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Abstract

The nervous system, including the peripheral nervous system (PNS) and the central
nervous system (CNS), is composed of multiple neurons that are classified based on diverse
molecular, morphological, connectional, and functional properties. Although there are a
wide variety of neurons, they have one thing in common, that is, neurons are sensitive to
subtle physical changes and biochemical cues arising from the environment. Therefore, this
thesis focuses on structural variations of amyloid-like self-assembling peptides — a
promising material for artificial neural scaffolds — and their interaction with neural cells.
Amyloid-like peptides, associated with neurodegenerative diseases, such as Parkinson’s,
Alzheimer’s, and Huntington’s, are misfolded peptide molecules that are highly resistant
to degradation. The misfolding or self-assembly occurs under physiological conditions and
is affected by various factors, such as the peptide sequence, concentration, and solvent
effect. Taking advantage of their non-degradable characteristic and diverse assembly
morphologies, amyloid-like peptides have been used as hierarchical nano-templates for
neuroscience, neural drug development, and neural tissue engineering.

The goal of this thesis is to investigate the correlation between the structure of self-
assembling peptides and the bioactivity of neural cells. The most straightforward strategy
is employed first: a library of nine amyloid-like peptides is designed by systematically
varying the hydrophobic core of the peptide backbone. The physicochemical properties of
the peptides are extensively analyzed from the atomistic, molecular, and microscopic level.
Furthermore, molecular dynamics simulations are used to provide theoretical insights to
explain the differences in peptide assembly. With deeper structural insights, these peptides
are examined for their neural activity using a human neuroblastoma cell line to understand
the relationship between peptide structure and neural activity. The results of this project
demonstrated that the computational simulations could help the rational design of peptide
sequences for neural repair.

The following chapter, an important but often overlooked factor, the solvent effect, is
investigated to understand how the solvation effect influences the assembly behavior of
amyloid-like peptide and their neural activity. The same peptide sequence that is produced
by different manufacturers, dissolved in different solvents, or tested at various time points,
demonstrates different self-assembly behavior. The difference derived from the self-
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assembly behavior is reflected in the activation of the formyl peptide receptor 1 in both
mouse and human neural cells, highlighting that the processing history and solvent effect
influenced the structure-property relationship of amyloid-like peptide and neural activity.
Neural differentiation requires a long period of incubation, so it is of importance to build a
stable amyloid-like SAP substrate that can resist frequent washing. Amyloid-like peptides
functionalized with vinyl groups are synthesized and immobilized on thiolated substrates
prepared by chemical vapor deposition via a photo-triggered thiol-ene reaction. This
peptide immobilization strategy offers a facile route to fabricate a large and customized
two-dimensional amyloid-like peptide layer to manipulate neural cell adhesion.

In summary, this thesis aims to investigate different factors that influence the self-
assembled structure of amyloid-like peptides and correlate the structural differences with
neural behavior to provide insights into the structure-property relationship between

amyloid-like peptides and neural cells.
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Zusammenfassung

Das Nervensystem, einschlieSlich des peripheren Nervensystems (PNS) und des zentralen
Nervensystems (ZNS), besteht aus einer Vielzahl von Neuronen, die auf der Grundlage
verschiedener molekularer, morphologischer, konnektiver und funktioneller Eigenschaften
klassifiziert werden. Obwohl es eine grofe Vielfalt an Neuronen gibt, haben sie eines
gemeinsam: sie reagieren auf subtile physikalische Verdnderungen und biochemische
Hinweise aus der Umwelt. Daher konzentriert sich diese Arbeit auf strukturelle Variationen
amyloiddhnlicher Peptide und deren Interaktion mit Nervenzellen.

Amyloid-dhnliche Peptide, die mit neurodegenerativen Krankheiten wie Parkinson,
Alzheimer und Huntington in Verbindung gebracht werden, sind fehlgefaltete
Peptidmolekiile, die sehr widerstandsfihig gegen den Abbau sind. Die Fehlfaltung oder
Selbstassemblierung erfolgt unter physiologischen Bedingungen und wird durch
verschiedene Faktoren wie Sequenzdesign, Konzentration und Solvatationseffekte
beeinflusst. Amyloid-dhnliche Peptide wurden aufgrund ihrer schlechten Abbaubarkeit und
ithrer vielfdltigen Assemblierungsmorphologien als hierarchische Nano-Templates fiir die
Neurowissenschaften, die Entwicklung neuronaler Arzneimittel und das neuronale Tissue
Engineering verwendet.

Ausgehend von der einfachsten Strategie wird eine Bibliothek von neun amyloiddhnlichen
Peptiden durch systematische Variation des hydrophoben Kerns des Peptidriickgrats
entwickelt. Die physikochemischen Figenschaften der Peptide werden auf atomarer,
molekularer und mikroskopischer Ebene eingehend analysiert. Dariiber hinaus werden
Molekulardynamiksimulationen eingesetzt, um theoretische Erkenntnisse zur Erklarung
der Unterschiede im Peptidaufbau zu gewinnen. Mit einem tieferen Einblick in die
strukturellen Informationen werden diese Peptide anhand einer menschlichen
Neuroblastom-Zelllinie auf ihre neuronale Aktivitit untersucht, um die Beziehung
zwischen Peptidstruktur und neuronaler Aktivitét zu verstehen.

Im folgenden Kapitel wird ein wichtiger, aber oft iibersehener Faktor, der
Solvatationseffekt, untersucht, um zu verstehen, wie dieser das Assemblierungsverhalten
von amyloiddhnlichen Peptiden und ihre neuronale Aktivitit beeinflusst. Dieselbe
Peptidsequenz, die von verschiedenen Herstellern produziert, in verschiedenen
Losungsmitteln gelost oder zu verschiedenen Zeitpunkten getestet wird, zeigt ein
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unterschiedliches Selbstassemblierungsverhalten. Der Unterschied, der sich aus dem
Selbstassemblierungsverhalten ergibt, spiegelt sich in der Aktivierung des
Formylpeptidrezeptors 1 sowohl in neuronalen Zellen der Maus als auch des Menschen
wider, was die Verarbeitungsplastizitit und die Struktur-Eigenschafts-Beziehung von
amyloidartigen Peptiden und neuronaler Aktivitdt verdeutlicht.

In den beiden vorangegangenen Kapiteln wurden amyloiddhnliche Peptide in
Kulturmedium suspendiert, um mit Nervenzellen in einer Dimension zu interagieren.
Nervenzellen verhalten sich unterschiedlich als Reaktion auf Umweltreize. Amyloid-
dhnliche Peptide, die mit Vinylgruppen funktionalisiert sind, werden synthetisiert und auf
thiolierten Substraten immobilisiert, die durch chemische Abscheidung aus der
Dampfphase mittels einer durch Licht ausgelosten Thiol-En-Reaktion hergestellt wurden.
Diese Peptid-Immobilisierungsstrategie stellt einen einfachen Weg zur Herstellung einer
grofBen und maBgeschneiderten zweidimensionalen amyloidartigen Peptidschicht dar, um
die Adhision von Nervenzellen zu beeinflussen.

Zusammengefasst zielt diese Arbeit darauf ab, verschiedene Faktoren zu untersuchen, die
die Selbstassemblierungsstruktur von amyloiddhnlichen Peptiden beeinflussen, und die
strukturellen Unterschiede mit dem neuronalen Verhalten zu korrelieren, um Einblicke in
die Struktur-Eigenschafts-Beziehung zwischen amyloidéhnlichen Peptiden und neuronalen

Zellen zu gewinnen.

Die deutsche Zusammenfassung wurde auf der Grundlage der englischen

Zusammenfassung mit DeepL Translator.
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1. Introduction

Section 1.4. to 1.6. have been adapted with permission with changes from

Yu-Liang Tsai, Jialei Song, Rachel Shi, Bernd Kno6ll, Christopher V. Synatschke, A
Roadmap of Peptide-Based Materials in Neural Regeneration, Adv. Healthcare Mater. 2024,
2402939, Copyright 2024, WILEY-VCH Verlag GmbH & Co.

1.1.General Introduction to Amyloid-Like Self-Assembly Peptide

Self-assembling and folding of peptide molecules are commonly seen in nature and
play vital roles in humans’ physiological functions when they fold or assemble correctly;
for example, actin fibrils in eukaryotic cells for cell motility and synthesis and deposition
of melanin in vertebrate melanosomes.'> However, the misfolding of these specific peptide
molecules along with additional proteins and carbohydrates, as known as amyloidosis, in
different organs is associated with multiple diseases, including type II diabetes and neural
degenerative diseases, such as Parkinson’s, Alzheimer’s, and Huntington’s.! These
amyloid SAPs are highly resistant to degradation; therefore, early research has been
conducted to explain the formation mechanisms and to inhibit amyloid formation.? In
recent years, scientists gained more in-depth knowledge of amyloid structures, which

1245 Once been considered

possess a variety of morphologies with multiple dimensions.
as a disadvantage, the undegradable nature and diverse morphologies of amyloid-like SAPs
provide robust templates for hierarchical nanostructures for biomedical applications, for

instance, biofilms, cell scaffolds and biosensors.'>*

1.2.Characteristics and Morphology of Self-Assembling Peptide

The self-assembly and folding of peptide molecules into higher ordered structures are
driven by non-covalent interactions, such as hydrogen bonding (H-bonding), electrostatic
interactions, hydrophobic interactions, metal-ion coordination, etc.!>>® These ordered

structures involve multiple length scales ranging from nm to pum, as illustrated in Figure 1.



Ultrastructural
Fibril network

Amyloid plaques Supramolecular

fibril architecture Atomic level

structure
e are e
..gl Do N i

Lengthscale

| | | | | | -
| I [ [ [ I -

100um 10um lum 100 nm 10 nm 1nm

Figure 1. Overview of the different length scales at which the characteristic amyloid-like
structures appear. Reprinted with permission.* Copyright 2016, WILEY-VCH Verlag
GmbH & Co.

At the atomistic length-scale, peptide molecules assemble into B-strands (~ 4 A apart)
perpendicular to the fibril axis and tightly packed into B-sheets. Each B-sheet is parallel to
each other and the intersheet distance is roughly ~10-12 A.'7 The intramolecular
secondary structures, such as a-helical and B-strand, further evolve into tertiary structure
and intermolecular quaternary structure, which is also referred to as hierarchical
nanostructures.” '® These hierarchical nanostructures range from zero-dimensional
(nanoparticles and nanospheres), one-dimensional (nanofibrils, nanoribbons, and
nanotubes), two-dimensional (nanosheets and nanofilms) to three-dimensional scaffolds. '
Typical techniques for structural characterization include molecular, microscopic, and
spectroscopic analysis. At molecular level, Congo red'' and Thioflavin T (ThT)!?
molecules bind with B-sheets in the amyloid-like self-assembly peptide. Spectroscopic
techniques, such as Fourier transform infrared spectroscopy (FT-IR)'3, circular dichroism
(CD)™, and nuclear magnetic resonance (NMR)!®> provide information on secondary

3,16

structures. Crystallography, such as X-ray diffraction®!¢ and electron diffraction’, gives

insight into molecular packing distance of the amyloid-like SAP. At the microscopic length



scale, dynamic light scattering (DLS) provides information on microscopic aggregates in
solution.!” Atomic force microscopy (AFM) and electron spectroscopy, including scanning
electron microscopy (SEM), transmission electron microscopy (TEM), and cryogenic
electron microscopy (Cryo-EM), generate images and characterize the surface topography
and morphology of the amyloid-like SAP.!”-2° In particular, Cryo-EM generate images at

18-20

the atomic level, allowing the reconstruction of 3D molecular models of amyloid-like

SAP for further investigation in dynamics and computation modeling.

1.3. Factors Affecting Self-Assembly Peptides

The first step in designing SAP is design of amino acid sequence, which directly
influences its propensity to form aggregates or defined structures.?! Multiple sequential
intrinsic factors can affect the peptide self-assembly behavior. Peptide concentrations play
important roles in modulating the kinetics and stability of the SAP.?! Given the same amino
acids in the peptide sequence, altering the position of amino acids, i.e. constitutional
isomers and stereoisomers, changes the charge distribution and steric profile of the
hydrophobic side chains, influencing the morphology and kinetic of self-assembly.???*
Similar peptide sequences varying only the side groups of hydrophobic group can change
the morphologies of the SAP. For example, Wang et al. modified the terminal residues of
the Islet amyloid-polypeptide and suggested that sequences with more hydrophobicity and
[-sheet strength led to planar nanoribbons, while other more hydrophilic sequences formed
twisted structures.?* Hussain Sangji and coworkers altered hydrophobic groups in the -
sheet-forming region of the peptide amphiphile, and they found that varying the
hydrophobic groups changed not only the self-assembly structure but also the chirality of
the structure.

External factors, such as salt ions, ionic strength, pH, temperature, additional molecules,
and sample processing, also have significant effects on the peptide self-assembly
behavior.!'»!7?! Solvation effect, including salt ions, ionic strength, and pH, is ions
interplaying with the hydrophobic groups of peptide molecules, which can either improve
or interfere self-assembly.!*!72! For example, Roy et al. demonstrated that incubating the
same aromatic short peptide amphiphiles in solvents with different the anions, such as

phosphates, sulfates, chlorine ions, thiocyanate, etc., led to different assembly
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morphologies and mechanical properties of the resulting hydrogel.?® Shanbhag and
colleagues reported a pH and magnesium ion (Mg?") sensitive protein-peptide conjugate,
which could assemble into nanoparticles. The size of the nanoparticles was mediated by
pH of the solution, and the self-assembly is reversible based on the presence and absence
of Mg?* 2" Temperature is critical for tuning hydrophobic interaction and H-bonding, and
thereby it can manipulate the self-assembly morphologies.!*!” For instance, Miravet et al.
prepared a peptide amphiphile that underwent structure transition from nanofibers to
micelle upon heat treatment.”® A comprehensive example reported by Yuan et al.
highlighted that peptide amphiphiles with heat treatment and addition of electrolytes at
different time points altered supramolecular polymerization pathways; therefore, these
differences changed the properties and bioactivity of peptide amphiphiles towards a
chondrogenic cell line.?’

Taken together, SAPs are a class of material that can be designed with distinct
molecular characteristics and different self-assembly morphologies. Additionally, SAPs
have high processing plasticity to further change their structures. Furthermore, Schilling et
al. identified a small library of amyloid-like SAP nanofibrils that are intrinsically
neurotrophic.*® The above-mentioned advantages make amyloid-like SAPs attractive

candidates to investigate their structure and neural activity.

1.4. Self-Assembling Peptide Material for Neural Regeneration

Natural biomaterials, such as collagen, gelatin, hyaluronic acid, alginate, and chitosan,
have been utilized for neural regeneration.’! They hold the advantages of inherent
bioactivity and biodegradability because they stem from acellularized tissue and
extracellular matrix-derived macromolecules. Large-scale synthesis is another benefit of
using natural biomaterials for neuronal regeneration. However, batch-to-batch variability
in production and an uncontrollable degradation profile are drawbacks that need to be
considered.*>*® In contrast to natural biopolymers, synthetic polymers, like
polycaprolactone, poly-L-lactic acid, and polyethylene glycol (PEG), are another category
of biomaterials implemented for neural regeneration.’* They are known for their high
reproducibility, processability, and tunability, which compensate for the shortcomings of

natural biomaterials. However, they lack biological cues due to their chemical nature; thus,

4



more synthetic approaches to decorating bioactive motifs on synthetic polymers are
necessary to increase their biocompatibility. It is also worth noting that the degradation
product of lactic acid-based materials acidifies the local physiological environment, which
may be disadvantageous.3??*

Synthetic peptides, consisting of amino acids, offer an alternative class of biomaterials
for neural repair, with non-cytotoxic degradation products. Based on sequential designs,
they can incorporate bioactive groups and synchronously serve as a matrix for cell adhesion.
Moreover, synthetic peptides can be synthesized with high purity using commercially
available automated synthesizers.*>*® Combining the advantages of both natural
biomaterials and synthetic polymers, synthetic peptides provide new possibilities for neural
tissue engineering.

The ECM is an essential component of all tissues, providing mechanical support and
barrier function for the structural integrity of multicellular organisms. Furthermore, the
ECM functions as a reservoir for signaling cues thereby regulating cell fate. In the design
of functional biomaterials for neural regeneration, scientists are aiming to emulate those
cues provided by the ECM.?” In neural tissue, the ECM is a fibrous network, primarily
consisting of proteins, proteoglycans, and glycosaminoglycans. The ECM environment
surrounding neurons is complex because of its multiscale architecture, various cell types,
multiple biomolecules, fibrous network, and interpenetrating vascular systems.>® Therefore,
mimicking the neural ECM necessitates incorporating as many aspects of the neural
environment as possible.

SAPs are a class of materials consisting of short peptide sequences and show potential
for mimicking the neural ECM. They form nanofibers thereby reflecting essential
properties of the neural ECM under physiological conditions.** SAPs form their structure
via non-covalent interactions, for instance, hydrogen bonding, n—mn stacking, electrostatic
interactions, and van der Waals interactions. Although non-covalent interactions are
generally weaker than covalent bonds, these weaker but directional interactions give rise
to the reversibility, stimulus responsiveness (e.g. redox, pH, etc.), and nanostructures of
SAPs, which resemble tubulin proteins inside of cells.** SAPs are solid or gel matrix that
can potentially assemble and attach at the site of interest (e.g. injection at the injury site),

which not only allows minimally invasive surgery but also bypasses the blood brain barrier
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or the blood spinal cord barrier.>> Additionally, SAPs are easily modified with aromatic
groups, lipid chains, and biomolecules to tune the physical (i.e. topography) and
biochemical (i.e. growth factor mimic) properties of the neural ECM.***° Furthermore,
with appropriate sequence design and control over the assembly pathway, hierarchically
ordered, and aligned structures can be produced which in turn influence cell behavior.?**!

With these attractive features of SAPs, this class of materials is a promising ECM
mimic for neural regeneration. In the following sections, we expand on how the physical
and biochemical properties of the ECM influence neural behavior and update and highlight
some examples of SAPs for neural regeneration. Mimicking the ECM requires more than
merely providing a biocompatible niche for neural cells to attach to. The conceptual
schematic shown in Figure 2 illustrates how the physical and biochemical properties of the

ECM strongly influence neural behaviors, such as cell adhesion, cell migration, cell

morphology, cell signaling pathways, cell differentiation, and neurite outgrowth.*?

peptide matrix
7/1

- ZS4TN

/\("“ ™~

mechanotransduction conductive material ligand-receptor

extracellular Fishear, compress

cell
membrane

intracellular signaling
intracellular

MAG RhoA/Rock mTOR

Figure 2. A schematic of extracellular stimuli provided by self-assembling peptide for
neural regeneration (generated using Biorender). This graph illustrates how SAPs as ECM
mimics can trigger intracellular cascades, such myelin-associated glycoprotein (MAG),*

Rho-associated protein kinase (RhoA/Rock),***

mammalian target of rapamycin
(mTOR),>**  etc., for neural regeneration, through ligand-receptor pairing,
mechanotransduction, and electrical stimuli. Copyright 2024, WILEY-VCH Verlag GmbH

& Co.



1.5. Physical Properties of Self-Assembly Peptide on Neural Cells
1.5.1. Matrix stiffness

Mechanotransduction refers to the process of cells sensing and modifying their
behavior in response to the ECM stiffness and mechanical forces, such as osmotic pressure,
shear force, and compressive load from the surroundings. This process regulates tissue-
specific differentiation and maintains tissue homeostasis.*’ For example, the interruption
of interstitial fluid in the brain disrupts the balance between Ca*" and Na' ions, thus,
mechanically stimulating axons and triggering Ca®*-mediated neurotoxicity.*® In terms of
designing a matrix for neural repair, the stiffness of neural tissue depends on the cell type
and location. Tissues in the PNS are generally stiffer than those in the CNS because of
more aligned nerve fibers and protective connective tissue in the PNS.*? In contrast, the
brain ECM consists mostly of interstitial fluid, which gives rise to viscoelastic properties
and a low stiffness of brain tissue.’’*’ More comprehensive mechanisms of how
mechanotransduction influences axon outgrowth are systematically reviewed elsewhere.*®

At the cellular level, Koser et al. reported that axons of retinal ganglion cells grow
towards softer tissue, mediated by mechanosensitive ion channels.* Neural stem cells
(NSCs) form synapses and are more prone to differentiate into neurons with neurite
extension and branching on a soft matrix (0.1-0.5 kPa). In contrast, a stiffer matrix (0.5-10
kPa) stimulates NSC migration and differentiation into glia cells.>> MSCs and pluripotent
embryonic stem cells tend to express higher levels of neural markers when cultured on a
soft matrix (0.1-1 kPa).* It was reported that a stiffer matrix (above 200 KPa or scar tissue)
reduced the viability of neural cells in both an in vitro study and in the clinic.>? Typically,
SAPs form a rather soft matrix, which is beneficial for mimicking the mechanical
properties of natural brain tissue and it may be possible to create materials, possibly in
combination with covalent polymers, with anisotropic mechanical properties that better

reflect the complexity needed for improving neural regeneration in the future.

1.5.2. Topography
Neurons have a polarized morphology with soma and dendrites for receiving
biological signals from other neurons, and axons for sending biological signals outwards.

Random neurite growth results in an inefficient neural network.*? Udvary et al. published
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that neuronal morphology also has an impact on cellular behavior and the architecture of
neural networks.’® This phenomenon indicates that the architecture of the neural
environment and neuronal morphology complement each other. The environment of neural
cells is multiscale and influences cell behavior, such as adhesion, alignment, and
morphology.***” Vedaraman and colleagues implemented a two-photon lithography
technique to fabricate precise substrates, suggesting that substrates with anisotropic
(having different physical properties in different directions), discontinuous geometry at the
micrometer scale can support the alignment of dorsal root ganglia.’! From a microscopic
scope, Yang and coauthors published a review on the correlation between neural
regeneration and different topographies. For continuous topography, embryonic
hippocampal neurons tend to grow in parallel in deeper grooves and grow into multipolar
cells when the grooves are wider. For discontinuous topography, PC12 cells grew fewer
and shorter neurites on smooth surfaces, as illustrated in Figure 3. For random topography,
hippocampal neurons showed higher survival rates on surfaces with nanoroughness.*?

These findings suggested that different topographic features on the same type of substrate

influence the behaviors of neural cells.
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Figure 3. A schematic of topographical effects on neural cells. (a) Neural cells in blue
experience continuous topographies, provided by defined grooves. The depth and width of
the grooves can affect the direction of neurite outgrowth. Adapted with permission.*?
Copyright 2021, Royal Society of Chemistry. (b) Neural cells in blue encounter
discontinuous topographies established by randomly positioned pillars. These pillars with
different diameters, heights, intervals, and shapes can influence the adhesion, survival, and
differentiation of PC12 neural cells as well as the alignment of neurite outgrowth. Adapted

with permission.*? Copyright 2021, Royal Society of Chemistry.

In addition to fabricating anisotropic substrates, a peptide nanofiber hydrogel
composed of aligned fibrin and functionalized SAPs was prepared for functional recovery
after PNI.>2 The aligned fibrin structure was first electrospun into a construct and soaked
in the solution of SAP and growth factor mimic-functionalized SAP to obtain an

interpenetrating peptide nanofiber hydrogel. Under scanning electron microscopy, the pure
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aligned fibrin showed uniform and smooth microfibers. In contrast, the hybrid exhibited
aligned microfibers surrounded by dense nanofibers. Hybridization of this construct with
functional SAP increased surface roughness for improved cell adhesion, enabled the
adjustment of substrate stiffness, and provided an aligned structure for directional SC
outgrowth.’? These findings exemplified that SAPs introduced structural heterogeneity,
which is an important aspect for the neural ECM.*” Tran et al. encapsulated carbonyl iron
microparticles in a SAP monomer solution, enabling magnetically-induced alignment of
peptide nanofiber hydrogel. Compared with the non-aligned nanofibers, the aligned
structure stimulated MSCs to express higher levels of brain-derived neurotrophic factor
(BDNF) and exhibit anti-inflammatory effects, while neuron progenitor cells increased the
number of infiltrating axons. This work provided a new strategy to tailor the mechanical
properties and topography of the matrix for SCI repair.’® These examples show that
controlling topographical cues is very challenging with pure peptide systems. However,
when combined with (bio-)polymers, peptide can lead to significantly improved outcomes

in nerve growth.

1.5.3. Epitope presentation on SAPs

The spatial arrangement of epitopes or growth factor mimicking peptides is critically
important for efficient cell adhesion and correct molecular recognition. Compared with the
meso-scale topographical effect, this section highlights how molecular design at nano-scale
can influence cellular behavior. Epitopes that are presented on SAPs enable easy
adjustment of various factors that determine cell receptor binding, such as overall epitope
concentration, epitope spacing, etc.

Controlling sub-nanometer epitope spacing by a SAP hydrogel is one strategy to
statically tune the spatial arrangement between matrix and cells, as illustrated in Figure 4
(a). In this work, Pashuck et al. designed two fibronectin epitopes and site-specifically
conjugated the epitopes on a linear SAP with three different sub-nanometer distances
ranging from 0.7 nm to over 6 nm. Human umbilical vein endothelial cells (hUVECs)
showed the most promising bioactivity for SAPs presenting two epitopes with 3.2 nm apart.
This study demonstrated that the proper design of SAPs allowed for the tuning of the

location and density of epitopes presented to cells at the nano-scale level, thereby precisely
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modulating the cellular response.’* This research pioneered investigations on how sub-
nanometer epitope spacing could influence cellular responses. We believe that this concept
also applies to neural regeneration as epitope spacing can be designed to match surface
protein localization on neural cells.

The molecular design of SAPs is not only limited to the distance or density of the
epitope, but also influences molecular chain dynamics to optimize the epitope presenting
efficiency for neural cells, depicted in Figure 4 (b). Peptide amphiphiles (PAs) are a class
of materials containing a functional group and a structural forming peptide sequence linked
to a hydrophobic alkyl tail. Alvarez and coauthors found that the mobility of the molecular
chains could be adjusted by mutating the position of tetrapeptide sequence (i.e. Ala, Glu,
Gly, and Val) connecting the three domains of the PA. The design and hypothesis were
confirmed by molecular dynamics simulations. After tuning, the epitope and growth factor
mimetic peptide functionalized PA became more mobile, leading to higher expression of
neural markers and therapeutic effect in an in vivo SCI model.*>** In the future, greater
efforts should be directed at understanding the role of dynamics and mobility in regards to
epitope presentation on ECM mimics.
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Figure 4. A cartoon illustration of spatial arrangement of epitopes presented statically and
dynamically in SAP systems (generated using BioRender). (a) Sub-nanometer epitope
spacing was achieved by site-specifically conjugation of epitopes on a linear SAP. The
correct or suitable distance of epitopes on the SAP backbone increases the specificity in
targeting cell surface proteins.>* (b) Molecular chain dynamics of epitopes presenting PA
were adjusted based on chain motion such as vibration and rotation. Higher molecular chain
dynamic activity increases the efficiency of epitopes being presented to the receptor on the
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cell membrane, leading to improved neural regeneration.> Copyright 2024, WILEY-VCH
Verlag GmbH & Co.

1.5.4. Co-assembling

Co-assembling is the combination of two or more distinct monomers in
supramolecular assemblies via complementary intermolecular interactions, for instance,
charge-charge interaction, m-m interactions, and dipolar moment.’® Controlling the
properties of various peptide monomers is challenging as they can undergo disruptive,
cooperative, or orthogonal assembly, i.e. depending on the types of peptides that are mixed
together their assembly can be prevented, enhanced, or remain unaffected, respectively.®’
Nonetheless, this approach is still appealing for biomedical applications as the co-assembly
of peptides can tune the mechanical properties and integrate multiple biological motifs into
one homogenous architecture for a synergistic effect on cellular response via the spatial
and chemical arrangement of multiple bioactive signals.’®>’ Understanding the molecular
arrangement and mechanism of co-assembling or self-sorting peptides from empirical data,
computer simulation, and real-time imaging could improve the design of new co-
assembling peptides for different applications.>®°

Gelain’s group co-assembled two complementary charged SAPs to form a composite
SAP hydrogel. The authors applied computer simulations to study the co-assembled
hydrogel and propose the co-assembly mechanism and potential structural arrangements.
Imaging revealed that the co-assembled hydrogel contained a longer and more abundant
fiber structure compared to individual peptide assemblies. The rheological data suggested
that the co-assembled hydrogel had higher stiffness than the two counterparts did, which
was consistent with the matrix stiffness for neuron culture. Additionally, both human and
murine NSCs survived and differentiated well on the co-assembled hydrogel. Employing a
SCI model also displayed the neuroregenerative potential of the co-assembled hydrogel.*®
On top of adjusting the molecular packing and tuning the stiffness of the SAP matrix,
introducing multiple epitopes or growth factor mimics with synergistic effects is another
advantage of implementing a co-assembly strategy. There are several groups using co-
assembling methods with different SAP backbones, namely, the fibronectin and laminin-

derived sequence modified with fluorenylmethoxycarbonyl (Fmoc), a protecting group for
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site-specific chemical reaction. Those nanofibers have been used for modulating muscle
progenitor cells,®! nerve growth factor (NGF) mimic and BDNF mimic functionalized SAP
for facilitating peripheral nerve regeneration,®> and heparan sulfate mimic and laminin-

derived sequence decorated PAs for SCI repair,%® to name a few.

1.5.5. Conductive biomaterials

Electrical signals influence cell behavior through the membrane potential, ion channel
activation, and electrophysiological state, resulting in proliferation, migration, and
differentiation.’? These electrical cues are crucial for neural cells as they are responsible
for signal propagation.’? Therapeutic approaches use implantable conductive materials that
enable propagation of electrical signals, e.g. between neuronal cells, but also external
electrical stimulation has been shown to be effective, illustrated in Figure 5.5%% Hybrid
conductive materials are used for neural regeneration, in which conductivity is derived
from conductive polymers, carbon-based materials, or metals. Most studies of conductive
biomaterials for neural regeneration are limited to in vivo studies. Common drawbacks of
applying conductive materials in further in vivo studies or clinical trials for neural repair
are limited because of their solubility, biocompatibility, long-term stability, and consistent
conductivity.+6°
In one example, a SAP-carbon nanotube hybrid hydrogel was designed to contain amino
acids with aromatic groups and with imidazolium functionalization at the N-terminus of
the SAP to increase the intermolecular cation—n interaction and m—n stacking. The
introduction of an imidazolium group in the SAP system helped solubilize and stabilize the
carbon nanotubes in the hybrid hydrogel. The in vitro study suggested that treating DRG
neurons with the hybrid material and an external electrical stimulus promoted axon
extension and myelination.®® In another study, Arioz et al. identified a tetra(aniline)-
conjugated peptide nanofiber and tested its potential for PNI repair. Unlike other PAs, this
PA was designed with hydrophilic, -sheet forming moieties, and a conductive oligomer as
the hydrophobic tail. The conductivity of the hybrid peptide hydrogel was not measurable
due to the insulating peptide backbone but was sufficient to facilitate the differentiation of

PC12 cells.?’
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However, it is worth noting that even without using conductive materials implanted
into a patient, electrical stimulation has demonstrated significant advantages in promoting
nerve regeneration. For example, Courtine’s lab successfully conducted one of the few

clinical cases using non-invasive spinal cord electrical stimulation (ARCE* Therapy) for

168

treating SCL.°® Therefore, we envision that the combination of implantable conductive

biomaterials and non-invasive electrical stimulation for synergistic therapeutic effects can

improve the well-being of patients suffering from PNI and SCI.

Regenerative Rehabilitation
Spinal Cord Injury \¥[= 53¢ =

Regenerative Rehabilitation

Medicine

%_ Cells Motor training g‘j
Conductlve \

Drugs/Bioactive | Biomaterials \
,f,o,ecu,e s | Electrical } L“
\]{[ | Stimulation .\/‘

@ Biomaterials \.

Figure 5. A Venn diagram of conductive biomaterials for regeneration and rehabilitation
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of spinal cord injury (SCI). At the cellular level, conductive biomaterials can stimulate cells
and facilitate the release of drugs and bioactive molecules. For rehabilitation, conductive
biomaterials provide neurochemical stimulation electrical stimulation, and motor training.

Adapted with permission.** Copyright 2022, Elsevier.

1.6. Biochemical Properties of Self-Assembly Peptide on Neural Cells

Cells communicate not only via physical cues but also through the structural and
signaling proteins present in the ECM. Interestingly, it was found that full proteins are
not always required to achieve a desired biological response (attachment, survival,
differentiation, etc.) from the cell. Small molecules or peptides that mimic the essential
regions of the full protein can be sufficient to achieve comparable outcomes. When coupled
to a matrix, such mimics tend to be more stable and less sensitive to the environment than

14



their full protein counterparts. Peptide epitopes on SAP nanofibers can actively interact

with cells and initiate specific cell signaling pathways, in some cases with greater

efficiency than endogenous proteins.®” In the following section, functional peptide

sequences known to affect neural functions such as neural regeneration are categorized into

cell adhesion epitopes and growth factor mimics. Examples of sequences functionalized on

SAPs are covered in the following sections and summarized in Table 1.

Table 1. Summary of different SAP backbones functionalized with growth factor mimics

or epitopes and their respective in vitro and in vivo experiments.

Function Protein source  Epitope Backbone Cell In vivo models Ref.
Cadherin HAVDI Fmoc, Nap C6 X 70
Fibronectin RGD a-Helical-peptide ~ m-NSC X 7‘
Celladhesion | iriin IKVAV, YIGSR Fmoc co X 7
K SH-SY5Y
Tenascin-C VFDNFVLK Lauric acid PCI12 X 3
r-SC
r-DRG r-PNI @
BDNF RGIDKRHWNSQ RADA PC12 sciatic nerve
r-SC r-PNI 74
h-UVEC sciatic nerve
. rprimary gy
Neurotrophic CMX-9236 KKDGDGDFAIDAPE MDP cortical flui . s
uid percussion
factor neuron
r-S¢ 1-PNI
NGF CTDIKGKCTGACDGKQC  RADA r-DRG L 62
PC12 sciatic nerve
m-primary
Netrin-1 CIDPC Palmitic acid cortical X 7
neuron
FGF YRSRKYSSWYVALKR Palmitic acid h-UVEC X 7
Osteopontin SVVYGLR RADA r-NSC zgl?r;o toxicity 7%
h-UVEC tost
r-primary
RPKPQQFFGLM RADA cortical r-SCI »
Angiogenesis neuron
PDGF VRKKP Nap+FF m-NSC r-SCI 80
r-SC r-PNI 74
RADA h-UVEC sciatic nerve
VEGF KLTWQELYQLKYKGI r-primary ~TBI
MDP cortical 81

neuron

fluid percussion

h is human, m is mouse, r is rat, and z is zebra fish. X stands for no in vivo experiment

conducted.

1.6.1. Cell adhesion epitopes

Cell adhesion plays a critical role in facilitating cell-cell and cell-matrix interactions,

enabling the transmission of environmental information to activate intracellular

signaling.®” Adhesion proteins, such as vitronectin, fibrinogen, laminin, and fibronectin,
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contain multiple integrin ligands that interact with cell receptors such as integrin receptors
responsible for cell adhesion.*3?

There are many peptide epitopes derived from fibronectin, such as RGD, PHSRN, and
GRGDSP. Among them, the RGD peptide is the shortest and most investigated sequence,
along with its analogues for cell adhesion.®® Laminin-derived peptide epitopes, including
IKVAYV, YIGSR, and other derivates, have been used in SAP and PA systems to explore
their potential for neural repair.>’> An octapeptide derived from tenascin-C, a class of
glycoproteins, is involved in the regenerative progress of many tissues.® Sever et al.
published tenascin-C decorated PA nanofibers, which enhanced the neurite outgrowth of
PC12 cells.” The collagen superfamily consists of 46 different polypeptide groups, 28 of
which can self-assemble into supramolecular structures. Collagen type I sequences, DGEA
and GFOGER (O = hydroxyproline) have been conjugated to SAPs for bone tissue
engineering.® Jain and colleagues developed nanofiber hydrogels based on a collagen-
inspired peptide with the sequence FFGSO and co-assembled it with a laminin-derived
peptide. These hydrogels showed high biocompatibility with both fibroblasts and glioma
cells.’* Cadherins, unlike the aforementioned cell adhesion peptides, are transmembrane
cell receptors that facilitate cell-cell communication for cell migration and maintenance of
tissue structure.”” Roy’s lab reported a SAP nanofiber system based on cadherin-derived
peptides with aromatic moieties to modify the N-terminus. The SAP hydrogels promoted
the proliferation of fibroblasts and neurite extension.”

Cell adhesion, involving integrins and cadherins, is an essential mechanism for cell-
ECM communication that is ubiquitous across different cell types. Growth factor activation,

on the other hand, is relatively cell-type selective.

1.6.2. Growth factor mimics

Growth factors regulate essential cellular processes, including cell proliferation,
migration, and differentiation. The mechanisms rely on cellular receptors sensing and
binding to growth factor ligands to activate intracellular cascades that reach the nucleus
and influence transcription. Unlike full-length proteins which are prone to rapid
denaturation, coupling growth factor mimics to artificial matrices provides a stable

alternative while preserving the reactivity and specificity of the original.®’
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The growth factor mimics of BDNF and NGF can promote neurite outgrowth and
neuroprotection, like their full-length protein counterparts.®® Lu et al. investigated the
therapeutic effects of SAPs modified with BDNF-derived peptides in an in vivo SCI model.
Their results, such as electrophysiological recovery and motor functional analysis, showed

1‘85

promising potential in the treatment of SCI.®> Other growth factor mimics or neurotrophic

peptides, which promote neurogenesis, are summarized elsewhere. 338

The angiogenesis pathway garners significant interest from many research groups
because vascularization of tissue improves oxygen supply and metabolism, which is
essential for tissue repair. A vascular endothelial growth factor (VEGF)-derived peptide
coupled to SAPs not only increased blood vessel density in a rodent model but also
improved cell survival.®! Substance P, derived from osteopontin, is an angiogenic motif
that improved adhesion, migration, and tube formation of endothelial cells. This motif was
attached to SAPs and shown to be angiogenic and neurogenic in a rat SCI model.”

Fibroblast growth factor (FGF-2) regulates cell survival, differentiation, and
homeostasis during tissue development. PAs modified with FGF-2-derived peptides
facilitated the proliferation and migration of hUVEC:s in vitro and boosted cell survival and
angiogenesis in a rat SCI model.>>"’

Platelet-derived growth factor (PDGF) can promote angiogenesis and synaptogenesis,
prevent neuronal death, and direct the differentiation of NSCs into oligodendrocytes and
neurons.’*®” PDGF mimetic peptides were coupled on two self-assembling motifs,
naphthylacetic acid and diphenylalanine (FF), to trigger hydrogel formation for NSC
encapsulation. This cell-laden SAP hydrogel attenuated the inflammatory response at the
injury site, enhanced angiogenesis, promoted remyelination, and remarkably improved
functional recovery in a rat SCI model.®

Co-assembly of different functional SAPs for synergistic biochemical effects is also
one strategy to maximize the therapeutic potential of SAPs. Lu et al. investigated the
synergistic effect arising from the co-assembly of SAPs decorated with NGF and BDNF
mimetics on PC12, SCs, and DRG cells in vitro. Furthermore, the co-assembled SAPs were
found to bolster axonal regeneration and functional recovery in a murine PNI model.®

Another study on PNI repair investigated the co-assembly of VEGF and BDNF coupled to
SAPs. The co-assembled SAP stimulated myelination of SCs and adhesion of hUVECs and
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promoted angiogenesis and neurogenesis in vivo.”* Co-assembly of laminin-derived
peptides (i.e. IKVAV) and FGF-2 modified on PAs can synergistically activate two
biological pathways. Alvarez et al. found that these co-assembled PAs induced
remyelination and increased vascular area fraction, length, and branching. In a SCI model,
these PAs also induced significant angiogenesis and functional recovery.>®

Besides these established peptides, new functional peptide sequences can be revealed
by applying phage display, computational screening, and artificial intelligence.®® The
coupling of various peptide epitopes or growth factor mimics onto SAPs is straightforward.
However, it is challenging to increase the accessibility of functional domains on SAPs for
several reasons: Poorly soluble peptide epitopes have limited exposure to the aqueous
solvent and may be buried in the self-assembled structure. A spacer of the correct length
may be necessary to facilitate efficient receptor binding. Furthermore, high concentrations
of epitopes may interfere with the self-assembly behavior of SAPs and result in altered
structures. %3

We anticipate that significant advances will be made in the near future in creating ECM
mimics with tailored bioactivity through the optimized presentation of bioactive epitopes.
This is due to a better understanding of the complex interplay between different biological
signals necessary for nerve regeneration supported by more powerful computational

methods.

1.7. Generation of Self-assembly Peptide for Neural Cells

There are various supramolecular self-assembling structures based on different designs
of the amino acid sequence, including o-helix, B-sheet, collagen-like, elastin-like,
multidomain, PA, aromatic peptide amphiphile, etc. The amino acids building blocks of
SAPs are illustrated in Figure 6. In the following sections, we elaborate on different peptide

backbones and provide examples of SAPs for neural regeneration, summarized in Table 1.
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Figure 6. A schematic of different amino acid building blocks of SAPs. Different icons
represent different amino acids, where Xa stands for either glycine or alanine and Ya can

be any amino acid other than proline (generated using Biorender). Copyright 2024,
WILEY-VCH Verlag GmbH & Co.

1.7.1. RADA

Derived from the yeast protein, RADA16 (RADARADARADARADA), EAK16
(AEAEAKAKAEAEAKAK), and their SAP variants are ionic self-complementary
peptides, shown in Figure 6. The design principles of this class of peptides are (1)
alternating hydrophilicity of amino acids, (2) alternating positively and negatively charged
amino acids, (3) alternating chirality of natural L- or unnatural D-amino acids and (4)
alternating polarity of amino acids.®®® The chirality, charge arrangement, and length of the
amino acid sequence play important roles in defining the nanostructure and mechanical
properties of these SAPs.®® For example, LDLK12 (LKLKLKLKLKLK) and LDLD12
(LDLDLDLDLDLD) are SAP sequences designed and modified based on RADA16 and
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EAK16 as neural scaffolds with very similar properties, due to the strictly alternating
hydrophobic and charged pattern of amino acids.?>%%!

RADA16 was functionalized with BDNF and applied to astrocytes and human
umbilical cord MSCs. The functionalized RADA16 SAP hydrogel provided mechanical
support in the lesion site to ensure cell survival and BDNF to stimulate cell adhesion.”?

In a different strategy, an angiogenic motif SVVYGLR derived from osteopontin, was
modified on the RADA16 SAP hydrogel to promote the adhesion, migration, and tube
formation of hUVECs. An in vivo optic tectum wound model in the brain of adult zebrafish
was conducted to prove the neurogenesis of this SAP hydrogel.”®

Lu et al. conducted research in the co-assembly of multiple growth factor mimetics
modified with RADA SAPs. In one case, the co-assembly of BDNF-SAP and VEGF-SAP
for PNI repair was investigated, illustrated in Figure 7 (a)-(d). This co-assembled SAP
hydrogel synchronously induced neural regeneration and angiogenesis in an in vitro study.
When the functionalized SAP was filled into a chitosan nerve conduit, the therapeutic effect

was comparable to the autograft for sciatic nerve repair.’*
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Figure 7. An example of RADA SAP for PNI repair. (a) The molecular model of RADA
SAP decorated with VEGF and BDNF mimetic peptides. (b) Analysis of quantitative real-
time polymerase chain reaction of NGF and BDNF mRNA abundance after 7 days of
cultivating rat SCs on different SAPs. The increase in NGF and BDNF gene expression
indicate the maturation and myelination of the SCs. (¢) Motor functional recovery analysis
(electromyography) of an in vivo PNI model showed that the therapeutic effect of different
SAPs after 12 weeks of implantation. Adapted with permission.”* Copyright 2019, Royal

Society of Chemistry.
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1.7.2. a-Helical peptides

a-helical peptides are mainly composed of a repeating unit of seven amino acids,
abcdefg, with hydrophobic groups (a and d position) and charged groups (e and g position)
to mediate assembly, as illustrated in Figure 6. The other residues (b, c, and f) are exposed
on the surface of the assemblies and differ in design. The self-assembled configuration can
be tuned by controlling conditions, such as temperature, pH, and ionic strength.’>%
Woolfson’s lab designed self-assembling fiber hydrogels based on a-helical peptides to
facilitate the attachment and migration of murine embryonic NSCs. The SAP was first
modified with an azido group and allowed for post modification with alkyne-decorated
RGDS peptide to enhance cell adhesion. NSCs expressed more neural lineage markers
(microtubule associated protein-2, MAP2) and less glial lineage marker (GFAP) when
cultured on the RGDS modified SAP. This indicated that a-helical peptide SAPs modified
with peptide epitopes mimic the biochemical and morphological properties of the neural

ECM, indicating a potential platform for neural tissue engineering.”!

1.7.3. Multidomain peptide

Multidomain peptides (MDPs), depicted in Figure 6, are composed of alternating
hydrophilic and hydrophobic amino acids in the center (usually serine and leucine, SL) and
charged amino acids on the two wings. MDPs assemble into short fibers in deionized water
due to terminal charge repulsion. However, in the presence of multivalent ions, such as
phosphate buffer, this class of peptides can self-assemble into longer fibers, allowing for
molecular entanglement and hydrogel formation.”?

Ma et al. functionalized VEGF mimetic peptides on MDPs and allowed them to
assemble into hydrogels. The modified MDP hydrogels displayed high cytocompatibility
for primary rat neurons and increased the density of new blood vessels in the injured brain.
It also reduced neuronal loss at the injury site, indicating that this angiogenic MDP
hydrogel is a promising treatment for neural and ischemic injury.®!

Another example of a modified MDP hydrogel was conducted by Sarkar et al.,
demonstrated in Figure 8 (a)-(¢). The MDP hydrogel was decorated with a neuroprotective
peptide derived from ependymin, also known as CMX-9236 (KKDGDGDFAIDAPE).
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Ependymin, a glycoprotein component of the extracellular fluid, is a neuroprotective
protein.®* The in vitro data suggested that the functional MDP hydrogel reduced
extracellular glutamate toxicity and that neurons harvested from cortices were able to
survive, extend axons, and produce branches. The in vivo study further proved that this
MDP hydrogel reduced acute injury such as cortical atrophy and ameliorated chronic injury
such as neurotoxic hyperphosphorylation of tau protein. With long-term investigation and

functional assessment, the authors plan to put this MDP hydrogel into the clinic.”
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Figure 8. An example of MDP SAP for TBI repair. (a) The molecular model of MDP SAP
and its assembly. (b) Immunostaining of brain sections of rats with antibodies directed
against myelin basic protein, NeuN, and merged images in sham (the upper three images),
injured model (the middle three images), and MDP SAP treated model (the lower three
images). All images are with scale bar of 200 um. Adapted with permission.”> Copyright
2021, Elsevier.

1.7.4. Enhancing Factor C (EF-C)

EF-C is an amphiphilic peptide sequence consisting of 12 amino acids derived from the
HIV envelope protein gp 120. When dissolved in polar solvents, such as water or cell
culture media, EF-C self-assembles into nanofibers with an average length of hundred
nanometers and a diameter of around 3 nm. EF-C nanofibers are polycationic and exhibit
a positive zeta potential under physiological conditions, resulting in electrostatic
interactions with the negatively charged cell membrane.”> Additionally, these SAPs can
easily be conjugated with fluorophores and co-assembled with unmodified SAP as a
fluorescent probe without sacrificing their function.”®

Our group developed an EF-C derived SAP library with most of the peptide sequences
consisting of amphiphilic six amino acid sequences such as KIKIQI or KFKFQF,
demonstrated in Figure 6. We screened and analyzed the physicochemical properties of 27
different peptides and correlated them with their bioactivity on DRG neurons: neuron
number, neurite length, and neurite branching. Our data suggested that EF-C derived SAPs
possessing the highest bioactivity regarding neuronal growth stimulation have (1) a strong
tendency to form a fiber structure, (2) a positive net charge with a pattern of alternating
hydrophobic and positively charged amino acids, (3) higher intermolecular B-sheet content,
and (4) larger cross-sectional diameter in single-fiber atomic force microscopy analysis, as
depicted in Figure 9 (a, b). For visualization, SAPs were fluorescently labeled, and images
of the material and cell localization were captured using microscopy, shown in Figure 9
(c). The selected SAPs were further investigated in a facial nerve injury model. The SAPs
adhered at the lesion site for up to three weeks after injury which is an important
prerequisite for providing long-term bioactivity, depicted in Figure 9 (e)-(i). After

analyzing the functional recovery of mice treated with EF-C derived SAPs, we concluded
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that the EF-C derived SAPs alone facilitated neural regrowth in a PNI model. Further, we
anticipate that EF-C derived SAPs can play a role as a multifaceted platform for presenting

multiple growth factors after fine tuning and chemical modification.*°
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Figure 9. An example of EF-C-derived SAPs for PNI repair. (a) A 3D molecular model of
EF-C derived SAP, CKFKFQF is visualized by Protein Data Bank (PDB: 8OKR).”” (b) A
TEM image of nanofibers assembled from EF-C monomer (scale bar = 600 nm). (c) A
fluorescent image of fluorophore labeled EF-C derived SAP and cell adhesion points,
stained with BIII-tubulin and F-actin (scale bar = 20 um). (d) A schematic depicting the
mouse facial nerve (blue) and lesion sites (red lines) at the buccal and marginal branch (e-
1) Microscopic images of the lesion sites and EF-C SAP injection, indicated by arrows.
Images of panel (e) and (f) were captured upon the injection, and images of panel (g) to
panel (i) were recorded at 7, 14, and 21 post days post injury (dpi). Adapted with
permission.*® Copyright 2019, WILEY-VCH GmbH.
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1.7.5. Other SAP backbones

Yaguchi and colleagues developed a cell-adhesive fiber-forming SAP hydrogel for the
treatment of brain injury. The full sequence is RIDARMRADIR. The sequence has an
amphiphilic core, AX'X?X3A, with polar amino acids at X! and X* and a non-polar amino
acid at X2, shown in Figure 6. The jigsaw-shaped hydrophobic surface was achieved with
the sequence [-FA—M—A-I, which mimics the dovetail-packing domain of glycophorin A.
The jigsaw-shaped hydrophobic surface allowed efficient encapsulation and sustained
release of full-length VEGF. An in vitro study showed that hUVECs treated with a VEGF-
loaded SAP hydrogel were prone to form a lumen-like network. The authors performed an
in vivo ischemic stroke model to verify the therapeutic effect of the hydrogel, and the results
demonstrated that this VEGF-loaded hydrogel promoted angiogenesis and
neuroprotection.”®

ECM protein mimetic peptides, e.g. collagen like peptide (CLP), elastin mimetic
peptides (ELP), etc., aim to resemble the properties and functions of natural and large ECM
proteins.”® CLPs are composed of triple helix bundles with each strand consisting of “G-
X-Y” tripeptide repeats, where X and Y are often proline and hydroxyproline.!® CLP SAPs
can assemble into higher-order structures and typically serve as bioactive domains and
physical crosslinking agents in hydrogels for tissue engineering.'” ELPs consist of a
pentapeptide repeating unit, Val-Pro-Xa-Ya-Gly, where Xa is either glycine or alanine and
Ya can be any amino acid other than proline, shown in Figure 6. ELP SAPs can undergo
reversible and temperature-dependent self-assembly in aqueous solutions.'”! Nelson and
coauthors summarized and highlighted some recent research using ELP SAPs for neural
repair.!%? Generally, ECM mimetic peptides promote cell adhesion for various cell types.
However, the structural complexity of ECM mimetic peptides affects the accessibility for

cell-peptide recognition.”

More comprehensive and detailed investigations on the
structure-biofunction relationship on ECM mimetic peptides are encouraged in order to
advance the class of materials in the field of neural regeneration.

Other than the peptide backbones that can be synthesized using automated synthesizers,
which consist of only amino acids. This allows material scientists to rapidly modify the
peptide sequence in a precise manner creating peptide libraries and enabling studying

sequence-structure-property correlations. The following two sections introduce peptide
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amphiphiles: PAs and aromatic peptide amphiphiles. These two classes of materials, unlike
pure amino acids backbone, may require additional manual synthesis. They consist of
amino acids and hydrophobic motifs, such as aliphatic chains, aromatic groups, or
heterocyclic compounds. These compounds introduce non-natural compounds into the self-

assembled structure and additional functionalities.

1.7.6. Peptide amphiphile (PA)

PA molecules were first reported in the Stupp laboratory in the early 2000s. They self-
assemble into long nanofibers and form hydrogel biomaterials with high water content that
mimic the ECM. Fiber-forming PA molecules, depicted in Figure 6, are comprised of an
aliphatic tail with more than 10 carbon atoms, a peptide sequence with a high tendency to
form PB-sheets, a charged peptide sequence to increase hydrophilicity, followed by a

bioactive segment.*

The length of the hydrophobic tail, the sequence of the structure-
forming peptide, and the additional spacers between each segment of PA molecules play
important roles in the physicochemical properties and the final self-assembled structure
and bioactivity.*!->>103

Okur et al. selected a NGF sequence that was coupled to PA molecules. The NGF-
binding PA nanofibers stimulated the differentiation of PC12 cells into neuron-like cells
and the expression of neuronal markers, such as BIlI-tubulin. In addition, the NGF-binding
PA nanofibers also supported the survival of sensory DRG neurons and induced axon
outgrowth and synaptic connectivity for DRG neurons.'*

Netrin-1 is a chemotropic factor responsible for axon growth, guidance, and
synaptogenesis. Netrin-1 mimic was synthesized on PA molecules and tested on primary
neuronal culture, shown in Figure 10 (a)-(c). Conjugated to PA molecules, only cyclic
Netrin-1 mimetic PA nanofibers (N1-PA) efficiently activated the receptor and associated
signaling pathway in primary mouse cortical neurons. These findings suggest that the
Netrin-1 mimetic PA nanofibers can be a potential therapy for SCI repair as well as for

diseases or injuries associated with netrin-1 deficiency, such as stroke and Alzheimer’s

disease.”®
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Figure 10. An example of PA SAP for neural repair. (a) Coarse-grained molecular
dynamics (CG-MD) simulations suggested that 60% or less of co-assembling ratio of
Netrin-1 decorated PA monomer and PA monomer to obtain fiber structure. Meanwhile, the
corresponding TEM images of different co-assembly ratios were taken to confirm the
results of CG-MD simulation. (b) Representative confocal microscopy images of primary
neurons after treated with poly d-lysine coating (control), pure PA (E>-PA), and N1-PA for
one week. (c) Representative Western blot of PSD95, Tujl, and synaptophysin (Syp) in
primary neurons after treatment with poly d-lysine coating, recombinant netrin-1 (rN1, the
positive control), netrin-1 mimetic peptide (Peptide), E>-PA, PA and N1-PA, and linear 15%
netrin-1 mimetic peptide modified PA (L-N1-PA) for two weeks. Adapted with
permission.”® Copyright 2023, American Chemical Society.

1.7.7. Aromatic peptide amphiphile

Proteins carry an enormous amount of structural and functional information. The design
of aromatic peptide amphiphiles aims to provide a minimalistic and scalable class of
materials as an alternative to natural proteins.'® The general structure of aromatic peptide

amphiphiles consists of an aromatic group, a linker, a functional peptide sequence, and the
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C-terminus, depicted in Figure 6. The aromatic moiety triggers the self-assembly via
directional aromatic stacking, also known as n-m stacking, with some commonly used
aromatic groups being the derivatives of fluorene, phenyl, naphthalene (Nap), pyrene,
etc.!951% The N-terminal capping group can be functionalized with heterocyclic capping
groups to introduce more functionality; for example, redox-responsive groups and
fluorophores.'®!1%7 The length and chain flexibility of a linker group affect the
conformation and the chirality of the assembled structures, and a more linear linker is
preferable to allow effective intermolecular aromatic stacking. In a functional peptide
sequence, the amino acids also have a significant influence on the assembled structures.
For example, the side chain of the amino acids may introduce aromatic groups (F, Y),
hydrophobic moieties (V, L), and charged residues (E, D, H, R, and K). The C-terminus,
like the carboxylic group, amide group, and methoxycarbonyl group, regulates the self-
assembled structures via the hydrophilicity and charges. Moreover, the C-terminus can be
further chemically modified to tune the self-assembled structures or introduce additional
functions.!%

The Fmoc protecting groups are ubiquitous in aromatic-modified peptides which form
stiff hydrogels with fibrillar nanostructures.'® Roy’s lab co-assembled two laminin
mimetic peptides, Fmoc IKVAV and Fmoc YIGSR, creating a self-sorted fiber network in
a single hydrogel scaffold. The non-covalent entanglement of the two laminin mimetic
peptides provided a neurotrophic niche for C6 glioma cells and SH-SY5Y neuroblastoma
cells, which was confirmed by proliferation assay and neurite outgrowth experiments.’
James et al. reported thiophene-modified peptide sequences that self-assembled into
nanofiber hydrogels as an example of heterocyclic end capping groups which can induce
self-assembly and introduce conductivity to a SAP system. Despite the successful synthesis
and characterization, further biological evaluation is necessary before considering this
conductive nanofiber hydrogel as a therapeutic treatment for neural tissue engineering.'%
Another example of heterocyclic end capping groups triggering self-assembly and
conferring conductivity to peptide sequences was published by Arioz and colleagues.
Tetra(aniline)-modified peptides self-assembled into conductive nanofiber hydrogels to

stimulate the differentiation of PC12 cells. Further in vivo studies along with thorough
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investigation of the mechanism of neural differentiation will pave the way for the
application of this conductive SAP hydrogel for neural regeneration.’’

Interestingly, despite the significant differences in sequence pattern, length,
composition, and origin (natural vs. designed), the above-mentioned classes of peptide
materials show remarkable similarities in their ability to support neuronal growth. All these
peptides tend to form highly anisotropic structures, e.g. nanofibers or fiber bundles, which
resemble the morphology of the fibrous ECM proteins. Minimal peptides such as the
aromatic peptide amphiphiles are particularly cost effective to produce, but do not show a
robust assembly under varying conditions. In contrast, longer peptides such as the RADA
family or PAs with longer alkyl chains have the advantage of forming nanofibers in a
variety of buffers and supporting a wide range of bioactive epitopes that can be coupled to
the peptide without altering the resulting assembled structure. When it comes to designing
peptide materials for neural regeneration, an optimal material does not (yet) exist and the

pros and cons of each class of materials need to be considered.
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2. Motivation and Conceptual Design

Neurons play a crucial role in transmitting vital electrical and chemical signals within
the nervous system. However, when neurons are damaged due to external insults or
neurodegenerative diseases, particularly in the central nervous system, they have a limited
ability to regenerate due to the convoluted neural environment, neuroinflammation, and
scar tissue formation. Conventional treatments, like surgery and small molecules cannot
achieve complete functional recovery. Cell therapy is a new therapeutic option, but cell
viability and cost hinder the development of this approach. Biomaterial scaffolds provide
an alternative means of physically supporting cells and biochemically simulating cellular
activity. Scaffolds derived from natural sources have intrinsic bioactivity, but they tend to
have issues with batch-to-batch variation and uncontrollable degradation rates. Conversely,
scaffolds fabricated from synthetic polymers have high reproducibility and processing
plasticity; however, the lack of inherent bioactive motifs and the release of potential
cytotoxic degradation compounds limit the use of polymeric scaffolds for neural
regeneration. Synthetic peptides, composed of amino acids, combine the advantages of
both classes of materials and can be designed to form amyloid-like self-assembling
peptides (SAPs). Amyloid-like SAPs form nanostructures that have the potential to serve
as an artificial extracellular matrix (ECM) or as scaffolds for neural tissue engineering.

Amyloid-like SAPs can form hierarchical nanostructures under physiological
conditions. Different assembled nanostructures can lead to different functionalities, despite
having the same peptide sequence. For example, nanofibers are preferable matrix for neural
cells, as they resemble fibrous proteins of the ECM. Therefore, it is worthwhile to
investigate different factors that influence the self-assembled nanostructures. The
versatility of this material class is not only limited to sequence design but also multiple
factors that influence the self-assembly morphology, such as concentration, solvent effect,
and temperature. However, most published works focus on how cell adhesion epitopes or
growth factor mimic-modified SAPs can manipulate neural regeneration. Neural cells are
also known to respond to physical cues; therefore, this thesis focuses on investigating
various structures of amyloid-like SAPs by molecular binding assays, microscopy, and
spectroscopy. Meanwhile, neural cells are tested with these materials. Through the analysis
of the physical cues and biological studies, this thesis aims to address the correlation
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between the structural effects of amyloid-like SAPs and neural activity. To further elucidate
this correlation between structural effects of self-assembled nanostructures and neural cells,
the thesis is divided into the three chapters. The first project studies how sequence design
affects assembled nanostructures and subsequently influences neural activity. The second
project examines how solvent effects and inconspicuous factors such as processing history
affect assembled structures and neural activity. The third project presents a strategy for
creating a stable amyloid-like SAP substrate on which neural cells can grow. This thesis
emphasizes the importance of structure and bioactivity, and is Figure 2.1. summarized the

conceptual scheme and scope of the three projects.
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Figure 2.1. The conceptual scheme and scope of this thesis. The amyloid-like self-
assembling peptides for neural cells typically contain positively charged amino acids and
hydrophobic amino acids to trigger self-assembly. To explore the potential morphologies
of this class of materials, various sequential designs and processing plasticity are
implemented, such as the solvent and temperature effects. Later, similar amino acid
sequences with the same treatment or the same amino acid sequences with different

treatments are systematically examined with neural cells to evaluate their structural effects

on the cells.
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Starting with the most straightforward strategy, Chapter 3 investigates amyloid-like
SAPs derived from enhancing factor C sequence (EF-C) with sequential mutations, i.e.
systematic sequence variation. To retain the positively charged property to interact with the
negatively charged cell membranes, the hydrophobic cores are systematically modified and
grouped according to their chemical identity: sequences with aromatic side chains,
sequences with aliphatic side chains, and sequences with relatively weak hydrophobic
chains. Nine peptides are designed, and their physicochemical properties and self-
assembled morphologies are characterized using Congo Red binding assay, electron
microscopy, and infrared spectroscopy. Computational modeling is implemented to gain a
more detailed understanding of the self-assembly behavior. Based on the structural
investigations, in vitro studies of neuroblastoma cells are carried out to determine the
relationship between the morphology of self-assembling peptides and their corresponding

neural activity. The conceptual scheme of this chapter is illustrated in Figure 2.2.
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Figure 2.2. The conceptual scheme of Chapter 3. This chapter mainly examines how
different hydrophobic groups change the structures of the SAP variants derived from
enhancing factor C (EF-C), and studies these structural differences and bioactivity of these

variants with neural cells.

Other than sequence design, the solvent effect—including concentration, purity, salts,
and so on—is known to play a role in self-assembly behavior. Thus, in Chapter 4, the
importance of the solvent effect and processing history on the morphologies of amyloid-

like SAPs (amyloid beta (AP) peptides) are investigated. The physicochemical properties
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of the same peptide sequences, produced by different manufacturers, dissolved in different
solvents, or tested at different time points, are characterized by the following methods: (1)
the molecular binding affinity of an amyloid dye (thioflavin T), (2) the secondary structures
of the peptides detected by circular dichroism, and (3) images taken by transmission
electron microscopy. Later, these different conditions are tested on neural cells to activate
of formyl peptide receptor 1 in order to understand the correlation between the solvent
effect and the processing history of amyloid-like SAPs and neural activity. The conceptual

design of this chapter is depicted in Figure 2.3.
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Figure 2.3. The conceptual scheme of Chapter 4. This chapter discusses how the
processing history and solvent effect, such as different manufacturers or different buffers
for the same peptide sequence, influences the structure of amyloid-like self-assembling

peptides.

In order to provide a stable cell culture platform based on amyloid-like SAPs, in
Chapter 5, one of the EF-C derivatives is immobilized on substrates to investigate its
surface functionality. The amyloid-like peptides are modified with vinyl groups, and
thiolated substrates are prepared by chemical vapor deposition of 3-
mercaptopropyltrimethoxysilane (MPS). Subsequently, the modified peptides are
immobilized on the thiolated substrates via the photo-triggered thiol-ene reaction. Surface
characterization techniques, such as X-ray photoelectron spectroscopy and time-of-flight

secondary ion mass spectrometry, are used to semi-quantify the peptide modification and
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assess the potential of this strategy for photopatterning. Contact angle, surface zeta
potential, and atomic force microscopy are utilized to examine the surface properties. Last
but not least, neural cells are added to the modified substrate to analyze its bioactivity.

Figure 2.4. illustrates the concept of this chapter.
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Figure 2.4. The conceptual scheme of Chapter 5. This chapter explores the properties of
amyloid-like peptide immobilization on substrates and the potential for fabricating a robust,

large-scale, and selective neural cell culture platform.

In summary, this thesis studies the correlation between structural effects of the
amyloid-like self-assembling peptides on neural cells. Starting from the sequential
variations, other factors influencing the structure of this class of materials are also
highlighted. Through proper design of the peptide sequence and comprehensive sample
preparation procedure, this work aims to provide insight into the design of amyloid-like
self-assembling peptides based on their structural effect, in the hope of accelerating the

development of new therapeutic options for neural repair.
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3.1.Abstract

Neurons have limited self-repair ability, and typical treatment approaches rely on
surgery. Hindered by the lack of donor tissues and the complex neural environment, there
is great interest in developing biomaterials to support neural regeneration. Self-assembling
peptides with fibrous structures mimicking the extracellular matrix have shown great
potential as neurosupportive biomaterials. Previously, we identified peptide sequences
derived from enhancing factor-C (EF-C) that are neurotrophic without additional
supplements. Here, a library of nine EF-C variants is designed by varying the hydrophobic
core of the peptide backbone to elucidate their influence on self-assembly and bioactivity.
The physicochemical properties of these variants, including secondary structure and
morphology, are thoroughly analyzed. Furthermore, molecular dynamics simulations based
on AlphaFold 3 models are conducted and provide theoretical insights that explain the
differential assembly and stability of EF-C variants. Subsequently, the peptides are tested
for bioactivity in a neuroblastoma cell line (SH-SY5Y) to establish structure-property
relationships. The structure-forming EF-C variants, particularly those featuring
phenylalanine and isoleucine, are neurotrophic towards SH-SYSY cells, shown by
enhanced ATP levels. The combination of experimental and computational methods

provides a strategy for the accelerated design of neuro-regenerative peptides.
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3.2.Introduction

The complex microenvironment and inhibitory factors resulting from
neuroinflammation or scar formation limit the ability of neurons to repair themselves after
injury.!™ Treatment is usually achieved by reconnecting nerve ends or integrating
transplants for larger defects. However, microstructural mismatch at the injury site and
limited donor tissue are major obstacles. Surgical repair of neural injuries helps patients to
alleviate discomfort, but typically does not result in full neurological recovery,>’ and more
collaborative and interdisciplinary efforts in neural engineering are needed. As an
alternative approach, biomaterials based on polymers, peptides and proteins have been
explored. In particular, self-assembling peptides (SAPs) have emerged as a potential
treatment for neural repair. SAPs offer a wide variety of biomimetic scaffolds that
simultaneously provide different morphologies, structural stability and biological
stimuli.>!®%!! Peptide amphiphiles (PAs), for example, consist of a short peptide sequence
conjugated to an aliphatic tail. Stupp et al. have systemically developed and thoroughly
investigated their molecular design, self-assembly dynamics and hierarchical structure.®
PAs have been further decorated with various bioactive epitopes and growth factor mimics
to improve their potential in in vitro and in vivo models of neural regeneration® 2. Various
groups developed and investigated self-assembling multidomain peptides, consisting of
alternating hydrophilic and hydrophobic amino acids in the center (usually serine and
leucine) and charged amino acids at both termini, as therapeutics for neural repair.'*!*
Wang et al. demonstrated that a RADA16 (sequence: RADARADARADARADA) based
SAP modified with a growth factor mimic promotes angiogenesis and neurogenesis.'
Gelain and colleagues provided a comprehensive overview of this class of SAPs as well as

their neural regenerative applications.'¢

All of the above-mentioned SAPs share the incorporation of bioactive motifs into the
peptide backbones to facilitate neural regeneration. In our previous work, we identified
neural active peptide sequences, KIKIQI and KFKFQF, which were variants of enhancing
factor-C (EF-C) derived from the glycoprotein GP120417-428 of human immunodeficiency
virus.!” These sequences facilitated neuronal growth and adhesion of primary mouse
neurons without the presence of epitopes or growth-factor mimics.'® Our results suggested

that bioactive EF-C variants have (1) a strong tendency to form fibers, (2) an alternating
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pattern of hydrophobic and positively charged amino acids with a positive net charge, (3)
high intermolecular B-sheet contents, and (4) a larger cross-sectional diameter in single
fiber atomic force microscopy (AFM) analysis. However, the relationship between the
physicochemical properties and molecular structure of the hydrophobic core of the EF-C

variants and their bioactivity has not been studied yet.

SAPs are highly versatile and easily tunable, indicating that there are multiple
underlying factors, such as charge distribution and chemical nature of peptide side chains,
which influence the secondary structure and supramolecular assembly.!” For example,
modifying hydrophobicity and aromaticity of the SAP sequence led to different
hydrogelation behavior.?’ Lee ef al. reported that adjusting the pattern of the SAP sequence
changed the self-assembly propensity and morphology.?! In another example, Cao and
coworkers found that varying the side chain size and hydrophobicity gave rise to distinct
assembled morphologies and encapsulation efficiencies of molecules.”> Yuan and
colleagues found that tailoring the sequence of PAs induced different self-assembly
pathways and cell-material interactions.”> Comprehensive structural analysis is essential
for understanding structure-property relationships. Characterization of SAPs typically
involves molecular and microscopic analyses. At the molecular level, binding assays using
dyes such as Congo Red**? are characteristic of amyloid-like structures with high p-sheet
content. Spectroscopy, including Fourier transform infrared spectroscopy (FT-IR),%*2® and
crystallography, such as X-ray diffraction (XRD), provide additional molecular
information.?>*° At the microscopic level, dynamic light scattering (DLS) is a non-
destructive technique to estimate the size distribution of aggregates in solution.!'®!

Electron microscopy, such as scanning electron microscopy (SEM) and transmission

electron microscopy (TEM), generates images and characterizes the morphology of

SAPs. 193!

Currently, the design of functional SAPs heavily relies on iterative experimental
studies, which is not always efficient. Therefore, it is beneficial to incorporate theoretical
and computational methods to reveal the formation mechanisms of SAPs and accelerate
the development and prediction of functional SAPs for biomedical applications.’>** An

example of an experimental and computational study by Wang et al. showed that molecular
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dynamics (MD) simulations helped explain the mechanism of how the salt concentration
can influence self-assembly behavior observed in experiments.*> John and colleagues
applied MD simulations to dive into the contribution of single amino acids on fiber
formation of a sequence from islet amyloid polypeptide.** However, predicting the accurate
3D self-assembled structure from amino acid sequences de novo is challenging.*® In this
work, we used AlphaFold 3 to predict oligomer and protofibril structures of EF-C variants
and applied MD simulations to test the stability of the predicted structures.?” We rationally
designed SAPs derived from EF-C variants with different hydrophobic motifs and analyzed
their physicochemical properties. Subsequently, we compared the physicochemical
analyses with theoretical prediction. Finally, a human neuroblastoma cell line (SH-SYS5Y)
was used as a model to study the neural bioactivity of structure-forming SAPs. Herein, we
systematically altered the hydrophobic amino acids in the peptide backbones to gain insight
into the behavior of these as neural active SAPs, as illustrated in Figure 3. 1. We aim to
validate that computational predictions can facilitate the design of peptide sequences for

achieving neural regeneration.

aromatic y—l
hydrophobic &  “&&

EF-C variants (R #ﬁ» q
«OxOaO "

aliphatic
- hydrophobic
positive (, L, V)
polar
(O hydrophobic variants
weakly
hydrophobic
(A, G, P)

Figure 3.1 A conceptional scheme and TEM images of different hydrophobic motifs
affecting the assembled morphology of EF-C variants (scale bar = 500 nm).
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3.3.Result and Discussion
3.3.1. Design Strategy and Synthesis of EF-C Variants for Enhanced Neural
Regeneration

Starting from the EF-C peptide, we systematically varied the hydrophobic core of the
peptide KXKXQXN (X = hydrophobic amino acid). Previous research identified sequences
consisting of KIKIQI and KFKFQF, a high propensity to form fibers, a positive net charge,
and high intermolecular B-sheet content as important features for neural repair.'® Several
reports also suggested that sidechain chemistry and arrangements of the peptide backbones
affected the morphology, stability, and rigidity of SAPs.?*2%3%4! Inspired by these findings,
nine peptide sequences were designed as variants of EF-C. These peptides were synthesized
via solid phase peptide synthesis (SPPS) using fluorenylmethyloxycarbonyl (Fmoc)-Asn
(trt) Wang resins in an automatic peptide synthesizer, and the sequences and abbreviations
of the peptides are listed in Table 3.1. All peptides were collected by reversed phase
preparative HPLC and characterized by mass spectrometry. The purity of each peptide
(>95%) was further confirmed by analytical HPLC. The corresponding spectra are
provided in Figure S3. 1 and Figure S3. 2. Further characterization of leucine (EF-C) and
isoleucine (EF-CL) variants by 'H-NMR spectroscopy is included in Figure S3. 3. To
facilitate visualization of the peptide material in cell experiments, rhodamine B (RhB)-
labeled EF-C; was synthesized. Characterization of the labelling agent and product is

included in Figure S3. 4 and Figure S3. 5.

Table 1. Overview of EF-C variants with abbreviation, amino acid sequence, and fibril
formation properties: conversion rate, IR peaks, XRD (calculated distance d), and

assembled morphologies based on TEM images.

Conversion IR peaks 2" XRD

Abbreviation Sequence rate (%) deriv. (cm™) d(A)

Morphology

47, 5.17, linear

B KIEKTQEN o4 1626, 1694 5.24,5.82 nanofiber
461, 472, .
EF-Cy KWKWQWN 94 1627, 1667, g1’ 5 linear
1679, 1693 595 834 nanofiber
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1605, 1625,

EF-Cy KYKYQYN 60 1676 X no structure
1620, 1658, 4.66, 4.82, twisted
EF-Ci KIKIQIN o3 1678, 1690 5.17 nanofiber
1622, 1643, 4.61, 4.73, twisted
EF-C. KLKLQLN 3 1677 5.16,5.26  nanofiber
4.64, 5.08, .
EF-Cy KVKVQVN 62 1623, 1669 55" 567, twisted
1688 nanofiber
5.83
EF-Ca KAKAQAN 27 igg;’ 1667, X no structure
EF-Cg KGKGQGN 19 1607, 1667 X no structure
EF-Cp KPKPQPN 35 1626, 1678 X no structure

X stands for no clear signals

To facilitate the visualization of the peptide material in further experiments,
rhodamine B (RhB)-labeled EF-C; was synthesized. The labelling agent RhB-N-
hydroxysuccinimide ester (RhB-NHS) was synthesized following a previous report,> as
confirmed by MS and 'H-NMR shown in Figure S3. 4. A spacer, aminohexanoic acid, was
introduced to link EF-C; and RhB-NHS so as to diminish chemical influence on the peptide
backbone.>* The final product, RhB-EF-Cj, was collected by preparative HPLC and
characterized by MALDI-ToF MS; the corresponding spectra are given in Figure S3. 5.

3.3.2. Mechanistic Study of Self-Assembly of EF-C Variants

To experimentally study the self-assembly of the nine EF-C variants, the peptides were
incubated following a uniform protocol. Each peptide was initially dissolved in dimethyl
sulfoxide (DMSO) due to the high hydrophobicity of the peptides, as previously
established,*** followed by dilution in phosphate buffered saline to form 1 mM peptide
solutions which were statically incubated at room temperature for 24 hr unless otherwise
stated. To establish and verify this protocol for peptide self-assembly, the aggregation
concentration was measured by DLS. DLS is a non-invasive technique measuring the

Brownian motion of molecules and correlating this motion to the size of the molecules.*
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After self-assembly of EF-C variants for 24 hr, the derived count rate of scattered light was
used to determine the aggregation propensity of the peptides. In Figure 3. 2 (a), five EF-C
variants, namely EF-Cr, EF-Cw, EF-C;, EF-Cr, and EF-Cy, show that their aggregation
concentrations are approximately or less than 100 uM, and the average size of aggregates
is around 1 um (not shown). EF-C; shows significant light scattering at the lowest
concentration; thus featuring the highest aggregation propensity. The other four variants,
EF-Cy, EF-Ca, EF-Cg, and EF-Cp, demonstrated little aggregation tendency (Figure 3.2
(a)) with the average size of aggregates less than 20 nm (not shown). As expected,
sequences with aromatic and aliphatic chains show aggregation tendency except for EF-
Cy. Since DLS is dependent on aggregate shape and morphology, and typically assumes
spherical objects for accurate size determination, complementary characterization
techniques such as electron microscopy were used to investigate the aggregation and self-

assembly behavior of the peptides.!**
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Figure 3. 2. Kinetics and aggregation analysis of EF-C variants. (a) Aggregation
concentrations of EF-C variants were determined by DLS, and count rates below the dotted

line (5 keps) were considered as “no aggregation”. (b) Characterization of amyloid-like
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aggregation kinetics probed by Congo red assay at 1 mM peptide concentration for 2 days
(measurement time points: 0 min, 10 min, 20 min, 30 min, 1 hr, 2 hr, 4 hr, 8 hr, 24 hr, and
48 hr). f30 stands for the time at which assembly behavior reaches equilibrium. (c) Zeta
potential measurements of EF-C variants (100 uM) after 24 hr incubation displayed that
the peptides have an overall positive charge. (d) Conversion rates for 1 mM peptide based
on a fluorescamine assay showed that EF-Cr, EF-Cw, and EF-C; had high conversation
rates (x > 90%), EF-Cr, EF-Cv, and EF-Cy had moderate conversation rates (60 % < x <
80 %), and the remaining three variants (EF-Ca, EF-Cg, and EF-Cp) had low conversation

rates (x < 35%). Presented are mean values and standard deviations of the mean.

A Congo red assay was applied to study the kinetics of amyloid-like fibrillar assembly
based on the specific orientations of B-sheet-rich structures.*> Congo red molecules
intercalate into the [-sheet structure via hydrogen bonding (H-bonding) and =n-n
stacking.***’_The interaction between Congo red molecules with B-sheet-rich structures
leads to a spectral red shift in the Congo red absorption from 498 nm.*>*¢ In Figure 3. 2
(b), four EF-C variants, including EF-Cr, EF-C;, EF-Cy, and EF-Cy, show spectral red shifts
at maximum absorption from 498 nm to around 520 nm. For the four variants, the spectral
red shift of approximately 20 nm was reached after 30 min and remained relatively stable
up to 48 hr, indicating that the assembly process took less than 30 min and remained in
equilibrium. There were almost no spectral shifts for EF-Ca, EF-Cg, and EF-Cp, as
expected since no aggregation was observed in DLS. Surprisingly, two sequences with
aromatic side chains did not demonstrate spectral red shift. EF-Cw did not show any
noticeable spectral shift and EF-Cy displayed a 10 nm blue shift, which may be attributed
to the hydroxyl groups of the sequence, inducing strong H-bonding, resulting in different
electrostatic interactions between the negatively charged sulfonate groups of Congo red
molecules and positively charged peptide backbones,*” while all peptides studied have an
overall negative surface charge as shown in Figure 3. 2 (¢).

A conversion rate assay using fluorescamine as a probe was used to estimate the
amount of peptide monomers converted into assembled structures.>! Fluorescamine is
highly reactive to primary amines and the excess amount of fluorescamine is degraded

within several seconds.*® EF-Cr, EF-Cw, and EF-C; demonstrate high conversion rates,
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while EF-Cy, EF-Cr, and EF-Cy perform rather moderately, and the monomers of EF-Ca,
EF-Cg, and EF-Cp barely converted into any aggregates or self-assembled structures,
following the same trends observed in the DLS study. A summary of the conversion rate
assay based on fluorescamine is shown in Figure 3. 2 (d) and included in Table 3. 1. This
approach has an intrinsic limitation in that it recorded the fluorescence intensity of the
samples while it is unknown if amine groups are accessible in small aggregates or self-
assembled structures, leading to a potential underestimation of the fraction of aggregated
molecules. In certain cases, proline and secondary amines are also reactive towards
fluorescamine.*® Thus, conversion rate assays using analytical HPLC were carried out and
the results are provided in Figure S3. 6. For EF-Cr, EF-Cw, EF-Cy, EF-Cy, and EF-Cyv, no
peptide signal was observed after the samples were filtrated, suggesting that most of their
monomers converted into aggregates or self-assembled structures. On the other hand, the
liquid chromatograms of EF-Cy, EF-Ca, EF-Cg, and EF-Cp were nearly identical before
and after filtration, indicating low or no conversion. High conversion rates correlate with
high aggregation tendencies, suggesting that DLS, the fluorescamine-based conversion
assay, and the analytical HPLC-based conversion rate assay all provide similar trends for
the tendency of monomers to aggregate or self-assemble.

In summary, the protocol for peptide self-assembly was established and validated. For
the self-assembling sequences, namely EF-Cr, EF-Cw, EF-Cj, EF-Cy, and EF-Cv, 1 mM of
peptide was sufficient for aggregation or self-assembly. Thus, 1 mM was selected to
investigate the kinetics of each peptide, and the spectral red shift remained stable after 30
min, suggesting that 24 hr of peptide incubation is sufficient to induce peptide aggregation
or self-assembly. After 24 hr of incubation, all peptides exhibited a positive surface charge
in buffer solution. EF-Cr, EF-Cw, EF-Ci, EF-Cr, and EF-Cy showed high conversion rates.
EF-Ca, EF-Cg, and EF-Cp displayed only a little sign of conversion. However, EF-Cy

required further analyses to confirm their aggregation tendency.

3.3.3. Morphology and Secondary Structure Analysis
With a robust protocol for the preparation of self-assembled peptide structures, we

then studied the morphologies of all EF-C variants using TEM. The EF-C variants were
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first categorized based on their side chains into three groups, (1) EF-C variants with rigid
and aromatic side chains in the peptide backbones, which are EF-Cr, EF-Cw, and EF-Cy,
(2) EF-C variants, namely EF-C;, EF-Cy, and EF-Cy, with flexible and aliphatic side groups
in their peptide backbones, and (3) EF-C variants with weakly hydrophobic residues in the
peptide backbones, which are EF-Ca, EF-Cg, and EF-Cp, respectively. The summary of
morphologies of all EF-C variants based on TEM images is listed in Table 3. 1, and
representative TEM images of the three groups are shown in Figure 3. 3 (a, d, g).
Additional TEM images of all variants are presented on a large scale (2 um) in Figure S3.
7. In the group of peptides carrying aromatic side groups, we found that EF-Cr and EF-Cw
display linear fibers and aggregates with short and dense fibrillar networks, shown in
Figure 3. 3 (a) and Figure S3. 7 (a, b). Surprisingly, EF-Cy did not form any defined
structure despite having aromatic side chains in the peptide backbones, displayed in Figure
S7 (¢). In group 2, TEM images of sequences with flexible and aliphatic side chains all
exhibit long and twisted nanofibers, demonstrated in Figure 3. 3 (d) and Figure S3. 7 (d,
e, ). In contrast, in the last group, we observed many random pieces or large aggregates in
Figure 3. 3 (g) and Figure S3. 7 (g, h, i). In our aggregation studies, EF-Ca, EF-Cg, and
EF-Cp did not show significant aggregation tendencies or conversion rates, thus, structures
observed were most likely the result of drying artifacts.*” In Figure S3. 8, EF-C variants
that formed defined structures were further investigated with more detail to confirm the
morphological observations. EF-Cy fibrils are particularly twisted like twist rolls, shown
in Figure S3. 8 (d, i). We hypothesize that peptide backbones with flexible and aliphatic
side groups formed longer and twisted nanofibers because they had less steric hindrance

and less directional stacking than those with aromatic groups.
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Figure 3. Overview of self-assembled morphologies of EF-C variants studied by TEM
and IR. (a) The representative TEM image of EF-Cr reveals linear nanofibers and a small
portion of aggregates (scale bar = 1 um). (b) IR absorption spectrum of EF-Cr. (c) There
are two distinct sharp peaks at 1626 cm™ and 1694 ¢cm’!, resulting from parallel and
antiparallel B-sheets, as shown in the 2" derivative IR absorption spectrum of EF-Ck. (d)
The representative TEM image of EF-Cr shows twisted nanofibers (scale bar = 1 um). (e)
IR absorption spectrum of EF-C;. (f) In the 2™ derivative IR absorption spectrum of EF-Cj,
there is one distinct sharp peak at 1620 cm™ resulting from parallel B-sheets, one peak
attributed to a-helix at 1658 cm’!, one broad peak related to B-turn around 1678 cm™!, and
another peak associated with anti-parallel B-sheet at 1690 cm™'. (g) The representative TEM
image of EF-Cp displays aggregates only (scale bar = 1 pm). (h) IR absorption spectrum of
EF-Cp. (i) In the 2" derivative IR absorption spectrum of EF-Cp, there is a broad band
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between 1640 cm™ to 1680 cm™!, which can be assigned to B-turn, helical, and coil

structures.

After analyzing the morphologies of the EF-C variants, we identified EF-Cr, EF-Cw,
EF-Ci, EF-Ci, and EF-Cy as the structure-forming sequences, while the other four
candidates are non-structure-forming sequences. The structural characteristics of the
peptides were evaluated by IR (Figure 3.3, Figure S3. 9, 10, and 11) and XRD (Figure
S3. 12) to correlate the secondary structure and molecular packing distance with the
assembled morphologies. The obtained IR absorption signals and molecular packing
distances calculated from XRD are summarized in Table 3. 1. IR spectroscopy is suitable
for determining structural characteristics of insoluble protein deposits, such as amorphous
aggregates or amyloid fibrils.>® The advantage of using this technique is its versatility
because IR samples can be measured in solution, solid, and thin films.’>*! To obtain
structural information from IR spectroscopy, analysis primarily relies on the absorbance of
the amide I band arising mostly from the peptide C=O stretching mode, i.e. roughly from
1600 to 1700 cm™! of the amide functional groups.>® Second derivative IR spectra are used
for broad and unresolved bands to analyze secondary structural motifs, such as a-helices,
and parallel and antiparallel p-sheets.’>*?> Correlations between common secondary
structures and the frequencies of corresponding amide I bonds are consolidated from

previous reports>®->2

and summarized in Table 3. 2. As displayed in Figure 3. 3 (b, c, e, f)
and Figure S3.9 and S3. 10 (a, b, d, e, f), the IR spectra of the structure-forming sequences,
including EF-Cr, EF-Cw, EF-Cy, EF-CL, and EF-Cy, show a sharp peak around 1625 cm!
and another peak near 1690 cm™!, suggesting that B-sheets are the main secondary structure.
In Figure 3. 3 (h, i) and Figure S3. 9 and S3. 10 (c, g, h, i), the non-fiber-forming variants,
which are EF-Ca, EF-Cg, EF-Cp, and EF-Cy, have a dominant broad band from 1640 cm!
to 1680 cm™! in the IR spectra, indicating that random coils and a-helices are the primary
secondary structures. The deconvoluted IR spectra were calculated using the peaks found
in the 2" derivative, provided in Figure S3. 11, and the B-sheet content was calculated

accordingly. The data suggest that all structure-forming variants contained more than 68%

of B-sheets in the overall secondary structure.
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Table 3. 2 Correlations between common secondary structures and the frequency (wave

number) of corresponding amide I bonds.

secondary structure amide I frequencies (cm™)
parallel B-sheets 1615-1643
random (unordered) 1640-1650
a-helix 1650-1670
B-turn 1665-1685
antiparallel B-sheets 1675-1700

Signals from 1600 cm™ to 1620 cm™! can be attributed to different side chains.’%>?

XRD was used as it offers molecular packing information of amyloid-like peptides.
Typical B-sheet patterns in protein chains assemble via H-bonding orthogonal to the fibril
direction with a distance of 4.7 A.*>} The intermolecular packing of assembled EF-C
variants was detected by XRD, and the packing distances (d) were calculated from the XRD
pattern. The XRD diffractograms are provided in Figure S3. 12, and the calculated
intermolecular distances are listed in Table 3. 1. Non-structure-forming sequences did not
show any sharp signal that can be simply calculated from the Bragg reflection in the
diffractograms (not provided). All fiber-forming peptides had interstrand distances ranging
from 4.6 to 5.8 A featuring amyloid-like peptides, and the differences in the packing
distance between B-sheets depended on the size of the side chain groups.’® Additional
packing distances (5.2~6 A) derived from the Bragg reflections in the XRD pattern might
be attributed to intersheet distances.>® The diffraction data of EF-Cy at 8.34 A might be
explained by the B-sheets involving H-bonding of the glutamine side chains and the
secondary amine group on tryptophan side chains,* which may be the reason why EF-Cw

was not reactive towards Congo red binding assay.

3.3.4. Molecular Modelling and Simulation of EF-C Peptide Fibrils

To obtain a structural model of oligomers and protofibrils of the EF-C peptide variants,
we applied AlphaFold 3 (AF3).%°> AF3 enables the prediction of biomolecular interactions
of complex structures using diffusion-based machine learning. Here, we used this approach

to model the structures of oligomers consisting of four peptide monomers and protofibrils
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consisting of twenty peptide monomers (Figure 3. 4 (a, ¢, e) and Figure S3. 13-14).
Relevant models of the oligomers and protofibrils were selected and used as starting
structures for molecular dynamics (MD) simulations. MD simulations sample the dynamics
and stability of predicted assemblies in a solvated environment. While instable oligomer
and protofibril models disassembled during MD simulation, stable peptide assemblies only
presented minor structural rearrangements to optimize their geometry, shown in Figure 3.
4 (b, d, f) and Figure S3. 15 (water molecules not shown for better illustration). Findings
on oligomer and protofibril stability were thus indirectly related to the propensity of
peptides to form peptide fibrils.** Sequences with aliphatic side chains in their backbones
(EF-Ci, EF-Cyr, and EF-Cy) displayed slightly more twisted nanofibers compared to those
with aromatic side chains in their backbones (EF-Cr and EF-Cw), which confirmed our
observation in TEM images. To quantify the observed protofibril stability, we analyzed the
solvent accessible surface area (SASA), a measure for the surface area of the peptides that
was accessible by water. When peptide monomers assembled tightly, this area was small,
while free peptide monomers had a large SASA. The non-structural forming ones, EF-Ca,
EF-Cg, and EF-Cp, had larger SASAs compared to other EF-C variants, displayed in
Figure 3. 4 (g) and Figure S3. 16. As an additional parameter, the secondary structure
content of the peptides was determined (Figure 3. 4 (h) and Figure S3. 17). It can be clearly
seen that EF-Cr, EF-Cw, EF-Cy, EF-CL, and EF-Cy present the highest B-sheet content (i.e.
B-strands and B-bridges in the DSSP classification), while EF-Ca, EF-Cg, and EF-Cp do

not have significant B-sheet content.
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Figure 3. 4 Computational AlphaFold 3 (AF3) modelling and molecular dynamics
(MD) simulations of EF-C self-assembly. Structures of early EF-C protofibrils (20mers)
were modeled using AF3 (a, ¢, e) and then studied in all-atom MD simulations. Stable
models optimized their geometry by twisting while unstable models collapsed (b, e, f).
Analysis of solvent accessible surface area (SASA) (g) and secondary structure content (h)
confirmed that stable peptide fibrils, EF-Cr, EF-Cw, EF-C;, EF-Cr, and EF-Cv, had
relatively high B-sheet content, while EF-Ca, EF-Cg, and EF-Cp did not have B-sheet
content. EF-Cy showed intermediate -sheet content. Secondary structures are assigned

according to the DSSP classification.>
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Additional MD simulations were performed with six randomly placed peptide
monomers for the fibril-forming sequences. These simulations presented clustering of
peptides in all cases (Figure S3. 18-20) while anti-parallel and parallel B-sheet dimers and
trimers were observed. EF-Cw also formed short-lived B-sheet structures, but these were
not dominant within the simulation time. A focused structure of the dimer formed during
self-assembly of EF-Cy is shown in Figure S3. 21. Originally, EF-Cy was presumed to
behave and assemble similarly to those EF-C variants with aromatic side chains; however,
it showed lower conversion rates and did not present defined structures in TEM images.
With the simulation result, we propose that n-m interactions were the driving force to
assemble EF-Cy monomers in proximity but H-bonding between water molecules and
lysine cationic amine groups and tyrosine hydroxyl groups became the predominant
interaction, leading to the collapse of the assembly. The tyrosine hydroxyl groups of the
hydrophobic side chains weakened the hydrophobic core of possible assemblies. In
summary, our computational results not only correlated very well with our experimental
findings but also provided insights into molecular interactions, which explain the stability
of each EF-C variant. Thus, such a computational approach is suitable for screening or even

predicting sequences with high propensities to form fibrils.

3.3.5. Correlation of EF-C Fibril Assembly with SH-SYS5Y Activities

After biophysical and computational characterization of the self-assembly of the EF-C
variants, we investigated correlations between peptide structure and the characteristics of
the interaction with neural cells. As reported previously, sequences of alternating
hydrophobic and positively charged amino acids preserve the positive surface charges for
cell adhesion.!® Based on our results, systematically switching the hydrophobic core of the
peptide backbones did not significantly influence the surface charge while strongly
affecting structural parameters. Building upon this, changes in bioactivity, such as
proliferation and neurite outgrowth, of SH-SYS5Y should be attributed to structural
variations. SH-SYSY cells are a secondary human neuroblastoma cell line that is widely
used as a model for analysis of neuronal functions. SH-SYSY cells were cultivated for 24
hr before adding 50 uM of all EF-C variants (diluted from PBS to culture medium). After

incubation with EF-C variants for 24 hr, cell viability was measured using the CellTiter-
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Glo assay, which is based on a luminescent signal proportional to the amount of adenosine
triphosphate (ATP) present. The doubling time of SH-SYSY is approximately 27 hr;>’
therefore, the results in Figure 3. 5 (a) suggest that non-structure-forming sequences were
well tolerated by the cells, but also did not provide a significant benefit over the control.
On the other hand, the fiber forming sequences, EF-Cr, EF-Cw, EF-C;, EF-Cy, and EF-Cv
induced higher ATP content in SH-SYS5Y, indicating higher cell division and metabolic

activity.
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Figure 3. 5 Correlations between EF-C variants and SH-SYSY cells parameters. (a)

peptide treated

The graph represents cell proliferation of SH-SYS5Y cells after treatment with EF-C

variants for 24 hr. The structure-forming sequences, which are EF-Cr, EF-Cw, EF-C;, EF-

CL, and EF-Cy, facilitate the proliferation of SH-SYSY cells, while the other sequences
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perform similarly to the solvent control group (*p < 0.05; **p < 0.01; ****p <0.0001, ns
= not significant, N=2, n=6, One-way ANOVA test, Dunnett post hoc test in comparison to
the solvent control). (b) One sequence out of each group (aliphatic, non-hydrophobic, and
aromatic) was selected to test its ability to stimulate the differentiation of SH-SYS5Y. EF-
Cr (average neurite length =29.7 um and SD = 11.5 ) and EF-C; (average neurite length =
30.8 um and SD = 11.6) slightly promoted neurite outgrowth of SH-SY5Y cells compared
to the control group (average neurite length = 24.3 um and SD = 8.1) and EF-Cp (average
neurite length = 20.4 pm and SD = 7.5), in all cases without the presence of any growth
factor (*p < 0.05; **p < 0.01; ***p < 0.001, N=2, n=20, One-way ANOVA test, Dunnett
post hoc test in comparison to the solvent control). (c¢) The upper panel demonstrates the
solvent control group with immunostained SH-SYS5Y. The lower panel shows the
interaction of fluorophore-labeled EF-C;with immunostained SH-SY5Y. The blue channel
represents the nucleus (NucBlue), the red channel is the RhB-EF-C, the green channel is
SH-SYSY stained with synaptophysin-directed antibody, and the last one is the merged
image with red arrows pointing at neurites (scale bar =20 um). The brightness and contrast
of the fluorescent images of the red and green channels were slightly adjusted for better
visualization, and the raw images are provided in Figure S3. 22.

In general, the differentiation of SH-SYS5Y cells requires phorbol esters, retinoic acid,
or growth factors, such as nerve growth factor and brain derived neurotrophic factor.’’~>’
A neurite outgrowth assay was performed according to previous work.®® Three EF-C
variants, EF-Cg, EF-Cj, and EF-Cp, of each representing group were chosen to test their
potency to induce neural differentiation of SH-SYSY cells, without adding growth factors.
The differentiated SH-SYSY cells are elongated and distributed randomly on a substrate,
while the undifferentiated ones have an unpolarized shape and tend to grow in clusters and
on top of one another.’’ Different morphologies of SH-SY5Y cells were seen after
incubation with the three variants for 7 d, shown in Figure S3. 23. Cell morphologies of
the control group (N=2, n=20, average neurite number per image = 5.1 and standard
deviation (SD)= 2.0; average neurite length = 24.3 um and SD = 8.1) and EF-Cp (N=2,
n=20, average neurite number per image = 9.4 and SD = 3.6; average neurite length = 20.4
um and SD = 7.5) were less polarized and fewer neurites were observed. Contrarily, SH-

SYSY cells became more polarized and connected with longer neurites after being treated
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with EF-Cr (N=2, n=20, average neurite number per image = 13.8 and SD = 4.1, average
neurite length = 29.7 um and SD = 11.5) and EF-C; (N=2, n=20, average neurite number
per image = 10.4 and SD = 2.6; average neurite length =30.8 pm and SD = 11.6) , displayed
in Figure 3. 5 (b). Indeed, there was no drastic neurite outgrowth observed when cells were
treated with structure-forming EF-C variants, such as EF-Cr and EF-C;. However, only
basal medium was used to culture the cells without neurotrophic molecules or growth
factors. Therefore, we infer that the structure-forming EF-C variants cannot only boost
proliferation but also induce some degree of differentiation of SH-SYSY cells.

Following the neurite outgrowth assay, immunochemistry was applied to verify the
differentiation of SH-SYS5Y cells. Synaptophysin is a major protein of the
neurotransmitter vesicle membrane, which occurs in presynaptic endings of the central and
peripheral nervous systems.®! In a differentiated state, SH-SYSY cells express mature
neuronal markers such as synaptophysin.>’ On top of the immunostaining of one neuronal
marker, we attempted to visualize the interaction of EF-C variants labeled with a RhB
fluorophore with neural cells. In the upper panel of Figure 3. 5 (c), untreated medium
(DMSO only) served as control group. The nuclei were stained with Hoechst 33342. As
expected, no RhB signal was observed, and only moderate expression of synaptophysin
was captured based on fluorescent signals of Alexa 488 dye and the morphology of SH-
SYS5Y was less polarized. Applying the same imaging parameters, co-assembled EF-Cyand
RhB-EF-C; (v/v=9:1) fibril assemblies showed slight red fluorescent signals in the lower
panel of Figure 3. 5 (¢). The expression of synaptophysin based on Alexa 488 dye was
stronger. In the merged image, SH-SYSY cells become more polarized and neurite
outgrowth, as marked with red arrows, of SH-SY5Y cells was observed, suggesting the
neural regenerative potential of EF-C peptide.

In summary, B-sheet-rich SAPs mimic the natural extracellular matrix and provide
mechanical support for cell adhesion.®? Electrostatic forces between positive surface
charges of EF-C variants and negatively charged cell membranes play an essential role in
the interaction between materials and cells.'® It is still controversial, though, because some
earlier research indicated that amyloid-like structures and fragments are neurotoxic,%*
whilst other studies demonstrated that those fibers support neural regeneration.’®% Based

on our findings, we suggest that SH-SYSY viability and differentiation are facilitated by
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the fiber structure of EF-C peptide variants. The mechanism for triggering SH-SYSY
differentiation remains to be explored. In agreement with previous work, our findings
demonstrate that side chain interactions of peptide monomers lead to different
supramolecular structures.?® 224 Our work, summarized in Figure 3. 6, used
computational modelling and simulation to predict the assembly and stability of these
supramolecular structures which we systematically studied in biophysical experiments and
in vitro screening. The facilitation of computational modeling and simulation provides a
strategy for materials design, which can support the engineering of bioactive assemblies in
silico. We envision that the combination of computational approaches with biophysical

characterization and biological readouts can accelerate the discovery of bioactive materials.
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Figure 6. Workflow of peptide fibril materials design. Material structure-property
relationships were discovered using biophysical approaches, computational modelling and

simulation, and in vitro screening (image generated using Biorender).

3.4.Conclusions

We designed a peptide library of EF-C SAPs of varying hydrophobic core with the
goal to identify peptide fibrils with enhanced neural regeneration capacity. To achieve this,
we used a systematic approach of peptide sequence variation, and each variant was
characterized by biophysical imaging and spectroscopic methods. This enabled us to
identify fibril-forming sequences and their morphologies. We complemented this with
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computational modelling and simulation to obtain molecular level insight into the self-
assembly behavior. Our experimental and computational approaches correlated very well
and we thus propose that AlphaFold 3 modelling and simulations can accelerate the
discovery of functional SAPs for neural regeneration. The bioactivity of each peptide
variant was tested in human neuroblastoma cells, and the results suggested that the fibril
material structures played a significant role in modulating cell behavior. Our study shows
that the development of new peptide sequences for neural regeneration can be accelerated
by combining systematic characterization of SAPs with computational modelling and

simulation.
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3.5.Experimental Procedures

Materials. Fluorenylmethyloxycarbonyl (Fmoc) protected amino acids and ethyl
cyano(hydroxyimino) acetate (Oxyma Pure®) were purchased from Novabiochem (Merck
KGaA, Darmstadt, Germany). 6-(Fmoc-amino) hexanoic acid was obtained from Alfa
Aesar (Thermo Fisher Scientific, Waltham, MA, USA). Fmoc-Asn (Trt) Wang Resin was
acquired from Merck KGaA (Darmstadt, Germany). Congo Red, o-cyano-4-
hydroxycinnamic acid (CHCA), N, N'-diisopropylcarbodiimide (DIC), N,N-
diisopropylethylamine (DIPEA), dimethyl sulfoxide (DMSO), dimethyl sulfoxide-ds
(DMSO-d¢), thodamine B (RhB) triisopropylsilane (TIPS), were bought from Sigma-
Aldrich (Burlington, MA, USA). N,N-dimethylformamide (DMF, peptide grade), 4-
dimethylaminopyridine (DMAP), dichloromethane (DCM), fluorescamine, and 2% uranyl
acetate solution were purchased from Thermo Fisher Scientific (Waltham, MA, USA). 25%
ammonia solution (NH4OH), N-(3-dimethylaminopropyl)-N-ethyl carbodiimide
hydrochloride salt (EDC-HCI), N-hydroxysuccinimide (NHS), piperidine (peptide grade),
potassium chloride (KCl), silica gel, and trifluoroacetic acid (TFA) were obtained from
Carl Roth GmbH + Co. KG (Karlsruhe, Germany). Diethyl ether and acetonitrile (ACN,
HPLC grade) were acquired from Honeywell (Charlotte, NC, USA). All chemicals were
used upon arrival without further purification. Ultrapure water was obtained by a Millipore

purification system (MilliQ, Merck KGaA, Darmstadt, Germany).

Solid State Peptide Synthesis (SPPS). All peptides were synthesized in an automated
microwave peptide synthesizer (Liberty Blue™, CEM Corporation, Matthews, NC, USA)
from C- to N-terminus by Fmoc-SPPS method using Fmoc-Asn (Trt) Wang Resins with a
size of 100-200 mesh. DMF was used as the main washing solvent, and the deprotection
solvent consisted of 20% piperidine in DMF. The activator and activator base were namely
0.5 M of DIC and 1.0 M of Oxyma in DMF. The amount of materials and reagents was
prepared following the suggestion by Liberty Blue™ software calculation. In brief, the
resins were swollen with DMF for 30 min prior to synthesis. The procedure started with
Fmoc removal, and the resins were immersed in the deprotection solvent and heated to 75
°C (155 W) for 15 s and 90 °C (30 W) for 50 s, followed by washing with DMF twice.

Subsequently, amino acids were coupled from 0.2 M solutions of the respective amino acid
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in DMF with the facilitated by an activator and an activator base. The reaction was heated
to 75 °C (170 W) for 15 s and 90 °C (30 W) for 110 s, followed by flushing with DMF.
Deprotection solvent was added to remove the Fmoc motif after the final coupling.
Afterwards, the resin beads were first flushed by DCM and immersed in a cleavage cocktail
(95% TFA, 2.5% MilliQ water, 2.5% TIPS) for 2 hr, followed by precipitation in cold
diethyl ether and centrifugation to obtain the final precipitate. The amino acids of the

peptide sequences are listed in Table 3. 1.

Synthesis of N-Hydroxysuccinimide Modified Rhodamine B (RhB-NHS). The
synthesis of RhB-NHS was conducted based on a previous report.’® In brief, RhB (1.0
mmol), NHS (1.1 mmol), EDC-HCI (1.1 mmol), and DMAP (0.2 mmol) were dissolved in
DCM (5 mL) in a reaction flask wrapped with aluminium foil. The resulting reaction
mixture was stirred at room temperature for 4 hr. The compound was purified via silica gel
chromatography and was assessed by MALDI-ToF MS on a rapifleX MALDI-ToF/ToF
(Bruker, Billerica, MA; USA) and NMR spectroscopy on a Bruker Avance 400 MHz
(Bruker, Billerica, MA, USA).

Synthesis of RhB Labeled EF-C Variants. RhB labeled peptides were manually
synthesized on resin with a stoichiometry of 1: 2: 4 (peptide: RhB-NHS: DIPEA) in DMF
in a peptide reactor (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) wrapped with
aluminium foil for 4 hr. Afterwards, resin beads were first rinsed with DCM and immersed
in the same cleavage cocktail described previously for 2 hr, followed by precipitation in
cold diethyl ether and centrifugation to the final precipitate. A spacer, aminohexanoic acid,
was introduced to link EF-C; and RhB-NHS so as to diminish chemical influence on the

peptide backbone.”!

Purification and Characterization of EF-C Variants. The peptide precipitate was

dissolved in a mixture of MilliQ H2O and ACN and purified by preparative RP-HPLC

(Shimadzu, Kyoto, Japan) via a C18 column (Phenomenex Gemini, 5 pm, NX-C18, 110 A,

150 x 30 mm, Torrance, CA, USA) with a flow rate of 25 mL/min. The solvent gradient of
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solvent mixture of ACN/MilliQ with 0.1% TFA or 0.1% NH4+OH began from 0% to 100 %
ACN. Fractions of samples were collected based on the retention time monitored with an
ultraviolet (UV) absorption detector at 214 nm. The purified samples were lyophilized and
stored at -20 °C prior to use.

Samples were identified by MALDI-ToF MS via dried droplet method. Samples were
mixed with a saturated solution (MilliQ H2O/ACN = 1:1) of the matrix CHCA. MALDI-
ToF mass spectra were recorded on a rapifleX MALDI-ToF/ToF (Bruker, Billerica, MA,
USA).

The purity of the samples was confirmed by analytical RP-HPLC (Shimadzu, Kyoto,
Japan), equipped with a C18 column (ZORRBAX Eclipse XDB-C18, 5 um, 70 A, 9.4 x
250 mm, Agilent, Santa Clara, CA, USA) with a flow rate of 4 mL/min. A gradient of
solvent mixture of ACN/MilliQ with 0.1% TFA or 0.1% NH4OH began from 5% to 80 %
ACN. The samples were monitored at 214 nm UV absorption.

To distinguish between leucine (EF-CL) and isoleucine (EF-Ci) containing variants,
these two variants were dissolved in DMSO-ds with a concentration of 3 mg/mL. NMR
spectra were recorded on a Bruker Avance 700 MHz (Bruker, Billerica, MA, USA) at room

temperature.

Preparation and Characterization of EF-C Self-Assembly

EF-C Self-Assembly. Each peptide powder was dissolved in DMSO (10 mM stock
solution) and further diluted into DPBS (phosphate buffered saline without calcium
chloride and magnesium chloride, Thermo Fisher Scientific, Waltham, MA, USA) to obtain
the incubation concentration of 1 mM at room temperature for 24 hr, unless otherwise

stated.

DLS. Aggregation concentrations of self-assembling EF-C variants were evaluated by DLS
at room temperature on a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) based
on published procedures.®!' Peptide solutions were diluted from the 10 mM DMSO peptide
stock solution into DPBS (1 mM, 600 uM, 300 uM, 100 uM, 60 uM, 30 uM, 10 uM, 6
uM) for 24 hr incubation before measurement. Each measurement was performed in

triplicate with 10 measurements per scan. The aggregation concentrations were plotted as
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count rates against peptide concentrations with Origin 8.5 (OriginLab, Northampton, MA,
USA). It is worth noting that when the derived count rate was below 2 kilo counts per scan
(kcps), the instrument usually displays “The sample is too dilute for measurement”. To
minimize the bias, we defined no aggregation from the peptides when the derived count

rate was lower than 5 keps.

Congo Red Assay. Congo red assay was employed to study the formation kinetics of
amyloid fibers based on a previous report.>® Congo red molecules align parallel to the fiber
axis, which has a B-sheet structure, and induce a red shift in the absorption maximum (498
nm). Therefore, the spectral shift was calculated only based on the absorption maximum of
Congo red. The procedure is briefly described as follows: 2 ul of 500 uM Congo red stock
solution in DPBS was diluted in 43 pl PBS. 5 pl of 10 mM peptide stock solution was
added to obtain a final peptide concentration of 1 mM. The control group consisted of 5 pl
DMSO, 2 ul of 500 uM Congo red and 43 pl PBS. 15 pl of each mixture was transferred
into a transparent 384-well plate (transparent UV Star, Greiner Bio-One, Kremsmiinster,
Austria), and the plate was sealed with a transparent seal (Viewseal Sealer, Greiner Bio-
One, Kremsmiinster, Austria) to prevent evaporation. Absorbance shifts were recorded
between 400 and 600 nm at room temperature by a microplate reader (Spark®, Tecan,
Minnedorf, Switzerland). Analysis was performed in triplicate with 10 time points (0 min,
10 min, 20 min, 30 min, 1 hr, 2 hr, 4 hr, 8 hr, 24 hr, 48 hr), and the spectra were plotted
with Origin 2024 (OriginLab, Northampton, MA, USA).

Fluorescence Based Conversion Rate (CR) Assay. The amount of peptide monomers
assembled into nanostructures was assessed by a CR assay based on a previous report.>! In
short, 200 pL of 1 mM peptide solution was incubated for 24 hr and 100 pL of peptide
solution was centrifuged in a Vivaspin® 500 centrifugal concentrator (3 kDa, Sartorius,
Gottingen, Germany) to separate fibers and peptide monomers with a rate at 12,000 g for
60 min at 4 °C. Both filtrated and non-filtrated solutions were lyophilized and dissolved in
30 uL of DMSO. 9 pL of the amine-reactive dye fluorescamine (10 mg/mL in DMSO) was
added to the filtrated and non-filtrated ones, followed by incubation in a 384-well plate

(black UV Star®, GreinerBio-One, Kremsmiinster, Austria) at room temperature for 20 min.
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Fluorescence was recorded on a microplate reader (Spark®, Tecan, Ménnedorf, Switzerland)
with excitation at A= 365 nm and emission at A= 470 nm (bandwidth = 10 nm and multiple
readings per well, 3 x 3). The conversion rate is calculated using equation (1). Each
measurement was performed in triplicate and plotted with Prism (GraphPad Software, San
Diego, CA, USA).

CR = [ 1— ( filtrated fluorescence intensity )] % 1)

- nonfiltrated fluorescence intensity

Analytical HPLC Based CR Assay. Control groups were peptide powders dissolved in
DMSO and MilliQ water at a concentration of 50 uM, and experimental groups were
peptide solutions after self-assembly (as described in ‘EF-C Self-Assembly.’) further
diluted in MilliQ water to reach the same concentration, followed by filtration through a
0.2 um pore size filter. Analytical HPLC with the same conditions described in the previous

section were used to check whether the peptide could be detected at 214 nm UV absorption.

Zeta potential ({). Zeta-potential measurements were conducted using a Zetasizer Nano
ZS (Malvern Instruments, Malvern, UK) to determine the surface charge of aggregated
peptides following a previous report.>! Peptide solutions (60 uL) were diluted in 600 uL of
1 mM KCI solution in 1 mL disposable capillary cells (DTS1060, Zetasizer Nano series,
Malvern Instruments, Malvern, UK). Each measurement was performed in triplicate and

plotted with Prism (GraphPad Software, San Diego, CA, USA).

TEM. To prepare samples for TEM measurement, 5 pL of peptide solution was deposited
on copper grids coated with carbon and formvar layer (300 mesh, Plano GmbH, Wetzlar,
Germany) for 10 min. The grids were stained with 2% uranyl acetate solution for 3 min,
washed three times and dried with filter paper. Measurements were performed on a Jeol
1400 electron microscope (Tokyo, Japan) with 120 kV acceleration voltage to observe the

morphology of self-assembling EF-C variants. Images were processed with Image J.”>

Attenuated Total Reflectance FT-IR (ATR-FTIR) Spectroscopy. Each peptide solution
(200 pL) was lyophilized into powder before measurement. All spectra were acquired with

a resolution of 4 cm™ and 64 scans on a Bruker Tensor27 spectrometer (Bruker, Billerica,
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MA, USA) with a diamond crystal as ATR element (PIKE MiracleTM FTIR, Madison, WI,
USA). The data were plotted with Origin 8.5 (OriginLab, Northampton, MA, USA) and
the second derivative of the spectra was calculated using a Savitzky-Golay filter. The -
sheet content was calculated from equation (2) based on the deconvolution area

corresponding to the secondary structure and the amide I frequencies (cm™) listed in

Table 2.

B—sheet area

B-sheet (%) =

all secondary structure area 2)
Powder X-ray Diffraction (XRD). Each peptide solution (300 uL) was lyophilized before
measurement. The powders were placed on a zero reflection Si substrate (Crystal Substrates,
Traverse City, MI, USA) and XRD measurements were performed in 0/0 geometry on a
Rigaku SmartLab diffractometer, using a Cu K-o anode (A = 1.5406 A) and HyPix-3000
detector. The scanning angle started from 5° to 25° with a rate of 0.2° per min. The data
were plotted using Origin 8.5 (OriginLab, Northampton, MA, USA) and molecular packing
distances were calculated in the Match!3 (Crystal Impact, Bonn, Germany) software based
on equation (3).

A = 2dsin6 3)

Modelling of Oligomer and Protofibril Structures Using AlphaFold 3. To obtain a
structural model of oligomers and protofibrils of the EF-C peptide variants, we applied
AlphaFold 3 (AF3).>> The AF3 server (https://alphafoldserver.com) provided structural
models of the five most likely structures, along with confidentiality scores. Relevant
models of the oligomers (4mers) and protofibrils (20mers) were selected and used as
starting structures for molecular dynamics (MD) simulations. By default, the top structural
model was chosen. When all structural models had similar confidentiality scores, the model
that aligned with the other variants has been chosen. In most cases, AF3 predicted 2x2 or
1x4 and 2x10 B-sheets. The AF3 results are subject to the AlphaFold Server Output Terms
of Use found at https://alphafoldserver.com/output-terms. AF3 visualizations were
performed with UCSF ChimeraX version 1.8, developed by the Resource for
Biocomputing, Visualization, and Informatics at the University of California, San

Francisco, with support from National Institutes of Health RO1-GM 129325 and the Office
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of Cyber Infrastructure and Computational Biology, National Institute of Allergy and
Infectious Diseases.”> AF3 has been used to predict the structures of peptide oligomers

(4mers) and protofibrils (20mers) of nine variants.

Molecular Dynamics (MD) Simulations. Predicted structural models for oligomers and
protofibrils from AF3 were used as starting structures for MD simulation. The structures
were placed in a cubic box with box lengths of at least 5 nm (4mer, oligomer) or 7 nm
(20mer, protofibril), while the minimum distance between solute and box was at least 1 nm.
The peptide assemblies were solvated with explicit water using the TIP3P water model”
and sodium chloride (140 mM) was added as physiological salt and to neutralize the
systems. Each system was initially energy minimized using a steepest-descent algorithm.
This was followed by equilibration steps with position restrained peptides (k =
1000 kJ mol ™! nm™2), first in a NVT ensemble for 100 ps and then in a NPT ensemble for
another 100 ps. Each simulation was performed in triplicate with random starting velocities
following a Boltzmann distribution at 295 K. All simulations were performed for 200 ns
each, while the protofibril systems which showed relatively stable structures after 200 ns
were simulated for another 300 ns (total of 500 ns) to confirm structural stability of the

AF3 models. The overview of simulations is included in Table 3. 3.

Table 3. 3 Overview of MD Simulations with Simulation Times and No. of Replicates.

Peptide Oligomer Stability Protofibril Stability Oligomer Formation

Variant (4mer) (20mer) (6 monomers)
EF-C 3 x200ns 3 x 500 ns 3 x 500 ns
EF-Ca 3x200ns 3 x 500 ns /

EF-Cq 3x200ns 3x200ns /

EF-Cv 3 x 200 ns 3 x 500 ns 3 x 500 ns
EF-Cp 3x200ns 3x200ns /

EF-Ck 3 x 200 ns 3 x 500 ns 3 x 500 ns
EF-Cy 3 x 200 ns 3 x 500 ns 3 x 500 ns
EF-CL 3 x 200 ns 3 x 500 ns 3 x 500 ns
EF-Cw 3 x200 ns 3 x 500 ns 3 x 500 ns
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In the above studies, initial fibril structures were based on predictions from AF3.
These simulations provided useful insight in the stability of oligomer and protofibril
structures. To learn more about oligomer self-assembly, systems with six randomly placed
peptide monomers in a cubic box (box length 4 nm) were studied for 500 ns, except for
EF-Ca, EF-Cg, and EF-Cp, as they all disassembled in the stability simulations and did not
present characteristic fibril formation in the experiments. The monomer peptide structures
were extracted from the 20mer protofibril AF3 models. As described above, these systems
were also solvated, ions added, energy minimized, and equilibrated before three
independent replicates were run.

GROMACS version 2021.7 was used for all MD simulations” %2 with a time step of
2 fs and the all-atom additive CHARMM36m force field to describe peptides, solvent and
ions.®*84 Periodic boundary conditions were applied. The Verlet cutoff scheme was used
for neighbor search. A single cutoff of 1.2 nm was set to calculate electrostatic and van der
Waals interactions. A force switch was applied to smoothly switch the van der Waals forces
to zero between 1.0 nm and 1.2 nm. Long-range electrostatic interactions beyond the cutoff
were described using the Particle-Mesh Ewald (PME) method.®> All bonds with H-atoms
in the peptides were constrained to their equilibrium values using the LINCS algorithm;®
water molecules were constrained using the SETTLE algorithm.®” The center of mass
translational velocity of the system was removed. The temperatures of peptides, and water
and ions, were independently coupled to an external bath at 295 K using the v-rescale
thermostat with a relaxation time of 0.1 ps.®® Isotropic pressure coupling to maintain a
pressure of 1 bar was achieved using the Berendsen barostat during equilibration®” and the
Parrinello-Rahman barostat during production MD (relaxation time 2 ps, compressibility
of 0.000045 bar™).”

Analysis of MD simulations was achieved using GROMACS tools. The final 10 ns of
each simulation trajectory was used for further analysis. To determine the most
representative structures of all replicates for each peptide variant, cluster analysis (gmx
cluster, gromos method, RMSD cutoff 0.8 nm)®! was performed and the central structure
of the largest cluster was visualized using VMD 1.9.4.°% Solvent accessible surface areas
(SASAs) were calculated using a solvent probe radius of 0.14 nm (gmx sasa).”>** The

secondary structure content of the EF-C peptide variants was analyzed using the DSSP tool
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(Define Secondary Structure of Proteins, gmx dssp in GROMACS version 2024.4) for the

last 10 ns of simulation time of all replicates.>®®

Cell Viability of Human Neuroblastoma Cells (SH-SY5Y). SH-SYS5Y cells (ATCC-
CRL-2266 ™) were cultivated at 37 °C, 95% humidity, and 5% CO> in Dulbecco's Modified
Eagle Medium (DMEM)/ Ham's F-12 Nutrient Mixture (F-12) (Thermo Fisher Scientific,
Waltham, MA, USA) with additional 10% fetal bovine serum (FBS) (Thermo Fisher
Scientific, Waltham, MA, USA) and 1% penicillin-streptomycin (PS) (Sigma-Aldrich,
Burlington, MA, USA) to study cell viability proliferation after treatment with different
EF-C variants, and a control group (DMSO only). SH-SYSY cells were seeded at a density
of 10,000 cells/well in a white half area 96-well plate (Greiner Bio-One, Kremsmiinster,
Austria) and incubated at 37 °C for 24 hr. Peptide solutions were further diluted to 50 uM
in culture medium and cells incubated for 24 hr with respective peptide (50 L medium per
well). Cell proliferation measurements were conducted using CellTiter-Glo®
Luminescence Cell Viability Assay according to the manufacturer’s protocol (Promega,
Madison, WI, USA). Reagent (50 uL) was added to each well and the well plate was gently

shaken for 10 min in dark at room temperature before measurement.

Neurite Outgrowth Assay. Each well in an 8-well plate (glass bottom, ibidi, Gréfelfing,
Germany) was first coated with a thin layer of poly-D-lysine hydrobromide for 1 hr
(concentration: 0.1 mg/mL, MW= 70000—150000; Sigma-Aldrich, Burlington, MA, USA),
rinsed with DPBS and left dry before use. SH-SYSY cells were seeded at a density of
80,000 cells/well in the 8 well plate. After 24 hr incubation, cells were incubated with
solvent (DMSO only) or 50 uM of peptides, namely EF-Cr, EF-Ci, and EF-Cp, in culture
medium. The medium containing peptide solutions was refreshed every two days for 7 d.
To enhance the contrast for the contour of neurites under the fluorescent microscope, cells
were rinsed with PBS, followed by staining the nuclei by Hoechst 33342 dye (NucBlue,
Thermo Fisher Scientific, Waltham, MA, USA) and cell membrane according to the
manufacturer’s protocol (CellMask™, Deep Red Plasma Membrane Stains, Invitrogen,
Thermo Fisher Scientific, Waltham, MA, USA). Afterwards, cells were rinsed with PBS
and fixed with 4 % (v/v) PFA (Sigma-Aldrich, Burlington, MA, USA) for 15 min before
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imaging under a BZ-X800 microscope (Keyence, Osaka, Germany) utilizing a Plan
Fluorite 40X LD PH objective lens. The neurite outgrowth assay was measured based on
images taken at 10 random spots from two individual experiments (N=2, n=20), and the
quantification of the neurite length was conducted on Image J and Neuron J following
previous reports”® %, The statistical study was evaluated by One-way ANOVA test and was

plotted with Prism (GraphPad Software, San Diego, CA, USA).

Visualization of the Interaction of SH-SYSY Cells and EF-C SAPs. SH-SYSY cells
were seeded at the same density as described in the neurite outgrowth assay in an 8 well
plate (glass bottom, ibidi, Gréifelfing, Germany). After 24 hr incubation, the cells were
treated with 50 uM of a peptide solution (10% of RhB labeled EF-C; and 90 % of unlabeled
one) for another 24 hr. After rinsing with PBS, cell nuclei were stained with Hoechst 33342
dye according to the manufacturer's protocol (Thermo Fisher Scientific, Waltham, MA,
USA). For immunostaining, cells were rinsed with PBS, fixed with 4 % (v/v)
paraformaldehyde (PFA) (Sigma-Aldrich, Burlington, MA, USA) for 15 min,
permeabilized with 0.5% (v/v) Triton X-100 (Merck KGaA, Darmstadt, Germany) for 5
min, and blocked with 4 % bovine serum albumin (BSA, Roche, Basel, Switzerland) in
PBS for 5 min. The primary antibody synaptophysin (SYN, rabbit anti-SYN, Proteintech,
Rosemont, IL, USA) was diluted in PBS (1:200) and added to the samples at 4 C° for 24 hr.
After rinsing with PBS, secondary antibody labeled with Alexa 488 (donkey anti-rabbit
IgG Alexa Fluor™ Plus 488, Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA)
in PBS (1:500) was added to samples at room temperature for 4 hr before imaging.

Visualization of the cell-material interaction was conducted by using a confocal laser
scanning microscope, Stellaris 8 FALCON (Leica, Wetzlar, Germany). A 405 nm excitation
diode laser was implemented to monitor the nuclei staining with excitation (Ex) at 405 nm
and emission (Em) at 425 nm. The immunostaining images were recorded under an Argon
diode laser with Ex at 496 nm and Em at 532 nm. The fluorophore labeled EF-C; was
observed with Ex at 546 nm and Em at 700 nm.
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This study reports the design of peptide fibrils with enhanced neural regeneration by
systematically varying the hydrophobic core of EF-C-derived peptide variants. We
identified those variants with phenylalanine or isoleucine side chains as having high
aggregation propensities and performed in vitro studies with neuroblastoma cells. The
combination of biophysical assays with computational modelling and simulation can
accelerate the identification of relationships between the morphology of self-assembling

peptides and neural activity.
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Figure S3. 21 Structural representation of dimer of EF-Cy (KYKYQYN) formed during
self-assembly.
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Figure S3. 2 Liquid chromatograms of EF-C variants. (a) HPLC trace of EF-Cr in an
acidic condition with a retention time (tr) = 17.0—17.2 min. (b) HPLC trace of EF-Cw in an
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Given that the hydrophobic side groups of leucine (EF-Ci) and isoleucine (EF-Cyr) are
isomers with almost identical mass spectra and liquid chromatography profiles,
distinguishing between these two peptides required more techniques such as 'H-NMR
spectroscopy. While the 'H-NMR spectra of both species showed minor differences in the
aliphatic region (compare Figure S3. 3 (a) and (b)), utilizing 2D proton correlation 'H-
NMR spectroscopy (COSY) differentiated the peptides due to the characteristic pattern of

the respective amino acids, shown in Figure S3. 3 (¢) and (d).
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(a) RhB-NHS

1,6x10°
[M+H]"=541.3

1,2x10° 4
El
S .
2 B0 [M+H]"=443.2
7]
C
]
£ 40x10'

[M"+H]'=399.3
0,0 l | 1 }

T NS T “ T
200 300 400 500 600 700 800
m/z

RhB-NHS

RhB

T T T T T T J T T T T T T T T T T T T T T T T
100 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 45 4.0 3.5 3.0 2.5 20 1.5 1.0 0.5 0.0 -0.5 -1.0
ppm

Figure S3. 4 Mass spectrum and "H-NMR spectra of RhB-NHS. (a) Mass spectrum of
RhB-NHS was measured by MALDI-ToF MS with [M+H]"= 541.3 (theoretical MW =
540.6), while the other two signals [M’+H]" and [M”+H]" were non-fluorescent
spirolactams, which could be explained by a previous report.! (b) A sharp signal at 2.7 ppm
is the characteristic signal for the NHS motif in the spectrum of RhB-NHS, while there is
no such signal in the spectrum of RhB, indicating the successful modification of the NHS

group. (CDCls, 298K, 400 MHz).
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Figure S3. 5 Mass spectrum and LC chromatogram of RhB-EF-Ci. (a) Mass spectrum
of RhB-EF-Ci was measured by MALDI-TOF MS with [M+H]" = 1394.9 (theoretical MW
=1394.8). (b) HPLC trace of RhB-EF-C; in an acidic condition with tg = 10.3—10.5 min.
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Figure S3. 6 Conversion rate assay of self-assembled EF-C variants based on
analytical liquid chromatograms measured at 214 nm absorption. (a) The upper panel
of the non-filtrated sample of EF-Cr shows the peptide signal, while the lower one displays
no signal after filtration. (b) The upper chromograph of the non-filtered sample of EF-Cw
shows the peptide signal, while the lower one displays no signal after filtering. (c) Both of
the panels of EF-Cy show a signal. (d) The upper panel of the non-filtrated EF-C; shows
the peptide signal, and the lower panel displays no signal after filtration. (e) The upper
panel of the non-filtered sample of EF-Ci shows the peptide signal, while the lower one
displays no signal after filtering. (f) The upper panel of the non-filtrated sample of EF-Cv
shows the peptide signal, while the lower one displays no signal after filtration. (g) Both
panels of EF-Ca show a signal with or without filtration. (h) Both panels of EF-Cg display
a signal with or without filtration. (i) Both panels of EF-Cp show the peptide signal with or

without filtration.
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Figure S3. 7 TEM images of EF-C variants on a large scale. (a) TEM image of EF-Cr.
(b) TEM image of EF-Cw. (¢) TEM image of EF-Cy. (d) TEM image of EF-Ci. (¢) TEM
image of EF-CL. (f) TEM image of EF-Cv. (g) TEM image of EF-Ca. (h) TEM image of
EF-Cc. (1) TEM image of EF-Cp (All scale bars =2 pm).
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Figure S3. 8 TEM images of the assembled morphologies of EF-C variants on small
scales. (a, b, c, d, ) TEM images of EF-Cr, EF-Cw, EF-C, EF-CL, and EF-Cy with scale
bars of 1 um. (f, h, 1, j) TEM images of EF-Cr, EF-C;, EF-Cr, and EF-Cv with scale bars
of 250 nm. (g) A TEM image of EF- Cw with scale bars of 500 nm.
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Figure S3. 9 IR spectra of EF-C variants. (a) EF-Cr. (b) EF-Cw. (¢) EF-Cy. (d) EF-C..
(e) EF-Cv. (f) EF-Cv. (g) EF-Ca. (h) EF-Cg. (i) EF-Cp.
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Figure S3. 10 Second derivative IR spectra of EF-C variants. (a) EF-Cr. (b) EF-Cw. (¢)
EF-Cy. (d) EF-Ci. (e) EF-Cy. (f) EF-Cyv. (g) EF-Ca. (h) EF-Cq. (1) EF-Cp.
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Figure S3. 11 Deconvoluted IR spectra of EF-C variants. Black lines are the IR spectra,
and the brown dotted line are the deconvoluted according to the 2™ derivative IR spectra.
Red lines represent the signal contributed from parallel B-sheets (1615-1643 cm™), green
lines show the signal derived from random coil and a-helix (1640-1670 cm™), gray lines
display the signal stemming from B-turn (1665-1685 cm™), and blue lines exhibit the signal
originating from anti- parallel B-sheets (1675-1700 cm™). (a) Deconvoluted IR spectrum
of EF-Cr with relative B-sheets of 71.0%. (b) Deconvoluted IR spectrum of EF-Cw with
relative B-sheets of 80.8%. (¢) Deconvoluted IR spectrum of EF-Cy with relative B-sheets
of 40.3%. (d) Deconvoluted IR spectrum of EF-C; with relative B-sheets of 84.7%. (e)
Deconvoluted IR spectrum of EF-Cy. with relative B-sheets of 68.0%. (f) Deconvoluted IR
spectrum of EF-Cy with relative B-sheets of 74.2% (g) Deconvoluted IR spectrum of EF-
Ca with relative B-sheets of 50.1%. (h) Deconvoluted IR spectrum of EF-Cg with relative
B-sheets of 13.1%. (i) Deconvoluted IR spectrum of EF-Cp with relative B-sheets of 45.3%.
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Figure S3. 12 XRD diffractograms of self-assembled EF-C variants with assigned
molecular packaging distances. (a) The XRD diffractogram of EF-Cr and the correlated
molecular packing distances at 4.7, 5.17, 5.24, and 5.82 A. (b) The XRD diffractogram of
EF-Cw and the analogized molecular packing distances at 4.61, 4.72, 4.81, 5.06, 5.25, and
8.34 A. (c) The XRD diffractogram of EF-C; and the corresponding molecular packing
distances at 4.66, 4.82, and 5.17 A. (d) The XRD pattern of EF-Cr. and the associated
molecular packing distances at 4.61, 4.73, 5.16, and 5.26 A. (e) The XRD pattern of EF-
Cv and the relevant molecular packing distances at 4.64, 5.08, 5.18, 5.67, and 5.83 A.
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Figure S3. 13 Structural models for peptide oligomers (4mers) of nine EF-C variants

using AF3. Local confidence values (predicted local distance difference test, pPLDDT) are

used as color coding. Low confidence regions are shown in red/yellow, high confidence

regions in blue. While the top model (highest confidence, #0) has been used for MD

simulations by default, for some peptides, another model (e.g. #1, #4) with very similar

confidence has been considered as this showed consistence in hydrophobic side chains to

the core.
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Figure S3. 14 Structural models for peptide protofibrils (20mers) of nine EF-C
variants using AF3. Local confidence values (predicted local distance difference test,
pLDDT) are used as color coding. Low confidence regions are shown in red/yellow, high
confidence regions in blue. While the top model (highest confidence, #0) has been used for
MD simulations by default, for some peptides, another model (e.g. #1, #3, #4) with very

similar confidence has been considered as this showed consistence in two-stranded sheets

or twisting.
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Figure S3. 15 Representative structures of peptide oligomers (4mers) and protofibrils
(20mers) of nine EF-C variants. Structures represent the central structures of the largest
cluster of structures during the final 10 ns of MD simulations of three replicates each.
Clustering was performed using the gromos method with RMSD cutoff of 0.8 nm in
GROMACS. Structures either disassembled during MD, representing unstable AF3 starting

models, or stabilized their structures by twisting.
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Figure S3. 16 Solvent Accessible Surface Areas (SASAs) of EF-C oligomers (4mer)
and protofibrils (20mers). The SASA of a tightly packed self-assembled oligomer or
protofibril is smaller than the SASA of a loosely packed structure or unclustered peptide

monomers. Means with standard errors are shown.
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Figure S3. 17 Secondary structure content of EF-C oligomers (4mer) and protofibrils
(20mers). The average secondary structures (and standard errors) were determined for the

last 10 ns simulation time of all replicates.
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Figure S3. 18 Self-assembled peptide structures of fibril-forming EF-C variants.
Structures represent the central structures of the three largest clusters of the self-assembly
of six monomers during the final 10 ns of MD simulations of three replicates each.
Clustering was performed using the gromos method with RMSD cutoff of 0.8 nm in
GROMACS. Formation of dimers and trimers indicates early oligomers while not all

peptides transformed their secondary structure within the simulation time such as EF-Cw.
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Figure S3. 19 Solvent Accessible Surface Areas (SASAs) of EF-C self-assembled

structures with six monomers. All fibril-forming EF-C variants clustered during self-

assembly and reached similar SASAs within 500 ns simulation time. Means with standard

errors are shown.
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Figure S3. 20 Secondary structure content of EF-C self-assembled structures with six

monomers. The average secondary structures (and standard errors) were determined for

the last 10 ns simulation time of all replicates.
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Figure S3. 21 Structural representation of dimer of EF-Cy (KYKYQYN) formed
during self-assembly. Tyrosine and lysine residues are both directed outwards with

proximity between cationic lysine amine groups and aromatic tyrosine residues.

Rhodamine B synaptophysin

Figure S3. 22. Raw data of fluorescence images of immunostaining in Figure 5 (c).
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Figure S3. 22 Examples of neurite counting traces. The upper panels show the

fluorescent images of SH-SYSY cells stained with nuclei (NucBlue) and cell membranes
(Deep Red Plasma Membrane). Based on the fluorescent images above, neurites were
marked in pink, measured, and calculated from the images in the lower panels based on

previous reports (scale bar = 50 um).>*
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4.1.Abstract

Formyl peptide receptors (FPRs) may contribute to inflammation in Alzheimer’s
disease through interactions with neuropathological Amyloid beta (AP) peptides. Previous
studies reported activation of FPR2 by Ai.42, but further investigation of other FPRs and
AP variants is needed. This study provides a comprehensive overview of the interactions
of mouse and human FPRs with different physiologically relevant AB-peptides using
transiently transfected cells in combination with calcium imaging. We observed that, in
addition to hFPR2, all other hFPRs also responded to APi-42, APi-40, and the naturally
occurring variants APii40 and APi7.40. Notably, ABii1-40 and APi7.40 are very potent
activators of mouse and human FPRI, acting at nanomolar concentrations. Buffer
composition and aggregation state are extremely crucial factors that critically affect the
interaction of AP with different FPR subtypes. To investigate the physiological relevance
of these findings, we examined the effects of APii-40 and APB1740 on the human glial cell
line U87. Both peptides induced a strong calcium flux at concentrations that are very
similar to those obtained in experiments for hFPR1 in HEK cells. Further
immunocytochemistry, qPCR, and pharmacological experiments verified that these
responses were primarily mediated through hFPR1. Chemotaxis experiments revealed that
APi11-40 but not AP17.40 evoked cell migration, which argues for a functional selectivity of
different AP peptides. Together, these findings provide the first evidence that not only
hFPR2 but also hFPR1 and hFPR3 may contribute to neuroinflammation in Alzheimer’s

disease through an interaction with different AP variants
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4.2.Introduction

Alzheimer’s disease (AD) is a complex neurodegenerative disorder with a
heterogeneous pathobiology leading to progressive dementia with death as an inevitable
outcome, generally within 5 to 12 years after symptom onset.! While there is an urgent
need for therapies that may prevent or slow the progression of AD, no unequivocal
treatment is currently available.> A better understanding of the molecular mechanisms
underlying AD can help to identify new strategies to develop such treatments. The
discovery that extracellular amyloid beta (Ap) depositions® and intracellular accumulation
of hyperphosphorylated tau** are common neuro pathological hallmarks of all AD forms
were significant advances that helped to clarify several key aspects of the underlying
pathology. Although these discoveries are already more than 3 decades old, the precise
impact of AP on neuroinflammation and neurodegeneration is still incompletely
understood.? Major challenges in AB-research comprise the complex peptide processing
involving multiple proteases,® the challenging physiochemical properties of the resulting
fragments that permit a formation of different oligomeric structures,’” and the pleiotropic
physiological effects of AP peptides on neurons, glia, and immune cells.’

AP is produced by a sequential cleavage of an amyloid pre cursor protein (APP) by B-
and y-secretase.!® Cleavage can occur at several sites, which results in the predominant pro
duction of peptides ending at position 38, 40, or 42 of the AR domain.!*!! APP processing
1s somewhat imprecise and thus, depending on the specific (patho)physiological conditions,
several additional longer and shorter AP variants in varying concentrations can occur.!?
Many of them tend to form P sheet conformations that are prone to self-aggregate into
different dimers, trimers, and tetramers, higher-order oligomers, protofibrils, and ultimately,
typical 8-nm amyloid fibrils.” There is clear evidence that the precise composition of these

aggregates has a strong impact on their neurotoxicity -3

and that different AP variants can
trigger varying amounts of detrimental pro-inflammatory activities in astrocytes and
microglia.!*!> Their biochemical properties can vary significantly depending on the
microenvironment in which they are generated, their amino acid composition, and their
carboxyl terminus.'>!® This makes the precise assessment of the AP structure for the

etiology of AD extremely difficult.
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Microglia are a key factor for AD. In a healthy brain, they provide tropic support to
neurons while simultaneously surveying the central nervous system for pathological
stimuli.'*!” Upon activation, they undergo morphological changes and assume a reactive
phenotype where they cease their supportive role.'* Instead, they obtain phagocytic and
inflammatory functions, start to produce pro-inflammatory cytokines and chemokines such
as IL-1B, IL-6, IL-8, and TNFa, and generate oxidative stress through the release of nitric
oxide and reactive oxygen species.'*!® Small oligomeric variants of AP are potent
activators of microglia hat led to more severe neurotoxic outcomes than larger variants. %>
It is therefore crucial to understand how different AP variants interact with microglia to
produce these neurotoxic effects. Unfortunately, interactions between AP and microglial
cells are highly complex because AP acts through multiple pathways including TREM2
(Triggering receptor expressed on myeloid cells 2), TRPM2 (Transient receptor potential
cation channel, subfamily M, member 2),?! scavenger receptors such as CD36, MARCO
(Macrophage re ceptor with collagenous structure), and RAGE (receptor for advanced
glycation endproducts),”? and pattern recognition receptors (PRR) such as Toll-like
receptors,’> NOD-like receptors,>* and FPRs (formyl peptide receptors).!?

The activation of PRRs by A has become a recent focus in AD research because they
have a special ability to potently trigger the reactive state.!*?> Among these PRRs, FPRs
are one of the promising targets for AD research.!? They belong to a small gene family of
G protein—coupled receptors with three members in humans and seven in mice.?® FPRs are
primarily expressed in the innate and adaptive immune system, where they contribute to
the detection and elimination of bacterial pathogens.?’** However, they are also expressed
in a number of cell types in the brain such as microglia, astrocytes, and some specific
subsets of neurons.’’> Several independent lines of evidence support a significant
contribution of FPRs to the pathological progression of AD. First, FPRs are highly
upregulated in reactive glial cells at the site of senile plaques in human AD patients.
Second AP1-42 induced a decrease of cAMP and an induction of ERK phosphorylation in
rat microglia and astrocytes, which was inhibited by the syn thetic FPR antagonist
WRW4.3537 Third, FPR2-dependent recognition of ABi.4 led to the induction of oxidative
stress, the release of pro-inflammatory cytokines, and chemotaxis of neutrophils and

murine glial cells.’®*%4! Fourth, in vitro expression studies demonstrated that ABi4> can
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induce calcium mobilization and ERK signaling in cell lines that were transfected with
human and murine FPR2.3>3¢: 38 In addition, FPRs mediate the intracellular uptake of Ap:-
4 in primary murine glia and in in vitro FPR expression systems.*”#**#* Last but not least,
treatment with the FPR antagonist Boc2 significantly ameliorated typical symptoms of AD
such as cognitive impairment, decreased neuronal density, and A plaque accumulation in
an AD mouse model.*¢

Despite these promising results, several key aspects of the interactions between A
and the different FPR variants are still insufficiently understood. For example, most studies
on the interaction of AP with FPRs so far nearly exclusively focused on the role of FPR2.
However, the human (h) gene family comprises the three members, hFPR1, hFPR2, and
hFPR3. Thus, the potential of the other variants to interact with AP has not been extensively
examined. Next, the murine (m) gene family comprises seven family members: mFprl,
mFpr2, mFpr3, mFpr-rs3, mFpr-rs4, mFrp-rs6, mFpr-rs7.%® The only mouse gene that has
a clear genetic ortholog inside the human gene family is mFprl, which has a common
ancestor with hFPR1.4*® All others are paralogs, which evolved independently after the
split of the human and mouse species,*® which makes it questionable to which extent data
from mouse models can be transferred to humans. Finally, the interactions of FPRs with
AP were nearly exclusively studied for AB1.42, while data on the responses to other naturally
occur ring A variants are lacking.

To address these questions, we used in vitro expression of human and mouse FPRs in
HEK293T cells in combination with high-throughput measurements of intracellular
calcium mobilization to systematically investigate the interactions between different A3
variants with all human receptors and to compare their response with those of the relevant
mouse receptors. In summary, these data provide the first clear evidence for a contribution
of FPR1 and FPR3 to A detection and identify N abridged AP fragments as a previously
unknown potent group of activators for FPRs. Our results reveal that in addition to mFpr2
and hFPR2, also mFprl, hFPR, and hFPR3 are capable to interact with ABi142. Next, we
can show that the solvent composition and manufacturer of the peptides critically influence
the activation of FPRs by ABi.42. These variations likely depend on a different structural
composition of AP from different sources. Furthermore, we demonstrate that human and

mouse FPRs are also activated by APi.40 and N-terminally abridged variants such as AB11-
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40 and AP17-40. Noteworthy, FPR1 is able to detect these peptides with up to 30-times higher
sensitivity than ABi42 and that these peptides induce calcium flux and chemotaxis in glial

U87 cells that is likely mediated by hFPR1.

4.3.Result and Discussion
4.3.1. Activation of Formyl Peptide Receptors by A is not Restricted to FPR2

We first investigated the ability of the human receptors hFPR1, hFPR2, and hFPR3
and their mouse counterparts’ mFprl, mFpr2, and mFpr3 to detect AP. The further four
existing mouse receptors mFpr-rs3, mFpr-rs4, mFrp-rs6, mFpr-rs7 were excluded from the
analysis because they are not expressed in the brain* and likely do not mediate classical
immune functions*® but are responsible for the detection of yet largely unknown olfactory
cues.*% We first monitored changes in intracellular calcium levels of HEK293T cells
transiently transfected with one of the different FPRs after application of AB.42. Consistent
with previous reports,>®*® we observed that ABi.42 induced Ca?" flux at low micromolar
concentrations through mouse and human FPR2 (Fig 4. 1A). Surprisingly, we also
observed a similar or even higher amount of activation of mFprl, hFPR1, and hFPR3,
whereas mFpr3 and mock-transfected negative controls did not respond. These data suggest
that in addition to hFPR2, all other human FPRs are also able to respond to Api-42.
Noteworthy, subsequent concentration response tests showed that mouse and human FPR1
were even more sensitive and had a higher signal amplitude than any other receptor (Fig 4.
1B). Next, we also noticed some important differences between murine and human FPRs.
First, we found that mFprl responded with an approximately tenfold higher sensitivity to
APi-42 than mFPR2, whereas the responses of human FPR1 were just slightly better than
that the ones of hFPR2. This raises the possibility that mFprl might be more relevant for
the physiological responses to ABi-42 in mouse models than its human ortholog. Second,
we found an activation of human FPR3 by ABi.4> but did not detect a corresponding signal
of its mouse counterpart. In summary, the observed species-dependent variations argue for
a diverging importance of the different FPR paralogs for AP detection and signal

transduction in between humans and mice, which should be further examined.

119



A Mock hFPR1 hFPR2 hFPR2 mFpri mFprZz mFpr3

10 uM
%éﬂrﬁ‘— L
S5pM f\
L S N S T
- B
5, i P [ a—
gl 0.5 uM
210 =
B s ] -
hFPR1 hFPR2 hFPR3
Ty
o
=
Ty
[
=

RPN & R S G S @
& G 8§ v\;&“‘“ﬁq P R S R

Figure 4. 1 AB142 activates all human FPRs. (A) Representative Ca®" traces of HEK293T
cells transiently transfected with FPR plasmids or an empty vector (mock) after stimulation
with APi.4> obtained from P&E. (B) Mean peak Ca®" responses of human (red) and mouse
(blue) FPRs upon stimulation with different concentrations of ABi.42. Buffer (gray) denotes
responses to the assay buffer without APi4. Bars represent mean values of three
independent experiments (n = 3) carried out as technical duplicates (N = 2). All Error bars,
S.D.; One-way ANOVA test, Dunnett post hoc test; *p < 0.05; **p < 0.01; ***p < 0.001;
ns, no significance. AP, amyloid beta; FPR, Formyl peptide receptor. Copyright 2022,

Elsevier.
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4.3.2. Solvent and Supplier Variations can Critically Influence FPR Responses to Ap
A detailed comparison of our results with other publications revealed some

inconsistencies in the current literature. While our observation that A;.4> induces Ca** flux

through human and mouse FPR2 in micromolar concentrations is in accordance with all

previous studies,’¢3

our study is the first to report of an activation of hFPR3. Next, our
notion that mouse and human FPR1 are activated by APi-42 is in line with the results
reported by Le et al. and Slowik et al.** However, in these studies, the hFPR1 responses
were far less pronounced and a study by Tiffany et al. even failed to detect any activation
of mouse and human FPR1. A careful comparison of the methods used in these and other
reports for possible explanations revealed three major potential sources. First, researchers
frequently use dimethyl sulfoxide (DMSO) to dissolve ABi.42, which can be critical in the
case of FPRs because DMSO is an agonist for FPR1 and FPR2 and may therefore affect
the APi.42-evoked signals.*” Second, varying types of physiological assay buffers and
solvents were used, which might be critical in the case of APi.42 because this peptide tends
to form diverse kinds of aggregates in different assay buffers.?®>!>2 Third, ABi4> was
obtained from different sources, which raises the possibility that variations in the
production processes may have influenced the peptide aggregation status. We therefore
decided to carefully investigate the influence of these factors on the FPR responses. To
examine the impact of peptide synthesis on the receptor responses, we ordered four
additional ABi-42 peptides from three additional sources (Anaspec, Sigma-Aldrich, and
Synpeptide) and compared them to the peptide that we obtained from our initial supplier
Peptides & Elephants (P&E). A second peptide from Anaspec that was
hexafluoroisopropanol (HFIP) treated was used as positive control for aggregation because
this peptide is known to readily form aggregates. Using a thioflavinT (ThT) assay (Fig 4.
2A), we first compared the aggregation status 10 min after dissolving the peptides with
their kinetics over the course of the next 2 hours because we estimated that this would be
the maximal time span to perform our calcium imaging experiments. We already observed
clear differences between the four supposedly identical peptides in the 10 min after
dissolving them in our assay buffer. In comparison to the peptide from P&E, ABi42 from
Synpeptide and Sigma-Aldrich showed an approximately 30% to 50% lower aggregate

content, whereas the non-HFIP—treated peptide from Anaspec was approximately 30%
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more pre-aggregated. The kinetics in the first 2 h revealed that the aggregation control with
the HFIP-treated peptide showed the expected increase, whereas the status of ABi-42 from
Sigma-Aldrich and Synpeptide did not drastically change. The non-HFIP—treated Anaspec
peptide even showed a reduction of fluorescence. In transmission electron microscopy
(TEM, Fig S4. 1A), ABi-4> from P&E, Synpeptide, and the HFIP-treated Anaspec peptide
displayed a somewhat similar amorphous morphology, while the non-HFIP—treated
Anaspec peptide seemed to directly form long fibers, which may explain the high starting
fluorescence in our ThT assay. Together, these results indicate a considerable amount of
heterogeneity in the secondary and tertiary structure of peptides from different sources. In
line with this, Ca®" flux measurements also revealed clear differences in the response
pattern of mouse and human FPRs to these peptides (Fig 4. 2 B and C and S4. 1B). Af:.
42 from Sigma Aldrich elicited a similar response pattern as that of P&E. However, it failed
to activate hFPR 1. When using AP1.42 from Synpeptide, the responses of hFPR1 and hFPR2
were lost. The non-HFIP—treated peptide from Anaspec potently activated mFpr1 but failed
to activate any other mouse or human FPR, whereas the HFIP-treated version weakly
activated hFPR3, mFprl, and mFpr2. Thus, variations in the manufacturing process are
critical factors that are capable to strongly affect the activation pattern of FPRs. To evaluate
the secondary structure of our peptides, we next performed CD spectroscopy on ABi.42
peptides from P&E, Synpeptide, and the two variants from Anaspec, all dissolved in the
assay buffer C1 (Fig 4. 2D and S4. 1C). All tested peptides showed similar proportions of
a-helix and B-sheet but differed in the amount of B-turns and unstructured sequences. In
comparison with the two different Anaspec peptides that elicited only relatively weak
calcium responses, the ABi.42 peptides from P&E and Synpeptide, which were able to more
robustly activate FPRs, displayed significantly elevated B turn proportions. This suggests
that increased proportions of B-turn conformation in AP peptides may improve their
interaction with FPRs. We next examined the influence of different assay buffers on FPR
signals. To this end, we first compared the FPR responses to ABi-42 from P&E dissolved in
our assay buffer C1 with those of the two frequently used buffers Hank’s balanced salt
solution (HBSS) and Tris—NaCl (Fig 4. 2E). We detected the most robust activation of
human and mouse FPRs in C1. The use of Tris—NaCl lead to an approximately 50% and
20% reduction of the signal amplitude of hFPR1- and hFPR2-based response, respectively
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but did not significantly alter the responses of hFPR3. Use of HBSS, by contrast, resulted
in a complete loss of nearly all FPR responses. Interestingly, this was clearly correlated
with a strong reduction in the capability to form aggregates (Fig 4. 2F). Furthermore, we
even observed that a longer storage of the dissolved peptides in the freezer can affect the
response pattern (Fig S4. 2). Next, we carefully examined the effect of the commonly used
solvent DMSO on the APi-42 response pattern of the individual FPRs (Fig S4. 3). Again,
we observed a number of subtle changes in the FPR response patterns that were difficult to
predict because they largely depended on a specific combi nation of receptor subtype and
peptide source. For example, DMSO diminished the hFPR1 response to ABi-42 from P&E
by 40%, whereas it increased the response of hFPR3 by 32%. Despite these variations, our
data clearly demonstrate that mFprl and hFPR3 were activated under almost all conditions.
However, the overall activation pattern of FPRs showed considerable alterations that
depend on manufacturing source, assay buffer conditions, storage time, and the
pretreatment of AB1-42 with different solvents. Thus, there is a clear need for standardization

and careful description of all Experimental procedures.
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Figure 4. 2 Manufacturer- and solvent-effects on FPR activation by ABi42. (A) left:

Schematic depiction of ThT aggregation assay. Right: Mean fluorescence of 22.5 uM Api-

42 in C1 buffers from different manufacturers in a ThT aggregation assay during the first

10 min (clear bars) versus fluorescence after 120 min (striped bars). Buffer refers to ThT

fluorescence without addition of peptides (gray bars). All n = 3, N = 3, except for Sigma

and Anaspec with n = 2, N = 3; One-way ANOVA test, Dunnett post hoc test. (B) Mean

Ca?" peak responses of human (red) or mouse (blue) FPRs to 10 pM of APi-42 peptides
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obtained from Peptides & Elephants (P&E) and Synpeptide; n = 3, N = 2, One-way
ANOVA test, Dunnett post hoc test in comparison to respective buffer controls. (C) Heat
map of mean Ca®" responses of FPRs elicited by APi4> peptides obtained from five
different manufacturers. The scale ranges from white (no response) to deep orange (AF/F0
> 0.4). Responses are shown in Figure S4. 1B. (D) Secondary structure composition of
four ABi-42 peptides analyzed by circular dichroism (CD) spectroscopy; n =3, N = 1; One-
way ANOVA test, Tukey post hoc test. (E) Mean Ca" peak responses of cells transfected
with human FPRs (red) or mock (gray) towards 5 uM Api.4 dissolved in the respective
buffers; n=3, N =1, One-way ANOVA test, Dunnett post hoc test. (F) Comparison of ThT
fluorescence of ABi-42 (P&E) dissolved in either C1, dimethyl sulfoxide (DMSO), Tris—
NaCl, or HBSS. All assays were performed in the respective buffers. For experiments with
peptides predissolved in DMSO, assays were conducted in C1 with a final concentration
of DMSO: 0.2% (V/V). One-way ANOVA test, Dunnett post hoc test. All Error bars, S.D.;
*p < 0.05; **p < 0.01; ***p < 0.001; ns, no significance. AP, amyloid beta; FPR, Formyl
peptide receptor; ThT, thioflavin T. Copyright 2022, Elsevier.

4.3.3. N-Abridged Ap-Fragments are Potent Activators of Mouse and Human FPR1
Under in vivo conditions, not only ABi.4> but several other fragments such as Api.4o,
AP1140, and AB1740 are also generated during the cleavage of APP and its subsequent
processing.!>°%> Thus, it is conceivable that FPRs can also interact with some of these
fragments. To test this hypothesis, we investigated the response of FPRs to the commonly
found Ai40 the N-abridged variants ABi1-40 and APi740 and the C-terminally abridged
fragments AB1-10 and APB1-16 (Fig 4. 3A). We observed that longer C-terminal deletions tend
to be detrimental for the activation of FPRs because fragments such as ABi-10 and ABi-16
failed to induce any Ca®" mobilization. In sharp contrast, the two tested N abridged variants
APi11-40 and AP17-40 elicited responses on all FPRs that we could previously activate with
the full-length ABi-42. Unlike the responses to the full-length ABi.42, the FPR responses to
these shorter fragments seemed to be less prone to manufacturer-dependent variations (Fig
S4. 4). Surprisingly, N-terminal deletions tended to strongly improve the interaction with
FPR1. Concentration response curves revealed that mouse and human FPR1 could detect

both N abridged fragments with more than 10-fold higher sensitivity than the full-length
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peptide ABi-42. (Fig 4. 3 B and C). Mouse and human FPR2 only responded to micromolar
concentrations of these peptides (Fig 4. 3B). The observation that ABi1-40 and AB17-40 can
already induce an activation of mouse and human FPR1 at 30 to 100 nanomolar
concentration raises the possibility that the detection of these short fragments through FPR1
might be even more relevant for the physiological response than the activation of FPR2 by

longer AP at micromolar concentration.

A 20- s 1.5+ e 1.5+
1 AB1140
o 1-5“_ *okk 1.0
w *%
T 1.0-
. 0.5
0.5+ i ns ns ns
0.0~ 0.0~
1.5+ 1.5+ ft
{AB1.10 {AB1.16 {AB142  wxx
o 1.0 1.0 1.0
3
w 1 1 >k *kx
< 0.5 0.5 0.5
4Nns Nns NS NS ns ns ns 4Ns NS NS NS ns ns ns E ns ns
0.0-
N oV o>
R R o
L RKR
&
B 1.5-
|AB11.40
e 1.0 -=- hFPR1
i 1-=- hFPR2
< 0.5
| & hFPR3

AF/FO

-9 -8 -7 -6 -5 -9 -8 -7 -6 -5
Concentration [log (M)] Concentration [log (M)] Concentration [log (M)]
C ; : by
AB1a2 s A

" 2P B P pw

sl BN | | ABuso | ABuio | ABio | ABia

hFPR1 100 nM 100 nM 3 uMm 3 um

=il hFPR2 1uM 1uM 3 uM 3 uM

ABvi hFPR3 1uM 1uM 3 uM 3 uM

mFprl 30 nM 30 nM 500 nM 500 nM

mFpr2 1umMm 1uM 5 uM 3 uM

g mFpr3 / / / /

126



Figure 4. 3 Naturally occurring N-abridged AP fragments activate FPR1 tenfold
better than ABi-42. (A) Comparison of mean Ca** peak responses of human (red) or mouse
(blue) FPRs to a stimulation with 10 pM AB1.40 and ABi-42 or 5 uM of the natural occurring
N-abridged variants APii-40 and ABi740 or with 10 pM of the C-abridged variants ABi-10
and Ai-16. Colored bars indicate responses of human (red) or mouse (blue) FPRs, n =3, N
= 1. (B) Concentration response curves of selected variants, n =3, N = 1. (C) Left: scheme
indicating the size and location of the different AP variants. Right: Table depicting the
proposed 3D-structures and thresholds for minimal detectable activation during Ca®"
imaging of the responding Af variants. All Error bars, S.D. One-way ANOVA test, Dunnett
post hoc test; **p <0.01; ***p <0.001; ns, no significance. AP, amyloid beta; FPR, Formyl
peptide receptor. Copyright 2022, Elsevier.

4.3.4. N-Abridged AP Variants are Potent Activators for a Human Glia Cell Line

So far, our study focused on the characterization of the FPR pharmacology in an in
vitro over-expression—based system. Despite the strength of this system to dissect
responses of the individual FPRs to AP, we cannot exclude that differences in the signal
transduction system of HEK293T cells or the overexpression of the receptors may affect
our pharmacological results. We therefore sought to validate our results in a more
biologically relevant setting. To this end, we examined the responses elicited by AP11-40 and
AP17-40 in U7 cells (Fig 4. 4) that are commonly used as a human glial cell model and are
known for their natural expression of FPRs.>>® We first used reverse transcription
polymerase chain reaction and reverse transcription quantitative polymerase chain reaction
to examine the expression of the individual FPRs in these cells. Our data revealed that these
cells show high mRNA levels of hFPR1 but only a very modest expression of hFPR2 and
hFPR3 (Fig 4. SA and S4. 6A and S4. 7). Inmunocytochemistry with receptor subtype
specific antibodies (Fig 4. SB and S4. 5) confirmed a robust expression of hFPR1 and
lower amounts of hFPR2. Interestingly, hFPR3 showed a relatively abundant protein
amount despite low amounts of mRNA which is consistent with similar findings for mFpr3

expression in mouse immune cells.>’
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Figure 4. 4 N-abridged AP peptides induce hFPR1-dependent responses in glial U87
cells. (A) Mean Ca®' peak responses of U87 cells after stimulation with different
concentrations of APi1-40 or APB17-40. Striped bars indicate the response towards 10 uM of
the positive control WKWVm-NHy, light gray and dark gray bars indicate negative controls;
n =3, N = 1. (B) Comparison of the Ca®" responses upon stimulation with either 5 uM
AP11-40 or AP17-40 alone (green bars) or in the presence of 10 pM of the competitive FPR-
antagonist tBoc2 (black bars); n =3, N = 1. (C) Dose-dependent chemotaxis of U87 cells
upon stimulation with either AB11-40 or AB17.40. Each bar represents the number of cells that
migrated through a porous membrane towards the respective stimuli. Green bars indicate
migration towards N-abridged fragments, striped bars display migration towards the
positive control 1 uM tMLF, light gray bars show migration without stimuli, and dark gray
bars represent the response to 0.1% DMSO, n =3, N = 1. (D) Migration of U87 cells that
were either untreated (green bars) or treated with 10 uM tBoc2 (black bars) towards 1 uM
of AB11-40 or AB17-40; n =3, N = 1. All Error bars, S.D. One-way ANOVA test, Dunnett post
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hoc test for A and C and t test for B and D; *p < 0.05; **p < 0.01; ***p < 0.001; ns, no
significance. AP, amyloid beta; FPR, Formyl peptide receptor. Copyright 2022, Elsevier.

Calcium imaging experiments revealed that a stimulation with ABi1.40 and AB17-40
resulted in a pronounced activation of U87 cells (Fig 4. 4 A and B) that were closely similar
to the typical FPR time kinetics* observed in the transfected HEK cells (Fig 4. 1). In
chemotaxis experiments, only ABi1-40 but not ABi1740 induced migration of these cells (Fig
4. 4 C and D). Both the calcium signals and the chemotaxis were FPR dependent because
a co-application of tBoc2, which is a competitive antagonist of FPR1 and FPR2 but does
not inhibit FPR3 (Fig S4. 6B), completely abolished the responses. To address the question
which FPR exactly is responsible for the observed results, we first compared the U87
concentration response curves of ABiia0 and APi740 with those of FPR-transfected
HEK293T cells. We found them to be remarkably similar to hFPR1 (Fig 4. 5C). Next, we
used receptor subtype-specific activators to test which receptor can trigger a calcium signal.
To this end, we challenged U87 cells and hFPR-transfected HEK293T cells with two
bacterial signal peptides SP6 and SP4 at concentrations where they would only activate
either hFPR1 or hFPR2, respectively.*’ Of note, both compounds would not activate hFPR3
(Fig S4. 6C). In line with our previous notion that responses to the N-abridged AP variants
likely depend on hFPR1, the U87 cells only responded to the hFPR1 specific SP6 stimulus
with a calcium signal but not to the hFPR2-specific SP4 stimulus (Fig 4. 5D and S4. 6C).
Next, we performed cross-desensitization experiments, which showed that responses of
U87 cells towards AB17.40 were absent after pre-application of the FPR1-specific agonist
SP6 but were not influenced by pre-application of the FPR2-specific agonist SP4 (Fig 4.
5E). Finally, in the chemotaxis assay, U87 cells only migrated towards the FPR1-specific
SP6 but not towards the FPR2-specific SP4 (Fig 4. SF). Taken together, these experiments
strongly argue that the sensitive calcium and chemotaxis responses of U87 to N-abridged

AP variants depend on an activation of hFPR1.
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Figure 4. 5 The activation of U87 cells by N-abridged AP peptides depends on hFPR1.
(A) PCR experiments show that U87 cells contain high mRNA levels of hFPR1 but only
low amounts of FPR2 and FPR3. Left: Representative image of gel electrophoresis after
reverse transcription polymerase chain reaction with primers for all hFPRs. Right:
Quantification of complementary DNA for all FPRs obtained through reverse transcription
quantitative polymerase chain reaction, n = 5, N = 2. Details on the primer efficiency,

specificity, and linearity are given in Figures S4. 6 and S4. 7. One-way ANOVA test,
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Dunnett post hoc test. (B) Left: representative immunocytochemistry staining of U87 cells
and transfected HEK293T cells with FPR subtype—specific antibodies (red) and nuclei
staining (blue). For visibility, brightness and contrast were adjusted for U87 cells and
HEK?293T cells differently; for absolute intensity comparison pictures with equal settings
for exposure time, brightness and contrast pictures are shown in Figure S4. 5. Scale bars
indicate 100 um. Right: Quantification of the mean FPR staining in U87 cells (green) in
comparison to FPR-transfected HEK293T cells (red). Analysis was performed on images
acquired with the same settings. n = 2, N =5 for U87 cells and n =2, N =2 for HEK293T
cells. Evidence for closely similar staining intensities of FPR1 and FPR2 by the used
protocols is shown in Figure S4. 5. One-way ANOVA test, Tukey post hoc test. (C) The
concentration-dependent Ca** responses of HEK293 cells and U87 cells towards the N-
abridged fragments AB11-40 and AB17-40 reveal a clear correlation with the hFPR1 response,
n=3, N=1. (D) U87 cells respond to the potent hFPR1 activator SP6 (10 nM) but not to
a potent hFPR2 agonist SP4 (10 nM) in calcium imaging experiments, n = 3, N = 3. One-
way ANOVA test, Dunnett post hoc test. E, Cross desensitization experiment of U87 cells
show that the Ca®" responses towards AP17-40 are abolished by the FPR1 activator SP6 but
not by the hFPR2 agonist SP4. Representative Ca" traces (left) and mean Ca?" peak
responses (right) to a secondary AB17-40 stimulus after pre-application of SP4 or SP6 as a
first stimulus, n = 1, N = 3; t test. (F) U87 migrate towards the hFPR1-stimulus SP6 (10
nM) but do not respond to the hFPR2 agonist SP4 (10 nM), n =3, N = 1. One way ANOVA
test, Tukey post hoc test. All Error bars, S.D. *p < 0.05, **p < 0.01, ***p < 0.001; ns, no
significance. AB, amyloid beta; FPR, Formyl peptide receptor.

4.4.Conclusions

In summary, our study provides a systematic overview over the capability of different
mouse and human FPRs to interact with A in different buffer systems. To our knowledge,
we are the first to report an activation of hFPR3 by A and the first to identify N-abridged
AP fragments as activators of FPRs. Moreover, our data show that hFPR1 and its mouse
ortholog mFprl can recognize N-terminally abridged fragments such as AB11-40 and AP17-
40 at drastically lower concentrations than longer peptides such as AB1-40 and AB1-42, which

raises the possibility that FPR1 might be more relevant for the pro-inflammatory
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physiological responses to AP than FPR2. Interestingly, several independent lines of
evidence from literature are highly consistent with this hypothesis. First, FPR1 is already
expressed at the resting state of glial cells and is further upregulated during their
transformation into the reactive state.>® Next, mFpr1 is highly upregulated in the cortex and
hippocampus of transgenic APP/PS1 mice, which are a commonly used AD animal
model.*> Moreover, FPR1 has been shown to mediate typical pro-inflammatory effects in
glial cells that are also commonly observed in AD such as generation of oxidative stress,
release of inflammatory cytokines and chemokines, and the induction of cell migration,'*
whereas several reports suggest an anti-inflammatory role of FPR.#!>° Next, treatment of
APP/PS1 mice with the competitive FPR antagonist tBoc2 that preferentially binds to
FPR 126 leads to reduced microglia reactivity, decreased neuronal pathology, and improved
cognitive performance.*> Taken together, these findings strongly support our notion that
FPR1 and other FPR variants contribute to neuro inflammation of AD through their ability
to sense different AP variants. Of note, this contribution might be rather complex because
we here observed that abridged variants sometimes trigger partially different signaling
pathways (e.g., calcium signaling only for AB17.40 or calcium signaling and migration for
APi1-40) likely through exclusive activation of the identical receptor. Next, a given AP
peptide will show a concentration dependent interaction with different FPR receptors.
Finally, other pro- and anti-inflammatory FPR ligands such as Annexin A1,*-%° Lipoxin A
48162 Resolvin,> or mitochondrial peptides®® may further modulate these signals
depending on their local concentration. However, the observed 10- to 30-fold higher
affinity of FPR1 to N-abridged fragments insinuates that such fragments might be of high
pathological relevance for AD if they occur under physiological conditions in sufficient
concentrations. Indeed, several studies suggest that AP11-40/42 1s present in the cerebrospinal
fluid at similar concentrations as APi42 and is furthermore an integral part of senile
plaques.’¥*5 AB17.40.42 is thought to occur at 4-fold higher rates than ABi.42 and APi1-4042,
however, its exact quantification is difficult and therefore often disregarded.”* In
accordance with our data, both AB11-40 and AB17-40 were shown to activate glial cells, which
is associated with the neurotoxic effects seen in AD.>*% Moreover, our observation that
APr11-40— but not AP17.40— induced chemotaxis of U87 cells is in line with previous results

that show that AB17.40/42 and APi17.43 only lead to a partial activation of human glial cells.>?
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Thus, to the best of our knowledge, our data are consistent with a model in which
recognition of these N abridged A variants via FPR1 could thus occur under physiological
conditions. Finally, our results clearly demonstrate that the precise FPR responses towards
different AP variants are highly subjectable to solvent- and manufacturer-dependent effects.
Factors such as the secondary structure, 3D conformation, and aggregation therefore seem
to be of high importance for the precise activation pattern, and different receptor subtypes
seem to prefer different peptide structures or exposed surfaces. Multiple previous studies
have already shown that different buffer systems and solvents can critically influence
properties of AP such as its aggregation kinetics and the structure of its aggregates.?%->!-2
For example, Szczepanik et al.’? observed differences in AB-dependent cytokine release
depending on the solvent of their peptides. We assume that variations within our
measurements occur due to the formation of aggregates and fibers captured by TEM images
and variations in the secondary structure as indicated by our CD. In accordance with this
idea, in previous studies, both monocytes and microglia lost FPR dependent signaling with
progressing aggregation of APi42.°%®” Of note, it is conceivable that chemical
modifications of the peptide, for example, oxidation of methionine at position 35,
racemization, or isomerization may contribute to the functional differences that we
observed for an identical peptide in different buffer systems. This needs to be further
examined. However, our data also show that it is necessary to develop a generally accepted
standardized protocol for the investigation of FPR-related effects on AP peptides. In many
fields, the use of similar assay conditions has thus improved the reproducibility and quality
of data.?’ Based on our current results, we would like to recommend the following protocol
(see Fig 4. 6). We propose to validate any observed AP effects with a peptide from second
supplier. Next, we would like to encourage researchers to also include negative results with
peptides from other sources. All experiments should be performed using single use aliquots
from a freshly dissolved frozen stock. Next, any stocks that are stored should be examined
for “aging” effects. We also suggest the use of low complexity buffer systems such as our
C1 buffer and avoid cosolvents such as DMSO if possible. In case DMSO or other
cosolvents are used, their effects on aggregation and physiological response need to be
controlled and reported. All experiments should be performed within the same standardized

time in order to have a similar amount of aggregation. Finally, we suggest to always include
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at least some data on the aggregation status and time kinetics of the peptides in a given
buffer system, which can be easily done with simple inexpensive methods such as ThT
assays. Moreover, we would like to encourage a very detailed description of all
experimental conditions that may affect the aggregation as Supporting material. Especially,
the peptide source including lot numbers, purity, used solvents, precise assay buffer
composition, pH, incubation time, storage time, storage conditions, and final concentration
of cosolvents in an assay should be reported because this all can critically influence the

results.

Minimal requirements for the investigation of
AP interactions with Formyl Peptide Receptors :

o Always validate AB effects with peptides from at least a
second supplier
Include deviating and negative results with peptides from
other sources

o Always use single-use aliguots from a freshly dissolved
frozen stock

o Control stocks for "aging’ effects at least after six months
Monitor and report aggregation state and kinetics within
your experiment time

o Use low complexity buffer systems and avoid co-solvents
if possible

o Carefully describe all assay conditions such as peptide
source, purity, solvent, assay buffer composition, pH and
incubation time

Figure 4. 6 Minimal requirements for the investigation of AP interactions with FPRs.

AP, amyloid beta; FPR, Formyl peptide receptor. Copyright 2022, Elsevier.
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4.5.Experimental Procedures

Cloning of human and murine FPR genes. Human hFPR1, hFPR2, and hFPR3 and
murine mFprl, mFpr2, and mFpr3 were amplified from genomic human or C57BL/6J
murine DNA, respectively and subcloned into pcDNA3.1®) (Invitrogen) as previously
described.*

Ligands and chemicals. Purity of all peptides was at least >95%. Details on manufacturer,
Catalog numbers, lot numbers, exact purity of all peptides, solvents, and storage conditions
are given in Table S4. 1. The amino acid composition of all AP peptides corresponded to
the human WT sequence. APi4> peptides were purchased from Anaspec/MoBiTec,
Peptides&Elephants, and Sigma-Aldrich or synthesized by Synpeptide. All ABi.42 peptides
were dissolved at 30 uM in C1 assay buffer (130 mM NaCl, 10 mM Hepes, 5 mM KCI, 2
mM CaCl,, pH 7.2, all purchased from Carl Roth). To fully dissolve the peptides in CI,
they were placed in an ultrasonic bath for usually 5 to 10 min at room temperature until all
precipitates had vanished. Peptides dissolved in an aqueous solution were then aliquoted
for single use, immediately stored at —20 °C, and used up within 6 weeks because longer
storage may affect the results. If not otherwise stated, experiments were performed with
APi-42 dissolved in Cl1. For selected experiments (Table S4. 1) where we investigated the
effects of different solvents ABi42 from Anaspec/MoBiTec, P&E, and Synpeptide were
dissolved at 5 mM in DMSO (Sigma-Aldrich), ABi.4> from P&E was additionally dissolved
at 30 uM in HBSS (140 mM NacCl, 5 mM KCI, 1 mM CaClz, 0.4 mM magnesium sulfate
heptahydrate, 0.5 mM magnesium chloride hexahydrate, 0.3 mM sodium phosphate
dihydrate, 0.4 mM potassium phosphate, 4 mM sodium bicarbonate, pH 7.2, all purchased
from Carl Roth) or Tris—NaCl (50 mM Tris, 150 mM NaCl, pH 7.2). Peptides in HBSS or
Tris—NaCl were dissolved in an ultrasonic bath as described above. HFIP-pretreated ABi-42
(in the main text referred to as Anaspec-HFIP) was purchased as AggreSure ABi.4> from
Anaspec/MoBiTec and dissolved at 5 mM in DMSO for calcium imaging experiments or
in Tris—=NaCl (50 mM Tris, 150 mM NaCl, pH 7.2) for aggregation assays. APBi-40, APi-1o0,
and APi-16 were purchased from Anaspec/ MoBiTec. The ABi7-40 peptide used throughout
the main text was purchased from Anaspec/MoBiTec and validated with AB17-40 peptides
from Sigma-Aldrich and Synpeptide. AB11-40 was obtained from Peptides&Elephants. APi-

10 and APi.16 were dissolved in C1 as a 1 mM stock solution and ABi40 at 30 uM as
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described above. Due to their high hydrophobicity, ABi140 and ABi7-40 were dissolved in
DMSO at 5 mM. Tert Boc-FLFL (tBoc2) was purchased from Bachem and dissolved in
DMSO at 30 mM. f-MLFYFS (Psy-SP6) and f-MAMKKL (Sal-SP4) were obtained from
VCPBIO and dissolved at 10 mM in DMSO (Psy-SP6) or at | mM in C1 (SP4), respectively.
WKWMVm-NH> and WKWMVm-CHO were purchased from Proteogenix and VCPBIO,
respectively, and dissolved as 1 Mm stock solutions in C1. fMLF was purchased from
Sigma Aldrich and also dissolved at 1 mM in C1. All peptides were thawed at room
temperature approximately 1 h before each functional experiment, as this time was needed

to prepare the compound plates for each measurement.

Cell culture and transient transfections. HEK293T cells (ATCC) were cultured in
Dulbecco’s Modified Eagle’s medium (DMEM, Biowest) supplemented with 10% (v/v)
heat-inactivated fetal calf serum (FCS, Pan Biotech), 1 unit/ml penicillin-streptomycin
(Biowest), and 2 mM L-glutamine (Biowest) until 80% confluence. For transfection,
approximately 2000 cells were seeded in each well of poly-D-lysine—coated (PDL) (10
pg/mlin PBS, Sigma) black optical 96-well .tCLEAR-plates (Greiner Bio-One). Cells were
transfected after 24 h using jetPEI (Polyplus-transfection SA) with 0.125 pg of DNA
plasmids encoding the respective receptors and equal amounts of a plasmid encoding the
G protein subunit Gal6 since this subunit is needed to trigger FPR-dependent calcium
signals in HEK293 cells.*%® The medium of transfected cells was changed 24 h after
transfection. For mock transfections, the proportion of the FPR containing plasmids were
substituted by an empty pcDNA3.1 vector. U87 MG cells (CLS) were cultured in Minimum
Essential medium (Biowest) supplemented with 10% (v/v) heat-inactivated FCS (Pan
Biotech), 1 unit/ml penicillin-streptomycin (Biowest), 2mML-glutamine (Biowest), and
lunit/ml non-essential amino acids (Biowest) until 50 to 60% confluence. For calcium
imaging and immunostaining, on average 2500 cells were seeded in each well of PDL-

coated (10 pg/ml in PBS, Sigma) black optical 96 well uCLEAR-plates (Greiner Bio-One).

Calcium imaging. Cell population responses of transfected HEK293T cells and U87 cells
were recorded using a Flexstation III microplate reader (Molecular Devices). Briefly, cells

were incubated with 2 uM Calbryte 520 AM (AAC Bioquest) for 2 h at room temperature
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in C1 assay buffer with 5 mM glucose (Carl Roth). Before each experiment, cells were
rinsed three times with C1. Experiments with HEK293T cells were conducted 48 h after
transfection, while experiments with U87 cells were performed 24 h after seeding.
Acquisition of baseline fluorescence was performed for 25 s before ligand application, and
cell population response was measured for 125 s after application. Responsiveness of cells
was controlled by the appropriate buffer and solvent controls and with 10 uyM WKWMVm-
NHz or WKWMVm-CHO as those ligands are potent activators of all three human and

mouse FPRs.*

Chemotaxis assays. Cell migration assays were performed and analyzed with an IncuCyte
S3 Life Cell Imaging System (EssenBio Science). Briefly, U87 cells were harvested and
resuspended in Minimum Essential medium (Biowest) supplemented with 0.5% (v/ v) heat-
inactivated FCS (Pan Biotech), 1 unit/ml penicillin streptomycin (Biowest), 2 mM L-
glutamine (Biowest), and 1 unit/ml non-essential amino acids (Biowest). Approximately,
1000 cells were placed into the top chamber of each well of a 96-well ClearView Plate
(EssenBioscience). Chemoattractants were mixed in 200 pl medium and then placed in the
corresponding bottom chambers. Image acquisition was performed hourly for 24 h on both
sides of a membrane separating the top and bottom chambers. Subsequent analysis was

performed using the IncuCyte S3 software.

Immunostaining. Approximately, 2000 HEK293T cells or 3500 U87 cells were seeded in
each well of a PDL-coated black optical 96-well pfCLEAR-plate (Greiner Bio-One).
Transient transfection of HEK293T cells was performed as described above. Twenty four
hours after transfection, cells were fixated with 4% [v/v] methanol-free paraformaldehyde
(Polyscience Inc) in PBS for 30 min at RT and afterward rinsed with PBS. After blocking
with 5% [v/v] FCS in PBS for 30 min at RT, primary antibodies diluted in blocking solution
were applied to the cells and incubated over night at 4 °C. Hereby, monoclonal antibodies
for hFPR1 (R&D Systems, MAB3744, 1 ng/ml), hFPR2 (Santa Cruz Biotechnology, sc-
57141, 0.2 pg/ml), and hFPR3 (R&D Systems, MAB3896, 1 ug/ml) were used. Cells were
rinsed three times with PBS and subsequently treated with 2 pg/ml polyclonal alpaca anti-
mouse antibody conjugated with Alexa Fluor 568 (Invitrogen) and 2 uM Hoechst 33342
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(Thermo Fisher) for 60 min at RT. Image acquisition was performed with a Molecular
Devices ImageXpress Micro confocal microscope and analyzed using MetaXpress

software (Molec ular Devices).

PCR analysis. Total RNA was isolated using AnalytikJena innuPREP RNA Kit according
to the manufacturer’s protocol. Reverse transcription was carried out using 30 ng of total
RNA and Superscript IT Reverse Transcriptase (ThermoFisher Scientific). Initial reverse
transcription polymerase chain reaction experiments were performed using DreamTaq
DNA polymerase (ThermoFisher Scientific) with primers (Sigma-Aldrich) comprising the
full coding region with complementary DNA (cDNA) obtained from 0.3 ng total RNA in a
total reaction volume of 20 pl. PCR conditions were as follows: 95 °C for 3 min, 35 cycles
at 95 °C for 30 s, 64 °C for 30 s, and 72 °C for 60 s, followed by a final extension of 72 °C
for 10 min. JPCRs were performed with the Biozym Blue S’Green qPCR Kit according to
the MIQE guidelines.® Reverse transcription quantitative polymerase chain reaction
reactions were carried out with cDNA obtained from 0.15 ng total RNA as duplicates in 20
ul total reaction volume. PCR conditions were as follows: 95 °C for 3min, 32 cycles at 95
°C for 5s, 66 °C for 10s, and 66 °C for 10 s. Representative samples of all PCR products
were assessed by gel electrophoresis and sequencing for their quality. Absolute
quantification of DNA copies was calculated according to the specific standard curves
supplemented in Figure S4. 6. For qPCR for calibration curves, a dilution series of a
sequenced and purified PCR product in 2 ng/pl yeast tRNA (Sigma Aldrich) was used. In
addition, relative quantifications for a house keeping gene were performed using GAPDH.
All PCRs were performed in a TOPical T-Gradient thermocycler (Biometra). Primer

sequences are given in Table S4. 2.

ThT aggregation assay. For the experiments in C1 buffer, AB1.42 peptides were dissolved
as 30 uM stock solutions. For experiments with different buffers, ABi-4> from P&E was
dissolved either at 5 mM in DMSO or at 30 uM in HBSS or Tris—NaCl as described above.
HFIP-treated APi42 was dissolved at 5 mM in DMSO and measured in C1 with a final
concentration of 0.2% [v/v] DMSO. ThT (Sigma-Aldrich) stock solutions were dissolved

at 1 mM in the respective buffer, sterile filtered with 0.2 uM pore membranes, and stored
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at —20 °C. AP peptides were combined with ThT stocks to produce working solutions with
final concentrations of 22.5 uM APi4 and 250 uM ThT in the respective buffer.
Fluorescence measurements were carried out as 100 pl triplicates in black optical 384-well
LCLEAR-plates (Greiner Bio-One) at 37 °C with excitation at 440 nm and emission at 484
nm in a FlexStation III microplate reader within 15 min after thawing of the peptides.
Signals were measured in intervals of 60 s for 120 min and were shaken for 3 s before each

read.

Binding assay. Approximately, 2000 HEK293T cells were seeded in each well of a PDL-
coated black optical 96-well plate and transfected as described above. Forty eight hours
after transfection, cells were treated with 1 pM of FITC-labeled WKWVm-NH2 and 20
uM Hoechst 33342 diluted in DMEM and incubated for 30 min at 37 °C and 5% COx. Cells
were then rinsed ten times with C1. Image acquisition was performed with a Molecular
Devices ImageXpress Micro confocal microscope and analyzed using MetaXpress

software (Molecular Devices)

CD spectroscopy. Thirty micromolar of ABi-42 dissolved in C1 were sonicated for 10 min
before CD measurement. CD spectra were recorded (JASCO J-1500 spectrometer) in a 1
mm High Precision Cell (Hellma Analytics). Data were processed in Spectra Analysis by

JASCO and were plotted by Origin.

Transmission electron microscopy. Thirty micromolar of AB1-42 peptide solution was first
incubated for 24 h and then deposited on Formvar/carbon film—coated copper grids (Plano
GmbH). Samples were then stained with 4% uranyl acetate. Subsequently, TEM images
were acquired (JEOL 1400 Transmission Electron Microscope) and then processed in

Imagel.

Statistical methodology. Statistical significances were calculated using either the unpaired
student’s t-test with assumption of Gaussian distribution or one-way ANOVA with
Dunnett’s or Tukey’s multiple comparisons post hoc analysis. Calculations were performed

using GraphPad Prism 9.2.
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Table S4. 1 Details of all used AP peptides. The table details the manufacturers, catalog
and lot numbers and purity of all AP peptides that were used within this work. Cal: Calcium

Imaging, ChT: Chemotaxis, ThT: ThT Aggregation Assay. Buffer compositions are detailed

in the Experimental procedures.

Stock conc. Max. End conc.
Name Manufacturer Catalog#
and solvent in Assay
AP 1-10 | Anaspec AS-64478 | 2055677 | 96% 1 mM/Cl1 Cal: 10 uM
AB1-16 | Anaspec AS-24225 | n.n. 96% 1 mM/Cl1 Cal: 10 pM
AP 1-40 | Anaspec AS-24235 | 2158441 96% 30 uM / Cl1 Cal: 10 uM
AB 1-40 | Anaspec AS-24235 | 2056942 | 95% 30 uM / Cl Cal: 10 uM
5 mM / DMSO
Cal: 10 uM
Peptides & 30 uM / C1
AP 1-42 EP10060 | 2206R05 | 95.50% . ChT: 10 uM
elephants 30 uM / Tris-NaCl
ThT: 22.5 uM
30 uM / HBSS
5 mM / DMSO Cal: 10 uM
AP 1-42 | Anaspec AS-20276 | 2155092 | 95%
30 uM / Cl1 ThT: 22.5 uM
Cal: 10 uM
AB1-42 'S id hesi 95% > mM/DMSO ChT: 10 uM
= npeptide custom synthesis 3
yapep Y ° | 30uM/Cl :
ThT:22.5 uM
Cal: 10 uM
AB 1-42 | Sigma-Aldrich | PP69 3760648 95% 30 uM / C1
ThT: 22.5 uM
Peptides & Cal: 5 uM
AB 11-40 EP10013 | 0206U02 | 95.10% & 5 mM DMSO
elephants ChT: 1 uM
Cal: 5 uM
AB 17-40 | Anaspec AS-22813 | 2156695 98% 5 mM DMSO
ChT: 5 uM
AP 17-40 | Synpeptide custom synthesis 95% 5 mM DMSO Cal: 5 uM
AP 17-40 | Sigma-Aldrich | A4848 117K1109 | 91% 5 mM DMSO Cal: 5 uM
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Table S4. 2 Details of all primers used for PCR experiments and Reverse
Transcriptase. Accession numbers and primer sequences which were used for RT-PCR,

RT-qPCR and during Reverse Transcriptase.

Official Full
Accession No. Gene Oligonucleotide sequence

Name

Reverse Transcription primers

5-AGCAGTGGTAACAACGCAGAGTA
CTTTTTTTTTTTTTTTTITTTTTTTTITTTTITTVN
5- AAGCAGTGGTAACAACGCAGAGTA
CGCGGG

n.n. n.n. CDS (Smart)

n.n. n.n. SMART II

RT-PCR Primer

Homo sapiens

formyl peptide | 5-AAAGAATTCAAGCTTCCTGCAGGCGC

receptor 1 | CACCATGGAGACAAATTCCTCTCTCCC-3
NM_002029.4 hFPR1 (FPR1),

transcript 5-TTGGATATCGCGGCCGCAAGAGCTCA

variant 2, | CTTTGCCTGTAACTCCACCTCTGC-3

mRNA

Homo sapiens

formyl peptide | 5-AAAGAATTCAAGCTTCCTGCAGGCGCC

receptor 2 | ACCATGGAAACCAACTTCTCCACTCCTC-3
NM_001005738
hFPR2 (FPR2),
transcript 5-TTGGATATCGCGGCCGCAAGAGCTCA
variant 2, | CATTGCCTGTAACTCAGTCTCTGCA-3
mRNA

5-AAAGAATTCAAGCTTCCTGCAGGCGCC
Homo sapiens A ACC ATGGAAACCAACTTCTCCATTCCT-3
hFPR3 formyl peptide
receptor 3 5-TTGGATATCGCGGCCGCAAGAGCTCA
CATTGCTTGTAACTCCGTCTCCTC-3

NM_002030.5

RT-qPCR primers
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NM_002029.4

NM_001005738

NM_002030.5

NM_002046.7

hFPR1

hFPR2

hFPR3

hGAPDH

Homo sapiens
formyl peptide
receptor 1
(FPR1),
transcript
variant 2,
mRNA

Homo sapiens
formyl peptide
receptor 2
(FPR2),
transcript
variant 2,
mRNA

Homo sapiens
formyl peptide
receptor 3

Homo sapiens
glyceraldehyde-

3-phosphate
dehydrogenase

5-GGGTCCTCTCCTTTGTCGCAGCA-3

5-GGCGGGAAGGGCGTGGATCA-3

5-GCTTGCCGATGTCCATTGTTGCCA-3

5-GGCCAGGGAGCTCGTTGGGT-3

5-TCAGCGTGCCTATGTCCATCA-3

5-ACCACAGCAGCGAAGACACG-3

5-GAAGGTGAAGGTCGGAGTC-3

5-GAAGATGGTGATGGGATTTC-3
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Figure S4. 1 Manufacturer-dependent FPR activation by APi-42. (A) Representative

TEM images of ABi-42 obtained from either Peptides&Elepehants (P&E), Synpeptide, or

Anaspec show different types of aggregates. AS-HFIP refers to a commercially available

HFIP-treated peptide from Anaspec. Scale bars indicate 0.5 um. (B) Mean Ca*" peak

responses of FPR-transfected HEK293T cells after stimulation with 10 uM Af1.42 obtained
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from different manufacturers. Colored bars indicate the response of human (red) or mouse
(blue) FPRs, n=3, N=2. Data correspond to the heat map shown in Fig 4. 2B. Bar graphs
for P&E and Synpeptide are shown again for the sake of comparability. (C) complete CD
spectra of all four ABi.4> displayed in Figure 4. 2. N=3. All Error bars, S.D.; One-way
ANOVA test, Dunnett post hoc test; *, p < 0.05; **, p < 0.01; **x, p < 0.001; ns, no
significance. Copyright 2022, Elsevier.
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Figure S4.2 Alterations of FPR responses to A1-42 after extended storage. Comparison
of the Ca2+ responses of human (red) or mouse (blue) FPRs to 10 uM AB1-42 (Synpeptide)
that were either freshly dissolved in the assay buffer C1 (clear bars) or had been stored in
C1 at -20° C for 6 months without freeze-thaw cycles (striped bars), n=1, N=2. All Error
bars, S.D.; *, p < 0.05; ns, no significance. Copyright 2022, Elsevier.
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Figure S4. 3 DMSO influences FPR activation by ABi42. Mean Ca®" peak responses of
human (red) or mouse (blue) FPRs to 5 pM of APi42 peptides obtained from P&E,
Synpeptide or Anaspec dissolved in either DMSO (striped bars) or C1 (clear bars), n=3,
N=2. All Error bars, S.D.; *, p < 0.05; ns, no significance. Copyright 2022, Elsevier.
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Figure S4. 4 ABi7-40 is less susceptible to manufacturer-dependent effects than full
length AB. Mean Ca®" peak responses of FPR-transfected HEK293T cells to 5 uM of AB7-
40 from three different manufacturers. Clear bars, AB17.40 from Anaspec. Striped bars, AB17-

40 from Synpeptide. Dotted bars: ABi17.40 from Sigma-Aldrich, n=3, N=1. All Error bars,
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S.D.; One-way ANOVA test, Dunnett post hoc test; *, p < 0.05; ns, no significance
Copyright 2022, Elsevier.

HEK293T HEK293T HEK293T HEK293T
Mock hFPR1 hFPR2 hFPR3 usa7

Anti-hFPR1
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Anti-hFPR3

........................................................................................

Anti-hFPR1

Anti-hFPR2

Anti-hFPR3

200 ym
Figure S4. 5 Validation of immunofluorescence staining with FPR subtype-specific
antibodies. Top: Comparison of immunofluorescence staining intensity of FPR-transfected
HEK293T and U87 cells with receptor subtype specific antibodies. The hFPR1 (1 pg/ml),
hFPR2 (0.2 pg/ml) and hFPR3 (1 pg/ml) antibodies were used. Note that the absolute
staining intensities of all hFPRs in HEK293T cells were highly similar, however a strong
reduction of hFPR2 staining in U87 cells is observed. No cross reactivity was detected. All
images were acquired with the same settings and are displayed with the same illumination,
brightness and contrast. Evidence for similar cell surface expression and production rates
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for hFPR1 and hFPR2 can be found in supporting Fig S4. 8. Bottom: corresponding nuclei

staining with Hoechst 33342 demonstrating a comparable amount of total cell number in

all visual fields. Copyright 2022, Elsevier.

A 351 B <1209 [JAB740
[<}]
¢ 100 AB17_40 + tBoc2
30 e @ = .
@ % 80
3 2
S 25- 9,8 o 607
= 3]
(&) 0§8 O 40+
20— ©
W £ 20+
%
©
= 0-

C —
_ < 125+ :
=, o dokk SP6
® . ‘
% c 100 :kokok
c o .
o o :
Q g 75-
(V)] —
< &
+ o 50—
“8 o
©
g g a3 ns ns ns
= ©
% s .
=

>

<
&

& @ & &

& &
Figure S4. 6 FPR1 is the dominant receptor in U87 cells. (A) Ct values of all human
FPRs from the RNA of U87 cells obtained through RT-qPCR, n=5, N=2. B, Ca** responses
of U&7 cells (green) or FPR-transfected HEK293T cells (red) towards 5 uM A17-40 with
(clear bars) or without (striped bars) co-application of 10 puM tBoc2. Signals were
normalized to responses of the respective cells towards 10 pM WKYMVm, n=1, N=2 for
HEK293T cells and N=3 for U87 cells. (C) Mean Ca** peak responses of U87 cells (green)
or FPR-transfected HEK293T cells (red) that were treated with 10 nM SP4 (left) or 10 nM
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SP6 (right), n=1, N=3. All Error bars, S.D. One-way ANOVA test, Dunnett post hoc test;
*, p<0.05, x*, p<0.01, *x*, p<0.001; ns, no significance. Copyright 2022, Elsevier.
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Figure S4. 7. Validation of RT-qPCR primers for all human FPRs. Left: mean standard
curves, regression line, and amplification efficiency (n =3, N=3) generated by using a 10-
fold serial dilution of a target DNA template starting with 0,1 ng of a purified and
sequenced PCR product in t-RNA. Ct values were plotted against the log of template

quantity for each dilution. Representative PCR products for all primer sets were controlled
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by gel electrophoresis and sequencing for their specificity. Right: A representative data set

of an amplification curve from these dilution series for each primer. Copyright 2022,

Elsevier.
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Figure S4. 8. Evidence for similar cell surface expression and calcium responses of
FPR1 and FPR2 in HEK293T cells. (A) HEK293T cells were transfected with varying
amounts of plasmid DNA for hFPR1 or hFPR2 and subsequently treated with 1 pM of
FITC-labeled WKWVm-NH; to monitor their cell surface expression. Left: representative
images of treated cells transfected with different DNA amounts Right: quantitative analysis
of positively stained cells. Note that cell surface expression of both receptors upon dilution
is reduced in a similar manure. Error bars, S.D. n=1, N=3. (B) Mean Ca?" peak responses
of HEK293T cells transfected with decreasing amounts of human (red) or mouse (blue)

FPR plasmid DNA. FPR1 and 2 of each species were treated with 1 pM of WKWVm-NH2
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and FPR3-transfected cells with 30 uM of WKWVm-CHO. Note that the amount of FPR
1 and 2 DNA can be diminished by more than 10fold without a strong reduction of the
signal amplitudes. Copyright 2022, Elsevier.
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5.1. Abstract

Neurological diseases and neural injuries are prevalent but difficult to treat because of
the complexity of the neural environment. To unravel this complexity, simple cell culture
models are required that allow the study of individual aspects of the neural environment
under defined conditions. In this work, we developed stable coatings of bioactive peptides
via photoimmobilization through thiol-ene reaction on glass substrates suitable for long-
term culture of neural cells. The substrates were modified with thiol groups via chemical
vapor deposition to obtain a large and homogeneous layer, followed by immobilization of
neural active peptides bearing vinyl groups. Subsequently, human neuroblastoma cells
were shown to stably adhere and grow on the modified substrates. The results establish a
facile fabrication route for large-scale (cm?), patternable, and peptide-functionalized

substrates for the culturing of neural cell adhesion without additional antifouling treatment.

Keywords: surface modification, photopatterning, thiol-ene reaction, neural cell adhesion
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5.2. Introduction

Protein and peptide immobilization on substrates through covalent bonds provides an
effective way to introduce new functionalities to the substrate, such as adhesion,
biocompatibility, anti-fouling, or biosensing.'”> Additionally, having a solid support can
improve the stability of the target proteins and peptides.® With proper orientation of the
target molecules on substrates, it is possible to maximize the selectivity and reactivity by
exposing the binding domain or the bioactive site in the solutions.” To generate large
biomolecule-modified substrates, photopatterning holds the advantage of large scale and
rapid fabrication which is beneficial for high-throughput analysis in cell culture, e.g., when
developing neural regeneration strategies. Among various photopatterning techniques, the
photochemistry of olefins and thiols, which is commonly known as the thiol-ene reaction,
has many advantages, such as regiospecificity, mild reaction conditions, absence of heavy-
metals, and high yield.>*!° Jonkheijm et al. demonstrated that thiol-ene photochemistry
could form stable thioether bonds to immobilize proteins with high precision on glass slides
in physiological buffers.® Herein, we aim to combine the advantages of thiol-ene
photochemistry and bioactive peptides to rapidly create a large-scale and robust platform
for neural cell adhesion. The bioactive peptide sequence, KIKIQIN, is derived from a self-
assembling amyloid-like peptide consisting of amphiphilic 12-amino acid, termed
enhancing factor C (EF-C). The EF-C peptide and its derivates were employed to enhance
retroviral gene transfer!! and peripheral nerve repair.'? Previous work has established that
the self-assembling structure plays an important role in the functionality, but little attention
has been paid to the functionality of such materials on substrates. Herein, the EF-C derived
peptide sequence was selectively immobilized on substrates by thiol-ene photochemistry,

as depicted in Figure S. 1, to build a robust neuronal cell culture platform.
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Figure 5. 1. Chemical reaction scheme and conceptual design of the peptide surface

modification. The fabrication process of peptide immobilization on the substrate started
with chemical vapor deposition (CVD) to generate a thiol layer on a glass substrate,
followed by photon-activated thiol-ene reaction with acrylated peptides (sequence: Acr-

KIKIQIN). (This image was created using ChemDraw and BioRender).

Surface characteristics such as hydrophilicity, surface charges, surface topography,
and surface energy, can influence cellular behavior such as achieving cell adhesion, cell
migration, directing morphological changes, activating signaling pathways, and inducing
differentiation.*>!3"17 Cells respond to these features, provided by their surroundings at
multiple scales from the macroscale down to the nanoscale.'® Neuronal cells, in particular,
are responsive to physical cues that direct neuronal cell faith.!”* For instance, Zhang et al.
covalently patterned peptide sequences derived from laminin in a gradient manner on poly
(D,L-lactide-co-caprolactone) (PLCL) films. The micropatterns and peptide gradient on the
PLCL films improved the directional growth of mouse Schwann cells.** Tomba et al.
reported that glial cells responded to the stiffness on different substrates, i.e., they favored
cell adhesion and proliferation on stiffer fibronectin substrates but softer poly-L-
lysine/laminin substrates.”? Vedaraman and colleagues reported that using two-photon

lithography techniques to design periodic and anisometric patterned clues can create a high-
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throughput platform for neurite alignment.?

Different methods for the fabrication of topographic features have been developed,
including the use of peptide photopatterning and self-assembling peptides (SAP), allowing
the investigation of neural behavior. For example, SAPs can provide biomimetic complex
structures for neural cells attachment.!”!® Yang et al. fabricated an aligned nanofiber
composed of fibrin and SAPs to stimulate the outgrowth of rat Schwann cells and the
functional recovery in a peripheral nerve injury in rats.>> In addition, 3D printing is one
technique to generate aligned and functional network for neural tissue engineering.?*’
Indeed, photopatterning, SAPs, electrospun fibers, and 3D printed constructs, can create
complex matrices that mimic neural cell niches. However, the above-mentioned techniques
alone cannot rapidly fabricate large-scale and patterned substrate to direct neuronal cell

behavior.!?

In this work, we aim to immobilize the bioactive peptide sequence, KIKIQIN, via
thiol-ene photochemistry and investigate its functionality on the modified surfaces. We
characterize the physical and chemical properties of the acrylated KIKIQIN peptide and
verify the potential of photo-immobilization of this bioactive sequence on substrates.
Finally, cell adhesion assay of a human neuroblastoma cell (SH-SY5Y) is used to test the
functionality of the photo-immobilized peptide to achieve a robust neuronal cell culture

platform.

5.3. Result and Discussion
5.3.1. Chemical Characterization of Peptide-Modified Substrates

To achieve peptide photoimmobilization on substrates by thiol-ene photochemistry,
we chose KIKIQIN as this peptide has previously been shown to facilitate neuronal
adhesion on glass substrate.'> The peptide was synthesized using SPPS followed by on-
resin acrylation at the N-terminus and the chemical structure of Acr-KIKIQIN is provided
in Figure S. 1. The resulting Acr-KIKIQIN was cleaved off the resin and purified by RP-
HPLC and confirmed by MALDI-ToF MS (Figure S5. 1).

Next, glass and silicon substrates were modified with MPS via vapor deposition to
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introduce thiol groups on the surface, followed by photoinitiated thiol-ene reaction with
the Acr-KIKIQIN. A simple strip-patterned photomask, depicted in Figure 5. 2 (a), was
used for photopatterning of the Acr-KIKIQIN on the thiolated substrates. The chemical
characterization of the modified substrates was carried out by XPS, where the differences
between thiolated and peptide-modified substrates could be easily distinguished in the
obtained spectra. In the C1s spectra of the thiolated substrate shown in Figure 5. 2 (b), the
brown dashed line was attributed to the C-C bonds at 284.9 eV, the blue dotted line was
assigned to the C-O bonds at 286.8 eV, and the green dashed line was correlated to the C=0
bonds at 289. 2 eV. In contrast, the C1s spectra of the peptide-modified substrates, shown
in Figure 5. 2 (c), showed additional signals corresponding to the C-N bonds at 286.2 eV
(dark yellow dashed line). There are significant differences in these two Cls spectra in the
intensity of the signal at 288~ 289 eV attributed to the C=0 bonds and a subtle difference
at 286.2 eV assigned to the C-N and C-O bonds. The profound signals from C=0O bonds
and C-N bonds are typical signals from peptide bonds, which served as a strong indication
of peptide immobilization on the substrate. The elemental composition analysis was

performed using the deconvoluted spectra and is summarized in Table 5. 1.
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Table 5. 1 Elemental composition analysis of thiolated and peptide-modified silicon wafers

based on their XPS spectra.

Element content (Wt%)

Samples Cls Ols N 1s S 2p
Thiolated 36.7 40.7 0.9 21.7
Peptide 49.7 32.9 6.7 10.7

Next, ToF-SIMS was applied to investigate the chemical composition of the substrate
and provide further evidence of successful peptide modification. Because both MPS and
peptide contain significant amount of aliphatic groups, peptide-associated signals were
mainly originating from aliphatic amines (C-N signals), while thiolated-associated signals
were from fragments containing sulfur in combination with carbon and hydrogen. In
Figure 5. 2 (a-h) and Figure SS. 2 (a, b), ToF-SIMS images from photopatterned peptide-
modified substrates in positive and negative ions are presented. A semi-quantitative
analysis of the relevant ionic signals is presented in Table 5. 2. As expected, non-
illuminated regions primarily showed signals that originate from thiol-groups of the MPS,
confirming that coupling of peptide in non-illuminated areas is negligible. In contrast,
illuminated areas showed strong signals (10-fold higher intensity compared to non-
illuminated areas) related to peptide fragment, confirming the successful coupling and

photopatterning of the substrate.
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Figure 5. 2. Surface chemical characterization of thiolated and peptide-modified
substrates. (a) Scheme of peptide photopatterning on the thiolated glass slides. (This image
was created using BioRender). (b) High-resolution narrow scan of Cls of the thiolated side
of the substrate and the deconvoluted spectra for the probable chemical species. (c) High-
resolution narrow scan of Cls of the peptide-modified side of the substrate and the
deconvoluted spectra for the probable chemical species. (d-g) Representative ToF-SIMS
chemical maps of the thiolated substrates, with (HS, CH3S, CH3S", and HS"). (h-k)
Representative ToF-SIMS chemical maps of the peptide-modified substrates (CN-, CNO",
C3HgN', and CsHioN™).

Additionally, the signal of [M+H]'=924.5 m/z in Figure S5. 3, which matched the
168



molecular weight of Acr-KIKIQIN, was also captured by ToF-SIMS, indicating the

successful peptide modification on the substrate

Table 5. 2 Semi-quantitative analysis of relevant ionic signals detected by ToF-SIMS (unit:

area normalized by total shots)

Negative Mass (u)  Thiol Peptide = Postive Mass (u)  Thiol Peptide

CN 26.00 |}.48E-01 |1.75E+OO CsHN"  56.05 ’7.23E-O3 |4.73E-01
CNO 42.00 HI.SSE—Ol |1.89E+00 CsH,L,N"  86.10 ’8.90E—03 |5.13E-01

HS 32.98 |9.74E-01 4.78E-01 HS" 32.98 |3.46E-03 (*73E—04

CH;S 47.00 |2.74E-O2 1.37E-02  CH,S" 47.00 [7.62E-O2 2.94E-02

The color bars indicate the relative intensity of the capture ions on the thiolated side and

peptide-modified side of the substrate.

In short, both XPS spectra and ToF-SIMS suggested the successful peptide
immobilization on the substrate, and the ToF-SIMS images demonstrated successful

photopatterning of Acr-KIKIQIN on thiolated substrates.

5.3.2. Physical Characterization of Peptide-Modified Substrates

The functionalization with peptides should lead to a change in the surface properties
of the samples, ideally providing a beneficial surface for cells to attach. Next, we
characterized the surface properties of the modified substrates in more detail and compared
them to non-functionalized and thiolated substrates. Wetting analysis was tested by a
contact angle goniometer and determined to be 44° £3°, 56 + 2°, 56° = 2°, and 65° = 2" for
the thiolated and (0.05 mg/mL, 0.1 mg/ mL, and 0.5 mg/mL) peptide-modified substrates,
respectively. The increase in hydrophobicity with increasing peptide concentration was
expected as more peptides with aliphatic side chains were immobilized on the substrate.

In surface zeta potential measurements, the modification of the substrate with peptide
can be observed in Figure S5. 4. While there was no change in the surface zeta potential at

pH = 7.4 when modifying the glass substrate with MPS ( -66 mV for both glass and
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thiolated substrates), with increasing peptide concentration, an increase in the surface zeta
potential from — 63 mV for the lowest tested peptide concentration up to — 44 mV for the
highest tested peptide concentration was observed. The increase in surface zeta potential
could be attributed to multiple amine groups on lysine in the peptide sequence.

We further analyzed the surface morphology of the thiol and peptide-modified Si-
substrate surfaces by scanning force microscopy (Figure 5. 3 and Figure SS. 5).
Surprisingly, we found fiber-like structures on the surface, which had a height up to 30 nm
and a width up to 100 nm. A statistical analysis of several images and 46 fibers revealed
that most fibers had a height between 2-3 nm. The length of the fibers is in a range of
hundreds of nanometers to several micrometers, indicating multiple hierarchies of

assembly.
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Figure 5. 3. Surface morphology of the peptide-modified substrates. (a, b) Two
representative of SFM topography images of peptide-modified substrates (peptide
concentration: 0.2 mg/mL). (c) Topography profile across a peptide nanofiber indicated by
the white dotted line (b). We took the full width at half maximum as representative value

for the width of a nanofiber. (d) Statistical analysis of the height of peptide nanofibers on
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the peptide-modified substrates.

Many factors, such as surface charge, surface topography, chemical templating, and
the presence of molecules play a role in surface self-assembly.’* Although the exact
surface-mediated self-assembly mechanism is unclear, we speculate that Arc-KIKIQIN
was first immobilized on the thiolated layer as a nucleation site, followed by
supramolecular peptide assembly, which is similar to previous works, i.e. where peptides
assembled on highly oriented pyrolytic graphites,® N-hydroxysuccinimide modified

glasses,*¢ maleimide-modified poly(acrylic acid) substrates,’” and azide-modified wafers.*®

5.3.3. Neural Cell Adhesion

In previous studies on peptides of similar sequences to KIKIQIN, the so-called EF-C
peptide and its derivates, they were found to have biological activity as they improved
retroviral gene transfer!! and enabled peripheral nerve repair.!? Drop casting was used to
prepare peptide-coated substrates for the in vitro tests as part of these biological assays.
However, drop casting has several drawbacks, such as drying effects leading to
inhomogeneous peptide concentrations and insufficient with long-term stability when
immersing the coating in buffers or cell culture medium. Therefore, substrates that were
photo-coupled with Acr-KIKIQIN were tested for their ability to provide a long-term and
stable neural cell culture platform. Cell adhesion of a neuroblastoma cell line, SH-SY5Y,
was quantified by the number of cells adhering to the substrates in two separate individual
experiments and 10 random images were analyzed from each experiment. For better
visualization and to facilitate cell counting, cell nuclei were stained with NucBlue to
provide stronger contrast. In Figure 5. 4 (a), a regular glass slide, the thiolated substrate as
well as drop casted sample, which underwent the same washing step, showed low number
adhered cells, while a clear increase in attached cells was observed with increasing peptide
concentration, demonstrating that the cell-adhesive properties of KIKIQIN remain after
covalent attachment to the substrate. Furthermore, the peptide-modified substrates showed
highly homogeneous coverage with cells over the whole substrate (Figure S5. 6). However,
the number of adherent cells did not correlate linearly with the concentration of peptide

modification. We speculated that this was due to the capacity of cell adhesion receptor and
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interface functionality.>

In Figure 5. 4 (b), a conceptual scheme demonstrated the cell adhesion after seeding
on the photopatterned substrate. In Figure 5. 4 (c), a stitched overview image shows
significantly larger number of adherent cells on the peptide-modified part (0.1 mg/mL)
compared to the thiolated part of the substrate. Furthermore, clear differences in cell
morphology are visible in the enlarged med in images, shown in Figure 5. 4 (d, ). While
cells growing on the thiolated side of substrate have a round shape, typically associated
with an epithelial-like phenotype and poor viability,***! the cells growing on the peptide-
modified side of the substrate are spreading out and have a pyramidal shaped morphology,
which is associated with a neuronal phenotype of SH-SY5Y cells.*’ Figure 5. 4 (f) and
Figure 5. 4 (g) are the fluorescent images of the enlarged in images. In Figure 5. 4 (g),
green fluorescent signals were observed from the Alexa 488 dye, which was from the
secondary antibody against the expression of a neuronal marker, synaptophysin,*? whereas
there was no green fluorophore in Figure 5. 4 (f). In short, the thiolated area showed fewer
cells adhering and with a rounded morphology indicating that the unhealthy cells would
detach or undergo apoptosis during prolonged cell culture. In contrast, the peptide-
modified substrates showed a large number of healthy, spreading cells, demonstrating the

suitability of the Acr-KIKIQIN peptide as a coating for long-term neuronal cell culture.
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Figure 5. 4. SH-SYSY cell line in vitro assay. (a) Cell adhesion assay showed that the
regular glass (blank), peptide drop casted glass (DC), and thiolated glass (SH) had few cells
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adhered to the substrate, and the number of cell increased as the concentration of peptide
modification increased (**p <0.01; ****p <0.0001, ns = not significant, N=2, n=20, One-
way ANOVA test). (b) A conceptual scheme of peptide photopatterning for modulating cell
adhesion (This image was created using BioRender). (c¢) Overview image (stitched) of
patterned substrate with thiolated side (left) and peptide-modified (0.1 mg/mL) (right), with
a scale bar of 600 um (d) A brightfield image of zoomed in region showing few and rounded
(blue arrow) cells on thiolated side of the substrate. (e) A brightfield image of zoomed in
region showing many spreading cells (orange arrow) on the peptide-modified side of the
substrate. (f) A fluorescent images of zoomed in region on thiolated side of the substrate.
(g) A fluorescent images of zoomed in region on the peptide-modified side of the substrate.
Fluorescent images were acquired from stained samples with nuclei in blue, cell membrane

in red, and neuronal-like expression in green (scale bar = 100 pm).

5.4.Conclusions

An easily fabricated, large-scale, and robust platform for neural cell culture was
developed that can accelerate the development of drug screening for neural-related diseases
and neural tissue engineering. Here, a neuro-active peptide sequence was covalently
attached to substrates via a photo-triggered thiol-ene reaction, to provide robust coatings
that promote cell adhesion. Surface chemical analysis showed that peptides could be
selectively patterned on the substrate. Interestingly, SFM measurements showed that the
immobilized peptides formed fibrous structures with dimensions in nanometer in height
and micrometer in length, but the underlying mechanism for this behavior remains to be
explored. Finally, superior cell adhesion of SH-SY5Y was demonstrated on the peptide-
modified substrates, where increasing amounts of immobilized peptides showed an
increase in the number of cells attaching to the surface and directing their morphology from
an endothelial type to a neuronal type, when compared to non-peptide-coated controls.
Through photopatterning, our method allows us to structure the substrate and direct where
cell adhesion can occur. This approach has the potential to create a robust and selective

neural culture platform.
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5.5. Experimental Procedures

Materials

N,N-Dimethylformamide (DMF), dichloromethane (DCM), 2-propanol, piperidine, and
trifluoroacetic acid (TFA) were bought from Carl Roth GmbH + Co. KG. Acetonitrile
(ACN, HPLC grade), acetone, diethyl ether, and toluene were obtained from Honeywell.
Fluorenylmethyloxycarbonyl (Fmoc) protected amino acids, Fmoc-Asn (Trt) Wang resin,
and ethyl cyano(hydroxyimino) acetate (Oxyma Pure®) were purchased from
Novabiochem. a-Cyano-4-hydroxycinnamic acid (CHCA), N,N'-diisopropylcarbodiimide
(DIC), N,N-diisopropylethylamine (DIPEA), dimethyl sulfoxide (DMSO), 2-Hydroxy-4'-
(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959), and triisopropylsilane (TIPS)
were acquired from Sigma-Aldrich. Acrylic acid anhydride (AA), and (3-mercaptopropyl)
trimethoxysilane (MPS) were bought from TCI Deutschland GmbH. Dithiothreitol was
purchased from VWR. All chemicals were used without further purification, unless
otherwise noted. Ultrapure water was obtained by using a purification system (MilliQ,

Merck KGaA).

Solid Phase Peptide Synthesis (SPPS) and Peptide Acrylation

Peptide synthesis (KIKIQIN) was performed in an automated microwave peptide
synthesizer (Liberty Blue™, CEM Corporation) from C- to N-terminus by Fmoc-SPPS
method using Fmoc-Asn (Trt) Wang resin with 100-200 mesh size. DMF was used as the
main wash solvent, and DMF with 20% piperidine was the deprotection solvents. The
amount of materials and reagents was prepared according to the calculation suggested by
the software of Liberty Blue™. In brief, the Wang resin was swelled in DMF for 30 mins
prior to the synthesis. Routinely single amino acid coupling was applied unless otherwise
stated. The procedure started from Fmoc removal by immersing the resin in the
deprotection solvent and heating to 75 °C (155 W) for 15 s and 90 °C (30 W) for 50 s,
followed by twice DMF washing. Subsequently, amino acids were coupled using a 0.2 M
solution of respective amino acid in DMF with the addition of activator and activator base.
The reaction was heated to 75 °C (170 W) for 15 s and 90 °C (30 W) for 110 s, followed
by final deprotection step and flushing with DMF. Acylation of peptide (Acr-KIKIQIN)
was conducted on resin with a stoichiometry of 1: 2: 4 (peptide: AA: DIPEA) in DMF in a
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peptide reactor (Carl Roth GmbH + Co. KG) by shaking for 4 hr at room temperature.
Afterwards, resin beads were first rinsed with DCM and immersed in a cleavage cocktail
(95% TFA, 2.5% MilliQ water, 2.5% TIPS) for 2 hr, followed by precipitation in cold
diethyl ether and centrifugation to obtain the crude peptide.

Purification and Characterization of Acylated Peptide

The crude peptide was dissolved in a mixture of MilliQ water and ACN and purified by
reversed phase liquid chromatography (RP-HPLC, Shimadzu) through a C18 column
(Phenomenex Gemini, 5 pm, NX-C18, 110 A, 150 x 30 mm) with a flow rate of 25 mL/min.
The solvent gradient of a mixture of ACN/MilliQ with 0.1% TFA started from 10% to 100%
ACN. Fractions of samples were collected according to the retention time detected by an
ultraviolet (UV) absorption detector at 214 nm. Collected samples were identified by
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-ToF
MS) via dried droplet method. Samples were mixed with a saturated solution (MilliQ water
/ACN = 1:1) of the matrix CHCA. The mass spectra were recorded on a rapifleX MALDI-
ToF/ToF (Bruker). The purified samples were lyophilized and stored at -20 °C until further

use.

Substrate Thiolation

Thiolation of the substrate was conducted by vapor deposition based on a previous report.?®
Glass slides (microscope slides, Epredia) for cell experiments and silicon wafers (P/ Boron,
<100>, Si-Mat) for physicochemical analysis were cleaned by sonication in 2-propanol for
30 min. Afterwards, the substrates were rinsed with MilliQ water and dried with a N>
stream. Clean substrates and a Teflon bottle with an open vial containing 0.5 ml of MPS
were placed in a desiccator. The desiccator was purged with N> stream, sealed, and placed
in a 90 °C oven for 1 hr. Subsequently, the substrates were rinsed with toluene followed by

acetone and then dried using a N> stream.

Peptide Photoimmobilization on Thiolated Substrates
Different concentrations (0.5 mg/mL, 0.1 mg/mL, and 0.05 mg/mL) of peptide powders
were dissolved in a solvent mixture of MilliQ water (90%) and ACN (10%). Photoinitiator,
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Irgacure 2959, was solubilized in the same solvent mixture with a concentration of 1
mg/mL. Peptide and photoinitiator solutions were mixed and applied to the thiolated
substrates for 5 min of ultraviolet (UV) irradiation (1.6 mW/cm?). The peptide-
immobilized substrates were washed with DMSO and MilliQ water and then dried with a

N2 stream prior to further experiments.

X-ray Photoelectron Spectroscopy (XPS)
XPS was conducted using a Kratos Axis UltraDLD spectrometer (Kratos) using an Al Ka
excitation source with a photon energy of 1486.6 eV. Each sample was measured at three

different spots, and data were processed by the CasaXPS software and plotted by Origin.

Time of Flight Secondary Ion Mass Spectrometry (ToF-SIMS)

ToF-SIMS experiments were performed using a TOF.SIMS5 (NCS) instrument (IONTOF
GmbH) with 30 keV Bis" primary ions. Large area images were acquired using 30 keV Bi3
primary ions rastering a total area of 7 x 15 mm? in spectrometry mode at a current of
0.18 pA and a cycle time of 150 ps (mass range up to 1800 m/z) leading to imaging data
sets with pixel sizes of 3.3x3.3 pm? Mass calibration was facilitated using ubiquitous

aliphatic hydrocarbon species.

Contact Angle Measurement

The wettability of the substrates was analyzed by measuring static contact angles using the
sessile drop method (DataPhysics OCA 35 contact angle goniometer). Triplicate
measurements were performed by deposing 10 ul of MiliiQ water on three different spots

per substrate. The data were processed within the software of DataPhysics.

Surface Zeta Potential

Zeta potential measurements were conducted using a SurPASS electrokinetic analyzer
(Anton Paar GmbH) to evaluate the surface charge properties of the thiolated and peptide-
modified substrates under physiological conditions (pH 7.4). A 1 mM KCI solution served
as the electrolyte, while 0.1 M HCl and 0.1 M NaOH were used to adjust the pH. Samples

were mounted in a clamping cell with the channel height adjusted to approximately 100
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um. Electrokinetic flow was induced by linearly ramping the differential pressure from 0
to 300 mbar, and the streaming potential was recorded as a function of applied pressure.

Each sample was measured in triplicate and the data were plotted using Prism.

Scanning Force Microscopy (SFM)

The surface morphology of the thiolated and the peptide-modified substrate was measured
by SFM (Dimension Icon, Nanoscope 5 controller, Software 9.7r1sr8) operated in soft
tapping mode at a scan speed of around 1 Hz with 512 pixels per line and 512 lines. We
used cantilevers with a nominal resonance frequency of 300 kHz and a nominal spring
constant of 26 N/m (OTESPA, OPUS made by p mash). All images were plane corrected
by an offset and a tilt (1% order polynomial). The height of fibers was determined from

surface profiles.

Cell Culture of Human Neuroblastoma Cells (SH-SYSY)

SH-SYSY cells (ATCC- CRL-2266 ™) were cultivated at 37 °C, 95% humidity, and 5%
COz in Dulbecco's Modified Eagle Medium (DMEM)/ Ham's F-12 Nutrient Mixture (F-12)
(Thermo Fisher Scientific) with additional 10% fetal bovine serum (FBS), 1 % GlutaMax
(Thermo Fisher Scientific), and 1% penicillin-streptomycin (PS) (Sigma-Aldrich) to study

cell adhesion on thiolated and peptide-modified glass slides.

Cell Adhesion Assay

Cells were seeded on the thiolated, peptide drop-cast (washed with DMSO and MilliQ prior
to cell seeding), and peptide-modified substrates at a density of 100,000 cells/cm? for 72 hr.
Culture medium was changed every 24 hr before observation. For better visualization and
quantification, cell nuclei were stained with blue fluorophore (NucBlue™ Live
ReadyProbes™ Reagent and cell membranes were stained red fluorophore (Invitrogen™
CellMask™ DeepRed Plasma Membrane Stain) according to the manufacturer's protocol
(Thermo Fisher Scientific). For immunostaining, cells were rinsed with PBS, fixed with 4
% (v/v) paraformaldehyde (PFA, Sigma-Aldrich) for 10 min, permeabilized with 0.5% (v/v)
Triton X-100 (Merck KGaA) for 5 min, and blocked with 4 % bovine serum albumin (BSA,
Roche) in PBS for 5 min. The primary antibody synaptophysin (SYN, rabbit anti-SYN,
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Proteintech) was diluted in PBS (1:1000) and added to the samples at 4 C° for 24 hr. After
rinsing with PBS, secondary antibody labeled with Alexa 488 (donkey anti-rabbit IgG
Alexa Fluor™ Plus 488, Invitrogen, Thermo Fisher Scientific) in PBS (1:1000) was added
to samples at room temperature for 4 hr before imaging. The images were taken using a
BZ-X800 microscope (Keyence) utilizing a Plan Fluorite 20X LD PH objective lens. The
built-in “Navigation” and “Stitching” functions of the microscopy were used to visualize
larger area. Image files were processed with NIH Image J software and the “analyze
29,30

particles” function was used to measure the total number of cells in a determined area.

Statistical analysis was performed using the one-way ANOVA test and plotted using Prism.
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Figure S5. 1. Chemical structure and purity analysis of acrylated peptide, Acr-
KIKIQIN. (a) Chemical structure of Acr-KIKIQIN. (b) HPLC trace of the acrylated
peptide in an acidic condition with a retention time (tr) = 8.8— 9.1 min. (c) MALDI-ToF-
MS of Acr-KIKIQIN showing expected product signals assigned to [M+H]" =924.7 m/z
and [M+Na]" = 947.7 were detected (theoretical MW = 924.2).
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Figure SS. 2. ToF-SIMS images of the photopatterned peptide-modified substrates. (a)
Positive ions of ToF-SIMS images, including (CH3S", CsHeN", CsHs", C3Hs", C2HgN",
CsHi2N™, C2HsS™, C3HsN™, C3H4NO, CeHis'™, CeHiz", and CsHioN™). (b) Negative ions of
ToF-SIMS images, including (CN-, S°, SO", CNO", SH", and CH3S"). MC stands for maxium

counts (per pixel) and TC represents total counts (in image).
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Figure S5. 3. ToF-SIMS of the peptide modified substrate. [M+H]'=924.5 m/z was
detected (theoretical MW = 924.2) on the peptide modified substrate.
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Figure S5. 4. Surface zeta potential of different substrates. Blank was bare glass (-66.11
T 1.58 mV), and SH represented the thiolated glasses (-65.78 * 0.72 mV), and 0.05
mg/mL (-62.98 £ 1.28 mV), 0.1 mg/mL (-57.31 £ 1.14),and 0.5 mg/mL (-44.17 £ 0.60)

indicates the peptide concentrations (mg/mL) used for coating.
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Figure S5. 5. SFM images of photopatterned peptide-modified substrates at three
different spots. (a, b, c) Peptide nanofibers are visible on the peptide-modified substrates
in the SFM images. (d, e, f). Smooth surfaces without defined nanostructure are visible on

the thiolated substrates in the SFM images.
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substrates. (a) Cell adhesion on the thiolated substrates. (b) Cell adhesion on the peptide
(0.05 mg/mL) modified substrate. (c) Cell adhesion on the peptide (0.1 mg/mL) modified
substrate. (d) Cell adhesion on the peptide (0.5 mg/mL) modified substrate. Cells were
stained with NucBlue and secondary antibody labeled with Alexa 488, and the acquired
images were processed with ImageJ by subtracting background with the parameter “rolling

ball radius of 50 pixels”. Scale bars represent a distance of 500 pum.
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6. Summary and Outlook

Amyloid-like SAPs are a class of materials that assemble into supramolecular
nanostructures and have high resistance to degradation under physiological conditions,
making them intriguing templates for biomedical applications. The assembled
nanostructures of amyloid SAPs, especially nanofibers, resemble the ECM of the complex
neural tissue environments. Several factors influence the assembled nanostructure. First,
the sequence design of amyloid-like SAPs is one of the most intuitive factors determining
assembly morphologies because of charge distribution and hydrophobicity profile. In
contrast, the effects of external factors, such as ionic strength, temperature, additives,
interfacial chemistry, and sample processing on the assembled structure have not been
studied as extensively. Other than the convoluted neural environment, neural cells are
sensitive to their surroundings and many physical properties, including matrix stiffness,
roughness, and topography, can control neural cell fate. Therefore, the scope of this thesis
focuses on how intrinsic and extrinsic factors alter the self-assembly behavior of SAPs and
determine their morphologies, which further influence neural cell behavior.

As previously mentioned, sequence mutation is the most common method for
achieving structural changes in SAPs and modulating their functions. In Chapter 3, the
amino acid sequences of amyloid-like SAPs, specificially of derivates of EF-C, were
systematically changed based on their hydrophobic cores. Initially, nine peptide sequences
were categorized into three groups: aromatic, aliphatic, and weakly hydrophobic. The
physicochemical properties of each variant, such as aggregation concentration, assembly
kinetics, and conversion rates were characterized. Self-assembled morphologies were
analyzed by electron microscopy. Sequences containing aliphatic side chains behaved
similarly to sequences containing aromatic side chains except for the sequence with tyrsine,
which did not form assembled nanostructure. This exception could be explained by
computational modeling and simulation, such as stability test and analysis of solvent
accessible surface area. Further in vitro studies showed that neuroblastoma cells
proliferated and differentiated better when treated with the structure-forming SAPs. These
results suggested that the fibril material structures played an important role in modulating
cell behavior, which highlights the importance of structure-property correlation.

Combining computational approaches with biophysical characterization and biological
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readouts is anticipated to accelerate the discovery of new peptide sequences for neural
regeneration.

Other than the sequence of a peptide, minor variations in the sample composition may
affect the assembly behavior of amyloid-like SAPs, a feature often overlooked by
researchers. In Chapter 4, the solvent effect on the morphology and neural activity of
amyloid-like SAPs, amyloid beta (AB) peptides, was systematically investigated. The same
peptide sequences, APi.42, dissolved in different solvents, incubated in different assay
buffers, and tested at different time points resulted in differences in the biological response,
namely the activation of FPR1 on neural cells. These experimental results were consistent
with those of other research groups. Surprisingly, the same peptide of high purity (> 98%)
produced by four different manufacturers using the same preparation protocol also led to
different FPR activities. Although the variations between samples from different
manufacturers were so small that they were often overlooked, the four peptides of the same
sequence showed different ThT binding affinities and significantly different secondary
structures as well as self-assembly morphology observed by TEM. These results
highlighted that the processing history of the peptide influenced the structures of amyloid-
like SAPs and their neural activity. The findings in this chapter served as a non-trivial
reminder to researchers to always pay close attention to experimental conditions, including
peptide purity, solvents, buffers, pH, incubation time, and peptide sources.

The previous two chapters demonstrate that neural cells, indeed, respond to structural
differences in amyloid-like SAPs, such as EF-C derived and A peptides. However, some
cellular behaviors such as differentiation require long-term observation. Therefore, it is of
interest to build a stable substrate derived from amyloid-like SAPs for neural cells. In
Chapter 5, the goal was to create a platform that is easily fabricable, selective, large-scale,
and robust for neural cell culture. To generate this platform, the photo-triggered thiol-ene
reaction was selected to connect peptides to a glass substrate. The sample preparation
process began with the thiolation of glass slides via chemical vapor deposition of MPS and
the acylation of amyloid-like SAPs. The modified peptides were then photoimmobilized
onto thiolated substrates. Results from surface chemical analyses, including XPS and ToF-
SIMS, confirmed the peptide modification of the surface. ToF-SIMS images showed that

the modification was homogeneous and had the potential for photopatterning, given further
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optimization. Contact angle and surface zeta potential measurements provided additional
evidence of a successful peptide modification. AFM images of nanofiber structures
revealed that the modified peptides underwent surface-mediated self-assembly and were
not randomly distributed. Last but not least, neuroblastoma cells adhered significantly
better to the peptide-modified substrates than to the thiolated substrates. This phenomenon
demonstrated the potential of amyloid-like SAPs to be selectively immobilized via a photo-
triggered thiol-ene reaction. These nanofibers facilitated neural cell adhesion as reported
in the previous literature. The results presented in this chapter demonstrate a simple method
for creating a large-scale, robust platform for neural cell culture that allows for the growth
of large numbers of cells on well-defined surfaces.

Overall, this thesis examined the factors that influence the self-assembly structure of
amyloid-like SAPs, focusing primarily on peptide sequence, solvent effect, and surface
chemistry. Chapter 3 pointed out that computational simulation of materials could
rationalize the design of biological experiments. Chapter 4 emphasized the need to handle
amyloid-like SAPs with caution to minimize frequently overlooked variables. Chapter 5
presented a new strategy for building a stable platform based on amyloid-like SAPs for
long-term neural cell culture. hese three chapters presented different amyloid-like SAP
structures, which were reflected in different neural activities. This reiterates the importance
of the structure-property relationship between amyloid-like SAPs and neural cells, as

illustrated in Figure 6.1.
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Figure 6.1. The scheme of the overall achievement (top panel) and the future
development (bottom panel) in this thesis. The top panel illustrates three parameters each
from material and biological perspectives. Factors such as hydrophobic group mutation,
solvent effect, and surface immobilization influence the self-assembled structure of
amyloid-like SAPs. Preliminary biological readouts, i.e. proliferation, differentiation,
apoptosis, are selected to evaluate the correlation between material structure and bioactivity.
The bottom panel depicts that other sequence mutation and temperature may be the
potential parameters worth investigating with the facilitation of computational modeling.
Using more sensitive cell sources, e.g. stem cells or primary neurons, increases the
reliability of biological study. Understanding the biological mechanisms such as

immunoblotting is a critical milestone before moving on to in vivo studies.

The ultimate goal is to develop therapeutic amyloid-like SAPs for treating neural
diseases and injuries. This thesis provides a fundamental understanding of the correlation
between structure-forming amyloid-like SAPs and the cultivation of neural cell lines.

Additionally, this thesis introduced a new methodology for building a robust amyloid-like
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SAP substrate for neural cells. However, many hurdles remain before SAPs can be realized
as therapeutics. From a material perspective, sequential mutations should encompass more
than hydrophobic interactions. For example, charge types and charge distribution are
canonical examples for exploring new peptide-based therapeutics. Another option to create
different supramolecular assemblies is scrambling peptide sequences. Heat treatment and
different incubation conditions are important factors that are known to play a role in the
nucleation and growth of polymeric materials. Recently, various research groups have
reported that temperature can also influence the nucleation and growth of supramolecular
materials, such as peptide amphiphile and aromatic peptide amphiphile. However, few
studies have examined the thermal effect on pure peptide materials, let alone on amyloid-
like SAPs, which are investigated in this thesis. By changing temperature and incubation
conditions, researchers can explore the full potential of a material and reduce the time
needed to synthesize more materials. Systematic studies of structure-property correlations
are usually labor-intensive and require much trial and error. In principle, computer
simulations can accurately predict the structure and stability of amyloid-like SAPs with
short amino acid sequences (less than 10 amino acids), but challenges remain for longer
sequences. Additionally, the databases of assembly structures and functional properties
remain limited. The ultimate challenge will be predicting not only the structure and stability
but also the resulting properties of the materials.

From a biological perspective, developing an in-depth understanding of how
organisms, particularly neural cells, respond to these self-assembled nanostructures is
essential to advancing the development of neural therapeutics based on amyloid-like SAPs.
For example, the EF-C derived peptides investigated in this thesis demonstrated
encouraging neurotrophic effects on a human neuroblastoma cell line based on ATP level
and cell morphology. In this thesis, the majority of biological experiments were conducted
using human neuroblastoma cells, indicating that there is less concern about experimental
results being ineffective across species. However, there are a wide variety of neurons,
including sensory neurons, excitatory neurons, inhibitory interneurons, etc., and the neural
therapeutic effect of EF-C derived peptides may not apply equally to all of them. Therefore,
it is important to understand the biological mechanisms by which EF-C-derived peptides

are neurotrophic before testing them with different neurons. Last but not least, handling
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neural cell cultures is difficult because they proliferate slowly, and some have intermediate
neuronal states. Furthermore, harvesting primary neurons for these studies usually requires
sacrificing animals, which should be minimized. Developing high-throughput and accurate
methods for biological readouts can definitely accelerate and advance the development of

amyloid-like SAPs for new neural drugs and neural tissue engineering.
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