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Abstract 

ABCG1 mediates cholesterol efflux onto lipidated apolipoprotein A-I and 

plays an important role in macrophage reverse cholesterol transport, thereby 

preventing atherosclerosis. However, how ABCG1 mediates cholesterol efflux is 

unclear. 

We found that Cys514 located within the third putative transmembrane 

domain is highly conserved. Replacement of Cys514 with Ala abolished ABCG1-

mediated cholesterol efflux. Substitution of Cys514 with the more conserved 

amino acid, Ser or Thr, also significantly decreased cholesterol efflux. However, 

mutation C514A had no effect on ABCG1 stability, trafficking to plasma 

membrane or its dimerization.  

Given the hydrophobicity of cholesterol and the abundance of cysteines, 

we proposed that ABCG1 is S-palmitoylated. Indeed, ABCG1 is S-palmitoylated 

at multiple N-terminal cysteines, but they are not functionally equivalent. 

Mutation at Cys311 dramatically impaired ABCG1-mediated cholesterol efflux, 

whereas mutations at other palmitoylation sites had minor or no effect. Moreover, 

defective palmitoylation had no effect on protein stability, trafficking, distribution 

pattern or the dimerization.  
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1.1. Atherosclerosis and lipoproteins 

1.1.1. Atherosclerosis 

Atherosclerosis is characterized as a progressive disease with a gradually 

thickened arterial wall (1,2). It is the primary cause of cardiovascular diseases 

(CVD) such as coronary artery disease and stroke. Atherosclerosis and its 

complications are the leading cause of death in western society (2).  

The progression of atherosclerosis is very complicated. Over the past sixty 

years, atherosclerosis has been greatly clarified by both epidemiologists and 

cellular and molecular biologists. A wide range of animal models have been 

developed and used, including rabbits, pigs, non-human primates and rodents (3-

5). The two most commonly used models of atherosclerosis are mice deficient in 

apolipoprotein E (apoE) (6,7) or low-density lipoprotein receptor (LDLR) (8,9). 

ApoE deficient mice (Apoe
-/-

) develop atherosclerosis when fed a chow diet 

(7,10), while the LDLR
 
deficient mice (Ldlr

-/-
) develop the atherosclerotic lesions 

when fed a high cholesterol or high fat diet (11). Etiological studies have 

identified several important environmental and genetic risk factors closely 

associated with atherosclerosis (2). Both environmental factors (e.g. smoking, a 

high fat diet) and genetic factors contribute to the development of atherosclerosis. 

Among all these elements, high plasma low density lipoprotein (LDL)-cholesterol 

levels show the highest correlation with atherosclerosis development in humans 

and animals (2). 

1.1.2. Cholesterol and cholesterol metabolism 

Cholesterol is an unique and essential metabolite in animal cells (12). It is 

abundant in mammalian cells, and plays an important role in membrane structure 

and metabolic system (13,14). Cholesterol, together with phospholipids (e.g. 

phosphatidylcholine) modulates membrane fluidity, permeability and membrane 

trafficking (15-17). On the plasma membrane (PM), cholesterol concentrates in 
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sphingolipids-rich membrane domains called lipid rafts. Lipid rafts accumulate a 

variety of signalling molecules, which are associated with a wide range of 

signalling transduction cascades (17-20) and physiological diseases (21). In 

addition, cholesterol is also a substrate for steroid hormone synthesis (22,23) and 

serves as the precursor of oxysterols and vitamin D (24). However, excess 

cholesterol can disrupt membrane integrity and promote cell toxicity and cell 

death (25). Uncontrolled cholesterol accumulation also contributes to 

physiological diseases (16,24,26), such as atherosclerotic cardiovascular diseases. 

A complex network has been developed to regulate the availability and 

homeostasis of cholesterol in the human body. Cellular cholesterol comes from 

both de novo synthesis and dietary absorption (16,27,28). The major organ for 

cholesterol synthesis is the liver. The endoplasmic reticulum (ER) is specialized 

in cholesterol synthesis by harbouring some key enzymes in the biosynthesis 

pathway (28). Cholesterol is synthesized from acetate through ~30 enzymatic 

reactions. Hydroxymethylglutaryl CoA reductase (HMG-CoAR) is the rate 

limiting enzyme in this pathway (16). Dietary cholesterol uptake occurs in the 

enterocytes of the small intestine. The Niemann-Pick C1 Like 1 Protein 

(NPC1L1) is important for intestinal cholesterol absorption and NPC1L1 null 

mice are resistant to high cholesterol diet induced hypercholesterolemia (29,30). 

Cellular cholesterol balance is also maintained by various cholesterol transport 

pathways (24). Membrane receptors, LDLR and scavenger receptors, are involved 

in cholesterol uptake, while ATP binding cassette transporters A1 (ABCA1) and 

G1 (ABCG1) are responsible for cellular cholesterol export (16). Deficiency in 

either Niemann-Pick C protein, NPC1 or NPC2, which is responsible for 

intracellular cholesterol trafficking, causes Niemann-Pick type C disease (31). 

Moreover, the cellular cholesterol levels act as a highly sensitive indicator for 

transcriptional factors, including sterol regulatory element binding protein-2 

(SREBP-2) and the liver X receptors (LXRs, LXRα and LXRβ). SREBP-2 is a 

transcription factor regulating cholesterol biosynthesis and homeostasis (28,32-

http://www.sciencemag.org/content/303/5661/1201.full.pdf
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34). LXRs control cellular cholesterol homeostasis by regulating the expression of 

several cholesterol transporters like ABCA1 and ABCG1 (35,36).  

Compared to the complicated regulation network in cholesterol synthesis 

and uptake, most peripheral cells cannot catabolise cholesterol. The major 

pathway for cholesterol excretion is through the conversion of cholesterol into 

bile acids in the liver (37,38). Although most of the bile acids will be reabsorbed 

in the intestine and recycled back into the liver, part of them can be eventually 

excreted out of our body (39). In addition, cholesterol can also be used to 

synthesize steroid hormones in the steroidogenic tissues (40). 

1.1.3. Lipoproteins and atherosclerosis 

In blood, cholesterol is transported by lipoprotein particles (1).  According 

to the density and apolipoprotein compositions, lipoproteins are categorized into 

chylomicron, chylomicron remnant, very low density lipoprotein (VLDL), LDL, 

and high density lipoprotein (HDL).  

Dietary cholesterol is first packaged into the large triglyceride-rich 

chylomicrons in the intestine. As chylomicrons flow through the blood to the 

peripheral tissues, such as muscle and adipose tissue, they are converted to 

chylomicron remnants by local lipoprotein lipases. Chylomicron remnants are 

subsequently cleared by the liver. VLDL is secreted from the liver as triglyceride-

rich particles containing apolipoprotein B-100 (apoB-100) and apolipoprotein E 

(apoE). Similar to chylomicrons, VLDL releases fatty acids to the peripheral 

tissues through the action of lipoprotein lipases to produce VLDL remnants.  

VLDL remnants are further metabolized into LDL particles by removal 

of triglycerides and its apolipoproteins except for apoB-100. LDL can then be 

taken up by the liver through LDLR. HDL is responsible for the removal of 

excess cholesterol from peripheral tissues. The generation of HDL starts from the 

secretion of lipid-free apolipoprotein A-I (apoA-I) from the intestine and the liver. 
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The lipid free apoA-I receives cholesterol and phospholipids from both the liver 

and peripheral tissues and forms HDL.  

In humans, the majority of serum cholesterol is carried by LDL (~2/3) and 

HDL (~1/3) particles. High plasma concentration of LDL-cholesterol is 

atherogenic, whereas high concentration of HDL-cholesterol is inversely 

correlated with atherosclerotic cardiovascular diseases (41). 

1.1.4. HDL and its anti-atherosclerotic role 

In comparison with LDL, the plasma HDL is comprised of a 

heterogeneous class of lipoprotein particles differing in their density (1.063-

1.21g/ml), size, shape and electrophoretic mobility (42,43). The heterogeneity of 

HDL is intimately correlated with the relative contents of lipids and 

apolipoproteins (apoA-I, apoE and apoA-II) (44,45), especially the apoA-I, which 

accounts for ~70% of total HDL proteins (46). Extensive epidemiological data 

have consistently shown the inverse relationship between the circulating levels of 

HDL-cholesterol and the risk of atherosclerosis (47-50). According to the 

Framingham Heart Study, this correlation is independent of plasma LDL levels 

(48,51,52). Recent clinical trials also support that HDL stands by as an 

independent risk predictor of cardiovascular diseases (53).  

Parallel with the heterogeneity, HDL are multifunctional. One major 

function is in the reverse cholesterol transport pathway (RCT), which mediates 

cholesterol transport from peripheral tissues to the liver for final elimination (54-

56). As shown in Fig. 1.1 which is modified from figure 2 of (57), the RCT is 

tightly associated with the metabolism of HDL. The generation of HDL starts 

from the secretion of lipid-free apoA-I or nascent lipid poor pre-β HDL (58) from 

the intestine and liver. Such lipid free apoA-I/nascent HDL are not stable but 

ready to acquire additional cholesterol and phospholipids via ABCA1 to form 

small discoidal HDL (59). The discoidal particles can pick up apoA-II and other 

surface components generated from lipolysis of triglyceride-rich lipoproteins. 



- 6 - 

 

Meanwhile, the surface cholesterol can be converted into cholesteryl ester (CE) 

by lecithin: cholesterol acyl transferase (LCAT), creating an increasing 

cholesterol gradient from outside to inside by moving the surface cholesterol into 

the core of the particles as CE. These processes result in the generation of small 

spherical HDL. Such particles then act as acceptors for another ABC transporter, 

ABCG1, to pick up more cellular free cholesterol from peripheral tissues like 

macrophages (60). The newly recruited cholesterol can also get esterified by 

LCAT, which contributes to form the medium sized spherical HDL. In humans, 

these medium spherical HDL further exchange their CE for triglyceride with LDL 

or VLDL through cholesteryl ester transfer protein (CETP) to form large spherical 

HDL (61). Such particles undergo further modifications through hepatic lipase 

(62) and endothelial lipase, or remodelling by exchanging phospholipids with 

other plasma lipoproteins through the phospholipid transfer protein (PLTP) 

(42,59,63). In mice, HDL cholesterol can be selectively taken up by the liver 

through scavenger receptor BI (SR-BI), but in humans, it can also be taken up 

through LDLR after CE is transferred to LDL or VLDL. Eventually, the hepatic 

cholesterol can be secreted into bile after conversion into bile acids or directly as 

free cholesterol (64). The bile components are either reabsorbed in the intestine or 

excreted into feces. Since the accumulation of cholesterol loaded foam cells is the 

critical step in the development of atherosclerosis, HDL and peripheral RCT, 

especially macrophage RCT, have been receiving a considerable attention (46,54).  

In addition, HDL subpopulations also possess other antiatherogenic 

properties, including anti-oxidative, anti-inflammatory, anti-thrombotic, 

vasodilatory and cytoprotective activities (42,65,66). All these activities 

favourably affect almost every step in atherogenesis (56). First, HDL and its 

apolipoproteins can compete with LDL for the proteoglycan-rich matrix binding 

(67), and prevent the aggregation of LDL (68). Second, HDL and its apoA-I can 

slow down the oxidation of LDL (69,70). Third, HDL can inhibit the monocyte 

recruitment and binding to endothelium by inducing endothelial cell nitric oxide 

(NO) synthesis (71-73), or reverse the up-regulation of cell adhesion molecules 
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and chemoattractants (74). Moreover, HDL is also involved in regulating the 

expression of inflammatory genes and chemokines in macrophages and the 

production of cell adhesions in ECs (75,76). Finally, HDL can help to preserve 

the macrophage phagocytosis (77,78) and inhibit the apoptosis of macrophages 

induced by oxidized LDL or free cholesterol loading (79). Phagocytosis plays a 

critical role in the clearance of excess cholesterol and foam cells and in preventing 

the extensive necrosis and inflammation (80). Both HDL associated macrophage 

phagocytosis and apoptosis are dependent on HDL mediated massive cholesterol 

efflux activity. 

1.2. ABC transporters and atherosclerosis 

1.2.1 ATP-binding cassette (ABC) family 

The ATP-binding cassette (ABC) superfamily is a family of membrane 

proteins involved in trafficking of a wide range of substrates. These substrates 

include phospholipids, sterols, sugars, bile acids, ions, peptides and various drugs 

(81,82). ABC proteins own a long evolutionary history, with over 250 family 

members expanding all the kingdoms of life (83). By coupling with ATP binding 

and hydrolysis, ABC members also facilitate ribosome assembly and DNA repair. 

In humans, 49 family members have been identified and subdivided into 7 

subfamilies, from A to G, according to the domains and sequence (84). Among 

them, 17 family members are clinically linked with hereditary diseases, such as 

Tangier disease (85), adrenoleukodystrophy, cystic fibrosis and others (86). 

A functional ABC protein typically contains two nucleotide-binding 

domains (NBDs) and two transmembrane domains (TMDs). With exceptions for 

subfamily E and F, both of them comprise of only two NBDs with no TMD (82). 

In eukaryotes, ABC proteins either function as a full transporter like ABCA1, 

with 2 TMDs and 2 NBDs expressed in one polypeptide, or as a dimer (hero- or 

homo-) of half transporter, like ABCG subfamily, which contains only 1 TMD 

and 1 NBD. The NBD, also called ATP-binding cassette, is comprised of around 
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180 amino acids and possesses three conserved motifs, namely the Walker A, the 

Walker B and the Signature motifs. The Walker A motif or P-loop 

(GXXGXGK(S/T), with X represents any amino acid) and the Walker B motif 

(XXXXD, where X resembles a hydrophobic amino acid) are characterized in all 

ATP-binding proteins (87), whereas the Signature motif or C-loop (LSGGQ) (88) 

presenting between the Walker A and the Walker B motifs distinguishes ABC 

transporters from other ATP binding proteins (81,89). The TMDs usually contain 

6 putative transmembrane (TM) α-helices and a total of 12 TM α-helices are 

suggested to be necessary to form a central channel for substrate translocation. 

However, a few ABC proteins contain more TM α-helices, like ABCC6, which 

has 17 TM α-helices (90). The ABC motif localizing in the cytoplasm is well 

known to act as an engine for energy (ATP) supply, however, less is known about 

the function of TM α-helices, not to mention the additional ones. Besides, even 

with extensive studies over the past 30 years, there is little progress in either 

substrate identification or the mechanisms of substrate transport.  

To uncover the molecular mechanisms of how ABC transporters facilitate 

substrates translocation through the membrane bilayer by ATP binding and 

hydrolysis, a wealth of studies have been proceeding around protein structure. Up 

until now, there is no available high resolution crystal structure for any 

mammalian ABC proteins (91), but the crystal structures of Sav1866 (92,93) and 

MsbA (94-96), two bacterial homologs of human ABCB1 (P-glycoprotein), have 

been determined. It appears that 12 TM helices form the TM core with an 

outward-facing conformation, while the ABC motifs are organized in a head-to-

tail orientation with a shared interface. The authors propose that the ATP 

hydrolysis may cause a conformation transition from an outward-facing to 

inward-facing orientation, resulting in substrate binding and translocation (92,97). 

Due to the dynamic process and the vulnerable membrane protein extraction, 

more high resolution structures of ABC transporters will be required to evaluate 

the reported conformation changes. Besides, other biochemical, biophysical and 
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physiological studies will be mandatory in fully understanding ABC transporters 

and their functions (97). 

1.2.2. ABC transporters in cholesterol metabolism and atherosclerosis 

One of the major physiological functions of ABC transporters is to 

maintain lipid homeostasis by regulating cellular lipid transport. Defects in these 

proteins are associated with clinical diseases, such as ABCA1 in Tangier disease 

and ABCG5/G8 in sitosterolemia. To date, at least eight ABC transporters have 

been reported to be related with cholesterol/sterol trafficking, four of them 

(ABCA1, ABCG1, ABCG5 and ABCG8) display a significant impact on the 

lipoprotein and cholesterol metabolism, and two of them (ABCA1 and ABCG1) 

have tight correlation with RCT and atherosclerosis. 

ABCA1, a 240-kDa full transporter, promotes both phospholipids and 

cholesterol to nascent/lipid-poor apoA-I, the initial step of HDL formation. The 

transcription of ABCA1 is regulated by LXRs (98), and post-transcriptional 

regulations are also important for protein stability and function (99,100). 

Mutations in both copies of ABCA1 cause Tangier disease, which is characterized 

with a high deposition of cholesteryl esters and other lipids in a variety of tissues 

and low plasma HDL levels (101).  Familial hypoalphalipoproteinemia patients, 

with heterozygous mutation in ABCA1, are characterized with only about half of 

the normal blood HDL levels (90). ABCA1 in the liver and intestine determines 

the biosynthesis of HDL (102,103), and ABCA1-mediated cholesterol efflux from 

the epithelial cells in the intestine is estimated to contribute to around one third of 

total HDL production (104). Macrophage ABCA1 is protective against 

atherosclerosis by mediating macrophage RCT (105), while deficiency of ABCA1 

results in the accumulation of cholesterol, promoting an inflammatory response 

(105-107). Endothelial ABCA1 also plays a critical role in anti-atherosclerosis by 

preserving endothelial cells (ECs) integrity and functioning as well as HDL 

formation through regulating cellular cholesterol homeostasis (56,108). However, 

it is still unclear how ABCA1 functions as a cholesterol transporter. A large 

http://en.wikipedia.org/wiki/Hypoalphalipoproteinemia
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amount of evidence suggests that ABCA1 translocates cholesterol and 

phospholipids simultaneously from the inner membrane leaflet to the outer leaflet, 

promoting the acceptor (apoA-I) binding and dissociation (109). Yet it is also 

possible that ABCA1 facilitates apoA-I lipidation and secretion through retro-

endocytosis, a process including both endocytosis and exocytosis (110).   

ABCG5 and ABCG8 belong to the G subfamily, and function as a hetero-

dimer (111). Similar with ABCA1, ABCG5 and ABCG8 are also regulated by 

LXRs (112). Post-transcriptional glycosylation and hetero-dimerization are 

critical for proper protein localization and function (113). They localize at the 

apical membranes of both enterocytes and hepatocytes, where they limit the plant 

and shellfish sterol absorption and assist biliary sterol secretion (114,115). 

Mutations in any one of these two proteins result in a rare genetic disease, 

sitosterolemia (116). Patients in this disorder exhibit significant increase of 

plasma plant sterols and a modest rising of plasma cholesterol, and are vulnerable 

for development of premature CVD (112,117). In addition, hepatic ABCG5 and 

ABCG8 demonstrate an anti-atherosclerogenic role in mouse models (118,119).   

1.2.3. ABCG1 general introduction and regulation  

Like ABCG5 and ABCG8, ABCG1 belongs to the ABCG half transporter 

subfamily distinguished with the ABC motif localizing at the amino terminus 

followed by 6 putative α-helix TMD (the topology of ABCG1 shown in Fig 1.3). 

The G subfamily is widely present with 15 members in Drosophila, 9 in 

Caenorhabditis elegans and 24 in Arabidopsis thaliana (120). In mammals, a total 

of five members have been recorded (ABC G1, G2, G4, G5 and G8) (121), among 

which, ABCG1 shares 82% similarity in amino acid sequence with ABCG4. 

Human ABCG1, an encoded 74 kDa protein, is originally named after Drosophila 

White, with a 51% amino acid identity (122,123). White is a half transporter like 

ABCG1 and functions as a hetero-dimer with Brown or Scarlet, another two 

ABCG family members in Drosophila (124). White presents in the intracellular 

membranes of pigment granules, acting as a cargo for pigment precursors. ABCG1 
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used to be characterized as the ortholog of White, however, recent studies showed 

that overexpression of mammalian ABCG1 failed to restore the lost function of 

White, implying no functional overlapping between White and ABCG1 (89).  

ABCG1 is expressed in multiple tissues, with relatively high levels in 

spleen, lung, brain and kidney (125). β-Galactosidase staining from Abcg1
-/-

 
 

LacZ knock-in mice shows that ABCG1 expression is cell type dependent, with 

high expression levels in macrophages, ECs, lymphocytes and neurons, but 

undetectable in hepatocytes and enterocytes (89,125). The human ABCG1 gene is 

mapped to chromosome 21q22.3, and ABCG1 cDNA was initially identified in 

1996 (126,127). It is predicted to have 23 exons spanning over a 98kb genome 

(128). Earlier studies show that mRNA of macrophage ABCG1 is highly induced 

when macrophages are overloaded with modified LDL, oxysterols or treated with 

ligands for LXR (128-130). Following with the latter observations, a few multiple 

functional LXR response elements (LXREs) have been identified in the promoter 

region of both the murine and human Abcg1 (128,131,132). A more detailed study 

shows a G protein pathway suppressor (GPS2) is required for the recruitment of 

LXR to the LXRE at the ABCG1 locus (133). Due to the different splicing sites 

and transcriptional starting points, a few transcripts have been identified, but the 

meaning of the physiological existence for these transcripts is lacking (81). 

Except for one transcript that has the same length (666 amino acids) with mouse 

Abcg1, human macrophages also express another transcript encoding 12 more 

amino acids (131,134). Further studies show that these 12 amino acids in the 

second transcript are important for protein stability (81). 

In addition to the complex transcriptional regulations, ABCG1 expression 

is also regulated at both mRNA and protein levels. MicroRNA miR-33a, a newly 

identified cholesterol homeostasis post-transcriptional regulator, can cause 

translational repression and/or destabilization the mRNA of murine Abcg1 by 

binding to its complementary 3′-untranslated regions, but not to human ABCG1, 

which may be due to missing the binding sites (135,136). On the other hand, 
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activation of adenosine monophosphate activated protein kinase (AMPK) in 

human ECs can promote ABCG1 expression by stabilizing its mRNA (137). 

Finally, no specific modification is predicted based on the sequence of ABCG1, 

but phosphorylation of ABCG1 due to the enhanced fatty acid oxidation is 

reported to accelerate protein degradation (138,139). Together, ABCG1 is 

modulated at multiple levels and the complexity of the regulations may be 

important for its cellular function. 

1.2.4. ABCG1 and cholesterol homeostasis 

ABCG1 is firstly proposed to function in sterol homeostasis due to its 

response to LXRs (140), which modulate a large genetic network in sterol 

homeostasis. Further in vitro studies indeed support this hypothesis that 

overexpression of ABCG1 promotes cellular cholesterol efflux to exogenous 

acceptors (60,131,141). Besides, after LXR induction, macrophage cholesterol 

efflux ability appears to be in an ABCG1 dependent manner (142). Unlike 

ABCA1, ABCG1 has less acceptor selectivity. LDL, HDL, reconstituted HDL, 

small phospholipids vesicles, cyclodextrin and bovine serum albumin (BSA) all 

function as an acceptor for ABCG1-mediated cholesterol efflux (131,141,143). 

Moreover, overexpression of ABCG1 is reported to increase cholesterol efflux to 

lipidated apoA-I obtained from ABCA1-expressing cells, implying that ABCG1 

may work sequentially with ABCA1 in mediating cholesterol efflux (144,145). 

Conversely, down regulation of ABCG1 by siRNA suppresses cholesterol efflux 

(143), similar to human macrophages treated with antisense oligonucleotide for 

ABCG1 (129). The deficiency of ABCG1 in mice (Abcg1
-/-

) causes high 

accumulation of cholesterol, oxysterols and CEs in various tissues, especially in 

the lung tissue (125). This deposition is reversed in hABCG1
Tg

Abcg1
-/-

 mice. 

These results are consistent with the decreased cholesterol efflux ability in cells 

derived from Abcg1
-/-

 mice and more dramatic decrease in cells with combined 

deficiency of ABCG1 and ABCA1 (146,147). Together, both in vivo and in vitro 

data support that ABCG1 plays an important role in cholesterol homeostasis.  
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However, how ABCG1 mediates cholesterol export is still an enigma. 

ABCG1 has been reported to localize in the intracellular compartments and 

plasma membrane. Overexpression of ABCG1 leads to the translocation of 

cholesterol onto the outer leaflet of cell membranes (143), which is accessible for 

cholesterol oxidase. However, recent biotinylation and immunostaining studies 

show less or undetectable levels of ABCG1 at the cell surface (148,149). ABCG1 

appears to be induced to redistribute to the PM by LXR ligands (142), while other 

studies disagree with this observation (150). ABCG1 has no specific acceptor(s) 

and unlike ABCA1, ABCG1 does not bind to HDL or other acceptors (60,141). 

ABCG1 also has less selectivity for the substrates. Except for cholesterol, the 

efflux of phospholipids (e.g. phosphatidylcholine and sphingomyelin) is also 

increased in cells overexpressing ABCG1 (151). Moreover, ABCG1 can promote 

the efflux of 7-ketocholesterol (7-KC) and 7β-hydroxycholesterol in both 

macrophages and 293 cells (79), and deficiency in ABCG1 results in significant 

deposition of 7-KC in ECs from aorta (79,152). Based on these available data, it 

has been proposed that ABCG1 may promote cholesterol translocation from 

intracellular compartments like the ER to the PM (142), simply facilitate 

cholesterol protrusion from the outer membrane, or change the PM organization 

pattern for the nonspecific acceptors (56) (see Fig. 1.2). Further studies are 

required to understand the underlying mechanisms for ABCG1-mediated 

cholesterol export.  

Depending on its role in mediating cholesterol/sterol homeostasis, ABCG1 

also plays other physiological roles in different cell types. ABCG1 is highly 

expressed in both macrophages and ECs (125). ABCG1 expression is up-

regulated in foam cells and this up-regulation is correlated with the dramatic 

increase in the secretion of chemokines, cytokines and other proinflammatory 

factors (153,154). In ECs, deficiency of ABCG1 promotes a proinflammation 

phenotype with increased production of cell adhesions, chemoattractants and 

other proinflammatory factors (155), and disrupts the balance in endothelium 

vasoconstriction and relaxation by modulating the endothelial nitric oxide 
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synthase (eNOS) (156). ABCG1 may protect endothelial function by promoting 

the efflux of cholesterol and 7-KC to HDL (152), and the released cholesterol 

loading reduces the inhibitory binding of Caveolin1 to eNOS (157). ABCG1, co-

expressed with ABCG4 in astrocyte and neurons, may affect brain cholesterol 

synthesis through SREBP-2 pathway (149,158). ABCG1 in glial cells regulates 

the lipidation of apoE containing lipoproteins (159). Recently, Hedrick and his 

colleagues (148) reported that ABCG1 in the insulin granules of pancreatic β cells 

appears to be critical in maintaining the granule morphology and insulin secretion 

(160). In addition, ABCG1 also seems to act as a special checkpoint for cell 

proliferation and cell death. ABCG1 in hematopoietic stem cells can repress cell 

proliferation and differentiation, particularly for monocytes (161). While, 

inactivation of ABCG1 promotes the proliferation of T cells by regulation of the 

oxysterol sulfotransferase enzyme SULT2B1 and LXR signaling (162). The lack 

of ABCG1 in macrophages has been reported to promote cell apoptosis (79,153).  

1.2.5. ABCG1 and atherosclerosis  

To date, there is no identified ABCG1 mutation related to any clinical 

disease. But, based on its significant contributions in RCT (around 50% together 

with ABCA1) (163), cell apoptosis, cell proliferation, inflammation and 

endothelial function, it is reasonable to propose that ABCG1 may play an 

important role in the progression of atherosclerosis (2,81). However, the current 

data from ABCG1 deficient mice are more controversial than consistent. 

Abcg1
-/-

 mice have similar plasma lipid levels with wild type mice, and do 

not develop atherosclerosis when fed a regular chow diet or a high fat diet (125). 

ABCG1-mediated RCT, especially macrophage-RCT, is well recognized to play 

an important role in reversing the development of atherosclerosis (54). Bone 

marrow transplantation was utilized to study the contribution of macrophage 

ABCG1 to atherosclerosis. Bone marrow transplantation from Abcg1
-/-

 mice to 

Ldlr
-/- 

mice resulted in either moderate increase (164) or significant decrease of 

the atherosclerotic lesion size. The reduced lesion size may have been due to the 
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compensatory up-regulation of ABCA1 or increased apoE secretion (165) or 

induced macrophages apoptosis (166). Meanwhile, Edwards’s group reported that 

bone marrow transplantation from Abcg1
-/-

 mice to Apoe
-/-

 led to decreased lesion 

size (154). In addition to the macrophage RCT, ABCG1 is also highly expressed 

in ECs and ABCG1-mediated cholesterol export seems to be critical in 

maintaining normal endothelial function. To investigate the role of vascular 

ABCG1 in atherosclerosis, bone marrow transplantation has been carried out by 

transplanting bone marrow from wild type donor to recipient Abcg1
-/-

Ldlr
-/-

 or 

Ldlr
-/-

 mice. The atherosclerotic lesion, especially in the aortic arch, is highly 

increased in Abcg1
-/-

Ldlr
-/-

 mice after 23 week western diet (156). Thus, ABCG1 

in both macrophages and ECs seems to be involved in the development of 

atherosclerosis, but the above results can hardly achieve to a consistent conclusion 

on the role of macrophage ABCG1 in atherosclerosis.  

To understand the role of ABCG1 in atherosclerosis, more extensive 

studies have been carried out in both Ldlr
-/-

 and Apoe
-/-

 mice. Strategies include 

both deletion and overexpression of ABCG1. For Ldlr
-/-

 mice, the further whole 

body deletion of ABCG1 (Abcg1
-/-

Ldlr
-/-

 mice) cause massive lipid accumulation 

and significant increase in atherosclerotic lesion size (Illiana et al. 2007). Under 

the background of Apoe
-/-

 mice, the further whole body deletion of ABCG1 

(Abcg1
-/-

Apoe
-/-

 mice) lead to decreased atherosclerosis, which may have been due 

to induced apoptosis (154). In addition, this group also reported that only 

hematopoietic ABCG1 deficiency by bone marrow transplanting from Abcg1
-/-

Apoe
-/-

 mice to Apoe
-/-

 mice impairs the development of atherosclerosis (154). But 

contrary results have been obtained from the Ldlr
-/-

 recipient mice, which develop 

more dramatic and significant lesion size after receiving bone marrow from 

Abcg1
-/-

Apoe
-/-

 mice (167). Furthermore, overexpression of human ABCG1 in 

either Ldlr
-/-

 or Apoe
-/-

 mice is not enough to reverse the progression of 

atherosclerosis (146,147). The observed difference may be caused by the 

difference in the methodologies, mice genetic backgrounds (81), the examined 

stage of atherosclerosis and/or other unidentified factors. Together, the above 
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conflicting data fail in clarifying the relationship between ABCG1 and 

atherosclerosis, and generation of different background mice models are required 

to explain these differences.  

Due to the contradictory results in the above studies and the proposed 

sequential role of ABCG1 and ABCA1, double knockout mice (Abcg1
-/-

Abca1
-/-

) 

were generated to investigate the role of ABCG1 in atherosclerosis. As expected, 

Abcg1
-/-

Abca1
-/-

 mice displayed more severe lipid deposition phenotype, 

consistent with the impaired cellular cholesterol efflux activity (168-170). With 

bone marrow transplanted from donor Abcg1
-/-

Abca1
-/-

 mice, Ldlr
-/-

 recipient mice 

have either accelerated (170) or similar atherosclerosis progression compared with 

wild type donor or Abcg1
-/-

 mice donor (168). 

1.3. Protein S-palmitoylation and its detection 

1.3.1. Lipidation and S-palmitoylation  

Lipidation is protein modification by lipids (171), which includes the 

addition of long chain fatty acids (LCFA), glycosylphosphatidylinositols, 

isoprenoids and cholesterol. Together with phosphorylation and glycosylation, 

lipidation consists of one of the three major protein posttranslational 

modifications (172). Prenylation, myristoylation and palmitoylation are three 

common lipidations occurring in the cytoplasm (171). Prenylation involves the 

transfer of either a farnesyl or a geranyl-geranyl moiety to cysteine (Cys) residues, 

which localizes in the C-terminal CAAX box (A is an aliphatic amino acid) of the 

target proteins (173). Myristoylation and palmitoylation belong to protein 

acylations, in which proteins are modified by a wide range of fatty acids with 

different binding sites (171). Myristoylation (174), also called N-myristoylation, 

is an addition of myristate (a C14 saturated fatty acid) to the amino terminal 

glycine residue in the MGXXXS/T sequence motif (X is any amino acid), 

following the cleavage of N-terminal methionine (175). Initially, myristoylation 

was characterized as a co-translational modification, however, it has been well 
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established that myristoylation can also occur post-translationally on the N-

terminal glycine after cleavage by caspases in apoptotic cells (174). Both 

prenylation and myristoylation have specific sequence requirements as described 

above. 

A large amount of proteins are lipidated by LCFA due to their cellular 

abundance, especially palmitic acid (a C16 saturated fatty acid) (176,177). S-

palmitoylation, documented over thirty years ago (178), is defined as a covalent 

attachment of palmitic acid to a Cys residue via a thioester linkage. S-

palmitoylation is the most commonly observed protein lipidation in living cells. 

Palmitic acid can also bind to the target proteins via the stable amide linkage with 

Cys, which is named N-palmitoylation (179). N-palmitoylation is only recorded in 

secreted proteins like morphogen and Sonic Hedgehog (180). The amide group 

was presumed to be formed by transfer of the palmitoyl group from thioester 

intermediate (S-palmitoylation), while recently specific palmitoylacyltransferase 

Hhat has been reported to be required for the N-palmitoylation of Sonic 

Hedgehog (181). Physiologically, S-palmitoylation prefers palmitic acid, but other 

fatty acids, such as stearic, myristic or oleic acids, can also form a thioester 

linkage with Cys (182). So generally, S-palmitoylation should be called S-

acylation (183). With the labile thioester bond, S-palmitoylation becomes the only 

reversible protein lipid modification (184). This is further confirmed by the 

recorded shorter half-life of palmitate compared with that of the palmitoylated 

proteins (183). Similar with reversible phosphorylation, S-palmitoylation is 

implied to play an important role in protein regulation. Later on in this thesis, S-

palmitoylation is referred to palmitoylation.  

1.3.2. Mechanisms of palmitoylation 

Palmitoylation occurs in luminal, transmembrane and cytoplasmic 

proteins. Cys residues that localize in the cytoplasmic domains or close to the 

transmembrane regions of the target proteins are preferable candidate sites (183). 

But unlike myristoylation and prenylation, there is still no consensus sequence 
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motif for palmitoylation (171). Palmitoylation of some proteins, such as viral 

membrane glycoproteins, are stable for the whole life of the protein (185), while 

many other proteins undergo cycles between palmitoylated and depalmitoylated 

states (186). Like the function and regulation of protein phosphorylation, for 

which protein kinases and phosphatases are demanded, special enzymes may be 

required for protein palmitoylation and depalmitoylation.  

To date, proteins appear to be palmitoylated by either autoacylation or 

enzymatic protein acyltransferases (PATs) (187). Due to the lag in the 

identification of PATs, the existence and the necessity of PATs have been under 

debate for years (188). Under physiological conditions, autoacylation has been 

reported in various proteins, including SNAP-25 (189), G proteins (190) and 

others (191). Meanwhile, Cys-containing proteins and peptides can be acylated in 

vitro when incubated with appropriate amount of palmitoyl-CoA. But the 

spontaneous reaction in vitro does not always happen under physiological pH or 

palmitoyl–CoA concentrations, and in some cases, it takes much longer than the 

observed protein turnover rate (183). Thus, for most of proteins, palmitoylation 

seems more likely to be an enzymatic process. The PATs, a family of multi-TM 

proteins characterized with a Cys-rich domain containing an Asp-His-His-Cys 

(DHHC) motif, were firstly discovered in Saccharomyces cerevisiae (192,193). 

Since then, 7 and 23 DHHC PATs have been identified in S. cerevisiae and 

mammals, respectively (191).  

Parallel with the wide distribution of palmitoylated proteins, PAT activity 

has been found in Golgi, mitochondria and PM, especially in the cholesterol 

enriched microdomains (183). Loss of specific protein palmitoylation in 

combined deficiency of DHHC proteins in yeast (194) further supports the in vivo 

enzymatic palmitoylation. Recently, individual DHHC PAT has been reported to 

have variable substrate selectivity and some overlapping functions (194,195). On 

the other hand, palmitoylation in secreted proteins like ghrelin and Wnt, seems to 

require MBOAT family proteins (membrane-bound-O-acyltransferase) (196). In 
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Wnt proteins, fatty acids attach to two different positions, the O-linked acylation 

at serine is required for the following palmitoylation at Cys (197). A small set of 

family members have been known, such as Porcupine is responsible for Wnt (198) 

and ghrelin O-acyl-transferase (GOAT)  for  the acylation of Ghrelin (199). 

In contrast to the fast progress in characterizing PATs, only one acyl 

protein thioesterase1 (APT1) has been found to function in depalmitoylation in 

vivo (200). APT1, originally discovered as a lysophospholipase (201), is a 

cytosolic protein. It is widely expressed among tissues, and preferably targets 

palmitoylated proteins (191). Several substrates have been identified in vitro, 

including eNOS (202), SNAP-23 (203), Ras and G protein α subunit (204). Co-

overexpressing APT1 with eNOS increases the depalmitoylation of eNOS (191), 

and infusion of APT1 in platelets results in ~50% reduction in acylation of the 

platelet protein (205). APT1 seems to be promiscuous in substrates but with no 

consensus sequence and different deacylation efficiency. For example, Caveolin 

was not deacylated by APT1 under the same condition as eNOS (202). Moreover, 

disruption of APT1 in yeast affects the acylation of Gαi1 but not H-Ras (206), 

implying the existence of other undefined thioesterase(s). In addition, another 

palmitoyl protein thioesterase1 (PPT1) has also been reported to remove the acyl 

group, however, this enzyme only localizes in lysosomes for protein degradation 

(191). Thus, only APT1 is identified as functioning in cytoplasmic deacylation, 

and the existence of other possible thioesterase(s) remains unknown. 

1.3.3. Functions of palmitoylation 

Palmitoylation has diverse functions. First, like all the other lipid 

modifications, it increases the hydrophobicity of target proteins and facilitates 

proteins (171), especially soluble proteins (183), tethering into phospholipids 

bilayer membranes and in some cases, clustering into different microdomains. For 

some proteins, palmitoylation enhances the weak membrane affinity induced by 

N-myristoylation or prenylation; while in several other cases, palmitoylation itself 

is sufficient for stable membrane attachment (186). Second, the role of 
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palmitoylation in protein trafficking and targeting has been well established (207). 

However, it is difficult to predict the location of palmitoylated proteins, and 

different palmitoylation sites may result in distinct trafficking and residence 

(207). For H-Ras and N-Ras proteins (208), palmitoylation is required for their 

trafficking. While monopalmitoylation of N-Ras is sufficient for its translocation 

to PM, the two palmitoylation sites in H-Ras, Cys181 and Cys184, are not 

functionally equivalent. Palmitoylation at Cys181 alone results in efficient protein 

distribution on the PM cholesterol-rich microdomain, while monopalmitoylation 

at Cys184 causes the retention of the majority of H-Ras in Golgi. Third, 

palmitoylation is implicated in protein stability (186). Defect palmitoylation may 

promote lysosomal protein degradation (209). Recent studies on SNARE in S. 

cerevisiae (210) and anthrax-toxin receptor in mammalian cells (211) suggest that 

palmitoylation may prevent protein degradation by avoiding ubiquitination (186). 

Finally, palmitoylation may also lead to alternation in the protein-protein 

interaction by regulating protein conformation or location change (212), or in 

signal transduction by affecting the association of proteins with lipid raft (183). 

Palmitoylation plays an important role in maintaining various protein 

activities, and disruption of palmitoylation may contribute to various diseases 

(213). Palmitoylation of huntingtin protein (214) may decrease the neuronal 

toxicity in Huntington disease by reducing protein aggregation. Palmitoylation of 

eNOS (215,216) may be protective from hypertension and artherosclerosis by 

preserving normal endothelium function. Palmitoylation of oncoproteins, like H-

Ras (217) and Hck (218), is directly relevant to oncogenesis. Palmitoylation may 

also be responsible for immune disorders, such as palmitoylation of T-cell-

receptor (TCR) associated protein is necessary for TCR acitivation (219). 

Furthermore, several DHHC PATs have been reported to be linked with human 

diseases (184,187), such as DHHC2 with cancer (220), DHHC17 with Huntington 

disease (221), and DHHC9/15 with X-linked mental retardation (222,223). 

Together, palmitoylation is required for various protein functions, and regulation 
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of protein palmitoylation appears to be a good therapeutic target for various 

human diseases. 

1.4. Rationale, hypotheses and research objectives 

1.4.1. Rationale  

Due to the great contribution of atherosclerosis to cardiovascular diseases, 

large effort has been devoted to prevent the progression of atherosclerosis. The 

property of lowering plasma LDL-cholesterol leads to the revolutionized 

discovery of statins, but clinical treatment with statins only reduces 20~40% 

cardiovascular events depending on the reduction levels of LDL (56,224,225). So, 

other medical solutions are required to lower the remaining but still high 

incidence of atherosclerosis.  

The inverse epidemiological relationship between HDL and cardiovascular 

diseases has drawn a huge attention, particularly, when the initial apoA-I infusion 

studies in human patients show some benefits in the regression of atherosclerosis 

(226), consistent with the observation in apoA-I transgenic mice (227,228). 

Extensive studies have been showing that the multiple properties of HDL (42) 

including anti-inflammation, anti-oxidation, anti-thrombotic activity and 

cytoprotective role are involved in almost every step of the generation and 

progression of atherosclerosis. Further studies have indicated that HDL mediated 

RCT, especially macrophage RCT, plays a major part in its anti-atherosclerosis 

roles (54,163). Accordingly, raising the HDL levels and promoting HDL mediated 

RCT may be the potential options. In the past few years, several HDL-raising 

drugs, including niacin and torcetrapib (a CETP inhibitor), have emerged with 

favourable effects (42). However, the failure of torcetrapib in the large clinical 

trial ILLUMINATE (56) impedes the further application. This may be due to the 

off-target toxicity of the drug (229,230). Considering the unique role in 

cholesterol homeostasis including absorption, synthesis, RCT (231) and secretion, 

LXR agonists are becoming another promising pharmacological target (232). 
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Synthetic ligands for LXRs are protective from atherosclerosis in different murine 

models (232-234). However, they also promote lipogenesis and cause severe 

triglyceride accumulation in the liver (235).  

Both ABCA1 and ABCG1 are highly upregulated by LXR agonists 

(235,236), and both of them act as a cholesterol exporter. So drugs specifically 

targeting to increase ABCA1 and/or ABCG1-mediated RCT may be a prospective 

solution. However, the mechanism for ABCG1-mediated cholesterol efflux 

remains unclear, which slows down the potential drug development. Due to the 

lack of high resolution of ABCG1 structure, other biochemical and biophysical 

studies are required to understand the underlying mechanisms. Site mutagenesis, 

which has been widely used to characterize biochemical properties of proteins, is 

a valuable tool for understanding ABCG1 structure and its cholesterol efflux 

function. My project is designed to study the contribution of Cys residues in 

ABCG1 to ABCG1-mediated cholesterol efflux function. 

Cys residues are special in the thiol side chain. The Cys S-hydroxylation, a 

post-translational modification, is a sensitive marker for cellular oxidative stress 

(237) and plays a significant role in the regulation of various signalling proteins 

related to both health and disease states (238). Disulphide bonds formed by 

oxidation of the thiol groups of Cys residues are one of the main types of linkage 

to crosslink proteins covalently (172), which can increase the protein rigidity and 

stabilize the tertiary structure and support for individual protein folding, secretion 

and stability. In addition, Cys is an important source of sulfide for the iron-sulfur 

clusters (239). The high affinity of the thiol group for heavy metals also facilitates 

the protein-metal binding (240,241), which is especially important for a wide 

range of enzymes such as zinc fingers (242,243). Beyond the above, Cys is also 

the potential site for lipid modifications, including myristoylation, prenylation and 

palmitoylation (171). Palmitoylation is the only reversible lipidation. Aside from 

the above mentioned lipidation and oxidation, rarely, Cys also involves in other 

protein modifications, like phosphorylation (244,245) and ubiquitination (246). 

http://en.wikipedia.org/wiki/Thiol
http://en.wikipedia.org/wiki/Sulfide
http://en.wikipedia.org/wiki/Iron-sulfur_cluster
http://en.wikipedia.org/wiki/Iron-sulfur_cluster
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There are 16 Cys residues in the ABCG1 (see Fig. 1.3), of which, one is 

highly conserved in the 3
rd 

 predicted TM domain, two are located in the last 

extracellular loop between the fifth and sixth TM domain, and the other 13 are 

located in the N-terminal cytoplasmic region. 

1.4.2. Hypothesis  

ABCG1 is elegantly regulated at the transcriptional level as described 

above, but the mRNA levels are not always equal to the levels of protein 

expression. Moreover, less is known about ABCG1 translational modulation. 

Since the substrates of ABCG1 are lipids, we first hypothesize that ABCG1 is 

lipidated. Studies in ABCG5/G8 have demonstrated that ABCG5 is palmitoylated, 

but this palmitoylation is not required for its hetero-dimerization with ABCG8, 

normal protein trafficking and biliary sterol secretion (113). On the other hand, 

studies on ABCA1 have demonstrated that ABCA1 is palmitoylated at multiple 

Cys residues and this modification is required for its trafficking to PM and 

cholesterol export function (247). Furthermore, ABCG1 does not contain 

sequence motifs specifically required for other lipid modifications, like 

prenylation and myristoylation. Thus, we propose that ABCG1 is palmitoylated 

and this palmitoylation may be important in maintaining the cholesterol efflux 

function of ABCG1.  

1.4.3. Research objectives  

Site-mutagenesis strategy is applied to the 13 cytoplasmic Cys residues 

and the single TM Cys. This thesis is focused on the correlation of these Cys 

residues and cholesterol efflux function. The objective of my project is to 

investigate how ABCG1 facilitates cholesterol efflux, thereby providing basic 

knowledge for the future on-target drug design for treatment of atherosclerosis. 
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Figure 1.1. HDL and HDL mediated RCT. Modified from Figure 2 of 

(57). RCT is cholesterol transport from peripheral tissues to the liver for final 

elimination. The central antiatherogenic property of HDL is HDL mediated RCT. 

The generation of HDL starts from the secretion of lipid-free apoA-I or nascent 

lipid poor pre-β HDL from the intestine and liver. Such lipid free apoA-I/nascent 

HDL particles are ready to acquire additional cholesterol and phospholipids via 

ABCA1, forming small discoidal HDL. The received free cholesterol can then be 

converted into CE by LCAT, generating the spherical HDL. Both spherical HDL 

and discoidal HDL further promote cholesterol efflux from peripheral tissues such 

as macrophages via ABCG1. The newly recruited cholesterol can also get 

esterified by LCAT. Meanwhile, HDL particles can undergo further modifications 

through hepatic lipase and endothelial lipase or remodelling by PLTP. The HDL 

cholesterol can then be selectively taken up by the liver through SR-BI. In 

humans, spherical HDL can further exchange their CE for triglyceride with LDL 

or VLDL through CETP, and this part of cholesterol can then be taken up by the 

liver through LDLR. Eventually, the hepatic cholesterol can be secreted into bile 

after conversion into bile acids or directly as free cholesterol. The bile 

components are then either reabsorbed in the intestine or excreted into feces.  
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Figure 1.2 Two proposed mechanisms of ABCG1-mediated cholesterol 

Efflux. Modified from Figure 3 of (56). Panel A: One model suggests that 

ABCG1 may accomplish free cholesterol (FC) transfer by utilizing energy 

provided by ATP binding and hydrolysis at the NBDs to promote the protrusion 

of cholesterol molecule into hydrophilic water layer, followed by a transient 

collision with an acceptor (248) such as HDL. Panel B: In the second model, 

ABCG1 may facilitate FC transfer by changing the organization of PM pattern, 

following with nonspecific binding of acceptors (e.g. HDL) to the plasma 

membrane. In this model, the cholesterol export depends on the function of 

ABCG1 as a phospholipid flippase mediating the transfer of phospholipid from 

the inner to the outer leaflet (I) (151), which could lead to an extensive change in 

the equilibrium of membrane components such as an increased content of 

sphingomyelin or saturated phosphatidylcholine. These changes further induce the 

transbilayer diffusion of cholesterol toward the outer leaflet, which becomes more 

attractive to cholesterol after the above organization changes (II). Eventually, 

cholesterol can dissociate onto HDL, perhaps following nonspecific binding 

of HDL to the PM (III). In both models, the movement of cholesterol from the 

inner to the outer membrane may be followed by carrier-facilitated diffusion from 

cellular organelles, notably the ER (IV). 
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Figure 1.3. Topology of ABCG1. ABCG1 belongs to the ABCG 

subfamily. It contains 1 TMD and 1 NBD, with NBD locating at the N-terminal 

domain, followed by 6 putative TM α-helices. The NBD contains the ABC motif, 

namely, the Walker A motif, the Walker B motif and the Signature motif. There 

are sixteen Cys residues in the ABCG1, of which, one is highly conserved in the 

3
rd

 predicted TM domain, two are located in the last extracellular loop between 

the fifth and sixth TM domain, and the other thirteen are located in the N-terminal 

cytoplasmic region. 
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2.1. Materials 

Lipofectamine 2000 and Directional pCDNA3.1 TOPO vectors were 

obtained from Invitrogen. Culture medium and antibiotic G-418 sulfate were 

purchased from Thermo Scientific and bovine serum albumin (BSA) was 

purchased from Invitrogen. Complete EDTA-free protease inhibitors were 

purchased from Roche. Poly-D-lysine and fetal bovine serum (FBS) were 

purchased from Sigma. [
3
H]-cholesterol (54.2 Ci/mmol) was purchased from 

PerkinElmer (Waltham, MA). Polyclonal anti-ABCG1 antibodies were purchased 

from Novus Biologicals and Santa Cruz Biotechnology, Inc. Polyclonal anti-

Flotillin1 antibody (used at 1:1,000 dilution) and monoclonal anti-Caveolin1 

antibody (D46G3, used at 1:1,000 dilution) were purchased from Cell Signaling 

Inc. Polyclonal anti-Calnexin antibody (used at 1:10,000 dilution) was purchased 

from BD Biosciences, and monoclonal anti-Tansferrin receptor (Tfr) antibody 

(used at 1:5,000 dilution) was purchased from Abcam. Horseradish peroxidase 

(HRP)-conjugated second antibodies (HRP-goat anti-mouse or HRP-donkey anti-

rabbit IgG) were purchased from Sigma, and HRP-NeutrAvidin was purchased 

from Pierce. IRDye Secondary Antibodies (IRDye 800CW Goat anti-Rabbit IgG 

and IRDye 680 Goat anti-Mouse IgG) were purchased from Licor Biosciences. 

QuickChange Lightning Site-Directed Mutagenesis Kits were purchased from 

Agilent Technologies. Myc-DDK-tagged ORF clone of human apoA-I was 

purchased from Origene. ABCA1 cDNA was a gift from Dr. Matsuo (Kyoto 

University Graduate School of Agriculture, Kyoto, Japan). High-density 

lipoprotein purified from human plasma (pHDL) was purchased from EMD 

Millipore. Discoidal reconstituted HDL (rHDL) containing apoA-I and 1-

palmitoyl-2-linoleoyl phosphatidylcholine (Avanti Polar Lipids, Alabaster, AL) 

was prepared by the cholate dialysis method as described previously (249). EZ-

Link Sulfo-NHS-LC-Biotin and Streptavidin-agarose slurry were purchased from 

Thermo Scientific. PVDF (polyvinyl difluoride) membranes and nitrocellulose 

membranes were purchased from Thermo Scientific and GE Healthcare, 

respectively. 

https://licor.secure.force.com/catalog/LI_ProductDetailsPage?sku=926-32211&viewState=DetailView&store=bio&parentCategory=a0d60000000T9QMAA0&navigationStr=ListProduct&searchText=
https://licor.secure.force.com/catalog/LI_ProductDetailsPage?sku=926-32211&viewState=DetailView&store=bio&parentCategory=a0d60000000T9QMAA0&navigationStr=ListProduct&searchText=
https://licor.secure.force.com/catalog/LI_ProductDetailsPage?sku=926-68050&viewState=DetailView&store=bio&parentCategory=a0d60000000T9QMAA0&navigationStr=ListProduct&searchText=
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Antifade reagent was purchased from Vector Laboratories (Burlingame, 

CA). The ω-alkynyl-palmitate was synthesized as previously described (177), and 

ω-alkynyl-palmitate and azido-biotin were provided by Dr. Luc Berthiaume 

(University of Alberta, CA). Tris-(benzyltriazolylmethyl)amine (TBTA) was 

purchased from Sigma. Tris-carboxyethyl phosphine hydrochloride (TCEP-HCl) 

was purchased from Thermo Scientific. All other reagents were obtained from 

Fisher Scientific unless otherwise indicated.  

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

at the C terminus, and was purified from human embryonic kidney (HEK) 293S 

cells as described (250). 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.  

2.2. cDNA cloning of ABCG1 and site-directed mutagenesis 

Human ABCG1 cDNA cloned in this study was same as the reported 

canonical sequence (Gene Bank accession number: NM_004915.3) except that the 

first four amino acid residues (MACL) were missing. The ABCG1 cDNA was 

cloned into Directional pcDNA3.1 TOPO vector alone (pcDNA3.1-ABCG1) or 

together with myc tag at the C terminus (c-myc tagged ABCG1). The human 

ABCG2 cDNA was also cloned into Directional pcDNA3.1 TOPO vector. The 

mutations were generated using the QuickChange Lightning Site-Directed 

Mutagenesis Kits according to the manufacturer’s instructions. The template used 

was pcDNA3.1-ABCG1 or c-myc tagged ABCG1. Oligonucleotides bearing 

mismatched bases at the residue to be mutated were synthesized by IDT, Inc. 

(Coralville, IA) (see Appendix table1). The sample reactions were set up at 25 μl 

http://www.cellbiology.ualberta.ca/en/FacultyMembers/LucBerthiaume.aspx
http://www.cellbiology.ualberta.ca/en/FacultyMembers/LucBerthiaume.aspx
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volume, containing 2.5 l of 10× reaction buffer, 50 ng of dsDNA template, 125 

ng of oligonucleotide primer (forward), 125 ng of oligonucleotide primer 

(reverse), 0.5 μl of dNTP mix, 0.75 μl of QuikSolution reagent and 0.5 μl of 

QuikChange Lightning Enzyme. The reaction conditions are listed in table 2.1. 

The amplification reaction samples were then incubated with1 μl of Dpn I 

restriction enzyme at 37°C for 2 h. 1 μl of Dpn I treated DNA from each reaction 

sample was tranformed into 50 μl XL-Blue competent cells. DNA and competent 

cells were gently mixed and incubated on ice for 30min, and then cells were heat 

shocked at 42°C for 45 seconds, following with incubation on ice for 2 min. With 

the addition of 1 ml pre-warmed NZY
+
 broth, the tranformants were incubated at 

37°C for 1 hour with shaking at 225–250 rpm, and then selected on the agar plates 

containing antibiotic ampicillin (at 100μg/ml). The presence of the desired 

mutation and the integrity of each construct were verified by DNA sequencing 

(TAGC, Edmonton, Canada). The plasmids containing wild type (WT) or mutant 

ABCG1 used in the following experiments were ABCG1 without myc tag, unless 

otherwise indicated. 

2.3. 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 g/ml streptomycin. Cells were cultured under 37°C incubator with 5% 

CO2 and 95% humidity. 

To generate the stable cell lines, HEK 293 cells were transfected with 

pcDNA3.1 or plasmids containing wild type or mutant ABCG1, and then selected 

by antibiotic G418. Specifically, HEK 293 cells were seeded at 5×10
5
 cells/well 

in a 6-well plate on day 1. After 24 h, the cells were transfected with empty 

vector, or cDNA construct containing WT or mutant ABCG1 (3.2 g/well), using 

Lipofectamine 2000 (8 l/well). After 4h, the medium were replaced with fresh 

DMEM containing 10% FBS. After reaching to 95% confluence, cells were split 
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and selected with 1 mg/mL antibiotic G-418 for over two weeks until there was 

no living cell observed in control cells (HEK 293 cells alone). The living cells 

were then limit diluted and planted into 96-well plate with DMEM medium 

containing 1 mg/mL antibiotic G-418. Several subclones were then isolated, and 

the expression of ABCG1 was confirmed by western blot analysis with a rabbit 

polyclonal anti-ABCG1 antibody (Novus). Those subclones stably overexpressing 

WT or mutant ABCG1 were maintained in DMEM containing 10% (v/v) FBS and 

0.2 mg/mL G-418. 

2.4. Cholesterol efflux assay  

Cholesterol efflux assay was performed as described previously (60,151). 

For transient transfection, HEK 293 cells were seeded at 2.5×10
5
 cells/well in a 

12-well plate on day 1. After 24 h, the cells were transfected with plasmids 

expressing WT or mutant ABCG1 (1.6 g/well) using Lipofectamine 2000 (4 

l/well). For the cells stably overexpressing wild type or mutant ABCG1, cells 

were seeded at 2.5×10
5
 cells/well in a 12-well plate. After 48 h, the cells were 

directly labeled with [
3
H]-cholesterol (2 Ci/ml) for 16 h. At the end of the 

labeling, cells were washed three times in 1 ml of DMEM containing 0.02% BSA. 

Then, cells were incubated with different acceptor, 5 g/ml lipidated apoA-I, 

25 μg/ml pHDL or 25 μg/ml rHDL in DMEM containing 0.02% BSA, for 5 h. 

Eventually, the media were 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 Counting, 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. 

2.5. Immunofluorescence of ABCG1 

Confocal microscopy was carried out as described previously (251-253). 
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Approximately 5×10
5
 HEK 293 cells were seeded in each well of a 6-well tissue 

culture dish on coverslips pre-coated with poly-D-lysine. After 24 h, the cells 

were transfected with plasmids expressing WT or mutant ABCG1 as described 

previously. 48 h later, the cells were washed and fixed with 3% paraformaldehyde 

in phosphate buffered saline (PBS). Cells were permeabilized using methanol for 

20 min, and washed with a blocking solution of 1% BSA in PBS. Then cells were 

incubated overnight in a blocking solution containing an anti-ABCG1 polyclonal 

antibody, H-65 (used at 1:100 dilution). After washing with blocking solution for 

10 min, cells were incubated with Alexa Fluor 488 goat anti-rabbit IgG for 1 h, 

following with another 3 times washing with the blocking solution, 10 min for 

each. Coverslips were mounted on the slides with one drop of Antifade 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). 

2.6. Biotinylation of cell surface protein 

Biotin labeling of cell surface proteins were carried out exactly as 

previously described (250,253). 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 ABCG1, cells were seeded at 5×10
5
 cells/well in a 6-well plate. After 48 

h, 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, cells 

were incubated with 0.5 mg/ml EZ-Link Sulfo-NHS-LC-Biotin in amine free PBS 

buffer, gently rocking at 4°C for 30min. Cells were then washed with cold PBS 

buffer for twice, and the reaction was terminated by blocking with cold PBS 

containing 100 mM glycine for 20 min at room temperature (RT). After 3 times 

washing with PBS, cells were lysed in 200 l of lysis buffer B (1% triton, 150 
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mM NaCl, 50 mM Tris-HCl, pH 7.4). A total of 45 l of the cell lysate was saved 

and 150 l of the lysate was added to 60 l of 50% slurry of Streptavidin-agarose 

(Thermo Scientific) and another 200 l of lysis buffer B. The mixture was rotated 

overnight at 4°C. After centrifugation at 7000 rpm for 5 min, the pellets were 

washed three times with lysis buffer B by centrifugation at 7000 rpm for 5 min 

and the cell surface proteins were eluted from the beads by adding 60 l 2× SDS 

loading buffer (62 mM Tris-HCl, pH 6.8, 2% SDS, 50% glycerol, 0.005% 

bromophenol). A 15 l 4× SDS loading buffer was added to the saved 45 l cell 

lysate, and both cell lysate and cell surface proteins were incubated for 5 min at 

95°C. Proteins were then subjected to SDS/PAGE (8%) and analyzed by 

immunoblotting with a rabbit anti-ABCG1 polyclonal antibody (H-65, Santa 

Cruz) and a mouse anti-Calnexin polyclonal antibody (BD Biosciences). 

2.7. Preparation of membrane vesicles from stable cell lines 

Membrane vesicles were generated through nitrogen cavitation as 

described previously (254) with minor modifications. HEK 293 cells stably 

overexpressing WT or mutant ABCG1were harvested in membrane buffer (250 

mM sucrose, 50 mM Tris-HCl, pH 7.4). Cell pellets were stored at -80°C in 

membrane buffer containing 1× proteinase inhibitors. Cell pellets were thawed 

under hot water, followed with addition of EDTA to a final concentration of 0.5 

mM. Cells 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 layered over 35% (w/v) sucrose in 20 mM Tris-HCl, 0.5 mM EDTA and 

then centrifuged at 25000 rpm for 2 h (Beckman, Sw32 Ti). The white interface 

(~7ml) was collected and washed once with diluted membrane buffer (4ml 

membrane buffer and 16ml ddH2O) through another centrifugation at 25000 

rpm for 1 h. The membrane pellets were resuspended in membrane buffer 

containing 1× proteinase inhibitors and the samples were further passed through a 

27-gauge needle for 10 strokes to generate membrane enriched vesicles. The 

protein concentrations of these membrane vesicles were determined using the 
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BCA assay (Pierce). The membrane rich vesicles were aliquoted and temporarily 

stored at 80°C for future studies. 

2.8. Protein distribution in sucrose gradient   

Sucrose gradient was performed on discontinuous 4~45% sucrose 

following the previous report (157,255) with modifications. 500 g of membrane 

enriched vesicles generated from HEK 293 cells stably overexpressing WT or 

mutant ABCG1 were solubilized in 1 ml of lysis buffer B containing 1× 

proteinase inhibitors  and 10 mM dithiothreitol (DTT) on ice for 30min. The 1 ml 

whole cell lysate mixed with 3 ml 60% sucrose in MBS buffer (150 mM NaCl, 50 

mM Hepes, pH 7.4) were loaded at the bottom of ultracentrifuge tubes. On the top 

was a 5–35% discontinuous sucrose gradient (4 ml of 5% sucrose / 4 ml of 35% 

sucrose, both in MBS buffer). The samples were centrifuged at 35000 rpm in a 

SW41 rotor (Beckman Instruments, Palo Alto, CA) for 18 h. The fractions were 

collected at 1 ml per fraction from the top and all fractions were precipitated with 

200 l 100% (m/v) trichloroacetic acid (TCA) overnight at 4 °C. After centrifuge 

at 14000 rpm for 10 min, the pellets were washed twice with cold acetone and 

dried at 85°C for 30 min. The dried pellets were dissolved in 60 l 9 M urea. With 

the addition of 20 l 4× SDS loading buffer, the samples were heated at 85°C for 

10min before subjecting to SDS-PAGE and immunoblotting. 

2.9. Gel filtration of ABCG1  

Gel filtration chromatography was performed on an AKTA explorer 

system (GE Healthcare) with a Superdex-200 10/300 column. ~800 g of PM 

vesicles generated as previously described were solubilized in 500 l of lysis 

buffer B containing 1× 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 TCA overnight at 4°C. The samples were 
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centrifuged for 10 min at 15,000 rpm. The pellets were then washed twice with 

cold acetone and dried at 85°C for 30 min. The dried pellets were dissolved in 60 

l 9 M urea. With the addition of 20 l 4× SDS loading buffer, samples were 

subjected to SDS-PAGE and immunoblotting. The retention time of ABCG1 was 

determined by SDS/PAGE and immunoblotting of the collected fractions. Gel 

filtration protein markers including ferritin (440 kDa), aldolase (158 kDa), 

conalbumin (75 kDa), ovalbumin (44 kDa), and carbonic anhydrase (29 kDa) (GE 

Healthcare) were separated under the same condition and observed using a UV 

detector. 

2.10. Palmitoylation assay 

The palmitoylation of ABCG1 was detected by labeling cells 

overexpressing WT and mutant ABCG1 with ω-alkynyl-palmitate and followed 

by the click chemistry reaction as previously described (177,256) with minor 

modifications.  

2.10.1. Metabolic labeling of cells with ω-alkynyl-palmitate 

HEK 293 cells transiently or stably expressing V5 tagged ABCG2, myc 

tagged WT or mutant ABCG1, were plated in 10 cm cell culture dishes. Prior to 

this labeling, cells were deprived of fatty acids by incubation in DMEM 

supplemented with 5% dextran-coated charcoal-treated FBS for 1 h. The ω-

alkynyl-palmitate was dissolved in DMSO to generate 100 mM stock solutions. 

To facilitate cellular uptake, ω-alkynyl-palmitate was first saponified by 

incubation with a 20% molar excess of potassium hydroxide (KOH) at 65°C for 

15 min and then conjugated with BSA. The saponified fatty acids were then 

dissolved in pre-warmed (at 37°C) serum-free DMEM medium containing 20% 

fatty acid-free BSA. The mixture was incubated at 37°C for an additional 15 min. 

For each 10 cm dish, a 20× labeling solution was prepared where 4 μl of 100 mM 

ω-alkynyl-palmitate was saponified by 4 μl 120 mM KOH and conjugated with 

200 μl DMEM containing 20% fatty acid-free BSA. After deprivation of fatty 
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acids, cells were washed with pre-warmed PBS buffer and incubated in fresh 3.8 

ml DMEM with a 200 µl supplement of the 20× fatty acid-BSA conjugate in 

serum-free media for each dish, so that the final concentration of BSA was 1%. 

Cells were incubated for 4 h, at 37°C in a 5% CO2 humidified incubator.  

When charactering the palmitoylation of ABCG1, HEK 293 cells 

transiently expressing V5 tagged ABCG2 or myc tagged WT ABCG1 were also 

labeled with palmitate. The labeling process and the following click chemistry 

reaction were performed exactly the same as when cells were labeled with ω-

alkynyl-palmitate.  

2.10.2. Detection of ω-alkynyl-palmitate labeled ABCG1 using click 

chemistry reaction 

After labeling, cells were washed three times with ice-cold PBS and lysed 

in the lysis buffer B containing 1× Complete EDTA-free protease inhibitors, for 

30 min on ice. The whole cell lysates were prepared and ABCG1 was 

immunoprecipitated with anti-c-myc antibody (9E10) conjugated beads for 

overnight at 4°C. Immunoprecipitated ABCG1 (as described above) were washed 

three times with lysis buffer B, and then adjusted to lysis buffer D (0.1% SDS, 

150 mM NaCl, 50 mM Hepes, pH 7.4, 2 mM MgCl2), containing 100 μM TBTA, 

1 mM CuSO4, 1 mM TCEP, and 100 μM azido-biotin. The beads were incubated 

under the above click reaction buffer at 37°C water bath in darkness for 30 min. 

Reactions were stopped by the addition of 10 volume of ice-cold lysis buffer D 

and washed for three times by centrifugation at 7000 rpm for 3 min. Precipitated 

proteins were eluted from the beads by addition of 1× SDS-PAGE sample buffer 

containing 20 mM DTT. Samples were heated at 95°C for 5 min, and then 

analyzed by SDS-PAGE and immunoblotting.  

2.10.3. Potassium hydroxide treatment of PVDF membranes 
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Samples were subjected to SDS-PAGE in duplicate and then transferred to 

PVDF membranes by electrophoresis. For alkaline treatment of membrane, the 

membrane were rinsed briefly in pure methanol after transfer, and then cut into 

halves. One half was soaked in 50 ml of 0.1 M KOH in methanol [H2O: methanol 

1:9 (v/v)], and the other half was soaked in 50 ml 0.1 M Tris-HCl pH 7.0 in 

methanol [H2O: methanol 1:9 (v/v)] (Tris buffer) at RT for 45 min with gentle 

shaking. Treated membranes were then briefly rinsed in pure methanol, followed 

by 6 washes with 1× PBS and 1× PBST (1×PBS buffer containing 1% Tween-20) 

before probing with HRP-NeutrAvidin, followed by enhanced chemiluminescence 

detection (ECL). 

2.11. SDS-PAGE and immunoblot analysis of ABCG1 

For cholesterol efflux, the cells overexpressing WT or mutant ABCG1 

were collected and lysed in the lysis buffer B, containing 1× complete EDTA-free 

protease inhibitors for 30 min. The whole cell lysates were 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).  

For sucrose gradient and gel filtration, fractions were dissolved in 9 M 

urea and separated by either 8%, 8% ~12%, or commercial 4%~16% SDS-PAGE. 

After electrophoresis, membranes were analyzed by immunoblotting with a rabbit 

anti-ABCG1 polyclonal antibody (H-65, Santa Cruz), a rabbit anti-Caveolin1 

monoclonal antibody, a mouse anti-Tfr monoclonal antibody and a rabbit anti-

Flotillin1 polyclonal antibody, 

For palmitoylation, samples were heated and centrifuged at 15000 rpm for 

5 min before loading to 8% SDS-PAGE. After electrophoresis, PVDF membranes 

were rinsed thoroughly and then blocked overnight in 5% non-fat milk/TBST to 

reduce the background. After 4 times wash with PBST buffer (5 min for each), 

membranes were probed with HRP-NeutrAvidin (at 1:10,000 dilution) in 5% 
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BSA/TBS-T for 4 h, following with another 3 times washing with PBST before 

ECL, to assess the palmitoylation signal. The same membranes were stripped off 

the palmitoylation signal with stripping buffer (RT, shaking for 4 h) and reblotted 

with 9E10 antibody for protein expression.  

For biotinylation, both whole cell lysates and the pellets were subjected to 

8% SDS-PAGE and transferred to nitrocellulose membranes (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 

blocked with HRP-conjugated goat anti-mouse or donkey anti-rabbit IgG (Sigma), 

followed by ECL and then exposed to Kodak BioMax MR films. Or membranes 

were probed with IRDye Secondary Antibodies (IRDye 800CW Goat anti-Rabbit 

IgG and IRDye 680 Goat anti-Mouse IgG), followed by near-infrared 

fluorescence detection in Licor, the Odyssey infrared imaging system. For 

quantification study in the gel filtration experiment, the latter fluorescence 

detection was applied and analyzed with the Odyssey infrared imaging software. 

While for palmitoylation assay, chemiluminescence detection (Pierce) was used 

and signals were exposed to Kodak BioMax MR films.  

Table 2.1. QuikChange amplification reaction conditions  

Steps Cycles Temperature time 

1 1 95°C 2 minutes 

2 18 95°C 30 seconds 

60°C 10 seconds 

68°C 270 seconds 

3 1 68°C 10 minutes 

 

https://licor.secure.force.com/catalog/LI_ProductDetailsPage?sku=926-32211&viewState=DetailView&store=bio&parentCategory=a0d60000000T9QMAA0&navigationStr=ListProduct&searchText=
https://licor.secure.force.com/catalog/LI_ProductDetailsPage?sku=926-32211&viewState=DetailView&store=bio&parentCategory=a0d60000000T9QMAA0&navigationStr=ListProduct&searchText=
https://licor.secure.force.com/catalog/LI_ProductDetailsPage?sku=926-68050&viewState=DetailView&store=bio&parentCategory=a0d60000000T9QMAA0&navigationStr=ListProduct&searchText=
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3.1. Introduction 

ABCG1 is ubiquitously expressed with relatively high expression levels in 

macrophages and ECs, and can be up-regulated by LXR agonists (131,132,142) 

and cholesterol loading (75,129), but suppressed by lipid efflux (257). ABCG1 

can mediate the efflux of cellular cholesterol to HDL or to lipidated apoA-I but 

not to lipid-free apoA-I (60,129,131,143,151,258).  

The precise role of macrophage ABCG1 in the protection against the 

development of atherosclerosis remains uncertain. Conflicting results have been 

reported from three independent groups (164-166). However, over-expression of 

ABCG1 in macrophages significantly increases macrophage RCT in vivo, 

whereas knockdown or knockout of ABCG1 in macrophages markedly decreases 

macrophage RCT in vivo (163). Mice lacking ABCG1 also accumulate lipids in 

macrophages and hepatocytes fed a high-fat and high-cholesterol diet (125), and 

develop atherosclerotic lesions when fed an atherogenic diet (259). Recently, it 

has been reported that mice with vascular ABCG1 deficiency showed increased 

atherosclerotic lesion areas (156). Moreover, ABCG1 and ABCA1 have been 

shown to promote cellular cholesterol efflux synergistically (144,145). Knockout 

of both ABCA1 and ABCG1 in mice leads to dramatic foam cell formation and 

acceleration of atherosclerosis (168-170). On the other hand, transgenic mice 

over-expressing the human ABCG1 gene are protected against dietary fat-induced 

lipid accumulation in the liver and lung (125). ABCG1-mediated cholesterol 

translocation also plays an important role in protection against endothelial 

dysfunction (152,157), interaction of monocytes with ECs (155), and regulation of 

insulin secretion (148,160). Most recently, Yvan-Charvet et al. demonstrated that 

ABCG1 together with ABCA1 could inhibit hematopoietic stem cell proliferation 

(161). Therefore, ABCG1-mediated cholesterol efflux plays various important 

physiological roles. However, how ABCG1 mediates cholesterol efflux onto 

lipidated lipoprotein particles is unclear.  
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ABCG1 belongs to the “G” branch of the ABC transporter superfamily. 

As mentioned previously (Fig. 1.3), the predicted topologies of the “G” subfamily 

of ABC transporters all contain one single hydrophilic NBD at the NH2-terminus 

and one hydrophobic TMD consisting of 6 putative TM -helices at the COOH-

terminus. ABCG1 functions as a homo-dimer to mediate cholesterol efflux onto 

lipidated apoA-I (134). Studies in other ABC transporters have demonstrated that 

the TM -helices are involved in substrate recognition, binding, and translocation 

(260-266). The crystal structure of p-glycoprotein revealed that the substrate-

binding site is formed by TM helices (267). Since there are no available crystal 

structures for the “G” half transporter subfamily, site-directed mutagenesis has 

been widely used to identify amino acid residues important for transporter 

function. For example, mutational studies of ABCG2 have demonstrated that 

polar residues located in TMs 1 and 6 of ABCG2 are involved in conferring drug 

resistance (264,265). However, no such study has been done in ABCG1. We 

noticed that the TMD of ABCG1 contains a single Cys at position 514 (Cys514) 

within the putative TM 3. This Cys residue is completely conserved among 

various species except for Drosophila (the White protein) (Fig. 3.1). However, the 

white protein in drosophila transports precursors of eye pigments, such as guanine 

and tryptophan, in the eye cells of the fly (268). The mammalian ABCG1 protein 

is involved in cholesterol transport. Studies in other TM proteins have 

demonstrated that Cys residues located in TMs play a critical role in protein 

functions (269-277). To evaluate the role of Cys514 in ABCG1 function, we 

replaced this residue with alanine (Ala), threonine (Thr), and serine (Ser). These 

mutant proteins were then expressed in human embryonic kidney (HEK 293) 

cells, and the transfectants were characterized with respect to their ability to efflux 

cholesterol. We found that mutation of Cys514 to Ala, Thr, or Ser virtually 

abolished the efflux of cholesterol onto lipidated apoA-I. The findings identify 

Cys514 in ABCG1 as a critical component for mediating cholesterol efflux. 

3.2. Materials and methods (see Chapter 2)  
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3.3. Results 

3.3.1. Characterization of ABCG1 in HEK 293 cells 

ABCG1 mediates cholesterol efflux onto lipidated lipoprotein particles 

and plays an important role in RCT, yet exactly how this occurs is unclear. To 

elucidate the underlying mechanism, we cloned human ABCG1 cDNA from 

HepG2 cells and performed the efflux assay. As shown in Figure 3.2A, when 

compared to cells transfected with empty vectors, HEK 293 cells transiently 

overexpressing ABCG1 significantly increased the efflux of cholesterol onto 

reconstituted HDL (rHDL), HDL purified from human plasma (pHDL), and 

lipidated apoA-I purified from HEK 293S cells stably expressing tagged human 

apoA-I. To further characterize ABCG1 function, we examined the efflux of 

cholesterol from ABCG1 or ABCA1 overexpressed cells onto different acceptors. 

ABCA1 was well expressed in transiently transfected HEK 293 cells (Fig. 3.2E). 

As shown in Figure 3.2D, ABCA1-mediated cholesterol efflux onto apoA-I, but 

not onto either lipidated apoA-I or rHDL. On the other hand, ABCG1-mediated 

cholesterol efflux onto lipidated apoA-I and rHDL, but not onto apoA-I (Fig. 

3.2D). These findings are consistent with previous reports (100,151,278-280). 

Furthermore, the conserved lysine residue located in the Walker A motif of the 

NBD of ABCG1 was mutated to methionine (K120M). The protein levels of WT 

and mutant ABCG1 were comparable in transiently transfected HEK 293 cells 

(Fig. 3.2C). Mutation K120M virtually eliminated ABCG1-mediated cholesterol 

efflux onto lipidated apoA-I (Fig. 3.2B), a finding that is consistent with previous 

reports (151). Thus, ABCG1 cloned from HepG2 cells can efficiently mediate 

cholesterol efflux onto lipidated apoA-I. 

3.3.2. Effect of mutations of Cys at position 514 in ABCG1 on 

cholesterol efflux 

Next, we focused on structure and function studies of ABCG1. Amino 

acid residues located in TMDs of ABCG2 have been demonstrated to play an 
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important role in ABCG2-mediated drug resistance (264,265). We noticed that 

there is a single highly conserved Cys (Cys514) located in the putative TM 3 of 

ABCG1 (Fig. 3.1). TM Cys residues play a crucial role in protein functions (271-

277). Thus, we mutated Cys514 in ABCG1 to alanine (C514A) to assess the role 

of this residue in ABCG1 function. The WT and mutant ABCG1 were transiently 

expressed in HEK 293 cells. The levels of mutant ABCG1 were comparable to 

that of WT ABCG1 (Fig. 3.3A, lanes 2 and 3). A cholesterol efflux assay was 

then performed to examine the effect of C514A on ABCG1-mediated cholesterol 

efflux. As shown in Fig. 3B, the mutation of Cys514 to Ala (C514A) dramatically 

decreased the efflux of cholesterol onto lipidated apoA-I.  

To further confirm the effect of C514A on ABCG1 function, we made 

several HEK 293 stable cell lines. The pcDNA3.1 vector containing WT or 

mutated forms of full-length ABCG1 cDNAs was used to stably transfect HEK 

293 cells. From the initial populations of transfectants, we isolated two 

subpopulations of mutant C514A by limiting cell dilution. Protein levels of one 

subpopulation of mutant C514 (C514A-1) were approximately equivalent to the 

levels of WT ABCG1 (Fig. 3.3C, lanes 2 and 3), which was used in the 

subsequent gel filtration experiment. The expression levels of C514 in another 

subpopulation (C514A-2) were higher than that of WT ABCG1 (Fig. 3.3C, lanes 

2 and 4). Both subpopulations did not show any significant increase in cholesterol 

efflux onto lipidated apoA-I when compared with HEK 293 cells stably 

transfected with empty pcDNA3.1 (Fig. 3.3D). These findings demonstrated that 

Cys514 plays an important role in ABCG1-mediated cholesterol efflux onto 

lipidated apoA-I.  

To investigate the requirement of the side chain of the amino acid residue 

at position 514, Cys514 was further mutated to Thr (C514T) and Ser (C514S). 

HEK 293 cells were transiently transfected with pCDNA3.1 vector containing 

WT or mutated forms of full-length ABCG1 cDNAs. The expression levels of 

WT and mutant ABCG1 were comparable (Fig. 3.4A). Mutations C514T and 
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C514S, like C514A, essentially abolished ABCG1-mediated cholesterol efflux 

onto the acceptor (Fig. 3.4B). These results demonstrate the specific requirement 

of the thiol group on the side chain of Cys at position 514 for ABCG1-mediated 

cholesterol efflux. 

3.3.3. Effect of mutation C514A on ABCG1 trafficking 

We next investigated how mutation C514A affected ABCG1 function. 

Mutation C514A appeared not to affect the stability of ABCG1 because the 

expression levels of C514A were comparable to that of WT ABCG1 in HEK 293 

cells transiently or stably overexpressing ABCG1 proteins (Figs. 3.3A, 3.3C, and 

3.4A). It is believed that ABCG1-mediated cholesterol efflux mainly occurs at the 

cell surface. The transporter redistributes cholesterol to a cell surface pool, from 

where cholesterol is then picked up by lipidated lipoprotein particles (143). To 

determine if the effect of C514A on cholesterol efflux might be attributable in part 

to changes in trafficking of ABCG1, we examined the localization of C514A as 

well as WT ABCG1 by confocal microscopy. As shown in Fig. 3.5A, cells 

expressing the mutant protein showed a staining pattern comparable with that of 

cells expressing WT ABCG1, indicating that the trafficking of the mutant protein 

was unaffected significantly. 

To further confirm this finding, we monitored the cell surface amount of 

WT and mutant ABCG1 via labeling the cells with biotin. The cell surface 

proteins were precipitated using Streptavidin-agarose beads and then 

immunoblotted for the ABCG1. The amount of cell surface ABCG1 in cells 

expressing the WT or mutant protein was comparable (Fig. 3.5B, lanes 4 and 6). 

Taken together, our findings demonstrate that substitution of Cys514 with Ala 

does not affect trafficking of ABCG1 to the cell surface. 

3.3.4. Effect of C514A on ABCG1 dimerization 
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ABCG1 is a half ABC transporter. Previous studies using chemical 

crosslinkers and co-immunoprecipitation have demonstrated that ABCG1 can 

form homo-dimers (134,151). Gel-filtration is a valid approach to give useful 

estimates of the molecular weights of proteins in solution and has been 

successfully used to characterize oligomerization of ABCG2 (281). Thus, we 

employed this technique to assess the native molecular size of ABCG1 in 

solution. To isolate enough PM enriched fraction for the gel filtration experiment, 

large quantities of cells were needed. Thus, we used HEK 293 cells stably 

overexpressing WT or mutant ABCG1 instead of cells transiently transfected with 

ABCG1 that were used in other experiments. PM enriched fractions isolated from 

HEK 293 cells expressing WT or mutant ABCG1 (~800 µg total proteins) were 

extracted in 500 µl of lysis buffer B containing 10 mM DTT. The extracts were 

fractionated by gel filtration chromatography on a Superdex 200 column, and 

fractions were analyzed by Western blotting with antibodies to ABCG1 and 

transferring receptor (Fig. 3.6). As shown in Figure 3.6A, the majority of WT 

ABCG1 (~75 kDa for a monomer) eluted in fractions 16 and 17 (retention 

volumes 8.0-8.5 ml) with an estimated molecular mass of 160 kDa, indicating that 

it was present predominantly as a dimer. We next performed chromatography of 

C514A on the same Superdex 200 column to investigate if the replacement of 

Cys514 with Ala disrupted the dimerization of ABCG1. The elution pattern of 

mutant ABCG1 was essentially identical as that of the WT protein. The majority 

of mutant ABCG1 protein also eluted as dimers in fractions 16 and 17 (retention 

volumes 8.0-8.5 ml) (Fig. 3.6 A and B). As a control, the elution patterns of Tfr, a 

well-studied membrane protein, extracted from cells transfected with control, WT 

ABCG1, or C514A were essentially the same, mainly eluted in fractions 20-25 

(retention volumes 10-12 ml) (Fig 3.6C and 3.6D). The same experiment was also 

performed in the absence of DTT. Both WT ABCG1 and mutant C514A also 

mainly eluted in fractions 16 and 17 (Fig. 3.7B). Tfr mainly eluted in fractions 20-

25 (Fig. 3.7A). There was no detectable ABCG1 signal in fractions 1-13 in the 

presence (data not shown) or absence of DTT (Fig. 3.7C). Therefore, mutation 

C514A does not affect dimerization of the half transporter.   
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3.4. Discussion 

The major finding of this paper is that Cys514, located in the third putative 

TM -helix of ABCG1, plays an important role in ABCG1-mediated cholesterol 

efflux. Substitution of Cys514 with Ala virtually eliminated the efflux of 

cholesterol onto lipidated apoA-I mediated by ABCG1. Replacement of Cys514 

with a more conserved amino acid residue, Thr or Ser, also significantly 

decreased ABCG1-mediated cholesterol efflux. These findings demonstrate the 

specific requirement of the thiol group at position 514 within TM 3 of ABCG1 for 

the efficient efflux of cholesterol onto lipidated apoA-I.  

Cys514 is conserved in human, mouse, rat, cow, chicken, turkey, dog, 

horse, chimp, fish (tilapia and zebrafish), and leishmania (Fig. 3.1). Since there 

are no available crystal structures for ABCG transporters, how Cys514 contributes 

to ACBG1 function is unclear. TM Cys residues play a role in protein trafficking 

and oligomerization. For instance, Cys residues in the TMDs of the 

Na(+)/dicarboxylate co-transporter (NaDC-1) is important for protein stability and 

trafficking to the PM (274). Removal of Cys residues in NaDC-1 led to very low 

total protein and cell surface protein expression. In the present study, we observed 

that the total protein levels of C514A in both transiently and stably transfected 

cells were comparable to that of WT ABCG1 (Figs. 3.3 and 3.4). Furthermore, the 

data from the biotinylation experiment and confocal microscopy clearly showed 

that the mutant half transporter trafficked to the PM as efficiently as the WT 

protein. Thus, simply replacing the Cys514 residue with Ala did not alter protein 

stability and trafficking, strongly suggesting that the mutations did not result in a 

major perturbation of the structure of the protein.  

Studies in phospholamban demonstrated that the steric properties of three 

Cys residues located in the C-terminal TM domain are required for pentamer 

formation and stability (282,283). The Cys residue in the TM domain of 

synaptobrevin is also important for homo-dimerization of the synaptic vesicle 

protein (275,284). Mutation of Cys103 in synaptobrevin to Ala significantly 
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reduced homo-dimer formation (284). We observed that ABCG1 formed dimers 

in solution (Fig. 3.6A), consistent with previous results obtained from studies 

using chemical crosslinkers and co-immunoprecipitation (134,151). When the 

same experiment was carried out for C514A, we found that the elution patterns of 

mutant ABCG1 were the same as that of WT ABCG1. Thus, unlike 

phospholamban and synaptobrevin, mutation of Cys514 in ABCG1 does not 

appear to affect cholesterol transport through interrupting protein dimerization.  

Crystal structure along with biochemical studies of Escherichia coli 

lactose permease, a 12 TM helix transporter, have revealed that Cys at position 

148 within the fifth TM -helix is located in the vicinity of a substrate-binding 

site and probably interacts with the hydrophobic face of galactosyl moiety 

(285,286). In addition, Cys144 in the third TM domain of creatine transporters is 

highly conserved and located in a substrate-binding site (287). Thus, it is possible 

that Cys514 within TM 3 of ABCG1 is located in or near a substrate-binding site 

and directly involved in substrate binding and/or translocation. However, in the 

creatine transporters, mutation of Cys144 to Ala essentially eliminated protein 

activity while replacement of Cys144 with the more conserved residue Ser had no 

significant effect. In the present studies, we observed that replacement of Cys514 

with Ala, Ser, or Thr, all significantly impeded ABCG1-mediated cholesterol 

efflux. Thus, unlike the creatine transporters, ABCG1 specifically requires the 

sulfhydryl group at position 514 within TM 3 for its cholesterol transport 

function. It has been reported that the sulfhydryl group of Cys within TM regions 

tends to hydrogen bond to backbone carbonyl oxygens at position i-4 of the helix 

in the bilayer (288). Thus, the sulfhydryl group of Cys514 may not directly 

interact with substrates. Instead it appears to contribute to the establishment 

and/or stabilization of the substrate binding pocket in ABCG1 through hydrogen 

bonding to the i-4 carbonyl oxygen. Further studies will be required to determine 

this possibility.  

To the best of our knowledge, this is the first report concerning the 
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identification of an amino acid residue that is critical for ABCG1-mediated 

cholesterol efflux. However, the detailed mechanism by which the thiol group, at 

position 514 within the putative TM 3 of ABCG1, contributes to the protein 

function is unclear. Further studies will be required to determine the underlying 

mechanism(s). 
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Figure 3.1. Sequence alignment of TM 3 for 13 orthologs of ABCG1. 

The sequence alignment was performed using ClustalW2, a multiple sequence 

alignment program for DNA or proteins. # indicated the highly conserved Cys 

residue in TM 3 of ABCG1. 
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Figure 3.2. Efflux of cholesterol onto different acceptors. 
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Figure 3.2. Efflux of cholesterol onto different acceptors. Panels A and 

B: Efflux of ABCG1-mediated cholesterol onto various acceptors was carried out 

as described. HEK 293 cells were transiently transfected with empty vector (V) or 

plasmid containing WT or mutant ABCG1 (K120M) cDNA and labeled with 

[
3
H]-cholesterol. After washing, the cells were incubated with reconstituted HDL 

(rHDL), HDL purified from human plasma (pHDL) or lipidated apoA-I. The 

radioactive content of the media and cells was measured separately by 

scintillation counting. Sterol transfer was expressed as the percentage of the 

radioactivity released from the cells into the media relative to the total 

radioactivity in the cells plus media. Data were analyzed with GraphPad Prism 

software and significance was defined as p<0.05. Panel C: Expression of WT and 

mutant ABCG1 in HEK 293 cells transiently overexpressing WT and mutant 

ABCG1. Whole cell lysates were made from HEK 293 cells transiently 

transfected with empty vectors (V) or vectors containing WT or mutant ABCG1 

(K120M) cDNA and subjected to SDS-PAGE and immunoblotting. Blots were 

probed with a polyclonal anti-ABCG1 antibody and a polyclonal anti-Calnexin 

antibody. Panel D: ABCG1- and ABCA1-mediated cholesterol onto various 

acceptors. The experiment was carried out as described in Fig. 3.2A.  The cells 

tested transiently overexpressed ABCG1 (G1) or ABCA1 (A1). Panel E: 

Expression of ABCA1 in HEK 293 cells. The experiment was carried out as 

described in Fig. 3.2C except that the cells transiently overexpressed ABCA1 and 

that the blots were probed with a monoclonal anti-ABCA1 antibody. *: p<0.05; 

**: p<0.01. Values are mean ± S.D. of ≥3 independent experiments. 
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Figure 3.3. Effect of mutation C514A on ABCG1-mediated cholesterol 

efflux. Panel A: Expression of ABCG1 in HEK 293 cells transiently 

overexpressing WT and mutant ABCG1 was determined as described in Fig.2C. 

Panel B: Cholesterol efflux onto lipidated apoA-I was carried out as described in 

Fig. 3.2A. Panel C: Expression of ABCG1 in HEK 293 cells stably 

overexpressing ABCG1 protein. The ABCG1 expression levels were examined as 

described in Fig. 3.2C. Panel D: Cholesterol efflux onto lipidated apoA-I. The 

experiment was performed as described in Fig. 3.2A except that the cells stably 

overexpressed the WT or mutant ABCG1 (C514A). V, control: empty vector; 

WT: wild type ABCG1; C514; mutant ABCG1, in which Cys514
 
was mutated to 

Ala. *: p<0.05; **: p<0.01. Values are mean ± S.D. of ≥3 independent 

experiments. 
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Figure 3.4. Effect of mutations at Cys514 on ABCG1-mediated 

cholesterol efflux. Panel A: Expression of WT and mutant ABCG1 in HEK 293 

cells transiently overexpressing ABCG1 protein. Protein levels were determined 

as described in Fig. 3.2C. V:  control; WT: wild type ABCG1; C514A, C514T, or 

C514S: mutant ABCG1, in which Cys514
 
was mutated to Ala, Thr, or Ser, 

respectively. Panel B: Cholesterol efflux onto lipidated apoA-I was carried out as 

described in Fig. 3.2A. *: p<0.05; **: p<0.01. Values are mean ± S.D. of ≥3 

independent experiments. 
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Figure 3.5. Trafficking of WT and mutant ABCG1 in HEK 293 cells. 

Panel A: The subcellular localization of WT and mutant ABCG1 was determined 

by confocal microscopy as described. ABCG1 was detected using polyclonal anti-

ABCG1 antibody (H-65). Location of ABCG1 was indicated in green. Nuclei 

were stained with DAPI and were shown in red. Transfectants expressed empty 

vector (control), WT or mutant ABCG1 (C514A) were indicated in the figure. An 

x-y optical section of the cells illustrates the distribution of the WT and mutant 

proteins between the plasma and intracellular membranes. Panel B: HEK 293 

cells transiently expressing WT or mutant ABCG1 were biotinylated exactly as 

described. Biotinylated cell surface proteins (indicated as pellet) were pulled 

down by Streptavidin-agarose slurry from the whole cell lysate. Both pellets and 

the whole cell lysate were subjected to SDS/PAGE and immunoblotting. ABCG1 

was detected using a polyclonal anti-ABCG1 antibody and Calnexin was detected 

with a polyclonal antibody. Similar results were obtained in two independent 

experiments. 
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Figure 3.6. Gel filtration of WT and mutant ABCG1 with DTT. 800 

g of PM enriched fraction isolated from HEK 293 cells stably expressing WT or 

mutant ABCG1 were solubilized in 500 l of lysis buffer B containing 1× 

proteinase inhibitor and 10 mM DTT. The lysates were centrifuged for 15 min at 

14,000 rpm to clear insoluble materials. The supernatant was loaded onto a 

Superdex 200 10/300 GL column equilibrated with 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 twice with cold acetone and dried. The dried pellets were 

dissolved in 9 M urea and subjected to SDS-PAGE and immunoblotting. The 

retention time of ABCG1 was determined by SDS/PAGE and immunoblotting of 

the collected fractions. Panels A and C:  Gel filtration fractions were blotted with 

a polyclonal anti-ABCG1 (Panel A) and a monoclonal anti-Tfr antibody (Panel 

C), respectively. The elution positions of the following protein standards are 

shown: aldolase (158 kDa) and conalbumin (75 kDa). Similar results were 

obtained in two independent experiments. Panels B and D: Densitometry of 

ABCG1 (panel B) and Tfr (panel D) in each fraction. The proteins were 

quantified by measuring the intensity of the Western blot using Licor software 

and plotted against fraction numbers. 



- 56 - 

 

 

Figure 3.7. Gel filtration of WT and mutant ABCG1 without DTT. 

800 g of PM enriched fraction isolated from HEK 293 cells stably expressing 

WT or mutant ABCG1 were solubilized in 500 µl of lysis buffer B containing 1× 

proteinase inhibitor without DTT. The lysates were centrifuged for 15 min at 

14,000 rpm to clear insoluble materials. The supernatant was loaded onto a 

Superdex 200 10/300 GL column equilibrated with 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 twice with cold acetone and dried. The dried pellets were 

dissolved in 9 M urea and subjected to SDSPAGE and immunoblotting.  The 

retention time of ABCG1 was determined by SDS/PAGE and immunoblotting of 

the collected fractions. Panel A: Gel filtration fractions were blotted with a 

monoclonal anti-Tfr antibody. Panels B and C: Gel filtration fractions were 

blotted with a polyclonal anti-ABCG1 antibody (H-65, Santa Cruz). Extracts of 

WT ABCG1-overexpressed PM fractions (wt-G1) were used as a positive control 

in panel C. 
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Palmitoylation of ABCG1 is required for ABCG1-mediated 

cholesterol efflux 
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4.1. Introduction 

ABCG1 is ubiquitously expressed with relatively high levels in 

macrophages and ECs (131). It works sequentially with ABCA1 (144) and plays 

an important role in regulating cell and body sterol homeostasis (125). ABCG1 

can mediate cholesterol efflux onto lipidated lipoproteins like HDL (143), thereby 

preventing the formation of foam cells, key cells in the initiation and progression 

of atherosclerosis (289). Due to the great contribution in RCT, especially 

macrophage RCT, ABCG1 is tightly associated with the progression and 

regression of atherosclerosis (46,290). Strategies to upregulate the expression of 

ABCG1 and enhance its cholesterol efflux function could have therapeutic 

potentials for reducing atherosclerosis.  

Transcriptionally, ABCG1 is elegantly regulated by LXRs (132,142) as 

well as lipid loading (75). Synthetic LXR agonists have shown prospective 

benefits in the prevention of atherosclerosis (232,234). However, less is known of 

the protein co-translational and post-translational modifications. Unlike other 

ABCG family members, such as ABCG2 (291), ABCG5 and ABCG8 (292), 

ABCG1 is not glycosylated (134,151). Only recently, it was reported that ABCG1 

is phosphorylated at Ser, Thr and tyrosine residues under a basal condition (138). 

More recently, 12/15-Lipoxygenase, a nonheme iron containing dioxygenase that 

is implicated in the pathogenesis of diabetes and atherosclerosis, has been 

demonstrated to be able to promote ABCG1 degradation by inducing protein 

serine phosphorylation in a p38- and JNK2-dependent manner (139). Thus, these 

pathways are potential novel approaches for maintaining cellular cholesterol 

homeostasis and prevention of atherosclerosis. 

Palmitoylation, covalent attachment of palmitate to the side chain of Cys 

in proteins through a thioester linkage, is the most widely concurrent 

posttranslational protein lipid modification (171,186). Similar to other lipid 

modifications, such as prenylation and myristoylation, palmitoylation enhances 

the hydrophobicity of proteins and facilitates protein membrane targeting and 
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binding (171). Similar to the dynamic property of phosphorylation, palmitoylation 

is the only reversible posttranslational lipid modification (183). It acts as a switch 

in cellular signalling to police protein stability and trafficking (196) and plays an 

important role in maintaining the structure and function of a wide range of 

proteins (212,293). Given the hydrophobicity of ABCG1 substrates, sterols, and 

the abundance of cytoplasmic Cys residues, we hypothesized that ABCG1 is S-

palmitoylated and palmitoylation of ABCG1 plays an important role in its 

cholesterol export function. 

However, for a long period, the detection of palmitoylation has been relied 

upon the metabolic radioactive labeling, in which target proteins are labeled with 

[
3
H]-fatty acids (294). The extremely long exposure time and the demanded large 

amount of work severely impede the investigation of the mechanism of 

palmitoylation and the identification of palmitoylated proteins. Although the later 

[
125

I]-labeled fatty acids significantly accelerate the detection process, it still 

requires large supply and special handling of hazardous isotopes (177). Recently, 

the emergence of fatty acids analogues containing an azido group (295) and the 

following detection by Staudinger ligation has significantly increased the 

detection sensitivity (256). This approach has been applied in identifying the 

palmitoylated proteins in mitochondria (296) and the process of apoptosis (256). 

However, the above methods are not suited to characterize the subcellular 

localization of the lipid-modified proteins (297). The ω-alkynyl-fatty acids, 

including ω-alkynyl-palmitate, are another series of fatty acid analogues, which 

have been reported to be more specific and sensitive (298). These fatty acids 

enable the visualization of protein lipid modifications by microscopy and flow 

cytometry, and provide new opportunity to identify palmitoylated proteins and 

understand the functions and mechanisms of lipid modifications (297,298). 

Here, by labeling cells with ω-alkynyl-palmitate, we found that ABCG1 

was palmitoylated at multiple cytoplasmic Cys residues, and palmitoylation was 

required for ABCG1-mediated cholesterol efflux function. Our data also showed 
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that different palmitoylated sites were not functionally equivalent and Cys residue 

locating at position 311 (Cys311) played the most important role. In addition, the 

removal of palmitoylation by site-directed mutagenesis did not affect protein 

dimerization or protein trafficking. Mutation C311A alone appeared to cause a 

shift of ABCG1 from the non-lipid raft membrane domain to the lipid raft 

membrane domain. However, the replacement of all identified palmitoylated Cys 

residues in ABCG1 had no observable effect on ABCG1 distribution pattern at the 

PM. The current studies suggest that palmitoylation of ABCG1 is a novel target in 

modulating ABCG1 cholesterol efflux capability. 

4.2. Materials and methods (see Chapter 2) 

4.3. Results   

4.3.1. Palmitoylation of ABCG1 in HEK 293 cells 

The alkynyl group (297), which is metabolically inert, is ready to be 

detected by probe-tagged azide, through a Cu (I)-catalyzed cycloaddition, namely 

“click chemistry reaction” (299-301). Recently, it has been exploited as a tag to 

study glycosylation (302) and acylation (297,303). To detect whether ABCG1 is 

palmitoylated, here we labeled cells with ω-alkynyl-palmitate as described 

previously (177), and then conducted the click chemical reaction with the biotin 

tagged azide to detect the labeling. Briefly, cells stably overexpressing ABCG1 

tagged with myc at the carboxy terminus or ABCG2 tagged with V5 were labeled 

with either palmitate or ω-alkynyl-palmitate. The whole cell lysates were prepared 

and immunoprecipitated with anti-c-myc antibody (9E10) conjugated beads. The 

click reaction was then conducted on the beads, and the immunoprecipitated 

proteins were eluted and all samples were loaded in duplicate on an 8% SDS-

polyacrylamide gel. After electrophoresis, membranes were cut into halves. 

Before probed with HRP-NeutrAvidin for protein palmitoylation, one half was 

treated with Tris buffer, the other half was treated with KOH. In the Tris-treated 

group, the palmitoylation band appeared at ABCG1 labeled with ω-alkynyl-
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palmitate (Fig. 4.1A, lane 1), but not in either ABCG1 labeled with palmitate 

(Fig. 4.1A, lane 2) or ABCG2 (Fig. 4.1A, lanes 3 and 4).  

The liable thioester bond formed in the palmitoylation is reversible and not 

stable under hydroxyl conditions, such as in hydroxylamine or KOH solutions 

(304). To examine the observed palmitoylation band is indeed palmitoylation, we 

blocked the other half of the membrane with KOH. After KOH treatment, the 

palmitoylation signal was diminished (Fig. 4.1A, lane 5), suggesting that ABCG1 

is S-palmitoylated. To further confirm that the reduction of palmitoylation signal 

after treatment with KOH was due to the cleavage of the thioester bonds, not the 

loss of target proteins, the same membranes were stripped off the palmitoylation 

signal and detected to be signal free after ECL. The membranes were then re-

blotted with 9E10 to detect the levels of myc-tagged ABCG1. The expression 

levels of ABCG1 were comparable between the ω-alkynyl-palmitate and 

palmitate labeled groups in Tris and KOH treated groups (Fig. 4.1B, lanes 1 and 

2, 5 and 6). Together, the above findings demonstrate that ABCG1 is indeed S-

palmitoylated. 

4.3.2. Palmitoylation Cys residues in ABCG1  

Until now, there is no identified sequence motif for palmitoylation. 

Cytoplasmic Cys residues in target proteins close to the interface with membrane 

appear to be more accessible candidates (305). For ABCG1, there are 16 Cys 

residues in total. Among them, 13 Cys residues that are predicted to be located in 

the cytoplasm (Fig. 4.2A) are the potential palmitoylation sites. 

To identify the palmitoylation site(s), we made two multiple mutations 

(C26-248A and C298-402A) and several single mutations by mutating the 

cytoplasmic Cys residues to Ala. The palmitoylation assay was then conducted as 

described before. Cells overexpressing empty vector (V), WT or mutant ABCG1 

were labeled with ω-alkynyl-palmitate and detected by the click chemistry 

reaction. Compared with WT (Fig. 4.2B, lane 2; Fig. 4.2C, lane 2), mutations 



- 62 - 

 

C26-248A, in which Cys residues at positions 298, 311, 345, 397, 402 were 

replaced with Ala, and C298-402A, in which Cys residues at positions 298, 311, 

345, 397, 402 were mutated to Ala, dramatically decreased the palmitoylation 

signal (Fig. 4.2B, Lanes 3 and 6 and Fig. 4.2C, lanes 3 and 9), indicating the 

existence of palmitoylation sites among these Cys residues. To further define the 

palmitoylation sites in ABCG1, we replaced each single Cys residue localizing in 

these two regions with Ala individually. We observed that mutations C311A and 

C402A dramatically reduced the palmitoylation signal (Fig. 4.2B, Lanes 5, 9 and 

11). Mutation at positions 26 or 150 also reduced palmitoylation in ABCG1 (Fig. 

4.2C, Lanes 4 and 5), but to a lesser extent. Furthermore, replacement of Cys at 

position 390 also remarkably reduced the palmitoylation signal (Fig. 4.2B, Lane 

5). On the other hand, mutations at other positions did not significantly reduce the 

palmitoylation signal in ABCG1 compared with WT ABCG1 (Figs. 4.2B and 

4.2C). Taken together, our data suggest that ABCG1 is palmitoylated at five Cys 

residues located at positions 26, 150, 311, 390 and 402. 

4.3.3. Effect of defect palmitoylation in ABCG1 on ABCG1-mediated 

cholesterol efflux 

Next, we assessed the role of palmitoylation in ABCG1-mediated 

cholesterol efflux. Cells overexpressing WT or mutant ABCG1were incubated 

with lipidated apoA-I to examine the cholesterol efflux capability. However, the 

WT ABCG1 tagged with c-myc used in the above palmitoylation assay was 

functionally dead (data no shown). Replacement of the myc tag with His tag also 

caused loss of the cholesterol export function (data no shown), which is consistent 

with previous report (142). Thus, we deleted the myc tag in all pcDNA3.1-

ABCG1 constructs. Both multiple mutations and single mutations of ABCG1 

were prepared by replacement of the identified palmitoylation Cys residue(s) with 

Ala. There is no tag present in any of the ABCG1 cDNA construct used in the 

following studies. 
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Compared with cells overexpressing empty vector, cells overexpressing 

WT ABCG1 significantly increased the cholesterol efflux (Fig. 4.3A and Fig. 

4.3B). While, all of the multiple mutations, M3 (replacement of Cys 311, 390 and 

402 with Ala), M4 (replacement of Cys 26, 311, 390 and 402 with Ala) and M5 

(replacement of Cys 26, 150, 311, 390 and 402 with Ala), dramatically decreased 

the cholesterol efflux onto lipidated apoA-I (Fig. 4.3A). Cells overexpressing 

mutant ABCG1, M4 or M5, showed similar cholesterol efflux ability with cells 

overexpressing M3 or empty vector (control group). However, this loss of 

function was not due to the decrease in the protein expression. On the contrary, 

the expression levels of these ABCG1 mutations (Fig. 4.3C, lanes 3, 5 and 6) 

were even higher than that of WT ABCG1 (Fig. 4.3C, lane 2). Thus, our findings 

demonstrate that palmitoylation of ABCG1 is important for its cholesterol efflux 

function.  

To further investigate which palmitoylation site(s) is required for 

cholesterol transport, we monitored the protein function of mutations in which 

only single Cys was replaced with Ala. As showed in Figure 4.3B, mutation 

C311A essentially abolished ABCG1-mediated cholesterol efflux onto the apoA-

I. Mutation C402A also decreased cholesterol efflux activity, but only to a lesser 

extent. In the meantime, we also observed that single mutations at positions 26, 

150 or 390 had no significant effect on ABCG1 cholesterol efflux activity (Fig. 

4.3B). As showed in Figure 4.3C, the protein levels of the above single mutations 

(Fig. 4.3C, lanes 7, 8, 9, 11 and 12) were comparable to that of WT ABCG1 (Fig. 

4.3C, lanes 2 and 14). Thus, the above data demonstrate that palmitoylation in 

ABCG1 are not functionally equivalent, with palmitoylation at Cys311 playing 

the most critical role.  

4.3.4. Effect of defect palmitoylation in ABCG1 on protein trafficking 

We next investigated how palmitoylation of ABCG1 affected ABCG1-

mediated cholesterol efflux. Palmitoylation, together with ubiquitination, has been 

shown to be important for protein quality control (210,211). Deletion of 
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palmitoylation sites can lead to either protein degradation (210) or ER retention 

(306). However, the expression levels of all mutant ABCG1 transiently 

overexpressed in HEK 293 cells were comparable to that of WT (Fig. 4.4A, lanes 

1 and 3; Fig. 4.4B, lanes 2, 3, 4, 5). Thereby, palmitoylation appears to have no 

significant disturbance on the stability of ABCG1. 

Palmitoylation also plays an important role in protein sorting (207) and 

trafficking (186). For ABCG1-mediated cholesterol efflux, it is proposed to 

mainly occur on the cell surface, where the transporter redistributes cholesterol to 

a cell surface pool that is picked up by HDL (143). To determine if the loss of 

function of ABCG1 mutations might be attributable in part to the changes in 

protein trafficking, we examined the cell surface amount of WT and mutant 

ABCG1 via biotin labeling. Cells were transiently transfected with the WT or 

mutant ABCG1. The cell surface proteins were labeled with EZ-Link Sulfo-NHS-

LC-Biotin, then precipitated with Streptavidin-agarose beads and detected by 

immunoblotting with the anti-ABCG1 and anti-Calnexin (an integral ER protein 

as a negative control) antibodies. ABCG1 that were not biotinylated did not 

associate with Streptavidin-agarose beads (Data not shown). As shown in Figure 

4.4A, the amount of cell surface ABCG1 in cells overexpressing mutant M5 (lane 

6) was comparable to that of WT (lane 4). The same experiments were also 

performed on the single mutation at Cys311 (C311A), Cys402 (C402A) and 

double mutation C311, 402A. All these mutations had similar amount of cell 

surface proteins as WT ABCG1 (Fig. 4.4B, lanes 7, 8, 9 and 10).   

To confirm these findings, we performed the same experiment on cells 

stably overexpressing ABCG1. Consistently, cells stably overexpressing mutant 

C311A had comparable ABCG1 levels with cells overexpressing WT ABCG1 in 

either whole cell lysates (Fig. 4.4C, lanes 2 and 3) or biotin labeled cell surface 

proteins (Fig. 4.4C, lanes 5 and 6). Similar results were also obtained in cells 

stably overexpressing WT ABCG1 or other ABCG1 mutations C402A or C311, 

402A (data not shown). Taken together, these findings demonstrate that reducing 
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palmitoylation in ABCG1 appears to have no significant effect on protein 

trafficking to the cell surface. 

4.3.5. Effect of defect palmitoylation in ABCG1 on protein 

distribution at PM enriched cell membrane 

The lipid bilayer PM is heterogeneous with different microdomains 

responsible for various protein functions (307). Lipid rafts, defined as a 

sphingomyelin and cholesterol rich microdomains, is well accepted as a signalling 

platform (18,308). A large amount of palmitoylated proteins accumulate in lipid 

raft domains for normal function or efficient signal transduction (176). Since 

reducing palmitoylation in ABCG1 did not affect protein trafficking to the cell 

surface, next we questioned whether the loss of ABCG1 function was due to the 

changes in ABCG1 localization in cell membrane domains. Lipid rafts are 

detergent resistant and cannot be solubilized by non-ionic detergents such as 

Triton X-100 (308). Here, we first prepared PM enriched membrane vesicles from 

HEK 293 cells stably overexpressing empty vector (con), WT or mutant ABCG1 

(M5, C311A, C402A and C311, 402A). The lipid rafts from the prepared 

membrane vesicles were extracted with 1% ice-cold Triton X-100. The whole 

extractions were then separated by centrifugation at a discontinuous 4~45% 

sucrose gradient as previously described (157,255) with minor modifications. 12 

fractions were collected at 1 ml per fraction from the top to the bottom. All the 

fractions were then subjected to SDS-PAGE and immunoblotting. The PM 

enriched membrane vesicle lysates were clearly separated into light fractions 

(fractions 3~5) and heavy fractions (fractions 8~12) (Fig. 4.5 and Fig. 4.6).  

In the control group, the majority of lipid raft marker Flotillin1 was co-

fractionated with Caveolin1 at fraction 4 (Fig. 4.5C and 4.5D). Unlike the 

distribution pattern in endothelial (157) or adipocyte cells (309,310), the majority 

of Caveolin1 in HEK 293 cells was located in the non-lipid raft fractions 8~12 

(Fig. 4.5D), consistent with previous observation (310). Overexpression of mutant 

ABCG1 (C311A, M5, C402A and C311, 402A) did not cause significant change 
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in this distribution of Flotillin1 or Caveolin1 (Fig. 4.5C, 4.5D and Fig. 4.6C, 

4.6D). Consistent with previous report (311), Tfr, a non-lipid raft protein (312), 

was located at the heavy density fractions (9~12) at the bottom (Fig. 4.5B), with 

only a minor amount of Tfr in the light fractions 4 and 5. The majority of WT 

ABCG1 was co-fractionated with Tfr at the heavy fractions 9~12 (Fig. 4.5A) in 

the non-lipid raft membrane domain. The distribution pattern of mutation M5 was 

essentially the same as that of the WT ABCG1. The distribution patterns of other 

mutant ABCG1, C402A and C311, 402A, were also similar to that of WT 

ABCG1 (Fig. 4.6A). However, when compared with WT ABCG1, mutation 

C311A resulted in enhanced ABCG1 level in fraction 4 and reduced protein levels 

in fractions 9 to 11 (Fig. 4.5A). Taken together, our data show that the majority of 

WT ABCG1 locates in the non-lipid raft membrane domain with a minor part in 

the lipid raft domain. Substitution of all the identified palmitoylation sites with 

Ala (M5) does not disrupt this distribution pattern, however, mutation at position 

311 alone leads to an increase in ABCG1 localization in the lipid raft membrane 

domain. 

4.3.6. Effect of defect palmitoylation in ABCG1 on protein 

dimerization 

ABCG1 is a half transporter. Previously, we have employed gel-filtration 

technique to assess the native molecular size of ABCG1 (313). The majority of 

WT ABCG1 is present predominantly as a homo-dimer. Here, we employed the 

same assay to examine whether the effect of mutations at palmitoylation sites in 

ABCG1 on ABCG1-medaited cholesterol efflux was due to disrupting the protein 

dimerization.  

PM enriched vesicles isolated as described above (~800 µg total proteins) 

were extracted in 500 µl of lysis buffer B containing 10 mM DTT. The extracts 

were cleared by centrifugation and the supernatants were fractionated by gel 

filtration chromatography on a Superdex 200 column. Fractions were analyzed by 

immunoblotting with antibodies to ABCG1 and Tfr (Figs. 4.7 and 4.8). Consistent 
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with previous report, the majority of WT ABCG1 eluted in fractions 16 and17 as 

a dimer (Figs. 4.7A and 4.8A). We next performed chromatography of mutations 

M5 and C311A on the same Superdex 200 column to investigate if replacement of 

palmitoylated Cys residues with Ala affected the dimerization of ABCG1. The 

elution patterns of mutant ABCG1, M5 or C311A, were essentially identical to 

that of WT. The majority of mutant ABCG1 eluted in fractions 16 and 17 

(retention volumes 8.0-8.5 ml) (Fig. 4.7A and 4.7B). As a control, the elution 

patterns of Tfr (~110 kDa) extracted from cells overexpressing empty vector 

(control), WT ABCG1, mutation M5 or C311A were essentially the same, mainly 

distributing in fractions 20-25 (retention volumes 10-12.5 ml) (Fig. 4.7C and 

4.7D). The same experiment was also performed on mutations C402A and C311, 

402A. Similarly, the two mutations did not significantly affect the elution patterns 

of ABCG1 (Fig. 4.8A and 4.8B) and Tfr (Fig. 4.8C and 4.8D). We did observe 

that there was almost 1 fraction delayed in mutations C402A and C311, 402A 

when compared with WT or other mutations (M5 and C311A). However, the 

elution fractions of ABCG1 were still earlier than that of Tfr (Fig. 4.8C and 

4.8D). So, these two mutants still predominantly form homo-dimers. Thus, our 

findings show that substitution of palmitoylation Cys(s) in ABCG1 with Ala(s) 

appears to have no effect on ABCG1 dimerization. 

4.4. Discussion 

In the present study, we demonstrated that ABCG1 overexpressed in HEK 

293 cells was palmitoylated at multiple Cys residues, namely Cys26, Cys150, 

Cys311, Cys390 and Cys402. Palmitoylation of ABCG1 was important for its 

cholesterol efflux function, but different palmitoylation sites were not functionally 

equivalent. Moreover, our data demonstrated that removal of palmitoylation sites 

in ABCG1 had no effect on protein dimerization or protein trafficking to the cell 

surface. Although mutation at Cys311 alone seemed to promote protein 

accumulation in the non-lipid raft membrane domain, mutation M5 in which all 

the five identified palmitoylation sites in ABCG1 were replaced with Ala had no 
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observable effect on the distribution pattern. More studies are needed to figure out 

how palmitoylation of ABCG1 contributes to ABCG1-mediated cholesterol 

efflux. 

One single peptide might be palmitoylated at multiple Cys residues, which 

may function either differently or the same. H-Ras protein is palmitoylated at two 

Cys residues (Cys 181 and 184), monopalmitoylation at Cys 181 is sufficient for 

protein trafficking to the cholesterol rich PM domain, while monopalmitoylation 

Cys184 results in protein retention in Golgi (208). Palmitoylation of ABCA1 is 

critical for protein trafficking to the cell membrane and ABCA1-mediated lipid 

export. Removal of the four palmitoylation sites (Cys 3, 23, 1110, 1111) in 

ABCA1 did not have additive effect on protein function, but only causing 50% 

reduction of cholesterol export activity, same as that observed in the mutant 

ABCA1 with removal of only one single palmitoylation site (247). For ABCG1, 

five Cys residues at positions 26, 150, 311, 390 and 402 were palmitoylated (Fig. 

4.2B and 4.2C). Palmitoylation at these five different palmitoylated Cys residues 

did not contribute equally to ABCG1-mediated cholesterol efflux function. 

Replacement of Cys311 with Ala dramatically decreased ABCG1-mediated 

cholesterol efflux to lipidated apoA-I (Fig. 4.3B). Mutation at Cys402, ~ 20 amino 

acids away from the 1
st
 putative TM domain, also decreased the transport 

function, but to a lesser extent. However, palmitoylation of Cys390, which is only 

ten amino acids away from Cys402, seemed irrelevant to the cholesterol export 

function (Fig. 4.3B). Moreover, mutation at Cys26 or Cys150 did not cause 

significant difference in cholesterol efflux activity. The 638 amino acid transcript 

of ABCG1 that lacks of the first 40 amino acids in the amino terminal domain 

(143) is fully functional, which supports our observations that palmitoylation at 

Cys26 is not functionally important. 

Palmitoylation may be involved in protein stability by targeting protein to 

lysosome for degradation. In yeast, unpalmitoylated Tlg1, analog of SNARE 

protein, is recognized by ubiquitin ligase for vacuole targeting (210). Using an 
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non-specific proteasome inhibitor Bafilomycin A1, palmitoylation deficient 

CCR5 (C-C chemokine receptor  type 5) promotes protein accumulation in 

lysosome (314). Less is clear about how palmitoylation prevents protein 

degradation (209), but palmitoylation deficient mutations are reported to be 

correlated with ubiquitination (315,316), which may result in protein degradation. 

Palmitoylation deficient mutation of anthrax toxin receptor associates with 

membrane detergent resistant domain, promotes ubiquitination and subsequent 

endocytosis (211). In the present study, simultaneous mutation at all five 

palmitoylation Cys residues did not lead to reduced total protein levels in both 

transient transfection system (Figs. 4.3C and 4.4A) and the stable cell lines (Fig. 

4.4C). These observations showed that reducing palmitoylation in ABCG1 does 

not dramatically affect protein stability, indicating that the mutations do not cause 

a major perturbation in the protein structure or protein misfolding. 

Overexpressed ABCG1 in vitro is reported to localize at both intracellular 

compartments and the PM (142,150). In both human and mouse macrophages, 

LXR agonist induces the ABCG1 gene expression and promotes protein PM 

distribution (142). The distribution on PM is considered to be essential for the 

cholesterol export, probably through increasing the membrane cholesterol pool 

which is accessible for cholesterol oxidase or acceptors such as HDL (143). 

Palmitoylation participates in the regulation of many proteins trafficking and 

localization, such as ABCA1 (247), for which, palmitoylation is important for 

protein trafficking to the PM. Here, we observed that the mutant transporters, in 

which the palmitoylation sites were removed, trafficked to the PM as efficiently 

as WT, indicating palmitoyaltion of ABCG1 appears to have no effect on protein 

trafficking to the PM.  

Cellular membranes are highly dynamic and heterogeneous, functioning 

differently in different microdomains. Lipid rafts, are special membrane 

microdomains enriched in sphingomyelin and cholesterol and play important roles 

in various physiological processes and pathological conditions such as cancer 
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(317). Recently, ABCG1 has been demonstrated to play an important role in 

maintaining normal endothelial functions by regulating the interaction of 

endothelial NO synthase with Caveolin1 (157). Deficiency of ABCG1 leads to the 

increased monocyte-endothelial interactions and promoted vascular inflammation 

in an IL-6 and STAT3 dependent manner (155). Here, using sucrose gradient 

centrifugation, we showed that WT ABCG1 overexpressed in HEK 293 cells 

mainly distributed in the non-lipid raft membrane domain, similar with Tfr, a 

well-studied membrane palmitoylated protein (212). Although palmitoylation 

deficient mutation C311A alone enhanced ABCG1 accumulation in the lipid raft 

domain, the majority of this mutant ABCG1 still localized in the non-lipid raft 

domain (Fig. 4.5A). Moreover, mutation M5, in which all the five identified 

palmitoylated Cys residues were replaced with Ala, and mutation C311, 402A did 

not affect ABCG1 distribution patterns in the PM-enriched membranes (Figs. 

4.5A and 4.6A). Furthermore, mutations C311A, C311, 402A and M5 all 

dramatically reduced ABCG1-mediated cholesterol efflux. Thus, mutation 

C311A-induced change in ABCG1 distribution in the PM-enriched fractions 

might not contribute to the effect of the mutation on ABCG1-mediated cholesterol 

efflux. Our studies also demonstrated that removal of the palmitoylation sites in 

ABCG1 has no significantly effect on the protein dimerization. 

It is clear that palmitoylation of ABCG1 is critical for cholesterol efflux 

function, but how deficiency of this lipid modification results in the loss of 

function remains unknown. It is proposed that the ATP binding and hydrolysis at 

the NBDs may cause a conformation transition of the TM helices from an 

outward-facing to inward-facing orientation, which facilitates substrate binding 

and translocation (92,97). The palmitoylation sites in ABCG1 are located in the 

amino terminal NBD. The NBDs work as an engine for ABC transporters. 

Substitution of the conserved lysine residue at the Walker A motif in ABCG1 

with methionine results in loss of ATPase activity (319) and cholesterol efflux 

capability (313). Cys311 locates between the Walker B motif and the predicted 1
st
 

TM α-helix. So it is possible that the enhanced membrane affinity caused by 
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palmitoylation might be important to stabilize the ATP binding site. Cys402 is 

very close to the 1
st
 TM domain, thus the attachment of palmitic acid at this 

position may function to maintaining the stability of the TMDs. Together, the 

defective palmitoylation may destabilize the ATP binding site and further block 

the ATP binding and hydrolysis, or may disturb the conformation transition of the 

TM domains, resulting in low efficiency of substrate binding and/or translocation. 

Further studies are needed to confirm these hypotheses. 

To summarize, we demonstrated that ABCG1 is palmitoylated and 

palmitoylation of ABCG1 is required for its cholesterol export function. 

Accordingly, strategies to enhance the palmitoylation of ABCG1 may be the 

potential targets for enhancing ABCG1-mediated cholesterol export. Thus further 

studies in the palmitoylation and depalmitoylation of ABCG1 will be helpful to 

the future drug design for treatment of atherosclerosis.   
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Figure 4.1. Palmitoylation of ABCG1. Panel A: Palmitoylation of 

ABCG1. Palmitoylation of ABCG1 was examined by labeling cells with ω-

alkynyl-palmitate and followed by the click chemical reaction as described. 

Briefly, cells overexpressing ABCG1 tagged with myc at the carboxy terminus (c-

myc) or ABCG2 tagged with V5 were starved with fatty acid free medium for 2 h, 

and then incubated with ω-alkynyl-palmitate for 4 h. Whole cell lysates were 

prepared, both ABCG1 and ABCG2 were immunoprecipitated with 9E10 

conjugated beads. The click reaction was conducted on the beads. At the end of 

reaction, the immunoprecipitated proteins were eluted and subjected to SDS-

PAGE. Membranes were treated with either Tris buffer or KOH buffer, and then 

probed with HRP-NeutrAvidin for protein palmitoylation signal. Panel B: 

Expression of ABCG1. The same membranes in Panel A were stripped off the 

palmitoylation signal, and re-blotted with 9E10 to detect ABCG1 protein 

expression levels. The arrow indicated the ABCG1 location, and * labeled the 

non-specific band. Similar results were obtained in three independent 

experiments. 
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Figure 4.2. Palmitoylation sites in ABCG1. 
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Figure 4.2. Palmitoylation sites in ABCG1. Panel A: The 13 Cys 

residues locating in the amino-terminal cytoplasmic region of ABCG1 are the 

potential palmitoylation sites. Panels B and C: Palmitoylation and protein 

expression levels of ABCG1. All candidate Cys residues were mutated to Ala 

individually or in combination. The WT and mutant ABCG1 were expressed in 

HEK 293 cells and the palmitoylation sites of ABCG1 were identified by 

applying the above palmitoylation assay used in the legend of Fig. 4.1. For each 

panel, the palmitoylation signal was showed at the top row and the protein levels 

were probed with 9E10, indicated with asterisk (*). V: control; WT: wild type 

ABCG1; C26-248A and C298-402A: multi-mutations of ABCG1, in which Cys 

residues located at Cys 26, 150, 156, 205, 248, or at Cys 298, 311, 345, 397, 402 

were mutated to Ala respectively; CxA: single mutation of ABCG1, in which Cys 

residue located at position x was mutated to Ala, x= 26, 150, 156, 205, 248, 267, 

291, 298, 311, 345, 390, 397, 402; C291A12: stable cell line overexpressing 

mutant ABCG1, C291A; C298-402A3: stable cell line overexpressing mutant 

ABCG1 with replacement of Cys residues at positions 298, 311, 345, 397, 402 to 

Ala; WT: stable cell line overexpressing WT ABCG1; hG2: stable cell line 

overexpressing human ABCG2. WT and mutant ABCG1 constructs were tagged 

with c-myc and ABCG2 was tagged with V5.  
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Figure 4.3. Effect of defect palmitoylation in ABCG1 on ABCG1-

mediated cholesterol efflux. 
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Figure 4.3. Effect of defect palmitoylation in ABCG1 on ABCG1-

mediated cholesterol efflux. Panels A and B: Cholesterol efflux activity of WT 

and mutant ABCG1. HEK 293 cells were transiently transfected with empty 

vector (control) or plasmids containing WT or mutant ABCG1 cDNAs, and 

labeled with [
3
H]-cholesterol for 18 h. After washing, the cells were incubated 

with 5 µg/ml lipidated apoA-I for 5 h. The radioactive content of the media and 

cells was measured separately by scintillation counting. Sterol transfer was 

expressed as the percentage of the radioactivity released from the cells into the 

media relative to the total radioactivity in the cells plus media. M3, multi-

mutation of ABCG1, in which Cys residues located at positions 311, 390, 402 

were mutated to Ala; M4, multi-mutation of ABCG1, in which Cys residues 

located at positions 26, 311, 390, 402 were mutated to Ala; M5, multi-mutation of 

ABCG1, in which Cys residues located at positions 26, 150, 311, 390, 402 were 

mutated to Ala. CxA: single mutation of ABCG1, in which Cys residues located 

at position x was mutated to Ala, x= 26, 150, 311, 390 or 402. Panel C: Protein 

expression levels of ABCG1 in HEK 293 cells transiently overexpressing ABCG1 

WT and mutants. Whole cell lysates were prepared from HEK 293 cells 

transiently transfected with empty vectors (control) or vectors containing WT or 

mutant ABCG1 cDNAs, and subjected to SDS-PAGE and immunoblotting. Other 

was indicated as other irrelevant mutant ABCG1. Blots were probed with a 

polyclonal anti-ABCG1 antibody and a polyclonal anti-Calnexin antibody, 

indicated with asterisk (*). Data were analyzed with GraphPad Prism software 

and significance was defined as *: p<0.05; **: p<0.01. Values are mean ± S.D. of 

≥ 3 independent experiments. All mutant and WT ABCG1 constructs used were 

not tagged. 
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Figure 4.4. Effect of defect palmitoylation in ABCG1 on protein 

trafficking.  
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Figure 4.4. Effect of defect palmitoylation in ABCG1 on protein 

trafficking. Panels A and B: HEK 293 cells transiently transfected with empty 

vector (control), WT or mutant ABCG1 were biotin labeled exactly as described. 

The biotinylated proteins from the cell surface (pellets) and proteins from the 

whole cell lysates were analyzed by SDS/PAGE (8%) and immunoblotting with a 

polyclonal anti-ABCG1 antibody (top panel) and a polyclonal Calnexin antibody 

(bottom panel). Panel A: The biotinylation of WT and mutation M5. Panel B: The 

biotinylation of WT, single mutations C311A, C402A and double mutation C311, 

402A. Panel C: The biotinylation of HEK 293 cells stably overexpressing empty 

vector (control), WT ABCG1 or mutation C311A. C311, 402A: double mutation 

of ABCG1, in which Cys residues at positions 311 and 402 were mutated to Ala. 

Other indicated mutations including M5, C311A and C402A, were the same as 

described in Fig. 4.3. Similar results were obtained in three independent 

experiments.  
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Figure 4.5. Effect of palmitoylation deficient ABCG1 mutations M5 

and C311A on protein distribution at PM. Around 500 g of PM enriched 

fraction isolated from HEK 293 cells stably overexpressing empty vector 

(control), ABCG1 WT or mutants (C311A and M5) were solubilized in 1 ml of 

lysis buffer B containing 1× proteinase inhibitor and 10 mM DTT. The lysates 

were loaded at the bottom of a discontinuous 4~45% sucrose gradient. After 

separation by centrifugation, fractions were collected from top to bottom at 1 ml 

per fraction. The fractions were precipitated and the pellets were washed with 

cold acetone. The dried pellets were dissolved in urea and subjected to SDS-

PAGE and immunoblotting. Fractions were blotted with a polyclonal anti-ABCG1 

(Panel A), a monoclonal anti-Tfr antibody (Panel B), a polyclonal anti-Flotillin1 

antibody (Panel C), and a polyclonal anti-Caveolin1 antibody (Panel D), 

respectively. Similar results were obtained in three independent experiments. 
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Figure 4.6. Effect of palmitoylation deficient ABCG1 mutations 

C311A and C311, 402A on protein distribution at PM. Membrane enriched 

vesicles prepared from HEK 293 cells stably expressing empty vector (con), 

ABCG1 WT or mutants (C402A and C311, 402A) were lysed and separated by a 

discontinuous 4~45% sucrose gradient as described in Fig. 4.5. Fractions were 

subjected to SDS-PAGE and membranes were immunoblotted with a polyclonal 

anti-ABCG1 (Panel A), a monoclonal anti-Tfr antibody (Panel B), a polyclonal 

anti-Flotillin1 antibody (Panel C), and a polyclonal anti-Caveolin1 antibody 

(Panel D), respectively. Similar results were obtained in two independent 

experiments. 
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Figure 4.7. Gel filtration of palmitoylation deficient ABCG1 

mutations M5 and C311A. 800 g of PM enriched membrane vesicles isolated 

from HEK 293 cells stably expressing empty vector (control), ABCG1 WT or 

mutants (C311A and M5) were solubilized in 500 l of lysis buffer B containing 

1% Trition, 1× proteinase inhibitor and 10 mM DTT. The lysates were 

centrifuged for 15 min at 14,000 rpm to clear the insoluble materials. The 

supernatant was loaded onto a Superdex 200 10/300 GL column pre-equilibrated 

with lysis buffer B. The elution fractions were collected and subjected to SDS-

PAGE. The retention time of ABCG1 was determined by immunoblotting. Panels 

A and C: Gel filtration fractions were blotted with a polyclonal anti-ABCG1 

(Panel A) and a monoclonal anti-Tfr antibody (Panel C), respectively. The elution 

positions of the following protein standards are shown: aldolase (158 kDa) and 

conalbumin (75 kDa). Similar results were obtained in two independent 

experiments. Panels B and D: Densitometry of ABCG1 (panel B) and Tfr (panel 

D) in panels A and C, respectively. The proteins were quantified by measuring the 

intensity of the Western blot using Licor software and plotted against fraction 

numbers. 
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Figure 4.8. Gel filtration of palmitoylation deficient ABCG1 

mutations C311A and C311, 402A. PM enriched vesicles isolated from HEK 

293 cells stably expressing empty vector (control), ABCG1 WT or mutants 

(C402A and C311, 402A) were solubilized in lysis buffer B and separated on a 

Superdex 200 10/300 GL column as described in Fig. 4.7. The elution fractions 

were collected, precipitated, dissolved and subjected to SDS-PAGE. The retention 

time of ABCG1 was determined by immunoblotting. Panels A and C: Gel 

filtration fractions were blotted with a polyclonal anti-ABCG1 (Panel A) and a 

monoclonal anti-Tfr antibody (Panel C), respectively. The elution positions of the 

following protein standards are shown: aldolase (158 kDa) and conalbumin (75 

kDa). Similar results were obtained in two independent experiments. Panels B 

and D: Densitometry of ABCG1 (panel B) and Tfr (panel D) in panels A and C, 

respectively. The proteins were quantified by measuring the intensity of the 

Western blot using Licor software and plotted against fraction numbers. 
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5.1. General conclusion and discussion 

ABCG1 mediates cholesterol export to lipidated lipoproteins and plays an 

important role in maintaining cholesterol homeostasis and protecting against the 

progression of atherosclerosis. However, the underlying mechanism remains 

unknown.  

Mutations in ABCA1 transporter cause Tangier disease (320) and other 

Familial HDL Deficiencies (321). Mutations in ABCG5 or ABCG8 cause 

sitosterolemia (322), an autosomal recessive disease characterized with sterol 

accumulation, which contributes to premature atherosclerosis (323). Studies on 

the ABCG1 polymorphism suggest the association of ABCG1 with the plasma 

cholesterol level (324) and the coronary artery diseases (325,326). However, until 

now, there is still no ABCG1 mutation reported to be related with any 

physiological disorders.  

Cys, with a special thiol side chain, is a multi-functional amino acid. It has 

high affinity for binding of various heavy metals (240-242). It is susceptible to be 

oxidized (243). Oxidation of the thiol groups of Cys residues can lead to the 

formation of the disulfide bonds, which are one of the main types of linkages to 

crosslink proteins covalently (172). Moreover, Cys residues are involved in a 

wide range of protein post-translational modifications, such as S-hydroxylation 

(237) and lipid modifications, such as prenylation and palmitoylation (171). 

ABCG1 has 16 Cys residues, in which, one is highly conserved in the 3
rd

 putative 

TM α-helix domain, two in the carboxyl terminal last extracellular loop domain 

and the rest 13 in the cytoplasm. 

Here, we first demonstrated that Cys514, which locates in the third 

putative TM -helix of ABCG1, plays a critical role in ABCG1-mediated 

cholesterol efflux. Substitution of Cys514 with Ala virtually eliminated the efflux 

of cholesterol onto lipidated apoA-I. Furthermore, replacement of Cys514 with a 

more conservative Thr or Ser, also significantly decreased ABCG1-mediated 

http://en.wikipedia.org/wiki/Thiol
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cholesterol efflux capability, implying the specific requirement for the thiol group 

at position 514. However, further studies showed that mutation C514A did not 

cause disturbance in protein stability or trafficking. Mutation C514A also had no 

effect on the dimerization of ABCG1. Taken together, our findings identify that 

the sulfhydryl group of Cys residue located at position 514 is required for ABCG1 

function, but how the sulfhydryl group or this Cys residue participates in ABCG1-

mediated cholesterol efflux remains unclear. 

Cys residues in the reduced conditions cannot form the stable disulfide 

bond, but they are the potential sites for palmitoylation. By labeling with the ω-

alkynyl-palmitate, a palmitate analog, we found that ABCG1 was palmitoylated. 

ABCG1 was multi- palmitoylated at 5 cytoplasmic Cys residues at positions 26, 

150, 311, 390 and 402. Palmitoylation of ABCG1 was required for cholesterol 

efflux, however, the different palmitoylation sites were not functionally the same, 

with Cys311 playing the most essential role and Cys402 a minor role. Similar 

with mutation at Cys514, substituting palmitoylation site(s) in ABCG1 with Ala 

had no effect on protein stability, trafficking or the formation of ABCG1 homo-

dimer. Moreover, when overexpressed in HEK 293 cells, the majority of WT 

ABCG1 protein localized to the non-lipid raft membrane domain using the 

sucrose gradient, with minor amount of protein in the lipid raft domain. Although 

replacement Cys311 alone to Ala led to more ABCG1 localized to the lipid raft 

membrane domain, substitution of all five identified palmitoylation sites with Ala 

(M5) had no observable effect on this distribution pattern. It is unclear if the 

mutation C311A caused retention of ABCG1 in the lipid raft membrane domain 

causes the loss of cholesterol efflux function. Together, ABCG1 is palmitoylated 

and palmitoylation of ABCG1 is critical for protein cholesterol efflux function. 

However, how palmitoylation of ABCG1 contributes to ABCG1-mediated 

cholesterol efflux function remains unknown.  

5.2. Future directions  
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Both Cys514 and Cys311 are crucial for ABCG1-mediated cholesterol 

efflux. However, how the lack of the thiol group in these positions decreases 

cholesterol export remains unknown. To answer these questions, a few aspects 

need to be determined. 

First, is the ATP binding and hydrolysis at the NBDs in ABCG1 affected 

by these mutations? The NBDs, especially the Walker A, Walker B and the 

Signature motifs, are strictly demanded for ABC protein function. It has been 

reported that mutation at one single conserved amino acid lysine residue in the 

Walker A motif completely abolishes ABCG1-mediated cholesterol export 

function (151,313). The loss of function in mutant ABCG1 may be due to the 

deficient ATP binding or hydrolysis, especially for mutation at Cys311, which 

localizes at the N-terminal NBD. We have attempted to address this issue by 

comparing the ATPase activity of membrane enriched vesicles prepared from 

HEK 293 cells overexpressing WT or mutant ABCG1. The vanadate-sensitive 

ATPase activity of the WT membrane rich vesicles has been observed (data not 

shown). However, it is inapplicable to detect the contribution of the mutant 

ABCG1, due to the high background ATPase activity in the control group 

(membrane enriched vesicles prepared from HEK 293 cells stably overexpressing 

empty vector). In fact, the vanadate-sensitive ATPase activity of ABCG1 has been 

determined in Sf9 insect cell overexpression system (319). Thus, further studies 

using Sf9 insect cells overexpressing WT or mutant ABCG1 may help to address 

this question. 

Second point is extended from the finding that ABCG1 localizes in the 

non-lipid raft domain. ABCG1 is reported to redistribute cholesterol to the 

membrane domains, accessible to cholesterol oxidase or HDL (143). Under the 

stimulation of LXR agonists, ABCG1 is induced to redistribute to the cell PM in 

both human and mouse macrophages (142). So next question to be answered will 

be whether cholesterol is redistributed with ABCG1, such as from the intracellular 

membrane domain to non-lipid raft PM domain. Although ABCG1 is not a 
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cholesterol binding protein, other unidentified cofactor(s), probably cholesterol 

binding protein(s), may assist ABCG1 mediate cholesterol efflux. So, further 

studies should determine whether cholesterol is redistributed along with ABCG1 

to the non-lipid raft membrane domain and which protein(s) can facilitate 

ABCG1-mediated cholesterol export. Moreover, an increased amount of lipid raft 

ABCG1 protein was observed in mutation C311A. Thereby, the loss of function 

in C311A may be due to the mislocalization of the minor amount of ABCG1 

protein in the lipid raft membrane domain. Thus, more data will be needed to 

confirm this observation and determine whether indeed the retention of ABCG1 to 

the lipid raft will inhibit the cholesterol efflux function. 

For both Cys514 and Cys311, it is possible that deletion of the thiol group 

results in the TMD conformation change, deficient substrate binding, and 

eventually the loss of cholesterol efflux function. According to the high resolution 

crystal structure of two bacterial homologs of ABCB1 (91,94,95), the TM α-

helices are proposed to form the TM core for substrate binding and translocation, 

while the ATP hydrolysis at the NBDs may orient the TMDs conformation 

transition, from an outward-facing status to an inward-facing status (92,97). 

Cys514 may be part of the substrate binding pocket in ABCG1, while 

palmitoylation at Cys311 may indirectly involve in stabilization of the binding 

pocket structure through binding to the PM. However, the formation, maintaining 

and regulation of protein spherical structure are extremely complicated. Thus, to 

better understand how these two mutations abolish ABCG1-mediated cholesterol 

export, a high resolution crystal structure of ABCG1 will be invaluable. 

Thus, here we propose that ABCG1 localizes in the PM non-lipid raft 

domain and functions as a homo-dimer (Fig. 5.1A). The TMDs form the 

cholesterol translocation pocket. The ATP binding and hydrolysis at the NBDs 

orient the conformation change of the translocation pocket, facilitating cholesterol 

export to lipidated lipoprotein particles such as HDL. While loss of function for 

both mutations at Cys514 and Cys311 may be caused by the twisted translocation 
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pocket. Since Cys311 localizes at the NBD, it is also possible that mutation 

C311A may abolish ABCG1 function by affecting the ATP binding or hydrolysis 

at the NBDs (Fig. 5.1B). 

Furthermore, palmitoylation, especially at Cys311, is required for 

ABCG1-mediated cholesterol export. So enhancing ABCG1 palmitoylation may 

increase ABCG1-mediated cholesterol export and further support the on-target 

drug design for atherosclerosis. DHHC8 PAT is reported to catalyze ABCA1 

palmitoylation and enhanced expression of DHHC8 PAT results in promotion of 

cholesterol efflux mediated by ABCA1 (247). Thus, it is demanded to investigate 

the underlying mechanisms for ABCG1 palmitoylation and its regulations.  

First question to be answered will be: is ABCG1 palmitoylation stable or 

reversible? This can be evaluated through comparing the turnover rates of the 

palmitoylation of ABCG1 and ABCG1 protein itself. Then the following question 

will be: how ABCG1 is palmitoylated, including which PAT (s) is (are) required 

for ABCG1 palmitoylation and which enzyme is for ABCG1 depalmitoylation. 23 

human DHHC PATs have been widely studied (327,328). Thus it will not be too 

difficult to identify the responsible enzyme(s) for ABCG1 palmitoylation. 

Besides, the successful detection of ABCG1 palmitoylation with addition of ω-

alkynyl-palmitate, has already suggested that the existence of endogenous PAT(s) 

in HEK 293 cells for ABCG1 palmitoylation. In addition, ω-alkynyl-palmitate has 

been reported to be a useful tool in imaging palmitoylation process by 

fluorescence microscopy when the ω-alkynyl-palmitate conjugated proteins were 

detected with azido tagged fluorophore (297). This could be very helpful to 

identify the responsible enzyme(s) for palmitoylation according the locations, 

since the localizations of PATs are different (186,329). The third following 

concern will be: whether the induced protein palmitoylation by either increased 

PAT activity or inhibited acyl protein thioesterase will benefit cholesterol export 

function. Using the above palmitoylation assay and cholesterol efflux assay, this 

issue can also be easily addressed.   
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Eventually, studies of ABCG1 palmitoylation and underlying cholesterol 

export mechanisms should not be separated, but are complementary to each other. 

Further investigations of the mechanisms of ABCG1 palmitoylation and its 

regulations will benefit the future therapeutic drug design for atherosclerosis 

treatment. 
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Figure 5.1. Model for ABCG1-mediated cholesterol export. Panel A: 

ABCG1 functions as a homo-dimer in the PM non-lipid raft domain. 12 TMDs 

form the cholesterol translocation pocket. The NBDs orient the conformation 

change of the translocation pocket with the supply of energy from ATP binding 

and hydrolysis, facilitating cholesterol export to lipidated lipoprotein particles 

such as HDL. Panel B: Mutation at Cys514 may cause the TMD conformation 

change, and further impair cholesterol export. Loss of function mutation at 

Cys311 may be caused by the twisted translocation pocket, or by blocked ATP 

binding or hydrolysis. 
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Appendices 

Table A1 Primers for site mutagenesis 

C514A F: 5'- CCC AGT GGC CTA CGC CAG CAT CGT GTA CTG -3' 

R: 5'- CAG TAC ACG ATG CTG GCG TAG GCC ACT GGG -3' 

C514S F: 5'- CCC AGT GGC CTA CTC CAG CAT CGT GTA CTG -3' 

R: 5'- CAG TAC ACG ATG CTG GAG TAG GCC ACT GGG -3' 

C514T   F: 5'- CCC AGT GGC CTA CAC CAG CAT CGT GTA CTG -3' 

R: 5'- CAG TAC ACG ATG CTG GTG TAG GCC ACT GGG -3' 

C26A F: 5'- GAG CCC AAG TCG GTG GCT GTC TCG GTG GAT GAG -3' 

R: 5'- CTC ATC CAC CGA GAC AGC CAC CGA CTT GGG CTC -3' 

C150A F: 5'- CCC CGG GAC CTG CGC GCC TTC CGG AAG GTG TCC -3' 

R: 5'- GGA CAC CTT CCG GAA GGC GCG CAG GTC CCG GGG -3' 

C156A F: 5'- TTC CGG AAG GTG TCC GCC TAC ATC ATG CAG GAT -3' 

R: 5'- ATC CTG CAT GAT GTA GGC GGA CAC CTT CCG GAA -3' 

C205A F: 5'- CTG GGC TTG CTG TCT GCC GCC AAC ACG CGG ACC -3' 

R: 5'- GGT CCG CGT GTT GGC GGC AGA CAG CAA GCC CAG -3' 

C248A F: 5'- CTG GAC AGC GCC TCC GCC TTC CAG GTG GTC TCG -3' 

R: 5'- CGA GAC CAC CTG GAA GGC GGA GGC GCT GTC CAG -3' 

C267A F: 5'- CGC TCC ATC ATT GCC ACC ATC CAC CAG -3' 

R: 5'- CTG GTG GAT GGT GGC AAT GAT GGA GCG -3' 

C291A F: 5'- CTG AGT CAA GGA CAA GCT GTG TAC CGG GGA AAA -3' 

R: 5'- TTT TCC CCG GTA CAC AGC TTG TCC TTG ACT CAG -3' 

C298A F: 5'- TAC CGG GGA AAA GTC GCC AAT CTT GTG CCA TAT -3' 

R: 5'- ATA TGG CAC AAG ATT GGC GAC TTT TCC CCG GTA -3' 

C311A F: 5'- GAT TTG GGT CTG AAC GCC CCA ACC TAC CAC AAC -3' 

R: 5'- GTT GTG GTA GGT TGG GGC GTT CAG ACC CAA ATC -3' 

C345A F: 5'- GTT CGG GAG GGC ATG GCT GAC TCA GAC CAC AAG -3' 

R: 5'- CTT GTG GTC TGA GTC AGC CAT GCC CTC CCG AAC -3' 
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C390A F: 5'- CGT CCA TGG AAG GCG CCC ACA GCT TCT CTG C -3' 

R: 5'- GCA GAG AAG CTG TGG GCG CCT TCC ATG GAC G -3' 

C397A F: 5'- AGC TTC TCT GCC AGC GCC CTC ACG CAG TTC -3' 

R: 5'- GAA CTG CGT GAG GGC GCT GGC AGA GAA GCT -3' 

C402A F: 5'- CTC ACG CAG TTC GCC ATC CTC TTC AAG AGG -3' 

R: 5'- CCT CTT GAA GAG GAT GGC GAA CTG CGT GAG -3' 
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Table A2 Buffers  

2× SDS loading buffer  

 

62 mM Tris-HCl, pH 6.8 

2% SDS 

50% glycerol 

0.005% bromophenol 

35% (w/v) sucrose  

 

35 g sucrose/100ml 

20 mM Tris-HCl, pH 7.4 

0.5 mM EDTA  

Azido-biotin 2 mM stock, dissolve in 0.1M sodium phosphate 

buffer (pH 7.4), store at -80°C 

CuSO4  50 mM stock, at room temperature 

KOH (for palmitoylation) 120 mM, at room temperature 

Lysis buffer A  

 

0.1 N NaOH 

0.01% SDS 

Lysis buffer B 1% triton 

150 mM NaCl 

50 mM Tris-HCl, pH 7.4 

Lysis buffer D   0.1% SDS 

150 mM NaCl 

50 mM Hepes, pH 7.4 

2 mM MgCl2 

MBS buffer  150 mM NaCl 

50 mM Hepes, pH 7.4 

Membrane buffer  250 mM sucrose 

50 mM Tris-HCl, pH 7.4 

0.1 N KOH  

(for membrane treatment) 
1 N KOH in H2O:methanol=1:9 (v/v) 

0.1 N Tris-HCl buffer 

(for membrane treatment) 

1 N Tris-HCl, pH 6.8:methanol=1:9 (v/v), pH 

7.0 
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PBST  8 g NaCl 

0.2 g KCl 

1.44 g Na2HPO4 

0.24 g KH2PO  

1 ml Tween-20 

In 100 ml, pH 7.4 

Phosphate buffered saline 

(PBS) 

8 g NaCl 

0.2 g KCl 

1.44 g Na2HPO4 

0.24 g KH2PO 

In 100 ml, pH 7.4 

TBTA tris-

(benzyltriazolylmethyl)amine 

2 mM stock, dissolve in tert-butanol: H2O (4:1 

v/v), store at -80°C  

TCEP  50 mM stock, keep at room temperature 

ω-Alkynyl-palmitate  100 mM stock in DMSO, store at -80°C  

 

* All the buffers are made in MilliQ ddH2O, unless otherwise indicated. 
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