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phosphatidylcholine is the major phospholipid in the mammalian

heart. The majority of this phospholípid is synthesized via the cDP-

choline pathway. Although the control- of phosphatidylcholine biosynthesis

in other Lissues has been extensively studied, control of this same

process in the heart was fargely unknown. Hence, this study was

designed to el-ucidaLe some of the conLrol- mechanisms which may regulate

phosphatidylcholine biosynthesis in the hamster heart'

cho]ine is a dietary requirement for most mammafs. This metabofite

is required for both acetylcholine and phosphatidylcholine biosynthesis

in mammalian tissues. Since exogenous choline is necessary for normal

cel]ular metabolism, the effects of some choline analoçtues on choline

uptake and as a mode for the regulation of phosphatidylcholine

biosynthesis in the heart were examined. Hamster hearts were perfused

with [Me-3g] ctrotine in the presence of 0.05-0.5 mM ethanolamine'

Incorporation of la-bel into phosphatidylcholine was decreased 26-63%

at 0.1-0.5 mM ethanol-amine. Similar decreases in the labelling of the

metabol-ites of the cDP-choline pathway were observed at these

ethanofamine concentrations. The observed decrease in phosphatidylcholine

Iabelting at 0.1-0.5 mM ethanolamine was attrj-buted to an inhibition

of l-abelled chol-ine uptake by ethanolamine. The inhibitory role of

eLhanolamine on choline uptake was examined by comparison to hemi-

chofinium-3. Both compounds inhibited choline uptake in a competitive

manner. However, the intracel-lular concentration of chol-ine and

choline-containing metabol-ites was not altered despite a reduction in

choline uptake. Hence, it can be concltrded that exogenous ethanofamine

ABqTRACT
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has no immediate effect on phosphatidylchotine biosynthesis. The reduced

labelling of phosphatidylchol-ine is therefore a direct result of the

reduction of ]abelled choline taken up by the isol-ated heart.

The corollary effect of choline on ethanol-amine uptake and

metabolism in the heart was also J-nvestigated. In this study, hearts

were perfused with tZ-14C1 ethanolamine in the presence of 0-0.5 mM

choline. Incorporation of label into phosphatidylethanolamj-ne \^/as

decreased 28v" at 0.2-0.5 mM choline. Analysis of the intraceffular

metabolites of the CDP-ethanolamine pathway revealed that choline (0.2-

0.5 mM) in the perfusate had no effect on the labelling of ethanol-amine.

However, a 28-30% reduction in the labetling of phosphoethanolamine and

CDP-ethanolamine was observed. Concurrently there \^/as a 2-fold increase

in intracel-l-ular choline concentration. Although the formation of

CDp-ethanofamine is regarded as the rate-limiting step for phosphatidyl-

ethanolamine biosynthesis, choline \n/as found to inhibit ethanol-amine

kinase¡ but did not have any effect on CTP:phosphocholíne cytidylyl-

transferase. Hence, choline may provide an addítional- mechanism

(beyond the control provided by phosphoethanolamine cytidylyltransferase)

for the regulation of phosphatidylethanotamine biosynthesis in the heart-

cTP:phosphocholine cytidylyltransferase is the enzyme which

catalyzes the rate-limiting step of phosphatidylcholine formation.

fn order to understand the regulatory role of this enzyme in the control

of phosphatidylcholine biosynthesis, cytidylyltransferase f,rom hamster

heart was partially purified and characLerized. In fresh cytosol,

three forms (H-, L- and S-form) of this enzyme \.\lere identified by gel

filtration chromatography. The L-form \das the major enzyme species

present in fresh cytosot. hlhen cytosol was incubated at 4oC for 4 days,
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a dramatic increase in cytidylyltransferase act.ivity and conversion of

L-form to H-form were observed. The H-form of cyti-dylyltransferase was

partially dissociated by incubatíon with 0.025% sodium dodecyl sulfate.

Application of this mixture to a Sepharose 68 column resul-ted in

highly purified L- and S-forms of the enzyme. The cytosolíc forms as

well- as the microsomal form of cytidylyltransferase v/ere subsequently

characterized. All enzyme forms displayed broad pH profiles, with optimal

activity at pH 8.0. All forms of cytidylyltransferase were activated
t)

by Mg'- in the same manner. The L- and S-forms required lipid for

maximal activity whereas the H- and microsomal forms were found to have

no lipid requirement. The true Michaelis constants for cytosofic and

microsomal cytidylyltransferase \,rere also determined. The H-form and

microsomal form of the enzyme showed a true K* of 1 .0 mM for CTP and

0.44 mM for phosphocholine. The L-form of the enzyme is kinetically

identical to the S-form, with a true K* of 400 mM for CTP and 80 mM for

phosphocholine. In view of the fact that the intracellular concentration

of CTP (15 nmol/g heart) is much lower than the K* values determined,

intracellular CTP concentrations may regulate the reaction catalyzed

by all forms of cytidylyltransferase. Additional regulation of the

rate-l-imiting reaction may occur at the levef of phosphocholine supply.

Since the intracellular concentratíon of this metabol-ite is 0.25 mM

changes in ceffular phosphocholine level-s may provide a facile mechanj-sm

for the regulation of phosphatidylchofine biosynthesis by modulating

the reaction catalyzed by the L- and S-forms of cytidylylLransferase.
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T The Biol- cal- Membrane

Membranes are an integral part of any cell. In some instances,

the different membrane systems may comprise up to 80% of the total dry

cell mass. Membranes serve not only as barriers separating different

compartments within the cell, but al-so as the structural basis of the

cell-.

The molecular organization of membrane components consists of a

lipid bilayer in which biologically active proteins are embedded-

Most membranes contain approximately 40% lipid and 60% protein, but

Lhere is considerabl-e variaLion. For example, the inner mitochondrial

membrane contains 20-25% J-ipid, whereas the myelin membrane surrounding

certain nerves may contain up Lo 75% lipid.

The lipid bilayer is formed spontaneously by phosphoJ-ipid

self-interaction. That isr the hydrophilic head groups of the

phospholipids arrange themselves toward the aqueous environment,

whereas the hydrophobic fatty acyl groups occupy the interior of the

bilayer. This spatial amangement serves as the structural matrix

for protein organizatj-on and movement as described in the fl-uid mosaic

model of Sj-nger and Nicofson (1 ). Tn addition to their sLructural

function, phospholipids have recently been implicated in the control

of various cellular processes including membrane fusion (2), metabol-ite

transport (3r4) and the catalytic activity of membrane-bound enzymes (5).

Hence it is readily apparent that phospholipids are not merely passive

structural components of membranesr but rather play diverse and dynamic

roles in membrane function.
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l_1 Pnospnataoy lcholine - Structure and FuncLion

In eukaryotes¡ phosphatidylcholine accounts for nearly hal-f of

the membrane phospholipid. Although ubiquitous in higher planLs and

animafs, the occurence of phosphatidylcholine in prokaryotes is rare.

phosphatidylcholine assumes the general structure of a phosphofipid

with a polar headgroup region and a glycerol backbone region to which

fatty acids are esterified. It is the chol-j-ne headgroup which

distinguishes phosphatidylcholines from other phospholipids. Saturated

fatty acids are usually esterified at the C,, position of the glycerol

backbone, whi1.e unsaturated fatty acids are mainly located at the C,

position.

The cellular processes in which phosphatidylcholine participates

are as diverse as the mofecular species of this phospholipid in

various tissues. A few of these functions are listed be10w:

a) ehosphatidylcholine is the major component of pulmonary

surfactant (6).

b) Phosphatidylchofine is a major component of bile and thereby

aids the solubilization of choleste::ol- in bile (7).

c) phosphatidylchol-ine serves as a major source of arachidonic

acid for prostaglandin biosynthesis (8)-

d) D-beta-hydroxybutyrate dehydrogenase activity has an absoluLe

requirement for phosphatidylcholine (9).

Although these are just a few of the metabolic functions which involve

phosphatidylcholine¡ it is obvious that the study of phosphatidylcholine

biosynthesis and the regulation of this process is essential- for

understanding cellular function and membrane integrity in higher

organisms.
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TII Phosphatidylcholine Biosynthesj-s

In mammalian tissues, there are several known pathways for the

formation of phosphatidylcholine (10) (Fig.1). The majority of this

phospholipid is formed from choline via the CDP-chofine pathway (11).

Alternatively, phosphatidylethanol-amine is methyJ-ated to form

phosphatidylcholine by the transfer of methyl groups from

S-adenosylmethionine (12). Another pathway is the Ca+2-mediated base

exchange of choline with other phospholipid head groups (13). Each

pathway's contribution to total phosphatidylcholine biosynthesis

appears to be Lissue specific. For example, the methylation of

phosphatidylethanolamine contributes significantly to phosphatidyl-

choline biosynthesis in rat liver ( 1 0 ) , but is completely absent in rat

intesLine (4). These pathways witl be described in detail in the

f ollowing secti-ons.

a) clP-choline Pathway

The major pathway for phosphatidylcholine biosynthesis was

elucidated in the mid 1950's by Kennedy and. his co-workers (15)-

Hence this pathway is also referred to as the Kennedy pathway or the

de novo synthesis pathway.

The first step in the reaction sequence is a choline phosphory-

lation reaction which occurs at the expense of ATP and is catalyzed

by choline kinase. Weinhold and Rethy described an ethanolamine

kinase which also displayed chotine kinase activíty (16). Originally

it was thought that both activities vtere shared by a single enzyme.

However, studies in rat fiver (17) demonstrated unambiguously that

choline kinase and ethanolamine kinase \^iere separate enzymes. trn the

same report the authors demonstrated that choline kinase was found
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Figure 1 Maior metabolic pathway s for the biosYn thesis of phosphatidYl-

choline.
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exclusively in the cytosolic fraction.

It has been firmly established that CDP-choline is an essential-

intermediate in the de novo synthesis pathway described by Kennedy.

CTP:phosphocholine cytidylyltransferase catalyzes the synthesis of

CDp-choline and pyrophosphate from CTP and phosphocholine. This enz).me

is ambiquitous (18) in that it is recovered in both the cytosofic and

microsomal fractions of rat liver (19) homogenate. The enzyme is heat

stable, requires Mg+2 ot Mn+2 fot activity and is specific for CTP or

dcrP (20).

cTP:phosphocholíne cytidylyltransferase has been extensively

studied in rat liver (21). These investigators found that in fresh rat

l-j-ver cytosol , cytidylyltransferase has a molecul-ar weight of 200¡000

and designated it as the L-form (low mofecul-ar weight). When cytosol

is incubated at 4oC for 5 days, the cytidylyJ-transferase activity is

elevated 7-fo1d. In ad.dition, the enzyme eluLes from a Sepharose 28

column with a median mol-ecul-ar weight of 1. Z x 106 (21 ). This form of

cytidylyltransferase has been designated H-form (high molecular weight).

The L-form is markedly stimutated by tiposomes prepared from total-

rat liver phosphotipid, whereas, the microsomaf and H-forms are much

less sensitive QÐ. A number of acidic phospholipids can activate

L-form, but the best activator reported to date is lysophosphatidyl-

ethanolamine Q2). The conversion of L-form to H-form in stored cytosol

is not influenced by lysophosphatidylethanolamine but rather diglyceride

presenL in rat liver cytosol was identified as the principal agent

responsible for aggregation (23).

Fel-d.man et al . , have identif ied endogenous free f atty acids in rat

lung cytosol as the major activating species for the cytidylyltransferase
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(24). Removal of free fatty acids resulted in a corresponding decrease

in enzyme activity. when the fatty acids were restored to the cytosol,

the enzyme activity was afso restored. unsaturated fatLy acids like

oleate and linoleate were found to be the best activators of

cytidylyltransferase (24) .

Although cyt.idylyltransferase can be activated or aggregated by

various agents, a functionaf refationship between the L-r H- and

microsomal- forms of the enzyrne remains obscure. Choy et af ' t (f5)

have demonstrated that all three forms of the enzyme are immunologically

identical. Additionally there is some support for the idea that the H-

and microsomal forms represent the same species. That is, the H-form

may be pelleted under conditions similar to those which wifl sediment

microsome s (21 ) and these forms of the enzyme are usually insensitive

to phospholipid activation (22). However¡ a direct functional link

between al-l- three forms of the cytidylyltransferase remains a mysLery'

The fina] step in the cDP-choline pathway is the formation of

phosphatidylcholine and cMP from cDP-cholíne and diglyceride. This

step is catalyzed by cDP-choline : 1 r2-diacylglycerot cholinephospho-

transferase. This enzyme is focâted in the microsomal fraction

(cytoplasmj-c side ) (26) and is characterized by the need for Mg+2 ot

t) t-)
Mn*t, inhibition by Ca+z and. the requirement for diacylglycerof which

has been emulsified in a nonionic detergent such as Tween 20 (27 r28) '

It has also been shown that this enzyme is specific for cDP-chofíne

and other nucleotides finked to chofine are ineffective in generating

phosphatidylcholine. The cMP formed in the final reaction may be

rephosphorylated at the expense of ATP to form cTP¡ which in turn can

be used again Lo form cDP-choline. Hencer the cytidine nucfeotides may
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thus function in a catalytic cycle, with the net production of one moLe

of phosphatidylcholine in each cycle'

b) Proqressive Methyf ation of PhosPha tidytethanolamíne

Bremer and Greenberg were the first to demonstrate that phosphatidyl-

chol-ine could be formed from phosphatidylethanolamine vía the addition

of methyl groups from Ado Met, líberating S-adenosyt-homocysteine (12) '

This process is a stepwise one, in which one methyl group is transferred

to the base moiety at a time (29) yieJ-ding phosphatidyl-N-monomethyl-

ethanolamine, phosphatidyt-N, N-dimethylethanolamine and phosphatídyt-

choline. These researchers, in the same reporL¡ identified two enzymes

in the adrenal medulla that catalyze the methyl transfer'

The two phospholipid methyltransferases in the adrenal medulla have

different properties. The first enzyme (methyltransferase I) converLs

phosphatidyleth anol ami ne to pho sphatidyl -N-monomethyf e Lhano I amine,

t')

requires Mg*t, has an optimal pH about 7.0 and a low K* for Ado Met'

The second enzyme (methyltransferase IT) catalyzes the stepwise

methylation of phosphatidyl-N-monomethylethanolamine to phosphatidyl-

choline (30131). This enzyme does not requit" Mg+2¡ has a high K* for

Ado Met and an optimat pt{ of 10.0. The two methylLransferases are

]ocated in the microsomaf and mitochondrial fractions of the adrenaf

medulla and were found in all Lissues examined so far including brain

(32), red cells (33), lymphocytes ßÐ, mast cell-s (35) and basophils

and neutrophils (36).

The ability to prepare erythrocyLe ghosts either inside-out or

right-side-out with respect to cellu]ar contents (37) all-owed Hirata

and Axelrod (33) to study the l-ocalization of these enzymes in membranes'

It was demonstrated that methylation of .phospholipids began on the
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cytopl-asmic side of the membrane, where the substrate phosphatidyl-

ethanolamine for methyltransferase I is located. Subsequent to inítial

methylation¡ methyltransferase II added the additional methyl groups

yietding phosphatidylcholine which faces the outside of the membrane

(38). This enzymatically facil-itated translocaLion of phospholipids

was very rapid (less than two minutes) and was also reported in membranes

of Bacitlus megatherium (39).

The methyl-ation and rapid rearrangement of phospholipids appears

to infl-uence membrane fluidity. When phospholipids are methylated,

there is a measured decrease in microviscosity of the membrane (40).

It is this translocation of phospholipids in the membrane, with the

resul-tant decrease in microviscosity of the membrane which Hirata and

Axelrod (41 ) believe to play an important role in signal Lransmission

across the membrane. In this report, the authors conclude that neuro-

transmitters, peptides and immunoglobulins interacting with cell surface

receptors initiate a cascade of biochemical and physical changes in

local- domains of the membrane. This leads to increased mobility of

receptors¡ elevated phospholipid methylation, çleneration of cyclic AMP,

histamine release, mitogenesis and chemotaxis. All- of these processes

in turn impart specialization of function and regulation to a variety

of tissues and cell types. The authors point to phospholipid methylation

as an initial conìmon pathway for the transduction of many receptor

mediated biological signals through membranes.

Although studies on the potential biological rol-e of phosphatidyl-

eLhanolamine methyl-ation seem to present a rather convincing argument,

recent reports from Audubert and Vance (42143) questioned the number of

enzymes invofved in the conversion of phosphatidylethanofamine to
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phosphatidylcholine. These investj-gators demonstrated in liver micro-

somes that all enzymes for the methylations of phosphatidylethanolamine

showed similar K*,'s for Ado Met and a single pH optimum of 10'25 (42)'

In addition, evidence has emerged which suggests that the conversion

of phosphatidylethanolêmine to phosphatidylcholine by successive

rnethylation occurs entirely on the cytosolic side of the microsomal

membrane (43). Hence the number of enzymes i-nvol-ved in the conversion

of phosphatidylethanolamine to phosphatidytcholine in liver and other

animaf cells and tissues remains an important question. The only

satisfactory answer witl come from purification to homogeneity of the

enzyme(s) involved in this conversion. Moreover, the biological

functions of phosphatídylethanolamine methylation, as proposed by Hirata

and Axe]rod (40r41 ) may have to be reconsidered in view of these findings'

c) Base Exchanse of Chof ine with other PhosPholiPids

The third pathway for the formation of phosphatidylchofine is the

ca+2-mediated exchange of choline for anoLher phosphoripid head group

described by Dils and Fttlbscher (13) in rat liver microsomes. This

reaction is often simply referred to as base exchange and appears to

be of minor importance in some tissues including liver and heart (44)

where less than 1 0g" of the newly synthesized phosphatidylcholÍne is

formed by this route.

Bjerve (45) afso investigated Ca+2-stimulated base exchange in liver

mlcrosomes. He demonstrated that phosphatidylchol-ine, phosphatidyl-

ethanolamine and phosphatidylserine could alf act as substrates for

this reaction. Furthermore, choline, ethanol-amine and serine could

exchange with ph'osphatidylcholine and phosphatidylserine, but only serine

and ethanol-amine could exchange with phosphatidylethanolamine' Bjerve
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suggested (45) and others have since verified (46'47) that separate

enzymes catalyze each of Lhe reactions.

ft. shoutd be mentioned here that although base exchange accounts

for only a smal-l- percentage of net phosphatidylcholine biosynthesis in

liverr this pathway is considered to be the major route of phosphatidyl-

serine biosynthesis in this same tissue (45).

d) Reacylation Systems

phospholipì-ds¡ as previously mentioned, generally have saturated

fatty acids at the C,, position of their glycerot backbone and unsaturated

fatty acids at position Cr. Ho\^¡ever in specialized cases¡ the fatty acyl

moieties on the glycerol backbone of the phospholipíd seem to be highly

ordered to afford functional speciality. This restructuring of

phospholipids occurs in many tissues but is most pronounced in lung,

where dipalmitoylphosphatidylcholine (the major component of pulmonary

surfactant) accounts for l0% of the total phosphatidylcholine (48).

Evidence exists that newl-y synthesized phosphatidylcholine of lung does

not possess this fatty acid arrangement (49) but rather through fatty

acyl exchange, "taifor made" phosphatidylchoJ-ine is formed.

There are two ways by which the fatty acyl moiety at the C, position

of phosphatidylcholine can be replaced. The initial removal- of this

chain by phospholipase A, is common to both mechanisms. The resulting

1 -saturated-2-lysophosphatidylcholine is then either reacylated wíth

acyl-CoA or transacylated with a second molecul-e of lysophosphatidyl-

choline.

The acylation of lysophosphatidytcholine with acyl-CoA by

lysophosphatidylcholine-acyltransferase was fj-rst described by Lands (50)

and subsequently studied in lung microsomes by Forsolono et af-, (51 ) -
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These investigators found that the transfer of palmitoyl residues to

either the 1 or 2 position of lysophosphatidylcholine occurred with

similar effect.iveness in the lung microsomes. This is in direct

contrast to liver microsomes where the transfer of saturated fatty acid

residues at the C^ position v/as very slow compared to the C., position

(51 ).

The Lransacylation between 2 molecules of lysophosphatidylcholine

as cataly zed by lysophosphatidylcholine-lysophosphatidylcholine

transacylase was first demonsLrated by Marinetti (52). Thì-s enzyme

catalyzed acyl group transfer: from one molecule of lysophosphat.idyl-

choline to another, producing phosphatidylcholine and sn-glycerol-3-

phosphorylchol-ine (53r54). This reacLion occurs in the cytosol (55)

and has no requirement for ATP, CoA or palmiLoyl-CoA (56). These

energy-poor conditions suggest that this mechanism of synthesizing

dipal-mitoyl-phosphatidylcholine is not as important as the lysophospha-

tidylcholine-acyltransferase pathway in vivo. In this context, the

endoplasmic reLiculum, the site of the CDP-chol-ine pathway and

lysophosphatidylcholine-acyltransferase activityr is generally considered

quantitatively more important in complex phospholipid biosynLhesis

than the cytosol, siLe of lysophosphatidylcholine-lysophosphatidylcholine

transacyJ-ase activity.



13

IV Reguf ati'on of Phosphatidyl- choline Biosynthesis via the CDP-choline

Pathway

since the cDP-choline pathway is the major route of phosphatidyl-

chofine biosynthesis in many tissues (10'44'49) investigations j-nto the

regulation of this pathway may al1ow us to better understand the

biological rofes of this phospholipid. There are several ways in which

phosphatidylcholine biosynthesis vj-a the CDP-choline pathway might be

controlled. The supply of subsLrates and cofactors for these reactions

coufd be resLricted at the l-evet of choline uptake or by compartmental-i-

zat.ion of metabolites. Alter:natíve1y, the phosphatidylcholine biosyn-

thetic enzymes themsel-ves might be regulated by mod.ulators, covafent

modification or by changes in the amount of enzyme protein. Any, or all

of these factors might. affect de novo phosphatidylcholine formation-

a) chofine Uptake

Choline is a dietary requirement for most mammals. Zeisel- et al. t

(57) have studied the kinetics of chol-ine uptake in the perfused liver.

These invest,igators found that chol-ine was transported by both a

saturabl-e and a non.saturable mechanism. The non-saturable mechanism

was attributed to simple diffusion of chofine across the plasma membrane-

The saturable mechanism \¡ras reported to have an apparent Kru of 0.17 mM

for cho1ine (57). Since the rat plasma choline concentration normally

ranges between 10-20 ¡:M (58r59), the facilitated transport of chofine

was noL expected to be saturated in vivo. However it should be mentioned

that in hamster heart the plasma chofine concentraLion was estj-mated at

0.18 mM and the K* for chofine uptake at 0.1 mM, hence plasma choline

concentration may provide a mechanism for the regulation of choline

uptake in this tissue (44).
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since choline is afso a precursor for the neurotransmitter

acetylcholine, brain cholj-ne transpor| has received considerable

attention. Crude synaptosomes from rat cerebraf cortex showed Lwo

chol-ine uptake systems. One had a high aff inity for chol-ine and !'/as

sodium-depend.ent, whife the other had a lower affinity for choline and

was insensitive to sodj-utn (60161). The high affinity uptake of choline

in brain cel-ls $/as associated with a higher proportion of phosphocholine

formaLion (62). However, at high chofine concentrations in the medium,

the added choline was increasingly recovered as acetylcholine or free

chofine, with a smaller proportion recovered as phosphochofine (62) '

Although the rate of phosphatidylcholine biosynthesis is not

thought to be influenced by choline uptake, there are some examples in

the literature which suggest such a regulatory role. A 40% increase

in the rate of phosphatidylcholine biosynthesis was reported in rat

hepatocytes when the choline concentration in the medium was varied

from 5-40 pM (63). Additíonal- evidence for chol-ine transport serving

as the rate-l-imiting step in phosphatidylchofine formation has been

obtained from Novikoff hepatoma cells (64). At concentrations below

20 ¡tM1 choline incorporation into phosphatidylcholine was limiLed by the

rate of formation of phosphocholine which in turn was limited by the

rate of choline entry into the cells. Hov/ever, at concenLrations

exceeding 20 ¡tM, the ultimate rate of choline incorporation into

phosphatidylcholine was independent of the medium choline concentration

and the intracel-l-ular level of phosphocholine (64) '

b) Supply of Intracellular. Metabol-ites

Not all of the intracellul-ar choline is committed for phosphatidyl-

cho1ine biosynthesi-s. In rat liver, (65) BHK-21 celfs (66) and hamster
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hearL (44) there is ample evidence for a separate pool of chofine which

is active in phosphatidytcholine synthesis. Pulse-labelling studies

with the isofated hamster heart suggest that [Me-3g] choline does not

equilibrate with the large intracelfular cholì-ne pool, but is rapidly

phosphorylated instead (44). This might be feasible if choline kinase

phosphoryfates choLine just after transport across the plasma membrane

(67). Another possible explanation is that some intracell-ular choline

is sequestered and therefore is inaccessibl-e to chofine kinase (4Ð.

The intracellular pool size of phosphocholine may also regulate the

rate of phosphatidylcholine biosynthesis. fn rooster liver, the pool

size of phosphocholine is below Lhe apparent K* and may therefore be

limiting (68). In addition the rate of phosphatidylcholine synthesis in

BHK-21 cells may be influenced by the intracellular phosphocholine pool

since this pool is approximately 1 O-fold lower than the apparent K* for

the cytidylyltransferase (66r69).

Regulation of phosphatidylchol-ine synLhesis by the supply of cTP

is an interesting hypothesis since CTP is required in the anabolism of

all phospholipids. Studies with polio-virus infected HeLa cell-s have

correla.ted a 2-fold sLimulation of phosphatidylchoJ-ine biosynthesis with

a 2-3-fold íncrease in CTP concenLration (70). In 3-deaza-adenosine-

treated rats, enhancement of phosphatidylcholine formation \,{as accompanied

by a 26% increase in hepatic concentraLion of cTP (71). Finally, in

myopathic hamsters, the cardiac CTP level was 34% lower than found in

control-s Q2) - The rate of phosphatidylcholine synthesj-s in these hearts

$/as comparabl-e to controls because of a compensating increase in the

microsomal cytidylyltransferase activity.

The supply of diglycerj-de may also affect the rate of phosphatidyl-
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chol-ine formation. Diglyceride is produced from phosphatidate in a

reaction catalyzed by phosphatidate phosphohydrol-ase. Diglyceride is a

substrate for cholinephosphotransferase, ethanolaminephosphotransferase,

diglyceride J-ipase and diglyceride acyltransferase. All of these

reactions compete for diglyceride, but during starvation diglyceride is

channeffed into rat hepatocyte phospholipids at the expense of

trigtyceride synthesis (73). Groener and van Golde have recently

discounted the level of diglyceride as a rate-determining factor in the

synthesis of phosphatidylcholine in rat l-iver (74). This concl-usion

was based on the insensitivity of the phosphatidylcholine pool size to

alterations after a 48 h fast and 24 h refeeding on a high sucrose, fat-

free dj-et¡ despite a 1O-fotd increase in the level- of diglyceride-

c) CTP:Phosphocholine Cytidylyl-transferase Catalyzes the Rate-

Limitinq Step of de novo Phosphatidyfcholine Biosynthesis

In mosL tissues r the rate-timj-ting step of the CDP-choline pathway

is catalyzed by CTP:phosphocholine cytidylyltransferase (10). This view

is contrary to the general biochemical principle that the first committed

reaction in a pathrvay is under metabolic control and is rate-l-imiting.

The evidence to support this theory is that the total- pool size

of chol-ine is 5-10 fol-d lower than phosphocholine in Ìiver (65) and

tlel,a cel.ls (75). These relative pool sizes j-ndicate a rapid conversion

of chofine to phosphocholiner with the rate-Iimiting step occurring

subsequent to the choline kinase catalyzed reaction. Addítionally the

phosphocholine pool in rat liver was 1 50 times higher than the CDP-choline

pool (65). Since CDP-choline is the only known metabolite of phospho-

chol-ine, these resufts suggest that once CDP-chol-ine is formede it is

rapidly converted to phosphatidylcholine.
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More definitive evidence for the rate-limiting role of this enzyme

was obtained from pulse-chase studies in HeLa cells (75) and isofated

hamster heart (4Ð. The radioactivity of the exogenously added [Me-3H]

choline was rapidly converted to phosphochol-ine. Subsequently, as the

radioactivity disappeared from phosphocholine, it was transiently

associated with CDP-choline and was immediately recovered as phosphatidyl-

cholíne.

Further support was obtained by choy et al., (70) studying polio-

virus infected HeLa cell-s. These cellsr whên infected with virus, tend

to stimulate the incorporation of [Me-3H] choline into phosphatidylchofine-

pulse-chase studies showed that the observed increase in phosphatidyl-

chol-ine formation was due solely Lo an acceferation of the CTP:phospho-

choline cytidylyltransferase catalyzed reaction (70) .

As previousJ-y mentioned, cyt.idylyltransferase exists in two

subceflul-ar compartments (cytosoJ- and endoplasmic reticul-um). Recent

studies on the regulation of phosphatidylcholine biosynthesis have been

directed at the functional significance of this distribution. To date,

the prevailing theory is that the cytosol serves merely as a reservoir

for inactive enzyme. Vrtrhen the cell requires phosphatidylcholine, a

Lransfocation from the cytosol to the endopl-asmic reticulum occurs, with

a resuftant surge in phosphatidylcholine formation. This translocation

process and the factors which may govern it wil-t be discussed over the

next several pages of this thesis.

Evidence for the concl-usion that enz).me transl-ocation governs the

rate of phosphatidylcholine biosynthesis arises largely from correlatíon

experiments. In particular experiments wiLh rat hepatocytes and

established cell- lj-nes have been most convincing.
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cyclic AMP anafogues mediate a partial inhibition (35%) of

phosphatidylcholine biosynthesis Q6); this seems to fiL into the

general scheme of cAMP action, namely, as an inhibitor of biosynthetic

reactions. The decreased rate of phosphatidytcholine biosynthesis

correlaLed with a decrease (34e") in microsomal cytidylyltransferase

activity (76).

In a different approach¡ cultured chick embryonic myobJ-asts and

CHO cells were depleted of phosphatidylcholine by treatment with

phospholipase C Q7,78). Subsequentty the raLe of phosphatidylcholine

format.ion was increased 3-fold and a simil-ar increase in the microsomal

activity was observed. TreatmenL of the myoblasts for 3 h with cyclo-

heximide did not alter the cellular response to phospholipase C (77) '

Hence, protein synthesis was not required for Lranslocation of the

cytidylyJ-transferase or for the concomiLant increase in phosphatidyl-

chofine biosynthesis. lr{oreover, 6 h after removal of the phospholipase

C, its effect on choline incorporatj-on in CHO cells was fully reversed

Qg). Hor¡/everr â corrêlation between the reversal of choline incorporation

and bindinE of the cytidylyltransferase to microsomes was not demonstrated

(.79) .

Additionaf evidence for the translocation theory in intact animals

has recently emerged. Several animal systems in which an increase in

microsomal cytidylyJ-transferase activity has been correlated with a

similar increased rate of phosphatidylcholine synthesis have been studied.

Fetal rats were del-ivered prematurely after either 20 or 21 days

gestaLion (g0). The incorporation of choline into phosphatidylcholine

was evaluated in lung slices at the time of defivery or 3 h after

incubation of the fetus in a special chamber. During the 3 h period,
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there was a 2-fol-d stimulation of phosphatidylcholine synthesis (80).

During this same time there vlas a 2-3-fold redistribution of enzyme

activity from cytosol to microsomes (80). Correspondingly, immediately

afLer birth¡ the raLe of phosphatidylcholine synthesis tripled ín rat

l-iver and th'is corcelated with transl-ocation of the enzyme to

microsomes (81 ). In addition, a 3-fo1d increase in phosphatidylcholine

synthesis has been induced in the l-ívers of young rats fed a diet

enriched in cholesterol- and cholate (82). Once again a correl-ation

between increased enzyme activiLy and its translocatj-on to the microsomes

\¡¡as demonstrated. Taken together, the combined evidence from various

celf cu]tures and animal studies make a strong case for regulation of

the rate of phosphatidylcholine biosynthesis by reversible translocation

of cytidylyltransferase beLween the cytosol and the endoplasmic reticulum-

The mechanism leading to the subcelfular movement of cytidylyl-

transferase is stil-I r'ather uncfear. Ho\^iever there appears to be some

evidence for two different modes of regulation for this process- The

first invol-ves reversible phosphorylation of the cytidylyltransferase

(or possibly of an activator and,/or inhibitor protein) ' cyclic AMP

analogues cause a deerease in the cytidylyltransferase activJ-ty

associated with microsomes (76). Also, the activity of the enzyme appears

to be regulated by cAMP-dependent protein kinases and protein

phosphatases (83). Thus it seems likely that cAMP-dependent protein

kinase causes a decrease in cytidylyltransferase activity associated

with microsomes, whereas dephosphorylation promotes the binding of the

enzyme to microsomes where it is acLivated-

A second mechanism involves the apparent effect of long chain fatty

acids or acyl CoA's on cytidylyltransferase (24,84,85). The fatty acids
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do not direcLly stimulate the enzyme activity. ïnstead they appear to

increase the affinity of the enzyme for membranes which conLain phospho-

lipidsrwhich in turn activate the cytidylyltransferase. The fatty acid

can apparently reverse the phosphorylation-mediated decrease in

cytidylylLransferase activity associated with microsomes (85) .

The transl-ocation of cytidylyltransferase and the processes which

controf this movement (phosphorylation and fatty acid modulation) seem

to have consid.erable support. However, the complete understanding of

this process has been hampered for a variety of reasons. The principal

problem thus far has been a lack of purified cytidylyJ-transferase.

Were this enz)¡me source available, reconstitution studies J-nvolvi-ng

artificial- membranes of known lipid composit.ion would be made possibJ-e.

The behaviour of cytidylyltransferase in these artificial membranes or

in model membranes containing physiological concenLrations of diglyceríde

(a potent membrane-binding promoter) coul-d facilitate the understanding

of the molecular mechanisms involved in translocation. Additionally,

purified cytidylyltransferase with pure protein kinase and phosphatases

would enable the demonstration of whether cytidylyltransferase is

phosphorylatedr and if so, how does the phosphorylation affect the enzymes

affiníty for membranes. Simil-arily, the mechanism by which fatty acids

enhance binding of the enzyme to membranes might be studied.

Tt is clean that the regulation of phosphatidylchofine biosynthesis

via the CDP-chofine pathway is a complex process which we are only now

beginning to comprehend.



21

V Research Aims

phosphatidyÌcholine is the major phospholipid in Lhe mammalran

heart (86). Tt serves not only as a structuraf component of the cardiac

membraner but also as a modulator of a number of membrane-bound enzJ¡mes

(5). previous studies from our laboratory have demonstrated that choline

is rapidty taken up by the isolated perfused heart and is subsequently

incorporated ínto phosphatidylchotine (44). Additionally¡ the CDP-

choline pathway has been shown to be the major route of phosphatidylcholine

biosynthesis in this tissue and over 85% of the newly synthesized

phosphatidylchoJ-ine in the heart is formed via this pathway (44).

Ho\n/ever, the conLrol of phosphatidylcholine biosynthesis via the CDP-

choline pathway in the mammalian heart remains unknown. Hence, the

basic aim of the proposed research was to investigate various regulatory

mechanisms for phosphatidylcholine biosynthesis in the hamster heart-

Two independent approaches were employed for this study. The first

approach involved the study of the potential control afforded by various

exogenous metabolites. Due Lo the absolute requirements of choline and

ethanolamine for phospholipid biosynthesis and the structural

similarities between these compounds, it was conceivable that these

metabolites may regulate phospholipid biosynthesis. Initial- studies

determined the effect of ethanolamine on phosphatidylcholine biosynthesis

and subsequently the corollary effect of choline on phosphatidylethanol-

amine biosynthesis in the isolated perfused heart was studied. A second

approach invofved the in vitro characterization of CTP:phosphochofine

cytidylyltransferase from.'the heart. As previously reported (44) tfris

enzyme catalyzes the rate-limiting step of the CDP-chol-ine pathway and
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the reaction is regarded as an irnportanL control step for phosphatidyl-

chofine biosynthesis. The mechanism j-nvolved ín the regulation of this

enzyme in the heart was completely unknown.

The proposed research is the first attempt to elucidate the

control mechanism of phosphatidylcholine biosynthesis in the mammalian

heart. In view of the fact that phosphatidylcholine is the major

phospholipid in all mammalian cardiac t,issues, an in-depth study on the

control of the biosynthesis of this phospholipid is highly desirable.

This study should enabfe us to understand some of the molecular events

underlying the biosynthesis of phosphatidylcholine in the heart.
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EXPERTMENTAL PROCEDURES
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MATERTALS

I Experimental Anima]s

syrian Golden hamsters (90-120 g¡ body weight) were mainLained

on purina Hamster chow and tap water, ad libitum, in a light- and

temperature-controlled room.

TI Enzymes, Chemicals and RadioisotoPes

The commercial sources of many of the materiafs which were used

during this investigation are listed in Tabte I. All other chemicals

were of reaEent grade and were obtained from Fisher Chemical Company'

AIl solutions were prepared with distilled water and were adjusted to

the desired pH.
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TABLE Ï

Commercial- suppliers of research materials

Chemical Supplier

lz-1acl ethanol-amine

II-3nl ethanoLamine

tY-32p1 arp

Aqueous Counting Scintillant

ll¡e-3ul choline

Sodium dodecyl sulfate

Dowex AG1 -XB in formate
or chloride form

Silica G25 thin laYer
chromatography Plates

Phosphoethanolamine

2-Aminoethanol

Hemichofinium-3

Sodium Fluoride

Redi Plate Silica G thin laYer
chromaLography Plates

Sepharose 6B

Sucrose

ATP

CDP-ethanol-amine

Chol-ine Chforide

Choline Kinase

CTP

Amersham Corporation

Amersham Corporation

Amersham CorPoration

Amersham CorPoration

Amersham CorPoration

BDH Chemical-s

Bio-Rad Laboratories

Brinkmann

Fisher Chemical

Fisher Chemical

Fisher Chemical

Fisher Chemicaf

Co.

Co.

Co.

Co.

Fisher Chemicaf Co.

Pharmacia Fine Chemicals

Schwartz-Mann

Sigma Chemical Co.

Sigma Chemical Co.

Sigma Chemical Co.

Sigma Chemical Co.

Sigma Chemicaf Co.

conL'd
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TABLB I (cont'd)

Chemical Supplier

CDP-choline

Phosphocholine

Tmmunoglobulin G

Afkaline Phosphatase (fype rrrs)

Phosphodiesterase (Type Il)

Bovine Serum Al-bumin

Phenylmethyl sul f onyl f luor ide

Phosphatidylcholin

Pho sphatidyl ethanol amine

Lysopho sphatidyl chol- ine

Ly s opho s ph atidyle t hano I ami ne

Sigma Chemical Co.

Sigma Chemi-caf Co.

Sì-gma Chemical Co.

Sigma Chemical Co.

Sigma Chemical Co.

Sigma Chemical Co.

Sigma Chemical Co.

Serdary Research Laboratories

Serdary Research Laboratories

Serdary Research Laboratories

Serdary Research Laboratories
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GENERAL PREPARATIVE PROCEDURES

I Preparation of Perfusion Buffer

Krebs-Hensel-eit buffer was used in alI perfusion studies. To

prepare this buffer 70.1 g Nacl, 21 g NaHCO3 and 9.91 g Dextrose

(anhydrous) were combined and dissolved in 1 I distíIled water to

yield solutj_on A. solution B was a mixture of 3.55 g KCI, 2.94 g

MgSO4 . 7H2O and 1.63 g NaHrPOn . 
^zO 

in 1 00 ml- distilled water.

Solution C contained 3.734 g CaCLr. 2H2O in 100 ml distilled water.

These stock solutions hiere prepared and could be stored separately at

4oC for up to two months. During each perfusion study fresh buffer was

prepared by combining 1 00 ml solution A, 1 0 mI Solutj-on B and 5 ml

Sofution C with 885 ml distilled water. The buffer \¡/as subsequently

saturated with 95% 02 - 5e" CO2. This solution could not be stored over

24 h and, was therefore discarded immediately following perfusion.

II Perfusion of the lsolated Hamster Heart

Hamsters hlere sacrificed by decapitation and the hearts were

rapidly removed and placed in Krebs-Henseleit buffer (87),

saLurated with 95% oxygen - 5% carbon dioxide at room temperature.

The heart was cannulated via the aorta in the Langendorff mode (88) and

the pulmonary artery was incised to ensure adequate coronary drainage-

Perfusion was performed at 37oC with a constant aortic pressure of

90-120 mm mercury and a coronary flow rate of 2.5-4 ml'min-1. A modef

of isolated heart perfusion in the Langendorff mode was described by

Manning et al., (89). The viability of the hearts was maj-ntaj-ned

throughout the perfusion period as assessed by electrocardiac
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recordings. One efectrode was attachecl to the aortic cannula and the

other was placed in the solution bathing the heart. The placement of

electrodes in this manner allowed us to assess the atrial and venLricular

activities simulLaneously. The signals were amplified and recordec by a

Sanborn paper recorder. No irregular el-ectrocardiac recordings were ob-

served throughout the perfusion periods employed in these studies. A

typical electrocardíac recording of the isolated hamster heart was depicted

in a previous report (89b).

ïII Preparation of Subcellufar Fracti-ons

HamsLers \¡/ere sacrificed by decapitation and the hearts were rapidly

removed and placed in ice-cold safine' The hearts \^/ere weighed' cut into

pieces and homogenized in isotonic saline (0.145 M) for 30 s with a polytron

homogenizer. The homogenates were centrifuged aL 12r000 x g for 15 min and

the post-mitochondrial supernaLant \^/as centrifuged at 150¡000 x g for 60

min. The resuftant supernatant was designated the cytosolic fraction-

The microsomal- pellet \¡ras resuspended in 0.145 M NaCl-S mM Tris-HCl (pH 7.4)

with a glass Dounce homogenizer. Since cytosolic CTP:phosphocholine

cytidylyltransferase activity might change with the incubation of cytosol

at 4oC (21), the enzyme activities in the subcel-Iular fractions rvere

routinely assayed at 4 h after the tissue was homogenized'

IV Enzyma tic Synthesis of t Me-3Hl Phospl-rochof ine

Choline kinase was used to generate [¡,le-3H] phosphochol-ine from

?
[Mg-JH] choline. Chofine kinase (baker's yeast, Grade IT) was obtained

from Sigma. One unit of enz)¡me was dissol-ved in 3 m] of distil-l-ed

waLer and was subsequently placed in an Amicon CF-25 filtration cone-
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The solution was centrifuged at 31000 x g for 40 min. The fifter was

washed with 5 mI 0.2 M NaHrPOn (RH 8.5) buffer and the sofution was

again centrifuged at 31000 x g for 40 min. The choline kinase retained

by the filter was in a volume of approximately 500 pl . T\,/o mci of

labelled choline were added to a tube and the solvent evaporated under

a stream of nitrogen. Fifty ¡r1 of MocI, (100 mM) 50 pl of ATP (100 mM)¡

25 ¡tL of I M Tris-HCl, PH 8.0 and 250 pl of choline kinase were added

to the tube. The reaction mixture \¡/as incubated at 37oC for t h,

put Ín boiling water for 3 min and centrifuged at low speed for 15 min.

The supernatant was applied as two 4 cm bands to sil-ica G-25 thin

l-ayer chromatography plates and developed in the solvent system containing

cH^oHl0.6% NaCl/NH,OH $0/50/5;v/v/ù. The synthesized phosphocholine
34

was detected by an AuLochron radioactivity scanner. TVo distinct peaks

or radioactivity were detected¡ one corresponding to the unreacLed

choline and the other to the newly synthesized phosphochofine. The

sil-ica that contained. phosphocholine was extracted with three x 3 mI of

distil-Ied water and the washings were pooled and centrifugated at

12,0.00 x g for 60 min. The concentration of radioactivity was adjusted

to 1 mCi,/mlr and then unl-abelled phosphocholine was added to prepare

the desired final concentration. The yield was greater Lhan 75%.

V Extraction ancl Prepara tion of Total HamsLer Liver Phospholipid

Hamsters were sacrificed by decapitation and the fivers were

rapidly removed and placed on ice. A l-iver sample (5 g) was homogenized

in 15 ml cHCla/CH3OH ( /2¡v/ù - The homogenate \^/as cenLrifuged and the

supernatant removed and pJ-aced in a separatory funnel-. The pellet was

extracted twice with 10 ml of cHCl3/CH3OU/HZ] (/2/0.8¡v/v/v) - The
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extraets were pooled and a biphasic mixture was obtained by the addition

of 1 0 ml CHCIa and 1 0 ml HrO. The lower phase was removed and the upper

phase was washed with 20 ml CHCI3/CH3OH/H.O ß6/1+/1;v/v/v). The }ower

phase from this \^/ash was removed and combined with the extract from the

first separation (90). The sofvent was removed under reduced pressure

and the dry ex.tract was stored at -20oC in an atmospherìe of nitrogen.

The dry lipid extract vtas resuspended in CHclr/cH3oH (2/1 ¡v/v) and

qreantitation of lipid phosphorus was determined by the method of Raheja

(91 ). The phospholipid sofution was adjusted to a final concentration

of. 1 mg/ml and stored at -20oc.

VT partial purification of CTP:Phosphocholine CytidylyJ-Ltqnefetele

A 20% heart homogenate from three male hamsters was prepared in

0.145 M NaC1. Cytosol was obtained by ultra-centrifugation as described

in section III. The cytosol was stored at 4oC for 3-5 days. Following

storage 4 ml of cytosol was applied to a Sepharose 68 column (1.5 x

45 crn) which had been equilibrated with a buffer containing 20 mM

Tris-HCl-, 100 mM NaCl and 'l mM DTT (pH 7.0). Cytidylyltransferase

activity v/as measured and the fractions containing H-form were pooled.-

These fractions are milky in appearance and elute very near the void

volurne of the column. The pooled sample was subsequently incubated

with 0 .025% SDS for 5 min at 4oc and applied to another column of

Sepharose 6B (1.5 x 45 cm) which had been equilibrated with the same

buffer. Fractions (1.4 ml) were col-lected and three distinct peaks of

enzyme activity l^/ere resolved (H-form, L-form and S-form).

eytidylyltransferase activity was assayed in these fractions in the

presence of 'l pg total_ lipid phosphorus (fiver). A 800-1800 fold
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enrichment of enzyme \^/as typicalÌy obtained under these conditions.
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GENERAL ANALYTTCAL PROCEDURES

I Uptake of Labelled Compounds bv the Tsolated Heart

a) General

The isolated heart was perfused for 5 min in Krebs-Henseleit buffer

saturated with 95% oxygen - 5% carbon dioxide. The heart vTas then perfused

with Krebs-Henseleit buffer containing IMe-3H] choline for 45 min or lZ-1acJ

ethanolamine for 25 min. Subsequently, the heart was reperfused with 5 mtr

K¡cebs-Henseleit buffer to remove any labelled compound trapped in the

vascular: space. After perfusion, 10 ml of air was forced through the

cannula to remove the buffer. The heart was cut open, bfotted dry and the

wet weight determined. The ti-ssue \^ras homogenized in 20 ml CHCI3/CH3OH

(2/1 ¡v/v) and an atiquot of the homogenate was taken for radioactivity

determinatj-on. The effj-ciency of lipid extraction by CHClr,/CUrOu has been

well-documented (90). The uptake of labelled compound \^7as calcufated from

the specific radioactivity of the compound in the perfusate.
:

b) Anal-ysís of PhospholiPids

The homogenate obtained after perfusion \¡/as separated into two

phases by the addition of 15 ml 0.1 M KCl to the homogenate. In studies

where [Me-3H] choline or l2-14C1 ethanolamíne were the l-abelled

precursors¡ phospholipids in the organic phase were separated by thin

layer chromatography in a singl-e dimension on Sifica G-25 with CHCL3/

CH3OH/H2O/CHUCOoH Q0/30/4/2¡v/v/v/v) . This solvent system facilitates

exceLlent separaLion of phosphatidytchofj-ne, phosphat.idylethanolamine

and lysophosphatidylchoJ-ine. Unfortunately, phosphatidylcholine and

lysophosphatidylåthanolamine clid not separate adequately with this

solvent sysLem, therefore quantitation of these two phospholipids were
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confirmed by thin layer chromaLography in a singfe dimension with a

solvent system of CHCI 
a/CUrOtt/u2O/NH4oH 

00/30/4/2¡v/v/v/v ) as described

by Choy and Vance Q2).

c) Analys is of Choline-cont,aining Metabo]ites

In experiments with [Me-3"] "nol-ine, the aqueous phase of the total

heart homogenate \l/as lyophilized and reconstituted in HrO. Chofine,

phosphochol-ine and CDP-chol-ine were resolved by thin layer chromatography

in a singl-e dimension by a solvent system of CHroH/0.6% NaCl/NunOtl (50/

50/5;v/v/v). Unlabelfed chofine, phosphocholine and CDP-choline were

routinely chromatographed with the samples to improve recovery and

resol-uLion as well- as to facifitate visualization of each compound.

Chofine and phosphocholine were detected by iodine staining (62), and

CDP-choline was visual-ized with ultraviolet tight. '

d) Analysis of Ethanolamine-containing Metabolites

The aqueous soluble components, ethanolamine¡ phosphoethanolamine

and CDP-ethanolamine v/ere separated by thin layer chromatography with

appropriate carriers in 96% CH3CH 
2OH/2% 

NH4OH (1 /2¡v,/v) as described

by Sundler e2). The amino groups of ethanolamine, phosphoethanofamine

and CDP-ethanolamine were detected by spraying with 0.19" ninhydrin

(triketohydrindene hydrate) .

II Me'babolite Pool- Si-ze MeasuremenLs

a) Choline-contaíninq Metabolites

fn these studies, hamster hearts were perfused with Krebs-Henseleit

buffer without choline¡ with choline¡ or with choline and ethanolamine

at various concentrations and times as described in Tables VI and X.

Immediately after perfusion two hearts from each group \¡¡ere weighed and
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homogenized in 30 ml CHC13/CH3OH (1 /1 ¡v/v). Fifteen m1 HrO was added to

the homogenate and the aqueous phase \^/as removed and evaporated under

reduced pressure. Yields of the aqueous soluble choli-ne-containing

metabolites r^7ere estimated by the recovery of the [l4e-3H] choline, [Me-1 
4C]

phosphocholine and lt"le-14C1 COp-chol-ine which were added to each homogenate-

The procedure for quantitation of the choline-containing compounds in

the aqueous extracts was adapted from Vance et a1., (73)- The aqueous

phase was redissol-ved in 5 ml HrO and applíed to a column (1 cm x 25 cm)

that contained Dogex AG-1 -x8 (formate form) which had been equilibrated

with CH.OH/HZO ( /1 ¡v/v) . Chofine was eluted from the column with 1 00 mf

C1I3OH/H2O (1/1¡v/v) fo]l-owed by 10 ml I{rO. Phosphocholine and CDP-choline

were eluted with 200 ml of 0.4 M NH4Hco3. These fractions were

evaporaLed under, reduced pressure.

The phosphocholine and CDP-choline samples were redissolved in 5 ml

HrO and applied to a Norite A-cellite (1/2¡v/v) column (1 cm x 7.5 cm).

phosphocholine was el-uted with 20 ml HrO and 15 ml 2% ethanol. CDP-choline

was eluLed from the column with the addition of 30 ml 40% ethanol-

containing 1% NH*OH. These sol-utions hTere evaporated under reduced

pressure. The fractions contaj-ning choline, phosphochofine and cDP-

chofine were ,reconstituted in HrO and an aliquot from each fraction was

taken for radioactivity determination. The fraction cont.aining phospho-

choline was digested with 1 0 units of E. col-i alkaline phosphatase for

2 h at 37oC. The fraction containing CDP-choline h/as digested with 0.6

units of Crotalus .adementeus phosphodiesterase and 10 units of n- coli

alkafine phosphatase for 2 h at 37oC. Subsequently, both groups of

reaction mixtures were frozen and lyophilized. The resulting residue was

extracted three times with 2 mI 70% ethanol-. The ethanof in the
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extracted sample was evaported under a stream of nitrogen.

The chofine, digested phosphocholine and CDP-choline were

separately dissolved in 3 ml HrO. Tetraphenylboron (10 mg/ml) in 2 ml

of 3-hept.anone was used Lo extract chofine from each pool. A second

extraction \¡/as performed with 2 ml of tetraphenyl'boron in 3-heptanone.

The chofine in each sample was back-extracted from the tetraphenylboron

sol-ution with 4 ml of 0.4 N HC1, followed by a second extraction with

2 mL of 1 N HCl. The HCf solutions were combined, frozert and lyophilized.

Each pool was redissofved in 0.5 mt HrO and an aliquot was taken for

radioactivity recovered in each pool.

The reaction of each sample with choline kinase ..a I{-32P1 ATP

allowed quantitation of Lhe amount of extracted chofine, by the

?)production of L"pl phosphocholine (93). A standard choline curve \¡/as

established and the chotine concentration in each pool was calcul-ated

form the standard curve.

b) Ethanolamine-containing Metabol-ites

ïn these studies, normal unperfused hearts were used for the

estimation of the pool sizes of various eLhanolamine-containing

metabol-j_Les. .As in the measurement of the choline-containing

metabolites, the hearts were rapidly removed from the animal, weighed

and homogenized in cHClr/cH3oH (2/1;v/v). After the addition of Flro

the aqueous phase \^¡as separated from the organic phase and l^/as evaporated

under reduced pressure. Il-3gl ethanolamine was added to estimate the

recovery of the ethanolamine-containing compounds. The aqueous phase

was subsequently dissolved in 2 ml HrO. An aliquot of the aqueous phase

was combined with trichforoacetic acid (TCA), to make a final concenLration

of 55% TCA. This sofution was centrifuged at 3,000 x g for 20 min to
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pellet any protein j-n the sampJ-e. An aliquot of the supernaLant was

taken for radioactivity determination and a separate aliquot was applied

'to an amino acid anafyzer -

Analysis of the ethanolamine-containing compounds was adapted from

the procedure of van Sande and van Camp (94). The amino acid analyzer

was equipped with a \¡I-2 (30 cm x 0.75 cm) column. The samples were eluted

with 0.2 M sodium óitrate buffer (pH 4.75) at a constant ffow rate of

78 mL/h at 40oC. The column was standardized against norleucine,

ethanolamine, phosphoethanolamine and cDP-ethanolamine- Ethanofamine

was retained under these conditions ß2 min) ¡ whereas phosphoethanolamine

and cDP-ethanolamine co-efuted at 1 0 min. since these two compounds

hTere poorly resolved, an identical aliquot of the aqueous phase was

taken and digested with 1 0 units of alkaline phosphatase in 50 mM Tris-

HCl buffer (pH 8.5) for 2 h at 37oC. Subsequent to digestion' TcA was

added to precipitate the protein in the samples. An aliquot of this

mixture was taken for calculation of recovery and another aliquot for

application to the analyzer. In this case, the peak at 'l 0 min is CDP-

ethanolamine, and the other peak (32 min) is ethanolamine, which

originates from phosphoethanolamine hydrolysis and eLhanolamine which

was in the original (non-digested) sample. The decrease in peak area

at 10 min, corresponded to the increase in peak area at 32 min. By

this procedure¡ Lhe pool sizes of ethanolamine, phosphoethanolamine

and CDP-ethanolamine were calculated by the simple equation:

area under the eak
Concentration = KF x 10-

Where KF is the calibration factor and was determined by the ratio of

peak area to a known amount of amino acid (95)'
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Iïï Enzyme Assays

a) Ethanol-amine Kinase

Ethanolamine kinase activiLy is found exclusively in the cytosolic

fraction (96) and was assayed as described by Schneider and Vance @7).

A typical reacLion mixture contained 80 mM sodíum glycylglycine (pH 8.5),

1 mM [l-3H] ethanolamine, 3 mM MgClr¡ 3 mM ATP, H2O and heart cytosol in

a final volume of 100 ¡r1. The reaction mixture was incubated for 30 min

at 37oC and was subsequently placed in boili-ng water for 3 min. The

protein was pelleted by centrifugation and 50 ¡-rI of the mixture \,vas

applied to a thin-layer chromaLography plate with phosphoethanol-amine

carrier (unl-abefled). The plate was devefoped in 96% ethanol./2% NH4OH

(1 /2¡v/v) . The phosphoethanofamine band was visualized with ninhydrin

spray as previously described¡ removed from the plate and analyzed for

radioactivity associated with phosphoethanolamine. Under these assay

conditions product formation was linear to 60 min.

b) CTP:Phosphocholine Cytidylyltransferase

CTP:phosphochol-ine cytidylyltransferase is located in both the

cytosolic and microsomal fractions Q1 r44). Enzyme assays were

performed as described by these investigators. A typical reacLion

mixture contained 100 mM Tris-succinaLe (pH 8.0), 12 mM magnesium

acetate , 2.5 mM CTP, 1 mM [Me-3Hl phosphochofine , 1 pg lipid phosphorus

(in suspension) and either heart cytosol or heart microsomes in a total

vol-ume of 100 ¡rl. Cytosolic fractions were incubated for 30 min at

37oC and microsomal- fractions for 1 5 min at 37oC. The reactions were

terminated by placing the tubes in boiling HZO for 3 min. An aliquot of

the reaction mixture was applied to a thin layer chromatography plate

with unlabel-led CDP-choline as carrier. The plate was developed in
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cH3oH/O.6% NaCl/ttH4oH (50/50/5;v/v/v). The CDp-chot_ine band was

visualized by U.V. light, and the spot \^/as removed and analyzed for

radioactivity associated with CDP-choline.

IV Protein Assays

a) Lowry Protein Assay

For some studies¡ the protein content was estimated by a modified

method of Lowry et al_., (98). Aliquots of subcel_l-ular fractions were

incubated in 1.5 ml of 0.66 N NaoH at 37oc overnight. To each sample 1.5

ml of sol-ution A (100 ml- of 13% sodium carbonate; 3 ml_ of 4% sodium

potassium tartratei and 3 ml- of 4% copper sulfate) was added and the entj-re

mixture was vortexed vigorously. Subsequenti-y, 0.5 ml of 2 N phenol

reagent was added to each sample. The final volume of the assay was 3.5

ml. this mixture was vortexed and al-lowed to sit at room temperature for

t h. Absorbance of the blue sol-ution was measured aL 625 nm against a

blank. Fatty acíd free albumin (1 mg/ml) was used as a standard,

absorbance was finear to 100 ¡tg of protein.

b) Bio-Rad Protein Assay

For sLudies involving cytidylyltransferase¡ the Bio-Rad protein

assay based on the method of Bradford (99) provided rapid and reproduce-

abl-e determinations. T\¡¡o mt of dil-uted protein reagent (gio-Rad Stock

Reagent,/Flro; 1/4¡v/v) were added to 0.5 ml of protein sample. After

10-1 5 rnin, the absorbance of the blue-brown solution at 595 nm l{as

measured. Fatty acid free al-bumin was used as the protein standard

and the absorbance of the reaction was l_inear to 1 00 trg of protein.
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V Phospholipid Ass ays

a) Determination of Lipid Phosphorus l{ithout Acid Digestion

Phospholipid concentraLions were determined by the method of Raheja

et al., (91). rn this procedurer 16 g of ammonium molybdaLe was added

Lo 120 ml of waLer to yield solution r. subsequently, 40 mt of concen-

trated hydrochloric acid and 10 mr- mercury \^rere shaken with g0 ml of

solut.ion r for 30-60 min to yield, after filtration, sorution fr. Two

hundred ml- of concentrated sul-furic acid was then added to the remainder

of solution r, after which solution Tr was added to this sofution to

yield solution rrr. Forty-five ml- of methanol, 5 ml of chloroform and

20 ml- of water \,rere added Lo 25 ml- of solution III to give the chromogenic

so1ution- Chl-oroform (0.4 ml ), and an aliguot of the chromogenic so-lution

(0-1 ml) was added to phosphotipid samples or standards. The tubes were

placed in a boifing water bath for 1-1.5 min. After cooling to room

temperature, 5 mI of chloroform \¡/as added and each tube was vortexed

vigorously. The ch.l-oroform layer \iüas removed and absorbance of the blue

sol-ution r^/as measured at 71 0 nm. phospholipj_d concentrations in

different samples were calculated from the,standard phospholipì-d curve.

Absorbance was tinear Lo 20 Fg of lipid phosphorus.

b) Determination of Lipid pho sphorus by Acid Digestion

ïn order to increase the sensitivity of the assay for lipid phos-

Phorous, phospholipid concentrations were also deLermined by the method

of Bartlett, (i00). fn these determinations phospholipid samples or

standards were placed in test tubes to which 0.5 ml of sulfuric acid was

added. The mixture was incubated at 160oc overnight and then allowed to

cool- to room temperature. At this time 0.2 ml of hydrogen peroxide was

added to each tube. The samples were heat.ed at 160oC for an addltional-
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2 h- Subsequent. to cooling, 3 ml of water and 6 ml of 0.4% ammonrum

molybdate were added. The tubes were vortexed and 0.4 ml of freshly

prepared 1-amino-2 naphtol 4-sul-fonic acid was added. The tubes were

then placed in a boiling water bath for l 0-1 5 min and absorbance of the

bfue solution was measured at 820 nm against a blank. Phospholipid

concentrat.ions in the samples were simil-ar to those described in

section (a).

VI Liquid Scintill-ation Counting

Lipid and aqueous samples v¡ere placed in scintilfation vial-s to

which 2 ml of water¡ 10 mf ACS and 0.2 mf acetic acid were added.

Radioactivity was measured by liquid scintilfation counting in a LKB

miní beta scintiflaLion counter with channe]s' ratio cafibration

method-

VII Statistical- Analysis

The studentts test was used for the determination of significance.

The level- of significance was defined as p<0.05. AII resulLs were

tabulat.ed as mean + standard deviation (number of experiment.s ) .
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EXPER]MENTAL RESULTS
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THE EFFECT OF ETHANOLAMTNE ON PHOSPHATTDYLCHOL]NE BTOSYNTHESÏS

I Incorporation of Radioactivity into Phosphatidylchofine

Although chol-ine was shown to be taken up and subsequent.ly

incorporated into phosphatidylcholine by the isolated hamster heart (44) 
'

the effect of exogenous ethanofamine on phosphatidylcholine biosynthesis

was not known. Tn order to elucidate the possible regulatory role of

ethanolamine, isolated hamster hearts were perfused with Krebs-Henseleit

buffer containing 0.05 mM [Me-3H] choline in the presence of 0.05-0.5 mM

ethanol-amine. Subsequent. to perfusion, the hearts were homogenized in

CHC1-/CH-OH (2/1 ¡v/v) and the homogenate was analyzed for radioactivity

associated with various fabefled metabolítes. In all experiments more

than 90% of the radioactivity in the lipid extract \¡/as recovered as

phosphatidylcholine. Less than 1% of the radioactivity was recovered

as sphingomyelin and lysophosphatidy-lcholine. When equimolar (0.05 mM)

choline and ethanol-amine were present in the perfusate, no significant

reduction in phosphatidylcholine tabelling was observed (Table IT) -

However, higher concentrations of ethanol-amine (0.1-0.5 mM) caused a

26-63% reduction in phosphatidylchofine tabelling as compared to the

control.

One possible explanat.ion for reduced phosphatidylcholine l-abelling

in the presence of 0.1-0.5 ml4 ethanol-amine is that ethanol-amine affects

the uptake of choline by the heart. Therefore, total uptake of

labell-ed choline in the presence of ethanolamine (0.05-0.5 mM) was

determined. At 0.05 mM, ethanolamine had no effect on the uptake of

labetled choline, whereas 0.1-0.5 mM ethanolamine caused a 23-659"

reducLion of total uptake (fabte ff). The percentage decrease in
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TABLE Ï]

Effect of ethanol-amine on cho]ine uptake and phosphatidyfcholine

labeIIing

Hamster hearts were perfused with 0.05 mM [Me-3H] choline in Krebs-

Henseleit buffer for 45 min in the presence of 0-0.5 mM ethanolamine.
2

Incorporation of [Me-"H] choline into the heart was finear to 60 min

of perfusion. Subsequent to perfusion, the hearts were homogenized in

20 ml CIICI^/CH-OH Q/1 ¡v/v). An aliquot of the homogenate \^/as used for
JJ

total radioactivity determination. An additional aliquot of the homo-

genate was analyzed by thin layer chromatography for radioactivity in

phosphatidylcholine.

Ethanolamine concentration

in the perfusate

Uptake of

radioactivity

Raclioactivity rn

phosphatidylcholine

-1 -7x 10

(6)

(s)

(s)

(5)

(3)

+

*

-1 -6dpm.g heart

Controf (no ethanolamine) 3.10 f 0.19

0.05 mM ethanol-amine 2.90 t 0.33

0.1 mM ethanolamrne 2.39 t 0.15

0.2 mM ethanolamrne 1.85 f 0.03

0.5 mM ethanolamrne 1.10 f 0.14

dpm.g heart
3.33 r 0.21

3.22 ! 0.42

2.47 ! 0.29

2.09 + 0.15

1.24 ! 0.10

x 10

(6)

(s)

(s)

(s)

(3)

*

tr

*

*p< 0.01 as compared to control
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Iabelled chol-ine uptake appears to be closely related to the percentage

decrease in phosphatidylchol-ine labelling under identical experimental

conditions (table tr). Hence¡ it is possible that the decrease in phos-

phatidylcholine labelling resul-ts from the inhibition of choline uptake

by ehtanolamine in a concentraLion dependent manner.

High concentratj-ons of ethanol-amine in the perfusate may also cause

an increase in the intracellular ethanol-amine pool. Such an increase may

subsequently affect the'conversion of chofine to phosphochofine since

ethanolamine has been shown to be an inhibitor of choline lcinase (7).

However, this does not seem to be the case, as intracel"fular ethanol-amine

concentrations were unchanged (5-6 pmol/g heart) when hearts were perfused

with ethanolamine or when hearts \^/ere removed from hamsters \,'/ithout perfusion

(96). In order to evaluate other possible effects of ethanol-amine on phos-

phatidylchol-ine labellingr the radioactivity associated with the metabolites

of the CDp-chofine pathway \^/as analyzed. lühen hamster hearts \,rere perfused

)
wiLh [Me-'H] choline in the presence of 0.05 mM ethanoLamine, no significant

change in fabel-l-ing of the choline-containing metabolites was detected

(Table III). Hohiever, at 0.1-0.5 mlr4 ethanol-amine a concomitant reduction in

choline, phosphocholine and CDP-choline labellinE was observed. The percen-

tage reductions correspond very wel-l with the decrease in total- incorporation

of label from choline by the heart and phosphatidylcholine labelling (ta¡le

II). The results indicate that 0.1-0.5 mM ethanolamine in the perfusate has

no effect on the conversion of ]abel-Ied chol-ine to CDP-choline and subse-

quently phosphatidylcholine. The 26-63% reduction in phosphatidylcholine

labelling appears to be caused solely by an inhibition of choline uptake

(23-65%) in the presnece of 0.1-0.5 mM ethanolamine-
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TABLE TTÏ

Effect of ethanolamine on incorporation of radioactivity into

choline-containing metabol ites

Hamster hearts were perfused as described in Table II. Subsequent

to perfusion, hearts were homogenized in 20 ml- cHcl 3/cH3oH Q/1iv/v) ' Lo

which 15 ml of 0.1 M KCI was added. The aqueous phase was analyzedby

thin layer chromatography for labeffed metabolites of choline.

Ethanolamine concentration

in the perfusaLe Choline Phosphocholine CDP-chofine

-1 -6dpm'g heart x10

(no ethanolamine)

ethanofamine

ethanolamine

ethanolamine

et.hanolamíne

(s) 0.32

(5) 0.29
*(s) 0.23
*(5) 0.1e

(3) * 0 .12

(s)

*
(5)

*(s)

(3)*

0.28

0.32

0.18

0.'13

0. 07

(5)

(s)

*(s)
ù

(s)

(3)*

+ 0.02

+ 0.06

+ 0.02

+ 0.03

+ 0.01

16 .96

16.68

13.00

9.53

4.61

+ 1.50

+ 1.65

+ 0.71

+ 1-52

+ 0.15

+ 0.05

+ 0.04

+ 0.02

+ 0.01

+ 0.0i

(5)Control

0.05 mM

0.1 mM

0.2 mM

0.5 mM

*
p<0.05 as compared to control
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tI The Effect of Hemichol-inium -3 on the Label-ling of Phosphatidylcholine

Hemicholinium -3 is a known competitive inhibitor of choline uptake

(101). tt. also appears that hemicholinium -3 is not, actively transporited

across the membrane (02). fn order to obt.ain additional support for the

inhibitory role of eLhanolaminer the effect of hemichol-inium -3 on

choline uptake and metabolism was studied. Isolated hamster hearts were

perfused with [Me-3H] chotine in the presence of 0.0i-0.05 mM

hemichol-inium -3 for 45 min as described previously. As depicted in

Table IV, choline uptake was inhibited by hemicholinium -3 (0.01-0.05 mM)

in a concentration dependent fashion. Corresponding decreases in

labetling of phosphatidylchol-itre were also observed. It appears that

hemicholinium -3 is a more potent inhibitor (1O-fotd) of choline uptake

than ethanolamine. At higher concenLrations of hemicholinium -3

(>0.05 mM) in the perfusate, irregular heart rates and abnormal electro-

cardiac recordings were observed, which might interfere with Lhe biosyn-

thesis of phosphatidylchofine under undefined experimenLal conditions.

Hence, only 0.0i-0.05 mM hemichofinj-um -3 was used ín this study.

Analysis of the CDP-choline pathway intermediates after perfusion

with hemicholinium -3 revealed a general- decrease in labelling of cholíne,

phosphochol-ine and CDP-choline (tabte v). This reduction in labelling

was simifar and closely resembled the reduction caused by ethanolamine.

Hence, both ethanol-amine and hemicholinium -3 appear to inhibit choline

uptake in the isolated hamsLer heart. Additional- effects by these

compounds at an enzymatic level were not detected since the percentage

reductions in phosphatidylcholine J-abelling and the metabolites of the

CDP-choline path\,vay v/ere very similar to the observed reductions in

labelfed choline uptake.
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TABLE IV

Effect of hemichol-inium-3 on choline uptake and phosphatidylcholine

labe11ing

Hamster hearts were perfused with 0.05 mM [Me-3H] chol-ine in ltuebs-

Hensefeit buffer containinS 0-0.05 mM hemicholinium-3 for 45 min.

Subsequent to perfusion, the hearts were homogenized in 20 ml CHCI,/

CH'OH (2/1 ¡v/v). An aliquot of the homogenate Ì.^/as used for total5

radioactivity determination. An additional aliquot of the chloroform-

methanol homogenate was anal-yzed by thin layer chromatography for

radioactivity in phosphatidylchotine.

Hemicholinium-3 Uptake of

radioactivity

Radioactivity rn

phosphatidylcholineconcentration

in the perfusate

Control (no hemicholinium-3)

0.0i mM hemichol-inium-3

0.025 mM hemicholinium-3

0.05 mM hemicholinium-3

_'7
x1 0

(6)

(3)*

(3)*

(3)*

xl 0-6

(6)

(3)*

(3)*

(3)*

dp*'g hearL-1

3.10 + 0.19

'l .35 + 0.17

1 .07 + 0.06

0.73 + 0.10

dpm'g heart -1

3.33 + 0 .21

1.33 + 0.14

1 .02 + 0.04

0-62 + 0.07

*
p<0.01 as compared to control
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TABLE V

Effect of hemichol-inium-3 on incorporation of radioactivity

into choline-containinq metabof ites

Hamster hearts were perfused as described in TabLe IV. Subsequent

to perfusion, hearts were homogenized in 20 ml- cHcl3/cH3oH (2/1 ¡v/v) ,

to which 15 ml- of 0.1 M Kcl was added. The aqueous phase was analyzed

by thin layer chromatography for rabelted metabolit.es of choline.

Hemicholinium-3

concenLration Choline Phosphochofine CDp-choline

in the perfusate

-1 -6dpm'g heart x10

Control (no hemicholinium-3)

0.01 mM hemicholinium-3

0.025 mM hemicholinium-3

0.05 mM hemichoLinium-3

0 .281 t0 .033 ( 5 )

0.126+0.025(3)*

0.092+0.006(3)*

0.061+0.006(3)*

6.96+1.50(5)

6.71+0.91 (3)*

5 .22+0 .21 (3) *

3.76+0.04(3)*

0.320+0 .047 (5)

0 . 1 1 9+0 .022 (3) ,v

0.088+0.004(3)*

0.054+0.003(3)*

+
p<0.05 as compared to control
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TfI Competitive fnhibition of Choline Uptake

Tt i-s clear that ethanolamine and hemichol-inium -3 inhibit choline

uptake in the isol-ated hamster heart in a similar fashion. The nature

of the inhibition exhibited by these compounds was studied in the

perfused hear:t wj-th varying concentrations of l-abel-l-ed choline in the

presence of ethanolamine (0.2 mM) or hemicholinium -3 (0.025 mM).

subsequent to perfusion, total uptake of cho]ine by the heart was

determined. when the results were analyzed by doubl-e reciprocal plot

of the rate of choline uptake versus choline concentration, a simple

competitive type of inhibition by both ethanolamine and hemichofinium

-3 was obtained (Fig.2). The competitive nature of these inhibitors

was confirmed by a Hoffstee,s plot as depicted in Fig. 2 (inset).

IV Intracel-lular Chol-ine, Phosphocholine and CDP-Chol-ine Concentrations

fn all- of the preceding studies¡ a high ethanolamine to choline

ratío (2/1 or higher) caused a reduction in phosphatidylchotine 1abe1ling.

If exogenous ethanol-amine interfered with the metabotism of the CDP-

choline pathwayr the pool size of one or more of the chol-ine-cont.aining

met.abolites during perfusion may change. Hence, the intracellular

concentrations of choline, phosphocholine and CDP-chol-ine were determined

in hearts perfused without choline, with 0.05 mM choline or with 0.05 mM

choline in the presence of 0.5 mM ethanofamine. As depicted in TabJ-e VI,

no significant change in the pool size of these metabolites !ì/as observed..

The amount of newl-y synthesized phosphocholine, CDP-choline or phospha-

tidylcholine was calculated by the specific radioactivity of its

immediate precursor in the presence or absence of ethanol-amine. Based

on this analysis, exogienous ethanol-amine has no effect on the conversion

of chol-ine to CDP-choline and subsequently phosphatidylcholine.
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Theinhibitoryeffectsofethanolamineandhemicholinium-3
were studied in the perfused heart wíth varying concentrations

of labelled choline. Subsequent to perfusion' total uptake of

choline by the heart in the presence of these inhibitors v/as

determined. (O) l¡o addition; (l) 0'2 mM ethanolamine and

( ) 0.025 mM hemichofinium-3' Each point represents the

mean of two separate experiments' The competitive nature of

the inhibition of cholíne uptake by ethanolamine and

hemicho].inium_3wasconfirmed'byaHoffstee'splot(inset).
Total choline uptake (v) is expressed as nmol'g heart-1 '

s
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TABLE VÏ

Concentration of choline, phosphocholine and CDP-chofine j-n hamster

heart

The pool sizes of the chofine-containing metabol-ites \^tere determined

in hearts perfused !,/ithout chol-ine, with 0.05 mM choline or with 0.05

mM choline in the presence of 0.5 mM ethanolamine as described under

"General Analytical Procedures". Each vafue is expressed as the mean +

standard deviation (number of experiments).

Perfusion

wit-hout ,

choline

Perfusion wi-th

0.05 mM chol-ine 0.05 mM chol-ine and

0.5 mM ethanol-amrne

Chol-ine

Phosphochol-ine

CDP-choline

283 + 44

236 + 22

91 + 2

_1
nmol-g heart

285 + s9 (3)

176 + 32 (3)

92 + 9 (3)

242 + 46

190 + 36

103 + 9

(3)

(3)

(3)

(3)

(4)

(4)
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THE EFFECT OF CHOLINE ON PFIOSPHAT1DYLEÎHANOLAMINE B]OSYNTHESÏS

ï Incorpor ation of Radioactivity into Phosphatidyfethanolamine

Resufts from the previous section demonstrated that the concentration

of exogenous ethanolamine had no effect on phosphatidylcholine biosyn-

thesis, beyond the level of choline uptake. However, the corollary

effect of choline on phosphatidylethanolamine biosynthesis was not known-

Therefore, to elucidate the possible role of chotine in this regulation,

isolated hamster hearts were perfused with Krebs-Henseleit buffer
1Á.

containinS t2-'=cl ethanolamine and 0-0.5 mM choline for 25 min.

Subsequent to perfusion¡ the hearts were homogenized in CHCIa/CH3OH

Q/1 ¡v/v). An aliquot of the homogenate was analyzed by thin layer

chromatography for radioactivity associated with various phospholipids.

fn afl experiments, more than 90% of the radioactivity in the Ìipid

extract \,./as recovered in phosphatidylethanol-amine and less than 6% of

the radioactivity was found in phosphatidylcholine and lysophosphatidyl-

ethanolamine. lVhen 0-0.1 mM choline was present in the perfusate, no

significant reduction of phosphatidylethanol-amine labelling was observed

(fable VIT). However, a 28% reduction in phosphatidylethanol-amine

labelling was observed when 0.2-0.5 mM choline was added to the

perfusate.

II The Effect of Choline on Ethanol-amine Uptake

One possibte explanation for the reduction of phosphatidyl-

ethanolamine labelling was that high choline concentrations (0.2-0.5 mM)

inhibited ethanofamine uptake by the heart. Thereforer total uptake of

radioactivity by the heart in the presence of 0-0.5 mM choline was
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TABLE VIÏ

Radioactivity incorporated into phosphatidylethanol-amine

Hamster hearts were perfused with 0.05 ml4 lZ-14C1 ethanofamine in

Krebs-Hensel-eit buffer for 25 min in the presence of 0-0.5 mM chol.ine.

Subsequent to perfusion¡ Lhe hearts were homogenized in 20 mI CHCI'/

CH^OH Q/1 ¡v/v). An aliquot of the homogenate was analyzed by thin
J

layer chromatography for radioact.ivity in phosphatidylethanolamine.

Cho]ine concentration Radioactivity in

Phosphatidylethanol- aminein the perfusaLe

dpm'g heart 1 x 10-6

Control- (no choline)

0.05 mM Choline

0.1 Choline

0.2 Choline

0.5 mM Chofine

0.46

0 .40

0 .40

0.33

0.31

0 .04

0 .09

0.09

0.07

0 -02

(8)

(8)

(4)

(4)

(4)

mM

mM

+

+

+

+

+

0.5>p>0 .1

p<0 .01

p<0.01
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determined. As depicted in Table VITI, the total amount of radioactivity

taken up by the heart was not affected by the presence of choLine-

Hence, it appears that choline does not affect the transport of

ethanolamine across the sarcol-emma.

III Analysis of Ethanolamine-containing Metabol-ites

In order to elucidate the cause(s) of reduced phosphatidyl-

ethanolamine labefling by 0.2-0.5 mM choline, the amount of radio-

activity associated with ethanolamine, phosphoethanofamine and CDP-

ethanolamine was determined. No significant difference in ethanolamine

J-abelling was observed at al-I choline concentrations tested (Tabl-e IX).

The radioactivity associated with phosphoethanol-amine and CDP-ethanolamine

was unchanged at 0-0.1 mM chol-ine, buL a 28-30% reduction in the

labelling of these metabolites \^/as observed at 0. 2-0 .5 mM choline

(Table tX). Hence, the change in phosphatidylethanol-amine labelling in

the presence of choline (0.2-0.5 mM) may be caused by a reduction in

Iabelled phosphoethanolamine formation, which subsequently result.s in

reduced CDP-ethanolamine 1abel1ing.

IV Hamster Heart Ethanol-amine Kinase Assay

The reduction in phosphoethanolamine l-abelling la vívo may result

from irrhibition of ethanofamine kinase by choline. Thus, the inhibitory

effect of chofine on ethanolamine kinase activity was studied. lrle have

shown previously that this enzyme is located exclusively in the

cytosolic fraction of the hamster heart (96). The assay for ethanolamine

kinase aotivity was optimized with respect to pH (8.5) and K* for

ethanolamine (0.91 mM). These values are comparabl-e to those reported
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TABLE V]I1

Total- uptake of lZ-14cl ethanolamine by the isol-ated hamster heart

Hamster hearts were perfused as described in Tabl-e VfI. An

aliquot of the chloroform-methanol homogenaLe was used for total

radioactivity determination.

Choline concentration

in the perfusate Uptake of radioactivity

-1 -6dpm-g heart x 10

Controf

0.05 mM

0.1 mM

0-2 mM

0.5 mM

(no chofine)

Chol-ine

Chol-ine

Chofine

Choline

0.34 (8)

0.s8 (8)

0. s7 (4)

0.34 (4)

0.37 (4)

0.5>p>0 .1

0.5>p>0.1

1 .81

2.29

2.06

1 .55

t .55

+

+

+

+

+
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TABLE TX

Radioactivity incorporated into ethanolamine-containing

metabolites

Hamster hearts were perfused as described in Table VII. Subsequent

to perfusion, hearts were homogenized in 20 ml CHCI 
3/CH3OH Q/1¡v/v) '

to which 15 ml 0.1 M KCI was added. The aqueous phase was analyzed

by thin layer chromatography for fabell-ed metabolites of ethanolamine.

Choline concentrati-on

in the perfusaLe Ethanofamine Phosphoethanolamine CDP-ethanofamine

-1 -6dpm'g heart x10

1 .45+0 .24(8)

0.05 mM

Control

0.1

0.2

0.5 mM Choline

(no chotine)

Choline

Choline

Choline

0 .12+0. 02 ( 8 )

0. i 0+0 .02(4)

0.09+0.02(4)

0.10+0.03(4)

0.09+0.01 (4)

1.33+0.i3(4)

1 .37+0.22(4)

1 .04+0 .27 (4)a

1.06+0.10(4)a

0.47+0.06

0.44+0.01

0.46+0.07

0.33+0.06

0.28+0.03

(8)

(4)

(4)

(4)a

(4)*

mM

mM

a
p<0 .05
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for rat liver ethanol-amine kinase (16). In order to study the effect

of choline on ethanolamine kinase in hamster heart¡ enzyme activities

were assayed under optimal conditions in the presence of 0-0.2 mM

chol-ine. As depicted in Fig. 3, choline inhibited enzyme activity in a

l-inear fashion. At 0.2 mM choline, approximately 85% of the ethanol-amine

kinase activity was inhibited. The nature of this inhibition was

analyzed by a double reciprocal plot of enzyme activity versus ethanol-

amine concentratj-on in the presence of 0-0.1 mM cho]ine. The results

show (r'ig.4) that choline inhibit.s ethanol-amine kinase in a competitive

manner. The kinetic data obtained in this study are different. from those

reported in rat l-iver where a "mixed" type of inhibition by chorine was

observed (11).

V Intracel-l-ul-ar Choline ConcenLration

The data obtained in the preceding sections suggest that the reduction

in phosphatidylethanofamine labelling may be caused by the inhibitory effect

of choline on ethanolamine kj-nase. However, this hypothesis can only be

substantiated if there r,¡ere a dramatic el-evation of intracel-l-ular chol-ine

concentration after the heart was perfused with 0.2-0.5 mM chol-ine. Hence,

intracelfular chol-ine concentrations were determined after perfusion with

0-0.5 rnM chol-ine (Tab]e X). Intrace]]ul-ar choline concentrat.ion was

unchanged when hearts were perfused with 0-0.05 mM choline. However¡

in the presence of 0.2-0.5 mM chofine¡ a 2-fold increase in intrace]fular

cholj-ne concentration was observed. This elevation correl-ates very well

with the observed reduction in phosphatidylethanol-amine labellíng. The

resufts also provide a plausible explanation for the 28% reduction of

radioactivity incorporated into phosphoethanolamine under high choline

concentrations.
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Figure 4 Double reciProcal Plot of ethanolamine kinase activity versus

o

I
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A

ethanofamine concentratio n in the presence of choline.

Ethanolamine kinase activity was assayed as described in

Fig. 3. All assays \^lere performed in triplicate in the

absence (O) and presence of 0.025 mM (l) and 0.10 mM (A)

chol-ine. The apparent K* of the enzyme in the absence of

chol-ine was 0.91 mM-
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TABLE X

ïntracell-ular choline concentration in hamster heart

The pool size of chorine in hamster hearts perfused with lz-1acl

ethanol-amine in the presence of 0-0.5 mM choline was determined as

described under "General- Analytical procedures',. Each value is the

mean' of three separate experiments.

Perfusion without

chol-ine 0.1 x 10-3 mi'l

Perfusion with chol_ine

0.05 mM 0.2 mM 0.5 mM

283 + 44 245 + 22

nmol.g heart-1

285 + 59 621 + 80 608 + 80
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CTP:PHOSPHOCHOL]NE CYTTDYLYLTRANSFERASE FROM HAMSTER HEART

f General

It was previously demonstrated that cytidylyltransferase is

located in both the cytosolic and microsomal fract.ions of heart

homogenates (44). Additionally, this enzyme catalyzes the rate-

limit.ing step in phosphatidylcholine biosynthesis in heart (44) and

several- other tissues (10). Although many studies on

cyt.idylyrtransferase have been undertaken in other tissues (103),

the characterization and regulation of this enzyme in the heart was

not known. Hence, studies of hamster heart cyt.idylyltransferase

are described in the next several- sections of this thesis.

IT Cytosolic and Microsomal Cytidylyl-Lransferase Activi ty with Time

and Protein

The cytosolic cytidylyltransferase reaction was l-inear with time

for up to 60 min (Fig.5A), and with up to 0.3 mg of protein j-n the assay

(Fig.5B). However, non-linearity with respect to protein was observed at

concentrations greater than 0.3 mg (Fig.5B). The microsomal- cytidylyl-

transferase b/as non-linear after 25 min and 15 pg of protein (rig.6A and B).

The CDP-choline produced in the reaction was presumably converted to

phosphatidylcholi.r.re by cholinephosphotransferase which is al-so present in

the mícrosomes or \^/as degraded by a microsomaf CDP-choline hydrolase.

The non-l-inearity was not due to product inhibition since similar results

were obtained when enzyme activity was measured in the presence of excess

CDP-choline (10 nmol).

rn view of these findings, all subsequent cytosolic enzyme activities
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cytosolic protein (panel B). All enzyme assays were
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cytidylyltransferase actj-vity was measured in hamster. heart
microsomes- The enzyme was assayed for up to 60 min with
12 ltg of microsomal protein (panel A). The enzyme \¡¡as

assayed with up to 75 Fg of microsomal protein for 1 5 min
(Panel e) - Each point represents the mean of two separate
experiments -
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were determined \,úith 0.22 mg protein for 30 min. The microsomal

cytidylyltransferase activity was measured in the presence of 12 pg

protein for 15 min.

ïlI pH Profile of Cytosolic and Microsomal Cytidylyl t::ansf erase

Fresh heart cytosol was assayed over the pH range of 4-11. As

depicted in Fig. 74, cytosolic cytidytyJ-transferase displayed a pH

optimum of 8-0. However, enzyme activity extended over a broad range

of pH- The pH profi]-e of the microsomal enzyme (rig.7B) was very

similar to cytosolic cytidylyltransferase.

fV Magnesium Reguirement of the Cyt idyf y1 trans f erase s

Enzymes which util-ize high energy nucleotides (such as ATp and CTp)

normal-ly require magnesium for maximal activity. The magnesium requirement

of both the cytosol-ic and microsomal- forms of cytidylyltransferase was

investigated- cytidyJ-yltransferase from fresh cytosol displayed maxima1

activity at a magnesium concentration of 10 mM (Fig.gA). Simil_ar resul-ts

were obLained for the microsornal form of the enzyme (Fig.gB). Optimal
t')

Mg'- concentration was dependent. on crp concentration but was not

affect.ed by the amount of enzyme protein in the assay. rn the presence

of 1 mM EDTA, cytosolic activity was reduced approximately 4-fo]d and

microsomal activity 3-fold.

V Hamster Heart. Cytosolic lvl transferase ActivaLion and

ation are Time t

cytidylyltransferase from liver cytosor, upon storage, is known

to aggregate with a corresponding increase in enzyme activity (21 ) .
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ïn an attempt Lo determine whether heart cytidyi_yltransferase a]_so

behaved in this manner, hamster heart cytosoJ_ was stored at 4oc for

1-7 days- As depicted in Fig. 9A, cytidylyltransferase from heart

cytosol displayed a 6.5-fofd increase in activity after 2 days of

storage. This el-evated enzu,.r.e activity was maintained over the

subsequent 4 days of storage. As a comparison, the behaviour of hamster

liver cytidyJ-yttransferase was determined under the same conditions.

The liver enzyme arso displayed increased enzyme activity versus

storage (Fig.98). Although activation of the hamster liver enzyme was

only 2-foLd, a 7-8-fol-d increase of enzyme activity was observed with

rat l-iver cytosoJ- (21 ) . The resul-t.s suggest that the heart enzyme in

the cytosol behaves like the l-iver enzyme (22r23), which is subject

to modulation by various effect.ors. These modulators are either endo-

Eeneous to the cytosol or are generaLed in the cyt,osol upon storage.

rn order to compare cytosolic cytidylyrtransferase from heart

with the l-iver enz)¡me (21 ) , the behavj-our of fresh and stored cytosol

on sepharose 68 was examined. Freshly prepared hamster heart cytosol

or cytosol- that had been stored at 4oc for 4 days was apptied to a

column of sepharose 68. The activity from fresh cytosol was ::esol-ved

into three distinct peaks (Fig.10). These three forms were designated

H, L and S- The H-form eluted very near the void vol-ume of the column,

the L'form efuted over a wide range of molecul_ar weights (17gr000-

316,000) with a rnean mol-ecul-ar weight or.2091000 and the s-form had a

molecular weight of less than 1001000. The H- and L-forms of cytidylyl_

transferase are.present in river cytosol, but t,he s-form of the enz)¡me

was absent from this tissue (21). AlLhough Lhis form of the enzyme may

result from proteolysis of the H- or L-forms, this does not seem to be
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the case since simil-ar efution profiles were obLained when 'l mM

phenylmethylsulfonylfluoride vzas included in the heart homogenate.

Storage of heart cytosol for 4 days resulted in a dramatic shift

in enz¡rme activity to predominantly H-form (Fig.10). This shift

coffesponded with an approximate 5-fold increase in enz¡rme activity.

Although the elution profile did not display three dist.inct enzJ¡me

forms after storage, there was stil-l- appreciabfe activity in the

fractions corresponding to L- and s-for:ms of cytidylyltransferase.

one possible explanation for this heterogeneous distribution is that

upon storage an aggregation promoter (perhaps diglyceride) is produced,

thereby enrr-anci-ng the conversion of tn-e low molecular weight forms of

cytidylyltransferase to H-form. HearL cytidylyltransferase, at Lhe

incubation time tested¡ mêy be in various states of aggregation and

hence activity is d.etected in several coJ_umn fractions.

VI Dissociation of H-form of Cytidylyltransferase

Choy.et al-. ' 
(21 ) have reported the only successfut purification

of cytidyÌyltransferase to date. These investigators demonstrated

that dissociat.ion of H-form with sDS resu]ted in a highly purified

cytidylyltransferase preparation (t-form) which migrated as a single

protein band on a 5% polyacrylamide gel at pH 7.5. In order to

determine the characteristics of H-, L- and s-forms of cytidylyltrans-

ferase from heart cytosol, a similar approach to enzyme purification

was empJ-oyed.

The H-form of,the enzyme obtained from stored cytosol (Fig.10)

was incubated for 5 min at 4oc in the presence of 0.025% sDS. This

sample was applied to a sepharose 6B co]umn and enz¡rme activj-ty v/as
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measured- Bnzyme activity was reso]ved into three distinct. peaks

(rig.11) which correspond.ed to H-, L- and s-forms in fresh cytosol
(Fig.10). The resul-ts clearl-y demonstrate that the use of sDS under

the appropriate conditions can dissociate H-form of cytidylyltransferase

to L- and S-forms.

Although electrophoretic purity of these preparations was noL

demonstrated, severaL hundred fold. enrichments of L-form (1800-fold)

and S-form (800-fol-d) were achieved (rable Xr). These highly purified

forms of cytidylyltransferase from hamster heart were subsequently

characterized.

VTÏ Charadterj-zation of Hiqhly purified Cytidvfv l-transferase from

Hamster Heart sol

The L- and s-forms of the enzSrme displayed. a pH profile simil_ar

to fresh cytosol (rig.7A)¡ with a pH optimum of g.0. The H-form of the

enzyme had a pH profile and optimum similar to the microsomaÌ form of

cytidylyltransferase (Fig.78). The magnesium requirement for the L-

and s-forms parallefed that for the cytosoJ_ic enzyme and the I{-form

compared to the microsomal- form (rig.gÄ and B). These resul_ts suggest

that cytosol-ic H-form is simitar to the microsomal- form of the enzyme

and that L- and s-forms represent the cytosol-ic forms of cyt.idylyl-

transferase.

The most compeJ-ling evidence in support of this hypothesis was

obtained from kinetic analysis of the three cytosoric forms and the

rnicrosornaf form of the enzyme. rn these experiments, enz)rme activity

was determined with varying concentrations of phosphochol-ine in the

presence of fixed CTP concentrations or with varying concentrations
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The H-form of the enzyme (fig.10) was incubated for 5 min
at 4oC in the presence of 0.025% sodium dodecyl- sulfate.
Four ml- of the sample was applied to a sepharose 68 column
(1-5 x 45 cm). Fractions (1.4 mr) were coll-ected and assayed
in the presence of hamster liver phospholipid. The H-form
of the enzyme eluted very close to Vo, the L-form slightly
ahead of catalase and the S-form fater. Enzyme activity
is expressed per ml- of column eluant.
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TABLE XI

Purification of CTP:phosphochol_ine lyJ-transferase from hamster heart

Fraction

Cytosol

Stored Cytosol

1 sL Sepharose
68 Column
(H Form)

2nd Sepharose
6B Column after
SDS d.issociation
(L Form) *

*

Volume

(mI )

4. 085

4. 085

4.0

Protein

(mg)

28.6

26.6

0.1 68

0.0005

Total Activity

( nmol/m] )

1 -239

8.91 9

0.737

Specific Activity

(nmol,/min/mg)

0.0433

0 .3359

4.386

80 .6

34 -1

Purification

(Fotd)

7 -75

101 .3

i 861

788

0. 0403

(s rorm)* 0.0026 0. 0886

Assayed in the presence of 1 pg totar- lipid phosphorus (river).

o

I

2

2

-t
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of cTP in the presence of fixed phosphocholj-ne concenLrations. A replot

of the apparent u*-* of crp and phosphochorine versus the reciprocal

of substraLe concentration woul-d yield the true K for crp and

phosphocholine.

The microsomal- form of cytidylyltransferase appears to be

kinetically similar to cytosolic H-form. The true K* for phosphochol-ine

is 0.44 mM and for crp 1.0 mM (Fig.12). The L-form of the enz¡rme is

kineticatty identical- to the s-form with a K* for phosphochol_ine of

80 mM and for CTp of 400 mM (Fig.13).
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Figure 12 Doubl-e reciprocal plots of init.ial veloci ty of hiqh
mo]ecular wei t form (H-form) of cvti-dvl- yl-transf erase.

The fixed concentrations of CTp in the upper teft hand

panel were 0.5 (O), 1.0 (l), 2.5 (A) and 10 (O) m¡,r.

The fixed concentrations of phosphochol_ine in the upper
right. hand panel- were 0.2 (O), 0.4 (I), 1.0 (A) and

4-0 (O) m¡¿. In the lower panel, the apparent V*_* of
CTP and phosphocholine were replotted to obtain the
true K . Activity is expressed as nmol-.min-1.*g-1.

m

Each point is the mean of duplicate determinaLions.
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Figure 1 3 Double reciprocal ptots of initial vefocit y of Ì-ow molecul-ar
weioht form (l--form) of cyt.idyl-yl-transferase.

The fixed concentrations of CTp in the upper left hand
panel were I (O), Z0 (I) , 40 (A) and B0 (O) mrq. The f ixed
concentrations of phosphocholine in the upper right hand
panel were 4 (O) , 10 (l) , 20 (A) and 40 (O) m¿. rn the
l-ower panel, the true K* for CTp and phosphochol-ine were
determined as described in (Fig.12). Activity is expressed

-1 -1as nmol-.min -mg Each point is the mean of duplicate
determinations.
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ï The Effect of Ethanol-amine on Phospha tidylcholine Bi-osynthesis

Although the requirement for ethanolamine in mammals has noL been

demonsLrated, it is obvious that ethanolamine is the precursor for de.novo
synthesis of phosphatidylethanol-amine (11). From the resul-ts section
of this thesis, exogenous ethanol-amine afso inhibj-ts chol-ine 

'ptake by
the isol-ated heart in a competitive fashion. The nature of inhibition
is very simil_ar to that el_icited by hemichofinium_3 (101,1041105).

However, exogenous ethanol-amine does not seem to affect the biosynthesis
of phosphatidyrchorine via the cDp-chorine pathway. Although in viLro
inhibition of chol-ine kinase by ethanolamine has been wel-l--documented

(o'll) the resurts from this study indicate that the conversion of
choline to phosphochorine in the heart was not affected by exogenous

ethanolamine in the perfusate. This is not surprising since the
int'racel-furar pool of ethanor-amine was not ar_tered by exogenous

ethanofamine concentrations (0_0.g mM) (96). Moreover the pool sizes
of the metaborites of the cDp-chor-ine pathway were not changed. Hence

the reduction in labelring of chor-ine¡ phosphochorine, cDp-chofine and

subsequently phosphatidylchol-ine was probably a reflection of decreased
l-abelled choline uptake at high ethano.l-amine concentrations.

This study indicates that ethanoramine competitivery inhibits
chofine uptake by the heart. Ho\^rever, there was no decrease in the
intracellul-ar chor-ine concentration in the presence of ethanoramine.

Therefore it is conceivabr-e tha.t chor-ine is conserved by recycrj_ng.

By maintaining the intracel-lul-ar chol-ine l-evels, the hearL woul-d arso
maintain the phosphochorine and cDp-chor_ine revers and consequentry,
the rate of phosphatidylchorine biosynthesis. This re]_ease of chor-i_ne

may resulL from the action of phospholipase D (106) on phosphatidlycholine,



81

or from the hydrolysis of other choline_containing compounds (44).
Moreover, it is not known if intracer-rurar chor_ine revers can be
maintained throughout an extended period of perfusion in the presence
of high ethanol-amine' The fact that a substantial amount of chol-ine is
re.eased into the perfusate (44) may result in depletion of the intra-
cel-lular chofine poor over a sustained period of row chofine uptake.
The result of r-ow choline uptake may be altered phosphat.idylchoJ-ine

biosynthesis.

IT The Effect of Chol ine on phospha tidy lethanol_ amine Biosyn thesis

The requirement of chorine for the biosynthesis of acetylchori-ne
and phosphatidylchol-ine is well_documented (107). The pathways for the
incorporation of this metabor-ite into phosphatidyrchor-ine in hamster
heart have been studied (44). Howeverr the effect of choline on
phosphatidylethanofamine biosynthesis in the iso-l-ated hamster heart was

unknown- Hence¡ two questions being addressed by this study \,úere:
(a) Does chol-ine regulate phosphatidylethanoLamine biosynthesis? an<l
(b) If so, how?

The resufts demonstrate unambiguously that cho'ine (0.2_0.5 mM) in
the perfusate causes a 2g% reduction in the rate of phosphatidyrethanol_
amine biosynthesis- This decrease does not appear to be mediated by
impaired transport. of ethanor-amine across the sarcoremma¡ since no

signifi-cant difference in uptake of l-abefled ethanol-amine was observed
at any chol-ine concentration tested (Table VIIï).

rnvestigations into radioactivity incorporated. into the ethanol-amine-
containing compounds (tabre tx) suggested that cho]ine was requlating
phosphatidylethanol-amine biosynthesis at the ethanol-amine kinase level_.
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crP:phosphoethanolamine cyti<lylyltransferase¡ which was shown Lo be the

rate-limiting enzyme for phosphatidylethanolamine biosynthesis (96r1 0g)

was not affected by similar choline concentrations (dat.a not shown).

Thereforer the reduction in phosphoethanolamine, cDp-ethanolamine and

phosphatidylethanolamine tabelling was probably caused by competitive

inhibition of cardiac ethanolamine kinase by high intracell-ul-ar choline

concentrations' Thís hypothesis is supported by the fact that intracell-ul-ar
choline concentration is eLevated 2-fo1d after perfusion with 0 .2 mlvl

choline- rn addition, perfusion with 0.5 mM choline did not further
increase the intracer-rur-ar chotine poor and hence díd not cause any

further reduction in phosphatidyrethanoramine labelring.

ït was expected that when the hearts \^'ere perfused with 0 .2 mNI

chol-ine, intracell-ul-ar choline leve1s shoufd increase since the K* of
choline uptake is 0-1 mM (44). Accordingly, perfusion with 0.5 mM choline

shouLd not further increase the intracel1ul-ar chol-ine pool because the

K* of choline uptake has al-read.y been greatly exceeded. Hence exogenous

cho]ine levels above 0-2 mM will have l-ittle effect on intracel-lular
choline concentrations. Based on these observations, it is no¡ unreasonable

to assume that only 30% of total- phosphatidylethanol-amine biosynthesis is
subject. to regulation by exogenous choline.

rt is al-so clear from this study that chol-ine concentration in the
plasma has an important rore in the regulation of phosphatidyr-

ethanolamine biosynthesis. rn hamster plasma, the concentration

of cho]ine is 0.19 mM (44). This choline concentration shourd

cause a 28-30% inhibition of phosphatidyrethanolamine biosynthesis.

Pl-asma choline fevel-s above 0.18 mM shoul-d have riLtl-e additional- effect.
conversely, phosphatidyrethanor-amine biosynthesis shourd be greatry
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enhanced with a decrease in plasma choline l_evels. This hypothesis is
supported by an observed increase in phosphatidylethanol-amine biosynthesis

during choline deficiency (109). Hence, plasma chol_ine levels may

provide an additional mechanism (beyond the control provided by crp:

phosphoethanolamine cytidylyltransferase) for transient regulation of

phosphatidylethanol_amine biosynthes i s

ïïl Choline and Ethanol-amine Transport. in Hamster Heart

The involvement of a transport system for the uptake of choline and

ethanol-amine in the heart (44196) and other tissues rc21110) is well_-

establ-ished- However, it is not cl-ear if chol-ine and ethanolamine are

transported by the same or different mechanisms. The results from the

preceding two sections and other rel-ated studies (44,96) suggest that

these two compounds are transported by separdte and distinct mechanisms

in hamster heart. since cho]ine has no effect on the uptake of

ethanoJ-amine, it appears that the ethanol-amine transport site has l-ittle

or no affínity for cho.l-ine. Hence, it is very unlikely that the

ethanolamine site co-transports chol-ine. The chol_ine transport

site may accomodate ethanolamine and hemichol-inium-3 as competit.ive

inhibitors¡ however it is unlikely that ethanolamine is co-transported

with chol-ine. This postulate is based on the fact that the

intracellular pool size of ethanol-amine was not significantly

changed when hearts were perfused with various concentrations of

ethanolamine (96) or a combination of ethanol-amine and chol-ine (111).

As previously mentioned, the intracellul-ar chofine poot may be a regulatory

factor in phosphatidylcholine biosynthesis in some tissues (44,65,66) .

Hencer the nonspecificity of the choline transport site, as demonstrated
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in these studies (111 
'112), may facilitate the binding of ethanol-amine

and ethanolamine anarogues (such as amino acids) which may provide
control- of chol-ine uptake and consequently the rate of phosphatidylcholine
biosynthesis in the heart.

rV Hamster Heart. CTp :'Pho l-ine l l-transf erase

rt is wef]--establ-ished that cytidyryltransferase catalyzes the rate-
limiting step in phosphatidylcholine biosynthesis in mammal-ian t.issues
(10,1o:). The data presented in this thesis ind.icate that there are
at l-east three forms of cytidylyltransferase in hamster heart cytosor.
The I{- and L-forms of heart. cytidylyltransferase are of simil-ar molecufar
weights to those reported for rat.liver (21) and rat lung (113) cytosols.
However, this is the first report of a S_form (smal_l_ mol_ecular weight.

form) of the enzyme. This form does not seem to be a proteolytic product
of either the H- or L-forms, since simifar sepharose 6B chromatography
profiles were obtained when phenylmethyJ-sulfonylfluoride rvas added to
the heart homogenate.

since the s-form of cytidylyltransferase is present under ar_t

experimentaL conditions tested, it appears to be a true cy.tosoric enzyme

form' Howeverr the origin and functiona-l- significance of s-form remains

unknown' rt is possibl-e that heart cytidyJ-yltransferase. originates from
a different structural gene than ]-iver and lung cytidyryltransferases.
rf this were the case, the existence of s-form can be exprained.

Al-ternaLively, cytidyJ-yltransferase from these tissues may be the product
of the same structural gene. The s-form of the enzyme may be the nascent
protein, which subseguently undergoes spontaneous aggregatÍon to L_ and

H-forms in liver and rung but not in the heart. Another expranation is
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that L-form of cytidyryrtransferase is the nascent protein, which is
then post-transrationarry modified in cardiac tissues yielding the
s-form of the enzyme. fnformation on the origin and the functionaf
rel-ationshi-p between the various enzyme forms may be achieved through
the purification of cytidylyttransferase and the det.ermination of the
amino acid sequence.

Although cytidylyltransferase is an ambiquitous enzyme (1g) the
refationship between the cytosolic and microsomal- cytidylyrtransferases
has not been cl-early estabfished. The resul-ts from this thesis suggest
that cytosol-ic H-form is very simifar to microsomal- cytidyryltransferase.
Both enzyme forms display similar pH opt.ima, ,g*2 requirements, lipid
i-nsensitivity and K*'s for crp and phosphochor-ine. Moreover, the
turbidity of the fractions containing H-form from sepharose 6B chromato-
graphy (Fig'10) suggests the presence of lipid. The nature of this
lipid associated with H-form and the stoichiometry of its association
with H-form is not known. Despite the remarkable simil-arities between

these enzyme forms, an unambiguous comparison cannoL be made untir_
cytidylyltransferase is solubilized, isol-ated and characterized from
the microsomal- fraction.

The enzyme form of cytidylyltransferase which controfs the rate of
phosphatidylcholine biosynthesis in mammal-ian tissues is stil-r a matter
of much controversy (103). Kinetic analysis from this sLudy suggests
that the control of phosphatidylcholine biosynthesis in the heart is
directly associated with the enzyme form and the intracer_r-ular suppry
of substraLes' The H-form and microsomal form of cytidylyltransferase
have a true K* for crp of 1.0 mM and for phosphochorine of 0.44 mI"I.

The L-form of the enzyme is kineticalty identical to the s-form with a
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Lrue K* for crp of 400 mM and for phosphochor-ine of g0 mM. since
intracel-luLar crP concentration is 15 nmor/g heart. (72) and phosphochol-ine

concentration is 250 nmoL/g heart (44) the various forms of cytidylyl_
transferase may be regulated by changes in the pool size of these
substrates- From the kinetic analysis, it appears that the catalytic
activities of both H_form (and microsomal_ form) and L_form (and S_form)
are highly dependent on intracellul-ar crp concentrations. smaÌr changes

in the pool size of crp wir] arter enzJ¡me activity dramaticarly and

consequentry the rate of phosphatidyrchorine biosynthesis. However, the
intracell-ular phosphocholine pool may provide a higher degree of regulation
to the L-form (and s-form) of the enzyme than the H-form (and microsomal
form) of cytidylyltransferase.

Recent reports QArgZ, 103) have suggested that the subcel_lular
location of cytidyJ-yltransferase from rat fi-ver is regulated by protein
phosphoryl-ation' These investigators found that cAMp anarogues cause a
decrease in the cytidylyltransferase activity associated with the
microsomes (76)- Moreover, the time-dependent activaLion of cytidylyi-_
transferase in cytosol was reduced in the presence of the protein
kinase substrates ATp and magnesium or the phosphoprotein phosphatase

inhibitor sodium f]uoride (g3). rn an attempt to determine if heart
cytidylyltransferase \^/as affected by protein phosphatases which may alter
enzyme activj-ty and distribution in the cytosol , heart homogenates \¡/ere

prepared in the presence of 20 mM sodium fluorid.e. The el-ution profiles
from sepharose 68 chromatography after this treatment were simi]ar to
those depícted in Fig- 1 0 (data not shown). Therefore it appears that
dephosphorylation of cytidyryltransferase has no effect on the
distribution of this enzyme in the heart. However, evidence for the
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phosphorylatj-on of cytidylyltransferase and the functional significance
of such cova]ent modification can only be obt.ai_ned by investigations
into the incorporation of t32pj phosphate with a purified
cytidyJyltransferase in vitro.

rt is ovbious that studies on the control of phosphat.idylcholine

biosynthesis by crp:phosphochor-ine cytidylyltransferase have been

hampered by a lack of purified enzyme. The resul-ts of this investigation
have demonstrated that highly enriched preparations of L_ and s_forms of
cytidylyltransferase can be achieved through storage of cytoso_r- and

dissociation of H-form with SDS (fabl_e Xf). Although electrophoretic
purity of these preparations $/as not estabJ-ished, the reproducibitity of
this dissocj-ation instil-fs a certain level of confidence to the proced.ure

described. The purificat.ion scheme outr-ined in this thesis may be

subsequently refined and improved to achieve greater yields of purified
cytidylyltransferase- Antibodies againsL a purified enzyme coufd then
be obtained and used for immunotitration experiments. cytidyryltrans_
ferase activity is known to change under a variety of conditions (10r103).

These changes have been exprained by moduration of enzyme activity
(24t84'85) or translocation of enzyme from one subcel-lular compartment.

to another (79rB0r81). rmmunotitration experiment.s wourd enabre us

to del-ineate which process is occurring in the cert in response to
different physiologj_cal or pathological conditions.

V Control of Phosphatidylchol ine Biosynthesis in Hamster Heart

rt is crear that the mechanisms for the contror- of phosphatidyr-

choline biosynthesis in the mammalian heart are complex processes which

may al-so be j-nteffelated- Based on the resul-t.s of the foregoing studies
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and the \'üork of others, it appears that phosphat.idyrchorine biosynthesis
in the heart is subjected to at l-east four l-evel-s of control . The first
two tiers of contror, namely by exogenous substrate lever_s or anal0gues

and by the.modutation of crp:phosphochor_ine cytidylyltransferase have

been extensively discussed. This section of the thesis wil-l- focus on the
control- of phosphatidyj-choline formation in cardiac tissues by other
mechanisms.

The intracel-lul-ar l-evel-s of crP or the overal-] energy status of the
cel] may affect phosphatidyrchorine biosynthesis. T\n¡o forms of high
energy triphosphate nucr-eotides, ATp and crp are required for the cDp_

choli-ne pathway (11)- choy (72) demonstrated that a 34% decrease in crp
concentration was observed in myopathic hearts. ATp concentration in
this same tissue was afso reduced by 33% (114). However, onry the
formation of cDp-chor-ine, but not phosphoehoriner rdês ar_tered in the
hearts of the myopathic animals (72). since ATp and crp,are the nucl_eo-

tides required for the format.ion of phosphochorine and cDp-chorine,
respectively, it can be concluded that onry crp, but not ATp, has a

'direct effect in the regulation of phosphatidylchorine formation in
the, myopathic hamster heart.

A final r-ever of contror may occur in the fatty-acyl composition
of phosphat.idylchofj_ne in the heart. Recently a comparison of the
mol-ecular species of 1 ,2-diacylglycerol and phosphatidylchorine was

investigated (115). These investigators found substantial differences
in acyl content,between these two lipíds. since 1 r2-d.íacylglycerol is
the immediate precursor for new phosphatidylchol-ine formation (44) the
control- of the mo]ecur-ar species of phosphatidylchori_ne is due to the
selectivity of phosphochor-ine transferase or the resynthesis process
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desc.ibed by Lands (50) or a combination of both. Arthur and choy have

demonstrated that phosphocholine transferase had some specificity toward
the selection of diacylglycerol çlroups (i15). However, the authors also
suggest that' extensive remodel-ting of phosphat.idyJ-chotine occurs after
the init.ial- formation of the phosphoripid. ït appears that most of the
newry synthesized phosphatidyrchor-ine in hamster hearL must undergo

resynLhesis by deacyJ-ation-reacylation. Hence, it may be concr_uded that
phosphocholine transferase has only limited ability to se]ect the required
mol-ecul-ar species of 1,2-diacylgtyceror for phosphatidylchofine

biosynthesis in the mammalian heart.

Vl Future Directions

The controf of phosphatidylcholine biosynthesis is cl-earfy a complex
process' The present study has provided new information into how this
process is control-fed in the hamster heart. However, thÍs study has al_so

generated many more questions than were originally conceived. For example,

what other met'abol-ites wil-f affect the uptake of chol-ine? vrrhat are the
mechanísms which control- the cel-lu]ar l-evel-s of these metabol-ites? rs
this type of control important under normal or abnormal physiorogicat
condj-tions? since the controJ- of crP:phosphochol-j-ne cytidyryltransferase
activity is an area of considerabl-e controversy, the purificatíon of this
enzyme is of paramount importance. The purified enzyme wir_r- be reguired
to determine if cytidylylLransferase j-s covalently modified. ïn addition,
antibodies obtained to the purified enz)¿me could then be used to determine

if cytidylyl-transferase is transl-ocated in the cell-. euest.ions relatì_ng
to the various forms of cytidyryltransferase have al-so emerEed from this
study' what is the significance of s-form and how is iL.,related (if at
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all) Lo L- and H-forms? vrlhich enzyme form(s) contro] the rate of
phosphatidyl-choline biosynthesis? These and many other questions

remai-n unanswered. clearly, the compJ-ete understandì_ng of the contror_

of phosphatidylcholi"ne biosynthesis in mammal-ian tissues awaits future
investigations.
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