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Abstract
Apolipoprotein AI (apoA-I) is the principal acceptor of lipids from ATP-binding cassette
transporter A1, a process that yields nascent high density lipoproteins. Analysis of lipidated apoA-
I conformation yields a belt or twisted belt in which two strands of apoA-I lie antiparallel to one
another. In contrast, biophysical studies have suggested that a part of lipid-free apoA-I was
arranged in a 4-helix bundle. To understand how lipid-free apoA-I opens from a bundle to a belt
while accepting lipid it was necessary to have a more refined model for the conformation of lipid-
free apoA-I. This study reports the conformation of lipid-free human apoA-I using lysine-to-lysine
chemical cross-linking in conjunction with disulfide cross-linking achieved using selective
cysteine mutations. After proteolysis cross-linked peptides were verified by sequencing using
tandem mass spectrometry. The resulting structure is compact with roughly 4 helical regions,
amino acids 44 through 186, bundled together. C- and N-terminal ends, amino acids 1-43 and
187-243, respectively, are folded such that they lie close to one another. An unusual feature of the
molecule is the high degree of connectivity of lysine40 with 6 other lysines, lysines that are close,
e.g., lysine59, to distant lysines, e.g., lysine239, that are at the opposite end of the primary
sequence. These results are compared and contrasted with other reported conformations for lipid-
free human apoA-I and an NMR study of mouse apoA-I.

Cholesterol efflux from cells is mediated by ATP-binding cassette transporter A1 (ABCA1)
(1, 2). The primary recipient of the cholesterol and phospholipid is apolipoprotein A-I
(apoA-I), which is converted into nascent HDL (nHDL). This lipid transfer process is the
first step in reverse cholesterol transport (RCT) (3-5) through which cholesterol in
peripheral tissues is transported to the liver for catabolism. ApoA-I has other, essential anti-
inflammatory properties and may participate in modulating lipid raft levels on the cell
membrane. Various apoA-I entities, e.g., lipid-free apoA-I, nHDL, and mature HDL, are
affected with a relatively high degree of specificity by different enzymes, transporters and
receptors at various stages of the RCT cycle. Therefore, it is likely that at each step apoA-I
reorganizes so that it is uniquely recognized by modifying protein at different points in the
RCT cycle.

ApoA-I is a well studied protein that has resisted crystallization. It is composed of 243
amino acids, which, after the first 43 amino acids, called the N-terminal segment, is divided
into ten amphipathic helical regions, labeled 1 through 10. There are two 11-amino acid and

*Corresponding Authors: Mary G. Sorci-Thomas, Department of Pathology, Section on Lipid Sciences or Michael J. Thomas,
Department of Biochemistry, Medical Center Blvd, Winston-Salem NC 27157-1016 Phone: 336-716-2313 Michael J. Thomas,
mthomas@wakehealth.edu Mary G. Sorci-Thomas, msthomas@wakehealth.edu.

NIH Public Access
Author Manuscript
Biochemistry. Author manuscript; available in PMC 2014 December 31.

Published in final edited form as:
Biochemistry. 2013 December 31; 52(52): 9470–9481. doi:10.1021/bi401080k.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



eight 22-amino acid helices. Numerous studies of the biophysical characteristics of lipid-free
apoA-I have suggested that it assumes a compact structure with the helices folded-back
along one another. A recent NMR analysis of lipid-free mouse apoA-I yielded a structure
having a four-helix bundle composed of what, in human apoA-I, would include the N-
terminal end through helix 7 (6). In 1997 Borhani et al. (7) were able to crystallize an N-
terminal truncated form of lipid-free apoA-I. The Borhani structure was roughly saddle
shaped having many characteristics similar to those proposed for apoA-I on recombinant
HDL (rHDL) particles. Smaller segments that often contain proline, located between helical
regions, are bent or kinked (7). These kinks may help apoA-I assume a curved conformation.
The article stirred new interest in the conformation of lipid-bound apoA-I. There was less
interest in the in-solution conformation of intact, lipid-free apoA-I, but two papers were
published in 2005 and 2006. The validity of the later paper has been questioned (8).
However, the lipid-free solution structure proposed by Silva et al. (9) using chemical cross-
linking combined with mass spectrometry and sequence threading has many of the features
suggested by other biophysical studies.

Early studies of LCAT-deficient HDL suggested that the first-formed HDL, nascent HDL or
nHDL, was a lipid disc (10) that carried two molecules of apoA-I. Jonas’s group perfected
the synthesis of synthetic particles using cholate dialysis (11) and the properties of these
particles have been studied for many years. Early models agreed that apoA-I was located on
the edge of the disk, but disagreed on the conformation of apoA-I (12)(13). After Borhani et
al. (7) showed the circular structure for crystalline apoA-I other studies began to confirm
this arrangement in a non-crystalline matrix (14-19). One of the first lipidated apoA-Is
studied by chemical cross-linking was synthetic, rHDL (rHDL) prepared from lipid-free
apoA-I and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) (16, 17, 20). The
two strands were anti-parallel, but paired in the 5,5’-region giving a conformation that is
best described as a band or belt although one formulation has the belt twisted (21). In
contrast the principle lipid-carrying particle formed by ABCA1 is an nHDL with three
strands of apoA-I in a belt conformation with the 5,5’,5”-regions adjacent (22, 23). The
composition of nHDL is unique in that it carries most of the cholesterol as free cholesterol,
e.g., unesterified, like HDL from patients suffering from familial lecithin-cholesterol
acyltransferase (LCAT) disease (24-26). In plasma carrying native LCAT nHDL is
processed into mature HDL by conversion of free-cholesterol to cholesteryl ester by LCAT.
Further modification takes place by the actions of cholesterol ester transfer protein, ATP-
binding cassette transporter G1 (ABCG1), hepatic lipase, etc.

Because lipidated apoA-I on nHDL has a much different shape compared to lipid-free apoA-
I the lipid-free protein must undergo a major conformational reorganization to accommodate
lipid. This reorganization may well be an essential component of the lipidation process.
Therefore, to understand how apoA-I changes shape to accept lipid the lipid-free
conformation must be identified. In this report we document structural constraints that were
obtained using 1) chemical cross-linking combined with mass spectrometry and 2) selective
incorporation of cysteine residues using mutagenesis. We incorporated results from other
biophysical studies that did not conflict with constraints imposed by cross-linking. Our
results are compared to several in-solution structures proposed for lipid-free apoA-I.

Materials and Methods
Materials

d0-Bis(sulfosuccinimidyl)suberate (d0-BS3) and d4-bis(sulfosuccinimidyl)suberate (d4-BS3)
were from ThermoFisher. Me2SO, formic acid and guanidine hydrochoride were from
Sigma-Aldrich. Sequencing grade modified porcine trypsin and restriction enzymes were
from Promega. RapiGest SF™ was obtained from Waters Inc. Potassium chloride, optima
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grade methanol, chloroform, acetonitrile, ampicillin and glacial acetic acid were from Fisher
Scientific. Mark 12 molecular weight standards, SimplyBlue□ SafeStain and isopropylthio-
β-D-galactoside were from Invitrogen. Ultrafree-15 centrifuge filters and Biomax□ 10
membranes were from Millipore Corp. 1,4-dithiothreitol was from Soltec Ventures. The
IMPACT™ protein expression system, including E. coli strain ER2566, pTYB11 plasmid
vector and chitin beads was from New England Biolabs. PCR primers were synthesized by
International DNA Technologies. Taq DNA polymerase was from Roche. ApoA-I cDNA
constructs were produced by Custom DNA Constructs. DNase I was from Worthington
Biochemical. Solvents used in MS and LC-MS were “B&J GC2” grade from Burdick and
Jackson. All other solvents and routine reagents were from the highest available commercial
grades.

Preparation of Lipid-free Human ApoA-I
ApoA-I was purified from human plasma by sequential ultracentrifugation as previously
described (20). The apoA-I was lyophilized to dryness, dissolved in 6 M guanidine
hydrochloride and then refolded by dialyzing exhaustively against 10 mM ammonium
bicarbonate, pH 7.4. Mass spectrometry and 12% SDS PAGE were used to ensure that there
were no contaminating protein and that apoA-I methionines were not oxidized to the
sulfoxide form, a common contaminant in apoA-I preparations. Protein concentration was
determined using the Lowry assay (27).

Cloning, Protein Expression and Purification
The coding sequence for wild-type and mutant apoA-I was cloned from the CMV5 vector
(28) by Custom DNA Constructs (see Supplemental Material), amplified by PCR as
described (29) and inserted into the pTYB11 vector (30). Expression and purification of the
cysteine containing apoA-I mutants from inclusion bodies were conducted as previously
described (28). The protein purity and molecular weight were determined as previously
reported (31).

Formation of Intramolecular Disulfide Bonds
To promote the formation of disulfide bonds between specific residues the mutant apoA-I
protein folding conditions were optimized to favor intramolecular disulfide bond formation
over intermolecular homo-dimerization using a dilute protein concentration of 0.02 μg/μL.
Each mutant was denatured with 6M guanidine hydrochloride, reduced with 500 mM
dithiothreitol and diluted accordingly. The proteins were then dialyzed extensively with 10
mM ammonium bicarbonate, lyophilized and then refolded by denaturing in a final
concentration of 6M guanidine hydrochloride followed by exhaustive dialysis. The disulfide
coupling was verified using mass spectrometry after in-gel trypsin digestion. To prove the
correct cysteine substitution for the mutants 500 mM 1,4-dithiothreitol was used to reduce
disulfide bridges then cysteine residues were alkylated in with 1M iodoacetamide. The
position and extent of alkylation was verified using mass spectrometry after in-gel trypsin
digestion.

Cross-linking of Lipid-Free ApoA-1 with a Mixture of d0/d4-BS3

The cross-linkers d0-BS3 and d4-BS3 were each added at a molar ratio of 10:1 cross-
linker:ApoA-1. For a total starting mass of 140 μg ApoA-1 (5×10−9 moles), 5×10−8 moles
of both d0-BS3 and d4-BS3 were used. ApoA-I on ice was diluted to 694 μL in PBS (pH
7.4). 3 μL each of BS3-d0 and BS3-d4 (5×10−8 moles each) were added to the tube, mix by
gentle pipetting and then incubated at 37°C. After 5 min the reaction was quenched by
adding 7 μL of cold 1M Tris-HCl (pH 7.4) with gentle mixing and cooled on ice for 10 min.
Sample volume was adjusted to at least 500 μL with H2O and the sample dialyzed against
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2L of 10 mM ammonium bicarbonate (pH 7.4) with at least 3 changes at 1 h intervals. After
dialysis samples were stored at -80°C until in-gel trypsin digest.

SDS PAGE and In-gel Trypsin Digest
Products from CCL lipid-free apoA-I were separated on 12% SDS-PAGE. Digestion was
accomplished as previously reported (16, 20, 22, 32). Briefly, protein bands from
monomeric and dimeric apoA-I were excised from the gel, minced and repeatedly
dehydrated with acetonitrile. The gel pieces were rehydrated with a cold, freshly prepared
solution containing 20 ng/μL trypsin in 10 mM ammonium bicarbonate, pH 7.8, 0.1 % (w/v)
RapiGest SF™ and 1 mM CaCl2. The final trypsin to apoA-I mass ratio was 1:20. After
incubating on ice for 10 min the digests were incubated for 18 h at 37 °C.

Peptide Isolation and ES/Q-TOF Mass Spectrometry
Extraction of peptides was accomplished as previously reported (16, 20, 22, 32). Briefly, the
digestion solution was removed and gel pieces covered with 200 μL of acetonitrile/formic
acid/water, v/v/v, 50:5:45. After sitting for 10 min the solvent was transferred to a fresh
tube. The extraction was repeated and the combined aliquots acidified to an HCl:apoA-I
ratio of 1:10 (v/v) using 500 mM HCl. After incubating the acidified solution for 35 min at
37°C the sample was centrifuged for 10 min at 13,000 rpm. The supernatant was transferred
to a fresh tube before mass spectrometry.

Survey scans were performed on each peptide mixture using a Waters Q-TOF API-US mass
spectrometer equipped with a Waters CapLC and Advion Nanomate source. Acquisition was
controlled by Mass-Lynx™ 4.0 software. Peptides were loaded onto a PLRP-S trapping
column, 0.5 mm diameter × 2.0 mm length, containing 3 micron diameter particles with a
pore diameter of 100 Å. Peptides were loaded onto the column in water/acetonitrile/formic
acid (97:3:0.2) at 500 nL/min then separated by gradient elution: solvent A (25 mM formic
acid in 97% water and 3% acetonitrile) and solvent B solvent B (25 mM formic acid in 3%
water 97% acetonitrile). The gradient profile was: 2% solvent B for 3 min, then a linear
increase to 40% B at 90 min and then to 80% B in 5 min. At 95 min the composition was
ramped to 2% B over 5 min and then equilibrated with 2% B for 30 min. Peptides were
eluted at 470 nL/min. Positive ion survey scans were recorded in the continuum mode with a
scan window of 300 to 1500 m/z for 2s. The source temperature was 80°C. The cone and
capillary voltages were 45 V and 3.5 kV, respectively. Experimental m/z was corrected
using apoA-I tryptic fragment 7, m/z = 806.8969, and for the +1 charge state using tryptic
fragment 12, m/z = 831.4365. Ions within ±0.051 m/z of the theoretical ions were
sequenced. Product ion MS/MS spectra were acquired in the continuum mode from 50 to
1600 m/z using a data directed charge-state selective collision energy and an accumulation
time of 2s. Sequence analysis of the MS/MS spectra was performed with a fragment ion
tolerance of ± 0.05 m/z.

Circular Dichroism
Wild-Type or cysteine-containing apoA-I mutants were dissolved in 1X phosphate buffered
saline (pH 7.1) at 0.06–0.1 mg/mL to prevent protein self-association. The circular
dichroism (CD) spectra were recorded with a Jasco J-715 spectropolarimeter (Jasco Corp.,
Tokyo, Japan) at room temperature using a 0.2 cm quartz cuvette. The spectra were read
over wavelengths of 250–190 nm and analyzed as previously described (33).

Molecular Modeling
A composite 3-D structure, based on our own cross-linking and mass spectra data and the
data from others (9, 34), was constructed to predict placement of cysteine mutations. The
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strategy to test apoA-I helical participation involved substituting residues within ~5Å with
cysteines to form disulfide bonds between specific helices. Residues selected were chosen if
they were ~5Å apart from one another. Cysteine mutations not within 5Å were also designed
to determine the accuracy of our structural model. The molecular modeling for apoA-IWT
has been described in previous publications (16, 20, 22, 32) using the coordinates for lipid-
free △43-apoA-I (7) that were joined with 1-43 amino acids of the N-terminal end.
Unmodified, lipid-free apoA-I has been crystallized, but its conformation has been
extensively studied. When this study started there was only one creditable solution structure
for lipid-free apoA-I by Silva et al. (9). The cross-linked positions were oriented to their
correct distances based on the Silva model. To do this we used the maximum distance of
Cα–Lysine-(cross-linker)-Cα–Lysine of 26.0 Å for BS3. As required, apoA-I was bent at the
proline or glycine-glycine sites between the amphipathic segments of apoA-I. Tools
available in Swiss-PdbViewer OSX v4.1 (http://www.expasy.org/spdbv/) were used to
optimize the conformations while pdb files were manipulated using PyMOL version 1.5
(http:/www.pymol.org). Swiss-PdbViewer, PyMOL along with Visual Molecular Dynamics
(VMD) for Mac OSX, version 1.9.1 (35), were used to generate the molecular figures shown
in the manuscript.

Results
Lipid-free human apoA-I was prepared by standard techniques and exhaustively dialyzed to
refold the protein into the most stable conformation. Because apoA-I self-associates at
concentrations greater than 0.1 mg/mL (36-38) these studies were carried out at 0.2 mg/mL
and 1.0 mg/mL. At the lower concentration apoA-I is predominantly a monomer while at the
higher concentration favored dimeric association of apoA-I. For these studies a 1:1 mixture
of d0-BS3 and d4-BS3 was used to improve detection and identification of cross-linked
peptides. After treatment for 5 min with 20 to 1 lysine specific BS3 cross-linker to apoA-I
excess cross-linker was deactivated by adding Tris buffer. After concentration samples were
separated by SDS-PAGE into monomer and dimer bands formed by chemical cross-linking.
Each of these bands was excised and digested with trypsin then subject to LC/MS analysis.
In the search for cross-links the results were compared to a table having the masses of all
possible interpeptide Lys to Lys cross-linked peptide from d0-BS3 and a second table having
all possible intrapeptide Lys to Lys cross-linked peptides from d0-BS3. Each hit was
investigated to determine if there is a complimentary isotope series from d0-BS3 substituted
with 4 deuterium atoms, d4-BS3. Peptides showing both the d0- and d4-isotopic series were
sequenced using MS/MS analysis.

Cross-linking times are kept short, 5 min, and the overall BS3 concentration low. Therefore,
multiple cross-links to a single lysine take place because only a small fraction of the total
lysines react in a given experiment. The primary products detected in the total ion
chromatogram were the unmodified peptides anticipated from tryptic digestion of apoA-I.
Another set of products found at low concentration were peptides that had added a single
BS3 (data not shown). Because BS3 added to lysine these peptides had 1 missed cut site. The
lowest concentration set of products were those in which BS3 coupled two apoA-I tryptic
peptides, each of which consisted of a tryptic fragment with 1 missed cut site whether
designated as intrapeptide or interpeptide cross-links.

Table 1 shows a list of intrapeptide cross-linked peptides. These are from adjacent lysines
cross-linked by BS3 from the monomer bands of 0.2 mg/mL and 1.0 mg/mL cross-linking
experiments.

Table 2 shows a list of mostly interpeptide cross-linked peptides. All peptides had both the
d0 and d4 isotope series and gave the correct amino acid sequences by MS/MS analysis.
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These peptides are formed by BS3 cross-linking of lysines close in space on the monomer,
but not necessarily close in the primary sequence. Two bolded peptides, m/z 2233.12 and
2358.22, were found only in the dimer band from 1.0 mg/mL apoA-I cross-linking
experiments.

For the initial phase of the analyses we compared the cross-links with the several available
models. Chemical cross-links were oriented to the correct distances based on whether these
cross-links were intrapeptide or interpeptide. We used the maximum distance of Cα–Lysine-
(BS3)-Cα–Lysine at 26Å to establish the appropriate separations.

The structure for lipid-free apoA-I by Gangani et al. (9) was used as the preliminary model
for these studies. After repeated analysis of lipid-free apoA-I conformation using chemical
cross-linking the structure of Gangani et al. was adjusted to reflect new constraints. Based
on the revised structure a series of mutants each having 2 cysteines were prepared to further
refine the conformation of apoA-I. A separation of around 5Å was assumed necessary for
disulfide bond formation. Initial efforts centered on searching the model for pairs of amino
acids adjacent to one another, but located in different helical regions. For example, F104
was close to H162. These were mutated and found to readily form a disulfide bond. It was
first assumed that the region 165 to 160 was helical and that position R160 would be on the
opposite face of the helix, compared to H162. When we made the F104C, R160C mutation
set they also formed a disulfide bond. The interpretation was that both R160 and H162 faced
position F104 and the model was adjusted. Position M148 appeared to be well separated
from F104 in the model so this double Cys mutation was prepared to test whether there was
random disulfide formation when apoA-I was refolding. This Cys-substitution pair did not
form a disulfide bond. Table 3 shows the mutant apoA-Is having 2 cysteine substitutions,
whether the cysteines formed a disulfide bond and details about the ions monitored. If the
mutants formed disulfides the structure was adjusted to accommodate these additional
constraints. Figure 1 shows three stereoscopic views for lipid-free apoA-I.

Discussion
Apolipoprotein A-I is the principal protein of HDL, the lipoprotein associated with RCT and
essential for maintaining cholesterol balance. It is synthesized as a pre-proprotein, secreted
in the pro-form and then converted to mature apoA-I by bone morphogenic protein. An
initial step in the formation of HDL is lipidation of lipid-free apoA-I by ABCA1 to form the
first lipidated HDL species, nHDL. Because of its central role in cholesterol efflux the
structure and conformation has been studied for many years. These analyses employed a
combination of biophysical techniques including sedimentation velocity analysis and limited
proteolysis (39-41). Limited proteolysis suggested that the C-terminal 53 amino acids were
flexible while the 190 N-terminal amino acids were folded into a domain in which helical
structure predominated (39). Denaturation studies on a variety of apoA-I variants suggested
that the N-terminal and central regions had a folded domain structure and that modifications
to the C-terminal end had little effect on guanidine hydrochloride denaturation (42).

Structural attributes of lipid-free apoA-I
As a starting point for the structure we used the analysis by Silva et al. (9) and reports by
Rogers et al. (39-41, 43). It is usually assumed that the secondary structure of the repeating
11- and 22-amino acid was predominantly the α-helix with bends punctuated by prolines or
other helix-breaking amino acid combinations. The secondary structure was optimized using
secondary structural information identified in other studies (6, 44-48). Figure 1 shows the
proposed structure for lipid-free apoA-I based on the constraints imposed by disulfide bond
formation and chemical cross-linking with BS3. The lipid-free structure with Cys-Cys bonds
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in red is shown in Figure 2A. Regions containing a high content of α-helices are color coded
in Figure 2B. A series of Cys-disulfide bonds tied together helical regions: A-B, Cys53-
Cys123; B-C, Cys104-Cys162, Cys104-Cys160, C-D and B-D, Cys103-Cys177. Because the Cα-
Cα Cys-Cys distance has a maximum length of 6.8Å (49) the residues must lie close
together. Formation of a Cys200-Cys233 disulfide bond suggests that the C-terminal end is
folded back on itself. Figure 2B emphasizes the internal region of lipid-free apoA-I, the
four-helix bundle, by showing the central region after the N- and C-termini were removed
for clarity. The C-terminal end of the proposed structure is more exposed to the solvent,
Figure 2A, suggesting that it would be susceptible to proteolytic digestion, consistent with a
structure in which the central regions had considerable helical character and could undergo
cooperative unfolding (43, 50, 51).

Possibly the most unusual feature found in this study is the connectivity of N-terminal
region Lys40 with many different domains of lipid-free apoA-I, Figure 2C, including Lys59
(part of Helical region A), Lys118 (Helical region B), Lys133 and Lys140 (Helical region C),
Lys182 (Helical region D) and Lys239 (C-terminal region). Extended connectivity of Lys40
suggests that the region around Lys40 is sufficiently unobstructed to accommodate reaction
of BS3 with six neighboring Lys and that the C- and N-terminal ends do not cover this
region and block access of BS3 to Lys40. These results also suggest that lysines cross-linking
with Lys40 have similar degrees of hydrogen bonding and, therefore, similar reactivity with
BS3.

Two BS3 cross-links show that the C- and N-terminal ends of the molecule are close to one-
another, Figure 2D. These are BS3 cross-links Lys239 and Lys195 to Lys40 and Lys12,
respectively. Chemical cross-links with Lys40 and cross-links between Lys12 and Lys59
located in helical repeat 1 suggest that the N-terminal end is closely associated with the core
helix bundle. The absence of an extensive set of interpeptide cross-links indicates that the C-
terminal end is not as tightly associated with the helix core bundle as is the N-terminal
region. Portions of the C-terminal end are sufficiently close that a disulfide bridge formed
between Cys200 and Cys233. The C-terminal region has been proposed as the site of initial
interaction between apoA-I and lipid (40, 52).

Comparison to other lipid-free structures
Figure 3 shows published structures that made significant contributions to the understanding
of lipid-free apoA-I structure. To compare these structures, distances between Cα,
asymmetric backbone carbon, of cross-linked amino acids reported in our study were
measured from the model coordinates for each published structure and collected in Table 4.
The first set of structures were determined in solution, Figures 3A through 3D. Silva et al.
proposed a solution structure using chemical cross-linking combined with mass
spectrometry and sequence threading (9) that is shown in Figure 3A. This structure has
many of the features suggested by earlier biophysical studies and is similar to the structure
proposed herein, Figure 3B. Two other solution structures have been reported. The first
employed high-field NMR to deduce the solution structure of a C-terminal truncated mouse
apoA-I (6, 53) amino acids 1-216, Figure 3C. Mouse apoA-I and the truncated mutant in
particular are more soluble and less subject to aggregation (6). The second study employed a
series of full-length, cysteine-substituted apoA-Is to which thio-specific nitroxide spin-labels
were coupled through the thiol moiety of the cysteine side chain. Dipolar coupling and
solvent accessibility were measured by electron paramagnetic resonance spectroscopy
(EPR). Analysis of the EPR data yielded the structure (45) shown in Figure 3D. Common
factors in structures A-D are parallel helix bundles that are reminiscent of the LDL receptor-
binding domain reported for apolipoprotein (apoE) (54) shown in Figure 3E. Structures A
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through D are similar to to proposals obtained using other biophysical techniques (37-41, 44,
47, 48).

The last two published models were derived from X-ray crystallographic analysis of
truncated apoA-I molecules. Atkinson’s group recently analyzed the structure of a C-
terminal truncation mutant composed of amino acids 1-184. The resulting structure showed
how the N-terminal end of apoA-I is folded (34, 55), Figure 3F, as was suggested from
cross-linking studies of lipidated apoA-I (16, 20). The complimentary structure that
rekindled interest in apoA-I structure, N-terminal truncated lipid-free apoA-I having amino
acids 44-243, called △43 apoA-I (7), is shown in Figure 3G. Both X-ray crystallographic
structures were similar in that they had a more-or-less circular, belt-like conformation with
hydrophobic amino acids facing the interior and are reminiscent of structures proposed for
lipidated apoA-I (16, 17, 20, 56) and not the structures of lipid-free apoA-I in solution
obtained using chemical cross-linking and from other biophysical studies.

Structure 3E shows a “classic” apolipoprotein 4-helix bundle, the LDL receptor-binding
domain of apoE (54). Structures 3A, 3B and 3C have a 4-helix bundle as the core of the
molecule. The bundle structure of 3B can be seen more easily when the C- and N-terminal
ends are hidden, Figure 2B. Truncated mouse apoA-I, 3C, has considerably more helical
motif toward the N-terminus than does human apoA-I. Attempts to increase the helical
content of the N-terminal end of human apoA-I did not yield a structure with the identified
cross-links and the N-terminal region covered the Lys40 region that displayed extensive
connectivity to other parts of the molecule. Human and mouse apoA-I have only about 63%
homology suggesting that the differences between their respective structures may be due to
differences in primary sequence (6).

This study found 8 of the 10 cross-links reported by Silva et al. (9) and identified
intrapeptide cross-link, Lys45 to Lys59, not reported in the earlier study. However, there was
a much greater difference in the number of identified interpeptide cross-links between the
two studies. Only two interpeptide cross-links were common to both studies: Lys23 to Lys59
and Lys118 to Lys140. This study identified 11 cross-links not reported by Silva et al. (9) and
did not find 5 other cross-links. Similarities and differences are listed in Table 5. A greater
degree of confidence is assigned to the peptides reported herein because each was validated
by MS/MS sequencing.

Cross-links Lys40 to Lys133 and Lys182 to Lys239 rule out extended structures including both
structures derived by X-ray crystallography, Figures 3F and 3G, and the one derived using
EPR, Figure 3D. Structure 3G led to reinvestigation of apoA-I conformation on
phospholipid discs with the conclusion that the two apoA-I molecules on 9.6 and 7.8 nm
diameter synthetic rHDL particles, rHDL, have an antiparallel arrangement with the 5,5’-
helical regions adjacent. The “Belt-buckle” hypothesis for apoA-I conformation suggests
that the N- and C-terminal regions fold back onto the body of the chain, with the fold-back
more extensive for the N-terminal end. Structure 3D has both the helix bundle along with
the extended form that is similar to that proposed by Rogers et al. (40, 41). This structure
does not fit the cross-link constraints identified in this study, but has many similarities, and
it suggests that lipid-free apoA-I may open to an extended conformation that is in
equilibrium with the compact conformation.

The structure compared to other biophysical studies
The structure of apoA-I has been investigated for at least 40 years and the proposed structure
is in general agreement with previous studies suggesting that C- and N-terminal regions are
located close together and that it has a helix-bundle core. Several studies showed that apoA-I
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self associates, but is a monomer below 0.1 mg/mL (38, 57, 58), the concentration of lipid-
free apoA-I in human plasma (59, 60). Davidson et al. using chemical cross-linking
estimated that more than 85% of lipid-free apoA-I was monomeric below 0.1 mg/mL (61).
Cross-linking conditions used in this study yielded less than 1 percent dimer formation at 0.2
mg/mL (data not shown). Two additional cross-links in monomer fractions were identified
from cross-linking conducted at 1.0 mg/mL compared to 0.2 mg/mL apoA-I. The
positioning of these cross-links suggests that association may have compacted the structure.

Sedimentation velocity data showed the monomer had the shape of a prolate ellipsoid with a
major axis of 75Å and a minor axis of 12.5Å (38) or dimensions of 150Å × 25Å. Minor axis
dimensions showed that there was sufficient volume for adjacent, antiparallel α-helices (38),
like the 4-helix bundle reported for crystalline apoE (54). The width to length ratio of the
model proposed in this study, about 3.8, indicates a more compact structure than that
suggested from other biophysical studies, (38). The proposed structure has dimensions of
roughly 69Å × 47Å × 18Å. Based on the experimental specific volume of 0.74 cm3/g (62)
the calculated volume of the proposed structure was 3.4 × 104 Å3 similar to volumes
calculated using programs VADAR (63) and 3V (64). However, by simply swinging the C-
and N-termini onto the major axis the length of the molecule was extended to about 161Å.
Thermal unfolding studies in low ionic strength buffers indicated that apoA-I transitioned to
a state with defined secondary structure having lax tertiary structure (65), the definition of
the molten globular state. This state may be easily accessible and a prerequisite for opening
the structure to open up to bind lipid.

Confounding factors to the interpretation of the cross-linking results
There are usually a sufficient number of available lysine pairs to obtain a reasonable number
of constraints. However, steric hinderance, hydrogen bonding, or proximity to other lysines
moderate the reactivity with cross-linkers. In earlier studies there was concern that
differences in lysine reactivity could be overcome by using higher concentrations of cross-
linker. Therefore, in our previous studies we compared cross-linking with different ratios of
cross-linker to apoA-I (16, 20). Repeated experiments showed that the same set of cross-
linked peptides were found for cross-linker to apoA-I ratios of 2:1 to 20:1. Ratios of 10:1 to
20:1 increased the yield of cross-linked peptides and improved the S/N for MS/MS
sequencing. Tables 1 and 2 include the ion intensity of cross-linked peptides and these give
a rough estimate of their concentration. A caveat to increasing the cross-linking apoA-I ratio
or any process that increases the yield of BS3 to lysine coupling is that a large fraction of
available lysines will react. There can be two consequences, the first is that there will be a
substantial reduction in tryptic cut sites and the second is that there could be a lower yield of
cross-links from less reactive lysine pairs. To mitigate these outcomes analyses were
performed for a short time and the reaction quenched with Tris to prevent continued
reaction. Analysis of the tryptic digests showed that the majority of the tryptic peptides had
not been modified by BS3 (data not shown).

Studies have shown that analysis of cross-linked proteins yields distance constraints that are
remarkably similar to those determined by other techniques like X-ray crystallography.
Young et al. (66) compared distance constraints for fibroblast growth factor-2 from cross-
linking and found them to agree well with results from X-ray crystallography. Similar
results have been obtained for bovine (67, 68) and human (69) serum albumin and bovine
rhodopsin (70).

Studies that compared the calculated maximum lysineCα-BS3-lysineCα separations, 26Å, to
the same separations taken from X-ray crystallographic data showed that the X-ray results
often yielded a slightly greater separation, 28Å, a bit longer than the cross-linker arm length
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(71-74). This is in contrast to other calculations showing that the arm lengths of cross-
linkers are shorter (75) than usually assumed from simple conformational analysis.
Therefore, in solution, regions of the protein may be slightly closer than anticipated from the
crystal structure or alternatively, motions inherent in parts of the protein, particularly the N-
and C-termini, may permit cross-links to form that would not be anticipated from a ridged
crystal structure. However, because of conformational flexibility BS3 can cross-link lysines
that are separated by much less than 26Å. By constraining the maximum lysineCα-BS3-
lysineCα distance to 26Å, this study may report a more compact structure for lipid-free
apoA-I. Because the largest separations were found between the C- and N-terminal ends,
increasing the maximum lysineCα-BS3-lysineCα distance would place the C- and N-termini
farther apart than reported herein.

During review the question was ask “does cross-linking at one site result in constraints that
make additional cross-linking more or less likely?” An implied question is whether the
“first” cross-link may direct subsequent cross-linking to yield an incorrect protein
conformation. Given that several studies have reported cross-linking constraints very similar
to those obtained with X-ray crystallography, it is likely that cross-linking of two closely
associated lysines does not have a profound effect on the structure. However, this
observation does not indicate if the frequency of other cross-links were affected.

The frequency of cross-linking depends on the time two lysines remain in proximity.
Therefore, the constraints reflect the time-average position of lysines relative to one another.
Proteins in solution exhibit more motion than crystallized protein, particularly at the C- and
N-termini or at loops, and this mobility may lead to a greater variety of cross-links between
the mobile region and more constrained regions. Chemical cross-linking of a pair of lysines
depends on several factors including the reactivity of the individual lysines with BS3, the
time the lysines remain in proximity, and competition between hydrolysis of BS3 by the
solvent rendering the cross-linker incapable of reacting with a second lysine. These
arguments suggest that only lysines in close proximity can be coupled by BS3 and argue
against apoA-I having an extended conformation with the C- and N-termini extended from
the helix bundle core.

Disulfide bond formation provided useful evidence for the structure of lipid-free apoA-I as it
did in a study helix of bundle opening when apoE accepts lipids (76). Disulfide bond
formation takes place on refolding. If this process does not follow two-state mechanism,
involving a molten globule state, apoA-I may explore several different conformations, some
of which could permit disulfide formation in a non-Native conformation. Disulfide
formation is not instantaneous and requires oxidation of two cysteines in a process involving
reduction of dioxygen. To prevent random disulfide formation refolding of lipid-free apoA-I
starts in a highly reducing environment with disulfide formation taking place later after a
stable conformation is achieved.

In conclusion, these studies suggest that lipid-free apoA-I in solution is a squat, oblate
spheroid, with the helical regions 1 through 7 associated in a 4-helix bundle. The N-terminal
region, AA 1-43, and the C-terminal amphipathic helices 8-10, are close to one another and
associated with the helix bundle. The conformation reported herein should be contrasted
with that proposed for rHDL, nHDL and native HDL in which the apoA-I has opened up to
a more extended conformation, very similar to the structure reported for crystalline △43
apoA-I, Figure 3G. The model presented here will be useful in predicting how lipid-free
apoA-I associates with ABCA1 for subsequent lipidation to generate nHDL.
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Figure 1. Lipid-free apoA-I
Three orthogonal, cross-eye stereo views of the conformation proposed for lipid-free apoA-
I. C- and N-terminal ends of the molecule are associated. The C- and N-terminal AA shown
in blue and red, respectively. A four-helix bundle that comprises most of the molecule.
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Figure 2. Disulfide bonds and four-helix bundle
A. Proposed structure for lipid-free apoA-I showing the positions of disulfide bonds that
formed spontaneously. B. Conformation shown in A after removing C- and N-termini for
clarity: N-terminal, amino acids (AA) 1-43; tan region, AA 44-92, helices 1 and 2; green
region, AA 93-130, helices 3-5; blue region, AA 131-166, helices 5 and 6; yellow region,
AA 167-187, helix 7; and C-terminal end, AA 188-243, helices 8-10. C. Proposed structure
showing the BS3 cross-links radiating from Lys40. D. BS3 cross-links that show the C- and
N- terminal ends are close. Cross-links are shown in yellow. Prolines are shown in red, AA
66, 99, 121, 143, 165, 209 and 220. The end of the N-terminal region is shown at AA 43 in
blue. Helical region 2 end, AA 87, is shown in magenta. Glycines between helical regions 8
and 9 are shown in cyan.
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Figure 3. Comparison of several lipid-free structures for apoA-I
A, Silva et al. (9); B, Herein; C, Yang, et al. (6); D, Lagerstedt et al. (45); E, LDL receptor-
binding domain reported of apoE (54); F, Mei and Atkinson (34); E, Borhani et al (7). C-
and N-termini are indicated as are selected amino acid positions on the structures.
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Table 1

Intrapeptide Peptides

Theoretical MH+ d0-m/z d4-m/Z positive
charge

Sequenced d0-
m/z

Exp MH+ Δ m/z Intensity Lys1 Lys2

2303.2070 768.41 769.74 3 768.41 2303.1965 0.0105 139 94 96

2303.2069 768.41 769.74 3 768.43 2303.1946 0.0123 1030 133 140

2347.2509 783.09 784.42 3 783.06 2347.2312 0.0197 230 206 208

1672.8467 836.93* 2 836.93 1672.7819 0.0648 59 88 94

1717.9165 859.46 861.46 2 859.45 1717.9421 −0.0256 87 96 106

2616.4037 872.81 874.14 3 872.79 2616.3601 0.0436 157 45 59

3728.8699 932.97 933.97 4 932.97 3728.8325 ro.0374 70 40 45

2016.1017 1008.55 1010.55 2 1008.52 2016.0919 0.0098 1360 12 23

2109.1120 1055.06 1057.06 2 1055.06 2109.1335 −0.0215 162 238 239

Table 1 is a compilation of the intrapeptide cross-linked peptides. These peptides were found in both 0.2 mg/mL and 1.0 mg/mL apoA-l. The
theoretical and experimental m/z for the intact cross-linked peptide are given, along with m/z for the charge state sequenced and its theoretical m/z.
Δ m/z is the difference between the theoretical and experimental m/z for the protonated, intact cross-linked peptide. Maximum ion intensity and
amino acid position are listed in the last three rows.

*
Sequenced from experiments that used only d0-BS3.
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Table 2

Interpeptide Linked Peptides

Theoretical
MH+

d0-m/z d4-m/Z positive
charge

Sequenced d0-
m/z

Exp MH+ Δ m/z Intensity Lys1 Lys2

2159.2150 720.41 721.74 3 720.42 2159.2395 −0.0245 54 118 133

2233.1217 745.05 746.39 3 745.05 2233.1458 −0.0241 51 lα 118

2358.2185 786.74 788.09 3 786.72 2358.2163 0.0022 44 88 118

1671.9138 836.46 838.46 2 836.46 1671.9401 −0.0263 98 94 239

3627.9461 907.74 908.74 4 907.74 3627.8796 0.0665 90 12 195

2737.4365 913.15 914.48 3 913.15 2737.4180 0.0185 124 40 239

3669.8953 918.23 919.23 4 918.24 3669.8948 0.0005 68 23 59

2826.4517 942.82 944.16 3 942.80 2826.3882 0.0635 1180 1α 12

2915.5614 972.53 973.86 3 972.52 2915.5664 −0.0050 145 118 140

3003.6103 1001.84 1003.18 3 1001.88 3003.6216 −0.0113 42 40 118

4016.0589 1004.77 1005.77 4 1004.77 4016.0642 −0.0053 73 40 59

4043.0731 1011.52 1012.52 4 1011.52 4043.0825 −0.0094 141 40 140

3245.5703 1082.53 1083.86 3 1082.53 3245.5815 −0.0112 44 1α 59

3286.7267 1096.25 1097.58 3 1096.24 3286.7563 −0.0296 172 40 133

3291.7169 1097.91 1099.25 3 1097.90 3291.7061 0.0108 39 40 182

Table 2 is a compilation of the interpeptide cross-linked peptides. Peptides in regular type were found in both 0.2 mg/mL and 1.0 mg/mL apoA-l.
Bold type indicate peptides detected only at an apoA-l concentration of 1.0 mg/mL. The theoretical and experimental m/z for the intact cross-linked
peptide are given, along with m/z for the charge state sequenced and its theoretical m/z. Δ m/z is the difference between the theoretical and
experimental m/z for the protonated, intact cross-linked peptide. Maximum ion intensity and amino acid position are listed in the last three rows.
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Table 3

Mutant ApoA-Is with 2 Cysteine Substitutions

Cysteine
Substitutions

Disulfide Tryptic
Peptides

(m/z)+charge
Locked

CAM-
Peptide

(m/z)+charge

CAM-Peptide
(m/z)+charge

F104C-H162C* T14-T26
(820.05)+3

Yes 625.81+2 662.81+2

D103C-R177C T14-T28
(733.04)+3

Yes 649.32+2 494.78+2

F104C-M148C T14-T22
(737.01)+3

No 633.28+2 530.77+2

F104C-R160C T14-T25
(644.10)+5

Yes 633.28+2 517.77+4

D157C-L178C T25-T29
(665.34)+2

No 413.76+2 620.36+1

V53C-R123C T7-T18
(758.35)+4

Yes 837.32+2 736.35+2

D13C-V67C T3-T9
(790.14)+4

No 640.87+2 997.51+2

G26CK59C T4-T7
(778.69)+3

No 537.26+1* 957.43+2

L200C-L233C T32-T35
(645.55)+4

Yes 421.53+3 717.34+3

The term Locked indicates that a disulfide bond was identified between the two Cys using mass spectrometry after trypsin proteolysis.

*
Analysis was performed on a protein that had a substitution Q→L at position 98.
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Table 4

Comparison of Distances Between Cross-United Peptides Reported in This Study with Other Published
Models for Lipid-Free ApoA-l

Lys1 Lys2 Lagerstedt(45) Yang(6) Mei(34) Borhani(7) Silva(9) Pollard

1α 12 12.9 16.1 18.5*2 - 26.1 20.0

1α 59 39.6 57.4 25.2*5 - 44.2 25.1

12 195 82.0 13.8 - - 34.5 25.9

23 59 10.5 28.7 15.6 - 16.4 13.2

40 59 18.4 4.5 35.5 - 22.3 20.0

40 118 27.3 24.8 16.8 104.3*3 21.2 20.1

40 133 62.2 22.1 29.5 106.6*6 19.3 11.9

40 140 70.0 17.5 38.4 109.0*2 23.2 12.5

40 182 16.1 53.4 79.7*7 79.9*8 41.0 23.2

40 239 27.0 - - 25.0** 31.5 26.0

94 239 19.8 - - 92.4 38.2 26.0

118 133 41.3 25.5 24.1 24.7 16.6 20.9

118 140 51.4 32.4 35.3 34.9 10.8 11.4

104 162 23.9 22.9 77.2 72.6 8.2 9.7

103 177 11.7 6.1 93.9 75.7 24.8 6.7

104 160 22.9 28.3 75.7 69.0 9.2 8.3

53 123 19.4 27.3 42.9 84.9 11.3 11.4

200 233 31.1 - - 54.7 35.0 6.4

For some of the models the primary sequence was truncated. Where there is an amino acid (AA) close to the position in full-length apoA-l it is used
and listed as following:

1
AA 3-12;

2
AA 4-59;

3
AA 43-118;

4
AA 43-133;

5
AA 43-140;

6
AA 40-181.

7
AA 43-182;

8
AA 43-239.
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Table 5

Intermolecular Cross-links Intramolecular Cross-links

Theoretical
MH+

Lysl Lys2 Theoretical
MH+

Lysl Lys2

2826.45 1α 12 2016.10 12 23

3245.57 1α 59 3728.87 40 45

2814.35 1α 96 2616.40 45 59

2233.12 lα 118 1672.85 88 94

3627.95 12 195 2303.21 94 96

3669.90 23 59 1717.92 96 106

4016.06 40 59 2782.44 106 107

3003.61
3286.73

40
40

118
133

2303.21
2347.25

133
206

140
208

4043.07
3291.72

40
40

140
182

2863.63
2109.11

226
238

238
239

2737.44
2358.22

40
88

239
118

2080.14 94 208

1671.91 94 239

3615.85 96 195

2630.30 96 208

4186.21 96 226

2159.21 118 133

2915.56 118 140

Table 5 shows cross-links reported in this study and that by Silva et al. (9). A white background indicates that it is only from this study. A light
gray background is for cross-linked peptides found in both studies. The dark gray background indicates that the cross-linked peptide was found
only in (9).
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