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ABSTRACT 

 

 The ATP-binding cassette (ABC) transporter, ABCA1, plays a pivotal role in 

reverse cholesterol transport, which is the elimination of excess sterols from peripheral 

cells and their transport to the liver for elimination.  Early studies failed to detect 

significant ATPase activity, prompting the suggestion that ABCA1 was an ATP-

regulated receptor, rather than an active transporter.  We have provided evidence that 

ABCA1 can bind ATP and trap its hydrolysis product, ADP, in the presence of either 

ortho-vanadate or beryllium fluoride and Mg2+ or Mn2+.  We have also shown that both 

nucleotide-binding domains (NBDs) trap nucleotide comparably, suggesting that ABCA1 

is a functional ATPase.  In addition, we have shown that ABCA1 can directly transport 

25-hydroxycholesterol (25-OHC) in an ATP-dependent manner using a membrane 

vesicle uptake assay, and can do so when the physiological substrate acceptor apoA-I is 

replaced with BSA as a non-specific binding protein.   

 Although more than 50 naturally occurring missense mutations and 

polymorphisms in ABCA1 have been identified in individuals with HDL-C levels within 

the lowest 5th percentile of the general population, the extent to which many of these 

mutations affect ABCA1 function is not known and cannot be predicted.  Naturally 

occurring extracellular loop (ECL) mutations W590S and C1477R have both been shown 

to effectively eliminate the ability to mediate lipid efflux, despite the fact that the W590S 

mutant protein retains the ability to bind apoA-I.  We show that neither mutant can 

transport nor efflux 25-OHC, whether in the presence of apoA-I or BSA, despite 

apparently full retention of the ability to bind and trap nucleotide.  This suggests that 
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these two ECL mutations inhibit transport by a mechanism that is independent of their 

effect on apoA-I binding.  By introduction of naturally occurring mutations in the NBDs, 

we show that although some mutations associated with Tangier Disease, such as N935S, 

essentially eliminate nucleotide trapping and substrate translocation, other 

polymorphisms such as L1026P and T2073A associated with low HDL-C, appear to be 

fully functional.  Lastly, we observed differences in the behaviour of both wild-type and 

mutant forms of ABCA1-GFP depending on whether they were expressed in insect or 

mammalian cell lines. 
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Chapter 1 

GENERAL INTRODUCTION 

 

1.1 ABCA1 and cardiovascular disease 

1.1.1  Coronary artery disease 

 Coronary artery disease (CAD), sometimes referred to as coronary heart disease 

(CHD), together with stroke, are the major types of cardiovascular disease (CVD).  In 

2005, 30% of deaths worldwide was due to CVD, which is projected to remain the single 

leading cause of death (1).  Although CAD is more prevalent in developed countries, the 

incidence of CAD is rising markedly in less developed countries (2).  Epidemiological 

studies performed in the late 1970s show that low levels of high-density lipoprotein 

complexed with cholesterol (HDL-C) is an independent risk factor for CAD and 

atherosclerosis (3).  However, at the time, which genetic factors contributed to decreased 

HDL-C levels and the development of CAD were not clear. 

 

1.1.2 Tangier disease 

 Tangier Disease (TD) was first reported in 1961 in the United States (4) and is 

characterized by low or absent levels of HDL-C, the accumulation of cholesterol in 

macrophages, tonsils, liver and spleen and peripheral neuropathy.  When there is an 

abundance of cellular free cholesterol, it is converted to cholesteryl ester (CE) for storage 

through the actions of acyl-coenzyme A:cholesterol acyltransferase (ACAT).  When 

macrophages have an abundance of CE, they take on a foamy appearance and as such are 

called “foam cells”.  The deposition of CE in the liver and spleen can contribute to their 
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enlargement, known as hepatomegaly and splenomegaly, respectively.  In the mid-1990s, 

fibroblasts collected from TD patients were found to be defective in their ability to bind 

apolipoprotein A-I (apoA-I) and as a consequence, failed to mediate the efflux of lipids 

such as cholesterol and phospholipid (5).   

 Finally in 1999, four groups reported a correlation between defects in the ABCA1 

gene that codes for a transmembrane protein and the occurrence of Tangier Disease (TD) 

(6-9).  Since then, there has been an exponential increase in the number of reports 

attempting to characterize the function of ABCA1 and to understand its role in HDL 

production and TD.  Currently, ~85 naturally occurring mutations have been identified in 

ABCA1 in the general population, of which there are ~52 missense mutations.  

 

1.1.3 Animal models of TD 

 A naturally occurring animal model of TD, the Wisconsin hypoalpha mutant 

(WHAM) chicken, exists where a non-functional ABCA1 mutant protein is produced that 

fails to reach the plasma membrane and results in the deposition of CE in the liver and 

intestinal epithelial cells as well as the hypercatabolism of apoA-I in the kidneys (10,11).  

Similar phenotypes are observed in genetically manipulated ABCA1-deficient mice (12-

14), including hypercatabolism of apoA-I by the kidney (15).  When the expression of 

ABCA1 is specifically knocked out in the liver and intestine in mice using the Cre/lox 

system, HDL-C levels drop by approximately 80% and 30% compared to the wild-type, 

respectively (15,16).  From these observations, ABCA1 appears to play a key role in 

reverse cholesterol transport (RCT). 
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1.2 Structure and function of ABC proteins 

1.2.1 General 

ATP-binding cassette (ABC) proteins are a superfamily of proteins that couple 

ATP hydrolysis to the translocation of substrate across biological membranes (17).  This 

superfamily is organized into eight subfamily branches (A-H) based on amino acid 

similarity.  The core structure of many eukaryotic ABC proteins consists of a typical 

configuration of two hydrophobic membrane-spanning domains (MSDs) alternating with 

two cytosolic nucleotide binding domains (NBDs) where the MSDs are most frequently 

NH2-terminal to the NBDs.  In prokaryotes, these domains may be expressed as separate 

polypeptides or comprised of a combination of two or three domains fused together.  

However, these domains must associate in the typical configuration to form a functional 

protein (18).  In eukaryotes, these domains are predominantly found as a single 

polypeptide (Fig. 1-1 A).  However, there are exceptions such as seen in the G subfamily 

of “half transporters” that are comprised of an alternately configured NH2-terminal NBD 

fused with a COOH-terminal MSD that must homo- or heterodimerize to function (19,20) 

(Fig. 1-1 B).  In addition, some of the C subfamily members including ABCC1-3,6,10 

(MRP1-3,6,7) and ABCC8,9 (SUR1,2) have an additional NH2-terminal MSD (21-25) 

(Fig. 1-1 C). 

The importance of ABC transporters to the organism is supported by the fact that 

nearly 5% of all proteins encoded by the Escherichia coli genome are ABC transporters 

(26).  In bacteria, ABC transporters likely contribute to mechanisms of survival, such as 

the ability to adapt to a changing extracellular environment.  For example, LmrA, a 

bacterial ABC transporter found in Lactococcus lactis, is known to confer resistance 
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Fig. 1-1.  ABC protein domain configurations.   

A)   A typical “full transporter” with an NH2-terminal MSD: NH2-MSD1-NBD1-MSD2-

NBD2-COOH. (i.e. ABCA1, ABCB1).   

B)  A typical “half-transporter” with an NH2-terminal NBD: NH2-NBD-MSD-COOH. 

(i.e. ABCG5, ABCG8).   

C)   A full transporter possessing an additional NH2-terminal MSD: NH2-MSD0-MSD1-

NBD1-MSD2-NBD2 (i.e. ABCC1). 
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against many cationic lipophilic cytotoxic compounds as well as some antibiotics (27).  

Most eukaryotic ABC transporters export substrate from the cell or into organelles, 

whereas prokaryotic ABC transporters may import or export substrate.  In humans, some 

ABC transporters perform critical physiological functions and mutations in genes such as 

ABCC7, ABCA4 and ABCA1 have been shown to contribute to diseases such as cystic 

fibrosis, retinal degeneration and Tangier Disease (TD), respectively (Table 1-1). 

 

 

1.2.2 ABCA1 cloning and discovery 

ABCA1 was first cloned in 1994 from a murine macrophage cell line during 

attempts to discover novel ABC proteins in macrophages (28).  The protein is the 

founding member of the A subfamily of ABC transporters, which in humans contains 13 

members (Fig. 1-2) (28,29).  ABCA1 was originally predicted to be comprised of 2201 

amino acid residues, until investigation of the 5’ end of the gene revealed an additional 

methionine codon 455 nucleotides upstream, resulting in an open reading frame encoding 

a 2261-residue protein with an approximate predicted molecular weight of 250kDa (30).  

Only translation initiating from this upstream methionine codon produces an active 

protein (31).  ABCA1 is located on chromosome 9q31 and 4A5-B3 in human and mouse, 

respectively, and the encoded proteins are ~95% identical. 

ABCA1 is expressed throughout the body but notably in the uterus, adrenal 

glands, kidney, lung, heart and brain and most highly in the liver and macrophages, 

possibly in response to relatively high levels of sterols that induce ABCA1 transcription 

(28,32).  Within the cell, ABCA1 is located in the plasma membrane, as well as  
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Table 1-1 

 

Diseases correlated with ABC protein dysfunction 

 
 
 

ABC Protein   Associated Disease 

    
ABCA1 (ABC1)   Tangier disease (TD), familial  

hypoalphalipoproteinemia (FHA) (6-9) 

ABCA3   Respiratory distress syndrome (RDS) (33,34) 

ABCA4 (ABCR)   Stargardt disease (macular degeneration) (35,36) 

ABCA12   Lamellar ichthyosis type 2 (LI2) (37) 

ABCC2 (MRP2)   Dubin-Johnson syndrome (DJS) (38) 

ABCC6 (MRP6)   Pseudoxanthoma elasticum (PXE) (39) 

ABCC7 (CFTR)   Cystic fibrosis (CF) (40) 

ABCG5/8   β-sitosterolemia (41,42) 
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Fig. 1-2.  Phylogenetic tree of human ABCA subfamily of transporters.   

Generated using ClustalW and illustrated with CorelDRAW12. 
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intracellular membrane compartments such as early and late endosomes (43,44).  In 

polarized cells such as hepatocytes, ABCA1 localizes to the basolateral membrane (45). 

 
 

1.2.3 ABCA1 topology 

 ABCA1 adopts a MSD1-NBD1-MSD2-NBD2 configuration and is predicted to 

possess 12 transmembrane (TM) helices (46) (Fig. 1-1 A).  Epitope insertion studies 

together with terminally tagged ABCA1 proteins have helped to establish a putative 

model of ABCA1 topology where the NH2- and COOH-terminus of the protein is 

intracellular (Fig. 1-3) (47).  Many of the ABCA subfamily of ABC proteins possess 

large extracellular loops (ECLs) that may be heavily glycosylated, especially the first and 

fourth loops (ECL1 and ECL4).  ABCA1 has twelve potential glycosylation sites in 

ECL1 and four in ECL4 (48).  In addition, it has been recently determined that two 

disulfide bonds involving residues 75 and 309 in ECL1 and residues 1463 or 1465 and 

1477 in ECL4 may bridge the two ECLs (49).  It has also been proposed that ABCA1 

may associate in vivo to form oligomeric structures that might interact with multiple 

molecules of apoA-I (50).  Recently, murine ABCB1 became the first mammalian 

transporter to be successfully crystallized (51).  This has provided a structural model that 

is valuable for understanding how ABC transporters function.  In this model, the 

transmembrane helices form a central pore through which substrate may translocate (Fig. 

1-4 A) (51).  Substrate translocation likely involves the shifting and rotation of the 

transmembrane helices relative to each other to enable substrate bound to the transporter 

in a high-affinity state accessible to the cytoplasm or the inner leaflet of the membrane to 

transition to a low-affinity state accessible to the extracellular space or the outer leaflet.  
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Fig. 1-3.  Putative topology of ABCA1. 

α-helices were predicted using JPred 3 software (1).  Helices with some amphipathicity 

are depicted in orange.  Potential N-glycosylation sites were predicted using NetNGlyc 

1.0 software (2) and indicated with red circles.  ABCA1 possesses two membrane-

spanning domains alternating with two nucleotide-binding domains (NBDs) where 

MSD1 is at the N-terminus.  The Walker A (A) and Walker B (B) motifs are found in 

ABC as well as other ATP-binding proteins, but the Signature C (C) motif is unique to 

ABC proteins.  The two large extracellular loops (ECL1 and ECL4) are linked by two 

disulfide bonds, as indicated.  
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Fig. 1-4.  Crystal structure of murine ABCB1.   

A)  The transmembrane helices (TMs) are modelled to form a pore through which 

substrate (green molecule) may pass through (viewed from the cytoplasmic side of the 

MSDs looking outward towards the extracellular space) (adapted from (3)). 

B)  Nucleotide-free state.  NBDs are predicted to be separated from each other by 

approximately 30Å. 

C)   Nucleotide-bound state.  TMs shift and rotate relative to each other and the NBDs 

form a dimer when bound to two molecules of ADP (adapted from (4)). 
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Data gathered from this ABCB1 crystal structure also suggest that the NBDs are 

separated by approximately 30Å in the nucleotide-free state (Fig. 1-4 B) and approach 

one another to form a dimer when bound to nucleotide (Fig. 1-4 C) (52).  However, 

ABCA1 possesses extensive ECLs not present in most other ABC transporters, including 

ABCB1, that may form highly complex structures in the extracellular space.  The 

implications for this will be discussed below.   

 

 

1.3 Cholesterol homeostasis 

1.3.1 SREBPs 

 Cholesterol is a vital component of mammalian cellular membranes and for the 

production of steroid hormones, bile acids and oxysterols.  Although cholesterol may be 

attained through diet, it may also be de novo synthesized.  Sterol regulatory element-

binding proteins (SREBPs) act as transcriptional activators for >30 genes that in addition 

to cholesterol biosynthesis, also regulate the synthesis of phospholipids, fatty acids and 

triacylglycerides (53).  SREBPs exist as three isoforms, SREBP-1a, -1c and -2 (54).  

SREBP-1a is constitutively expressed at very low levels in most tissues, suggesting that it 

plays a role in maintaining basal levels of cellular cholesterol (54).  SREBP-1c activates 

genes involved in lipogenesis, which is the biosynthesis of phospholipids and 

triacylglycerides (55,56).  SREBP-2 regulates the transcription of genes involved in 

increasing levels of cholesterol to maintain homeostasis, such as the 3-hydroxy-3-methyl-

glutaryl-CoA reductase gene (HMGCoAR) that encodes for the enzyme controlling the 
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rate limiting step in de novo cholesterol biosynthesis, and by upregulating expression of 

the LDL receptor (LDLR), which mediates the uptake of dietary cholesterol (53).   

SREBP is an ER transmembrane protein belonging to the basic-helix-loop-helix-

leucine zipper (bHLH-Zip) family of transcription factors (54).  In the presence of 

sufficient amounts of sterols, SREBP is normally found complexed with other proteins 

such as SREBP cleavage-activating protein (SCAP) and Insig-1, which are both ER 

transmembrane proteins (Fig. 1-5).  SCAP contains a sterol-sensing domain (SSD) that is 

capable of binding cholesterol (57,58).  Cholesterol binding to the SSD of SCAP causes 

conformational changes that allow SCAP to bind Insig-1, while also bound to SREBP.  

This Insig-1/SCAP/SREBP complex acts to retain SREBP at the ER (58).   

 Upon cellular depletion of cholesterol, SCAP loses the protein conformation 

required for binding Insig-1, which is then ubiquitinated and degraded (Fig. 1-5) (59).  

SCAP is then able to bind COPII proteins that traffic the SCAP/SREBP complex to the 

Golgi apparatus (60).  Here, SREBP is cleaved to its nuclear form, nSREBP (53), which 

acts to upregulate the transcription of genes involved in increasing cellular cholesterol 

levels (61).   

  

1.3.2 Role of ABCA1 

 Although cholesterol is a vital constituent of the membrane and is a precursor for 

steroid hormone production, excess cholesterol is toxic to the cell (62).  Only 

steroidogenic organs and the liver can significantly catabolize cholesterol.  The process 

by which excess cholesterol and phospholipid are shuttled to the liver for catabolism into 

bile acids and excreted is known as reverse cholesterol transport (RCT).  ABCA1 plays a 

              - 16 -



 

 

 

 

 

 

 

Fig. 1-5.  Regulation of cholesterol biosynthesis by SREBP, SCAP and Insig-1.  

Sterol regulatory element-binding proteins (SREBPs) help to regulate the transcription of 

genes involved in cholesterol biosynthesis and are themselves regulated by the presence 

of sterols in the cell.  Membrane cholesterol stabilizes SREBP localization at the ER by 

formation of a complex with SREBP-cleavage activating protein (SCAP) and Insig-1.  

Cholesterol deficiency destabilizes this complex and allows SREBP to move to the Golgi, 

where it becomes modified, allowing it to enter the nucleus to activate genes that promote 

cholesterol biosynthesis.  Adapted from (59). 
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key role in RCT and cholesterol homeostasis by effluxing cholesterol and phospholipid to 

lipid-free/poor apoA-I to form a nascent discoidal pre-β-HDL (63,64).  Cholesterol is 

further processed by lecithin:cholesterol acyltransferase (LCAT) to form cholesteryl 

esters (CE) that promote the transition into the spherical mature α-HDL particle (or just 

HDL).  HDL can be further classified based on its density of protein vs. lipids and size.  

The initial α-HDL formed, HDL3, contains a relatively small amount of lipids and as 

such, the density of apolipoproteins in the HDL particle is high.  As more lipids are 

sequestered by the HDL3 particle, LCAT converts more and more free cholesterol into 

CE, which pools in the interior of the particle.  Since the amount of apolipoproteins 

present on the surface of the particle does not fluctuate significantly, the increase in CE 

effectively decreases protein density and increases the size of the particle.  Through this 

process, HDL3 matures to form HDL2 and finally HDL1.  The significance of these HDL 

species will be discussed below.  HDL particles containing CE can then deliver CE to the 

liver by binding scavenger receptor B class I (SR-BI) or transfer CE to low density 

lipoproteins (LDL) via cholesteryl ester transfer protein (CETP) (Fig. 1-6 (65)). 

 

1.3.3 Role of ABCG1 

ABCA1 may also work cooperatively with other ABC proteins such as members 

of the ABCG subfamily to promote RCT.  Some ABCG subfamily members are “half 

transporters”, consisting of an alternatively arranged NH2-proximal NBD followed by a 

COOH-terminal MSD that must homo- or heterodimerize to form a functional 

transporter.  ABCG1-null mice accumulate lipid in hepatocytes and macrophages upon 

ingestion of a high-cholesterol diet, while overexpression of ABCG1 protects against this 
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Fig. 1-6.  Reverse cholesterol transport. 

Excess cholesterol cannot be fully catabolized in peripheral tissue in the body and must 

be shuttled via HDL to the liver for excretion within bile.  ABCA1 can mediate the efflux 

of cholesterol to lipid-free/poor apoA-I, creating HDL, where free cholesterol (C) is 

converted to cholesteryl ester (CE) by the actions of lecithin:cholesterol acyltransferase 

(LCAT).  CE in HDL may be transferred to the liver via scavenger receptor class B type I 

(SR-BI) or to circulating low-density lipoprotein (LDL) via cholesteryl ester transfer 

protein (CETP) and accepted at the liver via the LDL receptor (LDLR).  Hepatic ABCA1 

may also contribute to circulating HDL.  In the absence of ABCA1, apoA-I may be 

rapidly catabolized by the kidney.  Adapted from (65). 
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accumulation resulting in lower levels of total lipid levels compared to wild-type mice 

(66).  ABCG1 is known to function as a homodimer but may also heterodimerize with 

ABCG4 (19).  ABCG1 transcription is regulated by many of the same factors that 

regulate ABCA1 transcription, suggesting they are both involved in cholesterol 

homeostasis and RCT.  ABCG1 may play a complementary role with respect to ABCA1, 

since ABCA1 readily interacts with lipid-poor apoA-I to promote lipid efflux but does so 

poorly to HDL2 and HDL3 when expressed in macrophages (63,67), whereas ABCG1 

promotes cholesterol efflux to HDL2 and HDL3 but not lipid-poor apoA-I (68,69).  In 

support of this, it has been observed that lipid-poor apoA-I requires an interaction with 

ABCA1 before it can promote ABCG1-mediated cholesterol efflux, presumably by 

ABCA1-dependent transformation into an immature HDL particle (69). 

 

1.3.4 Role of ABCG5 and ABCG8 

Defective ABCG5 or ABCG8 has been linked to β-sitosterolemia, which results 

in an inability to concentrate plant and shellfish sterols into bile (70).  Plant sterols 

include β-sitosterol, campesterol, stigmasterol, avenosterol and 5α-saturated stanols.  

ABCG5 and ABCG8 are highly expressed in the liver and intestinal epithelium, but must 

form heterodimers to be functional (20).  ABCG5/8 play a role in limiting the intestinal 

absorption of these non-cholesterol sterols by effluxing them back into the intestinal 

lumen or from the liver into bile (41). 
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1.4   ABCA1 mechanism of action 

1.4.1 Floppase activity  

 In mammalian biological membranes, there is an asymmetry in the manner by 

which phospholipid species partition with respect to the inner and outer leaflets (71).   

The inner leaflet of the membrane is comprised of amine-containing phospholipids such 

as phosphatidylserine (PS) and phosphatidylethanolamine (PE) and to a lesser degree 

phosphatidylinositol (PI), phosphatidylinositol-4-monophosphate (PIP) and 

phophatidylinositol-4,5,-bisphosphate (PIP2).  The outer leaflet of the membrane is 

comprised of choline-containing phospholipids such as phosphatidylcholine (PC) and 

sphingomyelin (SM).  This asymmetry is critical for membrane function and because 

passive movement of lipid between the inner and outer leaflets occurs slowly, there are 

three types of proteins that function to maintain this order.  “Flippases” are proteins that 

translocate lipids from the outer to the inner leaflet of the membrane (35,72,73), while 

“floppases” translocate lipids in the reverse direction (44,74-76).  Both of these proteins 

are ATP-dependent.  Finally, “scramblases” act in an ATP-independent manner and are 

responsible for bidirectional movement of lipids nonspecifically (77,78).   

 Some ABC transporters have been shown to act as floppases, including ABCB1 

(P-gp) (74), ABCC1 (MRP1) (75) and ABCA7 (79).  There is also strong evidence that 

ABCA1 acts as a floppase to increase the levels of phosphatidylserine (PS) in the outer 

leaflet of the membrane and promotes cell surface binding of apoA-I (80,81).  It has been 

shown that ABCA1 binds apoA-I directly by chemical crosslinking studies (82), but that 

ABCA1 must be functional, since when either or both NBDs are inactivated by a 

conserved lysine to methionine mutation within the Walker A motif, these mutant 
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proteins are unable to bind Cy5-apoA-I (a fluorescent probe conjugated to apoA-I) (83). 

In addition, the observation that primary fibroblasts obtained from TD patients lack the 

ability to efflux lipids to apolipoproteins such as apoA-I (5,84) supports the fact that 

ABCA1 floppase activity promotes apoA-I binding and lipid efflux.   However, whether 

floppase activity is sufficient for apoA-I binding is unclear.  It was initially suggested that 

the floppase activity of ABCA1 was sufficient to promote apoA-I binding to the cell 

surface and that direct apoA-I-ABCA1 interactions were secondary (85).  In support of 

this, observations were made that at room temperature, the rate of diffusion of Cy5-apoA-

I in cell culture occurs too rapidly to be bound to an integral membrane protein (83).  

Based on these observations, it was proposed that the flopping of phospholipid by 

ABCA1 from the inner to outer leaflet of the membrane may be sufficient to induce 

apoA-I binding and subsequent cholesterol and phospholipid efflux (83).  In contrast, it 

was later observed that apoA-I can form large aggregates after incubation with intact 

cells and that the rapid diffusion of Cy5-apoA-I previously observed may be occurring 

within the aggregates rather than laterally on the cell surface (86).  In support of this, 

fluorescence recovery after photobleaching (FRAP) studies demonstrate that apoA-I does 

not diffuse rapidly enough on the cell surface to be associated with phospholipid alone 

and is likely bound to an integral membrane protein, such as ABCA1 (86).   

 

1.4.2 Retroendocytosis and apoA-I 

 Cholesterol efflux to apoA-I has been shown to occur in a temperature-dependent 

manner (87) and may involve endocytosis since the presence of promazine or hypertonic 

media, inhibitors of clathrin-coated pit mediated endocytosis, partially block cholesterol 
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efflux (80).  In support of this possibility, it was demonstrated that ABCA1 is expressed 

on the plasma membrane (43), as well as in endosomes (88), where it colocalizes with 

endocytosed apoA-I (89).  Once internalized, apoA-I and ABCA1 can undergo 

retroendocytosis and traffic back to the plasma membrane (89,90).  Using an ABCA1 

construct with an introduced hemagglutinin (HA) epitope at residue 207 stably expressed 

in HEK293 cells, it was demonstrated that approximately 30% of endocytosed 

ABCA1(207HA) recycles back to the plasma membrane after a 1-hour incubation at 37˚C 

(89).  Although endocytosis of ABCA1 can occur in the absence of apoA-I, localization 

of ABCA1 in the plasma membrane is enhanced by the presence of the apolipoprotein 

(91).  The presence of apoA-I also inhibits the degradation of ABCA1, similar to the 

effect of calpeptin, an inhibitor of calpain-mediated proteolysis (91,92).  From these 

studies, it appears that ABCA1 and apoA-I may enter endosomes and recycle back to the 

plasma membrane together, but the extent to which this pathway contributes to lipid 

efflux is not clear at the moment. 

 

1.4.3 Substrate translocation mechanism 

Some studies suggest that ABCA1-mediated translocation of phospholipid and 

cholesterol is a two-step process whereby phospholipid efflux occurs first and is directly 

dependent on ABCA1, followed by passive efflux of cholesterol to the phospholipid rich 

apoA-I particle.  These suggestions were partly based on observations that pre-

conditioned medium from ABCA1-expressing smooth muscle cells was able to promote 

cholesterol but not phospholipid efflux from endothelial cells (93), and that HEK293 

cells pre-treated with 20mM cyclodextrin to extract cholesterol from the membrane 
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retained the ability to efflux phospholipid to apoA-I (63).  However, subsequent studies 

failed to reproduce these results and led to the finding that the cyclodextrin 

concentrations used previously cause membrane damage as measured by the release of 

the cytoplasmic protein lactate dehydrogenase (94).  Therefore, what was previously 

interpreted as ABCA1-dependent phospholipid efflux could instead be non-specific 

phospholipid release attributable to membrane shedding as a result of cyclodextrin 

treatment and was found to occur even in the absence of the acceptor apoA-I (94).  

Furthermore, it was found that cholesterol and phospholipid efflux to apoA-I increased 

comparably over 90 minutes when ABCA1 expression was induced in RAW264.7 

macrophages (94).   

ABCA7 shares ~50% amino acid identity with ABCA1 and is the most closely 

related ABCA homolog.  When expressed in HEK293 cells by transient transfection, 

ABCA7 displays the ability to bind apoA-I and mediate apoA-I-dependent phospholipid 

efflux similar to ABCA1 (95).  However, in contrast with ABCA1, ABCA7 does not 

appear to possess the ability to efflux cholesterol in the presence of apoA-I (95).  This 

suggests that cholesterol and phospholipid efflux by ABCA1 may involve unique 

mechanisms that function independently of each other.  However, cholesterol and 

phospholipid efflux by ABCA1 has not been successfully separated pharmacologically.  

Unlike ABCA1, ABCA7 transcription is not under the control of LXR and the protein is 

not highly expressed in the liver.  Instead, ABCA7 is expressed predominantly in the 

brain, lung, adrenal gland and spleen (95).  Therefore, ABCA7 may be involved in the 

regulation of phospholipid levels independent of cholesterol levels.  Although 

phospholipid and cholesterol efflux mediated by ABCA1 may not be dissociable 
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pharmacologically, these processes may not be dependent on each another.  It is not yet 

understood whether ABCA1 phospholipid and cholesterol translocation occurs in a step-

wise or simultaneous fashion and whether any stoichiometry exists between them in a 

given transport cycle. 

 

1.4.4 Substrate acceptor interactions 

ApoA-I is a 243-residue protein that has been shown to interact with ABCA1 both 

by immunoprecipitation and chemical crosslinking studies using agents that cross-link to 

within 3Å (67,96).  However, it is not known how this interaction occurs and how apoA-I 

interactions with the lipid bilayer affect this process.  The expression of functional 

ABCA1 promotes the binding of apoA-I to the cell surface (67,83).  However, only 10% 

of apoA-I associated with the cell surface in ABCA1-upregulated cells is directly bound 

to ABCA1 (97).  ApoA-I is thought to be comprised of an NH2-terminal α-helix bundle 

and a less organized COOH-terminal domain (Fig. 1-7; (98)), which cooperate to mediate 

interactions with the cell surface (99).  In support of this suggestion, apoA-I deletion 

mutations at the COOH-terminus of the protein (∆223-243) were shown to reduce the 

ability of the apoA-I mutant protein to interact with the cell surface of ABCA1-

upregulated cells by 70% (97).  The decreased ability of apoA-I(∆223-243) to bind to the 

cell surface may be due to the fact that the COOH-terminal regions of apoA-I are 

predicted to form an α-helix that reduces the free energy involved in binding lipid (100).  

ApoA-I(∆223-243) also appears to have decreased ability to support cholesterol and 

phospholipid efflux (101), despite retaining the ability to crosslink ABCA1 (97).  A 

similar deletion mutation, apoA-I(∆220-231), has also been shown to prevent apoA-I-
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Fig. 1-7.  Crystal structure of human apoA-I. 

Full-length apoA-I shown in its lipid-free state, contains an NH2-terminal four-helix 

bundle that is stabilized by the presence of the first helix (residues 1-47) (left).  The 

COOH-terminus of apoA-I has the greatest affinity for lipid and binding of lipid has been 

suggested to disrupt the four-helix bundle, resulting in the protein assuming a more 

discoidal configuration, as shown without the first helix (right).  Adapted from (98). 
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mediated synthesis of α-HDL, although synthesis of pre-β-HDL is unaffected (102).  

These observations suggest that the COOH-terminal tail of apoA-I may form amphipathic 

α-helices that are involved in interactions with lipid domains on the cell surface generated 

by ABCA1. 

Synthetic, 22-amino acid amphipathic helices corresponding to the deleted 

COOH-terminal regions mentioned above, as well as some NH2-proximal regions of 

apoA-I, are able to promote ABCA1-mediated lipid efflux, although they do so 

significantly less efficiently compared to full-length apoA-I (103).  Furthermore, 18- and 

37-mer peptides designed to form amphipathic helices also have the ability to promote 

ABCA1-mediated cholesterol and phospholipid efflux (104,105).  From these studies, it 

appears that an amphipathic "-helix is the common requirement for the ability to act as an 

ABCA1 lipid acceptor.  This would explain why other amphipathic helix-rich 

apolipoproteins such as apoA-II, A-IV, C-I, C-II, C-III and E also have the ability to 

promote ABCA1-mediated lipid efflux (106).  However, apart from apoA-I and apoE 

(107), there is no evidence whether these apolipoproteins directly interact with ABCA1. 

 

 

1.5 Transcriptional regulation 

1.5.1 LXR/RXR 

 First described as “orphan” receptors, liver X receptors (LXRs) are members of 

the nuclear hormone receptor superfamily of ligand-activated transcription factors.  These 

proteins contain ligand-binding domains that recognize small lipophilic molecules and a 

DNA-binding domain that includes a zinc finger motif.  Binding of ligand to LXRs 
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induces conformational changes that result in binding to the promotors of target genes. 

These target genes are involved in lipid metabolism and cholesterol homeostasis 

(108,109).   

In 2000, shortly after the correlation between defective ABCA1 and TD, a LXR 

response element (DR4 motif) was identified at the -63 position within the ABCA1 

promotor region (Fig. 1-8) (110).  It was found that ABCA1 mRNA levels in 

macrophages increase in response to lipid loading and promote apoA-I-mediated 

cholesterol efflux and that this response is lost in TD cells (109,111).  The impact of LXR 

on cholesterol homeostasis is also evident in LXR knockout mice (112), which exhibit 

macrophage foam cell accumulation, HDL-C deficiency and splenomegaly, which are 

characteristic of TD and similarly observed in TD patients (13,113).  

LXR is involved in cholesterol homeostasis by regulating the transcription of the 

sterol regulatory element-binding protein-1c gene (SREBP-1c) (61), which in turn 

regulates the transcription of genes involved in lipogenesis (53).  Although LXR is a 

pivotal regulator of cholesterol homeostasis, it does not interact with free cholesterol or 

cholesteryl esters.  Instead, its ligands are derivatives of cholesterol, known as oxysterols.  

Oxysterols or “hydroxycholesterols” are cholesterol molecules that possess an additional 

hydroxyl group on the carbon side chain (C20-27).  Some oxysterols act as high-affinity 

ligands for LXR, such as 22(R)-hydroxycholesterol 22(R)-OHC, 24(S)-OHC, 27-OHC 

and 24,25-epoxycholesterol (114-116).   LXR does not act alone at the promoter regions 

of target genes, but forms an obligate heterodimer with the retinoid X receptor (RXR), 

which can also be activated by its ligand, the vitamin A derivative 9-cis-retinoic acid 

(9CRA) (117).  Using an ABCA1 promotor-luciferase construct in the RAW 264.7 
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Fig. 1-8.  Transcriptional regulation of ABCA1.   

The liver X receptor (LXR) and retinoid X receptor (RXR) are major upregulators of 

ABCA1 transcription that form heterodimers and may act synergistically when both are 

activated by their ligands, oxysterol and 9-cis-retinoic acid (9CRA), respectively.  cAMP 

and upstream factors (USFs)1 and 2 can also upregulate ABCA1 transcription, while Fos-

related antigen 2 (Fra2) and the zinc-finger protein 202 (ZNF202) repress transcription.  

Adapted from (110). 
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murine macrophage cell line, a 7-fold, 8-fold and synergistic 37-fold induction in 

promotor activity was observed following treatment with 22-OHC alone, 9CRA alone or 

both, respectively (110).  Therefore, when there is an abundance of cellular cholesterol, 

the production of oxysterols may upregulate genes such as ABCA1 that act to maintain 

cholesterol homeostasis. 

LXR-mediated regulation of gene expression may also be dependent on tissue 

type.  LXR is found as two isoforms, LXRα and LXRβ (118).  LXRα is predominantly 

expressed in the liver and to a lesser extent in the small intestine, spleen and adrenal 

glands (119), while LXRβ is expressed ubiquitously (120).  These isoforms bind with 

different affinities to the regulatory regions of certain genes, such as lipoprotein lipase 

(121).  In addition, regulation of gene expression by LXR may depend on ligand 

availability.  For instance, 22-OHC, 24-OHC and 24,25-epoxycholesterol are abundant in 

the liver (118), while 27-OHC is the predominant oxysterol found in macrophages (115).  

However, mutation of the DR4 element in the ABCA1 promotor significantly reduces but 

does not abrogate LXR/RXR-mediated oxysterol upregulation of ABCA1 transcription 

(110,111), suggesting that there are other forms of transcriptional regulation of the 

ABCA1 gene. 

 

1.5.2 Other modes of transcriptional regulation of the ABCA1 gene 

 Earlier studies showed that the treatment of RAW264 macrophages with cAMP 

analogs such as 8-Br-cAMP enhanced apoA-I-mediated cholesterol efflux, accompanied 

by a 9-13-fold induction in ABCA1 mRNA and increased ABCA1 protein levels (Fig. 1-

8) (122,123).  Furthermore, the presence of apoA-I appears to increase cellular levels of 

              - 34 -



cAMP in an ABCA1-dependent manner (124).  Although this pathway is not well 

understood, it is postulated that generation of cAMP via apoA-I-ABCA1 interactions may 

involve interactions between ABCA1 and Gs proteins that activate adenylyl cyclase to 

generate secondary messengers such as cAMP (124).  Other elements that regulate 

ABCA1 transcription include the zinc-finger protein ZNF202, which has been shown to 

bind to a GnT motif at -229/-210 and -24 in the ABCA1 promotor to repress transcription.  

ZNF202 also represses ABCG1 transcription, which would support cooperative roles 

between ABCA1 and ABCG1 in RCT (125).  In addition, upstream stimulatory factor 

(USF)1 and 2 enhance, while fos-related antigen (Fra)2 represses, ABCA1 transcription 

by binding to an E-box motif at the -140 position within the promoter (126). 

 

 

1.6 Post-translational regulation 

1.6.1 Calpain 

 ABCA1 has an estimated half-life of approximately 1-3 hours (92,127,128).  Like 

a number of other proteins, whose stabilities are tightly regulated, ABCA1 contains a 

PEST motif.  PEST motifs are hydrophilic loops or extensions comprised of 12+ residues 

enriched in proline (P), glutamic acid (E), serine (S) and threonine (T) (129).  PEST 

motifs have been shown to be targeted for cleavage by the cellular thiol protease calpain 

in the presence of Ca2+, which acts as a cofactor (130).  Residues 1284-1306 in ABCA1 

are predicted to contain a PEST motif (Fig. 1-9), which is conserved in all but one 

position between human, mouse and chicken homologues (92).  Based on several 

observations, this PEST motif appears to be involved in regulating the degradation of 
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Fig. 1-9.  Post-translational regulation of ABCA1.  ABCA1 has a short half-life that 

may be modulated by many factors.  Its rate of degradation appears to be in part regulated 

by a “PEST” motif, which may be targetted by calpain for proteolysis.  Threonine 

residues (T1242, T1243, T1255) are thought to be constitutively phosphorylated by 

casein kinase 2 (CK2) and appear to promote cholesterol efflux, while the 

phosphorylation of S2054 in NBD2 appears to be crucial for phospholipid efflux.   
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ABCA1 (92,131).  ABCA1 naturally turns over at the cell surface and although it is not 

fully understood how this process is regulated, it is inhibited by the presence of the 

calpain-specific protease inhibitor calpeptin (92,132).  Furthermore, cell surface 

expression of ABCA1 is increased and not affected by the presence of calpeptin when 

lacking the PEST motif (ABCA1∆PEST) compared with wild-type ABCA1 (92).  These 

observations suggest that there is a mechanism for calpain-mediated ABCA1 degradation 

that involves the PEST motif.  In addition, immunofluorescence confocal microscopy 

studies measuring co-localization with the late endosome marker LAMP2 show that the 

internalization rate of ABCA1∆PEST is drastically reduced compared with wild-type 

ABCA1 (131).  Possibly as a result of this decreased turnover at the cell surface, cells 

expressing ABCA1∆PEST display 2-4-fold greater cholesterol efflux than cells 

expressing wild-type ABCA1 after normalizing for expression levels (92).   

Phosphorylation of ABCA1 is also believed to play a role in regulation of 

expression.  An approximate 60% decrease in ABCA1 phosphorylation is observed when 

ABCA1∆PEST is expressed in HEK293 cells compared with wild-type ABCA1 (132).  

This reduction in phosphorylation is very similar to that seen with wild-type ABCA1 in 

the presence of apoA-I (132).  More specifically, residues T1286 and T1305 within the 

PEST motif appear to be constitutively phosphorylated and a T1286A/T1305A double 

mutant ABCA1 protein displays a 3.1- and 2.3-fold increase in cell surface expression 

and apoA-I-mediated cholesterol efflux, respectively, when compared with wild-type 

ABCA1 (132).  These results suggest that the interaction of apoA-I with ABCA1 may 

cause the dephosphorylation of certain residues within the PEST motif, which inhibits 

calpain-mediated turnover and promotes cholesterol efflux in the presence of apoA-I. 
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1.6.2 Other post-translational regulation 

 Due to the fact that ABCA1 has a relatively short half-life, post-translational 

regulation of expression and function may play a key role in determining efflux activity 

in vivo. Several kinases have been implicated in the regulation of ABCA1, including 

protein kinase A (PKA).  There is evidence that PKA is involved in the phosphorylation 

of other ABC transporters such as ABCB1 (P-gp) (133) and ABCC7 (CFTR) (134), 

modulating their activity.  ABCA1 is thought to be constitutively phosphorylated by 

PKA, since the presence of the PKA inhibitor H89 reduces cholesterol and phospholipid 

efflux activity by ~50% without affecting the ability of ABCA1 to interact with apoA-I 

(124,135).  More specifically, phosphorylation of S2054 located between the Signature C 

and Walker B motifs of NBD2 appears to be important for apoA-I-mediated phospholipid 

efflux in vitro, since mutation of the residue to alanine reduces efflux activity by ~40% 

without affecting protein stability or apoA-I binding compared with wild-type ABCA1 

(136).  In addition, PKC also appears to regulate ABCA1 turnover, since PKC inhibitors 

H-7, bisindolylmaleimide I and sphingosine prevent apoA-I-induced stabilization of 

ABCA1 expression in vitro (137). 

Although PKA and PKC appear to modulate ABCA1 efflux activity without 

affecting the ability of ABCA1 to interact with apoA-I, Janus kinase 2 (JAK2) activation 

is correlated with enhanced apoA-I binding to the cell surface of ABCA1-expressing cells 

(138).  Functional ABCA1 is thought to promote apoA-I docking at the cell surface by 

the generation of lipid domains (103,139), in which approximately 10% of the apoA-I 

directly interacts with ABCA1 (97).  There is evidence that apoA-I-ABCA1 interactions 

are required for JAK2 activation by autophosphorylation, since ABCA1 containing 
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mutations in the ECLs that inhibit apoA-I binding also inhibit JAK2 phosphorylation 

(140).  In addition, JAK2 activation enhances, but is not required for apoA-I binding to 

ABCA1, since the interaction can occur in the presence of the JAK2-specific inhibitor 

AG490 (135,141).  Furthermore, JAK2 activation is correlated with lipid efflux, which 

may also depend on the ability of apoA-I to properly interact with the ECLs of ABCA1, 

since ABCA1 containing the naturally occurring W590S mutation in ECL1 was 

demonstrated to interact with apoA-I and promote JAK2 activation similar to the wild-

type protein, but is deficient in its ability to efflux cholesterol and phospholipid (140). 

Lastly, although phosphorylation events mediated by PKA, PKC and JAK2 may 

act to promote lipid efflux, phosphorylation may also inhibit efflux by ABCA1 in some 

instances.  For example, residues T1242, T1243 and T1255 located between NBD1 and 

TM7 in ABCA1 lie within a putative regulatory domain that appears to be constitutively 

phosphorylated by casein kinase 2 (CK2) (142).  Mutation of any one of these residues to 

alanine prevents its phosphorylation and results in the increase of apoA-I binding, 

phospholipid efflux and cholesterol efflux by approximately 1.4-, 2- and 3.5-fold 

compared to the wild-type protein, respectively (142).  Therefore, kinases may act to 

regulate ABCA1 efflux activity and expression by modulating apoA-I-ABCA1 

interactions through conformational changes transduced from the putative regulatory 

domain to the ECLs and/or by influencing the rate of ABCA1 degradation. 
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1.7 Transport cycle mechanism 

1.7.1 NBD architecture 

 Although the MSDs and NBDs are often expressed as separate polypeptides in 

prokaryotic ABC proteins, two MSDs and two NBDs must come together to form the 

minimal functional unit.  For example, the bacterial importer Histidine Permease is 

comprised of two distinct MSDs (HisM and HisQ) and two identical NBDs (HisP), but 

also requires a periplasmic binding protein (PBP) subunit HisJ (143).  Each NBD 

contains a Walker A (G-X-X-G-X-G-K) and Walker B motif (h-h-h-D-X, where h -

represents a hydrophobic residue) and both of these motifs are also found in other 

ATPases (144).  These motifs interact with Mg2+, water and the β- and γ-phosphate group 

of bound ATP (145,146).  However, ABC proteins contain a unique Signature C motif 

(L-S-G-G-X-Q/R/K-Q/R) located just NH2-proximal to the Walker B motif that is critical 

for the hydrolysis of ATP (147,148). 

 

1.7.2 The ATP switch model 

 ATP binding and hydrolysis is essential for substrate translocation.  Although the 

NBDs may function differently depending on the ABC transporter, the manner by which 

the ABC transporter utilizes ATP to drive the transport cycle can be broken down into 

several common steps (Fig. 1-10; (149)).  First, binding of substrate to the transporter at a 

substrate binding site in its high affinity state increases the affinity of the NBDs for ATP.  

For example, the presence of LTC4 increases the affinity of ABCC1 (MRP1) for 

[α32P]N3-ATP, especially at NBD1 (150).  It is possible that conformational changes 
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Fig. 1-10.  The “ATP switch” transport cycle model.  A generic working model of the 

transport cycle.  Binding of substrate to the cytosolic side of the MSDs and possibly the 

inner leaflet of the membrane likely promotes the binding of ATP to an NBD.  This 

causes conformational changes that enhance binding of a second ATP at the other NBD 

and the formation of the closed NBD dimer.  ATP binding is thought to switch the 

substrate binding site from a high-affinity to low-affinity state, which is accompanied by 

the shifting and rotation of the transmembrane helices to allow for the translocation of 

substrate.  ATP hydrolysis then helps to reset the protein by destabilizing the NBD dimer 

via electrostatic repulsion between Pi and ADP, which then dissociate from the NBD(s) 

in that order.  Adapted from (149). 
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induced by substrate binding may be transduced via the intracellular loops and 

transmembrane helices to the NBDs to increase their affinity for ATP.   

Second, initial interaction of ATP with the Walker A and B motif of one NBD 

likely induces conformational changes through the MSDs to enable the Signature C motif 

from the other NBD to interact with the nucleotide.  This results in cooperative ATP 

binding to the second NBD.  Once ATP is bound at both locations, the NBD dimer is 

considered to be in its tightly closed conformation (151).  ATP binding and not its 

hydrolysis, has been shown to be sufficient to promote the switching of the substrate 

binding site from high- to low-affinity states, thus allowing for translocation of substrate 

to the other side of the membrane and its subsequent release, as is the case with ABCC1 

(MRP1) (152), ABCB1 (P-gp) (153-155) and ABCC7 (CFTR) (156). 

Third, ATP hydrolysis occurs to produce bound ADP + Pi.  The electrostatic 

repulsion generated between ADP and Pi is thought to destabilize the closed NBD dimer 

and generate the open dimer conformation.  It is at this stage that the addition of ortho-

vanadate (Vi), an inhibitor of ABC transport function, stabilizes nucleotide at the NBDs 

by forming ADP-Vi, thus arresting the protein in a post-hydrolytic transition state.  This 

technique is a valuable tool for gaining insight into the hydrolytic activity of the NBDs, 

albeit in an indirect manner.  Whether hydrolysis of ATP occurs at both nucleotide 

binding sites may depend on the transporter, but there is evidence that this may not reset 

the transporter back to its original basal state.  In support of this, vanadate trapping of 

nucleotide in ABCB1 (P-gp) was found to stabilize the protein in a low-affinity state for 

verapamil (157). 
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Finally, release of Pi followed by the release of ADP occurs.  The electrostatic 

repulsion between ADP and Pi that presumably promotes the generation of the open NBD 

dimer conformation likely plays a role in the dissociation of these species from the 

nucleotide binding pocket.  For ABCB1 (P-gp) and possibly other ABC proteins, ADP 

release has been shown to be the rate-limiting step in its catalytic cycle (158). 

 

1.7.3 NBD function 

 The manner by which each NBD contributes to the function of the protein appears 

to differ among transporters.  In the bacterial ABC protein Histidine Permease, comprised 

of two identical NBDs (HisP) and two unique MSDs (HisQ and HisM) polypeptide 

subunits that interact with a periplasmic binding protein (HisJ) (143), inactivation by 

mutation of one NBD subunit in the presence of one wild-type NBD results in an overall 

decrease in activity by ~50% (159).  This suggests that each NBD contributes 

equivalently to the function of the protein and that one NBD is sufficient for transport 

activity.  Other transporters such as the full-length ABCB1 (P-gp) have also been shown 

to possess NBDs that contribute to protein ATPase activity equivalently (160).  However, 

when either NBD of ABCB1 is inactivated by a conserved lysine to methionine Walker A 

motif mutation, drug-stimulated ATPase activity and the ability to trap nucleotide in the 

presence of vanadate is abolished (160,161).  Yet with other transporters such as ABCC1 

(MRP1), NBD1 and NBD2 have been found to function non-equivalently, whereby 

inactivation of NBD1 results in a protein that retains approximately 25% LTC4 transport 

activity compared to the wild-type protein, while inactivation of NBD2 alone or both 

NBDs essentially inactivate the protein (150). In addition, there is a greater affinity for 
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[α32P]N3-ATP binding at NBD1 of ABCC1 compared with NBD2.  Nucleotide binding at 

NBD1 is also required for binding to occur at NBD2, which is the predominant site of 

[α32P]N3-ADP trapping (150,162).   

 Taken together, the NBDs of any particular ABC protein may have varying 

relative abilities to bind and hydrolyze nucleotide.  This variation may arise from 

conformational parameters dictated by the local NBD architecture and/or the MSDs.  The 

MSDs not only directly interact with the NBDs, but may also transduce conformational 

changes resulting either from the activity at the apposing NBD or from the binding of 

substrate(s). 

 

1.7.4 ABCA1 as an ATPase 

 Soon after ABCA1 was implicated as a key component of RCT, attempts were 

made to determine if it was a functional ATPase.  A common method used for the 

determination of ATPase activity involves the direct measurement of Pi produced from 

the hydrolysis of ATP using colorimetric methods (163).  These techniques were used to 

determine that ABCB1 (P-gp) expressed in Sf9 membranes possesses a basal ATPase 

activity of 15.2 ± 3.5 nmol Pi/mg membrane protein/min (164), which is inhibited in the 

presence of vanadate, but stimulated in the presence of one of its substrates, verapamil, to 

65 ± 8.5 nmol Pi/mg/min (165).  Other transporters such as ABCG2 (BCRP) expressed in 

Sf9 membranes exhibit ATPase activity of 72 ± 4.4 and 148 ± 9.5 nmol Pi/mg/min in the 

absence and presence of the substrate prazosin, respectively (166).   

 Initial attempts to measure ABCA1 ATPase activity in the presence of up to 4mM 

MgATP for 1 hour at 37˚C were not successful (167).  Since some transporters show 
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robust substrate-stimulated activity (164,165) and potential substrates of ABCA1 include 

cholesterol and phospholipid, attempts to measure ATPase activity in the presence of 

various cholesterol-lipid mixtures and apoA-I were also attempted and not successful 

(167).  However, this study was able to demonstrate that ABCA1 has the ability to 

hydrolyze ATP as indirectly demonstrated by vanadate-trapping experiments in the 

presence of physiological Mg2+ when expressed in Sf9 membranes (167).  Despite these 

observations, ABCA1 was suggested to function as an ATP-regulated apoA-I receptor 

rather than an active primary sterol transporter (161,168).  In contrast, further attempts to 

duplicate these results using HEK293 membranes demonstrated that trapping of 

nucleotide occurs in the presence of Mn2+, but not of Mg2+ (43).  Using limited 

trypsinolysis, Ahn et al. (2003) provided evidence that wild-type ABCA1 expressed as 

separate NH2- and COOH-proximal halves co-expressed in HEK293 cells has the ability 

to bind N3-ATP similarly at each NBD (169).  However, the activity of the reconstituted 

protein was not determined and the stoichiometry between the two halves as determined 

by Coomassie blue staining is difficult to interpret.  Nucleotide trapping data that would 

support the ability of ABCA1 to function as a primary active transporter was also not 

provided.  

 In attempts to measure ATPase activity of the individual NBDs of ABCA1, 

Roosbeek et al. (2004) expressed them as soluble His-tagged peptides in E. coli that were 

then purified.  They reportedly detected ATPase activity with either NBD in isolation, 

where NBD1 had a greater capacity to hydrolyze ATP compared with NBD2 (170).  

However, nucleotide bound at one NBD via the Walker A and B motifs requires the 

interaction with the Signature C motif from the apposing NBD in order to hydrolyze ATP 
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and therefore the hydrolytic activity of an isolated NBD cannot be assumed to be 

representative of true physiological function.       

 

 

1.8 Research objectives 

 At the point my studies began, it was well established that interaction between 

ABCA1 and apoA-I enhanced the efflux of cholesterol and phospholipid.  However, 

convincing evidence of the ability of ABCA1 to function as a direct active transporter of 

lipids was lacking.  Consequently, my first research objective was to determine whether 

ABCA1 could directly transport substrate in an ATP-dependent manner.  The manner in 

which each NBD of ABCA1 binds and traps nucleotide was also unknown.  Thus, my 

second objective was to determine the role each NBD plays in the binding and hydrolysis 

of nucleotide by using NBD-inactivating mutations and by co-expressing the NH2- and 

COOH-proximal halves of ABCA1 to allow for physical separation of the two by SDS-

PAGE.  My last objective was to determine the effect naturally occurring mutations that 

occur in the ECLs and NBDs have on ABCA1 function, since with few exceptions, it is 

currently impossible to predict the effect a mutation may have on the mechanism of 

function of ABCA1 and the contribution it may make to the associated disease 

phenotype. 
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Chapter 2 

CHARACTERIZATION OF THE FUNCTION OF THE NUCLEOTIDE-

BINDING DOMAINS OF ABCA1 

 

2.1 Statement of co-authorship 

 Monika Vasa helped to move wild-type (KK) and Walker A lysine to methionine 

mutants (MK, KM and MM) ABCA1-GFP cDNA from the pBI vector into the pFastBac1 

and pcDNA3.1(-) vectors and with the preparation of baculovirus and stable cell HEK293 

cell lines.  I designed and Ruth Burtch-Wright prepared the KK+TEV cDNA construct.  I 

carried out all Sf21 cell infections and preparation of Sf21 and HEK293 membrane 

vesicles.  I performed all photoaffinity labelling studies, 25-OHC transport assays and 25-

OHC whole cell efflux assays.  Dr. Shui-Pang Tam performed cholesterol and 

phosphatidylcholine whole cell efflux assays for the KK+TEV construct. 

 

2.2 Abstract 

 There is emerging evidence that ABCA1 plays a key role in reverse cholesterol 

transport and can mediate the efflux of cholesterol and phospholipid in vitro (86,171).  

Although ABCA1 has been shown to bind ATP at 4˚C, evidence that it can trap 

nucleotide at 37˚C has not been as convincing (43,167,169).  Earlier studies also failed to 

measure significant ATPase activity by ABCA1 and this led to the suggestion that 

ABCA1 may act as an ATP-regulated receptor rather than a primary active sterol 

transporter.  Utilizing the expression of ABCA1-GFP in insect Sf21 and mammalian 

HEK293 cells, we show that ABCA1-GFP can readily bind N3-ATP and trap nucleotide 
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in the presence of ortho-vanadate or beryllium fluoride and either Mg2+ or Mn2+.  Using 

inactivating Walker A motif mutations within the nucleotide-binding domains (NBDs), 

we also show that both NBDs must be active for efficient trapping to occur.  By inserting 

a TEV protease site into wild-type ABCA1-GFP, we also demonstrate that trapping 

occurs similarly at both NBDs, suggesting they may possess similar hydrolytic activity.  

Lastly, when comparing the ability of ABCA1 to trap nucleotide when expressed in Sf21 

and HEK293 cells, significant differences can be observed, suggesting that membrane 

composition affects ABCA1 function.  

 

2.3 Introduction 

ABCA1 is thought to lipidate lipid-poor apoA-I with phospholipid and cholesterol 

and to play a key role in reverse cholesterol transport (172).  However, until recently, it 

was not clear if ABCA1 directly translocated substrate in an energy-dependent manner.  

In 2006, we provided evidence that ABCA1 is an ATP-dependent primary sterol 

transporter capable of transporting 25-OHC in an apoA-I-independent fashion using a 

transport uptake assay designed for measuring substrate translocation by an integral 

membrane protein using inside-out membrane vesicles containing BSA (44).  In addition, 

others have also demonstrated that purified ABCA1 reconstituted into liposomes 

possesses robust ATPase activity (173).  The nucleotide-binding domains (NBDs) are 

crucial for ATPase activity and mediating the efflux of cholesterol and phospholipid, 

since mutation of the conserved lysine residue in the Walker A motif to methionine in 

NBD1 only (MK), NBD2 only (KM) or both NBDs (MM) abrogates this activity (Fig. 2-

1) (44,81).  The inability of the MK, KM and MM mutant proteins to mediate lipid efflux 
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Fig. 2-1.  Putative ABCA1 topology – Walker A conserved lysine to methionine 

substitutions. 

ABCA1 is comprised of two MSDs alternating with two cytosolic NBDs.  All ABC 

transporter NBDs contain conserved motifs that are involved in interactions with 

nucleotide.  These motifs include the Walker A (A), Walker B (B) and signature C (C).  

The conserved lysine within the Walker A motifs were mutated to methionine in NBD1, 

NBD2 or both NBDs to examine NBD function and are indicated as K939M and 

K1952M.   
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may be due to its failure to interact with the physiological substrate acceptor apoA-I 

(174).  Utilizing the uptake assay mentioned above in the presence of BSA, we found that 

the single Walker A mutant proteins (MK and KM) when expressed in insect Sf21 cells 

retain 40-50% 25-OHC transport activity compared to the wild-type protein while the 

double Walker A mutant protein (MM) is essentially inactive (44).  The manner by which 

the Walker A mutant proteins transport 25-OHC and whether BSA can act as the 

substrate acceptor in place of apoA-I when ABCA1 is expressed in mammalian cell  

membranes has not been investigated. 

Here, we utilize photoaffinity labelling experiments to characterize how the 

NBDs bind N3-ATP and trap nucleotide, an indirect measure of hydrolysis, when either 

or both NBDs are inactivated.  In addition, we also examine the manner in which wild-

type ABCA1-GFP interacts with nucleotide at the individual NBDs.  Lastly, since 

cholesterol is a major constituent of mammalian membranes and may be a substrate of 

ABCA1, we investigated the effect of membrane composition on ABCA1 function by 

expressing the protein in both insect Sf21 and mammalian HEK293 cells. 

We provide evidence that both NBDs need to be intact for efficient trapping of 

nucleotide to occur whether ABCA1-GFP is expressed in Sf21 or HEK293 membranes.  

However, there appears to be greater ortho-vanadate (Vi)- and beryllium fluoride (BeFx)-

independent occlusion of nucleotide when ABCA1-GFP is expressed in Sf21 membranes.  

Utilizing a novel construct in which a Tobacco Etch Virus protease cleavage site was 

inserted into wild-type ABCA1-GFP, we determined that NBD1 and NBD2 appear to 

trap nucleotide similarly.  In addition, the single Walker A mutant proteins (MK and KM) 

do not appear to possess significant ability to transport 25-OHC when expressed in 
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HEK293 membranes, in contrast to previous results obtained using Sf21 membranes (44).  

Therefore, the composition of the membrane in which ABCA1-GFP is expressed appears 

to affect its general mechanism of transport. 

 

2.4 Materials and methods 

2.4.1 Materials 

 Chemicals were purchased from Fisher Scientific (Nepean, ON, Canada), Sigma 

(St. Louis, MO), ICN (Aurora, OH) and Bio-Rad (Hercules, CA).  Lipofectamine 2000 

was purchased from Invitrogen (Burlington, ONT, Canada).  Culture Media and fetal 

bovine serum (FBS) were purchased from Life Technolgies (Burlington, ON, Canada).  

Complete EDTA-free protease inhibitor was purchased from Roche (Indianapolis, IN).  

8-azido-[α-32P]ATP was purchased from Affinity Labeling Technologies, Inc. 

(Lexington, KY) with specific activity between 5 and 15 Ci/mmol.  Beryllium, ortho-

vanadate, ATP, ADP and ATPγS compounds were purchased from Sigma-Aldrich (St. 

Louis, MO).  Radiolabelled 25-[26,27-3H]hydroxycholesterol (25-OHC), [3H]cholesterol 

and [methyl-14C]choline were obtained from PerkinElmer (Woodbridge, ON, Canada),   

Rat primary mAB directed against residues 200-250 of mouse ABCA1 was purchased 

from Abcam Inc. (Cambridge, MA).  Mouse primary monoclonal antibody (mAb) 

directed against green fluorescent protein (GFP) was purchased from Sigma (St. Louis, 

MO).  General Purpose Blue medical x-ray film was purchased from Kodak. 
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2.4.2 Generation of ABCA1-GFP constructs 

 The murine wild-type ABCA1-GFP cDNA in the expression vector pBI (from 

Clontech) and three ABCA1-GFP mutants (MK, KM, and MM) containing a methionine 

(M) substitution for lysine (K) in the Walker A motif of the first, second, or both 

nucleotide domains were constructed as described previously (175).  These constructs 

were moved from the pBI vector into the pFastBac1 and pcDNA3.1(-) donor and 

expression vectors using NotI restriction sites, as previously described (44). 

 To create NH2- and COOH-proximal halves of ABCA1-GFP for expression in the 

pFastBac Dual vector (Invitrogen), the murine wild-type ABCA1-GFP cDNA in the 

expression vector pcDNA3.1(-) was first subcloned as two smaller fragments to reduce 

the plasmid size.  An NH2-proximal half (nucleotides 1-4800) was generated by digestion 

of the full-length cDNA using XhoI and SphI restriction endonucleases and ligated into 

the pFastBac1 empty vector using the same enzymes.  A COOH-proximal half 

(nucleotides 2909-7503) was generated by digestion of the full-length cDNA using SacI 

and NotI restriction endonucleases and ligated into the pFastBac1 empty vector using the 

same enzymes. 

 To generate the NH2-proximal half 1-1179-HA, matching sense (5’-

cgattacccgtacgacgtgccggactacgcctgacctac-3’) and anti-sense oligonucleotides containing 

a 5’ ClaI restriction site, HA epitope (YPYDVPDYA), stop codon and KpnI restriction 

site were allowed to dimerize and bind to the ClaI and KpnI digested and purified 

ABCA1 1-4800 cDNA in the pFastBac1 backbone.  For the NH2-proximal half 1-1326-

HA, PCR was utilized to generate an HA epitope, stop codon and KpnI restriction site 

following nucleotide 3978 using ABCA1 1-4800 in pFastBac1 as the template.  The 
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forward primer used was 5’-gaggacagtgtttctcagagc-3’ and the reverse primer used was 5’-

gacggtacctcaggcgtagtccggcacgtcgtacgggtactgggtgagtttccagcc-3’.  The PCR product and 

template were digested with ClaI and KpnI and purified before ligation. 

 PCR was utilized to add an NH2-terminal StuI restriction site and Kozak sequence 

using the forward primers.  To generate the COOH-proximal half 1180-2261-GFP, the 

forward primer 5’-ctagaggcctgccaccatggtctctgctatctccaacc-3’ was used.  To generate the 

COOH-proximal half 1327-2261-GFP, the forward primer 5’-

ctagaggcctgccaccatggacaacagtttgtggcccttttg-3’ was used, where the bolded nucleotides 

represent an additional glycine to allow for proper insertion of a Kozak sequence.  The 

reverse primer used for both constructs was 5’-gctcacacgctcctggatcagg-3’.  The PCR 

products and ABCA1-GFP 2909-7503 template were digested with StuI and AatII and 

purified before ligation.  The various NH2-proximal halves where then moved into the 

pFastBac Dual expression vector p10 promotor cassette using XhoI and KpnI restriction 

endonucleases while the various COOH-proximal halves were moved into the pFastBac 

Dual polyhedrin (PH) promoter cassette using StuI and NotI endonucleases. 

 Five constructs containing one or two TEV protease cleavage sites along with a 

unique restriction site AgeI (resulting in the following underlined residues) 

(ENLYFQGTG) were introduced into the murine wild-type ABCA1-GFP at 4 sites: 

following residues 1179, 1238, 1278 and 1297.  Complimentary oligonucleotides 

containing the TEV protease cleavage site and an AgeI restriction site were constructed 

with flanking ClaI sites for insertion into ABCA1-GFP at its unique ClaI restriction site 

that encodes for residues 1178 and 1179.  One or two TEV protease cleavage sites were 

inserted at this location.  The forward oligonucleotide used was 5’-
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cgatgagaacctgtatttccagggcaccggtat-3’.  The forward primers utilized for the insertion of 

one TEV protease cleavage site following residues 1238, 1278 and 1297 utilizing the 

QuikChange Site-Directed Mutagenesis Kit (Stratagene) were 5’-

gcatctccagttatggcgagaacctgtatttccagggcaccggtatctcggagaccacc-3’, 5’-

gcaagacgaaacagacgggagaacctgtatttccagggcaccggtgccttcggggacaagc-3’ and 5’- 

cccaatgactctgacgagaacctgtatttccagggcaccggtatagacccagaatcc-3’, respectively.  

  

2.4.3 Production of recombinant baculovirus 

 Recombinant bacmids were generated for viral infection of Sf21 cells using the 

Bac-to-Bac Baculvirus Expression System (Invitrogen) as previously described (176).  

Briefly, pFastBac1 donor plasmids were used to transform E. coli competent DH10BAC 

cells (Life Technologies), which contain the necessary parent bacmid and helper plasmid.  

Successful transfectants were selected for using plates containing 50µg/mL kanamycin, 7 

µg/mL gentamicin, 10 µg/mL tetracycline, 300 µg/mL 5-bromo-4-chloro-3-indolyl-b-D-

galactoside (X-gal), and 40 µg/ml isopropylthio-b-D-galactoside (IPTG).  Recombinant 

bacmids were transfected into Sf21 cells using CELLFECTIN reagent (Life 

Technologies).  Three days later the cell culture medium was used to infect fresh Sf21 

cells and stocks of amplified virus were prepared. 

 

2.4.4 Viral infection of Sf21 cells 

 5 x 106 Sf21 cells were seeded on a 150mm (145 cm2) tissue culture plate.  24 

hours later, the cells were infected with the amplified virus using a multiplicity of 
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infection of 0.2 plaque-forming units (PFU)/cell. 48 hours after infection, cells were 

harvested for membrane vesicles preparations and assessment of protein expression.   

 

2.4.5 Transfection of HEK293 cells and generation of stable cell lines 

 Murine ABCA1-GFP constructs in the pcDNA3.1(-) expression vector were 

utilized for the generation of stable human embryonic kidney (HEK)293 cell lines, as 

previously described (177).  Briefly, 1 x 106 cells were seeded in 6-well (9.5 cm2) dishes 

in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine 

serum (FBS) for 24 hours.  4µg DNA and 10µL Lipofectamine 2000 reagent were added 

to 1.5mL Opti-MEM media (Invitrogen).  100µL of this mixture was introduced to each 

well and incubated for 4-6 hours.  The medium was changed to DMEM with 10% FBS 

over night.  The next day, cells were subcultured 1:10 into a T-25 in DMEM with 10% 

FBS and G418 (400µg/mL; Geneticin, Life Technologies).  After ~2 weeks, cell colonies 

were carried in DMEM with 10% FBS and 200µg/mL G418. 

 

2.4.6 Membrane vesicle preparation and immunoblotting of ABCA1 proteins  

 Sf21 cells infected with virus encoding wild-type or mutant ABCA1-GFP proteins 

or β-glucuronidase (β-gus) as the negative control were harvested 2 days following 

infection.  HEK293 cells stably transfected with pcDNA3.1(-) vector containing the wild-

type or mutant ABCA1-GFP cDNAs or empty vector as the negative control were 

harvested when flasks were confluent. 

 Preparation of membrane vesicles were performed as previously described 

(176,178).  Briefly, harvested cells were frozen at -70˚C for at least 12 hours in transport 
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buffer (50mM Tris-HCl pH7.5, 250mM sucrose, 0.02% (w/w) sodium azide) containing 

Complete EDTA-free Protease Inhibitor and 1% BSA (w/w) (for use during transport 

assays described below).  After thawing, cells were disrupted by nitrogen cavitation 

(200psi).  Membrane vesicles were purified by sucrose gradient centrifugation.   

 Protein expression levels were determined by Bradford Assay (Bio-Rad) and 

comparable amounts of vesicle protein were subjected to SDS-PAGE (7% gel) and 

transferred to Immobilon-P polyvinylidene difluoride (PVDF) membranes (Millipore 

Corp., Bedford, MA).  ABCA1-GFP proteins were probed using a rat monoclonal 

antibody directed against an epitope of ABCA1 between amino acids 200-250 (anti-

ECL1) (Abcam Inc., Cambridge, MA) and a horseradish peroxidase (HRP)-conjugated 

secondary antibody and detected using an enhanced chemiluminescence kit (Amersham 

Biosciences Inc., Quebec, Canada).  Relative expression of wild-type and mutant ABCA1 

proteins were determined by densitometry.  

 

2.4.7 Uptake of 25-OHC into membrane vesicles 

 Uptake of [3H]25-OHC into membrane vesicles was measured at 37˚C in the 

presence of AMP or ATP as previously described (44).  Briefly, a reaction volume of 

25µL containing at least 5µg protein depending on relative level of expression based on 

immunoblot analysis, [3H]25-OHC (2.5µM, ~100nCi/reaction), AMP or ATP (4mM) and 

MgCl2 (10mM) in transport buffer (50mM Tris-HCl pH7.5, 250mM sucrose).  Reactions 

were performed at 37˚C for 90 seconds, at which point 20µL of the samples were 

removed and diluted in 1mL ice-cold transport buffer, applied to glass fiber filters (type 

A/E; Pall Corporation, Ann Arbor, MI) presoaked in transport buffer containing 10µg/mL 
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ethidium bromide for 2 hours (to reduce non-specific binding of free 25-OHC).  Filters 

were then washed twice with 4mL ice-cold transport buffer to reduce non-specifically 

bound 25-OHC to filters and remaining radioactivity was determined by scintillation 

counting.  ATP-dependent 25-OHC transport was defined as the radioactivity retained 

from assays performed in the presence of ATP minus that obtained in the presence of 

AMP.  As a control for ABCA1-independent partitioning of 25-OHC into the membrane 

and aqueous environment, assays in the presence of AMP and ATP were also performed 

using membrane vesicles prepared from Sf21 cells infected with β-glucuronidase (β-gus) 

or HEK293 stable cell lines transfected with an empty pcDNA3.1(-) vector. 

 

2.4.8 Whole cell efflux of 25-OHC, cholesterol and phosphatidylcholine from  

 HEK293 stable cells 

The ability for wild-type and mutant ABCA1-GFP to mediate [3H]25-OHC, 

[3H]cholesterol and [methyl-14C]choline efflux in stably transfected HEK293 cell lines 

was measured as previously described (44).  Briefly, 2.5 x 105 cells were seeded onto 6-

well plates (9.5 cm2) pretreated with 0.01% Poly-L-Lysine (Sigma).  48 hours later, 

0.5µCi/mL [3H]25-OHC or [3H]cholesterol or 1µCi/mL [methyl-14C]choline was 

introduced to the cells in DMEM containing 0.02% BSA.  24 hours later, fresh DMEM 

was introduced with or without 20µg/mL human apoA-I.  After various time points (0-24 

hours), aliquots of the medium were taken for scintillation detection.  For cells treated 

with [methyl-14C]choline, the medium was subjected to lipid extraction using a 1:2 

methanol-chloroform mixture prior to scintillation detection.  At the completion of the 

last time point, cells were subjected to lipid extraction using a 1mL 3:2 hexane-
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isopropanol (v/v) mixture.  Scintillation detection was performed with the Beckman 

LS6500 Scintillation Counter using quench corrections.  The amount of efflux was 

calculated as a percentage of radioactivity in the medium with respect to total (medium + 

cell-associated) radioactivity. 

 

2.4.9 Confocal microscopy 

 Visualization of ABCA1-GFP by confocal microscopy was performed as 

previously described (44).  Briefly, 5 x 105 stably transfected HEK293 cells were seeded 

onto 6-well plates with coverslips pre-treated with 0.01% Poly-L-Lysine.  Once cells 

reached confluence, they were washed twice with phosphate-buffered saline (PBS).  Cells 

were fixed with 95% -70˚C ethanol for 10 minutes and monitored by confocal 

microscopy using a Leica TCS MP2 confocal microscope. 

 

2.4.10 Cleavage of ABCA1-GFP by calpain 

 Calpain-1 (µ-calpain) was purchased from Calbiochem (San Francisco, CA).  

15µg full-length wild-type ABCA1-GFP total protein expressed in Sf21 membrane 

vesicles were incubated in dilution buffer (20mM Tris-HCl pH 7.2, 1mM DTT, 1mM 

EDTA, 1mM EGTA) and 2mM CaCl2 in the presence of 25nM calpain for 0-60 minutes 

at room temperature (21˚C).  4X Laemlli buffer (200mM Tris-HCl pH 6.8, 20% glycerol, 

4% SDS, 400mM DTT and bromophenol blue) was added to the samples before 

subjecting to SDS-PAGE. 
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2.4.11 Cleavage of ABCA1-GFP by trypsin 

 Diphenylcarbamyl chloride (DCC)-treated trypsin (DCC inhibits chymotrypsin) 

was purchased from MP Biomedicals (Irvine, CA).  A 0.01 µg/µL stock solution of 

trypsin was prepared in 0.1mM HCl through serial dilutions.  10µg full-length wild-type 

ABCA1-GFP total protein expressed in Sf21 membranes were incubated with trypsin in 

1:500 trypsin:protein (w/w) using the trypsin stock solution for 15 minutes at 37˚C.  

Reactions were stopped by the addition of 3X stop buffer (200mM Tris-HCl pH 6.8, 20% 

glycerol, 4% SDS, 400mM DTT, bromophenol blue, 10µg/mL leupeptin (Sigma-Aldrich, 

St. Louis, MO), 10mM PMSF (Sigma-Aldrich, St. Louis, MO)) before subjecting to 

SDS-PAGE. 

 

2.4.12 TEV protease cleavage 

 At least 10µg membrane vesicle protein expressing KK+TEV ABCA1-GFP was 

suspended in 50mM Tris-HCl, pH 7.4 in the absence or presence of TEV protease 

(titrated at 1:128-1:2 units of TEV protease to total µg total protein) at room temperature 

for 15 minutes.  Samples were then diluted in Laemmli buffer (4X) containing DTT 

(100mM) before subjecting to 7% SDS-PAGE and immunoblot detection.  Some 

HEK293 membranes expressing KK+TEV were treated with PNGase F (10U/µg) (NEB) 

for 15min at 37˚C to investigate the extent to which ABCA1-GFP is glycosylated. 

 

2.4.13 N3-ATP-binding by ABCA1-GFP 

 8-N3-[α
32P]ATP labeling of ABCA1-GFP was performed similar to that described 

previously (150).  Briefly, Sf21 or HEK293 membrane vesicles (at 30µg total protein) 
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were incubated with 5µM 8-N3-[α
32P]ATP in transport buffer containing 5mM MgCl2 on 

ice for 5 minutes.  Samples were then subject to UV-irradiation on ice at 302nm for a 

total of 8 minutes in 2-minute intervals followed by 30 seconds without irradiation.  The 

reaction was stopped and free radioactive nucleotide was removed by the addition of 

800µL ice-cold wash buffer (50 mM Tris-HCl, pH 7.4, 0.1 mM EGTA, 5mM MgCl2) 

before centrifugation at 14 000 rpm for 15 minutes at 4˚C.  This step was repeated and 

the pelleted vesicles were resuspended in 4X Laemmli buffer containing DTT (100mM) 

and subjected to 7% SDS-PAGE.  The gels were dried for 1.5 hours at 65˚C before 

exposure to film.  Membrane vesicles prepared from Sf21 cells infected with β-gus and 

HEK293 cells transfected with empty pcDNA3.1(-) vector acted as the negative controls. 

 

2.4.14 Vanadate and beryllium fluoride nucleotide trapping 

 Trapping of 8-N3-[α
32P]ATP was performed similar to that described previously 

(150,162).  Briefly, Sf21 or HEK293 membrane vesicles (30µg total protein) were 

incubated with 8-N3-[α
32P]ATP (5-10µM) in transport buffer containing 5 mM MgCl2 or 

MnSO4 for 15 minutes at 37˚C in the presence or absence of 1mM vanadate (Vi) or 

200µM beryllium fluoride (BeFx).  Samples were subjected to centrifugation at 14 000 

rpm for 15 minutes at 4˚C and washed with 800µL ice-cold wash buffer.  This step was 

repeated once before pelleted cells were resuspended in 15µL ice-cold Tris-HCl pH 7.5 

and subjected to UV-irradiation on ice at 302nm for a total of 8 minutes in 2-minute 

intervals followed by 30 seconds without irradiation.  For HEK293 membrane vesicles 

expressing KK+TEV ABCA1-GFP, membranes were treated with 0.1% L-α-

lysophosphatidylcholine (Sigma) in 50mM Tris-HCl, pH 7.4 at room temperature for 15 
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minutes (to aid TEV proteolysis) and subjected to centrifugation at 14 000 rpm for 15 

minutes at 4˚C.  The pelleted membranes were then resuspended in the presence or 

absence of TEV protease (1U TEV protease: 2µg total membrane vesicles protein) under 

conditions mentioned above.  Wash buffer was then added to the samples before 

centrifugations at 14 000 rpm for 15 minutes at 4˚C and repeated.  Samples were then 

diluted in Laemmli buffer (4X) containing DTT (100mM) and subjected to 7% SDS-

PAGE.  Gels were dried for 1.5 hours at 65˚C before exposure to film. 

 

2.5 Results 

2.5.1 Effect of Walker A mutations and membrane composition on the ability of  

 ABCA1-GFP to bind and trap nucleotide 

 Using vesicle uptake assays, we have shown that the single Walker A mutant 

proteins (MK and KM) (Fig. 2-1) have a 50-60% reduction in 25-OHC transport activity 

compared to the wild-type protein and that the double mutant protein (MM) is essentially 

inactive when expressed in Sf21 cells (44).  Whether membrane composition affects the 

activity of the wild-type and Walker A mutant proteins and their ability to bind and trap 

nucleotide has not been investigated.  Consequently, we expressed these proteins in 

mammalian HEK293 cells by the generation of clonal, stable cell lines.   

 In contrast to results obtained using the single Walker A mutant proteins 

expressed in Sf21 cells, the mutant proteins were essentially unable to transport 25-OHC 

when expressed in HEK293 cells in the presence of BSA (Fig. 2-2).  To determine 

whether NBD function was affected by membrane composition, comparative 

photoaffinity labelling studies were performed using the wild-type and Walker A mutant 
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Fig. 2-2.  ATP-dependent transport of 25-OHC by wild-type and Walker A mutant 

ABCA1-GFP proteins expressed in stably transfected HEK293 cells. 

ATP-dependent transport of 25-OHC was carried out using 5µg of total HEK293 

membrane vesicle protein with 10mg/mL BSA acting as the substrate acceptor in the 

interior.  Membrane vesicles were incubated in the presence of 2.5µM [3H]25-OHC, 

4mM AMP or ATP and 10mM MgCl2 at 37˚C for 90 sec, as described in Materials and 

Methods.  Transport assays were performed in triplicate and transport activity was 

normalized based on the levels of expression of the proteins and plotted as a percentage 

of the wild-type.  Standard error bars by the mutants are not visible due to the consistent 

lack of activity detected. 
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proteins expressed in both Sf21 and HEK293 cells.  Endogenous bands are shown as a 

measure for protein recovery efficiency and background levels of unincorporated 

radiolabel.  When expressed in Sf21 membranes (Fig. 2-3 A), N3-ATP binding (4˚C) by 

wild-type ABCA1-GFP (KK) and single Walker A mutant proteins (MK and KM) was 

similar and could be competed by excess ATPγS (Fig. 2-3 B).  To investigate the ability 

of the proteins to trap nucleotide, we employed ortho-vanadate (Vi) or beryllium fluoride 

(BeFx), which are compounds believed to arrest the nucleotide in a post-hydrolytic 

transition state resembling ADP + Pi (179) and ATP-bound ground state (180,181), 

respectively.  This approach has been utilized in our laboratory to investigate nucleotide 

trapping by ABCC1 (152,182).  We also examined the ability of Mn2+ to act as the cation 

required for ATP hydrolysis in place of the physiological Mg2+, since there have been 

previous reports that in the presence of Vi, Mn2+ induces nucleotide trapping by ABCA1 

to a greater extent than Mg2+ (43). 

 In the presence of either Vi (Fig. 2-3 C) or BeFx (Fig. 2-3 D), increased nucleotide 

trapping at 37˚C was observed by wild-type ABCA1-GFP (KK) in the presence of Mg2+ 

and Mn2+.  Weak trapping by the MK and KM mutant proteins, but not the double 

mutant, was also detected in the presence of BeFx and Mg2+ and Vi and Mn2+, as well as 

by the MK mutant protein in the presence of Vi and Mg2+.  The wild-type and single 

Walker A mutant proteins also displayed detectable levels of Vi- and BeFx-independent 

binding of nucleotide at 37oC.  To investigate whether the nucleotide bound in the 

presence or absence of Vi was ADP or ATP, we carried out a similar ‘trapping’ 

experiment using 8-N3-[γ
32P]ATP instead of 8-N3-[α

32P]ATP.  The results indicate that 

Vi-dependent tight binding of ATP by both wild-type ABCA1-GFP and the MK mutant 
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Fig. 2-3.  Expression, N3-ATP binding (4˚C) and nucleotide trapping (37˚C) by wild-

type and Walker A mutant ABCA1-GFP proteins expressed in Sf21 cells.   

A)   Immunoblot of wild-type and mutant ABCA1-GFP detected using the anti-ECL1 

antibody. 

B)   N3-ATP binding.  Wild-type and mutant ABCA1-GFP proteins (30µg total protein) 

were incubated with 8-N3-[α
32P]ATP (5µM) for 5 min at 4˚C in transport buffer in the 

absence or presence of 500µM ATPγS before UV cross-linking and removal of 

unincorporated nucleotides.  A1, ABCA1; E, endogenous band. 

C)  Vi-dependent nucleotide trapping by wild-type and Walker A mutant proteins.  

Membrane vesicles were incubated in transport buffer containing 8-N3-[α
32P]ATP (5µM) 

for 15 min at 37˚C in the absence or presence of Vi (1mM) and Mg2+ or Mn2+.  

Unincorporated nucleotides were removed before UV cross-linking.  A1, ABCA1; E, 

endogenous band. 

D)  BeFx-dependent nucleotide trapping by wild-type and Walker A mutant proteins.  

Membrane vesicles were treated as in (C), but in the absence or presence of BeFx 

(200µM).  A1, ABCA1; E, endogenous band. 

E)   Vi-dependent N3-ATP binding by the wild-type and MK mutant proteins.  Membrane 

vesicles were incubated in transport buffer containing 8-N3-[γ
32P]ATP (5µM) for 15 min 

at 37˚C in the absence or presence of Vi (1mM) and Mg2+.  Unincorporated nucleotides 

were removed before UV cross-linking.  A1, ABCA1; E, endogenous band. 
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protein contribute to the total nucleotide ‘trapped’ in the presence of Vi,, since no tight 

binding of ATP could be detected in the absence of Vi (Fig. 2-3 E).  Therefore, the Vi-

independent occlusion of nucleotide by the wild-type, MK and KM mutant proteins (Fig. 

2C) likely involves tight binding of ADP, presumably, in the case of the mutants, by the 

remaining wild-type NBD. 

 When expressed in HEK293 cells (Fig. 2-4 A), N3-ATP binding (4˚C) by wild-

type ABCA1-GFP (KK) and single Walker A mutant (MK and KM) proteins were 

similar and could be competed by excess ATPγS (Figs. 2-4 B), similar to when expressed 

in Sf21 cells.  However, nucleotide trapping experiments carried out at 37˚C yielded 

quite different results.  Nucleotide trapping (37˚C) was only observed with the wild-type 

(KK) protein and dependent on the presence of Vi (Fig. 2-4 C) or BeFx (Fig. 2-4 D).  

Thus, the Walker A mutant proteins do not appear to have the ability to trap nucleotide in 

the presence of Vi or BeFx and Mg2+ or Mn2+.  Also in contrast to observations made 

when these proteins were expressed in Sf21 cells, there was no significant Vi- or BeFx-

independent nucleotide occlusion by ABCA1-GFP when expressed in HEK293 cells.   

 

2.5.2 Design and expression of ABCA1-GFP as dual-half proteins 

 There is evidence indicating that the two NBDs of ABCA1 are able to bind N3-

ATP and that they do so similarly (169).  However, the extent to which the individual 

NBDs trap nucleotide has not been determined.  In order to investigate these properties, 

we expressed wild-type ABCA1-GFP as half-molecules separated either between 

residues 1179 and 1180 (1-1179-HA + 1180-2261-GFP) or 1326 and 1327 (1-1326-HA + 

1327-2261-GFP).  We utilized a dual-expression system involving the use of a single 
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Fig. 2-4.  Expression, N3-ATP binding (4˚C) and nucleotide trapping (37˚C) by wild-

type and Walker A mutant ABCA1-GFP proteins expressed in stably transfected 

HEK293 cells.   

A)  Immunoblot of wild-type and mutant ABCA1-GFP detected using the anti-ECL1 

antibody. 

B)   N3-ATP binding.  Wild-type and mutant ABCA1-GFP proteins (30µg total protein) 

were incubated with 8-N3-[α
32P]ATP (5µM) for 5 min at 4˚C in transport buffer in the 

absence or presence of 500µM ATPγS before UV cross-linking and removal of 

unincorporated nucleotides.  

C)  Vi-dependent nucleotide trapping by wild-type and Walker A mutant proteins.  

Membrane vesicles were incubated in transport buffer containing 8-N3-[α
32P]ATP (5µM) 

for 15 min at 37˚C in the absence or presence of Vi (1mM) and Mg2+ or Mn2+.  

Unincorporated nucleotides were removed before UV cross-linking. 

D)  BeFx-dependent nucleotide trapping by wild-type and Walker A mutant proteins.  

Membrane vesicles were treated as in (C), but in the absence or presence of BeFx 

(200µM). 
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vector containing two expression cassettes for the expression of the NH2- and COOH-

proximal halves of ABCA1-GFP.  This method has proven to be a useful tool for the 

study of nucleotide and substrate interactions with ABCC1 (MRP1) and has been used 

extensively in our laboratory as an alternative approach to a co-expression system 

involving two separate vectors, which introduces variability in the relative expression 

levels of the two halves (150,182).   

 The NH2-proximal halves were detected by an anti-ECL1 antibody directed 

against an epitope in ECL1, while the COOH-proximal halves and the full-length protein 

were detected by an anti-GFP antibody.  Western blot analysis demonstrate the ability for 

the simultaneous expression of the NH2- and COOH-proximal halves of ABCA1-GFP.  

The apparent molecular weights of the NH2- and COOH-proximal halves of the 1-1179-

HA + 1180-2261-GFP proteins are 134 and 150kDa, respectively (Fig. 2-5 B), while 

those of the 1-1326-HA + 1327-2261-GFP proteins are 148 and 132kDa, respectively 

(Fig. 2-5 E).     

 

2.5.3 Dual-half protein 25-OHC transport activity and ability to bind and trap 

 nucleotide 

 The 1-1179-HA + 1180-2261-GFP and 1-1326-HA + 1327-2261-GFP proteins 

appeared to retain the ability to transport 25-OHC in the presence of BSA using 

membrane vesicles, but at ~50 and ~40% activity compared with the full-length protein, 

respectively (Fig. 2-5 A).  Since the expression of the two halves did not appear to be 

stoichiometrically similar, transport activity was normalized to the least expressing half, 
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Fig. 2-5.  ATP-dependent transport of 25-OHC and N3-ATP binding (4˚C) and 

nucleotide trapping (37˚C) by dual-half constructs expressed in Sf21 cells. 

A)  ATP-dependent transport of 25-OHC to 10mg/mL BSA was carried out in triplicate 

using 5µg of total membrane vesicle protein incubated in the presence of 2.5µM [3H]25-

OHC, 4mM AMP or ATP and 10mM MgCl2 at 37˚C for 90 sec, as described in Materials 

and Methods.  Transport activity was normalized based on the levels of expression of the 

proteins and plotted as a percentage of the wild-type with standard error bars shown. 

B and E)  Immunoblot analysis of full-length (1-2261-GFP) ABCA1-GFP and the dual-

half constructs 1-1179-HA + 1180-2261-GFP and 1-1326-HA + 1327-2261-GFP.  NH2-

proximal halves were detected by the anti-ECL1 antibody, while the full-length protein 

and COOH-proximal halves were detected by the anti-GFP antibody.  C and F)  N3-ATP 

binding only appears to occur at NBD1 (N-half) in the absence of excess ATPγS.  D and 

G)  Nucleotide trapping also only appears to occur at NBD1.  N3-ATP binding and 

nucleotide trapping do not appear to be significantly affected by the presence of 25-OHC. 

*, 5% ethanol only (vehicle); E, endogenous band; FL, full-length; HA, hemagglutinin. 
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which was consistently the COOH-proximal half based on densitometry of the 

immunoblots. 

 Using both dual-half constructs, photoaffinity-labelling studies indicate that only 

NBD1 has the ability to bind and trap nucleotide and was not affected by the presence of 

cold 25-OHC (Fig 2-5 C,D,F,G).  These observations were unexpected, since full-length 

ABC proteins require both NBDs for function and despite some instances where an NBD 

may have a low rate of hydrolysis and thus decreased ability to trap nucleotide, there is 

still the expectation that they should be able to bind N3-ATP.  Since our results are not 

consistent with previous N3-ATP-binding studies performed using ABCA1 suggesting 

that both NBDs have the ability to bind N3-ATP and similarly (169), we aimed to confirm 

of our observations by other methods. 

 

2.5.4 Calpain proteolysis of ABCA1-GFP 

 Calpain is a protease that is involved in the proteolysis of proteins, which often 

have short half-lives and contain the “PEST” target motif (regions enriched in proline, 

glutamic acid, serine and threonine) (130).  ABCA1 possesses a PEST motif between 

residues 1284 and 1306 located after NBD1 and before TM7 (92) and is thought to be 

targetted by calpain to promote ABCA1 degradation (79,131).  Since this PEST motif is 

located close to the midway point of the protein, calpain proteolysis of ABCA1-GFP was 

attempted in order to provide an alternate method for the discrimination between the 

NBDs once subjected to SDS-PAGE that would allow for stoichiometric expression of 

the NH2- and COOH-proximal halves of ABCA1-GFP.  Western blot analysis was used 

to identify the apparent molecular weights of the NH2- and COOH-proximal halves 
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generated from the cleavage of the full-length protein and to identify whether nucleotide 

could be occluded at NBD1 or NBD2 upon photolabelling.  In the presence of calpain, 

full-length ABCA1-GFP was cleaved to produce one major band detected by the anti-

ECL1 antibody with a predicted molecular weight of ~150kDa that corresponds to the 

NH2-proximal half of the protein (Fig. 2-6 A).  After an incubation period of 2.5 minutes, 

the amount of the NH2-proximal cleavage product generated appears to reach a plateau at 

10 minutes.  The expected complimentary COOH-proximal cleavage product with a 

predicted molecular weight of ~135kDa detected by the anti-GFP antibody was only 

faintly observed even after 20 minutes.  At this point, a lower molecular weight band 

~45kDa was observed that is predicted to be too small to contain NBD2 and possibly a 

degradation product of the initial C-proximal cleavage product (Fig. 2-6 B).  The inability 

to detect significant amounts of the COOH-proximal half of the protein that includes 

NBD2 may be due to a rapid turn-over of the COOH-proximal half of the protein 

following the initial cleavage at the PEST motif.  Therefore, should calpain proteolysis of 

the full-length protein be attempted following photolabelling procedures, any cleavage 

fragment(s) generated containing NBD2 and any occluded nucleotide bound to it would 

likely be degraded rapidly and not readily observable upon SDS-PAGE.   

 Upon photolabelling experiments followed by calpain proteolysis, both NH2- and 

COOH-proximal halves of the protein were not detected (not shown).  It is possible that 

UV irradiation inhibits the access of calpain to the PEST motif required for cleavage of 

ABCA1-GFP.  To examine whether this was the case, trapping experiments were 

performed using cold N3-ATP, followed by the introduction of calpain and analyzed by 

immunoblotting.  As detected by both the anti-ABCA1 R1 antibody, which recognizes an 
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Fig. 2-6.  Proteolysis of ABCA1-GFP by calpain expressed in Sf21 cells. 

Immunoblots of wild-type ABCA1-GFP (15µg) following incubation with 25nM calpain 

at 21˚C for 0-60 min.  NH2-proximal cleavage products were detected by the anti-

ABCA1 (R1) antibody (A).  COOH-proximal cleavage products were detected by the 

anti-GFP antibody (B).  Mock nucleotide trapping experiments were performed at 37˚C 

using cold N3-ATP (10µM) in the presence or absence of BeFx.  Compared to wild-type 

ABCA1-GFP (KK), the Walker A single and double mutant proteins (MK, KM and MM) 

appear to be significantly cleaved by 25nM calpain following incubation at 21˚C for 30 

min.  NH2-proximal fragments of ABCA1-GFP were detected using the anti-R1 antibody 

(C), while the COOH-proximal fragments were detected using the anti-GFP antibody 

(D).  
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epitope just NH2-proximal to the PEST motif and therefore presumably representative of 

the NH2-proximal half of ABCA1-GFP, and the anti-GFP antibody, no significant 

cleavage of the full-length wild-type protein could be detected (Fig. 2-6 C,D).  However, 

when the Walker A mutant (MK, KM and MM) proteins were subjected to similar 

conditions, a number of significant cleavage products were observed (Fig. 2-6 C,D).  The 

cleavage of the NBD2 Walker A mutant protein (KM) by calpain appeared to be most 

pronounced compared to the MK and MM mutant proteins.  These observations suggest 

the possibility that mutations in the NBDs may affect the ability for the NBDs to properly 

dimerize and as a consequence, increase the accessibility of the PEST motif to the 

aqueous environment and promote calpain-mediated proteolysis of ABCA1. 

 

2.5.5 Limited trypsin proteolysis of ABCA1-GFP 

 Controlled cleavage of ABC proteins by trypsin has proven to be a useful tool for 

the separation of the full-length protein into two or more fragments that can be separated 

by SDS-PAGE and has been utilized with ABC proteins including ABCC1 (183), 

ABCA4 (169) and more recently, ABCA1 (173).  Upon trypsin cleavage of wild-type 

ABCA1-GFP, Western blot analysis using the anti-ECL1 antibody detected the 

appearance of two major cleavage products corresponding to NH2-proximal fragments at 

the 2.5- and 5-minute time points, in addition to some minor products (Fig. 2-7 A).  

Based on the size of these two major fragments, the first sites targetted for cleavage by 

trypsin in the full-length protein are predicted to occur at residues 909 and 1318, of which 

the latter site is COOH-proximal to NBD1.  Therefore, upon photolabelling experiments, 

any nucleotide bound at NBD1 should be detectable in the 150 kDa NH2-proximal 
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Fig. 2-7.  Proteolysis of ABCA1-GFP by trypsin expressed in Sf21 cells. 

Immunoblots of limited trypsin digestion of ABCA1-GFP using a 1:500 ratio of Units 

trypsin to total protein (µg) for 2.5-30 min performed at 37˚C.  NH2- and COOH-

proximal cleavage products were detected by anti-ECL1 (A) and anti-GFP (B) antibodies, 

respectively.  Nucleotide trapping by full-length ABCA1-GFP in the presence of Mn2+ 

and BeFx, followed by limited trypsin proteolysis for 15 min in the presence of various 

concentrations of trypsin.  Cleavage products observed are indicated as possibly 

representative of NH2- or COOH-proximal halves containing NBD1 or NBD2, 

respectively (C).  FL, full-length; E, endogenous. 
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fragment.  Furthermore, at the same time points, a major COOH-proximal cleavage 

product was detected by the anti-GFP antibody of ~140 kDa (Fig. 2-7 B), which appears 

to compliment the larger NH2-proximal ~150kDa fragment with respect to the size of the 

full-length protein (~280kDa).  The ~140kDa COOH-proximal fragment is predicted to 

include NBD2, but did not seem to be as stable as the initial NH2-proximal fragments 

produced in the presence of trypsin based on the intensity of the band compared with the 

uncleaved full-length protein and the appearance of several smaller cleavage products.  

The relative instability of the COOH-proximal fragments of ABCA1-GFP compared with 

the NH2-proximal products upon trypsinolysis is not desirable since it would be difficult 

to compare the relative amounts of nucleotide bound at the two NBDs following SDS-

PAGE.   

 Although limited trypsinolysis of ABCA1-GFP was attempted following 

photolabelling experiments, the results were difficult to interpret due to the number of 

cleavage products present, poor signal to noise ratios of the bands and the presence of 

both BeFx-independent and -dependent trapping by endogenous proteins with similar 

sizes as the expected cleavage products of the full-length protein (Fig. 2-7 C).  Therefore, 

quantification of nucleotide bound at NBD1 and NBD2 was not possible and alternate 

methods would be necessary to confirm whether both NBDs are capable of trapping 

nucleotide. 

 

2.5.6 Design and expression of the KK+TEV protein 

 As an alternative approach to dual-expression of half-molecules and proteolysis of 

the full-length ABCA1-GFP by calpain or trypsin, we inserted a TEV protease cleavage 
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site into wild-type ABCA1-GFP between NBD1 and TM7.  This allowed for the specific 

cleavage of the full-length protein by TEV protease to produce stoichiometric amounts of 

the NH2- and COOH-proximal halves of the protein, which were amenable to separation 

by SDS-PAGE.  This method has been used successfully in our laboratory to separate 

ABCC1 into NH2- and COOH-proximal halves (Grant CE, unpublished).  However, it 

was not known to what extent the region between NBD1 and TM7 of ABCA1 would be 

accessible to TEV protease, either as a consequence of local conformation or association 

with other domains of the protein.  Therefore, five constructs were designed with the 

TEV protease cleavage site inserted into regions with a high degree of hydrophilicity 

(Fig. 2-8 A, indicated I-V) as predicted by DNAMAN and Protscale (184), and which 

avoided potential phosphorylation sites (142).  These constructs were then expressed in 

Sf21 cells using a baculovirus expression system.  The first location chosen was located 

following residue 1178, where one (Fig. 2-8 B, lanes I) and two consecutive TEV 

proteases sites (Fig. 2-8 B, lanes II) were inserted.  Other insertion sites for a single TEV 

protease cleavage site were located after residues 1238 (Fig. 2-8 B, lanes III), 1273 (Fig. 

2-8 B, lanes IV) and 1297 (Fig. 2-8 B, lanes V).  The NH2-proximal half of ABCA1-GFP 

was detected by the anti-ECL1 antibody, while the COOH-proximal half of the protein 

was detected by the anti-GFP antibody.  Of these constructs, construct V was efficiently 

cleaved by TEV protease and generated two fragments of the protein with the greatest 

difference in apparent molecular weights after separation by SDS-PAGE.  This construct 

was designated “KK+TEV” and expressed as a stable transfectant in HEK293 cells, as 

well as in Sf21 cells.    
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Fig. 2-8.  Insertion of TEV protease cleavage sites into wild-type ABCA1-GFP and 

cleavage by TEV protease.   

A)   A TEV protease cleavage site (ENLYFQG) was inserted into wild-type ABCA1-

GFP after residue 1179 once (I) or twice (II) or once after residues 1238 (III), 1273 (IV) 

and 1297 (V).   

B)   Cleavage of the KK+TEV protein (at site V) was performed using various ratios of 

TEV protease (U) to total membrane vesicle protein (µg) at room temperature for 15 min.  

NH2- and COOH-proximal halves were detected using anti-ECL1 and anti-GFP 

antibodies, respectively.   
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 The expression of the KK+TEV protein was similar to the wild-type protein when 

expressed in both Sf21 (Fig. 2-9 A) and HEK293 (Fig. 2-9 B) cells, where it has a 

subcellular localization profile similar to the wild-type protein, as detected by GFP 

fluorescence using confocal microscopy (Fig. 2-9 C).  To assess the functionality of the 

KK+TEV protein compared with wild-type ABCA1-GFP, ATP-dependent transport of 

25-OHC was measured using membrane vesicles containing 10mg/mL BSA.  The 

KK+TEV protein maintains the ability to transport 25-OHC at a level similar to the wild-

type protein in membrane vesicles prepared from both Sf21 cells (Fig. 2-10 A) and 

HEK293 cells (Fig. 2-10 B).  The protein also fully retains the ability to efflux 25-OHC 

(Fig. 2-10 C), cholesterol (Fig. 2-10 D) and phosphatidylcholine (Fig. 2-10 E) from intact 

HEK293 cells.   

 

2.5.7 Cleavage of the KK+TEV protein by TEV protease 

 In the presence of TEV protease, KK+TEV (Fig. 2-11) was cleaved into NH2- 

(detected by the anti-ECL1 antibody) and COOH-proximal (detected by the anti-GFP 

antibody) fragments with approximate apparent molecular weights of 165kDa and 

135kDa, respectively, when expressed in Sf21 membranes (Fig. 2-11 A).  When 

expressed in HEK293 cells, the NH2-proximal half appears as a doublet following SDS-

PAGE with higher molecular weights of approximately 175 and 190kDa (Fig. 2-11 B).  

To examine whether these larger sizes could be attributed to more extensive 

glycosylation, HEK293 membranes containing the KK+TEV protein were treated with 

PNGase F, which cleaves both high-mannose and complex forms of N-linked sugar 

moieties.  Following PNGase F treatment and cleavage by TEV protease, the NH2-
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Fig. 2-9.  Insertion of a Tobacco Etch Virus (TEV) cleavage site into wild-type 

ABCA1-GFP. 

A)   Immunoblot of wild-type ABCA1-GFP (KK) and KK+TEV proteins expressed in 

Sf21 cells detected using the anti-ECL1 antibody.   

B)   Immunoblot of wild-type and KK+TEV proteins expressed in stably transfected 

HEK293 cells detected using the anti-ECL1 antibody.   

C)  Confocal microscopy of wild-type and KK+TEV proteins expressed in stably 

transfected HEK293 cells detected by GFP fluorescence.   
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Fig. 2-10.  Analysis of the transport and efflux activity and nucleotide trapping 

ability of KK+TEV ABCA1-GFP expressed in Sf21 and stably transfected HEK293 

cells. 

A) ATP-dependent transport of 25-OHC to 10mg/mL BSA by the wild-type and 

KK+TEV proteins expressed in Sf21 cells was carried out in triplicate using 5µg of total 

membrane vesicle protein incubated in the presence of 2.5µM [3H]25-OHC, 4mM AMP 

or ATP and 10mM MgCl2 at 37˚C for 90 sec.  Transport activity was normalized based 

on the levels of expression of the proteins and plotted as a percentage of the wild-type 

with standard error bars shown. 

B) ATP-dependent transport of 25-OHC to 10mg/mL BSA by the wild-type and 

KK+TEV proteins expressed in HEK293 cells was carried out as described in (A).   

C)  Efflux of [3H]25-OHC by the wild-type and KK+TEV proteins expressed in HEK293 

cells to 20µg/mL apoA-I was carried out in the presence of 20µg/mL apoA-I at 37˚C over 

night.  Assays were performed in triplicate and calculated as the radioactivity present in 

the culture medium as a percentage of the total radioactivity and normalized based on 

levels of protein expression.  Standard error bars are shown. 

D)  Efflux of [3H]cholesterol into medium containing 20µg/mL apoA-I, as described in 

(C). 

E)  Efflux of [14C]phosphatidylcholine into medium containing 20µg/mL apoA-I, as 

described in (C). 
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Fig. 2-11.  Comparison of the cleavage of KK+TEV ABCA1-GFP when expressed in 

Sf21 and stably transfected HEK293 cells. 

A)  Proteolysis of KK+TEV ABCA1-GFP expressed in Sf21 cells was carried out at 

room temperature for 15 min using various ratios of Units TEV protease to total 

membrane vesicle protein.  NH2- and COOH-proximal halves were detected using anti-

ECL1 and anti-GFP antibodies, respectively.   

B)   Proteolysis of the KK+TEV protein expressed in HEK293 cells as described in (A). 

C)  Proteolysis of the KK+TEV protein expressed in HEK293 cells in the presence or 

absence of PNGase F (10U/µg) and TEV protease (1U/8µg). 
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proximal doublet was reduced to a single species with a lower molecular weight of 

approximately 150kDa (Fig. 2-11 C).  This size is comparable to the NH2-proximal half 

generated when the KK+TEV protein is expressed in Sf21 membranes in the absence of 

PNGase F treatment.  In addition, the majority of glycosylation in ABCA1 appears to 

occur in the NH2-proximal half of the protein, since treatment of PNGase F did not 

appear to significantly reduce the size of the COOH-proximal half of KK+TEV (Fig. 2-

11 C).  Furthermore, much of the glycosylation is predicted to occur in ECL1.  

 

2.5.8 Nucleotide trapping at the individual nucleotide-binding domains 

 The uncleaved KK+TEV protein retains the ability to trap nucleotide when 

expressed in Sf21 cells (Fig. 2-12 A, lanes 3,4).  In the presence of BeFx and TEV 

protease, nucleotide trapping by both NBD1 and NBD2 was observed to a similar extent 

based on densitometry (Fig. 2-12 A, lane 6).  When the KK+TEV protein was expressed 

in HEK293 cells, approximately equivalent nucleotide trapping was also observed by 

both NBD1 and NBD2 (Fig. 2-12 B, lane 6).  Also as observed previously, there was less 

BeFx-independent occlusion of nucleotide in HEK293 cells compared with Sf21 cells.  

Thus, both NBD1 and NBD2 of ABCA1-GFP are able to trap nucleotide and do so to 

approximately the same extent.  

 

2.6 Discussion 

Elucidation of the mechanism by which ABC transporters bind and hydrolyze 

nucleotide is important for understanding how they function to translocate substrate in an 

energy-dependent manner.  The manner in which ABCA1 interacts with nucleotide is not 
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Fig. 2-12.  Analysis of nucleotide trapping (37˚C) at the individual NBDs of 

KK+TEV ABCA1-GFP expressed in Sf21 and stably transfected HEK293 cells. 

A)  Nucleotide trapping by the wild-type (KK) (lane 2) and KK+TEV (lane 4) ABCA1-

GFP expressed in Sf21 cells in the absence of TEV protease and in the presence of BeFx 

and Mn2+.  Cleavage of the KK+TEV protein following nucleotide trapping is observed 

in the absence (lane 5) and presence (lane 6) of BeFx.  The amounts of ABCA1-GFP 

applied to the gel were adjusted to equivalency based on prior immunoblotting of 

membrane preparations. 

B)  Nucleotide trapping was performed as described in (A), but using proteins expressed 

in HEK293 cells.   
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well understood.  Previous studies have shown that ABCA1 can bind N3-ATP at 4˚C 

(167).  However, it has been less conclusively demonstrated that ABCA1 can trap 

nucleotide at 37˚C.  Szakacs et al. (2001) showed that ABCA1 expressed in Sf9 

membranes could bind N3-ATP and trap nucleotide in the presence of Vi and Mg2+, but 

not in the presence of AlF4 or BeFx (167).  In contrast, Tanaka et al. (2003) provided 

evidence that ABCA1-GFP expressed in HEK293 stable cell lines could trap nucleotide 

in the presence of Vi and Mn2+, but not the physiological cation, Mg2+ (43).  In addition, 

Szacaks et al. were also unable to detect ATPase activity (167).  Consequently, it was 

suggested that ABCA1 may act as an ATP-regulated receptor rather than a primary active 

lipid transporter. 

We found that wild-type ABCA1-GFP was able to bind N3-ATP when expressed 

in Sf21 and HEK293 cells.  In addition, Walker A conserved lysine to methionine mutant 

proteins bound N3-ATP to a similar extent as wild-type ABCA1-GFP, even when both 

NBDs were mutated.  Comparable mutations in other ABC proteins have also been found 

to have relatively little effect on nucleotide binding despite the fact that they eliminate the 

ability of the mutated NBD to hydrolyze ATP (160,169).  In contrast to observations 

made by Tanaka et al. (43), we found that ABCA1-GFP could trap nucleotide in the 

presence of Vi and either Mg2+ or Mn2+ when expressed in either Sf21 or HEK293 cells.  

However, we found that trapping was more robust in the presence of BeFx and Mn2+ 

compared with Vi and Mg2+. 

Comparison of the manner in which nucleotide interacts with the NBDs of 

ABCA1-GFP when expressed in Sf21 and HEK293 cells, revealed some notable 

differences.  In Sf21 membranes, considerable nucleotide occlusion occurs at 37˚C in the 
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absence of Vi or BeFx, both by the wild-type (KK) and the single Walker A mutant (MK 

and KM) proteins (Fig.2-3 C,D), which does not occur in HEK293 membranes (Fig. 2-4 

C,D).  Furthermore, in Sf21 membranes the MK mutant protein appears to trap nucleotide 

as efficiently as the wild-type protein in the presence of BeFx or Vi and Mg2+ , as well as 

Vi and Mn2+, while the KM protein appears to do so only under the latter two sets of 

conditions, suggesting that there may be functional differences between the two NBDs.  

However, much of this apparent trapping in the presence of Vi and Mg2+ may be the 

result of increased tight binding of N3-ATP rather than trapping of N3-ADP.  Similar 

studies performed using 8-N3-[γ
32P]ATP show a readily detectable increase in 

photolabelling by both wild-type ABCA1-GFP and the MK mutant protein, indicating 

that the occluded nucleotide is N3-ATP (Fig 2-3 E).  In contrast, no increase in N3-ATP 

binding or trapping at 37˚C was detected by the MK, KM and MM proteins in HEK293 

membranes, in the presence of Vi or BeFx and Mg2+ or Mn2+  (Fig. 2-4 C,D).  The results 

obtained with the HEK293 membranes indicate that both NBDs are required for efficient 

trapping of nucleotide, consistent with the cooperativity of the NBDs in ATP hydrolysis 

and the transport cycle. 

To date, the manner in which the individual NBDs of ABCA1 interacts with 

nucleotide has not been well characterized and the NBDs cannot be assumed to function 

equivalently.  Other transporters such as ABCC1 have been found in our laboratory to 

possess NBDs that function asymmetrically (150,162).  In the case of ABCC1, a Walker 

A lysine to methionine mutation of NBD1 results in a protein that retains approximately 

25% LTC4 transport activity compared with the wild-type protein, while a similar 

mutation of NBD2 alone or both NBDs essentially inactivates the protein (150).  The 
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binding of ATP by the NBDs may also differ.  For example, NBD1 of ABCC1 has been 

demonstrated to have a higher affinity for [α32P]N3-ATP compared with NBD2 (150).  

Furthermore, nucleotide binding at NBD1 of ABCC1 is required for binding to occur at 

NBD2, which is the predominant site for [α32P]N3-ADP trapping (150,162).  Another 

member of the ABCC subfamily, ABCC7 (CFTR), also appears to bind N3-ATP tightly 

at NBD1, but in contrast with ABCC1, this is also the predominate site for trapping of 

nucleotide (185).  Therefore, it cannot be assumed that the NBDs of ABC proteins 

belonging even to the same subfamily function similarly.  ABCA4 has ~50% amino acid 

identity with ABCA1 and there is evidence that NBD2 of ABCA4 is the predominant site 

for tight N3-ATP binding and nucleotide trapping (169).  In contrast, both NBDs of 

ABCA1 have been reported to bind N3-ATP similarly (169).   

To investigate how the each NBD of ABCA1 trapped nucleotide, we expressed 

ABCA1-GFP as two half-molecules in Sf21 cells using a dual-expression vector.  The 

two halves of the protein were expressed and vesicle uptake assays of 25-OHC transport 

confirmed that they were able to reconstitute a functional transporter.  However, the 

reconstituted protein was 50-60% less active than the wild-type protein (Fig. 2-5).  

Photolabelling experiments indicated that only NBD1 bound and trapped nucleotide.  In 

order to verify these results, we attempted to separate the two halves of the protein by 

proteolysis with calpain, since ABCA1 contains a PEST sequence immediately NH2-

proximal to TM7.  Cleavage at this site is predicted to generate NH2- and COOH-

proximal fragments of the protein containing NBD1 and NBD2, respectively, which 

should be resolvable by SDS-PAGE.   
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Limited calpain digestion yielded a ~150kDa NH2-proximal fragment as 

predicted, but the COOH-proximal appeared to be rapidly degraded, precluding reliable 

detection of nucleotide binding or trapping at NBD2.  However, trapping experiments 

with wild-type ABCA1 using cold N3-ATP revealed that accessibility of the PEST 

sequence to calpain was restricted under conditions expected to drive the NBDs into a 

closed dimer.  Consistent with a requirement for ADP trapping at both NBDs, 

photolabelling with N3-ATP had much less of an effect on cleavage of the MK and KM 

mutant proteins, particularly when NBD2 was mutated, as in the case of the KM mutant.  

As an alternative to calpain digestion, we examined the possibility of using 

limited trypsinolysis to separate the two NBDs.  Limited trypsinolysis has been 

performed on several ABC proteins (169,183), including ABCA1 in membranes prepared 

from both human fibroblast (WI-38) and Sf9 cells (173).  We found that the major NH2-

proximal fragments generated were similar in size to those previously observed (173), but 

several minor bands were also detected at early stages of digestion, some of which could 

contain all or parts of NBD1 (Fig. 2-7).  Although a larger COOH-proximal fragment that 

would be predicted to contain NBD2 was detected early during digestion, it appeared 

concurrently with a number of smaller COOH-terminal fragments that were too small to 

contain NBD2, suggesting that cleavage was occurring at multiple sites with similar 

sensitivities.  Thus, it was not possible to reliably correlate photolabelling results with 

immunoblotting data.  Consequently, we investigated the possibility of inserting a unique, 

exogenous cleavage site that was specific for TEV protease.  Screening of several 

constructs in which TEV sites were inserted at various locations between NBD1 and 

TM7 revealed that a site introduced following residue 1297 (site V) was efficiently 
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cleaved and yielded two fragments that were readily separable by SDS-PAGE (Fig. 2-8).  

Insertion of this site, which is located ~5 residues NH2-proximal from the PEST motif 

believed to be targeted by calpain, had no detectable effect on the trafficking or activity 

of the protein when expressed in HEK293 cells.  Using the KK+TEV protein, we were 

able to demonstrate that N-glycosylation of ABCA1 is limited to the NH2-proximal half 

of the protein, presumably ECL1, which has been shown to be a site of glycosylation in 

ABCA4 (186).  By performing nucleotide trapping studies followed by cleavage with 

TEV protease, we were also able to demonstrate that nucleotide trapping occurs 

comparably at both NBD1 and NBD2, regardless of whether the protein is expressed in 

either Sf21 or HEK293 cells (Fig. 2-12).  These results suggest that both NBDs of 

ABCA1 are essential for ATP hydrolysis and translocation activity and that they may 

play similar roles in the transport cycle. 

When trapping experiments were carried out with the wild-type and single Walker 

A mutant proteins expressed in Sf21 cells, we observed significant Vi- and BeFx-

independent nucleotide occlusion which was much less apparent when the proteins were 

expressed in HEK293 cells.  This difference was also observed with the KK+TEV 

construct and may be attributable, at least in part, to the lipid composition of the 

membrane.  Insect Sf21 membranes contain ~10% of the cholesterol found in mammalian 

membranes (187).  Studies with purified ABCA1 reconstituted into liposomes indicate 

that cholesterol inhibits ATPase activity of the protein in a dose dependent manner (173).  

The higher cholesterol content in mammalian membranes would be expected to decrease 

membrane fluidity, which may alter the ability of the transmembrane domains to undergo 

conformational changes required to effect the translocation of substrate induced by the 
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binding of ATP.  Differences in membrane composition and the extent to which ABCA1 

is glycosylated may also contribute to the disparity in 25-OHC transport activity by the 

single Walker A mutant proteins (MK and KM) when expressed in Sf21 cells compared 

with HEK293 cells.  Vesicle uptake studies using Sf21 membranes indicate that the MK 

and KM mutant proteins retain 40-50% activity compared with the wild-type protein 

(44), but were essentially inactive when similar experiments were carried out with 

HEK293 membranes (Fig. 2-2).  These observations highlight some potential limitations 

of studying mammalian lipid transporters in insect cells.  

 In conclusion, our results show that ABCA1-GFP has the ability to bind N3-ATP 

and trap nucleotide in the presence of Vi or BeFx and Mg2+ or Mn2+.  However, although 

the protein could bind N3-ATP when the NBDs were inactivated by a Walker A mutation, 

both NBDs must be functional for nucleotide trapping to occur.  Furthermore, we show 

that nucleotide trapping occurs at both NBDs and does so to a similar extent.  Along with 

the recent findings that purified liposome-reconstituted ABCA1 exhibits robust ATPase 

activity (173) and the first direct evidence of ATP-dependent 25-OHC transport using 

membrane vesicles prepared from Sf21 cells (44), there is now strong evidence for the 

fact that ABCA1 is a primary energy-dependent sterol transporter and that both NBDs 

may play a similar and essential role in the transport cycle. 
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Chapter 3 

IN VITRO CHARACTERIZATION OF TWO NATURALLY OCCURRING 

EXTRACELLULAR LOOP MUTATIONS OF ABCA1 

 

3.1 Statement of co-authorship 

 I designed and Ruth Burtch-Wright prepared W590S and C1477R ABCA1-GFP 

mutant cDNA in pFastBac1 and pcDNA3.1(-) vectors.  Monika Vasa and Shui-Pang Tam 

prepared the HEK293 stable cell lines for these constructs.  I carried out all Sf21 cell 

infections and preparation of Sf21 and HEK293 membrane vesicles.  I performed all 

photoaffinity labelling studies, 25-OHC transport assays and 25-OHC whole cell efflux 

assays.  Dr. Shui-Pang Tam performed cholesterol and phosphatidylcholine whole cell 

efflux assays.   

 

3.2 Abstract 

 Efflux of cholesterol and phospholipid by ABCA1 requires the presence of an 

extracellular substrate acceptor.  The major physiological acceptor is lipid poor apoA-I, 

which likely interacts with the extracellular loops of ABCA1 during substrate 

translocation, although ABCA1 may also promote efflux of lipid to BSA by an indirect 

mechanism.  The manner by which interaction of the two proteins may affect nucleotide-

binding domain function and the transport cycle is currently unknown.  W590S and 

C1477R are two naturally occurring mutations found in extracellular loop (ECL)1 and 4 

of ABCA1, which are made up of ~600 and ~300 amino acid residues, respectively.  

Although the C1477R mutant protein cannot bind apoA-I, the W590S mutant protein 
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appears to do so to an extent comparable with the wild-type protein.  However, both 

mutant proteins are unable to translocate substrate, even when the substrate is 25-OHC, 

which was previously shown not to have a substrate acceptor requirement for apoA-I.  

Both mutant proteins were found to bind and trap nucleotide similar to the wild-type 

protein when expressed in either Sf21 cells or HEK293 stable transfectants.  Therefore, 

our observations suggest that the interaction with a substrate acceptor by ABCA1 may be 

necessary, but in the case of the W590S mutant protein, not sufficient to drive substrate 

transport.  Furthermore, since the W590S mutation also prevents 25-OHC transport to 

BSA, mutations to the ECLs may transduce conformational changes to the MSDs in such 

a way to prevent substrate translocation. 

 

3.3 Introduction 

ABCA1 is predicted to contain six extracellular loops (ECLs), two of which,   

ECL1 and ECL4, are comprised of ~600 and ~300 residues, respectively, and are among 

the largest ECLs found in the ABC transporter superfamily.  The ECLs of ABCA1 are 

thought to mediate interaction with a substrate acceptor, such as apoA-I, that is necessary 

for the efflux of cholesterol and phospholipid via ABCA1.  Currently, ~52 naturally 

occurring missense mutations have been identified in ABCA1.  These mutations do not 

occur randomly throughout the protein but cluster around the nucleotide-binding 

domains, COOH-terminus and in the ECLs.   

W590S and C1477R are two naturally occurring mutations located in ECL1 and 

ECL4, respectively (Fig. 3-1) and were discovered while screening TD families 

characterized by lowered HDL-C levels (7,8).  How and why these mutations contribute 
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Fig. 3-1.  Putative ABCA1 topology – naturally occurring ECL mutations. 

ABCA1 is comprised of two MSDs alternating with two cytosolic NBDs.  All ABC 

transporter NBDs contain conserved motifs that are involved in interactions with 

nucleotide.  These motifs include the Walker A (A), Walker B (B) and signature C (C).  

α-helices were predicted using JPred 3 software (1).  Helices with some amphipathicity 

are depicted in orange.  Potential N-glycosylation sites were predicted using NetNGlyc 

1.0 software (2) and indicated with red circles.  The W590S mutation is located in ECL1, 

which is comprised of ~600 amino acid residues, while the C1477R mutation is located 

in ECL4, which is comprised of ~300 residues.  Mutation of the cysteine at residue 1477 

disrupts the formation of one of two disulfide bonds between ECL1 and ECL4. 
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to TD is not known.  Unlike other mutations such as R587W and Q597R, which are 

found in ECL1 and abrogate subcellular localization to the plasma membrane, there is 

evidence the W590S and C1477R mutations do not cause a similar defect (43,47,87).  

Since the ECLs may interact with a substrate acceptor, a number of in vitro studies have 

investigated the effect the W590S and C1477R mutations have on the ability of ABCA1 

to interact with apoA-I and to mediate cholesterol and phospholipid efflux.  The C1477R 

mutant protein fails to crosslink to apoA-I (87,188), suggesting that the mutation alters 

the conformation of the ECLs such that apoA-I-ABCA1 interactions are disrupted.  In 

contrast, the W590S mutant protein is able to crosslink to apoA-I as well as, if not better 

than, the wild-type protein, but still appears to be inactive (47,87,188,189).  Therefore, 

ABCA1 interaction with apoA-I alone does not appear to be sufficient for substrate 

efflux.   

Although both the W590S and C1477R mutant proteins fail to efflux cholesterol 

and phospholipid (47,87,188,189), it is not known whether they retain the ability to efflux 

other compounds that do not require direct interaction with an acceptor such as apoA-I.  

We have shown previously that wild-type ABCA1-GFP can transport 25-OHC in an 

ATP-dependent manner and can do so both in the presence of apoA-I or BSA (44).  This 

was established both by whole cell efflux assays and using a membrane vesicle uptake 

assay.  Here, we have used both types of assays to examine the ability of these mutant 

proteins to transport 25-OHC, as well as their ability to bind and trap nucleotide. 

We provide evidence that the W590S and C1477R mutations not only eliminate 

the ability of ABCA1-GFP to efflux phospholipid and cholesterol to an acceptor such as 

apoA-I, but also the ability to transport 25-OHC, despite the fact that there is no 
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requirement for apoA-I to act as the substrate acceptor.  Despite the inability to transport 

25-OHC, both mutant proteins retain the ability to bind and to trap nucleotide similar to 

the wild-type protein.  These studies strongly suggest that structural changes in the ECLs 

resulting from these mutations interfere with conformational changes in the membrane 

spanning domains of the protein that are required for substrate translocation, and do so  

independently of their effect on interaction with apoA-I.  

 

3.4 Materials and Methods 

3.4.1 Materials 

 As described in Chapter 2.4. 

 

3.4.2 Generation of ABCA1-GFP mutant constructs 

 Mutations within the ECLs of ABCA1-GFP were generated using QuikChange 

Site-Directed Mutagenesis Kit (Stratagene).  The forward primers for creating W590S 

and C1477R were 5’-gaagatatgcgctatgtctctggcggcttcgcctacttgc-3’ and 5’-

gaagatgctgcctgtgcgtcccccaggggcagg-3’, respectively. 

 

3.4.3 Production of recombinant baculovirus 

 As described in Chapter 2.4. 

 

3.4.4 Viral infection of Sf21 Cells 

 As described in Chapter 2.4. 
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3.4.5 Transfection of HEK293 cells and generation of stable cell lines 

 As described in Chapter 2.4. 

 

3.4.6 Membrane vesicle preparation and immunoblotting of ABCA1 proteins 

 As described in Chapter 2.4. 

 

3.4.7 Uptake of 25-OHC into membrane vesicles 

 As described in Chapter 2.4. 

 

3.4.8 Whole cell efflux of 25-OHC, cholesterol and phosphatidylcholine from  

 HEK293 stable cells 

 As described in Chapter 2.4. 

 

3.4.9 Confocal microscopy 

 As described in Chapter 2.4. 

 

3.4.10 N3-ATP-binding by ABCA1-GFP 

 As described in Chapter 2.4. 

 

3.4.11 Beryllium fluoride trapping of N3-ATP 

 Trapping of 8-N3-[α
32P]ATP was performed similar to that described previously 

(150,162).  Briefly, Sf21 or HEK293 membrane vesicles (30µg total protein) were 

incubated with 8-N3-[α
32P]ATP (5-10µM) in transport buffer containing 5 mM MnSO4 

              - 109 -



for 15 minutes at 37˚C in the presence or absence of 200µM beryllium fluoride (BeFx).  

Samples were subjected to centrifugation at 14 000 rpm for 15 minutes at 4˚C and 

washed with 800µL ice-cold wash buffer.  This step was repeated once before pelleted 

cells were resuspended in 15µL ice-cold Tris-HCl pH 7.5 and subjected to UV-irradiation 

on ice at 302nm for a total of 8 minutes in 2-minute intervals followed by 30 seconds 

without irradiation.  Samples were then diluted in Laemmli buffer (4X) containing DTT 

(100mM) and subjected to 7% SDS-PAGE.  Gels were dried for 1.5 hours at 65˚C before 

exposure to film. 

 

3.5 Results 

3.5.1 Expression of the extracellular loop mutant proteins 

 Both the W590S and C1477R mutant proteins have been found to be unable to 

mediate cholesterol and phospholipid efflux (47,87,188,189).  Although the C1477R 

mutant protein cannot chemically crosslink apoA-I, the behaviour of the W590S mutant 

protein is similar to wild-type ABCA1 (47,87,188,189).  To examine whether these ECL 

mutant proteins could transport the more hydrophilic 25-OHC, which is not dependent on 

interaction with apoA-I, we expressed them in both infected Sf21 cells and stably 

transfected HEK293 cell lines.  The expression of both mutant proteins in Sf21 cells (Fig. 

3-2 A) and stably transfected HEK293 cells (Fig. 3-2 B) assessed by immunoblotting was 

within ~2-fold to that of the wild-type protein.  However, although the subcellular 

localization of the W590S mutant in HEK293 cells was similar to that of wild-type 

ABCA1-GFP, the C1477R mutant protein was expressed to a greater extent in 
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Fig. 3-2.  Expression of ECL mutant proteins in stably transfected HEK293 cells. 

A)  Immunoblot of wild-type ABCA1-GFP (KK) and W590S and C1477R mutant 

proteins expressed in Sf21 cells detected using an antibody directed against an epitope in 

ECL1 (anti-ECL1). 

B)  Immunoblot of wild-type ABCA1-GFP (KK) and W590S and C1477R mutant 

proteins expressed in HEK293 cells detected using an antibody directed against an 

epitope in ECL1 (anti-ECL1). 

C)  Confocal microscopy of the W590S and C1477R mutant proteins expressed in 

HEK293 cells detected by GFP fluorescence. 
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intracellular membranes, as determined by GFP fluorescence using confocal microscopy 

(Fig. 3-2 C). 

 

3.5.2 Activity of extracellular loop mutant proteins 

 ATP-dependent transport of 25-OHC was measured using membrane vesicles 

containing 10mg/mL BSA as an acceptor, which were prepared from Sf21 or HEK293 

cells expressing wild-type ABCA1-GFP (KK) or mutant proteins containing a W590S or 

C1477R substitution.  When membrane vesicles were prepared from Sf21 cells, transport 

of 25-OHC by the W590S mutant protein was reduced by approximately 50% relative to 

wild-type ABCA1-GFP, while the C1477R mutant was only 10% as active as the wild-

type protein (Fig. 3-3 A).  However, when the transport activity of these mutant proteins 

was measured using membrane vesicles prepared from HEK293 cells, the activity of both 

mutant proteins were reduced by ~90% relative to wild-type ABCA1-GFP (Fig. 3-3 B).  

Whole cell assays of 25-OHC efflux were then performed using HEK293 cells stably 

transfected with vectors encoding for the wild-type, W590S and C1477R proteins.  

Consistent with the results obtained with HEK293 membrane vesicles, the activities of 

the W590S and C1477R mutants were similar to that of a protein in which the conserved 

Walker A lysine had been mutated to methionine in both NBDs with respect to their 

ability to efflux 25-OHC to medium containing either 50µg/mL apoA-I (Fig. 3-3 C) or 

10mg/mL BSA (Fig. 3-3 D).   

 We also examined the effect of the ECL mutations on the efflux of cholesterol 

and phospholipid by intact HEK293 cells expressing the W590S or C1477R mutant 

proteins.  The ability of both mutant proteins to efflux cholesterol and phospholipid were 
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Fig. 3-3.  Analysis of the transport and efflux of 25-OHC and the efflux of 

cholesterol and phospholipid by ECL mutant proteins.   

A)  ATP-dependent transport of 25-OHC was carried out in triplicate using 5µg of total 

Sf21 membrane vesicle protein incubated in the presence of 2.5µM [3H]25-OHC, 4mM 

AMP or ATP and 10mM MgCl2 at 37˚C for 90 sec, as described in Materials and 

Methods (5).  Transport activity was normalized based on the levels of expression of the 

proteins and plotted as a percentage of the wild-type with standard error bars shown. 

B)  ATP-dependent transport of 25-OHC was determined as in (A), but using membranes 

from stably transfected HEK293 cells. 

C)  Efflux of [3H]25-OHC into medium containing 10mg/mL BSA as the acceptor by 

stably transfected HEK293 cells expressing the wild-type (KK), double Walker A mutant 

(MM) or ECL mutant proteins (W590S and C1477R).  Assays were performed in 

triplicate and calculated as the radioactivity present in the culture medium as a percentage 

of the total radioactivity and normalized based on levels of protein expression.  Standard 

error bars are shown. 

D)   Efflux of [3H]25-OHC into medium containing 20µg/mL apoA-I, as described in (C). 

E)   Efflux of [3H]cholesterol into medium containing 20µg/mL apoA-I, as described in 

(C). 

F)  Efflux of [14C]phosphatidylcholine into medium containing 20µg/mL apoA-I, as 

described in (C). 
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reduced by ~90% (Fig. 3-3 E) and ~80% (Fig. 3-3 F), respectively.  Thus, in mammalian 

cells, the W590S and C1477R mutations have major and similar effects on the ability of 

ABCA1-GFP to efflux 25-OHC, cholesterol and phospholipid, regardless of their 

different effects on the interaction with apoA-I and the acceptor requirement of the 

substrate. 

 

3.5.3 Ability of the extracellular loop mutant proteins to bind and trap nucleotide 

 Considering the similar effects the W590S and C1477R mutations have on the 

transport and efflux of 25-OHC, as well as the efflux of cholesterol and phospholipid, we 

determined if they had any effect on the ability of ABCA1-GFP to bind N3-ATP and to 

trap nucleotide in the presence of BeFx.  When expressed in Sf21 cells, the W590S 

mutant was able to bind N3-ATP at 4˚C, as well as to trap nucleotide at 37˚C in the 

presence of BeFx and Mn2+.  However, ATP binding by the C1477R mutant was barely  

detectable, as was the BeFx-dependent trapping of nucleotide (Fig. 3-4 A).  When 

expressed in HEK293 cells, we obtained similar results with both wild-type ABCA1-GFP 

and the W590S mutant.  Unexpectedly, when expressed in HEK293 cells, the C1477R 

mutant also displayed ATP binding and nucleotide trapping similar to wild-type protein 

(Fig. 3-4 B).   

 

3.6 Discussion 

ApoA-I has been shown to bind directly to ABCA1, but it has not been 

established what regions of the transporter are involved.  The two large ECLs (ECL1 and 

4) appear highly likely to play a role.  There are currently ~52 naturally occurring 
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Fig. 3-4.  N3-ATP binding (4˚C) and nucleotide trapping (37˚C) by ECL mutant 

proteins.  

A)  N3-ATP binding and nucleotide trapping by wild-type and ECL mutant proteins 

(30µg total protein) expressed in Sf21 cells.  For N3-ATP binding, membrane vesicles 

were incubated with 8-azido-[α32P]ATP (5µM) for 5 min at 4˚C in transport buffer in the 

absence or presence of 500µM ATPγS before UV cross-linking and removal of 

unincorporated nucleotides.  BeFx-dependent nucleotide trapping was carried out using 

membrane vesicles incubated in transport buffer containing 8-N3-[α
32P]ATP (5µM) for 

15 min at 37˚C in the absence or presence of Vi (1mM) or BeFx (200µM).  

Unincorporated nucleotides were then removed before UV cross-linking.  

B)  N3-ATP binding and nucleotide trapping by the wild-type and ECL mutant proteins 

expressed in stably transfected HEK293 cells, performed as described in (A). 
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missense mutations found in ABCA1 that are associated with TD and a number of them 

cluster in the ECLs.  The W590S and C1477R mutations are located in ECL1 and 4, 

respectively and have been found to cause defective cholesterol and phospholipid efflux 

(43,47,87,188,189).  Despite the ability for the W590S mutant to bind apoA-I at least as 

well as wild-type ABCA1 (67,96), it is unable to efflux lipid when expressed in HELA or 

293 Flp-In cells (47,87,189).  Consistent with this data, we found that the mutant protein 

is unable to efflux cholesterol or phospholipid using intact HEK293 stable transfectants.  

Although other naturally occurring mutations such as R587W and Q597R located near 

W590S and have been demonstrated to have defective lipid efflux, this is likely due to the 

fact that they appear to cause increased intracellular expression of an under-glycosylated 

form of the protein (43,188).  However, the W590S mutation does not appear to affect 

protein subcellular localization or glycosylation status compared with the wild-type 

protein (43,188).   

The C1477R mutation is located near the middle of ECL4 and has been reported 

not to affect ABCA1 subcellular localization or glycosylation (188), although we found 

an increased amount of the mutant protein was localized intracellularly.  When expressed 

transiently in HEK293-EBNA-T and stably in 293 Flp-In cells, the C1477R mutant 

protein has been reported to mediate cholesterol and phospholipid efflux at 

approximately 20 and 12.5% of wild-type protein levels, respectively (87,188).  

Consistent with these data, we found that the C1477R mutation decreased cholesterol and 

phospholipid efflux by approximately 90 and 80% compared with the wild-type protein, 

respectively.  Recently, the mutation has been found to prevent the formation of one of 

two disulfide bridges that exist between ECL1 and 4 (49).  Although is not known 
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whether disruption of this bond itself directly affects ABCA1 function, a concurrent 

insertion of an HA epitope at residue 819, located following TM6, partially rescues lipid 

efflux activity by the C1477R mutant protein (47).  Thus, the HA epitope may cause 

conformational changes to other regions of ABCA1, including the MSDs, that counteract 

the inhibitory effects of the C1477R mutation. 

The expression of functional ABCA1 promotes the binding of apoA-I to the cell 

surface and mutation of the conserved lysine residue to methionine within the Walker A 

motif of either or both NBDs inhibits the interaction of the two proteins (83).  It was 

suggested that only ~10% of surface-bound apoA-I are in direct contact with ABCA1, 

and that the remaining apoA-I are bound to lipid microdomains generated by ABCA1 

(97).  This is consistent with evidence that ABCA1 acts as a lipid floppase by promoting 

phosphatidylserine (PS) and phosphatidylethanolamine (PE) redistribution from the inner 

to the outer leaflet of the plasma membrane, and as a consequence, causes the alteration 

of cell surface morphology (64,67,190).  These data suggest that floppase activity by 

ABCA1 may promote its own interaction with apoA-I.  Interestingly, we have shown that 

ABCA1 does not require apoA-I for the transport or efflux of 25-OHC (44).  Even so, 

both the W590S and C1477R mutants could not translocate substrate in the presence of 

BSA.  If this mutation were to inhibit the ability for the NBDs to interact with nucleotide, 

defective lipid efflux activity by the mutants would not be unexpected.  However, we 

have demonstrated that both the W590S and C1477R mutant proteins retain the ability to 

bind and trap nucleotide.  Therefore, our observations suggest that the ECLs may be 

reciprocally and conformationally dependent on the rest of the protein, especially the 

MSDs.  Thus, mutations in the ECLs may inhibit the ability for the MSDs to undergo 
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conformational changes required for the protein to shift from a high- to low-affinity 

substrate-binding state, which is required for substrate translocation.   

The notion that the ECLs may be conformationally constrained to the rest of the 

protein is supported by recent studies showing that the expression of ABCA1 is 

correlated with intracellular Janus kinase 2 (JAK2) activation by autophosphorylation 

that is promoted by extracellular apoA-I-ABCA1 interactions (135).  However, apoA-I 

binding only occurs in the presence of functional ABCA1 (83) and inhibition of JAK2 by 

the JAK2-specific inhibitor AG490 decreases apoA-I-mediated cholesterol and 

phospholipid efflux by ~50%, despite normal levels of ABCA1 expression (135,140).   

Although both the W590S and C1477R mutations cause a similar reduction in 

ABCA1 cholesterol and phospholipid efflux (4-7), unlike the C1477R mutation, the 

W590S mutation does not appear to impair apoA-I binding (47,87,96,188,189) or the 

ability to activate JAK2 (9,140).  However, whether the W590S mutant protein interacts 

with apoA-I as wild-type ABCA1 does has not been firmly established.  There is 

evidence that ABCA1 binds apoA-I in a temperature-dependent fashion and that this 

interaction requires a functional protein, since inactivation of either or both NBDs by a 

conserved lysine to methionine substitution in the Walker A motif, or by the inhibitor 

glybenclamide, abrogates the interaction (63,189,191-193).  Fitzgerald et. al (2004) 

concluded that the kinetics of the interaction were not affected by the W590S mutation, 

but that the apoA-I released from the mutant protein remained lipid-poor (189).  In this 

study, apoA-I dissociation from ABCA1 was found to be similar to the wild-type protein 

over a 4-hour time period.  However, from the results shown, it appears that the amount 

of apoA-I bound to the W590S mutant protein at the first time point of ~15 minutes after 
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medium without apoA-I was introduced was greater than that bound to the wild-type 

protein under similar conditions (189).  This suggests that apoA-I may be released at a 

slower rate from the W590S mutant protein compared with the wild-type protein and is 

consistent with results of more recent studies of the initial rates of release of apoA-I by 

both the mutant and wild-type proteins (193).  We have also made observations in our 

laboratory that the location(s) in the ECLs of ABCA1 at which apoA-I interacts is altered 

by the W590S mutation (Tam SP, unpublished).  Therefore, it appears that the ECLs of 

ABCA1 adopt a particular three-dimensional conformation that can be disrupted by 

mutations, which may affect the transduction of conformational changes from the ECLs 

to the MSDs required for the translocation of substrate.  In the case of the W590s mutant, 

the translocation of 25-OHC is defective, despite the substrate not having an acceptor 

requirement for apoA-I and the mutant protein retaining the ability to activate JAK2, as 

well as bind and trap nucleotide similar to wild-type ABCA1-GFP. 

In summary, previous studies suggest that substrate translocation may occur in 

several steps, the first of which involves the ABCA1-dependent generation of a 

microdomain in which the outer leaflet is enriched in PS and PE.  The structure of the 

microdomain enhances membrane apoA-I binding and thus promotes direct interaction 

between the two proteins.  We demonstrate that the W590S and C1477R mutations do 

not inhibit the ability of ABCA1-GFP to bind and trap nucleotide, suggesting they may 

retain the ability to act as a phospholipid floppase to generate lipid microdomains on the 

cell surface that promote apoA-I binding.  However, since these mutants cannot 

translocate a substrate that does not have a substrate acceptor requirement for apoA-I, we 

suggest that the ECLs may promote substrate translocation by transducing 
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conformational changes to the MSDs that shifts the substrate-binding site from an 

intracellular high-affinity to an extracellular low-affinity state. 
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Chapter 4 

IN VITRO CHARACTERIZATION OF NATURALLY OCCURRING 

NUCLEOTIDE-BINDING DOMAIN MUTATIONS OF ABCA1 

 

4.1 Statement of co-authorship 

 I designed and Ruth Burtch-Wright prepared N935S, L1026P and T2073A 

ABCA1-GFP mutant cDNA in pFastBac1 and pcDNA3.1(-) vectors.  I prepared the 

HEK293 stable cell lines.  I carried out all Sf21 cell infections and preparation of Sf21 

and HEK293 membrane vesicles.  I performed all photoaffinity labelling studies, 25-

OHC transport assays and 25-OHC whole cell efflux assays.  Dr. Shui-Pang Tam 

performed cholesterol and phosphatidylcholine whole cell efflux assays.   

 

4.2 Abstract 

 It is currently impossible to reliably predict the impact a naturally occurring 

mutation found in ABCA1 may have on an individual in the general population, because it 

is not known how many of these mutations affect the function of ABCA1.  Of the ~52 

missense mutations identified in ABCA1, several cluster in the nucleotide-binding 

domains (NBDs) and the COOH-terminus of the protein.  Since the NBDs are critical for 

ATP-dependent translocation of substrate, we directly examined several functional 

characteristics of ABCA1-GFP proteins containing the naturally occurring missense 

mutation N935S and two polymorphisms, L1026P in NBD1 and T2073A in NBD2.  The 

N935S mutation is known to be associated with the occurrence of Tangier Disease (TD) 

(194). On the other hand, the L1026P and T2073A polymorphisms were identified in 
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individuals with HDL-C levels in the lowest 5th percentile of the general population.  We 

expressed these ABCA1 proteins containing each of these three amino acid substitutions 

in insect Sf21 and stably transfected mammalian HEK293 cells. We found that the 

N935S mutation reduced the ability of ABCA1-GFP to transport and efflux substrate by 

approximately 80% and abrogated its ability to trap nucleotide at 37˚C.  However, 

proteins containing the L1026P and T2073A substitutions retained the ability to transport 

and efflux substrate, as well as the ability to bind and trap nucleotide at levels similar 

those of the wild-type protein.  From these data, at least some ABCA1 polymorphisms 

that have been associated with low HDL-C levels in the general population appear not to 

affect the activity of the protein to any significant extent, raising the possibility that they 

are either not the cause of the low HDL-C levels observed in those individuals affected, 

or that they exert their effect in a more subtle manner on the regulation or processing of 

the protein in vivo.  

 

4.3 Introduction 

There are currently ~52 missense mutations in ABCA1 that have been associated 

in the general population with absent/low levels of plasma high density lipoprotein 

cholesterol (HDL-C), a characteristic of Tangier disease (TD) or the milder form of HDL 

abnormality, familial hypoalphalipoproteinemia (FHA).  Other symptoms associated with 

TD include atherosclerosis, macrophage foam cell formation, splenomegaly and coronary 

heart disease.  It has been estimated that approximately 10% of individuals with HDL-C 

levels in the lowest percentile of the general population are heterozygous for mutations in 

ABCA1 (195).  However, it is currently impossible with few exceptions, to reliably 
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predict the effect a particular mutation is likely to have on ABCA1 function and there is 

no direct evidence how many of these mutations affect ABCA1 mechanistically.  

Notably, these naturally occurring mutations are not distributed randomly throughout the 

protein, but instead cluster in the extracellular loops, nucleotide-binding domains and the 

COOH-terminus of the protein.  Since the NBDs are crucial for substrate translocation, 

naturally occurring mutations here clearly have the potential to inhibit ABCA1 function 

and further characterization of structure-function relationships of these mutant or variant 

proteins may help to explain symptoms of TD observed in vivo. 

Initially, we screened for the impact that several naturally occurring NBD 

mutations and polymorphisms found in individuals displaying symptoms of TD or 

possessing HDL-C levels in the lowest 5th percentile of the general population had on 

ABCA1 function by measuring the ability of the mutant proteins to directly transport 25-

OHC when expressed in Sf21 cells.  The mutations investigated included N935H, N935S, 

A937V, L1026P and A1046D, which are located in NBD1 and T2073A, which is located 

in NBD2 (Fig. 4-1 A,B).  Of these mutations, the N935H and A937V mutations occur 

within the Walker A motif of NBD1 and appeared to inhibit 25-OHC transport by ~80 

and ~75% compared with wild-type ABCA1-GFP, respectively, while the A1046D 

mutation between the Signature C and Walker B motifs of NBD1 appeared to inhibit 

transport by ~60% compared with the wild-type protein (Fig. 4-2).  However, the N935S 

mutation appeared to inhibit 25-OHC transport activity the greatest, while the L1026P 

and T2073A mutations did not appear to have any negative effect on activity.  Thus, we 

chose to investigate further the effect the N935S, L1026P and T2073A mutations had on 

the ability for ABCA1 function. 
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Fig. 4-1.  Putative ABCA1 topology – naturally occurring NBD mutations. 

ABCA1 is comprised of two MSDs alternating with two cytosolic NBDs.  All ABC 

transporter NBDs contain conserved motifs that are involved in interactions with 

nucleotide.  These motifs include the Walker A (A), Walker B (B) and signature C (C).  

α-helices were predicted using JPred 3 software (1).  Helices with some amphipathicity 

are depicted in orange.  Potential N-glycosylation sites were predicted using NetNGlyc 

1.0 software (2) and indicated with red circles.   

A)  The N935S mutation occurs in the Walker A motif of NBD1, the L1026P mutation 

occurs just NH2-proximal to the Signature C motif of NBD1 and the T2073A mutation 

occurs just COOH-proximal to the Walker B motif of NBD2, as indicated. 

B)  Sequence alignment – comparison of regions containing the naturally occurring 

ABCA1 mutations N935S, L1026P and T2073A between mouse (m) ABCA1 and human 

(h) ABCA1, ABCA3, ABCA4, ABCA7, ABCB1, ABCC1 and ABCC7. 

 

 

 

 

 

              - 127 -



              - 128 -



 

 

 

 

 

 

 

Fig. 4-2.  Analysis of the transport by NBD1 mutant proteins expressed in Sf21 cells. 

A)  Expression of the wild-type ABCA1-GFP (KK) and N935H, A937V and A1046D 

mutant proteins detected using an antibody directed against an epitope in ECL1 (anti-

ECL1). 

B) ATP-dependent transport of 25-OHC to 10mg/mL BSA by the wild-type and mutant 

proteins was carried out in duplicate using 5µg of total membrane vesicle protein 

incubated in the presence of 2.5µM [3H]25-OHC, 4mM AMP or ATP and 10mM MgCl2 

at 37˚C for 90 sec, as described in Materials and Methods (5).  Transport activity was 

normalized based on the levels of expression of the proteins and plotted as a percentage 

of the wild-type with standard error bars shown. 
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Several individuals diagnosed with TD have been found to possess the N935S 

missense mutation located within the Walker A motif of NBD1 in ABCA1 (Fig. 4-1 A).  

This residue is conserved in other ABCA subfamily members such as ABCA3, ABCA4, 

ABCA7 (Fig. 4-1 B).  Individuals that were homozygous for the N935S missense 

mutation had HDL-C levels in the lowest 5th percentile of the general population and 

exhibited mild splenomegaly (7,194,196), while those that were heterozygous for the 

mutation possessed subnormal HDL-C levels (7).  Studies using a stably transfected 

HEK293 cell line have provided evidence that the N935S mutation prevents ABCA1 

from trafficking or interacting with apoA-I correctly, and decreases cholesterol and 

phospholipid efflux by at least 70% compared with the wild-type protein (188,197).  

Other naturally occurring mutations were found in individuals with HDL-C levels in the 

lowest 5th percentile of the general population, but which have not been associated with 

TD (198).  The L1026P substitution occurs before the Signature C motif in NBD1, while 

the T2073A substitution occurs immediately following the Walker B motif in NBD2.  

Initial studies using primary cultured macrophages obtained from individuals expressing 

ABCA1 containing the L1026P or T2073A mutations both displayed ~50% cholesterol 

efflux activity compared with controls (199).  Thus, these mutations were assumed to 

have moderate effects on ABCA1 function.  However, this study did not take protein 

expression levels into account. 

Previously, we established an in vitro membrane vesicle uptake assay to directly   

measure 25-OHC transport activity by ABCA1-GFP, which does not require the presence 

of the physiological apoA-I as the acceptor (44).  Since it is not well understood how the 

naturally occurring missense mutations N935S and L1026P in NBD1 and the T2073A 
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mutation in NBD2 affect ABCA1 function, we measured 25-OHC transport activity by 

ABCA1-GFP proteins expressing the mutations in both Sf21 and stably transfected 

HEK293 cells.  In addition, we examined the ability for these mutant proteins to efflux 

25-OHC, cholesterol and phospholipid when stably expressed in HEK293 cells, while 

normalizing for mutant and wild-type protein expression levels.  Lastly, we examined the 

manner in which the mutant proteins bound and trapped nucleotide.   

We showed that the N935S mutation reduces the ability of ABCA1-GFP to 

translocate substrate by approximately 80% and abrogates nucleotide trapping.  In 

contrast, the L1026P and T2073 mutations do not appear to have any detrimental effects 

on substrate translocation activity.  The mutant proteins could also trap nucleotide similar 

to wild-type ABCA1-GFP, with the exception of the T2073A mutant protein when 

expressed in Sf21 cells.   Thus, despite the location of these polymorphisms in potentially 

critical areas of the protein, they appear unlikely to be causally linked with low HDL-C 

levels observed in affected individuals, at least based on investigation of their effect on 

the overall transport activity of ABCA1.  

 

4.4 Materials and methods 

4.4.1 Materials 

 As described in Chapter 2.4. 

 

4.4.2 Generation of ABCA1-GFP constructs 

 Mutations within the NBDs of ABCA1-GFP were generated using QuikChange 

Site-Directed Mutagenesis Kit (Stratagene).  The forward primers for creating N935H, 
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N935S, A937V, L1026P, A1046D and T2073A were, 5’-tcctgggccaccatggagcaggg-3’, 

5’-ctgggccacagtggagcaggg-3’, 5’-ggccacaatggagtagggaagaccacc-3’, 5’-

cccccgagcaagccgaaaagcaaaacg-3’, 5’-ctgtggccttggacttcgtgggtgg-3’ and 5’-

gatgaaccaaccgcaggcatggaccc-3’, respectively.   

 

4.4.3 Production of recombinant baculovirus 

 As described in Chapter 2.4. 

 

4.4.4 Viral infection of Sf21 cells 

 As described in Chapter 2.4. 

 

4.4.5 Transfection of HEK293 cells and generation of stable cell lines 

 As described in Chapter 2.4. 

 

4.4.6 Membrane vesicle preparation and immunoblotting of ABCA1 proteins 

 As described in Chapter 2.4. 

 

4.4.7 Uptake of 25-OHC into membrane vesicles 

 As described in Chapter 2.4. 

 

4.4.8 Whole cell efflux of 25-OHC, cholesterol and phosphatidylcholine from  

 HEK293 stable cells 

 As described in Chapter 2.4. 
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4.4.9 Confocal microscopy 

 As described in Chapter 2.4. 

 

4.4.10 N3-ATP-binding by ABCA1-GFP 

 As described in Chapter 2.4. 

 

4.4.11 Beryllium fluoride trapping of N3-ATP 

 Trapping of 8-N3-[α
32P]ATP was performed similar to that described previously 

(150,162).  Briefly, Sf21 or HEK293 membrane vesicles (30µg total protein) were 

incubated with 8-N3-[α
32P]ATP (5-10µM) in transport buffer containing 5 mM MnSO4 

for 15 minutes at 37˚C in the presence or absence of 200µM beryllium fluoride (BeFx).  

Samples were subjected to centrifugation at 14 000 rpm for 15 minutes at 4˚C and 

washed with 800µL ice-cold wash buffer.  This step was repeated once before pelleted 

cells were resuspended in 15µL ice-cold Tris-HCl pH 7.5 and subjected to UV-irradiation 

on ice at 302nm for a total of 8 minutes in 2-minute intervals followed by 30 seconds 

without irradiation.  Samples were then diluted in Laemmli buffer (4X) containing DTT 

(100mM) and subjected to 7% SDS-PAGE.  Gels were dried for 1.5 hours at 65˚C before 

exposure to film. 
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4.5 Results 

4.5.1 Expression of ABCA1-GFP containing mutations to the nucleotide-binding  

 domains associated with symptoms of Tangier Disease 

 The N935S missense mutation is located within the Walker A motif of NBD1 in 

ABCA1, while the L1026P and T2073A polymorphisms are located NH2-proximal to the 

Signature C motif of NBD1 and immediately following the Walker B motif of NBD2, 

respectively (Fig. 4-1 A).  Although residues 935 and 2073 in wild-type ABCA1 are 

conserved in other ABCA subfamily members such as A3, A4 and A7, residue 1026 is 

not as conserved (Fig. 4-1 B).  To investigate the possible impact of the N935S, L1026P 

and T2073A substitutions on ABCA1-GFP function, the mutant proteins were expressed 

in both Sf21 and stably transfected HEK293 cells.  Expression levels of the mutant 

proteins, assessed by immunoblotting, were within 2-fold of wild-type ABCA1-GFP 

when expressed in Sf21 cells (Fig. 4-3 A), but were expressed at lower levels in stable 

HEK293 transfectants (Fig. 4-3 B).   The N935S mutant protein appeared to display 

increased intracellular localization compared with the wild-type protein, as assessed by 

confocal microscopy studies (Fig. 4-3 C).  This is consistent with observations made by 

Singaraja et al. (2006), who found that the mutant protein appears to be expressed in an 

under-glycosylated form and caused a ~75% decrease in the amount of apoA-I bound to 

the cell surface of stably transfected 293 Flp-In cells (188).  The L1026P and T2073A 

mutant proteins also appeared to display increased intracellular localization compared 

with wild-type ABCA1-GFP when expressed in stably transfected HEK293 cells.  In 

addition, the protein expression levels of the two mutant proteins appeared to be 2-4-fold 

              - 135 -



 

 

 

 

 

 

 

Fig. 4-3.  Expression of NBD mutant proteins. 

A)  Immunoblot of the wild-type ABCA1-GFP (KK), N935S, L1026P and T2073A 

mutant proteins expressed in Sf21 cells detected using an antibody directed against an 

epitope in ECL1 (anti-ECL1). 

B)  Immunoblot of the wild-type and mutant proteins expressed in stably transfected 

HEK293 cells detected as above (A). 

C)   Confocal microscopy of the mutant proteins expressed in stably transfected HEK293 

cells detected by GFP fluorescence. 

 

 

 

 

 

 

 

 

              - 136 -



              - 137 -



less than the wild-type protein, suggesting that the mutations may cause an increased rate 

of protein turnover. 

 

4.5.2 Effect of nucleotide-binding domain mutations on ABCA1-GFP activity 

 Using uptake assays carried out with membrane vesicles prepared from Sf21 cells, 

the N935S mutant protein displayed a reduction in 25-OHC transport activity by 

approximately 90% compared with wild-type ABCA1-GFP (Fig. 4-4 A).  In contrast, the 

L1026P and T2073A mutant proteins displayed a 30-40% increase and no change in 

oxysterols transport activity compared with the wild-type protein, respectively (Fig. 4-4 

A).  These mutant proteins were then tested for their ability to transport and efflux 25-

OHC, as well as efflux cholesterol and phosphatidylcholine when stably expressed in 

HEK293 cells.  The N935S mutant protein displayed a ~80% decrease in the ability to 

transport 25-OHC in HEK293 membrane vesicles and a comparable decrease in the 

ability to efflux the oxysterol from intact cells, in agreement with transport data obtained 

with Sf21 membrane vesicles (Fig. 4-4 B-E).  The efflux of cholesterol and phospholipid 

by transfectants expressing the N935S ABCA1 mutant was also decreased to a similar 

extent.  In contrast, both the T2073A and L1026P mutant proteins were more active when 

expressed in HEK293 cells than wild type ABCA1-GFP, when results were normalized 

for differences in the level of protein expression.  This was true both of 25-OHC transport 

by membrane vesicles and efflux of 25-OHC, cholesterol and phospholipid by intact cells 

(Fig. 4-4 B-E).  The L1026P and T2073A mutant proteins displayed a 3-3.5- and 1.5-2.5-

fold increase in both 25-OHC transport and efflux activity compared with the wild-type 

protein, respectively (Fig. 4-4 B,C).  The L1026P and T2073A mutant proteins also 
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Fig. 4-4.  Analysis of the transport and efflux activity by NBD mutant proteins. 

A)  ATP-dependent transport of 25-OHC to 10mg/mL BSA by the wild-type (KK), 

N935S, L10126P and T2073A mutant proteins was carried out in triplicate using 5µg of 

total Sf21 membrane vesicle protein incubated in the presence of 2.5µM [3H]25-OHC, 

4mM AMP or ATP and 10mM MgCl2 at 37˚C for 90 sec, as described in Materials and 

Methods (5).  Transport activity was normalized based on the levels of expression of the 

proteins and plotted as a percentage of the wild-type with standard error bars shown. 

B)  ATP-dependent transport of 25-OHC to 10mg/mL BSA by the wild-type and mutant 

proteins was carried out as above (A), but using membrane vesicle protein prepared from 

stably transfected HEK293 cells. 

C)  Efflux of [3H]25-OHC by the wild-type and mutant proteins expressed in stably 

transfected HEK293 cells into medium containing 20µg/mL apoA-I.  Assays were 

performed in triplicate and calculated as the radioactivity present in the culture medium 

as a percentage of the total radioactivity and normalized based on levels of protein 

expression.  Standard error bars are shown. 

D)  Efflux of [3H]cholesterol into medium containing 20µg/mL apoA-I, as described in 

(C). 

E)  Efflux of [14C]phosphatidylcholine into medium containing 20µg/mL apoA-I, as 

described in (C). 
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displayed an increase in cholesterol and phosphatidylcholine efflux of 75-80% and 40-

60% compared with the wild-type protein, respectively (Fig. 4-4 D,E). 

 

4.5.3 Ability of the NBD mutant proteins to trap nucleotide 

 To investigate whether the ability of the NBDs to bind and trap nucleotide was 

affected by the N935S, L1026P and T2073A mutations, we first compared the binding of 

N3-ATP at 4˚C using membranes prepared from infected Sf21 cells.  N3-ATP binding by 

all three mutant proteins was similar to that by wild-type ABCA1-GFP and in all three 

cases, could be competed by excess ATPγS (Fig. 4-5 A).  We then tested the ability of the 

three mutant proteins to trap nucleotide at 37˚C in the presence and absence of BeFx as an 

indirect measure of their ability to hydrolyze ATP.  The N935S mutant protein did not 

display any significant ability to trap nucleotide in a BeFx-dependent manner when 

expressed in either Sf21 (Fig. 4-5 B) or stably transfected HEK293 (Fig. 4-5 C) cells, 

suggesting that the ability of the protein to hydrolyze ATP was severely compromised, 

consistent with its severely reduced ability to transport or efflux substrate.  When 

expressed in HEK293 cells both the L1026P and T2073A mutant proteins displayed 

levels of trapping similar to that of wild-type protein.  Thus, we did not detect an increase 

in the levels of trapping that were proportional with the observed increase in the transport 

and efflux of 25-OHC.  

 

4.6 Discussion 

It is currently impossible to reliably predict the contributions that naturally 

occurring mutations found in ABCA1 have to symptoms observed in vivo associated with 
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Fig. 4-5.  N3-ATP binding (4˚C) and nucleotide trapping (37˚C) by NBD mutant 

proteins.  

A)  N3-ATP-binding by the wild-type (KK) and N935S, L1026P and T2073A mutant 

ABCA1-GFP proteins (30µg total protein) expressed in Sf21 cells.  Membrane vesicles 

were incubated with 8-azido-[α32P]ATP (5µM) for 5 min at 4˚C in transport buffer in the 

absence or presence of 500µM ATPγS before UV cross-linking and removal of 

unincorporated nucleotides.  

B)   BeFx-dependent nucleotide trapping by the wild-type and mutant proteins (30µg total 

protein) expressed in Sf21 cells.  Membrane vesicles were incubated in transport buffer 

containing 8-N3-[α
32P]ATP (5µM) for 15 min at 37˚C in the absence or presence of BeFx 

(200µM).  Unincorporated nucleotides were then removed before UV cross-linking. 

C)  BeFx-dependent nucleotide trapping by the wild-type and mutant proteins expressed 

in stably transfected HEK293 cells and performed as above (B). 
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TD, such as low levels of plasma HDL-C.  In order to investigate how mutations impact 

the function of ABCA1, we aimed to characterize the ability of several ABCA1-GFP 

proteins containing naturally occurring mutations at the NBDs to interact with nucleotide 

and translocate substrate.  The naturally occurring N935S mutation and L1026P and 

T2073A polymorphisms occur within the Walker A motif of NBD1, NH2-proximal to the 

Signature C motif of NBD1 and COOH-proximal to the Walker B motif of NBD2, 

respectively.  Although the Walker A and B motifs of one NBD are thought to coordinate 

the binding of ATP through interactions with its β- and γ-phosphate groups in the 

presence of Mg2+ and water, the Signature C motif of the apposing NBD is essential for 

the hydrolysis of the bound ATP and formation of a closed NBD dimer.  Although 

individuals possessing these amino acid substitutions have been found to possess HDL-C 

levels in the lowest 5th percentile of the general population, the degree to which these 

mutations affect ABCA1 function and contribute to symptoms of TD observed in vivo 

has not been firmly established. 

Using a combination of vesicle transport studies and efflux studies using intact 

cells, we found that the N935S substitution in the NBD1 Walker A motif of ABCA1-GFP 

essentially inactivates the ability of the protein to directly transport 25-OHC into 

membrane vesicles prepared from Sf21 or stably transfected HEK293 cells, or to efflux 

25-OHC, cholesterol and phospholipid using HEK293 cells.  Although we found that the 

N935S mutant protein was able bind N3-ATP at levels similar to the wild-type protein, 

the mutant appears to be unable to effectively trap nucleotide, suggesting that its ability 

to hydrolyze ATP is severely compromised and as a consequence, results in a decreased 

ability to translocate substrate.  Our findings are consistent with observations from others 
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that show that the N935S mutation significantly inhibits the ability for ABCA1 to efflux 

cholesterol and phospholipid, as well as bind apoA-I (188).  We suggest that these defects 

stem from the inability for the mutant protein to hydrolyze ATP, which is essential for the 

translocation of substrate and the binding of apoA-I.  In addition, the artificial Walker A 

motif conserved lysine to methionine (MK) and naturally occurring N935S mutations are 

located 4 amino acid residues apart and appear to cause similar inhibitory effects on the 

ability for the mutant proteins to trap nucleotide and likely as a secondary effect, bind 

apoA-I (83).  The latter defect suggests that the hydrolysis of ATP at the NBDs may 

transduce conformational changes to the ECLs that are required for apoA-I binding.  

Furthermore, the homologous naturally occurring N965S mutation in ABCA4 has been 

found to be associated with the occurrence of Stargardt-related retinopathy (200).  Since 

ABCA1 and ABCA4 share ~52% amino acid identity, the N965S mutation in ABCA4 

may cause a similar defect in the ability of the protein to hydrolyze ATP and translocate 

substrate as the N935S mutation in ABCA1. 

 The L1026P and T2073A polymorphisms are located just before the Signature C 

motif in NBD1 and just after the Walker B motif in NBD2, respectively and were 

discovered in patients with HDL-C levels in the lowest 5th percentile of the general 

population (199).  Although preliminary cultured macrophage efflux studies indicated 

that both these mutations in ABCA1 cause a ~50% decrease in cholesterol efflux activity, 

these data were not statistically significant and the rates of efflux were not normalized for 

ABCA1 expression levels.  In order to characterize the effects these two mutations may 

have on ABCA1 function, we also expressed both the L1026P and T2073A mutant 

proteins in Sf21 and stably transfected HEK293 cells.  We found that these mutant 
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proteins were able to bind and trap nucleotide at levels similar to those of the wild-type 

protein.  In addition, after normalizing for protein expression levels by Western blot 

analysis, both mutant proteins appear to display the ability to directly transport 25-OHC 

and efflux 25-OHC, cholesterol and phosphatidylcholine at levels similar to or higher 

than wild-type ABCA1-GFP.  Due to the fact that the L1026P and T2073A naturally 

occurring mutations are associated with subnormal HDL-C levels and occur near 

conserved motifs in NBD1 and NBD2, the fact that the mutations do not appear to 

negatively affect ABCA1 function was unexpected.  Although in vitro data clearly 

indicate that the mutations do not affect the basal activity of ABCA1, we cannot exclude 

the possibility that they decrease the stability of the protein, consequentially resulting in 

lower levels of the protein in vivo, or that they alter the response of the protein to post-

translational regulatory mechanisms that influence its activity.   
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Chapter 5 

GENERAL DISCUSSION AND FUTURE PERSPECTIVES 

 

5.1 Summary 

 Following identification of ABCA1 as the gene associated with Tangier Disease 

(TD) (5,84,201,202), ABCA1-expressing cells have been shown to mediate the efflux of 

cholesterol and phospholipid to lipid-poor/free apoA-I (63,64), (167).  However, at the 

time these studies were carried out, there was a lack of direct evidence that ABCA1 could 

act as a primary energy-dependent sterol transporter.  Early studies also failed to detect 

significant ATPase activity attributable to ABCA1 and evidence that the protein could 

trap nucleotide, an indirect measure of ATP hydrolysis, was inconsistent (43,167).  Thus, 

ABCA1 was presumed to act as an ATP-regulated receptor, rather than an active 

transporter.  In addition, little is known about how the extracellular loops and nucleotide-

binding domains (NBDs) contribute to ABCA1 function.  One of my objectives was to 

determine the manner in which ABCA1 bound and trapped nucleotide at each NBD. 

 Since the outset of my project, we have provided the first direct evidence of ATP-

dependent transport of 25-OHC by ABCA1-GFP using a membrane vesicle uptake assay 

that does not require the presence of the physiological substrate acceptor apoA-I (44).  

We found using vesicles prepared from insect Sf21 cells, that mutant ABCA1-GFP 

containing a single Walker A conserved lysine to methionine mutation (MK or KM), 

displayed 40-50% 25-OHC transport activity compared with the wild-type protein (44).  

However, when these constructs were expressed in HEK293 cells, they were essentially 

unable to efflux cholesterol and phospholipid.  To determine whether this difference in 
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activity was attributable to the cell system used, I investigated how these mutant proteins 

transported 25-OHC into HEK293 membrane vesicles.  In contrast with the transport data 

obtained using Sf21 cells, the MK and KM mutant proteins appeared to be essentially 

inactive when expressed in HEK293 cells, consistent with whole cell efflux data (44).  I 

further investigated the ability of the MK, KM and MM mutant proteins to bind and trap 

nucleotide.  Using 8-N3-[α
32P]ATP, I was able to show that while the NBDs of ABCA1 

do not have to be intact for binding N3-ATP, both NBDs must be intact for significant 

nucleotide trapping, which was demonstrated in the presence of Vi or BeFx and Mg2+ or 

Mn2+ (Chapter 2).  However, there appeared to be greater Vi- and BeFx-independent 

nucleotide occlusion when trapping experiments were performed with Sf21 cells, which 

appeared to be the result of tighter ATP (rather than ADP) binding.  In addition, using the 

KK+TEV protein, I showed that nucleotide trapping occurred similarly at each NBD.     

 Although ~52 naturally occurring missense mutations in ABCA1 have been 

associated with symptoms of TD such as subnormal levels of HDL-C, the extent to which 

many of these amino acid substitutions contribute to this cannot be reliably predicted.  In 

addition, the roles the ECLs and individual NBDs play in ABCA1 function are not well 

characterized.  By the introduction of naturally occurring mutations and polymorphisms 

into wild-type ABCA1-GFP, I aimed to characterize how the ECLs (Chapter 3) and 

NBDs (Chapter 4) might affect ABCA1-mediated efflux of phospholipid and cholesterol.  

I also investigated how ECL and NBD naturally occurring mutant proteins interacted 

with nucleotide and transported 25-OHC.  Differences in the manner by which some of 

these mutant proteins interacted with nucleotide and transported 25-OHC were observed 

when expressed in Sf21 or HEK293 cell lines.  This suggests that the composition of the 
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membrane in which ABCA1 is expressed could affect its function and thus, should be 

taken into consideration by others investigating the function of ABC proteins.  

 

 

5.2   Substrate translocation 

5.2.1   ECL topology 

 Although recent findings predict that ECL1 and ECL4 of ABCA1 are linked by 

two intramolecular disulfide bonds that appear to be important for function (49), little is 

known about the architecture of the ECLs and how they may be glycosylated.  There are 

at least 13 potential glycosylation sites predicted to be located in the ECLs of ABCA1, of 

which 9 and 4 are predicted to occur in ECL1 and 4, respectively (48,49).  From our 

observations using the KK+TEV protein (Chapter 2), it appears that glycosylation occurs 

most extensively in the NH2-proximal half of the protein and most likely in ECL1.  As 

ECL1 and 4 are comprised of some ~600 and ~300 residues, respectively, it is possible 

that the ECLs of ABCA1 may contribute to a three-dimensional extracellular domain 

involved with substrate translocation by interacting with substrate acceptors and 

transducing conformation changes to the rest of the protein such as the MSDs.  Therefore, 

elucidation of the structure and function of the extracellular domain of ABCA1 would aid 

the design of therapeutics aimed at promoting lipid efflux in vivo. 

 

5.2.2   ABCA1-substrate acceptor interactions 

 From studies examining apoA-I-ABCA1 interactions, it appears that the 

interaction between the two proteins may be initiated by the binding of the COOH-
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terminus of apoA-I to lipid domains on the cell surface (97), which may be generated by 

the floppase activity of ABCA1 (64,67,190).  This is supported by observations that when 

either or both NBDs are inactivated by mutation of a conserved lysine within the Walker 

A motif to methionine, the ability for ABCA1 to bind apoA-I (83), promote redistribution 

of phosphatidylserine to the outer leaflet of the plasma membrane (81) and mediate lipid 

efflux activity is abrogated (44).  The naturally occurring W590S mutation located in 

ECL1 of ABCA1 does not appear to inhibit the ability of ABCA1 to bind apoA-I 

(47,87,188,189), activate the kinase JAK2 as assessed by its phosphorylation status (140) 

or trap nucleotide (Chapter 3).  However, we found that the mutation inhibited the ability 

of ABCA1 to translocate substrate, regardless of whether the substrate had an acceptor 

requirement for apoA-I.  Thus, it appears that the ECL mutations interfere in some way 

with the transduction of conformational changes from the NBDs to the MSDs that are 

required for substrate translocation.  Consistent with the above suggestion, it was shown 

that although the C1477R mutation in ECL4 abolishes apoA-I binding and lipid efflux 

from intact cells (47,87,203), the concurrent introduction of an HA epitope at residue 819 

of ABCA1 located just following TM6 partially and fully rescue apoA-I binding and 

phospholipid efflux by ABCA1, respectively (47).  We further investigated whether the 

C1477R mutant protein could transport or efflux 25-OHC, which does not have a 

substrate acceptor requirement for apoA-I, and found that the mutant protein was unable 

to do so.  The mutant protein was also unable to efflux cholesterol and phospholipid from 

intact cells, despite retaining the ability to bind and trap nucleotide comparably with 

wild-type ABCA1-GFP.  Recently, it was determined that the C1477R mutation disrupts 

one of two disulfide bridges that exist between ECL1 and ECL4 (49).  Thus, it is 
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conceivable that the C1477R mutation may not inhibit the ABCA1 floppase activity 

required for promoting apoA-I binding, but disrupts the three-dimensional conformation 

adopted by the ECLs required for the proper binding, lipidation and release of apoA-I. 

 Since it appears that the W590S and C1477R mutations prevent substrate 

translocation even when the substrate does possess an acceptor requirement for apoA-I, 

substrate translocation may not only require functional NBDs, but also on the ability of 

the ECLs to transduce conformational changes to the MSDs, and possibly vice versa, for 

the substrate-binding site(s) to shift from the high- to low-affinity state.  Mutations to the 

ECLs may disrupt this process sufficiently to abrogate substrate translocation. 

 

5.2.3 Substrate acceptor specificity 

 ApoA-I can be chemically cross-linked to ABCA1 and act as the physiological 

substrate acceptor (67,87,96,204).  However, other lipoproteins such as apoA-II, C-I, C-

II, C-III and E have also been shown to act as substrate acceptors and to compete with 

apoA-I-mediated efflux (189).  It was recently reported that a stretch of residues forming 

the N-terminal barrel of the phospholipid transfer protein forms an amphipathic α-helix 

that can act as an acceptor for ABCA1-mediated cholesterol efflux (205).  Furthermore, a 

small 18-residue peptide engineered to form an amphipathic α-helix was also shown to 

have the ability to act as a suitable acceptor for cholesterol efflux by ABCA1 (189).  

Thus, it appears that a feature common to the acceptors mentioned above is the presence 

of an amphipathic α-helix.  However, this property may not be a requirement to promote 

lipid efflux, since it was also recently observed that sodium taurocholate (NaTC), which 

is a derivative of cholesterol and a bile acid that acts to emulsify fats, appears to promote 
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the efflux of cholesterol and phospholipid by ABCA1-expressing HEK293 cells similar 

to apoA-I (193).  NaTC, but not apoA-I, was observed to promote lipid efflux by ABCB4 

and it was suggested that NaTC promoted efflux in a non-specific manner (206).  

However, similar studies with ABCA1 showed that NaTC promoted ABCA1-dependent 

lipid efflux, since inactivation of both NBDs with Walker A lysine to methionine 

mutations abrogated efflux activity (193).  These observations suggest that NaTC does 

not simply extract lipid from the outer leaflet of the membrane, but interacts with ABC 

proteins such as ABCB4 and ABCA1 to promote substrate efflux. 

 The fact that substrate acceptors do not necessarily have to possess an 

amphipathic α-helix in order to promote substrate translocation suggests that ABCA1 

may be able to use a wide variety of molecules as substrate acceptors.  It appears that the 

requirements for the substrate acceptor may be dictated by the requirements of the 

substrate, as well as the ability for the acceptor to properly interact with the ECLs and 

possibly the outer leaflet of the plasma membrane.  Although we have suggested that a 

reason why the W590S and C1477R mutant proteins cannot transport or efflux 25-OHC 

may be due to their interference with the transduction of conformational changes 

involving the MSDs, the ECLs may also contribute to a substrate acceptor-binding 

domain involved with both specific and non-specific interactions with the acceptor.  

ApoA-I can be cross-linked to the W590S mutant protein to an extent similar to wild-type 

ABCA1 (67,96).  Nevertheless, our laboratory has found that the specific interaction 

between apoA-I and the W590S mutant differs from that with the wild-type protein (Tam 

SP, unpublished).  Furthermore, we found that the transport and efflux of a substrate such 

as 25-OHC, which does not have an acceptor requirement for apoA-I, was also inhibited 
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by mutations to the ECLs, whether in the presence of apoA-I or BSA.  Thus, mutations to 

the ECLs may disrupt its three-dimensional conformation sufficiently to inhibit 

transduction of conformational changes to the MSDs required for substrate translocation, 

as well as disrupt specific interactions with the substrate acceptor.  

 ABCA1-substrate acceptor interactions, especially those with apoA-I, remain an 

important area of investigation in order to understand the architecture and function of the 

extracellular domains of ABCA1 and to identify areas important for interactions with 

substrate acceptors.  An important first step to understanding these properties would be to 

determine where apoA-I interacts with ABCA1 and how naturally occurring ECL 

mutations such as W590S and C1477R affect this interaction. 

 

5.2.4   Substrate specificity 

 Previous studies demonstrated the ability of ABCA1-expressing cells to mediate 

the efflux of cholesterol and phospholipid (63,64).  However, until recently, there had not 

been any direct evidence of broader substrate specificity.  We provided the first evidence 

that ABCA1 has the ability to directly transport 25-OHC in an ATP-dependent manner 

using a membrane vesicle uptake assay that is not dependent on the presence of the 

physiological substrate acceptor apoA-I (44).  In addition, we showed that related 

compounds such as 22(R)-, 24(S)- and 27-OHC, as well as vitamins D3 and E have a 

significant ability to compete with this process (44).   Efflux of α-tocopherol (activated 

form of vitamin E) has been shown to occur in cAMP-stimulated wild-type fibroblasts, 

but not in TD fibroblasts (207), suggesting that this is an ABCA1-mediated process.  This 

is also supported by recent studies performed by Dr. Shui-Pang Tam in our laboratory, 
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who showed that ABCA1-GFP expressed in stably transfected HEK293 cells displayed 

the ability to efflux [14C]α-tocopherol in the presence of apoA-I.  In the same study, he 

also showed that ABCA1 has the ability to efflux [3H]24-OHC in the presence of apoA-I 

or BSA and [3H]ketocholesterol in the presence of apoA-I, but not BSA (Tam SP, 

unpublished).  Since other than 25-OHC, there is no direct evidence that ABCA1 can 

transport other compounds, we will be performing transport studies using [3H]24-OHC 

and [3H]ketocholesterol in the near future. 

 ABCA1 has also been shown to possess phospholipid floppase activity by 

redistributing phosphatidylserine (PS) from the inner to the outer leaflet of the plasma 

membrane, as detected by annexin V-Cy 5 binding (annexin V binds PS and the 

conjugated Cy5 is a fluorescent dye) using flow cytometry (80).  Similarly, the 

phosphatidylethanolamine (PE) analogue 1-palmitoyl-2-[6-(N-(7-nitrobenz-2-oxa-1,3-

diazol-4-yl))]-PE (C6-NBD-PE) has also been shown to be redistributed from the inner to 

the outer leaflet of the plasma membrane by ABCA1-expressing MDCKII (Madin-Darby 

canine kidney II) cells (190).  Thus, aminophospholipids are presumed to be substrates of 

ABCA1.  Phosphatidylcholine efflux can be measured using C-14-labelled choline, as 

was done in our phospholipid efflux assays using a stably transfected HEK293 cell line 

expressing ABCA1-GFP.  However, there is currently no practical method for measuring 

the transport of molecules that are themselves a part of the membrane and as such, there 

has not been any direct evidence of cholesterol or phospholipid transport by ABCA1.  

Thus, although the modified transport assay utilized in our laboratory remains a useful 

tool for providing direct evidence of ABCA1 substrate specificity, limitations to this 

method include: the inability to measure the transport of substrates across the membrane 
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if the substrate is a structural constituent of the membrane itself, and the lack of 

availability of many radiolabelled compounds of interest.  As radiolabelled analogues of 

the compounds mentioned above that compete with 25-OHC transport become 

commercially available, ABCA1 substrate specificity could be characterized more 

extensively. 

 

 

5.3 Naturally occurring mutations and their impact on ABCA1 function 

 One of the characteristic disease phenotypes of Tangier disease (TD) is very low 

or absent levels of plasma HDL-C.  Some genes have been shown to influence HDL-C 

levels, such as apoA-I, LCAT, and CETP (208).  However, the correlation of ABCA1 

mutations to TD and subnormal levels of HDL is particularly significant since ABCA1 is 

thought to play a role in the initial step of HDL formation – the lipidation of lipid-

free/poor apoA-I (5,84,87).  Population-based epidemiological studies such as the Dallas 

Heart Study showed that one in six individuals with HDL-C levels in the lowest 5th 

percentile of the general population possess a mutation in either ABCA1 or apoA-I, but 

that most mutations were found in ABCA1 (209).  In addition, it was estimated from the 

Copenhagen City Heart Study involving over 9 000 individuals from the general 

population that at least 10% of individuals with low HDL-C levels (in the lowest 1st 

percentile of the general population) were at least heterozygous for an ABCA1 mutation 

or polymorphism (195). 

 Although defective ABCA1 has been correlated to the occurrence of TD, the 

manner in which many ABCA1 polymorphisms and putative mutations may contribute to 
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aberrantly low HDL levels cannot be predicted.  Whole cell lipid efflux assays have been 

performed on cultured primary macrophages or fibroblasts from individuals with low 

HDL levels to provide evidence of the involvement of ABCA1.  For example, efflux 

assays using macrophages collected from individuals with the L1026P and T2073A 

ABCA1 polymorphisms indicated that both mutations both were associated with a ~50% 

decrease in cholesterol efflux activity compared with wild-type cells suggesting that these 

polymorphisms may affect the activity of the protein (198).  However, based on 25-OHC 

transport assays, as well as whole cell efflux studies using intact stable HEK293 cell lines 

expressing wild-type ABCA1 as well as proteins containing the two polymorphisms, we 

found that the L1026P and T2073A substitutions did not inhibit the ability of ABCA1 to 

translocate substrate.  One variable that did not appear to be taken into account for in the 

previous study was the relative levels of expression of the mutant proteins compared with 

wild-type ABCA1.  We found that the L1026P and T2073A proteins were expressed at 

lower levels than the wild-type protein.  Thus, the association between these and possibly 

other ABCA1 variants with decreased cholesterol efflux activity may in part be due to 

their decreased stability compared with wild-type ABCA1.  Investigation of the manner 

in which mutations in ABCA1 affect not only the activity and localization of the protein, 

but also its rate of turnover could provide information useful for designing 

pharmacological approaches based on chemical chaperones to manipulate the stability of 

ABCA1.  Such an approach has received considerable attention for the treatment of cystic 

fibrosis caused by defects in ABCC7.  
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5.4   Membrane composition and ABC transporter function 

5.4.1   Insect cell lines 

 Insect cells such as the Sf9 or Sf21 cell lines have proven to be a useful tool for 

studying protein function and have been used for the expression and study of ABC 

proteins such as ABCB1 (P-gp) (163), ABCC1 (MRP1) (176), ABCC2 (MRP2) (24), 

ABCC7 (CFTR) (210), ABCG2 (166) and ABCG5/8 (211).  Using insect cell lines to 

express ABC proteins has several advantages over mammalian cell lines, including the 

ability to express relatively high levels of protein.  One reason for this may be that insect 

cells are cultured at lower temperatures (28˚C) relative to mammalian cells (37˚C) and 

are thought to afford proteins an increased opportunity to fold (and in some cases, to 

insert itself into the membrane) correctly (212).  Protein folding is especially important 

for the study of mutant forms of protein where the folding process may be less efficient.  

In support of this, the mutant protein ABCC7∆F508 responsible for two-thirds of cystic 

fibrosis cases is largely found to exist in its immature under-glycosylated form at 

physiological temperatures (37˚C) (213).  However, when cells expressing the mutant 

protein are cultured at lower temperatures (~26˚C), a significant increase in the amount of 

mutant protein was observed to exist as its mature fully glycosylated form (213).  Indeed, 

protein expression levels of the ABCA1-GFP KK+TEV (Chapter 2), W590S (Chapter 3) 

and N935S, L1026P and T2073A (Chapter 4) proteins were greater when expressed in 

Sf21 cells compared with HEK293 cells with respect to the wild-type protein.  

 It is also important to note that the extent to which a protein is glycosylated 

differs when expressed in insect cells compared with mammalian cells.  Previous studies 

show that insect cells such as the Sf9 cell line do not synthesize high-mannose-type 

              - 157 -



oligosaccharides, and thus lack much of the complex-type glycosylation present on 

proteins expressed in mammalian cells (214,215).  Differences in the glycosylation status 

of ABCA1 were observed when comparing expression in Sf21 and HEK293 cells.  We 

found that the NH2-proximal half of ABCA1 appeared to possess more extensive 

glycosylation than the COOH-proximal half of the protein when expressed in HEK293 

stable transfectants, as assessed by the ability for PNGase F treatment to reduce TEV 

cleavage products to a lower molecular weight (Chapter 2).  In addition, the glycosylation 

in the NH2-proximal half of ABCA1 is predicted to predominantly occur in ECL1.   

 Lastly, another advantage for investigating ABCA1 function when expressed in 

Sf21 cells is that insect cells lack the endogenous expression of closely related ABC 

proteins such as the ABCA subfamily of transporters.  This is particularly useful when 

measuring transport activity by the wild-type and mutant forms of ABCA1, since the 

activity from the endogenous wild-type protein does not have to be considered. 

 

5.4.2 Membrane cholesterol 

 There are some fundamental differences in membrane composition between insect 

and mammalian cells that can potentially affect the function of ABC proteins, particularly 

the fact that insect cell membranes only contain ~10% of the cholesterol found in 

mammalian cell membranes (187).  In mammalian cells, cholesterol is essential for cell 

survival and proliferation.  It is estimated that there is approximately one molecule of 

cholesterol to every molecule of phospholipid in the mammalian membrane.  Since 

cholesterol significantly influences the rigidity of the membrane, it may impact on the 

ability and manner in which ABC transmembrane helices (TMs) shift and rotate during 
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the transport cycle.  Both increases and decreases in membrane cholesterol are reported to 

inhibit ABCB1 calcein-AM transport activity, possibly by altering the localization of 

ABCB1 with respect to membrane domains such as lipid rafts and by altering the fluidity 

of the membrane (216).  In addition, it was observed that when purified ABCB1 (P-gp) 

was reconstituted into proteoliposomes containing 30% cholesterol (w/w), a ~2.5-fold 

reduction in ATPase activity was observed when compared to proteoliposomes without 

cholesterol (217).  The differences in which the wild-type and Walker A mutant ABCA1-

GFP proteins interact with nucleotide when expressed in Sf21 compared with HEK293 

cells may also in part be due to differences in the amount of cholesterol present in the 

membrane (Chapter 2).  Since the membrane is in intimate contact with the MSDs of 

ABC transporters such as ABCA1, membrane composition may have a significant impact 

on the ability of domains to undergo conformational changes, as well as to mediate the 

transduction of conformational changes from one domain to another.  Differences in 

membrane cholesterol content may help to explain why the C1477R mutant protein 

displayed the ability to bind N3-ATP and trap nucleotide efficiently using photoaffinity-

labelling techniques when expressed in HEK293 cells, but not when expressed in Sf21 

cells (Chapter 3).  Similarly, the T2073A mutant protein appeared to trap nucleotide 

comparably with wild-type ABCA1-GFP when expressed in HEK293 cells, but did not 

appear to do so when expressed in Sf21 cells (Chapter 4). 

 Although the introduction of cholesterol into and depletion from membranes can 

potentially help us understand the effect membrane cholesterol has on ABC transporters, 

the heterogeneity of the membrane must also be taken into account.  The mammalian 

membrane contains domains such as lipid rafts, of which cholesterol is an integral part 
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and the manner by which cholesterol interacts within these domains and with 

neighbouring proteins has to be considered (218).  Using atomic force microscopy, it was 

observed that following initial depletion of cholesterol from human CEM (T 

lymphoblast) cells using methyl-β-cyclodextrin (MβCD), re-introduction of cholesterol 

did not restore the original architecture of the membrane (219).  Furthermore, MβCD 

itself appears to reversibly inhibit ABCB1-mediated transport (217) and there is evidence 

that higher concentrations approaching 20mM can cause membrane damage and shedding 

(94).  Therefore, although at the moment it does not appear to be possible to manipulate 

the cholesterol content within a biological membrane in a manner that is physiologically 

valid, characterizing the effects that the membrane has on ABC protein function would be 

valuable for understanding how the MSDs communicate with the ECLs and NBDs to 

control overall activity of the protein. 

  

5.4.3 Substrate partitioning 

 ABCA1 has been shown to efflux cholesterol and phosphatidylcholine, mediate 

the flopping of phosphatidylserine, directly transport 25-OHC and to be competitively 

inhibited by other potential substrates such as 27-, 22R- and 24S-OHC, 9CRA and 

vitamin E (44).  Because of their hydrophobicity, these compounds may partition into the 

membrane before the translocation process.  For example, when ABCB1 was purified and 

reconstituted into dimyristoylphosphatidylcholine (DMPC) proteoliposomes containing 

30% cholesterol (w/w), the binding constant (Kd) of ABCB1 for vinblastine and 

progesterone was decreased ~6-fold when compared with proteoliposomes without 

cholesterol (217).  However, not all substrates tested had a decreased binding affinity for 
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ABCB1 in the presence of increased cholesterol, as was the case for the substrate R123 

(217).  In addition, it appears that the affinity for some substrates may be proportional to 

the cross-sectional area of the substrate and likely dependent on hydrogen bond formation 

between the transporter and the substrate (220).  With ABCA1, we found that the single 

Walker A mutant proteins (MK and KM) appeared to transport 25-OHC at levels 40-50% 

of wild-type protein using membrane vesicles prepared from Sf21 cells (44), but 

appeared to be essentially inactive when transport or whole cell efflux studies were 

performed using HEK293 cells (Chapter 2).  It is possible that the differences in the 

transport activity observed may be in part due to the amount of 25-OHC that is 

partitioned into insect and mammalian membranes, which may be influenced by the 

amount of membrane cholesterol present.  This, in combination with the binding and 

possibly a basal rate of ATP hydrolysis involving one of the NBDs of ABCA1-GFP, may 

be sufficient to promote 25-OHC membrane partitioning, which could be interpreted as 

having been transported to the interior of the membrane vesicle.  Therefore, when testing 

for the ability for ABCA1 to transport and efflux potential substrates, the cell type and 

membrane composition used must be taken into account, especially if the substrate itself 

may be a potential constituent of the membrane. 
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