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Abstract Apolipoprotein (apo)A-I is the principal protein
component of HDL, and because of its conformational
adaptability, it can stabilize all HDL subclasses. The am-
phipathic a-helix is the structural motif that enables apoA-I
to achieve this functionality. In the lipid-free state, the heli-
cal segments unfold and refold in seconds and are located
in the N-terminal two thirds of the molecule where they
are loosely packed as a dynamic, four-helix bundle. The
C-terminal third of the protein forms an intrinsically disor-
dered domain that mediates initial binding to phospholipid
surfaces, which occurs with coupled a-helix formation. The
lipid affinity of apoA-I confers detergent-like properties; it
can solubilize vesicular phospholipids to create discoidal
HDL particles with diameters of approximately 10 nm. Such
particles contain a segment of phospholipid bilayer and are
stabilized by two apoA-I molecules that are arranged in an
anti-parallel, double-belt conformation around the edge of
the disc, shielding the hydrophobic phospholipid acyl chains
from exposure to water. The apoA-I molecules are in a
highly dynamic state, and they stabilize discoidal particles of
different sizes by certain segments forming loops that de-
tach reversibly from the particle surface. The flexible apoA-
I molecule adapts to the surface of spherical HDL particles
by bending and forming a stabilizing trefoil scaffold struc-
ture. The above characteristics of apoA-I enable it to part-
ner with ABCA1 in mediating efflux of cellular phospholipid
and cholesterol and formation of a heterogeneous popula-
tion of nascent HDL particles.ll Novel insights into the
structure-function relationships of apoA-I should help re-
veal mechanisms by which HDL subclass distribution can be
manipulated.—Phillips, M. C. New insights into the determi-
nation of HDL structure by apolipoproteins. J. Lipid Res.
2013. 54: 2034-2048.
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The purpose of this review is to summarize current un-
derstanding of how apolipoproteins (apoA-I in particular)
determine the structures of HDL particles. The focus is on
recent advances in the field, so the coverage of the litera-
ture on HDL structure is not comprehensive. Knowledge
of HDL structure at the molecular level is critical for un-
derstanding how this lipoprotein achieves the multiple func-
tions elaborated in other reviews in this thematic series.

In human plasma, HDL is a heterogeneous collection of
particles ranging 7-12 nm in diameter and 1.063-1.21 g/ml
in density (1-4). The predominant species of HDL are
spherical microemulsion particles, in which a core of
neutral cholesteryl ester (CE) and triacylglycerol (TG) is
encapsulated by a monolayer of phospholipid (PL), unes-
terified (free) cholesterol (FC), and protein (5). The pro-
tein and PL constituents comprise approximately 50 and
25%, respectively, of the mass of such particles, with the
CE, FC, and TG components making up the remainder.
Larger, less dense HDL particles have a higher lipid-
to-protein mass ratio. Approximately 70% of total plasma
HDL protein is apoA-I (which is present in normolipi-
demic human plasma at ~130 mg/dl), and it is located in
essentially every HDL particle. The second most abundant
protein is apoA-II, which comprises 15-20% of total plasma
HDL protein, but this component is not present in all
HDL particles. In human plasma, about 25% of apoA-I is
present in HDL particles containing only apoA-I (LpA-I);
the remaining HDL particles contain both apoA-I and
apoA-Il (LpA-I+A-II), typically in a molar ratio of 1-2/1 (6).
ApoA-T and apoA-II are the “scaffold” proteins that pri-
marily determine HDL particle structure. Other members
of the exchangeable apolipoprotein gene family that are

Abbreviations: CD, circular dichroism; CE, cholesteryl ester;
DMPC, dimyristoyl phosphatidylcholine; EPR, electron paramagnetic
resonance; FC, free (unesterified) cholesterol; GdnHCI, guanidinium
hydrochloride; HX-MS, hydrogen exchange-mass spectrometry; PL,
phospholipid; TG, triacylglycerol.
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associated with HDL include apoA-IV, apoC, and apoE;
these proteins comprise =< 10% of HDL protein and do
not significantly affect overall particle structure. Small
populations of HDL particles containing mainly either
apoA-IV or apoE exist in normal human plasma and also
in plasma from apoA-I-deficient subjects (7). The many
other types of protein molecules identified by proteomic
analysis of HDL (8, 9) (also see review on HDL proteomics
in this thematic series) are sequestered on composition-
ally distinct particles (9) (present at levels < 1 molecule/
particle) and serve a metabolic rather than structural role.
Besides being present in spherical HDL particles, apoA-I is
a critical component of nascent HDL formed by the action
of ATP binding cassette transporter Al (ABCAl). The
structures of these discoidal HDL particles, which contain
a segment of PL bilayer, are largely determined by the
properties of the apoA-I molecule. In addition to the above
lipid-bound forms, some 5-10% of the apoA-I in human
plasma is present in a lipid-free/poor state, designated
pre-31-HDL (10, 11).

In this review, the focus is to understand how the struc-
ture of the apoA-I molecule allows it to exist in the various
physical states mentioned above and to determine the
structure of HDL particles. The fact that the functional
motif in exchangeable apolipoproteins is the amphipathic
a-helix has been established for some time (for a review,
see Ref. 12). After considering how the amphipathic a-helix
determines the structure of lipid-free apoA-l, this review
addresses the mechanisms by which apoA-I interacts with
lipids to form HDL particles and discusses current under-
standing of the organization of apoA-I on discoidal and
spherical HDL particles. This structural information forms
a basis for understanding why HDL exists as a heteroge-
neous population of particles.

STRUCTURES OF HDL EXCHANGEABLE
APOLIPOPROTEINS IN THE LIPID-FREE STATE

Primary and secondary structures

Human exchangeable apolipoproteins (apoA, apoC,
apoE) have the same genomic structure and are members
of a multigene family that probably evolved from a com-
mon ancestor (13). The last exon codes for primary struc-
tures of 11- and 22-amino acid tandem repeats that span
amino acid residues 44-243, 40-77, 40-397 and 62-299 in
apoA-I, apoA-Il, apoA-IV, and apoE, respectively. Each of
these repeats has the periodicity of an amphipathic -
helix, and these helices are often separated by a proline
residue (12, 13). The distributions of all the potential a-
helices along the amino sequences of apoA-I, apoA-IV,
and apoE are shown in Fig. 1A. The predicted a-helices
for apoA-I include ~80% of the amino acids and repre-
sent essentially the maximal helix content. Amphipathic
a-helices have been classified into several distinct classes
according to the distribution of charged residues around
the axis of the helix (12). The class A helix is a major
lipid-binding motif of exchangeable apolipoproteins and

is characterized by the location of positively charged residues
near the hydrophilic/hydrophobic interface and negatively
charged residues clustered at the center of the polar face
(Fig. 1B). Class G* and class Y helices have also been identi-
fied in the exchangeable apolipoproteins, and these types
of amphipathic a-helix are proposed to have reduced lipid
affinity. The class G* helix is distinguished by a random
radial arrangement of positively charged and negatively
charged amino acid residues in the polar face, whereas the
class Y helix is characterized by the presence of three clusters
of positively charged amino acids in the polar face forming
a Y pattern. The repeating amphipathic a-helical segments
are critical for the ability of exchangeable apolipoproteins
to interact with PL and stabilize HDL particles. In the case
of apoA-I, the importance is reflected in the conservation
of this structural motif across multiple species (14, 15).

A longstanding question has been the relationship of
the helix locations and overall helix content derived from
analysis of the amino acid sequence (Fig. 1A) to the sec-
ondary structure of the monomeric lipid-free apoA-I mol-
ecule in aqueous solution. It is difficult to study this issue
because, at concentrations above about 0.1 mg/ml, apoA-I
self-associates (16) with a concomitant increase in helix
content (16-18). Circular dichroism (CD) measurements
made at <0.1 mg/ml in which the apoA-I is monomeric
indicate that the a-helix content is ~50% (19-21), which
is much lower than the content depicted in Fig. 1A. Site-
directed spin labeling followed by electron paramagnetic
resonance (EPR) spectroscopy has been applied to define
the locations of the elements of secondary structure in
lipid-free apoA-I in the oligomeric state (2-5 mg apoA-I/ml)
(22-24). The results indicated that the total a-helix con-
tent was 53% with the helices being distributed along the
length of the apoA-I molecule. Interestingly, about 12%
of the amino acids were found to be located in B-strand.
These findings do not agree very well with the helix assign-
ments for the native apoA-I molecule in the monomeric
state (0.07 mg apoA-I/ml) derived by hydrogen-deuterium
exchange and mass spectrometry (HX-MS) analysis (see
below). The discrepancies are probably a consequence of
the use in the EPR experiments of mutated (cysteine resi-
dues substituted at each position with a spin-label attached)
apoA-I molecules in an oligomeric state. The resultant in-
termolecular interactions may have promoted the observed
B-strand formation.

HX-MS methods can be used to probe at close to amino
acid resolution the secondary structure of the native
apoA-I molecule (unmutated and unlabeled) as lipid-
free monomer in dilute solution. The process involves
simply monitoring the naturally occurring exchange of
amide hydrogens with water (25, 26). Such exchange re-
quires transient H-bonding of the amide hydrogen with a
solvent hydroxyl ion, so a-helix has to unfold for HX to
occur. As a result, relative to random coil structure, helices
are protected against HX and the degree of protection
(slowing of amide HX) gives a measure of helix stability
(free energy of unfolding). This approach has yielded
the locations and stabilities of helices in the apoA-I mole-
cule. As shown in Fig. 2, the C-terminal region formed by
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Fig. 1. (A) Distribution of amphipathic a-helices in the human exchangeable apolipoproteins apoA-I,

apoA-1V, and apoE. The letter “P” below the rectangles indicates positions of all proline residues. (B) Am-
phipathic helix classes found in the exchangeable apolipoproteins. Classification is based on the distribution
of charged residues. Adapted from Segrest et al. (12).

residues 179-243 is unstructured. There are five helical
segments that span residues 7—44, 54-65, 70-78, 81-115, and
147-178, giving a total helix content of about 50%, which
is consistent with CD measurements for monomeric apoA-I
in dilute solution (25). The structure in Fig. 2 agrees with
the results of other biophysical studies showing that the he-
lices are located in the terminal half of the apoA-I molecule
(19, 20, 27-29). The helices exhibit free energies of stabili-
zation in the range of 3-5 kcal/mol which is significantly
lower than the 5-10 kcal/mol typically observed for globu-
lar proteins. The stabilization free energy of 3-5 kcal/mol
corresponds to an unfolding equilibrium constant of ap-
proximately 107° , meaning that the apoA-I a-helices spend
about 0.1% of the time unfolded. Because a-helix folding
can occur on a submillisecond timescale, the a-helices in
lipid-free apoA-I probably unfold (and refold) on a times-
cale of seconds or faster. The dynamic nature of apoA-I
structure and its relative instability presumably explain the
facile ability of its helical segments to unfold and refold
during HDL formation and maturation.

Tertiary structure

The stabilities of 3-5 kcal/mol for the apoA-I helices de-
scribed in Fig. 2 are far greater than can be attained by iso-
lated helices (30). This strongly suggests that the helices are
organized into a mutually stabilizing helix bundle, as has
been observed by fluorescence and other measurements
(27-29). Stability is promoted by juxtaposition of the
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nonpolar faces of the amphipathic a-helices in the inte-
rior of the bundle and favorable cross-helix ion pairs (31).
The helices are folded into an antiparallel bundle as de-
picted in Fig. 3A. Helix cross-linking (21) and fluorescence
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Fig. 2. Summary of the HX-derived secondary structure assign-
ments and a-helix stabilities for lipid-free human apoA-I. (A) Site-
resolved stability of apoA-I in the monomeric state. (B) The gray
cylinders represent a-helices, and the lines indicate disordered sec-
ondary structure. The positions of proline residues (P), whose
presence leads to some perturbation of a-helix organization, are
marked. The helical structure is dynamic, unfolding and refolding
in seconds. Adapted from Ref. 25.



resonance energy transfer (29) data for lipid-free apoA-I
support this conclusion. The precise locations of the heli-
ces with respect to one another are not known because
the apoA-I molecule in the monomeric state in dilute so-
lution is not amenable to study by either X-ray crystallog-
raphy or NMR. A high-resolution structure for a native
human apolipoprotein in the monomeric state has not
been reported; the closest available structure that may
provide additional insight into the organization of the
apoA-I helix bundle domain (Fig. 3A) is that shown in
Fig. 3B for a monomeric apoE3 variant (32). In this struc-
ture, the N-terminal domain (residues 1-167) comprises
an antiparallel four-helix bundle that is similar to the iso-
lated apoE3 N-terminal domain structure determined by
both X-ray crystallography (33) and NMR (34). The helix
bundle is stabilized mainly by hydrophobic interactions,
while the interactions between the helix bundle and the
helical C-terminal domain are stabilized by buried salt
bridges and hydrogen bonds (32). X-ray crystallography
and NMR experiments have demonstrated the existence
of helix bundles in lipid-free human apoA-IV (35), as well
as in insect apolipoproteins (36-38). It should be noted
that a crystal structure for full-length apoA-I in the lipid-
free state (39) has been reported to be fraudulent (40).
Crystallization of lipid-free human apoA-I molecules with
truncations at either the N-terminal (41) or C-terminal (42)
end leads to the protein adopting an extended conformation
that is similar to the structure of lipid-associated apoA-I
(discussed below).

A. Human apoA-|

N-terminal
helix bundle
(molten globulg)

243
nonpolar C-terminal
/ domain (disordered)

(initiates binding to lipid surfaces)

It is well established that human apoA-I and apoE3
adopt similar overall two-domain structures comprising an
N-terminal helix bundle and separately folded C-terminal
domain (Fig. 3). However, the detailed characteristics of
these domains in the two proteins are different (20, 43).
The helix bundle in apoE3 is relatively stable (midpoint of
denaturation D 9 = 2.5 M GdnHCI and free energy of sta-
bilization = 6.6 kcal/mol, as monitored by CD) (44) with
specific interhelix interactions and helix positions so that
there is a defined tertiary structure (Fig. 3B), as deter-
mined by NMR (32, 34). The helix bundle in apoA-I is
significantly less stable (D;,, = 1.0 M GdnHCI and free en-
ergy of stabilization = 4.5 kcal/mol) (45). and the expo-
sure of hydrophobic surface, as reflected by binding of
8-anilino-1-napthalenesulfonic acid, is significantly greater
than in the apoE3 helix bundle (43). Furthermore, as
mentioned earlier with regard to Fig. 2, HX experiments
indicate that the individual helices in apoA-I exist tran-
siently, opening and closing on a timescale of seconds.
The above characteristics are consistent with the helix
bundle existing in a molten globular state, as has been in-
ferred from studies of the thermal denaturation of apoA-I
(46). Thus, the apoA-I N-terminal domain (Fig. 3A) may
be best viewed as having a characteristic antiparallel four-
helix bundle fold but not possessing fixed and specific ter-
tiary (interhelix) interactions. The helix bundle domain
probably exists as an ensemble of similar conformations
that exhibit a degree of global cooperativity. As such, the
apoA-I molecule is highly flexible and can readily adopt

B. Human apoE3

Fig. 3. Structures of human apoA-I and apoE3 in the lipid-free monomeric state. Both molecules adopt a
two-domain tertiary structure in which the N-terminal two thirds is folded into an anti-parallel helix bundle,
and the C-terminal region forms a distinct domain. (A) The helix locations along the amino acid sequence
of the apoA-I molecule are taken from Fig. 2. (B) NMR structure of an apoE3 monomeric variant containing
the mutations F257A/W264R/V269A/1.279Q/V287E to prevent self-association. The average structure is
shown as a ribbon representation in which the N-terminal helices in the anti-parallel bundle are colored
blue. The C-terminal helices are shown in pink, and the hinge region that links the N- and C-terminal do-
mains is colored green. ApoE3 figure reproduced with permission from Ref. 32.
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different conformations; this low stability structure facili-
tates functional remodeling of HDL particles (47). The
helix bundle structure can be very sensitive to perturba-
tion by point mutations. For example, the presence of a
G26R mutation in apoA-lj,,, leads to unfolding of the he-
lix spanning residues 7-44 (Fig. 3A) which, in turn, desta-
bilizes the helix bundle (48); this destabilization promotes
proteolysis at residue 83 and formation of amyloid (49).

The C-terminal domains are organized differently in
the monomeric apoA-I and apoE3 molecules. This domain
contains a-helices in the latter case (Fig. 3B), and the seg-
ment spanning residues 260-270 forms an exposed hydro-
phobic surface that can initiate lipid binding (32). In
contrast, the entire C-terminal domain (residues 180-243)
in apoA-l is disordered (Figs. 2 and 3A). This domain lacks
a well-structured three-dimensional fold and has the char-
acteristics of an intrinsically unstructured protein (50, 51).
Such proteins or protein domains require stabilizing inter-
actions to fold, and they exhibit coupled folding and bind-
ing. The apoA-I C-terminal domain behaves in this manner
and forms a-helix when it either self-associates or interacts
with a PL-water interface. Site-specific fluorescence label-
ing indicates that the apoA-I C-terminal domain can also
participate in intramolecular interactions that stabilize the
N-terminal helix bundle domain (52). As expected, the sta-
bility of the helix bundle is sensitive to the primary struc-
ture. Thus, mouse apoA-I, which also adopts a two-domain
tertiary structure, has 70% sequence identity to human
apoA-I in the helix bundle domain, but it forms a much
less stable structure (45). Human and mouse apoA-I have
very different tertiary structure domain contributions for
achieving functionality with regard to interacting with PL
and forming HDL particles.

INTERACTION OF APOA-I WITH LIPIDS

The amphipathic a-helices in apoA-I (Fig. 1) are well
adapted to bind to a polar/nonpolar interface, such as the
PL-water interface. The ability of the nonpolar face of
such a helix to insert into hydrophobic regions of a PL

—_—
<

N
helical bundle <
structire initial lipid binding step through

the C-terminal domain

monolayer is the basis for the stabilization of spherical
microemulsion HDL particles by apoA-I. ApoA-I also
binds effectively to the surface of PL vesicles leading, un-
der appropriate conditions, to solubilization of the PL bi-
layer and formation of discoidal HDL particles. The above
behavior is consistent with apoA-I possessing detergent-
like properties.

Molecular mechanism of ApoA-I binding to lipids

It is well established that the C-terminal domain of the
human apoA-I molecule (Fig. 3A) plays a critical role in
lipid-binding because deletion of this domain drastically
reduces the level of binding (reviewed in Refs. 14, 43, 53,
54). This fact, coupled with the two-domain structure ad-
opted by the human apoA-I molecule in the lipid-free
state, led us to propose a two-step model for binding to
lipid surfaces (20). This model is depicted in Fig. 4. The
sequential interactions of the C- and N-terminal domains
of the apoA-I molecule with the lipid surface have been
demonstrated directly by comparing the kinetics of bind-
ing to PL vesicles of apoA-I fluorescently labeled in a
domain-specific manner (55). Similar behavior has been
confirmed with apoE, which also adopts a two-domain ter-
tiary structure (Fig. 3B) (56).

As shown in Fig. 4, lipid binding is initiated by contact of
the disordered C-terminal domain with the surface of the
target lipid particle. This interaction is coupled with a
conformational change from random coil to a-helix in
the C-terminal domain of the apoA-I molecule. As noted
above, such coupling of folding with binding is typical of
intrinsically unstructured proteins (50, 51). An advantage
of the conformational flexibility exhibited by this class of
proteins and protein domains is that molding to fit diverse
binding surfaces is possible. In the case of the apoA-I C-
terminal domain, these surfaces are different sizes of HDL
particles and various lipid membranes. The facility of the
human apoA-I C-terminal domain to form o-helix upon
interaction with lipid (19, 20, 22, 24) is critical for step 1 in
the binding model depicted in Fig. 4. The process is
enthalpically driven, with the enthalpy of binding being
linearly correlated with the number of amino acids form-
ing o-helix upon lipid binding (57). The increase in

—

conformational reorganization
with bundle open structure

Fig. 4. Model of the two-step mechanism of human apoA-I binding to a spherical lipid particle. In the
lipid-free state, apoA-l is organized into two structural domains as shown in Fig. 3A. Lipid binding is initiated
by the C-terminal domain and is coupled to an increase in a-helicity. Subsequently, the helix bundle under-
goes a conformational opening, converting hydrophobic helix-helix interactions to helix-lipid interactions;
this second step is only slowly reversible. Reproduced with permission from Ref. 20.
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a-helix content from about 50 to 80% that occurs when
apoA-I binds PL increases the favorable free energy of
binding by 2.5 kcal/mol (43, 57). It should be noted that
the C-terminal domain does not play such a critical role in
the lipid binding of all species of apoA-I. Thus, mouse
apoA-I possesses a relatively polar C-terminal domain, and
deleting it enhances lipid binding (45).

Step 2 in the lipid-binding mechanism involves opening
of the N-terminal helix bundle (Fig. 4). ApoA-I associated
with the surface of a PL vesicle can adopt conformations in
which the N-terminal helix bundle is either open or closed
(55). The helix bundle tends to be closed and out of con-
tact with the lipid surface at higher apoA-I surface con-
centrations. Such conformational rearrangement is also
seen with apoE (53, 58); in this case, the helix bundle-open
conformation is required for recognition by the LDL re-
ceptor. The highly dynamic, molten globule structure ad-
opted by the human apoA-I helix bundle domain (Fig. 3A)
is well adapted to open readily and expose hydrophobic
surfaces for interaction with PL-water surface. Reductions
in helix bundle stability promote opening and enhance
lipid binding (20, 59, 60). The precise pathway by which
the helix bundle opens in apoA-I and other helix bundle-
forming apolipoproteins has been the subject of extensive
investigation. The topic has been comprehensively re-
viewed recently (61); there is no single pathway by which
such bundles open to expose the nonpolar faces of the
amphipathic a-helices. Opening involves initial separation
around a hinge of two pairs of helices, but at this stage,
there is not a clear understanding of which helices are
paired.

Lipid solubilization by apoA-I

As mentioned earlier, apoA-I binding to a PL-coated
emulsion particle containing a core of TG and CE mole-
cules does not lead to particle destabilization, whereas bind-
ing to a PL vesicle can be followed by particle rearrangement
and solubilization of the bilayer. A proposed mechanism
of this solubilization process is summarized in Fig. 5. The
ability of apoA-I to mediate a spontaneous solubilization
reaction was first established with dimyristoyl phosphatidyl-
choline (DMPC) multilamellar vesicles, which are converted

Vesicle destabilized
by bound apo A-l

Highly curved
PL bilayer vesicle

Initial insertion into
lattice defects of
apo A-l C-terminal
amphipathic a-helix

High concentration
of a-helices inserted
into PL bilayer

Discs containing
2,3 0r 4 apo A-l
molecules

into discoidal HDL particles when incubated with apoA-I
at 24°C (for a review, see Ref. 54). Detailed kinetic studies
of this process by Pownall and colleagues established that
apoA-linteracts with lattice defects in the DMPC bilayer, and
once a critical concentration of a-helices in such defects is
attained, the bilayer becomes destabilized and rearranges
into discoidal HDL particles (62) (cf. Fig. 5). The spontane-
ous solubilization process is under kinetic control, and the
reaction is sensitive to factors such as PL bilayer physical
state and cholesterol content (63, 64). The size distribu-
tion of the HDL particles formed is also influenced by
these factors. The discoidal HDL particles created by inter-
action of human apoA-I with DMPC multilamellar vesicles
typically contain two or three apoA-I molecules. Larger
discs contain more protein molecules and have a higher
lipid/protein ratio. All of the human exchangeable apoli-
poproteins can participate in this reaction because they
contain amphipathic a-helices; the rate of solubilization is
sensitive to the protein molecular weight, hydrophobic-
ity, and state of self-association (62, 65). ApoE reacts
similarly with DMPC multilamellar vesicles; the rate is sen-
sitive to the stability of the N-terminal helix bundle domain
(60). The solubilization reaction is initiated by binding via
their C-terminal domains of monomeric apoA-I or apoE
molecules to the DMPC surface (Fig. 5). In the case of
apoE, which exists as oligomers (primarily tetramers) in
dilute solution, the rate-limiting step for the solubilization
reaction is the dissociation of the apoE tetramers to mono-
mers (56, 66).

Both the rate of vesicle solubilization and the size distri-
bution of the HDL products are sensitive to apoA-I domain
structure (45). Essentially all of the lipid-solubilizing ca-
pacity of human apoA-I resides in the C-terminal domain
because this domain in isolation functions similarly to the
intact protein (45). The relatively high hydrophobicity of
the C-terminal domain in human apoA-I compared with
mouse apoA-I promotes formation of smaller discoidal
HDL particles (67, 68). This effect is probably a conse-
quence of the enhanced affinity of this domain for the sur-
face of a PL bilayer vesicle, giving rise to a higher surface
concentration of human apoA-I molecules. The resultant
enhanced penetration of amphipathic helices into the PL

PL bilayer fragmentation
to form discoidal HDL

Fig. 5. Suggested molecular mechanism for the
solubilization of PL bilayers by apoA-I to create dis-
coidal HDL particles. Binding of apoA-I to the PL
bilayer occurs in two steps as summarized in Fig. 4;
formation of the C-terminal amphipathic a-helix by
the apoA-I molecule is coupled with interaction of
the protein with the PL surface. The discoidal HDL
products of the solubilization process have struc-
tures like those depicted in Figs. 6C and 7. This pro-
cess is envisaged to underlie the formation of nascent
HDL particles in the apoA-I/ABCA1 reaction de-
picted in Fig. 9.

(not to scale)
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bilayer (69) and reduction in the PL/apoA-I ratio leads to
fragmentation of the PL bilayer into smaller segments (cf.
Fig. 5). Studies of the effects of deleting the C-terminal
domain indicate that the isolated helix bundle domain in
mouse apoA-I is more efficient in solubilizing DMPC than
is its more stable human counterpart (45, 67). Overall, it is
clear that the stability of the N-terminal helix bundle do-
main and the hydrophobicity of the C-terminal domain
are critical factors in determining the lipid-binding and
lipid-solubilizing properties of the apoA-I molecule.

APOA-I ORGANIZATION IN DISCOIDAL HDL

The most detailed structural information about apoA-I
organization in HDL particles has been obtained with ho-
mogeneous preparations of reconstituted discoidal HDL
particles that contain a single type of PL molecule and
have a fixed lipid/protein stoichiometry. Such particles
can be formed by either direct apoA-I solubilization of PL
vesicles (cf. Fig. 5) or formation of ternary PL/apoA-1/
cholate micelles and removal of the cholate by dialysis
(70). The structure of a discoidal HDL particle (~10 nm
hydrodynamic diameter) containing a 160 molecule seg-
ment of POPC bilayer stabilized by two apoA-I molecules
has been characterized thoroughly by a range of methods
(for reviews, see Refs. 71-74). As summarized above, it is
well established that the a-helix content of the apoA-I mol-
ecule increases upon interaction with PL. However, exactly
which amino acids along the length of the protein mole-
cule are involved in this conformational change has not
been known until the question was answered recently by
application of HX-MS methods (26). The locations of the
a-helices in the apoA-I molecule when presentin a 9.6 nm
diameter discoidal HDL particle are shown in Fig. 6A.
Comparison of this structure to that presented in Fig. 2B
for lipid-free apoA-I reveals that residues 45-53, 66-69,
116-146, and 179-236 change conformation from random
coil to a-helix upon incorporation into the HDL particle.
The conformational change of these 102 residues corre-
sponds to an increase in helix content of ~40% which is
similar to the value indicated by CD. The major contribu-
tion to helix formation comes from the C-terminal do-
main, in agreement with earlier EPR measurements (22).
Except for the terminal amino acids 1-6 and 237-243,
nearly the entire apoA-I molecule in the lipid-bound state
forms a continuous helical structure, punctuated by kinks
at proline residues.

The first direct experimental determination of the orga-
nization of these helical apoA-I molecules around the edge
of a discoidal HDL particle in solution involved the use of
polarized internal reflection infrared spectroscopy (75).
The results verified that the disc contains PL bilayer struc-
ture with the apoA-I helices oriented parallel to the bi-
layer surface and arranged in a beltlike fashion around
the edge of the disc. This extended apoA-I organization
is consistent with a similar conformation observed in the
4 A resolution crystal structure of a lipid-free, N-terminally
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Fig. 6. Structure of apoA-I in a discoidal HDL particle. (A) Sum-
mary of the HX-derived apoA-I helix locations in 2 9.6 nm diameter
particle that contains 140 molecules of POPC and 2 molecules of
apoA-I. Residues 125-158 (cross-hatched) exist in two populations
(helix and loop). The equivalent secondary structure information
for lipid-free apoA-I is shown in the same representation in Fig. 2B.
Reproduced with permission from Ref. 26. (B) Structure of apoA-I
(A185-243) monomer obtained from a crystal structure at 2.2 A
resolution. This truncated apoA-I molecule adopts an extended
conformation in the crystal and forms a half circle dimer. Repro-
duced with permission from Ref. 42. (C) Double-belt model for
apoA-I structure at the edge of a discoidal HDL particle. Two ring-
shaped molecules of apoA-I are stacked on top of each other with
both molecules in an anti-parallel orientation, allowing the helix
registry to maximize intermolecular salt-bridge interactions. Only
the charged residues at selected positions are explicitly displayed;
positively charged residues are represented in blue, negatively
charged residues in red, and prolines in green. The numbers 1-10
represent the ten helical domains identified by computer analysis
of the human apoA-I amino acid sequence between residues 44
and 243 (cf. Fig. 1A). Reproduced with permission from Ref. 76.

truncated variant of human apoA-I in which the molecule
forms a horseshoe-shaped, pseudo-continuous, amphip-
athic a-helix (41). A more recent 2.2 A resolution crystal
structure of a C-terminally truncated variant of human
apoA-I in the lipid-free state confirms that the protein can
form elongated helix with kinks at proline residues (Fig.
6B) (42). In the crystal, the protein forms a dimer with the
two elongated helices packed in an antiparallel fashion to
form a half-circle with hydrophobic surface on the inside.
Intrahelical salt bridges provide helix stabilization while
salt bridge networks between monomers help stabilize the
dimer. This high-resolution structural information lends
support to the generally accepted “double-belt” model for
apoA-I organization in a discoidal HDL particle (75), a de-
tailed model for which (Fig. 6C) has been proposed by Seg-
rest and colleagues (76). Chemical cross-linking and mass
spectrometry studies are consistent with this concept and
also show that a central helical segment (residues 121-142)



in one apoA-I molecule is packed adjacent to the same seg-
ment in its partner (reviewed in Refs. 73, 74). This helix
registry between the two apoA-I molecules may be pre-
ferred (77) but is probably not unique because crosslink-
ing experiments have shown that variable registry can
occur (73, 78), presumably reflecting independent circu-
lar motion of the two protein monomers (79). Because
available crystal structures are for truncated lipid-free
apoA-I variants, models of the organization of the terminal
regions of the protein in discoidal HDL particles are less
well developed. However, there is evidence that the N-ter-
minal region can fold back on itself (cf. Fig. 6B), with the
degree to which this occurs being a function of particle
size (42, 74, 80, 81).

9.6 nm disc

Since apoA-I forms discoidal HDL particles of different
sizes, there has been great interest in understanding how
it accommodates such variations. We employed HX-MS to
compare the locations, stabilities, and dynamics of apoA-I
helical segments in large (9.6 nm) and small (7.8 nm) dis-
coidal HDL particles (26). As summarized in Fig. 7, the
two apoA-I molecules in the larger 9.6 nm disc assume the
secondary structure shown in Fig. 6A. This structure is not
significantly affected by either incorporation of 10 mol%
cholesterol into the disc or alteration of the PL acyl chain
composition. The segment spanning amino acids 125-158
can form either a helix with residues in direct contact with
the PL molecules at the edge of the disc or a disordered
loop that protrudes into the aqueous phase. Exchange

7.8 nm disc

o1)

F

N =22

Fig. 7. Diagram comparing the secondary structures of apoA-I molecules in 9.6 nm (A-C) and 7.8 nm
(D-F) discoidal HDL particles, as determined by HX-MS. The amphipathic a-helices are represented by
cylinders colored according to their stability. The values of the free energy of stabilization (kcal/mol) are as
follows: red, <1; orange, 1-2; yellow, 2-3; green, 3—4; blue >4. Importantly, the structure is not static but
highly dynamic; the a-helices unfold and refold in seconds or less. The pink surfaces of the discs are covered
by PL polar groups. The apoA-I molecules are organized according to the double-belt model (Fig. 6C). (A)
and (B) show the states in which residues 125-158 adopt a-helical and disordered loop conformations, re-
spectively. The diagrams show the two apoA-I molecules on each disc acting in concert and adopting the
same conformation, but the segment spanning residues 125-158 also could be a-helical in one molecule and
loop in the other. The orientation in (C) is obtained by a 180° clockwise rotation of the disc in (A) and de-
picts the nonhelical structures formed by the 6 or 7 amino acids at the ends of the apoA-I molecules. (D-F)
show the equivalent information for a 7.8 nm discoidal HDL particle. The approximately 20% smaller area
available at the edge of the 7.8 nm disc leads to displacement of about 20% more apoA-I amino acid residues
from contact with PL. molecules and enhances formation of protruding disordered loops [red in (E) and
(F)]. The surface-dissociated and surface-associated states coexist on the time scale of minutes or longer.

Reproduced with permission from Ref. 26.
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between these two coexisting states occurs on the timescale
of minutes and the relative occupancy of the loop struc-
ture is about 20% at 5°C. The finding that residues 125-158
readily desorb from the disc edge is consistent with spec-
troscopic results showing that residues 130-174 (82) and
residues 133-146 (83) form flexible loops. It should be
noted that, contrary to a prior claim (84), residues 159-180,
which are in the LCAT-activating region of apoA-I, do not
form such a loop but rather remain helical (26).

When incorporated around the edge of the smaller
7.8 nm disc, the increase in packing density of the two
apoA-I molecules causes more residues to be displaced from
the particle surface and form disordered loops (Fig. 7).
Residues 45-57, 115-158, and 190-243 are involved in this
helix unfolding, and these are mostly the segments that
are nonhelical in lipid-free apoA-l (Fig. 2). Apparently,
the propensity of these regions to maintain disordered
structure in lipid-free apoA-I similarly favors disordered
loop structures in the lipid-bound state. This behavior is
likely to be the basis for the minimum in free energy asso-
ciated with selective formation of the 7.8 nm HDL disc.
The selective formation of particles with 9.6 nm diameter
probably reflects the optimized coverage of the hydropho-
bic surface formed by PL acyl chains achieved by the two
maximally a-helical apoA-I molecules. These structural char-
acteristics explain why apoA-I interacts with PL in a quantized
fashion to stabilize discoidal HDL particles of a defined
size rather than to form a continuum of particle sizes.

Increases in discoidal HDL partial diameter beyond 10 nm
are associated with incorporation of more apoA-I mole-
cules. In particles containing three apoA-I molecules, at
least one of them must adopt a helical hairpin conforma-
tion (71, 85). Cross-linking and mass spectrometry studies
have shown that apoA-II in discoidal HDL particles also
forms such a hairpin structure (86). The presence of apoA-
II in discoidal LpA-I+A-II HDL particles alters the confor-
mation of apoA-I in a site-specific manner (87). It has been
argued that this interaction could restrict the conforma-
tional space available to apoA-I, thereby hindering the re-
modeling of LpA-I+A-II HDL to larger particles (88).

The apoA-I amphipathic a-helices in discoidal HDL par-
ticles have relatively low stability, in the range 3-5 kcal/
mol (Fig. 7), indicating high flexibility and dynamic un-
folding and refolding in seconds or less (26). These free
energies of helix stabilization are the same as for apoA-I in
the lipid-free state (cf. Fig.2A). This finding from HX-MS
experiments is consistent with the results of GdnHCI dena-
turation experiments showing that the free energies of
apoA-I helix unfolding are similar in the lipid-free (3.0
kcal/mol) (89) and lipid-bound (3.5 kcal/mol) (45) states.
It follows that the dynamic nature of the apoA-I molecule
is maintained in the presence of PL molecules. Such con-
formational plasticity facilitates remodeling of HDL parti-
cles during maturation and metabolism. The fact that the
apoA-I molecule samples an ensemble of conformations
on a biologically significant timescale contrasts to the de-
piction in Fig. 6C of a single conformation in the original
double-belt model that is derived from a crystal structure.
Crystal lattice effects induce highly ordered structure, but
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this situation does not apply to apoA-I molecules wrapped
around the edge of a fluid discoidal HDL particle. In this
case, the PL molecules are in a liquid-crystalline state in
which the carbon-carbon bonds in their acyl chains un-
dergo gauche-trans isomerizations, allowing the apoA-I
structure to be relatively labile. It follows that the apoA-I
molecules located in discs exist in an energy landscape
that is not sharply predetermined and that they can ac-
commodate readily to alternative free energy minima.

In light of the highly dynamic and flexible structure ad-
opted by apoA-I in discoidal HDL particles, it follows that
a detailed, all-atom structure is, at best, a representation of
one of many coexisting, rapidly interchanging conforma-
tions. Furthermore, such models are necessarily specula-
tive because structural investigations of apoA-I and HDL
discs in solution have been limited to low-resolution meth-
ods. These points need to be borne in mind when consid-
ering results of small-angle neutron scattering experiments
(90, 91) and models derived from molecular dynamics
simulations (92, 93) in which the choice of starting struc-
ture has a major influence on the outcome. Given these
uncertainties, the validity of models of discoidal HDL par-
ticle structure showing apoA-I organizations that differ sig-
nificantly from the double-belt arrangement (Figs. 6C
and 7) is questionable (94).

APOA-I ORGANIZATION IN SPHERICAL HDL

The spherical CE-containing particles that are the pre-
dominant form of HDL in human plasma arise by the ac-
tion of LCAT on FC-containing discoidal HDL particles
whose structures are discussed above. The double-belt
model (Figs. 6C and 7) explains how apoA-I determines
the structure of discoidal HDL, and it is important to know
how the protein reorganizes to allow the transition to
spherical HDL. Davidson and colleagues have performed
elegant chemical cross-linking and mass spectrometry
studies to address this question (95). Strikingly, they found
that the intermolecular cross-linking pattern that charac-
terizes the double-belt organization of apoA-I in discoidal
HDL particles is maintained in spherical HDL particles,
regardless of diameter. It follows that the double-belt
model represents a common structural framework for
apoA-I in both discs and spheres, irrespective of the size
and number of apoA-I molecules present. The trefoil
model depicted in Fig. 8A explains this effect; half of each
apoA-I molecule in the double-belt arrangement is bent
60° out of the plane of the particle and the spherical ge-
ometry is achieved by addition of a third apoA-I molecule
bent in the same fashion. The trefoil model in Fig. 8A was
generated for apoA-I lacking residues 1-43, and the hing-
ing of the apoA-I molecule is supposed to occur near resi-
dues 133 and 233 (95). More recently, an alternative trefoil
arrangement for the full-length protein has been sug-
gested; in this case, the hinging is proposed to occur near
residues 65 and 185 (81). The trefoil organization of three
apoA-I molecules is highly symmetric, but the observed
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Fig. 8. Models of apoA-I organization on spherical HDL particles. (A) Trefoil organization of three apoA-I
molecules on the surface of a 9.6 nm diameter spherical particle. Each putative helical domain shown in
Fig. 6C is represented as a separate color: helix 1, teal; helix 2, purple; helix 3, dark blue; helix 4, gray; helix 5,
green; helix 6, red; helix 7, light blue; helix 8, dark yellow; helix 9, navy blue; and helix 10, yellow. All helix-
to-helix interactions present in the double belt between two molecules of apoA-I in a disc (Fig. 6C) are also
present among three apoA-I molecules in the trefoil. Reproduced with permission from Ref. 95. (B) Incor-
poration of additional apoA-I molecules to the trefoil model and apoA-I adaptation to smaller particle diam-
eters. (a) Schematic representation of the three-molecule trefoil model with each molecule of apoA-I shown
in a different color; See (A) for more detail. The lighter colored band on each molecule represents the
N-terminus (residue 44, as the model was built in the absence of residues 1-43). The inset is a schematic top
view showing the bend angles of each apoA-I. (b) Pentameric complex proposed for the structure of larger
HDL. (c) An idealized, fully extended tetrameric complex. (d) Twisted tetrameric complex with a reduced

particle diameter as proposed for smaller HDL. Reproduced with permission from Ref. (97).

intermolecular cross-linking patterns are also consistent
with other apoA-I arrangements. Such an alternative ar-
rangement has been suggested to involve two of the apoA-I
molecules forming a twisted helical dimer and the third
molecule forming a helical hairpin (96). Given the highly
dynamic nature of the apoA-I molecule, it is possible that
both the trefoil and helical dimer/hairpin structures coex-
ist on the surface of spherical HDL particles. In either
case, it is apparent that the apoA-I molecules form a quasi-
scaffold to maintain the highly curved surface of ~10 nm
diameter spherical HDL particles.

The structure of apoA-I in LpA-I HDL fractions isolated
from human plasma has also been investigated by the com-
bined chemical cross-linking and mass spectrometry ap-
proach (97). The particles ranged in diameter from 8.8 to
11.2 nm and contained 3-7 apoA-I molecules. The cross-
linking pattern was identical for all particles, indicating
that the intermolecular apoA-I contacts are substantially
the same. The trefoil-based models depicted in Fig. 8B ex-
plain this finding and show that changes in spherical HDL
particle size and lipid content are accommodated by twist-
ing of the apoA-I molecules. Small-angle neutron scatter-
ing studies of apoA-I organization in spherical HDL particles
are consistent in showing that the protein envelope is
twisted (96). HX-MS measurements (96a) demonstrate

that the secondary structure of apoA-I'in a 10 nm spherical
LpA-I particle is very similar to that in a discoidal HDL
particle of the same size (Fig. 6A). The only significant dif-
ference is that the length of the loop formed by the central
segment of the apoA-I molecule is increased, as observed
when the HDL disc size is decreased (cf. Fig. 7). This effect
occurs because increased apoA-I packing density in both
HDL discs and spheres forces more residues out of direct
contact with the particle surface. In agreement with this
concept, studies of the binding of epitope-defined mono-
clonal antibodies showed that the conformation of the re-
gion between residues 121 and 165 of the apoA-I molecule
is particularly sensitive to changes in diameter of spherical
HDL particles (98). Importantly, HX kinetics are the same
for apoA-I located on discoidal and spherical HDL, indi-
cating that helix stabilities and dynamics are similar in
both situations. As discussed in detail above for discoidal
HDL, it follows that the diagrams of the trefoil apoA-I or-
ganization in spherical HDL particles (Fig. 8) represent
static snapshots of a highly dynamic protein organization
in which the helices unfold and refold on a seconds times-
cale. It remains to be discovered how the presence of
apoA-II molecules in LpA-I+A-Il HDL particles affects
apoA-I organization, but it seems that the trefoil structure
is perturbed. Thus, in contrast to LpA-I particles which

HDL structure 2043



apolipoprotein cross-linking shows contain up to four
proximal apoA-I molecules, LpA-I+A-II particles contain
only two proximal apoA-I molecules and up to three proxi-
mal dimeric apoA-II molecules (6).

The apoA-I scaffold on the surface of spherical HDL
particles occupies ~80% of the total surface area with the
remainder being covered with PL molecules (97, 99, 100);
the proportion of total surface area accounted for by PL
progressively decreases as the particle diameter decreases
(97). Consequently, proteins that associate with HDL can
potentially participate in protein-protein as well as protein-
lipid interactions, with the former being favored in smaller
particles. Surface plasmon resonance and fluorescence
measurements have shown that both types of interaction
are involved in the binding of apoA-I (99) and apoE (56,
101) to HDL particles. ApoA-I binds reversibly to HDL par-
ticles (99), consistent with the existence of a more labile,
easily dissociable pool (102) in addition to the trefoil apoA-I
scaffold (Fig. 8). The coexistence of several apoA-I confor-
mations on the surface of fluid spherical HDL particles is
consistent with the highly dynamic and flexible nature of
the protein. A conformation that would promote ready dis-
sociation of apoA-I molecules is depicted in Fig. 4 in which
the N-terminal helix bundle is closed and only the C-termi-
nal domain is interacting with the HDL particle surface.
ApoA-I molecules in the readily exchangeable pool of
apoA-I on the surface of spherical HDL particles are precur-
sors of circulating lipid-free (poor) apoA-I (pre-31-HDL)
(11, 103, 104). This partitioning of apoA-I molecules from
the surface into the aqueous phase occurs more readily with
small HDL than with larger particles (105).

INFLUENCE OF APOA-I STRUCTURE ON NASCENT
HDL BIOGENESIS

ABCAL located in the plasma membrane of cells plays
an essential role in HDL biogenesis (for reviews, see Refs.
54, 106). The lipid-binding and lipid-solubilizing proper-
ties of apoA-I summarized above are critical for the ability
of apoA-I to partner with ABCAL in creating nascent HDL
particles (107). As summarized in Fig. 9, the mechanism
involves ABCAl-mediated vesiculation of membrane PL/
FC domains, binding of apoA-I to them (cf. Fig. 4), fol-
lowed by apoA-I-mediated solubilization of these domains
(cf. Fig. b) to create discoidal nascent HDL particles (cf.
Figs. 6 and 7). The latter membrane microsolubilization
step is rate-limiting for the overall process of PL/FC efflux
from the cell and HDL particle formation; the K, is ~0.1 pM
(3 pg/ml) human apoA-I (67, 107, 108). As the amphip-
athic a-helices in apoA-I are responsible for the above
functions, it is to be expected that other exchangeable
apolipoproteins can participate in the reaction to create
nascent HDL particles. In particular, human apoA-II and
apoE behave similarly to apoA-I (109-111).

The PL/FC-containing nascent HDL products of the
apoA-I/ABCALI reaction are primarily discoidal particles
(see discussion above). These particles contain two, three,
or four apoA-I molecules and range 7-17 nm in diameter
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Fig. 9. Mechanism of interaction of apoA-I with ABCAI and ef-
flux of cellular phospholipids and cholesterol. The reaction in
which apoA-I binds to ABCA1 and membrane lipids to create dis-
coidal nascent HDL particles comprised three steps. Step 1 involves
the high affinity binding of a small amount of apoA-I to ABCA1
located in the plasma membrane PL bilayer; this regulatory pool of
apoA-I upregulates ABCAI activity, thereby enhancing the active
translocation of membrane PL from the cytoplasmic to exofacial
leaflet. This translocase activity leads to lateral compression of the
PL molecules in the exofacial leaflet and expansion of those in the
cytoplasmic leaflet. Step 2 involves the bending of the membrane
to relieve the strain induced by the unequal molecular packing
density across the membrane and the formation of an exovesicu-
lated domain to which apoA-I can bind with high affinity (cf. Fig. 4).
This interaction with the highly curved membrane surface involves
apoA-I/membrane lipid interactions and creates a relatively large
pool of bound apoA-l. Step 3 involves the spontaneous solubili-
zation (cf. Fig. 5) by the bound apoA-I of membrane PL and cho-
lesterol in the exovesiculated domains to create discoidal HDL
particles (cf. Figs. 6 and 7) containing two, three, or four apoA-I
molecules/particle. In the diagram, the two transmembrane six-
helix domains of ABCAI are represented as rectangles, whereas
the two ATPase domains are shown as ovals. The space between the
two rectangles represents the chamber in which translocation of
PL molecules occurs. Reproduced with permission from Ref. 107.

(112-116). There are variations in the distributions of
classes of PL. molecules across the HDL species, and larger
particles are relatively FC-enriched. In addition, there is
production of ~7 nm diameter lipid-poor apoA-I (pre-31-
HDL) that comprises an apoA-I monomer associated with
three to nine PL molecules and one or two FC molecules
(114, 117). The population of nascent HDL particles is
heterogeneous regardless of the cell type in which the
ABCALI is located, and the particles of different sizes are



created simultaneously because there are not precursor-
product relationships between them (114, 115). The es-
sential characteristics of the lipid solubilization reaction
that occurs at the surface of ABCAl-expressing cells (Fig. 9)
are the same as for the process in which apoA-I solubilizes
PL vesicles in a cell-free system to create discoidal HDL
particles (Fig. 5). Thus, when the ratio of cell lipid made
available through ABCAI activity to extracellular apoA-I
concentration is high, formation of larger HDL is promoted
(117a). The influence of lipid-protein ratio on HDL disc
size distribution is the same when DMPC vesicles react with
apoA-I (see discussion above).

The properties of the tertiary structure domains of the
apoA-I molecule influence how the protein functions in
the pathway for nascent HDL particle formation in Fig. 9.
For example, the C-terminal domain of human apoA-I is
critical for effective lipid binding (cf. Fig. 4), so deleting it
greatly inhibits cellular PL/FC efflux and nascent HDL
production (108, 118, 119). Indeed, removal or disruption
of the C-terminal a-helix alone is sufficient to achieve this
effect (108, 112, 120). The C-terminal a-helix is the most
hydrophobic segment of the human apoA-I molecule, and
this feature enables human apoA-I to efflux cellular FC ef-
ficiently and form smaller nascent HDL particles com-
pared with mouse apoA-I, which possess a relatively polar
C-terminal helix (67). Manipulation of the hydrophobicity
of the human apoA-I C-terminal a-helix by altering the bal-
ance of aromatic and aliphatic amino acids confirms that
raising the hydrophobicity enhances the rate of lipid solu-
bilization and formation of smaller HDL particles, in both
cell and cellfree systems (68). The properties of the N-
terminal helix bundle domain also influence the efficacy
of apoA-Twith respect to cellular PL/FC efflux and nascent
HDL production. Thus, a hybrid apoA-I molecule contain-
ing the relatively unstable mouse helix bundle domain
coupled to the human C-terminal domain gives greater
PL/FC efflux from ABCAl-expressing cells than wild-type
human apoA-I does under the same conditions (67). Fur-
thermore, compared with the consequences of expressing
wild-type human apoA-I, expression of the mouse-human
hybrid apoA-I molecule in apoA-I-null mice gives rise to a
gain of function with respect to macrophage reverse cho-
lesterol transport (121). These findings suggest that engi-
neering either some destabilization into the N-terminal
helix bundle domain or increasing the hydrophobicity of
the C-terminal domain of human apoA-I would enhance
the antiatherogenic properties of the protein.

SUMMARY AND CONCLUSIONS

Significant progress is being made in understanding the
structures of human exchangeable apolipoproteins, espe-
cially apoA-I and apoE. In the case of apoA-I, which stabilizes
HDL particles, the highly dynamic and flexible conforma-
tion adopted by the molecule underlies its ability to adapt
readily to particles of different sizes and shapes. The key
structural motif in apoA-I is the amphipathic a-helix; these
segments are relatively unstable and unfold and refold on

a timescale of seconds. The lipid-free human apoA-I mol-
ecule has a two-domain tertiary structure comprising an
N-terminal helix bundle and an intrinsically disordered C-
terminal domain. The protein binds readily to PL surfaces
by a two-step mechanism involving initial interaction of
the C-terminal domain followed by opening of the helix
bundle domain. The binding of apoA-I to lipid involves a
coupled change in conformation of segments, particularly
in the C-terminal domain, from random coil to a-helix.
The structure of apoA-I in reconstituted homogeneous
discoidal HDL particles is understood in the most detail.
Such particles are stabilized by two apoA-I molecules
wrapped around the edge of the disc in an antiparallel,
double-belt arrangement so that the hydrophobic PL acyl
chains are protected from exposure to water. These apoA-I
molecules are in a highly dynamic state and adapt to discs
of different sizes by certain segments forming loops that
detach reversibly from the particle surface. The protein
maintains similar protein-protein contacts when an HDL
disc changes to a sphere as LCAT converts FC to CE be-
cause it is sufficiently flexible to bend and form a trefoil
scaffold structure that stabilizes the highly curved surface of
a mature spherical HDL particle. ApoA-I possesses deter-
gent-like properties and can solubilize vesicular PL because
its amphipathic a-helices can insert among PL molecules in
a bilayer, causing destabilization and fragmentation into
small discoidal HDL particles. This mechanism is the basis
for nascent HDL biogenesis in which ABCA1 located in the
plasma membrane of cells creates vesiculated domains
which apoA-I binds to and subsequently solubilizes. The es-
sentials of the vesicle solubilization reaction are similar at
the surface of ABCAl-expressing cells and in cellfree HDL
reconstitution systems. Overall, recognition of the highly
dynamic nature of the apoA-I molecule should enhance un-
derstanding of the molecular details of how apoA-I deter-
mines HDL subclass structures. Such knowledge should aid
in the design of ways to control HDL heterogeneity and se-
lect for desired functionalities, such as those described in
other articles in this thematic review series. Furthermore,
knowledge at the molecular level of the properties of apoA-I
should facilitate understanding of changes caused by muta-
tions and chemical modifications such as oxidation, as well
as benefit the design of superior apoA-I mimetics for thera-
peutic applications. B

The author is indebted to all colleagues for their valuable
contributions to the studies from this laboratory described here.
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