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Chapter 1

1.1 Clinical background

Respiratory distress syndrome (RDS), also known as hyaline mem-
brane disease, is an important cause of neonatal and infant mortality (1).
Together with congenital malformations, it is the leading cause of death in
preterm infants (2) and is responsible for serious morbidity in survivors,
associated with high costs to society (3).

Since 1959 it is known that RDS is caused by lung immaturity with
concomitant surfactant deficiency (4). Numerous small studies and large
multicenter trials have demonstrated decreased death rates and complications
from RDS as a result of treatment with surfactant (5,6). Despite its success
however, surfactant therapy is not a panacea. Recent meta-analyses from the
available data do not show a consistent decrease in long term pulmonary
complications such as bronchopulmonary dysplasia, nor in the major non-
pulmonary complications such as intraventricular haemorrhage (5,6).

Postnatal surfactant treatment is clearly not a substitute for attempts to
increase fetal lung maturation (6). Antepartum corticosteroid therapy is more
effective than postnatal surfactant therapy in reducing mortality and compli-
cations from RDS (7), Currently, other ways to increase lung maturation are
being studied. Clinical studies with maternal administration of a combination
of thyrotropin-releasing hormone (TRH) and corticosteroids suggested a
slight advantage over corticosteroids alone in the prevention of broncho-
pulmonary dysplasia (8,9), but a recent multicenter trial found a worse
outcome after prenatal corticosteroids + TRH compared to corticosteroids
alone (10). Thus, major problems remain. In the recent surfactant trials, only

about 15-20% of the babies at risk of developing RDS could be given
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antenatal steroids (11). Maternal administration of steroids is not without
complications (12), can impair lung growth (13), and can cause long term
adverse effects, potentially into adulthood, which are only recently being
recognized (14). TRH, via an increase in thyroid hormones, seems to have
some theoretical disadvantages in that it inhibits maturation of anti-oxidant
enzymes at least in the rat (15,16), does not stimulate (or even inhibits)
surfactant protein production (17-20), and inhibits fatty acid synthesis
(21-23).

At the moment, the benefits of prenatal corticosteroids outweigh the
disadvantages, but insufficient reduction in bronchopulmonary dysplasia is
achieved in the entire group of very preterm infants, presently seen in
neonatal intensive care units. Enhancing lung maturation seems more
effective than surfactant therapy in reducing RDS and its complications, but
faster, safer, more efficient, and more specific ways to increase lung
maturation and surfactant production are clearly needed.

Therefore, it is necessary to understand more about the mechanisms of
morphological and biochemical lung maturation and their regulation. More
specific, a better understanding of the regulation of surfactant synthesis

during lung development is needed.

1.2 Fetal lung development

It is now generally recognized that lung development can be subdi-
vided into five stages (reviewed in 24). (1) In the embryonic period (3-6
weeks in human, [0-16 days in rat) the lung originates from a diverticulum

of the ventral wall of the primitive gut and soon divides into two bronchial
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buds. This endodermally derived epithelium later differentiates into both the
respiratory epithelium lining the airways and the specialized epithelium that
lines the alveoli, The lung bud grows into a mass of mesodermal cells from
which blood vessels, smooth muscle, cartilage, and other connective tissues
differentiate. Ectoderm contributes to the innervation of the lung. The two
lung buds develop lobar buds which subsequently undergo progressive
dichotomous branching. As in other organs, mutual interactions between
epithelium and mesenchyme are essential for the sequential events of
organogenesis. Mesenchyme has been demonstrated to play a determining
role in the formation of the characteristic branching morphology. (2} In the
pseudoglandular period (6-16 weeks in human, 16-19 days in rat) 16 to 25
generations of presumptive airways result from the repeated dichotomous
branching. These ducts are surrounded by abundant mesenchyme, and in
cross section the tissue resembles glandular tissue. The ducts end in terminal
sacs, the presumptive alveolar ducts, which are lined by a columnar
epithelium. (3) In the canalicular period (16-28 weeks in human, 19-20 days
in rat) the functionally important respiratory or gas-exchanging portion of the
lung becomes delineated. This period is characterized by the differentiation
of the alveolar epithelium, a decrease in the relative amount of connective
tissue in the lung and an increase in the number of blood vessels, with
capillaries coming into closer contact with the primitive alveoli. Also, the
first appearance of differentiated type II pneumocytes, the producers of
surfactant, is noted. All these changes make that babies who are born
towards the end of this period are potentially viable. However, the relatively
small surface area for gas exchange, the still thick intersaccular septa and the
high cuboidal epithelium may pose significant problems for gas exchange,

especially if surfactant production is deficient and alveolar collapse occurs.
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4) In the terminal saccular period of lung development (28-36 weeks in
human, 21-22 days in rat) the lungs are further prepared for air breathing
after birth; the respiratory portion of the lung further differentiates. Respira-
tory bronchioles rapidly subdivide into an array of thin walled primitive
alveolar ducts and primitive alveoli, which are lined by type II and flat type
I pneumocytes in close contact with a rapidly proliferating capiliary network.
(5) In the alveolar period (in the human starting before term birth and
continuing after birth, postnatal in rats) true alveoli are formed by indenta-
tions of the septal wall. The thinning of the walls continues and the amount
of connective tissue decreases further. The number of alveoli increases up to
eight years of life.

It is evident that the fetal lung morphogenesis, as described in the 5
phases, involves major structural changes which are associated with both ceil
proliferation (growth) and cell differentiation. Lung growth is regulated by
physical factors and hormones. The effect of these factors may be mediated
by intercellular interactions, extracellular matrix components and growth
factors, The cyodifferentiation of the different lung cells is essential for
adequate lung function. The regulation of the differentiation of the type II
pneumocytes is especially interesting as they are the producers of pulmonary
surfactant,

It can be concluded that, although the lung has no major functions
before birth, its almost complete morphological and biochemical development
and maturation before birth is crucial for survival immediately after birth.
From the sequence of normal lung development, it is also easy to understand
that very premature infants (<28 weeks and especially <26 weeks) with
lungs in the canalicular stage of development, frequently have suboptimal gas

exchange, even in the absence of the typical hyaline membrane disease.
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1.3 Alveolar type II cells

During embryonic lung morphogenesis the walls of the lung
primordium are lined with undifferentiated columnar epithelial cells, which
later differentiate into prospective bronchial epithelium and prospective
alveolar epithelium. The acinar tubules during the late pseudoglandular and
early canalicular stages of lung development are lined with cuboidal
epithelium. At this stage of development, these cells do not contain lameilar
bodies, characteristic of mature type II cells. Nevertheless, they do express
phenotypic features and possess antigenic determinants of mature type Il
cells (25-28). They are frequently cailed protodifferentiated type II cells or
pre-type II cells. During the canalicular period of lung development, the
rapid proliferation slows down and the pre-type II cells start to mature
further. The most striking morphological feature is the decrease in glycogen
content and at the same time the increase in number and size of lamellar
bodies (29). These lamellar bodies are the intracellular storage pools of
pulmonary surfactant.

It is now firmly established that the alveolar type II cells are the
preducers of surfactant (reviewed in 30). Several experimental models have
been used to study surfactant synthesis such as whole animal studies in vivo,
isolated perfused lung and lung slices in vitro, lung explants in culture and
finally isolated type II cells in primary culture. Each model has certain
advantages and disadvantages. For physiologic studies the intact animal is
usually best suited. In vitro models however, overcome the problem of the
possible indirect effect mediated via other organs on the lung. The lung

consists of more than 40 cell types and only a small percentage of these are
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type II cells. Thus, isolated type II cell studies are the only model to over-
come this problem of cell heterogeneity, and offer many advantages over
other models in the study of surfactant metabolism (13,30,31). In the studies
described in this thesis, we elected to use primary cultures of fetal type II
cells or pre-type Il cells, because the aim of our studies was to investigate
the regulation of an important regulatory enzyme in surfactant production
within the cell. However, we have to realize that isolated type 1l cells in
primary culture cannot be considered a physiologic model and that the data
from such studies cannot be extrapolated directly to the whole animal and
especially not to the human situation without further validation. Another
problem with isolated type II cells is that they lack the interaction with other
cells, which has been shown to be important in the regulation of surfactant
synthesis by hormones, growth factors or other stimuli. Glucocorticoids have
been shown to stimulate the production of fibroblast-pneumocyte-factor
(FPF) in fibroblasts which in turn stimulates surfactant phospholipid produc-
tion in type II pneumocytes. Hormones such as sex hormones and insulin
affect surfactant production by means of an effect on FPF in fibroblasts.

We conclude that the choice of primary cultures of fetal type II cells to
study the (intracellular) regulation of an important enzyme in surfactant
production is a logical one. However, it is necessary to keep a good perspec-

tive of the value of these findings for the in vivo situation.

1.4 The composition and function of surfactant

The main function of surfactant is to decrease the surface tension at

the air-liquid interface of the alveoli in a manner that depends on alveolar
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surface area (32). The reduction of surface tension at this very extensive
alveolar surface promotes lung expansion on inspiration and prevents lung
collapse on expiration. Thus, surfactant plays a major role in the pressure-
volume characteristics of the lung and in the gas exchange. The importance
of surfactant is best illustrated by the respiratory distress syndrome where an
inadequate amount and dysfunction of surfactant leads to an almost general
alveolar collapse while the intratracheal administration of exogenous
surfactant leads to a dramatic improvement in lung expansion and gas
exchange.

It is generally assumed that two surfactant pools exist in the lung. One
is the intracetlular pool, which consists of the lamellar bodies, the character-
istic organelles of type II cells. Lamellar bodies are secreted by type 1I cells
into the second pool, the alveolar pool. In the alveolus, surfactant exists in
many different morphological forms which are converted into each other
(reviews 30,33). Lamellar bodies unravel to form tubular myelin which most
likely is a direct precursor of the surfactant monolayer, the functional form
of surfactant. "Used surfactant” then leaves the monolayer as small vesicular
structures which are taken up again by the type II cells. A large part of this
material can be re-used by the type Il cell for secretion. Thus, surfactant
recycling is at least as important as de novo synthesis of surfactant in the
adult fung, In the newborn lung, recycling is quantitatively even much more
important (about 15 times) than de novo synthesis (33).

The composition of surfactant is somewhat variable depending on the
animal species. In general, it consists of about 90% lipid, 5-10% protein and
small amounts of carbohydrate. Four specific surfactant-associated proteins
have been described. Surfactant protein A (SP-A) is the most abundant

surfactant-associated protein and makes up 3-4% of the surfactant mass. It is
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a large collagen-like glycoprotein which is synthesized in type II cells but
also in Clara cells of the respiratory bronchioles. The synthesis of SP-A is
developmentally and hormonally regulated. SP-A plays a role in tubular
myelin formation, in the reguiation of re-uptake and secretion of surfactant
by type II cells, in the adsorption of surfactant phospholipids at the air-liquid
interface (together with SP-B and SP-C). Especially intriguing is its role in
non-immunological pulmonary defence (32). Surfactant protein B (SP-B) and
surfactant protein C (SP-C) are smaller and very hydrophobic proteins,
Together they make up 1-2% of the surfactant mass. SP-B plays a role in the
tubular myelin structure but the most important function of both SP-B and
SP-C is to promote the phospholipid adsorption at the air-liquid interface in
the alveoli (32). Surfactant protein D (SP-D) is a more recently characterized
surfactant protein which has several characteristics and functions in common
to SP-A (34). The surfactant lipids mainly consist of phospholipids (80-
90%). Cholesterol is the major neutral lipid. Phosphatidylcholine (PC)
represents about 80% of surfactant phospholipids and is thus by far the most
abundant phospholipid and surfactant component (30,31,35). Approximately
60% of the PCs are fully saturated. This disaturated phosphatidyicholine is
almost entirely dipalmitoylphosphatidylcholine, which is the main surface
tension lowering component (36). Therefore adequate amounts of this
surfactant component are essential for proper lung function immediately after
birth. Phosphatidylglycerol is the second most abundant phospholipid in
surfactant, accounting for 10% of total lipids in mature surfactant. However,
in immature infants with RDS phosphatidylglycerol is almost absent, Phos-
phatidyigiycerol and the other phospholipids help in the spreading of disatu-
rated phosphatidylcholine at the alveolar lining, but their precise function is

not completely resolved.
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1.5 The regulation of CTP:phosphocheline cytidylyltiransferase activity in
fetal type II cells during development

PC is quantitatively the most important component of pulmonary
surfactant and the disaturated form of PC is the main surface tension lower-
ing component. Because adequate amounts of surfactant are essential for
proper lung function immediately after birth, the production of surfactant PC
increases towards the end of gestation (30,31,37). The CDPcholine pathway
is the primary pathway for de novo PC synthesis in the developing lung
(30,31,35) and the activity of this pathway has been shown to increase
during late gestation (38). In the second and third chapter of this thesis, we
will present evidence showing that the enzyme CTP:phosphocholine cytidyi-
yltransferase (CT) is a rate-limiting step in the CDPcholine pathway in fetal
type II cells, and that the activity of this enzyme increases with advancing
gestation at the same time as the increase in surfactant PC synthesis. CT is
also an important target for regulation by a variety of hormones that are
known to affect surfactant lipid synthesis in the developing lung. Therefore,
the regulation of the activity of CT is very important for the regulation of
surfactant PC synthesis. However, it should be kept in mind that an overall
metabolic pathway is never regulated under all circumstances by the activity

of one single enzyme.
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1.6 Aims

The aim of the investigations described in this thesis is to study the
regulation of CT in maturing fetal rat type II cells at late gestation. These
studies can help to better understand the regulation of surfactant synthesis

and will eventually benefit sick human infants.

In Chapter 2, a review of the literature regarding the regulation of CT
is presented, with emphasis on what is known in the developing lung and
especially fetal type II cells. In the introduction of this review the CDP-
choline pathway for de novo PC synthesis is briefly described and evidence
is presented which demonstrates that CT is a rate regulatory step in this
pathway. As knowledge is progressing fast, new developments have been
made since some of our studies were performed. To give an updated over-

view, we therefore also included the studies described in this thesis.

In Chapter 3, the rate of PC synthesis from different precursors is
studied in fetal type II cells during development and correlated with the
activity of the three enzymes in the CDPcholine pathway and the subcellular

distribution of CT,

In Chapter 4, it is investigated whether the increased CT in fetal type

I cells during development is due to an increase in CT gene expression and

CT protein fevels.

In Chapter 5, the role of lipids in the developmental activation of
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cytosolic and microsomal CT in fetal type II cells is studied.

In Chapter 6, the role of cAMP-dependent protein kinase in the

developmental regulation of CT activity in fetal type II cells is investigated.

In Chapter 7, the role of protein phosphatases and protein kinase C in

the developmental regulation of CT activity in fetal type 1l cells is studied.

In Chapter 8, the mechanisms of reduced surfactant PC in a rat model
for congenital diaphragmatic hernia are investigated, PC synthesis and CT
activity in fetal type II cells isolated from fetuses with congenital
diaphragmatic hernia are studied in relation to type Il cell-fibroblast interac-

tions.

In Chapter 9, the results from the studies are summarized and overall

conclusions and future perspectives are presented.
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Chapter 2

2.1 Introduction

The mechanical stability of the alveoli is highly dependent upon
pulmonary surfactant, which consists predominantly (~ 90%) of lipids and
about 10% of proteins (1). Phosphatidylcholine (PC) accounts for about 70%
of surfactant lipids (2-4). About 50-60% of this PC consists of disaturated
phosphatidylcholine (DSPC), almost entirely the dipalmitoyt (16:0/16:0)
species, which is the main surface-tension-lowering component (5). There-
fore adequate amounts of this surfactant component are essential for proper
lung functioning immediately after birth. Since 1959 it has been known that
neonatal respiratory distress syndrome is caused by lung immaturity with
concomitant surfactant deficiency (6).

Abundant evidence indicates that the synthesis of surfactant PC
increases during late gestation (1-3,7,8). The CDPcholine pathway is the
primary pathway for de novo PC synthesis in the developing lung (reviewed
in 2,3,9,10) (Fig. 1). Choline is brought into the cell by a facilitated trans-
port system, and is phosphorylated by the choline kinase, The synthesis of
the activated intermediate, CDPcholine, is catalyzed by the CTP:phospho-
choline cytidylyltransferase (CT) (EC 2.7.7.15). Finally, the phosphocholine
moiety is transferred to diacylglycerol by the CDPcholine:1,2-diacylglycerol
phosphocholinetransferase (Fig, 1). Studies with whole lung have shown an
increased activity of the CDPcholine pathway during late gestation (11). Pool
size studies have demonstrated that the reaction catalyzed by the CT is a
rate-limiting step in the CDPcholine pathway in fetal lung and isolated fetal
type II cells (12,13). In addition, many studies indicate that CT is an

important target for developmental (7,14-17) and hormonal regulation in

33



Review

HO-CHQ-CHQ-KI-(CHs)a choline
o] ATP choline kinase
HO-E‘-O-CHz-GHz-ﬁ-(CHs)a phosphocholine
0 ATP CTP: phosphocholine
H N Pi eytidylyliransferase
CDP-0O-CH2-CH2-N-{CH3)3 CDPcholine
o dlacylglycerol — CDPcholine; 1,2-dlacylglycerol

]
AAAAANANCN G GHp
phosphati
ArAA=AAAAG/OCH

phosphocholinefransierasa

i
dylcholine

phospholipase A2 or
{ransacylase

lysophosphatidyleholine

8]
_________________________ o]
(o]
i
AL CHa
HO-CH o

i +
CHz-O-Ii’-O-CHz-CHg-N-(CHa}a

o] lysophosphalidylcholine
? H acyliransferase
AAAAAAACN O-CHp dipalmitoylphosphatidylcholine

SAAAAAAAG/OCH o
I It +
(o] CH2.0-l;’-O-CHz-CHz-N-(CHa)a

o
H

CDPCHOLINE PATHWAY

REMODELLING

Figure 1, CDPcholine pathway and remodelling of phosphatidylcholine. The
CDPcholine pathway for de novo phosphatidylcholine synthesis is shown in the
upper part of the figure. About half of the newly synthesized phosphatidyl-
choline is disaturated, the other half contains an unsaturated fatty acid in the 2-
position. Further remodelling of unsaturated phosphatidyicholine to dipalmitoyl-
phosphatidylchotine is shown in the lower part of the figure.
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alveolar type II cells of the developing lung (18-24). Although under most
circumstances CT has indeed been shown to be the regulating step, we have
to realize that an entire pathway is never regulated by the activity of one
single enzyme under all circumstances. Recently, important progress has
been made in the understanding of the regulation of CT activity. This was
mainly made possible by the purification of the enzyme (25,26), followed by
the availability of antibodies against the enzyme (27-29) and the cloning of
the ¢cDNA for CT from rat liver (30) and lung (31). These recent advance-
ments have important implications for the understanding of the regulation of
CT in developing fetal lung, which is the topic of this review.

As the lung consists of many different cell types and surfactant is
produced by the alveolar type II cells, the regulation of CT activity in fetal
type 1I cells will be the main focus of this review. The data are usually
obtained by the study of isolated type II cells in primary culture (2,32).
Although the cuboidal epithelium which lines the acinar tubules during the
late pseudo-glandular and early canalicular stages of lung development does
not contain lamellar bodies, the phenotypic marker for type Il cells, it was
shown that these cells do express other phenotypic features of type II cells -
and possess antigenic determinants of mature type II cells (33,34). Therefore
these cells are usually called protodifferentiated type II cells or pre-type II
cells (3). In this review the term ’type II cells’ will be used for type II cells
and pre-type II cells. Although the focus will be on type II cells, data
obtained from whole lung studies will also be described, for two reasons.
Firstly, the interaction of type II cells with other pulmonary cells is import-
ant in the regulation of surfactant synthesis and more specific in the regula-
tion of CT activity (18,19). Secondly, many aspects of the regulation of CT

activity in the developing lung have not been studied in isolated fetal type II
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cells. 1 will also summarize mechanisms of CT regulation studied with
purified CT and studies in other cell types or organs than the lung. Indeed,
PC synthesis is necessary in all living cells as it is an essential component of
cell membranes. In hepatocytes, CT activity is extensively studied because of
the importance of PC in lipoproteins. The studies with these cell types can
provide a better understanding of the mechanisms of regulation of CT in the
developing fung, in which some of these mechanisms have not yet been
studied.

It has been reported that in type II cells only about half of the DSPC,
the main surface tension lowering component of surfactant, is being syn-
thesized directly by the de novo pathway by using saturated diacylglycerols
as precursors (7,35). A considerable part of the disaturated species of PC is
formed by remodelling of de novo synthesized unsaturated (in the 2-position)
phosphatidylcholine (Fig. 1). The most important mechanism for this
remodelling is a deacylation of PC at the 2-position by a phospholipase A,
or by a transacylation with another phospholipid, followed by a reacylation
step of the resulting lysophosphatidyicholine by the lysophosphatidylcholine
* acyltransferase (reviewed in 2,3,9) (Fig. 1), The activity of the latter enzyme
has been shown to be higher in type II cells than in whole lung, to increase
during development and to exhibit specificity towards palmitoyl-CoA as a
substrate in fetal type II cells (3,9,36). The remodelling of the de novo
synthesized PC to a high proportion of DSPC will not be discussed further in

this review,
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2.2 The structure and characteristics of cytidylyltransferase

The enzyme CT has been purified to homogeneity (26} and the ¢cDNA
has been cloned (30) from rat liver and expressed in Chinese Hamster Ovary
Cells (37,38) and insect cells using a baculovirus vector (39,40), We
recently purified CT from adult rat lung (41) by the same protocol as used
for rat liver and cloned the CT cDNA from fetal rat type II cells (31). This
CT consists of 367 amino acids and has a molecular weight of 41 720 (41).
The coding region demonstrated 99% sequence similarity between rat liver
and rat type H cell CT cDNA. The putative amino acid sequence was
different at four positions (31). Very recently, a human CT c¢DNA was
cloned from a erythroleukemic K562 cell library and also showed close
homology to other mammalian CTs (42).

The central domain of the CT protein has a close sequence homology
to yeast CT (30,31,42). This region is thought to be the catalytic region
(Fig. 2). There is one potential site for phosphorylation by cAMP-dependent
protein kinase and six potential sites for phosphorylation by protein kinase C
in the rat liver enzyme (30). The slightly different putative amino acid
sequence of CT in the fetal type II cells resulted in an additional potential
site for phosphorylation by protein kinase C (31). There are several potential
sites for phosphorylation by other protein kinases (30,43). Purified rat liver
CT has been shown to be a substrate for phosphorylation by cAMP-depend-
ent kinase (44). The study of the phosphorylation of CT in insect cells using
a recombinant baculovirus clone showed that only the carboxy-terminal
region was phosphorylated and that phosphorylation was confined to serine

residues (43)(Fig. 2). The potential role for the phosphorylation and dephos-
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Figure 2. The structure of CTP:phosphocholine cytidylyltransferase. Details
are described in the text,

phorylation of CT in the regulation of its activity will be discussed below.
CT has an amphipathic o-helix at its C-terminal part (30) (Fig. 2). Recent
studies using peptide-specific antibodies, limited chymotrypsin proteolysis
and synthesis of a peptide corresponding to the amphipathic region, have
identified this o-helix as the membrane-interacting domain of CT (45-47),
This «-helix binds selectively to anionic membranes, and the binding
involves intercalation of the hydrophobic face of the helix into the membrane
core {47,48), The importance of the binding of CT to membranes for the
regulation of CT activity will be discussed in the following sections, Finally,
the N-terminal part contains a sequence which has been shown to play a role
as a nuclear localization signal (49) (Fig. 2). Further studies are required to
define the precise significance of this finding.

The purified CT catalytic subunit is inactive and requires phospho-
lipids for activity (26,48,50). When bound to membrane vesicles CT exists
as a dimer, but these dimers self-aggregate in the absence of lipids or

detergents (51). In cytosol, CT exists in two forms (Fig. 3), a low molecular
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weight L-form, which is inactive in the absence of added phospholipids and
a high molecular weight H-form, which is active in the absence of added
phospholipids (52-54). In the cytosol of most tissues, including fetal lung,
the L-form is the predominant form, but in the adult lung and isolated type 1I
cells from adult lung, the H-form is predominant (52-55)., Many studies have
demonstrated that CT becomes activated when bound to membranes
(reviewed in 56-58)(Fig. 3). Recently, a 112-kDa CT binding protein has
been described which is present in different organs including rat lung
(59,60). The binding of CT to this binding protein is promoted by fatty acids
(60). The precise structure and functional role of this binding protein
remains unclear at present.

CT catalyses a reversible reaction. The pH optimum for the enzyme is
7.0, The equilibrium of this reaction in vitro, slightly favors the formation of
CTP and phosphocholine ("reverse reaction"). The K., for the forward
reaction was indeed found to be 0.2 (61). However, it is thought that in
intact cells the reverse reaction is insignificant, because the levels of CDP-
choline and inorganic pyrophosphate are far below their Km’s. Purified CT
has a Km for CDPcholine of 0.64 mM (62) while the concentration of
CDPcholine in fetal and adult lung is only 46.2 and 31.8 nmol/g wet weight
respectively (13,63). The Km for inorganic pyrophosphate is 0.007 mM (62)
while inorganic pyrophosphate was undetectable (<2 pmol/ug DNA) in
either whole adult lung or type II celis (63). This latter finding implies the
presence of very active pyrophosphatases, which were suggested by Infante
and Kinsella (61) to promote the forward reaction catalyzed by CT. Pure
CT, assayed in the presence of saturating amounts of PC/oleic acid {OA)
vesicles, has an apparent Km of 0.22 mM for CTP and 0.24 mM for

phosphocholine, the substrates for the forward reaction (26). The Km’s for
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group.

CTP and phosphocholine were found to be slightly higher but of the same
order of magnifude in whole lung cytosol and microsomes when assayed in
the presence of fatty acids (64,65). A recent study shows that the CT is
highly specific for phosphocholine as a substrate, as the Km values for
phosphodimethylethanolamine (Km=4 mM)}), phosphomoncethanolamine (6.9
mM) and phosphoethanolamine (68.4 mM) were much higher (66). Under

normal circumstances, the concentrations of CTP and phosphocholine are not
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limiting. The phosphocholine concentration was found to be 922 and 247
nmol/g wet weight in fetal (13) resp. adult rat lung, and the CTP concentra-
tion 53.5 nmol/g wet weight in adult rat lung (63). In isolated fetal or adult
type II cells these concentrations were 18 to 60 times higher (13,63). Only
under extreme circumstances, such as hypoxia or starvation, the supply of
CTP or phosphocholine can be limited (reviewed in 57). The concentrations
of substrates measured in tissues, cells or cell fractions do not necessarily
reflect local concentrations in a particular cellular compartment. There is
indeed good evidence for the channelling of intermediates during PC
biosynthesis (reviewed in 57,58,67). This evidence was obtained by experi-
ments with glioma cells permeabilized with electroporation (68). Such
channelling wouid make the transfer of intermediates from one enzyme to the
next much more efficient. This would certainly make sense in a specialized
cell like the type II cell, which produces large amounts of surfactant PC in
addition to the PC as part of membrane structure and function. The cyto-
skeleton may play a functional role in this channelling process (58,67), Hunt
et al. (69) demonstrated the in vitro association between rat and human lung
CT and the cytoskeletal actin, but so far, there is no further evidence for the
channelling of substrates in type II ceils. If such compartmentalization exists,
the locally higher substrate concentrations would make it necessary to also

consider the reversed reaction of CT.
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2.3 Induction of cytidylyltransferase and regulation of gene expression

Overall CT activity in the cell can be altered by a change in CT
enzyme protein or by a change in the activity of existing protein, Until
recently, it was not possible to study CT protein mass in a reliable way.
Relative CT enzyme mass was usually compared between two conditions by
measuring CT activity in the presence of lipid vesicles that are known to
maximally activate the enzyme. Since the availability of antibodies against
CT (27-29), it is possible to study CT enzyme protein mass and CT localiz-
ation in the cell in a more direct way. In addition, the cloning of the cDNA
for CT from rat liver and lung (30,31) makes it possible to investigate CT
gene expression.

That increased expression of CT mRNA is possible, was shown in a
colony-stimulating factor 1 (CSF-1)-dependent murine macrophage cell-line
BACI1.2F5, which was stimulated with CSF-1 (70}. Houweling et al. (71,72)
demonstrated increased activities of CT in liver cytosol and microsomal
fractions after partial hepatectomy. This 1.4-fold increase in cytosolic
activity was accompanied by a 1.5-fold increase in the amount of immuno-
reactive CT protein as well as by a 1.7-fold increase in {33S]methionine
incorporation into CT protein (72). TFurthermore, Northern blot analysis
showed a 2-3 fold increase in CT mRNA’s at 12 hours after surgery (72).

Studies with fetal lung (8,73) and fetal type II cells (7) showed
increased activities of both cytosolic and microsomal CT activities during
maturation when CT activity was assayed in the absence of added lipids.
Although specific activities of the enzyme were higher, similar develop-

mental profiles were also found when the activities were assayed in the
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presence of saturating concentrations of lipids, which are known to maximal-
ly activate the enzyme (7,8,73). These data suggest that CT is not only
activated during lung development but that the amount of CT enzyme
increases as well. The regulation of the amount of CT enzyme and also
mRNA levels was confirmed in several experiments involving fetal lung or
fetal type II cells. In day-18 fetal rat lung explant cultures (74} and, even
more pronounced, in day-17 fetal rat lung type II cell cultures (75), a
spontaneous increase in CT mRNA was seen over a few days in culture in
the absence of hormones. Also in vivo, Mallampalli and Hunninghake (76)
found an increased expression of immunoreactive CT protein mass in fetal
lung, a decreased amount in neonatal lung and an even lower amount in
adult lung. However, in the adult lung, a larger part of the cytosolic CT was
found in a more active form (76). In fetal type II cells, we found a marked
increase in the amount of CT in microsomes during development at late
gestation, as measured by Western blot and densitometry (31), No change in
the amount of cytosolic enzyme was found (31). This correlated with CT
activities in these cell fractions (7,31). By reverse-transcriptase polymerase
chain reaction (RT-PCR) analysis, CT mRNA content was shown to increase
three-fold in fetal type Il cells with advancing gestation, whereas CT mRNA
levels in fetal lung fibroblasts remained constant (31). This finding demon-
strates the need for studies with isolated type Il cells, besides whole lung
studies, as type II cells are only a small fraction of total lung cells.

The effect of corticosteroids on CT enzyme mass and mRNA content
has also been investigated in fetal lung and fetal type I cells. Dexa-
methasone has been reported to increase the activity but not the amount of
CT in fetal rat lung explants (28). Also, in vivo no increased amount of CT

was found by Western blot in fetal rat lungs after maternal administration of
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betamethasone (23). Although in several studies the effect of glucocorticoid
stimulation on CT activity was markedly diminished when the activity was
assayed in the presence of activating lipids (10,23,28,77,78), the effect was
not completely abolished (23,28,77). In a study with human fetal lung
explants (24), the stimulating effect was even more pronounced when CT
was assayed in the presence of activating lipids. In contrast to the two
studies which only found activation of existing CT by corticosteroids, this
suggests an increase in enzyme mass in addition to enzyme activation (10},
Indeed, Batenburg and Elfring (79) reported a small (around 30%) increase
in CT mRNA content in fetal rat type II cells exposed to cortisol-containing
fibroblast-conditioned medium. Such medium is known to activate CT in
fetal type II cells and transmits the corticosteroid signal from fibroblasts to
type II cells via a so called fibroblast-pneumocyte factor (FPF) (19,80). In
contrast to these fetal type 11 celi studies, dexamethasone did not increase CT
mRNA content in fetal rat lung explants (74). Therefore it remains an
unresolved gquestion whether the small increase in CT mRNA levels in fetal
type II cells after corticosteroid stimulation is meaningful. It is possible that
the increase is indeed meaningful but not seen with fetal lung explants
because the effect is masked by the analysis of mixed cells.

In conclusion, the amount of CT enzyme can be regulated at a pre-
translational level in developing iung or type II cells, and this regulation may
be important together with enzyme activation. Whether corticosteroids
increase the amount of CT mRNA and enzyme protein is not completely

resolved.
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2.4 The regulation of cytosolic cytidylyltransferase activity by (phospho)-
lipids

The rest of this review will focus on the mechanisms of CT activation
(Fig. 3) as opposed to CT enzyme induction, It was already shown several
years ago that phospholipids are able to stimulate cytosolic CT activity in
lung cytosol (8,52-54,81-84), The best stimulation was obtained with acidic
phospholipids, especially phosphatidylglycerot (53,54,81-83) or by mixed
PC/OA (in a 1/1 molar ratio) vesicles (54,83). This was also demonstrated
for CT in fetal type Il cell cytosol (85). Adult lung cytosolic CT is stimu-
lated less by phosphatidylglycerol than fetal iung cytosolic CT activity
(16,81)., During the last few years, the studies using purified CT have
confirmed the activation of the enzyme by acidic phospholipids and PC/OA
vesicles (25,26,48,50), Cornell (50) showed that the negative surface
potential is a major factor in the activation of purified CT by anionic lipids
(50) and described the physical chemistry of the lipid activation of CT in
detail (48,50).

It is now accepted by most investigators, that the cytosolic CT exists
in two forms (Fig. 3), a low molecular weight L-form, which is inactive in
the absence of added phospholipids and a high molecular weight H-form,
which is active in the absence of added phospholipids (52-54). In the cytosol
of most tissues, including fetal lung, the L-form is the predominant form,
but in the adult lung and isolated type II cells from adult lung the H-form is
predominant (52-55,76). The L-form can be converted into the H-form by
the addition of phospholipids (52,54,76) or fatty acids (55,65,86-88). The H-

form thus appears to be a lipoprotein consisting of L-form CTs complexed
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with lipids (54,89). An unexplained observation is that the H-form was stable
at 4°C, but dissociated during incubation at 37°C for 15 min (54).

Numerous studies have observed a developmental increase in fetal and
neonatal CT activity in the cytosolic fraction of the lung (8,14,16,17,73,90-
92). At the same time an increase in phospholipid concentration has been
demonstrated in fetal lung cytosol (16,52). Chu and Rooney (16) demon-
strated a strong correlation between CT activities in the developing rabbit
lung cytosol and the ability of cytosolic phospholipids of the same lungs to
activate delipidated cytosolic CT. The delipidated enzyme had very low
activities without the re-addition of lipids (16). These data strongly suggest
that phospholipids regulate cytosolic CT in the developing lung. Recently,
we also demonstrated the importance of cytosolic lipids in the regulation of
CT in isolated fetal type II cells (85,93). The stimulation of the activity of
cytosolic CT by PC/OA vesicles decreased with advancing gestation,
suggesting that the enzyme is in a more active form at the end of gestation.
Moreover, lipids extracted from cytosol of fetal rat type II cells of various
gestational ages differed in their ability to activate CT: cytosolic lipids from
type 1I cells at the end of gestation were the most stimulatory (85,93). Which
lipid is responsible for the developmental activation is not yet resolved. In
the study of Chu and Rooney (16) the activation of CT could not be
attributed to any individual (phospho)lipid species, In contrast to fetal lung,
adult lung required not only the extracted phospholipids but also the
extracted neutral lipids to fully re-activate the delipidated CT (16). The most
important factor in these neutral lipids was the fatty acid fraction (16,86).
Thus, adult lung displays a different lipid activation pattern, which may be
related to the higher proportion of CT in the H-form in adult lung. The

precise relation between the existence of L- and H-forms and the role of
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phospholipids in the developmental activation of cytosolic CT is not com-
pletely resolved. In the study by Chu and Rooney (16), the developmental
increase in cytosolic phospholipids in fetal lung (16,52) did not correlate
with increased cytosolic CT activity. In addition, a developmental increase in
H-form with an associated decrease in L-form has not been clearly demon-
strated. However, an increase in H-form following birth has been demon-
strated (15). The transition between fetal and adult type CT activity patterns
(16,52,53,76) is not well described.

The activation of fetal lung cytosolic CT has also been demonstrated in
response to several hormones such as estrogen, ghicocorticoids and thyroid
hormone (reviewed in 2,18), These experiments were performed in vivo, by
maternal injection of the hormone, and in lung explants in culture. The effect
of estrogen on CT activation has been shown to be mediated by phospho-
lipids (22,94). The stimulatory effect of estrogens on fetal lung CT was not
observed when the enzyme was assayed in the presence of phosphatidyl-
glycerol, suggesting that the hormone increased the activation state of the
enzyme rather than the amount of enzyme (82). The stimulatory effect of
maternal injection of estrogen on fetal lung cytosolic CT activity was
abolished by delipidation of the enzyme prior to the assay of CT activity
(22). The enzyme activity and the effect of estrogen were restored by re-
addition of cytosolic phospholipids obtained from lungs of estrogen treated
fetuses or controls {22). Although these data demonstrate that the effect of
estrogen on CT activity is mediated by phospholipids, estrogen had no effect
on the phospholipid content or composition of fetal lung subfractions (82),
and the stimulatory effect of estrogen could not be attributed to any individ-
ual phospholipid species (22). The relation between these findings of

phospholipid-mediated activation of CT after estrogen treatment and the
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conversion from L- to H-form still remains to be established. Mallampalli et
al. (65) found a decreased H-form and an increased L-form in fetal lung
cytosol after maternal administration of estrogen, the opposite of what would
be expected. It is not clear whether species (rabbit versus rat) or timing
differences (in hormonal treatment or delivery etc..) play a role in these
dissimilar findings.

The stimulatory effect of corticosteroids on CT activity was also
considerably reduced or completely abolished when the enzyme activity was
assayed in the presence of a saturating concentration of activating lipids
(10,23,28,77,78) or after delipidation (23). Further, Mallampalli et al. (23)
showed that the addition of cytosolic lipid extracts from lungs of fetuses
treated with betamethasone increased CT activity to a greater extent than
cytosolic lipid extracts from control lungs (23). This lipid-mediated stimuia-
tory effect of corticosteroids on cytosolic CT activity could be attributed to
an increase in cytosolic H-forms associated with a decrease in L-forms
(23,65). Several recent studies suggest that an increase in fatty acids, either
in free form or after incorporation into (phospho)lipids, is responsible for the
corticosteroid effect on CT activity (see reviews 10,95) via a conversion of

L- to H-form (65).

2.5 Activation of cytidylyltransferase by translocation from cytosol to

membranes

The mechanism of CT activation by translocation from cytosol to the
membranes of the endoplasmic reticulum (Fig. 3) was suggested by Vance

and Pelech in the early 1980’s and was based on experiments with Hela
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cells and hepatocytes (reviewed in 56). The cytosolic CT was considered an
inactive reservoir, while the microsomal fraction contained the active
enzyme, which is activated by the lipidic microsomal environment, and
which activity correlated with PC synthesis (reviews 56-58). The reversible
transiocation of CT between cytosol and endoplasmic reticulum has been
shown in Krebs II cells to occur within minutes (96). Several mechanisms
have been reported to be involved in the regulation of this subcellular
translocation (Fig. 3). Fatty acids, diacylglycerols, phosphorylation/dephos-
phorylation of the enzyme and feedback inhibition by increasing PC levels
have been studied in tissues and cells, especially in HeLa cells and hepato-
cytes (reviewed in 57,58,67). The location of the active CT on the
endoplasmic reticulum has the advantage of producing CDPcholine on the
site of its utilization by the phosphocholinetransferase, the next enzyme in
the CDPcholine pathway for de novo PC synthesis. However, other mem-
brane locations of CT have been described. In rat liver cells CT was found
in the Golgi apparatus (97). In Chinese Hamster Ovary Celis and HeLa cells
a nuclear localization was found or could be induced (98-100). In lung no
such localizations have been described. However, two recent studies make it
necessary to consider this possibility in the lung. A nuclear localization of
CT by indirect immunofluorescence microscopy in several cells, including
HepG2, and in rat liver (101) has recently been described. In addition, Wang
et al. (49%) found that a N-terminal domain of CT functions as a nuclear
localization signal (Fig. 3)., Further studies are necessary to confirm these
findings and to define the role of this possible nuclear localization.

In lung, only the stady by Weinhold et al.(84) showed an increase in
microsomal CT activity with an associated decrease in cytosolic CT activity,

which is considered strong evidence for a transtocation of CT from cytosol
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to microsomes, The translocation of CT in the rat lung following birth was
mediated by fatty acids, which was further substantiated by in vitro evidence
(84). Several studies, however, showed an increased microsomal CT activity
in association with increased PC synthesis in fetal lung (15,21,102), or fetal
(7,103) and adult type II cells (104-106). In these and other studies a
proportional redistribution was found (with an increased percentage of total
activity found in microsomes and a decreased percentage in cytosol), but in
absolute terms, cytosolic activity did not decrease in association with the
increased microsomal activity (7,17,20,73,102-107). A developmental
increase in microsomal CT activity of fetal lung has been demonstrated to
occur with advancing gestation (8,73) and following premature birth (15,84).
A similar increase in microsomal activity and shift in subceflular distribution
has been found in fetal type II cells with advancing gestation (7,17,31).
Hormones such as corticosteroids, alone (20,21) or in combination with
thyroid hormone (21), increase microsomal CT activity in fetal lung or fetal

type II cells without causing a subcellular redistribution of CT activity.

2.6 The regulation of cytosolic and microsomal cytidylyltransferase

activity: a unifying hypothesis

In the current literature some controversy exists around the question
whether developmental and hormonal activation of fetal lung CT takes place
in cytosol or in microsomes, via a translocation of CT from cytosol to the
endoplasmic reticulum. Our hypothesis is that both cytosolic and microsomal
activation of CT occurs during {ung development and during hormonal

stimulation. CT activity of both cytosolic and microsomal fractions increases
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due to the conversion of cytosolic L-form to microsomal CT and cytosolic
H-form, which are similar forms of the enzyme.

As discussed in the previous sections, several studies with fetal [ung
and fetal type II cells demonstrated a developmental or hormone-induced
increase in cytosolic CT activity while other studies showed an increase in
microsomal CT activity. However, a large number of studies that measured
both cytosolic and microsomal CT activity found an increased enzyme
activity in both fractions (7,8,15,17,21,73,78). This was frequently, although
certainly not always (20,22,78), associated with a relative redistribution of
CT activity from cytosol to microsomes, without showing good evidence for
a translocation mechanism because the absolute cytosolic CT activity did not
decrease (7,15,17,31,73). One study in lung did show an increased
microsomal activity together with a decreased cytosolic CT activity after
birth (84). Taken together, it is reasonable to conclude that the increased
activity of CT found in fetal lung or isolated fetal type II cells during late
gestation is caused by an increase in both cytosolic and microsomal enzyme
activity,

A few recent studies directly support this view that both cytosolic and
microsomal activities can be activated in a coordinated way (Fig. 3). The
study by Feldman et al. (55), although performed with adult instead of fetal
lung, describes the relationship between the cytosolic and membrane forms
of CT, It turns out that microsomal CT existed in a form similar if not
identical to the cytosolic H-form, The microsomal form would be formed
after binding of the L-form to microsomal membranes, which can be induced
by fatty acids, and the H-form is released from the membrane (Fig. 3). The
same group of researchers already showed some evidence for such interpre-

tation in the perinatal lung several years ago (84). Firstly, the type of
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response to lipid stimulators (fatty acids and phosphatidylglycerol) and to
albumin treatment (which removes fatty acids by binding) was similar for the
H-form and the microsomal form of CT. Secondly, the phospholipid compo-
sition of the H-form was similar to that of microsomes (81). These data
support the idea that the H-form of the cytosolic CT appears to be CT bound
to small membrane fragments (84). Another study with HepG?2 cells showed
evidence for activation of both cytosolic and microsomal CT activity by OA
(89). The cytosolic activation was accompanied by an increase in H-form,
The unique finding was that the immunoreactive CT protein increased in
both the cytosolic and membrane fractions in these HepG2 cells treated with
OA (89). The short response time and the inability of cycloheximide to
prevent the increase, argue against the synthesis of new enzyme. These
results suggested that fatty acids promoted the formation of active CT (H-
form and microsomal enzyme) from a pre-existing inactive form, which was
not (completely) detected by antibodies. The increased activity was distrib-
uted between membranes and H-form in cytosol (89).

It is not yet clear in which state the inactive, immunologically less
detectable, form exists. It is possible that the large and enzymatically
inactive aggregates, that are formed when purified CT is Triton- and lipid-
depleted (51), constitute such an inactive state. The possible role of the
recently discovered CT binding protein (59,60) and of post-translational
modifications of the enzyme should also be considered. Whether a similar
process exists in the developing lung remains to be demonstrated. In any
case, with the above findings in mind, it is easy to understand that fatty acids
may increase both cytosolic H-form and microsomal enzyme activity, as they
are essentially the same form of the enzyme (55,89). This may provide a

possible explanation for the paradoxical finding in fetal fung that enzyme
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translocation may take place and yet cytosolic activity increases at the same
time. As will be described in the next section, fatty acids may indeed play a
very important role in the regulation of both the activity of the cytosolic CT
(by increasing the H-form) and the microsomal enzyme activity (possibly via
a transiocation mechanism) in the lung or fetal type Il cells during develop-
ment or hormone-induced stimulation. The precise role of fatty acids as
opposed to phospholipids in the activation of cytosolic CT is not yet com-
pletely clear. There are however two obvious relations between phospholipid
and fatty acid activation of CT. Firstly, fatty acids can be incorporated into
phospholipids, which then activate CT (95). Secondly, fatty acids promote
the conversion of L-form to H-form (65,87,88), which consists of aggregated

CT, complexed with mainly phospholipids (Fig. 3).

2.7 Regulation of cytidylyltransferase activity by fatty acids

In vitro, fatty acids promote the binding of CT to lipid vesicles (108)
and membranes (84). Recent studies with the purified CT or a synthetic
peptide sequence have shown that this membrane-binding part of the enzyme
consists of the amphipathic «-helical domain (45-47). Thus, fatty acids do
not activate CT on their own but need a vesicle or membrane structure to
activate CT (25,48,83,109). In intact cells these lipid structures are the
cytosolic H-form and the membranes of the endoplasmic reticulum (Fig. 3).

Fatty acids have been shown to activate CT by translocation from
cytosol to microsomes in different cell types or organs (84,96,109-112),
including perinatal lung (84). Several studies showed a fatty-acid-induced

increase of CT activity in the microsomal fraction of aduit (104,105) and
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fetal type II cells (103) in primary culture. Fatty acids also have been shown
to increase cytosolic CT activity in aduit type II cells (105) and fetal lung in
culture (88). Also in vitro, CT activity in fetal type II cell cytosol (85) or
fetal lung cytosol (86,87) was activated by fatty acids. Several studies by
Mallampalli et al, (65,87,88) demonstrated that this cytosolic CT activation
in fetal lung is due to a conversion of L-form to H-form induced by fatty
acids.

During normal lung development, fatty acids play at least two import-
ant roles in the de novo surfactant PC synthesis. Besides thejr role in
regulating CT activity (and thus PC synthesis), fatty acids are a substrate for
PC synthesis and they are synthesized de novo by perinatal fetal type II cells
at a high rate (113,114) from a variety of substrates (115-118). The follow-
ing observations point to the importance of de novo fatty acid synthesis for
surfactant phospholipid formation in the perinatal period (reviews 4,95): [1]
in fetal rat lung the rate of fatty acid synthesis (116,119) and the specific
activities of acetyl-CoA carboxylase (116,120) and fatty acid synthase
(120,121) are increased in the period when surfactant production is acceler-
ated; [2] even in the presence of exogenous palmitate, inhibitors of fatty acid
synthesis depress the rate of saturated phosphatidylcholine formation in
explants of fetal rat lung and isolated lung cells (122,123); [3] in lungs of
newborn rabbits fatty acids synthesized from acetate are preferentially
incorporated into surfactant PC (saturated and total) compared to exogenous
palmitate {124). All these findings suggest the importance of fatty acid
synthesis in developing type II cells. These newly synthesized fatty acids
play a role in the activation of cytosolic and microsomal CT. Weinhold et
al.(84) found an increased amount of CT activity in lung microsomes shortly

after birth in association with an increase in free fatty acid content in
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microsomes, Viscardi and McKenna (17) studied the fatty acid content of
microsomal phospholipids in fetal and neonatal lung and also showed an
increase in these fatty acids together with increased microsomal CT activity.
Free fatty acids were however not measured. The increase of cytosolic H-
form has been demonstrated in fetal lung following premature birth (15) and
the role of free fatty acids has been shown in the transition of fetal to adult
lung forms of cytosolic CT (16,86). A progressive increase in cytosolic free
fatty acids together with an increase in H-form during lung development has
however not yet been demonstrated, Although free fatty acids can activate
CT and possibly do so in the developing lung in vivo (84), it is very well
possible that the activation of CT takes place after fatty acids have been
incorporated into phospholipids or into diacylglycerols. The fact that free
fatty acids can directly activate CT in different cells and do so in a reversible
way (as shown by the addition of albumin (84,100,111)) within minutes
(96,100), would suggest a role for free fatty acids themselves. Furthermore
the role of free fatty acids in the activation of CT during hormonal stimula-
tion, together with the importance of these hormones for lung development,
would suggest a similar role for fatty acids during type II cell maturation.
The importance of fatty acids in the activation of lung CT by
corticosteroids is better defined. Firstly, fatty acid synthesis is regulated by
corticosteroids. Dexamethasone has been shown to accelerate the normal
developmental increase in fetal lung fatty acid synthesis in vivo and in vitro
(119,125,126} and to enhance the activity of fatty acid synthase in fetal lung
tissue (121,125,127,128). Batenburg and collaborators have also demon-
strated this in isolated fetal type II ceils (79,120) and have stressed again that
type II cell-fibroblast interactions are important in modulating the effect of

hormones, not only on PC synthesis (18-20,80), but also on fatty acid
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synthesis (79,120). The effect of dexamethasone on fatty acid synthase
activity in cultured fetal lung is due to enzyme induction (127) and is
regulated at a pre-translational level (74,79,129,130). Secondly, quantitation
of CT protein in fetal lung by immunotitration (28) and Western blotting (23)
confirmed that CT enzyme mass is not increased by glucocorticoids, Earlier
studies had already suggested an activation of the enzyme instead of an
increased enzyme mass, because the stimmiatory effects of glucocorticoids
could be severely diminished or abolished by assaying CT in the presence of
lipid activators (10,23,28,77,78). Thirdly and most importantly, inhibitors of
de novo fatty acid synthesis, which act at steps in the pathway prior to those
catalyzed by fatty acid synthase, abolished the stimulatory effect of dexa-
methasone on CT activity in fetal rat lung explants (77). The similar time
course of fatty acid synthase and CT activity in these fetal rat fung explants
cultured in the presence of dexamethasone further supports the importance of
increased fatty acid synthesis through increased fatty acid synthase activity in
the regulation of CT activity (77). The role of a fatty acid mediated activa-
tion of CT by corticosteroids was further confirmed by the in vivo experi-
ments performed by Mallampalii et al.(65). Maternal adminstration of
betamethasone increased the total amount of free fatty acids associated with
the cytosolic H-form by 62% (65) in association with increased CT activity
caused by a conversion of L-form to H-form (23,65). This supports a direct
role for free fatty acids but an effect of fatty acids after incorporation into
(phospho)lipids or diacylglycerols cannot be excluded.

Taken together, the studies available to date support the following
sequence (Fig. 4): corticosteroids induce the production of fibroblast-pneu-
mocyte factor (FPF) in lung fibroblasts adjacent to the alveolar epithelial

cells (34) at a pre-translational level (review 80); this FPF induces fatty acid
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synthase and other enzymes involved in fatty acid synthesis in fetal type II
cells at a pre-translational level (79); this leads to an increase in fatty acid
biosynthesis, and fatty acids, their metabolites, or lipids into which they
become incorporated ultimately activate CT (10) by increasing cytosolic H-
form and possibly translocation of CT from cytosol to microsomes. A similar
sequence could take place during type II cell maturation at late gestation or
around birth.

Some recent studies start to give some idea which fatty acids may be
important for CT activation in vivo. In general, these in vivo studies show
that an increase in total saturated and unsaturated fatty acids may be the most
important mechanism (17,65). This confirms earlier studies which only
measured total fatty acids (16,84,86). From in vitro and culture studies,
using hepatocytes (109), HeLa cells (110) but also fetal type II cells (85,
103), fetal (87) and adult lung (86), it was known however that long chain
(mono-)yunsaturated fatty acids (OA was used most frequently) were the best
activators of CT. This was confirmed with purified enzyme, but free fatty
acids were only able to activate CT in the presence of lipid vesicles (48).
Mallampalli et al.(88) suggested from in vitro evidence and fetal fung
explants that polyunsaturated n-3 fatty acids were the best stimulators. Their
in vivo study with maternal administration of betamethasone suggested a
selective increase in myristic, oleic and linoleic acids in H-form lipids, the
latter two fatty acids being very effective in the conversion of L-form to H-
form (65). If exogenous fatty acids such as linoleic or n-3 poly-unsaturated
fatty acids, which are not synthesized de novo by human cells, are indeed
important for CT activation, the role of the endogenous fatty acid synthesis
shouid be re-evaluated.

Further studies are necessary to confirm the role of the described
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Figure 4. A model for the regulation of CTP:phosphocholine cytidylyltrans-
ferase (CT) in fetal lung after glucocorticoid administration, Fetal type IT cell-
fibroblast interactions have been shown to play a very important role in this
regulation. FPF: fibroblast-pneumocyte factor; P-choline: phosphocholing; PC:
phosphatidylcholine; FAS: fatty acid synthase

sequence of events in vivo and to elucidate the role of the various fatty
acids. The role of fatty acids in the promotion of CT binding to a CT

binding protein, as recently described (60), also needs further evalvation.

58



Chapter 2

2.8 Regulation of cytidylyltransferase activity by diacylglycerols

Studies in different cell types, other than type II cells, stimulated with
various agents suggest that diacylglycerols may play an important role in CT
activation (review 58). All of the following observations were shown to be
related to increased diacylglycerol levels: the translocation of CT induced
by the phorbolester 12-O-tetradecanoylphorbol-13-acetate (TPA) in Hela
cells (131); the increase in H-form of CT in rat liver cytosol induced by
phospholipase C or by feeding rats a high cholesterol diet (132); the reversal
of CT inhibition of okadaic acid by fatty acids through enzyme translocation
in rat hepatocytes (133); the translocation of CT in GH3 pituitary cells (134)
and phospholipase C treated chick-embryonic muscle cells (135). Thus, the
activation of CT by a conversion of L- to H-form or by a translocation of
CT from cytosol to microsomes, can be mediated by diacyiglycerols in
response to various stimuli.

The molecular mechanism of the activation of CT by diacylglycerols is
suggested to be an increased degree of curvature of the membrane (48) or,
more in general, a disruption of the packing of the membrane lipid bilayer
(136) with increased intercalation of the «-helical domain of CT into the
lipid membrane (48,136) (Fig. 3). This can activate CT by translocation
(131,133-135) or by binding to cytosolic lipoprotein aggregates as H-form
(132).

Until now, evidence is lacking that diacylglycerols play a major role in
the regulation of CT in the developing lung. In fetal type II cell cytosol we
did not find any activation of CT by 1,3-diolein and 1-oleyl-2-acetylglycerol

(85). A study with adult type II cells in primary cuiture showed an activation
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of CT when l-oleyl-2-acetylglycerol, diolein or mixed diacylglycerols were
inclhuded in the medium (137). Two studies with adult lung suggested that the
major CT activating component of neutral cytosolic lipids was free fatty acid
and not diacylglycerol (16,86). However, the possible effect on CT
transiocation was not examined in these studies. It is clear that the
physiologic significance of CT activation by diacylglycerols in the develop-
ing lung is far from proven but the data from other cell types make it worth

to investigate.

2.9 Feedback regulation of cytidylyltransferase activity by phosphatidyl-

choline

Two models have provided good evidence for the existence of a
feedback regulation of CT, the rate-limiting step of the CDPcholine pathway,
by PC, the end product of the pathway.

The first and most convincing evidence is the model of choline
depletion, In this model, choline depletion of cells, in vitro or in vivo, leads
to a decrease of PC in all cellular membranes with a resulting activation of
CT by translocation from cytosol to microsomes. Resupplementation of
choline has the reverse effect. Choline starvation (138) or supplementary
feeding with choline-analogues (139) in Chinese Hamster Ovary Cells
transiocates CT to the PC-deficient membranes (139). A more physiological-
ly relevant system using the same idea is the choline-deficient liver caused
by feeding rats a choline-deficient diet. (27). In choline-deficient
hepatocytes, a translocation of CT from cytosol to endoplasmic reticulum

was found which was reversed by choline supplementation (140). There was
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a highly significant correlation between the concentration of PC in the
membranes and the increased activity of CT in cytosol and decreased activity
in the membranes (140). Methionine or lysophosphatidylcholine
supplementation, which also increase membrane PC, also reversed the
translocation with a decrease of CT activity in membranes (140). This
feedback mechanism of CT activity is quite specific for the PC head group,
which is a trimethyl-aminogroup (141,142). Tijburg et al.(143) demonstrated
that fasting and then re-feeding of rats had simifar effects on PC levels and
binding of CT to membranes as described for the choline deficiency.

A second, less convincing model to study PC deficiency of membranes
and the subsequent translocation of CT to those membranes, is the treatment
of cells with phospholipase C. The suggested mechanism by phospholipase C
is a PC degradation in the cell membrane. The subsequent movement of PC
from the endoplasmic membrane to the cell membrane makes the membranes
of the endoplasmic reticulum relatively PC depleted (57,136). These relative-
Iy PC depleted microsomal membranes then activate CT by increased
binding, thus promoting translocation from cytosol to microsomes. The
translocation was demonstrated in Chinese Hamster Ovary Cells (144,145),
Krebs II cells (146), chick-embryonic muscle cells (135) and hepatocytes
(136).

Jamil et al.(136) suggested a general molecular mechanism to explain
the feedback inhibition by PC, but also most other effects of lipids on CT
activity, The ratio of bilayer- to non-bilayer-forming lipids may be the
overriding common factor in the regulation of CT binding to membranes
(136). PC, for example, is a bilayer-forming lipid and inhibits the intercala-
tion of the «-helical domain of CT into the lipids, while diacylglycerol, fatty

acids and phosphatidylethanolamine are non-bilayer-forming lipids and thus
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stimulate binding of CT to the membranes by promoting the intercalation of
the a-helical domain of CT into the lipids (136) (Fig. 3).

A few studies suggest that a negative PC feedback on CT activity may
also play a role in the lung, When rats were fed a choline and methionine
deficient diet, lung PC production was relatively maintained compared to
liver PC production (147). A possible mechanism was suggested to be an
increased activity of lung CT, because also CDPcholine levels were main-
tained (148). More convincing evidence that similar mechanisms, as
described in this section, may play a role in lung, was given by depleting
adult rat type II cells of choline (107). This caused subcellular redistribution
of CT together with activation of the enzyme (107). Aeberhard et al.(149)
treated fetal rabbit type I cells with phospholipase C and found marked
increased CT activity. The role of such mechanisms during fetal lung

development remains to be established,

2.10 Regulation of cytidylyltransferase activity by phosphorylation and

dephosphorylation, protein kinases and protein phosphatases

From the cloning and sequencing of rat liver and lung CT cDNA, it
was deducted that CT has one potential site for phosphorylation by cAMP-
dependent protein kinase, several potential sites for phosphorylation by
protein kinase C, and also for other protein kinases (30,31,43). In the last
few years, it has become clear that CT is phosphorylated and dephospho-
rylated in intact cells (43,100,133,150-153). The study of the
phosphorylation of CT in insect cells using a recombinant baculovirus clone

showed that only the carboxy-terminal region was phosphorylated and that

62



Chapter 2

phosphorylation was confined to serine residues (43), which was also found
in HeLa cells (150). The phosphorylation state of CT was shown to correlate
with the location of CT: increased phosphorylation in cytosol and decreased
phosphorylation when bound to membranes (100,133,151-153). The interac-
tion with other mechanisms of CT regulation and the timing of
phosphorylation/dephosphorylation with respect to translocation has recently
been investigated (Fig. 3). Several studies suggest that a dephosphorylation
of CT is required for CT translocation from cytosol to membranes (100,
151,152), These studies were performed in Chinese Hamster Ovary Cells
after phospholipase C treatment (151), in Hel.a cells after oleate treatment
(100) and in HepG?2 ceils after choline depletion and repletion (152). On the
other hand, the study by Houweling et al.(153) demonstrated that a prior
dephosphorylation was not required for binding of CT to membranes in rat
hepatocytes treated with OA or phospholipase C. In this study, CT becomes
dephosphorylated after translocation to membranes (153). The very rapid
translocation of CT to endoplasmic reticulum in Krebs II cells (96) also
supports the view that translocation to membranes happens before dephos-
phorylation of CT. For the reversed translocation from membranes to
cytosol, studies agree on the fact that the release of CT from membranes
occurs before the enzyme is phosphorylated, and that subsequent
phosphorylation occurs (100,152) with further loss of activity (100). It is
interesting to specuiate -that the membrane bound CT is first converted to
cytosolic H-form and then gradually phosphorylated to become L-form (100)
(Fig. 3). This is consistent with earlier studies of Pelech (154,155}, who
showed, the other way around, that the conversion from L-form to H-form
in liver cytosol was much faster under dephosphorylating conditions and

reduced by sodium fluoride, a phosphatase inhibitor.
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All these studies taken into account, it seems reasonable to conclude
that CT activity can be regulated by phosphorylation and dephosphorylation
and that all mechanisms of regulation of CT discussed so far are interrelated.
In particular, the reversible phosphorylation and dephosphorylation of CT
are closely related to interconversion between cytosolic L- and H-form and

to the reversible transtocation of CT between cytosol and microsomes.

If CT is phosphorylated and dephosphorylated, then, which enzymes
are responsible for the dephosphorylation and which for the phosphorylation
of CT?

Dephosphorylation of CT by protein phosphatases and an associated
increase in CT activity by translocation has been shown in hepatocytes
(133,156), These studies with intact cells incubated with okadaic acid, a
protein phosphatase inhibitor, confirmed the previous in vitro evidence for
translocation of CT to membranes induced by phosphatases (157) obtained
with rat liver cytosol incubated with okadaic acid or sodium fluoride. In the
developing lung no similar studies with intact cells have been performed so
far. In vitro evidence with fetal rabbit lung cytosol shows that under phos-
phorylating conditions with Magnesium/ATP, cytosolic CT activity is
reduced (158). We showed in fetal rat type II cell cytosol that dephosphor-
ylation with alkaline phosphatases increased CT activity in a concentration-
dependent manner. This was also found with purified lung CT. Alkaline
phosphatase had no effect on the activity of purified CT in the presence of
PC/OA vesicles, which are known to maximally activate the enzyme.
Sodium fluoride decreased CT activity in cytosol (159). Further studies in

the developing lung are necessary.
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In vitro, purified rat liver and lung CT have been shown to be a
substrate for phosphorylation by cAMP-dependent kinase (41,44). The
binding of the purified liver CT to membranes was inhibited by
phosphorylation by cAMP-dependent protein kinase. Studies with hepatocytes
in culture suggested that cAMP analogues decreased PC synthesis with a
decrease in CT activity in microsomes (160). More recent studies with
hepatocytes however, did not show any change in CT activity,
phosphorylation state or distribution between microsomes and cytosol in
response to cAMP-analogues nor in response to an elevation of cAMP levels
by cholera toxin (29,161). The inhibition of PC synthesis by cAMP-ana-
logues in these experiments, could be explained by decreased diacyiglycerol
levels, which then become limiting for the last enzyme in the CDPcholine
pathway, the 1,2 diacylglycerol phosphocholinetransferase (29), but CT
activity was not affected. We recently demonstrated that cAMP analogues or
cAMP-dependent protein kinase inhibitors did not alter CT activity in fetal
type II cell cytosol in vitro, nor in intact fetal type II cells in primary culture
(41). The activity of cAMP-dependent protein kinase was stimulated by
cAMP analogues under similar conditions (41). Thus, it is unlikely that a
phosphorylation by cAMP-dependent protein kinase regulates CT activity.

However, there is still a possible role for the long-term regulation of
CT activity by cAMP and cAMP-dependent protein kinases. In fetal lung
(162) and fetal type II cells (41} changes in cAMP-dependent protein kinase
during development have been demonstrated, which correlated with a change
in the phosphorylation of several proteins (162). Long-term stimulation (one
to several days) by cAMP-analogues or agents that increase cellular cAMP
content, increased PC synthesis in fetal (rat and human} lung explants, in an

alveolar type II cell line (A549) and in fetal rabbit type II cells (163-167).
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Interestingly, in the human fetal lung explants fatty acid synthase gene
expression (165) and fatty acid synthase activity were increased by increasing
levels of intracellular cAMP (164). As increased fatty acid synthesis is
known to activate CT, the indirect effect of cAMP-dependent protein kinase
activity on CT activity mediated by fatty acids, and its consequences for
developmental regulation of CT activity need to be examined.

Protein kinase C was another possible candidate for phosphorylating
CT. Phorbol esters, such as TPA, which are well known to activate protein
kinase C, stimulated PC synthesis in a variety of cells (87,131,150,168-172)
including fetal rabbit type I cells (173). Some studies with HeLa cells
treated with TPA, support the activation of CT by translocation to mem-
branes (131, 169, 170), while one study does not (150). Studies with other
cells are also controversial regarding TPA induction of CT translocation to
membranes (170,172,174,175). In any case, it appears that direct
phosphorylation of CT by protein kinase C does not account for the possible
increase in CT activity in HeLa cells (131,150,168). Taking into account that
phosphorylation of CT usually decreases its activity, it would indeed be quite
surprising if CT phosphorylation would increase its activity. The possible
increased activity of CT in HelLa cells stimulated with TPA has recently
been shown to be related to an increased diacylglycerol production instead of
to an increased phosphorylation of CT (131). Moreover pure CT is reported
not to be phosphorylated by protein kinase C (58). In adult type II cells,
Warburton et al.(176) demonstrated protein  kinase C-dependent
phosphorylation of several proteins, suggesting key roles for these proteins
in type II celi functions, A change of protein kinase C (and protein
phosphatase) activities during fetal type II cell development (177) which was

similar to that of growth related genes, c-myc and histone (178) also sug-
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gests a major role for protein kinase C in fetal type II cell function. How-
ever, no effects of TPA and protein kinase C inhibitors were found on CT
activity, neither in cytosol in vitro, nor in intact fetal type II cells in primary

culture (177).

1 conclude that CT activity is regulated by a phosphorylation/dephds—
phorylation mechanism and that this mechanism is closely interrelated to
other mechanisms of CT regulation. Dephosphorylation of CT by protein
phosphatases has been demonstrated. There is also some evidence for CT
dephosphorylation by phosphatases in fetal type I cells, However, it is
unclear which protein kinase phosphorylates CT in intact cells and in vivo.
Considering recent studies, protein kinase C and cAMP-dependent protein
kinase are very unlikely candidates to play that role. This was also demon-

strated in fetal type II cells (41,177).

2.11 Summary and conclusions

Increased production of surfactant at the end of gestation is essential
for the stability of alveoli during air breathing after birth, PC is the most
abundant component of surfactant. CT has been shown to be the rate-regula-
tory step in de novo PC synthesis in type II cells, which are the producers of
surfactant., CT activity increases with advancing gestation in association with
the increased production of PC. In addition, many studies indicate that CT is
an important target for developmental and hormonal regulation in alveolar
type II cells of the developing lung. Since the purification of CT in 1986 and

Athe cloning of CT ¢DNA in rat liver, the progress in the understanding of
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the regulation of CT activity has accelerated. Not all new insights into the
mechanisms of CT regulation have been examined yet in the developing
lung.

CT is essentially inactive without lipids. The amphipathic «-helical
domain of the CT protein is involved in the binding of the enzyme to lipid
membranes. In the type II cell, the most important binding sites involved in
the activation of CT are the microsomal membranes and the lipids of the
cytosolic H-form (Fig. 3). The currently available data are indeed most
compatible with an activation of both cytosolic and microsomal CT activity
during fetal lung development and after corticosteroid administration,
Cytosolic CT is regulated by phospholipids. The activation of cytosolic CT is
accompanied by a conversion of a low molecular weight L-form to a high
molecular weight H-form, which is a lipoprotein complex consisting of
aggregated CT complexed with (phospho)ipids. The H-form is the predomi-
nant form in the adult lung. Fatty acids, either in free form or possibly after
incorporation into (phospho)lipids, induce the conversion from L-form to H-
form and are shown to be a very important regulator of CT activity after
corticosteroid administration and, most likely, also during normal lung
development. Translocation of CT from cytosol to the membranes of the
endoplasmic reticulum activates the enzyme. This mechanism is also regu-
lated by fatty acids (Fig. 3) and plays an important role during lung develop-
ment. Recent evidence demonstrates that the cytosolic interconversion from
L-form to H-form and the transiocation of CT from cytosol to endoplasmic
reticulum are closely related.

Taken together, recent studies support the following sequence in the
fetal lung after exogenous corticosteroid administration (Fig. 4):

corticosteroids induce the production of fibroblast-pneumocyte factor (FPF)
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in lung fibroblasts adjacent to the type II cells at a pre-translational level;
this FPE induces fatty acid synthase and other enzymes involved in fatty acid
synthesis in fetal type II cells at a pre-translational level; this leads to an
increase in fatty acid biosynthesis, and fatty acids, their metabolites, or lipids
into which they become incorporated, ultimately activate CT by increasing
cytosolic H-form and translocation of CT from cytosol to microsomes. A
similar sequence could take place during normal type II cell maturation at
late gestation or around birth, caused by endogenous corticosteroid produc-
tion.

CT contains several potential sites for phosphorylation by protein
kinases. There is now convincing evidence that CT is phosphorylated and
dephosphorylated in intact cells and that the phosphorylation state of the
enzyme regulates its activity. The phosphorylation state of the enzyme is
correlated with its location (Fig. 3): when the enzyme translocates from
membranes to cytosol it becomes subsequently phosphorylated, when it
translocates from cytosol to membranes it becomes dephosphorylated and
active but the order of events and the precise significance is not yet clear.
Protein phosphatases | and/or 2A have been shown to dephosphorylate the
enzyme, but which protein kinase is involved in the phosphorylation is still
unclear. Protein kinase C and cAMP-dependent protein kinase are very
unlikely candidates as is demonstrated by recent studies, also involving fetal
type II cells. The number of studies about the phosphorylation and dephos-
phorylation mechanism in developing lung are still very limited, and clearly
further studies are required to elucidate the precise role of this mechanism in
the regulation of CT activity.,

In several cell types the regulation of CT activity by diacylglycerols

was demonstrated but no convincing evidence exists for the fetal lung, The
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feedback inhibition of CT activity by increased PC in membranes or in
general, the regulation of CT activity by altered membrane composition, may
be a very important mechanism. Some evidence for this exists in type II
cells.

From recent experiments, it has become very clear that all mechanisms
in the regulation of CT activity are very closely interrelated (Fig. 3). The
precise role of these mechanisms and its interdependence has to be further
investigated in the developing lung and isolated type II cells. Recent studies
show that not only the activity of CT is regulated, but also that CT protein
expression is regulated at a pre-translational level in the II cells of the
developing lung. The relative importance and the regulation of these mechan-
isms will surely be investigated in the near future. It is expected that the
gene sequence for CT wili be known soon, which will make it much easier
to study the regulation of gene expression. Structure-function relationships
will be further investigated with the help of site-directed mutagenesis and
transgenic animals. New laboratory techniques will help to resolve the
question of the recently suggested and infriguing possibility of the
channelling of intermediates of the CDPcholine pathway from one enzyme to
the next. The role of the cytoskeleton in this channelling will be further
examined,

The regulation of CT has frequently been used as an example for the
mechanisms of enzyme regulation in general. It is evident that the study of

the regulation of CT has not yet come to an end.
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Chapter 3

3.1 Abstract

Phosphatidylcholine (PC) synthesis increases in fetal rat type II cells during
late gestation, as demonstrated by an increased incorporation of radiolabeled
palmitate, glycerol, acetate and choline into PC. However, the percentage
of PC present in the saturated form remains essentially constant. The
developmental profile of the enzymes of the CDPcholine pathway suggests
that CTP:phosphocholine cytidylyltransferase (CT) catalyses a rate-regulatory
step in de novo PC synthesis by fetal type Il cells. When CT activity is
assayed in different subcellular fractions the greatest increase, as a function
of development, is found in microsomes. This developmental increase is
accompanied by a shift in subcellular distribution of CT activity from cytosol
to microsomes in fetal type II cells during late gestation. This shift is
evident even when CT activity is assayed in the presence of 0.5 mM PC/
oleic acid (OA) (1/1 molar ratio} vesicles. We speculate that either a
subcellular translocation of CT from cytosol to microsomes or an increase in
CT gene expression are responsible for the developmental increase of de

nove PC synthesis by fetal type II cells,

3.2 Introduction

Adequate amounts of pulmonary surfactant are essential for proper lung
functioning immediately after birth. Pulmonary surfactant prevents alveolar
collapse at end-expiration by reducing surface tension at air-liquid inter-

faces. Phospholipids are quantitatively the most important constituents of
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surfactant, Phosphatidylcholine (PC) makes up 70-85% of the phospholipids
(1,2). Abundant evidence indicates that the synthesis of PC increases during
late gestation (1-3). The CDPcholine pathway is the primary pathway for de
nove PC synthesis in the developing lung (reviewed in 1). Studies with
whole lung have shown an increased activity of the CDPcholine pathway
during late gestation (4), Pool size studies have demonstrated that the
reaction catalysed by CTP:phosphocholine cytidylyltransferase (CT) is the
rate-limiting step in the de novo synthesis of PC in fetal lung (5,6). How-
ever, when assayed under optimal conditions in vitro, only an increased
activity of CT just before or immediately after birth has been demonstrated
(7-10), but no good evidence exists for an activation of the enzyme during
fetal development. The increased activity around birth has mainly been
observed in cytosol (3,7). However, there is evidence from a number of
systems, including whole lung (1), that the endoplasmic-associated enzyme is
the more active form, and that the enzyme can be activated by subceflular
translocation from cytosol to endoplasmic reticulum (reviewed in 11). These
studies showed an activation by translocation of CT in response to different
agents, but the physiologic importance of this mechanism during develop-
ment has not been demonstrated. Furthermore, no data are available that
demonstrate the importance of this mechanism in fetal type H cells, the
producers of surfactant. Herein, we report that increased PC formation from
radioactive precursors during fetal type II cell development is associated with
an increase in the activity of CT. This increase in CT activity with advanc-
ing gestation correlates with a shift in subceliular distribution of total CT

activity in type II cells from cytosol to endoplasmic reticulum,
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3.3 Materials and methods

Materials

Female (200-250g) and male (250-300g) Wistar rats were purchased
from Charles River (St. Constant, Quebec) and bred in our animal facilities.
Cell culture media, antibiotics, and trypsin were obtained from Gibco
Canada (Burlington, Ontario). Fetal calf serum (FCS) was from Flow
Laboratories (McLean, VA), collagenase and DNase from Worthington
Biochemical Corporation (Freehold, NJ). Cell culture flasks were purchased
from Falcon {(Becton Dickinson, Lincoin Park, NI), All radioactive
chemicals were from New England Nuclear Research (Dupont Canada,
Mississauga, Ontario). All remaining unlabeled biochemicals were obtained

from Sigma (St. Louis, MO).

Cell cultures

Timed pregnant rats were killed by diethylether excess on days 18 to
22 of gestation (term = day 22) and the fetuses were aseptically removed
from the dams.
The epithelial celis were isolated as described in detail elsewhere (12,13),
Although the term "type II cells" is used in this paper, the cuboidal
epithelium which lines the acinar tubules during the late pseudoglandular and
early canalicular stages of lung development, does not contain lamellar
bodies, the phenotypic marker for type II cells. In previous studies, we have
shown that these cells do express other phenotypic features of type I cells

and possess antigenic determinants of mature type II cells (14).
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Radioactive precursor incorporation into diacylglycerol and PC

Fetal epithelial cells were plated into plastic 24-well plates, At conflu-
ency (next day), the cells were rinsed with serum-free Eagle’s minimal
essential medium (MEM) and incubated with serum-free MEM containing
either 1 pCi/ml [methyl—3H]choline, 5 pCi/ml [1(3)-3H]glycerol, 5 pCi/ml
[1-14CJacetate, or 10 #Ci/ml [9,10 (11)-3H]pa11nitate {complexed to bovine
serum albumin in a molar ratio of 5.3:1). After 24 h of incubation, the
medium was removed and the cells were washed with serum-free MEM,
Following trypsinization to remove the cells from the plate, cellular lipids
were extracted according to the method of Bligh and Dyer (15). In experi-
ments with radioactive glycerol, palmitate, and acetate, half of the lipid
extract was used for diacylglycerol and the other half for phospholipid
determination. Incorporation of radiolabeled glycerol, acetate, and palmitate
into diacylglycerols was measured. Neutral lipids were separated from the
lipid extracts by thin-layer chromatography on precoated silica G plates using
diethylether/petroleum ether/acetic acid (20:80:2, vol/vol/vol) as developing
solution, The neutral lipid spots were visualized with iodine vapour,

PC was isolated from the lipid extract by thin-layer chromatography
on silica H plates with chloroform/methanol/water (65:25:4, vol/vol/vol) as
developing solution. To isolate disaturated phosphatidylcholine (DSPC), lipid
extracts were treated with osmium tetroxide after which DSPC was isolated
by thin-layer chromatography on precoated silica ge! H plates with chloro-
form/methanol/ water (65:25:4) as eluent. PC spots were visualized with a
bromothymol blue solution. The PC and diacylglycerol spots were trans-
ferred to scintillation vials and radioactivity was measured in a scintillation

counter,
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Cell fractionation

After overnight incubation in 75-cm? culture flasks, attached cells
were collected by scraping in homogenization buffer of 145 mM NaCl, 50
mM Tris-HCi (pH 7.4), 50 mM NaF, and 2.5 mM EDTA (hereafter referred
to as Tris saline). For each experiment, cells from two culture flasks were
combined. After homogenization with 50 strokes of a Dounce homogenizer
and sonication with a probe sonicator (3 x 20 sec at maximal output), the
homogenate was centrifuged at 300xg for 10 min. The resulting supernatant
was centrifuged at 13,000xg for 10 min to obtain a postmitochondrial
supernatant, After an aliquot of this supernatant was stored, microsomal and
cytosolic fractions were obtained by centrifugation at 313,000xg for 15 min.
Microsomes were resuspended in a volume of Tris saline equal to that of the
cytosol, All steps were carried out at 4°C. Cell homogenates and cell

fractions were stored at -70°C until enzyme activities were measured.

Fnzyme assays

Choline kinase activity was assayed by measuring the rate of incorpor-
ation of radiolabeled choline into phosphocholine. The incubation medium
(0.1 ml) contained 100 mM Tris-HCl (pH 8.0), 30 mM MgCl,, 10 mM
ATP, 0.25 mM [methyl-1%C]chotine (specific activity: 50 pCi/umol), and up
to 100 pg of protein. After a 15-min incubation period at 37°C, the reaction
was terminated by the addition of 30 ul of glacial acetic acid. The reaction
product, phosphocholine, was separated from radioactive choline by paper
chromatography as described previously (16).

CT activity was assayed in the forward direction by measuring the rate
of incorporation of Imethyl-14Clphosphocholine into CDPcholine, The

incubation medium (0.2 ml} contained 20 mM Tris-succinate (pH 7.8), 6
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mM MgCl,, 4 mM CTP, 1.6 mM [me!hy[—”C]phosphochoiine (specific
activity: 0.625 pCi/pmol) and up to 150 pg protein. Some assays were
performed in the presence of 0.5 mM PC-OA (I:1 molar ratio) vesicles.
These vesicles were prepared by sonication as described previously (17).
After 40 minutes of incubation at 37°C, the reaction was stopped by addition
of 0.1 ml of 25% (wt/vol} trichloroacetic acid and 0.5 ml of charcoal
suspension (6% charcoal in 50 mM phosphocholine). The samples were
placed on ice and [methyl—14C]CDPcholine was isolated as described previ-
ously (18). The recovery (69-74%) of CDPcholine was determined in each
set of assays by adding a known amount of [methyl—14C]CDPch01ine to a
complete assay mixture. All assays were corrected for background and
recovery.

Cholinephosphotransferase activity was determined by measuring the
rate of incorporation of radiolabeled CDPcholine into PC using either
endogenous or exogenous (15 mM) diacylglycerols as subsirates. The cell
homogenates (50-100 ug of protein) were incubated for 15 minutes at 37°C
in 0.15 ml of incubation medium containing 100 mM Tris-maleate (pH 8.0),
25 mM MgCl,, 10 mM [B-mercaptoethanol, 1 mM EDTA, and 0.5 mM
[methyl-1%C}-CDPcholine (specific activity: 42 pCi/pmol). A 50-ul aliquot
was taken for the measurement of the formation of radioactive PC by the
filter disc method (19). The remaining 100 ul of the reaction mixture was
extracted with chloroform/methanol (1:2, vol/vol) and the lipid extract was
used for the determination of saturated phosphatidylcholine as described
above. In preliminary experiments we established that, under the conditions
used, product formation in all assays was directly proportional to incubation

time and amount of protein.
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Measurement of choline containing metabolites

The aqueous phase remaining after lipid extraction from cells incu-
bated with radioactive choline was used to determine the choline intermedi-
ates. An aliquot (250 ul) of the aqueous layer (2.5 ml) was subjected to high
performance liquid chromatography on an ion exchange column (Aminex A-
27) in an isocratic mode (20). The phosphocholine and CDPcholine fractions
were recovered from the column in scintillation vials and assayed for

radioactivity.

Protein and DNA measurements
The protein concentrations were determined by the method of Bradford
(21), using bovine serum albumin as standard. DNA was measured by the

modified method of Burton (22).

Statistical analysis

Data are presented as means + SE. The trend of enzyme activities and
protein-to-DNA ratio with advancing gestation were analyzed with the
Pearson product moment correlation coefficient (r). Statistical significance

was accepted at the p <0.05 level (two-tailed).

3.4 Results

Incorporation of radioactive precursors into diacylglycerol and PC
In order to investigate whether surfactant PC production increases with
type II cell development, the incorporation of several radioactive precursors

into PC by type Il cells isolated at different gestational ages was assessed.
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Figure 1. Developmental profile of diacylglycerol (DAG)} and phosphatidyl-
choline (PC) synthesis from radiolabeled palmitate and glycerol by fetal type
II cells. Type II cells in primary culture were incubated with MEM supplemented
with 10 uCi/ml [9,10 (11)—3H]palmitate or 5 pCi/ml [1(3)-3H]g]ycerol. After 24
hours of incubation, cellular lipids were extracted and incorporation of radio-
labeled precursors into DAG (A) and PC (B) was measured as described under
"Materials and Methods™. The data represent the means + SE of at least three
independent experiments carried out in quadruplicate. Where no error bars are
drawn, SE are small and within the size of the data symbols,
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As diacylglycerols provide a substrate for PC formation, the incorporation of

labeled precursors into this important neutral lipid was also measured. As

gestation advanced, incorporation of palmitate into diacylglycerols showed an

initial small increase, followed by a small decrease on day 21, then a sixfold

| increase on day 22 (Fig. 1A).

A similar pattern was observed for acetate

incorporation into diacylglycerols (data not shown). Glycerol incorporation

into diacylglycerols (Fig.
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Figure 2. Developmental profile of phosphatidylcholine (PC) synthesis from
radiolabeled acetate and choline by fetal type II cells, Type II cells in primary
culture were incubated with MEM supplemented with 5 uCi/ml [1-19C)acetate (A)
or 1 uCi/ml [methyl-'4C)choline (B). After 24 hours of incubation, cellular lipids
were extracted and incorporation of radiolabeled precursors into PC, as well as
radiolabeled choline into disaturated PC, were measured as described under
"Materials and Methods". Percentage of disaturated PC was calculated from
disaturated and total PC (B). The data represent the means + SE of at least three
independent experiments carried out in quadruplicate. Where no error bars are
drawn, SE are small and within the size of the data symbols.
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gestation, again with the largest increase on day 22,

Glycerol and palmitate incorporation into total phospholipids increased
2.5-fold and >4-fold, respectively between day 18 and 22, Glycerol
incorporation into PC increased more than twofold between day 18 and 20.
A 35% decrease in incorporation was observed on day 21 followed by an
increase on day 22 (Fig. 1B). Although incorporation of label into PC
generally showed an increase during development, incorporation of glycerol

into PC, as a percentage of total phospholipids, remained essentially constant
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Figure 3. Choline kinase activity in fetat type II cells during development,
Type I cells in primary culture, isolated from fetal rats at 18 to 22 days gestation,
were homogenized and choline kinase activity was assayed by measuring the rate
of incorporation of radiolabeled choline into phosphocholine. The data represent
the means + SE of three independent experiments carried out in duplicate {r=-
0.21, p= N.S).
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throughout late gestation (not shown),

Palmitate incorporation into PC exhibited a developmental proﬁle similar to
that observed with glycerol incorporation (Fig. 1B) and it resembles the
pattern for palmitate incorporation into diacylglycerols (Fig. 1A). Again, the
incorporation of palmitate into PC as a percentage of total phospholipids
remained virtually unchanged (not shown). The developmental profile for
acetate incorporation into PC was almost identical to that described for
glycerol and palmitate incorporation into PC (Fig. 2A). As can be seen in
Fig. 2B, the choline incorporation into PC by fetal type II cells increased
with advancing gestation. Interestingly, the percentage of PC present in the
saturated form remained essentially unchanged after day 19. Taken together,
these data clearly indicate that PC synthesis increases in maturing type II

cells.

Developmental profiles of enzymes involved in the CDPcholine pathway

As the CDPcholine pathway is the primary pathway for de nove PC
synthesis in type II celis (1), the activities of choline kinase, CT and choline-
phosphotransferase were measured in maturing type I cells, The specific
activity of choline kinase exhibited no significant change with advancing
gestation (Fig. 3). An increase in the specific activity of CT (Fig. 4) was
noted during fetal development. The ratio of phosphocholine to CDPcholine
also decreased (Fig. 4) and was mainly due to a decrease in incorporation of
radiolabel into phosphocholine. This observation also supports the idea for
an enhanced flux through the reaction catalysed by CT. Figure 5 illustrates
the developmental profile for the specific activity of cholinephosphotrans-
ferase using endogenous diacylglycerols as substrate. No significant change

was observed from day 18 to 22. Approximately 20% of the PC formed in
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this reaction was present in the saturated form. This percentage did not

change significantly with advancing gestation (Fig. 5).
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Figure 4. CT activity and phosphocholine / CDPcholine ratio in fetal type IT
cetls during development. Type 1T cells in primary culture, isolated from fetal
rats at 18 to 22 days gestation, were homogenized and CT activity was assayed by
measuring the rate of incorporation of radiolabeled phosphocholine into CDP-
choline (in the absence of lipid vesicles) (r=0.6f, p<0.02). High-performance
liguid chromatography was used for determinations of choline containing
metabolites in the aqueous phase remaining after lipid extraction from type II cells
from the choline incorporation studies (r=-0.80, p<0.01). The data represent the
means + SE of three independent experiments carried out in duplicate and
quadruplicate. SE bars for ratio phosphochotine/CDPcholine of day 21 data point
are small and within size of data symbol.




Chapter 3

glycerol formation increased slightly during fetal development, it is possible
that diacylglycerol availability influenced the measurements of the enzyme.
Therefore, we measured the cholinephosphotransferase activity in the
presence of 15 mM exogenous diolein (Fig. 6). The cholinephosphotrans-
ferase activity using exogenous diacylglycerols as substrate remained con-
stant from day 18 to 20 but increased significantly at day 21. The increase
in cholinephosphotransferase activity occurred, however, after the increase in

CT activity. To exclude the possibility that the observed enzyme changes
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Figure 5. Cholinephosphotransferase activity in fetal type II cells during
development and percentage disaturated phosphatidylcholine formed from
endogenous diacylglycerols. Type II cells in primary culture, isolated from fetal
rats at 18 to 22 days gestation, were homogenized and cholinephosphotransferase
activity was assayed by measuring the rate of incorporation of radiclabeled
CDPcholine into phosphatidylcholine (r=-0.01, p=N.8.).

Disaturated phosphatidylcholine formed in this reaction was measured and is
presented as the percentage of total phosphatidylcholine synthesized (r=0.41,
p=N.8.}). The data represent the means + SE of three independent experiments
carried out in duplicate.
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were due to increased overall protein synthesis during development, the
protein and DNA levels of the cells were measured. The protein-to-DNA
ratio (ug/pg) in the cells did not significantly change with advancing gesta-
tion (20.92 % 6.60 on day 18 to 13.79 + 4.47 on day 22; mean + SE; r=-
0.27 and p=NS). Although cholinephosphotransferase may play a regula-
tory role in PC synthesis at term, the findings suggest that CT controls PC

synthesis in type II cells during fetal development.

Distribution of CT in subcellular fractions

Several studies with other systems, particularly Hela cells and
hepatocytes (reviewed in 11) have suggested that CT can be activated by
subcellular transtocation 