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Self-assembling peptides (SAPs) are a promising class of biomaterials
amenable to easy molecular design and functionalization. Despite
their increasing usage in regenerative medicine, a detailed analysis of
their biomechanics at the nanoscale level is still missing. In this work,
we propose and validate, in all-atom dynamics, a coarse-grained
model to elucidate strain distribution, failure mechanisms and
biomechanical effects of functionalization of two SAPs when sub-
jected to both axial stretching and bending forces. We highlight
different failure mechanisms for fibril seeds and fibrils, as well as the
negligible contribution of the chosen functional motif to the overall
system rupture. This approach could lay the basis for the development
of “more” coarse-grained models in the long pathway connecting SAP
sequences and hydrogel mechanical properties.

Introduction

Bio-molecular self-assembly has inspired the so-called
“bottom-up” approach to design self-assembling biomate-
rials."® Among them, self-assembling peptides (SAPs) were
adopted to investigate crucial issues in different scientific fields,
e.g. the investigation of the mechanisms ruling abiogenesis and
Alzheimer's disease in biology, or solar energy harvesting in
electronics and regenerative medicine applications in bioma-
terials science.>”* Furthermore, SAPs have been exploited for
tissue engineering applications thanks to their favorable
biocompatibility, tailorability and biomimetic properties.****
Indeed, SAPs have been used in neural tissue engineering for
the treatment of brain injury and spinal cord injury (SCI):>** i.e.
SAPs were tested as hydrogel scaffolds capable of spatially
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guiding regenerating nervous tissues and creating suitable
microenvironments for nerve regeneration. However, addi-
tional tissue engineering applications of SAP hydrogels are
limited by weak control/prediction of their mechanical prop-
erties, given by usually reversible and temporary non-covalent
interactions at the molecular and nano-scale levels. Despite
the recent remarkable progress in nanomechanics, a straight
correlation between SAP nanostructural organization and
mechanical features is still missing.*>** On one hand, atomistic
and coarse-grained (CG) molecular dynamics (MD) simulations
have been used, in combination with empirical experiments, to
elucidate the self-assembly pathways and structuring propen-
sities of several peptide sequences at the nanoscale level.”*"*” On
the other hand, steered molecular dynamics (SMD) simulations
have been efficiently adopted to investigate the mechanical
properties of biomacromolecular structures such as axial and
torsional rigidities.'®*?” To cope with limited computational
resources, several CG force fields were developed and tested.
Among them, the MARTINI force field, initially developed for
the investigation of lipid assemblies, was largely used for the
investigation of protein and peptide systems, providing inter-
esting insights into structuring phenomena in even larger
multi-molecular systems.”** Nonetheless, the MARTINI SMD
approach found limited applications, because it does not allow
conformational transitions®**” that are quite common in the
biological system instead. On the other hand, GoOMARTINI
overcomes the main limitation of the MARTINI approach,
allowing us to track conformational transitions.?® In order to
elucidate the structure-mechanics relationship of peptide
systems at the nano- and micro-scales, we here propose and
validate an innovative fine-to-coarse molecular modeling
approach. SAP structuring and mechanical features of the ob-
tained fibrils have been investigated through both atomistic
and GOMARTINI-based MD simulations. Atomistic and
GOMARTINI-based SMD simulations, analyzed through the
recently developed software dubbed Morphoscanner,*
provided comparable results despite the different computing
times required and provided insights into the length-dependent
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Fig. 1 Shift profiles and B-structuring propensity of (LDLK)z-derived SAPs. P refers to parallel alignment and A refers to anti-parallel alignment.
The resulting structures from CG-MD were back-mapped and then used as starting conformations for SMD simulations. (a) In 150 ns, (LDLK)s
SAPs aggregate into stable double-layered B-sheet structures (Morphoscanner analysis, see Section 1.7 of the ESIT), yielding strong anti-parallel
alignments. Such a tendency was likely due to the electrostatic interactions among oppositely charged side chains of lysine and aspartic acid
residues. (b) Alignment analysis of FAQ-(LDLK)s backbones showed weaker alignments in both A and P, mirrored by lower B-sheet organization.
This feature was likely due to the presence of the FAQ functional motif at N-termini, which may have interfered with B-sheet formation among
self-assembling backbones.
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Fig. 2 Computational nanomechanics characterization of SAP fibril seeds. The number of B-interactions refers to the number of B-contacts
among (LDLK)s moieties identified through Morphoscanner (see Section 1.7 of the ESIt). (a) UA-SMD maximum stress of axial stretching was
equal to 323 MPa (¢ = 52%; t = 128 ps; no of B-interactions = 6). GOMARTINI maximum stress was influenced by SS assignment: in the case of
DSSP SS assignment, the maximum stress was equal to 310 MPa (¢ = 28%; t = 175 ps; no of B-interactions = 6), whereas with extended SS
parameters, it was equal to 236 MPa (¢ = 36%; t = 92 ps; no of B-interactions = 6). (b) UA-SMD axial bending maximum stress was equal to
163 MPa (e = 250%; t = 106 ps; no of B-interactions = 6). Again, maximum stress in GOMARTINI was heavily affected by SS parameters: i.e. it was
200 MPa (¢ = 250%) and 150 MPa (¢ = 1000%) for respectively DSSP-assigned and extended SS parameters. (c) UA-SMD axial stretching test
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failure mechanism of SAP fibrils, opening new opportunities in
the field of nanomechanics, laying the foundation for the
building of reliable mesoscale models.

Results and discussion

The self-assembling and B-structuring propensity of (LDLK),
SAPs were investigated using MARTINI CG-MD simulations and
Morphoscanner (see Table S1} and Fig. 1a).>**°

As shown in Fig. 1a, (LDLK); octameric systems (i.e. fibril
seeds), assembled preferentially into the double-layered B-sheet
structure within 150 ns, and their B-sheet organization were
depicted in peptide mutual alignment (PMA) graphs, describing
antiparallel alignments. However, (LDLK); peptides were also
aligned in parallel out-of-register of one-residue resulting in
a less ordered double-layered B-sheet structure (Fig. S1 and S27).
Indeed, in-register parallel alignment implied repulsive inter-
actions among identically charged side chains resulting in slow
self-assembly kinetics and lower p-structuring propensity
(Fig. S1 and S27).

To investigate the native supramolecular organization of
(LDLK); fibrils (100-mer), a 20 ps-long one-pot CG-MD simula-
tion has been performed according to the data reported in Table
S1.t Each fibril seed (8-mer), obtained through the CG-MD
simulation (Fig. 1a), was mapped according to the GoMAR-
TINI model, whereas monomers were mapped according to the
standard MARTINI model.*>*®* GoMARTINI partially exceeded
the main drawback of the MARTINI model allowing us to
monitor secondary structure transitions. Indeed, the GoMAR-
TINI model has proven to be suitable for the investigation of
peptide/protein folding and unfolding processes.*®

As shown in Fig. S3,1 in a one-pot CG-MD simulation, the
formation of oligomers has been driven by the presence of
preformed fibril seeds, resulting in fast self-assembly kinetics,
where monomers incorporated into the fibril seed surfaces
instead of aggregating into globular clusters.

PMA within fibril seeds influenced the overall peptide
alignment within fibrils. Indeed, SAPs within fibrils were also
preferentially antiparallel aligned (Fig. 1a and S37). Such a high
degree of order was reflected in a strong B-sheet organization
and testified by the growing trend of the nematic order
parameter, beyond the threshold value of 0.5 (Fig. S31). These
tendencies were ascribable to the presence of alternating
oppositely charged side chains of Lys and Asp, leading to the
formation of stable double-layered B-sheet structures.

(LDLK); SAPs were functionalized by linking the FAQ
sequence at the N-terminus because of its relevance for nerve
regeneration.™

FAQ functional motif (alone) self-assembling propensity was
evaluated through UA-MD simulations (see Table S2). Mor-
phoscanner analysis revealed good aggregation but weak (-
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structuring propensity of FAQ motifs (see Fig. S4-S671): the
formation of well-ordered double-layered B-sheet structures was
likely hampered by the presence of Pro residues.

This tendency affected FAQ-(LDLK); self-assembly and B-
structuring scenario. Indeed, the backbone moieties of the
functionalized peptide showed weaker anti-parallel alignment,
whereas functional motifs did not assemble into ordered
structures (Fig. 1b and S11t). However, FAQ functional motif
aggregation features interfere with the formation of well-
ordered aggregates. In one case, FAQ functionalization led to
slower aggregation kinetics and to lower B-structuring propen-
sity (Fig. S7 and S97). In another simulation, FAQ functionali-
zation altered the formation of the double-layered B-sheet
structure leading to an orthogonal orientation of the B-sheets
(Fig. S8 and S10%).

The above-mentioned structures were backmapped, and
then two sets of steered molecular dynamics (SMD) simula-
tions, named axial stretching and bending, have been con-
ducted using Gromos53a6 and GoMARTINI force-fields (see
Tables S3 and S41).*** In the axial stretching scenario,
a constant force has been applied at one end of the fibril seed
while the other end remained fixed. Instead, in the bending
scenario, a constant lateral force has been applied to the
unrestrained end of the fibril seed. These set-ups aimed to
mimic the biological assays used in single-molecule experi-
ments to assess the mechanical properties (or the persistence
length) of bio-filaments. SMD simulations have been used to
obtain additional nanoscale details hardly available from
single-molecule spectroscopy experiments, (e.g. non-covalent
interaction interplay occurring within protein folding transi-
tions) (see Tables S3 and S471).** Indeed, such experiments have
been used to (1) compare and validate the GoMARTINI
approach against the Gromos53a6 one (see Tables S5-S71)* and
(2) to classify the bending failure mechanisms of peptide seeds
and fibrils related to hydrogen bond and non-covalent interac-
tion deformations (see Tables S8-S9t).****

As shown in Fig. 2a, UA-SMD and CG-SMD axial stretching
simulations identified different failure conformations of the
(LDLK); fibril seed. Indeed, in UA-SMD the failure took place at
the maximum stress of 323 MPa (¢ = 52%), whereas in
GOMARTINI it happened at 310 MPa (¢ = 28%) and 236 MPa (¢
= 36%) for SS parameters assigned through DSSP or as all-
extended respectively (see also Tables S5 and S67).

Despite these differences, failure conformations were char-
acterized by the same number of B-interactions (i.e. ref. 6),
suggesting similar failure mechanisms. However, it became
clear that MARTINI bead-type assignment significantly influ-
enced the elastic moduli of (LDLK); seeds in GoMARTINI.
Indeed, the assignment of backbone and side-chain beads
corresponding to coiled secondary structures (SSs) over-
estimated the overall elastic modulus values detected with

highlighted the failure conformation and stress value for FAQ-(LDLK)z at 281 MPa (¢ = 50%). Such a conformation was similar to the one identified
through GoMARTINI (¢ = 400 MPa; ¢ = 75%). In the case of FAQ-(LDLK)z;, DSSP assigned the extended SS parameters to the (LDLK)z self-
assembling backbone, whereas it assigned random coil SS parameters to residues comprising the functional motif. (d) UA-SMD axial bending
maximum stress was equal to 160 MPa (e = 50%). Instead, GOMARTINI maximum stress was 247 MPa (¢ = 220%).

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Computational nanomechanics characterization of the (LDLK)s fibril. The number of B-interactions refers to the number of B-contacts
detected among (LDLK)s backbones. (a) UA-SMD axial stretching failure stress was 146 MPa. In GoOMARTINI, the maximum stress was influenced
by SS parameter assignments: (b) in the case of DSSP-derived SS parameters, the maximum stress was equal to 206 MPa, (c) whereas with
extended SS parameters, it was 305 MPa. (d) UA-SMD axial bending failure stress was equal to 195 MPa. As expected, in GOMARTINI, the
maximum stress was again heavily affected by SS assignment: (e) with DSSP it was equal to 306 MPa, (f) while with extended SS parameters it was
280 MPa. In the detected failure conformations in UA-SMD simulations, fibrils display multiple rupture points; this may be due to the enhanced
stability of B-sheet structures when modeled with the Gromos force field. This was also demonstrated through Morphoscanner analysis (see
Section 1.7 of the ESI for detailst), which identified the same number of B-interactions throughout UA-SMD simulations. This feature was not
reflected in GO-SMD simulations. Indeed, Morphoscanner identified small variations in the number of B-interactions.
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extended SS parameters, (Table S5 and Fig. S12at).”* Similarly,
in bending tests, aimed at estimating the shear moduli (Fig. 2b
and S12ct), Morphoscanner analysis at failure revealed
comparable B-sheet arrangements of the fibril seeds, while
failure stresses in UA-SMD and GOoMARTINI simulations were
163 MPa (¢ = 250%) and 200 MPa/150 MPa (¢ = 250% and SS
parameters assigned via DSSP/¢e = 1000% and all-extended SS
parameters) (see Tables S5 and S67). Different ¢ values observed
in GOMARTINI simulations were attributable to the level of
interactions (pointing at the Lennard-Jones potential well
depth) among MARTINI grains. In more detail, the DSSP algo-
rithm assigned random coil SS parameters to (LDLK); backbone
grains, resulting in polar backbone grains. Instead, when
extended SS parameters were assigned, the backbone grains
were modeled as non-polar. The interactions among polar
grains are stronger than the interactions among non-polar
grains.* This implied a general increase of fibril stiffness for
(LDLK); when GOMARTINI mapping via DSSP yielded SS
parameters set to random coil conformation. By comparing the
average elastic modulus and shear modulus of each fibril seed
we extracted the shear contribution ratio, a value pointing at the
strain distribution within the fibril seeds (see Table S87).>* In
both UA-SMD and GoMARTINI SMD, the shear contribution
ratio described similar bending failure mechanisms within
(LDLK); fibril seeds. Indeed, as shown in Table S8, the (LDLK)3
bending failure was predominantly dominated by shear
stresses, where non-covalent interactions stretched orthogo-
nally to their directions. Moreover, the axial stretching depicted
in UA-SMD stress-strain curves showed multiple peaks owing to
a slip-stick motion taking place only when interacting surfaces
in B-sheet nanocrystals (adjacent B-strands) are rigidly stabi-
lized and act cooperatively. Such a feature was less evident in
GOMARTINI-SMD stress—strain curves, probably due to the
smoother energy function describing the interactions among
grains in the MARTINI mode].**>>?%33

The failure conformations of FAQ-(LDLK); fibril seeds
showed also small differences between the adopted modeling
approaches (see Table S7t), with axial stretching failure
conformations at maximum stresses of 281 MPa (¢ = 50%) and
400 MPa (¢ = 75%) in UA-SMD and CG-SMD simulations
respectively (Fig. 2c). In addition, bending stress values were
160 MPa (¢ = 50%) and 247 MPa (¢ = 220%) in UA-SMD and CG-
SMD simulations respectively (Fig. 2d). These values were
similar to those observed in the simulations of (LDLK); seeds.
Such evidence, due to the similar SS parameter assignments,
suggested that the presence of the functional motif slightly
affected the failure mechanism of SAP fibril seeds.

This observation was corroborated by Morphoscanner anal-
ysis and by shear contribution ratio calculation, identifying
similar bending failure mechanisms (Table S97) for both FAQ-
(LDLK)3 and (LDLK)3, mainly led by shear stresses.

To elucidate the failure mechanisms of SAP fibrils, two fibril
models, resembling the geometry of amyloid fibrils,"*** were
built taking into account the outcome analysis of one-pot CG-
MD (Fig. S31) and tested through the SMD approach (see
Tables S3 and S47). The initial structure of the (LDLK); fibril was
imposed by patching multiple fibril seeds sharing the molecular

196 | Nanoscale Adv,, 2020, 2, 190-198
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conformation shown in Fig. 1a. Also, in the case of FAQ-
(LDLK)3;, UA-MD simulations pointed out that FAQ functional-
ization weakly affects the (LDLK); moieties’ alignment (Fig. S4-
S6t). Then, keeping in mind the results from one-pot CG-MD
(Fig. S31) of (LDLK)s;, we postulated that, also for FAQ-
(LDLK)3, alignment within fibrils resembled that observed in
fibril seeds (Fig. 1b).

(LDLK); fibril conformations at failure, as shown for fibril
seeds, were heavily affected by SS assignment (see Tables S5 and
S61). Indeed, CG-SMD axial stretching simulations over-
estimated the average Young's modulus (E) (Fig. S12b¥) found
in UA-SMD (Fig. 3a—c), whereas CG-SMD bending simulations
provided comparable shear modulus (G) values (Fig. S12d¥) to
those detected from UA-SMD (Fig. 3d-f). By comparing the
average elastic and shear moduli of the (LDLK); fibril, the
bending failure mechanism was predominantly dominated by
the deformation of non-covalent interactions along the fibril
direction (Table S8f). The same tendencies have been also
observed in the FAQ-(LDLK); fibril (Fig. 4a-d, S12f, h and Table
S9t).

The evidence from the atomistic model demonstrated that
the strain distribution characterizing the bending failure
mechanism of SAP nano-filaments is length-dependent and
mainly influenced by the geometrical properties of peptide
aggregates.®'*'>* Despite the influence of CG bead types on
elastic and shear moduli, similar evidence was also confirmed
in the CG model. The fibril bending failure was dominated by
the deformation of non-covalent interactions along the fibril
direction (see Tables S8 and S9t).

Interestingly, the FAQRVPP functional motif did not
contribute significantly to the Young and shear moduli of the
fibril seeds: this was the case for both UA-SMD and CG-SMD
(Fig. S12a, e, ¢ and gt). Consequently, in FAQ-(LDLK); fibrils
as well, the strain distribution was predominantly influenced by
the length of peptide assemblies (Fig. S12b, d, f and ht). Indeed,
as shown in Tables S8 and S9,7 in the investigated fibril seeds,
the shear contribution ratio pointed out that shear deforma-
tions were predominant in bending deformations, whereas in
fibril systems, the shear deformations contributed less than
15% over the total bending deformations. Such evidence clearly
shows that the shear strain distribution is less homogeneous in
fibrils than in fibril seeds, causing the propagation of several
structural defects in fibrils (see Fig. 2-4). Finally, fibril failure
mechanisms have not been affected by stacking fibril seeds next
to each other (Fig. S137).

Conclusions

In the present study, SMD simulations have been used to
investigate the mechanical features of (LDLK); and FAQ-
(LDLK)3 SAPs. The evidence from SMD simulations pointed out
that the shear modulus of fibrils is higher in (LDLK); than in
FAQ-(LDLK); (Fig. S12d-ht): such results well correlate with
previous rheological data of FAQ-(LDLK); and (LDLK); hydro-
gels, featuring a higher shear modulus for (LDLK); than for
FAQ-(LDLK); hydrogels.>*

This journal is © The Royal Society of Chemistry 2020
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In addition, the comparison of the elastic and shear moduli
of fibrils demonstrated that bending failure modes depended
on the length of the fibrils, while it was less influenced by the
presence of the FAQ functional motif. Indeed, fibril seeds’
bending failure mechanism was mainly ruled by shear defor-
mation of non-covalent bonds (e.g. H-bonds), whereas fibrils’
failure mechanism was led by tensional stretching of non-
covalent bonds resulting in multiple failure points.

In summary, the GOMARTINI force-field, provided that the
assignment of CG-bead types is crucial for trustworthy results, is
suitable for the investigation of key mechanical features of
peptidic  nanostructures. GOMARTINI-SMD  simulations
provided comparable results to those obtained through UA-
SMD.” It has also been observed that using the GOMARTINI
force-field allows for the reduction of computational costs,
accelerating the production phase by about 10 times (Tables S10
and S11%).** This evidence corroborates the strategy of using
GOMARTINI-SMD for the investigation of larger SAP systems
and other biomaterials.
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