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Abstract

Peptide-based supramolecular filaments, in particular filaments self-assembled by drug
amphiphiles (DAs), possess great potential in the field of drug delivery. These filaments possess
one hundred percent drug loading, with a release mechanism that can be tuned based on the
dissociation of the supramolecular filaments and the degradation of the DAs [Cheetham et al., J.
Am. Chem. Soc. 135 (8), 2907 (2013)]. Recently, much attention has been drawn to the competing
intermolecular interactions that drive the self-assembly of peptide-based amphiphiles into
supramolecular filaments. Recently, we reported on long-time atomistic molecular dynamics
simulations to characterize the structure and growth of chiral filaments by the self-assembly of a
DA containing the aromatic anti-cancer drug camptothecin [Kang et al., Macromolecules 49 (3),
994 (2016)]. We found that the mt—m stacking of the aromatic drug governs the early stages of the
self-assembly process, while also contributing towards the chirality of the self-assembled filament.
Based on these all-atomistic simulations, we now build a chemically accurate coarse-grained
model that can capture the structure and stability of these supramolecular filaments at long time-
scales (microseconds). These coarse-grained models successfully recapitulate the growth of the
molecular clusters (and their elongation trends) compared with previously reported atomistic
simulations. Furthermore, the interfacial structure and the helicity of the filaments are conserved.
Next, we focus on characterization of the disassembly process of a 0.675 um DA filament at
microsecond time-scales. These results provide very useful tools for the rational design of
functional supramolecular filaments, in particular supramolecular filaments for drug delivery
applications.
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1. Introduction

Peptide-amphiphiles (PAs) can self-assemble into a variety of architectures—ranging from
the classic spherical micelles to ‘one-dimensional’ cylindrical filaments to twisted ribbons,
nanotubes, or membranes!—. The balance of intermolecular interactions, including hydrogen
bonding in B-sheets and van der Waals interactions between the amphiphile tails, with
respect to the strength of the electrostatic interactions determines the preferred morphology
of the resulting nanostructure®’. These structures possess numerous applications in the
areas of biomimetic and biomedical materials8. Functional assemblies of aromatic
components have been explored to obtain desired materials properties of these filaments/
tubes.8-11 Supramolecular hydrogels formed by ‘r-gelators’ are a promising new field of
functional materials.2 13 In addition to the electronic properties of these materials, there are
numerous biomedical applications of supramolecular self-assemblies of PAs, including
bionanofabrication, biomimetic mineralization additives, sensing, tissue engineering, and
drug delivery.14-19

Recent attempts to harness supramolecular assemblies composed by PAs for drug delivery
have made much progress, including responsive vehicles and peptide-drug conjugates.20-26
There are many challenges in the design of an effective drug delivery vehicles, including a
controlled and high drug loading capacity, extending the circulation time in blood-stream?”,
eliminating non-specific cell uptake?®, the tunability of the vehicle morphology/shape at the
nanoscale??, and ultimately the control of the drug vehicle interaction with the cellular
membrane. Control can occur either through active targeting of cellular receptors and/or
control of the membrane response via morphology3° and/or surface patterning3l: 32, Peptide-
based drug amphiphiles (DAs) as designed by the Cui laboratory?0 are new candidates for
drug delivery vehicles with the potential to address many of these issues.33-3% DAs possess
one hundred percent loading capacity, as well as the ability to optimize the delivery of the
drug via a biodegradable linker.38 This biodegradation is one of the key factors in the
stability of the drug delivery vehicle, and resulting dissociation and delivery.

The disassembly of supramolecular nanostructures of PAs2 37, as well as the transitions
between micelle and fiber3® have been studied experimentally. Here we characterize the
dissociation of filamentous drug delivery vehicles composed by DAs using large-scale
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molecular dynamics (MD) simulation techniques. The dynamic self-assembly and
disassociation processes of PAs are guided by a delicate balance between the intermolecular
forces between PAs. These intermolecular forces arise from the unique molecular character
and the specific amino acid sequence of the PA. Specifically, the amphiphilic nature of the
PA can be tailored by the degree of hydrogen bonding, hydrophobic interactions, and
electrostatic interactions39-41. In addition, spontaneous chirality due to aromatic
interactions®2 or electrostatics*3 can also add interesting “kicks’ to the assembled structures.
Moreover, the molecular structure of the PA can be designed to respond to external stimuli
such as light*4, triggering dissociation. The cooperative interplay of these interactions may
be shifted during the kinetic formation of intermediate supramolecular structures during the
self-assembly as well as the dissociation processes, with different intermolecular forces
dominating at different time-scales. This poses great challenges at the theoretical,
computational, and experimental levels to probe the contributions of each specific
intermolecular interaction at any stage of the formation/dissociation pathways.

Computational simulations, in particular molecular dynamics (MD) simulations, can provide
insight into the intermolecular interactions that govern both the short (nanoseconds) and
long-term (>> microseconds) self-assembly and dissociation pathways of peptide-based
amphiphiles. Results from MD simulations can also help characterize the balance of intra-
and intermolecular forces that govern their disassembly mechanisms.#2 4% For example, in
one of the first all-atomistic simulations of peptide-amphiphiles, Lee et al.*> characterized
the structure of IKVAV-peptide amphiphiphile nanofibers using 40 ns all-atomistic MD
simulations of pre-formed cylindrical fibers. They confirmed that the orientation of
intermolecular hydrogen bonding followed the nanofiber axis, with a high population of g -
sheets. These results were found to be consistent with Paramonov and colleagues’
experiments*6. Subsequently, using the MARTINI model*’ Lee et al.*8 demonstrated the
spontaneous formation of cylindrical nanofibers of PAs in multiple replicas of
microseconds-long simulations. These studies also exemplified the versatility of coarse-
grained (CGed) force fields such as the MARTINI model to demonstrate self-assembly.
Furthermore, a comprehensive phase diagram showing the variation of micellar structures
that can be formed when balancing the strength of hydrophobic and hydrogen-bonding
interactions perpendicular to the PA axis was characterized by Velichko et al.*? In these
studies, Velichko et al. used a united atom model with directional hydrogen-bonding to
describe the peptide amphiphiles, and showed that the shape of self-assemblies can range
from spherical micelles to single B-sheets to elongated cylindrical fibers.4% 50 Following,
there have been a multitude of atomistic and coarse-grained MD simulations studies
analysing the structure and self-assembly pathways of PA fibers®: 45. 48, 51-64,

Previously, we reported on the formation of chiral filaments by the self-assembly of DAs,
using long-time all-atomistic molecular dynamics simulations.*2 These DAs contain an the
aromatic anticancer drug conjugated to a short g-sheet forming peptide.2° These all-
atomistic simulations show that the aromatic m—r stacking interactions provide a critical
role for the formation of the initial micellar nuclei, in addition to hydrophobic, electrostatic,
and hydrogen-bonding interactions. Furthermore, the strong and directional rt—m stacking
interactions also contribute towards the chirality of DA filaments, which compares well with
experimental results20. However, given the limitations in terms of the simulation time-scales
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(nanoseconds) and length-scales (Angstroms) with all-atomistic simulations, CGed
molecular simulations can provide a more comprehensive view of the length-scales
(micrometers) and time-scales (> microseconds) for self-assembly5®. Herein, we utilize
large-scale CGed MD simulations to characterize both the structure and stability of peptide-
based drug amphiphile filaments at long time-scales (microseconds) using the Shinoda-
DeVane-Klein (SDK) approach to CGed force field development®6. These SDK CGed
models successfully reproduce the growth of the molecular clusters and their elongation
trends at extended microsecond time-scales, compared with previously reported atomistic
simulations (100’s of ns). Moreover, the CGed models of the filament conserve the
interfacial structure (density profile), as well the right-handed helicity. Furthermore, we
characterize the disassembly process of the finite-length filaments (~0.675 um) at elevated
temperatures, demonstrating that the DA filament instability initiates from the end-cap of the
drug delivery vehicle. These results provide very useful tools to elucidate the structure and
stability of supramolecular filaments, in particular supramolecular filaments for applications
in hydrophobic drug delivery.

2. Simulation methods

2.1 Coarse-grained model development

Within this study, we use large-scale MD simulations based on CGed force fields to
overcome the limitation of atomistic MD simulations in terms of both time-scales and
system size. CGed MD simulations have been utilized to characterize the self-assembly
behaviour of polymers, proteins, and membranes®-72, Specifically, we develop CGed force
field parameters for these DAs using the SDK approach.®8: 73 The SDK approach to CGed
MD force fields has been applied to simulate surfactants56: 68 phospholipid monolayers and
bilayers,”3 as well as proteins’ and polymers.”>: 76 Here we study the structure and stability
of a supramolecular filament composed by an aromatic hydrophobic anti-cancer drug
conjugated to a short peptide sequence2%: 42, More specifically we study the structure and
stability of a supramolecular filaments composed by DAs, with the hydrophobic drug in the
core of the filament and the peptide forming the corona of the filament. This DA is termed
‘mCPT-buSS-Tau’, which consists of the hydrophobic drug camptothecin (CPT), a DNA-
topoisomerase | inhibitor, conjugated to a 5 -sheet-forming peptide sequence
(CGVQIVYKK) derived from the Tau protein through a disulfylbutyrate (buSS) linker (Fig.
1A)20, The peptide sequence contains a short hexapeptide motif (VQIVYK)? that forms -
sheet structures leading to Tau polymerization and, therefore, amyloid formation. In the
SDK CGed model for the DA as shown in Fig. 1B, a single CGed bead represents two to
four heavy atoms and their associated hydrogen atoms, as shown in Fig. 1. (see also
Supporting Information for additional parameters). As shown in Fig. 1B, the hydrophobic
anti-cancer drug camptothecin is represented with twelve CGed beads, in a nearly planar
structure, conserving the flat pentacyclic structure. Peptide parameters utilize transferable
SDK protein parameters’®. In the SDK CGed water, each CGed water bead represents three
water molecules.”® The total potential energy function, U, including intra and intermolecular
CGed bead potentials, is defined as follows:
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U:Ubond+Uangle+Udihe +ULJ +Uclec (]_)

The bonded interactions consist of bond (Upong), angle (Uzngre ), and dihedral (Ugjne )
interactions given in eq. 2, 3 and 4, respectively.

Usond(b)= _ky(b—bo)? @)

Uangle (9):Zk9 (9*90)2 (3)

Udihe(é):Zk(b[1+cos(n¢75)} 4)

where &p, kg, and &, are the bond, angle, and dihedral angle force constants, respectively; b,
¢, and ¢ are the bond length, angle, and dihedral angle, respectively with the subscript zero
representing the equilibrium values for the individual terms. n is the periodicity of the
torsion and & is the phase offset. For the total SDK model for the DA, all CGed beads except
those for water interact via a Lennard-Jones (LJ) 9-6 potential given in eq. 5, while
interactions with CGed beads for water are defined as a LJ 12-4 potential given in eq. 6:

where o is the distance at the LJ minimum, e is the LJ well depth, and ris the distance
between CGed sites. In this model, the LJ parameters between pairs of non-identical CGed
sites are generated using the combination rules, in which ¢;;= | /£;;2;; and oy = (oji + oj)/2.
A cutoff is set to 15 A. The CGed sites are charged and this is also included in the
electrostatic contribution given by eq.7.

U(T) elcc:Z quli:l'j (7)

where C is an energy-conversion constant, g;and gjare the charges on the beads /and j, and
e7is the effective dielectric constant.
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Bond, angle, and dihedral parameterization is based on Boltzmann inversion.”® The potential
of mean force of any internal coordinate g and the probability distribution of g, AP(g), is as
follows:

Vy=—kTln(P))- (g)

Based on previous long-time all-atomistic MD simulations with the General Amber force
field (GAFF),%2 a CGed interaction site is defined as a center of mass of the selected atoms
and the bonded interactions are parameterized by fitting egs. 2, 3, and 4 using the last 10 ns
of the atomistic trajectories of the preassembled filament. The charge of 0.1118 is assigned
on the site of the side chain (L7B and L8B) of LYS (See Supplementary Table S2-1).74 Each
system is neutralized with Chloride ions with a charge of —0.1118, such that the effective
dielectric permittivity is uniform throughout the system with e;=1. The long-range
electrostatic interactions are calculated using the particle-particle particle-mesh (PPPM)
method.80-82 Tables of atom parameters, bond parameters, angle parameters, dihedral
parameters, and short range parameters are defined in Supplementary Tables S2-1-6.

2.2 Molecular dynamics simulations

Three types of simulations are explored in this study: 1) longtime CGed simulation of an
infinite pre-assembled DA filament to compare with the previous all-atomistic studies to see
if the structure of the filament is conserved as compared with all-atomistic simulations (as
shown in Fig. 2), 2) long-time CGed MD simulations to evaluate self-assembly from random
homogeneous distributions of the DA in a water box (as shown in the inset of Fig. 4A and
Supplementary Fig. S1-4), and, 3) large-scale simulations of a finite length filament (0.675
um in length) to evaluate the stability of the filaments at slightly elevated temperatures as
shown in Fig. 7. Each system is neutralized with Chloride ions. Salt concentration effects on
the assembly kinetics are not explored in this study, but can be explored in future studies.
Simulation size, salt concentrations, and time-scales are summarized in Supplementary
Table S1-1. The first type of simulation is conducted starting from a preassembled filament
as shown in Supplementary Fig. S1-2. The starting configuration for the CGed DA filament
is mapped directly from the previous all-atomistic DA filament, which was built with 9
layers with 6 DAs per layer and relaxed for 210 ns.#2 This system is simulated for 1 ps,
while the filamentous structure is allowed to relax. For this system, the cylindrical structure
is infinite due to periodic boundary conditions. The second type of simulation includes two
different concentrations of randomly distributed DA systems at 16 mM and 200 mM. In
comparison, experimental concentrations are 50 pM and 1 mM. We chose the two
concentrations to have better statistics with the given number of DAs in a simulation box.
After neutralization of the systems with Chloride ions, the salt concentrations are 31 mM
and 400 mM.

Al three types of MD simulations of the DA are performed utilizing LAMMPS.83 In order
to increase the efficiency of both types of simulations, the planar CGed CPT is treated as a
rigid body and the topology interactions are turned off between rigid atoms.84 The systems
are simulated at the anisotropic pressure 1 atm and the temperature 300 K using a Nose-
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Hoover thermostat.85-87 With a two level rRESPAB88 multi-time-scale integrator, the bond,
angle, and dihedral angle potentials are evaluated with the inner time step of 0.5 fs and the
non-bonded interactions are evaluated with the outer time step of 10 fs. Periodic boundary
conditions are used in X,y, and z (Fig. S1-2A). Anisotropic conditions are used so that the z-
direction of the fiber can relax. Each simulation is conducted for 1 ps in total. The third type
of simulation of a pre-assembled finite-length filament of 0.675 um is simulated for 200ns at
300 K and then for 1.315 ps at 350 K. In comparison, lengths of filaments are on the scale of
a few micrometers.20 All systems are simulated on 1 node of a workstation with 4 GeForce
GTX 680’s per node, with an efficiency of 5.4 ns/day for the largest system of the
preassembled finite-length filament.

3. Results and Discussion

Simulations of CGed filament structure

Starting from Fig. 2, we compare resulting structures of all-atomistic and CGed
preassembled filaments. The all-atomistic (AA) filaments as shown in Fig. 2A (top view) &
B (side view) are compared with the exact same CGed system in the neighboring Fig. 2C
(top view) & D (side view). CGed results are after 1 us of relaxation, while the AA results as
published in reference 42 are after 210 ns simulation. The CGed DA pre-assembled filament
after 1 ps is displayed in a licorice representation (with the hydrophobic CPT in red) in Figs.
2C & D, with the neighboring water surrounding the filament shown in a transparent surface
representation for the top view of Fig. 2C, but not for the side view of Fig. 2D. To compare,
the same top and side view are shown for the results of AA simulations as published in
reference 42 in Fig. 2A & B.

In this representation, the atomistic CPT is also shown in red. In addition, B-sheets formed
along the length of the filament are shown in yellow. B-sheets formed from hydrogen-
bonding are not shown explicitly in the CGed representation, since there is no explicit
directional hydrogen-bonding term in this model. However, we are currently working on
incorporating a directional hydrogen bonding term into the SDK force field for these DA
molecules. To begin with, we first visually compare the structure of the AA and CGed
simulations of the DA filaments as shown in Fig. 2.

The structure of the AA simulations is conserved well in the CGed model simulations. The
peptides wrap around the CPTs in the filament, as shown in Fig. 2C. The hydrophobic CPT
(red in both representations) is in the hydrophobic core of the filament, hydrophobic residues
in yellow form the interface between the hydrophobic drug and the charged Lysine and polar
Glutamine groups (shown in light green). Next, we quantify the differences in the radial
density of each component between AA and CGed simulations as shown in Fig. 3A. The
interfacial density profiles for CPT, peptide, and water agree fairly well with each other.
From the center outwards, the density profile confirms the CPT occupies the centremost
region of the core, followed by the peptide, and then the water. The peak and width of the
CPT and peptide density profile are extremely close, except for the density in the very center
of the core. The reason behind this difference is the difference in simulation scales,
specifically of water—the CGed water molecules are not present in the center of the
hydrophobic core, whereas a finite density of waters is observed in AA simulation as shown
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in Fig. S1-3. In the corresponding AA simulation, the free volume cavities occupied by
water in the hydrophobic core are small and randomly scattered, leading to a high density of
water fitting in between stacks of CPTs as shown in Fig S1-3 A (top view) and B (side
view). Since one water bead in the CGed model represents 3 AA water molecules, the CGed
water bead is much bulkier. Furthermore, as the sizes of the beads increase in the CGed
model, the thickness of the CPT planes also increase, which can fill the hydrophobic core of
the filament more, leaving less open space accessible to the bulky CGed water as shown in
Fig. S1-3 C (top view) and D (side view). The CGed water density recovers to bulk density
outside of the peptide corona as shown in Fig. 3A. The distribution of Chloride ions in the
CGed model matches well with that in the AA simulations, except the near-center region
where no CGed water and, therefore, no Chloride ions are present.

Next, we compare the angle that the CPT axis makes with respect to the radial direction in
the filament. As seen in Fig. 3B, the long axis of CPT deviates approximately 30° from the
radial vector that connects the center of mass of each CPT and the center of mass of the
filament on the same xy plane. This is compared with the AA simulations, as well as AA
simulations remapped to match the center of mass of the CGed beads (denoted by AA’ in
Fig. 3B-D). All three distributions display a preferential angle at approximately 30°. This
preferred angle of rotation around the core of the filament is consistent with the tilting of the
CPTs, leading to the chiral helix-like packing of CPTs in the filament core. Thus, the CGed
model of the filament preserves the chiral packing and orientation of CPTs in the core of the
filament due to the planarity of the CGed CPT model. In a similar manner, in Fig. 3C we
calculate the angle between a radial vector and the long axis of each peptide connecting the
backbone beads of ending residues, i.e. LD of CYS and G8 of LYS. The CGed peptides are
tilted at approximately 20°, while the corresponding angle deviation in the AA simulation
has a peak at about 54° (Fig. 3C). Moreover, the end-to-end distances of the CGed peptides
display a peak at approximately 15 A, which falls short, compared to the peak at
approximately 20 A of the AA peptides (Fig. 3D). Interestingly, the combination of the
smaller angle-deviation and the smaller end-to-end distance results in the almost perfect
match of the density of the peptides in the preassembled filament (Fig. 3A). Specifically, the
CGed peptides is shorter (Fig. 3D), but they deviate less from the radial vector (Fig. 3C),
their ends span as much from the core of the nanofilament as those of the AA peptides. To
reproduce the correct range of the end-to-end distance with the CGed peptides, we can tune
the interaction between the peptides and water and implement a directional hydrogen
bonding into a new version of our SDK CGed model for the DAs. Furthermore, we note that
in order to utilize these CGed force-fields to calculate key properties of supramolecular
assemblies, (structural and mechanical) anisotropic potentials can be developed and
incorporated into the present models.

The CPT stackings form short right-handed helical strands, as shown in Fig. 3F & G. The
probability of stacking angle as a function of the distance between CPT planes is calculated,
using <C(r, 9)> with a cutoff angle of 30 °: C(r,9) = 1 (|9] < 30°), C(r,) = 0 (9| > 30°),
where ¢ is the angle between the CPT planes, and r is the distance between the centers of
Z2A and Z2B in the second CG ring of neighbouring CPTs. For comparison, the distance r
in the AA model is measured between the centers of N20 and C17 in the second CPT ring.
The CPT planes are defined with Z1A, Z2A, and Z2B in the CGed model and C24, N20, and
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C17 in the AA model. We found that the first stacking is very strong in both models and the
fraction of stacking over the distance in the CGed model matches well with that in the AA
model when the distance is longer than 4.4 A. At shorter distances, the CGed model does not
show stacking. This can be attributed to the slightly increased sphericity of the CGed model.
The thickness of the CPT planes increase in the CGed model, as mentioned earlier. We next
visually examine the stacking arrangements of the hydrophobic CPTs in the center of the
core for the CGed filament in Fig. 3F & G. Near-parallel CPTs are grouped and color-coded
to show their stacking in Fig. 3F. Within Fig. 3F, strands of similarly oriented CPTs are
shown wrapping around the central DA filament axis in a right-handed fashion. From Fig.
3F, one unique group of parallel CPTs is highlighted in blue to show the right-handed helical
stacking in Fig. 3G. The same visual results for the AA DA filament simulations are shown
in Supplementary Figure S4 in reference®2. The formation of single-handed helical
assemblies regardless of the chirality of their building blocks has been reported in the self-
assembly of perylene bisimide derivatives®.

Growth and elongation of clusters driven by rt—r stacking

Since the stacking interaction between the CPTs in the filament is preserved between AA
and CGed models, we next compare the self-assembly growth of filament nuclei from a
random distribution of DAs. Previously, we found that the rt-rt interactions between the CPT
planes guides filament nuclei formation into elongated micellar shapes as highlighted in Fig.
4A. In Fig. 4B-E, we quantify the growth of the clusters over time, comparing the CGed and
AA models, using two different methodologies. To begin with, we quantify the growth of the
number of filament nuclei in terms of the number of clusters as well as the average cluster
size using an algorithm for the formation of ‘Molecular Clusters.” In this algorithm, when
any contact distance between DA molecules is less than 4.5 A, we define it as a molecular
cluster. As shown in Fig. 4B and D, the size of clusters increases in the 16 mM random
system, accompanied by the gradual decrease of the number of molecular clusters. The
growth of “Molecular Clusters’ in terms of the average cluster size of the CGed model
matches well with that with AA results. We note that the 1 ps simulation time of this CGed
model is not enough for the molecules to complete the self-assembling process into an intact
filament at this concentration, but it can well reproduce the growth of molecular clusters in
the early stage of the process. The rt-mt stacking between the planar CPTs is characteristic in
filamentous self-assembly of DAs, which can serve as an anchor for the development for
micellar nuclei in both AA and CGed simulations.

Next, in order to more carefully examine the contribution of rt-m stacking in a similar
fashion, we define a ‘CPT Cluster’ as opposed to a ‘Molecular Cluster’ when any contact
distance between only the hydrophobic CPTs is less than 4.5 A. However, in this case we
find that the growth of CPT clusters is slower in the CGed simulations vs. AA simulations,
suggesting that planar interactions between the CGed CPT models may be not as strong as
those in the AA CPT molecular model.

Another indication on the weaker interactions between the CGed CPT planes as compared
with the AA CPT model comes from comparison of the elongation of clusters, and their
deviation from a spherical shape, as shown in Fig. 5. As shown schematically in Fig. 5A, we
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calculate ratio Rymjn/Rmax Where the Rmay is the maximum radius of gyration and Rpin is the
minimum radius of gyration, for each of the “Molecular Clusters’ (Fig. 5B) and ‘CPT
Clusters’ (Fig. 5C) as a function of cluster size for both the AA and CGed simulation
studies. This data is collected over the 1 ps for the CGed simulations and the 200 ns for the
AA simulations. In all four cases, we note that the larger the cluster sizes are, the more
elongated they tend to be, or the more Ryin/Rmax deviates from 1. This holds true for both
‘Molecular Clusters’ and ‘CPT Clusters’. This supports the argument that there is a direct
contribution of the -t interactions towards the one-dimensional growth of the clusters.
However, this elongation trend is slightly weaker in the CGed model. Overall, the CGed
micellar clusters are more spherical, independent of the size of the cluster.

rt-rt Stacking of planar CPTs

The planar CPTs of the adjacent DAs form r-r stacking, as shown in Fig. 6A. Fig. 6B
displays the distribution of angles between the CPT planes within 7 A in the random system.
Two distinctive peaks near 10° and 171° indicate their near-parallel packing within this
distance. In the CGed model, the population of angles between these two angles increases,
compared to those observed in the AA simulations. This weakened dependency on the angle
between the planar CPTs in proximity is also observed in the preassembled system (Fig.
6C). In the preassembled system, the CPT-CPT angles show a peak at 20°, with a broader
distribution.

Along with the slower growth and elongation of the clusters, especially for ‘CPT Clusters’,
this weaker angle-dependency of CPT-CPT packing indicates that the current version of the
CGed model has a weaker rt-r stacking interaction than the AA model. Given the suggested
significant role of the rt-m stacking, along with hydrogen bonding, the nonspecific
hydrophobic interactions, as well as electrostatic interactions, it is important to improve this
interaction in this SDK CGed model for DAs.

Disassembly of a finite-length filament at an elevated temperature

Next, we explore the stability of the DA through long-time CGed simulations of a finite
length filament on the order of 0.675 um by increasing the temperature from slightly above
room temperature to 350K after 200 ns simulation at 300K (Fig. 7A-B). (Fig. 7). When
gradually diluted in a short-term stability experiment, the self-assembled filament showed a
dissociation tendency, which was decreasing with higher drug content.20 When exposed to
mild sonication, dissociation was observed in the case of a similar DA called gCPT-Sub3®
which has four CPT drugs conjugated to a Sub3® peptide.29-92 After relaxing the
computational system for 200 ns at 300 K, the filament is 0.576 pm. When the temperature
is elevated to 350 K, the disassembly process starts quickly with three distinct behaviours:
kinking, thinning, and budding as shown in Fig. 7C—K. To begin with, the straight filament
bends ~30° to form a kink in the middle at 0.215 ps (Fig. 7C). This bent conformation is not
restored within 1.515 us simulation time. In fact, one end of the filament buds out to an
approximately 100 A piece to form an elongated DA micelle at 0.23 ps (Fig. 7D). During
this process, the peptide wraps around to minimize the exposure of CPT to the water. At
1.075 ps, thinning is observed in the longer filament, followed by budding off and pinching
(Fig. 7F, G and H). The longest filament shows two kinks with about 90° (Fig. 7K). At the
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end of the 1.515 ps simulation, the filament breaks into 4 short pieces in total. The numbers
of DAs in each fractioned micelle are 490, 197, 116, and 36. The ratios of longest and
shortest principle axes of these pieces are 0.31, 0.37, 0.39, and 0.1, respectively. These low
ratios indicate that micellar buds maintain elongated shapes, most likely due to the planarity
of the CPTs.

Conclusions

Within this study, we present CGed MD results for the self-assembly, structure, and stability
of supramolecular filaments composed by DAs. To begin with, we characterize the
interfacial density profile and the helical stacking of CPTs within the core of the DA
filament. We find that the SDK CGed models for the drug amphiphiles conserve mostly the
interfacial structure of the filament, as well as the right-handed chirality governed by the
stacking of CPT planes. Furthermore, we next show that the growth and elongated shape of
micellar filament nuclei at the microsecond time-scale compares well with previous AA
simulations. However, the slightly increased sphericity of the CGed CPT and molecular
clusters indicates that the SDK CGed model for the DAs can be refined to incorporate an
angle dependent potential for the interaction of the CPT planes. The CGed model can be
further improved by tuning the interaction between the peptides and water and implementing
a directional hydrogen bonding potential® into a new version of our SDK CGed model for
the DAs. Next, we examined the stability of a nearly half micron long isolated DA filament
at slightly increased temperatures. We found that the DA filament begins its dissociation
process at the end of the filament with an elongated micellar bud, similar to previous
observations for the budding and break-up of diblock copolymer worm-like micelles.%3
These results indicate that the dissociation of elongated supramolecular assemblies may
occur via similar mechanisms. Thus, the CGed MD methodologies as discussed within this
study are the ideal tools to investigate the stability of a range of similar drug delivery
vehicles.

We also show with molecular simulation that aromatic groups in amphiphilic molecules that
self-assemble into supramolecular systems play a key role in the initial stages of the self-
assembly process. Moreover, the strength of the rt-m stacking interactions between aromatic
groups in competition with additional intermolecular forces such as hydrogen bonding and
electrostatics may play a significant role in determining the chirality of supramolecular
systems. The methodologies developed here can be applied to study the structure and
stability of additional supramolecular assemblies governed by a competition of aromatic and
hydrogen-bonding interactions®496, as well as peptide-amphiphiles where electrostatic
interactions play a key role.>

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Camptothecin
(CPT)

Fig. 1.
Coarse-grained and all-atomistic representations of the drug-amphiphile (DA) filaments. A.

Atomistic model for ‘mCPT-buSS-Tau’, the DA in a CPK representation. B. CGed model for
the DA shown as transparent VDW spheres, overlapping the atomistic model. The
hydrophobic cancer drug camptothecin (CPT) is in red, the charged lysine and polar
glutamine groups are shown in light green, while the rest residues are shown in yellow. CPT
is expanded and rotated 90° to show the planar structure.
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Fig. 2.
Coarse-grained and all-atomistic representations of the drug-amphiphile (DA) filaments. A

and B. Top and side views of the atomistic preassembled filament of the DA from the results
of reference 42 after 210 ns. In this representation, the atomistic CPT is also shown in red. In
addition, B-sheets formed along the length of the filament are shown in yellow. C and D. The
top and side views of the CGed preassembled filament of DAs after 1 ps simulation. The
CGed DA is displayed in a licorice representation. The colors follow the same way as
described in B. Water (transparent blue) is not shown for clarity in the side views.
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Fig. 3.

Structure of the preassembled system. A. Radial distributions in the preassembled system
after 1 ps. The density is averaged for the last the last 100ns and 2 ns for the CGed and
atomistic systems, respectively. The CPTs (black) remain buried in the core of the assembly,
while the peptides (red) wrap around the core, forming the outer shell in both atomistic
(dotted lines) and CGed (solid lines) models. In contrast to the water in the core in the
atomistic model (blue dotted line), the CGed water (blue solid line) does not appear in the
core of the assembly. The inset shows the density of the CI™ ions. B. Probability distribution
of the angle formed between the CPT’s long axis (Z1A-Z3A) and the radial direction, from
the center of the filament on the same xy plane as the center of CPT to the center of CPT.
The atomistic (AA), the CG-matched atomistic (AA”) and the CGed (CG) results are in
black dotted, black solid, and red solid, respectively, in B, C, and D. For the direct
comparison, CG-matched atomistic (AA”) results are calculated based on the center of all
atoms corresponding to each CGed bead: pairs used for AA, AA”, and CG are C24-N14,
(C24, C25, H45 and H46)-(N14, C15, H41 and H42), and Z1A-Z3A, respectively. C.
Probability distribution of the angle formed between the peptides’ longest axis (LD of CYS-
G8 of LYS) and the radial vector. Pairs used for AA, AA”, and CG are Ca of CYS-Ca of
LYS, (CA, N, C, O, Hand HA of CYS)-(CA, N, C, O, H and HA of LYS), and LD-G8,
respectively. D. Probability distribution of the end-to-end distances of peptides. E. Stacking
probability as the function of the distance between CPT planes. A cutoff for angle is 30 °.
C(r,9) =1 (J8| < 30°), C(r,8) = 0 (J¢| > 30°). The CPT planes are defined with C24, N20,
and C17 in the AA model and Z1A, Z2A and Z2B in the CGed model. F. Near-parallel CPTs
are grouped and color-coded to show their stacking in the center of a CGed pre-assembled
filament after 1 ps simulation time. G. From F, one group of parallel CPTs is highlighted in
blue to show right-handed helical stacking.
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S

i
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0.5 |
Time (us)

Cluster growth in a random system. A. A. The number of molecular clusters over time. The
inset shows a snapshot of a random system of 16 mM at 1 ps. B. The number of CPT
clusters over time. C. The average size of molecular clusters over time. D. The average size
of CPT clusters over time. The results from the atomistic and the CGed models are in black,
and red, respectively. The size of clusters increases, accompanying the gradual decrease of
the number of molecular clusters. Compared with the atomistic results, the growth of
molecular clusters of the CGed model matches well, while that of CPT clusters are slower in

the CGed one.
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Fig. 5.

Elongation of clusters. A. A Cluster shows the shortest (Rimin) and longest (Rmax) axes. B.
The average ratio of Ryin/Rmax 0f molecular clusters in the 16 mM random system. C. The
average ratio of Ryin/Rmax 0f CPT clusters. The average ratio of Ryjn/Rmax decreases as the
size of clusters increases, indicating elongation of clusters over time. The elongation trend
gets slightly weaker in the CGed model.
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Fig. 6.
-1t Stacking of CPTs. A. Clusters of DAs. The CPTs are highlighted in thicker red sticks.

The rest parts of DAs and water are in yellow and transparent cyan, respectively. B. The
distribution of angles between CPT planes within 7 A in the random system. C. The
distribution of angles between CPT planes within 7 A in the preassembled system. The
results from the AA and the CGed systems are displayed in black and red, respectively. The
peaks near 0° and 180° indicate the near-parallel stackings of CPTs within 7 A.

Soft Matter. Author manuscript; available in PMC 2018 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Kang et al.

Page 21

200 A
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“ 300k * [ 350K

Fig. 7.

Dissociation of the finite-length DA filament. The 0.675 pm filament (A) is equilibrated at
300 K for 0.2 ps (0.576 um, B), and then the temperature is elevated to 350 K. During the
disassembly, kinking, thinning, and budding are observed.
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