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ABSTRACT:

Relaxation of a self-assembled structure of 144 peptide amphiphile (PA) molecules into cylindrical nanofibers is studied using
atomistic molecular dynamics simulations including explicit water with physiological ion concentration. The PA for these studies
includes a hydrophobic alkyl chain that is attached to the N-terminus of the sequence SLSLAAAEIKVAV. The self-assembly is
initiated with PA molecules in a roughly cylindrical configuration, as suggested from previous experimental and theoretical
investigations, and the cylindrical configuration that results is found to be stable during 40 ns simulations. In the converged structure
of the resulting nanofiber, the cylinder radius is∼44 Å, a result that is consistent with experimental results. Water and sodium ions
can penetrate into the peptide portion of the fiber but not between the alkyl chains. Even though each PA has an identical sequence, a
broad distribution of secondary structure is found in the converged structure of the nanofiber. The β-sheet population for the SLSL
and IKV segments of the peptide is ∼25%, which is consistent with previous circular dichroism results. We also found that the
epitope sequence IKVAV is located on the surface of the nanofiber, as designed for the promotion of the neurite growth. Our
findings will be useful for designing new PA fibers that have improved bioactive properties.

1. INTRODUCTION

There has been great interest in the self-assembly of peptide
amphiphiles (PAs) into functional supramolecular structures.1-6

In particular, Stupp and co-workers reported the self-assembly of
PAs in aqueous media into cylindrical nanoscale fibers5-7 that
can be used to promote growth of blood vessels as post-infarct
therapies and healing of critical wounds, bone and cartilage
regeneration, axon regeneration in spinal cord injury, and other
functions. They reported a class of PAs consisting of a hydro-
phobic segment attached to the N- or C-terminus of a peptide,
with one or more charged residues, that self-assembles into
nanofibers when initiated by addition of electrolyte solutions
or changes in pH (Figure 1 a). A portion of a β-sheet forming
sequence is intentionally inserted into the PA, and it is believed
that most of the PAs adopt β-sheet secondary structure in this
region, thus driving assembly into fibers as opposed to spherical
or planar structures (Figure 1 b). Another domain of the peptide
is a bioactive sequence that serves as the epitope for stimulating

biological activity. The cell adhesion sequence RGDS from
fibronectin8,9 and the laminim-1 sequence IKVAV that is known
to promote neurite sprouting are examples of possible epitope
fragments that have been used.10 In particular, an IKVAV-bearing
PA has been shown to promote regeneration of both motor and
sensory fibers in a mouse model of spinal cord injury.11,12

Many theoretical investigations have been performed to
investigate the process of self-assembly and the structure of
PAs-derived fibers. In particular, Schatz, Ratner, and colleagues
used theories that range from simple bead and packing models to
restricted atomistic calculations of clusters of PA molecules to
study self-assembly.13-18 In a study of the packing of cone-
shaped objects that roughly represent the PAs, Tsonchev et al.16

found that electrostatic interactions associated with charged
residues on the peptides, along with the size difference between
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the head and the tail of the PA, induces a void volume in the
hydrophobic tail region which drives the cluster to a cylindrical
rather than a spherical shape. With a finer coarse-grained model
(based on the Martini model19), McCullagh and co-workers were
able to describe the dependence of fiber formation on choice of
peptide residues.18 Also, in other work, atomistic simulations on
wedge-shaped sections of the fiber using the MM2 force field
revealed some aspects of the fiber structure.16,17 However, the
atomistic complexity of these calculations has prevented the
generation of a converged fiber structure. A somewhat different
direction was used by Olvera de la Cruz and co-workers, who
developed a simplified coarse-grainedmodel to study the influence
of hydrogen-bond formation on the self-assembly of PAs.20 They
found that the interplay between hydrophobic interactions and the
network of hydrogen bonds results in the formation of fiber-like
assemblies in which β-sheets are parallel to the bond axis.
Electrostatic interactions were not described by this model, so
the relative importance of hydrogen bonds and electrostatic effects
on the fiber assembly was not determined. Even with these many
previous theoretical investigations, however, the atomic structure
of the cylindrical nanofibers formed from PAs has not been
determined, and this has proven to be a hindrance in under-
standing how this system functions.

In this paper, we performed a molecular dynamics (MD)
simulation with the CHARMM force field of a cylindrical

nanofiber composed of 144 PAs in water with physiological
ion concentration (The effect of the fiber on ion concentration is
negligible). The calculations show that a stable fiber structure can
be generated in 40 ns simulations, which makes it possible to
quantitatively examine the fiber structure and compare with
experiment. We find that the most significant interaction that
stabilizes the nanofiber is the electrostatic interaction between
the PAs and the sodium counterions and the van der Waals
interaction between the PAs. The alkyl tails usually adopt an
extended random coil conformation. It is found that water and
ions can penetrate the nanofiber except in the core region. Even
though each PA has an identical amino acid sequence, each PA
has a unique secondary structure including R-helix, β-sheet, turn,
and/or coil. This enables us to quantify the fiber secondary
structure, providing a detailed interpretation of a variety of
structural measurements. Most of the epitope fragments are
found to be exposed at the surface of the fiber, in accord with
their intended design to promote neurite growth. To the best of
our knowledge, this is the first simulation that has determined the
structural features of cylindrical nanofibers composed of PAs at
the atomistic level.

2. COMPUTATIONAL DETAILS

The peptide sequence in each PA is Ser-Leu-Ser-Leu-Ala-Ala-Ala-
Glu-Ile-Lys-Val-Ala-Val; see Figure 1 b for a detailed structure. The
starting structure of the backbone of each PA is assumed to be an
extended conformation. To define an initial fiber structure, nine PAs are
radially placed on a plane (red PAs in Figure 1 c) with the tails pointing
inward. The angle between adjacent PAs is 40�. The second layer (blue
PAs in Figure 1 c) is taken to be identical to the first layer but rotated by
20� relative to the first layer and with the distance between layers taken
to be 5 Å. A total of 16 layers that alternate between the first and the
second layers are placed along the fiber axis to define the complete
structure. The starting structure was chosen based on pilot simulations
we did in which fewer and greater than 9 molecules per layer were
considered for the chosen diameter structure. These simulations showed
that 9 molecules per layer is the highest density that leads to a stable
simulation. Higher density per layer results in significant overlap
between neighboring peptide amphiphiles, and the system is unstable
even at the beginning of the simulations. Larger diameter structures were
not considered as the diameter we chose leads to a fiber diameter that is
in good agreement with experiment (see later). One hundred forty four
PA molecules (16 � 9 = 144) were solvated in a water box using the
SOLVATE21 module implemented in VMD.22

Periodic boundary conditions were used in the simulations, using a
box of dimensions of 144� 144� 84 Å3. This box was filled with 29 953
water molecules based on the modified TIP3P potential.23,24 To
neutralize the system, 144 Naþ ions are added. In addition to these
sodium ions, another 18 Naþ and Cl- ions are added to make the
concentration of Naþ ion be 0.15 M. A 1000 step energy minimization
was applied to the solvated system to remove the high-energy contacts.

Molecular dynamics simulations were carried out using NAMD2.25 A
2 ns molecular dynamics simulation at 310 K with a NPT ensemble was
performed to equilibrate the system. In the production period, the
system was simulated for 40 ns using the NPT ensemble and Langevin
dynamics26 at a temperature of 310 K with a damping coefficient γ = 5
ps-1. Pressure was maintained at 1 atm using the Langevin piston
method with a piston period of 100 fs, a damping time constant of 50 fs,
and a piston temperature of 310 K.26,27 No atomic coordinates were
constrained during the production period. Full electrostatics was
employed using the particle-mesh Ewald method with a 1 Å grid
width.28 Nonbonded interactions were calculated using a group-based

Figure 1. (a) Schematic representation of the self-assembly process of
PAs. (b) PA used in MD simulation of the current report, where the PA
sequence is SLSLAAAEIKVAV. (c) The starting structure of the PAs for
MD simulations. Nine PAs are placed radially in the first layer (red)
where their tails are pointing inward. The second layer also has 9 PAs
(blue) and is rotated by 20� relative to the first layer. The angle between
neighboring PAs is 40�, and the distance between layers is 5 Å.
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cutoff with a switching function and updated every 10 time steps.
Covalent bonds involving hydrogen were held rigid using the SHAKE
algorithm,29 allowing a 2 fs time step. Atomic coordinates were saved
every 10 ps for the trajectory analysis.

3. RESULTS AND DISCUSSION

A snapshot of the self-assembled PA fiber after 40 ns of
simulation is shown in Figure 2 a. Periodicity along the axis of
the fiber is well maintained during the simulation. In particular,
PAs near the end of the primary cell have interactions with
nearby PAs in neighboring image cells that are similar to the
interactions between PAs in the primary cell. The density of the
fiber is 19.2 PA/nm along the fiber axis. The length of the
simulation cell along the axis of the fiber (z) does not change
significantly during the NPT simulation, whereas the lengths of
other axes (x and y) perpendicular to the z axis show a significant
decrease. The fiber radius stabilizes at∼44 Å after 20 ns with only
small fluctuations through 40 ns (Figure 2 b). This value is

consistent with the radius of 40-50 Å obtained by vitreous ice
cryo-transmission electron microscopy (TEM) experiments for
cylindrical PAs consisting of 7-11 amino acids.30 With cryo-
TEM, the morphology of the PAs in aqueous solution is
preserved, which means that the fiber structures should be
comparable with our simulation performed in water.

The nonbonded energy (electrostatic and van der Waals)
between PAs has been calculated during the simulations, and the
results are presented in Figure 3 a. The contribution of the
electrostatic and van der Waals energy during the last 4 ns of
simulation is shown in Figure 3 b. The electrostatic energy is
repulsive because each PA has a negative charge at neutral pH,
whereas the van der Waals energy is attractive. The electrostatic
and van der Waals energies between PAs and sodium ions is also
shown in Figure 3 b. The electrostatic energy between PA and
sodium ion is attractive, whereas the van der Waals energy is
negligible. Therefore, the most significant interaction energies
are the van der Waals interaction between PAs and the electro-
static interaction between PAs and sodium ions. In addition to
these enthalpic contributions, entropic effects would provide a

Figure 2. (a) Snapshot of self-assembled PAs at 40 ns. The hydro-
phobic core is represented by a blue surface: R-helixes are in red, β-
sheets are in yellow, turns are in cyan, and coils are in gray. Periodic
boundaries along the axis of the fiber are shown in dotted lines. (b)
Radius of the fiber as a function of simulation time.

Figure 3. (a) Interaction energy of PAs as a function of simulation time.
(b) Intermolecular interaction energies between PAs are shown in the
left column, and interaction energies between sodium ion and PA are
shown in the right column. The sum of electrostatic (open blue circle)
and van der Waals energies (open red circle) is shown as a filled purple
circle. (c) Distribution of sodium ions as a function of the distance from
the fiber axis.
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significant driving force for self-assembly. Hydrogen bonding
is not explicitly implemented in the CHARMM force field,31,32

so the contribution of β-sheet formation to fiber stability
cannot be directly extracted from this analysis; however, below
we will explore other ways to determine hydrogen-bonding
effects.

The energy analysis in our simulation is consistent with the
experiments. Stendahl et al. studied the intermolecular forces
associated with cylindrical PA fibers using oscillatory rheology,

Fourier transform infrared spectroscopy, and circular dichroism
(CD) spectroscopy.33 They found that the self-assembly of PAs
into gel-forming networks of cylindrical aggregates is triggered by
counterion screening, and the cylindrical fibers are stabilized by
van der Waals and hydrophobic forces, ionic bridging, and
coordination and hydrogen bonding. In our simulation, we also
found that the electrostatic energy between PAs and sodium ions
gives the most significant contribution to the formation of
cylindrical fibers.

The distribution of sodium ions inside the cylindrical fiber is
shown in Figure 3 c. Sodium ions can penetrate to ∼20 Å away
from the axis of the fiber, and the concentration of sodium ions is
high at r≈ 26 and 40 Å because the residues with negative charge
(Glu and C-terminal) are located there. We also found that the
van der Waals interaction between alkyl tails stabilizes the
structure. About 31% of the van der Waals energy between
PAs is from the interaction of alkyl tails.

A snapshot of the conformation of the alkyl tails at 40 ns is
shown in Figure 4 a. Penetration of water molecules into the alkyl
tails is not observed during the simulation. The distribution of
water molecules inside the fiber is shown in Figure 4 b. It shows
that the interior of the peptide portion of the fiber is well solvated
and water molecules penetrate to around 14 Å away from the axis
of the fiber. This compares well with the conclusions of Tovar
et al., who used spectroscopic examination34 to infer that the
peptide region is well solvated. They also examined the alkane
interior of the fibers with a hydrophobic probe, and they
demonstrated that the self-assembled cylindrical PAs can be
used as vehicles to sequester hydrophobic molecules such as
drugs, proteins, and small organic molecules within the hydro-
phobic interior of the PAs.

Figure 4. (a) Snapshot of the conformation of the alkyl tail of a PA fiber
at 40 ns. (b) Normalized distribution of water inside the self-assembled
fiber. Schematic representation of the radius of the cylindrical shape of
self-assembled PA is shown in the inset of b.

Figure 5. (a) Snapshot of the cross-section of the fiber at a simulation time of 40 ns. Hydrogen bonds are shown as red lines, whereas PAs are shown as a
transparent. (b) Hydrogen bonds between serines. Salt bridges are formed between (c) lysines and glutamic acids or (d) lysines and valines.
Intramolecular hydrogen bonds are shown as red dotted lines, and intermolecular hydrogen bonds are shown as blue dotted lines. Residues that are not
directly involved in hydrogen bonds are shown as transparent.
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During the simulation we found that there are a lot of
hydrogen-bonding interactions between PAs, as suggested in
the experimental work. A snapshot of the hydrogen-bonding
network that is generated by the PAs is shown in Figure 5 a. An
analysis of intermolecular hydrogen bonding during the last 4 ns
of the simulation is shown in Table 1. Each residue of each PA
can act as a donor or acceptor. (Donors are in italic font and
acceptors in roman font in Table 1) and only intermolecular
hydrogen bonds (i.e., between PAs) are shown. The population
of hydrogen bonds is calculated based on the number of
intermolecular hydrogen bonds found summed over donor-
acceptor pairs for each PA, averaged over the last 4 ns of the MD
simulation. Most of the hydrogen bonds are found along the
diagonal part of Table 1, so since the PA’s point radially, the
intermolecular hydrogen bonds are perpendicular to the radial
coordinate. (Below we show that they are predominantly parallel
to the fiber axis.) About 38% of the hydrogen bonding occurs at
residues 1-4 (Ser-Leu-Ser-Leu). A snapshot of the hydrogen
bonding between serines is shown in Figure 5 b. Both the side
chain and the backbone are involved in hydrogen bonding. We
also find that salt bridges are formed between Lys and Glu and
between Lys and Val (C-terminal). Hydrogen bonding occurs
both intra- and intermolecularly between PAs as shown in
Figure 5 c and 5d. This is consistent with the experiments
reported by Paramonov et al.35 They examined the role of
hydrogen bonding in the self-assembled cylindrical PAs by
varying the peptide sequence, and they found that hydrogen
bonding close to the hydrophobic core was necessary to form
cylindrical nanofibers from PAs.

Even though the starting structure of each PA is an extended
conformation (Figure 1) and the sequence of each PA is
identical, we found a broad distribution of secondary structures
in the peptides after 40 ns MD simulation. The distribution of
secondary structure along the sequence of the PAs is shown in
Figure 6 a (based on the calculations using the stride36,37), and
the average population of the secondary structure of the PAs is
shown in Table 2. Figure 6 a shows that the β-sheet population is

higher (∼25%) at residues 2-4 and 9-11, whereas the average
β-sheet population is ∼14%. This is consistent with previous
experiments reported by Niece et al.38 They quantified the
secondary structure of IKVAV-bearing PAs using CD spectra,
and they found that the β-sheet population is ∼25 ( 20%. The

Table 1. Fraction of Total Hydrogen Bonds Formed (in %)a

S L S L A A A E I K V A V

S 13.4 1.9 1.5 0.1 0.1 0.0 0.0 0.2 0.2 0.0 0.0 0.0 0.0

L 4.0 0.1 0.3 0.4 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

S 2.2 5.4 2.9 1.7 0.6 0.1 0.0 0.6 0.0 0.2 0.1 0.0 0.0

L 0.2 0.6 2.6 0.8 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

A 0.0 0.2 0.1 1.4 0.4 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0

A 0.0 0.0 0.2 0.5 1.0 0.2 0.1 0.4 0.0 0.0 0.0 0.0 0.0

A 0.2 0.0 0.5 0.2 1.0 1.0 1.0 0.7 0.0 0.0 0.1 0.0 0.0

E 0.0 0.0 0.0 0.0 0.0 0.1 0.7 0.3 0.2 0.0 0.1 0.0 0.0

I 0.0 0.0 0.0 0.0 0.0 0.1 0.2 2.1 0.0 1.6 0.0 0.3 0.0

K 0.0 0.2 0.2 0.2 0.2 0.1 1.4 22.5b 3.3 1.3 0.9 0.5 6.4b

V 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.2 0.0 1.7 0.3 0.1 0.0

A 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.4 1.0 0.5 1.8 0.0 0.2

V 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.1 0.0 0.0 0.0
aThe population of hydrogen bonds is calculated based on the number
of hydrogen bonds summed over all donor-acceptor pairs. The criteria
for formation of hydrogen bonds are (1)H-A< 3.0 Å and (2) D-H-A
> 160�, where D is donor, A is acceptor, and H is hydrogen. Amino acids
in italics are donors, and amino acids in roman are acceptors for
hydrogen bonding. Percentage more than 1% is written in bold. b Salt
bridges.

Figure 6. (a) Distribution of secondary structure of the PAs along the
peptide sequence. R-Helixes are usually formed in the middle of the PA,
while β-sheets are formed in residues 2-4 and 9-11. Representative PA
conformations in the fiber, including (b) R-helixes, (c) coils and turns,
and (d) β-sheets in the self-assembled fiber. The direction of the β-
sheets is predominantly parallel to the axis of fiber.
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R-helix population in their experiments was estimated as∼45(
35% in their analysis, whereas it is only ∼1% in our simulation
(Figure 6 a and 6b). However, the R-helix population of IKVAV-
bearing PAs shows a broad range in the experiments, from less
than 10% to∼80%.38 In our simulation, the dominant secondary
structure is the random coil over the entire sequence (Figure 6 a

and 6c). Behanna et al. found that PAs with positive or negative
net charge have a tendency to adopt a random coil secondary
structure.7 Jiang et al. also found that the conformation of a PA
containing the IKVAV epitope is statistically more disorganized
based on polarization modulation-infrared reflection-absorp-
tion spectroscopy.39 In our simulation, the direction of the β-
sheets is predominantly parallel with the fiber axis (Figure 6 d).
This is consistent with earlier theoretical studies20 and provides a
mechanism for the formation of cylindrical fibers rather than
spherical structures. The β-sheets found in our simulation,
however, are scattered around the inside of nanofiber and do
not show the continuous β-sheet structure along the fiber axis
that was previously suggested using simple models.20 It has been
suggested that the formation of β-sheets parallel to the axis of the
fiber is the driving force for the formation of cylindrical fibers
rather than spherical micelles.20,30,33,39 This model, however,
does not require that the β-sheets are infinitely continuous along
the fiber. According toNiece et al.,38 the fraction of β-sheet in the
PAs varies from ∼5 to ∼45% depending on the amino acid
sequence, yet even with this variation, the PAs self-assemble into
fibers. Our simulations show 14% β-sheets and that the sheets are
predominantly parallel to the fiber axis. Therefore, our simula-
tion result is consistent with the previous model of β-sheets
parallel to the fiber axis driving fiber formation.

The conformation of the epitope segment is another issue of
interest concerning the IKVAV-containing PAs because it is
known that IKVAV promotes neurite growth.10 Indeed, Jiang
et al. reported that the conformational freedom of IKVAV helps
the effective expression of the IKVAV epitope on the surface of
the PA fibers. As shown in Figure 7a and 7b, most of IKVAV
epitopes are located on the surface of the fiber in our simulation.

4. CONCLUSION

In summary, we performed 40 ns MD simulations for a
cylindrical nanofiber composed of 144 PAs in water with 0.15
M sodium ion concentration at a fully atomistic level. During the
simulation, the periodicity is well maintained along the axis of the
fiber, and the radius of the fiber is∼44 Å, a result that compares
sensibly with experimental results. Through an analysis of the
nonbonded interaction energy, we found that the energy that
stabilizes the cylindrical fiber is the electrostatic energy between
the PAs and the sodium ions as well as the van der Waals energy
between the PAs. No water is found in the region of the alkyl tail,
but water molecules can penetrate as close as ∼14 Å from the
fiber axis. The hydrogen-bonding network is most significant in
the SLSL region, while salt bridges are formed between the
charged residues. We also found that the β-sheet secondary
structure has a higher population (25%) in the SLSL region and
the amount of hydrogen bonding is similar to that inferred in the
experiments. β-Sheets are mostly along the fiber axis, which
provides a driving force for making cylindrical fibers. In addition,
the epitope region of the PA that is designed for the promotion of
neurite outgrowth is exposed at the surface of the fiber. The
atomistic structure of PA fibers reported in this work will be
useful for designing new PAs and PA fibers that have potentially
improved biological activities and functions.
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Table 2. Average Population of the Secondary Structure of
PAs in Fiber

configuration percentage (%)

R-helix 1

β-sheet 14

turn 20

coil 65

Figure 7. (a) Snapshot (at 40 ns) of the side view of the fiber, showing the
epitope (IKVAV) segment. Atoms in the epitopes are shown as solid
spheres, whereas other parts of the PAs are shown as blue lines. Periodic
boundaries along the axis of the fiber are shown as black dotted lines. (b)
Top viewof the cross section of thefiber along the reddotted line shown in a.
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