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ABSTRACT: The predicted structure and molecular trajectories from > 80 ns molecular dynamics simulation of
the solvated Double-Super Helix (DSH) model of nascent high-density lipoprotein (HDL) were determined
and compared with experimental data on reconstituted nascent HDL obtained from multiple biophysical
platforms, including small angle neutron scattering (SANS) with contrast variation, hydrogen—deuterium
exchange tandem mass spectrometry (H/D-MS/MS), nuclear magnetic resonance spectroscopy (NMR),
cross-linking tandem mass spectrometry (MS/MS), fluorescence resonance energy transfer (FRET), electron
spin resonance spectroscopy (ESR), and electron microscopy. In general, biophysical constraints experimen-
tally derived from the multiple platforms agree with the same quantities evaluated using the simulation
trajectory. Notably, key structural features postulated for the recent DSH model of nascent HDL are retained
during the simulation, including (1) the superhelical conformation of the antiparallel apolipoprotein Al
(apoAl) chains, (2) the lipid micellar—pseudolamellar organization, and (3) the solvent-exposed Solar Flare
loops, proposed sites of interaction with LCAT (lecithin cholesteryl acyltransferase). Analysis of salt bridge
persistence during simulation provides insights into structural features of apoA1l that forms the backbone of
the lipoprotein. The combination of molecular dynamics simulation and experimental data from a broad
range of biophysical platforms serves as a powerful approach to studying large macromolecular assemblies
such as lipoproteins. This application to nascent HDL validates the DSH model proposed earlier and suggests

new structural details of nascent HDL.

High-density lipoproteins (HDL)" are complex macromolecu-
lar assemblies that function to transport free and esterified
cholesterol cargo from periphery cells to liver for ultimate elimi-
nation from the body through a complex physiological process
called reverse cholesterol transport (1, 2). HDL continue to be the
focus of intense clinical, biological, and structural investigations
because of substantial evidence indicating a crucial role for the
lipoprotein in atherosclerosis (3—5). HDL historically are defined
by their buoyant density characteristics and constitute a complex
array of apolipoprotein Al (apoAl)-containing particles that
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differ on the basis of their degree of maturation and composition,
including the suite of proteins associated with the HDL particle.
The heterogeneous nature of HDL and the plasticity and dyna-
mics of the molten particle are essential features for the lipid
carrying biological function. However, these same characteristics
have impeded detailed structural interrogation of HDL and the
ability to relate specific physiological functions of the particle to
defined structural features. Theoretical models of nascent HDL,
an early form of HDL formed upon lipidation of apolipoprotein
A1l by the ABCAI cell transporter, have evolved as new experi-
mental data have accumulated and been applied to the refine-
ment of existing models [e.g., Picket Fence (6), Double Belt (7, 8),
various Hairpin Loop types (9—11), Solar Flares (/2), and, most
recently, the Double-Super Helix Model (DSH)(13)].
Traditional high-resolution structural approaches such as
X-ray crystallography and NMR have thus far proven to be
ineffective for structural characterization of intact HDL. Conse-
quently, many global structure—function relationships of the
lipoprotein have been inferred by molecular dynamics simula-
tions, and most of the all atom structures of nascent HDL
proposed thus far are computational models with limited experi-
mental data (/4—22). A growing movement within the structural
biology field for the study of macromolecular complexes resistant
to traditional high-resolution approaches is the concept of com-
bining synergistic data from multiple diverse experimental tech-
niques through computationally intensive theoretical methodol-
ogies. In theory, it is thus possible to enhance lower-resolution
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models to greater refinement, bridging gaps in results and
conclusions from individual platforms (13, 23—25).

For example, a mechanistic understanding of membrane
protein structure and function can be achieved without crystal-
lographic or alternative high-resolution data by combining
biophysical and biochemical constraints with computational
analyses and cryo-EM low-resolution data (26). In this spirit,
we have recently proposed a new structural model of nascent
HDL, the Double-Super Helix (DSH) model, by combining for
the first time small angle neutron scattering (SANS) with contrast
variation and biophysical constraints from multiple platforms
with computational modeling (/3). Low-resolution structures of
protein and lipid components of nascent HDL were directly
visualized by SANS with contrast variation and selective isotopic
deuteration of apoAl and then enhanced by incorporation of
additional biophysical constraints [e.g., hydrogen—deuterium
exchange tandem mass spectrometry (H/D-MS/MS), fluores-
cence resonance energy transfer (FRET), MS/MS cross-links,
electron microscopy (EM), and electron spin resonance spectros-
copy (ESR)].

Key structural features of the DSH model, namely, the open
helical shape of apoA1 and a nonbilayer organization of the lipid
phase around the protein scaffold (/3), are a dramatic departure
from the widely held view of nascent HDL as a lipid bilayer disk
enshrined by a circular belt of protein. While the DSH model
proposed was derived from computational approaches that
incorporated biophysical constraints from multiple diverse plat-
forms, a detailed analysis of the model following prolonged
molecular dynamics simulation has not yet been reported. In
these studies, we more closely examine the relationship between
available experimental data for reconstituted nascent HDL
obtained by various biophysical approaches and an all-atom
80 ns molecular dynamics simulation analysis of the fully hydra-
ted particle. The phospholipid:cholesterol:protein ratio of the
reconstituted HDL particles examined in this study is compar-
able to that reported for ABCAl-generated nascent HDL (e.g.,
ref 27), and structure—function studies of the reconstituted HDL
particles by our group has previously shown they possess bio-
logical activities indistinguishable from HDL isolated from
plasma, including promotion of cholesterol efflux activity, LCAT
interaction and activation, anti-inflammatory and anti-apoptotic
activity, and specific binding to the HDL receptor, scavenger
receptor Bl (72, 13). Our main goal in this study was to investi-
gate whether molecular dynamics simulations are congruent with
SANS imaging data; i.e., we tried to answer the following
question: Is the helical shape of the protein component of nascent
HDL thermodynamically feasible?

MATERIALS AND METHODS

Preparation and Routine Characterization of Nascent
HDL. All reconstituted nascent HDL (rHDL) preparations
generated for SANS, NMR, and EM analyses in these studies
were first characterized by an array of biophysical (e.g., dynamic
light scattering, nondenaturing PAGE, and far-UV circular
dichroism), chemical (e.g., confirmation of chemical composition
by LC—MS/MS analysis of select amino acids for protein quan-
tification, cholesterol, phospholipid, and cholate), and biochem-
ical assays [i.e., total and ABCA1-dependent cholesterol efflux,
interaction with the plasma enzyme lethicin cholesteryl acyl-
transferase (LCAT), binding to the HDL receptor (scavenger
receptor Bl, SRBI), and both anti-apoptotic and anti-inflam-
matory activities] to ensure generation of a relatively monodisperse,
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chemically and biologically defined, and functionally intact particle.
A detailed presentation of the methods used to prepare rHDL and
the biophysical, chemical, biochemical, and functional assays used
for its characterization have recently been extensively described (13).
In brief, human apoAl was isolated from HDL recovered from the
plasma of healthy donors by ultracentrifugation, and lipid free
human apoAl was isolated by ion exchange chromatography of
delipidated HDL (28). Recombinant human apoA1 was generated
in Escherichia coli (29) using the kanamycin resistant plasmid
pET20b+ encoding six-His-tagged human apoA1 transformed into
E. coli BL21(DE3) cells (I3). Deuterated recombinant human
apoAl was similarly prepared from E. coli grown in >90% D,O
and deuterated nutrients (/3). Sodium cholate dialysis (30) was
used to prepare rHDL using 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC), cholesterol, and apoAl in a molar ratio
of 100:10:1. Before being used in SANS, EM, or NMR studies,
rHDL and isolated human plasma-derived HDL (pHDL) prepara-
tions were further purified by gel filtration chromatography using a
large (approximately 1 in. x 3 ft) Sephacryl S300 (GE Healthcare)
column.

Small Angle Neutron Scattering Analyses. SANS experi-
ments were conducted on instrument KW2 (http://www.jcns.
info/detailsKWS2), a classical pinhole camera that provides the
highest neutron flux available at the Jiilich Center for Neutron
Science at reactor FRM-II (Garching, Germany). Data were
collected from two positions of the detector (2 and 8 m from the
sample), thus covering the momentum transfer (¢) range from
0.008 to 0.35 A~!. The wavelength 4 of the neutron beam used
was 4.5 A. As in recently reported studies (/3), samples were
measured at multiple levels of contrast, including those optimized
to visualize the protein within rHDL (i.e., in 12% D50, the match
point of lipid) and those optimized to visualize the lipid within
rHDL (i.e., in 42% D,0, the match point of protein). Analyses of
the scattering intensities at each contrast level produced the
radius of gyration, R, [using Guinier approximation (3/)], and
the intensity extrapolated to 0°. First, GNOM (32) was used to
deconvolute the scattering intensity curve into the distance
distribution function, p(r), using the inverse Fourier transforma-
tion. The p(r) function was subsequently used for DAMMIN (32)
to produce low-resolution structures of both the protein and the
lipid components of nascent HDL based on data from 12 and
42% D»O contrast levels, respectively. The signal:noise ratio of
the sample in 12% D,0 was enhanced using deuterated apoAl
for the reconstitution of the HDL particle.

'p NMR Experiments with Nascent HDL and Small
Unilamellar Vesicles. THDL, pHDL, and small unilamellar
vesicles (SUV) were comprised of 1-palmitoyl-2-oleoyl-sn-gly-
cero-3-phosphocholine (POPC) generated by extrusion. POPC
was selected for the generation of small unilamellar vesicles
(SUV) because X-ray diffraction studies have demonstrated this
molecular species of glycerophospholipid preferentially adopts
the lamellar phase (33, 34). To prepare SUV, POPC in chloro-
form was initially dried under vacuum and then fully hydrated by
addition of buffer [20 mM Hepes buffer and 100 mM NaCl in
10% D,0 (pH 7.4)] above the phase transition temperature (35).
Following vortexing to disperse the hydrated lipids, SUV were
generated by sequential extrusion through polycarbonate filters
with 0.4, 0.1,0.05, and 0.03 mm pore sizes multiple times using an
Avanti Mini-Extruder Set (Avanti Polar Lipids, Alabaster, AL).
Throughout all experiments, freshly prepared vesicles were
maintained well above the phase transition temperature to avoid
vesicle fusion. The hydrodynamic radius of SUV preparations
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was determined with a DynaPro-801 dynamic light scattering
instrument as described previously (12), and *'P NMR analyses
of HDL and SUV preparations were performed on a Varian
Inova 600 MHz spectrometer operating at 242.85 MHz equipped
with a broadband probe. Spectra were recorded with WALTZ-16
modulated proton decoupling (599.91 MHz) at 30 °C. The
chemical shift positions of lipid dispersions and HDL were
recorded relative to 85% H3POy (0.00 ppm).

Electron Microscopy Studies. Images of negatively stained
HDL were recorded as recently described (/3) using a JEOL 1200
EX II'microscope at 100 kV, and selected negatives were digitized
on a Zeiss scanner at a step size of 14 um giving a pixel size of
3.5 A at the specimen level. The resulting data were processed
further with the Imagic package.

Solvation of the DSH Model of Nascent HDL. The
Double Super Helix (DSH) model used as the starting structure
of the simulation is deposited in the Protein Data Bank (PDB) as
entry 2K2S. To shorten the simulation time, the all-atom model
of nascent HDL (the DSH model) was converted to an united-
atom model using well-established force fields within the GRO-
MACS molecular dynamics simulation program (36) to describe
the interactions between atoms of molecules composing the lipo-
protein and solvent. In this type of force field [modified GRO-
MOS87 force field in GROMACS (36)], hydrophobic hydrogen
atoms, and the carbon atom to which they attach (CH;, CH», and
CH), are replaced by united atoms that have a volume that
accommodates all atoms in the group. To describe the interaction
among atoms of phospholipids (POPC), a modified united-atom
force field with special parameters for acyl chains was used
(37, 38). Cholesterol was described by a united-atom force field
developed by Holtje and Brandt (39). Next, the united-atom
model of nascent HDL (here termed the DSH model) was
solvated in water using a previously described protocol (12).
Briefly, the DSH model was immersed in a box of SPC water
molecules (40). The distance from the particle to solvent box walls
was set to 1.5 nm to minimize the interaction of the lipoprotein
with its images in the replicas. Eight water molecules were
replaced with sodium ions to neutralize the negative charge of
the two chains of apoAl, and then 48 water molecules were
substituted with 24 pairs of NaClions to produce a physiological
salt concentration in the simulation box (300 mosM). The
solvated system was subjected to a series of energy minimizations,
using GROMACS, in which the system was allowed to relax
gradually (first the solvent alone, then the lipid, and finally the
protein). In the last step of energy minimization, all atoms in
the system were allowed to relax. The calculation of the total
energy of the system has taken into account periodic boundary
conditions for the solvated system; the cutoff for the van der
Waals interactions was 1 nm, and for Coulomb interactions,
the Ewald summation was used as implemented in the PME
method (41).

Molecular Dynamics Simulation on Solvated Nascent
HDL. Prior to the 80 ns simulation of HDL, a preliminary 100 ps
simulation of the particle was performed where movement of all
non-hydrogen atoms of the lipoprotein were restrained to allow
the solvent to rearrange and start equilibrating. In addition,
the change in temperature, the total energy, and the root-
mean-square displacement (rmsd) of the protein backbone were
monitored during the entire simulation. By 20 ns, all of these
variables achieve a steady state level. The simulation was per-
formed in a canonical ensemble, NVT (i.e., the variable of states
number of particles, N, volume, V/, and absolute temperature,
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T, were kept constant). The simulation 7" was maintained at 300
K using the Berendsen thermostat (42). Random initial velocities
were assigned for 300 K. The bonds between atoms in protein and
lipid components were reset to their correct value by using the
LINCS algorithm (43). Both the bond lengths and the bond
angles in the water molecules were constrained by the SETTLE
algorithm (44). The time integration step was 2 fs, and a
coordinate frame was saved each 10 ps. All snapshots (more
than 8000) constitute the trajectory of the particle during
simulation, which was used to evaluate the quality of the
simulation and the thermodynamic stability of the lipopro-
tein—solvent system. A trajectory made of 21 snapshots taken
every nanosecond between 0 and 10 ns, and every 5 ns between 15
and 60 ns, was used for time-consuming analyses. While the
initial 20 ns of simulation can be seen as system equilibration, this
period was included in the analysis to compile a comprehensive
understanding of where the model started, versus its steady state
position following prolonged molecular dynamics simulation.
This allowed us to more readily compare the impact of the
simulation trajectory on the global architecture of apoAl, as well
as the experimentally derived DSH model versus the penultimate
model derived following the prolonged molecular dynamics
simulation.

Calculation of Hydrogen— Deuterium Exchange Incor-
poration Factors from the Simulation Trajectory. Hydro-
gen—deuterium exchange incorporation factors (Dp) were
calculated for all residues of apoAl using experimental data
from overlapping apoA1 peptides of nascent HDL analyzed by
H/D-MS/MS, as described in our previous publications (12, 13).
To calculate per residue D} values for all snapshots extracted
from the simulation trajectory of apoAl, we used the hydro-
gen—deuterium exchange methodology implemented in DEXA-
NAL (12, 13). This methodology was validated by previously
applying it to a set of protein crystal structures with published
NMR-derived H-D exchange rate constants (k) and/or H/D-
MS/MS-derived D, values for peptides (/3). For the sake of
completeness, we briefly describe here the theoretical formalism
behind this methodology. DEXANAL uses experimentally mea-
sured Dy values for overlapping peptides determined by H/D-
MS/MS (in the case of apoAl of rHDL, there was >95%
coverage), and a molecular model to produce a set of H-D
exchange probabilities (XP;) that are used to predict per residue
deuterium incorporation factors (D), residue unfolding equilib-
rium constants (K%), and H—D exchange rate constants (k...
Gauging the difference between experimental and calculated Dy
values assesses the input model. _

The H—D exchange rate constant, k., for each residue i relates
to the experimentally derived Dy and the exchange time, ¢, by the
following equation:

~ Kt =In(1 - D}) (1)

The residue unfolding equilibrium constant, K, (the reciprocal
of the NMR protection factor), is the ratio of k% and the intrinsic
H-D exchange rate constant (k%) of individual residues in
unstructured loops (43, 46):

K
K= @
kch

For an ensemble of protein conformations, XP; defines the
ratio of the number of protein molecules (Np') where the
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backbone amide H of residue i exchanged with D to the total
number of molecules:

Np,

XP; =
b+ Ny

(3)

For a single conformation (and not an ensemble), XP; for each
residue i can be calculated as the product of two quantities (RAI;
and BAI;) encoding structural information about residue /s size,
chemical composition, and interactions with the rest of the
system:

XP,‘ = RAI, X BAI, (4)

This basic equation incorporates information about the degree
of protection (both local solvent accessibility and dynamics) of
the backbone amide H of residue i. BAI; and RAI; are the
backbone and residue accessibility/dynamics indices, respec-
tively, with values between 0 and 1. The probability correction
factor (PCF)) is the ratio of the experimentally determined per
residue deuterium incorporation factor Dy’ (obtained by parti-
tioning the experimentally measured D, for peptic peptides) and
the calculated probability XP;:

Dy

PCF; =<

(5)

PCF gauges the difference in protection to exchange of a
backbone amide H atom in the molecular model with respect to
the same H in the real structure and is used to refine the
conformation of individual residues in the model (i.e., adjust
the protection of amide H’s). Indices BAI and RAI are calculated
using an approach similar to COREX (47).

The BAI index is the ratio of the atomic (van der Waals)
surface area of the backbone amide H atom in the model
[(A11)model] to that in the random coil conformation [(Ag).d.

Bal, = gl Y i) (6

If the amide H is involved in hydrogen bonding, BAI is
modified by an exponential term that includes the length of the
hydrogen bond (dyp).

The RAI; index of residue 7 is the ratio of the solvent accessible
surface area of the residue in the model (A')moqe to that in the
random coil (4%, conformation:

(Al) del ~PD
RAI; = ——moce £ 7
=), "

RAI is modulated by a factor f;° that takes into account the
dynamics of the protein (/2, /3), present in experimental data but
not included in a single frozen conformation.

Calculation of Patch Hydrophobicity and Solvent Ac-
cessible Surface Area (SASA). Patch hydrophobicity (PH) is
a calculated per residue index based on the hydrophobic indices
of amino acid residues that takes into account the local environ-
ment of the residue within the predicted three-dimensional
structure (48). PH was determined for each amino acid residue
by averaging the hydrophobic indices of neighboring residues
(within 15 A) located on the same side of protein, i.e., either inside
(facing the lipid) or outside (facing the solvent) (/3). PH is thus a
normalized residue index of solvent accessibility in the range of
zero to one that incorporates local structure and accounts for
the fact that a hydrophobic residue exposed to solvent, when
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surrounded by mostly hydrophilic residues, destabilizes the local
conformation of the protein to a lesser extent. The solvent
accessible surface area (SASA) of the protein was calculated
using MSMS (49) and was separated into hydrophobic and
hydrophilic contributions based on the hydrophobic index of
amino acid residues. The SASA exhibited by the acyl chains
originates mainly from regions of acyl chains exposed to sol-
vent (50) and to a lesser extent from the fact that acyl chains pack
less densely than polar headgroups and protein (5/). Inspection
of the simulation box shows that no water molecule was found
inside the lipid core.

RESULTS

apoAl Retains a Superhelical Conformation during the
Entire Simulation. Nascent rHDL in solution reached ther-
modynamic equilibrium [i.e., constant average total energy (E)
(Figure 1A)] after a roughly 20—30 ns simulation. The average T
of the system remained constant [300 K (Figure 1B)] during the
entire simulation. Analysis of the root-mean-square displacement
(rmsd) of the apoA1 backbone during simulation indicates that
the most significant change in the conformation of apoAl (i.e.,
the decrease in the pitch of the overall helix) takes place during
the first 10 ns (domain C of Figure 2A), after which the rmsd
reaches a plateau (domain D of Figure 2A). Figure 2B shows the
change in solvent accessible surface area (SASA) calculated
throughout the simulation. Most of the SASA of apoAl (~80%)
corresponds to solvent-exposed hydrophilic amino acid residues. It
is evident that the proper orientation of apoA1 amphipathic chains
during the simulation contributes to the thermodynamic stability of
the HDL particle as confirmed by the minimal variation in E
(Figure 1A).

The overall conformation of apoAl chains and the changes
that occur during the molecular dynamics trajectory are illu-
strated in panels C (first 10 ns) and D (from 10 to 60 ns) of
Figure 2. During the first 10 ns of the simulation, there is a
noticeable decrease in the length of the particle’s main axis (from
171 to 111 A) and an increase in the shorter dimension (from 73
to 85 A), leading to a more spheroidal shape. There is very little
change in the conformation of apoA 1 after 10 ns, and the protein
retains the overall helicity and conformational asymmetry during
the more prolonged simulation (Figure 2D). Importantly, despite
the change in the overall dimensions of the particle (from an
elongated ellipsoid to a spheroid), the overall architecture of
apoAl remains unchanged. Namely, the protein retains (1) the
overall helical conformation as proposed for the DSH model of
nascent HDL, (2) the secondary structure (i.e., the same degree of
a-helicity), and (3) a global conformational asymmetry (i.e., the
two associated N- and C-termini fold back and interact with the
rest of the protein distinctly). We hypothesize that this asymme-
try of apoAl proposed for the first time in the DSH model is
characteristic of nascent HDL and is reflected in several structur-
al features of the protein conformation, which will be discussed
later (vide infra).

Simulation Confirms That the Micellar and Pseudola-
mellar Organization of Lipids in Nascent HDL Is Thermo-
dynamically Stable. Like the analysis of apoAl trajectory,
Figure 3A shows the superposition of various models of the lipid
phase (POPC and cholesterol) corresponding to simulation
snapshots. The left panel displays the superposition of 11 snap-
shots taken in the first 10 ns of simulation, while the right panel
shows the superposition of 11 snapshots taken during the next
50 ns. While the change in shape from prolate ellipsoid to
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FIGURE 1: Energy and temperature fluctuations during the molecu-
lar dynamic simulation of nascent HDL in solution. (A) Fluctuation
in the total potential energy of the simulation cell. The graph shows
that it takes ~30 ns simulation for the system to reach thermody-
namic equilibrium. (B) Fluctuation in the absolute temperature. The
system maintains on average the temperature setup for simulation
(300 K).

spheroid is visible during the first 10 ns, it is worth noting that the
overall lipid organization (micellar and pseudolamellar packing)
proposed for the DSH model of nascent HDL is retained during
this part of the simulation, and the lipid remains in the proper
orientation with respect to solvent; i.e., polar headgroups are
oriented outward (toward solvent), while acyl chains are oriented
inward (toward each other) and toward the hydrophobic surfaces
of apoAl.

Analyses of SASA during the trajectory of the simulation
confirm that the lipid polar headgroups and hydroxyl group of
cholesterol contribute the most to SASA (Figure 3B). The fact
that the major contribution to solvent accessible surface comes
from lipid polar headgroups and is retained during simulation
indicates that the micellar and pseudolamellar organization of
the lipid in nascent HDL is thermodynamically stable when it is
bound to protein. The left panel of Figure 3C shows the overall
structure of the lipid core after a 60 ns simulation (polar head-
groups colored purple and fatty acyl chains green). The visible
diagonal green stripe on the lipid surface corresponds to the place
where the antiparallel apoA 1 chains are located in the model. The
right panel displays a cross section through the HDL particle,
which reveals the micellar and pseudolamellar packing of the
lipid with polar headgroups pointing radially outward, and acyl
chains and the sterol core of cholesterol pointing inward. The
protein chains are visible at the periphery of the particle, and
cholesterol molecules are shown to intertwine with the acyl
chains.

A noticeable feature of the simulated lipid phase is the presence
of a central empty cavity. Inspection of the simulation box shows
that no solvent molecule penetrated the lipid layer, and the cavity
is empty (i.e., free of solvent). It is noteworthy that previous
experimental scattering studies of micellar systems have shown
the existence of a central void within micellar systems (52, 53),
and molecular dynamics simulations of micellar systems have
similarly predicted the presence of such voids (51, 54, 55), with
ellipsoidal to spheroidal shape changes depending upon subtle
changes in the molecular dynamics force fields used (56, 57). Prior
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molecular dynamic simulations of micellar systems (56, 57) sug-
gest that the change in shape may be attributed to an imbalance
between polar interactions among polar headgroups of the lipid,
on the one hand, and dispersion interactions among acyl chains,
on the other (vide infra).

The 3P NMR Chemical Shift and Half-Line Width of
POPC Point to Micellar Packing of Lipids in Nascent
HDL. The micellar organization of lipids posited in the DSH
model of HDL and the molecular dynamics simulation studies
presented here suggests a highly dynamic environment for the
phospholipids within rHDL. We therefore sought to perform
experimental studies to directly address this possibility. Prior
studies have shown that *'P NMR of the polar headgroup
phosphate moiety of phospholipids can distinguish between
different smectic mesophases (molecular packing arrangements)
because lamellar, micellar, and hexagonal array arrangements of
phospholipids demonstrate distinct >'P NMR spectral features,
including distinct chemical shifts, line shapes (symmetric vs
asymmetric with upfield or downfield tails), and line widths
(33, 35, 58, 59). *'P NMR analyses of both nascent rHDL and
pHDL demonstrate a sharp isotropic peak at 0 ppm (Figure 3D
and inset). The chemical shift, line width, and symmetrical shape
are all consistent with a micellar smectic mesophase (33, 33, 58).

While the chemical shift of the *'P NMR spectra for HDL
preparations indicates a micellar and nonlamellar organization, a
small particle rapidly tumbling in all orientations could theore-
tically contribute to the isotropic spectral features observed for
both pHDL and rHDL. We therefore compared the *'P NMR
half-line width of the phospholipid within HDL with the spectral
characteristics of phosphate within SUV of differing sizes. SUV
with different radii (measured with dynamic light scattering) were
made with the most abundant phosphatidylcholine molecular
species present within rHDL and pHDL (POPC) by passage of
the lipid multiple times through different extrusion pore sizes
(Materials and Methods). POPC was chosen for the generation
of SUV of varying radii because it is known to have a strong
lamellar phase packing preference as demonstrated by X-ray
diffraction (34). The line widths (in hertz) at half-peak height
observed during *'P NMR analyses of each vesicle preparation
and both rHDL and pHDL are shown in Figure 3D. As expected,
a linear relationship (R = 0.98) was observed between the
particle radius and *'P NMR line width for varying sized SUV
(Figure 3D). Upon extrapolation to the half-line width predicted
for a vesicle (bilayer lipid packing) the same size of a nascent
HDL particle (radius of gyration of 51.3 A), the half-line width
predicted for a lamellar phase particle is considerably larger than
that observed with either rHDL or pHDL (Figure 3D). Collec-
tively, these results demonstrate that the environment experi-
enced by the phosphate group of the phospholipid within HDL is
highly dynamic with greater isotropic motion than what would be
observed with a similar sized bilayer (SUV) organized particle.

Repeat Small Angle Neutron Scattering and Electron
Microscopy Studies Visualize Nascent HDL as a Prolate
Ellipsoid. The shape of the HDL particle during simulation
changes from elongated ellipsoid, as proposed in the DSH model
(13), to spheroid. This is the only simulation result that differs
from experimental evidence, with all other features of SANS and
other biophysical platforms (as outlined below) matching the
simulation results. This was surprising because the prolate
ellipsoid shape of the DSH model is based upon experimental
observation, i.e., direct visualization of the particle by small angle
neutron scattering (SANS) and electron microscopy (EM) (13).
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FIGURE 2: Root-mean-square displacement (rmsd) of the apoA 1 backbone from the conformation of apoA1 in the Double Super Helix model of
nascent HDL. (A) Fluctuation in the rmsd of the apoAl backbone conformation during simulation. The graph shows that most of the
conformational change in the apoA1 backbone occurs in the first 10 ns of simulation. (B) Change in the total (black), hydrophilic (orange), and
hydrophobic (green) solvent accessible surface area (SASA) of apoA1 during simulation. Most of the solvent accessible surface of apoAl (~80%)
is made of hydrophilic amino acid residues. (C) Superposition of 11 simulation snapshots taken 1 ns apart during the first 10 ns. apoAl chains are
colored from N to C terminus with a gradient from dark red to light red or dark blue to light blue with the N-termini colored dark red and dark blue
and C-termini colored light red and light blue. The left and right panels show the same superposition of frames from different vantage points
with the N-terminus of chain A pointing outward in the left panel and the N-terminus of chain B pointing outward in the right panel.
(D) Conformational changes in the apoA1 backbone during the next 50 ns simulation. The three panes confirm the result in panel A; that is, there
is little change in the conformation of the apoA 1 backbone after the first 10 ns simulation. In the left and right panels, the N- and C-terminal pairs

of apoAl point outward, emphasizing the helical shape of apoA1l, which is retained during the entire simulation.

To experimentally reassess the global shape of rHDL, new
SANS experiments with contrast variation were performed. The
experimental scattering data and predicted scattering curve for
the protein (at 12% contrast) and lipid (at 42% contrast) are
shown in Figure 1 of the Supporting Information. Comparison of
the low-resolution structures of protein and lipid components of
rHDL from the original SANS studies used for generation of the
DSH model (Figure 4A) and the new SANS shapes for protein
and lipid obtained from experiments on new rHDL preparations
(Figure 4B) reveals striking similarity. The shape of the protein
has the same spatial characteristics, i.e., a helix that wraps around
a prolate ellipsoid lipid core. In addition, EM micrograph
analyses of THDL preparations (Figure 4C) confirm that the
rHDL particles are elongated ellipsoids of ~165—170 A, in close
agreement with the overall dimensions of the ellipsoid obtained
from independent sets of SANS analyses. We conclude from the

direct experimental observations using both SANS and EM that
the overall shape of rHDL is a prolate ellipsoid.

Further comparison of experimental SANS data, obtained
from samples examined at 12% D,O contrast, with theoretical
results derived from simulation is illustrated in Figure 5, along
with the change in apoA1 shape and of the overall HDL particle
during the course of simulation from an elongated ellipsoid [DSH
model (Figure 5A)] to a spheroid [60 ns (Figure 5B)]. During the
simulation, the radius of gyration (Ry) decreases from 52.3 to
~44 A, with the majority of the change in R, occurring during the
first 10 ns of the simulation (Figure 5C). A comparison of the
experimental and calculated SANS scattering intensities during
the molecular dynamics trajectory is shown in Figure 5D. The
predicted scattering intensities of various simulation-derived
models show that the scattering curves depart from the experi-
mental data as the simulation progresses, and the departure
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F1GURE 3: Simulation trajectory of the lipid phase component of nascent HDL. (A) The left panel shows the superposition of 11 snapshots taken
during the first 10 ns simulation. The polar headgroups of POPC are colored purple and the acyl chains green. Cholesterol is colored orange. The
right panel shows the superposition of 11 snapshots taken during simulation in the next 50 ns (from 10 to 60 ns). The superposition shows that
the lipid core becomes more spheroidal and that the most significant change in its shape takes place during the first 10 ns. (B) Changes in the
hydrophobic (green), hydrophilic (orange), and total (black) solvent accessible surface area during simulation. (C) The left panel shows the
packing of the lipid core after a 60 ns simulation. The polar heads of POPC are shown as purple beads, while the acyl chains are shown as green
beads. Cholesterol molecules are colored orange. The right panel shows a cross section through the lipid core and apoA1 double chain (red and
blue). The panel shows the micellar—lamellar structure of the lipid core with the POPC polar headgroups oriented radially toward solvent and acyl
chains pointing inside. (D) Plot of the half-line width of the *'P NMR spectrum recorded for multiple distinct small unilamellar vesicles (SUV) of
differing size produced from POPC, reconstituted HDL (rHDL), and nascent HDL isolated from human plasma (pHDL). SUV with diameters of
> 20 nm were generated by sequential extrusion through polycarbonate filters with 0.4, 0.1, 0.05, and 0.03 mm pore sizes 15 times. POPC SUV
with a diameter of 17.6 nm were generated in a manner similar to that for POPC SUV with a diameter of 25.6 nm, but with 30 extrusions. POPC
SUV with a diameter of 14.9 nm were generated using the cholate dialysis method.

correlates with the change in the R, of the model. In addition, the
scattering curves for the simulation models develop humps,
which become accentuated as the simulation progresses.
Figure SE displays the goodness of fit (3%) of experimental versus
calculated intensities for various simulation models during the
course of the molecular simulation. It is worth noting that during
the first 30 ns the goodness of fit deteriorates monotonically and
then starts oscillating, an indication that apoAl starts changing
conformation back to some extent. For example, the models
obtained after 30 and 60 ns have the same y°.

The H—D Exchange Predicted from the Simulation
Agrees with Experimental Data. The analysis of the fluctua-
tions in apoA1 backbone amide H—D exchange rate constants

(key), deuterium incorporation factors (D), and per residue
unfolding constants (K,) during the course of the simulation
indicates that the average D, values predicted from simulation
are consistent with experimental data (Figure 6 and Table 1 of the
Supporting Information). Comparisons of experimental and
predicted D, values, correlation coefficients (R), and patch
hydrophobicities (PH) for 0—10 and 10—60 ns trajectories are
also shown (Figure 6). Notably, the trajectory analyses show D,
and R in close agreement with the same experimental quantities,
and that the partition of the amino acid residues (based on PH
made in the DSH model) is retained during the entire simulation.
The overall goodness of fit of the experimental H—D exchange
data derived from analysis of rHDL and the calculated H—D
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FIGURE 4: Low-resolution structures of nascent HDL from small angle neutron scattering (SANS) and images from electron microscopy:
(A) Superposition of SANS low-resolution structures of apoA1 (orange) and the lipid core (green) of nascent HDL obtained from processing
scattering intensities collected at Intitut Laue-Langevin in Grenoble, France, as previously reported (/3). (B) Repeat low-resolution
structures for protein and lipid within rHDL preparations obtained from data collected at JCNS, Garshing, Germany, during this study.
(C) Electron microscopy micrograph of rHDL preparations. Detailed magnified insets show that the majority of the particles are prolate

ellipsoids.

exchange data for the starting DSH model and molecular
dynamics simulation models of nascent HDL are shown in Table
1. Both the correlation between the experimental and theoretical
H—D exchange incorporation factors of peptic peptides (D) and
the rmsd of the difference between the experimental H—D
exchange data and the calculated ones show excellent agreement
throughout the course of the simulation.

A residue level analysis of the H—D exchange data and the
correlation with PH of individual residues is shown for the entire
particle in Figure 7, and for two distinct regions of the lipoprotein
in Figures 8 and 9. Figure 7A displays a combination of average
per residue PH (top stripe) and both simulated and experimen-
tally derived per residue Dy’ (graphs below) for apoA1. Data for
the 0—60 ns simulation shown are the maximum (orange),
minimum (green), and mean (black dotted) calculated Dy’ values
plotted versus residue number, with superimposed experimen-
tally determined Dy’ (solid line) from H/D-MS/MS analyses of
rHDL. All values show remarkable periodicity that correlates
with the secondary structure of the protein (vide infra). Figure 7B
displays the 60 ns trajectory of apoA1 made of all 21 snapshots
(see Materials and Methods), and the overlaid snapshots show
that most hydrophilic residues (in terms of PH, colored orange)
are exposed to solvent and the majority of hydrophobic residues
(in terms of PH, colored green) face inward where they are in
contact with the lipid. This also points to the fact that the
hydrophilic—hydrophobic partition of apoAl residues pro-
posed in the DSH model produces a thermodynamically stable
structure.

In further analyses, we investigated the relation between the
secondary structure of apoAl and the observed periodicity of
H—D exchange data by performing separate analyses of H—D
exchange and PH on domains of apoA1 with distinct secondary
structure (i.e., either a-helical or random coil loop). For example,
Figure 8 displays the results of the analysis performed on a
predominantly a-helical domain of apoAl (Tyrgo—His,ss) that
hosts what has historically been called helix hy (Progy—Glu;sg), hs
(Projs;—Sery4), and part of hg (Proji3—Ala;e). Simulation
results shown in Figure 8B reveal that this domain of apoAl
remains o-helical during the entire trajectory. The top graph of
Figure 8A displays oscillations in the experimental (solid line)

and simulation-derived D, (maximum, minimum, and average
simulation data shown as orange, green, and black dotted lines,
respectively). The PH for individual residues is shown in the top
stripe. For example, in HDL models extracted from simulation
snapshots, both Ala;s, residues (both chains of apoAl) are
predicted to face the lipid core and are predicted to be involved
in hydrogen bonding. Amide H of Ala;s,4 persists in hydrogen
bonding 100% of the simulation; H of Ala, s, persists 90%. The
experimentally derived Dy’ values for these amino acid residues
are 0.05 (chain A) and 0.04 (chain B), and the average, minimum,
and maximum values of the predicted D, agree well with the
former (0.04, 0.03, and 0.05 for chain A and 0.05, 0.03, and 0.24
for chain B, respectively). Thus, both experimental and simula-
tion results indicate that the Ala, 5, residues of both apoA1 chains
experience minimal hydrogen—deuterium exchange, and mini-
mal dynamics. In contrast, the Ser;4, residues of both apoAl
chains face the solvent. Amide H of Ser;4 is involved in
hydrogen bonding only 24% of the simulation, while H of
Sery4op persists 67%. The experimentally derived Dy’ values for
these amino acid residues are 0.97 (chain A) and 0.93 (chain B).
The average, minimum, and maximum values of predicted Dy’ are
0.86, 0.53, and 1.00 for chain A and 0.83, 0.55, and 1.00 for chain
B, respectively. The average values for both chains (0.86 and 0.83)
are in reasonable agreement with the experimental Dy’ (0.97 and
0.93). The experimental and simulation-predicted Dy’ values for
Ser;4, are congruent and show that the amide proton on this
residue rapidly exchanges with solvent and experiences much
more dynamics than Ala,s,. It is also interesting to note that even
though some of the residues in apoAl are extremely dynamic
with a large range of predicted Dy’ values, there is remarkable
concordance between the predicted average D, across the
simulation trajectory (dotted line, Figure 8A) and the experi-
mental Dy derived from H/D-MS/MS analyses (solid line,
Figure 8A).

The marked oscillatory behavior of the experimental and
simulation-derived per residue deuterium incorporation factors,
Dy, is consistent with the predominantly o-helical secondary
structure and lipid interfacial environment of apoA 1. Thus, while
in globular proteins hydrogen bonding can play a dominant role
in the overall rates of H—D exchange of amide protons (60), in
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FiGure 5: Comparison of experimental and calculated small angle neutron scattering (SANS) intensities for the Double Super Helix (DSH)
model of nascent HDL, and models obtained during the 60 ns simulation. (A) DSH model of nascent HDL in which apoAl is represented with
spheres with the two chains are colored red and blue fading from the N- to C-terminus. The phospholipid is colored green and free cholesterol
orange. (B) Model of nascent HDL obtained from the simulation after 60 ns. (C) The left panels shows the radius of gyration (R,) during the
simulation trajectory. The right panel shows the conformations of apoAl (cartoon representation) in the DSH model (red) and after simulation
for 1, 10, and 60 ns. (D) Comparison of the experimental scattering intensity (empty circles with error bars) with those obtained by calculation
from the DSH model (red line) and all 21 snapshots during the simulation trajectory (various shades of gray). The gray bar at the top of the graph
color codes the intensity curves: light gray for conformations of apoAl at the beginning of the simulation and dark gray for the conformation
toward the end of the simulation. The intensity line corresponding to the last simulation snapshot (60 ns) is colored black. (E) y statistics, which
gauge goodness of fit between the experimental and theoretical intensities, as a function of simulation time. > = 1.37 for the DSH model.

HDL, the lipid environment has a dramatic impact on the overall
H—D exchange in apoA1 amide hydrogens. Figure 8B displays a
superposition of the models of apoA1 corresponding to the 0—
60 ns trajectory. The superposition of these apoAl domain
models shows that “patch” hydrophilic residues (orange) remain
solvent-exposed (left panel) while patch hydrophobic residues
(green) remain buried during the simulation, facing the lipid core.

A similar analysis was performed for the loop domain of
His;ss—Arg77 (Solar Flare, SF) of apoA1 chains A and B and is
shown in Figure 9. These loops host part of helices hg (Proj4—
Alajgq) and hy (Pro;es—Gly,g). Figure 9A displays graphs with
changes in experimental and simulation-predicted Dy’ values, and
the PH on the top stripes. A notable feature of this region of
apoAl within rHDL is that the variation in Dy’ values does not
follow the same oscillatory pattern as in the case of predomi-
nantly a-helical domains (e.g., Figure §). Most residues in the SF
loops show markedly rapid H—D exchange rates and have

corresponding enhanced predicted dynamics exemplified by the
range of predicted Dy, ky', and K, values (Table 1 of the
Supporting Information). Some residues within the SF loops
exhibit markedly dynamic character. For the sake of clarity,
Figure 9B shows the superposition of 11 snapshots only (every
5 ns between the 10 and 60 ns simulation trajectory) of these loop
domains of apoAlin tHDL. The PH is displayed in the stripes on
top of the graphs and color coded in the models. Visual
inspection shows that the majority of the residues in the SF
region remain as protruding solvent-exposed loops during the
entire simulation, consistent with the experimental H—D data.
These findings support the idea that these loops are thermo-
dynamically stable structures that remain highly exposed to
solution.

Simulation Models Preserve the Experimental Distance
Constraints and Overall Asymmetry of the apoAl Shape
Proposed for the DSH Model. A wealth of experimental
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F1GURE 6: Comparison between experimental and calculated deuterium incorporation factors (Dy) using molecular dynamics trajectory
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the average over 11 snapshots in the first 10 ns (red, empty square), and average over 11 snapshots between 10 and 60 ns (blue, empty triangle). (B)
Correlation coefficients (R) between experimental and theoretical D, values and slope () and intercept (b) of the linear regression lines for the Dy
values. (C) The top panel shows the patch hydrophobicity of apoAl in nascent HDL from simulation frames in the range of 0—10 ns. The
hydrophilic surface is colored orange and the hydrophobic surface green. The bottom panel shows the patch hydrophobicity of apoA1 in nascent

HDL from simulation frames in the range of 10—60 ns.

Table 1: Goodness of Fit between Experimental Hydrogen—Deuterium
Exchange Data and the Calculated Hydrogen—Deuterium Exchange Data
for the Double Super Helix and Molecular Dynamics Simulation Models of
Nascent HDL

model correlation coefficient” rmsd®
Double Super Helix 0.946 0.82
0—10 ns® 0.892 1.47
10—60 ns* 0.880 1.70
0—60 ns® 0.888 1.56

“Correlation between the theoretical hydrogen—deuterium exchange
incorporation factors of peptic peptides (Do) in the DSH or simulation
model and the actual experimentally measured deuterium incorporation
within apoA1 peptic peptides. “Root-mean-square deviation, which quan-
tifies the difference between the experimental hydrogen—deuterium ex-
change data and the calculated ones. A smaller rmsd indicates a better
agreement between experiment and theory. “Eleven snapshots in the range
of 0—10 ns separated by 1 ns were used to perform H/D-MS/MS calcula-
tions and average over all the snapshots. “Eleven snapshots in the range of
10—60 ns separated by 5 ns were used to perform H/D-MS/MS calculations
and average over all the snapshots. “Twenty-one snapshots in the range of
0—60 ns were used to perform H/D-MS/MS calculations and average over
all the snapshots.

investigations (FRET, MS/MS cross-linking, and ESR) report
various distance constraints in apoAl of tHDL (9, 11, 61—63).
We therefore analyzed the simulation models for goodness of fit
with available reported distance constraints from diverse bio-
physical approaches. Remarkably, we found that during the
trajectory of the simulation, virtually all distance constraints can
be accommodated. Table 2 lists the distance constraints obtained
from the different experimental platforms, together with those
found in the DSH model. Also shown are predicted minimum,
average, and maximum values of the constraints obtained from

simulation by the analysis of the simulation trajectory. The
distance constraints listed for the DSH model incorporate
specific modifications of amino acid residues according to the
biophysical method used for their determination. For example, to
compare distance constraints from the DSH model with those
obtained from FRET experiments (//), the distance was mea-
sured between a Trp residue and a residue modified in silico to
cysteine and attachment of the AEDANS acceptor (covalent
adduct with 5-{2-[(1-oxoethyl)amino]ethylamino}-1-naphthale-
nesulfonic acid). When ESR data were used (9), both residues
were modified to cysteine and the methane thiosulfonate nitr-
oxide spin-label (MTSSL) probe was attached. To compare
with distance constraints obtained from MS/MS cross-linking
(9, 61—63), in the DSH model we freely rotated the lysine residue
to obtain the minimum distance between them. None of these
transformations have been applied to models produced from
simulation because it was impractical to do this for such a large
number of structures. Thus, the distances obtained from simula-
tion models are between the extremities of nonmodified amino
acid residues involved in the distance constraints and under-
estimate the distances that would be observed with the probes
covalently attached for the FRET and ESR studies. The addi-
tional transformations on residues that we performed for the
DSH model in principle lead to a decrease in the distance between
residues because the AEDANS and MTSSL attachments are
rather large (15 and 6.5 A, respectively). Thus, if the distance
between residue extremities in simulation models is close (e.g.,
<40 A) to the experimental constraint, then the attachment of
the AEDANS or MTSSL probes will bring the experimental and
theoretical constraints into agreement.
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FiGure 7: Hydrogen—deuterium exchange incorporation factors (D) and patch hydrophobicity of full-length apoA1l in nascent HDL. (A) The
top panel shows patch hydrophobicity (top orange/green stripe) and a comparison between experimental (black line) and calculated Dy values for
residues of apoAl chain A. The orange and green lines identify the maximum and minimum, respectively, of the D, range of fluctuations
calculated from simulation snapshots. The black dotted line represents the average of calculated D values obtained from all 21 snapshots taken
during the first 60 ns simulation and used for analysis. On top of the patch hydrophobicity stripe the traditional a-helix domains on apoAl
(hy—hy) are identified. The bottom panel shows similar information for residues in chain B of apoA1. These two plots show that the average D,
obtained from simulation follows the same pattern as the experimentally derived Dy. (B) Superposition of all 21 snapshots of apoA1 (chains A and
B) taken during first 60 ns simulation. The apoA1 chains are shown in cartoon representation. The residues are colored according to their patch
hydrophobicity (orange for solvent accessible residues and green for buried residues). Left and right panels show the trajectory of apoAl in two
different orientations. In the left panel, helix 5 is facing the viewer, while in the right panel, helix 5 is facing away from the viewer.

As shown in Table 2, all distance constraints satisfied in the
DSH model are also satisfied in the simulation models. In
addition, there are a couple of intrachain MS/MS cross-linking
constraints not satisfied in the DSH model (Kgg—K 5 and Kgg—
K1g) that have minimum distances much shorter in simulation
models (Kgg K118: 69.1 =279 A ng Kll& 64.2 — 379 A)
Another interesting aspect is the fact that the analysis of distance
constraints points to a lack of symmetry in constraints between
protein chains. For example, the constraint between Kjp4 and
Kigop (minimum of 15.9 A) is not detected between K, and
Kigoa (minimum of 50.1 A) These situations highlight the
prediction that the conformations of the two chains of apoAl
within rHDL are dissimilar.

The Solar Flare Loops Remain Solvent Accessible and
Do Not Collapse during the Simulation. The original applica-
tion of H—D exchange to the study of rHDL resulted in
identification of an unusual region of apoAl demonstrating a
particularly rapid rate of H—D exchange, consistent with highly
solvent exposed protruding loops named the Solar Flares (12).
Experimental studies involving apoAl mutagenesis and peptide

competition binding studies confirmed this region corresponded
toan LCAT interaction site, facilitating LCAT activation (/2). In
the DSH model of nascent rHDL, the Solar Flare loops are
proposed to be retained, with charged residues (Argq, Hisigo,
and Aspieg) of apoAl forming a pair of salt bridges. Despite the
experimental data demonstrating marked H—D exchange and
the subsequent functional studies, the presence of stable Solar
Flare loops has been debated. Using only a computational
approach, Shih et al. (64) reported a brief 1 ns simulation and
suggested the SFs “collapse” because a salt bridge within the SF
was not preserved throughout the simulation (64). In our studies,
we therefore conducted more in-depth analyses of the SF regions,
including analysis of the formation and cleavage of predicted salt
bridges (e.g., Arg;eo—Aspies—Hisgp) in the Solar Flare loops
during simulation. The graph in Figure 10A displays the change
in predicted distance (nanometers) between the charged residues
involved in the ternary salt bridges during the course of the
simulation (i.e., Arg;so—Aspies and His;go—Aspies in both
chains of apoAl; red for chain A and blue for chain B). This
analysis shows that the His;o—Asp g salt bridge persists during
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FiGure 8: Hydrogen—deuterium exchange incorporation factors (Dg) and patch hydrophobicity in an a-helical region of apoAl (Y19o—Hjss)
that hosts helix hy (Pgo—E20), helix hs (P2;—S42), and part of helix hg (P143—A64). (A) The top panel shows patch hydrophobicity (top stripe)
and a comparison between experimental (black line) and calculated D, values for residues in the Tyr;go—His;ss region of apoAl chain A. The
orange and green lines identify the maximum and minimum, respectively, for the range of fluctuations of D, values calculated from simulation
snapshots. The black dotted line shows the average value of calculated Dy obtained from all 21 snapshots taken during the 60 ns simulation and
used for analysis. The bottom panel shows similar information for the Tyr;oo—His;ss region of chain B of apoAl. These two plots show that the
average values of D obtained from the simulation follow the same pattern as the experimentally derived D values and agree well with the latter.
(B) Superposition of all 21 snapshots of the Tyrgo—His; 55 region (chains A and B) taken during the 60 ns simulation. The apoA1 chains are shown
in cartoon representation, indicating that this region of the protein maintains a-helix secondary structure during the entire simulation. The
residues are colored according to their patch hydrophobicity (orange for solvent accessible residues and green for buried residues). hs of apoAl is
facing upward (out of the page) because of the curvature of the apoA1 chains. As a reference point, Gly 9, the middle point of hs, is colored black.
The left and right panels show the trajectory of the Tyr;qo—His;ss region in different orientations. The left panel shows the trajectory having the
solvent accessible surface (orange) of residues facing the viewer, while the right panel shows the trajectory with the buried residue surface (green)
facing the viewer. hs is facing away from the viewer (into the page).

the entire simulation in both chains, while the Arg;sy—Asp; g salt
bridge in chain A breaks after approximately 3 ns. Of note,
the latter salt bridge is predicted to again be re-formed briefly at
the ~50 ns point of simulation. On the other hand, the salt bridge
made of the same residues located on chain B (Arg;so—Aspisp)
is predicted to persist over the entire simulation. The analysis of
salt bridge dynamics in the SF loops confirms that salt bridges are
not irreversible covalent bonds but, rather, are ephemeral and
may be broken and remade during simulation. Importantly, these
domains retain their overall solvent-exposed conformation
(Figure 10) regardless the fate of the salt bridges.

Salt Bridges Provide Stability to the apoAl Chains That
Serve as a Backbone for the HDL Particle. The persistence
of salt bridges over the course of the molecular dynamics simu-
lation can give insights into structures of potential importance in

HDL function. We therefore monitored salt bridge formation
and cleavage throughout the particle during the simulation and
analyzed the stability and dynamics of interchain salt bridges in
terms of persistence over the trajectory. Figure 11 displays the
location and persistence (in gray scale) of the interchain salt
bridges on the apoAl dimer identified during the simulation. The
salt bridges are displayed on the conformation of apoA1 present
at the beginning of the simulation. Table 3 provides the mini-
mum, maximum, and average distances between charged residues
for each salt bridge identified during simulation and its persis-
tence. There are 25 interchain salt bridges predicted to be located
in the N/Cp half-domain of the apoA1 dimer and 22 predicted to
reside in the other half-domain (N4/C,) during the course of the
entire simulation. Of note, only seven salt bridges in the N,/Cp
half-domain and two in the Ng/C, half-domain were observed to
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FiGure 9: Hydrogen—deuterium exchange incorporation factors (Do) and patch hydrophobicity in the Solar Flare region of apoAl (H;s5—R77)
that hosts part of helix hg (P143—A164) and part of helix h; (P165—Gge). (A) The top panel shows patch hydrophobicity (top stripe) and a
comparison between experimental (black line) and calculated D, values for residues in the His;ss—Arg;;7 region of apoAl chain A. The orange
and green lines identify the maximum and minimum, respectively, for the range of fluctuations of D values calculated from simulation snapshots.
The black dotted line shows the average value of calculated D, obtained from all 21 snapshots taken during the 60 ns simulation and used for
analysis. The bottom panel shows similar information for the His;ss—Arg; 77 region of chain B of apoA1l. These two plots show that the average
values of D, obtained from the simulation follow the same pattern as the experimentally derived Dy values and agree well with the latter. (B) For
the sake of clarity, this picture shows the superposition of only 11 snapshots of the His;ss—Arg;77 region (chains A and B) taken between 10 and
60 ns. The apoAl chains are shown in cartoon representation. The residues are colored according to their patch hydrophobicity (orange for
solvent accessible residues and green for buried residues). The left panel shows the trajectory of the Solar Flare region of chain A

(His;ssa—Argi774) and the right panel the trajectory of the Solar Flare region of chain B (His;ssg—Arg;77).

persist for more than 80% of the simulation (Table 3). Table 3
also lists predicted distances between the charged residues of the
salt bridges suggested in the original DSH model. Interestingly,
some of the salt bridges identified in the original DSH model
are very short-lived in the simulation (e.g., Argy7a—Gluysp,
Lyssoa—Gluyogp, and Glugya—Lys 9sp), while other salt bridges
not observed in the DSH model are predicted to form during
the simulation (e.g., Glugsa—Arg;778, Glujosa—Lys;33p, and
His 9o —Aspagp). Among the 28 interchain salt bridges reported
in the DSH model (/3), 12 are found to persist for more than 50%
of the simulation.

DISCUSSION

Prolonged molecular dynamics simulation of the DSH model
of rtHDL supports the major conclusions reached about the
structure of nascent HDL based on a multitude of experimental
data (SANS, EM, H/D-MS/MS, NMR, distance constraints
from FRET, ESR, and MS/MS cross-linking). Notably, the
overall superhelical architecture of the protein directly visualized

by SANS with contrast variation is retained during the entire
simulation despite the change in the overall dimensions of the
particle. This scaffolding dictates the organization of the lipid
phase of the particle. Importantly, the proposed micellar lipid
organization posited in the DSH model is preserved throughout
the simulation, though the particle shape changes from prolate
ellipsoid to spheroid. The micellar lipid packing proposed is
consistent with new experimental *'P NMR data (chemical shift,
line shape, and half-line width) on both plasma-isolated HDL
and rHDL preparations. The H—D exchange deuterium incor-
poration factors and H—D exchange rate constants predicted
for apoAl amide hydrogens from the simulation trajectory are
also in excellent agreement with the experimental H/D-MS/
MS data. Finally, molecular models produced by simulation
accommodate a larger number of distance constraints derived
from various biophysical experiments than any other model.
Thus, lengthy all-atom molecular dynamics simulation sug-
gests the structure posited for nascent HDL in the DSH
model is a thermodynamically stable particle with properties
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Table 2: Distance Constraints (MS/MS cross-links, FRET, and ESR) in Nascent HDL and Their Fluctuations during Molecular Dynamics Simulation

simulation”
geometrical constraint  experimental distance (/QX) DSH model” distance (/GX) minimum distance (/GX) average distance (A) maximum distance (A)
Wsoa—Lxzon FRET (22.7)° 22.8¢ 28.2 36.2 46.1
Wsos—L230a 222 28.1 342
Woa—Azi08 FRET (23.5)¢ 30.2 329 38.7 49.2
Wap—Azioa 42.1 48.4 55.1
Looa—A190B FRET (24.0)° 26.2 30.8 34.3 39.8
Loop—A190a 43.1 48.3 54.3
Wiosa—A1708 FRET (28.8)¢ 26.6 13.8 20.9 28.4
Wioss—A170A 20.2 25.3 35.3
Q32— Q1308 FRET (30—35)° 17.3¢ 1.9 8.3 16.6
Kia—Kisos MS/MS (12)*¢ 16.1 15.9 21.0 26.5
Ki2—Kisa 50.1 59.6 68.4
Kaoa—Ka30 MS/MS (12)¢ 30.1 35.7 41.8 51.0
Kao—Kazoa 26.3 35.7 52.1
Ksoa—Kaoss MS/MS (12)7 15.6 14.7 23.5 32.6
K sop—Kaoga 21.9 28.5 39.1
K774a—Kiosp MS/MS (12)" 18.1 13.7 19.8 35.0
K778=Ki9s5a 35.0 41.5 49.8
Kssa—Ki1sn MS/MS (12)” 69.1 27.9 64.3 93.8
Kgsp—Kiisa” 62.3 71.2 78.4
Kosa—Ki 158 MS/MS (12)7 64.2 37.9 63.2 80.1
Koss—Ki13a 63.7 69.5 74.3
Kiisa—Kia0m MS/MS (12)5¢ 10.7 45 13.4 19.7
Kiiss—Kis0a 6.4 16.6 26.3
Ki33a—Kiaos MS/MS (7.7)% 6.4 7.8 12.9 25.2
K338~ Ki0a 12.0 17.6 24.6
Kaosa—Kaoss” MS/MS (12)/ 160.1 59.2 89.5 1115
Kisa—Kis3s' ESR (<15)° 6.2 3.0 6.6 12.7
Li34a—Liap’ ESR (<15)° 10.9 6.0 9.2 21.9
Eis6a—E 468" ESR (17—19)° 43.8 41.7 47.2 53.2

“From ref 13. “The distances reported from simulation do not include any conformational adjustments, like residue free rotation, Cys mutation/attachment

of methane thiosulfonate nitroxide spin-label (MTSSL) for ESR, or attachment of 5-{2-[(2-iodo-1-oxoethyl)amino]ethylamino}-1-naphthalenesulfonic acid
(AEDANS) acceptor for FRET experiments; rather, they are distances between the extremities of the residues in that particular snapshot from the
simulation. “From ref /1. “From Lietal.,2001,JBC. “From ref 9. “From ref 62. ¥From ref61. "This constraint is not compatible with 5/5 registry. ‘Distances
between two residues in the DSH model are from the oxygen atom of MTSSL on one residue and the oxygen atom of MTSSL of the other residue.

congruent with experimental data obtained from multiple
biophysical platforms.

One of the prominent features of apoAl architecture in the
DSH model of nascent HDL is its superhelical shape. SANS
analyses with contrast variation have allowed direct visualization
of the protein shape within rHDL. The open helical shape for the
antiparallel apoA1 chains appears to form a scaffold upon which
lipids assemble in the lipoprotein particle. It should be noted that
while the depicted illustration of apoA1 helical conformation has
a specific “handedness”, programs used for deconvolution of
scattering intensities into low-resolution structures cannot dis-
tinguish between mirror images of the helical protein (Figure 2 of
the Supporting Information) (65). This raises an intriguing
possibility that an enzymatic reaction like ABCAl-catalyzed
nascent HDL formation may actually produce particles contain-
ing only one protein helical handedness. Unfortunately, being
able to distinguish between HDL particles containing mirror
images of the helical apoAl is beyond the state of the art in the
field at present.

One major question raised by our molecular dynamics simula-
tion is the origin for the change in the overall dimensions of the
DSH model during simulation, because this feature contradicts
direct experimental data (SANS and EM). Previous molecular
dynamics simulations of micellar systems have shown similar
artifacts [i.e., preference for spherical micelles when molecular

mechanics force fields used to describe the intermolecular inter-
actions among polar headgroups are strong relative to weak
dispersion interactions among acyl chains (56, 57)]. The force field
used in our simulation has been used in multiple prior HDL
simulations and was extensively tested on lipids packed as bilayers
(37, 38). On the basis of this study, these molecular mechanics
parameters may need subtle further refinements to be able to re-
produce the overall time-averaged ellipsoidal shape of nascent HDL.

One structural element that no doubt plays an important role
in defining apoA1 architecture in nascent HDL is the location
and persistence of salt bridges. It is generally believed (8) that
interchain salt bridges between the amphipathic apoAl a-helices
provide mechanical strength to the particle through dynamic
interactions between the two chains, reducing their flexibility in a
fashion similar to that of two strands of DNA reversibly tethered
together through hydrogen bonds. The results of the molecular
dynamics simulation suggest candidate residues that may play an
important role in providing structural support to the particle
(Figure 12). They also reaffirm the idea of asymmetry in the local
structure of the two half-domains of apoA1, which underscores
the dissimilarity in the conformations of the two N; and C;
domains of apoAl, as shown in Figure 11 (bottom). The
predicted ends of the two half-domains are distinct, and the
Ng- and Cg-termini are predicted to fold back more tightly than
the Ng- and Cy-termini.
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FiGURE 10: Molecular dynamics simulation trajectory of the Solar
Flare loops (His;ss—Arg;77) and the predominantly o-helix se-
quences (Lys;7—Glngs), from the adjacent chain of apoAl in the
Double Super Helix model of nascent HDL. The trajectory is
composed of 11 snapshots in the 10—60 ns interval. Chain A of
apoAl is colored red and chain B blue, with the color fading from the
N- to C-terminus. (A) Fluctuations in the length of Rj5o—D14g (top)
and H;g—Djgg (bottom, red for chain A and blue for chain B) salt
bridges during the simulation. The top graph shows that the
Rigo—Djes salt bridge in chain A breaks after approximately 2 ns
and remains mainly broken during the entire simulation but is re-
formed briefly when the simulation reaches 50 ns. On the other hand,
the Rj¢o—Djg salt bridge in chain B is conserved during the simula-
tion. The bottom panel shows that the H;s,—D g salt bridges in both
chains are conserved over the entire simulation. (B) Superposition of
the 11 snapshots of the Solar Flare of chain A and the adjacent
o-helix of chain B taken during the 10—60 ns period of the simulation.
The residues involved in salt bridges are colored and shown as sticks
(cyan for Ry, yellow for Hygp, and black for Djeg). The super-
position shows that the Solar Flare conformation (chain A) changes
little during the simulation and remains unfolded and solvent exposed
as proposed in the Double Super Helix model of HDL. (C) Con-
formation of the Solar Flare loop (chain A) at the beginning of the
simulation (0 ns) and after 60 ns. A comparison of the two snapshots
indicates that the shape of the Solar Flare loop remains approxi-
mately the same regardless of one salt bridge (Rjgo—D)6g) being
broken. (D) Superposition of the 11 snapshots of the Solar Flare
(chain B) and the adjacent a-helix of chain A taken during the 10—
60 ns interval of the simulation. This trajectory shows that the two
salt bridges are conserved in all frames displayed. (E) Conformation
of the Solar Flare loop (chain B) at the beginning of the simulation
(0 ns) and after 60 ns. The two snapshots indicate that the shape of the
Solar Flare loop remains approximately the same.
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Analyses of the simulation trajectory for residues in either
intra- or intermolecular salt bridges suggest a large number (more
than 80 in each chain) can participate in reversible charge—
charge associations within the apoA1 dimer (Figure 12A). Inter-
estingly, 13 residues are observed in each chain of apoAl to
persist for >95% of the simulation within sufficient proximity
4 A) of a charged counterpart. Of these, four apoA1 residues are
predicted to exist within salt bridges throughout the entire
simulation in both chains. Remarkably, two of the four are
predicted to make a salt bridge within the SF loop and are highly
conserved across species [i.e., Hisjgy—Aspieg (Figure 12B)]. It is
also noteworthy that many additional residues that are predicted
to form stable salt bridges based upon the simulation are also
highly conserved across multiple species (Figure 12B). It is
tempting to speculate that these residues may serve essential
roles in promoting HDL function, whether it involves genera-
tion of a structural element essential for activity of an HDL-
associated protein-like LCAT (e.g., as proposed in the case of the
His;;—Aspyes salt bridge within the SF loop) or perhaps by
acting as a structural “zipper” that helps to tether the apoAl
chains together. While such salt bridges may provide mechanical
strength, their reversible nature also allows for a highly dynamic
particle that is capable of adapting and changing shape to meet its
function of serving as a carrier of lipid cargo during particle
maturation and remodeling.

Another intriguing finding of the molecular dynamics simula-
tion is that while the lipid phase retains micellar packing as in the
original DSH model and appears to be thermodynamically stable
over the entire simulation, unexpectedly, it develops a noticeable
empty cavity at the center of the particle. Frankly, this finding
was at first met with skepticism by the authors. However, we were
surprised to find that several decades ago, when micellar systems
were being intensively structurally studied, that direct experi-
mental data on micelles (5/—356, 66), including small angle
neutron scattering (67—69) and small angle X-ray scattering (53),
confirmed the presence of a cavity at the center of some spherical
micelles. Moreover, computer simulations (51, 54—57) have
previously posited the presence of a central void within micelles,
and theoretical arguments (50) have postulated that it in part
arises from the unfavorable packing of acyl chain ends into a
small volume at the center of the micelle. Further, simulation
models have postulated that the size of this cavity may be
minimized in larger micelles by adopting alternative shapes like
ellipsoidal and cylindrical micelles (56, 57, 66).

The shape of the DSH model of nascent HDL is consistent
with experimental observation (i.e., SANS and EM). Still, its
lipid packing exhibits a small void along the main axis of the
ellipsoid. We speculate that the existence of a void at the center of
the micellar lipid phase in nascent HDL supports the particle
carrier function because the storage of hydrophobic neutral lipids
such as cholesterol esters and triglycerides at the center of the
particle will require a lower free energy for lipid reorganization.
The work required to create a cavity in a condensed system is
known in statistical thermodynamics as the free energy of cavity
formation (70). The central void noted within the micellar struc-
ture suggests it may not be necessary to push away as many lipids
from the center of the nascent HDL during particle maturation.
It is also worth noting that the molecular dynamics simulation
studies of the DSH model of nascent HDL are more easily
reconciled with one that can be predicted for spherical HDL. It
also suggests an overall structure that helps envision how a
nascent HDL particle that undergoes maturation starts to accrue
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FiGure 11: Predicted salt bridge distributionin apoA1 during 60 ns of molecular dynamics simulation. The conformation of apoA1 shown from a
different vantage point with the N- and C-termini pointing toward and away from the viewer, respectively. The figure shows that the salt bridges
located toward the N-and C-termini are more persistent (colored black or dark gray) during simulation while those located in the middle region of

apoAl are less persistent (colored light gray).

neutral lipids in its void core and gradually changes shape from a
prolate ellipsoid to a spheroid without altering the overall
packing of the lipid phase at the surface, which retains its micellar
and pseudolamellar (where protein overlies) organization.

Early seminal studies by Brewer and colleagues more than
three decades ago first reported that the *'P NMR spectrum of
HDL demonstrates an unusually unique isotropic character
compared to that observed in other lipoproteins, indicating that
the phospholipids within HDL are far more dynamic than other
lipoproteins (77). Despite these early studies, further *'P NMR
studies into the lipid organization (e.g., lamellar vs micellar) of
HDL have not been reported. >'P NMR can be used to
distinguish between micellar and lamellar mesophases (33, 33, 58).
This is true because the *'P NMR chemical shift, line shape, and
line width arising from the phosphate headgroup of phospholi-
pids in aqueous dispersions are sensitive to the dynamics and
organization of model and biological membranes. For example,
micellar phase phospholipids show a single sharp isotropic peak
at 0 ppm, whereas lamellar, hexagonal array, and multilamellar
phases show different chemical shifts and significant line broad-
ening (both upfield and downfield, depending upon the
mesophase), consistent with the limitation of rotation of the
lipid in these alternative organizations (33, 35, 58). The sharp
isotropic *'P NMR peak at 0 ppm observed in the phospholipid
within rHDL and pHDL is consistent with a lipid that is highly
dynamic and tumbling in all orientations, more so than what was
predicted for a small unilamellar vesicle of a similar size.

From the perspective of biological function, a micellar lipid
organization can be more adaptable and flexible than a bilayer.

For example, HDL-associated proteins that catalyze direct lipid
transfer reactions with the particle will not require any type of
mechanism to tackle an asymmetry that becomes inherent in a
disk model of HDL (i.e., with two lipid leaflets of a bilayer, there
is substantial barrier to “flip-flop”, whereas the lipids in a
micellar particle can diffuse freely throughout the particle).
This limitation in the freedom of motion likely underlies the
origins in the differences in isotropic motion of the phospho-
lipid within lamellar (bilayer) phase versus HDL noted in the
3P NMR studies. Finally, a micellar packing of the lipid may
actually represent a conserved structural motif among many
lipoproteins. For example, Weisgraber and colleagues used
SAXS to explore the structure of apolipoprotein E-DPPC
particles in solution and observed a spheroidal particle with
contorted apolipoprotein E and an ellipsoidal lipid core with
phospholipids posited to be packed in a micellar organiza-
tion (72).

Prior models of HDL are characterized by a protein confor-
mation that is highly symmetrical (6—1/). An inference that
follows from these models is that HDL-associated proteins can
interact on two locations of apoA1 within HDL. In contrast, with
the improved resolution afforded by SANS for direct visualiza-
tion of the protein shape within nascent HDL, the overall
conformation of apoAl in nascent HDL proposed in the DSH
model and these simulation studies indicate that the protein
helical shape is not symmetric. Interestingly, as experimental data
on HDL have accumulated, we see that some regions of apoAl
must have imprinted in them some structural specificity for a
high degree of recognition and selectivity for HDL-associated
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Table 3: Predicted Interchain Salt Bridges in Nascent HDL during the Molecular Dynamics Simulation

simulation trajectory

salt bridge DSH model distance (A) minimum distance (/0%) average” distance (A) maximum¢ distance (A) persistence" (%)

ArgmA—Glu234B 1.53 2.17 2.72 3.21 14.3
Lysjoa—Gluysap 1.67 1.97 2.83 3.96 14.3
Arg27A*Glu2233 1.68 2.47 2.47 2.47 4.8
Lyssoa—Aspai3p 1.65 2.23 2.50 2.77 57.1
ASp4gA_LyS2063 1.69 2.19 2.70 3.94 23.8
Aspaga—Lysaoss 7.25 2.02 3.16 3.85 57.1
ASp51A_Ly5205B 5.88 3.95 395 3.95 4.8
Lyssoa—Glujosp 1.52 2.30 2.30 2.30 4.8
GluGZA—LysWSB 1.61 2.08 2.08 2.08 4.8
Glujga—Argssp 1.53 1.92 3.07 3.75 57.1
Lys77A—Glulg3B 1.55 2.03 2.03 2.03 4.8
Glusgs—Argy778 1.68 1.95 2.69 4.00 85.7
Glugsa—Arg 778 10.55 1.95 2.71 3.87 66.7
Aspgos—Arg 73 1.65 1.81 2.14 3.34 100

GlquA—ArgmB 1.53 1.72 2.66 3.99 33.3
Glugys—Argy738 1.53 1.94 2.31 3.14 95.2
LySgﬁA_GlLIIGQB 1.56 2.73 2.73 2.73 4.8
LyS1074a—Aspis78 1.5 2.10 2.63 3.97 80.9
Glu”oA—ArgmB 9.11 3.66 3.66 3.66 4.8
Gluj a—Argsis 1.54 2.82 2.82 2.82 4.8
Gluy 1o —His;ssp 1.42 1.61 1.79 2.01 100

Lys11sa—Gluy478 1.51 2.02 2.64 3.81 85.7
GlLl|25A_LyS|33B 10.33 2.03 2.41 3.16 66.7
Glu125AfLysl4OB 1.59 2.06 2.42 3.30 80.9
Glu,ng—LysU;B 10.25 2.26 2.98 3.92 28.6
G[u136A7AVg123B 1.6 221 2.21 2.21 4.8
Lys140A—Glu125B 1.76 2.23 2.50 2.77 9.5
Gluyy74—Lys;isp 1.62 2.04 2.59 3.09 33.3
Args;a—Gluy 1.65 1.82 2.83 3.80 61.9
Hisssa—Glugop 4.2 3.84 3.84 3.84 4.8
His ssa—Gluy s 1.49 1.61 1.83 2.40 95.2
Aspis7a—Lysiors 9.2 3.90 3.90 3.90 4.8
Argi714=Glussp 7.29 3.4 3.55 3.99 19.0
Al'g17[AfGlllQZB 13.81 3.97 3.97 3.97 4.8
Arg734—Gluzgp 151 2.27 2.58 3.45 28.6
Argl73A7Glu85B 5.55 2.02 2.62 3.83 38.1
Argi774—Gluzp 19.97 2.28 3.31 3.96 38.1
Argi774—ASp73p 13.68 2.95 3.47 3.95 14.3
Gluj9;4—Lyssop 1.47 2.10 2.78 345 66.7
Lys 9s4—Aspyss 13.46 2.19 2.96 3.52 19.0
Lysiosa—Aspsiz 11.74 2.10 3.26 3.96 38.1
Glujosa—Lysysp 8.82 3.63 3.84 3.97 14.3
His100n—ASPags 6.37 1.63 1.91 271 95.2
Gluz124—Lysqp 7.34 1.99 2.69 3.96 19.0
Aspr13a—Lysqon 7.64 3.08 3.08 3.08 4.8
Lysossa—Glusp 2.69 243 3.35 3.94 42.8
Lyssz04—Glitog 1.66 227 2.79 3.30 9.5

“Minimum distance between charged residues detected over the entire trajectory. “Average distance between charged residues calculated from all
snapshots. “Maximum distance between charged residues detected over the entire trajectory. ‘ISalt bridge persistence calculated as the fraction of the snapshots
in which the salt bridge was detected (i.e., that distance between charged residues was less than 4 A). Salt bridges in italic rows are located in the half-domain of
the apoA1 dimer that contains the Ny/C, terminal pair. Salt bridges in bold rows persist more than 80% of the simulation.

proteins. For example, myeloperoxidase (MPO), a leukocyte-
derived enzyme that binds to HDL in human atherosclerotic
plaque and plasma, has been shown to interact with a small
region of apoAl corresponding to residues Alajgg—Leusgs (12).
Another example is the site of LCAT interaction on apoAl of
nascent HDL, the SF region (approximately residues His ss—
Argy77) (12). While the SF loops are highly dynamic, these
regions are predicted by molecular dynamics simulation to be
thermodynamically stable when exposed to solvent, and the
overall “random coil” loop conformation is conserved during
simulation (Figure 10). It is thus remarkable that the two SF
loops are predicted to possess distinct structural environments.

While there is clearly a high degree of specificity in both MPO
and LCAT binding to apoA1 observed experimentally by H/D-
MS/MS and peptide competition studies (12, 73), the precise
stoichiometries of these and other HDL—HDL-associated pro-
tein interactions have not been quantitatively investigated. Our
simulation studies show intriguing differences in the two SF
regions, suggesting distinct steric environments exist for each
loop. This raises the possibility that LCAT may interact prefer-
entially with one of the SFs. Experiments that aim to actually
discriminate whether LCAT, MPO, or other HDL-associated
proteins differentially bind nascent HDL at more than one
site per particle with different affinities are intriguing future
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F1GURE 12: Map of charged amino acid residues involved in salt bridges during the simulation and their conservation between species. (A)
Distribution of residues predicted to form inter- and intrachain salt bridges in apoA1 during simulation. The apoA1 dimer is shown as a double
stripe colored red for chain A and blue for chain B. Residues predicted to be involved in a salt bridge during the simulation trajectory are shown as
vertical stripes. The predicted persistence of residues within a salt bridge during the simulation trajectory is indicated by the intensity of the color,
lighter color indicating less persistence and darker color greater persistence. Residues that persist more than 95% of the simulation are colored
black. (B) Analysis of species conservation of apoA1 residues predicted to persist (> 95%) within inter- and intrachain salt bridges throughout the
simulation trajectory. Residues (n = 22) that persist more than 95% of the simulation are indicated on Homo sapiens (black), and those that are
common to both chains of apoA1l are labeled in red. Multiple-sequence alignment was performed using the COBALT multiple-alignment tool
(http://blast.ncbi.nim.nih.gov) of BLASTP (76) relative to H. sapiens. Of the 22 residues, those showing either identity or conservation within the
acid/base side chain group are indicated by a black stripe, whereas those not conserved are shown as an orange stripe. The following additional
species were aligned: Pongo pygmaeus (orangutan), Sus scrofa (pig), Bos taurus (cow), Oryctolagus cuniculus (rabbit), Rattus norvegicus (rat), Mus
musculus (mouse), Erinaceus europaeus (hedgehog), Anas platyrhynchos (duck), Gallus gallus (rooster), Xenopus (frog), and Anguilla japonica
(bony fish).

possibilities. It is tempting to speculate that the SF loop may serve have been performed on alternative structural models of nascent
as a generalized structural motif that facilitates lipid exchange HDL and suggested they are feasible, including the Picket
with more than one HDL-associated protein. It remains to be Fence model (6) and Multiple-Double Belt Structural models
seen if LCAT interacts with just one of the SF loops, and an (8,14, 15, 17—20, 22, 64). Thus, molecular dynamics simulations
alternative lipid exchange protein docks at the other SF loop. alone cannot determine what the “true” structure(s) of HDL is.
Further studies are necessary to investigate these hypotheses. Rather, direct experimental data allow the determination of the

Limitations of the study are worth noting. While tremendous overall architecture of the particle. In this regard, none of the
increases in computational power have permitted computer alternative models examined by molecular dynamics simulations
simulation techniques to evolve significantly over the past several show structures that match the results of the broad array of
decades and their use in structural and computational biology biophysical platforms examined in this investigation. The recent
has become more ubiquitous, it is important to keep in mind that application of contrast variation SANS (ref /3 and this work)
simulation techniques, while increasingly sophisticated, have enables direct visualization of the overall structure of apoAl
significant limitations. They can test if a proposed molecular within nascent HDL and reveals that the overall architecture of
model is thermodynamically plausible. However, they cannot the protein is open and helical. Similarly, the use of P NMR in
easily discriminate among alternative structural models if there the study of HDL in this investigation reveals that the dynamic

are relatively stable alternatives. Molecular dynamics simulations motion of the phospholipids within HDL is incompatible with
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lamellar phase organization in a particle the size of HDL and
indeed is consistent with a micellar organization. It is also worth
noting that while the 80 ns simulation performed in this study is
the longest yet reported for an all-atom simulation of HDL, it is
still short in duration to account for the full dynamics of the
particle. Further, on the basis of reported diffusion coefficients
for a phospholipid within a small unilamellar vesicle or lipopro-
tein (74, 75), one can predict that the average diffusion path
length of a lipid over 80 ns for a particle the size of HDL is
approximately the particle dimension (~100 A). Thus, one may
argue that the system is not fully equilibrated after simulation
for 80 ns, in the sense that not all individual phospholipids had
a chance to explore the entire volume of the particle on this
time scale. We note, however, that the total energy and, most
importantly, the rmsd reach a steady state after simulation for
10—20 ns, suggesting that the system reached thermodynamic
equilibrium. To produce longer simulations for such large
macromolecular assemblies practically requires use of coarse-
grained force fields that describe molecules as a collection
of beads (and make prior assumptions about secondary
structure). While allowing for longer simulations, the simpli-
fications in the force fields required produce additional
artifacts. Perhaps the major strength of molecular dynamics
simulations is the fact that they can serve as hypothesis-
generating exercises and provide insights into what interac-
tions (e.g., salt bridges, hydrogen bonds, hydrophobic con-
tacts, etc.) may account for specific and global structural
features.

Structural studies using traditional high-resolution approaches
with large macromolecular complexes remain a challenge. The
recent introduction of SANS with contrast variation to the HDL
field provides much greater resolution for molecular shape than
prior data used for modeling, such as crude estimates of particle
size derived from native gels, light scattering, electron micro-
scopy, and gel exclusion chromatography. This study also
explored the congruency of experimental data from multiple
additional and synergistic biophysical methods (e.g., constraints
from H/D-MS/MS, mass spectrometry cross-linking, FRET,
and ESR) with molecular dynamics simulations. Remarkably,
a high degree of concordance was observed between experi-
mental data from all platforms and those predicted by the
simulation trajectory. Finally, these studies generate hypoth-
eses in as much that they have identified candidate residues
that might play important structural and functional roles and
are also notable for being remarkably conserved throughout
evolution.
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SUPPORTING INFORMATION AVAILABLE

Small angle neutron scattering intensities [/(q)] versus the
scattering vector (q) and distance distribution functions [ p(r)]
versus the distance between scattering centers (r) and low-
resolution structures of nascent rHDL in 12 and 42% D,O
(Figures 1 and 2) and experimental and calculated per residue
deuterium incorporation factors, H—D exchange rate constants,
and residue unfolding constants (Table 1). This material is
available free of charge via the Internet at http://pubs.acs.org.
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The following information is also available for download from
http://www.lerner.ccf.org/cellbio/hazen/data/- neutron scattering
intensities for HDL samples analyzed in 12% and 42% DO (text
files), low resolution structures of nascent HDL (pdb files), and
calculated H/D exchange deuterium incorporation factors for all
residues in apoA1 dimer (Excel file).
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