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ABSTRACT

Pulmonary surfactant is a critical surface-active substance consisting of
dipal mitoyl phosphatidylcholine (DPPtdCho) and key apoproteins that are produced and
secreted into the airspace from aveolar type Il epithelial cells. Deficiency of the
surfactant leads to severe lung atelectasis, ventilatory impairment, and gas-exchange
abnormalities. The generation of DPPtdCho in cells occurs viatwo integral routes: the de
novo and remodeling pathways. The interplay between these pathways has not been
investigated. Overexpression of the remodeling enzyme, acyl-
CoA:lysophosphatidylcholine acyltransferase (LPCATL1), in epithelia decreases de novo
PtdCho synthesis without significantly altering cellular phospholipid mass; this occurs
through increased degradation of cholinephosphotransferase (CPT1), the termina
enzyme of the de novo pathway. CPT1 is degraded by multi-ubiquitination and
trafficking via the lysosomal pathway. When expressed in lung epithelia, CPT1 mutants
harboring arginine substitutions at multiple carboxyl-terminal lysine residues exhibited
proteolytic resistance to effects of LPCAT1 overexpression. Cellular expression of these
CPT1 mutants also restores de novo PtdCho synthesis to levels normally observed in lung
epithelia. Further studies demonstrate that the SCF (Skip-Cullen-F-box) ubiquitin E3
ligase component, B-TrCP, was sufficient to degrade CPT1. Similar to CPT1, LPCAT1
levels are aso regulated at the level of protein stability. However, LPCATL1 is a poly-
ubiquitinated enzyme processed within the proteasome. Similar to CPT1, B-TrCP may be
the putative E3 ubiquitin ligase subunit responsible for LPCAT1 ubiquitination. 3-TrCP
appears to dock and ubiquitinate LPCAT1 within its amino-terminus. Collectively, these
observations indicate the presence of cross-talk between the phospholipid remodeling and
de novo pathways, this involves tight regulation by site-specific ubiquitination of

indispensable regulatory enzymes catalyzed by SCF ubiquitin E3 ligase members that



mechanistically provide homeostatic control of cellular phospholipid content.
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ABSTRACT

Pulmonary surfactant is a critical surface-active substance consisting of
dipalmitoylphosphatidylcholine (DPPtdCho) and key apoproteins that are produced and
secreted into the airspace from alveolar type Il epithelial cells. Deficiency of the
surfactant leads to severe lung atelectasis, ventilatory impairment, and gas-exchange
abnormalities. The generation of DPPtdCho in cells occurs via two integral routes: the de
novo and remodeling pathways. The interplay between these pathways has not been
investigated. Overexpression of the remodeling enzyme, acyl-
CoA:lysophosphatidylcholine acyltransferase (LPCAT1), in epithelia decrdaseso
PtdCho synthesis without significantly altering cellular phospholipid mass; this occurs
through increased degradation of cholinephosphotransferase (CPT1), the terminal
enzyme of thede novo pathway. CPT1 is degraded by multi-ubiquitination and
trafficking via the lysosomal pathway. When expressed in lung epithelia, CPT1 mutants
harboring arginine substitutions at multiple carboxyl-terminal lysine residues exhibited
proteolytic resistance to effects of LPCAT1 overexpression. Cellular expression of these
CPT1 mutants also restor@snovo PtdCho synthesis to levels normally observed in lung
epithelia. Further studies demonstrate that the SCF (Skip-Cullen-F-box) ubiquitin E3
ligase componenf}-TrCP, was sufficient to degrade CPT1. Similar to CPT1, LPCAT1
levels are also regulated at the level of protein stability. However, LPCAT1 is a poly-
ubiquitinated enzyme processed within the proteasome. Similar to BHTCP may be
the putative E3 ubiquitin ligase subunit responsible for LPCAT1 ubiquitingiidmCP
appears to dock and ubiquitinate LPCAT1 within its amino-terminus. Collectively, these
observations indicate the presence of cross-talk between the phospholipid remodeling and
de novo pathways; this involves tight regulation by site-specific ubiquitination of
indispensable regulatory enzymes catalyzed by SCF ubiquitin E3 ligase members that

mechanistically provide homeostatic control of cellular phospholipid content.
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CHAPTER |
INTRODUCTION

Pulmonary surfactant IS a critical substance containing
dipalmitoylphosphatidylcholine (DPPtdCho) and key apoproteins [1] that are produced
and secreted into the airspace from alveolar type Il epithelial cells [2]. The acute lung
injury syndrome (ALI) and chronic disorders such as cystic fibrosis result in functional
surfactant deficiencies leading to severe lung collapse, ventilatory difficulties, and gas-
exchange abnormalities that can lead to right heart failure. Clinical treatment of these
disorders with surfactant replacement therapies is now underway [3, 4]. However,
effectiveness of exogenous surfactant treatment in these disorders is limited because of
the presence of infection with highly virulent strains of bacteria that greatly suppress
surfactant phospholipid biosynthesis and surfactant secretion. Thus, these observations
have led to investigations of molecular mechanisms for phospholipid generation
(specifically DPPtdCho) that would pave the way for newer strategies directed at
optimizing the pool of surfactant in the setting of lung inflammation. These strategies
might entail use of small molecular inhibitors (e.g. ubiquitin E3 ligases) or activators
(e.g. CPT1) of novel molecular targets that could someday prove beneficial for

inflammatory lung disorders.

Eukaryotic PtdCho synthesis

Phosphatidylcholine (PtdCho) accounts for ~60-70% of surfactant phospholipids
(Fig. 1) [5]. The major surface-active form of surfactant is DPPtdCho. DPPtdCho
biosynthesis in eukaryotic cells mainly utilizes one of two pathways:déhenovo
pathway or the recycling/remodeling pathway (Fig. 2Zpe novo PtdCho synthesis
involves three steps as shown in Figure 2A : (i) an ATP-dependent phosphorylation of

choline catalyzed by choline kinase (CK) to synthesize cholinephosphate, (ii) a transfer



of cholinephosphate to CTP to form CDP-choline catalyzed by CTP:phosphocholine
cytidylyltransferase (CCT), and (iii) a transfer of cholinephosphate from CDP-choline to
diacylglycerol to form PtdCho catalyzed by cholinephosphotransferase (CPT1) [6]. In
this pathway, kinetic studies show that the formation of CDP-choline from
cholinephosphate catalyzed by CCT is rate-limiting and regulatory [7]. CCT alpha is the
major isoform in the lung and in surfactant-producing alveolar epithelial cells [8].

The remodeling pathway is important in the lung because, in most mammalian
cells, PtdCho has an unsaturated fatty acid linked tcsith2 position of the glycerol
backbone (Fig 2B), which is not a substantial component of surfactant. In type Il cells of
the lung, this unsaturated PtdCho species has to be converted to saturated DPPtdCho (a
molecule lacking unsaturated acyl groups), a feature that confers surface-tension
lowering activity to surfactant. Thus, the unsaturated moiety from PtdCho is removed
first by a calcium-independent phospholipase fPLA;), generating the toxic
phospholipid termed LysoPtdCho. Although the mechanism by which LysoPtdCho is
toxic to cells has not been well studied, evidence suggests that the lipid may be secreted
and act as a chemotactic signal mediating attraction of monocytic cells to apoptotic cells
[9]. In the second step, LysoPtdCho is re-acylated using palmitate by another enzyme.
Until recently, the identity of this enzyme was unknown. The enzyme that catalyzes the
acyltransferase reaction has recently been cloned from lung alveolar cells and is termed
acyl-CoA:lysophosphatidylcholine acyltransferase (LPCAT1) [10, 11]. The CDP-choline
and remodeling pathways are not the only means by which cells can produce PtdCho. In
the liver,de novo PtdCho synthesis also proceeds via the sequentathylation of
phosphatidylethanolamine (PE) as an auxiliary (PEMT) pathway. However, this pathway

is minimally active in the liver and serves primarily in an auxiliary role.



The de novo pathway: CDP-choline:1,2-diacylglycer ol

cholinephosphotransferase (CPT1)

The terminal step in th@e novo PtdCho synthesis pathway involves a transfer of
cholinephosphate from CDP-choline to diacylglycerol to form PtdCho catalyzed by
CPT1. Although the enzymatic activity associated with CPT1 was proposed long ago
with the initial PtdChade novo pathway postulation by Kennedy, it was later discovered
that there were two enzymes that contributed most of the cholinephosphotransferase
activity in eukaryotic cells [12-14]. CPT1 and the dually specific
choline/ethanolaminephosphotransferase (CEPT1) are both capable of coupling CDP-
choline to diacylglycerol, but CPT1 predominates in lung epithelial as CEPT1 expression
levels in lung is very low [15, 16]. The cholinephosphotransferases localize to either the
endoplasmic reticulum or Golgi apparatus where available diacylglycerol substrate
resides. Study of these enzymes has been difficult as they are transmembrane enzymes
which lose much, if not all, of their activity in detergent-mild and rich environments often

used to isolate and purify membrane-bound enzymes.

Theremodeding pathway: Acyl-CoA:

L ysophosphatidylcholine acyltransferase (LPCAT1)

LPCAT1 is a 60kDa enzyme that converts 1-aryglycero-3-phosphocholine
(LysoPtdCho) to DPPtdCho by addition of a palmitoyl fatty acyl group tosth&
position of LysoPtdCho (Fig 2). This enzyme appears to play a key role in a second
pathway involving the remodeling of phospholipids. In this pathway, unsaturated PtdCho
(nonsurfactant lipids) are converted to saturated phospholipids (i.e. surfactant lipids,
DPPtdCho) - a process critical in lung cells. Here, an unsaturated moiety of PtdCho
(usually oleic acid) is first cleaved from the glycerol backbone by ;Righerating
LysoPtdCho, a molecule toxic to cells; LysoPtdCho has to be rapidly eliminated and can

be processed to synthesize DPPtdCho by re-acylation with a palmitic fatty acid catalyzed



by LPCATL1 - without the use of th@e novopathway. LPCAT1 is abundant in lung
alveolar type Il cells compared to other tissues [11]. High-level expression of LPCAT1
suggests that it may be critical for maintaining DPPtdCho production in a salvage
pathway or to complememte novosynthesis of surfactant during inflammatory stress.
Previous estimates indicate a significant portion of DPPtdCho in type Il cells is from the
remodeling pathway using LPCATL1; however, this has not been investigated [17,

18]. LPCAT1 activity increases with lung development and in response to
glucocorticoids, an effect that appears to be to due to increased LPCAT1 gene
transcription [10]. Unfortunately, because the identity of LPCAT1 has (until recently)
been elusive, published biochemical analysis has been limited. Work on the molecular
physiology of glycerol lipid acyltransferases indicate that a conserved,Bi(Hotif [19]

is necessary for enzymatic activity.

Surfactant secretion by lung epithelia

Pulmonary surfactant is highly relevant to the prevention and treatment of respiratory
distress syndrome (RDS) in preterm infants, a condition characterized by reduced
surfactant phospholipid synthesis [20]. These investigations in surfactant metabolism in
RDS led to the identification of novel enzymes that regulate the synthesis, secretion,
function, and catabolism of alveolar surfactant [21, 22]. The surfactant proteins (SP-A,
SP-B, SP-C, and SP-DPtdCho biosynthetic enzymes, remodeling enzymes, and the
surfactant lipid associated transporters (e.g. ABCA3), play critical roles in surfactant
homeostasis [23, 24]SP-A and SP-D are hydrophilic glycoproteins that promote lung
immunity and host defense [25] , whereas SP-B and SP-C are hydrophobic proteins that
confer the surface tension lowering ability of surfactant [26]. Surfactant is synthesized in
alveolar type Il cells that contain relatively high levels of the enzymes listed above. Type

Il cells must produce surfactant phospholipid, package the lipid in organelle



compartments called lamellar bodies, and those organelles must fuse with the apical
membrane of the cell during the process of surfactant secretion.

Lamellar bodies are organelles that range in size from Oplr2i4 diameter that
consist of roughly 80-85% DPPtdCho, 5-10% neutral lipid, and 10% surfactant proteins
[27]. Type Il cells normally contain ~100 lamellar bodies; however, they account for
less than 5% of all alveolar cells. It is believed that after infancy, PtdCho and DPPtdCho
are synthesized in the ER and Golgi, and are trafficked in both Golgi-dependent and
independent pathways. Evidence supporting a Golgi-independent pathway involve
experiments using brefeldin A, a disruptor of Golgi integrity, that inhibits surfactant
protein secretion [28]. Additional experiments usifigl] choline pulse chase and
electron microscopy suggest that trafficking of PtdCho to lamellar bodies to the Golgi
may not be direct, however [29]. The identification of PtdCho transport proteins has
also been a recent area of investigation for mechanisms of phospholipid sorting to
lamellar bodies. Although a highly specific PtdCho carrier protein was previously
identified, it appears that either redundancy exists for PtdCho delivery to lamellar bodies
or non-specific carriers may be sufficient for delivery [30, 31].

Surfactant phospholipid must also be secreted from lamellar bodies
through the apical surface. Secretion to the air lung interface is believed to be a calcium-
dependent process, facilitated by ATP-binding cassette dependent (ABC) family lipid
transporters within the A sub-family (ABCA). It appears that ATP-binding cassette
transporter A1 (ABCA1) is a basal and not apical lipid transporter [32-34]. Another
ABCA transporter, ATP-binding cassette transporter A3 (ABCA3), is now believed to be
a transporter of lipid within lamellar bodies [35]. It is highly expressed in type Il lung
epithelia. Additionally, deletion or mutation studies involving the transporter results in
abnormal lamellar organelle morphology, immaturity of organelles, reduced PtdCho

content of surfactant, and increased surface tension of surfactant [23, 24, 35, 36].



Cdlular balancing between surfactant (DPPtdCho) and

nonsurfactant (PtdCho) phospholipid generation

Lung epithelia must tightly balance levels of surfactant (DPPtdCho) lipid secreted
into airways versus nonsurfactant PtdCho destined for cell membranes. Whde the
novo pathway generates both nonsurfactant PtdCho and DPPtdCho, the remodeling
pathway would be predicted to synthesize primarily surfactant. It has been estimated that
perhaps ~55-75% of surfactant DPPtdCho is synthesized by the remodeling pathway with
the remainder generated dg novo synthesis[37, 38]. These results suggest that when
LPCAT1 levels are increased, as occurs during alveolar stress when demands for
surfactant (DPPtdCho) are high, lung epithelia might coordinately redaceovo
synthesis of PtdCho. This cellular mechanism may be favorable to shift the balance
toward DPPtdCho enrichment for surfactant secretion into the airways. Conversely, when
cells adopt a proliferative state and do not require the type Il cell surfactant
lipophenotype, thele novo pathway appears to be indispensable to enhance new cell
membrane formation [39]. However, without coordinate balancing of activitiefe of
novo synthesis versus remodeling of membrane and surfactant phospholipids under these
scenarios, respectively, the risk for cellular lipotoxicity is high [40].

The interdependency of two pathways in lipid metabolism has been described by
Cui and colleagues [41]. In their study, the activity of the PEMT pathway is linked to the
CDP-choline pathway in hepatic tissues [41]. Furthermore, overexpression of the enzyme
phosphatidylethanolaminfg-methyltransferase-2 (PEMT2) in hepatoma cells inhibits the
CDP-choline pathway at the level of CCT [41]. By analogy, it is possible that LPCAT1
in the remodeling pathway regulates e novo pathway to maintain surfactant lipid

homeostasis.



M odification of enzymes by ubiquitin

Protein ubiquitination has emerged as an important post-translational modification
responsible for altering protein stability and localization. This reversible modification
can also regulate diverse processes such as gene transcription, endocytic vesicle
trafficking, histone modification, and DNA repair [42, 43]. Conjugation of one (mono-
ubiquitination) or multiple (multi-ubiquitination) ubiquitin peptides to lysine residues
within target proteins serves as an important endocytic signal for internalization and
targeting of various ion channels, membrane cargo receptors, and junction proteins to the
endocytic pathway [44, 45]. Interestingly, although lysine is the most common amino
acid modified by ubiquitin conjugation formed by using an isopeptide bond, ubiquitin has
less frequently been identified conjugating to serine and threonine residues via ester bond
formation [46]. Poly-ubiquitination is a process by which a chain of at least four ubiquitin
molecules are linked to a lysine on a substrate protein, most commonly resulting in
degradation of the substrate protein via the 26S proteasome. Multi-ubiquitination and
poly-ubiquitination differ in that multi-ubiquitination is conjugation of many lysine
residues with single ubiquitin peptides (multiple mono-ubiquitination) while poly-
ubiquitination is often the conjugation of more than four ubiquitin peptides through
ubiquitin-ubiquitin conjugations to a single residue. Orientation of ubiquitin-ubiquitin
conjugation within ubiquitin chains can drastically alter trafficking of cargo; conjugated
ubiquitin Lys-63 (K63) chains often target proteins to the endosome/lysosome while Lys-
48 (K48) chains often target cargo to the proteasome for proteolytic cleavage [45]. There
are, however, several other obscure ubiquitin-ubiquitin linkages that are in the process of
being fully described , such as K6, K11, K27, K29, and K33 poly-ubiquitin chains [47].

The modification of enzymes by ubiquitin conjugation involves several steps: (i)
ubiquitin is activated in a two-step reaction by an E1 ubiquitin-activating enzyme, (ii),
ubiquitin is transferred from the El-activating enzyme to an E2-ubiquitin conjugating

enzyme, and (iii), an E3-ubiquitin ligase transfers ubiquitin from the E2-ubiquitin



conjugating enzyme to a lysine residue on a substrate enzyme via an isopeptide bond
between the-amino lysine of the enzyme and the carboxyl-terminus of ubiquitin [48].

E3 ligases are several-fold more abundant than E1 or E2 ligases, which is likely a result
of the necessity for specificity of the E3 ligase that directly binds to substrates before
their ubiquitination [49]. There are four major classes of E3 ubiquitin ligases: HECT-
type, PHD-type, RING-type, and U-box containing [49]. There are also three major
families of E1-E2-E3 ubiquitin ligase complexes: the SCF (Skpl1-Cullin-F-box) family,
the APC (Anaphase-Promoting Complex) family, and the VCB (VHL-Elongin C/Elongin

B) family [50]. Importantly, the SCF complex family has been shown to mediate
targeting of transmembrane proteins for degradation [48].

The SCF complex includes Skpl, Cullinl, Ubc (E2 ubiquitin-conjugating
enzyme) and an E3 ubiquitin ligase (F-box protein) that serves as an adaptor subunit. E3
ligases target many substrates through specific domain interactions. F-box proteins have
two domains: an amino-terminal F-box motif and a carboxyl-terminal leucine-rich repeat
motif or WD repeat motif. The SCF complex uses the leucine-rich/WD repeat motif for
substrate recognition while the F-box motif is used to bind Skpl. F-box proteins have
diverse roles regulating protein stability that can regulate the cell cycle and the circadian
clock[51, 52]. Thus far, the SCF family of ubiquitin ligases has attracted significant
attention and may be relevant to the processing of surfactant lipogenic enzymes as

suggested by preliminary data within this thesis.

Ubiquitination of membrane proteins and receptors:

sorting and degradation signals

Plasma membrane proteins and receptors are key regulators of signaling,
important to intercellular communication and as a mechanism to regulate cells interaction
and responses to their local environment. The inflammatory cytokine response is

important to acute lung injury [53-55]. Tumor necrosis factor (TNF) plays a critical role



in inflammation and is involved in the immune response. Although ubiquitination of
tumor necrosis factor receptor 1 (TNF-R1) has yet to be described, the receptor complex
does recruit ubiquitination machinery that eventually lead to ubiquitination of the tumor
necrosis factor receptor-associated factor (TRAF) adaptor molecules and subsequent
activation of NF-kappaB [56, 57].

Epidermal growth factor receptor (EGFR), unlike TNF-R1 is directly
ubiquitinated. Unlike many transmembrane proteins, this receptor binds a ligand and
then enters the multi vesicular bodies (MVB) in an ubiquitin independent manner. Upon
entering the MVB, EGFR it is ubiquitinated and targeted for lysosomal degradation by
the modification of one of its cytosolic domains [58]. Ubiquitination, however, is often a
initiator and mediator of localization and trafficking. Recently, the glycine transporter
GLYT1b has been described to be ubiquitinated at a specific lysine residue leading to its
internalization [59]. Indeed, ubiquitination alone is often not sufficient for a proteins
trafficking to the lysosome as de-ubiquitinating enzymes (DUBs) constantly cleave
ubiquitin modifications allowing many receptors and membrane proteins passage back to
their original membranes [60].

The platelet-derived growth factor (PDGF) is a classic example of ligand induced
ubiquitination [61]. In response to ligand binding, PDGF is poly-ubiquitinated and
processed through the proteasome [62, 63]. A recent study, refutes claims made in the
1990s, regarding PDGF poly-ubiquitination and have implicated the role of mono-
ubiquitination in the internalization and trafficking of PDGF and other tyrosine kinase
receptors [64]. Evidence also supports the role of different ubiquitin modifications

regulating a single receptor, such as the epithelial sodium channel (ENaC) [65].

Murinelung cdl line

A major limitation of surfactant phospholipid research is the inability to easily isolate

rodent type Il cells in sufficient numbers for investigation; furthermore, primary type Il
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cell isolates lose their lipid phenotype (i.e. ability to secrete surfactant lipids) within
hours to days. Until the last decade, the lack of an igealitro cell model that
recapitulates the lipid phenotype remained an important obstacle to studies of surfactant
biology. This hurdle has been overcome, in part, by the use of a murine lung epithelial
(MLE) cell line used in this thesis. This line has been successfully used in research of
pulmonary surfactant production and regulation, lung development and tumorigenesis
studies [8, 38, 66-68]. This line was first established in 1992 by Kathryn A. Wikenheiser
from pulmonary tumors in a mouse transgenic for the SV40 large T antigen under the
control of the human surfactant protein C gene promoter [37]. Specifically, lung tumors
were collected from female transgenic mice within 4-5 months of age. The excised
tumors and adjacent tissue were minced and washed with medium. Pooled washes and
remaining tumor were cultured separately in HITES medium. Colony selection was used
as a method of isolation [38]. MLE cell lines exhibit rapid growth, lack of contact
inhibition, and epithelial cell morphology for 30-40 passages in culture. Microvilli,
cytoplasmic multivesicular bodies, and multilamellar inclusion bodies (morphologic
characteristics of alveolar type Il cells) have been detected by electron microscopic
analysis [37]. This cell line also maintains functional characteristics of distal respiratory
type Il epithelial cells, including the expression of surfactant proteins B, C, and D and
MRNAs. Importantly, these cells exhibit a critical feature of primary mouse type Il
epithelia - the ability to secrete surfactant phospholipids in response to agents known to
stimulate lipid secretion (e.g. phorbol esters and ATP) which can be initiated by agonists
that activate §Y, or Ayg receptors [69, 70]. MLE cells provide an alternative to alveolar
type Il cells and maintain important characteristics of primary type Il cells for our studies
including lipid secretion and characteristic protein expression while foregoing the need

for continued primary cell isolation.
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I nhibitors of protein degradation pathways

A multitude of inhibitors are used in molecular and biochemical analyses of
cellular function. My studies utilize inhibitors of two cellular degradation pathways: the
proteasome or lysosome. The bulk of proteins in mammalian cells are hydrolyzed in an
ATP-dependent process by the proteasome and substrates are ubiquitinated before they
are recognized for degradation [71, 72]. The 26S proteasome consists of a central 20S
complex and two 19S complexes which provide substrate specificity and recognition of
ubiquitinated substrates [73]. Aldehyde peptide inhibitors of the proteasome are substrate
analogues, which act as transition-state inhibitors of the chymotrypsin-like active site of
the proteasome, and are therefore reversible inhibitors [74]. MG-132 is one such
inhibitor 1 have used in my studies. Another inhibitor, lactacystin, acts as a
pseudosubstrate. Upon association with the proteasome active site, it becomes covalently
linked to the hydroxyl groups of the threonine residues of the 20S complex, which results
in inhibition of activity [75]. Unlike MG-132, lactacystin is thought to be a less
reversible inhibitor, as hydrolysis from the active site occurs slowly [76].

My studies also used inhibitors of the lysosomal pathway. The lysosome is
mainly involved with the degradation of membrane-associated proteins and receptors
[77]. Inhibitors of lysosomal acidification (e.g. NEl), or inhibition of lysosomal
proteases (e.g. leupeptin), are used in the study of proteins degraded though the
lysosomal pathway [78]. Of these two mechanisms of lysosome inhibition, protease
inhibitors are more specific, since the many proteases within the endosome/lysosome are

active at a broad pH range [79].

Thefocus of thisthesis

The goal of this research is to determine the molecular and biochemical basis of
regulatory factors for the PtdCho remodeling a@ednovo pathways. Chapter Il of this

thesis addresses how the remodeling pathway acyltransferase enzyme, LPCAT1, reduces
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de novo phospholipid synthesis to maintain lipid homeostasis. For this purpose, a novel
acyltransferase, LPCAT1, was cloned and expressed, and was determined to be
abundantly expressed and highly active in type Il lung epithelia, the cells responsible for
lung surfactant production. Upon cellular expression of LPCAT1, | demonstrated that
total de novo synthesis of PtdCho was reduced while leaving total cellular lipid
composition unchanged. These results suggest feedback inhibition withde thavo
synthesis pathway to maintain total cellular lipid balance. Further studies reveal that lipid
balance was maintained in response to LPCAT1 overexpression by reduct®naono
PtdCho production via reducing immunoreactive levels of the terminal enzyme, CPT1.
Using immunofluorescence, | determined that the reduction in CPT1 activity was
secondary to CPT1 degradation through processing within the endosome/lysosome
pathway. From chapter Il experiments, | discovered LPCAT1 overexpression lead to
site-specific CPT1 ubiquitination, CPT1 trafficking to the endocytic pathway, and
eventual degradation and loss of cellular CPT1 activity.

Enzymes processed through the endocytic pathway are often ubiquitinated. The
focus of Chapter Il is to examine how LPCAT1 up-regulation in cells leads to CPT1
degradation. | first determined if CPT1 was a substrate for ubiquitination. Co-
expression of CPT1 with ubiquitin leads to decreased CPT1 levels suggesting CPT1 may
be ubiquitinated. By performing co-immunoprecipitation experiments for CPTL1, | was
able to detect multiple higher migrating bands indicative of multiple CPT1-ubiquitin
conjugates. To identify ubiquitin acceptor sites within CPT1, several candidate lysine
residues were mutated to arginine based on proposed models of CPT1 topologic
orientation [80]. CPTdr and CPTksgr mutants, containing four and six mutated lysine
residues, respectively, were overexpressed and determined to produce a different
ubiquitination profile with fewer higher molecular weight signals indicative of loss of
ubiquitination on the mutated residues compared to wild-type CPT1. To assess protein

stability of the CPT1 and CPké& mutants with or without LPCAT1 co-expression,
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cellular protein synthesis was inhibited by cycloheximide treatment and cells were
harvested at various time points. Following collection of cells, immunoblot analyses and
densitometry was performed. The data, overall, suggest while LPCATL1 significantly
decreases CPT1 stability, LPCAT1 did not significantly reduce RTstability. To
determine if CPTder, like CPT1, was properly localized and trafficked through the
endosome/lysosome pathway for its degradation, | performed immunofluorescence co-
localization studies. These studies suggest no difference in CPT1 andegPT1
localization to the Golgi apparatus; CR{EA did not display significant localization
within the endocytic compartments after LPCAT1 co-expression, suggesting that
CPTXker is not, or is less efficiently, targeted to the lysosome for degradation. Further
support for the ability of ubiquitin to act as a CPT1 degradation signal was explored by
performing immunofluorescence on cells overexpressing a CPT1-ubiquitin fusion
protein. | determined that the addition of the ubiquitin fusion peptide significantly
increased endocytic compartment localization. Last, | observed thaty{Paid
CPTXker mutants are enzymatically active, and overexpression was sufficient to restore
de novo synthesis in response to LPCATL1 overexpression.

Our studies of CPT1 processing by acyltransferase-induced ubiquitination led us
to determine the molecular control of LPCAT1. To date, no studies have investigated
how this enzyme is regulated pre-or-post-translationally in cells, as it was only recently
characterized. Much like CPT1, LPCAT1 is a membrane-bound enzyme and both are
terminal enzymes in the biosynthesis of DPPtdCho. While preliminary studies suggest a
role for phosphorylation in LPCAT1 modification, ubiquitination appears to serve as a
central method of cellular regulation of lipogenic enzymes CCT and CPT1[81, 82].
Phosphorylation, however, can act as a marker for docking of SCF E3 ubiquitin
ligases[83-86]. Therefore, the identification of a LPCAT1 putative E3 ubiquitin ligase
and consensus of phosphorylation modification sites are the focus of Chapter IV. To

determine if LPCAT1 was ubiquitinated, | first co-expressed LPCAT1 with HA-tagged
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ubiquitin in MLE cells and determined that ubiquitin is bound to LPCAT1 by co-
immunoprecipitation studies. Because LPCAT1 appears to be phosphorylated (an
important recognition signal for some SCF member E3 ubiquitin ligases), |
overexpressed several candidate plasmids encoding SCF member E3 ubiquitin ligases
and observed that the SCF memb@JrCP, downregulates endogenous LPCAT1
protein levels. Furthermore, cells containing overexpregs@dCP and LPCAT1
protein suggest that the E3 ubiquitin ligase was also able to promote the degradation of
recombinant LPCAT1. Co-expression of these plasmids significantly reduced LPCAT1
activity in cells, suggesting, as expected, that the loss of LPCAT1 protein regulates
enzymatic behavior. Next, cells were treated with proteasomal and endosomal inhibitors,
and cell lysates were analyzed using SDS-PAGE and immunoblot analysis. Lysates
from cells overexpressing-TrCP and treated with proteasome or lysosome inhibitors
appear to contain several, higher molecular weight conjugates. Cell lysates were also
immunoprecipitated with LPCAT1 antibody. Immunoblots of these immunoprecipitation
experiments suggest that only cells treated with MG-132, a proteasomal inhibitor,
accumulate detectable higher molecular weight species indicative of LPCAT1 poly-
ubiquitination (K48 chain linkages), although these results do not exclude lysosomal
degradation of the enzyme. | also determined that LPCATBam€CP may be binding
partners through immunoblot analysis of immunoprecipitation experiments using
LPCAT1-V5 andB-TrCP co-expression. Lastly, preliminary mapping studies using
LPCATL1 truncation mutants suggest that the deletion of the carboxyl-terminus of
LPCATL1 is not sufficient to completely inhibit LPCATR/TrCP binding. Although
further study is needed to identify the sites within LPCAT1 which are targets for
ubiquitin modification, and a site or sites responsiblepfdrCP docking, the current
studies will fill a void in the field of phospholipid biochemistry as they relate to the
molecular regulation of the newly discovered acyltransferase, LPCAT1, the major

enzyme involved in surfactant phospholipid remodeling.



15

Figure 1. Surfactant composition

A diagram depicting the three major components of lung surfactant in a pie graph:
phospholipid, protein (surfactant proteins A-D (SP-A-D)), and neutral lipid.
Dipalmitoylphosphatidylcholine (DPPtdCho) is the major phospholipid component of
surfactant responsible for the important surface-tension lowering abilities of lung
surfactant: its basic structure is pictured. Surfactant proteins A-D either assist in surface-

tension lowering (SP-B, SP-C) or are involved in innate immunity (SP-A, SP-D).
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Figure 2. Two main pathways for lung PtdCho synthesis

A diagram ofde novo PtdCho synthesis. (¢ novo PtdCho and (B) remodeling
enzyme substrates and products. Both pathways have the potential to produce
DPPtdCho. (A)de novo PtdCho synthesis involves three major enzymes: (i) choline
kinase (CK), (ii) CTP:phosphocholine cytidylyltransferase (CCT), and (i)
cholinephosphotransferase (CPT1). (B) The remodeling pathway involves the re-
acylaton of a PtdCho degradation product (LysoPtdCho) by acyl-
CoA:lysophosphatidylcholine acyltransferase (LPCAT1) for the synthesis of DPPtdCho.
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CHAPTER Il
CROSS-TALK BETWEEN REMODELING AND DE NOVBATHWAYS
MAINTAINS PHOSPHOLIPID BALANCE

Abstract

Phosphatidylcholine (PtdCho), the major phospholipid of mammalian
membranes, is generated by both remodelingdendovo synthesis. Overexpression of
the remodeling enzyme, acyl-CoA:lysophosphatidylcholine acyltransferase (LPCAT1) in
epithelia decreasede novo PtdCho synthesis without significantly altering cellular
PtdCho mass. Overexpression of LPCAT1 increased degradation of
cholinephosphotransferase (CPT1), a resident Golgi enzyme that catalyzes the terminal
step forde novo PtdCho synthesis. CPT1 degradation involves trafficking and processing
via the lysosomal pathway. Thus, cross-talk between phospholipid remodelirdg and
novo pathways involves possible ubiquitin-lysosomal processing of a key molecular

target that mechanistically provides homeostatic control of cellular PtdCho content.

| ntroduction

Mammalian membranes are enriched with PtdCho, a zwitterionic phospholipid
that serves as a major component of various secretory products including bile, high-
density lipoproteins, and pulmonary surfactant. With the exception of hepatic tissues
where  PtdCho synthesis may involve  sequentidN-methylation  of
phosphatidylethanolamine, PtdCho biosynthesis in mammalian cells occurs primarily via
the CDP-choline or thde novo pathway. This pathway requires three enzymes: choline
kinase (CK) (EC 2.7.1.32) that catalyzes the first committed step, CTP: phosphocholine
cytidylyltransferase (CCT) (EC 2.7.7.15), the penultimate enzyme, and
cholinephosphotransferase (CPT) (EC 2.7.8.2), which catalyzes the terminal reaction

within the CDP-choline pathway generating PtdCho [87]. Of these enzymes, CCT is rate-
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limiting and rate-regulatory. CCT is an amphitrophic enzyme, and thus can switch
between an inactive soluble or cytoplasmic form to an active, membrane-bound species.
There are four isoforms of CCT, and deficiency of a major speciesqg,d€associated

with impaired cell growth, apoptosis, and embryonic lethality [87]. CK may also be
critical for embryonic development and genomic deletion of theg@ie results in bone
deformities and muscular dystrophy[88]. CPT (CPT1) catalyzes the transfer of the
phosphocholine moiety from CDP-choline to diacylglycerol (DAG). A second human
choline/ethanolaminephosphotransferase (CEPT1) that displays dual specificity using
either CDP-choline or CDP-ethanolamine as substrates with significant primary sequence
identity to CPT1 may also regulate PtdCho availability [88]. CPT1 exists in the Golgi
whereas CEPT1 is detected within the endoplasmic reticulum [88, 89]. The substrate
requirements of CPT1 and CEPT1 for DAG would impact the molecular species profile
of the newly synthesized PtdCho. Genetic inactivation of CPT genes results in reduced
phospholipid synthesis, and its inhibition by isoprenoids and ceramides triggers
apoptosis, underscoring CPT as a key regulator of PtdCho synthesis[6-8, 88, 89]. Unlike
CCT, there is limited information on the molecular control of CK, CPT1, and CEPT1.

In addition to the CDP-choline pathway, the generation of PtdCho in tissues
involves its remodeling. In the lung, this remodeling mechanism constitutes a major route
for generation of dipalmitoylphosphatidylcholine (DPPtdCho), the major component of
surfactant that lowers alveolar surface-tension [18]. In this pathway, a phospholpase A
de-acylates PtdCho at tlsa-2 position of the glycerol backbone, typically releasing an
unsaturated fatty acid. The resultant lysophosphatidylcholine (LysoPtdCho) is then re-
acylated with a saturated fatty acid (typically 16:0 or 14:0), generating surfactant
DPPtdCho. The de-acylating phospholipasesfa calcium-independent, acid pH optimal
lysosomal enzyme [90]. Recently, acyl-CoA:lysophosphatidylcholine acyltransferase
(LPCAT1) has been identified as an important enzyme that catalyzes the re-acylation step

of the remodeling pathway [10, 11]. A conserved HDX)motif is necessary for



21

enzymatic activity [19], and LPCAT1 expression increases with lung development and in
response to glucocorticoids [10]. LPCAT1 mRNA levels have also been shown to be
regulated by keratinocyte growth factor (KGF) in cultured rat type Il cells [10]. The
biochemical and molecular regulation of LPCAT1 and its role in PtdCho synthesis in vivo
is largely unknown.

Lung epithelia must tightly balance levels of surfactant (DPPtdCho) lipid secreted
into airways versus nonsurfactant PtdCho destined for membranes. Whde ti@/o
pathway generates both nonsurfactant PtdCho and DPPtdCho, the remodeling pathway
would be predicted to synthesize primarily surfactant. Thus, it is possible that cross talk
between these pathways exists to modify pulmonary lipid composition depending on
cellular needs. In other systems, such interdependency exists between lipogenic
pathways. For example, rates of PtdCho synthesis are coupled to its degradation[18, 19,
39]. Overexpression of CCT in COS cells increases PtdCho mass only modestly and yet
triggers a 3-fold increase in its degradation rate [91]. This coupling between biosynthetic
and degradative pathways indicates close regulation of PtdCho metabolism perhaps as a
means to avoid cellular lipotoxicity.  Furthermore, overexpression of
phosphatidylethanolamind-methyltransferase-2 (PEMT2) in hepatoma cells results in
feedback inhibition of CCT by reducing its transcriptional rate without altering PtdCho
content [41]. These latter data suggest interdependency betwednrtbtnylation and
CDP-choline pathways for PtdCho biosynthesis. The relationship between the remodeling
and de novo pathways for PtdCho synthesis has not been investigated.

Herein, | hypothesized that the remodeling pathway regulates the CDP-choline
pathway to maintain PtdCho balanceOverexpression of the remodeling enzyme,
LPCATL, in lung epithelia significantly decreasdd novo PtdCho synthesis without
altering cellular PtdCho levels. LPCAT1 expression increased degradation of the final
enzyme within the CDP-choline pathway, CPT1, an enzyme trafficked and processed

through the lysosomal for elimination. The data provide new insight into the
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interdependency between remodeling add novo pathways to preserve lipid

homeostasis.

Results
LPCATL1 is highly expressed in distal lung epithelia

Lung epithelial type Il cells synthesize and secrete surfactant comprised of the
major surface-active species, DPPtdCho. At least three acyltransferases might participate
in remodeling of PtdCho within lung epithelia generating DPPtdCho. These proteins
include LPCAT1 and two variants harboring similar catalytic domains, termed LPCAT?2
[92] and LPCATS3 [93] (AGPAT7 and LPEATZ2); these enzymes exhibit similar substrate
requirements with regard to saturated (16:0) fatty acyl-CoA donors, but LPCAT2 and
LPCAT3 appear to be less specific with respect to different fatty acyl-CoA groups and
lysophospholipids in which they interact [94][92, 95]. To evaluate which species may
represent the primary acyltransferase involved in surfactant remodeling, | isolated mouse
epithelial type 1l cells, alveolar macrophages, and lung fibroblgB§-PCRshows that
LPCAT1 mRNA is highly expressed in surfactant-producing mouse primary type Il cells,
with markedly reduced expression in macrophages or fibroblasts (Fig. 3A). Lung
epithelia also expressed mRNAs encoding LPCAT2 and LPCAT3 albeit at lower levels
(Fig 3B,C). Of the three homologues, LPCAT2 expression was highly expressed within
macrophages and LPCAT3 was most predominant within fibroblasts (Fig 3B,C) Thus,
LPCATL1 appears to be a major regulator of surfactant remodeling, but the data do not

exclude redundancy with other related acyltransferases.

Overexpression of LPCAT1 reduces PtdCho de novo
synthesis
Because LPCAT1 was highly expressed in surfactant-producing lung cells, this

enzyme was cloned and expressed in murine lung epithelia to test its regulatory activity
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on PtdCho metabolism. Using Amaxa nucleofection (electroporation), hereon referred to
as transfection, | was able to achieve high-level (>90%) transfection efficiency in
mammalian epithelia within a strong CMV-driven mammalian expression vector (Adv-
CMV-LPCAT1). Following expression of this plasmid, | detected a ~10-fold increase in
LPCAT1 mRNA (Fig. 4A), a 28-fold increase in immunoreactive LPCAT1 (Fig. 4B,
[inset]), a ~7-fold increase in LPCAT1 activity (Fig. 4B), and a nearly 3-fold increase in
[*H]-LysoPtdCho incorporation into DPPtdCho (Fig. 5A). The discrepancy between
observed increases in protein and mRNA levels may be due to differences in detection
efficiencies of assays employed, altered translational efficiencies of coding mRNAs, or
unique post-translational modification rates (e.g. relatively slow turnover rates of
immunoreactive LPCATL1 versus turnover of corresponding mRNA) in transfected cells.
Differences in LPCAT1 protein levels with respect to observed enzyme activity in
transfected cells may be due to limits of substrate availability withimnthé@ro assay,
presence of endogenous inhibitors in cells, or presence of a pool of physiologically
inactive immunoreactive LPCAT1 in cells. Importantly, despite upregulation of
LPCAT1 expression and remodeling activity, total levels of cellular PtdCho and
DPPtdCho (Fig. 5B) remained unchanged. This suggests existence of a compensatory
feedback mechanism(s) to preserve PtdCho balance. LPCATL1 overexpression also did
not alter cellular mass of phosphatidylinositol (Pl) or phosphatidylglycerol (PG).
Although PtdCho and DPPtdCho remained constant in cellular samples, surfactant
secretion increased two-fold in cells overexpressing LPCAT1 (Fig 5C). These data are
consistent with the ability of type Il epithelia to rapidly mobilize intracellular DPPtdCho
for export [96], and suggest a novel mechanism for increased surfactant secretion without
alteration of cellular PtdCho mass. Thus, type Il cells are readily able to adapt to modest
surges in surfactant secretion by multiple homeostatic control mechanisms to maintain

steady-state levels of lipid mass.
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Next, | tested the hypothesis that LPCAT1 overexpression coordinately down-
regulatesde novo synthesis of PtdCho to maintain steady-state levels of phospholipid
mass. This might occur by inhibiting the CDP-choline pathway. LPCAT1 overexpression
decreased celluldfH]-choline incorporation into PtdCho, a markerdef novo synthesis,
by nearly 80% versus empty vector transfected cells (Fig. 6A). LPCAT1 overexpression
reduced PtdCho synthesis within the CDP-choline pathway in MLE cells by significantly
reducing CPT activity without altering activities of either CK or CCT (Fig. 6B-D). These
effects were also seen in primary type Il cells transduced with lentivirus encoding
LPCAT1-V5 (Fig. 7A-B).

| next modulated LPCAT1 expression using non-transfectional approaches to
assess physiological relevance. KGF increases type Il cell surfactant synthesis by
increasing LPCAT1 content [10]. KGF treatment increased LPCAT1 protein levels and
cellular LPCAT activity, and also decreased CPT activity in lung epithelia (Fig. 8A-B).
In preliminary studies, mechanical ventilation of mice using high tidal volumes also
increases immunoreactive LPCATL1 levels concomitant with decreased CPT activity in
mouse lung (Fig. 8C).  Hyperventilation also increases surfactant production [10, 97,
98]. In the primary type Il cell, KGF, and ventilated models, LPCAT1 protein levels
increase more modestly: 3.5-fold, 5.7-fold and 4.4-fold, respectively, (and not 28-fold as
with MLE cells). This demonstrates that the cross-talk between the remodelirdg and
novo pathways occur at more modest levels of LPCAT1 overexpression consistent with
what has been shown for other lipogenic enzymes during development and malignant
transformation [99, 100]. Collectively, these observations strongly suggest tight control
of PtdCho metabolism in lung epithelia; the data also suggest that remodelinig and

novo pathways in lung epithelia are physiologically linked and biologically relevant.
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LPCAT1 overexpression increases CPT degradation via
endosomal/lysosomal processing

To evaluate the mechanism whereby LPCAT1 overexpression reduces CPT
activity, |1 expressed recombinant CPT1 and CEPT1 proteins harboring V5 and/or His
tags individually or in combination with LPCAT1 coding plasmid in epithelia. CPT1-
V5his and V5-CEPT1 cellular expression resulted in increased CPT activity (Fig. 9A).
Co-expression of the CPT1 or CEPT1 recombinant plasmids in cells with LPCAT1
resulted in decreased immunoreactive CPT1 protein levels and no significant difference
in immunoreactive CEPTL1 levels (Fig 9B,C). LPCAT1 overexpression significantly
increased CPT1 and CCT mRNA by gRT-PCR (p<0.05 vs. control), but effects on
CEPT1 mRNA did not reach significance (Fig. 9D). Although the increase in CPT1 and
CCT mRNA levels in LPCAT1 transfected cells was unexpected, it is possible that
changes in PtdCho/cholesterol species ratio cause an increade movo gene
transcription mediated by sterol regulatory element binding protein (SREBP)
transcription factors [101]. These data suggest that LPCAT1 overexpression selectively
enhances CPTL1 protein degradation or perhaps regulates translational efficienaeof the
novo biosynthetic enzymes.

Two major avenues for cellular protein disposal include proteasomal degradation
and turnover within the endosomal-lysosomal compartment. To identify a role for these
pathways in CPT1 degradation, | impaired acidification of endocytic vesicles wigINH
or inhibited proteasomal degradation with lactacystin after cells were transfected with
relevant plasmids. In addition, cells were treated with the protein synthesis inhibitor,
cycloheximide (CHM) (18M medium concentration). Fig. 10A demonstrates that co-
transfection of CPT1 with LPCAT1 or inclusion of cycloheximide in the medium reduced
immunoreactive levels of CPT1. Compared to cells transfected with CPT1 coding
plasmid (control), cells transfected with LPCAT1 coding plasmid alone, or in

combination with either CHM or lactacystin resulted in lower levels of CPT1. Unlike
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effects observed though the use of lactacystin, inclusion ofCNkh the medium
significantly blocked LPCAT1 reduction of CPT1 levels (Fig. 10A), suggesting that
LPCATL1 induced degradation of CPT1 may involve CPT1 trafficking through the
endosome/lysosome system. Surprisingly, extended lactacystin treatment appears to
accelerate degradation of CPT1 when compared to cycloheximide treated controls. This
observation may be explained by the ubiquitous nature of the ubiquitin modification of
proteins within cells. Thus, it is possible that ubiquitin availability within cells has been
globally disrupted, upregulating expression of proteins that normally reduce CPT1 levels;
alternatively, it is possible that lactacystin treatment modulates expression of
transcriptional elements that normally destabilize CPT1 mRNA synthesis in MLE cells

[77]. Finally, plasmid co-transfection or NEI was not toxic to cells (Fig. 10B).

CPT accumulates within lysosomes

To further assess CPT1 degradation involving lysosomal trafficking, | examined
CFP-CPT1 subcellular localization in epithelia. Immunofluorescence studies involving
expression of plasmid coding for CFP-CPT1 revealed co-localization of CFP-CPT1 with
B-1, 3-galactosyltransferase @p-GT antibody), indicative of CPT1 localization within
the Golgi apparatus (Fig 11A, upper row). As MLE cells are a transformed cell line, cells
contained Golgi as represented by larger inclusions rather than by more classic
perinuclear labeling as seen with other mammalian cells. When plasmid coding for CFP-
CPT1 was co-transfected with a plasmid encoding a fragment of another Golgi resident
enzyme,YFP-UDP-gal B GIcNAc B 1,4-galactosyltransferas@GT- YFP), the fusion
proteins also co-localized (Fig. 11A, lower rowljo complement Golgi localization data,
cells were once again transfected with CFP-CPT13&i0-YFP coding plasmids. After
18 h cells were treated withbOuM nocodazole (microtubule polymerization inhibitor
which disrupts Golgi integrity) (Fig. 12 lower) or DMSO vehicle control (Fig. 12 upper)

for 4 h and cells were processed for imaging using confocal microscopy. Left panels
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show CFP signals, middle panels represent YFP signals, and right panels represent a
merged image of YFP and CFP signals.

| also used Lyso-tracker Red, which fluoresces within the acidic pH
compartments to examine CPT1 trafficking within lysosome compartments (Fig. 11B).
Unlike data from Fig. 11A where CFP-CPT1 co-localizes WHBT, CFP-CPT1 under
native conditions does not appear to significantly co-localize with Lyso-tracker Red. Co-
transfection of CFP-CPT1 with LPCAT1 coding plasmids also results in limited CFP-
CPT1 immunofluorescence within cells (Fig. 11B, second row). Importantly, only when
NH4CIl was used to impair late endosome/lysosomal function (with or without LPCAT1
transfection) did | detect increased CFP-CPT1 immunofluorescence that co-localized
with Lyso-tracker Red (Fig. 11B, lower rows) and the endosomal marker, Rab5 using
similar experimental conditions (Fig. 13). CFP-CPT1 co-localization with Lyso-tracker
was apparent by small punctate yellow cytosolic signals (arrows). In some cases the
visualized lysosomes appear atypical, suggesting that two hours may be an insufficient
recovery time following NECI treatment to allow endocytic compartment reformation.
However, it is possible there is a delicate balance between allowing cells to fully re-
establish the endocytic pathway (pH) and being able to capture images in the
compromised pathway. Thus, if full lysosomal function is restored images would likely
resemble conditions lacking NEI to begin with (Fig. 11B top rows). Together, these
data are consistent with LPCAT1l-induced CPT1 sorting through the

endosomal/lysosomal pathway for its degradation.

Effects of a catalytically-inactive LPCAT1, LPCAT2 and
LPCAT3 on CPT1

To further determine the cause of CPT1 degradation, | overexpressed two
catalytically inactive LPCAT1 mutants that contain amino acid substitutions at histadine

135 (asparagine or glutamine) to determine if LPCAT activity is required for degradation.
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MLE cells were transfected with an empty plasmid, or co-transfected with CPT1-V5his
in combination with LPCAT1, LPCAT1 H135N, or LPCAT1 H135Q coding plasmids.
Following transfection, after 18 h, cells were labeled wjt] choline for 2 h and
harvested. Cell lysates were processed for choline incorporation into PtdCho
(phospholipid analysis) (Fig. 14A). Cells were also transfected as above and cell lysates
were collected at 18 h and lysates were separated by SDS-PAGE, transferred to
nitrocellulose, and V5 an@-actin immunoblot analyses were performed (Fig. 14B).
Importantly, unlike LPCAT1, the catalytically inactive LPCAT1 mutants fail to reduce de
novo PtdCho synthesis or CPT1 protein levels.

As acyltransferase activity appears to be necessary for the ability of LPCAT1 to
reducede novo PtdCho synthesis and CPT1 protein levels. | next assessed the ability of
the closely related LPCAT2 and LPCAT3 to alter PtdCho synthesis and CPT1 protein
levels. First, plasmid coding for LPCAT1-V5his, LPCAT2-V5his and LPCAT3-V5his
were constructed. Next, MLE cells were transfected with plasmid(s) coding for empty
(E), LPCAT2-V5his (L2), LPCAT3-V5his (L3), CPT1 (C), CPT1+Empty (C+E),
CPT1+LPCAT2-V5his (C+L2), or CPT1+LPCAT3-V5his (C+L3). Cell lysates were
then harvested, protein separated by SDS-PAGE, transferred to nitrocellulose, and V5
and factin immunoblot analyses were performed (Fig. 15A-B upper). Densitometry was
performed on CPT1 immunoreactive bands and normalized-fwtin (Fig. 15A-B
Lower). Later, LPCAT1-V5his, LPCAT2-V5his and LPCAT3-V5his coding plasmids
were expressed in cells and after 18 h cell lysates were separated by SDS-PAGE,
transferred to nitrocellulose, and V5 immunoblot analysis was performed (Fig. 15C) or
cells labeled for 2 h witf[H] choline under similar transfection conditions as listed
above and cell lysates were used to meadeneovo synthesis (Fig. 15D). Data suggest
that overexpression of LPCAT1 but not LPCAT2 or LPCATS3 reddeaovo PtdCho
synthesis and CPT1 protein levels. Taken together, it appears that LPCAT1 activity is

specific in its ability to reduce de novo synthesis by reduction of CPT1 protein levels.



29

LPCAT1 knockdown regulates de novo PC synthesis

I next wanted to determine the effect of LPCAT1 knockdowr@movo PtdCho
synthesis. LPCAT1 siRNA was packaged into a viral expression system,
hemagglutinizing virus of Japan (HJV). Then, primary rat type Il cells were cultured and
incubated with empty or LPCAT1 containing virus for 72 h prior to collection. Once the
infected cells were harvested, lysates were separated by SDS-PAGE, transferred to
nitrocellulose and LPCAT1 arfitactin immunoblot analyses were performed confirming
LPCAT1 protein reduction with LPCAT1 siRNA transfection (Fig. 16A [inset]).
Following immunoblot analysis, LPCAT (Fig. 16A), CPT (Fig.16B), and CCT (Fig. 16C)
activity assays were performed on cell lysates. Interestingly, these data indicate that
LPCATL1 inhibition of de novoPtdCho synthesis may be more complex and perhaps
multidirectional as RNA silencing of LPCAT1 significantly decreased CPT activity. A
similar observation was made by Kimbrel and colleagues when studying the effects of
overexpression and knockdown of an E3 ubiquitin lig8s&CP, on protein levels of

the p300 transcription factor [102].

Discussion

Surfactant PtdCho is relatively unique because it is selectively enriched with
16:0/16:0 molecular species (DPPtdCho) on the phospholipid glycerol backbone. This
molecular species specificity is essential to optimize surfactant function and is conferred,
in part, by a constitutively active LPCAT1 enzyme within lung epithelia. Indeed, perhaps
~55-75% of surfactant PtdCho is synthesized by the remodeling pathway with the
remainder generated lohg novo synthesis [10, 103, 104]. These results suggest that when
LPCAT1 levels are increased, as occurs during alveolar stress when demands for
surfactant (DPPtdCho) are high, lung epithelia might coordinately redaceovo
synthesis of PtdCho by increasing CPT1 degradation through the lysosomal pathway.

This cellular mechanism may be favorable to shift the balance toward DPPtdCho
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enrichment for surfactant secretion into the airways via LPCAT1-remodeling given that

the CDP-choline pathway is also active in membrane (non-surfactant) phospholipid

biosynthesis. Thus, our results unveil a previously unrecognized molecular mechanism
for feedback control for PtdCho homeostasis.

Comparative analysis of LPCAT mRNAs revealed differential expression of three
related acyl-CoA LysoPtdCho acyltransferases that may exhibit synthetic capacity for
DPPtdCho. LPCAT1 was a primary candidate based on prior data showing high-level
pulmonary expression and preference for saturated (16:0) fatty acids as a donor and 1-
myristoyl or 1l-palmitoyl-LPtdCho as an acceptor[15, 16]. LPCAT2 and LPCAT3
(AGPAT7 and LPEAT?2) also contain similar conserved motifs including acyltransferase,
transmembrane, and EF-hand domains [105]. My observations that LPCAT1 mRNA was
highest in type Il epithelia versus macrophages or fibroblasts underscore its role as a
primary regulator of PtdCho remodeling. Confirmation awaits analysis of individual
endogenous LPCAT proteins, although unlike LPCAT1, overexpression of either
LPCAT2 or LPCAT3 appear to have no effect on CPT1 protein levels (Fig. 15). There
may be redundancy in this system because type Il epithelia also express modest levels of
LPCAT2/LPCATS3 (Fig. 3); their contribution to surfactant remodeling will require more
sophisticated in vivo genetic ablation systems.

Multiple mechanisms exist that maintain stable steady-state total cellular PtdCho
mass despite its reducedk novo synthesis and increased surfactant secretion after
LPCAT1 expression (Fig. 5A-C). | observed a robust increase (~3-fold) in remodeling
activity by LPCAT1 (Fig. 4B). Although LPCATL1 is involved in surfactant synthesis, the
enzyme also exhibits some promiscuity with significant substrate activity for other
unsaturated fatty acyl species such as oleoyl (C18:1), linoleoyl (C18:2) and alpha-
linolenoyl-CoA (C18:3) that may be destined for incorporation into the cell membrane
[16]. This would explain, in part, our observation that total cell PtdCho levels are

relatively unchanged after LPCAT1 overexpression. Second, type Il cells may exploit
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other compensatory mechanisms to maintain constant levels of cellular PtdCho including
reduced phospholipid degradation rates or increased PtdCho uptake. Overexpression of
some biosynthetic lipogenic enzymes reduces degradation rates [91]. Up to 50-85% of
secreted PtdCho can be taken up and re-utilized [88]. As the actual mass of lipid secreted
by type Il epithelia is only 1-2% of total cellular phospholipid per hour, type Il cells have
significant reserves of intracellular lipid that can offset abrupt alterations in synthetic or
secretory rates [96]. Therefore, even a doubling of surfactant secretion as was observed in
Figure 5 may not significantly alter lipid homeostasis in lung epithelia over the time
period utilized in my experiments. LPCATL1 inhibitiona# novo PtdCho synthesis may

be multidirectional as RNA silencing of LPCAT1 only slightly, but significantly,
decreased CPT activity, suggesting a more complex mode of regulation (Fig. 16).
Interestingly, LPCAT1-dependent degradation of CPT1 requires an active LPCAT1
enzyme indicating the possibility of a yet unidentified step associated with CPT1
regulation (Fig. 14). Nonetheless, transfection of LPCAT1 coding plasmid in lung
epithelia resulted in its robust expression coupled with increases in DPPtdCho synthesis,
yet did not alter total cellular phospholipid mass suggestive of feedback inhibition within
the de novo pathway.

Genetic inactivation of CPT1 and CEPT1 impalesnovoPtdCho synthesis i8.
cerevisiae but their biochemical and molecular characterization has been hampered
because these mammalian enzymes have not been purified to homogeneity [6]. Thus, |
transfected cells with plasmids encoding CPT1-V5his and the expressed CPT1-V5his
protein was functional and localized to the Golgi [88]. The Golgi pattern in MLE cells
was somewhat atypical but CFP-CPT1 was observed to co-localize with known markers,
even in the presence of nocodazole treatment which is known to disrupt Golgi integrity
by binding B-tubulin and preventing formation of one of the two disulfide linkages,

hence, inhibiting microtubule polymerization [106, 107].
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Experimental procedures

Materials

The source of murine lung epithelial (MLE) cells, culture medium,
immunoblotting materials and radiochemicals were described previously [8]. Rat
primary alveolar type Il epithelizere isolated as described [54]. The pAmCyanl-C1
and pZsYellow-C1 vector was purchased from Clontech (Mountain view, CA). Lyso-
Tracker Red, mouse monoclonal V5 antibody, the To-Pro-3 nuclear staining kit, the
PCRTOPOA4.1 cloning kit, pcDNA-DEST40, pcDNA3.1/nV5-DEST, pLenti6/V5-Dest
cloning vectorsE. coli One Shot competent cells, the pENTR Directional TOPO cloning
kits, LR clonase Il recombinase, Superscript Il RT kit, and the Gateway mammalian
expression system were purchased from Invitrogen (Carlsbad, CAyesln, HIS-select
Nickel Affinity gel, Tri Reagent, human KGF, ardactin primary mouse monoclonal
antibody were obtained from Sigma (St. Louis, MO). LPCATL1 antibody was generated
by Covance (Princeton, NJ). Amicon Ultra-4 centrifugal filter devices were from
Millipore (Billerica, MA). The QuickChange site-directed mutagenesis kit, XL-gold
cells, and pCMV-Tagl vector were from Stratagene (La Jolla, CA). A ubiquitin plasmid
was constructed as described [108]. The gel extraction kit and QIAprep Spin Miniprep
kits were from Qiagen (Valencia, CA). NucleoBond Xtra Maxi prep kits were obtained
from Macherey-Nagel (Bethlehem, PA). Cycloheximide (CHM) and UbiQapture-Q
matrix was from Biomol (Plymouth Meeting, PA). HA-tagged ubiquitin was a gift from
Dr. Peter Snyder (U. of lowap-1,3-galactosyltransferase 2 goat polyclonal primary
antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Power CYBR
Green PCR master mix was from Applied Biosystems (Carlsbad, California). All
restriction enzymes and ligases were purchased from New England Biolabs (Ipswich,
MA). The TNT-coupled reticulocyte lysate system and RQ1 DNase kit were purchased
from Promega (Madison, WI). All DNA sequencing was performed by the University of

lowa DNA Core Facility. Cloning primers were purchased from IDT (Coralville, IA).
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The Zeiss LSM 510 confocal microscope is part of the University of lowa Central

Microscopy Research Facility.

qRT-PCR

RNA was purified from primary murine lung cells [99]. Total cellular RNA was
isolated using Tri Reagent and cDNA was obtained by reverse transcription followed by
DNase | digestion, amplification, and detection by a Chromo 4 Real-Time PCR detector
[100]. Levels of transcripts were measured and normalized relative to GAPDH or 18S

MRNA.

Expression plasmids

The coding sequence available for LPCAT1, CPT1 and CEPT1 on the NCBI
website (NM_145376, NM_144807, NM_133869), were used to construct primers for
cloning of genes from cDNA from mRNA via reverse transcriptase PCR from murine
liver and kidney tissues. Amplified fragments were subcloned into PCRTOPO4.1, and
sequenced, where it was identical to the deposited NCBI LPCAT1 sequence. The
resulting PCRTOPOA4.1 vector served as a source for cloning into pacAd5 CMV IRES
eGFP pA, (University of lowa DNA core) using Clal and BamHI restriction sites. For
CPT1 and CEPT1, the Invitrogen® Gateway System was used. Primers constructed
containing CACC overhangs upstream of the 5’ ATG and antisense sequence with (V5-
CEPT1) or without (CPT1-V5his) a stop codon were used for amplification using a blunt-
end polymerase and pENTR/D-TOPO per manufacturers’ instruction. LR clonase i
recombinase was used for cloning of CPT1 and CEPT1 sequences into pcDNA-DEST40
or pcDNA3.1/nV5-DEST gateway vectors, respectively (CPT1-V5his, V5-CEPT1).
CFP-CPT1 was generated similar to CFP-CCT [100]. The CPT1 construckdgPWas
digested with Bglll and Sall, purified, and ligated into pAmCyan-C1 as described
generating CFP-CPdr [108]. Flag-CPT1 was constructed by amplifying CPT1 and
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ligation into pCMV-Tagl. ABGT-YFP (carboxyl-terminal YFP tag) plasmid was
constructed by amplifying or digesting three separate fragments for ligation. First, a
human cDNA was used as a template to amplify the first 249 base pairs of UDP-
Gal:BGIcNAc  B-1,4-galactosyltransferase gene (B4GALT1) (gene bank number
BC045773) with flanking Clal/EcoRV restriction sites. Fragment two was an
EcoRV/EcoRI YFP fragment amplified from pZsYellow-C1. Finally, a pacAd5 CMV
IRES eGFP pA vector and the two amplified fragments were digested with appropriate
restriction enzymes and gel extracted. The BAGALT1 and YFP fragments were ligated

into pacAd5 CMV IRES eGFP pA to gener8teT-YFP.

Cell isolation, culture, and transient transfection

Alveolar macrophages, primary type Il cells, and fibroblasts were isolated as
previously described [109]. MLE cells were maintained in HITES medium (DMEM F12)
with 2% fetal bovine serum at 37 in 5% CQ. After reaching 80% confluency, the cells
were harvested using 0.25% trypsin and 0.1% EDTA, resuspended in medium, and plated
onto appropriate culture dishes containing a 3ul per 1ug DNA ratio of FUGENEG6
lipofection reagent to appropriate expression vector. After incubation overnight, the
medium was replaced with HITES medium with 2% fetal bovine serum for 8 h before
harvesting cells. In some studies, an Amaxa electroporation device with program T-013
and solution L was used for plasmid transfection of cells. Cells were maintained as
described above, except, after trypsinization, cells were resuspended in a small volume of
solution L per manufacturer’s directions. Plasmids were transfected into cells or cells
were left untransfected. Medium was aspirated 24 h post-transfection and cells were
treated an additional 24 h with 0% FBS DMEM F12 medium supplemented with or
without NH,CI (25 mM). Cell lysates were harvested by brief sonication in 150 mM
NaCl, 50 mM Tris-HCI, 1 mm EDTA (no EDTA if Ki purification was performed), 2

mM dithiotreitol, 0.025% sodium azide, and 1 mM phenylmethylsulfonyl fluoride (pH
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7.4) (Buffer A), at 4°CAlternatively, cells were switched to DMEM F12 media without
FBS and treated for 6 h with cycloheximide (CHM) (18 ug/mL) with eitherMNH25

mM) or lactacystin (25 uM). Cells were collected in Buffer A + 0.5% Triton X-100
+0.5% NP-40 and sonicated for further analysis. MLE cells were also exposed to human
KGF (20ng/mL) for 24 h prior to harvest. Rat type Il cells were transduced for 48 h with
lentivirus, constructed at the University of lowa gene transfer vector core, containing

LPCATL1 in a pLenti6/V5-Dest vector.

Phospholipid analysis

Lipids were extracted from equal amounts of membrane protein and levels of the
individual phospholipids quantitated with a phosphorus assay [103]. DPPtdCho was
assayed as before[8]. For PtdCtie® novo synthesis, cells were pulsed with Qi of
[methy+*H]choline chloride (85 Ci/mmol) during the finah2f incubation with choline-
depleted medium. For remodeling activity, cells were labeled with 1.75%mM'C]
LysoPtdCho (55mCi/mmol) for 3 h. Total cellulgrsids were extracted, resolved using

thin layer chromatography (TLC), and processed for scintillation counting [8].

LPCAT activity

Cells were harvested in lysis buffer (250mM sucrose, 10mM Tris-HCI at
pH=7.4), and equal amounts of microsomal cellular protein or cell lysate were used in the
assay. One nmole of 1-palmitosh-glycero-3-phosphocholine was added for every pL of
5x assay buffer (final working concentration 65mM Tris-HCI, pH 7.4, 10mM Md&eI5
mM fatty acid free BSA, 2mM EDTA) sonicated. 35 pL ofHand cellular protein was
added to 10 pL sonicated assay buffer containing 5 pL 6fqJacyl-CoA (0.1uCi,
1.8nmole) for a total assay volume of 50 pL. Upon addition df'G]l-acyl-CoA,
samples were incubated at°@0for 10 min, after which the reaction was terminated by

addition of chloroform/methanold® (1:2:0.70 vol/vol). Total cellulalipids from
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reaction mixtures were extracted by the method of Bligh and Dyer [104], spotted on
LK5D plates, and PtdChwas resolved using TLC and detected using a Bioscan AR-

2000 scintillation plate reader.

KGF treatment of MLE cells

MLE cells were treated with HITES medium or with medium containing
20ng/mL KGF. Twenty-four hours after treatment cells were harvested and cell lysates
were used for LPCAT and CPT activity assays. Cell lysates were also separated by SDS-
PAGE, transferred to nitrocellulose, and LPCAT1 fratctin immunoblot analyses were

performed

Mechanical ventilation of mice

C57B1 mice were mechanically ventilated with a tidal volume of 20mL/Kg for 15
min or were left unventilated. After 18 h mice were anesthetized, sacrificed, lungs
harvested, and heart perfused to remove red blood cells. Lungs were then homogenized
in Buffer A and lysates were separated by SDS-PAGE, transferred to nitrocellulose, and
LPCATL1 andB-actin immunoblot analyses were performed. Cell homogenates were also

used in CPT activity assays.

De novo enzyme activities

The activity of CK was assayed as described [8]. CCT activity was determined by
using a charcoal extraction method [110]. CPT activity was assayed as described [111].
Each reaction mixture contained 50 mM Tris -HCI buffer (pH 8.2), 0.1 mg/ml Tween 20,
1 mM 1,2-dioleoylglycerol, 0.8 mM phosphatidylglycerol, 0.5mMC]-CDP-choline
(specific activity 1,110 dpm/nmol), 5 mM dithiothreitol, 5 mM EDTA, 10mM MgClI
and 30-40ug of protein. The lipid substrate was prepared by combining appropriate

amounts of 1,2-dioleoylglycerol (1 mM) and phosphatidylglycerol (0.8 mM) in a test
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tube, drying under nitrogen gas, and brief sonication before addition to the assay mixture
to achieve the final desired concentration. The reaction proceeded for 1h at 37°C and
terminated with 4 ml of methanol-chloroform-water (2:1:7, vol/vol). The remainder of
the assay was performed exactly as described [111]. A Bioscan AR-2000 plate reader was
used for detection of radiolabeled PtdCho on LK5D TLC plates with data quantified
using WinScan software. PtdCho bands on the LK5D silica plates were also scraped and

guantified by liquid scintillation counting.

Immunoblot analysis

Immunoblotting was performed as described [100, 112]. Antibodies were diluted
as follows: LPCAT1 1:2000, V5 1:2000, Flag 1:5000, and
B-actin 1:10000.

Immunofluorescence microscopy

MLE cells were plated at 30% confluence on 35mm MetTek glass-bottom culture
dishes, and transfected with individual CFP plasmids. Cells were washed with PBS and
fixed with 4% paraformaldehyde for 20min, then exposed to 15% BSA, B20(B-
galactosyltransferase 2 primary goat antibody and 1:200 Fluorescein (FITC)-conjugated
AffiniPure Donkey anti-goat IgG (H+L) (Jackson Immunoresearch) to visualize the trans-
Golgi; cells were also incubated with Rab5 rabbit primary antibody and Alexa568-
labeled goat anti-rabbit secondary antibody to visualize the early endosomal
compartments. Nuclei were visualized wusing To-Pro-3 (1:2000, dilution).
Immunofluorescent cell imaging was performed on a Zeiss LSM 510 confocal
microscope using the 458nm, 568nm or 615nm wavelength. All experiments were done
with a Zeiss x63 or x100 oil differential interference contrast objective lens. The 458nm
wavelength was used to excite the CFP-CPT1 fusion proteins, with fluorescence emission

collected through a 475nm filter. A 488nm wavelength was used to excite Fluorescein
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dye, with fluorescence emission collected through a 505-530nm filter. A 488nm
wavelength was used to excg&T-YFP, with fluorescence emission collected through a
530-600nm filter. A 613nm wavelength was used to excite To-Pro-3 dye, with
fluorescence emission collected through a 633nm filter. Scanning was bidirectional at the

highest possible rate measurement using a digital 1X zoom.

Statistical analysis
Statistical analysis was performed by two-way analysis of variance or Student’s

test. Data are presented as mean £ S.E or mean £ S.D.
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Figure 3. Pulmonary expression of LPCAT isoforms

Primary murine lung type Il cells, alveolar macrophages, and fibroblasts were
isolated and total cellular RNA reversed transcribed to cDNA for quantitative Real Time
PCR (qRT-PCR). The mRNA levels of each LPCAT were measured and normalized to

GAPDH mRNA. The data represent cells isolated from at least five mice/group. *p<0.05

versus type Il cells.
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Figure 4. LPCATL1 expression and activity in MLE cells

MLE cells were transfected with a plasmid encoding LPCAT1 or an empty (E)
vector. After 24h, cells were collected and lysates were used in (A) the quantitation of
LPCAT1 mRNA (measured and normalized relative to S18 mRNA) by gRT-PCR, or (B)
cell lysates where separated by SDS-PAGE, transferred to nitrocellulose, and LPCATL1
andp-actin immunoblot analyses were performed (B [inset]), or cell lysates were use for

LPCAT1 enzyme activity assays (B).
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Figure 5. LPCATL1 expression regulates surfactant metabolism

MLE cells were transfected with a plasmid encoding LPCAT1 or an empty (E)
vector. After 24h, cells were (A) labeled with'q] LysoPtdCho for 3 h prior to
collection. DPPtdCho lipid was isolated by thin layer chromatography (TLC) and the
resolved radio labeled phospholipid was isolated from plates, and counted using liquid
scintillation. (B) Cells were transfected as above and lipid extraction and TLC analysis
were performed to isolate PtdCho, DPPtdCho, PI, and PG. Phospholipid mass was
measured by inorganic FOdetermination. (A-B) were normalized for cellular protein.

(C) Surfactant secretion was measured[bY palmitic acid labeling of cells. Activities

were assayed in medium by lipid extraction of medium and isolation by TLC as above.
Data is expressed as cpm medium/ml/total cellular DPPtdCho phospholipid

phosphorus/mg protein. Results are mean + S.E. from at least three individual. *p<0.05 or

"p<0.076 versus empty construct.
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Figure 6. LPCAT1 expression inhibits the de n@@®P-choline) pathway

MLE cells were transfected with a plasmid encoding LPCAT1 or an empty (E)
plasmid. (A) Cells were labeled wiffiH] choline and after 2 h cells were harvested.
Lipids from lysates were extracted prior to resolution using TLC. PtdCho was isolated
from TLC plates and activity counted using liquid scintillatigfii] choline into PtdCho
is a measure ade novosynthesis. (B) Cell lysates were used for determination of CK,
(C) CCT, and (D) CPT activity assays. Results are mean = S.E. from at least three

individual experiments. *p<0.05 versus empty construct.
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Figure 7. LPCAT1 expression in primary type Il cells inhibitsdeenovo (CDP-choline)

pathway

(A-B) Primary rat type Il cells were isolated, cultured, and infected with a
plasmid construct encoding LPCAT1-V5 packaged in lentivirus. (A) 24 h after infection
cells were labeled witA[H] choline for 2 h prior to cell harvest for the meast[i¢]
choline incorporation into PtdCho (thle novo PtdCho activity assay). Cell lysates were
also separated by SDS-PAGE, transferred to nitrocellulose, and V5 and LPCAT1
immunoblot analyses were performed (B [inset]), cell lysates were used in CPT1 activity
assays (B). Results are from at least three individual experiments and mean £ S.E. was

calculated when appropriate. *p<0.05 versus empty construct.
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Figure 8. Physiologic factors that increase LPCATL levels reduce CPT activity

(A-B) Cells were left untreated or treated with KGF (20ng/mL) and 24 h post-
treatment cells were harvested and cell lysates were separated by SDS-PAGE,
transferred to nitrocellulose, and LPCAT1 immunoblot analyses were performed (A
[inset]) and cell lysates were used in LPCAT activity assays (A). (B) Cell lysates were
also used in CPT activity assays. (C) C57BI/6 mice (3 mice/group) were ventilated with a
tidal volume of 20mL/Kg for 15 min or were left unventilated (control). Following an 18
h recovery, lung homogenates were immediately separated by SDS-PAGE, transferred to
nitrocellulose, and LPCAT larfgtactin immunoblot analyses were performed (A [inset])
or cell homogenates were used in CPT activity assays (B). Results are from at least three
individual experiments and mean = S.E. was calculated when appropriate. *p<0.05 versus

empty construct.
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Figure 9.LPCATL1 expression promotes CPT1 degradation

(A) MLE cells were transfected with empty, CPT1 or CEPT1 coding plasmids
and cell lysates were used in CPT activity assays. (B) Cells were transfected with empty
(E), LPCAT1 (L), CPT1 (C) coding plasmids alone or in combination with empty or
LPCAT1 coding plasmids and after 16 h cell lysates were separated by SDS-PAGE,
transferred to nitrocellulose, and CPT1 (V5), LPCAT1, gsattin immunoblot analyses
were performed. (C) Experiments similar to (B) were performed except CEPT1 was over-
expressed instead of CPT1. (D) Cells were transfected with empty (E) or LPCAT1
expression vectors and relative mRNA levels of CPT1, CEPT1, and CCT in cells were
assayed using gRT-PCR. The lower graphs in (B, C) show densitometric values of bands
from respective immunoblots. Data in each panel represent three individual experiments

and mean = S.E. was calculated when appropriate. * p<0.05 versus empty group.



A -
£
2 250 =
[=]
>a
z 2
g £ 1
= g 100
o
02 s
=] | |
E o T -
& E CPT1 CEPT1
B
e @ ~—— CPT1
e LPCAT1
Nt ap it [3-aCtin
LN
& » o0&
51.2
w
§ 1,00
f 0.75
c
& 0.50- -
@
2 ’ :
c C+E C+L

Relative mRNA

4 84k CEPT1

o @ LPCAT1

—— e —— B-actin

& &
@ v

1]

e
o

=
z

=
M
&

N
2

Relative CEPT1 intensity

Ce Ce+E  Ce+L

expression levels

E LPCAT1

ceT1
[CICEPT1
ElcCCT

52



53

Figure 10. CPT1 degradation is attenuated by lysosomal inhibitors

(A) Empty (E), LPCAT1 (L), or CPT1 (C) encoding plasmids were transfected in
cells alone or in combination and after 12 h cells were exposed to cycloheximide (CHM)
(18uM) with or without either NHCI (25mM), or lactacystin (Lac) (10M). After an
additional 6 h, cells were harvested and cell lysates were separated by SDS-PAGE,
transferred to nitrocellulose, and V5 (CPT1), LPCAT1, gsattin immunoblot analyses
were performed (upper). (A [lower panel]) Densitometric analysis of band intensities
from respective immunoblots is shown. (B) Cells were transfected with plasmids
encoding empty vector (E), CPT1 and/or LPCAT1 or treated withONHAs a positive
control, cells were also treated with NP-40 for 15 min. Medium was collected and
analyzed for LDH activity units. Data represent at least two individual experinzgrts

mean + S.D. was calculated when appropriate
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Figure 11. CPT1 is localized to the Golgi but degraded within the lysosomes

MLE cells were transfected with CFP-CPTBGT-YFP, and/or LPCAT1
encoding plasmids. (A) (Upper) Cells were fixed and stained ugiaf), 3-Gal-T2 (-
GT) primary antibody and Fluorescein (FITC)-conjugated AffiniPure Donkey anti-goat
IlgG to visualize the trans-Golgi. To-pro-3 was used to visualize nuclei. (Lower) Cells
were co-transfected with plasmids coding for CFP-CPT1[#ad-YFP and processed
for imaging. The white bar represents a 20 nm scale. (B) Transfected cells were exposed
to NH,Cl for 24 h as indicated. Cells were allowed to recover (withouwfWHor 2 h
prior to incubation with Lyso-Tracker dye for 1h. Cells were then fixed and visualized
using confocal microscopy. Arrows in merged panels represent co-localization with

Lyso-Tracker.
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Figure 12. CPT1 localization is disrupted by nocodazole treatment

MLE cells were transfected with CFP-CPT1 ap@T-YFP coding plasmids.
After 18h cells were treated with 2Bunocodazole (lower) or DMSO control (upper) for
4h. Cells were then fixed and visualized using confocal microscopy. Left panels show
CFP signals (CPT1), middle panels represent YFP sigfi&@d)( and right panels

represent a merged image of YFP and CFP signals (Merge).
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Figure 13. CPT1 is trafficked though the endosomes

(A) MLE cells were transfected with plasmids encoding CFP-CPT1 alone or in
combination with LPCAT1 and were exposed to8Hfor 24 h as indicated. Cells
were fixed and stained using a Rab5 rabbit primary antibody and alexa568-labeled goat
anti-rabbit secondary antibody to visualize the early endosomal compartments using

confocal microscopy. Arrows in merged panels represent co-localization with Rab5.
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Figure 14. Effects of a catalytically-inactive acyltransferase on CPT1

(A-B) Cells were transfected with empty plasmid, or transfected with a plasmid
encoding CPT1 in combination with either LPCAT1, or an enzymatically inactive
LPCAT1 (LPCAT1 H135N or LPCAT1 H135Q). (A) After 18h, cells were labeled with
3[H] choline for 2h prior to harvest. Cell lysates were then processeté foovo PtdCho
activity analysis after extracting cellular lipids, resolution of lipids by TLC, and
scintillation counting. (B) Cell lysates were separated by SDS-PAGE, transferred to
nitrocellulose, and V5 (CPT1) arfidactin immunoblot analyses were performed. Results
are from least two individual experiments and mean = S.D. was calculated in panel (A).

*p<0.05 versus a paired control.



>

*H choline incorporation

into PtdCho
(cpm/ug protein)

154

- -

CPT1

B-actin

62



63

Figure 15. Specificity of acyltransferase-dependent degradation of CPT1

(A-B) Cells were transfected with plasmid encoding empty (E), LPCAT2-V5his
(L2), LPCAT3-V5his (L3), CPT1 (C), CPT1+Empty (C+E), CPT1+LPCAT2-V5his
(C+L2), or CPT1+LPCATS3-V5his (C+L3). Cell lysates were separated by SDS-PAGE,
transferred to nitrocellulose and (upper) V5 @ractin (lower) immunoblot analysis was
performed. Lower graphs: densitometry was performed on CPT1 immunoreactive bands
and normalized foB-actin. Immunoblots are indicative of at least two experiments. (C-
D) LPCAT1, LPCATZ2, and LPCAT3 coding plasmids were expressed in cells and lysates
were separated by SDS-PAGE, transferred to nitrocellulose, and V5p3-@aatin
immunoblot analysis was performed (C). In (D), cells transfected as above were also
incubated for 2 h witf[H] choline and lysates were used fig novo PtdCho synthesis
assays. Results are from at least two individual experiments and mean + S.D. was

calculated and presented in bar graphs. *p<0.05 versus paired controls.
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Figure 16. LPCAT1 knockdown regulates de novo PtdCho synthesis enzymes

LPCAT1 or scrambled siRNA was incubated with a viral expression system,
HJV; cells were incubated with virus/siRNA mixture for 72h, and cells were collected.
(A) LPCAT1 activity, (A, inset, LPCAT1 immunoblot), (B) CPT activity, and (C) CCT
activity were measured from lysates. Results are from at least two individual experiments

and mean = S.D. are shown in bar graphs. *p<0.05 versus paired controls.
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CHAPTER 1lI
UBIQUITINATION OF CPT1 REGULATES PHOSPHOLIPID PRODUCTION IN
LUNG EPITHELIAL CELLS

Abstract

CPT1, an enzyme first cloned from yeast roughly 25 years ago, is indispensible
for de novo synthesis of PtdCho in the lung, yet poorly studied. Studies presented in
chapter 1l suggest CPT1 degradation involves its processing through the
endosome/lysosome pathway. Traditionally, mono- or multi-ubiquitin modification of
enzymes has been associated with trafficking through the endosomal compartments and
degradation within the lysosome. In these studies | have discovered that CPT1 mutants
harboring arginine substitutions at multiple carboxyl-terminal lysine residues exhibited
proteolytic resistance to effects of LPCAT1 overexpression. Cellular expression of these
CPT1 mutants also restords novo PtdCho synthesis to levels normally observed in lung
epithelia.  Further studies involved overexpressionBefrCP that lead to CPT1
degradation, suggesting a role for an E3 ubiquitin ligase as a possible direct regulator of
terminalde novo enzyme. CPTL1 is a transmembrane protein that has not been purified to
homogeneity nor has a crystal structure been obtained; however, a proposed membrane
orientation model allows for the possibility of several lysine residues located in the
enzyme’s carboxyl-terminal end are spatially exposed within the cytosol. It is possible
that the lysine residues within the carboxyl-terminus of the enzyme may be unmasked
and nonspecifically ubiquitinated leading to CPT1 degradation. This mechanism would
explain the inability of single lysine mutants to prevent LPCAT1-dependent degradation.
Thus, ubiquitin lysosomal processing of CPT1 at multiple lysine residues by an SCF
member B-TrCP) subunit appears to partake in the mechanistic regulation of cellular

PtdCho content.
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| ntroduction

PtdCho is a lipid unique to eukaryotic organisms and comprises ~50-80% of
phospholipids of mammalian cell membranes. In lung epithelia, however, PtdCho has a
more substantial role than just as a major component of the plasma membranes and
cellular organelles. Surfactant is the tension-lowering substance present at the air-liquid
interface of the lung that prevents lung collapse (atelectasis). The main component of
surfactant is a specific disaturated form of PtdCho, or termed DPPtdCho [27]. Although
other surfactant proteins are also important to surfactant function, the lipid composition
of surfactant is vital to its ability to lower surface tension at the air-surface interface.
Because of the unique requirements of the lung due to a very large surface-area and
attendantly high surface-tension, specialized type Il lung epithelial cells residing in the
distal lung tissue constitutively secrete surfactant DPPtdCho necessary to preserve lung
structure and function. Two major pathways are responsible for PtdCho synthesis in type
Il cells: the de novo CDP-choline pathway and the PtdCho remodeling pathway.

Thede novo pathway requires three enzymes: CK, CCT, and CPT1. CCT is the
rate-regulatory enzyme in thée novo synthesis pathway and has been extensively
studied. My studies presented in Chapter Il, however, suggest that total lipid homeostasis
may depend on the ability of the LysoPtdCho remodeling pathway to regulate the de novo
synthesis pathway at the terminal enzyme CPT1, in surfactant-producing cells. Although
regulation at the CPT1 step is not rate-regulatory, CPT1 dysregulation has been
previously described to be sufficient to alter total cellular PtdCho synthesis [89, 113].
Genetic inactivation of CPT1 genes results in reduced phospholipid synthesis, and its
inhibition by isoprenoids and ceramides triggers apoptosis, underscoring CPT1 as a key
regulator of PtdCho synthesis [89, 114, 115]. The enzyme responsible for PtdCho
remodeling in lung epithelial is LPCATL1, which is abundant in type Il lung epithelia.
Overexpression of LPCATL1 increases surfactant production while total cellular lipid

levels remain constant, therefore preserving cellular lipid composition. LPCAT1 targets
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CPT1 for trafficking and degradation through the endosome/lysosome pathway that
inhibits cellular de novo synthesis of PtdCho.

Unlike CCT, there is limited information on the molecular control of CPT1.
Farnesol and argininosuccinate potently induce apoptosis in lymphoid human leukemic
CEM-CL1 or hamster liver cells, respectively, by inhibiting CPT1 function through a yet
undescribed mechanism [114, 115]. The primary structures of mammalian CPT1
enzymes are known and secondary structures predicted [80]. Primary structural analyses
of CPT1 reveal a carboxyl-terminus containing eleven lysine residues. Predicted
secondary structures suggest the presence of seven membrane-spanning domains [80].
Biochemical fractionation and immunolocalization studies suggest CPT1 resides either in
the endoplasmic reticulum or the Golgi apparatus [82, 116, 117]. Previous studies
presented in Chapter Il of this thesis are the first to demonstrate altered trafficking of
CPT1 to the lysosome. The lysosomal trafficking of transmembrane proteins has been
well described and is often a result of ubiquitination [118, 119]. | therefore considered
CPT1 as a candidate for ubiquitination.

Protein ubiquitination is a key post-translational modification that regulates
diverse physiologic processes. The conjugation of ubiquitin to a target protein is
orchestrated by a series of enzymatic reactions involving an E1 ubiquitin-activating
enzyme, ubiquitin transfer from an El-activating enzyme to an E2-ubiquitin conjugating
enzyme, and lastly, generation of an isopeptide bond between the substrate’s-lysine
amino group and the carboxyl-terminus of ubiquitin catalyzed by an E3-ubiquitin ligase.
The behavior of ubiquitinated proteins within cells depends, in part, upon ubiquitin chain
length and the lysine residue upon which additional ubiquitin moieties are conjugated
(K48 or K63 lysine-lysine conjugation) [45]. Ubiquitin modification of a single lysine
residue by a ubiquitin chain with K48 linkages is often a signal for proteasomal
degradation [120, 121]. At present, most other ubiquitin modifications involving mono-,

multi-, and poly-ubiquitin chains linked at the K63 ubiquitin residue result in trafficking
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and degradation through the lysosome [45]. Studies on tyrosine receptor kinases, such as
epidermal growth factor receptor (EGFR), have shown ubiquitination to be an important
modification responsible for trafficking of membrane-bound proteins to the endosomal
compartments with subsequent trafficking back to the cell surface or further movement to
the lysosome for degradation [122, 123]. Although ubiquitin is not always necessary for
receptor protein internalization, ubiquitination is often required for protein degradation
and transmembrane protein trafficking. As like most membrane bound proteins, CPT1 is
likely trafficked through the lysosomes for its degradation. While data presented in
chapter Il of this thesis support this mechanism for CPT1 disposal, the role of
ubiquitination in this model has not been fully elucidated.

Herein, | hypothesized that LPCAT1 of the PtdCho remodeling pathway regulates
CPT1 by targeting the enzyme for degradation within the lysosome after CPT1
ubiquitination. Overexpression of the remodeling enzyme, LPCATL, in lung epithelia
significantly decreased CPT1 protein levels by increasing the enzyme’s degradation
though the lysosomal pathway. Through the use of CPT1 lysine substitution mutants, |
determined that the degradation of CPT1 though the endosome/lysosome pathway
resulted from ubiquitination of lysine residues within the carboxyl-terminus of the
enzyme. The data provide new insight into of the lifespan of CPT1 and its control by this

post-translational event in eukaryotic cells.

Results

CPT1 is ubiquitinated

Generally, mono-ubiquitinated or multi-ubiquitinated proteins are sorted and
degraded in the lysosome, whereas poly-ubiquitinated (K48) proteins are degraded in the
26S proteasome [124]. Since it has been previously described that the use of proteasome
or lysosome inhibitors can decrease the available ubiquitin pool necessary for proper

sorting or degradation of ubiquitinated proteins [77, 125, 126], | first co-transfected a
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plasmid containing the ubiquitin coding sequence with a plasmid encoding Flag-CPT1, or
Flag-luciferase (as a nonspecific control), in an attempt to maintain a sufficient ubiquitin
pool size during the experiment. Assuming ubiquitin was expressed, | observed that
levels of CPT1 decreased with ubiquitin co-expression compared to the control. This
effect was lessened after exposing co-transfected cells to the lysosomal inhibifGt, NH
(Fig. 17A). Densitometric analyses were performed (Fig. 17A, lower) on signals
obtained from Flag an@-actin immunoblot analysis, except for Flag-Luc (Fig. 17A,
upper). Although an immunoreactive band was present at around the size of Flag-CPT1
in the control Flag-Luciferase lane, it accounts for only about 10% of the intensity of the
Flag-CPT1 signal, which may be a result of non-specific association of primary antibody
to a protein expressed in MLE cells. Alternatively, it is possible that sample from the
adjacent lane may have overflowed into the control lane before SDS-PAGE was
performed. At about 75kDa, the expected Flag-Luciferase signal appears, so it is also
possible that the recombinant luciferase is degraded under the experimental conditions to
yield the observed ~35kDa band. To examine association, cells were co-transfected with
a HA-ubiquitin and Flag-CPT1 plasmids and cells exposed tgCNHFig. 17B). Cells

were transfected with plasmids encoding Flag-CPT1 or HA-ubiquitin and CPT1-V5his,
with or without LPCAT1 and cell lysates were separated by SDS-PAGE, transferred to
nitrocellulose; Flag immunoblot analyses was performed to serve as an input for
subsequent immuneprecipitations. Interestingly, an immunoreactive signal was observed
at about twice the size of Flag-CPT1 indicated as non-specific (NS) (Fig. 17B upper) that
may also represent a Flag-CPT1 dimer that was not fully reduced before or during SDS-
PAGE. Next, HA-ubiquitin was immunoprecipitated from cells and elutants were
separated by SDS-PAGE, transferred to nitrocellulose, and processed for Flag
immunoblotting. Here, LPCAT1 expression increased detectable CPT1 of both
unmodified and higher molecular weight species (Fig. 17B, lower panel, arrows).

Surprisingly, bands at ~35 kDa were also visualized, again suggesting that full-length
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CPT1 might aggregate with ubiquitinated CPT1 during immunoprecipitation, but
dissociated during SDS-PAGE. It is also possible that under the native conditions of the
immunoprecipitation, unmodified CPT1 is binding another ubiquitinated protein.

To complement the above studies, an alternate method was used to enrich
ubiquitinated CPT1. | expressed a plasmid encoding CPT1-V5his or CCT-V5his in MLE
cells and partially purified protein from cellular lysates using* Nihromatography.
Chromatographic elutants were separated by SDS-PAGE, transferred to nitrocellulose,
and V5 immunoblotting was performed (Fig. 18A). | observed several slower migrating
immunoreactive bands after CPT1-V5his expression; these results differ from CCT where
a single mono-ubiquitinated band at ~ 50 kDa and dimeric species was recently detected
[108]; untransfected cell lysates applied and eluted on these columns served as a

negative control.

Multiple CPT1 ubiquitination sites are responsible for
trafficking through the endosomal pathway

As ubiquitination of proteins commonly occurs on one or multiple lysine residues,
| chose to construct and express CPT1 mutant plasmids coding for CPT1 protein
harboring mutations at several lysine residues to determine the extent of CPT1
ubiquitination. Final expression plasmids encoded either four or stR Knutations,
termed CPTr and CPTigr, respectively (Fig. 18B). Specific candidate lysine
residues were mutated based on the enzyme’s proposed secondary structure where these
residues are likely exposed to the cytosol and conserved between mouse and human
sequences [80]. Cells were first transfected with plasmids coding for CPT1-V5his,
CPTXkasr, CPTksr Or a luciferase-V5 negative control. After 18 h, transfected cells were
treated with NHCI for 24h. Cells were then collected, and cell lysates were applied to
ubiquitin capture columns, where agarose was complexed to ubiquitin-binding domain

peptides. After washing and elution from the matrix using the suggested manufacture
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protocol, elutants were separated by SDS-PAGE, transferred to nitrocellulose, and V5
immunoblotting was performed (Fig. 18C) [127]. Comparable levels of the ~35kDa
CPT1 were detected before resin loading (Fig. 18C, [Input]). Multiple high molecular
weight bands were observed in immunoblot lanes of cells transfected with plasmid
coding for CPT1-V5his in a pattern similar to immunoblots of Fig. 18A. These bands
were only visualized after prolonged exposure of autoradiograms. As explained above
and observed in ubiquitin immunoprecipitation experiments presented in Fig. 17B,
~35kDa immunoreactive bands are once again present. Importantly, the intensity of
several higher molecular weight immunoreactive V5 bands was reduced, some to
undetectable levels, in immunoblot lanes that were analyzed from preparations using
CPTXksr and CPTlsr mutant elutants (Fig. 18C, lower panel, arrows). Cells transfected
with plasmid coding for CPT1-V5his with or without plasmid coding for LPCAT1 were
also processed similarly as in left panel (Fig. 18C, far right panel). After immunoblots
were briefly exposed to film, LPCAT1 co-expression increased the appearance of slower

migrating CPT1 bands.

CPTker may be resistant to LPCAT1-dependent
degradation

To address the ability of LPCATL1 expression to cause reduction in CPT1 protein,
cells were transfected with plasmids coding for CPT1-V5his or fTid combination
with an empty vector control or with plasmid coding for LPCAT1. Eighteen hours post
transfection, cycloheximide (CHM), a inhibitor of protein synthesis, was added to the
medium to a final concentration of 18u Thirty minutes after CHM treatment, either O,
0.5,1, 2, 3, 4, 8, or 12 h time point cells were harvested, and cell lysates were separated
by SDS-PAGE, transferred to nitrocellulose, and V5 Arattin immunoblot analyses
were performed.(Fig. 19A, B). Densitometry analyses were performed on immunoblots

and plotted relative to t=0. Phase exponential decay line fitting was performed by
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graphing software based on densitometric data (Fig. 19A, B, left) from immunoblots (Fig.
19A, B, right). Cells transfected with plasmid coding for CPT1-V5his and empty vector
plasmid displayed extended protein stability verses cells transfected with plasmids coding
for CPT1-V5his and LPCAT1 (Fig. 19A). Furthermore, a similar approach was used for
Fig. 19B where observed stability of CREA remains constant despite LPCAT1
overexpression. To address statistical significance; | performed two-way Studest's
analyses of individual time points comparing data at specific time points. First, |
observed statistically significant reductions of wild-type CPT1 levels after co-expression
of LPCATL1 over a broad range of time points analyzed as shown in Fig. 19A (upper and
lower panels). CPT}r stability appeared not to be altered by LPCAT1 co-transfection
(Fig. 19, panel B). Data analyzed using one phase exponential decay curves (Fig. 19B
lower panel) indicate no significant difference in protein half-life. | have further
analyzed the data by performing two-way Studetttest analyses of individual time
points that also indicate no significant difference between these data (except at t=4 in
(Fig. 19B upper graph)). Interestingly, different relative levels of protein were detected
at the plateau of the curves (Fig. 19A). There are several possible explanations for the
retention of CPT1 or CPT1 mutants at constant levels during the experimental time
frame. It is possible that cycloheximide concentrations were not sufficient to comparably
affect all cells, leading to a subpopulation of cells still synthesizing protein, and thus a
basal plateau CPT1 protein level is observed. It is also possible that after ~4 h, when
CPT1 and CPTr lysate protein levels appeared to remain constant for the duration of
the experiment, ubiquitin concentration within cells was not sufficient to support proper
ubiquitination and trafficking within cells. Finally, there may also be several pools of
CPT1 within the cell that are resistant to degradation within the time period of analysis;
thus, the stability curve would then reflect degradation of the susceptible CPT1 pool
while the protected CPT1 enzyme pool would remain constant. This also might account

for the final extent of plateau between expressed proteins. To address the latter
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assumption that different pools of CPT1 exist, | further analyzed the data (Fig. 19A
lower), by normalization to respective pseudo end plateau points and renormalization to
set the beginning time points to value of 1. This analysis suggests that the stability of
CPT1 is not significantly different with or without LPCAT1 transfection (Fig. 19C). The
validity of this conclusion drawn from Figure 19C depends on the mechanism of the
plateau present in the upper panel of Figure 19A. If the cause of the plateau is a result of
different pools of CPT1 within cells, which is neither supported nor excluded by
immunofluorescence co-localization studies (Fig. 11), then the normalized data suggest a
similar CPT1 protein stability in cells co-expressing either with CPT1 and Empty or
CPT1 and LPCAT1. However, if the plateau observed is the result of insufficient
ubiquitin trafficking caused by extended cycloheximide treatment, then the data would
suggest that LPCAT1 expression does alter CPT1 protein stability. Therefore, without
currently being able to determine the cause of the flattening of decay curves in CPT1 and
CPTXker protein degradation at 4 h, it is reasonable to suggest that specific ubiquitination
acceptor sites within CPT1 may regulate its stability while CFP-ERT4atability
appears not to be altered by LPCAT1. Finally, a plasmid coding for CFPggPTas
expressed in cells and used for subcellular localization studies. Unlike CFP-CPT1, CFP-
CPTXker failed to co-localize with Lyso-Tracker Red despite overexpression of LPCAT1
or treatment with NECI (Fig. 20A, B). CFP-CPT&Rr does, however, co-localize with
BGT-YFP, similar to CFP-CPTL1 (Fig 20A, white arrows).

Because CPT1 appears to be modified by ubiquitin at multiple sites, | determined
if a CFP-CPT1-ubiquitin fusion protein would localize differently than CFP-CPT1 in
cells (Fig. 21). Cells were transfected with a plasmid encoding CFP-CPT1 or a carboxyl-
terminal ubiquitin linked to CFP-CPT1 (CFP-CPT1x1Ub). Eighteen hours after
transfection cells were treated with Lyso-Tracker for 1 h and fixed. Confocal microscopy
was then used to observe immunofluorescent fixed cells. The merged images obtained

from CFP and Lyso-Tracker signals suggest co-localization of CFP-CPT1 to lysosomal
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compartments (Lyso-Tracker) as evidenced by increases in punctate yellow signals. It is
an important note that CFP-CPT1x1Ub contains ubiquitin at the carboxyl end of the
protein. Since ubiquitin is conjugated to substrates using the carboxyl-terminal end of the
ubiquitin peptide, it is possible that CFP-CPT1x1Ub acts as an ‘extended ubiquitin
peptide’ that is conjugated to other ubiquitinated proteins within the cell. Therefore,
CFP-CPT1x1Ub immunofluorescence data are considered supportive and not
confirmatory of altered localization caused by ubiquitin modification of CPT1. Further
studies may include mutation to the carboxyl-terminal G75 and G76 residues as

demonstrated by Urbanowski et al. [128].

CPT1 mutants are functional and restore de novo PtdCho
synthesis

Previous experiments suggest that CPT1 mutants are less ubiquitinated than CPT1
(Fig. 18). To further determine the activity and effect of the CPT1 K4R and K6R
mutants orde novo PtdCho synthesis, cells were co-transfected with CPT1-V5his alone
or together with a plasmid encoding LPCAT1. Transfected cells were harvested after 18
h, and cell lysates were separated by SDS-PAGE, transferred to nitrocellulose, and
LPCAT1, V5, andB-actin immunoblot analyses were performed (Fig. 22A). For CPT
activity, cells were transfected as above (Fig. 22A) and, after 18 h, cell lysates were used
for functional assays (Fig. 22B). Cells were also transfected as above (Fig. 22A), but at
18 h3[H] choline was added to medium for 2 h to asskEssovo PtdCho synthesis (Fig.
22C). While LPCAT1 overexpression decreased immunoreactive levels of CPT1-V5his
and CPTl4r, levels were comparable to control levels in cells co-expressing the
CPTXker mutant and LPCATL1 (Fig. 22A). Overexpression of each construct led to a
robust increase in CPT activity indicating that proteins were functional (Fig. 22B). Cells
co-expressing recombinant CRJd and LPCAT1 exhibited a ~45% reduction in CPT

activity versus cells transfected with CRJd alone; nevertheless, cells from the former
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group exhibited greater CPT activity than untransfected cells or cells co-transfected with
wild-type CPT1 and LPCAT1 (Fig. 22C). Compared to CPT1-V5his, overexpression of
CPTXker restored both CPT activity and PtdCho synthesis despite LPCAT1 expression
(Fig. 22B, C). As a whole, the data supports CPT1 ubiquitination at highly conserved
lysine residues, and that the CPT1 lysine mutants are resistant or partially resistant to the

inhibitory actions of LPCAT1 within the phospholipid pathway.

E3 ubiquitin ligase #-TrCP) degrades CPT1

To determine the identity of possible ubiquitin E3 ligases responsible for
ubiquitination of CPT1, | transfected a CPT1-V5his construct with plasmids coding for
one of the following E3 ubiquitin ligasep:TrCP, FbxW4, Fbxo4, Fbxol5, or FbxL2.
Cells were collected 18 h post-transfection, and cell lysates were separated by SDS-
PAGE, transferred to nitrocellulose, and V5 immunoblot analyses was performed (Fig.
23). Of the E3 ligases expressed, diyrCP resulted in a detectable decrease in CPT1
protein levels. Thug}-TrCP is one potential CPT1 ubiquitin ligase that targets CPT1 for

its ubiquitination and processing.

Discussion

The PtdCho remodeling pathway is important for enrichment of disaturated lipid
(DPPtdCho) within the surfactant secreted from alveolar epithelial cells. Additionally, the
acyltransferase activity of the remodeling enzyme, LPCATL, is linkel@ twovoPtdCho
synthesis that produces a higher fraction of unsaturated PtdCho phospholipid often
destined for incorporation into cell membranes (Fig. 5). LPCAT1 overexpression
selectively reduced CPT activity, immunoreactive protein levels, and shortened CPT1
stability in lung epithelia (Figs. 6, 9, 19). Exogenously expressed CPT1 also appears to
have extended stability that exceeds other lipogenic enzymes including

hydroxymethylglutaryl-CoA reductase or CCT suggestive of stabilizing ligands or post-
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translational modifications within its primary structure; a recently studied potential
glycosylation site within LPCAT1 was not found to harbor such a modification [100,
129] . A reduced life-span of CPT1 may be an indirect result of increased sorting from
the Golgi to endosomal/lysosomal organelles, compartments known to promote enzyme
degradation. Co-localization of CPT1 with Lyso-Tracker Red was limited and only
observed after simultaneous treatment withy@lFtonsistent with the demonstration that
acidic compartments limit fluorescence of CFP-tagged constructs much like other GFP
fusion proteins [130]. These results suggest that LPCAT1 overexpression leads to
increased CPT1 trafficking to the endosome/lysosomal compartments, where the protein
is rapidly degraded. A key aspect of this processing may involve CPT1 ubiquitination, as
this modification serves as a sorting signal for regulatory molecules, transmembrane
proteins, and cell surface receptors [131].

Ubiquitin can divert proteins either from the cell surface, endosomes, or trans-
Golgi network to lysosome compartments [131]. Much debate exists as to the role of
mono-, multi-, and poly-ubiquitination modifications as a cellular signal, and the
molecular acceptor site of ubiquitin linkage (such as the common K48 or K63) appears to
be just as important if not more important than ubiquitin chain size [47]. Mono-
ubiquitination has been extensively studied as a marker of trafficking and removal of
membrane proteins [132], but in subsequent years the importance and increased
effectiveness of ubiquitin chains for endosomal sorting has emerged [133]. Ubiquitin
K63 linkages are involved in ubiquitination of a yeast plasma membrane protein [133,
134]. There are, however, differential roles of poly/multi-ubiquitination over mono-
ubiquitination of targets. Adaptor molecules or binding partners may associate with
differently formed ubiquitin chains (K63 or K48) or may have varying affinities for
ubiquitin chains allowing for a time-delayed effect for sorting or protein degradation
[135]. For instance, some ubiquitin-binding motifs may show increased affinity for

ubiquitin chains as opposed to a single ubiquitination modification [135].
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Several proteins containing ubiquitin-binding domains comprise the machinery to
assist in the trafficking of ubiquitinated cargos to lysosomes. These cargos may be mono-
ubiquitinated or multi-ubiquitinated, but less often poly-ubiquitinated. Evidence in
support of CPT1 ubiquitination include our observations that (i) CPT1 cellular levels
accumulate after treatment with NEI, which impairs the degradation of ubiquitinated
substrates, (ii) overexpression of ubiquitin decreases CPTL1 levels, (iii) CPT1 effectively
binds a ubiquitin-binding domain peptide, (iv) LPCAT1-dependent reduction in gk T1
stability is not observed, and (v) ubiquitin fusion to CPT1 is sufficient for lysosomal
targeting. Last, expression of CPT1 mutants harboring multiple Lys-Arg substitutions at
candidate ubiquitin acceptor sites led to reduced binding to ubiquitin-binding domain
peptide and resulted in proteolytic resistance to actions of LPCAT1. However, LPCAT1
might still act through nonubiquitin-dependent mechanisms or even indirectly to alter
CPT1 stability. CPT1 mutants still, however, show some degree of residual binding to
ubiquitin-binding domain peptide, suggesting that several yet unidentified lysine residues
partake as ubiquitin acceptor sites when some sites are mutated (Fig. 18C). It is likely
that other downstream events are activated (e.g. E3 ligases) or inhibited (DUBs) after
LPCATL1 overexpression to modulate CPT1 protein stability. Furthermore, expression of
a catalytically inactive LPCAT1 protein containing amino acid substitution af*lises
not alter CPT1 levels or significantly redude novo PtdCho synthesis (Fig. 14). This
suggests a mechanism involving lipid-dependent signaling. Ongoing studies suggest that
beta-transducin repeat containing protgdaT(CP) might serve as a putative E3 ligase
targeting CPT1 for its degradation (Fig. 23).

CPT1 targeting to the endosome/lysosome pathway may also involve GGA
(Golgi-localized, gamma-ear-containing, Arf-binding) proteins that specifically target
Golgi-localized ubiquitinated proteins to lysosomes through the GGA protein GAT
domain [136]. This interaction has been primarily described in yeast but may also occur

in mammalian cells, requiring phosphatidylinositol-4-phosphate kinase lla for optimal
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sorting [137]. Thus, it is possible that LPCAT1-directed CPT1 ubiquitination and
lysosomal targeting requires these GGA-like adaptor molecules for its cellular
trafficking/elimination.

These results do not exclude the possibilities that LPCAT1 triggers poly-
ubiquitination or even mono-ubiquitination of CPT1 as a means to regulate phospholipid
metabolism. In this manner, CPT1 would be modified and processed similarly to receptor
tyrosine kinases that appear covalently attached at multiple or single sites to ubiquitin
[64]. However, it is often difficult to detect mono-ubiquitinated proteins in cells because
the subpopulation of select proteins that are ubiquitinated at any given time is extremely
small [138]. Detection of ubiquitinated proteins also depend on optimal exposure of
autoradiograms. Levels of these ubiquitinated cargos are also regulated by activities of
DUBs, making detection difficult. The use of new approaches, such as ubiquitin-
mediated fluorescence complementation, may aid in resolving detection difficulties in
future studies (54). One intriguing possibility that deserves further study is the hypothesis
that a subpopulation of ubiquitinated CPT1 traffics to lysosomes independently of Golgi-
localized ubiquitin-binding proteins, and through autophagy. This mechanism has
recently been described for lysosomal degradation of long-lived mono-ubiquitinated
proteins during cell stress, requiring the ubiquitin-binding protein p62 [139]. Another
alternative, yet interesting, possibility is the method by which cells dispose of protein by
the use of aggresome formation which delivers proteins to the lysosome using an
endocytic-independent mechanism. Although aggresome cargo is usually comprised of
misfolded cytosolic proteins undergoing endoplasmic associated degradation (ERAD)
[140, 141], evidence of membrane protein aggregation and eventual degradation has been

documented[142].
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Experimental procedures

Materials

The source of murine lung epithelial (MLE) cells, culture medium,
immunoblotting materials and radiochemicals were described previously [8]. Mouse
monoclonal ubiquitin antibody was purchased from Cell Signaling (Danvers, MA). The
pAmCyanl-C1 and pZsYellow-C1 vector was purchased from Clontech (Mountain view,
CA). Lyso-Tracker Red, mouse monoclonal V5 antibody, the To-Pro-3 nuclear staining
kit, the PCRTOPO4.1 cloning kit, pcDNA-DEST40, pcDNA3.1/nV5-DEST, and
pLenti6/V5-Dest cloning vectorsE. coli One Shot competent cells, the pENTR
Directional TOPO cloning kits, LR clonase |l recombinase, Superscript Il RT kit, and
the Gateway mammalian expression system were purchased from Invitrogen (Carlsbad,
CA). Ni?* resin, HIS-select Nickel Affinity gel, Tri Reagent, human KGF, 8rattin
primary mouse monoclonal antibody were obtained from Sigma (St. Louis, MO).
LPCAT1 antibody was generated by Covance (Princeton, NJ). Amicon Ultra-4
centrifugal filter devices were from Millipore (Billerica, MA). The QuickChange site-
directed mutagenesis kit, XL-gold cells, and pCMV-Tagl vector were from Stratagene
(La Jolla, CA). A ubiquitin plasmid was constructed as described [108]. The gel
extraction kit and QIlAprep Spin Miniprep kits were from Qiagen (Valencia, CA).
NucleoBond Xtra Maxi prep kits were obtained from Macherey-Nagel (Bethlehem, PA).
Cycloheximide (CHM) and UbiQapture-Q (Ub Capture) matrix was from Biomol
(Plymouth Meeting, PA). HA-tagged ubiquitin was a gift from Dr. Peter Snyder (U. of
lowa). P1,3-galactosyltransferase 2 goat polyclonal primary antibody was purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). Power CYBR Green PCR master mix
was from Applied Biosystems (Carlsbad, California). All restriction enzymes and ligases
were purchased from New England Biolabs (Ipswich, MA). The TNT coupled
reticulocyte lysate system and RQ1 DNase kit was purchased from Promega (Madison,

WI). All DNA sequencing was performed by the University of lowa DNA Core Facility.
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Cloning primers were purchased from IDT (Coralville, IA). The Zeiss LSM 510
confocal microscope is part of the University of lowa Central Microscopy Research

Facility.

Expression plasmids

The coding sequence available for LPCAT1, CPT1 and CEPT1 on the NCBI
website (NM_145376, NM_144807, NM_133869) were used to construct primers for
cloning of genes from cDNA from mRNA via reverse transcriptase PCR from murine
liver and kidney tissues. Amplified fragments were subcloned into PCRTOPO4.1, and
sequenced, where it was identical to the deposited NCBI LPCAT1 sequence. The
resulting PCRTOPOA4.1 vector served as a source for cloning into pacAd5 CMV IRES
eGFP pA (University of lowa DNA core) using Clal and BamHI restriction sites. For
CPT1 and CEPT1, the Invitrogen® Gateway System was used. Primers constructed
containing CACC overhangs upstream of the 5’ ATG and antisense sequence with (V5-
CEPT1) or without (CPT1-V5his) a stop codon were used for amplification using a blunt
end polymerase and pENTR/D-TOPO per manufacturers’ instruction. LR clonase I
recombinase was used for cloning of CPT1 and CEPT1 sequences into pcDNA-DEST40
or pcDNA3.1/nV5-DEST gateway vectors, respectively (CPT1-V5his, V5-CEPT1).
CPTXksr and CPTksr were constructed by performing site-directed mutagenesis on
CPT1-V5his at K% K#2 K3 K?% (CPTksr) and additionally R and K** for
CPTXker using the QuickChange Il XL Site-Directed Mutagenesis (Stratagene) kit. CFP-
CPT1 was generated similar to CFP-CCT [100]. The CPT1 construct «<gPMas
digested with Bglll and Sall, purified, and ligated into pAmCyan-C1 as described,
generating CFP-CPTdr [108]. Flag-CPT1 was constructed by amplification of CPT1
and ligation into pCMV-Tagl. BGT-YFP (carboxyl-terminal YFP tag) plasmid was
constructed by amplifying or digesting three separate fragments for ligation. First, a

human cDNA was used as a template to amplify the first 249 base pairs of UDP-
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Gal:BGIcNAc B 1,4-galactosyltransferase gene (B4GALT1) (gene bank number
BC045773) with flanking Clal/EcoRV restriction sites. Fragment two was an
EcoRV/EcoRI YFP fragment amplified from pZsYellow-C1. Finally, a pacAd5 CMV
IRES eGFP pA vector and the two amplified fragments were digested with appropriate
restriction enzymes and gel extracted. The BAGALT1 and YFP fragments were ligated
into pacAd5 CMV IRES eGFP pA to gener@@®T-YFP. Tandem Ubi-CFP-CPT fusion
constructs were generated by cloning the ubiquitin coding sequence at the carboxyl-

terminus of CFP-CPT1 using Sall and Apal sites to generate CFP-CPT1xUb.

Cell isolation, culture, and transient transfection

Alveolar macrophages, primary type Il cells, and fibroblasts were isolated as
previously described [109]. MLE cells were maintained in HITES medium (DMEM F12)
with 2% fetal bovine serum at 37 in 5% CQ. After reaching 80% confluency, the cells
were harvested using 0.25% trypsin and 0.1% EDTA and resuspended in medium, and
plated onto appropriate culture dishes containing a 3 ul per 1ug DNA ratio of FUGENEG6
lipofection reagent and appropriate expression vector. After incubation overnight, the
medium was replaced with HITES medium with 2% fetal bovine serum for 8 h before
cell harvesting. In some studies, an Amaxa electroporation device with program T-013
and solution L was used for plasmid transfection of cells. Cells were maintained as
described as above, except, after trypsinization, cells were resuspended in a small volume
of solution L per manufacturer’s directions. Plasmids were transfected into cells or cells
were left untransfected. Medium was aspirated 24 h post-transfection and cells were
treated an additional 24 h with 0% FBS DMEM F12 medium supplemented with or
without NH,CI (25 mM). Cell lysates were harvested by brief sonication in 150 mM
NaCl, 50 mM Tris-HCI, 1 mm EDTA (no EDTA if Ki purification was performed), 2
mM dithiotreitol, 0.025% sodium azide, and 1 mM phenylmethylsulfonyl fluoride (pH

7.4) (Buffer A), at 4°CAlternatively, cells were switched to DMEM F12 media without



84

FBS and treated for 6 h with cycloheximide (CHM) (18 ug/mL) with eitherMH25

mM) or lactacystin (25 uM). Cells were collected in Buffer A + 0.5% Triton X-100 +
0.5% NP-40 and sonicated for further analysis. MLE cells were also exposed to human
KGF (20ng/mL) for 24 h prior to harvest. Rat type Il cells were transduced for 48h with
lentivirus containing LPCAT1 in a pLenti6/V5-Dest vector, constructed at the University

of lowa Gene Transfer Vector Core.

Isolation of microsome fractions

Cells were resuspended in Buffer A and samples first centrifuged at 16,000 x g
for 10 min at 4C. The resulting supernatant was centrifuged at 100,000 x g for 60 min at
4°C. The resulting microsomal pellet was resuspended in a solution containing 250mM

sucrose and 10mM Tris-HCI at pH=7.4 using a 25 G needle.

Phospholipid analysis

Lipids were extracted from equal amounts of membrane protein and levels of the
individual phospholipids quantitated with a phosphorus assay [103]. DPPtdCho was
assayed as before [8]. For PtdCt® novo synthesis, cells were pulsed withdi of
[methyt*H]choline chloride during the final B of incubation with choline deplete
medium. For remodeling activity, cells were labeled with 1.750m4*C] LysoPtdCho
(55mCi/mmol) for 3 h. Total celluldipids were extracted, resolved using thin layer

chromatography (TLC), and processed for scintillation counting [8].

LPCAT activity

Cells were harvested in lysis buffer (250mM sucrose, 10mM Tris-HCI at
pH=7.4), and equal amounts of microsomal cellular protein or cell lysate were used in the
assay. One nmole of 1-palmitosh-glycero-3-phosphocholine was added for every pL of

5x assay buffer (final working concentration 65mM Tris-HCI, pH 7.4, 10mM Md&eI5
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mM fatty acid free BSA, 2mM EDTA) sonicated. 35 pL ofHand cellular protein was
added to 10 pL sonicated assay buffer containing 5 pL 6fqJkcyl-CoA (0.1pCi,
1.8nmole) for a total assay volume of 50 pL. Upon addition df‘G]l-acyl-CoA,
samples were incubated at’G0for 10 min after which the reaction was terminated by
addition of chloroform/methanold® (1:2:0.70 vol/vol). Total cellulalipids from
reaction mixtures were extracted by the method of Bligh and Dyer [104], spotted on
LK5D plates, and PtdChwas resolved using TLC and detected using a Bioscan AR-

2000 scintillation plate reader.

De novo enzyme activities

CPT activity was assayed as described [111]. Each reaction mixture contained 50
mM Tris -HCI buffer (pH 8.2), 0.1 mg/ml Tween 20, 1 mM 1,2-dioleoylglycerol, 0.8 mM
phosphatidylglycerol, 0.5mM*{C]-CDP-choline (specific activity 1,110 dpm/nmol), 5
mM dithiothreitol, 5 mM EDTA, 10mM MgGl and 30-40ug of protein. The lipid
substrate was prepared by combining appropriate amounts of 1,2-dioleoylglycerol (1
mM) and phosphatidylglycerol (0.8 mM) in a test tube, drying under nitrogen gas, and
brief sonication before addition to the assay mixture to achieve the final desired
concentration. The reaction proceeded for 1 h at 37°C and was terminated with 4 ml of
methanol-chloroform-water (2:1:7, vol/vol). The remainder of the assay was performed
exactly as described [111]. A Bioscan AR-2000 plate reader was used for detection of
radiolabeled PtdCho on LK5D TLC plates with data quantified using WinScan software.
PtdCho bands on the LK5D silica plates were also scraped and quantified by liquid

scintillation counting.
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Immunoblot analysis
Immunoblotting was performed as described [100, 112]. The dilution factor for
the LPCAT1, V5, Flag, ang -actin antibodies were 1:2000, 1:2000, 1:5000, and

1:10,000 respectively.

Immunoprecipitation

Cell lysates were also incubated with il HA antibody (Sigma) at 4°C
overnight, incubated with 2(L Pierce protein A/G matrix for 2h, eluted with protein
sample buffer (40% Glycerol, 240 mM Tris/HCI pH 6.8, 8% SDS, 0.04% bromophenol
blue, 2% beta-mercaptoethanol, 1% DTT) prior to immunoblot analysis

[100, 112].

Immunofluorescence microscopy

MLE cells were plated at 30% confluency on 35mm MetTek glass-bottom culture
dishes, and transfected with individual CFP plasmids. Cells were washed with PBS and
fixed with 4% paraformaldehyde for 20min., then exposed to 15% BSA, B-20(B-
galactosyltransferase 2 primary goat antibody and 1:200 Fluorescein (FITC)-conjugated
AffiniPure Donkey anti-goat IgG (H+L) (Jackson Immunoresearch) to visualize the trans-
Golgi; cells were also incubated with an alexa568-labeled goat anti-rabbit secondary
antibody. Nuclei were visualized using To-Pro-3 (1:2000, dilution). Immunofluorescent
cell imaging was performed on a Zeiss LSM 510 confocal microscope using the 458nm,
568nm or 615nm wavelength. All experiments were done with a Zeiss x63 or x100 oll
differential interference contrast objective lens. The 458nm wavelength was used to
excite the CFP-CPT1 fusion proteins, with fluorescence emission collected through a
475nm filter. A 488nm wavelength was used to excite Fluorescein dye, with fluorescence
emission collected through a 505-530nm filter. A 488nm wavelength was used to excite

BGT-YFP, with fluorescence emission collected through a 530-600nm filter. A 613nm
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wavelength was used to excite To-Pro-3 dye, with fluorescence emission collected
through a 633nm filter. Scanning was bidirectional at the highest possible rate

measurement using a digital1X zoom.

UbiQapture-Q matrix pulldown

Cell lysates were incubated with 40 (this symbol did not show up on my
computer) of agarose beads complexed to ubiquitin-binding domain peptide over night at
4°C. An aliquot of pre-bound lysate was also resolved by 10% SDS-PAGE to determine
loading onto the resin. The matrix resin was washed with 5x1 volume of 9:1 PBS to lysis
buffer as described in the Biomol protocol and protein sample buffer was used to elute

bound protein.

Ni?* resin purification

Cell lysates were incubated with 40 mL of His-select nickel affinity gel resin
overnight at 4C. The matrix resin was washed sequentially with a 3x3 bead volume of
Buffer A without EDTA and 0.05% Triton X and 0.05% NP-40, a 2x3 bead volume
of Buffer A without EDTA, 0.005% Triton X, 0.005% NP-40, 500mM NacCl, and 6mM
Imidizole, and finally 1 volume of Buffer A without EDTA, 0.005% Triton X, 0.005%
NP-40, 500mM NacCl, and 200mM imidazole. After 30min, protein sample buffer was
added to the resin/buffer mixture, samples were incubated?@t®®rnight, and proteins

visualized by immunoblot analysis.

Statistical analysis
Statistical analysis was performed by two-way analysis of variance or Student’s

test. Data are presented as mean = S.E.
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Figure 17. CPT1 is ubiquitinated

(A) Cells were co-transfected with ubiquitin, Flag-luciferase (Luc) or Flag-CPT1
expression plasmids with or without NEl treatment (25 mM) for 24 h. Total cell
lysates were separated by SDS-PAGE, transferred to nitrocellulose, and F[agamd
immunoblot analyses were performed (upper). The lower graph represents densitometric
analysis of two Flag immunoblots that are normalizefactin immunoreactive levels,
and the value of Flag-CPTL1 signal transfected alone (far left lane). Flag-Luc is not
represented in the graph. (B) Cells were transfected with plasmids coding for Flag-CPT1,
HA-ubiquitin, CPT1-V5his, with or without LPCAT1. Transfected cells were incubated
for 18 h and then treated with WEl (25mM) for 24h using methods previously
described. Cell lysates were separated by SDS-PAGE, transferred to nitrocellulose, and
Flag immunoblot analysis was performed (Input). Cell lysates from above were also
incubated with HA antibody/protein A/G matrix, eluted, and separated by SDS-PAGE,
transferred to nitrocellulose, and Flag immunoblot analysis performed (lower).
NS=nonspecific bands; arrows denote CPT1 or higher migrating CPT1-Ub conjugates.
Results are from at least two individual experiments. Mean = S.D. was calculated in

panel (A), lower bar graph.
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Figure 18. Slower migrating CPT1 is conjugated to ubiquitin

(A) Cells were transfected with plasmid coding for CPT1-V5his (CPT1) or CCT-
V5 (CCT) or left untransfected (MLE) and after 18 h, cells were treated wittCNH
(25mM) for an additional 6 h. Cells were harvested and cell lysates were incubated with
Ni?* resin at 4C for 4 h. Nf* resin bound protein was eluted separated by SDS-PAGE,
transferred to nitrocellulose, and V5 immunoblot analysis was performed. (B) Schematic
of candidate ubiquitin acceptor sites targeted for generation of multiple K-R CPT1-V5his
mutants. The CPTir mutant harbors mutations at?® K?¥, K3 K**2 and the
CPTker construct also harbors substitutions at these sites aHdard K% (C) (left
blot) CPT1, CPTlr, CPTker, and luciferase-V5 (Luc) coding plasmids were
transfected into cells; after 18 h cells were exposed tgCNE25mM) for 24 h and cells
were harvested. Cell lysates were separated by SDS-PAGE, transferred to nitrocellulose
and V5 immunoblot analyses performed (Input). Cell lysates were also incubated with
Ub Capture matrix (£ for 4 h), eluted, and elutants were separated by SDS-PAGE,
transferred to nitrocellulose and V5 immunoblot analyses performed (lower). Arrows
indicate slower migrating bands that exhibit differential levels of intensities between
recombinant CPT1 and mutant constructs. Right blot: untransfected cells, or cells
transfected with plasmids coding for CCT, CPT1 alone, or co-transfected with LPCAT1
coding plasmid. Cell lysates were subjected to the same protocol as above using the Ub
Capture matrix. All panels were exposed extensively to detect ubiquitinated products
except the far right panel. Results are representative of at least three individual

experiments.
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Figure 19. LPCAT1 does not alter CRgA stability

(A-B) Cells were co-transfected with plasmid coding for CPT1 or GxTith
either an empty (E) or LPCATL1 coding plasmid and incubated in medium containing
CHM (18uM). Cells from each group were harvested at times after CHM treatment and
cell lysates were separated by SDS-PAGE, transferred to nitrocellulose, and V5
immunoblot analyses performed (right) and densitometric analyses of autoradiograms
were performed (left). Separate experiments were performed as above analyzing
additional time points (A-B, lower). The starting (0) hr time point was normalized to
equal 1 for each test group. Results are from at least two separate (upper) or at least three
(lower) individual experiments. Best-fit lines are a result of one phase exponential decay
line fitting performed by Prism graphing software. Two-way Studentesst analyses
were also performed on individual time points comparing data. . (C) Data represented in
panel A (lower) were normalized against either group’s respective protein plateau value.
This value was then normalized for a starting (0) hr time point equal to 1. Mean = S.D.
(upper graphs) or mean £ S.E (lower graphs and C) was calculated. *p<0.05 versus

controls.
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Figure 20. CPTdr is not trafficked to the lysosome upon LPCAT1 overexpression

(A-B) Cells were transfected with plasmid coding for CFP-G&Hd &lone or in
combination withBGT-YFP or LPCAT1 coding plasmids. Cells expressed (A) CFP-
CPTker andBGT-YFP, were fixed, and immunofluorescence analyses were performed
using a confocal microscope. Arrows indicate co-localization of CFP-(gRMith
BGT-YFP. In (B), transfected cells were exposed to medium containin@INBE5mM)
for 24 h. Cells were allowed to recover (no /44 for 2 h prior to incubation with Lyso-

Tracker dye for 1h. Cells were then fixed and visualized by confocal microscopy.
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Figure 21. CPT1 ubiquitin fusion proteins target to the lysosome

MLE cells were transfected with plasmids coding for CFP-CPT1 and CFP-CPT1-
1xUb (schemes upper). After 18 h, cells were incubated with Lyso-Tracker dye for 1h.

Cells were then fixed and visualized using confocal microscopy.



1xUb

CFP

GPT1

CFP

CPT1

LysoTracker

97



98

Figure 22. CPT1 K»R mutants are resistant to LPCAT1-induced degradation

(A) MLE cells were un-transfected or transfected with plasmid coding for CPT1-
V5his, CPTk4r, or CPTkgr alone or in combination with LPCAT1 coding plasmid, and
cell lysates were separated by SDS-PAGE, transferred to nitrocellulose, and LPCAT1,
V5 (CPT1), and3-actin immunoblot analyses were performed (A). CPT activity assays
were performed on above lysates (B). Cells were transfected as described above and,
after 18 h, were treated withH] choline for 2 h. Cell lysates were harvested, dad
novo PtdCho synthesis assays were performed. (C). Results are from at least three
individual experiments, and mean £ S.E. was calculated in panels B-C. *p<0.05 versus

paired controls.
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Figure 23. E3 Ubiquitin ligasg{TrCP) overexpression causes CPT1 degradation

Cells were transfected with plasmid encoding CPT1-V5his and a plasmid coding
for one of the following E3 ubiquitin ligases: no ligase (NFJTrCP, FbxW4, Fbxo4,
Fbxol5, or FbxL2. Cells were collected 18h post-transfection. Cell lysates were
separated by SDS-PAGE, transferred to nitrocellulose, and V5 immunoblot analyses were

performed. Results are representative of at least three individual experiments.
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CHAPTER IV
B-TrCP TARGETS LPCAT1 FOR POLYUBIQUITINATION

Abstract

A recently discovered acyltransferase, LPCAT1, has been implicated as the key
enzyme responsible for PtdCho remodeling in lung epithelia [10, 11]. Substrate
specificity, enzymatic cation requirements, and binding affinities have been measured for
this enzyme, but cellular and physiologic responses to possible protein modifications
such as phosphorylation have not been investigated. LPCAT1 has been described as a
membrane-associated enzyme, similar to other lipogenic enzymes. Because, ubiquitin
modification is a common modification regulating the behavior and fate of membrane-
associated lipid synthesizing enzymes, | pursued studies on LPCAT1 protein stability. |
confirmed the ability of recombinant ubiqutin-HA to become attached to LPCATI1,
suggesting LPCAT1 is ubiquitinatea vivo. Through the use of transient transfection of
multiple candidate E3 ubiquitin ligases into lung cells, my analyses suggeptThaP
is an E3 ubiquitin ligase potentially responsible for LPCAT1 ubiquitination. Preliminary
data suggest LPCATL1 is phosphorylateditro, consistent with the known ability @f
TrCP to bind phosphorylated substrates. Decreased LPCAT1 activity and retfGded [
palmitate incorporation into cellular PtdCho (a marker of lipid synthesis) were observed
in LPCAT1/B-TrCP co-transfected cells. UsifigTrCP as a probe to trigger LPCAT1
degradation, MG-132 (a proteasomal inhibitor) was found to prevent LPCATL1
degradation. LPCAT1 degradation was not prevented in cells treated wi@l NH
leupeptin (acidifies lysosomal compartments or inhibits serine and cystine proteases,
respectively). Other work shows immunoprecipitation of LPCAT1, followed by
immunoblotting with anti-Ub antibodies, results in accumulation of high molecular

weight ubiquitin conjugates. To further map ubiquitin acceptor sites within LPCATL1, |
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constructed multiple carboxyl-terminal truncation mutants. Research in progress
examines the ability of overexpresged rCP to degrade mutants, and mapsftieCP
binding site within LPCAT1. Overall, these preliminary observations indicate that
LPCATL is ubiquitinated by the E3 ubiquitin ligageTrCP, and subsequently processed

for degradation within the 26S proteasome.

| ntroduction

Surfactant PtdCho is relatively unique because it is selectively enriched with
16:0/16:0 molecular species (DPPtdCho) on the phospholipid glycerol backbone and this
species of DPPtdCho is not the primary product of the remodeling lipid synthesis
pathway in lung type Il cells. Indeed, perhaps ~55-75% of surfactant PtdCho is
synthesized by the remodeling pathway with the remainder generatete movo
synthesis [17, 18, 143]. This pathway involves first cleavage of unsaturated PtdCho at
thesn-2 position by a calcium-independent phospholipasgeAerating LysoPtdCho and
then re-acylation by an acyltransferase with a palmitate (16:0) fatty acid species,
generating DPPtdCho. It is known that the calcium-independent phospholipase A2 is
indispensable for surfactant homeostasis during lung development [90]. Relativeléo the
novo pathway, however, very limited data is available about the molecular and
biochemical regulation of the remodeling pathway.

Until recently, the identity of the acyltransferase with substrate specificity for
16:0 palmitate remained elusive. In chapter II, | performed qrt-PCR experiments with
specific primers detecting LPCAT1, and the two related species LPCAT2 and LPCATS3,
to determine relative expression of these candidate acyltransferases (Fig. 3). The grt-
PCR data suggest LPCAT1 may be the acyltransferase important for surfactant synthesis
because it is most abundant in mouse type Il cells, the cells responsible for surfactant

production, compared to nonsurfactant-secreting cells. Indeed, our results are consistent
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with recent studies that have identified LPCAT1 as the putative acyltransferase
responsible for lipid remodeling in lung type II cells [10, 11].

| have previously described the cellular consequences of the overexpression of
LPCAT1 and its ability to down-regulatte novo PtdCho synthesis. Because PtdCho,
and specifically DPPtdCho, is critical for lung cell survival and some lipogenic enzymes
are regulated at the level of protein stability [81, 100], | investigated the cellular
mechanism for LPCAT1 degradation. In chapter Il, | have demonstrated the ability of
keratinocyte growth factor (KGF) to stimulate an increase in LPCAT1 activity and
protein levels. Although LPCAT1 activity and LPCAT1 mRNA transcript levels increase
almost 10-fold in response to glucocorticoids [10], almost nothing is known about this
enzyme’s post-translational regulation. The lung must have intrinsic control mechanisms
at the molecular level to rapidly increase levels of LPCATL1 at times when the need for
surfactant DPPtdCho increases. Although transcriptional control, mRNA translational
efficiency, or mRNA stability are attractive mechanisms for LPCAT1 control, these
processes may be delayed and not rapidly responsive in times of cellular stress. Thus, it is
possible that post-translational control also plays a role as an early event in controlling
levels or functionality of LPCATL1. In this regard, nmyvitro data indicate that LPCAT1
is a substrate for phosphorylation. LPCAT1 phosphorylation increases its activity; this
mechanism might also modify LPCATL1 vulnerability to proteolysis, change localization,
or allow for binding to different partners as described elsewhere [144-146].

Herein, | hypothesized that the PtdCho remodeling enzyme LPCAT1 is regulated
by protein ubiquitination. Consistent with this hypothesis, my preliminary data showing
that LPCAT1 is phosphorylated makes it a potential target for several E3 ubiquitin
ligases. My studies indicate thgtTrCP may be one E3 ubiquitin ligase involved in
recognition of LPCAT1 for subsequent degradation within the proteasome.

Investigations on the protein stability of LPCAT1 will provide new insight into the
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molecular apparatus involved in control of the enzymatic behavior of this key protein in

surfactant lipid homeostasis.

Results

LPCATL1 is phosphorylated in vitro

Phosphorylation is a modification common to many membrane-bound enzymes
and receptors, most notably receptor tyrosine kinases. Our laboratory has studied PtdCho
enzymes that are phosphorylated (CCT) by proline-directed kinases. As most
phosphorylated proteins have tyrosine, serine, or threonine residues as acceptor sites, |
first determined if LPCATL is phosphorylatedvitro. First, MLE cells wergransfected
with plasmid coding for LPCAT1-V5. Cells were then harvested after 18 h, and cell
lysates de-phosphorylated withphosphatase (PPase) (Fig. 24A) or left untreated with
phosphatase (Fig. 24B). Then, lysates were treated with sodium orthovanadate to inhibit
PPase activity (Fig. 24A), and lysates were phosphorylated using protein kinase C (PKC)
in the presence 6fP+-ATP (Fig. 24A, B). A LPCAT-V5 V5 immunoprecipitation was
performed, and elutants were separated by SDS-PAGE, transferred to nitrocellulose, and
blots exposed to X-ray films for detection &P incorporation (Fig. 24A, B upper)
followed by LPCAT1 immunoblot analyses (Fig. 24A, B lower). Data presented in the
upper panels of Figure 24A and 24B do show non-specific signals in the lanes not treated
with PKC. Non-specific signals may be the result of insufficient washing of the protein
A/G matrix used for immunoprecipitation, or endogenous kinase activity.

Microsomal fractions (ER and Golgi sub-fractions of cell lysate obtained from
centrifugation) were also collected from untransfected cells incubated for 1.5h with
buffer alone (CON) or with 10 or 15 units of alkaline phosphatase (AP) or with heat-
denatured AP (dCON) as a control. Samples were then separated by SDS-PAGE,
transferred to nitrocellulose, and LPCAT1 immunoblot analysis performed (Fig. 24C) or

lysates were assayed for LPCAT enzyme activity (Fig. 24D). Immunoblot analysis
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reveals that phosphatase treatment alters the migration of a subpopulation of detectable
LPCAT1 (Fig. 24C). The altered LPCAT1 population migrates more slowly by SDS-
PAGE and phosphatase treatment decreases the prevalence of the slowest migrating
detectable band, which is consistent with phosphorylation. Interestingly, the phosphatase
treated microsome fractions also display decreased LPCAT activity, suggesting that
phosphorylated LPCAT1 may be more enzymatically active (Fig 24D). These results
demonstrate for the first time that LPCAT1 may be regulated by phosphorylation and that

LPCAT1 is phosphorylated in response to the addition of PKC in vitro.

LPCATL1 is ubiquitinated in vivo

LPCATL1 is a transmembrane protein, associated with the endoplasmic reticulum
(ER) that harbors from 1-3 transmembrane domains within its amino-terminus and
contains a KKXX di-lysine ER retention signal at its carboxyl-terminus. It is common
for transmembrane proteins to be trafficked through the endocytic pathway via their
ubiquitination [127, 131, 147]. It is also possible that LPCAT1 could be proteolytically
cleaved and degraded within the cytosol by the proteasome or degraded while still
attached to the ER membrane [148]. To determine if LPCAT1, similar to CCT or CPT1,
is ubiquitinated, | transfected MLE cells with plasmids coding for LPCAT1, LPCAT1-
V5his, or Flag-his-LPCATL1 in combination with or without HA-ubiquitin plasmid (Fig.
25 A and B). Cells were harvested and cell lysates was separated by SDS-PAGE,
transferred to nitrocellulose, and V5 and LPCAT1 immunoblot analyses were performed.
Immunoblot analyses revealed the presence of several higher molecular weight forms of
LPCAT1 that were enriched in cells co-expressing HA-ubiquitin (Fig. 25A, * indicate
distinct band). The co-expression of HA-ubiquitin allowed for the detection of higher
molecular weight forms of ubiquitin that are conjugates of modified proteins. Cell
lysates used in Fig. 25A were also used in HA immunoprecipitation experiments (Fig

25B). After HA immunoprecipitation, elutants were separated by SDS-PAGE,
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transferred to nitrocellulose, and V5 immunoblot analyses were performed. Immunoblot
analysis for detection of LPCAT1-V5his suggests the enzyme is associated with HA-
ubiquitin by detection of several conjugates of LPCAT1-V5his with a ladder banding
pattern indicative of poly-ubiquitination chains (Fig. 25B, * indicates distinct band).

Thus, these observations, though preliminary, suggest that LPCAT1 may be

ubiquitinated.

STrCP  E3 ubiquitin  ligase regulates LPCAT1
ubiquitination

The recognition of substrates by some SCF E3 ubiquitin ligases is dependent upon
phosphorylation [83-86]. One such E3 ubiquitin ligase, termed beta-transducin repeat-
containing protein[{-TrCP), was thus a candidate for LPCAT1 ubiquitination because
primary targets off-TrCP-mediated ubiquitination are phosphorylated. Therefore, |
chose to transfect several plasmids encoding candidate SCF ubiquitin E3 ligases into cells
to determine the identity of a putative LPCAT1 E3 ubiquitin ligase. | transfected MLE
cells with plasmid coding fop-TrCP and other plasmids coding for candidate SCF E3
ligases: FbxW4, Fbxo4, Fbxol5, or FbxL2; untransfected MLE cells served as a negative
control. Eighteen hours later, cells were harvested and cell lysates were separated by
SDS-PAGE, transferred to nitrocellulose, and LPCAT1 [asadtin immunoblot analyses
were performed (Fig. 26A, upper). The data suggest that endogenous levels of LPCATL1
decrease significantly with co-transfection RATrCP when compared to control and
other candidate E3 ubiquitin ligases. Preliminary data show that endogenous LPCAT
activity afterp-TrCP transfection also decreases (Fig. 26A, lower). To further determine
the effects of B-TrCP overexpression on LPCAT activity and PtdCho synthesis,
LPCAT1-V5his coding plasmid was expressed in cells with or without overexprgssed
TrCP coding plasmid. Cells were harvested, cell lysates were separated by SDS-PAGE,

transferred to nitrocellulose, and V5 afiehctin immunoblot analyses were performed
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(Fig. 26B). Cell lysates were also used in LPCAT activity assays (Fig. 26C). Cells
transfected as above (Fig. 26C) and were labeled ¥thpalmitate for 5 h and cell
lysates were collected. Lipid extractions were performed on lysates and TLC analysis
separated radio-labeled PtdCho for measurement (Fig 26D), a marker of phospholipid
synthesis and remodeling. Data presented in Fig. 26 show that both endogenous and
recombinantly expressed LPCATL1 protein are reduced in cells overexpr@ssni?
when compared to controls. Also, down-regulation of LPCATL1 protein levels relates to
an observed decrease in cellular LPCAT and palmitate incorporation into PtdCho.

Finally, cells transfected with plasmid coding for LPCAT1 with or withput
TrCP coding plasmid were exposed to MG-132 (proteasome inhibitor), leupeptin
(lysosome inhibitor), or no inhibitor followed by lysates separation by SDS-PAGE,
transfer to nitrocellulose, and LPCAT1 immunoblotting or LPCAT1 immunoprecipitation
followed by separation of elutants by SDS-PAGE, transfer to nitrocellulose, and ubiquitin
immunoblotting (Fig. 27A, B). In experiments presented in panel A and B, inhibitors
were added individually 18h post-transfection and incubated with cells for 18h. It is
therefore possible that earlier application of agents or longer exposure to the inhibitors
would enhance appearance of ubiquitinated LPCAT1. Higher molecular weight bands of
LPCATL1 appear in MG-132-treated cells overexpresfiigCP and are more apparent
after prolonged exposure of immunoblots (Fig. 27A, lower). LPCAT1 immunoblots from
immunoprecipitation experiments show significant smearing in the lane containing MG-
132-treated cells overexpressipd rCP (Fig. 27B). Cells treated with leupeptin did not
show LPCAT1-Ub conjugates; however these species may be less prevalent and masked
by the non-specific heavy chain signal. As a whole, these results suggest that the
proteasomal pathway may contribute to LPCAT1 degradation. Importantly, although
Fig. 27B does not support the hypothesis that LPCAT1 accumulates upon lysosome

inhibition, Fig. 27A appears to support this hypothesis suggesting that different
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immunoprecipitation conditions may be necessary to detect LPCATL1 that is trafficked

though the lysosome.

STrCP E3 ubiquitin ligase may bind LPCAT1 atatsino-
terminus

| next began to investigate where LPCAT1 may be ubiquitinated and Where
TrCP may be bound to LPCATL1. By constructing and transfecting expression plasmids
encoding truncated LPCAT1 in MLE cells, | assessed the ability-DFCP to cause
downregulation of LPCAT1 and LPCATL1 truncation mutants. Figure 28A represents a
diagram of LPCAT1 with numerical labels for molecular sites corresponding to LPCAT1
truncation mutants. The diagram also highlights major domains within LPCAT1. First,
LPCAT1, LPCATLi93, LPCATIgesn, or LPCAT1 8 coding plasmids  were
overexpressed with or without plasmid codingffefrCP. Following an 18 h incubation
post-transfection, cell lysates were separated by SDS-PAGE, transferred to nitrocellulose,
and V5 and3-TrCP immunoblot analyses were performed (Fig. 28B)IfCP seems to
be overexpressed in all cases except for the LPGg&droup, which would account for
the unchanged levels of immunoreactive LPC&#&lin the pictured immunoblotin
another experiment, the three LPCAT1 truncation mutants were again overexpressed with
B-TrCP and treated with MG-132 (Fig. 28C). In all cases, MG-132 triggered
accumulation of V5 signal, suggesting that the mutants are still regulated by
ubiquitination. | would like to note that the immunoblot shown in Figure 28C is
overexposed to emphasize the accumulation of higher molecular weight conjugates which
makes it is difficult to determine B-TrCP effectively triggered LPCAT1 degradation.
Furthermore, very few if any detectable higher molecular weight conjugates were
identified for LPCATZX2s.. The data are preliminary but of interest because they
demonstrate for the first time that LPCAT1 may be ubiquitinate@-ByCP and this

process likely occurs within a series of acceptor sites within a yet undefined amino-
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terminal region of the enzyme. | am currently mapping these LPCAT1 ubiquitination
sites with better precision; | will also map a possipldrCP binding site within

LPCAT1.

Discussion

Until recently, enzymatic studies relating to PtdCho synthesis have centered on
the rate-limiting enzyme, CCT, in the CDP-cholineder novo pathway because of its
pivotal role in biosynthesis of this important phospholipid. Various groups, including our
own, have discovered a new class of proteins exhibiting acyltransferase activities with
varying substrate requirements for acyl-CoA and LysoPtdCho. | have previously shown
in chapter Il and Il of this thesis that, for the first time, LPCAT1 is an acyltransferase
that regulates the enzymatic behavior of CPT1 withindégneovo pathway to maintain
lipid homeostasis in lung epithelia. This “cross-talk” occurs through ubiquitination of
CPT1 carboxyl-terminal lysine residues leading to enzyme degradation. The biological
importance of this discovery is that lung cells harbor an exquisite mechanism to shift the
type of phospholipids from “nonsurfactant” to “surfactant” (DPPtdCho) under conditions
when LPCAT1 mass is increased to preserve lung structure and function by increasing
surfactant secretion into airways. The observation that CPT1 [82] and CCT [149] are
highly regulated at the level of protein stability suggest a central role of the ubiquitin
modification system in potentially governing the life-span of many lipogenic regulatory
enzymes. Thus, the overall goal of the studies outlined within chapter 1V is to examine
the molecular mechanisms whereby LPCAT1 is regulated by protein ubiquitination
within the cellular degradation pathway. My studies have attempted to determine the
functional consequences of LPCAT1 modification within lung epithelial cells as it
pertains to phospholipid (specifically surfactant) homeostasis.

Prior studies suggest that LPCAT1 is critical for DPPtdCho production and

surfactant secretion in cells, as targeted deletion results in lethality and disrupted



111

surfactant balance [150]. To further investigate LPCATL1 regulatory networks involved
in its disposal in cells, | determined enzyme protein stability. Because of the similarity of
enzymatic products, substrates and the proposed membrane-bound nature of LPCAT1
and CPT1, | explored ubiquitination as one cellular mechanism for regulation.
Interestingly, both enzymes appear to be regulated by a putative E3 ubiquitin fligase,
TrCP. The discovery of LPCAT1 modification by ubiquitin conjugation is significant in
the fact that none of the currently discovered lipid recycling acyltransferases have been
shown to be regulated in this manner.

Thus far | have not been able to detect altered ubiquitination or susceptibility to 8
TrCP overexpression in the LPCAT1 truncation mutants studied. Current mutants,
LPCATLi103, LPCAT 1965y and LPCAT %2, all appear to be ubiquitinated and degraded
with B-TrCP overexpression. Truncation analysis has its limitations, as there is no
argument that protein structure is altered which may activate other methods of mutant
degradative clearance of a misfolded protein or a buried degradation signal could be
exposed, for instance. A more precise method of determining molecular interaction sites,
within enzymes, involves amino acid substitution mutants. Primary structural analysis of
LPCATL1 has revealed two potent@TrCP binding sites, one residing within the amino-
terminal half and another located near the carboxyl-terminal end. Current studies are
focusing on Se®Arg mutants to inhibit phosphorylation at a likely phosphorylation-
dependent motif —S-X-X-X-S- wherebfy-TrCP binds LPCAT1; further testing will
involve the use of various mutants containing substitutions of several lysine residues in
the region of the proposed binding site to also determine a putative lysine ubiquitination
site. One potential limitation is that proposed truncation mutations within LPCAT1
might alter enzymatic catalytic behavior or topology. Thus, the determination of the
mechanism of LPCAT1 regulation will be based on truncation studies but will be
complemented with internal and point mutants with the aim of minimizing the effect on

overall LPCATL1 structure. Nevertheless, the hypothesis that critical serine residues
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within this motif are important fop-TrCP docking to LPCATL1 is consistent with ability

of B-TrCP to associate directly with phosphoserine-enriched binding motifs within its
targets. | will also attempt to determing3HTrCP binding is required for ubiquitination
and proteasomal degradation of LPCATL1.

Unlike CPT1 ubiquitination, LPCAT1 is ubiquitinated and may be processed
though the proteasome. Classically, membrane proteins are cleared and degraded
through the lysosomal pathway. It is believed that LPCAT1 is bound to the ER
membrane, but with fewer membrane-spanning domains than CPT1. As LPCAT1
contains transmembrane domains only within the amino-terminus, it may be degraded
differently than proteins containing membrane-spanning domains throughout their
sequences. For instance, it is possible that the enzyme is proteolytically cleaved and
escorted to the proteasome or degraded while still attached to the ER membrane. Recent
studies and reviews suggest a role for ubiquitination in Endoplasmic Reticulum
associated degradation (ERAD) which may yield information regarding ubiquitination of
ER-associated proteins in general [85, 151]. By extension, ER proteins may be
ubiquitinated, treated as if misfolded, translocated, and degraded by the proteasome in a
process similar to the ERAD [151]. | would like to note that there are inherent problems
associated with long term inhibition of the proteasome pathway which lead to low
availability of ubiquitin peptide, since the proteasome is unable to cleave many of its
products and recycle conjugated ubiquitin. Inhibition of the proteasome can also arrest
the cell cycle and cause cell death [152].

Phosphorylation is necessary for many SCF complexes to bind and ubiquitinate
their substrates [153]. Future studies will explore the role of reversible phosphorylation
of LPCATL1 with respect to ubiquitination, in response to specific kinases (e.g. PKC).
One method | may utilize will involve the incubation of PPase in cells expressing
LPCATL1 or LPCAT1 mutants in combination with or with@4T rCP, prior to cell lysis.

After treatment, LPCAT1 protein levels and cellular activity will be measured; LPCATL1
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will be immunoprecipitated, and relati$eTrCP binding will be assessed. | hypothesize
that de-phosphorylation would negatively affect LPCAFLICP binding and would
therefore also protect LPCAT1 from degradation. As a complementary approach,
LPCAT1-transfected cells could be harvested and treated with PPase before or after
LPCAT1 immunoprecipitation. [f3-TrCP binding to LPCATL1 is phosphorylation-
dependent, then PPase treatment would effectively de-phosphorylate LPCAT1, leaving 3
TrCP unbound to its substrate. If necessary, LPCAT1 phosphorylation mimetics could be
used as controls in these experiments. Such studies will help elucidate the molecular
signatures required for LPCAT1 ubiquitination pyrCP.

When | searched for potential phosphorylation sites within LPCAT1, NetPhos 2.0
server database analysis suggested that several signatures were presefitTirCte
binding site. The major predictor offaTrCP binding site is the presence of two serine
residues with three to four intervening amino acids. Although ori¥alCP binding
was described as having a flexible glycine residue between the serine residues, that is no
longer considered a prerequisite foBarCP binding motif [153]. Interestingly, one
article suggests it is the charge of the substrate binding site and not necessarily
phosphorylated serine residues that are sufficient to alloW3forCP binding [154].
LPCAT1 contains a potenti@l TrCP binding site in a conserved region of the enzyme at
S'® and $%2 Thus, mutation of these residues will allow us to potentially describe the
docking site within LPCAT1 utilized by-FrCP.

Although the kinase(s) responsible for LPCAT1 phosphorylation is/are not
known, prediction programs can aid in the identification of phosphorylation sites and
potential kinase phosphorylation motifs. Prediction programs such as the internet based
Calmodulin Target Databasalthough only suggestive, describe LPCAT1 as a potential
calmodulin binding partner based upon several factors known to contribute to calmodulin
binding (hydropathy, alpha-helical propensity, residue charge, and other characteristics).

Calmodulin binding could be a potentially interesting method of LPCAT1 regulation
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related to its phosphorylation and degradation by ubiquitination. It has been described
that calmodulin recruits calmodulin kinase to various substrates for their phosphorylation
[155]. In this manner, LPCAT1 may be phosphorylated by calmodulin kinase Ifefore
TrCP is able to bind LPCAT1.

Interestingly, LPCAT1 may also be negatively regulated by cations, but results in
the literature are conflicting. Some initial studies included My activity assays, and
others described activity as Kfgand C&'-independent [10, 11]. Although LPCAT1
activity was described as €dndependent, after careful analysis, cations may be
inhibitory to LPCAT1 enzymatic activity [94]. The study of cation regulation of
LPCAT1 was proposed because of the prediction of EF-hand-like motifs present in the
carboxyl- terminus of LPCAT1. These motifs may bind'Gand inhibit activity. Many
mechanisms may account for increased intracellulaf* @ancentration in cells
undergoing apoptosis such as: i)?Caelease from organelles into the cytosol, ii)
increased CA influx, or iii) decreased G efflux. These mechanisms, alone, or in
concert, lead to the increase of cytosoli¢‘Cabove the normally observed loweM
range in the cytosol or ~1-2mM concentrations present in surfactant [156-158]. The
increase of calcium ion concentration causes cytosolic phospholipase and protease
enzymes to be activated, and when coupled with several signaling responses, leads to the
demise of epithelia [156]. Strains of bacteria involved in pneumonia have also been
implicated in the increase of cellular Cdevels, which cause topographical changes in
another lipogenic enzymes such as CCT [155]. Further studies are necessary before the
Cd*-dependent localization change of LPCAT1 is confirmed, but this observation will
eventually determine if LPCAT1 enzyme localization change is inhibitory or destructive
to LPCAT1 or lung surfactant in general. Interestin@irCP has at least two known
isoforms, one of which is located in the nucleus[102]. It would indeed be intriguing to
determine if, by a novel mechanism, LPCATL1 is trafficked to the nucleus in time$‘of Ca

influx leading to its ubiquitination by-TrCP. Thus, cytosolic G& increase during
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apoptosis appears to serve as an intrinsic signal that could also inhibit LPCAT1 function,
limiting PtdCho remodeling.

The studies in this chapter begin to address the lack of biochemical information
available in the field of phospholipid biochemistry as they relate to the molecular
regulation of acyltransferases (LPCAT1), the major enzyme involved in surfactant
phospholipid remodeling. Determining the molecular factors that govern LPCAT1
protein stability by ubiquitination provides a new model for cellular control of lipid
remodeling. Further studies will need to assess this mechanism using more sophisticated
in vivo systems (conditional-regulated E3 ligase components in murine systems,
knockouts, etc.) to assess apoptotic cellular responses and surfactant in the context of
lung injury. Inhibition of LPCAT1 degradation by use of small molecule G.CP)
antagonists may prove to be a more viable strategy of surfactant supplementation in

patients with critical illness.

Experimental procedures

Materials

The source of murine lung epithelial (MLE) cells, culture medium,
immunoblotting materials and radiochemicals were described previously [8]. Mouse
monoclonal ubiquitin antibody was purchased from Cell Signaling (Danvers, MA).
PCRTOPOA4.1 cloning kit and pcDNA-DEST40 cloning vectht, coli One Shot
competent cells, the pENTR Directional TOPO cloning kits, LR clonase Il recombinase,
Superscript Il RT kit, and the Gateway mammalian expression system were purchased
from Invitrogen (Carlsbad, CA). Riresin, HIS-select Nickel Affinity gel, Tri Reagent,
human KGF, an@-actin primary mouse monoclonal antibody were obtained from Sigma
(St. Louis, MO). LPCAT1 antibody was generated by Covance (Princeton, NJ). Amicon
Ultra-4 centrifugal filter devices were from Millipore (Billerica, MA). The QuickChange

site-directed mutagenesis kit, XL-gold cells, and pCMV-Tagl vector were from
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Stratagene (La Jolla, CA). A ubiquitin plasmid was constructed as described [108]. The
gel extraction kit and QIAprep Spin Miniprep kits were from Qiagen (Valencia, CA).
NucleoBond Xtra Maxi prep kits were obtained from Macherey-Nagel (Bethlehem, PA).
Cycloheximide (CHM) and UbiQapture-Q matrix was from Biomol (Plymouth Meeting,
PA). HA-tagged ubiquitin was a gift from Dr. Peter Snyder (U. of lowa). All restriction
enzymes and ligases were purchased from New England Biolabs (Ipswich, MA). RQ1
DNase kit was purchased from Promega (Madison, WI). All DNA sequencing was
performed by the University of lowa DNA Core Facility. Cloning primers were

purchased from IDT (Coralville, 1A).

Expression plasmids

The coding sequence available for LPCAT1 on the NCBI website (NM_145376),
was used to construct primers for cloning of genes to cDNA from mRNA via reverse
transcriptase PCR from murine liver and kidney tissues. Amplified fragments were
subcloned into PCRTOPOA4.1, and sequenced, confirming identity to the deposited NCBI
LPCAT1 sequence. The resulting PCRTOPOA4.1 vector served as a source for cloning
into pacAd5 CMV IRES eGFP pA, (University of lowa DNA core) using Clal and
BamHI restriction sites. For LPCAT1-V5his and LPCATh, LPCAT196s, and
LPCAT172e (truncation numbers represent LPCAL base pdhs)invitrogen® Gateway
System was used. Primers containing CACC overhangs upstream of the 5 ATG and
antisense sequence without a stop codon were used for amplification using a blunt end
polymerase and pENTR/D-TOPO per manufacturers’ instruction. LR clonase I
recombinase was used for cloning into a pcDNA-40 gateway vector. LRGAF1
LPCAT1s177a LPCAT1s1314 and LPCAT%177.181aWere constructed by performing site-
directed mutagenesis on LPCAT1 in the pacAd5 CMV IRES eGFP pA using the
QuickChange 1l XL Site-Directed Mutagenesis (Stratagene) kit. Flaghis-LPCAT1 was
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constructed by primer insertion amplifying LPCAT1 in the pacAd5 CMV IRES eGFP
pA.

Cell isolation, culture, and transient transfection

Alveolar macrophages, primary type Il cells, and fibroblasts were isolated as
previously described [109]. MLE cells were maintained in HITES medium (DMEM F12)
with 2% fetal bovine serum at 37 in 5% CQ. After reaching 80% confluency, the cells
were harvested using 0.25% trypsin and 0.1% EDTA, resuspended in medium, and plated
onto appropriate culture dishes containing ql3per lug DNA ratio of FUGENEG
lipofection reagent and appropriate expression vector. After incubation overnight, the
medium was replaced with HITES medium with 2% fetal bovine serum for 8 h before
cell harvesting. In some studies, an Amaxa electroporation device with program T-013
and solution L was used for plasmid transfection of cells. Cells were maintained as
described as above, except after trypsinization, cells were resuspended in a small volume
of solution L per manufacturer’s directions. Plasmids were transfected into cells or cells
were left untransfected. Medium was aspirated 24 h post-transfection, and cells were
treated an additional 24 h with 0% FBS DMEM F12 medium supplemented with or
without NH,Cl (25 mM). Cells lysates were harvested by brief sonication in 150 mM
NaCl, 50 mM Tris-HCI, 1 mm EDTA (no EDTA if Ki purification performed), 2 mM
dithiotreitol, 0.025% sodium azide, and 1 mM phenylmethylsulfonyl fluoride (pH 7.4)
(Buffer A), at 4°C .Alternatively, cells were switched to DMEM F12 media without FBS
and treated for 6 h with cycloheximide (CHM) (i§/mL) with either MG-132 (1@M)
or leupeptin (2QuM). Cells were collected in Buffer A + 0.5% Triton X-100 +0.5% NP-

40 and sonicated for further analysis.
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Isolation of microsome fractions

Cells were resuspended in Buffer A, and samples first centrifuged at 16,000 x g
for 10 min at 4C. The resulting supernatant was centrifuged at 100,000 x g for 60 min at
4°C. The resulting microsomal pellet was resuspended in The resulting microsomal
pellet was resuspended in a solution containing 250mM sucrose and 10mM Tris-HCI at

pH=7.4 using a 25 G needle.

LPCAT1 phosphorylation and phosphorylation activity
assays

MLE cells weretransfected with plasmid coding for LPCAT1-V5. Cells were
then harvested after 18 h, and cell lysates were subjected to de-phosphorylation with
1000 U ofi phosphatase (PPase) at 30°C for 1h. Then, lysates were treated with sodium
orthovanadate (10mM in final lysate solution) to inhibit PPase activity, and lysates were
phosphorylated using 0.1 pg protein kinase C (PKC) for 1h at 30°C in the presence of
12.5 uCi of ¥pP+-ATP (30Ci/mmol). LPCAT1-V5 was immunoprecipitated with V5
antibody, was separated by SDS-PAGE, transferred to nitrocellulose, and blots exposed
to X-ray films for detection of?P incorporation followed by LPCAT1 immunoblotting
using rabbit antiserum. Lysates were de-phosphorylated with protein phosphatase
(PPase) or left untreated with PPase. LPCAT1 protein and activity studies involved the
collection of microsome fractions from untransfected cells incubated at 37°C for 1.5h
with buffer alone (CON) or with 10 or 15 units of alkaline phosphatase (AP) or with
denatured AP (dCON) as a control. Samples were then used in an LPCAT activity assay
or separated by SDS-PAGE, transferred to nitrocellulose, and LPCAT1 immunoblot

analysis performed.
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Phospholipid analysis

Lipids were extracted from equal amounts of membrane protein, and levels of the
individual phospholipids were quantitated with a phosphate assay [103]. DPPtdCho was
assayed as before[8]. For PtdCtie® novo synthesis, cells were pulsed with Qi of
[methyt*H]choline chloride during the final B of incubation with choline- depleted
medium. For remodeling activity, cells were labeled with 1.750m4*C] LysoPtdCho
(55mCi/mmol) for 3 h. Total celluldipids were extracted, resolved using thin layer

chromatography (TLC), and processed for scintillation counting [8].

LPCAT activity

Cells were harvested in lysis buffer (250mM sucrose, 10mM Tris-HCI at
pH=7.4), and equal amounts of microsomal cellular protein or cell lysate were used in the
assay. One nmole of 1-palmitosh-glycero-3-phosphocholine was added for every pL of
5x assay buffer (final working concentration 65mM Tris-HCI, pH 7.4, 10mM Md&eI5
mM fatty acid free BSA, 2mM EDTA) sonicated. 35 pL ofHand cellular protein was
added to 10 pL sonicated assay buffer containing 5 pL 6fqJacyl-CoA (0.1uCi,
1.8nmole) for a total assay volume of 50 pL. Upon addition df'G]l-acyl-CoA,
samples were incubated at’G0for 10 min after which the reaction was terminated by
addition of chloroform/methanold® (1:2:0.70 vol/vol). Total cellulalipids from
reaction mixtures were extracted by the method of Bligh and Dyer [104], spotted on

LK5D plates, and PtdCheas resolved using TLC and detected using a plate reader.

Immunoblot analysis Immunoblotting was performed as described [100, 112]. The
dilution factor for the LPCATL1, V5, anfl-actin antibodies were 1:2000, 1:5000, and

1:10,000 respectively.
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Immunoprecipitation

Cell lysates were incubated with @ HA antibody (Sigma) at 4°C overnight.
Next, 20uL of Pierce protein A/G matrix was added and incubation continued for an
additional 2h. The matrix was eluted with denaturing protein sample buffer prior to SDS-

PAGE, transfer to nitrocellulose, and immunoblot analysis [100, 112].

Statistical analysis

Statistical analysis was performed by two-way analysis of variance or Student’s

test. Data are presented as mean = S.E.
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Figure 24. LPCATL1 is a substrate for phosphorylation

(A,B) MLE cells were transfected with a plasmid coding for LPCAT1-V5, 200 ug
of cell lysates were subjected to de-phosphorylation iwjgthosphatase (PPase) (1000 U,
1 h at 30°C). Next, sodium orthovanadate (10mM) was added to inhibit PPase activity.
Then, proteins were phosphorylated using PKC (0.1 pug, 1 h at 30°C) in the presence of
12.5 pCi of *P+-ATP (30Ci/mmol). LPCAT-V5 was immunoprecipitated with V5
antibody, elutants were separated by SDS-PAGE, transferred to nitrocellulose and blots
were exposed to film*{P, at top) followed by LPCAT1 immunoblotting (IB, bottom
panels). (A) Cell lysates were de-phosphorylated, or (B) cell lysates were not de-
phosphorylated by addition of PPase. NO represents no PKC addition. (C,D) Microsome
fractions (10ug protein) from cells were incubated (90 min, 37°C) with buffer alone
(CON) or with 10 or 15 units of alkaline phosphatase (AP) or with denatured AP (dCON)
as a control. Samples were then separated by SDS-PAGE, transferred to nitrocellulose,
and LPCAT1 immunoblot analysis performed (C) using rabbit antiserum (diluted
1:1,000) or assayed for LPCAT enzyme activity (D). Values are mean = SD, from two

separate experiments.
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Figure 25. LPCATL1 is ubiquitinated

MLE cells were transfected with a plasmid coding for LPCAT1, LPCAT1-V5his,
or Flag-his-LPCAT1 with or without HA-ubiquitin coding plasmid. Transfected cells
were harvested and (A) separated by SDS-PAGE, transferred to nitrocellulose, and V5
and LPCAT1 immunoblot analysis was performed. (B) Cell lysates were incubated with
HA antibody/protein A/G matrix, eluted, and elutants were separated by SDS-PAGE,
transferred to nitrocellulose, and V5 immunoblot analysis was performed. Using these
methods, as shown by *, slower migrating LPCAT1 species accumulate with HA-
ubiquitin co-transfection and LPCAT1 was detected in association with HA-ubiquitin.
HC= heavy chain immunoglobulins. Immunoblots are indicative of at least two

experiments.
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Figure 26. E3 ubiquitin ligasePrCP causes LPCAT1 degradation

(A) MLE cells were transfected with plasmids coding for one of the following E3
ubiquitin ligases: no ligase (NTP; TrCP, FbxW4, Fbxo4, Fbxol5, or FbxL2. Cells were
collected 18h post-transfection and cell lysates were separated by SDS-PAGE,
transferred to nitrocellulose, and LPCAT1 alfidactin immunoblot analysis was
performed (upper). Cell lysate from NT or b-TrCP transfected cells were used in LPCAT
activity assays (lower). (B) Cells were transfected with no plasmid (MLE) or a plasmid
encoding for LPCAT1 alone or in combination with a plasmid encofl#igCP. Cell
lysates were separated by SDS-PAGE, transferred to nitrocellulose, and Y3&aatna
immunoblot analyses was performed. (C) LPCAT1 activities were measured in the above
cell lysates. (D) Cells transfected as above were treated Wp@imitate. 5 h post-
transfection radiolabeled PtdCho was measured. (A-D) Data are indicative of at least two

experiments.



w R R TN

v = . d ‘- B-actin

SR SN
A 5& + 4 42 4> Transfected
A S A A E3 ligase

i
1
° NT p-TrCP

- &

G S @ (-actin

MLE LPCAT1 LPCAT1
+
B-TrcP

Palmitate incorporation

LPCAT activity

into PtdCho
(cpm/ ug protein)

[cpm!_l‘;g p:otein)
o 8838 8 %

]
iy

g

T

126

MLE LPCAT1 +B-TrCP LPCAT1

MLE LPCAT1+p-TrCP LPCAT1



127

Figure 27. LPCAT1 may be degraded through the proteasome pathway

MLE cells were transfected with or without a plasmid codingfarCP and

after 18h were incubated with no inhibitor (NT), MG-132 proteasomal inhibitor (10uM),
or leupeptin lysosomal inhibitor (20uM) for an additional 18h. Treated cells were
harvested and (A) separated by SDS-PAGE, transferred to nitrocellulose, and LPCAT1
immunoblot analyses was performed. (B) The above cell lysates were incubated with
LPCATL1 antibody/protein A/G matrix, eluted, elutants were separated by SDS-PAGE,
transferred to nitrocellulose, and ubiquitin immunoblot analysis was performed. As
shown by *, slower migrating LPCAT1 species accumulate with MG-132 and leupeptin
inhibitor exposure and a smear of LPCAT1 conjugates appears after immunoprecipitation
of LPCAT1 and immunoblotting of ubiquitin when cells were treated with MG-g32+
TrCP. HC= heavy chain immunoglobulins. Immunoblots are indicative of at least two

experiments.
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Figure 28. LPCAT1 degradation may require ubiquitination of a lysine residue at the

amino-terminal half of LPCAT1

(A) Diagram of LPCAT1 with labels for molecular sites corresponding to
truncation mutants used in this figure. LPCAT1, LPCA®4, LPCAT1yea, OF
LPCAT 1,8, coding plasmids were transfected in MLE cells and were co-expressed with
or without a plasmid codin@-TrCP. (B) After 18 h, cells were harvested and lysates
were separated by SDS-PAGE, transferred to nitrocellulose, and V53-dm@P
immunoblot analyses were performed. (C) Similar to (B) except cells were treated for 18
h with or without the MG-132 proteasome inhibitor after an initial 18 h incubation post-

transfection. Immunoblots are indicative of at least two experiments.
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CHAPTER V
SUMMARY AND FUTURE STUDIES

Lung epithelial cells are unique in that they secrete a lipid mixture that differs
from the composition of lipid normally found in animal membranes. LPCATL1 functions
in a key re-acylation/remodeling step to generate surfactant DPPtdCho phospholipid, a
unique substance essential for mammalian life. LPCAT1 is a biosynthetic enzyme also
essential for phospholipid synthesis, although very limited data is currently available on
its regulation. Thede novo PtdCho pathway complements LPCAT1 remodeling by
synthesizing both saturated and unsaturated PtdCho. Acyltransferase activity and its
possible role in DPPtdCho synthesis was first described as the Lands cycle [143].
However, this pathway, until recently, has been neglected. Similarly, little is known
about the molecular behavior of the terminal enzyme iméheovo pathway, CPT1. My
studies provide fundamentally new insight into the molecular regulation of these two
enzymes at the level of protein turnover important to lipid synthesis. | demonstrate how
phospholipid synthesis between the remodeling dsmdovopathways is also linked by
physiological interaction between LPCAT1 and CPT1 to maintain surfactant
phospholipid balance in lung epithelia

Ubiquitination is a common regulatory mechanism for maintaining steady-state
levels of LPCAT1 and CPT1 proteins in mammalian cells. Interestingly, the degradative
pathway utilized for control of levels of these two enzymes differs. Processing of CPT1
involves multi-ubiquitination and sorting through the endosome/lysosome pathway
(Chapters Il and Ill) while LPCAT1 is poly-ubiquitinated and degraded though the
proteasome (Chapter 1V). These pathways are not mutually exclusive and potential exists
that both LPCAT1 and CPTL1 are cleared at either site of disposal depending on cellular

needs.
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Endosomal sorting of ubiquitinated cargo has been best described by the recycling
of cell surface receptor tyrosine kinases. This mechanism involves the binding of cell
surface recognition ligands that leads to phosphorylation of receptors.  This
phosphorylation event targets the receptors for ubiquitination. Receptor ubiquitinated
cargo trafficking appears to be mediated by adaptor molecules harboring an alpha-helical
ubiquitin-interacting motif like the UIM domain but more than sixteen purtative
ubiquitin-binding domains have been described [159, 160]. Ubiquitin-binding domains
often specifically target the ubiquitin Leu8, lle44, and Leu73 hydrophobic patch. The
importance of ubiquitin as a multi-functional modification is highlighted in the fact that
there are multiple binding motifs that recognize ubiquitin. Indeed, even proteins with
similar functions such as the endosomal sorting complex required for transport (ESCRT-
0, ESCRT-I, ESCRT-Il, and ESCRT-IlIl) complexes use different binding motifs to
recognize ubiquitin. For instance, ESCRT-0 (Hrs/STAM) binds ubiquitinated proteins
through its UIM for incorporation into the early endosomal pathway [161, 162]. In a
subsequent step, ESCRT-I, a complex of three proteins, binds ubiquitin thoughzthe NH
terminal ubiquitin-conjugating enzyme E2 variant (UEV) domain located within
Vps23/TSG101 [60]. The association of ESCRT-I with cargo is required for sorting of
ubiquitinated proteins into the multi-vesicular body (MVB) system thought to be the
initial recycling endosome. Interestingly, the UEV is related to E2 ubiquitin-conjugating
enzymes but lacks catalytic activity [163]. ESCRT-II utilizes GRAM-like Ub binding in
EAP45 (GLUE) domains for binding of ubiquitinated cargo [163]. Cell trafficking
machinery utilize different ubiquitin binding domains, and recently, it was discovered
that UBDs even appear to incorporate redundancies within the specific ESCRT
complexes that make use of UBDs on different complex subunits highlighting the
importance of the ubiquitinated cargo sorting [164].

Ubiquitin, as a signal, is often necessary for protein degradation, but alone may

not be sufficient for cargo sorting and trafficking. Indeed, in addition to cytosolic
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ubiquitin-binding adaptor molecules, DUBs may also play an important role. DUBs
regulate the equilibrium ubiquitination state of enzymes that serve as substrates for the
post-translational modification. In specific endosomal compartments where DUB
concentration may be increased, enzymes containing differently conjugated ubiquitin
chains may be recognized or targeted by specific DUBs for modification. In this way,
different ubiquitinated proteins/receptors may enter the endocytic pathway and dissociate,
processes that are also controlled by DUBs and add another layer of complexity to
ubiquitinated cargo trafficking. Ultimately, this allows ubiquitinated enzymes to be
trafficked to different subcellular locations and either undergo degradation or return to
another cellular organelle.

Endosomal compartments contain the machinery necessary for enzyme trafficking
to the lysosome, trans-Golgi network, or plasma membrane. As ubiquitin is further
studied, an emerging concept is that it acts as a fluid signal capable of marking a protein
for degradation, structurally modifying secondary structure to confer altered enzymatic
activity, and trafficking and recycling enzymes from different organelles and the plasma
membrane to the central MVB. Like phosphorylation, ubiquitination is a reversible post-
translational modification that serves multiple functions. Although ubiquitin
modification is often thought of as a marker for degradation, it is overlooked that
ubiquitin is a fluid modification that can be removed by many DUBs within the cell. For
example, ESCRT-0 complexes harbor SH3 phosphorylation domains as well as VHS
domains that allow for binding of DUBs and incorporation of ubiquitinated cargo into
endosome vesicles. Furthermore, two different DUBs, associated molecule with SH3
domain of STAM (AMSH) and ubiquitin isopeptidase Y (UBPY), have been observed
associating with ESCRT-0/STAM for entry into the endosomal compartment. While
UBPY cleaves both K-48- and K-63-linked ubiquitin chains, AMSH preferentially
cleaves K-63-linked chains. In this manner, a system of DUBs and endosome-resident

ligases may differentially target or effect transport of cargo by modifying the identity of
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the ubiquitin chain linkages associated with a particular enzyme within the endosome.
This modification creates an equilibrium of the pools of differentially modified enzymes
which have various fates, whether it be recycling or degradation.

Because of the complex system involved with sorting and trafficking of
ubiquitinated cargo, there are many possible avenues to pursue to further analyze the
regulation of ubiquitinated CPT1. My studies have thus far shown CPT1 as a
ubiquitinated enzyme which is trafficked through the endosome/lysosome pathway
(Chapters Il and 1ll). Future studies could assess the repertoire of molecular binding
partners of ubiquitinated CPT1 involved in the trafficking of CPT1 to the lysosome.
Molecules such as TSG101 or GGA may be the initial proteins responsible for
recognition of ubiquitinated CPT1 after it is ubiquitinated by a specific E3 ubiquitin
ligase, possibl-TrCP. This might involve analysis of the binding partners responsible
for maintaining CPT1 retention within the endocytic pathway through initial
immunoprecipitation experiments and more sophisticated approaches (yeast 2-hybrids,
mass spectrometry, etc.). As there appears to be redundancy within the molecules
involved in sorting of ubiquitinated cargos, CPT1 trafficking through the late endosomes
to the lysosome may or may not rely on interactions of specific proteins within the
ESCRT complexes.

LPCATL1 is also ubiquitinated, but unlike CPT1, its fate appears to be primarily
degradation by the 26S proteasome. Studies are still ongoing for the identification of
LPCAT1 ubiquitinated lysine residue(s) and the binding site for the putative E3 ubiquitin
ligaseB-TrCP within LPCAT1. As mentioned above, LPCAT1 is membrane-bound, but
it is not an integral membrane protein like CPT1. Hydrophobicity plot programs reveal
the possibility of three transmembrane domains within LPCAT1. It is also possible that
LPCAT1 has only one true transmembrane domain. A single anchoring hydrophobic
domain would act as a membrane tether while the other hydrophobic residue domains

would aid in formation of a lipid binding pocket needed for either LysoPtdCho or
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palmitoyl-CoA. After modification and binding site identification, it would be interesting

to determine the function of LPCAT1 transmembrane domains, EF-hand motifs, and a di-
lysine KKXX carboxyl-terminal tail believed to be associated with ER retention. The
role of these domains in regulating LPCAT1 turnover has yet to be determined.

The function of an EF-hand-like domain within LPCAT1’s carboxyl-terminus is
of interest. In this regard, LPCAT1 is regulated by'Gancentrations. Divalent ion
concentrations in the mM range decrease LPCATL1 activity and bathavid C&" have
been shown to regulate the enzyme.?*Gagulation is consistent with other enzymes
involved with lipid biogenesis [100]. Cellular cytosolic’Cicrease could be the result
of bacterial infection (influx) or release from the mitochondria, resulting in increased
calcium-activated neutral proteinases (e.g. calpains). Increased cytostlicc@a
trigger apoptosis by activation of €alependent endonucleases [165, 166], calpain
activation [167], activation of calcium/calmodulin-dependent protein kinase I
phosphorylation of Akt leading to caspase activation [168], among other pathways that
contribute to apoptosis. The regulation of LPCAT1 activity b§ €auld be the result of
i) conformational changes with EF-hand motifs that inactivate the enzyme, ii)
conformational changes with EF-hand motifs that preferentially target LPCAT1 for
degradation, or iii) redistribution caused by EF-hand motifs bindin§ {1%69] of
LPCAT1 from the ER to the Golgi, plasma membrane, nucleus or other cellular
organelles, altering its function.

The ability of LPCAT1 to bind CGais likely due to EF-Hand binding motifs. The
EF-hand motif is best known for its role in®ainding to calmodulin. The properties of
these motifs have been extensively studied and it has been discovered that they are
composed of a helix-loop-helix structure. The motifs usually function in pairs with the
domain linker region forming two small beta-sheets between the two motifs. A
conformational change has, at least in part, been attributed to the way in which the motif

binds and chelates €a First, it is thought that the more flexible amino-terminal loop
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coordinates C4 followed by a repositioning of the carboxyl-terminal ligands necessary
for completing the C& coordination sphere [170]. In calmodulin, the actions &f Gee
cooperative, as the binding of one’Cimcreases the binding of an additionafian on
the second motif. This cooperativity supports the close proximity and interactions
leading to further conformational changes between the two motif tertiary structures.
Binding motif-induced conformational changes, even if slight, can cause
significant changes in enzyme activity, stability, or other cellular processing. To
determine if C& binding occurs at the proposed EF-hand motifs within LPCAT1, an
internal deletion from amino acid 384-477, or mutation to important EF-hand domain
residues, could be generated and the mutant proteins expressed in c8llsen€itivity
could then be evaluated by the effect of'Gan LPCAT activity. Interestingly, within
the 384-477 amino acid region of LPCAT1, up to four EF-hand motifs are candidate
regions for study. If the LPCAT1 mutant(s) devoid of EF-hand-like domains are shown
to retain enzyme activity and are resistant to the inhibitory effects of divalent ions, then
the results would be confirmatory of the negative role 6f 6a LPCAT activity. There
is little doubt that the binding of &ato LPCAT1 would cause conformational changes,
but how the conformational change contributes to the overall loss of enzymatic activity
has not been explored. Future vitro experiments could entail purifying wild-type
LPCAT1 and internal deletion mutants and testing both wild-type LPCAT1 and the
internal EF-hand deletion mutants on?Ceesponses. If the EF-hand binding motif
contributes to the loss of LPCAT activity, the isolated internal deletion mutant
acyltransferase activity would likely be unaffected by'Gepncentrations and remain
highly active. These studies could be extended to models of pneumonia using bacteria,
such as PA103 that are known to cause an influx &f @ao cells to demonstrate
biological relevance of studies of LPCAT1 regulation [155].
A calcium-induced conformational change (Fig. 29A, B) may also work in

tandem with a localization change or may allow LPCATL1 to be exposed to proteolysis,
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ubiquitination or other modifications. LPCAT1 is normally found in the ER membrane.

It is hypothesized that the di-lysine KKXX carboxyl-terminal tail of LPCAT1 causes
retrograde trafficking of LPCAT1 from the Golgi back to the ER. Immunofluorescence
data suggest LPCAT1 localizes to the ER and Golgi [11]. Preliminary experiments using
immunofluorescence and treatment of cells with calcium ionophore aritli,Hhave
allowed me to determine that intercellular?Ceegulates LPCAT1 trafficking (Figure

31). Similar experiments, involving lower concentrationsGapeared not to alter
LPCATL1 localization, however [155]. Therefore, further investigation is necessary to
determine the ability of physiologic levels of intracellular calcium to alter LPCAT1
localization. The mechanism by which LPCAT1 localization is shifted from the ER to the
nucleus is still under investigation. Translocation of membrane proteins to the nucleus is
not well described in the literature, but in yeast, translocation of gIn3 from the Golgi to
the nucleus has been observed [171]. It is possible that LPCATL1 binds calcium, causing a
conformational change, which exposes a nuclear import signal or masks a nuclear export
signal after a conformational change is initiated by*@énding. This process may or

may not involve protease cleavage induced by elevated cytosdfic IBading to
translocation of the LPCAT1 fragment, with a masked nuclear export signal, to the
nucleus. Such an event has been observed with Golgi protein p115, although, it does not
contain a nuclear export signal [172]. It is unclear what role a LPCAT1 fragment would
play in apoptosis or lipid synthesis, however. Preliminary primary structural analysis
using the NetNES 1.1 server suggests that LPCAT1 may contain a nuclear export signal
[173]. Itis also possible that different cellularCkvels may dictate different LPCAT1
localization. Another possible change in localization could result from the masking of
the di-lysine ER retention signal, thereby resulting in altered LPCATL1 localization by
prevention of retrograde transport from the Golgi to the ER (Fig. 29C). A change in
localization event could also affect substrate availability or expose LPCAT1 to different

proteases or ligases associated with the Golgi or nuclear compartmerffsbo@a
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LPCAT1 may also be less stable due to an increased susceptibility to proteolysis,
ubiquitination, or other modifications which may or may not be dependent on localization
(Fig. 29D, E). The C4 influx mechanism may be involved if increasedQavels are
shown to reduce cellular LPCATL1 protein levels. Caspase inhibitors/substrates, calpain
inhibitors, and proteasome inhibitors are among the agents that could be utilized to
determine the mechanism by which LPCAT1 is regulated at hi§haBacentrations.

Finally, |1 propose a basic mechanism for the regulation of CPT1 and LPCAT1,
from observations emerging from my work, now depicted in Figure 30. As shown in
Figure 2, thede novoand LysoPtdCho remodeling pathways are responsible for
PtdCho/DPPtdCho synthesis in lung epithelia. | propose that an increase in lipid
synthesis, resulting from increased LPCAT1 activity, increases the
phospholipid/cholesterol ratio thereby reducing local concentrations of sterols (e.g.
cholesterol), thereby causing upregulation in the sterol regulatory element binding protein
(SREBP) transcription factor. Next, SREBP causes increased transcription of 3-hydroxy-
3-methylglutaryl-CoA reductase (HMG-CoA reductase) and CCT (and possibly CPT1)
genes leading to increased mMRNA and protein levels that would explain the data observed
in Figure 9D [101, 174, 175]. Although previous studies suggest that CPT1 activity
within cells is not increased by SREBP, the effect of the transcription factor on CPT1
transcript levels has not been explored [174, 175]. Increased HMG-CoA reductase
activity then elevates farnesyl and geranyl production, which may stinflllet€P lipid
modification, causing its translocation to cellular membranes as observed for other
proteins [176]. Once tethered to the Golgi membrgna&rCP is juxtaposed or in
proximity to CPT1, allowing the E3 subunit to ubiquitinate deenovo enzyme, leading
to CPTL1 trafficking and degradation through the lysosome pathway. LPCAT1 also
appears to be ubiquitinated Iy TrCP (Chapter 1V), possibly in a phosphorylation-
dependent manner, as LPCATL1 is a substratenfeitro PKC phosphorylation (Fig. 24),
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before its degradation. Finally, preliminary data suggest that LPCAT1 localization may
be regulated by an increase in cytosolié‘GRig. 31).

As a whole, the studies in this thesis expand our understanding of the regulatory
mechanisms that influence lung phospholipid homeostasis, specifically focusing on the
enzymatic behavior of two critical enzymes (CPT1 and LPCAT1) in surfactant
biosynthesis. The fundamental mechanisms that control levels of each of these proteins in
mammalian epithelia might serve as a springboard to generate novel interventions of
degradative pathways that eventually preserve lung surfactant levels during pro-

inflammatory stress.
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Figure 29. Possible mechanisms of LPCAT1 regulation by increagéd Ca

(A) Diagram of LPCAT1. (B) After an increase in cellular’Ckevels within the
cytosol, the EF-hand motifs of LPCAT1 bind €aand the protein undergoes a
conformational change. (C) Conformational change may cause the burying of the di-
lysine ER-retention signal, burying of a nuclear export signal, or the exposing of a
nuclear import signal, changing LPCAT1 localization. A change in conformation may
also leave LPCAT1 more susceptible to (D) ubiquitination or (E) cleavage by calpain or

caspase to lead to LPCAT1 loss of stability.
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Figure 30. Proposed overall mechanism of CPT1 and LPCAT1 regulation

A diagram of a proposed, overall mechanism of CPT1 and LPCAT1 regulation,
from data presented in this thesis. The cartoon and proposed regulatory eventsdenk the
novo and remodeling pathways. Both deenovoand remodeling pathways contribute to
phospholipid synthesis. | propose that an increase in lipid synthesis reduces local
concentrations of sterols (e.g. cholesterol) causing increases in the SREBP transcription
factor. SREBP causes increased transcription of CCT, HMG-CoA reductase, and
possibly CPT1 genes leading to increased mRNA and protein levels. Increased HMG-
CoA reductase activity elevates farnesyl and geranyl production, which may stifiulate
TrCP lipid modification causing its translocation to cellular membranes. Once tethered
to the Golgi membrang3-TrCP is near CPT1 and it ubiquitinates thee novo enzyme
before its trafficking and degradation through the lysosomal pathway. LPCAT1 also
appears to be ubiquitinated ByTrCP, possibly in a phosphorylation-dependent manner.
Finally, preliminary data suggests that LPCAT1 localization may be regulated by an

increase in cytosolic Ga
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APPENDIX
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Figure 31. Intracellular calcium levels may regulate LPCAT1

LPCAT1 contains several proposed EF-hand motifs associated itiiBding.
The role of calcium on LPCAT1 expression was examined. One biological pathogen that
causes pneumonia that also regulates cell calciuda@nophilus influenzaH( flu). |
incubated MLE cells in medium containing 5 mM, or 10 mM calcium witf*Ca
ionophore or Hflu (1:200). Cells visualized under the control conditions of 3mNf Ca
and C&" ionophore show minimal nuclear localization [155]. (A) An increase in medium
C&* concentrations to 5 mM or 10 mM and treatment with*@anophore for 1-1.5 h
appears to shift localization of LPCAT1 to the nucleus. Here, | used Alexa568 emission
signals to visualize within cell nuclei and comparison in the bright field images. (B)
Treatment of MLE cells in 5 mM GAin culture medium with Hflu was sufficient to
alter localization of LPCAT1 from the ER to the nucleus. In future studies, | will incubate
MLE cells in 1.8 mM (normal surfactant €aconcentration levels) and 3 mM €a
containing media with Hlu to determine if bacterial infection alone is sufficient to alter

LPCAT1 localization.
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