
“Sticky” and “Promiscuous”—the Yin and Yang of
Apolipoprotein A-I Termini in Discoidal High Density
Lipoproteins: A Combined Computational-Experimental
Approach†

Martin K. Jones‡,§, Feifei Gu‡, Andrea Catte‡,§, Ling Li‡, and Jere P. Segrest‡,§,*

‡Department of Medicine and the Atherosclerosis Research Unit, University of Alabama at
Birmingham, Birmingham, AL 35294, USA
§Center for Computational and Structural Dynamics, University of Alabama at Birmingham,
Birmingham, AL 35294, USA

Abstract
Apolipoprotein (apo) A-I-containing lipoproteins in the form of high density lipoproteins (HDL)
are inversely correlated with atherosclerosis. Because HDL is a soft form of condensed matter
easily deformable by thermal fluctuations, the molecular mechanisms for HDL remodeling are not
well understood. A promising approach to understanding HDL structure and dynamics is
molecular dynamics (MD). In the present study, two computational strategies, MD simulated
annealing (MDSA) and MD temperature-jump, were combined with experimental particle
reconstitution to explore molecular mechanisms for phospholipid (PL)-rich HDL particle
remodeling. The N-terminal domains of full length apoA-I were shown to be “sticky”, acting as a
molecular latch largely driven by salt bridges, until, at a critical threshold of particle size, the
associated domains released to expose extensive hydrocarbon regions of the PL to solvent. The
“sticky” N-termini also associate with other apoA-I domains, perhaps being involved in N-
terminal loops suggested by other laboratories. Alternatively, the overlapping helix 10 C-terminal
domains of apoA-I were observed to be extremely mobile or “promiscuous”, transiently exposing
limited hydrocarbon regions of PL. Based upon these models and reconstitution studies, we
propose that separation of the N-terminal domains, as particles exceed a critical size, trigger fusion
between particles or between particles and membranes, while the C-terminal domains of apoA-I
drive the exchange of polar lipids down concentration gradients between particles. This hypothesis
has significant biological relevance since lipid exchange and particle remodeling are critically
important processes during metabolism of HDL particles at every step in the anti-atherogenic
process of reverse cholesterol transport.

High density lipoproteins (HDL) are inversely correlated with the risk of coronary artery
disease (CAD) and atherosclerosis (1) and so HDL represents an important target for
pharmacological therapy of CAD. This lipoprotein represents a heterogeneous population of
particles with apolipoprotein (apo) A-I as the major protein. Whether HDL plays a direct
role in CAD prevention (e.g., removal of cholesterol from clogged arteries (1)) or an indirect
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one (e.g., acts as a platform for the clustering of protective molecules (2), such as anti-
inflammatory or antioxidant proteins), knowledge of HDL structure and dynamics is
desirable.

Of the possible mechanisms that have been suggested to explain the protective role of apoA-
I, a process called reverse cholesterol transport is most completely understood at the
molecular level. Reverse cholesterol transport consists of three relatively well-understood
steps: First, the transmembrane phospholipid (PL) pump protein, ATP-binding cassette
transporter A1 (ABCA1) (3), is required for the assembly of newly synthesized (lipid-poor)
apoA-I into discoidal, PL-rich HDL, resulting, as a consequence, in unesterified cholesterol
(UC) efflux from cells. Second, the activation of the enzyme lecithin:cholesterol acyl
transferase (LCAT) (4) by apoA-I is necessary for esterification of the cholesterol molecules
of HDL to cholesteryl ester (CE) and leads to the conversion of PL-rich to spheroidal, CE-
rich (circulating) HDL. Third, interaction of CE-rich HDL with receptors, such as the
scavenger receptor B, type I (SR-BI) (5), leads to CE uptake by the liver and excretion into
the bile. This interaction results in remodeling of the CE-rich HDL particle, a process that
regenerates lipid-poor HDL (6).

A fuller understanding of reverse cholesterol transport requires knowledge of the detailed
structure and dynamics of the various HDL particles and the intermediates in their assembly,
knowledge that should help illuminate the structural mechanisms involved in HDL particle
remodeling. However, since HDL, a supramolecular assembly of lipid and protein, is a
nanoscale soft form of condensed matter easily deformable by thermal fluctuations (7),
direct experimental methods for studying HDL structure-function have had only limited
success. Adding to the problem of determining HDL structure, and partly the result of the
soft matter nature of HDL, the conformation of apoA-I is highly plastic. Since it appears to
have a broad conformational space, a more complete understanding of HDL structure and
dynamics necessitates liberal use of computer simulations cross-checked by experimental
testing through approaches such as site-directed mutagenesis and physical chemical methods
for establishing distance constraints.

In 1999, our lab developed a detailed molecular double belt model for discoidal HDL (8, 9).
The general features of this model, the so-called LL5/5 registration, have been confirmed by
several laboratories using a variety of physical chemical methods (10-24). Recognizing the
profound constraints imposed on the conformations of lipid-associated apolipoproteins by
lipid (25), we turned to molecular dynamics (MD) simulations of the detailed molecular
double belt model to aid in solving HDL structure/dynamics (25-29). While MD simulation
has been used by several other research groups to examine HDL structure (30-39), a feature
of our approach that distinguishes it from all but three of these studies is that we considered
double belt registration in creating our initial models. Only an all-atom MD simulation of
apoA-I:Milano in discoidal HDL (32), a registration that differs considerably from the
“native” LL5/5 registry, an all-atom MD simulation of a non-discoidal structure, the double
superhelix model (37), and a coarse grained MD simulation of spherical HDL (38) have
considered double belt registration in model creation. Give our emphasis on interactions
between terminal domains of the double belt model, formation of particles with “native”
double belt registration is critical.

One approach for overcoming kinetic trapping is MD simulated annealing (MDSA) (40-43).
This procedure, when used to refine x-ray crystallography and NMR structures, after placing
constraints on the initial protein structure in implicit solvent, applies temperature jumps (to
500-1000 K or so), followed by slow cooling to physiologic temperatures. Since we wanted
to overcome energy barriers during the simulations, we developed optimal conditions for
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unconstrained (29), as opposed to constrained (40-43) MDSA. We reasoned that the lipid in
the HDL assemblies would place its own considerable restraints on apoA-I (44).

In a recent publication (25), we used temperature-jump (T-jump) MD simulations to 500 K
and found that, upon bilayer expansion at the elevated temperature, the conformations of the
overlapping N- and C-terminal domains in the particles were unusually mobile, exposing
hydrocarbon regions of the PL to solvent. On the basis of these results, we proposed that the
terminal domains of apoA-I function as polar lipid remodeling switches for HDL particles
(25).

In the current study we use a combination of MDSA and T-jump MD to test our remodeling
hypothesis in PL-rich HDL particles that differ from those of our previous T-jump study
(25) in that the particles are formed from full length (FL)-apoA-I and contain, in addition to
palmitoyloleoylphosphatidylcholine (POPC), UC. Through a combination of computation
and experimentation, we provide evidence that: i) The overlapping N-terminal proline-rich
domains of FL-apoA-I are “sticky”; they are latched together predominantly by salt bridges
until, at a critical threshold of particle size, sufficient hydrocarbon regions of the PL are
exposed to solvent to drive particle-particle and/or particle-membrane fusion. ii) The C-
terminal (helix 10) domains of apoA-I are quite mobile (‘promiscuous’) and may drive an
exchange of polar lipid between particles through creation of metastable exposure of lipid
acyl chains to solvent.

Experimental Procedures
Computational

Description of PL-rich apoA-I/HDL particles—Fig. 1A is a schematic diagram that
illustrates the size and composition of the six known reconstituted PL-rich apoA-I/HDL
particles containing two apoA-I per particle (R2-0 to R2-5) and their relationship to PL type
and degree of truncation of apoA-I (9, 44). Briefly, DMPC is unable to form the smallest
particle (R2-0), POPC cannot form the larger two particles (R2-4 and R2-5) (44), all but the
smallest particle (R2-0) can be reconstituted from FL-apoA-I and DMPC (9), only the two
smallest particles (R2-0 and R2-1) can be reconstituted with truncated Δ43 apoA-I and
POPC, while three particles (R2-0, R2-1, R2-2 and R2-3) can be reconstituted from
truncated Δ10 apoA-I and DMPC) (44).

MD simulations—All-atom MD, MDSA and T-jump simulations were performed using
NAMD (45) as described (25, 27). Each system was ionized and charge neutralized with
NaCl to 0.15 M with the Autoionize plug-in of Visual Molecular Dynamics (VMD) (46).
The TIP3P water model was used (47). The CHARMM 22 (48, 49) and 27 (50, 51) force
fields were used for protein and lipid molecules, respectively. For simulations at a fixed
temperature, velocity reassignments occurred every 1 ns to prevent the “flying ice cube”
effect (52). MDSA and T-jump simulations were replicated to give ensembles of trajectories
and final structures for each experiment (see Fig. 1B).

Creation of seven ensembles of PL-rich apoA-I/HDL from an initial R2-20
particle—Seven ensembles were created from an initial particle (R2-20) containing 160
POPC, 24 UC, and 2 apoA-I molecules (160:24:2); R2-20 itself was created as described
elsewhere (44). As shown in Fig. 1B, four ensembles, R2-24, R2-216, R2-14 and R2-04, were
created by MDSA and three ensembles, X2-24, X2-14 and X2-04, were created by T-jump.
For creation of the smaller particles, R2-10 and R2-00, POPC and UC were removed
centrally (27) and MD equilibration was applied as described in detail elsewhere (44).
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Creation of a larger particle, 240:36:2—Starting with a particle containing 252 POPC
and 2 apoA-I molecules, 12 POPC were added to each side of the disc (totaling 276) and
were then reabsorbed by 5 ns MD simulation at 310K. Then 36 of the POPC were mutated
to UC and the particle simulated for an additional 5 ns at 310K. The resulting particle was
subjected to two replications of 10 ns 500K T-jump.

Average Cα coordinate structures—Structures created by averaging the Cα
coordinates over all final structures were calculated for the MDSA and T-jump ensembles
by using the “measure avpos” command in VMD after aligning over the Cα atoms of the
solvent inaccessible salt bridges (residues 77-188).

Generation of salt bridge and molecular contact maps—To obtain the salt bridge
analyses over the last 20% of the sixteen 160:24:2 MDSA simulations (R2-216), the VMD
“saltbr” command was performed to itemize all intrahelical and interhelical salt bridges
found within that portion of the simulation as well as calculate the average distances. These
salt bridge distances were collected for each pair of residues forming salt bridges for all
sixteen replications of the ensemble.

To obtain the molecular contact maps over the last 10 ns (33%) of the R2-216 ensemble
trajectories, the number of times that interhelical Cα atoms were within 25 Å of each other
were counted and then plotted relative to their frequency using GNUPLOT
(www.gnuplot.info).

Calculation of surface areas—In our previous T-jump paper (25), we used a surface
triangulation algorithm to derive a T-jump MD simulation lipid expansion factor of 40%.
More recently, we have used calculations of the convex hull of the lipid surfaces to calculate
a lipid expansion factor of 50% for our T-jump simulations (Fig. S1 in Supporting
Information). In the current paper, we use a range of 40-50% for the expansion factor.

Experimental
Purification of human plasma apoA-I and recombinant (Δ43)apoA-I—Human
plasma apoA-I was isolated from the HDL fraction of fresh human plasma and purified
according to the procedure described previously (53). To produce the N-terminus truncated
(Δ43)apoA-I, human (Δ43)apoA-I cDNA in plasmid pGEMEX was expressed in E. coli
BL21/DE3 cells and the recombinant protein was purified as described by Rogers et al (54).
Briefly, the expression of apoA-I was monitored by Western blotting analysis of the
bacterial lysate with anti-human apoA-I antibody. The bacterial lysate containing mutant
apoA-I was loaded onto a preparative reversed-phase HPLC (C4) column and proteins were
eluted and separated by a gradient of acetonitrile with 0.1% trifluoroacetic acid. Preparative
HPLC fractions containing apoA-I (identified by immuno-dot-blots) were then subjected to
purity and identity analyses. The purity of expressed proteins was examined by analytical
HPLC (C18) and SDS-PAGE. The identity of the proteins was confirmed by mass
spectrometry and N-terminal amino acid sequencing. Purified proteins were lyophilized and
stored at −20°C or -80°C.

Preparation of wild type and mutant apoA-I solutions—Lyophilized protein was
solubilized in 6 M guanidine hydrochloride. The solubilized protein solution was loaded on
a desalting column (Econo-Pac 10DG Disposable Chromatography Columns, BioRad,
Hercules, CA) and the protein was eluted by PBS buffer (0.02 M phosphate, 0.15 M NaCl,
pH 7.4). An extinction coefficient of 1.13 ml/(mg-cm) and 0.991 ml/(mg-cm) at 280 nm was
used for determining the concentration of full-length apoA-I and (Δ43)apoA-I, respectively,
in 6 M guanidine hydrochloride (54).
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Preparation and analysis of reconstituted HDL (apoA-I/HDL) assemblies—
POPC was purchased from Avanti Polar Lipids, Inc. (Alabaster, AL) and used without
further purification. Reconstituted HDL assemblies were prepared by the sodium cholate
dialysis procedure as described previously (9, 55). The incubation temperature was set
above the transition temperature for POPC at 4°C. The particles formed were analyzed
initially by non-denaturing gradient gel electrophoresis (NDGGE) on a 4-20% gradient Tris-
glycine acrylamide gel (Invitrogen, Carlsbad, CA). High molecular weight marker
(Amersham Cat # 17-0445-01) with known Stokes diameters (Sd) were used as standards:
thyroglobulin (170 Å), ferritin (122 Å), catalase (104 Å), lactate dehydrogenase (82 Å), and
albumin (71 Å). The gels were stained with the colloidal blue staining kit (Invitrogen,
Carlsbad, CA). With reference to protein molecular markers, the Stokes diameters of
different sized particles in the complexes were calculated based on density scans of the gels
by LabWorks image acquisition and analysis software (UVP Inc., Upland, CA).

Results
Experimental Studies

Evidence for mechanisms involved in remodeling of PL:apoA-I particles—In a
recent publication (25) we proposed that increased mobility of the terminal overlap domains
was an important factor leading to remodeling of PL-rich apoA-I/HDL particles. A
limitation of this hypothesis was the use of truncated rather than FL-apoA-I.

Fig. 2 explores the ability of reconstituted POPC-rich HDL particles containing FL-apoA-I
to be remodeled. In Fig. 2A we show that addition of apoA-I to pre-formed POPC:FL-apoA-
I particles drives the formation of smaller particles. In Fig. 2B we demonstrate that addition
of bulk POPC as multilamellar vesicles (MLV) has no observable effect on size and
distribution of the particles, even after incubation overnight at 37 °C. Finally, in Fig. 1C we
show that co-incubation of smaller- and larger-sized POPC:apoA-I particles (R2-0 and
R2-2) results in particle remodeling through the formation of an intermediate-sized particle
(R2-1) at higher incubation temperatures.

We have shown that lipid transfer between bulk dimyristoylphosphatidylcholine (DMPC)
and pre-formed DMPC:apoA-I apoA-I/HDL assemblies occurs readily (9). On the basis of
the results of Fig. 2B, lipid transfer occurs slowly, if at all, between bulk POPC and pre-
formed POPC:apoA-I apoA-I/HDL particles. These results are important since they suggest
that bulk POPC membrane bilayers have a high energy barrier for interaction with
preformed POPC:FL-apoA-I apoA-I/HDL particles, while preformed POPC:apoA-I
particles have a lower energy barrier (high chemical potential) for remodeling through
apoA-I/HDL particle-particle interactions probably following particle collisions.

Experimental selection of controls for computational testing of the polar lipid
remodeling-switch hypothesis—To address the major limitation of our previous T-
jump study, the use of truncated apoA-I, we made a series of PL-rich apoA-I/HDL particles
from FL-apoA-I containing a range of POPC concentrations. The goal of this study was to
identify particle stoichiometries to serve as positive or negative controls for MD
simulations; we defined positive or negative controls as particle stoichiometries at which
40-50% expansion results in unstable particles and fusion or stable particles without fusion,
respectively.

Analysis by NDGGE indicated that a 40-50% increase in POPC for 160:2 apoA-I/HDL
particles, creating a stoichiometry of 220-240:2 (Fig. 3A, lower arrow), results in large R4
and R3 fusion products. Increase in POPC in the 180:2 apoA-I/HDL particles by 40-50%
results in a further increase in concentration of the fusion products compared to the 160:2
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apoA-I/HDL particles (Fig. 3B, lower arrow). Particles with these stoichiometries were
therefore selected as positive (fusion-ready) controls for MD simulations.

The particle R2-1 was selected on the basis of Fig. 3C as a negative (fusion-resistant)
control. Analysis by NDGGE of a PL-rich apoA-I/HDL particle containing FL-apoA-I with
a POPC:apoA-I molar ratio of 100:2 (R2-1) indicated that a 40-50% increase in POPC for
this apoA-I/HDL particle, creating a stoichiometry of 140-160:2, results in larger R2 apoA-
I/HDL particles but no fusion products such as R4 or R3 (Fig. 3C, lower arrow).

The rationale for these choices for positive and negative controls was that, since T-jump
produces a 40-50% increase in particle surface area, the simulations would be equivalent to
the experimental addition of 40-50% more POPC. Our ultimate goal for these studies was to
develop an understanding of the structural mechanisms regulating particle fusion and polar
lipid exchange.

Computational Studies
MDSA (R2-24) and T-jump (X2-24) simulations of positive (fusion-ready)
starting control particle, R2-20—Fig. 4A shows cross-eyed stereo images of one
example of the final structures of the four MDSA simulations of the starting FL-apoA-I-
containing 160:24:2 HDL particle, R2-20. In the structure illustrated, the N- and C-terminal
segments of the terminal domain (lower panel, residues 1-43, blue and helix 10, red,
respectively) are more mobile than the central domain (helix 5, green) and helix 10 pairs are
the more spatially separated of the two termini. Motion of each helix 10 is associated with
exposure of a small patch of acyl chain surface area to solvent (middle panel, white
arrowhead). Most importantly, the N-terminal proline-rich domains (Fig. 4A, lower panel,
yellow arrowhead), residues 1-10, while mobile compared to the helix 5 pair, are in contact
in three of the structures and near one another in the fourth (Fig. S2A in Supporting
Information).

Cross-eyed stereo images of one example of the final structures of the four MD T-jump
simulations of the FL-apoA-I-containing 160:24:2 HDL particles (X2-24) are shown in Fig.
4B. As the result of increased particle size, there have been significant changes in the
dynamics of the N-terminal domains; they no longer are locked together but are spatially
separated (yellow arrowheads, lower panel). Spatial separation and increased mobility has
resulted in exposure of large patches of acyl chain surface area to solvent (white arrowhead,
middle panel) in all four simulations (Fig. S2B in Supporting Information).

Fig. 4C represents alignment of the final structures of the R2-24 and X2-24 ensembles. This
figure dramatically illustrates the hyper-mobility of both the helix 10 C-terminal and N-
terminal proline-rich domains (in red and blue, respectively) in both types of MD
simulations. The figure also illustrates coverage of the space between the C-terminal
domains by the N-terminal domains (in blue) during MDSA simulations and exposure of
that space during T-jump simulations.

Finally, Fig. 4D shows average Cα structures for the final structures of the R2-24 and X2-24
ensembles (shown in Fig. S2 in Supporting Information). This figure illustrates very clearly
the spatial separation of helix 10 domains (in red) in both simulations and the self-
association of the N-terminal proline-rich domains (in blue) during MDSA and their wide
spatial separation following T-jump-induced particle expansion (proline-rich N-terminal
domains are indicated with red arrowheads).

The structures of two examples of a larger R2-2 HDL particle after T-jump are shown in
Fig. S3 in Supporting Information. Not only have the N-terminal domains separated (red
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arrowheads, lower row) but the particles have disintegrated with POPC molecules spilling
into the solvent.

MDSA (R2-14, R2-04) and T-jump (X2-14and X2-04) simulations of negative
(fusion-resistant) starting control particles, R2-10 and R2-00—Fig. 5A-B shows
cross-eyed stereo images of one example of the final structures of the four MDSA and four
T-jump simulations of the 100:15:2 PL-rich apoA-I/HDL starting particle R2-10; see Fig. S4
in Supporting Information for images of all replicas. It is worthy of note, even in these more
compact structures, that helix 10 C-terminal domains (in red) are spatially separated in all
structures, while the N-terminal proline-rich domains (red arrowheads) remain in close
contact both before and after T-jump-induced particle expansion.

Fig. 5C-D shows cross-eyed stereo images of alignment of the final structures of the four
MDSA and four MD T-jump simulations for the 50:8:2 PL-rich HDL starting particle R2-00.
This figure graphically illustrates the hyper-mobility of both the helix 10 C-terminal and N-
terminal proline-rich domains (in red and blue, respectively). In spite of this hyper-mobility,
the lipid surfaces of the particles are well covered by the terminal domains. This suggests
that PL-rich HDL particle surface area expansion by 40-50% during T-jump is absorbed in
these smaller particles, not by increased separation of the overlap region as occurs for R2-2
(Fig. 4D), but by changes in flexibility along the apoA-I chain (see Figs. S5A-C in
Supporting Information).

Mobility of terminal domains in MDSA and T-jump ensembles R2-24, R2-14
R2-04, and X2-24, X2-14, X2-04, respectively—RMSF of individual residues during
the trajectories of the R2-24, R2-14 and R2-04 MDSA ensembles were analyzed as measures
of local mobility (Figs. S5A-C in Supporting Information). Average RMSF analyses of the
last 20% of MDSA simulations for the three sizes of PL-rich HDL particles confirm that the
N- and C-terminal domains of each type of particle even at 310 K are more mobile than their
central domains (Fig. S5A-C in Supporting Information, open circles). This increased
mobility is confined to the N-terminal proline-rich repeat (residues 1-10) and the C-terminal
half of helix 10. In each particle, the C-terminal domain was slightly more mobile than the
N-terminal domain (see also Fig. S5D in Supporting Information).

RMSF analyses over the trajectories of the X2-24, X2-14 and X2-04 T-jump ensembles for
the three sizes of PL-rich apoA-I/HDL particles also show increased mobility of the terminal
domains compared with the rest of apoA-I (Fig. S5A-C in Supporting Information, closed
circles). For the ensembles of the two smaller particles, X2-14 and X2-04, the C-terminal
domains are somewhat more mobile than the N-terminal domains. However, for the
ensemble of the largest PL-rich HDL particle, X2-24, during T-jump particle expansion both
N- and C-terminal domains become equally mobile (Fig. S5A in Supporting Information,
closed circles), suggesting that disruption of the previous interaction between the N-terminal
proline-rich domain allows increased mobility.

Distance between ends of terminal domain pairs in MDSA and T-jump
ensembles R2-24, R2-14, R2-04 and X2-24, X2-14, X2-04, respectively—The
distances between the ends of the N- or C-terminal domain pairs were measured as a
function of time over the last 10 ns of the trajectories of each of the four MDSA and T-jump
simulations. Fig. S6 in Supporting Information is a plot of the average spatial separation
calculated for each terminal domain for each ensemble. The plots for ensembles R2-14 and
R2-04, of the smaller PL-rich HDL particles, show that, while spatial separation between
ends of C-terminal pairs tends to be greater than between N-terminal pairs, there is little
change in separation of the N-terminal or C-terminal domain pairs following T-jump.
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For the largest PL-rich HDL particle, R2-2, particle expansion following T-jump causes an
increase in separation between ends of both terminal domain pairs (Fig. S6 in Supporting
Information). While separation between ends of the helix 10 C-terminal pair is greater than
between ends of the N-terminal pair, the percent increase in separation following T-jump is
much greater for the ends of the N-terminal pair than for the ends of the C-terminal pair,
139% versus 27%, respectively. One can calculate that a 40-50% increase in particle surface
area is equivalent to an 18-22% increase in circumference, close to the 27% increase in
separation that occurs in the C-terminal pair following T-jump.

Enlarged MDSA ensemble of sixteen R2-2 particles, R2-216—To expand our
exploration of conformational space and increase the robustness of our MDSA simulations,
we created an enlarged ensemble of R2-2 particles in the LL5/5 registry with the molar ratio
of 160-POPC:24-UC:2-apoA-I by performing sixteen replications of MDSA (R2-216). Fig. 6
shows detailed stereo images of the double belt structure of FL-apoA-I for the final
structures of the R2-216 ensemble after aligning the protein chains within the domain
containing the interhelical solvent-inaccessible salt bridges, residues 77-188. Fig. 6A that
represents the aligned structures containing both protein and lipid viewed from three
different directions illustrates the soft matter nature of the particles. Fig. 6B, showing the
aligned protein only viewed from two different directions illustrates the relative immobility
of the central domain and much greater mobility of the terminal domains. Finally, Fig. 6C is
a molecular graphic representation of the average Cα backbone structure for the ensemble
showing that, in spite of the dramatic increase in motion of the termini, the head to head
association between the pair of proline-rich N-terminal domains seen in Fig. 4D is
maintained, on average, in the larger ensemble, as is the wider separation of the C-terminal
helix 10 pair.

Average RMSF of individual residues within the R2-216 ensemble trajectories (Fig. S5D in
Supporting Information) shows even more clearly than the RMSF data for the smaller R2-24
ensemble (Fig. S5A in Supporting Information, open circles) that the C-terminal domains
are slightly, but significantly more mobile than the N-terminal domains (note standard error
bars in Fig. S5D in Supporting Information). Further, as noted also in the protein alignments
of the R2-216 ensemble (Fig. 6) the relatively immobile central region of the apoA-I double
belt correlates with the location of the solvent inaccessible salt bridges (Fig. S5D in
Supporting Information, open circles).

Mean per residue helicity calculations of individual residues during the R2-216 ensemble
trajectories were analyzed as another measure of the robustness of the MDSA (Fig. S5E in
Supporting Information). Reflecting the robustness of an ensemble of sixteen replicas, these
results show that the pattern of helicity is reproducible (note standard error bars in Fig. S5E
in Supporting Information) and, as noted for the R2-24 ensemble in Gu, et al (44), the most
helical region is correlated with the location of the solvent inaccessible salt bridges (Fig.
S5E in Supporting Information, open circles).

Intermolecular interactions between the terminal domains—To further understand
the nature of the forces acting on the terminal domains, we then analyzed intermolecular
interactions between the terminal N-N, C-C and N-C domains of the R2-216 ensemble
during MD simulation. The R2-216 ensemble trajectories were analyzed for the presence of
both inter- and intrahelical salt bridges over the last 20% of the MDSA protocol and for
molecular contacts. The resulting sequence matrix plots in Fig. 7 illustrate the dynamic
nature of salt bridges and molecular contacts between terminal domains during MD
simulations of the R2-216 ensemble.
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All salt bridges were plotted only above and molecular contacts were plotted above and
below the diagonal. The position of each salt bridge is shown by a dot and the average
length of that salt bridge in each of the sixteen simulations is proportional to the diameter of
the circle surrounding the dot. The stronger the salt bridges, the smaller the diameters of the
surrounding circles are (see scale on right side of each plot). The intrahelical salt bridges fall
near the diagonal line of identity (red dots and red circles). Except for intermolecular
interactions between N-N and C-C terminal domain pairs, the interhelical salt bridges (black
dots and black circles) fall farther from the diagonal of identity passing through the middle
of the sequence matrix box than the intramolecular ones.

“Sticky” N-terminal domains form extensive salt bridges with themselves and
other portions of apoA-I—Figs. 7A-B are plots of the dynamics of salt bridge and
molecular contacts between residues 1-30 in the N-terminal regions. The N-terminal 30
residues of human apoA-I, DEPPQSPWDRVKDLATVYVDVLKDSGRDYV, contain
seven acidic (bold) and four basic (underlined) residues. Examination of Fig. 7A reveals the
presence of a cluster of nine interhelical salt bridges (black dots) between the N-terminal
domains: D1-R10, D1-K12, E2-R10, E2-K12, D1-K23, D1-R27, D9-R10, K12-D13 and
R10-D13. These results suggest that salt bridges play a significant role in the persistent
interhelical association of the two “sticky” N-terminal ends during MD simulations of the
R2-216 ensemble. “Stickiness” is reflected in the overlap of intermolecular contacts and
intermolecular salt bridges in the left quadrant of the sequence matrix plot.

Examination of the plots of salt bridge contacts between the N- and C-terminal domains,
contacts between residues 1-30 and residues 220-241 (Figs. 7C-D), shows a series of salt
bridges between essentially every acidic residue of the N-terminal domain and K238 and
K239, and to a lesser extent between other basic and acidic residue combinations throughout
the N-terminal and C-terminal domains. Thus not only are the proline-rich N-terminal
domains self “sticky” but they also possess salt bridge-mediated “stickiness” to helix 10
(and other domains of apoA-I, see discussion).

“Promiscuous” C-terminal domains interact very little with each other—In
contradistinction, examination of the sequence matrix plots of the dynamics of salt bridge
and molecular contacts between residues 220-241 (helix 10) in the C-terminal regions in
Figs. 7E -F reveals no dynamic intermolecular salt bridges and little intermolecular contact.
These results are consistent with the generally wide separation between the C-terminal helix
10 pair.

Molecular details of “sticky” N-terminal interactions—Cross-eyed stereo images of
three of the final structures of the R2-216 ensemble of sixteen MDSA simulations (Fig. 8)
illustrate several of the intermolecular interactions between the first 10 residues of the
“latched” N-terminal domains: salt bridges, E2←R10 and D9←R10 (Figs. 8A-B and Fig. 8
C, respectively) and proline stacking (Fig. 8B). Examination of all the final structures in the
ensemble shows that the N-terminal domains are locked together in each particle of the
R2-216 ensemble (Fig. S7 in Supporting Information). In six of the replicas, two E2-R10 salt
bridges are formed between the “sticky” domains, in four of the replicas one E2-R10 salt
bridge is formed, in one replica one D9-R10 salt bridge is formed, and in the five remaining
replicas there are no salt bridges but the “sticky” domains are held together by close van der
Waals interactions, predominantly through stacking of the prolines with themselves and with
residues L14 and Y18. Additionally, in all sixteen replicas each N-terminal domain is
attached to the lipid bilayer partially through the tryptophan residue W8 (shown in green in
Fig. S7 in Supporting Information).
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Testing of the “sticky” N-terminal domain hypothesis by T-jump-induced
particle expansion—Our previous work suggested that the maximal diameter for the
lipid core of the largest R2 apoA-I/HDL particle that can be reconstituted with POPC, R2-3
(Fig. 1B), would be approximately 91 Å and contain no more than 196 POPC molecules
before fusing to form R3 or R4 particles (9). To test this hypothesis, we assembled a much
larger all-atom R2 model, 240:36:2, and simulated it at 310K for 5 ns. In the 5 ns structure
the N-terminal domains overlap by about 10 residues (Fig. S8A in Supporting Information,
yellow arrowhead).

We then performed two 10 ns 500K MD T-jump simulations to expand the bilayer by
40-50% (27) thereby creating a force working to disengage the associated “sticky” N-
terminal domains. After 1 ns, though the N-termini no longer overlapped, they remained
engaged (Fig. S8B in Supporting Information, yellow arrowhead). However, the bilayer,
rather than expanding to form a larger planar bilayer as expected, formed an invaginated
cup-like shape (Figs. S8B-E in Supporting Information). In spite of this dramatic change in
the shape of the lipid bilayer, it was not until 7 ns of simulation at 500K that the N-terminal
domains disengaged (Fig. S8E in Supporting Information, yellow arrowhead).

Figs. 9A-B show detailed stereo images of the N- and C-terminal domains of the 500K T-
jump simulations during the disengagement of the N-terminal domains between 6 and 7 ns.
The final molecular interactions holding the N-termini together were salt bridges between
D1 and R10 and E2 and the N-terminal NH3 (Figs. 9A). Upon repeating the T-jump, the
“sticky” N-termini remained engaged until the simulation was stopped at 10 ns. These
results indicate, in a qualitative manner, that the N-terminal domains are sufficiently self
“sticky” to overcome the shear or bending modulus of the bilayer required to form a cup-
shaped structure.

Discussion
Proposed role of the “sticky” N-terminal domain in PL-rich HDL particle fusion

It is clear from Fig. 3 that PL-rich apoA-I/HDL particles containing FL-apoA-I exceeding a
critical circumference (9) undergo particle-particle fusion. Further, it is clear that the N-
terminal 43-residue domain is necessary for formation of the R2-2 particle (Fig. 1B):
although fusion fails to occur following 40-50% expansion of R2-1 particles made from FL-
apoA-I, equivalent expansion of R2-1 particles made from truncated (Δ43)apoA-I (25)
results in fusion (Fig. 1A). Additional evidence supports the direct role of the N-terminal
“sticky” domain in PL-rich HDL particle fusion; FL-apoA-I, but not Δ10apoA-I missing the
proline-rich domain, is able to form larger R2-4 and R2-5 particles (Fig. 1B) with DMPC
(44).

A recently published phylogenetic study of the sequence alignment of apoA-I also supports
the “sticky” N-terminal domain model. In this study, residues 1, 2, 9 and 13 and residue 8
are conserved as acidic and tryptophan, respectively in all fifteen mammalian apoA-I
sequences, while residues 10 and 12 are basic in essentially all of thirty-one species
examined (2).

The average distance following MDSA between the ends of the N-terminal pair in the R2-2
PL-rich HDL particles is less than that for the smaller R2-0 and R2-1 particles, 15.5 Å
versus 19.7 Å and 24.9 Å, respectively (Fig. S6 in Supporting Information). This suggests
that the proline-rich N-terminal domain of apoA-I acts as a molecular latch that alone holds
the terminal overlap ends of the R2-2 particle double belt together.
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Bhat, et. al. (19, 20), using a combination of chemical cross-linking and mass spectrometry,
suggested that the N- and C-terminal regions of each apoA-I chain in the double belt
structure of PL-rich HDL are capable of forming intermolecular “hairpin” folds. They find a
cross-link between R1-K118 demonstrating contact between the N-terminus and helix 4.
Compatible with this report, coarse grained MD simulations that we performed recently
showed “stickiness” of the N-terminal domain to helix 4 and helix 5 (56).

We propose that particle expansion beyond a critical threshold breaks the interaction
between the “sticky” N-terminal repeats, exposing sufficient acyl chain surface area to
solvent to create unstable particles that fuse upon collision (Fig. 10). We cannot at this time
comprehensively define all of the molecular driving forces behind the “stickiness” of the N-
terminal domain, both to itself and to other parts of apoA-I, other than to say that the
“sticky” domain presents a number of potential salt bridges and van der Waals interactions
that contribute to its “stickiness”. Certainly, the results of Figs. 6 and 9 and Figs. S7 and S8
in Supporting Information qualitatively suggest that, in spite of significant motion, N-
terminal “stickiness” is substantial.

Proposed role of the “promiscuous” C-terminal domain in PL-rich HDL particle polar lipid
exchange

The experimental data in Fig. 2C clearly shows that polar lipid exchange flows down PL
concentration gradients between PL-rich apoA-I/HDL particles. Equilibration of POPC
between PL-rich apoA-I/HDL particles of different sizes occurs slowly, on a time scale of
days at 37°C. From Fig. 2B, however, no measurable equilibration occurs between bulk
POPC vesicles and PL-rich apoA-I/HDL particles. These results show that the presence of
apoA-I on PL-rich apoA-I/HDL particles drives equilibration of POPC between particles.
Although we as yet have no direct experimental data suggesting that the C-terminal helix 10
domains drive polar lipid exchange, helix 10 is known to have the highest lipid affinity of
the many tandem amphipathic helical repeats in FL-apoA-I (57, 58) and it has been
suggested that it is through helix 10 that apoA-I associates with cell membranes during
ABCA1 PL-rich particle assembly (59). It seems reasonable to think that helix 10, because
of its high lipid affinity and high mobility in PL-rich apoA-I/HDL particles, can interact
with other PL-rich apoA-I/HDL particles in solution during collisions between particles to
facilitate polar lipid exchange.

In conclusion, lipid exchange and equilibration and particle remodeling are critically
important processes during metabolism of HDL particles (1, 6, 60-62); these processes, for
example, are critical at every step in reverse cholesterol transport. Our Yin and Yang model
for HDL may provide a potential conduit for additional biological processes—such as
phospholipid transfer protein (63), CE transfer protein, and the CE transporter, SR-B1—to
gain access to the lipid interior of HDL particles or the creation of hot spots with high
chemical potential for binding of anti-inflammatory and anti-oxidant proteins.

For these reasons, our experimentally testable models suggesting the Yin and Yang model
for the dynamic soft matter nature of the terminal domains of the double belt structure act as
PL concentration-sensitive molecular switches for exchange, equilibration and remodeling
of HDL particles, has substantial biological implications. Since more direct experimental
approaches are unlikely to generate this level of detailed testable hypotheses, computational
studies have emerged as being increasingly important in understanding the structure and
dynamics of HDL. Site-directed mutagenesis studies, both experimental and computational,
are currently underway in our laboratory to test the Yin and Yang hypothesis.
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Abbreviations

ABCA1 ATP-binding cassette transporter A1

apo apolipoprotein

apoA-I/HDL reconstituted high density lipoproteins

CAD coronary artery disease

CE cholesteryl ester

DMPC dimyristoylphosphatidylcholine

FL full length
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HDL high density lipoproteins

LCAT lecithin:cholesterol acyl transferase

MD molecular dynamics

MDSA molecular dynamics simulated annealing

MLV multilamellar vesicles

NDGGE non-denaturing gradient gel electrophoresis

PL phospholipids

POPC palmitoyloleoylphosphatidylcholine

RMSF root mean square fluctuation

R2 or R3 or R4 reconstituted high density lipoprotein particles containing 2, 3, or 4
molecules of apoA-I

SR-BI scavenger receptor B, type I

T-jump temperature-jump

UC unesterified cholesterol

VMD Visual Molecular Dynamics
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FIGURE 1. Schematics of the creation, characteristics, and modeling of apoA-I/HDL R2
particles
A. Schematics of the composition and size of apoA-I/HDL R2 particles. B. Flow diagram of
the creation of the different R2 particles and ensembles by MD, MDSA (30 ns total
simulation time), and T-jump (20 ns total simulation time).
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FIGURE 2. Remodeling of pre-formed POPC:apoA-I particles by NDGGE analysis
The gels (4-20% polyacrylamide) were run for 48 hrs and stained with colloidal blue. A.
Preformed POPC:apoA-I complexes at the 160:2 molar ratio were subjected to further
incubation for 16 hrs at 4, 25, or 37°C without (-) (lane 1, 3, & 5) or with (+) (lane 2, 4, & 6)
additional apoA-I to reach a final POPC:apoA-I ratio of 80:2. The results showed that the
addition of apoA-I drove the formation of smaller particles with an increase of incubation
temperature. B. Preformed POPC:apoA-I complexes at the 200:2 molar ratio were subjected
to further incubation for 16 hrs at 4, 25, or 37°C without (-) (lane 1, 3, & 5) or with (+) (lane
2, 4, & 6) additional POPC in the form of MLV to reach a final POPC:apoA-I ratio of 400:2.
The results showed that further incubations at increased temperatures sharpened the
distribution of POPC:apoA-I assemblies in 16 hrs. but addition of POPC to preformed
assemblies (predominantly R2-2) did not change the size distribution of these particles
regardless of incubation temperatures C. Preformed R2-0 POPC:Δ43apoA-I particles at a
50:2 ratio and R2-2 POPC:apoA-I particles at a 160:2 ratio were incubated separately (lane
4-6 and lane 7-9) or together (lane 1-3) for an additional 16 hrs at 4, 25, or 37°C,
respectively. The results showed that a new intermediate-sized particle (R2-1) (solid
arrowhead) was formed at the highest incubation temperature.
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FIGURE 3. Effects of POPC concentration on particle size distribution of POPC:FL-apoA-I
recombinants
The gels (4-20% polyacrylamide) were run for 48 hrs and stained with colloidal blue.
NDGGE of reconstituted particles having POPC:FL-apoA-I molar ratios of: (positive
controls) A. 160:2, 220:2 and 250:2; B. 180:2, 250:2 and 300:2; and (negative control): C.
100:2, 140:2 and 160:2. Fusion products are represented by the R4/3 bands.
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FIGURE 4. Structural features of one example each of the four MDSA and four 500 K MD T-
jump simulations of the 160:24:2 (R2-2) particle
A. Final structure of one example from the ensemble of four MDSA simulations (R2-24) of
the R2-2 particle. B. Final structure of one example from the ensemble of four 500 K MD T-
jump simulations (X2-24) of the R2-2 particle. (Upper panel) Cross-eyed stereo image of
spacefilling models, including hydrogens, viewed from the face of the particles with the
central domain (helix 5) at the top. (Middle panel) Spacefilling models, excluding
hydrogens, viewed from the terminal overlap domain side of the particles. Each particle has
been rotated 90° from the upper row view as indicated by the arrows. The white arrowheads
indicate areas of exposure of acyl chains to solvent. Protein: Skyblue except proline
(yellow). POPC: Phosphorous atoms (gold), phosphate oxygen atoms (red), choline
nitrogens and methyls (blue), acyl chains (black), hydrogens (white). UC: (cpk). (Lower
panels) Same view as middle panel showing protein only. Protein: Silver blue except proline
(yellow), N-terminal G* domain, residues 1-43 (blue), C-terminal helix 10, residues 220-243
(red), helix 5, residues 121-142 (green. The yellow arrowheads indicate clustering of the N-
terminal proline-rich pairs. C. Cross-eyed stereo images of all the final structures from the
ensembles of all four MDSA (R2-24, upper panel) and 500 K MD T-jump (X2-24, lower
panel) simulations aligned from residues 77 to 188. POPC and UC are represented in line
format (cyan). The protein is represented as a Cα backbone tube model except prolines that
are spacefilling. The structures are viewed from the terminal overlap domain side of the
ensemble particle. N-terminal G* domains, residues 1-43 (blue); C-terminal helix 10
domains, residues 220-243, (red); and remainder of protein (gray). D. Cross-eyed stereo
images of average final structures of FL-apoA-I double belt for the four MDSA (R2-24,
upper panel) and 500 K MD T-jump (X2-24, lower panel) simulations of the 160:24:2
particle created from calculated average coordinates. The apoA-I double belts are viewed
from the helix 5 domain. The protein is represented as a Cα backbone tube model except Cα
proline (spacefilling yellow). Helix 5 (green), C-terminal helix 10 domains, residues
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220-243 (red), N-terminal G* domains, residues 1-43 (blue), and remainder of protein
(gray). The N-terminal (proline-rich) domains are indicated by red arrowheads.
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FIGURE 5. Cross-eyed stereo images of structural features of the four MDSA and four 500 K
MD T-jump simulations of the 100:15:2 (R2-1) and 50:8:2 (R2-0) particles
A. Final structure of one example from the ensemble of four MDSA simulations (R2-14) of
the R2-1 particle. B. Final structure of one example from the ensemble of four 500 K MD T-
jump simulations (X2-14) of the R2-1 particle. (Top panels) Spacefilling models, excluding
hydrogens, viewed from the terminal overlap domain side of the particles. Protein: Skyblue
except proline (yellow). POPC: Phosphorous atoms (gold), phosphate oxygen atoms (red),
choline nitrogens and methyls (blue), acyl chains (black). UC: (cpk). The white arrowheads
indicate areas of exposure of acyl chains to solvent. (Bottom rows) Same view as top row
with protein in ribbon representation, except for prolines (yellow spacefilling) and POPC
and UC in line representation. Protein: Gray except proline (yellow), N-terminal G* domain,
residues 1-43 (blue), C-terminal helix 10, residues 220-243 (red), helix 5, residues 121-142
(green) visible behind the POPC bilayer. The red arrowheads indicate clustering of the N-
terminal proline-rich pairs. C. All the final structures from the ensemble of four R2-0
MDSA simulations (R2-04) aligned at residues 77 to 188. D. All the final structures from the
ensemble of four R2-0 500 K MD T-jump simulations (X2-04) aligned at residues 77 to 188.
POPC and UC are represented in line format (cyan). The protein is represented as a Cα
backbone tube model except prolines that are spacefilling. The structures are viewed from
the terminal overlap domain side of the particle. N-terminal G* domains, residues 1-43
(blue); C-terminal helix 10 domains, residues 220-243, (red); and remainder of protein
(gray).
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FIGURE 6. Detailed stereo images of the double belt structure of FL-apoA-I in the R2-216
ensemble after MDSA
The protein chains of the final structures of the sixteen member ensemble were aligned
between residues 77-188, the domain containing the interhelical solvent-inaccessible salt
bridges. A. Cross-eyed stereo images of the aligned structures viewed from three different
directions. Upper panel, view from helix 5 side; middle panel, view from terminal domain
side; lower panel, view from disc top. C-terminal helix 10 domains, residues 220-243 (red
licorice), N-terminal domains, residues 1-43 (blue licorice), helix 5 domain (green licorice),
remainder of protein (gray licorice), and lipid (cyan line). B. Cross-eyed stereo image of the
aligned structures showing the relative immobility of the central domain (green licorice) and
mobility of the terminal domains (gray licorice). C. Cross-eyed stereo image of an average
final structure created from calculated average coordinates. The apoA-I double belt is
viewed from the helix 5 domain. The protein is represented as a Cα backbone licorice model
except Cα proline (spacefilling yellow). Helix 5 (green), C-terminal helix 10 domains,
residues 220-243 (red), N-terminal domains, residues 1-43 (blue), and remainder of protein
(gray). The N-terminal proline-rich domains are indicated by red arrowheads.
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FIGURE 7. Molecular contact maps between N-terminal pairs, C-termini pairs and N-terminal
to C-terminal pairs plotted for the R2-216 ensemble of sixteen MDSA simulations of the 160:24:2
(R2-2) particle
Intermolecular salt bridges are plotted as black dots, intramolecular salt bridges as red dots,
other molecular contacts (fraction interhelical contacts close enough to allow cross-linking,
defined as a Cα-Cα distance ≤ 25 Å (64), during the last 10 ns of all sixteen R2-216 MDSA
trajectories summed over a total of 20,000 frames) are plotted as scaled black rectangles
(scale to right of plot). Distances of salt bridges are indicated by circles (scaled to right of
plot). A. N-N inter- and intramolecular salt bridges, residues 1-30. B. N-N intermolecular
contacts, residues 1-30. C. C-C inter- and intramolecular salt bridges, residues 220-241. D.
C-C intermolecular contacts, residues 220-241. E. C-N inter- and intramolecular salt
bridges, residues 1-30 to 220-241. F. C-N intermolecular contacts, 1-30 to 220-241.
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FIGURE 8. Cross-eyed stereo images in stick CPK representation of intermolecular contacts
between overlapping N-N domains, residues 1-10, of three final structures from the R2-216
ensemble of sixteen MDSA simulations of the 160:24:2 (R2-2) particle
Salt bridges are indicated by dashed green lines. Prolines are in yellow.
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FIGURE 9. Select cross-eyed stereo images of a 240(POPC):36(UC): 2(apoA-I) particle subjected
to an MD simulation at 310K for 5 ns and then a T-jump at 500K for 10 ns
The yellow arrowheads indicate the position of the N-terminal proline-rich domains. A-E.
Spacefilling representations of final structures of the following MD simulations: 5 ns at
310K and 1ns, 3 ns, 6 ns and 7 ns at 500K, respectively. Color code: Residues 1-43, white;
helix 1 (residues 44-65), blue; helix 5 (residues 120-143), green; helix 8 (residues 187-208),
skyblue; helix 10 (residues 220-243), red. F. Stick representations of the final molecular
interactions holding the N-termini together in the T-jump simulation at 6 ns. G. Stick
representations of the final molecular interactions after separation of the N-termini in the T-
jump simulation at 7 ns. The salt bridges between D1 and R10 and E2 and the N-terminal
NH3 are shown in spacefilling CPK representation. Color code: residues 1-43, white; helix
10, red; prolines, yellow.
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FIGURE 10. Schematic model of the polar lipid remodeling-switch hypothesis
Postulated role of “sticky” N-terminal proline-rich domains in fusion between particles that
have exceeded a critical polar lipid concentration. PL molecules are represented
schematically in the usual ball (dark gray) and stick (black) motif. Particles are represented
as bilayers in cross-section. Central domains (light gray ribbon helixes); terminal
remodeling-switch domains (dark gray tube helixes).
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