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ABSTRACT 

 

Pollard, Ricquita D. 

THE ROLE OF LIPID-FREE APOLIPOPROTEIN A-I AND PCPE2 IN HDL 
METABOLISM 

 

Dissertation under the direction of  
Mary G. Sorci-Thomas, Ph.D., Professor of Pathology 

 
 

The purpose of this work is to investigate the role of apolipoprotein apoA-I 

(apoA-I) and procollagen C-endopeptidase enhancer 2 (PCPE2) in high density 

lipoprotein (HDL) metabolism. ApoA-I comprises ~70 percent of the protein within 

HDL and has an essential role in cholesterol efflux from peripheral cells as part of 

the reverse cholesterol transport pathway.  Lipid-free apoA-I undergoes 

conformational changes as HDL is formed, a poorly understood mechanism. We 

determined the structure of lipid-free apoA-I based on chemical cross-linking in 

conjunction with disulfide cross-linking to define distance constraints. Results 

indicate lipid-free apoA-I is compact with amino acids 44-186 bundled together 

with the N-and C-terminal ends folded so that they lie close to one another. We 

tested the accuracy of our model by determining the distance between two 

residues by engineering cysteine mutant apoA-I designed to “lock” or “unlock” by 

being within or exceeding 3-5 Å, respectively. These mutant apoA-I were used to 

assess the opening mechanism for lipid-free apoA-I lipidation to form 

recombinant HDL (rHDL) and nascent HDL (nHDL). Results of these studies 

identify central helices 4-6 as essential for  rHDL and nHDL formation. 



xi 
 

Recent reports show PCPE2 single nucleotide morphisms have a 

significant correlation with HDL. PCPE2, a glycoprotein found in the extracellular 

matrix enhances cleavage of C-terminal procollagen by bone morphogenetic 

protein 1. Mice lacking PCPE2 have elevated concentrations of enlarged plasma 

HDL. Our studies focused on investigating if the elevated concentration of 

enlarged plasma HDL in PCPE2 deficient mice was atheroprotective. Compared 

to LDLr-/- mice (SKO), LDLr-/-, PCPE2-/- (DKO) mice had elevated HDL levels and 

significantly more lipid and CD68+ infiltration into the aortic root, similar to that 

reported for LDLr-/-, apoA-I-/- mice that lack plasma apoA-I/HDL. Furthermore, 

DKO mice showed reduced HDL apoA-I fractional clearance and reverse 

cholesterol transport rates compared to SKO mice suggesting PCPE2 plays a 

significant role in HDL remodeling and/or cholesterol uptake by the liver.  

We have identified lipid-free apoA-I as containing a helical bundle 

compact with four helical regions and central helices 4-6 are essential for HDL 

formation. Our in vivo studies show PCPE2 is atheroprotective and mediates 

HDL function by protecting against arterial lipid and immune cell deposition and 

enhances cholesterol uptake. 
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CHAPTER I. INTRODUCTION 

 Atherosclerotic cardiovascular disease (CVD) accounts for greater than 33 

percent of all deaths within the United States and is identified as the number one 

cause of death (1, 2). Over $444 billion were spent within the United States on 

CVD health care and treatments in 2010 with expectations to significantly 

increase each year.  The deleterious health and economic burden associated 

with the disease is in great need of a therapeutic remedy (3). The positive 

correlation between atheroprotection and plasma high density lipoprotein (HDL) 

concentrations was well established in many epidemiological studies suggesting 

HDL as an ideal target for reducing cardiovascular disease (4-6). Attempting to 

repeat this phenomenon in clinical trials by pharmacologically raising HDL 

unveiled the complexities of CVD risk-reduction with HDL that extend beyond the 

single measurement of steady-state HDL plasma concentrations (7-9). As a 

result, there are several studies that have tried to identify the functional aspects 

of HDL that reduce CVD risk by measuring cholesterol efflux activity that 

removes excess cholesterol from peripheral cells and, thereby relating reverse 

cholesterol transport (RCT) to reducing CVD risk (10-12).  

 HDL has been extensively studied over the last 50 years and is well 

documented to be atheroprotective in humans and several animal models (13-

15). The mechanism by which HDL exerts its atheroprotective properties is 

poorly understood; therefore a more in depth examination of biogenesis, 

catabolism and regulation of HDL is the focus of this study.   HDL is a highly 

heterogenous family of lipoproteins varying in size, density, shape, protein and 

lipid composition (16). Circulating HDL have diameters ranging from 7-12 nm and 
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predominantly exists as two major density species, HDL2a-b  and HDL3a-c, with 

density ranges of 1.063-1.125 and 1.125-1.210 g/ml, respectively (17). Proteomic 

studies identify apolipoprotein A-I (apoA-I) as the main protein comprising 

roughly 70 percent of the protein mass. ApoA-II accounts for 15-20 percent of 

HDL protein while apoCs, apoE, apoD, apoF, apoM, apoO, apoA-IV, paroxonase 

and other proteins make up the remainder (18-20). The predominant lipid in 

circulating HDL particles are glycerophospholipids (GP) which comprise 20-30 

percent of the total HDL mass with phosphatidylcholine (PC) being the principal 

class of GPs. Cholesteryl esters (CE) comprise 14-18 percent of HDL mass while 

triglycerides (TG) and free cholesterol (FC) occupy 3-5 percent each of HDL 

mass (21, 22). Low abundance lipids found in the HDL lipidome include 

phosphatidylethanolamine (PE), phosphotidylinositol (PI), 

lysophosphatidylcholine (LPC), phosphatidylserine (PS), phosphatidylglycerol 

(PG), phosphatidic acid (PA) and cardiolipin (23, 24). 

As a carrier of lipids, proteins, and other biological molecules found in 

circulation, HDL is subjected to oxidative stressors that modify its lipid and 

protein contents (25).  Enzymes carried by HDL that have been proposed to 

degrade lipid oxidation products within the arterial wall and contribute to the 

antiinflammatory properties of HDL include paraoxonase-1 (PON-1), and 

lipoprotein-associated phospholipase A2 (26). Studies suggest that the 

concentration of these enzymes at the site of inflammation partially account for 

the excess of oxidized lipids in HDL (27).  
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 ApoA-I provides much of the function and structure for HDL particles. 

ApoA-I is synthesized in the liver and to a lesser extent in the intestine (28), and 

these tissues are the principal sources of HDL through the interaction of lipid-

free/poor apoA-I and ATP-binding cassette A1 (ABCA1) resulting in the formation 

of nascent HDL (nHDL) (29-31). The maturation of nHDL to HDL is a rapid 

process that occurs in plasma and involves the transfer of an acyl group from 

lecithin (glycerophosphocholine) to free cholesterol by lecithin cholesterol 

acyltransferase (LCAT) to generate a hydrophobic CE that is sequestered within 

the core of the HDL particle (32-34). Further remodeling of HDL with regard to 

protein and lipid composition, size and function occurs with a number of proteins 

present in plasma and cell membranes. Cholesterol ester transfer protein 

(CETP), a hydrophobic glycoprotein primarily expressed in the liver and adipose 

tissue, facilitates bidirectional transfer of cholesteryl esters and triglycerides and 

to a lesser extent, phospholipids, between HDL and apoB-containing lipoproteins 

(35). Inhibition of CETP has been a major focus of recent clinical trials aimed at 

raising plasma HDL levels in efforts to reduce cardiovascular risk (36). 

Phospholipid transfer protein (PLTP) is primarily associated with HDL and aids in 

the transfer of PLs, diacylglycerol and FC between HDL and apoB containing 

lipoproteins (37, 38). Hepatic lipase (HL) and endothelial lipase (EL) also play 

important roles in HDL remodeling. The two lipases have primary specificity for 

TG and to a lesser extent GP, with a preference for unsaturated acyl groups (39-

42). Studies show a remarkable increase in plasma HDL cholesterol levels in HL 

as well as EL deficient subjects (43, 44). Catabolism of HDL occurs with CE 
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uptake by scavenger receptor class B type 1 (SR-BI) to complete the RCT 

pathway (45-47).  

 Human apoA-I is translated as a pre-propolypeptide that contains an 18 

residue signalling peptide, a hexapeptide pro-segment and a 243 amino acid 

domain which constitutes the mature circulating protein (48, 49). The signalling 

peptide is similar to traditional eukaryotic pre-peptides in that it contains a 

positively charged amino terminus, a central hydrophobic core and a more polar 

carboxy terminus (50, 51). ApoA-I is secreted with the hexapeptide pro-segment 

attached and is unique in that it terminates with paired glutamine residues (Arg-

His-Phe-Trp-Gln-Gln), two features that are not consistent with most other 

proproteins (52, 53). Studies suggest that the removal of the prosegment prior to 

secretion reduces the efficiency of apoA-I translocation and processing (54, 55).  

A number of reports suggest a role for accessory proteins found in the 

plasma membrane to assist in ABCA1-mediated assembly of nHDL (31, 56-58). 

Less than 10 years ago, it was found that apoA-I maturation involves the removal 

of the hexapeptide pro-segment by bone-morphogenetic protein 1 (BMP1), a 

metalloprotease known for removing C-terminal pro-peptides from collagen 

precursors (59). The cleavage of pro-collagen is essential for self-assembly of 

collagen monomers into fibrils located within the extracellular matrix (ECM) (60, 

61). The novel involvement of ECM proteins in apoA-I processing was further 

enhanced when procollagen C- endopeptidase enhancer 2 (PCPE2) was 

reported to enhance the rate of BMP1 mediated cleavage of proapolipoprotein A-

I, suggesting a potential role for PCPE2 in HDL functionality and metabolism 
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(62). The goal of the work herein was to define the conformational changes of 

apoA-I during lipidation as regards HDL biogenesis and to define the role of 

PCPE2 in HDL metabolism. 

Coronary Heart Disease Risk, Cholesterol Efflux and HDL-ApoA-I  

 The results from the Framingham Study, which was initiated in 1948, and 

many other epidemiological reports have provided detailed insight on many risk 

factors associated with CVD (63, 64). Plasma HDL concentration has been 

shown to be inversely related to the risk of developing CVD but paradoxically, 

efforts to mimic high plasma HDL in clinical trials did not reduce cardiovascular 

related events (65). Recent studies have shown that cholesterol efflux capacity of 

an individual’s serum was a better predictor of CVD risk than was their steady 

state plasma HDL concentration (15, 66-68). These findings suggest that HDL 

metabolism largely defines its atheroprotective capacity.  

The efflux of cholesterol by ABCA1 onto lipid-free or lipid-poor apoA-I 

forming nHDL is the initial as well as rate-limiting step in HDL biogenesis (31, 69-

71). Formation of nHDL following apoA-I lipidation yields particles that are able to 

carry up to 115 molecules of FC per particle, 3 molecules of apoA-I and have a 

lipid composition that resembles lipid rafts (72). Curiously, patients who are 

LCAT deficient also have similarly high values of FC in their HDLs (73, 74).  

Studies of ABCA1 deficiency showed alterations in cellular membrane and 

cholesterol content indicating a direct association between nHDL formation and 

lipid rafts (75, 76). The changes in apoA-I protein conformation as lipid-free 

apoA-I acquires lipid effluxed by ABCA1 during nascent particle formation 
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suggests an opening mechanism that sequentially exposes the hydrophobic 

residues within the 4-helix bundle to lipid.   

Structural Characteristics of Lipid-Free ApoA-I 

Formation of HDL particles in the liver and intestine requires the lipidation 

of lipid-free apoA-I (77, 78). As an extracellular acceptor of cholesterol, apoA-I 

promotes cholesterol efflux thus preventing its accumulation in cells and 

maintaining cholesterol homeostasis (77). As the principal protein component of 

HDL, apoA-I undergoes several transitions during HDL maturation and 

catabolism, e.g., during interactions with various receptors, enzymes and 

transporters (79-82). The mechanism by which apoA-I transitions from lipid-free 

to lipid-bound is poorly understood; therefore the identification of apoA-I 

reorganization during HDL processing will further define the role of HDL 

metabolism. 

 ApoA-I is a 28 kDa amphipathic protein secreted by the liver and intestine 

(83). There are 10 amphipathic helical regions, referred to as helices 1-10, 

organized into two 11-amino acid and eight 22-amino acid helices separated by 

smaller segments often containing proline residues, that promote lipid binding 

and particle formation (84-88). See Figure 1. The inherent flexibility of full length 

 

Figure 1. ApoA-I Helix Distribution.  ApoA-I contains 10 helical repeats: H1 through H10. 
Proline punctuations: P. G*: Class G* amphipathic helix. Figure adapted from Mei, X. et al. (2011) 
JBC. 286: 38570-38582. 
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apoA-I has made crystallization a challenge. However, crystallization of truncated 

apoA-I and low-resolution methods have had much greater success in revealing 

a 3-D structure of these truncated apoA-I (89, 90).  

 In the absence of lipid, apoA-I was proposed to exist in a molten globular 

state allowing flexibility during the complex cycle of HDL metabolism (91). 

Several studies aimed at defining the biophysical properties of lipid-free apoA-I in 

solution suggest a compact structure in which the helices fold back alongside 

one another. Two crystallized apoA-I deletion mutants showed a specific 

arrangement of apoA-I in a “saddle” shape with an alternating antiparallel 

arrangement of the apoA-I molecules with helix 5 of each strand adjacent to one 

another. This arrangement is shared with apoA-I in  synthetic, recombinant HDL 

exhibiting a “double belt” orientation in which molecules of apoA-I lie antiparallel 

to one another with helices 5 of each molecule adjacent to one another  (88, 90, 

92-94). Solution structures using chemical cross-linking and electron 

paramagnetic resonance spectroscopy (EPR) reveal that lipid-free apoA-I is 

assembled as a compact helix bundle such that the N-and C- termini lie close to 

one another while the central hydrophobic core is tightly bound (86, 87, 95-97). 

The distinctions between the methods used to analyze the conformation of apoA-

I reveal the dynamic nature of lipid-free apoA-I and its ability to reorganize and 

accommodate the environmental setting. 

Lipid-Free ApoA-I and HDL Particle Formation 

Mechanisms for the assembly, composition, and conformation of apoA-I 

during lipidation and formation of nHDL have been proposed by several 
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investigators. Gursky et al., suggested that nHDL forms through the adsorption of 

lipid-free apoA-I to the plasma membrane followed by “domain swapping” at helix 

5 region promoting dimerization of apoA-I molecules and lastly, the insertion of 

helices 8 through 10 assisted by ABCAI (98).  In contrast, the Philips group has 

proposed that the initial steps of nHDL formation begins with the C-terminal 

domain of apoA-I, specifically residues 190-243. A recent study demonstrated 

that the C-terminal low lipid affinity region, residues 190-220, forms an α-helix 

and is necessary to solubilize lipid. In combination with the high lipid affinity 

region, residues 223-243, the two regions support one another in initiating the 

binding of apoA-I to the plasma membrane first, followed by the opening of the 4-

helix bundle located in the N-terminal domain. These results suggest a significant 

role for the C-terminus in lipid binding and HDL formation (99, 100). Oda et al 

also suggested C-terminal involvement proposing that the random coil located at 

residues 189 to 199 transitions to α-helix during lipid binding, a theory based on 

transitions reported by other apolipoproteins such as apolipoprotein E (apoE) 

(101, 102). As the C-terminal β-strand transitions to α-helix during apoA-I 

lipidation, the N-terminal β-strand at residues 20-25 are destabilized and the 

hydrophobic faces of the amphipathic alpha helices are exposed (86) 

Double deletion mutants of the N-and C termini of apoA-I indicate that the 

central domain within apoA-I, helices 4-6, is essential for ABCAI mediated 

cholesterol efflux and HDL particle formation (103). Several studies have 

demonstrated the significance of helices 4-6 in apoA-I in contributing to particle 

size as well as HDL plasma concentration. ApoA-I Seattle almost entirely lacks 
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helical repeat 6 and subjects heterozygous for this mutation have plasma HDL 

size 7-8 nm in diameter with HDL concentrations that are 15 percent of normal 

levels (104, 105). Several mechanisms have been proposed regarding HDL 

assembly (72, 106-110). Herein we provide an inclusive analysis of the N-and C-

termini and central domain participation in HDL particle formation both 

synthetically through lipidation by cholate dialysis and lipidation by ABCA1. 

These studies expand upon HDL biogenesis studies and further define HDL 

function and metabolism. 

SR-BI and HDL Catabolism 

The atheroprotective role of HDL is primarily attributed to its ability to 

dispose peripheral cholesterol at the liver for excretion, a process that completes 

the RCT pathway and maintains cholesterol homeostasis (34). SR-BI is the cell 

surface receptor that mediates the selective uptake of cholesterol esters from the 

core of HDL without HDL protein degradation (111). Composed of 509 amino 

acids and highly expressed in the liver and steroidogenic tissues, SR-BI is an 82 

kDa glycosylated cell surface receptor and is a key regulator of plasma HDL 

cholesterol levels (112-114) (115, 116). SR-BI consists of a large extracellular 

domain that is anchored by two short cytoplasmic tails and two transmembrane 

domains (117, 118).  A substantial body of evidence supports an atheroprotective 

role for SR-BI in murine models. A 50 percent reduction in hepatic SR-BI 

expression lowered plasma HDL-CE clearance by 53 percent resulting in an 

increased concentration of large circulating HDL particles compared to control 

mice (115). Whole-body SR-BI knockout results in increased lipid deposition in 
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the aortic root as well as increased expression of inflammatory markers while 

knocking out hepatic SR-BI  results in a lower degree of lesional macrophage 

content and reduced atherosclerosis compared to whole-body SR-BI deficient 

mice (119, 120).  Contrastingly, hepatic overexpression of SR-BI in transgenic or 

adenoviral infected mice results in a substantial decrease in plasma HDL 

cholesterol with accelerated HDL apoA-I catabolism (121-125). Recent reports 

show that a multiple PDZ-domain-containing protein (PDZK1), an intracellular 

adaptor protein present in the liver, binds to the cytoplasmic C-terminus of SR-BI 

and plays an important role in the intracellular transport, stability and activity of 

SR-BI (126, 127). The binding of PDZK1 and SR-BI suggests a role for adaptor 

proteins that bind to HDL and regulate its normal functioning. These studies 

suggest a role of SR-BI in combination with mediating HDL cholesterol transport 

and emphasize the need to delineate regulatory mechanisms involved in HDL 

cholesterol processing. 

PCPE2 and HDL Metabolism 

 Accessory proteins located in the plasma membrane have been reported 

to assist in ABCA1-mediated assembly of nHDL. (56-59, 128, 129). ApoA-I 

maturation involves the cleavage of the hexapeptide sequence that immediately 

follows the pre-peptide signaling sequence that is removed after translation. It 

was recently reported that BMP1 was responsible for the final step in apoA-I 

maturation (59, 130-134). BMP1 contains a highly conserved catalytic domain 

and is known to cleave an extensive variety of ECM proteins (61, 135, 136). The 
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proteolytic activity of BMP1 reveals the potential for ECM proteins to influence 

HDL metabolism.  

Procollagen C-endopeptidase enhancers (PCPEs), specifically PCPE1 

and PCPE2, are a well-known family of proteins that assist BMP1. The two 

glycoproteins share approximately 43 percent amino acid similarity (137-139). 

Both PCPE1 and PCPE2 contain 2-CUB domains (Complement C1r/C1s, Uegf, 

BMP1) which mediate protein-protein interactions and a netrin-like domain that 

binds to cell surface glycosaminoglycans and presumably aid in anchoring 

PCPE1 and PCPE2 to the ECM of the cell.  (140-145). Both PCPE1 and PCPE2 

are singly glycosylated and are capable of binding to multiple sites on the triple 

helical portions of fibrillar collagens to enhance binding of procollagen 

proteinases to procollagen substrate (143, 146). Despite 60 percent homology 

between these two PCPEs and similar roles in procollagen processing, PCPE1 

has been more extensively studied of the two (147). PCPE1, a 55 kDa 

glycoprotein, can activate BMP1 in the presence of heparin (60). PCPE1 is more 

widely expressed in soft tissues and bone while PCPE2, a 52 kDa glycoprotein, 

is predominantly found in the heart and aorta (137). Recent studies suggested a 

link between PCPE2 and cholesterol efflux following the discovery that PCPE2 

enhanced the proteolytic cleavage of proapoA-I by BMP1 (58, 59).  

Significant correlations were reported between PCPE2 single nucleotide 

polymorphisms and plasma HDL cholesterol concentrations sparking interest in a 

possible direct role for PCPE2 in HDL metabolism (62). Studies carried out in 

mice lacking PCPE2 provided direct experimental evidence linking PCPE2 to 
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HDL metabolism (148, 149). These mice had more, enlarged plasma HDL than 

mice expressing PCPE2, but paradoxically had a reduced capacity to efflux 

cholesterol. In support of these findings a genome-wide siRNA screen indicated 

that PCPE2 expression is related to the efficiency of HDL apoA-I secretion (150). 

These findings reveal a novel role for PCPE2 as a heretofore unexpected 

participant in HDL metabolism.  

Summary Statement 

Numerous studies identify HDL as an ideal target for reducing CVD. 

However, paradoxical reports exist between epidemiological studies and clinical 

trials regarding the increase of HDL plasma concentrations to lower CVD risk 

suggesting that HDL function rather than quantity needs in-depth examination. 

Apolipoprotein A-I, the predominant protein in HDL, provides a flexible structural 

scaffold on the surface of HDL and undergoes reorganization to accommodate 

lipid load during the metabolic phases of HDL particles. The mechanism that 

governs the opening of lipid-free apoA-I to generate nHDL is not clearly 

understood. Therefore, the current studies were undertaken to determine the role 

of the helical domains in lipid-free apoA-I in HDL biogenesis. We demonstrate 

that human lipid-free apoA-I in solution exists as a 4-helix bundle with the N-and 

C-termini in close proximity and this model agrees with previous reports on the 

structure of lipid-free apoA-I. Using our model of apoA-I, we engineered double 

cysteine containing apoA-I that “lock” when residues are within 3-5 Å. These thiol 

moieties provided a structural and functional understanding of how lipid-free 

apoA-I transitions to a lipid-bound state during rHDL formation nHDL biogenesis. 
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Overall, these studies support that the central domain, helices 4-6 is essential for 

nHDL formation. 

 We next wanted to determine the role of a novel protein, PCPE2, in the 

metabolism of HDL. Studies in human populations have shown a significant 

correlation between PCPE2 single nucleotide polymorphisms and plasma HDL 

concentrations. Mice that lack PCPE2 have increased plasma HDL levels. Given 

that increased HDL levels are associated with reduced atherosclerosis, our 

studies focused on determining whether PCPE2 deficiency is atheroprotective or 

atherogenic. PCPE2 deficient and LDL receptor deficient mice were crossed to 

obtain LDLr-/-, PCPE2-/- mice.  As expected, LDLr-/-, PCPE2-/- mice possessed 

elevated enlarged HDL levels compared to control mice. After 12 weeks of an 

atherogenic diet the aortic roots of LDLr-/-, PCPE2-/- mice show increased neutral 

lipid and macrophage infiltration, similar to LDLr-/-, ApoA-I-/- mice that have no 

HDL, suggesting that the HDL within PCPE2 deficient mice is dysfunctional. 

Given the increased plasma HDL levels, we hypothesized that SR-BI levels were 

decreased as reports of SR-BI deficient mice show reduced HDL catabolism. 

Surprisingly, SR-BI levels were increased despite increased enlarged HDL 

levels. Taken together, these studies highlight PCPE2 as atheroprotective and a 

novel player in player in the regulation of HDL metabolism by enhancing SR-BI 

mediated HDL cholesterol ester uptake.  
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Abstract 

Apolipoprotein AI (apoA-I) is the principal acceptor of lipids from ATP-

binding cassette transporter A1, a process that yields nascent high density 

lipoproteins. Analysis of lipidated apoA-I conformation yields a belt or 

twisted belt in which two strands of apoA-I lie antiparallel to one another. In 

contrast, biophysical studies have suggested that a part of lipid-free apoA-I 

was arranged in a 4-helix bundle. To understand how lipid-free apoA-I 

opens from a bundle to a belt while accepting lipid it was necessary to 
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have a more refined model for the conformation of lipid-free apoA-I. This 

study reports the conformation of lipid-free human apoA-I using lysine-to-

lysine chemical cross-linking in conjunction with disulfide cross-linking 

achieved using selective cysteine mutations. After proteolysis, cross-

linked peptides were verified by sequencing using tandem mass 

spectrometry. The resulting structure is compact with roughly 4 helical 

regions, amino acids 44 through 186, bundled together. C- and N-terminal 

ends, amino acids 1-43 and 187-243, respectively, are folded such that they 

lie close to one another. An unusual feature of the molecule is the high 

degree of connectivity of lysine40 with 6 other lysines, lysines that are 

close, e.g., lysine59, to distant lysines, e.g., lysine239, that are at the 

opposite end of the primary sequence. These results are compared and 

contrasted with other reported conformations for lipid-free human apoA-I 

and an NMR study of mouse apoA-I. 
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Cholesterol efflux from cells is mediated by ATP-binding cassette transporter A1 

(ABCA1) (1, 2). The primary recipient of the cholesterol and phospholipid is 

apolipoprotein A-I (apoA-I), which is converted into nascent HDL (nHDL). This 

lipid transfer process is the first step in reverse cholesterol transport (RCT) (3-5) 

through which cholesterol in peripheral tissues is transported to the liver for 

catabolism. ApoA-I has other, essential anti-inflammatory properties and may 

participate in modulating lipid raft levels on the cell membrane. Various apoA-I 

entities, e.g., lipid-free apoA-I, nHDL, and mature HDL, are affected with a 

relatively high degree of specificity by different enzymes, transporters and 

receptors at various stages of the RCT cycle. Therefore, it is likely that at each 

step apoA-I reorganizes so that it is uniquely recognized by modifying protein at 

different points in the RCT cycle. 

ApoA-I is a well-studied protein that has resisted crystallization. It is 

composed of 243 amino acids, which, after the first 43 amino acids, called the N-

terminal segment, is divided into ten amphipathic helical regions, labeled 1 

through 10. There are two 11-amino acid and eight 22-amino acid helices. 

Numerous studies of the biophysical characteristics of lipid-free apoA-I have 

suggested that it assumes a compact structure with the helices folded-back along 

one another. A recent NMR analysis of lipid-free mouse apoA-I yielded a 

structure having a four-helix bundle composed of what, in human apoA-I, would 

include the N-terminal end through helix 7 (6). In 1997 Borhani et al. (7) were 

able to crystallize an N-terminal truncated form of lipid-free apoA-I. The Borhani 

structure was roughly saddle shaped having many characteristics similar to those 
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proposed for apoA-I on recombinant HDL (rHDL) particles. Smaller segments 

that often contain proline, located between helical regions, are bent or kinked (7). 

These kinks may help apoA-I assume a curved conformation. The article stirred 

new interest in the conformation of lipid-bound apoA-I. There was less interest in 

the in-solution conformation of intact, lipid-free apoA-I, but two papers were 

published in 2005 and 2006. The validity of the later paper has been questioned 

(8). However, the lipid-free solution structure proposed by Silva et al. (9) using 

chemical cross-linking combined with mass spectrometry and sequence 

threading has many of the features suggested by other biophysical studies. 

Early studies of LCAT-deficient HDL suggested that the first-formed HDL, 

nascent HDL or nHDL, was a lipid disc (10) that carried two molecules of apoA-I. 

Jonas’s group perfected the synthesis of synthetic particles using cholate dialysis 

(11) and the properties of these particles have been studied for many years. 

Early models agreed that apoA-I was located on the edge of the disk, but 

disagreed on the conformation of apoA-I (12)(13). After Borhani et al. (7) showed 

the circular structure for crystalline apoA-I other studies began to confirm this 

arrangement in a non-crystalline matrix (14-19). One of the first lipidated apoA-Is 

studied by chemical cross-linking was synthetic, rHDL (rHDL) prepared from 

lipid-free apoA-I and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) 

(16, 17, 20). The two strands were anti-parallel, but paired in the 5,5’-region 

giving a conformation that is best described as a band or belt although one 

formulation has the belt twisted (21). In contrast the principle lipid-carrying 

particle formed by ABCA1 is an nHDL with three strands of apoA-I in a belt 
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conformation with the 5,5’,5”-regions adjacent (22, 23). The composition of nHDL 

is unique in that it carries most of the cholesterol as free cholesterol, e.g., 

unesterified, like HDL from patients suffering from familial lecithin-cholesterol 

acyltransferase (LCAT) disease (24-26). In plasma carrying native LCAT nHDL is 

processed into mature HDL by conversion of free-cholesterol to cholesteryl ester 

by LCAT. Further modification takes place by the actions of cholesterol ester 

transfer protein, ATP-binding cassette transporter G1 (ABCG1), hepatic lipase, 

etc. 

Because lipidated apoA-I on nHDL has a much different shape compared to 

lipid-free apoA-I the lipid-free protein must undergo a major conformational 

reorganization to accommodate lipid. This reorganization may well be an 

essential component of the lipidation process. Therefore, to understand how 

apoA-I changes shape to accept lipid the lipid-free conformation must be 

identified. In this report we document structural constraints that were obtained 

using 1) chemical cross-linking combined with mass spectrometry and 2) 

selective incorporation of cysteine residues using mutagenesis. We incorporated 

results from other biophysical studies that did not conflict with constraints 

imposed by cross-linking. Our results are compared to several in-solution 

structures proposed for lipid-free apoA-I. 
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Materials and Methods 

Materials.  

d0-Bis(sulfosuccinimidyl)suberate (d0-BS3) and d4-bis(sulfosuccinimidyl)suberate 

(d4-BS3) were from ThermoFisher. Me2SO, formic acid and guanidine 

hydrochoride were from Sigma-Aldrich. Sequencing grade modified porcine 

trypsin and restriction enzymes were from Promega. RapiGest SF™ was 

obtained from Waters Inc. Potassium chloride, optima grade methanol, 

chloroform, acetonitrile, ampicillin and glacial acetic acid were from Fisher 

Scientific. Mark 12 molecular weight standards, SimplyBlue�  SafeStain and 

isopropylthio-β-D-galactoside were from Invitrogen. Ultrafree-15 centrifuge filters 

and Biomax�  10 membranes were from Millipore Corp. 1,4-dithiothreitol was 

from Soltec Ventures. The IMPACT™ protein expression system, including E. 

coli strain ER2566, pTYB11 plasmid vector and chitin beads was from New 

England Biolabs. PCR primers were synthesized by International DNA 

Technologies. Taq DNA polymerase was from Roche. ApoA-I cDNA constructs 

were produced by Custom DNA Constructs. DNase I was from Worthington 

Biochemical. Solvents used in MS and LC-MS were “B&J GC2” grade from 

Burdick and Jackson. All other solvents and routine reagents were from the 

highest available commercial grades. 

Preparation of Lipid-free Human ApoA-I. 

 ApoA-I was purified from human plasma by sequential ultracentrifugation as 

previously described (20). The apoA-I was lyophilized to dryness, dissolved in 6 

M guanidine hydrochloride and then refolded by dialyzing exhaustively against 10 
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mM ammonium bicarbonate, pH 7.4. Mass spectrometry and 12% SDS PAGE 

were used to ensure that there were no contaminating protein and that apoA-I 

methionines were not oxidized to the sulfoxide form, a common contaminant in 

apoA-I preparations. Protein concentration was determined using the Lowry 

assay (27). 

Cloning, Protein Expression and Purification.  

The coding sequence for wild-type and mutant apoA-I was cloned from the 

CMV5 vector (28) by Custom DNA Constructs (see Supplemental Material), 

amplified by PCR as described (29) and inserted into the pTYB11 vector (30). 

Expression and purification of the cysteine containing apoA-I mutants from 

inclusion bodies were conducted as previously described (28). The protein purity 

and molecular weight were determined as previously reported (31). 

Formation of Intramolecular Disulfide Bonds.  

To promote the formation of disulfide bonds between specific residues the 

mutant apoA-I protein folding conditions were optimized to favor intramolecular 

disulfide bond formation over intermolecular homo-dimerization using a dilute 

protein concentration of 0.02 µg/µL. Each mutant was denatured with 6M 

guanidine hydrochloride, reduced with 500 mM dithiothreitol and diluted 

accordingly. The proteins were then dialyzed extensively with 10 mM ammonium 

bicarbonate, lyophilized and then refolded by denaturing in a final concentration 

of 6M guanidine hydrochloride followed by exhaustive dialysis. The disulfide 

coupling was verified using mass spectrometry after in-gel trypsin digestion. To 

prove the correct cysteine substitution for the mutants 500 mM 1,4-dithiothreitol 



- 38 - 
 

was used to reduce disulfide bridges then cysteine residues were alkylated in 

with 1M iodoacetamide. The position and extent of alkylation was verified using 

mass spectrometry after in-gel trypsin digestion. 

Cross-linking of Lipid-Free ApoA-1 with a Mixture of d0/d4-BS3. 

The cross-linkers d0-BS3 and d4-BS3 were each added at a molar ratio of 10:1 

cross-linker:ApoA-1. For a total starting mass of 140 µg ApoA-1 (5x10-9 moles), 

5x10-8 moles of both d0-BS3 and d4-BS3 were used.  ApoA-I on ice was diluted to 

694 µL in PBS (pH 7.4). 3 µL each of BS3-d0 and BS3-d4 (5x10-8 moles each) 

were added to the tube, mixed by gentle pipetting and then incubated at 37°C. 

After 5 min the reaction was quenched by adding 7 µL of cold 1M Tris-HCl (pH 

7.4) with gentle mixing and cooled on ice for 10 min. Sample volume was 

adjusted to at least 500 µL with H2O and the sample dialyzed against 2L of 10 

mM ammonium bicarbonate (pH 7.4) with at least 3 changes at 1 h intervals. 

After dialysis samples were stored at -80°C until in-gel trypsin digest. 

SDS PAGE and In-gel Trypsin Digest.  

Products from CCL lipid-free apoA-I were separated on 12% SDS-PAGE. 

Digestion was accomplished as previously reported (16, 20, 22, 32). Briefly, 

protein bands from monomeric and dimeric apoA-I were excised from the gel, 

minced and repeatedly dehydrated with acetonitrile. The gel pieces were 

rehydrated with a cold, freshly prepared solution containing 20 ng/µL trypsin in 10 

mM ammonium bicarbonate, pH 7.8, 0.1 % (w/v) RapiGest SF™ and 1 mM 

CaCl2. The final trypsin to apoA-I mass ratio was 1:20. After incubating on ice for 

10 min the digests were incubated for 18 h at 37 ºC. 
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Peptide Isolation and ES/Q-TOF Mass Spectrometry.  

Extraction of peptides was accomplished as previously reported (16, 20, 22, 32). 

Briefly, the digestion solution was removed and gel pieces covered with 200 µL 

of acetonitrile/formic acid/water, v/v/v, 50:5:45. After sitting for 10 min the solvent 

was transferred to a fresh tube. The extraction was repeated and the combined 

aliquots acidified to an HCl:apoA-I ratio of 1:10 (v/v) using 500 mM HCl. After 

incubating the acidified solution for 35 min at 37ºC the sample was centrifuged 

for 10 min at 13,000 rpm. The supernatant was transferred to a fresh tube before 

mass spectrometry. 

Survey scans were performed on each peptide mixture using a Waters Q-

TOF API-US mass spectrometer equipped with a Waters CapLC and Advion 

Nanomate source. Acquisition was controlled by Mass-Lynx™ 4.0 software. 

Peptides were loaded onto a PLRP-S trapping column, 0.5 mm diameter x 2.0 

mm length, containing 3 micron diameter particles with a pore diameter of 100 Å. 

Peptides were loaded onto the column in water/acetonitrile/formic acid (97:3:0.2) 

at 500 nL/min then separated by gradient elution: solvent A (25 mM formic acid in 

97% water and 3% acetonitrile) and solvent B solvent B (25 mM formic acid in 

3% water 97% acetonitrile). The gradient profile was: 2% solvent B for 3 min, 

then a linear increase to 40% B at 90 min and then to 80% B in 5 min. At 95 min 

the composition was ramped to 2% B over 5 min and then equilibrated with 2% B 

for 30 min. Peptides were eluted at 470 nL/min. Positive ion survey scans were 

recorded in the continuum mode with a scan window of 300 to 1500 m/z for 2s. 

The source temperature was 80ºC. The cone and capillary voltages were 45 V 
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and 3.5 kV, respectively. Experimental m/z was corrected using apoA-I tryptic 

fragment 7, m/z = 806.8969, and for the +1 charge state using tryptic fragment 

12, m/z = 831.4365. Ions within ±0.051 m/z of the theoretical ions were 

sequenced. Product ion MS/MS spectra were acquired in the continuum mode 

from 50 to 1600 m/z using a data directed charge-state selective collision energy 

and an accumulation time of 2s. Sequence analysis of the MS/MS spectra was 

performed with a fragment ion tolerance of ± 0.05 m/z. 

Circular Dichroism. 

 Wild-Type or cysteine-containing apoA-I mutants were dissolved in 1X 

phosphate buffered saline (pH 7.1) at 0.06–0.1 mg/mL to prevent protein self-

association. The circular dichroism (CD) spectra were recorded with a Jasco J-

715 spectropolarimeter (Jasco Corp., Tokyo, Japan) at room temperature using a 

0.2 cm quartz cuvette. The spectra were read over wavelengths of 250–190 nm 

and analyzed as previously described (33).  

Molecular Modeling. 

 A composite 3-D structure, based on our own cross-linking and mass spectra 

data and the data from others (9, 34), was constructed to predict placement of 

cysteine mutations. The strategy to test apoA-I helical participation involved 

substituting residues within ~5Å with cysteines to form disulfide bonds between 

specific helices. Residues selected were chosen if they were ~5Å apart from one 

another. Cysteine mutations not within 5Å were also designed to determine the 

accuracy of our structural model. The molecular modeling for apoA-IWT has been 

described in previous publications (16, 20, 22, 32) using the coordinates for lipid-
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free ∆43-apoA-I (7) that were joined with 1-43 amino acids of the N-terminal end. 

Unmodified, lipid-free apoA-I has been crystallized, but its conformation has been 

extensively studied. When this study started there was only one credible solution 

structure for lipid-free apoA-I by Silva et al. (9). The cross-linked positions were 

oriented to their correct distances based on the Silva model. To do this we used 

the maximum distance of Cα−Lysine-(cross-linker)-Cα−Lysine of 26.0 Å for BS3. 

As required, apoA-I was bent at the proline or glycine-glycine sites between the 

amphipathic segments of apoA-I. Tools available in Swiss-PdbViewer OSX v4.1 

(http://www.expasy.org/spdbv/) were used to optimize the conformations while 

pdb files were manipulated using PyMOL version 1.5 (http:/www.pymol.org). 

Swiss-PdbViewer, PyMOL along with Visual Molecular Dynamics (VMD) for Mac 

OSX, version 1.9.1 (35), were used to generate the molecular figures shown in 

the manuscript. 
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Results 

Lipid-free human apoA-I was prepared by standard techniques and 

exhaustively dialyzed to refold the protein into the most stable conformation. 

Because apoA-I self-associates at concentrations greater than 0.1 mg/mL (36-

38) these studies were carried out at 0.2 mg/mL and 1.0 mg/mL. At the lower 

concentration apoA-I is predominantly a monomer while at the higher 

concentration favored dimeric association of apoA-I. For these studies a 1:1 

mixture of d0-BS3 and d4-BS3 was used to improve detection and identification of 

cross-linked peptides. After treatment for 5 min with 20 to 1 lysine specific BS3 

cross-linker to apoA-I, excess cross-linker was deactivated by adding Tris buffer. 

After concentration samples were separated by SDS-PAGE into monomer and 

dimer bands formed by chemical cross-linking. Each of these bands was excised 

and digested with trypsin then subject to LC/MS analysis. In the search for cross-

links the results were compared to a table having the masses of all possible 

interpeptide Lys to Lys cross-linked peptide from d0-BS3 and a second table 

having all possible intrapeptide Lys to Lys cross-linked peptides from d0-BS3. 

Each hit was investigated to determine if there is a complimentary isotope series 

from d0-BS3 substituted with 4 deuterium atoms, d4-BS3. Peptides showing both 

the d0- and d4-isotopic series were sequenced using MS/MS analysis. 

Cross-linking times are kept short, 5 min, and the overall BS3 concentration 

low. Therefore, multiple cross-links to a single lysine take place because only a 

small fraction of the total lysines react in a given experiment. The primary 

products detected in the total ion chromatogram were the unmodified peptides 
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anticipated from tryptic digestion of apoA-I. Another set of products found at low 

concentration were peptides that had added a single BS3 (data not shown). 

Because BS3 added to lysine these peptides had 1 missed cut site. The lowest 

concentration set of products were those in which BS3 coupled two apoA-I tryptic 

peptides, each of which consisted of a tryptic fragment with 1 missed cut site 

whether designated as intrapeptide or interpeptide cross-links. 

Table 1 shows a list of intrapeptide cross-linked peptides. These are from 

adjacent lysines cross-linked by BS3 from the monomer bands of 0.2 mg/mL and 

1.0 mg/mL cross-linking experiments. Table 2 shows a list of mostly interpeptide 

cross-linked peptides. All peptides had both the d0 and d4 isotope series and 

gave the correct amino acid sequences by MS/MS analysis. These peptides are 

formed by BS3 cross-linking of lysines close in space on the monomer, but not 

necessarily close in the primary sequence. Two bolded peptides, m/z 2233.12 

and 2358.22, were found only in the dimer band from 1.0 mg/mL apoA-I cross-

linking experiments.  

For the initial phase of the analyses we compared the cross-links with the 

several available models. Chemical cross-links were oriented to the correct 

distances based on whether these cross-links were intrapeptide or interpeptide. 

We used the maximum distance of Cα−Lysine-(BS3)-Cα−Lysine at 26Å to 

establish the appropriate separations. 
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Table 1 

 
Table 1 is a compilation of the intrapeptide cross-linked peptides. These peptides were found in 
both 0.2 mg/mL and 1.0 mg/mL apoA-I. The theoretical and experimental m/z for the intact cross-
linked peptide are given, along with m/z for the charge state sequenced and its theoretical m/z. Δ 
m/z is the difference between the theoretical and experimental m/z for the protonated, intact 
cross-linked peptide. Maximum ion intensity and amino acid position are listed in the last three 
rows. *Sequenced from experiments that used only d0-BS3. 

 

 

 

 

 

 

 

 

 

Intrapeptide Peptides 

 
Theoretica

l MH+ 
d0-m/z d4-m/z positive 

charge 
Sequence
d d0-m/z 

Exp MH+ Δ m/z Intensity Lys1 Lys2 

          

2303.2070 768.41 769.74 3 768.41 2303.1965 0.0105 139 94 96 

2303.2069 768.41 769.74 3 768.43 2303.1946 0.0123 1030 133 140 

2347.2509 783.09 784.42 3 783.06 2347.2312 0.0197 230 206 208 

1672.8467 836.93*  2 836.93 1672.7819 0.0648 59 88 94 

1717.9165 859.46 861.46 2 859.45 1717.9421 -0.0256 87 96 106 

2616.4037 872.81 874.14 3 872.79 2616.3601 0.0436 157 45 59 

3728.8699 932.97 933.97 4 932.97 3728.8325 0.0374 70 40 45 

2016.1017 1008.55 1010.55 2 1008.52 2016.0919 0.0098 1360 12 23 

2109.1120 1055.06 1057.06 2 1055.06 2109.1335 -0.0215 162 238 239 



- 45 - 
 

Table 2 

Table 2 is a compilation of the interpeptide cross-linked peptides. Peptides in regular type were 
found in both 0.2 mg/mL and 1.0 mg/mL apoA-I. Bold type indicate peptides detected only at an 
apoA-I concentration of 1.0 mg/mL. The theoretical and experimental m/z for the intact cross-
linked peptide are given, along with m/z for the charge state sequenced and its theoretical m/z. Δ 
m/z is the difference between the theoretical and experimental m/z for the protonated, intact 
cross-linked peptide. Maximum ion intensity and amino acid position are listed in the last three 
rows. 

  

Interpeptide Linked Peptides 

 

Theoretical 
MH+ 

d0-m/z d4-m/z positive 
charge 

Sequenced d0-
m/z 

Exp MH+ Δ m/z Intensity Lys1 Lys2 

 

2159.2150 720.41 721.74 3 720.42 2159.2395 -0.0245 54 118 133 

2233.1217 745.05 746.39 3 745.05 2233.1458 -0.0241 51 1α 118 

2358.2185 786.74 788.09 3 786.72 2358.2163 0.0022 44 88 118 

1671.9138 836.46 838.46 2 836.46 1671.9401 -0.0263 98 94 239 

3627.9461 907.74 908.74 4 907.74 3627.8796 0.0665 90 12 195 

2737.4365 913.15 914.48 3 913.15 2737.4180 0.0185 124 40 239 

3669.8953 918.23 919.23 4 918.24 3669.8948 0.0005 68 23 59 

2826.4517 942.82 944.16 3 942.80 2826.3882 0.0635 1180 1α 12 

2915.5614 972.53 973.86 3 972.52 2915.5664 -0.0050 145 118 140 

3003.6103 1001.84 1003.18 3 1001.88 3003.6216 -0.0113 42 40 118 

4016.0589 1004.77 1005.77 4 1004.77 4016.0642 -0.0053 73 40 59 

4043.0731 1011.52 1012.52 4 1011.52 4043.0825 -0.0094 141 40 140 

3245.5703 1082.53 1083.86 3 1082.53 3245.5815 -0.0112 44 1α 59 

3286.7267 1096.25 1097.58 3 1096.24 3286.7563 -0.0296 172 40 133 

3291.7169 1097.91 1099.25 3 1097.90 3291.7061 0.0108 39 40 182 
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The structure for lipid-free apoA-I by Gangani et al. (9) was used as the 

preliminary model for these studies. After repeated analysis of lipid-free apoA-I 

conformation using chemical cross-linking the structure of Gangani et al. was 

adjusted to reflect new constraints. Based on the revised structure a series of 

mutants each having 2 cysteines were prepared to further refine the 

conformation of apoA-I. A separation of around 5Å was assumed necessary for 

disulfide bond formation. Initial efforts centered on searching the model for pairs 

of amino acids adjacent to one another, but located in different helical regions. 

For example, F104 was close to H162. These were mutated and found to readily 

form a disulfide bond. It was first assumed that the region 165 to 160 was helical 

and that position R160 would be on the opposite face of the helix, compared to 

H162. When we made the F104C, R160C mutation set they also formed a 

disulfide bond. The interpretation was that both R160 and H162 faced position 

F104 and the model was adjusted. Position M148 appeared to be well separated 

from F104 in the model so this double Cys mutation was prepared to test 

whether there was random disulfide formation when apoA-I was refolding. This 

Cys-substitution pair did not form a disulfide bond. Table 3 shows the mutant 

apoA-Is having 2 cysteine substitutions, whether the cysteines formed a disulfide 

bond and details about the ions monitored. If the mutants formed disulfides the 

structure was adjusted to accommodate these additional constraints. Figure 1 

shows three stereoscopic views for lipid-free apoA-I.  
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Table 3 

        

 
 

 

 

 

 

Mutant ApoA-Is with 2 Cysteine Substitutions 

Cysteine 
Substitutions

  

Disulfide Tryptic 
Peptides 

(m/z)+charge 

Locked 
CAM-

Peptide 

(m/z)+charge 

CAM-Peptide 

(m/z)+charge 

F104C-H162C* T14-T26 

(820.05)+3 

Yes 625.81+2 662.81+2 

D103C-R177C T14-T28 

(733.04)+3 

Yes 649.32+2 494.78+2 

F104C-M148C T14-T22 

(737.01)+3 

No 633.28+2 530.77+2 

F104C-R160C T14-T25 

(644.10)+5 

Yes 633.28+2 517.77+4 

D157C-L178C T25-T29 

(665.34)+2 

No 413.76+2 620.36+1 

V53C-R123C T7-T18 

(758.35)+4 

Yes 837.32+2 736.35+2 

D13C-V67C T3-T9 

(790.14)+4 

No 640.87+2 997.51+2 

G26C-K59C T4-T7 

(778.69)+3 

No 537.26+1* 957.43+2 

L200C-L233C T32-T35 

(645.55)+4 

Yes 421.53+3 717.34+3 

 

The term Locked indicates that a disulfide bond was identified between the  two Cys 
using mass spectrometry after trypsin proteolysis. *Analysis was performed on a 
protein that had a substitution Q→L at position 98. 
 



- 48 - 
 

 

      
 

 

 

 

 

Figure 1. Lipid-free apoA-I. Three orthogonal, cross-eye stereo views of the    
conformation proposed for lipid-free apoA-I. C- and N-terminal ends of the    molecule are 
associated. The C- and N-terminal AA shown in blue and red, respectively. A four-helix 
bundle that comprises most of the molecule. 
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Discussion 

Apolipoprotein A-I is the principal protein of HDL, the lipoprotein associated 

with RCT and essential for maintaining cholesterol balance. It is synthesized as a 

pre-proprotein, secreted in the pro-form and then converted to mature apoA-I by 

bone morphogenic protein. An initial step in the formation of HDL is lipidation of 

lipid-free apoA-I by ABCA1 to form the first lipidated HDL species, nHDL. 

Because of its central role in cholesterol efflux, the structure and conformation 

has been studied for many years. These analyses employed a combination of 

biophysical techniques including sedimentation velocity analysis and limited 

proteolysis (39-41). Limited proteolysis suggested that the C-terminal 53 amino 

acids were flexible while the 190 N-terminal amino acids were folded into a 

domain in which helical structure predominated (39). Denaturation studies on a 

variety of apoA-I variants suggested that the N-terminal and central regions had 

a folded domain structure and that modifications to the C-terminal end had little 

effect on guanidine hydrochloride denaturation (42). 

Structural attributes of lipid-free apoA-I 

As a starting point for the structure, we used the analysis by Silva et al. (9) 

and reports by Rogers et al. (39-41, 43). It is usually assumed that the secondary 

structure of the repeating 11- and 22-amino acid was predominantly the α-helix 

with bends punctuated by prolines or other helix-breaking amino acid 

combinations. The secondary structure was optimized using secondary structural 

information identified in other studies (6, 44-48). Figure 1 shows the proposed 

structure for lipid-free apoA-I based on the constraints imposed by disulfide bond 
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formation and chemical cross-linking with BS3. The lipid-free structure with Cys-

Cys bonds in red is shown in Figure 2A. Regions containing a high content of α-

helices are color coded in Figure 2B. A series of Cys-disulfide bonds tied 

together helical regions: A-B, Cys53-Cys123; B-C, Cys104-Cys162, Cys104-Cys160, C-

D and B-D, Cys103-Cys177. Because the Cα-Cα Cys-Cys distance has a maximum 

length of 6.8Å (49), the residues must lie close together. Formation of a Cys200-

Cys233 disulfide bond suggests that the C-terminal end is folded back on itself. 

Figure 2B emphasizes the internal region of lipid-free apoA-I, the four-helix 

bundle, by showing the central region after the N- and C-termini were removed 

for clarity. The C-terminal end of the proposed structure is more exposed to the 

solvent, Figure 2A, suggesting that it would be susceptible to proteolytic 

digestion, consistent with a structure in which the central regions had 

considerable helical character and could undergo cooperative unfolding (43, 50, 

51). 

Possibly the most unusual feature found in this study is the connectivity of N-

terminal region Lys40 with many different domains of lipid-free apoA-I, Figure 2C, 

including Lys59 (part of Helical region A), Lys118 (Helical region B), Lys133 and 

Lys140 (Helical region C), Lys182 (Helical region D) and Lys239 (C-terminal region). 

Extended connectivity of Lys40 suggests that the region around Lys40 is 

sufficiently unobstructed to accommodate reaction of BS3 with six neighboring 

Lys and that the C- and N-terminal ends do not cover this region and block 

access of BS3 to Lys40. These results also suggest that lysines cross-linking with 
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Lys40 have similar degrees of hydrogen bonding and, therefore, similar reactivity 

with BS3. 

Two BS3 cross-links show that the C- and N-terminal ends of the molecule are 

close to one-another, Figure 2D. These are BS3 cross-links Lys239 and Lys195 to 

Lys40 and Lys12, respectively. Chemical cross-links with Lys40 and cross-links 

between Lys12 and Lys59 located in helical repeat 1 suggest that the N-terminal 

end is closely associated with the core helix bundle. The absence of an extensive 

set of interpeptide cross-links indicates that the C-terminal end is not as tightly 

associated with the helix core bundle as is the N-terminal region. Portions of the 

C-terminal end are sufficiently close that a disulfide bridge formed between 

Cys200 and Cys233. The C-terminal region has been proposed as the site of initial 

interaction between apoA-I and lipid (40, 52).  

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Disulfide bonds and four-helix bundle. A. Proposed structure for lipid-free apoA-I showing 
the positions of disulfide bonds that formed spontaneously. B. Conformation shown in A after removing 
C- and N-termini for clarity: N-terminal, amino acids (AA) 1-43; tan region, AA 44-92, helices 1 and 2; 
green region, AA 93-130, helices 3-5; blue region, AA 131-166, helices 5 and 6; yellow region, AA 167-
187, helix 7; and C-terminal end, AA 188-243, helices 8-10. C. Proposed structure showing the BS3 
cross-links radiating from Lys40. D. BS3 cross-links that show the C- and N-terminal ends are close. 
Cross-links are shown in yellow. Prolines are shown in red, AA 66, 99, 121, 143, 165, 209 and 220. The 
end of the N-terminal region is shown at AA 43 in blue. Helical region 2 end, AA 87, is shown in 
magenta. Glycines between helical regions 8 and 9 are shown in cyan. 
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Comparison to other lipid-free structures 

Figure 3 shows published structures that made significant contributions to the 

understanding of lipid-free apoA-I structure. To compare these structures, 

distances between Cα, asymmetric backbone carbon, of cross-linked amino 

acids reported in our study were measured from the model coordinates for each 

published structure and collected in Table 4. The first set of structures were 

determined in solution, Figures 3A through 3D. Silva et al. proposed a solution 

structure using chemical cross-linking combined with mass spectrometry and 

sequence threading (9) that is shown in Figure 3A. This structure has many of 

the features suggested by earlier biophysical studies and is similar to the 

structure proposed herein, Figure 3B. Two other solution structures have been 

reported. The first employed high-field NMR to deduce the solution structure of a 

C-terminal truncated mouse apoA-I (6, 53) amino acids 1-216, Figure 3C. Mouse 

apoA-I and the truncated mutant in particular are more soluble and less subject 

to aggregation (6). The second study employed a series of full-length, cysteine-

substituted apoA-Is to which thio-specific nitroxide spin-labels were coupled 

through the thiol moiety of the cysteine side chain. Dipolar coupling and solvent 

accessibility were measured by electron paramagnetic resonance spectroscopy 

(EPR). Analysis of the EPR data yielded the structure (45) shown in Figure 3D. 

Common factors in structures A-D are parallel helix bundles that are reminiscent 

of the LDL receptor-binding domain reported for apolipoprotein (apoE) (54) 

shown in Figure 3E. Structures A through D are similar to proposals obtained 

using other biophysical techniques (37-41, 44, 47, 48). 
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Table 4 

 

 

 

The last two published models were derived from X-ray crystallographic 

analysis of truncated apoA-I molecules. Atkinson’s group recently analyzed the 

structure of a C-terminal truncation mutant composed of amino acids 1-184. The 

resulting structure showed how the N-terminal end of apoA-I is folded (34, 55), 

Figure 3F, as was suggested from cross-linking studies of lipidated apoA-I (16, 

20). The complimentary structure that rekindled interest in apoA-I structure, N-

Comparison of Distances Between Cross-linked Peptides Reported in This 
Study with Other Published Models for Lipid-Free ApoA-I 

 

Lys1 Lys2 Lagerstedt(45) Yang(6) Mei(34) Borhani(7) Silva(9) Pollard 

 
1α 12 12.9 16.1 18.5*2 - 26.1 20.0 
1α 59 39.6 57.4 25.2*5 - 44.2 25.1 
12 195 82.0 13.8 - - 34.5 25.9 
23 59 10.5 28.7 15.6 - 16.4 13.2 
40 59 18.4 4.5 35.5 - 22.3 20.0 
40 118 27.3 24.8 16.8 104.3*3 21.2 20.1 
40 133 62.2 22.1 29.5 106.6*6 19.3 11.9 
40 140 70.0 17.5 38.4 109.0*4 23.2 12.5 
40 182 16.1 53.4 79.7*7 79.9*8 41.0 23.2 
40 239 27.0 - - 25.0*1 31.5 26.0 
94 239 19.8 - - 92.4 38.2 26.0 
118 133 41.3 25.5 24.1 24.7 16.6 20.9 
118 140 51.4 32.4 35.3 34.9 10.8 11.4 

 
      

104 162 23.9 22.9 77.2 72.6 8.2 9.7 
103 177 11.7 6.1 93.9 75.7 24.8 6.7 
104 160 22.9 28.3 75.7 69.0 9.2 8.3 
53 123 19.4 27.3 42.9 84.9 11.3 11.4 
200 233 31.1 - - 54.7 35.0 6.4 

 
For some of the models the primary sequence was truncated. Where there is an amino acid (AA) 
close to the position in full-length apoA-I it is used and listed as following:  1AA 3-12; 2AA 4-59; 3AA 
43-118; 4AA 43-133; 5AA 43-140; 6AA 40-181. 7AA 43-182; 8AA 43-239. 
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terminal truncated lipid-free apoA-I having amino acids 44-243, called Δ43 apoA-

I (7), is shown in Figure 3G. Both X-ray crystallographic structures were similar 

in that they had a more-or-less circular, belt-like conformation with hydrophobic 

amino acids facing the interior and are reminiscent of structures proposed for 

lipidated apoA-I (16, 17, 20, 56) and not the structures of lipid-free apoA-I in 

solution obtained using chemical cross-linking and from other biophysical 

studies.  

Structure 3E shows a “classic” apolipoprotein 4-helix bundle, the LDL 

receptor-binding domain of apoE (54). Structures 3A, 3B and 3C have a 4-helix 

bundle as the core of the molecule. The bundle structure of 3B can be seen more 

easily when the C- and N-terminal ends are hidden, Figure 2B. Truncated 

mouse apoA-I, 3C, has considerably more helical motif toward the N-terminus 

than does human apoA-I. Attempts to increase the helical content of the N-

terminal end of human apoA-I did not yield a structure with the identified cross-

links and the N-terminal region covered the Lys40 region that displayed extensive 

connectivity to other parts of the molecule. Human and mouse apoA-I have only 

about 63% homology suggesting that the differences between their respective 

structures may be due to differences in primary sequence (6). 
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This study found 8 of the 10 cross-links reported by Silva et al. (9) and 

identified intrapeptide cross-link, Lys45 to Lys59, not reported in the earlier study. 

However, there was a much greater difference in the number of identified 

interpeptide cross-links between the two studies. Only two interpeptide cross-

links were common to both studies: Lys23 to Lys59 and Lys118 to Lys140. This study 

identified 11 cross-links not reported by Silva et al. (9) and did not find 5 other 

cross-links. Similarities and differences are listed in Table 5. A greater degree of 

confidence is assigned to the peptides reported herein because each was 

validated by MS/MS sequencing.  

Figure 3. Comparison of several lipid-free structures for apoA-I. A, Silva et al. (9); B, 
Herein; C, Yang, et al. (6); D, Lagerstedt et al. (45); E, LDL receptor-binding domain reported 
of apoE (54); F, Mei and Atkinson (34); G, Borhani et al (7). C- and N-termini are indicated 
as are selected amino acid positions on the structures 
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Table 5 

 

 

 

Intermolecular Cross-links Intramolecular Cross-links 

Theoretical 
MH+ 

Lys1 Lys2 Theoretical 
MH+ 

Lys1 Lys2 

2826.45 1α 12 2016.10 12 23 

3245.57 1α 59 3728.87 40 45 

2814.35 1α 96 2616.40 45 59 

2233.12 1α 118 1672.85 88 94 

3627.95 12 195 2303.21 94 96 

3669.90 23 59 1717.92 96 106 

4016.06 40 59 2782.44 106 107 

3003.61 40 118 2303.21 133 140 

3286.73 40 133 2347.25 206 208 

4043.07 40 140 2863.63 226 238 

3291.72 40 182 2109.11 238 239 

2737.44 40 239    

2358.22 88 118    

2080.14 94 208    

1671.91 94 239    

3615.85 96 195    

2630.30 96 208    

4186.21 96 226    

2159.21 118 133    

2915.56 118 140    

Table 5 shows cross-links reported in this study and that by Silva et al. (9). A white 
back-ground indicates that it is only from this study. A light gray background is for 
cross-linked peptides found in both studies. The dark gray background indicates 
that the cross-linked peptide was found only in (9). 
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Cross-links Lys40 to Lys133 and Lys182 to Lys239 rule out extended structures 

including both structures derived by X-ray crystallography, Figures 3F and 3G, 

and the one derived using EPR, Figure 3D. Structure 3G led to reinvestigation of 

apoA-I conformation on phospholipid discs with the conclusion that the two apoA-

I molecules on 9.6 and 7.8 nm diameter synthetic rHDL particles, rHDL, have an 

antiparallel arrangement with the 5,5’-helical regions adjacent. The “Belt-buckle” 

hypothesis for apoA-I conformation suggests that the N- and C-terminal regions 

fold back onto the body of the chain, with the fold-back more extensive for the N-

terminal end. Structure 3D has both the helix bundle along with the extended 

form that is similar to that proposed by Rogers et al. (40, 41). This structure does 

not fit the cross-link constraints identified in this study, but has many similarities, 

and it suggests that lipid-free apoA-I may open to an extended conformation that 

is in equilibrium with the compact conformation. 

The structure compared to other biophysical studies 

The structure of apoA-I has been investigated for at least 40 years and the 

proposed structure is in general agreement with previous studies suggesting that 

C- and N-terminal regions are located close together and that it has a helix-

bundle core. Several studies showed that apoA-I self associates, but is a 

monomer below 0.1 mg/mL (38, 57, 58), the concentration of lipid-free apoA-I in 

human plasma (59, 60). Davidson et al. using chemical cross-linking estimated 

that more than 85% of lipid-free apoA-I was monomeric below 0.1 mg/mL (61). 

Cross-linking conditions used in this study yielded less than 1 percent dimer 

formation at 0.2 mg/mL (data not shown). Two additional cross-links in monomer 
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fractions were identified from cross-linking conducted at 1.0 mg/mL compared to 

0.2 mg/mL apoA-I. The positioning of these cross-links suggests that association 

may have compacted the structure. 

Sedimentation velocity data showed the monomer had the shape of a prolate 

ellipsoid with a major axis of 75 Å and a minor axis of 12.5 Å (38) or dimensions 

of 150 Å x 25 Å. Minor axis dimensions showed that there was sufficient volume 

for adjacent, antiparallel α-helices (38), like the 4-helix bundle reported for 

crystalline apoE (54). The width to length ratio of the model proposed in this 

study, about 3.8, indicates a more compact structure than that suggested from 

other biophysical studies, (38). The proposed structure has dimensions of 

roughly 69Å x 47Å x 18Å. Based on the experimental specific volume of 0.74 

cm3/g (62) the calculated volume of the proposed structure was 3.4 x 104 Å3 

similar to volumes calculated using programs VADAR (63) and 3V (64). However, 

by simply swinging the C- and N-termini onto the major axis the length of the 

molecule was extended to about 161Å. Thermal unfolding studies in low ionic 

strength buffers indicated that apoA-I transitioned to a state with defined 

secondary structure having lax tertiary structure (65), the definition of the molten 

globular state. This state may be easily accessible and a prerequisite for opening 

the structure to open up to bind lipid. 

Confounding factors to the interpretation of the cross-linking results 

There are usually a sufficient number of available lysine pairs to obtain a 

reasonable number of constraints. However, steric hinderance, hydrogen 

bonding, or proximity to other lysines moderate the reactivity with cross-linkers. 
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In earlier studies there was concern that differences in lysine reactivity could be 

overcome by using higher concentrations of cross-linker. Therefore, in our 

previous studies we compared cross-linking with different ratios of cross-linker to 

apoA-I (16, 20). Repeated experiments showed that the same set of cross-linked 

peptides were found for cross-linker to apoA-I ratios of 2:1 to 20:1. Ratios of 10:1 

to 20:1 increased the yield of cross-linked peptides and improved the S/N for 

MS/MS sequencing. Tables 1 and 2 include the ion intensity of cross-linked 

peptides and these give a rough estimate of their concentration. A caveat to 

increasing the cross-linking apoA-I ratio or any process that increases the yield of 

BS3 to lysine coupling is that a large fraction of available lysines will react. There 

can be two consequences, the first is that there will be a substantial reduction in 

tryptic cut sites and the second is that there could be a lower yield of cross-links 

from less reactive lysine pairs. To mitigate these outcomes analyses were 

performed for a short time and the reaction quenched with Tris to prevent 

continued reaction. Analysis of the tryptic digests showed that the majority of the 

tryptic peptides had not been modified by BS3 (data not shown). 

Studies have shown that analysis of cross-linked proteins yields distance 

constraints that are remarkably similar to those determined by other techniques 

like X-ray crystallography. Young et al. (66) compared distance constraints for 

fibroblast growth factor-2 from cross-linking and found them to agree well with 

results from X-ray crystallography. Similar results have been obtained for bovine 

(67, 68) and human (69) serum albumin and bovine rhodopsin (70). 
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Studies that compared the calculated maximum lysineCα-BS3-lysineCα 

separations, 26Å, to the same separations taken from X-ray crystallographic data 

showed that the X-ray results often yielded a slightly greater separation, 28Å, a 

bit longer than the cross-linker arm length (71-74). This is in contrast to other 

calculations showing that the arm lengths of cross-linkers are shorter (75) than 

usually assumed from simple conformational analysis. Therefore, in solution, 

regions of the protein may be slightly closer than anticipated from the crystal 

structure or alternatively, motions inherent in parts of the protein, particularly the 

N- and C-termini, may permit cross-links to form that would not be anticipated 

from a ridged crystal structure. However, because of conformational flexibility 

BS3 can cross-link lysines that are separated by much less than 26Å. By 

constraining the maximum lysine Cα-BS3-lysineCα distance to 26Å, this study 

may report a more compact structure for lipid-free apoA-I. Because the largest 

separations were found between the C- and N-terminal ends, increasing the 

maximum lysineCα-BS3-lysineCα distance would place the C- and N-termini 

farther apart than reported herein. 

During review the question was asked “does cross-linking at one site result 

in constraints that make additional cross-linking more or less likely?” An implied 

question is whether the “first” cross-link may direct subsequent cross-linking to 

yield an incorrect protein conformation. Given that several studies have reported 

cross-linking constraints very similar to those obtained with X-ray crystallography, 

it is likely that cross-linking of two closely associated lysines does not have a 
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profound effect on the structure. However, this observation does not indicate if 

the frequency of other cross-links were affected. 

The frequency of cross-linking depends on the time two lysines remain in 

proximity. Therefore, the constraints reflect the time-average position of lysines 

relative to one another. Proteins in solution exhibit more motion than crystallized 

protein, particularly at the C- and N-termini or at loops, and this mobility may lead 

to a greater variety of cross-links between the mobile region and more 

constrained regions. Chemical cross-linking of a pair of lysines depends on 

several factors including the reactivity of the individual lysines with BS3, the time 

the lysines remain in proximity, and competition between hydrolysis of BS3 by the 

solvent rendering the cross-linker incapable of reacting with a second lysine. 

These arguments suggest that only lysines in close proximity can be coupled by 

BS3 and argue against apoA-I having an extended conformation with the C- and 

N-termini extended from the helix bundle core. 

Disulfide bond formation provided useful evidence for the structure of lipid-

free apoA-I as it did in a study helix of bundle opening when apoE accepts lipids 

(76). Disulfide bond formation takes place on refolding. If this process does not 

follow two-state mechanism, involving a molten globule state, apoA-I may 

explore several different conformations, some of which could permit disulfide 

formation in a non-Native conformation. Disulfide formation is not instantaneous 

and requires oxidation of two cysteines in a process involving reduction of 

dioxygen. To prevent random disulfide formation refolding of lipid-free apoA-I 
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starts in a highly reducing environment with disulfide formation taking place later 

after a stable conformation is achieved. 

In conclusion, these studies suggest that lipid-free apoA-I in solution is a 

squat, oblate spheroid, with the helical regions 1 through 7 associated in a 4-

helix bundle. The N-terminal region, AA 1-43, and the C-terminal amphipathic 

helices 8-10, are close to one another and associated with the helix bundle. The 

conformation reported herein should be contrasted with that proposed for rHDL, 

nHDL and native HDL in which the apoA-I has opened up to a more extended 

conformation, very similar to the structure reported for crystalline Δ43 apoA-I, 

Figure 3G. The model presented here will be useful in predicting how lipid-free 

apoA-I associates with ABCA1 for subsequent lipidation to generate nHDL.
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ABSTRACT  

Large population studies have repeatedly demonstrated an inverse 

relationship between HDL concentration and risk. Despite the strong 

correlation, pharmacological trials that raise plasma HDL have shown little 

efficacy, suggesting that HDL function should be monitored. Studies were 

initiated into the mechanism of cholesterol efflux leading to nascent HDL 

(nHDL) formation. The most productive cholesterol removal occurs when 

lipid-poor apoA-I, the main structural protein in nHDL, forms particles after 

interacting with ABCA1. ApoA-I acquires cholesterol and phospholipid at 

the cell surface forming 10-12 nm diameter nHDL whose composition 

resembles lipid rafts. Because lipidated apoA-I has a significantly different 

3-D conformation compared to its lipid-poor counterpart, the structural 

modifications leading to nHDL formation were investigated. First, we 

completed a 3-D solution structure of lipid-poor apoA-I using lysine 

specific chemical cross-linking in conjunction with specifically engineered 

double cysteine-containing apoA-I mutants. Strategically placed cysteines 

form disulfide bonds (locked) when residues are within ~0.5 nm. If no 

disulfide bond formed (unlocked) then the two cysteines were separated by 

more than ~0.5 nm. Both methods rely on mass spectrometry to identify 

amino acid sequence and distance constraints within each 10 repeating 

helices comprising 80% of full-length apoA-I. By comparing lipid-poor 

apoA-I conformation to our previously described 3-D structure of apoA-I on 

10-12 nm nHDL, we formulated a series of hypothetical helical domain 



- 74 - 
 

transitions that might drive protein-lipid interaction and particle formation. 

We examined four different double cysteine mutants employed in either 

their “locked” (oxidized) or “unlocked” (reduced) state and evaluated their 

ability to form recombinant HDL using synthetic phospholipid or nHDL 

using HEK cells. D13C-V67C, E34C-S55C, F104C-H162C and L200C-L233C 

apoA-I were used to examine the lipidation activity of apoA-I at the N 

terminus, central domain, and C-terminus, respectively. When the central 

domain is prevented from participating in particle formation, particle 

assembly is impaired and there is a 50% reduction in rHDL particle 

phospholipid and protein composition. After determining HDL particle 

yield, size and composition from all locked and unlocked double cysteine 

mutants, we conclude that both the N- and C-terminal ends of apoA-I assist 

in the initial steps in lipid acquisition, but that the central helices 4, 5, and 6 

are essential for nHDL formation. 
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INTRODUCTION 

Plasma high density lipoprotein (HDL) concentration negatively correlates 

with coronary heart disease (CHD) risk and consequently its concentration has 

been identified as an ideal target to lower the incidence of atherosclerosis. 

Pharmacologic attempts to increase HDL in several clinical trials failed to 

effectively decrease CHD risk suggesting that the atheroprotective properties of 

HDL were not limited to its concentration in plasma (1-3). The reverse cholesterol 

transport (RCT) pathway, initially proposed by Glomset, J.A., is a pivotal 

atheroprotective function mediated by HDL and involves the removal of excess 

cholesterol from peripheral tissues to the liver for excretion further promoting 

cholesterol homeostasis (4). The interaction of the predominant protein in HDL, 

apolipoprotein A-I (apoA-I) with ATP-binding cassette A-I (ABCA1) is the first 

step in RCT resulting in the formation of nascent HDL (nHDL) that can package 

up to 80 molecules of lipid per apoA-I monomer (5-7). Molecular events that lead 

to the conversion of lipid-free apoA-I to nHDL are poorly understood. Therefore 

delineating the changes in apoA-I structure that take place as HDL is processed 

is essential to developing HDL-based therapies that can diminish the deleterious 

effects of coronary heart disease. 

ApoA-I is a 28 kDa protein composed of 243 amino acids and the primary 

source of plasma apoA-I is the liver. A unique structural property of apoA-I 

includes two 11-mer and eight 22-mer segments that define the 10 amphipathic 

helices that enable lipid binding and particle formation (8-10). The lipid-free 

conformation of apoA-I has been investigated for over 3 decades and is generally 
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accepted to contain a 4-helix bundle with the N-and C-terminal ends in close 

proximity (9, 11-15). Each of these studies has provided insight on specific 

regions within apoA-I that contribute to the stability of apoA-I in the presence or 

absence of lipid. The N-terminus of apoA-I has been proposed to provide helical 

stability in the lipid-free state and mutations in this region often result in 

amyloidogenic disorders (16, 17). Deletion mutations of the C-terminal region of 

apoA-I suggest that lipid binding and efficient particle formation is a specific role 

for this domain (18, 19). Efforts to examine the crystal the structure of full-length 

apoA-I have proven to be challenging and illustrates the plasticity of the protein, 

however the resulting “horseshoe” and semi-circular shape of Δ1-43 and Δ185-

243 apoA-I, respectively, suggested that the N- and C-terminal ends provide 

structural stability for apoA-I in the lipid-free state. In contrast, double deletion 

mutants of the N-and C termini of apoA-I indicate that the central domain within 

apoA-I, helices 4-6, is essential for ABCAI mediated cholesterol efflux and HDL 

particle formation (20). Several studies have demonstrated the significance of 

helices 4-6 in apoA-I in contributing to particle size as well as HDL plasma 

concentration. ApoA-I Seattle almost entirely lacks helical repeat 6 and subjects 

heterozygous for this mutation have plasma HDL size 7-8 nm in diameter with 

HDL concentrations that are 15 % of normal levels (21, 22).  

Several investigators have proposed mechanisms for the assembly, 

composition, and conformation of apoA-I during lipidation and formation of nHDL. 

Gursky et al suggested that nHDL forms through the adsorption of lipid-free 

apoA-I to the plasma membrane followed by “domain swapping” at helix 5 region 
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promoting dimerization of apoA-I molecules and lastly, the insertion of helices 8 

through 10 assisted by ABCAI (23).  In contrast, the Philips group has proposed 

that the initial steps of nHDL formation involves the C-terminal domain of apoA-I, 

specifically residues 190-243. A recent study demonstrated that the C-terminal 

low lipid affinity region, residues 190-220, forms an α-helix and is necessary to 

solubilize lipid. Together, the low affinity regions with the high lipid affinity region, 

residues 223-243, support one another in initiating the binding of apoA-I to the 

plasma membrane. The opening of the 4-helix bundle located in the N-terminal 

domain follows, therefore, suggesting a significant role for the C-terminus in lipid 

binding and HDL formation (24, 25). 

Since apoA-I structural reorganization is mainly responsible for HDL 

particle size and function, we designed our study to delineate the step-by-step 

mechanism of lipidation and defining those specific helical domains within apoA-I 

that are important for HDL formation. We engineered a group of four double 

cysteine containing apoA-I mutants that “lock” two helices together when the 

spatial distance between the regions is 3-5 Å apart forming disulfide bonds using 

our previously published model of human lipid-free apoA-I as a template (13). 

The most extensively studied mutants were: D13C-V67C, E34C-S55C, F104C-

H162C, and L200C-L233C apoA-I. Each mutant protein was examined in the 

“locked” and “unlocked” state for the ability to form recombinant (rHDL) or nHDL. 

The mutations span the N and C termini as well as the central domain of apoA-I 

and provide further insight on: 1) which helices were involved with HDL particle 

formation, 2) the spatial arrangement of residues as the protein reorients to 



- 78 - 
 

accommodate lipid, and 3) the composition and size of particles formed when 

specific helices were prevented from participating in particle formation 

reorganization. Our results suggest that reorganization of the central domain, 

helices 4 through 6, was essential for rHDL and nHDL particle formation. 
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Experimental Procedures 

MATERIALS  

Human apoA-I variants were expressed using the IMPACT protein expression 

system, including Escherichia coli strain ER2566, pTYB11 plasmid vector, and 

chitin beads purchased from New England Biolabs. PCR primers were 

synthesized by International DNA Technologies. DNAse I was from Worthington 

Biochemical. ApoA-I cDNA constructs were produced by Custom DNA 

Constructs. 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) was from 

Avanti Polar Lipids Inc. Solvents used in MS and LC-MS were “B&J GC2” grade 

from Burdick and Jackson. All other solvents and routine reagents were fom the 

highest available commercial grade. 

METHODS 

Cloning, Expression and Purification of ApoA-I 

The coding sequence for wild-type and mutant apoA-I was cloned from the 

CMV5 vector (26) by Custom DNA Constructs and amplified by PCR as 

described (27), and inserted into the pTYB11 vector(28). Expression and 

purification of the cysteine containing apoA-I mutants from inclusion bodies were 

conducted as previously described. The protein purity and molecular weight were 

determined as previously reported(13). 

Formation of Intramolecular Disulfide Bonds 
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Intramolecular disulfide bond formation between specific residues within apoA-I 

was promoted under optimized conditions as previously described(13). Briefly, 

double-cysteine containing apoA-I mutants were denatured with 6M guanidine 

hydrochloride, reduced with 500 mM dithiothreitol, and then diluted to 0.02 µg/µl. 

The proteins were extensively dialyzed with 10 mM ammonium bicarbonate, 

lyophilized, and then refolded by denaturing in a final concentration of 6 M 

guanidine hydrochloride followed by exhaustive dialysis. Disulfide coupling was 

by verified trypsin digest followed by mass spectrometry. The position of cysteine 

substitution for each mutant was confirmed with the addition of 500 mM 1,4 

dithiothreitol followed by 1M iodoacetamide to alkylate the cysteine residues. 

Proteins were then exhaustively dialyzed with 10 mM ammonium bicarbonate. 

The position and extent of alkylation was verified using mass spectrometry after 

in-gel trypsin digestion. 

rHDL Particle Preparation and Purification 

Wild-type (WT) and cysteine-containing mutant apoA-I were prepared as 

described above. Reconstituted HDL particles were prepared by adding 1 mol of 

apoA-I to 80 mol of POPC as previously described (10). Briefly, POPC dissolved 

in chloroform was first dried in a stream of nitrogen on the side of a glass tube. 

The last traces of solvent were removed under vacuum for 18 hrs. POPC was 

added to a solution containing sodium desoxycholate at a molar ratio of 2 cholate 

to 1 POPC by incubating at 37°C with intermittent shaking for 1 hour and then 

vigorously shaken on a standard multi-tube vortexer (VWR Scientific) for 1 hr at 

room temperature.  
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The crude rHDL was further purified by application to two Superdex 200 HR 

10/30 columns linked in tandem and eluted at 0.5 ml/min as previously described 

(28, 29). The purified rHDL was then analyzed on 4-30% non-denaturing gels 

(CBS Scientific) to assess particle formation and size as described (10, 30) 

Cell Culture and Purification of Nascent HDL  

Human embryonic kidney (HEK) 293 cells expressing ABCA1 were a generous 

gift from Dr. Michael Hayden, University of British Columbia, Canada and 

supplied by Dr. John Parks. HEK293 Flp-In™ cells from Invitrogen that do not 

express ABCA1 were used for controls (31). All cells were maintained in DMEM 

containing 4.5 g/l glucose, 50 µg/ml hygromycin, 100 µg/ml streptomycin, 100 

U/ml penicillin, 2 mM L-glutamine, and 10% FBS. Cells were maintained at 37°C 

in an atmosphere of 5% CO2. Cells were plated on 6-well plates and incubated 

until the cells reached ~90% confluency, then washed twice with 1 ml balance 

salt solution and incubated for 2 hours with serum-free DMEM. Cells were then 

incubated for 24-48 hrs with 10 µg/ml of lipid-free WT or cysteine containing 

mutant apoA-I with 125I apoA-I tracer in serum-free DMEM and harvested for 

analysis as described (31).  

Lipid Composition 

Lipid and protein composition for rHDL was analyzed using lipid phosphorous 

and Lowry assays, respectively. Lipids were extracted from rHDL fractions 59-71 

according to Bligh and Dyer (32) (31). For lipid-phosphorous analysis, extracts 

were evaporated under a stream of nitrogen in a glass tube and dissolved in 1 ml 
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of chloroform-methanol (1:1). All traces of chloroform were then removed under a 

vacuum and 150 µl of perchloric acid added and then incubated. After 18 hrs 900 

µl of dH2O, 176 µl 2.6% Na2MoO4 (aq), and 176 µl of ascorbic acid (aq) were 

added and incubated at 50°C for 15 min. Protein content of rHDL was analyzed 

using Lowry assay (33). 

SDS-PAGE and In-Gel Trypsin Digest  

Lipid-free and rHDL apoA-I products were separated on 12% SDS-PAGE. 

Digestion was conducted as described (7, 10, 34, 35). Briefly, protein bands from 

monomeric apoA-I were excised from the gel, minced, and repeatedly 

dehydrated with acetonitrile. The gel pieces were rehydrated with cold, freshly 

prepared solution containing 20 ng/µl trypsin, 0.1% (w/v) RapiGest SF, and 1 mM 

CaCl2 dissolved in 10 mM ammonium bicarbonate, pH 7.8. The final trypsin to 

apoA-I mass ratio was 1:20. After mixing, digests sat on ice for 10 min and were 

then incubate at 37°C for 18 h. 

Peptide Isolation and Q-TOF Mass Spectrometry 

Extraction of peptides was accomplished as described (7, 10, 34, 35). Briefly, the 

digestion solution was removed. Then 200 µL of acetonitrile/formic acid/water, 

v/v/v, 50:5:45 was added to cover gel pieces. After sitting for 10 min, the solvent 

was transferred to a fresh tube. The extraction was repeated and the combined 

aliquots were acidified to an HCl/apoA-I ratio of 1:10 (v/v) using 500 mM HCl. 

After incubating the acidified solution for 35 min at 37°C, the sample was 

centrifuged for 10 min at 13,000 rpm. The supernatant was transferred to a fresh 
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tube before mass spectrometry. Survey scans were performed on each peptide 

mixture using a Waters Q-TOF API-US mass spectrometer equipped with a 

Waters CapLC and Advion Nanomate source. Acquisition was controlled by 

Mass-Lynx 4.0 software. Peptides were loaded onto a PLRP-S trapping column 

before elution onto the anlaytical PLRP-S column as previously described(13). 

Identification of peptides and sequence analysis of the MS/MS spectra were 

performed with a fragment ion tolerance of ± 0.05 m/z. 

RESULTS  

Selection, Expression and Isolation of Cysteine-Containing ApoA-I Variants 

To investigate the specific helical groups within apoA-I that contribute to 

particle formation, we first identified helices reported to contribute to apoA-I 

lipidation properties. The recently published structure of lipid-free apoA-I 

suggests that the N-terminal end, amino acids 1-43, and the C terminal, 

amphipathic helices 8-10, are in close proximity and associated with the helix 

bundle. For lipid binding and HDL particle formation, lipid-free apoA-I must open 

into an extended conformation, exposing the hydrophobic core within the central 

domain, helices 4-6. To examine the step-by-step mechanism by which lipid-free 

apoA-I transitions into a lipid-bound conformation, double-cysteine containing 

apoA-I were engineered based on our previous studies. To more accurately 

determine distance constraints with the lipid-free apoA-I model, cysteine 

substitutions were made to gain insight into domain specific interactions of apoA-

I with lipid, some of which were proposed to lock and others not. Mutant proteins 
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will “lock” when the two cysteines are 3-5 Å apart and there is no other steric 

hindrance. Table 1 indicates the 4 mutant apoA-I proteins used in this study to 

determine apoA-I helical participation during HDL formation.  E34C-S55C apoA-I 

locks the N-terminus with helix 1 while D13C-V67C apoA-I is designed to not lock 

despite the presence of two cysteine residues at the N-terminus and helix 2. 

F104C-H162C apoA-I forms a disulfide bridge between helix 4 and helix 6, 

preventing the central domain from participating in apoA-I lipidation.  

Table 1 

 

  

 

ApoA-I Helical Domains Examined for Lipid Binding 
Properties 

Locked Helical 
Domains  

Amino Acid  
Substitution 

Hypothesis Tested 

 
N-T – Helix 1 

Cysteine 
1 
 

E34C 
 

Cysteine 
2 
 

S55C 

 
 
Central helices 4-6 can open 
because only the N-terminus is 
locked. We predict that ~9.6 nm 
rHDL will form. 
 

N-T – Helix 2 
D13C V67C 

Helix 4- Helix 6 
 

F104C 
 

H162C 
Central helices 4-6 are blocked 
from opening. We predict that no 
rHDL particles will form 

Helix 8- Helix 10 

 
L200C 

 
L233C 

Central helices 4-6 can open 
because only the C-terminus is 
locked. We predict ~9.6 nm rHDL 
will form. 

ApoA-I proteins containing cysteine substitutions at the indicated helical positions were 
engineered to test rHDL particle formation when specific helices are able to participate in 
lipidation processes. The hypothesis tested for each helical bond designates that when the 
central helices 4-6 are exposed, ~9.6 nm rHDL particles are able to form. 
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The properties of the C-terminus of apoA-I are investigated using L200C-

L233C apoA-I that locks helix 8 to helix 10. Alkylated forms of each mutant were 

used as controls. Cysteine-containing lipid-free apoA-I variants were prepared 

using standard techniques, denatured with 6M, reduced with 500 mM DTT 

guanidine HCl, diluted to concentrations ≤ 0.02 µg/µl to promote monomeric 

disulfide bond formation, then exhaustively dialyzed to refold the protein into the 

most stable conformation. ApoA-I mutant proteins were examined for purity using 

SDS-PAGE and MS analyses and verified for presence or absence of a disulfide 

bond using trypsin digestion and MS/MS sequencing as described in Materials 

and Methods.  

Contribution of ApoA-I Domains to Recombinant HDL Particle Assembly 

and Composition 

To investigate the lipidation properties of lipid-free ApoA-I, cysteine-containing 

apoA-I mutant proteins D13C-V67C, E34C-S55C, F104C-H162C and L200C-

L233C were incubated with POPC at an 80:1 molar ratio to form recombinant 

HDL (rHDL). Two different preparations were used, one in which cysteines 

formed a disulfide bond and a second in which the cysteine thiols were alkylated 

with iodoacetamide to represent “reduced.” Figure 1 shows the resulting rHDL 

particles were separated on a 4-30% non-denaturing gel and stained with 

Coomassie Blue. When the N-terminus to helix 2 or helices 8 through 10 are 

prevented from participating in apoA-I lipidation, 9.6 nm to 9.8 nm rHDL particles 

form similar to that of wild-type apoA-I. In contrast, “locked” F104C-H162C apoA-

I which prevents helical regions 4-6 from opening to accept lipid, did not form 
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rHDL particles efficiently evident by the barely detected particle following native 

gradient gel separation and Coomassie Blue staining. All of the alkylated apoA-I 

mutants formed particles that ran with an approximate size of 9.6 -9.8 nm. 

 

 

 

We next examined the composition of the particles formed when specific 

helices participate in apoA-I lipidation. Compositional analyses using 

phosphorous and Lowry assays indicate a ~50% reduction in the POPC: apoA-I 

ratio when the central domain is prevented from participating in rHDL particle 

Figure 1. Inefficent rHDL Particle Assembly when Central Domain is “Locked.” Coomassie 
Blue stained 4-30% NDGGE of rHDL particles formed from cholate dialysis of (80:1; mol:mol) 
POPC and apoA-I. Locked: presence (+) or absence (-) of disulfide bond. Alkylated indicates 
presence (+) or absence (-) of alkylated cysteine residues. D13C-V67C apoA-I, E34C-S55C and 
L200C-L-233C apoA-I “locked” restricts only the N- and C-terminus, helices 1, 2 and helix 8-10, 
respectively, from participating in particle formation. “Locked” F104C-H162C apoA-I restricts the 
central domain, helices 4-6, from participating in particle formation. The results show central 
helices 4-6 are essential for formation of ~9.6 nm rHDL. 
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formation as shown in Table 2. In contrast to the observations of F104C-H162C 

apoA-I, D13C-V67C apoA-I and E34C-S55C apoA-I formed 9.6 nm rHDL like 

wild-type apoA-I, suggesting that the N-terminus was not essential for rHDL 

formation. The facile lipidation of the C-terminus “locked” L200C-L233C apoA-I 

mutant also suggests that helices 9 and 10 are not essential for accumulating  

lipid as shown in Figure 1.  

Table 2 

 

 

 

 

 

Lipid and Protein Composition of Recombinant HDL 
Particles 

 
ApoA-I 

Molar 
POPC:ApoA-I 

 
% Molar 

POPC:ApoA-I 
 Wild-Type 

Control 

rHDL 
Diameter 

(nm) 

Wild-Type 50.0:1.0 ± 8.0 100 9.6 

       Alkylated 

D13C-V67C 
 

44.3:1.0 ± 4.3 
 

88 
 

9.8 

E34C-S55C 33.59:1.0 ± 34.6 115 9.8 

F104C-H162C 63.89:1.0 ± 2.5 115 9.6 

L200C-L233C 64.04:1.0 ± 4.0 127 9.8 

       Locked 

D13C-V67C 
 

54.2:1.0 ± 5.7 
 

107 
 

9.6 

E34C-S55C 26.0:1.0 ± 18.3 72 9.6 

F104C-H162C 27.84:1.0 ± 3.1 55 - 

L200C-L200C 56.0:1.0 ± 2.2 107 9.6 

Recombinant HDL (rHDL) were analyzed for lipid and protein composition as 
described in Materials and Methods. rHDL formation by mutant apoA-I proteins in 
“locked” or “alkylated” state at a POPC/ApoA-I ratio of 80:1 were separated by FPLC 
and evaluated for the molar composition of POPC and apoA-I compared to wild-type 
apoA-I. Molar POPC/ApoA-I values represents the mean ± SD of n=3. Resulting rHDL 
particle diameter (nm) was determined by NDGGE analysis. 
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ApoA-I Helical Contribution to Nascent HDL Particle Assembly, Size and 

Composition 

Since ABCA1 plays a key role in effluxing lipids onto lipid-poor apoA-I to form 

nHDL, we wanted to determine if the same order of reactivity was found for 

ABCA1 lipidation compared to rHDL formation. Locked 125I-cysteine-containing 

apoA-I was incubated with ABCA1 expressing HEK293 cells in serum-free media 

for 18-24 hr. Particles were then separated by FPLC to generate a 125I-apoA-I 

nascent particle profile expressed as percent of total radioactivity versus elution 

fraction as shown in Figure 2. Wild-type apoA-I formed three different nHDLs 

with the largest particles, with diameters of 12-14 nm, eluting in Peak 1. nHDL 

particles formed by locked F104C-H162C apoA-I had a 70% reduction in the 

Peaks 1 and 2, which are lipidated particles ranging from 7-14 nm in size 

compared to wild-type apoA-I nHDL. Interestingly, there is a 4-fold increase in 

the lipid-poor particles present in Peak 3 formed by F104C-H162C apoA-I, a <6 

nm diameter particle mostly lipid-free, suggesting that helices 4-6 are essential 

for efficient nHDL formation.  

Conformational Properties of ApoA-I during Particle Formation 

We examined the mutant proteins for the presence of a disulfide bond prior to 

and following rHDL particle formation using trypsin digest followed by MS/MS 

sequencing of the tryptic fragment identified to contain the disulfide bridge. The 

tryptic fragment T3-T9 (790.14+4, m/z+charge) which corresponds to the fragment 

containing the disulfide bridge in D13C-V67C apoA-I was absent in the lipid-free 
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state, indicating the N-terminus through helix 1, specifically residues 13 and 67 

are not within 3-5 Å in the absence of lipid as shown in Table 3. Interestingly, 

after analysis of the rHDL particle, residues 13 and 67 were “locked” suggesting 

a conformational transition between the N-terminus and helix 1 as apoA-I 

acquires lipid.  

 

 

 

 

 

Figure 2. Inefficient nHDL Particle Assembly when Central Domain and Helices 8-10 are 

“Locked.” FPLC analysis of nascent HDL particles formed after the addition of 125I apoA-I to 
ABCA1 expressing HEK293 cells. A. Locked and alkylated D13C-V67C apoA-I form similar size 
particles. B. Locked E34C-S55C apoA-I form 7-8 nm particles similar alkylated E34C-S55C 
apoA-I. C. Locked F104C-H162C apoA-I forms mostly < 6 nm particles compared to alkylated 
F104C-H162C and wild-type apoA-I. D. Locked L200C-L233C apoA-I forms large and medium 
(7-14 nm) particles less efficiently than alkylated L200C-L233C and wild-type apoA-I. 
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Table 3 

 

Trypsin digest and MS analysis of mutant apoA-I proteins in lipid-free or lipid-bound conformation. 
Proteins were examined for the presence of the disulfide tryptic fragment in the lipid-free state or 
after formation of rHDL.  

DISCUSSION 

Plasma HDL levels negatively correlate with CHD risk and HDL has been 

identified as an ideal target to lower the incidence of atherosclerosis. However, 

the atheroprotective properties of HDL were not limited to its concentration in 

plasma (1-3). The RCT pathway has a pivotal atheroprotective role in that it 

transports excess cholesterol from peripheral tissues to the liver for excretion, 

promoting cholesterol homeostasis (4, 36). The interaction of apoA-I and ABCA1 

is the first step in RCT resulting in the formation of nHDL that effectively 

 
Conformational Analysis of ApoA-I 

ApoA-I 
Disulfide Tryptic 

Fragment 
(m/z)+charge 

Lipid Free 
Locked 

Lipid-Bound 
Locked 

 
D13C-V67C 

T3-T9 
(790.14)+4 No Yes 

E34C-S55C 
T5-T7 

(751.34)+4 Yes Yes 

F104C-H162C 
T14-T26 

(820.05)+3 

 
Yes 

 
Yes 

L200C-L233C 
T32-T35 

(645.44)+4 

 
Yes 

 
Yes 
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packages cholesterol (5-7).Molecular events that lead to the conversion of lipid-

free apoA-I to nHDL are poorly understood. Therefore delineating the changes in 

apoA-I structure that take place as HDL is processed is essential to developing 

HDL-based therapies that will diminish the deleterious effects of CHD. 

Apolipoprotein A-I, the predominant protein in HDL, exists in multiple 

conformations related to the degree of lipid accumulation. The contribution of 

apoA-I helical domains to HDL formation and cholesterol has been thoroughly 

examined for many years (17, 25, 37-39). Lipid-free apoA-I contains a 4-helix 

bundle and the N and C termini lie close to one another (13, 14). Several lipid 

binding studies suggest a pivotal role for the C-terminal helices in HDL formation 

while the N-terminus and central domains are responsible for the stability of lipid-

free apoA-I and LCAT activation (40). In the present study, we evaluated the role 

of human apolipoprotein A-I helices as lipid-free apoA-I transitions into a lipid 

bound state using cholate dialysis to form rHDL and using HEK cells that express 

ABCA1 that yields nHDL. The mechanistic events that drive the opening of lipid-

free apoA-I as nHDL particles are formed are poorly understood. To achieve the 

fundamental goal of elucidating the step-by-step mechanism as lipid-free apoA-I 

acquires lipid, it is important to understand the reorganization of helices within 

apoA-I when apoA-I interacts with ABCA1. Equally important, is the size and 

composition of the resulting HDL particle which will ultimately determine the fate 

of HDL maturation. To our knowledge, this is the first study using full-length 

apoA-I to compare the involvement of apoA-I helices located at the N-terminus, 

C-terminus as well as the central domain. This research uses cysteine 



- 92 - 
 

substitutions designed to form disulfide bridges and “lock” specific helices from 

participating in particle formation to elucidate the mechanism of nHDL 

biogenesis.    

ApoA-I Helices and rHDL Formation 

Many previous studies have modified various domains within apoA-I yet 

there exists contrasting hypotheses regarding which helices contribute to apoA-I 

lipid binding. To assess the contributions of the various amphipathic helices to 

lipid binding, we used our recently published structure of human lipid-free apoA-I 

as a model to engineer double cysteine containing apoA-I that would lock when 

residues are within 3-5 Å. Using cysteine substitutions to monitor apolipoprotein 

helical lipid binding activity was first reported by Ryan et al to assess the 

conformational opening of apolipophorin III, an exchangeable amphipathic 

protein from the Sphinx moth. Similar to apoA-I, apolipophorin III (apoLp-III) lacks 

cysteine residues and is a helical bundle in solution. Results of this study 

provided a mechanism for the opening of hinge domains as phospholipids are 

acquired by apoLp-III. The conformational reorganization of the N-terminal 4-

helix bundle within apoE was also examined using this approach (41, 42). 

rHDL Formation 

The first step in the analysis was to determine how each of the mutants 

was lipidated when the thiol moiety of cysteine was blocked, preventing disulfide 

formation (locking). Most of the mutants formed 9.6-9.8 nm diameter particles 

with compositions that were similar to that obtained with wild-type apoA-I. The 

exception was E34C-S55C apoA-I rHDL which had an approximately 30% 
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reduction in the incorporation of POPC, suggesting that glutamic acid residue 34 

may have an important charge interaction that probably stabilizes rHDL. 

Locking the mutants presented a somewhat different result compared to 

mutants in which the thiol moiety was blocked. To examine the N-terminal 

segment of apoA-I, we used two unique double cysteine containing apoA-I 

mutants that cover the principal domains of apoA-I, Table 1. As expected, when 

D13C-V67C apoA-I was incubated with POPC it generated 9.6 nm rHDL particles 

with a composition very similar to the molar POPC: ApoA-I compostion of wild-

type rHDL (see Figure 1 and Table 2). Although cysteines at residues 13 and 67 

should not lock in the lipid-free state, this was not the case when lipidated, where 

it was found that 13 and 67 were locked showing that they had moved close to 

one another.  Locked E34C-S55C apoA-I forms 9.6 nm diameter particles with a 

30% lower molar ratio of POPC:ApoA-I, Table 2. These observations suggest 

that different parts of the N-terminal region may have different roles in binding 

lipid. Preventing the opening of the C-terminal domain, helices 8 through 10, 

gives particles that were similar to the size and composition to wild-type apoA-I. 

However, when the central domain, helices 4-6, was prevented from participating 

in particle formation a barely detectable particle was seen as indicated by using 

the protein reagent Coomassie Blue. Analysis of the solution composition 

showed significantly reduced lipidation compared to wild-type apoA-I. 

These results suggest that the N-terminus through helix 2 as well as 

helices 8 through 10 of apoA-I play a minor role in the synthetic production of 

POPC containing rHDL, but emphasize the importance of the central domain, 
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helices 4-6, opening to accept lipid during rHDL formation. Previous 

investigations examining rHDL formation in the absence of residues 139-170 

have shown minimal differences in rHDL composition and size compared to N- 

and C- terminally truncated mutants and suggested a non-critical role for the 

central domain in helix-helix interactions (17, 43). It is well known that helices 4 

through 6 promote the helix 5/5 registry orientation of multiple apoA-I molecules 

accumulation (12, 34, 44, 45) and is essential for rHDL formation from our 

POPC:apoA-I composition analysis. Previous investigations examining rHDL 

formation in the absence of residues 139-170 have shown minimal differences in 

rHDL composition and size compared to N- and C- terminally truncated mutants 

and suggested a non-critical role for the central domain in helix-helix interactions 

(17, 43). Synthetic as well as human plasma HDL particles have been 

determined to contain multimers of apoA-I that lie juxtaposed with a fixed or 

“variable registry” between repeats 5 and 5, 5 and 6 or 6 and 6 (29). HDL 

maturation through LCAT activation is also known to be sensitive to helix 6 of 

apoA-I (46, 47). Taken together, apoA-I helices 4 through 6 exhibit lipid binding 

properties that are essential for full opening of apoA-I to expose the hydrophobic 

residues embedded in the 4-helix bundle of lipid-free apoA-I.  

In agreement with these studies regarding the role of the N-terminus 

through helix 2 in apoA-I, Brouillette, C.G. et al observed a slight reduction in the 

lipid binding ability of ∆1-43 apoA-I and a greater reduction in ∆1-65 apoA-I 

binding with POPC yet statistically similar to wild-type apoA-I (39). In contrast, 

Atkinson et al used N-terminal deletion mutants which examined apoA-I residues 
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1-41 and 1-59 and showed a significantly lower lipid-binding ability with a 

significantly slower clearance of dimyristoyl phosphatidylcholine (DMPC) 

liposomes and fewer discoidal complexes observed using electron microscopy 

micrographs compared to wild-type apoA-I (48). Interestingly, studies using 

apoA-I synthetic peptides containing residues 44-65 and 220-241 suggest that 

helix 1 as well as helix 10 have the highest lipid affinities based on their distinct 

ability to effectively clear DMPC vesicles  (49-51). Structural studies of N-

terminally truncated apoA-I as well as denaturation studies suggest that the N-

terminal domain of apoA-I plays a major role in the stability of the lipid-free 

conformation (11, 17). Combined, these studies suggest the N-terminal region 

may favor a certain conformation important for the initial lipid binding sites of the 

protein.  

Prevention of the C-terminal domain did not decrease the lipid binding 

ability of apoA-I and interestingly, this mutant formed particles that were similar in 

size and composition to wild-type apoA-I. Several studies showed that the C-

terminal domain had the highest affinity for lipid and suggested that it initiates the 

biogenesis of HDL (25, 52). Studies comparing deletion mutants ∆190-243, 

∆212-233, and ∆213-243 show a significant reduction in lipid binding measured 

by a reduction in DMPC clearance, as well as rHDL formation (48, 53, 54). Saito 

et al elegantly compared the roles of specific, C-terminal residues within apoA-I 

and found that amino acids 191-220 have an intermediate effect regarding in 

vitro particle formation where the values of particles formed were in between 

wild-type and ∆223-243 apoA-I, with the latter having the least number of 
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particles (25). Our mutant protein L200-233C apoA-I prevents 34 residues within 

helices 8 and 10 from participating in particle formation while residues 1-199 and 

234-243, which encompasses the central domain, remains exposed participate in 

particle formation. In aggregate, these studies suggest that residues 200-233 

within the C-terminal domain were less involved in the lipidation of lipid-free 

apoA-I during rHDL formation. 

Influence of ApoA-I Helices on nHDL Particle Formation 

Synthetic lipidation of apoA-I showed the anticipated order of lipidation by 

the various apoA-I mutants. However, lipidation by ABCA1 should be more 

complex showing unexpected differences among the mutant because protein-

protein interactions between ABCA1 and apoA-I could play a significant role. 

ABCA1 mediated efflux of cholesterol involves the transport of lipids onto apoA-I 

to form nHDL and is highly dependent upon protein-protein interactions at the 

plasma membrane. Our previous studies demonstrate the formation of nHDL 

packages up to 3 molecules of apoA-I and 80 molecules of lipid per apoA-I 

monomer (7). When the cysteine thiols were blocked, there were some notable 

differences in lipidation as shown in Figure 2. When the N-terminus to helix 1 

was locked there was a 10 to 30% reduction in nHDL formation, peaks 1 and 2 

which contain 7-14 nm size particles, respectively, as compared to wild-type 

apoA-I nHDL, Table 4. The C-terminal end was insensitive to thiol blockage and 

acquired 90% lipidation compared to wild-type nHDL, but the central region 

showed a 30% reduction in the formation of lipidated particles.  
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Table 4 

 

 

 

Locking the cysteines had a more pronounced effect on lipidation. Mutant 

D13C-V67C apoA-I, which when unlocked suffered only a minor decrease in 

lipidation, while E34C-S55C showed a 30% decrease. These changes suggest 

that different regions of the N-terminus may have discrete sensitivities to change 

in conformation. N terminal mutations of apoA-I on HDL biogenesis have been 

extensively studied (55, 56).  Using J774 macrophages, other investigators have 

shown that the deletion of the globular domain and helix 1 did not appreciably 

Ratio of nHDL apoA-I to Lipid-Poor ApoA-I 

 
ApoA-I 

(Peak 1 and 2) / 
Peak 3 

nHDL mutant / 
%  nHDL WT Control 

Wild-Type 1.64 100 

       Alkyated 

D13C-V67C 
 

0.74 
 

70 

E34C-S55C 1.36 90 

F104C-H162C 0.71 70 

L200C-L233C 1.24 90 

       Locked 

D13C-V67C 0.43 60 

E34C-S55C 0.62 60 

F104C-H162C 0.24 30 

L200C-L200C 0.56 60 Nascent HDL (nHDL) were analyzed for particle formation using 125I-apoA-I added to ABCA1 
expressing HEK 293 cells and separated by FPLC. nHDL peaks 1-3 were evaluated for the percent 
total radioactivity of each apoA-I variant. Peaks 1 and 2 are fractions 110-159 and peak 3 
corresponds to fractions 160-185. nHDL peaks 1 and 2 have 7-14 nm diameter particles and peak 3 
contains <6 nm particles as previously shown. The ratio of peaks 1 and 2 to peak 3 for each mutant 
were compared to the peak ratios of wild-type apoA-I.  
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diminish cholesterol efflux to apoA-I to an appreciable extent using J774 

macrophages, but LCAT activation was significantly reduced (40). Studies 

examining apoA-I mutant G26R apoA-I (apoA-IIowa) as well as other N-terminal 

mutations reveal that this region is linked to amyloidosis and is susceptible to 

fragmentation by proteolytic enzymes present in atherosclerotic lesions (57).  

ApoA-I N-terminal mutations also result in reduced apoA-I and plasma HDL 

levels (58, 59). Additionally, Smith et al highlighted a unique role for ABCA1 and 

the unfolding of the N-terminus of apoA-I (60). Combined, these studies suggest 

the N-terminal region of apoA-I assists in the conformational changes as lipid-

free apoA-I interacts with ABCA1 to form nHDL. 

Locking the C-terminus reduced lipidation by 30%. Given the suggestions 

that the C-terminus is important in lipid binding for ABCA1-mediated lipidation of 

apoA-I, this study suggests that C-terminal opening may not be critical for 

lipidation. However, locking the central region reduced lipidation by 

approximately 40% from an already low level of lipidation. Our analyses suggest 

that while opening of the central region is essential for synthetic lipidation that 

yields discoidal rHDL, the story is considerably more complex for lipidation by 

ABCA1. These studies suggest that very little lipidation takes place if the central 

helices cannot pull apart to accept lipid. However, the lipidation process is 

sensitive to amino acid substitution. These substitutions may 1) prevent the 

formation of intramolecular and intermolecular charge interactions that are 

necessary, but not essential for lipid transfer, or 2) may cause subtle changes to 

apoA-I structure that hinder binding to ABCA1. 
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These data agree with previous studies that show the central region, 

helices 3 through 7, in the absence of other domains has the capacity to 

efficiently promote ABCA1-mediated cholesterol efflux. This same study 

examined the C-terminal domain using ∆185-243 apoA-I and observed a ~80-

92% reduction in cholesterol efflux from J774 macrophages (20). We observed 

that the C-terminus of apoA-I, when locked, generates nHDL approximately 70% 

of the alkylated L200C-L233C nHDL particles. Previous reports contribute the 

massive increase in α-helicity, approximately 125 %, to the C-terminal domain 

during apoA-I lipidation suggesting an important role for this domain in the 

biogenesis of HDL (17). Saito et al report that a single amino acid deletion, ∆235 

apoA-I, disrupts the C-terminal helix from properly folding resulting in the 

formation of unstable discoidal complexes and impaired cholesterol efflux (18). 

Taken together, these data highlight the importance of the central domain in the 

biogenesis of HDL that leads to subsequent LCAT activation and HDL 

maturation. In addition, the C-terminal domain promotes the proper conformation 

of apoA-I helices to interact with ABCA1 and the plasma membrane to generate 

nHDL. 

ApoA-I Lipidation Study Summary  

Molecular events that govern lipid metabolism and cholesterol homeostasis drive 

the clinical relevance of HDL and its ability to exert atheroprotection. Both the 

rate of cholesterol efflux and the size distribution of the nascent HDL particles are 

sensitive to the structure of apoA-I. In summary, our data show that opening of 

the central domain, helices 4-6, within apoA-I are essential for rHDL as well as 
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nHDL formation. We believe lipid-poor apoA-I must reorganize such that the 

hydrophobic residues embedded within the 4-helix bundle are exposed to 

promote maximal lipid binding, Figure 3. The efficient formation of nHDL with 

regard to apoA-I conformation and composition is rate-limiting for HDL 

maturation and overall plasma HDL levels. entral domain  The specific apoA-I 

domains identified in our study shed insight on the production of HDL in the 

presence of ABCA1 and the effects of HDL particle production when these apoA-

I domains are impaired from participating in particle formation. In addition, these 

studies suggest that the overall process of ABCA1-driven lipidation is exquisitely 

sensitive to the amino acid sequence of apoA-I. By providing an opening 

mechanism for lipid-free apoA-I, these studies further contribute to therapeutic 

studies that target cholesterol efflux activity and monitor HDL structure and 

function.  

 

 

 

 

 

 

 

 

 

 

 

 

Helices 4, 5, and 6 adapt  

“open” conformation 

Efficient HDL Particle 

Formation 

Figure 3. Hypothetical Lipid Binding Mechanism of ApoA-I. From left to right: Lipid-free apoA-I is 
compact and bundled such that the N-and C-terminal ends are folded and lie close to one another. 
Upon initial lipid interaction with apoA-I, the N-terminal end transitions to an extended conformation 
upon lipidation such that residues 13 through 67 interact to achieve stability. The hydrophobic core 
of apoA-I is now exposed allowing central helices 4-6 to acquire lipid and form HDL particles. The 
resulting particle permits packaging of up to 115 molecules of free cholesterol per particle with three 
molecules of apoA-I. 
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Background: Extracellular matrix, PCPE2, is linked to alterations in HDL size 
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ABSTRACT 
Studies in human populations have shown a significant correlation 

between procollagen c-endopeptidase enhancer protein 2 (PCPE2) single 

nucleotide polymorphisms and plasma HDL cholesterol concentrations. 

PCPE2 is a 52 kDa glycoprotein located in the extracellular matrix and 

enhances the cleavage of C-terminal procollagen by bone morphogenetic 

protein 1 (BMP1). Our studies focused on investigating the basis for the 

elevated concentration of enlarged plasma HDL in PCPE2 deficient mice 

and to determine if they protected against diet-induced atherosclerosis. 

PCPE2 deficient mice were crossed with LDL receptor deficient mice to 

obtain LDLr-/-, PCPE2-/- mice, which had elevated HDL levels compared to 

LDLr-/- mice with similar LDL concentrations. We found that LDLr-/-, PCPE2-/- 

mice had significantly more neutral lipid and CD68+ infiltration in the aortic 

root than LDLr-/- mice. Surprisingly, in light of their elevated HDL levels, the 

extent of aortic lipid deposition in LDLr-/-, PCPE2-/- mice was similar to that 

reported for LDLr-/-, apoA-I-/- mice, which lack any apoA-I/HDL. Furthermore, 

LDLr-/-, PCPE2-/- mice showed reduced HDL apoA-I fractional clearance and 

macrophage to fecal reverse cholesterol transport rates compared to LDLr-

/- mice, despite a 2-fold increase in liver SR-BI expression. PCPE2 was 

shown to enhance SR-BI function by increasing the rate of HDL cholesteryl 

ester uptake possibly by optimizing SR-BI localization and/or conformation. 

We conclude that PCPE2 is athero-protective and it is an important 

component of the reverse cholesterol transport HDL system. 
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In humans an inverse correlation has been reported between the 

concentration of plasma HDL and the relative risk of developing cardiovascular 

disease (CVD) (1-4). To explain this association, many studies have suggested 

that HDL plays a central role in the pathway called reverse cholesterol transport 

(RCT), a process which enables the return of cholesterol to the liver for excretion 

(5,6). In the first step the ATP-binding cassette transporter A1 (ABCA1) lipidates 

apoA-I with phospholipid and cholesterol to form nascent HDL (nHDL) (5,7-9). 

These nHDL are rapidly converted to mature HDL by plasma lecithin:cholesterol 

ester acyltransferase (LCAT). LCAT catalyzes the conversion of free cholesterol 

(FC) to cholesteryl ester (CE) yielding mature spherical HDL particles with a CE 

rich core. The RCT pathway is complete when the scavenger receptor class B1 

(SR-BI) in the liver removes CE from mature HDL, leaving lipid-poor apoA-I to be 

recycled or filtered by the kidney (10). Because the liver is the primary site of 

HDL metabolism, the steady-state concentration of plasma HDL depends largely 

on the rate of nascent HDL formation balanced by the catabolism of HDL or the 

removal of HDL CE by SR-B1. 

 In the past, emphasis was placed upon using epidemiology studies to 

calculate the relative risk of developing CVD based upon one’s plasma HDL 

concentration. Recently that approach has been criticized since it does not 

predict with accuracy an individual’s risk (11,12). Recent studies have shown that 

the measure of an individual’s cholesterol efflux capacity is a more effective 

means of augmenting the predictive value of plasma HDL concentration (13-15). 

Efflux capacity measures the potential of an individual’s apoB-depleted plasma to 
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mobilize cellular cholesterol and suggests that inherent properties of one’s 

plasma HDL are responsible for driving this process. 

Cholesterol efflux is an essential physiological process produces nascent 

HDL particles (nHDL). It is now recognized that the composition and structure of 

nHDL, before modification in plasma, differs significantly from plasma or mature 

HDL. These nHDL particles contain 3 apoA-I monomers and are highly enriched 

in FC and sphingomyelin, similar in composition to lipid rafts (16). Several 

mechanisms have been proposed to explain how nHDL is assembled via ABCA1 

on the membrane surface (7,17,18). It is believed that the first step in the process 

is the binding of lipid-poor apoA-I to ABCA1. However, some studies suggest that 

low affinity-high capacity membrane binding sites are involved before apoA-I 

binds to ABCA1 (19-22). Interaction between apoA-I and membrane bound 

accessory protein(s) could potentially promote conformational changes within 

lipid-poor apoA-I and in so doing, enhance the rate of nHDL particle formation 

(12,23,24). Overall, it appears that nHDL formation is not a spontaneous event 

occurring when apoA-I and phospholipid come in contact. Rather, nHDL 

formation requires carefully orchestrated conformational changes in the 

apoprotein structure allowing shielded hydrophobic residues within multiple 

monomers of apoA-I to become accessible and bind phospholipid (16). This 

process yields ~11 nm sized nHDL particles containing over 100 molecules of FC 

(25) representing efficient cholesterol efflux from the cell. 

One protein that may be involved in promoting cholesterol efflux is the 

procollagen C-endopeptidase enhancer protein 2 (PCPE2). A connection 



- 114 - 
 

between PCPE2 and HDL was inferred when significant correlations were 

observed between PCPE2 single nucleotide polymorphisms and plasma HDL 

cholesterol concentrations (26). PCPE2 is a 52 kDa glycoprotein encoded by the 

PCOLCE2 gene on human chromosome 3q21 (27,28), and shares 43% amino 

acid sequence identity with PCPE1 (29). Both PCPE1 and PCPE2 are secreted 

and located in the extracellular matrix where they enhance the cleavage of the C-

terminal pro-peptides of procollagen catalyzed by the enzyme, bone 

morphogenetic protein 1 (BMP1). PCPE2 differs from PCPE1 in its tissue 

distribution and heparin-binding affinity suggesting functional divergence of the 

two proteins (29). PCPE2 contains two CUB (Complement C1r/C1s, Uegf, Bmp1) 

domains followed by a C-terminal netrin-like (NTR) domain (27,29). CUB 

domains are commonly found in extracellular membrane proteins that mediate 

protein–protein interactions (30-33). While, NTR domains bind to cell surface 

glycosaminoglycans (34,35), which presumably anchors PCPE2 to the 

extracellular matrix of the cell. 

Interestingly, BMP1, in addition to catalyzing procollagen processing, was 

responsible for  removal of apoA-I’s 6 amino acid pro-peptide (36) which 

suggested that processing of apoA-I’s pro-peptide may stimulate nHDL assembly 

(37). Furthermore, Francone and colleagues showed that PCPE2 forms a high-

affinity complex with apoA-I and BMP1 (38,39), acting to stabilize a ternary 

catalytic complex (26). Additional studies in PCPE2 deficient mice provided the 

first direct experimental evidence linking PCPE2 to HDL metabolism (40). PCPE2 

knockout mice had elevated concentrations of enlarged plasma HDL (41) despite 
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displaying defective ABCA1-mediated cholesterol efflux capacity. Thus, reduced 

cholesterol efflux was paradoxically associated with elevated plasma HDL 

cholesterol in PCPE2 deficient mice. Consistent with these findings, a recent 

genome-wide siRNA screen has also shown that PCPE2 is related to the 

efficiency of HDL apoA-I secretion (42). 

Given that elevated plasma HDL levels are associated with reduced 

atherosclerosis we sought to investigate whether elevated concentration of 

enlarged HDL in PCPE2 deficient mice were athero-protective or atherogenic. 

PCPE2 deficient and LDL receptor deficient mice were crossed to obtain LDLr-/-, 

PCPE2-/- double knockout mice. As anticipated, LDLr-/-, PCPE2-/- mice possessed 

elevated levels of enlarged HDL compared to control mice. LDLr-/- and LDLr-/-, 

PCPE2-/- mice were then fed an atherogenic diet for 12 wks after which lipid 

deposition in the aortic root was evaluated. Despite elevated plasma HDL 

concentrations, diet-fed LDLr-/-, PCPE2-/- mice showed significantly more 

atherosclerosis when compared to diet-fed LDLr-/- mice. Curiously, the extent of 

atherosclerosis was of the same magnitude as that measured in mice lacking 

apoA-I (LDLr-/-, apoA-I-/-) the principal protein component comprising HDL 

particles. We then investigated the mechanism(s) behind PCPE2 linked HDL 

dysfunction and provide for the first time, evidence demonstrating PCPE2’s 

participation in HDL cholesterol catabolism and reverse cholesterol transport and 

its impact on SR-BI function.  

EXPERIMENTAL PROCEDURES  
 
Animals and diets 
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PCPE2 deficient mice in the C57BL/6 background were obtained from the Max 

Planck Institute (40) and then crossed with LDLr-/- to generate LDLr-/-, PCPE2-/- 

mice. Both LDLr-/- and LDLr-/-, apoA-I-/- mice have been fully crossed onto the 

C57BL/6 background as described previously (43,44). Starting at 6 weeks of age, 

mice were fed for 12 weeks either a standard chow diet or an atherogenic diet 

containing 0.1% cholesterol and 10% of calories from palm oil (44). Mice were 

fasted for 3 hr prior to being anesthetized with ketamine/xylazine (200 mg/kg 

ketamine and 10 mg/kg xylazine) followed by euthanasia and blood collection by 

cardiac puncture. The Animal Care and Use Committee of the Wake Forest 

University School of Medicine approved all procedures used in the current study. 

All mice were housed in a temperature-controlled room and maintained in a 12 hr 

light/12 hr dark cycle at the Wake Forest School of Medicine vivarium.  

Plasma lipoprotein isolation and characterization 
Blood was collected in EDTA containing tubes then centrifuged at 15oC for 10 

min at 7,000 rpm. The plasma fraction was collected and stored at -80°C. Total 

plasma cholesterol (Wako Diagnostics Cholesterol E) was determined using an 

enzymatic assay kit. For total lipoprotein cholesterol distribution, 15 µg of total 

plasma cholesterol was applied to a Superose 6 10/300GL column (GE 

Healthcare) with online mixing of enzymatic reagent (Cholesterol Liquid 

Reagents Set, Pointe Scientific Inc.), as previously described (45). Isolation of 

the total lipoprotein fraction for compositional analysis was carried out by first 

obtaining the d<1.225 g/ml fraction after density-gradient ultracentrifugation using 

KBr, as previously described (43). The d<1.225 g/ml were separated into 

lipoprotein classes using size-exclusion fast protein liquid chromatography 
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(FPLC) (43). Aliquots corresponding to VLDL, LDL and HDL classes were pooled 

and stored at -80oC for composition analysis or used immediately for particle size 

determination. HDL particle size was determined by comparison to standards of 

known Stokes’ diameter following separation using Novex (Life Technologies) 4-

20% non-denaturing gels, then stained with Coomassie Blue G, as described 

previously (46). Mouse plasma apoA-I concentration was measured using ELISA, 

as previously described (46). 

Quantification of pro-apolipoprotein A-I by mass spectrometry 
The abundance of pro-apoA-I and apoA-I were assessed from purified HDL 

and from whole plasma from PCPE2-/- and C57BL/6 mice, using liquid 

chromatography-tandem mass spectrometry. Whole plasma aliquots were 

separated on 12% SDS-PAGE as previously described (16,47-49). The gel was 

stained with simply blue (Life Technologies) and the protein band corresponding 

to 28,000 Da was excised from the gel, minced and repeatedly dehydrated with 

acetonitrile. The gel pieces were rehydrated with a cold, freshly prepared solution 

containing 20 ng/µl trypsin in 10 mM ammonium bicarbonate, pH 7.8, 0.1 % (w/v) 

RapiGest SF™ and 1 mM CaCl2. The final trypsin to apoA-I mass ratio was 

~1:20. After incubating on ice for 10 min the digests were incubated for 18 h at 

37ºC. The digestion solution was removed and gel pieces covered with 200 µl of 

acetonitrile/formic acid/water, v/v/v, 50:5:45. After sitting for 10 min the solvent 

was transferred to a fresh tube. The extraction was repeated and the combined 

aliquots acidified to an HCl:apoA-I ratio of 1:10 (v/v) using 500 mM HCl. After 

incubating the acidified solution for 35 min at 37ºC the sample was centrifuged 

for 10 min at 13,000 rpm. The supernatant was transferred to a fresh tube before 
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mass spectrometry. Survey scans were performed on each peptide mixture using 

a Waters Q-TOF API-US mass spectrometer equipped with a Waters CapLC and 

Advion Nanomate source. Acquisition was controlled by Mass-Lynx™ 4.0 

software. Peptides were loaded onto a PLRP-S trapping column, 0.5 mm 

diameter x 2.0 mm length, containing 3 micron diameter particles with a pore 

diameter of 100 Å. Peptides were loaded onto the trapping column in 

water/acetonitrile/formic acid (97:3:0.2) at 500 nl/min. After switching the trapping 

column in line separation was accomplished on a 0.3 x 150 mm PCRP-S column 

packed with 3 micron particles having 100Å pores at 470 nl/min. The following 

gradient elution was used: solvent A (25 mM formic acid in 97% water and 3% 

acetonitrile) and solvent B solvent B (25 mM formic acid in 3% water 97% 

acetonitrile). The gradient profile was: 2% solvent B for 3 min, a linear increase to 

40% B at 90 min and then to 80% B in 5 min. At 95 min the composition was 

ramped to 2% B over 5 min and equilibrated with 2% B for 30 min. Positive ion 

survey scans were recorded in the continuum mode with a scan window of 300 to 

1500 m/z for 2 s. The source temperature was 80ºC and cone voltage 45 V. 

Experimental m/z was corrected using mouse apoA-I tryptic fragment 7, m/z = 

533.7462. Ions within ±0.051 m/z of the theoretical ions were sequenced. 

Product ion MS/MS spectra were acquired in the continuum mode from 50 to 

1500 m/z using a data directed charge-state selective collision energy and an 

accumulation time of 2s. Sequence analysis of the MS/MS spectra was 

performed with a fragment ion tolerance of ± 0.05 m/z.  

For quantification of the ratio of mature and pro-apoA-I, the N-terminal tryptic 
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peptides for mouse pro-apoA-I (WHVWQQDEPQSQWDK, protonated m/z = 

1996.8942) and mature mouse apoA-I (DEPQSQWDK, protonated m/z = 

1132.4911) were synthesized (GenScript) and the m/z, purity and sequence were 

verified by mass spectrometry. The retention time, mass and sequence were 

used to identify the N-terminal sequence from all samples analyzed. 

For the analysis of intact pro- or mature mouse apoA-I from purified HDL, 

mass spectrometric analysis was performed using a Waters Q-TOF equipped 

with an Advion Triversa Nanomate source, as previously described (50). 

Samples (0.4 µM) were prepared in 1:1 (v:v) acetonitrile-water containing 0.2% 

formic acid and then introduced into the mass spectrometer at 500 nl/min. 

Acquisition parameters were adjusted to maximize resolution. 

Lipid Composition 
Total and FC determination were performed on aliquots from FPLC separated 

and pooled HDL that had been spiked with the internal standard, cholesterol-3,4-

13C2 (Sigma-Aldrich), and subjected to lipid extraction as previously described 

(16). To measure FC an aliquot was removed, evaporated under argon, 

dissolved in hexane and then injected on a Finnigan TSQ Quantum XLS tandem 

mass spectrometer interfaced to a Trace gas chromatograph (GC/MS/MS), as 

previously described (16,44), by SRM with the following parameters in the 

positive ion mode: scan time 0.1 s, collision energy 10V, emission current 25 µA, 

electron energy -42eV, source and transfer line temperature 260°C, flow rate 1 

ml/min. Analysis was carried out using a DB-1 column (10.4 m, 250 µm I.D.) with 

a 0.25 µM film thickness. For quantifying total cholesterol (TC) the remaining 

sample was dried under a stream of nitrogen, redissolved in 1 ml of ethanol, 
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mixed with 100 μl of 50% (w/w) aqueous potassium hydroxide and then 

saponified for 1 hr at 60°C. After extraction TC was measured on the Quantum 

XLS. Cholesteryl ester was calculated as the difference between FC and TC. 

Plasma triglycerides (TG) were analyzed using mass spectrometery from 

mouse plasma after preliminary separation from other polar and nonpolar lipids 

using aminopropyl SPE columns using the procedure of Kaluzny et al. with minor 

modifications (51). The non-polar fraction was dried under nitrogen and loaded 

onto the second SPE column dissolved in 500 µl of hexane. Cholesteryl esters 

were removed from the column with 3-4 ml washes 4% CH2Cl2 in hexane. Then 

triglycerides were eluted with 3-8 ml washes of CH2Cl2:diethyl ether:hexane 

(14:1:84). Quantitation was by gas chromatography mass spectrometry after 

saponification to generate methylated fatty acids (52,53). The fatty acids were 

quantified to obtain the total fatty acid composition. The moles of fatty acids were 

summed and divided by three to obtain the number of moles of triglyceride. C17-

Triglyceride was used as the internal standard. 

RNA Isolation, cDNA Synthesis and qRT-PCR 
Tissues harvested at necropsy were flash frozen with liquid nitrogen and kept 

at -80°C until needed. Briefly, tissue was quickly thawed, weighed and then 

added to a 14 ml screw cap polypropylene tube containing 1 ml of pre-chilled 

TRIzol (Life Technologies). The tissue was immediately homogenized using a 

Polytron PT 1200C homogenizer and RNA isolated following the manufacturer’s 

instructions. Purified RNA pellets were thoroughly resuspended in UltraPure 

water (Sigma-Aldrich) on ice. RNA concentrations were determined at 260 nm 

using a Beckman DU800 spectrophotometer. 
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 Using 1-2 µg of RNA, cDNA was synthesized using the qScript cDNA 

Supermix (Quant BioSciences) according to the manufacturer’s instructions. 

Quantitative Real Time-PCR was performed using Applied Biosystems 7500 Fast 

Real Time PCR system with Fast Start Universal SYBR Green Master Mix 

(Roche Applied Science) according to the manufacturer’s instructions. Reactions 

were set up in triplicate using 1 ug/µl cDNA template. Following amplification, Ct 

values were obtained from Applied Biosystems Sequence Detection Software 

and the ∆Ct values determined for the gene of interest compared to that for 

mouse GAPDH for each animal run as a control. For each tissue the percent 

relative abundance of mouse PCPE2 and PCPE1 were derived from the ∆Ctmax - 

∆Ct / ∆Ctmax) x 100. Primers were designed using the Universal Probe Library 

and purchased from Integrated DNA Technologies.  The following are the 

sequences for mouse SR-BI forward (GCCCATCATCATCTGCCAACT) reverse 

(TCCTGGGAGCCCTTTTTACT) PCPE1 forward 

(TTACGTGGCAAGTGAGGGTTT), reverse (TGTCCAGATGCACTTCTTGTTTG) 

and PCPE2 forward (TCACATGTGGCGGCATTCT), reverse 

(CAGGAAAACCTTCACTGCCAAT). 

Immunoblotting 
 Immunoblotting was performed following total tissue protein isolation following 

extraction using RIPA buffer (Cell Signaling Technologies) or using detergent 

free lipid raft isolation as described. For tissues extracted with RIPA, aliquots of 

equal protein content were run on 12 % SDS PAGE. All sample aliquots were 

diluted with 4X LDS buffer (Novex) to which solid DTT had been added to 

achieve a 100 mM final concentration. Samples were heated to 70oC for 10 min. 
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Transfer to PVDF membrane (Perkin-Elmer) was accomplished after treatment 

with Tris-glycine pH8.3 buffer using a semi-dry blot (BioRad) apparatus for 30 

min at 10V. Membranes were blocked with 5% nonfat dry milk in 10 mM Tris-

glycine, pH7.4 buffer and processed. Primary antibodies used; PCPE1 (Novus 

Biologicals), PCPE2 (Abcam), GAPDH (Ambion), SR-BI (Novus Biologicals) and 

diluted 1:1,000 and incubated with the membrane at 4˚C overnight. The blots 

were washed and then incubated with an HRP-conjugated anti-mouse IgG 

secondary antibody (GE Healthcare) at 1:10,000 dilution for 1 h at room 

temperature. Blots were washed again and then incubated with Supersignal 

West Pico chemiluminescence substrate (Pierce) and visualized with a Fujifilm 

LAS-3000 camera. Band intensities were compared using Multi Gauge software 

(Fujifilm). 

HDL ApoA-I Turnover  
Diet-fed mouse HDL was purified using a combination of ultracentrifugation 

and FPLC. The purified HDL apoA-I was then labeled with 125I- using the 

McFarlane method (54), as previously described (55,56). Sufficient ICl was used 

to have 0.5 moles of radiolabelled iodine for every mole of HDL apoA-I and 

prevent damage to the protein or labeling lipid. Labeled HDL apoA-I was purified 

from free iodine using a desalting column (BioRad) and the eluate exhaustively 

dialyzed against 0.15 M NaCl, pH7.4. On the day of the study, anaesthetized 

mice were retro-orbitally injected with 125I-radiolabeled HDL (10 x 106 cpm) after 

isoflurane administration. Approximately 30 μl of blood was collected from the 

contralateral retro-orbital sinus at 0.08, 0.17, 0.5, 1, 3, 6, 22, 28, and 48 hrs. 

Radioactivity was measured at each time point using a Beckman Gamma 4000 
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counter. Fractional catabolic rates and half-lives of the 125I-labeled HDL were 

determined from plasma decay curves assuming a one-pool model (55). Blood 

volumes were estimated to be 5.85 ml/100 g of body weight. 

Histology and Immunofluorescence Microscopy 
 At the time of sacrifice, a 21 G butterfly was inserted into the left ventricle and 

the atrium was clipped and the heart and aorta perfused with saline for 5 min 

then removed and cleaned of fat and adventitia. Mouse heart and aorta were 

embedded in optimal cutting temperature (OCT) medium and then sectioned for 

staining and immunohistochemistry. For quantification of total and percent lesion 

area, OCT embedded aortas were cut into sequential 6 μm sections using a 

Leica cryostat at -50° C. Tissue sections were stained in 0.5% Oil Red O (ORO) 

dissolved in propylene glycol overnight, then counterstained with hemotoxylin. 

Masson’s trichrome stain was used to assess connective tissue content of aortic 

root. Quantification of staining was performed after sections were digitized using 

a Nikon microscope and Image-Pro Plus 6.2 software then quantified using NIS 

Elements software (Nikon Instruments Inc). Eight to ten sections from intervals of 

30 μm were used for morphological analyses and averaged to obtain a value for 

each animal. Results are expressed as both the percentage of lesion area and 

absolute lesion area.  

 For immunofluorescence microscopy purified rat anti-mouse CD68 (AbD 

FA-11-Serotec) at a 1:100 dilution was used as the primary antibody. Slides were 

incubated for 1 hr in PBS buffer containing 2% fetal calf plasma, washed with 

PBS and then incubated with a 1:300 dilution of Cy3-conjugated goat anti-rat IgG 

antibody (Rockland) for 30 min at room temperature. After briefly washing the 
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slides with PBS they were stained with DAPI to visualize nuclei then mounted 

with Fluoro-Gel (Electron Microscopy Sciences). Immunofluorescence was 

visualized using a Nikon Eclipse TE2000-S microscope and the total and percent 

of CD68 staining was quantified using Nikon Elements Software.  

Picrosirius red staining of mouse tissues was performed on formalin fixed 

tissue embedded in paraffin and then cut serially in 6 µm sections. Collagen 

fibers were stained using picrosirius red (Polysciences Inc) and viewed with 

polarized light as described (57).  

In Vivo Reverse Cholesterol Transport Studies 
 Diet-fed mice received intraperitoneal injection of 0.6 x 106 dpm [3H]-

cholesterol-labeled J774 cells, as previously described (58). Blood was collected 

at 6, 24 and 48 hrs and plasma counted for radioactive content. (59). Feces were 

collected from 0 to 48 hrs and subjected to lipid extraction and then counted for 

radioactive content of neutral and acidic sterols, as previously described (60). 

Tissue Culture and Transfection 
 CHO cells were grown in DMEM/F-12 medium (1:1) supplemented with 

10% (v/v) FBS 100 U/ml penicillin, 100 µg/ml streptomycin and 2 mM L-

glutamine. Transient transfections were performed using Lipofectamine 2000 

according to the manufacturer’s protocol (Life Technologies) using 2.5 µg of 

DNA, 12 µl of Lipofectamine-2000 per well of a confluent 6 well plate. The human 

PCPE2-pCMV6 plasmid used in the transfection was obtained from Origene 

(Rockville, MD) and contains a Myc-DDK tag at the N-terminus which adds 10 

amino acids. 

Selective Uptake of HDL labeled with [3H]cholesteryl oleyl ether 
HDL isolated as described above using a combination of ultracentrifugation 
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and FPLC was labeled with cholesteryl [1a, 2a(n)-3H] oleoyl ether (3H-COE) 

(American Radiolabeled Chemicals Inc) using recombinant CETP (Roar 

Biomedical Inc), as described (61). An aliquot containing 10 µg of labeled HDL 

(based on protein) per ml of plasma-free DMEM medium + 0.5% BSA was 

incubated with confluent CHO cells in 6 well plate at 37oC for 1.5 hr. After 

incubation the medium was removed the cells washed extensively to remove 

surface bound labeled HDL. The cell monolayer was lysed with 1 ml of 0.1 N 

NaOH and aliquots of the lysed cells were counted for their 3H radioactivity 

content and normalized to total cell protein as determined by Lowry assay (62).  

Surface Staining of CHO cells 
 Transfected CHO cells were harvested from 6-well plates and stained for 

SR-BI and PCPE2 using fluorescence-activated cell sorting (FACS), as 

previously described (63). Briefly, 3 X 105 cells were stained with polyclonal 

rabbit anti-SR-BI-APC conjugate (Alexa-fluor 647)  (Bioss) and mouse anti-

MycDDK-FITC conjugate (Alexa-fluor 488) (AbD Serotec) for 30 min at 4°C. 

Samples were washed and resuspended in 2% paraformaldehyde in PBS before 

acquisition of samples using a FACS Calibur (BD Biosciences). 

Statistical analysis 
GraphPad Prism version 5 was used for statistical analysis and the data are 

reported as mean ± SD. Differences between groups were evaluated by 

independent t-tests and by ANOVA with Tukey’s post hoc test. 

RESULTS 
 
The absence of PCPE2 affects lipoprotein distribution and concentration.  

PCPE2 deficient mice in the C57BL/6 background (40) were characterized 

with respect to HDL size and concentration for comparison to the previously 
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published phenotype (41). Figure 1 Panel A shows the cholesterol distribution 

following FPLC separation of the major lipoprotein classes from d<1.225 g/ml 

density fraction. We see that PCPE2 deficient mice possess a greater 

concentration of enlarged HDL particles (dashed line) compared to control mice 

which express PCPE2 (solid line). The increase in HDL cholesterol concentration 

in PCPE2 deficient mice was accompanied by an elevation in plasma apoA-I 

concentrations, as shown in Table 1. These changes in HDL levels were 

independent of significant changes in LDL or VLDL cholesterol levels between 

genotypes. However, a trend to higher plasma triglycerides was observed for 

chow-fed PCPE2 deficient mice but was not statistically significant. Non-

denaturing gradient gel separation confirmed that PCPE2-/- mice had larger HDL 

particle size and diameter compared to HDL from control mice, as shown in 

Figure 1, Panel B, and consistent with the previous study (41). The cholesterol 

to apoA-I composition was determined in HDL particles purified by a combination 

of density ultracentrifugation and FPLC. Figure 1 Panel C shows that HDL 

particles from PCPE2-/- mice were enriched in total cholesterol when normalized 

to apoA-I content, likely accounting for the increase in particle size. However, 

HDL from both genotypes had similar ratios of esterified cholesterol (EC) to total 

(TC) suggesting that plasma LCAT activity was similar for the two genotypes and 

that conversion of FC to EC was not involved in particle enlargement. 



- 127 - 
 

 

 

 

 

 

 

 

 

 

         

 

 

 

 

 

 

Figure 1. PCPE2 deficiency alters lipoprotein cholesterol and particle size. Panel A 
shows FPLC separation of the major lipoprotein classes expressed as cholesterol 
concentration from representative age and gender matched C57BL/6 and PCPE2-/- mice 
fed a chow diet. Panel B shows a Coomassie blue stained 4-20% non-denaturing gradient 
gel separation of d < 1.225 g/ml lipoprotein fraction from chow-fed C57BL/6 and PCPE2-/- 
mice. Panel C-top, shows the HDL composition as total cholesterol (TC) to apoA-I mass 
ratio for HDL after FPLC isolation for each genotype; Panel C-bottom, shows the mass 
ratio of esterified cholesterol (EC) to TC as determined by mass spectrometric analysis and 
ELISA assay, as described in “Experimental Procedures”. Panel D shows FPLC separation 
of the major lipoprotein classes expressed as cholesterol concentration from LDLr-/- and 
LDLr-/-, PCPE2-/- mice fed a chow diet. Panel E shows FPLC separation of the major 
lipoprotein classes expressed as cholesterol concentration from 12 wk atherogenic-diet fed 
LDLr-/- and LDLr-/-, PCPE2-/- mice. Data shown are the mean of n=6 male mice for each 
genotype-condition. Unlike letters indicate statistical significance at p<0.05. 
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               Table 1 

 

Lipoprotein/Lipid+  
 (mg/dl) C57BL/6 PCPE2-/- 

 
Plasma Cholesterol 

 

 
79 ± 14a 

 
121 ± 29b 

 
VLDL-C 

 

 
3 ± 1a 

 
5 ± 3a 

 
 

LDL-C 
 

 
14 ± 3a 

 

 
12 ± 4a 

 
HDL-C 

 

 
55 ± 8a 

 
86 ± 21b 

 
 

Plasma Triglycerides 
 

 
69 ± 11a 

 
78 ± 8a 

 
 

ApoA-I 
 

 
55 ± 14a 

 
98 ± 18b 

Plasma cholesterol and fasting triglyceride concentrations were obtained from 
equal numbers of male and female mice fed a chow diet for 12 weeks. +Each 
lipoprotein cholesterol and apoprotein value represents the mean + SD of n=6 
mice per genotype. Lipoproteins were purified by a combination of 
ultracentrifugation and FPLC their lipid and protein content were determined 
as described in “Experimental Procedures.” Superscripts with different letters 
indicate significant differences at p <0.05. 

 

To investigate the atherosclerotic properties of PCPE2 HDL, PCPE2 deficient 

mice were crossed with the hypercholesterolemic LDL receptor deficient (LDLr-/-) 

mouse, to create LDLr-/-, PCPE2-/- mice. Aliquots of plasma from 12 wk chow-fed 

LDLr-/-, PCPE2-/- mice were centrifuged to obtain the d<1.225 g/ml lipoprotein 

fraction, which was then separated into lipoprotein classes by FPLC. Figure 1 

Panel D shows the lipoprotein cholesterol distribution for LDLr-/-, PCPE2-/- 

(dashed line), and LDLr-/- (solid line). As anticipated, HDL from LDLr-/-, PCPE2-/- 

mice contained larger sized particles as indicated by elution in earlier eluting 
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fractions, as seen in PCPE2-/- mouse plasma (Figure 1 Panel A). The HDL 

cholesterol concentration in LDLr-/-, PCPE2-/- mice was also significantly 

increased compared to LDLr-/- mice, as shown in Table 2. 

Table 2 

 

Lipoprotein/Lipids+ Chow Diet Atherogenic Diet 
(mg/dl) LDLr-/-   LDLr-/- 

PCPE2-/- 
LDLr-/- LDLr-/- 

PCPE2-/- 

 
Total Cholesterol 

 

 
230 ± 
30a 

 
300 ± 34b 

 
1248 ± 
109c 

 
1520 ± 50d 

 
VLDL-C 

 

 
5 ± 1a 

 
4 ± 2a 

 
448 ± 252b

 
703 ± 257c 

 
LDL-C 

 

 
92 ± 7a 

 
88 ± 1a 

 
583 ± 209b 

 
631 ± 126b 

 
HDL-C 

 

 
48 ± 6a 

 
67 ± 8b 

 
52 ± 11a 

 
131 ± 17c 

 
Triglycerides 

 

 
190 ± 
12a 

 
230 ± 30a 

 
310 ± 57c 

 
601 ± 43d 

Plasma cholesterol and fasting triglyceride concentrations were obtained from age 
matched male mice fed chow or an atherogenic diet for 12 weeks. +Each lipoprotein 
cholesterol value represents the mean + SD of values from n=6 mice per genotype. 
Lipoproteins were purified by a combination of ultracentrifugation and FPLC and their 
lipid content determined as described in “Experimental Procedures.” Superscripts 
with different letters indicate significant differences at p <0.05. 

 
Lipoprotein cholesterol distribution was then evaluated after feeding an 

atherogenic diet (43,44,64) for 12 wks with the results shown in Figure 1 Panel 

E. As expected, both LDLr-/-, PCPE2-/- and LDLr-/- mice had substantial increases 

in VLDL and LDL cholesterol levels.  Table 2 shows a comparison of these 

values to their chow-fed counterparts. Interestingly, while diet-fed LDLr-/-, PCPE2-

/- mice did not show a significant difference in LDL cholesterol concentrations 

between genotypes, there was a statistically significant increase (~90%) in VLDL 
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and HDL cholesterol concentration. These results suggest that feeding an 

atherogenic diet to hypercholesterolemic mice that lack PCPE2 appears to also 

affect VLDL in addition to HDL metabolism. 

PCPE2 protects against diet-induced atherosclerosis. 
Groups of male LDLr-/-, PCPE2-/-, LDLr-/- and LDLr-/-, apoA-I-/- mice were fed 

an atherogenic diet. After 12 wk of diet feeding their heart and aortas were 

embedded into OCT, sectioned and stained with Oil Red O (ORO). The extent of 

atherosclerotic lipid accumulation was assessed by staining aortic root sections 

with the neutral lipid stain followed by quantification, as shown in Figure 2 

Panels A. Representative ORO stained aortic root sections are displayed from 

left to right from; LDLr-/-, LDLr-/-, PCPE2-/- and LDLr-/-, apoA-I-/- mice, respectively. 

The neutral lipid staining is expressed as percent ORO lesion area in Panel B 

and as total ORO lesion area as µm2 in Panel C. These data indicate that the 

LDLr-/-, PCPE2-/- mouse aorta showed a statistically significant ~46% increase in 

aortic lipid accumulation compared to LDLr-/- mice, regardless of how the lesion 

area was expressed. Interestingly, LDLr-/-, PCPE2-/- mouse aortic roots 

accumulated as much neutral lipid as did diet-fed LDLr-/-, apoA-I -/- mice 

(43,44,64), which do not express any apoA-I, and lack traditionally defined HDL 

particles in their plasma. Taken together, these results show that higher 

concentrations of enlarged HDL in LDLr-/-, PCPE2-/- mice do not offer significant 

protection against the progression of atherosclerosis. Furthermore, aortic lipid 

deposition in LDLr-/-, PCPE2-/- mice could not be distinguished from that seen in 

mice having no apoA-I-associated HDL, suggesting that the HDL particles in 

LDLr-/-, PCPE2-/- mice are dysfunctional in nature. 
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Figure 2. PCPE2 deficiency exacerbates atherosclerosis despite elevated HDL 
cholesterol levels. Panel A shows representative aortic root sections stained with Oil Red 
O from 12 wk atherogenic diet fed LDLr-/-, LDLr-/- PCPE2-/-, and LDLr-/-, apoA-I-/- mice. Panel 
B shows the quantification of the atherosclerotic lesion area as percent of total aortic area 
while in Panel C as total lesion area in µm2. Panel D shows representative aortic root 
sections stained with fluorescent labeled antibodies to CD68, a macrophage marker, from 
12 wk atherogenic diet LDLr-/- mice, LDLr-/-,PCPE2-/- mice, and LDLr-/-, apoA-I-/- mice fed an 
atherogenic diet for 12 wk. Panel E shows quantification of the macrophage content was 
performed by measuring CD68+ staining over background, as percent of total lesion area 
and in Panel F as total lesion area in µm2. Data represent the mean ± SD, of n=10 male 
mice per group. Unlike letters indicate statistical significance at p<0.05. Fluorescence 
background threshold was set to the intensity of sections receiving the fluorescent-tagged 
secondary antibody, but no CD68 primary antibody. 
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Staining for the presence of CD68+ cells in the aortic root is commonly used 

as a marker for macrophage infiltration. Representative stained aortic root 

sections are shown in Figure 2 Panel D displayed from left to right; LDLr-/-, LDLr-

/-, PCPE2-/- and LDLr-/-, apoA-I-/- mice, respectively. CD68+ staining is expressed 

as percent of CD68+ area in Panel E and as total CD68+ area in µm2 in Panel F. 

As was observed with neutral lipid staining, LDLr-/-, PCPE2-/- and LDLr-/-, apoA-I-/- 

mouse aortas had about a ~45% increase in CD68+ staining cells compared to 

aorta from LDLr-/- mice.  

Reduced collagen content in PCPE2 deficient mice. 
Given the reported procollagen enhancer properties of PCPE2 on BMP1 

catalytic function (65,66) we measured the connective tissue content in the aortic 

root using Masson’s trichrome s. Figure 3 Panel A shows representative aortic 

roots sections from 12 wk diet-fed LDLr-/- and LDLr-/-, PCPE2-/- mice. Adjacent to 

the sections are the quantification of the connective tissue content, as shown by 

dark blue staining for each genotype. Whether the data was calculated as 

percent of connective tissue area or as total connective tissue area (µm2), LDLr-/-, 

PCPE2-/- aorta had ~28% less connective tissue than LDLr-/- aorta using 

Masson’s trichrome staining. Since collagen types I and III are prevalent in 

mouse heart and aorta, it follows that regulation of procollagen processing must 

play an important role in normal tissue maintenance during disease progression 

(67). The reduction in LDLr-/-, PCPE2-/- aortic root connective tissue was 

confirmed by Picrosirius red staining of paraffin embedded aortic root sections 

show in Figure 3 Panel B, section a-f. Here sections a, c and e are different 

views of a representative slide taken from LDLr-/- mouse aortic root, while 
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sections b, d and f are from LDLr-/-, PCPE2-/- mouse aortic root. Figure 3 Panel 

B sections a and b show stained aortic root at 5X magnification using light 

microscopy, while sections c and d show the same slide as above but under 

polarizing filters. Figure 3 Panel B sections e and f are the same slides as 

above but at a 20X magnification under polarizing filters as indicated by the 

boxed area in sections c and d. Birefringence of collagen fibers under polarized 

light show a shift in color between the various components, red, orange, yellow, 

and green and represent the order of decreasing thickness of the fibers. In this 

case, the LDLr-/-, PCPE2-/- mouse aortic root appears to have significantly less 

birefringence of all thicknesses of collagen fibers when compared to LDLr-/- aortic 

root, again confirming the results of the Masson’s trichrome staining. Since 

PCPE1 is highly similar in structure and function to PCPE2 with respect to 

procollagen processing, we examined whether the expression of PCPE1 might 

be elevated in the PCPE2 deficient state. Figure 3 Panel C compares PCPE1 

and PCPE2 mRNA expression in artery and liver from the two genotypes of mice. 

No elevation of PCPE1 was seen in either tissue in light of the absence of 

PCPE2, although these results do show significant expression of both PCPE1 

and 2 in the liver of LDLr-/- mice. 

Based on the mRNA expression data we then examined the Picrosirius 

staining of collagen fibers in the hepatic triad of livers from LDLr-/-, PCPE2-/- and 

LDLr -/- mice, shown in Figure 3 Panel D. Here under polarizing light the 

Picrosirius stained hepatic portal triad from LDLr-/-, PCPE2-/-  was compared to  
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that from LDLr-/-  and shows both the thickness and amount of collagen is 

significantly reduced in LDLr-/-, PCPE2-/-  mice. 

 

 

 

 

 

 

 

 

PCPE2 was not essential for in vivo pro-apoA-I processing. 

PCPE2 had been reported to enhance the BMP1 mediated cleavage of pro-

peptides from procollagen (27,29,68) during assembly in the extracellular matrix. 

Figure 3. PCPE2-deficiency decreases collagen content in aorta and liver. Panel A 
shows representative aortic root sections following Masson’s trichrome staining. Sections 
were obtained from LDLr-/- and LDLr-/-, PCPE2-/- mice fed an atherogenic diet for 12 wk. 
Quantification of the absolute connective tissue area and the percent of total collagen 
content per aortic area are shown adjacent to representative sections from each genotype. 
Data represents the mean ± SD of n=10 male mice per group. Unlike letters indicate 
statistical significance at p<0.05.  Panel B shows representative aortic root sections 
following picrosirius red staining for LDLr-/- in a, c and e and for LDLr-/-, PCPE2-/- b, d and f.  
Bright field 5X images in a and b, while c-f, show polarized images at 5X in c and d and the 
blue boxed regions at 20X in e and f. Panel C shows relative mRNA abundance for 
PCPE2 and PCPE1 in artery (left) compared to the liver (right) for LDLr-/- (gray bar) and 
LDLr-/-, PCPE2-/- (black bar) mice fed an atherogenic diet. Panel D shows representative 
sections of liver from diet-fed LDLr-/- and LDLr-/-, PCPE2 mice stained with picrosirius red 
and viewed using polarized light to show the birefringence of the collagen fibers. 
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These studies suggested that cleavage of apoA-I’s pro-peptide was the rate-

limiting step to form nHDL (36,68,69) and the primary defect in PCPE2 deficient 

mice. Investigators hypothesized that if PCPE2 and BMP1 work together to 

remove the pro-segment of pro-apoA-I, then HDL concentrations in mice lacking 

PCPE2 expression might be affected. Francone et al. measured HDL apoA-I 

from PCPE2 deficient mice by isoelectric focusing and mass spectrometry (41) 

and reported an elevation in the amount of plasma pro-apoA-I over mature apoA-

I. 

To investigate this further, we first measured the ratio of intact pro-apoA-I to 

mature apoA-I in plasma HDL from PCPE2 deficient mice by mass spectrometric 

analyses.  Figure 4 Panels A and B show the masses of directly infused 

delipidated apoA-I from the plasma of C57BL/6, Panel A, and PCPE2-/- mice, 

Panel B, respectively, after transformation of the electrospray spectrum. These 

results demonstrate that in both samples the most abundant mass was 

consistent with mature mouse apoA-I, 27,950±1.4 Da (70), with only a small 

amount of mouse pro-apoA-I, 28,815±1.4 Da, which includes the mass of the 

pro-sequence WHVWQQ. 

To quantify the amount of pro-apoA-I in plasma, the unique T1 peptide for the 

mature apoA-I (DEPQSQWDK) tryptic peptide and for the pro-apoA-I 

(WHVWQQDEPQSQWDK), which includes the additional 6 pro-amino acids, 

were synthesized and used as standards. The sequence of each synthetic 

peptide was verified by MS/MS sequencing and then LC/MS was used to 

establish retention times and ionizability of the two different T1 peptides. The ion 
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current ratio of equal molar amounts of the two, synthetic T1 peptides, T1apoA-

I/T1pro-apoA-I, was found to be 1.07.          

 

 

 

 

 

 

 

 

Figure 4. Mass spectrometric analysis and the ratio of mature to pro-apoA-I in HDL from 
PCPE2-/- mouse plasma. Panels A and B show molecular masses of HDL apoA-I after maximum 
entropy transformation of the electrospray spectrum of FPLC purified HDL apoA-I from chow-fed 
C57BL/6 in Panel A and PCPE2-/- mice in Panel B. The most abundant mass in each spectrum was 
identical within the ±1.4 Da standard deviation to the mass of mature mouse apoA-I, 27,950 Da. The 
minor spectrum peak is consistent with the mass of mouse pro-apoA-I at 28,815 Da. Panels C and 
D show the relative intensity of apoA-I tryptic peptides from LC-MS/MS analysis. ApoA-I from whole 
mouse plasma was separated by 12% SDS-PAGE followed by in-gel trypsin digest and then 
analyzed for the N-terminal tryptic pro-apoA-I peptide and mature apoA-I peptide: C57BL/6 mouse 
plasma in Panel C and PCPE2-/- mouse plasma in Panel D, as described in “Experimental 
Procedures”. Peptides were separated by reverse phase-HPLC and analyzed for tryptic peptide of 
the N-terminal T1 for mature peptide, m/z 1132.48, and the T1 pro-peptide, m/z 1995.88, shown in 
selective ion chromatograms. The mature murine T1 tryptic peptide has the amino acid sequence 
DEPQSQWDK, while the unprocessed pro-form has the sequence WHVWQQDEPQSQWDK.  
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Aliquots of mouse plasma were separated on 12% SDS-PAGE. The gel band 

corresponding to apoA-I at ~28,000 Da was excised and subjected to in-gel 

digestion using trypsin (48). Following digestion, peptides were exhaustively 

extracted from the gel slice, separated by reverse phase-HPLC and identified by 

monitoring the +2 charge state of each peptide, 566.75 m/z for mature apoA-I 

and 998.95 m/z for pro-apoA-I. Figure 4 shows the summed, selective ion 

electrospray mass chromatograms for apoA-I from C57BL/6, Panel C, and 

PCPE2-/- mouse plasma, Panel D. Note that the distribution of both pro- and 

mature apoA-I was virtually identical for both genotypes. The critical factor for 

this analysis is that the molar ion intensities of each peptide were nearly identical; 

therefore, the measured ion intensities could be used to quantify the relative 

amount of each peptide. The interpretation of our data completely changes the 

interpretation based on the previous study (41) that reported an elevation in the 

amount of pro-apoA-I. Thus, our studies suggest that PCPE2 role in HDL 

enlargement is not due to conversion of pro-apoA-I to mature apoA-I. Overall, we 

found that both genotypes had very little, ~4%, pro-apoA-I and these reults 

suggest that although PCPE2 may enhance pro-apoA-I processing in vitro, in 

vivo the absence of PCPE2 does not appear to be rate-limiting. 

PCPE2 affects HDL apoA-I catabolism rates. 
To investigate the possibility that increased concentrations of enlarged HDL in 

plasma was related to reduced catabolism of plasma HDL in PCPE2 deficient 

mice, HDL was purified from the plasma of diet-fed LDLr-/- and LDLr-/-, PCPE2-/- 

mice using a combination of ultracentrifugation and FPLC, then radiolabeled with 

125I. Purified 125I-HDL particles were injected into diet-fed recipient mice and the 
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disappearance of radioactivity from plasma followed with time, as shown in 

Figure 5 Panels A and B. 125I-HDL from LDLr-/- mice injected into LDLr-/- mice 

had a fractional catabolic rate of 0.106 + 0.010 pools/hr as compared to a FCR of 

0.076 + 0.011 when the same HDL was injected into LDLr-/-, PCPE2-/- mice 

(mean + SD of n=3 mice). A similar trend was observed when 125I-HDL from 

LDLr-/-, PCPE2-/- mice were injected into LDLr-/- vs LDLr-/-, PCPE2-/- mice, 

resulting in an FCR of 0.097 + 0.030 vs 0.062 + 0.008, respectively. From these 

data it appears the rate of turnover for HDL isolated from LDLr-/- or LDLr-/-, 

PCPE2-/- mice was a function of the recipient genotype and not a result of HDL 

particle origin. In conclusion, these results suggest that PCPE2 exerts its 

effect(s) on HDL metabolism by assisting in particle remodeling and/or removal. 

There was a trend suggesting that the larger LDLr-/-, PCPE2-/- derived HDL 

particles were removed more slowly in both genotypes, but it did not reach 

statistical significance. 

PCPE2 and reverse cholesterol transport. 
Since PCPE2 is expressed in the extracellular matrix of mouse liver (29) we 

next determined how its absence might alter macrophage to liver reverse 

cholesterol transport (58). To do this diet-fed LDLr-/- and LDLr-/-, PCPE2-/- mice 

received intraperitoneal injection of [3H]-cholesterol loaded J774 foam cells (58). 

The amount of [3H]-cholesterol appearing in plasma and feces was measured for 

0-48 h and the results are presented as percent of injected dose shown in Figure 

5 Panels C and D, respectively. Six hours after the [3H]-cholesterol loaded J774 

cells were injected there was a significant difference in the appearance of [3H]-

cholesterol in plasma between the two genotypes (Figure 5 Panel C). LDLr-/-, 
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PCPE2-/- mouse plasma showed a two-fold higher concentration of [3H]-

cholesterol that remained relatively constant over the course of the study. In 

contrast, LDLr-/- mice showed a comparatively slower increase in plasma 

radioactivity, which reached a maximum by 24 hrs and then decreased by 48 hrs. 

The excretion of neutral [3H]-cholesterol in LDLr-/- mouse feces was statistically 

greater than that in LDLr-/-, PCPE2-/- mouse feces (Figure 5 Panel D). While a 

trend for greater [3H]-acidic sterol excretion was seen for LDLr-/- compared to 

LDLr-/-,PCPE2-/- mice, it was not statistically significant. Together, the plasma and 

fecal analyses indicate in the absence of PCPE2 less macrophage cholesterol 

was removed by the reverse cholesterol transport (RCT) pathway to the liver.  

Although RCT consists of multiple steps it is largely dependent on the 

expression of hepatic SR-BI (71). It is also known that attenuation of SR-B1 in 

mice results in a substantial increase in HDL plasma levels (10). Based on these 

facts, we next examined the expression of SR-BI in the liver of LDLr-/-, PCPE2-/- 

mice by both RTPCR and Western Blot analysis, as shown in Figure 5 Panels E 

and F.  Here an immunoblot probing for mouse SR-B1 using liver extracts from 

two different mice per genotype show that SR-B1 levels in LDLr-/-, PCPE2-/- mice 

are approximately twice that in LDLr-/- mouse livers, while glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) levels were constant. These findings were 

further supported by RT PCR analysis showing a greater abundance of SR-BI 

mRNA in liver from LDLr-/-, PCPE2-/- mice compared to controls (Figure 5 Panels 

F), suggesting that both SR-B1 mRNA as well as protein are up regulated in the 

LDLr-/-, PCPE2-/- mouse liver. This outcome was unexpected since our earlier 
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results showed a reduction in RCT and HDL catabolism and consistent with a 

reduction in SR-BI. These results led us to next focus on measuring the effect of 

PCPE2 expression on SR-BI function.  

 

 

 

 

 

 

 

 

PCPE2 enhances SR-BI cholesteryl ester uptake function. 
To determine how PCPE2 expression might affect SR-BI function we first 

considered testing primary hepatocytes from LDLr-/-, PCPE2-/- and control mice. 

However, PCPE2 presence in the ECM was not compatible with the use of 

collagenase during hepatocyte isolation. In addition, reports cautioning the use of 

Figure 5. Absence of liver PCPE2 affects HDL mediated reverse cholesterol transport and 
SR-BI expression. Panel A HDL from diet-fed LDLr-/- and LDLr-/-, PCPE2-/- mice were purified 
then radiolabeled with 125I, as described in “Experimental Procedures”. Approximately 10 x106 
cpm of 125I-HDL was retro-orbitally injected into diet-fed recipient mice of the indicated genotype. 
Blood was collected from the contralateral retro-orbital sinus at indicated times. Panel B fractional 
catabolic rates of 125I-labeled HDL were determined from plasma decay curves assuming a one-
pool model as described in ”Experimental Procedures”.  Data represent the mean ± SD of n=3 
mice per group. Panel C shows [3H]-cholesterol levels in plasma during macrophage reverse 
cholesterol transport study in LDLr-/- (gray circle) and LDLr-/-, PCPE2-/- (black square) mice fed an 
atherogenic diet. Mice were injected intraperitoneally with [3H]-cholesterol-labeled J774 foam 
cells, as described in “Experimental Procedures”. Panel D shows [3H]-cholesterol in feces after 0-
48 hr collection. Numerical data shown is the mean ± SD of n=5-6 male mice for each genotype. 
Asterisk indicate statistical significance at p<0.001. Panel E shows an immunoblot analysis of 
liver SR-BI levels in atherogenic diet fed mice. Panel F shows relative mRNA abundance of liver 
SR-BI in atherogenic diet fed mice. Data represent the results from n=6-10 male mice per 
genotype. The liver mRNA abundance of SR-BI in LDLr-/- mouse liver was set at 100%. 
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primary hepatocytes when studying SR-BI regulation (72) led us to perform a 

gain of function study in CHO cells (73).  To test the effect of PCPE2 on SR-BI-

mediated HDL cholesteryl ester uptake we first determined the surface 

expression of PCPE2 in CHO cells that were either mock transfected or 

transfected with a plasmid expressing PCPE2 for 24 hrs. Figure 6 Panel A 

shows a histogram of PCPE2 surface expression 24 hrs after transfection 

measured by flow cytometry. The dotted line depicts the expression of PCPE2 in 

control cells, while the shaded solid line depicts the shift in PCPE2 surface 

expression in PCPE2 transiently transfected CHO cells. The 2-fold increase 

(47926 + 1025 vs 21336 + 525, mean + SD, n=3 independent experiments) 

indicates that PCPE2 transfection significantly increased its expression on the 

cell surface, consistent with PCPE2’s known function in the extracellular matrix. 

Next, to test the effect of PCPE2 on SR-BI function, CHO cells were mocked 

transfected or transfected with a construct encoding PCPE2 then assayed for 

their ability to take up HDL cholesteryl ester. The day after mock or transient 

transfection with PCPE2 confluent cell monolayers were washed and then 

incubated with 10 µg of labeled cholesteryl [1a, 2a(n)-3H] oleoyl ether (3H-COE) 

HDL for 1.5 hr in triplicate. Following incubation, the monolayer was washed 

extensively and the cell pellet subjected to radioactivity and protein quantification. 

Figure 6 Panel B shows the results of these studies and suggests that the over-

expression of PCPE2 enhanced the uptake of 3H-COE HDL. This increase in SR-

BI function appeared to be independent of HDL origin, since HDL particles 
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derived from either LDLr-/- or LDLr-/-, PCPE2-/- mice showed a similar extent of 3H-

COE uptake. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. SR-BI functionality is enhanced in the presence of PCPE2. Panel A 
show a histogram of PCPE2 cell surface expression by flow cytometry. CHO cells were 
either mock transfected or control CHO cells (dotted line) or transiently transfected with 
PCPE2 (shaded-solid line). The next day the cells were stained for surface PCPE2 
expression, as described in “Experimental Procedures”. A 2-fold increase (47926 + 1025 
vs 21336 + 525, mean + SD, n=3 independent experiments) in PCPE2 surface 
expression in transiently transfected cells is consistent with PCPE2’s known location in 
the extracellular matrix. Panel B shows the uptake of cholesteryl [1a, 2a(n)-3H] oleoyl 
ether (3H-COE) labeled HDL by control and PCPE2 overexpressing CHO cells, 
expressed as ng HDL taken up per mg cell protein. Confluent wells of CHO cells were 
either mock transfected or transfected with a plasmid encoding PCPE2, as described in 
“Experimental Procedures”. The next day the cells were washed then incubated with 10 
µg of 3H-COE labeled HDL, obtained from either diet-fed LDLr-/- and LDLr-/-, PCPE2-/- 

mouse plasma, as described in “Experimental Procedures” for 1.5 hr. The cells were 
washed extensively then the cell pellet digested in 0.1 N NaOH and its protein and 
radioactivity content quantified as described in “Experimental Procedures”.  Each value 
represents the mean + SD of n=3 wells per condition and three independent 
experiments. Panel C shows an immunoblot of SR-BI and PCPE2 protein expression 
from control and PCPE2 overexpressing CHO cells.  Each lane contains 25 µg of total 
protein. Panel D shows a histogram of surface of SR-BI surface expression in mock 
(dotted line) and PCPE2 transfected CHO (shaded-solid line) cells by flow cytometry. 
Overexpression of PCPE2 leads to a shift to a single population, arbitrarily set by thin 
vertical line) with a significantly higher frequency of SR-BI per cell (50992 + 1070 vs 
36244 + 905, mean + SD, n=3 independent experiments).  
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We next examined the protein extracts from cells that were either mock 

transfected or transfected with PCPE2 using immunoblot analysis, as shown in 

Figure 6 Panel C. In this study, the total cellular SR-BI protein was unchanged 

by PCPE2 over-expression. PCPE2 protein levels were increased with 

overexpression, as identified by the 1.2 kDa increase in the endogenous 

molecular weight due to the MycDDK tag on the exogenously expressed PCPE2.  

To further explore the mechanism behind PCPE2 enhancement of SR-BI 

function, mock and PCPE2 transfected CHO cells were stained and analyzed for 

SR-BI surface expression using flow cytometry. Figure 6 Panel D shows a 

histogram of surface SR-BI expression in control cells as indicated by a dotted 

line, and in cells overexpressing PCPE2, denoted by a solid line. Interestingly the 

control cells contain two populations of cells, one characterized by a low surface 

frequency of SR-BI per cell, and a second population with a significantly higher 

frequency of SR-BI per cell. Upon overexpression of PCPE2 a shift to one 

population with a significantly higher frequency of SR-BI per cell is observed 

(50992 + 1070 vs 36244 + 905, mean + SD, n=3 independent experiments). 

These results suggest that PCPE2 may act to enhance SR-BI function by 

promoting or maintaining SR-BI expression on the cell surface. 

DISCUSSION 
The current studies show for the first time that PCPE2, an extracellular matrix 

associated protein, confers athero-protective function to HDL in vivo.  Mice 

expressing PCPE2 had decreased aortic neutral lipid deposition and CD68+ 

immune cell infiltration (Figure 2) vs mice lacking PCPE2. What makes our 

findings so intriguing is that high plasma levels of enlarged HDL in mice lacking 
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PCPE2 led to increased atherosclerosis, instead of displaying greater protection 

as one might assume from epidemiological association studies. Thus, the 

implication is that in the absence of PCPE2, HDL particles are dysfunctional with 

regard to their ability to protect against the progression of atherosclerosis. 

However, we show that dysfunction resulted from reduced HDL cholesterol 

catabolism via SR-BI and was not related to changes within the particle itself 

(Figure 5 Panels A-D). Surprisingly, the extent of atherosclerosis in LDLr-/-, 

PCPE2-/- mice was indistinguishable from that in LDLr-/-, apoA-I-/- mice, which 

lack any apoA-I-containing HDL (44). Although both LDLr-/-, PCPE2-/- and LDLr-/-, 

apoA-I-/- had identical atherosclerosis there was an uncoupling of atherosclerosis 

from plasma cholesterol levels (74). LDLr-/-, apoA-I-/- mice had no HDL and half 

the circulating LDL cholesterol levels as diet-fed LDLr-/- mice (43) while, in 

contrast, LDLr-/-, PCPE2-/- mice had higher HDL cholesterol concentrations. 

These findings suggest that the term dysfunctional HDL, e.g. HDL that was not 

athero-protective, should be revised and that HDL-related dysfunctionality can be 

caused by blockage in RCT at any of the many individual steps in the overall 

pathway.  

We next examined the possibility that PCPE2 conferred athero-protection to 

apoA-I by enhancing BMP1 mediated catalytic cleavage, converting pro-apoA-I 

to mature apoA-I, and ultimately stimulating ABCA1 mediated cholesterol flux 

(26,41). PCPE2 was previously shown to have a high affinity for apoA-I using 

both surface plasmon resonance and selective co-immuno-precipitation (26). 

However, our studies show conclusively that pro-apoA-I processing was not 
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altered in PCPE2 deficiency (Figure 4). This was demonstrated by measuring 

the ratio of mature to pro-apoA-I in PCPE2-deficient mouse plasma using two 

different mass spectrometric approaches. The absence of PCPE2 did not affect 

the circulating levels of pro-apoA-I in vivo, which remained around 3-6% of total 

apoA-I for both PCPE2-replete and PCPE2-knockout mice. Although PCPE2 

enhanced pro-apoA-I processing in vitro, its absence in vivo did affect the ratio of 

pro- to mature apoA-I. This observation was not unexpected, because PCPE2 is 

not essential for catalytic cleavage of pro-apoA-I by BMP1 (36,37). Theoretically, 

PCPE2 may limit BMP1-mediated processing of pro-apoA-I under high substrate 

conditions, as was reported for the processing of procollagen in the heart 

following chronic pressure overload (67). 

Insight into the molecular mechanism of PCPE2’s protective function came 

from our HDL clearance studies (Figure 5 Panels A-B) where the fractional 

clearance of HDL was delayed in PCPE2 deficient mice, regardless of the source 

of the HDL. A slower catabolic turnover resulted in increased HDL concentration, 

which ultimately caused HDL particle enlargement (Figure 1). Increased HDL 

size and concentration in PCPE2 deficient mice was reminiscent of that reported 

for SR-B1 deficient mice (75) where hepatic specific SR-BI deficient mice were 

reported to have higher plasma HDL levels than controls, with greater aortic 

lesion formation. Since hepatic SR-BI mediates selective uptake of HDL 

cholesteryl esters and their removal from circulation for excretion into bile (71), it 

was concluded that SR-BI is a positive regulator of macrophage reverse 

cholesterol transport in mice. The significance is also seen in humans. Recent 



- 146 - 
 

reports show that SR-BI genetic variants have greater HDL plasma 

concentrations and reduced efflux from macrophages (76-79) leading to greater 

risk for CVD in these individuals. 

As in SR-BI knockout mice, our studies also showed a macrophage to fecal 

RCT rate significantly lower in LDLr-/-, PCPE2-/- mice compared to controls. 

Interestingly, this occurred despite a 2-fold higher level of SR-BI protein in the 

liver LDLr-/-, PCPE2-/- mice (Figure 5 Panels C-F). These results prompted us to 

consider how PCPE2 might influence hepatic SR-BI function. Like SR-BI, PCPE2 

is found on the surface of the cell. Although not a receptor or an enzyme, PCPE2 

is known to be an enhancer protein participating in procollagen processing and to 

be abundantly expressed in the heart, aorta, adipose, and trabecular meshwork 

(27,29,35). Our own studies confirm and extended these findings by showing a 

profound reduction in connective tissue content in both the aortic root and the 

hepatic triad in mice lacking PCPE2 (Figure 3 Panels A-D).  

PCPE1, related to PCPE2, also stimulates the rate of C-terminal processing 

of fibrillar procollagen (29,35,80) and possesses a C-terminal netrin-like domain 

that binds heparan sulfate proteoglycan (HSPG) anchoring the enhancer protein 

to the ECM. Both PCPE1 and PCPE2 have 2 CUB domains separated by a short 

linker region (81-83) with each domain of about 110 residues containing a β-

sandwich fold that mediates a variety of protein-protein interactions. The CUB 

domains also contain a homologous Ca2+ binding site that mediates ionic 

interactions between protein partners, similar to that described in the low density 

lipoprotein receptor family (30). Despite the similarity in structure between 
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PCPE1 and 2, we did not observe any increase in PCPE1 expression as a result 

of PCPE2 deletion (Figure 3 Panels C and D). 

To understand the mechanism explaining PCPE2’s influence on SR-BI 

functionality we first measured SR-BI surface expression on CHO cells 

transiently transfected with a plasmid encoding human PCPE2 (Figure 6 Panel 

A). A 2-fold increase in PCPE2 expression was observed by the shift in intensity 

and number of cells expressing PCPE2. This was further demonstrated by 

showing the relative levels of endogenous to exogenous PCPE2, by virtue of the 

10 amino acid tag contained in the PCPE2 plasmid construct (Figure 6 Panel C). 

Overexpression of PCPE2 in CHO cells did not change SR-BI protein levels as 

determined by immunoblot analysis, in contrast to liver SR-BI expression in 

PCPE2 knockout mice vs controls. This may likely reflect the transient nature of 

the in vitro experiment. However, when uptake of 3H-COE labeled HDL was 

measured under the same conditions, PCPE2 overexpression increased 3H-COE 

uptake nearly 2-fold (Figure 6 Panel B), and shifted the intensity of SR-BI 

staining on the surface of the cell (Figure 6 Panel D). These results strongly 

suggest that SR-BI mediated 3H-COE removal from HDL is highly influenced by 

surface bound PCPE2. The mechanism explaining PCPE2’s influence on SR-BI 

uptake of HDL CE may involve oligomerization of SR-BI with itself, with PCPE2 

or with other membrane bound proteins. Previous studies have demonstrated 

that SR-BI forms dimers and tetramers on the cell surface and that its self-

association is important for function (84-86) by forming a hydrophobic channel 

that facilitates the delivery of cholesteryl ester from HDL to the cell. While 
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putative SR-BI oligomerization domains are thought to localize to the 

transmembrane, it has been proposed that the extracellular domain of SR-BI may 

also contribute to its oligomerization. (87). In the current studies, the shift in SR-

BI surface stain intensity (Figure 6 Panel D) suggests a significant change in 

SR-BI conformation and its binding properties with the staining antibody which 

binds to the extracellular domain of SR-BI corresponding to residues #38-440.  

The impact of PCPE2 on SR-BI functionality in the liver is more easily 

explained as we demonstrated a slower plasma HDL turnover as well as a 

reduction in macrophage to fecal delivery of cholesterol in PCPE2 deficient mice. 

However, the observation that the aortic lipid and immune cell infiltration were 

greater in mice lacking PCPE2, despite elevations in HDL cholesterol, highlights 

the importance of aortic SR-BI function as a critical determinant in preventing the 

progression of atherosclerosis. The manner in which SR-BI mediates aortic 

cholesterol homeostasis is a grossly understudied area and not thoroughly 

understood. 

In conclusion, our studies show for the first time that an extracellular matrix 

protein, PCPE2, is essential for the integrity of the HDL-mediated cholesterol 

transport system. These studies also show that simply measuring plasma HDL 

concentration to assess one’s risk of CVD can be misleading. Rather, a 

combination of HDL production, catabolism and concentration is essential for a 

precise analysis of HDL function. Most interestingly, we show that PCPE2 

contributes to SR-BI function by enhancing the rate of HDL cholesteryl esters 

uptake thereby, stimulating the RCT pathway. Since the molecular events that 
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drive selective uptake of cholesteryl esters from HDL particles via SR-BI at the 

cell surface have yet to be delineated these new studies will hopefully renew 

interest and lead to further discoveries in the field. 
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CHAPTER V. DISCUSSION 

Summary of Results and Proposed Mechanism 

 In this work, we have determined the structure of human lipid-free 

apolipoprotein A-I (apoA-I) in solution using chemical cross-linking in conjunction 

with disulfide cross-linking using selective cysteine mutations to determine 

distance constraints. Given the numerous biophysical approaches used to 

examine apoA-I structure due to the dynamic nature of the protein, there is a 

general consensus that lipid-free apoA-I exists as a 4-helix bundle and transitions 

to a “belt” conformation as high density lipoprotein (HDL) particles form. Our 

results demonstrate that lipid-free apoA-I is compact with 4 helical regions, amino 

acids 44-186, tightly associated. Reports show HDL biogenesis begins with 

ABCA1-mediated cholesterol efflux to apoA-I spontaneously forming different 

size nascent HDL (nHDL) particles that contain distinct lipid to apoA-I ratios not 

affected by a precursor-product relationship (1-4). Exactly how apoA-I transitions 

from lipid free to lipid-bound state is not clearly understood. As lipid-free apoA-I 

opens to form nHDL, the 4-helix bundle reorganizes such that hydrophobic faces 

are exposed to bind lipid. Using disulfide containing apoA-I to monitor helical 

participation during particle formation, our lipid binding studies illustrate that the 

N- and C-termini have minor roles in apoA-I lipidation while the central domain, 

helices 4-6, is essential for rHDL and nHDL particle formation. 

 We also report a novel role for procollagen C-endopeptidase enhancer 2 

(PCPE2), a glycoprotein found in the extracellular matrix, in the regulation of HDL 

metabolism. Previous studies have shown a significant correlation between 

PCPE2 single nucleotide polymorphisms and serum HDL cholesterol 
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concentrations. Our interest in PCPE2 prevailed when mice lacking PCPE2 

displayed defective HDL characteristics through their inability to efficiently efflux 

cholesterol despite increased plasma HDL levels, a paradox given that 

epidemiological studies avidly demonstrate that increased plasma HDL levels 

reduce cardiovascular disease risk. We found that Western diet fed LDLr-/-, 

PCPE2-/- mice have more enlarged circulating HDL that results in increased 

aortic root lipid deposition and macrophage infiltration compared to LDLr-/- mice. 

Interestingly, the level of atherosclerosis in the aortic root was similar to mice 

lacking LDL receptor and apoA-I which do not have circulating HDL. PCPE2 

deficient mice also showed reduced HDL apoA-I fractional clearance and reverse 

cholesterol transport rates compared to LDLr-/- mice suggesting that PCPE2 

plays a significant role in HDL remodeling and/or cholesterol uptake by the liver. 

Studies show SR-BI deficient mice exhibit increased HDL levels and increase 

atherosclerosis compared to control (5). Therefore, we examined SR-BI levels to 

determine whether PCPE2 attenuated SR-BI expression. To our surprise, we 

found that SR-BI protein and mRNA levels were elevated in LDLr-/-, PCPE2-/- 

mice. We next examined the effect of PCPE2 on SR-BI function by incubating 3H-

cholesteryl ether (3H-CE) enriched HDL from LDLr-/-, PCPE2-/- mice and LDLr-/- 

mice with CHO cells overexpressing PCPE2. CHO cells expressing PCPE2 

increased 3H-CE HDL uptake independent of HDL particle origin. Western Blot 

analysis showed no difference in SR-BI expression between control and PCPE2 

transfected CHO cells, suggesting that PCPE2 enhanced SR-BI function and 

promoted HDL cholesterol ester uptake. 
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 In summary, we believe that the central domain of apoA-I is essential for 

rHDL formation as well as ABCA1-mediated cholesterol efflux to generate nHDL. 

The N-and C-termini assist in the initial opening mechanisms of the 4-helix 

bundle that permits exposure of the hydrophobic residues within central helices, 

4-6, for efficient particle production. This central region has a more pronounced 

role in the generation of rHDL. ABCA1-facilitated lipidation of apoA-I indicted a 

more complex picture where even modest amino acid substitutions had a more 

substantial role in the overall lipidation process. We have also identified PCPE2 

as a novel player in HDL metabolism that enhances cholesterol ester uptake by 

SR-BI and may play a role in HDL remodelling in the arterial wall. We conclude 

that PCPE2 is atheroprotective and an essential component of the reverse 

cholesterol transport system. How PCPE2 affects metabolism will be the subject 

of future research. 

Connection between Atherosclerosis, Plasma HDL and Cholesterol Efflux 

Large-scale human population studies establish that elevated plasma 

concentrations of HDL are inversely correlated with CVD risk (6-8). However, the 

ability to replicate this phenomenon in clinical trials has not proven efficacy in 

reducing cardiovascular events suggesting that the atheroprotectiveness of HDL 

is not exclusively dependent on its plasma concentration (9, 10). These findings 

led to a reevaluation of how HDL functions to reduce CVD risk. One of the 

atheroprotective features of HDL is widely attributed to its role in the RCT 

pathway with the removal of excess cholesterol from peripheral cells that is then 

transported to the liver for excretion (11-13). In this pathway, ABCA1 mediates 

the efflux of cholesterol onto lipid-poor apoA-I to generate nHDL particles, a rate-



- 164 - 
 

limiting step in RCT (13). Interestingly, significant differences were observed in 

the cholesterol efflux capacity of serum from multiple healthy individuals with 

similar plasma HDL concentrations, suggesting that HDL cholesterol efflux 

capacity is a better predictor of CVD risk than HDL concentrations alone (14).  

Because apoA-I is the principal protein component of HDL, the structure and 

function of HDL can be monitored by understanding the dynamics of the protein 

during HDL biogenesis and delineating key roles of the 10 amphipathic helices 

within apoA-I. Therefore, the goal of our studies was to determine the helical 

participation and reorganization that takes place as lipid-free apoA-I acquires 

lipid and interacts with ABCA1 to generate nHDL. 

Lipid-Free Conformation of ApoA-I and Helical Characteristics 

The structure of apoA-I, the predominant protein in HDL, has been 

extensively studied for over 40 years and our model of human apoA-I in solution 

is in general agreement with previous studies.  It is generally accepted that the 

secondary structure of apoA-I with 11- and 22 amino acid repeats is primarily α-

helix with bends punctuated by prolines and other helix-breaking amino acid 

combinations (15). Many biophysical studies have shown that lipid-free apoA-I 

assumes a compact structure with the helices folded back on one another. 

Brouillette et al conducted limited proteolysis and showed primary cleavage at 

the extreme carboxy-terminus of apoA-I but to a lesser extent in the central 

region, amino acids 115 and 136, suggesting that the C-terminus was flexible 

while the 190 N-terminal residues were predominantly folded into a helical 

structure (16).  
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As a starting point to determine the structure of lipid-free apoA-I, we used 

the apoA-I structural analysis by Silva et al (17) and reports by Rogers et al (16, 

18, 19).  Our approach to understand lipid-free apoA-I structure in solution 

combined intra- and intermolecular chemical cross-linking analysis using 

Bis(sulfosuccinimidyl) suberate (BS3) with disulfide containing apoA-I to 

determine distance constraints. The thiol moieties have Cα-Cα cysteine – cysteine 

interactions with a maximal distance of 6.8 Å indicating that the residues lie close 

together (20). Our results illustrated that apoA-I is compact with roughly four 

helical domains, residues 44-186, bundled together. Formation of the Cys200-

Cys233 disulfide bond suggests that the C-terminal end folds back upon itself.  

The C-terminal end of the proposed structure is more exposed to solvent 

suggesting that it would be susceptible to proteolytic digesting. This feature is 

consistent with a structure in which the central helical domains contain 

considerable helical structure with the potential to undergo cooperative unfolding 

(19, 21, 22). The absence of an extensive amount of interpeptide crosslinks 

indicates that the C-terminal end is not as tightly associated with the core of the 

helix bundle as is the N-terminal region. However, two BS3 crosslinks, Lys239 and 

Lys195 to Lys40 and Lys12, show that the C- and N-terminal ends, amino acids 1-

43 and 187, respectively, lie close to one another.    

In comparison to other lipid-free apoA-I structures reported, our proposed 

model generally agrees that apoA-I is a compact helix bundle with the N-and C- 

termini lying close to one another. Silva et al also used chemical cross-links 

combined with mass spectrometry and sequence threading to determine apoA-I 
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structure in solution (17). Our study found 8 of the 10 crosslinks reported by Silva 

et al and found an intrapeptide cross link, Lys45 to Lys59, not reported in the 

former study. Cross links Lys40 to Lys133 and Lys182 to Lys239 eliminate the 

concept that lipid-free apoA-I exists as an extended structure as reported with 

truncated apoA-I crystal structures (23, 24).   

In conclusion, these studies suggest that lipid-free apoA-I in solution is an 

oblate spheroid with the helical regions 1 through 7 associated in a four-helix 

bundle. The N-and C-terminal ends are close to one another and the C-terminus 

is not as tightly associated with the helix core bundle. The conformation of lipid-

free apoA-I is contrasted to apoA-I in rHDL, nHDL or mature HDL in which apoA-I 

has extended to a more open conformation. These studies also provided a 

template to engineer double-cysteine containing apoA-I that were within 3-5Å to 

conduct mutagenesis studies to enhance the understanding of lipid-free apoA-I 

opening mechanisms and helical reorganization upon lipid accumulation. 

Specific ApoA-I Helical Domains involved in nHDL Formation 

ApoA-I interactions with ABCA1 at the plasma membrane generate nHDL 

of different sizes and compositions. Our studies focused on understanding the 

molecular basis for the heterogeneity and delineate the helices within apoA-I that 

were responsible for lipid binding and nHDL production. We examined helical 

reorganization and participation in particle formation using double cysteine-

containing apoA-I designed to lock and prevent helices from forming particles, an 

approach previously used by investigators to determine helical opening 

mechanisms in apoE and apolipophorin III (25, 26).    
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We first determined how each of the mutants was lipidated when the thiol 

moiety of cysteine was prevented from disulfide formation (locking). After 

incubating POPC with apoA-I at an 80:1 molar ratio to generate rHDL, most of 

the mutants formed 9.6-9.8 nm diameter particles with compositions similar to 

wild-type apoA-I. The exception was with E34C-S55C apoA-I rHDL which had an 

approximately 30% reduction in the incorporation of POPC suggesting that 

glutamic acid at position 34 may have an important charge interaction that 

stabilizes rHDL. Within the N-terminus, D13C-V67C apoA-I generated 9.6 nm 

rHDL particles with a composition very similar to the molar POPC: ApoA-I 

compostion of wild-type rHDL. Although cysteines at residues 13 and 67 should 

not lock in the lipid-free state, this was not the case when lipidated, where it was 

found that 13 and 67 were locked showing that they had moved close to one 

another.  These observations suggest that different areas of the N-terminal 

region may have different roles in binding lipid. Preventing the opening of the C-

terminal domain, helices 8 through 10, gives particles that were similar to the size 

and composition of wild-type apoA-I. However, when the central domain, helices 

4-6, was prevented from participating in particle formation of a barely detectable 

particle was seen after gradient gel separation followed by staining with 

Coomassie Blue. Analysis of the solution composition showed significantly 

reduced lipidation compared to wild-type apoA-I. These results suggest that the 

N-terminus through helix 2 as well as helices 8 through 10 of apoA-I play a minor 

role in the synthetic production of POPC containing rHDL, but emphasize the 
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importance of the central domain, helices 4-6, opening to accept lipid during 

rHDL formation.  

Previous investigations examining rHDL formation in the absence of 

residues 139-170 have shown minimal differences in rHDL composition and size 

compared to N- and C- terminally truncated mutants and suggested a non-critical 

role for the central domain in helix-helix interactions (27, 28). Other studies have 

established that helices 4 through 6 promote the helix 5/5 registry orientation of 

multiple apoA-I molecules (29-32). Our data confirm that helices 4-6 are 

necessary for multimeric apoA-I interactions and is essential for rHDL formation 

from our POPC:apoA-I composition analysis as well as nHDL formed by  ABCA1 

interactions. Previous investigations examining rHDL formation in the absence of 

residues 139-170 have shown minimal differences in rHDL composition and size 

compared to N- and C- terminally truncated mutants and suggested a non-critical 

role for the central domain in helix-helix interactions (27, 28). Synthetic as well as 

human plasma HDL particles have been examined to contain multimers of apoA-I 

that lie juxtaposed with a fixed or “variable registry” between repeats 5 and 5, 5 

and 6 or 6 and 6 (33). HDL maturation through LCAT activation is also known to 

be sensitive to helix 6 of apoA-I (34, 35). Taken together, apoA-I helices 4 

through 6 exhibit lipid binding properties that are essential for full opening of 

apoA-I to expose the hydrophobic residues embedded in the 4-helix bundle of 

lipid-free apoA-I.  

Locking the cysteines had a more pronounced effect on lipidation with 

ABCA1 expressing HEK 293 cells. Mutant D13C-V67C apoA-I, which when 
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unlocked suffered only a minor decrease in lipidation, while E34C-S55C showed 

a 30% decrease. These changes suggest that different regions of the N-terminus 

may have discrete sensitivities to change in conformation. N terminal mutations 

of apoA-I on HDL biogenesis have been extensively studied (36, 37).  Using 

J774 macrophages, other investigators have shown that the deletion of the 

globular domain and helix 1 did not appreciably diminish cholesterol efflux to 

apoA-I to an appreciable extent using J774 macrophages, but LCAT activation 

was significantly reduced (38). ApoA-I N-terminal mutations result in reduced 

apoA-I and plasma HDL levels (39, 40). Additionally, Smith et al highlighted a 

unique role for ABCA1 and the unfolding of the N-terminus of apoA-I (41). 

Locking the C-terminus reduced lipidation by 30%. Given the suggestions that 

the C-terminus is important in lipid binding for ABCA1-mediated lipidation of 

apoA-I, this study suggests that C-terminal opening may not be critical for 

lipidation. However, locking the central region reduced lipidation by 

approximately 40%.  

Our analyses suggest that while opening of the central region is essential 

for synthetic lipidation that yields discoidal rHDL, the story is substantially more 

complex for lipidation by ABCA1. These studies suggest that very little lipidation 

takes place if the central helices cannot pull apart and fully open to accept lipid. 

These findings are consistent with other studies that show the central domain 

can efficiently promote ABCA1-mediated cholesterol efflux in the absence of 

other domains (42). However, the lipidation process is sensitive to amino acid 

substitution. These substitutions may 1) prevent the formation of intramolecular 
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and intermolecular salt-bridge interactions that are necessary, but not essential 

for lipid transfer, or 2) may cause subtle changes to apoA-I structure that hinder 

binding to ABCA1.  The specific apoA-I domains identified in our study shed 

insight on the production of HDL in the presence of ABCA1 and the effects of 

HDL particle production when these apoA-I domains are impaired from 

participating in particle formation. 

Connection between ABCA1, HDL and PCPE2 

Many studies suggest that accessory proteins located at the plasma 

membrane assist in the ABCA1-mediated assembly of nHDL (43-46). The 

discovery that an extracellular matrix protein (ECM), bone morphogenetic protein 

1 (BMP1), was responsible for the cleavage of the hexapeptide prosequence of 

apoA-I stimulated interest in ECM proteins and the regulation of apoA-I 

processing (47-52).  PCPE2, a glycoprotein located in the ECM, has been shown 

to enhance the proteolytic activity of BMP1 on pro-apoA-I. Interestingly, human 

population studies have shown a significant correlation between PCPE2 single 

nucleotide polymorphisms and HDL cholesterol concentrations. Mice lacking 

PCPE2 have elevated levels of enlarged HDL that is associated with defective 

cholesterol efflux (53). Although PCPE2 has not been extensively studied, these 

findings suggest a role for PCPE2 in HDL metabolism. The focus of our study 

was to investigate whether the elevated HDL in PCPE2 deficient mice was 

atheroprotective or atherogenic and further define the role of PCPE2 in 

atherosclerosis. Our initial speculations on the mechanism assumed that PCPE2 

participated in ABCA1-facilitated lipidation of apoA-I. Experimental studies 

suggested that PCPE2 affected other parts of the pathway. 
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As expected, PCPE2 deficient mice lacking the LDL receptor (LDLr-/-, 

PCPE2-/-) fed an atherogenic diet have elevated enlarged HDL compared to 

LDLr-/- control mice. Aortic root lipid deposition and macrophage infiltration was 

increased in the absence of PCPE2 suggesting that PCPE2 protects against 

atherosclerosis. We conducted HDL turnover studies to determine if the elevated 

HDL concentrations were a consequence of reduced HDL catabolism. The 

turnover rate of HDL isolated from LDLr-/-, PCPE2-/-or LDLr-/- HDL reinjected into 

PCPE2 deficient mice catabolized more slowly compared to LDLr-/- control mice. 

These results suggest that the dysfunction associated with enlarged HDL in 

PCPE2 knockout mice does not reside on the particle itself. Instead, it appears 

that HDL dysfunction is a result of the absence of PCPE2 at the site of HDL 

remodelling and/or uptake.  To better understand the reduced rate of HDL 

catabolism in PCPE2 deficient mice, we investigated the role of SR-BI in the 

absence of PCPE2. 

Connection between PCPE2, HDL and SR-BI 

Balancing cholesterol acquisition by HDL to complete the RCT pathway is 

its cholesterol deposition mediated by SR-BI (54). The larger sized HDL particles 

and elevated concentrations in mice lacking PCPE2 is reminiscent of changes in 

HDL composition and catabolism as reported in SR-BI knockout mice (55). 

Hepatic SR-BI deficient mice had higher plasma HDL levels than controls but had 

greater aortic lesion formation (56). Many other studies show an atheroprotective 

role for SR-BI (57-60). The significance of SR-BI function is also seen in humans. 

Recent reports show that SR-BI genetic variants have greater HDL plasma 
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concentrations and reduced efflux from macrophages (61-64) leading to greater 

risk for CVD in these individuals. 

As in SR-BI knockout mice, our studies also showed a reduction in 

macrophage to feces RCT rate in mice lacking PCPE2 compared to controls. 

Interestingly, this occurred despite a 2-fold higher level of SR-BI protein in the 

liver of LDLr-/-, PCPE2-/- mice. These results prompted us to consider how 

PCPE2 might influence hepatic SR-BI function. PCPE2, like SR-BI, is found on 

the surface of the cell. PCPE2 is not a receptor or enzyme, but is known to be an 

enhancer protein that participates in procollagen processing and is abundantly 

expressed in the heart, aorta, adipose, and trabecular meshwork (65-67). Our 

studies confirm and extended these findings by showing a profound reduction in 

connective tissue content in both the aortic root and the hepatic triad in PCPE2 

deficient mice compared to controls. 

To explain the influence of PCPE2 on SR-BI functionality, we examined 

the surface expression of SR-BI on transiently transfected PCPE2 CHO cells. A 

2-fold increase in PCPE2 endogenous and exogenous expression was observed 

by the shift in intensity and number of cells expressing PCPE2 as analyzed by 

FACS. When uptake of 3H-COE labeled HDL was measured using CHO cells, 

PCPE2 overexpression increased 3H-COE uptake nearly 2-fold, and shifted the 

intensity of SR-BI staining on the surface of the cell. These findings strongly 

suggest that SR-BI mediated 3H-COE removal from HDL is highly influenced by 

surface bound PCPE2 and its interaction with SR-BI. In composite, our studies 
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suggest that PCPE2 confers atheroprotection by a mechanism that likely involves 

the regulation of SR-BI mediated cholesterol ester uptake.  

Overall Conclusion and Significance 

The studies conducted herein provide evidence for the lipid-free apoA-I 4-

helix bundle opening mechanism assisted by the N-and C- termini and the 

essential involvement of the central domain, helices 4-6, for efficient apoA-I 

lipidation and HDL particle formation. In addition to our HDL metabolic studies, 

we determined a novel role for the extracellular matrix glycoprotein, PCPE2, to 

reduce atherosclerosis and regulate HDL cholesterol ester uptake by SR-BI. 

These findings significantly enhance the field of HDL therapeutics because it 

addresses specific apoA-I helical interactions with ABCA1 in the production of 

nHDL and further defines the disconnection between HDL functionality and HDL 

concentration and its relevance to cardiovascular disease reduction. 

Future Directions 

This project would be further benefitted by performing a direct assessment 

of the cholesterol efflux capacity of apoA-I helical domains within the N- and C- 

termini as well as the central domains. To conduct these studies, double cysteine 

containing apoA-I designed to “lock” at specific helices will be added to 3H-

cholesterol loaded J774 macrophages which express ABCA1 and then incubated 

for 4, 8, 12, and 24 hours. Cells and media will be isolated at the given times and 

assessed for remaining 3H-cholesterol within the cells. The results of these 

studies would provide further insight into how the specific domains within apoA-I 

reorganize and interact with the cell surface to package cholesterol. 
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Additionally, this project would be further benefitted by assessing the 

effects of PCPE2 on SR-BI organization at the cell surface. PCPE2 and SR-BI 

share extracellular matrix localization that may be required for efficient 

oligomerization of SR-BI to promote its functionality. To better understand the 

influence of PCPE2 on SR-BI cell surface organization, we would obtain cell 

lysate from PCPE2 expressing CHO cells and conduct perfluoro-octanoic acid 

(PFO) – PAGE to analyze protein-protein interactions of membranous SR-BI.  

We would then transfer the proteins to a nitrocellulose membrane and 

immunoblot for SR-BI protein. Our FACS data regarding SR-BI cell surface 

expression shows a shift in SR-BI stain intensity when PCPE2 is overexpressed 

in CHO cells suggesting a change in the organization of SR-BI at the cell surface 

that increases the exposure of antibody binding sites. These findings would 

further define the role of PCPE2 and its enhancement of SR-BI mediated HDL 

cholesteryl ester uptake. 
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