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(i)
ABSTRACT

Investigations were carried out on the role of glucagon and
calcium in the regulation of hepatic\phosphoiipid biosynthesis.,It was
- found that glucagon inhibits de_ _novo phosphatidylcholine

biosynthesis in cultured rat hepatocytes. This inhibition was
associated with an inhibition of CTP:phosphbcholine
cytidylyltransferase activity, which is the regulatory enzyme for
phosphatidylcholine biosyhthesis. Calcium was shown 20 inhibit the
uptake of choline in hepatocytes by decreasing the Vmax of the
saturatable uptake system. It aléo slightly inhibited the rate of
phosphatidylcholine biosyntheéis by the de novo pathway, but not by
the N-methylatioﬁ of phosphatidylethanolamine. However, these
experiments were difficult to interpret‘due to the use.of ionophore
.A23187 to vary cyt§solic calcium concentrations. This ionophore has
many other effects on hepatocytes thch could indirectly alter the
synthesis of phosphatidylcholine. In vitro Stﬁgﬁes were carried out
to determine the effect of calmodulin onACTszhosphocholine
cytidylyltrgnsferase activity. Although calmodulin did not effect the
activity underbﬁhe conditions of fhe assay, an impurity of some
calmodulin preparations whs found which inﬁibited' the

cytidylyltransferase in a calcium independent fashion. The inhibitor

v,
v

had some peptide like properties. The effect of calcium on the
. incorporation Of[3-3H] serine into phospholipids was also
investigated. Calcium was found to increase the amount of label
recovered in phospholipid. It was also found that the label was
rapidly transfered from phosphatidyserine to phosphatidylethanolamiﬁe.
On the basis of these results, a model is'presented for the

relationships between calcium and phosphatidylserine metabolism,
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INTRODUCTION

Phospholipids are a major component of cell membraneé, bile, lung
sufactant, and lipoproteins. The pathways of phospholipid metabolism
have been known for many years, largely due to the work of Kennedy and
coworkers (1). Interest in the regulation of these pathways has
intensified in recent years, as it is becoming increasingly evident
that‘phospholipid metabolism is intimately related to other cellular
processes. However, our knowledge of this regulation is still
fragmentary and at a superficial level. The purpose of this thesis‘is
to gain further insight into the processes by which lipid diversity,
as well as total lipid synthesis, are maintained under different

physiological conditions.

1.1. Ihe Structure, Properties, and Function of

Phospholipids

1.11 The Structure of Phospholipids

4

Glycerophospholipids can be considered to be derivatives of
glycerol-3-phosphate. A wide range of compounds are possible by
esterifying different fatty acids to the 1 and 2 positions of the
glycerol, all giving rise to different types of PA. Stearate,
palmitate, oleate, and linoleate are the predomina:t fatty acids found
in animal membranes, with arachidonate being an important minor

component., PA may be thought of as the parent structure of the other
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glycerophospholi_pid classes, which can be generated by ester‘if‘ying‘
different organic bases or 'heéd groupé' to the phosphate moiety
(figure 1.1). This gives rise to thé major phospholipids found in
biological meinbr'aries, which generally contain predominantly PC, PE,
PS, and PI. Glycerophospholipids which have one of their acyl groups
removed are refered to as lysophospholipids (lyso-PE, 1lyso-PC,
etc.). By varying the fatty acid aﬁd head group moieties,
approximately 200 different phospholipid molecules can be generated,
and most of them have been found in vivo. The term 'phospholipid’
includes these compounds, és well as plasmalogens, sphingolipids, and
phosphonolipids. However, with the exception of sphingomyelin, these
compounds are present in only trace quantities in most animal
systems,

N

1.12 The Properties of Glycerolipids

t

One can make éer’tain generalizations which apply more or less to
all lipid classes. Most lipids are amphipathic in that they contain
long chain hydrocarbons on lone end and a polar group on the other end.
In aqueous solution, lipids counteract the hydrophobic effect of the
carbon chains with the hydrophilic nature of the polar end by forming
multimolecular aggragates, when the lipid concentration reachs ﬁigh
enough levels (the critical micellar concentration). One of the most
prevalant str‘uctgres observed in biological systems is the bilayer
membrane, proposed by Gorter and Grendel (2) in 1925. Presently, the
most widely accépted model of a biological membrane is the 'Fluid

Mosaic Model' (see figure 1.2a), proposed by Singer and Nicolson in



Fig. 1.1

| Q
HyC-0-C-Ry
Q :
RZ-C-O-—(.:-VH
9
H,C-0-P-O-X
07

The structure of glycerophospholipids

Geperal Structure

The alcohols contributing the poiar X groups in the

major glycerophospholipids are shown below:

Glycerophospholipid

1,2-diacylglycerol 3-phosphate

(phosphatidate)
Phosphatidyl choline
(lecithin)

Phosphatidyl ethanoleamine
(cephalin)

Pho:phatid&l serine

Phosphatidyl inositol

Diphosphatidyl
glycerol (cardiolipin)

X
H

+
HO-CH,CH;N(CHg)3

(basgic)

g
HO-CHQCHQNH:;
(basic)

+
NH;

HO-CH5;CH-COO-
(amphoteric)
OH OH
H

(neutral)

HO H
H OH

0

HO- CH; CHOH-CH,;0-P-O-CH;CH-CH,

O~ 0 O
O:Cc C:0
R1 R

(acidic)



y
1972 (3). This model basically accepts the idea of a bilayer, but
suggests that the individual lipids and proteins in the structure move
translationally énd rotationally. Membrane proteins can be classified
- as to whether they are extrinsic (or electrostatically bound), or
intrinsic (integrated into the hydrophobic region of the bilayer).
This model has béen able to assimilate the more recent concepts of:
annular lipids on intrinsic proteins, phase transitions of bilayers,
micro domains in bilayers differing in composition and structure, and
membrane turnover, to name a few. More receﬂt physical studies (4)
show that lipids may also form non-bilayer structures such as
hexagonal 2 phase and inverted micelle configurations ( figure 1.2 b).
It is highly possible that such structures may exiét in vivo as a
minqr component, and it is likely that such stuctures are important
in vivo as intermediates in membrane fusion events. There are
many good reviews on these topics (4,5).

' \

The exact structure of a lipid protein aggregate will depend to
some degree on all the solutes present, but the structures of the
individual lipid species is critically important. Differences in the
net charge of the head group are important, and lipids can be
classified according to whether they are acidic (PI,PS,PA,PG,CL), or
neutral (PC,PE,DG,TG,cholesterol). Of course, the pH can change the
charge of a lipid such as PE and many of it; properties afé pH
dependent. Neutral 1lipids generally outnumber the acidic species in
biologicallmembranes. Acidic phospholipids nhave the.property of
forming complexes with divalent cations, particuiarly calcium. The
addition of calcium to an acidic phospholipid mixture can cause

" isothermal phase transitions from bilayer to hexagonal 2 phase in some
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situations (4). The biological significance of these structures has
not been fully elucidated but there are some systems where they are
believed to be imporlant..For example, the addition of PA to
neuroblastoma cells has been shown to increase the permeability to
media calcium dramatically (6). Lipids can be considered to be conical,
cylindrical, or inverse conical (figure 1.2b), according to their
average molecular shape. Cylindrical 1lipids, such as PC, are generally
bilayer stabilizing lipids, as would be expected from their shape. The
inverse conical and conical shapes form micelles and inverted micelles
respectively, and are generally present as a minor species in
membranes (4). The fatty acid composition can dramatically effect the
shape.of a molecule within a particular lipid class. Thus cis-enoic
acids in PE can give it an inverted cone shape, relative to the
cylindrical shape of a straight chain PE (4).

The fatty acid composition is also important in determining
properties such as the transition temperature and the perméability of
the membrane (M)L Overall, it is evident that large variety of 1lipid
species found in a cell aliows for an incredible flexibility in the

properties of its membranes.

1.13 The Function of Phospholipids

The most important function of phospholipids is their use in
membranes, in which lipids and proteins are the major components. PC,
PE, and SM are the major species found in animal membranes, with CL,
PS, PI, and PG, being minor components. Traditionally, phospholipids

have been thought of as basically inert structural components in ,
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membranes, forming bilayers similar to those found in biological
systems in vitrg.‘The functional attributes of membranes have
usually been assigned to proteins, with the exception of the lipids
forming a relatively nonselective permeability barrier to ionic
compounds and an annular sheath for the proteins. It was originally‘
postulated that the phospholipid composion of a organism was species
specific. However, with the development of more powerful analytical

-

techniques it has been shown that lipid compositions depend more® on
the organelle than the species (table 1.1a). Moreover, the fatty acid
composition of a particular phospbolipid class may be very different
from tissue to tissue and may change significantly in different
biological situation35 Phospholipids also'turnover at markedly
different rates (table 1.1b), and the fatty acid, glycerol, and head
groups turnover independently as well (%). Thus it is becoming
increasingly evident that the cellular membrane is a finely tuned,
dynamic structure in which the properties of different 1lipids aﬁe
o
exploited to give the optimal membrane composition to suit the
membranes function and environment, .

Additional functions of phospholipids in membranes are being
uncovered, parﬁicularly in regard to the minor components. One
function of phospholipid in a membrane is to provide a storage form of
arachidonate, which may be released by the action of phospholipases
A2. In many systems (8), the concentration of arachidonate is rate
limiting in the synthesis of the various prostaglandins. Indeed it
appeérs tbat phospholipase A2 play a key role in certain regulatory

-cascade systems,

Another function of some glycerolipids is their ability to



Table 1.1 Variations in lipid composition and turnover (A)
The lipid composition hepatocyte membranes, expressed as a mole
percent of total phospholipid. Collated by McMurray and McGee
(149). (B) The half-life of phospholipid classes, as measured
with various precursors. Redrawn from (150).

A

Lipid Plasma Nuclear Endoplasmic Golgi Mitochondrial Lysosomal
Class membrane membranes recticulum membranes membranes membranes
: inner outer

PC 34.9 61.4 60.9 45.3 5.4 49.7 33.5
PE 18.5 22.7 18.6 17.0 25.3 23.2 17.9
PI 7.3 8.6 8.9 8.7 5.9 12.6 8.9
PS 9.0 3.6 3.3 4.2 0.9 2.2 8.9
PG y.8 & & ¥ 2.1 2.5 ¥
CL trace 0 ¥ * 17.4 3.4 6.8
1-PC 3.3 1.5 b7 5.9 * ¥ 0
1-PE ¥ 0 0 6.3 * ® #
SM 17.7 3.2 3.7 12.3 2.5 5.0 32.9
(* not determined)
Tissue Phospholipid Labeled Precursor Half-Life
Class (h)
32
Rat PC [” Plphosphate 10.9
Liver PC [BH]choline 10.0
y
PC [1 Clserine 1.2
PE 2.1
PS v 7.0
Rabbit PC -[3H]choline 13.0
14
Lung PC [ clpalmitate 10.0
PC [3H]g1ycérol 8.0
2
PC [3 Plphosphate 88.0
4
Rat PS [1 Clserine 1.0

o Intestine PE 0.4
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activate critical enzymes in_vivo. For example, the concentration of
plasma membrane PS and DG are crucial to the activity of protein kinase
C (9), and PS is required for the activation of adenylate cyclase by
glucagon (10). These and other examples of phospholipid coupling in
regulation schemes will be discussed in section 1.5.

Lastly, changes in phospholipid concentrations in membranes have
been impliegted in basic cellular procesées such as ion gating (6),
membrane fusion phenomena (11), and nerve conduction (5). Once again
membrane lipid metabolism responds in a highly specific manner to the
particular physiologic situation,

The uses of phospholipids are not restricted to membrane
phenomena. Phospholipid is also a major component of lipoproteins,
bile, and 1qu surfactant. Again lipid metabolism is highly
coordinated in order to provide optimal 1évels of 1lipids for eéch
process.

1.2. The Biosynthesis of Glycerophospholipids in Hepatocytes

The pathways of hepatic phospholipid metabolism are interrelated
and complex. To facillitate discussion, the reactions have been
divided into catagories according to whether they are synthetic,
intermediate, or degradative. Throughout the following, thé reader is

refered to the pathway chart in figure 1.3.

1.21 Fatty Acid Synthesis and Activation

Fatty acids may either be taken up from the serum or synthésized
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endogenously. All fatty acids are synthesized from ATP, NADPH, and
Acetyl-CoA. Although this process occurs in all organisms, it is
particularly prominent in the liver and mammary glands of higher
animals. )

The rate limiting step in the synthesis of fatty acids is the
conversion of Acetyl-CoA and CO2 to_maloﬁyl-CoA, which is catalyzed
by acetyl-CoA carboxylase (EC 6.4.1.2.). The enzyme may exist as
either a protomeric, inactive form, or as an active, aggregated foram
(12). The aggregation is stimulated by citrate. Acyl-CoA as well as
malonyl-CoA esters inhibit aggregation and activation. Thus the enzyme
can be coorainated with glycélysis through citrate levels and feedback
inhibited by its own product. The aggregate is also depolymerized
when phésphorylated by protein kinase A and is thus inhibited when the
concentration of cAMP is elevated (14). It is also phosphoryla;ed by a
cAMP independent protein kinase and this inhibits activity as well
(15). Acyl-CoA carboxylase may also be controlled transcrip;ionally
(16). It is probable that the net activity is determined by a balance
of all these factors.

The malonyl-CoA produced is then converted to fatty acid by a
multi-enzyme system in the cytosol, termed the fatty acid synthetase
complex . It is a dimer with a subunit molecular weight of 230K (17).
The regulation of this complex has beén extensively studied in recent
years and there are several excellent reviews on this.subject (18,64),
Fatty acids which are taken up from serum are converted to the CoA
derivative by the énzyme acyl-CoA synthetase (EC 6.2.1.1). Acyl-CoA is

refered to as the 'activated form' of fatty acid because it is this

derivative that is used in subsequent reactions. Acyl-CoA may be
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acted on by a fatty acid elongation systems in fhe mitochondria or by
specific monooxygenase systems in the endoplasmic recticulum; these
introduce double bonds in tﬁe fatty acid. There is positional
specificity in the placement of double bonds (19). Mammals can not
synthesize linoleic or linolenic acids so these must be obtained from
dietary sources, These essential fatty acids are required for
arachidonate biosynthesis, the precursor of prostaglandins (20). The
acyl-CoAs may be used for glycerolipid biosynthesis or utilized for

B-oxidation.

1.22 The Synthesis of PA

The next step in the synthesis of glycerolipids is the synthesis
of PA. PA may be synthesized by two pathways: one requiring glycerol
phosphaté, and the other requiring dihydroxyacetone phosphate. These
compounds are in equilibrium with NADH and NAD' in ﬁhe cell and so
the relative amounts depend on the NADH:NADY ratio, The total amount
of these triose phosphates depends on the rate of glygolysis (the
major source of dihydroxyacetone phosphate), the rate of lipolysis,
and the rate of glycerol uptake from the serum. The glycerol obtained»
by these last two processes can be_bhosphorylated in vivo by
glycerol kinase (EC 2.7.1.30) (21).

The synthesis of PA from glycerol phosphate and acyl-CoA was
first observed gn ginuea pig liver microsomes by Kornberg and Pricer
in 1953 (22). Two acylations are required and the evidence suggests
that two microsomal enzymes are required (23). PA generally has a

saturated fatty acid at position one and oleic or linoleic at position
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two in vivo. There is still controversy as to whether this
difference is do to substrate specificity during synthesis, or whether
it is introduced post-synthetically by a transacyiase or by
deacylase/reacylase activities., There is evidence that both methods
could be used to some extent (23-25). Glycerol phosphate
acyltransferase (EC 2.3.1.15) may also be controlled the level of
calcium (26), and there is evidence that the enzyme can be regulated by
CAMP in adipose tissue (27m). ¢

The acylation of dihidroxyacetone phosphate to acyl-
dihydroxyacetone phosphate and its subsequent reduction to lyéo-PA
has been observed in rat liver microsomes by “Hajra and Agranoff (28).
The reduction requires NADPH as a cofacéor. Despite numerous attempts
to assess the significance of this pathway in the synthesis of PA
(29), there is no general agreement on its contribution to PA
syqtheéis. A third way PA may be synthesized is by the action of DG
kinase on ATP and DG. This enzyme activity undergoes marked
fluctuations in vivo.and will be discussed in more detail in section

1.3.

1.23 The Biosynthesis of DG ‘

PA occupies a unique position in the synthesis of glycerolipids;
it may either react with éTP to give CDP;DG, and hence be directed
toward acidic phospoiipid synthesis, or ip may be hydrolyzed to DG and
used for the synthesis of PE, PC énd TG. The hydrolysis of PA to DG is

catalyzed by PA phosphatase (EC 3.1.3.4). This activity was first

observed in animals by Weiss et al. in 1956 (30). PA phosphatase

Y
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activity has been demonstrated in mitochondria, lysosomes, microsomes,
énd cytosol (31). The cytosolic enzyme is moderately specific for PA
containing one unsaturated fatty acid (32). Brindley et al. have
demonstrated a positive correlation between PA phosphohydrolase
activity and the rate of hepatic TG synthesis, and have also showp
that the enzyme can be activated by glucocorticoids in vivo. Thus,
it is likely that PA phosphatase can- regulate TG synthesis in some

situations (33).

1.24 The Synthesis of TG

N

DG acyltranferase activity (EC 2.3.1.20) was first observed in
a particulate chicken liver fraction in 1956 by Weiss et _al. The
enzyme shows specificity for 1,2-DG, and unsaturated fatty acids are
prefered over saturates (35). It has been shown that the enzyme is
inhibited by glucagon (36). However, Groener et _al. studied the
effects of fasting and refeeding on the rate of raé liver TG synthesis
in vivo (37), and found that the increased rate of TG synthesis
after refeeding could not be totally explained by increased DG
acyltranferase activity. He concluded that the increased DG levels
stimulate TG synthesis directly. This agrees with a study by Sundler
et él., who studied the effect of exogenous fatty acid on TG
synthesis (38). Incorporation of labeled glycerol increased linearly
into DG and TG with respect to fatty acid concentration. The results
implyrthat TG synthesis may be regulated by the concentration of DG,

as well as glucagon levels,
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1.25 The de novo Synthesis of PC

PC is the most abgndant phospholipid in animal membranes, and is
also a major component of bile, lipoproteins, and lung surfactant. The
major pathway for its biosynthesis was elucidated by Kennedy and
coworkers in the 1950's (1). They found that the de novo synthesis
of PC occurs in three step;, requiring three separate enzymatic
activities, The first step is the phosphorylation of choline, catalyzed
by‘the4enzyme choline kinase ( EC 2.7.1.32). ATP is the phosphate
donor in this reaction. The second step in the synthesis is catalyzed
by the enzyme CTP:phosphocholine cytidylyltransferase ( EC 2;7.7.15),
which makes CDP-choline from phosphocholine and CTP. The final step is
the transfer of phosphocholine from CDP-choline to DG,-forming CMP and
PC. This step is cétalyzed by the enzyme cholinephosphotransferase
(EC 2.7.8.2 ).

Although this pathway was demonstrated almost 30 years ago, very
little advancement was made on the knowledge of its control for many
years. Using the average concentrations of the PC related metabolites
in rat 1iver, as well as the predicted>intrace11u1ar equilibrium
constants of the reactions invblved, Infante wade some theoretical
calculations which implied that the first two steps in the synthesis
are out of equilibrium (39). Thus either the choline kinase or
cytidylyltransferase step could be involved in the regulation of PC
biosynthesis. The third step is very close to equilibrium,

The phosphorylation of choline can be rate limiting in chicken
~liver. Studies by Vigo and Vance demonstrated that the rate of liver PC

biosynthesis increased two fold after two days of diethylstilbesterol
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treatment (40). There was a positive correlation beween this
stimulation and the activity of choline kinase (41)} Phosphocholine
concentrations}were also increased two fold. The concentration of
phosphocholine in chicken liver was found to be about 0.15mM, and the
Km of the cytidylyltransferase for phosphocholine is about 0.17mM (42).
Thus the increase in choline kinase activity is directly translated

into an increase of PC synthesis in this system. Subsequent studies by

Paddon et al demonstrated that the diethylstilbesterol treatment

increased the amount of immunotitratable choline kinase, suggesting
that the stimulation was a result of increased choline kinase synthesis
(43) MThis agrees with the widely accepted concept that steroids act at
the level of gene expression.

The cytidylyltransferase step can also be regulatory in this
system. in the same set of experiments, the rate of PC synthesis
decreased relative to control values on the third day of
diethylstilbesterol treatment (41). However, choline kinase activity
as well as phosphocholine concentrations were still elevated. On the
other hand thé activity of the cytidylyltransferase was decreased by 2
fold., Thus both enzymes are involved in the regulation of PC
biosynthesis in chicken liver,

The regulatory features of PC synthesis appear to be different in
adult rat liver and Hela cells. In these cells the concentration of
phosphocholine is about f1-2mM, which is well above the apparent Km of
the cytidylyltransferase (0.17mM) (47). Thus, fluctuations in. the
concentration of this substrate would have iittle effect on the rate
. of PC synthesis, The concentration of choline in these cells in 5-10

fold lower than the the concentration of phosphocholine (45),

-
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suggesting that choline is rapidly phosphorylated upon uptake, with
the rate limiting step occuring subsequent to this step. Choline has
‘two possible fates upon entering the cell: it may be phosphorylated
and hence commited to PC synthesis, or it may be oxidized to Setaine
in the mitochondria. Studies by Pritchard and Vance on cultu;ed rat
hepatocytes showed that low concentrations of choline in the media
decreased the amount of labeled choline that was oxidized, while the
pool size of phosphocholine remainedvconstant (45). Increasing media
choline levels increased the ?mount of label oxidized to betaine
produced. Very little radiocactivity was recovereq in CDP-choline Tﬁis
provides good evidence that the production of CDP-choline is rate
limiting in this system. |

The properties of CTP:phosphocholine cytidylyltransferase have
regeived considerable attention in the past few years. The enzyme is
found predominantly in cytosol when liver is homogenized in saline,
but found in the microsomes when homogenized in distilled water (46).
This implies thaﬁ the enzyme is extrinsicly bound to the endoplasmic
recticulum.  Choy et al. partially purified the enzyme from rat
liver cytosol (47). They found that the enzyme ié markedly stimulated
when rat liver phospholipid is added. They also found that the
cytosolic enzyme, with a molecular weight of about 2.0x105 (L_Férm),
aggregates to a high molecular weight form with particle weights ffom
5-6X105 to about 1.3x107 (H-Form). H-Form had an increased basal
activity but was also stimulated by rat liver phospholipid. Choy and
Vance studied the 1lipid activation in more detail (48). They found that
-ljso-PE had the greatest activating properties, while PS and PI also

stimulated the enzyme to a lesser extent. Some species of lyso-PC could
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inhibit the enzyme by as much as 80%. They found a positive
correlation between the activation of stored cytosol and the amount of
lyso-PE present. The data implies that lyso-PE and acidic phospholipids
could play a role in regulating the activity of the enzyme.

The aggregation of the enzyme was also studied in more detail by
Choy et al. (49). They found that DG and PG stimulated the
aggregation of the enzyme, although it was important that the DG be
delivered in a proper foric, Thus, phosphélipase C treatment of cytosol
increased the aggregation two fold. PG stimulates both the aggregation
and activity of the enzyme (50). Although PG is present in only trace
quantities in liver, it seems to be impoftant in developing lung, where
the production of PG and the activation of the cytidylyltransferase
are closely correlated (50). Thus PG may‘serve to signal the
production of lung surfactant in this system.

The implications of these in_vitro observations for the
regulation of liver PC synthesis are quite extensive. It could be
postulated that the aggregation of the enzyme in vitro is a
reflection of an in vivo form of regulation, functioning to
translocate cytosolic enzyme to local DG domains in the endoplasmic
’recticulum. The enzyme would then produce its product, CDP-choline, in
close proximity to the DG required in the final step of PC synthesis.
This would significantly increase the.efficiency of PC synthesis and

allow the CDP-choline pool to remain very small, as it in fact is (44),

A study by Pritchard et al showed that the rate of PC synthesis by
the de novo pathway is stimulated by 3-deazaadenosine (66). They
demonstrated a positive correlation between the increase in PC

synthesis and the amount of cytidylyltransferase found in the
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microsomes. The total amount of enzyme in the cytosol and microsomes
remained constant. Another study showed that when embryonic chicken
muscle cells were grown in the presénce of phospholipaée C, the
cytidylyltranferase was tranlocated to the microsomal fraction and
activated 3 fold (67). This was correlated ith a 3-5 fold increase in
theincorporation of choline label. These experiments suggest that the
aggregation and activation of the enzyme may be important regulatory
features of the enzyme,.

PC synthesis can conceivably be regulated by the concentration of
CTP. Vance et al studied the mechanism by which polio virus
stimulates the rate of PC synthesis in Héla cells (51). They found
that that the increase in PC synthesis was due to a stimulation of the
cytidylyltransferase step. A subsequent studye by Choy et al,.
demonstrated that the increased rate of this reacfion was due to an
increase in the concentration of CTP in the Helé cells (52). ?he
possibility that CTP regulates PC synthesis has not been verified in
other systems to date. CTP is required for the synthesis of all
phospholipid classes, although it is utilized in different ways. Thus
it is tempting to speculate that CTP may be a universal signal for the
synthesis of phospholipids. It would be interesting to do experiments
withsynchronized mitotic cells and determine if CTP levels are
associated with the increase in phospholipid synthesis that must occur
in order to generate new membranes.

Recent studies by Pelech et al have shown that the rate of PC

biosynthesis can be inhibited by cAMP'analogs in cultured rat
‘hepatocytes (53). This .inhibition was correlated with an inhibition of

the cytidylyltransferase. The inhibition of the enzyme activity could
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only be demonstrated when NaF and EDTA were added in the homogenizing
buffer. NaF and EDTA inhibit protein phosphatases and protein kinases,
respectively, and so it was postulated that the inactivation Qas due to
a protein phosphorylation. Further support for this hypothesis was
gained with a series of in vitro studies (54). It was found that NaF
inhibits cytosolic cytidylyltransferase in a time dependent fashion.
"The inhibition could be.mimiqked with Mg-ATP or calcium, apd supressed
with protein kinase inhibitor protein isolated from rabbit skeletal
muscle., However, the final proof that the enzyme is phosphorylafed
must await the purification of the enzyme so that direct
phosphorylation>can be demonstrated. The presumptive phosphorylation
inhibited aggregation of cytosolic ecytidylyltransferase and increased
the Km for CTP. The inhibition could be reversed by addition of
phospholipid.

However, a cAMP dependenée of the in vitro could not be
demonstrated. This raises the question of how the cAMP analogs work to
inhibit the cytidylyltransferase in hepatocytes.

In figu?e 1.4 a model of cytidylyltransferase regulation is
presented.which combines the results discussed above into a singie
system. It should be emphasized that much more evidence must be
obtained before this model can be accepted. Primarily, proof thaplthe
enzyme is bhosphorylated must be obtained énd the identity of the
presumptive protein kinase must be discovered. Additionally, more
experiments must be performed to demonstrate that activation and
aggregation are important in_vivo. Lastly, the importance of CTf in
regulating the synthesis of PC must be established.

Choline phosphotransferase is an intrinsic microsowal enzyme, and



Figure 1.4 A model for the regulation of CTP:phosphocholine
cytidylyltransferase: The model summarizes the known regulatory
features of the enzyme, depicting the relationship between
phosphorylation, aggregation, and activation. The unphosphorylated
form (square form) may be translocated to the endoplasmic recticulum
by interaction with aggregating lipids such as DG, increasing the
particle weight, and allowing CTP-choline to be made in close
proximity to DG. Alternatively, the enzyme may be inhibited by
phosphorylation, (circle form). This inhnibition may be reversed by

acidic phospholipids, which decrease the Km for CTP.Thus the enzyme

may be activated (thatched form) in either the cytosol or the
microsomes,
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catalyzes the final reaction in the de novo synthesis of PC. Its
enzymatic gctivity is resticted to the cytoplasmic side of the
endoplasmic recticulum (55). The reaction is reversible in vivo.
Choline phosphotransferase has only a slight differential specificity
for particular DG, implying that the acyl groups in PC are either
regulated by availability or adjusted post synthetically (56). The
enzyme activity fiuctuates significantly in response to various.
stimﬁlations but this is probably an adaptive response rather than a

regulatory event,

1.26 The de novo Synthesis of PE

PE is formed from ethnanolamine and diglyceride b)} a pathway
equivalent to the synthesis of PC. Although the reactions are the
same, it is clear that the enzymes involved in the two pathways are
distinet (56,57). Less is known about the synthesis of PE than PC. It
would seem that some of the regulatory features of the PE pathway must
be different from those of the PC pathway, in order to maintain lipid
diversity. When the media concentration of ethanolamine is low, it
appears thnat the phosphorylation of ethanolamine can be rate limiting
to synthesis of PE (58). Few experiments have been done with higher
ethanolamine levels. It seems probable however that in this situation
the synthesis of CDP-ethanolamine can be rate limiting (39).
Btnanolamine phosphotransferase ( EC 2.7.8.1) prefers hexenoic fatty
acids at position 2 and this may help explain why 20% of the PE found

in rat liver in vivo contains hexenoic acyl groups (56). PE may also

f
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be made by the decarboxylation of PS (section 1.34) but it is not
known how much of the cells PE is made by this pathway. However, this

pathway does not result in net phospholipid synthesis.

1.27 The CDP-DG Pathway to Acidic Phospholipids

Instead of being converted to DG, PA may react with CTP to form
CDP-DG. This reaction is catalyzed by the microsomal enzyme PA
cytidylyltransferase ( EC 2.7.7.41). Little is known about this
enzyme; one study found a high percent.of polyenoic CDP-DG in vivo
relative to PA, but a preferénce for polyenoic Fatty acids could not
be demonstrated in vitro (59).lIt has not be determined then whether
the high arachidonate content of the PI produced from CDP-D3 is
introduced at this step, or whether it is introduced post
synthetically. The enzyme is stimulated by GTP (61). This stimulation
1s supressed by EDTA and NaF, and can not be seen with nonhydrolyzable
GTP analogs. ThisAsuggeSts that there is a phosphorylation involvéd,
There have been few studies investigating the relation of
PA-cytidylyltransferase to PA-phosphohydrolase. One study showed that
both enzymes have a high reserve capacity and normally operate well
below maximal rates (62).

Once CDP-DG is formed, it is rapidly reacted with gither inositol
phosphate or glycerol phosphate to produce PI or PG phosphate,
respectively. These reactions have been reported to occur in
microsomes, Golgi apparatus, plasma membrane, and the inner
mitochondrial membrane (63). The PG phosphate is hydrolyzed to PG and

condenses with with another PG to make CL. This reaction occurs
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predominantly on the inner mitochondrial- membrane (64). Most of the CL
formed remains in the mitochondria, and is enriched in linoleate (65 ).

It is not clear how the selectivity for linoleate is achieved.

1.3. lntermediaﬁy PL _Metabolism

In this section, reactions are dealt with that involve no net
synthesis of phospholipids. Although these reactions obviously overlap
with what are termed synthetic and degraQative pathways, they are
separated here to emphasize that this is where the ‘'retailoring' of
phospholipids océurs, to maintain the proper fatty acid proportions in
the phospholipid classes, and to provide another level of control over
the head groups. It is becoming increasingly evident that the control
of these reactions is involved in coupling phenomena and cascade

pathways,

1.31 PE-N-Methylation

In addition to the Kennedy pathway, PC may be formed from PE by
three sequentiai methylations. The reaction is catalyzed by PE
methyltranferase ( EC 2.1.1.17). The enzyme is intrinsically
microsomal, uées SAM as a methyl donor, and is inhibited by SAH
(65).The enzyme has been shown to prefer PE ﬁith polyenoic acyl groups,
and this may contribute significantly to the amount of unsatutates
found in PC in vivo (68). It has been reported that this pathway

accounts for up to 20% of the PC in rat hepatocytes (69). The majority

of PE made by the de novo pathway is methylatedito PC' in hepatocytes
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(70). The pool sizes of the intermediates mono- and di-methyl-PE are
extremely small (70). The enzyme has also been reported to occur in
several other cell types, but the specific activity of the enzyme is
very low in these tiésues and thus the methylation pathway is probably

v

of minor significance in these tissues (71).

Thére is evidence thgt the enzyme is reguiated by cAMP. Castano
et al. (72) have shown that the activity of PE methyltransferase
increasesyupon addition of of glucagon to hepatocytes. Pritchard et

¥

al. (73) have shown the edzyme is activated by cAMP analogs, but the

flux through the pathway was inhibited as measured by ethanolamiqe or
methionine labeling experiments. It seems possible that the enzyme is
activated as measured in &itro because there is more endogenous PE.
However, further studies will be heeded to accertain this.
PE-N-methylation has been reported to be involved in a number of
exitation-response coupling systems in the plasma membranes of some
cells (74,75); however this work has recently been cfiticized by Vance
and Kruijff (71), who point out that the small number of PC molecules
synthesized by PE-N-methylation could not account for the changes

observed in membrane properties. Thus the role of PE methylation in

these processes remains uncertain. v

1.32 The Synthesis of PS

]

In 1961, it was shown that P3S can be formed by a base exchange
with serine and PE, forming PS and ethanolamine (76). The reaction
occurs in the microsomes, is reversible in vitro, and stimulated by

caleium (77). The enzyme, PS synthase ( EC 2.7.8,8),' is found in the
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microsomes of some tissues, particularly brain and liver. While PS may’
also be macie by a CDP-DG pathway in sowme bacteria and animals, no
corresponding activity has beén demonstrated in mammals (78). This is
interesting in that it shifts the synthesis of PS from the
mitochondria to the endoplasmic recticulum, and from the control
mechanisms operating on the other acidic phospholipids, which are
produced by the CDP-DG pathway. Although there is still some
controversy about alternative pathways £o PS (78-80), it appears at
present that base exchange is the major, if not sole, source of PS

(81).

1.33 Other Base Exchange Activities

Besides the synthesis of PS, base exchange activities have been
reported for PC and PE in liver ‘(81)‘ and brain (82). The enzymes a;‘e
found in microsomes and are calcium stimulated, similar to the PS
synthase activity. However, they are clearly distinct enzymes, having
been separate;i by gel f‘iltr'at;'.on (83). One of these enzymesis
probably the PS synthase discdssed above., The other appears tq be used
for ethanolamine incorporation into phospholipids (81). Rate
calulations by Bjerve indicate that the biosynthesis of PC by this

pathway 1is probably negligible in vivo (81). His study also

indicated that ethanolamine is preferentially incorporated inté
hexenoic containing phospholipids, Such was not the case for either
ser‘ine or choline. In vivo studies by Orlando et al. indicate fhat
the PE synthesized by this pathway turns over very rapidly. This

'provides some basis for other reports on PE-N-methylation (84) which
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suggesis that there are 2 poolé of PE. The pool incorpprated into PC
from PE has more unsaturation and turns over faster. Thus the
combination of base exchange and methylation provides another way in

which arachadonate can be incorporated selectively into PE and PC.

1.34 The Decarboxylation of PS

"Rat liver mitochondria contain an enzyme, PS decarboxylase (EC
4.1.1.65), which converts PS to PE and CO2 (85). Very little is known
about this enzyme, or about the contribution of this pathway to the
cells ethanolamine, but it is interesting in that it provides a source
of ethanolamine, and hence choline, from a nonessential amino acid.
Moreover, it requires the intracellular migration of PS from the
endoplas@ic recticulus t