NOTE TO USERS

This reproduction is the best copy available.






i+l

National Library

of Canada du Canada

Acquisitions and Acquisitions et

Bibliographic Services

395 Wallington Street
Ottawa ON K1A ON4

Canada Canada

The author has granted a non-
exclusive licence allowing the
National Library of Canada to
reproduce, loan, distribute or sell
copies of this thesis in microform,
paper or electronic formats.

The author retains ownership of the
copyright in this thesis. Neither the
thesis nor substantial extracts from it
may be printed or otherwise
reproduced without the author’s
permission.

Bibliothéque nationale

services bibliographiques

395, rue Wellington
Ottawa ON K1A ON4

Your file Votre réldrance

Our file Notre réfdrence

L’auteur a accordé une licence non
exclusive permettant a la
Bibliothéque nationale du Canada de
reproduire, préter, distribuer ou
vendre des copies de cette thése sous
la forme de microfiche/film, de
reproduction sur papier ou sur format
électronique.

L’auteur conserve la propniété du
droit d’auteur qui protége cette these.
Ni la thése ni des extraits substantiels
de celle-ci ne doivent étre imprimés
ou autrement reproduits sans son
autorisation.

0-612-58410-0

Canada



MOLECULAR CHARACTERIZATION OF PUL_LMONARY LIPID PHOSPHATE
PHOSPHOHYDROL_ASE:
IMPLICATIONS IN LUNG AND TYPE Il CELLS

by

MEERA NANJUNDOAN

Graduate Program in Bioschemistry

Submitted in partial fulifilment
of the requirements for thee degree of
Doctor of Philosopehy

Faculty of Graduate Sttudies
The University of Westerm Ontario
London, Ontario-
February, 2001

© Meera Nanjundan 22001



ABSTRACT

Lipid phosphate phosphohydrolase (LPP) catalyzes the hydrolysis of
phosphatidic acid (PA) to diacylglycerol. We demonstrate that LPP is N-
ethylmaleimide-insensitive, Mg*?-independent whose function in lung is unknown.
Initial studies characterized LPP activity in rat lung microsomes where it was
inhibited by sphingoid bases including sphingosine. LPP activity was enriched in
lung plasma membranes (PM) and in isolated surfactant secreting type I cells
where it could potentially be involved in signaling. LPP hydrolyzed PA and lyso-
PA (LPA) with high specific activities while the activity against sphingosine-1-
phosphate (S-1-P) was very low. The substrate specificity of pulmonary LPP
appeared different to that of rat liver LPP which suggested the potential presence
of a novel LPP isoform in lung. Cloning of LPPs by reverse-transcriptase
polymerase chain reaction (RT-PCR) generated LPP1, up to three LPP1 variants
(LPP1a and two novel truncated isoforms, LPP1b and LPP1c), and LPP3 cDNAs.
Further investigation of the LPP1b isoform revealed that its mMRNA was present
across a variety of tissues and exists in equal abundance to the LPP1/1a isoform
in lung. The developmental patterns for LPP, PLD, PKC isoforms, and Edg
receptors indicate potential roles in the control of lung vasculogenesis, alveolar
development, and surfactant phospholipid secretion. LPP activity was enriched in
caveolin-enriched domains (CEDs) isolated from rat lung tissue, isolated rat type
I cells, and in mouse type Il-like cell lines (MLE12 and MLE15). LPP3 protein
localized predominantly to rat lung CEDs while LPP1/1a protein is present in

purified caveolae from MLE15 cells. Since total plasma membranes had a higher
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abundance of LPP1/1a protein with low LPP activity and phorbol ester treatment
caused an increase in LPP specific activity in MLE CEDs, the activated form of
LPP1/1a may be recruited into caveolae-rafts. The concerted actions of LPP,
PLD, and PKC may be impiicated in the transdifferentiation of type Il cells to a
type | cell during lung development and injury. Thus, LPP localization to
caveolae-rafts is consistent with a role in caveolae/raft signaling and caveolar
dynamics. LPP is proposed to act sequentially to PLD and control LPA/S-1-P
effects mediated through Edg to regulate cellular proliferation, differentiation,

migration, and apoptosis.
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Chapter 1

Introduction



2

1.1 Characterization of Pulmonary Phosphatidate Phosphohydrolase
Activities

Phosphatidate phosphohydrolase (PAP) catalyzes the hydrolysis of
phosphatidic acid (PA) to diacylglycerol (DAG) and was first described in plants by
Kates in 1955 (1). Early studies on PAP in liver, brain, kidney, intestine, and
erythrocytes demonstrated that most of the enzymatic activity was associated with
the particulate fractions although further investigations indicated that the cytosolic
fraction contained a factor, which stimulated the production of DAG from PA (2).
Casola and Possmayer (3) initially measured PAP activity using labeiled PA that
was endogenously generated on lung microsomes from glycerol—3-P32-phosphate
(PAmp). A large proportion of this PA activity was found in the cytosolic fractions with
a smali proportion in the microsomal fraction. Triton X-100 stimulated the
membrane-bound PA (PAqms) PAP activity in the cytosol and microsomes but
inhibited the activity against aqueously dispersed PA ((PAsq) PAP) (4). Furthermore,
PAmb PAP activity could be distinguished from the PA;q PAP activity on the basis
of pH, ions, and magnesium (3). However, these resuits did not exclude the
possibility that these differences in the activity could arise from alterations in the
physical state of the substrate rather than the presence of independent enzymatic
activities.

Based on the susceptibility of PAmy, PAP activity to trypsin and heat in
contrast to PA,; PAP activity which was unaffected, lung could contain two
potentially distinguishable activities (5). Furthermore, separation of these two

activities by purification of rat lung cytosols by gel filtration indicated that greater



3
than 55% of the PA,, PAP activity eluted at a molecuiar weight of 390 kDa with a

minor peak at 110 kDa and greater than 75% of the PA,q PAP eluted at 130 kDa
and 25% at 110 kDa (5). During these studies, it was observed that the 380 kDa
peak could hydrolyze PA,q substrate in the presence of magnesium. This was the
first indication of a PAP activity which showed absolute magnesium dependency.
Hence, a major difference between the activities observed with the two substrates
may have been related to the presence of magnesium in the membrane-bound
substrate since the radioactive PAn, was prepared in the presence of magnesium
while sodium PA was used to prepare the PA,q. Further differences between PA,q
and PAn, PAP activities were observed during rat lung development (6). The
specific activity of PAn, PAP increased 1.5-fold between 18 and 21 days gestation
(22 days term). In contrast, PA,q; PAP activity did not change in the fetus but
increased significantly after birth. These results provided strong evidence that
separate enzymes were responsible for the degradation of membrane-bound and

aqueous dispersions of PA.

1.2 Pulmonary PAP1

Further characterization of the magnesium-dependent isozyme, PAP1, was
performed by Walton and Possmayer who assayed the activity using mixed lipid
vesicles of equimolar egg PA and dipalmitoylphosphatidyicholine (DPPC) (7). The
addition of magnesium produced a two-fold increase in activity with the microsomal
fraction and a 9.5-fold increase with the cytosolic fraction (7). Sturton et al (8) have

observed with rat liver microsomes that P* can be released from radioactive PA by



4

a combination of phospholipase, PLA; and PLA, activities followed by the
degradation of glycerol-3-P*.-phosphate to yield glycerol and P*%-inorganic
phosphate. In order to ensure that a similar activity was not interfering with
phosphohydrolase activities in lung, similar studies were performed in lung
microsomes and cytosol using P*>-PA and C**-PA (9). The magnesium-dependent
release of radioactive DAG accounted for 94% of the radioactivity from P>?-PA while
the C™ label in monoacylglycerol, glycerol, and glycerol-3-phosphate accounted for
less than 7%. Furthermore, extraction with molybdate indicated that 90% of the
radioactivity released from P’2-PA was due to inorganic phosphate. Thus,
phospholipase activities in lung fractions do not appear to lead to an overestimation

of inorganic phosphate release in the measurement of PAP activity (9).

1.21 Phosphatidylcholine (PC) Biosynthesis

The formation of PA is an important step in the biosynthesis of PC (Figure
1.1) (10). PC can be formed through the initial acylation of either sn-glycerol-3-
phosphate or its more oxidized glycolytic precursor, dihydroxyacetone phosphate.
This is followed by a reductive step yielding 1-acyl-sn-glycerol-3-phosphate or
lysophosphatidic acid (LPA) which is rapidly acylated to PA in lung. PA is then
hydrolyzed to diacylglycerol (DAG) and P; by PAP. The combination of DAG with
CDP choline is catalyzed by cholinephosphotransferase to generate PC and CMP.
PA is at an important branchpoint in the biosynthetic pathway and can also be
utilized for the formation of acidic phospholipids including phosphatidylinositol (Pl)

and phosphatidylglycerol (PG).



Figure 1.1. Glycerolipid biosynthesis. Acylation of glycerol-3-phosphate (G-3-P)
or dihydroxyacetone phosphate (DHAP) occurs by G-3-P acyltransferase (1a)
and 1-acylglycerol-3-phosphate acyltransferase (1b) or DHAP acyltransferase
(1c) to generate phosphatidic acid (PA). PA is then dephosphorylated by
phosphatidic acid phosphohydrolase (2) to produce diacylglycerol (DAG).
Cholinephosphotransferase (CPT, 3) will generate phosphatidylcholine (PC) from
DAG and CDP-choline (generated by the sequential action of choline kinase (CK,
4) and the rate-limiting enzyme choline:phosphate cytidylyltransferase (CT, 5)).
PC can also be synthesized through the methylation of
phosphatidylethanolamine (PE) by ethanolamine phosphotransferase (EPT, 6)
and PE methyltransferase (PEMT, 7). PE can be used for the synthesis of PS by
PS synthase (PSS, 8). PA can also be used for the synthesis of Pl in this

pathway through CDP-DAG synthase (9) and Pl synthase (10).
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7
Walton and Possmayer (11) identified the PAP activity responsibie for the

production of DAG for the formation of triacylglycerol (TAG),
phosphatidylethanolamine (PE), and phosphatidylcholine (PC) through salt washing
studies. Rat lung microsomes were washed with increasing concentrations of NaCl
which led to a progressive increase in the proportion of radioactivity in PA from 63%
to over 90% with a decrease in the labeling of DAG and TAG from 37% to less than
10%. The salt washing did not affect PAP2 but reduced PAP1 activity. The ability
of the salt washed microsomes to metabolize PA was resolved by the addition of the
washings, cytosol, or partially purified PAP1. Thus, PAP1 was shown to be essential
for glycerolipid biosynthesis leading to neutral glycerolipids and PC. The effects of
a novel inhibitor of PAP1, bromoenol lactone, showed that this PAP isoform
participates in triacylglycerol (TAG) synthesis in mouse macrophages (12).

PAP1 is a magnesium-dependent cytosolic enzyme which can translocate
to the endoplasmic reticulum where it was shown to have a role in phospholipid
biosynthesis. The translocation of soluble PAP1 to the microsomal fractions has
been observed in a number of systems. Evidence in lung for translocation has been
obtained with A549 cells, a transformed alveolar type lI-like cell line. Exposure of
A549 cells to free fatty acids produced a rapid decrease in the proportion of PAP1
activity which was released from digitonin-permeabilized cells while there was no

effect on PAP2 activity (13).

1.2.2 Signaling
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In addition to phospholipid biosynthesis, PAP1 may also be involved in cell
signaling. Upon cell stimulation, the type | enzyme may translocate to plasma
membranes to generate DAG sequentially to phospholipase D (PLD) activation.
Truett et al (14) suggest that the regulation of the conversion of PA to DAG by PAP1
may be integral to the control of certain human polymorphonuclear leukocyte (PMN)
responses. Their studies indicate that after chemoattractant stimulation,
magnesium-dependent PAP activity decreased in the soluble fraction and increased
in the particulate fraction suggesting that the enzyme may participate in signal
transduction in the PMN. Jiang et a/ (15) examined the effect of epidermal growth
factor (EGF) on PAP1 activity in human epidermoid A431 cells. In unstimulated
cells, they found that PAP1 activity co-immunoprecipitates with the EGF receptor.
With EGF treatment, PAP1 was found to associate with protein kinase C (PKC-g).
It is possible that PKC-¢ may serve to allosterically modify PAP1 or localize PAP to
appropriate membrane locations where PA substrate is localized. Furthermore,
Johnson et al determined the involvement of PAP1 as a key regulatory element
leading to arachidonic acid mobilization (16) and the induction of cyclooxygenase-2
(COX2) (17) in human WISH cells, which are crucial events for the eicosanoid

response.

13 Puimonary PAP2
PAP2 is a magnesium-independent membrane-bound enzyme whose

function in lung to date is unclear. Casola and Possmayer (6) observed that
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membrane-bound PAP2 activity in rat lung tissue did not change appreciably in the
fetus but increased significantly after birth. In rabbit lung, Casola and Possmayer
(18) observed a doubling in microsomai PAP2 between 25 days gestation (dg) and
term (30 dg) which correlated with choline incorporation intc PC. Treatment with
glucocorticoids, in fetal rabbit lung, led to an increase in PAP2 activity as well as
enhanced incorporation of choline into PC (19). The specific activity of PAP2 also
increased with the appearance of [ameliar bodies (intracellular stored surfactant) in
fetal rabbit lung (20). These changes in PAP2 activity appeared to parallel
surfactant production. Pulmonary surfactant, composed of 90% phospholipid
(mostly dipalmitoyl phosphatidylcholine (DPPC)) and 10% protein, is essential for
normal lung function. Its main function is to maintain low surface tensions at the air-
liquid interface and to prevent alveolar collapse upon expiration (21).

The presence of PAP2 activity in human amniotic fluid and the observation
that this activity paralleled the increase in lecithin (PC) to sphingomyelin (SM) or the
PC/SM ratio (L/S ratio) (22) stimulated a detailed study of this enzyme in lamellar
bodies and in isolated surfactant. The specific activity of PAP2 in lamellar bodies
was approximately double that in the microsomal fraction (23). Casola et al (24)
confirmed the presence of PAP2 in rat lamellar bodies but noted that the presence
of the activity was very low. Crecelius and Longmore (25) have investigated the
subcellular localization of a magnesium-independent PAP activity in adult type il
cells. The highest activities were found in the cytosolic fraction with smaller amounts

in the lamellar bodies, microsomal, and mitochondrial fractions.
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1.4 Characterization and Purification of NEM-Insensitive PAP2

Brindley and colleagues have developed an assay to measure the activity of
magnesium-independent phosphatidate phosphohydrolase (26). In order to exclude
possible interference from PAP1, N-ethylmaleimide (NEM) was utilized to
distinguish between these two enzymatic activities. PAP1, a magnesium-dependent
activity, was NEM-sensitive while PAP2, a magnesium-independent activity, was
NEM-insensitive. A number of investigators have demonstrated that NEM-
insensitive PAP activity is predominantly localized in the membrane fraction (27, 28,
29, 30, 31).

Kanoh et af (32) were the first group to purify PAP2, as an 83kDa protein,
from porcine thymus membranes. Its properties indicated that it was magnesium-
independent, NEM-insensitive, specific for PA, and activated by Triton X-100. An
apparent molecular weight of 218kDa was obtained by gel fiitration chromatography
suggestive of an oligomeric structure. Brindley and colleagues (33) were also
successful! in purifying PAP2 from rat liver plasma membranes as two ionically
separate forms: anionic PAP (63kDa, pl<4) and a cationic PAP (51kDa, pi=9).
These investigators determined that cationic PAP was a desialated form of anionic
PAP by neuraminidase treatment. Fleming and Yeaman (34) have also purified
NEM-insensitive PAP from rat liver as two separate activities. One activity, PAP2A,
was purified as an 83kDa protein and the other, PAP2B, as a combination of three
polypeptides, 83kDa, 54kDa, and 34kDa. Native PAP2A and PAP2B eluted from gel

filtration with apparent molecular masses of 265 kDa and 290/300 kDa, respectively,
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suggesting at least two different isozymes may be present in rat liver. Both activities
were magnesium-independent, NEM-insensitive, and inhibited by LPA.

A number of investigators have characterized and purified ecto-phosphatidic
acid phosphohydrolase activities from various cells including neutrophilic leukocytes
(35, 36), PAM 212 keratinocytes (37), and CD34+/CD38+ hematopoietic progenitor
cells (38). These ecto-PAP activities are localized to the extracellular side of the
plasma membranes and rapidly hydrolyze exogenous PA and LPA. Disruption of
intact neutrophils did not further increase PAP2 activity indicating that the activity
hydrolyzes primarily exogenous substrate. In in gel activity assays, PAP activity

consistently localized with a 42-52kDa band (35).

1.5 Cloning of Mammalian NEM-Insensitive PAP2 Isoforms

A number of PAP2 isoforms have been recently cloned and have been
renamed lipid phosphate phosphohydrolases (LPP) (Figure 1.2) due to their broad
substrate specificity, which is later discussed in Section 1.10. Kai ef al (39) were the
first to identify and clone the cDNA of LPP. They previously described the
purification of an 83kDa protein from porcine thymus but the cDNA failed to express
LPP activity upon transfection in mammalian cells. They detected other minor
proteins in their purified preparation and they later determined that a minor broad
band of 35kDa accounted for the activity. N-terminal and internal sequences were
obtained and the N-terminal sequence was found to be highly conserved to the
internal sequence encoded by a mouse partial cDNA named Hic53, a H>O2-

inducible gene (40). Mouse kidney PAP (mPAP) was cloned generating a cDNA that



Figure 1.2. Naming of phosphatidate phosphohydrolases.
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was highly similar to Hic53. These cDNAs couid have been derived by alternative
splicing or by artifactual sequencing of Hic53 resuiting in a discrepant reading
frame. Kai et al (39) noted that the amino acid sequence of the mouse PAP2 is 34%
and 48% identical to Drosophila wunen (41) and to rat Dri42 (42), respectively.
Zhang et al (43) proposed that wunen may be responsible for guiding the germ cells
early in embryonic development from the lumen of the developing gut towards the
overlying mesoderm. Barila et al (44) searched for novel genes that were up-
regulated during development and differentiation of the epithelial cells of the
intestinal mucosa which led to the isolation of the Dri42 cDNA clone encoding a
35.5kDa protein.

Kai ef al (45) have further cloned two isozymes of the magnesium-
independent PAP from human HepG2 cells. Human LPP1 and LPP3 consist of 284
(32.158kDa) and 311 amino acids (35.119kDa) with 47% sequence identity. Human
LPP1 and mPAP share 83% identity and human LPP3 shares 94% identity with rat
Dri42 protein. There is 39% and 34% sequence identity between wunen and human
LPP1 and LPP3, respectively. Both activities were insensitive to NEM and
independent of magnesium.

Hooks et al (46) reported the cloning of a novel PAP2 isoform, LPP2, which
was identified by searching the database of expressed sequence tags (dbESTs).
At the same time, Roberts et al (47) have cloned the three human LPP isoforms.
LPP1, LPP2, and LPP3 comprise 289, 288, and 311 amino acids corresponding to

32.788, 32.577, and 35.120kDa. LPP2 is 54% identical to LPP1 and 42% identical

to LPP3.
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Leung et al (48) were the first to identify LPP1a, an apparent alternative
spliced variant of the human LPP1 isoform with sequences diverging at a putative
exon (32.154kDa with pl = 7.89) from a human lung cDNA library. Between the two
alternatively spliced exons, there is an overall 40% amino acid match. Tate ef a/
(49) have also cloned LPP1a from guinea pig airway smooth muscle cells. Guinea

pig LPP1a and human LPP1a have 90% identity in their predicted amino acid

sequences.

1.6 Yeast Lipid Phosphate Phosphohydrolases

Two types of PAP have been identified in Saccharomyces Cerevisiae: a
magnesium-dependent and NEM-sensitive form as well as a magnesium-
independent and NEM-insensitive form (50). Two membrane-associated forms (104
and 45kDa) of PAP1 have been purified and characterized in yeast which are
regulated by phosphorylation by protein kinase A (PKA), phospholipids (CDP-DAG,
cardiolipin, and phosphatidylinositol), sphingoid bases (sphingosine), and
nucleotides (ATP and CTP) (51). PAP2 was first identified as a 34kDa diacylglycerol
pyrophosphate (DGPP) phosphatase encoded by the DPP1 gene (52). The deletion
of DPP1 in yeast resuited in the loss of all the detectable DGPP phosphatase
activity with only 50% loss in magnesium-independent PAP activity (52). Recently,
Carman and colleagues (53) showed that DPP1 was regulated by zinc. It has
previously been proposed that DGPP may function in lipid signaling pathways (54).
Studies with plants, where DGPP was first identified, have shown that this

phospholipid accumulates upon G protein activation. DGPP has not been identified
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in mammalian cells (54). However, Balboa et al (55) have shown that exogenous
DGPP activates mouse macrophages for enhanced secretion of arachidonic acid
metabolites which is a crucial event in the immunoinflammatory response of
leukocytes. Carman and colleagues (56) recently reported the isolation and
characterization of the LPP1 gene in yeast and show that the order of substrate
preference was PA>LPA>DGPP. LPP1 null cells did not exhibit any growth defects
(56). They suggest that LPP1 may play a role in the regulation of phospholipid
metabolism and the cellular levels of Pl and PA (56).

Katagiri and Shinozaki (57) have cloned two yeast PAP2 isoforms, ScPAP1
and ScPAP2, whose molecular weights are 33.5 and 31.2kDa, respectively.
Hydropathy plot analyses of these two PAP2 yeast sequences indicate six
transmembrane domains. These investigators isolated a ScPAP1 null mutant, which
showed abnormai cell aggregation, abnormal cell shapes, and failed in cytokinesis
while their nuclear division proceeded normally. Interestingly, these investigators
found that Rho1 null mutant cells have a similar phenotype (58). Rho1 encodes a
small GTP-binding protein of the Rho family which is involved in bud formation and
is thought to function in signaling during cytokinesis (58). Faulkner ef al (59)
identified that LPP1 and DPP1 could account for most of the hydrolytic activities
toward essential isoprenoid intermediates such as dolichyl pyrophosphate, dolichyi
phosphate, farnesyl pyrophosphate, and geranyigeranyi pyrophosphate through the

use of a double disruption mutant.

1.7 Expression of LPP
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Western blotting using polyclonal antibodies generated against purified rat
liver PAP2 (51-563kDa) (33) detected an 86kDa protein in brain as well as 17 and
36kDa proteins in thymus and spleen which may be tissue specific PAP isoforms.
The antibody failed to immunoreact with lung and adipose tissue extracts (33).
These tissues may express different isoforms of PAP for which these antibodies
have low affinity. The existence of tissue specific isoforms is supported by
observations that LPA failed to inhibit PAP purified from pig thymus and anti-thymus
PAP (83kDa) failed to immunoprecipitate PAP activity from rat liver (32). An anti-
LPP3 antibody developed by Morris and colleagues was used to screen its protein
expression in various tissues from adult mouse which demonstrated its highest
levels in brain, kidney, and lung (60) which correlates with the high PAP2 activities
in rat brain, kidney, and lung (33). With regards to mRNA expression patterns,
human LPP1 had distinct distribution patterns with little expression in placenta,
thymus, and peripheral blood leukocytes but high expression in the prostate (45).
Meanwhile, LPP3 mRNA was ubiquitously expressed (45). The LPP2 isoform
revealed a more restrictive mMRNA expression pattern being limited to brain,
pancreas, and placenta (46). Leung et al (48) showed that human LPP1 mRNA was
expressed in all tissues tested with the highest expression in heart, lung, uterus,
and bladder. The size and sequence similarity between LPP1 and LPP1a isoforms
did not aliow these workers to distinguish the relative abundance of the two isoforms
by northern analysis (48). Hence, RT-PCR was performed using primers specific to

each individual exon showing that LPP1 mRNA was the predominant isoform in
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kidney, lung, placenta, and liver while LPP1a mRNA was predominant in heart and

pancreas (48).

1.8 Transmembrane Topology, N-linked Glycosylation, and Localization
of LPP

Hydropathy plot analyses show that the LPPs are highly hydrophobic proteins
containing six hydrophobic clusters of 17-23 amino acids (61). Both Kanoh's (62)
and Brindley's group (63) obtained evidence that the N and C-termini of LPP1 are
cytoplasmically oriented. The transmembrane disposition of Dri42, the rat LPP3
homolog, was investigated using in vitro insertion of Dri42-chloramphenicol
acyltransferase (CAT) fusion proteins into microsomal membranes which indicated
that both the N and C termini were cytoplasmically exposed (42) (Figure 1.3).

Purified PAP2 from rat liver plasma membranes (51-53kDa) migrated as a
28kDa band when treated with N-glycanase indicating that it contains N-linked
polysaccharides (30). These sugars may be required for proper folding during
synthesis, cellular localization, stability, or for biological function. Brindley and
colleagues (64) later showed by site-directed mutagenesis that the glycosylation is
not essential for enzymatic activity. mPAP, a 35kDa protein, migrated as a 29kDa
band when treated with N-glycanase and was found to be resistant to
endoglucosidase H indicating that the N-linked sugars are complex type suggestive
of a post-Golgi localization (38). The mPAP sequence encodes two potential N-
glycosylation sites at Asn 142 and Asn 276. The Dri 42 protein has one consensus

sequence for N-linked glycosylation (Asn 171) (42). All of the cloned LPPs (LPP1,



Figure 1.3. Transmembrane topology of lipid phosphate phosphohydrolases.
The N and C-termini of the various cloned LPP isoforms are cytoplasmically
oriented. The active site, comprised of three domains, is proposed to face
extracellularly or luminally. Regions | to VI represent transmembrane domains

and the * represents an N-linked glycosylation site.
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LPP2, and LPP3) contain at least one single consensus site for N-linked
glycosylation (38, 45, 46, 47).

The intracellular localization of Dri42, using polyclonal antibodies generated
against Dri42-glutathione-S-transferase (GST) fusion proteins, was investigated by
immunofluorescence studies in FRIC B (fetal rat intestinal cells), sections of the
small intestine, and MDCK (Madin Darby canine kidney) cells overexpressing Dri
42-CAT fusion protein indicated localization to the endoplasmic reticulum (42). By
immunofluorescence, endogenous LPP3 localized to the cell border and the
perinuclear region in Swiss 3T3 (mouse fibroblasts) cells, at the cell periphery in
LPP3 transiently transfected HEK 293 (human embryonic kidney) cells, and to the
ER in COS7 (monkey kidney) cells (60). Therefore, the localization of LPP3 appears
to be cell specific. Ishikawa ef al (65) also define the localization of LPP3 as a green
fluorescent protein (GFP) fusion protein in HEK 293 cells to the cell surface with
some intracellular staining. Kanoh and colleagues (45) demonstrate plasma
membrane localization of human LPP1 and LPP3 as GFP fusion proteins in HEK
293 cells. Jasinska et al (63) have localized mLPP1-GFP in rat 2 fibroblasts
predominantly to the plasma membrane with some intracellular staining. Roberts
and Morris (66) also show that a significant portion of LPP1 is localized to the
surface of LPP1 stably transfected HEK 293 cells. Post-translational processing of
PAP isoforms was investigated by pulse-chase studies, which further support the
plasma membrane localization indicated by these subcellular localization studies

(42, 45, 47, 60).
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1.9 Active Site of LPP
Stukey and Carman (67) identified a novel, conserved phosphatase
sequence motif, KXXXXXXRP- (X 12.54)-XSGH- (X 31.54)-SRXXXXXHXXXD, that is
shared among several lipid phosphatases, including the mammalian glucose-6-
phosphatases, chloroperoxidases, and bacterial nonspecific acid phosphatases.
Essential features of their model includes: nucleophilic attack of the substrate's
phosphoryl group by the histidine of domain 3 and production of a phosphoenzyme
catalytic intermediate; involvement of conserved arginine residues of domains 1 and
3 in hydrogen binding to equatorial phosphoryl oxygens; and the histidine of domain
2 participating in the protonation of the substrate leaving group (67).
Zhang et al (64) provide evidence for structurally important domains of LPP1.
They propose a theoretical structure for LPP1 in which the three conserved domains
of the active site are located on the outer surface of the plasma membrane (Figure
1.4) (64). The investigators used site-directed mutagenesis to determine the three
conserved domains of LPP1 which are required for catalytic activity (64). The
mutations K120R, R127K, P128I, S169T, H171L, R217K, and H223L from the three
domains decreased LPP activities by more than 95% compared to the wild-type
mLPP1 construct (64). The G170A mutation showed 38% of the wild-type activity.
Arg-127 donates hydrogen bonds to phosphate oxygen and may position the
phosphate that binds to histidine (His-171) essential in acid-base group catalysis.
His-223 is also essential for LPP1 enzyme activity. Lys-120, Ser-169, and Arg-217
may hydrogen-bond to the phosphate oxygen. Gly-170 may also be involved in

forming hydrogen bonds with the oxygen atom (64). Pro-128 may create a kink in



Figure 1.4. Active site of LPP. The amino acids in the dark blue circles represent
essential residues involved in the catalytic mechanism which resulted in a severe
reduction in LPP activity when mutagenized. Amino acids in yellow circles
represent residues, when mutated, which did not affect significantly the activity.
Asn142 represents the glycosylation site which did not affect the enzymatic

activity when mutated.
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the LPP1 polypeptide chain and may be involved in the control of protein
conformation rather than being an active-site residue (64). Brindley and coworkers
also mutated the putative glycosylation site, Asn-142 (N142Q), and this decreased
the molecular mass by about 4 kDa which is expected for the non-glycosylated
protein while not affecting the enzymatic activity which is compatible with previous

work in which the glycan of LPP was enzymatically removed (64).

1.10 Substrate Specificity of LPP

Waggoner et al (68) investigated the substrate specificity of purified
phosphatidate phosphohydrolase from rat liver and found that it was capable of
catalyzing the hydrolysis of ceramide-1-phosphate (C-1-P), LPA, and sphingosine-1-
phosphate (S-1-P). They proposed that LPP could regulate signaling by these
bioactive lipids and putative second messengers. The same preparation was also
capable of dephosphorylating DAG pyrophosphate (DGPP) (69). Rat liver LPP is
not a generai phospholipase C as it did not hydrolyze glycerol-3-phosphate,
phosphatidyicholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS),
phosphatidylinositol (Pl), nor diphosphatidyiglycerol (DPG) and these lipids aiso did
not inhibit phosphatidic acid phosphohydrolase activity (68).

These various substrates were also tested for human LPP1 and LPP3
expressed in HEK 293 cells (45). LPP1 demonstrated high activity towards LPA
while there was no increase in S-1-P (45). In contrast, LPP3 had increased activities
to LPA, C-1-P, and S-1-P (45). The properties of LPP3 are more similar to those of

the rat liver enzyme, which degrades all of these substrates at similar rates (45).
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Hooks et al (46) developed kinetic proffiles of the three human LPPs including
LPP2 using P*-labelled PA, LPA, and N-olecoyt ethanolamine PA (NOEPA), an LPA
mimetic, in HEK 293 cells. For both LPP1 aind LPP3, the maximum activity of the
enzymes was approximately 30% higher witth PA as the substrate than with LPA.
In LPP2 transfected cells, the maximum actiwity was higher with LPA (46). The Km
for PA was similar for all LPPs and LPA wvould appear to be a more selective
substrate (46). All these LPP isoforms have a higher affinity for NOEPA than LPA
(46).

Morris' group (47) infected Sf9 insect ccells with baculovirus giving rise to 114,
460, and 540-fold increases in membrane—asscciated LPP1, LPP2, and LPP3
activities, respectively. These investigators also examined the cell surface activity
of these LPP isoforms using intact Sf9 cells. Only overexpressed LPP1 Sf9 insect
cells exhibited significantly elevated level of escto-phosphohydrolase activity. Kinetic
analysis of the LPP activity against substraates presented in nonionic detergent
micelles showed that all three PAP enzyme:s were highly active against PA (47).
The following is the order of substrate selectiwity: LPP1, LPA > PA > S-1-P > C-1-P;
LPP2, PA > C-1-P > LPA > S-1-P; LPP3, LP*A ~ PA > C-1-P > S-1-P (44).

Jasinska ef al (63) showed that owerexpressed LPP1 degrades both
glycerolipid and sphingolipid phosphate esteers in rat 2 fibroblasts. LPP1 was also
shown to increase the rate of dephosphorylattion of exogenous LPA, PA and C-1-P
{63). Ishikawa et al (65) investigated the degradation of LPA, dioctanoy! PA, and
dioleoyl PA in intact HEK 293 cells overexgpressing LPP3 as well as in in vitro

assays. In intact cells, LPP3 markedly imcreased the dephosphorylation of
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exogenously added LPA and dioctanoyl PA (65). However, the dephosphorylation
of dioleoyl PA was extremely low in intact cells and increased to a negligible extent
by transfection with LPP3 despite its high activity in in vitro assays (65).

Roberts and Morris (66) examined the substrate specificity of LPP1 in a HEK
293 stable cell line and through reconstitution experiments using purified enzymes.
Overexpression of LPP1 in HEK 293 cells resulted in increases in PAP activity
against exogenously provided substrates (66). They further showed that LPP1 is
highly active against substrates in a lipid bilayer. In reconstitution experiments, the
activity of LPP1 against LPA was approximately 12-fold greater than PA in a lipid
bilayer (66). LPP1 activity was largely insensitive to dilution of the liposome
preparation with assay buffer suggesting that LPP1 is preferentially active against

substrates localized to the same membrane bilayer (66).

1.11 Regulation of LPP

The regulation of LPP is crucial in order to contral cellular PA and DAG levels
to regulate the cellular responses to extracellular stimuli. A comparison of the amino
acid sequences of the LPP family suggests that there are a variety of protein kinase
phosphorylation consensus sites (49, 61). There exist cytoplasmic protein kinase
C (PKC) phosphorylation consensus sites (S/T-X-K/R; K/R-X-X-S/T; K/R-X-S/T) as
well as cytoplasmic p42/p44 MAP kinase phosphorylation consensus sites (P-X-S/T-
P; X-X-S/T-P).

Evidence that LPP can be phosphorylated arose very early from studies

conducted by Brindley and colleagues (33) who performed band shift experiments
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indicating that LPP is a phosphoprotein. Phosphorylation-dependent regulation of
LPP has been implicated in previous work and could explain, in part, the difference
in specific activity or stability of the two ionic ferms of purified LPP (33).
Furthermore, phosphorylation may also explain the tack of correlation between the
specific activity of LPP and the intensity of the immunoreactive 51-53kDa proteins
in the various tissues examined (33). However, Fleming and Yeamen (34) tested
five different protein kinases for their ability to phosphorylate and regulate LPP
(cCAMP and AMP protein kinase, calimodulin (CaM) kinase, protein kinase C (PKC),
and mitogen activated protein (MAP) kinase) in vitro but found no evidence that
these could modulate LPP activity. Furthermore, incubation of their purified LPP
with kinase and yPsz-ATP indicated that neither the 83kDa nor any other minor
proteins were phosphorylated (34).

Interestingly, Brindley and colleagues (70) noted that the LPP activity was
elevated in rat 2 cells harvested in the presence of vanadate and zinc which may
indicate a role for tyrosine phosphorylation in regulating LPP activities. These
agents inhibit protein tyrosine phosphatases which can be activated when cells are
harvested. However, they could not demonstrate immunoprecipitation of LPP
activities with anti-phosphotyrosine antibodies (70). Alternatively, LPP activities may
not be a direct target for tyrosine phosphorylation but may be regulated by other
proteins in the membranes which are themselves phosphorylated.

Ulrix et al (71) identified LPP1 as an androgen-regulated gene in the human
prostatic adenccarcinoma cell line, LNCaP. These investigators have used a

differential display technique to identify novel androgen-regulated genes that are
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important for androgen action in the prostate (71). Androgens were found to induce
a 4-fold increase in the levels of LPP1 mRNA in LNCaP cells, which was
accompanied by an increase in magnesium-independent, NEM-insensitive PAP
activity (71). The exact mechanism by which androgens affect LPP1 gene
expression remains to be investigated and further studies will be required to
determine whether androgen regulation of the LPP1 gene involves a direct
interaction of the androgen receptor with a responsive element in the gene (71).
Kanoh and colleagues (45) showed that epidermal growth factor (EGF) caused a
sustained increase (3-fold) in LPP3 mRNA but not LPP1 in HelLa cells suggesting

that the expression of LPP1 and LPP3 are regulated by distinct mechanisms.

1.12 Other Lipid Phosphate Phosphohydrolase Activities

It is highly probable that there exist yet other lipid phosphate
phosphohydrolases that have not been cloned. Mandala et al (72) have recently
cloned and characterized a lipid phosphohydrolase which degrades S-1-P from
mouse brain (430 amino acids). The cDNA had little overall homology to the LPP
phosphatases except at the conserved amino acids predicted to be in the active
site. A hydropathy plot using the Kyte-Doolittle algorithm indicates 8-10 hydrophobic
regions that are potential membrane spanning helices (72). They investigated S-1-P
phosphohydrolase mRNA expression in adult mouse tissues by Northern blotting
and found that it was highest in mouse liver and kidney with low levels in lung and
undetectabie in skeletal muscle (72). Interestingly, the expression of S-1-P

phosphohydrolase in various mouse tissues does not correlate with the relative
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phosphohydrolase activities measured in rat tissue extracts, as it was previously
found that brain had about 3.5 times greater activity than liver or kidney (72).

Boudker and Futerman (73) characterized C-1-P phosphatase activity in rat
liver plasma membranes. They found that the highest specific activity was observed
in rat liver plasma membrane. The activity is not inhibited by NEM and is specific for
C-1-P (73). A similar phosphatase activity that hydrolyzes C-1-P has also been
detected in rat brain by Shinghal et al (74), where it is enriched in synaptic
membranes. Subcellular fractionation studies suggest that C-1-P phosphatase is
found in the synaptic terminal and is associated with both synaptic vesicles and
plasma membranes. The activity was inhibited by magnesium and was insensitive
to NEM (74).

Imai et al (75) showed that the gonadotropin releasing hormone (GnRH)
agonist, buserelin, increased LPA phosphatase activity in plasma membranes of
GnRH receptor-positive ovarian cells in the presence of the nonhydrolyzable GTP
analog, GTP-yS. The enzyme activity was magnesium-independent and NEM-
insensitive. Investigation of the substrate specificity demonstrated that S-1-P and
C-1-P did not affect LPA hydrolysis (75).

Baker and Chang (76) presented evidence for the existence of a neuronal
nuclear NEM-insensitive LPA phosphohydrolase. S-1-P inhibited the nuclear NEM-
insensitive LPA phosphohydrolase activity while no inhibition was observed with PA
(76). A nuclear PAP activity has been implicated in the production of diacylglycerol
from phosphatidic acid produced by the action of a nuclear phospholipase D. Since

the neuronal nuclear LPA phosphohydrolase activity was not inhibited by PA, it
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appears to be distinct from the NEM-insensitive enzymes that hydrolyze this acidic
phospholipid (76).

Frank and Waechter (77) purified and characterized a polyisoprenyl
phosphate phosphatase from pig brain. The purified enzyme was a neutral
phosphatase with maximal activity at pH 7 and had a molecular weight of 33 kDa
(77). The activity was NEM-sensitive and magnesium-independent. A dolichol
phosphatase could have important roles in the catabolism and biosynthesis of the
glycosyl carrier lipid (77). The pig brain phosphatase catalyzes the enzymatic
dephosphorylation of dolichol phosphate and PA with very similar catalytic
efficiencies (77).

Hiroyama and Takenawa (78) characterized an LPA-specific phosphatase
from bovine brain. This activity was present in the cytosolic fraction with a molecular
weight of 44 kDa. The enzyme had no activity in the absence of detergent (78). The
activity showed no activity towards C-1-P or S-1-P but showed a slight activity
towards PA and p-nitro-phenyl-phosphate at pH 7.5. The activity was magnesium-
independent and NEM-sensitive. These investigators have further reported the
cloning of a cDNA for the LPA phosphatase (79).

Xie and Low (37) have shown that the ecto-lysoPAP activity in PAM 212
keratinocytes can be released by trypsin treatment. The solubilized enzyme appears
to behave identically to the cell surface-associated enzyme based on substrate
preference and inhibitor sensitivity studies. This enzyme prefers LPA and likely

represents a distinct isoform to the cioned lipid phosphate phosphohydrolases.
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113 Glycerolipid Signaling
1.13.1 DAG and PA as Second Messengers

There is considerable evidence supporting the involvement of
phosphatidylinositol-specific phospholipase C (PI-PLC) in agonist stimulated
breakdown of phosphatidylinositol bisphosphate (PIP;) to inositol trisphosphate (IP3)
and DAG. These agonists also stimulate the breakdown of PC by PLD (80). It was
postulated that PAP may be involved in cellular signal transduction following agonist
stimulated breakdown of PC at the plasma membrane by phospholipase D (PLD)
from experiments using PAP inhibitors such as propranolol and sphingosine (81).
Thus, PAP may be involved in destroying PA, a second messenger, and creating
another signal, DAG, required for PKC activation. This lipid signaling pathway
generates biphasic DAG responses (80, 82). The early DAG phase normally lasts
less than 1 minute and is generated primarily by PI-PLC breakdown of PIP;. The
more sustained DAG peak can be produced by LPP acting on PA generated by
PLD. DAG activates protein kinase C (PKC) transiently and generation of prolonged
DAG from PC could sustain PKC activation.

Evidence for agonist stimulated PC hydrolysis arises from: increased
turnover of radiolabel in PC in cells prelabelled with [*H]choline when stimulated
with agonists; an increase in [3H]choline/choline phosphate released into the media
upon stimulation; and acyl chain analysis which indicated that both PC and PIP; can
be the sources of agonist-stimulated DAG generation (80, 82). Pessin and Raben
(83) as well as Wakelam and colleagues (84) analyzed derivatives of cellular DAGs

that they separated by gas chromatography or high performance liquid
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chromatography, respectively. Their studies demonstrated that PIP, hydrolysis is
important for transient DAG generation (15 seconds) while PC hydrolysis
contributes to the majority of the DAG in Swiss 3T3 cells after 5 minutes to 1 hour
(83, 84).

There are three potential pathways of PC breakdown giving rise to DAG: PC-
PLC, PLD/LPP, and sphingomyelin (SM) synthase. Convincing evidence is lacking
for PC-PLC (85, 86) and only a few studies have investigated the possibility that
DAG is generated as a consequence of stimulated SM synthesis (see section
1.14.1) (87, 88). However, there is extensive evidence for PLD in cells (80, 89). An
experimentally invaluable characteristic of PLD is that it catalyzes a
transphosphatidylation reaction in which a phosphatidyl-PLD intermediate utilizes
water as a nucleophilic acceptor to generate PA (82, 90). Thus, short chain primary
aliphatic alcohols (1-butanol) can substitute for water and generate
phosphatidylaicohol (Pbut).

The initial phase of DAG generation is composed of polyunsaturated DAG
species while the second phase contains predominantly more saturated species
(82, 90). For example, bombesin stimulated a time-dependent increase in Swiss
3T3 cells in total DAG mass with changes in species profile (25 seconds-
polyunsaturated and 5 to 30 minutes- saturated). In contrast, LPA stimulated a
small increase in DAG in PAE (porcine aortic endothelial) cells only after 5 minutes
(saturated and monounsaturated species) (91). In the presence of 0.3% butanal in
3T3 cells, Pbut formation accumulated and prevented the formation of DAG as a

consequence of PLD activation; the DAG mass at 30 minutes was abolished but not
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at shorter time periods. Therefore, the early rise can be attributed to the activation
of PI-PLC and not PLD. Agonist stimulated PLD activity has been repeatedly
proposed as providing the source of sustained DAG generation in cells leading to
the sustained activation of PKC (80). However, it is becoming increasingly apparent
that the PA product of PLD itself functions as an intraceliular messenger (92). It was
demonstrated that PA, generated by activation of PLD, can stimulate rho-mediated
actin stress fiber formation in PAE cells (93). A variety of other signaling functions
have been proposed for PLD-generated PA including the activation of a PA-
regulated protein kinase (94), PKC (95), activation of Raf (96, 97), cAMP-specific
phosphadiesterase (PDE4Ds3) (98), and tyrosine phosphorylation of MAP kinases
(99).

There are only a few studies examining the importance of DAG acyl chain in
the activation of PKC although all 1,2-DAGs appear to be able to activate PKCs in
vitro (100, 101). Polyunsaturated DAGs such as 1-stearoyl-2-arachidonyl glycerol
activate PKC more effectively than saturated DAG (102, 103). A combination of
bombesin and TGF-B causes a sustained accumulation of poly-DAGs and sustained
activation of various PKC isoforms (104) and in thrombin-stimulated platelets,
activation of PKC correlates with transient production of PIP; derived poly-DAGs
rather than with sustained DAG production (105). However, Ha and Exton (106)
observed that PKCa was rapidly translocated by a-thrombin at 15 seconds but
disappeared within 1 minute while PKCe was rapidly translocated and its membrane

association was sustained for 60 minutes.
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Wakelam and colleagues (107) have demonstrated that DAG kinase ¢
selectively removes polyunsaturated DAG, inducing altered protein kinase C
distribution in vivo. Furthermore, Shirai et a/ (108) observed activation of PKC and
DAG kinase isoforms temporally and spatially to one another in response to various
agonists. DAG kinase terminates the polyunsaturated DAG signal by forming
polyunsaturated PA. This is the preferred substrate for an isoform of CDP-DAG
synthase which is responsible for the formation of CDP-DAG. This liponucleotide
is then utilized by Pl synthase for Pl synthesis followed by sequential

phosphorylation to regenerate PIP; (107).

1.13.2 Phosholipase D (PLD)

The PLD family of enzymes consists of three distinct isoforms. PLD1 has
been cloned from HelLa cells and requires PIP, for activity and is activated by ADP-
ribosylation factor (ARF), the Rho family of GTPases, cdc42, and PKCa (109, 110).
PLD2 has high basal activity and has been cloned from various human tissues
(111). There exists an oleate-stimulated PLD activity which is insensitive to small
GTPases which has yet to be cloned (112, 113). Provost and colleagues (114) used
in vitro studies to examine the tissue distribution of ARF/RhoA activated PLD activity
and found high levels of activity in lung, kidney, and spleen while muscle lacked this
activity. The oleate-dependent enzyme was high in lung, epididymal fat, and heart
but moderate in brain, skeletal muscle, spleen, kidney and low in intestinal mucosa,

liver, and testis (115).
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PLD is localized in a variety of subceliular compartments. Its plasma
membrane localization is consistent with signaling and may be coupled to cell
surface receptors (116). A nuclear PLD activity was identified in MDCK cells (117)
and a nuclear residing RhoA has been implicated in the activation of this PLD
resulting in the elevation of nuclear PA and DAG levels (118). The nuclear
ARF/RhoA activated PLD is proposed to be involved in nuclear envelope signal
transduction independent of the plasma membrane as well as in nuclear membrane
dynamics during mitosis (119). PLD exists in the Golgi apparatus and Ktistakis et
al (120) presented evidence in favor of a role for PLD in ARF-dependent Golgi
transport by showing that the formation of COP1-coated vesicles was inhibited by
ethanol and the requirement for ARF in coatomer binding can be bypassed by
adding exogenous PLD. Siddhanta et al (121) further demonstrated that secretory
vesicle budding from the trans-golgi network in rat anterior pituitary GH3 cells is
mediated by phosphatidic acid generated by PLD. Another proposed function for
PLD in mammalian cells is in mediating agonist-induced reorganization of the
cytoskeleton (119). PLD1 was shown to associate with the octylglucoside-insoluble
cytoskeletal fraction upon activation by GTPyS in permeabilized U937 cells (122).

Recently, a number of cytosolic, calcium-dependent, Pl-specific PLD
activities were identified in rat brain which are involved in the conversion of Pl (3,
4, 5)P3, produced by phosphatidylinositol-3-kinase (PI3K), to (3, 4, 5)P; and PA
(123). These inositol phosphates are key components in the activation of cell
growth. Since PA is generated, these PI-PLDs may provide a putative link between

PI3K and signaling pathways mediated by PA. Tsujioka and colleagues (124) have
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identified a glycosylphosphatidylinosito! (GPI)-PLD that is involved in releasing GPI-

anchored proteins from membranes generating DAG for PKCa activation (124).
GPl-anchors may also be involved in signal transduction since treatment of cells
with hormones and cytokines induces their cleavage generating second
messengers such as inositol phosphoglycans and PA.

Sciorra et al (60) present evidence for a functional role for LPP3 in the
metabolism of PA derived from PLD activation. They report that the PLD/LPP
pathway is operational in detergent resistant membrane microdomains, a type of
specialized membrane compartment implicated in vesicular trafficking and signal
transduction (60). PLD activity and LPP3 localize to and act sequentially to generate
DAG in these specialized domains. They propose that the functional association
between PLD and LPP3 is accomplished by colocalization of these enzymes to the

same membrane compartments (60).

1.13.3 Diacylglycerol Kinase (DAG Kinase)

Nine mammalian isotypes of DAG kinases have been identified which differ
in primary structure, substrate specificity, and tissue distribution (125, 126). DAG
kinase phosphorylates DAG and is a potential terminator of DAG signaling and thus,
downreguiates membrane localization of PKC as shown by Shirai et a/ (108). DGKs
contain a conserved catalytic domain and a number of other conserved motifs that
are crucial in lipid-protein and protein-protein interactions (125, 126). Some isoforms

are regulated by small GTPases of the Rho family. It was shown recently by Houssa
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et al (127) that DAG kinase 6 binds to and is negatively regulated by active Rho A.

Rho family of GTPases (Rho A, Rac, and Cdc42) regulate cytoskeletal
reorganization and gene transcription through protein kinases and lipid signaling
enzymes (PLD, PI5K, and PI3K). These investigators report that when DAG kinase
6 binds to active Rho A, it loses its catalytic activity. This observation suggests a
role for DAG kinases in actin cytoskeletal rearrangement. Other DAG kinase
isoforms are found in the nucleus in association with other regulatory enzymes of
the PI cycle and may have an effect on cell cycle progression (128). Most DAG

kinase isoforms show high expression in distinct regions of the brain (125, 126).

1.13.4 Protein Kinase C (PKC)

At least twelve different isozymes have been identified (129) and are
classified into three groups (conventional, novel, and atypical) based on their
structure and cofactor regulation. The conventional isoforms include «, g1, Bil, and
y which are regulated by calcium. The novel PKC isoforms include §, €, 6, 1, i, and
v which do not appear to require calcium binding. The atypical PKCs include ¢ and
A which do not respond to phorbol esters. Binding of DAG or other lipid activators
produces conformational changes resulting in the movement of the pseudosubstrate
domain from the active site causing the kinase to become active (130). PKC also
binds acidic lipids such as PS which is responsible for calcium-dependence for the
conventionai type PKCs (130). These kinase isoforms phosphorylate serine and

threonine residues on their substrates including myristoylated, alanine-rich C kinase
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substrate (MARCKS) (131). PKCs play important roles in proliferation,

differentiation, vesicle trafficking, and gene expression.

1.13.5 LPP and Edg Receptors

PAP2 localized on the plasma membranes has generally been thought to
dephosphorylate PA generated by PLD. To participate in the metabolism of cellular
PA, PAP2 at the plasma membrane should have its catalytic site oriented towards
the inner leaflet of the bilayer or exposed on the cytoplasmic leaflet. However, the
catalytic site of the cloned PAP2 isoforms have been predicted to be located at the
putative extracellular loops and may be able to degrade extraceliular substrates or
those in the outer leaflet. This prediction suggests that the enzyme attenuates
receptor-directed extracellular signals such as LPA and S-1-P.

LPA and S-1-P are phospholipid growth factors which are found in activated
platelets, injured cells, and at pM concentrations in serum (132, 133). The biological
responses to these phospholipid growth factors inciude stimulation of cellular
proliferation, inhibition of apoptosis, aggregation of platelets, contraction of smooth
muscle cells, neurite retraction, regulation of cell-cell aggregation and adhesion, and
chemotaxis (132, 133). These responses are transduced by the endothelial
differentiation gene (Edg) receptors coupled to various G proteins including Gq
(PLC), Gi (cAMP), and Giz13 (GTPase Rho). There are two classes of Edg
receptors: LPA subtypes, Edg 2, 4, and 7; and S-1-P subtypes, Edg 1, 3, 5, 6, and

8 (134).
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Brindley and colleagues reported that overexpression of LPP1 increased the
hydrolysis of LPA in rat 2 fibroblasts (135). They further showed that LPP1
overexpression could decrease the activation of ERK1/ERK2 and DNA synthesis
induced by LPA. They proposed that LPP1 may control the net interaction of LPA
with these cells in order to regulate the activation of the Edg2 receptor (136).
Antisense oligoriucleotides designed against LPP1 decreased the
dephosphorylation of exogenous LPA, increased the net association of LPA,
increased the activation of ERK1/ERK2, and DNA synthesis. Possible mechanisms
of action for LPA include LPA binding to Edg2 after association with the outer leaflet
of plasma membramne and LPA dissociation from Edg2 into the membrane followed
by its dephosphorylation by LPP1 or LPP1 regulation of the net amount of LPA

available for activating Edg2 receptors.

1.14 Sphingoli pid Signaling
1.14.1 De novo Biosynthesis of Sphingomyelin

Sphingolipid metabolism involves a number of biosynthetic and catabolic
reactions in which ceramide has a crucial role (Figure 1.5) (137, 138). The de novo
biosynthesis of sphingomyelin is initiated with the condensation of paimitoyl-CoA
with serine which is catalyzed by the rate-limiting enzyme, serine
paimitoyltransferase. Reducing and acylating steps are catalyzed by NADPH-
dependent reductase followed by the actions of ceramide synthase and a
dehydrogenase to generate ceramide. Ceramide can then be converted into

sphingomyelin through the transfer of the choline phosphate group from



Figure 1.5. Sphingolipid metabolism. The synthesis of sphingomyelin is initiated
with the condensation of palmitoyl-CoA with serine catalyzed by the rate limiting
enzyme, serine palmitoyltransferase (Ser palmitoyltransferase, 1). Ceramide,
produced by the sequential action of NADPH-dependent reductase (2) and
ceramide synthase (cer synthase, 3), can be converted to sphingomyelin by
sphingomyelin synthase (SM synthase, 4). Ceramide can be phosphorylated by
ceramide kinase (cer kinase, 8) to generate C-1-P which can, itself, be
dephosphorylated by C-1-P phosphohydrolase (CPP, 9) to regenerate ceramide.
Ceramidase (5) can also utilize ceramide to generate sphingosine which is
phosphorylated by sphingosine kinase (SPH kinase, 6) producing S-1-P.
Dephosphorylation of S-1-P is catalyzed by S-1-P phosphohydrolase (SPP, 7).
Hydrolysis of sphingomyelin by sphingomyelinase (SMASE, 10) will generate
ceramide. Abbreviations: C-1-P, ceramide-1-phosphate, and S-1-P, sphingosine-

1-phosphate.
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phosphatidylcholine through the action of PC:ceramide phosphocholine transferase
(SM synthase). Theoretically, this enzyme can regulate the levels of ceramide as
well as DAG. Ceramide can also be utilized for generating cerebrosides and
gangliosides through the sequential addition of carbohydrate units and sialic acid
residues. Phosphorylation of ceramide at its 1-position by ceramide kinase will yield

C-1-P.

1.14.2 Sphingolipids and their Role as Second Messengers

In contrast to the function of DAG in glycerolipid signaling, ceramide is a key
regulator of antiproliferative and pro-apoptotic signaling pathways (137, 138).
Ceramide exerts its effects through the activation of a ceramide-activated protein
phosphatase (CAPP) leading to inhibition of cell growth and apoptosis (139, 140,
141). Ceramide accumulates in response to several different inducers such as
TNFca, [IB1, IFN-y, Fas, irradiation, and stresses such as serum deprivation and heat
shock (142). The general response to these stresses is a growth-suppressed
condition, cell cycle arrest or apoptosis. Serum deprivation induces an elevation of
intracellular ceramide with a progressive arrest of the cell cycle in the Go-G; phase
(143). In contrast to ceramide, sphingosine was observed to stimulate the
proliferation of Swiss 3T3 cells leading to PA accumulation generated by PLD (144)
or a PKC-independent pathway (145).

Sphingomyelin can be hydrolyzed to ceramide (146) by sphingomyelinases

which have been recently cloned by several groups (147, 148, 149). Ceramidases
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can hydrolyze the generated ceramide into sphingosine and thus, modulate the
levels of these two lipids. Various ceramidases (acid, neutral, and alkaline) have
been cloned (150, 151) and overexpression of acid ceramidase was found to be
capable of protecting cells from TNF-induced apoptosis (151). The generated
sphingosine can then be phosphorylated by sphingosine kinase to produce the
bioactive lipid, S-1-P. This enzyme has been cloned and characterized by Spiegel's
group (152, 153). As previously described, S-1-P has diverse biological functions
both intracellularly as well as extracellularly through Edg receptors (154).
Intracellularly generated S-1-P may be converted back to sphingosine by the
recently cloned S-1-P phosphohydrolase (72) which when overexpressed was found
to increase ceramide levels leading to decreased cell survival. LPP isoforms, which
have broad substrate specificity capable of hydrolyzing extracellularly presented
substrates, may be involved in the regulation of S-1-P-mediated effects through Edg
receptors. Ceramide, itself, can be phosphorylated by ceramide kinase generating
C-1-P, which appears to have roles in neutrophil phagocytosis and vesicle fusion
(155). C-1-P can be dephosphorylated by LPPs to generate ceramide. It is unknown
whether LPP-generated ceramide contributes to the apoptotic response.

Recent studies showed that SV-40 transformation induced a significant
increase in SM synthase activity in human lung fibroblasts (88). As a consequence
of the eilevated SM synthase activity in the transformed cells, there was a decrease
in the intracellular ceramide and an increase in DAG (88). Cross-talk between

sphingolipid signaling (ceramide) and glycerolipid signaling (DAG) adds further
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complexity and the regulation of intracellular ceramide and DAG can be crucial in

the control of cell viability and cell death.

1.15 Lung and the Alveolar Epithelium
1.15.1 Lung Development

Lung development is a highly complex process that involves morphogenesis,
growth, and differentiation which is required for transition from an aqueous to an air-
breathing environment (156). It is initiated in the embryo as a ventral outpouching
of endodermal cells from the anterior foregut into the surrounding mesenchyme.
There exist three phases of lung development: pseudoglandular, canalicular, and
saccular. In rat, during the pseudoglandular phase (17 to 20 dg), branching occurs
with the formation of bronchioles and alveolar ducts. The ductal epithelial cells
remain undifferentiated. This is followed by the canalicular phase (21 dg) in which
rapid growth diminishes with differentiation of epithelial cells lining the ducts, and
the initiation of capillary growth. In the terminal sac phase (22 dg to after birth),
capillaries continue to grow and epithelial cells undergo differentiation. Interactions
between epithelial cells and the mesoderm are essential for the effects of growth
and differentiation factors as well as hormones in various developmental processes
including cellular differentiation, vasculogenesis, and the synthesis of surfactant
lipids and proteins (156).

The structure of the alveolar epithelium consists of cuboidal type il cells in
the alveolar corners and the squamous type | epithelium which covers the

capiliaries. The type | cells are long, squamous cells which comprise 96% of the
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epithelial surface area which serves to minimize the distance between the alveolar
air space and the capillaries in order to maximize gas exchange. Type Il celis are
cuboidal and cover only 4% of the surface area (157). There are a number of
functions attributed to the type It cell including the synthesis and secretion of
surfactant, involvement in pulmonary defense, and recovery from lung injury (157).
Although type | cells are susceptible to lung injury, the type Il cells appear to be
more resistant being capable of proliferating and transdifferentiating into type | cells

in order to restore the alveolar epithelium.

1.15.2 Type Il Cell Surfactant Phospholipid Secretion

Surfactant phospholipid secretion by isolated type Il cells can be stimulated
by a variety of agonists acting by at least three signal transduction mechanisms: 8,
or A; receptor leading to the activation of adenylyl cyclase, Py, receptor leading to
the activation of calcium-calmodulin, and the activation of PKC (Figure 1.6) (158).
The Py, receptor, which is activated by the surfactant secretagogues, ATP and UTP,
has been cloned by Rice et al (159). The receptor is a seven transmembrane G-
protein coupled receptor containing two consensus sites for N-linked glycosylation
at its N-terminus and phosphorylation sites in its cytoplasmic tail.

ATP has been reported to stimulate surfactant phospholipid secretion in
isolated perfused lungs, lung slices, and primary cultures of type Il cells from fetus,
newborn, and adult rats (160). Cross-talk between different signaling pathways
occurs in many systems and can have positive and negative effects on the final

cellular response. 5'-(N-ethylcarboxyamido)adenosine (NECA) and ionomycin



Figure 1.6. Surfactant secretion: the Py, purinergic signaling cascade. Transient
elevations in DAG levels arising through phospholipase C (PLC) degradation of
phosphatidylinositol bisphosphate (PIP;) in alveolar type |l cells can be extended
through the stimulation of the phospholipase D (PLD)/LPP pathway. LPP is
proposed to function in the regulation of surfactant phospholipid secretion. The
signaling pathway would involve a plasma membrane localized LPP which would
act sequentially to PLD in the purinergic Py, receptor cascade where it would
generate DAG from phosphatidylcholine (PC)-derived PA, thereby sustaining

protein kinase C (PKC) activation and surfactant secretion
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increased PC secretion from a basal rate of 1.4% in 2 hours to 4% while ATP and
TPA increased it to 5-7% (161). The combination of NECA, ATP, TPA, and
ionomycin resulted in an increase to 13% (161). A large part of the effect of ATP on
PC secretion may be mediated by activation of an adenosine A, receptor coupled
to adenylate cyclase which was determined through the use of antagonists specific
for each pathway (161).

Rooney and colleagues have investigated ATP-stimulation of surfactant
secretion and inositol phospholipid metabolism in primary rat type Il cells (162). The
effect of ATP was examined in cells prelabeled with [°H]-arachidonic acid or [*H]-
acetate. DAG formation was biphasic with an initial rapid transient increase (10
seconds) followed by a more prolonged peak between 5 and 10 minutes which
returned to normal levels by 15 minutes (162). PA levels were also measured and
were found to increase within 1 minute and remain constant for 30 minutes (162).
These changes in DAG and PA were small but were consistently observed. Inositol
phosphates (IP3) were also measured and found to increase rapidly with a
corresponding decrease in PIP; levels. Similar results were obtained with UTP, the
P2, receptor agonist (163). PC secretion could be detected as early as 15 minutes
and was maintained up to 4 hours after ATP exposure. The second DAG peak
could have been generated by at least two mechanisms: PC-PLC or PLD/LPP
pathway. It was shown that the latter pathway was invoived in the generation of the
second DAG phase. These two pathways were distinguished through the use of an
alcohol whereby PLD can catalyze a transphosphatidylation reaction leading to the

formation of the corresponding phosphatidylalcohol (164). Gobran et al (165) have
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further examined the PKC isoforms and other signaling proteins invoived in
surfactant secretion in developing rat type Il cells. These investigators had
previously reported that there is a developmental increase in the response of type
Il cells to surfactant secretagogues (166). They observed that there was a
diminished response to ATP in newborn type il cells compared to adult and the
response to UTP was not detected until 4 days after birth. Therefore, they
concluded that there was a developmental delay in the expression of one or more
components of the Py, signaling mechanisms (166). These investigators have also
found the following signaling proteins in type [l newborn and adult type Ii cells:
PKCa, PKCBI, PKCBII, PKC8, PKCn, PKCL, PKC6, PKCy, PLC-3, and Gqa (167).
They found differences between newborn (1-2 day (D) old) and aduilt in the following
PKC isoforms and signaling proteins: PKCu, PKCgI, PKCBII, PKCE, and PKC6
which were 43-54% the levels of adult in the neonate. The purinergic receptor, P2y,
was examined by RT-PCR and its mRNA expression was found to be the same in
the newborn and adult type Il cells. However, due to lack of antibodies against this
receptor, changes in these protein levels could not be determined. Subsequently,
Gobran and Rooney (167) examined the PKC isoforms that are activated in
response to ATP and UTP. Western analysis indicated that the PKCp isoform
translocated to the membrane fraction in response to treatment with these

secretagogues after 5 minutes.

1.15.3 Type Il Cell Proliferation and Transdifferentiation
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Cuboidal epithelial cells are the progenitor of other epithelial cells during lung
development and for repair at the alveolar surface (168). Interactions between
epithelial cells and fibroblasts appear to be crucial for epithelial cell function. During
lung development, fibrobiast factors secreted in response to steroids, induce
surfactant synthesis in maturing type Il cells (169). In lung fetal development, when
epithelial growth slows and surfactant accumulation begins, there is increased
disruption of the basal membrane leading to increased cell-cell contact between
cuboidal cells and fibroblasts (168). Normally the proliferation rate of various
pulmonary cells in lung is low. However, during lung injury such as exposure to 90%
O, for 6 days and return to air, there is a burst of cell proliferation after 1 day and
a return to normal mitotic indices after 3 days (168). The stimulating factor for type
[l cell division could include the loss of contact inhibition or it may involve a signal
arising from different basal membrane composition (168). Epithelial and interstitial
cell contacts have been described in developing fetal lung where their frequency
increases sharply at a time when epithelial division slows down and surfactant
synthesis begins (168).

Several growth factors have been shown to be capable of stimulating type
Il cell DNA synthesis and growth, including FGF, HGF, TGF-a, KGF, and EGF
(170). Events operating late in G1 are essential in the control of transition of lung
alveolar epithelial cells into and out of the proliferative state. Investigators have
observed that transformed alveolar epithelial cells overexpress cyclin A compared
to normal fetal and adult rat alveolar epithelial cells in primary culture (171). Thus,

cyclin A may play a role in regulating the rapidly proliferative phenotype of
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transformed alveolar epithelial cells (AEC). A suppression of cyclin D2 and cdc2
gene expression was observed during the development of normal rat AECs and
induction or overexpression of the cdc2 gene in hyperoxic rat alveolar epithelial cells
(172). There may exist an important functional role for cyclin D2 and cdc2 genes in
determining the proliferative or nonproliferative phenotypes of normal AECs during
lung development, injury, repair, and transformation. Wu et a/ (173) have concluded
that cyclin D2 expression in 19 day gestation AECs (19dg canalicular phase) may

play an important role in the regulation of type [l cell proliferation.

1.16.4 Type Il Cell Apoptosis

Apoptosis plays a central role in the cellular remodeling of the developing
lung (174). Type Il cell apoptosis was observed to increase with the transition from
the canalicular (21 dg) to the terminal sac (22 dg) stage of development in the rabbit
(175). it was also found that at this stage of development, there were increases in
epithelial apoptosis as well as Fas ligand protein in type Il cells (175). It was
suggested that the Fas/Fas ligand system may be an important pathway in the
control of postcanalicular alveolar differentiation (175).

Mallampalli and colleagues (176) showed that TNFa increases ceramide
without inducing apoptosis in alveolar type Il epithelial cells. Intratracheal
administration of TNFa did not induce apoptosis in alveolar type Il cells but TNFa
was able to decrease sphingomyelin and increase ceramide levels in the lung with

no alteration in the activity of serine palmitoyltransferase or sphingomyelin synthase
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(176). TNFa couid have induced cell death in other cells and it is possible that type
Il cells require other events for apoptosis.

Inflammatory diseases of the respiratory tract including Adult Respiratory
Distress Syndrome (ARDS) are characterized by a large increase in inflammatory
oxidants such as H>O;, which contribute to lung injury (175). The lung epithelium
plays an important role in modulating the inflammatory response to lung injury
where airway epithelial cells are targeted by H,O, and other oxygen radicals (175).
H.O, was observed to activate a membrane sphingomyelinase leading to the
generation of ceramide in HAE cells. Changes in cell morphology, apoptotic nuclear
condensation, and segmentation were also observed (177). The regulation of
sphingomyelinases and the mechanism by which H,O, stimulates sphingomyelin
hydrolysis is currently unknown. H>O, stimulates the release of the mitochondrial
protein cytochrome c and activates caspase 9, which leads to the activation of
caspase 3, activation of c-fos and c-jun, and eventually apoptosis. Upstream
membrane lipid signaling events may include H,O; activation of PLD (178). H,0»
induced cell death was enhanced by pretreatment with 1-butanol suggesting that
PLD activity might suppress the H;O induced cell death (178). H,O, stimulated
endogenous PLD activity and the overexpression of PLD2 led to a further increase
in H20; induced PLD activity (178). Since LPP is proposed to act sequentially to
PLD, it may be involved in the generation of DAG, from PLD-derived PA, for PKC

activation in order to counter the effects of ceramide.

1.16 Summary
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The overall goal of this thesis was to further expand our knowledge and
understanding of LPP in lung and alveolar type il cells. We propose that LPP would
have a role in the regulation of surfactant phospholipid secretion and in the control
of cell growth. Chapter 2 of this thesis is entitled “Characterization of the Pulmonary
N-Ethylmaleimide Insensitive Lipid Phosphate Phosphohydrolase”. Previous studies
performed in lung have demonstrated the existence of two different forms of
PAPases, namely PAP1 and LPP (PAP2). The former puimonary Mg+2-dependent
enzyme is N-ethylmaleimide (NEM)-sensitive, heat labile, and is involved in
phospholipid biosynthesis. However, the function of the latter lung isozyme is
unknown. LPP was selectively assayed using NEM in the absence of Mg+2. Studies
employing this assay and adult rat lung microsomal preparations demonstrated that
LPP was inhibited by amphiphilic amines, sphingoid bases, products of the LPP
reaction (monoacylglycerol (MAG) and diacylglycerol (DAG)), and substrate analogs
such as LPA, C-1-P, and to a very small extent, S-1-P. Purified lung plasma
membranes, prepared using discontinuous sucrose and Percoll gradients, showed
that LPP activity was enriched 6.9:1.6-fold over the whole homogenate and was
between the enrichment for plasma membrane markers, 5'-nuclectidase (14.7+:0.3)
and Na'K'-ATPase (4.0:0.2). Both PA and LPA were good substrates for LPP in
this purified plasma membrane fraction. In contrast, S-1-P was a very poor
substrate. LPP activity was slightly enriched in isolated type Il cells and low in
isolated rat lung fibroblasts. These studies show that lung contains LPP activity in

plasma membranes and type il cells where it could play a role in signal
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transduction, specifically in surfactant phospholipid secretion in the Py, purinergic
signaling cascade acting sequentially to PLD.

Chapter 3 entitled “Molecular Cloning and Expression of Pulmonary Lipid
Phosphate Phosphohydrolases” identifies the LPP isoforms present in lung and
type Il cells. In Chapter 2, we observed that S-1-P was a relatively poor substrate
in lung plasma membranes in contrast to purified rat liver LPP which suggested the
potential presence of a novel LPP in lung. Thus, LPPs were cloned by reverse
transcriptase-polymerase chain reaction (RT-PCR) from both adult rat lung and type
Il cell RNA. The RT-PCR generated LPP1 (849bp), up to three LPP1 variants, and
LPP3 (936bp) cDNAs. The three LPP1 variants include LPP1a (852bp) and two
novel isoforms, LPP1b (697bp) and LPP1c (1004bp). The pulmonary LPP1 and
LPP3 isoforms are identical to the previously cloned rat liver and intestinal LPPs,
respectively, and the LPP1a isoform has 80% sequence identity to the human
homolog. The LPP2 isoform was not detected in lung by RT-PCR. Expression of
LPP1, LPP1a, and LPP3 cDNAs in HEK 293 cells established that they encode
functional lipid phosphate phosphohydrolases. In contrast, the novel isoforms,
LPP1b and LPP1c, contain frameshifts which would result in premature termination
producing putative catalytically inactive polypeptides of 30 and 76 amino acids,
respectively. Further investigation of the LPP1b isoform revealed that it was present
across a variety of tissues and exists in equal abundance to the LPP1/1a isoform
in lung tissue. As expected, transient mammalian expression of LPP1b failed to
alter PAP2 activity. Our initial investigations were directed to address the role of

these cloned isoforms in surfactant phospholipid secretion in type Il cells. However,
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overexpression in type Il cell lines (mouse lung epithelial cells (MLE)) was without
success. These studies will await improved type |l cell model systems and the
analysis of type Il cells from knock-out mice.

Chapter 4 is entitled “Developmental Patterns of Lipid Phosphate
Phosphohydrolases in Rat Lung and Alveolar Type Il Cells”. These studies were
initiated as a preliminary towards investigating the possible functions of the cloned
LPP isoforms. The developmental patterns for LPP, PLD, Edg receptors, and
various PKC isoforms suggest potential roles in epithelial growth, vasculogenesis,
differentiation, and surfactant phospholipid secretion. Since type Il cells comprises
less than 10% of the lung cellular population, changes in LPP observed in the whole
lung profile cannot be extrapolated to this cell type and thus, further investigations
will await better type Il model systems.

Chapter 5 entitled “Pulmonary Lipid Phosphate Phosphohydrolases in
Plasma Membrane Signaling Platforms” was performed to investigate the
localization of LPP in lipid-rich signaling platforms as it was recently reported that
PLD isoforms and Edg receptors were localized to these lipid-rich signaling
domains. Herein, LPP activity is reported to be enriched in lipid-rich signaling
platforms isolated from rat lung tissue, isolated rat type Il cells, and type Il cell -
mouse lung epithelial cell lines (MLE12 and MLE15). Lung and cell line caveolin-
enriched domains (CEDs), prepared based on their detergent insolubility in Triton
X-100, contain caveolin-1 and protein kinase C (PKC) isoforms. The LPP3 isoform
was predominantly localized to rat lung CEDs. These lipid-rich domains, including

those from solated rat type |l cells, were enriched both in
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phosphatidylcholine/sphingomyelin (PC: SM) and cholesterol. The effect of saponin
was also investigated, as it is known to sequester cholesterol thereby destabilizing
the lipid-rich microdomain structure and rendering them sensitive to solubilization
by nonionic detergents. Saponin-treatment of MLE15 cells shifted the LPP activity,
cholesterol, PC: SM, and caveolin-1 from lipid microdomains to detergent soluble
fractions. Elevated LPP activity and LPP1/1a protein are present in caveolae from
MLE15 cells prepared using the cationic colloidal silica method. In contrast, total
plasma membranes had a higher relative abundance of LPP1/1a protein with low
LPP activity. Phorbol ester treatment caused a 3.8-fold increase in LPP specific
activity in MLE12 CEDs. Thus, the activated form of LPP1/1a may be recruited into
caveolae-rafts. Transdifferentiation of type Il cells into a type I-like cell
demonstrated enrichment in caveolin-1 levels and LPP activity. These results
indicate that LPP is localized in caveolae and/or rafts in lung tissue, isoiated type

Il cells, and type |l cell lines consistent with a role for LPP in both caveolae/raft

signaling and caveolar dynamics.
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Chapter 2
Characterization of the Pulmonary N-Ethylmaleimide-Insensitive Lipid

Phosphate Phosphohydrolase

' A version of this chapter has been published

Nanjundan, M and Possmayer F. 2000. Characterization of Pulmonary NEM-
Insensitive Phosphatidate Phosphohydrolase. Experimental Lung Research, 26:
361-381, 2000.
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21 Introduction

Phosphatidate phosphohydrolase (PAPase) was first described in plants by
Kates in 1955 (1). In the early 1960's, the characterization of this enzyme was
initiated in a number of mammalian tissues including brain, kidney, intestine, and
erythrocytes (2). However, PAPase activity in lung tissues was initially shown using
a histochemical approach which localized this enzyme to inclusion bodies within the
granular pneumocyte (3). Further studies demonstrated that the specific activity of
the pulmonary enzyme increased in fetal rabbit lung during development (4) as well
as after induction of pulmonary maturation by glucocorticoids (5). This activity has
also been reported to increase with the appearance of lamellar bodies in the fetal
rabbit lung (6). Furthermore, the observation that an increase in PAPase occurs 24
hours prior to a rise in phosphatidylcholine (PC) in lung (4, 7) led to the suggestion
that PAPase could be involved in the regulation of the production of diacylglycerol
for pulmonary surfactant PC.

There exist two different forms of pulmonary PAPases, namely PAP1 and
lipid phosphate phosphohydrolase (LPP, previously named PAP2). Walton and
Possmayer (8) have demonstrated that the former enzyme is magnesium-
dependent and heat labile. It was found to have a predominantly cytosolic location
although it could translocate to the endoplasmic reticuium where it would become
metabolically functional (9). PAP1 has been shown to be involved in phospholipid
biosynthesis (10). The initial step in the production of phosphatidylcholine (PC) and

dipalmitoylphosphatidylcholine (DPPC) is the formation of phosphatidic acid (PA).
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This lipid undergoes hydrolysis to diacylglycerol (DAG) prior to formation of PC by

cholinephosphotransferase (CPT).

In contrast, pulmonary LPP was shown to be magnesium-independent, heat
stable, and to possess a membrane location (11). However, its function in lung
remains undefined. Recent studies indicating the presence of LPP in both rat liver
(12) and porcine thymus (13) plasma membranes and evidence of "cross-talk"
between the glycerolipid and sphingolipid signaling pathways (14) are suggestive
of a potential role in signal transduction. Thus PAP could act to hydrolyze PA arising
in the plasma membrane from phospholipase D (PLD) (15) or from DAG kinase (16)
thereby regulating the levels of PA in the plasma membrane. In the aiveolar type |l
cells, transient elevations in DAG levels arising through PLC degradation of PIP,
can be extended through the stimulation of the PLD and PAP pathway (17).

Brindley and colleagues have recently developed an assay for distinguishing
the PAP1 and LPP enzymic activities based on the use of NEM, a sulfhydryl group
reagent (12). In order to provide insight into the function of pulmonary LPP, this
assay was applied to rat lung microsomal fractions and characterized with respect
to the effects of various ions, a non-ionic detergent, sphingoid bases, amphiphilic
amines, other lipids, and substrate analogs. We also sought to establish whether
LPP activity was localized to lung plasma membranes. The distribution of LPP
between type Il cells and fibroblasts was investigated as a preliminary step toward

studying the role of this enzyme in pulmonary cellular signaling.

2.2 Materials and Methods
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2.21 Materials

All radioactive isotopes were obtained from Amersham. Percoll was obtained
from Phamacia. 1-Palmitoyl-2-oleoyl-phosphatidylcholine and lysophosphatidic acid
were purchased from Avanti Polar Lipids. Diacylglycerol kinase, sphingosine-1-
phosphate, ceramide-1-phosphate, N-acetyl ceramide, and sphingosine were
purchased from Calbiochem. Phospholipase D was from Toyo Joso Limited. All
solvents were purchased from Caledon. Lactate dehydrogenase was purchased
from Boehringer Mannheim. N-hexanoyl ceramide was purchased from Sigma.
Porcine elastase was obtained from Worthington Biochemicals. Other tissue culture

materials were obtained from Gibco BRL.

2.2.2 Preparation of Subcellular Fractions from Rat Lung

Female Sprague-Dawley rats (150-300g) were sacrificed by decapitation or
by injection with nembutanol. The thorax was opened and the lungs were perfused
into the right ventricle with ice-cold saline (0.9%) with the left ventricle bisected to
provide drainage. After excision and trimming of large vessels and airways, the
lungs were weighed and chopped into 1mm? using a Mcllwain tissue chopper. The
preparation of microsomes was followed according to the procedure of Walton and
Possmayer (8). Briefly, the lungs were homogenized in 9 volumes of ice-cold Buffer
A (0.25M sucrose, 0.1mM EDTA, 1mM HEPES, pH 7.4) using five strokes with a
loose fitting pestle with a Potter Elvehjem homogenizer (Heidolph) followed by ten
strokes with a tight-fitting pestle. The homogenate was then initially centrifuged at

1,450g for 5 min resulting in a nuclear pellet and a supernatant. The latter was
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centrifuged at 10,000g for 15 min yielding a mitochondrial pellet and a supernatant.
The supernatant was centrifuged at 100,000g for 60 min providing a microsomal
pellet and a cytosolic supernatant. The fractions were aliquoted and frozen at -70°C.

Various fractions were retained for analysis throughout the isolation procedure.

2.2.3 Preparation of Plasma Membranes from Rat Lung

Plasma membranes were prepared according to Chander and Wu (18).
Briefly, the minced lung was homogenized for 30 seconds using a Polytron set at
2.4 in 10 volumes of Buffer B (10mM phosphate buffer containing 0.32M sucrose,
1mM MgCl,, 30mM NacCl, 5uM Pefabloc, 10pug/ml DNAse) followed by a 2 min
homogenization with a Potter Elvehjem homogenizer. The homogenate was filtered
through 2 layers of cheesecloth. The filtrate (12 mi) was layered over a discontinous
sucrose gradient consisting of 5 ml each of 1.2M sucrose, 1M sucrose, 0.9M
sucrose, 0.7M sucrose, and 0.5M sucrose. The gradient was centrifuged at 95,000g
for 60 min using a swinging bucket rotor (SW28). The enriched plasma membrane
fractions occurred between 0.9M and 1.2M sucrose. This interface was diluted to
0.2M sucrose with ice-cold double distilied water and subsequently centrifuged at
85,000g for 30 min. The pellet was then resuspended in a minimal volume of Buffer
C (10mM Tris-HCI, pH 7.4, containing 0.3M sucrose). The suspension was layered
onto a Percoll mixture consisting of Percoll, Buffer D (2M sucrose in 80mM Tris-
8mM EDTA, pH 7.4) and Buffer E (0.25M sucrose in 10mM Tris-2mM EDTA, pH
7.4) in a ratio of 7:1:32 respectively. The mixture was centrifuged at 10,0009 for 15

min in a fixed angle rotor resuiting in plasma membranes banding at 0.5cm below
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the top of the surface. This band was diluted five-fold with Buffer F (0.15M NaCl,

10mM Tris-HCIi, 1mM EDTA, pH 7.4) and centrifuged. This wash resulted in a
Percoll pellet with the plasma membranes floating over it. The protein was removed
and diluted five-fold with Buffer F and again centrifuged as before. This step was
performed six times in order to eliminate Percoll. The plasma membranes, which
appeared as white sheets, were finally diluted in Buffer B and centrifuged at
100,000g for 60 min. The pellet was resuspended in 3 ml of Buffer B and stored at

-70°C.

2.2.4 Preparation of Alveolar Type Il Cells and Fibroblasts

The procedure for the preparation of type Il celis was followed according to
Dobbs et al. (19). Female Sprague-Dawley rats (150-200g) were anesthetized with
nembutanol. The trachea was cannulated; the left atrium was bisected; and the
lungs were perfused with solution | (140mM NaCl, 5mM KCI, 2.5mM phosphate
buffer, 10mM HEPES, 6mM glucose, 2mM CaCl;, and 1.3mM MgSO,) through the
right vena cava until the lungs became white. The lungs were removed intact with
trachea attached and lavaged to total lung capacity 8 times with solution Il (140mM
NacCl, 5mM KCI, 2.5mM phosphate buffer, 10mM HEPES, 6mM glucose, 0.2mM
EGTA, pH 7.4). For the preparation of alveolar type Il celis, 10 mi of elastase (total
activity ~172U/rat) was instilled into the trachea followed by another 30 mi of
elastase (10ml every 5 minutes). The lungs were then dissected carefully and
minced into a fine suspension in the presence of DNase | (0.25mg/ml). The elastase

reaction was then terminated with the addition of fetal bovine serum and shaking
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in an Erienmeyer flask at 37°C for 2 minutes. The cell suspension was then filtered
sequentially through 2 and 4 layers of gauze and 20u Nytex membrane. The cells
were then centrifuged at 130g for 10 min at 4°C. The pellet was then resuspended
in minimal essential media (MEM) with gentamycin and plated on IgG covered petri
dishes. The plates were incubated for 1 hour in a 5% CO, incubator and the
suspension was recovered and centrifuged as before. The pellet was resuspended
in MEM (10% FBS) with gentamycin and plated on tissue culture plastic overnight.
The following day, the cells were scraped from the plates and homogenized using
a probe sonicator for 20 seconds three times at maximal output followed by
centrifugation at 313,000g for 15 min to obtain a membrane fraction.

For the preparation of fibroblasts, the lungs were dissected carefully following
lavage and minced in MEM containing collagenase (1mg/ml), trypsin (2.5mg/ml),
and DNAse | (2mg/ml). These tissue fragments were digested for 1 hour followed
by filtration through 2 layers of gauze. The cells were then centrifuged at 420g for
5 min and the pellet was resuspended in MEM (10% FBS) and plated for 5 days.
The cells were harvested by trypsinization and total membrane fractions were

prepared as described above.

2.25 Preparation of 2p_labelled Phosphatidic acid (PA), Lysophosphatidic
Acid (LPA), and Sphingosine-1-Phosphate (S-1-P)
The incubation mixture contained the substrate (1,2-diacylgiycerol,

monoacylglycerol, or ceramide), HEPES (pH 7.0), Triton X-100, MgCl,, [v-2P]-ATP,
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and DAG Kinase in a total volume of 1.5 ml. The mixture was incubated for 2-3
hours at 37°C in a shaking water bath. The reaction was terminated with
chioroform/methanol (1:1) and a biphasic system was obtained with the addition of
3 ml of 0.9% NaCl. The chloroform phase was retained, dried under N, to complete
dryness, and resuspended in a small volume of chloroform. For lysophosphatidic
acid and phosphatidic acid (8), the lipids were streaked onto silica gel G thin layer
chromatography plates (0.5mm) impregnated with 0.35N oxalic acid and 1%
magnesium acetate (w/v). These chromatograms were developed in light petroleum
ether/acetone/formic acid (154:46:0.5, v/v/v) and the radiolabelled lipids were then
located by X-ray film detection. The radiolabelled PA and LPA bands were isolated
and the lipids were extracted with chloroform/methanol (1:1, v/v). For the
preparation of S-1-P (20), the ceramide-1-phosphate (C-1-P) was resolved by TLC
using silica gel G plates (60A) with chloroform/methanol/acetic acid (65:15:5, Viviv).
The radioactive lipid, C-1-P, was isolated, eluted from the silica with
chloroform/methanol (1:1, v/v), and dried down under nitrogen. The lipids were then
treated with butanol/6N HCI (1:1, v/v) for 1 hour at 100°C to produce radiolabelled
S-1-P which was further purified by TLC using 1-butanol/acetic acid/water (3:1:1,

viViv).

2.2.6 Preparation of Unlabelled Phosphatidic Acid (PA)
Nonlabelled PA was prepared enzymatically from 1-palmitoyl-2-oleoyl-
phosphatidylcholine (1-POPC) according to Walton and Possmayer (8) using PLD.

Briefly, the reaction mixture contained 500mg of 1-POPC dissolved in 10 ml of
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diethyl ether, 10 ml of 0.1M sodium acetate (pH 5.6) containing 0.1M CaCl,, and

10mg of PLD. The incubation vial was flushed with nitrogen, stoppered, and shaken
overnight at room temperature with a Burrel wrist action shaker. The lipids were
extracted and dried down using a rotary evaporator. The lipids were then
resuspended #n 50 ml of chloroform/methanci/water (5:4:1, v/iv/v) and were
subsequently passed through a Chelex 100 column four times to remove calcium.
The lipids were extracted, dried down in a rotary evaporator, and dissolved in 50 ml
of chloroform/methanol/ammonia (70:30:4) and applied to a silica gel column.
Subsequently, 20 ml of chloroform/methanol/water (70:30:0.5, v/v/v) was added.
Fractions were collected after the addition of 50 ml of chloroform/methanol/formic
acid/water (70:30:2:0.5, v/v/viv) to the column. The fractions were combined and the
lipids were extracted. After washing with 0.1M sodium phosphate buffer (pH 7.4),
the lower phase was evaporated to complete dryness, resuspended in 50 m! of

chloroform containing 5% methanol, and stored at -20°C under nitrogen.

2.2.7 Assaying PAP1 and LPP Activities

PAP1 activity was assayed according tc Walton and Possmayer (8). Previous
studies by Walton and Possmayer have demonstrated that over 88% of the
radioactivity in the aqueous phase is associated with P*2-P;.

LPP activity was assayed in a reaction mixture containing 100mM Tris-
Maleate buffer, pH 6.5, 0.6mM PA (0.4mCi/mmol), 0.5mM EDTA, 0.5mM EGTA, pH
7.0, 0.2mg of essentially fatty acid free albumin, and 1mM DTT in final reaction

volume of 0.1 ml (12). Incubation times were 60 minutes in duration at 37°C. The
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protein was preincubated at 37°C for 10 min with 4.2mM NEM to eliminate any
interference by PAP1 activity. The reactions were terminated by the addition of 1.5
ml of chloroform/methanol (1:1). The phases were broken with 0.75 mi of 0.1N HCI
and a sample of the upper aqueous phase was taken for scintillation counting to

determine the Psz-inorganic phosphate released.

2.2.8 Assays for Marker Enzymes

Enzyme activities for alkaline phosphatase, acid phosphatase, 5'-
nucleotidase, monoamine oxidase, and cholinephosphotransferase were assayed
according to Possmayer et al. (21). Enzyme activity for Na'K"-ATPase was assayed
according to Chander et al. (22). Reaction rates were linear over the range of time

and protein used. Normally, 10-50ug of protein was utilized in these assays.

2.2.9 Other Methods

Protein was determined by the method of Lowry et al. (23) in the presence
of 2mM SDS using bovine serum albumin as a standard. Phosphorous was
determined by the method of Rouser (24) using KH,PO, as the standard
phosphaorous solution.

Experiments were done at least twice each in triplicate and the results are

shown as the mean and the standard error.

2.3 Resulits
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231 Establishment of the LPP assay

Initially, the effect of NEM on both pulmonary PAP1 and LPP was
investigated. PAP1 activity was completely inhibited with 2mM NEM, whereas, NEM,
up to 8mM, had little effect on LPP activity (Figure 2.1). For subsequent
experiments, the protein was always preincubated with NEM for 10 min to exclude
any possible interference from PAP1 activity when measuring the LPP activity.
Various subcellular fractions were analyzed for enzyme markers and LPP activities
to determine the fraction that contained the highest LPP specific activity for
optimization of the assay. As shown in Figure 2.2, the microsomal fraction is noted
to have over three-fold specific activity over the homogenate in both LPP and
cholinephosphotransferase, an endoplasmic reticulum marker. Therefore, the
microsomal fraction was used as the protein source for further characterization. The
specific activities (nmol/min/mg) of the various enzymic activities in the whole
homogenate are: 16.5+1.0 (5'-nucleotidase), 7.2+0.2 (alkaline phosphatase),
6.5+0.6 (acid phosphatase), 0.11£0.02 (monoamine oxidase), 0.8+0.1
(cholinephosphotransferase), 0.052+0.014 (Na*K*-ATPase), and 3.6+0.3 (PAP2).
These specific activities did not vary by more than 30% in different preparations
reported in these studies.

An incubation period of 60 min was used for measuring LPP activity as this
was found to be within the linear range. Figure 2.3A shows a linear protein curve
until 75ug and, hence, 10-50ug of microsomal protein was used for subsequent
experiments. The effect of Triton X-100 on LPP activity, as illustrated in Figure 2.3B,

was investigated using pure PA or mixed PA:PC (1:1) as substrate. Addition of PC



Figure 2.1. The effect of NEM on PAPase activities in rat lung microsomal fractions.
The fractions were preincubated with varying concentrations of NEM. LPP activities

were measured using pure phosphatidate (@) and PAP1 activities were also

performed and are indicated by the circles (O). The specific activities of PAP1 and

LPP at OmM NEM are 1.61:0.14 and 8.68:0.27 nmol/min/mg, respectively.
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Figure 2.2. Relative specific activities of various enzyme markers in rat lung
subcellular fractions. Various subcellular fractions were incubated for 30 minutes at
37°C for all enzyme assays with the exception of LPP in which the incubation time
was 60 minutes (n=3) where C is cytosol, N is nuclear fraction, M is mitochondrial
fraction and P is microsomal fraction. A, PAP2; B, CPT
(cholinephosphotransferase); C, MAO (monoamine oxidase); D, acid phosphatase;
E, Na'K'-ATPase; F, alkaline phosphatase; and G, 5'-nucleotidase are shown as
relative specific activities. The specific activities (nmol/min/mg) of the various
enzymic activities in the whole homogenate are: 16.5:1.0 (5'-nucleotidase), 7.2+0.2
(alkaline phosphatase), 6.5:0.6 (acid phosphatase), 0.11:0.02 (monoamine

oxidase), 0.8:0.1 (cholinephosphotransferase), 0.052+:0.014 (Na'K*-ATPase), and

3.6:0.3 (PAP2).
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Figure 2.3. The effect of varying microsomal protein, Triton X-100, substrate
concentration, and pH on LPP activity. In A, various amounts of microsomal
fractions were preincubated with 4.2mM NEM using 0.6mM of pure PA as the
substrate. The effect of varying the concentration of Triton X-100 on the LPP activity
is shown in B and was measured using 50 pg of microsomes with 0.3mM PA (@) or
with a mixture of PC and PA (O). In C, the effect of varying the amount of pure PA
as substrate in the assay medium for the LPP activity is shown. The activity of LPP
was measured using microsomal fractions. In D, the effect of varying the amount
of the substrate, PC and PA with Triton X-100 (V), is shown. The effect of varying
the pH on the LPP activity is shown in E and F. LPP activity was measured either

using the PA alone (E) or in combination with PC and Triton X-100 (F).
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to the pure substrate reduced LPP specific activity by 49%. However, the addition
of Triton X-100, a non-ionic detergent, appeared to relieve this inhibition with an
optimum at 1%, which is 1.5-fold greater than the activity with pure PA at 1%
detergent. Therefore, either pure PA without detergent or mixed PA:PC (1:1) with
1% Triton X-100 were utilized for further characterization (Figure 2.3C and 2.3D).
Substrate concentration curves resulted in optimal specific activities of 0.6mM and
0.3mM for the pure and mixed substrates, respectively. Furthemrmore, the optimal pH
for LPP measured using the pure and mixed substrates was determined to be 6.5
and 6.0, respectively (Figure 2.3E and 2.3F). Experiments where microsomes were
heated to 55°C showed that LPP activity was not seriously affected after 20 minutes
of heating and, hence, is quite heat stable. DTT had no effect on the enzyme
activity at 55°C, indicating that disulfide bonds are most likely not present in the

active site.

23.2 Effect of Various lons on LPP Activities

In contrast to PAP1, which is Mg"z-dependent, LPP activity showed a slight
10-20% inhibition over 15mM magnesium chloride with either substrate (Figure
2.4A). Calcium, another bivalent cation, produced an inhibition of 60% by 10mM
with the pure substrate alone (Figure 2.4B) while fluoride, a known phosphatase
inhibitor, markedly inhibited the activity with the mixed but not pure substrate (Figure

2.4C).

233 Effect of amphiphilic amines and sphingoid bases on microsomal



Figure 2.4, The effect of various ions on the LPP activity in the microsomai fractions
of rat lung. LPP activities were measured either using PA alone (@) or as a mixture
with PC and Triton X-100 (O). The effect of magnesium chioride is shown in A. The
effect of calcium chloride in shown in B. The effect of sodium fluoride is shown in

C.
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LPP Activities

Amphiphilic cationic amines inhibit glycerolipid synthesis and interfere with
the PLD pathway at the level of PAP in liver tissues (12, 14). Chlorpromazine,
spermine, and spermidine trihydrochloride, the latter two of which are naturally
occurring polyamines involved in the packaging of DNA in the nucleus (12), inhibited
the LPP activity measured using the pure substrate (Figure 2.5A, 2.5B, and 2.5C).
At an equimolar concentration of substrate, these cationic compounds induced 55%
inhibition with chlorpromazine, 55% with spermine, and 7% with spermidine.
However, with the mixed substrate, little of no effect was observed with these
amphiphilic amines indicating the mechanism of inhibition could possibly be due to
an interaction between the negatively charged substrate and the positively charged
amine forming a substrate-inhibitor complex. As observed previously with PC, also
a positively charged amphiphile, addition of the non-ionic detergent relieves this
inhibition.

[t has been known for sometime that agonist-induced breakdown of
sphingomyelin has an important roie in signal transduction in certain cells (14, 25,
26). The immediate breakdown product of sphingomyelin, ceramide, can cross-talk
with signalling via phosphatidic acid by inhibiting the activation of PLD (12, 14). The
deacylation product of ceramide, sphingosine, can activate PLD in some cell types
(12, 14). Figure 2.6 shows the effect of these sphingoid bases on LPP activity with
pure and mixed substrates. At an equimolar substrate concentration with the pure
substrate, there was 72% inhibition with sphingomyelin and 93% with sphingosine.

At an equimolar concentration with the mixed substrate, there was no effect with



Figure 2.5. The effect of amphiphilic amines and sphingoid bases on the LPP

activity in rat lung microsomes. The LPP activity was determined with either PA
alone (@) or as a mixture with PC and Triton X-100 (O) using microsomal fractions.
The effect of chloropromazine on the LPP activity is shown in A. The effect of
spemine on the LPP activity is shown in B. The effect of spermidine trihydrochloride

on the LPP activities is shown in C.
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Figure 2.6. The effect of sphingoid bases on the NEM-insensitive PAP activity of
rat lung. The LPP activity was determined with either PA alone (@) or as a mixture
with PC and Triton X-100 (O) using microsomal fractions. The effect of
sphingomyelin on the LPP activity is shown in A. The effect of sphingosine on the

LPP activity is shown in B.
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sphingomyelin and 29% inhibition with sphingosine. The effects of ceramides were
also investigated and only small 15-20% inhibitions were observed with N-acetyl
ceramide (pure substrate) and N-hexanoyl ceramide (mixed), and with N-acetyl

ceramide (mixed).

2.34 Effects of Other Lipids & Potential Substrates on Microsomal LPP
Activities

It was of interest to examine whether potential lipid signaling molecules or
similar lipids affected LPP activity. As shown in Figure 2.7, at equimolar substrate
concentrations, DAG affected the enzyme activity by 45% and monoacylglycerol
(MAG) inhibited the eﬁzymatic activity by 21% using the mixed substrate. These
results may indicate some form of reguiation by the products of the LPP enzyme.
With the pure substrate, little or no effect was observed. As neither LPP activity was
inhibited by triacylglycerol (TAG) (Figure 2.7), these effects cannot be explained by
nonspecific interactions with acylgiycerols. Furthermore, the effect of LPA, S-1-P,
and C-1-P was examined as shown in Figure 2.8A, 2.8B, and 2.8C. At equimolar
substrate concentrations using the mixed substrate, there was 24% inhibition with
LPA and little or no inhibition with S-1-P. With the pure substrate, there was an 85%
inhibition with both LPA and C-1-P and less than 25% inhibition with S-1-P. These
results suggest that LPA as well as C-1-P may be good substrates for the LPP
enzyme and they could act as competitive inhibitors as shown by others (20)
whereas the S-1-P would appear to be a poor substrate.

It has been previously demonstrated that rat liver LPP has a broad substrate



Figure 2.7. The effects of other lipids on LPP activity. The LPP activity was
determined with either PA alone (@) or as a mixture with PC and Triton X-100 (O)

using microsomal fractions. In A, the effect of MAG is shown. In B, the effect of

DAG is shown. In C, the effect of TAG is shown.
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Figure 2.8. The effect of substrate analogs on LPP activity. The LPP activity was
determined with either PA alone (@) or as a mixture with PC and Triton X-100 (O)
using microsomal fractions. In A, the effect of lyscphosphatidic acid (LPA) is shown.
In B, the effect of ceramide-1-phosphate (C-1-P) is shown. In C, the effect of
sphingosine-1-phosphate (S-1-P) is shown where the pure substrate is represented

by black fill and the mixed substrate is represented by crosshatched lines.
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specificity utilizing not only PA but also LPA, C-1-P, and S-1-P (20). Kanoh and
colieagues have also examined substrate specificity of LPP1 and LPP3 transfected
in HEK 293 cells (27). They found that LPP1 had strong activity towards PA and
LPA but weak activity towards C-1-P and no activity towards S-1-P (27). LPP3 had
strong activity toward PA and S-1-P but displayed weak activity toward C-1-P and
LPA (27). Moreover, another recently discovered novel isoform, namely LPP2, is
able to hydrolyze PA and also LPA in HEK 293 cells (28). Substrate concentration
curves were performed using both pure and mixed substrates for both LPA and S-1-
P (Figure 2.9). For the pure substrates, 0.6mM and 1.5mM were used for LPA
(17.6+£0.2 nmol/mg/min) and S-1-P (1.4+£0.1 nmol/mg/min), respectively, for further
experiments. With the mixed substrates, 2mM was used for both LPA (9.6+0.1
nmol/mg/min) and S-1-P (0.8+0.3 nmol/mg/min), respectively, for further
experiments. These specific activities can be compared to LPP assays utilizing PA
as substrate where at 0.6mM of pure substrate, the specific activity was 11.2+0.7
nmol/min/mg and at 0.3mM of mixed substrate, the specific activity was 7.3+0.2
nmol/min/mg. At these optimal specific activities for the pure substrates, LPA gives
1.6-fold higher specific activity over PA as substrate and S-1-P is only an eighth the
specific activity of PA. For the mixed substrates, LPA gives 1.3-fold higher specific
activity over PA as subsftrate and S-1-P is only a fifteenth the specific activity of PA.
This suggests that pulmonary LPP activity reflects mainly the specificity of LPP1
although northern blot analysis would suggest the presence of both pulmonary

LPP1 and LPP3 isoforms (Chapter 3).



Figure 2.9. Substrate concentration curves for microsomal LPP with
lysophosphatidic acid (LPA) and sphingosine-1-phosphate (S-1-P) as substrates.
Assays performed with pure LLPA is shown as @, mixed (mixture with PC and Triton

X-100) LPA is shown as O, pure S-1-P is shown as ¥, and mixed S-1-P is shown

as V.
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235 LPP Activity in Purified Plasma Membranes from Rat Lung Tissue

Subcellular fractionation revealed that pulmonary LPP was found specifically
associated with highly purified plasma membranes prepared by sucrose density and
Percoll gradient centrifugations (Figure 2.10). The specific activity of LPP was found
to be 6.9+1.6-fold higher over the homogenate, which is between the enrichment
for 5'-nucleotidase (14.7+0.3), the apical plasma membrane marker, and for Na'K"-
ATPase (4.0+£0.2), the basolateral plasma membrane marker. Furthermore, the LPP
activity profile was similar to 5'-nucleotidase and to a lesser extent Na*K*-ATPase
and did not follow the endoplasmic reticulum (cholinephosphotransferase),
mitochondrial (monoamine oxidase) or lysosomal (acid phosphatase) markers.
Alkaline phosphatase showed a similar pattern. The presence of LPP in lung tissue
plasma membranes shows that this enzymatic activity is appropriately located to
participate in signal transduction. However, only 0.5+£0.1% of the total protein was
obtained and 3.3+0.8% and 7.5+1.6% of the total activities of LPP and 5'-
nucleotidase, respectively, were recovered in the purified plasma membrane
fraction. LPP activity using LPA and S-1-P as substrates was also examined and
compared to the activities measured in whole lung homogenate, and bath the
microsomal and mitochondrial fractions (Figure 2.11). The relative specific activities
for PA and LPA are very similar and are enriched in the Percoll purified plasma
membranes. In contrast, when the S-1-P is used as substrate, the pattern is
different and suggests that the LPP isoform in the plasma membrane does not

hydrolyze this substrate.



Figure 2.10. Relative specific activities of various enzyme markers in rat lung
plasma membranes. 10ug of various fractions were incubated at 37°C (n=3) where,
on the x-axis, A represents the control; B, sucrose gradient fraction 1; C, sucrose
gradient fraction 2; D, sucrose gradient fraction 3; E, sucrose gradient fraction 4; F,
purified plasma membranes; G, sucrose gradient fraction 5; and H, sucrose gradient
pellet fraction. A, PAP2; B, Na'K'-ATPase; C, 5-nuclectidase; D, alkaline
phosphatase; E, CPT (cholinephosphotransferase); F, MAO (monoamine oxidase);

and G, acid phosphatase are shown as relative specific activities.
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Figure 2.11. PAP2 specific activities in microsomes, mitochondria, and plasma
membranes utilizing different substrates as indicated. Mixed substrate involves

substrate:PC (1:1) with 1% Triton X-100.
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2.3.6 LPP Activity in Alveolar Type Il cells and Fibroblasts

LPP activity was slightly enriched (1.2-fold over whole lung homogenate) in
type Il cells (Figure 2.12). Interestingly, cholinephosphotransferase (CPT), the
terminal enzyme in PC synthesis was not enriched in type I cells. Comparison of
the relative specific activity profile with type [l celis revealed higher proportion of
LPP than CPT activity, which remained associated with the high speed supernatant.
This suggests that plasma membrane fragments remained in this “cytosolic”
fraction. Type |l cells were 2-fold enriched in the mitochondrial marker, monoamine
oxidase, relative to whole lung homogenate. In contrast lung fibroblasts showed
relatively low LPP activity. CPT activity in fibroblasts was similar to that shown in
type Il cells and whole lung but monoamine oxidase (MAQ) activity was relatively

low.

2.4 Discussion

Subcellular distribution studies showed that lung microsomes had the highest
specific activity of LPP and this fraction was used to characterize the enzyme.
Further studies revealed that the enzyme had a distribution similar to the plasma
membrane markers, 5'-nucleotidase and Na'K'-ATPase. The relative specific
activity in the percoll-purified plasma membrane was 6.9+1.6 which was 1.9-fold
greater than the relative specific activity in microsomes. Previous investigations
have shown that DAG generated by LPP is not available to CPT, a recognized
endoplasmic reticulum marker (8, 10). The yield for plasma membranes is very low

(0.5%) compared to microsomes (12.5%). For this reason, it was decided not to



Figure 2.12. Relative specific activities of PAP2, CPT and MAO in isolated type |l
cells (A, B, C) and fibroblasts (D, E, F) are shown. The specific activities in the type
If cell sonicate are (nmol/min/mg): 4.4:0.8 (PAP2), 0.9:0.1 (CPT), and 0.25:0.03
(MAO). The specific activities in the fibroblast sonicate are (nmol/min/mg):
0.50:0.01 (PAP2), 0.75=0.09 (CPT) and 0.09:0.01(MAQ). Abbreviations: TIIH, type
Il cell sonicates; Fibroblasts H, fibroblast sonicates; M, total membranes; C, cytosol,

and WLH, whole lung homogenate.
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repeat the characterization studies using purified plasma membranes.

The studies presented in this chapter show that differential inhibition by NEM
readily distinguishes puimonary LPP from PAP1 activity. As with hepatic PAP1 (12),
pulmonary LPP is inhibited by a variety of amphiphilic amines such as
chlorpromazine, by sphingoid derivatives such as sphingosine, and by lipids
including DAG and MAG. Inhibition by amphiphiles was relieved by presenting the
substrate with equimolar PC in the presence of Triton X-100.

Pulmonary LPP activity shows considerable similarity to the corresponding
activities in porcine thymus (13), rat liver (12, 20, 29), and human HEK 293 cells
(27, 28) but more importantly a few interesting differences were noted. LPP activity
from porcine thymus membranes (13) was more specific for PA, since in contrast
to the pulmonary activity, it was not inhibited by LPA or MAG and was less
susceptible to DAG inhibition. Pulmonary LPP also showed differences compared
to the rat liver activity such as a lower susceptibility to calcium chloride (20% versus
80% inhibition at 4mM calcium chlaride) and sodium fluoride (no effect versus 60%
inhibition at 2mM) with pure substrate (12). In addition, hepatic LPP activity is
stimulated rather than inhibited at low Triton X-100 (12). it has been reported that
antibodies generated against purified rat liver, LPP did not show cross reactivity with
the pulmonary enzyme (30). Rat liver LPP activity shows a higher reactivity towards
S-1-P (20) compared with the lung activity.

Recent investigations have demonstrated the presence of three human
isoforms, namely LPP1, LPP2, and LPP3, and northern blotting indicates the

presence of LPP1 and LPP3 but not LPP2 in lung (27, 28, 31, 32, 33, 34). The
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observation that pulmonary LPP hydrolyzes PA and LPA but not S-1-P suggests
that LPP1 activity predominates although northern blotting reveals the presence of
LPP1 and LPP3 in lung tissues.

The 6.9+1.6-fold enrichment of LPP activity observed with purified plasma
membranes was intermediate between the plasma membrane markers, 5'-
nucleotidase (14.7+0.3) and Na'K"-ATPase (4.0+0.2). These results indicate that
the purification procedure resulted in greater apical membrane enrichment as
opposed to basolateral plasma membrane. The subcellular distribution study
depicted in Figure 2 reveals the LPP activity profile does not resemble that for either
5'-nucleotidase or Na'K'-ATPase but calculations show a closer relationship with
the profile generated for combined 5'-nucleotidase and ATPase activities. This
would suggest LPP activity could be present in both apical and basolateral
locations. The plasma membrane localization for pulmonary LPP is consistent with
the subcellular localization reported previously for liver, thymus, and kidney
membranes (12, 13, 33). The plasma membrane localization indicated by our
studies is appropriate for the previously suggested role of pulmonary LPP in signal
transduction (35, 36). Ecto- LPP activities, which can hydrolyze PA and LPA
supplied to the cells’ surface, have been reported for neutrophils and keratinocytes
(37) but further work will be required to establish whether pulmonary LPP functions
with substrates localized in the inner or outer leaflet of the plasma membrane.
Furthermore, while its presence in lung plasma membranes appears established,
the possible presence of functional LPP in other membraneous subcellular

organelles is not excluded by our studies. In this context, Dri 42, a rat LPP3 isoform
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was found localized in endoplasmic reticulum in rat intestine by
immunohistochemistry (32). As lLlng develops as an outcropping of the foregut, this
observation is relevant to our subcellular distribution studies.

The potential presence of LPP activity in type [l alveolar cells has been
postulated from observations indicating that ATP and UTP promaotion of surfactant
secretion via P,-receptor activation of phosphatidylinositol-specific phospholipase
C (PLC) resuits in only a transient release of a inositol-trisphosphate (IP3) and DAG.
The continued liberation of DAG required for surfactant secretion likely arises
through the action of phospholipase D (PLD) which has been demonstrated in type
Il cells by transphosphatidylation reactions with radioactive phosphatidylethanol (17,
35, 36). The presence of LPP activity in rat lung plasma membranes and in type |l
cells could be involved in PA hydrolysis thereby providing DAG for protein kinase
C activation. Since PKC can activate PLD, this would provide a mechanism for
perpetuating a PLD/ LPP pathway resulting in prolonged DAG elevation, PKC
activation allowing for type Il cells to continuously secrete surfactant for
considerable periods. The present studies, although consistent with this hypothesis

(17) requires further experimantal support.
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Chapter 3
Molecular Cloning and Expression of Pulmonary Lipid Phosphate

Phosphohydrolases

' A version of this chapter has been submitted for publication.

Nanjundan M and Possmayer F. Molecular cloning and expression of pulmonary
lipid phosphate phosphohydrolases. Submitted to Am. J. Physiol. Lung.



3.1 Introduction

There exist two forms of pulmonary phosphatidic acid phosphohydrolases
(PAPases), namely PAP1 and LPP (formerly called PAP2). The former is a Mg*z-
dependent, N-ethylmaleimide (NEM)-sensitive, cytosolic enzyme (1). Cytosolic
PAP1 can translocate to the endoplasmic reticulum where it becomes metabolically
functional in glycerolipid biosynthesis (1). In contrast, pulmonary LPP is a NEM-
insensitive, Mg**-independent, membrane-bound enzyme primarily localized to the
plasma membrane (2). Both PA and LPA were excellent substrates for LPP in
purified rat lung plasma membranes whereas S-1-P was a relatively poor substrate.
This contrasts with liver LPP whose activity hydrolyzes PA, LPA, ceramide-1-
phosphate (C-1-P), and S-1-P to similar extents (3).

Recent studies indicate a potential role for LPP in signal transduction. LPP
could act to hydrolyze PA arising in the plasma membrane from diacyliglycerol
(DAG) kinase (4) and phospholipase D (PLD) (5) thereby regulating the levels of PA
in the plasma membrane. It has been suggested that transient elevations in DAG
levels arising through PLC degradation of phosphatidylinositol bisphosphate (PIP5)
in alveolar type Il cells can be extended through the stimulation of the PLD/ LPP
pathway (5). LPP activity exists in isolated type |l ceils and plasma membrane
preparations (2) and a proposed function is in the regulation of surfactant
phospholipid secretion. The signaling pathway would involve a plasma membrane
localized LPP which would act sequentially to PLD in the purinergic P, receptor

cascade where it would generate DAG from phosphatidylcholine (PC)-derived PA,
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thereby sustaining protein kinase C (PKC) activation and surfactant secretion (5).
Another proposed function of LPP may be in controlling cell growth where recovery
from iung injury would involve type Il cell proliferation and migration to restore the
damaged type | cell population (6). Subsequently, the type Il cells undergo a
transdifferentiation process in order to re-establish the alveolar epithelium. These
latter processes may require elevated DAG levels, generated by LPP for PKC
activation leading to expression of specific genes required for this process.

To further our understanding of the role of LPP in lung, pulmonary LPP
isoforms were cloned by reverse transcriptase-polymerase chain reaction (RT-PCR)
using RNA from adult rat lung and type Il cells. The RT-PCR generated LPP1, three
LPP1 variants, and LPP3 cDNAs. The three LPP1 variants include LPP1a and two
novel isoforms, LPP1b and LPP1c. The latter isoform was rare but LPP1b was
present at similar levels to LPP1/1a. A rat tissue profile was screened with isoform-
specific primers to investigate whether the novel LPP1 variants are tissue-specific.
Transient expression of LPP1, LPP1a, and LPP3 in HEK 293 cells was performed
to verify that these cloned cDNAs encode magnesium-independent, NEM-

insensitive PAP activity.

3.2 Materials and Methods
3.2.1 Materials
Trizol reagent, Superscript™ preamplification kit, DNAse | (amplfication

grade), isopropylthio-f-D-galactoside (IPTG), Xgal, and tissue culture media were



obtained from Gibco BRL. Fetal bovine serum was obtained from CanSera. Porcine
elastase was obtained from Worthington Biochemicals. RNAse H and restriction
enzymes were purchased from Pharmacia Biotech. The Advantage cDNA PCR kit
was obtained from Clontech Laboratories. Mineral oil and herring sperm DNA were
obtained from Sigma. pGEM-3Zf(+) was obtained from Promega. XL 1-biue cells
and QuikHyb solution were obtained from Stratagene. [a->P]-dCTP and [yP*3-ATP
was purchased from Amersham. 1-Palmitoyl-2-oleoyl-phosphatidyicholine was
purchased from Avanti Polar Lipids. DAG kinase was purchased from Calbiochem.
LPP1 antibody was kindly provided by Dr. David Brindley (University of Alberta,
Edmonton, Canada). LPP3 antibody was kindly provided by Dr. Andrew Morris
(Department of Pharmacological Sciences, Stony Brook Health Sciences Center,

USA).

3.2.2 Cloning and Sequencing of LPPs from Rat Lung and Rat Type Il Cells

The isolation of alveolar type Il cells was followed according to Dobbs et al.
(7). Lungs were perfused with 0.9% saline as previously described (2). Total RNA
was prepared using Trizol reagent. The RNA was DNAse-treated prior to first strand
cDNA synthesis. The reverse transcriptase reaction was performed using oligo (dT)
12-18 @s the primer and Superscript H-Reverse transcriptase. The cDNA was then
RNAse-treated prior to the PCR reaction. PCR primers for amplification of LPP1,
LPP2, LPP3 were based on GenBank sequences (U90556, AA734786, YO7783,

respectively). The primers for LPP1 span the start and stop codon and contain Bglll
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and Sall sites (underlined):
5'-GAGAGATCTGTGACCATGTTCGACAAGCC (5'-primer)
5'-GAGGTCGACCCCTTCAGGGCTCGTGATTA (3'-primer)
The primers for LPP2 span the start and an internal region (3 domain of active
site) and contain an EcoRl site:
5'- CCGGAATTCGACCATGGAGAGGA (5'-primer)
5-GCTCCAGTGGTGTTTGTAATCA (3'-primer)
The primers for LPP3 also span the start and 3'-adjacent to stop codon and contain
BamHlI sites:
5-CTCGGATCCGCCAGCGCCATGCAAACGTA (5'-primer)
5-TTCGGATCCAGTGCTCTGGAGGCCGCAGC (3'-primer)

The reaction mixture (100ul) contained 1XClontech Buffer (containing
3.25mM Mg*?), dNTPs (0.4mM each), primers (0.4uM), and cDNA (2ul). The
Clontech proofreading enzyme polymerase mixture (0.5 U) was added and then the
samples were overlaid with light mineral oil. The incubation conditions were 94°C
for 5 minutes followed by 30 cycles of 2 minutes at 94°C, 2 minutes at 62°C, and 2
minutes at 72°C. PCR products were subjected to electrophoresis on 1.2% agarose
gels in 40mM Tris-borate containing 1mM EDTA and 0.001mg/ml ethidium bromide.

The LPP1 PCR product was restriction enzyme digested with Bglil and Sall
overnight at 37°C and ligated into pGEM-3Zf (+) which was gel-purified after
overnight restriction enzyme digestion. The LPP3 PCR product was restriction

enzyme digested with BamHI overnight at 37°C and ligated into pGEM-32Zf (+),
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which was dephosphorylated with calf intestinal phosphatase after overnight
restriction enzyme digestion. Competent XL1-Blue cells were transformed with the
ligation products and positive colonies were selected by performing blue-white
colony screening.

Nucleotide sequencing of the various LPP clones was performed using
fluorescent dye primer extensions with an automated DNA sequencer (Robarts
Research Institute, DNA Sequencing Facility). The LPP sequences were analyzed

using the BLAST and Dialign2 programs.

3.2.3 Verification of LPP1 Variants

The LPP variants were verified by using a combination of primers that were
designed to be isoform-specific. The PCR products were cloned into the pGEM-3Zf
(+) vector and sequenced.

The primers for LPP1/LPP1a, LPP1b, and LPP1c (primer set A):
5'-GAGAGATCTGTGACCATGTTCGACAAGCC (5'-primer) (start)
5'-GAGGTCGACGGCCGCAGTCTGCCTATACGA (3'-primer) (383 to 365bp)

The primers for LPP1 and LPP1a (primer set B):
5-GCTGGCTGGATTGCCTTATATA (5'-primer) (60-87bp)
5-AACAGCGTGAAGTACCCGTACC (5'-primer) (130-151bp)
5'-GAGGTCGACGGCCGCAGTCTGCCTATAGA (3'-primer) (386-365bp)
The primers for region |IB (see Fig.3.2) of LPP1 (primer set C):
5-GCTGGCTGGATTGCCTTATATA (5'-primer) (68-81bp)

5-TCCACCTAATAACGCATAAGGG (3'-primer) (196-175bp)
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The primers for region lIA (see Fig.3.2) of LPP1a (primer set D):

5 - TTCCATGCCTATGGCTGTTGTA (5-primer) (57-78bp)

5-CAAGCCCCACTAGGACGAGTAC (3'-primer) (186-165bp)

3.2.4 Southern Analysis of Tissue Profile

RNA was isolated from tissues obtained from 150-200g Sprague-Dawley
rats. As described above, RT-PCR was performed and the products were run on a
2% agarose gel. The gel was denatured in denaturing buffer (0.5M NaOH, 1.5M
NaCl) for 30 minutes at room temperature. Subsequently, the gel was transferred
to neutralizing buffer (0.5M Tris-HCI (pH 7.0), 1.5M NaCl) and slowly shaken for 30
minutes at room temperature. The gel was soaked in 20XSSC transfer buffer for 30
minutes and then transferred to nylon membrane using the Turboblotter Rapid
Downward Transfer System (Schleicher & Schull). The blots were probed with

LPP1.

3.2.5 Northern Analysis of Tissue Profile

A 1% agarose-RNA formaldehyde gel containing total RNA from tissues
(20ug/lane) was transferred to Nylon membranes. Prehybridization for 20 minutes
at 68°C in QuikHyb solution was followed by hybridization with the appropriate
probe with 100l of denatured herring sperm DNA for 1 hour at 68°C. For LPP3, the
blots were washed for 1 hour at 60°C in 2XSSC and 0.1% SDS foliowed by a 30

minutes wash in 0.1XSSC and 0.1% SDS at room temperature. For LPP1, the blots
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were washed in 0.1XSSC and 0.1% SDS at room temperature for 6 howrs. LPP1

and LPP3 probes were prepared by random prime labeling using [oe-2P]-<dCTP. The

membranes were exposed to X-ray film between 24-72 hours for the LFPP3 probe

and up to 1 week for the LPP1 probe.

3.2.6 Transient Expression of LPPs in HEK 293 Cells

HEK 293 cells were maintained in Dulbecco’s Modified Eagle’'s Medium (high
glucose) containing 10% fetal bovine serum. LPP1 and LPP1b were firsst digested
from pGEM-3Zf (+) with Sall, blunt-ended with Klenow Fragment, and Kpnl
digested. LPP1a was digested from pGEM-3Zf (+) with Hindlll, blunt-esnded with
Klenow Fragment, and Kpnl digested. LPP3 was digested from pGEM-3.Zf (+) with
BamHI and blunt-ended with Klenow Fragment. These LPP1/1a/1b inserts were
then subcloned into the Kpnl and Xbal (blunt-ended) sites and for LPP3 cIDNAs, into
the Xbal (blunt-ended) site of the mammalian expression vector, pTrascer-CMV2
(Invitrogen). The orientation was verified by a combination of restrictiosn enzyme
digestion and sequencing. Transfection quality plasmid DNA was obtained using a
Maxi Piasmid Preparative kit (Qiagen). Transient expression of LPP1, LIPP1b, and
LPP3 was obtained using 1ug of DNA and Effectene transfection reagent (Qiagen).
Transient expression of LPP1a was obtained using 2ug of DNA. Cells were
harvested 36 - 48 hours post-transfection, sonicated for 10 seconds (three bursts),
and then centrifuged at 100,000g for 1 hour at 4°C in a Ti70.1 rotor to obtain total

membranes.



131

3.2.7 LPP Assays

The activity was assayed using pure PA as substrate. Unlabelled PA and
P32 (abelled PA were prepared as described previously (2). Reaction mixtures
contained 100mM Tris-Maleate buffer, pH 6.5, 0.6mM PA (0.4mCi/mmol), 0.5mM
EDTA, 0.5mM EGTA, pH 7.0, 0.2mg of essentially fatty acid free albumin and 1mM
DTT in a final reaction volume of 0.1 ml. Incubation times were 60 minutes in
duration at 37°C. The protein was preincubated at 37°C for 10 minutes with 4.2mM
N-ethylmaleimide (NEM). Reactions were terminated by the addition of 1.5 ml of
chloroform: methanol (1:1). The phases were broken with 0.75m! of 0.1N HCI and
a sample of the upper aqueous phase was taken for scintiliation counting to

determine the P2 inorganic phosphate released (2).

3.2.8 Other Assays
Protein was determined by the method of Lowry et al. (8) in the presence of

2mM SDS using bovine serum albumin as the standard.

3.3 Results
3.3.1 The Cloning of Pulmonary LPPs and Variants

LPP isoforms were cloned from perfused rat lung and isolated alveolar type
Il cells that were maintained on tissue culture plastic overnight. Primers were

designed to amplify the entire coding sequence of LPP1, LPP3, and a partial region
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of LPP2. RT-PCR products were cloned and sequenced revealing the presence of
mRNA for LPP1 and its variants in lung (LPP1a, 1b, and 1c) and type lI cells
(LPP1b). Meanwhile, LPP2 mRNA was detected in brain but was absent in lung.
LPP3 was present in lung and type Il cells.

The LPP1 PCR products, when sequenced, revealed multiple products
including LPP1, LPP1a, LPP1b, and LPP1c. Figures 3.1A and 3.2, respectively,
show the nucleotide sequence alignment and a graphical view of the LPP1 variants.
The LPP1 products (LPP1, 1a, and 1b) were confirmed using other combinations
of primers whose products were verified by sequencing. The LPP3 cDNA sequence
is displayed in Figure 3.1B. The LPP1 and LPP3 isoforms are identical to the
previously cloned rat liver (9) and intestinal isoforms (10), respectively. The LPP1a
isoform is homologous to the human (11) and guinea pig (12) isoforms. The LPP1b
and LPP1c isoforms are novel but contain nuclectide insertions/deletions (as
indicated in bold in Figure 3.1 and 3.2) that result in a frameshift [eading to early
termination of the polypeptide. A homolog of the LPP1b isoform was recently
identified in the database of expressed sequence tags (dbEST) that was cloned

from Bovine Taurus cartilage fetus (Genbank Accession # AV595831).

3.3.2 Sequence Analysis of Puimonary LPP Isoforms

Hydropathy plot analysis of LPP1, LPP1a, and LPP3 based on the Kyte and
Doolittle algorithm suggests that each have six membrane-spanning regions (Figure
3.3) while the truncated isoforms may have one or two transmembrane domains.

These full-length proteins contain an active site comprised of three domains (Figure



Figure 3.1. In A, nucleotide sequence alignment of the LPP1 isoforms from lung
tissue. The sequences were aligned using the DiAlign2 program. The dashes
denote the absence of bases. RL is an abbreviation for rat lung. The bold and
underlined letters indicate insertions or deletions in the novel isoforms as well as the
stop codons in the novel isoforms. In B, nucleotide and amino acid sequence

alignment for rat lung LPP3.
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CCTCAGCCAG TCAGTCCCTG

TTGTTTGGAG CCTCAGCCAG TCAGTCCCTG

TTGTTTGGAG

CCTCAGCCAG TCAGTCCCTG

CAAAAATCAA CTGCAGCGAT GGCTACATTG
CAAAAATCAA CTGCAGCGAT GGCTACATTG
CAAAAATCAA CTGCAGCGAT GGCTACATTG
CAAAAATCAA CTGCAGCGAT GGCTACATTG

CTCATTCTCT
CTCATTCTCT
CTCATTCTCT
CTCATTCTCT

CTTGTTGCTT
CTTGTTGCTT
CTTGTTGCTT
CTTGTTGCTT

CAATATTAGT
CAATATTAGT
CARTATTAGT
CAATATTAGT

CAGACAGAGC
CAGACAGAGC
CAGACAGAGC

CACAGAGTCT AACAAAGAAA GAARAGAGGA CTCACATACG ACTCTACACG AAACCACCAA CAGACAGAGC

ATGTACTGCA TGCTGTTTGT
ATGTACTGCA TGCTGTTTGT
ATGTACTGCA TGCTGTTTGT
ATGTACTGCA TGCTGTTTGT

TATCCATATA TGTGGGCCTG
TATCCATATA TGTGGGCCTG
TATCCATATA TGTGGGCCTG
TATCCATATA TGTGGGCCTG

GGTTTTGTAT GTAACTGATT
GGTTTTGTAT GTAACTGATT
GGTTTTGTAT GTAACTGATT
GGTTTTGTAT GTAACTGATT

TACGCAAGGA ATCACGAGCC
TACGCAAGGA ATCACGAGCC
TACGCAAGGA ATCACGAGCC
TACGCAAGGA ATCACGAGCC

14"
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Figure 3.2. Graphical view of the cDNA to protein alignment of LPP1 and its
variants. The cDNA for LPP1 and LPP1a are divided into three regions: I, 1A or lIB,
and lll. LPP1 and LPP1a diverge at region li. The protein alignment is shown below
the cDNA. The red boxes represent transmembrane domains and the violet regions
represent the domains of the active site. The asterix indicates an N-linked
glycosylation site. The cDNA for LPP1b contains an extra “G” nucleotide (shown in
yellow with asterix) leading to a frameshift and is lacking region Il. Likewise, LPP1c
contains both region {IA and 1B with a nucleotide deletion leading to a frameshift.
The bases at the edges of these regions are shown above each region to illustrate

the frameshifts which occur in the novel LPP isoforms.



137

MY

[HY

) -

Dy - uo0ag

VN

S o)

Mdd'l

Gidd i

Hldd

Pdd |




Figure 3.3. Hydropathy plot analyses for the cloned full-length pulmonary LPPs.
These plots were generated using a program based on the Kyte and Doolittle

algorithm (Expasy).
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3.4), which is part of a novel phosphatase superfamily (13). They each contain a
potential N-linked glycosylation site at amino acid positions 142, 143, and 171
(LPP1, LPP1a, and LPP3, respectively). The principle divergent regions among
these LPPs include the N- and C-termini. Regions of divergence between LPP1 and
LPP1a include the end of transmembrane region 1 (TM1) and the beginning of
transmembrane region 2 (TM2) as well as certain residues in the first extracellular
loop (Figure 3.4). The LPP1 and LPP1a isoforms are most probably derived from
alternative splicing. The expected molecular weights of the full-length LPPs are 31.9
kDa (LPP1), 32.0 kDa (LPP1a), and 35.2 kDa (LPP3).

The LPP1b isoform contains a G nucleotide insertion, which would predict
a peptide of 30 amino acids (3.61 kDa). Likewise, the LPP1c isoform contains a
nucleotide deletion, which would predict a peptide of 76 amino acids (8.55 kDa).
Their predicted sequences are shown in Figure 3.5. If proteins are expressed, these
isoforms would be catalytically inactive since they would not possess the active site.
Furthermore, they would both lack the N-linked glycosylation site. Three different
preparations of lung RNA were used for the RT-PCR resuiting in the consistent
appearance of LPP1b whereas LPP1c was much rarer. The LPP1b isoform was

not generated in reactions without cDNA.

3.3.3 Overexpression of Rat Puimonary LPPs in HEK 293 Cells
Transient transfection of rat lung LPP1, LPP1a, and LPP3 cDNAs in human
embryonic kidney cells resulted in an 8.7-fold, 2.4-fold, and 16.9-fold increase in

membrane-bound LPP enzyme activity, respectively (Figure 3.6A). The activity of



Figure 3.4. Amino acid sequence alignment of puimonary LPP1, LPP1a, and LPP3.
The predicted rat lung amino acid sequences are aligned with those of the human
sequences (Genbank sequences AB000888 (LPP1), AF014402 (LPP1a), and
AF056083 (LPP2)). Alignment was performed using the DiAlign2 program. The
predicted membrane-spanning regions are denoted TM-1 through TM-6 and the

active sites are shown highlighted in yeilow.
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Figure 3.5. Amino acid sequences of the novel truncated LPP1 isoforms. The cDNA
sequences were translated using a DNA sequence translator program (Infobiogen,

France).



LPP1B MRDKPRLPYV VLDVICVLLD DYWRNSVCLL

LPP1C MFDKPRLPYV VLDVICVLLA SMPMAVVNEFG QIYPFQRGFF
CSDNSVKYPY HDSTVTTSVL VLVGLGIPIF SLDCLL
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Figure 3.6. Overexpression of pulmonary LPPs in HEK 293 cells. In A, Transient
transfections of LPP cDNAs and empty vector was performed using Effectene
reagent. Cells were harvested 48 hours post-transfection and 10ug of total
membranes and sonicates were analyzed for NEM-insensitive PAP enzyme activity
using PA as substrate in the absence of magnesium. In B, SDS-PAGE of10ug of
total membrane protein/lane and immunoblot analysis with LPP3 antibody. Lane 1,
36 hours control vector, 2 and 3, 48 hours control vector, 4, 36 hours LPP1
transfectants, 5 and 6, 48 hours LPP1 transfectants, 7, 36 hours LPP3

transfectants, 8 and 9, 48 hours LPP3 transfectants.
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the three LPP isoforms was assayed using phosphatidate as substrate in the
presence of NEM and without magnesium. Therefore, these rat iung cDNAs encode
functional NEM-insensitive, magnesium-independent phosphatidate phosphatases.
An antibody against LPP3 allowed detection of overexpressed rat LPP3 in HEK 293
cells (Figure 3.6B). Available antibodies against LPP1/1a isoforms failed to
immunoreact with the rat isoforms. As expected, transient expression of the LPP1b
isoform did not affect the LPP activity since it was predicted to lack the three
domains of the active site. Transient expression of these cDNAs was initially
attempted in SV-40 large T antigen transformed mouse type lI-like lung epithelial
cell lines (MLE12 and MLE15) to investigate the role of LPP in surfactant secretion.
However, transient transfections were without success. These cell lines have high
endogenous LPP enzyme activity and thus, stable expression of various LPPs
including LPP1b was attempted. However, cell death resulted with the MLE12 cell
line and increases in LPP enzyme activity were not detected in the MLE15 cell line

using an inducible tetracycline system.

3.3.4 Analysis of LPP Isoforms Across a Rat Tissue Profile

Northern analysis of a tissue profile is shown in Figure 3.7A. Tissues that
were investigated include the lung, liver, intestine, kidney, spleen, uterus, heart, and
brain. The LPP1 RNA is highly expressed in lung and intestine. The LPP3 RNA
levels are high in lung, liver, and brain tissues. As shown in Figure 3.7B, using
primers designed to distinguish between LPP1/LPP1a and LPP1b (~400bp and

~250bp products), LPP1b appears to be in equal abundance to the LPP1/1a



Figure 3.7. Expression of LPPs across a rat tissue profile. In A, northern analysis
using LPP1 and LPP3 as probes. In B, southern analysis of RT-PCR products of
LPP1 variants, LPP1/1a (top band) and LPP1b (lower band). In C, southern analysis
of RT-PCR products of LPP1 variants, LPP1 (top band) and LPP1a (lower band).

Two separate tissue blots are shown for the southern analysis.
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isoform in lung and brain tissue. Using primers designed to distinguish between

LPP1 and LPP1a, the LPP1a is present in most tissues examined (Figure 3.7C).

34 Discussion
3.41 LPP isoforms in Rat Lung and Type Il Cells

In lung, we previously showed that PA and LPA were excellent substrates in
plasma membranes whereas, S-1-P was a relatively poor substrate (2). This was
in contrast to other investigators who have shown that these substrates were used
with similar efficiencies (3). In order to investigate the possible presence of novel
isoforms, LPPs were cloned by RT-PCR from both adult rat lung and type I cell
RNA which generated LPP1, three LPP1 variants (LPP1a, LLPP1b, and LPP1c), and
LPP3 cDNAs. The LPP2 isoform was absent in lung tissue as determined by RT-
PCR.

In intact rat 2 fibroblasts, LPPs were recently shown to be capable of
hydrolyzing exogenously presented substrates including LPA, a phospholipid growth
factor (14). Furthermore, LPP1 attenuated LPA-mediated effects on cellular
proliferation through the Edg2 receptor (15). Both S-1-P and LPA are biologically
active lipids, which have been implicated in eliciting various biological responses
including cellular proliferation, differentiation, migration, and inhibition of apoptosis
(16). Sciorra and Morris (17) have provided evidence that LPP3 can generate DAG
sequentially to PLD in HEK 293 cells in caveolin-enriched domains. The substrate
specificity of LPP1a, its localization, and its possible functions require further

investigation.
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3.4.2 Function of LPP1b

LPP1b is a novel isoform which predicts an inactive truncated protein of 30
amino acids. The posssibility that LPP1b could be generated by PCR was
considered. PCR was prerformed using three separate preparations of RNA from
fung tissue and this isoform was generated in all reactions. Bidirectional sequencing
was performed on numeerous clones showing the consistent presence of the "G"
nucleotide in exactly the same position in all clones sequenced. Tissue profiles
show that LPP1b is expressed at high levels in lung and brain and varies across
tissues different to that ©of the LPP1/LPP1a isoforms. Furthermore, LPP1b mRNA,
determined by RT-PCR,, is present in various human lung epithelial cells, namely
human bronchial epithelaal cells (HBE) and an adenocarcinoma lung cell line (A549)
(Jonathan Faulkner and Fred Possmayer, unpublished observations). Thus, the
mRNA for this LPP1 vaxiant is not only present in rat but also in human.

The LPP1b isofaarm would be inactive if a protein were produced and may
possess regulatory functtions either at the RNA or protein level. We propose that the
LPP1b isoform may be present in an inactive form to control the levels of LPP1
expression and may be a physiological means to keep the activity of this LPP1
isoform to a minimum at the level of RNA splicing. Truncated isoforms, which
possess no catalytic actavity, also exist for PLD, DAG kinase, and PKC-5. The PLD2
splice variants cloned from lung and brain are in equal abundance to the full-length
protein reported by Steed et al. (18) and encode inactive proteins due to the

absence of the transphosphatidyl domains. Kai et al. (19) have detected expression
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of an internally truncated mRNA (not truncated in retina or brain) encoding inactive
DAG kinase with both mRNA and protein expression. Moreover, Ueyama et al. (20)
have cloned a truncated PKC-3 isoform from rat testis which has an 83bp insertion
resulting in early termination. The protein is expressed and possesses the
regulatory domain without catalytic regions. The authors propose that it may act as
a dominant negative against full-length PKC & thereby modulating signaling. Since
the genomic organization for the LPPs is currently unknown, it is still possible that

LPP1b may be the product of a pseudogene.

3.43 Expression of Pulmonary LPPs

Lung expresses LPP1, LPP1a, LPP1b, and LPP3 mRNAs. The LPP2 isoform
was detected in rat brain and absent in lung. Hooks and colleagues (21) have
described high tissue specific expression of human LPP2 where it was detected in
brain, pancreas, and placenta. The profiles obtained in this study compares similarly
to those obtained in the mouse and human (22, 23).

Transient expression of the pulmonary LPP ¢cDNAs in HEK 293 cells confirms
that the full-length pulmonary LPPs are, indeed, catalytically active members of the
PAP2 superfamily. Meanwhile, expression of the nove!l LPP1b isoform did not
modulate LPP enzyme activity. LPP1b contains a "G" nucleotide resulting in a
frameshift and would be expected to produce a catalytically inactive truncated 30
residue protein. The inability to overexpress LPPs in the MLE12 cell line may be

due to toxic effects arising from the high constitutive expression from the strong
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cytomegalovirus promoter in the pTracer-CMV2 expression vector. Overexpression
of lipid signaling enzymes may lead to changes in cell morphology due to
membrane damage, which may eventually lead to cell death. It was reported that
stable ECV 340 and HEK293 cell lines overexpressing LPP1, LPP1a, and LPP3 had
a significant decrease in phosphatidic acid content compared to control cell lines

(11, 17).

3.4.4 Other Potential Lipid Phosphate Phosphohydrolases

It is highly probably that there exists other Ilipid phosphate
phosphohydrolases that have yet to be cloned. A S-1-P phosphohydrolase was
recently cloned by Spiegel’'s group (24) which had high homology to the active site
of the LPPs but was proposed to contain 8-10 transmembrane domains. Boudker
and Futerman (25) have identified an NEM-insensitive, magnesium-independent
activity in rat liver plasma membranes that demonstrates specificity towards C-1-P.
There also exists a nuclear LPP activity that was characterized by Baker and
colleagues (26) in neuronal nuclei which appears to be NEM-insensitive and
magnesium-independent. It displayed specificity towards LPA but was inhibited only
by S-1-P and not C-1-P and PA. Furthermore, Imai and collaborators (27) have
recently described an activity in ovarian cancer cells that is NEM-insensitive,
magnesium-independent with activity against LPA that was not inhibited by S-1-P,
C-1-P, or PA. Hence, the enzymological properties of these activities including their
substrate specificity distinguish them from the presently cloned LPPs.

The cloning of the NEM-sensitive, magnesium-dependent PAP1 and its
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substrate specificity has not yet been reported. This enzyme may also be implicated
in signaling as reported by various investigators (28, 29). Other NEM-sensitive
enzymes may exist including an activity characterized by Frank and Waechter (30)
which is unaffected by magnesium and catalyses the hydrolysis of polyisoprenyl

phosphate and PA with similar efficiencies.

3.4.5 Summary

We have shown previously that pulmonary LPP activity exists in alveolar type
[l cells and hydrolyses PA and LPA in purified lung plasma membranes (2).
Sphingosine-1-phosphate (S-1-P) was a relatively poor substrate in contrast to
purified rat liver LPP which suggested the presence of a novel LPP in lung. Thus,
various L.PPs were cioned by RT-PCR from both adult rat lung and type Il cell RNA
generating LPP1, up to three LPP1 variants, and LPP3 cDNAs. The three LPP1
variants include LPP1a and two novel truncated isoforms, LPP1b and LPP1c. The
full-length rat lung cDNAs encode functional NEM-insensitive phosphatidate
phosphohydrolases. These pulmonary LPPs are proposed to be involved in
regulating surfactant phospholipid secretion in alveolar type Il cells as well as in
controlling cell growth during lung development and injury. The LPP1b and LPP1c
isoforms contain frameshifts, which would result in premature termination producing
putative catalytically inactive polypeptides of 30 and 76 amino acids, respectively.
Further investigation of the LPP1b isoform across a tissue profile revealed that it

exists in equal abundance to the LPP1/1a isoform in lung tissue. It is proposed that
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LPP1b may have a function in controlling the expression level of LPP1 in order to

regulate its activity at the level of RNA splicing.
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Chapter 4
Developmental Patterns of Lipid Phosphate Phosphohydrolases in Rat

Lung and Alveolar Type Il Cells
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4.1 Introduction

Lipid phosphate phosphohydrolase (LPP) catalyzes the hydrolysis of various
lipid phosphates including phosphatidic acid (PA), lysophosphatidic acid (LPA),
ceramide-1-phosphate (C-1-P), and sphingosine-1-phosphate (S-1-P) (1). We have
shown previously that pulmonary LPP activity exists in surfactant-secreting alveolar
epithelial type Il cells and hydrolyzes PA and LPA in purified lung plasma
membranes (2). Various LPPs were cloned by RT-PCR from both adult rat lung and
type Il cell RNA generating LPP1, up to three LPP1 variants, and LPP3 cDNAs (3).
The three LPP1 variants include LPP1a and two truncated isoforms, namely, LPP1b
and LPP1c (3).

Recent studies indicate a potential role for LPP in signal transduction. LPP
could act to hydrolyze PA arising in the plasma membrane from diacylglycerol
(DAG) kinase (4) and phospholipase D (PLD) (5) thereby regulating the levels of PA
in the plasma membrane. It has been suggested that transient elevations in DAG
levels arising through phospholipase C (PLC) degradation of phosphatidylinositol
bisphosphate (PIP;) in alveolar type |l cells can be extended through the stimulation
of the PLD/ LPP pathway (6). Phosphatidylinositol-specific PLC (PI-PLC) will
hydrolyze PIP; to generate DAG for protein kinase C (PKC) activation. PKC can
then stimulate PLD which will hydrolyze the abundant PC to provide substrate for
a plasma membrane [ocalized LPP which will generate DAG to sustain PKC
activation to maintain surfactant secretion for longer periods. Another proposed
function for LPP is in controlling cell growth during lung development and injury

which may involve the Edg (endothelial differentiation gene) receptor. Both S-1-P
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and LPA are biologically active lipids which have been implicated in eliciting various
biological responses including cellular proliferation, differentiation, migration, and
inhibition of apoptosis through these receptors (7). The involvement of Edg in lung
function has not yet been described.

Lung development is a highiy compiex process that involves morphogenesis,
growth, and differentiation, which is required for transition from an aqueous to an
air-breathing environment (8). It was previously shown by Casola and Possmayer
(9) that membrane-bound LPP activity in rat lung tissue did not change appreciably
in the fetus but increased significantly after birth. However, in rabbit lung, there was
a small increase during late gestation followed by a decrease in the adult (10). The
specific activity of LPP also was reported to increase with the induction of
pulmonary maturation by glucocorticoids and phosphatidylcholine (PC) (11, 12). The
increased L.PP activity correlated with the appearance of lamellar bodies (stored
intracellular surfactant) in the fetal rabbit lung (13). Thus, these changes in LPP
activity appear to parallel surfactant production and accumulation.

Pulmonary surfactant, composed of 90% lipid and 10% protein, is essential
for normal lung function (14). Its main function is to maintain low surface tensions
at the air-liquid interface and to prevent alveolar collapse on expiration (14). In the
rat, the production of pulmonary surfactant is initiated when gestation is
approximately 80% complete. Increased phosphatidylcholine synthesis occurs
between day 20 of gestation and day 1 in the neonate (14). In this species, the
levels of PC and disaturated PC increases between days 20 of gestation and day

1 after birth (14). Surfactant secretion also increases as indicated by the levels of
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surfactant phospholipids in lung lavage which has been shown to increase during
the later stages of fetal development and to a greater extent in the neonate (14).

Surfactant phospholipid secretion by isolated type Il cells can be stimuiated
by a variety of agonists acting by at least three signal transduction mechanisms: 8,
or Az receptor leading to the activation of adenylyl cyclase, Py, receptor leading to
the activation of calcium-calmodulin, and the activation of PKC (15). Rooney and
colleagues have demonstrated differential maturation of the signal transduction
pathways mediating surfactant secretion in rat isolated type Il cells (16). The
response to phorbol ester was lower in fetal cells and reached aduit levels by day
1 after birth (16). However, the developmental increase in the response of the celis
to ATP, which acts through all three signaling pathways, did not attain maximal
levels until day 30 (16). UTP, an agonist which acts only through the P2, receptor,
fails to stimulate significant secretion until day 4 (17). Rooney and colleagues
identified that the levels of PKCa, Bl, Bll, and £ in newborn type |l cells were only
haif the level of adult cells (17). These investigators suggest that the lack of
response in the early newborn type Il cells to P2, agonists is due possibly to
insufficient amounts of one or more of PKC isoforms (17).

As a preliminary step towards investigating the possible functions of the
cloned LPP isoforms, we examined the developmental patterns for LPP activity and
the mRNA leveis of LPP1, LPP1a, LPP1b, and LPP3 in whole lung tissues from
male and female rats. The expression of PLD, Edg receptors, and PKC isoforms

was also investigated across development. We propose that an LPP isoform(s) may
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be involved in phospholipid surfactant secretion acting downstream to P, receptor
activation to provide DAG for prolonged PKC activation. However, type Il cells
comprise less than 10% of the lung cellular population and thus, any changes in
LPP observed in the whole lung profile cannot be extrapolated to this cell type.
Therefore, similar studies were also performed in isolated airway epithelial cells or

primary type |l celis across development to assess the role of LPP(s).

4.2 Materials and Methods
4.2.1 Materials

Trizol reagent, Superscrip’tTM preamplification kit, DNAse | (amplification
grade), IPTG, and Xgal were obtained from Gibco BRL. RNAse H and restriction
enzymes were purchased from Pharmacia Biotech. The Advantage cDNA PCR kit
was obtained from Clontech Laboratories. Mineral oil and herring sperm DNA were
obtained from Sigma. pGEM-3Zf(+) was obtained from Promega. XL1-blue cells
and QuikHyb solution were obtained from Stratagene. Polyclonal antibodies for
PKC-u and PKC-a were obtained from Santa Cruz Biotechnologies, Santa Cruz,
USA. Tissue culture media was obtained from Gibco BRL. Porcine elastase was
obtained from Worthington Biochemicals. Fetal bovine serum was obtained from
CanSera. 1-Palmitoyl-2-oleoyl-phosphatidylcholine was purchased from Avanti
Polar Lipids. DAG kinase was purchased from Calbiochem. [@-**P}-dCTP and

[y-P*]-ATP were purchased from Amersham.
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4.2.2 RT-PCR of LPP variants

Rat lung tissue was obtained from Sprague-Dawiley and Wistar rats for the
whole lung and type Il cell developmental profiles, respectively. The LPP variant
primers were designed to be isoform-specific. These primers were used for semi-
quantitative RT-PCR and for generation of probes for southern and northern
analysis. The primers for LPP1/LPP1a and LPP1b (30 cycles):

5'-GAGAGATCTGTGACCATGTTCGACAAGCC (5'-primer) (start)

5'-GAGGTCGACGGCCGCAGTCTGCCTATACGA (3'-primer) (383 to 365bp)
The primers for region |IB (see Fig.3.2) of LPP1:
5-GCTGGCTGGATTGCCTTATATA (5'-primer) (68-81bp)
5'-TCCACCTAATAACGCATAAGGG (3"-primer) (196-175bp)

The primers for region lIA (see Fig.3.2) of LPP1a:
5-TTCCATGCCTATGGCTGTTGTA (5'-primer) (57-78bp)
5'-CAAGCCCCACTAGGACGAGTAC (3'-primer) (186-165bp)

The primers for LPP3 (Genbank # YO7783) (30 cycles):
5-CTCGGATCCGCCAGCGCCATGCAAACGTA (5'-primer) (start)
5-TTCGGATCCAGTGCTCTGGAGGCCGCAGC (3’-primer) (adjacent to stop)

The primers for PLD1 (Genbank #2723381) (30 cycles):
5'-ATGGATTAAGCCCCACTTGAA (5'-primer) (1795-1816bp)
5-ACAAGGTTTCCTTCCAGCTCTG (3'-primer) (2668-2647bp)
The primers for PLD2 (Genbank #2723385) (30 cycles):
5-TGGCTAGGATGACTGTAACCCA (5-primer) (start)

5'-CCAAGGTCTGGGATAAAGGAAA (3'-primer) (612-591bp)
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The primers for Edg1 (Genbank #8393289) (30 cycles):

5-TGCTGCTTGATCCTAGAGA (5'-primer) (191-212bp)
5-TAATGGTCTCTGGATTGTCCCC (3'-primer) (1142-1121bp)
The primers for Edg2 (Genbank #2623061) (30 cycles):
5-AGATCTGACCAGCCGACTCAC (5'-primer) (65-85bp)
5-GTTGGCCATCAAGTAATAAATA (3'-primer) (443-422bp)
The primers for B-Actin (Genbank # J00691) (22 cycles):
5'-TTCAACACCCCAGCCATGTA (5'-primer)

S-ATCTCCTTCTGCATCCTGTC (3'-primer)

4.2.3 Cloning and Sequencing of PLDs and Edg from Adult Rat Lung and
Type li Cells

The isolation of alveolar type |l cells was followed according to Dobbs et a/
(18). Lungs were perfused with 0.9% saline as previously described (2). Total RNA
was prepared using Trizol reagent. The RNA was DNAse-treated prior to first strand
cDNA synthesis. The reverse transcriptase reaction was performed using oligo (dT)
12-18 @s the primer and Superscript H-Reverse transcriptase. The cDNA was then
RNAse-treated prior to the PCR reaction. PCR primers for amplification of PLD1,
PLDZ2, Edg1, and Edg2 are described above.

The reaction mixture (100ul) contained 1XClontech Buffer (containing
3.25mM Mg*?), dNTPs (0.4mM each), primers (0.4uM), and cDNA (2ul). The

Clontech proofreading enzyme polymerase mixture (0.5 U) was added and then the
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samples were overlaid with light mineral oil. The incubation conditions were 94°C
for 5 minutes followed by 30 cycles of 2 minutes at 94°C, 2 minutes at 62°C, and 2
minutes at 72°C. PCR products were subjected to electrophoresis on 1.2% agarose
gels in 40mM Tris-borate containing TmM EDTA and 0.001mg/ml ethidium bromide.

PCR products were cloned into the pCR-Topo Il vector (Stratagene) and
transformed into competent XL1-Blue cells. Positive colonies were selected by
peforming blue-white colony screening. Nucleotide sequencing of the various PLD
and Edg clones was performed using fluorescent dye primer extension with an
automated DNA sequencer (Robarts Research Institute, DNA Sequencing Facility).

The sequences were analyzed using the BLAST program.

4.2.4 Rat Lung Developmental Profile: RNA and Protein Isolation

For each day, a total of 3 litters of rats (n = 3) were analyzed with the
exception of 17 days of gestation, where iungs were isolated from a total of 9 litters
and 3 litters were pooled and analyzed (n = 3). Timed pregnant Sprague-Dawley
rats were obtained from Charles River Laboratories (Montreal, Canada). Total RNA
was isolated using Trizol reagent from male and female rat lung tissues from 17
days of gestation (dg), 19 dg, 21 dg, 22dg, 1 day after birth (D), 2D, 4D, 9D, 16D,
and adult. For the preparation of subcellular fractions, the lungs were first chopped
and then homogenized in 9 volumes of ice-cold Buffer A (0.25M sucrose, 0.1mM
EDTA, 1TmM HEPES, pH 7.4, 1mM pefabloc) using ten strokes with a tight fitting
pestle with a Potter Elvehjem homogenizer (Heidolph). The homogenate was then

initially centrifuged at 1,450g for 5 min resulting in a nuclear pellet and a
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supernatant. The latter was centrifuged at 10,000g for 15 min yielding a
mitochondrial pellet and a supernatant. The supernatant was centrifuged at
100,000g for 60 min providing a microsomal pellet and a cytosolic supernatant. The
fractions were aliquoted and frozen at -70°C. Various fractions were retained for

analysis throughout the isolation procedure.

425 Type ll Cell Developmental Profile: RNA and Protein Isolation

Timed pregnant Wistar rats were obtained for these studies. Rat lung tissues
from 19 dg, 21 dg, 1 day after birth (D), 6D, and aduit were used for isolated of
primary alveolar epithelial cells following the methods of Dobbs et al (18) and
Caniggia et al (19). Total RNA was isolated using Trizol reagent. For protein, cells
were harvested and homogenized using a probe sonicator for 10 seconds three

times in Buffer A and stored at -70°C.

4.2.6 Northern Analysis

A 1% agarose-RNA formaldehyde gel containing total RNA from tissues
(20pg/lane) was transferred to Nylon membranes. Prehybridization for 20 minutes
at 68°C in QuikHyb solution was followed by hybridization with the appropriate
probe with 100ul of denatured herring sperm DNA for 1 hour at 68°C. For 18S and
LPP3, the blots were washed for 1 hour at 60°C in 2XSSC and 0.1% SDS followed
by a 30 minutes wash in 0.1XSSC and 0.1% SDS at room temperature. For LPP1,

the blots were washed in 0.1XSSC and 0.1% SDS at room temperature for 6 hours.
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LPP1 and LPP3 probes were prepared by random prime labeling using
[a—3zF’]-dCTP. The membranes were exposed to X-ray film between 8-12 hours for

18S, 24-72 hours for LPP3, and at least 1 week for LPP1.

4.2.7 Southern Analysis

As described above, RT-PCR was performed and the products were run on
a 2% agarose gel. The gel was denatured in denaturing buffer (0.5M NaOH, 1.5M
NaCl) for 30 minutes at room temperature. Subsequently, the gel was transferred
to neutralizing buffer (0.5M Tris-HCI (pH 7.0), 1.5M NaCl) and slowly shaken for 30
minutes at room temperature. The gel was soaked in 20XSSC transfer buffer for 30
minutes and then transferred to nylon membrane using the Turboblotter Rapid

Downward Transfer System (Schieicher & Schull).

4.2.8 SDS-PAGE and Western Blot Analysis

The samples were boiled in sample buffer for 5 minutes and cooled on ice
before loading onto 8% SDS-PAGE gels. The gel was run at 100 volts and the
proteins were electrophoreticaily transferred onto Immobilon P membranes for 1
hour at 200mA at 4°C. Blots were blocked in 5% nonfat dry milk in TBS with 0.2%
Tween-20 (v/iv) (TBST) for 1 hour at room temperature. Primary antibody
incubations were performed in the same blocking buffer at dilutions of 1:1000 for up
to 2 hours at room temperature. The blots were then washed in TBST for 10

minutes three times at room temperature. Secondary antibody incubations were
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performed in TBST containing 5% nonfat dry milk at 1:10,000 for 1 hour at room
temperature followed by another 30 minutes wash in TBST. Protein bands were
visualized by enhanced chemiluminescence (kit from Gibco BRL) and exposed to

film.

4.2.9 LPP Assays

The activity was assayed using pure PA as substrate. Unlabeiled PA and
P*_jabelled PA were prepared as described before (2). Reaction mixtures contained
100mM Tris-Maleate buffer, pH 6.5, 0.6mM PA (0.4mCi/mmol), 0.5mM EDTA,
0.5mM EGTA, pH 7.0, 0.2mg of essentially fatty acid free albumin and 1mM DTT
in a final reaction volume of 0.1 ml. Incubation times were 60 minutes in duration
at 37°C. The protein was preincubated at 37°C for 10 minutes with 4.2mM N-
ethylmaleimide (NEM). Reactions were terminated by the addition of 1.5 ml of
chloroform: methanol (1:1). The phases were broken with 0.75ml of 0.1N HCI and
a sample of the upper aqueous phase was taken for scintillation counting to

determine the P* inorganic phosphate released (2).

4.2.10 Other Assays
Protein was determined by the method of Lowry ef al. in the presence of

2mM SDS (20) using bovine serum albumin as the standard.
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4.3 Resulits

4.3.1 mRNA Expression Profiles for LPP Isoforms

In order to obtain insight into the potential function of the previously cloned
LPP isoforms (Chapter 3), their mMRNA expression patterns were investigated across
rat lung development. The profiles for the mRNA levels of LPP1 and LPP3 were
determined by northern analysis and the results are shown in Figure 4.1A. LPP1
mRNA [evels were determined using a probe designed against region [IB (refer to
Chapter 3) which recognizes the LPP1 isoform. The mRNA levels are low at 17
days of gestation but increase slightly in the fetal period (21 and 22 dg). There is a
marked increase in LPP1 mRNA expression in the newborn which remains high
until day 4. The mRNA expression increases further on day 16 although remaining
low compared to that in the newborn and there is also a slight decrease in LPP1
mRNA in the adult. The mRNA levels for LPP3 were low at 17 days of gestation and
high at 19 dg with slightly decreased levels in late gestation (21 and 22 dg). The
mRNA increased in the early neonate (1D or 2D) and remained fairly constant
during the first week of life. The mMRNA expression increased during the second
week of life (16 days) and in the adult. LPP1a was undetectable by northem blotting
and its profile was consequently determined by southern blotting of RT-PCR
products using B-actin as a control (Figure 4.1B). The mRNA expression for LPP1a
is low at 17 and 19 days of gestation with increased levels of expression in the late
fetal period (21 and 22 dg). The LPP1a mRNA increases after birth between 2 and

4 days and remains at a high level of expression into the second week of life and



Figure 4.1. mRNA profiles for LPP isoforms across rat lung development. A,
Northern blot analysis of rat lung developmental profiles from 17 dg to adult for
LPP1, LPP3, and 18S. The results are from a representative experiment (n = 3).
B, Semi-quantitative RT-PCR analysis across rat lung development from 17 dg to

adult for LPP1/1a and LPP1b, LPP1, LPP1a, and control B-actin. The resuits are

from a representative experiment (n = 3).



LPP1/1a

LPP1b

LPP1

LPPla

B-actin

LPPI 172

17 19 21 22 1 2 4 9 16 Ad.

17 19 21 22 1D 2D 4D 8D 16D Ad




173

in the adult. The mRNA levels for LPP1b, the truncated inactive isoform, determined
by RT-PCR, displays a high level of expression in the fetal tissues at 17 dg

decreasing steadily in the neonate with low levels at 16 days and in the adulit.

43.2 LPP Activity during Rat Lung Development

In order to gain some insight with respect to the potential function of LPPs
in lung, LPP activity was measured in the microsomal fraction across a rat lung
developmental profile (Figure 4.2A). We have previously shown high 5'-nuclecotidase
and alkaline phosphatase activity in adult rat lung microsomal fractions (Chapter 2)
indicating that the LPP activity present within the microsomes could arise from
plasma membranes athough its presence in other subcellular organelles cannot be
excluded. The profile shows a 2.1-fold increase in membrane-bound LPP activity
during the fetal period at 19 days gestation with a further 1.4-fold increase in activity
after birth in the neonate. An additional small increase was observed in the adult.

The increases in LPP activity at 19-21 dg corresponds to the late
pseudoglandular to canalicular phase of lung development which involves a
combination of cellular proliferation and apoptosis to form bronchioles, alveolar
ducts, blood vessels, and pre-type Il cells enriched in glycogen (8). The increases
in the neonate occur during the regression and stasis of the developing pulmonary
vasculature, maturation of alveolar ducts, and after the well established marked
increases in the synthesis of total PC and disaturated PC in type Il cells (8). Thus,
LPP, acting sequentially to PLD, could generate DAG to sustain PKC activation for

signaling events including the regulation of cell growth and surfactant secretion.



Figure 4.2. LPP activity across rat lung development. The gestational ages
investigated are 17 days gestation (dg), 19 dg, 21dg, 22 dg (term), 1 day after
birth (D), 2D, 4D, 9D, 16D, and adult. LPP specific activity is shown as nmol of Pi
released/min/mg. 10pg of protein was used for each assay. Assays were
performed in triplicate for each group of rats (n = 3). The results are shown as the

mean = S.E.M. The dark filled bars represent males and the diagonal filled bars

represent females.



Specific Activities (nmol/min/mg)

17dg 19dg 21dg 22dg 1D 2D

7

4D

Gestational Age

mmm Males
w7 Females

9D

7

16D ADULT

175



176

it is known that human premature male infants are more prone to respiratory
distress syndrome (RDS) as there may be a delay in the maturation of their
surfactant system (21, 22). This male disadvantage also occurs in rats (23) and
rabbits (24) but not in some non-human primates (25). There are reports indicating
that this may be due to inhibition of surfactant production in males by androgens
(26). In the rabbit, female fetuses contain more pulmonary B-receptors than males
and it has been suggested that part of the observed differences may be due to
differences in surfactant secretion rather than its synthesis (27). In rat, Rooney and
colleagues have addressed the possibility that differences in surfactant phospholipid
secretion may account for the increased susceptibility of males to RDS (16).
However, they did not observe any significant differences in basal secretion in the
response to any secretagogue in type |l cells in 30-day oid rats (16). We did not
observe any differences in LPP activity between males and females across whole
lung development. This would suggest that differences in neonatal respiratory
distress in the rat cannot be attributed to a lower production of DAG by LPP for PKC

activation. However, further studies in type [l cells must still be performed.

43.3 Edg Receptors, PLD, and PKC Patterns during Rat Lung Development

As it was recently shown that LPP could generate DAG sequentially to PLD
(27) as well as being capable of hydrolyzing phospholipid growth factors such as
LPA and S-1-P, which mediate their effects through Edg receptors (28), both PLD
and Edg mRNA expression patterns were investigated across development. Both

subtypes of the Edg receptor (S-1-P (Edg1) and LPA (Edg2)) as well as PLD1 and
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PLD2 isoforms were found to be present in lung tissue

As shown in Figure 4.3A, PLD1 mRNA, as determined by RT-PCR, was
found to be low during the fetal period and increased postnatally on day 4 to day 9
followed by a decrease in the adult. In contrast, PLD2 mRNA levels were high in
fetal tissues, particularly on 21 days of gestation followed by a decrease around
term. The mRNA expression increases in the early neonate (2D) and the second
week of life. The control, B-actin, appears to increase slightly in the neonate as
there are increases in the lung connective tissues.

The Edg1 and Edg2 mRNA expression profiles were determined by northern
analysis as shown in Figure 4.3B. Edg1 mRNA is low in the fetal period and is highly
expressed in the neonate on Day 4 while decreasing in the adult tissue. The Edg2
mRNA pattern shows high levels of expression in the fetal period (21 dg) and
decreases around term. The levels increase after birth and remain high in the
neonate (Day 4) followed by decreased levels in the adult.

The profiles for the protein levels of various PKC isoforms are shown in
Figure 4.3C. With respect to PKCyp, the protein levels were low at 17 days gestation
with a tendency to increase in the fetal period followed by a peak in the newborn.
The protein levels remain high during the neonatal period and in the adult.
PKCu appears as a doublet where the top band most likely represents the
phosphorylated PKC species. PKCa protein levels were found to increase in the
fetal period with highest levels of expression in the neonate and a further increase

in the aduit.



Figure 4.3. Profiles for PLD, EDG receptors, and PKC isoforms across rat lung
deveiopment. A, Semi-quantitative RT-PCR analysis across rat lung
development from 17 dg to adult for PLD1, PLD2, and control B-actin. The resulits
are from a representative experiment (n = 3). B, Northern blot analysis of rat lung
developmental profiles from 17 dg to adult for Edg1 and Edg2. . The results are
from a representative experiment (n = 3). C, The results of immunoblot analysis

are shown for PKC-a and PKC-u. The results are from a representative

experiment (n = 3).
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4.3.4 Alveolar Type |l Epithelial Cells Across Development

Since type 1l cells comprise less than 10% of the lung cellular population, the
increases in LPP activity or changes in mRNA levels in the whole rat lung
developmental profile cannot be extrapolated to this cell type. We proposed that an
LPP isoform(s) may be involved in phospholipid surfactant secretion acting
downstream to P,, receptor activation to provide DAG for prolonged PKC activation
and, hence, sustain surfactant secretion for a longer period of time (5). Hence, type
Il cells from 19 dg, 21 dg, 6-day-oid, and adult rat lungs were isolated and the
profiles for LPP and other lipid signaling enzymes were investigated. As shown in
Figure 4.4A, LPP activity in type |l cell lysates was found to decrease 1.6-fold in the
neonate and adult compared to the relatively high levels in the fetal alveolar
epithelial cells. Both PKCa and PKCp protein decrease dramatically in the neonate
and adult from the relatively high levels of expression during the fetal period (Figure
4.4B). Preliminary profiles for the mRNA levels of LPP, PLD, and Edg receptors are
shown in Figure 4.5. Relative to B-actin, the levels of these signaling molecules did
not appear to change dramatically.

The alveolar epithelial cells from 19 days gestation (100% confluent) were
left in culture for 48 hours while the cells from 21 days gestation (60-70% confluent),
6-day-old (sparse), and adult (sparse) were maintained in culture for 24 hours. ltis
well established that there is increasing communication among cells with increasing
density in cell culture and that the specific activity of LPP increases with progression

to confluence (28). Moreover, the Pi-PLC activity was also observed to increase with



Figure 4.4. Type |l cell developmental profile. Type li cells were isolated from 19
dg, 21dg, 6-day-oid, and aduit Wistar rats. A, The enzyme activity of LPP was
assayed using PA as substrate and 10ug of protein. The results are reported as
nmol of Pi released/min/mg. Assays were performed in triplicate and the results

are shown as the mean =+ S.E.M. B, The results of immunoblot analysis are

shown for PKC-a and PKC-p.
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Figure 4.5. mRNA expression profiles in type |l cells during development. Semi-
quantitative RT-PCR analysis was performed for LPP1, LPP1a, PLD1, PLD2,

Edg1, Edg2, and control B-actin. Lane 1, 19dg; Lane 2, 21dg, and Lane 3, Adult.
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increasing cell density and when the cells become quiescent (29). Cell-cell
communication is crucial for signaling in type ll cells (fibroblast-type Il and type I-type
Il cell interactions) (30) and is lost upon cellular isolation. The LPP activity and PKC
isoform expression in these adult type |l cells correlates with the transdifferentiation
study presented in Chapter 5 where on day 1, there was undetectable PKC protein
which increased dramatically on day 7. However, Rooney and colleagues were able
to detect PKC expression in their isolated type |l cells after 18-20 hours in culture
(30ug of protein) (17). The plating confluency of their isolated type [l cells was not
reported. The dramatic decrease in the 6-day-old rat and adult PKC protein
expression suggests increased tumover as reported to occur for PKC down-regulation
(31). The type Il cell developmental profile results are inconclusive and require further
experimentation to elucidate the role of LPP(s) in the control of surfactant secretion

and epithelial cell growth.

4.4 Discussion
441 Rat Lung Developmental Patterns

In order to obtain insight into the LPP isoforms, the patterns for LPP as well
as for various PKC isoforms were examined across a rat lung developmental profile.
The profiles show high levels of protein, activity, and mRNA for various LPP and
PKC isoforms during the fetal gestation period, at birth, and postnatally. Generally,
the LPP and PKC expression is low on 17 days of gestation with the exception of

LPP1b which remains high in the fetal period. There is an increase in LPP activity
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and mRNA, Edg2 mRNA, and PKCa protein on 19 dg. LPP1, LPP1a, PLD2, PKCc,

and PKCyu increase slightly in the late gestation period (21 and 22 dg). These
increases correspond to the late pseudoglandular to canalicular phase of
development at which time these signaling enzymes could be involved in cellular
remodelling, vasculogenesis, and the control of cell growth. At birth, there are
marked increases in LPP activity, LPP1 mRNA, LPP3 mRNA, PLD2, Edg2, PKCp,
and PKCa which correlates with increased surfactant secretion. These levels tend
to remain fairly constant into the first and second week of life with increases on day
4 (for LPP3, Edg1 and Edg2), day 9 to 16 (for LPP1a, PLD1, PLD2, and PKCy)
where they could be involved in the control of surfactant phospholipid secretion, the
development and maturation of alveolar ducts, and the regression and stasis of the
pulmonary vasculature.

Lung development is initiated in the embryo as a ventral outpouching of
endodermal cells from the anterior foregut into the surrounding mesenchyme (8).
There exist three phases of lung development: pseudoglandular, canalicular, and
saccular phases. During the pseudoglandular phase (17 to 20 dg), airway
construction as well as branching occurs to form bronchioles and alveolar ducts (8).
Cyclins and cyclin-dependent kinases were found to be highly expressed in the
proliferative stages of lung development (32, 33, 34). During this phase, apoptosis
which is known to play a crucial role in the cellular remodeling of the developing
lung (35), appears to be restricted to interstitiai cells and may contribute to

mesenchymal involution and the thinning of the alveolar septa (36). This is followed
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by the canalicuiar phase (21 dg) in which the rapid growth diminishes with
differentiation of epithelial cells lining the ducts, and the initiation of capitlary growth.
Neovascularization, involving vasculogenesis and angiogenesis, is crucial to lung
development and is mediated through a variety of angiogenic and antiangiogenic
factors (37). From the canalicular to terminal saccular stage (22 dg - after birth),
most of the apoptotic activity is detected in epithelial cells (38). Capillaries continue
to grow and epithelial cells undergo differentiation during this period of
development.

Interactions between epithelial cells and the mesoderm are essential for the
effects of growth and differentiation factors as well as hormones in various
developmental processes including cellular differentiation, vasculogenesis, and
synthesis of surfactant lipids and proteins. Mallampalli and colleagues have shown
that sphingomyelin metabolism is developmentaily regulated in rat lungs (39). They
observed that sphingomyelin, ceramide, and sphingosine leveis increase during
development reaching their highest levels in the newborn. The rate of
sphingomyelin biosynthesis (serine palmitoyltransferase and sphingomyelin
synthase) was found to increase in the newborn with a concomitant decrease in the
activities involved in sphingomyelin degradation (sphingomyelinase and
ceramidase) which have high levels of activity at 19dg and decreasing in the
neonate. There may be cross-talk between the glycerolipid (PA, LPA, and DAG) and
sphingolipid pathways (ceramide, C-1-P, sphingosine, and S-1-P) during lung
development. Both PKC and LPP are inhibited by sphingosine while PLD is

activated resulting in increased levels of PA which is a potent mitogen. Both LPA
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and S-1-P mediate their effects through the Edg receptors and LPP can hydrolyze

these phospholipid growth factors to regulate these effects.

During late gestation (21 dg), the number and size of lamellar bodies
increases in type Il cells with decreases in glycogen content (6). During this time,
there is a prenatal increase in surfactant PC as well as increases in the activities of
enzymes involved in fetal Ilung PC biosynthesis. Choline-phosphate
cytidylyltransferase activity was found to increase at the end of gestation and
immediately after birth by a combination of increased synthesis and lipid activation
(40, 41, 42). There are increases in PAP1 activity between 18 to 21 days of
gestation (9), increases in DAG kinase activity between 19 and 21 dg (4), and
increases in lung fatty acid biosynthesis during late fetal development (5). The
increases in LPP at birth parallels the onset of surfactant phospholipid secretion
rather than surfactant phospholipid synthesis.

LPP, acting sequentially to PLD, may be involved in the control of alveolar
epithelial cell growth. During late gestation, the type 1l cells proliferate, undergo
programmed cell death, and dedifferentiate into a type | cell. It was observed that
type |l cell apoptosis increased from the transition from the canalicular to the
terminal sac stage in the developing rabbit (36) and there were increases in Fas
ligand protein levels, which may be an important regulatory pathway in the control
of postcanalicular alveolar differentiation (43). It is well established that
epithelial-mesenchymal interactions are important for cellular differentiation when
flattened cells, termed type | cells which are involved in gas exchange, arise through

mitosis from the cuboidal type Hl cells.
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LPPs may also be involved in the regulation of phospholipid surfactant
secretion. Although the response to UTP failed to stimulate secretion until day 4
which appears to involve the production or activation of PKCe, B, Bll, and & in
newborn type [l cells, the response to phorbol esters reached adult levels by day 1
after birth (11). Rooney and colleagues later report that PKCu may be implicated in
the purinergic receptor signaling cascade. However, there did not appear to be any
developmental delay in PKCp protein levels (11). Thus, it is more likely that other
signaling molecules such as the P», receptor, PLD isoforms, or LPP isoforms are
not fully expressed or activated until after birth. Further experimental work is
required to identify the role of LPP isoform(s) in surfactant secretion and in epithelial
cell growth and may be better addressed using the recently described immortalized
cell line by deMello and colleagues (44).

We had previously reported that LPP activity in type Il cells was equivalent
to whole lung homogenate and low in fibroblasts (2), which is indicative of another
cellular localization. /n situ hybridization and immunohistochemistry will provide us
with a better understanding of the functional significance of these various LPPs in
lung. LPP may serve in regulating the effects of the bioactive lipids, including LPA
and S-1-P, through the Edg receptor in the development and maintenance of the
lung endothelium. Perozzi and colleagues suggested that LPP3 may be involved
in the migration of enterocytes in the intestinal villi during differentiation (45). In
brain development, the spatial and temporal pattern for LPP3 suggests a potential

function in the neuroepithelial developmental for gliogenesis (46). LPP3 was found
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to be highly enriched in the ventricular zone of the brain in which the Edg receptor
for LPA had been previously reported (47). Thus, LPP could be involved in
controiling phospholipid growth factor mediated effects through the Edg receptors

in the control of lung vascularization.
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! A version of this chapter has been submitted for publication.

Nanjundan M and Possmayer F. Pulmonary lipid phosphate phosphohydrolase in
signaling platforms. Submitted to Biochemical Journal.



196

51 Introduction

Phosphatidate phosphohydrolase (PAP) is a key enzyme in glycerolipid
synthesis where it converts phosphatidic acid (PA) to diacylglycerol (DAG). There
exists two different forms of pulmonary PAPases, namely PAP1 and LPP (formerly
called PAP2). The former enzyme is magnesium-dependent and NEM-sensitive (1).
It was reported to have a predominantly cytosolic location although it could
translocate to the endoplasmic reticulum where it would become metabolically
functionai in phospholipid biosynthesis (2, 3). In contrast, pulmonary LPP was
shown to be magnesium-independent, NEM-insensitive, and enriched in lung
plasma membranes (4). It has been proposed that one function in lung, specifically
in alveolar type Il cells, is to act sequentially to phospholipase D (PLD) to provide
DAG to sustain protein kinase C (PKC) activation and thus, maintain surfactant
secretion (5).

A number of isoforms have been recently cloned including LPP1, LPP1a,
LPP2, and LPP3. Hydropathy plot analysis indicates that each have six membrane-
spanning regions (6, 7). These proteins alsc contain an active site comprised of
three domains which is consistent with other members of a novel phosphatase
superfamily which includes glucose-6-phosphatase (6, 7). Furthermore, all LPP’s
contain an N-linked glycosylation site (6, 7). The divergent regions among these
isoforms inciude the N- and C-termini, which contain a number of potential PKC
phosphorylation sites.

LPPs are reported to possess broad substrate specificity hydrolyzing lyso-PA

(LPA), ceramide-1-phosphate (C-1-P), and sphingosine-1-phosphate (S-1-P) in



197

addition to PA (6). The enzymes' active site appears to be on the same side of the
plasma membrane as the N-linked glycosylation site. Moreover, LPPs were recently
shown to be capable of hydrolyzing exogenously presented substrates including
lyso-PA, a phospholipid growth factor, in intact cells (8, 9). LPP1 overexpressed in
rat 2 fibroblasts attenuated LPA-mediated effects on cellular proliferation through
the Edg2 receptor (10). Both S-1-P and LPA are biologically active lipids which have
been implicated in eliciting various biological responses including cellular
proliferation, differentiation, migration, and inhibition of apoptosis (11). These
responses are well recognized to be mediated through Edg (endothelial
differentiation gene) receptors which belong to a superfamily of G-protein coupled
receptors, of which there are 8 subtypes.

Caveolae are non-clathrin-coated "vesicular" invaginations of the plasma
membrane with a characteristic flask-like shape and a diameter in the range of 50-
100nm (12). Large numbers of caveolae have been reported in endothelial cells,
adipocytes, smooth muscle cells, fibroblasts, and type | pneumocytes (12). The
caveolae are attached to the plasma membrane via a short neck, but they may aiso
appear as flat pits, which could be early invagination stages (12). They are dynamic
structures that can bud from the plasma membrane and the molecular transport
machinery of vesicle budding, docking, and fusion regulates their internalization (13,
14). Many different cellular functions are attributed to caveolae. In capillary
endothelial cells, they have a function in clathrin-independent transport of
macromolecules across the cell by transcytosis (12). They have also been

implicated in signal transduction and contain a number of receptors such as EGF
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and PDGF and lipid signaling enzymes such as phosphatidylinositol-specific

phospholipase C (PI-PLC), PLD, and PKC (15). Caveolin, the principal structural
component of caveolae, can interact directly with these signaling molecules to
negatively regulate their activity through a short stretch in its membrane proximal
called the caveolin scaffolding domain (CSD) (15). A role for caveolae in potocytosis
(receptor-mediated uptake of small molecules and ions) was also proposed (16).
Another important proposed function of caveolae is in mediating cholesterol efflux
where caveolin-1 expression is upregulated by the sterol regulatory element-binding
protein (17).

As recent work demonstrated PLD (18, 19, 20, 21) and Edg1 (22) localization
to caveolin-enriched domains, we sought to establish whether LPP activity was also
localized to these domains. This paper investigates the localization of LPP in lipid-
rich signaling platforms from rat lung, isolated rat type Il cells, and mouse lung
epithelial cell lines including MLE12 and MLE15 cells. Since PKC is known to affect
a variety of signaling pathways including activation and phosphorylation of PLD, the
effect of phorbol 12-myristate 13-acetate (PMA) on LPP activity was examined
specifically in caveolin-enriched domains isolated from mouse lung cell lines. As
caveolin-1 was demonstrated to be absent from isolated type Il celis and it is well
established that type | cells have large numbers of caveolae (23,24),
transdifferentiation studies on isolated rat type |l cells were performed to examine

the relationship between caveolin-1 expression and LPP activity.

5.2 Materials and Methods
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5.2.1 Materials

Polyclonal antibodies for caveolin-1, transferrin receptor, PKC-u, PKC-c, and
PKC-il were obtained from Santa Cruz Biotechnologies, Santa Cruz, USA. Tissue
culture media was obtained from Gibco BRL. Fetal bovine serum was obtained from
CanSera. yP*2-ATP was obtained from Amersham. LPA was purchased from Avanti
Polar Lipids. DAG kinase was purchased from Calbiochem. All solvents were
purchased from VWR. Porcine elastase was obtained from Worthington
Biochemicals. 25% Polyacrylic acid (average molecular weight 240,000) was
purchased from Aldrich Chemical. Metrizamide, monoacylglycerol, and phorbol 12-
myristate 13-acetate were obtained from Sigma. Pefabloc was obtained from Roche
Biochemicals. Cationic colloidal particles (30%) were kindly provided by Dr. Donna
Stolz (Department of Cell Biology and Physiology, University of Pittsburgh,
Pittsburgh, USA). LPP1 antibody was kindly provided by Dr. David Brindley
(University of Alberta, Edmonton, Canada). LPP3 antibody was kindly provided by
Dr. Andrew Morris (Department of Pharmacological Sciences, Stony Brook Health
Sciences Center, Stony Brook, USA). PLD1 and PLD2 antibodies were kindley

provided by Dr. Sylvain Bourgoin (University of Laval, Montreal, Quebec).

5.2.2 Cell Culture
MLE12 and MLE15 cells were obtained from Dr. J. Whitsett (Divisions of
Neonatology and Pulmonary Biology, Children's Hospital Medical Center, Cincinnati,

Ohio) and were cultured in HITES (RPMI| 1640 containing insulin, transferrin,
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sodium selenite, hydrocortisone, B-estradiol, HEPES, glutamine, and 2% FBS (25)

and RPMI 1640 (5% FBS), respectively. These cells are transformed with the large
T antigen and contain some surfactant proteins but lack distinct lamellar bodies.
They were maintained in 75-cm? flasks and subcultured at 4 to 5-day intervals. For
the experiments described herein, MLE12 cells were used between passages 23
and 27 and the MLE15 cells were used between passages 16-20. Rat type Il cells
were isolated according to the method of Dobbs et al. (26). For the
transdifferentiation studies, the isolated cells were maintained on tissue culture

plastic for up to 7 days on 60mm dishes.

5.23 Isolation of Caveolin-Enriched Domains from Rat Lung by the
Detergent Method

This isolation was performed according to Lisanti et al. (27). Female
Sprague-Dawley rats (150-300g) were killed by injection with nembutanol. The
thorax was opened and the lungs were perfused into the right ventricle with ice-cold
saline (0.9%) with the left ventricle bisected to provide drainage. L.ungs became
white immediately upon washing. After excision and trimming of large vessels and
airways, the lungs were minced. One gram was homogenized in 6ml of MBS
(morpholinoethanesulfonic acid-buffered saline 25mM, pH 6.8, 0.15mM NacCl)
containing 1% Triton X-100 and 1mM pefabloc with 10 strokes of a Potter Elvehjem
(Heidolph) followed by 3 bursts of 10 seconds with a polytron. The homogenate was

adjusted to 40% sucrose by adding an equal volume of 80% sucrose in MBS. This
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was placed at the bottom of an ultracentrifuge tube and a 5-30% sucrose density
gradient (in MBS without Triton X-100) was layered above the homogenate.
Centrifugation was carried out at 25,000 rpm for 20 hours using an SW28 rotor at
4°C. After centrifugation, 3ml fractions from the top of tube were harvested and

stored at -60°C.

524 Isolation of Caveolin-Enriched Domains from Type Il Cell Lines by the
Detergent Method

This procedure was followed according to Czarny et al. (20). MLE12 and
MLE15 cells were grown to confluence in 75-cm? flasks. Cells were washed twice
in phosphate buffered saline (PBS) and scraped into 2ml of MBS containing 1%
Triton X-100 and 1mM pefabloc. The cell suspension was homogenized using 10
strokes of a Potter Elvehjem homogenizer and subjected to sonication using a
Branson Sonifier with a microprobe (three 10 seconds bursts). The homogenate
was then adjusted to 45% sucrose by addition of an equal volume of 80% sucrose
prepared in MBS buffer and placed at the bottom of an ultracentrifuge tube. A 5-
35% discontinuous sucrose gradient was layered on and the sample centrifuged at
39,000 rpm for 16 hours with a SW-40 rotor at 4°C. After centrifugation, 1ml

fractions from the top of the tube were harvested and stored at -60°C.

5.25 Isolation of Caveolae from Other Lipid-Rich Microdomains in MLE15

Cells
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This isolation was performed according to the procedures of Stolz ef al. (28)
and Schnitzer ef al. (29, 30). Briefly, MLE15 cells were trypsinized and allowed to
re-express plasma membrane proteins by a 1 hour incubation at 37°C. Cells from
fifteen T75 flasks (one preparation) were pelleted at 1000 rpm for 5 minutes in a
Beckman J6-B centrifuge at 4°C and gently resuspended in 1ml PMCB (20mM
MES, 150mM NaCl, 280mM sorbitol, pH 5.3). The cell suspension was added
dropwise to 5ml of 1% cationic colloidal silica in PMCB. The silica-coated cells were
sedimented and washed twice by resuspending in 20ml PMCB and centrifugation.
The silica-coated cells were added to Sml of polyacrylic acid in PMCB (6ml of
1mg/ml) and diluted up to 20ml with PMCB and sedimented/washed twice. The cells
were then resuspended in 1ml of lysis buffer (2.5mM imidazole, pH 7.0) and
incubated at 4°C for 30 minutes. The cells were then lysed using a Dounce
homogenizer (12 strokes) and centrifuged at 1000rpm for 5 minutes. The pellet
(silica-coated membranes pius nuclei (TM)) was resuspended in 8ml of lysis buffer
and fractionated using a cushion of 70% Metrizamide and centrifuging at 15,000
rpm for 30 minutes in a SW41 rotor. The resulting pellet containing silica-coated
plasma membranes (P) was resuspended in 1ml of MBS and washed three times
by centrifugation. Cold 10% (v/v) Triton X-100 was added to this suspension (final
1%). This mixture was mixed for 10 minutes at 4°C and homogenized using a Potter
Elvehjem homogenizer (10 strokes). The sucrose concentration was brought up to
60% containing 20mM KCI and a 5-30% gradient was then layered in 20mM KCI
and centrifuged at 39,000 rpm for 16 hours in a SW-40 rotor at 4°C. The caveolae

(V), which floated to the 30% interface, were collected. The silica-coated membrane
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pellet (P-V) was resuspended in 20mM MES with 125mM NaCl to which an equal

volume of 4M K,;HPO, and 0.2% polyacryiate (pH 9.5) was added. This suspension
was sonicated (10-10s bursts) on ice and mixed on a rotator for 8 hours at room
temperature followed by another sonication (15-10s bursts) on ice. Triton X-100 was
added to 1% and mixed for 10 minutes at 4°C and homogenized using a Potter
Elvehjem homogenizer. Discontinuous sucrose density centrifugation was
performed and the remaining floating detergent-insoluble membranes were

harvested (LR).

5.2.6 SDS-PAGE and Western Blot Analysis

Equal volumes of fractions were analyzed with 8% SDS-PAGE gels. The
samples were boiled in sample buffer for 5 minutes and cooled on ice before
loading onto the gel. The gel was run at 100 volts and the proteins were
electrophoretically transferred onto Immobilon P membranes for 1 hour at 100 volts
at 4°C. Blots were blocked in 5% nonfat dry milk in Tris-buffered saline (TBS, pH
7.4) with 0.2% Tween-20 (v/v) (TBST) for 1 hour at room temperature. Primary
antibody incubations were performed in the same blocking buffer at dilutions of
1:1000 (1:5000 for LPP3) for up to 2 hours at room temperature. The blots were
then washed in TBST for 10 minutes three times at room temperature. Secondary
antibody incubations were performed in TBST containing 5% nonfat dry milk at
1:10,000 for 1 hour at room temperature followed by another 30 minutes wash in
TBST. Protein bands were visualized by enhanced chemiluminescence and

exposed to x-ray film.
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§.2.7 LPP Assays

The activity was assayed using either pure PA or LPA as substrate.
Unlabelled PA and P**-labelled PA and LPA were prepared as described before (4).
Reaction mixtures contained 100mM Tris-maleate buffer, pH 6.5, 0.6mM PA
(0.4mCi/mmol), 0.5mM EDTA, 0.5mM EGTA, pH 7.0, 0.2mg of essentially fatty acid
free albumin and 1mM DTT in a final reaction volume of 0.1 ml. Incubation times
were 60 minutes in duration at 37°C. The protein was preincubated at 37°C for 10
minutes with 4.2mM N-ethylmaleimide (NEM). Reactions were terminated by the
addition of 1.5 ml of chloroform: methanol (1:1). The phases were broken with
0.75mi of 0.1N HCI! and a sample of the upper aqueous phase was taken for

scintillation counting to determine the p32 inorganic phosphate released (4).

5.2.8 Co-Immunoprecipitation of LPP Activity with Caveolin-1

MLE15 cell caveolin-enriched domains (60ul) were diluted in OG buffer
(50mM Tris-HCI (pH 7.4), 60mM n-octyl B-glucopyranoside, 125mM NaCl, 2mM
dithiothreitol, 0.1mM EGTA). These domains were then incubated with 1ug of anti-
caveolin antibody for 1 hour at 4°C. This was followed by another 1 hour incubation
at 4°C with 50p! of protein A-Sepharose. The beads were then washed extensively
with OG buffer. The pellet and supernatant were then assayed for LPP activity.
Proteins were eluted from the beads, resolved by SDS-PAGE, and subjected to

western blot analysis.
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5.2.9 Other Assays

Protein was determined by the method of Lowry et al. in the presence of
2mM SDS (31) using bovine serum albumin as the standard. Quantitation of
phospholipid was determined using a kit obtained from Boehringer Mannheim which
employs choline oxidase to measure choline released from phosphatidylcholine
(PC) and sphingomyelin (SM) by PLD. Total cholesterol content was measured
using a kit obtained from Boehringer Mannheim which measures the released
hydrogen peroxide from cholesterol oxidase. Protocol was followed as for with minor
modifications, after incubation for 15 minutes at 37°C for standards and caveolar
fractions, the samples were read on an ELISA reader using a 420nm filter. Standard

curves were 0 to 10pg for choline chloride and cholesterol.

5.3 Results
5.3.1 Rat Lung Caveolin-Enriched Domains are Enriched in LPP Activity
In order to establish whether LPP activity exists in pulmonary caveolin-
enriched domains, lipid rich microdomains were isolated from whole rat lung tissue
based on their detergent insolubility in Triton X-100. As shown in Figure 5.1A, the
distribution of protein along the gradient indicates a greater percentage in the
heavier detergent soluble fractions with less than 5% in the lighter detergent
insoluble fraction. Within this 5 fraction, LPP activity is highly enriched where

31.2+0.7% of the total recovered activity resides. An antibody against LPP3 allowed



Figure 5.1. Lung caveolin-enriched domains. Lipid rich microdomains were isolated
based on their detergent insolubility in 1% Triton X-100. A, LPP activity in each
gradient fraction (1-14, top to bottom), indicated as bars, using equal volumes was
measured and calculated as % of total. The protein concentration is indicated as (e)
in pg/ul. The result of immunoblot analysis for LPP3 is shown. B, The % of total
phosphatidylcholine and sphingomyelin (PC: SM) in each gradient fraction is shown.
C, The results of immunoblot analysis are shown for caveolin-1, PKC-a, PKC-BlI,
and PKC-u. D, The % of total cholesterol in each gradient fraction is shown. The
results are from a representative experiment (n=3). The results are shown as the

mean + S.E.M.
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investigation of its localization across the gradient (Figure 5.1A). LPP3 was found
to be predominantly localized in the lung CED fraction. There is also 41% of the
total LPP activity in the detergent soluble fractions (fractions 10-14) possibly
indicating other subcellular localizations (Golgi, endoplasmic reticulum, or plasma
membranes). This activity most likely represents another LPP isoform as LPP3 was
undetectable in these detergent soluble fractions.

In previous studies, we have shown that LPP is highly enriched in plasma
membranes and this would correspond in part to LPP in areas of the plasma
membrane excluding caveolae-rafts. The detergent insoluble domains are rich in
SM: PC (32.1+1.6% of total) and cholesterol (42.9+0.8% of total) (Figure 5.1B and
5.1D). By western blotting, caveolin-1 localizes predominantly to the detergent
insoluble fractions 5 to 8 where a high proportion of LPP is found (Figure 5.1C).
Various PKC isoforms including PKCca, PKCu, and PKC!I localize predominantly
to the detergent soluble fraction but there is a small percentage of PKCBIl and p
localized to the CEDs. A yield of 2.3£0.4mg (n=3) of CED protein was obtained from
1 gram of tissue which represents 0.23£0.04% of the starting material. Enzyme
marker studies indicate that these light microdomains retain plasma membrane
markers, alkaline phosphatase and 5-nucleotidase. These studies indicate that
caveolin-enriched domains can be isolated from rat lung tissue where the high
proportion of LPP activity, represented by the LPP3 isoform, and a small proportion

of PKCBIl and pu reside.
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5.3.2 Rafts from Isolated Type li Cells Contain LPP Aactivity

it has been recently shown by transmission electron microscopy that
caveolin-1 is localized to the membranes of plasmalemmali invaginations in the
alveolar type | cell (23, 24). In contrast, the plasma mermabrane of surfactant-
secreting alveolar type |l cells appears to lack such sstructures (23, 24).
Nonetheless, type Il cells are fully responsive to agonists succh as UTP involved in
phospholipid surfactant secretion (5) where LPP would act sequentiaily to PLD
downstream to Py, receptor activation. Other cells iacking in caveolae/caveolin at
the cell surface are fully functional in responding to growth facteors and, indeed, have
microdomains, namely rafts that are resistant to Triton X-1@0 solubilization (32).
Thus, caveolae are not the only type of plasmalemmai subcommpartment organized
to transduce signaling cascades.

Rafts from Type Il cells maintained in culture overnightt were isolated based
on their detergent insolubility in Triton X-100 and examinedl for LPP activity. As
shown in Figure 5.2, LPP activity (8.1+0.8% of total (PA), 15.68£3.6% of total (LPA),
5.2A), SM: PC (19.0+1.6% of total, 5.2B) and cholesterol (9.77+1.4% of total, 5.2D)
were enriched in the detergent-insoluble domains (4th fraction). However, nearly
80% of the total LPP activity partitioned to the detergent swluble fractions. The
transferrin receptor, a clathrin-coated pit marker, as well as PKCa localized
predominantly to the detergent soluble fractions (Figure 5.2C:). Caveolin could not
be detected by western blotting in any gradient fraction. These results indicate that

LPP is present in rafts in isolated type |l cells where it is proposed to act in the



Figure 5.2. Type Il Cell lipid rafts. Lipid rafts were isolated based on their detergent
insolubility in 1% Triton X-100. A, LPP activity in each gradient fraction (1-13, top
to bottom), indicated as bars, using equal volumes was measured and calculated
as % of total. The protein concentration is indicated as (e) in pg/ul. B, The % of total
phosphatidyicholine and sphingomyelin (PC: SM) in each gradient fraction is shown.
C, The results of immunoblot analysis are shown for transferrin receptor (Ttf) and
PKC-a. D, The % of total cholesterol in each gradient fraction is shown. The results
are from a representative experiment (n=3). The results are shown as the mean +

S.E.M.
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PLD/LPP pathway in surfactant phospholipid secretion.

5.3.3 Transdifferentiation of Isolated Rat Alveolar Type Il Cells

It is well recognized that when isolated type Hl cells are cultured on tissue
culture plastic, they lose their characteristic cuboidal morphology, lamellar bodies,
surfactant proteins and acquire a type I-like phenotype. Interestingly, it was recently
reported that caveolin-1 expression and caveolae biogenesis increase as the type
Il cells transdifferentiate to a type I-like cell (24). Thus, to determine whether any
correlation exists between LPP and caveolin-1, type Il cells were isolated and
maintained on tissue culture plastic for up to 7 days allowing the cells to
transdifferentiate into a type I-like cell. On day 1, caveolin-1 levels were almost
undetectable by western blotting. As shown in Figure 5.3, the specific activity of LPP
increased four-fold after 7 days in culture. Moreover, the protein levels of caveolin-1,
PLD2, PKC isoforms increased dramatically. In contrast, alkaline phosphatase,
enriched in type Il cells, was found to decrease upon cellular transdifferentiation.
Therefore, it is evident that during dedifferentiation of type Il cells, LPP activity and
protein levels of caveolin-1 as well as lipid signaling enzymes increase. Thus, we
propose that either LPP is involved in the transdifferentiation of the type Il cell to a

type | cell or is required for an unidentified type | cell function.

53.4 Modulation of LPP activity within CEDs Isolated from MLE12 and

MLE15 Cell Lines



Figure 5.3. Transdifferentiation of type Il cells. Whole cell lysates were obtained
from isolated rat type Il cells maintained on tissue culture plastic from 1 to 7 days
in culture. A, LPP specific activity is shown as nmol of Pi released per minute per
mg measured on whole cell lysates. B, Alkaline phosphatase specific activity is
shown as nmol of Pi released per minute per mg measured on whole cell lysates.
C, SDS-PAGE and immunoblot analysis on day 1 and day 7 cell lysates was
performed (30ug of protein ioaded per lane). The immunoblot results are from four

experiments (n=4) and the specific activities are shown as the mean + S.E.M for

four independent experiments.
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Lipid rich microdomains were isolated from mouse lung epithelial cell lines,
namely MLE12 and MLE15. These cells are transformed with the large T antigen
and contain some surfactant proteins but are lacking in well-formed lamellar bodies
(25). Surprisingly, these cells contain caveolin-1 indicating these cells may be
transdifferentiated to some extent although they retained their cuboidal morphology.
As shown in Figure 5.4A, MLE12 cell lipid-rich domains were slightly enriched in
LPP activity (4.8% of total) as well as PC: SM (21.5% of total). The transferrin
receptor was completely detergent soluble (Figure 5.4B). Interestingly, LPP3 was
also detergent soluble, which was different to resuits obtained in HEK293 and NIH
373 cells (23). MLE15 cell lipid-rich domains, as shown in Figure 5.4C, were 10-fold
more enriched in LPP activity (47.4% of total, 5" and 6" fractions combined)
compared to MLE12 cells. They were also more enriched in cholesterol (33.8% of
total) and PC: SM (29.9% of total). However, the LPP3 isoform was undetectable
in this cell line as determined by western blotting.

The effect of phorbol ester (PMA) treatment, which is known to influence cell
signaling, on LPP activity was examined specifically in caveolin-enriched domains
isolated from mouse lung cell lines. PMA treatment for 5§ minutes promoted PKC-a
translocation from the detergent soluble fractions to the detergent insoluble
domains, which colocalized with caveolin-1 (Figure 5.4B & 5.4D). Interestingly, in
PMA-treated MLE12 cells, the total percent of LPP activity changed from 4.8% to
14.5%. This suggests a potential increase in LPP protein from other subcellular
locations since the total LPP activity in the control detergent soluble fractions

decreased from 86% to 61.9% with PMA treatment. The specific activity of LPP was



Figure 5.4. Phorbol ester treatment of MLE12 and MLE15 cells. Mouse lung
epithelial cell lines were treated with or without PMA (10uM) for 5 minutes. Control
cells were treated with 0.1% DMSO for 5 minutes. Lipid rich microdomains were
then isolated based on their detergent insolubility in 1% Triton X-100. A, LPP activity
in MLE12 cells, shown as % of total, is indicated as light and dark colored bars for
the control and PMA-treated gradient fractions, respectively. The protein
concentration is indicated as (e) and (v) in pg/ul for control and treated cells,
respectively. The results are from a representative experiment (n=3). The results
are shown as the mean = S.E.M. B, The results of immunoblot analysis for MLE12
cells are shown for caveolin-1, transferrin receptor (Ttf), PKC-a (with or without PMA
treatment), and LPP3. With PKC, non-specific bands were observed beiow the
PKC-a band. C, LPP activity in MLE15 cells, shown as % of total, is indicated as
light and dark colored bars for the control and PMA-treated gradient fractions,
respectively. The protein concentration is indicated as (e) and (v) in ug/ul for control
and treated cells, respectively. D, The results of immunobiot analysis for MLE15
cells are shown for caveolin-1, transferrin receptor (Ttf), and PKC-« (with or without
PMA treatment). The results are from a representative experiment (n=2). The

results are shown as the mean £+ S.E.M.
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found to increase 3.8-fold in the CED fraction in the PMA-stimulated MLE12 cells

(Figure 5.5). These results suggest a redistribution of LPP from the plasma
membrane to the CEDs although the results could be explained by selective
activation of LPP activity (through phosphorylation) in these domains with a
corresponding inactivation in the bulk plasma membrane. The ability of PMA to
increase the LPP enzymatic activity in the CED fraction emphasizes the dynamic
properties of caveolae and rafts in the plasma membrane.

The effect of saponin was also investigated, as it is known to sequester
cholesterol thereby destabilizing the lipid-rich microdomain structure and rendering
them sensitive to solubilization by nonionic detergents. The addition of saponin to
MLE15 cells resulted in a redistribution of caveolin-1 and LPP activity from the 5"
and 6" fractions (from 47.3% to 11.7% of total) to the 9™ and 10™ fractions (from
15.4% to 51.1% of total) (Figure 5.6A & 5.6C). Furthermore, there was a
corresponding redistribution in cholesterol and PC: SM (Figure 5.6B & 5.6D,
respectively) from the 5" and 6™ fractions (from 33.8% to 13.3% and from 30% to
20.5%, respectively) to the 9™ and 10" fractions (from 20% to 45% and from 26.3%
to 42%, respectively). Thus, saponin treatment resulted in a redistribution of LPP
activity indicating that when cholesterol was removed from the CEDs, LPP

association with the light microdomains was disrupted.

5.3.5 Separatiocn of Caveolae from Other Lipid-Rich Microdomains in MLE15

Cells

Schnitzer and colleagues (33, 34) have developed a protocol utilizing



Figure 5.5. Specific activity of LPP in CED fraction from phorbo! ester treated
MLE12 cells. LPP activity in MLE12 cells was measured in the 5™ and 6" fractions
in both control and PMA-treated CED fractions and calculated as nmol of Pi

released per minute per mg.
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Figure 5.6. Saponin treatment of MLE15 cells. Mouse lung epithelial cells were
treated with or without saponin (0.2%) and lipid rich microdomains were then
isolated based on their detergent insolubility in 1% Triton X-100. A, LPP activity in
MLE15 cells, shown as % of total, is indicated as light and dark colored bars for the
control and saponin-treated gradient fractions, respectively. The protein
concentration is indicated as (e) and (v) in ug/ul for control and treated cells,
respectively. B, The % of total phosphatidyicholine and sphingomyelin (PC: SM) in
each gradient fraction is shown as light and dark colored bars for the control and
saponin-treated gradient fractions, respectively. C, The results of immunoblot
analysis are shown for caveolin-1 with or without saponin treatment. D, The % of
total cholesterol in each gradient fraction is shown as light and dark colored bars for
the control and saponin-treated gradient fractions, respectively. The results are from

a representative experiment (n=2). The results are shown as the mean + S.E.M.
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colloidal silica particles to separate caveolae from other Triton-insoluble
microdomains including those on the cell surface rich in GPl-anchored proteins,
cytoskeletal elements, and intraceliular trans-Golgi network (TGN) exocytic vesicles
rich in glycolipids and caveolin. This caveolae purification procedure prevents co-
isolation of other noncaveolar domains that are very similar to caveolae in their
detergent resistance and buoyant densities. The actual coating of the plasma
membrane with the silica particles allows isolation to high purity of the plasma
membranes, thereby avoiding contamination from other sources (TGN and
vesicles), and it stably attaches to the plasmalemma proper and prevents excision
of the flat noninvaginated domains that are not caveolar.

In order to determine whether LPP activity exists in caveolae and/or rafts,
MLE15 cells were coated sequentially with cationic colloidal silica and polyacrylate
allowing the plasma membrane to be purified away from contaminating membranes.
Caveolae from the silica-coated plasma membrane (P) were sheared away in 1%
Triton X-100. The purified caveolae (V) were enriched in LPP activity as well as
caveolin-1 (Figure 5.7A & 5.7C). The 5'-nucleotidase activity was essentially
undetectable in the total membrane (TM) fraction as well as in the isolated P and
V fractions (Figure 5.7B). The 5'-nucleotidase, whose activity was measured by
inorganic phosphate release, may not be able to access its substrate due to the
presence of the silica in the P fraction. The raft or other lipid-rich microdomains (LR)
were isolated by disruption of the cationic silica from the plasma membrane (P-V)
followed by extensive sonication. These detergent insoluble domains that were

obtained after gradient centrifugation contained LPP activity and were also enriched



Figure 5.7. Separation of caveolae from lipid rafts in MLE15 cells. As described in
the Methods and Materials section, caveolae were purified from other lipid-rich
microdomains using cationic colloidal silica particles. A, The specific activity of LPP
is shown as nmol of Pi released per minute per mg in various membrane fractions:
total membranes (TM), plasma membrane (P), caveolae (V), plasma membrane
minus sheared caveolae (P-V), and other lipid-rich raft microdomains (LR). B, The
specific activity of §'-nucleotidase is shown as nmoi of Pi released per minute per
mg in various membrane fractions: TM, P, V, P-V, and LR. C, SDS-PAGE and
immunoblot analysis was performed with caveolin-1 (1ug of protein loaded per
fraction). D, immunoblot analysis with LPP1 (1ug of protein loaded per fraction). Ct
represents 50ug of MLE15 total membranes. E, immunaoblot analysis with LPP3
(1ng of protein loaded per fraction). Ct represents 10ug LPP3 overexpressed - Sf9
insect cell detergent extracts. The results are from a representative experiment

(n=2). The results are shown as the mean + S.E.M.
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in 5'-nucleotidase activity (Figure 5.7B). The P-V fraction may contain domains
which are non-invaginated but contain some caveolin-1. Caveolae are dynamic
membrane structures which appear to cycle between flat, invaginated, and
vesicularized forms. However, the P-V fraction was not enriched in LPP activity or
caveolin-1 protein suggesting that, in MLE15 cells, the majority of the active LPP
appears to be associated with invaginated caveolae. The LR or lipid raft fraction
contains 5-nucleotidase as well as some LPP activity. Some caveolin-1 was present
in the LR fraction aithough this could be the result of contamination.

The LPP isoform present within the purified caveolae was investigated using
LPP1/1a and LPP3 mouse-reactive antibodies. As shown in Figure 5.7D, LPP1/1a
was detected in purified caveolae although the protein level was more abundant in
the total plasma membranes. The LPP3 isoform was undetectable in any of the
MLE15 cell fractions (Figure 5.7E). Thus, LPP activity is much more highly enriched
in caveolae compared to the plasma membrane and lipid rafts. Furthermore,

LPP1/1a is present within caveolae where it may be in an activated form.

5.3.6 Lack of Ce-Immunoprecipitation of LPP activity with Caveolin-1
Caveolin-1 contains a scaffolding binding domain with a hydrophobic amino
acid sequence which enables it to interact with a variety of signaling proteins
including PLD and PKC. The caveolin-1 binding domain consensus sequences
include ¢xgxxxd, Pxxxxdpxxd, or oxdpxxxxdxd where ¢ = F, Y, W and x is any amino
acid (35). Examination of the amino acid sequences of LPPs indicate that they may

also possess such a domain in the first intracellular loop: LPP1 and LPP1a contain
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YFNVLHSNSFEVSNHYIATIYKAVGAFLF, LPP3 contains

FYRIYYLKEKSRSTIQNPYVALYKQVGCFLF, and hLPP2 contains

YTDRLYSRSDFENNYVAAVYKVLGTFLF. The LPP2 sesquence has the closest

homology to the caveolin-1 consensus binding sequences. However, using MLE15
CED fractions, LPP activity failed to co-immunoprecipittate with caveolin-1. The
caveolin-1 was detected in the pellet fraction from MLE 15 cell caveolin-enriched
fractions as determined by western blotting. The appareint failure of caveolin-1 to
immunoprecipitate LPP activity does not necessarily indiccate a lack of association.
Since n-octyl p-glucopyranoside was used in the immunsoprecipitation buffer, it is

possible that this detergent could have released LPP from the caveolae membrane.

54 Discussion
5.4.1 LPP Activity in Lung and Type Il Cell CEDs

As it was recently shown in the literature that CEDs were highly enriched in
PLD (18, 19, 20, 21) and Edg1 (22), we sought to establishs whether pulmonary LPP
could be present in these domains. LPP activity (31.2:0.7% of total) was found to
be enriched in CEDs isolated from rat lung tissue, which were isolated based on
their detergent insolubility in Triton X-100. Lung is an endotthelial-rich source where
caveolin-1 demonstrates its highest levels of expression (2:4). Lung is composed of
a high proportion of endothelial cells (42% of cell populastion) as well as muscle
cells, fibroblasts, macrophages, type | cells, type |l cells, and other cells. LPP

activity was present in rafts (8.1:0.8% of total) isolated fromm freshly isolated rat type
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Il cells, which are lacking in caveolae. The type li cell represents approximately 10%
of the cell population and covers less than 5% of the alveolar epithelial surface. In
contrast, type | cells cover greater than 95% of the alveolar surface area and have
twice the volume and four times the surface area of endothelial cells (24). LPP
activity in fung CEDs could, therefore, arise mostly from type | and endothelial cells
which are reported to have large numbers of caveolae. We had previously reported
(4) that LPP activity in type Il cells was only slightly enriched relative to whole lung
homogenate, which is indicative of another cellular localization. Rat lung fibroblasts,
moreover, had low LPP activity (4) although caveolae are reported to be abundant
in this cell type. However, the isolated fibroblasts could have deviated from their
normal phenotype during culture, as is known to occur for isclated type 1l cells and
endothelial cells. Furthermore, these fibroblasts were sparsely distributed and it is
well established that the levels of caveolin-1 increase and its localization shifts to
areas of cell-cell contact upon confluence and is further affected by serum

starvation and growth factor stimulation (36).

54.2 LPP Activity in Caveolae and Lipid Rafts

Because homogenates or whole cell lysates were used in the initial studies,
the lipid rich domains from the TGN and vesicles most likely contaminated these
caveolae fractions. Therefore, using cationic colioidal silica particles, caveolae were
isolated from MLE15 cells, a transformed mouse lung type |l epithelial cell line.
These caveolae (V) were highly enriched in LPP activity as well as caveolin-1. In

contrast, the P-V fraction was enriched in 5'-nucleotidase activity and lacking both
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in caveolin-1 and LPP activity. Lipid rafts (LR) contained both 5'-nucleotidase and
LPP activity but displayed little caveolin-1 immunoreactivity. Hence, LPP activity is
present within both caveolae and rafts from MLE15. Isolated rat type Il cells contain
lipid rafts with LPP activity but no caveolin-1 immunoreactivity based on western
blotting. Both caveolae and rafts exist in a liquid ordered (l,) phase where the tight
acyl chain packing and strong lipid-lipid interactions contribute to their detergent
insolubility (37).

We propose that in type Il cells, an LPP isoform(s) could participate in
signaling from lipid rafts. LPP could act sequentially to PLD in the P, receptor
cascade for surfactant phospholipid secretion where it would generate DAG from
PC derived PA, thereby sustaining PKC activation and surfactant secretion (5).
Recovery from lung injury involves type Il cell proliferation and migration to restore
the damaged type | cell population. Subsequently, the type Il cells undergo a
transdifferentiation process in order to re-estabiish alveolar epithelial integrity.
These latter processes may require elevated DAG levels, generated by LPP for
PKC activation leading to expression of specific genes involved in this process.
Thus, the concerted actions of PLD, LPP and PKC could be necessary for these
signaling events to occur in caveolae. These plasmalemmal invaginations would
most likely have different functions to rafts and these structures appear when type
Il cells undergo transdifferentiation. It is unclear whether these plasma membrane

rafts are involved in the function of caveolae.

543 The ldentity of LPP in Lung Epithelial Cell CEDs
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The cloning of LPPs from rat lung and isolated rat type Il cells (Chapter 3)

indicates the presence of LPP1, LPP1a, and LPP3. The LPP2 isoform was detected
in brain but was absent in lung. The LPP1 and LPP1a isoforms are most probably
derived from alternative splicing with regions of divergence at the end of the first
transmembrane domain, the beginning of the second transmembrane domain, and
various residues in the first extracellular loop. The availability of mouse-reactive C-
terminal LPP1/1a and N-terminal LPP3 antibodies allowed the investigation of their
localization to CEDs and purified caveolae by western blotting. The LPP1/1a protein
was present in MLE15 purified caveolae while the LPP3 isoform was undetectable
in this cell line and localized to the detergent soluble fractions in MLE12 cells. The
relatively low expression level of the LPP1/1a isoforms in purified caveolae
compared to total plasma membranes indicates that LPP1/1a may be present in an
activated state within caveolae.

LPP3 protein was found to localize predominantly in CEDs isolated from rat
lung tissue and could arise mostly from type | and endothelial cells which are
reported to have abundant caveolae. The recent localization of the Edg1 receptor
to CEDs (22), the observation that S-1-P promotes endothelial cell migration and
angiogenic differentiation (38), and LPP can hydrolyze this phospholipid growth
factor (39) implicate LPP in the control of endothelial cell vasculogenesis and
angiogenesis. The localization of LPP3 protein predominantly in CEDs from an
endothelial-rich source adds further support to this hypothesis.

Sciorra and Morris (40) have reported the localization of endogenous and

overexpressed LPP3 to CEDs isolated from Swiss 3T3 and HEK293, respectively.
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Therefore, LPP1/1a and LPP3 appear to have a cell-type specific localization
depending on the function of the cell. Different isoforms of PLD have been reported
in different cell lines. Czarny et al. (20, 21) demonstrated that PLD2 is preferentially
targeted to CEDs in CHO, HaCaT human keratinocytes, and U937 cells. In contrast,
Kim et al. (18, 19) have localized PLD1 to CEDs in 3Y1 rat fibroblasts and COS7
cells. Recently, Sciorra and Morris (41) have provided evidence that LPP3 but not
LPP1 can generate DAG derived from PLD in HEK293 cells. These authors also
demonstrate that these LPP3 overexpressing cells accumulated significantly more
DAG when stimulated with phorbol ester (41). Hence, the particular LPP and the
PLD isoforms directed to CEDs both can depend on the cell type.

It should be noted that the presence and activation of LPP activity in
caveolae-rafts could be explained by the presence of other unidentified forms of
LPP. However, examination of the mouse database of expressed sequence tags
(dbESTSs), using consensus sequences based on the active sites for LPPs did not

lead to identification of other candidate LPPs.

5.44 Modulation of LPP Activity

LPP activity in CEDs from MLE12 cells treated with PMA revealed a 3.8-fold
redistribution of total LPP activity to these domains. Western blotting showed that
LPP1/1a protein expression was higher in the total plasma membranes compared
to the low levels in MLE15 caveolae although this purified vesicular fraction was
more highly enriched in LPP activity. These results suggest that LPP1/1a may

become phosphorylated followed by its recruitment into specific microdomains.
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Hence, phosphorylated, activated LPP1/1a could be present within caveolae and
the lesser active form in the general plasma membrane. Although LPPs have
potential PKC phosphoryiation sites in the N and C-terminal regions and was shown
to be a phosphoprotein (41), further experimental support is needed to determine
whether LPPs are, indeed, regulated by phosphorylation thus recruiting them to
caveolae-rafts.

Kim et al. (18) describe a mechanism for the regulation of the PKC-«
dependent PLD activity through molecular interactions between PLD1, PKC-«, and
caveolin-1 in caveolae. They demonstrated that both the phosphorylation and
activation of PLD1 by PKC occurs in caveolae of 3Y1 cells (19). We propose a
similar mechanism for LPP regulation which would involve activation through
phosphorylation followed by movement into caveolae-rafts. This would be similar
to the mechanism recently reported for the Edg1 receptor (22). The identification of
factors that regulate LPP upon cell activation is required to further define the role

of LPP in the regulation of surfactant secretion and/or proliferation.

545 Summary

These results presented in this study show that endogenous LPP activity is
enriched in CEDs, isolated based on their detergent insolubility in Triton X-100, from
rat lung and mouse lung epithelial cell lines, namely MLE12 and MLE15 cells. The
LPP3 protein is predominantly localized in rat lung CED. Furthermore, caveolae

from MLE1S cells, purified by the cationic colloidal silica method, indicated
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enrichment in LPP activity. Moreover, these cells, when transdifferentiated, become
a type-l-like cell and we report an increase in LPP activity as well as corresponding
increases in caveolin-1, PKC and PLD protein levels. The increase in LPP activity
in transdifferentiated type Il cells suggests another function in addition to regulation
of surfactant secretion and in controlling cellular proliferation. Furthermore, we
demonstrate that in MLE12 cells, the total percent of LPP activity increases within
CEDs with PMA treatment and the LPP1/1a protein may be regulated by

phosphorylation followed by its recruitment into caveolae-rafts.
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6.1 Summary

Previous studies performed in lung have demonstrated the existence of two
different forms of PAPases, namely PAP1 and PAP2 (LPP). The former pulmonary
magnesium -dependent enzyme is N-ethylmaleimide (NEM)-sensitive, heat iabile,
and is involved in phospholipid biosynthesis. This thesis advances our knowledge
of the latter isoform, the NEM-insensitive and magnesium-independent lipid
phosphate phosphohydrolases (LPPs) in lung and type Il cells and establishes the
foundation for further studies.

As described in Chapter 2, LPP was inhibited by various sphingoid bases
including sphingosine and substrate analogs such as LPA, C-1-P, and, to a lesser
extent, S-1-P. LPP activity was slightly enriched in isolated type Il cells and low in
isolated rat lung fibroblasts. These studies show that lung contains LPP activity in
plasma membranes and type Il cells where it could play a role in signal
transduction, specifically in surfactant phospholipid secretion in the Py, purinergic
signaling cascade acting sequentially to PLD. LPP activity was enriched in purified
lung plasma membranes where both PA and LPA were good substrates. In contrast,
S-1-P was a relatively poor substrate and LPP activity against this substrate was not
enriched in lung plasma membranes. The substrate specificity of pulmonary LPP
was different to that reported for purified plasma membrane rat liver LPP (1) which

suggested the potential presence of a novel LPP in lung.
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Chapter 3 identifies the LPP isoforms present in both rat lung and isolated
type 1l cells. The RT-PCR generated LPP1, up to three LPP1 variants, and LPP3
cDNAs. The three LPP1 variants include LPP1a and two novel isoforms, LPP1b and
LPP1c. Expression of LPP1, LPP1a, and LPP3 ¢cDNAs in HEK 293 celis established
that they encode functional lipid phosphate phosphohydrolases. In contrast, the
novel isoforms, LPP1b and LPP1c, contain frameshifts, which would resuit in
premature termination producing putative catalytically inactive polypeptides. Further
investigation of the LPP1b isoform revealed that it was present across a variety of
tissues and exists in equal abundance to the LPP1/1a isoform in lung tissue. As
expected, transient mammalian expression of LPP1b failed to alter phosphatidate
phosphohydrolase activity.

Developmental patterns of the cloned LPPs in rat lung, described in Chapter
4, were performed as a preliminary step towards investigating the possible functions
of the cloned LPP isoforms. The developmental patterns for LPP as well as for PLD,
the LPA and S-1-P subtypes of the Edg receptors, and PKC isoforms indicate
potential roles in the control of lung vasculogenesis, epithelial growth, alveolar
development, and surfactant phospholipid secretion. A more detailed investigation
of LPPs and their role in surfactant secretion awaits improved type |l cell systems.

Studies presented in Chapter 5 investigate the localization of LPP in lipid-rich
signaling piatforms as it was recently reported that PLD isoforms (2, 3, 4, 5) and
Edg1 receptor (6) were localized to these lipid-rich signaling domains. LPP activity
was found to be enriched in lipid-rich signaling platforms isolated from rat lung

tissue, isolated rat type Il cells, and type Il cell - mouse lung epithelial cell lines
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(MLE12 and MLE15). LPP3 protein localized predominantly to rat lung CEDs.

Elevated LPP activity and LPP1/1a protein are present in purified caveolae from
MLE15 cells prepared using the cationic colloidal silica method. In contrast, total
plasma membranes had a higher abundance of LPP1/1a protein with low LPP
activity. Phorbol ester treatment caused a 3.8-fold increase in LPP specific activity
in MLE12 CEDs. Thus, the activated form of LPP1/1a may be recruited into
caveolae-rafts. Moreover, LPP1/1a and LPP3 appear to have cell-type specific
localizations. Transdifferentiation of type Il cells into a type I-like cell demonstrated
enrichment in caveolin-1 levels and LPP activity. These results indicate that LPP is
localized in caveolae and/or rafts in lung tissue, isolated type Il cells, and type Il cell

lines consistent with a role for LPP in both caveolae/raft signaling and caveolar

dynamics.

6.2 Experimental Limitations

Our laboratory as well as other investigators have attempted to produce
antibodies against the LPP isoforms with little success. There exist only antibodies
reactive against LPP1/1a and LPP3. These antibodies do not immunoreact well with
the rat isoforms. As many of the studies reported in this thesis were performed with
rat, appropriate antibodies for advancing these investigations were not available.
Furthermore, the C-terminal mouse LPP1 antibody does not distinguish between
LPP1 and LPP1a since they cannot be separated by SDS-PAGE as their size differs
in only one amino acid. The lack of appropriate isoform-specific antibodies hindered

immunohistochemical studies in rat lung sections to address the cellular and
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subcellular localization of the endogenous LPP isoforms. The mLPP1 antibody is
not suitable for immunofluorescence studies as reported by Brindley and colieagues
(7) who have, instead, examined localization of LPPs by overexpressing LPP as
GFP fusion proteins. Hence, the localization of endogenous LPPs in the MLE12 and
MLE15 cell lines will be addressed once appropriate antibodies become available.

Primary type ll cells are very difficult to isolate and rapidly undergo drastic
changes in morphology and function when cultured on tissue culture plastic (8).
Furthermore, they are not easily transfected due to their low mitotic index (9).
Wikenheiser et al. (10) have isolated a number of mouse lung epithelial cell lines
from transgenic mice expressing the large T antigen driven by the SP-C promoter.
The SV40 large T antigen is known to bind fo tumor suppressor gene products such
as p53 and retinoblastoma (RDb) resuiting in uncontrolled cellular proliferation (11).
However, these type ll-like cell lines do not possess lamellar bodies and do not
secrete surfactant (12). Nonetheless, expression of the cloned cDNAs was initially
attempted in the SV-40 large T antigen transformed MLE12 and MLE15 cell lines
to characterize the various cloned LPPs. However, transfections were without
success as cell death resulted with the MLE12 cell line and increases in LPP
enzyme activity were not detected in the MLE15 cell line using an inducible
tetracycline system.

Dobbs et a/ (13) have described a method for maintaining differentiated type
Il cells on collagen gels by culture with an apical air surface for up to three weeks
in culture. These type Il cells are able to secrete surfactant and have numerous

lamellar bodies. This culture system will allow some studies of surfactant synthesis,
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secretion, and recycling to be performed with more ease. However, the three week
culture period will only allow for transient transfections. More recently, deMello et
al (14) have been successful in generating an immortal differentiated lung type-li
epithelial cell line from a transgenic H-2K°-tsA58 mouse. This transgene consists
of the 5'-flanking promoter sequence and the transcriptional initiation site of the
mouse major histocompatibility complex coupled to the coding sequence of a
temperature-sensitive form of the SV40 T antigen. When cells from these mice are
isolated and grown under permissive conditions, 33°C in the presence of v-
interferon (IFN), the SV40 T antigen is expressed causing the cells to proliferate.
Upon removal of the IFN and transfer to 39°C, the T antigen expression is turned
off, the celis differentiate, possess numerous lamellar bodies, and respond to
surfactant secretagogues (14). Such a cell line would be invaluable to investigate
the role of LPP in surfactant secretion and in the control of cell growth.

LPP2 knockout mice were recently generated with, however, no obvious
phenotype (15). Since it is expected that the generation of knockout LPP1, LPP1a,
and LPP3 mice may be potentially lethal or could lead to defects in lung
development, conditional knockout mice can be generated using an inducible
system using the SP-C promoter to direct expression of the transgene in type Il cells

at a certain time during development or under various conditions.

6.3 Regulation of Lipid Phosphate Phosphohydrolases
We propose that the LPP1 gene undergoes differential splicing generating

LPP1, LPP1a, and LPP1b mRNA products. It was reported by Leung and
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colleagues (16) that low mRNA levels of LPP1/1a were present in human colon
tumors compared to normal colon tissue. The LPP1b mRNA may be produced at
higher levels in various lung conditions such as cancer as a result of differential
splicing leading to decreased LPP1/1a mRNA expression. The possibility that
LPP1b RNA will be translated into a protein product could be addressed by
generating an antibody against the C-terminal ten amino acids of the sequence
(DDYWRNSVCLL), which differs to that of the LPP1 and L PP1a isoforms as a result
of a frameshift. The localization of LPP1b and the potential modulation of
endogenous LPP activity could then be investigated by overexpressing LPP1b in a
mammalian cell line.

As shown with the PMA activation studies in caveolin-enriched domains
(Chapter 5), there was an increase in the LPP enzyme activity in the detergent
insoluble fractions. This could be interpreted as activation of LPP followed by its
recruitment from the general plasma membrane to lipid-rich microdomains. The
isoform present within MLE15 cells, a type li-like cell line, is LPP1/1a, which
appears to be in an activated form within caveolae. Brindley and colleagues (17)
have shown that purified LPP is a phosphoprotein and have recently demonstrated
that LPP1 is phosphorylated at tyrosine 99 (Brindley DN, unpublished observations)
which is located within the proposed caveolin binding domain. However, attempts
to immunoprecipitate LPP with caveolin-1 were unsuccessful. The cloned LPPs also
have a number of consensus sites for serine/threonine phosphorylation which may
be involved in its regulation (18). LPP1/1a may have a role during lung injury by

regulating LPA-mediated effects through the Edg receptor (19).
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The localization of the LPPs within the nuclear or plasma membrane will be
an important determining factor in its ability to dephosphorylate exogenous
substrates and intracellular bioactive lipids. The predicted topology of the LPPs
within the membrane indicates that the active site faces extracellularly or luminally.
However, if these LPPs were to act sequentially to PLD, its active site should face
intracellularly since it is thermodynamically and kinetically difficult for the negatively
charged PA species to readily flip-flop within the membrane as which occurs for the
neutral DAG species (20). Phospholipid translocases and scramblases do not
appear to be involved in the flip-flop of PA (21, 22). There may exist other lipid
phosphate phosphohydrolases which have their active sites facing intracellularly
such as that described for sphingosine-1-phosphate phosphohydrolase (23).

Pulmonary LPP catalyzes the hydrolysis of PA, LPA, and to a lesser extent,
S-1-P in rat lung microsomes (Chapter 2). However, S-1-P was a poor substrate in
contrast to PA and LPA in purified rat lung plasma membranes suggesting that the
LPP isoform in the plasma membrane does not hydrolyze S-1-P. Kanoh and
colleagues (24) observed that the activity of overexpressed LLPP3 in Hel.a cell total
membranes was 10-fold lower compared to LPA and PA while overexpressed LPP1
failed to hydrolyze S-1-P. However, Brindley and colleagues (1, 7) reported that
both purified rat liver LPP and mouse LPP1 were capable of hydrolyzing these lipid
phosphates including S-1-P with similar efficiencies. These differences in substrate
specificity may be explained by the presence of other LPPs, which specifically
degrade plasma membrane S-1-P. Thus, the presence and localization of S-1-P

phosphohydrolase in lung and type Il cells must be established. It is also possible
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that other membrane components may affect the ability of the LPP enzymes to
hydrolyze various lipid phosphates. The LPP3 isoform, determined by western
blotting, appears to localize predominantly to CEDs from rat lung, an endothelial-
rich source (Chapter 5) where it could have a role in the control of endothelial cell
vasculogenesis and angiogenesis (25). Moreover, the recent localization of the
Edg1 receptor to caveolin-enriched domains from CQOS7 cells (6) and the
observation that S-1-P can promote endothelial cell migration (BPAEC and HUVEC
cells) (26) suggest that LPP3 may regulate the effects of S-1-P through the Edg
receptor.

Database analyses indicate that the human LPP1, LPP2, and LPP3 isoforms
are localized to chromosome 5, 19, and 1, respectively (NCBI LocusLink). The
genomic analysis of the LPP1 and LPP3 genes has not yet been reported. Promoter
studies will provide information regarding the transcriptional regulation of the various
LPP isoforms. It was reported that in human prostatic LNCaP cells, LPP1 mRNA
levels were upregulated upon androgen treatment (27). LPP3 mRNA levels were
increased in EGF-treated Hela cells (24). Furthermore, LPA-phosphohydrolase
activity was reported to increase in ovarian cancer cells in response to gonadotropin
releasing hormone, GnRH (28). In fetal lung, PAP2 activity increased with
glucocorticoid treatment (29, 30). Whether there are hormone responsive elements

in the promoter regions of the LPP genes has yet to be established.

6.4 Implications of LPP in Signaling Platforms

We have shown that LPP activity exists in type Il cell rafts although the LPP
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isoform(s) was not identified. We propose that an LPP isoform(s) could participate
in signaling from type Il cell rafts where it would act sequentially to PLD, which
produces PA from the abundant PC, to produce DAG for sustained PKC activation
in the Py, receptor cascade for surfactant phosphoilipid secretion.

Also during lung injury, type Il cells proliferate and migrate to restore the type
[ cell population through a transdifferentiation process in order to re-establish the
alveolar epithelium. These processes may require elevated DAG levels generated
by LPP for PKC activation leading to activation of genes involved in this process.
We have shown that there are increases in LPP activity as well as in other lipid
signaling enzymes during transdifferentiation of isolated type 1l cells to type I-like
cells in vitro. The isoform(s) involved in these processes was not identified. The
recent localization of the Edg receptor (6) to caveolae and the involvement of LPP
in the attenuation of LPA-mediated effects (19) further implicate LPP in the control
of cell proliferation.

The dramatic increase in LPP activity and caveolin-1 in type l-like cells are
consistent with a potential role for caveolae in controlling cell growth. It has been
proposed that caveolin-1 may be a tumor suppressor as its protein levels appear to
inversely correlate with the proliferative capacity of the cell (31). Decreased levels
of caveolin-1 and caveolae have been reported in a variety of transformed (ras and
src) cell lines (31). Interestingly, ras transformed rat 2 fibroblasts have lower LPP
activity and higher PA/DAG ratios compared to normal rat 2 fibroblasts (32). PA, a
substrate for LPP, is a potent mitogen responsible for the activation of a variety of

signal transduction processes including the translocation of Raf-1, which contains
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a PA binding site, to membranes, which leads to the activation of the MAP kinase
pathway. Recently, caveolin-1 gene expression was fourtd to be downregulated by
the activation of this signaling cascade (33). Increased L_.PP activity would be able
to modulate the activation of this kinase pathway through the dephosphorylation of
PA to diacylglycerol leading to increases in caveolin-1 expression (Figure 6.1A).
Thus, LPP, within caveolae, acting sequentially to PLD could have a role in the
control of cell growth. This overail scheme may apply whether caveolin expression
is directly involved in down-regulating cell division or caveolin expression represents
an aspect of terminal differentiation, which correlates with diminished cell growth.

Caveolae are well known to be enriched in sphingomyelin (34). it was
recently reported that these organelles are also enriched in neutral
sphingomyelinase (34) and that ceramide is comparkmentalized within these
domains (35). Caveolae may be the signaling center where stimuli such as TNF-«
initiate an apoptotic cascade of events. Tepper et al. (36) have recently reported
that the loss of phospholipid asymmetry in Jurkat T cells leads successively to
sphingomyelin hydrolysis, redistribution of cholesterol, membrane blebbing, and
eventually vesicle formation at the cell surface. Hydrolysis of sphingomyelin by
sphingomyelinases generates ceramide. LPPs may also be capable of generating
ceramide since these enzymes possess broad substrate specificity, which includes
its ability to dephosphorylate C-1-P. Although ceramide hias been implicated in cell
death (37), it is unknown whether the generation of cerarmide by LPP is involved in
apoptosis. Likewise, it is unknown whether ceramide kinase, another enzyme

involved in the regulation of ceramide levels, is present in caveolae. Nonetheless,



Figure 6.1. Potential roles of LPP in caveolae/raft signaling and caveolar
dynamics. A, LPP may be involved in the control of cell growth. LPP activity can
modulate the activation of the MAP kinase cascade through the
dephosphoryiation of PA. The balance between the MAP kinase and LPP/PKC
pathways may regulate the transcription of caveolin-1. B, LPP may have a role in
caveolae dynamics. We propose that LPP may be involved in terminating the PA
and C-1-P signals generating DAG to regulate the budding, internalization, and

fusion of caveolae.



250

Vd/d-1-O g

DV {/3pIueI)
—

solweuA( Ie[09AR) 4 IMOIN) ]9 JO [01U0) v



251

the lipid-membrane environment in caveolae would implicate LPP in the potential
regulation of these sphingolipids whaose products modulate the activity of PKC and
PLD. Hence, LPP could be responsible for the elimination of various signais (PA,
LPA, C-1-P, and S-1-P) and the subsequent generation of new signals (DAG,
ceramide, and sphingosine) within caveolae. The involvement of LPP in the “cross-
talk” between the sphingolipid and glycerolipid pathways could likely occur within
these lipid rich microdomains.

LPP may have a potential role in caveolar dynamics. It is known that the
phospholipid composition of cellular vesicles plays an important role in their fusion
with the plasma membrane. For example, PA generated by PLD was shown to be
involved in the process of vesicle budding from Golgi membranes (38, 39).
Furthermore, Hinkovska-Gaicheva et a/ demonstrated that C-1-P enhanced
phospholipid-dependent vesicle fusion to the plasma membrane in
polymorphonuclear leukocytes (40). Since LPP has the ability to hydrolyze both C-1-
P and PA, it may be involved in regulating the termination of such membrane fusion

events and possibly even the budding and fusion of caveolae (Figure 6.1B).

6.5 LPP and Epithelial Cell Growth Control

In rat lung development, increases in the protein expression of cyclin A and
D were reported in isolated airway epithelial cells (AECs) during the proliferative
phase (19 days of gestation) (41, 42). Moreover, these cyclins were more highly
expressed in transformed adult AECs compared to normal cells. The induction of

these G, phase regulatory cyclins contributes to the continued passage of the cell
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through G4 and into the S phase. Interestingly, it was observed that the cyclin D1
gene was transcriptionally repressed by caveolin-1 (43). Thus, in transformed
alveolar epithelial cells and 19 days of gestation epithelial cells, the levels of
caveolin-1 are expected to be low with high cyclin D1 expression, increased DNA
synthesis, elevated PA to DAG ratios, and low LPP activity. Racine et al (44)
observed that caveolin-1 expression was reduced in cell lines derived from tumors
of epithelial origin compared to normal bronchial epithelial cells. In contrast to
transformed celis, normal cells senesce after a finite number of population
doublings which could be related to high caveolin-1 protein expression (45),
increased LPP activity, higher DAG to PA ratios, low cyclin D1 levels, and
diminished DNA synthesis.

The sequence of events that occur during lung injury include the loss of type
| cells, proliferation of type Il cells, and the transdifferentiation of type Il to type |
cells. It was reported that caveolin expression in the alveolar epithelium is
downregulated after irradiation-induced lung injury (46). The investigators
demonstrate a dramatic loss of caveolin immunoreactivity in type | cells compared
to endothelial cells which have increased caveolin-1 expression. During normal lung
development and lung injury, activation of sphingomyelinase may generate
ceramide leading to programmed cell death (Figure 6.2). The concerted actions of
PLD, LPP, and PKC may attempt to counter the effects of ceramide in order to
maintain the celis in the G, phase of the cell cycle and prevent progression to
apoptosis. During the proiiferative phase of lung development and also during

recovery after injury as part of the regeneration of the alveolar epithelium, type Il



Figure 6.2. LPP and epithelial cell growth control. The sequence of events that
occur during lung injury include the loss of type | cells, proliferation of type i
cells, and the transdifferentiation of type Il to type I cells. During normal lung
development and lung injury, activation of sphingomyelinase may generate
ceramide leading to programmed cell death. The concerted actions of PLD, LPP,
and PKC may attempt to counter the effects of ceramide. The proliferative phase
of lung development and the regeneration of the alveolar epithelium may involve
reduced LPP activity, increased PA levels, activation of the MAP kinase signaling
cascade, and increased cell division. The transdifferentiation of type Il to type |
cells during lung development and the resolution phase of lung injury may require

elevated caveolin-1 levels, increased LPP activity, and PKC activation.
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epithelial celis proliferate. This may involve reduced LPP activity, increased PA
levels, and activation of the MAP kinase signaling cascade. The transdifferentiation
of type Il to the type | cells, during the canalicular phase of development and the
resolution phase of injury, may require elevated caveolin-1 levels, increased LPP
activity, and PKC activation leading to the activation of genes required for this

process or for a type [ cell function.

6.6 Summary

This thesis further expands our knowledge and understanding of pulmonary
lipid phosphate phosphohydrolases. LPP activity is enriched in lung caveolin-
enriched domains, plasma membranes, and in type |l cell lipid-rich domains where
it could be involved in signal transduction. LPP is proposed to act sequentially to
PLD in the signaling cascade as well as in regulating the effects of phospholipid
growth factors, LPA and S-1-P, which mediate their effects through Edg receptors
to elicit various biological responses including celluiar proliferation, differentiation,
migration, and inhibition of apoptosis. The temporal expression profiles of LPPs, as
well as Edg receptors and PLD isoforms, across development implicate these lipid
signaling components in the control lung vasculogenesis, surfactant phospholipid
secretion, alveolar remodelling. The localization of LPP3 in lung CEDs and the
ability to hydrolyze phospholipid growth factors suggests that this isoform could be
involved in the control of lung vascularization and angiogenesis. The localization of
activated LPP1/1a in caveolae from a type il-like cell line indicates that it may be

involved in the control of type Il cell growth and in phospholipid surfactant secretion.
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The concerted actions of LPP, PLD, and PKC may be implicated in the

transdifferentiation of type Il cells to a type | cell during lung development as well

as during injury.
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