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Abstract HDL removes cell cholesterol and protects
against atherosclerosis. ApoA-I provides a flexible structural
scaffold and an important functional ligand on the HDL
surface. We propose structural models for apoA-Iygan,
(R173C) and apoA-Ip,;; (R151C) mutants that show high
cardioprotection despite low HDL levels. Previous studies
established that two apoA-I molecules encircle HDL in an
antiparallel, helical double-belt conformation. Recently, we
solved the atomic structure of lipid-free A(185-243)apoA-I
and proposed a conformational ensemble for apoA-Iy; on
HDL. Here we modify this ensemble to understand how in-
termolecular disulfides involving C173 or C151 influence
protein conformation. The double-belt conformations are
modified by belt rotation, main-chain unhinging around Gly,
and Pro-induced helical bending, and they are verified by
comparison with previous experimental studies and by mo-
lecular dynamics simulations of apoA-I;,,, homodimer. In
our models, the molecular termini repack on various-sized
HDL, while packing around helix-5 in apoA-Iyy, helix-6 in
apoA-Ip,;, or helix-7 in apoA-lyy,,, homodimer is largely
conserved. We propose how the disulfide-induced con-
straints alter the protein conformation and facilitate disso-
ciation of the C-terminal segment from HDL to recruit
additional lipid.ll Our models unify previous studies of
apoA-Iy;.,, and demonstrate how the mutational effects
propagate to the molecular termini, altering their confor-
mations, dynamics, and function.—Gursky, O., M. K. Jones,
X. Mei, J. P. Segrest, and D. Atkinson. Structural basis for
distinct functions of the naturally occurring Cys mutants of
human apolipoprotein A-L. J. Lipid Res. 2013. 54: 3244-3257.

Supplementary key words Milano and Paris mutations ® double-belt
and trefoil/tetrafoil conformations ® protein-lipid interactions ® pro-
tein dynamics and function e atherosclerosis

HDLs are water-soluble nanoparticles that remove ex-
cess cell cholesterol and protect against cardiovascular dis-
ease. Plasma levels of HDLs and their major protein,
apoA-I (243 amino acids), are well-established negative risk
factors for atherosclerosis, even though genetic factors
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that raise HDL levels do not necessarily confer addi-
tional cardioprotection (Refs. 1, 2 and references therein).
Plasma HDL carries from two to five copies of apoA-I de-
pending on the particle size (8-12 nm) and varies in par-
ticle shape (nascent “discoidal” or mature “spherical”, Fig. 1),
protein conformation, biochemical composition, and func-
tional properties (1). The nascent HDL particle is generally
envisioned as a contorted disc composed of a cholesterol-
containing phospholipid bilayer that is encircled by two
antiparallel apoA-I molecules in a highly a-helical dynamic
“double-belt” conformation (3-5). Micelle-like lipid pack-
ing has also been proposed in some studies (Ref. 6 and
references therein). ApoA-I on HDL activates LCAT that
converts nascent HDL into mature spherical particles con-
taining a core of apolar lipids, mainly cholesterol esters,
and a small amount of triacylglycerides. ApoA-I on mature
HDL is proposed to form a double belt similar to that on
nascent HDL but bent in a “trefoil/tetrafoil” fashion to
confer 2D curvature to the surface of spherical particles
(7,8) (Fig. 1B).

ApoA-I on the HDL surface forms a flexible structural
scaffold and is an important ligand for many functional
interactions that direct HDL metabolism (1, 7-11). The
amino acid sequence of apoA-I starts with a G-repeat (res-
idues 1-43) followed by ten Pro-punctuated tandem

Abbreviations:  A-Iy/A-Il, apoA-Iyg.,./apoA-Il heterodimer; A-Iy/
A-ly, apoA-lyjn, homodimer; apoA-ly, apoA-Iy.,, (R173C); apoA-ly,
apoA-Ip,;, (R151C); apoA-lyr, wild-type apolipoprotein A-I; HDL,,
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carriers; HX, hydrogen-deuterium exchange; MD, molecular dynamics;
rHDL, reconstituted HDL.
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*Discoidal rHDL composed of the disulfide-linked Milano or Paris
homodimer can contain either two or four apoA-I molecules, whereas
similar rHDL composed of apoA-Iy;r can contain two, three, or four
apoA-I molecules. This difference influences the particle size distribu-
tion in discoidal rHDL(A-I,;/A-Iy), which forms either small or large
particles (4, 32, 45), but not in plasma HDL. In fact, in addition to the
disulfide-linked apoA-I homodimer, plasma HDL of Milano or Paris
carriers, who are all heterozygotes, can contain one copy of unpaired
apoA-Iyr and/or one or more copies of apoA-II homo- or heterodimer,
l%ding to a continuous-sized distribution in these particles.
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Fig. 1. Cartoon representation of apoA-I conformations on various HDL. (A) Nascent “discoidal” HDL
contains two copies of apoA-I encircling the phospholipid bilayer in an antiparallel, double-belt conforma-
tion (4, 5). This conformation is also shown as a ribbon diagram in supplementary Fig. II. (B) Mature spheri-
cal HDL contains a core of apolar lipids (mainly cholesteryl esters and triacylglycerides) surrounded by the
protein-containing phospholipid monolayer. Large HDL contains two molecular dimers of apoA-I that are
proposed to form a tetrafoil on the particle surface (7, 8). We proposed that each double belt in this tetrafoil
is bent around two flexible Gly-containing hinges (circles) (9). The two dimers are in different shades of
gray. (C) If the double-belt bending around the flexible hinges is impaired, the two apoA-I double belts are
expected to form two parallel rings on the HDL surface. We propose that this parallel arrangement, which
was first proposed in the cross-linking studies of rHDL(A-I;/A-Iy;) (10), may be a general property of apoA-
Iy and, possibly, apoA-I; homodimers (Fig. 8 and supplementary Fig. V). Importantly, these and all other
models presented in this work illustrate an overall protein arrangement but not the small local conforma-

tional adjustments that are probably involved in the double-belt formation by the mutant proteins.

11/22-mer repeats (residues 44-243) (supplementary Fig. I).
These repeats have high propensity to form amphipathic
a-helices that are the major lipid surface-binding motif
in apolipoproteins (12). Importantly, Pro-induced heli-
cal kinks are in registry in the two antiparallel protein
molecules of the double belt (3-5), conferring the overall
belt curvature that maintains the shape and size of HDL
particles.

The cardioprotective effects of apoA-I are due, in part,
to its essential role in cholesterol removal from periph-
eral cells via reverse cholesterol transport (1, 11, 13). At
the initial rate-limiting steps of this complex pathway,
monomeric lipid-poor or lipid-free apoA-I and small na-
scent HDL recruit cell cholesterol via the ATP-binding
cassette transporters ABCAl and ABCGI, respectively
(14, 15). ABCAl-mediated lipid efflux from cells to
apoA-I leads to HDL biogenesis. The nascent HDL parti-
cle undergoes LCAT-driven maturation followed by con-
tinuous remodeling by LCAT and other plasma factors
(1, 11). At the final step of reverse cholesterol transport,
lipids from the core of mature HDL are taken up by the
HDL receptor SRBI and are either used for steroid hor-
mone synthesis or excreted via bile, while the protein-
containing surface remnants reenter reverse cholesterol
transport.

In addition to their central role in reverse cholesterol
transport, apoA-I and HDL possess anti-inflammatory, an-
tioxidant, antithrombolytic, and other beneficial proper-
ties (Ref. 16 and references therein). Efforts to improve
HDL quality and quantity have been aimed at developing
novel HDL-based therapies for cardiovascular disease to
complement statins and other lipid-lowering drugs (17,
18). These efforts have utilized human wild-type apoA-I
(apoA-lyy), its mimetics, and its R173C mutant termed
apoA-lyjin, (apoA-ly) (18).

OVERVIEW OF FUNCTION AND STRUCTURE OF
APOA-T ;1 ano AND APOA-Tp gy

ApoA-ljie (R173C) and apoA-Ip,;; (R151C) are natu-
ral variants of human apoA-I that cause no deleterious
health effects and may even improve cardioprotection de-
spite abnormally low levels of plasma apoA-I and HDL and
high levels of HDL triacylglycerides in mutation carriers,
who are all heterozygotes (19-21). High cardioprotection
by low levels of plasma HDLyy,,,, and HDLy,;, (HDL,; and
HDL;) led to a hypothesis that apoA-I; and, particularly,
apoA-ly; are gain-of-function mutations (Refs. 22-24 and
references therein). This prompted the development of
HDL-based therapies utilizing apoA-I; (18, 23, 25). Al-
though pilot studies of such injection therapies reported a
significant reduction in atherosclerotic lesions in animals
and humans (Refs. 18, 23, 26-30 and references therein),
the advantages of using apoA-I,; over apoA-Iyr are subject
to debate. Some studies using targeted replacement of
apoA-Iyyr with apoA-Iy supported improved cardioprotec-
tion by apoA-I; (18, 27, 30), while others reported similar
effects of the two proteins (31). Also, some studies re-
ported enhanced ability of apoA-I,; and Milano sera to re-
cruit cell cholesterol (32), while others reported similar
effects of apoA-Iy; and apoA-Iyin vivo and in vitro (33-35).
Furthermore, enhanced antioxidant activity of apoA-Iy
was reported in some studies (22) but not in other studies
(36). In summary, there is no clear consensus regarding
the gain-of-function effects of Milano and Paris mutations.
The molecular basis underlying distinct functional prop-
erties of these naturally occurring mutants is unclear and
is explored in the current work. Our main focus is on
apoA-Iy that has been better studied experimentally than
any other apoA-I variant, which helps validate our struc-
tural models of the disulfide-linked apoA-I,; homodimer.
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Importantly, mutation sites R151C and R173C are lo-
cated in the middle of the 22-mer helical repeats 6 and 7,
respectively (supplementary Fig. I), in the “left” helical
faces that are juxtaposed in the double belt (5, 37). This
location of a single Cys in apoA-I facilitates formation of
an intermolecular disulfide that preserves the helical pack-
ing in an antiparallel double belt with Pro kinks in regis-
try (5, 37, 38). Therefore, the intermolecular disulfides
formed by C151 or C173 are compatible with the antipar-
allel double-belt conformation. This suggests that apoA-I;
and apoA-I; homodimers (A-Iy;/A-Iy; and A-Ip/A-Ip) on
HDL form double belts resembling that of apoA-Iy but
differing in helix registry: 5/5” in apoA-Iyyy, 6/6" in apoA-Ip,
and 7/7" in apoA-I; (where N indicates Molecule 1 and N’
Molecule 2 of the dimer).

The overall conformational similarity of apoA-ly apoA-Ip,
and apoA-Iy; on HDL is supported by the normal size of
plasma HDL in Milano and Paris carriers.” However, the
size distribution in human HDL,,; is shifted toward smaller
particles (39) and includes an additional subclass of unusu-
ally small (~7.8 nm) protease-sensitive particles containing
a disulfide-linked apoA,; homodimer. These unusually
small HDL, which are a hallmark of the Milano mutation in
humans, are potent acceptors of cell cholesterol in vitro, a
property that was proposed to contribute to the enhanced
cardioprotection by HDLy; (40). In addition to apoA-I,; ho-
modimer and to apoA-Iyy monomer, HDL in Milano carri-
ers also contains comparable amounts of apoA-I,; monomer
and apoA-Iy/apoA-II heterodimer (A-Iy;/A-II), in which
the second-major HDL protein, apoA-II (77 amino acids), is
disulfide-linked via its single Cys6 to Cys173 of apoA-Iy; (41).
Similar heterodimers are found in human HDL, (42, 43).
Protein conformations on these particles remain unknown
and are addressed in the current work.

Low levels of plasma HDL and apoA-I in Milano and
Paris carriers probably result from rapid proteolytic degra-
dation of HDL,; (43, 44), which may be due to several fac-
tors. First, apoA-Iy; and apoA-Ip have impaired ability of to
activate LCAT, leading to a low cholesterol ester to triacyl-
glyceride ratio in the core of HDL, and HDL; (42, 45),
which is expected to destabilize HDL (46) and promote
apoA-I dissociation and clearance. Second, differences in
structural stability between apoA-Iy; and apoA-Iyr are also
expected to contribute to the enhanced catabolism of
apoA-I.. Compared with apoA-Iyyt, monomeric and disul-
fide-linked dimeric apoA-Iy; in solution was reported to
have slightly lower a-helical content (36, 47, 48), altered
aromatic packing in the N-terminal region (47), reduced
structural stability, and reduced unfolding cooperativity
(85, 49, 50). Notably, recent hydrogen-deuterium exchange
(HX) studies of lipid-free apoA-I by Phillips and col-
leagues assigned very similar secondary structures to spe-
cific segments of apoA-Iy and apoA-Iy but revealed that
the N-terminal half of the apoA-I; molecule adopts two
alternative conformations, one similar to that of apoA-Iyt
and another more accessible to solvent (48). Together,
these and other studies indicate that, despite the overall
structural similarity of apoA-Iyr and apoA-ly, there are
also subtle differences in the conformation and dynamics
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of their N-terminal domains, with apoA-I,; displaying a less
stable, more dynamic structure in solution and on the
lipid, which is expected to contribute to its enhanced
catabolism.

The structural differences resulting from R173C muta-
tion apparently propagate to both molecular termini. In
fact, studies of reconstituted HDL (rHDL) by Calabresi
and colleagues showed that rHDL(A-Iy/A-I;) are more
labile to proteolysis than their wild-type counterparts (32,
40, 51), especially in the hydrophobic C-terminal region
that forms the primary lipid-binding site in apoA-I (52).
These observations prompted the authors to propose that
the C-terminal ends of apoA-I can transiently dissociate
from the surface of HDL(A-I;/A-I,;) and bind to the cell
surface, helping recruit additional cellular lipids (32, 51).
These studies also inferred different C-terminal confor-
mations for apoA-Iyt and apoA-I,; on rHDL (10). Such
Crterminal dissociation appears at odds with Lys cross-linking /
mass spectrometry studies by the group of Sorci-Thomas
and Thomas, which reported that the C-terminal ends
wrap around the lipid acyl chains in rHDL(A-Iy/A-ly)
(10). In summary, previous studies suggest that R173C
mutation slightly destabilizes apoA-I and alters the confor-
mation and dynamics of its N- and C-terminal regions in
solution and/or on HDL. The mechanism via which the
effects of R173C mutation propagate to the molecular ter-
mini and alter their conformation and dynamics in solu-
tion and on the lipid surface is unclear and is proposed,
for the first time, in the current work.

NEW INSIGHTS FROM THE ATOMIC STRUCTURE
OF LIPID-FREE A (185-234) APOA-I

This work builds upon the conformational ensemble
that we recently proposed for apoAyyr on various HDL (9).
As a starting model to derive this ensemble, we used the
X-ray crystal structure of the C-terminally truncated lipid-
free apoA-I, A(185—234)apoA-I, solved by Mei and Atkinson
to 2.2 A resolution (53). This first atomic-resolution struc-
ture of apoA-I provided tremendous insights into the
structure and function of this important protein in solu-
tion and on HDL, including the key role of the 5/5 helix
pair whose central opening creates a unique lipid presen-
tation tunnel for the LCAT reaction (53, 54). Full rami-
fications of this atomic structure are just beginning to
emerge. They include new insights into the structural and
functional differences between lipid-free (53) and lipid-
poor apoA-I monomer (55), novel insights into the patho-
genic pathway of apoA-I destabilization and misfolding in
amyloidosis (56), better insights into the structural and
functional roles of apoA-II on HDL (57), and the confor-
mational ensemble of apoA-Iy,r on HDL of various shapes
and sizes (9).

Here, we use this ensemble as a basis to derive possible
conformations of apoA-Iy; and apoA-I; homo- and het-
erodimers on various HDL. The proposed conformations
of apoA-I,; homodimers are verified by comparison with
biophysical studies by several groups (10, 40, 48, 51). These



conformations differ from all previously proposed models
of apoA-ly; or apoA-I (10, 38, 58, 59) which were based, in
part, on the low-resolution structure of the N-terminally
truncated A(1-43)apoA-I (3) and, hence, lacked the cor-
rect conformation of the 1-43 segment. As evident from
the crystal structure of A(185-234)apoA-I, this segment
forms an integral part of the foursegment bundle in
apoA-I monomer or dimer (53) (Fig. 1A), which is incor-
porated for the first time in our proposed models (Fig. 2).
These models unify previous experimental studies of vari-
ous forms of apoA-I. They reconcile the reports on the
lipid-bound (10) versus lipid-dissociated state (32) of the
C-terminal regions in rHDL(A-I,;/A-Iy;) and help explain
why the unusually small HDL(A-Iy;/A-Iy;) provides an effi-
cient acceptor of cell cholesterol (40) at the critical rate-
limiting step of reverse cholesterol transport (1, 14, 15).

APOA-T; sno HOMODIMER IN A SMALL,
DOUBLE-BELT CONFORMATION

Small ~7.8 nm HDL(A-I;/A-ly)) found in plasma of Milano
carriers have been proposed to importantly contribute to
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cardioprotection by providing efficient acceptors for cell
cholesterol (40). Furthermore, ~7.8 nm rHDL containing
one disulfide-linked apoA-Iy; homodimer and ~76 POPC
molecules readily form in vitro and have been extensively
studied experimentally (10, 60). These studies provide im-
portant structural constraints for our models. To derive
the models for apoA-I; homodimer, we used the confor-
mation of apoA-Iyr in a small double belt as a starting
model (Fig. 2B, C; also shown by a ribbon diagram in sup-
plementary Fig. II). This conformation was obtained as
previously described (9) by using the modular protein se-
quence (supplementary Fig. I) together with the crystal-
lographic dimer of lipid-free A(185-243)apoA-I (53)
(Fig. 2A) and assuming that the C-terminal segment 185-
243 forms a highly helical closed double belt on HDL,
similar to that observed in the low-resolution structure of
A(1-43)apoA-I (3).

Our working assumption is that apoA-I adaptation to
changing lipid load occurs via the polypeptide hinge mo-
tion around flexible regions observed in the crystal struc-
ture, such as those encompassing conserved glycines G39
and G65 in the N-terminal domain or G129 in the central
repeat 5 (9, 53). Another working assumption is that, similar
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Fig. 2. Proposed models of the small double belts of apoA-Iyy (B, C) and apoA-Iy; (D) that were derived by
using as a starting model the 2.2 A resolution X-ray crystal structure of A(185-243)apoA-I (PDB ID 3R2P)
(53). The models in these and other figures are drawn to scale and represent idealized planar double belts
viewed down the normal to the plane. The conformational changes, which we propose are involved in the
adaptation of the 3D protein structure to lipid-surface binding, including opening of the foursegment
bundle, have been described previously (9, 53). (A) Left panels show molecular dimers comprised of Mole-
cule 1 (solid lines) and Molecule 2 (dashed lines), and right panels show only Molecule 1. Sequence repeats
are color-coded as follows: blue, N-terminal repeats G-1 (residues 1-65); black, repeats 2—7 (residues 66—
185), except for the central repeat 5 (residues 121-143, in green); red, C-terminal repeats 8-10 (residues
186-243). Sequence repeats (shown in Fig. 1) are numbered in italics in (C) and (D). Pro positions are
marked, and key Gly-containing flexible hinges are shown in gray-and-white circles: G185-G186 (largest cir-
cle), G65-P66 (medium circle), G39 (smallest circle). Locations of Milano and Paris mutations R173C and

R151C are shown by diamonds.
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to apoA-Iy, apoA-Iy; homodimer forms a closed antiparal-
lel dynamic double belt with Pro kinks in registry (38),
which is supported strongly by the cross-linking/mass
spectrometry studies (10). To obtain the molecular pack-
ing in this double belt, we first rotated Molecule 2 of the
apoA-I; dimer around the center of the belt to align the
C173-C173’ pair to form a disulfide. The resulting double
belt had two apparent drawbacks: steric clashes between
the overlapping N-terminal regions and lack of Pro kink
registry in the double-belt parts distant from C173 (sup-
plementary Fig. III). To alleviate the steric clashes, the N-
terminal residue segment 1-65 in the two molecules was
rotated around the flexible hinge region containing G65-
P66 (circular arrow in supplementary Fig. III-B). To im-
prove the Pro kink registry, the double belt was constricted
via small changes in the Pro-induced kink angles to bring
the C termini closer together until optimal helical packing
was achieved. Fig. 2D shows the resulting conformation of
Molecule 1, and Fig. 3A shows the corresponding small
symmetrical double belt of the disulfide-linked apoA-I
homodimer.

In this symmetrical double belt, Molecules 1 and 2 are
related via the two-fold symmetry axis that passes through
the C173-C173’ disulfide (Fig. 3A). Fig. 3B shows an alterna-
tive asymmetric molecular arrangement in the double belt
of similar size, in which Molecules 1 and 2 differ in the ori-
entation of the residue segment 1-65 (in blue). Several
lines of experimental evidence support rotation of this seg-
ment around the G65-P66-containing hinge in apoA-ly.
First, HX studies inferred two alternative conformations
for lipid-free apoA-Iy;, one similar to that of lipid-free
apoA-Iyr and another having more solvent-exposed N-
terminal half of the molecule (48). We propose that this

A B

apoA-lyjn, homodimer

g symmetric

increased solvent exposure results from rotation of the 1-65
residue segment around the G65-P66-containing hinge (cir-
cular arrow in Fig. 2D). Second, this rotation is expected to
disrupt the aromatic clusters in the N-terminal half of the
molecule, which stabilize the four-segment bundle in apoA-I
(53). Such a disruption is indicated strongly by the spectro-
scopic studies showing largely intact secondary structure
but altered aromatic packing and reduced protein stability
and unfolding cooperativity of lipid-free apoA-I,; as com-
pared with apoA-Iyr (35, 36, 47). We hypothesize that the
rotation of the 1-65 segment away from the 4-segment bun-
dle reflects a small destabilizing effect of R173C mutation
(35, 36, 48) in repeat 7 that is an integral part of the bundle
(53). Such destabilization may result from the disruption of
the salt bridge network involving R173 and other charged
groups from repeats 7, 2, and 3 in the 4-segment bundle
(48, 53), as well as from the structural constraints imposed
by the intermolecular disulfide formed by C173. In summary,
accumulative evidence suggests strongly that in apoA-ly; in
solution, segment 1-65 can adopt alternative rotamer
positions around the flexible hinge containing G65-P66.
We hypothesize that these rotamer positions can be kineti-
cally trapped on small HDL, resulting in the two alternative
double-belt conformations depicted in Fig. 3.

Figs. 2 and 3 and other stick models in this article illus-
trate the overall protein arrangement, showing the rela-
tive orientation of the N-terminal segment 1-65 with
respect to the protein double belt, but not its exact posi-
tion on the lipid. The four-helix bundle containing this
segment undergoes a conformational change upon trans-
fer from solution to HDL to make available the apolar he-
lical faces for lipid binding. This change was proposed to
involve rotations of the a-helices around their axes and
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7.8 nm particles:
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Fig. 3. Chemical cross-links identified in ~7.8 nm rHDL (A-Iy;/A-I;) (10) mapped on the proposed model
of the small A-I,;/A-I; double belt. (A) Symmetric double-belt contains two apoA-Iy; molecules in a confor-
mation depicted in Fig. 2D. The two-fold symmetry axis passes through theC173-C173" disulfide. (B) In
Molecule 1 of the asymmetric double belt, segment 1-65 (in blue) is folded back around the G65-P66 hinge.
Line and color coding is as in Fig. 2. The major intermolecular cross-links are highlighted. Cross-linked Lys
are shown by ovals; residue numbers are color-coded. These cross-links are facilitated by the lysine locations
in the “left” faces of the amphipathic a-helices, which are proximal in the double belt (5, 38). Thus, K96 is
located in the middle of the “left” helical face that is facing its symmetry mate in the double belt, thereby
facilitating the K96-K96’ cross-link. Similarly, K133 is located in the “left” helical face, facilitating its cross-link
with L59 that is located in the “left” face of the short helix observed in the crystal structure (9). Also, K239 is
located in the “left” helical face, which is expected to facilitate its cross-linking to K40 located in the turn
between the helices in the crystal structure (53). Bar size shows the maximal C,-C, distance of 26 A that can
be cross-linked by BS’ used by Bhat and colleagues (10).
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around their connecting hinges containing G39 and G65
(Ref. 9 and references therein). The resulting all-atom
structures that depict the proposed protein conformations
on the lipid were explored in molecular dynamics (MD)
simulations described below.

The diameter of the idealized planar double belts shown
in Fig. 3 is nearly 8 nm. The actual lipoprotein diameter is
probably smaller, since Pro and Gly can induce not only
kinks but also out-of-plane “wobble” of a-helices. This re-
sults in nonplanar double-belt geometry reported in the
crystallographic (3, 53) and in MD simulations described
below (and in Refs. 10, 38, 58 and references therein).
Therefore, the actual double belts depicted in Fig. 3 are
expected to have diameters under 8 nm. We hypothesize
that these small double belts reflect structural aspects of
the ~7.8 nm particles, such as the small plasma HDL,; or
small model rHDL(A-I,;/A-1y;) (39, 40, 47).

To test this hypothesis, we used the results of the pro-
tein cross-linking/mass-spectrometry studies of the 7.8 nm
rHDL (A-Iy;/A-Iy) (10). Mapping the observed Lys cross-
links onto our models shows an excellent agreement
between the data and the models, including K96-K96,
K59-K133" (Fig. 3A, B, yellow highlight), and all other
cross-links reported by Bhat and colleagues (10) (data not
shown). This includes K96-K118 cross-link found on rHDL
of all sizes (10); our models suggest that on small rHDL
this cross-link may be inter- or intramolecular (Fig. 3),
whereas on larger particles it is exclusively intramolecular
(Figs. 4 and 5). Notably, location of K59, K96, K133, and
K239 in the “left” helical face positions them closer to their
cross-linking counterparts in the apoA-I dimer and thereby
facilitates their chemical cross-links. Importantly, the K40-
K239 cross-link reported in Bhat and colleagues is com-
patible only with the asymmetric orientation of segment
1-65, providing experimental evidence for the small asym-
metric double belt (Fig. 3B). In summary, the belt size and
conformation of the apoA-I; homodimers depicted in
Fig. 3 are in excellent agreement with the cross-linking stud-
ies of the ~7.8 nm rHDL(A-I;/A-I;) (10) and suggest two
alternative double-belt conformations differing in the ori-
entation of the N-terminal segment 1-65.
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G39' 239" ...

Molecule 1 G185
""""" Molecule 2 G186

CONFORMATIONS OF APOA-Ty; sno HOMODIMER
IN MIDSIZE AND LARGE DOUBLE BELTS

Previous studies postulated that the double-belt size
in apoA-Iyt can be increased by sequential unhinging
of the N-terminal segment around two flexible hinges
encompassing G65-P66 and G39 (53), accompanied by in-
cremental changes in registry of the C-terminal repeats
8-10 (9). Here, we applied these postulates to derive the
conformations of apoA-I;; homodimer in the midsized
(d ~ 9.6 nm, Fig. 4) and in the large, fully expanded dou-
ble belts (d ~ 12 nm, Fig. 5). The resulting models com-
prise a closed double belt with maximal helical kink registry
and satisfy all other previously described structural con-
straints (9). Therefore, we hypothesize that our models
reflect key aspects of the protein conformations on plasma
HDL,; that also range in size from about 7.8 to 12 nm, as well
as on rHDL(A-I;/A-I,;) that form either small (~7.8 nm)
or large (~12.5 nm) particles (Refs. 10, 39, 40, 47; also
see footnote 2).

To test this hypothesis, we mapped the chemical cross-
links identified in rHDL(A-I,;/A-I,;) onto our models.
Bhat and colleagues reported that two Lys cross-links, K96-
K96” and K59-K133’, were observed in the small rHDL(A-
Iyi/A-Iy) but were absent from the large particles (10).
This observation is in excellent agreement with our mod-
els (yellow highlights in Fig. 3 and gray highlights in Fig.
5). Furthermore, several cross-links were observed in the
large, but not the small, particles; these include K96-K239,
K107-K239, and multiple cross-links between the N-termi-
nal a-amino group and K107, K118, or K239 (10). Again,
all these lysines are located in the “left” face of the am-
phipathic a-helices, facilitating their cross-linking. These
results are in excellent agreement with our model of the
large particles (yellow highlights in Fig. 5). The only ex-
ception is the K40-K239 cross-link that was detected in all
particles but that was clearly incompatible with the fully
expanded double belt (Fig. 5) (10). However, the intra-
molecular cross-link K40-K239 is compatible with the mid-
sized double belt in which the N-terminal segment is folded
back upon itself around G39 (Fig. 4). The intermolecular

Fig. 4. Proposed model of the mid-sized A-Iy;/A-I
double belt is compatible with the K40-K239 cross-
link. In the midsized belt, the polypeptide chain in
each molecule is shown bent back around G39 (A).
The two belt-forming molecules are related via the
two-fold (B). Yellow highlight shows chemical cross-
link K40-K239 that was found on the large ~12 nm
rHDL(A-ly;/A-I) and is compatible with the mid-
sized belt conformation (10). Bar size shows the up-
per limit for the C,-C, distance (26 A) that can be
crosslinked by BS’ (10).
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cross-link K40-K239” is also compatible with the small asym-
metric double belt (Fig. 3B). Importantly, on the basis of
this cross-link, Bhat and colleagues proposed that the two
midsized double belts of apoA-I; homodimer, such as
those shown in Fig. 4B, are arranged as two parallel rings
on large rHDL (Fig. 1C) (10). As discussed below, we pro-
pose that such a parallel arrangement of the two double
belts (four copies of apoA-Iy) is possible on plasma HDLy;
containing two copies of dimeric apoA-Iy. In summary,
the cross-linking data (10) strongly support our models of
apoA-I; homodimer on HDL of various sizes. Importantly,
our models differ from those previously proposed, as we
incorporate alternative N-terminal conformations sug-
gested by the results of the recent HX/mass spectrometry
and high-resolution X-ray crystallographic studies (48, 53),
which were not available at the time of the cross-linking
studies by Bhat and colleagues.

TESTING THE MODELS OF APOA-I;; ano
HOMODIMERS BY MD SIMULATIONS

To test the energetic plausibility of the proposed mod-
els, we performed all-atom MD simulations using three
different systems containing apoA-I,; homodimer. The sys-
tems contained a small, midsized, or large symmetrical
protein double belt, disulfide-linked via the Cys173 pair, and
varying amounts of lipid. The overall protein arrangement
in the starting models followed the diagrams in Figs. 3A,
4, and b5, respectively. In the starting model of the large
particle, apoA-I residues 1 and 2 were in a random coil
conformation; residues 3-55 were in a conformation simi-
lar to that in the crystal structure of A(185-243)apoA-I but
extended around the G39-containing hinge (rather than
folded back) to allow for a fully expanded belt (Fig. 5);
and residues 56-243 formed an idealized 3/11 helix (11
residues per three turns) bent in a circular arc, such that
the 1-55 segment closed the circle without overlap. All he-
lices were oriented with their apolar sides facing the lipid
interior. The two protein molecules were arranged in an
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Comparison of major BS? cross-links
in ~7.8 nm and in ~12 nm particles
containing apoA-| Milano homodimer

Presentin 7.8 nm, absent from 12 nm:

Inter
Inter

Present in 12 nm, absent from 7.8 nm:

Inter
Inter
Intra
Inter
Inter

Fig. 5. Chemical cross-links identified in large and
small rHDL(A-Iy;/A-Iy) (10) mapped on the proposed
model of the large A-Iy;/A-Iy; double belt. Cross-
links that have been found only in large ~12.5 nm
rHDL are highlighted in yellow; gray highlights in-
dicate cross-links that have been found in small but
not in large rHDL(A-I/A-Iy;). Color coding is as
in Fig. 3.

antiparallel double belt allowing C173-C173" disulfide
bond formation. The helical axes in the double belt were
~10 A apart. A circular patch of 232 POPC molecules in a
bilayer conformation was centered within the double belt.
In the midsized particle, the starting protein model was
created similarly, except that the conformation of the resi-
due segment 3-55 was exactly as in the crystal structure
(i.e., folded back around the G39-containing hinge as in
Fig. 4), and the diameter of the circular arc was reduced
accordingly to allow residues 39-243 form a closed belt. A
circular bilayer patch of 178 POPC molecules was added.
In the small particle, the starting protein model was cre-
ated similarly as in the midsized particle, except that the
helical belt was further constricted to adhere to the overall
geometry shown in Fig. 3A. A circular patch of 76 POPC
was added.

The MD simulations were performed using NAMD 2.9
software (61) as previously described (62). Briefly, each
system was ionized and charge-neutralized with 0.15 M
NaCl by using the ““Add Ions’’ plug-in in Visual Molecular
Dynamics software (63). The TIP3P water model was used
to solvate the system (64). The CHARMM 22 (65, 66) and
27 (67, 68) force fields were used for protein and lipid,
respectively. After solvation and ionization, 10,000 steps of
conjugant gradient minimization were performed for each
model. Next, the protein was frozen while the system was
heated to 310 K and equilibrated for 0.5-1.0 ns until the
gap between lipid and protein was reduced. Afterwards,
the protein was unfrozen, and the complete models were
equilibrated at 310 K for 5 ns for the large particles or for
15 ns for the midsized and small particles.

Fig. 6 shows the all-atom models of the small, midsized,
and large HDL(apoA-ly;/apoA-ly) after MD simulations.
The overall arrangement of the protein and lipid in each
model was retained, indicating its energetic plausibility.
The main changes in the protein conformation upon MD
simulations involved formation of a less regular helical
structure that was kinked around prolines and partial
movement of the N-terminal segment in the small double
belt from the edge of the bilayer to its top or bottom. A



apoA-lyiian, homodimer

Fig. 6. All-atom models of rHDL(A-Ly;/A-I;) particles of various sizes after MD simulations. Upper panels
show top views and lower panels show side views. The two protein molecules in each model are in rainbow
colors from the N to the C terminus (blue to red). The position of the C173-C173” disulfide in each model
is indicated. Residue pairs that are located across from the C173 pair and are ag)proximately in registry in the
two molecules are indicated. This includes K96-K96” pair that formed a BS” cross-link only on the small
rHDL (A-l;/A-Iy;) but not in their larger counterparts (10).

similar shift in segment 1-65 was proposed to occur dur-
ing metabolic remodeling of plasma HDL and its matura-
tion from nascent “discoidal” to small “spherical” particles
(9). Notably, the distances between the C, atoms of the
cross-linkable lysines shown in Figs. 3-5 were under 26 A
after MD simulations, showing that the models were con-
sistent with the Lys cross-linking data reported by Bhat et al.
In sum, our MD simulations show that the proposed mod-
els of apoA-Iy; homodimer on the small, midsized, and
large HDL are energetically plausible and agree with the
existing cross-linking data.

HYPOTHETICAL MODELS OF APOA-I/APOA-II
HETERODIMERS

In addition to the disulfide-linked apoA-I; homodimer,
we also propose conformations of the disulfide-linked het-
erodimers, A-Iy/A-Il and A-Ip/A-II (supplementary Fig. IV).
Again, our models differ from those previously proposed
(59), as we incorporate the N-terminal conformation of
apoA-I suggested by the atomic structure of A(185-243)
apoA-I that only recently became available. Because apoA-II-
containing heterodimers are not readily available in amounts
sufficient for detailed structural studies (59), these tentative
models await their experimental verification.

CONFORMATIONAL ENSEMBLES OF APOA-I,,,
APOA-I;, AND APOA-Iyy,; HOMODIMERS COMPARED

The proposed conformations of the apoA-Iy; homodi-
mer in the double belts of various sizes are shown in Fig. 7
(top). Hypothetical conformations of similar double belts con-
taining apoA-Ip homodimer are reported in supplementary

Fig. V. The conformational ensemble previously proposed
for apoA-Iyr (9) is shown for comparison (Fig. 7, bottom).
An important feature of this ensemble is that registry of
repeats 2-7 is conserved in double belts of different sizes
(9). This “constant” region (residues 66-185 in apoA-Iy)
is centered at the 5/5” helix pair (in green). In contrast,
packing of the N- and C-terminal repeats G-1 (residues
1-65, in blue) and 8-10 (residues 186-243, in red) varies on
the double belts of different sizes. Importantly, the two flex-
ible hinges encompassing G65-P66 and G185-G186, which
delineate the constant and variable regions in apoA-Iyr,
are aligned in all double belts. This alignment facilitates
swing motion of the variable and constant regions around
the axis connecting G65-P66 and G185-G186 (Fig. 7, bot-
tom panels). We postulated that this out-of-plane swing
motion is essential for maturation and growth of HDLy
(9), as it helps to confer 2D surface curvature to the spher-
ical HDL particle and to accommodate additional copies
of apoA-Iy in the trefoil/tetrafoil arrangement first pro-
posed by Davidson’s group (7, 8) (Fig. 1B).

Our models suggest that, despite the overall similarity
of the double belts formed by apoA-Iyy, apoA-Iy, and
apoA-I, homodimers, there are also important structural
and dynamic differences resulting from the Cys muta-
tions and the intermolecular disulfides in the mutant
proteins (Fig. 7 and supplementary Fig. V). First, all dou-
ble belts in our models have constant and variable re-
gions, albeit in different locations: the constant region in
apoA-I; is centered at the disulfide-linked 7/7 pair; in
apoA-I; at the disulfide-linked 6/6” pair; and in apoA-Iy
at the 5/5" pair (Fig. 7 and supplementary Fig. V). As re-
vealed by the high-resolution crystal structure, the cen-
tral opening in the 5/5’ pair is uniquely suited to provide
a lipid presentation tunnel for the LCAT reaction on
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Fig. 7. Conformational ensemble proposed for the small, midsized, and large double belts of apoA-Iy
(top) and apoA-lyr (bottom). The double belts are rotated by ~180°C with respect to their orientations in
Figs. 2-5.Green arrows point to the center of repeat 5. Repeat pair 5/5’, which was proposed to form the
lipid presentation tunnel for the LCAT reaction (53), is replaced with 5/9” pairing in apoA-I; homodimer
(green arrows). Arcs indicate constant and variable regions. Gray line in the bottom panels shows swing axis
in the apoA-Iyr double belt, which connects G65-P66 and G185-G186 hinge regions. These hinges are in
registry in the double belt of apoA-Iyt (bottom) but in neither in apoA-Iy; (top) nor in apoA-I, homodimers
(supplementary Fig. V), which is expected to impede tetrafoil formation by these homodimers (Fig. 1).

HDL (53, 54). Disruption of this tunnel in the apoA-Iy
and apoA-I, homodimers results in impaired LCAT acti-
vation (53), explaining the low levels of mature HDL in
plasma of Milano and Paris carriers. In our models, 5/5
helix pairing in apoA-Iyr is replaced with 5/7" and 5'/7
pairings in apoA-Ip (supplementary Fig. V) or with ap-
proximate 5/9” and 5’/9 pairings in apoA-I,; double belts
(Fig. 7). This suggests that the single lipid presentation
tunnel in the double belt of apoA-Iyy is replaced with two
inefficient “semitunnels” in apoA-I; or apoA-I, (Fig. 7
and supplementary Fig. V, green arrows).

Second, flexible hinges G65-P66 and G185-G186 are
aligned in apoA-Iy double belts of various sizes but not
in their apoA-Iy; or apoA-I, counterparts (Fig. 7 and sup-
plementary Fig. V). As a result, the concerted out-of-
plane swing motion of the two dimer-forming molecules
around these highly conserved hinges (69), which we
proposed to be important for HDL maturation (9), is
probably impaired in the apoA-Iy; and apoA-I; double
belts, further contributing to the impaired maturation of
HDLy and HDL,. Furthermore, the impaired swing mo-
tion of the double belt is expected to prevent its tetrafoil
conformation on large spherical HDL that contains four
copies of apoA-I (Fig. 1B). We speculate that, instead of
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the tetrafoil, Milano and Paris homodimers form two par-
allel double belts encircling the large particle (Fig. 1C),
similar to those postulated in the cross-linking studies of
large rHDL (A-I;/A-Iy) (10).

Third, our models, supported by the cross-linking data
(10), suggest that the preferred double-belt conformation
of apoA-I,; homodimer has the N-terminal segment folded
back around the flexible hinge containing G39 but not
G65-P66 (Fig. 7, top left and center). This preferred con-
formation resembles one of the three alternative N-terminal
conformations proposed for apoA-Iyy (Fig. 7, bottom
center). In summary, despite the overall similarity, there
are also important structural and dynamic differences be-
tween apoA-ly and apoA-Iyr homodimers. These differ-
ences include a shift in the conformational distribution in
the N-terminal part and the impaired swing motion of the
ALy /ALy double belt. The latter is expected to result in
parallel arrangement of the two Milano double belts on
large HDL, as opposed to tetrafoil arrangement postulated
for apoA-Iyr (Fig. 1B, C). These differences in the apoA-I
structure and dynamics on HDLyr and HDLy are ex-
pected to influence their interactions with functional li-
gands in reverse cholesterol transport and with many other
HDL-associated proteins (16, 70).



EFFECTS OF THE DISULFIDE LINK ON LIPID
RECRUITMENT BY APOA-I

Our models suggest distinct molecular mechanisms for
lipid efflux from cells to apoA-Iyr and to apoA-Iy;. Fig. 8
illustrates these events for apoA-Iyr, starting with the mo-
nomeric lipid-poor/free protein that is proposed to serve
as the primary acceptor of cell cholesterol via ABCAl
transporter at the critical rate-limiting step of reverse cho-
lesterol transport (1, 13-15). Lipid-free (53) and lipid-
poor (55) apoA-Iyyr monomer in solution is proposed to
adopt a globular helix-bundle structure similar to that ob-
served in the crystallographic dimer, but with the C-terminal
half domain-swapped from Molecule 2 to Molecule 1 via
the central repeat 5 (Fig. 7A) that is disordered in solu-
tion (53). We proposed that binding of this monomer to
phospholipid surface, possibly mediated by ABCALI trans-
porter that can dimerize in the plasma membrane (71), is
accompanied by apoA-I dimerization and lipid sequestra-
tion via the hydrophobic C-terminal segment 8-10 that
forms the primary lipid-binding site (Fig. 8B) (72). This
process generates small nascent HDL containing two cop-
ies of apoA-Iy (Fig. 8C).

Lipid efflux to the disulfide-linked homodimers is illus-
trated in Fig. 9 for apoA-I; and in supplementary Fig. VI for
apoA-Ip. On the basis of the previous structural and stability
studies of apoA-Iy; and apoA-Iyy (10, 36, 47, 48, 53), we pro-
pose that each molecule in the apoA-I,; homodimer adopts
a conformation similar to that of the apoA-Iyy monomer
but with two alternative orientations of the 1-65 segment.
One orientation is similar to that of the apoA-Iyr and has
the N-terminal segment folded back around G39 and G65-
P66 to form a 4-segment bundle (Fig. 9A). In the second

orientation, the N-terminal segment is folded back around
G39 butis expanded around G65-P66 away from the bundle
(Fig. 9A, blue arrow). The second orientation is probably
preferred on HDL, as suggested by the cross-linking studies
of rHDL of various sizes (10), and is depicted in the small
symmetric double belt on the 7.8 nm particles (Figs. 3A and
9B). As described below, this orientation of the N-terminal
segment, together with the close spacing between the two
G185-G186 hinge pairs in the Milano homodimer, is ex-
pected to influence the conformation, dynamics, and func-
tion of the molecular C termini.

In apoA-I, the hydrophobic C-terminal segment 8-10
(residues 185-243) is largely unordered in solution but be-
comes predominantly helical on the lipid (Refs. 52, 53, 72
and references therein). Additional mobility of this seg-
ment is conferred by the flexible hinge G185-G186. In the
double belt, the spacer between these hinges is composed
of sequence repeats 2-7 in apoA-Ly (Figs. 1A and 6B),
repeats 5—7 in apoA-I, (supplementary Fig. V), and repeat
7 in apoA-I; (Figs. 2-4 and 8). The latter spacing is ~33 A
long (that is, the length of a 22-mer a-helix) as compared
with 110 A spacing observed in the crystallographic dimer
of A(185-243)apoA-I (53) (Fig. 1A) and depicted in the
model of apoA-Iyr (Fig. 8B). We propose that this reduced
spacing between the two G185-G186 hinges in the apoA-I
homodimer restricts the amount of lipid sequestered by its
C-terminal segment (Fig. 8A, B). This concept helps ex-
plain why the apoA-I; homodimer readily forms unusually
small 7.8 nm HDL in vivo and in vitro (32, 39, 40).

Our models also help explain why these small particles
form efficient acceptors of additional lipid from cells (32,
40). In our model of the small double belt of apoA-lyr, helices
8-10 pack against each other to close the belt and form its
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Fig. 8. Proposed structural changes in the apoA-Iyr protein and lipid during the initial rate-limiting steps of reverse cholesterol trans-
port. Lipid-poor/free monomeric apoA-Iy; forms a globular foursegment bundle as previously described (53, 55) (A). Upon adhesion to
the lipid surface via the flexible hydrophobic C-terminal segment 185-243 (in red), apoA-Iyt dimerizes via the domain swapping around
repeat 5 (in green) (53), which is followed by lipid sequestration (9) (B). This process generates small nascent HDL containing one copy
of A-Iyy—A-Iyr double belt wrapped around the perimeter of a phospholipid bilayer (C). In C, nascent discoidal HDL are shown face-up,
and phospholipid head groups are show in circles. Lipid efflux from the plasma membrane to apoA-I is mediated by the lipid transporter
ABCAI that forms protrusions on the plasma membrane and thereby increases lipid availability to apoA-I (Refs. 13—-15 and references

therein).
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Fig. 9. Proposed structural changes in apoA-Iy; homodimer and in lipid during the initial step of reverse choles-
terol transport. (A) Solution structure of apoA-I; homodimer is similar to that of apoA-Iy; monomer (Fig. 8A)
but has a slightly destabilized foursegment bundle in which the N-terminal segment 1-65 can rotate around G65-
P66 hinges (blue arrows). C-terminal segment 185-243 (repeats 8-10, in red) sequesters lipid to form unusually
small ~7.8 nm HDL that are a hallmark of the Milano mutation (39, 40, 47) (B). Transient dissociation of the
C-terminal segment from these small HDL enables it to recruit additional lipid (C) and form larger particles (D).
Nascent discoidal HDL(A-I;/A-ly;) are shown face-up, and phospholipid head groups are show in circles.

integral part (Fig. 6, bottom left, and Fig. 8, right). There-
fore, spontaneous dissociation of these helices has low prob-
ability, as it involves a steep energy penalty for transient
solvent exposure of lipid acyl chains around the HDL perim-
eter. In contrast, in the small symmetrical double belt of
apoA-Iy;, helices 8-10 pack against the N-terminal and central
helices G-1 and 4-6 to form two two-segment pairs (Fig. 7,
top left, and Fig. 9B). As illustrated in Fig. 9C, such packing
allows dissociation of the C-terminal segment from the parti-
cle edge without breaking the double belt and exposing HDL
lipids to solvent. We hypothesize that such dissociation of the
C-terminal segment, which is facilitated by its rotation around
the G185-G186 hinges, occurs transiently in apoA-Iy; homodi-
mer, enabling it to recruit additional lipid (Fig. 9C). Our hy-
pothesis is supported strongly by the studies of Calabresi and
colleagues showing that ~7.8 nm plasma HDL,; acts as an
efficient acceptor of cell cholesterol via the ABCAI trans-
porter and that the C-terminal segment in this HDL,; is highly
labile to proteolysis (40). The authors proposed that tran-
sient dissociation of the C-terminal regions is specific to
HDL,; and is important for cell surface interactions (32, 40).
Our models are in excellent agreement with this idea and
suggest a molecular basis underlying the increased structural
lability and functional activity of the C-terminal segment in
the apoA-I,; homodimer on small HDL (Fig. 9).

SUMMARY AND FUTURE STUDIES

Our models suggest a pathway via which apoA-I; homodi-
mer recruits lipids to form nascent HDL. We propose that
this recruitment is facilitated by the increased mobility of
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the C-terminal segment but is restricted by its close spacing
that limits the amount of sequestered lipids (Fig. 9C). This
increased mobility and reduced spacing of the C-terminal
segment suggests that lipid sequestration by apoA-I,; homodi-
mer occurs at a faster pace but in smaller increments as com-
pared with apoA-Iy,;. Whether the net effect benefits cell
cholesterol recruitment by apoA-Iy; remains unclear. How-
ever, it is clear that the differences in the repeat registry in
apoA-ly (7/7), apoA-ly (6/6"), and apoA-Iyy (5/5") alter the
protein conformation and dynamics not only in the central
LCAT-activating region of the double belt (53) butalso in the
variable N- and C-terminal regions (Figs. 7-9). Moreover,
Milano and Paris disulfides disrupt the registry of the two
major Gly-containing flexible hinges in apoA-I double belt
(Fig. 7 and supplementary Fig. V), G65-P66, and G185-G186,
and thereby impair the hinge motion that, we think, is neces-
sary for the tetrafoil conformation of apoA-I on mature HDL
(Fig. 1B). Therefore, on large mature HDL, two pairs of
Milano or Paris homodimers are expected to form parallel
rings, as opposed to the tetrafoil postulated for apoA-Iyp In
addition to these global structural changes in the mutant pro-
teins, local adjustments in their conformations are expected,
which are beyond the scope of the current work. Together,
these structural and dynamic differences are expected to
influence functional interactions of the Milano and Paris
mutants with various metabolic partners that drive reverse
cholesterol transport, as well as with nearly 100 other HDL-
associated proteins (1, 16, 70).

Even though the proposed molecular arrangement of
the disulfide-linked apoA-I,; homodimer is supported
strongly by the cross-linking studies of rHDL(A-Iy/A-ly)
(10), our models have clear limitations. First, the accuracy



of the cross-linking structural studies and the resulting mod-
els is limited, in part, by the length of the cross-linker arm
that defines the maximal Ca-Ca distance (26 A for BS’)
(10). Second, the exact arrangement of the N-terminal seg-
ment 1-65 on HDL remains tentative, especially on the
small discoidal particles that mimic nascent HDL. MD simu-
lations suggested that this segment can shift from the edge
of the bilayers to its top or bottom (Fig. 6A). Such a shift was
previously proposed to facilitate maturation of small discoi-
dal HDL into spherical HDL (9), and this will be further
explored in future studies. Third, our proposed conforma-
tional ensemble of the disulfide-linked apoA,; homodimer
may be incomplete. For example, it is consistent with but
does not explicitly include the dynamic structure in the cen-
tral region of apoA-I containing repeat 5. Highly dynamic
structure in this region was reported in several studies in
solution and on HDL (48, 53, 73, 74), and it was proposed
to help mediate the protein conformational switch from so-
lution to HDL (53), as well as help adapt the double-belt
length to HDL of various sizes (73, 74). This highly dynamic
structure in repeat 5 can be incorporated into our models,
providing them with additional plasticity. Another limita-
tion is that, unlike the disulfide-linked apoA-I,; homodimer,
the proposed models of the disulfide-linked apoAp homodi-
mer and of the Milano and Paris heterodimers have not
been tested experimentally.

Despite these limitations, our models help postulate test-
able hypotheses for experimental studies. For example, the
N-terminal opening around the Gly-containing hinges in
apoA-I in solution and on HDL is currently being probed by
engineering structure-based disulfides that prevent such
opening. The proposed pairing of helical repeat 6 with 8 and
of helical repeat 5 with 9 in HDL (A-I;/A-I;) or close proxim-
ity of the molecular N-termini in the midsized but not the
small or large HDL(A-Iy;/A-Ly) (Fig. 7, top panels) can be
probed by FRET or EPR studies of the labeled protein. These
and other aspects of the proposed models can also be probed
by using extensive cross-linking following the protocols devel-
oped by Davidson’s team (7, 8). These experimental ap-
proaches together with other methods, such as HX/mass
spectrometry, can be used to probe the validity of the pro-
posed models of apoA-I, homodimers and of the Milano and
Paris heterodimers with apoA-II. The ultimate test for the
proposed models, which is high-resolution structural analysis
of HDL, remains a major challenge in the field B
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