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Abstract
To develop a detailed double belt model for discoidal HDL, we previously scored inter-helical salt
bridges between all possible registries of two stacked antiparallel amphipathic helical rings of
apolipoprotein (apo) A-I. The top score was the antiparallel apposition of helix 5 with 5 followed
closely by appositions of helix 5 with 4 and helix 5 with 6. The rationale for the current study is
that, for each of the optimal scores, a pair of identical residues can be identified in juxtaposition
directly on the contact edge between the two antiparallel helical belts of apoA-I. Further, these
residues are always in the ‘9th position’ in one of the eighteen 11-mer repeats that make up the
lipid-associating domain of apoA-I. To illustrate our terminology, 129j (LL5/5) refers to the
juxtaposition of the Ca atoms of G129 (in a ‘9th position’) in the pairwise helix 5 domains. We
reasoned that if identical residues in the double belt juxtapositions were mutated to a cysteine and
kept under reducing conditions during disc formation, we would have a precise method for
determining registration in discoidal HDL by formation of a disulfide-linked apoA-I homodimer.
Using this approach, we conclude that 129j (LL5/5) is the major rotamer orientation for double
belt HDL and propose that the small ubiquitous gap between the pairwise helix 5 portions of the
double belt in larger HDL discoidal particles is significantly dynamic to hinge off the disc edge
under certain conditions, e.g., in smaller particles or perhaps following binding of the enzyme
LCAT.
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1. Introduction
High density lipoprotein (HDL) represents a heterogeneous population of particles with
apoA-I as the major protein [1]. A detailed understanding of the atheroprotective role of
apoA-I/HDL requires knowledge of the structure and dynamics of its heterogeneous
population of particles. Whether apoA-I/HDL plays a direct role in cardiovascular disease
prevention (e.g., removal of cholesterol from clogged arteries) or an indirect one (e.g., acts
as a platform for the clustering of protective molecules, such as anti-inflammatory or
antioxidant proteins), detailed knowledge of HDL structure and dynamics is a key to
understanding HDL function. Since the conformation of apoA-I on HDL is highly plastic
[1], understanding apo-I/HDL structure and dynamics is not straight forward.

Both negative stain [2] and cryo-electron [3] microscopy of apoA-I reconstituted with
phospholipid (apoA-I/HDL) reveal discoidal particles the thickness of a phospholipid
bilayer that are similar to nascent HDL particles [4]. X-ray and neutron scattering studies
support an annular protein-bilayer disc structure for apoA-I/HDL [5, 6].

The common lipid-associating motif in apoA-I is the amphipathic α helix [7, 8]. The first
tangible experimental evidence for the conformation of apoA-I on the disc edge was
determination of a 4-Å resolution solution phase x-ray structure for residues 44-243 of lipid-
free apoA-I reported by Borhani, et al. in 1997 [9]. The structure determined for this
fragment of apoA-I was that of an almost continuous amphipathic α helical non-planar
horseshoe-shaped 4-helix bundle, a structure suggested by the authors to support the double
belt model for discoidal HDL [9]. However, its relevance to lipid-associated apoA-I was not
clear.

In the first experimental test of the belt model, Axelsen, et. al. [10] used polarized attenuated
total internal reflection Fourier-transform infrared spectroscopy (PATIR-FTIR) to
characterize the relative orientation of apoA-I and lipid components in reconstituted HDL
(apoA-I/HDL) adsorbed to supported monolayers. The authors concluded that the result
unambiguously supported the double belt model.

Theoretical considerations of the geometric and physical chemical nature of the apoA-I
double belt model resulted in our publication of an atomic resolution antiparallel double belt
amphipathic helical model for discoidal HDL [11]. In the model, apoA-I monomers formed
a curved amphipathic α helical ring with 11/3 residues per turn — termed an α11/3 helix
and since observed in other lipid-associating proteins, such as α-synuclein [12, 13] — so
that the hydrophobic surface faced inward toward the lipid disc. In particular, we examined
possible interactions between two α11/3 helical rings by docking along, and rotating around,
the axis of one ring relative to a second. A modification of the HELNET program [14],
ALIGN [15], was used to score the weighted number of salt bridges and charge appositions
for all orientations of three possible ring pair interfaces. For clarity, we defined a
terminology that denotes the helix-helix stagger and interface in terms of 22 tandem repeats;
e.g. LL5/5 refers to a position in which the left interfacial edge of helix 5 in ring-1 is
associated with the left interfacial edge of helix 5 in ring-2. Using this terminology, the three
most impressive orientations had rank order weighted salt bridge scores of LL5/5 > LL5/4 >
LL5/6 (Fig. 1A). Of interest, the LL5/5 registry is identical to the registry seen in the lipid-
free x-ray crystal structure [11].
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In 2000-2001, three laboratories published additional physical chemical studies of apoA-I/
HDL that were consistent with the belt model: i) Studies from the Davidson lab measured
quenching of tryptophan mutants of apoA-I located at different positions along individual
amphipathic helical repeats by nitroxide spin labeled phospholipid (ESR fluorescence
quenching) [16, 17]. The belt model was supported because the two Trp residues in each
helix exhibited maximal quenching at the same nitroxide group position on the lipid acyl
chains; maximal quenching should have occur at two different levels in the bilayer in the
picket fence model. ii) Studies from the Sorci-Thomas lab measured fluorescence resonance
energy transfer (FRET) between cysteine mutants of apoA-I labeled with thiol-reactive
fluorescent probes [18] to demonstrate that residue 132 in two lipid-bound apo A-I
monomers were in close proximity, consistent with a double belt conformation for apo A-I
on apoA-I/HDL. iii) Initial FRET studies from the Jonas lab excluded the head-to-head
configuration of the picket fence model [19]; a second paper excluded all forms of the picket
fence model for the conformation of apoA-I on discoidal HDL but considered the
intramolecular hairpin-belt, as opposed to the antiparallel intermolecular belt model, to be
the more likely of the two possible forms of belt [20].

FRET studies in 2002 by Sorci-Thomas, et al. [21] proposed the concept of a variable rather
than a fixed helix-helix registry. Additionally, because spherical particles showed a lowering
of acceptor to donor probe quenching when compared with starting apoA-I/HDL, they
concluded that as lipid-bound apoA-I adjusts from a discoidal to a spherical surface its
intermolecular interactions are significantly reduced. In 2003, the Davidson lab used mass
spectrometry technology combined with thiol-cleavable cross-linking chemistry (MSXL) to
derive a set of distance constraints on apoA-I/HDL particles [22]. The interhelical distance
constraints determined supported the presence of salt-bridge interactions predicted to occur
in the double belt model of apoA-I [11], but a helical hairpin model was not ruled out. Also
in 2003, the Oda lab used site-directed spin-label electron paramagnetic resonance (EPR)
spectroscopy to map apoA-I tertiary and quaternary structure of the apoA-I C terminus in
lipid-free and lipid-associated states [23]. Spectra of apoA-I in reconstituted HDL revealed a
lipid-induced transition of defined random coils and β strands into α helices. This
conformational switch was proposed to serve as a means to overcome the energy barriers of
lipid sequestration, a critical step in cholesterol efflux and HDL assembly.

The hinged-domain hypothesis was initially proposed by the Segrest lab as a general
mechanism to explain the size heterogeneity of DMPC:apoA-I discoidal complexes [24, 25].
In 2004, the Davidson lab measured ESR fluorescence quenching of tryptophan mutants of
apoA-I located at different positions along individual amphipathic helical repeats. The
relative exposure of each tryptophan probe with increasing quencher concentrations was
determined [26]; only helixes 5, 6, and 7 exhibited significant differences in terms of
exposure to lipid between large and small apoA-I/HDL particles compatible with the
hinged-domain model for the double belt. In 2006, the Oda lab used EPR spectroscopy and
FRET to show that paired apoA-I molecules around the perimeter of apoA-I/HDL align in
an extended antiparallel conformation with helix 5 of each apoA-I in juxtaposition (LL5/5
orientation); since the EPR spectra of nitroxide probes positioned at residues 134–145 did
not exhibit spin coupling, they proposed a looped belt (or hinged-domain) model for
residues 133–146 [27].

In 2005, the Davidson lab used MSXL to suggest a double belt arrangement for apoA-I on
apoA-I/HDL in an LL5/5 orientation [28]. In 2008, Davidson lab suggested [29], based upon
MSXL of discoidal and spheroidal apoA-I/HDL, that the general structural organization of
apoA-I was similar between discs and spheres; Sorci-Thomas, et al. [21] had suggested the
opposite. In the same year, the lab of Thomas and Sorci-Thomas used MSXL to suggest that
incremental changes in the interaction between the N- and C-terminal ends of apoA-I allow
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it to unfold and sequester discrete amounts of phospholipid molecules [30, 31]; the N-
terminal domain of apoA-I was proposed to loop back on itself maximizing interaction with
the C-terminal domain, a model they termed the belt buckle.

The Hazen lab in 2007 reported a molecular model of nascent discoidal HDL, determined
using hydrogen/deuterium (H/D) exchange mass spectrometry. The model suggested two
apoA-I arranged in an antiparallel double-belt structure, with residues 159-180 (helix 7-8)
forming an LCAT-associated solvent-exposed loop (hinged-domain) [32]. In 2009, using
small angle neutron scattering (SANS), they proposed a model for apoA-I/HDL particles
that is dramatically different from previous discoidal apoA-I/HDL models. In their model,
termed a double super helix, apoA-I possesses an open helical shape that twists around a
central end-capped hexagonal I phase lipid (rod-shaped micelle) [33]. We discuss pros and
cons of the model in Gu, et al. [34].

The rationale for the current study is that, for each of the optimal (minimum) points in the
salt bridge scores of the ALIGN plot (Fig. 1A), the defining residue juxtaposition (e.g., 129j
(LL5/5)) is also position 9 on the α11/3 wheel [11], i.e., the residue position in the 11-mer
repeats that lies directly in the contact edge between antiparallel belt helixes (Fig. S1).
Therefore, we reasoned that if the two residues at wheel position 9 in the following
juxtapositions, 129j (LL5/5), 140j (LL5/6), 173j (LL5/10-9 Milano) and 118j (LL5/4) (Table
1), were mutated to a Cysteine and kept under reducing conditions until after disc formation,
we would have a highly precise method for determining registration in reconstituted PL-rich
HDL by measurement of the degree of disulfide-linked apoA-I homodimer formation in
discs containing each mutant apoA-I.

2. Materials and methods
2.1. Experimental

2.1.1. Mutant expression and purification—ApoA-I cDNA in plasmid pGEMEX [35]
was used as the template for site-directed mutagenesis. Oligonucleotides with desired
mutations were designed to introduce mutations in the cDNA by the QuickChange Site-
Directed Mutagenesis System (Strategene, La Jolla, CA) according to the manufacture's
protocols. Oligonucleotides used in this study were as follows: K118C-apoA-I , the mutant
designed to cross-link the LL5/4 rotamer, 5′CTCTACCG-
CCAGTGTGTGGAGCCGCTG3′; G129C-apoA-I , the mutant designed to cross- link the
LL5/5 rotamer, 5′GAGCTCCAAGA-GTGTGCGCGCCAGAAG3′; K140C-apoA-I , the
mutant designed to cross-link the LL5/6 rotamer, 5′GAGCTGCAAGAGTGT-
CTGAGCCCACTG3′. After confirming the DNA sequence, the mutant gene product was
expressed in E. coli BL21/DE3 cells and purified as described previously [25]. Briefly, the
expression of apoA-I and mutants was monitored by Western blotting of the bacterial lysate
with anti-apoA-I antibody. The bacterial lysate containing mutant apoA-I was loaded onto a
preparative reversed-phase HPLC (C4) column and proteins were eluted and separated by a
gradient of acetonitrile with 0.1% trifluoroacetic acid. Preparative HPLC fractions
containing apoA-I (identified by immuno-dot-blots) were then subjected to purity and
identity analyses, including analytical HPLC (C18), SDS-PAGE, and mass spectrometry.
Purified proteins were lyophilized and stored at –20°C or –80°C.

2.1.2. Preparation of wild type and mutant apoA-I solutions—Lyophilized protein
was solubilized in 6 M guanidine hydrochloride. The solubilized protein solution was loaded
on a desalting column (Econo-Pac 10DG Disposable Chromatography Columns, BioRad,
Hercules, CA) and the protein was eluted by PBS buffer (0.02 M phosphate, 0.15 M NaCl,
0.01% NaN3, and 1mM EDTA, pH 7.4) or TBS buffer (0.15 M Tris, 0.15 M NaCl, 0.01%
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NaN3, and 1mM EDTA, pH 8.0). An extinction coefficient of 1.13 ml/(mg-cm) at 280 nm
was used for determining the concentration of apoA-I in 6 M guanidine hydrochloride [35].

2.1.3. Preparation of phospholipids—Multilamellar vesicles (MLV) of 1, 2-
dimyristoyl-sn-glycero- 3-phosphocholine (DMPC) were prepared by the procedures
described previously [25]. Briefly, dry powder of DMPC (Avanti Polar-Lipids, Alabaster,
AL) was dissolved in chloroform and dried under a stream of N2 in a pre-weighted glass
tube with periodic mixing to form a lipid film on the wall of the tube. Upon complete
removal of chloroform, PBS or TBS buffer was added to give a final DMPC concentration
of 10 mg/ml. After hydrated in the buffer for at least 4 hours, DMPC was dispersed by
vortexing until a uniform milky suspension was formed. This dispersion was used for
preparation of discoidal apoA-I:DMPC complexes.

2.1.4. Preparation and analyses of discoidal apoA-I:DMPC complexes and
cross-linking of cysteine-containing apoA-I mutants after disc formation—
MLV of DMPC was mixed with apoA-I and mutants in different molar ratios as needed in
the presence of a reducing agent, tris(2-carboxyethyl)phosphine (TCEP, final concentration
of 5 mM). To ensure that this concentration of TCEP could effectively reduce all cysteine
mutants, protein sample without and with TCEP were subjected to SDS-PAGE. The results
showed that all cysteine mutants were 100% monomeric in the presence of TCEP (Fig. S2).
The goal was to create intermolecular disulfide cross-links specific for the lipid-associated
conformation of apoA-I; because each mutation has only one cysteine mutation,
intramolecular cross-linking is not possible. The lipid-protein mixture was incubated at
room temperature (22-24°C). After an overnight incubation, to completely remove TCEP so
as to allow disulfide bond formation, the complex was dialyzed extensively against PBS
buffers overnight at 4°C with at least 8 changes of 1 L each. Then, an aliquot of the complex
was analyzed by non-denaturing gradient gel electrophoresis (NDGGE) and SDS-PAGE.
The rest of the samples were incubated further at 37°C for up to 6 hours before subjected to
NDGGE and SDS- PAGE. NDGGE was accomplished on a 4-20% gradient Tris-glycine
acrylamide gel and SDS- PAGE on a 12% or 18% acrylamide gel (Invitrogen, Carlsbad,
CA). The gels were stained with the colloidal blue staining kit (Invitrogen, Carlsbad, CA).
The Stokes diameters (Sd) and percentage of dimerization of cysteine-containing apoA-I
mutants were calculated based on density scans of the gels by LabWorks image acquisition
and analysis software (UVP Inc., Upland, CA).

2.2. Computational
2.2.1. PL-rich particles—A particle containing 160 DMPC and 2 apoA-I molecules
(160:2, R2-2) was created as described by us elsewhere [34]. This initial particle were
simulated at 310 K and 1 bar for 5 ns, and then was subjected to the following MDSA
protocol (all at 1 bar): heated from 310 K to 500 K in 20 ps, simulated at 500 K for 5 ns,
cooled gradually from 500 K to 310 K in 5 ns, and finally simulated at 310 K for 5 ns,
giving a total duration of 15 ns. For simulations at a fixed temperature, velocity
reassignments occurred every 1 ns to prevent the “flying ice cube” effect [36].

All-atom simulations were performed using NAMD [37] as described in Catte, et al. [38].
Each system was ionized and charge neutralized with NaCl to 0.15 M with the autoionize
plug-in of Visual Molecular Dynamics (VMD) [39]. The TIP3P water model was used [40].
The CHARMM 22 [41, 42] and 27 [43, 44] force fields were used for protein and lipid
molecules, respectively.
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2.2.2. Distances between G129 Ca atoms—The distances between the Cα atoms for
pairs of G129 residues were measured over the last 5 ns of the MDSA protocol, and the
fractional occurrence for each distance was plotted.

3. Results and Discussion
Fig. 1B diagrammatically illustrates the structural rationale for placement of cysteine
residues into wheel position 9 via site-directed mutagenesis. From the diagram, the mutants
G129C, K140C or K118C are capable of forming a homodimer if the double belt is in a 129j
(LL5/5), 140j (LL5/6) or 118j (LL5/4) rotamer conformation, respectively. This structural
feature of the a11/3 double belt conformation explains why the natural human mutations,
apoA-I Paris (R151C, 151j (LL5/7) Fig. S3) and Milano (R173C, 173j (LL10-9) Fig. S4),
both with cysteine mutations in wheel position 9, are able to form HDL particles containing
homodimeric apoA-I [45].

Fig. S5 shows representative NDGGE analysis of particles made with K118C-apoA-I,
G129C-apoA-I and K140C-apoA-I at a 180:2 molar ratio. The particles were subjected to
SDS gel electrophoresis to distinguish apoA-I monomers and homodimer; the results are
shown in Fig. 2A. To test if the percent of dimers is influenced by potential interchain
dimerization upon denaturation of particles by SDS, the blocking agent N-ethyl-maleimide
(NEM), was used to block all free SH groups before the particles were subjected to SDS-
PAGE. The results show no difference in the percentage of dimer formation with or without
NEM, indicating no further formation of disulfide bonds after SDS treatment during SDS-
PAGE (See Fig. S6). Therefore, NEM was not included in the SDS-PAGE buffer for further
experiments.

The bands were scanned and the percent homodimer formation calculated for each mutant as
a function of time of incubation at 37°C (Fig. 2B). The mutant K118C-apoA-I forms apoA-I
homodimer in low concentrations at t = 0 (4%) and homodimer formation increases 4-fold
after 6 hrs of incubation at 37°C (17%). In contrast, the mutants G129C-apoA-I and K140C-
apoA-I form homodimer in higher concentrations at t = 0 (22% and 41%, respectively);
however, homodimer formation increased less than 2-fold after 6 hrs of incubation at 37°C
(38% and 65%, respectively). Therefore, the kinetics of homodimer formation in K118C-
apoA-I particles is much slower than in either G129C-apoA-I or K140C-apoA-I particles,
while homodimer formation is twice as fast in K140C-apoA-I particles as in G129C-apoA-I
particles.

As noted in Fig. 2A, the migration of dimers (apparent molecular weight) differs depending
on the site of Cys substitution in the SDS-PAGE. However, all monomer bands migrate as a
single band with identical apparent molecular weight. This phenomenon has been observed
in other Cys mutants of apoA-I [31, 46], indicating that covalently linked dimer is in a more
elongated conformation when the Cys is positioned centrally within the apoA-I primary
sequence. Therefore, K118C and G129C dimers appear to be bigger (slower mobility) than
K140C dimers on the gel. The migration behavior of proteins in SDS-PAGE was thoroughly
studied by Reynolds, et al. [47]. Consistent with what we observe here, these authors
suggested that protein in SDS complexes forms double helical rods.

The three apoA-I mutants, K118C, G129C and K140C, were used to make particles under
reducing conditions that had differing DMPC:apoA-I molar ratios (160:2 versus 320:2) (Fig.
S7). These particles were then subjected to SDS gel electrophoresis to distinguish apoA-I
monomers and homodimer and the results are shown in Fig. 2C. The bands were scanned
and the percent homodimer formation calculated for all six particles as a function of time of
incubation at 37°C (Fig. 2D). The results show that the kinetics of homodimer formation
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was dependent upon the DMPC to apoA-I ratios (therefore particle size) in K140C-apoA-I
(and perhaps K118C-apoA-I) particles; there was half as much homodimer formation in
K140C-apoA-I particles containing higher DMPC:apoA-I molar ratios (320:2) as there was
in those containing lower molar ratios (160:2). For G129C-apoA-I particles the kinetics of
homodimer formation was independent of the DMPC to apoA-I ratios or particle size.

We also made particles from R173C-apoA-I mutants under reducing condition. The
resultant particles were subjected to dialysis-induced oxidation to induce interchain
homodimer formation and then were subjected to NDGGE and SDS-PAGE. Figs. 2C and D
show that R173C was unable to dimerize at either molar ratio.

Our initial expectation based upon our analyses of interhelical salt bridges and the data of
other labs was that, under the conditions of our experimental setup, 129j (LL5/5) would start
in high abundance, while 140j (LL5/6) and 118j (LL5/4) would be expected to start in low
abundance and increase slowly, if at all, with time. However, we found that LL5/5 and
LL5/6 both started with high abundance and increased with time.

Based upon our initial rationale for the studies described, it would be tempting to conclude
that the observed homodimer formation provides support for a dynamic variability in
registry for the antiparallel helical rings in the double belt conformation of apoA-I on
discoidal HDL (Figs. 3A-C), a registry that favors 140j (LL5/6) and/or 129j (LL5/5).
However, there are several very good reasons to question this possibility: i) The x-ray
crystal structure of Borhani, et al. [9] supports the 129j (LL5/5) rotamer; if alternate
conformations had been present, crystallization would not have been possible ii) The salt
bridge score in Fig. 1A makes it seem unlikely that 129j (LL5/5) could undergo a dynamic
rotation to form 140j (LL5/6) or 118j (LL5/4) in the time frame examined by Fig. 2. The
free energy barriers between rotamers—the steepness of the slope between minima in Fig.
1A—suggest that a given rotamer would be kinetically trapped. iii) Most importantly,
although FRET studies by Sorci-Thomas, et al. [21] proposed the concept of a variable
rather than a fixed helix-helix registry, more recent physical chemical studies from three
separate laboratories [22,24,26] provide solid evidence for the 129j (LL5/5) rotamer but no
evidence at all for either the 140j (LL5/6) or 118j (LL5/4) rotamers.

An alternate possibility is that formation of different juxtapositions may occur when
cysteines are inserted in different positions. Although this possibility cannot be completely
ruled out, salt bridges formed by K118-E147 and E125-K140 are what we call solvent-
accessible; based upon our MD studies and experimental and theoretical arguments [11,
48]these are much less stable than the solvent-inaccessible salt bridges, like D89-R177.
Based upon our MD simulations relating to the possible role of the helix 5 domain as an
LCAT presentation tunnel, rather than affecting rotamer distribution, a more likely effect of
removal of K140, given the dynamic role of both inter- and intrahelical salt bridges in the
stability of this tunnel would be instability of the presentation tunnel and expansion.

Our laboratory in 1984 hypothesized the existence of a hinged domain to explain the
discontinuous heterogeneity in size of discoidal HDL particles [24, 25]; we later suggested
that the hinge might be located in the pairwise helix 5 domain [32]. Recently, two
laboratories have used quenching of tryptophan mutants of apoA-I located within each of its
22 amino acid amphipathic helical repeats by nitroxide spin labeled phospholipid [26] and
EPR spectroscopy/FRET scanning mutagenesis [27] to suggest that the pairwise helix 5
domain can form a hinged domain in which the double belt loops off the edge of discoidal
HDL (see Fig. 3E).

The kinetics displayed in Fig. 2 can be explained by formation of a hinge in the region of the
pairwise helix 5 antiparallel domain. If the pairwise hinge extends the full length of helix 5,
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the C140 pairs can approach within 6 Å, close enough in particles made with the K140C-
apoA-I mutant to form disulfide bonds (Fig. 3E). Further, if the hinge extends a few residues
beyond the proline boundaries of the pairwise helix 5 antiparallel domains, then the C118
pairs can also approach closely enough in particles made with the K118C-apoA-I mutant to
form disulfide bonds (Fig. 3F).

In the studies reported here, the smallest particle formed and subjected to cross-linking
under oxidative conditions was R2-2 (180-160:2). Disulfide bond formation in the G129C
particles was not affected by particle size but, for the R140C particles (and perhaps the
R118C particles), percent cross-linking was decreased in larger 320:2 compared to smaller
R2-2 particles; DMPC at a 320:2 molar ratio forms predominantly larger R2-3 and R2-4
particles [34].

The Davidson lab reported that the hinged domain was present in the smaller R2-0 particles
but was not present in larger R2-2 ones [26, 28]. The EPR spectroscopy/FRET studies by the
Oda lab [27] were performed only on R2-2 particles; although they speculated that the hinge
domain contributes to the folding of apoA-I around smaller R2-0 particles, they did not
examine smaller sized particles.

If one assumes that the cysteine mutations have no effects on the energetics of transition
from a pairwise antiparallel helix 5 double belt to a hinged domain, the decreased cross-
linking in R140C-apoA-I particles observed with increasing particle size can be explained.
However, since our studies were performed with R2-2 particles or larger, this possibility is
difficult to reconcile with the Davidson lab report that the hinge domain is not obvious in
R2-2 particles [26, 28].

If one assumes that the cysteine mutations affect the energetics of transition from a pairwise
antiparallel helix 5 double belt to a hinged domain, the results of Fig. 2 are readily
explained. Residues R140 and R1 18 are both involved in the putative interhelical salt
bridges, R140-E125 and R1 18-E147 [11, 38]; in fact, R140-E125 is the only salt bridge
holding the edges of the pairwise antiparallel helix 5 double belt together (Fig. 3D).
Removal of this interhelical salt bridge by R140C should destabilize the intermolecular
interactions of the pairwise antiparallel helix 5 double belt, allowing an increased rate of
transition to the intramolecular interactions of a helix 5 hinged domain. The much lower
observed cross-linking of the R118C mutant then would be explained by the persistence of
the intervening interhelical salt bridge, R140-E125; thus 4-5% perhaps approximates the
actual prevalence of a full hinged domain in R2-2 particles made from wt-apoA-I.

We have suggested, on the basis of MD simulations, that the opposing individual helix 5
portions of the double-belt motif separate to create a gap exposing underlying POPC acyl
chains [49]. Specifically, we proposed the working hypothesis that the gap creates an
amphipathic presentation tunnel that exposes acyl chain terminal methyls and unesterified
cholesterol hydroxyl groups to solvent. After attachment of the enzyme lecithin:cholesterol
acyltransferase (LCAT) to HDL, we hypothesized that the pairwise helix 5 domains in
apoA-I form amphipathic tunnels for migration of hydrophobic acyl chains and amphipathic
unesterified cholesterol hydroxyls from the bilayer to the phospholipase A2-like and
esterification active sites of LCAT, respectively [49].

Fig. 4A represents a plot of the distribution of distances between pairwise G129 Cα atoms
measured for one R2-2 (160:2) discoidal particle subjected to MDSA simulation. The center
of the distribution is 10 Å and the closest pairwise G129 approach in the last 310 K part of
the simulation is on the order of 7-8 Å. Two frames whose pairwise G129 Cα atom
distances are 11.9 Å and 7.7 Å are shown in Figs. 4B and C, respectively. Given the brief
time frame of our MDSA simulation compared to that of the experiments in Fig. 2, it seems
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reasonable that the left hand edge of the distribution would occasionally approach within the
6 Å distance required for disulfide bond formation. Once within 6 Å, disulfide cross-linking
would drive the reaction to the right and over minutes to hours a significant level of
homodimer formation would result (see Fig. 4 for details of calculations).

It can be seen from Fig. 4B that the putative presentation tunnel is, in fact, a partial hinged
domain as shown in Fig. 3D. We have yet to observe a full hinged domain like that in Fig.
3E in any of our simulations of R2-2 discoidal particles. We have, however, observed helix
5 forming a full hinged domain twice out of eight MD simulations of smaller R2-1 and R2-0
particles (data not shown).

The vertical opening in a full helix 5 hinged domain, like that schematically illustrated in
Fig. 3E, would be on the order of 30 Å in length, approximately the thickness of the acyl
chain center of the bilayer disc. This observation leads to the speculation that, as part of the
mechanism of apoA-I activation of LCAT, interaction of the central helix 5 presentation
tunnel with LCAT might drive the formation of a full helix 5 hinged domain, exposing the
ester bonds of the underlying phospholipid acyl chains to the phospholipase A2-like active
site of the enzyme.

On the basis of the results reported here and that of three other laboratories [22,24,26], 129j
(LL5/5) is the major rotamer conformation for discoidal double belt HDL. Although Fig. 4A
shows only a tiny fraction of the particle trajectory in which pairwise G129 approach within
7 Å, our MD simulation is representative of only a very small window of time
(nanoseconds). It seems reasonable to assume that the Cα atoms of the C129 pair on
opposite chains in R2-2 in a time-frame of minutes to hrs approach within 6 Å of one
another sufficiently often for disulfide bond formation to occur in 20-40% of the
experimental particles; the fact that this does not approach 100% may reflect the
polydispersity of the R2-2 particle sizes. Thus, in only a subset of particles does the C129
pair on opposite chains approach close enough to form disulfide bonds. The remainder of the
particles appears to form presentation tunnel gaps that are too wide and too stable for cross-
linking.

We suggest that the formation of homodimers by R140C-apoA-I in discoidal HDL is the
result of formation of a full helix 5 hinged domain, partially as a result of the loss of a pair
of presentation tunnel stabilizing interchain salt bridges. Evolution has carefully balanced
the helix 5 domain between pairwise helixes, helical hairpins (required for R3 particles) and
apparently hinged domains [50]. Decreases in the stability of the pairwise helix 5 domain
due to various point mutations employed by the Davidson [26] and Oda [27] labs perhaps
explains their reports of the hinged domain. In the relatively rare instance where the hinge
extends a few residues beyond a full hinged domain, the C118 pairs also are able to form
disulfide bonds.

As a control, C173 does not form homodimers on preformed particles but does when
incubated in solution (see Fig. S8). These results suggest that apoA-I:Milano homodimers
form in vivo in the lipid-free or lipid-poor state, prior to particle formation [45], or during
assembly of nascent HDL, although it is possible that homodimer formation also occurs
during intact HDL remodeling. Others have shown that cross-linked C173 dimer can form
particles in which the mutant apoA-I adopts a different conformation from that of particles
with wild-type apoA-I [51].

We hypothesize that, although R2-2 particles in the 129j (LL5/5) rotamer conformation are
primed to create presentation tunnels in the form of gaps between opposing individual helix
5 portions of the double-belt motif like that shown in Figs. 3D and 4B[49], the energy
barrier for transition to a full hinged domain (Fig. 3E) is high. Full transition to a stable
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hinged domain requires additional conditions, such as allosteric binding of the enzyme
LCAT to the presentation tunnel domain or a decrease in particle size.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Interhelical salt bridges for the HDL belt model maximize at wheel position
(wp) 9.

• Only wp9 lies directly in the contact edge between helical rings.

• Wp9 was mutated to Cys and kept under reducing conditions during disc
formation.

• We show that helix 5, under certain conditions, progresses to a full hinged
domain.

• We hypothesize that, upon binding of LCAT, helix 5 forms a full hinged
domain.
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Fig. 1. Geometric rationale for design of cysteine mutants
A. Weighted salt bridge scores of the LL docking interface determined using ALIGN [11].
B. Schematic of the double belt model for discoidal HDL showing the juxtaposition (within
6 Å) of Cα atoms of pairwise residues 129, 140 and 118 in the LL5/5, LL5/6 and LL5/4
rotamers, respectively. Each residue is in α11/3 wheel position 9. Prolines are yellow
spacefilling, G129 is gold spacefilling, K140 is blue spacefilling, K118 is red spacefilling,
helix 6 is steel blue, and helix 4 is pink.
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Fig. 2. Formation of disulfide homodimers in preformed DMPC:apoA-I particles made from
cysteine mutants of apoA-I
A. Representative image of SDS-PAGE of 180:2 particles at t = 0, t = 3 and t = 6 hrs after
dialysis to induce disulfide homodimers of cysteine mutants K118C-apoA-I, G129C-apoA-I
and K140C-apoA-I. B. Percent homodimer formation calculated for each mutant in B from
scans as a function of time of incubation at 37°C. C. Representative image of SDS-PAGE of
160:2 and 320:2 particles at 3 hrs after dialysis to induce disulfide homodimers of cysteine
mutants K118C-apoA-I, G129C-apoA-I, K140C-apoA-I and R173C-apoA-I. D. Percent
homodimer formation calculated for each mutant in D from scans as a function of time of
incubation at 37°C.
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Fig. 3. Schematic diagrams of rotamer versus hinged domain explanations of the homodimer
results
Mutated residues K118C, G129C and K140C are denoted by black, white and gray circles,
respectively. A-C. Positions of cysteine residues in 140j (LL5/6), 129j (LL5/5), and 118j
(LL5/4), respectively. D-F. Positions of cysteine residues in 129j (LL5/5) after the pairwise
helix 5 domains have formed a partial, full or extended hinged domain, respectively.
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Fig. 4. MD simulation of a particle containing 160 DMPC and 2 apoA-I molecules (160:2)
A. Plot of distribution of distances between Cα atoms of pairwise G129 over the last 5 ns of
the MDSA simulation., The fraction of frames is given at each distance d where the
measured distance is > d-1 and ≤ d. B. Cross-eyed stereo spacefilling image of one trajectory
frame whose pairwise G129 Cα atoms are 11.9 Å apart. C Cross-eyed stereo spacefilling
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image of one trajectory frame whose pairwise G129 Cα atoms are 7.7 Å apart. Lipids are
gold, prolines are yellow, helix 5 domains are green, basic residues K118, K133 and R140
are blue, acidic residues E125 and E136 are red and G129 residues are magenta.
Calculations of the probability that G129C can form interchain disulfide bonds between
pairwise helix 5 segments. From Fig. 2C, the rate of homodimer formation for G129C
particles is approx. 0.05 mole fraction per hour. Assuming a linear rate of disulfide
formation, homodimer formation is approx. 1.4 × 10−5 mole fraction per second or 1.4 ×
10 −11 mole fraction per usec. In a mole of particles, this is equal to. 8 × 1012 apoA-I/HDL
particles per usec. Let's make the assumption that an approach of pairwise G129C residues
to within 6 Å results in homodimer formation and further that one MDSA cycle is equivalent
to 0.05 μsec of simulation for a single particle (probably an underestimation). On the basis
of these assumptions, the plot of distance distributions in Fig. 4A is reasonable: a zero
incidence of pairwise G129C residues approaching to within 6 Å and a 5 × 10−5 incidence of
pairwise G129C residues approach to within 7 Å, all within tens of nanoseconds. In fact,
even one frame in which pairwise G129C residues approach to within 6 Å in the plot would
suggest that there should be 100% homodimer formation in one hr or even one minute.
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Table 1
Relationship between different rotamers, juxtaposed residues, cystine mutations, and
ALIGN program scores

Rotamer Wheel Position (wp) Residues Juxtaposed Cystine Mutation Align Score

LL5/4 9 118j K118C −23.8

LL5/5 9 129j G129C −24.6

LL5/6 9 140j K140C −21.3

LL5/7 (Paris) 9 151j R151C −16.3

9 162j −17.5

LL5/10-9 (Milano) 9 173j R173C −15.0

Legend: All residues juxtaposed are between two residues at wheel position 9.

Biochim Biophys Acta. Author manuscript; available in PMC 2013 May 29.


