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Glossary

AA-MD (All Atom Molecular Dynamics): MD approach where each atom, constituting
molecular systems, is considered as single interaction site.

AFM (Atomic Force Microscopy): scanning probe miscroscopy techniques used for force
measurement, manipulation and imaging of soft matter at the nanoscale level.

CAPs (Complementary co-assembling peptides): bi-phase SAPs systems, which consist of
two complementary charged peptide sequences.

CG-MD (Coarse-Grained Molecular Dynamics): MD approach where groups of atoms are
considered as single interaction sites.

CryoTEM (Cryogeninc Transmission Electron Microscopy): microscopy technique in which
a beam of electrons is transmitted through a sample, which is at temperature of ~ 77
K, to form an image.

DFT (Density Functional Theory): computational approach for the investigation of elec-
tronic structures of atoms and molecules, based upon the resolution of an equivalent
of the Schrodinger equation.

ECM (Extra-cellular matrix): complex three-dimensional network of intertwined and en-
tangled nano-bio-structures, such as collagen fibrils, glycoprotein and other macro-
molecules. ECM plays a pivotal role in the maintenance of cell physiology by providing
physical and biochemical cues.

MD (Molecular Dynamics): a computational approach that allows to study the movement
of atoms and molecules, which are approximated as systems of interacting particles,
according to the formalism of molecular mechanics.

NMR (Nuclear Magnetic Resonance): a spectroscopy technique that employs the magnetic
spin of atom nuclei, to retrieve information about their chemical environments.



10 Glossary

NSCs (Neural Stem Cells): self-renewing, multi-potent cells capable of generating all neural
lineages such as neurons, astrocytes and oligodendrocytes.

PAs (Peptide Amphiphiles): self-assembling peptides which structures resemble those of
phospholipids, with the head made of hydrophilic amino-acids and a long alkyl tail.

PNA (Peptide Nucleic Acid): synthetic oligonucleotide, where the sugar-phosphate back-
bone have been replaced by N-(2-aminoethyl)-glycine bounded through peptide bonds.

PTMs (Post-translational modifications): reversible or irreversible chemical modifications
of proteins, occurring after translation.

RADA-like-SAPs : class of self-assembling peptides, developed starting from the struc-
tural basis of RADA peptides, which spontaneously assemble into highly ordered cross-
B structures. RADA self-assembly, in water, is mainly driven by hydrophobic inter-
actions among Alanine (Ala, A) residues, while electrostatic interactions among Argi-
nine(Arg, R) and Aspartic Acid (Asp, D) residues are screened from the counter-ions
in surrounding aqueous environment.

SAPs (Self-assembling peptides): Short amino-acid sequences that spontaneously self-assemble
into different supramolecular structures, depending on the environmental conditions.

SMD (Steered Molecular Dynamics): MD setup where an external force is applied to one
or more interaction sites, while another group can be fixed.

ssNMR (solid-state Nuclear Magnetic Resonance): NMR, spectroscopy approach suitable
to study biomolecular systems that are largely immobile on the NMR time scale.

TE (Tissue Engineering): ensemble of therapeutics approaches aiming to repair disease or
damaged tissues with the use of cell-biomaterials constructs.

XRD (X-ray Diffraction): experimental technique that allows to determine the atomic
structure of a crystal, through the study of its diffraction patterns of high-energy
electromagnetic radiation (X-rays, wavelength of ~ 1-100 ).
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Abstract

Biomaterials for tissue engineering applications have to comply with several requirements,
such as safety, biocompatibility and appropriate mechanical features. The development
process of these biomaterials encompasses several scientific approaches, ranging from in-
silico to in-vivo. The in-silico optimization of biomaterials features is attracting even larger
attention. Indeed, the improvement of this approach will allow to reduce additional costs in
the biomaterials development process, due to unnecessary experimental characterizations.

According to this point-of-view, in this thesis is presented a molecular dynamics approach
for biomaterial characterization. More in details, self-assembling peptides (SAPs) hydrogels
scaffolds have been investigated at the nano-scale and micro-scale, in order to elucidate their
intrinsic structure-property-function relationships.

The atomistic and coarse-grained molecular dynamics (CG-MD) have been used for the
elucidation of self-assembling pathways of peptide-based scaffolds.

Due to the lack of crucial structural information in CG-MD simulations, the innovative
software suite, dubbed Morphoscanner, has been employed for the elucidation of conforma-
tional aggregation patterns of SAPs. Then, the mechanical properties and failure mecha-
nisms of SAPs nanostructures have been investigated through the steered MD simulations.

These evidences led the development of a CG-MD approach aiming to elucidate the
complex interplay between cell membranes and SAPs nano-fibrils. In particular, MARTINI
CG-MD simulations have been used for understanding the effects of SAPS nano-fibril on
dynamics of lipid domains in neural membranes.

Such achievements open up new dimensions in the field of biomateriomics, allowing to
understand and eventually orchestrate the complex phenomena which affect the mechanical
properties and biocompatibility of SAPs biomaterials for tissue engineering applications.
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14 Chapter 1. Introduction

1.1 MOLECULAR SELF-ASSEMBLY: FROM NATURE TO REGENERATIVE MEDICINE

During the last three decades, molecular self-assembling attracted increasing attention for
several reasons. First, human beings have always been fascinated by the emergence of order
from chaos, such occurs at several scales in Nature.|[1] Second, since the dawn of molecular
related disciplines, such as biochemistry and molecular biology, it is widely accepted that the
complexity of Life emerges from self-assembly propensities of bio-molecules and their hierar-
chical self-organization.[1] Third, the domestication of bio-molecular self-assembly allowed
scientists and engineers to design the so-called "bottom-up" approach for making innovative
bio-materials.[1][2][3].

Briefly, molecular self-assembly processes can be grouped into two classes: static and
dynamics. Static self-assembly involves systems that are close to a local or global equilibrium
and do not dissipate energy, instead dynamics self-assembly occurs when the formation of
ordered structures requires dissipation of energy.|1][4]|5]

Few examples of static molecular self-assembly, tailored by Nature, are the lipid mem-
brane formation, the nucleic acid hybridization, the DNA-histones association, and the
combination of RNA and ribosomal proteins to form a functional ribosome.[6][7][8] Other
examples of static self-assembly, employed in manifacturing, are the formation of ordered
microparticles from block copolymers or the formation of nano-fibers from self-assembling
peptides.|2]|9] Instead, few examples of dynamic molecular self-assembly are the formation
of cytoskeleton in eucaryotic cells, the interaction among actin and myosin fibrils in muscular
cells.[10][11]

Static biomolecular self-assembly has been mainly exploited for the fabrication of soft
materials for tissue engineering and regenerative medicine applications.|[12][13] In addition,
self-assembling biomaterials have been also used for studying mechanisms ruling abiogen-
esis and Alzheimer’s disease.[1|[14][15][16] Self-assembling DNA and self-assembling pep-
tides (SAPs) are the most promising building blocks for biomaterials due to their favorable
biocompatibility, tailorability, biomimetic properties and easy tunability of their proper-
ties.[17][18][19][20]|21]

Peptide-based Biomaterials for Tissue Engineering Applications

Tissue engineering (TE) applications aim to lead tissues in pathological conditions towards
their own physiological states. Healthy tissues are characterized by particular interactions
between cells and the extracellular environment. These interactions are finely regulated by
the architecture of the extracellular matrix (ECM), which consists of differently glycosylated
intertwined fibrillar proteins.|22]|23]
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SAPs are increasingly attracting attention for applications in TE, due to their ability to
spontaneously organize into fibrillar structures and then resemble the main structural and
mechanical features of healthy ECM. More in details, SAPs are capable of forming a porous
network, displaying specific cell-binding sites, also named functional motifs.[2]|[17][19][21]

Inspired and motivated by protein assembly in biological systems, various SAP sequences
have been studied, leading to the discovery of different assembled molecular structures such
as nanofibers, nanorods, nanotubes, nanovescicle and nanoparticles. The aggregation state
of SAPs is heavily affected by the sequence and is usually triggered by environmental con-
ditions, such as temperature variations, pH shifts or surrounding ion concentrations. Large
efforts have been conducted for improving SAPs features, to avoid harmful effects of trig-
gering stimuli, such as pH shifts or temperature variations, over biocompatibility.

According to this view, three main classes of SAPs have been adopted for tissue engi-
neering applications, i.e. RADA-like-SAPs, complementary co-assembling peptides (CAPs)
and peptide amphiphiles (PAs).[2][24][25]

RADA-like-SAPs have been developed, starting from the sequence identified in Zuotin,
which consists of hydrophobic alanine and positively charged lysine or negatively charged
glutamic acid residues (EAK16).|26] RADA-like-SAPs are peptides that contain alternat-
ing charged hydrophilic and hydrophobic residues. Different variants of RADA-like-SAPs
have been designed and studied, such as Ac-(RADA)3-CONHa, Ac-(KLDL)3-CONHz and
Ac-(RADADADA)2-CONHg. The modular features of this class of SAPs promotes the for-
mation of ordered cross-beta structures. Indeed, interactions among hydrophobic residues
drive peptide assembly into nanofibers with charged amino acid side chains exposed to the
aqueous environment. RADA-like-SAPs, eventually functionalized, have been largely used
in tissue engineering for different purposes, such as hydrogel scaffolds to foster ingrowth of
regenerating tissues or as hemostat solutions. [17][18][20]

CAPs are made of positive Ac-(LK LK )3-CONHy and negative Ac-(LDLD)3-CONHg
(eventually functionalized as Ac-KLPGWSG-(LDLD)3-CONH;) modules. The self-repulsion
of each module prevents uncontrolled spontaneous self-assembly, while electrostatic interac-
tions between positively and negatively charged peptides drive their co-assembly and lead
to nanofibrillar architecture formation. At the meso-scale, both SAPs and CAPs nanofibers
are organized into a 3D structure, which retains water and forms a porous hydrogel.[24]

PAs molecular structures resemble those of phospholipids in cell membranes, comprising
hydrophobic alkyl tails and hydrophilic heads. In functionalized PAs, peptide moiety is
usually formed by three sections: (i) a hydrophobic sequence capable of forming S-sheet
structures; (ii) an hydrophilic, eventually charged, section; (iii) a bioactive epitope, also
named functional motif.[25][27]
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In these SAPs, hydrophobic peptide sequence consists of non-polar amino acid residues
(G, A, V, L, I, P, F), while hydrophilic heads consist of positively charged (H, K, R) or
negatively charged (D, E) residues. PA self-assembly is driven by the hydrophobic interac-
tions of the alkyl tails, hydrogen bonding and electrostatic repulsion among charged amino
acids.[25]

PAs in water self-assemble into nanofibers or nanorods as a result of hydrophobic in-
teractions. Due to the fact PAs are highly sensitive to solution environment, they can
self-assemble into alternative structures depending on solvation conditions.

Other SAPs are able to assemble into tubular structures as a consequence of 7-m interac-
tions among aromatic side chain of amino-acid residues, such as diphenylalanine SAPs.|28|
Instead, cyclic peptides self-assemble into hollow S-sheet rich cylinders by stacking on top
of each other through stable hydrogen bonds.[29][30]

As already stated, in the sequence of SAPs, it is possible to incorporate functional motifs
or other bioactive moieties for altering the biomimetic properties of SAPs or improving
control over hierarchical organizations. Functional motifs are short peptides linked to N- or
to C- terminus of the original SAPs and can be spaced with few glycine, which are necessary
to ensure flexibility and the correct exposure to different target. Also, functional motifs
should not alter self-assembling propensity of the original SAPs.[21]

According to the evidences from proteomics and glycomics of ECM, glycosylation is a
fundamental post-translation modifications (PTMs) which affect protein stability, folding
and cellular localization. Glycoproteins are also involved in cellular recognition and modu-
lation of immune response. Then, the modification of SAPs with carbohydrates represent
an intriguing strategy for facilitate control over peptide self-assembly and conferring them
additional biomimetic features. Indeed, as demonstrated in the recent work of Restuccia et
al., the glycosylation of QQKFQFQFEQQ ("Q11") facilitates hierarchical self-assembly into
[-sheet nanofibrils and promotes further lateral association among nanofibrils. In addition,
glycosylated Q11 fibril network is more resistant to non-specific cell, bacteria and protein
interactions. [31]

Another interesting strategy for improving control over the hierarchical organization of
SAPs hydrogels is represented by bioconjugation with DNA, RNA or peptide nucleic acid
(PNA). Such strategy, employing the high specificity of nucleic acid hybridization, allows
to exert a fine control over the nanostructural organization of the bioconjugated SAPs
hydrogels.[32][33][34]

Chemical cross-linking represents another intriguing strategy for improving the control
over architectural and mechanical features of SAPs hydrogels. Such approach found appli-
cations for the developing of self-standing bioprothesis for neural tissue engineering.
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Indeed, SAPs hydrogels crosslinked with genipin, a natural extract from gardenia jasmi-
noides, are suitable for tissue engineering applications due to improved mechanical stability
making these materials suitable for electrospinning.[35] The electrospun channel has been
shown to have good biocompatibility and promote cell differentiation thanks to their struc-
tural and mechanical similarities with ECM. Due to the fact genipin cross-linking is suitable
only for lysine-rich SAPs hydrogel, alternative cross-linking methods can be taken into con-
siderations. Few examples are represented by glutaraldehyde[36], that reacts with amine
groups, or sulfo-SMCC, that reacts with sulfhydryl and amine groups.|37] However, the ap-
plication in the clinic of chemical cross-linked SAPs will require additional improvements in
reaction yielding and topological control of resulting scaffolds.

1.2 MODELING STRATEGIES FOR SUPRA-MOLECULAR BIO-MATERIALS

1.2.1 Elucidating structural organization of SAPs

Molecular self-assembly arises from the interplay of non-covalent interactions, such as hydro-
gen bonding, metal coordination, hydrophobic forces, van der Waals forces, m-m interactions,
and electrostatic interactions. Then, the accurate modeling of these interactions represent
a limiting factor for predicting stability of supramolecular complexes.

Quantum mechanics (QM) approaches have been largely adopted for the accurate de-
scription of both covalent than non-covalent interactions in molecular systems. Among QM
methods, density functional theory (DFT) attracted increasing attention in supra-molecular
biomaterials modeling. Indeed, DFT have been used for predicting and calculating elec-
tronic structures of DNA and amino acid base pairs.[38] Further applications consisted
in the elucidation of adsorption mechanism of biomolecules on surfaces made of different
materials, such as graphene, metal oxides or hydroxyapatite.[39][40][41][42][43] Due to the
increasing incidence of Alzheimer’s diseases in the modern society, DF'T approaches have
been also used for the investigation of binding mechanisms of several ligands in amyloid-/3
structures.[44][45][46][47] Emerging SAPs supra-molecular structures resemble the organiza-
tion of amyloid fibril; this similarity encouraged the application of DFT approaches for the
prediction of structural and vibrational properties of SAPs aggregates [48][49].

Due to the high computational demands, DFT calculations, and more in general QM
approaches, can’t be used for the study of systems which sizes are relevant for experimental
characterization. The computational investigation of biomaterials at the nano- and micro-
scale can be performed using molecular dynamics (MD) approach.

MD approaches consist in the resolution of Newton’s equations of motion for a system of
interacting particles, according to the molecular mechanics (MM) formalism. In molecular
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mechanics, the validity of Born-Oppheneimer approximation allow to calculate the potential
energy of a system as function of nuclear position, ignoring the electrons motions, using force
fields. Then, MM and MD approaches found large applications in the field of biomaterial
science.
As shown in Eq. 1.1, the functional form of potential energy in molecular mechanics can
be split into two parts:
E = FEc+ Enc (1.1)

The first part of Eq. 1.1 refers to the contributions of the covalent bond and angle
deformations as highlighted in 1.2. The first item describe the interactions between two
bonded atom as harmonic function. The second item refers to the bending of valence angles
among three atoms. The third item is a torsional potential describing rotations around the
bonds in function of the angle. The fourth item restricts the geometry of molecules by means
of limitation of torsion of improper dihedral angles.

Ec =Y gky(b—00)% + X 4 ko(0 = 00) + X pr k(1 + cos(ng — ¢o) + X 1ar kg (¥ — o) (1.2)

The second part in Eq. 1.1, relates to the contributions of the non-covalent interactions,
as shown in Eq. 1.3.

All-atom (AA) force fields are largely used in the investigation of supramolecular systems,
due to the high accuracy in the description of exact conformation of molecular building
blocks. Indeed, AA-MD allow to monitor H-bonding as well as aromatic and charge-charge
interactions by representing them using Coulomb and Lennard-Jones potential, as shown in
1.3.

Exe= ) deij ()12 = ()%) + > p— (1.3)
Nb(i,j) "ij Nbtirg) P

The first item in 1.3 describes the Van der Waals forces as Lennard-Jones potential. The
last item represents the electrostatic forces modeled as Coulomb potential. The definition
of a force field requires the estimation of the parameters, such as K3, Ky, and o;; and the
definition of the atom types, which define the local properties in the neighborhood of each
atom. Atom type is a parameter that usually describes the atomic number, the hybridisation
state and the local environment surrounding a certain atom. In other words, the atom type
defines how an atom affects the properties of the surrounding environment. In particular,
the interactions among atom types, of two covalent bonded atoms, defines the limitations
of covalent bonds and angles. In CG force-fields, such as MARTINI, it is not possible to
define the atom types. Indeed, more atoms are represented as a single CG bead. So, the
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equivalent concept interaction site is always adopted.|50] Such parameters can be optimized
through QM calculations, as above mentioned, and also with a variety of experimental data.

AMBER, CHARMM and OPLS are the well-known and most used AA force-field for the
simulation of self-assembling biomolecular systems. However, comparative studies showed
clear inconsistencies between these force fields in predicting self-assembling tendencies of
peptides and other molecules. Another limitation of atomistic force-field is represented by
the limit in time and length scales that can be achieved.[51]

Such limitations can be overcome in several ways, also taking into account evidences
from experimental characterization of self-assembling biomaterials.

Restrained atomistic MD simulations can be used to gain insights into self-assembly
pathways of biomolecular systems. Such approach require structural details from several ex-
perimental sources such as X-ray diffraction (XRD) or nuclear magnetic resonance (NMR).
Restrained MD, firstly applied for protein structural refinement, have been also used for
elucidation of characterization of self-assembling peptide systems.[52][53] Indeed, restrained
MD simulations, integrating data derived from NMR, nuclear Overhauser enhancements
(NOE), allowed to elucidate conformation transitions of substance P or antimicrobial pep-
tides in bi-phase membrane mimics.|54][55] Recently, restrained atomistic MD simulations
have been employed for the elucidation of assembly pathways of SAPs hydrogels, retrieving
structural parameters fro ssNMR and cryo-TEM analysis of such hydrogels.[56][57]

Coarse-grained molecular MD simulations (CG-MD) have proven to be suitable for the
investigation of systems of biological importance. More in general, CG molecular models
played a pivotal roles in the simulations of soft matter systems. In almost all CG models, the
pair potentials are computationally efficient but don’t always accurately describe all systems
properties. Potentials can be derived in order to reproduce microscopic properties from
fine-grained simulations (bottom-up approach) or macroscopic-thermodynamic quantities
(top-down approach).[58] However, both approach can be combined together in order to
develop coarse-grained potentials. The validation of a new CG model requires the definition
of the ability of properties prediction at the thermodynamics state point used during its
development (representability) and at different state points (transferability).

Among the several CG force-fields, MARTINI found large applications in the field of
supra-molecular chemistry due to his good properties of representability and transferabil-
ity.[50][58]|59] Indeed, MARTINI have been used for the simulations of several bio-molecular
classes, such as DNA, proteins, lipids and carbohydrates.[60][61] MARTINI molecular dy-
namics (MD) simulations have been largely used to elucidate the self-assembly pathways and
structuring propensities of several peptide sequences at the nanoscale and mesoscale level.
In the last years, MARTINI MD simulations were also used for the elucidation of emerg-
ing fibrillar network of bioconjugated SAPs, which have been used for tissue engineering
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applications.|[34](62][63]

The ultimate challenge in the field of biomaterials modeling is represented by cross-linked
SAPs hydrogels.[37][35] The cross-linking reactions involve the formation of chemical bonds,
which was possible to address with QM approaches, until a few years ago. In the recent
years, different multi-scale modeling approaches have been established, mainly based upon
QM /MM approaches.[64][65] To cope with limited computational resources, more compli-
cated hybrid approaches have been developed, such as the hybrid QM/MM/CG MARTINI
setup.[66] Due to the complicated technical issues to be addressed, this method has found
very limited application such as in multi-scale modelling of enzymes.

Reactive CG-MD simulations represents a valid alternative for modeling cross-linking
reactions in biomaterials. This approach is suitable for modeling systems that have the
same reaction occurring multiple times, such as cross-linked SAPs hydrogels.[67] However,
due to its recent introduction, this method has not already been tested for large systems
simulations.

1.2.2 Steered molecular dynamics simulations of SAPs

Tissue engineering applications of innovative SAPs hydrogels are closely tight to their me-
chanical properties. Indeed, adequate mechanical features promote ingrowth of regenerating
tissues around implanted hydrogel scaffold. According to a materiomic point-of-view, me-
chanical properties depends on the structural properties of hydrogel at the nano- and micro-
scales.[68]|69]

Steered MD (SMD) simulations represent a valid approach for the investigation of me-
chanical properties of biomacromolecular structures, such as axial and torsional rigidity,
mimicking the AFM or optical tweezers experiments. As single-molecule technique, atom-
istic SMD have been used to elucidate the role of hydrogen bonding and charge interactions
on bending stiffness of ER/K alpha-helix peptides.[70] SMD simulations allowed to clarify
also mechanical properties of peptide aggregates such as AS 1-42 amyloid fibrils or coiled
coil structural motifs.|71]

SMD simulations were also used for the estimation of the interaction strength of pep-
tides in monolayers or aggregates. As shown in fig. 1.1, SMD have been used to estimate
thermodynamic stability of the surfactant like peptides (SLPs, a particular class of PAs)
fibril and oligomer models in aqueous solution, determined through ssNMR, characterization
and MARTINI CG-MD simulations, respectively. In these pulling simulations, an external
mechanical force is applied to one SLP which is then dragged from an aggregate core. With
this approach, the potential of mean force (PMF) profile has been derived, which is a good
representation of the dissociation energy from the fibril (AGy) or oligomer (AG,). These
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results show that it takes ~3 fold more energy to pull one SLP out from the fibril struc-
ture than from the oligomer structure. This means that fibril structures are much more
stable configurations than the oligomer. Since the magnitude of the dissociation energy is
an indicator for the thermodynamic stability of the supramolecular assemblies, these results
suggested that an increasing number of charges in the head-group caused more perturbations
to the more ordered fibril structures than to the less ordered oligomer. The structural strain
caused by increased electrostatic repulsion forces would be more detrimental for brittle rigid
structures (fibrils) than for flexible structures (oligomers).|72]

Such results extended the conclusions of the work of Yu and Schatz, which used SMD to
force transition between the bound, corresponding to a micelle cylinder fiber, and free state
of 90 PAs in aqueous solution. They found that PAs assembly pathway is mainly dominated
by conformational disorder-to-order transition, including forming secondary structures along
with tail-head core-shell alignment and condensation that leads to total exclusion of water
from the core.[73]

Atomistic SMD simulations suffer of the same limitation of classical MD simulations.
CG-SMD simulations have been used to investigate mechanical properties of even larger ag-
gregates. MARTINI SMD simulations have been used for the elucidation of protein-ligand
mechanisms, i.e. docking simulations.|74| Instead, the MARTINI SMD approach found lim-
ited application for mechanical investigations of supra-molecular assemblies, because it is
does not allow conformational transitions that are quite common in the biological systems
instead. The recently developed GoMARTINI overcome the main limitation of the MAR-
TINT approach, allowing to track conformational transitions.[75] GoMARTINI SMD has
proven to be suitable for elucidation of mechanical features of SAPs aggregates, such as
fibril structures. Indeed, as shown in Chapter 4, GoOMARTINI SMD simulations of SAPs
fibrils provide comparable results to atomistic SMD simulations.

1.2.3 NMR and ssNMR characterization of SAPs

As already stated, reliable atomistic MD and CG-MD simulations of SAPs hydrogels require
structural restraints from NMR experiments.

NMR is a spectroscopy technique which employees the magnetic properties of nuclei
that contain an odd number of protons and an odd number of neutrons. Indeed, nuclei
that contain an even number of protons and an even number of neutrons, such as 2C,60
and 325 are NMR inactive. Instead, isotopes which contain an odd number of protons or
neutrons, such as 'H, 2H, 13C, >N and 3! P, are commonly used in biological NMR.

NMR is widely used in studying molecular structures, dynamics and molecular interac-
tions at atomic level. In the case of proteins, solution-state NMR can be employed to study
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FIGURE 1.1: Control over the fibrillization yield by varying the oligomeric nucleation
propensities of surfactant-like peptides. a) Potential of mean force (PMF) profiles of fibril
(left) and oligomer (right) models along the reaction coordinate r derived from Steered MD (SMD)
simulations provides information on the thermodynamic stability of fibril and oligomer structures.
Increasing the number of charges of the head-groups reduced structural stability of the fibrils how-
ever, not in the oligomers. A representative SMD trajectory, during which a SLP monomer is
dragged from the core of oligomer and fibril model for 90 along r, is shown under each graph. b)
Graphical representation of the proposed mechanism leading to the different yields of nanofibers
between SLP 1-4. The size distribution of the oligomeric intermediates is controlled by the number
of head-group charges, which the less charged SLPs form bigger sized oligomer (2 on the left) and
the more charged SLPs form smaller sized oligomers (2 on the right). Between the SLPs with the
same charges, the fibrillization propensity is modulated by the S-sheet propensities of the tail group,
with the SLP of higher 8-sheet propensities giving higher yields of fibrils i.e. SLP1>2 and SLP3>4.
Adapted from Lau et al. [72]
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relative small proteins (up to 35 kDa) that undergo rapid Brownian motion in solution.
Recent advances in tailored isotope labeling schemes allow extending solution-state NMR
to unveil side chains conformations of certain residues in large bio-molecular complexes.

Until few years ago, solution-state NMR, played a pivotal role in determination of sec-
ondary structure and conformation of monomeric SAPs, both in organic than in aqueous
media.|53][76] Nowadays, solution-state NMR is also employed for the characterization of
surface of SAPs hydrogels and proteinaceous matrices.|77]

Neoglycosylation represents a well-established functionalization approach for increasing
biocompatibility of pre-assembled collagen matrices. The neoglycosylation reaction mainly
involves amine group of lysine residues. The quantification of the residual lysine amino
groups is usually performed through 'H NMR spectroscopy. [78] In the recent work of
Wallace et al. has been demonstrated the application of solution-state NMR, spectroscopy
to measure the surface chemical properties of the nanofibers of hydrogels formed from N-
functionalised SAPs.[77]

Solid-state NMR, (ssNMR) is a suitable method to study large bio-molecular systems that
are largely immobile on the NMR time scale. Indeed, ssNMR has been largely employed
for elucidating structural and dynamics features of complex proteinaceous aggregates, such
as amyloid and self-assembling peptides fibrils. In addition, ssNMR have been used to
study protein complex in lipid bilayers, protein-nucleosome interactions and dynamic protein
assemblies.|79] [80]

As shown in recent work of Jekhmane et al. and in Chapter 4, '3C-detected dipolar
cross-polarization ssNMR is suitable for characterization of SAPs hydrogels, without syn-
thetic isotope enrichment.[57] More in details, ssNMR evidences have been used for the
secondary structure assignment in MD simulations, which provided precious insights, and
comparable with larger scale investigation (such as AFM) about supra-molecular organiza-
tion of SAPs.[57]

1.3 A NEW PARADIGM FOR SAPS HYDROGELS DEVELOPMENT

SAPs hydrogels are one of the most promising classes of biomaterials for tissue engineer-
ing applications. Nowadays, the development of even more performing SAPs is an open
challenge. Indeed, SAPs hydrogels have to satisfy several requirements: 1) Molecular archi-
tectures and nano-structuring features; 2) Mesoscale topological arrangement; 3) Mechanical
properties.|21] All these requirements contribute to bio-compatibility and bio-mimetic fea-
tures of resulting hydrogel. Almost all of these stuffs can be addressed according to an
in-silico approach, eventually validated through dedicated experimental characterization.
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FIGURE 1.2: Biomaterial Multiscale Modeling The deep understanding of hierarchical organi-
zation of biomaterials requires an arsenal of computational and experimental techniques. Compu-
tational approaches, supported and validated by experimental evidences, can be used to transverse
throughout a wide range of length and time scales. More in details, results of quantum mechanical
calculation can be used to validate atomistic (or coarse-grained) molecular dynamics simulations.
Eventually, results of atomistic (or coarse-grained) simulations can be used to develop constitutive
equation of biomaterials. Experimental techniques, such as X-ray diffraction and nuclear magnetic
resonance provide atomic-scale information about the 3D structure of constituents of biomaterials.
These information can be used to validate molecular dynamics simulations. Instead, atomic force
microscopy (AFM) and optical/magnetic tweezers extrapolate information about mechanical prop-
erties of single molecules or supramolecular aggregates, enabling direct comparison of experiment
and simulation.

The most complete and accurate frameworks for biomaterials characterization is shown
in fig. 1.2. Such approach have been widely used for the elucidation of the hierarchical orga-
nization and mechanical properties of naturally derived materials such as collagen or spider-
silk.|81](82](83] The success of this approach relies on the combination of multidisciplinary
theories, multiscale simulation methods (e.g. molecular dynamics and finite element anal-
ysis) and multiscale experiments (e.g. X-ray diffraction, NMR, AFM). This new paradigm
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of material research lays on the evidence that the structural and mechanical complexity of
self-assembling biomaterials reflects the hierarchical organization of biomacromolecules. The
chemical nature of the molecular interactions, as well as the structural arrangement of the
biomolecular building blocks, across many hierarchical scales, heavily affects the mechanical
behavior of biological materials. At the micro- and nano-scale, differently from crystalline
materials, which show mechanisms such as dislocation spreading or crack extension, biolog-
ical materials feature molecular unfolding or sliding, when undergo to mechanical stress. At
larger length scales, where the interactions with cells become more evident, more compli-
cated mechanisms contribute to biomaterials mechanics behaviour.

The scope of the current thesis concerns the development of a computational frame-
work, analogously to that shown in fig. 1.2, for the development and characterization of
innovative SAPs hydrogels.

In Chapter 2, a general approach based on MARTINI CG-MD simulations for multi-
scale modeling of SAPs is presented. Here, CG-MD simulations have been used to elucidate
self-assembly pathways of a two classes of peptides: (i) the BMHP1-derived SAPs and (ii)
complementary co-assembling peptides (CAPs). To highlights differences in supra-molecular
organizations of diverse SAPs, an innovative tool, dubbed Morphoscanner (now also available
as python module) has been developed.

In chapter 3, MARTINI CG-MD simulations have been used to evaluate structural fea-
tures of the innovative branched SAPs, especially when mixed with traditional linear SAPs.
Another time, Morphoscanner helped to highlight S-structuring propensities of the diverse
mixed SAPs systems.

In chapter 4, GoOMARTINI CG-SMD simulations have been used for the multi-scale
mechanical characterization of SAPs aggregates. Thanks to Morphoscanner, it has been
possible to classify failure mechanisms of SAPs aggregates, even taking into account the
contribution of functional motifs.

In chapter 5, MARTINI CG-MD simulations were used to investigate interactions among
neural stem cells and SAPs fibrils, which were built taking into account the evidences from
Chapter 2 and 4. These results completed the characterization of SAPs presented in previous
chapters, depicting the biocompatibility as an emerging property of cell-biomaterial systems,
that can be measured according to the chemical-physical properties of such systems.

Finally, in chapter 6, starting from the evidences of 2, 4 and 5, an innovative class of
Glycosylated SAPs have been developed in-silico.
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1.4 COMPUTATIONAL AND EXPERIMENTAL METHODS USED IN THIS THESIS

1.4.1 Minimization

Molecular static self-assembly involves systems that are close to the global minimum con-
formation. Then, the identification of this conformation, through numerical methods, plays
a pivotal role in the molecular modelling of self-assembling systems.

Commonly, the potential energy of a multi-molecular systems, calculated through molecular-
mechanics approaches, is a complicated multidimensional function of the atomic coordinates
(sometimes dubbed hypersurface) The minimum conformations correspond to the stable
states of the system. Any movement away from a minimum gives an unstable conformation.
There are several methods for the identification of system conformations, characterized by
the lowest potential energy.

The minimization approaches allow to identify the vector ¥ = [z1,x2,z3, .., z,], corre-
sponding to the atomic coordinates, for which the function potential energy, denoted with
f, has the minimum value.

Minimization algorithms are classified as derivative or non-derivative. The first class of
minimization algorithms employs first or second-order derivative, while the latter class do
not use derivatives. Furthermore, the derivative minimization algorithms can be classified as
first order, which use the first order derivative, as well as second order, which use both first
and second order derivatives. The most frequently used first order minimization methods
are the method of steepes descents and the conjugate gradient method. Instead, the second
order minimization methods are the method of Netwon-Raphson and Quasi-Newton method.

In the next paragraph will be elucidate the steepest descents method.

Steepest Descents Method

The Steepest descents method changes the system coordinates following the direction parallel
to the functional gradient of potential energy. With a system that consists of 3N coordinates
this direction is represented by a vector si, as reported in the equation 1.4 ; wher G, indicates
the gradient operator of the potential energy function.

gk
S = —7— 1.4
PN (14

The minimum location can be performed using a line search or arbitrary step approach.
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The purpose of the line search approach is to locate a minimum along a line through
the multidimensional space, where the potential energy function is defined. Such iterative
approach requires the satisfaction of the condition in the equation 1.5, which means that
the search proceeds according to consecutive orthogonal directions.

9k * gr—1 =10 (1.5)

However, line search approach may itself be computationally demanding. In order to
cope with limited computational resources, it will be better to consider a step of arbitrary
length along the vector s;. This defines the arbitrary step approach.

1.4.2 Molecular Dynamics

As already stated in section 1.2.1, molecular dynamics (MD) consists of an iterative approach
that allows to calculate the velocity and position of atoms, according to the mechanical me-
chanics formalism. MD represents a deterministic method, that allows to calculate any
future state of a system starting from its current state. MD calculates the system evolution
within time, generating its representative configurations, which allow predictions of thermo-
dynamics and structural properties. Such realistic predictions through MD approaches are
tightly connected to the choice of adequate integration interval, dubbed time-step. Indeed,
the wrong choice of integration interval may lead to unrealistic physical predictions. By
fixing periodic boundary conditions it is possible to perform MD simulations with a
small number of particles, in such a way that particles experience forces as they were in a
continuous medium.

Thermodynamic Ensembles

MD simulations are usually performed under constant conditions, fixed through the def-
inition of a thermodynamic ensemble. The choice of a thermodynamic ensemble
depends on the experimental features which should be investigated.

Thermodynamic ensembles are defined by a small set of parameters, such as temper-
ature (T), pressure (P), volume (V), energy (E) and the number of particles (N). Different
ensembles are common:

e The Microcanonical ensemble (NVE) is characterized by a fixed number of atoms
(N), a fixed volume (V), and a fixed energy (E). These conditions define an isolated
system.
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e The Canonical ensemble (N'VT) is characterized by a fixed number of atoms (N), a
fixed volume (V), and a fixed temperature (T). This ensemble usually find application
in the equilibration phase, that precedes the production run of MD simulations.

e The Isobaric-Isothermal ensemble (NPT) is characterized by a fixed number of
atoms (N), a fixed pressure (P), and a fixed temperature (T). This ensemble is largely
adopted for reproducing the experimental conditions of the laboratory reactions.

e Instead, the Grand canonical ensemble (¢VT) is characterized by a fixed chemical
potential (1), a fixed volume (V) and temperature (T).

1.4.3 From NMR to ssNMR: a brief compendium

As already stated, NMR employees the magnetic properties of nuclei that contain and odd
number of protons and an odd number of protons. NMR is used to study relative small
proteins (up to 35 kDa), which undergo to rapid Brownian motion in solution. The fast
atoms tumbling averages out anisotropic NMR effects and provides high-resolution NMR
spectra.

However, large part of the systems investigated by biomaterials scientist are largely
immobile on NMR time scale. The ssNMR approaches help overcome this limitation. Indeed,
ssNMR finds wide applications in the investigations of protein aggregates such as amyloid
or SAP fibrils.

NMR investigation of SAPs aggregates: magic angle spinning (MAS) ssNMR

Large supramolecular aggregates, such as SAPs fibrils, are characterized by slow molecular
tumbling that hampers an adequate NMR spectral resolution. More in details, orientation
dependent interactions, including chemical shift anisotropy (CSA) and magnetic dipole-
dipole interactions, are not averaged out, thereby resulting in anisotropic line shapes.

CSA interaction, are dependent on the orientation of the molecules in the static magnetic
field, applied to the sample of interest. This causes CSA lines broadening, which is also
caused by asymmetry of the electronic distribution around the nuclei.

Dipole-dipole interactions, also known as dipolar coupling, emerge as a consequence of
the close localization of two homonuclear or heteronuclear spins. Then, the two spins are
affected by their mutual magnetic fields, which effective intensities depends upon the relative
spin positions.

The magic angle spinning (MAS) is commonly used for improving spectral resolution.
The MAS approach consists in rotating the sample at an angle of 57.54° with respect to the
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static magnetic field. Using high-speed MAS rotors, the 3C-'3C and the ' C-'H dipolar
couplings are usually averaged out. Adopting this approach, detection in ssNMR is mostly
performed on 3C nuclei. In addition, 'H-spins is applied during evolution and detection
to improve spectral resolution, despite averaging out 'H-'H coupling is quite hard, without
improvement of hardware setup.

Cross Polarization

The low signal sensitivity in ssNMR is related to the detection of 3 C, which have a low
gyromagnetic ratio. The ssNMR analysis of SAP hydrogel scaffolds was extensively performed
through cross-polarization (CP) experiments. [57] (See also Chapter 4). In CP experiments,
magnetization is transferred from abundant spins (mostly 'H) via heteronuclear dipolar
couplings to the spins S that are close in space, i.e 13C. Then, the magnetization of '3C is
increased of ~ 4 times, according to the eq. 1.6.

po1y2h?
HBS = W(3C082 9 — 1)[1ZIQZ (]‘6)

In eq. 1.6, v is the gyromagnetic ratio, 6 is the angle between the sample and the
magnetic field, h is Planck constant, I, are the spin components parallel to the direction of
the magnetic field applied on the sample. In the CP experiments (**C-'H coupling) used in
this thesis, the ratio of v /72 is equal to 4.
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Morphoscanner

Adapted from Gloria Anna Ada Saracino*, Federico Fontana*, Shehrazade Jekhmane,
Joao Medeiros Silva, Markus Weingarth, Fabrizio Gelain. "Flucidating Self-Assembling
Peptide Aggregation via Morphoscanner: A New Tool for Protein-Peptide Structural Char-
acterization”, In: Advanced Science, Volume 5, page 1800471 (2018)
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2.1 ABSTRACT

Self-assembling and molecular folding are ubiquitous in Nature: they drive the organiza-
tion of systems ranging from living creatures to DNA molecules. Elucidating the complex
dynamics underlying these phenomena is of crucial importance. However, a tool for the
analysis of the various phenomena involved in protein/peptide aggregation is still missing.
Here, an innovative software is developed and validated for the identification and visualiza-
tion of S-structuring and -sheet formation in both simulated systems and crystal structures
of proteins and peptides. The novel software suite, dubbed Morphoscanner, is designed to
identify and intuitively represent g-structuring and g-sheet formation during molecular dy-
namics trajectories, paying attention to temporary strand-strand alignment, sub-oligomer
formation and evolution of local order.

Self-assembling peptides (SAPs) constitute a promising class of biomaterials and an inter-
esting model to study the spontaneous assembly of molecular systems in vitro. With the
help of coarse-grained molecular dynamics the self-assembling of diverse SAPs is simulated
into molten aggregates. When applied to these systems, Morphoscanner highlights different
[B-structuring schemes and kinetics related to SAP sequences.

It is demonstrated that Morphoscanner is a novel versatile tool designed to probe the aggre-
gation dynamics of self-assembling systems, adaptable to the analysis of differently coarsened
simulations of a variety of biomolecules.
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2.2 INTRODUCTION

The spontaneous organization of initially chaotic biological systems has helped scientists
to explore the origins of Life on Earth.[14][15][16][1] Indeed, it is widely accepted that the
self-assembling propensity of DNA, RNA, proteins, and peptides is one of the main molec-
ular mechanisms that may have sparked Life as we know it. The so called “bottom-up”
approach to design self-assembling materials, is directly inspired by this fascinating phe-
nomenon. |1][84][85]

Self-assembling materials are also used as models to study molecular mechanisms that cause
abiogenesis and Alzheimer’s disease.[14][15][16][1] Moreover, self-assembling peptides, in-
spired by the properties of biomolecules, have been developed for applications in diverse
nanoscience sectors such as electronics, material science, and regenerative medicine.|13][12]
The identification of stable domains that act as novel structuring motifs is critical for the de-
velopment of self-assembling biomaterials.|84][85][12] Furthermore self-assembling peptides
(SAPs) are promising building blocks for tissue engineering due to their favorable biocom-
patibility, tailorability and biomimetic properties.[86][87][88][89]

In the last decade our efforts have been focused on the development of SAP hydrogels for ner-
vous regeneration and we designed different classes of SAPs such as functionalized SAPs [90],
complementary co-assembling peptides (CAPs) and BMHP1-derived SAPs.[24][19] These
peptides, featuring a promising pro-regenerative potential in neural tissue engineering ap-
plications, form differently S-structured filaments depending on their sequences and, in the
case of BMHP1-derived SAPs, depending on the presence of biotin at the N-terminus.[19][91]
Others demonstrated that, before assembling into nanoscaled filaments, SAPs initially self-
aggregate into oligomeric molten globules that are shaped by hydrophobic interactions.[92][93]
[94] Within such molten globules peptides can adopt conformations of packing similar to
paracrystalline and ordered nuclei. According to the protein nucleation mechanism this
organization is due to the interplay between the forced spatial confinement of peptides
and optimized (in terms of potential energy) nonbonded interactions.[95] Smith and col-
leagues demonstrated that amyloid cross-3-structures of the peptide A3(16-22) can assemble
through a dynamic conformational phylogeny. In their work isotope-edited infrared spectra
allowed to quantify the relative distribution of paracrystalline intermediates formed from
intermolecular molten globules in which nucleation occurred previously.[92]

Furthermore, molecular dynamics simulations are a powerful tool to study peptide self-
assembly, and showed that molten peptide oligomers could act as incubators for
B-structuring.|96][97][98][99][100][101][102][103] Nonetheless, at the molecular level it is still
unclear how oligomer-to-fibril transition emerges. Indeed, currently available tools to ana-
lyze molecular dynamics do not allow to track key events of the self-assembling process such
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as the evolution of secondary structure patterns over time.

Coarse-grained molecular dynamics (CG-MD), enabling the simulation of larger systems on
longer simulation times, showed great potential for high throughput screenings of the self-
assembling propensity of biomolecules. In addition, CG-MD simulations allowed to estimate
self-assembling propensity of different peptide sequences for a wide latitude of potential ap-
plications.[104][105][106][107] Nonetheless, analytical tools for the quantitative tracking of
secondary structure patterns (such as [S-structures) over MD trajectories are still lacking.
This is an important limitation, given that knowledge of the time-dependent formation of sec-
ondary structures is crucial for a deeper understanding of the self-assembling phenomenon.
In order to recognize B-structuring domains, we developed a topological pattern recognition
software based on the multilayer graph theory, named Morphoscanner, and we validated
it on diverse protein structures. Here, we applied Morphoscanner to MARTINI CG-MD
simulations of peptide systems featuring spatial dimensions that are typical of molten par-
ticles.[92][93] Simulations have been designed to mimic the experimental conditions that
trigger peptides to self-assemble into nanostructured hydrogels.

Thanks to the high adaptability of our software-suite to different sequences and system sizes,
we could demonstrate that SAPs exhibit sequence-dependent intra-oligomer organization in
agreement with previously described self-assembly models.[90][24][19][91][92]]93]

2.3 MATERIAL AND METHODS

2.3.1 MDD of BMHP1-Derived SAPs

The sequences of the simulated BMHP1-derived SAPs are listed in Fig. 8.6. Peptide
monomers have the C-terminus amidated and the N-terminus biotynilated (or acetylated).
Lysine residues are in the protonated state. Extended conformations of monomers were built
with Pymol software by imposing all-trans geometry on the backbone dihedrals. Molecu-
lar dynamics were run using version 4.5.5 of the GROMACS simulation package and the
GROMOS53a6 force field: systems comprised eight monomers each as reported previously
and explicit aqueous solvent.[91] Coarse-grained molecular dynamics simulations have been
conducted on octameric or 100-meric systems using MARTINI force field version 2.2. The

choice of secondary structure parameters for 100-meric systems was made by comparing
UA-MD and CG-MD simulations of 8-meric systems of BMHP1-derived SAPs.
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2.3.2 Choosing the Secondary Structure Parameters in
CG-MD Simulations of BMHP1-Derived SAPs

To select the most appropriate secondary structure parameters for 100-mer system simula-
tions, UA and CG simulations of 8-mer systems were compared. Gyration radius, nematic
order parameter, and the aggregation curves were used to assess the agreement between UA
and CG molecular models.[91] Starting configurations of the systems modeled in UA and
CG simulations consisted of extended (E) or UA sampled (SAM) monomers comprising the
octameric systems.

Three different choices of SS parameters were proposed in CG-MD simulations: fully ex-
tended, coil or UA-sampled secondary structures (see Tables 8.1, 8.2 and 8.3). The SAM
secondary structures parameters are monitored on UA-MD simulations by means of the
DSSP algorithm as reported in the previous work.|[91]

CG-MD simulations (using the above mentioned sets of SS parameters) and UA-MD sim-
ulations were then compared. CG-MD simulations of UA-sampled conformers with fully
extended SS parameters resulted in gyration radii, nematic order parameters, and aggre-
gation orders in higher agreement with the UA simulations, as shown in Figures 8.9, 8.10,
8.11.

2.3.3 CG-MD Simulations of 100-mer Systems of
BMHP1-Derived SAPs

The boxes containing unsolvated peptides were built using the PACKMOL software.[108]
UA-sampled monomer conformations were inserted in random orientations and positions,
so that the atoms belonging to different peptides were at least at 0.1 nm away from each
other.[108] Boxes, filled with MARTINI CG water beads, were chosen so as to mimic the 3%
(w/v) concentration of SAPs typically used in empirical tests. As mentioned in section 2.4.3
fully extended SS parameters were adopted (see Figure 8.6). Ions (Na and Cl) were added to
neutralize the systems up to 0.015 M concentration of NaCl, in order to reproduce salt con-
centration of diluted PBS (1x) solution. The production phase was conducted using constant
temperature, pressure, and number of molecules (i.e., the NPT ensemble). Temperature,
pressure, constraints, cut-off value, periodic boundary conditions, and integration-step set-
tings were identical to 8-mer systems simulations. Three random distributions of peptides
and ions were generated and simulated for 500 ns. One of the replicas as per each SAP
sequence was extended up to 2000 or 4500 ns.
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2.3.4 CG-MD Simulations of 100-mer Systems
of (LDLK)3 and (LDLD)3; + (LKLK)3

A similar approach was adopted for simulations of (LDLK)3 and CAPs.

All-trans configuration of the (LDLK)s, (LDLD)s, and (LK LK)3 were generated by Pymol
(http://www.pymol.org/). The C- and N-termini of peptide monomers were amidated and
acetylated, respectively. At neutral pH, lysine and aspartic acid side chains, because of
their weak basic and acidic nature, can be considered fully protonated and deprotonated,
respectively. Peptide were distributed (using PACKMOL) in explicit water cubic boxes.
Prior to production, systems underwent an equilibration phase (a 3000-steps minimization
using steepest descent method). The production phase was conducted in NPT ensemble in
order to reproduce experimental conditions used in previous works.[19][109]

2.3.5 Strand-Peptide Alignment Analysis
via Morphoscanner

Despite the structural differences observed in crystallography, 5-sheets can be described as
a regular 2D lattice graph stabilized by covalent bonds (along the direction of the backbone
chains) and by hydrogen-bonds (among the backbone chains). We introduced the definition
of B-contact to define the “edges” along H-bonds direction (2.1):

5contact = 5(rij - TO) (21)

where ¢ is the Dirac measure, r;; is the distance between backbone atom-group (grain)
center-of-masses i and j, g represents the distance between two S-strands in cross-f struc-
tures (range between 4.7 and 5.3 A)

The numerical representation of S-contacts network is provided by the BB matrix, whose
elements are described in Equation 2.2:

BBij = ﬁcontact(iaj) (22)

The description of the interactions between two strands or peptides is provided by the Strand
Backbone Contact matrix: a square matrix whose dimensions correspond to the number of
strand /peptide backbone grains.

A set of matrices, named shift matrices, was developed to be used as references for
the identification of the mutual arrangements described by the strand backbone contact
matrix. Shift matrices describe the different arrangements between pairs of peptides. In
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detail, parallel and antiparallel shift arrangements are described using the following matrix
notation:

P =iy (2.3)
Py =6k, (2.4)
AL = bn itk (2.5)
Aj = Op—ivkyj (2.6)

In the previous formulas d;; identify the Kronecker delta, n is the number of peptide
backbone grains, i,j are the indexes of peptide backbone grains (varying within n), and k
is the shift value. This set of matrices describing the peptide interaction library can be
represented using the following compact notation:

L = L;j, (2.7)
where z is the index of shift matrices in the library.

To calculate the maximum similarity of shift matrices with peptide backbone matrix,
the normalized cross-correlation function (NCC) was used|[110]

S S ST BB(i4prRES)(j+q*RES)*L(i,j,2)

\/ZRES ! RES ' BB(i+p+RES) (j+q+RES)\ /S S Liigi2)
(2.8)

NCC(p,q,z

Z is the index of the shift matrix L;;, that maximize the value of NCC function. P and q
denote the area of the BB matrix corresponding to the peptide backbone contact matrix.

Each element of the strand potential S-interaction matrix, describing mutual alignment
between couples of strands, is defined as follows:

Py =72 (2.9)
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2.3.6 [5-Sheet Reconstruction via Morphoscanner

Flat and twisted B-sheet structures are detected by Morphoscanner by using the backbone
contact and the strand interaction matrices, i.e., handling the peptidic system as 2D-lattice
graph. In detail, the algorithm identifies a triplet of strands making a [S-structure. It
calculates the area of the system backbone contact matrix, corresponding to the interaction
between the first pair of strands, and reduces this area to a row vector, as shown below

n n n

or = (A1), Y (A(5,2),.... ) (Ali,n))) (2.10)

i=0 i=0 i=0
Morphoscanner identifies the area corresponding to the other pair of strands, giving

another column vector

n n

ve = (Y (A1), Y (A2, ), (A, 1)) (2.11)
=0

J J=0 J=0

Finally, the projection of v, on v, is calculated as a dot product
Up = Uy * Ve (2.12)

The number of consecutive residues defining a structuring S-sheet along the covalent
bonds direction is calculated as the maximum number of elements included between two
non-null elements. In this way, 8-sheet structures are identified as curved rectangular 2D-
lattices whose dimensions are defined by strands and by the number of backbone grains.
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2.4 RESULTS

2.4.1 Morphoscanner

Network analysis and graph theory have found many applications in the study of pro-
tein structures and dynamics. Many studies focused on the development of algorithms
for recognition or prediction of secondary structures such as a-helix and [-sheet arrange-
ments. Due to of the large number of information to be taken into account (e.g., sol-
vent accessibility, contact potentials, residue types), however, the main application of the
currently available algorithms consists in the analysis of single Protein Data Bank (PDB)
structures.[111][112]{113][114] Indeed, many software packages cannot be applied to analyze
molecular dynamics (MD) trajectories. Furthermore, currently available MD analysis tools
for secondary structure analysis do not include a software adaptable to different coarsen-
ing levels of the simulated systems.[115][116]|[117] To identify S-sheet arrangements and to
study their relative alignments in MD simulations we developed the Morphoscanner tool.
The classical flat S-sheet arrangement was first described by Pauling and Corey as a rect-
angular flat shape. However, crystallographic studies showed that S-sheets tend to fold into
saddle-shaped surfaces as result of the interplay of individual peptide twisting and inter-
chain hydrogen bonding. While the recognition of the hydrogen bond pattern is important
for the identification of S-structures, hydrogen bonds (H-bonds) are sometimes not explicitly
modeled in MD models. To identify both flat and twisted arrangements compatible with
[B-sheets, Morphoscanner represents the peptide system as a 2D-lattice graph defined on
two axes|116|[118]: one runs parallel to the backbone direction, the other one goes parallel
to the H-bonds direction. The edges along backbone direction represent covalent bonds.
Instead, each edge along H-bonds direction represents a [-contact if the center-of-masses
of two backbone group-of-atoms belonging to different peptides are closer than 4.7-5.3 A,
which is the typical inter S-strand distance in [-sheet structures.[119] The S-contacts net-
work has been numerically represented trough a matrix (dubbed BB matrix) which is used
to dynamically rationalize the global and local amount of the “in & out-of-register” mu-
tual disposition of strands in the system.[120] For this purpose, the BB matrix has been
coarsened from residue-to-residue to strand-to-strand interaction level, thereby yielding a
strand potential S-interaction matrix named P matrix. Such “potential S-interaction” is
used to underline that the topological organizations identified by Morphoscanner are com-
patible with S-structures. For sake of brevity “S-interactions” will be used along the text
instead of “potential S-interactions.” The calculation of S-interactions was achieved through
a pattern-matching algorithm comparing the BB matrix with a set of shift matrices de-
scribing all possible mutual alignment between two strands.[121] Indeed, each shift matrix
describes a single mutual alignment of two adjacent strands in function of the k parameter
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called shift value indicating their respective degree of sliding. For sake of clarity the possible
parallel and antiparallel alignments (with positive or negative shifts) of the tested peptides
are represented in 8.7 and 8.8. The dynamic reconstruction of topologies compatible with
B-structuring has been faced with a dynamic multilayer network approach.[122] The inter-
action network formed by all residues in the system is investigated using the S-contacts (BB
matrix) and S-interactions (P matrix), then the potential S-structures are identified through
the following heuristic: 1) a triplet of consecutively adjacent strands is identified in the P
matrix, 2) and that same triplet has to satisfy in the BB matrix the minimum conditions
for the number and distribution of inter-strands H-bonds. In brief, in a triplet of strands,
the same portion of one strand must form a minimum of three S-contacts with each of two
neighboring strands. The iteration of such continuity criteria allows to identify both stable
and evolving (-sheets.

2.4.2 Morhoscanner Validation

The primary input for Morphoscanner is a series of contact map derived from PDB structures
or molecular dynamics trajectories. Morphoscanner requires the following information: the
number of strands (S) and the number of amino-acid residues per strands (strand length, SL)
in which the protein sequence should be divided. Morphoscanner returns different outputs
and calculates the -strand percentage (%Ms) as follows:

Number of S-strands

AMs = Number of strands

%100 (2.13)

Also, we introduced an intuitive graphical representation called “shift profile” in order to
highlight the preferential arrangement of strands. To validate Morphoscanner we analyzed
some protein structures as reported in Figure 2.1. As our main focus was to characterize
coarse-grained systems of SAPs, protein structures from PDB were CG-mapped according
to the MARTINI model and subsequently analyzed using Morphoscanner (given the intrinsic
versatility of Morphoscanner, this procedure could have been performed on other levels of
structural coarsening). Thanks to web server STRIDE, the secondary structures assignment
for each PDB structure could be readily computed. The STRIDE output files were evaluated
through an in-house developed “R script” which works similarly to Morphoscanner. The
above cited script returns the S-strand percentage (%S*), similarly to the Morphoscanner
output

Number of §-strands
Number of strands

%S* = %100 (2.14)



24.

Results

41

N 42-Residue Beta
a Amyloid Fibril

Engineered OspA

®
Z

Laminin G-like E
domain w

E.Coli beta cl

%pB-structure

Predominant B-sheet profile

%S* = 100
%Ms = 100

00

Interactions = 11

GeInteractions

ry 3
P shift

%S* = 85
%Ms =77

Interactions = 33 |

% Interactions

4
A- shift

%S* =88

%Ms =91

250 - Interactions = 44 |

Selnteractions

S

4 6
A- shift

%S* = 56
%Ms = 56

Interaction = 129

%lInteractions




42 Chapter 2. Morphoscanner

FIGURE 2.1: Morphoscanner validation on different protein structures. A series of PDB
structures were analyzed with STRIDE-based R script and Morphoscanner. In the first column, the
reference PDB structures are represented as cartoon using VMD. In the second column, CG struc-
tures are visualized highlighting (-sheets identified through Morphoscanner. [S-strand percentages
calculated via R script (%S*) and Morphoscanner (%MS) are shown in the third column. In addi-
tion, shift profiles were used to quantify strand displacement in each structure. In the last column
we depicted just the predominant shift profile. P = parallel alignment; A+ = antiparallel alignment
with positive shift; A— = antiparallel alignment with negative shift. The analyses of 2mxu (SL =
32, S = 12) were in agreement and showed that strands were parallel aligned. In 2fkg (SL = 9, S
= 35) strands were preferentially antiparallel aligned. The same conclusions were reached for 1d2s
(SL = 10, S = 34) and 3bep (SL = 6, S = 122) analysis.

The comparison between %S* and %Ms was used to determine if Morphoscanner success-
fully identified 5-sheet structures.

Amyloid plaques are a defining characteristic of Alzheimer’s disease. The AS (1-42) fibrils
is the initial and predominant constituent of amyloid plaques. We investigated the AS
(1-42) amyloid fibrils (2mxu) structure. To analyze this structure, SL and S were set to
values of 32 and 12, respectively. The ssNMR analyses of A5 (1-42) amyloid fibrils revealed
parallel S-strands arrangement.|[123] The Morphoscanner analyses were fully in agreement
with the abovementioned structural investigations, and they were confirmed by a STRIDE
analysis of PDB structures (%S* = 100, %Ms = 100), as shown in Figure 2.1. Indeed, all
the potential S-sheet structures showed a preferential parallel in-register alignment.

We further tested Morphoscanner on an engineered Boriella OspA structure (2fkg), a
B-sheet rich self-assembly mimicry. Its structure consists of S-hairpin repeats connected
by turn motifs.[124] To analyze the 2fkg structures, SL and S were set to 9 and 35,
respectively. The analyses through STRIDE and Morphoscanner provided similar results
(%S* = 85, %Ms = 77).In agreement with structural analysis performed by Makabe et
al., Morphoscanner identified an antiparallel out-of-register [-strands organization (see
Figure 2.1; Figure 2.2). In addition, -sheet profiles revealed a different progressive strand
displacement accountable by twisting and bending between different strands.

Morphoscanner was also tested on different biological assemblies that have pivotal roles
in diverse metabolic pathways. Laminin are high-molecular weight proteins of the extra-
cellular matrix and constitute the biologically active part of the basal lamina, influencing
cell differentiation, migration, and adhesion. These proteins consist of different subunits
comprising the lamin-g-like module (see 1d2s in Fig. 2.1) which mediates the binding
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FIGURE 2.2: Shift profiles of the proteins shown in 2.1 Different PDB structures, subsequently
CG-mapped, were analysed through Morphoscanner. Shift profiles indicated anti-parallel alignments
of strands for 2fkg. This folding was reflected in S-sheet structures: indeed, S-strands featured
mainly A+ anti-parallel alignments. In 1d2s mainly anti-parallel out-of-register strands and -sheets
were seen. The organization of 3bep was more complex: indeed, most strands followed a parallel
alignment, while S-strands were preferentially anti-parallel aligned out-of-register by one-residue.
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to different molecules such as heparin and the cell surface receptor alpha-dystroglycan
(alpha-DG).|125] To perform the analysis of the 1d2s structure, SL and S were set to 10 and
34, respectively. The Morphoscanner and STRIDE analyses reported the same results (%S*
= 88, %MS = 91). In addition, as demonstrated by crystallographic analyses, Morphoscan-
ner revealed a preferential antiparallel alignment among potential S-strands (see Figure 2.2).

Escherichia coli S-clamp is a subunit of the DNA polymerase III holoenzime which consists
of two identical subunits, made of 366 residues each.[126] To obtain a periodic division of
3bep structure, SL and S were set to 6 and 122, respectively. Morphoscanner identified the
antiparallel S-sheet structures, as shown in Figure 2.1; Figure 2.2, which could be perfectly
superimposed to B-sheet representation obtained by VMD. This was also demonstrated by
comparison between Morphoscanner and STRIDE statistics (%S* = 56, %Ms = 56), as
shown in Figure 2.1.

2.4.3 Modeling of Assembling Systems:
BMHP1-Derived SAPs, CAPs and (LDLK);

Looking for a broad SAP analysis, CG-MD simulations were used to study the self-
assembling propensity of seven punctually mutated BMHP1-derived SAPs,the almost neu-
tral (LDLK)3 SAP and the two complementary charged (LDLD)3 + (LKLK)3, CAPs (see
8.6).[91][127]|24] Systems comprised a total of identical 100 peptides for BMHP1-derived
SAPs and (LDLK)3, and 50 plus 50 oppositely charged peptides in case of mixed CAPs.
In this work molecular interactions in CG-MD simulations were modeled by the MARTINI
force field that has recently showed promising potential for the high-throughput screenings
of SAPs.[50][59][58] In MARTINI, four heavy atoms are usually represented by one CG bead,
while a lower ratio is used for atoms involved in rings (See Fig. 2.3). Bonded interactions are
described with bond, angle and dihedral energy functions, while non-bonded interactions are
described through Lennard-Jones and Coulomb functions. Given that some of the BMHP1-
derived SAPs include N-terminal Biotin-tag, which was not yet available for the MARTINI
force-field, we parametrized the biotin tag as follows: structural and interaction parameters
were extrapolated from previous UA simulations and validated through octanol/water par-
tition coefficient (logP) calculations. Experimental and calculated logP values did not show
significant differences (See Sections 8.1 and 8.2).[91][50][59]

Notably, in MARTINI the secondary structure of molecules is fixed throughout the sim-
ulation, therefore the choice of the secondary structure (SS) parameters is crucial for the
reliability of the modeled system. A fully extended secondary structure was adopted for
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both (LDLK)3 and CAPs because of 1) the presence of equally spaced identical or oppo-
site charges along the same short peptides and 2) their typical S-sheet signature in circular
dichroism spectra (See Fig. 2.3).[24][127]

In case of BMHP1-derived SAPs, in line with previously published works,the chosen sec-
ondary structure assignment was initially derived by comparing united atom (UA) and CG
simulations of octameric systems.[90][19][91][128] In CG simulations of octamers, three dif-
ferent secondary structure sets (all extended, all coil or sampled conformational distribution
of monomers in UA simulations) were combined with two starting structures distributions:
all extended and sampled configurations of monomers in UA. After comparing gyration
radius, aggregation order, and alignment degree (see the Section 2.3.2 for details and Fig-
ures 8.9, 8.10, 8.11) of UA and CG simulations of octamers, we chose fully extended sec-
ondary structures and sampled structural configurations for the subsequent CG simulations
of BMHP1-derived peptides 100-mer systems.|59]
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MARTINI mapping and conformations of (LDLK),

A) 'B)

Sampled Conformation : Fully-extended conformation

A)) Secondary structure parameters: B)) Secondary structure parameters:
CCTTICTTTCCC : EEEEEEEEEEEE
A,)) Backbone type assignment: . B,) Backone type assignment:

P5-P5-Nda-Nda-Nda-P5-Nda-Nda-Nda-P5-P5-P5 . Nda-Nda-Nda-Nda-Nda-Nda-Nda-Nda-Nda-Nda-Nda-Nda-Nda-Nda

FIGURE 2.3: Coarse-grained model of (LDLK); peptide. MARTINI CG-mapped model of
(LDLK)3 monomers, superimposed on the atomistic models. Each CG bead represents four heavy
atoms (C,N,0,S) and the related hydrogen. The assignment of secondary structure parameters
limits the accessible conformation of peptides. The final conformation of peptide monomers can be
classified as Sampled or Fully-extended, as shown in A and B respectively. As shown in A; and
Apr, the assignment of coil secondary structure parameters (C') implies polar backbone type (P5,
MARTINI bead type), not capable of forming hydrogen bonds. Instead, as shown in B; and Byy,
the assignment of extended secondary structure parameters (E or T') implies backbone atom type
which mimic the formation of hydrogen bonds (Nda, MARTINI bead type).
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2.4.4 Using Morphoscanner for the Analysis of
Self-Assembled Peptidic Aggregates

In MARTINI CG-MD simulations, the fixed SS parameters allow to discriminate between
various secondary structures, however, they do not allow to detect any secondary structure
transitions. Notwithstanding this limitation, it is possible to evaluate the movement of
secondary structure elements in the simulated systems.[50][59] Morphoscanner was used for
the analyses of the CG-MD simulations of SAPs in 8.6 with extended secondary structure
parameters. S and SL parameters were set equal to the number of peptides and of backbone
grains per peptide, respectively. The organization of the simulated systems over time was
schematized into a count of both total the S-interactions in the system and the percentage
of peptides taking part in potential 3-sheets formation (Figures 2.4 and 2.5).
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FIGURE 2.4: (-interactions and g-structuring of SAPs in CG-MD simulations with ex-

tended SS parameters. The onset of S-interactions does not warrant the formation of $-sheet

structures. This is clearly evident from the comparison among peptides 2,4 and B26. The above-

mentioned SAPs reached the same number of [-interactions, but B26 had the lowest degree of

B-structuring propensity, followed by 2 and 4. Such features are attributable to their sequences and,
in particular, to N-terminal functionalization.

We used a shift profile representation over time (Figures 2.4 and 2.5) to track peptides pref-
erential arrangement during self-assembling. Lastly, the shift profile approach was adopted
to monitor peptides arrangement within §-sheets structures (Figure 8.12).

The total number of S-interactions in BMHP1-derived SAPs, CAPs, and (LDLK )3 was 150
to 240. B24 showed the highest number S-interactions, while the lowest numbers were found
in CAPs and (LDLK)3 (Figure 2.5; Figure 8.12), caused by different peptides arrangement
within oligomers. CAPs and (LDLK)3 assembled into bilayered structures made of pep-
tides packed side-by-side. Instead peptide B24, similarly to other BMHP1-derived SAPs,
assembled in ovoid oligomers where interactions among neighboring peptides were favored.
BMHP1-derived SAPs preferentially aligned in parallel out-of-register of one residue (~10-
15% of total S-interactions).

CAPs and (LDLK)3 were preferentially shifted by one residue in P (=~ 10%) and in A-
alignments (= 25%). As shown in 2.5 and Figure 8.12, all the potential S-interactions in
aggregates formed by CAPs took part in S-sheet structures. Indeed, all peptides contributed
to B-sheet formation in all simulations within 50 ns (data not shown).

BMHP1-derived peptides generally showed a variable g-structuring propensity related to
the punctual mutations in their sequences (see 8.6). SAP 2, made of the BMHP1 motif and
a triplet of Gly, did not show a good beta-structuring propensity. Only 10% of the total
simulated SAP 2 peptides took part in S-sheets formation (Figure 2.2) and they preferen-
tially aligned in parallel out-of-register by 1 residue (Figure 2.6; Figures 8.13 and 8.14).
The introduction of Trp at the N-terminus improved the S-structuring propensity of SAP 4,
with 25% of peptides involved in S-structuring (8.12). Biotinylation increased the [S-sheet
structuring propensity in B3: indeed 30% of peptides were involved in (-sheets structures
(Figure 2.4). B24 showed the highest propensity to S-sheet structuring.
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FIGURE 2.5: Analysis of mutual alignment of peptides featuring diverse self-assembling
propensities. Peptides mutual alignment shift profiles of SAP 2, B24, and 30 which were simulated
with extended secondary structure parameters (see 8.6). P refers to parallel alignment, A+ to
antiparallel alignment with positive shift, A- to antiparallel alignment with negative shift. BMHP1-
derived SAPs preferentially shifted by one residue in P alignment, but (LDLK)3 and CAPs showed
much stronger alignment in both P and A- alignments at one residue shift. This feature was likely
due to the electrostatic interactions among their complementary charged side-chains. On the other
hand, the mutation of Pro and Ser with Ala increased the number of S-interactions in B24 and 30
assemblies if compared to SAP 2 (see 8.6). Biotinylation also slightly improved /3-sheet structuration
propensity in B24 in respect to 30. Notably, CAPs and (LDLK)3 showed less S-interactions than
BMHP1-derived SAPs. This was due to the different shapes of supramolecular aggregates; (LDLK )3
and CAPS formed bilayered -sheet-rich aggregates. BMHP1-derived SAPs formed ovoid aggregates
where peptide strands could simultaneously interact with multiple surrounding peptides.

Indeed, 50% of B24 peptides fell within S-sheets (Figure 2.4), and the large part of pairs of
[B-strands were preferentially aligned in parallel out-of-register with neighboring pairs by one
and two residues as shown in Figure 2.1 and Figure 8.14. These increments were ascribable
to both the N-terminal biotinylation and the substitution of Pro and Ser with Ala. The
substitution of Btn with Trp decreased the formation of stable S-sheet structures in peptide
30 in comparison with B24 (Figure 2.4): even if they showed similar preferential alignments
(Figure 2.5; Figure 8.14) just 40% of peptides were involved in [-sheet structures. In the
case of peptide 31 the first Ser of the BMHP1 motif was mutated with Ala, but apparently,
when compared to SAP 30, did not alter the -structuring propensity of the system (Figure
2.4). The introduction of biotin at the N-terminal position did not improve g-structuring
propensity in B26 (2.4): only 10% of peptides were part of 3-sheets. As shown in Figures
8.13 and 8.14, B26 peptides were preferentially aligned in parallel out-of-register by one
residue and nine residues, likely because of preferential pairings between Lys backbone and
Biotin amide groups.[129][130]
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FIGURE 2.6: Structural characterization of B24 molten particles at different timeframes.
B24 showed good [-sheet propensity (Aj) characterized by parallel out-of-register S-strands (Ajy).
Parallel 3-sheets shift profiles became wider between 2500 and 4500 ns: this was matched by chang-
ings in B-sheet topology (By r1,r11) and influenced the identification of oligomers (Bry,v,vr). P2 was
calculated for the identified oligomers (C7 rr,11r). Same colors between Byy,v,y and Cy rr i point
at the same oligomers identified at the selected timeframes. P2 values of the identified oligomers
were calculated for all timeframes. The identified oligomers ranged from 8-mer to 25-mer aggregates.
Interestingly, oligomers (Bry,y,v 1) featuring higher order (or P2 values in Cy r1,777) showed a large
presence of S-sheets (B r1.1171)-

2.4.5 Peptide Oligomer Identification

To more efficiently describe the onset and subsequent arrangement of “seeds of self-
assembling” within the molten globules we combined our recently introduced methodol-
ogy with classical analyses, such as radius of gyration and nematic order parameter.|[116]
However, in big system simulations locally ordered aggregates may not be described by cu-
mulative parameters of the overall system: therefore, it was necessary to track the oligomers
formed during the self-assembling process. Indeed, others proposed a nucleation-dependent
polymerization model to describe fibril formation from monomeric peptides to heterogeneous
nuclei (or peptide micelles) and finally mature fibrils.[131][94]|[132] Oligomer identification
required the implementation of a “nearest neighbor algorithm” on binary entries obtained
by thresholding distances among peptide center-of-masses. Threshold distance was set at
1.1 nm as in XRD spectra it represents the typical equatorial distance of cross-3 struc-
tures.[132] In the so-obtained contact matrix 1 value points at a distance falling within
the chosen range, thus giving a “forest” of ones.|133] The algorithm first explores each sub-
tree representing neighboring center-of-masses, then backtracks and provides the peptides
constituting each oligomer.[134]

2.4.6 Tracking Oligomers Arrangement Dynamics and
[-Structures Organization

The combined use of the Morphoscanner and of the oligomer identifier algorithm allowed to
detect oligomeric species with different local structural features. Then, we obtained a more
detailed analysis of the S-structuring propensity of the simulated systems. As previously
mentioned peptide B24 displayed good S-structuring propensity (Figure 2.4) and the total
amount of S-interactions stabilized after 500 ns. However, Figure 2.6A;; shows that (-
sheets changed their internal organization (see also Figure 8.15); at 2500 ns [S-strands were
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preferentially aligned in parallel out-of-register by one residue, but this was not the case
at 3000 ns and at 4500 ns. Oligomers showed limited variations in global morphology and
mutual disposition (Figure 2.6By v,y ) over time. As shown in Figure 2.6C, the nematic
order parameter P2 of almost all identified oligomers at different time-points fluctuated
below 0.5: this was indicative of a modest (but still developing) peptide arrangement over
time.

The same analysis workflow was applied to peptide 30. In agreement with previous empirical
studies,[19] the mutation of Biotin with Trp in peptide 30 yielded to a more stable /-
structuring (Figure 2.7; Figure 8.16) than in B24. Indeed, from the early stage of SAP
30 self-assembling, [-strands were preferentially aligned in parallel out-of-register by one
residue (Figure 2.7A; Figure 8.16). In addition, more similar oligomers of peptide 30 were
identified at different time-points (Figure 2.7By v,y ) and their calculated order was mostly
higher than in B24 (Figure 2.7C).

CAPs, thanks to their alternated opposite charged side-chains, self-assembled into stable
B-sheets (Figure 2.8A), forming a “patchwork” of bilayered aggregates.[24] CAPs formed
bilayered oligomers (Figure 2.8 Byy vy 1) characterized by a significant presence of 3-sheets
(Figure 2.8By 7 rr7) and by an high internal alignment (Figure 2.8C). This behavior was
dictated by strong electrostatic interactions among oppositely charged side-chains fostering
the formation of well-defined B-structures. Nonetheless, variable oligomer identification and
unstable P2 values revealed a still ongoing arrangement of the system given by a persistent
“sliding” of the patches composing the two layers. The same tendencies were also observed
for LDLK3 peptides. Indeed, as reported in our previous work, such peptides formed (-
structured and highly ordered bilayered aggregates.|21]
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FIGURE 2.7: Structural characterization of 30 molten particles at different timeframes.
SAP 30 had a good S-structuring propensity (A;) and peptides were mutually aligned in parallel out-
of-register by one residue within S-sheets (A;y). Shift profiles of parallel 8-sheets became sharper
after 2500 ns but did not vary as extensively as in B24. The topology of §-sheets changed slightly
(Br.11,111): this was reflected in a modest variation of the identified oligomers at different timeframes
(Brv,v,v). Same colours between Byy,v,y and Cr sy 177 point at the same oligomers identified at the
selected timeframes. P2 values of the identified oligomers were calculated for all timeframes. More
ordered oligomers (Cr rr rrr) were characterized by stronger presence 8-sheet structures (By rr,rr1).
The oligomers identified at 4500 ns were more heterogeneous and with higher P2 values (Cr r1,111):
big oligomers identified in previous timeframes were here split in two or more subgroups.
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FIGURE 2.8: Structural characterization of CAPs (LDLD); + (LKLK)3; molten particles
at different timeframes. CAPs established less S-interactions (Ay) than in BMHP1-derived SAPs
and S-strands were preferentially aligned in parallel out-of-register by one residue throughout the
simulations (Arr). CAPs formed stable S-sheet structures (Bj sy rrr) mainly matching oligomers
distribution (Bjyv,v,vr). B-sheets paired into bilayered aggregates but with different orientations.
Same colours between Bry,y,v; and Cr rr rrr point at the same oligomers identified at the selected
timeframes. P2 values of the identified oligomers were calculated for all timeframes. The identified
oligomers displayed a superior order (values of P2) and a slow but ongoing trend of increments
toward more ordered assemblies (Cr r1,111)-
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2.5 CONCLUSIONS

Morphoscanner, a novel software developed for secondary structure analysis of differ-
ently coarsened simulations of proteinaceous structures, combines into a single “suite”
the advantages of both MD analysis and secondary structures pattern recognition
tools.[113][114][115][116] On previously characterized protein structures Morphoscanner rec-
ognized their B-sheet organization and provided new information about their relative ori-
entation and alignment. In Morphoscanner we also included a new high-throughput work-
flow to investigate different facets of self-assembly: its graphical and quantitative analyses
provided new insights of SAP systems evolution over time. It was possible to more ef-
ficiently elucidate the self-assembly process of BMHP1-derived peptides, (LDLK)s, and
CAPs. BMHP1-derived SAPs self-assembled into molten particles mostly composed of pep-
tides aligned in parallel out-of-register, a thermodynamically stable alignment that however
may prevent any subsequent evolution toward well-structured nanofibers detected in previ-
ous experimental works.[19][92] On the other hand, (LDLK)3 and CAPs formed patches of
anti-parallel S-rich aggregates evolving toward cross-8 packings, yielding to highly ordered
systems compatible (at longer timeframes) with empirical observations.|[24][19]

Lastly, we developed a software suite useful for the analysis of molecular assembly, easily
adaptable to other chemical species and coarsening levels. Indeed it can be potentially ap-
plied to the study of biological processes such as DNA, RNA hybridization or abnormal
protein assembly.[131]|[135][136] Thus, the achieved level of characterization may turn use-
ful in nanotechnology but also in biomolecular and astrobiological studies focused on the
emerging properties of self-assembling systems.[14]|[15][16][1]
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Chapter 3

Coarse-grained molecular dynamics of
branched SAPs

Adapted from R.Pugliese, F.Fontana, A. Marchini, F. Gelain. "Branched peptides inte-
grate into self-assembled nanostructures and enhance biomechanics of peptidic hydrogels”,
In: Acta Biomaterialia, Volume 66, Pages 258-271 (2018)
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3.1 ABSTRACT

Self-assembling peptides (SAPs) have drawn an increasing interest in the tissue engineering
community. They display unquestionable biomimetic properties, tailorability and promis-
ing biocompatibility. However their use has been hampered by poor mechanical properties
making them fragile soft scaffolds.

To increase SAP hydrogel stiffness we introduced a novel strategy based on multiple ramifi-
cations of (LDLK)s, a well-known linear SAP, connected with one or multiple lysine knots.
Differently branched SAPs were tested by increasing the number of (LD LK)s-like branches
and by adding the neuroregenerative functional motif BMHP1 as a single branch. While
pure branched peptides did not have appealing self-assembling propensity, when mixed with
the corresponding linear SAP they increased the stiffness of the overall hydrogel of multiple
times. Notably, optimal results (or peak) were obtained 1) at similar molar ratio (between
linear and branched peptides) for all tested sequences and 2) for the branched SAPs featur-
ing the highest number of branches made of (LDLK)3. The functional motif BMHP1, as
expected, seemed not to contribute to the increase of the storage modulus as efficiently as
(LDLK)s.

Interestingly, branched SAPs improved the (-sheet self-arrangement of (LDLK)3 and al-
lowed for the formation of assembled nanofibers. Indeed in coarse-grained molecular dy-
namics we showed they readily integrate in the assembled aggregates providing "molecular
connections" among otherwise weakly paired S-structures. Lastly, branched SAPs did not
affect the usual response of human neural stem cells cultured on (LD LK)s-like scaffolds in
vitro. Hence, branched SAPs may be a valuable new tool to enhance mechanical properties
of self-assembling peptide biomaterials harmlessly; as neither chemical nor enzymatic cross-
linking reactions are involved. As a consequence, branched SAPs may enlarge the field of
application of SAPs in tissue engineering and beyond.
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3.2 INTRODUCTION

Over the last decade, there has been an increasing interest in regenerative medicine as
the "ultimate" therapy for damaged tissues or organs. As a consequence, different scaf-
folds have been developed to either deliver and/or recruit cells.[137][138][139][140] Scaffolds
should properly "interact" with seeded cells and host tissues, this means they should be
preferably biomimetic and with adequate biomechanical properties coaxing transplanted
cell differentiation and engraftment as well as host tissue ingrowth.[141]|[142][143] Lastly, to
minimize adverse host tissue reactions and provide a physical support for the tissues sur-
rounding the implant, scaffold mechanical properties should preferentially match those of
native tissues.|[141]|[144][145]

The use of self-assembling peptides (SAPs) has become a leading strategy in regenera-
tive medicine, being tailorable, synthetic, bioabsorbable and highly biocompatible bioma-
terials. Also, they can display different functional motifs interacting with cells and pro-
teins involved in cell signalling, thus making them biomimetic.[146][18] It is usually said
that SAP "mimic" the peptide-based extracellular matrix (ECM). This is why they have
been tested as fillers, hemostat solutions, wound healers or injectable scaffolds for the
regeneration of dental pulp, cartilage, spinal cord injury, traumatic brain injury and in-
farcted heart.[147][148][149][150][151]|[152][153][154][155] SAP biomaterials showed promise
as self-adapting scaffolds preventing haemorrhage and decreasing the harmful immune
response (in case of acute injuries). SAP scaffolds created microenvironments stim-
ulating endogenous regeneration and were also capable of spatially guide regenerating
tissues.[151][153][156][157][158] Moreover, self-assembling multi-domain peptides (MDP),
thanks to their ability of mimicking vascular endothelial growth factor (VEGF), promoted
angiogenesis and ischemic tissue recovery by modulating the inflammation and neoangiogen-
esis.[159][160][161] MDP are also an effective vehicle for delivery of bioactive molecules such
as IL-4, MCP-1, TGF-£1 and EGF, thus creating a versatile platform for tissue regenera-
tion.[161][162][163] The self-assembling phenomenon is mainly ascribable to weak transient
non-covalent interactions among packed peptide molecules: as a consequence, it yields to
soft and fragile hydrogels.[21] Summarized, while storage moduli of 50 Pa—1500 Pa of linear
SAPs match the stiffness of the brain (300-2000 Pa), tissues like skin (4000 Pa) and artic-
ularcartilage (20 MPa) are still beyond reach.[146][20][164][165][166]

This biomechanical limitation should be overcome to more accurately tune their properties
and enlarge the number of their possible applications in tissue engineering (TE).

To this purpose, chemical cross-linking of self-assembled structures may be an interesting
option but it may also bring other drawbacks like possible toxic side effects of synthetic cross-
linkers and chemical reactions hardly reproducible for future clinical applications. Therefore
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we introduced new-branched self-assembling peptides to be used as "molecular connectors"
within and among self-assembled nanostructures made of linear SAPs. We synthesized three
different branched SAPs, featuring an increasing number of self-assembling "branches" made
of the well-known linear (LDLK)3.[146][20][167]|168][169][170] Coarse-grained dynamics of
branched-and-linear peptide systems demonstrated and intriguing level of integration of
branched SAPs within linear SAP-made nanostructures as long as the sequence of branches
matches that one of linear SAPs.

3.3 MATERIAL AND METHODS

All-trans conformation of linear and branched peptides were generated by PyMol and
mapped in accordance with MARTINI model.[50] The C- and N-terminal of peptide
monomers were amidated and acetylated respectively. At neutral pH, lysine and aspar-
tic acid side chains, because of their weak basic and acidic nature, can be considered fully
protonated and deprotonated respectively. The bond parameters for coarse-grained (CG)
simulation of Ne, Ne-di-Fmoc-Lysine has been calculated as previously reported by Rahimi
et al.[171][59]

Peptides have been randomly distributed in explicit water cubic boxes built by using PACK-
MOL in order to have the correct spatial distribution of the monomers.[50] Atoms belonging
to different peptides were placed at minimum distance of 10 A far from each other (see Table
9.1 for details).

In MARTINI coarse-grained molecular dynamics (CG-MD) simulations it is necessary to
define peptide secondary structures, and the abovementioned parameters, to which individ-
ual amino acid residues must evolve: we chose peptide extended conformations because of
1) the presence of equally spaced identical charges along the same short peptide chain (or
branch) and 2) empiric evidences obtained from FTIR analysis.|[59]

Molecular dynamics simulations were performed using the version 4.5.5 of GROMACS pack-
age.[172] Prior to the production phase, the systems underwent an equilibration phase (a
3000-steps minimization using steepest descents method) in order to eliminate high-energy
interactions. The production phase was conducted in the NPT ensemble. Solutes and sol-
vent were coupled independently to an external bath (T = 300 K) with a coupling constant
(7T) of 0.1 ps using v-rescale thermostat.[173] Periodic boundary conditions were imposed,
and pressure was maintained at 1 bar using the Berendsen coupling.[174] The isothermal
compressibility was set at 3 * 10* bar~! and the coupling constant(7P) was 0.1 ps. The
constraints on lengths of bonds and angles with the LINCS algorithm.|[175] All systems were
simulated for 1500 ns using and an integration time-step of 20 fs, while snapshots of indi-
vidual trajectories were saved every 100 fs.
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Quantification of peptide chains mutual alignment and organization of S-sheets within aggre-
gates have been carried out using previously in-house developed software (2). The software
was modified to analyze systems made of both linear and branched peptides. In this case
for sake of simplicity we considered peptide branches as independent linear peptides (Fig.
9.1. Thus, the Na ,Ne-di-Fmoc-Lysine and glycine residues were not considered during
the S-strands orientation analysis within aggregates. Data provided from this analysis has
been represented with a new graphical aid named "shift profile". Shift profiles are three-
dimensional plots with time on the x — axis expressed in nanoseconds, shift values on the
y—axis and the percentage of the total amount of interactions on the z — axis. This
graphical aid allowed us to quantify the degree of displacement among aligned peptides
whose backbone center-of-masses are at distances compatible with inter-peptide H-bonds
formation (See Figure 8.8).

The number of contacts among branches or linear peptides, which correspond to the pos-
sibility of forming inter-peptide H-bonds between amidic groups, has been calculated. The
existence of a contact is positive if the distance between two backbone grains is less than
0.569 nm. In addition, the percentage of branched peptides involved in S-structuring nuclei
has been calculated as follows:

%Integration =

* 100 3.1
GTot ( )

where NGg is the number of backbone grains which establish a contact with other backbone
grains of the system and NGr,; is the total number of backbone grains of branched peptides.
This value provides a quantification of the integration of branched peptides in stable 8-sheet
structures.

To assess the formation of salt-bridges|[176]|[177] and the distribution of side-chains of charged
amino acids the radial distribution function was calculated as follows:

Na NB

S(rij —r)
E E 3.2
gap(r p NA C4mr? (3:2)

where pp is the density of type-B particles averaged over all spheres (radius < 7,4, ) centered
on each type-A particle. 6(r;; - r) is the Kronecker delta. ry,q, is half of the box length.
Analyses were performed by GROMACS bundle tools.

To better characterize the gyration radius and the nematic order parameter of spontaneously
formed aggregates during self-assembly we identified peptides belonging to different aggre-
gates via an in-house developed software. We performed spatial clustering on the center of
mass of peptides: two peptides belonged to the same aggregate if the distance between their
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centers of mass is lower than 1.1 nm, i.e. the equatorial distance between two S-strands in a
cross-f3 structure.|178] In this work, the software has been used to assess the integration of
branched peptides into different peptide oligomers in order to verify their integration within
different cross-3 structures.
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3.4 RESULTS

3.4.1 CG-MD simulations of pure mixtures of branched peptides

Coarse-grained molecular dynamics (CG-MD) simulations have been used to investigate the
mechanism of self-assembly of both pure and mixtures of linear and branched peptides. The
simulated systems resembled the peptides concentration used in empiric experiments (1%
w/v).

Firstly, we evaluated the aggregation and p-structuring propensity of pure (LDLK)s,
BMHP1-bis(LDLK)s, tris(LDLK)3 and epta(LDLK)s peptides. In this set of simula-
tions (see 9.1 for details) the systems assembled into big clusters comprising all simulated
peptides: clusters showed different morphologies depending on the sequence. In the simula-
tions of (LDLK)3 a progressive recruitment of differently oriented blocks yielded to a final
aggregate constituted by a "patchwork" of peptides, where each "patch" showed backbone
alignments similar to co-assembling peptides.[24] We analyzed the arrangement of the as-
sembled peptides by taking special care to peptide mutual alignment and 3-sheet formation.
The shift profile analysis (See 8.8 for details) showed that (LDLK)3 peptides were preferen-
tially aligned with zero-residue (15%), two-residues (15%), four-residues (10%) antiparallel
shift arrangements and with one-residue (20%), three-residues (5%) parallel shift arrange-
ments (Fig. 3.1).

These alignments are compatible with a full involvement of amines and carboxylic groups
into electrostatic interactions: the periodic distribution of the charged amino acid side chains
of (LDLK)3 drives the supramolecular organization into stable 5-sheet structures displaying
a hydrophilic surface and a hydrophobic pocket, as shown in Figure 3.2, Ay, Ajy.

On the contrary, BMHP1-bis(LDLK )3 showed a poor preferential alignment 3.1 B and
salt-bridge formation (data not shown) likely because of an intrinsic lower propensity of
BHMP1-branch to self-assemble with (LD LK )s-branches. On the contrary, the electrostatic
interactions among lysine and aspartic acid side chains of pure tris(LDLK)3 did not drive
the self-assembling process in a well-organized structure such as (LDLK)3 but rather in a
T-shape aggregate (Fig. 3.2 By, Byy).

The shift profiles pointed out that the three identical branches of the peptide were aligned
according to zero-residue (5%), two-residues (10%), four-residues (10%) antiparallel shift
arrangements and to three-residue (15%) parallel shift arrangements (Fig. 3.3 A).

The lower formation of ordered [-sheet structures of tris(LDLK)s3, in comparison with
(LDLK)3, can be ascribed to the presence of the Lys-knots that reduced the degrees-of-
freedom of the (LDLK)s-branches.[136] Similarly, in molecular dynamics simulations of
epta(LDLK )3, where the presence of Lys-knots is greater, a preferential alignment of the
(LDLK)3-branches into [-sheets was not detected (Fig.3.3 B) even though lysines and
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aspartic acids side-chains were fully involved in the formation of salt-bridges (Fig.3.3 Cf,
Crr). Final outcome of these dynamics was the formation of an unstructured globular
supramolecular structure. The observed "poor structuring" behavior was in accordance
with low mechanical properties and shorter nanofibers formation of pure branched-peptides
showed by empirical experiments.[109]
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FIGURE 3.1: Shift profiles of pure (LDLK)3; and BMHP1-bis(LDLK)3 peptides. (LDLK)3
peptide antiparallel (A7) and parallel (A;;) mutual alignments. [-sheet antiparallel (A;r7) and
parallel (A;y) arrangements within S-sheet structuring nuclei. Ay ) Number of interactions among
couples of peptides compatible with the formation of S-sheet structures. BMHP1-bis(LDLK)s
branches antiparallel (B;) and parallel (Brr) mutual alignments. S-sheet antiparallel (Brrr) and
parallel (Bjy) arrangements within S-sheet structuring nuclei. By ) Number of interactions among
couples of branches compatible with the formation of [-sheet structures. Modest propensity of
BMHP1-bis(LDLK)3 to -sheets arrangements can be appreciated in respect to (LDLK)s.
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FIGURE 3.2: Lys and Asp distribution snapshot at time of 1500 ns of (LDLK)s (Aj),
tris(LDLK)3 (By) and epta(LDLK)3 (Cr) at 1% (w/v). The distribution of the Lysine and Aspartic
acid side-chains is represented in blue and red respectively. A;;-By;-Crr) Radial function distribu-
tion function of the distances among Lys and Asp side-chains of pure (LDLK)s, tris(tLDLK )3 and
epta(LDLK)3 peptides respectively. In all simulations the peak of radial distribution function at d
~ 0.6 nm demonstrates the involvement of Lys and Asp residues in the formation of salt-bridges.
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FiGUurReE 3.3: Shift profiles of pure tris(LDLK); and epta(LDLK)3; branched SAPs.
tris(LDLK)3 antiparallel (A;) and parallel (A7) peptide mutual alignments. (Ajrr;) S-strands
antiparallel and parallel (A;y) arrangement within 8-sheet structuring nuclei. Ay ) Number of inter-
actions among couples of tris(LDLK )3 branches compatible with the formation of S-sheet structures.
epta(LDLK)3 antiparallel (By) and parallel (Brr) peptide mutual alignments. Antiparallel (Byyr)
and parallel (Bry) S-strands arrangement within S-sheet structuring nuclei of epta(LDLK)3. (By)
Number of interactions among couples of epta(LDLK )3 branches compatible with the formation of
B-sheet structures. Pure tris(LDLK)3 showed higher self-assembling propensity than epta(LDLK )3
but lower than pure (LDLK)s.
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3.4.2 CG-MD simulation of mixtures of branched and linear peptides

A different scenario was obtained with CG-MD simulations of systems made of mixed linear
and branched peptides. The investigation of molecular arrangements influencing the biome-
chanics of the tested hydrogels was a MR value of 131, 157 and 150 for (LDLK)3/BMHP1-
bis(LDLK)s3, (LDLK)3/tris(LDLK )3 and (LDLK)3/epta(LDLK)3 respectively.

Shift profiles of (LDLK)3/BMHPI1-bis(LDLK )3 were similar to those observed in
(LDLK)3. The (LDLK)s /BMHP1-bis(LDLK)3 preferentially assembled at zero-residue
(20%), two-residues (15%), four-residues (5%) antiparallel shift arrangements (Fig.3.4 Ay,
Fig. 3.5 Ar ) and at one-residue (25%), three-residues (5%) parallel shift arrangements (Fig.
3.4 A[[ 5 A[[], Flg 3.5 A[[).

In addition, BMHP1-bis(LDLK )3 showed ~80% integration into S-sheet structures (Fig.
3.4 Ary), with its three branches embedded into the same (-sheet (Fig. 3.4 Ajy and Fig.
3.6 Ar, Arr, Arrr). Instead, (LDLK)3/tris(LD LK )3 peptides preferentially aligned at zero-
residue (15%), two-residues (15%), four-residues (5%) antiparallel shift (Fig. 3.4 By, Fig.
3.5 Br) and at one-residue (25%), three-residues (5%) parallel (Fig. 3.4 By, By, Fig. 3.5
Byr) shift arrangements.

Better than BMHP1-bis(LDLK)s, likely because of the presence of three (LDLK)s
branches, tris(LDLK)s highly incorporated into [-sheet structures with an integration
percentage of 90% (Fig. 3.4 BjV): its three (LDLK)s-branches were integrated within
the same (-sheet (Fig. 3.6 By, Brr, Brrr) or at the interface between two ones. Lastly,
shift profiles of (LDLK)s3/epta(LDLK)3 showed that mixtures of branched and linear
peptides were thoroughly aligned at zero-residue (20%), two-residues (15%), four-residues
(5%) antiparallel shift (Fig. 3.4 Cy, Fig. 3.5 C7) and at one-residue (25%), three-residues
(5%) parallel shift arrangements (Fig. 3.4 Cpr, Cryr, Fig. 3.5 Cpr). Epta(LDLK)3 too
was highly integrated (%Integration = 90) into S-sheet structures (Fig. 3.4 C;V') with its
branches connecting different S-sheet structures (Fig. 3.6 Cr, Crr, Crrr). Indeed, unlike
what was observed in BMHP1-bis(LDLK)3 (Fig. 3.4 Ay, Ayr) and tris(LDLK)s (Fig.
3.4 By, Byy) peptides, epta(LDLK)3 branches could coordinate different oligomers (i.e.
colored cross-f structures in Fig. 3.4 Cy, Cy).

In summary, CG-MD simulations, in good agreement with the empirical characterization,
showed that branched peptides, when sharing the same self-assembling sequence of linear
SAPs and featuring chain "flexibility" given by glycines of the "lysine knot", do not affect
the linear (LDLK)3 tendency to assemble into 5-sheet structures. They can actually embed
into self-assembled cross-# structures by covalently connecting otherwise weakly paired -
sheets.
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FIGURE 3.4: CG-MD simulations of branched-SAPs. In (LDLK)3;/BMHP1-bis(LDLK )3 (-
sheets were preferentially aligned at zero-residue, two-residues and four-residues antiparallel shift
arrangements (Aj) and at one-residue shift parallel arrangement (A;;). The number of peptide
interactions among couples of peptides compatible with the formation of S-sheet structure slowly
increased till 1000 ns when it reached a plateau (Ay;y). At 1500 ns BMHP1-bis(LDLK )3 showed the
lowest (among the tested branched-SAPs) integration in S-sheet structures of linear SAPs (Ajy),
likely due to the lack of complementarity between BMHP1 and (LDLK)3 peptide side chains.
BMHP1-bis(LDLK)3 folded in a e-like shape that allowed the self-complementary alignment be-
tween the opposite charged side-chains of (LDLK)s peptides and (LDLK)s-branches (Ay_y1 ).
The shift profiles of (LDLK)3/tris(tLDLK)3 ascribable to (-strands antiparallel and parallel ar-
rangements showed similar trends to (LDLK )3/BMHP1-bis(LDLK)3 (Br—ir—r11—1v). (LDLK)3
/tris(LDLK)s reached better degree of integration in [-sheet structures (By_y ) thanks to the
substitution of BMHP1-branch with a (LDLK)s-branch. The fnal e-like shape of tris(LDLK )3
allows a good peptide alignment and salt-bridges formation among all (LDLK)s5 -branches and lin-
ear peptides. Profile shifts of (LDLK)s/epta(LDLK)3 (Cr—rr—rr7—rv) did not show differences
to other branched-SAPs: it also integrated into surrounding (LDLK)s [-sheet structures (C;V ).
Intriguingly its complex molecular structure allows for the folding of its branches into parallel and
antiparallel S-sheets and for their integration into multiple different cross-g oligomers of (LDLK )3
(Cv-vi).



78 Chapter 3. Coarse-grained molecular dynamics of branched SAPs

Antiparallel shift Parallel shift
A)

Falnteraction

(LDLK),/BMHP1-bis(LDLK),
Salnteraction

Flnteraction
Salnteraction

(LDLK),ltris(LDLK),

Belnteraction
Falnteraction

(LDLK) lepta(LDLK),

FIGURE 3.5: Shift profiles of mixed linear and branched peptides. A;_jr;) Antiparallel
and parallel peptide mutual alignments of (LDLK)3;/BMHP1-bis(LDLK)3 at MR of 131. By_ry)
Antiparallel and parallel peptide mutual alignments of (LDLK)3/tris(LDLK)3 at the MR of 157.
Cr—_;1) Antiparallel and parallel peptide mutual alignments of (LDLK)3/epta(LDLK)3 at the MR
of 150. Addition of branched peptides did not affect S-structure formation in (LDLK)3 systems.
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FI1GURE 3.6: Final conformations (at the end of CG-MD simulations) of single molecules

of branched-SAPs mixed with linear (LDLK)s. A;_rr—s11) (LDLK)3/BMHP1-bis(LDLK )3

simulation replicates at the molar ratio of 131. Br_rr_srr) (LDLK)3/tris(LDLK)3 at the molar

ratio of 157. Cr_rr—rrr) (LDLK)3/epta(LDLK)3 at the molar ratio of 150. Lysine, Aspartic

acid, Glycine and Leucine are in cyan, red, white and pink respectively. Branched SAPs integrated

within the self-formed cross-f3 structures of the linear SAP, they also acted as connectors within and
amongst different S-layers.
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3.5 CONCLUSIONS

Improving biomechanics of self-assembling peptide hydrogels is a crucial step forward poten-
tially enlarging their possible applications in regenerative medicine. Branched SAPs were
demonstrated to be feasible tools to improve the mechanical properties of self-assembling
scaffolds without chemical or enzymatic cross-linking, alternative strategies that may lead
toxic side-effects. Branched SAP molecules embed into self-assembled cross-f structures
and act as molecular knots within and among S-sheets, thus preserving the well-known pos-
sibilities for linear SAP functionalization. Indeed, branched SAPs may be added to both
standard and previously functionalized SAPs to match the desired mechanical strength and
to add multiple heterogeneous functional motifs or tags. Therefore this work increases the
potential of SAP scaffold customization for new regenerative therapies.
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Chapter 4

Nano-Mechanics of SAPs structures

Adapted from Federico Fontana, Fabrizio Gelain. "Probing mechanical properties and fail-
ure mechanisms of fibrils of self-assembling peptides”, In: Nanoscale Advances, Volume
2, page 190-198 (2020)
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4.1 ABSTRACT

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 elu-
cidate strain distribution, failure mechanisms and biomechanical effects of functionalization
of two SAPs when subjected 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.
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4.2 INTRODUCTION

Bio-molecular self-assembly has inspired the so-called “bottom—up” approach to design self-
assembling biomaterials.[2][1][14][16][15][3] Among them, self-assembling peptides (SAPs)
were adopted to investigate crucial issues in different scientific fields, e.g. the investi-
gation of the mechanisms ruling abiogenesis and Alzheimer’s disease in biology, or so-
lar energy harvesting in electronics and regenerative medicine applications in biomateri-
als science.[14][179][104] Furthermore, SAPs have been exploited for tissue engineering ap-
plications thanks to their favorable biocompatibility, tailorability and biomimetic proper-
ties.[3][109][146] Indeed, SAPs have been used in neural tissue engineering for the treat-
ment of brain injury and spinal cord injury (SCI)[109]|35][146]: i.e. SAPs were tested as
hydrogel scaffolds capable of spatially guiding regenerating nervous tissues and creating
suitable microenvironments for nerve regeneration. However, additional tissue engineering
applications of SAP hydrogels are limited by weak control/prediction of their mechani-
cal properties, 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.[180][181] On one hand, atomistic and coarse-grained (CG) molecular dynamics
(MD) simulations have been used, in combination with empirical experiments, to eluci-
date the self-assembly pathways and structuring propensities of several peptide sequences
at the nanoscale level.[181][182][105][97][91] On the other hand, steered molecular dynam-
ics (SMD) simulations have been efficiently adopted to investigate the mechanical prop-
erties of biomacromolecular structures such as axial and torsional rigidity.[183][184][185]
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 interesting insights into structuring phenomena in even larger multi-molecular
systems.[50][59][186][187][98] Nonetheless, the MARTINI SMD approach found limited ap-
plications, because it does not allow conformational transitions [81][188] that are quite com-
mon in the biological system instead. On the other hand, GoOMARTINI overcomes the main
limitation of the MARTINI approach, allowing us to track conformational transitions.|75] 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 obtained fibrils have been in-
vestigated through both atomistic and GoOMARTINI-based MD simulations. Atomistic and
GoMARTINI-based SMD simulations, analyzed through the recently developed software
dubbed Morphoscanner,[189] provided comparable results despite the different computing
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times required and provided insights into the length-dependent failure mechanism of SAP
fibrils, opening new opportunities in the field of nanomechanics, laying the foundation for
the building of reliable mesoscale models.

4.3 MATERIAL AND METHODS

4.3.1 Hydrogel preparation and ssNMR characterization
at natural abundance

In order to elucidate supramolecular organization of peptide hydrogels, ssNMR experiments
were performed with solid-phase synthesized peptides. Solid-state NMR, (ssNMR) provided
atomic-level structural information about hydrogels organization. This allowed to derive sec-
ondary structure information at residue-level from the so-called "secondary chemical shifts".
The (LDLK)3 and FAQ-(LDLK)3 hydrogels were prepared by dissolving purified peptide
powder at a concentration of 1% (w/v) in distilled water, sonicated for 30 min, and incubated
at 4 °C for 24h, a day prior the ssNMR characterization. The rigid fractions of the self-
assembling peptides were quantified using one-dimensional (1D), so-called dipolar NMR
experiments (i.e. experiments that rely on the presence of dipolar couplings between 'H and
13C). NMR experiments were performed without synthetic *C-isotope enrichment.

All 13C-detected CP experiments were initially optimised on ¥C-labelled histidine and by
using a 'H to '3C CP magnetization transfer-time of 1 ms for all samples: the obtained
parameters were used for the hydrogels without further optimisation. The spectra were
acquired at 700 MHz magnetic field and 15 kHz magic angle spinning (MAS) and 278 K
sample temperature.

4.3.2 CG-MD simulations of (LDLK); and FAQ-LDLK3; peptides

All-trans configuration of (LDLK) 3 and FAQ-(LDLK) 3 peptides were generated by Pymol
(https://pymol.org) and mapped according to the MARTINI model. The C- and N- terminal
of peptide monomers were acetylated and amidate respectively. At neutral pH, arginine,
lysine and aspartic acid side chains, because of their weak basic and acidic nature, can be
considered fully protonated and deprotonated respectively. Peptides have been randomly
distributed in explicit water cubic boxes built by using PACKMOL in order to have the
correct spatial distribution of the monomers.[108] Atoms belonging to different peptides
were placed at minimum distance of 10 A far from each other (see fig. 4.2 for details). In
MARTINI coarse-grained molecular dynamics (CG-MD) simulations it is necessary to define
peptide secondary structures, and the above mentioned parameters, to which individual
amino acid residue must evolve.[50] The secondary structures have been assigned as shown
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in fig. 4.2, according to the evidences obtained from previous experimental analyses [21]
and from ssNMR spectra as shown in Fig. 4.1. (See Section 4.3.1 for ssNMR experiment
details) MD simulations were performed using the version 4.5.5 of GROMACS package.
Prior to the production phase, the systems underwent to an equilibration phase (a 3000-steps
minimization using steepest descents method) in order to eliminate high-energy interactions.
The production phase was conducted in the NPT ensemble. Solutes and solvent were coupled
independently to an external bath (T = 298 K) with a coupling constant (7T) of 1 ps
using v-rescale thermostat. Periodic boundary conditions were imposed, and pressure was
maintained at 1 bar using the Berendsen coupling.[174] The isothermal compressibility was
set at 3 * 10 -4 bar -1 and the coupling constant (7P) was 1 ps. The constraints on lengths
and angles of the bonds were applied with the LINCS algorithm. All systems were simulated
as indicated in Table S1 using an integration time-step of 20 fs, while snapshots of individual
trajectories were saved every 100 fs.

4.3.3 UA-MD simulations of FAQ peptides

Due to the lack of accurate structural information about FAQ peptides, the self-assembly
process of this SAP class has been investigated by means of more accurate UA-MD simula-
tions. The simulation details of FAQ-derived SAPs are shown in Fig. 4.4. Peptide monomers
have the C-terminus amidated and the N-terminus acetylated. Arginine residues are in the
protonatedstate. Extended conformations of monomers were built with Pymol software by
imposing all-trans geometry on the backbone dihedrals (https://pymol.org).

The monomers in extended conformation have been embedded in a box of explicit water
and submitted to three simulations of 50 ns/each with different initial velocity distributions.
A distance of 10 has been left between the peptide and the box edges to preserve the
minimum image convention. On the obtained conformational sampling, a cluster analysis
has been performed by means of the gromos algorithm of Daura.[190] Taking into account
each frames of the MD trajectory, the clusters of structures were identified through RMSD
among each pairs of structures.[190] The structures with the highest number of neighbours
was taken as center of each clusters, i.e. centrotypes. The centrotypes of the first cluster
were used to prepare systems containing eight monomers: each system was composed by
centrotypes picked up in relative amount needed to achieve 70-80% representation degree
of the monomeric sampling. The initial configurations of the multipeptide systems were
prepared by insertion of the selected centrotypes in random orientations and positions in
cubic boxes filled by explicit water and so that atoms belonging to different peptides were
at least 10 away from each other.[108]
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FIGURE 4.1: '3C-detected dipolar cross-polarization ssNMR spectra: characterization
of the immobile fraction of the hydrogels. The ssNMR spectra showed that (LDLK)s SAPs
were fully assembled, completely rigid, and S-structured. Indeed, the chemical shifts corresponding
to B-strand conformation were easily identified. Instead, the FAQ-(LDLK)3 SAPs showed a lower
rigidity at the nanoscale level. However, the chemical shift pointed out that (LDLK)s; moieties
assembled in rigid and S-structured aggregates. Such information has been used to assign secondary
structure parameters in GoMARTINI simulations. See Section 4.3.1 for details about hydrogels
preparation and ssNMR characterization.
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Molecular dynamics were run using version 4.5.5 of the GROMACS simulation package and
the GROMOSb53a6 force field. Prior to the production phase, the systems underwent to an
equilibration phase consisting in the following steps: steepest descent minimization first in
vacuum then in water and ions, a brief simulation in NVT ensemble with 2 fs time-step,
position restrained peptides and the temperature fixed at 298 K. The production phase
was conducted in the NPT ensemble. Solutes and solvent were coupled independently to
an external bath (T = 298 K) with a coupling constant (7T) of 0.1 ps using v-rescale
thermostat. Periodic boundary conditions were imposed, and pressure was maintained at 1
bar using the Berendsen coupling.[174] The isothermal compressibility was set at 4.5%10 —5
bar ~! and the coupling constant (7P) was 0.1 ps. The constraints on lengths and angles of
the bonds were applied with the LINCS algorithm. All systems were simulated as indicated
in Fig. 4.4 using an integration time-step of 2 fs, while snapshots of individual trajectories
were saved every 10 fs.

4.3.4 UA-Steered molecular dynamics simulations of
(LDLK)3; and FAQ-(LDLK); peptides

The initial conformations of the systems have been obtained through back-mapping pro-
cedure of the resulting structures from CG-MD simulations (See Fig. 4.3, Fig. 10.8, Fig.
10.9, Fig. 10.14, Fig. 10.16). At the neutral pH, lysine and arginine and aspartic acid side
chains, because of their weak basic and acidic nature, can be considered fully protonated and
deprotonated respectively. Steered molecular dynamics simulations were run using the ver-
sion 2016.3 of the GROMACS simulation package, using two GTX 1080 GPUs. Two set of
UA-SMD, named axial stretching and bending, have been conducted using the Gromos53a6
force-field. Prior to the production phase, the systems underwent to an equilibration phase
consisting in the following steps: steepest descent minimization first in vacuum then in wa-
ter and ions, a brief simulation in NVT ensemble with a 2 fs time-step, position restrained
peptides and the temperature fixed at 298 K. Then a 200 ps long simulation in NVE ensem-
ble, with position restrained peptides has been conducted in order to optimize the charge
side-chains orientations.

The production phase was conducted in the NVE ensemble, in order to conserve internal
energy and momentum of the supra-molecular systems. This approach allowed to correlate
the changes in supra-molecular architectures with their mechanical properties. Indeed, in the
microcanonical ensemble the internal energy is fixed at E and the first law of thermodynamics
can be written as follows:

AE = AQ + AW (4.1)
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AW represents the work done on the molecular system and can be described by the following
expression:

This quantity depends on the presence of external forces X; and has huge consequences on
the statistical mechanical definition of entropy:

S=klnQ=S(FE,z) (4.3)

This expression for the entropy can be inverted to give E as function of S:

S(E,.%’z) <~ E(S, .TUZ) (4.4)

Then, the inter-dependency relation among constraints and configurations of the system can
be derived as follows:

(o)t (4.5)
According to the above equation, the adoption of NVE ensemble for SMD allowed to monitor
the configurations of the peptide systems at constant energy by varying constraints. In axial
stretching scenario, one end of the fibril (seed) structure has been fixed by constraining the
motion of Ca-atoms at the bottom strand of the sheets. The other end of the fibril was
deformed by axial loading. Instead, in bending scenario the unrestrained end was deformed
by lateral loading. The boundary conditions consisted of fixing Ca-atoms on the top and
bottom strands with a SMD spring constant equal to 1000 kJ*mol ~! nm? and a displacement
rate of 0.01 nm/ps. Each system was simulated in explicit water box and submitted to five
production runs differing for the initial velocity distribution, as shown in fig. 4.6.
The constraints on lengths and angles of the bonds were applied with the LINCS algorithm.
All systems were simulated as indicated in fig. 4.6 using an integration time-step of 2 fs,
while the snapshots and the measures of force/displacement of individual trajectories were
saved every 10 fs.

4.3.5 CG-Steered molecular dynamics simulations of
(LDLK)3; and FAQ-(LDLK); peptides

The initial conformations of the systems have been obtained through back-mapping proce-
dure of the resulting structures from CG-MD simulations (See Fig. 4.3, Fig. 10.8, Fig. 10.9,
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Fig. 10.14, Fig. 10.16). CG-SMD simulations were run using the version 2016.3 of the GRO-
MACS simulation package, using two GTX 1080 GPUs. Two set of CG-SMD, analogues to
UA-SMD simulations, have been conducted using the GOMARTINI force-field.[75] In Go-
MARTINI CG-MD simulations, it has been necessary to define peptide secondary structures
through Lennard-Jones interactions based on the contact map of native fibril (seed). The
Lennard-Jones potential is defined as follows:

ULy = 46@'3'[(%)12 - ()% (4.6)
In GoMARTINI model, ¢;; is usually set to a larger value than in MARTINI force-field
and represents the strength of the hydrogen bonds and other contribution such as ionic
briges. Indeed, the parameter ¢;; is expressed in unit of € = 6.276 Kj /mol™! . Then, the
parameter A in the native contact energy, €;; = Ae, is a tunable parameter of the GoOMARTINI
model, whose optimum value can be found to match quantitatively the GOMARTINI and UA
model.[75] To reproduce the tendencies observed in UA-SMD, the value of A was set to 0.5.
Prior to the production phase, the systems underwent to an equilibration phase consisting
in the following steps: steepest descent minimization first in vacuum then in water and ions,
a brief simulation in NVT ensemble with 0.002 ps time-step, position restrained peptides
and the temperature fixed at 298 K. Then a 200 ps long simulation in NVE ensemble, with
position restrained peptides has been conducted in order to optimize the charge side-chains
orientations.
The production phase was conducted in the NVE ensemble. In axial stretching scenario,
one end of the fibril (seed) structure has been fixed by constraining the motion of backbone
grains at the bottom strand of the sheets. The other end of the fibril was deformed by axial
loading. Instead, in bending scenario the unrestrained end was deformed by lateral loading.
The boundary conditions consisted of fixing backbone grains on the top and bottom strands
with an SMD spring constant equal to 1000 kJ*mol~! nm? and a displacement rate of 0.01
nm/ps. Each system was simulated in explicit water box and submitted to five different
simulations, as shown in fig. 4.7. The constraints on lengths and angles of the bonds were
applied with the LINCS algorithm. All systems were simulated as indicated in fig. 4.7 using
an integration time-step of 2 fs, while the snapshots and the measures of force/displacement
of individual trajectories were saved every 10 fs.

g
r

4.3.6 Analysis of SMD simulations

The cross-sectional area of each fibril (or seed) has been approximated to a rectangle, whose
sides are defined by two segments; the first segment joining the center of mass of two -
strands, the second segment joining the N- and C- terminus of peptides belonging to one
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end of the fibrils.
The stress-strain curves were obtained by converting the force-displacement curves. Stress
values were derived by dividing the force values for the cross-sectional area, according to the
following formula:

o(t) = P(f)/A. (4.7)

Where F(t) indicates the value of the force obtained from SMD, A, indicates the measure
of the cross-sectional area.

The engineering strain curves were obtained from the displacement curves through the fol-
lowing formula:

(4.8)

Where L(t) indicates the measure of the displacement at a given time-step, L(0) indicates
the starting length of the structures. Young’s modulus and Shear modulus have been derived
by measuring the slope of the stress-strain curves. The distribution of strains within fibrils
(or seeds) has been calculated through the formula of shear contribution ratio:

_1ER?
s(L) = 1GL2
If s(L) > 1, non-covalent interactions (i.e. hydrogen bonds) are being shared (pulled or-
thogonal to the bonding direction)
If s(L) < 1, non-covalent interactions (i.e. hydrogen bonds) are stretched in tension (pulled
in the bonding direction)

(4.9)

4.3.7 Morphoscanner Analysis

As reported in chapter 2 the input parameters of Morphoscanner were set equal to the
number of peptides (S) and of backbone grains (or Ca atoms in the UA model) (SL). Then,
S was set equal to 8 for the analysis of fibril seed simulations (Fig.4.3, 4.8), whereas S was set
equal to 100 for the analysis of fibril simulations (Fig. 4.10, 4.11). Instead, SL was set equal
to 10, 12 and 22 for the analysis of FAQ, (LDLK)s and FAQ-(LDLK )3 MD simulations
respectively. The organization of the systems over time was schematized into a count of
the total B-interactions in the systems. [-interactions were set to 1 when distance between
backbone atom-groups (grains) or Cor atoms fall between 4.7 and 5.3 A. In addition, the
shift profiles were used to track peptides preferential arrangement during self-assembling.
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Sequence ID Sequence Box CG ions cCG N° of peptides N° of sim
size  beads Water + X
(nm) (NA+/CL-) beads WN°ofseed(8-mer) time (ns)
(LDLK) LDLKLDLKLDLK 12.39 /0 15829 8 3 x 250
(LDLK): LDLKLDLKLDLK 2899 0O/0 189597 20+ 10 1 x 20000
FAQ-(LDLK): FAQRVPPGGGLDLKLDLKLDLK 1240 O/8 15822 B 3 x 250

FIGURE 4.2: CG-MD simulations setup. (LDLK)3; and FAQ-(LDLK)3; SAPs aggregation
propensity was evaluated through CG-MD simulations. Secondary structure (SS) parameters have
been assigned according to experimental evidences; the residues with extended SS have been high-
lighted in bold, whereas the residues with coil SS have been highlighted in italic. The 8-mers (fibril
seeds) were modeled adopting the standard MARTINI approach. The 100-mer systems was mod-
eled adopting ONE-POT CG-MD approach; the fibril seeds were modeled according to GoOMARTINI
mapping, meanwhile the monomers were mapped as used in standard MARTINI approach.

4.4 RESULTS AND DISCUSSION

4.4.1 Self-Assembling of (LDLK); Fibril Seeds

The self-assembling and S-structuring propensity of (LDLK )3 SAPs were investigated using
MARTINI CG-MD simulations and Morphoscanner(See 4.2 and Fig.4.3).[187][189] As shown
in Fig. 4.3a, (LDLK)3 octameric systems (i.e. fibril seeds), assembled preferentially into the
double-layered [-sheet structure within 150 ns, and their S-sheet organization were depicted
in peptide mutual alignment (PMA) graphs, describing antiparallel alignments. However,
(LDLK)3 peptides were also aligned in parallel out-of-register of one-residue resulting in a
less ordered double-layered [3-sheet structure (Fig. 10.8 and 10.9). Indeed, in-register parallel
alignment implied repulsive interactions among identically charged side chains resulting in
slow self-assembly kinetics and lower B-structuring propensity.
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FIGURE 4.3: Shift profiles and fg-structuring propensity of (LDLK)s-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 S-sheet structures (Morphoscanner
analysis, see Chapter 10), 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)3 backbones showed weaker alignments in both
A and P, mirrored by lower -sheet organization. This feature was likely due to the presence of
the FAQ functional motif at N-termini, which may have interfered with S-sheet formation among
self-assembling backbones.

4.4.2 ONE-POT CG-MD of (LDLK); Fibril

To investigate the native supramolecular organization of (LD LK)s fibrils (100-mer), a 20 ps-
long one-pot CG-MD simulation has been performed according to the data reported in 4.2.
Each fibril seed (8-mer), obtained through the CG-MD simulation (Fig. 4.3a), was mapped
according to the GoMARTINI model, whereas monomers were mapped according to the
standard MARTINI model.[98]|75] GoMARTINI partially exceeded the main drawback of
the MARTINI model allowing us to monitor secondary structure transitions. Indeed, the
GoMARTINI model has proven to be suitable for the investigation of peptide/protein folding
and unfolding processes.|[75] As shown in Fig. 10.10, 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. 4.3a and 10.10). Such a high
degree of order was reflected in a strong f-sheet organization and testified by the growing
trend of the nematic order parameter, beyond the threshold value of 0.5 (Fig. 10.10). 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 S-sheet structures.

4.4.3 Assessment of FAQ Self-Assembling Propensity

(LDLK)3 SAPs were functionalized by linking the FAQ sequence at the N-terminus because
of its relevance for nerve regeneration.[146] FAQ functional motif (alone) self-assembling
propensity was evaluated through UA-MD simulations (see 4.4). Morphoscanner analysis
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Sequence ID  Sequence Box size (nm) UA ions UA Water N°ofpeptides N° ofsimx
(NA+/CL-) molecules time (ns)

FAQ FAQRVFPPGGG 40 ol 2124 1 3 x50

FAQ FAQRVFPPGGG 12.39 e Bl26 B 3x 250

F1GURE 4.4: UA-MD simulations setup. FAQ functional motif self-assembling propensity was
evaluated through united-atom molecular dynamics (UA-MD) simulations. Each system was repre-
sented according to Gromos53a6 force-field mapping. The monomer simulations have been performed
in smaller boxes than 8-mer simulations. Indeed, in UA-MD simulations of monomers, the box sizes
have been chosen to respect the minimum image convention. Instead, in UA-MD simulations of
8-mer, the box sizes have been imposed to reproduce the concentration of the self-assembling pep-
tides (i.e. 1% w/v), usually adopted in rheological characterization of SAPs hydrogels.[21][189] The
peptide conformations, obtained from monomer simulations, have been used to prepare the starting
configuration of 8-mer systems.

revealed good aggregation but weak [-structuring propensity of FAQ motifs (see Figures
4.5,10.11, 10.12): the formation of well-ordered double-layered S-sheet structures was likely
hampered by the presence of Pro residues.

4.4.4 Self-Assembling of FAQ-(LDLK); Fibril Seeds

This tendency affected FAQ-(LDLK)s self-assembly and S-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. 4.3b and 10.13).
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 S-structuring propensity (Fig. 10.14 and 10.15).

In another simulation, FAQ functionalization altered the formation of the double-layered
B-sheet structure leading to an orthogonal orientation of the S-sheets (Fig. 10.16 and 10.17)

4.4.5 Steered Molecular Dynamics Simulations of Fibril Seeds

The above-mentioned structures were backmapped, and then two sets of steered molecular
dynamics (SMD) simulations, named axial stretching and bending, have been conducted
using Gromos53a6 and GoMARTINI force-fields (see 4.6 and 4.7).[191][70]({68][69]

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
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FIGURE 4.5: Shift profiles and g-structuring propensity of FAQ SAPs, 1st replica. FAQ
peptides didn’t show any preferential mutual alignment. This tendency is also reflected in (-sheet
organization. Such features were due to the “S-breaker” effect of Pro residues.

Sequence ID Sequence Hox size {nm) Simmmlarion N°of peptides N° of sim x
ClassFication Time {ps) x N° of seed

{LDLK ) LDLEILDLELDLE 124x124x124  Axial Stretching B S5x300x3

{LOLK ) LDLEIDLELDLE 124x124x 124 Bending B Sx300x3

{LOLK ) LDLEIDLELDLE SA1lx10xE Axial Sretching 96 Sx1000=x1
{LOLK R LDLELDLELDLE 2Bx30x8 Bending 96 Sx100=x1
FAQ-LDLK ) FAQRVPPGGCLDLEKLOLELDLE 17x8Bx8 Axial Stretching B Sx600x3

FAQLDLK)  FAQRVPPGGCGLDLKLDLKIDLK Bx17x8 Bending 8 5x 1000 x 3
FACH{LDLK ) FAQRVPPGGCGLDLELDLKLDLE S0x10xE Axial Sretching 96 Sx1000=x1
FAQ-LDLK)  FAQRVPPGGGLDLKLDLKLDLK  45x45x8 Bending 9% Sx2000x 1

FIGURE 4.6: UA-SMD simulations setup. The fibril seeds obtained through CG-MD simulations
have been used as starting configurations of UA-SMD simulations. Each system was simulated in
explicit water box and submitted to five simulations differing for the initial velocity distribution.

mimic the biological assays used in single-molecule experiments to assess the mechanical
properties (or the persistence length) of bio-filaments.
SMD simulations have been used to obtain additional nanoscale details hardly available
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Sequence ID Sequence Box size (nm) Sirmulation N*° of peptides N”of sim x Thme (ps)
Classification x N° of seed
{LOLK) LDLKILDIKIDIK 124x124x 124  Axial Sretching B Sx300x3
{LOLK) LDLKIDIKIDIK 124x124x 124 Bending B Sx3D0x3
(LDLK) FRRIN CREINARE K. 124x124x 124  Axial Stretching B Sx200x3
{LOLK) FRRIRAREINARE N 124x124x 124 Bending B Sx3D0x3
{LDLK) LDLKILDIKIDIK S6.1x10x8 Axial Stretching a6 Sx1d00x1
{LOLK) LDLKIDIKIDIK 2Bx30x8 Bending a6 Sx1D0Dx1
{LDLK)k FRRIN CREINARE K. S6.1x10x8 Axial Stretching a6 Sx1d00=x1l
{LOLK) LDLKTDERT DK 2Bx30x8 Bending a6 Sx1000x1
FAQ-(LDLKlL  FAQRVPPGGGLDLKLDLKLDLE 17x8 x8 Axial Stretching 8 5x600x2
FAQ-(LOLKL  FAQRVDPGGGLDIKLDLKIDLK Ex17x8 Bending 8 Sx 1000 % 3
FAQ-{LDLE FAQRVPPCGCLDIKIDLEIDLEK 90x10x8 Axial Stretching 96 Sx1000x1
FAQ-LDLKl:  FAQRVPPGGGLDLKLDLKLDLK 45x45x8 Bending a6 5x2000% L

FIGURE 4.7: CG-SMD simulations setup. (LDLK)s and FAQ-(LDLK)3 fibril (seed) me-

chanical features were evaluated through GoMARTINI SMD simulations. Secondary structure (SS)

parameters have been assigned through DSSP algorithm or imposed as fully extended according to

experimental evidences; the residues with extended SS have been highlighted in bold, whereas the
residues with coil SS have been highlighted in italic.

from single-molecule spectroscopy experiments, (e.g. non-covalent interaction interplay oc-
curring within protein folding transitions).[69] Indeed, such experiments have been used to
(1) compare and validate the GOMARTINI approach against the Gromos53a6 one (see 10.1,
10.2 and 10.3)[75] and (2) to classify the bending failure mechanisms of peptide seeds and
fibrils related to hydrogen bond and non-covalent interaction deformations (see 10.4 and
10.5).[69][192]

Failure conformations of (LDLK)3 Fibril Seeds

As shown in Fig. 4.8a, UA-SMD and CG-SMD axial stretching simulations identified differ-
ent failure conformations of the (LDLK)s fibril seed. Indeed, in UA-SMD the failure took
place at the maximum stress of 323 MPa (e = 52%), whereas in GoOMARTINI it happened
at 310 MPa (e = 28%) and 236 MPa (e = 36%) for SS parameters assigned through DSSP
or as all-extended respectively (see also 10.1 and 10.2).
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FIGURE 4.8: Computational nanomechanics characterization of SAP fibril seeds. The
number of S-interactions refers to the number of S-contacts among (LDLK )3 moieties identified
through Morphoscanner. (a) UA-SMD maximum stress of axial stretching was equal to 323 MPa
(e = 52%; t = 128 ps; no of S-interactions = 6). GoOMARTINI maximum stress was influenced by
SS assignment: in the case of DSSP SS assignment, the maximum stress was equal to 310 MPa (e
= 28%; t = 175 ps; no of S-interactions = 6), whereas with extended SS parameters, it was equal
to 236 MPa (¢ = 36%; t = 92 ps; no of S-interactions = 6). (b) UA-SMD axial bending maximum
stress was equal to 163 MPa (e = 250%; t = 106 ps; no of S-interactions = 6). Again, maximum
stress in GoOMARTINI was heavily affected by SS parameters: i.e. it was 200 MPa (e = 250%) and
150 MPa (e = 1000%) for respectively DSSP-assigned and extended SS parameters. (¢) UA-SMD
axial stretching test highlighted the failure conformation and stress value for FAQ-(LDLK)3 at 281
MPa (e = 50%). Such a conformation was similar to the one identified through GoOMARTINI (0 =
400 MPa; ¢ = 75%). In the case of FAQ-(LDLK)s3, DSSP assigned the extended SS parameters to
the LDLK)3 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 (e = 220%).

Despite these differences, failure conformations were characterized by the same number of
B-interactions (i.e. 6), suggesting similar failure mechanisms. However, it became clear that
MARTINI bead-type assignment significantly influenced the elastic moduli of (LDLK)3
seeds in GoOMARTINI. Indeed, the assignment of backbone and side-chain beads corre-
sponding to coiled secondary structures (SS) overestimated the overall elastic modulus val-
ues detected with extended SS parameters, (10.1 and Fig. 4.9a).[59]

Similarly, in bending tests, aimed at estimating the shear moduli (Fig. 4.8b and 4.9ct),
Morphoscanner analysis at failure revealed comparable (-sheet arrangements of the fibril
seeds, while failure stresses in UA-SMD and GoMARTINI simulations were 163 MPa (e
= 250%) and 200 MPa/150 MPa (e = 250% and SS parameters assigned via DSSP/ ¢ =
1000% and all-extended SS parameters) (see 10.1 and 10.2). Different e values observed
in GoOMARTINI simulations were attributable to the level of interactions (pointing at the
Lennard-Jones potential well depth) among MARTINI grains. In more detail, the DSSP
algorithm assigned random coil SS parameters to (LDLK)3 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.[50] This implied a general increase of fibril stiffness
for (LDLK)3 when GoOMARTINI 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
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FIGURE 4.9: Statistical analysis of Young’s and Shear Moduli.

Gb3abff refers to the UA-

SMD approach. GoMdssp refers to the CG-SMD approach with SS parameters assigned as shown in
figures 10.1 and 10.3 GoMEXT refers to CG-SMD approach with SS parameters assigned as shown
in Fig. 10.2. E refers to the Young’s Modulus and G to the shear modulus. The GoMdssp approach
provided similar results to G53a6ff approach.
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the shear contribution ratio, a value pointing at the strain distribution within the fibril
seeds (see 10.4).[69] In both UA-SMD and GoMARTINI SMD, the shear contribution ratio
described similar bending failure mechanisms within (LD LK )3 fibril seeds. Indeed, as shown
in 10.4, the (LDLK)3 bending failure was predominantly dominated by shear stresses, where
non-covalent interactions stretched orthogonally 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 S-sheet nanocrystals (adjacent
B-strands) are rigidly stabilized and act cooperatively. Such a feature was less evident
in GoOMARTINI-SMD stress—strain curves, probably due to the smoother energy function
describing the interactions among grains in the MARTINI model.[50][59]|75]|68]
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Failure conformations of FAQ-(LDLK)3 Fibril Seeds

The failure conformations of FAQ-(LDLK)3 fibril seeds showed also small differences be-
tween the adopted modeling approaches (see 10.3), with axial stretching failure conforma-
tions at maximum stresses of 281 MPa (e = 50%) and 400 MPa (¢ = 75%) in UA-SMD
and CG-SMD simulations respectively (Fig. 4.8¢c). In addition, bending stress values were
160 MPa (e = 50%) and 247 MPa (e = 220%) in UA-SMD and CG-SMD simulations re-
spectively (Fig. 4.8d). These values were similar to those observed in the simulations of
(LDLK)3 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 analysis and by shear contribution
ratio calculation, identifying similar bending failure mechanisms (10.5) for both FAQ —
(LDLK)3 and (LDLK)3, mainly led by shear stresses.
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Failure conformations of SAPs Fibrils

To elucidate the failure mechanisms of SAP fibrils, two fibril models, resembling the geometry
of amyloid fibrils,[180][193] were built taking into account the outcome analysis of one-pot
CG-MD (Fig. 10.10) and tested through the SMD approach (see Figures 4.6 and 4.7). The
initial structure of the (LDLK)3 fibril was imposed by patching multiple fibril seeds sharing
the molecular conformation shown in Fig. 4.3a. Also, in the case of FAQ — (LDLK)s3,
UA-MD simulations pointed out that FAQ functionalization weakly affects the (LDLK)3
moieties” alignment (Figures 4.5, 10.11 and 10.12). Then, keeping in mind the results from
one-pot CG-MD (Fig. 10.10) of (LDLK)3, we postulated that, also for FAQ — (LDLK)3,
alignment within fibrils resembled that observed in fibril seeds (Fig. 4.3b).

(LDLK)3 fibril conformations at failure, as shown for fibril seeds, were heavily affected by SS
assignment (see 10.1 and 10.2). Indeed, CG-SMD axial stretching simulations overestimated
the average Young’s modulus (E) (Fig. 4.9b) found in UA-SMD (Fig. 4.10a—c), whereas
CG-SMD bending simulations provided comparable shear modulus (G) values (Fig.4.9d) to
those detected from UA-SMD (Fig. 4.10d-f). By comparing the average elastic and shear
moduli of the (LD LK)3 fibril, the bending failure mechanism was predominantly dominated
by the deformation of non-covalent interactions along the fibril direction (Fig. 10.4).

The same tendencies have been also observed in the FAQ — (LDLK)s fibril (Fig. 4.11a—d,
Fig. 4.9f, h and Fig. 10.5).

The evidence from the atomistic model demonstrated that the strain distribution character-
izing the bending failure mechanism of SAP nano-filaments is length-dependent and mainly
influenced by the geometrical properties of peptide aggregates.[109][182][105][69] Despite
the influence of CG bead types on elastic and shear moduli, similar evidence was also con-
firmed in the CG model. The fibril bending failure was dominated by the deformation of
non-covalent interactions along the fibril direction (see Figures 10.4 and 10.5).
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. 4.9a, e, ¢ and g). Consequently, in FAQ — (LDLK)s fibrils as well, the strain
distribution was predominantly influenced by the length of peptide assemblies (Fig. 4.9b,
d, f and h). Indeed, as shown in figures 10.4 and 10.5, in the investigated fibril seeds, the
shear contribution ratio pointed out that shear deformations 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 Figures 4.8, 4.10 and 4.11). Finally, fibril failure
mechanisms have not been affected by stacking fibril seeds next to each other (Fig. 4.12).
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FIGURE 4.10: Computational nanomechanics characterization of the (LDLK)3 fibril. The
number of S-interactions refers to the number of S-contacts detected among (LDLK )3 backbones.
(a) UA-SMD axial stretching failure stress was 146 MPa. In GoMARTINI, 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 GoOMARTINI, 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 S-sheet structures when modeled with the Gromos force field. This was also demonstrated
through Morphoscanner analysis (see Chapter 10 for details), 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 S-interactions.
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FIGURE 4.11: Computational nanomechanics characterization of the FAQ-(LDLK)3 fib-
ril. The number of S-interactions refers to the S-contacts among (LDLK)s backbones detected
with Morphoscanner (see Chapter 10 for details). (a) UA-SMD axial stretching maximum stress
was 192 MPa. (b) GOMARTINI maximum stress was equal to 235 MPa. (¢) UA-SMD axial bending
maximum stress was 87 MPa. (d) Instead, GOMARTINI maximum stress was equal to 115 MPa.
As shown for (LDLK)s fibrils, Morphoscanner identified a constant number of S-interactions in
UA-SMD simulations, whereas it identified little variation in CG-SMD simulations: this can be
ascribable to the more fragile rupture observed in UA-SMD simulations.
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FIGURE 4.12: Graphical representation of failure mechanism of SAPs fibrils. Gromos53a6
refers to the UA-SMD approach, whereas GoOMARTINTI refers to the CG-SMD setup. The (LDLK)s3
and FAQ-(LDLK)3 fibril structures have been built by stacking fibril seed structures, which are
highlighted by different colors. In UA-SMD (b) and CG-SMD axial stretching simulations (e) the
(LDLK)3 fibrils shown similar failure mechanisms, which involved the displacement of two S-strands
belonging to the un-restrained end of the models (as depicted in a and d). By analyzing bending
UA-SMD (a) and CG-SMD (f) simulation of (LDLK)3 fibrils, it has been possible to observe little
differences in the failure mechanisms. Indeed, the failure rupture points don’t correspond to fibril
seed contact-point. The same conclusion can be addressed also for FAQ-(LDLK)3 fibrils, by visual
inspection of failure structures reported in h), i), m) and n).
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4.5 CONCLUSIONS

In the present study, SMD simulations have been used to investigate the mechanical features
of (LDLK)3 and FAQ — (LDLK)3 SAPs. The evidence from SMD simulations pointed
out that the shear modulus of fibrils is higher in (LDLK)3 than in FAQ — (LDLK)3 (Fig.
4.9d-h): such results well correlate with previous rheological data of FAQ — (LDLK)3
and (LDLK)3 hydrogels, featuring a higher shear modulus for (LDLK)s3 than for FAQ —
(LDLK)3 hydrogels.[21][109]

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 deformation 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 GOMARTINTI 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. GoOMARTINI-SMD simulations provided comparable results to
those obtained through UA-SMD.|75] It has also been observed that using the GoOMARTINI
force-field allows for the reduction of computational costs, accelerating the production phase
by about 10 times ( 10.6 and 10.7).[194] This evidence corroborates the strategy of using
GoMARTINI-SMD for the investigation of larger SAP systems and other biomaterials.
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5.1 INTRODUCTION

Neural membranes are complex assemblies of lipids, proteins that separate intra-cellular from
the extra-cellular environment and are also involved in neural preservation and functioning.
Indeed, neural membranes are the main sites associated with signal transduction and trig-
gering of action potentials. The different sets of lipids can mediate neuronal communications
by specific interactions with proteins and through bilayer-protein interactions.[195][196] In
addition, non-uniform lipid mixing and lipid segregation can modulate membrane prop-
erties, heavily influencing conductance, aggregation and trafficking.[197] [198][199] Then,
the investigation of interactions among neural membrane and SAPs will be useful for the
comprehension of the improvement of neural tissue engineering applications.

Neural tissue engineering is aiming to revolutionize the future of medicine. During the last
two decades, several approaches, based on the use of biocompatible hydrogels, have been
tested as potential medical treatments for several pathological conditions (spinal cord in-
jury, traumatic brain injury and degenerative diseases). Self-assembling peptides (SAPs)
hydrogels represent one of the most promising candidate for tissue engineering applica-
tions.[17]|[18][19]|20] More encouraging results can be obtained when SAPs hydrogels are
seeded with adult neural stem cells (NSCs).[200][201] In order to deepening the understand-
ing of SAPs hydrogels effects on NSCs proliferation and differentiation, it is necessary to
investigate interactions among neural membrane and hydrogels, at the molecular level.
Coarse-grained molecular dynamics (CG-MD) simulations have been proven to be suitable
for the modeling of membrane of several organism and organelles.[202][203] MARTINI
CG-modeling has been largely used for the investigation of mechanical deformations
and interactions of lipid and plasma membranes. In addition, CG-MD simulations have
proven to be suitable for the elucidation of "lipid domains" fluctuactions depending on the
environmental conditions.[202][204][205]

Despite the growing interest in this approach, few studies about neural membranes are
available.[206] Further, MARTINI force-field and its variant GoOMARTINI have been largely
used for the structural and mechanical characterization of SAPs systems.|75][189] (See also
Chapter 4) In this work, an innovative CG frameworks, for the investigation of interactions
among SAPs and neural membrane, is presented.

A series of even more complex models of neural membrane have been simulated in presence
of (LDLK)3 SAPs. More in details, the neural membrane was modeled using the MARTINI
force-field, then lipid densities and motion patterns were analyzed in order to understand the
dynamics of "lipid domains". In order to reproduce a minimal model of NSCs membrane, and
taking into account the effect of ions concentrations on lipid dynamics, the Aquaporin 4 has
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been embedded within the neural membrane. Indeed, Aquaporin 4 is the most expressed
protein water channel in NSCs.[207][208][209] Lastly, a system constituted by two neural
membranes, separating two environments which differ in ion contents, has been modeled
in order to resemble the feature of a NSC. Such approach allowed to elucidate effects of
(LDLK)s SAP fibrils on lipid domains dynamics, shedding a new light on the in-silico
investigation of mechanisms ruling biocompatibility of innovative materials for neural tissue
engineering applications.
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5.2 MATERIAL AND METHODS

5.2.1 Bilayer Composition

The Neuronal Membrane composition was derived and optimized from Ingolfsson et al.[2006]
An overview of the neural membrane is given in Fig. 5.1. The starting bilayer structures
has been built using insane, adding a total of 1335 lipids molecules.[210] The neural mem-
brane is mainly constituted by Phosphatidylcoline (PC), Phoshpatidylethanolamine (PE),
Sphyngomyelin (SM), Phosphatydilserine (PS), Glycolipid, Cerebrosides, Phosphatidylinos-
itol (PI), Phosphatidylinositol phosphates (PIPs), Ceramides, Diacylglycerols and Choles-
terol (CHOL). As shown in Fig 5.1, the neural membrane mainly consists of unsaturated
lipids and cholesterol in both leaflets. The main differences among the two leaflets are: 1)
The presence of Glycolipid only in the outer leaflet; 2) The presence of PIPs and PS only
in the inner leaflet; 3) The higher concentration of SM in the outer leaflet than in the in
the inner one. In table 11.1 are listed the specific lipids types used and their counts in the
inner /outer leaflets.

5.2.2 CG-MD Simulations of Neural Membranes

Simulations were performed using the GROMACS simulation package version 4.6.5, with
the standard Martini version 2.2 simulation settings.[59] After initial energy minimization
(1000 steps), a short equilibration phase of 1 ns was applied. The production phase, as well
as the equilibration phase, was performed with a time-step of 20 fs, at temperature of 310
K set using velocity-rescaling thermostat, with a time constant of 1ps (2ps for equilibra-
tion phase).[173] A semi-isotropic pressure of 1 bar was maintained with parrinello-rahman
barostat, with a compressibility of 3 * 10 ~4 bar™1 and a relaxation time constant of 12 ps.
Production runs of 1 us were performed without position restraints on lipid beads, with a
time-step of 10 fs.

5.2.3 Interactions among Neural Membrane and (LDLK); monomers

Lipids domains organization is transient and depending on the environmental conditions. As
previously demonstrated by other groups, the interactions of plasma membrane with protein
structures heavily affects membrane properties.[196][211] In order to elucidate the effect of
(LDLK)3 monomers on lipids domains organization, a MARTINI CG-MD simulation, in
similar conditions as in section 5.2.2, has been performed. The main difference consists
in the addition of 13 (LDLK)3 monomers, in order to reproduce the hydrogel forming
concentration of 1% w/v, analogously to the simulations performed in Chapter 2.
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FIGURE 5.1: Neural Membrane lipid distributions. Aj) and Bj) pie charts of the overall

distribution of the main lipids head-groups in the outer and inner leaflet, respectively, after 1us of

CG-MD simulations. Ajy) and Bjy) pie charts show the overall distribution of unsaturated lipids

analogously to Ay and By, respectively. The lipids in the snapshots of outer (Arrr) and inner (Byyr)

leaflets are colored as follows: PC, blue; PE, cyan; SM, gray; PS, green; glycolipids (Glyco), red;
PIPs, pink; Other, orange; cholesterol(CHOL), yellow.

5.2.4 Embedding Aquaporin 4 in Neural Membrane

The NSCs membrane contains hundred of different proteins and lipids. Aquaporin 4 (AQP4)
is the mainly expressed water channel protein in mammalian NSCs membrane, and play a
pivotal role in NSCs differentiation. AQP4 is also involved in brain water balance, astroglial
cell migration and in the neural signal transduction. [207][208][209] In addition, AQP4
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overexpression in brain tissues is associated with pathological conditions such as spongiform
encephalopathy, neuromyelitis optica, multiple sclerosis and Alzheimer’s disease.[209] Then,
in order to build a more complex model of NSCs membrane, CG model of AQP4 has been
embedded within neural membrane (See Section 5.2.1 for details). The starting structure of
Aquaporin 4 (PDB ID: 3GDS8), after removal of all the non-protein molecules, was converted
in a CG MARTINI model. In order to stabilize secondary structure arrangements, an elastic
network was applied on atom pairs within a cutoff of 0.9 nm. The elastic network has been
applied on each monomer of the tetramer.[212] One copy of CG protein was placed in a
simulation box of 19 x 19 nm, and lipids, in a composition corresponding to the neural
membrane model developed by Ingolfsson and colleagues (See Section 5.2.1 for details),
were added using insane, for a total of ca. 1200 lipids molecules in each membrane. Water
molecules, counterions and 150 mM NaCl were added in order to reproduce the physiological
conditions.

5.2.5 CG-MD simulations of Aquaporin 4 Embedded in Neural Mem-
branes

Prior the production phase, Aquaporin 4 (AQP4) embedded in neural membrane systems
underwent to an initial energy minimization of 1000 steps. Then, the systems underwent
to an equilibration run of 100 ps, with a time-step of 2 fs. A further equilibration run of
1000 ps with a time-step of 10 fs was performed in the presence of position restraints on all
the protein beads, with a force constant of 100 kJ mol~! nm~2. The production phase, as
well as the equilibration runs, were performed by applying a constant temperature of 310
K using velocity-rescaling, with a time constant of 1 ps (2ps for equilibration phase). The
pressure conditions are the same used in 5.2.2. Production runs of 1 us were performed
without position restraints on lipid beads, with a time-step of 10 fs.

5.2.6 CG-MD Simulations of (LDLK); SAPs Fibril

A (LDLK)s3 fibril model has been built according to the evidence obtained in section 4.4.2.
More in details, the SAPs fibril has been built resembling the geometry of an amyloid fibril
as shown in section 4.8. Then, the fibril model underwent to an initial energy minimization
of 1000 steps. Prior the buiding of the minimal model of NSCs, as illustrated in 5.2.7, the
systems underwent to an equilibration run of 100 ps, with a time-step of 2 fs, followed by
another equilibration run of 100 ps, with a time-step of 10 fs.
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5.2.7 CG-MD simulations of minimal model of NSCs with (LDLK); fibril

In order to investigate the interactions among SAPs fibril and NSCs, two systems have been
built as shown in Fig.5.2. Both systems resemble the chemical-physical features of neural
membranes, which are not involved in the "active" propagation of action potentials. Indeed,
membranes (for composition see Table 11.1) embed an AQP4 each one, and are placed
at a distance of =30 nm away each other. Then, the membranes separate two regions,
which are characterized by different ion concentrations, as shown in Table 11.2. Such ion
concentrations establish a membrane potential of ~-70 mV. Then, in the first system, a
(LDLK)3 fibril (See 5.2.6 for additional details) has been placed at a distance of ~30 nm
from membrane (I). Instead, in the second system, a (LDLK)s fibril has been placed close
to the neural membrane (I) (See fig. 5.2). Both systems underwent to the same molecular
dynamics protocol previously illustrated in 5.2.5, differing only in production run durations.
Indeed, System I underwent to a production run of 1500 ns, with a time-step of 10 fs, in
order to investigate long-range interactions with neural membranes. Instead, System II
underwent to a production run of 750 ns, in order to investigate the short-range interactions
with neural membranes. The length of production runs have been settled after several
attempts to cope with limited computational resources and provide adequate description of
mechanisms that lead to the interactions among peptide fibrils and neural membranes.

5.2.8° CG-MD simulation of minimal model of ANSCs with (LDLK);
monomers

In order to elucidate the interactions among SAPs monomers and NSCs, a system have
been built following a similar approach to that illustrated in Section 5.2.7. In this case,
73 (LDLK)3 monomers have been added in the extra-cellular environment, instead of a
pre-build fibril. The system underwent to a production run of 1000 ns, with a time-step of
10 fs.

5.2.9 Analysis

For the analyses, as shown in Fig. 5.1 and table 11.1, lipids were categorized according
to head group. For the tails, lipids were divided into three main classes, as shown in the
recent works of Ingolfsson et al and Corradi et al[202][206][196]: fully-saturated(FS), poly-
unsaturated (PU) and cholesterol (CHOL). The FS lipid class consists of DPSM, DPG1,
PNG1, DPG3, PNG3, DPGS, DPCE, POP1, POP2 and POP3 (see table 11.1). Whereas,
the PU lipid class consists of DPPC, POPC, DOPC, POPE, PFPC, POPS, PAPC, PUPC,
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FIGURE 5.2: CG-MD minimal model of NSCs. In order to investigate interactions among SAPs
fibril and NSCs, two minimal models have been built. Briefly, the geometry of the systems resemble
the organization of neural cells. Indeed, two membranes (with Aquaporin 4 embedded) separate
two environments: 1) Intracellular environment or cytosol; 2) Extracellular environment. These
environments differ for ion contents, as shown in table 11.2. In starting configuration of System I,
a (LDLK)s SAPs fibril has been placed at a distance of ~ 30 nm from Membrane I. Instead, in
starting configuration of System II the SAPs fibril has been placed in contact with Membrane 1.
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PIPI, PAPI, PUPI, OIPC, OUPC, PUPE, PAPE (see table 11.1). All the analysis, unless
otherwise specified, were performed on the last 500 ns of each simulation system.

Density Fluctuations maps

Number density maps of lipids in the xy plane were computed using the g densmap tool
in Gromacs and averaged on the last 100 ns of each simulation systems, unless otherwise
specified. Then, average density (pgye) value is calculated at the starting frame of the
analysis interval (e.g. frame at 900 ns if the simulation ends at 1000 ns). In order to
taking in account enrichment /depletion with respect to a homogeneous mixture, the Density
Fluctuations Maps were calculated according to the following equation:

prew = (ZE0) 4 100 (5.1)

Pave

In equation 5.1, py; ; correspond to every point in the density map to be reweighted. The
new score has the property to be positive for p; ; values larger than pg,. and negative value
for values smaller than pgye.

Lipids Motion Patterns

Streamlines are curves tangent to the motion vectors, that describes trajectory of a particle
in a stationary vector field at a given time. Formally, given a 2D time-dependent vector field
v(x,t) = (vg,vy), & streamline S is a parametric curve S(7) defined at time ¢ and starting
from a point p. S(7) is given by the equation 5.2, with the boundary condition defined as

5.3.
s

==
S(0)=p (5.3)

v(S(7),t) (5.2)

Any sample point of the streamline is given by:

l
sm_ﬂm+ﬁmaﬂﬁm (5.4)

with the curvilinear coordinate | € [-l1,l2] and Iy, lo > 0. In order to track lipid diffusion in
CG-MD simulations, the motions have been represented visualizing streamlines. The motions
of FS and PU lipids, have been analyzed by tracking PO4 beads. Instead, the motions of
CHOL, have been analyzed by tracking ROH beads.
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5.3 RESuULTS

5.3.1 Identification of lipid domains in Neural Membranes

As previously stated, neural membrane are complex assemblies of lipids and proteins. Simi-
larly to other type of membranes, it is possible to identify differences in composition between
the two leaflets and in lipids localization. Such features are usually referred as "lipid do-
mains", whose dynamics and sizes fluctuate depending on the environmental conditions.
CG-MD simulations of single neural membrane (See section 5.2.2 for details), revealed differ-
ent "lipid domains". OQuter membrane consists of PC, PE, SM, glycolipids and cholesterol,
while inner membrane doesn’t contain glycolipids but is mainly made of PIPS and PS (See
fig. 5.1A;, Br). Then, outer leaflet mainly consists of saturated lipids and monounsaturated
lipids (See fig. 5.1A4;; and table 11.1). Instead inner leaflet is mainly characterized by the
presence of poly-unsaturated lipids (See fig. 5.1A; and table 11.1). The differences in lipid
mixtures heavily affect the formation and stabilization of lipid domains.

Indeed, in the last 100ns of CG-MD simulation, CHOL and FS lipids co-localize in outer
leaflet (fig. 5.3 A7, Arr), while PU lipids are mainly concentrated in the inner leaflet (fig.
5.3 Brr1)-

5.3.2 Interactions among Neural Membranes and (LDLK)3

As shown in fig. 5.4, lipid domains and motion patterns were heavily affected by the in-
teractions with self-complementary SAPs (LDLK)3. Indeed, in the last 100 ns of CG-MD
simulation (See section 5.2.3 for details), the overall CHOL concentration increased in the
outer leaflet (fig. 5.4 Ar) while decreased in the inner leaflet (fig. 5.4 Br). This changes in
CHOL distributions are attributable to the deposition of (LD LK )3 monomers on the outer
leaflet (fig. 5.4, C7). Indeed, CHOL in outer leaflet co-localize with (LDLK)3; SAPs, while
CHOL motion patterns in inner leaflet were not altered (See fig. 5.3 and fig. 5.4 By, Dy
for comparison). Further, FS lipids motion patterns were altered by the presence of SAPs
monomers (fig. 5.4 Cfy), resulting in altered densities patterns, in outer leaflet (fig. 5.4
Ajr). On the contrary PU lipids densities patterns were unaltered and it is not possible to
define a precise motion pattern (ﬁg. 5.3 Arrr, Brrr, fig 5.4 Arrr, Brrr, Crrr and D[[[).

5.3.3 Neural Membrane Riorganization with Embedded AQP4

In order to simulate more complex membrane systems, aquaporin 4 has been embedded
within neural membrane, as described in section 5.2.4. A 1 ps long CG-MD simulations
have been performed in order to highlight membrane protein fingerprint, analogously to the
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FIGURE 5.3: Lipids domains in Neural Membrane. CG-MD simulations (See 5.2.2 for technical

details) of single neural membrane reveal different distributions of PU, F'S lipids and CHOL between

the two leaflets. More in details, CHOL and FS lipids densities in the outer leaflet increase through

the last 100 ns of CG-MD simulations (A7, Arr), whereas decrease in the inner leaflet (By,Byy).

Instead, PU lipids follow a reversed tendencies (Ajrrr,Brrr). Such patterns identify the so-called
"lipid domains".

work of Corradi et al. (See section 5.2.5 for details). By analysing the densities map of
lipids, grouped into the three above mentioned classes and calculated over the last 100 ns
of simulation, a clear depiction of AQP4 fingerprint emerged: 1) CHOL and FS lipids are
mainly concentrated in the inner leaflet (See fig.5.5 Ay, A;I, By and Bjy) and CHOL is
characterized by an higher degree of mobility than FS lipids, as highlighted in streamlines
visualization in fig. 5.5 Cp, Cr;, Dy and Dyr; 2) PU lipids are characterized by great
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FIGURE 5.4: Interaction patterns among neural membranes and (LDLK); SAPs

monomers. The interactions of (LDLK)s; monomers with neural membranes define precise in-

teraction patterns. Indeed, CHOL density increases A) while its mobility decreases C7, in the outer

leaflets (See fig. 5.3 for comparison). Instead, on the inner leaflet, CHOL shows a reversed ten-

dencies (B and C7). In addition, FS lipids colocalize with (LDLK)3 monomers (A;r,Brr,Crr and
Dyy). Instead, PU lipids show a similar tendency to that observed in 5.3
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mobility in both leaflets (fig. 5.5 Crrr and Dyyy) resulting in densities patterns similar to
those identified by Corradi et al for Aquaporin 1 (fig. 5.5 Asrr, Brrr).[196]|204]

5.3.4 Neural Membrane SAPs Fibril Interactions

In neural tissue engineering applications, neural stem cells are usually seeded or encapsulated
into SAPs scaffold. Scanning electron microscopy characterization revealed that neural stem
cells are entrapped into a mesh of intertwined SAPs nano-fibrils. For understanding the
interactions among SAPs nano-fibrils and neural stem cells, two minimal CG models have
been developed.

Starting from the experimental and computational evidences (See Chapter 2 and Sections
4.4.2 and 4.8), the (LDLK)z fibril model has been built (For technical details see Section
5.2.6). Then, two CG minimal models, resembling the features of NSCs, were built as
shown in section 5.2.7. The first model has been used to elucidate the effect of long-range
interactions on lipid domains and motion patterns. Instead, the second configuration allowed
to elucidate the SAPs fibril deposition mechanism on neural membranes and the subsequent
effects of short-range interactions on lipid dynamics.

Long-range Interactions between SAPs Fibril and Neural Membrane

The starting configuration of the first CG minimal model is shown in fig. 5.2. After the
equilibration phase, the (LDLK)s fibril was 30 nm away from the Membrane I. As shown
in 5.6, in the first 1200 ns of CG-MD simulation, (LDLK)3 SAPs fibril moved towards the
neural membrane (Membrane I). Then, in the following 300 ns, SAPs fibril moved away
from Membrane I and reached a stationary distance of about 11 nm. The minimum dis-
tance (=~ 6 nm) has been reached at the time of 1200 ns. Diffusion movement of (LDLK)3
fibrils was associated with roto-translations.

For sake of clarity, the geometry of (LDLK)3 fibril allows to define three faces, depending
on the view, as shown in fig. 11.1. The faces are also different in terms of chemical proper-
ties. Indeed, the side face (fig. 11.1 A) is highly hydrophobic due to the exposition of the
"leucine zipper" to the solvent. Then, the side face represents an eligible site for docking of
hydrophobic molecular entities. Instead, the top-bottom face, easily identifiable by rota-
tion of fibril around its own axis, is highly hydrophilic due to the exposition of charged side
chains of lysine and aspartic acid. The third face, identifiable by rotation around equatorial
axis, is usually not exposed to the solvent and it is hydrophobic. Such features affected the
evolution of the system.

As shown in fig. 5.6A, at time of 0 ns, the (LDLK)3 fibril was oriented with charged top-
bottom face pointing to the Membrane I. The outer leaflet of the neural membrane is
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FIGURE 5.5: Aquaporin 4 (AQP4) Membrane Protein Fingerprint.PU lipids are mainly

concentrated in outer leaflets (A;;;, Brrr)and show a great mobility in both leaflets (Cr;; and

Dyrrr). FS lipids show opposite tendencies: 1) FS lipids are mainly concentrated in the inner

leaflet as highlighted by density maps in Ar; and Byr; 2) show a low mobility in both leaflets as

highlighted in C;, Dy;. Instead, CHOL show great mobility in both leaflets (C;, D) while is
mainly concentrated in inner leaflet (A; and By).
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negatively charged, due to the presence of phosphates and glycolipids, while fibril is globally
neutral, because of the alternate of positively charged side chains of lysine and negatively
charged side chains of aspartic acid. The spatial orientation of the fibril favoured its ap-
proach to Membrane I, thanks to the establishment of long-range electrostatic interactions
between atomic groups charged in the opposite way. After 750 ns, the distance between fibril
and Membrane I was less than 15 nm and fibril was oriented with side face pointing to
neural membrane (fig. 5.6B). This conformation favoured long-range interactions among
lipid and hydrophobic side chains of SAPs fibril, then the fibril kept moving in the same
direction. At time of 1200 ns, the fibril reached the closest position next to the neural mem-
brane (fig 5.6C). Then, the fibril began to move away from Membrane I after 1370 ns and
subsequently reached the stationary distance of 11.4 nm, with top-bottom face pointing
to Membrane I (fig. 5.6D).

A further diffusion of the fibril towards the Membrane I has been hampered by un-
favourable long-range interactions among lipids and (LDLK)3 fibril. Indeed, in the range
from 1200 ns to 1370 ns, lipids densities and motions were affected by the progressive ap-
proach of the fibril (fig. 5.7). More in details, CHOL concentration increased in the outer
leaflet while decreased in the inner leaflet of Membrane I(fig. 5.7A;, By). CHOL densities
variation were associated with an high degree of mobility, as shown in fig. 5.7 C7 and Dj.
Instead the patterns of F'S and PU lipids resembled those observed in fig. 5.5. This probably
means that such lipid patterns hamper the association between neural membrane and SAPs
fibril.

Short-range Interactions between SAPs Fibril and Neural Membrane

The starting configuration of System II is shown in fig. 5.2. As previously stated, this
CG-MD simulation has been performed in order to elucidate the lipid dynamics when neural
membrane directly interacts with the (LDLK)s fibril.

As shown in fig. 5.8A;, at the time 0 ns the fibril was oriented with the top-bottom face
anchored on the outer leaflet of Membrane I. The top-bottom face is higly hidrophilic
due to the exposition of charge side chains of lysine and aspartic acid. Such orientation
favors the electrostatic interactions among side chains of positively charge lysine side-chains
and negative charge phosphate groups of lipids. This setup allowed to identify the most
favorable orientation respect to the neural membrane, overcoming the main limitation of
docking simulations, which don’t allow to monitor the inter-dependent dynamics of lipids
domains.

Progressively, the orientation of the fibril changed, bringing the side face into contact with
the outer layer of Membrane I( See fig. 5.84).
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FIGURE 5.6: (LDLK); SAPs fibril interacts with neural membrane. (LDLK)3; moved
towards the neural membrane (Membrane I) in the first 1200 ns of CG-MD simulation. In the last
300 ns, (LDLK)s fibril reached the average distance of ~ 11 nm.

This change also heavily influenced the localization of glycolipids in the outer leaflet, as
shown in fig. 5.8A;;. The progressive colocalization of glycolipids and FS lipids with
(LDLK)3 fibril was more evident in the last 100 ns of CG-MD simulation (See fig. 5.8 By,
Bjr and fig. 5.9, A7y and Cyy). Indeed, FS lipids densities increased in the outer leaflet while
decreased in the inner leaflet (fig. 5.9B;7). These variations were mainly ascribable to the
movement of FS lipids towards the fibril, as shown in fig. 5.9 C;; and Dj;. Furthermore, the
movement of FS lipids have also influenced the localization of CHOL, which moved around
the F'S molecules, in the outer leaflet (fig. 5.9Ct). Despite, the densities fluctuations of PU
lipids in both layer are similar to those observed in free membrane (See fig.5.5A;77, Brrr and
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fig. 5.9 Arrr, Brrr for comparison) their movements in outer leaflets have been hampered,
probably due to the increasing concentration of FS lipids (fig. 5.9Crr1, Dyrr)-

In summary, when (LDLK)3 fibril interacts with neural membrane the lipids domains and
pattern motions are affected as follows: 1) F'S lipids concentration increase in outer leaflet,
while decrease in inner leaflet; 2) F'S lipids, especially glycolipids, co-localize with (LDLK)3
fibrils; 3) CHOL and PU lipids concentrations show opposite tendencies to that of F'S lipids.
Such changes are ascribable to the establishment of electrostatic interactions, among glyco-
lipids and charged side chains of lysine and aspartic acids, and are also stabilized by the
hydrophobic interactions among "leucine zipper" and membrane lipids.

5.4 CONCLUSIONS

In the present study, a CG-MD approach has been used to investigate interactions among
SAPs fibril and neural membrane. The evidence from CG-MD simulations pointed out that
(LDLK)3 fibril interacts with the neural membrane, only when "leucine zipper" is in contact
with lipids of the outer leaflet (See fig. 5.8). Other systems conformations doesn’t allow the
docking process of the SAPs fibril on the neural membrane (See fig. 5.6). Such conformations
heavily affect the lipid domains and their motion patterns(See fig. 5.7 and fig. 5.9). In
particular, FS lipids are mainly involved in the establishment of favourable interactions
among fibril "leucine zipper" and neural membrane lipids. This pattern is mainly ascribable
to the co-localization of glycolipids with (LDLK)g fibril (See fig. 5.8). Indeed, glyco-lipids
motion patterns is affected by the presence of (LDLK)3 fibril, when it is anchored on the
neural membrane (See fig. 5.10 A and B). These tendencies have been also confirmed from a
simulation investigating the interactions among (LD LK )3 monomers and neural membranes
(See fig. 11.2). In this simulation, despite (LDLK)s SAPs aggregation is promoted in
extra-cellular environment, some monomers interact with neural membranes promoting the
migration of glycolipids. In addition, all the CG-simulations revealed that (LDLK)3 SAPs
are not able to penetrate the neural membrane then preventing potentially cytotoxic effects,
ascribable to SAPs internalization. This tendency is ascribable to the charge distribution
along (LDLK)3 backbone. Indeed, differently from commonly internalized SAPs, which are
positively charged, (LDLK)3 SAPs are globally neutral charged.[20] These evidences shed a
new light on the in-silico investigation of mechanisms ruling biocompatibility of innovative
materials for tissue engineering applications.
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FIGURE 5.7: Effect of (LDLK); Fibril progressive approaching on lipids densities and
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FIGURE 5.8: SAPs fibril affects (glyco)lipids distribution in neural membrane. At the
beginning of CG-MD simulation, the side face of (LDLK)3 directly interacts with outer leaflet of
Membrane I (4, higlighted in red). The progressive motion of (LDLK)s3 brings the lateral face
in contact with the outer leaflet of Membrane I (A4;, time-frames 150 ns and 300 ns are higlighted
in green and orange, respectively). This movement affects the localization of glycolipids as shown in
Apr (higlighted in cyan). Indeed, at 750 ns glycolipids directly interact with SAPs fibrils (Br,Byy).
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FIGURE 5.9: Lipids domains and motion patterns when (LDLK); fibril is anchored on

Neural Membrane. (LDLK)s fibril heavily affect FS and CHOL lipids densities and motion

patterns in both leaflets (Ar rr, Br.rr, Crrr, Drrr). Instead, PU lipids motion pattern in outer
leaflet is hampered, probably to the increasing densities of CHOL and FS lipids (Crrr, Drrr).
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6.1 INTRODUCTION

Extra-cellular matrix (ECM) is a complex network of intertwined nano-bio-structures
which guides all aspects of cell physiology by providing physical signals and engaging cell
surface receptors. Proteomics and glycomics have contributed to the elucidation of ECM
composition, allowing large-scale determination of proteins expression levels and their
post-translation modifications (PTMs). Among PTMs, glycosylation plays a pivotal role in
protein folding, stability, cellular localization and immune reactions.|213]

Tissue engineering approaches aim to reproduce the nano- and micro-architecture of native
ECM, in order to provide the appropriate stimuli to guide cell behaviour and promote re-
generation of damaged tissues. During the last years, several synthetic scaffolds, mimicking
different cell microenvironments, have been designed. Both peptides and glycans have been
incorporated in synthetic scaffold, in order to provide specific biological signals and control
cell adhesion and differentation. In addition, peptides, as self-assembling peptides (SAPs),
have been largely employed as building blocks for hydrogel scaffolds.[2][17][18][189]

The development of new SAPs hydrogel scaffolds requires the elucidation of SAPs hierar-
chical organization in order to minimize kinetically trapped structures. Synthetic peptides
tend to assemble into nanofibers that subsequently arrange into random entangled networks
because non-specific attractive forces overcome repulsive forces. Several chemical-physical
methods can be used in order to promote alignment among synthetic nanofibers. An
alternative strategy is represented by tailoring amino-acid sequences in order to promote
specific alignments. Such approach relies on specific electrostatic and aromatic interactions.
Inspired and motivated by Nature, the glycosylation of SAPs represents an intriguing
strategy for improving control over SAPs hierarchical order. In addition, SAPs glycosylation
offers also a new way to orchestrate cell-biomaterials interactions.|[31]|78][214]

In this work, starting from the well-known bone-marrow homing peptide I (BMHP1)
SAPs, a series of glycosylated SAPs have been modeled.[19][91][128] More in details,
the self-assembling propensity of O-maltosylated BMHP1 have been evaluated through
MARTINI CG approach. Then, self-assembling propensity of differently O-glycosylated
BMHP1 functionalized (LDLK )3 SAPs has been evaluated via CG-MD simulations.



6.2. Material and Methods 133

6.2 MATERIAL AND METHODS

6.2.1 CG-MD simulations of BMHP1

All-trans configuration of BMHP1 peptides were generated by Pymol (https://pymol.org)
and mapped with martinize.py tool according to the MARTINI v2.2.[58] The C- and N-
terminal of peptide monomers were acetylated and amidate respectively. As shown in Table
6.1, BMHP1 peptides consists of 7 residues comprising also Lysine. At the neutral pH,
lysine because of it weak basic nature, can be considered fully protonated. Peptides have
been randomly distributed in explicit cubic water boxes built by using PACKMOL in order
to have the correct spatial distribution, with monomers placed at minimum distance of 10
A far from each other.[108]

The MARTINI secondary structures parameters have been assigned as random coil because
of experimental evidences. MD simulations were performed using the version 4.5.5 of GRO-
MACS package. Prior to the production phase, the systems underwent to a minimization
phase (1000 steps) and to a short equilibration phase of 100 ps, with a time-step of 2 fs. The
production phase of 1000 ns was conducted in the NPT ensemble. Solutes and solvent were
coupled independently to an external bath (T = 300 K) with a coupling constant (7T) of 1
ps using v-rescale thermostat.[173]| Periodic boundary conditions were imposed, and pressure
was maintained at 1 bar using the Berendsen coupling.[174] The isothermal compressibility
was set at 3 * 10 -4 bar -1 and the coupling constant (7P) was 1 ps. The constraints on
lengths and angles of the bonds were applied with the LINCS algorithm.

6.2.2 CG-MD simulations of O-Maltosylated BMHP1

The all-trans configuration of BMHP1 peptides were generated and mapped as reported in
6.2.1. The corresponding glycosylated sequence (See Table 6.1) was built using the on-line
tool glycoprotein builder of GLYCAM server (http://glycam.org). BMHP1 sequence and
O-glycosylation were mapped separately, according to the available MARTINI model,and
then merged.[61] CG-MD simulations have been performed following the same protocol
reported in 6.2.1, according to the condition reported in Table 6.2.

6.2.3 CG-MD simulations of(LDLK);-BMHP1 SAPs

The sequence of (LDLK )3-BMHP1, indicated as 6bis in Table 6.1, was generated by Pymol
(https://pymol.org) and mapped according to the MARTINI model. The C- and N- terminal
of peptide monomers were acetylated and amidate respectively. At neutral pH, arginine,
lysine and aspartic acid side chains, because of their weak basic and acidic nature, can be
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ID Sequence O-glycosylation

BMHP1 Ac-PFSSTKT-NH, Maltose

BMHP1-MAL Ac-PFSSTKT-NH, Maltose
6bis  Ac-LDLK3-PFSSTKT-NH,o

6bis-GLUC Ac-LDLK3-PFSSTKT-NH, Glucose

6bis-GLAC Ac-LDLK3-PFSSTKT-NH,  [-D-Glucose-pentaacetate

TABLE 6.1: Glycosylated SAPs. The glycosylated residues in each sequence are highlighted in
bold, while the type of glycosylation are listed in column O-glycosylation.

considered fully protonated and deprotonated respectively. Peptides have been randomly
distributed in explicit water cubic boxes built by using PACKMOL in order to have the
correct spatial distribution of the monomers.[108] Atoms belonging to different peptides
were placed at minimum distance of 10 A far from each other (see Table 6.2 for details). In
MARTINT coarse-grained molecular dynamics (CG-MD) simulations it is necessary to define
peptide secondary structures, and the above mentioned parameters, to which individual
amino acid residue must evolve.|[50] The secondary structures have been assigned as fully
extended to (LD LK)s3 moiety while were been assigned as coil to BMHP1 moiety, according
to the evidences obtained from previous experimental analyses [21] and from ssNMR spectra
as shown in Fig. 4.1. (See Section 4.3.1 for ssNMR experiment details) MD simulations
were performed using the version 4.5.5 of GROMACS package. Prior to the production
phase, the systems underwent to an equilibration phase (a 1000-steps minimization using
steepest descents method) in order to eliminate high-energy interactions. The production
phase of 1000 ns was conducted in the NPT ensemble. Solutes and solvent were coupled
independently to an external bath (T = 300 K) with a coupling constant (7T) of 1 ps using
v-rescale thermostat.[173| Periodic boundary conditions were imposed, and pressure was
maintained at 1 bar using the Berendsen coupling.[174] The isothermal compressibility was
set at 3 * 107% bar~! and the coupling constant (7P) was 1 ps. The constraints on lengths
and angles of the bonds were applied with the LINCS algorithm.

6.2.4 GLycosylation of (LDLK);-BMHP1 SAPs

As shown in Table 6.1, starting from 6bis, two differently glycosylated sequences have been
obtained (See 6.2.2 for details). The simulation conditions were the same reported in 6.2.3
and simulations details are shown in Table 6.2.
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ID Concentration (w/v) Box size (nm) Sim x Time (ns)

BMHPI 1(%) 10.3 3 x 1000
3(%) 7.1 3 x 1000

5(%) 6 3 x 1000
BMHPI-MAL 1(%) 19.5 3 x 1000
3(%) 13.5 3 x 1000

5(%) 11.9 3 x 1000

6bis  1(%) 17.3 3 x 1000

3(%) 17.6 3 x 1000

6bis-GLUC  1(%) 17.3 3 x 1000
3(%) 17.7 3 x 1000

6bis-GLAC  1(%) 17.3 3 x 1000
3(%) 17.7 3 x 1000

TABLE 6.2: CG-MD simulations setup of Glycosylated SAPs.

6.2.5 Analysis

Nematic order parameters analysis and aggregation analysis were performed by using Wor-
dom Package and ¢ cluster tool of GROMACS software package.[116]

More complex analysis were performed using the innovative python module, dubbed Mor-
phoscanner (see Chapter 2 for development and technical details). The following parameters
have been analyzed in each systems: 1) Dimension of coacervates, designated as Number of
Macroaggregates; 2) [-sheet Organizational Index; 3) Percentage of peptides involved in (-
sheets formation; 4) The mutual alignment of S-strands within S-sheets, represented using
an innovative graphical aid, dubbed "Shift Profile".[189].
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6.3 RESULTS

6.3.1 Self-Assembling of BMHP1 and Maltosylated BMHP1 SAPs

The self-assembling propensity of BMHP1 and maltosylated BMHP1 (whose acronym is
BMHP1-MAL) SAPs were investigated using MARTINI CG-MD simulations (See Table
6.2 for details).

As shown in fig. 6.14;, BMHP1 aggregation propensity is not affected by the concentration,
despite a little variation in kinetic speed was observed at the concentration of 1%(w/v).
The emerging coacervates are characterized by a low order degree, as higlighted in fig.
6.1A77. Indeed, the nematic order parameter was generally less than 0.4, indicating a weak
parallel alignment among peptides. Such features are reflected in S-sheets organization, as
highlighted in figures 12.2 and 12.1: S-strands were transitory aligned in parallel and less
than 20 % of peptides contributed to the formation of S-structured aggregates.

The O-maltosylation of C-terminal threonine in BMHP1 SAPs (See Table 6.1 for details),
doesn’t alter the formation of coacervates. Indeed, BMHP1-MAL coacervates share similar
features to those of BMHP1 (fig. 6.1 Aj; and Byy). More in details, the O-Maltysolation
didn’t promote the formation of ordered aggregates (fig. 6.1 Byr) and lead a slower aggre-
gation kinetics, due the hydrophilic nature of maltose (fig. 6.1).

The alignment of 8-strands was partially affected by the interactions among maltosylated
serine, bringing to the formation of transitory antiparallel S-sheets (fig. 12.3).

6.3.2 Self-Assembling of differently glycosylated (LDLK);-BMHP1 SAPs

BMHP1 has been chosen as functional motif of the well-known (LDLK )3 SAPs, due to his
proven biocompatibility features and due to the poor aggregation and $-structuring propen-
sities of BMHP1, even if glycosylated (See section 6.3.1).[19][18][21][189].

As shown in Table 6.1, the sequence 6bis has been built by using (LDLK )3 motif as self-
assembling motif while BMHP1 has been used as C-terminal functional motif. The sequence
6bis-GLUC and 6bis-GLAC were designed starting from 6bis and modifying C-terminal thre-
onine with S-glucose and S-D-glucose pentaacetate O-glycosylation, respectively.

The C-terminal functionalization of (LDLK )3 SAPs bring to the formation of small and
disordered aggregates, as highlighted in fig. 6.2 A; and Aj;. Indeed, indipendently from
the concentration, the nematic order parameters is always less than 0.5, indicating a weak
parallel alignment. This is ascribable to the interference of functional motif in self-assembly
pathways, as already observed in CG-MD simulations of FAQ-(LDLK)s SAPs (See fig.
4.3b and fig. 10.13). These tendencies were confirmed by analysis of S-sheet organizations.
Indeed, less than 60% of SAPs backbone partecipate to the formation of stable [-sheet
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FIGURE 6.1: Clustering and nematic order parameters of BMHP1 and Maltosylated

BMHP1. Clustering and order analyses didn’t reveal any appreciable difference among CG-MD

simulations of BMHP1 at different concentrations (Ay,A;r). The glycosylation of C-terminal Thre-
onine leads to more ordered aggregates if the concentration decreases (By, Byr).

structures (fig. 12.4). Differently from (LDLK)s SAP, (LDLK )3-BMHP1 SAPs backbone
are organized both in parallel than in anti-parallel S-sheets (See figure 4.3a; See also figures
6.3 and 6.4 Ay, A;; and Ajjy), while functional motif didn’t partecipate to the formation of
stable B-structures(See figure 12.5 and figures 12.6 and 12.7 Ay, Ay, Arrg).

The O-glycosylation of C-terminal threonine with glucose leads to the formation of more
ordered structures at the concentration of 1% (w/v) than at the concentration of 3% (w/v)
(fig. 6.2 By, Brr). The detrimental effect of concentration over S-structuring propensity is
ascribable to a better alignment of functional motif, that tend to self-assemble into parallel
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B-sheets structures (fig. 12.5 Ay, By, Crr and fig. 12.7 By, Brr and Byrr). Such tenden-
cies can be seen as consequence of aggregation propensity of glucose due to the favourable
interactions among MARTINI polar beads.

Indeed, the O-glycosylation with S-D-glucose-pentaacetate leads to the formation of aggre-
gates with similar features to those emerged from self-assembly of 6bis (fig. 6.2 C; and
C11). These features are also reflected in S-sheets organization with less than 60% of SAPs
backbone partecipate to the formation of stable S-sheet structures (fig. 12.4). In addition,
such glycosylation leads to the formation of parallel S-sheet among backbone moieties (fig.
6.3 Cr, Crr, Cry1) also stabilized by the formation of transitory parallel S-sheet among
functional motifs (fig. 12.6 Cr, Crr, Crrr). However, such feature is heavily affected by
concentration, which leaded to the formation of parallel S-sheet structures (fig. 6.3 Cr, Cr,
Crr1), while functional didn’t partecipated to the stabilization of such structures (fig. 12.7
Cr, Crr, Crrr).
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FIGURE 6.2: Clustering and nematic order parameter of differently glycosylated

(LDLK)3-BMHP1 SAPs. Despite, the different glycosylations didn’t affect aggregation kinet-

ics (Ar, By, Cr), they leaded to important consequences on aggregates order also depending on

the concentration (Arr, By, Crr). More in details, the O-glycosylation of C-terminal Thr with

Glucose leaded to the formation of more ordered aggregates at the concentration of 1% (w/v), while

the ordering of aggregates was hampered a the concentration of 3% (w/v). Instead, S-D-Glucose-
pentaacetate didn’t alter the ordering of SAPs systems.
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FIGURE 6.3: fS-strands mutual alignment of backbone moiety of different glycosylated

SAPs at the concentration of 1% (w/v). The shift profiles inherent S-strands mutual alignment

of backbone moieties of different glycosylated SAPs revealed that glycosylation has a little effect on

[B-structuring propensities. Indeed, 6bis backbone (§-strands are mainly mutually aligned in anti-

parallel out-of-register by 2 residues. Instead, glycosylated SAPs show also a parallel alignment
out-of-resgister by 2 or 4 residues.
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FIGURE 6.4: [-strands mutual alignment of backbone moiety of different glycosylated
SAPs at the concentration of 3% (w/v). The increased concentration had a detrimental effect
on ordered S-structuring. Indeed, backbone moieties of glycosylated SAPs were only aligned in

anti-parallel out-of-register by 2 or 6 residues.
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6.4 CONCLUSIONS

Glycosylation represents one of the most common PTMs and play a pivotal role also in
protein folding, stability and cellular communication. Then, glycosylated is a successful
strategy for building new self-assembling bio-materials by conferring them additional
properties such as better supra-molecular organization or chemotaxis.

In this work, CG-MD simulations have been used to assess supra-molecular organization of
differently glycosylated SAPs. As shown in figures 6.2 Byr and 6.1 Bjy, glycosylation with
standard carbohydrates allow to obtain more ordered supra-molecular aggregates at lower
concentration, without improving S-structuring propensities (See Figures 6.3, 6.4, 12.2,
12.3).

Instead, the glycosylation with acetylated carbohydrates lead to the formation of more
stable S-structures 12.4, by promoting stable interactions between functional motifs.

Given the obtained results, glycosilation is a doable approach to further improve the
biomimetic properties of SAPs. But it comes with a price: i.e. different glycosilations may
alter the self-assembling propensity of SAPs and, as such, they have to be weighted and
carefully tested in silico first.
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In recent years, SAPs applications in tissue engineering and regenerative medicine have
known increasing popularity.

In the field of bone tissue engineering, SAPs have been used to improve the bioactivity of
demineralized bone matrix (DBM). The DBM found large applications in clinic and nowa-
days is the "gold standard" for bone grafting, despite its lacking of osteoinductive proper-
ties. Such drawback can be overcome thanks to the production of composite scaffolds made
of SAPs hydrogels and DBM. The use of tissue-derived extracellular matrix scaffolds for
myocardial repair is mainly hampered by potential immune-mediated rejection, as demon-
strated in several in vivo studies. An interesting alternative is represented by SAPs scaffold,
which could embed and mediate controlled release of specific growth factors. For neural
tissue engineering purposes, the use of SAPs is motivated by the difficulties to obtain a
fully bio-compatible decellularized ECM. Indeed, the use of decellularized brain ECM is still
far from clinical applications and is mainly limited to in-vitro applications, differently from
SAPs scaffolds which have been already tested in in-vivo experiments.

Despite such promising achievements, the clinical applications of SAPs are mainly limited by
the weak control of their supra-molecular features and consequently hydrogels mechanical-
structural features.

The recent progresses in the field of structural biochemistry could help to overcome the
intrinsic limitation to the usage of SAPs hydrogels in several clinical applications. In par-
ticular, the development of reliable multiscale modelling strategies will allow to predict
structural, mechanical and subsequently biochemical features of SAPs hydrogels.

In recent years, the advances in NMR spectroscopy allowed to investigate organization of
biomolecular complexes, such as SAPs hydrogels, at atomic resolution. More in details,
solution-state NMR, which was initially employed for the characterization of small molecules,
have also found applications in the elucidation of surface properties of SAPs and collagen
scaffolds.[78]|77][214] However, such advances didn’t allow to elucidated the bulk structural
features of SAPs hydrogels, which instead play a pivotal role in the definition of biocompat-
ibility of these materials.

The application of ssNMR spectroscopy to SAPs hydrogels have allowed to depict their
bulk structural features, even without synthetic isotope enrichment. Indeed, ssNMR spec-
troscopy at the natural abundance has been successfully applied to highlight molecular
rigidity of biotinylated BMHP1-derived hydrogels, a promising class of SAPs for neural tis-
sue engineering applications.[19][57] Then, ssNMR evidences addressed atomistic restrained
MD simulations of these SAPs to understand the role of chemical moieties, such as biotin,
in their self-assembly pathways.|57] More specifically, the evidence of ssNMR demonstrated
that biotin plays a critical role in the formation of rigid SAP hydrogels, packing into the
hydrophobic core of the coacervates.|[57]
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The wide applications of such approach, for the in-silico characterization of SAPs hydrogels,
is mainly hampered by the availability of large computational resources, in addition to the
availability of advanced NMR spectrometers.

To cope with limited computational resources and even scaling the size of the simulated
systems, MARTINI CG-MD simulations represent a valid alternative. Indeed, the MAR-
TINI CG-MD simulations allow to explore larger systems on longer times, without losing
details about amino-acid side chains conformations.|59]|[58] However, MARTINI CG-MD
simulations don’t permit to track hydrogen bonding formation and other relevant details for
self-assembly mechanisms, due to the MARTINI mapping strategy.

Then, as shown in Chapter 2, an innovative software suite for the analysis of protein sys-
tems, easily extendable to other molecular classes, has been developed. Such software suite,
dubbed Morphoscanner, have been used for the elucidation of three SAPs hydrogels self-
assembly. In particular, the analysis of CG-MD simulations of CAPs and self-complementary
(LDLK)3 SAPs revealed that these SAPs formed patches of S-rich aggregates evolving to-
ward cross-f packing, yielding to highly ordered systems compatible with empirical obser-
vations.[17][24] On the other hand, the Morphoscanner analyses of CG-MD simulations of
BMHP1-derived SAPs highlighted a thermodynamically stable alignment that however may
prevent any subsequent evolution toward well-structured nanofibers detected in previous ex-
perimental works.[215][57] More in details, BMHP1-derived SAPs preferentially aligned into
parallel arrangement, bringing to the formation of short and stable S-sheets, which can’t
further organize into larger supra-molecular aggregates. These S-structures are character-
ized by a number of contacts higher than those identified in S-structures made of CAPs
and self-complementary (LDLK )3 SAPs (See Chapter 2 for details). Such conditions imply
thermodynamics stability of BMHP1-derived SAPs coacervates. The results in Chapter 2,
under the light of the evidences from ssNMR and atomistic restrained MD of SAPs sys-
tems|57], define a reliable multiscale approach for the characterization of bulk structural
features of SAPs hydrogels.

As shown in chapter 3, MARTINI CG-MD simulations, combined with Morphoscanner
analyses, have been also used to highlight structural features of the innovative SAPs hy-
drogels made by mixture of branched and linear (LDLK)3 SAPs, even functionalized with
BMHP1 functional motif.[19][215] The branched SAPs represent promising tools for improv-
ing the mechanical properties of self-assembling scaffolds without chemical or enzymatic
cross-linking, alternative strategies that may lead toxic side-effects. Indeed, branched SAPs
may be added to both standard and previously functionalized SAPs to match the desired
mechanical strength and to add multiple heterogeneous functional motifs or tags.[109] Such
molecular features contributed to improve mechanical features of SAPs hydrogels. Besides,
the correct exposure of BMHP1 functional motifs well-correlates with the improved adhesion
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and proliferation of NSCs on SAPs hydrogel scaffolds.[109]

The structure-properties relationship for (LDLK)3 SAPs has been deeply investigated in
chapter 4, through a multiscale modeling approach. More in details, atomistic SMD and
GoMARTINI CG-SMD simulations have been used to derive the elastic and shear mod-
uli of (LDLK)3 and FAQ-(LDLK)s fibrils. The comparison of the results of the above
mentioned SMD approaches suggested that GoMARTINI-SMD simulations provide com-
parable results to atomistic SMD simulations. In addition, the evidence from both SMD
simulations approaches pointed out that the shear modulus of fibrils is higher in (LDLK)3
than in FAQ-(LDLK)s, indicating a clear correlation with experimental characterization of
(LDLK)3 and FAQ-(LDLK )3 hydrogels.[20][109]

As demonstrated by several studies (LDLK)3 SAP hydrogels induce NSCs adhesion and
proliferation.[109][200][20] In chapter 5, MARTINI CG-MD simulations have been used to
investigate the interactions among SAPs fibril and neural membranes. These simulations re-
vealed that the aspeficic interactions among (LD LK)s fibrils and neural membranes mainly
involve glycolipids. In particular, the fibril "leucine zipper" drives the adhesion to the neural
membrane, through establishment of hydrophobic interactions with membrane lipids. Then,
charge side chains on (LDLK )3 fibrils establish interactions with glycolipids, stabilizing the
conformation of the cell-fibril systems. In addition, such simulations demonstrated that
(LDLK)3 SAPs are not internalized in NSCs, preventing then potentially cytotoxic effects.
These results demonstrated that CG-MD simulations are also suitable for evaluating the
biocompatibility of SAPs hydrogels through in-silico approaches.

Because glycosylation is the most common PTMs in the ECM environment, and taking
into account the evidences of the previous chapters, in chapter 6 a series of differently
glycosylated BMHP1 functionalized (LD LK )3 have been simulated through MARTINI CG-
MD simulations, and then analyzed through Morphoscanner. Such simulations allowed to
elucidate the supra-molecular organization of these SAPs, highlighting the effects of different
glycosylations. Indeed, glycosylation with standard carbohydrates allow to obtain more
ordered supra-molecular aggregates at lower concentration, while the glycosylation with
acetylated carbohydrates lead to the formation of more stable S-sheets. These results will
guide the development of other glycosylated SAPs, which will be following tested in-silico
and then synthesized.

In conclusion, this thesis lay the foundation of an innovative and reliable CG-MD approach
for the development of innovative SAPs hydrogels for tissue engineering applications. Indeed,
MARTINI CG-MD simulations can be used to predict structural and mechanical properties
of SAPs fibril (See Chapters 2, 3, 4 and 6) integrating structural insights from several
experimental techniques.[57] Also, CG-MD simulations allow the elucidation or prediction
of the interactions among hydrogels and cells at the nano-scale and micro-scale (See Chapter
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5).

Soon, the results from SMD simulations of SAPs nano-fibrils could be used for the definition
of the parameters for continuum models, which will allow the direct comparison among hy-
drogels mechanical characterization and simulation predictions. This step will complete the
multiscale approach for SAPs hydrogels in-silico characterization, opening new opportunities
in the field of tissue engineering.
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8.1 COARSENING OF BIOTIN: FROM GROMOS53A6 TO MARTINI

The biotinyl termination of biotinylated BMHP1-derived SAPs was mapped and
parametrized in accordance with the MARTINI approach. We adopted the coarsening ap-
proach proposed by Marrink et al.[50] At first we mapped the chemical structure of biotinyl
for a CG representation. As shown in Fig. 8.1, biotinyl termination was divided in five atom
groups, or grains. This mapping was necessary to assign the appropriate CG particle type to
each grain.[50][58] The second step was the selection of the appropriate bonded interactions:
lastly we optimized the model by comparing it to the corresponding UA (Gromos53a6 ff)
simulations. We compared the UA and CG simulations of BMHP1-derived SAPs 8-mers.
After many rounds of model optimization, the value of the bond lengths and angles measure,
was chosen as shown in Figure 8.2, 8.3, 8.4.
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F1GURE 8.1: Biotinyl Coarse-grained mapping. The biotinyl group has been divided in five
groups of atoms. In accordance with MARTINI mapping each group consists of 3 or 4 heavy atoms
(C,N,0,S). In order to preserve cyclical geometry of ureido and thiophene ring, they were mapped
respectively as a single interaction site (B61) and two different interaction sites (B62,B63). The
valeryl chain was mapped with two interaction sites (B64, B65). The B65 interaction sites represent

the amide group connecting valeryl chain to the first residue of BMHP1-derived SAPs.

Bond id Bond Type Bond length (4) Force costant (kI mol ™' nm?)
b1 (1-2) P3-SC5 0.32 constraint

b2 (2-3) SC5-SC5 0.09 constraint

b3 (1-3) P3-5C5 0.319 constraint

b4 (3-4) SC5-SC3 0.4 2500

b5 (4-5) SC3-Na 0.29 1250

FI1GURE 8.2: Calculated bond lengths (A) in biotinyl groups. Sidechain bonds of the grains
representing the biotin rings were introduced (b1,b2,b3) to preserve the cyclical geometry of biotinyl
group. The lengths of these bonds are similar to those of Trp.
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Angle id IAngle Type IAngle (Degree) Force costant (kJ mol™)
al (1-2-3) P3-SC5-5C5 81.91 constraint

a2 (2-1-3) SC5-P3-5C5 16.16 constraint

a3 (1-3-4) P3-5C5-5C3 105.84 25.0

a4 (2-3-4) 5C5-5C5-5C3 154.371 25.0

a5 (3-4-3) 5C5-C3-Na 102.734 25.0

FIGURE 8.3: Calculated bead angles in biotin structure. In the CG model bead angles were
introduced to mimic the atomic structure of biotin.

Dihedral id Dihedral Type Angle(Degree)
d1 (1-2-3-4) P3-5C5-5C5-5C3 -0.61
d2 (3-1-2-4) SC5-P3-5C5-5C3 -0.11
d3 (1-3-4-5) P3-5C5-5C3-Na -1.64
d4 (2-3-4-5) SC5-5C5-5C3-Na 3.687

FIGURE 8.4: Calculated dihedral angles in biotin structure. Dihedral angles d1, d2, d3 and
d4 were chosen to preserve the relative orientation among ureido and thiophene rings, as well as

their planar geometry.
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8.2 BIOTIN PARTITIONING COEFFICIENT

Following the MARTINI protocol for the parametrization of new molecules, we calculated
the biotin octanol/water partition coefficient POW.[50][58] To obtain Pow, the free energy
of solvation of biotin was calculated in both aqueous and organic phase. The difference
between the solvation free energy in the aqueous (AG") and organic phase (AG?) is the
partitioning free energy (AAGPW) of biotin between water-saturated octanol solution and
water:

AAGOY = —2.3RTlog Pow (8.1)

R is the molar constant of Boltzmann, T is the temperature (set to 300 K), AGY and AG©
are calculated as the free energy AF of the solute in vacuum (state A) and in the condensed
phase (state B) using the thermodynamic integration (TI) approach.

AB
AF:FA—FB:/ d)\<5Uw()\)> (8.2)
Aa oA A\

Uuw(A) denotes the potential energy function describing the total solute-solvent interaction:

the average (SU“gj\()‘)> is calculated over the MD trajectory. Uy, is a function of \ (the

coupling parameter) and varies linearly from 0 to 1.

Calculations were performed at 20 intermediates A values. Biotin atom types used for ther-
modynamic integration are reported in Fig. 8.1: however, atom type 5 had to be changed
from Na to P3 (protonated carboxyl group). Indeed, in order to reproduce experimental con-
ditions for partition coefficient calculation, biotin was assumed to be fully protonated (pKa
= 4.4, pH = 4 in distilled water). The thermodynamic integration simulation setup and the
calculated solvation free energies (AG" ,AG?) are reported in Fig. 8.5. As shown in Fig.
8.5 biotin CG model is satisfactorily parametrized as it reproduces biotin thermodynamic
properties.
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Biotin Water Octanol Time(ns) T(K) AG ooy (kI mol*K)
1 399 0 20x6 300 82.51 AGY
1 0 181 20x6 300 84.87 AG®
236 AG™
log P (CG) log Por{exp)
-0.411 -0.462

FIGURE 8.5: Summary of the simulation performed for TI and related results. The

difference between the calculated (log Pow (CG)) and the experimental (log Pow (exp)) partition

coefficients suggests a good reproduction of the thermodynamic properties of biotin with the MAR-
TINI coarsened model we developed.
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8.3 SECONDARY STRUCTURE PARAMETERS FROM CONFORMATIONAL SAMPLING OF UA-
MD SIMULATIONS

Cluster Cluster Size SS parameters

1 4 CCSSCCCCCC
2 2 ccceceececece
3 1 CCSCCCTTCC
4 1 CCSSCCSSCC

TABLE 8.1: SAM Secondary structure parameters from conformational sampling of

B24. Secondary structure parameters were identified through the analysis of monomer UA-MD

simulations. The secondary structure of the corresponding monomer has been monitored by means
of DSSP algorithm of Kabsch and Sander.

Cluster Cluster Size SS parameters

1 3 CETTECCCCCC
2 2 CEETTTEECCC
3 1 CCSSCCCSCCC
4 1 CCCSCCCCCCe
5 1 CCSSCCSSSCC

TABLE 8.2: SAM Secondary structure parameters from conformational sampling of

30. The secondary structure parameters of 30 were identified following the same workflow adopted

for B24. The 30 monomer starting conformations in octameric systems were more polymorphic
compared to B24.

Cluster Cluster Size SS parameters
cCssscecececee
CCCSSCCcceeee
CCSSSscecece
CCSSSCSSSCC
CCSSCCCSSCC
CCCCCCSSssce

O U | | DN =
e e Rl R I

TABLE 8.3: SAM Secondary structure parameters from conformational sampling of 31.

As reported in our previous work, secondary structure parameters were monitored, in monomer

UA-MD simulations, by means of the DSSP algorithm. If compared to octameric systems of B24
and 30, the monomer starting conformations of 31 were more polymorphic.
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8.4 CG-MD SIMULATIONS SETUP

Sequence ID  Sequence Boxsize CGionsbeads CG Water beads N° of peptides N°sim x time (ns)
(nmy} (NA+/CL-)
2 GGGPFS5TKT 17.56 50/150 43770 100 1 x 2000
2x500
B3 Bin-GGGPFSSTKT 18.6 60/160 52213 100 1 x 2000
2x500
4 WGGGPFSSTKT 18.61 60/160 32480 100 1 x 2000
2 x 500
B24 Bin-GGGAFASTKT 18.35 58/158 50314 100 1 x 4500
2x500
B26 Bi-GGGPFASTKT 18.52 59/159 51038 100 1 x 2000
2 x 500
30 WGGGAFASTKT 18.4 58/158 50311 100 1 x 4500
2x500
31 WGGGAFSSTKT 18.42 58/158 50612 100 1 x 2000
2x500
(LDLK), LDLKLDLKLDLK 28.8 00 200058 100 3 x 4500
(LDLD)+ LDLDLDLDLDLD+ LELELKLKLKLK ~ 28.8 184/184 199649 50+ 50 3 x4500
(LKLK),

FIGURE 8.6: CG-MD simulations setups All BMHP1-derived SAPs (2, B3, 4, B24, B26, 30, 31)
systems were simulated at 3% (w/v) to mimic the standard empirical conditions enabling nanos-
tructured hydrogel formation. (LDLK)3 and CAP concentration was 1% (w/v). SS parameters of
all residues were set to extend. Three CGMD simulations have been carried out for each system up

to 500 ns: one simulation per each set was prolonged to 2000 ns. Lastly, simulations were further
prolonged to 4500 ns for (LDLK)s, (LDLD)s + (LKLK)3, B24 and 30



8.5. Shift Values of BMHPI1-derived SAPs and (LDLK)3 SAPs

159

8.5 SHIFT VALUES OF BMHP1-DERIVED SAPs AND (LDLK)3 SAPS

Parallel arrangement (P)
Value

)

Antiparallel arrangement with positive
shift (A+)

Antiparallel arrangement with negative
shift (A-)

0 [NtGGGX FX:STKT
NtGGG X0 FXaSTKT

MGG GX FX:STKT
TKTSXF X1GGGN:

MEG GG X FXSTRT
[TKTSX:FX1GGGN:

1 MNtGGGXaFXGS5TRT
NIGGG X FXaSTKT

MNLGGGXOFXSTKT
TKTSX:FXiGGGN:

NIGGGX FX25TKT
[TKTSX:FX1GGGN:

2 [NtGGGX FX:STKT
NtGGG X FXaSTKT

MNLGGGXOFXSTKT
TKTSX:FX1GGGN:

NtGGGX FX25TKT
TKTSX:FX1GGGN:

3 NtGGGXIFXaS5TKT
NtGGGXiFXoSTKT

NtGGGXFX:STKT
TKTSX:FX1GGGN:

NtGGGX 1 FX:STKT
TKTSX:FX1GGGN:

4 [NGGGXIFX:STKT
MNIGGG X FX:S5TKT

MNtGGGXIFX2STKT
TKTSX:FXiGGGMN,

NIGGGX FXSTKT
TKTSX:FX1GGGN,

5  NtGGGX FX:STKT
NtGGGX FX:STKT

MGG GX FX:STKT
TKTSX:FX1GGGN,

NtGGGX FX:STKT
TKTSX:FX1GGGN,

6 [(NIGGGX FX:STKT
NIGGG X FX5TKT

MGG GX FX:STKT
TKTSXFXIGGGNM:

MIGGGX FXSTKT
TKTSX:FXIGGGN:

7 MGG G X FXETKT
MNtGGGX I FX:5TKT

MNLGGGXOFXSTKT
TKTSXFXiGGGN,

NIGGGX FXSTKT
[TKTSX:FXiGGGN:

& NIGGGXiFX:5TKT
MNtGGGX I FX:5TKT

NELGGGXFX2STKT
TKTSX:FXiGGGN:

NtGGGX  FX25TKT
[TKTSX:FXiGGGN:

9 [NtGGGXIFX:STKT
NIGGGX1F XoSTKT

MNtGGGXIFX2STKT
TKTSX:FXiGGGN:

NtGGGX 1 FX2STKT
TKTSX:FX1GGGN:

10 NtGGGX FX:5TKT
MIGGGX FX:STKT

MNLGGGXFX2STKT
TKTSX:FX1GGGN;

NtGGGX FX2STKT
TKTSX:FX1GGGN,

FIGURE 8.7: Shift values of BMHP1-derived SAPs Possible g-strands alignments within (-

sheets of BMHP1-derived SAPs. Nt denotes N-terminal acetylation (Ac) or functionalization with

Biotin(Btn) or the amino acid residue tryptophan (Ac-W). X; denotes phenylalanine (P) or alanine

(A). X2 stands for serine (S) or alanine (A). Only one type of parallel arrangement is represented
as there are no differences among parallel arrangements with positive and negative shifts.
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Shift Value (k) Parallel arrangement Antiparallel arrangement
0 LDLKLDLKLDLK LDLKLDLKLDLK
LDLKLDLKLDLK KLDLKLDLKLDL
1 LDLKLDLKLDLK LDLKLDLKLDLK
LDLKLDLKLDLK KLDLKLDLKLDL
2 LDLKLDLKLDLK LDLKLDLKLDLK
LDLKLDLKLDLK KLDLKLDLKLDL
3 LDLKLDLKLDLK LDLKLDLKLDLK
LDLKLDLKLDLK KLDLKLDLKLDL
4 LDLKLDLKLDLK LDLKLDLKLDLK
LDLEKLDLKLDLK KLDLKLDLKLDL
5 LDLKLDLKLDLK LDLKLDLKLDLK
LDLKLDLEKLDLK KLDLKLDLKLDL
6 LDLKLDLKLDLK LDLKLDLKLDLK
LDLKLDLKLDLK KLDLKLDLKLDL
7 LDLKLDLKLDLK LDLKLDLKLDLK
LDLKLDLKLDLK KLDLKLDLKLDL
8 LDLKLDLKLDLK LDLKLDLKLDLK
LDLKLDLKLDLK KLDLKLDLKLDL
9 LDLKLDLKLDLK LDLKLDLKLDLK
LDLKLDLKLDLK KLDLKLDLKLDL
10 LDLKLDLKLDLK LDLKLDLKLDLK
LDLKLDLKLDLK KLDLKLDLKLDL
11 LDLKLDLKLDLK LDLELDLKLDLK
LDLKLDLKLDLK KLDLKLDLKLDL

FIGURE 8.8: Shift values of LDLK-derived SAPs. The mutual alignment among (LDLK)3
SAP or CAPs can be summarized in parallel or antiparallel alignments without distinction between
positive and negative shifts.
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8.6 UA-MD SIMULATIONS OF 8-MER SYSTEMS
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FIGURE 8.9: Radius of gyration of octameric systems in UA-MD and CG-MD simula-

tions. As reported in our previous work, [91] the nucleation in UA-MD simulations occurred within

50 ns. The CG simulations of octameric systems with fully extended secondary structure parameters

denoted a similar tendency in the nucleation feature of SAP systems. Indeed, the aggregate sizes of
octameric systems were similar regardless of the chosen simulation model.
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Aggregation fraction
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FIGURE 8.10: Aggregation fraction of the multi-mers composing each system: 8-mer in
purple, 7-mer in silver, 6-mer in grey, 5-mer in blue, 4-mer in yellow, 3-mer in green, 2-mer in red,
1-mer in black. UA-MD and CG-MD simulations refer to octameric systems containing NaCl 0.015
M. The starting conformations of monomers were Sam (sampled from the UA-MD simulation of
monomer) or E (fully extended). In CG-MD simulations with E secondary structure parameters
oligomerization mechanism proceeded through similar intermediate steps unrelated to the initial
monomeric conformation. These tendencies were similar to those observed in UA-MD simulations.
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Nematic order parameter P2
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FIGURE 8.11: Nematic order parameter P2 of octamers of B24,30,31. In CG-MD simula-
tions (SS parameters=E) the nematic order parameter P2 reached similar values observed in UA-MD
simulations regardless of the initial monomeric conformations.






165

Morphoscanner: the python module

This section shows some python functions of the Morphoscanner module. As shown in
section 2.3.5, the recognition of S-sheets relies on the definition of 8-contacts. The python
module allow to reconstruct the distance map from CG beads coordinates, as shown below.

LisTING 8.1: Python function for the calculation of euclidean distance among two CG beads

import numpy as np
import tqdm
def get euclidean distance(point 1, point 2):

euclidean distance = np.sqrt(np.sum([((point 1[0] — point 2[0])*x*2),
((point _1[1] — point_2[1])*x2), ((point_1[2] — point_ 2[2])*x%x2)]))
return euclidean distance

The contact map is derived from the distance map.

LisTING 8.2: Python function for the calculation of the contact map

def contact map helix torch(distance map):
contact map = distance map. clo e()

contact _map [ contact map <= 4] =0

contact map [( contact map > 4 4) & (contact map <=5.1)] =1

contact _map [(contact _map > 5.1) & (contact map<=6.5)] = 2

contact map [contact map > 6.5] = 3

return contact map
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The description of the interactions between two strands or peptides is provided by the Strand
Backbone Contact matrix: a square matrix whose dimensions correspond to the number of
strand /peptide backbone grains.

A set of matrices, named shift matrices, was developed to be used as references for the
identification of the mutual arrangements described by the strand backbone contact matrix.
Shift matrices describe the different arrangements between pairs of peptides. In detail,
parallel and antiparallel shift arrangements are calculated through the following python
functions:

LisTING 8.3: Python function for the calculation of shift matrices

import torch
import numpy as np
import pandas as pd
import tqdm

def shift library maker torch(contact map to analyze, device = ’cpu’):
row = contact map to analyze.shape|[0]
col = contact map to analyze.shape|1]

kron dict = {}
kron list parallel = []
kron list antiparallel = []

for e in range(—row+1, col):
array = np.eye(row, col, e)
kron list parallel.append(array)
kron list antiparallel.append(np. fliplr (array))

kron dict|’parallel’| =

torch.from numpy(np.asarray (kron list parallel)).to(device)
kron dict|[’antiparallel’] =

torch.from numpy(np.asarray (kron list antiparallel)).to(device)
return kron dict

To calculate the maximum similarity of shift matrices with peptide backbone matrix,the
normalized cross-correlation function (NCC) was used, as shown below.
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LisTING 8.4: Python function for the calculation of normalized cross-correlation

def normalized cross correlation function torch v1(contact map,
minimum contact=2, device=’cpu’):

contact _map = contact map.double ()
shift matrix library = shift library maker torch (contact map,

device=device)

cross correlation values = |[]

max_val = |[]
sum_contact map = torch .sum(contact map)
shift matrix center index = ((contact map.shape|0]| +

contact map.shape|[1l]) —1)//2

if sum_ contact map < minimum contact:
pass

else:

for sense in shift matrix library:

signal full = contact map * shift matrix library |sense]
signal tens = torch.sum(signal full, dim=(1,2))

norm = torch.sqrt(sum_contact map) =

torch.sqrt (torch .sum(shift matrix library|[sense],
dim=(1,2)))

nce = signal tens/norm

ncc_index = torch.argmax(ncc)

nce val = ncc[nce index|

denoised = signal full|[ncc index|

cross _correlation values.append ([ncc val, ncc_index,
sum_contact map, sense, denoised|)

max_val = max(cross_correlation values)
sum_denoised = torch.sum(max val[4])
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if sum_ denoised >= minimum contact:

shift = shift matrix center index — max val[1l]
max_val[2]| = sum denoised
max_val.append(shift)

return max _val

else:
pass
[B-sheet structures are detected by Morphoscanner by using the backbone contact and the
strand interaction matrices, obtained from the functions above mentioned.
The Morphoscanner module is available at the following link:

https://github.com/lillux /morphoscanner.git
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Analysis of CG-MD simulations with
Morphoscanner: additional figures
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B-sheet organization

ID P A+ A-

B24

LKLK,

LDLD,

LDLK,

FIGURE 8.12: CAPs and (LDLK); assembled in stable 5-sheet structures. Instead, BMHP1-
derived SAPs did not show relevant formation of S-sheets. SAP 2, B24 and 30 were simulated with
fully extended secondary structure parameters (see 8.6).
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Peptide mutual alignment
P shift A- shift

AL

B24 ;.|

FIGURE 8.13: Analysis of CG-MD simulations with full extended MARTINI SS parame-

ters. BMHP1-derived SAPs were preferentially aligned at one-residue shift in parallel arrangements.

Notably, shift profiles of SAPs with Pro privileged parallel shift out-of-register by one-residue (2,
B3, 4, B26), while mutation with Ala coaxed the onset of A- shift (B24, 30, 31).
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B-sheet organization

FIGURE 8.14: (-sheet organization of BMHP1-derived SAPs. BMHP1-derived SAPs pref-
erentially aligned at one-residue shift in parallel arrangements within S-sheets. B26 showed the
poorest propensity to S-sheet organization.
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Salnteraction

Peptide mutual alignment

Fslnteraction

B-sheet organization

FIGURE 8.15: Shift profiles of B24 (SS parameters=E). The analysis of peptide mutual
alignment and S-sheet organization were extended till 4500 ns for B24. Shift profiles showed that
B24 preferentially aligned in parallel out-of-register but were not centered around any particular
value, therefore B24 oligomers were characterized by a heterogeneous alignment. Shift profiles of
(B-sheet organization showed that S-strands were mutually aligned in parallel out-of-register.
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Salnteraction

Peptide mutual alignment

B-sheet organization

FIGURE 8.16: Shift profiles of SAP 30 (SS parameters=E). Shift profiles of CG-MD simu-

lations of peptide 30 for up to 4500 ns. In Aj ;7 ;71 peptides were preferentially aligned in parallel

out-of-register by one-residue. Same situation could be appreciated in By 1 rr; for S-sheet organi-

zation. 30 showed a lower tendency to S-structuring if compared to B24. This feature is likely given
by the presence of Trp at the N-terminal.
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Chapter 9

Branched SAPs: Additional Tables
and Figures

Acronym Box Size(nm) Number of Molecules

(LDLK)s 28.87 100

BMHP1-bis(LDLK)s 27.93 33
tris(LDLK)3 28.2 33

epta(LDLK)s  29.5 14
(LDLK)s/BMHP1-bis(LDLK)s  32.06 BMHP1-bis(LDLK)s + 131 (LDLK)s3
(LDLK)s/tris(LDLK)s 33.72 tris(LDLK)3 + 157 (LDLK)3
(LDLK)s/epta(LDLK)s  33.68 epta(LDLK3) + 150 (LDLK)s

TABLE 9.1: CG-MD simulation details: box dimension (nm) and number of peptide molecules
introduced in the simulation boxes.



176 Chapter 9. Branched SAPs: Additional Tables and Figures

FIGURE 9.1: Peptide branched as indipendent linear peptides. A;)Branched peptides are

made of tree-like branches linked with previously double-capped lysine knots(highlighted in orange).

Arr) Peptide branches can be considered as independent linear peptides for peptide alignment and /-

sheet formation analyses. Peptides are represented with ball-and-stick model with Lysine, Aspartic
acid, Leucine in blue, red and green respectively
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Chapter 10

Nano-Mechanics of SAPs structures:
Additional Tables and Figures
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Chapter 10. Nano-Mechanics of SAPs structures: Additional Tables and Figures

10.1 GOMARTINI MAPPING OF (LDLK)3 AND FAQ-(LDLK)3 SAPS

Residue BB atom type SC atom type Charge
LEU-1 P> 1 0
ASP-2 P> Qa -1
LEU-3 PS5 C1 0
LYS-4 P5 C3,Qd +1
LEU-5 P5 C1 0
ASP-6 P5 Qa -1
LEU-7 P> C1 0
LYS-8 P5 C3,Qd +1
LEU-9 P> C1 0
ASP-10 P> Qa -1
LEU-11 P5 C1 0
LYS-12 P5 C3.Qd +1

FIGURE 10.1: GoMARTINI mapping of (LDLK); peptides. Residue refers to amino-acid

residue. BB atom type refers to the MARTINI grain type corresponding to the backbone atoms of

a specific residue. SC atom type refers to the MARTINI grain type corresponding to the sidechain

atoms of a specific residue. The UA backmapped fibril seed structures were analyzed with DSSP
and then the SS parameters have been assigned.
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Residue BB atom type SC atom type Charge
LEU-1 Nda C1 0
ASP-2 Nda Qa -1
LEU-3 Nda C1 0
LYS4 Nda C3,Qd +1
LEU-5 Nda Cl1 0
ASP-6 Nda Qa -1
LEU-7 Nda C1 0
LY5-8 Nda C3,Qd +1
LEU-9 Nda C1 0
ASP-10 Nda Qa -1
LEU-11 Nda C1 0
LY5-12 Nda C3,Qd +1

FIGURE 10.2: GoMARTINI mapping of (LDLK); peptides with full extended SS pa-
rameters. Residue refers to amino-acid residue. BB atom type refers to the MARTINI grain type
associated with the backbone atoms of a specific residue. SC atom type refers to the MARTINI
grain type associated with the sidechain atoms of a specific residue. The SS parameters have been
assigned as fully extended.
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Residue BB atom type SC atom type Charge
PHE-1 P5 SC5,5C5,5C5 0
ALA-2 P4 0
GLN-3 P5 P4 0
ARG-4 P> NO,Qd +1
VAL-5 P5 C2 0
PRO-G P4 C3 0
PRO-7 P4 C3 0
GLY-8 P5 0
GLY-9 P5 0
GLY-10 PS5 0
LEU-11 Nda Cl1 0
ASP-12 Nda Qa -1
LEU-13 Nda SC1 0
LY5-14 Nda C3,Qd +1
LEU-15 Nda C1 0
ASP-16 Nda Qa -1
LEU-17 Nda IC1 0
LY5-18 Nda C3,Qd +1
LEU-19 Nda C1 0
ASP-20 Nda Qa -1
LEU-21 Nda IC1 0
LYS-22 Nda C3.Qd +1

FIGURE 10.3: GoMARTINI mapping of FAQ-(LDLK); peptides. Residue refers to amino-

acid residue. BB atom type refers to the MARTINI grain type corresponding to the backbone atoms

of a specific residue. SC atom type refers to the MARTINI grains type corresponding to sidechain

atoms of a specific residue. The UA backmapped fibril seed structures were analyzed with STRIDE
and then the secondary structures were assigned.
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10.2 FAILURE CLASSIFICATION OF SAPS SEEDS AND FIBRILS

Seed/Fibril ID Young’s Modulus (E) |Shear Modulus (G) Shear Contribution
[MPa] [MPa] Ratio s(L)
A o00 361 219
A (CG - dssp) 1279 840 241
A (CG-Ext) 1029 532 3.06
B 781 024 1.88
B(CG-dssp) 1167 f21 1.39
B (CG-Ext) 820 313 2.56
G 664 266 1.31
C (CG-dssp) 1626 907 1.47
C (CG-Ext) 737 032 1.14
Fibrils 2003 612 0.06
Fibril (CG-dssp) 6252 787 0.14
Fibrils (CG-Ext) 5110 770 0.04

FIGURE 10.4: Failure classification of (LDLK); seeds and fibrils. Young’s (or elastic) and
shear moduli were derived considering the stress-strain curves by means of ratio between the max-
imum stress and the corresponding strain. The shear contribution ratio was calculated as shown
in section 4.3.6. The shear contribution ratio, s(L), provides information about strain distribu-
tion during bending failure; if s(L) > 1, non-covalent interactions are being sheared, otherwise are
stretched along their direction. In (LDLK)s SAPs supramolecular structures, shear contribution
ratio points out that the bending failure mechanism are mainly affected by the geometrical features
of the aggregates. Indeed, the bending failure mechanism of fibril seeds is mainly ruled by shear
stress, whereas the bending failure mechanism of fibrils is mainly ruled by tensional stretching of
non-covalent interactions
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Seed/Fibril ID Young’s Modulus (E) |Shear Modulus (G) Shear Contribution
[MPa] [MPa] Ratio s(L)
1A 701 350 2.38
A (CG -dssp) 837 331 2.45
B a23 339 0.43
B(CG-dssp) 878 539 0.29
C 706 393 2.01
C (CG-dssp) 654 299 2.12
Fibrils 3823 366 0.04
Fibril (CG-dssp) 4975 503 0.03

FIGURE 10.5: Failure classification of FAQ-(LDLK);3 seeds and fibrils. Young’s and shear

moduli were derived as described in Table S8, meanwhile shear contribution ratio was calculated as

shown in section 4.3.6. In FAQ-(LDLK)3 SAPs supramolecular structures, the shear contribution

ratio points out that the bending failure mechanisms are mainly affected by the geometrical features

of the aggregates. Indeed, the bending failure mechanism of fibril seeds is mainly ruled by shear

stress, whereas the bending failure mechanism of fibrils is mainly ruled by tensional stretching of
non-covalent interactions.
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10.3 COMPUTATIONAL PERFORMANCE ON GPU GEFORCE GTX 1080

Seed/Fibril ID Number of Simulated Time Simulation
Atoms/Grains (ns/day) Setup
A 62970 14.66 Traction
A(CG) 16045 368.43 Traction
1A 62970 14.65 Bending
A(CG) 16045 409.79 Bending
B 62846 14.76 Traction
B(CG) 16038 144.88 Traction
B b2846 15.22 Bending
B(CG) 160386 133.39 Bending
G 62758 12.87 Traction
C(CG) 16035 159.75 Traction
C 62758 14.73 Bending
C(CG) 16035 162.82 Bending
Fibrils 152733 6.6 Traction
Fibrils(CG) 38469 75 Traction
Fibrils 225907 4.36 Bending
Fibrils(CG) 5853 33.8 Bending

FIGURE 10.6: Details of (LDLK); SAPs SMD simulations. Simulated Time refers to the

output provided from the mdrun program of the GROMACS software suite.
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Seed/Fibril ID Number of Simulated Time Simulation
Atoms/Grains (ns/day) Setup
A 43098 21.34 Traction
A(CG) 11013 168.47 Traction
A 43179 21.75 Bending
A(CG) 11025 181.39 Bending
B 43118 19.73 Traction
B(CG) 11013 195.87 Traction
B 43199 22.01 Bending
B(CG) 11016 112.88 Bending
C 43118 20.90 Traction
C(CG) 11021 22522 Traction
C 43199 1911 Bending
C(CG) 11019 163.69 Bending
Fibrils 248294 3.70 Traction
Fibrils(CG) 58759 55.68 Traction
Fibrils 544025 1.5 Bending
Fibrils(CG) 136218 25.27 Bending

FIGURE 10.7: Details of FAQ-(LDLK)3; SAPs SMD simulations. Simulated Time refers to
the output provided from the mdrun program of the GROMACS software suite.
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FIGURE 10.8: Shift profiles and S-structuring propensity of (LDLK)3; SAPs. P refers to the
parallel alignment, A refers to the antiparallel alignment. Differently from the data shown in Fig.4.3,
(LDLK)3 SAPs assembled in a less ordered double layered fS-sheet structure. Indeed, (LDLK)3
were preferentially antiparallel aligned, whereas -strands didn’t show any preferential alignment.
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B-structuring
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FIGURE 10.9: Shift profiles and S-structuring propensity of (LDLK)3 SAPs. P refers to

parallel alignment, A refers to antiparallel alignment. Differently from the data shown in Fig.4.3,

(LDLK)3 SAPs assembled in a less ordered double layered (-sheet structure. Indeed, (LDLK)3
peptides were preferentially parallel aligned, such as g-strands.
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FIGURE 10.10: ONE-POT CG-MD of (LDLK)3; SAPs. ONE-POT CG-MD simulations have

been prepared according to the data reported in Fig. 4.2. The fibril seed conformation corresponded

to the final structure of CG-MD simulation reported in Fig. 4.3a. The (LDLK)s SAPs, such as

[B-strands were mutually antiparallel aligned. This tendency was also reflected by nematic order
parameter, which reached value equal to 0.5 within 5 us.
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F1GURE 10.11: Shift profiles and S-structuring propensity of FAQ SAPs, 2nd replica. As
shown in Fig. 4.5, FAQ peptides didn’t show any preferential mutual alignment. However, S-strands
were weakly aligned according to antiparallel and parallel arrangement.
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FI1GURE 10.12: Shift profiles and p-structuring propensity of FAQ SAPs, 3rd replica.
As shown in Fig. 4.5, the FAQ peptides didn’t show any preferential mutual alignment and any
[-strands alignment.
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FiGure 10.13: Shift profiles and [-structuring propensity of functional motif FAQ-

(LDLK)3; SAPs. According to the data shown in Fig. 4.5, Fig. 10.11 and Fig. 10.12, FAQ

functional motif didn’t assemble into ordered aggregates. This hampered the formation of §-sheet

structures. Such features didn’t alter the S-structuring propensity of backbone moieties, as shown
in Fig. 4.3
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F1GURE 10.14: Shift profiles and S-structuring propensity of backbone moieties FAQ-

(LDLK)3 SAPs. As shown in Fig. 4.3b, FAQ-(LDLK)3 backbone moieties PMA and S-sheet

organization reflected those of (LDLK); SAPs. Due to the presence of FAQ functional motif,
FAQ-(LDLK)3 peptides assembled into disordered aggregates.
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FiGure 10.15: Shift profiles and [-structuring propensity of functional motif FAQ-

(LDLK)3; SAPs. According to the data shown in Fig. 4.5, Fig. 10.11 and Fig. 10.12, FAQ

functional motifs didn’t assemble into ordered aggregates. This hampered the formation of S-sheet

structures. Such features didn’t alter the S-structuring propensity of backbone moieties, as shown
in Fig. 10.14
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FiGURE 10.16: Shift profiles and [S-structuring propensity of backbone moieties FAQ-

(LDLK)s SAPs. Differently from the results shown in Fig. 4.3B and Fig. 10.14, FAQ-(LDLK)3

assembled into two orthogonally oriented (-sheets. However, the (§-strands organization reflected

the backbone moieties mutual alignment. Indeed, peptides are mutually alignment both in A and
P.
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FicUure 10.17: Shift profiles and [-structuring propensity of functional motif FAQ-

(LDLK)s SAPs. According to the data shown in Fig.4.5, Fig. 10.11 and Fig. 10.12, FAQ functional

motif didn’t assemble into ordered aggregates. However, FAQ functional motifs assembled into dis-

ordered [-sheet structures. Such features heavily altered the S-structuring propensity and mutual
alignment of backbone moieties, as shown in Fig. 10.16
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Lipids Inner leaflet Count Outer Leaflet Count
Phoshatidylcoline (PC)
DPPC (di-C16:0-C18:0 PC) 35 20
DOPC (di-C16:1-C18:1 PC) 58 33
POPC (C16:0/18:1 PC) 35
PFPC (C16:0/18:1 PC) 4 2
PAPC (C16:0/20:4 PC) 31 17
PUPC (C16:0/22:6 PC) 11 6
OIPC (C18:1/18:2 PC) 2
OUPC (C18:1/22:6 PC) 1
Phoshpatidylethanolamine (PE)
POPE (C16:0/18:1 PE) 8 16
PAPE (C16:0/20:4 PE) 20 41
PUPE (C16:0/22:6 PE) 43 85
Sphingomyelin (SM)
DPSM (c(d18:0/18:0) SM) 60 15
Glycolipid (GM1)
DPG1 (c(d18:1/18:0) GM1) 7
PNG1 (c(d18:1/24:1) GM1) 2
Glycolipid (GM3)
DPG3 (c(d18:1/18:0) GM3) 7
PNG3 (c(d18:1/24:1) GM3) 2
Phoshpatidylinositol (PI)
POPI (C16:0/18:1 PI) 8
PAPI (C16:0/20:4 PI) 8
PIPI (C16:0/18:2 PI)
PUPI (C16:0,/22:6 PI) 13
Phoshpatidylinositol Phosphates (PIPs)
POP1 (C16:0/18:1 PIP) 6
POP2 (C16:0/18:1 PIP2) 3
POP3 (C16:0/18:1 PIP3) 3
Phosphatidylserine (PS)
POPS (C16:0/18:1 PS) 66
Cerebrosides
DPGS (C(d16:1/16:0) GS) 50
Ceramide
DPCE (C(d18:1/18:0) CER) 4 4
Cholesterol (CHOL) 306 307
TABLE 11.1: Neural Membrane Composition. The neural membrane consist of 1335

lipids molecules, divided into 10 main classes: Phosphatydilcoline (PS), Phoshpatydilethanolamine
(PE), Sphyngomyelin (SM), Glycolipids (GM1,GM3),Phosphatidylinositol (PI), Phosphatidylinosi-
tol Phosphates (PIPs), Phosphatidylserine (PS), Cerebrosides, Ceramide and CHOL.
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Ions Intracellular concentrations Extracellular concentrations Inner/Outer ratio

Na™ 15 150 0.1
KT 140 5 28
CL~ 13 150 0.09

TABLE 11.2: Ions Concentrations

A) Lateral View B) Side View C) Top View

Fibre Axis Fibre Axis Equatorial
Axis
8
.... B
90° 90° e
11 > Il =
Longitudinal

Side Face Section

Top-Bottom
Face

FIGURE 11.1: Scheme of (LDLK)3 Fibril. The geometry of (LDLK)3 allow to define three faces,

depending on the view. The faces are also different in terms of chemical properties. Indeed, the side

face exposes the "leucine zipper" to the solvent, then it is more hydrophobic than the other faces.

Instead, the top-bottom face consists of Lysine and Aspartic acid side chains, then side face is

hydrophilic. The third face is usually not exposed to the solvent and it is only identifiable through
rotation around both axis of the fibril.



Chapter 11. SAPs-Neural Membrane Interactions: Additional Tables and

198 .
Figures
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Membrane I
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Monomer
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FIGURE 11.2: Last frame CG-MD simulations of interactions among (LDLK)3; monomers
and neural membranes.
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FiGURE 12.1:

400

600
Time (ns)

Analysis of CG-MD simulations:

600

400
Time (ns}

BMHP1 and Maltosylated BMHP1.
Aggregation Order plots refer to the number of S-structured aggregates. [-sheet Organizational
Indez is the quantification of antiparallel strands over parallel strands. Increasing the concentration
didn’t alter the aggregation order and -sheet organization. Instead, the maltosylation of C-terminal

threonine heavily affected the stability of S-sheet structures.



Chapter 12. CG Modeling of Glycosylated SAPs: Additional Tables and Figures 201

BMHP1

p-sheet organization

Conc. 3% (w/v) Conc. 1% (w/v)

Conc. 5% (w/v)

e, N
%3 5“““ . B S\f‘h

FIGURE 12.2: [-sheet shift profiles of BMHP1.Despite the low [-structuring propensity,
BMHP1 g-strands, independently from the concentration are preferentially aligned in parallel out-
of-register by one-residue.
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FIGURE 12.3: (-sheet shift profiles of BMHP1-MAL. As already highlighted in fig. 12.1, the
C-terminal maltosylation heavily affected g-strands aligned. Indeed, BMHP1-MAL S-strands are
also antiparallel aligned.
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FIGURE 12.4: Analysis of differently glycosylated (LDLK);-BMHP1 SAPs. (Backbone

Moieties) Aggregation Order plots refer to the number of S-structured aggregates. [5-sheet Orga-

nizational Index is the quantification of antiparallel strands over parallel strands. The different

glycoyslation types didn’t affect S-structuring propensity of backbone moieties of SAPs, while was
lightly influenced by the variation of concentration.
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FIGURE 12.5: Analysis of differently glycosylated (LDLK);-BMHP1 SAPs. In general,
glycosylated functional motifs had a low S-structuring propensity.
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FIGURE 12.6: (-sheet shift profiles of Functional Motif of different glycosylated 6bis at
the concentration of 1% (w/v).
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FIGURE 12.7: ($-sheet shift profiles of Functional Motif of different glycosylated 6bis at
the concentration of 3% (w/v).
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