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Abstract

The first step in removing cholesterol from a cell is the ATP-binding cassette transporter 1
(ABCAL)-driven transfer of cholesterol to lipid-free or lipid-poor apolipoprotein A-1 (apoA-1),
which yields cholesterol-rich nascent high-density lipoprotein (nHDL) that then matures in plasma
to spherical, cholesteryl ester-rich HDL. However, lipid-free apoA-I has a three-dimensional (3D)
conformation that is significantly different from that of lipidated apoA-1 on nHDL. By comparing
the lipid-free apoA-I 3D conformation of apoA-I to that of 9—14 nm diameter nHDL, we
formulated the hypothetical helical domain transitions that might drive particle formation. To test
the hypothesis, ten apoA-I mutants were prepared that contained two strategically placed cysteines
several of which could form intramolecular disulfide bonds and others that could not form these
bonds. Mass spectrometry was used to identify amino acid sequence and intramolecular disulfide
bond formation. Recombinant HDL (rHDL) formation was assessed with this group of apoA-I
mutants. ABCAL1-driven nHDL formation was measured in four mutants and wild-type apoA-I.
The mutants contained cysteine substitutions in one of three regions: the N-terminus, amino acids
34 and 55 (E34C to S55C), central domain amino acids 104 and 162 (F104C to H162C), and the
C-terminus, amino acids 200 and 233 (L200C to L233C). Mutants were studied in the locked
form, with an intramolecular disulfide bond present, or unlocked form, with the cysteine thiol
blocked by alkylation. Only small amounts of rHDL or nHDL were formed upon locking the
central domain. We conclude that both the N- and C-terminal ends assist in the initial steps in lipid
acquisition, but that opening of the central domain was essential for particle formation.
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Plasma HDL levels negatively correlate with coronary heart disease (CHD) risk,! and
therefore, HDL cholesterol concentration was identified several years ago as an ideal target
for lowering the incidence of atherosclerosis.2~4 HDL is an integral part of the reverse
cholesterol transport pathway and thus plays a pivotal role in transporting excess cholesterol
from peripheral tissues to the liver for excretion, thereby promoting cholesterol
homeostasis.>® However, the atheroprotective properties of HDL may not be directly related
to its concentration in plasma,’10 as recent reports have demonstrated that HDL-related
CHD risk reduction in humans more strongly correlated with the efficiency of cholesterol
efflux to LDL-depleted plasma, a correlation that was only partially dependent on plasma
HDL cholesterol concentration.1113 Efflux of cholesterol to HDL relies on the interaction
of lipid-free or lipid-poor apolipoprotein A-1 (apoA-1) with ATP-binding cassette transporter
1 (ABCAL), which generates nHDL14-16 that is subsequently converted to mature HDL
through the actions of lecithin-cholesterol acyltransferase (LCAT), lipases, and lipid transfer
proteins. An essential aspect of understanding the process through which cholesterol is
transferred by ABCAL is delineating the molecular events taking place with lipid-free apoA-
| that facilitate lipidation.

ApoA-I is a 28 kDa protein composed of 243 amino acids. A unique structural property of
apoA-1 is that the region defined by amino acids 44-243 is composed of 10 amphipathic
helices, including two 11-mer and eight 22-mer segments. ApoA-I has six class A
amphipathic helices, four class Y amphipathic helices, and one class G* amphipathic
helix.17-19 Basically, an amphipathic helix has one hydrophobic face and a second charged
face. The hydrophobic face of apoA-I interacts with the hydrophobic portion of
glycerophospholipids at the surface of HDL, while the charged face interacts with solvent
and the polar residues of the glycerophospholipids.

Biophysical studies have led to a solution structure of apoA-I consisting of an internal helix
bundle, helices 2-8, with the N-and C-terminal ends in the proximity of one another.20-26
Structural studies of lipid-free apoA-I in solution have generally confirmed the proposed
structure.2’-31 Efforts to obtain a crystal structure of full-length lipid-free apoA-1 have
proven to be challenging. Crystal structures of truncation mutations of apoA-1, A1-43 and
A185-243, N- and C-terminal deletion mutations,32:33 respectively, have revealed that the
central region prefers to crystallize in a saddle or semicircular conformation, reminiscent of
the conformations deduced for apoA-I on discoidal rHDL .34-37

If the solution structure of lipid-free apoA-1 is compact and highly associated, how does it
form HDLs? The basic question is illustrated in Figure 1A, showing compact, lipid-free
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apoA-I and the first product of lipidation, which has the apoA-I belting phospholipid. On
one hand, cholate dialysis in the presence of palmitoyl-2-oleoyl-sr-glycero-3-
phosphocholine (POPC) yields rHDL, 9.6 diameter lipid discs carrying ~120 POPC
molecules where two antiparallel apoA-I molecules act like a belt around the periphery with
the 5,5” amphipathic helices of the two apoA-Is adjacent to one another,34-36:38.39 the
LL5/5 rotomer orientation.4C In the presence of ABCAL, in this case human embryonic
kidney 293 (HEK) cells expressing human ABCAL, the predominant nHDL was spherical,
had a diameter of 9-14 nm, and carried 109 cholesterol molecules with 130 molecules of
phospholipid and three antiparallel molecules of apoA-1 that seem to have maintained their
55" helix association.18

To discuss the opening of lipid-free apoA-I, the molecule was divided into three regions:
amino acids 1-65 (N-terminus), amino acids 190-243 (C-terminus), and residues 66—189
(internal). The N-terminal region contains amino acids 1-43 and helix 1, the C-terminal
region helices 8-10, while the internal region helices 2-7. Figure 1B shows unique features
of lipidated apoA-I generated by cholate dialysis (top panel) and ABCA1-catalyzed
lipidation (bottom panel).

The three regions of lipid-free apoA-1 are reported to have somewhat different roles in
promoting lipidation. Only modest reductions in the level of lipid association and rHDL
formation were reported when the N-terminal region, amino acids 1-65 of apoA-I, was
deleted, 234144 although, when studied in isolation, helices 1 and 10 showed the greatest
lipid binding affinities.3 Various combinations of deletions of amino acids 190-243 at the
C-terminus suggested that this end contributed significantly to lipid binding, rHDL
formation, and lipid clearance.*4-46 Double-deletion mutants of the N- and C-termini of
apoA-I almost completely abolished lipid binding and rHDL formation.#4 In contrast, for
cAMP-dependent, ABCAL1-mediated cholesterol efflux, the central domain of apoA-I,
helices 2—7, was comparable to N-terminal deletions showing an only slightly reduced level
of lipidation and HDL particle formation compared to that of wild-type apoA-1.47-49

Several mechanisms have been proposed to account for the composition and conformation of
apoA-I during lipidation and formation of nHDL.5%-59 With regard to the changes in apoA-I
conformation, the Phillips group has proposed that the initial step of a two-step process of
nHDL formation involves the C-terminal domain of apoA-I, specifically residues 190-243,
with the region of residues 223—243 being essential for HDL formation.53:60 |n contrast,
Gursky et al. suggested that nHDL forms through the adsorption of lipid-free apoA-I to the
plasma membrane followed by “domain swapping” in the helix 5 region promoting
dimerization of apoA-1 molecules and, finally, the insertion of helices 8-10 assisted by
ABCAL1.52 The opening of the helix bundle located in the central domain is proposed to
follow the initial interactions of first C-terminal and then N-terminal regions with lipid.19.23

Because apoA-I structural reorganization is essential for accepting lipid, this study was
designed to delineate how restricting different regions effected the acquisition of lipid by
apoA-I. Our published model of human lipid-free apoA-1 was used as a template.2” Most
models for lipid-free apoA-I are compact; each region has several folds that must open to
accommodate lipid, giving the structures shown in Figure 1B. We engineered 10 apoA-I
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mutants having two cysteines that can potentially “lock” regions together through disulfide
bonds when the spatial separation of the sulfhydryl groups is 0.3-0.5 nm. Mutations span the
N- and C-termini as well as the central domain of apoA-1. Mutant apoA-1s E34C/S55C,
L200C/L233C, and F104C/H162C apoA-1 were the most thoroughly studied. Formation of
rHDL and nHDL was measured for mutant proteins in both the “locked” and “unlocked”
states.

MATERIALS AND METHODS

Materials

Human apoA-I variants were expressed using the IMPACT protein expression system,
including Escherichia coli strain ER2566, plasmid vector pTYB11, and chitin beads
purchased from New England Biolabs. International DNA Technologies synthesized
polymerase chain reaction (PCR) primers. DNase | was from Worthington Biochemical.
Custom DNA Constructs prepared mutant apoA-I cDNA constructs. 1-Palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC) was from Avanti Polar Lipids Inc. Solvents used in
mass spectrometry (MS) and liquid chromatography and mass spectrometry (LC-MS) were
“B&J GC2” grade from Burdick and Jackson. All other solvents and routine reagents were
of the highest commercial grade available.

Cloning, Expression, and Purification of ApoA-I|

The coding sequence for wild-type and mutant apoA-I was cloned from the CMV5 vector by
Custom DNA Constructs and amplified by PCR as described and inserted into the pTYB11
vector. Expression and purification of the double-cysteine-containing apoA-1 mutants from
inclusion bodies were conducted as previously described.61-63 Mutant apoA-Is released
from a chitin affinity column with dithiothreitol (DTT) are monomeric and essentially pure
as determined by sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS—-PAGE).
Protein purities and molecular weights were determined by mass spectrometry of the intact
proteins and are listed in Table 1. The position of cysteine substitution for each mutant was
confirmed by mass spectrometry after the addition of 500 mM 1,4-dithiothreitol, treatment
with 1 M iodoacetamide to alkylate the cysteine residues, exhaustive dialysis against 10 mM
ammonium bicarbonate, and in-gel trypsin digestion as previously reported.2” These
constructs have an alanine added at the N-terminal end so that the average mass of the
expressed, wild-type apoA-1I is 28150 Da. Human plasma apoA-I has an average mass of
28079 Da.

Formation of Intramolecular Disulfide Bonds

Intramolecular disulfide bond formation between specific residues within apoA-I was
promoted under optimized conditions as previously described.2” Briefly, double-cysteine-
containing apoA-I mutants were denatured with 6 M guanidine hydrochloride in the
presence of 500 mM dithiothreitol and then diluted to 0.02 pg/4l. The proteins were
extensively dialyzed against 10 mM ammonium bicarbonate. Mass spectrometry of intact
mutant apoA-Is was used to verify that a preparation contained monomeric protein.
Disulfide coupling was verified by in-gel trypsin digestion of the refolded protein followed
by mass spectrometry. The m/zvalues of disulfide-linked peptides are included in Table 1.
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rHDL Particle Preparation and Purification

Reconstituted HDL particles were prepared by adding 1 mol of apoA-1 to 80 mol of POPC
as previously described.34 Briefly, POPC dissolved in chloroform was first dried in a stream
of nitrogen on the side of a glass tube. The last traces of solvent were removed under
vacuum for 18 h. POPC was added to a solution containing sodium deoxycholate at a
deoxycholate:-POPC molar ratio of 2:1 by incubation at 37 °C with intermittent shaking for
1 h and then vigorously shaken on a standard multitube vortexer (VWR Scientific) for 1 h at
room temperature. The crude rHDL was purified by application to two Superdex 200 HR
10/30 columns linked in tandem and eluted at 0.5 mL/min as previously described.1.64 The
purified rHDL was then analyzed on 4 to 30% nondenaturing gels (CBS Scientific) to assess
yield and particle size.34:36

Cell Culture and Purification of Nascent HDL

HEK?293 cells expressing ABCAL were a generous gift from M. Hayden (University of
British Columbia, Vancouver, BC) and supplied by J. Parks. HEK293 Flp-In cells from
Invitrogen that do not express ABCA1 were used for controls.16 All cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) containing 4.5 g/L glucose, 50 pg/mL
hygromycin, 100 pg/mL streptomycin, 100 units/mL penicillin, 2 mM L-glutamine, and
10% fetal bovine serum (FBS). Cells were maintained at 37 °C in an atmosphere of 5%
COo. Cells were plated on 100 mm dishes, incubated until the cells reached ~90-100%
confluence, then washed twice with 1 mL of balance salt solution, and incubated for 2 h
with serum-free DMEM. Cells were then incubated for 24-48 h with 10 wg/mL lipid-free
WT or cysteine containing mutant apoA-I with a [1251]JapoA-I tracer in serum-free DMEM
and harvested for analysis as described previously.16

Recombinant HDL Composition

Lipids were extracted from rHDL FPLC fractions 59-71 according to the method of Bligh
and Dyer.16:65 For lipid phosphorus analysis,16:66 extracts were evaporated with a stream of
nitrogen and redissolved in 1 mL of chloroform and methanol (1:1), and the solutions were
transferred to screw-cap glass tubes. All traces of chloroform were removed under a
vacuum; 150 gL of perchloric acid was added, and the mixture was incubated at 180 °C.
After 18 h, the samples were cooled and treated with 900 z1_ of distilled water, 176 sl of
2.6% aqueous NapMoOy, and 176 g of aqueous ascorbic acid. After being incubated at

50 °C for 15 min, the samples were cooled, and the level of lipid phosphorus was
determined from the absorbance at 820 nm. The protein content of rHDL was measured by
the method of Lowry et al.7 using bovine serum albumin as the standard.

SDS—PAGE and In-Gel Trypsin Digest

The center cut fractions of rHDL from the Superdex FPLC system were separated via 12%
SDS-PAGE and visualized using SimplyBlue SafeStain. The protein band was cut from the
gel and used for in-gel digestion followed by peptide analysis using MS/MS techniques.
Tryptic digestion of apoA-1 was performed as described previously.16:34:35.68 Briefly, protein
bands from monomeric apoA-1 were excised from the gel, minced, and repeatedly
dehydrated with acetonitrile. Next gel pieces were rehydrated with a cold, freshly prepared
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solution containing 20 ng/uL trypsin, 0.1% (w/v) RapiGest SF, and 1 mM CacCl, dissolved
in 10 MM ammonium bicarbonate (pH 7.8). The final trypsin:apoA-I mass ratio was 1:20.
After mixing, digests sat on ice for 10 min and were then incubated for 18 h at 37 °C.

Q-TOF Mass Spectrometry

Extraction of tryptic peptides was accomplished as described previously.16:34.35.68 Briefly,
the digestion solution was removed, and then 200 wL of an acetonitrile/water/formic acid
mixture [50:45:5 (v/v/v)] was added to cover gel pieces. After sitting for 10 min, the solvent
was transferred to a fresh tube. The extraction was repeated, and the combined aliquots were
acidified to an HCl:apoA-I ratio of 1:10 (v/v) using 500 mM HCI. After the acidified
solution had been incubated for 35 min at 37 °C, the sample was centrifuged for 10 min at
13000 rpm. The supernatant was transferred to a fresh tube before mass spectrometry.
Survey scans were performed on each peptide mixture using a Waters Q-TOF API-US mass
spectrometer equipped with a Waters CapLC and Advion Nanomate source. Acquisition was
controlled by Mass-Lynx version 4.0. Peptides were loaded onto a PLRP-S trapping column
before elution onto the analytical PLRP-S column as previously described.2” Initially,
peptides of interest were identified using a tolerance of +0.05 /m/zand their identities
confirmed by mass spectrometric sequence analysis.

Analysis of intact peptides was accomplished using direct infusion through the Nanomate
source into the Waters Q-TOF API-US mass spectrometer. Approximately 10 (g of apoA-I
in 100 £ of 10 mM ammonium bicarbonate buffer was diluted with 100 gL of acetonitrile.
Approximately 2 gL of the protein solution was slowly infused into the mass spectrometer.
The electrospray spectrum was deconvoluted using Mass-Lynx version 4.0, giving the
uncharged mass of the protein.

RESULTS

Selection, Expression, and Isolation of Cysteine-Containing ApoA-| Variants

Two cysteines will form a disulfide bond, a process called locking, if they are 3-5 A apart
and no steric hindrance is present to impede bond formation. To study lipidation and the role
of helix opening, two cysteines were added to apoA-1 using standard techniques®1-63 to
create mutant proteins that could undergo intramolecular locking, which prevents regions
from moving apart. Several double-cysteine-containing mutants were prepared that, based on
our model, would not form intramolecular disulfide bonds. Table 1 lists 10 mutant apoA-I
proteins prepared for these studies along with predicted and observed intramolecular
disulfide bond formation. ApoA-I mutant protein purity was assessed by SDS-PAGE and
MS analysis. To achieve lipid-free, refolded, locked protein samples, mutant apoA-Is were
dissolved in 6 M guanidine hydrochloride, reduced with DTT, diluted to <0.02 g/l and
then dialyzed against ammonium bicarbonate to allow the intramolecular disulfide bonds to
predominate. This procedure is similar to that reported by Lu et al.%? Refolding at a low
protein concentration encouraged intramolecular disulfide bond formation over
intermolecular disulfide cross-linking. Direct infusion mass spectrometry of each refolded
mutant protein was run to verify if the protein was indeed monomeric, because mass
spectrometry is much more precise than SDS-PAGE.3% An additional mass spectrometric
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analysis was used to confirm that we had only intramolecular bonds in our recombinant
HDL complexes. For each mutant protein containing rHDL, we performed trypsin digestion
and then subjected the digests to LC-MS/MS analysis as was done in our chemical cross-
linking studies.2”:35 A peptide with a mass corresponding to that of the intended
intramolecular disulfide bond formation was sequenced by MS/MS to confirm that it was the
correct sequence. The samples were searched for potential intermolecular disulfide bonds to
ensure that there was no intermolecular disulfide bond formation.

Contribution of ApoA-I Domains to Recombinant HDL Particle Assembly and Composition

Lipidation of lipid-free cysteine-containing apoA-1 was investigated by incubating them with
POPC at an 80:1 molar ratio to form rHDL. Two different preparations were used, one in
which cysteines were allowed to form an intramolecular disulfide bond and a second in
which the cysteine thiols were alkylated with iodoacetamide. S-Alkylated forms of each
mutant are monomeric, should readily form rHDL, and were used as controls. Figure 2
shows a representative group of rHDL particles separated on a 4 to 30% nondenaturing gel
and stained with Coomassie Blue. Table 1 lists rHDL particle compositions and diameters
for the rHDL particles. All alkylated, double-cysteine-containing apoA-1 mutants formed
rHDL particles having diameters between 9.6 and 9.8 nm, like wild-type apoA-I, and on
average gave rHDL that carried slightly more lipid than wild-type apoA-I (Table 1), the two
exceptions being D13C/V67C and F104C/M148C. Three double-cysteine-containing
mutants with cysteines located toward the ends of the molecule, E34C/S55C, L200C/L233C,
and D13C/V67C, formed rHDL particles having diameters of 9.6-9.8 nm. The first two were
locked before lipidation, while D13C/V67C was locked during the process of lipidation.
E34C/S55C and L200C/L233C acquired fewer POPC molecules than the alkylated forms
did, but D13C/V67C acquired more POPC molecules, suggesting that the valine at position
67 may be important for synthetic lipidation of apoA-1. In contrast, the three locked, double-
cysteine-containing mutants, F104C/R160C, F104C/H162C, and D157C/L178C, which
prevent the central helical regions 4-6 from opening to accept lipid, did not form discrete
rHDL particles and are denoted NPF in Table 1. Lipid extracts from VV53C/R123C, F104C/
R160C, and D157C/L178C did not have sufficient lipid phosphorus signal over background
to report and are marked with footnote b. The lipid composition of F104C/H162C apoA-I
reported in Tables 1 and 2 was generously sampled from those FPLC fractions around and
including 9.6-9.8 nm diameter particles.

ApoA-I Domains That Contribute to Nascent HDL Particle Assembly, Size, and
Composition

Four 12]-labeled, double-cysteine-containing apoA-I mutants, E34C/S55C, D13C/V67C,
F104C/H162C, and L200C/L233C, were each incubated with ABCA1-expressing HEK293
cells in serum-free medium for 24 h. nHDL particles were separated by FPLC, and the
results are plotted in Figure 3 as total [12°1]apoA-I radioactivity versus elution fraction.
Wild-type apoA-1 formed three different nHDLs with the largest particles, which carry the
most cholesterol, having diameters of 9-14 nm,16:70 called peak 1. Alkylation of N- and C-
terminal mutants E34C/S55C and L200C/L233C, which without alkylation spontaneously
lock to form disulfide bonds, gave ~22% less peak 1 nHDL upon incubation with HEK293
cells expressing ABCAL compared to wild-type apoA-I (Table 2). The level of peak 1
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formation for the alkylated, internal mutant, F104C/H162C, was reduced 43%. Upon
locking, there was an average 45% reduction in the level of peak 1 formation from N- and C-
terminal mutants compared to the corresponding alkylated mutants, but a 77% reduction for
the F104C/H162C locked mutant.

Conformation of ApoA-I on Recombinant HDL Particles

We measured the intramolecular disulfide bond prior to and after rHDL particle formation in
a subset of mutant apoA-Is. Table 3 shows that mutant apoA-1Is E34C/S55C, F104C/H162C,
and L200C/L233C carried the correct disulfide cross-link before and after rHDL formation.
Alkylated double-cysteine-containing mutants did not have detectable disulfide cross-links.
However, D13C/V67C apoA-I was unique in that it did not form an intramolecular disulfide
bond in the lipid-free state, but an intramolecular disulfide bond did form upon lipidation.
The tryptic fragment of residues T3-T9 (790.14%*, m/ Z£har%e*) 'which corresponds to the
fragment containing the disulfide bridge in D13C/V67C apoA-I, was absent in the lipid-free
state, indicating the N-terminus through helix 1, specifically residues 13 and 67, is not
within 3-5 A in the absence of lipid. Our model of lipidated apoA-1 was adjusted to account
for this difference.

DISCUSSION
Choice of Model

To assess the contributions of the various amphipathic helices to lipid binding, we used our
recently published structure of human lipid-free apoA-1 as a model to engineer double-
cysteine-containing apoA-1.27 This model is similar to several other published models.28:30
To identify the conformation of lipid-free apoA-1, the Pollard study?” used mixtures of gp-
BS3 and a,-BS3 to cross-link lysines. Chemically cross-linked peptides were identified by
MS and verified by MS/MS sequencing. Using the cross-linking restraints, several models of
lipid-free apoA-I were examined to determine if the BS® cross-links were consistent with the
model. The structure of Silva et al.28 generally fit the cross-link results generated in our
laboratory and so was used as the template and then modified as required to more accurately
reflect BS3 cross-linking results. Conformations for semicircular, truncated apoA-ls deduced
from X-ray analysis by Bohani et al.32 and by Mei and Atkinson33 did not fit the biophysical
studies that suggested lipid-free apoA-1 was a compact protein, and neither of these models
fit the chemical cross-linking results for lipid-free apoA-I. The unique feature of the two X-
ray structures is that the folding of the N- and C-terminal regions appears to be present in the
lipidated disc and in the lipid-free apoA-I1, both of which were apparent from the cross-
linking studies of Bhat et al.34:35 and Pollard et al.2” Two models that appeared after we
started this work were those of Lagerstedt et al.” and Segrest et al.30 The first did not fit our
chemical cross-linking results; however, the second is similar to that of Pollard et al.2’

The structure of Pollard et al.2” was used to identify which regions of the backbone needed
to move apart to accept lipid. For each region, using visual inspection, several sites in which
a cross-link would prevent the protein backbone from moving apart were chosen. Amino
acids were considered for mutation if they faced one another on the backbone in the
appropriate regions. A series of in silico replacements of cysteine for these amino acids were
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made, and if the substituted thiol moieties were separated by 0.5-0.7 nm, these sites were
chosen for substitution. Other proposed non-cross-linking substitutions were prepared by
choosing two amino acids that did not face one another on the opposing regions of the
backbone (e.g., they were on opposite faces of the backbone) or by choosing two sites that
were on the same face of the backbone, but separated by several nanometers. It was
gratifying that the Pollard model correctly predicted whether double-cysteine-containing
mutants would form intramolecular disulfide bonds.

A priori, it cannot be inferred that a structure derived from chemical cross-linking has no
predictive power. Each cross-link is a high-resolution site with well-defined distance
constraints. The regions between these points may have lower resolution, but steric
constraints often force intervening amino acids to follow certain rules that lead to accurate
predictions at a lower level of confidence. A number of studies have compared structural
information derived from chemical cross-linking in solution with a protein structure derived
by X-ray crystallography. The mean separation found for chemical cross-linking is a bit
larger than that from X-ray analysis, but observed cross-links were consistent with the
published X-ray results.”2=7 The use of cross-linking in structural studies has been the
subject of several papers.89-82 Nuclear magnetic resonance (NMR) is also used to ascertain
solution structures for smaller proteins; however, in many cases, loop regions and the C- and
N-terminal regions seem to be more flexible as was reported for truncated mouse apoA-1.2°
A recent comparison of NMR and X-ray crystal structures pointed out where the two
techniques provide similar results and where they differ.83 It may be argued that structural
methods applied to proteins in solution are more affected by intramolecular motions.

ApoA-I Opening and rHDL Formation

The use of cysteine substitutions to monitor apolipoprotein helical lipid binding activity was
first reported by Narayanaswami et al. to assess the conformational opening of
apolipophorin 111 (apoLp-111), an exchangeable amphipathic protein from the Sphinx moth.84
Results of this study provided a mechanism for the opening of hinge domains as
phospholipids are acquired by apoLp-I1l. The conformational reorganization of the N-
terminal four-helix bundle within apoE was also examined using this approach,® as was the
helix registry of apoA-1 on lipid discs.*0

Ten apoA-I mutants each having two cysteine residues were employed to study rHDL
formation. The mutations covered the principal domains of apoA-I (Table 1). The first step
in the analysis was to determine if double-cysteine-containing apoA-1 mutants would form
rHDL with POPC using the cholate dialysis method when the thiol moiety of cysteine was
alkylated, preventing disulfide formation. All alkylated double-cysteine-containing apoA-I
mutants formed 9.6-9.8 nm diameter rHDL with compositions that were similar to that
obtained with wild-type apoA-I, showing that alkylation had little effect on the product
distribution generated by cholate dialysis. Locked double-cysteine-containing apoA-I
mutants had very different outcomes upon cholate dialysis (Figure 2 and Table 1).
Preventing the opening of the C-terminal domain, L200C and L233C, helices 8-10, gave
particles that were similar to wild-type apoA-I in size and composition. Locking the N-
terminal region of apoA-I, E34C/S55C, N-terminus to helix 1, reduced the extent of lipid
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accumulation by ~20% compared to that of wild-type rHDL, but the rHDL particles were
the same size. However, when the central domain was locked, none of these double-cysteine-
containing mutants, including F104C/H162C, which connects helices 4-6, yielded discrete
particles (Figure 2 and Table 1). The locked F104C/H162C mutant showed a smear in Figure
2, not a discrete particle, but extraction of FPLC fractions used for NDGGE yielded protein
and lipid. The locked, double-cysteine-containing apoA-Is were subject to rigorous analysis
by tandem mass spectroscopy before being used in these experiments. Therefore, it is
unlikely that more than trace amounts of unlocked protein were in the preparation. We
speculate that the disulfide-locked mutant protein can still bind small amounts of lipid, a
process that yields a continuum of mutant apoA-1/lipid particles/aggregates.

These results suggest that the unfolding of N-terminal amino acids 1-43 through helix 1 or
C-terminal helices 8-10 does not play a critical role in the synthesis of POPC-containing
rHDL particles. Previous studies of lipidated rHDL particles34:3537 suggested that both ends
are folded back, and therefore, consistent with those reports, these new results suggest that
the N- and C-terminal regions do not need to become mobile for lipidation to proceed.

Previous studies employing N-terminally truncated apoA-I suggested that the N-terminal
domain of apoA-I plays a major role in the stability of the lipid-free conformation;8
however, several studies suggested that the N-terminal region, amino acids 1-65, may not
have a rate-limiting role in rHDL formation or lipid association. Brouillette et al. observed a
slight reduction in the association of POPC with A1-43 apoA-1 and A1-65 apoA-1,23 and the
reduced clearance of dimyristoyl-phosphatidylcholine liposomes by N-terminal deletion
mutants A1-41 and A1-59 are consistent with a lower lipid binding affinity.#4:86 There is
general consensus that the C-terminal domain has the highest affinity for lipid, and it has
been suggested that this region initiates the biogenesis of HDL.59-87 Studies comparing
deletion mutants A190-243, A212-233, and A213-243 to wild-type apoA-1 showed a
significant reduction in the extent of DMPC clearance and rHDL formation.#4-46 This work
indicates that residues 200-233 within the C-terminal domain do not need to be free and
flexible but can work in concert to associate with lipid. However, it is evident that
reorganization of helices 4-6 is essential to the formation of discrete rHDL particles.

ApoA-I Opening and nHDL Particle Formation

On the basis of our results generating rHDL with double-cysteine-containing mutant apoA-
Is, we chose one mutant from each of the three regions of lipid-free apoA-I to incubate with
ABCAl-expressing HEK293 cells. A fourth mutant was included when it was discovered
that an intramolecular disulfide bond formed only after lipidation. The effect of replacing
specific amino acid pairs with cysteines on ABCAZ1-driven lipidation was evaluated by
incubating ABCAL-expressing HEK cells with wild-type apoA-I and four of the double-
cysteine mutant apoA-Is having the cysteine moieties blocked by carboxyamidomethylation.
Whereas the rHDL lipid content increased for alkylated N- and C-terminal mutants (Table
2), the mass of 9-14 nm diameter nHDL particles was reduced by around 20%. While the
level of rHDL formation by the alkylated, internal mutant F104C/H162C, helices 4-6, was
similar to those of the other mutants, the level of nHDL formation by carboxyamidomethyl-
modified protein was reduced by ~40% (Figure 3 and Table 2). Disulfide formation reduced
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the extent of rHDL lipidation of N- and C-terminal mutants by an average of 25% compared
to those of their carboxyamidomethyl derivatives. The same comparison for nHDL had an
average reduction of 45%. However, the mutant protein having an internal locking disulfide,
F104C/H162C, suffered an 80% reduction in its level of lipidation. Therefore, preventing
helix 4 and helix 6 from moving apart effectively stopped ABCA1-mediated lipidation.

Recombinant HDL particles from cholate dialysis are primarily discoidal, carrying two
antiparallel molecules of apoA-1; while our previous studies have shown that ABCAL1-driven
lipidation yields mostly spherical nHDL particles carrying three molecules of apoA-1,16
these observations suggest that the thermodynamic end points for the two processes are very
different. By and large, rHDL molecules from mutant apoA-I have slightly more POPC than
wild-type apoA-1 molecules do, suggesting that replacing a few amino acids with alkylated
cysteines does not interfere with POPC-apoA-1 binding. However, ABCA1-mediated efflux
of cholesterol depends on protein—protein interactions to keep apoA-1 and ABCA1
associated at the plasma membrane. Because cysteine replaced charged amino acids or
hydrophobic amino acids in these mutants, a reduced level of lipidation of the alkylated
mutants strongly suggests that alkylation disrupted interactions between apoA-I and ABCA1
and/or the apoA-1 molecules forming nHDL. Locking disulfides had a stronger effect on
lipidation than did alkylation, showing that all parts of apoA-I influenced nHDL formation;
however, opening of the internal helix bundle, helices 4-6, is absolutely essential for
ABCA1-mediated lipidation. These studies are consistent with an earlier report that showed
cAMP-dependent, ABCAL1-mediated cholesterol efflux by a dual C- and N-terminal deletion
mutation of apoA-I, having only the central domain of apoA-I helices 2-7, suffered at most a
slight reduction in its level of lipidation and particle formation compared to that of wild-type
apoA-1.47

Proposal for ApoA-1 Opening

Helical repeat 5 is roughly in the middle of the apoA-I chain. In the lipid-free form, repeat 5
is folded in the middle of what becomes the nearly linear amphipathic helix 5 in nHDL.
Models of human and mouse lipid-free apoA-I also show a break or bend in helix 5.27-30
Lipid-free apoA-I can be readily opened to the belt form of circular apoA-1 if region 5 of
lipid-free apoA-1 is first converted to an amphipathic helix (Figure 4). Sequence 4a
interprets the opening of lipid-free apoA-1 in four basic steps. In lipid-free apoA-1, 4a;,
helical repeat 5 is folded in the middle, and converting this repeat to an a-helix opens apoA-
| to 4a;j. The two arms of the N- and C-terminal regions open further, 4ajjj, and then
complete the process, giving the belt conformation reported for nHDL,16 4a;,,. This figure
shows that the lipid-free C-terminal conformation was similar to the lipidated C-terminal
conformation. When lipid-free mutant F104C/H162C, 4b;, was locked by intramolecular
disulfide bond formation, opening yielded a final conformation, 4bj;, that was significantly
different from 4a;, and was considerably less able to bind lipid. Mutant E34C/S55C, 4c;,
when locked does not permit the N-terminal end to fold back over helical repeats 1 and 2,
4c;ij, but can accommodate lipid. Mutant L200C/L233C, 4d;, has little or not effect on the
final conformation of the C-terminal region, 4d;y, or lipidation. A reduced level of formation
of rHDL and nHDL in mutant F104C/H162C was consistent with the internal intramolecular
disulfide bond causing a major disruption to lipidation.
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For these studies, we also analyzed the presence or absence of intramolecular disulfide
bonds in rHDL prepared with double-cysteine-containing apoA-1 mutants that should not
have cross-linked. Three of the four mutants did not form intramolecular disulfide bonds
upon refolding, nor did they form disulfide bonds during cholate dialysis. However, D13C/
V67C was unique in that the lipidated particles carried mutant apoA-I having an
intramolecular disulfide cross-link, suggesting that during the reorganization required for
lipidation, cysteines 13 and 67 were sufficiently close and formed an intramolecular
disulfide bond. Reexamining an earlier model for discoidal rHDL showed that the
coordinates for these positions were already relatively close to one another.16:35 A recently
published X-ray structure for C-terminally truncated apoA-I also indicated these positions
were relatively close together.33 We have revised the model for discoidal rHDL to account
for the small amount of rotation required to achieve bond formation. The updated apoA-I
conformation is labeled 4a;, in Figure 4.

Conclusions

ApoA-I is essential for atheroprotection because of its roles in lipid metabolism and
cholesterol homeostasis, and how it achieves these ends is under rigorous investigation in
several laboratories. One of the essential questions is how the conformation of lipid-free
apoA-I rearranges to accept lipid and whether some steps through which apoA-I opens to
accept lipid are more important than others. We have addressed the question by preparing a
series of double-cysteine mutants and measuring the ability of these mutants to form rHDL
by cholate dialysis and nHDL by ABCA1-promoted lipidation. Our results show that
opening of the central region was essential for the synthetic process that yields 9.6-9.8 nm
diameter discoidal rHDL. Locking either the N-terminus or C-terminus slowed, but did not
prevent, rHDL formation. Therefore, the C- and N-terminal regions participate in the process
of lipidation but are not necessarily essential for lipidation. However, nHDL formation
promoted by HEK?293 cells expressing ABCAL had a more complicated outcome.
Alkylation of the cysteines caused an overall reduction in the level of nHDL formation.
Locking the two cysteines caused a further reduction in the level of nHDL formation with
the internal locked mutant yielding the least nHDL, consistent with what was found for
rHDL formation. These studies indicated that the various steric and bonding interactions that
associate apoA-1 and ABCA1 were exquisitely sensitive to minor modifications of apoA-I
amino acids.
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POPC

ABCA1
HEK?293 cells

Figure 1.
“Question”: What are the important factors for a compact, folded lipid-free apoA-1 molecule

to open up and accept lipid? Panel A shows apoA-I in the compact, in-solution conformation
(left) and the conformation that it assumes with lipid (right) in rHDL. Panel B illustrates the
unique features of lipidated apoA-I generated by cholate dialysis (top) and ABCA1-
catalyzed lipidation (bottom). The top panel shows two antiparallel strands of apoA-1 on a
POPC lipid disc with coincidence of the 5,5” helices. The bottom panel shows three
antiparallel strands that belt a sphere of lipids composed of glycerophospholipid,
sphingomyelin, and cholesterol with the 5,5",5” helical regions coincident.
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Figure 2.

Coomassie Blue-stained 4 to 30% NDGGE of rHDL particles formed from cholate dialysis
of (80:1 molar ratio) POPC and apoA-I. Locked indicates the presence (+) or absence (=) of
a disulfide bond. Alkylated indicates the presence (+) or absence (=) of
carbamidomethylated cysteines. The top part of the figure shows apoA-1 divided into its 10
repeats with the first amino acid in the repeat displayed. The intramolecular disulfide bonds

are indicated above with the position of the first and last cysteine.
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FPLC analysis of nascent HDL particles formed after incubating [12°1]apoA-I with ABCA1-

expressing HEK293 cells. (A) Locked and alkylated D13C/V67C apoA-I1. (B) Locked and
alkylated E34C/S55C apoA-I. (C) Locked and alkylated F104C/H162C apoA-I. (D) Locked
and alkylated L200C/L233C apoA-I. Wild-type apoA-I is shown in all plots for comparison.
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Figure 4.

H3pothetical lipid binding mechanism for ApoA-I1. Lipid-free, wild-type apoA-I, 4a;, is
compact and bundled such that the N- and C-terminal ends are folded and lie close to one
another.24 Upon initial interaction of lipid with apoA-I, helical region 5 undergoes a
transition to an extended conformation, 4a;j. The hydrophobic core of apoA-I is now
exposed, allowing central helices 4-6 to acquire lipid and form HDL particles, 4a;;; and 4a;y.
The resulting three-apoA-1 particle carries up to 115 molecules of free cholesterol. Mutant
apoA-Is are shown below wild-type apoA-l, 4a;. The circles indicate where the
intramolecular disulfide bond is located in each of the mutants: F104C/H162C, 4b;, E34C/
S55C, 4c;, and L200C/L233C, 4d;. Note the unusual conformation forced upon the protein
by the disulfide cross-link at F104C/H162C prevents helical regions 4-6 from opening to
associate with hydrophobic lipids.
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Comparison of the Formation Nascent HDL and Recombinant HDL#

apoA-I1 % nHDL peak 1 to wild-type peak 1 % nHDL peak 1 to total % molar rHDL POPC:ApoA-I to wild-type control
wild-type 100 32 100
alkyated

E34C/S55C 81 26 112
F104C/H162C 57 18 123
L200C/L233C 76 24 123
locked

E34C/S55C 40 13 69
F104C/H162C 13 4 54
L200C/L233C 46 15 104

anHDL traces from Figure 3 were used to calculate the percent of peak 1 relative to peak 1 from wild-type apoA-1. Molar ratios of rHDL
POPC:ApoA-I were determined from analysis of protein content and lipid content as described in Materials and Methods.
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Table 3

List of Unique Disulfide Mutants and Disulfide States upon Lipidation?

apoA-I disulfide tryptic fragment [(m/z)ha9e*]  [ipid-free locked lipid-bound locked
D13C/V67C  T3-T9 [(790.14)**] no yes
E34C/S55C T5-T7 [(751.34)*"] yes yes
F104C/H162C  T14-T26 [(820.05)3*] yes yes
L200C/L233C  T32-T35 [(645.44)*] yes yes

aTrypsin digest and MS analysis of mutant apoA-I proteins in the lipid-free or lipid-bound conformation yielded the set of ions listed above.
Proteins were examined for the presence of the disulfide tryptic fragment in the lipid-free state or after formation of rHDL.
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