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lipid is likely predominantly organized as a bilayer with a 
micelle domain between the open apoA1 arms.   The apoA1 
confi guration observed suggests a mechanism for accom-
modating changing lipid cargo by quantized expansion of 
hairpin structures.  —Gogonea, V., G. S. Gerstenecker, Z. 
Wu, X. Lee, C. Topbas, M. A. Wagner, T. C. Tallant, J. D. 
Smith, P. Callow, V. Pipich, H. Malet, G. Schoehn, J. A. 
DiDonato, and S. L. Hazen.  The low-resolution structure of 
nHDL reconstituted with DMPC with and without cholesterol 
reveals a mechanism for particle expansion.  J. Lipid Res.  
2013.  54:  966–983.   

 Supplementary key words nascent high density lipoprotein • apolipo-
protein A1 • dimyristoyl phosphatidylcholine • small-angle neutron 
scattering 

  Cholesterol from peripheral tissues, such as within the 
artery wall, is transported to the liver by high density lipo-
protein (HDL) particles, which are continuously remod-
eled in a process called reverse cholesterol transport ( 1, 2 ). 
HDL particles are highly heterogeneous, varying in pro-
tein and lipid content ( 3 ). Apolipoprotein A1 (apoA1) is 

      Abstract   Small-angle neutron scattering (SANS) with contrast 
variation was used to obtain the low-resolution structure of na-
scent HDL (nHDL) reconstituted with dimyristoyl phosphati-
dylcholine (DMPC) in the absence and presence of cholesterol, 
[apoA1:DMPC (1:80, mol:mol) and apoA1:DMPC:cholesterol 
(1:86:9, mol:mol:mol)]. The overall shape of both parti-
cles is discoidal with the low-resolution structure of apoA1 
visualized as an open, contorted, and out of plane confor-
mation with three arms in nascent HDL/dimyristoyl phos-
phatidylcholine without cholesterol (nHDL DMPC ) and two 
arms in nascent HDL/dimyristoyl phosphatidylcholine with 
cholesterol (nHDL DMPC+Chol ). The low-resolution shape of the 
lipid phase in both nHDL DMPC  and nHDL DMPC+Chol  were ob-
late ellipsoids, and fi t well within their respective protein 
shapes. Modeling studies indicate that apoA1 is folded 
onto itself in nHDL DMPC , making a large hairpin, which was 
also confi rmed independently by both cross-linking mass 
spectrometry and hydrogen-deuterium exchange (HDX) 
mass spectrometry analyses. In nHDL DMPC+Chol , the lipid 
was expanded and no hairpin was visible. Importantly, de-
spite the overall discoidal shape of the whole particle in 
both nHDL DMPC  and nHDL DMPC+Chol , an open conforma-
tion (i.e., not a closed belt) of apoA1 is observed. Collec-
tively, these data show that full length apoA1 retains an 
open architecture that is dictated by its lipid cargo. The 

 This study was supported by National Institutes of Health Grants P01 HL-
098055, P01 HL-076491, and by the Leduc Foundation. S.L.H. was partially 
supported by a gift from the Leonard Krieger Fund and V.G. acknowledges the 
Faculty Development Research Award from Cleveland State University. The elec-
tron microscopy facility used is part of the Grenoble Partnership for Structural 
Biology. Computational resources were provided by the Ohio Supercomputer Cen-
ter and the National Center for Supercomputer Applications (NCSA, University 
of Illinois). Mass Spectrometry instrumentation used was housed within the 
Cleveland Clinic Mass Spectrometry Facility with partial support through a Cen-
ter of Innovation by AB SCIEX  . Some of the human apoA1 used in this study 
was purifi ed from HDL provided as a generous gift from CSL Limited (Victoria, 
Australia). 
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lier discoidal models based on computer simulations, we 
felt it reasonable to directly interrogate the structure of 
“DMPC discs” in nascent HDL/dimyristoyl phosphatidyl-
choline without cholesterol (nHDL DMPC ). 

 In a contrast variation SANS experiment the concentra-
tion of D 2 O in buffer is varied such that the scattering 
length density of the buffer matches that of a component 
within the particle (i.e., protein, lipid, or nucleic acid), 
making that component “transparent”. In addition, by se-
lectively deuterating specifi c components of a macromo-
lecular assembly (in our case, apoA1, by producing the 
recombinant protein in  Escherichia coli  grown in D 2 O with 
deuterated nutrients), one can further enhance the con-
trast between different components within the complex 
and reduce the interference of the other component (the 
lipid in this case). The contrast variation experiment thus 
enables one to “triangulate” different components of a 
macromolecular complex, making SANS a powerful and 
unique structural interrogation tool ( 26, 30–32 ). 

 Herein we employ contrast variation SANS to directly 
visualize the individual low-resolution protein and lipid con-
formations within nHDL reconstituted using apoA1:DMPC 
(1:80)  ( nHDL DMPC ), as initially employed for the discoidal 
HDL model ( 29 ), and apoA1:DMPC:cholesterol (1:80:10) 
[nascent HDL/dimyristoyl phosphatidylcholine with cho-
lesterol (nHDL DMPC+Chol )]. Our studies reveal, remarkably, 
that despite overall “discoidal” particle shapes, apoA1 in 
both particles is not organized in a circumferential belt 
conformation, but instead, is open and slightly out of plane. 
In nHDL DMPC  three arms of apoA1 enshrine a central ob-
late lipid core. One of the arms is a large hairpin, a con-
fi guration confi rmed by cross-linking mass spectrometry, 
and further corroborated by H/D kinetic exchange analy-
ses consistent with a large hairpin. On the other hand, in 
nHDL DMPC+Chol  where the lipid core is 20% expanded, 
apoA1 is closer in conformation to a traditional double 
belt conformation, enshrining a less symmetric lipid phase, 
but nonetheless with open apoA1 conformation. The open 
apoA1 conformation observed coupled with the dimen-
sions observed for the lipid core of both particles reveals a 
mechanism accounting for quantized particle size expan-
sion frequently observed during nHDL formation, as well 
as suggests a lipid organization within the particle that pos-
sesses a combination of both lamellar (bilayer) and micel-
lar confi guration. 

 MATERIALS AND METHODS 

 Preparation of nHDL DMPC  with and without cholesterol 
 The particle composition selected for our studies and the 

methods for particle generation and characterization are the 
same as those previously published ( 16, 33 ). Human apoA1 was 
isolated from HDL provided by CSL Limited (Victoria, Austra-
lia), as well as from plasma obtained from healthy volunteers who 
gave written informed consent under a protocol approved by the 
Cleveland Clinic Institutional Review Board. ApoA1 was purifi ed 
from HDL isolated by ultracentrifugation (density range of 1.07–
1.21 g/ml). Lipid-free human apoA1 was recovered by delipidation 

the major protein component of HDL, and plasma levels 
of both HDL cholesterol and apoA1 are inversely corre-
lated with the incidence of cardiovascular diseases ( 3–5 ). 
A major focus of many ongoing pharmacologic inter-
ventions is HDL-targeted therapies, including direct in-
fusion of reconstituted and fully biologically functional 
nascent HDL (nHDL) particles ( 4 ). Despite its impor-
tance to many biological and biomedical functions, the 
high-resolution structures of various HDL particles are 
yet to be resolved. 

 Nevertheless, various models of nHDL have been pro-
posed in the past ( 6, 7 ), and they rely on biophysical, bio-
chemical, and computer simulation studies [e.g., the 
Picket Fence model ( 8 ), the Belt model ( 9, 10 ), the Hair-
pin Loop models ( 11–13 ), the Solar Flares model ( 14 ), the 
Double Super Helix model ( 15 ), and the Twisted Belt 
model ( 16, 17   )]. All current models have in common an 
antiparallel orientation of the two apoA1 chains, but the 
overall conformation of apoA1 within the particle is still a 
matter of intense debate ( 18 ). The amphipathic apoA1 
chains in all models wrap around a central lipid core, and 
the orientation of amino acid residues along the apoA1 
chains position the hydrophobic side chains toward the 
lipid surface. Before studies employing contrast variation 
small-angle neutron scattering (SANS) (see below), the 
overall conformation of apoA1 within a lipid containing 
HDL particles was inferred from crystal structure data 
from lipid free apoA1 mutant forms ( 19, 20 ), as well as 
measured distance constraints between inter- and intra-
chain amino acids in mutated or derivatized apoA1 using 
FRET or ESR ( 12 ), and in native apoA1 by cross-linking 
MS studies ( 11, 15, 21, 22 ). Further structural information 
has been obtained from amide bond hydrogen/deuterium 
exchange mass spectrometry ( 14, 23, 24 )}, and cryo-elec-
tron tomography ( 25 ). 

 The recent application of contrast variation SANS to the 
structural interrogation of nHDL and spherical HDL par-
ticles has allowed for the fi rst time direct visualization of 
the low-resolution shape envelope of the protein versus 
the lipid components of HDL ( 15, 26, 27 ). The structures 
revealed allowed for the possibility of developing models 
that incorporated the SANS shape constraints, giving a 
better understanding of how apoA1 and lipids within 
different forms of HDL are structurally organized. Among 
all nHDL models, only the Double Super Helix model 
( 15 ) incorporated direct SANS imaging data of the low-
resolution structures of apoA1 and the lipid domain of 
a recombinant biologically functional nHDL prepara-
tion reconstituted with 1-palmitoyl-2-oleoyl- sn -glycero-3-
phosphocholine (POPC) ( 15 ). In contrast to longer chain 
PC molecular species, addition of apoA1 to dimyristoyl 
phosphatidylcholine (DMPC) vesicles spontaneously as-
sembles HDL-like structures [presumed “discs” ( 28, 29 )], 
and thus has been a focus of structural studies. While our 
initial SANS studies of nHDL focused on use of full length 
apoA1 and the longer chain and more physiologically rel-
evant molecular species of PC (POPC), because of the dra-
matic differences in overall particle organization observed 
with the double super helix (DSH) model versus the ear-
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was similarly used to obtain low-resolution structures (n = 16) of 
the lipid component. For some experiments, protein shape was 
visualized in samples measured at 12% contrast (12% D 2 O). For 
these studies, the scattering intensity of the protein was enhanced 
by preparing nHDL with deuterated apoA1. Both SANS at mul-
tiple levels of contrast and mass spectrometry studies indepen-
dently confi rmed that 70% of the nonexchangeable H atoms 
were substituted by D atoms during protein expression in D 2 O 
with deuterated nutrients, which corresponds to a level of con-
trast of 92% D 2 O. Using this information, calculations indicate 
that, under the conditions employed, the lipid phase (both head 
groups and acyl chains) contributed <7% of the intensity across 
all scattering angles examined in the 12% contrast experiment 
(supplementary Fig. I  ). We established this value by calculating 
contributions to intensity coming from the protein and lipid us-
ing a modifi cation of the SASSIM program ( 39 ). The modifi ca-
tion included splitting the total squared scattering amplitude 
into contributions assigned to various components of HDL (i.e., 
protein, PC head groups, and PC acyl chains). The contributions 
to intensity can be either positive or negative, a fact that refl ects 
scattering interference between components. Similar calcula-
tions in the 42% contrast experiment, where HDL DMPC  is formed 
with nondeuterated apoA1, indicate the protein component con-
tributes <7% to the total intensity across all scattering angles 
examined. 

 Cross-linking mass spectrometry experiments on 
reconstituted nHDL DMPC  and nHDL DMPC+Chol  particles 

 Chemical cross-linking of apoA1 within nHDL DMPC  and 
nHDL DMPC+Chol  was performed by dissolving bis(sulfosuccinimidyl) 
suberate (BS3) cross-linker (Pierce, Rockford, IL) at 5 mg/ml in 
20 mM sodium phosphate buffer, pH 7.4 and immediately add-
ing to 1 mg/ml nHDL in PBS, pH 7.4 at a molar ratio of 200:1. 
The resulting solution was incubated at 4°C for 24 h with con-
stant gentle mixing. The reaction was quenched by the addition 
of Tris at a fi nal concentration of 50 mM for 15 min. The result-
ing cross-linked apoA1 solutions were split into aliquots, digested 
with sequencing grade chymotrypsin (Promega, Madison, WI) at 
a ratio of 1:100 (w/w) for 16 h at 25°C, and then stored at 4°C. 
Cross-linked and chymotrypsin-digested peptides were concen-
trated with strong-cation exchange (SCX) chromatography using 
HIL-SCX.25 UltraMicro Tip Columns (Nest Group, Southbor-
ough, MA). The samples were prepared for SCX chromatogra-
phy by adding acetonitrile (5% v/v fi nal) to the cross-linked 
peptide solution and adjusting to pH 3.0 with H 3 PO 4  prior to be-
ing loaded onto the columns. The column was washed with PBS, 
pH 3.0 and eluted with 5% acetonitrile, 20 mM sodium phos-
phate buffer, pH 3.0 with steps of 300 and 500 mM NaCl. A 
FASTA database of potential cross-linked peptides of apoA1 
was generated using the program xComb v1.3 ( 40 ). The Uni-
prot FASTA for apoA1 was used as the input fi le and the pa-
rameters for the database generation included two potential 
missed cleavages, both intra- and interprotein cross-links, amine 
to amine cross-linker, no missed cleavage necessary, and a min-
imum peptide length of four amino acids. Concentrated cross-
linked peptides were loaded onto an IntegraFrit sample trap 
(ProteoPep C18, 300 Å, 150  � m × 2.5 cm; New Objective, Woburn, 
MA) with 5% acetonitrile in 0.1% formic acid in order to desalt 
the samples. The peptides were subsequently eluted through a 
PicroFrit column (75  � m × 15 cm; New Objective) packed in-house 
with XperTek 218TP, C18, 300 Å pore size, 150  � m particle size 
(Cobert Associates, St. Louis, MO) using a Proxeon Easy-nLC II 
system (Thermo Scientifi c, Waltham, MA) with a gradient of 
5–65% acetonitrile, 0.1% formic acid over 120 min into an Orbit-
rap Velos mass spectrometer (Thermo Scientifi c). The initial MS 
screening experiment involved programming the Orbitrap MS to 

of the HDL followed by ion exchange chromatography, as previ-
ously described ( 28 ). Recombinant human apoA1 was gener-
ated in  E. coli  and isolated as described in Ref.  34 . The His tag of 
isolated recombinant apoA1 forms was removed by formic 
acid cleavage, and subsequent cleanup was done by nickel af-
fi nity chromatography and a polishing ion exchange chromatog-
raphy step ( 14, 34   ). To obtain deuterated recombinant human 
apoA1, the kanamycin-resistant plasmid pET20b+ encoding 6× 
His-tagged human apoA1 was transformed into  E. coli  BL21(DE3) 
cells. Cells were grown in 85% deuterated minimal medium 
(85% D 2 O, 15% H 2 O): 6.86 g/l (NH 4 ) 2 SO 4 , 1.56 g/l KH 2 PO 4 , 
6.48 g/l Na 2 HPO 4 ·2H 2 O, 0.49 g/l diammonium hydrogen citrate, 
0.25 g/l MgSO 4 ·7H 2 O, 1.0 ml l  � 1    (0.5 g/l CaCl 2 ·2H 2 O, 16.7 g/l 
FeCl 3 ·6H 2 O, 0.18 g/l ZnSO 4 ·7H 2 O, 0.16 g/l CuSO 4 ·5H 2 O, 0.15 g/l 
MnSO 4 ·4H 2 O, 0.18 g/l CoCl 2 ·6H 2 O, 20.1 g/l EDTA), 40 mg/l kana-
mycin with hydrogenated glycerol as carbon source (5 g/l). 
Deuterated apoA1 was purifi ed by nickel affi nity chromatogra-
phy as above and a polishing ion exchange chromatography step 
( 14, 34 ). SDS-PAGE was used to assess the purity of isolated hu-
man and recombinant apoA1. 

 Because initial efforts to prepare nHDL preparations by 
DMPC-driven spontaneous particle formation led to inhomoge-
neous preparations, reconstituted nHDL DMPC  with and without 
cholesterol was prepared using a modifi ed sodium cholate dialy-
sis method ( 35 ) at an initial molar ratio of 80:1 of DMPC:apoA1 
or 10:80:1 of cholesterol:DMPC:apoA1. Subsequently, the HDL 
particles were purifi ed by gel fi ltration chromatography using 
Sephacryl S300 (GE Healthcare) column. The size of reconsti-
tuted nHDL preparations were measured by using dynamic light 
scattering, and nondenaturing PAGE ( 14 ). The stoichiometry of 
each of the nHDL preparations was determined by quantifying 
apoA1 phospholipid content using the microphosphorous assay, 
and cholesterol content using stable isotope dilution mass spec-
trometry ( 14 ). The remaining sodium cholate in reconstituted 
nHDL preparations was also quantifi ed by HPLC tandem mass 
spectrometry, which confi rmed that no signifi cant residual cholate 
was present (i.e., cholate content << 0.1 mol%). BS3 was used as 
a chemical cross-linker at a molar ratio of 200:1 versus apoA1 
for 5 min at 37°C, as previously described ( 15 ). 

 SANS experiment 
 Small-angle neutron scattering experiments were carried out 

at the instrument D22 of the Institut Laue-Langevin, Grenoble, 
France, and KWS1 at Jülich Center for Neutron Sciences, Garch-
ing, Germany. D22 and KWS1 are classical pinhole cameras that 
provide a high neutron fl ux. Data were collected for  � 2 h from 
two positions of the detector at the D22 instrument (2 and 5.6 m 
with collimation lengths of 2.8 and 5.6 m), and three positions of 
the detector at the KWS1 instrument (1, 2, and 8 m with collima-
tion lengths of 4 and 8 m), and covered a range of momentum 
transfer ( q ) from 0.008 Å  � 1  to 0.5 Å  � 1 . The wavelength  �  of the 
neutron beam used was 6 Å on D22 and 4.5 Å on KWS1. SANS 
with contrast variation was used to individually map the protein 
and lipid components in nHDL DMPC . The samples were measured 
at 6–8°C in 12% ( q  range 0.005–0.304 Å  � 1 ) and 42% D 2 O solu-
tion ( q  range 0.007–0.453 Å  � 1 ). The radius of gyration (R g ) was 
obtained based on the Guinier approximation ( 36 ) from the cor-
responding scattering curves. 

 The SANS data collected were processed as follows. The 
program GNOM ( 37 ) was used to deconvolute the scattering in-
tensity curves into the distance distribution function P(R  ). Sub-
se quently, the program DAMMIN ( 38 ) was used to produce 
low-resolution models (n = 32) of the protein component from 
the P(R) function obtained for the sample measured in 12% D 2 O 
( q  range 0.005–0.256 Å  � 1 ). The P(R) function obtained from the 
42% D 2 O scattering intensity curve ( q  range 0.007–0.453 Å  � 1 ) 
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intensities calculated with CRYSON ( 42 ) matched the experi-
mental data. Atom clashes in the all-atom model, which resulted 
from manual adjustment of chain residues and individual lipid 
molecules, were removed by performing a short geometry opti-
mization in vacuum. The CHARMM22 force fi eld was used for 
protein ( 43 ), and CHMARMM27 for lipids ( 44 ). 

 The vacuum model of nHDL DMPC  was further solvated in a box 
of TIP4P water molecules ( 45 ), with walls 15 Å away from the 
particle. Sodium ions were added to compensate the negative 
charge of the two apoA1 chains, and then NaCl ion pairs were 
inserted to obtain a physiological salt concentration of 344 mil-
liosmolar   (standard PBS buffer). The solvated system was energy 
minimized [using the program GROMACS ( 46 )]. The protocol 
for geometry optimization was as follows: the lipoprotein particle 
relaxed gradually (fi rst the solvent, then the lipid, and fi nally the 
protein). In the last step of energy minimization all atoms re-
laxed. Potential energy calculations took into account periodic 
boundary conditions for the solvated particle. The evaluation of 
short-range (van der Waals) interactions used a 10 Å  cutoff, while 
Coulomb interactions were calculated using the Ewald summa-
tion [Particle Mesh Ewald summation   ( 47, 48 )]. 

 SANS decomposition analysis of the lipid core was carried out af-
ter splitting the lipid phase into lamellar and micellar domains by 
visual inspection. The scattering intensities for the whole range of 
scattering angles were calculated for each individual lipid subdo-
main. The individual scattering intensity curves were scaled such 
that the sum of the intensities at zero scattering angle, coming from 
the two lipid subdomains, equal the intensity at zero scattering angle 
given off by the entire lipid phase. The scaling procedure is justifi ed 
by the fact that the intensity at zero scattering angle is proportional 
to the molecular mass of the lipid (i.e., with the number of lipids in 
the phase) ( 49 ). Of note, this decomposition scheme does not take 
into account the constructive/destructive interference between the 
two lipid subdomains. Strictly speaking, only the amplitudes are ad-
ditive ( 50 ). Still, the decomposition scheme is capable of giving in-
sight into the scattering contributions of different subdomains of 
the lipid phase that are distinguished by different packing character-
istics (lamellar vs. micellar). 

 Electron microscopy studies 
 Negative stained nHDL samples (dilution 1:300) were ob-

tained by applying them to the clear side of the carbon-mica in-
terface and staining with 2% (w/v) uranyl acetate  . Images were 
recorded under low-dose conditions with a CM12 (Philips) elec-
tron microscope equipped with an LaB6 fi lament and working at 
120 kV. Images have been recorded on an Orius SC1000 CCD 
camera (Gatan Inc.). 

 The experimental SANS intensities, the Protein Data Bank   
fi les of the SANS shapes for the protein and lipid components of 
nHDL examined, and the all-atom Turtle model of nHDL DMPC  
can be downloaded from the site http://www.lerner.ccf.org/
cellbio/hazen/data  /. 

 RESULTS AND DISCUSSION 

 Biochemical characterization of nHDL preparations 
formed using native human apoA1 and perdeuterated 
human apoA1 

 Reconstituted nHDL particles generated for SANS anal-
yses in the present study were prepared with either isolated 
human apoA1 or recombinant human perdeuterated 
apoA1, as described under Materials and Methods. Before 

collect in a data-dependent mode and analyzing the data using 
the xComb FASTA database in Proteome Discoverer 1.1 (Thermo 
Scientifi c) to fi nd precursor masses of potential cross-links. 
Observed monoisotopic masses within 5 ppm of the theoretical 
mass of cross-linked peptides of interest were collated into a “par-
ent list” and the Orbitrap MS was programmed to specifi cally 
search for the peptides in this list and perform CID MS/MS on 
the specifi c peptides. The subsequent MS/MS analyses using the 
parent list utilized the same chromatographic method as de-
tailed above in the screening experiment. The fragmentation 
patterns of the resulting data were inspected and assigned man-
ually using Protein Prospector with a signal tolerance of 0.5 Da 
for the fragment ions ( 41 ). 

 Hydrogen-deuterium exchange mass spectrometry 
experiments on reconstituted nHDL DMPC  particles 

 ApoA1 in nHDL DMPC  was subjected to hydrogen-deuterium ex-
change (HDX) at 4°C and at a pH of 7.4 in PBS for various time 
intervals: 0.5, 1, 2, 75, and 167 min  . The reaction was quenched 
by acidifi cation and by reducing the temperature to 0°C in an 
ice/water bath. Proteins were subjected to rapid proteolytic di-
gestion using pepsin and immediately injected into an LC-MS 
system consisting of binary LC20 UPLC pumps (Shimadzu, Kyoto, 
Japan) and an LTQ ion-trap mass spectrometer (Thermo Scien-
tifi c). The gradient for elution of the peptides started at 200  � l/min 
of 0.5% formic acid for 1 min to fl ush the PBS from the system 
and then stepped down to 50  � l/min of 10% acetonitrile, 0.5% 
formic acid and continued to 50% acetonitrile, 0.5% formic acid 
over 10 min. The trap column consisted of an Everest 238 CV C18 
guard column (2.1 mm diameter, Grace, Deerfi eld, IL) and 
the analytical column was a Vydac 238TP C18 guard column 
(2.1 mm diameter, Grace). The resulting spectra were manually 
interpreted. 

 Computational modeling of nHDL DMPC  
 In earlier SANS with contrast variation studies ( 15, 27 ) we 

matched computational models of HDL at multiple contrast lev-
els (0, 12, 42, and 90% D 2 O) and established that two contrast 
levels (12 and 42% D 2 O) are suffi cient to produce a consistent 
model for the entire particle. Thus, thirty-two low-resolution 
structures obtained from the 12% contrast SANS dataset were 
averaged, and the SANS shape closest in features to the average 
shape (reference shape) was further used for modeling. The all-
atom model of nHDL DMPC  was constructed by separately fi tting 
an all  � -helix apoA1 dimer into the reference low-resolution 
shape envelope, and by packing 160 DMPC molecules into the 
low-resolution structure of the lipid component (42% contrast 
SANS dataset, that was similarly averaged, and reference shape 
used for modeling). Additional constraints were imposed on the 
lipid packing in the sense that care was taken that lipids from the 
periphery of the lipid phase that face the apoA1 dimer were ar-
ranged such that their acyl chains faced the hydrophobic surface 
of the protein. Thus, most of lipids were arranged as a bilayer 
with the exception of about one quarter of them located in be-
tween the N/C-termini   that form a half-micelle, which connects 
the two leaves of the bilayer. 

 The partitioning of the hydrophobic/hydrophilic surface of 
the apoA1 dimer in nHDL DMPC  was determined using “patch” hy-
drophobicity, which identifi es an average per residue hydropho-
bic index [range (0,1  )] calculated by averaging the hydrophobic 
indices of neighboring amino acid residues located on the same 
side of the protein (i.e., either facing the solvent or the lipid) in 
a certain cutoff distance (here the cutoff distance used was 15 Å). 
The resulting model was further refi ned by gradually adjusting 
the conformation of apoA1 chains and lipids until the scattering 
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Approximate overall dimensions of the nHDL DMPC  are also 
shown ( Fig. 1D, E ; insets of the micrographs). 

 SANS studies reveal that the low-resolution structure 
of apolipoprotein A1 within nHDL DMPC  is an open and 
slightly out of plane shape with three arms 

 To directly visualize the shape of apoA1 within nHDL D-

MPC , particles were analyzed by neutron scattering at 12% 
contrast (12% D 2 O). Under these conditions the average 
scattering length density of the lipid component matches 
the scattering properties of the solvent at zero scattering 
angle and is thus “invisible”. The selective deuteration of 
the protein further intensifi es the scattering signal from 
the protein, making it possible to minimize (<7%, sup-
plementary Fig. I) the contribution of the lipid to the 
intensity at higher scattering angles, thus allowing the 
use of the low-resolution shape obtained at 12% contrast 
to serve as a scaffold for constructing a model for the 
protein conformation. Initial SANS data collected during 
the 12% contrast variation study of the protein component 
of nHDL DMPC  were used to construct 32 low-resolution 
structures for apoA1 in nHDL DMPC  as described under 
Materials and Methods. All demonstrated similar essen-
tial structural features for apoA1, a shape with three dis-
tinct arms. Supplementary Fig. II includes a random 
sampling of 15 of the 32 low-resolution shapes, along 

proceeding with SANS analyses of nHDL DMPC  and 
nHDL DMPC+Chol  preparations, particles were extensively 
characterized. SDS-PAGE and native gel analyses of nHDL 
forms generated using human apoA1 and deuterated 
apoA1 showed relatively homogeneous particle prepa-
rations (  Fig. 1A, B  ).  Chemical composition analyses con-
fi rmed that the fi nal particle compositions were in close 
alignment with the initial 80:1, mol:mol (DMPC:apoA1), 
and 10:80:1, mol:mol:mol (cholesterol:DMPC:apoA1) com-
position of the DMPC:apoA1 used for particle forma-
tion (DMPC:apoA1 of 78.4 ± 2.0:1 and 81.7 ± 3.2:1, 
mol:mol, for nHDL DMPC  generated using human apoA1 
and deuterated apoA1, respectively; and cholesterol:
DMPC:apoA1 of 8.7 ± 0.2:86 ± 1.7:1, mol:mol:mol, for 
nHDL DMPC+Chol ). As expected, cross-linking studies were 
consistent with all nHDL particle preparations formed 
containing an apoA1 dimer ( Fig. 1C ). These nHDL DMPC  
and nHDL DMPC+Chol  preparations were used for all SANS 
analyses. 

 As detailed below, all initial studies focused on nHDL D-

MPC  particles. Negative staining of electron microscopy im-
ages of the nHDL DMPC  formed from either human apoA1 
or deuterated apoA1 are shown in  Fig. 1D  and  Fig. 1E , re-
spectively. The images show relatively homogeneous ellip-
soidal particles of similar dimensions whether native 
or deuterated apoA1 was used in nHDL DMPC  formation. 

  Fig.   1.  Particle composition analyses. A: SDS-PAGE gel of human (h)-apoA1, and perdeuterated (d)-apoA1. B: Nondenaturing gel of 
nHDL DMPC  and nHDL DMPC+Chol  particles reconstituted with h-apoA1 (h-nHDL) and d-apoA1 (d-nHDL). C: Cross-linking gel shows that 
h-nHDL and d-nHDL with and without cholesterol preparations contain two apoA1 chains per particle. D: Electron microscopy (EM) nega-
tive staining of nHDL DMPC  preparations reconstituted with h-apoA1. The insets show magnifi ed areas of the EM micrograph in which the 
contour of the particles has been marked with a white boundary line to compensate for the decrease in contrast resulting from magnifi ca-
tion  . The overall dimensions of the particles match those obtained from the low-resolution structure of nHDL DMPC . E: Negative staining EM of 
nHDL DMPC  preparations reconstituted with d-apoA1. Similarly, insets show magnifi ed particles. Of note, the top inset identifi es an nHDL DMPC  
particle in an orientation that exposes the side of the particle with a thickness similar to the apoA1 chains  .   
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but we can resolve the shape of the double chain. To 
build a molecular model of apoA1 in nHDL DMPC  we used 
information about the composition (number of apoA1 
chains per nHDL particle) and alignment of the two chains 
with respect to each other, that is, the antiparallel orien-
tation and the registry based on multiple published Lys-
Lys proximity distances as probed by cross-linking mass 
spectrometry experiments. Notably, the protein shape is 
distinct from a classic “belt” confi guration. Rather, the 
protein envelope visualized has three distinct arms, is 
open, and follows a contorted shape with two arms clearly 
out of plane. Measured parameters for the protein com-
ponent of nHDL DMPC  include a radius of gyration (R g ) of 
52.4 Å, and overall outer dimensions of approximately 
174 × 112 × 71 Å ( Fig. 2D ,   Table 1  ).  The scattering inten-
sities calculated from the low-resolution protein envelope 
nicely overlay the experimental scattering data ( Fig. 2A ), 
and show an excellent statistical fi t with experimental 
scattering intensities (root mean square deviation,  �  2  = 
0.82;  Table 1 ). 

 The low-resolution structure of the lipid component of 
nHDL DMPC  has an oblate ellipsoidal shape 

 To visualize the low-resolution structure of the lipid 
phase of nHDL DMPC  we performed contrast variation SANS 
studies in 42% D 2 O on nHDL DMPC  particles reconstituted 
with nondeuterated apoA1. At this D 2 O concentration, 
the scattering length density of the solvent matches that 
of the nondeuterated protein at zero scattering angle; thus, 
the scattering signal measured arises mostly from the lipid 
phase of the lipoprotein and at higher scattering angle cal-
culations indicates that the protein contributes <7% to the 
total intensity (see Materials and Methods). The scattering 
intensities, the Guinier range, and the distance distribu-
tion function P(R) of the lipid component of nHDL DMPC  
are shown in   Fig. 3A–C  .  Deconvolution of the scattering 
data yields an oblate ellipsoid. Sixteen shapes were aver-
aged (Materials and Methods, supplementary Fig. III), 
and a reference shape that best interlocked with the pro-
tein shape was selected as reference shape, which had di-
mensions 88 × 76 × 52 Å ( Fig. 3D ). The calculated scattering 
intensities from the low-resolution shape envelope of the 
nHDL DMPC  lipid phase are in excellent agreement with the 
experimental data ( Fig. 3A ,  Table 1 ;  �  2  = 2.29). On a cau-
tionary note, we remark that the SANS studies by them-
selves lack the resolution to determine details of molecular 
packing of indivudual lipids within the particle (e.g., la-
mellar vs. micellar vs. other smectic mesophase), but fur-
ther decomposition analysis of the intensities may actually 
provide further understanding of lipid packing in HDL 
(vide infra). 

 Overlays of the low-resolution structures of both protein 
(orange) and lipid (green) components of nHDL DMPC  are 
shown in  Fig. 3E . The lipid shape matches the protein 
shape like a key in a lock, with the overall low-resolution 
structure of the nHDL DMPC  particle resembling a “turtle”, 
so from now on we will refer to the structural model of 
nHDL DMPC  generated from 80:1, DMPC:apoA1 as the “Tur-
tle model”. 

with an average shape calculated from all of the low-reso-
lution shapes. Because the scattering intensities pre-
dicted from the average shape do not agree as well with 
the experimental data ( �  2  = 5.42) as that calculated for 
each of the individual low-resolution shapes ( �  2  < 0.85 
for each), the low-resolution shape that most closely re-
sembled the average shape was selected as the reference 
shape (supplementary Fig. II), and was then used to build 
a cartoon of the apoA1 double chain (vide infra), as de-
scribed under Materials and Methods. The experimental 
scattering intensities obtained at various scattering angles 
(  Fig. 2A  ),  and the intensities collected at very small scat-
tering angles ( Fig. 2B ) were used to determine the radius 
of gyration according to Guinier approximation ( 36 ). 
 Figure 2C  portrays the distance distribution function, 
P(R), which constitutes a fi ngerprint for the specifi c con-
formation of the protein ( 37 ). Deconvolution of the 
scattering intensities from the 12% contrast SANS experi-
ments reveals a low-resolution structure (resolution 24 Å) 
of protein (also known as apoA1 dimer) within nHDL DMPC , 
as illustrated in  Fig. 2D . The average thickness of the 
apoA1 double chain is 22–24 Å. So at the SANS resolu-
tion of the protein component we cannot distinguish the 
individual chains (as actually shown by the SANS shape), 

  Fig. 2.  nHDL DMPC  in 12% D 2 O. A: Logarithm of the scattering 
intensity versus the scattering vector,  q . The curve displays maxima 
and minima, which are a result of constructive and destructive 
interferences produced by the conformation of apoA1 chains in 
nHDL DMPC . B: The Guinier plot was used to determine the radius of 
gyration. C: The distance distribution function, P(R), was obtained 
by the deconvolution of the scattering intensities. P(R) constitutes 
a fi ngerprint for apoA1 architecture in nHDL DMPC , and was used to 
produce the low-resolution structure of the protein component of 
nHDL DMPC . D: The low resolution structure of the protein compo-
nent of nHDL DMPC  in various orientations. The overall dimensions 
of the low resolution structure are shown, which are in excellent 
agreement with dimensions obtained from EM.   
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 To help build a three-dimensional model of the apoA1 
dimer, we traced the protein shape envelope with two tubu-
lar pathways, one for each monomer, each tube having the 
anticipated cross-section of a classic amphipathic  � -helix 
(not including side chains). These “pipes” are gradient col-
ored (dark  →  light, N terminus  →  C terminus) in red and 
blue (for the two apoA1 chains), and are superimposed in 
an antiparallel orientation onto the low-resolution protein 
structure of nHDL DMPC  in  Fig. 4A . Next, we built conforma-
tions of the two apoA1 monomers that matched the tube 
paths and maintained proper orientation of the hydropho-
bic/hydrophilic face of the amphipathic helical surfaces 
taking into account the presumed location of the lipid core 
of the particle. Following energy minimization, the crude 
proposed three-dimensional model obtained for the apoA1 
chains within nHDL DMPC  is shown in  Fig. 4B  (stereo views in 
supplementary Fig. IV), and its superposition onto the low-
resolution structure of apoA1 is given in  Fig. 4C . It should 
be noted that this hypothetical exercise was done not to 
claim that this was the precise structure of apoA1 within 
nHDL DMPC , but rather, to help build a model that displayed 
overall architecture that matched the experimental data 
collected by the SANS studies, and would then likely also 
match previously reported MS cross-linking, ESR, and FRET 
data on reconstituted nHDL particles ( 11, 12, 15, 21, 22   ). 

 To assess the goodness of fi t of the protein component 
of the Turtle model with the experimentally determined 

 ApoA1 within nHDL DMPC  has an open conformation with 
a large hairpin and N/C-termini folded back 

 Having the low-resolution structure of the protein com-
ponent of nHDL DMPC  generates a puzzle in how to fi t an 
apoA1 dimer within the observed protein shape  . The known 
crystal structures of lipid-free apoA1 truncated mutants ( 19, 
20 ), and the preponderance of structural data on nHDL 
particles ( 11, 12, 14, 15, 21, 22 ) argue that the two apoA1 
chains are oriented in an antiparallel fashion. We there-
fore sought to develop a hypothetical three-dimensional 
model of the apoA1 antiparallel dimer that fi t within the 
constraints of the low-resolution protein structure (  Fig. 4  ).  
First, direct visualization of the overall shape envelope 
suggests only a few global confi gurations (in the crude 
sense) of how an apoA1 dimer can be arranged such that 
its full length fi ts within the protein shape envelope ex-
perimentally visualized. Closer inspection of the three 
“arms” ( Fig. 4A a – c  ) of the protein shape envelope reveals 
that the approximate cross-sectional area of two arms 
(Fig. 4A a ,  c , each  � 120 Å 2 ) are roughly the dimensions 
predicted by two classic  � -helices ( � 65 Å 2  each, including 
residue side chains), whereas the third arm ( Fig. 4A b  ) ap-
pears to be substantially ( � 2-fold) larger ( � 234 Å 2 ). We 
therefore chose to entertain an apoA1 confi guration 
where the dimeric chains fold upon themselves forming a 
hairpin that fi lls arm  b , leaving the other two arms to con-
tain the N- and C termini ( Fig. 4 ). 

 TABLE 1. Radius of gyration, global dimensions, and goodness of fi t of the Turtle model of nHDL DMPC  with 
experimental SANS data 

Model

Radius of Gyration  a   (Å) Dimensions (Å)  �  2   a,b  

Protein Lipid L × W × H Protein  a  Lipid  a  

Experimental:  c  
 nHDL DMPC 52.4 30.4 — — —
 nHDL DMPC+Chol 50.7 33.5 — — —
SANS shapes:
 nHDL DMPC 51.4 30.3 174 × 112 × 82 0.840  d  2.291  d  
 nHDL DMPC+Chol 50.8 35.4 114 × 113 × 56 0.880  d  0.950  d  
EM  e  173 × 105 × 51
Turtle model 52.0 30.2 175 × 103 × 62 0.985  f   1.103  g  2.309  f   3.646  g  
Belt model  h  48.7 29.9 106 × 106 × 22  i  5.436 7.458
1AV1  j,k  48.9 — 126 × 89 × 52  i  4.024 —
Saddle-1 model  k  48.9 — 104 × 104 × 48  i  5.306 —
Saddle-2 model  k  46.4 — 101 × 92 × 58  i  4.455 —
Saddle-3 model  k  44.9 — 91 × 91 × 63  i  7.292 —
Saddle-4 model  k  41.4 — 80 × 80 × 73  i  12.790 —

Radius of gyration (R g ) and overall dimensions of the low resolution structures (SANS shapes) and the Turtle, 
Belt, and Saddle models of nHDL DMPC . Calculated  �  2  statistics (root mean square difference), that quantify 
differences between experimentally determined scattering intensities (measured by SANS with contrast variation) 
and theoretically calculated, show a better fi t for the Turtle model compared with the Belt or various Saddle models 
of apoA1 dimer  . EM, electron microscopy  .

  a   Calculated with CRYSON.
  b   The root mean square difference between the calculated and experimental scattering intensities  .
  c   Calculated with GNOM from experimental scattering intensity using the Guinier approximation.
  d   Calculated with DAMMIN.
  e   Particle dimensions of nHDL DMPC  from negative staining EM images (see  Fig. 1 ).
  f   A short energy minimization in vacuum was performed with GROMACS for each component (protein and 

lipid) individually (see Materials and Methods).
  g   Full energy minimization in solution was performed with GROMACS for the nHDL DMPC  model (see Materials 

and Methods).
  h   Supplementary Fig. VIII.
  i   Protein component only.
  j   The crystal structure of lipid-free truncated ( � 43) apoA1 dimer.
  k   Supplementary Figs. XII and XIII ( 15 ).
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clearly oriented toward the cavity wherein the lipid core 
resides. Also notable is that the hydrophobic surfaces of 
the amphipathic helices abut one another within the hair-
pin in arm  b  ( Fig. 4E ),   allowing for protection from the 
aqueous phase. Of note, many of the hydrophobic resi-
dues in the N- and C-terminal regions of apoA1 that are 
not associated with phospholipids are not predicted to be 
exposed to aqueous solvent because of being shielded by 
the protein fold (i.e., hydrophobic-hydrophobic interac-
tions of amphipathic  � -helical surfaces) in these regions 
( Fig. 4E ). Further, the large hairpin houses residues (e.g., 
R 149 , R 153 , and R 160 ) on one apoA1 chain previously identi-
fi ed as being important in LCAT activation ( 51 ). 

 Mass spectrometry cross-linking studies provide 
independent experimental data confi rming the existence 
of a large hairpin domain of apoA1 in nHDL DMPC  

 We sought to obtain independent experimental data di-
rectly supporting the fi nding that a signifi cant domain of 

scattering data (12% contrast), predicted scattering inten-
sities were calculated. They showed excellent statistical fi t 
with experimental scattering intensities (root mean square 
difference,  �  2  = 0.985;  Table 1 ,  Fig. 4D ). To assess the ori-
entation of the hydrophobic/hydrophilic residues in the 
amphipathic protein within the Turtle model, we calcu-
lated the patch hydrophobicity [15 Å ( 14 )], since this 
would better refl ect the predicted overall amphipathic 
partitioning of side chains on the apoA1 dimer. Visual in-
spection ( Fig. 4E ; hydrophilic residues orange, hydropho-
bic residues green) confi rmed that the residues in the 
protein model had orientations in accord with a typical 
amphipathic peptide, with the green (hydrophobic) surface 

  Fig.   3.  nHDL DMPC    in 42% D 2 O. A: Logarithm of the scattering 
intensity versus the scattering vector,  q . B: The Guinier plot. C: The 
P(R) function is characteristic to an oblate ellipsoid; the function 
is smooth without additional decorations as the function for the 
protein component. D: The low-resolution structure of the lipid 
component of nHDL DMPC  is shown in various orientations; the shape 
is not discoidal, rather asymmetric but fl attened as an oblate  . E: 
Overlap of the low-resolution structures. The protein component 
(orange, 12% D 2 O) is superimposed on the lipid component 
(green, 42% D 2 O) of nHDL DMPC . The two low-resolution structures 
fi t as a “key in a lock”. The composite low-resolution structure of 
nHDL DMPC  shows that a signifi cant domain of the protein is not 
adjacent to the lipid phase, while the lipid phase is not entirely 
enshrined by the protein component.   

  Fig.   4.  Model of apoA1 dimer in nHDL DMPC . A: Tube representa-
tion of the apoA1 dimer superimposed on the low resolution struc-
ture of nHDL in 12% D 2 O (orange). The tubes correspond to the 
two chains of apoA1 dimer and are gradient colored with red and 
blue. Approximate calculated cross-sectional areas in each arm ( a , 
 b , and  c   ) of the low resolution structure are also shown. B: Hypo-
thetical three-dimensional model of apoA1 dimer represented as a 
continuous helix. The two chains of apoA1 are gradient colored 
with red and blue, with the N termini colored in red/blue and C 
termini colored in light red/blue  . C: Overlap of the low-resolution 
structure with the protein model. D: Superposition of the experi-
mental neutron scattering intensities (12% D 2 O, open circles with 
error bars) with the scattering intensities calculated from the pro-
tein model (red line) and the low-resolution structure of nHDL DMPC  
in 12% D 2 O (orange). E: Patch hydrophobicity of the residues in 
apoA1 of nHDL DMPC . Patch-hydrophilic residues are colored or-
ange and patch-hydrophobic residues are colored in green  .   
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many distance constraints obtained from multiple biophysi-
cal approaches including cross-linking mass spectrometry 
( 11, 15, 21, 22 ), electron spin resonance spectroscopy 
( 12 ), and fl uorescence resonance energy transfer ( 12, 52 ) 
studies. When incorporating the antiparallel apoA1 chains 
within the Turtle model, care was taken to retain this pre-
dicted registry. Closer inspection of the Turtle model sug-
gests that specifi c regions of apoA1 within the hairpin on 
one chain would not be predicted to be within the hairpin 
on the antiparallel apoA1 chain (  Fig. 6  ).  We therefore per-
formed HDX kinetic analyses, which are sensitive to the 
local environment, on three apoA1 peptides in nHDL DMPC  
particles (Y 115 -L 126 , L 159 -L 170 , and R 171 -L 178 ) that are pre-
dicted to be located in the hairpin domain of one chain, 
but not of the other. Thus, we hypothesized that these 
peptides might demonstrate evidence of two distinct envi-
ronments, such as the presence of bimodal kinetics when 
examining the rates of H/D exchange   within amide pro-
tons in these sequences. The kinetic curves for the three 
peptides (percent of deuterium incorporation vs. HDX 
time) are shown in supplementary Fig. VI. Remarkably, 
each showed readily detectable bimodal kinetics (pres-
ence of both a slow and a fast exchanging peptide) for 
deuterium buildup rates, consistent with the presence of 
at least two distinct environments for these apoA1 se-
quences within the nHDL DMPC  particles. The slow-exchang-
ing peptides had rate constants approximately two orders 
of magnitude lower than that predicted for random-coil 
peptides having the same sequence. Conversely, we observed 

apoA1 within nHDL DMPC  particles is folded onto itself in a 
large hairpin. Using the Turtle model of nHDL DMPC  and a 
12 Å distance for the BS3 bifunctional cross-linking agent, 
we predicted in silico that up to 15 Lys-Lys cross-links (both 
intrachain and interchain) might exist in the predicted 
hairpin domain of ApoA1  . Nevertheless, none of the pos-
tulated cross-links predicted have yet to be identifi ed in 
other reported cross-linking studies of HDL prepara-
tions (N.B. no MS cross-linking studies are reported yet 
for a 1:80 (mol:mol), apoA1:DMPC HDL particle)  . Re-
markably, using the exact mass of the proposed cross-links 
(see Materials and Methods for experimental approach), 
we were able to experimentally identify (using 5 ppm tol-
erance) all 15 cross-links by high-resolution mass spec-
trometry, and among these, eight were sequence confi rmed 
by MS/MS (  Fig. 5  ).  For illustrative purposes, supplemen-
tary Fig. V shows the full scan MS/MS spectrum of cross-
link Lys 59 -Lys 133 , which along with cross-link Lys 133 -Lys 195 , 
spans the base of the hairpin and affi rms the large size of 
the hairpin ( � 50 Å). 

 HDX tandem mass spectrometry studies provide 
additional independent confi rmatory data in support of a 
distinct environment for apoA1 regions within the hairpin 

 Numerous studies support the antiparallel orientation 
of the two apoA1 chains within nHDL with a defi ned reg-
istry [similar to that observed for the crystal structure of 
lipid-free apoA1 ( 19, 20 ) ]. Indeed, this registry for the two 
antiparallel apoA1 chains is needed to accommodate the 

  Fig.   5.  The hairpin domain of apoA1 in the Turtle 
model of nHDL DMPC  and cross-links in the hairpin 
domain. A: At left, the hairpin is shown with the chain 
A (red) on top. The chain A helices that participate 
in the formation of the hairpin are helices 2, 3, 4, and 
5  . At right, the hairpin is shown with the chain B 
(blue) on top. Helices 5, 6, and 7 from chain B are 
involved in the formation of the hairpin  ; proline resi-
dues are colored yellow. B: Fifteen predicted cross-
links within the hairpin region of apoA1 within the 
Turtle model for nHDL DMPC  were observed by high-
resolution MS analyses (within 5 ppm). The se-
quences of more than half of the predicted cross-links, 
except where indicated, were identifi ed by MS/MS 
analyses.   
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is an unstructured loop and not a helical domain as was in-
ferred indirectly by Sevugan Chetty et al. ( 24   ) from their 
HDX data (5°C) and the overall predicted  � -helical content 
of apoA1 based on circular dichroism data on nHDL POPC . 

 The lipid domain of nHDL DMPC  is predicted to be 
predominantly lamellar (bilayer) with a small micellar 
domain 

 We next sought to further investigate the possible orga-
nization of the phospholipids within the lipid core of the 
nHDL DMPC  particles so that eventually, a hypothetical 
global all-atom model of the particle could be constructed. 
To build the three-dimensional model of the lipid phase, 
we used the reference low-resolution structure obtained 
from the 42% contrast SANS experiments ( Fig. 3D , sup-
plementary Fig. III) as the shape envelope within which 
the phospholipids were placed using the known composi-
tion of the particle as a guide for the number of phospho-
lipids to include. Similar to the case of developing the 
protein model, the manner in which individual lipids 
might be arranged within the lipid core was not obvious 
from the SANS data alone. However, the fact that the 
apoA1 chains within nHDL DMPC  have an open conforma-
tion, coupled with the known biophysical properties and 
packing characteristics of phospholipids, provide some 
logical suppositions to the packing. First, it is presupposed 
that the lipids within the particle will be organized pre-
dominantly as a bilayer domain, in keeping with this lipid 
organization being stable, a known packing structure for 
choline glycerophospholipids, and whose dimensions are 
compatible with the majority of the lipid SANS shape ob-
served. However, the open arms of the apoA1 chains ne-
cessitate that a nonlamellar lipid organization occur in 
these regions, since it logically follows that a domain within 
the lipid core of the particle will have to accommodate the 
exposed region to the aqueous surface where the open 
apoA1 ends fail to overlap and enshrine the lipid ( Fig. 4 , 
and see below). What the packing organization of this re-
gion is cannot be unequivocally determined with the cur-
rent data. Nevertheless, the protein shape argues that a 
smaller micellar domain that caps the space between the 
open N/C-termini of the apoA1 dimer might occur ( Fig. 4A ). 
A fi nal hypothetical all-atom model of the lipid phase 
was thus obtained by combining a predominantly bilayer 
organization with a small micellar end-cap domain, fol-
lowed by energy minimization. The combination of the 
two arrangements (bilayer and micellar) is evident from 
the different orientations shown in   Fig. 7  .   Figure 7B dis-
plays the superposition of the calculated scattering intensi-
ties from the hypothetical lipid model and the experimental 
data, which demonstrated an excellent statistical match 
( �  2  = 2.31,  Table 1 ). Visual inspection of the superposition 
of the hypothetical lipid model developed and the low-
resolution SANS structure (42% contrast reference shape 
envelope for lipid) is shown in  Fig. 7C , and is notable for 
the excellent match. Overlay of the protein and lipid com-
ponents, followed by energy minimization, yielded the 
three-dimensional all-atom model of nHDL DMPC  (the Tur-
tle model;   Fig. 8  ,  stereo view in supplementary Fig. VII), 

that the fast exchanging peptides incorporated deuterium 
either as fast as their random-coil counterpart in the case 
of peptide Y 115 -L 126 , or at least one order of magnitude 
faster than their slow-exchanging counterparts (e.g., pep-
tides L 159 -L 170  and R 171 -L 178 ).  Figure 6  shows the location 
and experimentally determined HDX protection factors 
of these three peptides (Y 115 -L 126 , L 159 -L 170 , and R 171 -L 178 ) 
on the two apoA1 chains in the Turtle model. Peptides 
located in the hairpin domain do not interact with lipid, in 
contrast to their counterparts outside of the hairpin and 
located on apoA1 domains that interact with lipid. The 
distinct partitioning of the peptides and corresponding 
microenvironment (either interacting with the lipid or 
not) seems to correlate with their H/D exchange behav-
ior, i.e., fast versus slow. Based on our HDX data on the 
Solar Flare region of apoA1 (L 159 -A 180 ), which we found to 
exchange much faster when bound to lipid than in lipid-
free apoA1 ( 14 ), we can hypothesize and extrapolate to 
assume that peptides that experience a protein-protein in-
teraction environment only may demonstrate slower H/D 
exchange (i.e., higher protection factor), in general, be-
cause they may be more tightly packed and less susceptible 
to unfolding due to the diversity of intermolecular interac-
tions they experience (e.g., charge-charge, charge-dipole, 
dipole-dipole, and H-bond). On the other hand, peptides 
interacting with lipids experience only weak van der Waals 
interactions, which make them more susceptible to un-
folding, and thus for exposed amide H, to faster H/D 
exchange. 

 It is also noteworthy to mention that we found that 
the Solar Flare region (L 159 -A 180 ), corresponding to pep-
tides L 159 -L 170  and R 171 -L 178  on one chain of apoA1 in the 
nHDL DMPC  particle, demonstrated fast H/D exchange 
(protection factor 10 and 11, respectively) even at 5°C. 
Thus, our HDX data on nHDL DMPC  confi rm our earlier 
result obtained for nHDL POPC    (nHDL reconstituted with 
POPC and cholesterol) ( 14 ) that this domain of apoA1 

  Fig.   6.  HDX protection factors for three peptides located in the 
hairpin domain of the Turtle model of nHDL DMPC . When peptides 
Y 115 -L 126  (red spheres) are located in the hairpin, the peptides 
L 159 -L 170  (blue spheres) and R 171 -L 178  (yellow spheres) in the same 
protein chain are located outside the hairpin, and vice versa. All 
three peptides exhibit bimodal H/D exchange that is fast (low pro-
tection factor, black) and slow (high protection factor  ).   
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mol:mol:mol) ( 15 ). The protein structure revealed in these 
lipoprotein preparations identifi ed an apoA1 dimer that 
adopted an open helical shape [DSH model ( 15 )]. Further, 
when coupled with contrast variation SANS analyses of 
the lipid components of this nHDL preparation, H/D 
exchange tandem mass spectrometry results, and bio-
chemical constraints (FRET, ESR, and mass spectrometry 
cross-linking), the lipid corresponding to this particle 
(composition 100:10:1, POPC:cholesterol:apoA1) appeared 
to adopt a micellar/pseudolamellar packing organiza-
tion. Subsequent multinuclear NMR studies of this parti-
cle corroborated this assertion, showing multiple  31 P NMR 
spectral features characteristic of a micellar packing orga-
nization, and distinct from a lamellar (bilayer) organiza-
tion ( 27 ). It is thus remarkable that the present SANS 
studies of an nHDL particle generated from the classic 
starting composition of 80:1 (DMPC:apoA1), both con-
fi rmed prior assertions of a predominantly discoidal nHDL 
particle (generated at this lipid:protein composition), yet 
also revealed an open apoA1 confi guration, and also pos-
its the presence of a nonlamellar (bilayer) domain, pre-
sumably a small micellar lipid endcap. Contrast variation 
SANS allows for direct visualization of the time-averaged 
conformation of the protein within the particle, and clearly 
shows an open confi guration for the apoA1 dimer ( Figs. 2, 4 ). 

which will be discussed in detail below. Of note, the overall 
form is that of a discoidal particle with a protruding hairpin. 

 Discussion of the Turtle model in the historical context 
of prior discoidal models of nHDL 

 The fi rst proposed discoidal model of nHDL, the bicy-
cle tire micelle (a.k.a., Belt) model ( 29, 53 ), was inferred 
from SANS (without contrast variation) and electron mi-
croscopy studies of nHDL DMPC  with identical lipid compo-
sition to the particle studied herein, but using an N-terminal 
 � 43 truncated apoA1 mutant. Two decades later, an all-
atom model was proposed for nHDL POPC  ( 9 ) by using the 
lipid-free crystal structure of apoA1 ( 19 ) as a template 
for the relative orientation of the two apoA1 chains. The 
Belt model is characterized by a closed double belt con-
formation of the antiparallel apoA1 dimer encircling a 
lipid bilayer ( 9 ). Virtually all subsequent refi nements to 
models of nHDL ( 11–14 ) have posited a closed apoA1 
dimer in a belt confi guration that completely enshrines a 
central lipid bilayer, regardless of lipid composition. We 
recently used SANS with contrast variation to directly 
visu alize for the fi rst time the protein component of nHDL 
reconstituted with apoA1:POPC:cholesterol (1:100:10, 

  Fig.   7.  Model of lipid component in nHDL DMPC . A: Sphere repre-
sentation of the lipid component of nHDL DMPC  in various orienta-
tions. The lipid heads are colored in purple and the acyl chains are 
colored in green. The second orientation of the lipid model (from 
the left) shows that the lipid component is a combination of bilayer 
and micellar domains. B: Superposition of the experimental neu-
tron scattering intensities (42% D 2 O, open circles) with the scatter-
ing intensities calculated from the lipid model (purple line) and 
the low-resolution structure of nHDL DMPC  in 42% D 2 O (green). C: 
Overlap of the low resolution structure of nHDL DMPC  obtained in 
42% D 2 O and the lipid model, in two different orientations.   

  Fig.   8.  The Turtle model of nHDL DMPC . A: Sphere representa-
tion of nHDL DMPC  in various orientations. ApoA1 chains are col-
ored with gradient color starting dark red/blue for the N termini 
and ending with light red/blue for the C termini  . The lipids are 
colored in green. B: Two additional orientations of the Turtle 
model. The top orientation shows the micelle domain of the lipid, 
while the bottom orientation shows the hairpin made by apoA1 
pointing out of plane. C: Cross-section of the Turtle model that 
shows the partitioning of the lipid into two distinct domains, a bi-
layer and a micelle. The lipid heads are colored in purple and the 
acyl chains are colored in green. The thickness of the lipid bilayer 
agrees well with that obtained from EM.   
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micellar region). Of note, for SANS analyses, the scatter-
ing amplitudes, but not intensities, are additive and can 
be decomposed into components coming from various 
domains ( 50 ) (see Materials and Methods). Using this ap-
proach, we sought to determine the potential relative 
contribution of a bilayer versus micellar lipid packing or-
ganization to the scattering signal at different angles. In-
terestingly, the theoretical scattering intensities for neither 
the pure bilayer (blue line) nor the pure micellar (red 
line) lipid phases matched the experimental data (black 
open symbols). However, when computationally merged 
(yellow line), the composite of the two predicted domains 
demonstrated overall agreement with both the experi-
mentally determined SANS scattering data (open symbols) 
and the theoretical SANS curve produced from the pre-
dicted lipid core of the Turtle model (green line,  Fig. 9C ). 

And while the SANS studies lack resolution to determine 
the molecular packing of the lipid within the particle, it 
logically follows that a domain within the lipid core of the 
particle will have to accommodate the exposed region to the 
aqueous surface where the open apoA1 ends fail to over-
lap and enshrine the lipid ( Fig. 4 , and see below). 

 Historically, nHDL DMPC  has been used by many [e.g., 
( 16, 17, 29, 33, 54, 55 )] to study the structure of nHDL 
because the shorter fatty acyl chains in DMPC enable large 
unilamellar vesicles (LUVs) of DMPC to spontaneously as-
sociate with apoA1, especially at the transition tempera-
ture (23°C) of DMPC vesicles. Despite the ease of formation 
of these HDL preparations, they also are relatively hetero-
geneous, with predominantly two sizes of nHDL particles 
[9.8 nm and 10.4 nm ( 33 )]. In addition, by mixing LUV/
DMPC with apoA1 to form nHDL, residual LUVs and free 
apoA1 also remain ( 55 ), making such preparations diffi -
cult to study and interpret by SANS, which requires mono-
dispersed samples. Consequently, we used the classic cholate 
dialysis method for reconstituted nHDL formation with 
the DMPC in the present studies because we observed that 
superior (with respect to homogeneity) particle prepara-
tions of identical size to the major particles observed with 
DMPC/LUV:apoA1 mixtures were obtained, that could be 
purifi ed more readily using size exclusion chromatogra-
phy prior to SANS analyses ( Fig. 1 ). 

 Further analyses of SANS data yield insights into 
potential lipid packing in nHDL DMPC  

 As noted above, the open protein shape observed from 
the 12% contrast SANS analyses of nHDL DMPC  dictates that 
some phospholipid within the particle must possess a pack-
ing organization different from a simple bilayer. To this 
end, we sought to determine whether further examination 
of the 42% contrast SANS data could shed light on the dif-
ferent lipid packing that might exist in this region of 
the particle. In the Belt model of nHDL DMPC  ( 33 ) all 160 
DMPC lipids make a bilayer (supplementary Fig. VIIIA, B). 
One can calculate the theoretical scattering intensity given 
off by such a lipid bilayer (supplementary Fig. VIIIC, solid 
green line). Examination of this plot reveals that it does 
not agree well with the experimental data at higher scat-
tering angles   (supplementary Fig. VIIIC), while the pre-
dicted scattering curve from the lipid core comprised of 
both lamellar (bilayer) and micellar confi gurations, as 
proposed in the Turtle model ( Figs. 7, 8 ), is in excellent 
agreement with the experimentally determined scattering 
intensities in the 42% contrast SANS study of nHDL DMPC  
( Fig. 7B , supplementary Fig. VIIIC). 

 To further investigate the impact of lipid packing on the 
predicted SANS scattering data and to better understand 
the discrepancy in predicted SANS scattering intensities 
from a purely lamellar (e.g., Belt) versus combined lamel-
lar/micellar (Turtle) model, we examined the individual 
contributions of the two predicted domains within the 
Turtle model (  Fig. 9  ).  An illustration of the different do-
mains within the lipid core of the particle is shown in 
 Fig. 9A , wherein approximately 28% of the lipids form the 
micellar domain (see also  Fig. 9B  for different views of the 

  Fig.   9.  Decomposition of scattering intensities for the lipid 
model of nHDL DMPC . A: Top panel shows the lipid phase of the 
Turtle model as a mixture of a predominant bilayer and a smaller 
micelle. The center panel shows the bilayer domain, while the mi-
cellar domain is faded. The bottom panel shows the micelle while 
the lameller domain is faded. The DMPC polar groups are colored 
purple and the acyl chains are colored green. B: The micellar do-
main in different orientations  . C: The decomposition of the calcu-
lated scattering intensities given off by the entire lipid phase (green 
line) into intensities given off by the two domains: the bilayer 
(blue line) and the micelle (red line). The sum of the intensities 
coming independently from the two domains is shown by the yel-
low line, which agrees well with the intensities produced by the two 
domains as a whole (green line).   
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(supplementary Fig. IX) and the overall low resolution 
structure of apoA1 in nHDL DMPC+Chol  obtained is depicted 
in various orientations in  Fig. 10D . The protein structure 
observed is more clearly round (114 × 113 × 56 Å) and 
discoidal than that for nHDL DMPC , but importantly, is still 
both open and with ends of the apoA1 dimer that are 
slightly out of plane. SANS analyses of nHDL DMPC+Chol  at 
42% contrast to directly visualize the lipid phase of the 
particle are shown in   Fig. 11   and   supplementary Fig. X. 
The low-resolution structure of the lipid phase ( Fig. 11 ) is 
overall ellipsoidal, though it seems more asymmetric than 
nHDL DMPC..  Overall the protein and lipid shapes fi t re-
markably well with each other, like a lock and key, with a 
clearly discoidal overall particle ( Fig. 11E ). 

This purely computational exercise thus seems to provide 
some further insights into the SANS analyses, since the 
theoretical scattering intensities generated at very small 
angles ( q  < 0.1 Å  � 1 ) appear to predominantly arise from 
lipids within the bilayer domain, whereas at higher scatter-
ing angles ( q  > 0.1 Å  � 1 ) the scattering intensities are pre-
dicted to come more so from the micellar domain ( Fig. 9C ). 
The overall goodness of fi t observed for the SANS de-
composition analysis strongly suggests that lipids within 
nHDL DMPC  are packed as a mixture of lamellar and micel-
lar phases. It is also important to realize this fi nding serves 
as an independent validation of the low-resolution struc-
ture of the protein observed (i.e., that it has an open con-
formation as a critical component). 

 Expansion of the lipid cargo in nHDL is accommodated 
by loss of the apoA1 hairpin 

 We hypothesized that in an nHDL particle with a suffi -
ciently large lipid cargo, the lipid can exert suffi cient lat-
eral pressure on the apoA1 domains that fold back into 
the hairpin to have the hairpin “unzip”. Consequently, we 
prepared and analyzed by SANS nHDL DMPC  particles that 
contain cholesterol nHDL DMPC+Chol . Particle biochemical 
characterization confi rmed a relatively homogeneous prep-
aration with particles containing an apoA1 dimer, and an 
approximate 20% increase in lipid cargo ( Fig. 1 ). The 
scattering intensities, the Guinier range, and the dis-
tance distribution function P(R) from SANS analyses of 
nHDL DMPC+Chol  (prepared with deuterated apoA1) at 12% 
contrast (to directly visualize the protein component of 
the particle) are shown in   Fig. 10  .   As before, multiple low-
resolution shape envelopes for the protein were generated 

  Fig. 10.  nHDL DMPC+Chol  in 12% D 2 O. A: Logarithm of the scatter-
ing intensity versus the scattering vector,  q . B: The Guinier plot was 
used to determine the radius of gyration. C: The distance distribu-
tion function P(R) was obtained by the deconvolution of the scat-
tering intensities. D: The low resolution structure of the protein, 
component of nHDL DMPC+Chol , in various orientations.   

  Fig.   11.  nHDL DMPC+Chol  in 42% D 2 O. A: Logarithm of the scatter-
ing intensity versus the scattering vector,  q . B: The Guinier plot. C: 
The P(R) function of the lipid component is smooth without ad-
ditional decorations. as the function for the protein component, 
but decays more slowly at larger distances (>80 Å) when compared 
to the corresponding function for nHDL DMPC   . D: The low resolution 
structure of the lipid component of nHDL DMPC  is shown in various 
orientations; the shape is not discoidal, rather asymmetric which 
may represent a bilayer with unequal leafl ets capped by a small 
micellar domain  . E: Overlap of the low-resolution structures. The 
protein component (12% D 2 O, orange) is superimposed on the 
lipid component (green, 42% D 2 O) of nHDL DMPC . The two low-
resolution structures fi t as a key-in-a-lock.   
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closed apoA1 belt, a model referred to by Segrest and col-
leagues as the “hinge-domain” hypothesis ( 33, 54 ). A car-
toon of this model is shown in   Fig. 12B   (upper row),   and 
is readily visualized by a belt that can be enlarged by 11mer 
increments (colored in green) as it expands from one to 
another “belt hole”. Indeed, in addition to nondenaturing 
gradient gel electrophoresis ( 33 ), a variety of biochemical 
studies are consistent with this model, including limited 
proteolysis ( 56, 57 ), antibody binding ( 58 ), and various 
spectroscopic techniques ( 57–60 ). However, as also noted 
by Segrest and colleagues ( 33 ), the molecular basis for the 
quantized expansion in nHDL size following the interac-
tion of apoA1 and phospholipids is unknown. 

 The protein structures observed by SANS analyses 
suggest a molecular mechanism accounting for the 
quantized sizes observed in nHDL particles 

 It is well recognized that the size of HDL particles is 
predominantly determined by the number of apoA1 in-
corporated per particle and its lipid cargo. Reconstituted 
HDL particles formed with apoA1 and varying amounts 
of DMPC (or other phospholipids) produce discrete well-
defi ned sized particles predominantly containing two apoA1 
chains [coined as R2 type ( 33 )]. The molecular basis for 
the observed “quantized” size heterogeneity is ill defi ned, 
but has been suggested to arise from incremental incorpo-
ration of 11mer  � -helical N-terminal domains into the 

  Fig.   12.  Model for quantized nHDL particle expansion through unzipping of the apoA1 hairpin due to 
increase in lipid core. A: SANS shapes of nHDL DMPC  and nHDL DMPC+Chol  suggest unzipping of protein hairpin 
due to increase in lipid cargo. B: Top row: Mechanism for nHDL quantized expansion proposed by Li et al. 
( 33 )  . The apoA1 chain on top is colored red and the chain at the bottom is colored blue. The particle en-
largement proceeds by the extension of apoA1 chains with one N-terminus 11mer (green) at a time, in order 
to accommodate the increase of the lipid phase. The locations of proline residues are marked with yellow, 
and the location of other residues that initiate an 11mer, are marked with black. The particles have been 
coined R2-2–R2-5 in the order of their increasing size. The original models do not show the full length of the 
N terminus, so in this fi gure the N termini are folded back. The residue 130, where helix 5 from the two 
chains is aligned, is marked with light blue. Bottom row: A cartoon representation of the Turtle model and 
the potential mechanism for quantized size expansion with increasing lipid cargo. nHDL particles of gradu-
ally increasing size are obtained by incrementally unfolding the hairpin with four 11mer units (from 
both chains) at a time. The four  � -helical 11mers that form the hairpin are initially in mutual interaction 
along their hydrophobic surfaces, which is broken by the lateral pressure exerted by the lipids in the 
growing particle    .   
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tion SANS data (supplementary Fig. XI). Comparisons 
among these reveal similarities, suggesting that there are 
structural features shared by many apolipoproteins. First, 
apoA1 within both nHDL models and the spherical HDL 
model have an open conformation with sets off N/C-ter-
mini of apoA1 apart. This is in contrast to the discoidal 
model (and other twisted/bended simulation models), in 
which an apoA1 dimer forms a closed loop with the N/C-
termini coming together (in truncated  � 43 apoA1). Sec-
ond, in all contrast variation SANS-based models, the 
protein conformation is contorted and out of plane, a fea-
ture that is likely imparted by the presence of repeating pro-
line residues which accentuate the bends in conformation. 
Of note, some discoidal models obtained by simulation 
bend out of plane, but they always remain closed loops 
( 16–18 ). Another structural feature that sets apart the con-
trast variation SANS (direct experimental observation) ver-
sus simulation (hypothetical) models is the conformation 
of the N/C-termini. In all HDL structural models based 
upon direct visualization of protein shapes using contrast 
variation SANS thus far ( 14, 15, 27 ), the N/C-termini are 
predicted to fold back (  Fig. 13A  ).   Bhat et al. ( 11 ) fi rst   sug-
gested the existence of this feature of apoA1 based on 
mass spectrometry cross-linking experiments. It is likely 
the two sets of termini in nHDL “stay apart”. This forces 
“end-capping” phospholipids in micellar confi guration to 
connect the two leaves of the bilayer within the central lipid 
domain of nHDL. It may be that this behavior (N/C-termini 
folding back and staying apart) is imprinted within the pri-
mary sequence of apoA1, and it is tempting to speculate 
that the endcap containing micellar lipid confi guration in 
HDL may even impart unique biological activity. For ex-
ample, it is well-known that many lipases, and other pro-
teins that act at a lipid interface, can function even more 
effi ciently on a micellar surface ( 61, 62 ). 

 Another remarkable similarity among SANS based mod-
els is that, regardless of lipid composition, they have the 
same radius of gyration (R g  =  � 52Å), and very similar over-
all dimensions ( Table 1  and Table 1A of Ref.  15 ). The Belt 
model has R g  =  � 49 Å, and the R g  for the bended simula-
tion models is even lower ( Table 1 ). Finally, in the contrast 
variation SANS-based models, the very nature of the open 
protein conformation allows individual lipids to diffuse 
freely throughout the entire lipid phase. This aspect may 
be essential for the ability of the particle to function as a 
cholesterol carrier because the lipid phase does not raise a 
free energy barrier to cholesterol diffusion through the 
entire lipid phase, and thus any cholesterol molecule 
within the lipid phase can access LCAT when bound to 
nHDL with the same easiness (i.e., there is no sidedness, 
like “heads” or “tails” of a coin, to the bilayer lipids as they 
can diffuse freely across the micellar end cap domain). 

 Geometrical analysis of the apoA1 three-dimensional 
model for nHDL DMPC  shows that major bends in protein 
conformation correspond mostly to proline positions 

 As mentioned above, the locations of proline residues 
in apoA1 of nHDL are believed to be associated with hinge 

 As illustrated by analyses of nHDL DMPC  versus nHDL DMPC+Chol  
particle preparations herein, the present studies show that 
contrast variation SANS is quite sensitive to alterations in pro-
tein conformation induced by differences in lipid cargo con-
tent within the nHDL particle. Direct visualization of the 
structure within the protein component of nHDL provides 
an alternative molecular mechanism for the quantized size 
heterogeneity observed in nHDL. First, a key observation is 
that the global shape of the apoA1 dimer within nHDL is 
open, and not closed. Another key observation is that a large 
hairpin domain is clearly visible for the fi rst time using con-
trast variation SANS in the nHDL DMPC  particle with smaller 
lipid cargo. This direct experimental data reveals the hinge 
domain hypothesis, which depends upon the presence of a 
closed belt, is inaccurate. Rather, as a growing nHDL particle 
matures and expanding lipid content exerts lateral pressure 
on the apoA1 chains, there will be an incremental “unzip-
ping” of the hairpin where the free energy of interaction be-
tween the hydrophobic protein interfaces on the hairpin is 
counterbalanced by the lateral pressure exerted by the ex-
panding lipid core. This seems to happen each time when 
four 11mer increments (from both apoA1 chains), locked in 
mutual interaction, unzip and get exposed to lipids. One ex-
ample is when cholesterol is added to the phospholipid ( Fig. 
12A ) in reconstituted nHDL. In the present case the addition 
of cholesterol increased the lipid cargo by 20%, and this led 
to the unzipping of the hairpin. A cartoon of this hypothesis 
is illustrated in  Fig. 12B  (lower row). This quantized expan-
sion seems to be facilitated by an  � -helix breaking proline 
(yellow stripes in  Fig. 12B ) or other residue that caps an 
11mer (black stripes), serving as a discrete “hinge”. 

 Previous studies have suggested the presence of a hair-
pin within apoA1 of nHDL based upon alternative ap-
proaches. For example, Davidson and colleagues used a 
series of elegant site-specifi c mutants in which single tryp-
tophan reporters and nitroxide spin quenchers were engi-
neered within each of the 22 amino acid amphipathic 
helical repeats of apoA1. Differences observed with these 
apoA1 forms in tryptophan fl uorescence between large 
(96 Å) and small (78 Å) nHDL particles produced, sug-
gested a movable hinge domain exists within regions his-
torically referred to as helices 5, 6, and/or 7, presumably 
allowing apoA1 to accommodate more or less lipid con-
tent ( 13 ). Resonance energy transfer studies using apoA1 
mutants have also suggested the existence of an extended 
loop structure in the vicinity of residues 134–145 (helices 
5 and 6) ( 12 ). In contrast to these prior approaches, which 
invariably require mutation of apoA1 and/or derivatiza-
tion reactions, which can alter apoA1 conformation, the 
present studies provide a direct visualization of the apoA1 
shape at low resolution, and are nonperturbing inasmuch 
as they require no mutations or derivatization. 

 Structural similarities in nHDL models derived from 
SANS low-resolution structures point to common features 
among apolipoproteins 

 The two models of nHDL (DSH ( 15 ) and Turtle) and 
one model of spherical HDL [helical dimer hairpin loop 
( 26 )] have thus far been constructed from contrast varia-
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domains through which lipid-free apoA1 incrementally 
unfolds to accommodate particle enlargement ( 33 ). Inter-
estingly, inspection of the Turtle model of nHDL DMPC  re-
veals that most prolines are located at positions where 
major bends in apoA1 occur ( Fig. 13B ). For example, P 99A  
and P 165B  (which are in close proximity) are located at the 
summit of the hairpin folds. Another pair of prolines, P 66A  
and P 121B , is close to the starting points of the hairpin. An-
other striking aspect of the conformation of apoA1 in the 
Turtle model is that the “Solar Flare” regions of the apoA1 
chains ( 14 ), putative sites of LCAT interaction (L 159 -A 180 ), 
are not equivalent. Virtually all “belt type” models have a 
signifi cant degree of symmetry. In contrast, within the 
Turtle model, the solar fl are positioned within the hairpin 
is not accessible to the lipid, which might suppress the 
LCAT activity at this location. 

 Also illustrated in  Fig. 13B, C  is the concept that while 
the individual HDL DMPC  structure itself lacks symmetry, 
the nHDL DMPC  will be comprised of a pair of indistinguish-
able symmetrically related structures. This is because the 
particles are generated from an antiparallel pair of identi-
cal apoA1 chains. To illustrate this point, the pair of struc-
tures shown in  Fig. 13B  are two views (front and back) of 
an nHDL DMPC  formed with the hairpin located in the N 
terminus of chain A (between P 66  and P 143 ) and the C ter-
minus of chain B (between P 121  and A 194 ). Note that while 
there is no proline between P 165B  and P 209B , a residue with 
a relatively small and nonbulky side chain, A 194B,  is directly 
adjacent (opposite) to P 66A  of chain A, and readily accom-
modates the predicted bend in chain B opposite to P 66  of 
chain A at the base of the hairpin. The structures in Fig. 
13C are the same two views of an alternative nHDL DMPC  
where the hairpin is instead located in the C terminus of 
the A chain (between P 121  and A 194 ) and the N terminus of 
chain B (between P 66  and P 143 ). Note that in HDL DMPC  
structures depicted ( Fig. 13B, C ) the A chain is colored 
red and the B chain is colored blue (N terminus dark and 
C terminus light for each). Thus, there is a 50% chance 
that the hairpin is located in either the N or C terminus of 
apoA1, and the two forms of nHDL DMPC  cannot be dis-
tinguished (in both structures the hairpin is between 
P 66  and P 143  of one chain and P 121  and A 194  of the other 
chain). While the nHDL DMPC  structures shown in  Fig. 13B 
and 13C    themselves do not contain a C 2  axis of symme-
try [like the crystal structures of lipid-free N terminal or 
C terminal truncated mutant forms of apoA1 ( 19, 20 )], it 
is evident that the nHDL DMPC  are related by a form of 
symmetry. 

 Lipoproteins are involved in many biological functions, 
one of which is sterol and lipid transport. Despite their es-
sential role in many physiological processes, efforts thus 
far to solve their crystal structure in the presence of lipid 
has been unsuccessful, most likely due to their heteroge-
neous composition and dynamic nature when lipidated. 
The application of SANS with contrast variation to the 
structural interrogation of nHDL DMPC  enabled us to di-
rectly visualize a time-averaged low-resolution structure 
for the protein and lipid components of nHDL individu-
ally, and has revealed an unexpected conformation of 

  Fig.   13.  Conformations of the N/C-termini in the Turtle and 
Double Super Helix models of nHDL. A: Left structure shows the 
N terminus of chain A (solid red) and the C terminus of chain B 
(light blue) of apoA1 in the Turtle model. The center structure 
shows the N terminus of chain B (solid blue) and the C terminus of 
chain A (light red). The right structure shows the N/C termini in 
the Double Super Helix model. Both models have in common the 
fact that the N/C-termini fold back (encircled regions) and are not 
joined together as in the Belt model. B: The overall conformation 
of the apoA1 dimer in the Turtle model of nHDL DMPC . This pair of 
structures (front and back views) illustrates the overall conforma-
tion of apoA1 in which the hairpin is located within the N terminus 
of chain A (red) and C terminus of chain B. C: This pair of struc-
tures (front and back views) illustrates the overall conformation of 
apoA1 in which the hairpin is located within the C terminus of 
chain A (red) and N terminus of chain B. B and C: Proline residues 
are shown as yellow spheres, the N terminus is dark red or blue and 
the C terminus is light red or blue. The location of A 194  in each 
structure is also indicated. Residues at the base of the hairpin that 
serve as predicted hinges for all structures depicted include: P 66 , 
P 121 , P 143 , and A 194 . Note that A 194  in each structure is directly adja-
cent to P 66  from the antiparallel chain.   
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apoA1, a contorted open structure with a prominent hair-
pin that restricts the access of the lipid to only a portion of 
the hydrophobic surface of the protein. But, like the case 
of nHDL POPC , the protein in nHDL DMPC  offers mechanical 
strength to the HDL particle, while mediating lipid bind-
ing/transport and specifi c interactions with other proteins, 
like plasma enzymes and cell receptors. The observed open 
shape of apoA1 and the mixed packing (predominantly 
bilayer) of the lipid accounts for the experimental SANS 
intensities, while alternative shapes of the protein ob-
tained by computer simulation do not (e.g., supplemen-
tary Figs. XI, XII). 

 In conclusion, we used contrast variation SANS to inter-
rogate the structure of a reconstituted nHDL particle 
comprised of DMPC:apoA1 (80:1), a classic composition 
studied in numerous other investigations ( 9, 16, 22, 33, 
53 ), as well as a particle with expanded lipid cargo. The 
results reveal overall shapes of both particles that are con-
sistent with prior discoidal models of nHDL, in the sense 
that most of the lipid phase is predicted from SANS analy-
sis to be lamellar packed, and the overall dimensions are 
of oblate ellipsoids. However, the protein shapes directly 
visualized within either nHDL DMPC  or nHDL DMPC+Chol  are 
clearly not classic belt confi gurations commonly envis-
aged; rather, the protein architecture of apoA1 within 
nHDL DMPC  and nHDL DMPC+Chol  both have an open con-
fi guration. The direct visualization for the fi rst time of a 
presumptive hairpin loop by SANS within nHDL DMPC , 
combined with both the confi rmatory cross-linking mass 
spectrometry studies and the absence of a hairpin within 
the expanded lipid cargo particle, nHDL DMPC+Chol , posit a 
molecular and structural mechanism for the well-known 
quantized size increases of nHDL during particle matura-
tion. Moreover, the distinct environments experienced by 
the same sequences on distinct antiparallel apoA1 chains 
within nHDL explains the origin of bimodal exchange pat-
terns observed during HDX studies. 
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