (184 + 8 in
controls comparcd to 187 + 12 nmol/mg membranc protein in cells treated
with TPA for 1 h) consistent with previous studies from this laboratory
(Mucller, HW. and Vance, D.E., unpublished observations).

To further cvaluate the role of DG in CT translocation and hence PC
biosynthesis an attempt was made to increase intracellular levels of DG by
incubating cells with an exgenous source of DG. For this purpose a cell-
pcrmeant DG analoguc, DiCg, was used. OaG was not as effective as DiCgin
causing CT translocation or in stimulating PC biosynthesis perhaps due to the
rclative instability of OaG. Indeed, OaG has been shown to be ineffective in
causing the differentiation of HL60 cells compared to TPA and other stable DG
analogues becausc of its metabolic instability in these cells. 0aG also
undergoes rapid isomecrization to the 1,3-configuration, and when supplied to
cclls at high concentrations, modifies the fatty acid composition of cellular

lipids (Welsh and Cabot, 1987). DiCghas been used ext-nsively in a variety of

cell systcms as a source of cxogenous DG (Kolesnick and Paley, 1987; Liscovitch

et al., 1987; Kolesnick, 1989). DiCgis, however, a known PKC activator in intact

cells (Lapetina et al., 1985). Since the objective was to increase DG without

stimulating PC breakdown, it was necessary to bypass PKC activation. To
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achieve this objective, PKC in HeLa cells was downregulated by trcating the
cells for 24 h with 1 puM TPA as scen by the immunoblot analyses in Figs. 31 and

32. Treatment of downrcgulated cells with various DGs of which DiCg was the

most potent, caused the translocation of CT and stimulation of PC biosynthesis

(Fig. 33 and 34). The presence or absecnce of TPA along with DiCg had no effect

on either CT translocation or PC biosynthesis (Figs. 35 and 36) indicating that

the effects were independent of PKC and entirely duc to DiCg.

In addition, the lag in CT translocation observed in TPA-trcated cells (Fig.
21) was eliminated when the time-course of DiCg-clicited CT translocation was
examined in PKC-downregulated cells (Fig. 37). A comparison between DiCq4
accumulation (Fig. 40) and DiCg-induced CT translocation (Fig. 37) rcvealed that
changes in DiCg levels were closely followed by CT translocation.

These studics provide conclusive evidence for a role of DG in CT
translocation. DG appears to cause dircctly CT to translocatc to membrancs,
whether by directly interacting with CT or by making membrancs more
hydrophobic. Increased levels of DG, such as thosc scen in agonist- or TPA-
stimulated cells, can significantly alter the physical statc of membranes
(Siegel et al., 1989). As such changes in the membranes can decrease the
radius of curvature of the lipid/water interphasc (i.c. am increasc in
curvature) it is possible that more of the mcmbranc is accessible with which
CT can intercalate. Highly curved lipid vesicles are important for the
intercalation of CT (Corncll, 1991b). A high dcgree of curvature indicates
looser packing in the hecad group region, thercby facilitating intcrcalation of
the protein between the lipids. CT has an amphipathic hclix (Kalmar ez al.,
1990) which may facilitate such an intercalation. Direct intcraction between
DG and CT cannot be eliminated. CT contains a domain ncar its amino terminus

that has some homology with a conserved PKC amino acid scquence important



213

for phorbol cster or DG binding (Kalmar et al., 1990). Phorbol esters
themsclves do not cause CT translocation in vitro (Comnell and Vance, 1987a;
Kolesnick and Hermer, 1990).

There is cvidence from the laboratory of Dr. Rosemary Cornell (Simon
Fraser University) for a DG-responsive region at the COOH-terminus of rat
liver CT. A comparison of the lipid regulation of the yeast and rat CT shows
that ycast CT, which lacks thec COOH-terminal amphipathic helix present in rat

CT, doecs not bind to and is not activated by DG-enriched membranes (Comell,

R., Pcrsonal Communication).

4.2.2. Is TPA- or DiCg-Stimulated PC Biosynthesis Due to Increased
Availability of Substrate?

The availability of DG can, under certain conditions, regulate PC
biosynthesis (Lim er al., 1986) via the cholinephosphotransferase (CPT)
rcaction. It was suggested by thesc authors that since the membrane
concentration of DG is well below its Km value, DG may be a potentially
important regulator of PC biosynthesis in vivo (assuming an apparent Km
value of CPT for DG as 28.5 mM, which is the value reported in lung microsomes
by lde and Wecinhold, 1982). However, Lim et al. (1986) further suggested that
the relatively small pool of CDP-choline of 30 uM (Pelech and Vance, 1984)
compared to 230 :M DG, made CDP-choline a more likely contender for the role
of a rcgulatory substratc than DG. Morcover, the results of the time course
studics in thc present study suggested that it is the increased production of
CDP-choline (i.c., incrcased CT activity) that initially stimulated PC
biosynthesis rather than DG. However, once PC bhiosynthesis is stimulated it is
conccivable that an increased supply of DG would play an importani role in

maintaining the incrcased biosynthetic rate of PC, coordinately with the
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increased conversion of phosphocholine to CDP-cholinc. The incorporation of

DiCg into PC (scction 3.3.7) suggests that DiCg was at the corrcct intracellular

site for incorporation by CPT.

4,23, Implications for the Involvement of DG in CT Translocation

The implications for the involvement of DG in CT translocation as shown in
this study are profound from two points of view:
1) DG, a product of PC hydrolysis, acts to stimulatc PC synthcsis by not only
stimulating the regulatory cnzymec i.c., CT but itsclf acting as a substratc for
the CPT reaction, the final step in PC synthesis. The importance of DG as a
regulatory substratc has been clucidated by Jamil er al. (1992), who have
recently shown that the inhibition of PC biosynthesis when rat hepatocytes
were treated with stable cAMP analogues is due to decreased availability of DG
for the CPT reaction. This dual role of DG in the rcgulation of PC biosynthesis
is illustrated in a proposed model (Fig. 58).
2) The results in this thesis can account for some uncxplaincd obscrvations
in the literature, for examplc, previous studies have shown that phorbol csters
and diacylglycerols stimulate PC biosynthesis by morc than onc pathway; onc
that is PKC-dcpendent and another that is PKC-independent (Liscovitch er al.,
1987; Kolesnick and Paley, 1987; Kolesnick, 1990). The PKC-dependent  pathway

appears to be activated by phorbol csters and low concentrations of DiCy of

approximately 10-60 pM (Kolesnick, 1990), while the PKC-independent
pathway is active at high concentrations of DiCg (approximately 500 pM, the
concentration used in this study). Taken together with the results in the
presenty study, these reports indicate that high concentrations of
diacylglycerols act directly by modulating binding of CT to membrancs,

theseby stimulating PC biosynthesis. The finding that the two pathways arc
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additive (Liscovitch et al., 1987; Kolesnick and Paley, 1987) can be cxplained by

incrcased CT translocation - low concentrations of DiCg would activate PKC,

resulting in an amplification of the signal for CT, namely DG, and at high

concentrations DiCyg itself would provide a signal for CT translocation to
mcmbrancs.

Often DiCg-mediated cvents on PC biosynthesis are described as being PKC-
dependent or -indcpendent and are, therefore, ascribed to different
mcchanisms or pathways. This is a simplistic view. It appears that far from
being differcnt pathways, there is a common mediator (CT) of these effects.

Changes in phospholipid mectabolism due to high or low concentrations of

cxogenous DGs arc not the only phenomena described as involving two

pathways.  Supcroxide release by DiCg-treated ncutrophils can be inhibited by
a PKC inhibitor at low but not high levels of DiCg (Badwey er al., 1989). It is
often overlooked that PKC activation, in general, results in the accumulation
of DG (although therc may be exceptions, as listed in a review by Kiss, 1990),
and thc DiCg-mediated so-called ‘PKC-independent’ cffects are mercly the
results of DC action i.c., providing the cells with DG itself. Bypassing PKC does

not mean a differcnt pathway as the words ‘PKC-indcpendent’ imply.

424, PC Mass does not Increase when PC Biosynthesis is Stimulated

It is generaily believed that a stimulation of PC biosynthesis is triggered
by PC hydrolysis. This appears to be true in the present study as the increase
in DG can be attributed to PC hydrolysis and the second messenger produced is

then able to activate the CT reaction and stimulate PC biosynthesis. DiCg-

stimulated CT translocation and PC biosynthesis can be regarded as being
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Fig. 58. Proposed Dual Role for Modulation of PC Biosynthesis
by DG. A dccreased level of DG limits PC biosynthesis in cAMP-treated
cells by decreasing the supply of DG for cholincphosphotransferase. The
supply of CDP-cholinc can also limit PC biosynthesis. In cells trcated with TPA
increased levels of DG mediate translocation of CT to the ER where it is
activated.  Also shown are alternative pathways for the biosynthesis of PC
from PE catalyzed by the PE methyltransferase (PEMT) or reacylation of
lysophosphatidylcholine (lyso-PC) by an acylCoA acyltransferasc (AT). The
other abbreviations are: PKA, cAMP-dependent protein kinasc; AdoMet, S-

adenosylmethionine; AdoHcy, S-adenosylhomocysteine.
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indcpendent of PC hydrolysis but only because the signal that triggers PC

biosynthesis is being provided without the necessity for hydrolysis. An

increasc in PC mass can be cxpected to occur due to DiCg-stimulated PC
biosynthesis. In fact no increase in cellular PC mass was observed (128 and
126 nmol/mg in control and DiCg-treated cells, respectively). It is possible that
PC docs not accumulate becausc excess PC may be catabolized. Recently it has
been shown that under certain conditions PC catabolism can be regulated in
rat hepatocytes and that the concentration of PC might regulate its catabolic
ratc (Tijburg et al., 1991). Furthermore, when PC biosynthesis was stimulated
in Krebs II cells trcated with oleic acid no accumulation of PC was observed,

suggesting that PC biosynthesis and catabolism may be closcly linked (Tercé, et

al., 1991).

4.2.5. Unequivalent Effects of Different DG Analogues

There is a dctailed literature review by Kiss (1991) on the differences
between effects mediated by PKC activation and those mediated by DG
analogucs observed by various investigators. This review, however, does not
criticzlly analyze many of the claims made in these reports. It is difficult to
draw consistent conclusions from many of these reports as diverse cell types
arc used and there is a lack of consistency among investigators with respect to
cxperimental design.  In addition, the technical approaches to some of these
cxperiments arc questionable, for cxample, Hochberger et al. (1989) reported
that suppression of Ca* currents in sensory neurons can be PKC-independent.
Onc of thc agents uscd in this study, a DG analogue (0OaG) was reported by the
authors as difficult to dissolve and found that it was effective only after
storage in chloroform for 3-4 wecks at 4°C, a condition which makes the

integrity of OaG qucstionable.  Furthermore, these investigators used PKC



inhibitors such as 1-(5-isoquinolinylsulfonyl)-2-mcthylpipcrazine (H-7).
sphingosine and staurosporine of which H-7 and sphingosinc in particular
are non-specific agents,

Many of the non-specific or minor cffects reporied duc to cxogenous DGs

may be merely artifactual or incomplete, for cxample, thc mecthod of addition

of DiCgto cells may be important if maximum ecffects arc to be achicved
(Kolesnick and Hermer, 1990). Howecver, DiCg -induced increascs in
intracellular calcium appecar to be unique to this DG analoguc and independent
of PKC (Ebanks er al., 1989; Restrepo et al., 1989), although as discussed in
section 1.6 the different methods of dectecting variations in intracellular Ca2+
may give inconsistent results.

In some instances conclusions drawn from studics in this arca indicatc
more complex mechanisms than may be warranted, for cxample, Billah and
Siegel (1987) conclude that phospholipase A, is activated bccause radiolabeled
arachidonic acid releasc was augmented in cells that were prelabeled with |1-
*4Clarachidonic acid and treated with DG analogucs and other agents.
Increased release of fatty acids docs not necessarily indicatc phospholipasec A
activation.  Since the levels of fatty acids were not measured the results could
merely indicate increascd turnover of PC duc to increcased PC biosynthesis.

Therefore, the litcrature in this area must be read with grcat caution and
particular attention paid to ecxperimental design and the conclusions drawn

from the results. Furthermore, many of thesc studics need to be reevaluated.

4.2.6. Incorporation of DiCginto PC
It was shown in this study that DiCg was incorporated preferentially over
long-chain DG into PC in PKC-downregulated HcLa cells trcated with DiCy. Fig.

40 shows that long-chain DG levels remained unchanged in DiCg-treated cells



219

comparcd to controls. CPT docs not exhibit substrate specificity with respect to
the molccular species of DG as shown by Idc and Weinhold (1982) and
incorporates at similar rates species of DG with different fatty acid
compositions. In the present study it is possible that DiCg was more casily
accessible to CPT as a substrate compared to long-chain DG, rather than due to a
preference for DiCg as a substrate. The results also suggest that exogenous DG

was transported to the sitc of CPT action, belicved to be the endoplasmic

reticulum (Cornell, R., 1989).

The mobility of DiCg-PC on TLC plates using the solvent systems for

phospholipid scparation utilized in this study was different from that of long-
chain PC. This cnabled scparation of the two species of PC. However, GLC
analysis of silica gel scrapings containing DiCg-PC suggests two things:

1) an unidentificd lipid such as lysophosphatidyicholine comigrated with
DiCg-PC, or

2) the PC spccics analyzed did not contain solely the 8:0 fatty acid as would be
cxpected for pure DiCg-PC but remodelling occured by deacylation of one or
both 8:0 chains and subscquent rcacylation by other fatty acids. Indeed there
was preliminary evidence (not shown) for this suggestion in which the
mobility of DiCg-PC was scen to shift over time towards that of long-chain PC.
There is an important implication for this observation. It suggests that cells
incorporate non-physiological or foreign fatty acids or DG’s indiscriminiately,
pcrhaps as a protecctve mechanism from potential harmful effects, and that
later remodcling occurs to provide the cells with more physiological species of
lipids. The system in this study, therefore, may be potentially important as a
modcl sysiem in which to study remodclling and the enzymes involved in the

process.



When the scparation of DiCg-FC from long-chain PC was donc by a

published procedure using a reverscd phasc C18 TLC system (Liscovitch et al,
1987), results similar to thosc in Figs. 44 and 45 werc obtained (not shown).

Therefore, claims of scparation of DiCg-PC from long-chain PC must be viewed

with caution.

4.3. ELIMINATION OF OTHER POSSIBLE MECHANISMS OF TPA-
ELICITED CT TRANSLOCATION
Scveral other potential mcchanisms besides DG for CT translocation by TPA

were investigated:

4.3.1. Does Reversible Phosphorylation Play a Role in TPA-Elicited CT
Translocation?

Several lines of cvidence indicated that the subccllular distribution of CT
may be determined by its phosphorylation state. Pelech er al. (1981) obscrved
an inhibition of PC biosynthesis in rat hcpatocytes trcated with stable
analogues of cAMP. This was accompanicd by an increcasc in cytosolic CT
activity and a concomitant decrcasc in microsomal CT aclivity. It was proposcd
that under incrcased phosphorylation conditions CT would be hydrophillic duc
to increcased phosphate groups and, thercforc, unable to associatc with
membranes. /n vitro evidence in support of this mcchanism was provided by
Sanghera and Vance (1989) who showed that purified CT could be
phosphorylated by cAMP-dependent protein kinase and that
dephosphorylation of the purified cnzyme with alkaline phosphatasc causcd it
to associate with membrancs. More recently, Hatch et al. (1991) have
demonstrated an inhibition of PC biosynthesis and a redistribution of

microsomal CT to the cyiosol in rat hepatocytes treated with okadaic acid, a
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specific inhibitor of protein phosphatases 1 and 2A. There is evidence that the
phosphorlation statc of CT incrcases in the presence of okadaic acid (Hatch et
al., submitted for publication) further corroborating the reversible
phosphorylation hypothesis. In another systcm, Thelen et al. (1991) have
shown that the phosphorylation state of a myristoylated PKC-substrate can
reversibly modulate its association with the plasma membrane.

However, the translocation of CT to membranes in TPA-trcated HeLa cells
in the present study did not appear to be mediated by a phosphorylation
/dcphosphorylation mechanism.  Immunoprecipitation of CT from controls
and TPA-treated cells did not rcveal any obvious changes in the
phosphorylation state of cytosolic CT (Figs. 49 and 50), although it appears to
be a highly phosphorylated protein.  This latter observation agrees with that
of Watkins and Kent (1990). Indeed, an analysis of the amino acid sequence
deduced from the cDNA scquence of rat liver CT reveals several potential sites
for CT to be phosphorylated (Kalmar et al., 1990). It is possible that there are
subtle changes in the phosphorylation state of CT which are not obvious in the
present  study.

Dcnsitometer scanning of the autoradiograph obtained after
immunoprecipitation of membrane-associated CT from TPA-treated cells
showed a 50% morc intcnse band compared to that from controls (Fig. 49). This
increcase can be attributed 10 more cnzyme present on the membrane after TPA
trcatment.  However, if this wcre the case, then a three-fold more intense band
would bc expected from TPA-treated cells as compared to controls. Since this is
clearly not the casc as scen in Fig. 49, several explanations can be offered. In
a highly spcculative vein it is possible that a membrane-associated
phosphatase alrcady present or activated by DG may dephosphorylate CT after

it has translocated to membrancs according to a proposed model illustrated in
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Fig. 59. Indced microsomal phosphatascs have been reported (Alecmany er al.,
1986; Mieskes and Soling, 1987) although the literature on the subcellular
distribution of phosphatases is sparce. More recently, Alexander et al. (1988)
have demonstrated by immunoblotting techniques the association of type 1, 2A
and 2B protein phosphatases with thc plasma membranc of human T
lymphocytes, whereas previously Cohen (1985) had reported type 1 as being
membrane-associated and types 2A and 2C as being cntircly cytosolic.  These
inconsistencies appear to be duc to the different substrates used 10 assay for
the presence of phosphatases and the varied fractionation tcchniques
employed by different investigators. Not all phosphatascs dephosphorylate a
standard substrate used in assays cqually, for cxample, Takai and Micskes
(1991) have shown that of the types 1, 2A and 2C protcin phosphatascs, 2A has
the highest activity towards p-nitrophcnylphosphate whercas 2C  cxhibits
weak activity towards this substrate. Gschwent et al. (1984) have reported TPA-
stimulated alkalinc phosphatase activity in mouse cpidermis. The significance
of this result is unclear as the authors reported cytosolic activity whercas
alkaline phosphatase including all its isozymec forms in HeLa S3 ceclls havc
been reported to be principally localized at the plasma membranc (Tokumitsu,
1984).  Therefore, there appears 1o be a need for investigating specific
naturally-occuring substrates of different phosphatases and their subcellular
distribution before relevant conclusions about stimulation or inhibition of
phosphatases can be drawn.

Another explanation for the results of the immunoprecipitation studics on
membrane-associated CT is that a soluble phosphatasec activated by PKC or DG
may dephosphorylatc CT and cause it to translocate to membrancs. This

possibility appears to be unlikely for two recasons:



Fig. 59. Proposed Model for a Role for a Phosphatase in CT
Association with Membranes. Increased DG due to TPA-trcatment
signais th:e translocation of cytosolic CT with its full complement of phosphate
groups to membranes, cither by directly binding to CT or by facilitating the
binding of CT by an cffect on mecmbrane structure (Step 1). A phosphatase
prescnt on thc membranes removes scveral phosphate groups from the
cnzyme, thereby cnhancing its binding to the membrane bilayer (Step 2). For
a rcversal of this translocation the cnzyme dissociates from the membrane

upon dcpletion of DG, and upen reverling to the cytosol is phosphorylated by

cytosolic kinase(s) (Step 3).
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1) the phosphorylation statc of cytosolic CT appears to be unchanged by TPA-
trcatment although more subtle effects cannot be discounted at the present
time. This can be resolved by comparing peptide maps of iminunoprecipitated
32p_labeled cytosolic CT from control and TPA-treated cells.

2) a continued dcphosphorylation by an activated soluble phosphatase would
result in more translocation of CT to membranes tha: is seen in the present
study.

Thercfore, it is highly likely that dephosphorylation may be a sccondary
event to the initial transiocation of CT to membranes and could reinforce the
association of CT with membrancs by making CT morc hydrophobic.

Experiments with okadaic acid in the present study did not inhibit TPA-
stimulated CT translocation in HeLa cells. Since okadaic acid has been shown to
inhibit only protcin phosphatascs types 1 and 2A and polycation modulated
phosphatase (PCM) (Bialojan and Takai, 1988; Takai and Miecskes, 1991) some
other phosphatasc may decphosphorylate CT. Indeed, a number of phosphatases
have been reported to be insensitive to okadaic acid (Bialojan and Takai, 1988;
Takai and Micskes, 1991).

CT appcars to bc a highly phosphorylated protein as seen in the present
study and as rcportcd by Watkins and Kent (1990). The significance of this, if
any, remains to be established. A high degree of phosphorylation may be
requircd to elicit structural changes that affect enzyme function.
Altcrnatively, the phosphorylation statc of CT may have nothing to do with its
function. Since cytosolic CT is belicved to serve as a reservoir one possible
rcason for its highly phosphorylated state may be to prevent its degradation.
A high ncgative surface charge on CT might be incompatible with protease
binding and prevent proteolytic enzymes from gaining access to potential

degradation sites. Consistent with this latter hypothesis is evidence that rat



liver CT has a rclatively long half-life of approximatcly 21 h (Jamil, H. and

Vance, D.E., unpublished obscrvations).

43.2.  Intracellular PC levels

Previous studies from this laboratory have established a rolec for PC levels
as a negative feedback regulation of its synthesis; PC lcvels in rat liver Yao et
al., 1990) and rat hcpatocytes (Jamil et al., 1990) were shown 1o modulatc the
association of CT with membranes. Since the DG accumulation upon TPA-
trecatment is the result of PC hydrolysis (Glatz et al., 1987) it was conccivable
that the TPA-clicited CT translocation obscrved in the present study was duc to
decreased PC levels. PC levels remained unchanged in both controls and TPA-
treated cells (section 3.4.3). Morcover, the cxperimental approach used in
which PKC-downregulatcd cclls were treated with DiCyis indicative of
increcased DG, rather than decrcased PC, causing CT translocation to

membranes.

An additional discovery made in the time-course study of DiCy -clicited

CT translocation (Fig. 37) was that DiCg caused maximai CT translocation in

membranes by 15 min, which then resumed to near normal fevels by 1 h.  The

significance of this finding is unknown at the present time. The decrcase in

membrane-associated CT activity after 1 h of DiCy treatment could be duc to
either reductior in intracellular DiCg levels duc to its rapid metabolism, or an
increcase in PC levels at the site of synthesis. PC concentrations have
previously been shown to alter the amount of membranc-associated CT (Yao et
al., 1990; Jamil et al., 1990). Although no incrcasc in ccllular PC was found
upon DiCg trcatment (128 and 126 nmol/mg in control and DiCy-treated cclis
respectively after 1 h), this mechanism cannot bc uncquivocally climinated at

the present time. Localized intracellular sites may cxist where fluctuations in
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PC content may assume significance. It is also possiblc that excess PC may be
catabolized. Recently, it has been shown that under certain conditions, PC
catabolism can be regulated in rat hcpatocytes (Tijburg et al., 1991).
Furthermore, when PC biosynthesis was stimulated in Krebs-II cells treated
with olecic acid no accumulation of PC was observed, suggesting that PC

synthesis and catabolism may be closely linked (Tercé et al.,, 1991).

4.4. ARE THE EFFECTS OF CYTOCHALASIN E ON TPA-STIMULATED PC

BIOSYNTHESIS MEDIATED BY Ca2+?
Studies with cytochalasin E, a microfilament-disrupting agent, were

undcrtaken to investigale any association of actin with CT. Since TPA and DiCy

have been reported to causc the polymerization of actin (Rao, 1985; Keller,
1985), it was possible that the CT translocation clicited by TPA and DiCg were
mediated by an association of CT with actin. In addition, Hunt ez al. (1990)
suggested that C7 in human and rat lung associated with actin although the
cvidence was largely circumstantial.  Surprisingly, instead of inhibiting TPA-
stimulatcd PC biosynthesis cytochalasin E was found to enhance significantly
the incorporation of [3H]choline into PC in the prescnce of TPA (section 3.5.2).
This was possibly duc to an increase in intracellular calcium since
cytochalasin E is known to mobilize intracellular calcium (Treves et al., 1986).
Since many phospholipases such as phospholipase A, C and D require calcium
for activity (Waite, 1987), an increased hydrolysis of PC over that in TPA-
trcatcd Hela cclls could result in increased synthesis of PC. A measurement of
DG levels, however, indicated that phospholipase C activity was not enhanced.
In fact, DG levels in cells incubated in the presence of both TPA and
cytochalasin E were observed to decrease compared to cells that were treated

with TPA alonc (Fig. 54) indicating that the increased PC biosynthesis had
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decreased the pool of DG due to its utilization by cholincphosphotransferasc.
An alternative explanation for the cnhanced PC biosynthesis could be an
increased PKC activation sincc this cnzyme is Ca2*-dependent.  However, the
decreased DG levels in the presence of TPA and cytochalasin E arguc against
this. The results indicated an cnhancement of CT activity and this was indeced
found to be the casc (Table 6). It was proposcd that calcium dirccily modulated
CT association with membrancs. In light of the results obtained it is now
proposed that calcium causcs a loosc and non-functional association of CT with
membranes; loose becausc inclusion of 5 mM EGTA in the digitonin-buffer
returned membrane CT in cytochalasin E-trcated cells to control levels; non-
functional becausc, despite the incrcascd membranc-associated CT in
cytochalasin E-treated cells, PC biosynthesis remained the samc as that in
controls.

Further claborating, it is proposed that a loose association of CT with
membranes ‘primes’ DG-mediated CT translocation. In such a modcl
(schematically presented in Fig. 60) Ca?* molccules would form ‘bridges’
between the negatively charged phosphate groups of CT and the acidic
phospholipids of membranes thercby placing CT in a strategic position for
intercalation with membrancs. The presence of DG would facilitate
hydrophobic and functional associaticn of CT with membrancs and Ca2+
chelators such as EGTA would then be unable 1o dissociate CT from the
membranes. In the presence of cytochalasin E alone, membranec-associated CT
could be dissociated from membrancs by EGTA, since inscrtion into membrancs
would not take place without the production of DG. This model is an
extrapolation of that proposed for intcraction of PKC with mcmbrancs (Bazzi

and Nelscstuen, 1989).



Fig. 60. Proposed Model for Ca2+-Mediated CT Translocation to
Membranes. Ca2* molecules form ‘bridges’ between the negative
charges on CT (possibly the phosphatic groups) and anionic phospholipids
such as phosphatidylscrinc in thc membrane bilayer (CT is highly activated
by negatively charged phospholipids, Cornell, R., 1991a). This serves to bring
the cnzyme closer o the membranc bilayer where the binding of CT is

facilitated by an incrcasc in DG due to TPA-trcatment.
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4.5. THE SUBCELLULAR DISTRIBUTION OF CT AT DIFFERENT STAGES

OF CELL GROWTH IS UNCHANGED

Studies on the subcellular localization of CT using immunocytochemical
mcthods led to an investigation of the subcellular distribution of CT activity in
cclls at diffcrent stages of growth (scction 3.6.3). It was expected that when
the cells were in an active log phase, a large percentage of the total CT activity
would be membranc-associated.  Surprisingly, therc was no change in
subccllular distribution of CT in actively growing cells compared to confluent
cells or cells made quicscent by serum-deprivation (Table 7). Neither was
therc a change in the total amount of CT activity in these cells. This suggested
that a ccll went through life with an unchanging complement of CT whose
subcellular distribution was regulated by external stimuli rather than the

phase of growth the czll was in.

4.6. TRANSFECTION OF HELA CELLS WITH YEAST PHOSPHOLIPID
METHYLTRANSFERASE

In cukaryotic cclls PC can also be synthesized by methylation of PE. In rat
liver 40% of PC is synthesized by three successive methylations of PE by one
cnzyme, phosphatidylethanolamine methyltransferase (Ridgeway, 1989). In
HeLa cells there is no cvidence that the PE methylation pathway is operative
and prcliminary assays of methyltransferase activity by Pelech and Vance
(unpublished observations) in HeLa cell extracts were devoid of any detectable
activity.

The cntire coding scquence of the yeast enzyme has been cloned by Kodaki
and Yamashita (1987). In order to study the enzyme further HeLa cells were

transfected with a plasmid containing the phospholipid methyltransferase
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gene (PEM2) and sclected for gentamycin sulfatc (G418) resistance as
described in scction 2.24 and as illustrated in Fig. 61. The sccond aim of
introducing the methyltransferase genc into HeLa cells was to study the
resulting ecffect, if any, on thc CDP-cholinc pathway.

Before any studics on the cffect of the methyltransferase on PC and PE
metabolism were conducted an attempt was madc to sec if this ecnzyme could
rescue Hela cells from possible delcterious cffects of choline-depletion.  These
studies were inconclusive becausc choline-depletion did not result in the death
of HeLa cclls and no difference in growth was observed between control and
transfccted cells, although choline has been described as an essential vitamin
for this cell-linc by Eagle (1955). In both control and transfected cells growth
was slow when put in cholinc-deficient medium. There arc four possible
reasons for the lack of an effect of cholinc-depletion:

1) The cells did not become choline-deficient perhaps because Hela cells
may efficiently recycle choline-containing metabolites.  Indced, Esko and
Matsuoka (1985) have suggested tha: the choline derived from PC hydrolysis
may bc recycled into PC in choline-depleted CHO cells.

2) Some PEMT activity may have been induced in control cells in response to
choline deficiency as an alicrnatc means of supplying PC.

3) Since the growth of transfected cells was similar to that of control cells in
choline-deficient medium, it was possible that the transfected ycast genc was
not being functionally or otherwise cxpressed.

4) Yeast PEM2 catalyzes the first mcthylation step i.c.. conversion of
phosphatidylethanolamine to phosphatidylmonomecthylcthanolamine (PMME)
slowly (Kodaki and Y.mashita, 1987). It was possible that incubating the cells

in the presence of monomethylcthanolamine and thercfore, bypassing the

[8%]
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first mecthylation so that it was no longer rate-limiting, would have accelerated

the growth of the transfected cclls over that of controls.



Fig. 61, Construction, Transfection and Selection of an
Expression of an Expression Vector for PEM2, This figure

is a schematic outline (not drawn to scale) of the construction of an
expression vector for the ycast PEM?2 gene, its transfection into HeLa

cells and its subsequent sclection for G418 resistance.  The abbreviations are,
Mo-MuLV LTR (mousc-murine lecukemia virus long terminal repeat); SV 40

(Simian Virus 40).
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CHAPTER 5 CONCLUSIONS AND FUTURE DIRECTIONS

The main objective of this work was to clucidatc the mechanism of TPA-
clicited translocation of CT 10 membrancs in Hela cells.  Studics on the
mechanism of translocation of this enzymec in the initial stages of this work
were hampered to a large extent by the unavailability of a precipitating
antibody, although the enzyme had been purificd to homogenicty some years
carlicr (Weinhold et al, 1986; Fcldman and Wecinhold, 1987). Success was
achicved by Dr. Haris Jamil who was able to raisc rabbit antibodics to a 13
amino acid sequence (amino acid residues 164 1o 176) deduced from the
nucleotide sequence of cloned rat liver CT (Kelmar er al., 1990). Using this
antibody it was possible to show by immunoblot analysis that translocation of
the enzyme pretein to membranes occurred upon TPA-trcatment of Hela celis.

The lack of a reversible phosphorylation mechanism in TPA-clicited CT
translocation was demonstraicd by immunoprecipitation of CT from 32P-labeled
HeLa cclls trcated with TPA. However, there were indications that a
dephosphorylation of CT may be involved as a sccondary cvent 1o its initial
translocation to membrancs. There was a lack of cvidence supporting the
involvement of membranc PC tevels in modulaiing binding of CT to
membranes.  fa addition, there was lack of evidence supporting aggregation
or covalent lipid modification as mcchanisms whereby TPA might cause CT (o
translocate to membranes.

Increased levels of DG were shown to cause CT translocation duc to TPA-
treatment. This was supported by increasing intracellular levels of DG by
aveiding !;C hydrolysis and incubating ceclls with an cxogenous source of DG,

DiCg. DiCy was found to be incorporated preferentially over long chain DG.



A lack of involvement of the cytoskeleton in TPA-stimulated PC
biosynthesis was dcmonstratcd by the use of cytoskeletal-disrupting agents.
Similarly, a lack of involvement of actin was also demonstrated.
Screndipitiously, the studics with cytochalasin E enhanced TPA-stimulated PC
biosynthesis via increascd CT association with membranes. A direct
intcraction of Ca%* with CT was indicated by preliminary studies.

With the availability of an immunoprccipitating antibody and cloned rat
iiver CT, clucidation of cnzyme structurc and regulation can now begin in
carncst. There is abundant literaturc on lipid and other activators of CT. The
most advances in the study of this cnzyme arc likely to come from the

utilization of molccular biology combined with immunological icchniques.

The following approaches appear to be promising:
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1) Delction mutants of cytosolic CT can be used to study the peptide domains of

CT that may be important in binding 10 membranes. Indeed this work is in

progress in the laboratory of Dr. Rosemary Corncll at Simon Fraser University,

Vancouver.  Preliminary results indicate that the COOH-terminal domain of CT
may be important in its interaction with DG (personal communication).

2) To confirm and understand a potential role of a reversible
phosphorylation mechanism in subcellular distribution of CT, peptide map
analyses of immunogrecipitated CT from 32P-labeled control and TPA-treated
cells arc imporiant. A comparison of the peptide maps of cytosolic and
mcmbranc-associated CT is imperative to study a dephosphorylation event in
CT translocation.

3) As an cxtrapolation of a reversible phosphorylation mechanism, studies
can bc performed to find out whether the translocated membranc-associated

CT is made morc hydrophobic by virtue of dephosphorylation. This can be
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done by cxtracting CT from whole ceclls or subcellular fractions using Triton X-
114.  This non-ionic detergent is homogencous at 0°C and scparates into
aqueous and detergent phascs above 20°C and can be used to separaie
kydrophillic proteins from membrane protcins (Bordier. 1981).

<) Tiic importance of studying the inicraciien between different @ innal
iransduciion pathways is apparent in the literature.  This is particularly true
:n the regulation of phospliolipid mciabolism. Work from this laboratory has
shown that DG occupics a centrai position in the regulation of PC biosynthesis
(Utal ef al., 1991; Jamil er al.. $992). A logical extvapolation of these studies
would bc to investigate any interaction between the cAMDP-mediated inhibition
of PC biosynthesis and TPA-stimulated PC biosynthesis and CT translocation.
Would the pathways activated by thesc two agents interact ncgatively with
cach other, or arc thcy independent of cach other?

5) There is cvidence that PE-derived PC is morc susceptible 10 TPA-stimulated
hydrolysis in NIH 3T3 cclls than is PC derived from from the CDP-choline
pathway (Kiss, 1990). 1 calculated a 77% rclcase aficr an unspecified time of
[14C]choline into the medium of TPA-trcated cells prelabeled with
[14C]cthanolamine compared to a 4.2% rclease of [!4C|choline from cells
similarly trcated and prelabeled. in addition, TPA appcarce. w0 cnhance the
formation of PC through the methylation pathway. This is an cxciting
observation. It suggests that HeLa cells iransfected with a rat liver ¢cDNA clone
of CT (Dr. Zheng Cui in this iaboratory is currently on the verge of isolating a
full length rat liver ¢cDNA) will provide a powerful model in which 10 study the
coordinate rcgulation of thc two pathways of PC biosynthesis, namely the CDP-
choline and PE mcthylation pathways. It tan also bc uscd to study the
mechanism whercby TPA may rmodulatc PC biosynthesis via thc latter pathway.

An antibody can bc gencrated against PEMT and the cffects of TPA, if any, on



the phosphorylation state of PEMT can be studied to find out whether this
cnzyme is rcgulatcd by a phosphorylation mechanism.

6) Rcmodelling PE specics in rat hepatocytes hav been studied by R.
Samborski in this laboratory. There is preliminary cvidence in the present
study that DiCg-PC may be remodelled to a PC species with a morec physiological
composition of acyl chains. Therefore, DiCg-treated PKC-downrcgulated cells
appear to bc a potentially good model to study remodeling of phospholipid
specics and the enzymes involved in thc process.

7) A long term project would be to identify and purify the PC-specific
phospholipasc C or D involved in the hydrolysis of PC in response to TPA-

stimulation.

Finally, a philosophical question remains - is thc large cytosolic pool of

CT mercly a reservoir or docs CT have another as yet unknown function?
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APPENDIX A

The principle undcrlying the mcthod for mcasuring DG using the triglyceride

assay kit is outlined as follows:

CH,OCOR Lipoprotein CH,OH
Lipase
CH,0COR  + 2H,0 —————>3»  (HOH + 2RCOOH
I
CH,OH CH;0OH
Diglyccride glycerol
CH,OH Glycerol CH,OPO;H
| Kinase o2 32
CHOH + ATP ————F qOH + ADP
l
CH,OH CH,0H

lycerol - 3 - pho:;shate

HH Glycerol-3- CH20P03H2
phosphate oxidase |
+ 0, > (=0 + H0

2
(3]

CH,OH CH,OH

Dihydroxyacctone
phosphate

H,C-C=C-NH T A=

3C-C=CNH, a Ry C-C ‘,:N‘@‘C

HyC-N C=0 Peroxidase H;C-N ¢=0
N + N

—_—
@ + 2H50 + HCl

4 - Amino- p-chiorophenol
antipyrinc



APPENDIX B

Antigen dctection using cnhanced chemiluminescence (ECL)

This method was used because of its high sensitivity.  The principle of
the method is described bricfly. A sccon.lary antibody that is conjugated to
horscradish peroxidasc (HRP) is uscd after incubation with the primary

antibody. The HRP catalyses the oxidation of luminol in the presence of

hydrogen peroxide (HpO9) as she - islow.

0 0
-H H20, 0-
! —_— + Ny + light
-H peroxidase 0-
NH, l(_!) NH, I(I)
luminol 3 - aminophthalate

The oxidized luminoi is in an cxcited statc which decays to the ground state via
a light emitting pathway. The cmitted light is enhanced by certain phenol
derivatives and dctected by cxposure 1o X-ray film. The overall scheme s

illustrated as follows:

Secondary oxidized fuminol

Ab-HRP .
07 — > X-ray
H202 + film
luminol
. +

enhancer

Primary
Ab

Antigen



APPENDIX C

0 o]

. "
C>=m-o-c-mc:u2 )G-N-g-O-N:O

Diacylglycerol Lipase Inhibitor (U-57908, formerly RIXC  80267)
1,6-di(O-(carbamoyl)cyclohexanone  oxime)hexane
(from Sutherland and Amin, 1982)

S /N CH, ] B
E Y I ™ F e N / \ - l,‘
-N CH,—CH,—N =(C
I S\
[ J
N
Diacylglycerol Kinase Inhibitor (R-59022)
6-{2-(4-[(4-fluorophenyl}phenyimcthylene]-1-piperidinyl)ethyl}|-7-methyl-

SH-thiazolo[3,2-o]pyrimidinc-5-onc
(from de Chaffoy de Courcelles er al., 1985)

o)

NH-CH;(CH;)4CH;- N l

0

CH;0O

Phospholipase C Inhibitor (U-73122)

11)-.[6-[[17B-3-Mcthoxycstra- 1 ,3,5(10)-Tricn-I7-yl]Amino]chyl]~ 1H-Pyrrole-2,5-
ione

(from Bleasdale et al., 1990)



