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ABSTRACT: The conformational constraints for apoA-I bound to recombinant phospholipid complexes
(rHDL) were attained from a combination of chemical cross-linking and mass spectrometry. Molecular
distances were then used to refine models of lipid-bound apoA-I on both 80 and 96 Å diameter rHDL
particles. To obtain molecular constraints on the protein bound to phospholipid complexes, three different
lysine-selective homo-bifunctional cross-linkers with increasing spacer arm lengths (i.e., 7.7, 12.0, and
16.1 Å) were reacted with purified, homogeneous recombinant 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) apoA-I rHDL complexes of each diameter. Cross-linked dimeric apoA-I products
were separated from monomeric apoprotein using 12% SDS-PAGE, then subjected to in-gel trypsin
digest, and identified by MS/MS sequencing. These studies aid in the refinement of our previously published
molecular model of two apoA-I molecules bound to∼150 molecules of POPC and suggest that the protein
hydrophobic interactions at the N- and C-terminal domains decrease as the number of phospholipid
molecules or “lipidation state” of apoA-I increases. Thus, it appears that these incremental changes in the
interaction between the N- and C-terminal ends of apoA-I stabilize its tertiary conformation in the lipid-
free state as well as allowing it to unfold and sequester discrete amounts of phospholipid molecules.

Apolipoprotein A-I (apoA-I)1 is a 28 kDa protein synthe-
sized by the liver and intestine and is responsible for
modulating the formation, metabolism, and catabolism of
high-density lipoprotein cholesterol. HDL has been known
for decades to be a negative risk factor for predicting the
development of coronary artery disease in humans, but the
specific mechanism(s) responsible for its protective role in
cholesterol metabolism continue(s) to be studied and eluci-
dated (1-3).

ApoA-I shares a number of similarities to other members
of the apoprotein supergene family, as well as possessing a
unique set of properties related to its unique role in lipid
metabolism (4). Totally soluble in aqueous solution, apoA-I
monomers exist in a lipid-free state but also avidly bind to
each other, as well as lipid surfaces (5). Although apoA-I
readily binds lipid surfaces, the formation of small apoA-I-
containing phospholipid and cholesterol particles, an impor-
tant step in HDL metabolism, does not occur to a significant

extent in the absence of the ABCA1 transporter. During the
formation of “nascent” HDL, monomers of lipid-free apoA-I
bind to ABCA1, which adds phospholipid and cholesterol
to yield a particle containing two molecules of apoA-I (3, 6,
7). In this form, the conformation of apoA-I is an excellent
coactivator for the plasma enzyme lecithin:cholesterol acyl-
transferase (LCAT) that rapidly converts apoA-I-containing
lipid particles to mature or spherical HDL with a core of
cholesterol ester. If any part of this process is interrupted or
impaired, the small apoA-I particles are rapidly removed
from circulation by the kidney (6). Studies of human
deficiencies have shown that if either ABCA1 or LCAT is
inactive, plasma concentrations of HDL apoA-I are very low
due to the rapid removal of lipid-poor HDL apoA-I from
circulation (8, 9). Additionally, recycling of HDL apoA-I
may occur through delipidation of HDL particles by SR-B1
or through remodeling of mature HDL particles (7, 10, 11).

Structurally, apoA-I contains a 1-43 residue N-terminal
globular region, referred to as a G* amphipathicR helix (12),
followed by 10 amphipathicR helices of the Y and A classes,
which comprise the remaining 80% of the protein. The
N-terminus or flexible domain contains three 11-mer tandem
repeats (residues 11-21, 22-32, and 33-43, termed helices
G1, G2, and G3) (13). It is generally believed that the
N-terminus is important for the stabilization of the lipid-
free apoA-I conformation (14), while the C-terminus (209-
243) is highly hydrophobic, composed of Y-class amphip-
athic helices and important for lipid binding (12, 15, 16).
The structure of the N- and C-terminal regions has been
studied extensively and shown to be mainly nonhelical in
the lipid-free state but takes on someR-helical character upon
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lipid binding (17-21). Although the N- and C-terminal
domains both appear to be involved in maintaining the
stability of the lipid-free conformation and binding to lipids,
these domains also appear to have distinct functions (5, 22,
23).

Functionally, the C-terminus has been implicated in the
initiation of binding to ABCA1 and/or lipid surfaces (18,
24), while the N-terminus has been linked to LCAT
activation and HDL maturation (25). Studies show that the
∆43 mutant form of apoA-I exhibits similar lipid binding
ability to full-length apoA-I (21). Interestingly, when both
the N- and C-terminal regions are removed, both lipid
binding and ABCA1-mediated lipid efflux are similar to full-
length apoA-I (18, 24, 26). These results suggest that in the
presence of lipid the central region of apoA-I comprising
residues 44-186 can exist as a stable independently folded
fragment; however, removal of one or the other terminal end
disrupts the ability of the lipid-free protein to stabilize its
structure in solution, possibly through interaction with each
other (18, 24).

Interestingly, deletion of the 1-43 residue region of
apoA-I also has little effect on the overall size of 95-
105 Å diameter recombinant phospholipid particles generated
with lipid-free apoA-I (13). On the basis of these observations
it has been hypothesized that the 1-43 flexible domain is
either unassociated with the phospholipid particle and exists
as either a random or helical coiled coil or associates with
the face of the phospholipid particle as either an amphipathic
R helix or â strand (13). Indeed, recent studies show that
the N-terminus contains a short segment ofâ-strand structure
which may be similar in length to a similar stretch observed
in the C-terminus (19, 20) creating a potential region for
intra- or interdomain interaction.

To date, phospholipid-containing apoA-I particles have not
yielded crystals of the quality needed to solve the structure
of lipid-bound apoA-I by X-ray crystallography. However,
the X-ray crystal structure of full-length lipid-free apoA-I
has been recently reported by Ajees et al. (27). These
investigators were the first to show that full-length lipid-
free apoA-I exists in a four-helix bundle. This structure
differs significantly from the X-ray crystal structure of the
lipid-free mutant apoA-I lacking amino acids 1-43 (∆43
apoA-I) reported by Borhani et al. (14). Lipid-free ∆43
apoA-I crystallized in a “horseshoe”- or “belt”-shaped
structure assuming an antiparallel orientation in which helix
5 of one molecule was “in register” with helix 5 of a second
apoA-I molecule. This structure triggered renewed interest
in solving the conformation of lipid-bound apoA-I, shifting
the paradigm away from a “picket fence” to a “double belt”
model (28). Since then, numerous studies have provided
additional support for the double belt model of lipid-bound
apoA-I (29).

Most recent to the arsenal of methods employed to solve
the lipid-bound structure of apoA-I, chemical cross-linking
combined with mass spectrometry (CCL/MS) provides a
lower resolution picture of protein structure when compared
to X-ray crystallography or NMR spectrometry. However,
CCL/MS can provide valuable information on protein
structure when X-ray and NMR procedures cannot be used,
e.g., due to poor crystal quality or particle aggregation. An
important validation of CCL/MS for structure analyses was
demonstrated by Young et al. (30) in which distance

constraints for fibroblast growth factor-2 were compared and
found to agree well with results derived from X-ray crystal-
lography.

To date, two independent groups have used CCL/MS to
study the lipid-bound conformation of apoA-I (31-33). A
comparison of these two models agrees quite well with each
other except for cross-links that did not fit the established
LL5/5 extended belt conformation (34). In the LL5/5
conformation two molecules of apoA-I are antiparallel and
exist with helix 5 in registry with helix 5 of the second
molecule of apoA-I. In one model, cross-links not conform-
ing to the LL5/5 model were assigned to a second conforma-
tion in which two molecules of apoA-I are antiparallel and
folded in a helix 5 to helix 2 registry (LL5/2). This alignment
is believed to allow the central domain corresponding to
helices 5-7 (amino acids 121-186) to loop out to accom-
modate smaller particle diameters (33, 35). In the other model
of lipid-bound apoA-I, cross-links that did not fit the LL5/5
conformation were hypothesized to fit a conformation in
which both the N- and C-termini of the lipidated apoA-I
formed a hairpin structure which could then fold back and
interact with themselves (32). In the current studies, this
model of lipid-bound apoA-I was reexamined and probed
using cross-linkers of different lengths on two different sizes
of recombinant particles. These results provide additional
support for a model which suggests protein to protein
interaction between the N- and C-terminal regions of two
apoA-I molecules bound to 96 and 80 Å diameter phospho-
lipid particles.

EXPERIMENTAL PROCEDURES

Materials. Disuccinimidyl glutarate (DSG), dithiobis-
(succinimidyl propionate) (DSP), and ethylene glycol bis-
(succinimidyl succinate) (EGS) were procured from Pierce.
POPC and Me2SO were purchased from Sigma. Sequencing
grade modified trypsin and restriction enzymes were from
Promega. RapiGest SF was obtained from Waters Inc.
Formic acid was purchased from Aldrich. Sodium deoxy-
cholate, potassium chloride, optima grade methanol, chlo-
roform, acetonitrile, and glacial acetic acid were obtained
from Fisher Scientific. Mark 12 molecular mass standards
and Simply Blue Safestain were obtained from Invitrogen.
Ultrafree-15 centrifugal and Biomax 10K membranes were
from Millipore Corp.

Preparation and Purification of 96 and 80 Å Human
ApoA-I-Containing rHDL.Human apoA-I was purified from
plasma using standard procedures (36), and its purity was
checked by mass spectrometry. The preparation of 96 Å
rHDL was carried out as described previously (32). The
preparation of 80 Å rHDL was carried out using 1 mol of
apoA-I to 10 mol of POPC. Briefly, POPC dissolved in
chloroform was dried under vacuum, then mixed with sodium
deoxycholate at a ratio of 2:1 cholate:POPC, and vortexed
for 1 h (32). After extensive dialysis, the crude 80 Å rHDL
was subjected to ultracentrifugation to remove lipid-free
apoA-I from lipidated apoA-I. First, the density of the crude
mixture was adjusted to 1.29 g/mL with KBr; then a
1.26 g/mL KBr solution was overlayered and the tube spun
at 50K for 22 h at 15°C. After centrifugation the top fraction
was dialyzed and then analyzed by nondenaturing gradient
gel electrophoresis to check the homogeneity and size of the
rHDL (32).
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Cross-Linking of 96 and 80 Å Lipid-Bound ApoA-I.The
cross-linker DSG, DSP, or EGS was dissolved in Me2SO at
a final concentration of 5µg/µL and used within 5 min of
preparation. For lipid-bound 96 and 80 Å rHDL, the cross-
linkers were added at molar ratios of 2:1, 20:1, and 200:1
with a final rHDL apoA-I particle concentration of 0.4µg/
µL in 10 mM sodium phosphate, pH 7.4 (32). After addition
of the cross-linker, the reaction was incubated for 5 min at
37 °C and then quenched by adding 1 M Tris, pH 7.4, to a
final concentration of 50 mM. The samples were dialyzed
against 10 mM ammonium bicarbonate, pH 7.4, at 4°C to
remove excess cross-linker. All samples were stored at
-20 °C until further processed.

Nonreducing 12% SDS-PAGE and In-Gel Trypsin Digest.
The cross-linked apoA-I rHDL products were separated on
12% SDS-PAGE under nonreducing conditions (32) and
visualized using Simply Blue. Lipid-free human apoA-I and
Q109C apoA-I were included on the gel as markers for the
migration of monomer and the D80 dimer, respectively.
Product bands were excised from the gel, dehydrated with
acetonitrile, and rehydrated with cold, freshly prepared
trypsin solution containing 20 ng/µL in 10 mM ammonium
bicarbonate, pH 7.8, 0.1% (w/v) RapiGest SF, and 1 mM
CaCl2, as previously described (32). The final trypsin to
apoA-I mass ratio was 1:20. After incubation on ice for 10
min the digests were then incubated for 18 h at 37°C.

Peptide Isolation and ES/Q-TOF Mass Spectrometry.
Following digestion of the cross-linked apoA-I, the resulting
peptides were extracted from the gel slices using 200µL of
extraction buffer (acetonitrile/formic acid/water, v/v/v, 50:
5:45). After incubation of the slices for 10 min in this buffer
the peptides were transferred to a fresh tube. A second
extraction was then carried out, and the combined aliquots
were acidified to an HCl:apoA-I ratio of 1:10 (v/v) using
500 mM HCl. The solution was incubated for 35 min at
37 °C and then centrifuged for 10 min at 13000 rpm. The
supernatant was transferred to a fresh tube before processing
for mass spectrometry.

Survey scans were performed on each sample, and
candidate peptides were picked for sequencing. Peptides were
sequenced using a Waters Q-TOF API-US mass spectrometer
equipped with a Waters CapLC as described previously (32)
using the Mass-Lynx 4.0 software. Peptides were loaded onto
a 0.5 mm diameter× 2.0 mm length PLRP-S trapping
column packed with 3µm particles having 100 Å pore size.
Separation took place on a 0.1 mm× 50 mm PLRP-S
column also packed with 3µm diameter particles having 100
Å pores. Peptides were first loaded onto the column in water/
acetonitrile/formic acid (97:3:0.2) at 500 nL/min and then
eluted using a gradient starting with solvent A (25 mM
formic acid in 97% water and 3% acetonitrile). This was
followed by 2% solvent B (25 mM formic acid in 3% water
and 97% acetonitrile). The gradient profile was set at 2%
solvent B for 3 min, 40% B at 90 min, 80% B at 95 min,
2% B at 100 min, and 2% B at 130 min with a flow rate of
470 nL to the column. Positive ion electrospray spectra were
recorded in the contimuum mode using a scan window from
m/z300 to 1500 and an accumulation time of 2 s. Product
ion spectra were also acquired in the continuum mode with
a scan range ofm/z50-1800 using a charge state selective
collision energy and a 2 saccumulation time. The source
temperature was 80°C. The cone and capillary voltages were
45 and 3.5 kV, respectively.

Cysteine-Containing ApoA-I Homo- and Heterodimer
Mobility Studies.The cysteine-containing mutant apoA-I
proteins used in the homodimer migration studies were
constructed and purified as previously described (32, 37, 38).
Each of the purified cysteine-containing apoA-I mutants was
analyzed by mass spectrometry (39) to confirm that their
experimental and theoretical molecular masses were the
same. From previous studies it was noted that cysteine
homodimers from Q109C and Q132C apoA-I migrated at
∼>66 kDa (32), which are referred to as dimer 2 (D2) while
cysteine homodimers from Q84C and S231C apoA-I were
found to migrate around the expected∼56 kDa (MW of
apoA-I is∼28000) and are referred to as dimer 1 (D1). For
the migration studies both reduced lipid-free Q132C apoA-I
and S231C apoA-I were radiolabeled with125I using the
iodine monochloride method (40), and the mixture of the
two was used as molecular size markers for nonreducing
SDS-PAGE detection of the D1 and D2 migration, respec-
tively. In a typical experiment, 1× 105 cpm representing
trace amounts of the125I-labeled Q132C (or125I-labeled
S231C) apoA-I was added to 3µg of unlabeled cysteine
apoA-I mutant proteins. The mixtures was then adjusted to
50 mM DTT and incubated for 30 min on ice. Formation of
cysteine-containing apoA-I homo- and heterodimers was
assisted by the removal of DTT via dialysis against 10 mM
ammonium bicarbonate, pH 7.4. The migration of radiola-
beled apoA-I hetero- and homodimers was characterized on
nonreducing 12% SDS-PAGE followed by radioactive
imaging on a Typhoon 8600 variable mode imager from
Molecular Dynamics and ImageQuant 5.2 software.

Molecular Modeling of Lipid-Free and Lipid-Bound ApoA-
I. Four basic pieces of information were needed in order to
model the conformation of the two apoA-I molecules on
POPC rHDL particles. The first step was to orient the
positions of the individual apoA-I molecules that were cross-
linked relative to each other. To do this, we used the
maximum distance of CR-lysine-(cross-linker)-CR-lysine cal-
culated for each of the cross-linkers; 22.3, 26.6, and 30.7 Å
for DSG, DSP, and EGS, respectively. Next, the apoA-I
structure was constructed from coordinates from lipid-free
∆43-apoA-I (14) that were joined with the 1-43 amino acids
reported for the crystal structure of full-length lipid-free
apoA-I (27). Third, apoA-I was bent only at the proline sites
between the amphipathic segments of apoA-I. Lastly, the
two molecules of apoA-I were arranged antiparallel to one
another. Tools available in Swiss-PdbViewer vs OSX
3.9b1.01 (http://www.expasy.org/spdbv/) were used to op-
timize the conformations while PDB files were manipulated
using PyMOL (http:/www.pymol.org). Swiss-PdbViewer and
PyMOL along with VMD for Mac OSX, version 1.8.4 (41),
were used to generate the molecular figures shown in this
report.

RESULTS

Characterization and Cross-Linking of 96 and 80 Å rHDL
Containing ApoA-I.Purified 96 Å diameter rHDL particles
were found to contain an average of 150 molecules of POPC
to two molecules of apoA-I, while purified 80 Å diameter
rHDL contained approximately 54 molecules of POPC to
two molecules of apoA-I (see Supporting Information
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Figure 1 for 4-30% ND GGE used for sizing). Once
purified, all rHDL were treated with the amine-specific cross-
linkers, DSG, DSP and EGS, having spacer arm lengths of
7.7, 12.0, and 16.1 Å, respectively (see Supporting Informa-
tion Figure 2 for chemical structure of these thio-cleavable
cross-linkers). Each cross-linker was used at several different
molar ratios relative to rHDL apoA-I mass in order to obtain
distance constraints between the two molecules of apoA-I
residing on different sized phospholipid-containing particles.

Cross-linked products obtained from these reactions were
separated by 12% SDS-PAGE as shown in Figure 1 for 96
Å diameter (panels A, C, and E) and for 80 Å diameter
(panels B, D, and F) POPC rHDL apoA-I reacted with DSG
(panels A and B), DSP (panels C and D), and EGS (panels
E and F) at three different molar ratios of cross-linker to
protein. Striking similarities were seen between the distribu-
tion of apoA-I cross-linked products when the 96 and 80 Å
POPC rHDL were compared as well among the different
cross-linkers used. Although less consistent among all the
conditions shown in Figure 1, cross-linked product bands
were also seen above and between D1 and D2. Product bands
between D1 and D2 mostly likely represent cross-linked
products at different sites along the primary sequence of the
two apoA-I protein molecules, while cross-links seen above
most likely reflect higher order oligomerization. A more
detailed analysis addressing specific cross-linked regions
leading to aberrant SDS-PAGE migration is presented in
the next section. Interestingly, product distribution was also
similar among the different cross-linkers used (EGS, DSP,
and DSG). Of particular significance was the observation
that at low cross-linker to apoA-I molar ratios (1:10) two

distinct sized dimer products were formed. These cross-linked
dimers (referred to as D1 and D2) have been previously
investigated (32) and have been shown to represent distinct
intermolecular covalent attachments within apoA-I. The
different SDS-PAGE mobility for these two similar apoA-I
dimers has been previously reported (32) and does not
represent differences in amino acid number or composition,
rather MS/MS sequencing of cross-linked apoA-I peptides
showed that apoA-I dimer attachment within the central
region was related to the aberrant SDS-PAGE migration
(32).

Electrophoretic Migration of Homo- and Heterodimers of
Cysteine-Containing ApoA-I.The altered SDS-PAGE mi-
gration of apoA-I dimers as a function of covalent site
attachment was investigated using homo- and heterodimers
formed from the oxidation of cysteine-containing apoA-I
mutants. Figure 2, panel A, shows an SDS-PAGE gel run
under nonreducing conditions and stained for protein mass.
In this panel, each of the single cysteine substitution mutants
of apoA-I shows a monomer band at the expected 28000
Da, as well as a dimer band running at approximately 55000
Da, except for Q109C and Q132C apoA-I (panel A, lanes 4
and 5). Since cysteine-containing apoA-I monomers will
oxidize to form homodimers in the absence of reducing
agents, such as DTT orâ-mercaptoethanol, each protein
shows both the monomer and dimer form for each cysteine-
containing mutant apoA-I protein. Of particular interest,
Q109C and Q132C apoA-I show the largest deviation from
the calculated dimer molecular mass of∼56000 Da, while
the remaining apoA-I cysteine substitution mutations show
migration closer to the theoretical molecular mass. All

FIGURE 1: Nonreducing 12% SDS-PAGE of cross-linked POPC rHDL containing apoA-I. Cross-linked products from 96 (panels A, C,
and E) and 80 Å diameter (panels B, D, and F) POPC rHDL cross-linked with DSG (panels A and B), DSP (panels C and D), and EGS
(panels E and F) at fixed molar ratios of cross-linker to protein for 5 min at 37°C, as described under Experimental Procedures. All
cross-linked samples were separated by 12% nonreducing SDS-PAGE and visualized using Simply Blue. Panels A-F: lane 1, lipid-free
apoA-I treated at a molar ratio of 5:1 cross-linker to apoA-I; lane 2, lipid-bound apoA-I treated at a molar ratio of 10:1 cross-linker to
apoA-I; lane 3, lipid-bound apoA-I treated at a molar ratio of 20:1 cross-linker to apoA-I; lane 4, lipid-bound apoA-I treated at a molar ratio
of 200:1 cross-linker to apoA-I; lane 5, unreduced lipid-free Q109C apoA-I homodimer.
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cysteine-containing apoA-I mutants shown in panel A were
subjected to mass spectrometry, in momoner (+DTT) and
dimer (-DTT) form, as previously described (39) to confirm
theoretical to actual molecular masses.

It is well-known that the interaction of SDS with a wide
variety of proteins yields a rod-like particle in which the
length varies uniquely with the molecular mass of the protein
(42). However, deviations between theoretical and experi-
mental molecular masses as determined by SDS-PAGE have
been shown for a number of proteins and may result from
the resistance of certain proteins to SDS unfolding. The
aberrant migrating apoA-I dimer most likely represents a
conformation that is either structurally rigid or highly
kinetically stable (43). Figure 2, panel B, shows a hypotheti-
cal model illustrating the linkage and conformation for a
homodimer of S231C apoA-I (dimer 1) and a homodimer
of Q132C apoA-I, referred to as dimer 2. A slower migration
on SDS-PAGE for dimer 2 can be imagined if the less
“linearized” D2 encounters interference migrating through
the polyacrylamide pores, resulting in a larger than actual

molecular size compared to D1, which is more linearized
and can migrate as a rod through the pores.

Additional studies were conducted to investigate the SDS-
PAGE migration of heterodimers of cysteine-containing
apoA-I proteins. The migrations of heterodimers containing
radiolabeled Q132C apoA-I and combinations of different
cysteine-containing apoA-I mutants are shown in Figure 2,
panel C. In panel C, top and bottom, lanes 1 and 6 show a
mixture of the radiolabeled homodimers of S231C and
Q132C apoA-I, which were mixed for mobility reference
on SDS-PAGE. In panel C, top, radiolabeled Q132C apoA-I
was mixed with cold cysteine-containing apoA-I, reduced
with DTT, then dialyzed, and run on nonreducing SDS-
PAGE. These results show that the presence of heterodimers
with the covalent attachment of cysteine 132 to cysteines at
either position 84 (lane 3) or position 231 (lane 5) resulted
in migration with the D2. In panel C, bottom, radiolabeled
S231C apoA-I was mixed with cold cysteine-containing
apoA-I as above. These results show that the heterodimer
with covalent attachment of cysteine 231 at either position

FIGURE 2: Electrophoretic migration of homo- and heterodimers of cysteine-containing apoA-I. Panel A shows the altered molecular mass
migration of cysteine-containing apoA-I homodimers. Lanes 1-11 show the electrophoretic migration of lipid-free cysteine-containing
apoA-I homodimers separated by nonreducing 12% SDS-PAGE: lane 1, Q5C apoA-I; lane 2, S55C apoA-I; lane 3, Q84C apoA-I; lane
4, Q109C apoA-I; lane 5, Q132C apoA-I; lane 6, A154C apoA-I; lane 7, A176C apoA-I; lane 8, A194C apoA-I; lane 9, Q216C apoA-I;
lane 10, S231C apoA-I; lane 11, wild-type apoA-I monomer. Cysteine-containing apoA-I monomers can spontaneously oxidize to form
homodimers in the absence of reducing agents. All apoA-I mutants shown in panel A were subjected to mass spectrometry to confirm that
their experimental molecular mass matched its theoretical molecular mass. Interestingly, Q109C and Q132C show the largest deviation
from the expected∼56000 Da molecular migration on SDS-PAGE for an apoA-I dimer. Deviations from expected electrophoretic migration
may result from the inability of SDS to linearize these dimers. Panel B shows a hypothetical model illustrating the conformation for a
homodimer of S231C apoA-I, referred to as dimer 1, and a homodimer of Q132C apoA-I, referred to as dimer 2. The SDS-PAGE migration
may be altered in the case of D2 as a result of incomplete unfolding, linearization, and interference in migrating through the polyacrylamide
pores, resulting in a larger than actual molecular size. Studies were conducted to determine the migration of cysteine-containing apoA-I
heterodimers as described in Experimental Procedures. In panel C, lanes 1 and 6 show the SDS-PAGE migration of the mixture of radiolabeled
homodimers (dimer 1+ dimer 2) containing125I-labeled Q132C+ 125I-labeled S231C apoA-I (1× 105 cpm each). Lanes 2-5 show the
results of reduction-oxidation for mixtures of125I-Q132C and unlabeled cysteine-containing apoA-I mutants: lane 2,125I-Q132C+ unlabeled
Q84C apoA-I; lane 3,125I-Q132C + unlabeled Q109C apoA-I; lane 4,125I-Q132C + unlabeled Q132C apoA-I; lane 5,125I-Q132C +
unlabeled A176C apoA-I. Lanes 7-10 show the results of reduction-oxidation for mixtures of125I-labeled S231C and unlabeled cysteine-
containing apoA-I mutants: lane 7,125I-S231C+ unlabeled Q109C apoA-I; lane 8,125I-S231C+ unlabeled Q132C apoA-I; lane 9,125I-
S231C+ unlabeled A176C apoA-I; lane 10,125I-S231C+ unlabeled Q84C apoA-I. The migration of heterodimers containing radiolabeled
Q132C apoA-I and all combinations of cysteine-containing apoA-I mutants as dimer 2 suggest that a single covalent attachment within the
central domain of apoA-I retards SDS-PAGE migration, while heterodimers containing radiolabeled S231C apoA-I showed a mixture of
both dimer 1 and dimer 2.
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109 (lane 7) or position 132 (lane 8) also resulted in
migration at D2. These results suggest that a single covalent
attachment within the central domain of apoA-I, whether it
involves two molecules attached at the same site (ho-
modimer) or one molecule attached within the central domain
and one site at a N- or C-terminal domain (heterodimer),
retards the SDS-PAGE migration, while heterodimers
containing radiolabeled S231C apoA-I showed a mixture of
both dimer I and dimer 2. The molecular basis explaining
these results may relate to the size or shape of the dimer or
to the kinetic stability and inability of the dimer to be
“relaxed” by treatment with SDS.

In-Gel Trypsin Digest of Cross-Linked ApoA-I and Mass
Spectrometry.Cross-linked monomeric and dimeric apoA-I
products were excised and digested with trypsin, and then
the extracted peptides were analyzed by ES-MS/MS. After
mass correction a peptide list was generated from the survey
scan and compared to a theoretical list of all possible peptide
cross-links. These theoretical lists were constructed for each
chemical cross-linker. After mass correction candidate pep-
tides were assumed to have masses that were within
(10 ppm of the calculated mass. After picking candidate
peptides from the survey scans, samples were reanalyzed and
candidate peptides sequenced by MS/MS. Survey scans
yielded a total of 41, 30, and 53 candidate cross-linked
peptides from 96 Å POPC rHDL apoA-I treated with DSG,
DSP, and EGS, respectively, out of which 41, 27, and 46
provided sequence information. From these sequenced pep-
tides 29, 19, and 45 proved to be un-cross-linked peptides.

Table 1 shows all of the cross-links identified from a
96 Å POPC rHDL apoA-I with DSG, DSP, and EGS. Three
of the four intermolecular and three of the seven intramo-
lecular cross-links were produced with DSG. The only cross-
link found from treatment with EGS was intramolecular
between lysines 133 and 140 (and also found with DSG and
DSP). Figure 3, panel A, shows the MS/MS sequence for
one intermolecular DSG cross-link between lysines 12 and
94 isolated from a D1 product from 96 Å POPC rHDL.

However, unlike the 96 Å POPC rHDL, the 80 Å diameter
rHDL yielded a total of 13, 8, and 5 candidate cross-linked
peptides after treatment with DSG, DSP, and EGS respec-

tively, out of which only 10, 5, and 2 peptides for each of
the cross-linkers, respectively, could be sequenced. Of these
candidate sequences 6, 3, and 1 proved to be un-cross-linked
peptides, and only 4, 2, and 1 for DSG, DSP, and EGS,
respectively, were identified as valid cross-links via sequenc-
ing. Out of all the potential cross-links, only two ions did
not fragment even after the collision energy was raised to
30 eV, while them/z738.03 ion from DSG cross-linked 80
Å POPC rHDL was a mixture of two different charge states
and could not be sequenced. Table 2 shows all the intermo-
lecular cross-links and one intramolecular cross-link identi-
fied from 80 Å POPC rHDL apoA-I. Figure 3, panel B,
shows the MS/MS sequence of an intermolecular DSG cross-
link between lysinesR-NH2 and 118 from the 80 Å POPC
rHDL. Here the product ion spectrum for the 2190.0742 Da
fragment was obtained from a D1 product. The MS/MS
spectrum was obtained from the triply charged ionm/z
731.01, and the sequence of the peptide is shown as single
letter abbreviations.

Molecular Models for ApoA-I Folding on 96 and 80 Å
rHDL Complexes.For apoA-I bound to 96 Å rHDL particles,
Figure 4, panels A-C, shows the positioning for each of
the two lipid-bound molecules based on all Lys-Lys
intermolecular cross-links listed in Table 1. Most specifically
in Figure 4, panel D, the resulting conformation shown in
panels A-C results from an interlocking network of in-
tramolecular cross-links (yellow lines) at the N-terminus of
one apoA-I molecule,RNH2D1-Lys12-Lys23-Lys94-Lys96-Lys88,
connected through a intermolecular cross-link (red lines) at
Lys12 connected to Lys182 of the second apoA-I molecule.
Additionally, a second intermolecular cross-link between the
two antiparallel molecules at Lys40 and Lys239 demonstrated
that considerable lengths of the N-terminal and C-terminal
ends of opposing strands are closely associated (Figure 4,
panel D). Overall, these cross-linked sites indicate that the
N-terminal end of each apoA-I molecule folds back and
associates with itself and that the C-terminal end of one
apoA-I associates closely with the N-terminal end of the
second apoA-I. Intermolecular cross-links from Lys118 to
Lys140 and Lys118 to Lys133 show that the “centers” of
the antiparallel apoA-I molecules are closely associated with

Table 1: Intra- and Intermolecular Cross-Links Identified in 96 Å POPC ApoA-I rHDLa

lysines
involved in
cross-link cross-linker(s)

mass error
(ppm)

tryptic fragments
involved in
cross-link

helices
involved amino acid sequence

Intramolecular
R-NH2-12 DSG/DSP 1.7/-7.7 T1-T2-3b N-terminal, N-terminal D(1-12)K-V(11-23)K
12-23 DSP -0.6 T2-T4b N-terminal V(11-27)R
12-94 DSG/DSP -5.2/2.3 T2-3-T12-13 N-terminal, 3 V(11-23)K-D(89-96)K
88-94 DSP -0.6 T11-T13b 3 Q(84-96)K
88-96 DSG 2.8 T11-T14 3 Q(84-106)K
94-96 DSP 1.2 T12-T14b 3 D(89-106)K
133-140 DSG/DSP/EGS -0.6/-5.9/2.1 T20-T22b 5 Q(132-149)R

Intermolecular
12-182 DSP 4.1 T2-3-T29-30b N-terminal, 7 V(11-23)R-L(178-188)R
40-239 DSG/DSP 0.7/-2.0 T5-6 - T36-37b N-terminal, 10 D(28-45)K-(239-243)Q
118-140 DSG/DSP -0.6/4.8 T17-18-T21-22b,c 4, 5 Q(117-123)R-L(134-149)R
133-140 DSG -5.9 T20-21-T21-22dO 5, 5 Q(132-140)K-L(134-149)R

a Purified 96 Å POPC rHDL apoA-I was treated with three cross-linkers, DSG, DSP, and EGS, each having a different spacer arm length.
Cross-linked products were separated on 12% SDS-PAGE and digested with trypsin, and then the extracted peptides were analyzed by mass
spectrometry as described under Experimental Procedures.b Cross-links were reported previously for 96 Å POPC rHDL apoA-I using DSP (32).
c Pyroglutamic acid derivative.
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FIGURE 3: QTOF-MS/MS spectrum of intermolecular cross-links from DSG-treated apoA-I on rHDL. Panel A shows an intermolecular
cross-link on 96 Å rHDL at lysines 12 and 94 from which 96 Å rHDL was cross-linked with DSG, and in-gel trypsin digest, peptide
extraction, and sequencing were carried out as described under Experimental Procedures. The top section of panel A shows the product ion
spectrum for the 2488.2725 Da fragment from the dimer 1 product. The MS/MS spectrum was obtained from the triply charged ionm/z
830.43, and the sequence of the peptide is shown as single letter abbreviations. A y series for KA and KLVDVYVTALD and a b series for
DLEEV identified the peptide fragments. The lower section of panel A showsm/zvalues for the experimental and theoretical product ions.
Panel B shows an intermolecular cross-linked apoA-I on 80 Å at lysinesR-NH2 and 118. The 80 Å rHDL was cross-linked with DSG, and
in-gel trypsin digest was carried out as described under Experimental Procedures. The top section of panel B shows the product ion spectrum
for the 2190.0742 Da fragment from the dimer 1 product. The MS/MS spectrum was obtained from the triply charged ionm/z731.01, and
the sequence of the peptide is shown as single letter abbreviations. The y series for DEPPQSPWDR and VEPLR identified the peptide
fragment. The lower section of panel B showsm/zvalues for the experimental and theoretical product ions.

Conformation of ApoA-I on Phospholipid Complexes Biochemistry, Vol. 46, No. 26, 20077817



repeats 5 of each apoA-I molecule centered over one another,
consistent with studies on helix registry using FRET (37).

The principle difference between the conformation of
apoA-I on the two different sized diameter rHDL particles
is that fewer intramolecular cross-links and more intermo-
lecular cross-links were identified within the 80 Å apoA-I
particles compared to 96 Å particles. The conformation
obtained for two molecules of apoA-I on the smaller 80 Å
diameter rHDL particles is similar to that proposed for the
96 Å diameter rHDL particles and is shown in Figure 5,
panels A-C. More specifically, shown in Figure 5, panel
D, the pair of intermolecular cross-links (red lines) that were
common to both sized rHDL particles, Lys118 to Lys140 and
Lys40 and Lys239, suggests that the middle of the two apoA-I
molecules have similar orientations and that the N-terminal,
Lys40, and C-terminal, Lys239, ends are positioned close
together. However, the latter pair of Lys residues appears to
have apparently slid along the apoA-I chain so that they now

lie closer to Lys94. The cross-link betweenR-NH2 and Lys118

present in the 80 Å diameter particle is consistent with this
assertion. Thus, from these data, it appears that the extent
of apoA-I to apoA-I protein-protein interactions provides
needed stability to the lipid-bound conformation as well as
allowing accommodation of phospholipid molecules. Perhaps
the degree to which the N- and C-termini can form stabilizing
interactions may indirectly determine the amount of phos-
pholipid packaged within an rHDL particle.

DISCUSSION

In these studies, the experimentally derived molecular
constraints obtained from CCL/MS have been used to refine
a molecular model of lipid-bound apoA-I on two different
diameter phospholipid-containing particles. Careful examina-
tion of cross-links that did not fit the expected LL5/5
conformation suggested by earlier studies on lipid-bound
apoA-I conformation mainly involves the N- and C-terminal
ends of two antiparallel lipid-bound apoA-I molecules. In

Table 2: Cross-Links Identified in 80 Å POPC ApoA-I rHDLa

lysines
involved in
cross-link

type of
cross-link cross-linker(s)

mass error
(ppm)

tryptic fragments
involved in
cross-link

helices
involved amino acid sequence

R-NH2-118 intermolecular DSG -5.7 T1-T17-18 N-terminal, 4 D(1-10)R-Q(117-123)R
40-239 intermolecular DSP 5.1 T5-6-T36-37 N-terminal, 10 D(28-45)K-K(239-243)Q
94-239 intermolecular DSP -1.1 T12-13-T36-37 3, 10 D(89-96)K-K(239-243)Q
118-118 intermolecular EGS -3.5 T17-18-T17-18 4, 4 Q(117-123)R-Q(117-123)R
118-140 intermolecular DSG -3.7 T17-18-T21-22b 4, 5 Q(117-123)R-L(134-149)R
182-239 intramolecular DSG -1.5 T29-30-T36-37 7, 10 L(178-188)R-K(239-243)Q

a Purified 80 Å POPC rHDL apoA-I was treated with three cross-linkers, DSG, DSP, and EGS, each having a different spacer arm length.
Cross-linked products were separated on 12% SDS-PAGE and digested with trypsin, and then the extracted peptides were analyzed by mass
spectrometry as described under Experimental Procedures.b Pyroglutamic acid derivative also sequenced.

FIGURE 4: Model of the lipid-bound conformation for two molecules of apoA-I on a 96 Å POPC rHDL particle. MS/MS sequenced DSP
cross-links as listed in Table 1 were used as molecular constraints for modeling the lipid-bound conformation of two molecules of apoA-I.
Different colors indicate individual apoA-I molecules with the corresponding colored amino acid residue number. Red lines indicate
intermolecular cross-links, while yellow lines indicate intramolecular cross-links.
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our previous studies, we hypothesized that lipid-bound
apoA-I wrapped around the phospholipid bilayer like a “belt
buckle” with a N-terminal “hairpin” fold making contact with
the C-terminus on 96 Å rHDL complexes (32). In these
current studies, we have now further refined and validated
our model by using both longer and shorter arm length cross-
linkers and find that these new data fit the previously
proposed belt buckle for apoA-I on 96 Å rHDL complexes
(Figure 4). This exhaustive study also provides direct
experimental evidence for a tighter “buckle” of apoA-I on
80 Å rHDL complexes wherein the N- and C-termini of
apoA-I fold back and stabilize a smaller particle diameter,
thus enabling particle expansion as more phospholipid and
cholesterol can be accommodated (Figure 5). This conclusion
was most evident from the presence of N-terminal cross-
links at theR-amino terminus-K118, K94-K239, and K40-
K239 verified by MS/MS sequencing.

CCL/MS was first used to investigate the lipid-bound
structure of apoA-I in 2003 by Davidson and Hilliard (31).
From these studies they proposed three possible orientations
for the arrangement of two molecules of apoA-I along the
edge of a recombinant rHDL; antiparallel, slid-antiparallel
where the N-termini are offset, and an antiparallel Z-
conformation in which the two molecules of apoA-I crossed
one another. In 2005, in a subsequent study by Silva et al.
(33) utilizing MS/MS sequencing the Z-belt conformation
was shown to be unverifiable. In this same study, the authors
concluded that lipid-bound apoA-I on 96 and 80 Å particles
was similar in conforming to both LL5/5 and LL5/2
conformations, but differing in that the central or hinge region
(helices 5-7) may extend further away from the particle on
the smaller 80 Å particles (29, 33). This hinge or “looped
belt” region has also been hypothesized to account for
heterogeneity in DMPC rHDL reconstituted particles using

a combination of EPR and FRET (44) as well as reconstitu-
tion experiments of truncated mutant forms of apoA-I with
phospholipids (13). However, in a recent study employing
molecular dynamic simulations of POPC particle reduction,
the predicted detachment of the hinged domain from the edge
of the rHDL particle was not observed (44). Instead, in these
studies, the belt remained attached to the particles’ edge,
although there was significant conformational change in
apoA-I as the protein conformed to the particles’ smaller
diameter. In these studies, molecular dynamic simulations
showed that lipid-bound apoA-I wrapped in a belt conforma-
tion on 96 Å particles, but reduction in the amount of
phospholipid in the particle resulted in a “saddle-shaped”
structure. In this model, the conformation of two molecules
of lipid-bound apoA-I twisted to conform to the minimal
surface edge of the lipid bilayer as the particle assumed a
progressively smaller diameter (45).

Studies utilizing limited proteolysis of lipid-bound wild-
type (46) and A173C apoA-I (47) suggest that the N- and
C-terminal regions are more highly susceptible to cleavage
on recombinant POPC complexes. Protease cleavage sites
suggest that these regions of lipid-bound apoA-I are more
“accessible” and, thus, less likely to be buried in the
phospholipid. In addition to providing new information
concerning the conformation of the N- and C-terminal ends
of lipid-bound apoA-I, these studies also suggest that the
central domain of apoA-I is essential in providing a large
portion of its kinetic stability. SDS resistance observed in
both Q109C and Q132C apoA-I homo- and heterodimers
suggests that the conformation of helices 4 and 5 plays a
pivotal role in global apoA-I structure. Interestingly, inter-
molecular cross-links between two molecules of wild-type
apoA-I are abundantly found in this same domain (32, 33).
Possibly the occurrence of salt-bridge formation in this region

FIGURE 5: Model of the lipid-bound conformation for two molecules of apoA-I on an 80 Å POPC rHDL particle. MS/MS sequenced DSP
cross-links as listed in Table 2 were used as molecular constraints for modeling the lipid-bound conformation of two molecules of apoA-I
bound to lipid. Different colors indicate individual apoA-I molecules with their corresponding colored amino acid residue number. Red
lines indicate intermolecular cross-links, while yellow lines indicate intramolecular cross-links.
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explains its significant stability and frequency of interaction
(28, 34).

In conclusion, the use of CCL/MS has provided informa-
tion on which to build a model of two lipid-bound apoA-I
molecules on 96 and 80 Å POPC recombinant particles.
These models show that the N- and C-terminal regions of
the proteins interact with each other to an extent depending
on the amount of lipid contained in the particle. These models
of lipid-bound apoA-I should be interpreted with care since
they are derived from apoA-I that has been “unfolded” with
sodium cholate prior to its formation of discrete phospho-
lipid-containing particles. Further studies are needed to
determine the conformation of two apoA-I molecules con-
taining phospholipid particles generated from the cholesterol
and phospholipid transporter, ABCA1.

SUPPORTING INFORMATION AVAILABLE

Two figures as described in the text. This material is
available free of charge via the Internet at http://pubs.acs.org.
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