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ABSTRACT  

Apolipoprotein A-I is a key protein for the biogenesis of High Density Lipoproteins and 

protects from atherosclerosis. Mutations in apoA-I gene are associated with low HDL 

levels and predisposition to atherosclerosis. The purpose of the present thesis was to 

explore the structure-function relationship in human apoA-I and the role of specific 

amino acid residues in HDL biogenesis and maturation. The thesis is organized in two 

parts. 

Part I: Alteration of Negatively Charged Residues in the 89 to 99 Domain of 

ApoA-I Affects Lipid Homeostasis and the Maturation of HDL (J Lipid Res. 2011 

Jul;52(7):1363-72). Adenovirus-mediated gene transfer in apoA-I
-/-

 mice showed that an 

apoA-I[D89A/E91A/E92A] mutant increased plasma cholesterol and caused severe 

hypertriglyceridemia. HDL levels were reduced and approximately 40% of the apoA-I 

was distributed in VLDL/IDL. The HDL consisted of mostly spherical and few discoidal 

particles and contained preβ1 and α4-HDL subpopulations. The mutant protein had 

increased affinity for triglyceride-rich emulsions. The lipid, lipoprotein and HDL profiles 

of the apoA-I[K94A/K96A] mutant were similar, but not identical, to those of wild type 

apoA-I. Co-expression of apoA-I[D89A/E91A/E92A] and human lipoprotein lipase 

abolished hypertriglyceridemia, restored in part the α1,2,3,4 HDL subpopulations, 

redistributed apoA-I in the HDL2/HDL3 regions, but did not prevent the formation of 

discoidal HDL particles. We conclude that residues D89, E91 and E92 of apoA-I are 

important for plasma cholesterol and triglyceride homeostasis as well as for the 

maturation of HDL. The present and two previous studies raise the possibility that 
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mutations in apoA-I in the general population may alter the functions of apoA-I and HDL 

and contribute to hypertriglyceridemia. 

Part II: Contribution of the residues 218 to 226 of apoA-I in the biogenesis of 

HDL. Adenovirus mediated gene transfer of an apoA-I [L218A/L219A/V221A/L222A] 

mutant in apoA-I
-/-

 mice resulted in decreased plasma cholesterol and apoA-I levels to 

approximately 10 % as compared to WT control and generated preβ and α4-HDL 

particles. The HDL cholesterol peak of the mutant protein was greatly diminished. When 

expressed in double deficient mice for apoA-I and apoE the apoA-

I[L218A/L219A/V221A/L222A] mutant failed to form HDL particles as determined by 

2D gel electrophoresis and electron microscopy. The apoA-I[E223A/K226A] mutant had 

similar plasma apoA-I levels and similar but not identical lipid and lipoprotein profiles 

with WT apoA-I. Overall the findings suggest that crucial changes in the C-terminal 218-

222 hydrophobic residues of apoA-I impair seriously the functional interactions of apoA-

I with ABCA1 and/or LCAT and inhibit biogenesis of HDL.   

In the context of this thesis we also investigated, in collaboration with other 

groups,  the role of apoA-I C-terminus in endothelial transcytosis of HDL (J Biol Chem. 

2011 Mar 11;286(10):7744-54), the bactericidal activity of apoA-I against Yersinia 

enterocolitica serotypre O:3 (manuscript in preparation) and  apoA-I mutations in 

patients with increased risk of ischaemic heart disease and total mortality in the 

population of Copenhagen  (J Intern Med. 2011 Mar 28. doi: 10.1111 in press) 
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ΠΔΡΙΛΗΦΗ  

Η απνιηπνπξσηετλε Α-Ι είλαη ζεκαληηθή γηα ηελ βηνγέλεζε ηεο ιηπνπξσηετλεο πςειήο 

ππθλόηεηαο (HDL) θαη πξνζηαηεύεη από ηελ αζεξνζθιήξσζε. Μεηαιιάμεηο ζηελ απνΑ-Ι 

ζρεηίδνληαη κε ρακειά επίπεδα HDL ζην πιάζκα θαη πξνδηάζεζε γηα αζεξνζθιήξσζε. 

Ο ζθνπόο ηεο παξνύζαο δηαηξηβήο ήηαλ λα δηεξεπλεζεί ε ζρέζε δνκήο-ιεηηνπξγίαο ηεο 

απνΑ-Ι ηνπ αλζξώπνπ θαη ν ξόινο ζπγθεθξηκέλσλ ακηλνμέσλ ηεο απνΑ-Ι ζηελ 

βηνγέλεζε θαη ηελ σξίκαλζε ηεο HDL. H δηαηξηβή ρσξίδεηαη ζε δπν κέξε. 

Μέπορ Ι: Μεηαλλαξιογένεζε ηων απνεηικά θοπηιζμένων αμινοξέων ζηεν πεπιοσή 

89 με 99 ηερ απολιποππωηεϊνερ Α-Ι επεπεάδει ηεν ομοιόζηαζε ηων λιπιδίων και ηεν 

ωπίμανζε ηερ HDL. (J Lipid Res. 2011 Jul;52(7):1363-72). Γνληδηαθή κεηαθνξά ζε 

πνληίθηα κε αλεπάξθεηα ηεο απνΑ-Ι (απνΑ-Ι
-/-

) έδεημε όηη ε κεηάιιαμε απνΑ-

Ι[D89A/E91A/E92A] αύμεζε ηα επίπεδα ρνιεζηεξόιεο ηνπ πιάζκαηνο θαη πξνθάιεζε 

ζνβαξή ππεξηξηγιπθεξηδεκία. Σα επίπεδα ηεο HDL κεηώζεθαλ θαη πεξίπνπ 40% ηεο 

απνΑ-Ι κεηαηνπίζηεθε ζηε πεξηνρή ηεο VLDL/IDL. Σν θιάζκα ηεο HDL πεξηείρε σο επί 

ην πιείζηνλ ζθαηξηθά ζσκαηηδία θαζώο θαη κεξηθά δηζθντδή θαη ην πιάζκα πεξηείρε 

preβ1 θαη α4 ππνπιεζπζκνύο ηεο HDL. Η κεηαιιαγκέλε πξσηεΐλε είρε απμεκέλε 

ζπγγέλεηα ζε γαιαθηώκαηα πινύζηα ζε ηξηγιπθεξίδηα. Σα επίπεδα ιηπηδίσλ θαη 

ιηπνπξσηετλώλ θαζώο θαη ην πξνθίι ηεο HDL ηεο απνΑ-Ι[K94A/K96A] ήηαλ παξόκνηα 

αιιά όρη ίδηα κε απηά ηεο απνΑ-Ι αγξίνπ ηύπνπ. Σαπηόρξνλε έθθξαζε απνΑ-

Ι[D89A/E91A/E92A] θαη αλζξώπηλεο ιηπνπξνηετληθήο ιηπάζεο δηόξζσζε ηελ 

ππεξηξηγιπθεξηδαηκία, δηόξζσζε ελ κέξεη ηνπο α1,2,3,4 ππνπιεζπζκνύο ηεο HDL, 

επαλέθεξε ηελ απνΑ-Ι ζηηο  HDL2/HDL3 πεξηνρέο, αιιά δελ απέηξεςε ηνλ ζρεκαηηζκό 
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δηζθντδώλ ζσκαηηδίσλ. πκπεξαζκαηηθά, ηα ακηλνμέα D89, Δ91 θαη Δ92 ηεο απνΑ-Ι 

είλαη ζεκαληηθά γηα ηα επίπεδα ηεο ρνιεζηεξόιεο ζην πιαζκα θαη ηελ νκνηόζηαζε ησλ 

ηξηγιπθεξηδίσλ θαζώο θαη γηα ηελ σξίκαλζε ηεο HDL.  

Μέπορ ΙΙ: Σςμβολή ηων αμινοξέων 218 εώρ 226 ηος γονιδίος ηερ 

απολιποπποηεϊνερ Α-Ι ζηε βιογένεζε ηερ HDL. Γνληδηαθή κεηαθνξά κε ρξήζε αδελντώλ 

ηεο απνΑ-Ι[L218A/L219A/V221A/L222A] ζε απνΑ-Ι
-/-

 πνληίθηα νδήγεζε ζε ζρεδόλ 

αμαθάληζε ηεο HDL, κείσζε θαηά πεξίπνπ 90% ζηα επίπεδα ηεο ρνιεζηεξόιεο θαη ηεο 

απνΑ-Ι ζην πιάζκα ζπγθξηηηθά κε ηα πνληίθηα πνπ εθθξάδνπλ ηελ απνΑ-Ι αγξίνπ ηύπνπ 

θαζώο θαη ζην ζρεκαηηζκό preβ θαη α4-HDL ζσκαηηδίσλ. Αλάιπζε κε ειεθηξνθόξεζε 

δύν δηαζηάζεσλ θαη κε ειεθηξνληθή κηθξνζθνπία έδεημαλ όηη ε κεηαιιαγκέλε απνΑ-

Ι[L218A/L219A/ V221A/L222A] κνξθή δελ κπνξεί λα ζρεκαηίζεη HDL ζσκαηίδηα όηαλ 

εθθξαζηεί ζε απνΑ-Ι
-/-

 x απνΔ
-/-

 πνληίθηα. 

Η κεηαιιαγκέλε απνΑ-Ι[E223A/K226A] κνξθή είρε παξόκνηα επίπεδα απνΑ-Ι 

ζην πιάζκα θαη είρε παξόκνηα αιιά όρη ηαπηόζεκα πξνθίι ιηπηδίσλ θαη ιηπνπξσηετλώλ 

κε ηελ απνΑ-Ι αγξίνπ ηύπνπ. πκπεξαίλνπκε όηη θξίζηκεο αιιαγέο ζηα πδξόθνβα 

ακηλνμέα 218-222 ηνπ C-ηεξκαηηθνύ άθξνπ ηεο απνΑ-Ι επεξεάδνπλ ζεκαληηθά ηηο 

αιιειεπηδξάζεηο ηεο απνΑ-Ι κε ηελ ABCA1 ή/θαη ηελ LCAT θαη αλαζηέινπλ ηελ 

βηνγέλεζε ηεο HDL.  

ηα πιαίζηα ηεο παξνύζεο δηαηξηβήο, κειεηήζακε ζε ζπλεξγαζία κε άιιεο 

εξεπλεηηθέο νκάδεο ηνλ ξόιν ηνπ θαξβνμπηεξκαηηθνύ άθξνπ ηεο απνΑ-Ι ζηελ ηξαλζ-

ελδνθύηησζε ηεο HDL από ελδνζειηαθά θύηηαξα (J Biol Chem. 2011 Mar 

11;286(10):7744-54), ηελ αληηβαθηεξηδηαθή δξάζε ηεο απνΑ-Ι απέλαληη ζην βαθηήξην 
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the Yersinia enterocolitica νξόηππνο O:3 (manuscript in preparation) θαη ν ξόινο 

κεηαιιάμεσλ ζηελ απνΑ-Ι ζε αζζελείο κε απμεκέλν θίλδπλν γηα θαξδηνπάζεηα ζηνλ 

πιεζπζκό ηεο Κνπεγράγεο (J Intern Med. 2011 Mar 28. doi: 10.1111 in press) 
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1. INTRODUCTION 

1.1. Apolipoprotein A-I 

1.1.1. ApoA-I Synthesis and Importance 

Human apolipoprotein A-I (apoA-I) is a 243-aa plasma protein (1) that is derived from a 

249-aa precursor. It is synthesized and secreted predominantly by the liver and the 

intestine (2) and is incorporated into high-density lipoprotein (HDL) particles (3;4). 

ApoA-1 constitutes ~70% of the apolipoprotein content of HDL particles and apoA-I 

deficiency prevents the formation of HDL (5). 

Elevated levels of HDL in apoA-I transgenic mice are correlated with protection 

against atherosclerosis (6), proving in principle that apoA-I overexpression can positively 

influence both plasma HDL concentrations as well as atherosclerosis progression (7). 

Epidemiological and genetic data have shown that low (8;9) or high (10;11) levels of 

HDL or apoA-I are associated with increased or decreased risk of developing coronary 

artery disease respectively.  

 

1.1.2. Genetics and naturally occurring mutations 

The apoA-I gene is a 3kb gene that is located on chromosome 11q23 (12). The apoA-I 

gene is closely linked to the apoCIII gene. The genes have opposite orientation (13).  

Several apoA-I mutations have been described in the general population. From a 

total of 46 natural apoA-I mutations that have been reported, 25 are associated with low 

plasma HDL levels (14). Most of the mutations that affect the interaction of apoA-I with 

LCAT occur around helix 6. Eight more mutations, seven between residues 26 and 107 
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and one on residue 173, have been associated with amyloidosis and low HDL levels 

(14;15). 

 

Figure 1.1. Schematic representation of the human apoA-I gene and various apoA-I 

mutations associated with defective LCAT activation familiar amyloidosis or impairment 

in the synthesis and various functions of HDL. * The apoA-I[Ala164Ser] mutation is 

associated with increased risk for ischemic heart disease although carriers have normal 

apoA-I and HDL cholesterol plasma levels. 

 

1.1.3. Gene regulation 

Studies in transgenic mice that carry the apoA-I gene along with the regulatory sequence 

of the apoA-I/apoCIII gene cluster have shown that hormone nuclear receptors and 
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specificity protein 1 (SP1) family are important for the transcription of the apoA-I gene 

(16). 

Regulation of the apoA-I gene occurs primarily at the transcriptional level and is 

mediated by the cis-acting sequences present in the proximal apoA-I promoter and the 

apoCIII enhancer (16). Post-transcriptional regulation has been also reported that is 

caused by increasing the stability of the partially spliced and unspliced nuclear apoA-I 

mRNA (17). Dietary fat, alcohol, estrogen, androgens, thyroid hormone, retinoids, 

glucocorticoids, fibrates, niacin, and HMG-CoA reductase inhibitors are some of the 

many nutritional, hormonal, and pharmacological factors known to influence 

transcriptional induction of the apoA-I gene (17;18). Based on animal studies, 

upregulation of apoA-I expression in humans would be expected to raise HDLc 

concentrations and provide protection against atherosclerosis (19). 

 

1.1.4. Structure of apoA-I in solution and on discoidal and spherical HDL 

Particles 

ApoA-I contains 22 or 11 amino acid repeats which, according to the models of Nolte & 

Atkinson (20), are organized in amphipathic a-helices (21) (Fig. 1.2A). Monomeric 

apoA-I in solution is loosely folded (22;23), and probably exists as a helical bundle that 

is ellipsoidal in shape and may assume different configurations in solution (22-24). The 

N-terminal deletion mutant of apoA-I, apoA-I[Γ(1-43)], was crystallized and its structure 

was determined at 4 Å resolution. In this low resolution structure apoA-I appears to have 

a continuous amphipathic α-helical sequence that is punctuated by small or pronounced 
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kinks. Overall the apoA-I molecule appears to adopt a horseshoe shape with dimensions 

of 125x80x40 Å (25-30). In the unit cell, four apolipoprotein A-I monomers form two 

antiparallel dimers that are associated via hydrophobic faces (31). The dimers form 

central helix 5-5 and terminal helix 10-10 overlaps (Fig. 1.2B). Based on the crystal 

structure of apoA-I in solution a belt model was proposed to explain the structure of 

apoA-I on discoidal HDL particles. In this model, two antiparallel molecules of apoA-I 

consisting of continuous amphipathic a helices with 3.67 residues per turn, designated 

11/3 helix, are parallel to the plane of the disc (25-28;32). The apoA-I dimer is wrapped 

belt wise around a discoidal bilayer containing 160 phospholipid molecules and shields 

the hydrophobic fatty acid chains of the phospholipids (Fig. 1.2C). It has been proposed 

that the optimal arrangements of the dimers are those that maximize intermolecular salt 

bridge interactions (26;27). This alignment of the two anti-parallel apoA-I molecules 

creates overlays of the central helixes 5-5 and terminal helixes 10-10 that match the 

overlap pattern of the crystal structure of lipid-free apolipoprotein A-I (31).  However, it 

is also possible that mutations in apoA-I may affect the 5-5 overlapping arrangement of 

the apoA-I dimers and thus affect the functions of HDL. It was proposed earlier that 

esterification of the cholesterol of the discoidal HDL converts the 3.67 residues per turn 

helices to an idealized 3.6 residues per turn helix and changes the discoidal into 

spheroidal particles (31). 
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Figure 1.2. Summary of structure of apoA-I. (A) Secondary structure of apoA-I [adapted 

from (20;31;33)]. Cylinders represent amphipathic α-helices. Predicted amphipathic α-

helices are shown in white and additional α-helical regions that were observed by Χ-ray 

crystallography are shown in black or pink. Asterisks on helices 4, 6 and colored regions 

(62-78), (89-99), (145-164) and (220-232) indicate informative mutations in apoA-I as 

described on the figure. (B) Model of the crystal structure of apoA-I [Γ(1-43)]. The 

figure is based on the protein Databank 1AVI.PDB and (9,14). (C) “Belt” model of 

apoA-I on discoidal HDL particles adapted from (27).  

 

Analysis of the 93 Å spherical HDL in solution by small angle neutron scattering 

(SANS) showed that apoA-I folds around a central lipid core that has 88.4 Å x 62.8 Å 

dimensions to form a spheroidal HDL (sHDL) particle (Fig. 1.3). The following three 

possible arrangements of apoA-I on the sHDL particle were considered: a model 

designated HdHp (heterodimer and a hairpin) where two apoA-I molecules were arranged 
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in anti-parallel planar orientation and a third molecule assumed a hairpin structure; a 

model designated 3Hp (3 hairpins) where three apoA-I molecules were folded as 

hairpins; a model designated integrated trimer (iT) where three apoA-I molecules interact 

with each other on the HDL surface (34). Negative staining electron microscopy showed 

contiguous high densities originating from the protein moieties near the centers and the 

edges of the HDL particles (35).  

Cross-linking data provided information on the relative proximity and orientation 

of the K residues of the apoA-I molecules arranged in anti-parallel or hairpin orientations. 

The cross-links can occur in residues of the same helix (intra) or among the anti-parallel 

helices (inter).  

Based on cross-linking of the K residues with a cross-linker (bisulfosuccinimidyl 

suberate, BS3) that has 11.4 Å spacer arm and mass spectrometry analyses from this as 

well as previous studies (36-40) Wu et al. suggested that spherical HDL may be 

compatible with the HdHp model (34). This model retains the predominant anti-parallel 

orientation of the two apoA-I molecules and a 5-5 helix registry proposed for the crystal 

structure of apoA-I  for the two molecules (31). 
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Figure 1.3. (A) Low resolution structure of the lipid component of sHDL obtained by 

p(R) value based on small neutron scattering results for sHDL in 42% D2O. (B) Low 

resolution structure of the protein component of sHDL obtained by p(R) value based on 

small neutron scattering results in 12% D2O. (C) Overlap of the low resolutions of 

structures for the 42% D2O (green) and 12% D2O (orange). Obtained from (34). 

 

In a different cross-linking study Silva et al. (39) identified 23 cross-links in 

reconstituted spherical 93 Å particles; fourteen of them were intra-chain and seven inter-

chain cross-links. Silva et al. (39) considered three models: a) a planar circular belt 

containing three apoA-I molecules in anti-parallel orientation; b) two apoA-I molecules 

arranged in planar circular anti-parallel double belt and a third molecule in the form of 

hairpin; c) a “trefoil” model where the right hand half of two anti-parallel apoA-I 

molecules of the double belt model were displaced by 60
o
 out of their planar position of 

the disc and were aligned in anti-parallel orientation with a third molecule bent at 60
o
 

angle (39) (Fig. 1.4). 
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Figure 1.4. The trefoil model is generated by displacing the right hand half of two anti-

parallel apoA-I molecules of the double belt model by 60
o
 out of their planar position of 

the disc and then aligned in anti-parallel orientation with a third molecule bent at 60
o
 

angle. Obtained from (39) 

 

Several of the cross-links observed in the reconstituted spherical HDL were also found in 

the reconstituted discoidal HDL and 7 new cross-links were only observed on spherical 

HDL (39). A summary of the cross-linking studies is shown in Fig. 1.5. Some of the 

cross-links, indicated by the green lines, are common in the two studies, other cross-links 

indicated by blue lines (K118-NT, K118-K133, K182-K239, K182-238) are unique to the 

model proposed by Wu et al. and those indicated by red lines (K40-K45, K59-K208, 

K88-K94, K94-K96, K96-K106, K118-K133, K133-K140, K182-K238, K238-K239) are 

unique to the model proposed by Silva et al. In addition, it was suggested that the HdHp 

NT-K118 and K182-K239 might represent either intra or inter-chain cross-links (34). 
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Figure 1.5. Inter and intra-chain K residues cross-links with BS3 and potential salt 

bridges based on the antiparallel double belt model. 
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The HdHp, the 3Hp and the iT models satisfy 23, 19, and 21 cross-links 

respectively. Some of the cross-links do not fit the proposed models and it has been 

suggested that cross-links K182-K238, K208-K208, K96-K118, K182-K238 may 

represent anti-parallel orientation of the apoA-I molecules in a 5/2 registry. It has been 

suggested (34) that all three models proposed by Wu et al. might coexist and that by 

transient rearrangements of the HdHp, 3Hp and iT models they may facilitate exchange 

of apoA-I (41;42) or conversion of lipid-poor to lipid-rich particles (43;44). 

Several cross-linking studies also indicate that the N terminal regions of apoA-I 

may fold back and come in closer proximity to the central regions (34;45-47). It was 

shown earlier that human apoA-I and mouse apoA-I have 70% and 46% similarity in the 

N- and C-terminal domains respectively (48). The N-terminal domain of human and 

mouse apoA-I adopts a helical bundle structure and the C-terminal forms a separate 

domain (48). These two domains appear to have different functionalities. The mouse N-

terminal domain can bind lipids but the human N-terminal domain cannot bind lipids 

efficiently. Hybrid molecules, where the mouse N-terminal domain was exchanged with 

the human domain and vice versa, functioned efficiently in lipid binding indicating that 

the two domains in the intact apoA-I molecule have preserved their functions (48). A 

recent study used electron paramagnetic resonance spectroscopy to assess the 

conformation of the N-terminal region (residues 6-98) of apoA-I on 93 Å reconstituted 

HDL particles. It was found that residues 6-34 and 50-98 form α-helices, residues 35-39 

are unstructured and residues 40-49 form β-strands. There were only modest changes in 

the conformation of apoA-I when the size of the rHDL increased from 93 Å to 96 Å and 
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it was suggested that the 35-49 region of apoA-I may contribute to the adaptation of 

apoA-I in HDL particles of different size (45). 

Three molecular dynamics simulation models of spherical HDL containing two 

apoA-I chains in a belt model have been reported (49-51). According to these models the 

planar arrangement of apoA-I is distorted in and out of the plane during the simulation. It 

has been suggested that the N- and C-terminal helices of apoA-I are more flexible and 

mobile during the simulation as compared to the central region (50). In addition, 

temperature jump molecular dynamic simulation (52;53) indicated that the D89-R177 

and E111-H155 are more stable than the E78-R188 salt bridge. 

 

1.1.5. Role of apoA-I in the biogenesis of HDL  

HDL is synthesized through a complex pathway (54). The first step involves an ABCA1 

mediated transfer of cellular phospholipids and cholesterol to lipid poor apoA-I 

extracellularly. The lipidated apoA-I is gradually converted to discoidal particles that are 

remodelled in the plasma compartment by the esterification of cholesterol by the enzyme 

lecithin: cholesterol acyl transferase (LCAT) (4) and are converted to spherical HDL 

particles. The cholesteryl esters formed are transferred to VLDL/IDL by the cholesteryl 

ester transfer protein (CETP) (55). Additional remodelling of HDL involves transfer of 

phospholipids from VLDL/LDL to HDL by the phospholipid transfer protein (PLTP) 

(56), cholesterol efflux from cells or delivery of cholesteryl esters to cells mediated by 

the scavenger receptor class B, type I (SR-BI) (57) as well as cholesterol efflux mediated 

by the cell surface transporter ABCG1 (58). Finally hydrolysis of lipids of HDL is 
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mediated by various lipases [lipoprotein lipase (LpL), hepatic lipase (HL), endothelial 

lipase (EL)] (59-62). Mutations in any of these proteins may affect the biogenesis, 

maturation and the functions of HDL.  The functional interactions of apoA-I with 

ABCA1, LCAT, ABCG1 and SR-BI appear to have great physiological significance for 

the biogenesis and/or the functions of HDL and are analyzed in detail below (Fig. 1.6).   

 

Figure 1.6. Schematic representation of the biogenesis and functions of HDL. 

Adapted from (63). 

 

1.2. Interactions of ApoA-I with ABCA1  

1.2.1. Properties of ABCA1 

ABCA1 is a ubiquitous protein that belongs to the ABC family of transporters and is 

expressed abundantly in the liver, macrophages, brain and various other tissues (64;65). 

ABCA1 is localized only on the basolateral surface of the hepatocytes (66), it is also 

found on endocytic vesicles and was shown to travel between late endocytic vesicles and 

the cell surface (67). ABCA1 was shown to promote the efflux of cellular phospholipids 
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and cholesterol to lipid free apoA-I and other apolipoproteins and amphipathic peptides, 

but it does not promote efflux to spherical HDL particles (68-71). Lipid poor apoA-I 

particles containing one apoA-I molecule and three to four phospholipid molecules can 

promote ABCA1-mediated efflux of phospholipid and cholesterol similarly to lipid free 

apoA-I (72). Inactivating mutations in ABCA1 are present in patients with Tangier 

disease (73) (Fig. 1.7). The deficiency is associated with very low levels of total plasma 

and HDL cholesterol and abnormal lipid deposition in various tissues (74-78).   

Fluorescence microscopy of HeLa cells that expressed an ABCA1 green 

fluorescence fusion protein has shown the intracellular trafficking of apoA-I/ABCA1 

complexes (66;67). It has been reported that in macrophages apoA-I binds to ABCA1 in 

the coated pits, it is internalized and following interaction with intracellular lipid pools it 

is re-secreted as a lipidated particle (79;80). A similar pathway that leads to transcytosis 

has been observed in endothelial cells  (81;82). Calmodulin in the presence of Ca
2+

 binds 

and stabilizes ABCA1 and protects it from calpain mediated degradation thus leading to 

increased HDL formation (83). 
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Figure 1.7. Schematic representation of ABCA1. All known ABCA1 mutations are 

indicated by arrows. Obtained from (73).   
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1.2.2. Interactions of apoA-I with ABCA1 in cell cultures 

Tangier patients carrying the mutations in figure 1.7 and ABCA1
-/-

 mice do not form 

discoidal or spherical HDL, but form preβ1 HDL particles (84;85). Skin fibroblasts 

obtained from Tangier patients or ABCA1
-/-

 mice have diminished ability to promote 

cellular cholesterol efflux (74;75;86-90). 

A series of cell culture and in vitro experiments investigated the ability of apoA-I 

mutants to promote ABCA1 mediated efflux of cholesterol and phospholipids and to 

crosslink ABCA1. A set of apoA-I mutants was generated. These mutants had amino 

terminal deletions, carboxy terminal deletions that removed the 220-231 region, carboxy 

terminal deletions apoA-I[Γ(232-243)] that left the 220-231 region and double deletions 

of the amino- and carboxy- terminal region (91). 

For the efflux studies two types of cell cultures were used. The one was J774 

macrophages in which expression of ABCA1 can be induced by cAMP analogues. The 

other was Human Embryonic Kidney (HEK) 293 EBNA cells transfected with an 

ABCA1-expressing plasmid. These studies showed that WT ABCA1-mediated 

cholesterol and phospholipid efflux was not affected by amino-terminal deletions, it was 

diminished by carboxy-terminal deletions in which residues 220-231 were removed, it 

was not affected by deletion of the C-terminal 232-243 region and it was restored to 80% 

of WT control by double deletions of both the amino and carboxy termini (4;54;91;92). 

These findings are consistent with direct ABCA1/apoA-I interactions that involve the 

central helices of apoA-I. Lipid efflux was either unaffected or moderately reduced by a 

variety of point mutations or deletions of internal helices 2-7 and indicated that different 
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combinations of central helices can promote lipid efflux (93;94). Chemical cross-linking/ 

immunoprecipitation studies showed that the ability of apoA-I mutants to promote 

ABCA1 depended lipid efflux is correlated with the ability of these mutants to be cross-

linked efficiently to ABCA1 (94). Other studies showed that synthetic peptides of L or D 

configuration can also promote ABCA1-mediated cholesterol efflux in vitro (91). These 

properties of the synthetic peptides however do not necessarily imply that following 

efflux in vivo they can proceed to form HDL type particles (69;94-96). 

Cross-linking between apoA-I and ABCA1 and cholesterol efflux may be affected 

by mutations in ABCA1 that are found in patients with Tangier disease. The majority of 

the ABCA1 mutations cross link poorly with WT apoA-I and have diminished capacity to 

promote cholesterol efflux (87;97;98). In vitro studies showed that in some cases apoA-I 

and ABCA1 bound efficiently but this interaction did not lead to the synthesis of HDL 

particles. In this case the binding was characterized as “non-productive” binding (96). A 

notable example is the ABCA1[W590S] mutant which can cross-link stronger to apoA-I 

than the WT ABCA1 but has diminished capacity to promote cholesterol efflux and to 

promote formation of HDL (87;97;98). When the cross-linking properties of several 

apoA-I mutants to cells that expressed either the WT ABCA1 or the ABCA1[W590S] 

were compared, significant differences in binding were observed. It was proposed that 

this might have happened because this mutation may have altered the environment of the 

binding site of ABCA1 in such a way that the binding is strong but not productive and 

prevents efficient lipid efflux (94).  
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1.2.3. Interactions of apoA-I with ABCA1 in vivo are the first step in the 

biogenesis of HDL 

The in vivo interactions of apoA-I with ABCA1 were studied by adenovirus mediated 

gene transfer. In these experiments, apoA-I deficient mice were infected with 1 to 2x10
9
 

plaque forming units (pfu) of an adenovirus expressing WT apoA-I or the apoA-I mutants 

that were previously studied by in vitro experiments. Four to five days post infection 

plasma was collected and analyzed for plasma lipids and lipoproteins by two-dimensional 

gel electrophoresis. The plasma was fractionated by density gradient ultracentrifugation 

and fast protein liquid chromatography (FPLC) and the HDL fraction was analysed by 

electron microscopy (EM) (91;92). Also the hepatic mRNA levels of apoA-I were 

determined to ensure that there was comparable expression of the WT and the mutant 

apoA-I forms. These experiments showed that the WT apoA-I and amino terminal 

deletion mutants generated HDL in vivo. The two-dimensional gel electrophoresis 

showed that most of WT apoA-I had particles with α electrophoretic mobility and a small 

fraction had β electrophoretic mobility (54;84;91;92). A double deletion mutant (of the 

amino and the C-terminal combined) formed discoidal HDL particles (91). The mutants 

with the C-terminal deletion generated very little HDL, that consisted of preβ1-HDL 

particles (84). Some spherical particles were observed in the C-terminal apoA-I deletion 

mutants but these particles were enriched in apoE. These experiments showed that the 

first step of biogenesis of HDL can be blocked by C-terminal deletions in the apoA-I 

gene (84;91). The preβ-migrating particles that were found in the C-terminal deletion 

mutants can be also found in the plasma of ABCA1
-/-

 mice and in the plasma of Tangier 
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disease patients (85;94;96). This shows that these particles are created by mechanisms 

that may not involve the ABCA1/apoA-I interaction. 

Based on the in vitro and in vivo studies a two step model of lipid efflux was 

suggested. In the first step the formation of a tight complex between ABCA1 and apoA-I 

takes place (94;96). This step seems to be necessary but not sufficient for lipid efflux and 

requires that the complex formed is productive to allow lipid efflux (96;97). In the 

second step the ABCA1-mediated transfer of lipids from the cell to apoA-I takes place.  

Several studies indicated that there are two sites of interaction of apoA-I on the 

cell membrane (99;100). The first site is a low capacity apoA-I binding site on the 

ABCA1 molecule. This interaction appears to stabilize ABCA1 on the cell membrane 

and to protect it from proteolytic degradation (101-103). The second site is a high 

capacity apoA-I binding site and may be created by the phospholipid translocase activity 

of ABCA1 (100). It has been proposed that following the initial transient interaction of 

apoA-I with ABCA1, apoA-I is inserted in the high capacity binding site, and thus extract 

PL and FC from cells. The lipidated apoA-I can then be released in the form of nascent 

HDL particles (96;104). 

It has been reported that intestinal ABCA1 mediated production of HDL accounts 

for the 30% of HDL in mice (105). When the liver and intestinal ABCA1 genes were 

inactivated there was no production of HDL indicating that the liver and the intestine are 

the only sites that contribute to the production of HDL cholesterol. HDL produced in the 

intestine is secreted directly into the plasma, whereas the HDL found in the lymph 

originates from pre-existing plasma HDL. Thus in mice that do not express intestinal 
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ABCA1 there was no transport of intestinal HDL cholesterol to the plasma, whereas the 

cholesterol concentration of lymph was not affected. In contrast in mice that do not 

express hepatic ABCA1 the HDL concentration in the lymph was nearly abolished (105). 

It has been reported that the interactions of ABCA1/apoA-I in the liver are 

essential for the initial lipidation of apoA-I and also determine the subsequent maturation 

of nascent preβ-HDL to spherical αHDL particles (78;106). When ABCA1 is inactivated 

in the liver, lipidated apoA-I particles or preβ HDL generated in the peripheral tissues fail 

to mature and are catabolized rapidly by the kidney (78;106).  

Various studies have shown that macrophages can bind HDL and apoA-I in a 

specific manner (68;71;107-109). HDL can compete for apoA-I binding to macrophages 

whereas apoA-I cannot compete for binding to HDL indicating that apoA-I and HDL 

have a minimum of two different binding sites on macrophages (110). The same study 

has shown that lipid free apoA-I can be endocytosed into macrophages in a saturable 

specific way. These findings are consistent with the prevailing concept that lipid-free 

apoA-I can interact with ABCA1 to promote cholesterol efflux and form HDL which in 

turn interacts with either SR-BI or ABCG1 to promote efflux of additional cholesterol 

from macrophages (110). 

 

1.2.4. Other physiological functions of ABCA1 and its role in atheroprotection 

and other diseases 

The ABCA1 deficiency in humans or experimental animals is also associated with 

accelerated atherosclerosis (111). Overexpression of ABCA1 in the liver of C57BL/6 
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mice protected the mice from diet induced atherosclerosis. The ABCA1 transgenic mice 

displayed antiatherogenic phenotype with decreased plasma cholesterol and apoB levels 

and more than two fold increase in apoA-I and HDL levels (112). Unexpectedly hepatic 

overexpression of ABCA1 in apoE
-/-

 mice did not affect the plasma lipid profiles but 

increased 2 to 6 fold atherosclerosis in the aortas (112). 

ABCA1
-/-

 mice are characterized by low total serum cholesterol levels, lipid 

deposition in various tissues, impaired growth and neuronal development and mimic the 

phenotype described for patients with Tangier disease (74). In addition ABCA1
-/-

 mice 

exhibited moderate increase in cholesterol absorption in response to high cholesterol diet 

(76;113). 

Inactivation of the ABCA1 gene in macrophages increases the susceptibility to 

atherosclerosis. Transplantation of normal bone marrow in ABCA1
-/-

 mice affected 

minimally the plasma HDL levels (114). Bone marrow transplantation of ABCA1
-/-

 

leukocytes in LDLr
-/-

 or apoE
-/-

 mice increased the number of macrophages in the 

peripheral blood leukocytes, the spleen and the liver and increased atherosclerosis 

(115;116), thus suggesting an important role of ABCA1 in the control of macrophage 

recruitment to tissues and development of atherosclerosis. 

The role of ABCA1 on the lipid content of bile salts and cholesterol secretion is 

not clear. One study indicates that the cholesterol and phospholipid concentration in the 

bile increased 1.8 fold in ABCA1 transgenic mice (117) whereas another indicated that 

ABCA1 deficiency in mice did not affect the bile acid content and the secretion rates of 

biliary cholesterol, bile acids and phospholipids (118). 
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The combined results of three population studies of white subjects from 

Copenhagen, Denmark showed that decreased HDL levels resulting from heterozygosity 

for the ABCA1 mutations P1065S, G1216V, N1800H and R2144X were not a risk factor 

for developing ischemic hard disease (IHD) (119). However, a study following 9259 

individuals from the Danish general population showed that five ABCA1 SNPs 

regardless of their association with high (V771M, V825I), normal (I883M, E1172D) or 

low (R1587K) HDL levels, were predictors for IHD. The R219K SNP (normal HDL) was 

not associated with IHD. Additionally it was shown that the V771M, I883M and E1172D 

mutations were the most important predictors and pairs of the V771M/I883M and 

I883M/E1172D mutations led to additive effects on the risk for IHD (120). 

An ABCA1 variant (R230C) has been identified exclusively and in high 

frequency in subjects with Native American descent that was associated with lower HDL 

cholesterol levels and higher body mass index and may be related to positive selection in 

the Native American population (121). 

 

1.3.  Interactions of lipid-bound apoA-I with LCAT 

Plasma LCAT is a 416 amino acid long protein that is synthesized and secreted by the 

liver. LCAT interacts with discoidal and spherical HDL by transferring the 2-acyl group 

of lecithin or phosphatidylethanolamine to the free hydroxyl residue of cholesterol to 

form cholesteryl esters (Fig. 1.8). Following esterification, cholesteryl esters become part 

of the HDL particle (122). 
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Figure 1.8. Schematic representation of LCAT-catalyzed esterification of cholesterol. 

 

ApoA-I in nascent discoidal HDL is the most potent apolipoprotein activator of 

plasma enzyme LCAT. Esterification of free cholesterol of HDL in vivo converts the 

discoidal to mature spherical HDL (123;124).  

Mutations in the enzyme LCAT are associated with two phenotypes. The familiar 

LCAT deficiency (FLD) is characterized by the inability of the mutant LCAT to esterify 

cholesterol on HDL and LDL and the accumulation of discoidal HDL in the plasma. The 

fish eye disease (FED) is characterized by the inability of mutant LCAT to esterify 

cholesterol on HDL only. Both diseases are characterized by low HDL levels (125) 

(Table I). 

Studies using apoA-I mutants (that will be discussed later), synthetic peptides, 

and monoclonal antibodies, have indicated that residues in the 143–166 region of apoA-I 
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play an important role for the activation of LCAT. Most of these residues are in helix 6 

(residues 145–164 of apoA-I) (Fig. 1.1). Oxidation of M148 reduced the ability of apoA-I 

to activate LCAT. Reduction of the oxidized methionine sulphoxide reductase restored 

the ability of HDL to activate LCAT. The LCAT activation ability of apoA-I was 

inhibited following treatment with MPO. However, an apoA-I [M148L] mutant retained 

its ability to activate LCAT, suggesting the specific change of M148 to methionine 

sulfoxide is important for LCAT activation (126). 

Heterozygosity for LCAT mutations in the Italian population was not associated 

with increased preclinical atherosclerosis (127). Sera obtained from LCAT heterozygote 

subjects had increased capacity to promote ABCA1 mediated cholesterol efflux and 

decreased capacity to promote ABCG1 and SR-BI mediated cholesterol efflux from 

macrophages as compared with sera obtained from normal subjects. These properties 

were attributed to the increased preβ and decreased α HDL subpopulations in the sera of 

the LCAT heterozygotes (128). 

Residues A130 and K133 of apoA-I are well conserved in mammals and are basic 

and acidic respectively in fish. It has been proposed that these residues play an important 

role in the formation of an amphipathic presentation tunnel located between helices 5-5 in 

the double belt model (Fig. 1.2B). Such a tunnel could allow migration of the 

hydrophobic acyl chains of phospholipids and the ampipathic unesterified cholesterol 

from the bilayer to the active site of LCAT that contains sites for phospholipase activity 

and esterification activity (129).  
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Table I. List of LCAT mutations that underlie LCAT deficiency syndromes. 

Adapted from (130) 

 

FLD: Total loss of catalytic activity 

FED: Partial loss of activity against HDL only 

 

1.3.1. Effect of apoA-I mutations on the activation of LCAT 

The in vivo interactions of apoA-I mutants with LCAT were studied by 

adenovirus-mediated gene transfer in apoA-I deficient mice. These studies investigated 
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the ability of the naturally occurring mutants apoA-I(Leu141Arg)Pisa, apoA-

I(Leu159Arg)FIN, apoA-I[Arg151Cys]Paris, apoA-I[Arg160Leu]Oslo, apoA-I[Leu144Arg] 

as well as the apoA-I[Arg149Ala] mutant that was generated by in vitro mutagenesis to 

promote biogenesis of HDL. The first two mutants are associated with very low HDL and 

apoA-I levels in humans (131-134) and premature atherosclerosis (131;135) and the other 

three are associated with low HDL but milder phenotype in humans (136-139). In vitro 

studies showed that all six mutants had reduced capacity to activate LCAT (139-141). 

The gene transfer studies showed that all the mutants generated aberrant HDL phenotypes 

(139-141). The mutants apoA-I[Leu141Arg]Pisa and apoA-I[Leu159Arg]FIN produced 

only small amounts of HDL that formed mostly preβ1 HDL particles. The apoA-

I[Arg151Cys]Paris and apoA-I[Arg160Leu]Oslo mutants formed discoidal HDL particles. 

These studies indicated that apoA-I[Leu141Arg]Pisa and apoA-I[Leu159Arg]FIN mutation 

may inhibit an early step in the biogenesis of HDL due to insufficient esterification of the 

cholesterol of the preβ1-HDL particles by the endogenous LCAT. The LCAT 

insufficiency appears to result for depletion of the plasma LCAT mass (141). It was 

suggested that the mutations in apoA-I promote rapid catabolism of the newly lipidated 

apoA-I as well as the LCAT that is associated with these particles (Fig. 1.9). The 

resulting depletion of LCAT prevents the formation of either discoidal or spherical HDL 

particles (141). Mice expressing the apoA-I[Leu144Arg] mutant had low total plasma 

cholesterol, HDL cholesterol and apoA-I levels and decreased cholesteryl ester to total 

cholesterol ratio (CE/TC). ApoA-I was distributed mainly in the HDL3 region. The 

apoA-I[Leu144Arg] mutant promoted the formation of lipid-poor preβ and α4-HDL 
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particles (139). The mutants apoA-I[Arg151Cys]Paris, apoA-I[Arg160Leu]Oslo, apoA-

I[Leu144Arg] 

 

Figure 1.9. Schematic representation showing the pathway of biogenesis of HDL and 

how the mutations apoA-I(Leu141Arg)Pisa and apoA-I(Leu159Arg)FIN affect the 

esterification of cholesterol of the initially lipidated particles and prevent their conversion 

to discoidal and spherical HDL, thus promoting their catabolism. Obtained from (141).  

 

and apoA-I[Arg149Ala] formed mixture of discoidal and spherical particles and this also 

suggests insufficiency of the endogenous LCAT, which resulted in slow conversion of 

discoidal HDL to spherical HDL (139;140). A remarkable finding was that all the 

aberrant phenotypes were corrected by treatment with exogenous LCAT. This indicates 

that LCAT administration could be a potential therapeutic intervention to correct low-

HDL conditions in humans that are caused by these and other unidentified mutations. 

Recently it was shown that adenovirus mediated gene transfer of human LCAT in 
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squirrel monkeys increased 2 fold HDL levels without affecting apoA-I levels, increased 

the size of HDL and decreased apoB levels (142). 

 

1.4. Interactions of lipid-bound apoA-I with SR-BI  

SR-BI is an 82 kDa membrane glycoprotein. The protein has a large extracellular 

domain, two transmembrane domains and two cytoplasmic amino and carboxy terminal 

domains (143). SR-BI is primarily expressed in the liver and steroidogenic tissues but is 

also found in other tissues (144). SR-BI binds a variety of ligands including HDL, LDL 

and VLDL (57;143-146). However the most important property of SR-BI is considered 

its ability to act as the HDL receptor. There is evidence that the interaction of SR-BI with 

apoA-I and apoE is important for the maturation of HDL and the generation of HDL 

particles (57;147-151).  

It has been shown that SR-BI binds to HDL and discoidal reconstituted HDL, 

through its apoprotein moiety (apoA-I or apoE) (57;151-153). When it is bound to 

lipoproteins, SR-BI mediates both selective uptake of cholesteryl ester (144;154-156) as 

well as uptake of triglycerides, phospholipids and vitamin E  (144;154-156) from HDL 

(144;157)  to cells (144;158;159). It also promotes bidirectional movement of 

unesterified cholesterol (160;161). Interactions of rHDL with SR-BI are responsible for 

mobilization of free cholesterol from the whole body (162). SR-BI mutants which display 

altered biological functions were generated by in vitro mutagenesis. A SR-

BI[Met158Arg] mutant does not bind HDL (161). A SR-BI[Gln402Arg/Gln418Arg] 

mutant also does not bind HDL but in contrast with the first mutant it binds LDL 
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(158;161). A SR-BI(Gly420His) mutant has normal selective cholesteryl ester uptake but 

reduced cholesterol efflux to HDL and reduced hydrolysis of internalized cholesteryl 

esters (163). Cell culture cholesterol efflux studies using rHDL containing mutated apoA-

I and these SR-BI mutants, showed that the greater reduction of cholesterol efflux in cells 

expressing WT SR-BI was with mutants apoA-I(Asp102Ala/Asp103Ala) and apoA-

I(Arg160Val/His162Ala) (21% and 49% respectively) (164). When the mutant SR-BI 

were examined all the apoA-I mutants had reduced efflux and bound less tightly 

compared to WT apoA-I with the exception of rHDL that contained the mutant apoA-

I(Arg160Val/His162Ala). The binding of this mutant was almost as tight to the cells that 

expressed SR-BI(Met158Arg) mutant as it was for the cells that expressed WT SR-BI 

(164). Based on these data the authors suggested that efficient SR-BI mediated 

cholesterol efflux requires not only direct binding (161) but also the formation of a 

productive complex between SR-BI and the rHDL particle (164). 

 

1.4.1. In vivo functions of SR-BI  

A variety of studies have established that the in vivo interactions of SR-BI with its ligand 

HDL are physiologically important (57;143;165;166). Transgenic mice expressing SR-BI 

in the liver had decreased apoA-I and HDL levels and increased clearance of VLDL and 

LDL (147;148). SR-BI deficient mice had decreased HDL cholesterol clearance (167), 

two fold increased plasma cholesterol and presence of large size abnormal apoE enriched 

particles that were distributed in the HDL/IDL/LDL region (149). The in vivo phenotypes 

generated by overexpression or deficiency of SR-BI are consistent with its in vitro 
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functions to promote selectively lipid transport from HDL to cells and efflux of free 

cholesterol from cells.  

SR-BI has also been shown to affect chylomicron metabolism in vivo and bind 

non-HDL lipoproteins in vitro (168;169). Deficiency of SR-BI in mice reduced greatly 

the cholesteryl ester stores of steroidogenic tissues and decreased the secretion of biliary 

cholesterol by approximately 50%. However, the SR-BI deficiency did not affect the 

secretion of the pool size of bile acids or the fecal secretion of bile acids and the intestinal 

cholesterol absorption (149;170). These findings established that two important functions 

of HDL are the transfer of HDL cholesterol to the bile for excretion (149;170) and the 

delivery of cholesterol esters to the steroidogenic tissues where it is utilized for synthesis 

of steroid hormones (171). Furthermore SR-BI controls the concentrations and 

composition of plasma HDL (57;147-150) and protects mice from atherosclerosis. SR-BI 

deficiency also caused defective maturation of oocytes and red blood cells due to 

accumulation of cholesterol in the plasma membrane of progenitor cells (172;173) and 

caused infertility in the female but not the male mice (172;174). The infertility could be 

corrected by restoration of SR-BI gene by adenovirus mediated gene transfer (175). 

Subsequent experiments showed a negative correlation of follicular HDL cholesterol 

levels in women and embryo fragmentation during in vitro fertilization (176). Taken 

together these data suggest a role of HDL in oocyte development and embryogenesis. 

Interactions of HDL with SR-BI in endothelial cells triggers signaling 

mechanisms, that will be discussed later, that involve activation of eNOS and release of 

nitric oxide that causes vasodilation (177-182).  
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Overexpression of SR-BI in the liver of transgenic mice decreased dramatically 

the plasma HDL levels and protected the mice from atherosclerosis (183-185). In contrast 

SR-BI deficiency in the background of LDLr deficient or apoE deficient mice accelerated 

dramatically the development of atherosclerosis (172;186). The double deficient mice for 

apoE and SR-BI developed occlusive coronary atherosclerosis, cardiac hypertrophy, 

myocardial infarctions, cardiac dysfunction and died prematurely (mean age of death ~6 

weeks) (172;187-190). An unexpected finding was that treatment of the double deficient 

mice for apoE and SR-BI with probucol reversed most of the cardiac and red blood cell 

abnormalities, corrected the lipid and lipoprotein profiles and extended the life of the 

mice up to 60 weeks (188). 

Expression of CETP in SR-BI deficient mice (SR-BI
-/-

 x CETP Tg) decreased 

plasma cholesterol levels and normalized partially the size of the large HDL particles 

found in SR-BI
-/-

 mice. However similarly to SR-BI
-/-

, the SR-BI
-/-

 x CETP Tg mice, 

developed atherosclerosis, had female infertility, reticulocytosis, impaired platelet 

aggregation, thrombocytopenia and were characterized by high VLDL levels and high 

free cholesterol/total cholesterol ratio (191). 

A model of diet induced atherosclerosis was generated by crossing SR-BI 

deficient mice with apoE(T61R) transgenic mice that express low levels of the mutant 

mouse apoE gene (192). These mice are resistant to atherosclerosis on chow diet but 

develop occlusive atherosclerosis, myocardial infarction and cardiac dysfunction when 

they are placed on high fat diet (192). 
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Human subjects have been identified with a P297S substitution in SR-BI. 

Heterozygote carriers for this mutation had increased HDL levels, decreased adrenal 

stereidogenesis and dysfunctional platelets but did not develop atherosclerosis. HDL 

derived from these subjects had decreased ability to promote cholesterol efflux from 

macrophages (165). 

A recent study has shown the impact SR-BI SNPs on female fertility. Carriers of a 

minor SNP polymorphic A allele (rs4238001) that causes a non-synonymous change at 

amino acid 2 of SR-BI (glycine to serine) had decreased follicular progesterone levels in 

Caucasians and was associated with non viable fetuses on Day 42 following embryo 

transfer.  Another SNP (rs10846744) was associated with gestational sacs and fetal heart 

beats and was associated with poor fetal viability in African-Americans (166). 

 

1.5. Remodeling of HDL by the action of ABCG1 

HDL can be remodeled following interactions with ABCG1 a 67 kDa protein which is a 

member of ABC family of half transporters. ABCG1 is expressed in the spleen, thymus, 

lung and brain (193-195) and is localized on plasma membrane the Golgi and recycling 

endosomes. The expression of ABCG1 is induced by LXR agonists or by cholesterol 

loading in macrophages and in the liver (196-198). Overexpression of ABCG1 promotes 

cholesterol efflux from cells to HDL but not to lipid free apoA-I (58;195;198;199). 

ABCG1 mediated cholesterol efflux to HDL is abolished by mutations in the ATP 

binding motif (199). It was suggested that cholesterol efflux does not require direct 

binding of HDL to ABCG1 (199). ABCG1 accounts for 50% of cholesterol efflux by 
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bone marrow-derived macrophages to rHDL (162). In macrophages it has been suggested 

that ABCG1 plays an important role for cholesterol export from cells (198). It has also 

been shown that HDL2 can be formed by the action of lipid free apoA-I, ABCA1 and 

ABCG1 (58). First ABCA1 forms the nascent or preβ-HDL and then ABCG1 mediates 

the export of lipids to the nascent particles to form HDL (200). It is still not known how 

HDL interacts with ABCG1 to promote the efflux (201). The absence of ABCG1 in mice 

causes cholesterol accumulation in various tissues (201) and selective deletion of both 

ABCA1 and ABCG1 genes in macrophages further increases cholesterol accumulation 

and results in severe atherosclerosis (202;203). 

The ability of various lipid transporters to promote cholesterol efflux was tested in 

human placenta endothelial cells (HPEC) and HUVECs. The ABCA1-mediated efflux to 

lipid free apoA-I was 2.5 fold increased in HPEC as compared to HUVEC whereas efflux 

to HDL3 was similar in both cell types. Cholesterol efflux in HPECs to apoE-enriched 

HDL3 was slightly increased as compared to HDL3. Both ABCA1 and ABCG1 were 

visualized predominantly in the apical side of the cells. LXR activators and 24-hydroxy 

cholesterol increased ABCA1 and ABCG1 expression in HPEC and enhanced the 

ABCA1 and ABCG1 mediated cholesterol efflux to their cholesterol acceptors. Down-

regulation of ABCA1 and ABCG1 expression by siRNA in HPEC decreased the ABCA1 

and ABCG1 mediated cholesterol efflux to their cholesterol acceptors. The ability of 

HPEC to promote ABCA1 and ABCG1 mediated efflux may facilitate the transfer of 

maternal cholesterol to the fetus (204).  
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The contribution of ABCA1, SR-BI and ABCG1 to promote cholesterol efflux to 

apoA-I or HDL in vitro and in vivo was tested in adipocytes obtained from mice deficient 

for ABCA1, SR-BI or ABCG1. Efflux to apoA-I was impaired in ABCA1 deficient 

adipocytes and efflux to HDL was impaired in SR-BI but not in ABCG1 deficient 

adipocytes. TNF-α reduced ABCA-1 and SR-BI expression and dimished cholesterol 

efflux from partially differentiated adipocytes. In vivo experiments showed that intra-

peritoneal injection of 
3
H-cholesterol loaded adipocytes obtained from ABCA1

-/-
 or SR-

BI
-/-

 mice had reduced efflux of 
3
H-cholesterol into the plasma as compared to wild type 

adipocytes. ApoA-I deficiency decreased the release of 
3
H-cholesterol from cholesterol 

loaded 3T3L1 adipocytes to the plasma of apoA-I deficient mice (205). Cholesterol 

efflux from adipocytes mediated by ABCA1 or SR-BI may be relevant to inflammatory 

diseases such as type 2 diabetes mellitus. Small POPC/apoA-I rHDL particles of 7.8 nm 

nm of diameter can efficiently promote cholesterol efflux via ABCG1 and 

ABCA1whereas SR-BI can only mediate efflux to rHDL particles with diameter over 9.6 

nm (206). 

 

1.6. Transcytosis of apoA-I and HDL  

It has been shown that endothelial cells have the ability to bind and transcytose lipid-free 

apoA-I in a specific manner. This process depends on ABCA1 and leads to the generation 

of a lipidated apoA-I particle that is secreted (81;207). Endothelial cells can also 

transcytose HDL and this process required the functions of SR-BI and ABCG1 (208). 

ApoA-I mutants with defective C-terminal apoA-I[Γ(185-243)] and apoA-
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I[L218A/L219A/V221A/L222A]) had 80% decreased specific binding and 90% 

decreased specific transport by aortic endothelial cells. Following lipidation of these 

mutants the rHDL particles formed were transported through endothelial cells by an 

ABCG1 and SR-BI dependent process. Amino and combined amino and carboxy 

terminal apoA-I deletion mutants displayed increased non-specific binding but the 

specific binding or transport remained absent (82). These data support the model in which 

apoA-I is initially lipidated by ABCA1 and subsequently processed by ABCA1 

independent mechanisms. Transcytosis of apoA-I and HDL may provide a mechanism for 

transfer of HDL in the sub-endothelial space. 

 

1.7. Interactions of apoA-I with F1-ATPase 

The β-chain subunit of F1-ATPase has been identified as a high affinity receptor for 

lipid-free apoA-I in HepG2 cells (209). Subsequent studies have shown that this receptor 

is also present on the surface of endothelial cells and binds angiostatin (210;211). F1-

ATPase contributes to the regulation of HDL uptake by hepatocytes as well as to cell 

proliferation and inhibition of endothelial cell apoptosis (211). Binding of lipid-free 

apoA-I to F1-ATPase activated endocytosis of the lipidated HDL particle by low affinity 

binding site (212).    

  

1.8. HDL subpopulations  

As a consequence of the pathway of biogenesis and remodeling of HDL that has been 

described in figure 1.6  and the preceding sections several HDL subpopulations have 
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been described previously based on different fractionation procedures (213-215). The 

HDL subpopulations can be easily separated by two-dimensional electrophoresis which 

involves in the first dimension agarose gel electrophoresis and in the second dimension 

non-denaturing polyacrylamide gradient gel electrophoresis (124;216-218). This analysis 

reveals the presence of preβ-HDL and the α-HDL subpopulations (Fig. 1.10). It has been 

reported earlier that preβ HDL is approximately 5% of plasma HDL, it is heterogeneous 

and has a size is 5-6 nm in diameter (219;220). The subpopulation of preβ1 is increased 

in large lymph vessels (221;222) and in aortic intima (223;224). The cholesterol of the 

preβ particles can be esterified by LCAT (225). The origin of preβ particles and their 

functions is still unclear. There is no precursor-product relationship between preβ and α-

HDL particles. There are two potential pathways that can lead to the formation of preβ-

HDL particles in plasma. The first is de novo synthesis (226-228) and the second is 

formation by remodeling of αHDL particles (229-231). 

 

Figure 1.10. HDL subpopulations as revealed following analysis by two-dimensional 

non-denaturing electrophoresis. 
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1.9. Clinical phenotypes of humans carrying naturally occurring apoA-I 

mutations 

The first described structural mutation of apoA-I, found in Italy, has been called apoA-

IMILANO and results from R173C substitution (232-234). Subjects heterozygous for apoA-

IMILANO have low HDL cholesterol and apoA-I levels, but do not appear to suffer from 

premature atherosclerotic disease (233;235). Subsequently, other heterozygote apoA-I 

variants designated apoA-IGiessen (R143P substitution) and apoA-IMarburg (ΓK107) have 

been described (236-238). The subjects with apoA-IMarburg had hypertriglyceridemia and 

reduced HDL cholesterol levels (237). Subjects with apoA-IGiessen had low apoA-I levels 

(238). Both mutant apoA-I forms have 40-70% ability to activate LCAT as compared to 

wild type apoA-I (236;238). Another apoA-I mutation which is associated with HDL 

deficiency, partial LCAT deficiency and corneal opacities results from a frameshift 

starting at residue 202 which causes incorporation of 27 random carboxy-terminal 

residues, including 3 cysteins (239). The G26R substitution is associated with familiar 

amyloidotic polyneuropathy III and is inherited as an autosomal dominant trait (240;241). 

The amyloid fibrils formed in this condition consist of the 83 amino-terminal residues of 

apoA-I. Two human conditions characterized by severe deficiencies of plasma apoCIII 

and HDL are associated with premature atherosclerosis. One condition has resulted from 

deletion of the apoA-I/apoCIII/apoA-IV locus (242;242) and the other from an inversion 

of the apoA-I/apoCIII locus. A homozygous nonsense mutation at the codon specifying 

residue 84 of apoA-I prevents synthesis of apoA-I and is associated with premature 

atherosclerosis (243). The rather moderate clinical phenotype observed in this and other 
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apoA-I mutants suggest that some of the functions of apoA-I may be assumed by other 

apolipoproteins , perhaps apoE or apoA-IV.    

A missense mutation has been identified in a kindred in Spain. This mutation is in 

exon 4 of the apoA-I gene and is responsible for the substitution of leucine 144 with 

arginine (L144R). Heterozygotes carrying this mutation have decreased HDL cholesterol 

levels, increased triglyceride levels and a decrease in the cholesteryl esters to free 

cholesterol ratio, the latter indicating LCAT insufficiency. Humans carrying this mutation 

had reduced apoA-I, apoA-II and HDL-C levels. In addition, the HDL particles of these 

subjects have different composition compared to HDL particles obtained from control 

subjects (244). The fractional catabolic rate of apoA-I and apoA-II of the carriers of 

apoA-I[Leu144Arg] was increased and while the apoA-I secretion rate was also 

increased, the apoA-II secretion rate was normal (244). 

A substitution, Leu159Arg, was found in a kindred in Finland (134;135;245). 

Heterozygous carriers of this mutation had lower HDL cholesterol and apoA-I plasma 

levels (20% and 25% respectively compared to unaffected family members) and the 

mutation was characterized as dominant negative (14).    

A mutant apoA-I, designated as apoA-ITomioka, has a deletion of two A nucleotides 

at codon 138 of the apoA-I gene. This generated a frameshift mutation that led to the 

incorporation of 41 new amino acids between residues 138-178. Two homozygote 

carriers of this mutation had HDL and apoA-I deficiency while heterozygotes had 50% of 

normal plasma HDL but their large α1 and small preβ1 subpopulations were significantly 

decreased (246). 
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An insertion of one nucleotide in the codon corresponding to amino acid 17 of 

pro-apoA-I results in a frameshift that causes premature chain termination at codon 26 

and complete apoA-I deficiency (247). 

A nonsense mutation (GAA to CAA) at the codon for amino acid 136 has been 

identified in French Canadians and is characterized by low HDL cholesterol levels (< 5th 

percentile for age and gender matched controls) and is associated with CAD. This 

mutation is dominant negative (248).  

A novel apoA-I mutation characterized by a A164S substitution has been 

identified by the Copenhagen City Heart Study.  The mutation was present in one out of 

500 of the general population. The heterozygosity for this mutation predicted increased 

risk for IHD and a mean reduction of lifespan by 10 years. Interestingly heterozygote 

carriers for this mutant had normal plasma lipid and apoA-I levels a finding that was 

confirmed by adenovirus mediated gene transfer of the apoA-I[A164S] mutant in apoA-I
-

/-
 mice (139). 

Earlier studies indicated that the ability of mouse and human sera containing the 

apoA-IMILANO to promote cholesterol efflux from hepatoma Fu5AH cells follows the 

order apoA-IMILANO obtained from transgenic mice > apoA-IMILANO from heterozygotes > 

apoA-I from normal subjects (249;250). Similar observations were reported for ABCA1-

mediated cholesterol efflux from J774 macrophages and human fibroblasts. The authors 

suggested that the increased capacity of apoA-IMILANO to promote cholesterol efflux was 

due to the presence of an HDL particle containing an apoA-I dimer that was sensitive to 

chymase digestion (249).  Another study however showed that rHDL containing WT 
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apoA-I or apoA-IMILANO have similar capacity to promote ABCA1 and SR-BI mediated 

cholesterol efflux. Furthermore, when adjusted for HDL cholesterol levels the sera of 

mice expressing apoA-IMILANO or WT apoA-I had similar ability to promote cholesterol 

efflux from macrophages (251).  

 

1.10. Bioengineered mutations in apoA-I that cause dyslipidemia  

Three mutations in apoA-I have been described which affect the overall cholesterol and 

triglyceride levels. Two mutants, apoA-I[Γ(62-78)] and apoA-I [Glu110Ala/Glu111Ala], 

caused combined hyperlipidemia, characterized by high plasma cholesterol and severe 

hypertriglyceridemia (93;252). All the triglycerides and the majority of the excess 

cholesterol were distributed in the apoA-I-enriched VLDL/IDL-sized lipoproteins. The 

findings indicate that the apoA-I mutants had increased affinity for lower density 

lipoprotein fractions. In addition, the VLDL/IDL fractions of mice expressing these 

mutants had decreased levels of apoE and apoCII and increased level of apoB-48 which 

in combination with the increased apoA-I levels in these fractions might have inhibited 

lipolysis in vivo. When the mice were infected with two adenoviruses, the one expressing 

the mutant apoA-I and the other expressing human lipoprotein lipase, VLDL triglycerides 

were reduced (252). These studies showed for the first time that apoA-I mutations may 

induce hypertriglyceridemia or combined dyslipidemia. Similar studies showed that the 

apoA-I[Γ(89-99)] deletion mutant induced hypercholesterolemia that was characterized 

by increased cholesterol and phospholipids in the VLDL/IDL/LDL size lipoproteins. 

There was also substantial decrease of the CE/TC ratio in HDL and LDL whereas the 
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triglycerides remained normal. This apoA-I deletion also increased apoA-I levels in the 

LDL-sized particles, generated discoidal HDL particles and had increased level of preβ1 

relative to the αHDL subpopulation (252).  

The expression of the apoA-I[Γ(89-99)] mutant reduced the plasma PLTP activity 

to 32% of that of mice that expressed the WT apoA-I. PLTP interacts physically with 

apoA-I (253) and its function is to link the donor and acceptor lipoprotein particles in 

order to facilitate the net transfer of phospholipids to HDL (254). It has been shown that 

PLTP  remodels the HDL and promotes the generation of preβ-HDL particles (255-257). 

High fat diet increased the concentration of phospholipids and cholesterol in the VLDL 

and LDL of PLTP
-/-

 mice and promoted the formation of discoidal particles (258). The 

phenotype of these mice was similar to that of mice expressing the apoA-I[Γ(89-99)] 

mutant. 

The systematic study of the functions of apoA-I by adenovirus mediated gene 

transfer as well as the phenotypes of naturally occurring apoA-I mutants identified five 

steps where this pathway of biogenesis and/or catabolism of HDL can be disrupted and 

lead to dyslipidemia (Fig. 1.11):  

1) Lack of synthesis of HDL due to mutations in ABCA1 or mutations in apoA-I 

that affect the ABCA1/apoA-I interaction, 2) Failure to synthesize discoidal or spherical 

HDL. This defect most likely results from fast catabolism of apoA-I following its 

lipidation by ABCA1, 3) Accumulation of discoidal HDL associated with inhibition of 

PLTP and induction of hypercholesterolemia. This condition has been observed in the 

case of the apoA-I[Γ(89-99)] mutant, 4) Accumulation of discoidal HDL. This phenotype 
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has been generated by the mutations in the 149-160 region of apoA-I or other mutations 

that inhibit LCAT activation 5) Induction of hypertriglyceridemia. This defect has been 

observed in the case of apoA-I[Γ(62-78)] and apoA-I[Glu110Ala/Glu111Ala] mutants. 

 

Figure 1.11. The pathway of HDL biogenesis. Superimposed on the pathway are defects 

that inhibit different steps of this pathway. Different subpopulations of HDL may have 

different functions. 

 

1.11. Physiological functions of ApoA-I and HDL that may be relevant to its 

atheroprotective properties 

 

1.11.1. Cell signaling pathways mediated by HDL and apoA-I 

Various studies have shown that increased HDL levels are associated with greater 

vasodilator effects in humans and this effect is impaired in patients with CHD (259-261). 

Treatment with HDL increased eNOS protein levels in cultured human aortic endothelial 
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cells (HAECs) by increasing its half life without affecting steady state eNOS mRNA 

levels (262;263). 

Earlier studies in endothelial cells and Chinese hamster ovary (CHO) cells that 

express SR-BI showed that SR-BI is involved in the activation of eNOS by HDL (179). 

The HDL-induced eNOS activation occurs in the caveolae (179). The HDL-mediated 

NO-dependent relaxation is lost in aortic rings of SR-BI
-/-

 mice (179). Experiments in 

cultures of endothelial cells and COS M6 cells transfected with eNOS and SR-BI showed 

that interaction of HDL with SR-BI triggered signalling mechanisms which led to 

phosphorylation of eNOS at Ser1179 and increased its activity. On the other hand 

phosphorylation of Thr 497 of eNOS attenuated its activity. The signalling cascade 

initially involves the nonreceptor tyrosine kinase Src which phosphorylated PI3 kinase. 

Inhibition of Src by specific inhibitors prevented eNOS phosphorylation. PI3K activation 

led to phosphorylation of Akt and MAPK kinase which independently phosphorylated 

eNOS. Inhibitors of MAPK did not affect HDL-mediated Akt activation and a dominant 

negative Akt did not affect HDL-mediated MAPK activation and eNOS phosphorylation 

(177). (Fig. 1.12) 
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Figure 1.12. Schematic representation of SR-BI signalling that can lead to vasodilation, 

cell migration and inhibition of inflammation and apoptosis.   

 

The mechanism of the SR-BI mediated activation of eNOS was studied in detail 

(264). HDL and cholesterol-free rHDL particles containing apoA-I and 

phosphatidylocholine (Lp2A-I) as well as cyclodextrin stimulated eNOS activity whereas 

rHDL particles that contain cholesterol did not. Blocking of cholesterol efflux with a 

monoclonal antibody to SR-BI abolished the activation of eNOS. Experiments using SR-

BII, a SR-BI mutant that lacks the C-terminal amino acid 509 [SR-BI(Γ509)] and 

chimeric receptors where the transmembrane domain of SR-BI was replaced by the 

corresponding domain of CD36 established that the C-terminal cytoplasmic PDZ-

interacting domain and the transmembrane domain of SR-BI were both required for 

HDL-mediated signaling that leads to eNOS activation (264). The cytoplasmic PDZ 

interacting domain of SR-BI binds adaptor proteins such as PDZK1 that may participate 
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in cell signalling (265;266). A photoactive derivative of cholesterol was shown to bind to 

the transmembrane region of SR-BI indicating that this region serves as a cholesterol 

sensor on the plasma membrane (264).  

ApoA-I and lysophospholipids that are components of HDL including 

sphingosylphosphorylcholine (SPC), sphingosine-1-phospate (S1P) and lysosulphatide 

cause eNOS dependent relaxation of mouse aortic rings via intracellular Ca
2+

 

mobilization and eNOS phosphorylation mediated by Akt (267). Another study however, 

indicated that interactions of HDL with SR-BI stimulate eNOS by increasing intracellular 

ceramide levels without affecting intracellular calcium levels and Akt phosphorylation 

(180). The proposed role of HDL-associated estradiol in the stimulation of eNOS activity 

is unclear (181;268). 

AMPK may also play a role in the HDL-mediated phosphorylation of eNOS at 

multiple sites (Ser116, Ser635, and Ser1179) (269). It was suggested that activation by 

AMPK may involve physical interactions between the apoA-I component of HDL and 

eNOS; such interactions may be accomplished following SR-BI mediated endocytosis of 

HDL (270). 

HDL also affected the signaling in endothelial cells by the bone morphogenetic 

protein-4 (BMP-4) and increased expression of the activin-like kinase receptor 1 and 2 

(271). This resulted in increased expression of VEGF and matrix gla protein (MGP). 

VEGF promotes endothelial cell survival and MGP prevents vascular calcification and 

thus contribute to the maintenance, the integrity and the preservation of the functions of 

the endothelium (271) (Fig. 1.13). 
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Figure 1.13. Schematic representation of BMP-4 mediated signaling in endothelial cells 

showing the involvement of HDL in the initiation of the cascade. The increased VEGF 

and MGP expression lead to endothelial cell survival and prevention of vascular 

calcification. Obtained from (271). BMP-4: Bone morphogenetic protein-4; ALK: 

Activin like kinase receptor; VEGF: Vascular endothelial growth factor; MGP: Matrix 

gla protein; MSX2: MSH homeodomain 2; DLX3/5: distal-less
 
homeodomains 3 and 5.  

 

Cell signaling cascades may also originate from interactions of apoA-I with 

ABCA1. Studies in human fibroblasts showed that binding of lipid free apoA-I to 

ABCA1 in human fibroblasts initiates signaling events that include the activation of 

Cdc42 and subsequently the phosphorylation of PAK-1 and (p54)JNK that leads to the 

polymerization of actin (272) (Fig. 1.14). Binding of apoA-I to ABCA1 amplifies the 

interaction between ABCA1 and Cdc42 (272). ABCA1 co-immunoprecipitates with 

Cdc42 in cells expressing the WT but not the mutant ABCA1 forms and confocal 

microscopy showed that ABCA1 colocalizes with Cdc42 intracellularly (273).  However, 

it is unclear whether the signaling events are initiated through the ABCA1/Cdc42 
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interactions. Mutations in ABCA1 or inhibition of ABCA1 with glyburide, abrogate this 

signaling pathway (272).  

 

Figure 1.14. Schematic representation of ABCA1 mediated signaling in human 

fibroblasts showing the involvement of apoA-I in the initiation of the cascade that led to 

phosphorylation of (p54)JNK and actin polymerization. 

 

1.11.2. Effect of HDL and apoA-I on inflammation 

An initial step in the atherosclerotic process is the association of the monocytes to 

adhesion molecules of the endothelial cells that facilitates their entry in the 

subendothelial space (274). Induction of adhesion molecules is promoted by pro-

inflammatory stimuli (275). Recruitment and migration of monocytes into subendothelial 

space is promoted by monocyte chemoattractant factor (MCP-1) as well as by oxidized 

LDL (276). HDL has anti-oxidant properties and can prevent the oxidation of LDL 

(277;278). Interactions of HDL or apoA-I with cells of the vascular wall were shown to 
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prevent the expression of pro-inflammatory cytokines and chemokines that induce the 

expression of adhesion molecules (279-281). The anti-inflammatory functions of HDL 

were manifested in several ways. 

HDL binds via its apoA-I moiety to progranulin produced by macrophages. This 

prevents conversion of progranulin to inflammatory granulins which were shown to 

induce expression of TNFα and IL-β in monocyte macrophages (282). HDL and rHDL 

were shown to inhibit the cytokine induced expression of vascular cell adhesion 

molecule-1 (VCAM-1) and inter-cellular adhesion molecule-1 (ICAM-1) by endothelial 

cells (279). In addition HDL promoted expression of anti-inflammatory cytokines in 

endothelial cells. Thus treatment of endothelial cells (HUVEC) with HDL and 

lysosphingolipids present in HDL increased the expression of TGF-β2 through 

mechanisms that involve the activation of Akt and ERK1/2. Consistently with the cell 

culture studies, the expression of TGF-β2 and the phosphorylation of ERK1/2, Akt and 

Smad2/3 were increased in apoA-I transgenic mice and diminished in apoA-I deficient 

mice (283). In vivo studies also showed that infusion of rHDL inhibited the pro-oxidant 

and pro-inflammatory events that occurred following implantation of non occlusive 

periarteral collars in rabbits that induce acute arterial inflammation. In these studies the 

rHDL inhibited neutrofil infiltration, ROS production and VCAM-1, ICAM-1, monocyte 

chemoattractant protein-1 (MCP-1) and E-selectin expression (284). The carotid vascular 

inflammation and neutrofil infiltration could be inhibited by rHDL containing normal 

apoA-I but not by apoA-I obtained from diabetic patients (281). 
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The beneficial effects of rHDL containing apoA-I in vivo and in cell cultures 

could be duplicated using synthetic apoA-I mimetics such as 5A, L37pA and D37pA 

(285;286). The 5A/PLPC complexes reduced the vascular inflammation that is associated 

with collar insertion in a rabbit model by reducing the ICAM-1 and VCAM-1 expression, 

the infiltration of neutrofils and the Nox4 activity. In cultures of human carotid 

endothelial cells (HCEC) 5A/PLPC and rHDL containing apoA-I inhibited  the TNF-α 

induced VCAM-1 and ICAM-1 expression as well as the activation of NF-θΒ pathway 

and these effects were abolished by ABCA1 silencing (285). Complexes of L37pA or 

D37pA with POPC reduced the post-ischemic cardiac contractile dysfunction in a rat 

heart model of ischemia/reperfusion. They also reduced TNF-α levels and increased 

prostacyclin levels in the perfusate and inhibited the TNF-α mediated VCAM-1 

expression in endothelial cell cultures (286). 

In monocyte and endothelial cell cultures HDL also suppressed expression of 

chemokines CCL2, CCL5 and CX3CL1 and chemokine receptors CCR2, CCR5 and 

CX3CR1 (280;287). This effect was mediated by inhibition of Iθ-Bα phosphorylation 

and NF-θB(p65) expression and in some cases by PPARγ activation. Consistently with 

the cell culture studies in vivo infusion of apoA-I in cholesterol fed apoE deficient mice 

reduced expression of chemokines and chemokine receptors (280). 

In cultures of smooth muscle cells HDL downregulated the NADPH-oxidase 

mediated generation of ROS and inhibited production of MCP-1. The inhibitory effect 

was attenuated by antagonists of S1P1 and S1P3 receptors. The data showed that free S1P 

or S3P alone or as components of HDL could attenuate production of MCP-1. 



49 

 

Consistently with these findings MCP-1 production and ROS generation in the aortas of 

S1P3 receptor and SR-BI
-/-

 mice were not affected by treatment with HDL, S1P and 

sphingosylphosphorylcholine (SPC) (287).  

HDL and its protein moiety apoA-I have been shown to inhibit the expression of 

CD11b of human monocytes that is induced by PMA and promote cell adhesion. 

Inhibition of the ABCA1-mediated and to a lesser extent SR-BI mediated cholesterol 

efflux by monoclonal antibodies attenuated the inhibitory effect of apoA-I and HDL 

respectively. Expression of CD11b was also affected by depletion of the membrane 

cholesterol by treatment of the cells with cyclodextrin (288), pointing out to a potential 

role of cholesterol efflux in the inhibition of inflammation.  Consistently with the ex vivo 

results, infusion of rHDL in patients with type 2 diabetes mellitus reduced the expression 

of CD11b of the peripheral monocytes and reduced the adhesion of the patients’ 

neutrophils to a fibrinogen matrix. Plasma HDL isolated 4 to 72 hours post rHDL 

infusion suppressed the expression of VCAM-1 in cultures of HAECs and had increased 

ability to promote cholesterol efflux from THP-1 macrophages (289). 

ApoA-I induced the expression of the adhesion molecule CD31, and changed the 

morphology and size distribution of lineage negative bone marrow cells. The treatment 

also increased the ability of the cells to bind to fibronectin and to cultured endothelial 

cells. Deletion of the C-terminal helix 10 of apoA-I abolished the effects of apoA-I on 

bone marrow cells (290). 
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ApoA-I/ABCA1 interactions trigger signaling mechanisms that involve JAK2 and 

STAT3 and result in phosphorylation and translocation of STAT3 to the nucleus and 

activation of expression of anti-inflammatory genes in endothelial cells (291;292). 

 

1.11.3. Effect of HDL and apoA-I on endothelial cell apoptosis 

Exposure of endothelial cells to inflammatory stimuli may disturb the endothelial 

monolayer integrity (293). Numerous factors that promote endothelial apoptosis have 

been described and include OxLDL (294;295), TNF-a (295;296), homocysteine (297), 

and angiotensin II (298). HDL also can reverse the TNF-a induced and growth 

deprivation induced endothelial cell apoptosis (299;300). OxLDL increased intracellular 

calcium and apoptosis that can be inhibited by HDL (301). ApoA-I and HDL inhibit 

apoptosis and promote proliferation in endothelial cells. ApoA-I interacts with ABCA1 

and F1-ATPase (91;302), whereas HDL interacts with SR-BI and ABCG1 (58;152) and 

the sphingolipid components of HDL interact with the S1P receptors (303;304). These 

interactions have been implicated in the inhibition of endothelial cell apoptosis.  

HDL protected endothelial cells from apoptosis induced by oxLDL by preventing 

the generation of intracellular ROS. The anti-apoptotic activity was highest for HDL3 and 

diminished as the size of HDL increased. It was suggested that approximately 70% of the 

anti-apoptotic activity of HDL was attributed to apoA-I which has the capacity to accept 

through its methionine residues the phospholipid hydroperoxides (PLOOH) of oxLDL 

(305;306). The anti-apoptotic functions of small size HDL3 was reduced by 35% in 

subjects with metabolic syndrome and this reduction was correlated with the clinical 
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phenotype of the human subjects. Compared to normal HDL the HDL3 fractions of the 

diabetic subjects had increased total triglyceride levels and decreased CE/TG ratio 

suggesting that the lipid core of HDL3 was enriched with triglycerides (307). HDL3 also 

inhibited apoptotic cell death induced by oxLDL and preserved lysosomal integrity of an 

osteoblastic cell line. The anti-apoptotic effects were attributed to the increased 

expression of SR-BI that is mediated by HDL3, combined with the ability of HDL to 

compete for the binding of oxLDL to osteoblasts as well as increased selective uptake of 

the cholesterol of the oxLDL by the cells (308). 

Interaction of apoA-I with cell surface F1-ATPase showed that apoA-I inhibited 

apoptosis of human umbilical vein endothelial cells (HUVEC) and stimulated cell 

proliferation (210;211). In the absence of apoA-I, specific inhibitors for F1-ATPase (IF1-

H49K) and angiostatin or specific antibodies promoted apoptosis and inhibited cell 

proliferation. In the presence of apoA-I, the F1-ATPase inhibitors and antibodies 

diminished its anti-apoptotic and anti-proliferative effects. Down-regulation of the 

ABCA1 by siRNA did not affect the anti-apoptotic and proliferative functions of apoA-I 

whereas inhibition of SR-BI by a specific antibody diminished the anti-apoptotic and 

proliferative functions of HDL3 (211). The findings suggest that interactions of lipid free 

apoA-I with F1-ATPase and of HDL with SR-BI contribute to their anti-apoptotic and 

anti-proliferative effects on endothelial cells. The antiapoptotic effects of HDL on 

endothelial cells could be mimicked by the lysosphingolipid components of HDL (300).   

SR-BI mediated signaling led to activation of eNOS, promoted cell growth and 

migration and protected cells from apoptosis (309;310). Activation of eNOS required its 
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localization in the caveolae, where caveolin, SR-BI and CD36 are also found (311). It has 

been proposed that oxLDL acting through CD36 (312) depletes the cholesterol content of 

caveolae and leads to eNOS redistribution to intracellular sites and decrease eNOS 

activity (311;312). HDL acting through SR-BI maintains the concentration of caveolae-

associated cholesterol, inhibits the actions of oxLDL and maintains eNOS in the caveolae 

(311). This interpretation implies that strong interactions between eNOS and Cav-1 

stimulate eNOS activity. 

Other studies provided the opposite mechanism of modulation of eNOS activity 

by interactions with caveolin (313). It was shown that these interactions were enhanced 

by loading cells with cholesterol or oxysterols and decreased by cholesterol depletion in 

endothelial cells. HDL diminished the interactions of eNOS with Cav-1 that are caused 

by cholesterol loading in an ABCG1 depended manner. Studies in murine lung 

endothelial cells (MLEC) also showed that HDL could reverse the inhibition of eNOS 

activity caused by cholesterol loading in the normal but not the Cav-1 deficient cells 

(313). It was proposed that diminished interactions between eNOS and Cav-1 caused by 

ABCG1-mediated efflux stimulated eNOS activity. 

It has been shown that oxidized phospholipids uncoupled eNOS activity and led 

to the generation of O2
.-
 which activated and induced the expression of sterol regulatory 

element binding protein (SREBP) and interleukin (IL)-8 (314;315). Expression of SR-BI 

in endothelial cells induced by apoA-I mimetic peptides reverses the impact of OxLDL 

on the localization and function of eNOS (179). It has also been shown that apoA-I 
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mimetic peptides prevent LDL from uncoupling eNOS activity to favour O2
.-
 anion 

production as opposed to normal production of NO (316-318). 

Finally it has been shown that SR-BI via a highly conserved redox motif CXXS 

between residues 323-326 can promote a ligand-independed apoptosis via a caspase 8 

pathway and this effect could be reversed by HDL and eNOS (182). It was proposed that 

at low HDL levels oxitative stress causes relocation of eNOS away from the caveolae and 

this results in SR-BI induced apoptosis (182).  

The picture that emerges from these studies is that HDL promotes survival and 

migration of endothelial cells by signalling mechanisms that originate from interactions 

of HDL with SR-BI as well as of interactions of S1P with S1P1 and S1P3 receptors as 

well as interactions of lipid-free apoA-I with F1-ATPase. 

 

1.11.4. Effect of HDL on endothelial cell proliferation and migration 

Damage of the endothelium is associated with vascular disease (319) which can be 

blunted by re-endothelialization (320;321). HDL promoted proliferation of human aortic 

endothelial cells (HUVEC) via mechanisms that increased intracellular Ca
2+

 and 

upregulated the production of prostacyclin (322). HDL also promoted endothelial cell 

migration (323). Migration was promoted by signalling cascades mediated by interaction 

of S1P with S1P1 and S1P3 receptors that led to the activation of PI3 kinase, p38MAP 

kinase and Rho kinases (303). Another beneficial effect of HDL is its capacity to promote 

capillary tube formation in vitro. This function is pertussis toxin sensitive and requires 

p44/42MAP kinase which is downstream of Ras (324).  
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Other studies showed that interaction of SR-BI with HDL or rHDL activated Src 

kinases and Rac GTPases and stimulated endothelial cell migration in a NO independent 

fashion (325). In vivo experiments have also shown that re-endothelialization of carotid 

artery following injury is promoted by apoA-I expression and is inhibited by apoA-I 

deficiency in mice (325). 

 

1.11.5. Effect of HDL on thrombosis 

Increased HDL cholesterol levels are associated with decreased risk of venous 

thrombosis (326). In contrast low HDL levels are associated with increased risk of 

venous thrombosis (327;328). The ability of HDL to inhibit endothelial cell apoptosis 

(293;329) prevents vessel denudation and formation of microparticles that may contribute 

to thrombosis (330-332). It has been shown that thrombogenic membrane microparticles 

that may originate from apoptotic endothelial cells are increased in the plasma of patients 

with acute coronary syndrome (ACS) (333;334). Infusion of rHDL in volunteers that 

received low levels of endotoxin limited the prothrombotic and procoagulant effect of 

endotoxin (335). Furthermore infusion of apoA-IMILANO in a rat model of acute arterial 

thrombosis increased the time of thrombus formation and decreased the weight of the 

thrombus (336).  

HDL may affect thrombosis via a variety of mechanisms. Early studies showed 

that HDL causes increased synthesis of prostacyclin in cultured endothelial cells 

(322;337). Prostacyclin in combination with NO promote smooth muscle cells relaxation, 

inhibit platelet activation and local smooth muscle cell proliferation (338). The HDL 
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mediated release of prostacyclin may contribute to the antithrombotic properties of HDL. 

It has been reported that HDL3 induced expression of Cox-2 by smooth muscle cells and 

promoted release of prostacyclin (PGI2) via a signalling pathway that involves p38MAP 

kinase and N terminal kinase c-Jun (JNK-1) (339-341). PGI2 synthesis was enhanced by 

HMGCoA reduactase inhibitors (341).  

It has been reported that the oxidized phospholipid components of HDL 

downregulate the expression of adhesion molecules that are induced by CRP in 

endothelial cells (342). It has been shown that there is a positive correlation between 

plasma HDL levels and anticoagulant response to activated protein C (APC)/protein S in 

vitro (343) and negative correlation with the plasma thrombin activation markers such as 

prothrombin fragments F1.2 and D-dimer (344). APC inactivates, by proteolysis, factors 

Va and VIIIa in plasma and thus it can downregulate thrombin formation (345). 

Administration of HDL to cholesterol-fed rabbits increased endothelial cell 

thrombomodulin levels, promoted generation of APC and inhibited formation of 

thrombin (346). Due to the antiinflammatory properties of thrombomodulin (347), the 

HDL mediated increase in its expression may have important implications for vascular 

disorders. 

It has been shown that glucosylceramide and glycosphingolipids which are 

present in HDL are lipid cofactors for the anticoagulant activity of APC and in a 

significant number of patients with venous thrombosis the levels of glucosylceramides 

are low (348;349). Shpingosine, another molecule present in HDL, has been shown to 
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inhibit prothrombin activation on platelets’ surface by disrupting procoagulant 

interactions between factors Xa and Va (350).  

HDL can activate the MAPK pathway either through processes that involve PKC, 

Raf-1, MEK and ERK1/2 or PKC independent pathways that lead to the activation of 

Ras. These pathways can be inhibited by pertussis toxin and neutralizing antibodies 

against SR-BI (351). The data suggest that interactions of HDL with SR-BI activate Ras 

in a PKC independent manner and this leads to subsequent activation of MAPK 

signalling cascade (351) (Fig. 1.15).  

 

Figure 1.15. Schematic representation of PKC-dependant and SR-BI-dependant 

signalling pathways that promote cell proliferation.  

 

HDL also downregulated expression of plasminogen activator inhibitor-I (PAI-1) 

and upregulated tissue plasminogen activator (t-PA) in endothelial cell cultures 

(352;353). In contrast oxidized HDL3 induces the expression of PAI-I in endothelial cells 
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through signalling mechanisms that involve activation of extracellular signal activated 

kinases (ERK1/2) and p38MAPK and mRNA stabilization (354). It has been shown that 

transgenic mice expressing the human PAI-1 developed age-dependent coronary arterial 

thrombosis, demonstrating the involvement of PAI-1 in the pathogenesis of arterial 

thrombosis (353). 

 

1.11.6. Interactions of HDL with platelets 

Several pieces of evidence link HDL and proteins related to the HDL pathway with the 

platelets’ functions. Elevated HDL cholesterol inhibited platelet dependent thrombus 

formation ex vivo (355). It has been shown that infusion of rHDL in human subjects 

suppressed the activation of platelets ex vivo (356). HDL may also modify platelet 

functions indirectly through its actions on endothelial cells. HDL can downregurale the 

release of platelet activating factor and can also upregulate the synthesis and release of 

NO from endothelial cells (177;352). It has been shown that HDL can limit the 

generation of thromboxane A2 (TxA2) and can increase the production of prostacyclin 

(352). HDL2 can promote more effectively these antithrombotic effects compared to 

HDL3 that involve the balance of TxA2/Prostacyclin (357). 

It has been shown that SR-BI
-/-

 mice are characterized by thrombocytopenia and 

platelet abnormalities that include high clearance rates, abnormal morphologies and 

cholesterol content, as well as blunted aggregation response to the ADP agonist but not to 

protease-activated receptor 4 (PAR4) (thrombin receptor) agonist. When platelets 

obtained from normal mice were infused into SR-BI
-/-

 mice acquired the characteristics of 
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the recipient mice 24 hours post infusion (358). It was proposed that the structural and 

functional abnormalities of platelets are a consequence of the increased ratio of 

unesterified to total cholesterol that exists in the SR-BI
-/-

 mice. These lipid and 

lipoprotein abnormalities appear to be also responsible for the defective erythrocyte 

maturation of SR-BI
-/-

 mice (173). 

A recent study showed that binding of HDL3 to platelet SR-BI inhibited thrombin-

induced platelet aggregation, fibrinogen binding, P-selectin expression as well as 

mobilization of intracellular Ca
2+

. Further experiments showed that the interaction 

involved signaling cascades that led to diacylglycerol production and protein kinase C 

activation. The involvement of HDL in the activation of PKC was also reported in a 

previous study (351). The responses of platelets to HDL3 were correlated with the 

phospatidylserine and phospatidylinositol content of HDL. Platelets lacking SR-BI were 

not responsive to HDL3 or phospatidylserine (359) (Fig. 1.15).  

Patients with type 2 diabetes are characterized by increased platelet aggregation 

(360-363). Infusion of rHDL in diabetic patients reduced the platelet aggregation and 

response to agonists and resulted in attenuation of platelet function and thrombus 

formation. The effects could be accounted for by the phospholipid components of rHDL 

that reduced the cholesterol content of the platelet membranes (364). 

 

1.11.7. Effect of HDL on diabetes 

In vivo and in vitro studies have provided evidence that HDL may have beneficial effects 

on glucose metabolism (365).  
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Oral glucose tolerance test in a limited number of patients with Tangier disease 

(that lack or have dysfunctional ABCA1) showed that they had glucose intolerance as 

compared to controls (366), thus implicating ABCA1, apoA-I and HDL in glucose 

metabolism. 

Cell culture studies using primary pancreatic islets cells and a pancreatic β-cell 

line (Min6), showed that lipid free apoA-I or apoA-II or reconstituted HDL increased 

insulin secretion up to 5-fold in a Ca
2+

 dependent manner (367). The free apoproteins 

also increased insulin mRNA levels. HDL mediated secretion in culture has also been 

observed in cultures of mouse pancreatic β-cells (MIN6N8) (368).  The increase in 

insulin secretion mediated by lipid-free apoproteins and rHDL required the functions of 

ABCA1 and SRBI or ABCG1 respectively. These functions may be different from those 

involved in cholesterol efflux. For high but not low glucose concentrations enhanced 

insulin secretion required the action of KATP channel and glucose catabolism in the 

pancreatic cell (367).  

Further insight on the role of ABCA1 in diabetes was obtained by studies in mice 

with selective deficiency of abca1 in pancreas (ABCA1
-P/-P

). These mice accumulated 

cholesterol in their islets and were characterized by impaired acute phase insulin 

secretion and glucose intolerance. The ABCA1
-P/-P

 mice exhibited normal insulin 

sensitivity indicating normal response of the peripheral tissues to insulin. The impairment 

in insulin secretion was verified in cell culture experiments using islets isolated from the 

ABCA1
-P/-P

 mice.  In contrast, whole ABCA1 deficient mice had normal glucose 
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tolerance, displayed only small impairment in the islet function and did not accumulate 

significant amount of cholesterol in the islets (369). 

Pancreatic islets isolated from apoE deficient mice also had increased cholesterol 

content and reduced insulin secretion as compared to islets obtained from WT mice. The 

reduced insulin secretion in the pancreatic islets or cultures of β-cells could be restored 

by depletion of the cellular cholesterol using mevastatin or methyl-β-cyclodextrin 

(MβCD) (370). Experiments in cell lines of pancreatic β-cell origin indicated that 

cholesterol loading or cholesterol depletion affect the activity of glucokinase which is 

known to regulate insulin secretion (371). The experiments showed that under normal 

cholesterol levels glucokinase is associated with a dimeric form of nNOS on insulin 

containing granules in the cytoplasm and is inactive (371). Increase in plasma cholesterol 

increased dimerization of nNOS and enhanced its association with GK whereas reduction 

in the cholesterol levels or increase in the extracellular glucose levels promoted 

monomerization  of nNOS and release of active GK in the cytoplasm (370). 

The role of the increase in the cholesterol content of β-cells in insulin secretion 

was tested in transgenic mice expressing SREBP-2 in β-cells under the control of insulin 

promoter. These mice had normal plasma cholesterol levels but developed severe 

diabetes characterized by 5-fold increase in gluco-hemoglobin and defects in glucose and 

potassium-stimulated insulin secretion and were characterized by glucose intolerance. 

The islets were fewer, smaller and deformed and had increased levels of total and 

esterified cholesterol (372). It was proposed that the loss of β-cell mass could be related 
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to the down regulation of genes such as PDX-1 and BETA2 that are involved in β-cell 

differentiation.  

Another clinical study showed that the protective functions of HDL can be 

compromised in type 2 diabetes mellitus and inflammatory diseases and this negative 

effect can be reversed by appropriate HDL-based therapies. A recent comprehensive 

study has measured the properties of HDL isolated from patients with type 2 diabetes 

mellitus and their functions on endothelial cells in vitro and in vivo. HDL isolated from 

patients with low HDL and type 2 diabetes mellitus contained increased levels of lipid 

peroxides and increased myeloperoxidase activity. In endothelial cell cultures diabetic 

HDL had reduced production of NO and increased NADPH oxidase activity that resulted 

in increased oxidant stress. Diabetic HDL had diminished endothelium dependent 

relaxation of aortic rings and endothelial progenitor cells obtained from diabetic subjects 

had diminished capacity to promote reendothelialization in vivo. A remarkable finding in 

this study was that extended release niacin treatment of the diabetic patients restored the 

properties and functions of HDL. The HDL obtained after treatment had normal levels of 

peroxides and normal MPO activity. Studies with endothelial cultures showed that 

following treatment of the diabetic patients their HDL could induce normal NO 

production and NADPH oxidase activity and promoted normal relaxation of aortic rings. 

Progenitor cells obtained from diabetic patients following niacin treatment had normal 

ability to promote reendothelialization in vivo (373). 

Intravenous infusion of rHDL (80 mg/kg over 4 hours) in type 2 diabetic human 

subjects decreased plasma glucose level, increased plasma insulin level and increased β-
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cell functions as compared to patients receiving placebo (368). HDL and apoA-I 

increased glucose uptake of primary human skeletal muscle cultures established from 

patients with type 2 diabetes mellitus. HDL induced glucose uptake and fatty acid 

oxidation and increased AMPKα2 activity and phosphorylation. These effects were 

modulated through a Ca
2+

 depended pathway. Subsequent in vitro and in vivo studies 

showed that rHDL inhibited lipolysis in 3T3-L1 adipocytes partially via activation of 

AMPK pathway. Infusion of rHDL also inhibited fasting induced lipolysis and fatty acid 

oxidation but increased the circulating non essential fatty acids possibly due to the action 

of phospholipase on the rHDL phospholipids (374). The HDL depended glucose uptake 

by the skeletal muscle cells was abrogated by inhibition of ABCA1 with a blocking 

antibody suggesting that ABCA1 functions not related to cholesterol efflux may 

contribute to the increased glucose uptake and β-oxidation by skeletal muscle cells 

obtained from patients with type 2 diabetic mellitus (374).    

The effect of apoA-I on glucose metabolism was also studied in C2C12 myocytes 

and apoA-I deficient mice. Consistent with the studies with primary human skeletal 

muscle cultures, apoA-I stimulated AMPK and Acetyl-CoA carboxylase (ACC) 

phosphorylation and glucose uptake and endocytosis into C2C12 cells. The apoA-I 

deficient mice had increased fat content decreased glucose tolerance and increased 

expression of gluconeogenic enzymes in the liver and decreased AMPK-depended 

phosphorylation in skeletal muscle and the liver (375).   

Ex vivo studies showed that HDL and delipidated apoA-I or S1P decreased IL-1β 

and glucose-mediated apoptosis and thus increased the survival of human and murine 
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islets. HDL treatment down-regulated the expression of iNOS and its downstream target 

Fas which is pro-apoptotic and up-regulated the expression of FLIP which is anti-

apoptotic (365). 

HDL can reverse the toxic effects of oxidized LDL on beta cells that are 

associated with apoptosis and transcriptional repression of the insulin gene and is 

mediated by c-Jun N-terminal kinase (JNK) (376). ApoA-I has been implicated in the 

control of obesity by controlling energy expenditure and improving insulin sensitivity in 

apoA-I transgenic mice. In cultures of brown adipocytes apoA-I increased UCP-1 mRNA 

and protein levels and stimulated AMPK phosphorylation (377). 

 

1.11.8. Effect HDL and apoA-I on endothelial progenitor cells 

The term endothelial progenitor cells (EPC) applies to a subset of bone marrow derived 

cells. The identification and characterization of the EPC based on unique surface markers 

as well as their functions is incomplete (378). The lack of strict definition of the EPC 

requires that these studies are interpreted with caution. 

Earlier studies have suggested that important beneficial properties of HDL may be 

related to its ability to increase the number and improve the functions of endothelial 

progenitor cells (EPC) (379;380).  It has been reported that HDL and apoA-I promote the 

recruitment of endothelial progenitor cells (EPC) to the site of vascular injury and 

contribute to reendothelialization (381;382).  

Studies with human subjects showed that increased levels of CD34
+ 

kinase insert 

domain receptor (KDR)
+
 in endothelial progenitor cells were predictors of decreased risk 
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for cardiovascular events and death (383). The number of circulating EPC is decreased 

and their functions are impaired in patients with type 2 diabetes mellitus (384). Infusion 

of rHDL in type 2 diabetic patients increased the number of CD34
+
VEGFR-2

+
 EPCs 7 

days post-infusion pointing to the possibility of decreasing the cardiovascular risk in 

these patients with effective HDL raising therapies (385). 

Injection of rHDL also increased blood flow and capillary density and promoted 

the incorporation of bone marrow derived cells in the newly-formed capillaries in the 

ischemic muscle of a murine model of ischemia. The rHDL mediated increase in blood 

flow recovery was severely impaired in eNOS
-/-

 mice.  HDL promoted differentiation of 

human peripheral mononuclear cells to EPC via a PI3/Akt depended pathway that 

activates eNOS (386) (Fig.1.12) suggesting that eNOS promotes the formation of the new 

vessels after the hind-limp ischemia. 

ApoA-I gene transfer in mice transplanted with SR-BI
+/+

 bone marrow attenuated 

graft vasculopathy following paratopic artery transplantation. The beneficial effects of 

apoA-I gene transfer that increased plasma HDL levels were attributed to the 2-fold 

increased expression of endothelial progenitor cells that accelerated endothelial 

regeneration. This effect was abolished in mice that were transplanted with SR-BI
-/-

 bone 

marrow (387). 

 

1.11.9. Effect of HDL on hematopoietic stem and progenitor cells (HSPCs) 

HDL was shown to suppress the proliferation of hematopoietic stem and progenitor cells 

(HSPCs). It was found that mice double deficient for ABCA1 and ABCG1, fail to 
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synthesize HDL, develop severe atherosclerosis (202). The ABCA1
-/-

 x ABCG1
-/-

 have 

five-fold increase of HSPC population containing Lin
-
Sca-1

+
Kit

+
 (LSK) in the bone 

marrow and this leads to the development of leukocytosis (388). The leukocytosis and 

myeloproliferative disorder as well as the atherosclerosis were suppressed by 

transplantation of ABCA1
-/- 

x ABCG1
-/-

 bone marrow in apoA-I transgenic mice that 

overexpress the human apoA-I. Experiments in cultures of bone marrow LSK cells 

obtained from mice transplanted with either WT or ABCA1
-/- 

x ABCG1
-/-

 bone marrow 

showed increased cell proliferation and ERK1/2 phosphorylation in response to IL-3 and 

GM-CSF treatment. IL-3 or HDL treatment of bone marrow obtained from WT and the 

Abca1
-/-

 x ABCG1
-/-

 mice showed that IL-3 stimulates and HDL suppresses Ras 

expression. The expression of IL-3Rβ receptor was attenuated in the bone marrow of 

apoA-I transgenic mice transplanted with the ABCA1
-/- 

x ABCG1
-/-

  bone marrow as 

compared to WT recipient mice (388). The data are consistent with inhibition by HDL of 

the cell signaling cascade that originates from interaction of IL-3 receptor with IL-3 and 

GM-CSF that controls ERK1/2 phosphorylation, Ras expression and cell proliferation. In 

the absence of HDL the signaling pathway is activated and cell proliferation ensues 

leading to leukocytosis and atherosclerosis (388). 

 

1.11.10. Antibacterial, anti-parasitic and antiviral activity of HDL and apoA-I 

ApoA-I has anti-microbial activity against gram positive and gram negative bacteria 

including fish pathogens (389;390). 
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A collaborative study under review by Dr. Jauhiainen laboratory showed that 

apoA-I can act as a host defense molecule and contributes to the killing of Yersinia 

enterocolitica (Serotype O:3) by the complement pathway. Moreover, it was shown that 

the C-terminal domain is the mediator of this effect and specifically an apoA-I mutant 

carrying the [L218A/L219A/V221A/L222A] mutation was shown to have abolished 

bactericidal activity. Another C-terminal mutant (E223A/K226A) was able to partially 

retain its bactericidal activity. It was shown that both HDL associated and lipid-free 

apoA-I have bactericidal activity. In addition, it was shown that apoA-I did not interact 

directly with the bacteria surface, instead the association of apoA-I with the bacteria 

required the exposure of the bacteria to the serum proteins. 

ApoA-I neutralizes bacterial toxins such as enterohemolysin (391), 

lipopolysaccharide (LPS), and lipoteichoic acid (392-396). These toxins promote 

inflammatory responses in cell cultures and animal models of inflammation. The human 

antibacterial and lipopolysaccharide binding protein cathelicidin, hCAP-18, exerts its 

function by binding to HDL and LDL lipoproteins through its carboxyterminal domain 

(397). 

HDL has been shown to suppress expression of genes induced by lipo-

polysaccharites in macrophages which regulate type 1 interferon response pathway 

including interferon-β. This response is controlled by Toll-like receptor 4 and the 

TRAM/TRIF signaling pathway. Consistently with the cell culture studies infection of 

apoA-I deficient mice with Salmonella typhinurium increased 6-fold the plasma levels of 

interferon-β (398). 
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The inhibition of anti-inflammatory activity of HDL following streptococcal 

infections has been attributed to the serum opacity factor, a protein secreted by group A 

streptococci. Serum opacity factor can bind with high affinity to the protein moieties of 

HDL (apoA-I, apoA-II). The K(d) for interaction for apo A-I and apoA-II is 6 and 30nm 

nm respectively. Binding of serum opacity factor removes apoA-I and apoA-II from 

HDL. This results in the formation of the lipid free apoA-I small discoidal HDL-like 

particles and the release of CE-rich lipid droplets that causes opacification of serum 

(399).  

  Humans have developed innate immunity against African trypanosomes which is 

mediated by apolipoprotein L-I and haptoglobin-related protein (Hpr). These proteins 

form a complex with a minor subfraction of HDL and IgM/apolipoprotein A-I 

respectively to generate trypanosome lytic factors TLF1 and TLF2. TLF1 forms a 

complex with Hpr and hemoglobin (Hb) which bind to the trypanosome haptoglobin 

(Hp)-Hb receptor and is endocytoced.  Following endocytosis, TLF1 goes to the 

lysosomes where apoL-I is released and is inserted into the lysosomal membrane via its 

bcl-2 related domain. The pore thus generated triggers efflux of chlorine ions and water 

into the lysosomes and results in the swelling and lysis of the trypanosomes.  TLF2 enters 

trypanosomes through the same pathway but the mechanism of lysis has not been fully 

elucidated (400;401) (Fig. 1.16). TLF formed in transgenic mice that express apoL-I and 

Hpr can reduce the pathogen burden and ameliorate the infection by Leishmania parasite 

(402).  
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Figure 1.16. Schematic representation of trypanolysis by TLF1. ApoL-I is bound to 

HDL3. The HDL3 particles bind to the TbHpHbR receptors of the trypanosomes. This 

leads to the uptake of HDL3 and transfer to lysosome. Upon acidification apoL-I 

dissociates from HDL and is inserted in the lysosomal membrane. This lead to the 

formation of pores and the flux of chloride ions and water in the lysosome. As a result the 

lysosomes undergo uncontrolled osmotic swelling. Obtained from (401).  

 

 

HDL has been also reported to exert antiviral activity through mechanisms that 

have not been fully elucidated (403;404). 

 

1.11.11. Role of HDL-associated proteins in the functions of HDL 

Some of the functions of HDL may be mediated by HDL-associated proteins. One of the 

proteins is paraoxonase-1(PON-1) which is anchored to HDL with its N-terminal Helix 

H1 and helix H2 (405;406). The association of HDL with PON-1 may involve 
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interactions of π electron rich aromatic residues of PON-1 with K and R residues of 

apoA-I (407). PON-1 deficiency in mice is associated with reduced expression of SR-BI 

and reduced binding of HDL to mouse peritoneal macrophages (408). The expression of 

SR-BI and the binding to HDL could be corrected by recombinant PON-1 or 

lysophospatidyl-choline (LPC) through signaling cascades involving ERK1/2 and PI3K 

(408). Deficiency in PON-1 is also associated with reduced serum corticosteroid levels 

(409). A complimentary set of experiments showed that modulation of expression of SR-

BI by siRNA in CHO and HepG2 cells decreased the association of PON-1 with HDL 

and VLDL. Treatment of cells with block lipid transport-1 (BLT-1), which increases the 

affinity of HDL for SR-BI, increased PON-1 association with HDL and VLDL (410). 

The findings establish a relationship between PON-1 and SR-BI that may contribute to 

the anti-apoptotic and other functions of HDL (408-410). 

Platelet-activating factor (PAF) is a lipid mediator produced by endothelial cells 

in response to injury and induces production of superoxide anions by macrophages 

(411;412). PAF is inactivated by platelet-activating factor acetylhydrolase (PAF-AH) an 

enzyme that is synthesized by monocytes, macrophages, platelets, spleen and liver cells 

(413) and has anti-inflammatory properties (414). In humans PAF-AH is found both in 

HDL and LDL whereas in mice it is found in HDL only (415;416). PAF-AH is thought to 

contribute to the anti-inflammatory properties of HDL (414). Adenovirus mediated gene 

transfer of PAF-AH reduced by 77% neo-intima formation and by 44% development of 

atherosclerotic lesions in the aortic root of male but not female mice (417). 
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MPO is a heme protein that is secreted by macrophages (418) and uses hydrogen 

peroxide and chloride to generate hypochlorous acid (419). MPO also generates reactive 

species by catalyzing the reaction of hydrogen peroxide with nitrite (420;421). 

Chlorination but not nitration of apoA-I by MPO inhibits the ABCA-1-apoA-I interaction 

that leads to cholesterol efflux (422). 

Myeloperoxidase (MPO) can also bind to HDL in vivo and modify apoA-I by 

chlorination and nitration of tyrosine residues (423;424). MPO-modified HDL or rHDL 

loses its SR-BI mediated anti-apoptotic and anti-inflammatory properties and gains the 

ability to bind to a novel unknown receptor. Interaction of MPO-modified HDL with 

aortic endothelial cells (BAECs) activated NF-θΒ signaling pathways and led to the 

expression of pro-inflammatory adhesion molecules (VCAM-1) and reduced eNOS 

activity. In vitro modifications of all the Met or Tyr or Trp residues of apoA-I did not 

affect ABCA1 mediated cholesterol efflux from RAW macrophages or VCAM-1 

expression in endothelial cells. The properties of MPO-modified mutant apoA-I or rHDL 

containing these mutants were in general comparable to those of WT apoA-I. These 

findings suggest that oxidation of these residues does not account for the altered 

properties of the MPO-oxidized HDL (425). 

An apoA-I mutant where all tryptophan residues were substituted by 

phenylalanine retained its ability to promote ABCA1-mediated cholesterol efflux despite 

modification of apoA-I by MPO at other sites. This finding indicates that MPO 

modification of tryptophan residues of apoA-I can account for the inhibition of its ability 

to act as cholesterol acceptor (426). 
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1.12. Genome-wide association studies 

Genome wide association (GWA) studies showed that new genes and the corresponding 

proteins affect plasma HDL levels by unknown mechanisms (427-435). In parallel, 

proteomic analysis showed that a large number of plasma proteins can associate with 

HDL and this may affect the HDL structure and function. The proteins can be classified 

in six major categories, and include:  proteins involved in lipid, lipoprotein and HDL 

biogenesis and metabolism, acute phage proteins, protease inhibitors, complement 

regulatory proteins and few others (albumin, fibrinogen a chain platelet basic protein) 

(436;437). Some representative proteins are shown in Table II.  

It has been proposed that the proteinase inhibitors and the acute phase proteins 

associated with HDL may contribute to its anti-inflammatory properties (436) and the 

complement inhibitors to complement regulation (438). Differences were observed in the 

proteomic composition of HDL subpopulation of different particle size (439). 

Furthermore the HDL proteome could be altered by pharmacological treatments (440). 
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Table II. List of genes identified by GWS that affect HDL plasma levels by unknown 

mechanisms and HDL related proteins identified by proteomics. 

Gene locus Protein 

Size (aa) 

Function Effect on 

HDL level 
(mg/dL) 

(427)  

P-Value (427) 

MVK 

 

mevalonate kinase 

396 

Catalyzes an early step in the biosynthesis 

of cholesterol and isoprenoids. Deficiency 
causes mevalonic aciduria in humans. 

Homozygosity for milder MVK mutations 

causes hyperimmunoglobulinemia 
syndrome 

-0.44 7 x 10-15 

FADS1 

 

fatty acid desaturase 1 

501 

FADS1 is a rate-limiting enzyme in the 

synthesis of long chain polyunsaturated 
fatty acids 

-0.73 1.5 x 10-22 

HNF4A 

 

hepatic nuclear factor-4 

474 

transcription factor member of the orphan 

nuclear receptor super family 

-1.88 1 x 10-15 

ARL15 
 

ADP ribosylation factor like-
15 

204 

member of a family of proteins involved in 
intracellular vesicle trafficking 

-0.49 5 x 10-8 

AMPD3 

 

adenosine monophosphate 

deaminase 3 
767 

Converts AMP to IMP -0.41 5 x 10-8 

LACT B 

 

Lactamase beta 

549 

A filament-forming protein localized in the 

mitochondria association with obesity and 
metabolic disease traits 

-0.39 9 x 10-9 

STARD3 

 

StAR-related lipid transfer 

(START) domain containing 
3 

445 

Endosomal protein involved in lipid 

trafficking 

-0.48 1 x10-13 

PGS1 

 

phosphatidyl 

glycerophosphate synthase 1 
549 

Phospholipid biosynthesis 

 

-0.39 8 x 10-9 

ANGPTL4* 

 

angiopoietin-like 4 

406 

Serum hormone involved in lipid 

homeostasis and lipid metabolism. Inhibits 
apoptosis in vascular endothelial cells 

-0.45 3 x10-8 

GALNT2* 

 

N-acetylgalactosaminyl 

transferase 2  

571 

Involved in the O-linked glycosylation of 

proteins by transferring N-

acetylgalactosamine to serine or threonine 
residues 

-0.61 4 x 10-21 

PCYT1A* Phosphate 

cytidylyltransferase 1, 
choline, alpha 

367 

CTα is the key regulatory enzyme in the 

CDP-choline pathway for the biosynthesis 
of phosphatidylcholine  

Identified by 

bioengineered 
mice 

 

BMP-1 

 

bone morphogenetic protein 1 

202 

Bone morphogenetic protein-1 is a protein 

that converts the 249aa proprotein of apoA-
I into the mature apoA-I. It is inhibited by 

α2-macroglobulin 

Identified by 

cell culture 
studies 

 

AAT 

 

alpha-1-antitrypsin 

418 

Protease inhibitor Identified by 

proteomics 

 

MPO 

 

myeloperoxlase 

745 

HDL associated protein Identified by 

proteomics 

 

PON1 
 

paraoxonase 
355 

HDL associated protein Identified by 
proteomics 

 

TTR transthyretin 

127 

Serum and cerebrospinal fluid protein that 

transports holo-retinol-binding protein 
(RBP; 180250) and thyroxine (summarized 

by Buxbaum and Reixach, 2009). 

Identified by 

proteomics 

 

 

http://www.ncbi.nlm.nih.gov/omim/180250
http://www.ncbi.nlm.nih.gov/omim/176300#176300_Reference34
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1.13. Role of apoA-I and HDL in atheroprotection 

Atherosclerosis is associated with lipid and lipoprotein abnormalities (274;441). Patients 

with coronary heart disease have decreased concentration of the largest size HDL 

subpopulations (442-444). The anti-atherogenic functions of HDL and apoA-I have been 

partially attributed to their ability to promote efflux from cells (445) and promote reverse 

cholesterol transport via ABCA1, ABCG1 and SR-BI (200;202). Hepatic overexpression 

of the apoA-I gene in the background of apoE or LDLR deficient mice reduced the 

atherosclerosis burden of these mice following an atherogenic diet (446;447). These 

findings demonstrate the importance of apoA-I and HDL for atheroprotection. In 

contrast, double deficient mice for apoA-I and the Ldlr fed an atherogenic diet developed 

atherosclerosis and had increased concentration of circulating auto-anibodies. The mice 

were characterized by expanded lymph nodes and increased spleen size and had increased 

population of T, B, dendritic cells and macrophages, as well as increased T cell 

proliferation and activation. The abnormal phenotype was corrected by adenovirus 

mediated gene expression of apoA-I (448). Similarly apoA-I transgenic rabbits were 

resistant to diet induced atherosclerosis (449).  In contrast, double deficient mice for 

apoA-I and the Ldlr fed an atherogenic diet developed atherosclerosis and had increased 

concentration of circulating auto-anibodies. The mice were characterized by expanded 

lymph nodes and increased spleen size and had increased population of T, B, dendritic 

cells and macrophages, as well as increased T cell proliferation and activation. The 

abnormal phenotype was corrected by adenovirus mediated gene expression of apoA-I 

(448). In a clinical trial it was shown that intravenous administration of 15 mg/kg of 
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apoA-IMILANO/phospholipid complexes in five weekly doses in patients with acute 

coronary syndrome resulted in significant regression as it was shown by intravascular 

ultrasound (450;451). It was also shown that regression of atherosclerosis was associated 

with remodelling of the external elastic membrane. As a result the luminal dimensions of 

the atherosclerotic aortas did not change (451). It has been suggested that plasma apoA-I 

levels should be measured in humans as a component of the assessment of cardiovascular 

risk (452). 

High levels of HDL cholesterol are not always correlated with atheroprotection. 

Human subjects have been identified with high HDL levels and coronary artery disease, 

thus suggesting that the HDL in these subjects has pro-atherogenic properties (453). Also 

SR-BI-deficient mice have increased levels of HDL but are not protected from diet 

induced atherosclerosis (172;186). 

 

1.14. HDL and apoA-I-based therapies can have beneficial effects in a variety 

of diseases in humans and experimental animals 

1.14.1. Effects of apoA-I in pulmonary fibrosis 

Proteomic analysis showed that the apoA-I levels of bronchoalveoral lavage fluids of 

patients with idiopathic pulmonary fibrosis were significantly lower compared to those 

obtained from normal control subjects. Further studies in mice with bleomycin-induced 

fibrosis showed that intranasal treatment with apoA-I reduced the number of 

inflammatory cells and suppressed fibrosis (454), indicating a beneficial effect of apoA-I 

in pulmonary fibrosis. 



75 

 

1.14.2. Effects of HDL in embolic stroke 

HDL was shown to have a neuroprotective effect in rats that underwent embolic 

occlusion. Intravenous administration of purified HDL immediately or up to 5 hours post 

embolic stroke reduced cerebral infarct volume and mortality. The beneficial effects of 

HDL were attributed to the decrease in ICAM-1 positive vessels and reduction in 

neutrofil recruitment in the infarct area (455). 

 

1.14.3. Alteration of HDL properties in renal disease 

The anti-oxidant and anti-inflammatory activity of HDL of patients with end-stage renal 

disease determined by in vitro and cell culture assays is diminished (456-460). The 

properties of HDL obtained from patients with end-stage renal disease can be improved 

by treatment with the mimetic peptide 4F (461).  

 

1.14.4. Effect of HDL and S1P in ischemia/reperfusion injury and endothelial 

tube formation 

HDL and S1P were shown to reduce the damage caused on the myocardium following 

ischemia/reperfusion injury. Both S1P and HDL reduced apoptosis of the cardiomyocytes 

in the infract area and in vitro, decreased the number of polymorphonuclear cells in the 

infarct area and inhibited the adhesion of macrophages to TNF-α activated endothelial 

cells. The macrophage adhesion and the infract size were depended on the activity of 

eNOS. The protective effect of HDL and S1P on the infract size was abolished in mice 

deficient in S1P3R (462).  
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The contribution of S1P in the functions of HDL was also investigated in cell 

culture experiments. Reconstituted HDL particles containing apoA-I, S1P and POPC as 

well as HDL, induced proliferation of endothelial cells and promoted cholesterol efflux 

from RAW264 macrophages. The S1P containing rHDL but not rHDL containing apoA-I 

and POPC, induced endothelial tube formation through mechanisms that required the 

phosphorylation of ERK1/2, Akt and the activity of eNOS and S1P2 and S1P3 receptors. 

In transfected cultures of CHO cells ERK1/2 phosphorylation could be achieved by free 

S1P and rHDL containing S1P and was also mediated by S1P2 and S1P3 receptors but not 

by SR-BI (463).   

 

1.14.5. Effect of HDL in heart disease 

Increase in HDL levels in patients with CAD following a three month niaspan treatment 

was associated with increased flow mediated dilation of the right brachial artery (262). In 

vivo HDL stimulated myocardial perfusion to similar levels in WT and S1P3 receptor 

deficient mice indicating the potential involvement of other S1P receptors (464). 

One study has shown that blood flow responses to endothelium-dependent 

vasodilators were decreased in patients heterozygous for ABCA1 deficiency and these 

responses were improved by infusion of rHDL consisting of apoA-I/phosphatidylcholine 

disks (465). Similarly administration of rHDL improved the endothelial functions of 

hypercholesterolemic men (466). 

Increase in HDL levels induced by human apoA-I adenovirus-mediated gene 

transfer in streptozoticin treated rats suppressed the development of diabetic 
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cardiomyopathy. The increase in plasma apoA-I levels improved left ventricular 

contractility in vivo and in cardiomyocytes ex vivo. The apoA-I gene transfer reduced 

oxidative stress as determined by TBARS levels, increased mRNA levels of cardiac and  

endothelial cell superoxide dismutase (SOD) and increased phosphorylation of p38-

MAPK. It also reduced inflammation by reduction of the expression of adhesion 

molecules ICAM-1, VCAM-1 and of the pro-inflammatory cytokine TNF-α in the left 

ventricle. Histochemical analyses of the hearts showed reduction of cardiac fibrosis and 

collagen accumulation that was attributed to the increased phosphorylation of glucogen 

syntase kinase (GSK). The changes in the caspase 3/7 activity levels and Bcl2/Bax ratio 

combined with the increased phosphorylation of eNOS indicated reduction in apoptosis 

and improvement of the endothelial functions in the diabetic rats following gene transfer. 

The overall findings indicate that increase in HDL levels have beneficial effects and 

protect from diabetic cardiomyopathy in experimental animal models (467). 

 

1.15. Specific aims  

ApoA-I is the major protein component of HDL that is required both for the biogenesis, 

signaling and functions of HDL. ApoA-I also contributes to the overall lipid homeostasis 

in the circulation and to atheroprotection. Biogenesis and remodeling of HDL are 

complex pathways that involve apoA-I, ABCA1 and other membrane-bound proteins. 

Systematic study of naturally occurring and bioengineered apoA-I mutations identified 

several steps where the pathway of biogenesis and catabolism of HDL is disrupted and 

may affect HDL synthesis, maturation and stability or may cause dyslipidemia. Despite 
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the progress that has been made our understanding on the domains and residues of apoA-I 

that contribute to its numerous important physiological functions remains incomplete. 

 

The broader objectives of my research have been:  

1. To determine by gene transfer and in vitro studies crucial domains of apoA-I that 

may alter the structure and functions of the protein and cause dyslipidemia and 

correlate of the apoA-I mutants with their physicochemical properties.  

2. To determine by gene transfer and in vitro studies crucial domains of apoA-I that 

may alter its functional interactions with ABCA1 in ways that diminish the 

biogenesis of HDL and compare the in vivo functions of the apoA-I mutant 

proteins with their physicochemical properties. 

The specific aims of my thesis pertinent to objectives 1 and 2 were: 

Specific Aim 1: To investigate the importance of the conserved positively and negatively 

charged residues present in the 89-99 domain of apoA-I for cholesterol and triglyceride 

homeostasis and the biogenesis of HDL. The results are presented in Project I. 

Specific Aim 2: To investigate the role of four hydrophobic residues (L218, L219, V221, 

L222) and two charged (E223, K226) on the biogenesis of HDL. The results are 

presented in Project II 

 

1.16. Significance 

Epidemiological and genetic data, combined with transgenic experiments, suggest that 

increased apoA-I and HDL levels protect from atherosclerosis. In contrast, low apoA-I 
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and HDL levels predispose humans to CAD, a leading cause for mortality worldwide. In 

fact, low HDL accounts for 20% of the patients who have suffered from myocardial 

infarction below the age of 60 years. The studies of this thesis focus on the basic 

molecular mechanisms which determine the biological functions of apoA-I and HDL that 

lead to the biogenesis of HDL and are relevant to the development of atherosclerosis.  
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2. MATERIALS AND METHODS 

 

2.1. Materials 

The restriction enzymes, the ligase, the buffers and the DNA polymerases that were used 

for the construction of plasmids were purchased from New England Biolabs (Ipswich, 

MA). The dideoxynucleotides (dNTPs) that were used for the polymerase chain reactions 

(PCR) were purchased from Promega (Madison, WI) and the primers were constructed 

by Invitrogen (Carlsbad, CA). For the cloning of the mutated forms of apoA-I the 

plasmid vector pCDNA3.1 from Invitrogen was used. For the apoA-I mutagenesis the 

QuickChange
® 

II XL Site-Directed Mutagenesis Kit (Agilent Technologies; Santa Clara, 

CA) was used. The molecular weight marker “1 kb DNA Ladder” for DNA and the 

Presteained Protein Marker, Broad Range (6-175kDa) for proteins were bought from 

New England Biolabs; Ipswich, MA. The culture medium Luria Bertani (LB) with or 

without agar that was used for the solid and liquid cultures of bacteria, respectively, was 

purchased from American Bioanalytical (Natick, MA). The agarose (Ultrapure Agarose
®

) 

was purchased from Invitrogen, also various chemical compounds were bought from 

Fisher Scientific and Sigma Aldrich. For the DNA isolation in big scale from bacterial 

culture the High Purity Plasmid Maxiprep System (Origene; Rockville, MD) was used. 

For the isolation and purification of plasmid DNA fractions up to 10kb from agarose gel I 

used the Rapid Gel Extraction System bought from Origene. The reagents for reverse 

transcription and qPCR were purchased from Applied Biosystems (Foster City, CA). The 

Hybond ECL nitrocellulose membranes were bought from GE Healthcare (Piscataway, 
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NJ) and the Immobilon™-P polyvinylidene fluoride (PVDF) membranes were bought 

from Millipore (Billerica, MA). For the detection of proteins by Western I used the 

enhanced chemiluminescence (ECL) system of GE Healthcare. The materials that were 

used in the cell cultures and specifically the culture media Dulbecco’s Modified Eagles 

Medium (DMEM), DMEM high glucose and Leibovitz’s L-15 (L-15) and HamsF12 

medium, the buffer dilution Phosphate Buffered Saline (PBS), the enzyme Trypsin-

EDTA as well as the antibiotics Penicillin-Streptomycin 9P/S) were bought from Cellgro 

(Manassas, VA) whereas the Fetal Bovine Serum  (FBS) from Biomeda (Foster City, 

CA). The acrylamide gels with gradient concentration 4-20% Tris-HCL, IPR COMB 

were bought from BIO-RAD (Hercules, CA). The column Superose 6 PC 3.2/30 was 

bought from GE Healthcare. For the Western blotting analyses we used X-Omat LS films 

(Kodak; Rochester, NY). The [
3
H]-cholesterol was purchased from Perkin Elmer; 

Boston, MA. The rest of the chemical compounds that were used were obtained from 

common commercial sources in the clearest possible form. 

 

2.2. Methods 

2.2.1. Generation of mutations on apoA-I gene 

The plasmid pCDNA3.1-apoAIg-ΓBglII was used as template for the generation of the 

mutations on apoA-I gene that we wanted to investigate in this study. For this purpose I 

used the QuickChange
®
 II XL system that was bought from Agilent Technologies. The 

template plasmid was generated as it is described in (140). Briefly the pUC19-apoAIg 

plasmid (468) was digested with BglII and treated with the Klenow fragment of the DNA 
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polymerase I to fill the recessed 3′end and ligated in order to eliminate the BglII 

restricting site. The derivative plasmid, designated pUC19-apoAIg(ΓBglII), was used as a 

template to amplify by PCR the human apoA-I genomic sequence with two primers 

carrying the one the XbaI/BglII recognition sites  and the EcoRV recognition sites 

incorporating them to the 5′ and 3′ of the apoA-I genomic sequence, respectively. The 

product of the PCR was cloned into the pCDNA3.1 vector, resulting in the generation of 

the vector pCDNA3.1-apoAIg(ΓBglII). The template DNA was incubated with the 

appropriate primers which are described in Table III. The primers harbor mutations at the 

center of their sequence and on either side they have the sequence of the nucleotides of 

the wild type gene. The changes were done in order to obtain the desired amino acid 

changes in the final protein. The mutagenic primers were constructed according to the 

guidelines provided by Stratagene. 

 The mixture of template plasmid and primers was incubated with PfuUltra
®

 

polymerase that was provided with the QuickChange
®

II XL system and dNTPs in a PCR 

program as described by the manufacturer. After 18 amplification cycles the PCR product 

was incubated with the restriction enzyme DpnI in order to digest the template plasmid 

which is methylated or semi-methylated DNA. After the incubation, the newly 

synthesized DNA which carries the apoA-I mutations was used for the transformation of 

XL10-Gold
®
 (Agilent Technologies) competent cells (see below). Colonies resistant to 

ampicillin were selected and grown in mini cultures (see below). DNA was extracted and 

purified from these cultures, and was sequenced in order to confirm the introduction of 

the desired mutations. Colonies having the mutation of interest were then used to produce 
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large quantities of the plasmid (see below). The Maxi Kit manufactured by Origene was 

used for this plasmid purification. The plasmids that were produced for each mutation 

were incubated with the restriction enzymes BglII and EcoRV and the generated DNA 

fragments (2.2 kb) were isolated, following agarose gel electrophoresis (see below), and 

were ligated (see below) in the corresponding restriction sites, BglII and EcoRV, of the 

pAdTrack-CMV vector (see below) in order to make the recombinant adenoviruses, 

according to the AdEasy™ system (Agilent Technologies).  

 

2.2.2. Transformation of bacterial E.coli DH5a cells 

For the transformation of bacterial cells I transferred 100 κl of DH5a bacterial competent 

cells and 10 κl of the ligation reaction or 20-100 ng of the plasmid that I wanted to 

amplify. Cells were incubated on ice for 30 min followed by heat-shock for 45 seconds in 

a 42
o
C water bath. The reaction is then placed on ice for 2 minutes. Subsequently, I add 

0.9 ml of S.O.C. medium (Invitrogen; Carlsbad, CA) and we incubate in shaker at 225 

rpm at 37
o
C for 1 hour. Then 100 κl of the transformed cells are spread on LB plates with 

the appropriate antibiotic. The plates are incubated at 37
o
C for 16-18 hours. 

 

2.2.3. Mini scale preparation (miniprep) for plasmid purification 

After bacteria have grown on agar plates overnight, a single colony of bacterial clone is 

picked and it is transferred in 5 ml of LB broth containing 250 or 500 κg of kanamycin or 

ampicillin, respectively. The culture is incubated overnight at 37
o
C in a shaking 

incubator. The bacteria are centrifuged at 3000 rpm for 10 min. The supernatant is 
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removed and the pellet is resuspended in 1 ml STE buffer [0.1 M NaCl, 0.01M Tris-HCL 

pH: 8.0]. The cells are transferred into a 1.5 ml microcentrifuge tube and are centrifuged 

at 13000 rpm for 30 sec. The supernatant is removed and the cells are resuspended in 200 

κl of Cell Suspension Buffer [50 mM Tris-HCl (pH 8.0), 10 mM EDTA, 2 mg RNase A]. 

Then 400 κl of Cell Lysis Solution [200 mM NaOH, 1% SDS w/v] are added and the 

cells are incubated on ice for 5 min. The next step is to add the Neutralization Buffer [3.1 

M potassium acetate (pH5.5)] and the cells are mixed well. The lysed cells are 

centrifuged at 13000 rpm for 10 minutes and 500 κl of the supernatant are transferred in 

to a new tube. Then equal volume of chloroform is added and the contents of the tube are 

vortexed. The mixture is centrifuged again at 13000  rpm for 5 min and 400 κl of the 

supernatant are transferred into a new tube. Then 600 κl of isopropanol are added, the 

contents are mixed well, and the DNA is centrifuged at 13000 rpm for 30 min. The 

supernatant is then removed and the pellet is left to dry. Finally it is resuspended in 20 κl 

of ddH2O. 

 

2.2.4. DNA quantification by UV spectrophotometry 

To quantify DNA concentration in solution, ultraviolet spectrophotometry using the 

Beckman DU530 UV/Vis Spectrophotometer (Beckman; Fullerton, CA) was employed. 

The following options were selected: nucleic acids, double stranded DNA. A baseline 

“blank” measurement was made of only water in the quartz optical cuvette of 1 cm path 

length (Fisher; Agawam, MA) and the program used this value to subtract baseline for 

further calculations. A known dilution of DNA of unknown concentration was made, 
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usually 5 κl in 1 ml water, and put in the quartz cuvette and read. The double-stranded 

DNA program automatically subtracts the baseline value and multiplies by the dilution 

factor, returning a concentration value. The cuvette was rinsed with water in preparation 

for the next sample. 

     

2.2.5. Large scale preparation (Maxiprep) for plasmid purification 

The “High Purity Plasmid Maxiprep System” produced by Origene was used for the 

plasmid purification, and the directions provided by the manufacturer were followed. The 

bacterial cells were pelleted by centrifugation at 4000 rpm for 10 min. The bacterial 

pellet was resuspended in 10 ml of Cell Suspension Buffer, and lysed by the addition of 

Cell Lysis Solution. Precipitation of the bacterial proteins was achieved by adding 

Neutralization Buffer. The mixture was centrifuged at 4000 rpm for 10 minutes and the 

supernatant was removed and applied on a Marligen column that was previously 

equilibrated with 30 ml of Equilibration Buffer [600 mM NaCl, 100 mM sodium acetate 

(pH 5.0), 0.15% Triton® X-100 (v/v)]. The column was washed with 60 ml of Wash 

Buffer [800 mM NaCl, 100 mM sodium acetate (pH 5.0)], and the DNA was eluted with 

15 ml of Elution Buffer [1.25 M NaCl, 100 mM Tris-HCl (pH 8.5)]. The DNA was 

precipitated by adding 10.5 ml of isopropanol, mixed well and centrifuged at 9000 rpm 

for 30 minutes. The supernatant was discarded and the DNA was diluted in 300 κl of 

ddH2O and transferred to a 1.5 ml microcentrifuge tube. It was finally precipitated with 

750 κl of cold (-80°C) ethanol and 30 κl of CH3COOH 3M (pH 5.5), mixed well and 

centrifuged at 13000 rpm for 30 minutes. The supernatant was discarded and the pellet 
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was let to dry. The DNA was then resuspended in 200 κl of TE Buffer [10 mM Tris-HCl 

(pH 8.0), 0.1 mM EDTA]. 

 

2.2.6. Digestion with restriction enzymes 

The plasmids and the products of the PCRs that were used for cloning were incubated 

with restriction enzymes according to the instructions of the manufacturer (New England 

Biolabs; Ipswich, MA). Most digestions were performed using 15 κg of nucleic acid at 

37°C, for 2 hours. 

 

2.2.7. DNA electrophoresis on agarose gel 

For the nucleic acid electrophoresis agarose gels of 0.5% to 1% concentration were used. 

The procedure that was used is the following: In a conical 250 ml flask, 120 ml of TAE 

1x (50x TAE; 2M Tris-HCL pH 7.5, 2mM EDTA, acetic acid for pH equilibration) and 1 

g agarose are added. The mixture is heated up to boiling point until the agarose is 

dissolved. When the temperature of the mixture goes down to around 50
o
C, 7.5 κl of 

ethidium bromide (10 mg/ml) are added, then the mixture is poured in an appropriate 

apparatus (cast) and the combs that will form the sample loading wells are placed. When 

the gel sets it is transferred to a tank that contains 1x TAE buffer. Usually the 

electrophoresis is performed at 80 Volt (V) and for the isolation of DNA fragments from 

gel it is performed at 50 V until the samples are efficiently analyzed. 
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2.2.8. Extraction of DNA from agarose gel 

For the extraction of DNA from agarose gel the Gel extraction system (Origene) was 

used. The band that contained the desired DNA fragment was cut using a clean blade and 

excised from the agarose gel. The piece of gel was weighted and up to 400 mg were 

placed in an eppendorf tube. Then for every 10 mg of gel 30 κg of Gel Solubilization 

Buffer (L1) were added. The gel was solubilized by incubation at 50°C for 15 min. 

Subsequently the dissolved gel was transferred in a cartilage (provided by the kit) and 

was centrifuged at 12,000 x g for 1 min. The flowthrough was discarded and the cartilage 

was washed with an additional 500 κl of L1. The next step was to wash the cartilage with 

700 κl of Wash Buffer (L2). The cartilage was further centrifuged an additional minute 

and then 50 κl of warm TE Buffer were added at the center of the cartilage. It was 

incubated at RT for 1 min and then collected in a clean eppendorf tube by centrifuging at 

12,000 x g for 2 min.  

 

2.2.9. Ligation reaction 

The ligation reactions were performed at 16°C, for 16 hours in total volume of 20 κl. The 

amount of DNA that was used was approximately 200 ng. The reaction had plasmid 

DNA and DNA of the insert in a ratio of 1:100, T4 DNA ligase and the appropriate buffer 

according to the manufacturer’s (New England Biolabs; Ipswich, MA) instructions. 
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2.2.10. Transformation of E.coli BJ5183-AD1 cells by electroporation 

The adenovirus plasmid was generated in BJ-5183-AD1 (Agilent Technologies; Santa 

Clara, CA) bacterial cells after electroporation in the presence of the pAdTrack-CMV-X 

vector (where X: the mutated form of apoA-I) that was previously digested with PmeI, 

according to the instructions of the manufacturer. For the electropotation, 40 κl of BJ-

5183-AD1 cells were used for each reaction. These cells have already the pAdEasy-1 

plasmid that encodes the genome of adenovirus type 5 except for transcription units E1 

and E3 and they also promote the homologous recombination of plasmids. The 

recombination with the shuttle vector pAdTrack-CMV-X formed finally a plasmid that 

has the adenoviral genes and the gene that we wanted to study. The electroporation was 

performed under these conditions: 200 Ω, 2.5 kV, 25 κF using the Bio-Rad Gene Pulser 

II electroporation machine in 0.2 cm Gene Pulser Cuvettes (Bio-Rad). The cells were 

plated in agar plates and the correct clones were selected based on their resistance to 

kanamycin. DNA was purified from the resistant clones and was analyzed on agarose gel. 

The clones that had the correct recombination gave a 3 or a 4.5 kb band and also had a 

band at 32 kb after being digested with the restriction enzyme PacI. The positive clones 

were amplified (DH5a transformation) and were isolated using the High Purity Plasmid 

Maxiprep System (Origene). 

 

2.2.11. Generation of recombinant adenoviruses 

The recombinant vectors for each mutation of apoA-I were incubated with the restriction 

enzyme PacI in order to get linearized and 10 κg of this DNA were used to transfect 911 
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cells. For the transfection the Lipofectamin™2000 reagent (Invitrogen; Carlsbad, CA) 

was used according to the manufacturer’s instructions. Ten to twelve days post-

transfection the viral particles that were formed caused lysis of the cells and the cell 

lysate was used for infection of a larger scale culture in a T175 flask. The infections were 

performed in DMEM culture medium with 2% Heat Inactivated Horse Serum (HIHS) and 

1% P/S. Two to three days after the new infection the cells were lysed and the new lysate 

was used for the infection of HEK-293 cells in a larger scale (see below). For this 

purpose, HEK-293 cells were plated in T175 triple flasks and let to grow until the 

monolayer was confluent. The infection with the previously mentioned lysate was done 

using L-15 medium with 2% HIHS and 1% P/S. Three days after the infection and before 

the cells get lysed, large amounts of recombinant viral particles were produced. The cells 

that carry the produced viral particles were collected with centrifugation at 1000 rpm for 

10 minutes. The collected pellet was resuspended in 2 ml of medium and stored at -80
o
C. 

Then the suspension was frozen and thawed (-80
o
C/37

o
C) three times so the cells would 

lyse and the viral particles would be released in the medium. The suspension was then 

centrifuged at 3000 rpm for 10 min. The supernatant that contained the viral particles was 

subsequently centrifuged in CsCl2 gradient twice in order to isolate the viral particles . 

For the first centrifugation 2 ml of CsCl2 I (0.619 g/ml in TE) were transferred in a 

centrifuge tube, they were overlaid with 5 ml of CsCl2 II (0.277 g/ml in TE) and 2-3 ml 

of the viral particles were placed on top. They were centrifuged at 30,000 rpm for 90 

minutes at 4
o
C. The viral particles were concentrated in a region between the two 

dilutions. This region was collected with the help of a syringe and was transferred in 12 
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ml of dilution CsCl2 III (0.450 g/ml in TE). It was centrifuged again at 55,000 rpm at 4
o
C 

for 16-20 hours. The viral particles were concentrated in a small ~2 mm zone. This zone 

was collected and was dialyzed against sucrose buffer [10 mM Tris-HCL, 2 mM MgCl2, 

5% Sucrose, pH; 8] in a Slide-A-Lyzer
®
 molecular weight cut-off (MWCO) 10000 

(PIERCE; Rockfor, IL) dialysis cassette. The viral dilution was separated in 50 κl 

aliquots in 1.5 ml tubes and stored at -80
o
C.   

 

2.2.12. Plaque assay 

911 cells were plated and grown to a monolayer, and subsequently were infected with 

serial dilutions of the virus. More specifically  the viral particles were diluted 5x10
4
 to 

5x10
7
 times in L-15 culture medium supplemented with 2 % HIHS and 1% P/S, and then 

were used to infect 911 cells that were seeded the previous day in 6-well plates at a 

concentration of 1.5x10
6
 cells per well. The cells after 20 minutes of incubation with the 

virus were fixed with culture medium [2x MEM, 4% HIHS, and 25 mM MgCl2] diluted 

with agar [1.5% agar 40 mM Hepes, pH: 7.4]. The cells were incubated at 37
o
C for 10 to 

12 days. The plaques of lysis/infection of the cells were visual with naked eye and 

formed characteristic gray regions, in the case of the viruses we studied there was also 

expression of green fluorescence protein (GFP) and the plaques could be visualized under 

an optical microscope with the help of ultraviolet light. The plaques were counted for 

each dilution and the title of the virus was calculated. 
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2.2.13. Cell cultures 

The cell lines used in these studies were HTB-13 (SW1783, human astrocytes), 911 

(human embryonic retinoblasts), HEK-293 (human embryonic kidney), HEK293 EBNA-

T and ldlA7 (Chinese hamster ovaries) expressing mouse SR-BI. The stocks of the 

cultures are kept at -80
o
C. The cells are placed in 37

o
C water bath to thaw and then 

transferred in flasks with culture medium which is replaced the next day. The cells were 

grown in 25 or 175 cm
2
 flasks or 6 or 24-well plates in a HeraCell, Heraeus incubator 

(ThermoFisher Scientific; Waltham, MA) in 5% CO2 at 37
o
C. The cells were grown in 

L15 medium for HTB-13 and HEK-293 cell lines, DMEM for 911 cell line or high 

glucose DMEM for the HEK293 EBNA-T cell line and HamsF12for the ldlA7 cells 

supplemented with 10% FBS and 1% P/S. The medium in the flasks is replaced every 72 

hours. The cells are split when the monolayer is confluent, with the use of trypsin-EDTA, 

to the desired concentration with the addition of culture medium. 

 

2.2.14. Analyses of expression and secretion of the wild type (WT) and the 

mutated forms of apoA-I 

To estimate the expression and secretion of the various apoA-I forms that were generated 

(wt and mutant), HTB-13 cells were cultured in 80% confluence in 6-well plates using 2 

ml of L-15 medium supplemented with 2% HIHS and 1% P/S. The cells were infected 

with adenoviruses that express WT apoA-I and its mutant forms with multiplicity of 

infection (moi) 10, 15, and 20. As moi we define the number of viral particles per cell. 

Twenty four hours post infection the cells were washed with 1x PBS and were incubated 
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for 2 hours in medium that did not have any serum. Then new serum-free medium was 

added. The cells were incubated for 24 hours at 37
o
C and then the medium was collected. 

An aliquot of the medium (100 κl) was analyzed by SDS-PAGE (see below) to estimate 

the expression/secretion of the apoA-I protein. The amount of protein was estimated by 

analyzing on the same gel a known amount of BSA protein. 

 

2.2.15. SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 

In every sample I added the appropriate amount of 4x SDS Loading Buffer [2.5 ml 1M 

Tris-HCl pH 8, 1.6 ml β-mercaptoethanol, 8 ml 20% SDS, 4 ml glycerol, 8 mg 

bromophenol blue]. In the experiments I used 14% polyacrylamide gels for the running 

gel [2.2 ml ddH2O, 3.5 ml 30% bis-acrylamide, 1.8 ml running buffer (Tris-HCl 1.5 M, 

SDS 0.4%, pH 8.8), 37 κl 10% ammonium persulfate (APS), 5 κl TEMED] and 4% for 

the stacking gel [1.8 ml ddH2O, 0.45 ml 30% bis-acrylamide, 0.75 ml stacking buffer 

(0.5M Tris-HCL, 0.4% SDS, pH 6.8, 30 κl 10% APS, 3 κl TEMED]. The electrophoreses 

were performed in 500 ml of 1x TGS dilution [1L 10x TGS : 30.2 g Tris-HCl, 144 g 

Glycine, 10 g SDS, pH 8.3], at 120 V with the use of Bio-Rad Protean electroblot. 

 The gels were stained and fixed with Coomasie Brilliant Blue [2.5 g Coomasie 

Brilliant Blue R, 50 % methanol and 10% acetic acid] for 30 minutes and then destained 

in destaining solution [50% methanol, 10% acetic acid] for 20 minutes or more in order 

to obtain a clear image of the protein bands. The gels were dried in a Bio-Rad gel dryer 

under vacuum at 80
o
C for 1 hour. 
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2.2.16. Analysis by Western blotting 

The proteins analyzed by SDS-PAGE are transferred to nylon PVDF membranes. Prior to 

transfer the membranes are incubated first in methanol for 15 s, then in water for 2 min, 

and finally in transfer buffer [700 ml H2O, 100 ml 10x TGS and 200 ml methanol] to 

equilibrate for at least 5 min. 

 The transfer was performed using Bio-Rad Protean electroblot apparatus in 1L 

transfer buffer with electrophoresis at 35 V, at 4
o
C for 16 hours. After the transfer, the 

membranes are washed with TBS-T [1x TBS, 0.05% Tween-20], (1L 10x TBS: 90 g 

NaCl, 0.5M Tris-HCl, pH 7.3) for 10 minutes at room temperature. Then the membranes 

are incubated with blocking buffer [1x TBS-T, 5% non-fat milk] for 1 hour at room 

temperature. Then the membranes are incubated for 1 hour at 37
o
C with primary antibody 

specific for the protein we want to detect, that is diluted usually 1:1000 in blocking 

buffer. The membranes are washed three times for 10 minutes with TBS-T at room 

temperature. The secondary antibody is applied usually in 1:3000 dilution in blocking 

buffer. This secondary antibody recognizes the primary and it has also attached to it the 

enzyme horse radish peroxidase (HRP). The incubation again is for 1 hour at 37
o
C. Then 

we wash 3 times for 10 minutes each time with TBS-T and wash for an additional 5 

minutes with TBS at room temperature. The detection of the proteins is accomplished 

with the ECL system and by exposing the films for different time intervals (usually 30 

sec to 2 min were enough). 
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2.2.17. ApoA-I production  

WT and mutant apoA-I proteins were obtained from the culture media of HTB-13 cells 

grown in roller bottles following infection with adenoviruses expressing the 

corresponding proteins. For protein production the cells were grown in L-15 medium 

supplemented with 10% FBS and 1% P/S. The cells of one T175 flask were transferred 

after trypsinization to one roller bottle which has ~10 times (1700 cm
2
) the surface of a 

T175. The cells were plated evenly and were placed to grow in an Roll In incubator at 

37
o
C. When cells reached confluency after about 1 week the cells from the initial roller 

bottle were split into 7 roller bottles and were again grown for about 1½ week. The six 

roller bottles were used for the production of a protein and the one left was used for 

making more cells. When cells reached 90% confluency the medium was switched to L-

15 supplemented with 2% HIHS, 1% P/S and were infected with apoA-I-expressing 

adenoviruses at a moi of 20. The next day the medium was switched to serum free L-15 

supplemented with P/S. The culture medium was collected for the next six days. At each 

harvest a 0.5 ml sample form each roller bottle was kept in an eppendorf tube and from 

this sample 20 κl were analyzed on SDS page to estimate the production of the protein. 

The collected medium was filtered and stored at -80
o
C. For the purification the medium 

was frozen in Labconco® fast freeze flasks, placed on the lyophilizer and concentrated 5-

fold. Then the concentrated media was placed in a 15000 MWCO dialysis tube and 

dialyzed against 25 mM ammonium bicarbonate at 4
o
C. The dialysis media was changed 

three times and each time the protein was left to dialyze for at least 4 hours. After dialysis 

the protein was dried by lyophylization.  
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2.2.18. ApoA-I purification 

The lyophilized apoA-I was combined with -oleoyl--palmitoyl-L--

phosphatidylcholine (POPC), cholesterol and sodium cholate at a ratio of 1 mg/9.5 

mg/0.47 mg/4.5 mg. Briefly POPC was combined with cholesterol and dissolved in 

chloroform:methanol 2:1. The non-polar solvent was dried under N2 and the lipids were 

resuspended in 0.42 ml of salt buffer (150 mM NaCl, 10 mM Tris HCl, 0.01% EDTA). 

When they were completely dissolved, after approximately 1 h of incubation, sodium 

cholate was added and the mixture was incubated for an additional hour until the mixture 

was cleared. Finally, the apoA-I (resuspended in salt buffer at a 2 mg/ml concentration) 

was added and again the mixture was incubated for 1 h at 4ºC. The proteoliposomes were 

extensively dialyzed against salt buffer and then were fractionated by density gradient 

ultracentrifugation and the fractions that contained the pure apoA-I were collected. For 

the fractionation the proteoliposomes were adjusted with KBr at a density of d= 1.21 

g/ml. 13.2 ml of proteoliposomes were overlayed by 6.6 ml of salt buffer with density 

adjusted at 1.063 g/ml by KBr. The other two layers were 6.6 ml of salt buffer at a 

density of 1.019 g/ml and 13.2 ml of salt buffer with no KBr added. The samples were 

centrifuged at 22.5K rpm overnight in a Beckman centrifuge and were separated into 2 

ml fractions. The 2 ml fractions were dialyzed against water to remove the KBr and the 

protein content was assessed by SDS-PAGE analysis and visualization of the protein 

content by Coomassie staining. Usually the fractions 8-13 from the top of the tube 

contained the apoA-I protein. 
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2.2.19. Delipidation (Folch method) 

The dialyzed fractions containing the pure protein were pooled and ammonium 

bicarbonate was added to final concentration 0.05 M. Subsequently, 10 ml were mixed 

with 38.4 ml of chloroform:methanol (2:1) in 50 ml corex tubes. The tubes were placed 

on ice for 2 hours and were vortexed several times. The two phases were separated by 

centrifugation at 3000 rpm for 20 minutes and the non-polar layer was removed carefully 

using a sterile glass pipette. The mixture was consequently placed under N2 flow to 

remove the methanol from the polar phase. When methanol was removed the remaining 

lipids were extracted again in the same way. Usually after three delipidation cycles 

proteins were clean of lipids. A sample was obtained and phosphorus and protein content 

were measured (see below). Then the protein was aliquoted into 0.5 mg samples in sterile 

microcentrifuge tubes, lyophilized and stored at -80 
o
C.   

 

2.2.20. Quantification of protein using DC protein assay 

Protein was quantified with a microplate reader using the Bio-Rad DC Protein Assay 

(Bio-Rad; Hercules, CA), which is based on the procedure of Lowry. 20 κl of Reagent S 

were mixed with 1 ml of reagent A in a 1.5 ml microcentrifuge tube to make the working 

reagent A’. 25 κl of working reagent A’ was pipetted into each well of a 96-well plate 

with 5 κl of samples or standard BSA amounts per well. 200 κl of reagent B was added to 

each well and the plate was mixed briefly. The plate was assayed at 750 nm wavelength. 

The standards used were dilutions of BSA at concentrations 1.5 mg/ml, 1 mg/ml, 0.6 
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mg/ml, 0.2 mg/ml and 0 mg/ml (PBS only). A regression of the standards was made and 

used to calculate concentration of unknown samples from absorbance at 750 nm. 

 

2.2.21. Phosphorus quantification (Bartlett method) 

Following at least three delipidation cycles a 30 and a 60 κl sample were used to estimate 

the lipid content of the pure protein. The estimation was performed by measuring the 

phosphorus content of the polar phase using the Bartlett method. Samples along with 

seven standard amounts of phosphorus (0-4 κg) were placed in glass tubes. Half ml of 

10N sulfuric acid was added and each tube was covered with a marble. Then all the 

samples and standards were placed in oven at 150-160ºC overnight to digest the 

molecules. The next day after the samples were left to cool down, 0.5 ml of 30% H2O2 

was added and the marbles were placed again over each tube and then returned to the 

oven for 3 more hours to complete combustion and to decompose the peroxide. After this 

step 4.6 ml of 0.22 % ammonium molybdate is added in each tube along with 0.2 ml of 

Fiske and SubbaRow reagent. The mixture is vortexed, the marbles are replaced on each 

test tube and the samples are heated in boiling water bath for seven minutes. Finally when 

the samples cool down absorbance at 830 nm is measured.  

 To estimate the purity of the proteins, the protein/phosphorus ratio was calculated 

and samples with protein/phosphorous (mg/mg) over 15 were used for the experiments 

requiring lipid free apoA-I. 
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2.2.22. LCAT production and purification 

LCAT was purified from the culture medium of human HTB13 cells that were infected 

with an adenovirus expressing the human LCAT cDNA. The cells were grown in roller 

bottles as described for apoA-I in L-15 medium without phenol red. The production of 

LCAT was assessed in the medium by Western blotting with an antibody specific for 

human LCAT. The medium was collected for four days and the protein was purified by 

chromatography on Phenyl-Sepharose CL-4B column. Prior to loading, the column was 

equilibrated with 5 mM sodium phosphate, pH 7.4, 0.3M NaCl. The concentration of 

NaCl of the harvested medium was adjusted to 0.3 M and 450 ml were passed through a 

50 ml Phenyl-Sepharose CL-4B column (see below) at a rate of 1.5 ml/min. 

Subsequently, the column was washed with the equilibration buffer until absorbance at 

280 nm was below 0.01. The next step was to elute the LCAT with deionized H2O at the 

rate of 1.5 ml/min. Twenty 10 ml fractions were collected and were analyzed by Western 

blot using an antibody specific for human LCAT. The collected fractions were adjusted to 

5 mM sodium phosphate, pH 7.4, 5 mM EDTA and the ones that contained LCAT were 

concentrated using a Centriplus concentrator (Millipore; Billerica, MA) with a MWCO of 

10,000. The concentrated enzyme (~100 κl) was adjusted to 10% glycerol and was 

divided into single use aliquots of 2 κl and stored at -80
º
C.  

 

2.2.23. Column preparation for LCAT purification 

A 1.6x20cm column was placed in a vertical position and the outlet was closed. The 

bottle containing Phenyl Sepharose CL-4B (GE Healthcare; Piscataway, NJ) was shaken 
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well and 70 ml of the suspension were placed in a beaker. After the slurry settled the 

supernatant was discarded. The slurry was washed 2 more times with 500 ml of water and 

the supernatant was again discarded. Finally the slurry was reconstituted in 20 ml of 5 

mM sodium phosphate, pH 7.4, 0.3M NaCl and was poured into the column in one 

continued motion down a glass rod held against the wall of the column. When the slurry 

settled, the adaptor was inserted and adjusted on top of the column and the column was 

equilibrated with 5 column volumes of 5 mM sodium phosphate, pH7.4, 0.3M NaCl.  

 

2.2.24. LCAT assay 

For LCAT analysis, the rHDL particles used as substrate contained cholesterol + 

[
3
C]cholesterol ([

3
C]cholesterol; 0.04 mCi/ml, specific activity 45 mCi/mmol -Perkin 

Elmer Life Sciences, Inc.; Boston, MA), -oleoyl--palmitoyl-L--phosphatidylcholine 

(POPC) (Avanti; Alabaster, AL) and apoA-I and were prepared by the sodium cholate 

dialysis method as described for the apoA-I purification. The main difference was the 

amount of the reagents used. The molar ratio of POPC/Cholesterol and 

[
3
H]Cholesterol/apoA-I/Na-Cholate was 100/10/1/100. The ratio of cholesterol to 

[
3
H]cholesterol was around 5:2 and the goal was to obtain 5000-7000 counts per minute 

per 1 nmole of cholesterol. For the reactions a series of apoA-I amounts (ranging from 

1.5 to 32 ng) were combined with 50 κl fatty acid free BSA at 40 mg/ml concentration, 

20 κl β-mercapto-ethanol 100 mM, and salt buffer to a final volume of 450 κl. The 

reactions were placed at 37ºC and after 10 minutes 50 κl of LCAT was added. The LCAT 

used was a dilution of the concentrated purified enzyme. Usually a 1:10000 dilution was 
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used. This was calculated by adjusting the dilution so that at 30 minutes, 15 % of the 

cholesterol of rHDL containing 4 κg of WT apoA-I was converted to cholesterol esters. 

The reactions were carried on for 30 minutes and then they were terminated by adding 5 

ml choloform:methanol 2:1 containing 0.2 mg cholesterol and 0.2 mg cholesteryl oleate. 

The reactions were let to settle down so that the two phases could separate. The upper, 

aqueous phase was carefully removed with a glass pipetteand discarded and the lower, 

non-polar phase that contained the cholesterol was dried under N2. The dried lipids were 

solubilized in chloroform and were spotted on ITLC (Pall) paper. They were then 

developed for 1.5 min in a TLC tank that was presaturated with petroleum ether:ethyl 

ether:acetic acid at a volume ratio of 85:15:1. The cholesterol was visualized under iodine 

and the ITLC was cut. The upper band contained the cholesteryl esters that moved faster 

and the middle the free cholesterol. These two pieces were placed in two scintillation 

vials containing 10 ml scintillation cocktail ECONOMICAL biodegenerable counting 

cocktail (Econo-Safe™; Canton, MA) and their radioactivity was measured. The lower 

band was the oxidized cholesterol that moved even slower and its radioactivity was not 

assessed.  The cholesterol esterification rate was expressed as nanomoles of cholesteryl 

ester formed per hour. To convert the counts per minute that were recorded by the 

Beckman LS6500 scintillator to nanomoles the following formula was used:  

                  
      
     

 
 

         
 

where        represents the nanomoles of proteoliposomes cholesterol in the 500 κl 

reaction,       the counts per minute of cholesteryl esters and       represents the 

combined counts per minute of cholesterol and cholesteryl esters. To calculate the 
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apparent Vmaxapp and Kmapp, the rate of cholesteryl ester formation was plotted versus 

the concentration of apoA-I. The data were fitted to Michaelis-Menten kinetics, using the 

Prism software (GraphPad Software, Inc.). 

 

2.2.25. ABCA1 transfection and cholesterol efflux assay 

For the ABCA1-mediated cholesterol efflux assay, HEL293-EBNA-T cells were plated 

in a 24 well plate that was precoated with poly-D-lysine at a 2x10
5
 cells/well 

concentration. The cells were cultured in antibiotic free high glucose DMEM medium 

supplemented with 10% FBS. The next day the medium was removed and fresh medium 

was added (0.5 ml/well). The cells were then transfected with a pcDNA3.1 plasmid 

expressing ABCA1 or a Mock plasmid. Briefly for each well 1 κg of plasmid DNA was 

diluted in 50 κl of opti-MEM I (Invitrogen) and 2.5 κl of Lipofectamine 2000 

(Invitrogen) was diluted in 50 κl of opti-MEM I. After a 5 min incubation the diluted 

DNA was combined with the Lipofectamin 2000. Following a 20 min incubation at RT 

the liposome complexes were added to the cells. The next day the medium was switched 

to high glucose DMEM/10% heat inactivated FBS supplement with 0.5 κCi 

[
3
H]cholesterol/ml. The cells were allowed to load [

3
H]cholesterol for 24 h. Then the 

cells were washed twice with warm PBS. Subsequently they were incubated in 0.5 ml of 

2 mg/ml fatty-acid free BSA in high glucose DMEM for 1 h. The medium was removed 

and 0.5 ml of medium containing 2 mg/ml fatty-acid free BSA in high glucose DMEM 

supplemented with 1 κM apoA-I WT (28 κg/ml) or mutants was added. 
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Following incubation at 37
º
C for 4 h, the medium was collected in eppendorf 

tubes and was centrifuged at 8000prm for 5 min. The next step was to transfer 300 κl of 

the efflux medium into a scintillation vial containing 10 ml of scintillation fluid, mix and 

count the radioactivity. As for the calculation of the total cholesterol present in the cells 1 

ml of 0.1 M NaOH was added in each well and after incubation for 1 h the lysate was 

transferred in 10 ml of scintillation fluid and radioactivity was measured. The percentage 

of efflux was calculated as the counts in the efflux medium divided by the combined 

counts of the lysate and the efflux medium. The ABCA1-mediated efflux was calculated 

after subtracting from the ABCA1 transfected cells the efflux of the Mock-transfected 

cells. 

 

2.2.26. Cholesterol efflux from ldlA7 cells stably transfected with mSR-BI 

For the SR-BI-mediated cholesterol efflux assay ldlA7 and ldlA7 cells expressing mSR-

BI were plated in 6 well plates at a 2x10
5
 cells/well concentration. The cells were 

cultured in HamsF12 medium supplemented with 1% P/S and 10% FBS. The next day 

the medium was removed and fresh HamsF12 medium supplemented with 10% 

delipidated and heat inactivated fetal calf serum, 1% P/S and [
3
H]-cholesterol at a 

concentration 1κCi/ml  (2ml/well). On day 3 the cells were washed with HamsF12 

medium and then equilibrated in HamsF12 medium supplemented with 1% fatty acid free 

BSA and 1% P/S. Four days after the cells were plated the cells were washed with 

HamsF12 medium and incubated in fresh HamsF12, 1% P/S medium for 45 minutes. 

Then the efflux medium was added. The efflux medium contained HamsF12 medium, 1% 
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P/S, 10mM Hepes, pH 7. Additionally the acceptor lipid particles were added at a protein 

concentration of 1 κM of protein.  

Following incubation at 37
º
C for 4 h, the medium was collected in eppendorf 

tubes and was centrifuged at 8000prm for 5 min. The next step was to transfer 50 κl of 

the efflux medium in a scintillation vial containing 10 ml of scintillation fluid, mix and 

count the radioactivity. As for the calculation of the total cholesterol present in the cells 

0.8 ml of 0.1% Triton were added in each well and after a 20 min incubation, 50 κl of the 

lysate were transferred in 10 ml of scintillation fluid and radioactivity was measured. The 

percentage of efflux was calculated as the counts in the efflux medium divided by the 

combined counts in the lysate and the efflux medium. The SR-BI mediated efflux was 

calculated after subtracting the efflux of the untransfected ldlA7 cells from the efflux of 

ldlA7-mSR-BI cells. 

 

2.2.27. Animal studies 

ApoA-I
-/-

 (ApoA-I
tm1Unc

) C57BL/6J mice (3) were purchased from Jackson Laboratories 

(Bar Harbor, ME). The mice were maintained on a 12 h light/dark cycle and standard 

rodent chow diet. All procedures performed on the mice were in accordance with 

National Institutes of Health and institutional guidelines. Four to six male apoA-I 
-/-

 mice 

6-8 weeks old were injected via tail vein with 1-2.5 x 10
9
 pfu of recombinant adenovirus 

per animal and the animals were sacrificed 4 days post-injection following a 4 h fast.  
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2.2.28. Plasma isolation from mice blood 

For the collection of blood sample and the subsequent plasma isolation from the mouse 

vein we used the Microvette CB 300 K2E (STARSTEDT) tubes. For the collection of 

larger volume of blood before the sacrifice of the animals we used Microtube 1.3 ml KE 

microcentrifuge tubes. From each mouse around 750 κl of blood were collected. Then the 

samples were centrifuged at 3500 rpm for 10 min and the plasma was separated. The 

plasma was transferred in a new microcentrifuge tube and was stored at 4
o
C until further 

analyses were performed. 

 

2.2.29. Plasma lipid levels 

The concentration of total cholesterol, free cholesterol, triglycerides, phospholipids and 

apoA-I of plasma drawn 4 days post-infection was determined using the cholesterol E, 

free cholesterol C, Phospholipids C reagents, apoA-I (Wako Chemicals USA, Inc.) and 

Infinity
TM

 Triglycerides (ThermoScientific; Middletown, VA) respectively, according to 

the manufacturer's instructions. The concentration of cholesteryl esters was determined 

by subtracting the concentration of free cholesterol from the concentration of total 

cholesterol. 

 

2.2.30. Fast protein liquid chromatography (FPLC) 

For the analysis of plasma with FPLC 17 κl of plasma were used. The plasma obtained 

from mice infected with adenovirus-expressing WT or mutant apoA-I forms was loaded 

onto a Sepharose 6 PC column in a SMART microFPLC system (Amersham 
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Biosciences) and eluted with PBS. A total of 25 fractions of 50 κl volume each were 

collected for further analysis using the following program. 

0.00 FLOW                             50.0 

0.00 CON_B                           100.0 

0.00 LOOP                             1 

0.00 FILL                                B, 2, 10, 15000 

0.20 INJECT       

0.90 NEEDLE_POSITION          DOWN 

0.90 GOTO_TUBE                   1 

0.90 FRACTION_SIZE               50 

2.15 FRAC_STOP                         

2.15 FLOW                             75 

3.15 LOAD 

3.15 NEW_CHROMATOGRAM 

3.15 END_LOOP      

 

 The concentration of lipids in the FPLC fractions was determined as described 

above. 

 

2.2.31. Fractionation of plasma by density gradient ultracentrifugation  

For this analysis, 300 κl of plasma obtained from adenovirus-infected mice was diluted 

with saline to a total volume of 0.5 ml. The mixture was adjusted to a density of 1.23 

g/ml with KBr and overlaid with 1 ml of KBr solution of d = 1.21 g/ml, 2.5 ml of KBr 

solution of d = 1.063 g/ml, 0.5 ml of KBr solution of d = 1.019 g/ml, and 0.5 ml of 

normal saline. The mixture was centrifuged for 22 h in SW55 rotor at 30000 rpm. 

Following ultracentrifugation, 0.5 ml fractions were collected from the top for further 

analyses. The refractive index of the fractions was measured using a refractometer 
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(American Optical Corp.) and it was converted to density for each sample based on a 

standard curve derived from solutions of known densities. The fractions were dialyzed 

against ammonium acetate and carbonate buffer (126 mM ammonium acetate, 2.6 mM 

ammonium carbonate, 0.26 mM EDTA, pH 7.4). Aliquots of the fractions were subjected 

to SDS-PAGE, and the protein bands were visualized by staining with Coomassie 

Brilliant Blue. 

  

2.2.32. Electron microscopy (EM) analysis of the apoA-I containing fractions 

For EM analysis, fractions 6-8 that float in the HDL (1.100 g/ml ≤ d ≤ 1.152 gr/ml) 

region were dialyzed against ammonium acetate and carbonate buffer. The samples were 

applied on carbon-coated grids, were stained with sodium phosphotungstate, were 

visualized in the Philips CM-120 electron microscope (Philips Electron Optics, 

Eindhoven, Netherlands) and photographed; these procedures were performed by Dr. 

Donald Gantz at the Department of Biophysics of Boston University. The photographs 

have been magnified 225,000 times. 

 

2.2.33. Non-denaturing two-dimensional (2D) gel electrophoresis 

The distribution of HDL subfractions in plasma was analyzed by 2D electrophoresis as 

described by Fielding and Fielding 1996 with some modifications. In the first dimension, 

0.5 to 1 κl of plasma sample was separated by electrophoresis at 4
ν
C in a  0.75% agarose 

gel using a 50 mM barbital buffer (pH 8.6, Sigma, St Louis, MO) until the bromophenol 

blue marker had migrated 5.5 cm. Agarose gel strips containing the separated lipoproteins 
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were then transferred to a 4-20% polyacrylamide gradient gel. Separation in the second 

dimension was performed at 90 V for 2-3 h at 4
o
C using non-denaturing 1x TGS buffer 

[1l 10x TGS: 30.2g Tris-HCl, 144g Glycine].
 

The proteins were transferred to
 

a 

nitrocellulose membrane and apoA-I was detected by using the goat polyclonal anti-

human apoA-I antibody AB740 (Chemicon International) in a 1:1000 dilution. 

 

2.2.34. RNA isolation  

Total cellular RNA was isolated from the mouse liver using the Trizol® procedure 

(Invitrogen Corp.) as recommended by the manufacturer. More specifically 

approximately 5 mm
3
 of hepatic tissue and 1 ml of Trizol® were used. The tissue was 

homogenized for 30s in Minibeadbeater homogenizer (Biospec Products). The sample 

was extracted with 100 κl of chloroform and the sample was homogenized for 10 sec. 

The RNA was isolated in the aqueous phase after centrifugation at 13000 rpm for 15 

minutes. The aqueous phase was then transferred to a new microcentrifuge tube and was 

precipitated with equal volume of isopropanol and centrifugation at 13000 rpm for 20 

min. Finally the RNA was reconstituted in DEPC (Diethylpyrocarbonate) treated water. 

Pellet dissolution was promoted by heating the tube at 65 
o
C for 7 minutes. After 

measuring its concentration, RNA was stored at -80 
o
C.  

 

2.2.35. Quantification of RNA by UV spectrophotometry 

The RNA concentration was measured using the Beckman DU530 UV/Vis 

Spectrophotometer. The program “single-stranded RNA” that measures optical density at 
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260 nm was selected and the dilution factor was set at 250. A quartz optical cuvette of 1 

cm path length was used for all the measurements. The baseline was obtained by 

measuring only water and setting that measurement as “blank”. RNA was diluted into 

water (4 κl RNA into 1 ml water), was placed in the cuvette and its absorption was 

measured. The RNA program then subtracts the base line value and returns the 

concentration value. 

 

2.2.36. Synthesis of cDNA from RNA 

RNA samples were adjusted to 0.1 κg/κl. One microgram of RNA was used to make 

complementary DNA (cDNA) using the high capacity cDNA Reverse transcription Kit 

(Applied Biosystems, Foster City, CA, USA), according to the manufacturer’s 

instructions. Briefly 1 κl of 0.5 κM 18S-RNA-specific primer (5’-

GAGCTGGAATTACCG CGGCT-3’) and 1 κl of  50 κM oligo-(dT) 16 primer (Applied 

Biosystems, Foster City, CA, USA) were combined with 10 κl of  RNA (1 κg), 2 κl of 

10X reaction buffer, 0.8 κl of 25x dNTP mix (100mM), 1 κl of RNase inhibitor, 1 κl of 

MultiScribe
TM

 Reverse Transcriptase (50 U/κl) and 3.2 κl of nuclease-free water 

(Integrated DNA technologies, Inc.) to a final reaction volume of 20 κl. The reactions 

were subjected to a four-step program according to the manufacturer’s instructions. They 

were incubated at 25
 o

C for 10 min, then incubated at 37
 o

C for 120 min, then at 85
 o

C for 

5 min and finally the samples were placed at 4
o
C. 
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2.2.37. Quantitative Real Time PCR (qPCR) using TaqMan probe/primer sets 

QPCR was carried out in a 96-well plate in 20 κl reaction volume containing 10 κl of 

TaqMan® Gene expression PCR Master Mix (Applied Biosystems, Foster City, CA, 

Cat# 4370048), 0.5 κl of apo A-I Applied Biosystems Gene Array TaqMan® primers 

(Applied Biosystems, Foster City, CA, Cat# Hs00985000_g1), 0.5 κl of 18s rRNA (Cat# 

4319413E), 1 κl of 1:1000 diluted cDNA template and 8 κl nuclease-free water 

(Integrated DNA technologies, Inc.). All qPCR reactions were performed using the 

Applied Biosystems 7300 Real-Time PCR System (Applied Biosystems, Foster City, CA, 

USA). Triplicate reactions of each sample were incubated for 2 min at 50
o
C, denaturated 

at 95 
o
C for 10 min and subjected to 40 cycles of denaturation at 95

  o
C for 15 s with 

annealing/extension at 60
 o

C for 1 min (standard two-step cycling program). After 

running the relative values were calculated using the ddCt method (SDS v2.3 Applied 

Biosystems, Foster City, CA, USA). 

 

2.3. Biophysical studies 

2.3.1. Preparation of apoA-I for physicochemical measurements  

Several days prior to the physicochemical analyses, the lyophilized proteins were 

dissolved in 4M guanidine hydrochloride (GndHCl) and then refolded by subsequent 

dialysis against 2.5 M and 1.25 M GndHCl solutions in PBS, followed by extensive 

dialysis against the appropriate buffer (10 mM sodium phosphate, pH 7.4, for circular 

dichroism (CD) experiments or PBS for fluorescent and dimyristoyl-L--

phosphatidylcholine (DMPC) clearance measurements). 
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2.3.2. Secondary structure and thermal unfolding of apoA-I forms 

CD-measurements were performed on an AVIV 62DS or AVIV 215 spectropolarimeter 

(AVIV Associates, Inc.; Lakewood, NJ) equipped with a thermoelectric temperature 

control and calibrated with d-10-camphor sulfonic acid, in 2 or 5 mm path length quartz 

cuvettes. Far-UV CD spectra were recorded at protein concentration 20-55 g/mL as 

described previously (33;469).  Thermal unfolding of apoA-I in solution was monitored 

by changes in ellipticity at 222 nm.  For each protein, spectra were recorded at several 

protein concentrations, then normalized to the protein concentration and expressed as 

mean residue ellipticity [ ] = [ 222] x MRW/ (10 x l x c) where [222] is the measured 

ellipticity, MRW is the mean residue weight (about 115), l is the cell path length (cm) 

and c is the protein concentration (g/ml). The -helix content was estimated from the 

mean residue ellipticity at 222 nm, [222]. The thermodynamic parameters of the 

transitions, melting temperature, Tm,  and van’t Hoff enthalpy, Hv, were determined 

from the van’t Hoff analysis of the melting curves as described previously (33;469). 

 

2.3.3. 8-anilino-1-naphthalene-sulfonate (ANS) fluorescence measurements   

Fluorescence emission spectra were collected on a FluoroMax-2 fluorescence 

spectrometer (Instruments S.A., Inc.; Edison, NJ) as previously described (470).  

Fluorescence of ANS was recorded in PBS buffer at ANS concentration of 125 M in the 

presence or absence of 25 g/mL  WT apoA-I or the mutant apoA-I forms. For 

comparison, 25 g/ml of carbonic anhydrase were used as a “reference” for a globular 

water-soluble protein. The wavelength of maximum fluorescence (WMF) and intensity of 
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fluorescence emission at WMF were determined from each spectra after subtraction of 

the buffer base line.  

 

2.3.4. DMPC clearance studies 

The solubilization of DMPC multilamellar vesicles by apoA-I was monitored by the 

decrease in absorbance at 325 nm following the administration of apoA-I to a suspension 

of DMPC in PBS as described previously (471). The experiment was performed four 

times with proteins from different preparations and was reproducible. 

 

2.3.5. Binding of WT and mutant apoA-I to triglyceride-rich emulsion particles 

 Triglyceride-rich emulsions were prepared as described (471;472). The particles were 

analyzed for phospholipids and triglyceride content and by electron microscopy to 

determine their morphology and size and were used for apoA-I binding assays within 2 

days. For these assays, 120 µg of WT and mutant apoA-I (freshly dialyzed) were 

incubated for 1h at 27°C using increasing amounts of emulsion in 1.8 ml of Tris buffer to 

give a phosphatidylcholine to protein molar ratio ranging from 180 to 710. The apoA-I 

bound to the emulsions was recovered by ultracentrifugation and quantitated as described 

(471). Experiments were performed 3 to 4 times using emulsions from three different 

preparations. 
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3. RESULTS 

The results are divided in sections 3.1, 3.2, 3.3, 3.4 and 3.5. Section 3.1 deals with 

plasmid construction, generation and validation of recombinant adenoviruses, section 3.2 

with functional in vitro studies and section 3.4 with physicochemical studies. These 

sections are common to project I and project II that are presented in the abstract and the 

discussion. Sections 3.3 deals with the in vivo functions of apoA-I[D89A/E91A/E92A] 

and apoA-I[K94A/K96A] mutants and 3.5 deals with the in vivo functions of apoA-

I[L218A/L219A/V221A/L222A] and apoA-I[K223A/K226A] mutants designated as 

Project I and Project II in the abstract and the discussion. 

 

3.1. Plasmid construction and generation of recombinant adenoviruses that 

express naturally occurring mutated forms of apoA-I  

 

3.1.1. Plasmid construction and cloning of the WT and mutant apoA-I genes 

into the adenovirus shuttle vector 

ApoA-I mutants were generated by site-directed mutagenesis using the primers described 

in Table III and the plasmid pCDNA3.1apoA-IWTΓBglII (Fig. 3.1) was used as a 

template employing the QuickChange
® 

II XL mutagenesis kit. In the case of apoA-I 

[L218A/L219A/V221A/L222A/F225A/V227A/F229A/L230A] mutant the template was 

pCDNA3.1apoA-I[L218A/L219A/V221A/L222A]. The template plasmid DNA was 

incubated with the appropriate primers, PfuUltra
®

 polymerase, and dNTPs. Following a 

18-cycle PCR reaction the DNA product was digested with DpnI to eliminate the 
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template plasmid. Cells provided by Stratagene (XL10-Gold
®

) were then transformed 

with the PCR product and ten colonies resistant to ampicillin were selected for each 

mutation. DNA was extracted from these colonies and was sequenced at the Core Facility 

of Tufts University. DH5a bacterial cells were transformed with the positive clones and 

plasmid DNA was generated by large scale plasmid preparation. The DNA plasmids were 

digested with BglII and EcoRV and the digest was analysed on 1% agarose gel (Fig. 3.2 

A).  

A 2.2 kb band corresponding to the apoA-I gene, was extracted from the gel and then it 

was ligated to the shuttle vector pAdTrack-CMV that was previously linearized with the 

same restriction enzymes (Fig. 3.2A right lane). This ligation was designed to generate 

the pAdTrackCMVapoA-I vectors (Fig. 3.1)  that were used to create by homologous 

recombination the recombinant apoA-I expressing adenoviruses that are described later. 

Successful cloning of the apoA-I gene into the pAdTrackCMV vector was confirmed by 

digestion with BglII and EcoRV that releases a 2.2 kb fragment that corresponds to 

apoA-I gene and a ~10 kb fragment that corresponds to the pAdTrackCMV vector (Fig. 

3.2B). 
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Table III. Nucleotide sequence of primers used in PCR amplifications 
Name  Sequence  Location of  

sequence  

apoA-I 

[D89A/E91A/E92A]F 

5΄-G GAG ATG AGC AAG GCaT CTG GCG GCG 

GTG AAG GCC AAG G-3΄  

nt 359-396b (sense) 

(aminoacids +84 to +97)c  

apoA-I 

[D89A/E91A/E92A]R 

5΄-C CTT GGC CTT CAC CGC CGC CAG AGC CTT 

GCT CAT CTC C-3΄  

nt 396-359 (antisense) 

(aminoacids +97 to +84)  

apoA-I [K94A/K96A]F 5΄-G GAT CTG GAG GAG GTG GCG GCC GCG 

GTG CAG CCC TAC CTG-3΄  

nt 371-410 (sense) 

(aminoacids +88 to +102)  

apoA-I [K94A/K96A]R 5΄-CAG GTA GGG CTG CAC CGC GGC CGC CAC 

CTC CTC CAG ATC C-3΄  

nt 410-371 (antisense) 

(aminoacids +102 to +88)  

apoA-I [L218A/L219A/ 

V221A/L222A]F 

5΄- G GAC CTC CGC CAA GGC GCG GCG CCC 

GCG GCG GAG AGC TTC AAG GTC -3΄ 

nt 743-788 (sense) 

(aminoacids +212 to +227) 

apoA-I [L218A/L219A/ 

V221A/L222A]R 

5΄- GAC CTT GAA GCT CTC CGC CGC GGG CGC 

CGC GCC TTG GCG GAG GTC C -3΄ 

nt 788-743 (antisense) 

(aminoacids +227 to +212) 

apoA-I [F225A/V227A/ 

F229A/L230A]F 

5΄- G CCC GTG CTG GAG AGC GCC AAG GCC 

AGC GCC GCG AGC GCT CTC GAG GAG-3’ 

nt 764-812 (sense) 

(aminoacids +219 to +235) 

apoA-I [F225A/V227A/ 

F229A/L230A]R 

5΄- CTC CTC GAG AGC GCT CGC GGC GCT GGC 

CTT GGC GCT CTC CAG CAC GGG C-3’ 

nt 812-764 (antisense) 

(aminoacids +235 to +219) 

apoA-I [E223A/K226A]R 5΄- CTG CCC GTG CTG GCG AGC TTC GCG GTC 

AGC TTC CTG-3' 

nt 762-797 (sense) 

(aminoacids +219 to +230) 

apoA-I [E223A/K226A]R 5΄- CAG GAA GCT GAC CGC GAA GCT CGC CAG 

CAC GGG CAG-3' 

nt 797-762 (antisense) 

(aminoacids +230 to +219) 

apoA-I [F71A/W72A]F 5’- GGC CCT GTG ACC CAG GAG GCC GCG GAT 

AAC CTG GAA AAG GA-3’ 

nt 300-340 (sense) 

(aminoacids +65 to +78) 

apoA-I [F71A/W72A]R 5’- TC CTT TTC CAG GTT ATC CGC GGC CTC 

CTG GGT CAC AGG GCC-3’ 

nt 340-300 (antisense) 

(aminoacids +78 to +65) 

dapoA-I [L218A/L219A/ 

V221A/L222A/F225A/ 

V227A/F229A/L230A]F 

5’- CCC GCG GCG GAG AGC GCC AAG GCC AGC 

GCC GCG AGC GCT CTC GAG GA -3’ 

nt 765-811 (sense) 

(aminoacids +220 to +235) 

apoA-I [L218A/L219A/ 

V221A/L222A/F225A/ 

V227A/F229A/L230A]R 

5’- TC CTC GAG AGC GCT CGC GGC GCT GGC 

CTT GGC GCT CTC CAG CAC GGG-3’ 

nt 811-765 (antisense) 

(aminoacids +235 to +220) 

 

a
Mutagenized residues are marked in boldface type and are underlined. 

b
Nucleotide number of the human apoA-I cDNA sequence, oligonucleotide position  relative to 

the translation initiation ATG condon.  
c
Aminoacid position (+) refers to the mature plasma apoA-I sequence.  

d
For the generation of this mutant the template used was pCDNA3.1apoA-IWTΓBglII 

containing the L218A/L219A/V221A/L222A substitutions in the apoA-I gene. 
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Figure 3.1: Schematic representation of the cloning strategies for the construction of 

the recombinant adenoviruses expressing WT and mutant apoA-I forms. * indicates 

elimination of the BglII site. 
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3.1.2. Generation, amplification, isolation and titration of the recombinant 

adenoviruses 

For the generation of the recombinant adenoviruses that express the mutated forms of 

apoA-I the system pAdEasy
®

 was used as described in materials and methods. The 

pAdTrackCMVapoA-I vector was linearized with PmeI and was used to transform by 

electroporation electro-competent cells containing the pAdEasy-1 plasmid. A number of 

colonies resistant to kanamycin were selected and DNA was extracted as described in 

materials and methods and digested with PacI to find positive clones that produce a 3 or 

4.5 kb band (Fig. 3.2C). The DNA obtained from positive clones was then transformed to 

DH5a competent cells and large amount of plasmid DNA was isolated and purified (Fig. 

3.3). The DNA was linearized with PacI and used to transfect by Lipofectamine™ 2000 

911 cells in a T25 flask. Cells were lysed after 10 to 12 days and the lysate was used to 

infect HEK293 cells initially grown in T175 flasks and lysates obtained from theses flasks 

five to six days post-infection were used to infect HEK293 grown in ten triple T175 

flasks. Cell extracts obtained from the triple flasks were then purified by two consecutive 

CsCl gradient ultracentrifugations. The titers of the viruses were estimated with plaque 

assay as described in materials and methods (Table IV).  
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Figure 3.2 (A-C). Caption on next page.
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Figure 3.2 (A-C): Restriction analysis of intermediate plasmids that lead to the 

formation of the recombinant adenoviruses expressing different apoA-I forms. (A) 

Digestion of pCDNA3.1apoA-IΓBglII with BglII and EcoRV, leading to the formation of 

two fragments, a 2.2 kb fragment encompassing the apoA-I gene and a ~4.5 kb fragment 

containing part of the pCDNA3.1 vector. (B) Digestion of pAdTrack-CMV-apoA-I with 

BglII and EcoRV, leading to the formation of two fragments, a 2.2 kb fragment 

encompassing the apoA-I gene and a 10 kB fragment containing the pAdTrack-CMV 

vector. (C) Digestion of pAdEasy-1-apoA-I with PacI, leading to the formation of two 

fragments, a 4.5 or 3 kB fragment containing the bacterial origin of replication and the 

ampicillin resistance gene and an approximately 30 kB fragment containing the 

remaining recombinant adenovirus containing apoA-I. 
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Figure 3.3. Schematic representation of the steps that lead to the generation of the 

recombinant adenoviruses expressing wild-type and mutant apoA-I forms. Obtained 

from (473). 
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Table IV. Adenoviruses produced 

Name of the adenovirus Titer (pfu/ml) Rationale of the mutation  

apoA-I 

[D89A/E91A/E92A] 

6.53 x 10
10

 Conserved amino acids in mammals D89 and E92 are 

involved in strong interhelix interactions  

Deletion of 89-99 region of apoA-I caused dyslipidemia 

apoA-I [K94A/K96A] 4.5 x 10
11

 Conserved amino acids in mammals K96 is involved in 

intra-helix interaction 

Deletion of 89-99 region of apoA-I caused dyslipidemia 

apoA-I [L218A/L219A/ 

V221A/L222A] 

8.1 x 10
10

  

 

 

 

Deletion of 220-231 region of apoA-I helix 6 inhibited apoA-

I-ABCA1 interaction 

apoA-I [F225A/V227A/ 

F229A/L230A] 

1.1 x 10
11

 

a
apoA-I 

[L218A/L219A/ 

V221A/L222A/F225A/ 

V227A/F229A/L230A] 

1.4 x 10 
11

 

apoA-I [E223A/K226A] 2.75 x 10
10

 

apoA-I [F71A/W72A] 1.4 x 10
11

 Deletion of the 62-80 region of apoA-I induced 

hypertriglyceridemia 
a
The mutagenic pCDNA3.1apoA-I[L218A/L219A/V221A/L222A/F225A/V227A/ 

F229A/L230A] construct was generated by Ioanna Tiniakou.  
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3.1.3. Expressing the WT apoA-I and the apoA-I mutants following infection of 

HTB-13 cells with the recombinant adenoviruses and purification of apoA-I 

To evaluate the expression of apoA-I WT and the mutant apoA-I forms HTB-13 cells 

were infected with adenoviruses expressing apoA-I WT and apoA-I[D89A/E91A/E92A], 

apoA-I [K94A/K96A], apoA-I [L218A/L219A/V221A/ L222A], apoA-I [F225A/V227A/ 

F229A/L230A], apoA-I [L218A/L219A/V221A/ L222A/F225A/V227A/F229A/L230A], 

apoA-I [E223A/K226A] and apoA-I [F71A/W72A] mutants at various moi (10, 15, and 

20 as indicated). Twenty four hours post-infection the cells were washed, new serum free 

medium was added and the medium was harvested 24 hours later. An aliquot of 100 κl 

was dissolved in SDS-sample buffer and analyzed by SDS-PAGE. The analysis showed 

that the infected cells secreted efficiently apoA-I into the culture medium. The molecular 

mass of WT and six of the apoA-I mutants was as expected, approximately 24 kDa. The 

protein secreted by apoA-I[F71A/W72A] had a slightly increased molecular mass of 

approximately 25 kDa (Fig. 3.4A-E).  

Large quantities of apoA-I were also produced by adenovirus infection of large 

scale cultures of HTB13 cells grown in roller bottles as described in experimental 

procedures. Serum-free media were collected up to six days post infection and analyzed 

for secretion of apoA-I. Each harvest was 250 ml and the protein concentration was 0.5-

1.5 mg/ml. These analyses indicated that the cultures produced approximately 20-50 mg 

apoA-I per litre (Fig. 3.5). 
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Figure 3.4 (A-E). Caption on next page. 
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Figure 3.4 (A-E): ApoA-I secretion following infection of HTB-13 cells with apoA-I 

expressing adenoviruses. SDS-PAGE analysis of 100 κL of culture medium of HTB-13 

cells infected with adenoviruses expressing the WT and mutant apoA-I forms at a moi of 

10-20 viruses per cell as described in experimental procedures. 
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For purification of apoA-I from the culture medium the apoA-I containing 

medium was dialyzed against 25 mM ammonium bicarbonate, lyophilized and used to 

produce POPC/apoA-I/cholesterol proteoliposomes by the sodium cholate method as 

described in the experimental procedures. The proteoliposomes were fractionated by 

density gradient ultracentrifugation and fractions containing apoA-I were collected and 

analysed by SDS-PAGE. Fractions containing pure apoA-I, usually 6-13, were collected. 

Using this analysis it was possible to isolate approximately 20 mg pure apoA-I for WT 

apoA-I and apoA-I[D89A/E91A/E92A], apoA-I [K94A/K96A], apoA-I 

[L218A/L219A/V221A/L222A] and apoA-I [E223A/K226A] that were used for 

physicochemical and cell culture studies (Fig. 3.6 A-E).  

For experiments that required lipid free apoA-I proteoliposomes isolated by 

density gradient ultracentrifugation were extensively delipidated by three to five 

extractions with 2:1 chloroform:methanol till the phosphorus levels of the apoA-I were 

very low. Protein/phosphorous ratios over 15 mg/ml were considered lipid-free. 

Thorough delipidation is important in order to assess the physicochemical and cholesterol 

efflux properties of lipid-free apoA-I. 
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Figure 3.5: Analysis of production of apoA-I by SDS PAGE. SDS PAGE analysis of 

apoA-I secreted into the culture medium of HTB-13 cells infected with an adenovirus 

expressing apoA-I. The cells were grown in roller bottles as described in experimental 

procedures and serum free medium was collected on days 1-6 post infection. The position 

of the apoA-I and the molecular markers are indicated. 
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Figure 3.6 (A-C). Continued.  
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Figure 3.6 (D, E). Caption on next page. 
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Figure 3.6 (A-E): Analysis of purification of apoA-I by SDS PAGE. SDS PAGE 

analysis of apoA-I purified from the cultured medium following formation of POPC 

proteoliposomes and density gradient ultracentrifugation as described in the experimental 

procedures. The position of the apoA-I and the molecular markers are indicated. 
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3.2 Functional in vitro studies 

 

3.2.1. Production of LCAT following infection of HTB-13 cells with LCAT-

expressing recombinant adenovirus and purification of LCAT by Phenyl-

Sepharose column 

Large quantities of human LCAT was also produced by adenovirus infection of large 

scale cultures of HTB13 cells grown in roller bottles as described in experimental 

procedures. Serum-free media were collected up to six days post infection and analyzed 

for secretion of LCAT. These analyses showed efficient production of LCAT up to day 

five post infection. Secreted LCAT consisted of two protein bands of approximately 50 

and 63 kDa molecular mass. The size heterogeneity indicates different degrees of post-

translational modification of LCAT (Fig. 3.7 A). LCAT was purified by Phenyl-

Sepharose affinity chromatography as described in the experimental procedures. Pure 

LCAT was eluted between fractions 8 and 14 (Fig. 3.7 B) and was used for LCAT assays. 

 

3.2.2. Ability of WT and mutant apoA-I forms to activate LCAT 

The LCAT activity was assayed as the rate of production of labeled cholesteryl esters 

from rHDL particles containing WT and apoA-I mutants. The apparent catalytic 

efficiency (Vmaxapp/KMapp) of the enzyme with rHDL particles containing apoA-

I[D89A/E91A/E92A], apoA-I[L144R], apoA-I[A164S] and apoA-

I[L218A/L219A/V221A/L222A] mutant forms was reduced approximately to 67%, 35%, 
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Figure 3.7 (A, B): Analysis of production and purification of LCAT by Western 

Blotting. (A) Western blot analysis of LCAT secreted into the culture medium of HTB-

13 cells infected with an adenovirus expressing LCAT. The cells were grown in roller 

bottles as described in experimental procedures and serum free medium was collected on 

days 1-4 post infection. (B) Western blot analysis of cultured medium containing LCAT 

following fractionation on phenyl Sepharose column as described in experimental 

procedure. The position of the LCAT and the molecular markers are indicated. 
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 90% and 82% respectively as compared to rHDL particles containing WT apoA-I (Fig. 

3.8 A, B). 

 

3.2.3. ABCA1-mediated cholesterol efflux by WT apoA-I apoE and apoAIV and 

the apoA-I variants [D89A/E91A/E92A], [L144R] and [A164S] mutants 

To evaluate the capacity of apoA-I WT, apoA-I[D89A/E91A/E92A], apoA-I[L144R] and 

apoA-I[A164S] mutants as well as apoE and apoAIV to promote ABCA1-mediated 

cholesterol efflux, studies were performed in HEK293-EBNA cells transfected with 

empty vector or an ABCA1 expressing plasmid for 16h as described in experimental 

procedures. Following transfections the cells were labeled with [
3
H] cholesterol for 24h 

and then incubated with or without 1 κM lipid-free WT apoA-I, mutant forms of apoA-I, 

apoE or apoAIV.  

The net efflux values (difference of efflux of ABCA1-transfected cells minus the 

efflux of empty vector-transfected cells) obtained for apoA-I was set as 100 %. 

Compared with apoA-I WT, ABCA1-mediated efflux was 64% in the presence of apoA-

I[D89A/E91A/E92A], 91 and 79% in the presence of apoA-I[L144R] and apoA-

I[A164S] (Fig. 3.9 A-B). The capacity of lipid-free apoAIV to promote ABCA1-

mediated efflux was also assayed and it was shown that its capacity at 1 κM 

concentration was 92% and at higher concentration (3 κM) it was 107% (Fig. 3.9 C).   
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Figure 3.8 (A, B). Caption on next page 
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Figure 3.8 (A, B): Activation of LCAT by rHDL containing wild type apoA-I, apoA-

I[D89A/E91A/E92A], apoA-I[L144R] and apoA-I[A164S] form. Diagram showing the 

Vmaxapp/Kmapp values of wild-type, apoA-I[D89A/E91A/E92A] (A), apoA-I[L144R] (B) 

and apoA-I[A164S] (B) mutant forms. The kinetic parameters of wild-type, apoA-

I[D89A/E91A/E92A], apoA-I[L144R] and apoA-I[A164S] are listed. Values are the 

mean ± SE from three independent experiments. 
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Figure 3.9 (A-B). Continued. 
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Figure 3.9 (C-D). Caption on next page. 
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Figure 3.9 (A-D): Cholesterol efflux by wild type apoA-I, apoA-

I[D89A/E91A/E92A], apoA-I[L144R] and apoA-I[A164S] mutant forms as well as 

WT apoE and apoA-IV from HEK293 EBNA-T cells and cholesterol efflux by 

rHDL containing WT apoA-I, WT apoE3 and apoA-IV from CHO cells. ABCA1-

mediated cholesterol efflux in the presence of WT apoA-I, apoA-I[D89A/E91A/E92A] 

(A), apoA-I[L144R] and apoA-I[A164S] mutant forms (B) as well as WT apoE and 

apoA-IV (C) was determined as described in Experimental Procedures. The concentration 

of the acceptor apoA-I in the medium was 1 κM. (D) SR-BI-mediated cholesterol efflux 

in the presence of rHDL containing WT apoA-I, WT apoE and apoA-IV was determined 

as described in Experimental Procedures. The concentration of the acceptor proteins in 

the medium was 1 κM. Values are the means ± SE from three experiments performed in 

duplicate. 
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3.2.4. SR-BI mediated cholesterol efflux by rHDL containing apoA-I, apoE3 

and apoAIV 

SR-BI mediated cholesterol efflux was measured using ldlA7 CHO cells expressing the 

mSR-BI as described in the experimental procedures using proteoliposomes containing 

apoA-I, apoE3 and apoAIV as acceptors. This analysis showed that the cholesterol efflux 

capacity of proteoliposomes containing these three proteins were similar (Fig. 3.9 D). 

 

3.3. Functional in vivo studies 

3.3.1. Alteration of negatively charged residues in the 89 to 99 domain of apoA-

I affects lipid homeostasis and the maturation of HDL 

 

The objective of these analyses was to investigate the role of positively and negatively 

charged amino acids within the 89-99 region of apolipoprotein A-I (apoA-I), that are 

highly conserved in mammals, on plasma lipid homeostasis and the biogenesis of HDL. 

We have shown previously that deletion of the 89-99 region of apoA-I increased plasma 

cholesterol and phospholipids but did not affect plasma triglycerides. 

 

3.3.2. Secretion of the WT and the two apoA-I mutants  

To assess the expression and secretion of the two mutant proteins relative to WT apoA-I, 

we infected HTB-13 cells with recombinant adenoviruses expressing the WT or the 

mutant apoA-I genes using a multiplicity of infection of 10. Analysis of the medium 24 
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hours post infection showed that the WT and the two mutant forms of apoA-I were 

secreted at comparable levels in the medium (Fig. 3.4A).  

 

3.3.3. Expression of the apoA-I transgene following adenovirus infection 

Total hepatic RNA was isolated from the mouse livers four days post infection with 

adenoviruses expressing the WT and the [D89A/E91A/E92A] and [K94A/K96A] mutant 

apoA-I forms. The relative expression of the WT and the mutant apoA-I transgenes was 

determined by qPCR as described in the experimental procedures. This analysis showed 

that the expression of WT and apoA-I[D89A/E91A/E92A]  were comparable, whereas 

the expression of apoA-I[K94A/K96A] was 56% of the WT apoA-I (Fig. 3.10). 

 

3.3.4. Plasma lipids and apoA-I measurements 

Plasma lipids and apoA-I were determined four days post infection of apoA-I
-/-

mice with 

adenoviruses expressing the WT and the two apoA-I mutants. It was found that the apoA-

I[D89A/E91A/E92A] mutant caused dyslipidemia characterized by severe 

hypertriglyceridemia, increased plasma cholesterol and phospholipids and decreased 

cholesteryl ester to total cholesterol (CE/TC) ratio. The lipid parameters in mice 

expressing the apoA-I[K94A/K96A] mutant were comparable to those of mice expressing 

WT apoA-I with the exception of TC/apoA-I ratio which was reduced for this mutant 

(Table V, Fig. 3.11 A-C). 
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Table V. Plasma lipids, apoA-I and hepatic mRNA levels of apoA-I
-/-

 mice expressing WT and mutant forms of apoA-I 

obtained 4 days post infection
a
 

Protein expressed Total 

Cholesterol 

(TC) 

(mg/dL) 

TC/ 

apoA-I 

Free 

cholesterol 

(mg/dL) 

CE/TC Phospholipids 

(PL) (mg/dL) 

Triglycerides 

(mg/dL) 

Relative 

apoA-I 

mRNA 

(%) 

Plasma 

apoA-I 

(mg/dL) 

GFP  28±7 - 12±3 0.58±0.04 33±22 34±3 - - 

WT apoA-I  268±55 0.95±0.16 75±34 0.72±0.06 296±96 70±11 100±32 283±84 

apoA-I 

[D89A/E91A/E92A]  

497±139 2.52±0.84 347±147 0.36±0.31 603±406 2106±1629 101±24 235±106 

apoA-I 

[K94A/K96A]  

108±23 0.53±0.04 46±21 0.58±0.15 190±14 66±9 56±20 220±51 

apoA-I 

[D89A/E91A/ 

E92A] + hLPL  

122±56 1±0.2 56±20 0.44±0.14 255±128 49±16 41±6 99±18 

a 
The values are means ± S.D. (n = 4-6) 
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Figure 3.10: Hepatic apoA-I mRNA levels of mice infected with apoA-I expressing 

adenoviruses. Mice infected with 2x10
9
 adenoviruses expressing WT apoA-I, apoA-

I[D89A/E91A/E92A] and apoA-I[K94A/K96A]. RNA was extracted from livers 4 days 

post infection and apoA-I mRNA was quantitated by real time qPCR as described in 

experimental procedures. 
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Figure 3.11: Plasma lipid and apoA-I levels four days post infection of mice infected 

with apoA-I expressing adenoviruses. (A)Plasma cholesterol, (B) plasma triglycerides 

and (C) plasma apoA-I levels obtained from mice infected with adenovirus expressing 

WT apoA-I, apoA-I[D89A/E91A/E92A] or apoA-I[K94A/K96A]. 
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3.3.5. FPLC profiles of plasma isolated from apoA-I
-/-

 mice infected with 

adenoviruses expressing the WT and the two apoA-I mutants 

FPLC analysis of plasma from apoA-I
-/-

 mice infected with the recombinant adenovirus 

expressing either WT apoA-I or the two apoA-I mutants showed that in mice expressing 

WT apoA-I cholesterol was distributed predominantly in the HDL2/HDL3 region. The 

distribution of cholesterol in the apoA-I[K94A/K96A] mutant was similar to that of WT 

apoA-I with an additional shoulder in the IDL and LDL regions. In contrast, in mice 

expressing the apoA-I[D89A/E91A/E92A] mutant cholesterol was distributed 

predominantly in the VLDL/IDL/LDL region (Fig. 3.12 A). All the triglycerides of the 

apoA-I[D89A/E91A/E92A] mutant were found in the VLDL region. The VLDL 

triglyceride peak of WT apoA-I and apoA-I[K94A/K96A] mutant were negligible (Fig. 

3.12 B).  

 

3.3.6. Fractionation of plasma of mice expressing the WT and the two apoA-I 

mutants by density gradient ultracentrifugation 

Fractionation of plasma by density gradient ultracentrifugation and subsequent analysis 

of the resulting fractions by SDS-PAGE served two purposes. It gave important 

information on the distribution of apoA-I in different lipoprotein fractions and provided 

the HDL fractions that were used for EM analysis. It was found that the WT apoA-I and 

apoA-I[K94A/K96A] mutant are predominantly distributed in the HDL2 and HDL3 

region (Fig. 3.13 A, C). In contrast, in the case of apoA-I[D89A/E91A/E92A] mutant  
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Figure 3.12 (A, B): FPLC profiles of total cholesterol (A) or triglycerides (B) of apoA-I
-/-

 

mice infected with adenoviruses expressing the WT apoA-I, apoA-I[D89A/E91A/E92A], 

or apoA-I[K94A/K96A] as indicated. Plasma samples were obtained 4 days post-

infection. 
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Figure 3.13 (A-C): Analysis of plasma of apoA-I
-/-

 mice infected with adenoviruses 

expressing the WT apoA-I (A), the apoA-I[D89A/E91A/E92A] (B), and the apoA-

I[K94A/K96A] (C), by density gradient ultracentrifugation and SDS-PAGE. 
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approximately 40% of apoA-I was distributed in the VLDL/IDL/LDL region and the 

remaining in the HDL3 and to a lesser extent in the HDL2 region (Fig. 3.13 B).  

 

3.3.7. EM analysis of the HDL fractions 

Analysis of the HDL fractions 6 and 7 obtained following density gradient 

ultracentrifugation by EM showed that the WT apoA-I and the apoA-I[K94A/K96A] 

mutant generated spherical particles (Fig. 3.14 A and C) and the apoA-

I[D89A/E91A/E92A] mutant generated mostly spherical and few discoidal particles (Fig. 

3.14 B). Control experiments showed that HDL density fractions obtained from GFP 

expressing apoA-I
-/-

 mice, which cannot form HDL, contained very few spherical 

particles (Fig. 3.14 D).  

 

3.3.8. Two-dimensional gel electrophoresis of plasma of mice expressing the 

WT and the two apoA-I mutants 

Two-dimensional gel electrophoresis of plasma showed that WT apoA-I and the apoA-

I[K94A/K96A] mutant formed normal α subpopulations with small amount of preβ HDL 

particles (Fig. 3.15 A and C). In contrast the apoA-I[D89A/E91A/E92A] mutant formed 

predominantly preβ1 and α4 HDL particles at a ratio of approximately 2:1 (Fig. 3.15 B). 
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Figure 3.14 (A-D): EM analysis of HDL fractions 6-7 obtained from apoA-I
-/-

 mice 

expressing the WT apoA-I (A), the apoA-I[D89A/E91A/E92A] (B), and the apoA-

I[K94A/K96A] (C), or GFP control virus (D)  following density gradient 

ultracentrifugation of plasma as indicated. The electron micrographs were taken at 

75,000× magnification and enlarged 3 times. 
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Figure 3.15 (A-C): Analysis of plasma obtained from mice expressing the WT apoA-I 

(A), the apoA-I[D89A/E91A/E92A] (B), and the apoA-I[K94A/K96A] (C),  following 

two-dimensional gel electrophoresis and Western blotting. 
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3.3.9. Ability of lipoprotein lipase to normalize the lipid and lipoprotein 

abnormalities induced by the apoA-I[D89A/E91A/E92A] mutation 

 ApoA-I
-/-

 mice were co-infected with 2 x 10
9
 pfu of an adenovirus expressing apoA-

I[D89A/E91A/E92A]  mutant and 5 x 10
8
 pfu  of an adenovirus expressing the hLPL and 

their lipid and lipoprotein profiles were compared to those of mice infected with 2 x 10
9
 

pfu of an adenovirus expressing WT apoA-I. This analysis showed that the lipoprotein 

lipase treatment abolished hypertriglyceridemia but did not correct the CE/TC ratio in 

mice that received the apoA-I[D89A/E91A/E92A] mutant and hLPL (Table V).  

The plasma of the apoA-I
-/-

 mice that were co-infected with the apoA-

I[D89A/E91A/E92A] mutant and hLPL was fractionated by density gradient 

ultracentrifugation and SDS-PAGE and the HDL fraction was analyzed by electron 

microscopy. This analysis showed that in mice co-infected with the apoΑ-

Ι[D89A/E91A/E92A] mutant and hLPL the HDL was distributed mostly into the HDL3 

and to a lesser extent to HDL2. ApoA-I was not found in the VLDL/IDL fraction (Fig. 

3.16 A). HDL fraction contained both discoidal and spherical HDL particles (Fig. 3.16 

B). The observed decrease in plasma apoA-I levels can be explained by the decreased 

expression of the apoA-I transgene in the co-infection experiment and possibly by faster 

catabolism of the smaller size HDL particles. 

Two-dimensional gel electrophoresis of plasma obtained from mice that were co-

infected with the apoA-I[D89A/E91A/E92A] mutant and human lipoprotein lipase 

showed that the hLPL treatment restored in part the α1, 2, 3, 4 HDL subpopulations (Fig. 

3.16C). 
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Figure 3.16 (A-C): Analyses of plasma of apoA-I
-/-

 mice infected with adenoviruses 

expressing the apoA-I[D89A/E91D/E92A] and hLPL.  (A) SDS-PAGE analysis of 

fractions obtained by density gradient ultracentrifugation of plasma of apoA-I
-/-

 mice 

infected with 2 × 10
9
 pfu of adenovirus expressing apoA-I[D89A/E91A/E92A] and 5 × 

10
8
 pfu of an adenovirus expressing the human lipoprotein lipase. (B) EM picture of HDL 

fractions 6-7 obtained from apoA-I
-/-

 mice expressing the apoA-I[D89A/E91A/E92A] 

mutant and human lipoprotein lipase, following density gradient ultracentrifugation as 

indicated in (A). The sample was concentrated 2 times. The electron micrographs were 

taken at 75,000× magnification and enlarged 3 times. (C) Analysis of plasma obtained 

from mice expressing the apoA-I[D89A/E91A/E92A] mutant and human lipoprotein 

lipase following two-dimensional gel electrophoresis and Western blotting. 
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3.4. Physicochemical properties of the WT and the apoA-I[D89A/E91A/E92A] 

and apoA-I[K94A/K96A] mutant forms (Physicochemical experiments 

were performed in collaboration with Irina Gorshkova) 

 

3.4.1. Thermal stability and conformation of apoA-I 

Analysis of the normalized far-UV CD spectra of WT apoA-I and the apoA-

I[D89A/E91A/E92A] and apoA-I[K94A/K96A] mutants showed that compared to WT 

apoA-I, the two mutant proteins had an ~9% reduction and ~6% increase respectively in 

their α-helical content. This corresponds to a loss of ~22 and gain of ~15 residues in the 

helical conformation of apoA-I respectively (Table VI).  

The thermal unfolding of the WT apoA-I, apoA-I[D89A/E91A/E92A]  and apoA-

I[K94A/K96A] mutants was monitored by the ellipticity at 222 nm. The parameters of 

the thermal unfolding determined from the van’t Hoff analysis are listed in Table VI. The 

apoA-I[D89A/E91A/E92A] mutation caused a small (~2°C) but statistically significant 

decrease in the melting temperature Tm  indicating a destabilizing effect of the mutation.
 
 

The Tm of apoA-I[K94A/K96A] did not differ from that of WT apoA-I. Large 

(approximately 13 kcal/mol) decrease in the effective enthalpy ΓΗv for the apoA-

I[D89A/E91A/E92A] mutant as compared to WT apoA-I is consistent with the  less 

cooperative (less sharp) thermally induced unfolding of this mutant and suggests a 

significantly lower cooperativity of the thermal transition of the apoA-

I[D89A/E91A/E92A] mutant . The effective enthalpy ΓΗv  for the apoA-I[K94A/K96A] 

mutant was lower than that for  WT apoA-I by approximately 5 kcal/mol.  
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3.4.2. ANS-fluorescence and DMPC-clearance kinetics 

To investigate if the apoA-I[D89A/E91A/E92A] and apoA-I[K94A/K96A] mutations 

affect the tertiary structure of apoA-I, the intrinsic fluorescence of the amphipathic 

fluorescent dye ANS was recorded in the presence of each of these proteins and in the 

presence of  WT apoA-I. It was found that in the presence of the WT and the mutant 

apoA-I forms, ANS fluorescence was significantly enhanced and blue-shifted as 

compared to ANS fluorescence in buffer alone or in the presence of carbonic anhydrase, 

which represents a typical globular protein. This is consistent with the molten-globular-

like conformation of apoA-I. However, in the presence of the apoA-

I[D89A/E91A/E92A], the increase in the fluorescence intensity was 43% larger and the 

blue shift in WMF was ~3 nm greater than in the presence of WT apoA-I (Table VI). 

This suggests that compared to WT apoA-I, the [D89A/E91A/E92A] mutant has 

additional exposed hydrophobic surfaces. The fluorescence intensity and WMF of the 

apoA-I[K94A/K96A] were close to those of WT apoA-I (Table VI).  

The kinetics of solubilization of multilamellar DMPC vesicles by WT and the 

apoA-I[D89A/E91A/E92A] mutant was monitored at 325 nM by the clearance of the 

turbidity of DMPC suspension following the addition of apoA-I. It was found that the 

apoA-I[D89A/E91A/E92A] mutant clears turbidity slightly faster than WT  apoA-I and 

the apoA-I[K94/K96A] clears turbidity at a rate similar to that of WT apoA-I (Fig. 3.17).   
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3.4.3. Binding of apoA-I forms to triglyceride-rich emulsions 

 The weight ratio triolein:PC in the emulsions was 4.1±0.3 (mean ± SD of three isolated 

emulsions). The average size of particles in a typical isolated emulsion calculated from 

the electron microphotographs was 54±21 nm (mean± SD, n=201). The large standard 

deviations reflect a broad size distribution that resembles a size distribution of plasma 

VLDL. Data of the binding assays (Fig. 3.18 A) show that at each emulsion to protein 

ratio in the incubation mixtures, the portion of the bound protein is higher for the apoA-

I[D89A/E91A/E92A] mutant than for WT apoA-I. Figure 3.18 B shows that for each 

emulsion to protein ratio in the incubation mixtures, the number of protein molecules 

bound to one particle are significantly higher for the apoA-I[D89A/E91A/E92A] mutant 

than for WT apoA-I. 
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Table VI. -helical Content and Thermodynamic Parameters of Lipid-free WT 

apoA-I and the apoA-I mutant forms and parameters of ANS fluorescence in the 

presence of the proteins 

a
 Estimated from the [Θ222] at 25

°
C; Systematic and statistical errors are ±3%.  

b
 The melting temperature Tm and the effective enthalpy Hv were determined from van’t 

Hoff analysis of the thermal unfolding curves monitored by CD at 222 nm. 

c
 Parameters of ANS fluorescence determined in the presence of WT apoA-I, apoA-I 

[D89A/E91A/E92A] or apoA-I[K94A/K96A] (Fig. 5C). I is ANS fluorescence intensity 

in relative units compared to the fluorescence in buffer alone. 

d
 Significance of differences from the value for WT: p<0.05. 

e
 Significance of differences from the value for WT: p<0.01.  

f
 Significance of differences from the value for WT: p<0.005. 

 

 

 

Protein
 

-helix
a 
 

(%) 

Number of 

residues in 

α-helix 

Tm,
b
 

(C) 

Hv,
b
 

(kcal/mol) 

I
 c
 

(relative 

units) 

WMF
 c
 

(nm) 

 WT apoA-I
 
 ~58 144 61±0.5 39±1 4.6 480 

apoA-I 

[D89A/E91A/E92A] 

~49 122 59±0.5
e 

26±2
f 

6.6 477 

apoA-I [K94A/K96A] ~ 64 159 60±1.0 34±2
d
 4.8 479 
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Figure 3.17: Physicochemical properties of the WT apoA-I, apoA-

I[D89A/E91A/E92A] and apoA-I[K94A/K96A]. The time course of DMPC clearance 

by the apoA-I forms or in buffer alone. DMPC multilamellar vesicles (100 κg/mL lipids) 

were preincubated at 24°C and the clearance was triggered by addition of protein to reach 

final concentration in cuvette 40 κg/mL. The turbidity was monitored by absorbance at 

325 nm at the controlled temperature 24°C. WT apoA-I (), apoA-I[D89A/E91A/E92A] 

(), apoA-I[K94A/K96A] (). 
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Figure 3.18 (A, B). Caption on next page. 
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Figure 3.18 (A, B): Binding of the WT apoA-I and the apoA-I[D89A/E91A/E92A] 

mutant to triglyceride-rich emulsion particles. (A) Portion of bound protein at different 

PC:protein ratios. (B) Bound WT apoA-I or apoA-I[D89A/E91A/E92A] per one 

emulsion particle. WT apoA-I (), apoA-I[D89A/E91A/E92A] (). 
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3.5. Contribution of the residues 218 to 226 of apoA-I in the biogenesis of 

HDL 

Previous studies showed that apoA-I deletion mutants that lack residues 220 to 231 have 

diminished capacity to promote cholesterol efflux and fail to synthesize HDL (84;91). 

The objective of the present study was to investigate the role of four hydrophobic 

residues (L218, L219, V221, L222) and two charged residues (E223, K226) on the 

biogenesis of HDL. These questions were addressed by the in vitro and in vivo studies 

described below. 

 

3.5.1. Secretion of the WT and the two apoA-I mutants 

The secretion in the culture medium of HTB-13 cells following transfection with 

recombinant adenoviruses expressing the WT or the mutant apoA-I proteins was assessed 

as described in the experimental procedures. This analysis showed that apoA-

I[L218A/L219A/V221A/L222A] and apoA-I[E223A/K226A] were secreted at 

comparable levels in the culture medium (Fig. 3.4 B, D). 

 

3.5.2. Expression of the apoA-I transgene following adenovirus infection 

Total hepatic RNA was isolated from the mouse livers four days post infection with 

adenoviruses expressing the WT and the [L218A/L219A/V221A/L222A] and 

[E223A/K226A] mutant apoA-I forms. The relative expression of the WT and the mutant 

apoA-I transgenes was determined by qPCR as described in the experimental procedures. 

This analysis showed that the expression of WT and apoA-I[L218A/L219A/V221A/  
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Figure 3.19: Hepatic apoA-I mRNA levels of mice infected with apoA-I expressing 

adenoviruses. Mice infected with 2x10
9
 adenoviruses expressing WT apoA-I, apoA-

I[L218A/L219A/V221A/L222A] or apoA-I[E223A/K226A]. RNA was extracted from 

livers 4 days post-infection and apoA-I mRNA was quantitated by real time qPCR as 

described in experimental procedures. 
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L222A] were comparable, whereas the expression of apoA-I[E223A/K226A] was 

approximately 165% of that of WT apoA-I (Fig. 3.19).  

 

3.5.3. Plasma lipid and apoA-I measurements  

Plasma lipids and apoA-I were determined four days post infection of apoA-I
-/-

mice with 

adenoviruses expressing the WT and the two apoA-I mutants. It was found that the 

[L218A/L219A/V221A/L222A] mutation decreased plasma cholesterol and apoA-I 

levels to approximately 10 % as compared to WT. The plasma cholesterol and apoA-I 

levels of [E223A/K226A] mutation were within the normal range (62% of total plasma 

cholesterol and 120% of plasma apoA-I as compared to WT apoA-I) (Fig. 3.20 A, B).  

 

3.5.4. FPLC profiles of plasma isolated from apoA-I
-/-

 mice infected with 

adenoviruses expressing the WT and the two apoA-I mutants 

FPLC analysis of plasma from apoA-I
-/-

 mice infected with the recombinant adenovirus 

expressing either WT apoA-I or the two apoA-I mutants showed that in all cases 

cholesterol was distributed in the HDL region and the HDL cholesterol peak of apoA-

I[L218A/L219A/V221A/L222A] was greatly diminished (Fig. 3.21).  
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Figure 3.20 (A, B): Plasma lipid and apoA-I levels four days post infection of mice 

infected with apoA-I expressing adenoviruses. (A) Plasma cholesterol, (B) plasma 

apoA-I levels obtained from mice infected with adenovirus expressing WT apoA-I, 

apoA-I[L218A/L219A/V221A/L222A] or apoA-I[E223A/K226A]. 
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Figure 3.21: FPLC profile of total cholesterol of apoA-I
-/-

 mice infected with 

adenoviruses expressing the WT apoA-I, apoA-I[L218A/L219A/V221A/L222A] or 

apoA-I[E223A/K226A] as indicated. Plasma samples were obtained 4 days post-

infection. 

 
 

 

 

 

 

 

 



162 

 

3.5.5. Fractionation of plasma of mice expressing the WT and the two apoA-I 

mutants by density gradient ultracentrifugation 

Fractionation of plasma by density gradient ultracentrifugation and subsequent analysis 

of the resulting fractions by SDS-PAGE showed that the WT apoA-I was equally 

distributed in the HDL2 and HDL3 region and the apoA-I[E223A/K226A] and apoA-

I[L218A/L219A/V221A/L222A]  were predominantly distributed in the HDL3 and to a 

lesser extend the HDL2 region (Fig. 3.22 A-C). The apoA-

I[L218A/L219A/V221A/L222A] mutant was characterized by low levels of apoA-I and 

increased levels of apoE that floated in the HDL2/3 but also in the VLDL/IDL/LDL 

region. 

  

3.5.6. EM analysis of the HDL fraction 

Analysis of the HDL fractions 6 and 7 obtained following density gradient 

ultracentrifugation by EM showed that the WT apoA-I as well as the two apoA-I mutants 

generated spherical particles (Fig. 3.22 D-F). The particles generated by the apoA-

I[L218A/L219A/V221A/L222A] mutant appear smaller in size and may contain both 

apoA-I and apoE. 

To ascertain the ability of the apoA-I[L218A/L219A/V221A/L222A] mutant to 

form HDL particles we used adenovirus mediated gene transfer in mice deficient in 

apoA-I and apoE. Separation of the plasma by density gradient ultracentrifugation 

showed that WT apoA-I was distributed in the HDL2 and HDL3 region and that in the 

case of apoA-I [L218A/L219A/V221A/L222A] very small amounts of  apoA-I were 
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found in the HDL2/3 regions (Fig. 3.23 A, B). EM analysis of the fractions 6 and 7 

obtained by density gradient ultracentrifugation of the plasma showed that WT apoA-I 

generated spherical particles whereas the apoA-I[L218A/L219A/V221A/L222A]  failed 

to form HDL particles (Fig. 3.23 C, F). 

 

3.5.7. Two-dimensional gel electrophoresis of plasma of mice expressing the 

WT and the two apoA-I mutants 

Two-dimensional gel electrophoresis of plasma showed that WT apoA-I formed normal 

preβ and α HDL subpopulations, the apoA-I[E223A/K226A] contained predominantly 

α2, α3 and α4 and had increased preβ subpopulations whereas the apoA-

I[L218A/L219A/V221A/L222A]  had small amount of α4 and preβ subpopulations. The 

preβ subpopulations could be visualized by loading 2 κl of plasma as opposed to 0.5 κl 

used for WT apoA-I (Fig. 3.24 A-D). 
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Figure 3.22 (A-F): Analysis of plasma of apoA-I
-/-

 mice infected with adenoviruses 

expressing the WT apoA-I (A), apoA-I[L218A/L219A/V221A/ L222A] (B) or apoA-

I[E223A/K226A] (C), by density gradient ultracentrifugation and SDS-PAGE. EM 

analysis of HDL fractions 6-7 obtained from apoA-I
-/-

 mice expressing the WT apoA-I 

(D), apoA-I[L218A/L219A/V221A/L222A] (E) or apoA-I[E223A/K226A] (F) following 

density gradient ultracentrifugation of plasma as indicated. The electron micrographs 

were taken at 75,000× magnification and enlarged 3 times. 
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Figure 3.23 (A-F): Analysis of plasma of apoA-I
-/-

 x apoE
-/-

 mice infected with 

adenoviruses expressing the WT apoA-I (A) or apoA-I[L218A/L219A/ V221A/L222A] 

(B) by density gradient ultracentrifugation and SDS-PAGE. EM analysis of HDL 

fractions 6-7 obtained from apoA-I
-/-

 x apoE
-/-

 mice expressing the WT apoA-I (C, D) or 

apoA-I[L218A/L219A/V221A/L222A] (E, F) following density gradient 

ultracentrifugation of plasma as indicated. The electron micrographs were taken at 

75,000× magnification and enlarged 3 times. 
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3.5.8. Physicochemical properties of the apoA-I[L218A/L219A/V221A/L222A] 

mutant 

Preliminary physicochemical studies of the lipid-free apoA-I[L218A/L219A/ 

V221A/L222A] mutant were performed in collaboration with Dimitra Georgiadou at Dr. 

Stratikos lab at the National center for scientific research Demokritos, Greece. Two 

important finding of this analyses which are still under progress are: 

1. There was a small but significant decrease in the α-helical content of the mutant 

protein as determined by CD.  

2. There was a significant decrease of binding of ANS to the mutant protein as 

compared to WT apoA-I. This finding indicated a loss of hydrophobic exposed 

sites. This might occur if the mutated amino acids were part of an exposed 

hydrophobic surface or if the mutation caused structural changes that resulted in 

the burring of another normally exposed hydrophobic surface. 
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Figure 3.24 (A-D): Analysis of plasma obtained from mice expressing the WT apoA-I 

(A), apoA-I[E223A/K226A] (B) or apoA-I[L218A/L219A/V221A/L222A]  (C, D),  

following two-dimensional gel electrophoresis and Western blotting. 
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4. DISCUSSION 

The discussion encompasses Project I: section 4.1, Project II: section 4.2 and 

Collaborative projects: section 4.3. Section 4.1 deals with the consequences of the 

mutations in residues 89 to 99 of apoA-I on lipid homeostasis and the maturation of 

HDL. Section 4.2 deals with the consequences of the mutations in the region 218 to 226 

on the biogenesis of HDL and section 4.3 summarizes collaborative studies on the effects 

of mutations in the region 218 to 222 and other regions of apoA-I on the bactericidal 

activity of apoA-I and its ability to promote retro-endocytosis in endothelial cells.  

 

4.1. Project I: Alteration of negatively charged residues in the 89 to 99 

domain of apoA-I affects lipid homeostasis and the maturation of HDL 

4.1.1. Rationale for selection of the mutations 

The 89-99 region of apoA-I contains several residues that are highly conserved in animal 

species and particularly in mammals (474). Thus amino acid position 89 is occupied in 

twenty nine species by D and has a conservative E substitution in two species. Positions 

91 and 92 are occupied by negatively charged E and in few cases D residues in mammals 

and birds. Position 93 is occupied exclusively by hydrophobic residues in all species 

(predominantly V).  The cluster of the positively charged K residues at positions 94 and 

96 also shows remarkable sequence preservation in amphibian mammals and birds. 

Position 94 is occupied in twenty one species by K and in nine species by R whereas 

position 96 is occupied by K in all but one of the mammals and birds and diverges in fish 

(474).  It is also interesting that non charged residues in the 89 to 99 region are 
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conserved. Positions 90, 93 and 97 are occupied mostly by V or other hydrophobic amino 

acids. Residues D89, E91 and E92 and residues K94 and K96 are located in the α11/3 

helical wheel positions 2, 4, 5, 7 and 9 respectively. Residue D89 may form a strong 

solvent inaccessible salt bridge with residue R177 of the antiparallel helix and residues 

E92 and K96 may form weaker solvent inaccessible salt bridges with residues R173 and 

E169 respectively of the antiparallel helix. Residues E91 and K94 may interact with the 

aqueous phase.  

Previous studies have shown that deletion of the 89-99 region of apoA-I caused 

dyslipidemia characterized by increased plasma cholesterol and phospholipids that were 

distributed in the VLDL/IDL region, decreased plasma PLTP activity and normal plasma 

triglycerides. The deletion caused a modest (20-30%) reduction in the capacity of the 

mutant protein to promote ABCA1 mediated cholesterol efflux and to activate LCAT in 

vitro (252). The drastic alteration of the structure of apoA-I caused by the 89-99 deletion 

may have caused realignment of the helices of apoA-I on the spherical HDL particles that 

may be responsible for the observed phenotype. 

For these reasons we have chosen to probe further the importance of the 89-99 

region of apoA-I by focusing on the impact of the conserved clusters of three negatively 

and two positively charged residues, on lipid homeostasis and the biogenesis of HDL in 

mouse models. 
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4.1.2. The apoA-I mutations D89A/E91A/E92A alter the functions of apoA-I, 

affect profoundly plasma triglyceride homeostasis and prevent the 

maturation of HDL   

The present study showed that the expression of the apo-I[D89A/E91A/E92A] mutant in 

apoA-I
-/-

  mice resulted in dyslipidemia characterized by severe hypertriglyceridemia,  

increased plasma cholesterol, decreased HDL cholesterol, reduced esterification of 

plasma cholesterol and the generation of few discoidal HDL particles and small size HDL 

particles that form preβ and α4-HDL subpopulations. The mutation caused only a minor 

15% decrease in plasma PLTP activity (data not shown). On the other hand, the 

phenotype generated by adenovirus mediated gene transfer of apoA-I[K94A/K96A] in 

apoA-I
-/-

 mice was normal. These findings suggested that the negatively charged D89, 

E91, and E92 residues of apoA-I are crucial for maintenance of plasma cholesterol and 

triglyceride homeostasis as well as the biogenesis and/or catabolism of HDL.  

  

4.1.3. Changes in the structure and the lipid binding properties of the lipid-free 

apoA-I induced by the D89A/E91A/E92A and the K94A/K96A mutations 

Estimation of the -helical content and the thermodynamic stability by far-UV CD 

spectroscopy indicated that apoA-I[D89A/E91A/E92A] has 22 fewer residues in the -

helical conformation, slightly reduced thermal stability and greatly reduced cooperativity 

of thermal unfolding as compared to the WT apoA-I (Table VI). ANS fluorescence 

measurements indicated that the apoA-I [D89A/E91A/E92A] mutant has more 
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hydrophobic surfaces exposed to the solvent as compared to WT apoA-I, suggesting a 

looser tertiary folding of the mutant protein. Similar characteristics have been described 

for the apoA-I[E110A/E111A] and apoA-I[Γ(61-78)] mutants (470) that have been 

previously associated with dyslipidemia (93;252). The apoA-I[K94A/K96A] mutant had 

increased helical content and reduced cooperativity of thermal unfolding whereas the 

ANS characteristics and the DMPC clearance kinetics where similar to those of WT 

apoA-I. 

 

4.1.4. Potential mechanism of dyslipidemia induced by the D89A/E91A/E92A 

mutations  

 The apoA-I[D89A/E91A/E92A] mutant has two similar characteristics with two other 

mutants in different regions of apoA-I, the apoA-I[Γ(61-78)] and the apoA-I 

[E110A/E111A] (93;252). The first characteristic is that all three mutants caused 

accumulation of apoA-I in the VLDL/IDL region and as shown previously this affects the 

in vitro lipolysis of the VLDL/IDL fraction by exogenous lipoprotein lipase (93;252). 

The second characteristic of the three apoA-I mutants is the negatively charged residues 

E78, D89 and E111 that occur in the WT sequence to have the ability to form solvent 

inaccessible salt bridges with positively charged residues present in the antiparallel apoA-

I molecule of a discoidal HDL particle (25). The affinity of all three mutants for 

triglyceride rich lipoprotein particles is further supported by binding studies to 

triglyceride-rich emulsion particles (475). 
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Analysis of the 93 Å spherical HDL in solution by small angle neutron scattering 

(SANS) showed that apoA-I folds around a central lipid core that has 88.4 Å x 62.8 Å 

dimensions to form a spheroidal HDL (sHDL) particle. The following three possible 

arrangements of the apoA-I on the sHDL particle were considered. A model designated 

HdHp where two apoA-I molecules are arranged in anti-parallel planar orientation and a 

third molecule assumes a hairpin structure. A model designated 3Hp where three apoA-I 

molecules were folded as hairpins. A model designated integrated trimer (iT) where three 

apoA-I molecules interact with each other on the HDL surface (34). Similar but not 

identical arrangements were proposed in the “trefoil” model where the right hand half of 

two anti-parallel apoA-I molecules of the double belt model are displaced by 60° out of 

their planar position and are aligned in antiparallel orientation with a third molecule bent 

on a 60° angle (39). In these models the apoA-I monomers or dimers are juxtapositioned 

in the vicinity of helices 5 and 6 (34;39). In these arrangements of the apoA-I molecules 

on the sHDL particle residues E78 in helix 2, D89 in helix 3 and E111 in helix 4, can 

form solvent inaccessible salt bridges with residues R188 in helix 8, R177 in helix 7 and 

H155 in helix 6 respectively of the antiparallel strand. It is interesting that in the 11/3 α-

helical wheel residues E78, D89 and E111 are all located in wheel position 2. With the 

exception of R188 all other five residues involved in salt bridges are conserved in 

mammals. Consistently with these observations temperature jump molecular dynamic 

simulation (52;53) indicated that the E89-R177 and E111-H155 are more stable than the 

E78-R188 salt bridge. Thus it is possible that elimination of the negatively charged 

residues D89 and E111 and to a lesser extend E78, may destabilize the inter-molecular 
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interactions of the apoA-I dimer or the hairpin bound to HDL and may predispose to 

dyslipidemia.  

The interference of apoA-I[D89A/E91A/E92A] with lipolysis, was tested in vivo 

by co-infection of mice with adenoviruses expressing apoA-I[D89A/E91A/E92A] and the 

human lipoprotein lipase. This treatment abolished hypertriglyceridemia, restored in part 

the α1,2,3,4 HDL subpopulations, redistributed apoA-I in the HDL2 and HDL3 region, 

but did not alter the CE/TC ratio or the formation of discoidal HDL. The findings suggest 

that the increased abundance of apoA-I in the VLDL/IDL region may create lipoprotein 

lipase insufficiency that is responsible for the induction of hypertriglyceridemia. 

The present study also indicates a direct effect of the [D89A/E91A/E92A] 

mutation in the activation of LCAT in vivo. This is documented by the persistence of the 

discoidal particles, the low CE/TC ratio and preponderance of the smaller α4 and α3 

subpopulations following normalization of the plasma triglyceride levels by the 

lipoprotein lipase treatment. Previous studies showed that discoidal and small size HDL 

particles and LCAT associated with them may be catabolized fast by the kidney and thus 

lead to LCAT insufficiency and reduced plasma HDL levels (78;134;141). In vitro 

studies also indicated that increased catabolism by the kidney and the liver may also 

occur following triglyceride hydrolysis of the hypertriglyceridemic HDL by the hepatic 

lipase (476).  

It is conceivable that loosening of the structure of apoA-I around the D89 or E92 

area due to the substitution of the original residues by A, may provide new surfaces for 

interaction of HDL with other proteins or lipoprotein particles such as VLDL in ways that 



174 

 

inhibit triglyceride hydrolysis. Furthermore, the accumulation of discoidal HDL as well 

as the formation of preβ and small α4-HDL particles as shown by the in vivo experiments 

indicates that replacement of D89, E91 and E92 by A has a direct impact on the 

activation of LCAT. A schematic representation of this putative mechanism is shown in 

figure 4.1. 

 

Figure 4.2. Schematic representation of the effect of apoA-I[D89A/E91A/E92A] on the 

induction of hypertriglyceridemia. 

 

4.1.5. Clinical implications 

Genome wide association studies provided statistical evidence that loci that affect HDL-

C and triglyceride levels are associated with risk for coronary artery disease (427). The 

molecular etiology of most forms of hypertriglyceridemia in humans remains unclear. 

Early studies established that severe genetically transmitted hypertriglyceridemia occurs 
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as a result of mutations in lipoprotein lipase and apoCII (477;478). Subsequently, it has 

been shown that hypertriglyceridemia can be also induced by overexpression of apoCIII, 

apoCII, apoCI, apoA-II and apoE in transgenic mice, following adenovirus-mediated 

gene transfer (479-484) or by inactivation of the apoA-V gene in mice (485). In addition, 

in humans plasma apoE and apoCIII levels correlate with plasma triglyceride levels 

(486;487). Moderate hypertriglyceridemia has been observed in patients with Tangier 

disease, in carriers of apoA-IMILANO, as well as in male carriers of apoA-ILys107 (488-

491). These findings support the hypothesis that normal apoA-I structure and functions 

may be required for plasma triglyceride homeostasis. 

The present and two previous studies (93;252) raise the possibility that subtle 

changes in the structure of apoA-I caused by mutations may induce hypertriglyceridemia. 

To the extent that similar mutations exist in humans, the genetic predisposition to 

hyprtriglyceridemia may be further aggravated by other genetic and environmental 

factors such as diabetes, thyroid status, etc.  The potential contribution of apoA-I 

mutations to hypertriglyceridemia could be addressed in future studies in selected 

populations of patients with hypertriglyceridemia of unknown etiology. 

 

4.2. Project II. Contribution of the residues 218 to 226 of apoA-I in the 

biogenesis of HDL 

4.2.1. Rationale for selection of the mutations  

Lipid-free or minimally lipidated apoA-I promote ABCA1-mediated cholesterol efflux 

and thus serve as acceptors of cellular phospholipid and cholesterol. The functional 
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interaction between apoA-I and ABCA1 are important for cholesterol efflux and also 

initiate the biogenesis of HDL (68;69;91). 

The domains of apoA-I that are required for the functional interactions with 

ABCA1 were previously investigated by adenovirus mediated gene transfer in apoA-I-/- 

mice. This analysis showed that C-terminal deletion mutants that remove the 220-231 

region of apoA-I prevent the biogenesis of normal α-HDL particles but allow the 

formation of preβ-HDL particles by processes which appear to be independent of apoA-

I/ABCA1 interactions (84;91). To identify the specific residues of apoA-I that are 

required for interactions with ABCA1 that lead to the formation of HDL I generated a 

group of mutations that span the 218-230 region of apoA-I and include apoA-

I[L218A/L219A/V221A/L222A], apoA-I[E223A/K226A], apoA-I[F225A/V227A/ 

F229A/L230A] and apoA-I[L218A/L219A/V221A/L222A/F225A/V227A/F229A/ 

L230A]. Detailed analyses were performed for the first two mutants. 

 

4.2.2. Ability of apoA-I[L218A/L219A/V221A/L222A] mutant to promote 

biogenesis of HDL 

Adenovirus mediated gene transfer of  the WT apoA-I and apoA-I[L218A/L219A/ 

V221A/L222A] in apoA-I
-/-

 mice showed that at comparable levels of gene expression 

the plasma cholesterol and apoA-I levels of mice expressing apoA-I[L218A/ 

L219A/V221A/L222A] were greatly reduced as compared to WT apoA-I. The reduction 

was due to the great decrease in the HDL cholesterol levels as determined by FPLC 

fractionation and density gradient ultracentrifugation of plasma. The ability of the mutant 
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apoA-I[L218A/L219A/V221A/L222A] to form HDL particles was assessed by EM 

analysis of HDL fractions obtained by fractionation of plasma of apoA-I deficient as well 

as both apoA-I x apoE double deficient mice following adenovirus mediated gene 

transfer. This analysis showed that compared to WT apoA-I the apoA-I[L218A/ 

L219A/V221A/L222A] mutant was mainly distributed in the HDL3 fraction and its 

quantity was greatly reduced. The HDL fraction contained also substantial amount of 

mouse apoE. The HDL fraction of the double deficient mice that were infected with 

apoA-I[L218A/L219A/V221A/L222A] mutant contained only small amounts of apoA-I 

in the HDL3 and larger amounts in the lipoprotein-free (d>1.21 g/ml) fractions. The EM 

analysis showed absence of HDL particles in the plasma of double deficient mice but the 

presence of smaller size HDL particles in the plasma of apoA-I deficient mice that were 

infected with the apoA-I[L218A/L219A/V221A/L222A] mutant. Since the HDL fraction 

contained both apoA-I[L218A/L219A/V221A/L222A] mutant and mouse apoE it is 

possible that some of these particles may represent a mixture of apoA-I and apoE 

containing HDL. Two-dimensional gel electrophoresis of plasma showed that the apoA-

I[L218A/L219A/V221A/L222A] generated preβ and α4 HDL particles in apoA-I 

deficient mice and did not show the presence of HDL particles in the double deficient 

mice. Taken together these data indicate that the apoA-I[L218A/L219A/V221A/L222A] 

mutation affected the biogenesis of HDL. It is possible that due to defective apoA-

I/ABCA1 interactions the lipidation of HDL is defective and the particles formed are 

catabolized fast by the kidney (78;140). The defective interactions between ABCA1 and 

the mutant apoA-I give the opportunity to the mouse apoE to be lipidated and form apoE 
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containing HDL particles which float in the HDL2/HDL3 regions. The lipidated particles 

that contain the apoA-I[L218A/L219A/V221A/L222A] mutant  accumulate in the plasma 

in the form of preβ and α4 HDL suggesting that the mutation also affected the conversion 

of the nascent to mature HDL particles that are enriched in the mature α3, α2 and α1 

subpopulations that are generated in mice expressing the WT apoA-I. It has been 

previously shown that interactions of apoproteins with ABCA1 stabilize the transporter 

and protect it from degradation by thiol-proteases (100;492). Stabilization of ABCA1 by 

the mouse apoE may allow it to form HDL particles that contain both mouse apoE and 

the apoA-I[L218A/L219A/V221A/L222A] mutant that float in the HDL region. 

 The absence of both apoA-I and apoE in the double deficient mice destabilizes 

ABCA1 and this diminishes the lipidation of the apoA-I[L218A/L219A/V221A/ L222A] 

mutant and essentially prevents the biogenesis of HDL. This interpretation is supported 

by the density gradient ultracentrifugation analysis, EM and two-dimensional gel 

electrophoresis analyses of the plasma of the double deficient mice that were infected 

with the apoA-I[L218A/L219A/V221A/L222A] mutant that could not promote 

biogenesis of HDL particles. A schematic representation of this putative mechanism is 

shown in figure 4.2. 

  

4.2.3. Ability of apoA-I[E223A/K226A] mutant to promote biogenesis of HDL 

The studies with the apoA-I[E223A/K226A] mutant  showed that at similar level of gene 

expression the plasma apoA-I levels  and the EM profile were comparable, although the 

HDL was shifted towards the HDL3 region and total HDL cholesterol levels for the 
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mutant were 2/3 of that obtained from apoA-I
-/-

 mice expressing WT apoA-I. Slight 

differences were also observed in the two-dimensional pattern of the mutant that 

contained increased ratio of preβ to α HDL particles and decreased α1HDL particles. 

Overall the data suggest that this mutation had only small but detectable effects on the 

biogenesis of HDL.  

Complete interpretation of the data requires additional experiments of the apoA-

I[L218A/L219A/V221A/L222A], apoA-I[F225A/V227A/F229A/L230A] and apoA-

I[L218A/L219A/V221A/L222A/F225A/V227A/F229A/L230A] mutants. 

 

 

Figure 4.2. Schematic representation of the effect of apoA-I[L218A/L219A/V221A/ 

L222A] on the biogenesis of HDL. 
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4.3. Collaborative projects  

 

4.3.1. Carboxyl terminus of apolipoprotein A-I is necessary for the transport of 

lipid-free apoA-I but not prelipidated apoA-I particles through aortic 

endothelial cells 

In collaboration with Dr. von Eckarstein’s laboratory (Institute of Clinical Chemistry, 

University Hospital of Zurich) we have tested the ability of WT apoA-I and apoA-

I[Γ(144-165)], apoA-I[Γ(185-243)], apoA-I[Γ(1-59)] and apoA-I[Γ(1-59/Γ185-243)] 

generated previously (91)  and apoA-I[L218A/L219A/V221A/L222A] mutant generated 

in the context of this work to be transcytosed by endothelial cells. The most dramatic 

effect for binding and transcytosis was observed with the lipid-free apoA-I[Γ(185-243)] 

and apoA-I[L218A/L219A/V221A/L222A]) mutants. These mutants had had 80% 

decreased specific binding and 90% decreased specific transport by aortic endothelial 

cells. Following lipidation of these mutants the rHDL particles formed were transported 

through endothelial cells by ABCG1 and SR-BI dependent processes. Amino and 

combined amino and carboxy terminal apoA-I deletion mutants displayed increased non-

specific binding but absence of specific binding or transport (82). My contribution was 

the purification of the WT and several of the mutant apoA-I forms that made the 

experiments described in figures 1, 2, 3, 5, 6 and 7 possible. 

This work has been published in J Biol Chem. 2011 Mar 11;286(10):7744-54 and 

the complete article is attached. 
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4.3.2. Apolipoprotein A-I exerts bactericidal activity against Yersinia 

enterocolitica serotypre O:3  

In a collaborative study with Dr. Jauhiainen’s laboratory (Department of Chronic Disease 

Prevention, Public Health Genomics Research Unit, National Institute for Health and 

Welfare and FIMM, Institute for Molecular Medicine Finland, Helsinki) that is currently 

under review we tested the ability of WT apoA-I and various apoA-I mutants (apoA-

I[Γ(220-243)], apoA-I[Γ(185-243)], apoA-I[Γ(1-59)/Γ(185-243)], apoA-I[Γ(61-78)],  

apoA-I[L218A/L219A/V221A/L222A]  and apoΑ-Ι[E223A/K226A]) to affect the killing 

of Yersinia enterocolitica (Serotype O:3) by the complement pathway. It was shown that 

WT apoA-I kills 90-95% of the Yersinia enterocolitica (Serotype O:3) cultures whereas 

killing is inhibited by 80 to 90% by the C-terminal deletion mutants. A C-terminal apoA-

I mutant [L218A/L219A/V221A/L222A] lost 80% of its bactericidal activity whereas 

apoA-I[E223A/K226A]  and apoA-I[Γ(61-78)] mutants lost 45 and 20 % respectively of 

their bactericidal activity. These studies showed that lipid-free and HDL associated 

apoA-I had bactericidal activity. Furthermore apoA-I did not interact directly with the 

bacteria surface and the association of apoA-I with the bacteria required the exposure of 

the bacteria to the serum proteins.  

My contribution has been the purification of the WT and several of the mutant 

apoA-I forms that made the experiments described in figure 4B possible. This manuscript 

is under review. 
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4.3.3. Mutation in apoA-I predicts increased risk of ishaemic heart disease and 

total mortality without low HDL cholesterol levels 

This work has been performed in collaboration with Dr. Tybjaerg-Hansen and her 

colleagues at the Department of Clinical Biochemistry, Rigshospitalet, University of 

Copenhagen, Denmark and is currently in press in  J Intern Med. 2011 Mar 28. doi: 

10.1111 and is attached. Figure 2 and 3 of this manuscript describe the properties of 

apoA-I[L144R] and apoA-I[A164S] and were part of my Master’s thesis. One of the 

major findings of the study was that heterozigosity for the apoA-I[A164S] substitution 

that has been identified by the Copenhagen City Heart Study and is present in one out of 

500 of the general population, predicts risk for IHD and is associated with increased 

mortality (mean reduction of lifespan by 10 years). Interestingly heterozygote carriers for 

this mutant had normal plasma lipid and apoA-I levels a finding that was confirmed by 

adenovirus mediated gene transfer of the apoA-I[A164S] mutant in apoA-I
-/-

 mice.  

Additional work that contributed to this publication that was not in my Master’s 

thesis was the determination of LpA-I levels and ratio of LpA-I over total plasma apoA-I 

in plasma of heterozygous carriers of apoA-I WT, apoA-I[A164S], apoA-I[L144R] and 

apoA-I[R160L] by two-dimensional gel electrophoresis (Figure 2C and D of the 

supplementary data). These analyses showed that the carriers of apoA-I[L144R] and 

apoA-I[R160L] mutations had decreased LpA-I to total apoA-I ratio as compared to non-

carriers whereas the heterozygote carriers and non-carriers of apoA-I[A164S] mutation 

had similar LpA-I to total apoA-I ratio. 
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4.4. Future directions 

The study of naturally occurring and bioengineered mutations contributes to the 

clarification of the molecular pathways that are involved in the several steps of 

biogenesis of HDL. It also helps develop new diagnostic methods and can also help in the 

prognosis and even the therapy of dyslipidemias. 

The experimental approaches used in the present thesis will be used in future 

studies to investigate the functions of apoA-I mutants that affect the interactions of apoA-

I with other important proteins of the HDL pathway such as LCAT, PLTP, and SR-BI. 

Several viruses expressing mutant forms of apoA-I have been generated in this 

study. A next step is to complete the analysis of the two other C-terminal point mutants in 

the biogenesis of HDL and the mechanisms that lead to low HDL levels. In particular, I 

want to explore how the C-terminal mutations affect the stability of ABCA1. 

Another study that could be a continuation of this work is to identify by Ala 

scanning mutagenesis of the apoA-I gene other residues of apoA-I that contribute to 

hypertriglyceridemia and also find the mechanism that accounts for the induction of 

hypertriglyceridemia (ie altered protein interactions). Furthermore I could analyse the 

role of the C-terminal mutations and the mutations that cause hypertriglyceridemia on the 

pathogenesis of atherosclerosis. 

Based on the review of the literature it is clear that HDL and apoA-I have pleiotropic 

implications on pathways that do not exclusively involve lipid transport. It would be 

interesting to explore these functions and study the ability of HDL that contain specific 

apoA-I mutants to suppress induction of inflammatory cytokines from macrophages and 
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promote activation of eNOS in endothelial cells. These latter studies are crucial for the 

identification of important functions of HDL that contribute to atheroprotection and other 

human diseases. 
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 Supplementary key words apolipoprotein A-I mutations • HDL bio-
genesis • pre �  and  � -HDL particles • dyslipidemia • hypertriglyceri-
demia • LCAT • lipoprotein lipase 

 Apolipoprotein A-I (apoA-I) is the major protein compo-
nent of HDL, and it plays an essential role in the biogenesis, 
maturation, and the functions of HDL ( 1–4 ). It is gener-
ally believed that the biogenesis of HDL occurs through a 
complex pathway that requires apoA-I, ATP-binding cas-
sette transporter A1 (ABCA1), LCAT, and several other 
proteins ( 4 ). Population studies have shown that genetic 
mutations in apoA-I, ABCA1, and LCAT occur with high 
frequency in subjects with low HDL levels ( 5–7 ). 

 In previous studies, systematic mutagenesis and gene 
transfer of human apoA-I mutants in apoA-I defi cient 
(apoA-I  � / �  ) mice disrupted specifi c steps along the path-
way of biogenesis of HDL or induced other lipid and lipo-
protein abnormalities ( 8 ). The phenotypes generated by 
apoA-I gene transfer in mice were discrete and included 
inhibition of the biogenesis of HDL ( 1 ); generation of un-

       Abstract   In this study, we investigated the role of positively 
and negatively charged amino acids within the 89-99 region 
of apolipoprotein A-I (apoA-I), which are highly conserved 
in mammals, on plasma lipid homeostasis and the biogene-
sis of HDL. We previously showed that deletion of the 89-99 
region of apoA-I increased plasma cholesterol and phospho-
lipids, but it did not affect plasma triglycerides. Functional 
studies using adenovirus-mediated gene transfer of two 
apoA-I mutants in apoA-I-defi cient mice showed that apoA-
I[D89A/E91A/E92A]     increased plasma cholesterol and 
caused severe hypertriglyceridemia. HDL levels were re-
duced, and approximately 40% of the apoA-I was distrib-
uted in VLDL/IDL. The HDL consisted of mostly spherical 
and a few discoidal     particles and contained pre � 1 and  � 4-
HDL subpopulations. The lipid, lipoprotein, and HDL pro-
fi les generated by the apoA-I[K94A/K96A] mutant were 
similar to those of wild-type (WT) apoA-I. Coexpression of 
apoA-I[D89A/E91A/E92A] and human lipoprotein lipase 
abolished hypertriglyceridemia, restored in part the  � 1,2,3,4 
HDL subpopulations, and redistributed apoA-I in the 
HDL2/HDL3 regions, but it did not prevent the formation 
of discoidal HDL particles. Physicochemical studies showed 
that the apoA-I[D89A/E91A/E92A] mutant had reduced 
 � -helical content and effective enthalpy of thermal denatur-
ation, increased exposure of hydrophobic surfaces, and 
increased affi nity for triglyceride-rich emulsions.   We con-
clude that residues D89, E91, and E92 of apoA-I are impor-
tant for plasma cholesterol and triglyceride homeostasis as 
well as for the maturation of HDL.   — Kateifi des, A. K., I. N. 
Gorshkova, A. Duka, A. Chroni, D. Kardassis, and V. I. Zannis.  
Alteration of negatively charged residues in the 89 to 99 do-
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 ApoA-I production, purifi cation, and functional cholesterol effl ux and 
LCAT assays.   WT and the mutant apoA-I[D89A/E91A/E92A] 
were obtained from the culture media of HTB-13 cells grown in 
roller bottles following infection with adenoviruses expressing 
the corresponding proteins. For protein production, the cul-
ture medium was collected, concentrated 5-fold, dialyzed 
against 25 mM ammonium bicarbonate, and lyophilized. The 
lyophilized apoA-I was combined with  � -oleoyl- � -palmitoyl-L- � -
phosphatidylcholine (POPC), cholesterol, and sodium cholate at 
the ratio 1 mg/9.5 mg/0.47 mg/4.5 mg. The proteoliposomes 
formed were fractionated by density gradient ultracentrifuga-
tion, and the fractions that contained pure apoA-I were collected 
and delipidated three times using 2:1 v/v chloroform:methanol 
( 18 ). 

 ABCA1-mediated cholesterol effl ux measurements using 
HEK293-EBNA cells and LCAT activation assays were performed 
as described ( 13, 19 ). 

 Animal studies, plasma lipids and apoA-I levels, FPLC fractionation, 
and two-dimensional gel electrophoresis.   Male apoA-I  � / �   (ApoA1 tm1Unc ) 
C57BL/6J mice ( 20 ) were purchased from Jackson Laboratories 
(Bar Harbor, ME). The mice were maintained on a 12-h light/
dark cycle and standard rodent chow. All procedures performed 
on the mice were in accordance with National Institutes of Health 
and institutional guidelines. ApoA-I  � / �   mice, 6–8 weeks of age, 
were injected via the tail vein with 2 × 10 9  plaque forming units 
(pfu)   of recombinant adenovirus per animal. The animals were 
euthanized four days postinjection following a 4 h fast. 

 The concentration of total cholesterol, free cholesterol, phos-
pholipids, and triglycerides of plasma drawn four days postinfec-
tion was determined using the Total Cholesterol E, Free 
Cholesterol C, and Phospholipids C reagents (Wako Chemicals 
USA, Inc., Richmond, VA) and INFINITY triglycerides reagent 
(ThermoScientifi c, Waltham, MA), respectively, according to the 
manufacturer’s instructions. The concentration of cholesteryl 
esters was determined by subtracting the concentration of free 
cholesterol from the concentration of total cholesterol. Plasma 
apoA-I levels were determined by a turbidometric assay using 
AutoKit A-I (Wako Chemicals). For fast-protein liquid chroma-
tography (FPLC) analysis of plasma, 17  � l plasma obtained from 
mice infected with adenovirus-expressing WT or mutant apoA-I 
forms were loaded onto a Sepharose 6 PC column (Amersham 
Biosciences, Piscataway, NJ) in a SMART micro FPLC system 
(Amersham Biosciences) and eluted with PBS. A total of 25 frac-
tions of 50  � l volume each were collected for further analysis. 
The concentration of lipids in the FPLC fractions was determined 
as described above. The plasma HDL subpopulations were sepa-
rated by two-dimensional electrophoresis. The proteins were 
then transferred to a nitrocellulose membrane and apoA-I was 
detected by immunoblotting, using the goat polyclonal anti-hu-
man apoA-I antibody AB740 (Chemicon International, Billerica, 
MA) ( 12 ). 

 Fractionation of plasma by density gradient ultracentrifugation and 
EM analysis of the apoA-I-containing fractions.   An aliquot of 300  � l 
of plasma obtained from adenovirus-infected mice was diluted 
with saline to a total volume of 0.5 ml and fractionated by density 
gradient ultracentrifugation. Following ultracentrifugation, 0.5 
ml fractions were collected and analyzed by SDS-PAGE as previ-
ously described ( 12 ). Fractions 6-7 obtained by the density ultra-
centrifugation, which fl oat in the HDL region, were analyzed by 
electron microscopy (EM) using a Philips CM-120 electron 
microscope. 

 ApoA-I mRNA quantifi cation.   Total hepatic RNA was isolated 
by the Trizol® method (Invitrogen, Carlsbad, CA) according to 

stable intermediates ( 9, 10 ); inhibition of the activation of 
LCAT ( 9–11 ); and increase in plasma cholesterol or increase 
in both plasma cholesterol and triglycerides ( 12, 13 ). These 
studies also showed that deletion of the 89-99 region in-
creased the levels and density distribution of plasma cho-
lesterol and phospholipids and generated discoidal HDL 
particles but did not affect plasma triglyceride levels (12). 

 In the present study, we investigated the importance of 
the conserved positively and negatively charged residues 
present in the 89-99 domain of apoA-I for cholesterol and 
triglyceride homeostasis and the biogenesis of HDL. In 
the lipid-bound form, charged residues within the 89-99 
region   are juxtaposed with the complementary amino acid 
of apoA-I dimer or hairpin-shaped monomer ( 14, 15 ) and 
can form solvent-inaccessible salt bridges ( 16 ). We have 
found that changes in the positively charged residues K94 
and K96 caused structural changes but did not affect the 
lipid and lipoprotein levels and the biogenesis of HDL. In 
contrast, substitutions of the negatively charged residues 
D89, E91, and E92 by alanines altered the conformation 
of apoA-I, increased its affi nity for VLDL/IDL, as well as 
for triglyceride-rich emulsions, affected the maturation of 
HDL, and caused severe hypertriglyceridemia. These fi nd-
ings combined with previous studies suggest that subtle 
changes in critical amino acids located in different do-
mains of apoA-I may have severe effects not only on the 
biogenesis of HDL but also on plasma cholesterol and tri-
glyceride homeostasis. 

 EXPERIMENTAL PROCEDURES 

 Materials 
 Materials not mentioned in the experimental procedures have 

been obtained from sources described previously ( 3, 13 ). 

 Methods 
 Generation of adenoviruses expressing the wild-type (WT) and the mu-

tant apoA-I forms and human lipoprotein lipase.   The apoA-I gene 
lacking the BglII restriction site, which is present at nucleotide 
position 181 of the genomic sequence relative to the ATG codon 
of the gene, was cloned into the pCDNA3.1 vector to generate 
the pCDNA3.1-apoA-I( � BglII) plasmid as described ( 10 ). This 
plasmid was used as a template to introduce the apoA-I mutations 
apoA-I[D89A/E91A/E92A] and apoA-I[K94A/K96A] using the 
QuickChange® XL mutagenesis kit (Stratagene, Santa Clara, 
CA) and the mutagenic primers shown in supplementary Table I. 
The recombinant adenoviruses were packaged in 911 cells, am-
plifi ed in human embryonic kidney 293 (HEK 293) cells, purifi ed, 
and titrated as described ( 10 ). The adenovirus expressing human 
lipoprotein lipase (hLPL) was a gift of Dr. Alex Vezeridis ( 17 ). 

 Secretion of WT and mutant apoA-I forms.   To assess the secre-
tion of WT and mutant apoA-I forms, SW1783 human astrocy-
toma (HTB-13) cells grown to 80% confl uence in Leibovitz’s 
L-15 medium containing 2% heat-inactivated horse serum in 
6-well plates were infected with adenoviruses expressing WT and 
mutant apoA-I forms at a multiplicity of infection of 10. At 24 h 
postinfection, the cells were washed twice with PBS and incu-
bated in serum-free medium for 2 h. Following an additional wash 
with PBS, fresh serum-free medium was added, and 24 h later, it 
was collected and analyzed by SDS-PAGE for apoA-I expression. 
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 RESULTS 

 Expression and secretion of the WT apoA-I and the two 
apoA-I mutants 

 To assess the expression and secretion of the two mu-
tant proteins relative to WT apoA-I, we infected HTB-13 
cells with recombinant adenoviruses expressing the WT or 
the mutant apoA-I genes using a multiplicity of infection 
of 10. Analysis of the medium 24 h postinfection showed 
that the WT and the two mutant forms of apoA-I were se-
creted at comparable levels in the medium (supplemen-
tary Fig. IA). 

 Plasma lipid measurements 
 Plasma lipids, apoA-I, and hepatic apoA-I mRNA levels 

were determined four days postinfection of apoA-I  � / �  mice 
with adenoviruses expressing the WT apoA-I and the two 
apoA-I mutants. It was found that at comparable levels of 
mRNA expression the apoA-I[D89A/E91A/E92A] mutant 
caused dyslipidemia characterized by severe hypertriglyc-
eridemia, increased plasma cholesterol and phospholip-
ids, and decreased cholesteryl ester (CE) to total cholesterol 
(TC) ratio. The lipid parameters in mice expressing the 
apoA-I[K94A/K96A] mutant were comparable to those of 
mice expressing WT apoA-I with the exception of TC/
apoA-I ratio, which was reduced for this mutant (  Table 1  ).  

 FPLC profi les of plasma isolated from apoA-I  � / �   mice 
infected with adenoviruses expressing the WT apoA-I and 
the two apoA-I mutants 

 FPLC analysis of plasma from apoA-I  � / �   mice infected 
with the recombinant adenovirus expressing either WT 
apoA-I or the two apoA-I mutants showed that, in mice ex-
pressing WT apoA-I, cholesterol was distributed predomi-
nantly in the HDL2/HDL3 region. The distribution of 
cholesterol in the apoA-I[K94A/K96A] mutant was similar 
to that of WT apoA-I with an additional shoulder in the 
IDL and LDL regions. In contrast, in mice expressing 
the apoA-I[D89A/E91A/E92A] mutant, cholesterol was 
distributed predominantly in the VLDL/IDL/LDL region 
(  Fig. 1A  ).  All the triglycerides of the apoA-I[D89A/E91A/
E92A] mutant were found in the VLDL region. The VLDL 
triglyceride peak of the WT apoA-I and apoA-I[K94A/
K96A] mutant were negligible ( Fig. 1B ). 

 Fractionation of plasma of mice expressing the WT 
apoA-I and the two apoA-I mutants by density gradient 
ultracentrifugation and EM analysis of the HDL fraction 

 Fractionation of plasma by density gradient ultracen-
trifugation and subsequent analysis of the resulting frac-
tions by SDS-PAGE served two purposes: it gave important 
information of the distribution of apoA-I in different lipo-
protein fractions, and it provided the HDL fractions that 
were used for EM analysis. It was found that the WT apoA-I 
and apoA-I[K94A/K96A] mutant are predominantly dis-
tributed in the HDL2 and HDL3 regions   (  Fig. 2A , B ).  In 
contrast, in the case of the apoA-I[D89A/E91A/E92A] 
mutant, approximately 40% of apoA-I was distributed in 
the VLDL/IDL/LDL fractions and the remaining in the 
HDL3 and, to a lesser extent, the HDL2 fractions ( Fig. 2C ). 

the manufacturer’s instructions. RNA samples were adjusted to 
0.1  � g/ � l, and cDNA was produced using the high-capacity re-
verse transcriptase cDNA kit (Applied Biosystems, Foster City, CA). 
Apo A-I mRNA was quantifi ed using Applied Biosystems Gene 
Array TaqMan® primers for apoA-I cDNA (Cat# Hs00985000_
g1) and 18s rRNA (Cat# 4319413E) with the TaqMan® Gene ex-
pression PCR Master Mix (Cat# 4370048), using the Applied 
Biosystems 7300 Real-Time PCR System ( 21 ). 

 Preparation of apoA-I for physicochemical measurements.   Several 
days prior to the physicochemical analyses, the lyophilized pro-
teins were dissolved in 4 M guanidine hydrochloride (GndHCl) 
and then refolded by subsequent dialysis against 2.5 M and 1.25 
M GndHCl solutions in PBS, followed by extensive dialysis 
against the appropriate buffer [10 mM sodium phosphate and 
0.02% NaN3 (pH 7.4) for circular dichroism (CD) experiments, 
PBS for fl uorescence and dimyristoyl-L- � -phosphatidylcholine 
(DMPC) clearance measurements, or Tris for emulsion-binding 
experiments]. 

 Secondary structure and thermal unfolding of apoA-I forms.   Far-
UV CD spectra were recorded at 25°C on an AVIV 62DS or AVIV 
215 spectropolarimeter (AVIV Associates, Inc., Lakewood, NJ) 
equipped with a thermoelectric temperature control at protein 
concentrations 20-55  � g/ml as described previously ( 22, 23 ). For 
each protein, spectra were recorded at several protein concentra-
tions, then normalized to the protein concentration and ex-
pressed as mean residue ellipticity [ � ], which was calculated by 
the equation: [ � ] =  �  × MRW / (10 × l × c), where  �  is the mea-
sured ellipticity, MRW is the mean residue weight (about 115), l 
is the cell path length (cm), and c is the protein concentration 
(g/ml). The  � -helix content was estimated from the mean resi-
due ellipticity at 222 nm, [ �  222 ] ( 24 ). Thermal unfolding of 
apoA-I in solution was monitored by changes in ellipticity at 222 
nm. The thermodynamic parameters of the transitions, melting 
temperature (T m ) and van’t Hoff enthalpy ( � H v ), were deter-
mined from the van’t Hoff analysis of the melting curves as de-
scribed previously ( 22, 23 ). 

 ANS fl uorescence measurements and DMPC clearance studies.   Flu-
orescence emission spectra of 8-anilino-1-naphthalene-sulfonate 
(ANS) were recorded in PBS buffer at ANS concentration of 125 
 � M in the presence of 25  � g/ml WT apoA-I, mutant apoA-I 
forms, or carbonic anhydrase, or in the absence of any protein 
using a FluoroMax-2 fl uorescence spectrometer (25). The wave-
length of maximum fl uorescence (WMF) and the intensity of 
fl uorescence emission at WMF were determined from each spec-
tra after subtraction of the buffer baseline as described ( 25 ). The 
solubilization of DMPC multilamellar vesicles by apoA-I was mon-
itored by the decrease in absorbance at 325 nm following the 
administration of apoA-I to a suspension of DMPC in PBS as de-
scribed previously ( 25 ). 

 Binding of WT and mutant apoA-I to triglyceride-rich emulsion par-
ticles.   Triglyceride-rich emulsions were prepared as described 
( 26, 27 ). The particles, which were analyzed for phospholipid 
and triglyceride content as well as by EM to determine their 
morphology and size, were used for apoA-I binding assays within 
two days. For these assays, 120 µg of WT or mutant apoA-I 
(freshly dialyzed) were incubated for 1 h at 27°C with increas-
ing amounts of emulsion in 1.8 ml of Tris buffer to give a phos-
phatidylcholine to protein molar ratio ranging from 180 to 710. 
The apoA-I bound to the emulsions was recovered by ultracen-
trifugation and quantitated as described ( 27 ). Experiments 
were performed three or four times using emulsions from three 
different preparations. 
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 Two-dimensional gel electrophoresis of plasma obtained 
from mice coinfected with the apoA-I[D89A/E91A/E92A] 
mutant and hLPL showed that the hLPL treatment re-
stored in part the  � 1, 2, 3, and 4 HDL subpopulations ( Fig. 
3C ). 

 In vitro properties of apoA-I[D89A/E91A/E92A] mutant 
 To interpret the abnormalities in lipid and lipoprotein 

profi les of apoA-I  � / �   mice expressing the apoA-I[D89A/
E91A/E92A] mutant, we investigated the ability of the 
lipid-free mutant protein to promote cholesterol effl ux 
in HEK293 EBNA cells transfected with an ABCA1-
expressing plasmid  , as well as the ability of proteoliposomes 
containing this mutant to activate LCAT in vitro. The 
rHDL containing the apoA-I[D89A/E91A/E92A] mutant 
consisted predominantly of two populations of particles of 
80 and 110 nm, whereas the rHDL containing WT apoA-I 
consisted predominantly of one subpopulation of parti-
cles of 96 nm (supplementary Fig. IB) The cholesterol 

Analysis of the HDL fractions 6 and 7 obtained following 
density gradient ultracentrifugation by EM showed that the 
WT apoA-I and the apoA-I[K94A/K96A] mutant gener-
ated spherical particles ( Fig. 2D, E ) and the apoA-I[D89A/
E91A/E92A] mutant generated mostly spherical and a few 
discoidal particles ( Fig. 2F ). Control experiments showed 
that HDL density fractions obtained from green fl uores-
cent protein (GFP)  -expressing apoA-I  � / �   mice, which can-
not form HDL, contained very few spherical particles 
(supplementary Fig. II). 

 Two-dimensional gel electrophoresis of plasma of mice 
expressing the WT apoA-I and the two apoA-I mutants 

 Two-dimensional gel electrophoresis of plasma showed 
that WT apoA-I and the apoA-I[K94A/K96A] mutant formed 
normal  �  subpopulations with a small amount of pre �  
HDL particles ( Fig. 2G, H ). In contrast, the apoA-I[D89A/
E91A/E92A] mutant formed predominantly pre � 1 and 
 � 4 HDL particles at a ratio of approximately 2:1 ( Fig. 2I ). 
Lipoprotein lipase normalizes the lipid and lipoprotein 
abnormalities induced by the apoA-I[D89A/E91A/E92A] 
mutation. 

 ApoA-I  � / �   mice were coinfected with 2 × 10 9  pfu of 
adenovirus expressing apoA-I[D89A/E91A/E92A] mu-
tant and 5 × 10 8  pfu of adenovirus expressing the hLPL, 
and their lipid and lipoprotein profi les were compared 
with those mice infected with 2 × 10 9  pfu of adenovirus 
expressing WT apoA-I. This analysis showed that the li-
poprotein lipase treatment abolished hypertriglyceri-
demia but did not correct the CE/TC ratio in mice that 
received the apoA-I[D89A/E91A/E92A] mutant and 
hLPL ( Table 1 ). 

 The plasma of apoA-I  � / �   mice coinfected with the apoA-
I[D89A/E91A/E92A] mutant and hLPL was fractionated 
by density gradient ultracentrifugation and SDS-PAGE, 
and then the HDL fraction was analyzed by EM. In mice 
coinfected with the apoA-I[D89A/E91A/E92A] mutant 
and hLPL, the HDL was distributed mostly into the HDL3 
and, to a lesser extent, to HDL2. ApoA-I was not found in 
the VLDL/IDL fraction (  Fig. 3A  ).  The HDL fraction con-
tained both discoidal and spherical HDL particles ( Fig. 
3B ). The observed decrease in plasma apoA-I levels can be 
explained by the decreased expression of the apoA-I trans-
gene in the coinfection experiment and possibly by faster 
catabolism of the smaller size HDL particles. 

 TABLE 1. Plasma Lipids, ApoA-I, and Hepatic mRNA Levels of ApoA-I  � / �   Mice Expressing WT and Mutant 
Forms of ApoA-I Obtained Four Days Postinfection 

Protein Expressed TC TC/apoA-I
Free 

Cholesterol CE/TC PL Triglyceride
Relative 

apoA-I mRNA Plasma apoA-I

 mg/dl  mg/dl  mg/dl  mg/dl  %  mg/dl 

GFP 28 ± 7 — 12 ± 3 0.58 ± 0.04 33 ± 22 34 ± 3 — —
WT apoA-I 268 ± 55 0.95 ± 0.16 75 ± 34 0.72 ± 0.06 296 ± 96 70 ± 11 100 ± 32 283 ± 84
apoA-I [D89A/E91A/E92A] 497 ± 139 2.52 ± 0.84 347 ± 147 0.36 ± 0.31 603 ± 406 2106 ± 1629 101 ± 24 235 ± 106
apoA-I [K94A/K96A] 108 ± 23 0.53 ± 0.04 46 ± 21 0.58 ± 0.15 190 ± 14 66 ± 9 56 ± 20 220 ± 51
apoA-I [D89A/E91A/

E92A] + hLPL
122 ± 56 1 ± 0.2 56 ± 20 0.44 ± 0.14 255 ± 128 49 ± 16 41 ± 6 99 ± 18

Values are means ± SD (n = 4-6).

  Fig.   1.  FPLC profi les of total cholesterol (A) or triglycerides (B) 
of apoA-I  � / �   mice infected with adenoviruses expressing the WT 
apoA-I, apoA-I[D89A/E91A/E92A], and apoA-I[K94A/K96A] as 
indicated. Plasma samples were obtained four days postinfection.   
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cooperative (less sharp) thermally induced unfolding of 
this mutant ( Fig. 4B ) and suggests a signifi cantly lower 
cooperativity of the thermal transition of the apoA-
I[D89A/E91A/E92A] mutant. The effective enthalpy  � H v  

effl ux and LCAT assays showed that the capacity of the 
lipid-free apoA-I[D89A/E91A/E92A] mutant to promote 
ABCA1-mediated cholesterol effl ux and the capacity of 
the rHDL containing this mutant to activate LCAT was 
approximately two-thirds   of that of WT apoA-I (supple-
mentary Fig. IC and D, respectively). 

 Effect of mutations on the  � -helical content, thermal 
stability, and conformation of apoA-I 

 Analysis of the normalized far-UV CD spectra of WT 
apoA-I and the apoA-I[D89A/E91A/E92A] and apoA-
I[K94A/K96A] mutants(  Fig. 4A  )  showed that, compared 
with WT apoA-I, the two mutant proteins had an  � 9% re-
duction and  � 6% increase, respectively, in their  � -helical 
content. This fi nding corresponds to a loss of  � 22 and 
gain of  � 15 residues, respectively, in the helical conforma-
tion of apoA-I (  Table 2  ).  

 The thermal unfolding of the WT apoA-I, apoA-
I[D89A/E91A/E92A], and apoA-I[K94A/K96A] mutants 
was monitored by the ellipticity at 222 nm ( Fig. 4B ). The 
parameters of thermal unfolding determined from the 
van’t Hoff analysis are listed in  Table 2 . The apoA-I[D89A/
E91A/E92A] mutation caused a small ( � 2°C) but statisti-
cally signifi cant decrease in the melting temperature  T m  , 
indicating a destabilizing effect of the mutation. The  T m   
of apoA-I[K94A/K96A] did not differ from that of WT 
apoA-I. Large ( � 13 kcal/mol) decrease in the effective 
enthalpy  � H v  for the apoA-I[D89A/E91A/E92A] mutant 
compared with WT apoA-I was consistent with the less 

  Fig.   2.  Analyses of plasma of apoA-I  � / �   mice infected with adenoviruses expressing the WT apoA-I (A, D, 
G), the apoA-I[K94A/K96A] (B, E, H), and the apoA-I[D89A/E91A/E92A] (C, F, I) by density gradient ul-
tracentrifugation, SDS-PAGE, two-dimensional gel electrophoresis, and EM. A–C: SDS-PAGE analysis of den-
sity gradient ultracentrifugation fractions. D–F: EM pictures of HDL fractions 6-7 obtained from apoA-I  � / �   
mice expressing the WT and mutant forms of apoA-I following density gradient ultracentrifugation of plasma 
as indicated. The photomicrographs were taken at 75,000× magnifi cation and enlarged three times. G–I: 
Analysis of plasma obtained from mice expressing the WT apoA-I or the mutant forms as indicated following 
two-dimensional gel electrophoresis and Western blotting.   

  Fig.   3.  Analyses of plasma of apoA-I  � / �   mice infected with adeno-
viruses expressing the apoA-I[D89A/E91D/E92A] and hLPL. A: 
SDS-PAGE analysis of fractions obtained by density gradient ultra-
centrifugation of plasma of apoA-I  � / �   mice infected with 2 × 10 9  
pfu of adenovirus expressing apoA-I[D89A/E91A/E92A] and 5 × 
10 8  pfu of an adenovirus expressing the hLPL. B: EM picture of 
HDL fractions 6-7 obtained from apoA-I  � / �   mice expressing the 
apoA-I[D89A/E91A/E92A] mutant and human lipoprotein lipase, 
following density gradient ultracentrifugation as indicated in panel 
A. The sample was concentrated two times. The photomicrographs 
were taken at 75,000× magnifi cation and enlarged three times. C: 
Analysis of plasma obtained from mice expressing the apoA-
I[D89A/E91A/E92A] mutant and hLPL following two-dimensional 
gel electrophoresis and Western blotting.   
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  Fig.   4.  Physicochemical properties of the WT apoA-I, 
apoA-I[D89A/E91A/E92A], and apoA-I[K94A/K96A]. 
A: Far-UV CD spectra of the apoA-I forms recorded 
at 25°C. Each sample contained 25  � g/ml protein in 
10 mM PBS. Each spectrum is the average of four 
scans. B: Thermal unfolding of the apoA-I forms mon-
itored by the ellipticity at 222 nm. Protein concentra-
tion in each sample was 40  � g/ml in 10 mM PBS. 
C: ANS fl uorescence spectra obtained in the pres-
ence of the WT apoA-I, apoA-I[D89A/E91A/E92A], 
apoA-I[K94A/K96A] mutant, carbonic anhydrase, or 
in buffer alone, as indicated. The two latter spectra 
are superimposed. Final sample concentrations are 
125  � M ANS and 25  � g/ml protein in 10 mM PBS. D: 
The time course of DMPC clearance by the apoA-I 
forms or in buffer alone. DMPC multilamellar vesi-
cles (100  � g/ml lipids) were pre-incubated at 24°C, 
and the clearance was triggered by addition of pro-
tein to reach fi nal concentration in cuvette 40  � g/
ml. The turbidity was monitored by absorbance at 325 
nm at the controlled temperature 24°C.  � , WT 
apoA-I;  � , apoA-I[D89A/E91A/E92A];  � , apoA-
I[K94A/K96A], indicated by arrows.   

ence of each of these proteins or in the presence of WT 
apoA-I. In the presence of the WT and mutant apoA-I 
forms, ANS fl uorescence was signifi cantly enhanced and 
blue-shifted compared with ANS fl uorescence in buffer 
alone or in the presence of carbonic anhydrase, which 
represents a typical globular protein. This observation is 
consistent with the molten-globular-like conformation of 
apoA-I. However, in the presence of the apoA-I[D89A/
E91A/E92A], the increase in the fl uorescence intensity 

for the apoA-I[K94A/K96A] mutant was lower than that 
for WT apoA-I by  � 5 kcal/mol. 

 Effect of the apoA-I mutations on ANS-fl uorescence and 
DMPC-clearance kinetics 

 To investigate whether the apoA-I[D89A/E91A/E92A] 
and apoA-I[K94A/K96A] mutations affected the tertiary 
structure of apoA-I, the intrinsic fl uorescence of the am-
phipathic fl uorescent dye ANS was recorded in the pres-

 TABLE 2. The  � -Helical Content and Thermodynamic Parameters of Lipid-Free WT ApoA-I and the ApoA-I 
Mutant Forms and Parameters of ANS Fluorescence in the Presence of the Proteins 

Protein  � -Helix  a  
Residues in 

 � -Helix T m   b   � H v   
b  I  c  WMF  c  

 %  °C  kcal/mol  relative units  nm 
WT apoA-I  � 58 144 61 ± 0.5 39 ± 1 4.6 480
apoA-I [D89A/E91A/E92A]  � 49 122 59 ± 0.5  e  26 ± 2  f  6.6 477
apoA-I [K94A/K96A]  � 64 159 60 ± 1.0 34 ± 2  d  4.8 479

  a   Estimated from the [ �  222 ] at 25°C. Systematic and statistical errors are ± 3%.
  b   The melting temperature T m  and the effective enthalpy  � H v  were determined from van’t Hoff analysis of the 

thermal unfolding curves monitored by CD at 222 nm.
  c   Parameters of ANS fl uorescence determined in the presence of WT apoA-I, apoA-I [D89A/E91A/E92A], or 

apoA-I[K94A/K96A] ( Fig. 4C ). “I” is ANS fl uorescence intensity in relative units compared with the fl uorescence 
in buffer alone.

  d   Signifi cance of differences from the value for WT:  P  < 0.05.
  e   Signifi cance of differences from the value for WT:  P  < 0.01.
  f   Signifi cance of differences from the value for WT:  P  < 0.005.
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 Fig. 5B  shows that for each emulsion:protein ratio in the 
incubation mixtures, the number of protein molecules 
bound to one particle is signifi cantly higher for the apoA-
I[D89A/E91A/E92A] mutant than for WT apoA-I. 

 DISCUSSION 

 Rationale for selection of the mutations 
 The 89-99 region of apoA-I contains several residues 

that are highly conserved in animal species, particularly 
mammals ( 16 ). Amino acid position 89 is occupied in 
29 species by D and has a conservative E substitution in 
2 species. Positions 91 and 92 are occupied by negatively 
charged E and, in a few cases, D residues in mammals and 
birds. The cluster of the positively charged K residues at 
positions 94 and 96 also shows remarkable sequence pres-
ervation in amphibian mammals and birds. Position 94 is 
occupied in 21 species by K and 9 by R, whereas position 
96 is occupied by K in all but 1 of the mammals and birds 
and diverges in fi sh ( 16 ). It is also interesting that non-
charged residues in the 89 to 99 region are conserved. Po-
sitions 90, 93, and 97 are occupied mostly by V or other 
hydrophobic amino acids (supplementary Table II). Resi-
dues D89, E91, E92, K94, and K96 are located in the  � 11/3 
helical wheel positions 2, 4, 5, 7, and 9, respectively. Resi-
due D89 may form a strong solvent-inaccessible salt bridge 
with residue R177 of the antiparallel helix, and residues 
E92 and K96 may form weaker solvent-inaccessible salt 
bridges with residues R173 and E169, respectively, of the 
antiparallel helix. Residues E91 and K94 may interact with 
the aqueous phase. 

 Previous studies have shown that deletion of the 89-99 
region of apoA-I caused dyslipidemia characterized by in-
creased plasma cholesterol and phospholipids that were 
distributed in the VLDL/IDL region, decreased plasma PLTP 
activity, normal plasma triglycerides, and formation of discoi-
dal HDL particles. The deletion caused a modest (20–30%) 
reduction in the capacity of the mutant protein to promote 
ABCA1-mediated cholesterol effl ux and to activate LCAT 
in vitro ( 12 ). The drastic alteration of the structure of 
apoA-I due to the 89-99 deletion may have caused realign-
ment of the helices of apoA-I on the spherical HDL parti-
cles that may be responsible for the observed phenotype. 

 For these reasons, we chose to further probe the impor-
tance of the 89-99 region of apoA-I by focusing on the im-
pact of the conserved clusters of three negatively charged 
and two positively charged residues on lipid homeostasis 
and the biogenesis of HDL in mouse models. 

 The apoA-I mutations D89A/E91A/E92A alter 
the functions of apoA-I, profoundly affect plasma 
triglyceride homeostasis, and prevent maturation of HDL 

 The present study showed that the expression of the apo-
I[D89A/E91A/E92A] mutant in apoA-I  � / �   mice resulted 
in dyslipidemia characterized by severe hypertriglyceri-
demia, increased plasma cholesterol, decreased HDL cho-
lesterol, reduced esterifi cation of plasma cholesterol, and 
the generation of a few discoidal HDL particles and small-

was 43% larger and the blue shift in WMF was  � 3 nm 
greater than in the presence of WT apoA-I ( Fig. 4C  and 
 Table 2 ). This fi nding suggests that, compared with WT 
apoA-I, the [D89A/E91A/E92A] mutant has additional 
exposed hydrophobic surfaces. The fl uorescence intensity 
and WMF of the apoA-I[K94A/K96A] were close to those 
of WT apoA-I ( Fig. 4C  and  Table 2 ). 

 The kinetics of solubilization of multilamellar DMPC 
vesicles by WT and the apoA-I[D89A/E91A/E92A] mu-
tant was monitored at 325 nm by the clearance of the 
turbidity of DMPC suspension following the addition of 
apoA-I. It was found that the apoA-I[D89A/E91A/E92A] 
mutant clears turbidity slightly faster than WT apoA-I and 
the apoA-I[K94/K96A] clears turbidity at a rate similar to 
that of WT apoA-I ( Fig. 4D ). 

 Binding of apoA-I forms to triglyceride-rich emulsions 
 The weight ratio triolein:PC in the emulsions was 4.1 ± 

0.3 (mean ± SD of three isolated emulsions). The average 
size of particles in a typical isolated emulsion calculated 
from the electron microphotographs was 54 ± 21 nm 
(mean± SD; n = 201). The large standard deviations refl ect 
a broad size distribution that resembles a size distribution 
of plasma VLDL. Data of the binding assays (  Fig. 5A  )  show 
that at each emulsion:protein ratio in the incubation mix-
tures, the portion of the bound protein is higher for the 
apoA-I[D89A/E91A/E92A] mutant than for WT apoA-I. 

  Fig.   5.  Binding of the WT apoA-I and the apoA-I[D89A/E91A/
E92A] mutant to triglyceride-rich emulsion particles. A: Portion of 
bound protein at different PC:protein ratios. B: Bound WT apoA-I 
or apoA-I[D89A/E91A/E92A] per one emulsion particle.  � , WT 
apoA-I;  � , apoA-I[D89A/E91A/E92A].   
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three apoA-I molecules interact with each other on the 
HDL surface ( 14 ). Similar but not identical arrangements 
were proposed in the “trefoil” model where the right-hand 
half of two antiparallel apoA-I molecules of the double 
belt model are displaced 60° out of their planar position 
and are aligned in antiparallel orientation with a third 
molecule bent on a 60° angle ( 15 ). In these models the 
apoA-I monomers or dimers are juxtaposed in the vicinity of 
helices 5 and 6 ( 14, 15 ). In these arrangements of apoA-I 
molecules on sHDL, particle residues E78 in helix 2, D89 in 
helix 3, and E111 in helix 4 can form solvent-inaccessible 
salt bridges with residues R188 in helix 8, R177 in helix 7, 
and H155 in helix 6, respectively, of the antiparallel strand. 
It is interesting that in the 11/3  � -helical wheel residues, 
E78, D89, and E111 are all located in wheel position 2. 
With the exception of R188, all other fi ve residues involved 
in salt bridges are conserved in mammals. Consistently 
with these observations, temperature jump molecular dy-
namic simulation ( 30, 31 ) indicated that the E89-R177 
and E111-H155 are more stable than the E78-R188 salt 
bridge. Thus it is possible that elimination of the nega-
tively charged residues D89 and E111 and, to a lesser ex-
tent, E78, may destabilize the intermolecular interactions 
of the apoA-I dimer or the hairpin bound to HDL and may 
predispose to dyslipidemia. 

 The interference of apoA-I[D89A/E91A/E92A] with 
lipolysis was tested in vivo by coinfection of mice with 
adenoviruses expressing apoA-I[D89A/E91A/E92A] and 
human lipoprotein lipase. This treatment abolished hy-
pertriglyceridemia, restored in part the  � 1,2,3,4 HDL sub-
populations, and redistributed apoA-I in the HDL2 and 
HDL3 region; however, it did not alter the CE/TC ratio or 
the formation of discoidal HDL. The fi ndings suggest that 
the increased abundance of apoA-I in the VLDL/IDL re-
gion may create lipoprotein lipase insuffi ciency that in-
duces hypertriglyceridemia. 

 The present study also indicated a direct effect of the 
[D89A/E91A/E92A] mutation in the activation of LCAT 
in vivo. This is documented by the persistence of the dis-
coidal particles, the low CE/TC ratio, and preponderance 
of the smaller  � 4 and  � 3 subpopulations following nor-
malization of the plasma triglyceride levels by the lipopro-
tein lipase treatment. Previous studies have shown that 
discoidal and small-size HDL particles and the LCAT as-
sociated with them may be catabolized quickly by the kid-
ney and thus lead to LCAT insuffi ciency and reduced 
plasma HDL levels ( 10, 32, 33 ). In vitro studies have also 
indicated that increased catabolism by the kidney and liver 
may occur following triglyceride hydrolysis of hypertriglyc-
eridemic HDL by hepatic lipase ( 34 ). 

 It is conceivable that loosening of the structure of apoA-I 
around the D89 or E92 area due to the substitution of the 
original residues by A may provide new surfaces for interac-
tion of HDL with other proteins or lipoprotein particles, 
such as VLDL, in ways that inhibit triglyceride hydrolysis. 
Furthermore, the accumulation of discoidal HDL and the 
formation of pre �  and small  � 4-HDL particles shown by the 
in vivo experiments indicates that replacement of D89, E91, 
and E92 by A has a direct impact on the activation of LCAT. 

size HDL particles that form pre �  and  � 4-HDL subpopula-
tions. The mutation caused only a small 15% decrease in 
plasma PLTP activity (data not shown). On the other hand, 
the phenotype generated by adenovirus-mediated gene 
transfer of apoA-I[K94A/K96A] in apoA-I  � / �   mice was nor-
mal. These fi ndings suggested that the negatively charged 
D89, E91, and E92 residues of apoA-I are crucial for main-
tenance of plasma cholesterol and triglyceride homeostasis 
as well as the biogenesis and/or catabolism of HDL. 

 Changes in the structure and the lipid binding properties 
of the lipid-free apoA-I induced by the D89A/E91A/E92A 
and the K94A/K96A mutations 

 Estimation of the  � -helical content and the thermody-
namic stability by far-UV CD spectroscopy indicated that 
apoA-I[D89A/E91A/E92A] has 22 fewer residues in the 
 � -helical conformation, slightly reduced thermal stability, 
and greatly reduced cooperativity of thermal unfolding 
compared with the WT apoA-I ( Table 2 ). ANS fl uores-
cence measurements indicated that the apoA-I [D89A/
E91A/E92A] mutant has more hydrophobic surfaces ex-
posed to the solvent compared with WT apoA-I, suggesting 
a looser tertiary folding of the mutant protein. Similar 
characteristics have been described for the apoA-I[E110A/
E111A] and apoA-I[ � (61-78)] mutants ( 28 ) that have 
been previously associated with dyslipidemia ( 12, 13 ). The 
apoA-I[K94A/K96A] mutant had increased helical con-
tent and reduced cooperativity of thermal unfolding, 
whereas the ANS characteristics and the DMPC clearance 
kinetics were similar to those of WT apoA-I. 

 Potential mechanism of dyslipidemia induced by the 
D89A/E91A/E92A mutations 

 The apoA-I[D89A/E91A/E92A] mutant shares two 
characteristics   with the apoA-I[ � (61-78)] and apoA-I 
[E110A/E111A] mutants that were shown previously to 
cause hypertriglyceridemia ( 12, 13 ). The fi rst characteristic is 
that all three mutants caused accumulation of apoA-I in the 
VLDL/IDL region, and as shown previously, this affected 
the in vitro lipolysis of the VLDL/IDL fraction by exoge-
nous lipoprotein lipase ( 12, 13 ). The second characteristic 
of the three apoA-I mutants is that the negatively charged 
residues E78, D89, and E111 that occur in the WT sequence 
have the ability to form solvent-inaccessible salt bridges 
with positively charged residues present in the antiparallel 
apoA-I molecule of a discoidal HDL particle ( 29 ). The af-
fi nity of all three mutants for triglyceride-rich lipopro-
teins is further supported by binding of these mutants to 
triglyceride-rich emulsion particles   (Ref.  27  and  Fig. 5 ). 

 Analysis of the 93 Å spherical HDL in solution by small-
angle neutron scattering (SANS) showed that apoA-I folds 
around a central lipid core that has 88.4 Å × 62.8 Å dimen-
sions to form a spheroidal HDL (sHDL) particle. Three 
possible arrangements of the apoA-I on the sHDL particle 
were considered:  1 ) An “HdHp” model where two apoA-I 
molecules are arranged in antiparallel planar orientation 
and a third molecule assumes a hairpin structure;  2 ) a 
“3Hp” model where three apoA-I molecules are folded as 
hairpins; and  3 ) an “integrated trimer (iT)” model where 
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 Clinical implications 
 Genome-wide associated studies provided statistical evi-

dence that loci that affect HDL-C and triglyceride levels 
are associated with risk for coronary artery disease ( 35 ). 
The molecular etiology of most forms of hypertriglyceri-
demia in humans remains unclear. Early studies established 
that severe genetically transmitted hypertriglyceridemia 
occurs as a result of mutations in lipoprotein lipase and 
apoCII ( 36, 37 ). Subsequently, it has been shown that hy-
pertriglyceridemia can be induced by overexpression of 
apoCIII, apoCII, apoCI, apoA-II, and apoE in transgenic 
mice following adenovirus-mediated gene transfer ( 38–43 ) 
or by inactivation of the apoA-V gene in mice ( 44 ). In 
humans, plasma apoE and apoCIII levels correlate with 
plasma triglyceride levels ( 45, 46 ). Moderate hypertrig-
lyceridemia has been observed in patients with Tangier 
disease, in carriers of apoA-I Milano, and in male carriers 
of apoA-I � Lys107 ( 47–50 ). These fi ndings support the 
hypothesis that normal apoA-I structure and functions 
may be required for plasma triglyceride homeostasis. 

 The present and two previous studies ( 12, 13 ) raise the 
possibility that subtle changes in the structure of apoA-I 
caused by mutations may induce hypertriglyceridemia. To 
the extent that similar mutations exist in humans, the ge-
netic predisposition to hypertriglyceridemia may be further 
aggravated by other genetic and environmental factors, 
such as diabetes and thyroid status. The potential contribu-
tion of apoA-I mutations to hypertriglyceridemia could be 
addressed in future studies in selected populations of 
patients with hypertriglyceridemia of unknown etiology.  
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Michael Gigliotti, and Dimitra Georgiadou for technical 
assistance; and Dr. David Atkinson and Dr. Efstratios Stratikos 
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Carboxyl Terminus of Apolipoprotein A-I (ApoA-I) Is
Necessary for the Transport of Lipid-free ApoA-I but Not
Prelipidated ApoA-I Particles through Aortic Endothelial
Cells*
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High density lipoproteins (HDL) and apolipoprotein A-I
(apoA-I) must leave the circulation and pass the endothelium to
exert their atheroprotective actions in the arterial wall.We pre-
viously demonstrated that the transendothelial transport of
apoA-I involves ATP-binding cassette transporter (ABC) A1
and re-secretion of lipidated particles. Transendothelial trans-
port ofHDL ismodulated byABCG1 and the scavenger receptor
BI (SR-BI). We hypothesize that apoA-I transport is started by
the ABCA1-mediated generation of a lipidated particle which is
then transported byABCA1-independent pathways. To test this
hypothesis we analyzed the endothelial binding and transport
properties of initially lipid-free as well as prelipidated apoA-I
mutants. Lipid-free apoA-I mutants with a defective carbox-
yl-terminal domain showed an 80% decreased specific bind-
ing and 90% decreased specific transport by aortic endothe-
lial cells. After prior cell-free lipidation of the mutants, the
resulting HDL-like particles were transported through endo-
thelial cells by an ABCG1- and SR-BI-dependent process.
ApoA-I mutants with deletions of either the amino terminus
or both the amino and carboxyl termini showed dramatic
increases in nonspecific binding but no specific binding or
transport. Prior cell-free lipidation did not rescue these
anomalies. Our findings of stringent structure-function rela-
tionships underline the specificity of transendothelial apoA-I
transport and suggest that lipidation of initially lipid-free
apoA-I is necessary but not sufficient for specific transendo-
thelial transport. Our data also support the model of a two-
step process for the transendothelial transport of apoA-I in
which apoA-I is initially lipidated by ABCA1 and then further
processed by ABCA1-independent mechanisms.

Atherosclerosis is a progressive disease that is characterized
by lipid accumulation in macrophages in the arterial wall and
leads to complications like heart attacks and strokes (1). Low
plasma levels of high density lipoprotein (HDL) cholesterol as
well as apolipoprotein A-I (apoA-I)2 are associated with
increased risk of coronary heart disease (2).
MatureHDL particles are synthesizedmainly in the liver and

intestine by a multistep process that is initiated by the binding
of cellular phospholipids and cholesterol to initially lipid-free
apoA-I. This step requires the presence of the ATP-binding
cassette transporter (ABC) A1 (3). Based on x-ray crystallogra-
phy and computer modeling, most of the 243 amino acid resi-
dues of apoA-I are grouped in amphipathic �-helices, 11 or 2�
11 amino acids in length (4–10), that embrace the carbon
chains of several phospholipid molecules like a belt.
Both HDL and apoA-I were found to exert multiple anti-

atherogenic properties, for example on the function and viabil-
ity of the endothelium, the cholesterol homoeostasis and
inflammatory state of macrophages, lipoprotein oxidation,
coagulation, and thrombosis (2, 11).Onemajor antiatherogenic
effect is the removal of excess cholesterol from macrophage
foam cells of atherosclerotic lesions and its delivery to the liver
for biliary excretion (12).
To fulfill their atheroprotective actions in the subendothelial

space of arteries, HDL or its precursor, lipid-poor apoA-I, have
to leave the circulation and pass the endothelium. This cellular
monolayer of the interior surface of blood vessels forms a semi-
permeable barrier and regulates liquid and solute transport
between intra- and extravascular compartments (13). Little is
known on how plasma proteins including HDL and apoA-I
cross this endothelial barrier and enter the vascular wall (14).
Morphological, biochemical, and physiological studies have
suggested both paracellular and transcellular transport of pro-
teins through the intact endothelium. We previously demon-* This work was supported, in whole or in part, by National Institutes of Health
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strated that the transendothelial transport of both HDL and
apoA-I involves saturable and specific processes. Transport of
HDL is modulated by ABCG1 and the scavenger receptor BI
(SR-BI) (15) whereas the transendothelial transport of lipid-
free apoA-I is modulated by ABCA1.
After apical-to-basolateral transport though aortic endothe-

lial cells (ECs) the initially lipid-free apoA-I was recovered as a
lipidated particle (16, 17). From this observation and in analogy
to similar observations on apoA-I- and ABCA1-mediated lipid
efflux from macrophages (18–20), we hypothesize that the
transendothelial transport of apoA-I is a two-step process.
First, a functional interaction between apoA-I and ABCA1 is
required to generate a lipidated particle that is subsequently
transported by ABCA1-independent processes. To test this
hypothesis, we investigated the endothelial binding and trans-
port properties of initially lipid-free as well as prelipidated
apoA-I mutants that have been previously well characterized
for their capacity to induce ABCA1-dependent phospholipid
and cholesterol efflux from macrophage cell lines and to form
HDL both in vitro and in vivo (21). Specifically, we compared
recombinantwild-type (WT) apoA-I, twomutantswith either a
deletion (apoA-I(�185–243)) or multiple amino acid substitu-
tions in the carboxyl-terminal domain,which are both defective
in eliciting ABCA1-mediated lipid efflux from macrophages as
well as three apoA-I mutants with deletions of either the amino
terminus (apoA-I(�1–59)) or midregional domains (apoA-
I(�144–165)) or both the amino- and carboxyl-terminal
domains (apoA-I(�1–59/�185–243)), which have no or only
slightly impaired lipid efflux capacity (22). Our data show that
the carboxyl-terminal ABCA1 interaction domain of apoA-I is
mandatory for the transendothelial transport of lipid-free
apoA-I but not of prelipidated apoA-I particles and thus sup-
port the model of a two-step process for transendothelial
apoA-I transport.

EXPERIMENTAL PROCEDURES

Cell Culture—ECs were isolated from bovine aortas as
described previously (23) and cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (Sigma) supplemented with 5% fetal
calf serum (FCS) at 37 °C in a humidified 5% CO2, 95% air
incubator.
Small Interfering (si)RNA Transfection—ECs were trans-

fected with 100 nM Stealth siRNA against ABCA1, ABCG1,
ABCA1/ABCG1, or SR-BI and 34 nM BLOCK-iT fluorescent
oligonucleotide (Invitrogen) as described previously (15). Bind-
ing and transport assays were conducted between 65 and 72 h
after transfection. The efficiency of the silencing was evaluated
by quantitative RT-PCR andWestern blotting, as shown previ-
ously (15, 17).
Isolation of HDL and ApoA-I from Plasma—Human HDL

(1.063�d�1.21 kg/liter) was isolated from fresh normolipi-
demic plasmas of blood donors by sequential ultracentrifuga-
tion (24). The purity of the lipoprotein preparation was verified
by SDS-PAGE to ensure no contamination with LDL or albu-
min. Lipid-free human plasmaWT apoA-I was further purified
from delipidated HDL as described previously (25).
Production and Isolation of Recombinant ApoA-I—Produc-

tion of the recombinantWT apoA-I and of the apoA-I mutants

�(185–243), �(144–165), �(1–59), and �(1–59)/�(185–243)
was described previously (22, 26–29).
Generation of Adenoviruses Expressing ApoA-I(L218A/L219A/

V221A/L222A)—The apoA-I gene lacking the BglII restriction
site (that is present at nucleotide positions 181 of the genomic
sequence relative to the ATG codon of the gene) was cloned
into the pcDNA3.1 vector to generate the pcDNA3.1-
apoA-I(�BglII) plasmid as described (30). This plasmid was
used as a template to introduce the apoA-I(L218A/L219A/
V221A/L222A) mutations in apoA-I using the mutagenesis kit
QuikChange�XL (Stratagene) and themutagenic primers. The
forward and reverse primers used are: forward, 5�-GGACCTC-
CGCCAAGGCGCGGCGCCCGCGGCGGAGAGCTTCAA-
GGTC-3� and reverse, 5�-GACCTTGAAGCTCTCCGCCGC-
GGGCGCCGCGCCTTGGCGGAGGTCC-3� (sites of the
mutagenesis are underlined). Following 18 cycles of PCR ampli-
fication of the template DNA, the PCR product was treated
with DpnI to digest plasmids containing methylated DNA in
one or both of their strands. The reaction product consisting of
plasmids containing newly synthesized DNA carrying the
mutations of interest were used to transform competent XL-10
blue bacteria cells (Stratagene). Ampicillin-resistant clones
were selected, and plasmidDNAwas isolated from these clones
and subjected to sequencing to confirm the presence of the
point mutations. The 2.2-kb apoA-I inserts containing the
apoA-I mutant were cloned into the pAdTrack CMV vector
that was used to generate the adenoviral constructs by recom-
bination with the Ad-Easy-1 helper virus in the bacteria cells
BJ-5183-pAD1(Stratagene), which contain the Ad-Easy-1
helper virus. Correct clones were propagated in DH5a bacteria
cells. The recombinant adenoviral constructs were linearized
after incubation with PacI and used to transfect 911 cells. Fol-
lowing large scale infection of human embryonic kidney 293
cell cultures, the recombinant adenoviruses were purified by
two consecutive CsCl ultracentrifugation steps, dialyzed, and
titrated. The mutant protein was isolate from the culture
medium of HTB-13 cells infected with the apoA-I(L218A/
L219A/V221A/L222A)-expressing adenovirus as described
(22, 26).
Lyophilized apoA-I mutants were dissolved in 5 M guani-

diniumhydrochloride and dialyzed against 0.01MTris-HCl, pH
8, 0.15 M NaCl. The iodination was carried out by the same
procedure as described before forWT apoA-I adjusted to pH 8,
and the extensive dialysis was against 0.01 M Tris-HCl, pH 8,
0.15 M NaCl.
Radiolabeling of ApoA-I—ApoA-I was labeledwith 125I using

Iodination Beads (Pierce) and Na125I (Hartmann Analytic)
according to the manufacturers’ instructions. In a typical reac-
tion, we used 0.5 mCi of Na125I, 0.7 mg of apoA-I, and two
beads. Protein was separated from unincorporated 125I with a
Sephadex G-25 column (Amersham Biosciences) followed by
extensive dialysis (against 0.15 M NaCl, 0.3 mM EDTA, pH 7.4)
to remove residual free iodine. The specific activity expressed as
cpm/ng protein was calculated based on the protein concentra-
tionmeasured by the DC protein assay (Bio-Rad) and the activ-
ity measured using a �-counter (PerkinElmer Life Sciences).
Specific activities of 600–1200 cpm/ng protein were obtained.
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Preparation of Reconstituted HDL (rHDL)—Discoidal rHDL
particles were produced by the cholate dialysismethod (18) and
contained WT or mutant apoA-I, POPC (Sigma), and sodium
cholate (Sigma) in a molar ratio of 1:40:100 ((mutant) ApoA-I
1:40). Reconstituted HDL was iodinated as described above for
apoA-I. Electron microscopy analysis of the particles was per-
formed as described (22).
Binding and Cell Association Assays—Binding and cell asso-

ciation assayswith 125I-apoA-I or 125I-rHDLwere performed as
described previously (16). ECs were incubated with the indi-
cated concentrations of 125I-apoA-I or 125I-rHDL without
(total) or with (nonspecific) a 40-fold excess of the indicated
competitor for 2 h at 4 °C (binding) or 1 h at 37 °C (cell associ-
ation). Specific binding/cell association was calculated by sub-
tracting the values of nonspecific binding/cell association from
those of total binding/cell association. All experiments were
performed at least in triplicate.
Transport Assays—Transport assays were performed as pre-

viously described (16). In brief, ECs were seeded 2 days in
advance on inserts (0.4 �m; BD Biosciences) precoated with
collagen type I (BD Biosciences). Medium containing either
125I-apoA-I or 125I-rHDL at the indicated concentrations was
added to the apical compartment together with (nonspecific
transport) or in the absence (total transport) of a 40-fold excess
of unlabeled apoA-I and rHDL, respectively. After incubation
for 60 min at 37 °C the media of the basolateral compartment
were collected to measure radioactivity. Specific transport was
calculated by subtracting the values of nonspecific transport
from those of total transport.
Gel Filtration Chromatography—The size of apoA-I and

mutant apoA-I before and after transendothelial transport was
analyzed by gel filtration chromatography as described (31). In
brief, transport assays were performed in four transwell cell
culturewells as described above. Themedia (2ml)were isolated
from the basolateral compartments, combined, and concen-
trated to 50 �l by centrifugal concentrators (Vivaspin 500; Sar-
torius Stedim Biotech). The concentrate was loaded onto a
SuperdexTM 200 preparation grade HiLoadTM 16/60 column
(GEHealthcare) of an Akta fast protein liquid chromatography
(FPLC) system and eluted with Tris saline (0.01 M Tris, 0.15 M

NaCl, 0.1 mM EDTA, pH 7.5) at a flow rate of 1.5 ml/min. Frac-
tions (0.5 ml) were collected, and the amounts of transported
radioactivity were determined using a PerkinElmer Life Sci-
ences �-counter.
Native Agarose Gel Electrophoresis—Equal amounts of pro-

teins were used for mobility analysis and were loaded on a 1%
native agarose gel (0.05 M barbital buffer, pH 8.6). Electropho-
resis was performed at 4 °C. After that, the gel was stained with
Coomassie Blue (protein staining) and Sudan Black (lipid stain-
ing) using standard protocols.
Statistical Analyses—The data for all experiments were ana-

lyzed using the GraphPad Prism 5 software program. Compar-
isons between groups were performed using t test methods.
Experiments were routinely performed in triplicate or quadru-
plicate. Each experiment shown is a representative of at least
three similar experiments. If not indicated otherwise, the data
are graphically represented as means � S.D.

RESULTS

Binding and Association of Lipid-free ApoA-IMutants to ECs—
Initially we compared the endothelial binding properties ofWT
apoA-I either isolated from plasma or produced as a recombi-
nant protein. ECs were incubated with radiolabeled lipid-free
WTapoA-I at 4 °C in the absence (total) or presence of a 40-fold
excess of unlabeled plasma WT apoA-I (nonspecific). The dif-
ference between the total and the nonspecific binding corre-
sponds to the specific binding. The recombinant and plasma-
derived WT isoproteins of apoA-I showed the same total and
specific binding to ECs. Therefore, in further experiments,
plasmaWTapoA-Iwas used as a control to compare the behav-
ior of the different apoA-I mutants.
The apoA-I(�144–165) mutant showed total and specific

binding to ECs similar to those ofWTapoA-I. The twomutants
with a defective carboxyl-terminal sequence, apoA-I(�185–
243) and apoA-I(L218A/L219A/V221A/L222A), showed 50
and 80% decreases in total and specific endothelial binding,
respectively (Fig. 1). In contrast, apoA-I(�1–59) and apoA-
I(�1–59/�185–243) showed a dramatic 25-fold increase in
total binding. The binding of apoA-I(�1–59) could not be com-
peted by unlabeledWTapoA-I so that no specific binding could
be recorded (Fig. 1). The calculated specific binding of apoA-
I(�1–59/�185–243) did not differ from that of WT apoA-I.
We repeated these experiments at 37 °C where ligands are

not only bound but also internalized by ECs (16, 32), and there-
fore the absolute amount of cell-associated radioactivity is
higher. In principle, we made the same observations as
described for binding at 4 °C:WT apoA-I from plasma, recom-

FIGURE 1. Binding of WT and mutant apoA-I to ECs. Cells were cultured in
12-well dishes for 48 h. Then, after prechilling on ice, the cells were incubated
with 5 �g/ml of the indicated WT or mutant 125I-apoA-I isoform in the
absence (total) or presence (nonspecific) of a 40-fold excess of unlabeled WT
apoA-I. After 2 h of incubation at 4 °C, the specific binding was determined by
subtracting the values of nonspecific binding from those of total binding. The
results are represented as means � S.D. (error bars) of at least three individual
experiments.
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binantWT apoA-I, and apoA-I(�144–165) did not differ from
each other whereas the apoA-I(�185–243) and apoA-I(L218A/
L219A/V221A/L222A) mutants showed strongly reduced total
and specific cell association, and the apoA-I(�1–59) and apoA-
I(�1–59/�185–243) mutants showedmassively increased total
cell association which could not be competed by WT apoA-I
(data not shown).
Transport of Lipid-free ApoA-I Mutants through ECs—Next,

we analyzed the transport of the different apoA-I mutants
though ECs cultivated in a transwell system. Radiolabeled lipid-
freeWT or mutant apoA-I was added to the apical side with or
without 40-fold excess of unlabeled competitor (WT apoA-I).
After a 1-h incubation at 37 °C, the medium of the basolateral
compartment was collected to measure radioactivity. The spe-
cific transport was calculated as the difference between total
transport (radioactivity after incubation without competitor)
and nonspecific transport (radioactivity after incubation with
competitor). As shown in Fig. 2, specific transports of plasma
WT apoA-I, recombinantWT apoA-I, and apoA-I(�144–165)
were similar. In contrast, the specific transports of apoA-
I(�185–243) and apoA-I(L218A/L219A/V221A/L222A) were
decreased by 90%. No specific transports could be calculated
for apoA-I(�1–59) and apoA-I(�1–59/�185–243) mutants
because both in the presence or absence of the competitor the
same amounts of radioactivitywere recovered in the basolateral
compartment of the transwell cell culture dish.
ApoA-I withMutations in the Carboxyl Terminus Is Not Lipi-

dated after Transendothelial Transport—In previous studies
we observed a change in particle size and electrophoretic
mobility of lipid-free WT apoA-I after the transport through
ECs which we interpreted as a result of lipidation (16, 17).
Therefore, we compared the particle sizes of WT apoA-I and
the dysfunctional apoA-I(L218A/L219A/V221A/L222A) mu-
tant before and after transport throughECs (Fig. 3). After trans-
port and recovery from the basolateral compartment, WT

apoA-I was fractionated by gel filtration into two peaks, one
peakwith identical elution volume (87.6ml� 0.5ml) and hence
size of the starting material and one new peak with lower elu-
tion volume (72.6 ml � 0.5 ml) and hence larger particle size
(Fig. 3A). By contrast, the comparison of the gel filtration pro-
files of the binding- and transport-defective apoA-I(L218A/
L219A/V221A/L222A) mutant before and after incubation
with ECs did not reveal the occurrence of any new peak (Fig.
3B). Already before incubationwith cells and hence in the lipid-
free state, thismutant was eluted in two peaks, onewith the size
of WT apoA-I (87.6 ml � 0.5 ml) and one corresponding to
larger particle size (77.1 ml � 0.5 ml). The larger sized fraction
of apoA-I(L218A/L219A/V221A/L222A) has a higher elution
volume than the fraction formed after transport of WT apoA-I
and did not change after transport. We therefore assume that
this fraction represents lipid-free aggregates of apoA-I(L218A/
L219A/V221A/L222A).
Role of ABCA1, ABCG1, and SR-BI for Binding, Cell Associa-

tion, and Transport of Lipid-free WT ApoA-I—Using specific
siRNAs (15), we investigated the effects of ABCA1, ABCG1,
and SR-BI knockdown alone and the silencing of both ABCA1
and ABCG1 together on endothelial binding, cell associa-
tion, and transport of lipid-free WT apoA-I (Fig. 4). ABCA1,
ABCG1, and SR-BI transcription were reduced by approxi-
mately 80–90% in cells transfected with specific siRNA. The
remaining protein expression of ABCA1, ABCG1, and SR-BI
after silencing was �50% as assessed by Western blotting and
already shown previously (15, 17). Also as reported previously,
knockdown of ABCA1, but not ABCG1 or SR-BI, reduced the
binding of lipid-free WT apoA-I at 4 °C (Fig. 4A). The knock-
down ofABCA1 andABCG1 together revealed the same reduc-
tion of apoA-I binding as the single knock-down of ABCA1 by
approximately 60%. At 37 °C, suppression of ABCA1 and
ABCG1 either individually or both together but not the knock-
down of SR-BI diminished the cell association (Fig. 4B) and

FIGURE 2. Transport of WT and mutant apoA-I through ECs. Cells were cultured on membrane inserts 48 h before the assay. 5 �g/ml of the indicated WT or
mutant 125I-apoA-I isoform as well as no or a 40-fold excess of unlabeled WT apoA-I were added to the apical compartment. The media of the basolateral
compartments of the transwell chambers were collected after incubation for 1 h at 37 °C to measure the radioactivity. Specific transport from the apical to the
basolateral compartment was calculated as the difference in radioactivity between the samples with (nonspecific transport) and without (total transport)
excess of WT apoA-I. The results are represented as means � S.D. (error bars) of at least three individual experiments.
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transendothelial transport of initially lipid-free apoA-I (Fig. 4C)
by approximately 40%.
These at first sight discrepant observations at 4 °C and 37 °C

could be explained by a previously proposed two-step model in
which ABCA1-mediated lipid efflux generates a lipidated particle
that secondarily interacts with ABCG1 (18–20). To test this
hypothesis we analyzed the binding, association, and transport of
HDL reconstituted artificially withWT ormutant apoA-I.
Interactions of rHDL with ECs—We first compared the bind-

ing (at 4 °C) and association properties (at 37 °C) ofWT apoA-I
in either the lipid-free or prelipidiated forms. The binding of
lipid-free apoA-I was competed by rHDL to a similar degree as
by lipid-free apoA-I itself or native HDL (Fig. 5A). The binding
of rHDL was not competed by lipid-free apoA-I but by both
reconstituted and native HDL (Fig. 5A). Cell association exper-
iments yielded similar findings. EC association of lipid-free
apoA-I was competed with 40-fold excesses of unlabeled
apoA-I, lipidated apoA-I, or HDL to a similar degree (Fig. 5B).
Cell association of rHDLwas competed with an excess of either
rHDL or native HDL (Fig. 5B). By contrast with the binding
experiment, we however observed that also lipid-free apoA-I
competed the cell association of rHDL, although to less extent
(approximately 35%) than rHDL or native HDL (approximately
60%). These observations provide further evidence that at 37 °C
the lipidation of apoA-I by ABCA1 generates a lipidated parti-
cle that can then compete with the cellular interaction of pre-
lipidated apoA-I.
Binding and Transport of Reconstituted HDLContainingWT

ApoA-I or ApoA-I(L218A/L219A/V221A/L222A)—Next, we
exploited the apoA-I(L218A/L219A/V221A/L222A) mutant
with defects in ABCA1-mediated lipid efflux as well as specific
endothelial binding and transport to test the hypothesis that
transendothelial transport of lipid-free apoA-I occurs by a two-
step mechanism in which apoA-I is first lipidated by ABCA1-
dependent lipid efflux to then undergo ABCA1-independent

transport through ECs.We first lipidatedWT apoA-I or apoA-
I(L218A/L219A/V221A/L222A). The lipidation and resulting
particle formation were verified by native agarose gel electro-
phoresis and electronmicroscopy. BothWT apoA-I and apoA-
I(L218A/L219A/V221A/L222A) formed particles that had a
higher electrophoretic mobility than the respective lipid-free
apolipoproteins. rHDL containing apoA-I(L218A/L219A/
V221A/L222A)were slightly less negatively charged than rHDL
containing WT apoA-I (Fig. 6A). In addition, the Sudan Black
staining of the agarose gel clearly reveals the lipidation of both
WT apoA-I and apoA-I(L218A/L219A/V221A/L222A). After
lipid staining, the bands containing rHDL with WT or mutant
apoA-I were similarly intense (Fig. 6B). Electron microscopy
revealed that both WT apoA-I and apoA-I(L218A/L219A/
V221A/L222A) formed discoidal particles (Fig. 6C).
We then used the prelipidated particles to perform binding

and transport studies. Neither the specific binding (Fig. 6D) nor
the specific transport (Fig. 6E) differed between particles con-
taining either WT apoA-I or the mutant apoA-I(L218A/
L219A/V221A/L222A). Thus prelipidation can overcome the
binding and transport defects of the dysfunctional apoA-
I(L218A/L219A/V221A/L222A) mutant. These findings cor-
roborate the hypothesis that lipidation of apoA-I is necessary
for specific transcytosis.
Binding and Transport of rHDL Containing ApoA-I(�1–59)

and ApoA-I(�1–59/�185–243)—We then investigated the
effects of prior cell-free lipidation on binding and transport of
the two apoA-I mutants which in the lipid-free form showed
excessive nonspecific endothelial binding and transport,
namely apoA-I(�1–59) and apoA-I(�1–59/�185–243). After
cholate dialysis with POPC in amolar ratio of 1:40, bothmutant
rHDL particles showed higher electrophoretic mobility than
the respective lipid-free apolipoproteins (Fig. 7A). The efficacy
of lipidation was further confirmed by lipid staining of the aga-
rose gel (Fig. 7B). The two mutant rHDL particles, however,

FIGURE 3. Particle size of WT apoA-I and apoA-I(L218A/L219A/V221A/L222A) before and after transport through ECs. The transport experiment was
performed as described in Fig. 2, however only in the absence of excess unlabeled apoA-I. Both lipid-free apoA-I not incubated with cells and the material in the
basolateral compartment were fractionated by gel filtration. A, WT 125I-apoA-I. B, 125I-apoA-I(L218A/L219A/V221A/L222A).
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differed from each other and fromnormal rHDLby electropho-
retic mobility (Fig. 7, A and B). Both mutants formed discoidal
particles (Fig. 7C). With these lipidated mutants we performed
binding and transport studies.We used nativeHDL as the com-
petitor because reconstituted and native HDL competed equiv-
alently (see Fig. 5). As shown in Fig. 7D, specific binding of the
lipidated WT apoA-I was approximately 60% of the specific
binding of lipid-free WT apoA-I. However, prelipidated apoA-

I(�1–59) and prelipidated apoA-I(�1–59/�185–243) showed
4-fold and 8-fold higher total binding than prelipidated WT
apoA-I. In contrast to lipidatedWT apoA-I, it was not possible
to compete this binding with excess HDL, indicating that these
mutants keep their very high nonspecific endothelial binding
properties also after prelipidation. In contrast to apoA-
I(L218A/L219A/V221A/L222A), prelipidation of either apoA-
I(�1–59) or apoA-I(�1–59/�185–243) did not rescue their

FIGURE 4. Role of ABCA1, ABCG1, and SR-BI for binding, cell association, and transport of WT apoA-I. ECs were transfected with specific siRNA against
ABCA1, ABCG1, SR-BI, not coding siRNA, and mock (not transfected cells). 65–72 hours after transfection, ECs were incubated with 5 �g/ml of 125I-apoA-I for 2
hours at 4 °C (A, binding) or for 1 hour at 37 °C (B, cell association). C, transport assays were performed as described in Fig. 2. *, p � 0.05; **, p � 0.01; ***, p � 0.001;
ns, not significantly different compared with not transfected cells.

FIGURE 5. Cross-competition of lipid-free and lipidated apoA-I. Binding (A) and cell association (B) assays were performed. ECs were incubated with 5 �g/ml
125I-apoA-I or 125I-rHDL containing WT apoA-I for 2 h at 4 °C (binding) or for 1 h at 37 °C (cell association) in the absence (total) or presence of a 40-fold excess
of the indicated competitor.
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defective specific transendothelial transport (Fig. 7E). These
findings suggest that lipidation of initially lipid-free apoA-I is
not sufficient for the specific transport through ECs of the
apoA-I(�1–59) or apoA-I(�1–59/�185–243) mutants.

Role of ABCA1, ABCG1, and SR-BI for Transport of rHDL—
To analyze which of the known apoA-I/HDL-binding proteins
are participating in the transport of prelipidated apoA-I we
used siRNAs to suppress ABCA1, ABCG1 or SR-BI. Knock-

FIGURE 6. Binding and transport of rHDL containing WT apoA-I or apoA-I(L218A/L219A/V221A/L222A). A and B, lipidation of the rHDL particles was
performed by the cholate dialysis method, and the particle formation was analyzed by native agarose gel electrophoresis stained with Coomassie Blue for
proteins (A) and with Sudan Black for lipids (B). C, electron microscopy of the formed particles was performed. D, specific binding at 4 °C of 10 �g/ml 125I-rHDL
particles containing either WT apoA-I or apoA-I(L218A/L219A/V221A/L222A) was determined. E, specific transport of 10 �g/ml 125I-rHDL particles containing
either WT apoA-I or apoA-I(L218A/L219A/V221A/L222A) through a monolayer of ECs was determined.

FIGURE 7. Binding and transport of rHDL containing WT apoA-I, apoA-I(�1–59), or apoA-I(�1–59/�185–243). A–C, Lipidation was verified by native
agarose gel electrophoresis stained with Coomassie Blue for proteins (A) and with Sudan Black for lipids (B) and by electron microscopy (C). D, binding at 4 °C
of 10 �g/ml 125I-rHDL containing WT apoA-I, apoA-I(�1–59), or apoA-I(�1–59/�185–243) is shown. E, specific transport through a monolayer of ECs of 10 �g/ml
125I-rHDL containing WT apoA-I, apoA-I(�1–59), or apoA-I(�1–59/�185–243) was determined.
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down of ABCG1 and SR-BI but not of ABCA1 decreased the
specific transendothelial transport of prelipidated WT apoA-I
(Fig. 8A) and prelipidated apoA-I(L218A/L219A/V221A/
L222A) (Fig. 8B). The reduction of the transport capacity of
lipidated apoA-I(L218A/L219A/V221A/L222A) by knock-
down of ABCG1 or SR-BI was smaller (�44% �7%) compared
with lipidated WT apoA-I (�60% � 15%).

DISCUSSION

We recently provided several arguments that the transendo-
thelial transport of apoA-I and HDL occurs by specific trans-
port rather than unspecific filtration: (i) a considerable propor-
tion of apoA-I and HDL transport is temperature-sensitive and
can be competed by an excess of apoA-I andHDL, respectively,
but not with albumin or LDL (15, 16). (ii) The specific fraction
of transendothelial apoA-I transport can be inhibited by knock-
down of ABCA1 and leads to the secretion of lipidated particles
(17). (iii) The specific fraction of transendothelial HDL trans-
port can be reduced by knockdown of ABCG1 or SR-BI and
leads to the secretion of an HDL particle of reduced size (15).
The findings of this study further support the specificity
of transendothelial apoA-I and HDL transport by stringent
structure-function relationships for apoA-I that reveals the
importance of the carboxyl-terminal apoA-I domain for this
process.
First, both the deletion of the carboxyl terminus of apoA-I as

well as amino acid substitutionswithin the carboxyl terminus of
apoA-I nearly abolished the specific endothelial binding and
transendothelial transport of apoA-I (Figs. 1 and 2). The dele-
tion of the carboxyl terminus was previously shown to be
defective in inducing ABCA1-mediated phospholipid and cho-
lesterol efflux from macrophages and to form nascent and
mature HDL particles in vivo (22, 26, 33). Also, in our endothe-
lial transwell cell culture model, both apoA-I(�185–243) and
apoA-I(L218A/L219A/V221A/L222A) failed to formHDL-like
particles although only the specific but not the nonspecific frac-
tion of transendothelial transport was abolished.
Second, the deletion of the amino terminus of apoA-I,

alone or together with the carboxyl terminus, tremendously
increased the nonspecific binding of apoA-I(�1–59) and apoA-

I(�1–59/�185–243), respectively, and interfered with the spe-
cific transport of these mutants both in the lipid-free and lipi-
dated forms (Figs. 1, 2, and 7). Interestingly, thesemutants were
previously found to elicit normal or only moderately decreased
ABCA1-dependent lipid efflux from macrophages, and similar
mutations (apoA-I(�1–41) and apoA-I(�1–41/�185–243))
promoted biogenesis of HDL particles in vivo (22). However, in
the large background of excessive cellular nonspecific binding
to cells, we may have overlooked specific components of tran-
sendothelial transport. In fact, the double deletion mutant
(apoA-I(�1–59/�185–243) but not the amino-terminal dele-
tion apoA-I(�1–59) mutant showedmore than normal specific
binding to ECs (Fig. 1). Alternatively, the deletion of the amino
terminus and especially both the amino terminus and carboxyl
terminus may expose a midregional domain of prototypic
antiparallel amphipathic �-helices which has a very high affin-
ity to lipids (34). According to amodel proposed by Phillips and
co-workers, this central domain of apoA-I may bind very effi-
ciently and solubilize lipids of plasma membranes which are
generated by ABCA1 (35). In fact, pretreatment of ECs with
cyclosporine A, which was shown by us and others to trap dys-
functional ABCA1 on the cells surface (17, 36), reduced the
excessive nonspecific binding of apoA-I(�1–59) and apoA-
I(�1–59/�185–243) (data not shown). Furthermore, it has
been shown that the amino-terminal deletion destabilizes
apoA-I and leads to unfolding of the �-helices in the carboxyl-
terminal domain which is responsible for specific interactions
with ABCA1 (37, 38).
Finally, the deletion of a central domain in apoA-I(�144–

165) interfered neither with specific binding nor specific tran-
sendothelial transport (Figs. 1 and 2). This mutant was previ-
ously found to behave like WT apoA-I in mediating ABCA1-
dependent lipid efflux but to be defective in lecithin:cholesterol
acyltransferase activation (22, 39, 40).
Taken together, our data further emphasize the importance

of ABCA1 as a rate-limiting step for transendothelial apoA-I
transport. Several authors have provided evidence for a physical
interaction of apoA-I with ABCA1 (22, 41). The formation of a
high affinity complex of apoA-I with ABCA1 is thought to play

FIGURE 8. Role of ABCA1, ABCG1, and SR-BI in the transport of rHDL containing WT apoA-I or apoA-I(L218A/L219A/V221A/L222A). ECs were transfected
with siRNA coding for ABCA1, ABCG1, SR-BI and not coding siRNA. 65–72 h after transfection transport assays were performed. ECs were incubated with 10
�g/ml 125I-rHDL for 1 h in the absence or presence of a 40-fold excess of unlabeled rHDL. Specific transport was calculated by subtracting the values of
nonspecific transport from those of total transport. A, specific transport of rHDL containing WT apoA-I. B, specific transport of rHDL containing apoA-I(L218A/
L219A/V221A/L222A). **, p � 0.01; ***, p � 0.001; ns, not significantly different compared with nontransfected cells. Error bars, S.D.
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an important regulatory first step in ABCA1-mediated lipid
efflux by stabilizing ABCA1 in the plasma membrane and elic-
iting signaling events that enrich distinct plasma membranes
with lipids for facilitated removal by apoA-I (39, 42, 3). How-
ever, the signaling events elicited by apoA-I/ABCA1 interac-
tion have also been related to other cellular responses such as
cell migration and endocytosis (44, 45). As a consequence, the
defective transendothelial transport of apoA-I mutants with a
missing or dysfunctional carboxyl-terminal ABCA1 interaction
domain may be principally explained by disturbances in differ-
ent downstream events. Our present results shed some light
into these different scenarios.
By using gel filtration we here corroborated our previous

finding that transendothelial transport leads to the secretion of
a lipidated particle on the basolateral side (16). The apoA-
I(L218A/L219A/V221A/L222A)mutant, which shows strongly
reduced specific but normal nonspecific transendothelial trans-
port (data not shown), was not recovered as a lipidated particle
(Fig. 3). However, after prior cell-free lipidation the carboxyl-
terminal apoA-I mutant was normally bound and transported
by ECs (Fig. 6). This finding suggests that the transendothelial
transport of apoA-I is initiated by ABCA1-mediated lipidation
of apoA-I and followed by ABCA1-independent transport
steps. These downstream pathways may be shared with the
transport of HDL because knockdown of ABCG1 or SR-BI
inhibited the specific transport of native HDL (15) as well as
rHDL containing either WT apoA-I or apoA-I(L218A/L219A/
V221A/L222A) (Fig. 8). In agreement with normal binding
of rHDL containing apoA-I(L218A/L219A/V221A/L222A),
ldlA-7 cells expressing SR-BI were previously found to bind
rHDL containing apoA-I(�185–243) with affinity similar to
that of rHDL with WT apoA-I (46). In general, our findings
resemble similar findings and models on the interaction of
ABCA1, ABCG1, and SR-BI in cholesterol efflux: ABCA1-me-
diated lipid efflux to initially lipid-free apoA-I generates parti-
cles which then interact with ABCG1 and SR-BI for enhanced
cholesterol efflux (18–20).
Interestingly, the lipidation did not restore the abnormal

binding and transport of apoA-I(�1–59) or apoA-I(�1–59/
�185–243) (Fig. 7). Although less intense than in the lipid-free
form, also in the prelipidated form these mutants showed
strongly enhanced binding to ECs and not-recordable specific
binding and transendothelial transport. This suggests that the
amino-terminal domain is an important structural determinant
for specific endothelial binding and transendothelial transport
of HDL. Previously, rHDL containing apoA-I(�1–59/�185–
243) were reported to be unable to compete for rHDL binding
to ldlA-7 cells expressing the murine SR-BI receptor (27). Indi-
rectly, this supports the importance of SR-BI as a rate-limiting
factor for endothelial binding and transport of HDL. However,
rHDL containing the apoA-I(�1–59) mutant, which in our
hands is also defective in endothelial binding and transport, was
reported to bind with normal affinity to SR-BI-overexpressing
ldlA-7 cells (27, 46). The reason for this discrepancy remains
unclear.
In summary, the distinct binding and transport defects of

apoA-I mutants provide further support that transendothelial
transport of apoA-I and HDL requires defined structural

domains and hence involves specific protein/protein interac-
tions rather than unspecific filtration. These experiments also
support the importance of ABCA1 for the transport of lipid-
free apoA-I and provided first hints on the underlying mecha-
nisms. By lipidating apoA-I, ABCA1 helps to generate a particle
that is then processed by ABCA1-independentmechanisms for
transendothelial transport. Like the transport of mature HDL,
the processing of these nascent HDL particles appears to
involve ABCG1 and SR-BI.
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Abstract. Haase CL, Frikke-Schmidt R, Nordestgaard
BG, Kateifides AK, Kardassis D, Nielsen LB, Ander-
sen CB, Køber L, Johnsen AH, Grande P, Zannis VI,
Tybjærg-Hansen A (Copenhagen University Hospi-
tals and Faculty of Health Sciences, University of
Copenhagen, Denmark; University of Crete Medical
School, Heraklion, Greece; Whitaker Cardiovascular
Institute, BostonUniversity School ofMedicine, Bos-
ton,MA,USA).Mutation inAPOA1predicts increased
risk of ischaemic heart disease and total mortality
without low HDL cholesterol levels. J Intern Med
2011;doi:10.1111/j.1365-2796.2011.02381.x.

Objectives. To determine whether mutations in APOA1
affect levels of high-density lipoprotein (HDL) choles-
terol and to predict risk of ischaemic heart disease
(IHD)andtotalmortality in thegeneralpopulation.

Background. Epidemiologically, risk of IHD is inversely
related to HDL cholesterol levels. Mutations in apoli-
poprotein (apo) A-I, the major protein constituent of
HDL, might be associated with low HDL cholesterol
andpredispose to IHDandearlydeath.

Design. We resequencedAPOA1 in 190 individuals and
examined the effect ofmutations onHDL cholesterol,
risk of IHD, myocardial infarction (MI) and mortality
in 10 440 individuals in the prospective Copenhagen
City Heart Study followed for 31 years. Results were

validated in an independent case–control study
(n = 16 035). Additionally, we determined plasma
ratios of mutant to wildtype (WT) apoA-I in human
heterozygotes and functional effects of mutations in
adenovirus-transfectedmice.

Results. We identified a new mutation, A164S (1 : 500
in the general population), which predicted hazard
ratios for IHD, MI and total mortality of 3.2 [95%
confidence interval (CI): 1.6–6.5], 5.5 (95% CI: 2.6–
11.7) and 2.5 (95% CI: 1.3–4.8), respectively, in
heterozygotes compared with noncarriers. Mean
reduction in survival time in heterozygotes was
10 years (P < 0.0001). Results for IHD and MI were
confirmed in the case–control study. Furthermore,
the ratio of mutant S164 to WT A164 apoA-I in plas-
ma of heterozygotes was reduced. In addition,
A164S heterozygotes had normal plasma lipid and
lipoprotein levels, including HDL cholesterol and
apoA-I, and this finding was confirmed in adenovi-
rus-transfected mice.

Conclusions. A164S is the first mutation in APOA1 to be
described that predicts an increased risk of IHD, MI
and total mortality without low HDL cholesterol
levels.

Keywords: apolipoproteins, cardiovascular disease,
genetics, lipoproteins,mortality.

Introduction

Epidemiological studies consistently demonstrate
that a low plasma level of high-density lipoprotein
(HDL) cholesterol is associated with increased risk
of ischaemic heart disease (IHD) [1, 2]. However,
whetherHDLcholesterol is a primary causal factor in
thepathogenesisof IHDisunclear [2–4].

Apolipoprotein (apo) A-I is the major protein compo-
nent of the HDL particle and plays a crucial role in
HDL particle formation, maturation and catabolism
[5]. Structural mutations in APOA1 might cause
hereditary HDL deficiency syndromes often owing to
lecithin:cholesterolacyltransferase (LCAT)deficiency
[6, 7], but it remains to be determined what effect
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structural mutations in APOA1 have on the risk of
developing IHDandontotalmortality [5,6].

To determine whether structural genetic variants
in APOA1 are associated with altered levels of HDL
cholesterol and risk of IHD and total mortality, we
resequenced the coding exons and exon–intron
boundaries of APOA1 in individuals from the gen-
eral population with the lowest 1% and highest 1%
apoA-I levels for age and gender [8]. Next, we geno-
typed 10 440 individuals from the Copenhagen
City Heart Study (CCHS), a random sample of
the Danish population followed for 31 years, for
the genetic variants identified and determined the
effect on HDL cholesterol and on risk of IHD and
total mortality. Association with risk of IHD in the
population study was retested in an independent
case–control study (n = 16 035). These studies
were complemented by adenovirus transfection of
the mutations identified in apoA-I-deficient mice to
determine the effects on lipid and lipoprotein lev-
els, HDL subclass distribution, HDL morphology
and LCAT activation. Finally, we determined the
clinical characteristics and the relative levels of
wildtype (WT) and mutant apoA-I in the plasma of
individuals heterozygous for selected mutations.

Methods

Human studies

Subjects. Studies were approved by Copenhagen
University Hospitals and Danish ethical committees
(the Copenhagen and Frederiksberg committee
and the Copenhagen County committee; KF-100.
2039 ⁄91, KF-01-144 ⁄01, H-KF-01-144 ⁄01) and
conducted according to the Declaration of Helsinki.
Written informed consent was obtained from partici-
pants. All participants were white and of Danish
descent.

The Copenhagen City Heart Study (CCHS). The
CCHS isa studyof theDanish general population ini-
tiated between 1976 and 1978 with follow-up exam-
inations during the periods 1981–1983, 1991–1994
and 2001–2003 [9]. Individuals were randomly se-
lectedbasedonthenationalDanishCivilRegistration
Systemto reflect theadultDanishgeneral population
aged20 to80+ years.Wegenotyped10 440 individu-
als for all nonsynonymousmutations (V11X, L144R,
A164S) identified by resequencing the coding region
andexon–intronboundariesofAPOA1 in190 individ-
uals with the 1%highest and 1% lowest apoA-I levels
for age and gender. All end-points were recorded in
the follow-up period from 1976 until July 2007.

Follow-up was 31 years (214 750 person-years) and
was100%complete.

Informationondiagnoses of IHD (WorldHealthOrga-
nization International Classification of Diseases: 8th
edition, codes 410–414; 10th edition, codes I20–I25)
was collected and verified by reviewing all hospital
admissions and diagnoses included in the national
Danish Patient Registry, all causes of death included
in thenationalDanishCauses ofDeathRegistry, and
medical records fromhospitals and general practitio-
ners. IHD was defined as myocardial infarction (MI)
or characteristic symptoms of stable angina pectoris
[10]. A diagnosis of MI required the presence of at
least two of the following criteria: characteristic chest
pain, elevated cardiac enzymes and electrocardio-
graphicchanges indicativeofMI.

Case–control study (verification sample). The cases
were2756consecutivepatients‡60 years of age from
the greater Copenhagen area referred for coronary
angiography toCopenhagenUniversityHospital dur-
ing the period between 2001 and 2004. (Results, see
below, indicated that theeffect ofA164Sheterozygos-
ity on IHD and MI was mainly observed after age
60 years.) These patients had documented IHD
based on characteristic symptoms of stable angina
pectoris [10],plusat leastoneof the following:athero-
sclerosis oncoronaryangiography, a previousMIor a
positive bicycle exercise electrocardiography test.
The diagnosis of MI (n = 1467) was established with
the same criteria as described above. Patients with
IHD were compared with 13 279 controls ‡60 years
of age without ischaemic cardiovascular events (IHD
or ischaemic stroke) from the Copenhagen General
PopulationStudy,a cross-sectional studyof theDan-
ish general population initiated in 2003 and still
recruiting [3]. Participants in the case–control study
weregenotyped forA164S.

See Data S1 including Tables S4 and S5, for detailed
laboratory and statistical analyses of human studies
aswellas invitro, cellandmicestudies.

Results

Characteristics of participants and mutations in the coding region of
APOA1

Characteristics of individuals with extremely high
and low apoA-I levels and the correspondingnonsyn-
onymousmutations (V11X,L144R,A164S) identified
in the coding region ofAPOA1 are shown inTables S1
andS2.

C. L. Haase et al. | APOA1, HDL cholesterol, IHD and mortality
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Characteristics of subjects heterozygous for nonsynonymous mutations in
APOA1 in the general population

In theCCHS (n = 10 440), 24, four andoneunrelated
individuals (carrier frequencies: 0.23%, 0.04% and
0.01%) were heterozygous for A164S, L144R and
V11X, respectively (Table 1). No homozygotes were
identified. These mutations were not in linkage dis-
equilibrium with other previously reported genetic
variants in APOA1 identified by resequencing [8]. Li-
pid risk factors for IHD, including plasma levels of
HDL cholesterol and apoA-I, did not differ between
A164Sheterozygotesandnoncarriers (Table1;Fig. 1,
blue). By contrast, unadjusted plasma levels of HDL
cholesterolandapoA-Iwerereducedby0.7 mmol L)1

(47%) and 39 mg dL)1 (28%), respectively, in L144R
heterozygotes compared with noncarriers (P = 0.001
and P = 0.006, Table 1). The age- and sex-adjusted
meanpercentile forHDLcholesterol inL144Rhetero-
zygotes was at the 2nd percentile [95% confidence
interval (CI): 0 to 5th; P < 0.0001] and was reflected
in the corresponding mean percentile for apoA-I (6th
percentile; 95% CI: 0 to 19th; P = 0.0001) and total

cholesterol (15th percentile; 95% CI: 1st to 28th;
P = 0.03; Fig. 1a, pink). All four L144R heterozygotes
had levels of HDL cholesterol at or below the 5th per-
centile for age and sex (Fig. 1b, pink). The only V11X
heterozygote identified was a 70-year-old man with
plasma levels of HDL cholesterol and apoA-I at or
belowthe5thpercentile (Table1;Fig.1b,green).

Impact of APOA1 mutations on the biogenesis of HDL particles in apoA-I-
deficient mice

To study the impact of the APOA1 A164S and L144R
mutationsonthebiogenesisofHDLparticles,wegen-
erated recombinant adenoviruses expressing these
mutants. Cell culture studies showed that when
HTB-13 cells were infected with adenoviruses
expressing theWT or the mutant apoA-I forms, in all
cases apoA-I was secreted efficiently into the culture
medium (Fig. S1). Adenovirus-mediated gene trans-
fer in apoA-I-deficient mice showed that compared
with mice that received the adenovirus expressing
theWTapoA-I or apoA-IA164S, administration of the

Table 1 Characteristics of subjectsheterozygous fornonsynonymousmutations inAPOA1and10 411noncarriers in theCopenha-

genCityHeartStudy

Noncarriers

Heterozygotes

V11X L144R A164S

No.of subjects (%) 10 411 (99.7) 1 (0.01) 4 (0.04) 24(0.23)

Age (years) 58 (44–69) 70 46(43–62) 53(47–65)

Sex (F ⁄M) 5784 ⁄4627 0 ⁄1 3 ⁄1 10 ⁄14
Total cholesterol (mmol L)1) 5.9 (5.1–6.9) 6.0 4.7 (4.2–5.4)* 5.9 (5.2–7.1)

Triglycerides (mmol L)1) 1.5 (1.1–2.2) 1.8 2.2 (1.2–3.0) 1.4 (1.1–2.2)

LDLcholesterol (mmol L)1) 3.6 (2.9–4.4) 4.4 3.2 (2.7–3.4) 3.7 (2.6–5.1)

HDLcholesterol (mmol L)1) 1.5 (1.2–1.8) 0.8 0.8 (0.7–0.9)� 1.4 (1.3–1.9)

ApoA-I (mg dL)1) 140 (122–161) 78 101 (84–118)� 143 (121–154)

Bodymass index (kg m)2) 25 (22–28) 31 27(24–29) 26(24–27)

Hypertension (%) 6217 (60) 1 3 (75) 14(58)

Alcohol (g day)1)a 10 (2–22) 27 12(7–127) 17(5–29)

Physical inactivity (%)b 6582 (64) 1 3 (75) 16(66)

Diabetes (%) 656 (6) 0 0 (0) 4 (17)§

Smoking (%) 7930 (76) 1 2 (50) 20(83)

LDL, low-density lipoprotein; HDL, high-density lipoprotein. Values are median (interquartile range) or number (percentage).
The risk factors, diabetesmellitus, smoking and hypertensionwere dichotomized and defined as ‘ever-diabetics’ (self-reported
disease, use of insulin, use of oral hypoglycaemic drugs and ⁄or nonfasting plasma glucose >11 mmol L)1), ‘ever-smokers’ (ex-
smokerorcurrentsmoker)and ‘ever-hypertensives’ (systolicbloodpressure‡140 mmHgordiastolicbloodpressure‡90 mmHg
and ⁄oruseofantihypertensivedrugs). LDLcholesterol levelswerecalculatedusing theFriedewaldequation if triglycerideswere
<4 mmol L)1, butmeasured directly at higher triglyceride levels (seeDataS1). a12 g alcohol = 1 unit, equivalent to one glass of
wineor onebeer (33 cl). bIndividualswho tookpart in<2–4 hperweek of light leisure timephysical activity.Heterozygoteswere
comparedwithnoncarriersbyMann–WhitneyU test orPearsonv2 test: *P = 0.03,�P = 0.001,�P = 0.006,§P = 0.04.
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adenovirus expressing apoA-I L144R resulted in very
low total cholesterol levels and a decreased choleste-
ryl ester-to-total cholesterol ratio (CE ⁄TC), the latter

indicating reduced LCAT activity (Table S3). In nor-
mal WT apoA-I mice, virtually all the cholesterol is
carried in the HDL fraction (Fig. 2a). Fast protein li-
quid chromatography fractionation of plasma
showed that themass of the HDL cholesterol fraction
of mice expressing apoA-I L144R was very small and
comparable with the HDL cholesterol fraction of
apoA-I-deficient mice expressing the control protein,
green fluorescent protein (GFP; Fig. 2a). Fraction-
ation of plasma by density gradient ultracentrifuga-
tion showed that apoA-I in mice expressing apoA-I
L144R was greatly reduced and was distributed
mainly in the HDL-3 region (i.e. in lipid-poor HDL),
compared with mice expressing the WT apoA-I or
apoA-I A164S, in which apoA-I was also distributed
in the HDL-2 region (i.e. in mature, lipid-rich HDL;
Fig. 2b–d). Two-dimensional gel electrophoresis
showed that the mutant apoA-I L144R promoted the
formation of less mature, lipid-poor pre-b- and a4-
HDL particles (Fig. 2f), whereas WT apoA-I and the
mutant apoA-I A164S both promoted the formation
ofnormalpre-bandaHDLsubpopulationsofdifferent
sizes (a1, a2, a3 and a4; Fig. 2e,g). Electron micros-
copy of the HDL fraction showed that apoA-I L144R
promoted the formation of few discoidal particles as
well as of small particles similar to those observed in
mice expressing GFP (Fig. 2h,j). By contrast, WT
apoA-I and apoA-I A164S promoted the formation of
spherical HDL particles (Fig. 2i,k). Simultaneous
treatment of mice with the adenovirus expressing
apoA-I L144R and human LCAT normalized the total
cholesterol level and the CE ⁄TC (Table S3). LCAT
treatment restored the mass of the HDL cholesterol
peak (Fig. 3a). LCAT treatment also normalized the
levels and the distribution of apoA-I in the HDL
(Fig.3b), restorednormalpre-b- anda-HDLsubpopu-
lations (Fig. 3c) andpromoted the formationof spher-
icalHDLparticles (Fig.3d).

Impact of APOA1 mutations on risk of IHD and MI, total mortality and sur-
vival after diagnosis of IHD

Whether mutations in APOA1 are associated with an
increased risk of IHD in humans is highly controver-
sial. We therefore determined whether mutations
identifiedinAPOA1predictedriskof IHDandMI, total
mortality and survival after diagnosis of IHD in the
CCHS. Surprisingly, the cumulative incidence of IHD
and MI as a function of age was increased in A164S
heterozygotes versus noncarriers (P = 0.0004 and
P < 0.0001, respectively; Fig. 4a,b), despite the com-
plete lackof effect of thismutationonplasma levels of
HDL cholesterol and apoA-I. At the age of 80 years,
the cumulative incidence of IHD andMIwas 100% in
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Fig. 1 Plasma lipid, lipoprotein and apolipoprotein levels of
APOA1 heterozygotes in the Copenhagen City Heart Study
(CCHS). (a) Mean percentiles of plasma lipids, lipoproteins
and apolipoproteins in A164S heterozygotes (blue) and
L144Rheterozygotes (red) in theCCHS relative to age- (in 10-
year age groups) and sex-matched individuals in the CCHS
as awhole (n = 10 440). Heterozygoteswere comparedwith
the total CCHS cohort using the z-test. (b) Plasma high-den-
sity lipoprotein cholesterol and apolipoprotein A-I levels of
A164S heterozygotes, L144R heterozygotes and the V11X
heterozygote (green) in the CCHS. Values for each heterozy-
gous individual are superimposed on the 5th, 50th and 95th
percentiles for age and sex in the CCHS as a whole
(n = 10 440).
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A164S heterozygotes and less than 30% in noncarri-
ers. Longevity (i.e. the proportion surviving as a func-
tion of age) was reduced in A164S heterozygotes ver-
sus noncarriers (P = 0.005), and themedian survival
time in heterozygotes was reduced by 10 years
(P < 0.0001; Fig. 4c,d). Hazard ratios for IHD,MI and
totalmortality were 3.2 (95%CI: 1.6–6.5; P = 0.001),
5.5 (95% CI: 2.6–11.7; P < 0.001) and 2.5 (95% CI:
1.3–4.8; P = 0.007), respectively, in A164S hetero-
zygotes versus noncarriers (Table 2). During follow-
up, eight of the 24 A164S heterozygotes developed
IHD and seven of those were diagnosed with an MI.

Nine heterozygotes died during follow-up: seven ow-
ing to cardiovascular disease, one from bladder can-
cer and one from unknown cause. (This individual
hadbothdiabetesandcardiovasculardisease.)

The proportion surviving as a function of time after
diagnosisof IHDwasreduced inA164Sheterozygotes
versus noncarriers (P = 0.08), and the median sur-
vival time in heterozygotes was reduced by 5 years
(P < 0.0001) (Fig. 5a,b). Hazard ratio for mortality
after diagnosis was 2.2 (95%CI: 1.0–4.5; P = 0.04) in
A164Sheterozygotesversusnoncarriers.

(a)

(b)

(c)

(d)

(e)

(h)

(i)

(f) (j)

(g) (k)

Fig.2 Fast protein liquid chromatographyprofiles, density gradient fractionation, two-dimensional gel electrophoresisandelec-
tron microscopy analyses of plasma of apoA-I-deficient mice expressing wildtype (WT) andmutant forms of apoA-I or green fluo-
rescentprotein (GFP). (a) Fast protein liquid chromatographyprofiles of total cholesterol of apoA-I-deficientmice infectedwithade-
noviruses expressing WT apoA-I, apoA-I L144R, apoA-I A164S or the control protein GFP. (b–k) Analyses of plasma of apoA-I-
deficient mice infected with adenoviruses expressing WT apoA-I (b,e,i), apoA-I L144R (c,f,j), apoA-I A164S (d,g,k) or GFP (h): by
density gradient ultracentrifugation, followed by sodium dodecyl sulphate polyacrylamide gel electrophoresis (b–d), by two-
dimensional gel electrophoresis and western blotting (e–g) and by electron microscopy of high-density lipoprotein fractions ob-
tained by density gradient ultracentrifugation (h–k). The photomicrographs were taken at ·75 000 magnification and enlarged
·3.Thearrows inpanel j indicatediscoidalparticles.
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None of the four L144Rheterozygotes had premature
IHD; one woman developed IHD, but not MI, at
78 years of age. The only V11X heterozygote died at
theageof72 fromanMI.

To validate the findings regarding A164S from the
CCHS, we tested for an association between A164S
and risk of IHD and MI in an independent case–con-
trol study (n = 16 035).We found that the odds ratios
for IHD andMI were 2.7 (95%CI: 1.4–5.2; P = 0.003)
and 2.9 (95% CI: 1.3–6.5; P = 0.008), respectively,
confirmingtheresults fromtheCCHS(Table2).

Ratio of wildtype to mutant apoA-I in plasma of A164S heterozygotes

To examine whether the APOA1 allele product of the
WT A164-allele and the mutant S164-allele were
present in the plasma of heterozygotes in similar
concentrations, as would be expected if the produc-
tion into and the removal from plasma of the two al-
lele products were the same, we determined the ratio
of apoA-I S164 to A164 in the plasma of heterozyg-
otes by mass spectrometry. The mean ratio of mu-
tant S164 to WT A164 apoA-I in plasma of A164S

heterozygotes was 87%, corresponding to an average
reduction of 13% of mutant S164 apoA-I in plasma
(P < 0.0001; Fig. 6).

Clinical characteristics of APOA1 A164S heterozygotes

Additional clinical characteristics of A164S hetero-
zygotes identified in the CCHS and in the case–con-
trol study are shown in Table S6. The 51 heterozy-
gous individuals, who were still alive in October
2009, were invited for additional examination
including echocardiography and electrocardiogram
performed and evaluated by an experienced senior
cardiologist, and subcutaneous abdominal fat tissue
aspiration for the detection of systemic amyloidosis
was performed as previously described [11]. Of
these, 26 agreed to participate, six of whom had had
an ischaemic event. Although about half of the 51
heterozygotes had other diagnoses suggestive of
more generalized disease, of those who participated,
only six had other diagnoses mainly related to the
gastrointestinal tract and one had tarsal tunnel
syndrome. Amyloid was not detected in any of the
abdominal fat biopsies.

(a)

(b)

(c)

(d)

Fig. 3 Fast protein liquid chromatographyprofiles, density gradient fractionation, two-dimensional gel electrophoresisandelec-
tron microscopy analyses of plasma of apoA-I-deficient mice expressing apoA-I L144R and lecithin:cholesterol acyltransferase
(LCAT) in combination. (a) Fast protein liquid chromatography profiles of total cholesterol of apoA-I-deficient mice infected with
adenoviruses expressing wildtype apoA-I, apoA-I L144R or a combination of apoA-I L144R and human LCAT. (b–d) Analyses of
plasmafromapoA-I-deficientmice infectedwithadenovirusesexpressingapoA-I L144RandhumanLCAT:bydensitygradientul-
tracentrifugation followedbysodiumdodecyl sulphatepolyacrylamidegel electrophoresis (b), by two-dimensional gel electropho-
resis andwestern blotting (c) and by electronmicroscopy of high-density lipoprotein fractions obtained bydensity gradient ultra-
centrifugation (d).Thephotomicrographwas takenat·75 000magnificationandenlarged·3.
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See Data S2, for additional clinical characteristics of
A164Sheterozygotes, the relative proportionofapoA-
I only lipoprotein particles in heterozygotes and non-
carriers and the predicted effect of A164S on apoA-I
secondarystructure.

Discussion

The major novel finding was that a new mutation in
APOA1, A164S,was associatedwith increased risk of

IHDandMI in two independent studies andwith total
mortality in the general population, despite a lack of
effect on HDL cholesterol levels. Furthermore, med-
ian survival time in A164S heterozygotes overall and
afterdiagnosisof IHDwas reducedby10and5 years,
respectively.

As APOA1 A164S is associated with normal LCAT
activationandnormalplasmalevelsof lipidsand lipo-
proteins, including HDL cholesterol and apoA-I, as
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Median survival time in APOA1 A164S heterozygotes and noncarriers in the Copenhagen City Heart Study. 

Genotype n Median survival (interquartile range) 

(years) 

Change 

(years) 

P-value 

Noncarriers 10 416 81 (71–89) –

A164S heterozygotes 24 71 (49–73) 10 <0.0001

(d)

(b) (c)

Fig. 4 Risk of ischaemic heart disease (IHD), myocardial infarction, total mortality and median survival time in APOA1 A164S
heterozygotes (red) and noncarriers (green) in theCopenhagenCity Heart Study. (a) Cumulative incidence of IHD as a function of
age. (b) Cumulative incidence ofmyocardial infarction asa function of age. (c) Proportion surviving asa function of age (longevity).
Dashed lines indicate median survival time. All using left-truncated age. P-value by log-rank test. (d) Median survival time in
APOA1A164Sheterozygotescomparedwithnoncarriers.

Table 2 Riskof ischaemicheartdisease (IHD),myocardial infarction (MI)and totalmortality forAPOA1A164Sheterozygotesversus

noncarriers in theCopenhagenCityHeartStudy (CCHS)and inacase–control study

No.ofnoncarriers ⁄A164Sheterozygotes

Hazard ⁄oddsratios (95%confidence

interval)

Controls Events %Withevents Age-adjusted Age-andsex-adjusted

IHD

CCHS 8608 ⁄16 1808 ⁄8 17 ⁄33 3.2 (1.6–6.5) 2.8 (1.4–5.7)

Case–control study 13 253 ⁄26a 2742 ⁄14 17 ⁄35 2.7 (1.4–5.2) 2.9 (1.5–5.6)

MI

CCHS 9547 ⁄17 869 ⁄7 8 ⁄29 5.5 (2.6–11.7) 4.6 (2.2–9.8)

Case–control study 13 253 ⁄26a 1459 ⁄8 10 ⁄24 2.9 (1.3–6.5) 3.2 (1.4–7.2)

Totalmortality

CCHS 7363 ⁄15 3053 ⁄9 29 ⁄38 2.5 (1.3–4.8) 2.1 (1.1–4.0)

aControlswithcardiovasculareventswereexcluded.
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demonstrated in both humans and mice in this
study, we can rule out plasma levels of HDL choles-
terol and other lipids and lipoproteins as causal fac-
tors for IHD in A164S heterozygotes. Furthermore,
the increased risk of IHDdespite normalHDL choles-
terol levels could not be explained by a reduction in
proposed cardioprotective LpA-I (apoA-I containing
only high-density lipoprotein particles) particleswith
a simultaneous increase in LpA-I:A-II (apoA-I and
apoA-II containing high-density lipoprotein parti-
cles)-containing particles such that HDL cholesterol
levels remained normal, because neither LpA-I nor
the ratio of LpA-I ⁄ total plasma apoA-I differed be-
tweenA164Sheterozygotesandnoncarriers (Fig.S2).

The reduced concentration of themutant S164prod-
uct relative to the WT A164 apoA-I in heterozygous
carriers despite normal HDL cholesterol and apoA-I
levels suggests that A164S is a less severe mutation.
Othermore severe apoA-Imutants, whichwere asso-
ciated with more pronounced reductions in levels of

mutant relative to WT apoA-I (e.g. R165P, R143P,
R173C or R151C as well as several amyloidogenic
apoA-I mutants), were also associated with low HDL
cholesterol levels [6]. The relative decrease inmutant
S164 product probably results from the enhanced
catabolism of this protein. As most of the apoA-I re-
sides on particles with several apoA-I molecules, the
enhanced catabolism of the mutant apoA-I might
even induceenhancedcatabolismof thenormalallele
product as well. Thus, if the HDL cholesterol level is
normal, this might be explained by counteracting ef-
fects of other mechanisms that either increase HDL
production or decrease HDL catabolism. This raises
the question ofwhether themutantAPOA1 allele is in
linkage disequilibrium with another gene defect that
affects HDL production. APOA1 A164S was not in
linkagedisequilibriumwithotherpreviouslyreported
genetic variants inAPOA1 identified by resequencing
and known to be associated with increased apoA-I
levels [8]. However, we cannot exclude linkage dis-
equilibrium with genetic variation in other nearby
genes.

Other explanations for the increased risk of IHD, MI
and total mortality associated with A164S without
low HDL cholesterol could be as follows: (i) obstruc-
tive intramural coronary vascular amyloidosis
presenting as symptomatic IHD, i.e. small-vessel
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in APOA1 A164S heterozygotes and noncarriers in the
Copenhagen City Heart Study. 
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Fig. 5 Survival and median survival time after diagnosis
of ischaemic heart disease (IHD) in APOA1 A164S hetero-
zygotes (red) and noncarriers (green) in the Copenhagen
City Heart Study. (a) Proportion surviving after diagnosis of
IHD as a function of time after diagnosis. P-value by log-
rank test. Dashed lines indicate median survival time after
diagnosis of IHD. *P = 0.04. (b) Median survival time after
diagnosis of IHD in APOA1 A164S heterozygotes compared
with noncarriers.
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Fig. 6 Ratio of mutant to wildtype apoA-I in plasma of
A164S heterozygotes. The dashed line reflects the mean
ratio. The allele product of apoA-I S164 relative to A164 in
plasma of A164S heterozygotes was determined by mass
spectrometry. Levels were adjusted for a minor difference in
signal intensities.P-valuebyMann–WhitneyU test.

C. L. Haase et al. | APOA1, HDL cholesterol, IHD and mortality

8 ª 2011 The Association for the Publication of the Journal of Internal Medicine Journal of Internal Medicine



disease, as previously described in patients with
primary amyloidosis [12–17]; (ii) atherosclerosis
accelerated by amyloidosis; (iii) dysfunctional HDL
particles caused by the loss of proposed anti-inflam-
matory and antioxidative properties of HDL [18, 19];
or (iv)otherasyetunknowncauses.

Structural mutations in APOA1 might cause heredi-
tary amyloidosis, a late-onset autosomal dominant
disease that primarily affects the kidneys, liver,
heart, vocal folds, arteries and ⁄or nerves [6, 20, 21].
Amyloidosis of the heart might manifest as severe
restrictive cardiomyopathy owing tomassive amyloid
infiltration of the organ, but might also manifest as
IHD owing to obstructive vascular amyloidosis of the
smaller intramural arteries [12, 13, 22]. Diagnosis
of amyloidosis in such cases is extremely difficult
unless an endomyocardial biopsy is performed, or
involvement of other organs suggests the diagnosis
[22]. Aspiration of subcutaneous abdominal fat tis-
sue in A164S heterozygotes did not reveal deposition
of amyloid.However, this does not preclude intramu-
ral coronary vascular amyloidosis, because high
sensitivity of this method has only been shown for
very severe systemic amyloidosis [11] and therefore
is not necessarily representative of more modest
amyloid deposition in intramural arteries of the
heart.

Alternatively, APOA1 A164S might accelerate the
developmentof atherosclerosis owing todepositionof
amyloid in pre-existing atherosclerotic plaques, or
deposition of amyloid in the intima might accelerate
plaque formation [23,24].

A further possibility could be that APOA1 A164S is
associated with dysfunctional HDL particles caused
by the loss of proposed anti-inflammatory and
antioxidative properties of HDL. Recent data suggest
that HDL might possess anti-inflammatory and an-
tioxidative properties, which might be cardioprotec-
tive [19]. Shotgun proteomics has supported this by
showing complement systemproteins and antiprote-
olyticproteins in theHDLcargo [25].

Finally, APOA1 V11X and L144R have been reported
previously in, respectively, an Italian and a Spanish
family with low HDL cholesterol and apoA-I levels,
butwithout apparent increased risk of IHD inhetero-
zygotes for either mutation [26, 27]. We have estab-
lished that both mutations are rare and that the
abnormal lipoprotein phenotype associated with
APOA1 L144R could be explained by reduced activa-
tionofLCAT.

In conclusion, this is the first report of a mutation in
APOA1, A164S, which predicts an increased risk of
IHD,MI and total mortality in the general population
independentofHDLcholesterol levels.
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