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Abstract

One of the many mechanisms by which cholesterol homeostasis is maintained is
through the reverse cholesterol transport (RCT) pathway. This pathway transports excess
cholesterol from the periphery to the liver for bile acid synthesis and excretion, and
maintains high density lipoprotein (HDL) concentration and composition. In humans, the
enzyme lecithin:cholesterol acyltransferase (LCAT) and cholesteryl ester transfer protein
(CETP) are key components of the RCT pathway. HDL particles play a major role in
RCT by acting as the initial acceptors of cholesterol from the peripheral cells.
Epidemiological studies have shown an inverse correlation between HDL concentration
and premature coronary heart disease (CHD). Hence, genetic defects of the enzymes
involved in RCT can greatly affect the composition and concentration of HDL particles.

LCAT and CETP deficiency syndromes are rare genetic disorders of HDL
metabolism. Of particular interest are LCAT deficient patients with severe HDL
deficiency who show no signs of premature CHD. In contrast, CETP-deficient patients
have elevated HDL cholesterol levels but are not particularly protected from premature
CHD. These findings are inconsistent with the general concept that increased HDL
cholesterol is a negative risk factor for atherosclerosis. Novel mutations have been
characterized in the human CETP and the LCAT genes. CETP mutations are prevalent
mainly in Japanese populations. The CETP gene mutation in this study is the first in a
Caucasian North American subject; this offers the opportunity to study CETP deficiency
in a different genetic and environmental background. The CETP mutation was identified
as a single nucleotide substitution (CGA <> TGA) in exon 9 that resulted in the
premature truncation of the CETP protein. A novel mutation was also identified in the
LCAT gene from a French patient. The lack of LCAT activity is the result of a di-
nucleotide deletion (TG) in exon 4 of the LCAT gene that leads to the premature
truncation of the LCAT protein.

Structural and functional studies were performed to evaluate the significance of
the N-terminal 80 residues of the mature LCAT protein. A rat-human chimera (R80H)
containing the first 80 residues of the rat sequence attached to residues 8 [-416 of human
LCAT was constructed and transiently expressed in COS-7 cells. A functional RSOH
chimeric protein was expressed, showing activity with both rHDL substrates (ot-LCAT
activity) and purified human LDL (B-LCAT activity). Furthermore, the a-LCAT activity
was enhanced in the presence of human apoA-I. The B-LCAT activity also appeared to
be enhanced. The 5 amino acid differences between the rat and human LCAT most likely
disrupted the region involved in interfacial interaction of the enzyme such that the
activity with the different substrates were enhanced. In order to test the hypothesis that
the far N-terminus of LCAT may anchor the putative “lid” to the enzyme, sequential N-
terminal deletion mutants were constructed. The results showed that the first 10 residues
were not essential for secretion but are required for enzymatic function as both the o- and
B-LCAT activity were abolished.
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1. Introduction

A) Overview

i) Lipoprotein and apolipoprotein structure and function

The transport of insoluble lipids in the aqueous environment of the plasma from
their site of synthesis to their site of catabolism or deposition is achieved through the
formation of macromolecular complexes of protein and lipid referred to as lipoproteins.
All mature plasma lipoproteins have a similar structure consisting of a neutral lipid core
surrounded by a surface monolayer of amphipathic lipids and a protein component
termed the apolipoproteins. Lipoprotein particles are highly heterogeneous and are
classified based on their particle size, electrophoretic mobility, and more traditionally
their buoyant density. The four main classes of lipoprotein particles are the
chylomicrons, very low density lipoprotein (VLDL), low density lipoprotein (LDL), and
high density lipoprotein (HDL) (Table 1.1).

Apolipoproteins (apo) are the protein component of lipoproteins and some are
essential for the structural integrity (e.g., apoB-100 and apoB-48). Other apolipoproteins
act as lipolytic enzyme cofactors (e.g., apoC-II, apoA-I) or mediate receptor binding
(e.g., apoE, apoB-100), and thus determine the metabolic fate of the lipoprotein with
which they are associated (Dolphin, 1985). The 8 apolipoproteins that have a major role
as metabolic programmers of lipoprotein metabolism are apoA-I, A-II, A-IV, B, C-IL, C-
[, C-III, and E (Table 1.2).

Structural studies of apolipoproteins have allowed the classification of the

proteins into three major groups based on their characteristics. The first group consists of
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4

soluble apolipoproteins that are members of a multigene family (Karathanasis, 1985;
Lusis et al., 1986). There are seven such apolipoproteins (apoA-I, A-II, A-IV, C-1, C-I1,
C-III and E) that are characterized by repeats of amphipathic helices essential for
phospholipid binding (Segrest et al., 1974; Li et al. 1988). The helices allow for
interaction of the apolipoprotein with enzymes and receptors through clustering of
charged residues (Lys, Arg) that interact with opposite charges on the enzyme or receptor
protein. These apolipoproteins also have very little tertiary structure giving them the
flexibility to bind onto lipoprotein surfaces and change in conformation as the lipoprotein
load and unload its lipid core.

The second group of proteins contain the apo(a), and the insoluble protein apoB-
100 and it’s various truncated forms. In humans, the intestine secretes apoB-48 which is
the product of the unique mRINA editing process that changes the glutamine codon at
amino acid residue 2153 to a STOP codon leaving the apoB-48 with only 48% of the full-
length apoB-100 (Kane, 1983; Chan, 1992). The apoB protein is not exchangeable
between lipoproteins because of it’s repeating hydrophobic proline-rich sequence that
forms B-sheets embedded in the monolayer of the lipoprotein particle. The apoB-100 is
responsible for the removal of LDL particles from the circulation by acting as a ligand for
the LDL receptor. This is a well-defined receptor-mediated endocytosis pathway
described by Brown and Goldstein (1986). In contrast, apoB-48 lacks the LDL receptor
binding domain located towards the C-terminus of apoB-100.

Apolipoproteins classified in the third group are those that have little or no
structural homology with either group one or group two apolipoproteins. These include

apoD, H, I, and J.



Table 1.2: Major human plasma apolipoproteins

Apolipoproteins Lipoprotein Function(s) Site of synthesis
distribution
ApoA-I All HDL classes Cholesterol efflux; Liver, intestine
LCAT activation;
HDL receptor ligand
ApoA-II HDL,, HDL,, HDL; Inhibition of apoA-I Liver
activity; HDL recep-
tor ligand
ApoB-48 Chylomicrons Chylomicron Intestine
secretion
ApoB-100 VLDL, IDL, LDL VLDL secretion; Liver
LDL receptor
ligand
ApoC-I VLDL, HDLs LCAT activation; inhibits Liver
the hepatic uptake
of TG-rich particles
ApoC-II VLDL, HDLs Activates LPL; LCAT; Liver
activation; inhibits the
hepatic uptake of TG-
rich particles
ApoC-IIT VLDL, HDLs Inhibits apoC-II activity; Liver
inhibits the uptake of
TG-rich particles
ApoE VLDL, IDL, HDL, Cholesterol efflux; Ubiquitous
LDL and LRP (majority in liver,
receptor ligand; macrophages
and
steroidogenic
tissues)

The major apolipoproteins and their functions in lipoprotein metabolism. Modified from
Fielding and Fielding, (1996), and von Eckardstein et al. (1994).



ii.) Lipoprotein metabolism

The delivery of dietary cholesterol and triglycerides to the periphery for energy
and storage is facilitated by chylomicrons that are synthesized by the intestine. Dietary
fatty acids are absorbed into the enterocyte after hydrolysis by pancreatic lipase (E.C.
3.1.1.3) and re-esterified to triglycerides for chylomicron synthesis (Figure 1.1). Newly
secreted chylomicrons are enriched in triglycerides and contain apoB48, an essential
structural apolipoprotein, apoA-I, phospholipids and cholesterol. Once circulating in the
plasma, chylomicrons acquire apoC-II, a necessary cofactor for lipoprotein lipase (LPL;
E.C. 3.1.1.34), apoC-I, apoC-III and apoE in exchange for apoA-I from circulating HDL.
LPL is bound to proteoglycans on the surface of endothelial cells of those tissues utilizing
free fatty acid for energy production (oxidation or storage), and is the most important
enzyme in plasma triglyceride metabolism. In addition, LPL can also bind to
triglyceride-rich lipoproteins. With the help of apoC-II, triglycerides in the chylomicrons
are hydrolyzed. Chylomicron remnants are generated after sufficient hydrolysis and the
LPL is released with the remnants to the liver where apoE and LPL first bind to the
proteoglycans and then to the receptors (Beisiegel et al., 1991; Willnow et al., 1994;
Biesiegel, 1998). The receptors that are responsible for the uptake of the remnants are
the LDL receptor and the LDL-receptor-related protein (LRP), both of which recognize
apoE.

In VLDL, exogenous and endogenous lipids are assembled with a single molecule
of apoB-100, and acquire the C apolipoproteins and apoE while in the plasma. In the

circulation, VLDL are catabolized similarly to chylomicrons and the resultant remnants,
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the IDL, can either be taken up by liver via the LDL or LRP receptor or further
catabolized to LDL. The majority of the IDL are catabolized to LDL through hydrolysis
of triglycerides by both the LPL and hepatic lipase (HL; E.C. 3.1.1.34). As the VLDL is
depleted of its triglycerides through lipolysis, it sequentially loses the C apolipoproteins
and then apoE. ApoB-100 is then in the right conformation to act as a ligand for the LDL
receptor. During their circulation, the triglycerides in chylomicrons, VLDL, and LDL are
also exchanged for cholesteryl ester in HDL via the action of cholesteryl ester transfer
protein (CETP).

LDL-cholesterol plays an important regulatory role in cellular cholesterol
homeostasis. The uptake of LDL into cells is followed by lysosomal degradation of the
particles and subsequent release of free cholesterol into the cytosol (Brown and
Goldstein, 1986). The regulatory events associated with receptor-mediated endocytosis
of the LDL-derived cholesterol include: 1) down-regulation of 3-hydroxy-3-
methylglutaryl-CoA (HMG-CoA) synthase and HMG-CoA reductase, two key enzymes
in cellular cholesterol biosynthesis; 2) the activation of acyl-CoA cholesterol
acyltransferase (ACAT), a cholesterol-esterifying enzyme that allows the cell to store
excess cholesterol in the form of cholesteryl ester droplets, and 3) the down-regulation of
LDL receptor synthesis to prevent further cellular cholesterol uptake. Thus, expression
of the LDL receptor can regulate plasma L.DL levels.

Atherogenic lipoproteins can be derived from both the endogenous and exogenous
pathways. It is now well established that elevated levels of circulating cholesterol-rich
apoB-containing particles such as B-VLDL (VLDL remnants), IDL, and LDL are

atherogenic. Evidence for this comes from the genetic diseases in human lipoprotein



metabolism and extensive studies in animal models, which have provided us with some
insights on lipoprotein metabolism and atherogenesis. Prolonged circulation of the LDL
particles particularly the small, dense LDL lead to their oxidative modification and
subsequent internalization by macrophages by the means of the scavenger receptors on
the cell surface (Khoo et al., 1988; Steinberg, 1997; Chabman et al., 1998). Cholesterol
deposition in the macrophages leads to foam cell formation which contributes to the onset

and progression of atherosclerosis.

B) Reverse Cholesterol Transport
i.) Overview

As the peripheral cells obtain their cholesterol from the uptake of VLDL and
LDL and by local synthesis, an excess of cholesterol in non-steroidogenic tissues has to
be removed and returned to the liver where it can be re-utilized or converted to bile acids
for secretion. With the exception of the liver, intestine, and steroidogenic tissues,
peripheral cells are unable to metabolize cholesterol. Glomset (1968) was the first to
recognize the reverse cholesterol transport (RCT) pathway, which involves the active
transport of cholesterol in its esterified form from the periphery to the liver. The
esterification of cholesterol in the plasma is catalyzed by lecithin:cholesterol
acyltransferase (LCAT; E.C. 2.3.1.43) and mediated by HDL.

RCT is a very specific and well-regulated process that is governed by the efflux,
esterification, transfer, and clearance of cholesterol (Fielding and Fielding, 1996) (Figure
1.2). The first step in RCT involves the efflux of cholesterol, in its unesterified form,

from the plasma membrane to acceptor HDL particles. Although all HDL can mediate
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cholesterol efflux, a particular sub-fraction of HHDL with pre- mobility on agarose gels
has been shown to have the highest efficiency in removing cholesterol from peripheral
tissues (Castro and Fielding, 1988). These pre- particles are associated with apoA-I, the
main cofactor for LCAT. ApoA-II, apoA-IV, arid apoE can also act as initial acceptors of
cellular cholesterol. The efflux of cholesterol involves the desorption of individual
cholesterol molecules through a concentration gradient provided by the esterification of
cholesterol by LCAT, which moves cholestery I ester into the core of acceptor particles
allowing the surface phospholipids to acquire more cholesterol (Rothblat and Phillips,
1982). Lipid-poor apolipoproteins can interact with the plasma membrane and remove
cholesterol and phospholipid. The reversible interaction of apoA-I with cell surface
binding sites on the plasma membrane is able to stimulate the mobilization of
intracellular cholesterol pools (Oram et al., 199 E). Recently, the exchange of unesterified
cholesterol through the binding of HDL particless to the SR-B1 (scavenger receptor Class
[ Type B) receptor has been demonstrated (Jian et al., 1998)

The SR-B1 receptor, a member of the s.cavenger receptor family, is expressed in
the liver and steroidogenic tissues and has broad. ligand specificity (Acton et al., 1996). It
binds HDL with high affinity (Babitt et al, 1997) but does not internalize the lipoprotein
(Krieger and Herz, 1994).

As the esterification of cholesterol to cholesteryl esters by LCAT drives the lipid
to the core of HDL and thereby maintains a concentration gradient resulting in a net
efflux of cholesterol from cells, the HDL undergoes remodelling from its discoidal pre-$3
form to spherical HDL, and subsequently to HDL,. Between the transition from HDL, >

HDL.,, the enlarged cholesteryl ester-rich HDL, acquires multiple copies of apoE.
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The tissue-derived cholesteryl ester in the HDL may then undergo three different
fates. The acquisition of apoE is required for the uptake of HDL through the LDL and
LRP receptor in the liver. It has also been shown that cholesteryl esters can also be
selectively taken up by the SR-BI receptor without the internalization or degradation of
the HDL protein (Acton et al., 1996; Glass et al., 1983). Finally, cholesteryl esters in the
HDL particles can be transferred to apoB-containing lipoproteins such as the VLDL and
LDL in the presence of cholesteryl ester transfer protein (CETP) activity. CETP
catalyses the exchange of cholesteryl ester for triglycerides from the HDL particle to the
apoB-containing particles. The triglycerides transferred to HDL are subsequently
hydrolyzed by HL to regenerate pre- HDL. The cholesteryl esters transferred to apoB-
containing lipoproteins are removed by their normal metabolism through the LDL and
LRP receptor as described previously.

The relative importance of the three different pathways varies in different
species. Since mice and rats lack CETP activity (Ha and Barter, 1982), the predominant
pathway for cholesteryl ester uptake is likely through the HDL particle. In contrast, the
high CETP activity in humans allows for the uptake of cholesteryl ester by the liver
through the LDL receptor.

Epidemiological studies (Gordon and Rifkind, 1989) have shown that increased
levels of plasma HDL have a strong inverse correlation with premature coronary heart
disease (CHD). However, a precise understanding of the causal mechanism(s)
underlying the inverse relationship between HDL and CHD remains elusive. The
putative anti-atherogenic roles of HDL and apoA-I arise from their observed ability to

stimulate the efflux of cholesterol from peripheral cells and, after esterification by plasma
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LCAT, facilitate the transfer of tissue-derived cholesterol to the liver via the reverse
cholesterol transport pathway (Tall, 1990). HDL also contains antioxidants such as
platlet-activating factor acetylhydrolase and paraoxanase (Mackness et al., 1993; Watson
et al., 1995) activity that reduces the oxidation and subsequent uptake of LDL by
macrophages and vascular tissues. Since HDL are intimately involved in RCT, an
increase in HDL cholesterol is thought to reflect the effectiveness of this pathway or the
efficiency of the metabolism of the other atherogenic lipoproteins such as VLDL and
LDL. HDL levels are determined both by environmental and genetic factors. In fact, an
estimated 50% of the variance in HDL levels between individuals are determined by their
genes (von Eckardstein et al., 1994). Several environmental factors that are able to
influence HDL levels act indirectly through the lipases and lipid transfer proteins (Tall,

1990).

i1.) Plasma proteins involved in RCT

The plasma proteins involved in the RCT pathway are obviously important for
HDL remodelling and hence, influencing HDL speciation. LCAT plays an important role
in the maturation of the HDL particles from their pre-f form to the o-migrating form. In
addition, LCAT is pivotal in maintaining the RCT cycle by maintaining a cholesterol
concentration gradient between HDL and peripheral tissues through cholesterol
esterification (Fielding and Fielding, 1995). Hence, LCAT catalyzes the first committed
step of cholesterol removal in the RCT pathway.

The remodelling of HDL particles changes their sizes and morphology, and are

accompanied by of the loss or gain of core neutral lipids and phospholipids. While CETP
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is responsible for all of the neutral lipids transfer activity and part of the facilitated
phospholipid transfer activity in human plasma (Hesler et al., 1988; Yen et al., 1989),
phospholipid transfer protein (PLTP) is important for transferring the majority of the
phospholipids (Tollefson et al., 1988). Not only is CETP responsible for the proper
catabolism of all lipoproteins (i.e., by exchanging neutral lipids), its activity has also been
shown to regulate LCAT activity in CETP transgenic mice (Francone et al., 1996).
Recently, CETP was shown to act in synergism with HL to promote and enhance the
selective uptake of HDL cholesteryl esters by the SR-BI receptor (Collet et al., 1999).
CETP is therefore, a key regulator for the return of cholesterol to the liver.

In addition to transferring phospholipids between lipoprotein classes, PLTP also
transfers phospholipids within the HDL subclasses (Jauhiainen et al., 1993). PLTP can
cause the formation of larger particles through the fusion of two HDL, particles with the
concomitant dissociation of apoA-I. The apoA-I subsequently complexes with a small
amount of phospholipids to form smaller particles which have pre-B mobility on agarose
gels (Marques-Vidal et al., 1997), do not contain a core, are discoidal (Forte et al., 1995)
and hence, are excellent substrates for LCAT. Together with CETP, PLTP can regulate
the initial step in RCT through the regeneration of acceptor particles (von Eckardstein et
al., 1996). Recently, Rye et al. (1998) showed that triglycerides enhanced the
remodelling of HDL particles by PLTP to produce larger and smaller HDL species
suggesting a synergistic role between CETP and PLTP in the RCT pathway.

The major role of HL in the RCT pathway is in the remodelling and catabolism
of HDL by hydrolysing HDL triglycerides and phospholipids (Stahnke et al., 1987).

More specifically, the large triglyceride-rich HDL, particles that are produced by CETP
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activity become preferential substrates for HL (Patsch et al, 1984). About 90% of the
human HL is expressed in the liver and is located on the sinusoidal epithelium where it
fulfills its functions (Sanan et al., 1997). [In vitro evidence suggests that HL. may
stimulate the uptake of HDL cholesteryl esters as well as unesterified cholesterol
(Marques-Vidal et al., 1994) and that HL. may work in concert with SR-BI to promote the
selective uptake of cholesteryl esters from HDL (Ginsberg and Taskinen, 1997). As
mentioned previously, Collet et al. (1999) recently showed that CETP and HL work in

synergy to enhance the uptake of HDL cholesteryl ester by the SR-BI receptor.

iii.) Subclasses of HDL particles

Over the past decade, considerable effort has been put into improving the
predictive value of HDL choles_terol by quantification of the HDL subclasses. Each HDL
subclass is inter-convertible by the plasma proteins involved in RCT as mentioned
previously, and each subclass has a distinct structure, function, and clinical significance.

HDL particles (7-13 nm; density (d): 1.063-1.20 mg/dl) function to remove
excess lipid (cholesterol) deposited in peripheral tissues to the liver and steroidogenic
tissues. Unlike the lower density particles, nascent HDL particles are discoidal rather
than spherical and are composed of a phospholipid bilayer stabilized by their association
with apolipoprotein A-I (apoA-I). HDL particles are formed both intracellularly (Howell
and Palade, 1982) and extracellularly from the lipolysis of chylomicron and VLDL and
subsequently interacting with lipid-poor apoA-I that is secreted by the liver and intestine
(Winkler and Marsh, 1989). Nascent HDL particles derived from the intestine contain

apoA-I and apoA-IV whereas hepatically derived nascent HDL particles consist of apoA-
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[, apoA-II and apoE (Assmann et al., 1992). Within the HDL density range itself there is
a mixture of HDL particles that differ in their size, hydrated density, apolipoprotein, and
libid composition (Alaupovic, 1985). These variations result in different functionality of
each HDL species. For example, the lipid-poor particles are extremely effective
acceptors of cholesterol and thus facilitate cholesterol removal from cells.

Besides its major role in mediating RCT, HDL particles also function as a
reservoir for the loading and unloading of phospholipids and apolipoprotein (e.g., apoC's
and apoE). The cholesterol on the surface of HDL can also freely exchange with cell
membranes (Johnson et al., 1991) (Figure 1.1). The catabolism of HDL particles is
largely dependent on their lipid and apolipoprotein content which dictates their
intravascular processing. HDL particles also have naturally occurring lipophilic
compounds that can protect LDL from oxidative damage (Banka, 1996). This coupled
with its function in reverse cholesterol transport is thought to make HDL anti-
atherogenic.

The HDL subclasses can be separated based upon density, charge, size, lipid and
apolipoprotein content. Sequential precipitation or ultracentrifugation separates the HDL
on the basis of their density. These methods produce two classes of HDL particles, the
HDL, (d: 1.063-1.125 g/ml) and HDL, (d- 1.125-1.21 g/ml) (Patsch et al., 1980) (Table
[.1). Further resolution by size with non-denaturing polyacrylamide gradient gel
electrophoresis (PAGGE) yields two HDL,subclasses, HDL,, and HDL,,, and three
subclasses for HDL,, which are HDL,,, HDL,,, and HDL,_(Blanche et al., 1981). Both
the HDL, and HDL, particles are inter-convertible by enzymes (Figure 1.3). The

conversion of cholesterol to cholesteryl ester through the action of LCAT and subsequent
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Figure 1.3: The proposed model of HDL inter-conversion. The formation of cholesteryl
ester (CE) by the action of LCAT causes the enlargement of the HDL particles. The CE is
exchanged for triglycerides (TG) with the apoB-containing lipoproteins under the action of
CETP. The TG-rich HDL, undergoes lipolysis by HL forming pre-beta -HDL and remnants
that are cleared by the liver. (Adapted from Barrans et al., 1996).
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acquisition of phospholipids from the lipolysis of triglyceride-rich lipoproteins by PLTP
converts HDL, - HDL, (Jonas, 1991; Jauhiainen et al., 1993; Tu et al., 1993).
Conversely, the hetero-exchange of cholesteryl esters for triglycerides from the HDL, to
the apoB-containing lipoproteins mediated by CETP followed by the HL-mediated
hydrolysis of the HDL, triglycerides causes the conversion of HDL, - HDL, (Patsch et
al., 1984; Tall, 1993). HDL in general have o.-mobility upon agarose gel electrophoresis
but at least 5% of the total plasma HDL has pre-f -mobility (Fielding and Fielding, 1980;
Kunitake et al., 1985). These pre-f particles are also heterogenous and are the initial
acceptor of cellular cholesterol (Castro and Fielding, 1988). Specifically, the pre-3, HDL
particles, the smallest of the pre-f HDL, are discoidal and contain only apoA-L. In the
presence of LCAT, pre-f, and pre-B; are sequentially formed from pre-f, (Barrans et al,
[996) (Figure 1.3). Pre-f; eventually becomes mature o.-HDL (HDL, and HPL,) through
the continuous action of LCAT. Unlike pre-f particles, mature a-HDL particles contain
both apo A-I and apoA-II and can accept cholesterol from LDL particles (Cheung and
Wolf, 1989). Another fraction of HDL with y-mobility that are also able to promote
cellular cholesterol efflux are the apoE-only containing HDL (Castro and Fielding, 1988;
Huang et al., 1994).

An additional method for separating HDL subclasses is by sequential
immunoaffinity chromatography, which separates HDL subclasses according to their
apolipoprotein content. The two major classes of HDL separated by this method are
termed LpA-I and LpA-I:A-II. Other minor classes include LpA-IV, LpA-I:A-IV and
LpE. Both the LpA-I and LpA-I:A-II particles are functionally and metabolically distinct

(Fruchart et al., 1993). LpA-I represents the HDL subclass that only contains apoA-I,
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whereas LpA-I:A-II particles contain both apoA-I and apoA-II. Both the liver and
intestine produce LpA-I but LpA-I:A-II is secreted only by the liver (Brewer et al., 1991).
The LpA-I but not LpA-I:A-II particles have the greatest antiatherogenic potential
(Puchois et al., 1987; Parra et al., 1990; Dobiiasova and Frohlich, 1994) because of their
ability to promote cellular cholesterol efflux from Ob1771 adipocytes (Barbaras et al.,
1987) and bovine aortic endothelial cells (Fruchart et al., 1993). However, studies from
another group found that both LpA-I and LpA-I:A-II to be equally efficient in removing
intracellular cholesterol from hepatoma, fibroblasts, endothelial, and smooth muscle cells
from bovine aorta (Johnson et al., 1991; Oikawa et al.,1993). This suggests that cell type
specificity may be involved in cellular cholesterol efflux. About 30-50% of the LpA-I
particles are found in the HDL,, sub-population (Dobidsov4 and Frohlich 1994). Studies
have indicated that the lipids in the LpA-I and LpA-I:A-II particles are eliminated at
different rates; LpA-I particles are removed by the liver and the cholesterol processed
into bile more effectively than that from LpA-I:A-II particles (Pieters et al., 1993).
Triglycerides in LpA-I:A-II particles are also better substrates for HL than triglycerides

in LpA-I particles (Rader et al., 1991; Mowri et al., 1992).

iv) Purpose of the Study

The focus of this research is on the proteins that are involved in RCT, in
particular, the LCAT enzyme and CETP. As previously mentioned the LCAT enzyme is
responsible for the esterification of cholesterol to cholesteryl esters, and this reaction
establishes a concentration gradient between the HDL and the periphery such that a net

efflux of cholesterol can occur. Hence, the reaction catalyzed by LCAT is an important



20

step in the return of cholesterol to the liver. In humans, the action of CETP provides an
effective pathway for the removal of the cholesteryl esters formed by LCAT. CETP
transfers the cholesteryl esters in HDL to apoB-containing particles in exchange for
triglycerides. This mechanism allows the cholesteryl esters to be removed and small
HDL particles to be regenerated for effective cholesterol efflux.

The discovery of inborn errors in proteins of RCT provides a tool to study the
role and mechanism of action of these proteins. A novel mutation was identified in the
CETP gene in a Caucasian North American. In addition, a novel LCAT mutation
resulting in familial LCAT deficiency will be described, along with preliminary results
on the structure/function studies. These latter studies were designed to elucidate the
structure and function of the far N-terminus of LCAT, and to contribute to the incomplete
model of LCAT that was recently proposed (Peelman et al., 1998). Both an overview of
CETP and LCAT enzyme will be presented in two subsequent chapters in which the

results of the research are discussed.



2. Materials and Methods

A) Subjects
i.) CETP-deficient patient

The proband, who presented to her family physician with hypercholesterolemia, is
a 57 year-old female resident of Nova Scotia with no Japanese ancestry. Her total plasma
cholesterol was in excess of 9.4 mmol/l (Normal: 4.40 + 0.57 mmol/) and she was placed
on a lipid-lowering agent, Pravachol®, 40 mg once daily. Pharmacological intervention
had little effect on her total plasma cholesterol and she was referred to Dr. Meng Tan
(Camp Hill Medical Centre) for lipoprotein analysis which revealed an LDL-cholesterol
(LDL-C) of 4.23 mmol/l (Normal: 2.90 + 0.30 mmol/l), HDL cholesterol (HDL-C) of 4.9
mmol/l (Normal: 1.24 + 0.28 mmol/l), and triglycerides of 1.4 mmol/l (Normal: 0.99 +
0.28 mmol/l). She has never had a myocardial infarction and did not suffer from angina,
dyspena, or claudication on exertion. She did not have diabetes mellitus nor thyroid,
hepatic, or renal dysfunction and had no history of hypertension or xanthoma. Her family
members tested all had normal plasma lipid values except for one sibling who was also
hypercholesterolemic. Her other siblings and family members were not prepared to
participate in this study. The subject’s father died of heart disease of an unknown cause
and her mother is presently aged 90 years. The patient was not on any lipid lowering

medication for the duration of this study.

ii.) LCAT-deficient patient

The female proband, born in 1949 and residing near Paris, France consulted with

Dr. Pascale Benlian with bilateral corneal opacity first detected at age 18. She received a

21
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corneal transplant to her right eye in 1992 at age 43 and to the left eye in 1997. Analysis
of her plasma showed low levels of total cholesterol (2.34 mmol/l; Normal: 4.40 + 0.57
mmol/) with massive reductions in cholesteryl ester concentrations (0.21 mmol/l;
Normal: 2.53 + 0.10). She had low HDL cholesterol and very little HDL upon agarose
gel electrophoresis of her plasma. No signs of proteinuria or renal insufficiency were
present and her liver function, plasma glucose, uric acid and creatinine were all normal.
She was slightly anemic (Hemoglobin: 11.6 + 0.03 g/l; Normal: 14 + 2 g/l). There were
no symptoms of coronary heart disease as indicated by a negative stress test, ultrasound

and echotomography.

B) Lipid and Lipoprotein Analysis
i.) Lipoprotein and apolipoprotein analysis

Plasma lipoproteins were isolated and subfractionated using discontinuous density
gradient ultracentrifugation in an SW-41 rotor [Beckman] by a slight modification of the
method of Chapman et al. (1981) as previously described by Guérin et al. (1994). When
necessary, individual subfractions were dialyzed against normal saline for 24h at 4°C
prior to analysis of their lipid and apolipoprotein content. Each subfraction was analyzed
for lipid and protein content. The lipid components of lipoproteins, whether present in
plasma or in fractions isolated by density gradient ultracentrifugation, were analyzed
using either enzyme kits [Boerhringer Mannheim, Laval, Que.] for total cholesterol,
unesterified cholesterol, triglycerides, and phospholipids or by the gas chromatographic
total lipid profiling technique of Kuksis er al. (1978). Total protein was quantified by a

sodium dodecyl sulfate-modified Lowry procedure (Markwell et al., 1978) using bovine
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serum albumin [Sigma, St. Louis, MO] as a standard. Apolipoproteins A-I, A-II, B, C-I,
C-II, and E were measured by electroimmunoassay (EIA) as previously described by

Dolphin et al. (1984).

ii.)_Determination of cholesteryl ester and phospholipid fatty acid composition

The lipid classes present within individual lipoprotein fractions separated by
density gradient ultracentrifugation were extracted using the method of Folch et al.
(1957). The lipoprotein fractions used to represent the lipoprotein classes were selected
based upon the lipoprotein profile. Fractions 1 and 2 were used to represent VLDL,
fractions 5-9 for LDL and fractions 12-22 for HDL in the fatty acid composition
determination of the CETP deficient individual. A 200 pi aliquot from each fraction was
used. The isolated phospholipids and cholesteryl esters were immediately
transmethylated using the method of Morrison and Smith (1964) and the fatty acid
methyl esters were analyzed by gas chromatography using a 30 m X 0.25 mm Supelco
SP-2330 capillary column. Fatty acid methyl ester standards were obtained from Supelco

Inc.. Beliefonte, PA.

iii.) Agarose Gel Electrophoresis

Agarose gel electrophoresis was performed on lipid fractions of 4 > 1.006 g/ml as
described by Johanson (1972) with a slight modification (Maguire and Breckenridge,
1975). Samples were diluted with running buffer (80 mmol/l TRIS, 24 mmol/l Tricine)
and run at 300V for 45-60 min. The gel was fixed in 10% acetic acid, dried, and stained

with Sudan Black (Fisher Scientific) for 15 min.
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C) Determination of plasma CETP mass and activity

Plasma CETP mass was determined using the double antibody sandwich
immunoradiometric assay of Clark et al. (1995). The capture monoclonal antibody was
2F8 and the detection monoclonal antibody was '*I-labeled 2E7. All reagents, including
CETP standards, were most generously provided by Drs. Clark and Bamberger of the
Department of Cardiovascular and Metabolic Disease, Central Research Division of
Pfizer Inc., Groton, CT.

Reciprocal lipid transfer mediated by CETP was measured in the proband and
normal individuals after incubation of 3 ml aliquots of plasma at either 4°C or 37°C for
Sh. All incubations contained 1 mM phenylmethylsulfonyl fluoride [Sigma] to inhibit
plasma LCAT activity (Jauhiainen and Dolphin, 1986). After incubation, the plasma
samples were fractionated into VLDL and LDL + HDL by a single ultracentrifugation at
d: 1.006 g/ml for 17h at 40,000 rpm using a Beckman 50.3Ti rotor and L5-50
ultracentrifuge [Beckman]. The lipid mass composition of each fraction was then

quantified enzymatically as described previously.

D) DNA analysis
1.) Isolation of genomic DNA

Genomic DNA was purified from white blood cells according to Miller et al.
(1988) with some modifications. Whole blood was collected in disodium
ethylenediaminetetraacetate dihydrate (EDTA) vacutainer tubes and centrifuged to
separate the buffy coat containing white blood cells. Five volumes of ammonium

chloride (NH,CI):Tris [0.15 M NH,CI; 0.017 M Tris, pH 7.6] solution that was pre-
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warmed to 37°C was added and the mixture was incubated at 37°C to lyse the red blood
cells. The mixture was centrifuged at 2000 rpm for 10 min in a swinging bucket TJ-6
centrifuge [Beckman] to pellet the nucleated cells. The supernatant was removed and the
pelleted cells were washed 3X with 0.9% w/v sodium chloride. The white blood cells
were subsequently resuspended in 10 ml of NaCl:EDTA [4.38 g NaCl. 8.9 g EDTA, pH
8.0 in I L of Milli-Q H,0], and lysed with 500 pl 20% sodium dodecyl sulphate (SDS)
and 100 pl Proteinase K (20 mg/ml). The mixture was incubated overnight at 56°C.
DNA extraction was performed by adding 5 M NaCl to the lysate followed by manual
shaking to mix and pelleting by centrifugation for 15 min at 2500 rpm. The supernatant
was then transferred to another tube for DNA precipitation where 2 volumes of 100%
ethanol was added and gently inverted. The DNA was washed with 75% ethanol
followed by 100% ethanol and allowed to air dry. The dried pellet was resuspended in
500 pl of sterile Milli-Q H,O and stored at -20°C.

Concentration of the DNA was determined by spectrophotometry at wavelengths
of 260 nm and 280 nm (Sambrook et al., 1989). The readings at 260 nm was used to
calculate the concentration of the nucleic acid using the following equation:

Concentration of DNA = (OD,,) * (50 pg/ml) * (dilution factor)

An OD of | corresponds to approximately 50 pg/ml for double stranded DNA. The ratio
OD,6/OD.g, provides an estimate of the purity of the nucleic acid with an optimal value
of 1.8. The ratio obtained for the DNA isolated from whole blood was 1.8 (Sambrook et

al., 1989).
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ii.) Polymerase chain reaction (PCR). cloning. and sequencing

In vitro amplifications of genomic DNA were performed by PCR using paired
intronic oligonucleotide primers. Primers used for the amplification of all 16 exons of
the CETP gene are listed (Appendix I). To obtain gene fragments containing all 6 exons
and exon/intron junctions of the LCAT gene, PCR amplifications of the coding regions
were performed using the paired oligonucleotides previously published by Guérin et al.
(1997). All reactions were performed in a total volume of 50 pl containing 200 uM
dNTPs (dCTP, dATP, dGTP, dTTP), 2 uM primers, 1 X PCR buffer [Gibco BRL,
Mississauga, Ont.], 1.5 mM MgCl,, 1% dimethyl sulfoxide (DMSO), 1U Thermus
Aquaticus (Taq) polymerase [Gibco BRL, Burlington, Ont.], and 0.1-0.2 g of template
DNA. All amplifications for the CETP gene consisted of 30 cycles of denaturation at
94°C for 30s, annealing at 55°C for 1 min, and extension at 74°C for 3 min followed by a
10 min extension at 70°C. The PCR amplifications of the LCAT gene consisted of 30
cycles of denaturation at 94°C for 30s, annealing at 56°C for 15s, and extension at 72°C
for 30s followed by a 10 min extension at 70°C as previously published by Guérin et al.
(1997).

PCR products were separated by 1.0% agarose gel electrophoresis, the gel band
isolated, and purified using the Sephaglas™ BandPrep Kit [Pharmacia Amersham
Biotech, Uppsala, Sweden]. Purified gene fragments were cloned using the TA cloning
vector, pCR 2.1 [Invitrogen, San Diego, CA] and transformed into electro-competent
E.coli DHS5a cells. Sequencing of double stranded templates was performed by dideoxy
chain termination using the T7 Sequencing™ Kit [Pharmacia Amersham Biotech].

Sequencing of both strands employed previously described primers for both the CETP
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and LCAT gene and/or the M13 universal primers. In addition to having sequenced
separately amplified gene fragments, direct sequencing of the PCR products was also
pertormed on the region containing the mutation to determine and confirm the genotype

of the proband.

ii1.)_Primer-mediated restriction enzyme analysis of the gene mutations

[n the CETP gene mutation, a restriction fragment length polymorphism (RFLP)
site for Maelll [Pharmacia Amersham Biotech] was created in the presence of a mutation
by using a 26 bp-mismatched primer 5’-CTACCTTGGCCAGCGAGTGGAAGAGT-3’
together with an 18-bp forward primer 5’-GACACACAGGGTCCAGCCAG-3’ to yield a
168-bp PCR product (Figure 2.1). Briefly, [**P]-a-dCTP [DuPont, Missisauga, Ont.]
labelled PCR products from both the proband and the control subjects were digested with
[ ul of Maelll for 1h at 55°C as recommended by the manufacturer [Gibco BRL]. The
restriction digests were resolved by 12% non-denaturing polyacrylamide gel
electrophoresis (ND-PAGE) and visualized by exposure to Kodak X-ray film
[Interscience Inc., Markham, Ont.]. A 138 bp and a 29 bp fragment were generated in the
DNA sequences containing the mutation.

A similar approach was used for the LCAT gene mutation. The 53 bp
mismatched reverse primer 57 -
TCCGCAGAGACACTCACCGGGCTCCAGCCGCCAGTCATAGGGGGCGGCGTGC
G-3’, designed to introduce an Fspl restriction enzyme site in the region of the mutation,
was used to produce a 155 bp PCR product with the previously described forward primer

for exon 4 (Guérin et al., 1997) (Figure 2.2). The digest was performed for 1h at 37°C
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with 1U of Fspl as recommended by the manufacturer [Gibco BRL]. A 103 bp and 52
bp fragment were generated in wild-type sequences but not in the digestion of the LCAT

deficient proband’s PCR fragment.

E) Structural studies on the LCAT protein
1.) Cell culture
African Green monkey kidney (COS-7) cells (ATCC) were maintained in Dulbecco’s
minimal essential medium (DMEM) [Gibco BRL], pH 7.4, supplemented with 10% heat-
inactivated fetal bovine serum (FBS) [Gibco BRL], 100 U/ml penicillin (pen) and 100
g/ml of streptomycin (strep) [Gibco BRL]. Cells were incubated at 37° C in 5% CO,
atmosphere. COS-7 cells were routinely passaged 1:3 or 1:5 and were maintained in T75
flasks [Sarstedt, Que.] while experimental cells were cultured in 100 mm culture dishes
[Falcon]. Confluent cells were washed once with 1 X PBS (8 g NaCl, 0.1 g KCl,0.72 g
Na,HPO,, 0.12 g KH,PO,, pH 7.4) and stripped from the T75 flask with 1 X trypsin-
EDTA [Gibco BRL]. For each experiment, cells were seeded 1:5 the day before
transfection. Near confluent cells (at least 70%) were transfected with 6 pg of plasmid
DNA using FuGENE™ 6 [Roche Diagnostics, Laval, Que.]. For a single dish
transfection, 12 pl of FUuGENE™ 6 was added to 188 ul of serum-free DMEM and
incubated for 5 min at room temperature. The mixture was then added to the DNA and
incubated for another 15 min at room temperature. After 15 min, the DNA-FuGENE™ 6
mixture was added dropwise to the culture dish. After 24h, the cells were washed twice
with I X PBS and the media was replaced with 15 ml of serum-free OPTI-MEM [Gibco

BRL] to reduce the serum background. Cells were incubated for another 48h before
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media collection. At 48h the media were collected, centrifuged at 500g for 5 min at 4°C
and immediately stored at -20°C until ready for use. COS-7 cells were harvested for
RNA, DNA, and protein using the TRIZOL® reagent [Gibco BRL]. Total RNA
concentration was quantified by spectrophotometry at A, and A,y,, The RNA
concentration was calculated as follow: A,,, x 40 pg/ml where an OD of 1 is
approximately 40 pg/ml (Sambrook et al., 1989). The ratio at A,¢/A,, wWas also

calculated to assess for RNA purity.

ii.) Generation of LCAT mutants by PCR. cloning and sequencing

Site-directed mutagenesis of the human LCAT cDNA was performed by overlap
extension using PCR (Ho et al., 1989; Lowe 1997; Wong et al. 1997). This method
employs two or more PCR reactions to generate overlapping fragments that together will
make up the entire coding sequence. The first PCR reaction uses complementary primers
that have the change or mutation encoded, and flanking primers at each end of the
sequence. Deletion mutants were created using complementary primers (Appendix III)
that excluded the sequences for deletion. The two separate PCR products were then
combined in a second PCR reaction to obtain the full-length product. The same method
was used to construct the rat-human chimera (Figure 2.3) (Appendix II). The pCMV5
vector, pCMV35-human LCAT and pCMVS5-rat LCAT was most generously provided by
Dr. John Parks, Dept. of Comparative Medicine, The Bowman Gray School of Medicine,
Wake Forest University, Winston-Salem, NC.

All PCR reactions contained 60 ng of template DNA, pCMV5-human LCAT or

pCMV5-rat LCAT, 1 wmol/L of each primer, 200 umol/L of dNTPs, 1% (v/v) DMSO, 5
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Construction of the LCAT HRH chimera using PCR
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Figure 2.3: PCR was used as a tool to construct the human-rat-human (HRH)
chimera. The first step (1) involved the amplification of the rat sequence
using specific primers that gave the desired region (hatched) flanked by the
human LCAT sequence. In step 2, the human LCAT cDNA was amplified
for the remaining regions that was required for a full-length cDNA sequence.
These fragments contained the complementary rat sequence at the ends that
would overlap with the PCR products from the first step. Finally, the frag-
ments from the three different PCR reactions were added together to form the
full-length chimera with the primers R1 and R2 that encoded the necessary
unique restriciton enzyme sites EcoR1 and BamHI for cloning.
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ul of 10 X Vent buffer, 1U of Vent, polymerase [New England Biolabs, Beverly, MA.],
and sterile Milli-Q water to a final volume of 50 pl. The reaction mixes were denatured
at 94°C for 30s, annealing at either 55° or 58°C (depending on the primer used) for | min
and extension at 74°C for 1.5 min followed by a final extension at 70°C for 10 min. The
PCR products were separated on 1% agarose gel electrophoresis and purified using the
Sephaglas™ Band Prep Kit [Amersham Pharmacia Biotech]. The purified products were
used for a second round of PCR to generate a full-length human LCAT cDNA using
specific flanking primers R1 5’-CGTCAGAATTCTCGAGCTCGTCG-3' and R2 5’-
CACCCGGGGATCCTTATTCAGGAGGCGGGGGCTCTG-3' containing the EcoRI and
BamHI restriction enzyme sites. These sites were used for cloning the human LCAT
cDNA into the pCMVS5 vector. The cloning sites for the rat LCAT ¢cDNA were EcoRI
and HindlI. The conditions for the PCR were as described above.

A 20 ul aliquot of the PCR product was digested simultaneously with 3 ul of
EcoRI (20U/ul) and 3 pul BamHI (20U/ul) [New England Biolabs] containing 3 ul of 10
X NEBuffer EcoR! buffer [New England Biolabs] and sterile Milli-Q water in a final
volume of 30 wl at 37°C for 2h. Digested products were separated by 1% agarose gel
electrophoresis, excised, and purified as described. The purified products were cloned
into the pCMVS5 vector (kindly provided by Dr. John Parks) (Figure 2.4) with T4 DNA
ligase [New England Biolabs] and transformed into electro-competent E.coli DH50. cells.
Positive clones were identified by PCR screening using the R1 and R2 primers described
earlier. Positive clones were subsequently grown in Luria Bertani (LB) broth containing
100 ug/ml of ampicillin [Sigma] and purified using the Ultraclean™ Mini plasmid Prep

Kit [Mo Bio Laboratories, Solana Beach, CA.] and sequence using the T7 Sequencing™
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Figure 2.4: Schematic representation of the plasmid pCMVS5. The pCMV5 plasmid
is a mammalian vector that works extremely well in SV40 transformed simian
COS cells (Thomsen et al., 1984). The pCMVS vector contains the unique
restriction sites (EcoRI, BamHI and HindIIT) in the polylinker region required
for cloning the human and rat LCAT cDNA.
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Kit [Pharmacia Amersham Biotech]. Once the mutation was confirmed the clones were
sent for complete bidirectional automated sequencing by the ABI prism sequencer
(National Research Council sequencing facility, Halifax, Nova Scotia) to discern any
errors. The Quantum Prep® Maxi plasmid prep kit [BioRad] was used to process larger

amounts of plasmids, which were subsequently used for transfection.

i) LCAT activity assays with reconstituted HDL and isolated human [ DL as substrates

LCAT activity was measured using two different substrates: reconstituted HDL
(rHDL) and [*H]-labelled LDL. rHDL particles were prepared by the sodium cholate
dialysis method (Matz and Jonas, 1982). The rHDL complexes consisted of 1-pamitoyl-
2-olelyl phosphatidylcholine (POPC), cholesterol and human (or rat) apoA-I at a molar
ratio of 80:10:1 and were prepared as follows. Human and rat apoA-I were isolated from
human plasma by preparative isoelectrofocusing (Dolphin, 1980). A trace amount of
[lo, 20i-H]-cholesterol (1uCi/pl) [Amersham Pharmacia Biotech] was added to the
POPC/cholesterol mixture and dried under nitrogen. To this, 1.0 mg of apoA-I
resuspended in I ml of TBS, pH 8.0 [4.84g Tris-base, 32.76g NaCl, 1.49g EDTA and
0.4g NaNj] (the standard buffer used in all subsequent experiments) was added to the
dried lipid mixture. An aliquot of 48 pl of sodium cholate (312 mg/ml) was added to the
mixture to emulsify the lipid. An additional 205 pl of TBS was added to the mixture and
the entire contents were incubated at 37°C for 1h on a mechanical inverter. The resulting
rHDL substrate was dialysed 6 X 2h against 1 L of TBS, pH 8.0 with at least one
overnight dialysis. After dialysis, the rHDL particles were analyzed for cholesterol and

phospholipid composition by gas liquid chromatography as described earlier and protein
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concentration was determined by the BCA [Pilerce] protein assay using bovine serum
albumin [Sigma] as a standard. The rHDL stockk was stored at 4°C under nitrogen for up
to a month. The rHDL was diluted with TBS, p~H 8.0 to 8 nmol of cholesterol/100 p.l for
LCAT assays.

For the assay of B-LCAT activity, humarm LDL was isolated from fresh plasma by
sequential ultracentrifugation between the densiities of d: 1.006 - 1.063 g/ml. Densities
were adjusted using sodium bromide (NaBr) amd ultracentrifugation was performed at
40,000 rpm for 18h and subsequently at 40, 00 rpm for 21h in 50.3Ti rotor and L.5-50
centrifuge [Beckman]. The isolated LDL was dmalysed overnight against TBS and stored
at 4°C in 0.5 mM EDTA for up to a month. Ckholesterol and phospholipid composition
was determined by gas liquid chromatograpohy as described previously. Protein
concentration was determined by the BCA methaeod [Pierce] as described previously. The
appropriate volumes of purified LDL was radiiolabelled with [la, 2a-*H]-cholesterol
(1nCi/ul) [Amersham Pharmacia Biotech] at 4=C overnight (Stokke and Norum, 1971)
and diluted to a concentration of 12 nmol of cholsesterol /100 pl before the assays.

Each LCAT reaction consisted of 150 w.l of TBS, 100 pul of tHDL as substrate,
125 pl of 2% essentially fatty acid free BBSA [Sigma], 25 pl of 100 mM B-
mercaptoethanol and 100 pl of culture medium as the LCAT source in a final volume of
500 pl. The reaction was allowed to proceed fomr lh at 37°C in a shaking water bath and
subsequently stopped by the addition of 2 ml oxf ethanol. Immediately after, the lipids
were extracted with 4 ml of hexane, dried undem nitrogen and resuspended in 200 ul of
chloroform [BDH, Toronto, Ont.]. Cholesterol and cholesteryl esters were separated by

silica-H thin layer chromatography [Gelman Sciences] developed with hexane:diethyl
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ether:glacial acetic acid (90:10:1, v/v). Radioactivity was quantitated by Beckman LS

3801 liquid scintillation counter. LCAT activity with the rHDL was calculated as follow:

Activity (nmol CE formed / ml / h)

(DPM CE spot — DPM CE blank) * 10 (10 x 100 pl sample = 1 ml} * th
(DPM of UC spot + CE spot)/ (8 nmol UC in 100 pl substrate)

UC represents unesterified cholesterol.
LCAT activity assays with human LDL as substrates were performed essentially in the
same way except the reactions were allowed to proceed for 6h at 37°C. The percent of
cholesterol esterification due to LCAT activity with LDL substrates was calculated as

nmol CE formed/mli/h as follow:

%CER (nmol / ml/ h)

DPM CE.7oc - DPMCE. * 100 (%) * | nmol UC * 5 [5 x 200 ul sample = | mi]
Total DPM;;.c Total DPM,.c

6h

iv.)_Western blot analvsis

Western blot analysis was performed to detect the presence of LCAT protein in
the culture medium and cell lysates. A 20 pl aliquot of the culture medium or 15 ul of
cell lysate was resolved by 10% SDS-polyacrylamide gel electrophoresis (PAGE) with a
5% stacking gel at 40 mA until the dye front just migrates out of the gel. The proteins
were subsequently transferred to a Hybond-P:polyvinylidene difluoride (PVDF)

[Amersham Pharmacia Biotech] membrane in 1 X transfer buffer [3.03 g Tris, 14.4 g
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glycine, 200 ml methanol in a final volume of 1 L, pH 8.3] at 100 V for 90 min with
cooling using the BioRad Mini-Protean II Transfer apparatus. The membranes were
subsequently blocked with BLOTTO [TBS: 2.42 g Tris, 8 g NaCl, pH 7.6, in 1L of
distilled H,O, 0.1% Tween 20 (v/v), 5% (w/v) powdered skim milk] and reacted with the
monoclonal mouse anti-human LCAT 5D4 antibody (kindly provided by Dr. Ross Milne,
Lipoprotein and Atheroscleorosis Group, University of Ottawa Heart Institute, Ottawa,
Ont.) (Marcel et al., 1987) for Lh at room temperature. Sheep anti-mouse IgG conjugated
to horseradish peroxidase (HRP) was used as the secondary antibody. The protein bands
were visualized using the enhanced Chemiluminescence (ECL) kit [Amersham

Pharmacia Biotech] and exposing the blots to X-ray film [Laboratory Scientific, Inc.].

v.) Northern Blot analvsis

RNA was isolated using the TRIZOL® reagent [Gibco BRL] following the
manufacturer's protocol and quantitated by spectrophotometry at A.,. Northern blot
hybridization was performed following the separation of 20 ug of total RNA on a 1%
formaldehyde-agarose gel (2.5 g agarose, 45 ml formaldehyde [BDH], and 12.5 ml of 20
X MOPS (3-[N-morpholino]porpanesulfonic acid) buffer [Fisher Scientific] in a final
volume of 250 ml). The RNA was subsequently transferred to Hybond N [Amersham
Pharmacia Biotech] and UV- crosslinked to the membranes using the UV-Stratalinker
[Stratagene, LaJolla, CA] for 1 min and stored at -20°C until ready for hybridization with
the human LCAT cDNA.

The full-length human LCAT cDNA was excised from pCMVS5 with EcoRI and

BamHI for 2h at 37°C, separated on a 0.8% agarose gel, excised with a razor blade and
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subsequently purified using the Sephaglas™ Band Prep Kit [Amersham Pharmacia
Biotech]. The cDNA was labelled using the Rediprime DNA labelling system
[Amersham Pharmacia Biotech]. Briefly, the LCAT cDNA was diluted to 25 ng in a
total of 45 pl with distilled water. The cDNA was denatured by heating to 100°C for 5
min and cooled rapidly on ice to prevent re-annealing. The human LCAT cDNA and a 5
ul aliquot of [**P]-dCTP (Amersham Pharmacia Biotech] was added to a Rediprime tube
containing a buffered solution of dATP, dGTP, and dTTP, exonuclease free Klenow
enzyme and random primers (9-mers). Labelling of the cDNA was performed at 37°C
for 20 min and the reaction was terminated with the addition of 5 il of 0.2 M EDTA.
The labelled cDNA was purified from the unincorporated nucleotides using the NucTrap®
Probe Purification column [Stratagene]. The column was pre—wet with 70 pl of 1 X STE
(100 mM NaCl, 20 mM Tris-HCI, pH 7.5, 10 mM EDTA) before loading 55 i of the
labelling reaction containing the human LCAT cDNA. The column was rinsed once with
5 ul of 1 X STE followed by an additional 70 ul of 1 X STE. Following purification,
the labelled cDNA was used as a probe for Northern blot hybridization.

Before hybridization with the radiolabelled human LCAT cDNA, the Northern
blots were pre-wet in 2 X SSC (20 X SSC: 175.3 g NaCl, 88.2 g Na Citrate in 1 L, pH
7.0) and incubated overnight at 42°C in the pre-hybridization solution (50% formamide,
5 X SSPE, 2 X Denhardt's reagent, 0.1% SDS). The pre-hybridization solution was
discarded before the addition of the labelled cDNA and hybridization was allowed to
proceed overnight at 42°C. The blots were subsequently rinsed twice in 2 X SSC, 0.1%
SDS and washed with 1 X SSC, 0.1% SDS at 50°C for 20 min, followed by a second

wash with 1 X SSC, 0.1% SDS at 55 °C for another 20 min, and a final wash with 0.5 X
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SSC, 0.1% SDS at 55°C for 30 min. The blots were exposed to X-ray film [Laboratory
Scientific, Inc.], scanned and analyzed using the NIH Image program.

DNA isolated from the transiently transfected COS-7 cells was amplified by PCR
using the specific primers RT-1 5'-CTGCCGACCATGTTGAGATG-3' and RT-2 5'-
GTACCTGCACACACTGGTGC targetted to the 3'-end of the human LCAT gene. The

PCR was performed as previously described.



3. Cholesteryl Ester Transfer Protein

A) Perspectives

During their transit in the plasma compartment, all of the lipid constituents and
some apolipoproteins of plasma lipoproteins are subject to transfers and exchanges
between the various lipoprotein classes. Whereas the transfer of unesterified cholesterol
is spontaneous, the transfer of phospholipids, triglycerides and cholesteryl esters require
the presence of a protein facilitator (Albers et al., 1984; Rye and Barter, 1992). The
plasma protein that facilitates the transfer of all the neutral lipids (triglycerides and
cholesteryl esters) and some of the phospholipids is the cholesteryl ester transfer protein
(CETP) (Hesler et al., 1988; Yen et al., 1989). Given that the majority of the plasma
choiesteryl esters are formed on the HDL via the activity of LCAT, CETP is responsible
for the redistribution of the cholesteryl esters to other lipoprotein fractions. In the light of
epidemiological studies which have shown that high levels of HDL are a negative risk
factor for coronary heart disease and a high concentration of LDL cholesterol is
atherogenic, the study of CETP-mediated lipid transfer is of great importance.

CETP has a central role in reverse cholesterol transport (Figure 3.1). Through the
LCAT reaction, cholesteryl esters are generated on HDL and become substrates for
CETP. In species that display CETP activity such as humans, the cholesteryl ester
enriched HDL is removed by several routes. In the presence of CETP, the cholesteryl
esters in the HDL are exchanged for triglycerides present in the triglyceride-rich
lipoproteins. The cholesteryl esters acquired by the apoB-containing particles (VLDL

and LDL) are removed by the liver via the LDL-receptor or the remnant receptor during

41
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their normal metabolism. The triglycerides acquired by the HDL become substrates for
hepatic lipase. The hydrolysis of triglycerides in the HDL by hepatic lipase promotes the
formation of HDL that are excellent medliators of cholesterol efflux (Castro and Fielding,
1988; Kunitake et al., 1992), and subsequently become optimal substrates for LCAT
(Francone et al., 1989). Thus, CETP activity enhances the reverse cholesterol transport
pathway by increasing the rate of plasma cholesteryl ester removal by the liver (Jiang et
al., 1993). The increased rate of cholesteryl ester removal from HDL also stimulates
cholesteryl ester formation by LCAT (Francone et al., 1996; Olivera et al., 1997).
Alternatively, in species lacking CETP or in CETP deficiency, HDL cholesteryl
esters are predominantly removed directly by the liver through the LDL receptor
recognizing apoE that is acquired in mulgiple copies during the enlargement of HDL (i.e.
cholesteryl ester accumulation due to the action of LCAT). In addition, the HDL
cholesterol can be selectively removed without the degradation of the HDL protein by the
SR-BI receptor. Recently, the synergistic remodelling of HDL by CETP and HL have
been shown to enhance the uptake of HIDL cholestery! esters by cells expressing the SR-

BI receptor (Collet et al., 1999).

B) The CETP gene and protein -

The human CETP gene is located on the long arm of chromosome 16 in the
region of 16q12-21, close to the LCAT gene locus (Lusis et al., 1987) and is present as a
single copy (Agellon et al, 1990). The CETP gene consists of 16 exons and spans 25 kb
of the genomic DNA (Agellon et al., 1990) (Figure 3.2). The exon sizes range from 32

bp (exon 13) to 250 bp (exon 16). The genomic organization of CETP is similar to that
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of the human lipopolysaccharide binding protein (LPB), neutrophil bactericidal
permeability increasing protein (BPI), and the phospholipid transfer protein (PLTP)
suggesting that they may share similar functions (Hubacek et al., 1997). CETP shares a
20% sequence identity to PLTP and has the same exon / intron organization (Day et al.,
1994). The 5’ proximal promoter region consists of the classical TATA box, an SP1
binding site (Agellon et al., 1990) and a C/EBP site (-242 to —229 bp) (Agellon et al.,
1992). Unlike LCAT, the CETP gene is highly responsive to dietary cholesterol (Quinet
et al., 1990; Jiang et al., 1991), corticosteroids and lipopolysaccharides (Masucci-
Magoulas et al., 1995). Studies in transgenic mice have shown that the diet-induced
increase in CETP mRNA and increase in plasma CETP activity is a result of CETP gene
transcription (Jiang et al., 1992). The CETP minigene linked to the natural flanking
sequence of human CETP showed a 4 to10-fold increase in liver CETP mRNA and a 2.5-
fold increase in plasma CETP activity in response to a high fat, high cholesterol diet.
Furthermore, transgenic mice crossed with apoE or LDL receptor knock-out mice also
showed an increase in plasma CETP after cholesterol feeding with a parallel increase in
hepatic mRNA levels (Masucci-Magoulas et al., 1996). Therefore, CETP is responsive to
both diet-induced and endogenous hypercholesterolemia (Jiang et al., 1992; Masucci-
Magoulas et al., 1996). Accordingly, a positive sterol response element containing a
tandem repeat of sequence known to mediate sterol down regulation similar to that found
in HMG-CoA reductase and the LDL receptor genes was identified by Olivera et al.
(1996) to be between —370 and -138 in the 5'-untranslated region of CETP. However, in
contrast to the HMG-CoA reductase and LDL receptor genes that are down regulated in

response to cholesterol, the CETP gene is up regulated in the presence of increased sterol
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concentrations. Recently, a similar region, termed the cholesterol response element
(CRE) (between —361 to —138), was shown to be trans-activated by the YY1 (Red25),
SREBP-1a and to a lesser extent by SREBP-2 (Gauthier et al., 1999). In addition to this,
the region between —165 to —134 was found to have the consensus retinoic acid receptor
element (RARE) (Jeoung et al., 1999). Tissue-specific elements were also identified for
the liver and spleen (-3.4kb to —~570), intestine (-570 to —370), and the adrenals (-370 to
—138) (Olivera et al., 1996). Furthermore, the orphan nuclear hormone receptor
apolipoprotein A-I regulatory protein-I (ARP-I) and its homologue Ear-3/COUP-TF,
when over-expressed, could either activate or repress transcriptional activity of the CETP
gene depending on the architecture of the promoter region (Gaudet and Ginsburg, 1995).
Clearly, future studies are required to define the complex transcriptional regulation of the
CETP gene by cholesterol, hormones and other factors.

In humans, the CETP mRNA is expressed predominantly in the liver, spleen, and
adipocytes with lower levels in the small intestine, adrenals, kidneys, and heart (Drayna
et al., [987; Jiang et al., 1991). Two forms of transcript, the full length CETP mRNA
with all 16 exons and an exon 9-deleted transcript are present in all tissues expressing
CETP (Inazu et al, 1992). Exon 9 encodes 60 amino acids in the central portion of the
protein. The exon 9-deleted transcript forms an intracellular complex with the full length
CETP inhibiting its secretion (Quinet et al., 1993) and thus is not detected in the plasma
(Inazu et al., 1992; Quinet et al., 1993). Cell culture studies showed that the alternatively
spliced CETP is poorly secreted and lacks lipid transfer activity (Inazu et al, 1992; Tall,
[993). Transgenic mice were also shown to express both forms of CETP with a

preferential accumulation of the full-length CETP mRNA during development and in
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response to hypercholesterolemia (Yang et al., 1996). Dessi et al. (1997) also found the
two forms of CETP expressed in Caco-2 (intestinal) cells but when challenged with
oleate, the full-length CETP was preferentially expressed. The function of the exon 9-
deleted transcript is unclear and may have a potential post-transcriptional role in
regulating CETP secretion (Lagrost, 1994; Tall, 1995).

The cloning of the CETP cDNA revealed a 476 amino acid sequence with a
hydrophobic 17 residue prepeptide and has a high content of hydrophobic residues
scattered throughout (Drayna et al., 1987). The CETP protein is also N-linked
glycosylated at residues 88, 240, 341, and 396 (Drayna et al., 1987). The calculated mass
of the protein is approximately 53 kDa and the mature CETP protein appears as a doublet
with an apparent molecular weight between 66 to 74 kDa in SDS polyacrylamide gels
(Hesler et al., 1987). The doublet represents two isoforms of CETP, with or without
glycosylation at Asn-341 (Stevenson et al., 1993). Glycosylation at position 88 appeared
essential for activity (Stevenson et al., 1993) and CETP without the carbohydrate chain at
Asn-341 had a 40 % higher specific activity than the fully glycosylated form (Swenson et
al.. 1987; Tall, 1993). The CETP cDNA from the rabbit (Nagashima et al., 1988),
cynomolgous monkey (Pape et al., 1991) and a partial hamster sequence (residues 188-
476) (Jiang et al., 1991) have been cloned and sequenced.

Although the CETP cDNA shows no homology to the apolipoproteins cDNAs,
there is a conserved pentapeptide (Val-Leu-Thr-Leu-Ala) within the signal sequence of
human CETP, lipoprotein lipase, apoA-I and apoA-IV (Agellon et al., 1990) not found in

any signal sequence of other proteins. The authors suggest this sequence may have a
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conserved function that may be related to translational or post-translational regulation of

the expression of these genes.

C) CETP Structure and Function

Several approaches have been used to define the functional regions of CETP.
These include a limited digestion with proteases, linker scanning insertion mutagenesis,
the production and epitope analysis of CETP monoclonal antibodies by site-directed
mutagenesis and deletion mutants, and chemical modifications.

The limited proteolysis approach was undertaken to identify a domain of CETP
that may independently facilitate neutral lipid transfer (Hesler et al., 1989). The digestion
with various proteases resulted in active fragments that could not be dissociated under
various reducing and dissociating conditions. This led the authors to suggest that CETP
possess a distinct and highly stable tertiary structure which is required for cholesteryl
ester transfer activity. The linker insertion scanning mutagenesis studies (Wang et al.,
1991) produced some mutants that had relatively normal cholesteryl ester transfer
activity. However, inserting residues in regions 48-53, 165, and 373-379 resulted in ‘
reduced triglyceride and cholesteryl ester transfer activity. While CETP is quite tolerant
to local structural disturbances, alteration of the structure in regions that are important for
function will impair activity. This study also suggests that a similar structure is required
for both neutral lipid transfer activities (Wang et al, 1991).

Studies employing monoclonal antibodies have been the most informative. A
CETP monoclonal antibody was found to neutralize all cholesteryl ester and triglyceride

transfer activities in human plasma suggesting that CETP is responsible for all the neutral
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lipid and some of the phospholipid transfer activity (Hesler et al., 1988). The epitope for
this neutralizing monoclonal antibody, TP2, was localized to the C-terminal 26 residues
of CETP (Swenson et al., 1989). Furthermore, Fab fragments from TP2 were also able to
inhibit neutral lipid transfer activity and the binding of neutral lipids to CETP suggesting
that TP2 inhibited lipid transfer by blocking the interaction of lipid with CETP.
Interestingly, while lipid transfer activity was inhibited by the TP2 Fab, the binding of
CETP to plasma lipoproteins, particularly VLDL and LDL, and phospholipid vesicles
was enhanced. The binding of TP2 Fab may cause a conformational change in CETP that
enhances the binding to lipoproteins and vesicles and the TP2 Fab may mimic the binding
of neutral lipids to CETP (Swenson et al., 1989; Tall, 1993).

In order to evaluate the involvement of the C-terminal 26 residues in lipid transfer
activities, C-terminal deletions and site-directed mutagenesis were performed. Wang et
al. (1992) were able to further localize the epitope of TP2 to be between residues 463 and
475. The deletion mutants were well secreted but had reduced cholesteryl ester transfer
activity. Furthermore, the deletion mutant A470-475 had reduced cholesteryl ester and
triglyceride transfer activities but an increased phoshoplipid transfer activity. The fact
that phospholipid transfer activity is intact suggests that the loss of the C-terminal
residues (A470-475) does not affect the binding of CETP to lipoproteins and the loss of
cholesteryl ester and triglyceride transfer activities is not a result of misfolding of CETP
(Wang et al, 1992; Tall, 1993).

Point mutagenesis within the residues of 463 to 475 revealed that the amino acids
required for TP2 binding were different from those required for cholesteryl ester transfer

activity (Wang et al., 1993). Accordingly, the residues involved in cholesteryl ester
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transfer were hydrophobic residues whereas those required for TP2 binding appeared t«o
be hydrophilic or charged. In view of the secondary structure prediction of am
amphiphatic o-helix within this region, it is conceivable that TP2 binds to the hydrophili-c
face of the helix while the region necessary for cholesteryl ester transfer is located on the
hydrophobic face of the helix (Wang et al., 1993). It was suggested that the binding osf
TP2 might immobilize the flexible C-terminal tail of CETP preventing cholesteryl estesr
transfer (Wang et al., 1992; Tall, 1993). A proposed putative hinge sequence at residuse
462-464 (Gly-Phe-Pro) may provide this flexibility (Wang et al., 1992).

Au-Young and Fielding (1992) have also characterized three large C-terminasl
deletion mutants (of 26, 48, and 66 residues) that had impaired binding to lipoprotein=s
and were inactive. As these deletions all contain the Phe-Leu-Leu-Leu (residues 454
457) that are also found in BPI, LBP and several lipid metabolizing enzymes including
LCAT, the authors hypothesized that these residues might be necessary for lipoproteim
binding and for the effective catalysis of neutral lipid transfer. However, substitution of
Phe-454 > Ala resulted in only a slight reduction of cholesteryl ester transfer activits
(Wang et al, 1992). The general hydrophobicity in the C-terminal region thus appears to
be important for function rather than specific residues (Tall, 1993). Since the binding o=
CETP to lipoprotein substrates is influenced by the negative charge on lipoproteins
(Sammett and Tall, 1985) and involves hydrophobic and ionic interactions (Nishida et al. ,
1993), Jiang et al. (1995) performed site directed mutagenesis on key positively chargecd
residues within CETP. The substitution of Lys-233 or Arg-259 with neutral ofracidic
residues led to a markedly reduced lipid transfer activity. The Lys-233 - Ala mutant o

CETP was shown to be defective in binding to HDL. The authors proposed that both the
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Lys-233 and Arg-259 might be the region that is involved in associating with the
lipoprotein surface. Later work by Roy et al. (1996) using monoclonal antibodies
showed that the region between residues 261-331 and 367-409 did not influence
cholesteryl ester transfer activity. The monoclonal antibodies that partially neutralized
lipid transfer activity (between residues 184-260) result from the proximity of this region
to Lys-233 and Arg-259 and thus may interfere with the binding of CETP to lipoproteins.

Morton and Zilversmit (1982) showed that CETP activity is inhibited by p-
chloromercuriphenylsulphonate, a hydrophobic cysteine-modifying reagent. This led
Connolly et al. (1996a) to study the effects of other cysteine-modifying reagent and the
authors found that CETP can only be inactivated by hydrophobic cysteine-modifying
reagents such as p-chloromercuriphenylsulphonate suggesting that CETP contains
essential free cysteine(s) residing in a hydrophobic environment within the protein.
Recently, Kotake et al. (1997) investigated the requirement for the conserved N-terminal
Cys residue found in hurnans, rabbits, and cynomolgous monkeys by removing the N-
terminal Cys. Although the lack of a free Cys did not impair neutral lipid transfer
activity, the modification with p-chloromercuriphenylsulfonic selectively inhibited
triglyceride transfer activity. These results suggest that this free cysteine residue may be
close to an active site that can determine the selectivity for neutral lipids. More
interestingly, Melchoir et al. (1995) were able to show that cholesteryl ester and
triglyceride transfer by cynomolgous monkey CETP could be separately inhibited
suggesting that two independent sites for neutral lipid transfer exist. Whereas
monoclonal antibodies made against purified cynomolgous monkey CETP inhibited

triglyceride transfer with variable effect on cholesteryl ester transfer, 6-cholomecuric
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cholesterol inhibited cholesteryl ester transfer with minimal inhibition of triglyceride
transfer. Fukasawa et al. (1992) also demonstrated, using anti-human monoclonal
antibodies, that triglyceride transfer can be inhibited without any effects on cholesteryl
ester transfer.

Recently, the crystal structure of BPI, which shares structural similarity with
CETP, was solved (Beamer et al., 1997) (Figure 3.3). This structure was shown to
contain 2 main domains: the N- and C-terminal domain. Both these domains consist of a
“barrel”” formed by two o helices and a highly twisted anti-parallel B-sheet. The two
domains are joined by a smaller anti-parallel B-sheet formed by residues from the
beginning and end of each domain (Bruce et al., 1998b). The BPI structure also has an
unusual “boomerang” shape and most unexpectedly, two-lipid binding sites (Beamer et
al.. 1997) (Figure 3.3). Based on the sequence similarity shared by BPI and CETP, the
structure of CETP was modelled and proposed to have a similar overall protein fold and
the two domain architecture of BPI (Bruce et al., 1998b). Both hydrodynamic and
circular dichroism measurements were in agreement with the modelled CETP structure
(Connolly et al., 1996b). Consistent with the studies by Fukusawa et al. (1992) and
Melchoir et al. (1995), two separate lipid binding sites may be present in CETP.
Furthermore, both the lipid-binding pockets may have a cysteine residue located in the
interior such that their modification results in steric hindrance of lipid binding (Kotake et
al., 1997; Bruce et al., 1998b). These residues were assigned to Cys-17 in the N-terminal
pocket and Cy-325 in the C-terminal pocket (Bruce et al., 1998b). In addition, the two
conserved cysteines in the gene family that form a disulphide bridge in BPI and are

essential for the function of BPI has been ascribed to Cys-143 and Cys-184 of CETP
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(Horwitz et al., 1996). Bruce et al. (1998b) also proposed that the C-terminal
amphiphatic helix lies over the opening of the lipid binding pocket in the N-terminal
domain with its hydrophobic side facing the interior pocket in its compact solution
structure (closed conformation). This N-terminal pocket is more likely specialized for the
transfer of neutral lipids whereas the C-terminal pocket might be involved in the transfer
of phospholipids (Bruce et al., 1998b).

Although site-directed mutagenesis by Jiang et al. (1995) suggested that Lys-237
and Arg-259 might be involved in lipoprotein binding, the predicted model of CETP
suggest otherwise since these residues are not located on the concave side of the protein
(Bruce et al., 1998b).

The proposed mechanism of lipid transfer in light of this model may involve the
binding of CETP to lipoproteins by residues on the concave side of the protein (in the
open conformation) which causes the disordering of the phospholipid monolayer. Once a
ligand is bound, the protein dissociates and forms a compact structure (closed
conformation) until it encounters another lipoprotein (Bruce et al., 1998b). This would
suggest that the mechanism of lipid transfer favours the carrier model rather than the
ternary complex model of lipid transfer.

More recently, the structure of PLTP was proposed based on the crystal structure
of BPI (Huuskonnen et al., 1999). This structure shows that PLTP also has two lipid
binding sites. Site-directed mutagenesis was used to confirm functionality of the

predicted essential residues.
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D) Regulation of CETP

Plasma CETP activity is regulated by many factors. As mentioned previously,
there are various transcriptional regulatory elements in the promoter region of the CETP
gene that up regulate transcription in response to cholesterol. There is also the potential
for post-translational regulation by the alternatively spliced exon 9-deleted transcript.
The activity of CETP in the plasma is obviously influenced by its concentration.
However, in a normolipidemic subject the amount of CETP is usually not rate-limiting.
Hence in the plasma, it is more probable that CETP is regulated by the relative
concentration of lipoprotein substrates and their composition, by CETP inhibitors,
lipolytic enzymes, and dyslipidemias.

In humans, the majority of the CETP is associated with HDL and to a lesser
extent with LDL and VLDL (Pattnaik and Zilversmit; 1979; Morton, 1985). The
reciprocal transfer and net exchange of cholesteryl esters and triglycerides amongst the
plasma lipoproteins are dependent on the relative abundance of donor and acceptor
particles and their lipid composition, which can be influenced by the occurrence of
dyslipidemia. For example, an increase in triglyceride-rich lipoproteins increases the net
mass transfer of cholesteryl esters from HDL to these particles (Tall et al., 1986; Dousset
et al., 1988; Mann et al., 1991; Guérin et al., 1994). Hypertriglyceridemic mouse models
expressing human CETP also exhibited an increase cholesteryl ester transfer to apoB-
containing lipoproteins (Hayek et al., 1993).

The binding of CETP to lipoproteins is also influence by the charge on the
lipoproteins. An increase in negative charges increases CETP binding. Sammet and Tall

(1985) showed that lipolysis of VLDL by endothelial lipases increased the binding of
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CETP to VLDL as a result of enrichment of VLDL with negatively charged fatty acids,
which subsequently increases the rate of cholesteryl ester transfer from HDL to VLDL.
Furthermore, chemical modification or addition of anionic detergents to increase the
negative charge of LDL enhanced the binding of CETP to these particles (Nishida et al.,
[993). Lipolysis also increases the binding of CETP to HDL as a result of phospholipid
and fatty acid enrichment (Tall, 1993). Increased transfer of cholesteryl ester from HDL
to other lipoprotein fractions is also observed when HDL is treated with hepatic lipase
(Clay et al., 1990).

The enrichment of lipoproteins with cholesterol and phospholipids also stimulates
cholesteryl ester transfer (Tall et al., 1986; Morton, 1988; Morton and Steinbrunner,
1990). In vitro studies showed that an increase in the cholesterol content on the surface
of lipoproteins decreased the ability of VLDL and LDL but not HDL to donate
cholesteryl esters. Although there is no specific cofactor for CETP, various
apolipoproteins appear to influence CETP activity. ApoA-I, apoA-II, apoE, and apoC-IIT
were all found to stimulate neutral lipid transfer by CETP in vitro (Ohnishi and
Yokoyama, 1993). Sparks et al. (1989) demonstrated that an increase in the apoA-II /
apoA-I ratio in recombinant HDL increased the maximal CETP-mediated transfer rate.
In contrast, Rye et al. (1992) showed that particles containing apoA-I and apoA-II
impaired the ability of CETP to reduce the size of reconstituted HDL. Furthermore, the
substitution of apoA-II for apoA-I in isolated HDL progressively reduced the ability of
the HDL to serve as a donor or acceptor in cholesteryl ester transfer reactions (Lagrost et
al.. 1994). These results appear to show that apoA-II might be an inhibitor of CETP.

However, when CETP transgenic mice were bred with transgenic mice expressing human



57

apoA-II, reductions in HDL and increases in VLDL cholesteryl esters were observed
suggesting that apoA-II does not inhibit CETP (Zhong et al., 1994).

Lipid transfer inhibitor proteins (LTIP) that inhibit the activity of CETP have
been reported and isolated from human (Morton and Zilversmit, 1981; Son and
Zilversmit, 1984; Nishide et al, 1989), baboon (Kushwaha et al., 1993), and hog plasma
(Cho et al., 1998). Recently, Wang et al. (1999) cloned a CETP inhibitor that was shown
to be identical to apolipoprotein F. Inhibitor proteins that inhibit transfer of cholesteryl
ester, triglyceride and phospholipid exchanges by CETP isolated from human plasma
have an apparent molecular weight ranging from 29 to 35 kDa. The inhibition of lipid
transfer by LTIP can be overcome by increased concentrations of lipoproteins suggesting
that the inhibitor is substrate associated and not the result of a direct interaction with
CETP (Son and Zilversmit, 1984). It was later shown by Morton and Green (1994) that
the LTIP was associated with LDL and had a substrate selective effect on cholesteryl
ester transfer. Increasing the levels of LTIP in plasma increased the mass transfer of
lipids between HDL and VLDL as LTIP selectively inhibits the ability of LDL to act as
an acceptor of cholesteryl ester. More recent studies by Serdyuk and Morton (1999)
revealed that the preference for HDL cholesteryl ester transfer to VLDL is not caused by
the increased association of CETP with HDL but rather by the presence of LTIP on LDL.
The effectiveness of lipid transfer activity in the plasma seems to be determined by both
the CETP and LTIP activity. These studies have also led to the suggestion that low
CETP activity observed in species such as rodents and pigs may be related to the

inhibition of CETP activity by LTIP.
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E) Transgenic animals

Earlier work in determining the physiological significance of plasma CETP was
performed by injecting purified human CETP into rats, which normally lack significant
plasma CETP activity, and studying the change in the lipoprotein profile (Ha et al.,
1985). The results showed a total loss of the large, cholesteryl ester and apoE-rich HDL
(HDL,) fraction normally predominant in the rat plasma with concomitant increase in
cholesteryl ester content of the VLDL. In addition, triglyceride enriched HDL was also
observed. The development of CETP transgenic mice has provided further insights into
the role of CETP in both lipoprotein metabolism and atherogenesis. The over-expression
of human CETP in mice (I to 5-fold greater than in normolipidemic human plasma)
causes a 30-40% decrease in HDL cholesterol levels and apoE-rich HDL (Dinchuk et al.,
[995). HDL size and apoA-I content was also decreased while LDL cholesterol content
and size was modestly increased. Expression of human CETP at levels comparable to
human plasma, on the other hand, also showed a marked decrease (20-30%) in HDL
cholesterol levels (Agellon et al., 1991) but no significant changes in the total cholesterol
content of VLDL and LDL, or changes in HDL size or apoA-I content were observed.
There was, however, a decrease in the cholesterol/cholesteryl ester ratio in the plasma
and all lipoprotein fractions of the transgenic mouse plasma suggesting a stimulation of
cholesterol esterification.

In two separate studies (Hayek et al., 1992; Francone et al., 1996), where CETP
transgenic mice were crossed with human apoA-I transgenic mice, HDL cholesterol and
apoA-I levels were dramatically reduced. The co-expression of CETP with human apoA-

I (HuAICETPTg) resulted in the human-like speciation of HDL in the mouse plasma.
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The formation of distinctive HDL, and HDL, subclasses was apparent (Hayek et al.,
[992). Francone et al. (1996) also observed an increase in pre-f HDL fractions (HDL,,
and HDL,,) at 1.4 and 2.2-fold respectively. Furthermore, HDL containing human apoA-
[ had a higher affinity for CETP than mouse HDL and were better substrates for human
CETP (Hayek et al, 1992). Francone et al. (1996) reported that the HUAICETPTg mice
also had a greater ability to promote cholesterol efflux from fibroblasts than plasma from
HuAITg mice. In addition, CETP over-expression also induced a 1.4-fold increase in
plasma LCAT activity.

In order to study the effects of hypertriglyceridemia on CETP expression, CETP
transgenic mice were bred with mice over-expressing human apoC-III that were
previously shown to be hypertriglyceridemic (Hayek et al.,, 1993). In the presence of
hypertriglyceridemia, CETP caused a dramatic reduction in HDL cholesterol, apoA-I,
and HDL particle size. The decrease in both the HDL cholesteryl ester and apoA-I was
attributed to an increase in fractional catabolic rate as indicated by turnover studies.
These results suggest that in hypertriglyceridemic individuals, the decrease in HDL
cholesterol levels is associated with an increase in CETP activity (Tall, 1995).

The increase in VLDL and LDL cholesterol with a concomitant increase in apoB
levels observed in transgenic mice over-expressing human CETP is a result of the down-
regulation of hepatic LDL receptors (Jiang et al., 1993). An increase in cholesterol and
cholesteryl ester content in the liver and a reduction in HMG-CoA reductase mRNA was
also apparent, which suggest that the expression of CETP enhanced the return of

cholesterol to the liver (i.e. enhanced RCT) (Tall, 1995).
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F) Genetic CETP Deficiency

CETP gene mutations result in decreased plasma CETP levels and increased HDL
(hyperalphalipoproteinemia). In 1985, Koizumi et al. described two Japanese siblings
with hyperalphalipoproteinemia that exhibited no cholesteryl ester transfer activity.
Subsequently, a point mutation (G > A) in the 5’-splice donor site of intron 14 of the
CETP gene was discovered in these patients (Brown et al., 1989). Since, several other
unique mutations have been described in the Japanese (Takahashi et al., 1993; Gotoda et
al., 1993; Inazu et al., 1994; Sakai et al., 1996; Arai et al., 1996) and European (Funke et
al., 1994) populations (Table 3.1). Genetic CETP deficiency is quite prevalent in the
JTapanese population. Both the intron 14(A) (Brown et al, 1989) and Asp442 > Gly
mutations (Takahashi et al., 1993) are common in hyperalphalipoproteinemic individuals
(Inazu et al., [994) especially in Omagari City (Hirano et al., 1997). The heterozygote
frequency for the Int14(A) and Asp-442 > Gly mutations are 2% and 7% respectively
(Hirano et al., 1993; Inazu et al., 1990; Inazu et al., 1994). The intron 14 defects (Brown
et al., 1989; Inazu et al., 1990) and the Asp-442 -> Gly mutation that is partially
expressed appear to be genetically dominant.

The phenotypic expression of CETP deficiency include elevated total plasma
cholesterol with markedly increased HDL cholesterol and apoA-I levels (Table 3.2).
Large HDL species enriched in apoE also accumulate in the HDL and LDL density
ranges. Consequently, both apoA-I and apoE levels are elevated. An increased HDL, /
HDL; ratio is often observed. HDL are enriched in cholesteryl esters and poor in
triglycerides compared to control individuals. Conversely, the cholesteryl ester content

in the VLDL and LDL are decreased but enriched in triglycerides. Furthermore, the LDL
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Table 3.2: Lipid values in CETP deficiency
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CETP Deficienc
Lipids Homozygotes Heterozygotes Controls
mmol/l

Total cholesterol 7.01 +0.83%* 5.04 +1.14* 4.45 +0.59*
5.59 + 1.08" 4.40 + 0.44"
5.87 + 0.86* 4.40 +0.57*

HDL cholesterol 424 + 1.01* 1.17 £0.39% 1.16 +0.26*
2.64 +0.727 1.24 +0.28"
1.74 + 0.70* 1.24 +0.21*

LDL cholesterol 1.99 + 0.80* 287+ 1.11%* 2.77 +0.42%*
2.81 + 0.45* 2.90 + 0.30*

Triglycerides 1.69 + 1.34% 1.07 £ 0.59* 0.98 +0.34*
1.10 + 0.521 0.87 +0.291
1.03 +0.47* 0.99+ 0.28*

g/l

ApoA-I 2.13+047* 1.49 + 0.43%* 1.17 + 0.20*
2.12 +0.337 1.34 +0.16
1.50 +0.31* 1.34 +0.13*

ApoB 0.54 +0.14%* 0.66 + 0.20* 0.89 +0.13*
0.81 +0.20" 0.83 +0.16"
0.85+0.31*% 0.82 +0.12*

CETP mass (mg/l) 0 1.4 +0.3%* 2.2 +0.6*

CETP activity (units) 0 85+2.7" 204 +2.1°

Literature values (* Inazu et al., 1990; " Hirano et al., 1993; # Hirano et al., 1997) for the
plasma parameters observed in CETP deficiency compared to controls.
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cholesterol and apoB levels in homozygotes for the intron 14 splicing defect are
decreased and the LDL is polydisperse with speciation into four or five distinctly size
subspecies (Yamashita et al., 1988; Sakai et al., 1991). Interestingly, no reduction of
LDL cholesterol and apoB are seen in the Asp-442 - Gly mutation that have detectable
CETP activity (Inazu et al., 1994) suggesting that changes in LDL occurs only in the

complete absence of CETP (Tall, 1995).

G) Objective of the Study

The objective of this study was to completely characterize the metabolic defect(s)
in a patient who presented with hypercholesterolemia and was unresponsive to drug
treatment. Initial lipid analyses revealed that the cause of hypercholesterolemia was

associated with elevated levels of HDL cholesterol (hyperalphalipoproteinemia).

H) Results

Lipoprotein and apolipoprotein analysis

The plasma lipid values of the proband while still on Pravachol® (40 mg daily) are
shown in Table 3.3. Her total plasma cholesterol (7.3 mmol/l; Normal: 4.4 + 0.57
mmol/l), cholesteryl esters (5.14 mmol/l; Normal: 2.53 + 0.10) and phospholipids (4.60
mmol/l; Normal: 1.83 + 0.08) were markedly elevated. She was also mildly
hypertriglyceridemic (1.59 mmol/l; Normal: 0.8-1.0 mmol/1). Her plasma apoA-I levels
was 2-fold elevated and her apoE level was almost 3-fold increased compared to control
subjects. Her apoB levels are near normal compared to control subjects. The increases in

total plasma cholesterol and phospholipids were accounted for by the very pronounced



Table 3.3: Plasma lipids and apolipoproteins in CETP deficiency

Whole
Lipid Plasma VLDL LDL HDL
muezol/l

Total cholesterol 7.34 0.24 2.92 4.38
Free cholesterol 2.20 0.20 1.10 1.00
Cholesteryl esters 5.14 0.04 1.82 3.38
Triglycerides 1.59 I.11 0.59 <0.01
Phospholipids 4.60 0.28 1.32 30.5
Apolipoproteins mg/dl

ApoA-I 256.0

ApoB 94.0

ApoE 14.4

All lipid values were determined enzymatically as described in Methods. Plasma
apolipoproteins were quantified by electroimmunoassay (Dolphin et al., 1984).
Lipoprotiens were isolated by sequential ultracentrifugation at the following densities:
VLDL, d: 1.006 g/ml; LDL, d: 1.006-1.063 g/ml; HDL, d: 1.063-1.2. g/ml. From Teh et

al., 1998.
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increase in HDL lipid mass. Her plasma LCAT activity was significantly lower (29 nmol
cholesteryl ester formed / ml plasma per h) than the control (46.4 nmol cholesteryl ester
formed / ml plasma per h). The low LCAT activity is probably a result of decreased
substrate efficiency (large HDL,) that subsequently accounted for the increased ratio of
cholesterol to cholesteryl ester when compared to normal subjects. Analysis of the
proband’s lipoprotein lipid composition after isolation by density gradient
ultracentrifugation is shown in Table 3.4. The weight % content of both the VLDL and
LDL showed a marked decrease in their content of cholesteryl esters (Normal VLDL:
14%:; LDL: 42%) with an increase in triglyceride content (Normal VLDL: 53%; LDL.:
4%). The reverse pattern was observed within the HDL fraction where both the HDL,
and HDL,; subspecies had an elevated content of cholesteryl esters (Normal HDL,: 20%;
HDL;: 16%) and a decreased triglyceride content (Normal HDL,: 2%; HDL;: 1%) when
compared to normal subjects. Significantly, the relative content of HDL phospholipids is
decreased, which indicates the presence of a higher proportion of larger HDL particles
than normal.

Figure 3.4 represents the plasma lipids of the proband and a control female
subject. The normal lipoprotein distribution of the control subject shows VLDL in
fractions I and 2 (d < 1.019 g/ml), LDL represented in fractions 5-12 (d: 1.024-1.063
g/ml) with the peak in fraction 7 and the HDL in fractions 12-24 (d: 1.058-1.190 g/ml).
The peak in HDL is seen in fraction 17. The lipoprotein distribution of the CETP
deficient proband on the other hand, was skewed to a lower density range. Most
significantly, the HDL fraction was elevated and represented the predominant plasma

lipoprotein species. The majority of the HDL was in the HDL, density range (fractions
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Table 3.4: Lipoprotein composition in CETP deficiency

Lipid VLDL LDL HDL, HDL,
wt %

Cholesterol 93 14.4 10.4 6.1
Cholesteryl esters 1.8 37.2 40.2 45.7
Triglycerides 67.3 18.9 33 2.5
Phospholipids 21.6 29.5 46.1 45.6
CE/TG mass 0.027 1.97 12.34 18.43
C/PL mass 0.43 0.49 0.23 0.13

Lipoproteins were isolated by density gradient ultracentrifugation as described in
Methods and the lipids were quantified by gas chromatographic total lipid profiling
(Kuksis et al., 1978). From Teh et al., 1998.
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[0-17; d: 1.044-1.112 g/ml). The plasma apolipoproteins distribution of both the
proband and the control subject are shown in Figure 3.5. ApoB is associated with the
lower density lipoproteins and hence their normal distribution is predominantly in the
fractions 1-12. Fraction 7 of the lipid distribution coincides with the peak in apoB while
the peak for HDL in fraction 17 coincides with the apoA-I peak. ApoE was detected in
fraction [-5 (d: 1.006-1.026 g/ml) and 11-18 (d: 1.050-1.121 g/ml) in the density range
normally occupied by HDL,. The apoA-I peak for the CETP deficient subject had also
shifted to a lower density range and was present in fraction 13 (d: 1.068 g/ml). Similarly,
the apoE had shifted from fractions 14-15 (d: 1.072-1.091 g/ml) in the control subject to
fraction 11 (d: 1.054 g/ml) in the CETP deficient subject. These data are consistent with
the previously reported hyperalphalipoproteinemia in CETP deficiency that showed an
increased presence of a higher proportion of large HDL,-like particles. The molar ratios
of cholesteryl ester to apoB for the apoB-rich lipoprotein fractions isolated by
ultracentrifugation (Figure 3.4 and 3.5) from the proband and a normal female subject are
shown in Table 3.5. The cholesteryl ester / apoB ratio for the VLDL and IDL fractions of
the CETP-deficient subject was much lower than that observed for the normal female. In
contrast, the LDL cholesteryl esters / apoB ratio from both the proband and the normal
were essentially equivalent. These data suggest that the VLDL and not the LDL
cholesteryl esters / apoB ratio was markedly affected by an absence of CETP.

CETP activity assay and mass determination

The ability of the proband’s plasma to catalyse the reciprocal transfer of
cholesteryl esters and triglycerides between lipoprotein species were evaluated by

comparing post-incubation values at 4 °C with those obtained after incubation at 37 °C.
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Figure 3.4: Plasma lipid distribution of a normolipidemic individual (A) and the
CETP deficient deficient proband (B) fractionated by discontinuous
density gradient ultracentrifugation. From Teh et al., 1998.
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Table 3.5: Molar proportions of cholesteryl ester and apoB in apoB-rich fractions
from density gradient ultracentrifugation.

CE/apoB molar ratio
Density gradient CETP-deficient Control female
Fraction subject subject
l 330 1825
2| VLDL 307 1668
3 739 1920
4 1015 2479
5 1362 2353
6 1345 1636
7 1427 1489
8 1707 1535
9 1813 1448

Molar proportions of cholesteryl ester to apoB were calculated from the lipid and
apolipoprotein analyses of the density gradient ultracentrifugal fractions of the CETP-
deficient subject and the normal control female individual in Figs. 3.4 and 3.5. VLDL is
present in fractions 1 and 2, IDL in fractions 3 and 4, and LDL in fractions 5-9. The
major apoB-containing fraction was fraction 7 in both individuals. From Teh et al., 1998.
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While the control subject’s VLDL showed the expected augmentation in cholesteryl ester
and a decrease in triglyceride content with reciprocal changes in the LDL + HDL
fraction, no augmentation of VLDL total or cholesteryl ester or significant decrease in
VLDL triglycerides were observed for the proband (Table 3.7). These results are
consistent with an absence of CETP-mediated reciprocal transfer of cholesteryl esters and
triglycerides in the plasma of the proband.

In order to evaluate whether the CETP protein was present or absent from the
plasma of the proband, a radioimmunometric, double antibody sandwich assay utilizing
monoclonal antibodies that had been previously shown to inhibit human plasma CETP
activity was performed (Clark et al., 1995). The assay was performed using plasma from
three controls diluted 1 in 40-50 dilution as recommended and undiluted plasma from the
proband. The values for CETP mass obtained from the controls ranged from 1.45 to 3.26
mg/ml and fell within the previously reported normal range (Clark et al., 1995). There
was no detectable mass in the undiluted plasma of the proband indicating that at least one
of the epitopes recognized by the primary monoclonal antibody utilized in this assay was
absent.

Analysis of the cholesteryl ester and phospholipid fatty acid composition

There are two sources from which cholesteryl esters can be derived: intracellular
acyl-CoA:cholesterol acyltransferase (ACAT) or plasma LCAT. Human LCAT exhibits
a preference for the transesterification of linoleic acid (C18:2) from the sn-2 position of
phosphatidylcholine to cholesterol forming cholesteryl linoleate. In contrast, hepatic
ACAT prefers to utilize the CoA esters of stearic (C18:0) and oleic acid (C18:1). In the

absence of CETP-mediated lipid transfer it would be expected that the VLDL would
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contain cholestery!l esters predominantly derived through the esterification of cholesterol
by hepatic ACAT, whereas the LDL and HDL, both of which are substrates (to varying
degrees) for LCAT would contain a significant proportion of LCAT-derived cholesteryl
esters. In the absence of exchange, the origin of plasma cholesteryl ester can be
determined. The fatty acid compositions of the cholesteryl esters and phospholipids
isolated from the major lipoprotein classes present in the proband and control plasmas are
shown in Table 3.6. Owing to pronounced shift in hydrated density of the HDL in the
CETP-deficient subject, care was taken to exclude fractions containing significant
amounts of apoA-I from the LDL fraction when preparing lipoprotein fractions for fatty
acid analysis. Therefore, fractions 1 and 2 (d < 1.019 g/ml) constituted the VLDL,
fractions 5-9 (d: 1.023-1.044 g/ml) constituted the LDL, and fractions 12-22 (d: 1.058-
[.167 g/ml) constituted the HDL fraction used for analyses. Almost 50% of the
cholesteryl ester present in the VLDL of the patient is cholesteryl stearate (C18:0), which
is in marked contrast to the control subject VLDL where cholesteryl linoleate (C18:2)
predominates, followed by cholesteryl oleate (C18:1) and cholesteryl palmitate (C16:0).
Hence, the cholesteryl ester 18:1 / 18:2 ratio is 2.36 in the patient’s VLDL compared to
the controls 0.58 + 0.08. In contrast, there was no difference in the fatty acid
composition of both the LDL and HDL from the control subjects and the proband, where
the predominant cholesteryl ester fatty acids were cholesteryl linoleate (C18:2) and
cholesteryl oleate (C18:1), and therefore the cholesteryl ester 18:1 / 18:2 were similar.
These ratios are represented graphically in Figure 3.6. However, the proportion of
cholesteryl stearate (C18:0) was significantly reduced in the patient’s LDL and HDL

when compared to VLDL. Furthermore, the phospholipid fatty acid composition present
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Lipoprotein fractions were isolated from plasma by density gradient ultracentrifugation.
Fractions 1 and 2 (d < 1.019 g/ml) (Figure 3.4) constituted the VLDL, fractions 5-9 (d:
1.023-1.044 g/ml) constituted the LDL fraction, and fractions 12-22 (d: 1.058-1.167
g/ml) constituted the HDL fraction and were used for the analyses. Lipids were extracted
from the lipoprotein fractions by the method of Folch et al. (1957), separated by thin-
layer chromatography as described in Methods. The isolated cholesteryl esters and
phospholipids were transmethylated (Morrison and Smith, 1964) and analyzed by gas
chromatography. Control values were obtained as described (n=6). From Teh et al.,
1998.
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Figure 3.6: The C18:1/ C18:2 ratio of the fatty acid component from A. cholesteryl
esters and B. phospholipids for each lipoprotein fraction from controls
and the CETP-deficient subjects. The 18:1 / 18:2 fatty acid ratio from the
cholesteryl esters and phospholipids of the VLDL was the only fraction that
showed a significant difference as denoted by (¥*).
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within the VLDL of the proband showed a marked decrease in linoleic (C18:2) and
arachidonic acid (C20:4) compared to controls. In contrast, no differences in
phospholipid fatty acid composition between the LDL and HDL fractions were observed.
The fatty acid composition of the phospholipids within the lipoproteins of the controls
were not significantly different with palmitate (C16:0), linoleate (18:2), oleate (18:1), and
stearate (18:0) as the major species.

Sequence analysis of genomic DNA

The results above provided strong evidence for the possibility that the proband
had a genetic mutation in the CETP gene. The previously reported mutations in the
human CETP gene are shown in Table 3.1. Both the G = A substitution at intron 14(+1)
and the single A = G substitution in exon 15 are relatively common in the Japanese
population. Based on the known mutations at exon/intron 14, exon 15, 2, 6, 10, and 12,
the proband’s exons were amplified by PCR and either sequenced or digested with
specific restriction enzymes as previously reported. Failing to find a mutation(s), all
exons and intron/exon boundaries were subsequently amplified by PCR, cloned and
sequenced. A single C -> T substitution was identified at nucleotide 836 in exon 9 that
replaces the Arg-268 with a nonsense codon (Figure 3.7). Bidirectional sequencing of
three clones from two separate PCR products of exon 9 from the proband all showed the
single C -> T substitution. In addition, direct sequencing of the PCR product from exon
9 was also performed to determine the genotype. The results showed that the proband
was homozygous for this mutation. The entire coding region including the exon/intron
junctions of the proband’s CETP gene was sequenced and showed no additional

mutations.
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Figure 3.7: DNA seqence of exon 9 of the CETP gene. A C-->T substituition identified
at nucleotide 836 introduced a nonsense codon at position 268 of the
protein. From Teh et al., 1998.
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The C = T substitution did not result in a loss or gain of a unique restriction site
that would allow for rapid screening. Thus, a site was introduced by PCR using a 26 bp-
mismatched primer (see Methods, Figure 2.1) that resulted in a restriction site for Maelll
in the presence of the C - T mutation. The results of the digestions are shown in Figure
3.8. The 168 bp PCR product of exon 9 from the proband was cleaved by Maelll into
two fragments of 139 bp and 29 bp but no cleavage was observed in the controls. This
result also confirms that the proband is homozygous for the mutation as there was no

evidence of an uncut 168 bp band.

I) Discussion

The proband investigated in this study is a 57 year-old Caucasian female Nova
Scotian without Japanese ancestry who presented with hypercholesterolemia later shown
to be due to a marked hyperalphalipoproteinemia (Table 3.3). In concert with other
reports of CETP deficiency (Inazu et al., 1990; Arai et al., 1996) the proband’s apoA-I
levels were increased two-fold and her plasma apoE levels were three-fold elevated. The
proband’s apoB levels were near normal at 94 mg/dl (Normal: 100 + 10 mg/dl) and her
LDL cholesterol was within the normal range when compared to controls. This is in
contrast with other reports of Japanese individuals homozygous for this genetic defect
(Brown et al., 1989; Inazu et al., 1990; Ikewaki et al., 1995; Arai et al., 1996) where
apoB (60-70 mg/dl) and LDL cholesterol levels (1.99 + 0.8 mmol/l) were low (Inazu et
al., 1990). This decrease has been shown to be caused by the up-regulation of LDL
receptors leading to an enhanced LDL catabolic rate (Ikewaki et al., 1995). LDL

turnover studies were not conducted in the proband but it is possible that the
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hypercatabolism of LDL in the Japanese individuals may be polygenic in nature and not
totally dependent on the absence of plasma CETP activity (Teh et al., 1998). The
presence of HDL enriched in cholesteryl esters and poor in triglycerides with VLDL and
LDL rich in triglycerides but cholesteryl ester poor are indicative of a lack of reciprocal
transfer and are consistent with the previous findings (Inazu et al., 1990) in homozygous
CETP deficiency. In addition, the aberrant lipoprotein and apolipoprotein ultracentrifuge
profiles (Figure 3.4 and 3.5) are similar to the previously reported gel filtration studies of
plasma from CETP-deficient homozygotes (Koizumi et al., 1985; Bisgaier et al., 1991).
Analysis of the fatty acid composition of the lipoprotein cholesteryl esters and
phospholipids were performed to evaluate the possible origins of individual cholesteryl
esters. Bisgaier et al. (1991) reported that the majority of cholesteryl ester in the VLDL
and LDL of CETP-deficient subjects arises from the action of intracellular (presumably
mostly hepatic) acyl CoA:cholesterol acyltransferase (ACAT) and that LDL is utilized as
an LCAT substrate only when the preferred substrate, HDL, is exhausted. Using similar
analyses, the fatty acid composition of the lipoprotein cholesteryl esters and the C18:1 /
C18:2 ratio were determined (Table 3.6). These results are in contrast to those previously
reported by Bisgaier et al. (1991) and only partially substantiate the hypothesis. In the
control individuals, the predominant cholesteryl ester fatty acids present in all the major
lipoproteins were C18:2 > C18:1 > C16:0 with very similar relative proportions, and
there was no significant difference between in the C18:1 / C18:2 ratio. It has been
previously shown in vitro that plasma VLDL is qualitatively the best acceptor of HDL
cholesteryl ester in normolipidemic individuals and the transfer of HDL cholesteryl ester

to the apoB-containing lipoproteins is proportional to their relative concentrations in
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plasma (Guérin et al., 1994). Furthermore, in addition to catalyzing a net mass transfer of
cholesteryl ester, CETP also mediates cholesteryl ester exchange between the
lipoproteins (Guérin et al., 1994). Hence with time, a complete equilibration of
cholesteryl ester species between 1ipopr§teins would occur and is indeed observed in
Table 3.6. This was not apparent in the data reported by Bisgaier et al., (1991)
particularly with respect to C18:0 which ranged from 6.4 + 0.4 to 19.7 + 4.6% of
cholesteryl ester fatty acid across the lipoprotein spectrum and approximated the lower
value in the d: 1.050-1.063 g/ml fraction. The predominant cholesteryl ester fatty acids
in the VLDL of the proband were C16:0 and C18:0 with all other fatty acids present at
less than 10% of the total. In the absence of CETP, it appears that the cholesteryl esters
of ACAT origin are cholesteryl palmitate (C16:0) and cholesteryl stearate (C18:0). In
contrast, the proband’'s LDL and HDL cholesteryl ester fatty acid content were very
similar to that of the control fractions (C18:2 > C18:1 > C16:0) with relatively minor
contributions from C18:0 (2.0-4.5%). These results suggest that the cholesteryl esters
present in the HDL and LDL fraction of the proband are derived from the action of
LCAT on both HDL and LDL.

The phospholipid fatty acid composition in the controls were quite similar in all
the lipoprotein fractions and were present as C16:0 > C18:2 > C18:1 > C18:0. Although
previous studies have noted significant differences in phospholipid molecular species
among lipoprotein fractions from plasma that were analyzed immediately after
phlebotomy and in blood samples taken from human umbilical cord (Breckenridge et al.,
[984), the samples used in this study were from adults and were not analyzed

immediately. It would be expected that a full equilibration of the phospholipid molecular
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species by PLTP and CETP in the controls have occurred. The phospholipid fatty acid
composition of the proband's HDL and LDL was very similar to those of the control
fractions but signiﬁcantl); different from the VLDL. Given the high content of C18:1 and
C18:2, which tend to occupy the sn-2 position of phosphatidylcholine and are preferred
substrates for LCAT, it is not surprising that the cholesteryl esters in the LDL and HDL
are predominantly cholesteryl linoleate (C18:1) and cholesteryl oleate (C18:2). The
proband's VLDL phospholipid fatty acid composition on the other hand, was reduced in
C18:2 but had significantly elevated C20:4. While dietary factors may have influenced
her VLDL phospholipid composition, it is evident that a full equilibration of the
phospholipids among the plasma in the CETP-deficient subject had not occurred. This
could be due to the absence of CETP activity that is responsible for at least some of the
phospholipid transfer activity in human plasma (Hesler et al., 1988).

Since the VLDL isolated from plasma is modified by CETP, the amount of
cholesteryl ester synthesized and secreted by the human liver remains an area of
controversy. The absence of CETP, however, could potentially provide an estimate of
cholesteryl esters secreted in the VLDL. The proband had very low amounts of
cholesteryl ester as VLDL lipid mass and her cholestery! ester / apoB molar ratio in her
VLDL and IDL fraction was significantly lower compared to a control female subject
(Table 3.5). Thus, it appears that the amount of cholesteryl esters secreted in the VLDL
from this proband is relatively low. The cholesteryl ester / apoB ratio further indicates
that a considerable amount of cholesteryl ester from the HDL (approximately 1500 moles
of cholesteryl ester per particle) would have to be transferred to VLDL in order to acquire

a composition comparable to that of the plasma VLDL from the control subject.
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Interestingly, the LDL fractions from the proband have cholesteryl ester / apoB molar
ratios similar to those of equivalent fractions in the control. If the VLDL from the CETP-
deficient subject had been catabolized to LDL without transfer of cholesteryl esters from
HDL, it would be anticipated that the cholesteryl ester / apoB ratio would remain at 300-
400 rather than the observed 1700-1800. The obvious explanation would be that LCAT
shows significant activity with LDL as a substrate and as a result, the amount of
cholesteryl esters in the LDL particle would be increased relative to the VLDL particle.
This is consistent with the data obtained from the cholesteryl ester fatty acid composition
ot the LDL where the LDL cholesteryl esters appeared to be derived from LCAT whereas
the VLDL cholesteryl esters are derived from the hepatic ACAT activity. Hence, it
appears that these results are consistent with the concept that the cholesteryl ester content
of nascent VLDL is low and that VLDL are major recipients of cholesteryl esters
transferred from HDL. Furthermore, in the absence of CETP, the cholesteryl ester
content of the LDL may be augmented by the action of LCAT. However, it is possible
that the increase in the cholesteryl ester / apoB molar ratio in the LDL fraction (fractions
8 and 9) might result from contamination with apoE-rich and apoA-I HDL since these
fractions contained small amounts of these apolipoproteins.

CETP deficiency in the proband is caused by the presence of a novel C > T
substitution at position 836 in exon 9 as demonstrated by DNA sequencing (Figure 3.7).
This single base pair substitution resulted in the conversion of Arg-268 to a nonsense
codon. The proband is homozygous for this mutation as evidenced by bidirectional direct
sequencing and digestion with the restriction enzyme Maelll (Figure 3.8). No other

mutation was found within the coding sequence or at any intron/exon splice junction.
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The Arg-268 - STOP mutation would result in a prematurely truncated protein and
hence, if secreted would exhibit no lipeid transfer activity as the functional domainsAare
located at the C-terminus of the protein (Figure 3.3). The monoclonal antibodies used
were directed to the C-terminal and theis would not be expected to react with the CETP
truncated at residue 268. Thus, it is not known if this truncated CETP is expressed and
secreted into the plasma. The amplification of exon 9 with the 26 bp-mismatched primer
resulting in a restriction site for Maeldl (Figure 3.8) in the presence of this mutation
would allow for rapid screening of swubjects with hypercholesterolemia. This novel
mutation is the first to be characterized #&n a Caucasian North American.

CETP and atherosclerosis

Since CETP deficiency results in hyperalphalipoproteinemia, it was previously
proposed that CETP deficiency might represent a longevity syndrome. Moreover, animal
species with very low levels of CETP activity are resistant to atherosclerosis. Earlier
studies showed that the over-expressior of simian CETP in transgenic mice (Marrotti et
al., 1993) resulted in the early lesion formation after an atherogenic diet. In addition, a
positive correlation with LDL choleste=rol levels and plasma CETP concentrations was
found in cynomolgous monkeys fed a hiagh fat, high cholesterol diet (Quinet et al., 1991).
These studies favour the concept that the presence of CETP is pro-atherogenic as it
decreases protective HDL and increases atherogenic LDL levels.

However, CETP plays a central xole in reverse cholesterol transport, a system that
is thought to prevent atherosclerosis via the HDL-mediated transport of cholesterol from
peripheral tissues including the arteria:l wall, to the liver for excretion in bile. Some

studies have shown that hyperalphalipoproteinemia in CETP deficiency can be associated
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with coronary heart disease (CHD) (Hirano et al., 1995a) especially in the presence of
other genetic defects such as decreased hepatic lipase activity (Hirano et al., 1995b).
Although CETP deficiency results in a lipoprotein profile that appears to be anti-
atherogenic (i.e. increase HDL and decreased LDL), the HDL, that accumulate are highly
enriched in cholesteryl esters, may be atherogenic, and are not efficiently removed. In
addition, the large, cholesteryl ester rich HDL, particles have a reduced ability to mediate
cholesterol efflux and could not prevent macrophages from accumulating cholesterol
from acetylated LDL or remove cholesterol from lipid-laden macrophages (Ishigami et
al., 1994). Furthermore, LDL levels are not always decreased in CETP deficiency and
may still acquire a high content of cholesteryl ester as a result of LCAT activity as
evident in this proband (Teh et al., 1998). The LDL in CETP deficiency are also small
and polydispersed (Yamashita et al., [988; Sakai et al., 1991), and have a lower affinity
for the LDL receptor (Sakai et al., 1995). Since CETP also acts in synergism with LCAT
and hepatic lipase to promote cholesterol efflux and uptake by the SR-BI receptor (Collet
et al., 1999), in the absence of CETP these mechanisms may become ineffective.
Numerous studies in human populations have provided some support for the anti-
atherogenic role of CETP. A study by Zhong et al. (1996) on Japanese-Americans living
in Hawaii showed an increased incidence of CHD in the presence of CETP deficiency
(either the intron 14 or Asp-442 > Gly mutations). Population studies of Omagari City
where CETP deficiency is prevalent showed that the risk for coronary heart disease in
CETP deficiency was no different to that of men without CETP mutations when HDL
levels were between 1.55 and 1.81 mmol/l (Hirano et al., 1997). The “U” shaped

relationship between the HDL cholesterol concentration and the incidence of ischemic
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ECG revealed that CETP-deficient subjects with lower HDL concentrations at 1.03
mmol/l (in heterozygous CETP deficiency) or with HDL concentrations above 2.32
mmol/l had an increased risk for CHD. Homozygotes for CETP-deficiency were also
decreased in the subjects greater than 80 years of age suggesting that CETP deficiency is
not a longevity syndrome. In humans, CETP activity appears to be driven by the extent
of hypertriglyceridemia (Tall et al., 1986; Mann et al., 1991). CETP expression inhibited
the development of early atherosclerotic lesions in hypertriglyceridemic apoC-II
transgenic mice despite the reduced HDL levels (Hayek et al., 1995). Hence, it appears
that high levels of HDL do not always necessarily reflect an efficient RCT pathway and
other genetic and environmental factors that influence the risk for CHD have to be
considered.

[In summary, a Nova Scotian patient exhibiting most of the phenotypic
characteristics of CETP deficiency has been identified (Teh et al., 1998). Molecular
analysis of her CETP gene revealed the presence of a novel mutation resulting in the
conversion of Arg-268 > STOP which, if expressed would result in a truncated protein
lacking neutral lipid transfer activity. The proband is homozygous for this mutation.
This novel mutation can be rapidly identified by PCR using a mismatched primer
engineered to generate a Maelll site in the presence of the mutation. The identification of
CETP deficiency in North American Caucasian offers the opportunity to study the

absence of CETP in a different (non-Japanese) genetic background.



4. Lecithin:cholesterol Acyitransferase

A) Perspectives

The nature and concentrations of plasma lipoproteins are one of the many factors
that determine the genesis, progression, and regression of atherosclerosis. Consequently,
structure/function studies of plasma proteins that modulate lipoprotein metabolism are
important in refining our understanding of this complex pathway. Lecithin:cholesterol
acyltransferase (LCAT; EC 2.3.1.43) has received significant attention because of its role
in trapping cell-derived cholesterol in plasma HDL and thereby mediating an initial step
in the RCT pathway. The formation of water-insoluble cholesteryl ester maintains the
concentration gradient for net cholesterol efflux (Glomset, 1968; Fielding, 1984). This
pathway is thought to account for the protective role of HDL against cardiovascular
disease. In conjunction with this, LCAT is responsible for the maturation of HDL
particles from their nascent discoidal form to spherical plasma HDL. Finally, LCAT can
also utilize cholesterol on circulating lipoproteins (Fielding et al., 1991) and on the
membranes of erythrocytes following its acquisition by lipoproteins. Hence, LCAT can
modulate plasma triglyceride-rich lipoprotein composition either by direct esterification
of cholesterol on these particles or following CETP-mediated transfer of LCAT-derived
cholesteryl esters from HDL (Barter, 1983; Barter et al., 1984).

LCAT is a serine esterase that has both a phospholipase A,-like activity and an
acyltransferase activity. It catalyses the transacylation of the sn-2 fatty acyl chain of
phosphatidylcholine to the 33-hydroxyl group of cholesterol forming cholesteryl esters

and lysophosphatidylcholine (Glomset, 1968; Assmann et al., 1978) (Figure 4.1).

88



89

"(LVD'T) dsesajuse)|£oe [019)S3[0Yd: unyrdd] Aq paz[eied uopdeas ugewt ay ], : 'y andig

AV V2 N2 N AN AN AT

dALSA ANI'TOHDTAAILYHISOHdOSAT
TAYILSATOHD

9
E(EHD)+N--THO--THD-0O--d--0--THD

i
HO --Jo
LVDT 0
ANI'TOHOTAALLVHdSOHd
TOYHALSATOHD
OH 0

|
¢(EHO)4+N--CHO--CHO~-0--d--0--CHD

I
O




90

Consequently, LCAT is responsible for the formation of the majority of the plasma
cholesteryl esters and indirectly controls the levels of cholesterol and cholesteryl esters in
various cells and tissues (Glomset, 1968).

As the LCAT substrates are water-insoluble, the LCAT reaction takes place at the
interface of lipoprotein particles. In the plasma, LCAT associates preferentially with
HDL that contain its main activator, apoA-I (Fielding et al., 1972; Francone et al., 1989).
The activation of LCAT by the apolipoprotein cofactor is poorly understood. It is
thcught that the cofactor may facilitate the interaction of the enzyme with the lipid
interface and/or LCAT may interact directly with the apolipoprotein cofactor. The
mechanism is undoubtedly similar to that of other interfacially active lipases (i.e.,
lipoprotein lipase and pancreatic lipase) that require co-lipase activator proteins (Dolphin,
1992). LCAT is also present at very low concentrations in lipid-free form or in
association with LDL (Glomset, 1972). The affinity of LCAT with LDL is about 5 fold
lower than for HDL and less than 20% of lipoprotein-associated LCAT can be expected
to be on LDL (Jonas, 1998).

In addition to cholesterol esterification, LCAT also functions as a phospholipase
A, in the absence of cholesterol or a suitable sterol acceptor, generating free fatty acids
(Piran and Nishida, 1976; Aron et al., 1978). LCAT can also transfer the acyl group back
to lysophosphatidylcholine when lysophosphatidylcholine concentrations are elevated in
a reaction termed the lysolecithin acyltransferase (LAT) (Subbaiah et al., 1980). This
reaction may be responsible for the regeneration of phosphatidylcholines from
lysophosphatidylcholines that are formed from oxidatively damaged lipids (Goyal et al.,

1997). Furthermore, the LCAT-catalyzed cholesteryl ester hydrolysis followed by re-
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esterification of a second cholesterol molecule has also been reported (Sorci-Thomas et
al., 1990) and this activity was termed the cholesterol acyltransferase (CAT) (Jauhiainen
and Dolphin (1990). All these reactions require an apolipoprotein cofactor. However, in
the absence of apoA-I, LCAT can hydrolyze water-soluble esters (Bonelli and Jonas,

1989) as well as platelet-activating factor (PAF) (Liu and Subbaiah, 1994).

B) The LCAT gene and protein

The human LCAT gene is located in the region of chromosome 16q22.1 and is
present as a single copy (Azoulay et al., 1987). The entire gene spans about 4.5 kb and
consist of 6 exons separated by S introns (McLean et al., 1986; Tata et al., 1987). Exon 1
of the human LCAT gene codes for the 24 residues of the hydrophobic leader sequence
and 28 residues of the mature peptide. Exons 2-4 code for a small portion of the mature
protein including the region of the LCAT containing the putative “lid” involved in
substrate recognition and binding (Peelman et al., 1999a). Exon 5 codes for amino acid
residues 151-226 that contains the active Ser-181 residue. Exon 6, the largest of the
exons codes for the remaining 50% of the mature peptide (res. 227 — 416) including the
two residues (His-377 and Asp-345) (Peelman et al., 1998) that form the catalytic triad
with Ser-181 (Jauhiainen and Dolphin, 1986; Francone and Fielding, 1991a). The LCAT
gene has a relatively small promoter that spans 71 bases and includes the classical TATA
box and two Spl binding sites that are essential for expression, together with an LFA1
motif (Meroni et al., 1991) (Figure 4.2).

The LCAT mRNA length is about 1.5 kb (McLean et el., 1986) and consists of a

5’-untranslated region of 22 bases, 1250 bases of transcribed sequence, a short 3’-
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untranslated region of 23 bases, and a poly(A) tail of 200 bases (Fielding, 1990).
Alternative splicing of the human LCAT mRNA also occurs as an insertion of a 95 base
Alu cassette between exon 5 and 6 (Miller and Zeller, 1997). Alternative transcripts are
present at low levels but there is currently no evidence that protein synthesis and
secretion occurs from these transcripts. In humans, the liver is the major source of LCAT
mRNA (McLean et al., 1986). The human hepatoma HepG2 and rat hepatocytes also
synthesize LCAT (Chen et al., 1986; Erickson and Fielding, 1986). In rats, LCAT
mRNA is also expressed at low but significant levels in the brain and testes (Warden et
al., 1989). The expression of LCAT in humans is relatively constant in adults but
changes during embryonic, post-natal development, and in liver disease (Warden et al.,
1989). Overall, the human LCAT gene expression appears to be unaffected by diet and
drug treatments (Warden et al., 1989). Avian LCAT, on the other hand, is expressed at
very high levels in the liver during early development but when they begin laying eggs,
the brain expresses the LCAT mRNA up to five-fold higher than that in the liver. This
developmental pattern is only seen in hens and not roosters (Hengstschlager-Ottnad et al.,
1995).

The amino acid sequence of human LCAT was deduced by cDNA and genomic
sequencing experiments (McLean et al., 1986) (Figure 4.3). The calculated polypeptide
mass of LCAT is approximately 47 kDa and has 416 residues in the mature, secreted
protein. The primary protein sequence reveals a high content of hydrophobic residues
and is heavily N-glycosylated at positions Asn-20, Asn-84, Asn-272, and Asn-384 (Yang
et al., 1987). It also contains two O-linked carbohydrate chains at positions Thr-407 and

Ser-409 (Schindler et al., 1995). The total carbohydrate content is
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The mature LCAT protein consists of 416 amino acids. The (%) represents the N-linked
glycosylation sites and (#) the two O-linked glycosylation sites. The two free Cys
residues are at position 31 and 184. The lines between the other Cys residues represent
disulphide bonds. The disulphide bond between Cys-50 and Cys-74 is the putative “lid”
region. The heavy line under the residues GXSXG represents the conserved sequence
observed among esterases and lipases. The catalytic triad includes the active site Ser-
181, Asp-345, and His-377 that are in bold. The Glu-149 in bold type determines the
fatty-acyl chain specificity at the sn-2 position. The underlined proline-rich sequence at
the C-terminus region is not required for interfacial activation. Reproduced from Jonas,
1998.
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approximately 25% (Chung et al., 1979; Chong et al., 1983) of the enzyme mass which
has an apparent molecular mass varying from 65 to 69 kDa by SDS-gel electrophoresis
(Marcel, 1982). Earlier studies by O et al. (1993) showed that all 4 N-linked
carbohydrate chains were utilized but were not necessary for secretion and that the
pattern of glycosylation had a profound effect on the catalytic activity of the enzyme
(Collet and Fielding, 1991). For example, culture studies in COS cells involving the
removal of Asn-20 drastically reduced enzymatic activity while the removal of Asn-384
increased activity by two-fold compared to wild-type (O et al., 1993). Similar
observations were also made in BHK cells (O et al., 1995). Both these studies suggest
that Asn-384 may have inhibitory effects in its natural conformation. In contrast,
Francone et al. (1993) found Asn-272 functionally important for acyltransferase activity
in LCAT secreted by CHO cells. Although these studies are not in agreement with each
other, the carbohydrate chains are clearly important for the full function of LCAT.
Removal of the carbohydrate chains also reduced the thermostability of the LCAT protein
(O et al., 1995). Altogether, these studies suggest that the carbohydrate moieties may
have an important role in the maintenance of the active conformation of LCAT as well as
their ability to interact with substrates (Miller et al., 1996), and contribute to the
conformational stability in an aqueous environment (Lacko et al. 1998). In contrast, the 2
O-linked residues are not essential for function (Schindler et al., 1995) as their loss in the
C-terminal truncations of the enzyme do not affect LCAT activity (Lee et al., 1997).
LCAT also has six cysteine residues organized as two disulphide bridges (Cys-50
and Cys-74; Cys-313 and Cys-356) and two free cysteines (Cys-31 and Cys-184) (Yang

et al., 1987). Both the disulphide bridges are important in maintaining the structure and
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function of the enzyme (Yang et al., 1987; Qu et al., 1994). However, the role of the two
free cysteines has not been completely elucidated. It is known that the free cysteines are
vicinal within 3.5-3.6 A and are close to the catalytic site (Jauhiainen et al. 1988).
Mutagenesis studies revealed that these residues are not required for catalysis (Francone
and Fielding, 1991b) and when disulphide bridged may serve to sterically hinder access
to the active site region (Qu et al., 1993). Comparison of the human LCAT sequence
with that of the baboon (Hixson et al., 1993), rabbit (Murata et al., 1996), rat (Meroni et
al., 1990) and mouse (Warden et al., 1989) LCAT shows a high sequence conservation
(85%) while the chicken (Hengstschlager-Ottnad et al., 1995) LCAT is less conserved
(75%) (Figure 4.4).

The precise tertiary structure of the LCAT protein has yet to be defined.
Recently, a 3-dimensional model for the folding of LCAT was proposed by Peelman et
al. (1998) (Figure 4.5). This model was created based on known X-ray structures of
pancreatic lipase and Candida antartica lipase and on the sequence homology of LCAT
with a variety of other lipases. Although this model excludes the putative “lid” region
and only accounts for about a third of the secondary structure of LCAT, it does provide

for some important insights for further study.

C) Substrate and fatty acyl specificity

The active site of human LCAT recognizes the phosphate group of phospholipids
but has no strict specificity for the head groups. For example, di- and triacylglycerols are
not substrates for LCAT, and although phosphatidylcholine is the major acyl donor for

LCAT, phosphatidylethanolamine is actually a better substrate (Pownall et al., 1985).
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Figure 4.5: The proposed model of lecithin:cholesterol acyltransferase (LCAT).
LCAT belongs to the &8 hydrolase fold family. The catalytic triad
consist of Ser-181, Asp-345, and His-377. From Peelman et al., 1998.
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Furthermore, the sn-2 position is the preferential fatty acyl chain transferred to
cholesterol (Subbaiah et al., 1992; Subbaiah et al., 1994a). This selectivity is influenced
by the fatty acyl composition of the phosphatidylcholine (Pownall et al., 1985). Subbaiah
et al. (1992) reported that when the sn-1, 16:0; sn-2, 20:4 phosphatidylcholine was used
as a substrate, human LCAT would preferentially transacylate the sn-1 fatty acyl chain to
produce 16:0 cholesteryl ester. Studies on the phosphatidylcholine selectivity from
various animal species showed that human LCAT prefers shorter, more saturated fatty
acyl chains such as 16:0, 18:1 and 18:2, while rat and mouse LCAT can bind and react
with phosphatidylcholines containing longer, more unsaturated fatty acyl chains such as
20:4 (Portman and Sugano, 1964; Liu et al., 1995). To further elucidate which region of
the LCAT was responsible for the phosphatidylcholine binding selectivity, chimeric
proteins were constructed. The human-mouse chimeras containing the sequence of one
of the LCATs between residues 130-306 were replaced with the corresponding sequence
in the other enzyme. The chimera with the human LCAT sequence at residues 130-306
inserted into the mouse LCAT exhibited specificity of that of human LCAT and vice
versa (Subbaiah et al., 1994b). Hence, the region between residues 130-306 may contain
the phosphatidylcholine binding site. Recently, Wang et al., (1997) showed that a single
residue substitution in human LCAT to that of rat LCAT (Glu-149 - Ala) changed the
selectivity of the human LCAT from shorter, more saturated acyl chains (18:1) to that of
rat LCAT that prefers longer, more unsaturated fatty acyl chains (20:4). The residue Glu-
[49 may not be directly involved with phosphatidylcholine binding but its substitution
may cause a conformational change in the enzyme that affects the active site pocket

(Wang et al., 1997). Alternatively, Glu-149 could be located near the site where the end
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of the sn-2 chain contacts LCAT (Jonas, 1998). Primary sequence alignments of known
LCAT sequences from various species showed that Glu-149 is present in species that
show a preference similar to that of human LCAT.

The major acyl chain acceptor of the phospholipase A, reaction of LCAT is
cholesterol. However, other sterols, water, and lysophosphatidylcholine can act as
acceptors and in vitro, long chain alcohols, diacylglycerols and monoacylglycerols can

also accept the acyl chain (Piran and Nishida, 1979; Jonas, 1998).

D) LCAT Deficiencies

Natural mutations in the human LCAT gene are associated with lipid
abnormalities such as hypoalphalipoproteinemia and an increase in the unesterified to
esterified cholesterol ratio. These mutations are expressed as either familial LCAT
deficiency (FLD) or fish-eye disease (FED). Both are rare and are inherited in an
autosomal recessive manner (Norum et al., 1989).

FLD was first reported in a Norwegian family by Norum and Gjone (1967). The
biochemical features that characterize FLD are low levels or absence of plasma LCAT
activity due to reduced LCAT mass, resulting in severely reduced levels of cholesteryl
ester, and decreased levels of HDL and apoA-I caused by increased catabolism (Glomset
et al., 1989; Rader et al., 1994). The molar ratio of cholesteryl ester to cholesterol is
markedly decreased. Furthermore, individuals with LCAT deficiency often present with
high levels of LDL, and sometimes larger cholesterol and phospholipid-rich particles

termed lipoprotein-X (Lp-X) (Forte et al., 1974; Guérin et al., 1993). The major clinical
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findings in these patients include corneal opacity, anemia, proteinuria, and progressive
renal failure (Glomset et al., 1989; Pritchard and Hill, 1993).

FED or partial LCAT deficiency was first described by Carlson and Philipson in
1979 in two Swedish families (Carlson, 1982). Biochemically, FED can be distinguished
from FLD by the selective inability of LCAT to esterify HDL cholesterol (o.-LCAT
activity) but not VLDL and LDL cholesterol (3-LCAT activity). Due to the B-LCAT
activity, plasma cholesteryl ester levels and cholesteryl esterification rates are usually
normal although there is a partial reduction in LCAT mass and activity (Carlson and
Philipson, 1979; Carlson, 1982). Consequently, cholesteryl ester levels in VLDL and
LDL are normal (Carlson, 1982) but cholestery! ester levels in HDL are extremely low
(Carlson and Holmquist, 1983). However, HDL deficiency and reduced levels of apoA-I
are still apparent. Clinically, FED patients suffer only from an age-dependent corneal
opacification. Recently, Klein et al. (1993) reported an FED phenotype with both the o-
and B-LCAT activity. In view of this, it was suggested that the residual levels of total
LCAT activity in a patient’s plasma dictates the different clinical manifestations of FLD
and FED and is not necessarily caused by the selective deficiency of a-LCAT activity
(Klein et al., 1993). Rather, FED could occur because of impaired binding or reactivity
towards all or specific subclasses of HDL and LDL which would result in low LCAT
specific activity toward one or more lipoprotein classes (Blanco-Vaca et al., 1997).
Furthermore, the identification of a selective deficiency in B-LCAT activity and not in o-
LCAT activity would be difficult to characterize since cholesterol esterification in HDL

followed by the subsequent transfer by CETP to LDL would compensate for this defect.



103

Recently, a compilation of the molecular defects causing LCAT deficiency was
reported by Kuivenhoven et al. (1997). The known LCAT mutations were classified into
five distinct classes (Table 4.1). Class 1 mutations are considered null mutations of the
LCAT gene leading to FLD and can be caused by premature stop codons, defective
mRNA splicing, or frameshifts that result in f.he synthesis of truncated/nonsense LCAT.
Deletions and insertions were also considered Class 1 mutations. Class 2 mutations are
missense mutations that cause FLD with a complete or near complete loss of LCAT
activity. Missense mutations or minor deletions that may cause partial or total loss of
activity against HDL and LDL or partial loss against LDL substrates are considered Class
3 mutations while Class 4 represents the typical FED phenotype where there is a specific
loss of o-LCAT activity. Finally, Class 5 represents mutations that do not fall into any of
the above categories. The mutations in this category include Tyr-144 > Cys, Met-293
—> lle, and Arg-158 > Cys and are described in detail by Kuivenhoven et al. (1997).

Since this publication, four novel mutations have been reported. These include
three FLLD mutations: Thr-13 > Met, Pro-307 -> Ser (Argyropoulos et al., 1998), and a
nonsense mutation at Thr-171 (Guérin et al., 1997); and one FED mutant, Arg-99 = Cys
(Blanco-Vaca et al., 1997). Based on the classification scheme by Kuivenhoven et al.
(1997), the Thr-13 -> Met and Pro-307 = Ser mutants can be classified under Class 2,
whereas Thr-171 - Stop can be classified as a Class 1 mutation. The Arg-99 -> Cys can

be classified as a Class 4 mutation.
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Table 4.1: Classes of LCAT gene defects

Class Biochemical Phenotype Defect
1. Null mutations Total loss of catalytic activity.
causing FLD LCAT mass: (virtually) absent

30 bp insertion (codon 4)

C-insertion (codon 9, 10)

Tyr-83 -> stop

Thr-171 - stop *

Gly-141-insertion

Intron 4 defect

A~T substitution
C-deletion (codon 120)

C-deletion (codon 168)

G-deletion (codon 264)

A-insertion (codon 376)

2. Missense mutations  Total loss of catalytic activity
causing FLD LCAT mass: normal/ reduced/ absent

Thr-13 > Met **
Gly-30 - Ser
Leu-32 - Pro
Gly-33 2> Arg
Ala-93 > Thr
Arg-135 >Trp
Arg-135 2 GiIn
Arg-140 - His
Arg-147 > Trp
Tyr-156 > Asn
Gly-183 - Ser
Leu-209 - Pro
Asn-228 > Lys
Arg-244 - Gly
Met-252 = Lys
Pro-307 > Ser **
Thr-321 > Met
Gly-344 - Ser
Thr-347 > Met
Arg-399 > Cys

Class Biochemical Phenotype Defect




3. Missense mutations  Partial loss of activity against a) LDL,
and minor deletions or b) both HDL and LDL. LCAT
causing FED mass: reduced
Asn-131 2> Asp
Leu-300 deletion
Asn-391 - Ser

4. Missense mutations  Partial loss of activity against HDL only,.
causing FED LCAT mass: reduced.

Pro-10 - Leu
Pro-10 2 Gin
Arg-99 > Cys '
Thr-123 > Ile

5. Unclassified mutations Tyr-144 - Cys
Met-293 - e
Arg-158 > Cys
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The different phenotypes of LCAT deficiency categorized into five classes by
Kuivenhoven et al. (1997). Class 1 and 2 represents FLD phenotypes, while Class 3 and
4 are FEDs. The Class 5 mutations represent obscure mutations. * (Guerin et al., 1997),
** (Argyropoulos et al., 1998), and ' (Blanco-Vaca et al., 1997) are newly published

mutations since this publication.
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E) Transgenic and knockout animals

The overexpression of human LCAT has been studied in mice (Vaisman et al.,
1995; Mehlum et al., 1995; Francone et al., 1995; Francone et al., 1997) and rabbits
(Hoeg et al., 1996a; Brousseau et al., 1996; Hoeg et al., 1996b; Brousseau et al., 1997).
The expression of LCAT activity in these animals occurs in a gene dose-dependent
manner and can result in over a 100-fold increase in the plasma LCAT activity of the
transgenic animals (Vaisman et al., 1995; Mehlum et al., 1995). In both animal models, a
significant increase was observed for total cholesterol, HDL cholesterol, apoA-I, apoA-IT
and apoE with concomitant decrease in the apoB-containing particles. In rabbits, while
apoA-I clearance was delayed (Brousseau et al., 1996), the clearance of the apoB-
containing particles was enhanced (Brousseau et al., 1997). The lipoprotein patterns
generated by the LCAT overexpression with increased HDL cholesterol and decreased
LDL cholesterol appears to be anti-atherogenic. However, transgenic mice fed an
atherogenic diet are more susceptible to atherosclerotic lesions than control mice (Berard
et al., 1997) whereas rabbits become less susceptible than their control counterparts
(Hoeg et al., 1996).

LCAT knock-out mice have also been generated and studied (Sakai et al., 1997;
Ng et al., 1997). The lipoprotein patterns in these animals resemble those of human
LCAT deficiency with reduced total plasma cholesterol, HDL and apoA-I concentrations.
The triglycerides levels in these animals were also elevated and an increase in discoidal

pre-3 HDL were observed.
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F) Structure and Functional Domains of LCAT

The predicted 3-dimensional model placed LCAT into the o/B-hydrolase fold
family similar to other lipases (Peelman et al., 1998) (Figure 4.5). Like the members of
the o/B-hydrolase fold family, the central domain of LCAT consists of one anti-parallel
and six conserved parallel B-strands connected by four a-helices and separated by
functionally important loops (Peelman et al., 1998). The functional domains of LCAT

were predicted based on the conserved features in the o/f-hydrolase fold family.

1.) The Catalytic Site

The susceptibility of LCAT activity to chemical modifications of the active Ser,
His and Cys residues (Chong et al., 1983) led to the proposal that the catalytic site of
LCAT involved an active Ser residue in a catalytic Asp-His-Ser triad similar to that of
serine proteases and lipases (Jauhiainen and Dolphin, 1986). The Asp-His-Ser residues
serve to form a H-bonded network wherein, upon addition of substrate, a proton is
transferred from the Ser to His resulting in Ser-O™ and a positively charged imidazole
ring. The charged imidazole-ring is subsequently stabilized by the electrostatic
interactions with the negatively charged Asp (or Glu) residue in a proton relay charge
system (Lohse et al., 1997). Indeed, it was shown by Jauhiainen and Dolphin (1986;
Dolphin and Jauhiainen, 1987) through chemical modifications that both the Ser and His
residues are involved in the phospholipase A, step, and carboxyl group modification by
carbodiimides can inactivate LCAT (Jauhiainen and Dolphin, 1991). Furthermore,
Jauhiainen et al. (1987, 1989) demonstrated the formation of a fatty acyl-enzyme

intermediate. Hence, the LCAT catalytic mechanism involves cleavage of the sn-2 ester



108

bond following nucleophilic attack of the Ser oxygen leading to the formation of a
tetrahedral adduct which decays to form a Ser-O-fatty acyl intermediate. The fatty acid is
then transferred to cholesterol (Jauhiainen and Dolphin, 1986). Francone and Fielding
(1991a) subsequently provided evidence for Ser-181 as the active Ser residue through
site-directed mutagenesis studies that were later confirmed by Qu et al. (1994). This
active Ser-181 is also located within the highly conserved region of GXSXG shared by
serine proteases and lipases (McLean et al, 1986).

Due to the high sequence conservation of Asp and His residues between the
different species, it was difficult to assign which of the Asp and His would form part of
the catalytic triad. Both the His and Asp residues were assigned based on results
observed through site-directed mutagenesis following the application of threading
techniques to produce the molecular model (Peelman et al., 1998). There were three fully
conserved His residues (His-263, His-268 and His 377) in the sequenced human, baboon,
rat, mouse, and chicken LCAT downstream of the Ser-181 that had the potential to be the
catalytic site His. These residues were chosen based on the observation that the triad
residues are in the same orientation in the primary sequence of a large number of lipases
(Lohse et al., 1997; Peelman et al., 1998). In two separate studies both the phospholipase
and acyltransferase activity were lost only when His-377 was mutated to Ala (Peelman et
al., 1998), Gly or Ser (Adimoolam et al, 1998). Based on these results, His-377 was
identified as the catalytic site His residue of LCAT in all six species (Peelman et al.,
1998). Using the predicted secondary structure of LCAT, the Asp residue candidates (six

in total) were separately mutated to Asn and only Asp-345 > Asn resulted in the total
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lost of activity strongly suggesting its role in catalysis. Thus, the catalytic triad of LCAT
is thought to consist of Ser-181, Asp-345, and His-377.

One of the essential structural features required for the catalytic action of serine
residues is an oxyanion hole that is in a pocket of the enzyme (Branden and Tooze, 1991;
Ollis et al., 1992). In addition to the His and Asp residue, the oxyanion hole residues are
responsible for forming hydrogen bonds with the negatively charged oxygen atom of Ser
to confer a tight binding and stabilize the tetrahedral transition state intermediate. The
residues in LCAT identified as those forming the oxyanion hole are Phe-103 and Leu-
182. Leu-182 was assigned based on the fact that enzymes with the o/B-hydrolase fold
family have one of the oxyanion hole residues at position +1 of the active Ser (Peelman et
al., 1998). Phe-103 was identified through sequence alignment and secondary structure
prediction of all LCAT species and confirmed by site-directed mutagenesis (Peelman et

al., 1998).

ii.) Interfacial binding sites

Another important feature that is shared by all members of the a/B-hydrolase fold
family is the “lid” or “flap” domain (Ollis et al., 1992). This region consists of a highly
mobile segment that covers the hydrophobic active site of the enzyme and is closed by a
disulphide bridge (Ollis et al., 1992; Winkler et al, 1990). The lids usually have 15-45
residues and are characterized by the presence of an amphipathic a-helix (Peelman et al.,
1999a). In the closed conformation, the helix covers the catalytic site of the enzyme with
its hydrophobic side orientated towards the core of the enzyme. Upon interfacial

activation, the helix flips open and the core is exposed to create a large hydrophobic
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surface that contributes to the interaction with the lipid interface and to substrate binding
(Derewenda et al., 1992; Grochulski et al, 1994; Egloff et al., 1995). Such a structure has
been identified in human pancreatic lipase (Winkler et al., 1990; van Tilbeurgh et al.,
[1993), and has been inferred by homology for both lipoprotein lipase and hepatic lipase
(Hide et al., 1992; van Tilbeurgh et al., 1993). By analogy to the other lipases, this lid
domain may be involved in the primary interaction between LCAT and its lipoprotein
substrates. The putative “lid” domain was proposed to be between Cys residues 50-74 of
human LCAT and represents the interfacial recognition site (Adimoolam and Jonas,
[997). Removal of this region resulted in the secretion of LCAT with no catalytic
activity. This was later confirmed by Peelman et al. (1999a) who further investigated the
role of the residues at position 56-68. This region highly resembles that of the
amphipathic helix in pancreatic and C.rugosa lipase lids (Peelman et al., 1999a) and was
hypothesized to have the ability to destabilize the organized lipid substrates (Brasseur et
al.. 1997). Deletion of these residues (56-68) resulted in the complete inactivation of the
enzyme, which is consistent with their proposed role in substrate recognition (Peelman et
al., 1999a). Furthermore, Trp-61 aligns with Trp-255 in the amphipathic helix of
pancreatic lipase which, in the closed conformation of the enzyme fills the hydrophobic
cavity impairing access of substrates into the catalytic site (Winkler al., 1990). The
substitution of Trp-61 for Leu or Gly resulted in total inactivity of the LCAT enzyme
(Peelman et al., 1998) but substitution of Trp-61 for either Phe or Tyr produced an
enzyme with a three fold increase in enzymatic activity towards water-soluble
monomeric phosphatidylcholine (Peelman et al., 1999a). Furthermore, the activity of

Trp-61 - Phe and Trp-61 > Tyr was retained on HDL but decreased on LDL. Thus, it
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was proposed that an aromatic residues at position 61 is required for efficient interaction
of LCAT with its lipid substrate and the smaller aromatic residues decreases the steric
hindrance to the catalytic site (Peelman et al., 1999a).

Two other conserved basic residues Arg-52 and Lys-53 are also important for the
structural integrity and function of the LCAT lid. Substitution of these residues by Ala
resulted in decreased activity towards HDL and LDL but retained full activity on water-
soluble monomeric substrates (Peelman et al., 1999a).

Fielding and Fielding (1995) have proposed a region of LCAT between residues
[51-175 to have the potential for interfacial and sterol binding. The hypothesis that
residues 151-175 may have potential sterol binding is based on the fact that this region in
LCAT shows sequence similarity with the C-terminal amphipathic segment of apoE
(268-288) which associates with phospholipids. Support for this hypothesis is weak.
Results from studies by Peelman et al. (1997) suggest that the decreased activity observed
in the natural LCAT mutant of Tyr-156 - Arg might be caused by the decreased affinity
for lipid binding. In contrast, site-directed mutagenesis studies by Wang et al. (1998) of
the three glutamic acids in this region (154, 155 and 165) concluded that these residues

are not necessary for LCAT activity.

iii.) Other regions of LCAT

Beside the aforementioned, the far N-terminus is speculated to be unimportant for
function or structural integrity. This comes from the observation that removal of up to 6
residues of LCAT results in a functional enzyme (Jin et al., 1997). However, mutations

in this region cause FED and FLD. The N-terminal domain is also very highly conserved
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and this is often indicative of important structural and/or functional elements within the
primary sequence.

A region of the LCAT sequence that has been assigned unimportant for either
function or structural integrity is the 18 residues from the C-terminus that contains the
proline-rich region (Francone et al., 1996; Lee et al, 1997). Deletion of this region did
not affect the phospholipase and transacylase activity of LCAT (Francone et al, 1996;
Lee et al., 1997) nor the stability of the enzyme at 37°C (Francone et al., 1996).
I[nterestingly, the phospholipase A, activity increased 8-fold for the water-soluble ester,
p-nitrophenylbutyrate (PNPB) (Lee et al, 1997). In accordance with this, the chicken
LCAT sequence lacks the proline-rich C-terminus common to mammalian sequences

described (Figure 4.4).

iv.) Activation of LCAT by apolipoproteins

The LCAT reaction on lipoproteins and lipid vesicles is stimulated by apoA-I
(Fielding et al., 1972), the major protein on HDL and to a lesser extent by apoE (Soutar et
al.. 1975: Zorich et al., 1985), apoA-IV (Chen and Albers, 1985), and apoC-I (Steyrer
and Kostner, 1988). It is important to note that the activation of LCAT by
apolipoproteins also depends on the nature of the phospholipids and type of substrate
particles (Jonas, 1998). The second most abundant apolipoprotein, apoA-II seemed to
inhibit the activation of LCAT but this inhibitory effect is attributed to the fact that apoA-
[T can displace both the apoA-I and apoC-I from lipoprotein surfaces (Scanu et al., 1980).

Human apoA-I is synthesized by the liver and intestine as a prepropeptide. It is

cotranslationally cleaved to pro-apoA-I, and following secretion, processed to the mature
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form of 243 amino acids (Brewer et al., 1978). ApoA-I circulates in the plasma as the
major protein component of HDL (Assmann and Brewer, 1974). The secondary structure
of apoA-I contains a series of 22-amino acid amphipathic a-helical repeats (Karathanasis
et al., 1983; Li et al., 1988), punctuated by Pro residﬁes (Brewer et al., 1978). The Pro
residues act as helix-breakers providing apoA-I with the flexibility to conform to the
surface of the HDL as the diameter of the lipoprotein increases due to LCAT action
(Cheung et al., 1987). These helices are able to form stable complexes with
phospholipids (Kanellis et al., 1980; Segrest et al., 1983).

The activation of LCAT by apoA-I requires that apoA-I have at least 2 functional
domains. These domains would be 1) regions in apoA-I which mediate the interaction
with and binding to the lipoproteins, and 2) regions that would stimulate the catalytic
activity of LCAT (Dolphin, 1992). Mutagenic studies have indicted that residues 143-
187 are critical for LCAT activation (Sorci-Thomas et al., 1993) and the C-terminus of
apoA-I is important for the initial binding of the protein to the lipid Minnich et al., 1992;
Holvoet et al., 1995; Laccotripe et al., 1997). The conformation of the apoA-I can also
regulate the activation of LCAT. Natural mutations that affect the structure of the apoA-I
helices between residues 143-187 inhibit LCAT activation (Jonas, 1998). In the absence
of apoA-I, LCAT can esterify cholesterol on HDL particles containing other
apolipoproteins and on LDL.

The process by which LCAT is activated by apoA-I is still only speculative. It
has been proposed that apoA-I might be involved in several different steps of the LCAT
reaction (Jonas, 1998). As summarized by Jonas (1998), apoA-I could either act at the

initial steps of LCAT activation through mediating the binding of LCAT to lipid surfaces
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or stabilizing the activated conformation of LCAT after binding to the lipid surfaces.
Alternatively, after the lipid-protein—protein complex formation, apoA-I might facilitate
substrate availability by concentrating the lipid substrates to the vicinity of LCAT or
orientating the substrates in an optimal conformation, and subsequently facilitate product
removal. Finally, apoA-I may facilitate the dissociation of the enzyme from the lipid
complex.

[t is unlikely that apoA-I mediates the binding of LCAT to the lipid substrates
because LCAT can bind to lipid surfaces in the absence of apolipoproteins (Furakawa
and Nishida, 1979) and there is no evidence for LCAT association with lipid-free apoA-I
(Jonas, 1998). The possibility that both the apoA-I and LCAT interact while bound to the
lipid surface is more likely and has some supporting evidence. Through fluorescence
energy transfer experiments, Knipping et al. (1993) have shown that apoA-I and LCAT
are close to each other on the surface of lipid vesicles. By analogy with the interfacial
activation of pancreatic lipase by co-lipase, apoA-I might stabilize the activated
conformation of LCAT as they both undergo structural changes (Jonas, 1998). The
region in LCAT mediating apoA-I activation is still undefined but may be localized to the
N-terminus of LCAT since mutations in this region (Pro-10 and Thr-123) cause FED.
FED mutants are defective in their reaction with HDL but not with lipoproteins lacking
apoA-I which further suggest that LCAT and apoA-I interact with each other on the

surface of HDL.
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G) Objectives of the Study

The objectives of this research include 1) DNA sequence analysis of the LCAT
gene from an individual exhibiting the FLD phenotype and 2) to evaluate the structure
and functional significance of the N-terminal 80 residues of the mature LCAT protein.

Natural mutations can sometimes provide useful insights in defining the structure
and function of a protein. LCAT mutations are rare and its phenotypic expression is
highly heterogenous. Furthermore, the mutations identified to date have not provided
much information on how structure might relate to function, as they are widespread
throughout the gene and can cause either FED or FLD. This study was undertaken to
identify the underlying mutation causing the FLD phenotype in a French patient.

Although LCAT shares some structural similarity with other lipases in the o/B-
hydrolase fold family, it lacks homology to any known proteins. Consequently, the
proposed structure of LCAT only accounts for one-third of the protein (Peelman et al.,
[998) and only regions that share some structural similarities with known proteins were
modelled. Due to the lack of a suitable template, the N-terminal residues 1-73 were not
modelled. Figure 4.4 shows the primary sequence alignment of the human LCAT with
that of the baboon, mouse, rat, rabbit, and chicken. With the exception of the chicken
LCAT, a high degree of sequence identity exists between the various species. In fact, the
N-terminal region of LCAT is the most highly conserved region. Furthermore, the
differences in amino acids with respect to human LCAT are mostly conservative
substitutions.

The N-terminal region also contains the putative “lid” (residues 50-74) which, in

concert with other lipases, is thought to open and expose the catalytic residues upon
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substrate binding and interfacial activation. This “lid” region has been shown to be
functionally important since deletion of this region results in a catalytically inactive
protein (Adimoolam et al., 1997; Peelman et al., 1998). Certain key residues within this
region include the Trp-61, Arg-52, and Lys-53, which are conserved in all six species
(Figure 4.4). Trp-61 is required for full enzymatic activity and Arg-52 and Lys-53 are
thought to contribute to the folding of the lid (Peelman et al., 1998). This region is
clearly important for regulating the interaction of the enzyme with lipoprotein substrates.

Lastly, natural mutations that occur within the first 80 residues cause both
phenotypes of LCAT deficiency. These include missense mutations at residue Pro-10
and Thr-13 (Carlson and Philipson, 1979; Skretting and Prydz, 1992; Klein et al., 1995;
Kuivenhoven et al., 1996; Argyropoulos et al., 1998). Based on the high sequence
similarity of the N-terminus, it is hypothesized that LCAT chimeras containing residues
[-80 from either the rat, mouse or chicken LCAT with residues 81-416 of human LCAT
will be catalytically active. The results of this study may provide information on the
relative flexibility of the LCAT protein to conservative changes and potentially, the role
of residues 15-23 in the chicken LCAT which does not appear to be conserved.
Additionally, it has been established that LCAT is usuaily more reactive with its
homologous apoA-I (Chen and Albers, 1983; Sparrow et al., 1995). Therefore, if the
apoA-I activation site is within the first 80 residues of LCAT, the chimeric protein may
have a selective reactivity with tHDL containing its homologous apoA-L.

[t was previously reported that the first six residues of the mature LCAT protein
are not required for secretion and function of the protein (Jin et al. 1997). However,

mutations at Pro-10 cause FED (Carlson and Philipson, 1979; Skretting and Prydz, 1992;
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Klein et al., 1995; Kuivenhoven et al., 1996) and a mutation at Thr-13 (Argyropoulos et
al., 1998) results in FLD. These natural mutations suggest that although the first six
residues are not required, residue 10 is important for LCAT function. The goal of this
study is to investigate how many residues at the N-terminal are required for secretion and
function. It is hypothesized that the far N-terminus residues are important for
functionality and are required for the proper alignment of the lid region. The far N-

terminus may provide the first anchor point for the lid through hydrophobic interactions.

H) Results

i.) Familial LCAT deficiency in a French patient

Lipoprotein and apolipoprotein data

The proband in this study did not suffer from proteinuria or show signs of either
renal failure or premature atherosclerosis although she was mildly anemic (Hemoglobin:
1.6 + 0.03 g/l; Normal: 14 + 2 g/1) and had corneal opacity requiring transplant. Total
plasma lipids and apolipoprotein values of the proband and a control female individual
are summarized in Table 4.2. The proband’s total plasma cholesterol was low (2.34
mmol/l; Normal: 3.93 mmol/l) with only 14.8% of the total cholesterol present in the
esterified form giving a marked increase in the cholesterol to cholesterol ester molar ratio
(10.9:1). This abnormal lipid profile is characteristic of the FLD phenotype. However,
her plasma triglycerides were low at 0.47 mmol/l (Normal: 0.99 + 0.28 mmol/l) with very
tow amounts of apo B (40.5 mg/dl; Normal: 90-110 mg/dl). Plasma apo A-I, A-II, and E
levels were also low. Her plasma apo A-1 (14.7 mg/dl, Normal: 100-200 mg/dl) and apo

A-II (6.8 mg/dl; Normal: 30-40 mg/dl) levels were less than 25% of normal values. The
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low level of apo B could be attributed to the decrease in VLDL. When whole serum was
subjected to agarose gel electrophoresis (Figure. 4.6), there was an increased presence of
heterogeneous B-migrating lipoproteins with very faint bands in the a-migrating region,
indicative of a lack of normal HDL particles. The lipoprotein distribution and
concentration of each component in individual density gradient fractions from the
proband’s plasma is represented in Figure 4.7. The proband exhibited a lipoprotein
protile that showed a pronounced shift of the HDL fractions (d: 1.063 - 1.179 g/ml) into
the lower density range (d: 1.019-1.063 g/ml), as typically observed in LCAT deficient
individuals. The resultant broad peak in the LDL density range is enriched in cholesterol
and phospholipids. Esterified cholesterol was also markedly decreased in the VLLDL and
LDL fractions (1-12), all indicative of FLD. HDL deficiency was quite apparent from
both the agarose gel electrophoresis and lipoprotein distribution (Figure 4.6 and 4.7).
Fractions 13-22 represent the HDL population (d: 1.063-1.179 g/ml). FLD was verified
by the absence of LCAT activity against both endogenous and exogenous substrates (data
not shown).

The molar ratio of cholesteryl ester to apoB for the apoB-rich lipoprotein fractions
isolated by density ultracentrifugation of a normal individual, the LCAT-deficient
proband, and a previously reported CETP-deficient patient (Teh et al., 1998) are shown in
Table 4.3. In both the LCAT and CETP deficient individuals, the ratio for VLDL and
IDL were much lower than that observed in the normal subject. In the LCAT-deficient
patient, the low ratio values are observed throughout the LDL fractions but are increased
in the CETP-deficient individual. This suggests that LCAT deficiency has a marked

effect on the molar ratios of cholesteryl ester/apoB throughout the lipoprotein spectrum.
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Figure 4.7: Plasma lipid distribution of a normolipidemic individual (A) and the
LCAT deficient proband (B). The fractions were isolated by density
gradient ultracentrifugation by the method of Chapman et al., 1981.
From Teh et al., 1999.
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Table 4.3: Molar Proportions of Cholesteryl Ester and ApoB in ApoB-rich
Fractions from Density Gradient Ultracentrifugation

CE / apoB molar ratio

Density gradient CETP-deficient Control female LCAT -deficient
Fraction subject subject subject
1 330 1825 433
VLDL
2 307 1668 342
3 73S 1920 549
4 1015 2479 481
5 1362 2353 302
6 1345 1636 910
7 1427 1489 884
8 1707 1535 437
9 1813 1448 319

Molar proportions of cholesteryl ester to apoB from the previously described CETP-
deficient subject (Teh et al., 1998), a control subject, and the LCAT-deficient patient. The
ratios were calculated from the lipid and apolipoprotein analyses of the density gradient
ultracentrifugation fractions. Fractions 1 and 2 contain VLDL, fractions 3 and 4 contain
IDL and fractions 5-9 are LDL. From Teh et al., 1999.



123

Sequence analysis of genomic DNA

Since mutations in the LCAT gene are causative for the disorder, the gene was
studied as a candidate for the molecular basis of the clinical phenotype. Sequence
analysis was carried out on the entire coding region including the consensus splice sites.
All exons and exon/intron boundaries were sequenced bidirectionally and found to be
normal except for exon 4. A two base pair (TG) deletion involving codons 138-139 of
the LCAT protein was found (Figure 4.8) (Teh et al., 1999). This deletion resulted in a
frameshift that generated a premature stop codon further downstream in exon 4 at amino
acid residue 144. Two clones from three different PCR products of exon 4 from the
patient were sequenced on both strands and all showed the missing TG base pairs (results
not shown). Direct sequencing of the PCR product (Figure 4.8) was also performed on
both strands to evaluate the genotype and confirm the mutation. From these data, it was
concluded that the proband is homozygous for the deleted TG nucleotides. Although this
mutation did not result in the loss or gain of a restriction enzyme site, it was possible to
create a diagnostic restriction site using a mismatched primer that allowed for convenient
and rapid detection. The results shown in Figure 4.9 represent the restriction analysis of
the PCR-amplified exon 4 with the reverse 53 bp mismatched primer described in the
Materials and Methods (Figure 2.2). In the case of the deleted di (TG)-nucleotides, the
Fspl restriction site is lost, and only one band representing the PCR product of exon 4 is
observed. This differed from two normal individuals that did have the TG nucloetides
which were recognized by Fspl and resulted in 103 bp and 52 bp fragments. The

absence of any smaller fragments resulting from the digest of the proband’s DNA further
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Figure 4.8: DNA sequencing of the PCR products of exon 4. A di(TG)-nucleotide
deletion was identified by dideoxy sequencing of the PCR product. This
deletion resulted in a frameshift which would cause the protein to be

terminated prematurely at residue 144. From Teh et al., 1999.
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substantiates that she is homozygous for this mutation. No family members were

available for this study.

ii.) Investigating the structure and function of the N-terminal domain of human
LCAT

Although the human and rat LCAT shares 87% identity, the N-terminal region
(first 80 residues) has the highest sequence identity (98.8%) (Figure 4.10). There are
only five different amino acids within the first 80 residues of this region. The rat80-
human (R80H) chimera was constructed using the PCR overlap technique as described in
Materials and Methods (Figure 2.3) using the human and rat cDNA as templates. The
successful construction of the R80H chimera was verified by the complete bidirectional
sequencing of the cDNA. The chimeric R80H construct was transiently expressed in
COS-7 cells along with the recombinant human and rat LCAT sequences.

Expression of recombinant rat-human chimera LCAT protein in COS-7 cells

The expression of the recombinant human LCAT and R80H chimeric LCAT was
confirmed by Western blot analysis of the cell lysates (Figure 4.11A) and culture medium
(Figure 4.11B). The expression vector, pPCMVS5 was used as a negative control and a
purified recombinant His-tagged LCAT (kindly provided by Dr. John Parks, Dept. of
Comparative Medicine, Wake Forest University, Winston-Salem, NC.) was used as a
positive control. It appeared that the R80H chimera is expressed and secreted at slightly
lower levels than the human LCAT, however the LCAT mass was not determined. The
Western blot analysis further showed that R8OH chimeric LCAT had the same molecular

weight as that of the human LCAT and appeared to be fully glycosylated although this
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Figure 4.11: Rat-human (R80H) chimeric protein detected by Western blot analysis. Duplicate
lanes represent separate transfections from the same experiment. pCMV5 was used as
a negative control and the purified His-tagged LCAT was used as a positive control.
A. Cell lysates of COS cells transfected with recombinant LCAT. B. Culture
medium harvested from COS cells after 48h. The samples were loaded on a 10%
SDS-PAGE gel and reacted with mouse anti-human LCAT (5D4) and an HRP-conju-
gated secondary antibody. The bands were visualized by ECL detection and exposure

to X-ray film.
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was not experimentally determined or confirmed. The 66 kDa bands in the cell lysate are
due to non-specific recognition by the antibody. The doublets detected in both the
recombinant human LCAT and chimeric R80H LCAT represent the unglycosylated
LCAT (at approximately 45 kDa) and possibly the partially glycosylated species. It is of
interest to note that the antibody 5D4 did not detect the recombinant rat LCAT protein.
However, the expression of the rat LCAT protein was confirmed by activity assays
(Table 4.4) and Northern Blot analysis (Figure 4.13). The mRNA levels for both the rat
LCAT and R80H chimera were low (20% and 40% respectively) compared to human
LCAT.

LCAT activity assays with rHDL and labelled human LDL

The medium was assayed for LCAT activity using rHDL as substrates containing
POPC, cholesterol, and either human apoA-I or rat apoA-I. These results are shown in
Table 4.4. The LCAT activity is represented as nmol cholesteryl ester formed / h / ml.
As the LCAT mass was not measured, the specific activity could not be determined. The
human apoA-I/ rat apoA-I activity ratio for the recombinant human LCAT was 0.69 and
there was no significant difference in activity with rHDL containing human or rat apoA-L
(Figure 4.12). The recombinant rat LCAT, although not detected by Western analysis,
displayed activity and was consistently more reactive with rHDL containing rat apoA-I.
The rat LCAT had an activity ratio of 0.48. The R80H chimeric LCAT consistently
showed a higher preference for rHDL containing human apoA-I over rHDL containing
rat apoA-I, and had an activity ratio of 1.62 (P = 0.02 with human LCAT and P = 0.003
with rat LCAT). The rat LCAT had a higher preference for rat apoA-I, consistent with a

previous finding that the homologous apoA-I is a better activator for the LCAT enzyme
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Table 4.4: Cholesterol esterification activity in media of COS 7 cells expressing
human, rat and R80H chimeric-recombinant LCAT

LCAT source CE formation Activity ratio
h-apoA-I r-apoA-I (h-apoA-1/r-apo-Al)
nmol CE/h/ml
Human LCAT 5.24 +1.67 742 +1.74 0.69 +0.13
Rat LCAT 1.53 +£0.33 3.64 +0.77 0.48 +0.11
R80H chimera 4.76 + 1.48 2.94 +0.75 1.62 +0.21%*

Media was harvested after 48h from transiently transfected COS 7 cells and assayed for
LCAT activity using rHDL containing POPC, [*H]-cholesterol, and human or rat apoA-I
(72.7:10:1 and 94.7:14.2:1 molar ratio, respectively). Values represent mean + S.E.M. of
three separate transfections. The R80H chimeric cDNA encoded an LCAT protein that
contained the first 80 residues from the rat sequence and 81-416 of the human sequence.
*Student’s t-test were performed on the activity ratio and the R80H chimera is
significantly different from both the human (P = 0.020) and rat LCAT (P = 0.003).

Table 4.5: Cholesterol esterification rate (CER) for chimeric RSOH LCAT

LCAT source CER
nmol /h/ml

Human LCAT 40.55 + 13.84

R8OH LCAT 52.23 +8.00

CERs were measured using human LDL radiolabelled with [*H]-cholesterol as described
in Materials and Methods. Activity assays were performed for 6h at 37°C and at 4°C.
Values represent mean + S.E.M. from three separate experiments and their duplicates.
Media collected from cells transfected with pCMVS5 showed no activity. The CER for
human and R80H were not significantly different as shown by Student’s t-test.
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Figure 4.12: Human apoA-I/ rat apoA-I ratio of human, rat and chimeric RSOH
LCAT. The values are from Table 4.4 and represent mean + S.E.M..
P values were calculated by Student’s t-tests and (*) are significantly
different from R80H.



132

(Chen and Albers, 1983; Sparrow et al., 1995). Although there was a decrease in LCAT
mass in the R8OH chimera, the activity against rHDL containing human apoA-I was
enhanced.

To further characterize the enzymatic activity of the chimeric R§0OH LCAT,
LCAT activity was measured against human LDL. Table 4.5 represents the cholesterol
esterification rate in nmol / h / ml of the recombinant human LCAT and the R8OH
chimera. Both the human and R80H LCAT exhibited similar rates of cholesterol
esterification with 40.55 + 13.84 and 52.23 + 8.00 nmol /h / ml, respectively. This is
inconsistent with the lower amount of LCAT mass secreted by the R80H chimera.

Expression of the LCAT deletion mutants and mRNA analysis

N-terminal deletion mutants of the mature human LCAT were also constructed to
investigate their functional significance in the tertiary structure. The N-terminal deletion
mutants include the deletions of the first 8 residues (A8), the first 10 residues (A10) and
the first 12 residues (A12) of the mature LCAT protein. The successful constructions of
all three mutants were confirmed by bidirectional sequencing as seen in Figure 4.14.
After transfection into COS-7 cells, the expressions of the deletion mutants (A8, A10, and
Al12) were evaluated by Western blot analysis. Of the three mutants, only A10 was
expressed and secreted as shown in Figure 4.15A and 4.15B. Furthermore, the slight
decrease in the molecular weight of A10 corresponded to the 10 amino acid deletion. The
protein appeared to be fully glycosylated and was secreted at comparable levels to wild-
type LCAT. The fact that this mutant was secreted suggests that the first 10 residues are
not required for secretion. Therefore, it was surprising that the A8 mutant was not

secreted or expressed. In order to investigate this further, Northern blot hybridization
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Figure 4.12: A. Northern gel analysis. A total of 20 g of total RNA isolated from COS-7
cells were loaded into each well. B. Northern blot hybridization with the
full-length human cDNA. the pCMVS5 was used as a negative control. The
rat LCAT, R80H, and A8 all had very low levels of LCAT mRNA (20%, 40%

and 30%, respectively). The A10 expression was 88% of that of human LCAT.
The A12 mutant did not appear to be expressed.
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Figure 4.14: N-terminal deletion mutants of the human LCAT cDNA

signal peptide (SP) Mature peptide

PPAAPFWLLNVLFPPHTTPKA

Human LCAT
SP

PP AAPPPHTTPKA

A 8 mutant of human LCAT
SP

PPAAPHTTPKA

A 10 mutant of human LCAT

SP
P PA APTUPKA

A 12 mutant of human LCAT



135

The deletion mutants were constructed from wild-type cDNA using the PCR overlap
technique of Ho et al. (1989). Sequencing was first performed manually using the T7 ™
Sequencing Kit to confirm the deletion. The bidirectional sequencing of the entire cDNA
was performed using the ABI Prism automated sequencer.
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using the full-length human LCAT cDNA was performed to evaluate the A8 and A12
mutants at the RNA level (Figure 4.13). LCAT mRNA was expressed at the normal size
of 1.6 kb. A larger mRNA transcript was also detected but does not appear to be non-
specific as it was not observed in the negative control (RNA from cells transfected with
pCMYVS5) nor in the A12 mutant which had no detectable LCAT mRNA. Both the rat and
chimeric RBOH LCAT mRNA were detectable but at much lower levels (20% and 40%
with respect to human LCAT) as mentioned previously. The A10 mRNA was expressed
at comparable levels (88%) when compared to human LCAT mRNA while the A8 was
expressed at much lower levels (30%). The absence of mRNA in the A12 mutant could
result from mRNA instability or unsuccessful transfection. To further identify the
problem, PCR was used to detect DNA in the cell lysates of transiently transfected COS-
7 cells to determine if the Al12 construct was present. PCR amplification was performed
with specific primers targetted to the C-terminus of human LCAT that would result in a
single band of 800 bp in the presence of recombinant LCAT. The results showed the A8,
but not the A12 to have detectable DNA (Figure 4.16), again confirming the presence of
the A8 construct in the cells. These results collectively suggest that the A8 was
successfully transfected and possibly expressed at very low levels rendering it
undetectable by Western analysis. The medium from the A8 mutant was subsequently
concentrated at least 10X before Western blot analysis but no protein was detectable. In
contrast, the A12 mutant did not appear to have been successfully transfected since no

DNA was detectable.
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Figure 4.15: Western blot analysis of the N-terminal deletion mutants. A 15 pl aliquot
of the cell lysate from each sample and 20 pl of cell medium were loaded on a
10 % SDS-PAGE gel. Purified His6-LLCAT was loaded as a control. After
electrophoresis, proteins were transferred to PVDF membranes, blocked with
Blotto and reacted with monoclonal antibody 5D4, and subsequently with

HRP-conjugated secondary antibody. The bands were visualized by ECL
detection and exposure to X-ray film.
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Figure 4.16: PCR amplification of the cell lysates from COS-7 cells transfected with
recombinant DNA. Duplicate lanes represent separate transfections of the
same experiment. The PCR products were separated on a 0.8% agarose gel
and stained with ethidim bromide. The negative control represents the PCR

amplification with no template.
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Table 4.6: LCAT activities in the cell media of A10

LCAT source CE formation
Activity with rHDL Activity with LDL
nmol CE/h/ml % CER (nmol/h/ml)
Human LCAT 495 +0.37 84.60 +21.96
A- 10 mutant 0.0 0.0

Values are mean + S.E.M. of three separate experiments. LCAT activity was assayed
using rHDL containing POPC, [°H]-cholesterol, and human apoA-I (72.7:10:1 molar
ratio). LDL was isolated as described in Materials and Methods. The COS-7 cells were
transiently transfected with human and N-terminally deleted mutant LCAT cDNA. The
media was collected after 48h. “Values obtained were negative. Media collected from
cells transfected with pCMVS showed no activity.
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LCAT activity assays of the AIO mutant

In order to establish the functionality of the A10 mutant, LCAT activity assays
were performed against rHDL (ot-LCAT activity) and human plasma LDL (B-LCAT
activity). These results are summarized in Table 4.6. The A10 mutant was inactive with

both the rHDL and LDL.

I) Discussion

i.) Familial LCAT deficiency in a French patient

There are currently 42 unique LCAT mutations identified and the majority of
these result from single base changes, deletions or insertions which may or may not cause
frameshifts (Kuivenhoven et al., 1997; Blanco-Vaca et ul., 1997; Guerin et al., 1997;
Argyropoulos et al., 1998). However, mutations throughout the LCAT gene have not
provided much information on the variability of the phenotypic and genotypic
expressions.

We have identified a novel di-nucleotide (TG) deletion at residues 138-139 in
exon 4 from a French patient who is homozygous for familial LCAT deficiency (Teh et
al, 1999). The 2-bp deletion caused a frameshift resulting in the premature truncation of
the LCAT protein at residue 144. The mutation was detected by sequence analysis of the
PCR products containing the exon/intron boundaries and coding regions of the LCAT
gene, and confirmed with an engineered restriction fragment length polymorphism
(RFLP) (Figure 2.2). The 53-bp mismatched primer used in the amplification of the PCR
product creates an Fspl RFLP site in the absence of a mutation (wild-type sequence).

The lack of LCAT enzyme activity can be attributed to the missing 262 amino acids at
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the carboxyl terminal of the protein, including the catalytic triad Ser-181 (Francone and
Fielding, 1991a; Qu et al., 1994), and the proposed Asp-345 and His-377 (Peelman et al.,
1998). It is not known whether the inactive truncated protein is rapidly degraded upon
secretion, or not secreted at all. In vitro truncations of the C-terminal showed that
deletion past residue 391 results in instability of the protein (Francone et al., 1996; Lee et
al., 1997). Based on the classification scheme of Kuivenhoven et al. (1997), this
mutation can likely be categorized as Class 1. This class represents FLD deficiency
caused by null mutations such as deletions, insertions, or substitutions that cause
premature truncation, and defective mRNA splicing resulting in the total loss of catalytic
activity and the virtual absence of LCAT mass.

FLD is characterized by severe hypoalphalipoproteinemia, an increased in total
plasma cholesterol resulting in an increased molar ratio of cholesterol to cholesteryl
esters, corneal opacities, and varying degrees of renal disease (Norum et al., 1989). Itis
distinguished from FED by the lack of LCAT activity against both the - (HDL) and B-
lipoproteins (LDL). Consistent with the FLD phenotype, our proband lacked both the o-
and B-LCAT activities and was severely hypoalphalipoproteinemic. Furthermore, her
cholesterol to cholesteryl ester molar ratio was very high (10.9:1). The decreased levels
of apoA-I and apoA-II are most likely explained by the increased fractional catabolic rate
(Brinton et al., 1991; Emmerich et al., 1993; Horowitz et al., 1993) usually observed in
FLD patients.

She developed corneal opacities at age 40 and although the clinical and
pathological features of her cornea were very similar to those of FED, there was a lesser

degree of lipid deposition (data not shown). Corneal opacities have also been reported in
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several other types of HDL deficiencies including FED and Tangier Disease (Winder et
al., 1985; Bron, 1989; Assmann, 1990). It has been proposéd that reverse cholesterol
transport may be essential for the removal of lipids in the cornea and maintenance of lipid
homeostasis in the eye (Gjone et al., 1974), as well as other extrahepatic tissues.
However, the exact nature of this process remains unclear. A recent study of the corneal
lipids in an FED individual showed that the lipids that are deposited in the cornea are
mainly cholesterol and phospholipids which are substrates of the LCAT reaction (Blanco-
Vaca et al., 1997). The lack of cholesteryl ester accumulation suggest that the flux of
cholesteryl esters between the cornea and the plasma compartment may be normal and
that LCAT is required for the maintenance of phospholipid and cholesterol homeostasis
(Blanco-Vaca et al., 1997). Since the corneal stroma has many structural components
similar to that of the arterial wall, it may behave like the extracellular matrix of the
arterial wall and favour lipoprotein deposition.

The proband was also slightly anemic, but did not suffer from proteinuria or renal
disease as observed in most FLD patients. Although interesting, this is not unusual since
there have been reported cases of FLD patients in the 5th decade of life (Gjone et al.,
[974; Borysiewicz et al., 1982; Murayama et al., 1984a; Guerin et al., 1993) with no
signs of proteinuria or renal failure. It is also noteworthy that male patients are more
likely to demonstrate both renal disease and CHD than their female counterparts (Gjone
et al., 1974; Borysiewicz et al.,, 1982; Murayama et al., 1984a). Also, in LCAT
transgenic mice studies, over-expression of LCAT seems to have a more significant
impact on HDL cholesterol in transgenic males than in transgenic female mice (Vaisman

et al., 1995). Moreover, patients who are vegetarians are also asymptomatic for renal
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disease (Murayama et al., 1984b). Thus, it is likely that diet and sex hormones are factors
that may affect not only the development of CHD but also in the development of renal
disease (Pritchard and Hill, 1993). The proband’s unusually low total plasma cholesterol
levels could potentially account for the lack of some clinical manifestations such as
anemia, proteinuria and renal failure. For example, reduced plasma cholesterol may
result in a lowered tendency to enrich red cell membranes with cholesterol which would
render her erythrocytes less fragile and hence less likely to lyse than in other LCAT-
deficient individuals presenting a much higher plasma cholesterol level. Renal failure
has been linked to elevated levels of Lp-X particles (Guerin et al., 1993) which was not
apparent in our proband.

It was previously demonstrated that in the absence of CETP, the cholesteryl
ester/apoB molar ratio appears to be very low in the VLDL fraction (Teh et al., 1998).
This can be attributed to the fact that the amount of cholesteryl ester secreted as VLDL is
very low and requires cholesteryl ester derived form LCAT to be transferred by CETP
from HDL particles to assume the cholesteryl ester/apoB ratio observed in the control
individual. Based on this, it can be assumed that in the absence of LCAT the cholesteryl
ester/apoB ratio should also be low as LCAT is responsible for forming the majority of
plasma cholesteryl ester. The LCAT deficient individual did indeed exhibit a very low
cholesteryl ester/apoB molar ratio similar to that of the CETP deficient individual and in
contrast, this trend is observed throughout the IDL-LDL range. Although CETP is
present, there are very low amounts of cholesteryl ester available for transfer. However,
if high amounts of cholesteryl ester were secreted in the VLDL particle, the cholesteryl

ester/apoB ratio in the LCAT deficient individual should be similar to that of the normal

————
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individual. These low ratios are thus a reflection of the amount of cholesteryl ester
secreted by the liver in the VLDL particle.

LCAT deficiency and atherosclerosis

Decreased levels of HDL-cholesterol has been used as a marker for an increased
risk for coronary heart disease (CHD) since epidemiological studies have shown a strong
positive correlation between the absence of HDL-cholesterol and premature CHD.
Furthermore, the role of HDL as a transport vehicle for excess cholesterol from the
periphery to the liver in reverse cholesterol transport is thought to account for one of the
many protective effects of HDL against atherosclerotic vascular disease. Some
controversy still surrounds the suggestion that low levels of HDL-cholesterol are in fact,
a risk indicator for the development of premature CHD. Despite the low levels of HDL
in FLD, FED, and Tangier disease, CHD is present in only half the reported cases. Our
patient appeared lesion free at age 45. In contrast, in cases where apoA-I is not
synthesized and is completely absent from the plasma, fulminant atherosclerosis occurs at
an early age (Norum et al., 1982; Calabresi and Franceschini, 1997). Thus, apoA-I
turnover rates may be a more significant factor in risk determinations than absolute
plasma levels. Recently, more reports of FED are showing an increased risk in CHD
possibly due to the retained B-LCAT activity that could potentially cause an increase in
the levels of atherogenic LDL cholesteryl ester. Another plausible explanation may
reside within the fact that cholesterol present in plasma lipoprotein can freely exchange
with cell membranes. These membranes provide a large “sink” within the body for
cholesterol. LDL cholesteryl esters, in contrast, do not readily exchange between LDL

and cell membranes. Rather, their uptake is targeted to those cells such as fibroblasts,
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smooth muscle cells, and macrophages capable of recognizing and taking up either native
or oxidized LDL species and thereby, potentially contributing to the atherogenic process.
Since LDL cholesteryl ester levels are very low in FLD, the targeted uptake of this lipid,
which could contribute to plaque formation, would be reduced when compared to normal
individuals. LDL cholesteryl ester uptake in the FED phenotype, however, could
approach normal values since the plasma cholesterol esterification rate is near normal as
LDL cholesterol is esterified by the B-LCAT activity of the mutated yet functional
enzyme. Other factors, that are secondary causes of CHD, may also contribute to the risk
of developing premature CHD in individuals with LCAT deficiency.

The question remains as to what role HDL plays in the absence of LCAT that may
be beneficial in some way in preventing vascular disease. As proposed by Fielding et al.
(1982), there may be another mechanism which allows for cholesterol egress out of the
cell without cholesterol esterification by LCAT. Small HDL particles enriched in apoE,
quite common in FLD, are thought to facilitate the efflux and influx of cholesterol to
maintain homeostasis (Fielding et al., 1982). Other important factors such as those of a
physical and genetic nature would also contribute to the multifactorial development of
premature atherosclerosis.

More studies concerning the structure and function of LCAT are required. Once
the 3-dimensional structure of LCAT is firmly established, it will allow us to study
LCAT function more effectively and discover why different phenotypes are expressed
with mutations in certain areas of the gene and the different catalytic activities that are
displayed by this unique enzyme. The role of LCAT in the development of

atherosclerosis remains a central topic that has yet to be fully understood.
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1i.) Structure and functional significance of the far N-terminal region of LCAT

The structure and functional role of the N-terminal region of LCAT is unknown.
Although this region is the most highly conserved between species, it does not share any
structural homology with any known proteins (Peelman et al., 1998). As a result, the
predicted 3-D model of LCAT does not include the N-terminal region. The first 80
residues of LCAT contains the putative “lid” region that has been shown to be required
for LCAT activity but not for structural integrity (Adimoolam et al., 1997; Peelman et al.,
1998). Furthermore, this region might be involved in LCAT activation by apoA-I as
mutations present at Pro-10 result in FED (Skretting and Prydz, 1992; Qu et al., 1995;
Klein et al., 1995).

Chimeric RSOH LCAT

The first 80 residues of the different LCAT species are very highly conserved.
Although the chicken LCAT shares an overall 75% sequence identity with that of human
LCAT, the sequence identity of the first 80 residues is 96.5%. The first 80 residues of rat
and human LCAT on the other hand, shares a 98.8% sequence identity. Sequence
conservation between species is usually significant because it indicates a structural and/or
functional role. Based on this observation, it was hypothesized that the chimeric RSOH
LCAT will be secreted and will be functionally active. Indeed, the chimeric RSOH LCAT
was secreted with the correct molecular weight and appeared to be similarly glycosylated
when compared to the human LCAT. This is not surprising as the glycosylation site at
Asn-20 in the human LCAT is conserved in the rat LCAT sequence. Furthermore, the
chimeric R80H was functionally active against rHDL (o-LCAT activity) and LDL (B-

LCAT activity). The relative activity against the rHDL from the chimeric RSOH LCAT



147

was about 90% of the human LCAT against rHDL containing human apoA-I and slightly
less than 50% with rHDL containing rat apoA-I suggesting that the R8OH chimera had an
enhanced activity in the presence of human apoA-I. This was not consistent with the
results observed for the protein and mRNA expression. The mRNA expression of the
R80H chimera was significantly lower (40%) than human LCAT. The LCAT protein is
quite sensitive to changes as seen in FED where LCAT mass is decreased even when the
protein is functional. Additionally, the B-LCAT activity was also similar to that of the
human LCAT.

It has been established that between species, LCAT is always more reactive with
its homologous apoA-I (Chen and Albers, 1983; Sparrow et al., 1995). Although the rat
LCAT consistently showed a higher reactivity with rHDL containing rat apoA-I, the
human LCAT seemed more reactive with tHDL containing rat apoA-I. Interestingly, the
chimeric R8OH LCAT showed a preference for rHDL containing human apoA-I (activity
ratio of 1.62 + 0.21). This suggest that the five amino acid differences in the first 80
residues between the human and rat LCAT may cause some subtle changes in the folding
of the LCAT protein. These different residues in the N-terminal region may confer
conformational changes on the LCAT such that the interaction with or activation by
apoA-I is altered. As discussed previously, the mechanism of activation of LCAT by
apoA-I remains unresolved. It was suggested that apoA-I and LCAT interact on the
surface of the HDL and that apoA-I may stabilize the activated conformation of LCAT.
Alternatively, these observations may be due entirely to conformaticnal changes
unrelated to apoA-I activation or interaction with LCAT and hence it is premature to

suggest that the first 80 residues might involve apoA-I.
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The five differences in amino acids between the human and rat LCAT at the first
80 residues are at positions 32, 35, 44, 49, and 64. These residues, from human to rat
represent changes from polar to non-polar residue or vice-versa (Leu-32 = Met, Met-49
-> Leu), polar to charged residues or vice versa (GIn-35 2 Arg, Asp-44 - Asn), and
non-polar to an aromatic residue (Leu-64 -> Phe). The introduction of charged residues
could potentially disrupt the conformation of the protein especially when the
corresponding residue from the human LCAT is unchanged. A natural mutation at Leu-
32 > Pro (McLean, 1992) of the human LCAT causes FLD. Missense mutations at
residue 30 (Gly-30 > Ser) (Bron et al., 1975; Owen et al., 1996) and residue 33 (Gly-33
-> Arg) (Wiebusch et al., 1995) also cause FLD. This region of the LCAT enzyme,
which is in the vicinity of Cys-31and Cys-184, has been shown to be in close spatial
proximity to the catalytic Ser-181 (Jauhiainen et al., 1988). Although the Cys residues
are highly conserved in the mammalian LCAT species, the Leu-32 in rat LCAT is
substituted with a non-polar Met residue, and in both the mouse and the rat GIn-35 is
substituted by a positively charged Arg. These residues in the R8OH chimera collectively
could confer conformational changes such that both the o- and B- LCAT activity are
retained, whereas if these substitutions were separately introduced into the wild-type
human LCAT, the o~ or - LCAT activity may be disrupted. The decrease in the RSOH
LCAT mass may also be caused by structural changes in residues 1-80 since in vitro
expression of the natural mutations occurring at residues 30, 32 and 33 are secreted by
COS cells at 66-90% of that of wild-type LCAT (Qu et al., 1995; Yang et al., 1997;

Peelman et al., 1999b).
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Furthermore, the Leu-64 > Phe is within the putatiwe “lid” region and residues
56-68 have been shown to have the characteristics of an oblique lipid destabilizing
peptide involved in substrate interaction. The oblique pepptide has a hydrophobicity
gradient along its helical axis (Perez-Mendez et al., 1998) amd is involved in interfacial
binding of substrates. The more hydrophobic end of the heliz inserts into the membrane
at an angle and perturbs the regular lipid organization (Peelman et al., 1999a). Studies by
Peelman et al. (1999a) showed that both the Met-65 an-d Asn-66 are involved in
maintaining the peptide obliquity as mutagenesis of Met-65 ->Asn and Asn-66 > Met
decreased activity of LCAT on all substrates, particularly L _DL. A more hydrophobic
residue at position 64 (Leu -> Phe) might increase the ablity of the LCAT “lid” to
interact with LDL that has a more condensed phospholipid mnonolayer than HDL due to
its increased saturated phospholipids, cholesterol and sphingormyelin content.

In order to evaluate whether the first 80 residues actimally changes the a- and B-
activity, the specific activities of the recombinant LCAT aree required. The sequential
mutagenesis of the five residues of the rat LCAT sequence (res. 1-80) in the chimeric
R80H LCAT to that of the human sequence (res.81-416) could potentially provide
information on the functional roles of these residues.

N-terminal Deletion Mutant

The N-terminal deletion mutants include the A8, A10®, and A12. These mutants
were constructed to investigate their role in aligning the poutative “lid” region. The
proteins for the A8 and Al12 were undetectable by Westerrn blot analysis even after
concentration of the culture medium. DNA and RNA analysiss suggest that the A8 mutant

was successfully transfected and expressed but at very low levels. The low levels of
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expression are likely the cause of the inability to detect protein in the media by Western
Blot analysis. In view of the fact that the A10 protein has a much larger deletion and is
secreted at higher levels than that of the wild-type human LCAT, it is unlikely that the A8
is not secreted because of structural defects. However, there is the possibility that the
residues between 6 and 10 might exert some structural role in the presence of the partial
sequence but does not affect the protein when completely removed (i.e. AlQ).
Alternatively, the A8 mutant might cause translational defects such as the proper cleavage
of the pre-peptide due to the presence of the proline-rich region (Figure 4.14) adjacent to
the signal sequence. This could cause the rapid degradation of the protein resulting in a
lack of secretion. In order to address these questions, proteosome inhibitors such as N-
acetyl-leucly-leucyl-norleucyl (aLLN) or carbobenzoxyl-leucinyl-leucinyl-luecinal
(MG132) could be used to prevent the degradation of the protein through the ubiquitin-
proteasome pathway. Previous preliminary experiments with wild-type human LCAT
showed that in the presence of such inhibitors (10 uM of alLLN or 1 pM of MG132) there
was an accumulation of the protein in the cell lysates. Hence, if similar results are
observed with the A8 mutant, it can be concluded that the absence of the protein in the
cell lysate and medium is a result of rapid degradation of the protein.

The translational efficiency of the A8, on the other hand, can be assessed using the
in vitro transcription/translation cell-free system with and without microsomes. This
experiment would provide information on the translational processing of the A8 mutant
and whether the N-terminal Pro-1 and Pro-2 residues of the A8 mutant affects its

translation. In contrast, transfection of the A12 mutant construct was unsuccessful.
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The A10 mutant was expressed and secreted at comparable levels to that of the
wild-type human LCAT. This suggests that the first 10 residues are not essential for
protein secretion. This region is therefore most likely located on the surface of the
enzyme such that its deletion does not drastically affect the overall structure of LCAT.
However, LCAT activity was abolished towards rHDL and LDL substrates. The role of
the far N-terminal hydrophobic residues is unknown but natural mutations at Pro-10 and
Thr-13 causes FED and FLD respectively. These results suggest that the residues at the
far N-terminus are important for function. Jin et al. (1997) in contrast, were able to
produce a fully functional enzyme lacking the first six residues of the mature LCAT
protein. In the absence of any other data from the A8 mutation, it can be suggested that
residues between 6 and 10 are important for full enzymatic activity. The hydrophobic
residues at these positions may serve to anchor the lid to the enzyme through
hydrophobic interactions. A fully functional lid not‘only requires that it has the ability to
interact with lipoprotein substrates but also interact with the surrounding residues
required for the conformational changes upon interfacial activation. The residues at the
N-terminal region may have a similar function as that of residues Arg-52 and Lys-53 that
were proposed to be involved in the folding of the lid structure. In addition, the
hydrophobic residues at the far N-terminus may function to keep the lid in place upon
interfacial activation or keep the lid “closed” prior to interfacial activation. Clearly more
experiments are required to fully delineate the role of this region. Sequential deletion of
the N-terminus would provide information on which residues are required for secretion

and which are required for function.
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In summary, human apoA-I is a better activator of the chimeric RSOH LCAT than
wild-type LCAT. The B-LCAT activity of the R80H chimera also appears to be
enhanced. The sequential substitution of the five amino acids in the rat LCAT sequence
of the R80H chimera would provide information on the significance of these residues in
the function of LCAT, specifically in the possible interaction with or activation by apoA-
[. The far N-terminal residues are also important for enzyme function. Deletion of the
first 10 residues resulted in the total loss of LCAT activity against both rHDL and LDL.
The hydrophobic amino acids between residues 6 and 10 are clearly important and may
be involved in anchoring the lid of LCAT. The sequential deletion of each residue from
the N-terminal would pinpoint the residues important for functional and/or structural

integrity.



5. Final Conclusions an ential re directions

Familial CETP deficiency has been reported in the Japanese and European
populations (Table 3.1). In Japan, the Int14(A) and Asp-442 > Gly mutations are the
most prevalent and the heterozygote frequencies for these mutations are 2% and 7%,
respectively (Hirano et al., 1993; Inazu et al., 1990; Inazu et al., 1994; Sakai et al., 1995).
The partial expressions of these mutations also appear to be genetically dominant.
Clinically, patients with CETP deficiency have elevated total cholesterol, which is a
result of increased HDL-cholesterol and therefore is usually unresponsive to lipid-
lowering drugs such as the statins. Owing to increased HDL levels that have been shown
in epidemiological studies to be a negative risk factor for CHD, CETP deficiency was
originally proposed to be a longevity syndrome. However, current evidence from human
population and transgenic animal studies have questioned this view and have suggested
that CETP deficiency may in fact be a cause of premature CHD.

The CETP mutation identified in this study is a novel mutation and the first to be
characterized in a Caucasian North American (Teh et al., 1998). The C - T transition at
the first position of codon 268 in exon 9 of the CETP gene results in the substitution of
Arg-268 to a nonsense codon. The premature truncation of the CETP protein would
result in a lack of lipid transfer activity. A diagnostic approach to rapidly screen for this
mutation was developed and involves the amplification of a 168 bp fragment in the
region of the mutation. In the presence of the mutation, a Maelll site is generated.

As no family members were available for the study, pedigree analysis could not

be performed. It is important to recognize and properly diagnose CETP deficiency since
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in dyslipidemias such as hypertriglyceridemia, the lowering of CETP activity may be
beneficial to reduce the transfer of cholesteryl esters to atherogenic lipoproteins such as
the VLDL, IDL and LDL. Furthermore, the "U" shaped relationship between HDL
cholesterol concentrations and CHD (Hirano et al., 1997) suggests that it may be
beneficial to increase HDL cholesterol levels in heterozygous CETP-deficient patients to
the range between [.55 -1.81 mmol/l. On the other hand, in homozygotes that have
markedly elevated HDL cholesterol levels, it would be preferable to decrease HDL levels
to the above range. The molecular analysis provided here for the rapid identification of
this novel mutation should be. used as a tool for screening patients who are
hypercholesterolemic and drug resistant especially in the South shore region of Nova
Scotia.

A new mutation was also identified in the LCAT gene of a French patient with
familial LCAT deficiency (Teh et al., 1999). The consecutive deletion of two nucleotides
(TG) at the third position of codon 138 and the first position of codon 139 causes a
frameshift that results in the premature termination of the LCAT protein at residue 144.
This mutation can also be rapidly detected using a mismatched primer that creates a site
for the restriction enzyme Fspl in the absence of a mutation.

The phenotypic hallmark of FLD is severe hypoalphalipoproteinemia, increased
total cholesterol resulting in an increased molar ratio of cholesterol to cholesteryl esters,
corneal opacities and varying degrees of renal disease. The LCAT-deficient proband had
corneal opacity and received a bilateral corneal transplant. Although her total cholesterol
levels were low, the cholesterol / cholesteryl ester molar ratio was high. The

inconsistencies observed with HDL cholesterol and atherosclerosis in LCAT and CETP
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deficiency suggest that HDL cholesterol levels per se, are not totally indicative of an
efficient RCT pathway. Genetic LCAT or CETP deficiency that perturbs that RCT
pathway would offer some insights into lipoprotein metabolism and atherosclerosis.
Recently, the discovery of the scavenger receptor Bl as a putative HDL receptor has
provided new insights into HDL metabolism.

The functionally important regions of LCAT remain to be identified. In
particular, focus on the N-terminal region of LCAT is lacking. A rat-human (R80H)
LCAT chimera and N-terminal deletion mutants of human LCAT were used to determine
the structural and functional significance of the far N-terminus. The results suggest that
human apoA-I is a better activator of the chimeric RSOH LCAT. The sequential
substitution of the five non-identical residues in the rat LCAT sequence of the R80OH
chimera would provide further information on the significance of these residues in LCAT
function specifically, in the interaction of LCAT with its substrates, and perhaps in the
activation by or interaction with apoA-I which remains to be identified.

It was proposed that the hydrophobic residues at the far N-terminus anchor the
putative lid to the enzyme through hydrophobic interactions. The deletion of LCAT from
the far N-terminus showed that residue 10 is essential for full enzymatic function but not
for structural stability as determined by protein synthesis and secretion. However, no
solid conclusion can be drawn from the A8 mutant. More experiments are obviously
required to fully elucidate the role of the first 10 residues. There is the possibility that
residues between 6 and 10 are required for structural stability. Sequential deletion from

the N-terminus is therefore a logical follow up to confirm these findings.
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The increasing number of protein and enzyme defects that are currently being
identified allow for a more accurate evaluation of the impact of mutations in different
genes on CHD risk. As all steps in the RCT are modulated by proteins and enzymes it is
necessary to further define the mechanism(s) by which they function and modulate
lipoprotein metabolism. The molecular approach used for identifying the functional
residues at the N-terminal domain of LCAT may provide a better understanding of
protein function and hopefully, contribute to the incomplete 3-D model for LCAT. A
better insight into the complex RCT pathway may permit pharmacological manipulations

of protein action to treat or manage CHD.



6. Appendices

I. Primers used in CETP gene amplification for the identification of the gene mutation.

Primer name Sequence (5' = 3"
Exon 1 CGGACATACATATACGGGCTC
CTGGCATAGTGGGTGTCCATG
Exon 2 CATCTCAGAGAGGCTGAGTC
CCAGCCAGGTCACACCCGAG
Exon 3 CTATCTTCCACCCTCGCCTAG
GCATCAGCTGACAGGAATGC
Exon 4 CCTCTCTGGGTGGAGGGCTGAATG
GAACCCTCTGCCTGCACAAC
Exon 5 GCATGTGGATACCATCTGATAG
GTGGACACACTAACAGGATG
Exon 6 GTACACACTAGGCGCTCCATG
GAAGGTGGGAGTGGCACCTTC
Exon 7 GTGAGTGAGGCTGGCTGACT
CAGCAGACAGAAACGCACTCA
Exon 8 GACGGTGACTCAGGGCAATTC
CAGGACTCTTGGCTGCCATAAG
Exon 9 GACACACAGGGTCCAGCCAG
CATACCACATGCCATCTGGATC
Exon 10 CAGTCCTTGAAACTGCCCTTG
CTCTTGAAGCCAGAGCAGCATTG
Exon 11 CATGGACTGCTGCTCCGTGATG
CTGCGGCCCATATGTGAGTC
Exon 12 GTCATCCTTGCCTCTCCAGTC
GAGAGGTTTGCGGAGTTGAC
Exon 13 AGGCCTGAGCTATGAGACA

TGGACCACCTGGTCACATTCT

Exon 14 CCGTGCAGCATCTGCCTTGT
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AAAAGGTGAAATGGGAAGCT*

Exon 15 GTCTCAGCATCTCCCACTAC
CAGGAATTCTGTCTGGGCCTTCTCTC'

Exon 16 CTCTACCAGCTTGGCTCCCTC
CCAGGGTTCCAGCTGTGAGC

* From Brown et al., 1989.
"From Takahashi et al., 1993.
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[I. Primers used for the construction of the Rat-80 human chimeric protein.

Primer name Sequence (5' = 3"

HuRIL.EcoRI CGTCAGAATTCTCGAGCTCGTCG

RatHu.2r CACATTGAGGAGCCAGAAGGGGGTCGGC

HuRat.3f CTGCTCCCTCCTGCCGCCCCCTTCTGGCTCCTCAATGTGCTCTTC
HuRat.4r GCTCCGGTTGTAGACAACCCTGGTGTTATCAATCCAGCA
RatHu.5f CTCGGGGTGGACTGCTGGATTGATAACACCAGGGTTGTCTACAAC

HuR2.BamHI CACCCGGGGATCCTTATTCAGGAGGCGGGGGCTCTG
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II. Primers used for the construction of the deletion mutants.

Primer name Sequence (5' 2 3"
LCAT-AS8 CTGCTCCCTCCTGCCGCCCCCCCCCCGCACACCACGACCAAGGCTG
and

CTCAGCCTTGGGCGTGGTGTGCGGGGGGGGGGCGGCAGGAGGGAG

LCAT-A10 CTGCTCCCTCCTGCCGCCCCCCACACCACGCCCAAGGCTGAG

and
GAGCTCAGCCTTGGGCGTGGTGTGGGGGGCGGCAGGAGGGAG

LCAT-A12 CTGCTCCCTCCTGCCGCCCCCACGCCCAAGGCTGAGCTC

and
ACTGAGCTCAGCCTTCCCCGTGGGGGCGGCAGGAGGGAG
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