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Molecular Dynamics on a Model for Nascent High-Density Lipoprotein:
Role of Salt Bridges

Christopher Sheldahl and Stephen C. Harvey
Department of Biochemistry and Molecular Genetics, University of Alabama at Birmingham, Birmingham, Alabama 35294 USA

ABSTRACT The results of an all-atom molecular dynamics simulation on a discoidal complex made of 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC) and a synthetic a-helical 18-mer peptide with an apolipoprotein-like charge distribution
are presented. The system consists of 12 acetyl-18A-amide (Ac-18A-NH,) (Anantharamaiah et al., 1985. J. Biol. Chem.
260:10248-10255) molecules and 20 molecules of POPC in a bilayer, 10 in each leaflet, solvated in a sphere of water for a
total of 28,522 atoms. The peptide molecules are oriented with their long axes normal to the bilayer (the “picket fence”
orientation). This system is analogous to complexes formed in nascent high-density lipoprotein and to Ac-18A-NH./
phospholipid complexes observed experimentally. The simulation extended over 700 ps, with the last 493 ps used for
analysis. The symmetry of this system allows for averaging over different helices to improve sampling, while maintaining
explicit all-atom representation of all peptides. The complex is stable on the simulated time scale. Several possible salt
bridges between and within helices were studied. A few salt bridge formations and disruptions were observed. Salt bridges

provide specificity in interhelical interactions.

INTRODUCTION
Discoidal lipoprotein complexes

Lipoproteins are noncovalently associated lipid/protein
complexes that are involved in lipid transport. One of the
most significant classes is high-density lipoprotein (HDL).
The concentration of HDL in the blood is inversely corre-
lated with atherosclerosis and is involved in cholesterol
transport and metabolism, including the activation of leci-
thin:cholesterol acyltransferase (LCAT) (Segrest et al.,
1994). The major protein component of HDL is Apo A-I
(Segrest et al., 1994; Brouillette and Anantharamaiah,
1995). The principal structural motif involved in Apo A-I/
lipid interaction is the amphipathic a-helix (Segrest et al.,
1994; Brouillette and Anantharamaiah, 1995; Borhani et al.,
1997).

When Apo A-I is mixed with certain phospholipids, there
is spontaneous formation of small (<200 A in diameter)
lipid/protein complexes. These are discoidal in shape, as
observed by electron microscopy (Tall et al., 1977) and
x-ray scattering (Atkinson et al., 1976). These discs are
similar in shape and size to nascent HDL. The discs are
believed to be patches of lipid bilayer with protein sur-
rounding the nonpolar acyl chains of the lipids (Segrest,
1977; Atkinson et al., 1980). Synthetic amphipathic helix
peptides have been experimentally found to form similar
complexes with lipid (Anantharamaiah et al., 1985).
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The orientation of the amphipathic helices at the edge of
these discoidal complexes is a subject of some interest.
Several infrared spectroscopy studies using various peptides
and proteins indicate that the amphipathic helices in these
discs are oriented with their long axes perpendicular to the
plane of the bilayer (Brasseur et al., 1990; Wald et al., 1990;
Corijn et al., 1993). This orientation (the “picket fence”
model) is similar to the orientations found in transmem-
brane helices. However, the recent crystal structure of an
N-terminal deletion mutant of Apo A-I in solution provides
very suggestive evidence that in Apo A-I/lipid complexes
the helices are perpendicular to the lipid chains (the “rail
fence” model) (Borhani et al., 1997). Furthermore, in the
complex formed between Manduca sexta apolipophorin 111
and 1-myristyl-2-myristyl-sn-3-phosphocholine (DMPC),
the helices of the protein appear to have their long axes in
the rail fence orientation as well (Raussens et al., 1995).
Orientations intermediate between the picket fence and rail
fence orientations may exist.

The helices found in apolipoproteins that are most highly
correlated with lipid affinity have a characteristic charge
distribution (Segrest et al., 1994). This type of amphipathic
helix, called class A, has positively charged residues form-
ing the boundary between the polar and nonpolar faces of
the helix and negatively charged residues in the center of the
polar face. The role of this charge distribution has been
studied with the synthetic 18-mer class A amphipathic helix
18A and peptides with related sequences. Fig. 1 gives the
sequence of 18A, as well as a schematic view down the
helix axis of 18A in an a-helix conformation. Note that this
peptide has the class A charge distribution. This peptide
forms discoidal complexes with DMPC (Anantharamaiah et
al., 1985). Discoidal complexes composed of Ac-18A-NH,
and phospholipid are potent activators of LCAT (Chung et
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FIGURE 1

Sequence and helical wheel diagram for the 18A peptide.
This figure was generated with WHEEL (Jones et al., 1992).

al., 1985). A related peptide, 18R, in which the relative
positions of the positively charged and negatively charged
residues have been reversed, has also been studied. The 18R
peptide forms less stable complexes with phospholipid (An-
antharamaiah et al., 1985). The charge distribution is not
believed to be involved in headgroup-peptide interactions,
because no difference in headgroup behavior has been ob-
served in peptide/lipid complexes with 18 A-like peptides or
with 18R-like peptides (Epand et al., 1989). This observa-
tion also suggests that the picket fence orientation may be
preferred for this series of peptides.

Salt bridges and the stabilization of
protein structure

Both intrahelix and interhelix salt bridges have been seen in
the crystal structures of apolipoproteins in an aqueous en-
vironment (Borhani et al., 1997; Wilson et al., 1991). How-
ever, the extent to which these may be artifacts of crystal-
lization is not known. The possibility of solvent-exposed
salt bridges in proteins has been investigated both experi-
mentally and theoretically (Nakamura, 1996). According to
continuum electrostatic calculations (Hendsch and Tidor,
1994), solvent-exposed salt bridges are generally destabi-
lizing relative to isosteric hydrophobic interactions, because
of a greater attraction of the residues for water than for each
other. Experimental results consistent with a minimal role
for solvent-exposed salt bridges are given in a variety of
studies. Among these was a study (Bradley et al., 1990) that
failed to detect intrahelical salt bridging in synthetic pep-
tides. Salt bridging was also not found between the helices
of the GCN4 leucine zipper in solution (Lumb and Kim,
1995), although it is seen in the crystal structure. However,
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other studies have found some role for salt bridging in
solution (Marqusee and Baldwin, 1987; Huyghues-Des-
pointes and Baldwin, 1997; Lyu et al., 1992; Smith and
Scholtz, 1998). Most of these have found a favorable free
energy for solvent-exposed salt bridges of ~0.5 kcal/mol. A
free energy of 3-5 kcal/mol has been observed for a par-
tially solvent-accessible salt bridge in T4 lysozyme (Ander-
son et al., 1990). It is clear that salt bridging can be signif-
icant, at least as a determinant of specificity in some
systems, possibly including lipoproteins.

Salt bridges in 18A series peptides

Because apolipoproteins may be expected to show specific
interactions between different helices, as has been observed
in relevant protein crystal structures (Borhani et al., 1997;
Breiter et al., 1991; Wilson et al., 1991), the forces respon-
sible for creating specificity in interhelix interactions are of
interest. One possibility, considering the conserved class A
charge distribution, is that this charge distribution is impor-
tant in interhelix salt bridges or other interactions, such as
interactions between charged residues and polar ones.

The possibility of salt bridging in 18A and the related
18R peptides has been addressed experimentally (Lund-
Katz et al., 1995). By examining the pK, values of dimeth-
yl-Lys analogs of these peptides when bound to DMPC
discs, they judged whether a particular Lys residue formed
a salt bridge. They saw pK, shifts consistent with salt bridge
formation (or another favorable interaction) in Lys'> and
Lys®, but not Lys'® or Lys”. It is unclear what the salt bridge
partners of these residues are. It is also not known what
effect the dimethylation may have had on salt bridge
formation.

Molecular dynamics simulations of membranes

Many molecular dynamics simulations of membrane sys-
tems have now appeared. The systems studied include lipid
bilayers (Chiu et al., 1995; Damodaran et al., 1992; Huang
et al., 1994; Damodaran and Merz, 1994; Pastor, 1994;
Heller et al., 1993; Tu et al., 1995; Zhou and Schulten,
1995), bilayer-peptide (or bilayer-protein) systems (Damo-
daran and Merz, 1995; Damodaran et al., 1995; Edholm et
al., 1995; Woolf and Roux, 1996; Huang and Loew, 1995;
Phillips et al., 1997), and bilayer—small molecule systems
(Alper and Stouch, 1995; Bassolino-Klimas et al., 1995;
Edholm and Nyberg, 1992). Impressive demonstration of
agreement with various experimental properties has been
demonstrated in these simulations. The simulations have
typically treated 10,000-30,000 atoms and have extended to
the several hundred picosecond range. This may not be long
enough to sample all behaviors of interest. An alternative
approach to membrane simulations is to treat only small
sections of the membrane, such as a few lipids, explicitly
and account for solvent and other lipids by using a mean
field potential (De Loof et al., 1991; Pearce and Harvey,
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1993). The latter approach has advantages with respect to
time equilibration, but is at a disadvantage with respect to
equilibration in space. Neither method reaches the combi-
nation of sufficiently large system size and sufficiently long
time scale necessary for examining collective motions.

In this work we present the results of a molecular dy-
namics simulation on a picket fence model for the 18A/
POPC discoidal complex. Interhelical interactions in this
complex are studied. This simulation on a picket fence
model for the 18A/POPC complex is the first in a planned
series of simulations that will investigate these aspects of
lipoprotein structure and dynamics in detail.

METHODS
Construction of the system

Using the molecular modeling program Sybyl (Tripos Associates, St Louis,
MO), two Ac-18A-NH2 peptides in a-helix configurations were placed
with their centers 10 A apart. They were oriented in an antiparallel fashion.
The antiparallel orientation was chosen to create favorable helix-dipole
interactions and to maximize relevance to natural lipoproteins, because this
orientation is found in apolipoprotein crystal structures (Borhani et al.,
1997; Breiter et al., 1991; Wilson et al., 1991). The side-chain orientations
of Lys, Trp, and Tyr residues were then altered to place their hydrophilic
groups toward the hydrophilic side of the dimer and hydrophobic groups
toward the other face. This “snorkeled” conformation has been postulated
based on experimental evidence (Mishra et al., 1994). No other modifica-
tions to the ideal helix structure were made at this point. The resulting
dimer was then copied and rotated to form a circle of 12 helices with an
outer diameter of ~60 A.

At this point, a patch of 10 POPC molecules from one leaflet of the
central portion of the simulation of fluid-phase POPC by Heller et al.
(1993) was used as the starting structure for the lipid bilayer. These lipids
were then copied to form a bilayer of 20 lipids (10 lipids in each mono-
layer). The resulting patch of lipid formed the lipid portion of the simulated
system. The peptide portion and the lipid portion of the system were then
combined.

Using the program X-PLOR (Briinger, 1992), hydrogens were added,
and then the peptide/lipid complex was minimized in vacuo by the appli-
cation of 10,000 steps of a conjugate gradient minimization algorithm. The
CHARMM force field (version 22) (Brooks et al., 1983; MacKerell et al.,
1998; Schlenkrich et al., 1996) was used for this and all subsequent
simulations. Parameters for the POPC double bond were adapted from
parameters recently developed to work with the CHARMM force field
(Feller et al., 1997). The TIP3P water model was used (Jorgensen et al.,
1983). A distance-dependent dielectric constant (D = R in A) was used as
a crude model for electrostatic screening by water molecules during this
minimization.

The minimized complex was then solvated in an 84-A-diameter sphere
of water. Water molecules that were within 2.5 A of any complex atom or
that were within the approximate confines of the lipid acyl chain region
were deleted. The entire system was then energy minimized (conjugate
gradient), using X-PLOR for 7500 steps. The dielectric constant was set to
1, regardless of distance, for this minimization and for all subsequent
modeling. An electrostatic cutoff of 10 A was used.

Molecular dynamics: simulation and analysis

Using the program NAMD (Nelson et al., 1996), the minimized, solvated
system was heated from 10 K to 300 K over a period of 30 ps via molecular
dynamics. Velocities were assigned every picosecond and raised in 10 K
intervals. Velocity rescaling was used to maintain a constant temperature
during each picosecond. Spherical boundary conditions, as implemented in
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NAMD, were used to prevent waters from leaving the system, with a
boundary of 45 A and a force constant of 30 kcal/A. At this point the
system was simulated using NAMD for a total of 703 ps at 300 K with
velocity rescaling. Over the last 493 ps, coordinates were saved every
picosecond and used for the analysis. The programs VMD (Humphrey et
al., 1996) and Ribbons (Carson, 1991) were used to visualize the system.
Scripts written in the X-PLOR language (Briinger, 1992) and our own
programs were used for analysis.

RESULTS AND DISCUSSION
Overall structure of the system

Fig. 2 shows a space-filling view of the lipid and peptide
portions of the system at the end of the simulation. The view
is perpendicular to the long axes of the helices (a “side”
view). Fig. 3 is a view parallel to the long axes of the
peptide helices (a “top” view). Taken together, these figures
indicate that the helices are closely packed. This packing
was stable on the simulated time scale.

Fig. 4 shows the scheme used to divide the POPC mol-
ecule into groups for Fig. 5, which is a plot of the proba-
bility of finding each type of atom at various distances
perpendicular to the membrane. Water oxygen atoms are
included in Fig. 5 only if they are less than 10 A from the
radial center of the disk, so as to ignore those waters at the
sides of the complex. Fig. 5 shows that the lipid atoms are
distributed along the bilayer normal in a manner similar to
that seen in simulation (Heller et al., 1993) and in experi-
ment (Wiener and White, 1992) for pure lipid bilayers. The
interleaflet minimum in lipid density is not duplicated very
well, however, even though the phosphate-to-phosphate dis-
tance across the bilayer is very similar that to these previous
studies. It can be seen that the peptide atoms extend along
the hydrocarbon chains of the lipids, indicating that Ac-
18A-NH, and POPC have similar lengths. This suggests
that the picket fence model is plausible for this peptide’s
discoidal complexes with lipid. During the simulation, wa-
ter penetrated the bilayer up to the acyl (carbonyl) atoms, as
observed in experimental studies of pure bilayers (Wiener
and White, 1992).

FIGURE 2 View of the Ac-18A-NH,/POPC complex perpendicular to
the long axes of the helices. The lipid is shown in black. The different
peptide helices are shown in various colors. This was generated with VMD
(Humphrey et al., 1996).
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FIGURE 3 View of the Ac-18A-NH,/POPC complex parallel to the long
axes of the helices. The lipid is shown in black. The different peptide
helices are shown in various colors. This was generated with VMD
(Humphrey et al., 1996).

Fig. 6 displays a histogram of atom number density along
the radial dimension to examine the extent of peptide inter-
action with the lipid bilayer. Water oxygens are included if
they have a Z coordinate between —10 and 10 A, thus
ignoring the waters along the top and bottom of the disk. In
Fig. 6, the lipid density extends to the center of the peptide
peak. There is minimal overlap of the lipid and water peaks.
It is also evident that there is some water between helices,
because the water peak extends well into the peptide peak.

Interpeptide salt bridges

Fig. 7 displays four peptide monomers taken from the
simulation and illustrates that two distinct interfaces exist.
In one the Asp® and Lys'® residues from two neighboring
helices are present. These residues are not present in the
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FIGURE 4 The scheme used to divide lipid atoms for Fig. 5.
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FIGURE 5 Probability distribution functions of atomic positions along
the bilayer normal i.e., parallel to the long axes of the helices, averaged
over all time frames.

other interface. The former will be designated as the “odd”
interface, the latter as the “even.”

Because the interactions between helices are of interest,
histograms of the interpeptide energy were made. These
were averaged over all “odd” or “even” interfaces and over
all 493 ps. Solvent-peptide interactions were ignored in
these calculations, and a constant dielectric constant of 1
was used, because this was simply a ranking procedure.
These histograms reveal a difference in the energetics of the
two types of interface. The peptide-peptide mean interaction
energy is about —100 (nominal) kcal/mol for the odd inter-
face, whereas it is roughly zero for the even interface (Figs.
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FIGURE 6 Probability distribution function along the radial dimension,
averaged over all time frames.



1194 Biophysical Journal

FIGURE 7 Illustration of the two types of interpeptide interfaces. Aspg
(red) and Lys, 5 (blue) are shown in a space-filling representation. This was
generated with Ribbons (Carson, 1991).

8 and 9). Furthermore, the distribution of energies for the
odd interface has three maxima, whereas there are only two
distinct maxima in the even interface energy distribution.

To understand the maxima in the interpeptide energy
probability energy, the number of interhelix salt bridges
(defined as acidic carboxylate carbon and basic amino ni-
trogen side-chain atoms within 4.8 A) versus interpeptide
energy was plotted (Fig. 9). For the odd interface (Fig. 9 A)
there are zero, one, or two salt bridges, corresponding to the
three maxima seen in the energy histogram. Similarly for
the even interface (Fig. 9 B), there are zero or one salt
bridges observed, corresponding to the appropriate energy
histogram maxima. This could have been postulated based
on the energy histograms alone, because the energy differ-
ence between maxima is ~100 kcal/mol, which is the en-
ergy of a pair of electron charges when separated by ~3 A
in a vacuum. Salt bridging alone is able to explain the
principal features of the energy distributions.

The principal interaction in the odd interfaces was found
to be an Asp®-Lys'® salt bridge. The even interface interac-
tion energies were dominated by a Glu'?-Lys’ salt bridge.
As a means of studying the time- and monomer-averaged
behavior of these salt bridges, relative radial distribution
functions (RDFs) were calculated for each of these salt
bridges. The value of the RDF (p) for a given value of the
distance between two atoms of interest is given by

p(R) = (N/R?) (1)

where N is the total number of cases (for all copies of the
salt bridge and all time steps) in which the distance between
the atoms is in a narrow bin (0.1 A wide), with an upper
limit R. The atoms selected for these RDFs were the car-
boxylate carbons of Asp and Glu and the side-chain nitro-
gen of Lys. RDFs for the principal interhelix salt bridges are
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FIGURE 8 Probability distribution function of interpeptide interaction
energy for the odd (4) and even (B) interfaces, averaged over all helices
and all time frames.

given in Fig. 10. The peak centered at ~2.5-4.8 A in each
RDF represents the salt-bridged structures. The second
peak, with a maximum at ~6 A for the odd interface (Fig.
10 A) and at 8 A for the even interface (Fig. 10 B) represents
the most favorable non-salt-bridged distance. Note that the
Asp®-Lys'® salt bridge appears to be stronger than the
Glu'?-Lys’ interaction.

Intrapeptide salt bridges

The possibility of salt-bridging within helices was also
investigated. Intrapeptide salt bridges are another possible
explanation for the experimental pK, results (Lund-Katz et
al., 1995). In addition, intrapeptide salt bridges provide
more opportunities to study the general phenomenon of salt
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FIGURE 9 Number of interhelix salt bridges versus interpeptide inter-
action energy for the odd (4) and even (B) interfaces, averaged over all
helices and all time frames.

bridging in peptides and proteins. Because there are 3.6
residues per turn in an ideal a-helix, possible (i, i + 3) and
(i, i + 4) intrahelical salt bridges were studied. There are
four possible (7, i + 3) salt bridges in 18A (D1-K4, K9-E12,
E12-K15, K13-K16) and one possible (i, i + 4) salt bridge
(K4-D8). Time- and helix-averaged RDFs (Fig. 11) were
calculated for all possible (i, i + 3) and (7, i + 4) intrahelical
salt bridges. The carboxylate carbon of acidic residues and
the NZ atom of basic residues (lysines) were chosen for
these graphs. The three salt bridges with Lys as the N-
terminal member of the pair (K4-D8, K9-E12, K13-E16)
did show significant formation. One of the remaining pos-
sible salt bridges showed very weak formation (D1-K4),
whereas the other showed none (E12-K15).
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FIGURE 10 Lysine nitrogen-acidic side-chain carboxylate carbon RDF
for the odd interface D8-K 15 salt bridge (4) and the even interface K9-E12
salt bridge (B) (all helices and all time frames).

Salt bridge dynamics

Characterization of the time scales of salt bridge formation
and disruption is essential in evaluating the ability of mo-
lecular dynamics to investigate the process.

The number of transitions between the salt-bridged and
non-salt-bridged states was calculated for the significant salt
bridges (two interhelix, three intrahelix salt bridges). A
distance criterion based on the RDFs was used. The transi-
tions were counted using the “simple counting” procedure
(Loncharich et al., 1992). The total numbers of salt bridge
formations and salt bridge disruptions are shown for the
significant salt bridges in Table 1. The results are shown for
all time steps and all helices. The salt-bridging residue pair
that interconverts between states the most quickly (the in-
terhelix odd interface interhelix interaction D8-K15) shows
five formations and five disruptions during the simulation.
Because there are 12 copies of this salt bridge, there is an
average of ~0.4 formations and ~0.4 disruptions per salt
bridge copy for this pair. This would mean one formation
and one disruption for each particular copy of this salt
bridge in ~1.2 ns. The slowest interconverting salt bridges
(intrahelix K4-K8 and even interface interhelix K9-E12)
each show only one formation and no disruptions. This
gives an average of ~6.9 ns for the salt-bridge formation for
a particular copy of this salt bridge. In all, 11 formations and
13 disruptions were observed for all of the salt bridges listed
in Table 2. Thus the mean lifetime for salt bridges is
estimated to be in the range of 1-10 ns.
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FIGURE 11

Lysine nitrogen-acidic side-chain carboxylate carbon RDF for the possible (i, i + 3) and (i, i + 4) intrahelical salt bridges, (4) D1-K4, (B)

K4-D8, (C) K9-E12, (D) E12-K15, (E) K13-E16, averaged over all helices and all time frames.

CONCLUSIONS

The discoidal complex studied here is a useful system for
molecular dynamics studies of lipid/protein complexes.
Sampling of the peptide structure and dynamics benefits
from the fact that there are several copies of the 18A
peptide. This aids in the study of local structure, such as
particular interhelix salt bridges, but does not help in the
sampling of global or collective structure and dynamics.
Interhelix energetics were found to be dominated by salt
bridges. Salt bridging provides a means of creating speci-
ficity in interhelix interactions. Solvated side chains can
form salt-bridged conformations, as seen from the examples
of salt-bridge formation observed. The side chains involved
can fluctuate between salt-bridged and non-salt-bridged
conformations and still contribute substantially to the aver-

TABLE 1 Number of salt bridge formations and disruptions
for significant salt bridges (all helices and all time steps)

Salt bridge

Total formations Total disruptions

Odd* D8-K15
Even” K9-E12
Intra® K4-D8
Intra K9-E12
Intra K13-E16

NN — — W
n W o o Wwm

*Qdd: Interhelix, odd interface.
#Even: Interhelix, even interface.
Sntra: Intrahelix.

age interhelical energy. Based on this simulation, salt bridg-
ing is expected to be the primary determinant of the ar-
rangement of helices relative to each other in lipoproteins.
Whereas this may be limited primarily to determining a
parallel or antiparallel orientation of helices in a picket
fence model disc, for rail fence models salt bridging is
expected to determine helix registry. Because Apo A-I
discs, such as natural nascent HDL, are likely to contain the
rail fence orientation (Borhani et al., 1997), the importance
of salt bridging suggested by this simulation is of general
significance. Salt bridges are expected to be particularly
important in lipoproteins because the hydrophobic sides of
the a-helices face lipid, and so hydrophobic interactions
between helices are difficult to form and are relatively
nonspecific. Based on our results we expect interhelix salt
bridging to be one reason, perhaps the major reason, for the
existence of the characteristic class A charge distribution.
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