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Spherical high density lipoproteins (HDL)* predominate in human
plasma. However, little information exists on the structure of the
most common HDL protein, apolipoprotein (apo) A-l, in spheres vs.
better studied discoidal forms. We produced spherical HDL by
incubating reconstituted discoidal HDL with physiological plasma-
remodeling enzymes and compared apoA-I structure in discs and
spheres of comparable diameter (79-80 and 93-96 A). Using
cross-linking chemistry and mass spectrometry, we determined
that the general structural organization of apoA-l was overall
similar between discs and spheres, regardless of diameter. This was
the case despite the fact that the 93 A spheres contained three
molecules of apoA-I per particle compared with only two in the
discs. Thus, apoA-l adopts a consistent general structural frame-
work in HDL particles—irrespective of shape, size and the number
of apoA-Is present. Furthermore, a similar cross-linking pattern was
demonstrated in HDL particles isolated from human serum. We
propose the first experiment-based molecular model of apoA-I in
spherical HDL particles. This model provides a new foundation for
understanding how apoA-I structure modulates HDL function and
metabolism.

sphere | disk

G iven the inverse correlation between high density lipopro-
tein (HDL) levels and cardiovascular disease, a key question
in vascular biology relates to how apolipoproteins modulate the
metabolism and function of HDL. Significant evidence supports
a role for HDL in the process of reverse cholesterol transport
whereby lipids and cholesterol in the vessel wall are transported
to the liver for catabolism. However, because of a lack of
information on HDL structure and the molecular basis of its
interactions with other proteins, our understanding of HDL
metabolism and function is at a basic stage.

The “glue” that holds most HDL particles together is apoli-
poprotein (apo)A-I, a highly a-helical, 28-kDa polypeptide. It
comprises some 70% of HDL protein mass, making it the clear
starting point for deriving a basic understanding of HDL struc-
ture. In humans, apoA-I is primarily present in two major
spherical HDL species, HDL, (d = 1.063-1.125 g/ml) and HDL;
(d = 1.125-1.210 g/ml) with diameters ranging from 70 to 120 A.
More minor, but clearly important, HDL subspecies include
lipid-poor apoA-I and nascent discoidal particles (reviewed in
ref. 1). Highly reactive but low abundance discoidal HDLs are
critical intermediates between lipid-poor apoA-I and mature
spherical HDL. Easily produced in vitro, they have been heavily
used for structural studies (2). Despite some debates on details
of certain regions of apoA-I in discs, the majority of recent
theoretical and experimental data supports the so-called “dou-
ble belt” model (3). In this scheme, each of two ring-shaped
apoA-I molecules wrap around a leaflet of a disk-like patch of
lipid bilayer in an anti-parallel orientation.
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Despite their abundance in plasma, much less is known about
the structure of apoA-I in spherical particles. They contain a
neutral lipid core composed of triglyceride and cholesteryl
ester—encapsulated by a phospholipid and cholesterol mono-
layer—and are stabilized by surface apos (4). In the late 1990s,
Borhani et al. (5) generated an x-ray crystal structure of a
lipid-free apoA-I fragment, which they interpreted to represent
a lipid-bound-like conformation. They hypothesized a “Faberge
Egg” model for spherical HDL, suggesting that the same inter-
molecular contacts found in the crystal structure (and in the
double belt model in discs) are also present in HDL spheres. This
agrees with the predictions of Jonas ef al. (6) who argued that
spherical particles should have defined intermolecular protein
interactions due to quantized diameter formation in vitro. How-
ever, other studies have shown differences in fluorescence
emission (7), particle charge (8), and proteolytic sensitivity (9)
between discs and spheres. It is not yet clear whether these
effects are due to localized structural changes or whether they
represent a global reorganization of apoA-I between the two
shapes.

Because HDL particle shape can affect the activities of HDL
remodeling factors such as lecithin cholesteryl acyl transferase
(LCAT) (6) and cholesteryl ester transfer protein (CETP) (10),
understanding apoA-I spatial arrangement in both discs and
spheres is critical. Unfortunately, few published reports have
experimentally addressed spherical HDL. We previously com-
bined cross-linking chemistry with mass spectrometry (MS) to
provide distance constraints for deriving and testing models for
apos in apoA-I discs (11). Our results strongly supported the
double belt model described above. Here, we applied the same
approach to systematically compare experimental cross-link
distance constraints between well-defined rHDL discs and
spheres of similar diameter containing only apoA-I. The results
indicate that the double belt model is a common organizational
motif for apoA-I in both discs and spheres.

Results

Strategy. We elected to study two sets of HDL particles with
diameters of approximately 79-80 A and 93-96 A, a size range
comparable to human plasma HDL (4). A large body of work
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Table 1. Characterization of discoidal and spherical HDL particles studied

Diameter, Particle shape/size No: of apoA-I Composition
Particle A (= 3)* by EM (A)t per particle* PC/FC/CE/TG/A-IS Helicity?
D79 79 79 =11 2 30/0/0/0/1 79.8
S80 80 76 = 11 2 43/3/6/5/1 76.2
D96 96 97 =16 2 78/0/0/0/1 78.0
S93 93 92 =13 3 34/1/17/0/1 77.0

*Average apparent particle hydrodynamic diameters were calculated based on the particle migration distance on

native PAGGE (Figs 1 and 2).

"The diameters calculated by EM were based on averaging 200 randomly chosen particles (S/ Methods).
*Number of apoA-I molecules per particle was determined by particle cross linking followed by PAGGE analysis.
Each value represents averaged data from at least two independent particle preparations with the exception of

S80 (n = 1).

SParticle compositions were calculated as described in the Methods after particle purification by gel filtration (S/

Methods).

iHelicity was calculated by subjecting particles solutions to circular dichroism spectroscopy followed by analysis

using the SELCON 3 algorithm (SI Methods).

from the Jonas (12) and Rye (13) laboratories shows that
discoidal and spherical apoA-I particles can be generated with
these two diameters. Discs can be generated by varying the ratio
of synthetic phospholipids to apoA-I, using a modification of the
cholate dialysis technique (11, 14). To generate HDL spheres, we
felt it was important to use methods that are as physiological as
possible. Bypassing commonly used sonication methods (12), we
incubated a 96-A reconstituted disk with human LCAT and low
density lipoprotein (LDL) as a phospholipid donor (15) — the
same reaction that matures nascent HDL in human plasma (1).
This resulted in a spherical particle 93 A in diameter. In turn, this
large sphere was converted to a smaller sphere of 80 A by
incubating with CETP and Intralipid (15). These particles rep-
resent a viable compromise between a physiological mode of
production and the necessary control over apo composition
required for detailed structural studies. The characterized HDL
particles were chemically cross-linked on near-neighbor Lys
residues under native conditions in buffer. After lipid extraction
and trypsinization, cross-linked peptides were identified by high
resolution MS. Throughout the manuscript, “small” discs and
spheres of ~79-80 A are designated D79 and S80, respec-
tively; “large” discs and spheres of 93-96 A are signified as D96
and S93.

(A)
170
o122

100
82

Comparing Small Discs and Spheres. The physical characteristics of
the particles generated for this study are listed in Table 1. By
polyacrylamide gradient gel electrophoresis (PAGGE), the discs
exhibited a hydrodynamic diameter of 79 A (11, 14) (Fig. 14).
They contained phospholipid and apoA-I only. Without neutral
lipids, the particles demonstrated clear rouleaux formation when
analyzed by negative stain electron microscopy (EM) (Fig. 1B),
suggesting that they are discoidal in solution. EM histograms
showed diameter distributions of 79 = 11 A consistent with the
native PAGGE estimation [supporting information (SI) Fig. S1].
D79 have exactly two apoA-I molecules per particle (11).

The spherical particles, S80, exhibited a nearly identical
migration distance to D79 by native PAGGE (Fig. 14). Unlike
the discs, they contained free cholesterol, triglyceride and cho-
lesteryl ester in addition to phospholipid and apoA-I (Table 1).
As a result, they appeared as discrete circular structures by EM.
There was no evidence of discoid or rectangular shapes that
would indicate discs, even when visualized at high concentrations
(Fig. 1C), suggesting a spherical shape in bulk solution. S80
particles were distributed about a mean of 76 = 11 A (Fig. S1).
Cross-linking of S80 with BS? resulted in a diffuse 56-kDa
apoA-I dimer band by SDS/PAGGE (Fig. 14, lane 6), indicating
two molecules of apoA-I like the D79 particles.

Fig. 1.

Structural analysis of D79 and S80 particles. (A) Native PAGGE (8-25%) of D79 (lane 1) and S80 (lane 3) particles. An 8-25% SDS/PAGGE analysis of

cross-linked S80 after separation into monomeric (lane 5) and dimeric (lane 6) forms by gel filtration chromatography is also shown. Cross-linking was carried
outata 1:10 molar ratio of apoA-I: BS3 at 1 mg/ml apoA-I concentration. All gels were stained with Coomassie blue. (B and C) Negative stain electron micrographs
of D79 and S80 particles. (Scale bars: 50 nm.) (D) Experimental cross-links compatible with 5/5 molecular registry of the double-belt model are shown as solid lines.
The apoA-l molecules have been drawn as if they have been peeled off the edge of an HDL disk and laid flat. Cross-links in black are common to both D79 and
S80 particles; those in blue are found in D79 only and those in gray are found in S80 only. Putative apoA-I helical segments are numbered according to Roberts
et al. (31). Locations of the 21 Lys residues in apoA-I are identified as orange dots. All experimental cross-links found in D79 and S80 are listed in Table S1.
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Structural analysis of D96 and S93 particles. (A) Native PAGGE (8-25%) of D96 (lane 1) and S93 (lane 2). An 8-25% SDS/PAGGE analysis of cross-linked

D96 (lane 6) and S93 (lane 7) is also shown. The particles were cross-linked at a 1:100 molar ratio of apoA-I: BS? at 1 mg/ml apoA-I for PAGGE analysis to avoid
partial cross-linking and to detect the highest MW bands. Lipid-free apoA-I (lane 4) and lipid-free apoA-I cross-linked under the same conditions (lane 5) is shown
for comparison. All gels were stained with Coomassie Blue. (B and C) Negative stain EM images of D96 and S93 particles, respectively. (Scale bars: 50 nm.) (D)
Experimental cross-links compatible with 5/5 molecular registry of the double-belt model are shown as for Fig. 1. Cross-linker color coding is the same as in Fig. 1.

The particles were cross-linked and analyzed by MS. All
resulting cross-linked peptide pairs and involved Lys residues are
listed in Table S1. The most informative for determining the
spatial arrangement of apoA-I molecules on a particle are the
intermolecular cross-links. We have previously proposed that
the majority of observed intermolecular D79 cross-links are
consistent with the 5/5 LL double belt model (11) as described
by Segrest (3). Fig. 1D shows a two-dimensional representation
of two anti-parallel apoA-I molecules in this configuration with
these cross-links in D79 and S80 compared. Interestingly, the
majority of the identified intermolecular cross-links were found
in both the discs and spheres. The few that were unique to either
the sphere or the disk seemed to be clustered either near the
termini or near the junction of helices 4 and 5. These are the
same regions that displayed cross-link differences between 96A
and 78 A discoidal particles in our previous studies (11, 14).
Overall, these data indicate that apoA-I molecules interact
similarly when present on a disk or a sphere with a diameter of
~80 A

Comparing Large Discs and Spheres. The larger D96 discs exhibited
the expected hydrodynamic diameter of 96 A as well known
(Table 1 and Fig. 24) (14, 16, 17). Containing only phospholipid
and apoA-I, they produced clear rouleaux by negative stain EM
(Fig. 2B). Image analysis showed a normal distribution about a
mean of ~97 = 16 A, consistent with native PAGGE (Fig. S1).

The large spherical particles migrated slightly faster than the
discs in a native gel (Fig. 24), corresponding to a diameter of
~93 A. The S93 particles contained a cholesteryl ester rich core
of ~20% of the particle volume, which is comparable with the
denser fractions of human HDL; (18) (Table 1). They appeared
to be uniformly spherical with no discoidal shapes by negative
stain EM (Fig. 2C Left) and were normally distributed about a
mean of 92 + 13 A, consistent with native PAGGE. To further
confirm the particle shape, we used electron Cryomicroscopy
(Cryo-EM) to visualize S93 particles in a frozen-hydrated native
state. Imaging was performed at three different tilt angles (—45°,
0° and + 45°), allowing different views of the same field of
particles (Fig. S2). The particles were clearly spherical or slightly
oval with no evidence of swollen discs or prolate shapes.
Cross-linking with BS? resulted in diffuse band at ~100 kDa by
SDS/PAGGE (Fig. 24, lane 7). Comparing this band to oligo-
meric lipid-free apoA-I cross-linked under similar conditions
(Fig. 24, lane 5), it is clear that the S93 particles contained three
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molecules of apoA-I. This is in contrast to the D96 and D78
particles, which contained only two (Fig. 24, lane 6) (6, 7).

Fig. 2D compares the cross-linking patterns between S93 and
D96 particles. Again, most of the diagnostic intermolecular
cross-links were shared between the two particle shapes, sug-
gesting that the apoA-I spatial arrangements were generally
similar between the D96 and S93 particles, despite the additional
apoA-I molecule in the S93 particles.

To translate our observations to human plasma HDL particles,
we isolated the human HDL3, (d = 1.123 g/ml) subfraction from
the plasma of a normal human donor by isopycnic density
ultracentrifugation (18) and cross-linked as with S80 and S93.
Particles in this fraction ranged from ~85 to 110 nm in diameter
by native PAGE (data not shown) and contained an average of
23% CE and 3% TG by weight. Of the 23 cross-links identified
in the in vitro produced S93 particles, 21 were observed in the in
vivo produced HDL3, preparation (Table S1).

Figs. 1D and 2D highlight cross-links that we have previously
interpreted to be consistent with the 5/5 double belt model.
Throughout our studies over the past 5 years, we have consis-
tently observed a cross-link population that may be compatible
with a alternate model in which helix 5 of one molecule aligns
with helix 2 of the second (LL5/2). Although these tend to be of
lower intensity, we found cross-links compatible with this reg-
istry in all four particle preparations in this study (Fig. S3) and
in the human HDLs;, particles (Table S1). Moreover, we found
3 cross-links in S80 and S93 that involved the N-terminal Asp of
apoA-I. The structural significance of these is unclear, but they
may indicate an increased flexibility of the apoA-I N terminus
in spherical particles.

Discussion

An HDL disk is essentially a circular patch of phospholipid (PL)
bilayer stabilized by amphipathic apolipoproteins protecting
fatty acyl side-chains from water. Conversion to a sphere occurs
when neutral lipid esters, accumulated principally via LCAT and
CETP, intercalate between the bilayer leaflets. As this occurs,
the particle surface becomes a continuous phospholipid mono-
layer without an “edge” for the apos to protect. Thus, it is
tempting to imagine that the amphipathic helices of apoA-I
might spread out across the sphere, perhaps disengaging from
the protein:protein contacts observed in discs. However, our
current data show overall similar apoA-I intermolecular cross-
linking patterns in discs and spheres of matched diameter and in
human plasma HDL. A straightforward interpretation is that the
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double belt model represents a common structural framework
for apoA-I in both discs and spheres.

Although potentially surprising, we believe that this conclu-
sion is supported by three major arguments. First, the “spreading
out” concept described above presupposes that it is the lipid that
forces apoA-I molecules together at the disk edge. However,
there is evidence that protein:protein attractions may be more
important for maintaining the apoA-I spatial arrangements in
HDL. In the original double belt theoretical analysis by Segrest
(3), up to 21 intermolecular salt bridges were possible between
adjacent amphipathic helices contributed by two apoA-I mole-
cules. This registry exhibited the highest salt bridge potential of
all theoretically possible registries. Although salt bridges are not
usually considered strong molecular forces for maintaining
protein structure, Segrest argued that the lower dielectric at the
lipid interface should enhance intermolecular attraction. There
are also likely to be significant hydrophobic interactions between
the helices. Cross-linking studies (11, 17) and resonance coupling
experiments (16) clearly support a general 5/5 registry between
apoA-I molecules on a disk. Thus, protein:protein interactions
can maintain specific molecular registries between apoA-I belts
on HDL discs.

Second, there is little evidence that apoA-I helices interact
differently with phospholipids in a disk vs. a sphere. ApoA-I
contains repeating amphipathic helices, most of which are class
A. They have a hydrophilic face with acidic residues arrayed
opposite a hydrophobic face and Arg and Lys residues at the
non-polar/polar interface (19). These basic residues may interact
both with the aliphatic acyl chains and the phospholipid head-
groups (20). This “snorkeling” should occur regardless of
whether a given amphipathic helix is on a disk edge or floating
in a continuous PL surface on a sphere (21). Therefore, if the
lipid:protein contacts are similar in discs and spheres, it is
difficult to imagine that protein:protein contacts should be
disrupted when particle shape changes.

Third, recent studies have blurred the traditional distinction
between HDL discs and spheres. Segrest et al. (22) performed an
in silico analysis in which a 96-A disk (similar to D96) was
gradually stripped of PL. As they shrunk, the particles lost their
disk morphology and became twisted pseudospheroids. How-
ever, the basic protein:protein contacts were essentially pre-
served, as were the lipid:protein contacts. This is consistent with
our cross-linking studies of ~ ~78A discs showing a similar double
belt organization as 96-A discs (11). More recent simulations
addressed spherical particles with a neutral lipid core. Again, it
was theorized that double belt-like contacts could exist in
spheres, although apoA-I might twist across the sphere like the
seams of a baseball (23). Also, Weisgraber et al. demonstrated
convincingly that apoE/DPPC particles, which by composition
should be discoidal, are clearly spheroidal by x-ray scattering
(24). Thus, there may be little fundamental difference in the
forces mediating apoA-I intermolecular contacts in a particle
containing PL only and one with a neutral lipid core.

Given these arguments, our observations may not be so
surprising. We propose that the double belt model represents a
general structural framework adopted by all lipidated forms of
apoA-I, regardless of shape (with the possible exception of
certain lipid-poor forms (25)). We further propose that localized
changes within this framework, changes that might be difficult to
detect by the relatively low-resolution cross-linking methodol-
ogy, could be responsible for observed differences in LCAT and
CETP activation between discs and spheres. For example, a
recent study by Curtiss ef al. showed that the manipulation of the
TG to CE ratio of the HDL neutral lipid core can affect the
expression of monoclonal antibody epitopes on apoA-I (26).
Antibody binding, although not able to define intermolecular
contacts, is likely to be more sensitive to such localized confor-
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Fig. 3. Potential molecular arrangements of three apoA-I molecules on the
larger HDL spherical particles. The classical 5/5 double belt model proposed for
D96 is shown first with two molecules of apoA-I shown in red and green
(model A). The small spheres represent the N-terminal 44 aa of each molecule.
Model B shows two molecules of apoA-I arranged in a double belt as in the
discs with a third molecule arranged as a hairpin on one hemisphere. Model
C has all three molecules arranged in an antiparallel fashion at the particle
equator, i.e., triple belt. Model D, called the trefoil model, was generated by
splitting the right hand half of two molecules of apoA-lin the double belt 60°
out of the plane of the disk. Then a third molecule, bent the same way, was
inserted.

mational changes that may be critical for modulating interactions
with plasma enzymes and transfer proteins.

ApoA-I on Small Discs and Spheres. Consistent with the arguments
of Segrest, we suggest that apoA-I probably twists itself into a
conformation that allows a smaller diameter in the D79 vs. the
D96 particles, likely involving an atypical PL bilayer structure.
With the addition of neutral lipid in the S80 particles, a filling of
the core might relax strain on the phospholipids, but apoA-I
registry appears to remain similar. Alternatively, one could
invoke one or more hinge domains in both the D79 and S80
particles to account for the reduced diameter vs. the 96 A
particles (14, 16, 27). We should also note that the S80 particles
contained ~12% neutral lipid core lipids by mass, less than the
17% measured in human HDL;,. particles of similar diameter
(18). Therefore, it is possible that these represent pseudosphe-
roids. However, the similar cross-link pattern between S80 and
S93 supports our assertion that the double-belt contacts are a
common theme for apoA-I organization, despite the shape of the
host HDL particle.

Trefoil Model for Three apoA-l Molecules on Large Spheres. The
similarity of the cross-linking pattern between D96 with two
apoA-I molecules, and S93 with three was intriguing. It follows
that all three molecules in the sphere must make contacts that
are similar to those made by two molecules in the double belt.
How can this happen? We envisioned three potential models
that can account for this observation (Fig. 3). In the first
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Fig.4. Molecular comparison of the apoA-linteractions in a disk double belt
vs. the spherical trefoil. Each putative helical domain shown in Fig. 1 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; helix 10, yellow. Notice that all helix to helix interactions
present in the double belt between two molecules of apoA-l in the disk are
also present between three apoA-I molecules in the trefoil. For example, helix
10 of all three molecules in the trefoil (the yellow one in front) can interact
with helix 10 of the other molecules in the same way as the double belt.
Another example is the similar arrangements of helix 9 (navy blue) and helix
1 (teal) in both models.

scenario, two apoA-I’s are arranged in a double belt around the
equator of the sphere with the third arranged separately as a
hairpin (Fig. 3B). Although we cannot distinguish between intra-
and intermolecular cross-links on particles with >2 apoA-I
molecules, we feel that this model is unlikely. During cross-
linking, the kinetics of trimer formation for S93 particles were
similar to the appearance of the dimer in D96 by SDS/PAGGE
(data not shown). This suggests that all three molecules exist in
the same spatial relationship, rather than one sitting off on its
own. In a second scenario, all three apoA-I molecules wrap
around the equator in a stacked anti-parallel arrangement, i.e.,
a triple belt (Fig. 3C). Although we cannot rule this out, we feel
that this is less likely because the third molecule must interact in
a different docking interface (3) than the other two.

We favor a third scenario, which we call the trefoil model (Fig.
3D). This arrangement can be generated a priori from the basic
disk double belt model. If an inflection point is introduced in
helices 5 and 10 of both apoA-I molecules, then half of each ring
can be bent 60° out of the plane of the particle. A third molecule,
bent the same way, can be placed between the original two. This
breaks the PL surface into three equal slices subtending 120° of
the sphere surface. In the vernacular of sphere geometry, these
are called lunes or biangles. This model offers a degree of
parsimony in that all three molecules exist in identical confor-
mations. Importantly, each of the cross-links and/or salt bridge
interactions found in discs with two apoA-I molecules are still
possible in the trefoil (Fig. 4), accounting for the similar
cross-linking pattern between the D96 and S93 particles. Also,
the equal PL lunes provide a rationale for how apoA-I can
maintain such high lipid surface curvature in HDL sized parti-
cles. We have built a theoretical computer model of the Trefoil
and verified the plausibility of the intermolecular cross-links
discussed above.

12180 | www.pnas.org/cgi/doi/10.1073/pnas.0803626105

Human Plasma HDL. The fact that HDL;, isolated from human
plasma showed cross-linking patterns that were highly consistent
with S93 is strong evidence that the structural information
gleaned from synthetic particles is relevant to native HDL.
However, despite the tight density cut used to isolate HDLs,, this
fraction is still compositionally heterogeneous, containing un-
certain apoA-I stoichiometries and neutral lipid core composi-
tions on a per particle basis. Although we believe our data
indicate that the intermolecular registries found in the double
belt model represent a general organizing motif that applies also
to native plasma HDL, we leave open the possibility of lower
abundance conformations with potentially important biological
functions. More detailed applications of this methodology to the
study of native plasma HDL are clearly warranted.

Relevance to HDL Biology. Although this topic is surprisingly
understudied, common wisdom holds that human plasma HDL,
and HDL; particles contain between 2 and 5 molecules of apoA-I
per particle. A satisfying feature of the trefoil model is that it
allows for the intercalation of additional apoA-I molecules with
a corresponding increase in the bend angle for each resident
apoA-I—each maintaining the same intramolecular interac-
tions. Furthermore, recent proteomics studies indicate that up to
50 additional proteins can associate with HDL in widely varying
abundances (28). Our models suggest that apoA-I acts as an
organizing scaffold that maintains stable PL surfaces for the
attachment of some of these proteins. The symmetric nature of
the trefoil model may allow for optimal interactions of these
proteins with apoA-I itself, perhaps to modulate HDL interplay
with plasma remodeling factors or cell surface proteins. An
interesting topic for future work is how the relatively abundant
apoA-II impacts apoA-I organization on HDL. Finally we would
point out that the protein dynamics described within the frame-
work of the double belt such as looped regions (16), hinge
domains (14), and “solar flares” (29) should work in the trefoil
sphere exactly as in discs. This may explain how spherical HDL
particles modulate their diameter in response to variations in
lipid cargo as they circulate.

In conclusion, we suggest that the molecular contacts inherent
to the original double belt model dictate a general organizational
motif for apoA-I in most of its lipidated states. The proposed
models, particularly the trefoil, provide a solid basis for addi-
tional experimentation aimed toward a detailed understanding
of apoA-I structure and how it modulates HDL metabolism.

Methods

rHDL Particle Preparation. Human apoA-l isolation and purification for particle
preparation was carried as reported (14). The Bio-bead cholate removal
method was used for the preparation of reconstituted HDL (rHDL) discs (11,
30). An initial ratio of 78:1 and 35:1 1-palmitoyl-2-oleoyl-sn-glycero-3 phos-
phatidylcholine (POPC):apoA-I was used for ~96 A and ~79 A disk reconsti-
tutions, respectively. Particle purification by gel filtration chromatography
was done essentially as before (11) (S/ Methods). S93 spherical particles were
prepared by incubating discoidal D96 rHDL with LCAT and LDL at 37°Cfor 24 h
(6). Small, S80 spherical particles were generated by incubating S93 with CETP
and intralipid (6).

rHDL Particle Characterization. Chemical composition of the particles was
determined using established assays (S/ Methods). Particle hydrodynamic
diameter and diameter distributions were calculated based on PAGGE and
negative stain electron microscopy. The secondary structure of apoA-l in each
particle was determined in solution by circular dichroism followed by SELCON
3 software, a component of CDPro software package.

Cross-Linking and MS Measurements and Data Analysis. All rHDL particles were
cross-linked at 1 mg/ml apoA-l with bis(sulfosuccinimidyl) suberate (BS3) at a
molar ratio of 1:10 for MS analysis. To determine the number of apoA-I
molecules per particle, the larger particles D96 and S93 were cross-linked at a
1:100 molar ratio of apoA-I:BS? for PAGGE analysis. Cross-linked particle
process for MS analysis was carried out using optimized protocols in the
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laboratory (S/ Methods). MS measurements were performed on an Sciex/
Applied Biosystems QSTAR XL. The MS analysis were carried out using com-
mercially available and home built software.
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SI Methods

Fractionation of Native Human Plasma HDL. Albumin-free HDL3a
(d = 1.110-1.129 g/ml) was isolated from normolipidemic
human EDTA plasma by isopycnic density gradient ultracen-
trifugation as described in refs. 1 and 2.

Chemical Composition and Physical Property Characterization of rHDL.
The final phospholipid and protein compositions of the spherical
and discoidal rHDL were determined by the analysis of phos-
phorus (3) and the Markwell modification of the Lowry protein
assay (4), respectively. The free and total cholesterol contents of
the spherical particles were determined enzymatically using a
Roche Diagnostics kit (5). Cholesteryl ester concentrations were
calculated as the difference between the total and free choles-
terol concentrations. Triglyceride concentrations were deter-
mined enzymatically (6). Particle hydrodynamic diameters were
measured by native polyacrylamide gradient gel electrophoresis
(Phast System, Amersham Pharmacia) (7). Particle diameters
were also calculated based on the negative stain electron mi-
croscopic measurements of the particles (see below).

Negative Stain Electron Microscopy. rHDL particles were nega-
tively stained for electron microscopy by floating formvar-
carbon-coated copper electron microscopy grids for 20 seconds
on a 40 microliter droplet of particles in buffer. Excess fluid was
removed from the grids. The grids, with adsorbed particles, were
floated on a 40 microliter droplet of 1% phosphotungstic acid
stain at pH 6.1 for 20 seconds. Excess stain was removed and the
dried grids were viewed at 80 KeV with an FEI CM-12 trans-
mission electron microscope. To determine the particle diame-
ters, images were collected randomly from the sample. From
each image, 5-10 particles were randomly selected for measure-
ment. This process was continued until 200 particles had been
measured for each condition. The diameters of discs within
rouleaux were measured along the long axis of the particle. For
individual oval or spherical particles, the diameter was taken as
the longest visible axis. Particles having diameters of >2 stan-
dard deviations from the largest or smallest contiguous size
classes were excluded from analysis as outliers. Such particles
were rare and totaled <1% of particles measured. The micro-
scope magnification was calibrated immediately before images
were obtained.

Cryo-Electron Microscopy. HDL particles were diluted to 0.01
mg/ml using 1X Delbecco’s PBS (Invitrogen), 2.7 mM KCl, 1.46
mM KH,POy, 136.9 mM NaCl, and 8.1 mM Na,HPOQO,. Samples
(4 ul) were incubated for 1 min at room temperature, on
Quantifoil holey carbon films coated 400 mesh copper grids
(Quantifoil Micro Tools GmbH, Jena, Germany) rendered
hydrophilic by glow-discharge for 20 seconds. The samples were
flash-frozen and prepared as described in ref. 8. The frozen,
hydrated particles embedded in vitreous ice over the holes in the
carbon film were then transferred into liquid nitrogen for storage
until used for Cryo-EM observation. HDL particles were exam-
ined at —183°C using the FEI (T12) Tecnai Spirit EM instrument
operated at a 120 kV high tension, and the micrographs were
acquired at three titled angles, —45°, 0°, and +45,° under the low
dose mode at a magnification of 67K by the GATAN 4,000 X
4,000 high resolution CCD.

Circular Dichroism (CD). Both discoidal and spherical particle
solutions were dialyzed against phosphate buffer (PB). Protein
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concentration was determined using the modified Markwell-
Lowry method and sample solutions were diluted to 100 pg/ml
with 20 mM PB. Concentrations were verified by A,gy measure-
ments after sample dilution. CD spectra of both discoidal and
spherical rtHDL particles were measured on a J-810 spectrometer
(Jasco) using a 1 mm quartz CD cell (Starna). The measurements
were an average of eight scans with a scan rate of 20 nm/min and
a bandwidth of 0.2 nm with a time response of 2 s. Buffer spectra
collected under the same conditions were subtracted to obtain
the final spectra. The SELCON 3 method (a component of the
CDPro software package) was used to estimate the fractional
secondary structure of apoA-I in both particles.

Cross-Linking and Processing Samples for Mass Spectrometry. rHDL
particles were cross-linked at 1 mg/ml apoA-I in PBS, at a molar
ratio of protein to cross-linker of 1:10. The cross-linker used in
these experiments was bis sulfo succinimidyl suberate (BS?,
Pierce). Preparation and addition of the BS? stock solution to the
protein was done within 1 min to minimize the competing
aqueous hydrolysis reaction. The reaction was carried out for
24 h at 4°C with brief vortexing every 15 min for the first two
hours. The reaction was quenched by addition of Tris'HCl to a
final concentration of 100 mM. The proteins were then dialyzed
against 10 mM ammonium bicarbonate buffer (pH 8.1) to
remove small byproducts generated from cross-linking and
hydrolysis reaction. After lyophilization followed by delipidation
by standard techniques, the proteins were resuspended in 200 ul
of standard Tris buffer (STB) containing 3M guanidine hydro-
chloride. Monomeric and dimeric cross-linked apoA-I species
were separated from D79, S79, and D96 rHDL particles in the
same buffer by gel filtration chromatography using the tandem
gel filtration column set up (Superdex 200-Superose 6, 0.4
ml/min). Fractions corresponding to monomer and dimer as
determined by coomassie-stained SDS/PAGGE analysis were
pooled separately and dialyzed against 10 mM ammonium
bicarbonate buffer. S93 rHDL with three apoA-I per particle was
processed without separating into its cross-linked components
monomer, dimer and trimer due to limited resolution power of
the gel filtration technique and the limited sample. The samples
were concentrated by ultrafiltration (membrane MWCO 10,000,
Millipore) to 1 mg/ml and digested with sequencing grade trypsin
(CatNo. V5111, Promega) at 2.5% wt/wt enzyme/apoA-I at 37°C
overnight. Next morning, 2.5% more trypsin was added for an
additional 2 h. Aliquots (50 ug) of the digested protein samples
were lyophilized and stored at —20°C until used for mass
spectrometric analysis.

Mass Spectrometric Measurements. The mass spectrometer (QStar
XL) used in the study was equipped with an electrospray ionizer
and a quadropole time-of-flight (Q-Tof) dual analyzer equipped
with an on-line capillary high performance liquid chromato-
graph (HPLC, Agilent 1100). Tryptic peptides derived from the
cross-linked rHDL samples were measured after optimization of
the parameters and the gradient for human unmodified apoA-I
tryptic peptide identification. Samples were resuspended in 0.1%
trifluoracetic acid in water (2 ug/ul). 30 pmols were injected into
the HPLC and separated on a C18 capillary reversed phase
column (Vydac, 500 um X 15 cm). The tryptic peptide elution
was carried out by application of an acetonitrile gradient of
0-40% in 60 min at a flow rate of 6.0 ul/min, which was
optimized for the separation of tryptic peptides from human
apoA-I. The eluting peaks were subjected to subsequent mass
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spectrometric detection in the range 300-1800 m/z. Automated
MS/MS sequencing was carried out between 100 and 2000 m/z in
Q2 pulsing mode. The mass spectrometer was set to acquire MS
and MS/MS data in an automated fashion using the Information
Dependent Acquisition (IDA) functionality built in the Analyst
QS software. Each MS spectrum acquired in 1sec was followed
by acquisition of three MS/MS spectra at 3 sec each of the three
most intense ions after satisfying the dynamic exclusion criteria.
The dynamic exclusion criteria allowed for generating an exclu-
sion list of peptide masses already fragmented for a period of 60
sec with a mass tolerance of 100 ppm for match of a peptide mass.

Mass Spectrometry Data Analysis. For each mass spectrum col-
lected, a mass list was generated using the AnalystQS 1.1
software (Applied Biosystems). The completeness of the com-
puter generated mass list was verified by manual peak selection
across the entire mass spectrum for the first experiment. To
identify unmodified peptides, peptides containing a hydrolyzed
cross-linker, and intrapeptide cross-links, the mass list was
analyzed using GPMAW 4.0 (www.gpmaw.com). Potential cross-
linked peptide pairs (interpeptide cross-links) were identified
using a manually constructed spreadsheet containing the masses
of each possible peptide pair plus the mass of the added
cross-linker component that link the two masses. Datasets
collected later into the project were analyzed by a program
developed in our laboratory, CrossID, that can simultaneously
identify all types of masses, unmodified, hydrolyzed, intrapeptide
cross-links and interpeptide cross-links. This program was tested
on all prior datasets analyzed using manual spread sheets and
GPMAW as explained above to confirm its compatibility. Once
a given mass was identified as a putative cross-linked peptide
pair, the identification was confirmed by manual evaluation of
the MS/MS sequence evidence. The inclusion criteria for inter-
peptide cross-links were as follows: (i) The mass must have

1. Chapman MJ, Goldstein S, Lagrange D, Laplaud PM (1981) A density gradient ultra-
centrifugal procedure for the isolation of the major lipoprotein classes from human
serum. J Lipid Res 22:339-358.

. Guerin M, et al. (2002) Dose-dependent action of atorvastatin in type IIB hyperlipid-
emia: Preferential and progressive reduction of atherogenic apoB-containing lipopro-
tein subclasses (VLDL-2, IDL, small dense LDL) and stimulation of cellular cholesterol
efflux. Atherosclerosis 163:287-296.

. Sokoloff L, Rothblat GH (1974) Sterol to phospholipid molar ratios of L cells with
qualitative and quantitative variations of cellular sterol. Proc Soc Exp Biol Med
146:1166-1172.
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Anal Biochem 87:206-210.
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appeared in at least 2 replicate experiments from independent
particle preparations within 10 ppm of calculated mass. (if) The
corresponding MS/MS spectrum must exhibit at least 50% of the
b and y series of theoretical fragment ions expected. (iii) If the
amino acid residue Pro is present in one of the peptides involved
in cross-linking, special attention was paid to the MS/MS frag-
ment ions, which occur right before or after the Pro residue,
which yields more intense fragment ions compared with other
fragment ions. The interpeptide cross-links that appeared re-
peatedly in datasets were mapped using the mass within 10 ppm
deviations and HPLC elution time. In intrapeptide cross-links,
MS/MS evidence was typically limited because of the proximity
of the cross-linker to both ends of the peptide. These were
assigned if they were identified by mass within 10 ppm of the
theoretical mass in at least 2 batches, with HPLC elution time
correlations in the Total Ion Chromatogram (TIC) and with 50%
of the theoretical fragment ions. All of the reported masses were
manually checked to confirm that the computer selections were
accurate.

Building the Trefoil Molecular Model. The trefoil model was con-
structed based on the double belt model (9), constructed from
two molecules of human apoA-I (40-243). Using MOE (Mo-
lecular Operating Environment 2006.08, The Chemical Com-
puting Group Inc., Canada), the double belt model was tripli-
cated. Two of the models were rotated 120 and 240° respectively,
around two bend points (K133 and Y236). All three models were
split on the two bend points and then one of the other half
models was deleted. The subsequences were merged to form
three apoA-I molecules. The residues around the bending points
were subjected to energy minimization to relieve any serious
steric clashes. The .pdb file can be downloaded from the Protein
Model Database (http://mi.caspur.it/PMDB/main.php) using the
accession code PM0075240.

6. Wahlefeld AW (1974), ed Bergmeyer HU (Academic, New York), pp 1831-1835.

7. Davidson WS, et al. (1995) Effects of acceptor particle size on the efflux of cellular free
cholesterol. J Biol Chem 270:17106-17113.

8. Ren G, Reddy VS, Cheng A, Melnyk P, Mitra AK (2001) Visualization of a water-selective
pore by electron crystallography in vitreous ice. Proc Nat/ Acad Sci USA 98:1398-1403.

9. Segrest JP, et al. (1999) A detailed molecular belt model for apolipoprotein A-l in
discoidal high density lipoprotein. J Biol Chem 274:31755-31758.

10. Silva RA, Hilliard GM, Li L, Segrest JP, Davidson WS (2005) A Mass Spectrometric
Determination of the Conformation of Dimeric Apolipoprotein A-l in Discoidal High
Density Lipoproteins. Biochemistry 44:8600-8607.

11. Davidson WS, Hilliard GM (2003) The spatial organization of apolipoprotein A-l on the
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Fig.S1. Determination of particle diameters by image analysis of negative stain EM images. (A-D) Histograms determined from 200 randomly picked particle
measurements per image from D79, S80, D96, and S93 samples respectively.
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Fig.S2. Orthogonal tilt cryo-EM images of S93 particles. Images were collected at 3 different tilt angles: —45° (left lane), 0° (middle lane), and 45° (right lane).
(Scale bar: 20 nm.)
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Fig. $3. Cross links identified in all particles, D79, S80, D96, and S93 that we interpret as being compatible with a shifted variation of the double belt model.
The cross-links that fit with a 5/2 molecular registry of the double belt model in which helix 5 of one molecule is in juxtaposition with helix 2 of the second molecule
are shown as black solid lines. The presence of the cross-links in different particles from this study is listed under the belt representation.
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Table S1. Intra and inter molecular cross-links identified in all HDL particles in this study

X-link Peptide/Peptide Theoretical Inter/intra* D79 S80 D96 S93 HDL;, Possible
mass, Da Registry

K88-K94  84-96 1,671.8387 Intra y \ \ N N NA
K96- 95-107 1,716.9084 Intra v v v v v NA
K106
K182- 178-188 239-243 1,897.0267 ? N y 5/2
K239
K12-K23  11-27 2,015.0936 Intra N N N N v NA
K238- 227-243 2,108.1039 Intra N N N N N NA
K239
K118- 117-123 132-140 2,158.2108 Intra® \ \ NA
K133
K208- 207-215x 207-215 2,161.2104 Inter \ \ \ \ \ 5/2
K208
Nr-K118  1-10 117-123 2,232.1172 ? 3 J -
Nr-K94 1-10x 89-96 2,294.1064 Intra V \ \ N N NA
K94-K96  89-106 2,302.1730 Intra ol v v v v NA
K133- 132-149 2,302.1988 Intra S \ \ \ y NA
K140
K206- 196-215 2,346.2428 Intra V \ \ \ V NA
K208
K107- 107-116x 117-123 2,417.2411 Intra V N — NA
K118
K96- 95-106x 117-123 2,457.3265 Inter \ \ \ \ 5/2
K118
K12-K94  11-23 89-96 2,530.4143 Intra® V N Y -
K23-K94  13-27 89-96 2,718.4325 Inter \ \ = =
K40- 28-45x 239-243 2,736.4332 Inter \ V N N N 5/5
K239
N-K106  1-10 97-107 2,743.3127 intra’ V N N -
K182- 178-188 227-239 2,808.4906 Inter \ \ \ \ 5/2
K238
Nr-K12  1-10 11-23 2,825.4485 Intra® \ N N NA
K226- 216-239 2,863.5620 Intra \ \ NA
K238
K118- 117-123x 134-149 2,914.5584 Inter \ \ \ N \/ 5/5
K140
K88-K96  84-94x 95-106 2,923.4522 Intra \ \ \ \ \ NA
K59- 46-61x 207-215 3,030.6023 Inter N \ «l v y 5/5
K208
K118- 117-123 132-149 3,326.7902 Intra N —  NA
K133
or 118-
140
K226- 216-238x 239-243 3,337.8059 Inter \ NA
K239
K226- 216-238x 239-243 3,337.8059 Intra v - - — — NA
K239
K40- 28-45 227-239 3,647.8972 Inter N — 55
K238
K40-K45  28-59 3,727.8618 Intra V V J J — NA
K59- 46-61x 189-206 4,046.0634 Inter N — 55
K195
K77- 62-83 189-206 4,782.3662 Inter \ \ N N N 5/5
K195

*For most of the cross-links, intra- and intermolecular assignments were made based on D96 and D79 monomer and dimer separations (10).
*Cross-links that were assigned based on data from S80.

The two cross links indicated as "?” only appeared in the S93 sample. Inherent limitations of the method preclude a determination of the intra or intermolecular
nature of these two cross-links. The method used to determine whether a cross-linker was "inter-molecular” or “intramolecular” was reported before (10,11).
The intermolecular cross-links allow determination of the molecular registry and near neighbor interactions among apoA-I molecules incorporated on HDL
particles. The intermolecular cross-links that we interpret to fit with the LL5/5 molecular registry are highlighted in blue whereas intermolecular cross-links we
believe match with LL5/2 molecular registry are highlighted in yellow.

Many of the intramolecular cross-links were short range and therefore do not speak to registry of the molecules. These are indicated as NA (not applicable) in
the registry column. Four long range intramolecular cross-links appeared in the spheres of both sizes (highlighted in gray) and may indicate flopping of the N
terminus (1-43) of apoA-l in rHDL freely in the solution with its ability to cross-link with many residues. This was speculated by Wu et al based on hydrogen

deuterium exchange experiments on rHDL particles (12).

Silva et al. (www.pnas.org/cgi/content/short/0803626105|
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