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Abstract

ATP-binding cassette transporter G1 (ABCG1) mediates sterol efflux onto
lipidated lipoproteins and plays an important role in macrophage cholesterol
homeostasis. In this project, we investigated how ABCG1 works as a functional
transporter to mediate sterol translocation. First, we found a conserved sequence
present in the five ABCG transporter subfamily members. The conserved
sequence locates between the nucleotide binding domain and the transmembrane
domain and contains five amino acid residues from Asn at position 316 to Phe at
position 320 in ABCG1 (NPADF). Detailed mutagenesis study revealed that
Asn316 and Phe320 in the conserved sequence played an important role in the
regulation of ABCG1 function. We further demonstrated that mutations N316D,
N316Q and F320I led to retention of the protein in the endoplasmic reticulum
(ER). Thus, the two highly conserved amino acid residues, Asn and Phe, may
regulate ABCG]1 trafficking, thereby affecting ABCG1-mediated cholesterol
efflux. Second, we found a Stat3 binding site (YXXQ) located in the N-terminal
cytoplasmic region of ABCG1. Replacement of Tyr at position 157 with Ala
essentially eliminated ABCGI-mediated efflux of cholesterol and 7-
ketocholesterol. On the other hand, substitution of Gln at position 160 with Ala
affected the substrate specificity of ABCGI, reducing 7-ketocholesterol efflux
with no significant effect on cholesterol efflux. In summary, we identified
residues in the N-terminal cytoplasmic region of ABCG1 important for ABCGI

trafficking, function and substrate specificity.
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Chapter 1 Background and introduction

Atherosclerotic cardiovascular disease is defined as diseases and injury of
the cardiovascular system and characterized by the accumulation of cholesterol
and triglyceride in the arterial wall (Oram and Vaughan, 20006).

Although the cardiovascular disease death rate in Canada has declined by
more than 75 percent since 1952 and nearly 40 percent in the last decade, every 7
minutes in Canada, someone dies from heart disease or stroke (Statistics Canada,
2011). Heart disease and stroke are two of the three leading causes of death in
Canada and cost the Canadian economy more than $20.9 billion every year in
physician services, hospital costs, lost wages and decreased productivity
(Conference Board of Canada, 2010). Atherosclerosis is caused by a variety of
factors including genetics and lifestyle. Poor diet, deficiency in physical activity,
and tobacco consumption are the major environmental influences that contribute
to heart disease. High blood pressure, high blood cholesterol, obesity, and the
chronic disease of type 2 diabetes are among the major biological risk factors
(WHO). Nine in 10 Canadians (90%) have at least one risk factor for heart disease
or stroke (smoking, alcohol, physical inactivity, obesity, high blood pressure, high
blood cholesterol, diabetes) (Public Health Agency of Canada, 2009).

Coronary heart disease, stroke, hypertension, heart failure, and rheumatic
heart disease are major types of cardiovascular diseases. Currently, several drugs
are used to lower the high risk of heart attack and stroke recurrence and death.

Statins are used for lowering blood cholesterol, and aspirin may help patients with



an elevated risk of heart attack and stroke by daily taken. However, heart disease
is still a major public health concern. Atherosclerosis is one major cause of heart
disease. Two major hallmarks of atherosclerosis are inflammation and the
deposition of excess cholesterol in arterial macrophages. In this thesis, the latter is

the major focus.

Cholesterol translocation and ABC transporter

Cholesterol is an essential structural component of mammalian cell
membranes, establishing both proper membrane permeability and fluidity. In
addition, cholesterol is also involved in cell signaling processes and is an
important component for the synthesis of bile acids, steroid hormones and some
vitamins. However, accumulation of excess cholesterol is toxic to cells. The
dysregulation of cholesterol metabolism is a critical factor in the development of
coronary atherosclerosis, which is one of the leading causes of death in Canada as
discussed above. In addition, aberrant cholesterol trafficking and accumulation is
the molecular basis for other disorders such as Tangier’s disease, and Alzheimer’s
disease (Berge et al., 2000; Brooks-Wilson et al., 1999; Hollingworth et al., 2011;
Orso et al., 2000).

Cholesterol homeostasis in humans is regulated by well-balanced
mechanisms of intestinal uptake, endogenous synthesis and metabolism, transport
in lipoprotein particles, and biliary excretion. In mammals, all nucleated cells can
synthesize cholesterol, however, none of these cells have the capacity to degrade
cholesterol. To maintain cholesterol homeostasis, any surplus of cholesterol must

either be stored in the cytosol in the form of esters or released from the cell. The
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liver plays a critical role in regulating cholesterol homeostasis since it is the only
organ that can convert cholesterol to bile acids and excrete cholesterol directly
into the bile. Typically, removal of excessive cholesterol from peripheral cells is
accomplished through the so-called reverse cholesterol transport (RCT)
pathway (Rosenson et al., 2012; Wang et al., 2007). The major steps in
RCT (Figure 1) include: acquiring cholesterol from peripheral cells by acceptors
such as apolipoprotein A-I (apoA-I) and high density lipoprotein (HDL), the
esterification of free cholesterol in HDL by the plasma enzyme lecithin:
cholesterol acyltransferase, and the transport of cholesteryl ester from HDL to
apoB containing lipoproteins by the cholesteryl ester transfer protein for the
eventual delivery to the liver where it can be excreted directly into the bile or
converted to bile acids prior to excretion. Recently, a group of ATP-binding
cassette (ABC) transporters has been shown to play critical roles in the RCT
pathway by mediating the translocation of cholesterol across cellular bilayer
membranes (Brooks-Wilson et al., 1999; Kobayashi et al., 2006; McNeish et al.,
2000; Rosenson et al., 2012; Singaraja et al., 2002; Singaraja et al., 2006;

Vaughan and Oram, 2005, 2006; Wang et al., 2004).
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Figure 1. The major pathway of reverse cholesterol transport.

1) Acquiring free cholesterol (FC) from peripheral cells by acceptors such as
apolipoprotein A-I (apoA-I) and HDL through ABCA1 and ABCGl1, respectively;
2) the esterification of free cholesterol in HDL by the plasma enzyme lecithin:
cholesterol acyltransferase (LCAT) and the transport of cholesteryl ester (CE)
from HDL to apo-B containing lipoproteins by the cholesteryl ester transfer
protein (CETP); 3) the uptake of CE by the liver; 4) the conversion of CE to FC
and bile salt in the liver; and 5) the excretion of FC and bile salt into bile via
ABCG5/G8 and ABCBI1, respectively for the final fecal excretion or recycling.

LPL: lipoprotein lipase.



The ABC superfamily of transporters comprises a large family of
functionally diverse poly topic transmembrane proteins. Most ABC transporters
share a common molecular architecture that includes two nucleotide-binding
domains (NBDs) arranged in series with two membrane-spanning domains
(MSDs). So far, 48 ABC superfamily genes have been identified in the human
genome that can be further divided into 7 subfamilies (ranging from ABCA to
ABCG). The functional transporter can either be a single protein with two NBDs
and two MSDs (a full transporter) or be a homo- or hetero-dimer consisting of
two half transporters (Figure 2). The MSD of typical ABC transporters contains 6
transmembrane alpha-helices, which form the putative channel for substrates
across the lipid bilayer and are believed to define the substrate specificity for each
transporter. Thus, the MSDs vary considerably between different ABC proteins.
In contrast, the NBDs of the ABC transporters are highly conserved. Each NBD
contains three highly conserved sequence elements (the Walker A and B motifs
and a signature motif, Figure 2) that play critical roles in nucleotide binding and
hydrolysis and in the provision of energy for the transporter to translocate its

substrates across the cell membranes.
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Figure 2. Schematic of ABC proteins.

Panel A: The schematic structure of a typical mammalian full ABC transporter
consisting of two MSDs and two NBDs. Panels B and C: The schematic structure
of a typical mammalian half ABC transporter containing one MSD and one NBD
at the C-terminus (B) or N-terminus (C). Panel D: The schematic structure of
mammalian ABC proteins in the ‘F’ subfamily containing two NBDs and no

MSD.



ABC transporters utilize energy derived from ATP binding/hydrolysis at
NBDs to translocate a wide variety of substrates including amino acids, lipids,
inorganic ions, peptides, saccharides, metals, drugs, and proteins across extra- and
intracellular biological membranes. Mutations in several human ABC transporter
genes have been linked to 16 genetic diseases (Moitra and Dean, 2011). ABC
transporters play critical roles in lipid transport and metabolism. For example,
ABCAI1 mediates the efflux of cholesterol and phospholipids from peripheral
cells onto apoA-I in the initial stages of RCT (Brooks-Wilson et al., 1999;
McNeish et al., 2000; Orso et al., 2000; Singaraja et al., 2002; Singaraja et al.,
2006). ABCGS5 and ABCGS participate in the excretion of cholesterol and plant
sterols into bile and into the gut lumen (Berge et al., 2000; Yu et al., 2002a; Yu et
al., 2002b). ABCGI1 mediates cellular cholesterol export to lipidated lipoprotein
particles (Kobayashi et al., 2006; Vaughan and Oram, 2005; Wang et al., 2004;

Wang et al., 2007).

ABCG1 and cholesterol homeostasis

ABCGI1 belongs to the ‘G’ branch of the ABC transporter superfamily. The
putative structure of the ‘G’ branch consists of six TM alpha helices and one NBD
at the N-terminus (Figure 2C) (Dean, 2002; Higgins, 2007; Sharom, 2008). Some
of the G family members, such as ABCG1 and ABCG2, function as homodimers
(Engel et al., 2006; Leimanis and Georges, 2007), whereas other family members,
such as ABCGS5 and ABCGS, function as heterodimers (Graf et al., 2003).

ABCG1 is ubiquitously expressed, with relatively high expression levels in the
7



spleen, lung, brain, and kidneys (Kennedy et al., 2005). ABCG] is also highly
expressed in human macrophages where it can be upregulated by liver X receptor
(LXR) agonists and cholesterol loading (Beyea et al., 2007; Kennedy et al., 2001),
but suppressed by lipid efflux (Abildayeva et al., 2006). Transfection of ABCGI
in cultured cells or up-regulation of the expression of endogenous ABCGI in
several cell types increases the efflux of cellular cholesterol to HDL or to
lipidated apoA-I but not to lipid-free apoA-I (Sano et al., 2007; Vaughan and
Oram, 2005; Wang et al., 2004). On the other hand, inhibition of ABCGI
expression in several cell lines results in reduced HDL-dependent efflux of
cholesterol and phospholipid from these cells (Klucken et al., 2000). Most
recently, it has been reported that knockdown of the transcriptional co-regulator,
GPS2, expression essentially abolishes LXR-induced ABCGI expression in
human macrophage THP-1 cells and dramatically reduces HDL-mediated
cholesterol efflux from the cells while having no effect on ABCAI expression
(Jakobsson et al., 2009). However, Larrede et al (Larrede et al., 2009) reported
that knockdown of ABCG1 expression in THP-1 cells had no significant effect on
LXR agonists-induced cholesterol efflux onto HDL. The reason for this difference
is unclear.

Mice lacking ABCG1 accumulate lipids in macrophages and in hepatocytes
(Kennedy et al., 2005), and show a significantly decreased level of plasma HDL
after being fed a high cholesterol diet or treated with the LXR agonist T0901317
(Wiersma et al., 2009). Transgenic mice over-expressing the human Abcgl gene

are protected against dietary fat-induced lipid accumulation in the liver and lungs



(Kennedy et al., 2005). Moreover, over-expression of ABCGI in macrophages
significantly increases macrophage RCT in vivo, whereas knockdown or knockout
of ABCG1 expression markedly decreases macrophage RCT in vivo (Wang et al.,
2007). Interestingly, several studies showed that ABCGI, but not ABCAI, is
responsible for the reduction in macrophage cholesterol efflux in patients with
type 2 diabetes mellitus, which contributes to the reduction in cholesterol efflux in
macrophages (Mauldin et al., 2008; Mauldin et al., 2006). Similarly, ABCG1, but
not ABCAI, is involved in the inhibition of foam cell formation induced by
peroxisome proliferator-activated receptor-gamma agonists (Li et al., 2004).
Rohrer et al (Rohrer et al., 2009) reported that ABCG1 and scavenger receptor Bl
(SR-BI), but not ABCAL, are responsible for the crossing of HDL through aortic
endothelial cells. Moreover, the expression of ABCGI is upregulated in
macrophages from patients with Tangier disease (Lorkowski et al., 2001), who
have dysfunctional ABCA1 (Brooks-Wilson et al., 1999). These findings reveal
the critical role of ABCGI1 in cholesterol efflux onto HDL and indicate the
linkage between the transporter and protection against atherosclerosis.

However, the precise role of macrophage ABCGI1 in the protection against the
development of atherosclerosis remains uncertain. Over-expression of ABCG/ in
Apoe” mice fed a high-fat diet had no significant effect on atherosclerosis
(Burgess et al., 2008), whereas transplantation of bone marrow lacking Abcgl
into LDL receptor knockout (Ld/¥"") mice showed conflicting effects. Out et al.
(Out et al., 2006) observed a moderate increase in atherosclerosis, consistent with

the role of the transporter in promoting macrophage cholesterol efflux. However,



two other independent groups, Baldan ef al. (Baldan et al., 2006) and Ranalletta et
al. (Ranalletta et al., 2006) reported that macrophages lacking ABCG! leads to
atherosclerosis in hyperlipidemic Ldlr" mice. Ranalletta rationalized that the
decrease in atherosclerosis results from the induction of ABCAI expression and
increased apoE levels. Terasaka et al suggested that ABCGI deficiency in
macrophages increase apoptosis, and this is supported by the finding that ABCG1
promotes the efflux of 7-ketocholesterol onto HDL, thereby protecting
macrophages from oxysterol-induced apoptosis (Terasaka et al., 2007). However,
Seres recently reported that overexpression of ABCGI1 results in phosphatidyl
serine (PS) translocation, caspase 3 activation, and subsequent cell death,
suggesting that ABCGI1 may be associated with apoptotic cell death in
macrophages (Seres et al., 2008). To further determine the role of ABCGI in
atherosclerosis, Out et al. (Out et al., 2007) examined atherosclerotic lesion
formation and development in Abcgl”™ mice fed an atherogenic diet and found
that ABCGI indeed has a protective function in initial lesion formation.
Westerterp et al reported that mice with vascular ABCGI deficiency show
increased atherosclerotic lesion areas (Westerterp et al., 2010). More recently, it
has been shown that lacking ABCGI in Ldlr”" mice increases early atherosclerotic
lesions but delays the progression of advanced atherosclerotic lesions (Meurs et
al., 2012). Thus, the precise role of ABCGI in the development of atherosclerosis
is complex.

ABCG1 is highly expressed in endothelial cells. The half transporter plays a

critical role in the removal of cholesterol from endothelial cells and protects
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against endothelial dysfunction. ABCG1 promotes cholesterol efflux from
endothelial cells onto HDL, reduces cholesterol contents in caveolae and reverses
the interaction between caveolinl and endothelial NO synthase (eNOS),
consequently leading to increased eNOS activity (Terasaka et al.,, 2010).
Furthermore, ABCG1 localizes to the membranes of insulin granules in pancreatic
B cells and is involved in insulin secretion. The expression of ABCG1 in islet is
significantly reduced in diabetic mice. ABCG1 deficiency dramatically reduces
pancreatic P cell insulin secretion in mice (Sturek et al., 2010). Therefore,
ABCGI1-mediated cholesterol translocation plays various important physiological
roles. Recently, several lines of evidence show that ABCGl and ABCAI can
promote cellular cholesterol efflux synergistically in vitro (Gelissen et al., 2006;
Vaughan and Oram, 2006). The efflux of cholesterol and phospholipids onto
apoA-I mediated by ABCA1 converts apoA-I into nascent HDL, which can then
act as an acceptor for ABCG1-mediated cholesterol efflux (Figure 1). Knockout
of both ABCAI and ABCGI in mice leads to dramatic foam cell formation and
acceleration of atherosclerosis (Yvan-Charvet et al., 2007). These findings
demonstrate the combined, protective effects of ABCA1 and ABCGI1 in the
pathogenesis of atherosclerosis. ABCG1 and ABCA1 are also highly expressed in
hematopoietic stem and multipotential progenitor cells. Knockout of
both ABCAI and ABCG1 in mice leads to leukocytosis. Studies by Yvan-Charvet
et al revealed that ABCG1 and ABCA1-mediated cholesterol efflux reduces cell
plasma membrane cholesterol content, which reduces cell surface levels of the f3

subunits of the interleukin 3 (IL-3) /granulocyte-macrophage colony-stimulating
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factor (GM-CSF) receptor and consequently results in decreased proliferative
responses to IL-3 and GM-CSF (Yvan-Charvet et al., 2010a).

How ABCGI1 facilitates the movement of cholesterol across the bilayer
membrane is unclear. Unlike ABCA1, ABCG1 does not directly bind to its
acceptors such as HDL (Wang et al., 2004). It has been reported that ABCG1
redistributes cholesterol to the outer leaflet of the plasma membrane, which can be
removed by HDL (Vaughan and Oram, 2005). Most recently, Tarling et
al (Tarling and Edwards, 2011)reported that ABCGI1 is an intracellular
cholesterol transporter. They propose that ABCGI transfers sterols to the inner
leaflet of the intracellular vesicles, and then these vesicles fuse with the plasma
membrane and deliver cellular cholesterol to exogenous HDL. ABCG1 has been
shown to localize to intracellular endosomes (Tarling and Edwards, 2011) and the
membranes of insulin granules in pancreatic  cells (Sturek et al., 2010). When
overexpressed, the half transporter is localized to the endoplasmic reticulum (ER),
Golgi, and plasma membranes (Gao et al., 2012; Gu et al., 2013; Kobayashi et al.,
2006; Tarling and Edwards, 2011; Vaughan and Oram, 2005). Most recently, we
have demonstrated that ABCGl1 is palmitoylated at five cysteine residues located
in the N-terminal cytoplasmic region. Disruption of palmitoylation at position 311
through mutation of Cys311 to Ala or Ser affects ABCGI trafficking from
the ER. Therefore, our data suggest that palmitoylation plays a critical role in
ABCGI1-mediated cholesterol efflux through the regulation of protein
trafficking (Gu et al., 2013). In addition, we recently reported that a highly

conserved His residue located in the putative first transmembrane domain of
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ABCG] is required for ABCGl-mediated cholesterol efflux (Gao et al., 2012).
When reconstituted in phosphatidylserine liposome, the ATPase activity of
ABCGI is stimulated by cholesterol (Hirayama et al., 2012), indicating that
ABCGI1 may be an active cholesterol transporter. However, if ABCG1 directly
binds to cholesterol and functions as an active cholesterol transporter or, like
ABCALI, acts as a cholesterol efflux regulator remains the subject of ongoing

investigation.

The current studies

My thesis project focused on delineating the molecular mechanism of
ABCGI1-mediated sterol efflux. One project was to study the role of a conserved
motif (NPADF) located between the NBD and membrane-spanning domain in
ABCGI1. We found that, in addition to the traditional conserved motifs (the
Walker A motif, the Walker B motif, and a signature motif) that are important for
ATP binding and hydrolysis, there is a highly conserved sequence present in the
“G’ branch of the ABC transporter superfamily. The sequence is located between
the NBD and membrane-spanning domain and contains five amino acid residues.
Asn, Pro, Asp and Phe are completely conserved among all the five ‘G’ subfamily
members. The second project focused on studying the potential role of a signal
transducer and activator of transcription 3 (STAT3) binding motif in ABCGI.
STATs are a highly conserved family of transcription factors that have dual roles,
as cytoplasmic signaling proteins and as nuclear transcription factors. Seven
members of this family have been identified, including STAT1, STAT2, STAT3,

STAT4, STATS5a, STAT5b and STAT6. Different members are involved in cell
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proliferation, survival, differentiation, apoptosis or angiogenesis (Buettner et al.,
2002; Levy and Darnell, 2002; Yu and Jove, 2004). STATs are activated in
response to the binding of a large number of cytokines (interleukin (IL) family:
IL-6, IL-2, IL-10 or interferon family), hormones (growth hormone and leptin)
and growth factors (epidermal growth factor, insulin growth factor or platelet-
derived growth factor) to their receptors (Silva, 2004). Binding of a ligand to its
receptor triggers dimerization of the cytoplasmic domain of the receptor and the
juxtaposition and activation of associated Janus tyrosine kinases (JAKs 1, 2 and 3
or Tyk2), which subsequently phosphorylate STATs on their conserved tyrosine
residue (Yu and Jove, 2004). Recent studies on ABCA1 revealed that ABCA1
interacts with STAT3 and functions as an anti-inflammatory receptor (Tang et al.,
2009). The interaction of apoA-I with ABCA1 promotes cholesterol removal and
activates a signaling molecule, STAT3, which is independent of the lipid transport
function of ABCA1. ABCAI1 contains two candidate STAT3 binding sites. The
interaction of apoA-I with ABCA1-expressing macrophages suppresses the ability
of lipopolysaccharide (LPS) to induce the production of several inflammatory
cytokines including IL-1f, IL-6, and tumor necrosis factor-a. Thus, the ABCA1
pathway functions as an anti-inflammatory in macrophages through the activation
of STAT3 (Tang et al., 2009). These findings implicate that ABCA1 acts as a
direct molecular link between the cardioprotective effects of cholesterol export
from arterial macrophages and suppresses inflammation. We found that ABCG1
also contains a conserved STAT3 binding site (YXXQ) in its N-terminal

cytoplasmic region. The STAT3 binding site contains four amino acid residues,
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Tryl57, lle158, Met159 and GIn160, in which Tyr 157 and GInl60 are required
for the integrity of a STAT3 binding site.

My projects focused on investigating the potential roles of the highly
conserved motif, NPADF and the STAT3 binding motif in ABCG1 function. To
do so, we first replaced these highly conserved amino acid residues with Ala.
Human embryonic kidney293 (HEK293) cells transiently or stably overexpressing
wild type or mutant ABCG1 were labeled with *H sterols. The efflux of sterol
onto lipidated apoA-I was examined. We found that mutations of Asn316 and
Phe320 within the conserved sequence significantly affected ABCGI1 function.
Mutation of Tyr157 to Ala in the STAT3 binding motif also significantly reduced
the efflux of cholesterol and 7-ketocholesterol. On the other hand, replacement of
GIn160 with Ala in the STAT3 binding motif affected substrate specificity of
ABCGI, reducing 7-ketocholesterol efflux without detectable effect on

cholesterol efflux.
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Chapter 2 Experimental procedures

Materials

Lipofectamine 2000 and Directional pCDNA3.1 TOPO vectors were
obtained from Invitrogen. Culture medium, antibiotic G-418 sulfate, EZ Link
Sulfo-NHS-LC-Biotin and Streptavidin-agarose slurry were purchased from
Thermo Scientific. Complete EDTA-free protease inhibitors were purchased from
Roche. Poly-D-lysine and fetal bovine serum (FBS), bovine serum albumin
(BSA), horseradish peroxidase (HRP)-conjugated secondary antibodies (HRP-
goat anti-mouse or HRP-donkey anti-rabbit IgG) were purchased from Sigma.
[*H]-cholesterol (54.2 Ci/mmol) and [*S]- Met/Cys were purchased from
PerkinElmer (Waltham, MA). Polyclonal anti-ABCG1 antibodies were purchased
from Novus Biologicals and Santa Cruz Biotechnology, Inc. Polyclonal anti-
Calnexin antibody (used at 1:10,000 dilution) was purchased from BD
Biosciences, and monoclonal anti-Transferrin receptor (Tfr) antibody (used at
1:5,000 dilution) was purchased from Abcam. IRDye Secondary antibodies
(IRDye 800CW Goat anti-Rabbit IgG and IRDye 680 Goat anti-Mouse IgG) were
purchased from Licor Biosciences. Quick Change Lightning Site-Directed
Mutagenesis Kit was purchased from Agilent Technologies. Nitrocellulose
membranes were purchased from Thermo Scientific and GE Healthcare,
respectively.

The lipidated apoA-I used in these experiments contains a Myc-DDK tag

at the C-terminus and was purified from HEK 293S cells as described (Zhang et
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al., 2008). Briefly, HEK 293S cells stably expressing tagged human apoA-I were
cultured in suspension in IS GRO serum-free medium (Irvine Scientific)
supplemented with 10% FBS. ApoA-I was purified by anti-FLAG M2 affinity gel
chromatography (Sigma) following the manufacturer’s instruction. The lipidated
fraction of apoA-I was isolated via size-exclusion chromatography on a Tricorn
Superdex 200 10/300 column (GE Healthcare). Protein purity was monitored by
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
protein staining using EZ-Run protein gel staining solution.

A custom-made rabbit polyclonal anti-ABCGI1 antibody, 4497, was
produced by Genscript using a peptide (TKRLKGLRKDSSSM, amino acids from
374 to 387 of ABCG1) as the antigen. 4497-conjugated beads were produced as
followed: 20 ml of 50% slurry of protein A beads were washed with 50 ml of PBS
3-time. Then 10 mg purified antibody 4497 were applied to the beads and rotated
gently for 1 h at room temperature. The beads were washed with 50 ml of 0.2 M
sodium borate (pH 9.2) twice and resuspended in 50 ml of 0.2 M sodium borate.
Solid dimethyl pimelimidate (final concentration: 20 mM, Sigma) were added to
the beads and rotated at room temperature for 30 min. The reaction was stopped
by washing beads once with 50 ml of 0.2 M ethanolamine (pH 8.0). Beads were
then resuspended and incubated with 0.2 M ethanolamine at room temperature for
2 h. After three wash with PBS, the beads were resuspended with PBS containing

0.02% NaNj; for later use.

cDNA cloning of ABCG1 and site-directed mutagenesis

Human ABCG1 cDNA cloned in this study was the same as the reported
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canonical sequence (Gene Bank accession number: NM_004915.3) except that the
first four amino acid residues (MACL) were missing in the cDNA that we used.
The ABCGI1 cDNA was cloned into Directional pcDNA3.1 TOPO vector alone
(pcDNA3.1-ABCG1) or together with C-Myc or HA tag at the C-terminus (C-
Myc or tagged ABCG1). The mutations were generated using the Quick Change
Lightning Site-Directed Mutagenesis Kit according to the manufacturer’s
instructions. The template used was pcDNA3.1-ABCG1 or C-Myc/HA tagged
ABCGI. Oligonucleotides bearing mismatched bases at the residue to be mutated
were synthesized by IDT, Inc. (Coralville, IA) (see Appendix table 1). The sample
reactions were set up at 25 pl volume containing 2.5 pl of 10 X reaction buffer, 50
ng of dsDNA template, 125 ng of forward oligonucleotide primer, 125 ng of
reverse oligonucleotide primer, 0.5 pul of ANTP mix, 0.75 pl of Quick Solution
reagent and 0.5 pl of Quick Change Lightning Enzyme. The reaction conditions
are listed in the Appendix Table 2.

The amplification reaction samples were then incubated with 1 pl of Dpnl
restriction enzyme at 37°C for 2 h. Dpnl treated DNA from each reaction sample
was transformed into 50 ul of DH5a competent cells. DNA and competent cells
were gently mixed and incubated on ice for 30min, and then the cells were heat
shocked at 42°C for 45 sec, followed by incubation on ice for 2 min. With the
addition of 1 ml of pre-warmed LB broth, the transformants were incubated at
37°C for 1 h with shaking at 250 rcf, and then selected on the agar plates
containing antibiotic ampicillin (at 100 pg/ml). The presence of the desired

mutation and the integrity of each construct were verified by DNA sequencing
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(TAGC, Edmonton, Canada).
Cell culture and generation of stable cell lines

HEK 293 cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) (Glucose, 4.5 g/liter) containing 10% (v/v) FBS, 100 units/ml penicillin,
and 100 pg/ml streptomycin. Cells were cultured at a 37 °C with 5% COz2 and
95% humidity. To generate the stable cell lines, HEK 293 cells were transfected
with pcDNA3.1 or plasmids containing wild type or mutant ABCGI, and then
selected by antibiotic G418. Specifically, HEK 293 cells were seeded at 5X10°
cells/well in a 6-well plate. After 24 h, the cells were transfected with empty
vector, or cDNA construct containing wild type or mutant ABCG1 (3.2 pg/well),
using Lipofectamine 2000 (8 pl/well). 4 h later, the medium were replaced with
fresh DMEM containing 10% FBS. After reaching to 95% confluence, the cells
were split and selected with 1 mg/mL antibiotic G-418 for over two weeks until
there was no living cell observed in the control group (HEK 293 cells without
transfection). The living cells were then cloned by limiting dilution in 96-well
plates with DMEM medium containing 10% FBS and 1 mg/mL antibiotic G-418.
Several subclones were isolated, and the expression of ABCG1 was confirmed by
western blot analysis with a rabbit polyclonal anti-ABCGI1 antibody (Novus).
Those subclones stably overexpressing wild type or mutant ABCG1 were

maintained in DMEM containing 10% FBS and 0.2 mg/mL G-418.
Cholesterol efflux assay

Cholesterol efflux assay was performed as described previously
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(Kobayashi et al., 2006; Wang et al., 2004). For transient transfection, HEK 293
cells were seeded at 2.5X10° cells/well in a 12-well plate. After 24 h, the cells
were transfected with plasmids expressing wild type or mutant ABCG1 (1.6
ng/well) using Lipofectamine 2000 (4 pl/well). For the cells stably overexpressing
wild type or mutant ABCG1, the cells were seeded at 2.5 X 10° cells/well in a 12-
well plate. 48 h later, the cells were directly labeled with [*H]-cholesterol (2
uCi/ml) for 16 h. Cells were then washed with 1 ml of DMEM containing 0.02%
BSA and incubated at room temperature for 5 min, followed by a second wash,
and incubated at 37°C for 30 min. After the third wash with 1 ml of DMEM
containing 0.02% BSA, the cells were incubated with 5 pg/ml lipidated apoA-I in
DMEM containing 0.02% BSA for 5 h. The media were then collected and the
cells were lysed in 0.5 ml of lysis buffer A (0.1 N NaOH, 0.01% SDS). The
radioactive content of the media and cells was measured separately by
scintillation counting (LS 6500 Multi-Purpose Scintillation Counter, Beckman
Coulter). Sterol transfer was expressed as the percentage of the radioactivity
released from the cells into the media relative to the total radioactivity in cells
plus media. Data were analyzed with GraphPad Prism software and significance

was defined as p<0.05.

Immunofluorescence of ABCG1

Confocal microscopy was carried out as described previously (Zhang et
al., 2001a, b; Zhang et al., 2007). Approximately 5X10° cells were seeded in each
well of a 6-well tissue culture dish on coverslips. After 24 h, the cells were

transfected with plasmids expressing wild type or mutant ABCG1 as described
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previously. 48 h later, the cells were washed and fixed with 3% paraformaldehyde
in phosphate buffered saline (PBS). The cells were permeabilized using methanol
for 20 min, and washed with a blocking solution of 1% BSA in PBS. Then the
cells were incubated overnight in a blocking solution containing an anti-ABCG1
polyclonal antibody, H-65 (used at 1:100 dilution). After washing with the
blocking solution for 10 min, the cells were incubated with Alexa Fluor 488 goat
anti-rabbit IgG for 1 h, followed by washing 3-times 10 min with blocking
solution. Coverslips were mounted on slide with one drop of Anti-fade reagent
containing 4’, 6’-diamidino-2-phenylindole (DAPI) (Vector Laboratories,
Burlingame, CA). Localization of ABCG1 in the transfected cells was determined
using a Leica SP5 laser scanning confocal microscope (filters: 461 nm for DAPI,

488 nm for Fluor 488).

Biotinylation of cell surface proteins

Biotin labeling of cell surface proteins was carried out exactly as
previously described (Zhang et al., 2008; Zhang et al., 2007). For transient
transfection, HEK 293 cells were set up in a 6-well plate and transfected with
plasmids expressing WT or mutant ABCG1 as described previously. For the cells
stably overexpressing WT or mutant ABCGI, the cells were seeded at 5X10°
cells/well in a 6-well plate. After 48h, HEK 293 cells overexpressing WT or
mutant ABCG1 were washed twice with ice-cold PBS buffer, and then
biotinylated using EZ-Link Sulfo-NHS-LC-Biotin, following the manufacturer’s
protocol (Thermo Scientific). Specifically, the cells were incubated with 0.5

mg/ml EZ-Link Sulfo-NHS-LC-Biotin in amine free PBS buffer with gently
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rocking at 4°C for 30 min. The cells were then washed with cold PBS buffer
twice, and the reaction was terminated by blocking with cold PBS containing 100
mM glycine for 20 min at room temperature. After 3 washes with PBS, the cells
were lysed in 200 pl of lysis buffer B (1% triton, 150 mM NaCl, 50 mM Tris-
HCI, pH 7.4). A total of 45 pl of the cell lysate was saved and 150 pl of the lysate
was added to 60 pl of 50% slurry of NeutrAvidin-agarose (Thermo Scientific) and
another 200 pl of lysis buffer B. The mixture was rotated overnight at 4°C. After
centrifugation at 5204 rcf for 5 min, the pellets were washed three times with lysis
buffer B by centrifugation at 5204 rcf for 5 min and the cell surface proteins were
eluted from the beads by adding 60 ul of 2X SDS loading buffer (62 mM Tris-
HCI, pH 6.8, 2% SDS, 50% glycerol, 0.005% bromphenol). A 15 ul of 4X SDS
loading buffer was added to the saved 45 pl cell lysate, and both the cell lysates
and cell surface proteins were incubated for 5 min at 85°C. Proteins were then
subjected to SDS-PAGE (8% acrylamide) and analyzed by immunoblotting with a
rabbit anti-ABCG1 polyclonal antibody (H-65, SantaCruz) and a mouse anti-

calnexin polyclonal antibody (BD Biosciences).

Preparation of membrane vesicles from sf9 insect cell

Membrane vesicles were generated through nitrogen cavitation as
described previously with minor modifications (Gao et al., 1996). Sf9 cells
expressing WT or mutant ABCG1 were harvested in membrane buffer (250 mM
sucrose, 50 mM Tris-HCI, pH 7.4). The cell pellets were stored at -80°C in
membrane buffer containing 1X protease inhibitors. The cell pellets were thawed

under hot water, EDTA was added to a final concentration of 0.5 mM. The cells
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were then disrupted by nitrogen cavitation (equilibration at 250 p.s.i. for 10 min)
on ice. After centrifugation at 1800 rpm for 10 min, the supernatants were laid
over 35% (w/v) sucrose in 20 mM Tris-HCI, 0.5 mM EDTA and then centrifuged
at 25000 rpm for 2 h (Beckman, Sw32 Ti). The white interface (~7 ml) was
collected and washed once with the diluted membrane buffer (4 ml membrane
buffer and 16ml double-distilled H20) through another centrifugation at 25000
rpm for 1 h. The membrane pellets were suspended in the membrane buffer and
the samples were further passed through a 27-gauge needle for 10 strokes to
generate membrane-enriched vesicles. The protein concentration of these
membrane vesicles were determined using the BCA assay (Pierce). The
membrane enriched vesicles were aliquoted and temporarily stored at - 80 °C for

future studies.

Gel filtration of ABCG1

Gel filtration chromatography was performed on an AKTA explorer
system (GE Healthcare) with a Superose-12 10/300 column. The cells stably
expressing the wild type or mutant ABCG1 generated as previously described
were solubilized in 500 pl of lysis buffer B containing 1X proteinase inhibitors
and 10 mM dithiothreitol (DTT). The lysates were centrifuged for 15 min at
14,000 rpm to clear insoluble materials. The supernatant was injected into the
column pre-equilibrated with 2 column volumes of the same lysis buffer. The
elution was collected at 0.5 ml per fraction and fractions were precipitated with
trichloroacetic acid solution (TCA, 6.1 N) overnight at 4°C. The samples were

centrifuged for 10 min at 15,000 rpm. The pellets were then washed twice with
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cold acetone and dried at 85°C for 30 min. The dried pellets were dissolved in 60
ul of 9 M urea. With the addition of 20 pl of 4X SDS loading buffer, the samples
were subjected to SDS-PAGE and immunoblotting. The retention time of ABCGl1
was determined by SDS-PAGE and immunoblotting of the collected fractions.
Gel filtration protein standard including ferritin (670 kDa), aldolase (158 kDa),
ovalbumin (44 kDa), myoglobin (17 kDa), and vitamin B12 (1.35 kDa) (GE
Healthcare) were separated under the same condition and observed using a UV

detector.

SDS-PAGE and immunoblot analysis of ABCG1

In cholesterol efflux experiments, the cells overexpressing WT or mutant
ABCGI1 were collected and lysed in the 1% Triton X-100 lysis buffer containing
1X complete EDTA-free protease inhibitors for 30 min. The samples were
centrifuged for 10 min at 15,000 rpm. The supernatant was collected and
subjected to 8% SDS-PAGE and transferred to nitrocellulose membranes (GE
Healthcare). Immunoblotting was performed using an anti-ABCG1 polyclonal
antibody (H-65, Santa Cruz). In sucrose gradient and gel filtration experiments,
the fractions were precipitated with TCA and dissolved in 9 M of urea and
separated by SDS-PAGE (8%, or 8% to 12%). After electrophoresis and
electrotransferring, the membranes were analyzed by immunoblotting with a
rabbit  anti-ABCG1  polyclonal antibody (H-65), a rabbit anti-
caveolinlmonoclonal antibody, and a mouse anti-transferrin (Tfr) monoclonal
antibody. In biotinylation experiments, both the whole cell lysates and the pellets

were subjected to 8% SDS-PAGE and transferred to nitrocellulose membranes
24



(GE Healthcare). Membranes were probed with both a rabbit anti-ABCG1
polyclonal antibody (H-65, Santa Cruz) and a mouse anti-calnexin polyclonal
antibody,

To assess the above first antibody binding, membranes were either blotted
with horseradish peroxidase (HRP)-conjugated goat anti-mouse or donkey anti-
rabbit IgG (Sigma), followed by enhanced chemiluminescence (ECL) and then
exposed to Kodak BioMax MR films; or probed with IRDye Secondary
Antibodies (IRDye 800 CW Goat anti-Rabbit IgG and IRDye 680 Goat anti-
Mouse IgG), followed by near-infrared fluorescence detection in an Odyssey
infrared imaging system. For quantification studies of the gel filtration
experiments, the detection was applied and the densitometry was analyzed with

the Odyssey infrared imaging software.
Pulse-chase analysis of ABCG1 synthesis in cultured cells

Stable cell lines overexpressing WT or mutant ABCG1 were set up at the
density of 1.2X 10° cells / 5 ml in 60 mm petri dish. For each cell type, total 6
dishes were set up for 6 time points (0, 0.25, 0.5, 1, 2, and 4 h). After 48 h, the
cells were washed twice with 10 ml of PBS-CM (PBS with 0.1mM CaCl, and
ImM MgCl,) (37°C) and incubated in 4 ml of glutamine-, methionine-, and
cysteine- free DMEM with 5% dialyzed fetal calf serum (FCS) and 2 mM
glutamine for 30 min at 37°C. Newly translated proteins were metabolically
labeled for 15 min at 37°C with 3.5 ml of glutamine-, methionine- and cysteine-
free DMEM containing 5% dialyzed FCS and 2 mM glutamine containing 100

uCi/ml [*S]- Met/Cys. The cells were then washed twice with PBS-CM (37°C)
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and incubated with DMEM containing 10% FBS to all plates except the zero point
samples for up to 4 h. Cells were collected at indicated time points, washed twice
in 10 ml of ice-cold PBS-CM, and collected in 1 ml of ice-cold PBS. The cells
were spun at 425 rcf for 5 min at 4 °C. The supernatant was removed. The cell
pellets were lysed in 300 pl of 1% triton X-100 lysis buffer containing 1X
complete EDTA-free protease inhibitors on ice for 30 min and spun for 10 min at
14,000 rpm at 4°C. The supernatant was collected for the whole cell lysates. Same
amount of total proteins was applied to 60 pl of 4497-conjugated beads overnight
at 4°C to immunoprecipitate ABCG1. The samples were centrifuged at 5204 rcf
for 3 min. The supernatant was collected as immunoprecipitated supernatant. The
beads were washed 3 times in 1 ml of lysis buffer B. The immunoprecipitated
proteins were eluted from the beads by adding 60 pl of 2 X SDS loading buffer,
followed by an incubation at 37 °C for 10 min. 25 pl of eluted samples was
subjected to 8% SDS-PAGE in duplicate. One gel was used for Western Blot to
detect ABCGI protein levels. Another one was fixed in isopropanol / water /
acetic acid (25: 65: 10) for 30 min, and then soaked in Amplify solution to
enhance the *°S-signal. The gel was then dried under vacuum, and exposed to

Kodak BioMax MS film (Kodak, Rochester NY) for up to 24 h at - 80 °C.

ATPase assay

Membrane enriched vesicles made from sf9 cells were diluted to 0.5 pg/ul
in the membrane buffer. Each sample was performed in triplicate in the presence
and absence of BeFx. 2 X reaction buffer containing 50 mM HEPES (pH 7.0), 0.5

mM MgCl,, 10 mM NaNj;, and ImM EGTA was made freshly before each
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experiment. 40 pl of membrane and 10 pl of diluted protein vesicles buffer were
added into each well of a 96-well plate. 100 pl of 2X reaction buffer were then
added into each well.1.5 pl of 20 mM BeCl; and 1.5 pl of 500 mM NaF were then
added into BeFx plus group to form BeFx that inhibits ABCG1 ATPase activity.
Samples were mixed by pipetting up and down four times and incubated at 37 °C
for 10 min. Then, 10 pl of 100 mM ATP was added into each well and samples
were mixed by pipetting up and down four times before incubating at 37 °C for 1
h. Stop buffer was made fresh when 15 min of 1 h incubation were left. The ratio
of buffer B (18% ascorbic acid in H20): buffer C (3 M HCI): buffer D (1.5%
ammonium molybdate in H,O): buffer A (18% SDS in H,0O) was 1:1:2:2. To
make the stop buffer, buffer B and C were mixed first, and then buffer D was
added. After briefly vortex, buffer A was added and mixed by pipetting up and
down. The reactions were terminated with 100 pl of stop buffer. 100 pl of citrate:
arsenite: HAc mixture (2% sodium citrate, 2% sodium arsenite and 2% acetic acid
in H,O) was then added into each well to stabilize the phosphomolybdate

complex. After standing for 10 min, the absorbance was measured at 630 nm.

Statistics

Results were presented as the mean + S.D. Differences between groups were
analyzed using unpaired Students #-test to evaluate levels of significance.

Significance is defined as p< 0.05 (GraphPad Prism 5.0).
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Chapter 3 Identification of a conserved sequence in ATP binding cassette

transporter G1 regulating protein trafficking and function

Background

ABCGI1 belongs to the ‘G’ branch of the ABC transporter superfamily that
includes five half transporters, ABCG1, ABCG2, ABCG4, ABCGS5 and ABCGS.
The putative structure of the ‘G’ branch consists of one NH,-terminal nucleotide
binding domain (NBD) and one COOH-terminal membrane-spanning domain that
contains 6 putative transmembrane a-helices (Figure 3A) (Dean, 2002; Higgins,
2007; Sharom, 2008). Some of the G family members, such as ABCG1 and
ABCG2, function as homodimers (Engel et al., 2006; Leimanis and Georges,
2007), whereas other family members, such as ABCG5 and ABCGS8, function as
heterodimers (Graf et al., 2003). ABCGI1 is localized to the endoplasmic
reticulum (ER), Golgi and plasma membranes in macrophages and other cell
types (Engel et al., 2006; Kobayashi et al., 2006; Vaughan and Oram, 2005; Xie et
al., 2006). The half transporter mediates cholesterol efflux onto lipidated
lipoproteins like HDL but not onto lipid poor apoA-I (Engel et al., 2006;
Kobayashi et al., 2006; Vaughan and Oram, 2005; Wang et al., 2004; Wang et al.,
2007). Mice lacking Abcgl accumulate lipids in macrophages and in hepatocytes
(Kennedy et al., 2005), and show a significantly decreased level of plasma HDL
after being fed a high cholesterol diet or treated with the LXR agonist T0901317

(Wiersma et al., 2009).
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ABCG1 is highly expressed in macrophages and plays an important role in
macrophage reverse cholesterol efflux in vivo. Overexpression of ABCGI in
macrophages significantly increases macrophage reverse cholesterol transport
(RCT) in vivo, whereas knockdown or knockout of Abcgl expression in
macrophages markedly decreases macrophage RCT in vivo (Wang et al., 2007).
However, the precise role of macrophage ABCGI in the protection against the
development of atherosclerosis remains uncertain. Transplantation of bone
marrow lacking Abcgl into LDL receptor knockout (Ldlr’") mice showed
conflicting effects. Out et al. (Out et al., 2006) observed a moderate increase in
atherosclerosis, whereas two other independent groups reported that macrophages
lack of ABCG1 decrease in atherosclerosis in hyperlipidemic Ldlr" mice (Baldan

et al., 2006; Ranalletta et al., 2006). What accounts for this difference is unclear.

ABCGI1 and ABCALI have been shown to promote cellular cholesterol
efflux synergistically (Gelissen et al., 2006; Vaughan and Oram, 2006). The
efflux of cholesterol and phospholipids onto apoA-I mediated by ABCAI1
converts apoA-I into nascent HDL, which can then act as an efficient acceptor for
Gl-mediated cholesterol efflux. It has been demonstrated that ABCA1 and
ABCGH, but not scavenger receptor BI (SR-BI), are responsible for macrophage
RCT in vivo and that the effects of ABCA1 and ABCGI on promoting cholesterol
efflux are synergistically (Wang et al., 2007). Knockout of both ABCAI/ and
ABCGI in mice leads to dramatic foam cell formation and acceleration of
atherosclerosis (Out et al., 2008a; Out et al., 2008b; Yvan-Charvet et al., 2007).

Most recently, it has been showed that ABCG1-mediated cholesterol translocation
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plays an important role in pancreatic f-cell insulin secretion (Fryirs et al., 2010;
Kruit et al., 2012; Sturek et al., 2010). ABCGI is required for reconstituted HDL-
promoted insulin secretion. The Lack of ABCG1 expression both in vivo and in
vitro dramatically reduced insulin secretion. However, how ABCGI mediates

cholesterol efflux is unclear.

We have identified one highly conserved cysteine residues located at
position 514 (Cys514) in the first putative transmembrane o-helix that plays an
important role in ABCGIl-mediated cholesterol efflux. Replacement of Cys514
with Ala or Ser essentially eliminated ABCG1-mediated cholesterol efflux (Gao
et al., 2012). The transmembrane domains of the ABC transporters vary
considerably between different ABC proteins. In contrast, the NBDs of the ABC
transporters are relatively hydrophilic and highly conserved. Each NBD contains
three highly conserved sequence elements (the Walker A motif, the Walker B
motif, and a signature motif) that play critical roles in nucleotide binding and
hydrolysis and in provision of energy for the transporter to translocate its

substrates across the cell membranes.

Results

Effect of the conservative sequence on ABCG1 function

The ‘G’ subfamily members are different from other ABC transporters.
The ‘G’ subfamily members contain an NH»-terminal NBD. Sequence analysis

showed that there is one highly conserved sequence, Asn (N), Pro (P), Ala (A),
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Asp (D), and Phe (F), present in all ABCG family members except for ABCGS, in
which it is NPFDF (Figure 3A). Here, we mutated these amino acid residues to
investigate their potential roles in ABCG1- mediated sterol efflux. N316, P317,
D319 and F320 in ABCG1 were replaced with Ala simultaneously (NPDF-A).
Cholesterol efflux assay was performed on HEK 293 cells transiently expressing
wild type or mutant ABCG1. As shown in Figure 3C, the expression level of
NPDF-A was comparable to that of the wild type protein. However, mutation
NPDF-A virtually eliminated ABCG1-mediated cholesterol efflux (Figure 3D).

Thus, the conserved sequence plays an important role in ABCGI function.
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Figure 3. Effect of the conservative sequence on ABCG1 function.

Panel A: Predicted topology of ABCGI1 and sequence alignment for ABCG

family. Only part of sequence alignment that includes the conserved sequence

(NPADF) was shown. The sequence alignment was performed using ClustalW2.

Panel B: The predicted secondary structure of the linker region between NBD and

the transmembrane domain in ABCGI1. Several secondary structure algorithms
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provided from ExPASy (www.expasy.ch/tools) including GOR, Jpred3, SOPMA,

and Psipred were used to predict the secondary structure. Only part of the
predicted secondary structure that includes the conserved sequence (NPADF) was
shown. H, alpha helix. C, random coil. Panel C: Expression of wild type and
mutant ABCG1 in HEK 293 cells transiently overexpressing wild type and mutant
ABCGI1. Whole cell lysates were made from HEK293 cells transiently transfected
with empty vector (V) or vectors containing wild type ABCG1 (WT) or mutant
ABCGI1 (NPDF-A) cDNA and subjected to SDS-PAGE and immunoblotting. The
membrane was cut into halves along the 82 kDa based on the pre-stained protein
standards (Life technology). Membrane containing proteins in the 64-82 kDa
mass was probed with a polyclonal anti-ABCGT1 antibody, H-65 (Santa Cruz) and
membrane containing protein in the 82-114 kDa mass was detected with a
polyclonal anti-calnexin antibody. Antibody binding was detected using HRP-
conjugated goat anti-mouse or with donkey anti-rabbit IgG (Sigma), followed by
enhanced ECL detection (Pierce). The membranes were then exposed to Kodak
BioMax MR films (Kodak). Panel D. Cholesterol efflux. ABCGI-mediated
cholesterol efflux onto lipidated apoA-I was carried out as described. HEK293
cells were transiently transfected with empty vector (control) or plasmid
containing cDNA of wild type or mutant ABCG1, NF-A, in which N316, P317,
D319 and F320 were replaced with Ala simultaneously. The cells were then
labeled with *H-cholesterol. After washing, the cells were incubated with 5 ug/ml
lipidated apoA-I. The radioactive content of the media and cells was measured

separately by scintillation counting. Sterol transfer was expressed as the
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percentage of the radioactivity released from the cells into the media relative to
the total radioactivity in the cells plus media. Values are mean + S.D. of > 3

independent experiments.
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Roles of individually amino acid residues in the conserved sequence

Next, we determined the roles of individual amino acid residues in the
conserved sequence in ABCGI1-mediated cholesterol efflux by substituting
Asn316, Pro317, Asp319 and Phe320 with Ala individually. These ABCGI
mutants were transiently expressed in HEK293 cells. Their protein levels were
comparable to that of the wild type protein (Figure 4A). As shown in Figure 4B,
mutations P317A and D319A had no significant effect on ABCGI1-mediated
cholesterol efflux. On the other hand, the cells expressing mutant N316A or
F320A showed a significant reduction in cholesterol efflux onto lipidated apoA-I
when compared with cells expressing wild type ABCGI.

To further define how Asn316 and Phe320 affected ABCG1-mediated
cholesterol efflux, N316 was mutated to Asp (N316Q) and GIn (N316D), and F
320 was mutated to Ile (F320I) and Tyr (F320Y). Asp and GIn are more
structurally similar to Asn, but Gln has an extra methylene group, and Asp is an
acidic amino acid and has a carboxyl group instead of a carboxamine in Asn. Tyr
is more structurally similar to Phe but has an extra hydroxyl group. Ile does not
have an aromatic ring but is a hydrophobic amino acid residue like Phe. We also
made a double mutation N316AF320A, in which both Asn 316 and Phe 320 were
mutated to Ala, and a catalytic dead mutation K120M, in which the conserved
lysine residue located at position 120 in the Walker A motif of the NBD of
ABCGI1 was mutated to methionine (K120M). Previously, it has been reported
that this mutation essentially eliminates ABCG1-mediated cholesterol efflux (Gao

et al., 2012; Kobayashi et al., 2006). We observed that all mutant proteins were
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expressed at the similar levels to wild type ABCG1 when transiently expressed in
HEK293 cells (Figure 4C). Mutations N316Q, N316D, like mutation K120M,
significantly eliminated the ability of ABCGI to mediate cholesterol efflux.
Similarly, replacement of F320 with Ile reduced ABCGIl-mediated cholesterol

efflux. Mutation F320Y did not significantly impair ABCG1 function (Figure 4D).
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Figure 4. Role of individual residues within the conserved sequence in

ABCGI1-mediated cholesterol efflux.

Panels A and C: Expression of wild type and mutant ABCG1 in HEK293 cells
transiently overexpressing wild type and mutant ABCG1 was determined as
described in Figure 3C. ABCG1 was detected with a polyclonal anti-ABCG1
antibody, 4497. Calnexin was detected with a mouse monoclonal anti-calnexin
antibody. Antibody binding was detected using IRDye-labeled goat anti-mouse or
-rabbit IgG (Licor). The signals were detected by a Licor Odyssey Infrared
Imaging System. Panel B and D: cholesterol efflux onto lipidated apoA-I was
carried out as described in Figure 3D. *, p<0.05; **, p<0.01. Values are mean =+

S.D. of > 3 independent experiments.

37



It has been reported that ABCG1 mediates oxysterol efflux (Terasaka et al.,
2007). Thus, we investigated the ability of ABCGI1 to mediate the efflux of 7-
ketocholesterol, an abundant oxysterol in atherosclerotic lesions. We found that
HEK 293 cells expressing wild type ABCGI showed increased efflux of 7-
ketocholesterol onto lipidated apoA-I when compared with the cells transfected
with empty vector (Figure 5A). Next, we examined the effects of mutations of
Asn316 and Phe320 on ABCGIl-mediated 7-ketocholesterol efflux. As shown in
Figure 5B, mutations N316A, N316Q, F320A and F320I all dramatically impaired
the ability of ABCG1 to mediate 7-ketocholesterol efflux, while mutation F320Y
remained similar to WT for the activity of 7-ketocholesterol efflux. These data
were similar to what we observed in cholesterol efflux. Taken together, our
findings provide evidence for the specific requirement of Asn at position 316 and

Phe at position 320 for ABCG1-mediated cholesterol and oxysterol efflux.
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Figure 5. Effect of wild type and mutant ABCG1 on ABCGI1-mediated 7-

ketocholeterol efflux.

Panel A: HEK293 cells were transiently transfected with empty vector (control) or
plasmid containing wild type (ABCG1) or mutant ABCG1 (K120M) cDNA and
labeled with *H-7-ketocholesterol. After washing, the cells were incubated with
lipidated apoA-I. The radioactive content of the media and cells was measured

separately by scintillation counting. Sterol transfer was expressed as the
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percentage of the radioactivity released from the cells into the media relative to
the total radioactivity in the cells plus media. Panel B: Wild type and mutant
ABCGI- mediated 7-ketocholesterol onto lipidated apoA-I. The experiment was
carried out as described in panel A. *, p<0.05; **, p<0.01. Values are mean + S.D.
of > 3 independent experiments. Panel C: Expression of wild type and mutant
ABCGI1 in HEK293 cells stably expressing wild type and mutant ABCG1 was
determined as described in Figure 3C. ABCGI1 was detected with a polyclonal
anti-ABCGI1 antibody, 4497. Calnexin was detected with a mouse monoclonal
anti-calnexin antibody. Antibody binding was detected using IRDye-labeled goat
anti-mouse or -rabbit IgG (Licor). The signal was detected by a Licor Odyssey

Infrared Imaging System.
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Effect of mutations of Asn316 and Phe320 on the dimerization of ABCG1

Next, we investigated how mutations at positions 316 and 320 affected
ABCGI] function. ABCGI] is a half transporter and functions as a homodimer
(Kobayashi et al., 2006). Thus, we studied whether the mutations of Asn316 and
Phe 320 had any effect on ABCG1 dimerization. Co-expression of half ABC
transporters with two different tags followed by immunoprecipitation is a
common technique to determine ABCG transporter dimerization (Gelissen et al.,
2006; Graf et al., 2003; Kobayashi et al., 2006). We employed the same technique
to explore the dimerization of mutant ABCG1 using ABCG1 with a C-Myc or HA
tag at its COOH-terminus (ABCG1-Myc and ABCG1-HA). Cells were transiently
transfected with a combination of wild type ABCG1-Myc and wild type ABCGI-
HA. When we immunoprecipitated wild type ABCG1-Myc from the whole cell
lysates, ABCGI1-HA was co-immunoprecipitated with ABCGI1-Myc in the
cotransfected cells (Figure 6, lane 6). Thus ABCG1 forms homodimers, consistent
with previous findings (Gelissen et al., 2006; Kobayashi et al., 2006). Similar
experiments were performed on cells cotransfected with C-Myc- and HA-tagged
mutant N316Q or F320I. As shown in Figure 6 (lanes 7, 8), N316Q-HA and
F320I-HA were efficiently co-precipitated with N316Q-Myc and F320I-Myc,
respectively. Therefore, mutations N316Q and F320I did not significantly affected
ABCGI1 dimerization. To confirm the results, we performed Gel filtration
chromatography (Figure 7). HEK293 cells stably expressing wild type ABCGI or
mutants were lysed and applied to a Superose-12 column. The majority of wild

type ABCG1 was eluted at molecular weight around 670 kDa, which is much
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higher than the apparent molecular weight of an ABCGI1 dimer (~150 kDa). It is
possible that ABCG1, like ABCG2 (Xu et al., 2004), forms a self-oligomer, or
associates with other proteins to form a protein complex. As shown in Figure 7,
the gel filtration patterns of N320D and F320I were similar to that of wild type
ABCG]I, indicating that mutations at Asn316 and Phe320 do not affect the

formation of the high molecular weight protein complex of ABCGI1.
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Figure 6. Effects of mutations of N316D and F320I on ABCG1 dimerization.

HEK293 cells were transiently transfected with a combination of wild type or
mutant ABCGI-Myc and ABCGI-HA. The whole cell lysates and
immunoprecipitated protein eluted from 9E10 (anti C-Myc antibody) -conjugated
beads were fractionated by 8% SDS-PAGE and immunoblotted with anti-HA

antibody and anti-ABCG1 antibody, 4497.
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Figure 7. Gel filtration chromatography of wild type and mutant ABCGI1.

Gel filtration of wild type and mutant ABCG1. HEK293 cells stably expressing
wild type or mutant ABCG1 were solubilized in 500 pl of lysis buffer B and
centrifuged for 20 min at 20,817 rcf at 4°C to remove insoluble materials. The
supernatant was loaded onto a Superose-12 10/300 GL column equilibrated with
the lysis buffer B. The elution was collected at 0.5 ml per fraction and precipitated
with TCA overnight at 4°C. The pellets were washed with acetone and dried. The
dried pellets were dissolved in 9 M urea and subjected to SDS-PAGE and

immunoblotting. The retention time of ABCGI was determined by SDS/PAGE
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and immunoblotting of the collected fractions. Panels A: gel filtration fractions
were blotted with a polyclonal anti-ABCG1 and a monoclonal anti-Tfr antibody,
respectively. The elution positions of the following protein standards are shown:
ferritin (670 kDa), aldolase (158 kDa), and ovalbumin (44 kDa). Similar results
were obtained in two independent experiments. Panel B: Densitometry of wild
type ABCG1 and mutants N316D and F320I in each fraction. The proteins were
quantified by measuring the intensity of the Western blot using a Licor software

and plotted against fraction numbers.
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Effects of mutations on ABCG1 trafficking

ABCGI1-mediated cholesterol efflux mainly occurs at the cell surface,
where the transporter delivers cholesterol to cell-surface pools that can be picked
up by lipidated lipoproteins (Vaughan and Oram, 2005). Others and we have
shown that ABCGI1 localizes to the plasma membrane (Gao et al., 2012;
Kobayashi et al., 2006; Vaughan and Oram, 2005; Wang et al., 2006a; Xie et al.,
2006). Thus, we investigated whether mutations at positions 316 and 320
influenced the trafficking of ABCG1 to the plasma membrane using cell surface
biotinylation experiments. Plasma membrane proteins in the cells stably
expressing wild type or mutant ABCG1 were biotinylated by sulfo-NHS-biotin at
4°C and precipitated using NeutrAvidin beads, followed by immunoblotting with
an anti-ABCG1 antibody, 4497. As shown in Figure 8B, we could detect wild
type ABCGI but not calnexin in the cell surface, biotinylation part (lane 2),
suggesting that ABCG traffics to the plasma membrane, consistent with previous
reports (Gao et al.,, 2012; Vaughan and Oram, 2005). Mutants NPDF-A,
N316AF320A, N316D, N316Q and F320I all showed much less cell surface
ABCGI1 when compared to the wild type protein (Figure 8B, lanes 3 to 7),
although they had similar total proteins in the whole cell lysates (Figure 8A). On
the other hand, replacement of Phe320 with another aromatic amino acid Tyr did
not cause any reduction in the cell surface expression of ABCG1 (lane 8). Thus,
mutations of Asn316 and Phe320 except for F320Y affect the trafficking of

ABCGI to the cell surface.

46



Input

N316A

control |ABCGI| NF-A F320A

N316D [N316Q| F3201 | F320Y

|-
(|-

1 2
A — )
— calnexin

3 4 5 6

_— N e

— m—— e— g
S -

-_— W — \BCGI
B
Biotinylation
N316A
trol |ABCGI| NF-A
contro CG FI20A N316D |N316Q| F3201 | F320Y
1 2 3 4 5 6 7 8
- — W |« ABCG!

Figure 8. Trafficking of wild type and mutant ABCG1 in HEK293 cells.

HEK293 cells transiently expressing WT or mutant ABCGI were biotinylated
exactly as described. Biotinylated proteins from the cell surface (Biotinylation)
and proteins from the whole cell lysate (Input) were analyzed by SDS/PAGE
(8%) and immunoblotting. ABCG1 was detected using a polyclonal anti-ABCG1

antibody and calnexin was detected with a polyclonal antibody.
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To further confirm the finding and determine the subcellular localization
of these mutations, we performed confocal microscopy on HEK 293 cells stably
expressing wild type and mutant ABCG1. Cell nuclei were detected by DAPI and
shown as blue. ABCG1 was detected with a polyclonal anti-ABCG1 antibody, H-
65, and shown as green (Figure 9, left panel). The cellular organelle markers
including the plasma membrane marker, Na'/K'-ATPase, and the endoplasmic
reticulum (ER) marker, calnexin were detected by their specific monoclonal
antibodies and shown as red. No ABCG1 signal was detected in mock-transfected
HEK293 cells. As shown in Figure 9, significant amount of wild type ABCGI
could be detected on the cell periphery (top, left), which was co-localized with the
plasma membrane marker, Na'/K -ATPase and shown as yellow (top, right). The
subcellular distribution of N316D and F320I were significantly different from that
of the wild type protein. In the overlap panel (right), both N316D and F320I were
not co-localized with Na'/K'-ATPase (right panel). To further define the
subcellular localization of mutant ABCG1, we next incubated the cells with an
anti-calnexin antibody, and observed that there were significant amount of N316D
and F320I co-localized with the ER marker (Figure 9). Similar experiments were
performed on cells stably expressing mutations N316D and F320Y. The
subcellular distribution of N316Q was same as that of N316D and F3201I, whereas
F320Y showed a similar distribution pattern as wild type ABCG1. Taken together,
our data clearly showed that mutations of Asn326 and Phe320 except for F320Y

affect the trafficking of ABCGI.
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Figure 9. Immunofluorescence localization of ABCG1 in stably transfected

HEK 293 cells.

The subcellular localization of wild type and mutant ABCG1 was determined by
confocal microscopy as described. ABCG1 was detected using a polyclonal anti-
ABCGT] antibody (H-65). Location of ABCG1 is indicated in green. Nuclei were
stained with DAPI and shown in blue. The ER marker, calnexin, and the plasma
membrane marker, Na'K'-ATPase, were detected using their specific monoclonal
antibodies and shown in red. Transfectants that expressed either wild type or
mutant ABCG1 were indicated in the figure. An x-y optical section of the cells
illustrates the distribution of the wild type and mutant proteins between the

plasma and intracellular membranes.
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Effect of mutations on the ATPase activity of ABCG1

To examine the ATPase activity of mutant ABCGI, a baculovirus
expression system was used to produce both wild type and mutant forms of
ABCGI in insect sf9 cells. A mutant ABCGI, in which the highly conserved
lysine in the Walker A motif was replaced with Met, was used as a negative
control. In all ABC proteins studied, this Lys residue is essential for ATP binding
and hydrolysis (Cserepes et al., 2004). Inside-out membrane vesicles were
prepared from insect sf9 cells expressing WT or mutant ABCG1 using nitrogen
cavitation (Gao et al., 1996) and used to examine ATPase activity in the presence
of 10 mM ATP with or without an ATPase inhibitor beryllium fluoride (BeFx).
Beryllium fluoride, a phosphate analog, can efficiently inhibit ATP hydrolysis by
ABC transporters (Wang et al., 2006b). The release of Pi from ATP by ATPases
was measured by the absorbance at 650 nm and converted into phosphate
concentration based on the phosphate standard curve. The BeFx sensitive ATPase
activity was calculated by subtracting the ATPase activity in the presence of BeFx
from the ATPase activity in the absence of BeFx. The BeFx sensitive ATPase
activity of K120M was used as background since the mutant has no ATPase
activity. The ATPase activity of wild type ABCG1 and mutants was calculated by
subtracting the BeFx sensitive ATPase activity of K120M from the measured
ATPase activity and then normalized to total ABCGI protein level. As shown in
the Figure 10, N316Q and F320I significantly reduced the ATPase activity of

ABCGI.
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Figure 10. ATPase activity of ABCGI1 in sf9 cell membrane vesicle.

The ATPase activities of WT or mutant ABCGI in sf9 cell membrane vesicles
were measured as description (see Chapter 2). Upper panel: The expression levels
of wild type and mutant ABCG1 in membrane vesicles used for ATPase assay
were determined by SDS/PAGE (8%) and immunoblotting. ABCG1 was detected
using a polyclonal anti-ABCG1 antibody, 4497. Bottom panel: ATP hydrolysis
was assayed for lh at 37 °C and the amount of inorganic phosphate was
determined as described in Experimental Procedures and normalized to total

ABCGI protein level. *** p<0.0001.

52



Effect of mutation on the stability of ABCG1

Next, we performed a pulse-chase experiment to determine the effect of
the mutations on ABCGI stability. HEK 293 cells stably expressing wild type or
mutant N316Q and F3201 were metabolically labeled with [*>S]-Met/Cys and then
chased with excess Met/Cys for the indicated time periods. Immunoprecipitated
ABCGI was subjected to immunoblotting for detection of ABCG1 protein levels
and to X-ray film exposure for detection of *>S signal, respectively. The total
protein levels were varied over the 4 h time course. Thus, the densitometry of *>S
signal bands was normalized by the densitometry of total protein signal bands
(Figure 11). At 1 h time point, the *°S labeling of wild type and N316Q was
reduced to approximately 50% when compared to the 0 time point, while the *°S
labeling of F320I was reduced to approximately 40%. At 4h, the *S labeling of
both mutation N316Q and F320I was reduced to less than 10%, while the *S
labeling of wild type protein was reduced to around 20%. Thus, the mutations of

Asn and Phe in ABCG1 appear not to have significant effect on ABCG1 stability.
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Figure 11. Metabolic labeling of cells with **S Cys/Met.

Top figures in each panel: HEK293 cells stably expressing wild type ABCG1 or
mutant N316Q or F320I were metabolically labeled with [*S]-Met/Cys
(100 pCi/ml) as described. The whole cell lysates were made and same amount of

total proteins was incubated with 4497 (anti ABCGI1 antibody)-beads.
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Immunoprecipitated ABCG1 was eluted and subjected to SDS-PAGE (8%).
ABCG] protein was detected by immunoblotting with a polyclonal anti-ABCG1
antibody, 4497.%°S signal was detected by X-ray film exposure. Similar results
were obtained from two more independent experiments. Bottom figures in each
panel: Relative densitometry. The relative signal intensities were determined by
densitometry using Image J Analysis Software. The relative densitometry was the
ratio of the densitometry of ABCG1 *°S signal normalized to total protein signal
at different time points to that of ABCG1 at time 0. Values are mean + S.D. of 3
independent experiments. The relative densitometry of ABCGI1 at time 0 was

defined as 100%.
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Discussion

In the present study, we identified a highly conserved sequence present in
all five ABCG transporter family members. The sequence is located between the
NBD and the transmembrane domain and contains five amino acid residues, Asn,
Pro, Ala/Phe, Asp, and Phe. Two amino acid residues, Asn at position 316 and
Phe at position 320 in ABCGI, played important roles in regulating ABCGI
function. Replacement of Asn316 with Ala, Gln or Asp essentially eliminated
ABCGI1-mediated sterol efflux. Substitution of Phe320 with Ala or Ile also
significantly impaired ABCG1 function tested, but mutation of Phe320 to Tyr had
no significant effect. We further demonstrated that mutations of Asn360 and
Phe320 except for F320Y mainly colocalized with the ER marker, calnexin,
whereas wild type protein mainly colocalized with the plasma membrane marker,
Na'K'-ATPase.

How did these mutations affect ABCGI1 trafficking? One simple
explanation is that they may grossly disrupt ABCGI structure and cause
misfolding of the proteins. For instance, misfolded mutants of the human P-
glycoprotein and CFTR are retained in the ER and rapidly degraded, resulting in
lower protein levels (Cheng et al., 1990; Loo and Clarke, 1997). However, the
protein levels of the ABCG1 mutants in transiently transfected and stable cells are
comparable with that of wild type ABCGI (Figure 4A, 4C and 8A). Furthermore,
the pulse-chase experiment showed that the mutations had no significant effect on
ABCG1 stability and mutant proteins formed homodimers and protein complexes

as efficiently as the wild type protein (Figure 6 and 7). In addition, since lack of
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high-resolution structures of ABCG1 or related ABCG transporters, we used
several secondary structure algorithms to predict the structure of the linker region
between NBD and transmembrane domain in ABCG1 that contains the conserved
sequence in the middle. Asn316 is predicted to be a random coil. Replacement of
Asn with Ala, Gln or Asp is also predicted to be a random coil. On the other hand,
Phe320 is predicted to form an alpha-helix by three secondary structure prediction
methods or an extend strand by two algorithms. Replacement of Phe320 with Ile
or Tyr does not change the predicted secondary structure. Taken together, these
findings suggest that mutations of Asn316 and Phe320 might not result in a major
perturbation of the structure of the protein.

Our findings revealed a specific requirement of Asn at position 316 in
ABCGI. Replacement of Asn with a structurally similar amino acid residue, Gln,
which has an extra methylene group behaves same as other mutations such as
N316A and N316D, resulting in ER retaintion of ABCGI, virtually eliminating
ABCGI1-mediated cholesterol and 7-ketocholesterol efflux. All secondary
structure prediction methods we used predict that there is an alpha helix or a beta
strand starting from amino acid Asp319 to amino acid Ala325, which is near
Asn316. The side chain of both Asn and GlIn can form hydrogen bond interactions
with the peptide backbone. However, Asn, but not Gln, can often function as
“capping” the hydrogen bond interactions near the beginning and the end of
alpha-helices, and in turn motifs in beta sheets, thereby stabilizing the secondary
structure (Bell et al., 1992; Richardson and Richardson, 1988; Serrano et al.,

1992). It is possible that mutation N316Q might cause subtle changes in the
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secondary structure, affecting ABCG1 trafficking. However, despite the fact that
Asp is a better helix-capping residue than Asn (Serrano et al., 1992), we observed
that mutation of Asn316 to Asp, like N316Q, also impaired ABCG1 trafficking.
Furthermore, all mutations of Asn316 are predicted to have no effect on the
secondary structure in the region based on the secondary structure algorithms we
used. Thus, it is unlikely that mutations at position 316 dramatically affect the
local secondary structure of ABCG1. However, we cannot exclude the possibility
that Asn may form hydrogen bond with the peptide backbone or other amino acid
residues to stabilize the tertiary structure of the NH,-terminus of ABCGI.

Mutation of Phe320 to Ala or Ile dramatically impaired ABCGI1
trafficking and function. The secondary structure algorithms predict that mutation
of Phe320 to Ala, Ile, or Phe has no effect on the secondary structure in the
region. The side-chains of Phe and Tyr are involved in pairwise interactions not
only in protein secondary structure and but also in tertiary and quaternary
interactions (Serrano et al., 1991). Thus, it is possible that Asn316 and Phe320 are
involved in stabilizing the ABCG1 NH,-terminal tertiary structure through
hydrogen bond formation and aromatic-aromatic interaction, respectively. This
tertiary structure appears not to play an important role in protein stability and
dimerization, but to be critical for ABCGI trafficking out from the ER. A high
resolution crystal structure of a ABCG transporter that is currently unavailable
will give us detailed insights in how these two amino acid residues contribute to
the stability of ABCGH tertiary structure.

The mechanism underlying export of ABC transporters from the ER is
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unclear. It has been reported that Sec24 of the COPII vesicular coat functions as a
primary cargo selection subunit and plays an important role in selective export of
membrane proteins from the ER. Sec24 has four isoforms in human cells and
recognizes various ER export signals located in the cytoplasmic regions of
transmembrane proteins such as di-phenylalanine (FF), di-tyrosine (YY), di-
leucine (LL), di-isoleucine (II), di-valine (VV) and DxE (Farhan et al., 2007;
Mancias and Goldberg, 2008; Sucic et al., 2011; Wendeler et al., 2007). The
conserved sequence, NPADF, does not contain any consensus ER export motif,
but it is near to several ER export signals present in the cytoplasmic NH2-
terminus of ABCGI. The di-lle at positions 264 and 265 are completely
conserved in ABCG family. Therefore, it is possible that both Asn316 and Phe320
are involved in stabilizing ABCGI tertiary structure, which can facility possible
interactions between Sec24 and the ER export signal present in ABCG1. It will be
of interest to see if Sec24 is involved in ER export of ABCGI and if mutations at
Asn316 and Phe320 affect this process.

Most recently, it has been reported that ABCG1 localizes to intracellular
endosomes (Tarling and Edwards, 2011). The author proposed that ABCGI1
transfers sterols to the inner leaflet of the intracellular vesicles, and then these
vesicles fuse with the plasma membrane and deliver cellular cholesterol to
exogenous HDL. However, several lines of evidence showed that ABCGI1
localizes to the cell plasma membrane. Vaughan et al utilized biotinylation
approach to show that ABCG1 traffics to the cell surface when expressed in BHK

cells (Vaughan and Oram, 2005). We used the same approach to reveal plasma
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membrane localization of untagged ABCG1 in HEK293 cells (Gao et al., 2012).
Xie et al reported that EGFP-tagged ABCG1, when transiently expressed in Hela
cells or THP-1 cells, appeared in the plasma membrane (Xie et al., 2006). Wang
et al used confocal microscopy to show that ABCG1, when transiently expressed
in HEK293 cells, localizes to the plasma membrane as well as intracellular
organelles such as Golgi and endocytic recycling compartments (Wang et al.,
2006a). Consistently, we found that ABCGI in both transiently and stably
transfected HEK293 cells co-localizes with the plasma membrane marker,
Na'K'/ATPase. Thus, our findings provide more evidence for the cell surface
localization of ABCG1. What accounts for the difference between our findings
and data of Tarling et al (Tarling and Edwards, 2011) is unclear.

In summary, we found that replacement of Pro or Asp in the conserved
sequence (NPA/FDF) in ABCG transporter subfamily with Ala had a significant
effect on ABCGI1-mediadted cholesterol efflux. On the other hand, the first and
last amino acid residues in the conserved sequence play an important role in

ABCG1 trafficking and function.
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Chapter 4 Identification the functional roles of a STAT3 binding sequence in

ATP binding cassette transporter G1

Background

ABCG]1 belongs to ABC superfamily, which is one of the largest protein
families and contains ubiquitous integral membrane proteins present in all
organisms. ABC transporters use the energy from ATP-binding and hydrolysis in
the NBD of the transporters to mediate the efflux of a wide variety of substrates
across the membrane bilayer. ABC transporters contain two TMDs that form the
translocation pathway and two NBDs that hydrolyze ATP (Biemans-Oldehinkel et
al., 2006). The TMDs have low sequence similarity among different transporters,
while the NBDs are highly conserved, each consisting of a RecA-like subdomain
containing Walker A and B motifs, and a helical subdomain containing the
LSGGQ (Leu-Ser-Gly-Gly-Gln) signature motif. Most ABC proteins from
eukaryotes encode full transporters, or half transporters that form a homo- or
heterodimer. A full functional ABC transporter typically consists of two
nucleotide-binding domains and two transmembrane domains. The
transmembrane domains are mainly involved in substrate recognition, binding and
transport, and the NBDs, which share a high degree of sequence and structural
homology among different ABC transporters (Oswald et al, 2006), are
responsible for the ATP binding and hydrolysis and consequently energize
substrate transport. How the binding and hydrolysis of ATP leads to the transport
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of a substrate across bilayer membranes is not fully understood. The X-ray
crystallographic structures of several bacterial ABC transporters and most
recently a eukaryotic full-length transporter ABCB1 (p-glycoprotein) reveal that
the NBDs of ABC transporters are formed by association between the Walker A
and Walker B motifs of one subunit and the signature motif of the other subunit.
ATP binds at the interface between the two subunits to from a sandwich like
structure. It is generally accepted that the transport cycle is initiated by substrate
binding that gives rise to a conformational change in the transporter followed by
sequential ATP binding to the NBDs and conformational change of the binding
pocket, so that the substrate transfers from a high-affinity binding site to a low
affinity binding site, enabling its release on the other side of the cellular
membrane (Chang, 2007; Deeley et al., 2006; Rees et al., 2009; Seeger and van
Veen, 2009). The transport cycle is completed by hydrolysis of ATP and
subsequent energy transfer from the NBDs to the TMs, and by release of ADP and
restoration of the “resting” high affinity state of the transporter (Chang, 2007,
Higgins and Linton, 2004).

ABCG1 and ABCAIl function synergistically to efflux cellular free
cholesterol onto exogenous acceptors and play pivotal roles in the initial and rate-
limiting step of reverse cholesterol transport pathway (Gelissen et al., 2006;
Vaughan and Oram, 2006). Recently, ABCA1 has been found to have anti-
inflammatory functions, which represents another independent mechanism for
protection against CVD besides mediating cholesterol efflux (Tang et al., 2009).

Interaction between apoA-I and ABCAI1 promotes cholesterol removal and also
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other signaling molecules activation such as Janus kinase 2 (JAK2). Oram group
found that ABCA1-mediated activation of JAK2 activates a transcription factor,
STATS3 (Tang et al., 2009). STAT3 has an anti-inflammatory role in macrophages
(Williams et al., 2007). There are two STAT3 binding sites present in ABCAI,
which are necessary for the apoA-I/ABCAI1/JAK2 activation of STATS3.
Interaction of apoA-I with cholesterol-loaded macrophages reduces LPS-induced
production of inflammatory cytokines tumor necrosis factor -a, IL-1p and IL-6.
They propose a model of ABCA1/JAK2 dependent pathway for STAT3-mediated
suppression of inflammatory cytokine production in macrophages: 1, ABCA1
forms cell-surface lipid domains enriched with phospholipids and free cholesterol;
2, apoA-I binds to ABCA1 and stimulates autophosphorylation of JAK2; 3, the
activated JAK2 enhances the interaction of apoA-I with ABCAIl and creates
STAT3 docking sites that promote JAK2-mediated phosphorylation of STAT3; 4,
lipid-bound apoA-I is released from ABCAI-formed lipid enriched domain to
generate nascent HDL particles, and phosphorylated STAT3 is translocated to the
nucleus where it regulates transcription events to suppress production of
inflammatory cytokines (Liu and Tang, 2012; Tang et al., 2009).

Human population studies have shown that plasma levels of HDL are
inversely associated with the risk of cardiovascular diseases (Asztalos et al., 2005;
Barter et al., 2007). The most investigated mechanism of HDL to prevent
atherosclerosis is the reverse cholesterol transport process, in which accumulated
cholesterol is transported by HDL from the vessel wall to the liver for the final

excretion. Recently, HDL has been described to have various anti-inflammatory
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properties (Patel et al., 2009), which may provide new insights into the prevention
of atherosclerosis. The exact mechanisms for reducing inflammation by HDL,
which usually presents as multifunctional lipoprotein complexes, however, are not
fully understood. More interestingly, the anti-inflammatory role of HDL is more
relevant with ABCGI (Yvan-Charvet et al., 2010b).

Recently, several studies reported that loss of ABCG1 from macrophages
results in multiple inflammatory effects. Baldan et a/ reported the progressive and
chronic inflammatory process that accompanies the lipidosis in the lungs of
Abcgl'/' mice and claimed that cholesterol and/or cholesterol metabolites that
accumulate in Abcg!” lungs can trigger inflammatory signaling pathways (Baldan
et al., 2008). Similarly, Wojcik er al found Abcgl”” macrophages have elevated
pro-inflammatory cytokine production and increased apoptotic cell clearance. The
authors proposed that ABCG1 deletion in macrophages causes a striking
inflammatory phenotype and initiates onset of pulmonary lipidosis in mice
(Wojcik et al., 2008).

We found that, like ABCA1, ABCGI has one STAT3 binding site (YXXQ)
in the N-terminal cytoplasmic region (Y157-1158-M159-Q160) (Figure 12). We
therefore hypothesized that ABCG1 may also bind to STAT3 and act in an anti-
inflammatory way. To test this hypothesis, we replaced Tyr157 and GIn160 with
Ala to disrupt the STAT3 binding site. We could not detect co-
immunoprecipitation between ABCGI1 and STAT3. However, we found that

mutation Y157A significantly reduced the efflux of cholesterol and 7-
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ketocholesterol mediated by ABCG1, while mutation Q160A reduced ABCG1-

mediated 7-ketocholesterol efflux without significant effect on cholesterol efflux.
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Figure 12. The predicted STAT3 binding site of ABCG1.

Predicted topology of ABCGI. The position of predicted STAT3 binding

sequence (YXXQ) in NBD domain was shown.
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Results

The association between STAT3 and ABCG1

We examined whether STAT3 and ABCGI formed a molecular complex.
Different detergents including Triton X-100, digitonin, and C12E9 were used to
extract ABCG1 from HEK 293 cells stably expressing ABCG1l. ABCGI was
immunoprecipitated from the whole cell lysates using 4497 conjugated beads. The
eluted precipitated proteins were subjected to immunoblotting. The membranes
were blotted with a polyclonal anti-ABCG1 antibody and a monoclonal anti-
STATS3 antibody to detect ABCG1 and STATS3, respectively. As shown in Figure

13, we could not detect STAT3 in the immunoprecipitated samples.
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Figure 13. Immunoprecipitation of ABCGI.

HEK293 cells stably expressing ABCG1 were lysed in lysis buffer containing 1%
Triton X-100, 1% digitonin or 1% CI12E9. The whole cell lysates and
immunoprecipitated protein eluted from 4497-conjugated beads were fractionated

by 8% SDS-PAGE and immunoblotted with anti-STAT3 antibody and anti-

ABCGT] antibody, 4497.
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Effect of the STAT3 binding sequence on ABCG1 function

Next, we examined the potential roles of YXXQ sequence in ABCGI-
mediated sterol efflux. Tyr 157 and GIn 160 were replaced with Ala. The efflux of
cholesterol and 7-ketocholesterol was performed on HEK 293 cells transiently
expressing wild type or mutant ABCGI1. As shown in Figure 14, the expression
levels of Y157A and Q160A were comparable to that of wild type protein.
Y157A significantly reduced ABCG1-mediated efflux of both cholesterol and 7-
ketocholesterol. On the other hand, Q160A dramatically impaired ABCGI-
mediated 7-ketocholesterol efflux while having no significant effect on
cholesterol efflux. Thus, Tyr 157 played an important role in ABCG1-mediated
sterol efflux, while Gln 160 might be a determinant for the substrate specificity of

ABCGI.
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Figure 14. Effect of mutations on ABCG1-mediated sterol efflux.

Expression of wild type and mutant ABCGl in HEK293 cells transiently
overexpressing wild type and mutant ABCG1 was determined as described.
ABCGI1 was detected with a polyclonal anti-ABCG1 antibody, 4497. Calnexin
was detected with a mouse monoclonal anti-calnexin antibody. Antibody binding
was detected using IRDye-labeled goat anti-mouse or -rabbit IgG (Licor). The
signals were detected by a Licor Odyssey Infrared Imaging System. Cholesterol
and 7-ketocholesterol efflux onto lipidated apoA-I was carried out as described in
Figure 3D. **, p<0.01; *** p<0.001. Values are mean £+ S.D. of > 3 independent

experiments.
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Effect of Y157A and Q160A on the dimerization of ABCG1

We then explored how mutations Y157A and Q160A affected ABCG1
function. ABCG1 forms a homodimer to be a functional transporter. We studied
whether mutations Y157A and Q160A had any effect on ABCGI1 dimerization.
HEK 293 cells were transiently transfected with a combination of C-Myc- and
HA- tagged wild type ABCGI, Y157A or Q160A. Myc-tagged proteins were
immunoprecipitated from the whole cell lysates and subjected to SDS-PAGE and
immunoblotting. The membranes were blotted with an anti-HA antibody to detect
HA-tagged proteins. As shown in Figure 15, Y157A-Myc and Q160A-Myc were
efficiently immunoprecipitated from the whole cell lysates. The levels of HA-
tagged Y157A and Q160A in the immunoprecipitated pellets were comparable to
that of wild type HA-tagged ABCGI. Therefore, mutations Y157A and Q160A

did not affect ABCG1 dimerization.
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Figure 15. Effects of mutations of Y157A and Q160A on ABCGI1

dimerization.

HEK293 cells were transiently transfected with a combination of WT or mutant
ABCGI1-Myc and ABCGI1-HA. The whole cell lysates were subjected to 9E10-
conjugated beads to immunoprecipitate Myc-tagged ABCGI1. The
immunoprecipitated proteins were eluted from 9EI10-conjugated beads and
fractionated by 8% SDS-PAGE, followed by immunoblotting with an anti-HA
antibody to detect HA-tagged ABCGI1 (top panel) or with an anti-ABCG1
antibody, 4497, to detect total Myc-tagged and HA-tagged ABCGI1 (bottom

panel).
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Effects of Y157A and Q160A on ABCG1 trafficking

Next, we determined whether the mutations Y157A and Q160A affected
the trafficking of ABCGI1 to the cell surface using biotinylation. HEK 293 cells
stably expressing WT or mutant ABCG1 were labeled with sulfo-NHS-biotin, and
the whole cell lysates were applied to NeutrAvidin beads to precipitate labeled
cell surface proteins. The biotinylated cell surface proteins were applied to SDS-
PAGE and immunoblotted with anti-ABCG1 antibody, 4497. As shown in Figure
16, the levels of total protein and cell surface expression of mutations Y157A and
Q160A were comparable to that of wild type protein (Figure 16 lanes 6, 7 and 8).
To confirm the results, we performed confocal microscopy on HEK 293 cells
stably expressing mutations Y157A and Q160A. Cell nuclei were detected by
DAPI and shown as blue. ABCG1 was detected with anti-ABCG]1 antibody, H-65,
and shown as green. The plasma membrane marker, Na'/K'-ATPase was detected
by a monoclonal anti- Na'/K'-ATPase antibody and shown as red (Figure 17).
Similar to wild type ABCG1, mutations of Y157A and Q160A efficiently reached
to the cell surface and co-localized with the plasma marker Na'/K'-ATPase
(yellow). Therefore, mutations Y157A and Q160A did not affect trafficking of

ABCGI1 to the cell surface.
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Figure 16. Biotinylation of Y157A and Q160A in HEK293 cells.

HEK293 cells transiently expressing WT, Y157A or Q160A were biotinylated as
described in the legend to Figure 8. Biotinylated proteins from the cell surface
(Biotinylation) and proteins from the whole cell lysate (Input) were analyzed by
SDS/PAGE (8%) and immunoblotting. ABCG1 was detected using a polyclonal

anti-ABCGT antibody 4497 and calnexin was detected with a polyclonal antibody.
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Figure 17. Immunofluorescence localization of wild type and mutant ABCG1

H-65 Na+/K-+-ATPase Merge

in stably transfected HEK 293 cells.

The subcellular localization of mutant Y157A and Q160A was determined by

confocal microscopy as described in the legend to Figure 9. ABCG1 was detected
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using a polyclonal anti-ABCG1 antibody (H-65). Location of ABCG1 mutant is
indicated in green. Nuclei were stained with DAPI and are shown in blue. The
plasma membrane marker, Na'K'-ATPase, was detected using its specific
monoclonal antibody and are shown in red. An x-y optical section of the cells
illustrates the distribution of the mutant proteins between the plasma and

intracellular membranes.
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Effect of Y157A and Q160A on the stability of ABCG1

The WT and mutant ABCG1 showed similar amount of total and cell
surface protein levels, indicating that the two mutations might have no significant
effect on ABCGI stability. To further confirm this finding, we performed a pulse-
chase experiment to determine the stability of wild type and mutant ABCG1
protein. HEK 293 cells stably expressing Y157A and Q160A were metabolically
labeled with [*°S]-Met/Cys and then chased with excess Met/Cys for the indicated
time periods. Immunoprecipitated ABCG1 was subjected to immunoblotting for
detection of ABCG1 protein levels and to X-ray film exposure for detection of *°S
signal, respectively. The protein stability was expressed as relative densitometry
that is calculated by normalizing the densitometry of *’S signal bands with that of
the total protein signal bands. (Figure 18, low panel). The S patterns were
essentially the same among the wild type and mutant proteins. At 4 h, the *S
labeling of mutants and wild type ABCG1 (Figure 11, panel A) was reduced to
about 20%. Therefore, mutations Y157A and Q160A had no significant effect on

ABCGI stability.
Effect of Y157A and Q160A on ATPase activity of ABCG1

Given that both Tyr157 and GIn160 are located in the NBD of ABCGI,
we tested whether the mutations affected ATPase activity of ABCG1. Inside-out
membrane vesicles were prepared from sf9 cells expressing WT or mutant
ABCGI1 and the ATPase activity was measure as described. The ATPase activity

of wild type ABCGI1 and mutants were calculated by subtracting the BeFx
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sensitive ATPase activity of K120M that was used as a control for the measured
ATPase activity. As shown in Figure 19, the BeFx sensitive ATPase activity of
both YI57A and Q160A was comparable to that of the wild type protein. Thus,

Y157A and Q160A had no detectable effect on the ATPase activity of ABCGI.
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Figure 18. Metabolic labeling of cells with **S Cys/Met.
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Upper figure in each panel: HEK293 cells stably expressing wild type ABCGI,

mutant Y157A or QI60A were metabolically labeled with [*S]-Met/Cys

(100 uCi/ml) as described in chapter 2. The whole cell lysates were made and

same

amount

of total

proteins

w€ere

incubated with 4497-beads.
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Immunoprecipitated ABCG1 was eluted and subjected to SDS-PAGE (8%).
ABCG] protein was detected by immunoblotting with a polyclonal anti-ABCG1
antibody, 4497.%°S signal was detected by X-ray film exposure. Similar results
were obtained from two more independent experiments. Bottom parts of
panels: Relative densitometry. The relative signal intensities were determined by
densitometry using Image J Analysis Software. The relative densitometry was the
ratio of the densitometry of ABCG1 *°S signal normalized to total protein signal
at different time points to the densitometry of ABCGI1 at time 0. Values are
mean £ S.D. of 3 independent experiments. The relative densitometry of ABCG1

at time 0 was defined as 100%.
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Figure 19. ATPase activity of ABCGI1 in sf9 cell membrane vesicle.

The ATPase activities of wild type or mutant ABCGI in sf9 cell membrane
vesicles were measured as described (see Chapter 2). Upper panel: The
expression levels of wild type and mutant ABCGI were determined by
SDS/PAGE (8%) and immunoblotting. ABCG1 was detected using a polyclonal
anti-ABCGI1 antibody, 4497. Bottom panel: ATP hydrolysis was assayed for 1 h
at 37 °C and the amount of inorganic phosphate was determined as described in

Experimental Procedures.
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Discussion

In the present study, we demonstrated that Tyr157 and GIn160 in the
STAT3 binding sequence of ABCGI played an important role in ABCGI-
mediated sterol efflux. Replacement of Tyr157 with Ala eliminated the efflux of
both cholesterol and 7-ketocholesterol efflux mediated by ABCG1. Substitution
of GIn160 with Ala had no effect on the cholesterol efflux but significantly
impaired ABCG1 mediated 7-ketocholesterol efflux. Furthermore, we
demonstrated that the mutations of Y157A and Q160A had no significant effect
on the dimerization, trafficking, stability and ATPase activity of ABCGI.

We hypothesized that ABCG1 might associate with STAT3 and regulate
inflammation through a similar mechanism as ABCA1. However, we could not
detect an interaction between ABCG1 and STAT3 by co-immunoprecipitation.
One simple explanation is that ABCG1 does not interact with STAT3 even though
it contains a STAT3 binding motif and that ABCG1 and ABCAI1 regulate
inflammation through different mechanisms. For example, ABCGI but not
ABCA1 mediates 7-ketocholesterol efflux. 7-ketocholesterol is pro-inflammatory
and induces inflammation in vivo (Amaral et al., 2013). Thus, it is possible that
ABCGI-mediated 7-ketocholesterol efflux decreases cellular levels of this
oxysterol and consequently reduces inflammation. Alternatively, the association
between ABCG1 and STAT3 may be week and transient, and cannot be detected
by our co-immunoprecipitation assay. More studies such as co-
immunoprecipitation in the presence of a chemical crosslinker are needed to

address this question.
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Studies of ABCA1 show that the integrity of the two STAT3 binding sites
is not required for ABCAl-mediated cholesterol and phospholipid efflux.
Mutations of the two STAT3 binding sites completely abolish the ability of
ABCALI to activate and bind STAT3 while having no effect on the cholesterol
export function of ABCA1(Tang et al., 2009). Here, we found that mutations of
the consensus sequence in STAT3 binding site impaired ABCG1-mediated sterol
efflux. ABCA1 mediates cholesterol and PC efflux simultaneously onto lipid-poor
apoA-I (Smith et al., 2004). Several lines of evidence demonstrate that ABCA1
directly interacts with apoA-I (Chroni et al., 2004; Fitzgerald et al., 2004;
Fitzgerald et al., 2002; Nieland et al., 2004; Wang et al., 2000). On the other hand,
ABCGI1 promotes efflux of cholesterol and oxysterols onto lipoproteins including
HDL without binding lipoprotein particles (Wang et al., 2004; Wang et al., 2006a).
Thus, the mechanisms of the two transporters-mediated sterol efflux are different
and the STAT3 binding site in ABCG1 but not in ABCA1 regulates that ability of
the transporter to mediate sterol efflux.

How do mutations Y157A and Q160A affect ABCGl-mediated sterol
efflux, especially for mutation Q160A only impairs ABCGI-mediated 7-
ketocholesterol efflux? Similar results were found in previous study on function
analysis of ABCG5/ABCGS8 (Zhang et al., 2006). Substitution of the conserved
lysine in Walker A motif of ABCGS to arginine abolishes ABCG5/G8-mediated
transport of cholesterol but not plant sterol. Our studies showed that the two
mutations had no detectable effect on ABCGI1 dimerization, stability, trafficking

and ATPase activity. Studies of other ABC transporters have shown that the
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membrane spanning domains of typical ABC transporters that contain 6
transmembrane alpha-helices form the putative pathway for substrates across the
lipid bilayer and are believed to contribute to substrate recognition and specificity
for each transporter (Daoud et al., 2001; Karwatsky et al., 2005; Loo and Clarke,
2005, 2008; Zhang et al., 2001a; Zhang et al., 2003). Both Tyr157 and GIn160 are
located in the N-terminal cytoplasmic region of ABCGI. Studies in
MRPI/ABCCI1 have shown that the cytoplasmic loop 7 may interact with
transmembrane domains and NBD and then affects the substrate specificity of
MRPI/ABCC1 (Koike et al., 2004; Letourneau et al.,, 2008). We have
demonstrated that ABCG1 is palmitoylated at five cysteine residues located at
positions 26, 150, 311, 390 and 402 in the N-terminal cytoplasmic region. Protein
palmitoylation is a dynamic posttranslational protein modification that is the
attachment of fatty acids, such as palmitic acid, to the side chain of cysteine
residues in proteins. This reversible modification regulates the association of
proteins with specific membranes (Baekkeskov and Kanaani; Charollais and Van
Der Goot, 2009; Greaves et al., 2009). Thus, it is possible that the palmitoylation
modification of ABCGI may bring Tyrl57 and GIn 160 close to the
transmembrane domains of ABCG1. Consequently, the two residues contribute to
substrate recognition and/or specificity of ABCG1 directly or indirectly.

In addition, Tyr 157 and GIn160 are located in the NBD of ABCGI. They
are not on the three conserved motifs, the Walker A, Walker B and signature
motif. However, Tyr is located between the Walker A motif and signature motif.

Gln 160 is the most conserved residue Gln in the Q loop of ABC transporters. Q
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loop is a conserved structural feature of all NBDs in ABC transporters and plays a
central role in the function of ABC transporters (Chen et al., 2003; Diederichs et
al., 2000; Gaudet and Wiley, 2001; Hung et al., 1998; Karpowich et al., 2001;
Smith et al., 2002; Yuan et al., 2001). The crystallographic structures of NBDs of
ABC transporters reveal that the Q loop positions to mediate the tight binding
interaction between the TMD and NBD, it also reaches in toward the y phosphate
of ATP in the closed, ATP-bound conformation (Chen et al., 2003). In the present
study, we found that mutations Y157A and Q160A had no significant effect on
ATPase activity of ABCG1. However, we cannot rule out the possibility that the
two mutations may cause subtle changes in NBD, which could not be detected by
the ATPase assay used. ATP binding and trapping experiments may help answer
this question and elucidate the exact role of the two residue in ATP binding and
hydrolysis in NBD of ABCGI. Unfortunately, 8-azido [0-°P] ATP is not
commercially available at this time.

In summary, we found that residue Tyr 157 played an important role in
ABCGI1-mediated efflux of cholesterol and 7-ketocholesterol, while Gln 160
somehow regulated the substrate specificity of ABCGI1. Further studies are
required to uncover the mechanisms by which the residues affect the function of

ABCGI.
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Chapter 5 General Conclusion and Discussion

Cholesterol is a key component of cell membranes, and -cellular
cholesterol levels are tightly regulated. Excessive cholesterol levels in
macrophages trigger the foam cell formation and atherosclerosis initiation.
ABCGI is an important protein to regulate cholesterol content in many tissues
and thus could be a therapeutic target for anti-atherosclerosis. However, the
detailed mechanism of ABCG1-mediated sterol efflux is still uncovered yet.

In this thesis, we characterized the functional role of a highly conserved
sequence NPA/FDF present between the NBD domain and TM domain of ABC
subfamily G proteins. The first data we gathered showed that two residues Asn
316 and Phe 320 in the conserved motif played an important role in regulating
ABCGT] function. Mutations on these two residues did not affect the dimerization
and stability but affected the trafficking and ATPase activity of ABCG1. In the
second part, we characterized the functional role of residues Tyr 157 and Gln 160
located in a STAT3 binding motif in the NBD domain of ABCG1. We found that
Y157A impaired the ability of ABCGI] to mediate cholesterol and 7-
ketocholesterol efflux. Q160A, on the other hand, abolished ABCG1-mediated
efflux of 7-ketocholesterol but not cholesterol. Mutations Y157A and Q160A had
no effect on the dimerization, trafficking, stability and ATPase activity of
ABCGTH. Our studies in this thesis provide more detailed biochemical evidence to

understand how ABCG1 works. Moreover, the unexpected result we obtained was
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that residue Gln 160 plays a role in substrate specificity of ABCG1 would help to
understand the mechanism of ABCG1-mediated oxysterol efflux.

Oxysterols are oxygenated products of cholesterol that are important as
intermediates or end products in cholesterol catabolic pathways. Their ability to
cross cell membranes and the blood-brain barrier at a faster rate than cholesterol
itself makes them also important as transport forms of cholesterol. In addition,
oxysterols have a number of important functions in connection with cholesterol
turnover, atherosclerosis, apoptosis, necrosis, inflammation, immunosuppression,
and the development of gallstones. They are present in cells at very low
concentrations when compared to cholesterol. It has been suggested that side-
chain oxidized oxysterols mediate a number of effects when cellular cholesterol
levels increase. When added to cells in vitro, oxysterols alter cholesterol
homeostasis. They accomplish this goal by binding to the ER anchor protein
insulin induced genel (INSIG1), which then binds to and retains sterol regulatory
element-binding protein cleavage-activating protein (SCAP)/ sterol regulatory
element-binding protein (SREBP) complexes in the ER. Consequently, the
transport of SREBP at the Golgi is impaired, resulting in reduced nuclear levels of
the transcriptional active SREBP fragment. Oxysterol/ INSIG1 complex also
increases the degradation of HMG CoA reductase, the rate-limiting enzyme of
cholesterol biosynthesis. In addition, many oxysterols are endogenous LXR
agonists.

Numbers of in vitro studies show that elevated oxysterol levels are

cytotoxic and atherogenic. Clinical studies show that increased levels of LDL
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cholesterol promote premature atherosclerosis. According to the oxidative
modification hypothesis, LDL in its native state is not atherogenic. Oxidatively
modified LDL contains elevated levels of 7-ketocholesterol, 7-hydroxycholesterol
and other 5,6-oxygenated sterols. The primary 7-oxygenated products of
cholesterol, 7-ketocholesterol and 7-hydroperoxycholesterol, seem to be the most
cytotoxic oxygenated lipid present in oxidized LDL. Excessive uptake of oxLDL
is a decisive process in the formation of atherosclerosis lesion.

As we discussed earlier that ABCGI1 plays an important role in
macrophage lipid metabolism and atherosclerosis. Baldan et al observed a
significant decrease in lesion size in Ldlr”" mice receiving Abcgl™ bone marrow
cells. The authors proposed that the smaller lesion was a result of increased
apoptosis of the Abcgl”" macrophages that are abundant in the atherosclerosis
lesion of Ldlr" mice (Baldan et al., 2006). The role for ABCGI in protection
against apoptosis is consistent with the study by Terasaka ef al/ that
overexpression of ABCGI in cultured cells attenuates oxysterol-induced cell
death because of the stimulated efflux of 7-ketocholesterol to exogenous HDL.
They reported that the protection against oxLDL-induced apoptosis in
macrophages is specifically dependent on ABCG1/HDL since ABCG1 is able to
promote efflux of 7-ketocholesterol from cells onto HDL.

Our data support the in vivo studies that ABCGI1 can function as a
transporter of oxysterols, such as 7-ketochelesterol. Based on our findings, the
detailed mechanisms by which ABCGI regulates the efflux of cholesterol and 7-

ketocholesterol might be different. Thus, we will need to not only study the
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detailed mechanisms of how ABCGI1 works as a transporter for cholesterol but
also investigate how it regulates oxysterol translocation and whether there are

other potential substrates for ABCG1.
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Appendices

Table 1 Primers for site mutagenesis

F:5’- CAC AAC CCA GCA GCT TTT GTC ATG GAG - 3’

paoA R: 5’- CTC CAT GAC AAA AGC TGC TGG GTT GTG - 3’
F: 5" - CAC AAC CCA GCA GAT GCT GTC ATG GAG GTT - 3’
FA R: 5> - AAC CTC CAT GAC AGC ATC TGC TGG GTT GTG - 3’
F: 5" - CCA GCA GAT ATT GTC ATG GAG GTT GCA TCC -3’
2 R: 5’ - GGA TGC AAC CTC CAT GAC AAT ATC TGC TGG - 3’
F: 5" - CCA GCA GAT TAT GTC ATG GAG GTT GCA TCC -3’
Y R: 5’ - GGA TGC AAC CTC CAT GAC ATA ATC TGC TGG - 3’
F: 5’ - CCA ACC TAC CAC GCC CCA GCA GAT TTT GTC - 3’
raleA R: 5’ - GAC AAA ATC TGC TGG GGC GTG GTA GGT TGG - 3’
F: 5" - AAC TGC CCA ACC TAC CAC GAC CCA GCA GAT - 3’
R R: 5’ - ATC TGC TGG GTC GTG GTA GGT TGG GCA GTT - 3’
F: 5" - AAC TGC CCA ACC TAC CAC CAG CCA GCA GAT - 3’
e R: 5’ - ATC TGC TGG CTG GTG GTA GGT TGG GCA GTT - 3’
F: 5" - ACC TAC CAC AAC GCA GCA GAT TTT GTC - 3’
A R: 5> - GAC AAA ATC TGC TGC GTT GTG GTA GGT - 3’
F: 5" - CGG AAG GTG TCC TGC TTC ATC ATG CA - 3’
Y157A
R: 5> - ATC CTG CAT GAT GAA GCA GGA CAC CT - 3’
F: 5" - TCC TGC TAC ATC ATG AAC GAT GAC AT - 3’
QI60A

R: 5’ - CAG CAT GTC ATC GTT CAT GAT GTA GC -3’







Table 2 QuikChange amplification reaction conditions

Steps Cycles Temperature Time
1 1 95 °C 2 minutes
95 °C 30 seconds
2 18 60 °C 10 seconds
68 °C 2 minutes
3 1 68 °C 10 minutes






