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Apolipoprotein (apo) A-I mediates many of the anti-athero-
genic functions attributed to high density lipoprotein. Unfor-
tunately, efforts toward a high resolution structure of full-
length apoA-I have not been fruitful, although there have been
successes with deletion mutants. Recently, a C-terminal trunca-
tion (apoA-I�185–243) was crystallized as a dimer. The structure
showed two helical bundles connected by a long, curved pair of
swapped helical domains. To compare this structure to that
existing under solution conditions, we applied small angle x-ray
scattering and isotope-assisted chemical cross-linking to apoA-
I�185–243 in its dimeric and monomeric forms. For the dimer, we
found evidence for the shared domains and aspects of the N-ter-
minal bundles, but not the molecular curvature seen in the crys-
tal. We also found that the N-terminal bundles equilibrate
between open and closed states. Interestingly, this movement
is one of the transitions proposed during lipid binding. The
monomer was consistent with a model in which the long
shared helix doubles back onto the helical bundle. Combined
with the crystal structure, these data offer an important start-
ing point to understand the molecular details of high density
lipoprotein biogenesis.

Apolipoprotein (apo)3 A-I is the most common protein con-
stituent of human high density lipoprotein (HDL), comprising
up to 70% of protein mass. As such, it is often credited with

defining the functionality of HDL as related to its proposed
cardioprotective benefits. For example, apoA-I dramatically
stimulates lecithin:cholesterol acyl transferase, which esterifies
cholesterol to create a concentration gradient that promotes free
cholesterol movement from peripheral cells to HDL (1). apoA-I
also interacts with the ATP binding cassette transporter A1 in the
liver and periphery (2–5), an event that produces the bulk of cir-
culating HDL. Given the recent revelations that HDL also contains
greater than 90 “minor” proteins (HDL Proteome Watch, main-
tained by the Davidson Laboratory), apoA-I is likely an important
scaffold that coordinates these factors to affect functions related to
lipid metabolism, inflammation, innate immunity, and more (6).

Since the first descriptions of amphipathic helices inferred in
the sequence of apoA-I in the 1970s (7, 8), considerable effort
has been put into understanding apoA-I structure in its lipid-
free form or when bound to lipid in HDL. With its flexibility and
propensity to interact with lipid or itself (oligomerization), it
has not yet been possible to apply traditional high resolution
structural techniques such as nuclear magnetic resonance or
x-ray crystallography to full-length, wild-type apoA-I. How-
ever, there has been success using deletion mutants. Borhani et
al. (9) crystallized human apoA-I lacking the N-terminal 43
amino acids. The structure showed a ring-like tetramer with
amphipathic helical domains coiled around each other. This
was thought to reflect the lipid-bound form and became the
basis for the double belt model of apoA-I (10). However, infor-
mation about the monomeric, lipid-free form remained elusive
but highly sought after, even prompting the publication of a
falsified structure (11).

Recently, Mei and Atkinson (12) published a crystal structure
of a mutant lacking the C-terminal 60 amino acids, apoA-
I�185–243. It showed a curved dimer in which two four-helix
bundles were connected by a pair of long antiparallel helices.
This strongly resembled a structure of a dimeric apoA-IV
mutant that we reported (13). These “helix-swapped” models
are attractive in that they offer clear predictions of how: (i) a
four-helix bundle can transition to the widely accepted double
belt orientation upon lipid binding, and (ii) the dimer can tran-
sition to monomeric or trimeric forms (14).

Because apolipoproteins exhibit significant conformational
flexibility, we investigated the structure of the truncated apoA-
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I�185–243 in both its dimeric and monomeric forms in solution
to draw comparisons to the crystal structure. We used the lower
resolution, but solution-based, techniques of chemical cross-
linking and small angle x-ray scattering (SAXS). Our results
confirm some of the general features of the crystal structure
from Mei and Atkinson including the long antiparallel helices
participating in the domain swap, but we note important differ-
ences in the flexibility of the N-terminal domain and the overall
shape of the molecule.

Experimental Procedures

ApoA-I�185–243 Protein Expression and Purification—Our
previously reported construct for recombinant, full-length
apoA-I (15) was modified with a stop codon (TAG) after
Asn184. The mutant apoA-I�185–243 was then expressed and
purified as described (15). pET30 vectors (Novagen) containing
mutant apoA-I�185–243 were transformed into BL-21 Esche-
richia coli cells. Cells were grown at 37 °C in Luria-Bertani cul-
ture medium containing kanamycin for selection of pET30
transformants. Protein expression was induced by addition of
isopropyl �-D-thiogalactopyranoside (0.1 mM) followed by
shaking at 225 RPM for 2 h at 37 °C. Cells were pelleted by
centrifugation, supernatant was discarded, and cells were
resuspended in binding buffer (5 mM imidazole, 500 mM NaCl,
20 mM Tris-HCl, pH 7.9) and lysed at 4 °C by probe sonication.
The cell lysate was pelleted, and the supernatant was applied to
His bind columns. Fractions containing apoA-I�185–243 were
pooled, and the His tag was cleaved by tobacco etch virus pro-
tease at a mass ratio of 20 (apoA-I):1 (tobacco etch virus) for 2 h
at room temperature. The sample was reapplied to the His bind
resin to remove the His tag, and fractions containing apoA-
I�185–243 were pooled, concentrated, and dialyzed into 10 mM

NH4HCO3, pH 8.1, lyophilized to dryness, and stored at �80 °C
until ready for use. The recombinant protein contained an
additional glycine at the N terminus after cleavage of the His tag
by tobacco etch virus. The sequence was confirmed by the Cin-
cinnati Children’s Hospital Sequencing Core. 15N-Labeled
apoA-I�185–243 was generated as previously described (16).

14N and 15N versions of apoA-I�185–243 were solubilized indi-
vidually in 3 M guanidine in Tris-HCl. The 14N and 15N apoA-
I�185–243 were mixed at a 1:1 molar ratio at 37 °C for 1 h with
intermediate vortexing. Protein was refolded with exhaustive
dialysis against PBS, pH 7.4. Where indicated, apoA-I�185–243

was not subjected to denaturation (i.e. left in solution) to
characterize any differences that may occur in the denatur-
ation/reassembly process. All protein preparations were fur-
ther purified using size exclusion chromatography using a
single Superdex 200 gel filtration column (10/300 GL; GE
Healthcare) on a Äkta FPLC system (GE Healthcare) in PBS
to ensure removal of any bacterial protein contamination.
Appropriate fractions were pooled and concentrated by
ultrafiltration for cross-linking and SAXS. Protein concen-
tration was determined by the Markwell modified Lowry
assay (17). Purity was routinely �95% as determined by SDS-
PAGE and mass spectrometry.

Cross-linking—All proteins were cross-linked with bis-(sul-
fosuccinimidyl) suberate (BS3) (Thermo Scientific) as previ-
ously described (16). Protein was cross-linked at a molar ratio of

50:1 cross-linker to protein for 12 h at 4 °C and quenched by
excess Tris-HCl. Cross-linked monomeric and dimeric apoA-
I�185–243 were separated by gel filtration chromatography on
three Superdex 200 gel filtration columns (10/300 GL; GE
Healthcare) in series on a Äkta FPLC system (GE Healthcare) in
PBS at a flow rate of 0.3 ml/min. 0.25-ml fractions were col-
lected and analyzed by SDS-PAGE. Fractions containing the
pure monomeric and dimeric apoA-I�185–243 were pooled and
concentrated. Samples undergoing MS analysis were dialyzed
into 10 mM NH4HCO3, pH 8.1. 50-�g aliquots were digested
with sequencing grade trypsin (Promega) at 1:20 mass ratio of
trypsin to protein for 16 h at 37 °C. Peptides cross-linked with
BS3 were lyophilized to dryness and stored at �20 °C until MS
analysis. Cross-linking experiments were performed on two
independent preparations of protein.

Mass Spectrometry and Identification of Cross-linked Pep-
tides—Mass spectrometry analyses were performed as previ-
ously described (16). Nano-LC-MS/MS analyses were per-
formed on a TripleTOF� 5600� (AB Sciex, Toronto, Canada)
coupled to an Eksigent (Dublin, CA) NanoLC-Ultra� nanoflow
system. Dried samples were reconstituted in formic acid/H2O
0.1/99.9 (v/v), and 5 �l (�1–2 �g of digest) was loaded onto C18
IntegraFritTM trap column (New Objective, Inc.) at 2 �l/min in
FA/H2O 0.1/99.9 (v/v) for 15 min to desalt and concentrate the
samples. For the chromatographic separation, the trap column
was switched to align with the analytical column, Acclaim�
PepMap100 (Dionex-Thermo Fisher Scientific). Peptides were
eluted at 300 nl/min using a varying mobile phase gradient from
95% phase A (FA/H2O 0.1/99.9, v/v) to 40% phase B (FA/ACN
0.1/99.9 v/v) for 35 min (1% per min), then from 40% B to 85% B
in 5 min with re-equilibration. Effluent was introduced to the
mass spectrometer using a NANOSpray� III source (AB Sciex,
Toronto, Canada). The instrument was operated in positive ion
mode for 65 min, where each cycle consisted of one TOF-MS
scan (0.25 s of accumulation time, in a 350 –1500 m/z window)
followed by 30 information-dependent acquisition mode MS/
MS scans on the most intense candidate ions selected from
initially performed TOF-MS scan during each cycle. Each prod-
uct ion scan had an accumulation time of 0.075 s and CE of 43
with an 8-unit scan range. The .wiff files were converted to
Mascot generic files using PeakView� v1.2.0.3 software (AB
Sciex).

Mascot generic files were loaded into the SIM-XL search
engine (18) for cross-linked peptides link version 1.1. Briefly,
this latest version is optimized for characterizing interaction
between homodimers by allowing the user to specify which
proteins(s) in the sequence database have light (e.g. 14N) and
heavy (e.g. 15N) versions. The carbamidomethylation of the cys-
teine and the BS3 cross-linker mass modification of 138.0681 at
the N terminus and lysine was considered as fixed. A tolerance
of 20 ppm was accepted at the MS1 and MS2 levels. All initial
identification of cross-linked peptides required a SIM-XL pri-
mary score greater than 1.5. Because a single incorrect cross-
link identification may lead to an erroneous model, a manual
postvalidation of the search engine results, at the MS/MS level,
was independently performed by two experienced analysts.

Small Angle X-ray Scattering—SAXS data were collected
using the SIBYLS beamline (Berkeley, CA) (19). Cross-linked,
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monomeric, and dimeric apoA-I�185–243 were separated by gel
filtration chromatography as described above. Purified samples
were shipped overnight at 4 °C for SAXS data collection within
24 h of isolation to avoid aggregation artifacts. Three concen-
trations of the purified monomeric and dimeric apoA-I�185–243

in PBS were sampled at 10 °C with four exposure times; 0.5, 1.0,
2.0, and 5.0 s. Scattering profiles from samples suffering radia-
tion damage were discarded. ScÅtter (SIBYLS) and ATSAS pro-
gram suite (EMBL) were used for data analysis. 20 independent ab
initio molecular envelope reconstructions were generated using
the online DAMMIF server (EMBL-Hamburg) (20). The enve-
lopes were superimposed and averaged using SUPCOMB and
DAMAVER (ATSAS, EMBL-Hamburg). The averaged molecular
envelope graphics were rendered using UCSF Chimera.

Model Generation and Evaluation—Three-dimensional com-
posite models were generated based on the dimeric crystal
structure of apoA-I�185–243 (Protein Data Bank entry 3R2P).
The structure was manually manipulated in PyMOL guided by
experimentally derived cross-links and SAXS data. Modeler
v9.14 (21) was used to perform a sequence alignment and gen-
erate 100 iterations of each starting model. Models were con-
strained with identified cross-links with an upper bound of
26.0 � 0.001 Å from C-� to C-�. The starting model for
reported structures were chosen based on the best fit to exper-
imental SAXS data using FoXS (22, 23). An energy minimiza-
tion was performed on the initial structure using the AllosMod-
FoXS web server (23, 24) to generate 3000 intermediate
conformations consistent with the input structure using a tem-
perature scan (300 K) (16). The final models were presented
based on satisfaction of all cross-linking constraints and best fit
to the experimental SAXS scattering profile.

Results

Concept of Isotope-assisted Cross-linking—A problem with
using chemical cross-linking to understand the structure of a
homodimer is the inability to distinguish between intra- and
intermolecular cross-links. In previous work with apoA-IV, we
solved this problem by isotopically labeling one polypeptide of
the dimer with 15N, leaving the other with naturally occurring
14N (16). The two forms were expressed in bacteria grown with
the appropriate nitrogen isotope, denatured in guanidine HCl,
mixed together at a 1:1 molar ratio, and then allowed to refold
into dimers with mixed isotopic species. We pursued the same
strategy with apoA-I�185–243 (see “Experimental Procedures”).
Fig. 1 illustrates the concept. Intermolecular cross-links be-
tween two peptides (A and B) result in four possible mass com-
binations depending on the isotopic makeup of the two species
in a dimer: 14A to 14B, 15A to 15B, 14A to 15B, and 15A to 14B and
a MS spectrum containing four sets of peaks (top panel). Alter-
natively, intramolecular cross-links only have two possibilities,
14A to 14B and 15A to 15B, resulting in two sets of peaks (bottom
panel).

Oligomerization Properties of apoA-I�185–243—Fig. 2a con-
trasts WT apoA-I (28 kDa) with apoA-I�185–243 (22 kDa). The
high purity of both preparations is apparent on the SDS gel and
by direct injection MS of a mixture of both 14N apoA-I�185–243

and 15N apoA-I�185–243 (Fig. 2b). 14N apoA-I�185–243 exhibited
an experimental molecular mass of 21,624 Da, nearly identical

to its theoretical mass of 21,623.96 Da. 15N apoA-I�185–243 had
an experimental molecular mass of 21,890 Da compared with a
theoretical 21,894.25 Da. From both direct injection MS and
peptide analyses, we determined that our labeling efficiency
was �95%.

We observed that unfolding the protein in guanidine HCl
affected the relative monomer/dimer distribution of the trun-
cation mutant (Fig. 3). When 14N apoA-I�185–243 was isolated
directly from the bacteria without a refolding step, the prepa-
ration contained �60% monomer and 40% dimer by gel filtra-
tion chromatography at room temperature. However, denatur-
ation in guanidine and refolding via dialysis resulted in a shift to
the monomeric state (�90%) with only �10% dimer. This
agrees with a previous characterization of this mutant (25). This
may result from concentration differences between compart-
ments within the bacteria and bulk solution in vitro. Because it
is not possible to perform the dual isotope technique with non-
refolded protein, we scaled up our separations to isolate enough
dimer for the current cross-linking studies.

Cross-linking—We used the homobifunctional cross-linker
BS3, an NHS ester with a preference for lysines within its spacer

FIGURE 1. Principle behind isotope-assisted cross-linking. Recombinant
proteins produced with either 14N amino acids (green) or 15N amino acids (red)
are mixed at a 1:1 ratio under denaturing conditions and allowed to reassem-
ble, resulting in the four combinations on the left. Proteins are locked into
position by cross-linking and digested with trypsin. Intermolecular cross-links
result in four mass peaks as shown in the top panel, whereas intramolecular
cross-links result in two mass peaks shown in the bottom panel.

FIGURE 2. Expression and purification of lipid-free apoA-I�185–243. apoA-
I�185–243 was expressed and purified from bacteria as described under “Exper-
imental Procedures.” a, SDS-PAGE analysis of wild-type apoA-I (lane 1) and
apoA-I�185–243 (lane 2). b, resolution and molecular weight determination of
14N and 15N apoA-I�185–243 using mass spectrometry.
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arm length of 12 Å. However, it can also react with serine at a
lower frequency (26, 27). Mixed 14N and 15N apoA-I�185–243

was cross-linked, yielding the monomeric and dimeric species
shown in Fig. 4a (lane 1). Monomer and dimer were then iso-
lated by gel filtration chromatography (Fig. 4b, lanes 1 and 2,
respectively). The samples were subjected to tryptic digestion,
and MS was used to identify the cross-links. In total, 29 cross-
linked peptide pairs were identified in both monomeric and
dimeric apoA-I�185–243; intramolecular cross-links are listed in
Table 1 and intermolecular links are in Table 2. As expected, all
cross-links in the monomer sample showed the two mass peak
pattern described in Fig. 1 and exemplified in Fig. 4 (c and d,
blue), indicating intramolecular span. The dimer sample
(green) contained a mixture of intra- and intermolecular cross-
links (the four-peak pattern). 13 of the identified cross-links

were shared between monomer and dimer. Monomeric apoA-
I�185–243 had 9 unique cross-links, whereas dimeric apoA-
I�185–243 had 7 unique cross-links. This indicates that the dimer
and monomer structures are related, but not identical. There
were several examples of cross-links that were intramolecular
in the monomer, but intermolecular in the dimer, despite link-
ing the same Lys or Ser residues. This is a signature of a domain
swap model of oligomerization.

We also compared the cross-links observed in monomeric
apoA-I�185–243 with those reported in the same region for WT
apoA-I in solution. Including the current study, there have been
35 total cross-links reported in this region in 4 studies (28 –30).
This study reports 9 previously observed cross-links and 13
unique cross-links not previously found in WT apoA-I. This
may suggest a general similarity in the structural fold of the two
proteins, but we caution that the large deletion makes direct
comparisons with full-length apoA-I difficult.

Small Angle X-ray Scattering—To assess the molecular shape
of apoA-I�185–243, we performed SAXS experiments. Stability
experiments demonstrated that the dimer slowly dissociated
into monomer after purification by size exclusion chromatog-
raphy (not shown). Therefore, to ensure the molecular homo-
geneity of the samples during SAXS data collection, we used
BS3 to lock the dimer and monomers into their respective states
and separated them by gel filtration as for the cross-linking/MS
studies. The SAXS parameters for all samples are listed in Table
3. In all samples, the scattered intensity I(q) increased propor-
tionally with sample concentration, and the Guinier range
(used to calculate the radius of gyration, Rg) showed a linear
response at low scattering angles (not shown), indicating high
quality data with no evidence of protein aggregation.

FIGURE 3. Redistribution of lipid-free apoA-I�185–243 after denaturation
and reassembly. Distribution of dimeric and monomeric apoA-I�185–243

before (dotted line) and after denaturation and reassembly (solid line) using
size exclusion chromatography.

FIGURE 4. Separation and purification of monomeric and dimeric lipid-free apoA-I�185–243 by gel filtration and resulting MS spectra of intramolecular
and intermolecular cross-links identified from each species. 14N and 15N apoA-I�185–243 were denatured, mixed 1:1, and reassembled as described under
“Experimental Procedures.” Proteins were cross-linked and subjected to gel filtration chromatography. a, mixture of cross-linked monomeric and dimeric
apoA-I�185–243. b, purified monomeric (lane 1) and dimeric (lane 2) samples after separation by gel filtration chromatography. The gels were stained with
Coomassie Blue. c, mass spectra for the [M�4H]4� ion of the cross-linked peptides spanning residues 107–116 and 117–123. Monomeric (blue) and dimeric
(green) molecules exhibit a clear intramolecular span in both. d, mass spectra for the [M�4H]4� ion of the cross-linked peptides spanning residues 117–123 and
132–140 exhibiting a clear intermolecular span in the dimer and intramolecular span in the monomer.
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TABLE 1
Identified INTRA-peptide BS3 cross-links in isolated lipid-free apoA-I�185–243 monomeric and dimeric samples derived from mixed 14N- and
15N-labeled proteins

Massc

Cross-link Peptides involveda Mod.b Sample 14N 15N

Da
Lys88–Lys94 84QEMSKDLEEVKAK96 XL M 1671.86 1688.81

XL D 1671.86 1688.81
Lys12–Lys23 11VKDLATVYVDVLKDSGR27 XL M 2015.13 2037.07

XL D 2015.12 2037.06
Lys23–Ser25 11VKDLATVYVDVLKDSGR27 XL, H M 2171.22 2193.16

XL, H D 2171.21 2193.15
Lys133–Lys140 132QKLHELQEKLSPLGEEMR149 XL M 2302.24 2329.16

XL D 2302.23 2329.15
Lys133–Ser142 132QKLHELQEKLSPLGEEMR149 XL M 2302.24 2329.16

D NDd ND
Lys140–Ser142 132QKLHELQEKLSPLGEEMR149 XL, H M 2458.31 2485.24

D ND ND
Lys106–Lys107 97VQPYLDDFQKKWQEEMELYR116 XL M 2782.39 2811.32

D ND ND
a Lysines or serines involved in cross-links are in bold type.
b Mod., chemical modifications; XL, one complete cross-link (�138.068 Da); H, one hydrolyzed cross-linker (�156.079 Da).
c Experimentally derived monoisotopic mass for each peptide with each isotope and the combinations.
d ND, not detected. These ions were detectable in one sample (i.e. monomer or dimer) but not in the other.

TABLE 2
Identified INTER-peptide BS3 cross-links in isolated lipid-free apoA-I�185–243 monomeric and dimeric samples derived from mixed 14N- and
15N-labeled proteins

Cross-link Peptides involveda Mod.b Samplec

Peptide massc

Span14N 14N/15N 15N/14N 15N

Da
Lys118-Ser142 117QKVEPLR123 XL M 2037.12 NDd ND 2061.06 Intra

141LSPLGEEMR149 D ND ND ND ND ND
Lys118–Lys133 117QKVEPLR123 XL M 2158.25 2185.17 Intra

132QKLHELQEK140 D 2158.24 2170.21 2173.20 2185.17 Inter
NT–Lys182 �1GDEPPQSPWDR10 XL M 2236.10 ND ND 2261.03 Intra

178LEALKEN184 D ND ND ND ND ND
NT–Lys118 �1GDEPPQSPWDR10 XL M ND ND ND ND ND

117QKVEPLR123 D 2289.17 2301.13 2305.12 2317.07 Inter
Lys12–Lys182 11VKDLATVYVDVLK23 XL M 2415.39 ND ND 2439.32 Intra

178LEALKEN184 D ND ND ND ND ND
Lys107–Lys118 107KWQEEMELYR116 XL M 2417.28 ND ND 2445.20 Intra

117QKVEPLR123 D 2417.27 ND ND 2445.19 Intra
Lys12–Lys118 11VKDLATVYVDVLK23 XL M ND ND ND ND ND

117QKVEPLR123 D 2468.46 2480.42 2483.42 2495.38 Inter
NT–Lys107 �1GDEPPQSPWDR10 XL M ND ND ND ND ND

107KWQEEMELYR116 D 2831.32 2847.28 2847.28 2863.25 Inter
NT–Lys12 �1GDEPPQSPWDR10 XL M 2882.52 ND ND 2913.43 Intra

11VKDLATVYVDVLK23 D 2882.50 ND ND 2913.42 Intra
Lys96–Ser167 95AKVQPYLDDFQK106 XL M 2889.50 2921.41 Intra

161THLAPYSDELR171 D 2889.49 2905.45 2905.45 2921.41 Inter
Lys118–Lys140 117QKVEPLR123 XL M ND ND ND ND ND

134LHELQEKLSPLGEEMR149 D 2914.60 2926.55 2937.53 2949.50 Inter
Lys118–Ser142 117QKVEPLR123 XL M ND ND ND ND ND

134LHELQEKLSPLGEEMR149 D 2914.60 2926.55 2937.53 2949.50 Inter
Lys88–Lys96 84QEMSKDLEEVK94 XL M 2923.50 ND ND 2953.41 Intra

95AKVQPYLDDFQK106 D 2923.49 ND ND 2953.41 Intra
Lys40–Lys118 28DYVSQFEGSALGKQLNLK45 XL M ND ND ND ND ND

117QKVEPLR123 D 3002.65 3014.62 3025.55 3037.54 Inter
Lys118–Lys140 117QKVEPLR123 XL, H M 3326.85 ND ND 3365.74 Intra

132QKLHELQEKLSPLGEEMR149 D ND ND ND ND ND
NT–Lys23 �1GDEPPQSPWDR10 XL, H M 3453.79 ND ND 3491.68 Intra

11VKDLATVYVDVLKDSGR27 D 3453.77 ND ND 3491.67 Intra
Lys77–Lys182 62EQLGPVTQEFWDNLEKETEGLR83 XL M 3570.84 ND ND 3609.73 Intra

178-LEALKEN-184 D ND ND ND ND ND
NT–Lys140 �1GDEPPQSPWDR10 XL, H M ND ND ND ND ND

132QKLHELQEKLSPLGEEMR149 D 3740.87 3756.79 3767.81 3783.76 Inter
NT–Lys77 �1GDEPPQSPWDR10 XL M 4037.97 ND ND 4083.85 Intra

62EQLGPVTQEFWDNLEKETEGLR83 D 4037.95 ND ND 4083.82 Intra
Lys23–Lys59 11VKDLATVYVDVLKDSGR27 XL, H M 4052.22 ND ND 4096.09 Intra

46LLDNWDSVTSTFSKLR61 D 4052.19 ND ND 4096.07 Intra
Lys40–Lys140 28DYVSQFEGSALGKQLNLK45 XL, H M 4454.38 ND ND 4504.24 Intra

132QKLHELQEKLSPLGEEMR149 D 4454.35 ND ND 4504.22 Intra
Lys88–Lys106 95AKVQPYLDDFQKKWQEEMELYR116 XL, H, H M 4628.35 ND ND 4674.21 Intra

84QEMSKDLEEVK94 D NDd ND ND ND ND
a Lysines or serines involved in cross-links are in bold type.
b Mod., chemical modifications; XL, one complete cross-link (�138.068 Da); H, one hydrolyzed cross-linker (�156.079 Da).
c Experimentally derived monoisotopic mass for each peptide with each isotope and the combinations.
d ND, not detected. These ions were detectable in one sample (i.e. monomer or dimer) but not in the other.
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Dimer—We compared dimeric apoA-I�185–243 derived
natively from E. coli (never denatured) or after denaturation/
refolding. The SAXS profiles showed no difference in Rg
(Guinier and real space) or Dmax, and the two samples were of
comparable molecular volumes across all concentrations
tested. Furthermore, scattering profiles and the pairwise distri-
bution plots of both dimers were nearly identical (Fig. 5, a and b,
respectively), indicating similar structures. Dimeric apoA-
I�185–243 had an Rg value of 36.17 � 0.50 Å, which, taken
together with the pairwise distribution plot (Fig. 5b, violet), sug-
gested an elongated rod-like structure. Transformation of the
SAXS data exhibited a plateau in the q3�I(q) plot and lack of
plateau in the q4�I(q) plot (Fig. 5, c and d, respectively), indicat-
ing that structures were folded yet contained a flexible domain
(31, 32). Indeed, the low resolution envelope generated via ab
initio reconstructions (Fig. 5e) confirmed the elongated, rod-
like appearance. Interestingly, although a slight curvature was
apparent, there was no evidence of the crescent shape observed
in the crystal structure. The normalized spatial discrepancy,
shown in Table 3, was reasonable suggesting high quantitative
similarity between independent reconstructions.

Monomer—Monomeric apoA-I�185–243 had Rg values of
23.20 � 0.26 Å and a parabolic pairwise distribution plot (Fig.
5b, tan), consistent with a more globular structure than the
dimer. Transformation of the monomer SAXS scattering pro-
file showed a similar plateau in the q3�I(q) plot and lack of pla-
teau in the q4�I(q) as compared with the dimer, indicating a rigid
structure with a flexible domain. In agreement with the pair-
wise distance distribution profile, the ab initio reconstruction
of the monomeric envelope (Fig. 5f) confirmed the globular
appearance having similar width, but half the length of the
dimer envelope. Indeed, the monomer envelope yielded a diam-
eter of �78 Å with an average volume of 53,100 Å3, roughly half
of the dimer (95,700 Å; Table 3).

Comparison to the Crystal Structure—We used the cross-
linking and SAXS experimental data derived in solution to test
the predictions from the crystal dimer of Mei and Atkinson. Fig.
6a shows a contact plot rendered from the crystal structure.
Colored areas represent amino acids that fall within 26 Å of
each other, i.e. within possible cross-linking distance. The
cross-links in Tables 1 and 2 were placed on the contact plot
showing that 13 of 20 were consistent. The majority of the vio-
lations were in the N-terminal region highlighted in Fig. 6b.

Next, the crystal structure was compared with the SAXS data
using FoXS (22, 23). Fig. 7 (a and b) shows significant deviation
between the theoretical scattering profile and the experimental
data with a poor � of 3.25. We solvated the crystal structure and
generated a theoretical pairwise distribution curve using Scat-
ter (Fig. 7c, red). The biphasic pattern for the crystal structure
clearly deviates from the experimental pairwise distribution
curve. Lastly, we superimposed the crystal structure on the
molecular envelopes generated from the SAXS experimental
data (Fig. 7d), revealing large inconsistencies. Taking the
cross-link violations with the SAXS discrepancies, we con-
cluded that apoA-I�185–243 adopts an alternate configuration
in solution. Thus, we set out to generate a solution-state
model of apoA-I�185–243.

Derivation of a Dimeric apoA-I�185–243 Solution Model—
Because many of the experimental cross-links were consistent
with the crystal structure, we used it as a starting model. We
used as few manipulations as possible to bring it in line with the
cross-linking and SAXS data. Previous studies on discoidal
HDL suggest the antiparallel 5/5 helices can form a hairpin (10,
33). Implementation of hairpins and juxtaposition to residues
106 –116 resolved some of the problematic cross-links and
resulted in the overall shortening of the structure imposed by
the SAXS data. Focusing on the N termini, we observed cross-
links consistent with the crystal structure (Fig. 8, top inset) but
also links that strongly suggested an interaction between the N
terminus and middle of the molecule (Fig. 8, bottom inset). We
concluded that (i) satisfying all cross-links in a single dimer
model was only feasible by collapsing the structure into a com-
pact, spherical globular protein or (ii) the N terminus is
dynamic, and moving back and forth from the end to the middle
of the molecule and the cross-linker was capturing it in both
positions. The elongated structure implied by the SAXS data
ruled out the first possibility. Therefore, we generated two ini-
tial models differing in the placement of the N terminus (resi-
dues 1–37). The “open” conformation has the N terminus
folded across the ends of the dimer to complete four-helix bun-
dles on each end (like the crystal structure). A second “closed”
conformation uses the N-terminal minor helix (residues
37– 42) as a hinge so the N terminus can flip over and interact
with the middle of the molecule.

Modeler v9.14 was used to generate 100 iterations of each
initial structure constrained by experimental cross-links

TABLE 3
Experimental parameters from SAXS sampling of apoA-I�185–243

apoA-I�185–243 species I(O) (Guinier) Rg (Guinier) Real space Rg Dmax Volume DAMMIF NSDa

cm�1 Å Å Å Å3 Å
Monomer

4.0 mg/ml 1460 22.9 23.34 80 45,642 0.678 � 0.059
2.0 mg/ml 859 23.4 23.75 78 49,575
1.0 mg/ml 396 23.3 23.55 76 64,078

Dimer (denatured/refolded)
4.0 mg/ml 2270 34.5 37.76 123 89,421 1.204 � 0.529
2.0 mg/ml 1530 37.4 38.08 130 94,124
1.0 mg/ml 890 40.2 38.41 125 103,611

Dimer (not denatured)
2.6 mg/ml 1400 36.1 37.4 119 83,759 0.906 � 0.324
1.7 mg/ml 925 36.7 37.7 122 83,373
1.0 mg/ml 522 35.7 37.7 120 103,468

a NSD, normalized spatial discrepancy.
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respective to the open and closed conformations. The best ini-
tial model for each conformation was determined using FoXS,
which gave improved fits (� � 1.32 and � � 0.95 for the open
and closed, respectively) compared with the crystal structure
(� � 3.25). We performed an energy minimization on each best
fit conformation and then used AllosMod-FoXS (23, 24) to gen-
erate 3000 alternate structures of each model. These were con-
strained to their respective cross-link sets and simulated at
300 K to determine whether an alternate model at a physiolog-
ical temperature better represents the SAXS profile. Fig. 9 (a
and b) shows the final open and closed models superimposed
onto the SAXS molecular envelope. Both show good visual fit to
the molecular envelopes and excellent agreement with the
experimental SAXS profile shown in Fig. 9c (� � 0.73 and 0.83
for the open and closed, respectively). Additionally, MultiFoXS

was used on a pool of all 6000 independent models (3000 each
of the open and closed) to determine whether a two-state model
better fit the SAXS profile. The crystal structure was included
in the pool as a control. Indeed, MultiFoXS picked a single
model from each conformation for an improved fit of � � 0.67
weighted at 64% open and 36% closed (Fig. 9c, orange). Lastly,
contact plots were generated and superimposed for both con-
formations in Fig. 9d, showing that 100% of the observed cross-
links are accounted for between the two models.

Derivation of a Monomeric apoA-I�185–243 Solution Model—
Mei and Atkinson (12) postulated that monomeric apoA-
I�185–243 occurs when the long helix (residues 118 –184), which
participates in the dimer domain swap, doubles back onto the
four-helix bundle in the exact same position that the same
sequence from the other monomer would sit in the dimer. We

FIGURE 5. SAXS analysis of lipid-free apoA-I�185–243 dimer and monomer. a, intensity distribution of the SAXS scattering function of both dimer isolations
(purple and green) and the monomer (tan). b, pairwise distribution function where AU equals arbitrary units. c, q3�I(q) versus q3(Å�1)3. d, q4�I(q) versus q4(Å�1)4.
e and f, the SAXS ab initio reconstructions of the dimeric (e) and monomeric (f) apoA-I�185–243. The envelopes were generated using DAMMIF and DAMAVER.
The averaged envelope was rendered and displayed using UCSF Chimera. The data were from three samples each at a different concentration. Each concen-
tration was run at four different exposure times.
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generated a starting model of this concept based on the crystal
structure (Fig. 10a). Interestingly, Fig. 10b shows that the cross-
linking pattern was 100% compatible, even on the unoptimized
model. Using Modeler 9.14, 100 iterations of the model were
generated with the imposed cross-link constraints. The best fit
model was then run through AllosMod-FoXS to generate 3000
alternate structures at 300 K. The final best fit model is shown
superimposed on the molecular SAXS envelope for mono-
meric apoA-I�185–243 (Fig. 10c) with an excellent fit of � �
0.78 (Fig. 10d).

Discussion

Deletion mutants have become a valuable work-around to
the notorious problem of getting full-length exchangeable apo-

lipoproteins to crystallize for high resolution structural studies.
Typically, apolipoproteins have low thermodynamic stability
with highly dynamic domains that are poised to interact with
lipid (34, 35). Removing these domains may make crystalliza-
tion more tractable, but there are drawbacks to this approach.
First, it is never clear how the structure of the deletion mutant
relates to that of the full-length protein. Even though the miss-
ing domain is flexible, it may participate in interactions that are
key to the global structure of the WT protein. Second, apolipo-
proteins are likely more sensitive than most proteins to high
concentrations and nonphysiological precipitants required for
crystallization. Therefore, we believe that it is critical to evalu-
ate predictions from crystal structures on proteins that are in
solution.

FIGURE 6. Comparison of dimeric apoA-I�185–243 crystal structure with experimental cross-links. a, the cross-linking data from Tables 1 and 2 are
superimposed on a molecular contact plot generated for the reported crystal structure of dimeric apoA-I�185–243(Protein Data Bank entry 3R2P). The x and y
axes delineate the residue number of apoA-I from 1–243. Dark areas represent the truncated C-terminal segments of the protein. The diagonal line bisects the
figure with the bottom right showing intramolecular interactions and the upper left showing intermolecular interactions. b, structural representation showing
the cross-links (red dots circled in the contact plot) that deviate from predictions from the crystal structure.

FIGURE 7. Comparison of dimeric apoA-I�185–243 with experimental SAXS data. a, the theoretical scattering profile of the crystal dimer generated by FoXS
superimposed onto the experimental scattering profile from the SAXS analysis with the chi distribution values in parenthesis. b, the residuals normalized to the
experimental scattering profile (black dotted line). c, the pairwise distribution function of the experimental dimer (black) and the theoretical distribution
generated after solvation using ScÅtter where AU equals arbitrary units. d, the crystal structure superimposed onto the molecular envelopes generated from
the SAXS analysis.
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We previously reported the crystal structure of a deletion
mutant of apoA-IV, which showed a remarkably similar helical
“swap” as that reported by Mei and Atkinson (12) for apoA-
I�185–243. SAXS and cross-linking analyses of dimeric apoA-
IV64 –333 in solution agreed quite well with the crystal structure
(13), and we went on to propose a structure for full-length

apoA-IV using the crystal structure as a template. In the case of
apoA-I�185–243, however, it was immediately clear that both the
SAXS analysis and the cross-linking patterns were not fully
compatible with the crystal structure, at least in the dimer.
Despite these differences, important predictions of the crystal
structure were clearly borne out in solution. For example, the

FIGURE 8. Derivation of the starting model(s) of dimeric apoA-I�185–243. The open model of apoA-I�185–243 was generated by applying a hairpin in helix 5
of each apoA-I molecule. The open model consists of cross-links consistent with the placement of the N terminus (red) in the crystal structure (top inset). The
closed initial model was generated by folding the N-terminal segments (red) to the middle of the molecule guided by remaining intermolecular cross-links
observed in that region (bottom inset).

FIGURE 9. AllosMod-FoXS modeling of the open and closed conformations of dimeric apoA-I�185–243. a and b, the best fit open and closed conformations
are superimposed onto the ab initio dimeric apoA-I�185–243 molecular envelope in a and b, respectively. c, comparison of the experimental dimeric apoA-
I�185–243 x-ray scattering profile (black line) to the best fit open (green line), closed (purple line), and two-state (orange line) theoretical profiles with the chi
distribution in parenthesis. d, the residual scatter plot normalized to the experimental scatter profile (black dotted line). e, cross-linking data from Tables 1 and
2 superimposed on a molecular contact blot generated from the best fit of the combined open (dark) and closed (light) models.
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long swapped helix between the dimers was confirmed. Inter-
molecular cross-links observed between Lys96 and Ser167,
Lys118 and Lys140, Lys118 and Ser142, and Lys118 and Lys133 are
consistent with the extended helix swap. There was also con-
firmatory evidence of the folded helical hairpins at each end of
the dimer with the intramolecular cross-link between Lys23 and
Lys59, for example.

However, we reproducibly noted interactions that could not
be reconciled in the rigid crystal structure. Implementation of
the hairpins in helix 5 and their subsequent juxtaposition to
residues 106 –116 satisfied critical cross-links constraints while
also improving the fit to the SAXS data. Several studies have
postulated the existence of a hairpin in helix 5 despite its
absence in either crystal structure (9, 12). In the double belt disc
model, Li et al. (10) hypothesized that helix 5 hairpins could
reduce the diameter of discoidal HDL. Applying to the crystal

structure of Mei and Atkinson (12), helix 5 flexibility might
allow the formation of a “presentation tunnel” for the docking
of lecithin:cholesterol acyl transferase and the subsequent
influx of cholesterol ester, an idea supported by molecular
dynamics studies (10, 36). We also observed interactions
between the N terminus and the central domain of the dimer.
For example, the intermolecular cross-link between the N ter-
minus and Lys118 can only occur if the N-terminal major helix
(residues 7–34) swings back across the dimer as illustrated in
our closed model. However, we also saw the N terminus inter-
acting intramolecularly with Lys77, which is consistent with the
crystal structure. Because the N terminus cannot be in two
places at once, we were forced to postulate at least two models
in equilibrium.

This result is intriguing when considering the transition of
apoA-I to a lipid-bound species. Mei and Atkinson (12) postu-

FIGURE 10. AllosMod-FoXS modeling of the monomeric apoA-I�185–243. a, derivation of the initial model as postulated by Mei and Atkinson (12). b,
cross-linking data from Tables 1 and 2 superimposed on a molecular contact blot generated for the theoretical model. c, single best fit conformation from
AllosMod-FoXS output superimposed on the molecular envelope. d, comparison of the experimental monomeric apoA-I�185–243 x-ray scattering profile (black
line) to the single best fit initial (green line) and final (purple line) profiles generated by AllosMod-FoXS. e, regions of �-helicity in our final model of monomeric
apoA-I �185–243 (magenta) versus that determined in monomeric full-length apoA-I by Chetty et al. (44) (black) and the crystal structure (green). The boxes
represent �-helical segments.
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lated that the crystal structure could form a discoidal HDL par-
ticle through a “sequential unhinging of the N-terminal bun-
dle.” They proposed that the hairpin at each end of the dimer
can swing away from the AB-repeating backbone and then
unfurl to form a ring that approximates the double belt model
of lipid-bound apoA-I (10). This movement is quite analogous
to our closed (i.e. closed ring) conformation of the lipid-free
dimer. Both transitions are predicted to occur using the N-ter-
minal minor helix as a hinge.

Mei and Atkinson (12) proposed that the N-terminal bundles
are stabilized by two hydrophobic clusters at each end of the

bundle (Fig. 11a). The N-terminal aromatic cluster holds the
first helix, the second helix B of H1, and the helix of the first A
unit of H2 together. The C aromatic cluster holds the N-termi-
nal helix and H4(AB2) together through �-� interactions.
Influx of lipid was suggested to open the N-terminal helix bun-
dle by disrupting one or both staple domains. Our data suggests
that, in solution, these helical bundles may be more dynamic
(Fig. 11, b and c). Interestingly, we found similar aromatic clus-
ters in the closed model that might contribute to its stability
(Fig. 11c). Trp8 is in close proximity to Trp108 and Phe104 in the
long swapped helix. Additionally, Phe33 from both N-terminal

FIGURE 11. Disruption of hydrophobic “staples” that allow mobility of the N terminus in solution. a, one monomer of the Mei crystal structure of apoA-I
showing the C aromatic cluster (comprised of residues Phe33, Phe104, and Trp108) and an N aromatic cluster (Trp8, Phe71, and Trp72) that is proposed to stabilize
the four-helix bundles on each end of the dimer structure. b, the open form of the solution model reported here showing the plausibility of both interactions.
c, the closed form of the solution model showing disruptions of the N aromatic cluster allowing the N-terminal major helix, using the N-terminal minor helix
(blue) as a hinge, to swing toward the middle of the dimer. Stabilization of the N-terminal helix is postulated to occur with two alternative aromatic clusters: (i)
between Phe33 on the N-terminal major helices of each molecule and (ii) Trp8 at the end of the N-terminal major helix with Trp108 and Phe104 on the domain
swap.
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major helices are in close proximity in the middle of the mole-
cule. Thus, hydrophobic clusters could be pseudostabilizing
features in both conformers in solution.

We caution that this proposed structural equilibrium is only
relevant in the context of this particular deletion mutant and its
role with respect to lipid binding or other functions in the full-
length protein is less clear. The missing C terminus has been
shown repeatedly to play a major role in lipid binding (34,
37– 40). It is possible that, when present, the C terminus stabi-
lizes the N-terminal bundles in much the same way they appear
to be under crystallization conditions (30). Indeed, in apoA-IV,
there are extensive stabilizing interactions between the N and C
termini at both ends of its dimer (41). Engagement of the
apoA-I C terminus, by lipid or perhaps ABCA1, may free up the
N-terminal helix to swing away from the helical bundle as part
of the particle assembly process. Nevertheless, the absence of
the C terminus may have allowed the fortuitous visualization of
a transition step (the opening of the N-terminal bundles) dur-
ing lipid binding that would otherwise not be apparent in a
static full-length structure.

Based on our SAXS data, the half circle curvature likely man-
ifests as lipid accumulates. The curvature in the crystal struc-
ture may have arisen from a pseudolipid-like environment con-
tributed by PEG or other additives during crystallization.
Indeed, additives like isopropanol can induce a lipid-bound-
like structure to otherwise lipid-free apoA-I (42). Crystal pack-
ing and other factors could also be responsible (43).

With regard to monomeric apoA-I�185–243, our results are
highly compatible with the monomer scheme proposed by Mei
and Atkinson (12). The idea is quite similar to the “pocket knife
closing” model that we proposed for apoA-IV (13). The overall
�-helicity of our model is 61%, which matches nicely with cir-
cular dichroism data estimating 59% helicity for this mutant in
solution (12). Although it is dangerous to make direct compar-
isons from a deletion mutant to the monomeric full-length ver-
sion of apoA-I, we did find it interesting that our final model
exhibited �-helical character in many of the same regions
assigned by the hydrogen-deuterium exchange experiments of
Chetty et al. (44) in WT apoA-I; there was 65% overlap of helical
residues (Fig. 10e). There was also some cross-link overlap
between apoA-I�185–243 versus those reported for full-length
apoA-I. These data imply that some of the structural features of
apoA-I�185–243 could apply to WT apoA-I. Confirmation
awaits more detailed studies on WT apoA-I.

Finally, we acknowledge the strong experimental evidence
showing that apoA-I exhibits molten globule characteristics in
solution (29, 30, 35, 45). apoA-I has a free energy of denatur-
ation that is well below that of most soluble proteins (45, 46)
with helical segments that are constantly folding and unfolding
on a time scale of seconds (44). Although the molecules must
have a distinct shape as evidenced by the SAXS data, the two
dimeric structures reported here are probably best thought of
as two general conformational classes, each representing a set
dynamically related structures which coexist at any given time.

In summary, we report two related models for soluble
dimeric apoA-I�185–243 that differ by the location of the N ter-
minus. We also provided strong evidence supporting the pos-
tulated monomeric structure of apoA-I�185–243. This work

emphasizes that high resolution structural studies should be
coupled with innovative in-solution experiments to understand
the dynamics of the exchangeable apolipoproteins. This will
allow us to better understand how they transition in response to
lipid. Current work is focused on deriving a structure for full-
length apoA-I using these models as a foundation.
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