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ABSTRACT

This work reports an all-atom molecular dynamics study of the first stages of
aggregation of poly(y-benzyl-L-glutamate)—PBLG—polymers end-capped with
Ceo- PBLG self-assembles in water and shows polymorphism when specific
changes in the molecular structure are made. Three variants of PBLG are
compared, which differ for the location of the C4p moiety: N-terminus, C-ter-
minus, or both. The aim of the computational experiments was to rationalize the
key molecular properties that are relevant to the supramolecular polymorphism.
Single-peptide simulations in tetrahydrofuran and in water allowed to quantify
the strength of the self-assembly driving force in terms of the overall order
parameter of the phenyl rings that are “coating” the peptides. Two-peptide
simulations for the singly capped peptides showed that two kinds of aggregates
can be formed: one “slow” thermodynamically more stable, and one “fast”
kinetically favoured. These first-stage aggregates are interpreted as the seeds
leading to different self-assemblies.
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Introduction

Self-assembly, one of the most amazing phenomena
in nature [1-3], is also a central field of study in
materials science [4-7], nanochemistry [8, 9], and
biomimetic chemistry [2, 10-16]. Of particular interest
is the non-covalent self-assembly in systems where
the single building block includes all necessary “in-
formation” to control, on the one hand, the size of the
self-assembled structure (e.g. by modifying one or
more dimensions of the building block), and on the
other hands, the supramolecular shape by applying
small, directed chemical changes to the building
blocks. The latter characteristic is referred to as
supramolecular polymorphism [17].

A rational way to design new polymorphic self-
assembling systems is desirable, but it cannot be left
only to a vague chemical insight. The complexity of
the building blocks and the complexity of the inter-
action among hundreds or thousands of such mole-
cules require support from theoretical and
computational chemistry. On the one hand, the
computational study of the self-assembling process
demands large simulations with the order of 10°
building blocks (often macromolecules) included into
a solvent box. A plethora of approaches to accelerate
these calculations are available: (1) Monte Carlo
methods [18], (2) coarse-grained [19] and mesoscopic
[20] deterministic molecular dynamics (MD) simula-
tions; (3) stochastic approaches such as dissipative
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particle dynamics [16, 21-24], and Brownian
dynamics [25] simulations; (4) mean-field approa-
ches, like the self-consistent field theory [26], which is
purely thermodynamic, based on the minimization of
a phenomenological expression for the overall free
energy of the system, and (5) multiscale methods
such as external potential dynamics [26] and Meso-
Dyn [27], in which the building blocks are described
at some level of detail, while the medium is treated at
a mean-field level. On the other hands, rationalizing
how the geometrical properties of the self-assembled
structures are related to the chemical details of the
building blocks is a second important issue, which is
concerned also with the parametrization of the force
fields of the computational approaches mentioned
above.

This work focuses on the second problem, with the
aim of defining a proper computational protocol tai-
lored to discriminate, among the degrees of freedom
of the system, those molecular properties relevant to
the control of the supramolecular polymorphism.

This study has been inspired from a previous work
[28] in which a family of molecules based on the
poly(y-benzyl-L-glutamate)—PBLG—polymer  was
studied. Polymorphism was observed by changing
the capping pattern of the peptides. If two Cgy moi-
eties were capping the C- and N-termini of the pep-
tide, self-assembled vesicles were observed. When
the N-terminus Cgy moiety was removed, leaving the
NH;" group, the peptides self-assembled into tori.
Moreover, acetylating the N-terminus led to self-
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assemblies shaped as spherocylinders (not shown in
ref. 28). The peptides were 84 amino acids long.
Repeating the self-assembly study on a 25 amino
acid-long, doubly Cgp-capped PBLG, vesicles were
still obtained, but of reduced dimension. (The radius
was one order of magnitude smaller than the radius
of the vesicles obtained with the 84 amino acid-long
PBLG.) As a conclusion, it was observed that the
shape and dimensions of the self-assemblies could be
modulated with just small, localized changes.

In this work, all-atom molecular dynamics simu-
lations (AA-MD) have been carried out for two sim-
ilar molecules: NH;"-PBLG,5—Cqg (Pc from now on)
and Cgp-PBLG,5-COO™ (Py) peptides in both THF
(where PBLG can be dissolved) and water (where
PBLG auto-assembles). Py is expected to behave as
the acetylated peptide that self-assembled in sphe-
rocylinders. The data obtained as output from the
MD simulations are complex, containing all details of
the system without any hierarchical distinction. The
purpose of this work was to interpret these compu-
tational experiments to extract the relevant details
that bridge the structure of the peptide to that of the
nanostructure. In particular, the objective was to
quantify how and to which extent site-directed
chemical modifications of the peptide are reflected in
different peptide—peptide and peptide-solvent inter-
actions. The balance between these two kinds of
interactions is at the basis of the supramolecular
polymorphism.

The case study systems considered in this work are
similar to those studied in ref. 28: in water, the
N-terminus of Pc has an unprotected NH;™ group,
which was considered the molecular detail respon-
sible for the formation of the tori. Py, similarly to Pc,
bears only one Cqp moiety, but the latter is capping
the amino group, and thus, it is expected that Py
should assemble into spherocylinders. The two pep-
tides were 25 amino acids long to compare with
previous Cep-PBLG25-Cep (Pne) AA-MD simulations
carried out in the past [28]. Despite the simplification
of the polymers studied here, simulations of the sin-
gle PBLG polymers in the two solvents allowed a
thermodynamic interpretation of the formation of
different shapes. Moreover, the simulations of cou-
ples of peptides brought to light different paths of
aggregation that are compatible with the different
shapes of the self-assembled nanostructures observed
experimentally, providing kinetic insight on the
shape selection. The molecular interpretation
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provided here of the thermodynamics and kinetics
behind the supramolecular polymorphism, as well as
the analysis protocol, is transferable to similar
polymers.

Methods

MD simulations have been run with GROMACS 5.1.4
[29] using an all-atom representation of the peptides
and of the solvent. For the neutralizing ions and for
the “natural” part of the BLG amino acid, the
CHARMM?2Y force field has been employed (with the
CMAP correction), while the benzyl and Cg moieties,
and THF solvent have been parametrized with the
GATFF force field. Finally, water has been modelled
with the TIP4P force field.

While Pnc peptide atomistic MD simulations were
available from a past work (for details, the reader is
referred to the supporting information of ref. 28), 12
new simulations have been carried out for the Pc and
Py peptides. A representation of the two molecules is
provided in Fig. 1. For each of the peptides, two
simulations of the single molecule in water or THF
have been carried out. Then, two-molecule trajecto-
ries have been run placing 2 Pc or 2 Py peptides
inside a water or a THF solvent box. Two different
initial configurations have been considered, i.e. head—
head (hh) or head-tail (ht) initial relative orientation

Thelix

(o)

Figure 1 Representation of the initial configuration of a Py, and
b Pc peptides. The amino acids are folded in a-helix, as depicted
by the red cartoon. ¢ Schematic showing how the helix (rpejix) and
i-th phenyl (r;) axes have been defined to calculate order
parameters. Blue spheres represent the 2nd and 24th backbone
N atoms used to define the helix axis (green arrow), while the
yellow spheres indicate the couple of C atoms used to calculate the
local axis on the phenyl ring (red arrow).
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Table 1 Modelling of the Py

J Mater Sci (2021) 56:16463-16474

and P single-peptide and two- System® Peptide charge® Cubic box side length/A Solvent Solvent molecules

peptide MD simulations Py 1 64 H,0 3362
Py 0 64 THF 1588
Pc +1 64 H,O 8382
Pc 0 64 THF 1588
2 Py-hh -2 70 H,O 10,676
2 Py-hh 0 70 THF 2163
2 Py-ht -2 70 H,O 10,669
2 Py-ht 0 70 THF 2154
2 Pc-hh +2 70 H,O 10,674
2 Pc-hh 0 70 THF 2156
2 Pc-ht +2 70 H,O 10,693
2 Pc-ht 0 70 THF 2157

*hh means head-head initial configuration, while ht means head—tail initial configuration of the 2
peptides. "Charges have been neutralized by Na* or CI~ ions

of the peptides, where the “head” is the N-terminal
side, and “tail” the C-terminal. Details of the mod-
elling are reported in Table 1.

For each of the systems, the simulation protocol
consisted of an initial energy minimization followed
by a 3 ns-long heating protocol from 0 to 298.15 K.
Finally, one production run of 50 ns was carried out.
Simulations have been run under periodic boundary
conditions and in NPT canonical ensemble. The
simulation parameters are summarized in Table 2.

Results
Single-peptide simulations

The analysis of the MD trajectories of the three pep-
tides has been conducted with the intent to investi-
gate which molecular properties are likely to be
responsible for the different shapes of the self-
assemblies. To this purpose, the first observation

Table 2 List of the MD

concerns the driving force that is pushing the self-
assembly process. As it was shown with the support
of coarse-grained calculations in the previous work
on Pnc peptides [28], the assembly process is driven
by the hydrophobicity of the peptides. Seen in a dif-
ferent way, the driving force should be considered as
the balance between the peptide—peptide and pep-
tide-solvent interactions. The hypothesis is that in
THF the peptide-solvent interactions are stronger
than in water, destabilizing the aggregation of the
peptides. In water, the opposite is happening.

By looking at the snapshots of the single-peptide
trajectories, it emerges that the phenyl rings behave
in a very different way in the two solvents. Fig-
ures S1-53 in the electronic supporting material
(ESM) analyze quantitatively the observation that
while in THF, the phenyl rings are randomly oriented
with respect to the axis of the helix, in water, they
tend to be aligned with the helix, resulting in a lower
exposure to the solvent. Such an observation can
explain (at the molecular scale) the mechanisms that

calculation parameters Ensemble

NPT

Thermostat

Barostat

Cutoff for pair interactions/A
Electrostatics

Integration time step/fs
Dumping frequency/ps
Energy minimization steps
Equilibration time/ns
Production time/ns

V-rescale, 7 2 ps, T 298.15 K
Parrinello-Rahaman, 7 2 ps, p 1 bar
12

PME, Fourier spacing 0.06

28.

2

100,000,000

3

50

YLINCS algorithm was used to fix bonds to all H atoms
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control the balance between the peptide—peptide and
peptide-solvent interactions and thus the strength of
the driving force of self-assembling. Our interpreta-
tion is that a better affinity of the phenyl rings with
the solvent decreases the degree of order, providing
in turn a thermal disturbance to the phenyl-phenyl
stacking interactions, the latter being at the origin of
the peptide—peptide attractive potential.

To quantify the observations, the order parameters
of the phenyl rings can be used. In particular, the idea
is to interpret the axis of the helix as a director gen-
erating an orienting potential on each of the rings. As
a first approximation, a phenyl ring is supposed to
have the possibility to explore a hemisphere with its
centre fixed on the C, carbon. Figure 1c schematically
depicts the model. The vector ryix is parallel to the
helix axis, defined by the line passing through the N
atoms of the 2nd and 24th BLG amino acids (see
Fig. 1c), and oriented in the N-C direction. For the i-
th phenyl ring, the vector r; is defined as the differ-
ence between the positions of the two C atoms shown
in Fig. 1c (the C connected to the rest of the side
chain, and the C in para with respect to the former).
The cosine of the polar angle 0; is calculated simply
as

Thelix * Ti
) = .
It is assumed that the orienting potential is only
affecting the 0; polar angle. This limits the choice of
the order parameters to the family of averages of
Legendre polynomials. Moreover, by examining the
trajectories, it emerged that there is a preferential C—-
N “polarization” of the ordering (see, e.g. Fig. 1a, b).
This may be due to the chirality of the helix. With
such an observation, the subset of odd order Legen-
dre polynomials should be used to describe ordering.
Here, the simplest choice has been made, i.e. the first-
order Legendre polynomial. The order parameters
for the phenyl rings have been computed according
to the average

S1,i = (P1(cos(0;))) (2)

With Pq(cos(6;)) = cos(6;), and (...) means aver-
aging over the trajectory snapshots.

The order parameter defined in Eq. 2 equals 1 if the
phenyl ring is perfectly ordered along the helix axis
in the N-C direction, — 1 if it is aligned in the
opposite versus, and 0 if the phenyl is uniformly
distributed.
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Figure 2a, b shows how the order parameters of the
phenyl rings change along the peptide chains. Over-
all comparison shows that the phenyl rings are
characterized by a sensitive higher degree of order in
water with respect to THF. The average order
parameters for Pc, Py, and Pne in water are,
respectively, 0.50, 0.64, and 0.70, while in THF are
0.20, 0.29, and 0.30. In water, the degree of order
decreases as Pyc > Pn > Pc.

From this observation, it should be expected that
the overall stacking interaction would be stronger in
the Pnc peptide and weaker for the Pc molecule.
Moreover, Fig. 2a shows that in water, the three
phenyl rings in the head of Py (where the Cgp moiety
is bonded) show higher order than the three phenyl
rings in the tail. The opposite is seen for Pc. Finally,
Pnc appears quite disordered in the N-terminus, and
low order is also observed at the C-terminus. How-
ever, the middle of the Pyc peptide is uniformly
highly ordered, differently from the other two
molecules.

Comparing Py and Pc, the presence of the full-
erene moiety seems to lead the ordering pattern. In
fact, Py in water is highly ordered in the N-terminus,
while at the other side (ending with COO™), the order
parameter is lower. Analogously, for Pc, the phenyl
rings are highly ordered at the C-terminus (same side
where the fullerene is located), while ordering is
lower close to the NH;" moiety. However, the degree
of disorder is higher in the head of P with respect to
the tail of Py, suggesting higher affinity to water of
NH;" than COO™. This is reflected in a more pene-
trating effect of water molecules that, in turn, gives a
stronger local disturbance of the ordering of the
phenyl rings.

To inspect such a hypothesis, the solvent structure
around the peptides has been studied by means of
pair correlation functions, g(r). Given two atoms, the
pair correlation function quantifies the probability of
finding the second atom at a certain distance r from
the first one, relative to the probability calculated as
the density was isotropic. Peaks of the g(r) thus tell
how and to which extent, averagely, the two atoms
interact. As it was done with the order parameter, a
first global information on the structure of the solvent
around the polymers has been extracted, followed by
a more detailed residue-by-residue analysis.

Figure 3 reports the g(r) functions calculated
between any of the backbone Cu atoms of the PBLG
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Figure 2 Colour map N
representation of the order
parameters of the phenyl rings
along the three peptides Py,
Pc, and Py in a water and b
THEF. The colour bar at the
bottom provides the ranges of
|S1], covered by the colour.
The arrows indicate the
direction of ordering of the
phenyl rings.
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Figure 3 Pair radial distribution functions of the overall
probability of finding the O atom of any solvent molecule with
respect to any of the backbone C, atoms of the PBLG chain of Py
in water (black, dash—dash-dotted line), Pc in water (red, dotted
line), Pnc in water (violet, dotted line), Py in THF (green, dash-
dotted line), Pc in THF (blue, dash-dot-dotted line), and Pyc in
THF (orange, solid line).

peptides with any of the oxygen atoms of the solvent
molecules (water or THF). The plots are similar for
the three peptides in the two solvents. The pair dis-
tribution functions in THF in the proximity of the
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peptide are above those in water, providing the
information that peptide-water interactions are
weaker than peptide-THF interactions. Such an
observation is compatible with the experimental
observation that the peptides remain dissolved in the
organic solvent, while they precipitate in water.

Figure 4 reports a more local description of the
peptide—solvent interactions. In particular, g(r) func-
tions have been computed for each of the single Ca
atoms with any of the oxygen atoms of either water
or THF. Figure 4a—c shows the pair distribution
functions in water for, respectively, Py, Pc, and Pnc.
For Py, residue 25 (i.e. the C-terminal) shows the
highest affinity to water. On the contrary, for P, this
is observed for residue 1 (i.e. the N-terminal). This is
due both to the fact that the terminal residues with-
out the Cgy moiety are less sterically hindered with
respect to the Cgy end-capped termini, and because
the free terminal residues are charged. In the case of
Pnic, the terminal residues show again a peak on their
g(r), differently from the behaviour of the other
residues.

For the Pnc peptide, a lower value between 0.5 and
0.75 at the termini is observed. The order of
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Figure 4 Pair radial distribution functions in water for a PN,
b PC, and ¢ PNC, and in THF for d PN, e PC, and f PNC between
the backbone Co atom of selected residues and any of the oxygen
atoms of the solvent molecules. The selected amino acids are: 1

structuring of water around the termini of the pep-
tides is in accord with the order of affinity with water
as suggested by the analysis of order parameters, i.e.
NH;' > COO™ > fullerene. On the other hands, the
central residues show pair distribution functions very
similar to each other and resemble the trend in Fig. 3.

Figure 4d—f in THF shows again that the solvent
can be more easily structured around the terminal
residues. Trends of residues 1 and 25 are opposite to
those observed in water. A difference, however, is
observed for residue 1, which is always showing the

16469

2.0

(d)

25 30

(e) |

25 30

®

25 30

(black, solid line), 5 (red, dotted line), 10 (green, dashed line), 15
(blue, dash-dotted line), 20 (violet, dash-dot-dotted line), and 25
(magenta, dash—dash-dotted line).

largest affinity to THF. This is especially true when it
is end-capped with Cgp. The order of affinity (height
of the peak of the first residue) is Pye > Py > Pc. The
C-terminus shows a peak that is nearly independent
upon the end-capping pattern. Finally, as it happens
for water, the central residues show no peaks. How-
ever, their pair radial distribution functions are more
“penetrating”, i.e. they go to zero around 3 A, while
in water, they reach zero around 5 A

Similar conclusions on the terminal parts of the
peptides can be drawn selecting the N or C backbone
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atoms in, respectively, the N and C termini. A short
discussion is reported in Figure S4 of the ESM.

To summarize, analyses of the trajectories in terms
of order parameters and solvent structure suggest
that Pnc molecules in water will tend to be more
“sticky” with respect to Py and the latter more than
Pc. Moreover, the overall affinity to water increases
in the same order, i.e. Pnc < Py < Pc. The Pyc pep-
tides will thus be expected to be pushed more by
water to decrease the exposed surface, and such a
process will be favoured by a large stacking interac-
tion. On the opposite, Pc molecules will feel less
pushing force and will tend to interact less. Py sits in
the middle. Therefore, it is expected that the surface
exposed to water of the three self-assemblies should
follow the order Pync < Py < Pc.

From the experiments, it is known that Pnc, Py,
and Pc self-assemble, respectively, into spherical
vesicles, spherocylinders, and tori. In Sect. 3 of the
ESM, it is discussed that for these solids, the surface
per unit volume follows the order sphere > sphero-
cylinder > torus, which is the same expected trend
deducted from the analyses of the atomistic MD
trajectories.

Two-peptide simulations

MD simulations of 2 Pc or 2 Py peptides have been
computed both in THF and water to inspect the
aggregation process with the aim of investigating
whether relevant differences are observed at the
atomistic scale that can be related to the differences in
the final different shapes of the self-assembled
structures. To this purpose, eight different simula-
tions have been carried out with the polymers placed
in the two solvents in two different initial relative
configurations, i.e. head-head (hh) and head-tail
(ht)—see Figure S6 in the ESM.

Figure 5 shows on a coarse-grained temporal scale
what is happening in time from the minimization
stage to the end of the production trajectory in water.
Important differences are seen in the four trajectories.
Firstly, by examining the shape of the aggregates, it is
observed that both peptides give origin to two dif-
ferent types of aggregates. In particular, PN-ht and
Pc-hh evolve to an aggregate that we shall call “lon-
gitudinal”, i.e. the two main molecular axes are par-
allel. On the other hands, the Pn-hh and Pc-ht
simulations end up with “transversal” aggregates,
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PN h-t PN h-h PC h-t PC h-h
ot §% F 18
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25.0F
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(a) (b) (0) (d)

Figure 5 Snapshots extracted from the MD simulations in water
of a 2 PN head-tail, b 2 PN head-head, ¢ 2 PC head-tail, and d 2
PC head-head. The two peptides are represented in red and blue to
better highlight the final aggregates. The first, last, and three
equally spaced frames in between have been extracted from the
production trajectories.

where the axes of the two o-helices show an angle
between 90 and 120 deg.

Longitudinal aggregates in Fig. 5a, d of, respec-
tively, Py-ht and Pc-hh show the important differ-
ence that the relative orientation of the two peptides
is kept, respectively, head—-tail and head-head. These
aggregates show the lowest solvent accessible surface
area (SASA), with respect to the transversal aggre-
gates. The longitudinal is thus expected to be the
thermodynamically more stable structure. The head-
head Pc configuration can be interpreted from the
highest affinity of the N-terminus (NH3") to water
with respect to the other peptides. This is compatible,
as shown in Fig. 2a, with the lowest order of the
phenyl rings at the N-terminus with respect to the
order observed at the C-terminus. This is different in
the case of the head—tail longitudinal configuration of
the 2 Py aggregate. The transversal aggregates also
show an important difference. The Pc-ht initial con-
figuration leads to a transversal aggregate keeping
the head-tail configuration (Fig. 5¢). In particular, the
N-terminus of a peptide is stacked to the C-terminus
of the other one. This can be explained by a “solva-
tion” effect of the Cgqp moiety by the phenyl rings
close to the N-terminus (see Figure S7 of the ESM).
Again, this is possible because of the lower order of
the phenyl rings at the N-terminus with respect to the
other ends. The time evolution of the Py-hh
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configuration ends with a transversal aggregate in
which the two peptides are placed at 90 deg, one
with respect to the other, giving a “T” shape. Both
transversal aggregates seem to be stable, i.e. they do
not evolve to the longitudinal ones even increasing
from 50 to 100 ns over the length of the trajectory.
Moreover, MD simulations were repeated on larger
boxes to ensure that no artefacts due to the minimum
image approximation of the periodic boundary con-
ditions algorithm are at play. The same aggregation
scheme was found.

To quantify the observations, the SASA time series
have been extracted from the trajectories. They are
reported in Fig. 6a—d. The relevant information that
can be obtained from the simple observation of the
time series is that the transversal aggregates are
formed with faster kinetics with respect to the lon-
gitudinal ones, which are formed just in the initial
stages of the equilibration (within the first 2 ns of
simulation), the formation of the longitudinal aggre-
gates is a slower process that takes 10 ns. The
deduction from such an observation is that the shape
of the self-assemblies shall be determined by the
transversal aggregates, which will behave as tem-
plates for the growing nanoscopic architectures.
Finally, the histograms have been built from the
SASA trajectories. In particular, for each of the sim-
ulations, two histograms have been extracted: the
first using the first few ns of the trajectory to plot the
SASA distributions of the single, separated peptides.
The second, using the tails of the trajectories to access
the SASA distributions of the aggregates.

The histograms are reported in Fig. 6e. The prob-
ability density P(S) is normalized over the integration
of the SASA, S, from 0 to infinity. The rightmost part
of the plot reports the probability densities of the
SASA for the separated peptides. They appear
Gaussian, with an average value of 5 = 74 nmz, and a
standard deviation of 4 nm?. It has to be noticed that
the Pc-ht distribution appears very large and unre-
solved since the aggregation process is so fast that
there is not a sufficient number of points to build a
statistical meaningful histogram.

The leftmost part of the plot reports the four his-
tograms for the aggregates. The longitudinal ones
show smaller SASA’s with respect to the transversal
ones. In particular, the Py-ht and Pc-hh are centred to
similar average values of S, respectively, 59 nmz, and
57 nm®. Moreover, the distributions show standard
deviations of 2 and 3 nm?. Transversal aggregates of
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Pn-hh and Pc-ht are, instead, centred on, respec-
tively, 65 and 63 nm?, with a larger standard devia-
tion of 2.5 and 3.5 nm®. Larger standard deviation (i.e.
larger fluctuations of the SASA) may be caused by:
(1) a lower order of the phenyl rings, which in turn
means a less attractive force of the two peptides, or
(2) a larger affinity to water, meaning that the driving
force to aggregation is weaker. However, taking into
consideration the order parameters in Fig. 2, Py
shows an average order larger than Pc. For this rea-
son, it would be expected that Py should give the
longitudinal aggregate with smaller SASA. However,
the contrary is observed, leading to the conclusion
that a relevant role played in the aggregation is the
affinity to water. The strength of aggregation led by
peptide—peptide interactions (that depends on the
order parameters) is, instead, reflected in a slightly
smaller standard deviation. The same conclusion can
be drawn for the transversal aggregates.

Conclusions

In this paper, all-atom molecular dynamics simula-
tions have been carried out and analysed to
rationalize the polymorphism of PBLG self-assem-
blies originated from small, localized changes in the
molecular structure of the building blocks.

To encompass such an objective, a small set of
parameters has been defined and used. Results
obtained from the application of the protocol to the
analysis of the Py and Pc MD simulations, which
have been carried out ex novo in this work, are
confirmed by the application of such a protocol to the
Pne molecule. In a previous work, [28] numerical
experiments have shown that Pnc self-assembles in
vesicles, the same structures observed experimen-
tally. The fact that the MD simulations analyses agree
with the expected (and proved) system behaviour
confirms that the protocol is catching the relevant
ingredients needed to understand, at the molecular
level, the properties of van der Waals interaction-
driven self-assembling polymers.

What has been learned is that in the early stages of
aggregation, the kinetically favoured dimers are the
transversal ones, while the longitudinal (probably
more stable thermodynamically) are formed within a
slower time scale. Transversal aggregates are stable at
least for 100 ns. Thus, it is reasonable to conjecture
that the different transversal geometries are the
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Figure 6 SASA time series for a PN-ht, b PN -hh, ¢ PC-ht, and
d PC-hh extracted from the production trajectories. In each of the
panels, a surface representation of the aggregates is reported.
e Histogram analysis of the SASA in both during the first stages of
the simulation (rightmost part of the plot) and of the last part of the

templates of the self-assembly process. Pc peptides
may be able to form circles that can grow and close to
form tori. On the other hands, Py molecules can be
expected to stack into long wires that can grow

@ Springer

trajectories, when the aggregates were formed (leftmost part of the
plot), for: 2 PN-ht (black, solid line), 2 PN-hh (red, dashed line), 2
PC-ht (green, dash-dotted line), and 2 PC-hh (blue, dash-dot-
dotted line) in water.

laterally, giving origin to spherocylinders. Moreover,
since these aggregates showed more rigidity (lower
fluctuations in SASA), it is not possible to bend the
long-range aggregate.
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It is worthy to note that such an interpretation is
also compatible with the fact that changing the size of
the molecules, the size of the self-assemblies is also
affected. We interpret the self-assembly mechanism
as the balance between peptide-peptide and peptide-
water interaction forces. Thermodynamic equilib-
rium will be reached when the force that is pushing
the peptides to reduce the total SASA for the reason
of hydrophobic interactions, which is opposed by the
force that describes the short-range interpeptide
interactions. Work is in progress to build a coarse-
grained description of the peptides based on the MD
analysis protocol here presented. Such a modelling
would allow to simulate a box with hundreds of
polymers and thus to simulate the self-assembling
process with the force field parametrized by these all-
atom trajectories.

Acknowledgements

Computational work has been carried out on the C3P
(Computational Chemistry Community in Padua)
HPC facility of the Department of Chemical Sciences
of the University of Padua. The authors thank Prof.
Alessandro Moretto of the Department of Chemical
Sciences of the University of Padua for the interesting
discussions on the chemistry of the PBLG peptides.

Funding

Open access funding provided by Universita degli
Studi di Padova within the CRUI-CARE Agreement.

Declarations

Conflict of interest The authors declare no com-
peting financial interest.

Supplementary Information: The online version
contains supplementary material available at http
s://doi.org/10.1007/510853-021-06340-z.

Open Access This article is licensed under a Crea-
tive Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution
and reproduction in any medium or format, as long
as you give appropriate credit to the original
author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were

16473

made. The images or other third party material in this
article are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to
the material. If material is not included in the article’s
Creative Commons licence and your intended use is
not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of
this licence, visit http://creativecommons.org/licen
ses/by/4.0/.

Supplementary Information: The online version
contains supplementary material available at http
s://doi.org/10.1007 /s10853-021-06340-z.

References

[11 Yan X, Zhu P, Li J (2010) Self-assembly and application of
diphenylalanine-based nanostructures. Chem Soc Rev
39:1877-1890. https://doi.org/10.1039/B915765B

[2] Whitesides GM, Girzybowski B (2002) Self-assembly at all
scales. Science 295:2418-2421. https://doi.org/10.1126/scie
nce.1070821

[3] Hirst AR, Escuder B, Miravet JF, Smith DK (2008) High-
tech applications of self-assembling supramolecular nanos-
tructured gel-phase materials: from regenerative medicine to
electronic devices. Angew Chem In Ed 47:8002-8018. h
ttps://doi.org/10.1002/anie.200800022

[4] Kricheldorf HR (2006) Polypeptides and 100 years of
chemistry of o-amino acid N-carboxyanhydrides. Angew
Chem Int Ed 45:5752-5784. https://doi.org/10.1002/anie.
200600693

[5] LuH, WangJ, Song Z, Yin L, Zhang Y, Tang H, Tu C, Lin Y
(2014) Recent advances in amino acid N-carboxyanhydrides
and synthetic polypeptides: chemistry, self-assembly and
biological applications. J Cheng Chem Commun
50:139—155. https://doi.org/10.1039/C3CC46317F

[6] Wang B, Shao Z (2009) Application of self-assembling
peptide nanofiber scaffold in nerve tissue engineering.
Zhongguo Xiu Fu Chong Jian Wai Ke Za Zhi 23:861-863

[7] Zelzer M, Ulijn RV (2010) Next-generation peptide nano-
materials: molecular networks, interfaces and supramolecu-
lar functionality. Chem Soc Rev 39:3351-3357. https://doi.
org/10.1039/C0CS00035C

[8] Luo Z, Zhang S (2012) Designer nanomaterials using chiral
self-assembling peptide systems and their emerging benefit
for society. Chem Soc Rev 41:4736—4754. https://doi.org/10.
1039/C2CS15360B

@ Springer


https://doi.org/10.1007/s10853-021-06340-z
https://doi.org/10.1007/s10853-021-06340-z
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s10853-021-06340-z
https://doi.org/10.1007/s10853-021-06340-z
https://doi.org/10.1039/B915765B
https://doi.org/10.1126/science.1070821
https://doi.org/10.1126/science.1070821
https://doi.org/10.1002/anie.200800022
https://doi.org/10.1002/anie.200800022
https://doi.org/10.1002/anie.200600693
https://doi.org/10.1002/anie.200600693
https://doi.org/10.1039/C3CC46317F
https://doi.org/10.1039/C0CS00035C
https://doi.org/10.1039/C0CS00035C
https://doi.org/10.1039/C2CS15360B
https://doi.org/10.1039/C2CS15360B

16474

(]

[10]

[11]

[12]

[13]

[14]

[15.

—

[16]

[17]

[18]

[19]

Pilkington SM, Roberts SJ, Meade SJ, Gerrard JA (2009)
Amyloid fibrils as a nanoscaffold for enzyme immobiliza-
tion. Biotechnol Prog 26:93-101. https://doi.org/10.1002/b
tpr.309

Whitesides GM, Boncheva M (2002) Beyond molecules:
self-assembly of mesoscopic and macroscopic components.
Proc Natl Acad Sci 99:4769-4774. https://doi.org/10.1073/
pnas.082065899

Valéry C, Artzner F, Paternostre M (2011) Peptide nan-
otubes: molecular organisations, self-assembly mechanisms
and applications. Soft Matter 7:9583-9594. https://doi.org/
10.1039/C1SM05698K

Shakiba A, Zenasni O, Marquez MD, Lee TR (2017)
Advanced drug delivery via self-assembled monolayer-
coated nanoparticles. Bioengineering 4:275-299. https://doi.
org/10.3934/bioeng.2017.2.275

Fan T, Yu X, Shen B, Sun L (2017) Peptide self-assembled
nanostructures for drug delivery applications. J Nanomater
2017:4562474. https://doi.org/10.1155/2017/4562474

Kim T, Li W, Shin S, Lee M (2013) Development of toroidal
nanostructures by self-assembly: rational designs and appli-
cations. Acc Chem Res 46:2888-2897. https://doi.org/10.1
021/ar400027¢

Ghadiri MR, Granja JR, Buehler LK (1994) Artificial
transmembrane ion channels from self-assembling peptide
nanotubes. Nature 369:301-304. https://doi.org/10.1038/36
9301a0

Wang X, Gao J, Wang Z, Xu J, Li C, Sun S, Hu S (2017)
Dissipative particle dynamics simulation on the self-assem-
bly and disassembly of pH-sensitive polymeric micelle with
coating repair agent. Chem Phys Lett 685:328-337

Brog J-P, Chanez C-L, Crochet A, Fromm KM (2013)
Control of polymorphism in thiophene derivatives by sub-
limation-aided nanostructuring. RSC Adv 3:16905-16931. h
ttps://doi.org/10.1039/C9CC09507A

Tian F, Luo Y, Zhang X (2010) Curvature modulates the self-
assembly of amphiphilic molecules. J Chem Phys
133:144701. https://doi.org/10.1063/1.3499914

Sun X-L, Pei S, Wang JF, Wang P, Liu Z-B, Zhang J (2017)
Coarse-grained molecular dynamics simulation study on
spherical and tube-like vesicles formed by amphiphilic
copolymers. J Polym Sci Part B Polym Phys 55:1220-1226.
https://doi.org/10.1002/polb.24376

Zhang H, Yuan S, Sun J, Liu J, Li H, Du N, Hou W (2017)
Molecular dynamics simulation of sodium dodecylsulfate

@ Springer

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

J Mater Sci (2021) 56:16463-16474

(SDS) bilayers. J Colloid Interface Sci 506:227-235. http
s://doi.org/10.1016/j.jcis.2017.07.042

Li S, Zhang Y, Liu H, Yu C, Zhou Y, Yan D (2017)
Asymmetric polymersomes from an oil-in-oil emulsion: a
computer simulation study. Langmuir 33:10084—10093. htt
ps://doi.org/10.1021/acs.langmuir. 7602411

Tan H, Yu C, Lu Z, Zhou Y, Yan D (2017) A dissipative
particle dynamics simulation study on phase diagrams for the
self-assembly of amphiphilic hyperbranched multiarm
copolymers in various solvents. Soft Matter 13:6178—6188.
https://doi.org/10.1039/C7SM01170A

Wang C, Quan X, Liao M, Li L, Zhou J (2017) Computer
simulations on the channel membrane formation by non-
solvent induced phase separation. Macromol Theory Simul
26:1-10. https://doi.org/10.1002/mats.201700027

Wang Z, Sun S, Li C, Hu S, Faller R (2017) Controllable
multicompartment morphologies from cooperative self-
assembly of copolymer—copolymer blends. Soft Matter
13:5877-5887. https://doi.org/10.1039/C7SMO1194F
CaiC,LiY, Lin J, Wang L, Lin S, Wang X-S, Jiang T (2013)
Simulation-assisted self-assembly of multicomponent poly-
mers into hierarchical assemblies with varied morphologies.
Angew Chemie Int Ed 52:7732-7736. https://doi.org/10.10
02/ange.201210024

KeBler S, Drese K, Schmid F (2017) Simulating copolymeric
nanoparticle assembly in the co-solvent method: how mixing
rates control final particle sizes and morphologies. Polym
(United Kingdom) 126:9-18. https://doi.org/10.1016/j.poly
mer.2017.07.057

Mu D, Li J-Q, Feng S-Y (2017) Mechanistic investigations
of confinement effects on the self-assembly of symmetric
amphiphilic copolymers in thin films. Phys Chem Chem
Phys 19:21938-21945. https://doi.org/10.1039/
C7CP02019H

Mazzier D, Mba M, Zerbetto M, Moretto A (2014) Bulky
toroidal and vesicular self-assembled nanostructures from
fullerene end-capped rod-like polymers. Chem Commun
50:4571-4574. https://doi.org/10.1039/C4CC01477D

Van Der Spoel D, Lindahl E, Hess B, Groenhof G, Mark AE,
Berendsen HJ (2005) GROMACS: fast, flexible, and free.
J Comput Chem 26:1701-1718. https://doi.org/10.1002/jcc.
20291

Publisher's Note Springer Nature remains neutral with

regard to jurisdictional claims in published maps and

institutional affiliations.


https://doi.org/10.1002/btpr.309
https://doi.org/10.1002/btpr.309
https://doi.org/10.1073/pnas.082065899
https://doi.org/10.1073/pnas.082065899
https://doi.org/10.1039/C1SM05698K
https://doi.org/10.1039/C1SM05698K
https://doi.org/10.3934/bioeng.2017.2.275
https://doi.org/10.3934/bioeng.2017.2.275
https://doi.org/10.1155/2017/4562474
https://doi.org/10.1021/ar400027c
https://doi.org/10.1021/ar400027c
https://doi.org/10.1038/369301a0
https://doi.org/10.1038/369301a0
https://doi.org/10.1039/C9CC09507A
https://doi.org/10.1039/C9CC09507A
https://doi.org/10.1063/1.3499914
https://doi.org/10.1002/polb.24376
https://doi.org/10.1016/j.jcis.2017.07.042
https://doi.org/10.1016/j.jcis.2017.07.042
https://doi.org/10.1021/acs.langmuir.7b02411
https://doi.org/10.1021/acs.langmuir.7b02411
https://doi.org/10.1039/C7SM01170A
https://doi.org/10.1002/mats.201700027
https://doi.org/10.1039/C7SM01194F
https://doi.org/10.1002/ange.201210024
https://doi.org/10.1002/ange.201210024
https://doi.org/10.1016/j.polymer.2017.07.057
https://doi.org/10.1016/j.polymer.2017.07.057
https://doi.org/10.1039/C7CP02019H
https://doi.org/10.1039/C7CP02019H
https://doi.org/10.1039/C4CC01477D
https://doi.org/10.1002/jcc.20291
https://doi.org/10.1002/jcc.20291

	Insights on the supramolecular polymorphism of poly( gamma -benzyl-L-glutamate) rod-like peptides from atomistic molecular dynamics simulations
	Abstract
	Graphical abstract

	Introduction
	Methods
	Results
	Single-peptide simulations
	Two-peptide simulations

	Conclusions
	Funding
	References




