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ABSTRACT
We present atomistic molecular dynamics simulation study of the self-assembly
behavior of toll-like agonist lipopeptides (Pam,CSK4) in aqueous solutions. The
variable number of hexadecyl lipid chains (n = 1, 2, 3) per molecule has been
experimentally suggested to have remarkable influence on their self-assembled
nanostructures. Starting from pre-assembled spherical or bilayer configurations, the
aggregates of lipopeptides, PamCSK4 and Pam;CSK4, which contain peptide
sequences CSK4 linked to either mono- or di-lipid chains (Pam), evolve into spherical-
like micelles within 30 ns, whereas the self-assembled structure of tri-lipidated
lipopeptides, Pam3CSK4, relaxes much slower and reaches an equilibrium state of
flattened wormlike micelle with a bilayer packing structure. The geometric shapes and
sizes, namely the gyration radii of spherical micelles and thickness of the flattened
wormlike micelle, are found to be in good agreement with experimental measurements,
which effectively validates the simulation models and employed force fields. Detailed
analyses of molecular packing reveal that these self-assembled nanostructures all
consist of a hydrophobic core constructed by lipid chains, a transitional layer and a
hydrophilic interfacial layer composed of peptide sequences. The average area per
peptide head at the interfaces is found to be nearly constant for all micellar structures
studied. The packing parameter of the lipopeptide molecules thus increases with the
increase of the number of linked lipid chains, giving rise to the distinct micellar shape
transition from spherical-like to flattened wormlike geometry with bilayer stacking,
which is qualitatively different from the shape transitions of surfactant micelles induced
by variation of concentration or salt type. To facilitate the close-packing of the lipid
chains in the hydrophobic core, the lipopeptide molecules typically take the bent
conformation with average tilt angles between the peptide sequences and the lipid
chains ranging from 110° to 140°. This consequently affects the orientation angles of
the lipid chains with respect to the radial or normal direction of the spherical-like or
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flattened wormlike micelles. In addition, the secondary structures of the peptides may
also be altered by the number of lipid chains they are linked to and the resultant micellar
structures. Our simulation results on the microscopic structural features of the
lipopeptide nanostructures may provide potential insights into their bioactivities and
contribute to the design of bioactive medicines or drug carriers. The force fields built
for these lipopeptides and the geometric packing discussions could also be adopted for
simulating and understanding the self-assembly behavior of other bioactive
amiphiphiles with similar chemical compositions.

1. INTRODUCTION

Lipopeptides, a class of bioactive amphiphilic molecules, have been widely used as
antibacterial ingredients in human medicine for infections and immunity treatment, !> 2
or as antifungal agents in crop storage to prevent spoilage.® Lipopeptides consist of
lipid chains connected to peptide sequences. The amphiphilic nature of these molecules
favors the formation of aggregated structures in aqueous solutions owing to the low
critical aggregation concentrations (cac), which leads to many applications in
fabrication of biomedicines,* design of drug carriers,® as well as manufacture of
imaging agents.® The self-assembled structures typically take the forms of extended and
rigid nanofibers or nanotapes,’!? with some exceptions of wormlike micelles.!® The
nanofibers can further construct 3-dimensional networks to provide structural support
to collagen'# for reducing wrinkles and the appearance of aging of skin, reduce death
of cells at the spinal cord injury sites,'> or stimulate/overcome host immune response.'¢

Recently Hamley and co-workers reported one of the very first experimental
investigations on the self-assembly behavior of a class of toll-like receptor agonist
lipopeptides, i.e., Pam,CSK4 (n =1, 2, 3), in aqueous solutions.!” These commercially-
available lipopeptides have shown bioactivity during the innate immune response.'® As
sketched in Figure 1, the CSK4 peptides in these molecules are linked to different
numbers of hexadecyl (palmitoyl, Pam) chains via glycerol units. Their self-
assembled structures are suggested to be relevant to the binding specificity to the
immune receptors.'® Using a combination of cryo-TEM, small-angle X-ray scattering
and circular dichroism (CD) techniques, Hamley et al. observed the formation of
distinct nanostructures: the mono- and di-lipidated molecules (PamCSK4 and
Pam,CSK4) aggregate into spherical-like micelles, analogous to lipid surfactants, while
unexpectedly the Pam3;CSK4 molecules containing three lipid chains assemble into
flexible flattened wormlike micelles with a bilayer packing. The cryo-TEM images of
these self-assembled structures are shown in Figure 2. Molecular pictures on how these
Pam,CSK4 molecules are packed into different structures have been proposed, which
are however hard to verify at a molecular level.
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Figure 1. Molecular structures of Pam,CSK4 lipopeptides: (a) PamCSK4; (b)
Pam>CSK4; (c) Pam3zCSK4. These three kinds of lipopeptides contain different
numbers of lipid chains (Palmitoyl, Pam) and the same peptide sequence (Cys-Ser-Lys-
Lys-Lys-Lys, CSKKKK). To distinguish the lipid chains in the same lipopeptide
molecule, we label them as Pam("), Pam® and Pam®), respectively.

Figure 2. Cryo-TEM images of self-assembled structures of (a) PamCSK4, (b)
Pam>CSK4 and (c) Pam3;CSK4.

Computer simulations, including molecular dynamics (MD) and Monte Carlo (MC)
simulations, allow the direct access to the atomistic details of molecules under
investigation beyond the experimental resolution limit,?*?> and have become an
effective tool to study the self-assembly process and the resultant structures.?®
Surfactants are perhaps the most widely simulated class of amphiphiles,?’-*! which have
been described by models at various molecular levels using all-atom, united-atom or
coarse-grained force fields. Depending on the system parameters, such as temperature,
ionic strength and solute concentrations,?? 33 self-assembled spherical-like or elongated
micelles have been observed in aqueous solutions of surfactants.33-3¢ Regardless of their
shapes and sizes, all micelles consist of a dry hydrophobic core surrounded by a
disordered interfacial layer containing the headgroups, counterions, water molecules
and methyl/methylene groups. The knowledge obtained from studying surfactant
micelles provides a good reference for simulating the self-assembly behavior of more
complex amphiphiles. For example, Schatz and co-workers performed atomistic
simulations to determine the structural properties of cylindrical nanofibers formed by
peptide amphiphiles consisting of a lipid chain attached to thirteen amino acids.?” They

3



found a broad distribution of secondary structure of the peptide sequence in addition to
the dry hydrophobic core and disordered interfacial region, which was consistent with
experimental observations.

In this work, we perform atomistic MD simulations to investigate the self-assembled
micellar structures formed by lipopeptides Pam,CSK4, in aqueous solutions. The
converged configurations, including spherical-like micelles of PamCSK4 and
PamyCSK4 and flattened wormlike micelle of Pam3CSK4, are obtained by equilibrating
the preassembled configurations after sufficiently long runs. The shapes and sizes of
these equilibrated structures are found to be consistent with the experimental
measurements.!” Detailed analyses of the arrangements of molecular packing inside the
micelles, of the tilt angles between the peptide heads and lipid tails as well as the
secondary structures of the peptide sequences are then carried out to provide
microscopic structural features beyond the experimental resolution. A molecular model
is also proposed to interpret the formation of these distinct self-assembled structures.
These results on the self-assembled structures will contribute to the development of a
microscopic understanding of the bioactivities of the lipopeptide micelles and so
provide potential guidance for the design of bioactive medicines or drug carriers. To
the best of our knowledge, this is the first atomistic simulation study of self-assembled
structures of Pam,CSK4 lipopeptides, especially for the flattened wormlike micelle
with a bilayer packing of Pam3CSK4. The force fields built for these lipopeptide
molecules and the geometric packing model we proposed should also be applicable to
simulate and understand the self-assembly behavior of a wide range of bioactive
amphiphiles with similar chemical compositions.

2. COMPUTATIONAL METHODS

2.1. System Setup. As the spontaneous micellization of lipopeptides with long
hydrophobic lipid tails and peptide heads from a random distribution is a time-
consuming process, we chose to use preassembled structures as the initial
configurations, similar to previous studies of surfactant micelles** and peptide
amphiphile nanofibers.>” As shown in Figure 3a, the spherical-like micelle containing
45 PamCSK4 molecules was extracted from a separate simulation of a preassembled
aggregate comprising 80 PamCSK4 molecules in aqueous solution which broke into
two smaller stable micelles, one with 45 and the other with 35 molecules, respectively.
The spherical-like micelle consisting of 76 Pam;CSK4 molecules (Figure 3b) and the
bilayer structure containing 180 Pam3;CSK4 molecules (Figure 3c) which extended
infinitely in the y-direction due to periodic boundary condition were generated by the
PACKMOL package.*® The aggregation numbers in the two spherical-like micelles are
close to the experimental values of 36.3 for PamCSK4 and 88.7 for Pam>CSK4 as
estimated from the reported mean molecular volumes along with the volumes of the
corresponding micelles based on a spherical close-packed picture.!’

Each preassembled lipopeptide structure shown in Figure 3 was introduced into a
simulation box whose dimensions are listed in Table 1. The boxes were then filled with
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water molecules. Counterions (Chloride ions, Cl) were also added to maintain
neutralization of the systems. The concentrations of lipopeptides in all three systems,
as measured in units of mass percentage, are far greater than their corresponding critical
aggregation concentrations (cac). As a consequence, no lipopeptide molecules were
found to dissociate from assembled configurations for the entire equilibrium simulation
runs described below. More details about the system parameters are presented in Table
1.

(@)

6.0 nm

Figure 3. Snapshots of initial preassembled configurations of lipopeptides. (a)
Spherical-like micelle containing 45 PamCSK4 molecules; (b) Spherical-like micelle
containing 76 Pam;CSK4 molecules placed along the radius direction; (¢) Bilayer
structure consisting of 180 PamsCSK4 molecules arranged in parallel, stacked into two
layers with equal number of molecules and extending infinitely along the y axis due to
periodic boundary condition. Atoms are represented by VDW beads: carbon (cyan),
oxygen (red), sulfur (yellow), nitrogen (blue) with bonded hydrogens (white),
respectively. Water molecules and counterions are not shown for clarity.

Table 1. Numbers of Lipopeptides (Vip), SPC water (V,v) and Counterions (Nion), Box

Size (Vrox) and Mass Percentage (w) of Lipopeptides in Each Simulated System.
Lipopeptide ~ Nip N Nion Viox [nm?] w [%]
PamCSK4 45 53783 135 12.1x12.1x12.1  4.26
PamxCSK4 76 52927 304 12.0x12.0x12.0  9.14
Pam3;CSK4 180 36355 540 14.0x11.0x12.0 ~ 28.8

2.2. Simulation Details. All atomistic MD simulations were performed in the NPT
ensemble using the GROMACS-4.5.4 software.*® Periodic boundary conditions were
applied in all three directions. A constant temperature of 300 K and pressure of 1 bar
were maintained by the V-rescale and Parrinello-Rahman methods,** 4! with a coupling
time of 0.1 ps and of 1.5 ps, respectively. The SPC water model was used and its
geometry was held by the SETTLE algorithm.*> No atomic coordinates were
constrained during the simulations. The long-range electrostatic interactions were
treated by the Particle-Mesh Ewald (PME) method with a real space cutoff radius of
1.2 nm,*>»* whereas the van der Waals interactions were truncated at a cutoff radius of
1.2 nm. The GROMOS53A6 force field was used to parameterize the lipopeptides.*’
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The amino group —NH> and the carboxyl group —COOH on lipopepides have been
protonated and deprotonated into —-NH3(+) and —COO(-) groups in aqueous solution,
with a unit positive and negative charge, respectively. The time step was 1.0 fs.
Simulation data were collected for analyses every 1 ps during the last 10 ns after
systems have reached their equilibrium states. Analyses using data collected from the
last 20 ns provided nearly identical results within statistical errors.

3. RESULTS AND DISCUSSION

3.1. Equilibration of Preassembled Lipopeptide Nanostructures. The preassembled
lipopeptide structures shown in Figure 3, especially those of Pam;CSK4 and
Pam3CSK4, are unstable and should relax towards their equilibrium states by lowering
the free energies. To track the equilibration process we plot the total nonbonded
(electrostatic and van der Waals) energy for the whole micelle as a function of
simulation time in Figure 4. We note that the long-range part of the electrostatic energy
output by the g _energy command in GROMACS software is calculated for the whole
system due to the use of the PME algorithm and it is difficult to decompose it into the
contributions from each individual species. To better estimate the nonbonded energies
of the lipopeptides, we have calculated the electrostatic interaction energies using the
simple Coulomb’s Law and the van der Waals energies using the Lennard-Jones pair
potential among the lipopeptides themselves and between the lipopeptides and all other
species in the system.

It is clear that the nonbonded energies of the PamCSK4 and Pam>CSK4 micelles
have converged to their plateau or equilibrium values within 30 ns. The snapshots of
the equilibrated micellar structures at = 50 ns are shown in Figures 4a and 4b. The
equilibration of the Pam3;CSK4 structure is much slower, and the plateau-like value of
the nonbonded energy is reached after about 150 ns. The structural evolution of the
system can be seen in Figure 4c from the representative snapshots taken at different
simulation times. Starting from an initial bilayer stacking geometry, the Pam3zCSK4
structure evolves into a hollow cylindrical wormlike micelle with a ring-like cross-
section at £ = 10 ns in order to reduce the exposure of the hydrophobic lipid tails to
water. The hollow structure is still energetically unfavorable. As time further increases
(t = 30 ns), the cross-section of the wormlike micelle gradually changes its shape to
diminish the vacuum void, which is accompanied by the slow decrease of the
nonbonded energy of the self-assembled Pam3CSK4 structure. The snapshot taken at ¢
=170 ns clearly reveals a flattened wormlike micellar structure with a bilayer packing
of Pam3CSK4 molecules. This essentially verifies the molecular picture suggested by
experiments.!”

The structural analyses of the lipopeptide micelles in the following sections are all
carried out in the equilibrium state, namely using the trajectories saved in the last 10 ns
of each simulation run.
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Figure 4. Nonbonded energies of self-assembled structures of (a) PamCSK4, (b)
PamyCSK4 and (c) Pam3;CSK4 as a function of simulation time. The insets in (a) and
(b) are snapshots of the corresponding spherical-like micelles taken at # = 50 ns when
the systems have reached equilibrium state, while the snapshots in (c) are the cross-
section view of the Pam3;CSK4 wormlike micelle taken at £ = 10, 30 and 170 ns,
respectively. The red dashed line shows the plateau value of the nonbonded energy of
each micelle at the equilibrium state.

3.2. Structural Features of Equilibrated Lipopetide Micelles.

3.2.1. Geometric Shapes and Sizes. To make direct comparison with experimental
measurements,'” we first analyze the geometric shapes and sizes of the equilibrated
lipopeptide micelles. The geometric shape of a micellar structure with finite size can be
characterized by the aspect ratios of the principal moments of inertia, /;/I; with i, j = 1,
2, 3, and the relative shape anisotropy K? as defined in PS. 1 in SL.#6 The simulation
results on //l; and K? for the spherical-like micelles formed by PamCSK4 and
Pam>CSK4 are presented in Table 2.

The sizes of the spherical-like lipopeptide micelles are measured by their radii of
gyration, R,, while the dimension of the infinitely long flattened wormlike micelle is
characterized by the thickness d of the bilayer region. Furthermore, we have also
calculated the average volume, v, and average surface area, ao, per lipopeptide in
different structures. For the spherical-like micelles of PamCSK4 and Pam;CSK4 these
quantities are estimated from the simple spherical geometry arguments that v =
47RSA/3N and ao = 4wR*/N where N is the aggregation number. For the flattened

7



wormlike micelle of PamzCSK4, they are calculated in the bilayer region (excluding
the curved side edges) using v = wld/N and ao = 2wl/N, where w denotes the width of
the bilayer region and N// is the average number of Pam3CSK4 molecules per unit
length, respectively. Table 3 lists the analysis results for Rg, d, v and ao, together with
the average solvent accessible surface area per lipopeptide head, as4sq, for the three
types of micelles.

Table 2. Geometric Shape Factors of Self-Assembled Structures of Lipopeptides:
Aspect Ratios of Principal Moments of Inertia /i//* and Relative Shape Anisotropy K.

Lipopeptide Lk b/l L/ K?
PamCSK4 0.73 0.93 0.78 0.04
Pam;CSK4 0.78 0.93 0.85 0.02

?Principal moments of inertia follow the sequence /; < I, < I.

Table 3. Size Factors of Self-Assembled Structures of Lipopeptides: Radius of
Gyration R, Bilayer Thickness @2, Average Volume v and Surface Area ao Per
Lipopeptide, Average Solvent Accessible Surface Area asss4 Per Lipopeptide Head.

Lipopeptide Rg or d (nm) v (nm?) ao (nm?) asas4 (nm?)
PamCSK4 2.16 (Ry) 0.94 1.30 5.66
Pam,CSK4 3.01 (Ry) 1.50 1.50 8.70
Pam3;CSK4 5.0 () 3.26 1.30 9.86

2Thickness of the flat bilayer region. The radius of gyration is not the proper quantity to describe the

scale of the bilayer structure because of its large deviation from spherical shape.

The aspect ratios of the principal moments of interia, /;/I; (0.73 — 0.93), indicate that
the micellar structures formed by the PamCSK4 and Pam;CSK4 molecules are of
modestly ellipsoidal shape. This is also confirmed by the small values of the relative
shape anisotropy, i.e., K*> = 0.04 for PamCSK4 and 0.02 for Pam>CSK4, which are close
to 0 as expected for a perfect sphere. It is thus reasonable to call the self-assembled
structures of PamCSK4 and Pam>CSK4 spherical-like micelles to distinguish from the
flattened wormlike micelle formed by Pam3CSK4. The gyration radii of the simulated
PamCSK4 and Pam;CSK4 micelles are found to be R; = 2.16 nm and 3.01 nm,
respectively. These values are in good agreement with the experimental results of 2.2
nm and 3.3 nm obtained from SAXS.!”

For the flattened wormlike micelle of Pam3CSK4 with a bilayer cross-section (see
Figure 4c for the snapshot taken at ¢ = 170 ns) the thickness of the bilayer region can
be estimated from the atomic density functions as described in the following subsection
and found to be about 5.0 nm, which is again consistent with the experimental value of
5.2 nm."”

Table 3 shows that the average volume v per lipopeptide molecule increases with the
increase of the number of lipid tails, as expected. The surface area ao per lipopeptide is
however almost constant in the three different types of micelles which can be attributed
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to the presence of the same peptide sequence head CSK4 in the lipopeptides studied.
The situation is different from the self-assembled structures formed by the same type
of surfactants where the value of ao decreases as the aggregate shape changes from
spherical to wormlike micelle and then to lamellar phase with increasing surfactant
density.’> 47 On the other hand, the average solvent accessible surface area asss4 per
lipopeptide head is found to increase with the number of lipid tails per molecule. This
can be understood from the bending or torsion of peptide sequences in the micellar
structure, as discussed in more detail below.

The good agreement between the simulation and experimental results on the sizes
and geometric properties of the lipopeptide micelles effectively validates the simulation
system setups and force fields we employed. Further analyses can then be performed to
provide information at the atomic level on the structural features of these distinct
nanostructures and their dependence on the molecular architectures of the lipopeptides.

3.2.2. Molecular Packing Inside Micelles. To examine the packing details of
lipopeptides inside the self-assembled structures, we calculate the atomic density
functions (ADFs) of selected components either as functions of their radial distances
from the centers of mass (COMs) of the spherical-like micelles, or as functions of their
normal distances from the midplane of the bilayer region of the flattened wormlike
micelle.
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Figure 5. Atomic density functions for the spherical-like micelles of (a, b) PamCSK4
and (c, d) PamxCSK4, and for the flattened wormlike micelle of (e, f) PamzCSK4. Left
panels: ADFs divided into lipid tail, peptide head, water and ion contributions with
respect to the center of mass (COM) of the spherical-like micelle, or along the normal
direction of the flattened wormlike micelle (see inset of (f)). The normal vector is
identified by the principal axes of the inertia tensor. To clearly show the stacking
structure within the flattened wormlike micelle of Pam3;CSK4, only molecules in the
central 4 nm width region in the /, direction are considered. Right panels: ADFs of the
head and middle methylene groups and the terminal methyl groups, denoted as “CH”,
“CM” and “CT”, on lipid chains. The inset in (b) gives the schematic representation of
the positions of “CH”, “CM” and “CT” on a lipid chain. The normal vector of the
flattened wormlike micelle is shown in the inset of (f). Only one lipid chain in each
lipopeptide molecule is considered in the calculation of (b, d, f), namely Pam() on
PamCSK4, Pam® on Pam,CSK4 and Pam® on Pam3CSK4 (see Figure 1).

The ADFs in Figure 5a show that the spherical-like micelle of PAamCSK4 consists of
a hydrophobic core containing only lipid chains, which extends to about 1.2 nm from
the micelle center. From there outward, we can see a transitional region containing a
mixture of methyl/methylene groups from the lipid tails, amide groups from the peptide
sequences, counterions and water molecules. This Stern layer can extend to about 2.0
nm. The outermost layer of the micelle is a rough interface including amino acids,
counterions and water. The density of water increases rapidly away from the COM of
the micelle and reaches the bulk value ~ 33 nm™ at the radial distance of about 3.5 nm.
Similar atomic distributions along the radial direction also exist in the spherical-like
micelle of PamxCSK4. There the radius of the hydrophobic core is about 1.7 nm,
followed by a Stern layer about 1.8 nm thick. The interfacial region spans from 3.5 to
5.0 nm.

Figures 5b and 5d show the density distributions of selected methyl/methylene
groups on the lipid chains in the spherical-like micelles of PamCSK4 and Pam>CSK4,
respectively. For simplicity, only one lipid chain from each lipopeptide molecule,
namely Pam() for PamCSK4 and Pam® for PamyCSK4, is considered in the
calculations. The ADFs of Pam( chains on the Pam,CSK4 molecules are very similar
to those of Pam® on the same molecules, see Figure S1 in Supporting Information (SI).
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In both micelles, the ADFs of the terminal “CT” groups are peaked around the micelle
centers and decay quickly outwards, indicating that the terminals of the lipid chains are
hidden deep inside the micellar cores. The distributions and their peak positions of the
middle “CM” and head “CH” groups shift away from the micelle COM, implying a
radial arrangement of the lipid chains in the micellar cores which can be further
analyzed from the orientations of these hydrophobic chains.

As sketched in the insets of Figures 6a and 6b, the orientation of a lipid chain in a
spherical-like micelle is defined by the angle & between its end-to-end vector pointing
from the head methylene group “CH” to the terminal methyl group “CT” and the radial
vector pointing from the head group “CH” to the COM of the micelle. When the value
of @is 0°, the lipid chain is perfectly aligned along the radial direction of the micelle.*®
However, due to thermal fluctuations in the chain conformation and orientation as well
as the fact that the number of lipid chains in an actual micelle could be different from
that required to construct an ideal sphere with radius equal to the mean end-to-end
distance of the chains, the orientation angles have a relatively broad probability
distribution, as shown in Figure 6a for the PamCSK4 micelle. In this case, the number
of Pam chains (N = 45) is larger than that estimated for a spherical micelle (N = 36.3),
the simulated micelle thus takes a slightly elongated shape, see Table 2. The orientations
of some lipid chains are more in alignment with the radial direction than the others,
resulting in two peaks located around 20° and 45° in the probability distribution. This
might be related to the bent conformation of the PamCSK4 molecules as discussed in
Sec. 3.3.

Each PamyCSK4 has two lipid chains, Pam" and Pam®), which are chemically
equivalent in molecular structure as sketched in Figure 1b. Inside the spherical-like
micelle, their orientation angles with respect to the radial direction show very similar
probability distributions with a peak located at about 20° (Figure 6b). This similarity
reflects the statistical equivalency of the two lipid chains in the micellar core
undergoing thermal fluctuations. The indistinguishable feature of these two chains can
also be seen from the inset plot of Figure 6b where the angle between the end-to-end
vectors of two lipid chains in the same molecule fluctuates over a range close to that of
the radial orientation angle é. In both of the PamCSK4 and Pam>CSK4 micelles, the
lipid chains are stiff and have the end-to-end lengths of about 1.5 nm (Figure S2 in SI).
The higher peak at 8~ 20° in the PamyCSK4 case indicates that the lipid chains more
preferably align along the radial direction than those in the PamCSK4 case. This may
be related to the smaller number of Pam>CSK4 molecules (N = 76) than that estimated
for an ideal spherical micelle (N = 88.6), which gives more space for the lipid chains to
take their preferred orientations. As will be seen below, the orientations of the lipid
chains in the hydrophobic core may also be correlated with the arrangements of the
linked peptide sequences in the interfacial layer.

Different from the spherical-like micelles formed by lipopeptides with mono- and di-
lipid chains, the ADFs in the flattened wormlike micelle of Pam3;CSK4 (Figure 5e)
demonstrates the symmetric distributions of lipid chains, peptide sequences, water and
counterions about the midplane of the micelle. Distribution functions of selected
methyl/methylene groups on the lipid chains (Pam®) in Figure 5f show similar
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symmetric behavior. The symmetry in the atomic distributions further verifies the
formation of a bilayer stacking structure that consists of a central hydrophobic region
about 2 nm thick, a Stern layer and an interfacial layer in direct contact with water. The
overall thickness of the flattened wormlike micelle is measured by the distance between
the two peaks in the ADF of the peptide sequences in Figure Se and found to be 5 nm
as mentioned above.
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Figure 6. Probability distributions of angles between the end-to-end vectors of lipid
chains and the radial vector of spherical micelles of (a) PAmCSK4 and (b) Pam2CSK4
or the normal vector of the flattened wormlike micelle of (¢) Pam3CSK4. The insets
show the probability distributions of the angle between the end-to-end vectors of any
two lipid chains on the same molecule. In (c) only Pam3CSK4 molecules in the 4 nm
wide region along the /, direction of flattened wormlike micelle are considered in order
to show clearly the bilayer packing of the lipid chains.

The orientation of a lipid chain in the flattened wormlike micelle of Pam3;CSK4 is
defined by the angle & between its end-to-end vector and the normal vector of the
midplane of the micelle, see the sketch in Figure 6¢. When this angle is 0° or 180°, the
lipid chain is perfectly aligned in the normal direction. Figure 6¢ shows the probability
distributions of the orientation angles of the three lipid chains, Pam"), Pam® and Pam®
(Figure 1c¢), of Pam3CSK4, which are again very close to each other due to the statistical
indistinguishability of these chains in the hydrophobic region. This similarity is further
supported by the nearly identical distributions of the angles between any pairs of Pam
chains in the same Pam3CSK4 molecule (inset plot of Figure 6¢). We note that the
results in Figure 6¢ are obtained by excluding the Pam3;CSK4 molecules at the two
curved edges of the micelle, because their orientation angles mainly contribute to the
distributions around € = 90° (Figure S3 in SI) and so have little impact on the
discussions of the important bilayer features. In comparison with the results in Figure
6a and 6b, the orientation angles of lipid chains in the flattened wormlike micelle show
narrower distributions peaked at 8~ 20° and 160° with approximately equal probability.
The somewhat tilted alignment of the lipid chains in the bilayer region can be directly
visualized in the snapshot of the cross-section of the micelle in Figure 4c at =170 ns.
This configuration can well explain the result that the effective thickness of the
hydrophobic region (2 nm) is smaller than twice the lipid chain length (2 x 1.5 nm =3
nm).
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3.2.3. Geometric Interpretation of Distinct Micellar Structure Formation. The
distinct nanostructures formed by lipopeptides containing the same peptide head but
different numbers of lipid tails can be understood from a simple geometric argument.
Israelachvili suggested® that the geometric shape of a nanostructure assembled by
amphiphilic molecules can be predicted by the value of a dimensionless packing
parameter, P = vwi/(aol:), where ao is the average area per molecule at the aggregate
interface, v is the total volume of hydrophobic tails in one molecule and I is the
critical length of the hydrophobic tails. For a lipopeptide molecule with 7 lipid chains,
Viail can be roughly estimated as nSo/. where Sy is the cross-sectional area of a lipid chain
and the # lipid chains are assumed to orient in parallel to form a bundle-like structure
inside the hydrophobic core. The packing parameter is then given by P = nSo/ao. If P =
1, the lipopeptides are of cylindrical shape due to nearly equal head and tail cross-
sections and tend to aggregate in parallel to from bilayer or lamellar structure. If P <1,
the lipopeptides effectively have a cone-like shape and so prefer to form spherical-like
micelles.

The radius of the cross-section of a lipid chain, 7, can be simply estimated as half of
the average distance in between pairs of the head “CH” groups of the three lipid chains
in a Pam3;CSK4 molecule and is found to be 0.36 nm. The corresponding average cross-
section area is then Sy ~ 772 ~ 0.41 nm?. The average surface area per molecule is given
in Table 3 as ao ~ 1.3 nm? for all three types of lipopeptides. It follows that the packing
parameter is P = So/ao ~ 0.32 for PamCSK4, which is close to the theoretical value of
P = 1/3 predicted for ideal spherical micelle formed by single-tail surfactants and P =
280/ao ~ 0.63 for PamyCSK4, indicating the preference for these lipopeptides to self-
assemble into spherical-like micelles, as observed in experiments'” and our simulations.
On the other hand, the packing parameter for Pam3CSK4 is P = 3So/ao ~ 0.95 that is
very close to 1.0, which explains the bilayer stacking structure in the flattened wormlike
micelle.

The formation of distinct nanostructures, from spherical-like micelles to flattened
wormlike micelle with a bilayer packing, is thus caused by the increase in the number
of lipid chains per lipopeptide, which effectively changes the geometric shape of
individual molecules and consequently alters their packing behavior inside the micelles.
This mechanism is qualitatively different from the micellar shape transition observed
in aqueous solutions of surfactants with constant number of hydrophobic tails, which
is driven by the increase of the surfactant concentration®* 4’
concentration.**

or change in salt type or

3.3. Structural Features of Peptides in Interfacial Layer. The bioactivities of the
self-assembled lipopeptide nanostructures are predominantly controlled by the
structural features of peptides in the interfacial layers. The Pam,CSK4 molecules
studied in this work all contain the same CSK4 peptide sequence. As shown in Table 3,
peptides linked to different numbers of lipid chains tend to occupy the same average
area per head at the micelle interfaces. In order to facilitate the close-packing of the
lipid chains in the hydrophobic core, the lipopeptides need to take bent conformations
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with various tilt angles between the peptide heads and the lipid tails. This will
consequently affect the orientation angles of the lipid chains in the micellar core as
discussed in the previous section. In addition, the secondary structures of the peptides
may also be altered by the number of lipid chains they are linked to and the resultant
micellar structures.

3.3.1. Tilt Angle Between Peptide Head and Lipid Chains. The tilt angle @ between
the peptide head and a lipid chain in a Pam,CSK4 molecule is defined as the angle
between the end-to-end vector of the CSK4 peptide, pointing from the nitrogen atom
of the -NHz(-NH-) group on the cysteine to the carbon atom of the -COOH group on
the lysine, and the end-to-end vector of the lipid chain. By this convention, a lipopeptide
molecule is fully extended if the tilt angle ¢ = 180°.
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Figure 7. Probability distributions of tilt angles between peptide head and different
lipid chains in (a) PamCSK4 and (b) PamxCSK4 molecules in their corresponding
spherical-like micelles, and in (c) Pam3;CSK4 molecules in the flattened wormlike
micelle.

The PamCSK4 molecule has the smallest packing parameter (~ 0.32). As shown in
Figure 7a, the tilt angles of these molecules in the spherical-like micelle have a broad
distribution spanning from 30° to 180°, indicating that the PamCSK4 molecules in the
micelle are far from fully extended but instead have a strongly bent conformation with
the tilt angle fluctuating about the average value of ~ 100°. This type of bent
conformation was not considered in the original geometric packing description of the
micellar shape.*® To understand the two peaks in the probability distribution of the
orientation angles of the lipid chains in Figure 6a, we may refer to the two peaks in the
tilt angle distribution at 72° and 113° in Figure 7a. It suggests that the PamCSK4
molecules with more extended conformations (higher ¢ values) are in better alignment
with the micellar radial direction than the more bent ones. This is evidenced in Figure
8 where the peak of the probability distribution of the tilt angles of the PamCSK4
molecules whose lipid chains are at smaller orientation angles (6 = 20° £ 5°) in the
micelle is located at higher ¢ value than that of the PamCSK4 molecules with larger
orientation angle (6= 45° + 5°).
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Figure 8. Probability distributions of tilt angles @ of PamCSK4 molecules whose lipid
chains are at the two most probable orientation angles = 20° + 5° and 45° £ 5° in the
micelle (see Figure 6a).

Comparing Figures 7b and 7c¢ with Figure 7a, we can see that with an increase of the
number of lipid chains per molecule, the peak of the probability distribution of the tilt
angles shifts to larger ¢ values. In Figure 7b, the distributions of the tilt angles between
the peptide head and the two linked lipid chains in the Pam>CSK4 molecules are similar
to each other, with some small differences in the plateau-like region from about 100°
to 140° for the Pam® chains and a single peak at 140° for the Pam‘) chains, both
reflecting a more extended conformation of Pam;CSK4 than PamCSK4. For
Pam3;CSK4 molecules in the flattened wormlike micelle, the tilt angles between the
peptide head and the three linked lipid chains follow very similar distributions with a
plateau-like region from 110° to 140°, an indication of not fully extended conformation.
This similarity is consistent with the orientation angle distributions of the lipid chains
shown in Figure 6¢ and further confirms their statistical equivalency.

The tilting of the peptide head with respect to the linked lipid chains exists in all self-
assembled structures of mono-, di- and tri-lipidated lipopeptides we studied. Such bent
conformations not only alter the interactions and packing arrangements of lipopeptide
molecules within the micelles, but also increase the number of charged groups in the
peptides exposed to the surrounding aqueous environment. The latter effect may
facilitate the adsorption of water molecules and ions on the micellar surface, and
enhance the contact of peptide sequences with other biological molecules, such as
proteins and DNA.

3.3.2. Secondary Structures of Peptide Sequences. Based on calculations using the
STRIDE software,*® we find that the peptide sequences of lipopeptide molecules in the
self-assembled nanostructures exhibit various secondary structures, including S-sheet,
S-turn and random coil configurations. Table 4 lists the average populations in the three
micellar systems we studied. The f-turn and random coil configurations dominate the

15



secondary structures of peptides in all of the self-assembled lipopeptides with their total
population up to 99%. The PamCSK4 and Pam;CSK4 molecules in the spherical-like
micelles show rather similar population proportions of S-turn (> 80%) and random coil
(< 20%) configurations, but for Pam3CSK4 in the flattened wormlike micelle the
population of S-turn decreases to 67.8% and that of random coil increases to 31.1%.
The S-sheet shows small population (~ 1.0%) in all of the self-assembled structures.
These simulation results seem to imply that the peptide sequences tend to take
disordered configurations and they are more randomly coiled in the flattened worm
micelles of Pam3;CSK4. However, according to the circular dichroism spectra reported
by Hamley et al.,'” the S-sheet configuration should be the dominant peptide secondary
structure in the flattened worm micelles of Pam3;CSK4 at the experimental temperature
of 300 K. This inconsistency presumably results from the difference between the
experimental and simulation temperatures. As inferred from the simulations of phase
transition of bilayer membrane,’' the secondary structures obtained at the simulation
temperature of 300 K in fact reflect the configurations at the experimental temperature
~ 320 K. Indeed, the secondary structures of peptide sequences in the self-assembled
structures of Pam3CSK4 at temperature of 320 K show a disordered configuration.'”
Since the main focus of the current work is on the distinct self-assembled structures of
lipopeptides and their dependence on the number of lipid chains per molecule, we will
leave more detailed studies on the secondary structures of peptide sequences for future
simulation work.

Table 4. Average Populations of Secondary Structures of CSK4 Peptide Sequences in
Three Kinds of Self-Assembled Structures of Lipopeptides Simulated at 300 K.

Lipopeptide S-Sheet (%) B-Turn (%) Random Coil (%)
PamCSK4 0.4 80.2 19.4
Pam,CSK4 0.7 84.8 14.5
Pam;CSK4 1.1 67.8 31.1

4. CONCLUSIONS

Atomistic molecular dynamics simulations are performed to study the self-assembly
behavior of lipopeptides, Pam,CSK4 which contain the same peptide sequence CSK4
but different number of lipid chains (Pam), in aqueous solutions. All simulations start
from preassembled initial configurations and run long enough until the potential
energies of the aggregates drop to the plateau regime. In the final (equilibrated) state,
the mono-lipidated (PamCSK4) and di-lipidated (Pam2CSK4) lipopeptides are found
to form spherical-like micelles with radii of gyration of about 2.2 and 3.3 nm,
respectively. In clear contrast, the tri-lipidated lipopeptide, Pam3;CSK4, self-assembles
into flattened wormlike micelles with a bilayer stacking that is about 5.0 nm in
thickness. The geometric shapes and sizes of the simulated micellar structures are in
good agreement with those observed in experiments. This effectively validates the
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simulation models and force fields we employed, and so allows for further structural
analyses. In analogy to surfactant micelles, the lipopeptide micelles consist of a
hydrophobic core constructed by lipid chains, a transitional region containing a mixture
of methyl/methylene groups from the lipid tails, amide acids from the peptide
sequences, counterions and water molecules, and a hydrophilic interfacial layer of
peptide sequences. Lipid chains in the micellar cores are about 1.5 nm in length without
torsion. Their orientation angles with respect to the radial direction of the spherical-like
micelles or the normal direction of the bilayer region of the flattened wormlike micelle
typically deviate from the perfect alignment by 20° to 45° with the broadest distribution
found in the micelle of PamCSK4.

In all of the lipopeptide micelles we simulated, the average surface area, ao, per
peptide head is nearly constant, regardless of the number of lipid chains connected. As
a consequence, the packing parameter, which can be written as P = nSo/ag with Sp being
the cross-section area of a lipid chain, increases from ~ 0.32 to about 1 with the increase
in the number n of lipid chains per molecule, which is consistent with the geometric
shape transition of the lipopeptide micelles from spherical-like to flattened wormlike
structures. Our simulations also reveal the bent conformations of the lipopeptide
molecules in the self-assembled nanostructures which facilitate the close-packing of
lipid chains in the micellar cores. The tilt angles between the peptide heads and the
linked lipid chains show relatively wide distributions with average values in the range
of 110° to 140°. The di- and tri-lipidated lipopeptides are generally more extended than
the mono-lipidated lipopeptides. Our simulation results on the microscopic structural
features of the lipopeptide nanostructures may help to understand their bioactivities and
provide useful information for guiding the design of bioactive medicines or drug
carriers. The force fields built for these lipopeptides and the geometric packing model
we proposed could also be applied for simulating and understanding the self-assembly
behavior of other amphiphiles with similar chemical compositions.

As a final remark, the peptide sequences are found to be mainly taking disordered S-
turn and random coil secondary structures, while the population of S-sheet structures is
significantly lower than that reported in experiments at 300 K. This discrepancy may
arise from the fact that the secondary structures obtained at the simulation temperature
of 300 K actually reflect the configurations at higher experimental temperature. This
subject is left for future study.
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Probability distribution of angles (Including Pam3CSK4 molecules at the curved side
edges of flattened wormlike micelle).
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