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Abstract

The development of bioresponsive nanomaterials for intracellular assembly
addresses the challenge of creating synthetic structures within living cells, enabling
the modulation of cellular processes and behaviors. This thesis explores the design,
synthesis and characterization of bioresponsive isopeptides for the in situ
construction of intracellular nanostructures and investigates their impact on cellular

functions.

Isopeptides are a class of programmable assembly precursors. Their kinked, non-
linear structure, which arises from an ester bond at a serine side chain instead of
the conventional amide linkage, effectively prevents premature peptide assembly.
Introducing a bioresponsive protecting group at the serine amino function allows
for the triggered rearrangement of the isopeptide into a linear, self-assembling
peptide in response to a specific physiological stimulus. This chemical design
strategy provides control over the assembly process within complex cellular

environments.

Within this thesis, the development of glutathione-responsive isopeptides for
intracellular assembly is presented, including their application for synthetic
structure formation in human cytotoxic T cells. These peptide nanostructures were
found to enhance T cell effector function, significantly increasing the cytotoxic
activity of T cells against cancer cells. Correlative light and electron microscopy
confirmed the presence of synthetic peptide assemblies within the cytosol and
perinuclear region of T cells. Additionally, real-time deformation cytometry
revealed increased cell stiffness and reduced deformability, critical parameters for
effective interactions with target cells. Further analysis demonstrated that T cells
treated with these isopeptides exhibited an altered protein phosphorylation profile

of signaling proteins associated with cellular activation. These findings suggest that
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synthetic intracellular nanostructures can modulate T cell behavior and enhance
their activity, highlighting their potential for advancing immunotherapeutic

strategies.

Furthermore, the impact of the glutathione-responsive isopeptides on drug-resistant
MDA-MB-231 breast cancer cells was examined, focusing on their effects on
mitochondrial function. Live-cell imaging and oxygen consumption measurements
assessed how peptide assembly formation disrupts mitochondrial integrity and
respiration. This study also employed a three-dimensional tumor spheroid model,
revealing that intracellular peptide assembly resulted in reduced spheroid size due
to increased cell death. This approach provided insights into the effects of peptide
structures in a three-dimensional cellular network, better mimicking in vivo tumor

conditions.

Additionally, the thesis presents the development of an enzyme-responsive kinked
isopeptide designed for controlled nanostructure formation through proteolytic
transformation. The protease furin effectively cleaves the kinked isopeptide, leading
to its rearrangement into a linear peptide capable of forming fibrillar
nanostructures. This isopeptide-based system demonstrates the potential of

enzyme-mediated transformation for creating supramolecular nanostructures.

In summary, this thesis highlights the versatility of bioresponsive isopeptides as
precursors for intracellular structure formation and their potential in modulating

cellular functions and behaviors.
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/Zusammenfassung

Die Entwicklung bioresponsiver Nanomaterialien fiir die intrazelluldre
Assemblierung zielt darauf ab, synthetische Strukturen innerhalb lebender Zellen
zu schaffen und damit Zellprozesse und -verhalten zu beeinflussen. Diese
Dissertation behandelt das Design, die Synthese und die Charakterisierung
bioresponsiver Isopeptide fiir die in situ Bildung intrazellulédrer Nanostrukturen und

untersucht deren Auswirkungen auf die Funktionen menschlicher Zellen.

Isopeptide sind eine Klasse programmierbarer Assemblierungsvorlaufer. Thre
geknickte, nicht-lineare Struktur, die durch eine Esterbindung an der Serin-
Seitenkette anstelle der konventionellen Amidbindung entsteht, verhindert effektiv
eine vorzeitige Peptidassemblierung. Die Einfithrung einer bioresponsive
Schutzgruppe an der Aminogruppe des Serins ermoglicht die durch einen
spezifischen physiologischen Stimulus ausgeloste Umlagerung des Isopeptids in ein
lineares, selbstassemblierendes Peptid. Diese chemische Designstrategie erlaubt die

Kontrolle iiber den Assemblierungsprozess in komplexen zelluldren Umgebungen.

Im Rahmen dieser Dissertation wird zunachst die Entwicklung glutathion-sensitiver
Isopeptide fiir die intrazelluldre Assemblierung vorgestellt, sowie deren Anwendung
zur Bildung synthetischer Strukturen in menschlichen zytotoxischen T-Zellen. Die
Ergebnisse dieser Untersuchung zeigten, dass die Peptid-Nanostrukturen die T-Zell-
Effektor-Funktion verbessern und somit die zytotoxische Aktivitdt gegen
Krebszellen steigern. Durch korrelative Licht- und Elektronenmikroskopie sowie
Konfokalmikroskopie konnten die synthetischen Peptidstrukturen im Zytosol und
in der perinukledren Region der T-Zellen visualisiert werden. Zuséatzlich zeigten
Messungen mittels Echtzeit-Deformations-Zytometrie eine erhohte Zellsteifigkeit
und reduzierte Verformbarkeit der T-Zellen, was fiir effektive Interaktionen mit

Zielzellen entscheidende Faktoren sind. Weitere Analysen zeigten, dass T-Zellen mit



intrazellularen synthetischen Peptidstrukturen eine erhéhte Phosphorylierung von
Signalproteinen aufwiesen, welche mit der T-Zellaktivierung in Verbindung stehen.
Die Ergebnisse dieser Studie deuten darauf hin, dass synthetische intrazellulére
Nanostrukturen die T-Zell-Aktivitdt verbessern konnen, was bedeutende

Implikationen fiir die Weiterentwicklung der Immuntherapie haben konnte.

Des Weiteren wurde der Effekt der glutathion-sensitiven Isopeptide auf
hochinvasive metastasierende MDA-MB-231-Brustkrebszellen untersucht, wobei
der Schwerpunkt auf der Untersuchung der Auswirkungen der Nanostrukturbildung
auf die mitochondriale Funktion lag. Lebendzell-Imaging und Messungen des
Sauerstoffverbrauchs zeigten, wie die intrazellulire Peptidassemblierung die
mitochondriale Integritdt und Atmung stort. Die Untersuchung wurde ergénzt
durch ein dreidimensionales Tumorsphéiroid-Modell, bei dem die intrazellulédre
Peptidassemblierung zu einer Verringerung der Sphéaroidgrofie aufgrund erhohten
Zelltods fithrte. Dieser Ansatz ermdglichte Einblicke in die Effekte der synthetischen
Peptidstrukturen in einem dreidimensionalen Zellnetzwerk, das die physiologischen

Bedingungen von Tumoren realistischer nachahmt.

Zusétzlich behandelt diese Arbeit die Entwicklung eines enzym-sensitiven
Isopeptids fiir die kontrollierte Bildung von Nanostrukturen durch proteolytische
Transformation. Das Enzym Furin schneidet das enzym-responsive Isopeptid trotz
seiner geknickten Struktur effektiv. Dies fithrt zur Umlagerung des freien Isopeptids
in ein lineares Peptid, das fibrillire Nanostrukturen ausbilden kann. Dieses
Isopeptid-basierte System zeigt das Potenzial enzymkatalysierter molekularer

Transformation zur Bildung supramolekularer Nanostrukturen.

Zusammenfassend hebt diese Dissertation die Vielseitigkeit bioresponsiver

Isopeptide als Vorlaufermolekiile fiir die intrazelluldare Strukturbildung hervor und



unterstreicht deren Potenzial zur Modulation von zellularen Funktionen und

Verhalten.
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1. Introduction

Section 1.1. has been reproduced, with changes, from ‘Chagri, S., Ng, D. Y. W. &
Weil, T. Designing bioresponsive nanomaterials for intracellular self-assembly.

Nat. Rev. Chem. 6, 320-338 (2022).

1.1. Designing bioresponsive nanomaterials for intracellular
self-assembly

In nature, the formation of functional structures through the assembly of smaller
units can be observed over several structural hierarchies at the macroscopic,
microscopic and nanoscopic scales. While spiderwebs are tangible examples of
natural constructs built for specific function, eukaryotic cells reveal that similar
phenomena also exist on a molecular level: for instance, the cytoskeleton is made
from various dynamic protein assemblies that form intricate networks inside the
cell, ensuring cellular stability, motility and division'. Mimicking these naturally
occurring structures by integrating synthetic self-assembled nanostructures in a
biological context is an important milestone in supramolecular chemistry, as these
systems expand the boundaries of both nanomedicine and synthetic biology.
Additionally, the bottom-up approach of creating non-natural assemblies inside
cells could help to elucidate molecular mechanisms of naturally occurring cellular

processes and provide the foundation to unravel the origin of life’.

Regarding the potential of synthetic supramolecular nanostructures for therapeutic

applications?®, a major appeal is the circumvention of limitations that small molecule



1.1. Designing bioresponsive nanomaterials for intracellular self-assembly

drugs face, such as drug resistance in cancer cells’. In contrast to small molecules,
systems capable of intracellular self-assembly can form large aggregates inside cells,
which forces their accumulation at the target site®, resulting in improved
pharmacokinetics. Additionally, the process of self-assembly can cause mechanical
stress due to the disruption of cellular structures, thus, triggering cell death®. By
instilling bioresponsiveness — in which molecules react to physiological cues — in the
design of the assembly precursor, its conversion to an active self-assembling
monomer can be precisely tailored to a specific nanoenvironment or
microenvironment in the cell. Targeted intracellular stimuli include those that have

been widely exploited in state-of-the-art prodrugs and delivery systems, such as pH

7—11) 6,12-15

(refs™), redox or enzymes'®* in which the respective stimulus is often
characteristic for a certain subcellular location (Fig. 1.1). As the considerations to
program nanostructure formation within cells are multifaceted, we aim to
streamline the design concepts to create greater accessibility and understanding for
the scientific community. In this section, we showcase successful molecular design

principles to control the assembly of functional nanostructures within mammalian

cells, which are triggered by endogenous stimuli.

1.1.1. Cellular compartments as reaction vessels

The eukaryotic cell is an intricate machinery made of lipids, proteins and genetic
material, all forming supramolecular structures in an aqueous environment, while
dynamic chemical crosstalk between organelles and the extracellular space governs
internal processes®. The living cell is a non-equilibrium system characterized by
compartmentalization and the energy-dependent maintenance of concentration
gradients that are essential for proliferation and function®. As cellular

compartments fulfil different tasks within the cell, they often provide distinct



1. INTRODUCTION

(bio)chemical environments, such as a certain pH, redox environment, level of

molecular crowding or the presence of specific enzymes® (Fig. 1.1).

From a chemist’s perspective, cellular compartments with their distinct
characteristics are analogous to a system of interconnected reaction vessels, each
offering different reaction conditions for chemical transformations. When designing
synthetic materials for intracellular self-assembly, a knowledge of cell biology is
essential to understand and exploit structure-(bio)activity relationships. In terms
of molecular design, this means carefully choosing the respective functional groups
and other components, such as enzyme recognition sites, to implement selectivity
towards a biological or chemical stimulus associated with a target subcellular
location. For example, the decrease in pH associated with the endocytic pathway
can be exploited by using pH-sensitive materials that can undergo supramolecular
transformations inside the acidic endosomal or lysosomal environments due to
protonation or isomerization™!. Similarly, the reducing medium of the cytosol can
induce the chemical conversion of reduction-sensitive precursors into active

1215 while the higher concentration of reactive oxygen

monomers upon cell entry
species (ROS) near the mitochondria can lead to oxidation-driven self-assembly in

the vicinity of these organelles'.
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Figure 1.1 The eukaryotic cell and its compartments as interconnected reaction vessels. The
conditions for chemical transformation of bioresponsive nanomaterials in terms of pH, redox environment
and enzyme catalysis differ widely, depending on the subcellular location. While reactive oxygen species
(ROS) are mainly generated in the mitochondria?®, as well as, to a lesser degree, by the membrane-
bound NADPH oxidase (NOX)?6, the cellular reducing agent glutathione is present in high concentration
(10 mM) throughout the cytosol?®”. During the endocytic pathway, the pH inside the vesicles decreases
significantly from 6.3 in the early endosomes to 5.5 in the late endosomes to 4.7 in the lysosomes,
whereas the cytosolic pH is typically neutral, at around 7.2 (ref.28). The localization of enzymes within
the cells depends on their respective biocatalytic function, meaning that they are often associated with
specific organelles.

Besides the influence of different reaction conditions associated with intracellular
location, the cell type also affects the efficiency of chemical transformations, as cells
from different tissues have evolved to behave in specific ways that contribute to the
survival of the whole organism. For example, liver cells, which are in charge of
detoxification, display a comparatively high cytosolic concentration of glutathione,
a cellular antioxidant and nucleophile essential for scavenging harmful electrophilic
compounds and ROS®. Moreover, the gene expression profile of cells also varies
depending on the tissue, which includes the expression levels of certain enzymes,

such as proteases, that catalyze biochemical transformations.
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1. INTRODUCTION

Alterations in the genetic code can cause cells to cease following expected patterns
and instead start displaying an opportunistic, self-serving behaviour targeted at
sustained growth and evasion of cell death®. These cancerous cells can emerge from
different tissues and often show an upregulation of pro-proliferative and pro-
angiogenic factors, as well as an elevated cellular metabolism?®'. While cancer cells
are not uniform in their biological and chemical characteristics, there are some
common properties of aggressively growing cancers, for example: the acidification
of the tumour extracellular microenvironment because of their enhanced glycolytic
rate, a tendency to develop low oxygen level in tissue, called hypoxia, due to limited
oxygen supply inside the tumour and the overexpression of certain proteases that
aid cell invasion and metastasis®®. Regarding the great challenges associated with
drug-resistant cancers, upregulated efflux pumps, such as P-glycoprotein®, and
elevated glutathione levels in the cytosol*® play critical roles in treatment failure
due to drug inactivation and efficient removal. Therefore, in addition to using
targeting moieties that are recognized by specific cell surface receptors, the
aforementioned distinct features of cancerous cells can facilitate the design of novel
cancer-specific drugs or imaging agents with less toxic side effects on healthy cells
or tissue*’. Consequently, these considerations are also relevant for controlling the
bioresponsive formation of synthetic nanostructures within cancer cells, which offers

entirely new avenues to potentially revolutionize bioimaging and cancer therapy.

1.1.2. Nanomaterials for intracellular self-assembly

Creating synthetic supramolecular assemblies in a biological environment requires
molecular design strategies that fulfil necessary criteria regarding biocompatibility,
environmental responsiveness and the propensity for self-assembly within crowded
and complex environments. For instance, the assembly precursor must enter cells

without premature disruption of cellular functions or causing cell death, since a
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lack of biocompatibility at this stage would impede the formation of nanostructures
at the desired cellular location. Efficient cell uptake of the precursor can be achieved
by including structural elements that promote cell entry in the molecular design,
such as cell-penetrating peptides (CPPs)%® or ligands of certain cell surface
receptors®¥3, CPPs comprise 40 or less amino acids and they can be conjugated
covalently or non-covalently to cargo to facilitate their delivery into the cell®".
Besides direct translocation into the cytosol as a result of attractive electrostatic
interaction with the negatively charged plasma membrane®, CPPs and their
conjugates can also be internalized through various endocytic pathways®*. While
some aspects of the cell uptake mechanisms remain elusive, prominent examples of
cationic CPPs such as the HIV-derived peptide transactivator of transcription or
polyarginine peptides have been shown to enter cells through a variety of pathways,
depending on the cell type and the conjugated cargo’*?>. However, using CPPs for
intracellular delivery of assembly precursors can come with the limitation of lacking
cell selectivity, whereas the introduction of certain ligands for receptor-mediated
endocytosis can tailor the system towards a more targeted effect®¥%. For example,
the tripeptide RGD serves as a recognition motif for integrin cell surface receptors,
such as ovf33, which are overexpressed in many cancer cells”. Therefore, assembly
precursors that are modified with the linear or cyclic version of the targeting

10,35,36

peptide have been employed for cancer-specific targeting both in vitro and

in vivo®.

For the in vivo application of nanomaterials for intracellular structure formation,
achieving tissue selectivity by active or passive targeting is one of the key objectives.
Besides the use of tumour-specific recognition motifs*, the so-called enhanced
permeability and retention effect in solid tumours with high vascular density and
high endothelial permeability®® contributes to the passive accumulation of

macromolecular precursors at the desired location'. In general, the administration

6



1. INTRODUCTION

of compounds for intracellular self-assembly comes with similar challenges in terms
of pharmacokinetics and immunogenicity as observed for small molecule drugs*;
however, these pro-assembling systems can possess greater selectivity and avoid
affecting healthy cells. This is due to the bioresponsive mode of action of the
assembly precursors, which require the presence of a specific stimulus inside the

cells and confines the assembly formation to the intracellular space!*.

Within the cell, the activated self-assembling monomer resulting from intracellular
chemical conversion needs to display a critical aggregation concentration that is
sufficiently low for self-assembly under physiological conditions, which is usually in

947 The critical aggregation concentration of the active

the micromolar range
monomer is determined by the self-assembly propensity of the material, which is
based on attractive intermolecular interactions. Since the intracellular environment
displays a high degree of macromolecular crowding due to, for example, soluble
proteins, densely packed filamentous structures and phase-separated components,
this increases diffusional obstacles and further enhances the inherent aggregation
tendency of the monomers®*. However, this abundance of biomacromolecules with
reactive groups, such as proteins with surface-exposed cysteines®, as well as other
ubiquitous molecules such as glutathione*” or ROS’!, mandates the need for
biorthogonality of the assembly precursor to prevent unwanted interactions. This
biorthogonality is also important for achieving spatial control over the subcellular
structure formation, which can additionally be aided by introducing organelle-

specific targeting groups to the precursor that ferry the pro-assembling material

through the cellular environment to the desired compartment®.

Generally, there are four material classes that are commonly used for intracellular
self-assembly: peptides, polyaromatic compounds, polymers and metal
nanoparticles (Fig. 1.2). While there are only a few examples of polymers'*** or

metal nanoparticles® that have shown intracellular structure formation, many

7
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peptide-based and polyaromatic materials readily undergo stimuli-responsive self-
assembly in cellular environments, providing new perspectives for diagnostic or

therapeutic applications.
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Figure 1.2 Material classes for intracellular self-assembly. Peptides represent the largest subset of
nanomaterials for intracellular structure formation and can self-assemble into peptide nanofibres due to
hydrogen bonding and m-m stacking caused by aromatic amino acid residues®. In the case of peptide
amphiphiles, hydrophobic interactions of alkyl chains also contribute to the self-assembly propensity>7%8.
Polyaromatic compounds form fibrous structures or nanoparticles because of aromatic interactions
between the monomers®59-64. Polymers, such as polyvinyl alcohol, transform into spherical aggregates or
fibres!#43, whereas metal nanoparticles can aggregate into larger assemblies due to covalent crosslinking
of their coating®-56

Peptides, more specifically, [(-sheet forming so-called amyloid-like peptides,
constitute one of the most popular scaffold materials: they are characterized by
amphiphilicity caused by an alternating sequence pattern of polar and nonpolar
amino acids, which supports the intermolecular hydrogen bonding necessary for
adopting (-sheet secondary structures®. Moreover, they usually display a high
content of aromatic amino acids, such as phenylalanine, required for self-assembly
due to m-7 stacking and van der Waals interactions*%. Often, an aromatic moiety
or fluorophore at the amino terminus further adds to their n-r stacking tendency,
supporting their assembly into stable nanostructures®. For instance, certain

peptides can form ordered (3-sheet-rich nanofibres of a few nanometers in width and



1. INTRODUCTION

micrometers in length that show similarities to naturally occurring p-amyloid
aggregates present in various neurodegenerative illnesses, such as Alzheimer
disease®. Amphiphilic peptide conjugates are another subcategory of peptide-based
nanomaterials consisting of a peptide sequence prone to hydrogen bonding and a
nonpolar alkyl chain (fatty acid) engaging in hydrophobic interactions. Because of
their fast assembly into dynamic but stable nanostructures and their gelation
propensity®, these biocompatible amphiphilic conjugates have been studied
extensively for various medical applications, including tissue regeneration® and
wound healing®. Besides extracellular applications, their potential for intracellular
structure formation and gelation has been used for enzyme-responsive and pH-

responsive self-assembly inside cancer cells®”?®.

Polyaromatic compounds can form intracellular aggregates because of n-t aromatic
interactions within the aqueous cytoplasm, which has been exploited for the
creation of supramolecular imaging agents' and drugs for photodynamic therapy®.
Prominent examples include bispyrene-based systems that rely on the formation of
highly fluorescent Jaggregates®® and luminogens that display aggregation-induced
emission (AIE) properties®®. Aside from fluorophores and AIE luminogens that
display a constant number of aromatic rings both in the precursor and in the self-
assembling monomer, there are also systems that rely on the intracellular formation
of new aromatic units due to chemical transformation. For instance, the
intracellular condensation reaction between a deprotected aminothiol and an
aromatic nitrile can be used to generate self-assembling aminoluciferin-based
macrocycles inside cells®™. This approach relies on the intracellular creation of
polyaromatic cyclic oligomers that can self-assemble into fluorescent

nanoaggregates via n-r stacking®.

Stimuli-induced chemical transformations yielding a self-assembling monomer can

be grouped by different levels of complexity, depending on the length of the reaction
9
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sequence (Fig. 1.3). Generally, the molecular design concepts for bioresponsive self-
assembly can be divided into three categories: structures that undergo a purely
morphological transformation (Fig. 1.3a), pro-assembling monomers that transform
into active monomers due to the removal of a hydrophilic group (Fig. 1.3b) and
molecules that rely on the bioresponsive deprotection of reactive groups causing a
multistep reaction cascade (Fig. 1.3c). While the macrocyclization-based systems
fit the last category, the most common strategy for controlled intracellular self-
assembly uses the chemical or enzymatic removal of a hydrophilic unit to trigger
the aggregation of the remaining less polar fragment. By contrast, purely
morphological transformations comprise systems that do not require the breakage
of chemical bonds to transform into active monomers but instead rely on pH-

induced isomerization or protonation.

10



1. INTRODUCTION

Figure 1.3 Differences in complexity of the chemical transformation for intracellular self-
assembly. a | Morphology transformation due to trans/cis-amide isomerization’’. b | Removal of a
hydrophilic group in a phospho-tyrosine-containing peptide!®. ¢ | Deprotection of a bioresponsive
cyclization precursor and following reaction cascade®. FITC, fluorescein isothiocyanate.

Apart from materials that rely on bioresponsive transformations for self-assembly,
local accumulation can also lead to aggregation, which does not depend on any
specific endogenous stimulus™. A subcellular accumulation occurs by integrating
organelle-specific targeting groups into the nanomaterial design, which can be
exploited to locally exceed the critical aggregation concentration. For example, the
positively charged targeting group triphenylphosphonium (TPP) has been used to

11
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induce the mitochondria-specific accumulation of short aromatic peptides, which
leads to cellular dysfunction and cancer cell death™™. Besides TPP,
methylpyridinium-substituted materials also target the mitochondria: a
methylpyridinium-containing oligothiophene conjugate revealed time-dependent
and temperature-dependent accumulation and self-assembly first in the
mitochondria, followed by the perinuclear region. The aggregation process was
indicated by changes in fluorescence due to a bathochromic shift upon formation of
superstructures™. For targeting the nucleus, lysine-rich peptides that bind to RNA

can direct the self-assembling material to the desired organelle™.

1.1.3. Physiological stimuli

Although a high local concentration of active monomers is the basis for assembly,
the specificity and control over structure formation can be enhanced by leveraging
physiological cues. The next sections are dedicated to the exploration of strategies
for bioresponsive stimuli-induced self-assembly and the ways in which it allows for
spatiotemporal control over the formation of intracellular nanostructures. Thus, the
following sections are divided according to the respective chemical or biological
stimulus that triggers the conversion of a pro-assembling precursor into an active

monomer that can form supramolecular structures inside living cells.

1.1.3.1. Glutathione

Glutathione is the most abundant low-molecular-weight peptide in eukaryotic cells
and consists of three amino acids: glutamate, cysteine and glycine®. Due to the
reactive thiol group of its cysteinyl moiety, it acts as a reducing agent, a nucleophile
and a cell-protective antioxidant, ensuring redox homeostasis by scavenging free
radicals, such as ROS, lipid peroxides and heavy metals™. Normal levels of
glutathione in human tissues range from 0.1 mM to 10 mM (ref.*"), in which 85%

to 90% of reduced glutathione is localized in the cytosolic-nuclear compartment™,

12



1. INTRODUCTION

transforming it into a reducing environment for both endogenous compounds and
xenobiotics. Many cancers exhibit elevated levels of intracellular glutathione that
correlate with higher cellular proliferation and metastatic activity®®!, as well as
multidrug resistance caused by an increased efflux of glutathionylated
chemotherapeutics®. Glutathione, therefore, constitutes an attractive endogenous
stimulus for controlled intracellular self-assembly, due to its ubiquity in cells, its
capability of efficiently reducing disulfide bonds and the significant difference in its

distribution inside and outside of the cell®.

The reduction and cleavage of a disulfide bond by glutathione can cause the removal
of a hydrophilic aggregation-inhibitive unit, thereby releasing the self-assembling
component to form the designated nanostructures inside the cell'*!*81 An example
for this strategy is the glutathione-responsive fluorescence probe that is composed
of a bispyrene linked to a positively charged cyanine dye via a disulfide bridge'.
Glutathione-induced cleavage of the disulfide in the cytosol causes the separation
of the two fluorophores, thereby, allowing the free bispyrene to form large, highly
fluorescent Jaggregates® in vitro and in vivo'. Aside from this small molecule
probe for the imaging of glutathione levels, glutathione-responsive polymer—peptide
conjugates have also been synthesized®. These conjugates consist of a
thermoresponsive poly(/MN-isopropylacrylamide) backbone covalently linked to a
hydrophilic cell-penetrating peptide by a disulfide bond (Fig. 1.4a). Upon
glutathione-induced cleavage, the polymer conjugate exhibits a decrease in lower
critical solution temperature to below 37°C, which causes a transition from a
random-coil state into spherical aggregates inside the cell. In addition, this system
can be tuned to respond to different endogenous stimuli, including the proteolytic

cleavage of the hydrophilic peptide by various enzymes, for example, caspase-3.
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Figure 1.4 Redox-induced intracellular self-assembly. a | Glutathione-induced cleavage of a disulfide
bond changes the lower critical solution temperature (LCST) behaviour of a polymer conjugate, causing
it to form intracellular nanoaggregates®3. Bio-transmission electron microscopy of MC7 cells shows the
presence of intracellular nanoparticle. b | Cleavage of a reactive oxygen species (ROS)-sensitive thioketal
group induces fibre formation!4. Transmission electron microscopy images show ROS-induced
transformation from nanoparticles to nanofibres in hydrogen-peroxide-containing phosphate buffer.
KLAK, mitochondria-targeting peptide; P18, purpurin 18; PNIPAm, poly(N-isopropylacrylamide); PVA,
polyvinyl alcohol. Part a (right) is adapted with permission from ref.53, American Chemical Society. Part
b (bottom left and right) is adapted with permission from ref.}4, American Chemical Society.

1.1.3.2. Reactive oxygen species

ROS are generated during mitochondrial oxidative metabolism® and as a cellular
response to xenobiotics, cytokines and bacterial invasion®**. Controlled ROS
production inside the cell fulfils many biological purposes, such as the regulation of

signal transduction®® with regards to angiogenesis® and insulin metabolism®’.
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However, overproduction of ROS leads to oxidative stress and is linked to various
pathological phenomena®, including abnormal cell growth that can perpetuate

cancer initiation and progression®>%,

Targeting cancer cells with high levels of ROS? for oxidation-driven self-assembly
is a relatively new strategy to create supramolecular architectures inside cells®.
The mitochondria produce ROS by means of the electron transport chain®, thereby,
influencing the immediate redox environment of the organelle and making it an
attractive subcellular target for ROS-sensitive materials. Thioketals are an example
of a ROS-sensitive functionality that can be degraded in the presence of sufficient
amounts of cellular oxidants®. For instance, using a thioketal linker to attach a
hydrophilic polyethylene glycol (PEG) chain to a self-assembling peptide on a
polymer backbone, that is also decorated with a mitochondria-targeting peptide
(KLAK), gives rise to a multifunctional platform for mitochondria-specific
accumulation, morphology transformation and assembly' (Fig. 1.4b). This
polymer—peptide conjugate consisting of two different polymers (PEG side chain
and polyvinyl alcohol backbone), as well as two different peptides (KLAK and
B-sheet-forming peptide), can enter the cells as a nanoparticle and undergoes a
transformation into a fibrous network in the proximity of ROS-overproducing
mitochondria. The morphological transformation is designed in a way that a
lipophilic 3-sheet-forming sequence is flanked by two hydrophilic polymers, KLAK-
functionalized polyvinyl alcohol and PEG. In this initial state, the chains collapse
into spherical aggregates, where the steric component of two bulky hydrophilic
polymers prevents molecular interaction between the [-sheet peptides. Upon
oxidation by high amounts (uM) of ROS, the PEG segment is cleaved, transforming
the molecule into an amphiphilic structure. Hence, the steric hindrance is relieved
and chain flexibility promotes intermolecular interactions between interchain

B-sheet peptides to afford a fibrillar morphology. The ROS-sensitive supramolecular
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system exhibits significantly higher cytotoxicity towards Hela cervical cancer cells

than towards normal cells, both in vitro and in vivo!.

1.1.3.3. Enzymes

Biocatalytic reactions carried out by enzymes enrich the chemical depth of cellular
pathways, allowing molecules and biopolymers to be processed within the
environmental limitations of a living system. Besides converting natural substrates,
many enzymes have also been exploited for the intracellular transformation of
synthetic precursors into self-assembling monomers'499 (Table 1.1). For this
purpose, enzyme-specific recognition motifs can be included in the molecular design
of the precursor to tailor its bioresponsiveness towards a certain enzyme within the
cell (Fig. 1.6). The following sections highlight the use of various types of
intracellular enzymes to instruct targeted structure formation at different

subcellular locations.

Table 1.1 Enzyme-instructed intracellular self-assembly

Enzyme Transformation site Cellular localization  Refs

Furin RVRR Golgi 9,21,55,56,95-101

Caspase-3/7 DEVD__ Cytosol 16,22,35,44,46,53,54
,102,103

ENTK DYKDDDDK__ Mitochondria 94,104-106

ATG4B TFGiF Cytosol 53,107

Cathepsin B GF_LG Lysosome 5,36

ALP Yp Cell membrane 17,18,20,49,52,108-
117

PTP1B Yp ER 17,18,108,109,114,1
18

B-Galactosidase B-Gal-aromatic Lysosome 16,119

yGT v-E_ Cell membrane 120

Nitroreductase -NO, — -NH, Cytosol 121

Transglutaminase — e-(v-Q)-K Cytosol, ER, 93
mitochondria
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Carboxylesterase  Ester bond ER 47,122-125

YGT, vy-glutamyltransferase; ALP, alkaline phosphatase; ATG4B, autophagy-related 4B cysteine
peptidase; ENTK, enterokinase; ER, endoplasmic reticulum; PTP1B, protein tyrosine phosphatase 1B.

Figure 1.5 Cellular localization of enzymes for self-assembly and their respective recognition
and transformation sites. yGT, y-glutamyltransferase; ALP, alkaline phosphatase; ATG4B, autophagy-
related 4B cysteine peptidase; ENTK, enterokinase; ER, endoplasmic reticulum; PTP1B, protein tyrosine
phosphatase 1B.

Proteases
Proteolytic enzymes catalyse the hydrolysis of peptide bonds'*, making them an
attractive biological tool for the activation of bioresponsive nanomaterials. The

diversity of proteases in terms of their subcellular localization, level of expression
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in different cell types, as well as their specificity for a certain cleavage site, facilitates

spatiotemporal programming of enzyme-instructed self-assembly.

Furin is an endoprotease that is associated with the Golgi apparatus in eukaryotic
cells. Belonging to the enzyme family of proprotein convertases, it catalyses
downstream peptide cleavage of the polybasic motif RX(R/K)R for the

bioactivation of certain proteins'*’.

This enzymatic cleavage reaction plays an
essential role in pathogenesis, as the enzyme activity of furin has been linked to
cancer progression'?®'?  as well as viral diseases'™, including SARS-CoV-2
infection'!. Therefore, the imaging of furin activity inside cells or tumour tissue is
an attractive target that can be addressed using bioresponsive supramolecular
chemistry. For example, the intracellular condensation reaction between an
aminothiol and a cyanobenzothiazole for the formation of self-assembling
macrocyclic dimers was first realized using a furin-sensitive precursor (Fig. 1.3c).
By adding the four amino acids RVRR to the amino-terminal cysteine, they serve
not only as an enzyme-cleavable protecting group (Fig. 1.6a) for the amino
function but also facilitate cell entry of the precursor due to the positively charged
side chain residues’. Further investigation of the intracellular reaction cascade
showed that the furin-induced proteolytic cleavage near the Golgi apparatus
constitutes the rate-limiting step for the formation of active monomers, which
correlates to the subcellular localization of the resulting nanostructures at this
site?!. This enzyme-instructed intracellular aggregation also enables in vivo imaging
of furin activity inside furin-overexpressing tumor tissue, since it can promote the
accumulation and retention of an imaging agent that is covalently linked to the self-
assembling monomer. A variety of techniques that exploit this effect have been
applied for diagnostic purposes, such as photoacoustic imaging®, micro-positron
emission tomography?, use of radiotracers”, Raman imaging® and magnetic

resonance imaging®. In all these studies, the imaging agent was introduced to the

18



1. INTRODUCTION

precursor molecule via side chain modification of a lysine positioned between the
cyanobenzothiazole and the cysteine. The use of this strategy for the chemical
modification of the condensation precursor has also been used for the conjugation
of the chemotherapeutic drug, Taxol, which helps to prevent undesired drug efflux
and promotes sustained drug release due to the furin-induced self-assembly of Taxol
nanoparticles!'®. Aside from the attachment of small organic molecules, metal-based
nanoparticles can also be decorated with the bioresponsive precursor by using the
amino group of the lysine side chain for amide coupling reactions on a carboxyl-
modified particle surface®®. The resulting metal-based pro-assembling
nanomaterials can form aggregates of gold or iron oxide nanoparticles inside furin-
overexpressing cells as a result of particle crosslinking caused by enzyme-triggered

condensation reactions.

Caspases are proteolytic enzymes that play an essential role in the initiation and
execution of apoptosis, a mode of programmed cell death'?. These endoproteases
contain a characteristic nucleophilic cysteine as a central part of a polybasic
substrate-binding pocket!. The chemical structure of their active site enables them
to catalyse the hydrolytic cleavage of proteins for the controlled dismantling of the
cell. Within the intricate activation cascade of different caspases, the so-called
‘effector’ caspases-3, 6 and 7 carry out most of the proteolysis during apoptosis and
can, therefore, be considered biomarkers for programmed cell death!3!. Since
caspase-3 and caspase-7 both exhibit similar preferential downstream cleavage of
the motif DEVD in synthetic substrates'®*, many supramolecular systems have been
designed to include this sequence as a bioresponsive moiety for intracellular self-
assembly!0:22:35.44.46:5354102103.136 (Rig 1.5). For example, a fluorescent probe for the
real-time imaging of apoptosis in drug-treated cancer cells was combined with the

hydrophobic tetraphenylethene (TPE) with the hydrophilic peptide motif

DEVD_K via azide-alkyne click chemistry'®. After enzymatic cleavage by
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caspase-3/7, the polyaromatic fragment TPE-K can self-assemble inside cells, which
results in AIE caused by the restriction of intramolecular rotation of its phenyl
rings®’. These so-called AIE luminogens'™ — which exhibit a turn-on fluorescence
upon aggregation — can be useful reporters of enzyme activity in cancer cells,

especially when they are part of a multifunctional theranostic nanomaterial®.

A sequential approach to the caspase-induced formation of intracellular
nanostructures uses systems containing tumor-specific recognition motifs able to
trigger apoptosis®*. A peptide-based precursor, containing a biomimetic sequence
that can bind and inactivate the X-linked inhibitor of apoptosis protein (XIAP)!3
promotes the activation of caspase-3/7 through the manipulation of intracellular

140 The activated pro-apoptotic proteases can then remove the

signal transduction
non-assembling XIAP-recognition motif, thereby, inducing the self-assembly of the
remaining [3-sheet-forming peptide-drug conjugate™ or peptide-cyanine dye
conjugate?. This sophisticated system selectively causes assembly formation in
cancerous tissue both in animal models and in ex vivo human bladders that were
taken from patients with late-stage bladder cancer*. The latter experiment shows

the potential clinical use of the caspase-sensitive assembly precursor, as it could

help detect tumor boundaries during image-guided surgery.

For quantitative imaging of caspase-3/7 activity in live animals, a condensation-
driven system was developed, in which the enzymatic activation of the precursor is
decoupled from a subsequent imaging tag immobilization’. The pro-assembling
molecule consists of the amino-terminal protecting group DEVD (Fig. 1.6a) linked
to a cysteine, a lysine with a clickable trans-cyclooctene (TCO) on its side chain,
as well as a pyrimidinecarbonitrile as the aromatic nitrile for the enzyme-instructed
macrocyclization. Since this caspase-3/7-responsive molecule can form stable
intracellular nanoaggregates, subsequent addition or injection of a tetrazine-

functionalized fluorophore leads to an immobilization of the imaging probe due to
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inverse electron demand Diels—Alder reactions between the tetrazine and the

aggregated TCO-bearing monomers.

)141

Enterokinase (ENTK) (also known as enteropeptidase)'! is a membrane-bound

142

protease that is essential for digestion'*. Its main physiological purpose is the

cleavage of the acidic motif DDDDK in the pancreatic proenzyme trypsinogen,

143 There are multiple reasons as to why

which leads to the activation of trypsin

ENTK is an interesting enzyme candidate for programming cell-specific and

organelle-specific self-assembly?1%1%: firstly, its role in the activation of trypsin has

been linked to matrix degradation and migration of lung, colorectal and

glioblastoma cancer cells!*; secondly, it allows cell-specific targeting of the

mitochondria in cancer cell lines, such as HeLa (cervical cancer), Saos-2 (bone
105.

cancer) and HepG2 (liver cancer)'®; and, thirdly, it enables the enzyme-driven

release of cargo from a supramolecular vehicle at the organelle surface'™. The
ENTK-sensitive systems consist of the cleavable FLAG-tag DYKDDDDK

94,104,105

covalently linked to a self-assembling peptide sequence or a lipid-like
moiety'®. The chemical design of the peptide-based precursor is a branched
structure that is important for mitochondria targeting'®. After entering the cell in
a micellar form by clathrin-mediated endocytosis'®, the supramolecular precursors
escape the endosome facilitated by pH buffering of the carboxylic acid groups'®.
The subsequent subcellular accumulation at the mitochondria is promoted by the
increased mitochondrial membrane potential in cancer cells and the electrostatic
interaction between the negatively charged FLAG-tag and voltage-dependent anion
channels at the organelle surface!®. The enzymatic cleavage of the hydrophilic tag
by ENTK initiates the local conversion from micelles to peptide nanofibres?!04105
(or more lipophilic micelles in the case of the peptide-lipid conjugates)'’. This

supramolecular transformation causes an increase in perimitochondrial viscosity

and enables the organelle-specific delivery of drugs!®%, proteins® or gene vectors®.
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Trypsin is a potent serine protease that has been the subject of ongoing biomedical
research due to its role in the invasion and metastasis of various cancers, such as
ovarian'®, colorectal**®1%7 lung'®® and prostate cancer'?. The overexpression of
different trypsin isoforms by tumors leads to the amplified degradation of

150 and the increased activation of other matrix-associated

extracellular proteins
proteases!®15.152 The preferential cleavage of trypsin at the carboxy terminal of
lysine or arginine can be exploited as an enzymatic trigger for the self-assembly of
synthetic monomers, as shown by a trypsin-responsive precursor molecule'. Similar
to the ENTK-responsive systems, the branched pro-assembling peptide consists of
an aromatic tetrapeptide backbone and a hydrophilic lysine-rich sequence
KYDKKKKDG that can be cleaved in trypsin 1-overexpressing ovarian cancer cells
(OVSAHO). As these particular cells exhibit an abnormally high activity of the
protease at the endoplasmic reticulum (ER), the resulting formation of cytotoxic

nanofibres is not only cell specific but also organelle specific, despite high

concentrations of the supramolecular precursor being necessary.

Cathepsin B is a lysosomal protease that has been linked to the invasiveness of
several types of cancer'® including colorectal'™ and breast cancer'®. This

156 recognizes and cleaves the sequence GFLG in synthetic

pro-angiogenic enzyme
substrates, which has made it a useful biological tool for cancer-specific drug
delivery'®.  Combining the technology of AIE luminogens with a
cathepsin B-cleavable peptide led to a light-up imaging probe and photosensitizer
for the detection and ablation of breast cancer cells*. The precursor consists of a
tetraphenylethylene derivative with two azido groups that are each ‘clicked’” to a
bioactive peptide composed of the cathepsin B-responsive sequence GFLG, a
hydrophilic linker (DDD) and the targeting moiety cyclo-RGD. The double-

substituted AIE imaging probe can form fluorescent aggregates in the lysosomes of

breast cancer cells (MDA-MB 231), which facilitates the quantification of enzyme
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activity, as well as photodynamic therapy*. To study the autocatalytic growth of
intracellular nanofibres, a cathepsin B-responsive prodrug was developed that could
undergo a morphology transformation from nanoparticles to fibrous networks in
vitro and in vivo: after shedding a hydrophilic PEG-RGD unit, the remaining self-
assembling peptide-drug conjugate undergoes [-sheet-driven fibrillation inside

HeLa cells, which is accelerated by the presence of previously formed fibrils®.

Matrix metalloproteinase 7 (MMP7) is a protease involved in the degradation of

158 contributing to cancer cell migration'. To initiate

extracellular matrix proteins
cancer cell death by intracellular self-assembly, a peptide-lipid conjugate
susceptible to cleavage by MMP7 was developed, an enzyme that is secreted by
HeLa cells®®. The palmitoylated peptide consists of a glycine-rich nonpolar sequence,
an MMP7 cleavage site (PLG_L) and a hydrophilic carboxy-terminal fragment
(_LARK) that inhibits unspecific aggregation before enzymatic conversion. After

incubation with the precursor, HelLa cells exhibited decreased viability caused by

the cancer-cell-specific formation of intracellular peptide-lipid nanofibres®.

ATG4B is a cysteine protease that contributes to autophagy, during which protein
aggregates and damaged organelles are digested and recycled'®. While it is essential
for homeostasis in healthy tissue, dysregulated autophagy is associated with
pathogenesis, such as tumorigenesis'®'®? and neurodegeneration's®. Since ATG4B is

crucial for the formation of autophagosomes!®

, its activity was monitored using a
bioresponsive supramolecular probe!’”. The chemical design of this imaging agent
combines a self-assembling bispyrene with a peptide displaying the ATG4B cleavage
site TFG_F'7 as well as a highly cationic poly(amidoamine) dendrimer that
enables cell entry and provides water solubility. After the enzymatic cleavage in
MCF-7 breast cancer cells, the free bispyrene units self-assemble into fluorescent

nanoparticles due to the formation of Jaggregates®, before transforming into

cytosolic nanofibres over time!"".
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1.1.4. Multistep conversion for self-assembly

The most common chemical design strategy for bioresponsive molecules for
supramolecular assembly focuses on the combination of a cleavable hydrophilic unit
with a more hydrophobic self-assembling moiety, such as a 3-sheet-forming peptide
or a polyaromatic group. In this general approach, the stimulus-induced separation
of the two building blocks directly triggers the formation of synthetic structures
inside cells (Fig. 1.3b). However, given the complexity of the cellular environment
and the many potential endogenous stimuli, systems for intracellular self-assembly
can also be made to undergo a more complex multistep transformation to the final
monomer. The idea of having a reaction sequence or cascade rather than a single
transformative step also offers the opportunity to implement more than one
bioresponsive element into the chemical design of the precursor, which can increase

spatial control over the assembly formation.

The latter can be achieved, for example, by combining an enzyme-responsive unit
on one part of the molecule with a redox-sensitive group on another part of the
molecule (Fig. 1.6a). This combination has been used for the condensation reaction
between a deprotected aminothiol and a cyanobenzothiazole for the formation of
self-assembling macrocycles™. As both the amino group and the thiol group of the
amino-terminal aminothiol are necessary for condensation and self-assembly,
choosing complementary bioresponsive protecting groups helps to tailor the system
towards a specific intracellular behavior. For example, the amino group of the
aminothiol can be attached to an enzyme-responsive peptide sequence that is

16,46,103)), while

cleavable by a protease (for example, furin®*'% or caspase-3/7 (refs
the thiol group can be protected via a disulfide bond to a small molecule such as
ethanethiol (Fig. 1.6a). Upon cell entry, this disulfide bond is cleaved by

intracellular glutathione in the reducing environment of the cytosol. Consequently,

the determining step for the formation of the reactive intermediate, which can
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transform into the self-assembling monomer, is the final deprotection of the
N-terminal amino group. As this can only occur at the subcellular localization of
the targeted enzyme, spatial control over the structure formation is achieved by
careful selection of the enzyme-responsive moiety in the precursor. This strategy is
not only applicable to proteases but also works for other enzymes such as

B-galactosidase'® or nitroreductase'

if a self-immolative benzyl-carbamate-derived
protecting group is chosen for the amino terminus (Fig. 1.6a). The
cyanobenzothiazole moiety can also be substituted for other less electrophilic
aromatic nitriles, which lowers the risk of potential side reactions with endogenous
aminothiols'®. Aside from implementing bioresponsive groups that control self-
assembly, additional enzyme cleavage sites can be included in the center of the
molecule that allow the programmed disassembly of intracellularly formed
nanostructures by proteolysis later on'®'”. For biomedical purposes, the cyclization
precursor can be modified to include photothermal agents that are activated by
condensation-mediated and assembly-mediated quenching'® or chemotherapeutic

drugs that can slowly be released inside tumor cells'™.
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Figure 1.6 Multistep transformation for intracellular self-assembly. a | Structures of assembly
precursors for macrocyclization-based self-assembly. The amino protecting group determines the
sensitivity to a specific enzyme, such as furin®219, caspase-3/7 (refs!646.103)  B_galactosidasel® or
nitroreductase!?!. The peptide-based spacer R2 between the reactive functionalities can contain
fluorophores, drugs or other bioactive compounds. b | Multistep reaction sequence of intracellular
conversion pH-sensitive and reactive oxygen species (ROS)-sensitive isopeptides into linear co-assembling
peptides. The targeting group contains cell-penetrating peptide TAT (transactivator of transcription) and
enables cell entry, upon which the acid-labile dynamic covalent bond between the salicyl hydroxamate of
targeting peptide and the phenylboronic acid group of the isopeptides is hydrolyzed in the endosomes.
The hydrogen-peroxide-induced deprotection via self-immolation of the phenylboronic acid group reveals
a reactive amino group that can attack the adjacent ester bond. This rearrangement due to an O,V acyl
shift results in the linearized co-assembling peptides. The formation of peptide nanofibres inside A549
cells can be visualized with bio-transmission electron microscopy. Part b (bottom left) is adapted with
permission from ref.6, American Chemical Society.
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For programming peptide fiber formation inside cancer cells, a multiresponsive
system was designed that is pH sensitive and ROS sensitive®. The peptide-based
precursors contain a phenylboronic acid trigger group, which serves as both a ROS-
sensitive cage for the amino group of an esterified serine and as a handle for the
attachment of a cell-penetrating peptide via an acid-labile dynamic covalent bond
(Fig. 1.6b). In the acidic environment of the endosome, the cell-penetrating peptide
is removed. After endosomal escape, cytosolic ROS causes the degradation of the
self-immolative phenylboronic acid group, revealing a free reactive amine. In the
neutral pH of the cytosol, the nucleophilic amino group can perform an
intramolecular attack on the adjacent ester bond of the serine side chain, yielding
linearized peptides that can co-assemble into cytotoxic peptide fibres inside ROS-
overproducing cancer cells®. These decoupled steps of the reaction cascade — the
initial activation by deprotection and the following transformation to the monomer
— take place under different chemical conditions and display individual reaction
kinetics. Therefore, the multistep approach offers more opportunities to modulate
the speed of the transformation of a precursor into a self-assembling monomer, in
contrast to most systems for intracellular self-assembly that rely on a singular

transformative step.
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1.1.5. Perspective

Synthetic supramolecular chemistry in a cellular environment uses a strategic
implementation of bioresponsiveness in chemical design to achieve control over the
formation of nanoscale architectures. In this section, we discussed various chemical
scaffolds, such as peptides, polyaromatic molecules and polymers, that can undergo
a triggered transformation into assemblies due to endogenous stimuli. Tailoring the
reactivity of the nanomaterial towards a specific intracellular cue can be realized
by incorporating redox-sensitive or pH-sensitive groups, as well as enzyme
recognition motifs that allow biocatalytic transformations. These stimulus-
dependent mechanisms of self-assembly come with numerous advantages for
therapeutic or diagnostic application. For example, the bioresponsive properties of
the materials contribute to cell and tissue specificity in vivo, while also allowing for
spatial control over the structure formation inside cells by targeting organelle-
specific enzymes. Another therapeutic advantage of systems for intracellular self-
assembly is the circumvention of multidrug resistance in certain cancers due to an
impaired efflux of the intracellularly formed nanostructures compared with small
molecules. Moreover, this accumulation effect can also contribute to the
concentration of fluorescent agents inside the targeted cells, enabling more efficient
bioimaging. Compared with ex situ self-assembled materials, such as therapeutic
nanoparticles, the monomeric assembly precursors generally display an easier
clearance from the liver, spleen or kidneys, thereby, reducing their systemic

toxicity!®.

However, there are also several challenges regarding the potential clinical
translation that need to be addressed. For example, a detailed pharmacokinetic and
pharmacodynamic analysis of nanomaterials for intracellular self-assembly is
necessary to ensure a favorable biodistribution and circulation time of precursors,

as well as low immunogenicity. The chemical stability of the precursor molecule is
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crucial for its in vivo application, as, for instance, the proteolysis of peptide-based
materials prior to cell entry and self-assembly needs to be avoided. Additionally,
the eventual clearance of the in situ-formed nanostructures must be considered
thoroughly, since stable assemblies, particularly amyloid-like [-sheet peptide
assemblies, could potentially cause negative side effects over time as a result of their
systemic accumulation. Generally, the morphology, stability and overall
physiological impact of synthetic nanostructures need to be closely monitored and

evaluated, which is still a challenge for current methods of in vivo analysis.

In the future, further exploration of the existing toolbox of functionalities that can
be reduced by glutathione, oxidized by ROS or that are labile to acidification could
broaden the scope of potential precursors for intracellular self-assembly. With
systems for enzyme-instructed self-assembly being prominent in recent years, the
investigation of other enzymes beyond the commonly used phosphatases and
proteases could not only help to diversify strategies but also contribute to a more
cell-specific approach that could benefit the targeted therapy of cancer or other
diseases with a characteristic dysregulation of enzyme expression. For this purpose,
the study of molecular pathology is essential to lay the foundations for the design
of novel enzyme-responsive materials. Moreover, including more than one
bioresponsive group can increase the spatial control over the structure formation,
as well as cell specificity, since multiple endogenous stimuli need to be present for
assembly to occur. Adding other bioactive components to the molecular design,
such as signaling peptides* ' or small molecule drugs'®®, can further enhance the
impact of the system on cellular processes leading to potentially synergistic

therapeutic effects.

Many existing systems rely on thermodynamic control as the primary driving force
to construct the intracellular architectures. Advanced methodologies involving non-

equilibrium assemblies'®'%® coupled to cellular feedback dynamics would be highly
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attractive to induce reversible changes in cellular behavior, as cell death is not
always the desired outcome. From this perspective, there is also room to explore
intracellular structures that boost cellular functions, possibly to address cell
senescence (ageing) and environmental adaptation. The creation of such biomimetic
materials that imitate reversibly formed biological supramolecular assemblies would

be a milestone in synthetic biology and challenge frontiers in biomedical science.
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1.2. Cell-Material Interactions

Programming the interaction between synthetic materials and different types of
eukaryotic cells is a fundamental goal of biomedical research.?! Insights into how
synthetic materials influence complex biological environments and how to modulate
the cellular response to these engineered materials are essential for advancing a
wide range of applications, including tissue engineering, drug delivery, cancer
therapy and immunotherapy. As discussed in previous sections, tailoring the
bioresponsiveness of synthetic materials requires a deep understanding of the
chemical and biological conditions present in different cell types and their respective

169

microenvironments.'® For instance, cancer cells can exhibit markedly different

3017011 - guch as immune cells. As characteristics

features compared to healthy cells
of cancer cells and their interactions with synthetic materials, including endogenous
cues for intracellular material transformation, have been extensively covered in the
first section of the introduction, the following subsection will focus on immune cells,

namely T cells, and provide examples of T cell-material interactions pursued for

immunotherapeutic applications.

1.2.2. T cell-material interactions

The interplay between T cells and synthetic materials is particularly relevant for
the development of advanced immunotherapies.!™ Understanding these interactions
is essential for designing materials that leverage the potential of T cells to combat
diseases, particularly cancer. This section explores the key aspects of T cell-material
interactions, focusing first on the classification and properties of T cells and second

on the implications of T cell-material interactions for cancer immunotherapy.
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1.2.2.1. General classification and functions of T cells

T cells are a central element of the adaptive immune system, classified into two
major types based on their surface markers and functions: CD4" T cells and CD8*
T cells. Both types originate from hematopoietic precursor stem cells in the bone
marrow and mature in the thymus, where they undergo selection to ensure self-

tolerance and functional competence (Fig. 1.8).173:1™

CD4" T cells, or helper T cells, are characterized by the expression of the CD4
glycoprotein on their surface as a co-receptor of the T cell receptor.'” They
primarily function to regulate and coordinate the immune response by secreting
cytokines that influence other immune cells.!™ CD4* T cells are further divided into
several subsets, each with distinct roles'™: for instance, Tyl cells enhance cellular
immunity against intracellular pathogens by activating macrophages and CD8*
T cells; Tw2 cells control extracellular microorganisms and assist in humoral
immunity by promoting B cell differentiation and antibody production; T\17 cells
are involved in inflammation and defense against extracellular pathogens; and T,

cells maintain immune tolerance and prevent autoimmunity.!777-17

CD8" T cells, also known as cytotoxic T cells, are identified by the expression of
the CD8 glycoprotein on their membranes.'™ They are specialized in directly
eliminating infected or malignant cells. CD8" T cells recognize antigens presented

173

by Major Histocompatibility Complex (MHC) class I molecules on target cells.

180 connecting them

Upon recognition, they form so-called immunological synapses
to the target cell surface and execute their cytotoxic function through the release
of cytotoxic granules containing perforin and granzymes.'®! Perforin forms calcium-

dependent pores in the target cell membrane, triggering a repair response that

allows granzymes to enter the cytoplasm and induce apoptosis.’®? This direct killing
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mechanism induced by CD8" T cells is crucial for controlling intracellular

pathogens and cancer cells.

Figure 1.8 Schematic overview of T cell differentiation into various functional T cell types.173.174

Understanding the various classifications and functions of T cells is crucial for
comprehending immune responses. While CD4" T cells play essential regulatory
and helper roles, CD8" T cells are central to the direct elimination of infected or
aberrant cells.'™ Insights into these cells' properties and behaviors contribute to

efforts of designing synthetic materials for immunotherapeutic strategies.
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1.2.2.2. T cell-material interactions for immunotherapy

Cancer immunotherapy aims to harness the immune system, particularly T cells,
to target and eliminate malignant cells. Currently, key strategies for cancer
immunotherapy include adoptive cell transfer, checkpoint inhibitors and cancer

vaccines.!®?

Adoptive cell transfer involves two main approaches aimed at enhancing T cell
efficacy.’® The first approach involves expanding tumor-infiltrating lymphocytes
(TILs) isolated directly from the patient’s tumor and reintroducing them to the
bloodstream!®>%; the second approach involves genetically engineering T cells with
chimeric antigen receptors (CARs) to precisely target cancer-specific antigens.'s"!5
This CAR-T cell therapy has shown significant clinical impact in recent years,

especially in treating hematologic malignancies.'®

Checkpoint inhibitors are antibodies designed to block immune checkpoint proteins,
such as PD-1 and CTLA-4, which are receptors found on the surface of T cells.!%!
These checkpoint proteins suppress T cell activity, thereby, enabling cancer cells to
evade immune detection and response.'”'% By binding and inhibiting checkpoint
proteins, checkpoint inhibitors enhance the ability of T cells to recognize and

eliminate cancer cells.!%

In contrast, therapeutic cancer vaccines stimulate T cell responses by introducing

cancer-specific antigens identified through tumor cell DNA sequencing, thereby

training the immune system to target and destroy cancer cells.'”

Despite the recent progress, the strategies for cancer immunotherapy still face

significant challenges, including difficulties in T cell trafficking to tumors caused by

196

physical barriers'” and immunosuppressive environments'”’. Additionally, the

hostile tumor microenvironment often leads to T cell exhaustion and death!®, while

genetic mutations in tumors can result in the loss of target antigen expression'®.
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Figure 1.9 Examples of synthetic nanomaterials that promote T cell efficacy in cancer immunotherapy.
Figure is reproduced with permission from ref.172, Springer Nature.

Therefore, using synthetic nanomaterials to address these challenges through their
interactions with T cells could significantly advance cancer immunotherapy.'™
Generally, nanomaterial-based immunotherapeutic systems offer several possible
benefits: 1) their morphology and surface characteristics can help them overcome
pathophysiological barriers, improving both accumulation and penetration at the
tumor site; 2) they can enable site-specific delivery and release of
immunomodulators, triggering anti-tumor immunity while reducing the risk of

unwanted autoimmune responses; 3) they can facilitate the co-delivery of other

therapeutic agents, including antibodies, chemotherapeutics, nucleic acids and
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therapeutic proteins or peptides; and 4) they can promote immune normalization

by concurrently targeting various immune evasion pathways.?®

To address the issue of pathophysiological barriers in the tumor microenvironment,
recent studies have explored the use of nanomaterials to overcome the fibrotic
extracellular matrix in solid tumors, which inhibits effective immune cell infiltration
(Fig. 1.9a).'™ One such approach involves the development of a dual mechanism
core—shell calcium phosphate liposome nanomaterial designed to deliver an
antifibrotic drug directly to the tumor site, as well as an immune-enhanced cytokine

that can further stimulate cytotoxic T cell activation and infiltration.?"*

Nanomaterials can also be used to counteract the immunosuppressive environment
within solid tumors to support T cell therapy.'™?? For instance, lipid nanoparticles
coated with a tumor-targeting peptide and loaded with a PI3K inhibitor and an
a-GalCer agonist can shift the tumor microenvironment from suppressive to
stimulatory.?”> The PI3K inhibitor targets immunosuppressive tumor cells, while
the a-GalCer agonist enhances the activity of therapeutic T cells (Fig. 1.9b). This
combination creates a therapeutic window, enabling tumor-specific CAR-T cells to

home to the lesion, expand and cause tumor regression.*”

Biomaterial scaffolds also represent a significant application in T cell-based
therapies (Fig. 1.9¢).? These scaffolds are made from materials such as hydrogels?
or porous structures like polysaccharides scaffolds functionalized with adhesion
molecules® and provide physical and biochemical support to T cells. By offering a
conducive environment for T cell growth, expansion, and survival, these scaffolds
enhance the cells' functionality and longevity, thereby improving the outcomes of

adoptive cell therapies.?®
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Figure 1.10 Nanomaterials for the enhancement of T cell expansion and function in adoptive
cell therapy. a | Artificial antigen-presenting cells (aAPCs) prime and enrich antigen-specific T cells.
b | aAPCs enable the isolation of CD8+ T cells from bulk leukocytes. ¢ | Lipid- and antibody-coated
mesoporous silica microrods (aCD3, aCD28) drive T cell expansion. d | Nanogel 'backpacks' on T cells
release cytokines in tumors, boosting T cell function while minimizing systemic side effects. Figure is
reproduced with permission from ref.206, Springer Nature.

Another advancement in T cell-material interactions is the development of artificial
antigen presentation platforms using synthetic materials (Fig. 1.10a-c).*® These
platforms are designed to mimic the natural antigen-presenting cells (APCs) that
play a crucial role in T cell activation.*”**® For instance, van Hest and co-workers
developed a poly(ethylene glycol)-block-poly(D,L-lactide) polymersomes with

varying morphological and surface properties which were used to present antigens

in a manner that closely resembles physiological processes, thereby boosting T cell
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activation.”” Similarly, another artificial APC system was developed using mesoporous
silica microrods coated with liposome shells to attach CD3 and CD28 antibodies to
their surfaces, which promote T cell activation and survival (Fig. 1.10c).” The three-
dimensional scaffold facilitated more effective proliferation of both mouse and human

T cells compared to a commercially available T cell expansion system.*”

An emerging strategy to further enhance T cell therapies involves conjugating
nanoparticles loaded with immunotherapeutic agents directly onto T cells as so-called
‘backpacks’ (Fig. 1.10d).*® In contrast to passive nanoparticles, T cells actively move
along chemokine gradients, enabling them to concentrate their payloads in tumors
more effectively than free nanoparticles. One example of this ‘backpacking’ approach
is a system using protein nanogel-based particles conjugated to T cells which contain

210 This delivery strategy significantly increased the

an interleukin-15 agonist complex.
dosage of the cytokine at the tumor site, leading to substantial tumor clearance and

prompting the initiation of a clinical trial 610
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Figure 1.11 Nanomaterial-based delivery systems for stimulus-induced cargo release and
immunomodulation. a | Schematic representation of potential stimulus-responsive mechanisms
exploited for the activation of cancer immunotherapy nanoagents and depiction of the cancer-immunity
cycle. b | Overview of four key strategies for inducing antitumor immunity by targeting and modulating
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different immune cell populations, including naive and activated T cells (iii, iv). Figure is reproduced
with permission from ref.21, the Royal Society of Chemistry.

Despite the promising potential of the 'backpacking' approach, where nanomaterials
loaded with immunotherapeutic agents are directly attached to T cells,*®
traditional nanomaterial-mediated delivery systems continue to be widely
employed. These systems represent diverse platforms for the tumor-targeted and
often stimulus-responsive delivery of immunomodulatory agents such as cytokines,
checkpoint inhibitors or nucleic acids used in the genetic engineering of T cells

(Fig. 1.11).21

An example of a polymer-based delivery system for immunomodulation involves
poly(lactic-co-glycolic  acid) (PLGA) microparticles functionalized with
interleukin-2, which significantly enhances T cell proliferation compared to non-
encapsulated cytokines.?’> Similarly, carbohydrate-based nanogels co-loaded with
the chemotherapeutic drug paclitaxel and interleukin-2 have shown synergistic
therapeutic effects.?®®> These nanogels use a pH-sensitive release mechanism to
deliver low doses of paclitaxel in the acidic tumor microenvironment, triggering
immunogenic cell death and antigen release from tumor cells. This effect is amplified
by the delivery of interleukin-2, which directly promotes the expansion of activated

T cells, further boosting the immune response.*'?

Nanomaterials designed for in situ genetic reprogramming of T cells have also
emerged as a strategy, allowing T cells to be engineered directly within the body,
bypassing the need for ex vivo manipulation.?* One approach utilizes poly(-amino
ester) (PBAE) polymers, which are functionalized with T cell-specific antibodies
and nuclear localization signals to facilitate nuclear delivery of the cargo.?"® In this
method, the cargo was a plasmid encoding a leukemia-specific chimeric antigen

receptor (CAR), consequently triggering sustained CAR expression in T cells. Upon
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intravenous injection, these nanoparticles successfully reprogrammed endogenous

T cells into leukemia-specific CAR-T cells.?®

In summary, programming functional T cell-synthetic material interactions is a
rapidly evolving and diverse field.?'6:212214216217 \While much of the research to date

has concentrated on extracellular T cell-material interactions — such as biomaterial

203 207

scaffolds for cell delivery®®, artificial antigen presentation platforms®” and systems
for the targeted delivery and release of immunomodulators*’ — there is still
significant untapped potential in exploiting intracellular material-cell interactions
to further enhance T cell function. These intracellular approaches could offer new
avenues to augment the efficacy of immunotherapies by modulating cellular
processes from within T cells. As research into nanomaterials for
immunotherapeutic applications continues to evolve, deeper investigation of both
extracellular and intracellular T cell-material interactions will be essential for the

strategic development of new synthetic nanomaterials that can further advance the

field of cancer immunotherapy.
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2. Motivation and Conceptual Design

Nature excels at creating biological functionality through structure formation
across various scales, from the organization of multicellular tissues to the assembly
of the cytoskeleton through dynamic protein interactions. These complex systems
emerge from the collective behavior of many small units, with each component
playing a critical role in achieving and maintaining overall function. Emulating this
natural phenomenon using synthetic structures in complex biological environments
has been a long-standing challenge in biomedical sciences and synthetic biology.
Achieving this goal could pave the way for innovative therapeutic and diagnostic
applications, leveraging synthetic nanostructures in areas such as tissue engineering

and cancer therapy.

To construct synthetic assemblies in cellular environments for biological
applications, various self-assembling molecules have been explored, each with
distinct supramolecular properties. Among these, peptides, which are composed of
amino acids, stand out as versatile bioinspired materials. Depending on their amino
acid sequence and functionalization, peptides can be engineered to form a wide
range of supramolecular structures, including coacervates, nanoparticles and
nanofibers. The chemical design of these peptides is crucial, as it directly influences

material properties and, consequently, material-cell interactions.

Creating synthetic functional structures within living cells presents significant

challenges due to the highly complex, dynamic and crowded nature of the cellular
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environment. In particular, successful programmed structure formation inside cells
requires several prerequisites: the assembly precursor must enter the cell in a
monomeric, non-assembled state; its transformation into the structure-forming
monomer must be triggered by an intrinsic cue, such as changes in pH, reduction
by glutathione or enzymatic conversion; and the resulting structures must
functionally interact with natural cellular components to elicit the desired biological

responses.

Current approaches for bioresponsive intracellular structure formation typically
rely on a one-step transformation of the assembly precursor, often via the cleavage
of a hydrophilic unit. However, a multi-step transformation strategy offers several
advantages, as it allows for the incorporation of multiple bioresponsive elements
into the chemical design of the precursor and provides greater control over the
kinetics of monomer generation through individual reaction steps. Moreover, while
existing systems have primarily aimed at disrupting cellular processes to induce
damage and cell death, expanding this focus to include the creation of synthetic
structures that can positively interact with cellular components opens new
possibilities for programming material-cell interactions to enhance or modify

cellular functions.

To address the challenge of creating functional synthetic assemblies in complex
biological environments, this thesis focuses on two primary goals: first, designing
peptide-based nanomaterials with tailored bioresponsiveness for triggered
intracellular structure formation, and second, analyzing the impact of the resulting

material-cell interactions on cellular functions (Fig. 2.1).
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Figure 2.1 Scope of this thesis and overview of the two main goals.

To achieve the first goal, the chemical design of kinked isopeptides as assembly
precursors was adapted to tune their responsiveness to different intracellular

biological cues. These isopeptides feature an ester bond at a serine side chain,

57



2. MOTIVATION AND CONCEPTUAL DESIGN

replacing the conventional amide bond to the adjacent amino acid, thereby
introducing a kinked molecular structure (Fig. 2.2). This kink serves a dual
purpose: it prevents premature assembly and allows for the attachment of a
bioresponsive protecting group to the amino group of the esterified serine. Upon
removal of this protecting group, triggered by an intracellular stimulus, the
isopeptide undergoes a rearrangement transforming into its linear isomer. To
exploit this mechanism, glutathione, a reducing agent present in high
concentrations within mammalian cells, was used as an intracellular trigger. A
glutathione-responsive disulfide bridge was incorporated into an amino-protecting
group at the central serine of the isopeptide, allowing for reductive cleavage. The
reduction of this disulfide bridge and the subsequent removal of the protecting
group in the reducing intracellular environment lead to the formation of self-
assembling linear peptide monomers, which then assemble into supramolecular
peptide nanostructures. This glutathione-responsive nanomaterial was used in two
distinct projects: first, for stimulating the effector function of cytotoxic T cells to
enhance their ability to kill cancer cells (Chapter 3) and second, for directly
disrupting cellular processes inside drug-resistant breast cancer cells both in 2D cell

culture and within 3D tumor spheroids (Chapter 4).

Additionally, an enzyme-responsive isopeptide design was developed featuring a
sequence susceptible to proteolytic cleavage by the endoprotease furin (Chapter 5).
Furin, a Golgi-associated protease overexpressed in many cancerous cells, is
responsible for several aspects of disease development and progression.
Incorporating the furin-specific cleavage sequence RVRR as an assembly-preventing
unit in a kinked isopeptide expands the toolbox of bioresponsive moieties available
for the chemical design of isopeptide assembly precursors. This diversification is

crucial for tailoring nanomaterials to specific cellular and subcellular environments.
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Figure 2.2 Design and bioresponsive transformation of a kinked pro-assembling isopeptide. The removal
of the bioresponsive protecting group via a physiological stimulus (e.g., glutathione or furin) results in
the formation of the free isopeptide (step 1). The rearrangement of the free isopeptide through an
O,N acyl shift yields the linear self-assembling peptide (step 2). As the final product of the multistep
transformation, the linear peptide can form supramolecular nanostructures inside cellular environments.
The second goal of studying the biological impact of the material-cell interactions

of the intracellular nanostructures was pursued in the two aforementioned distinct

cell types: cytotoxic T cells (Chapter 3) and cancer cells (Chapter 4).

Cytotoxic T cells are central to the targeted immune response against cancerous
and virus-infected cells, making the stimulation of their cytotoxic effector function
a key objective in immunotherapy. While recent advances in modulating T cell
function have largely focused on genetic engineering and extracellular interactions
with synthetic materials, such as scaffolding hydrogels for adoptive cell therapies
or synthetic antigen-presenting platforms, the role of interactions with intracellular
synthetic nanostructures remains unexplored. One of the objectives of this thesis
was to address this gap by investigating the formation and biological impact of
intracellular peptide nanostructures within cytotoxic T cells (Chapter 3). To assess
the stimulatory potential of these synthetic assemblies, their effect on T cell
cytotoxicity towards cancer cells was quantified. Mechanistic insights were further
gained by analyzing mechanobiological changes in T cells with intracellular peptide

nanostructures, along with alterations in protein phosphorylation, compared to
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untreated cells. These insights can contribute to the field of immunotherapy by
demonstrating how synthetic supramolecular materials can modulate immune cell

function.

In cancer cells, intracellular peptide assembly offers a different therapeutic avenue
by disrupting key organelles, such as mitochondria, leading to a significant
reduction in mitochondrial respiration and metabolic activity (Chapter 4). The
cytotoxic effect of intracellular structure formation was studied in both 2D cultured
cells and 3D tumor spheroids, leading to a notable reduction in tumor spheroid
size. These findings underscore the potential of peptide-based nanomaterials to

directly disrupt cancer cells from within.

In summary, this thesis presents new approaches to developing peptide-based
nanomaterials capable of forming functional supramolecular structures within living
cells. By strategically designing and applying isopeptides with tailored
bioresponsiveness, this interdisciplinary research bridges chemical design, material
science and cellular biology, thereby advancing our understanding of programmed

material-cell interactions.
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Abstract

Nature achieves diverse biological functions through structure formation. Inspired
by the controlled formation of polypeptide nanostructures in cells, synthetic
methods have been developed to assemble artificial nanostructures and organelle-
like compartments within living cells. While these synthetic intracellular assemblies
have mostly been used to disrupt cellular processes, their potential to induce a gain
of function within cells remains unexplored. Here, we introduce redox-sensitive
isopeptides that transform into self-assembling linear peptides inside human
cytotoxic T cells in response to intracellular levels of glutathione. The in situ
formation of synthetic peptide nanostructures in cytotoxic T cells leads to cellular
stiffening, establishing a direct interface between biochemically driven peptide
assembly and mechanobiological effects. This change in biophysical properties,
along with increased phosphorylation of signaling proteins associated with T cell
activation, correlates with a significant enhancement in the efficacy of cytotoxic
T cells to eliminate cancer cells. Our findings elucidate the cellular impact of
synthetic peptide nanostructures assembled within living cytotoxic T cells and

demonstrate their ability to modulate and enhance effector immune cell responses.
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3.1. Introduction

Naturally occurring intracellular nanostructures, such as microtubules, actin
filaments, and intermediate filaments that form the cytoskeleton, play a critical role
in fundamental cellular processes, including metabolism, division and motility.!
These complex, dynamic protein assemblies span the cytosol and provide a
blueprint for the development of synthetic materials designed to form
nanostructures in synthetic cells, a growing frontier in biomolecular engineering.?
Moreover, the creation of synthetic architectures inside the complex environment
of mammalian cells represents a significant milestone in nanomedicine and synthetic
biology, providing a bottom-up approach that mimics natural intracellular

assemblies and opens new avenues for supramolecular drug design.?

To date, advances in the creation of intracellular assemblies have primarily focused
on the formation of synthetic nanostructures within cancerous cells with the goal
of disrupting cellular metabolism and inducing apoptosis.*® State-of-the-art
strategies involve the use of bioresponsive molecules that can undergo chemical
transformations in response to endogenous stimuli, enabling spatiotemporal control
and selectivity over the assembly formation.*%'® However, these efforts to construct
synthetic intracellular nanostructures have so far been limited to malignant cells*,
leaving the potential to modulate the behavior of non-cancerous cells, particularly

immune cells, unexplored.

Our work explores a new direction in this field by harnessing synthetic intracellular
nanostructures for the immunomodulation of cytotoxic T cells. Cytotoxic CD&"
T cells play a crucial role in the immune response by directly targeting and
eliminating cancerous or virus-infected cells.!* The unmatched specificity of T cells
in recognizing target cells is a key advantage in T cell-based therapies and their

efficacy in inducing apoptosis is tightly linked to their activation status, which
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involves complex intracellular signaling pathways.'? High cytotoxic effector function
in T cells is desirable, as it enables a more robust and effective response against
tumors, contributing to better therapeutic outcomes in adoptive cell therapy. The
mechanical properties of T cells, such as stiffness and deformability, correlate with
their activation and migration capabilities, as well as their ability to interact with
target cells.’® Enhancing the functional capacity of cytotoxic T cells by biochemical

and biophysical means is therefore a central goal in immunotherapy.

In current clinical approaches, T cells are often modified outside the body through
genetic engineering before being reinfused into the patient to combat cancer.'*5
While ongoing efforts aim to enhance T cell efficacy by refining genetic engineering
techniques, fewer strategies explore modulation of T cells through chemical

16-18 In

engineering, for instance, via extracellular interactions with nanomaterials.
our work, we propose a complementary strategy by intracellular chemical
engineering: the in situ self-assembly of synthetic nanostructures within cytotoxic

T cells to enhance T cell cytotoxicity. This approach holds the potential to further

enhance T cell functionality beyond the limits of genetic modifications.

In T cells, glutathione, a reducing agent abundant in the cytosol®, plays a critical
role in maintaining redox homeostasis and facilitating metabolic reprogramming
during T cell activation. It acts as an antioxidant to counterbalance the increased
mitochondrial production of reactive oxygen species (ROS).??2 As ROS scavenging
is essential for T cell activation, proliferation and effector function, activated T cells
have been shown to contain significantly higher levels of intracellular glutathione
compared to resting T cells.?»* Therefore, the glutathione-induced transformation
of a bioresponsive assembly precursor within T cells is a promising strategy for the
in situ generation of intracellular nanostructures that boost T cell activation

dynamics and cytotoxic effector function against cancer cells. Shifting the focus
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from disrupting malignant cells to enhancing the beneficial functions of healthy
cells, such as cytotoxic T cells, will be a next-generation technology for more
sophisticated cell-material interactions. Modulating the behavior of these immune
cells through in situ-formed artificial nanostructures would also have significant

implications for immunotherapy.

Herein, we introduce glutathione-responsive isopeptides capable of undergoing a
multistep reaction cascade upon cellular entry, resulting in the in situ formation of
peptide nanostructures inside human cytotoxic T cells (Fig. 3.1). We report a
significant stimulatory effect of these peptide nanostructures on cytotoxic T cell
function, leading to enhanced cytotoxicity against breast cancer cells. Using
confocal laser scanning microscopy (CLSM) and correlative light and electron
microscopy (CLEM), we visualize the formation and localization of these
nanostructures. Importantly, the enhancement of T cell effector function is directly
correlated with intracellular nanostructure formation. Additionally, we examine
activation of stimulatory T cell signaling of peptide-treated versus untreated T cells
and evaluate the impact of synthetic intracellular nanostructures on T cell
mechanical properties. This analysis aims to elucidate the biophysical and
molecular mechanisms driving the observed functional enhancements. To our
knowledge, this is the first study to demonstrate that synthetic intracellular
nanostructures can support and enhance beneficial cellular functions, offering a

novel strategy to modulate immune cell responses.
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Figure 3.1. Schematic overview of T cell engineering through intracellular synthetic
nanostructures. a | Glutathione-responsive kinked /sopeptides undergo a bioresponsive transformation
inside cytotoxic T cells, leading to the formation of linear, self-assembling peptides. This intracellular
peptide assembly within human cytotoxic T cells enhances T cell-mediated cytotoxicity against cancer
cells. b | The supramolecular properties and structural characteristics of the nanofiber-forming peptides
were investigated. ¢ | The /i situ structure formation inside cytotoxic T cells was visualized using confocal
laser scanning microscopy and correlative light and electron microscopy. d | Intracellular structure
formation influences the mechanical properties of cytotoxic T cells, reducing their deformability and
increasing the elastic modulus. e | Increased phosphorylation of key signaling proteins associated with
T cell proliferation, activation, and effector function was observed following /n situ nanostructure
formation.
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3.2.1. Design, synthesis and transformation of glutathione-responsive
isopeptides
The glutathione-responsive isopeptide la, along with the control isopeptide 1b,
consists of three key structural components: (1) the cell-penetrating peptide
sequence TAT (transactivator of transcription) derived from human
immunodeficiency virus (HIV), (2) a glutathione-responsive trigger group that can
undergo reductive degradation and (3) the kinked isopeptide with an aromatic
N-terminal group (Fig. 3.2a). This M-terminal group either promotes
supramolecular assembly (Fmoc in 1a) or prevents assembly of the linear product

(NBD in 1b) resulting from the glutathione-triggered transformation (Fig. 3.2a).

The synthesis of the kinked isopeptides la and 1b was achieved through a
combination of solid-phase peptide synthesis and solution-phase synthesis
(Scheme S3.1). To analyze the glutathione-induced transformation of the
isopeptides (Fig. 3.2b), we investigated the kinetics of this multistep reaction
cascade (Fig. 3.2b) wusing liquid chromatography-mass spectrometry (LC-MS)
(Fig. 3.2c). By analyzing the m/z values of the emerging peaks in the LC traces,
we identified and assigned the reactive intermediates and final products of the

glutathione-induced conversion (Fig. 3.2c,d).
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Figure 3.2. Chemical structure and multistep conversion of glutathione-responsive isopeptides.
a| Chemical  structures  of  glutathione-responsive  /sopeptides la  (with a  Fmoc
(9-fluorenylmethoxycarbonyl) group) and 1b (with an NBD (nitrobenzodiazole) unit). b| Reaction
scheme illustrating the multistep conversion of pro-assembling /sopeptides 1a or the control isopeptide
1b into the self-assembling linear peptide 5a or the non-assembling linear peptide 5b. ¢ | LC-MS kinetic
analysis of the glutathione-induced linearization of 1a in NHsHCO3 buffer (50 mM, pH 7.4) and methanol
(v/v 1:1) in the presence of intracellular concentrations of glutathione (reduced glutathione: 10 mM;
oxidized glutathione: 1 mM) at room temperature. d | Convoluted MS spectra identifying the
intermediates 2a (&k = 7.53 min), 3a (&r = 6.00 min) and 4a (t&r = 4.98 min) as well as the final linear
peptide 5a (tr = 6.37 min) during the LC-MS analysis. e | Molar ratio of intermediates 2a, 3a, 4a and
final product 5a after the addition of glutathione-containing buffer, based on the peak integration at
254 nm.
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In the presence of intracellular levels of glutathione (reduced glutathione: 10 mM;
oxidized glutathione: 1 mM)* in NH,HCOj3 buffer (50 mM, pH 7.4), isopeptide la
underwent instant degradation, so that upon the first LC-MS injection, its signal
(tx = 2.36 min) was no longer detectable (Fig. 3.2c). Instead, two cleavage
products, 2a (& = 7.53 min) and 3a (& = 6.00 min), were identified. These two
intermediate products result from the nucleophilic attack of glutathione on the
disulfide bond of 1a, occurring at either of the two sulfur atoms (Fig. 3.2b). As the
disulfide bond of the glutathione adduct 3a is similarly susceptible to reductive
cleavage, the transformation of 3a also gave rise to the isopeptide with a free thiol
group 2a over time. After one hour, the unprotected isopeptide 4a (tr = 4.98 min)
was detected as the product of the self-immolation of the trigger group (Fig. 2c).
The subsequent O,V acyl shift caused the linearization of 4a, indicated by the
increasing peak corresponding to the linear peptide 5a (& = 6.37 min). After 24
h, the linear self-assembling Fmoc-ISA 5a became the most prominent peak in the
LC trace (Fig. 3.2c), reflecting a conversion of 84% of the initial isopeptide 1a into

the self-assembling linear monomer 5a (Fig. 3.2¢).
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Figure 3.3. Supramolecular assembly of linear peptide. a | Chemical structure of 5a with labeled
protons. b | 'H NMR analysis of self-assembly behavior of 5a (1 mg/ml) in deuterated phosphate buffer
(50 mM) and DMSO-ds (9:1) at 293 K and 323 K. ¢ | Cryo-TEM image of peptide nanofibers formed
by linear peptide 5a (1 mg/ml) in Dulbecco’s phosphate buffered saline (DPBS) (pH 7.4) and DMSO
(99:1). Scale bar 100 nm. d | Circular dichroism spectra of linear peptide 5a and /sopeptide 1a (500 pM
each) in phosphate buffer (10 mM, pH 7.4). The spectrum of 5a shows characteristic signals of attractive
peptide backbone interactions and aromatic interactions between Fmoc groups, while the spectrum of
1a shows no signals indicating chirality.

The supramolecular assembly behavior of the linear peptide 5a was analyzed using
nuclear magnetic resonance (NMR) spectroscopy, circular dichroism (CD)

spectroscopy, transmission electron microscopy (TEM) and cryogenic transmission

electron microscopy (cryo-TEM) (Fig. 3.3).

Temperature-dependent 'H NMR spectroscopy of the linear peptide 5a revealed
significant peak broadening at room temperature (293 K), which is characteristic
of supramolecular interactions between peptide monomers in aqueous solution
(deuterated phosphate buffer (50 mM) and DMSO-ds (9:1)) (Fig. 3.3b and

Fig. S3.21). Upon heating the solution to 323 K, sharp signals corresponding to the
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aromatic Fmoc head group and side chain groups of peptide 5a emerged
(Fig. 3.3a,b), indicating a higher amount of detectable monomeric peptide 5a in

solution at elevated temperatures.

CD spectroscopy was used to further characterize the secondary structure of linear
Fmoc-ISA 5a and kinked isopeptide la (Fig. 3.3d). The CD spectrum revealed a
nanoscale chirality of the self-assembling peptide ba, which arises from the chiral
arrangement of the peptide monomers within the assembled nanostructure.* The
spectrum of 5a displays a maximum at 260 nm that is characteristic for the © — =*
transitions of the aromatic Fmoc groups®. Additionally, another maximum was
observed at 224 nm indicating a n — w* transition of the carbonyl groups in the
peptide backbone due to hydrogen bonding.?* In contrast, the non-assembling
kinked isopeptide la showed no discernable chirality of the secondary structure,
underlining the necessity of the transformation from kinked la to linear 5a to
achieve the desired supramolecular interaction required for structure formation

(Fig. 3.3d).

Dry-state TEM images of the linear peptide 5a revealed its ability to self-assemble
into long nanofibers in Dulbecco’s phosphate buffered saline (DPBS) with 1%
DMSO (Fig. S3.23). To investigate the impact of incorporating another linear
peptide modified with a fluorophore, which is crucial for detecting nanostructures
inside living cells, we studied the co-assembly of fluorescent Coumarin343-
functionalized peptide 5¢ with 5a in a 5:1 ratio. TEM images confirmed that the
presence of peptide 5¢ did not disrupt nanofiber formation (Fig. S3.24). Similarly,
when Cyanineb (Cyb5)-functionalized peptide 5d was co-assembled with peptide 5a
at a 99:1 ratio, the nanofiber integrity was preserved. In contrast, co-assembly of
the kinked assembly precursors la and lc (Coumarin343-modified) (5:1 ratio) or
la and 1d (Cyb-modified) (99:1 ratio) did not produce any observable

superstructures (Fig. S3.24), emphasizing again the importance of the glutathione-
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induced linearization to induce self-assembly. Additionally, the more hydrophilic
nitrobenzodiazole (NBD)-modified control isopeptide 1b and its corresponding
linear peptide 5b also did not form any nanostructures, which allows evaluating

cellular uptake and glutathione-induced rearrangement without subsequent peptide

assembly (Fig. S3.24).

Cryo-TEM provided further insights into the peptide nanostructures of the Fmoc-
functionalized peptide 5a in an aqueous environment (DPBS with 1% DMSO).
Consistent with dry-state TEM, cryo-TEM images revealed long, thin nanofibers
of linear peptide 5a with a slightly twisted morphology (Fig. 3.3c and Fig. S3.25
and S3.26). The twisted fibers exhibited an average thickness of 6.840.3 nm at the
twists and 11.04£0.2 nm at the non-twisted regions (Fig. S3.26). The critical
aggregation concentration (CAC) of the linear peptides was determined via a
Proteostat aggregation assay, which is a fluorescence-based technique used to
detect 3-sheet driven assembly formation. The CAC for linear peptide 5a in DPBS
with 1% DMSO was found to be 10 pM (Fig. S3.27). For the co-assemblies with
either the Coumarin343-containing linear peptide ¢ (5:1 ratio) or the Cy5-modified
linear peptide 5d (99:1 ratio), the CAC was 9.2 pM and 4.6 nM, respectively (Fig.
S3.27). These results further confirm that the incorporation of fluorescent

monomers 5¢ or 5d does not hinder nanostructure formation.

In summary, our analysis demonstrates that the multistep conversion of kinked
isopeptide 1a into the linear self-assembling peptide ba can be effectively triggered
by physiological levels of glutathione. Physicochemical characterization of linear
peptide ba further reveals its ability to form peptide nanofibers at low micromolar
concentrations, highlighting its potential for the in situ formation of synthetic

nanostructures in the intracellular environment.
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3.1.1. Cellular uptake and in situ formation of peptide nanostructures
in T cells

Next, we explored the glutathione-induced conversion of the isopeptides into the
corresponding linear peptides and subsequent nanostructure formation within
cytotoxic T cells. First, primary human CD8" T cells were activated ex vivo by
isolating them from healthy donors and co-incubating with anti-CD3/CD28
activation beads. This cross-linking of CD3 and CD28 receptors, combined with
interleukin 2 (IL-2), induces T cell activation into an effector state and promotes

polyclonal expansion.

We then investigated the uptake and co-assembly of the pro-assembling isopeptide
la together with a fluorescently labeled isopeptide (either 1¢ with Coumarin343 or
1d with Cy5) in these ex vivo expanded cytotoxic T cells (Fig. 3.4). CLSM of
activated T cells treated with the isopeptides la:lc (5:1) at 5 uM for 1 hour
revealed the formation of fluorescent peptide nanostructures in the cytosol, the
nucleus and in the perinuclear region, also visible as high-contrast regions in the

brightfield images (Fig. 3.4a).
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Figure 3.4 Cellular uptake and intracellular peptide nanostructure formation in cytotoxic T cells.
a | Confocal laser scanning microscopy (CLSM) images of activated T cells incubated with 5 pM of
glutathione-responsive isopeptides 1a and 1c (5:1) (cyan) for 1 hour, demonstrating the formation of
intracellular peptide nanostructures in the cytosol and perinuclear region. Untreated T cells served as
controls. Scale bar: 15 pm. b | Correlative light and electron microscopy (CLEM) images of activated
human CD8* T cells treated with 5 pM of glutathione-responsive isopeptides 1a and 1d (99:1) (cyan)
for 1 hour before freezing, highlighting the formation of fluorescent peptide nanostructures at the nuclear
membrane and perinuclear region. ¢ | CLEM images focusing on the localization of peptide
nanostructures within the cytosol. The integrity of subcellular compartments of T cells appear unaffected
by intracellular structure formation.

Further validation of in situ peptide assembly was conducted using CLEM
(Fig. 3.4b,c). Pre-activated and ex vivo expanded cytotoxic T cells treated with
isopeptides 1a:1d (99:1) were analyzed, with Cy5-labeled isopeptide 1d selected for
co-assembly due to its superior fluorescence properties. CLEM images revealed
fluorescent nanostructures distributed throughout the cytosol, perinuclear region,

and at the cell membrane (Fig. 3.4b,c). The observed fiber thickness ranged from

75



3.2. Results and Discussion

approximately 3.5 to 7.5 nm, consistent with the cryo-EM findings for peptide
nanofibers in buffered solution (see Fig. 3.3c). Importantly, despite the widespread
presence of peptide nanostructures within the cytosol and near the nucleus, the
overall integrity of the T cells, including organelles such as mitochondria, remained
intact (Fig. 3.4b,c). This indicates that incubation with isopeptides la:1d at 5 pM
for 1 hour did not significantly disrupt cellular or subcellular structures. These
results underscore that the self-assembly of peptides at low concentrations does not

compromise the cellular integrity of activated T cells.

In contrast, activated T cells treated with the NBD-functionalized control
isopeptide 1b at 5 pM for 1 hour exhibited no nanostructure formation and lower
intracellular fluorescence (Fig. S3.34), reflecting the lack of self-assembling
capability of the linear NBD-modified peptide 5b (Fig. S3.24). Cellular uptake
analysis of resting, i.e. non-activated, T cells treated with the pro-assembling
isopeptides la:1d (99:1) at 5 pM for 1 hour showed markedly lower intracellular
fluorescence compared to activated T cells treated with the same peptides
(Fig. S3.35). This aligns with the observation that fiber assembly is glutathione-
dependent and activated T cells have reportedly higher cytosolic glutathione

levels.?L?
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3.2.2. Functional impact of intracellular peptide nanostructures on
cytotoxic T cells

Next, we examined how the synthetic intracellular peptide nanostructures impact
the morphology and immunological function of cytotoxic T cells, specifically their
ability to eliminate cancer cells. To evaluate the cytotoxicity of ex vivo pre-activated
CD8* T cells against MCF-7 breast cancer cells, we combined the cytotoxic T cells
with a bispecific T cell engager (BiTE) — a dual-targeting antibody that binds both
the CD3 complex on T cells and the Human Epidermal Growth Factor Receptor 2
(HER2) on MCEF-7 cells — followed by a 24-hour co-culture incubation with the

cancer cells.

Treatment of cytotoxic T cells with glutathione-responsive isopeptides la:lc (5:1,
5 pM) for 1 hour prior to the addition of BiTE and co-culturing significantly
enhanced their cytotoxicity against the cancer cells. T cells pre-treated with these
isopeptides exhibited a markedly lower 1Cs, value for the bispecific T cell engager
of 0.34 pM compared to 3.81 pM in untreated control T cells (Fig. 3.5a,b).
Similarly, the use of isopeptides 1la:1d (99:1, 5 M), which includes the Cy5-labeled
peptide used also for CLEM analysis, yielded comparable enhancements in
cytotoxicity, indicating that the choice of fluorescent label does not impact the
functional efficacy of the synthetic peptide nanostructures (Fig. S3.31). In contrast,
T cells pre-treated with control isopeptide 1b, which is internalized but only releases
a linear NBD-modified peptide incapable of forming intracellular nanostructures,
did not exhibit increased cytotoxicity (Fig. S3.30). These findings suggest that the
observed enhancement in cytotoxicity is due to the formation of synthetic

intracellular peptide nanostructures.

Towards revealing the functional mechanism behind the increased cytotoxic effect,

we analyzed the rheological changes in T cells treated with pro-assembling
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isopeptides via single cell real-time deformation cytometry (RT-DC). T cell
activation and adhesion to the antigen expressing cells (in this case the HER2-
expressing MCF7 breast cancer cells) is greatly influenced by the mechanical
properties of the T cells, which in turn are governed by cytoskeletal tensions and
acto-myosin contractions.” Both the actin and microtubule cytoskeleton play
crucial roles in establishing T cell polarity, migration, formation of the
immunological synapse and the directed secretion of cytokines and cytolytic
granules.®** RT-DC measurements revealed that T cells treated with isopeptides
la:lc for 1 h at 5 pM exhibited notable changes in morphology and stiffness (Fig.
3.5¢,d,e). Specifically, these T cells demonstrated significantly reduced
deformability (Fig. 3.5¢) and an increased elastic modulus (Fig. 3.5d) compared to
the untreated controls. This indicates a general stiffening of the activated T cells

that results from the presence of synthetic intracellular nanostructures.

To elucidate the downstream signaling effects of peptide nanostructures within
T cells, we correlated enhanced T cell effector functions and mechanobiological
changes with alterations in signaling protein phosphorylation by a Phospho-Kinase
Antibody Arrays (Fig. 3.5f and Fig. S3.32). We observed significant changes in the
phosphorylation of key signaling proteins, including Akt, c-Jun, CREB, ERK1/2
and JNK, in cytotoxic T cells treated with pro-assembling isopeptides la:lc
(Fig. 3.5f). These proteins are integral components of pathways that drive T cell
activation, proliferation and effector function. Elevated phosphorylation of Akt, a
central kinase in the PI3K/Akt pathway,® suggests enhanced survival, along with
elevated expression of key adhesion and cytolytic molecules in T cells.’**" The
increased phosphorylation of c-Jun, a member of the activator protein-1 (AP-1)
family, further promotes the expression of genes required for T cell activation and
proliferation.?3¢ Similarly, the higher levels of phosphorylated transcription factor

CREB were found in peptide-treated T cells, indicating activation of gene
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expression essential for T cell effector function and cytokine production.’” The
elevated phosphorylation levels of ERK1/2 and JNK, which are key mitogen-
activated protein (MAP) kinases, further support the notion of heightened T cell
proliferation and effector function.*®** In contrast, T cells treated with the non-
assembling control isopeptide lc, which can enter cells and undergo glutathione-
induced transformation but lacks the ability to form assemblies, did not exhibit
increased phosphorylation of these proteins (Fig. S3.32). This finding highlights
that the observed effects on signaling proteins are specifically associated with the

formation of synthetic peptide nanostructures within T cells.

Collectively, these findings demonstrate that the glutathione-triggered formation of
peptide nanostructures not only alters the mechanobiological properties of T cells
but also potentiates intracellular signaling pathways linked to an enhanced T cell

immune response.
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Figure 3.6 Enhancement of T cell cytotoxicity against MCF-7 cancer cells and alterations in
mechanobiology and protein phosphorylation by intracellular peptide nanostructures.
a | Schematic illustration of the co-stimulation of T cell cytotoxicity via intracellular peptide assembly.
b | Dose-response curve showing the cytotoxic effect of activated T cells against HER2-expressing MCF7
cancer cells in relation to the concentration of a bispecific T cell engager targeting HER2 and CD3. The
black curve represents data for untreated T cells, while the blue curve shows data for T cells pre-treated
with the /sopeptides 1a:1c (5:1) at 5 uM for 1 hour, followed by washing and addition of the bispecific
engager (n = 3 donors, mean of 2 technical replicates each). The ICsp of the bispecific engager for
untreated T cells is 3.81 pM, compared to 0.34 pM for /isopeptide-treated cells. ¢ | Real-time
deformability cytometry (RT-DC) analysis showing reduced deformation in T cells pre-treated with the
isopeptide mixture la:lb (5:1) at 5 pM for 1 hour, relative to untreated controls. d | RT-DC
measurements indicating an increased Young's modulus in T cells treated with the /sopeptide mixture,
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reflecting enhanced cellular stiffness. e | Brightfield images of treated (1a:1b (5:1) at 5 uM for 1 hour)
and untreated control T cells during RT-DC measurements within a microfluidic channel. f | Proteome
Profiler Human Phospho-Kinase Antibody Array analysis of T cells treated with the /sopeptides la:1c
(5:1) at 5 pM for 1 hour (n= 2 donors, 2 on-membrane replicates), highlighting differential
phosphorylation in a panel of key signaling proteins essential for T cell activation.

3.3. Conclusion

In this study, we have demonstrated the chemical engineering of activated human
cytotoxic T cells through the in situ formation of intracellular synthetic peptide
nanofibers that alter critical T cell functions, ultimately improving the immune
response against cancer cells. By using redox-sensitive isopeptides, we successfully
induced the assembly of synthetic nanostructures within the intracellular
environment of cytotoxic T cells, resulting in a significant boost to their cytotoxic
effector function. The formation of these peptide nanostructures not only altered
the mechanical properties of the T cells, leading to increased stiffness and decreased
deformability, but also promoted the phosphorylation of proteins in central
signaling pathways involved in the activation and regulation of T cells. This dual
impact on both the physical and biochemical attributes of T cells underscores the
potential of intracellular nanostructures as a tool for modulating immune cell
behavior beyond genetic engineering. By focusing on augmenting the intrinsic
functions of healthy immune cells, this work could pave the way for innovations in
the field of immunotherapy. The ability to fine-tune immune cell properties through
controlled intracellular assembly could potentially open up new possibilities for the

design of next-generation therapies targeting complex intracellular environments.
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Supplementary Information

1. General Information

1.1. Materials

Reagents and solvents were purchased from commercial sources and were used without
further purification. Peptide synthesis grade reagents were used for synthesizing the
peptides. HPLC was performed using acetonitrile (CH3;CN) in HPLC grade (containing
0.1% trifluoroacetic acid (TFA)) and water for HPLC (containing 0.1% TFA) and reactions
was obtained from a Millipore purification system. Flash column chromatography was

carried out using Macherey-Nagel silica gel 0.04-0.063 mm.

1.2.  Instruments
1.2.1. Microwave Peptide Synthesizer
Linear peptides were synthesized in a Liberty Blue Automated Microwave Peptide

Synthesizer by CEM Corporation.

1.2.2. High-Performance Liquid Chromatography (HPLC)

The peptides were purified by preparative HPLC using a setup by Shimadzu. For
purification either a Zorbax Eclipse XDB-C18 HPLC column (9.4 x 250 mm, 5 uM) was
used at a flowrate of 4 ml/min or a Phenomenex Gemini 5 ym NX-C18 110 A 150 x 30

mm was used at a flowrate of 25 ml/min.

1.2.3. Liquid Chromatography-Mass Spectrometry (LC-MS)

Compounds were analyzed by HPLC-ESI-MS on a LC-MS 2020 by Shimadzu using a
Kinetex 2.6 ym EVO C18 100 A LC 50 x 2.1 mm column. MilliQ) water acidified with
0.1% formic acid and CHsCN were used as solvents for all measurements. The solvent
gradient started with 5% CH3CN and 95% water. This solvent ratio was kept constant for
2 min, then the CH;CN content was linearly increased to 95% in 14 min. Data were

processed in LabSolutions and OriginPro 9.
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1.2.4. Atmospheric-Pressure Chemical lonization Mass Spectrometry (APCI-MS)

All APCI-MS spectra were recorded on a Advion Expression-L Compact mass

spectrometer. Data processing was performed in Advion Data Express.

1.2.5. Matrix-Assisted Laser Desorption/lonisation-Time of Flight Mass Spectrometry
(MALDI-TOF)

All MALDI-TOF spectra were recorded on either a rapifleX MALDI-TOF/TOF from
Bruker or MALDI Synapt G2-SI from Waters. Samples were mixed with a saturated
solution of the matrix S7 a-cyano-4-hydroxycinnamic acid (CHCA) in H,O/CH3;CN 1/1 +

0.1% TFA. Data processing was performed in mMass and OriginPro 9.

1.2.6. Nuclear Magnetic Resonance Spectroscopy (NMR)

NMR spectra of small molecules and peptides were recorded on a Bruker Avance II 300
MHz spectrometer and a Bruker Avance 400 MHz spectrometer. The solvent signal was
used as a reference (deuterated chloroform CDCl; & = 7.26 ppm for 'H, 77.16 ppm for "*C
and for DMSO-ds 2.50 ppm and 39.52 ppm respectively). The data was processed in

MestReNova.

1.2.7. Circular Dichroism Spectroscopy (CD)
CD spectra were recorded on a JASCO J-1500 spectrometer in a 0.1 cm High Precision
Cell by HellmaAnalytics. The recorded data was processed in Spectra Analysis by JASCO

and OriginPro9.

1.2.8. Transmission Electron Microscopy (TEM)

TEM images of the peptide samples were recorded on a JEOL 1400 transmission electron
microscope at a voltage of 120 kV. Formvar/carbon-film coated copper grids (300 mesh)
by Plano GmbH were used to prepare the samples. The images were processed in Fiji

ImageJ or Icy.

1.2.9. Cryogenic Transmission Electron Microscopy (cryo-TEM)

For cryo-TEM examination the samples were vitrified using a Vitrobot Mark V (Thermo
Fisher, Hilsboro Oregon) plunging device. 3 pl of the sample dispersion was applied to a
Quantifoil® R 1.2/1.3 300 Mesh, Cu, that has been glow discharged in an oxygen plasma
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cleaner (Diener Nano®, Diener electronic, Germany) shortly before. After removing excess
sample solution with a filter paper, the grid is immediately plunged into liquid ethane. For
the subsequent examination, the specimen is transferred to a TEM (FEI Titan Krios G4)
keeping cryogenic conditions. Conventional TEM imaging was done using an acceleration
voltage of 300 kV. Micrographs were acquired with a 4k Direct Electron Detection Camera

(Gatan K3) under low dose conditions.
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2. Synthesis

2.1. Synthesis of glutathione-responsive isopeptides

2.1.1. Synthesis of isopeptides with activated disulfide bond

a
i i
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Scheme S3.1 Synthesis of isopeptides with activated disulfide-bonds. a | Synthesis of reactive carbonate 8: i)
2,2'-dipyridyldisulfide, MeOH, AcOH, 24 h, RT; ii) 4-nitrophenyl chloroformate, TEA, THF, 2 h, 0 °C-RT. b |
Synthesis of isopeptides with activated disulfide-bonds 12a/b/c/d: iii) 4-nitrophenyl 2-(pyridin-2-yldisulfanyl)ethyl
carbonate 8, DIPEA, DCM, overnight, RT; iv) Fmoc/C343/NBD-lle, DIC, DMAP, DCM, overnight, RT; v) TFA,
DCM, 4 h, RT; vi) Ala-tBuO, PyBOP, DIPEA, DCM, 3 h, RT; vii) TFA, DCM, 4 h, RT; viii) Cyanine5-amine,
PyBOP, DIPEA, DCM, 3 h, RT.

2.1.1.1. Synthesis of compound 7

4

HO\/\S S
N s
1
7
In a round-bottom flask 2-mercaptoethan-1-ol 6 (500 mg, 450 pl, 6.40 mmol, 1 eq.) was
dissolved in MeOH under N» (30 ml) and AcOH (1.7 ml) was added. 2,2'-Dipyridyldisulfide
(2.82 g, 12.8 mmol, 2 eq.) dissolved in MeOH (10 ml) was added dropwise to the reaction

mixture. The solution was stirred for 24 h at room temperature. Afterwards, the solvent
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was removed in vacuo. Purification via flash chromatography (cHex:EA 3:2) yielded
compound 7 as a colorless oil (951 mg, 5,07 mmol, 79%).
'"H NMR (300 MHz, CDCl;) § 8.53 — 8.52 (m, 1H, H-1), 7.59 (td, J = 7.8, 1.9 Hz, 1H, H-

3), 7.42 — 7.39 (m, 1H, H-4), 7.18- 7.14 (m, 1H, H-2), 3.81 (t, J = 5.1 Hz, 2H, H-6), 2.96
(t, J = 5.1 Hz, 2H, H-5).

BC NMR (75 MHz, CDCl;) § 159.20, 149.88, 137.11, 122.16, 121.70, 58.36, 42.86.

APCI-MS: m/z 188.0 (calculated for [M+H]": 188.02)
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Figure S3.1 'H NMR spectrum (300 MHz, CDCl3, 298 K) of compound 7.
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Figure S3.2 Partial 1H,1H COSY NMR spectrum (300 MHz, CDCI3, 298 K) of compound 7.
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Figure S3.3 13C NMR spectrum (75 MHz, CDCl3, 298 K) of compound 7.
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2.1.1.2. Synthesis of compound 8

7 5 4
CRRanS)
O,N © NF2

8

In a round-bottom flask 4-nitrochloroformate (1.40 g, 1.4 eq.) was dissolved in dry THF
(30 ml) under Ns. The solution was cooled to 0 °C using an ice bath. Compound 7 (930 mg,
4.97 mmol, 1 eq.) and TEA (1.01 g, 1.38 ml, 2 eq.) were dissolved in dry THF (35 ml) and
the mixture was added dropwise to the solution of 4-nitrochloroformate. The resulting
reaction mixture was stirred for 2 h at room temperature. Ethyl acetate (EA) was added
and the organic phase was washed twice with brine before drying over sodium sulfate. The
solvents were removed in vacuo and subsequent flash column chromatography (cHex:EA
4:1) yielded compound 8 as a yellow oil (1.30 g, 3.70 mmol, 74%).

'"H NMR (300 MHz, CDCl;) & 8.53 — 8.51 (m, 1H, H-1), 8.3 — 8.27 (m, 2H, H-8), 7.70 -

7.68 (m, 2H, H-3, H-4), 7.40 — 7.37 (m, 2H, H-7), 7.18 — 7.13 (m, 1H, H-2), 4.57 (t, J =
6.4 Hz, 2H, H-6), 3.18 (t, J = 6.4 Hz, 2H, H-5).

BC NMR (75 MHz, CDCl;) 6 159.17, 155.51, 152.34, 149.68, 145.61, 137.61, 126.31,
125.47, 121.88, 121.38, 120.56, 115.89, 66.80, 36.96.

APCI-MS: m/z 353.3 (calculated for [M-+H]": 353.03)
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Figure S3.5 'H,'H COSY NMR spectrum (300 MHz, CDCls, 298 K) of compound 8.
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Figure S3.6 13C NMR spectrum (75 MHz, CDCls, 298 K) of compound 8.

2.1.1.3. Synthesis of compound 10

" 7
>L°8N O S
- 3
(o) \rr\s/\sw@
s oy NF2
10
10

In a round-bottom flask tert-butyl protected serine hydrochloride (200 mg, 1.01 mmol,
1 eq.) was dissolved in dry DCM (10 ml) and dry DIPEA (654 mg, 881 pl, 5.06 mmol, 5
eq.) was added to the solution. Compound 8 was dissolved in dry DCM (5 ml) and added
slowly to the mixture. The solution was stirred at room temperature overnight and then
washed twice with water and with brine. The aqueous phase was extracted with EA and
the combined organic phase was dried over sodium sulphate. The solvents were removed
in vacuo and flash column chromatography (cHex:EA 1:1) yielded compound 10 as a

colorless amorphous solid (316 mg, 0.84 mmol, 83%).

'H NMR (400 MHz, CDCl;) & 8.44 (d, J = 4.8 Hz, 1H, H-1), 7.72 (d, J = 8.1 Hz, 1H, H-3),

7.66 (td, J = 7.7, 1.8 Hz, 1H, H-4), 7.10 (ddd, J = 7.3, 4.9, 1.2 Hz, 1H, H-2), 5.61 — 5.59
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(m, 1H, H-7), 4.43 — 4.37 (m, 1H, H-6), 4.30 — 4.24 (m, 2H, H-6", H-8), 3.95 — 3.88 (m, 2H,

H-9), 3.11 -~ 2.96 (m, 2H, H-5), 2.84 -~ 2.81 (m, 1H, H-10), 1.48 (s, 9H, H-11).

BC NMR (101 MHz, CDCl;) § 169.46, 160.09, 155.89, 149.69, 137.33, 121.02, 120.11, 82.96,

63.66, 63.57, 56.76, 37.69, 28.14.

ESI-MS: m/z 375.1 (calculated for [M+H]": 375.10)
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Figure S3.7 1H NMR spectrum (400 MHz, CDCl;, 298 K) of compound 10.
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Figure S3.8 'H,'H COSY NMR spectrum (400 MHz, CDCls, 298 K) of compound 10.
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Figure S3.9 13C NMR spectrum (101 MHz, CDCl3, 298 K) of compound 10.
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2.1.1.4. Synthesis of compounds 11a

>Lo)ok(n TrO\/\s,S N
04\)\/

Hﬁfo
O

In a round-bottom flask compound 10 (157 mg, 419 pmol, 1 eq.) was dissolved in dry DCM
(5 ml) under N». Fmoc-Ile (274 mg, 774 pmol, 1.8 eq.), DMAP (23.6 mg, 193 pmol, 0.5 eq.)
and DIC (98 mg, 774 pmol, 1.8 eq.) were dissolved in dry DCM (10 ml) and added
dropwise to the solution of compound 10. The reaction mixture was stirred at room
temperature overnight. The solvent was removed in vacuo and flash column

chromatography (cHex:EA 3:1) yielded compound 11a as a colorless oil (291 mg, 410 pmol,

9807(1).
[M+H]*
710.3
[2M+Na]*
m 1441.8
! I I T I = T ll
5 10 15 20 500 1000 1500 2000
Retention time (min) m/z

Figure S3.10 LC-MS data of compound 11a. Left: LC trace (214 nm) with tr (11a) = 9.63 min. Right: Convoluted
ESI-MS spectrum showing peaks of [M+H]* (calculated: 710.26) and [2M+Na]+ (calculated: 1441.49).
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2.1.1.5. Synthesis of compounds 11b

>|\ i H O\/\ .S X
e han>
Y

11b

In a round-bottom flask compound 10 (162 mg, 433 pmol, 1.2 eq.) was dissolved in dry
DCM (4 ml) under N.. Nitrobenzoxadiazole (NBD)-B-Ala-Ile (132 mg, 361 pmol, 1 eq.),
DMAP (88 mg, 722 nmol, 2 eq.) and DIC (91 mg, 722 pmol, 2 eq.) were dissolved in dry
DCM (5 ml) and added dropwise to the solution of compound 10. The reaction mixture
was stirred at room temperature overnight. The solvent was removed in vacuo and flash
column chromatography (EA:cHex 2:1) yielded compound 11b as a bright yellow oil

(141 mg, 195 pmol, 54%).
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Figure S3.11 LC-MS data of compound 11b. Left: LC trace (214 nm) with tg (11b) = 8.63 min. Right:
Convoluted ESI-MS spectrum showing the peak of [M+H]* (calculated: 722.23).

97



Supplementary Information

2.1.1.5. Synthesis of compounds 11c

>L i H O _~e-S X
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1c

In a round-bottom flask compound 10 (80 mg, 214 pmol, 1 eq.) was dissolved in dry DCM
(4 ml) under N,. Coumarin 343-Ile (126 mg, 316 pmol, 1.5 eq.), DMAP (26.1 mg, 214 pmol,
1 eq.) and DIC (40 mg, 320 pmol, 1.5 eq.) were dissolved in dry DCM (5 ml) and added
dropwise to the solution of compound 10. The reaction mixture was stirred at room
temperature overnight. The solvent was removed in vacuo and flash column
chromatography (cHex:EA 3:2) yielded compound 1lc as a bright green oil (126 mg,

167 pmol, 78%).
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Figure S3.12 LC-MS data of compound 11c. Left: LC trace (214 nm) with tr (11c) = 9.80 min. Right: Convoluted
ESI-MS spectrum showing peaks of [M+H]* (calculated: 755.28) and [2M+Na|* (calculated: 1531.53).
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2.1.1.6. Synthesis of compound 12a
0O

H
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OO

12a

In a round-bottom flask compound 11a (280 mg, 394 nmol, 1 eq.) was dissolved in a 1:1-

mixture of TFA and DCM (4 ml:4ml) and stirred for 6 h. The solvents were removed in

vacuo. The remaining colorless oil was dissolved in dry DCM (15 ml) and DIPEA (329 mg,

443 pl, 2.54 mmol, 6 eq.) was added under N,. Afterwards, PyBOP (441 mg, 847 pmol,

2.2 eq.) and tert-butyl-protected alanine hydrochloride (154 mg, 847 pmol, 2.2 eq.) were

added and the reaction mixture was stirred for 3 h. The solution was washed with water

and extracted with EA. The combined organic phase was dried over sodium sulphate and

the solvents were evaporated. Flash column chromatography (EA:cHex 4:3) yielded

compound 12a as a colorless oil (255 mg, 327 pmol, 83%).
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Figure S3.13 LC-MS data of compound 12a. Left: LC trace (214 nm) with tr (12a) = 9.53 min. Right: Convoluted

ESI-MS spectrum showing peaks of [M+H]* (calculated: 781.29).
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2.1.1.9. Synthesis of compound 12b

0 y

0. N_ O .S
YT

o

HﬁT,o

(o)

12b

In a round-bottom flask compound 11b (141 mg, 195 pmol, 1 eq.) was dissolved in a 1:1-

mixture of TFA and DCM (2 ml:2ml) and stirred for 4 h. The solvents were removed in

vacuo. The remaining bright yellow oil was dissolved in dry DCM (10 ml) and DIPEA

(153 mg, 206 pnl, 1.18 mmol, 6 eq.) was added under N,. Afterwards, PyBOP (205 mg,

393 pmol, 2 eq.) and tert-butyl-protected alanine hydrochloride (71 mg, 393 pmol, 2 eq.)

were added and the reaction mixture was stirred for 3 h. The solvent was evaporated. The

product was purified via HPLC using the Phenomenex Gemini column. The gradient

started with 10% CH3CN in H,O (4+0.1% TFA) and this solvent ratio was kept for 3 min

after which the CH3;CN content was increased to 100% over 12 min. The purification

yielded 12b as a bright yellow solid (55 mg, 69 pmol, 35%).

T
5 10 15

Retention time (min)

20

[M+H]*

793.4

T
500

T
1000

m/z

T
1500

2000

Figure S3.14 LC-MS data of compound 12b. Left: LC trace (214 nm) with tr (12b) = 7.89 min. Right: Convoluted

ESI-MS spectrum the showing peak of [M+H]*+ (calculated: 793.26).
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2.1.1.8. Synthesis of compound 12c¢

> ka(n R

12c

In a round-bottom flask compound 11c (126 mg, 167 pmol, 1 eq.) was dissolved in a 1:1-
mixture of TFA and DCM (2 ml:2ml) and stirred for 4 h. The solvents were removed in
vacuo. The remaining bright green oil was dissolved in dry DCM (10 ml) and DIPEA
(297 mg, 400 pl, 2.30 mmol, 13.7 eq.) was added under N,. Afterwards, PyBOP (718 mg,
1.38 mmol, 8.2 eq.) and tert-butyl-protected alanine hydrochloride (267 mg, 1.47 mmol,
8.8 eq.) were added and the reaction mixture was stirred for 3 h. The solution was washed
with water and brine and extracted with EA. The combined organic phase was dried over
sodium sulphate and the solvents were evaporated. Flash column chromatography

(EA:cHex 4:1) yielded compound 12¢ as a bright green oil (122 mg, 148 pmol, 88%).
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Figure S3.15 LC-MS data of compound 12c. Left: LC trace (214 nm) with tg (12c) = 9.47 min. Right: Convoluted
ESI-MS spectrum showing peaks of [M+H]* (calculated: 826.32).
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2.1.1.8. Synthesis of compound 12d

12d

In a round-bottom flask compound 12a (30 mg, 38.4 pmol, 1 eq.) was dissolved in a 1:1-

mixture of TFA and DCM (2 ml:2ml) and stirred for 4 h. The solvents were removed in

vacuo. Next, cyaninej-amine hydrochloride (10 mg, 15.3 pmol, 0.5 eq.) was dissolved in

DCM (4 ml) and DIPEA (11.9 mg, 16.0 pml, 91.9 pmol, 3 eq.) was added to the solution

under Ni. The remaining colorless oil of the deprotected 12a was dissolved in dry DCM

(3 ml) and PyBOP (47.8 mg, 400 pl, 2.30 mmol, 13.7 eq.) was added to the solution of

cyanineb-amine under N,. The reaction mixture was stirred at room temperature overnight.

The solvent was evaporated and purification via HPLC yielded compound 12d as a bright

blue solid (10 mg, 7.8 pmol, 51%).
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Figure S3.16 LC-MS data of compound 12d. Left: LC trace (214 nm) with tr (12d) = 8.57 min. Right: Convoluted

ESI-MS spectrum showing peaks of [M+2H]?+ and [M+H]* (calculated: 1288.70).
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2.1.2. Solid phase supported synthesis of TAT-modified glutathione-responsive

isopeptides
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Scheme S3.2 Synthesis of TAT-modified glutathione-responsive isopeptides. i) TFA, TIPS, DCM (2% : 5% :
93%, 5x8 min, RT); ii) 12a/b/c/d, DMF, 2 h, RT; iii) TFA, TIPS, H20 (95% : 2.5% : 2.5%), 2.5 h, RT.

The peptide TAT with an additional N-terminal cysteine 13 was synthesized via solid
phase supported peptide synthesis using Rink amide resin at a scale of 0.05 mmol or
0.1 mmol. The resin was swollen in DMF for 1 h before the synthesis. Before every coupling
step and as the final deprotection, the N-terminal Fmoc group was cleaved by two
deprotection steps using 20% piperidine in DMF (3 ml) for 15 s and 50 s at 75 °C and
90 °C respectively. Fmoc-Gln(Trt), Fmoc-Lys(Boc), Fmoc-Gly, Fmoc-Tyr(tBu) and Fmoc-
Cys(Mmt) (5 eq. in 1.25 ml) were coupled for 15 s and 110 s at 75 °C and 90 °C respectively
using DIC (0.25 M) and Oxyma (0.5 M) in a total of 2.75 ml DMF. For Fmoc-Arg(Pbf)

the coupling steps were performed as double couplings.
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The acid labile Mmt-protecting group of the cysteine side chain was removed by adding a
mixture of 2% TFA with TIPS (5%) in DCM (93%) to the resin (5 ml each time) and
shaking it for 8 min under N, before draining the solution. This procedure was repeated 5
times (i). Afterwards, the resin was thoroughly washed with DCM and dry DMF (5 ml)
was added under N,. Compound 12a (82 mg, 0.11 mmol, 2.1 eq.) or 12b (56 mg, 0.068
mmol, 1.4 eq.) or 12¢ (56 mg, 0.068 mmol, 1.4 eq.) was dissolved in dry DMF (5 ml) and
added to the resin. The mixture was shaken for 2 h at room temperature (ii). The solution
was drained and the resin was washed with DMF and DCM. The cleavage solution (5 ml
of 95% TFA, 2.5% TIPS, 2.5% H.,0) was added and the mixture was shaken for 2.5 h at
room temperature (iii). Afterwards the peptide solution was collected by filtering out the
resin and the resin was additionally washed with TFA (1 ml). The combined solution was
added dropwise to ice cold diethyl ether to precipitate the product. After centrifugation
for 20 min at 4,000 rpm at 0 °C, the supernatant was removed and the pellet was dried.
The products la, 1b, 1c and 1d were each purified via HPLC using the Phenomenex
Gemini column at a flowrate of 25 ml/min. The gradient started with 5% CH;CN in H,O
(+0.1% TFA) and this solvent ratio was kept for 4 min after which the CH;CN content
was increased to 50% over 31 min. The compound la was received as a white powder after
lyophilization (5.9 mg, 5.2% overall yield). The compound 1b was received as a yellow
powder after lyophilization (7.6 mg, 6.5% overall yield). The compound lc¢ was received as
a yellow powder after lyophilization (9.0 mg, 11% overall yield). The compound 1d was

received as a blue powder after lyophilization (6 mg, 5% overall yield).
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Figure S3.17 Analytical data of compound 1a. Left: Analytical HPLC trace (214 nm) with tg (1a) = 32.73 min.
For the analysis a Zorbax Eclipse XDB-C18 HPLC column was used. The gradient started with 5% CH3CN in H20
(+0.1% TFA) and this solvent ratio was kept for 15 min after which the CH3CN content was increased to 50% over
20 min. Right: MALDI TOF spectrum showing peaks of [M+H]* (calculated: 2276.70) and the product of disulfide
cleavage [Cys-TAT+H]* (calculated: 1661.98).
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Figure S3.18 Analytical data of compound 1b. Left: Analytical HPLC trace (214 nm) with tr (1b) = 20.78 min.
For the analysis a Zorbax Eclipse XDB-C18 HPLC column was used. The gradient started with 0% CH3CN in H.O
(+0.1% TFA) and this solvent ratio was kept for 8 min after which the CH3CN content was increased to 45% over
15 min. Right: MALDI TOF spectrum showing peaks of [M+H]+ (calculated: 2288.63) and the product of disulfide
cleavage [Cys-TAT+H]* (calculated: 1661.98).
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Figure S3.19 Analytical data of compound 1c. Left: Analytical HPLC trace (214 nm) with tr (1c) = 23.84 min.
For the analysis a Zorbax Eclipse XDB-C18 HPLC column was used. The gradient started with 5% CH3CN in H2O
(+0.1% TFA) and this solvent ratio was kept for 1 min after which the CH3CN content was increased to 50% over
29 min. Right: MALDI TOF spectrum showing peaks of [M+H]* (calculated: 2321.74) and the product of disulfide
cleavage [Cys-TAT+H]* (calculated: 1661.98).
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Figure S3.20 Analytical data of compound 1d. Left: Analytical HPLC trace (214 nm) with tg (1d) = 25.09 min.
For the analysis a Zorbax Eclipse XDB-C18 HPLC column was used. The gradient started with 5% CH3CN in H2O
(+0.1% TFA) and this solvent ratio was kept for 1 min after which the CH3CN content was increased to 50% over
20 min and then to 100% over 3 min. Right: MALDI TOF spectrum showing peaks of [M+H]* (calculated: 2840.56)
and the product of disulfide cleavage [Cys-TAT+H]* (calculated: 1661.98).
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3. Glutathione-Induced Transformation of Isopeptides

3.1. General procedure of LC-MS kinetic analysis

The glutathione-induced conversion of the bioresponsive isopeptides la and 1b was
analyzed via an LC-MS kinetic study. The samples were prepared by mixing 300 pl of a
solution of the respective isopeptide la in methanol (0.1 mg/ml) with 300 pl of NH;HCO,
buffer (50 mM, pH 7.4) that contained glutathione (c(reduced glutathione) = 20 mM;
c(oxidized glutathione) = 2 mM). The resulting samples (c¢(1a) = 0.05 mg/ml; c(reduced
glutathione) = 10 mM; c(oxidized glutathione) = 1 mM) were immediately injected into
an LC-MS set-up. The samples were shaken at room temperature and subsequently

analyzed at different time points to monitor the degradation reaction of the isopeptides.

4. Analysis of Secondary Structure and Self-Assembly

Behavior

4.1. Temperature-dependent IH-NMR analysis of linear Fmoc-ISA 5a

For the temperature-dependent NMR analysis a solution of the linear peptide ba was
prepared containing 0.5 mg peptide in 0.5 ml deuterated solvent. The deuterated solvent
consisted of a 9:1-mixture of phosphate buffer (50 mM) prepared from D>O and DMSO-d;.
The sample was then immediately analyzed via "H-NMR spectroscopy at 293 K and the
temperature was increased stepwise to 323 K. At each temperature the sample was

equilibrated for 20 min before the measurement.

107



Supplementary Information

323 K

313K

303K

(293K J\\d_/L__
1 0

8 7 2
5 (ppm)

Figure S3.21 Temperature-dependent !H-NMR analysis of linear Fmoc-ISA 5a in phosphate buffer (50 mM)
prepared from D20 and DMSO-dg (9:1).

4.2. CD spectra of Fmoc-ISA 5a and kinked assembly precursor la

The linear peptide 5a or the kinked assembly precursor la were dissolved in phosphate
buffer (10 mM, pH 7.4) to yield a peptide concentration of 500 pM. The solutions were
sonicated to dissolve the peptides completely. The samples were subsequently measured,
and the spectra were recorded at wavelengths from 300 to 180 nm with a bandwidth of 1
nm, data pitch of 0.2 nm, and scanning speed of 5 nm/min. The spectra were measured

three times and accumulated.
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260 ' 250 2;1»0 ' 2é0 l 250 ' 300
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Figure S3.22 CD spectra of linear peptide 5a and assembly precursor 1a at 500 uM in phosphate buffer (10
mM, pH 7.4).
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4.3. TEM analysis of linear Fmoc-ISA 5a

The linear peptide Ha was dissolved in DMSO (10 mM) and diluted with DPBS at a ratio
of 1:99 to yield a 100 uM peptide solution. The solution was incubated for 24 h and TEM
grids were prepared by pipetting 3 uL of the solution onto a Formvar-coated copper grid
and incubated for 5 min. After the incubation, the solutions were removed with filter paper,
and the grids were stained with 7 puL 4% uranyl acetate solution for 2.5 min. The grids

were washed three times with MilliQ water and dried before being measured.

Figure S3.23 TEM images of nanofibers formed by 5a (100 pM) in DPBS (pH 7.4) and DMSO (99:1). Scale bar
500 nm.
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4.4. TEM analysis of linear peptides and kinked precursors

The linear peptides ba, 5b and 5¢ were each dissolved in DMSO to achieve stock solution

with 10 mM or 50 mM concentration. The respective DMSO stock

solutions were mixed

yielding the stock solutions of the mixed linear peptides: for Fmoc-ISA 5a and

Coumarin343-ISA 5c¢ at a 5:1 ratio and for Fmoc-ISA 5a and Fmoc-ISA-Cy5 5d at a 99:1

ratio. The same was done for the kinked assembly precursors la and 1¢/1d. The DMSO

stock solutions of the mixed linear peptides and the mixed isopeptides were diluted with

DPBS at a 1:99 ratio to yield 500 uM or 100 uM peptide solutions. The same was done for

the stock solutions of the linear NBD-ISA 5¢ and the control isopeptide 1c¢. The TEM

samples were prepared as described in section 1.2.8.

Linear co-assembling peptides 5a:5¢

500 uM

100 uM

Linear co-assembling peptides 5a:5d

T

500 pM

Assembly precursors 1a:1¢

100 pM

Linear control peptide 5b Control isopeptide 1b

500 UM 100 pM

100 uM

Figure S3.24 TEM images showing nanofibers formed by co-assembling peptides 5a:5c (5:1 ratio) and by 5a:5d
(99:1 ratio), at concentrations of 500 pM and 100 pM in DPBS (pH 7.4) with 1% DMSO. For comparison, TEM
images of non-assembling assembly precursors 1a:1c (5:1 ratio) and by 1a:1d (99:1 ratio) at 100 pM are shown.
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Additionally, images of the linear control peptide 5b and the control isopeptide 1b at 500 uM and 100 pM,
respectively, in DPBS (pH 7.4) with 1% DMSO are included. Scale bar 500 nm.

4.5. Cryo-TEM analysis of linear Fmoc-ISA 5a

Figure S3.25 Cryo-TEM images of nanofibers formed by self-assembling peptide 5a (1 mg/ml) in DPBS (pH 7.4)
and DMSO (99:1). Scale bars 500 nm (left) and 100 nm (right).

Figure S3.26 Cryo-TEM image of nanofibers formed by self-assembling peptide 5a (1 mg/ml) in DPBS (pH 7.4)
and DMSO (99:1). The twisted fibers exhibit an average thickness of 6.8+0.3 nm at the twists (yellow) and
11.0+0.2 nm (red) at the non-twisted areas. Scale bar 100 nm.
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4.6. Proteostat assay for the determination of the critical aggregation
concentration

For the analysis of the critical aggregation concentration of the linear peptides ba, Ha:dc
(5:1) and 5a:5d (99:1) the commercial Proteostat protein aggregation assay kit by Enzo
Life Sciences, Inc. was used. The peptide samples were prepared by diluting DMSO stock
solutions of the linear peptides 5a, ba:5c (5:1) and Ha:5d (99:1) in various concentrations
(1 to 100 pM) with DPBS in a 1:99 ratio. The resulting peptide samples were incubated
for 24 h at room temperature while shaking. The Proteostat working solution was prepared
by mixing 0.52 ul of the Proteostat stock solution with 98.48 ul MilliQ) water and 1 pl assay
buffer. After the incubation, 27 ul of each peptide solution were mixed with 3 ul of the
Proteostat working solution. 9 ul of each solution were pipetted into a well of a Greiner
384 flat black well plate (3 wells per sample of each peptide concentration). The plate was
incubated in the dark for 15 min while shaking. The fluorescence intensity of the Proteostat
dye was subsequently measured with an excitation and emission bandwidth of 20 nm and

an emission wavelength of 600 nm after excitation at 550 nm.
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Figure S3.27 Proteostat aggregation assay of the linear Fmoc-ISA 5a (left) and of the mixed linear
peptides Fmoc-ISA 5a and Fmoc-ISA-Cy5 5d (99:1) (right) in DPBS:DMSO (99:1). The samples were incubated
at room temperature for 24 h before the analysis. By calculating the intersection of the linear fits, the critical
aggregation concentration of 5a was determined to be 10 pM, while the critical aggregation concentration of the
mixed linear peptides 5a:5b was 9.2 pM and of 5a:5d was 4.6 pM.
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5. T Cell Experiments
5.1. Cell culture and activation of T cells

CD8* T cells were isolated from clinically healthy donors (LRS cones) via negative selection
(https://www.stemcell.com/products/rosettesep-human-cd8-t-cell-enrichment-cocktail.html).

After isolation, cells were counted and transferred into RPMI medium (+30%FBS, +1%P/S, +1% L-
Glutamine, +1% NEAA, +12 mM HEPES) supplemented with 10% DMSO and frozen at -80°C. 3 days
before the experiment, T cells were thawed and transferred to RPMI culture medium (+10%FBS,
+1%P/S, +1% L-Glutamine, +1% NEAA, +12 mM HEPES) supplemented with 50 U/mL recombinant
IL-2 and cultured overnight. Cells were then washed in culture medium and incubated with anti
CD3/CD28 T cell activation DynaBeads at a 1:2 cell to bead ratio for 2 days. Inactivated control

T cells were cultured without DynaBeads.

5.2. Cell uptake of isopeptides in T cells and confocal microscopy

After activation, DynaBeads were magnetically separated from the cells and the cells were
transferred into fresh culture medium to a final concentration of 1x10°/mL (450 U/mL
rec. IL-2) for treatment with the peptides. Peptides were added at the indicated
concentrations and incubated with active and resting control cells for 1 hour. Cells were
then washed by centrifugation, resuspended in fresh cells culture medium and kept at 37 °C

until further use for up to 24 hours.

Confocal microscopy was performed using a laser scanning microscope LSM 880 (Carl Zeiss
AG). Images were acquired using a 20x (Plan-Apochromat 20x/0.8 M27, Carl Zeiss AG,
Germany) and a 63x immersion oil objective (Plan-Apochromat 63x/1.4 Oil DIC M27,
Carl Zeiss AG, Germany) and 488 nm, 543 nm and 647 nm laser lines. Images were
analyzed using ImageJ (NIH) software. For imaging, dsLBs were dissolved 1:20 or 1:40 in

8-well Nunc LabTeK glass bottom chamber slides filled with 200 pL. PBS.
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Figure S3.28 Confocal laser scanning microscopy (CLSM) images of activated T cells incubated with 5 yM
of control isopeptide 1b (purple) for 1 hour. Scale bar: 15 pm.

5.3. Analysis of T cell cytotoxicity towards cancer cells

To assess bispecific T cell engager-mediated cancer cell killing, MCF-7 breast cancer cells
were seeded at a density of 20,000 cells per 150 pL in 96-well plates. After allowing the
cells to attach for 24 hours, the culture medium was replaced with RPMI 1640 containing
L-Glutamine, supplemented with 1% fetal bovine serum, 1% penicillin/streptomycin, 1%
non-essential amino acids, 50 mM HEPES, and 100 U/mL recombinant human IL-2. An
anti-Her2-CD3 BiTE antibody (BSAB-002, Creative Biolabs, USA) was then added to the
samples in a serial dilution. Pre-activated T cells, treated with different peptides
concentrations as described previously, were introduced to the cancer cells at a 1:5 cancer-
to-T cell ratio. To account for donor variation, T cells from two separate donors were used,
each in technical duplicates. After 24 hours of co-culture at 37°C, 5% CO,, and 100%
humidity, the assay was terminated. Cells and supernatants were collected to measure T
cell-induced cytotoxicity using LDH release analysis (9158-HA-010, Biotechne, USA)
according to the manufacturer's instructions. Non-peptide treated T cells, single cultures
of cancer cells and T cells as well as a human serum IgG antibody solution were used as

controls. For positive controls, cancer cells were lysed by 10 mM SDS for 1 hour.
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Figure S3.29 Dose-response curve showing the cytotoxic effect of activated T cells against HER2-expressing
MCF7 cancer cells in relation to the concentration of a bispecific T cell engager targeting HER2 and CD3. The
curves show data for T cells pre-treated with the isopeptides la:1c (5:1) at different concentrations for 1 hour,
followed by washing and addition of the bispecific engager (n = 3 donors, mean of 2 technical replicates each).

Figure S3.30 Dose-response curve showing the cytotoxic effect of activated T cells against HER2-expressing
MCF7 cancer cells in relation to the concentration of a bispecific T cell engager targeting HER2 and CD3. The
curves show data for T cells pre-treated with the control isopeptide 1b, the cell-penetrating transporter Cys-TAT
and the linear peptides 5a:5¢ (5:1) at 5 pM each for 1 hour, followed by washing and addition of the bispecific

engager (n = 3 donors, mean of 2 technical replicates each).

Figure S3.31 Dose-response curve showing the cytotoxic effect of activated T cells against HER2-expressing
MCF7 cancer cells in relation to the concentration of a bispecific T cell engager targeting HER2 and CD3. The
curves show data for T cells pre-treated with the isopeptides 1a:1d (99:1) at different concentrations for 1 hour,
followed by washing and addition of the bispecific engager (n = 3 donors, mean of 2 technical replicates each).
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5.4. Proteome profiler analysis

For proteome profiler analysis, pre-activated T cells were seeded at 100,000 cells per well
and treated with the peptides as described above. Pre-activated cells that were not treated
with peptides served as the negative control. To obtain sufficient final protein
concentration, 40 technical replicates were prepared for each condition. After peptide
treatment, the samples were washed with PBS and then pooled. The cells were
subsequently lysed in Lysis Buffer 17, supplemented with 10 pg/mL of Aprotinin,
Leupeptin hemisulfate, and Pepstatin A (all from R&D Systems, USA), for 30 minutes at
4°C under constant agitation. Cell debris was removed by centrifugation, and the protein
concentration in the supernatant was measured using the BCA Protein Assay Kit (Merck,
Germany) following the manufacturer’s instructions. From each condition, 600 pg of
protein was used to load the membranes of the Proteome Profiler Human Phospho-Kinase
Array Kit (R&D Systems, USA). The assay was performed according to the manufacturer's
protocol, with the Streptavidin-HRP replaced by IRDye 800CW Streptavidin (LI-COR
Biotechnology, USA). Fluorescence intensity of the stained membranes was documented
using an ODYSSEY M imaging system (LI-COR Biotechnology, USA) equipped with a

785 nm laser. Image analysis was carried out using ImagelJ software (NIH).
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Figure S3.32 Proteome Profiler Human Phospho-Kinase Antibody Array analysis of T cells treated with

the control isopeptide 1b at 5 pM for 1 hour (n = 2 donors, 2 on-membrane replicates).
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5.5. Real-time deformation cytometry (RT-DC)

T cell deformation was measured by real-time deformation cytometry (RT-DC) using an
AcCellerator (ZellMechanik Dresden, Germany). Deformation was induced by
hydrodynamic stress as the T cells pass through a 15 pm x 15 pm channel within a
microfluidic chip and driven by syringe pumps filled with RPMI cell culture medium at a
flow rate of 0.06 pL/mL. The image-based analysis was performed using an inverted
microscope (Axiovert 200M, ZEISS, Germany) and a CMOS camera (Mikrotron,
Germany). The camera and the syringe pumps were controlled by the Shapeln software
(Zellmechanik Dresden, Germany). The analysis was performed with the ShapeOut 2
software (Zellmechanik Dresden, Germany). To exclude T cell debris the following limits
were used: area >100 pm?® circularity 0.960-0.995, deformation 0-0.0024 and porosity

1.0-1.4.

5.6. Correlative light and electron microscopy (CLEM) and structured
illumination microscopy (SIM)

For post-embedding correlative light and electron microscopy (CLEM) of cryo-fixed human
T cells (CTLs) was done as described previously.! Stimulated (24 h in culture) or resting
CTLs were incubated with the glutathione-responsive isopeptides la and 1d (99:1) for 1 h
at 37 °C. After several wash steps, CTLs were kept in RPMI medium supplemented with
30% FCS, 1% P/S, 1% NEAA, 50 U/ml IL-2, 50 mM HEPES and CellMask™ DeepRed
(1:1000). Cells were then seeded on 1.4 mm sapphire discs coated with poly-L-ornithine
(0.1 mg/ml) in flat specimen carriers (Leica) and vitrified in a high-pressure freezing
system (EM PACT2, Leica). The frozen specimens were cryo-transferred into the precooled
(-130 °C) freeze substitution chamber of the AFS2 (Leica). The temperature was increased
from -130 to -90 °C for 2 h. Cryo-substitution was performed at -90 °C to -70 °C for 20 h
in anhydrous acetone and at -70 to -60 °C for 24 h with 0.3% (wt/vol) uranyl acetate in
anhydrous acetone. At -60 °C the samples were infiltrated with increasing concentrations
(30, 60 and 100%; 1 h each) of Lowicryl® (3:1 K11M/HM20 mixture; Electron Microscopy
Sciences). After a 5 h 100% Lowicryl infiltration, samples were UV polymerized at -60 °C

for 24 h and for additional 15 h while temperature was raised linearly to 5 °C. Samples
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were stored in the dark at 4 °C until further processing. After removing the membrane
carriers, 100 nm ultrathin sections were cut using an EM UCT7 (Leica) and collected on
carbon-coated 200 mesh copper grids (Plano). 1 d after sectioning a grid was stained with
DAPI for 3 min (1/1000), washed and sealed between a coverslip and a glass slide for high
resolution SIM imaging. After fluorescence imaging, the grid was carefully removed,
stained with uranyl acetate and lead citrate and recorded with a Tecnail2 Biotwin electron
microscope. Only CTLs with well conserved membranes, cell organelles and nuclei were
analyzed and used for correlation. The DAPI and/or the CellMask signals were used to
find the best overlap with the electron microscope image. The final alignment defines the
position of the fluorescent signals within the cell of interest. Images were overlaid in Corel

DRAW XG6.

Images for correlative fluorescence and electron microscopy (CLEM) were acquired with
excitation light of 405, 488 and 642 nm wavelengths. Almost the entire field of view of a
200-mesh grid (around 90 pm?) could be observed with a 63x Plan-Apochromat objective
by SIM, allowing a perfect orientation relative to the grid bars. After adjusting the highest
and lowest focus planes for z-stack analysis in brightfield, images were recorded with a
step size of 100 nm. Fluorescent images were excited with 405 nm wavelengths to visualize
DAPI. 488 nm wavelength was used for visualization of NBD and 642 nm for CellMask
DeepRed or Cyb-labeled glutathione-responsive isopeptides. The DAPI image and the
CellMask images were recorded to identify the nucleus, the plasma membranes of the CTL
and the image plane. 3-10 images were recorded with a step size of 100 nm to scan the
cells of interest. All the images were acquired with a 63x Plan-Apochromat (NA 1.4) and

then processed to obtain higher resolutions by Zen 2012 (Zeiss).
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Figure S3.33 Correlative light and electron microscopy (CLEM) images of activated human CD8* T cells
treated with 5 pM of glutathione-responsive isopeptides 1a and 1d (99:1) (cyan) for 1 hour before freezing.
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Figure S3.34 Correlative light and electron microscopy (CLEM) images of activated human CD8+ T cells
treated with 5 pM of control isopeptides 1b (cyan) for 1 hour before freezing.
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Figure S3.35 Correlative light and electron microscopy (CLEM) images of non-activated human CD8+ T cells
treated with 5 pM of glutathione-responsive isopeptides 1a and 1d (99:1) (cyan) for 1 hour before freezing.

References

1 Hsin-Fang Chang et al. Identification of distinct cytotoxic granules as the origin of
supramolecular attack particles in T lymphocytes. Nat. Commun. 13, 1029 (2022).

121



122



4. Intracellular Formation of Synthetic
Peptide Nanostructures Causes
Mitochondrial Disruption and Cell
Death in Tumor Spheroids

Authors

Sarah Chagrit, Konrad Maxeiner?, Lisa Forch, Julian Link, Patrick Roth, Raphael
Meyer, Jana Fetzer, Anke Kaltbeitzel, Ingo Lieberwirth, Katharina Landfester,
Manfred Wagner, David Y.W. Ng, and Tanja Weil

#S. Chagri and K. Maxeiner contributed equally to this work.

Reproduced, with minor changes, from ‘Chagri, S.}; Maxeiner, K.}, Forch, L.; Link,
J.; Roth, P.; Meyer, R.; Fetzer, J.; Kaltbeitzel, A.; Lieberwirth, I.; Landfester, K.;
Wagner, M.; Ng, D. Y. W.; Weil, T. Intracellular Formation of Synthetic Peptide
Nanostructures Causes Mitochondrial Disruption and Cell Death in Tumor
Spheroids. ChemRxiv, doi:10.26434/chemrxiv-2024-xkxpb (2024).

Contributions

Sarah Chagri: Conceptualization, molecular design of peptides and planning of
synthesis and experiments. Synthesis and characterization of peptides and
associated molecules. CD measurements and NMR analysis. Cell uptake
experiments and cell viability assays. Data analysis and interpretation of all

corresponding results. Writing of the manuscript.



Contributions

Konrad Maxeiner: Cell uptake experiments and cell viability assays. Metabolic
analysis and tumor spheroid experiments. Data analysis and interpretation of all
corresponding results. Writing of the manuscript.

Lisa Forch: Tumor spheroid experiments.
Julian Link: Synthesis of peptides.

Patrick Roth: TEM measurements for the analysis of peptide structure formation

and interpretation of results.
Raphael Meyer: CD measurements and interpretation of results.
Jana Fetzer: Synthesis of peptides.

Anke Kaltbeitzel, Ingo Lieberwirth, Katharina Landfester: CLEM measurements

and interpretation of results.
Manfred Wagner: Measuring and interpretation NMR spectra.

David Y. W. Ng: Design and discussion on the concept and results. Editing of the

manuscript.

Tanja Weil: Acquiring funding for the project, design and discussion of the concept
and results. Editing of the manuscript.

124



4. INTRACELLULAR FORMATION OF SYNTHETIC PEPTIDE NANOSTRUCTURES CAUSES
MITOCHONDRIAL DISRUPTION AND CELL DEATH IN TUMOR SPHEROIDS

Abstract

Supramolecular assemblies found in nature demonstrate the concept of creating
functionality through structure formation. In recent years, these complex natural
architectures have inspired the development of materials for the formation of
synthetic nanostructures within living cells. These intracellular assemblies have the
potential to modulate cellular processes, yet their specific effects on cellular
metabolism and three-dimensional (3D) cell networks, such as tumor spheroids, still
remain underexplored. Herein, we correlate the glutathione-induced formation of
synthetic nanostructures inside MDA-MB-231 triple negative breast cancer cells to
the metabolic disruption and mitochondrial degradation observed in two-
dimensional (2D) cell culture, as well as to cell death and size decrease in a three-
dimensional (3D) tumor spheroid model. In 2D cell culture, material-cell
interactions were examined through live-cell imaging and by quantifying changes in
mitochondrial respiration. By studying the interplay between glutathione-
responsive cytosolic peptide assembly and the implications on the integrity of the
mitochondrial network, as well as on 3D cell networks, our work advances the
understanding of how synthetic intracellular nanofibers impact vital functions of

living cells.
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4.1. Introduction

Intracellular nanostructures, such as the cytoskeleton, are naturally occurring
protein assemblies that regulate fundamental processes involved in cell metabolism,
division, and motility.! These intricate and dynamic protein assemblies span the
cytosol, serving as a blueprint for the design of synthetic nanomaterials for
intracellular structure formation. The creation of synthetic architectures within
mammalian cells represents a milestone in synthetic biology and nanomedicine, as
it offers a bottom-up understanding of how natural intracellular assemblies can be
replicated based on molecular design principles. This knowledge offers new avenues
for understanding the impact of such assemblies on cellular integrity, function and

viability.?

Given the prevalence of the resistance to various chemotherapeutics in healthcare,
the development of alternative strategies for effective treatment represents a vital
objective in biomedical sciences.® Supramolecular approaches that involve forming
synthetic nanostructures inside cells represent a unique strategy for mechanically
inducing cell death by disrupting vital cellular processes.! The accumulation of
larger aggregates inside cancer cells enhances the retention of synthetic materials,
thereby improving pharmacokinetic properties and circumventing common drug
resistance mechanisms, such as clearance driven by the overexpression of efflux
pumps. However, preventing the premature assembly of the nanomaterial outside
cells is crucial in the material design process. Tailoring synthetic nanomaterials to
display bioresponsive properties ensures that the pro-assembling compounds
transform into active monomers only in the presence of specific endogenous cues,
enhancing spatiotemporal control over assembly formation.? Physiological stimuli,
such as pH gradients®, intracellular enzymes®, and the high concentration of the

reductive glutathione in the cytosol’”, can be exploited to selectively induce
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structure formation. In cancerous cells, the intracellular glutathione concentration
is often increased®® which contributes to multidrug resistance due to the
glutathionylation and subsequent elimination of small molecule drugs!®!. This
biological phenomenon can be used to design pro-assembling precursors by
introducing glutathione-responsive trigger groups with cleavable disulfide
bridges®'*!3, enabling the controlled formation of synthetic nanostructures inside

living cells upon reduction.

In recent years, our group has developed a series of peptide-based pro-assembling
precursors that undergo a multistep conversion process in response to two specific
environmental cues: the acidifying environment inside endosomes upon cellular
uptake and the presence of reactive oxygen species (ROS) in the cytosol upon
endosomal escape.!'*5 Building upon this foundation, we have expanded the
portfolio towards a glutathione-responsive system that activates immune cells
through the formation of intracellular peptide nanostructures.'® The glutathione-
induced peptide assembly within activated cytotoxic T cells stimulates T cell
effector function thereby increasing their cytotoxic activity towards cancer cells.'6
Despite this progress, detailed studies on the concentration- and time-dependent
biological impacts of synthetic intracellular assemblies — particularly regarding their
effects on cancer cell metabolism — have only recently emerged. It is therefore
essential to investigate the uptake, distribution and intracellular conversion of
assembly precursors over time to elucidate how the timeline of in situ structure

formation correlates with the impact on cellular function.

To date, the analysis of in-situ intracellular structure formation has been mostly

focused on cells cultured in conventional two-dimensional (2D) monolayers.'>!
However, findings derived from 2D cell cultures often fail to accurately replicate in

vivo conditions, primarily due to their oversimplified cell-cell and cell-extracellular
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matrix interactions. In contrast, three-dimensional (3D) cell networks more closely
emulate the complex interactions observed in vivo. Notably, multicellular tumor
spheroids exhibit key characteristics of solid tumors, including gradients in oxygen
and nutrients from the outer cell layers to the hypoxic core, as well as high cell

density. !

Herein, we present the in situ formation of metabolism-disrupting nanostructures
inside 2D-cultured cancer cells and 3D tumor spheroids using glutathione-
responsive pro-assembling isopeptides. These peptides undergo a multistep reaction
cascade into self-assembling linear peptides upon cellular uptake (Figure 4.1). This
study introduces live-cell and fluorescent lifetime imaging to observe real-time
changes in the mitochondrial network and integrity during the formation of
fluorescent peptide nanostructures for the first time. With similar time resolution,
the impact on mitochondrial respiration is quantified by measuring the cellular
oxygen consumption rate (OCR) via an extracellular flux analyzer. These
measurements allow us to discern the effect of intracellular structure formation on
the oxidative phosphorylation and energy homeostasis of multidrug-resistant MDA-
MB-231 triple negative breast cancer cells. Additionally, we investigate the toxicity
of the glutathione-responsive isopeptides in three-dimensional MDA-MB-231 tumor
spheroids, monitoring their size reduction to assess the biological impact of the in

situ formed nanostructures.
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Figure 4.1 Schematic representation of glutathione-induced intracellular peptide assembly inside
2D-cultured cancer cells and 3D tumor spheroids. Glutathione-responsive isopeptides enter the cells
via transactivator of transcription (TAT)-mediated endocytosis and are subjected to glutathione-induced
cleavage in the cytosol, followed by a multistep conversion into linear self-assembling peptides. This
intracellular transformation leads to the formation of nanostructures that disrupt the mitochondrial
network causing cancer cell death and size decrease of tumor spheroids.

4.2. Results and Discussion
4.2.1. Design and transformation of glutathione-responsive isopeptides

The glutathione-responsive pro-assembling isopeptides 1a and 1b consist of three
main structural components: (1) the cell-penetrating peptide sequence TAT
(transactivator of transcription) derived from human immunodeficiency virus
(HIV); (2) a glutathione-responsive trigger group capable of reductive degradation;
and (3) the pro-assembling isopeptide with an aromatic /N-terminal group that is
necessary for self-assembly (Fmoc) and fluorescence (Coumarin 343), respectively
(Figure 4.2a).'6 To assess the effects of glutathione-induced transformation without
self-assembly, we synthesized the control isopeptide 1c¢ (Figure 4.2a). This control
includes a nitrobenzodiazole (NBD) fluorophore at the N-terminus and is designed

to enter cells and undergo glutathione-induced transformation but does not produce
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self-assembling peptide monomers (Figure S4.18). Additionally, mnon-cell-
penetrating control isopeptides 4a (with Fmoc) and 4b (with Coumarin 343) were
synthesized with a triethylene glycol unit replacing the cell-penetrating TAT

sequence (Figure 4.2a).

Figure 4.2 Chemical structures and multistep conversion of glutathione-responsive isopeptides
into fibrillating peptide nanostructures. a) Chemical structure of glutathione-responsive pro-assembling
isopeptides 1a (with a Fmoc (9-fluorenylmethoxycarbonyl) group) and 1b (with a C343 (Coumarin 343) moiety),
as well as chemical structures of non-assembling control /sopeptides 1c (with an NBD (nitrobenzodiazole) unit), and
triethylene glycol-modified non-cell-penetrating /sopeptides 4a and 4b. b) Reaction scheme of the multistep
conversion of glutathione-responsive /sopeptides la/b/c via the deprotected /sopeptides 2a/b/c into the
co-assembling linear peptide monomers 3a and 3b or the non-assembling linear peptide 3c. c) Transmission electron
micrographs (TEM) of nanofibers formed by co-assembling peptides 3a and 3b (5:1 ratio at 500 uM and 100 pM)
and TEM images of non-assembling assembly precursors 1a and 1b (5:1 ratio at 100 pM) in DPBS (pH 7.4) and
DMSO (99:1). Scale bar 500 nm. d) Circular dichroism (CD) spectra of linear peptide 3a (purple curve) and linear
co-assembling peptides 3a and 3b (5:1 ratio) (cyan curve) at 500 uM in phosphate buffer (10 mM, pH 7.4).
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To investigate the structure formation of the linear co-assembling peptides 3a and
3b, which are the final products of the glutathione-induced transformation of 1a
and 1b, we used dry-state transmission electron microscopy (TEM) (Figure 4.2¢
and Figure S4.18). The TEM images revealed that the co-assembly of Fmoc-ISA 3a
and Coumarin 343-ISA 3b formed elongated fibrillar peptide nanostructures at
concentrations of 100 ptM and 500 pM in a 5:1 ratio of 3a:3b in DPBS (pH 7.4)
with 1% DMSO. In contrast, the kinked pro-assembling isopeptides 1la and 1b did
not form such supramolecular structures under similar conditions, underscoring
their role as assembly precursors that require a stimulus to transform into the self-

assembling monomers.

The circular dichroism (CD) spectra of both the self-assembling monomer
Fmoc-ISA 3a and the mixture of co-assembling linear peptides 3a and 3b (in a
5:1 ratio) both exhibited nanoscale chirality'®, featuring a peak at 260 nm indicative
of m — w* transitions in the aromatic head groups (see Figure 4.2d). Additionally,
a secondary peak at 224 nm was observed, corresponding to the n — ©* transition
of the carbonyl groups in the peptide backbone, which can be attributed to
hydrogen bonding.'** Notably, the CD spectrum of the co-assembled 3a:3b mixture
showed a slightly lower intensity at 260 nm compared to the spectrum of the self-
assembling peptide 3a. This reduction can be explained by the fact that the
aromatic interactions between the Fmoc- and Coumarin 343-functionalized
peptides 3a and 3b are weaker than the interactions solely between the Fmoc

groups in peptide 3a.

To complement these structural analyses and to assess the critical aggregation
concentration (CAC) of the co-assembling peptides 3a and 3b (5:1 ratio), we
conducted a Proteostat aggregation assay. This assay detects assemblies through

an increase in fluorescence upon binding the Proteostat dye. The analysis indicated

131



4.2. Results and Discussion

a CAC of 9.2 pM for the linear peptides 3a and 3b in a 5:1 ratio in DPBS (pH 7.4)

with 1% DMSO (Figure S4.19).

4.2.2. In situ formation of peptide nanostructures inside cancer cells

Next, we investigated the cellular uptake of the glutathione-responsive isopeptides,
their subcellular distribution and the 7n situ formation of intracellular nanofibers.
For this purpose, we incubated MDA-MB-231 breast cancer cells with a 5:1 mixture
of Fmoc-substituted isopeptide 1a and Coumarin 343-substituted isopeptide 1b and
examined the emergence of fluorescent intracellular nanostructures via confocal

laser scanning microscopy (CLSM) (Figure 4.3).

Time-lapsed live-cell imaging revealed that the TAT-modified isopeptides la and
1b (5:1 ratio, 50 pM total peptide concentration) rapidly entered the cells and
formed fluorescent peptide aggregates already within the first 15 minutes of
incubation (Figure 4.3a). First, upon cell entry, we observed Coumarin 343-
associated fluorescence in localized round areas distributed throughout the cytosol
(Figure 4.3a). After ten minutes of incubation with 1la and 1b, we noticed fibrillar
and directed peptide nanostructures growing in an aster-like pattern from the round
areas of increased fluorescence extending into the surrounding cellular space
(Figure 4.3a, ROI). The cells exhibiting these intracellular structures showed a

decrease in overall size and change in shape after 15 minutes (Figure 4.3a).
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Figure 4.3 Cell uptake and intracellular peptide structure formation in cancer cells. a) Time-
dependent live-cell imaging of MDA-MB-231 cells treated with 50 pM of the glutathione-responsive
isopeptides 1a and 1b (5:1) (cyan). The rectangle indicates a region of interest (ROI) in which structure
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transformation from globular peptide structures to fibrous nanostructures can be observed. Scale bars
50 pm. b) Confocal laser scanning microscopy (CLSM) images of MDA-MB-231 breast cancer cells after
4 h of incubation with glutathione-responsive isopeptides 1a and 1b (5:1) at 100 pM, 50 pM and 10 pM
(cyan) (second to fourth row). As a control, cells were incubated with the linear peptides 3a and 3b (top
row) at 100 pM. The nucleus was stained with HCS Nuclear Mask Deep Red (red). Scale bars 50 pm.

Further analysis of MDA-MB-231 breast cancer cells treated with the assembly
precursors la:lb at 100 pM and 50 pM for 4 h revealed the presence of highly
fluorescent structures throughout the cytosol (Figure 4.3b, second and third row).
Co-staining of the nucleus showed a strong Coumarin 343-fluorescence signal in the
perinuclear and nuclear regions (Figure 4.3b, second and third row). This
observation of co-localization could be explained by the inherent nucleus-targeting
properties of TAT?* which may result in residual non-cleaved assembly precursors
accumulating in the proximity of the nucleus. Additionally, we observed that in the
cells treated with la:1b at 100 pM, the nucleus stain was most intense in small,
condensed areas of the nuclear region (Figure 4.3b, second row). These observations
are indicative of nuclear fragmentation, which is associated with decreased cell
viability (Figure S4.25). For the lower isopeptide concentration of 10 pM, the
peptides remained contained within small areas for 4 h (Figure 4.3b, bottom row),

and no significant disruption of cellular integrity was evident.

The formation of intracellular peptide architectures was further investigated using
correlative light and electron microscopy (CLEM) (Fig. S4.23). CLEM analysis of
MDA-MB-231 cells treated with 100 pM of la:1b for 4 h revealed fluorescent
peptide assemblies within the cytosol, especially in the nuclear and perinuclear
regions (Fig. S4.23). In close proximity to fluorescent peptide nanostructures,
mitochondria with disrupted membranes were observed, indicating that cytosolic
assembly has negative impacts on the integrity of these organelles (Fig. S4.23). The
subcellular distribution observed via CLEM was consistent with CLSM analysis
(Fig. 4.3), confirming the ability of isopeptides 1a:1b to form nanostructures within

living cells.
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As a control, cells treated directly with the linear co-assembling peptides 3a:3b
(5:1 ratio), the final products of the glutathione-induced reaction cascade of 1a:1b,
did not show any uptake or impact on cellular morphology, underlining the
importance of the TAT-mediated cell entry and the in situ intracellular
transformation (Figure 4.3b, top row). For the non-assembly-inducing control
isopeptide 1c, internalization was observed but without impact on cellular integrity
(Figure S4.20). This further supports that the in situ formation of supramolecular

peptide nanostructures is necessary to elicit a biological response.

4.2.3. Peptide nanostructures disrupt the cytoskeleton of cancer cells

The cytoskeleton, particularly the actin filament network, plays a vital role in
maintaining cell structure, movement and organization.! As we observed rapid
morphological changes in cells in response to the formation of the peptide
nanostructures, we seek to understand the relationship between the formation of
synthetic peptide nanostructures and the loss of cytoskeletal integrity. Therefore,
MDA-MB-231 cells were treated with varying concentrations of the isopeptides
la:lb for 4 h and their actin filaments were subsequently stained with
Alexa Fluor™ 555 Phalloidin (Figure 4.4). At high concentrations of 100 or 50 pM
of la:1b, significant fragmentation of the actin filaments was observed (Figure 4.4,
second to fourth row and Figure S4.24). Notably, in areas of very high
Coumarin 343 fluorescence, there was a marked absence of phalloidin-stained actin
filaments, suggesting that peptide nanostructure formation disrupts the
cytoskeleton (Figure 4.4, second and third row, ROI). In cells incubated with 10 pM
of the isopeptide mixture 1a:1b (Figure 4.4, bottom row), no apparent changes to
the integrity and density of the actin filaments were observed compared to the

control cells treated with the linear peptides 3a:3b (Figure 4.4, top row).
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Figure 4.4 Disruption of actin filaments by in situ formed nanostructures. Confocal laser scanning
microscopy (CLSM) images of MDA-MB-231 cells after 4 h of incubation with glutathione-responsive
isopeptides 1a and 1b (5:1) (cyan) at different concentrations or the linear peptides 3a:3b and additional
staining with Alexa Fluor™ 555 Phalloidin (pink). Scale bars 50 pm.
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4.2.4. Intracellular structure formation impacts metabolism and
disrupts mitochondrial integrity

Analyzing the synthetic structure formation inside cells via CLSM and CLEM
revealed morphological changes upon intracellular peptide assembly, which include
blebbing, cell rounding and fragmentation of both nuclei and actin filaments
(Figure 4.3 and 4.4). These findings indicate an effect on cell viability, which was
determined in the next step using CellTiter-Glo Assay after a 4 h incubation with
the pro-assembling precursors la:1b at different concentrations. A concentration
dependent effect on cell viability was observed and an IC;, of 36.4 + 3.1 pM was
calculated (Figure S4.25). In combination with the CLEM images, which revealed
a localization of peptide nanofibers in close proximity to mitochondria with
disrupted membranes, these results indicate that the peptide nanofibers impact
energy metabolism of the cells. To gain further insights into the mechanism of how
synthetic peptide nanostructures effect cell integrity, mitochondria function was
investigated in more detail, as these organelles are essential for cell metabolism and
dynamics, and maintaining energy homeostasis. To assess the impact of peptide
assembly on mitochondrial structure and function, we performed live-cell imaging
with cells that had been transfected with CellLight™ Mitochondria-RFP
(Figure 4.5a and Figure S4.21). We observed that within the first 30 minutes of
incubation with 50 pM of the isopeptides 1la:1b the mitochondria of the cancer cells
underwent significant changes: starting from an interconnected network of tubular-
shaped organelles, their morphology transformed into shrunken, fragmented and
more punctiform mitochondria (Figure 4.5a). These observations point towards
mitochondrial fragmentation, which could be a result of changes in the rates of
mitochondrial fusion and fission events® indicative of early stages of cell death?.
To further investigate the mitochondrial disruption, we quantitatively assessed

various aspect of mitochondrial respiration as a function of the formation of the

137



4.2. Results and Discussion

peptide nanostructures. Using a Seahorse XFe96 extracellular flux analyzer, we
measured the oxygen consumption rate (OCR) of cells treated with various electron
transport chain (ETC) modulators, providing further insights into cellular
respiration. When adding the pro-assembling isopeptides la:1b to the cells, we
observed a concentration-dependent decrease in OCR already within the first 30
minutes of incubation (Figure 4.5b). For the lowest concentration of 10 pM, no
effect on the OCR was found indicating cellular tolerance to this amount of
assembly precursors. This correlates with the cell viability data (Figure S4.25),
where no negative effect was observed at this concentration, as well as to the critical

aggregation concentration of the co-assembling peptides (Figure S4.19).

However, starting at 25 pM total isopeptide concentration, a rapid reduction in
OCR was observed, which was even more pronounced at 50 and 100 pM
(Figure 4.5b). This showed that the addition of the assembly precursors la:1b at
concentrations capable of causing intracellular structure formation led to a
significant decrease in basal respiration within less than 30 minutes. These
quantitative findings aligned with the visual data from live-cell imaging of
mitochondria-stained cells (Figure 4.5a), confirming mitochondrial dysfunction as
a consequence of intracellular peptide assembly. Besides examining the cellular
response to la:1b in terms of basal respiration, we also studied the impact on ATP
production and the spare respiratory capacity, as both properties are indicative of
mitochondrial health and metabolic function (Figure 4.5c). Here we also noticed a
concentration-dependent effect of the isopeptides la:lb with cells being treated
with = 25 pM overall peptide concentration exhibiting a significantly reduced ATP
production and spare respiratory capacity (Figure 4.5c). In contrast, no effect on
mitochondrial function was observed for the linear peptides 3a:3b, underscoring the
importance of intracellular accumulation of assembly precursors and the

propagation of resulting peptide assemblies to elicit a biological response.
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Figure 4.5 Effect of glutathione-responsive isopeptides on mitochondrial integrity and
respiration. a) CLSM images of live-cell imaging of MDA-MB-231 cells treated with 50 pM of la:1b
(cyan). Cells were previously transfected with CellLight™ Mitochondria-RFP (pink). Scale bars 50 pm.
b) Effect of isopeptide mixture 1la:1b and of control compounds on the oxygen consumption rate (OCR)
of MDA-MB-231 cells during the Mito Stress Test Assay. At different time points specific modulators of
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the electron transport chain (ETC) were added to investigate the influence of the samples on cellular
respiration in more detail: (1) oligomycin inhibits ATP synthase, (2) FCCP (carbonyl cyanide 4-
(trifluoromethoxy)phenylhydrazone) disrupts the mitochondrial membrane potential, (3) rotenone
inhibits complex | and antimycin A inhibits complex Il of the ETC.2” The last measurement before
treatment injection of the compound is set as 100%. c) Effect of isopeptide mixture 1a:1b and of control
compounds on basal respiration, ATP production and spare respiratory capacity. Values are normalized
towards the untreated control group. Data are presented as mean + s.e.m., n 2 5. Statistical significance
was calculated by ANOVA with a Tukey post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001.

In addition to examining mitochondrial fragmentation via genetically encoded
fluorescence labeling of the organelle, MitoTracker DeepRed was used as a co-
staining reagent (Figure 4.6). Unexpectedly, we observed that the dye underwent
a change in fluorescence lifetime (FL) within cells exposed to the pro-assembling
isopeptides la:1b during live-cell imaging. Initially, the FL signal of the stain was
uniform with signal component decay at 0.65 ns and could be observed
homogeneously in all examined cells. However, the addition of the isopeptides 1a:1b
at 50 pM caused a shift in the FL. of MitoTracker DeepRed to 1.20 ns, particularly
in those cells exhibiting high Coumarin 343 fluorescence of the peptide
nanostructures (Figure 4.6). The observed shift in the photochemical properties of
the dye is likely caused by changes in its chemical environment, which appear to
correlate with the degradation of the mitochondrial network as a result of the

intracellular formation of peptide nanostructures.
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Figure 4.6 Changes in fluorescence lifetime of mitochondrial stain following intracellular
structure formation. CLSM images show live-cell imaging of MDA-MB-231 cells treated with 50 pM
of 1a:1b (peptide fluorescence shown in cyan). Cells were previously stained with MitoTracker DeepRed.
Fluorescence lifetime measurements of the stain were conducted concurrently with fluorescence imaging,
revealing two distinct fluorescence lifetime signals for MitoTracker DeepRed over time. The corresponding
phasor plots are provided in the SI (Figure S4.22). Scale bars 50 pm.
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4.2.5. Intracellular peptide nanostructures have a toxic effect on
tumor spheroids and cause size reduction

After observing the impact of intracellular assemblies on cellular organelles such as
the cytoskeleton and mitochondria in 2D cell culture, we next investigated their
effects on 3D cell networks. To assess the impact of intracellular peptide assembly
on cell networks, we treated tumor spheroids derived from MDA-MB-231 breast
cancer cells with glutathione-sensitive assembly precursors la:1b and monitored
their uptake after 4 h with fluorescence microscopy. After the incubation with the
peptide precursors, spheroids were stained with propidium iodide (PI), which is
unable to pass the membrane of healthy cells, to further investigate the impact on

cell viability (Figure 4.7a,b).

Consistent with the 2D cell experiments, incubation with the la:1b precursors at
100 pM resulted in a strong Coumarin 343 fluorescence signal within the spheroids
(Figure 4.7b, second row). Cellular uptake was observed uniformly on the surface
of the spheroids. (Figure 4.7b-c) In contrast, spheroids treated with the linear
peptides 3a:3b did not show any internalization, showing the necessity for the TAT-
facilitated cellular uptake and intracellular activation cascade to obtain intracellular
structures that directly affect cell integrity. Spheroids treated with the non-
assembling peptide 1c showed a weak fluorescence signal, indicating uptake without

subsequent assembly (Figure S4.30).

In comparison to the control spheroids, those incubated with la:1b at 50 or 100 pM
exhibited a significant decrease in size after 4 h of incubation (Figure 4.7d,
Figure S4.29-54.31). While spheroids incubated with la:1b at 100 and 50 pM
decreased in size by 7.9 £+ 0.5 % and 3.8 + 0.5 %, respectively, spheroids incubated
with the linear peptides 3a:3b or non-assembling NBD-labeled peptides 1c did not

show any size changes during the incubation period (Figure 4.7d). This suggests
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that the uptake of the assembly precursors into cells localized at the surface of the
spheroids could lead to cell death, resulting in a decrease in size, whereas no effects
on the spheroid stability were observed for the treatment with the linear or non-

assembling control peptides 3a:3b and 1lc.

Furthermore, the dead staining with propidium iodide (PI) revealed a stronger
fluorescence signal for spheroids incubated with the glutathione-responsive
isopeptides la:1b at 100 ptM compared to the spheroids incubated with la:1b at
50 utM or the spheroids incubated with 3a:3b at 100 pM (Figure 4.7b). Upon
cellular internalization and glutathione-induced transformation, the intracellular
peptide assemblies cause cell death, as already described for two-dimensional cell
studies. The residual fluorescence signal for propidium iodide for untreated and
control spheroids is due to the natural necrotic core of the spheroids.'” The co-
localization of Coumarin 343 fluorescence and the PI stain for spheroids incubated
with the isopeptides la:1b at 100 pM confirms that uptake and intracellular
transformation of the isopeptides causes cell death, thereby disrupting the overall

spheroid integrity (Figure 4.7b,d).
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Figure 4.7 Intracellular peptide assembly disrupts tumor spheroids. a) Schematic representation
of tumor spheroid treatment with glutathione-responsive isopeptides and subsequent toxic intracellular
assembly formation. b) Fluorescence microscopy images of uptake and dead staining of tumor spheroids.
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Coumarin 343 fluorescence is shown in cyan and propidium iodide-stained dead cells are red. Scale bars
100 pm €) Maximum projection of a z-stack of a spheroid incubated with 1la:1b at 100 yM for 4 h.
Scale bar 100 pm d) Spheroid size was measured before and after incubation with glutathione-responsive
isopeptides using brightfield images in ImageJ. Diameter of each spheroid was measured at 4 different
places (Figure S4.31). Data are presented as mean + s.e.m., n=10. Statistical significance was calculated
by ANOVA with a Tukey post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001.

4.3. Conclusion

In conclusion, using glutathione-responsive isopeptides as assembly precursors has
enabled us to assemble intracellular nanofibers that disrupt the energy homeostasis
of MDA-MB-231 breast cancer cells and cause rapid cell death. The efficient cellular
uptake and the fast glutathione-induced transformation of the kinked isopeptides
into the linear self-assembling monomers allows the controlled formation of
synthetic architectures within the complex cellular environment, both in
2D-cultured cells and 3D tumor spheroids. These nanostructures effectively disrupt
essential subcellular structures and processes, such as mitochondrial function and
the actin cytoskeleton, which results in cell death and a significant reduction in
spheroid size. By combining qualitative time-dependent microscopy with
quantitative metabolic analysis of oxygen consumption rates and mitochondrial
stress, we established a clear link between structural alterations in the
mitochondrial network and the functional decline in mitochondrial respiration.
Furthermore, using tumor spheroids as a model for three-dimensional cellular
networks provides a more complex and relevant context for studying the biological
effects of intracellular synthetic nanostructures. By continuing to explore these
interactions, we can gain important insights into the fundamental principles that

govern cellular responses to synthetic assemblies.
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Supplementary Information

1. General Information

1.1. Materials

Reagents and solvents were purchased from commercial sources and were used without
further purification. Peptide synthesis grade reagents were used for synthesizing the
peptides. HPLC was performed using acetonitrile (CH;CN) in HPLC grade (containing
0.1% trifluoroacetic acid (TFA)) and water for HPLC (containing 0.1% TFA) and reactions
was obtained from a Millipore purification system. Flash column chromatography was

carried out using Macherey-Nagel silica gel 0.04-0.063 mm.

1.2.  Instruments

1.2.1. Microwave Peptide Synthesizer

Linear peptides were synthesized in a Liberty Blue Automated Microwave Peptide
Synthesizer by CEM Corporation.

1.2.2. Liquid Chromatography-Mass Spectrometry (LC-MS)

Compounds were analyzed by HPLC-ESI-MS on a LC-MS 2020 by Shimadzu using a
Kinetex 2.6 ym EVO C18 100 A LC 50 x 2.1 mm column. MilliQ water acidified with
0.1% formic acid and CH;CN were used as solvents for all measurements. The solvent
gradient started with 5% CH3;CN and 95% water. This solvent ratio was kept constant for
2 min, then the CH3;CN content was linearly increased to 95% in 14 min. Data were

processed in LabSolutions and OriginPro 9.

1.2.3. Atmospheric-Pressure Chemical lonization Mass Spectrometry (APCI-MS)

All APCI-MS spectra were recorded on a Advion Expression-L. Compact mass
spectrometer. Data processing was performed in Advion Data Express.

1.2.4. Nuclear Magnetic Resonance Spectroscopy (NMR)

NMR spectra of small molecules and peptides were recorded on a Bruker Avance II 300

MHz spectrometer and a Bruker Avance 400 MHz spectrometer. The solvent signal was
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used as a reference (deuterated chloroform CDCl; 6 =7.26 ppm for 'H, 77.16 ppm for *C
and for DMSO-ds 2.50 ppm and 39.52 ppm respectively). The data was processed in

MestReNova.

1.2.5. Transmission Electron Microscopy (TEM)

TEM images of the peptide samples were recorded on a JEOL 1400 transmission electron
microscope at a voltage of 120 kV. Formvar/carbon-film coated copper grids (300 mesh)
by Plano GmbH were used to prepare the samples. The images were processed in Fiji

ImageJ or Icy.

1.2.6. 2D Cell Culture

MDA-MB-231 cells were cultured at 37 °C and 5% CO; in Dulbecco’s Modified Eagle’s
Medium (DMEM, high glucose), supplemented with 10% fetal bovine serum (FBS). The

cells were cultured in T75 culture flask and subcultivated two to three times per week.

1.2.7. Tumor Spheroid Culture

MDA-MB-231 cells were seeded in Ultra-Low-Attachment (ULA) 96-well plates (Corning,
Ref. 4520) at a cell density of 10,000 cells/well. The plate was centrifuged (1,200 rpm, RT,
5 min) to allow formation of pre-clusters facilitating sphere development over time.
Spheroids were cultured for 7 days in complete medium (DMEM high glucose with
glutamine supplemented with 10 % FBS) at controlled humidified atmosphere (37 °C, 5%
CO,).

1.2.8. Fluorescence Microscopy

Fluorescence images of the tumor spheroids were taken using a Keyence BZ-X810
fluorescence microscope using a 20x LD PH lens. Propidium iodide staining for dead
imaging of tumor spheroids was analyzed using Cyb5 filter with the following wavelength
settings: Ex. 470/40 nm, Em. 525/50 nm. For Coumarin 343 imaging of the peptide co-

assemblies a GFP filter was used: Ex.: 470/40 nm, Em.: 525/50 nm.

1.2.9. Confocal Laser Scanning Microscopy (CLSM)

Cells were imaged live using an incubator-equipped Leica Stellaris® 8 microscope (40x/1.25

glycerol immersion objective) with fast lifetime contrast (FALCON) module (Leica
149



Supplementary Information

Microsystems GmbH). The incubator (okolab) is set and held constant at 37 °C, 5% CO,
and a relative humidity of 90% throughout all measurements. For the detection of
Coumarin 343 fluorescence, samples were excited using a 40 MHz pulsed white light laser
tuned to 440 nm. Emitted photons were detected using HyD® S2 (GaAsP hybrid
photocathode) detector with a filter window at 475 nm — 550 nm. The IRF standard used

is fluorescein sodium salt.

Fluorescence lifetime imaging (FLIM) was performed on living cells at 2.5minute intervals,
with a scanning resolution of 1024 x 1024 pixels at 200 Hz, accumulating 75 frames per
acquisition. Adaptive focusing was applied to each frame and well position. A total of 100
frames were captured. Photon counting was conducted using a FALCON-modified time-

correlated single photon counting (TCSPC) method.
Each pixel was converted into a phasor plot using the following equation:

T )

.
gij(w) = /i(t)-cos(nwt)dt/ / I(t)dt

0 0
o) T
sij(w) = /.’(I) - sin(newt)dt/ [I(I)dt
"0 "0
In this equation, g;{w) and s;(®) represent the x and y coordinates of the phasor plot, n
and  are the harmonic and angular frequencies of excitation, respectively, and 7"is the
acquisition's repeat frequency. The frequency domain data acquired from each pixel can

be transformed into phasor points using the following transformations:

t&,{,‘__,'( w) mj; - COS ((ﬁ”)
Sijlw) = mjj - sin(gbi-_j)

In these transformations, m;;(®) and ¢;;(») represent the modulation and phase shift of
the frequency domain measurement at pixel 7,j. The decay at each pixel is thus mapped to
a point in the phasor plot. Phasor components were identified and separated using LAS X

software, and photons outside the defined phasor region were excluded from the images.
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2. Synthesis

2.1. Synthesis of glutathione-responsive isopeptides

The synthesis of the glutathione-responsive isopeptides described in the following

subsections have been reported previously by our group.'

2.1.1. Synthesis of isopeptides with activated disulfide bond

>Lo° i (o] H ii (o] H
NH, ————————> j\o N__O_~..S —_— >|\o N_O_~..8
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OH 9 Z o Z
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83% HN. O

'
7a:R=Fmoc O
a gaolomoc O

7b: R=C343 oioj&q)

i, iv o I o Hoo s 78% A
YN Y OTSTYYS ‘R=
>y H"\(oo D recRe

54%
Hﬁro

8a: R=Fmoc
83%

7a/b

(o)

8b: R=C343
88%

8c:R=
35%

Scheme S4.1 Synthesis of isopeptides with activated disulfide-bonds. i) 4-nitrophenyl 2-(pyridin-2-
yldisulfanyl)ethyl carbonate, DIPEA, DCM, overnight, RT; ii) Fmoc/C343/NBD-lle, DIC, DMAP, DCM, overnight,
RT; iii) TFA, DCM, 4 h, RT; iv) Ala-tBuO, PyBOP, DIPEA, DCM, 3 h, RT.

2.1.1.1. Synthesis of compound 6

1 7
>L sN_o__s_A
N N e 3
9 o|9 N = 2
10 1

In a round-bottom flask, tert-butyl protected serine hydrochloride (200 mg, 1.01 mmol,
1 eq.) was dissolved in dry DCM (10 ml), and dry DIPEA (654 mg, 881 pL, 5.06 mmol,
5 eq.) was added to the solution. Separately, 4-nitrophenyl 2-(pyridin-2-yldisulfanyl)ethyl

carbonate was dissolved in dry DCM (5 ml) and slowly added to the reaction mixture. The
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solution was stirred at room temperature overnight, then washed twice with water and
brine. The aqueous layer was extracted with ethyl acetate (EA), and the combined organic
layers were dried over sodium sulfate. After solvent removal under reduced pressure, flash
column chromatography (cHex:EA, 1:1) afforded compound 6 as a colorless amorphous

solid (316 mg, 0.84 mmol, 83% yield).

'H NMR (400 MHz, CDCL;) 5 8.43 (d, J = 4.9 Hz, 1H, H-1), 7.74 - 7.64 (m, 3H, H-3, H-4),
7.10 (ddd, J = 6.8, 4.9, 1.4 Hz, 1H, H-2), 5.73 (d, J = 7.6 Hz, 1H, H-7), 4.40 - 4.21 (m,
3H, H-6, H-6’, H-8), 3.90 (dd, J = 3.6, 2.3 Hz, 1H, H-9), 3.32 (s, 1H, H-10), 3.10 - 2.94

(m, 2H, H-5), 1.46 (s, 9H, H-11).

BC NMR (101 MHz, CDClL) 6 169.51, 163.21, 159.90, 155.89, 149.41, 137.59, 126.22,

121.08, 120.21, 115.82, 82.80, 63.41, 63.38, 56.74, 37.70, 28.09.

ESI-MS: m/z 375.1 (calculated for [M+H]": 375.10)
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Figure S4.1 'H NMR spectrum (300 MHz, CDCl3, 298 K) of compound 6.
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Figure S4.2 1H,'H COSY NMR spectrum (300 MHz, CDCls, 298 K) of compound 6.
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Figure S4.3 13C NMR spectrum (101 MHz, CDCls, 298 K) of compound 6.
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2.1.1.2. Synthesis of compounds 7a

>L i H O ~e-S X
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In a round-bottom flask, compound 6 (157 mg, 419 pmol, 1 eq.) was dissolved in dry DCM
(5 ml) under a nitrogen atmosphere. Fmoc-Ile (274 mg, 774 pmol, 1.8 eq.), DMAP
(23.6 mg, 193 pmol, 0.5 eq.), and DIC (98 mg, 774 pmol, 1.8 eq.) were dissolved in dry
DCM (10 ml) and added dropwise to the solution of compound 6. The reaction mixture
was stirred at room temperature overnight. After solvent removal under reduced pressure,
flash column chromatography (cHex:EA, 3:1) afforded compound 7a as a colorless oil

(291 mg, 410 pmol, 98% yield).

[M+H]"
710.3
[2M+Na]*
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Figure S4.4 LC-MS data of compound 7a. Left: LC trace (214 nm) with tr (7a) = 9.63 min. Right: Convoluted
ESI-MS spectrum showing peaks of [M+H]*+ (calculated: 710.26) and [2M+Na]* (calculated: 1441.49).
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2.1.1.3. Synthesis of compounds 7b
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In a round-bottom flask, compound 6 (80 mg, 214 pnmol, 1 eq.) was dissolved in dry DCM
(4 ml) under a nitrogen atmosphere. Coumarin 343-Ile (126 mg, 316 pmol, 1.5 eq.), DMAP
(26.1 mg, 214 pmol, 1 eq.), and DIC (40 mg, 320 pmol, 1.5 eq.) were dissolved in dry DCM
(5 ml) and added dropwise to the solution of compound 6. The reaction mixture was stirred
at room temperature overnight. After solvent removal under reduced pressure, flash

column chromatography (cHex:EA, 3:2) afforded compound 7b as a bright green oil

(126 mg, 167 pmol, 78% yield).
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Figure S4.5 LC-MS data of compound 7b. Left: LC trace (214 nm) with tr (7b) = 9.80 min. Right: Convoluted
ESI-MS spectrum showing peaks of [M+H]* (calculated: 755.28) and [2M+Na[+ (calculated: 1531.53).
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2.1.1.4. Synthesis of compounds 7c
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In a round-bottom flask, compound 6 (162 mg, 433 pmol, 1.2 eq.) was dissolved in dry
DCM (4 ml) under a nitrogen atmosphere. Nitrobenzoxadiazole (NBD)-3-Ala-Ile (132 mg,
361 pmol, 1 eq.), DMAP (88 mg, 722 pmol, 2 eq.), and DIC (91 mg, 722 pmol, 2 eq.) were
dissolved in dry DCM (5 ml) and added dropwise to the solution of compound 6. The
reaction mixture was stirred at room temperature overnight. After solvent removal under
reduced pressure, flash column chromatography (EA:cHex, 2:1) afforded compound 7c¢ as

a bright yellow oil (141 mg, 195 pmol, 54% yield).
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Figure S4.6 LC-MS data of compound 7c. Left: LC trace (214 nm) with tr (7c) = 8.63 min. Right: Convoluted
ESI-MS spectrum showing the peak of [M+H]* (calculated: 722.23).
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2.1.1.5. Synthesis of compound 8a

O H
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8a

In a round-bottom flask, compound 7a (280 mg, 394 pmol, 1 eq.) was dissolved in a 1:1
mixture of TFA and DCM (4 ml:4 ml) and stirred for 6 hours. The solvents were removed
under reduced pressure. The resulting colorless oil was dissolved in dry DCM (15 ml), and
DIPEA (329 mg, 443 pL, 2.54 mmol, 6 eq.) was added under a nitrogen atmosphere.
PyBOP (441 mg, 847 pmol, 2.2 eq.) and tert-butyl-protected alanine hydrochloride
(154 mg, 847 pmol, 2.2 eq.) were then added, and the reaction mixture was stirred for 3
hours. The solution was washed with water, and the organic phase was extracted with
ethyl acetate (EA). The combined organic layers were dried over sodium sulfate, and the
solvents were evaporated. Flash column chromatography (EA:cHex, 4:3) yielded compound

8a as a colorless oil (255 mg, 327 pmol, 83% yield).
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Figure S4.7 LC-MS data of compound 8a. Left: LC trace (214 nm) with tr (8a) = 9.53 min. Right: Convoluted
ESI-MS spectrum showing peaks of [M+H]* (calculated: 781.29).
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2.1.1.6. Synthesis of compound 8b
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8b

In a round-bottom flask, compound 8b (126 mg, 167 pmol, 1 eq.) was dissolved in a 1:1
mixture of TFA and DCM (2 ml:2 ml) and stirred for 4 hours. The solvents were removed
under reduced pressure. The resulting bright green oil was dissolved in dry DCM (10 ml),
and DIPEA (297 mg, 400 nL, 2.30 mmol, 13.7 eq.) was added under a nitrogen atmosphere.
PyBOP (718 mg, 1.38 mmol, 8.2 eq.) and tert-butyl-protected alanine hydrochloride
(267 mg, 1.47 mmol, 8.8 eq.) were then added, and the reaction mixture was stirred for 3
hours. The solution was washed with water and brine, and the organic phase was extracted
with ethyl acetate (EA). The combined organic layers were dried over sodium sulfate, and
the solvents were evaporated. Flash column chromatography (EA:cHex, 4:1) afforded

compound 8b as a bright green oil (122 mg, 148 pmol, 88% yield).

[M+H]
826.4
\ L |
I I 1 T — T T —_—
5 10 15 20 500 1000 1500 2000
Retention time (min) m/z

Figure S4.8 LC-MS data of compound 8b. Left: LC trace (214 nm) with tr (8b) = 9.47 min. Right: Convoluted
ESI-MS spectrum showing peaks of [M+H]* (calculated: 826.32).
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2.1.1.7. Synthesis of compound 8¢
o]
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8c

In a round-bottom flask, compound 7c¢ (141 mg, 195 pmol, 1 eq.) was dissolved in a 1:1
mixture of TFA and DCM (2 ml:2 ml) and stirred for 4 hours. The solvents were removed
under reduced pressure. The resulting bright yellow oil was dissolved in dry DCM (10 ml),
and DIPEA (153 mg, 206 pL, 1.18 mmol, 6 eq.) was added under a nitrogen atmosphere.
PyBOP (205 mg, 393 pmol, 2 eq.) and tert-butyl-protected alanine hydrochloride (71 mg,
393 pmol, 2 eq.) were then added, and the reaction mixture was stirred for 3 hours. After
solvent evaporation, the product was purified via HPLC using a Phenomenex Gemini
column. The gradient began with 10% CH3;CN in H20 (4+0.1% TFA), held for 3 minutes,
followed by a linear increase of CH3CN to 100% over 12 minutes. This purification afforded

compound 8¢ as a bright yellow solid (55 mg, 69 nmol, 35% yield).
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Figure S4.9 LC-MS data of compound 8c. Left: LC trace (214 nm) with tg (8c) = 7.89 min. Right: Convoluted
ESI-MS spectrum the showing peak of [M+H]* (calculated: 793.26).
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2.1.2. Solid phase supported synthesis of TAT-modified glutathione-responsive

isopeptides
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Scheme S4.2 Synthesis of TAT-modified glutathione-responsive isopeptides. i) TFA, TIPS, DCM (2% : 5% :
93%, 5x8 min, RT); ii) 8a/b/c, DMF, 2 h, RT; iii) TFA, TIPS, H20 (95% : 2.5% : 2.5%), 2.5 h, RT.

The peptide TAT, with an additional N-terminal cysteine 9, was synthesized via solid-
phase peptide synthesis (SPPS) on a Rink amide resin at a 0.05 mmol scale. The resin was
first swollen in DMF for 1 hour before starting the synthesis. Prior to each coupling step,
as well as during the final deprotection, the N-terminal Fmoc group was removed using
two deprotection steps: 20% piperidine in DMF (3 ml) was applied for 15 seconds at 75 °C,
followed by 50 seconds at 90 °C. Fmoc-protected amino acids (Fmoc-GIn(Trt), Fmoc-
Lys(Boc), Fmoc-Gly, Fmoc-Tyr(tBu), and Fmoc-Cys(Mmt)) were coupled in a 5-fold
molar excess (5 eq. in 1.25 ml) for 15 seconds and 110 seconds at 75 °C and 90 °C,
respectively, using a solution of DIC (0.25 M) and Oxyma (0.5 M) in 2.75 ml DMF. Fmoc-

Arg(Pbf) was coupled using double coupling steps for better efficiency.
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The acid-labile Mmt-protecting group on the cysteine side chain was removed by treating
the resin with a mixture of 2% TFA and 5% TIPS in 93% DCM (5 ml each time). This
mixture was added to the resin and shaken for 8 minutes under nitrogen before draining
the solution. This process was repeated five times (step i). The resin was then thoroughly
washed with DCM, and dry DMF (5 ml) was added under nitrogen. Compound 8a (82 mg,
0.11 mmol, 2.1 eq.), 8b (56 mg, 0.068 mmol, 1.4 eq.), or 8 (56 mg, 0.068 mmol, 1.4 eq.)
was dissolved in dry DMF (5 ml) and added to the resin, with the mixture shaken for 2
hours at room temperature (step ii). The solution was drained, and the resin was washed
with DMF and DCM. To cleave the peptide from the resin, a cleavage solution (5 ml of
95% TFA, 2.5% TIPS, 2.5% H,0) was added, and the mixture was shaken for 2.5 hours
at room temperature (step iii). The peptide solution was collected by filtering out the resin,
and the resin was washed with 1 ml of TFA. The combined solutions were added dropwise
to ice-cold diethyl ether to precipitate the product. After centrifugation at 4,000 rpm for

20 minutes at 0 °C, the supernatant was removed, and the pellet was dried.

The resulting products (1a, 1b and 1c¢) were each purified via HPLC using a Phenomenex
Gemini column at a flow rate of 25 ml/min. The gradient began with 5% CH3;CN in H,O
(+0.1% TFA), held for 4 minutes, followed by an increase in CH3;CN to 50% over 31
minutes. Compound la was eluted after 23.69 minutes and was obtained as a white powder
after lyophilization (5.9 mg, 5.2% overall yield). Compound 1b eluted after 23.87 minutes
and was obtained as a yellow powder (7.6 mg, 6.5% overall yield). Compound 1c eluted

after 20.78 minutes and was obtained as a yellow powder (9.0 mg, 11% overall yield).
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Figure S4.10 Analytical data of compound 1a. Left: LC trace (214 nm) with tr (1a) = 8.38 min. Right: MALDI
TOF spectrum showing peaks of [M+H]* (calculated: 2276.70) and the product of disulfide cleavage
[Cys-TAT+H]* (calculated: 1661.98).
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Figure S4.11 Analytical data of compound 1b. Left: LC trace (214 nm) with tr (1b) = 8.50 min. Right: MALDI

TOF spectrum showing peaks of [M+H]* (calculated: 2321.74) and the product of disulfide cleavage
[Cys-TAT+H]* (calculated: 1661.98).

[Cys-TAT+H]*
1662.00
[M+H]*
2289.22
— Jh, R N . JL
] ] ] ] ] ] T T I |
2 4 6 8 10 12 1000 1500 2000 2500 3000
Retention time (min) m/z

Figure S4.12 Analytical data of compound 1c. Left: LC trace (214 nm) with tr (1c) = 8.31 min. Right: MALDI

TOF spectrum showing peaks of [M+H]* (calculated: 2288.63) and the product of disulfide cleavage
[Cys-TAT+H]* (calculated: 1661.98).
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2.2. Synthesis of control compounds

2.2.1. Synthesis of triethylene glycol-modified control isopeptides

2.2.1.1. Synthesis of compound 12

SUVERSSEE S
O I s Sy oYY o
O,N
12

In a round-bottom flask 4-nitrophenyl (2-(pyridin-2-yldisulfaneyl)ethyl) carbonate
(287 mg, 815 pmol, 1.4 eq.) was dissolved in a mixture of EtOH:MeOH:AcOH (85:15:5 ml)
under Ns. 2-(2-(2-methoxyethoxy)ethoxy)ethane-1-thiol (106 mg, 588 pmol, 1.0 eq.) was
dissolved in EtOH:AcOH (40:2 ml) under N, and the mixture was added dropwise to the
solution of 4-nitrophenyl (2-(pyridin-2-yldisulfaneyl)ethyl) carbonate. The resulting
reaction mixture was stirred for 24 h at room temperature. The solvents were removed in
vacuo and subsequent flash column chromatography (cHex:EA 2:1) yielded compound 12
as a colorless oil (221 mg, 524 pmol, 89%).

'"H NMR (300 MHz, CDCl;) § 8.29 (d, J = 9.2 Hz, 2H), 7.39 (d, J = 9.2 Hz, 1H), 4.55 (t,

J = 6.5 Hz, 2H), 3.75 (t, J = 6.5 Hz, 2H), 3.66 — 3.53 (m, 9H), 3.38 (s, 3H), 3.03 (t, J =
6.6 Hz, 2H), 2.94 (t, J = 6.5 Hz, 2H).

BC NMR (176 MHz, CDCI3) & 155.56, 152.46, 145.58, 125.49, 121.94, 121.91, 70.72,
70.53, 69.77, 69.58, 67.05, 66.87, 59.20, 38.74, 38.50, 36.87, 36.70.

APCI-MS: m/z 439.1 (calculated for [M+NH,]": 439.12).
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Figure S4.13 'H NMR spectrum (300 MHz, CDCls, 298 K) of compound 12.
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Figure S4.14 1H,'H COSY NMR spectrum (300 MHz, CDCls, 298 K) of compound 12.
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Figure S4.15 13C NMR spectrum (176 MHz, CDCl3, 298 K) of compound 12.

2.2.1.2. Synthesis of compound 4a
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4a
The isopeptide 4a was synthesized via solid phase supported peptide synthesis using Fmoc-
Ala Wang resin at a scale of 0.5 mmol. The resin was swollen in DMF for 1 h before the
synthesis. Before the coupling step and as the final deprotection, the N-terminal Fmoc
group was cleaved by two deprotection steps using 20% piperidine in DMF (10 ml) for 25
s and 65 s at 70 °C and 90 °C respectively. Fmoc-serine without side chain protecting
group (4 eq. in 10 ml) was coupled for 30 s and 120 s at 70 °C and 90 °C respectively using
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DIC (0.5 M) and Oxyma (1 M) in a total of 16 ml DMF. Afterwards, the resin was washed
with DCM and DMF and suspended in dry DMF (5 ml) under N,. To the suspension dry
DIPEA (323 mg, 0.44 ml, 2.5 mmol, 5 eq.) was added. A solution of compound 12 (289 mg,
686 pmol, 1.4 eq.) in dry DMF (5 ml) was added dropwise to the suspended resin. The
suspension was shaken at room temperature overnight and subsequently washed repeatedly
with DMF. In a second step, the resin was suspended again in dry DMF (3 ml) and Fmoc-
Ile (530 mg, 1.5 mmol, 3 eq.), DMAP (61 mg, 0.5 mmol, 1 eq.) and DIC (189 mg, 0.22 ml,
1.5 mmol, 3 eq.) in dry DMF (5 ml) was added dropwise. After two hours the solution was
drained and the same reactants in dry DMF (5 ml) were added again. After shaking at
room temperature overnight, the solution was drained and the resin was washed repeatedly
with DMF and DCM. Afterwards, the cleavage solution (5 ml of 95% TFA, 2.5% TIPS,
2.5% H»0) was added and the mixture was shaken for 2 h at room temperature. The
peptide solution was collected by filtering out the resin and the resin was additionally
washed with TFA (1 ml). The solvent was removed in vacuo and flash chromatography

(EA:cHex 3:1 4+ 1% formic acid) yielded compound 4a as a colorless solid (83 mg, 524 pmol,

21%).
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Figure S4.16 LC-MS data of compound 4a. Left: LC trace (214 nm) with tr (4a) = 7.99 min. Right: Convoluted
ESI-MS spectrum showing peaks of [M+H]* (calculated: 794.30) and [M+Na]* (calculated: 816.28).
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2.2.1.3. Synthesis of compound 4b

o

4b
In a round-bottom flask compound 8b (55 mg, 67 nmol, 1 eq.) was dissolved in a 1:1-
mixture of TFA and DCM (4 ml:4ml) and stirred for 4 h. The solvents were removed in
vacuo. The remaining bright green oil was dissolved in EtOH:AcOH (1:20, 10 ml) under
N, Afterwards, 2-(2-(2-methoxyethoxy)ethoxy)ethane-1-thiol (46 mg, 255 pmol, 3.8 eq.)
was dissolved in EtOH:AcOH (5:2, 3.5 ml) under N, and the mixture was added dropwise
to the solution of 8b. The resulting reaction mixture was stirred for 24 h at room
temperature. The solvents were removed in vacuo and subsequent flash column
chromatography (DCM: MeOH 10:1) yielded compound 4b as a bright green solid (27 mg,

524 pmol, 47%).
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Figure S4.17 LC-MS data of compound 4b. Left: LC trace (214 nm) with tr (4b) = 8.68 min. Right: Convoluted
ESI-MS spectrum showing peaks of [M+H]* (calculated: 839.32).
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3. Analysis of secondary structure and self-assembly behavior

3.1. TEM analysis

The linear peptides 3a, 3b and 3¢ were each dissolved in DMSO to achieve stock solution
with 10 mM or 50 mM concentration. The respective DMSO stock solutions were mixed
at a 5:1 ratio of Fmoc-ISA 3a and Coumarin 343-ISA 3b yielding the stock solutions of the
mixed linear peptides. The same was done for the kinked assembly precursors la and 1b.
The DMSO stock solutions of the mixed linear peptides 3a and 3b and the mixed
isopeptides 1a and 1b were diluted with DPBS at a 1:99 ratio to yield 500 pM or 100 uM
peptide solutions. The same was done for the stock solutions of the linear NBD-ISA 3¢ and

the control isopeptide 1c. The TEM samples were prepared as described in section 1.2.5.

Linear co-assembling peptides 3a:3b

|
100 uM

Linear control peptides 3¢

Control isopeptide 1c

100 pM 100 pM
Figure S4.18 TEM images of nanofibers formed by co-assembling peptides 3a and 3b (5:1 ratio at 100 uM) in

DPBS (pH 7.4) and DMSO (99:1). TEM images of linear control peptide 3¢ (100 pM) and TEM images of control
isopeptide 1c (100 pM) in DPBS (pH 7.4) and DMSO (99:1). Scale bar 500 nm.
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3.2. Proteostat assay for the determination of the critical aggregation
concentration

For the analysis of the critical aggregation concentration of the linear peptides 3a:3b (5:1)
the commercial Proteostat protein aggregation assay kit by Enzo Life Sciences, Inc. was
used as previously shown in a study by our group.! The peptide samples were prepared by
diluting DMSO stock solutions of the linear peptides 3a:3b (5:1) in various concentrations
(1 to 100 pM) with DPBS in a 1:99 ratio. The resulting peptide samples were incubated
for 24 h at room temperature while shaking. The Proteostat working solution was prepared
by mixing 0.52 ul of the Proteostat stock solution with 98.48 ul MilliQ) water and 1 yl assay
buffer. After the incubation, 27 ul of each peptide solution were mixed with 3 ul of the
Proteostat working solution. 9 pl of each solution were pipetted into a well of a Greiner
384 flat black well plate (3 wells per sample of each peptide concentration). The plate was
incubated in the dark for 15 min while shaking. The fluorescence intensity of the Proteostat
dye was subsequently measured with an excitation and emission bandwidth of 20 nm and
an emission wavelength of 600 nm after excitation at 550 nm.
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-200
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Concentration (uM)
Figure S4.19 Proteostat aggregation assay of the mixed linear peptides Fmoc-ISA 3a and C343-ISA 3b (5:1) in
DPBS:DMSO (99:1). The samples were incubated at room temperature for 24 h before the analysis. By calculating

the intersection of the linear fits, the critical aggregation concentration of the mixed linear peptides 3a:3b was
determined to be 9.2 pM.
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4. Cell Experiments in 2D cell culture

4.1. Cell uptake analysis

MDA-MB-231 cells were seeded at a density of 20,000 cells/well in an 8-well confocal plate.
After adhering for 24 h, cells were treated with the samples containing either la:1b or the
control compounds le, 3a:3b or 4a:4b at different concentrations and incubated for 4 h at
37 °C. The sample solutions were prepared by dissolving the respective compounds in
DMSO to prepare different stock solutions (100x) containing la:1b, 3a:3b or 4a:4b in a
5:1 molar ratio or lc. These stocks were each diluted with DPBS in a 9:1 ratio yielding
the DPBS:DMSO stocks (10x). Another dilution with DMEM (9:1) gave the final samples
(total DMSO content: 1%) which were added to the cells after removing the old medium.
After the incubation time of 4 h was over, the cells were fixed for 15 min at room
temperature using 4% paraformaldehyde solution. The nucleus was stained with HCS
Nuclear Mask Deep Red Stain for 20 min at room temperature. The staining solution was
removed, and fresh DPBS was added to the cells before they were imaged by confocal laser

scanning microscopy.

Nuclear Mask Coumarin 343 / Merge Merge + Brightfield

Isopeptides '
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Figure S4.20 Cell uptake in cancer cells. Confocal laser scanning microscopy (CLSM) images of MDA-
MB-231 breast cancer cells after 4 h of incubation with control compounds 3a:3b, 4a:4b (5:1) or 1c at 100 pM.
The nucleus was stained with HCS Nuclear Mask Deep Red (red). Scale bars 50 pm.
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4.2. Live-cell imaging

MDA-MB-231 cells were cultured in an 8-well confocal plate at a density of 20,000 cells
per well in DMEM and allowed to adhere overnight at 37°C, 5% CQs. The medium was
removed and the sample of 1la:1b in DMEM/DPBS/DMSO (90%/9%/1%) was introduced
into a well. The cells were imaged live using an incubator-equipped Leica Stellaris® 8
microscope (40x glycerol immersion objective) with fast lifetime contrast (FALCON)
module (Leica Microsystems GmbH). The incubator (okolab) is set and held constant at
37 °C, 5% CO, and a relative humidity of 90% throughout all measurements.

Incubation time
. |-

0 min 10 min 20 min 30 min

Coumarin 343
Mitochondria

Incubation time

50 min 60 min

Coumarin 343
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Figure S4.21 Live cell imaging of mitochondria-stained cancer cells. CLSM images of live-cell imaging
of MDA-MB-231 cells treated with 50 pM of 1la:lb (cyan). Cells were previously transfected with
CellLight™ Mitochondria-RFP (pink). Scale bars 50 pm.
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Figure S4.22 Phasor plots of MitoTracker DeepRed FLIM measurements. Live-cell imaging of MDA-MB-231
cells treated with 50 pM of la:1b. Cells were previously stained with MitoTracker DeepRed. Fluorescence
lifetime measurements of the stain were conducted concurrently with fluorescence imaging, revealing two
distinct fluorescence lifetime signals for MitoTracker DeepRed over time. Scale bars 50 pm.
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4.3 Correlative light- and electron microscopy (CLEM) of cells

For electron microscopy (EM) studies correlated with confocal light microscopy, MDA-
MB-231 cells were seeded at a density of 20,000 cells per well on sapphire disks and
incubated with 100 pM of 1a:1b for 4 h. After incubation, the cells on the sapphire disks
were frozen using high-pressure freezing (Wohlwendt HPF 01). Freeze substitution
followed, with the cells stained at low temperatures using OsO, and uranyl acetate for EM
examination. The cells were then embedded in epoxy resin (EPON), and ultrathin sections
were prepared with an ultramicrotome (Leica FCT) using a diamond knife (Diatome). The
section thickness and substrate were adjusted for subsequent EM investigation: for TEM,
sections (100 nm thick) were transferred to Cu grids; Fluorescence of the co-assembling
peptides was first measured in a confocal laser scanning microscope (Leica SP5) (458 nm
excitation, 470-500 nm emission detection bandwidth). The same thin section was then
examined in TEM (FEI Tecnai F20). To identify the fluorescent peptide assemblies, we
correlated fluorescence with EM images by superimposing the images using the “Landmark

correspondence” plugin in ImagelJ 1.53e.
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-

Figure S4.23 Correlative light- and electron microscopy (CLEM) image of MDA-MB-231 cell incubated with 1a:1b
(100 pM) (green) for 4 h.
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4.4. Co-staining of actin filaments

For the co-staining of actin filaments MDA-MB-231 cells were seeded at a density of 20,000
cells/well in an 8-well confocal plate. After adhering for 24 h, cells were treated with the
samples containing la:1b at different concentrations and incubated for 4 h at 37 °C. The
sample preparation is described in section 3.1. After the incubation the medium was
removed and the cells were washed with DPBS and fixed for 15 min at room temperature
using 4% paraformaldehyde solution. After rinsing with DPBS three times, the actin
filament stain Alexa Fluor™ 555 Phalloidin was added to the cells (diluted 1:20 in DPBS)
and incubated for 15 min at room temperature. Afterwards the cells were washed once
with DPBS and fresh DPBS was added before imaging.

Phalloidin Coumarin 343 Merge Merge + Brightfield

=

Control

la:1b
51
100 uMm

la:1b
51
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Figure S4.24 Disruption of actin filaments by in-situ formed nanostructures. Confocal laser scanning microscopy
(CLSM) images of MDA-MB-231 cells after 4 h of incubation with glutathione-responsive isopeptides 1a and 1b
(5:1) (cyan) and additional staining with Alexa Fluor™ 555 Phalloidin (pink). Scale bars 50 pm.

174



4. INTRACELLULAR FORMATION OF SYNTHETIC PEPTIDE NANOSTRUCTURES CAUSES
MITOCHONDRIAL DISRUPTION AND CELL DEATH IN TUMOR SPHEROIDS

4.5. Cell viability assay

MDA-MB-231 cells were seeded at a density of 2,500 cells/well in a white half area 96-well
plate and incubated at 37°C overnight to allow them to adhere. The following day, different
concentrations of the glutathione-responsive isopeptides la:1b, the glutathione-responsive
non-assembly-inducing isopeptide 1c¢ or the other control compounds. For each condition,
quadruplicates were performed. Cells were incubated with 50 pL of the sample for 4 h.
After the treatment, CellTiter-Glo® Assay solution (50 uL) was added to each well, and
the plate was placed on an orbital shaker for 2 minutes and subsequently incubated 10
minutes at room temperature. Luminescence was measured using a Promega GloMax®-

Multi Detection System using the manufacturer’s protocol.
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Figure S4.25 Cell viability of MDA-MB-231 cells incubated with 1a:1b (green curve) or 1c (orange curve) for 4 h
(left) and with the other control compounds (right). The ICsp value of 1a:1b for MDA-MB-231 cells is 36.4£3.1 pM.
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5. Analysis of Metabolic Disruption

5.1. Mito stress test

The effect of the compounds on the metabolism of MDA-MB-231 cells was investigated
using the Seahorse XFe96 Analyzer (Agilent Technologies). The Seahorse XF Cell Mito
Stress Test Kit was used following the manufacture’s protocol to determine the respiratory
activity of the cells. Cells were seeded at a density of 20,000 cell/well one day before the
assay and incubated overnight at 37°C, 5% CO, in DMEM, high glucose supplemented
with 10% FBS. The cartridge for sample loading was loaded with calibration solution
(200 pL per well) and incubated at 37°C in a non-CO» incubator. On the day of the assay,
Seahorse XF DMEM, pH 7.4 was supplemented with pyruvate (1 mM), glutamine (2 mM),
and glucose (10 mM). Cells were washed twice with XF DMEM (2x 100 nL) and the
medium was substituted with fresh XF DMEM (180 pL) and placed in a 37°C non-CO,
incubator for 45 to 60 minutes before loading the plate into the instrument. Assay
components of the Mito Stress Test Assay were prepared as described in the manufacturer’s
protocol. Briefly, Oligomycin was resuspended in 630 pL, Carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone (FCCP) in 720 pL. and Rotenone/ Antimycin A
(Rot/AA) in 540 pL supplemented XF DMEM and vortexed vigorously to ensure complete
dissolution. Stocks were diluted to 3 ml total; Oligomycin: 450 pL stock in 2,550 pL XF
DMEM (final concentration 1.5 pM); FCCP: 300 pL in 2,700 pL. XF DMEM (final
concentration 1 pM); Rot/AA: 300 pL in 2,700 pL. XF DMEM (final concentration
0.5 pM). Samples were prepared at 10x stocks with 10% DMSO in XF DMEM. The
cartridge was prepared by loading the samples (20 pL) in Port A of the designated wells
and the components of the Mito Stress Test Assay in Ports B-D of each well. The cartridge
and 96-well plate with the cells were loaded in the instrument and the content of the ports
was injected sequentially according to the specific assay. The oxygen concentration, to
monitor the oxygen consumption rate (OCR), was constantly measured throughout the
entire time of the assay. The Mito Stress Assay were performed in two independent
experiments with n=4. Bar graphs are shown for the mean + standard error of the mean

(s.e.m.) for raw and processed data. For the processed data, all values were set to 100%
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OCR for the last measurement prior to sample addition before calculating the results.
Additionally, the values were normalized to the control for each independent experiment,
before calculating the mean value and SEM. Statistical significance was calculated by
ANOVA with a Tukey post hoc test and was defined as *p < 0.05, **p < 0.01,

D < 0.001.
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Figure S4.26 Effect on the oxygen consumption rate (OCR) of MDA-MB-231 cells treated with the control
compounds 1c, 4a:4b and Cys-TAT for 4 hours total. During the last 1.5 hours Mito Stress Test was performed.
At different time points specific modulators of the electron transport chain (ETC) were added to investigate the
influence of the samples on cellular respiration in more detail: (1) oligomycin inhibits ATP synthase, (2) FCCP
(carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone) disrupts the mitochondrial membrane potential, (3)
rotenone inhibits complex | and antimycin A inhibits complex Il of the ETC.27 The last measurement before
treatment injection of the compound is set as 100%. Data are presented as mean  s.em., n = 8.
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Figure S4.27 Comparison of the effect of la:1b, 1c, 3a:3b and 4a:4b on characteristic values of mitochondrial
function after 4 h total incubation. Basal Respiration, ATP Production and Spare Respiratory Capacity are shown.
Values were calculated using the data from graphs with the last measurement before sample addition set to 100%
OCR and are presented as OCR (%) (a and b). Additionally, the data was normalized to the control of each
experiment and data are shown as Normalized OCR (%) (c and d). Data are presented as mean + s.e.m., n > 6.
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Figure S4.28 Comparison of the effect of 1a:1b, 1c, 3a:3b and 4a:4b on characteristic values of mitochondrial
function after 4 h total incubation. Maximal Respiratory Capacity, Proton Leak and Non-Mitochondrial Oxygen
Consumption are shown. Values were calculated using the data from graphs with the last measurement before sample
addition set to 100% OCR and are presented as OCR (%) (a and b). Additionally, the data was normalized to the
control of each experiment and data are shown as Normalized OCR (%) (c and d). Data are presented as mean
+ s.em., n 2 6.
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6. Tumor Spheroid Experiments

6.1. Evaluation of uptake and toxicity on MDA-MB-231 spheroids

Prior to treatment, fully developed MDA-MB-231 spheroids were imaged using a Keyence
BZ-X810 fluorescence microscope. Subsequently, spheroids were treated with the
synthesized and previously characterized compounds (1a:1a (100and 50 pM), 1c (100 pM),
3a:3b (100 pM) and 4a:4b (100 pM) in a final volume of 100 pL/well and incubated at
37°C, 5% CO.. Untreated spheroids were used as experimental control where the medium
was substituted with fresh DMEM containing 1% DMSO. Cellular uptake after 4 h
incubation was observed using the GFP filter of a Keyence BZ-X810 microscope. Growth
and morphological changes were monitored by brightfield imaging using a Keyence
BZ-X810 microscope after 4 h incubation. At the end of the incubation time spheroids
were washed with DPBS to remove treatment residuals and incubated with Propidium
Iodide (8 pg/ml; Sigma-Aldrich, P4864). After incubation with the staining solutions
spheroids were washed with DMEM FluoroBrite and imaged using either a Keyence
BZ-X810 or a Leica Stellaris® 8 microscope. Experiments were carried out on two

independent cultures with internal replicates (n25).
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Figure S4.29 Fluorescence microscopy images of MDA-MB-231 tumor spheroids before treatment. Coumarin 343
(cyan) and propidium iodide (red) fluorescence were imaged using GFP and Cy5 filter settings. Scale bars 100 pm.
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Figure S4.30 Fluorescence microscopy images of MDA-MB-231 tumor spheroids after 4 h treatment with la:1b
at 100 and 50 pM and 1c , 3a:3b and 4a:4b at 100 pM. Coumarin 343 (cyan) or NBD (yellow) and propidium
iodide (red) fluorescence were imaged using GFP and Cy5 filter settings. Scale bars 100 pm.
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Figure S4.31 Measurement of spheroid size shown for the example of an untreated control spheroid at tg. For
each spheroid the size was measured at four different positions at to and after 4 h incubation with compounds. To
ensure comparability, the size of each spheroid was measured horizontally, vertically and diagonally. The mean of
the four measurements was used to evaluate the change in size within the 4 h incubation time. Images were
processed using ImageJ. Scale bar 100 pm.
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Abstract

The stimulus-induced creation of synthetic nanostructures within biological
environments requires the precise chemical design of assembly precursors to
program their in situ transformation and subsequent structure formation. By
incorporating a bioresponsive moiety sensitive to a specific enzyme into the
molecular design of the assembly precursor, greater specificity in subcellular
localization and enhanced cell targeting can be achieved, based on the expression
of the enzyme. Furin, a Golgi-associated endoprotease, is upregulated in many types
of cancers, making it an interesting endogenous stimulus to target for bioresponsive
assembly formation. Herein, we examine the furin-triggered enzymatic cleavage of
a kinked isopeptide with the recognition sequence RVRR and its subsequent
conversion into a self-assembling linear peptide, capable of forming fibrillar
nanostructures. We analyze the enzymatic conversion of the kinked isopeptide
assembly precursor over time to validate its responsiveness to furin and compare it
to a non-cleavable control isopeptide with the scrambled sequence RRRV. The
material properties of the linear fiber-forming peptide are characterized using
circular dichroism spectroscopy, fluorescence and electron microscopy, as well as
nuclear magnetic resonance spectroscopy. This study provides insights into the
furin-induced transformation of a kinked isopeptide for the controlled formation of
nanostructures and elucidates the specific material characteristics of the resulting

self-assembling peptide, highlighting the potential for future biological applications.
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5.1. Introduction

Over the past decade, significant research has been conducted on the formation of
intracellular synthetic nanostructures via bioresponsive material transformation.!?
A major focus of this field has been on leveraging the intracellular assemblies to
disrupt cellular processes, providing alternative strategies for cancer treatment.S
From a perspective of bottom-up synthetic biology, there is also a compelling
interest in the bioresponsive formation of artificial structures within cells that

allows for controlled cell-material-interactions.

The biological impact of intracellular synthetic nanostructure formation is
potentially influenced by three main factors: (1) the abundance of an endogenous
stimulus that triggers nanostructure formation within the cell, (2) the kinetics of
the intracellular conversion from assembly precursor to the self-assembling
monomer and (3) the supramolecular characteristics of the resulting
nanostructures. The first parameter represents an important variable, as many
endogenous chemical and biological stimuli have been exploited to create
intracellular nanostructures with significant differences in cellular outcomes.’
Typically, chemical triggers that are abundant throughout the cell, such as the
ubiquitous reducing agent glutathione,” cause immediate transformation of the
assembly precursor upon cell entry, resulting in a high local concentration of the

self-assembling molecule.®?

Using naturally occurring enzymes to trigger bioresponsive transformation offers
the advantage of achieving spatiotemporal control over the conversion that is
dependent on the localized subcellular enzyme activity.'® Following cellular uptake,
an enzyme-responsive assembly precursor must first be transported to the
subcellular compartment associated with the respective enzyme. This transport

introduces a delay in the in situ formation of the self-assembling molecule, in
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contrast to systems directly sensitive to pH changes during endocytosis''!? or to the

intracellular redox environment.%314

Furin is an endoprotease associated with the Golgi apparatus in eukaryotic cells.'
The enzyme catalyzes the cleavage of substrates downstream of the polybasic
recognition motif RX(R/K)R (Figure 5.1b)."" This cleavage process is vital for the
processing and activation of various proteins, including hormones and growth
factors,' but it also plays a pivotal role in pathogenesis, including cancer
progression'” and viral infections like SARS-CoV-2." As furin is frequently
overexpressed in many cancers,'” it represents an attractive target for triggering

1921 Furin-triggered in situ

intracellular material transformation and assembly.
structure formation has previously been used for imaging of furin-overexpressing

tumors, for instance via photoacoustic imaging*, micro-positron emission

tomography?* or magnetic resonance imaging?.

Another factor influencing the timeline of the intracellular structure formation is
the kinetics of the intracellular conversion of the assembly precursor into the self-
assembling monomer. While many systems for intracellular assembly rely on a
single stimulus-induced cleavage step, a multistep conversion for in situ generation
of the self-assembling molecule offers greater control over the entire reaction
kinetics, as this can increase the options for tailoring the individual reaction steps
to a specific chemical environment.?* In our previous studies, we used kinked
isopeptides featuring an oxidation-sensitive phenyl boronic acid group, which acts
both as a stimulus-responsive element and as a point of attachment for a cell-
penetrating peptide.??” In the acidic environment of the endosome, the cell-
penetrating peptide is removed. Once in the cytosol, hydrogen peroxide causes the
removal of the redox-sensitive phenyl boronic acid group, triggering a

rearrangement that linearizes the isopeptide, resulting in the formation of cytotoxic
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peptide fibers within the cell.*?" An enzyme-induced approach to convert an
isopeptide into a linear, self-assembling peptide would potentially offer better
spatiotemporal control over assembly formation by leveraging intracellular
gradients of furin activity. This strategy could not only enable more precise control
of nanostructure formation but also restrict the assembly to cells that overexpress
furin, thereby introducing cell specificity based on protein expression levels. Herein,
we introduce a furin-responsive kinked isopeptide designed for the controlled
formation of nanostructures via the enzyme-triggered multistep transformation into
a self-assembling linear peptide (Figure 5.1a,c). The enzymatic cleavage and
subsequent rearrangement of the kinked isopeptide into a linear peptide were
monitored using time-dependent high-performance liquid chromatography (HPLC).
To characterize the supramolecular and structural properties of the linear peptide
monomer, we employed a range of techniques, including fluorescence microscopy,
transmission electron microscopy (TEM), cryogenic transmission electron
microscopy (cryo-TEM), circular dichroism (CD) and nuclear magnetic resonance
(NMR) spectroscopy. Our findings highlight the potential of enzyme-responsive

isopeptide-based systems for the controlled formation of peptide nanostructures.
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Figure 5.1 Chemical structure of furin-responsive isopeptide, subcellular localization of furin and enzyme-
induced multistep reaction cascade. a) The furin-responsive kinked isopeptide 1 is composed of a pro-
assembling /so-tripeptide with pyrene as fluorescent Afterminal substituent and the enzyme-cleavable
sequence RVRR. b) Furin is a Golgi-associated endoprotease capable of cleaving downstream of its
recognition sequence RVRR. c) The isopeptide assembly precursor 1 can be cleaved by furin (A), resulting
in the rearrangement of the free isopeptide 2 (B). The linear peptide 3 can assemble into fibrillar

nanostructures (C).
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5.2. Results and discussion

5.2.1. Design, synthesis and transformation of isopeptides

The furin-responsive isopeptide 1 consists of three main structural components: (1)
the furin-cleavable sequence RVRR, (2) a pro-assembling iso-tripeptide and (3) the
pyrene moiety that is necessary for self-assembly and fluorescence (Figure 5.2a).
Additionally, we prepared the non-cleavable isopeptide 1s: with a scrambled enzyme
recognition sequence (RRRV) as a control compound (Figure 5.2b). The synthesis
of these isopeptides was conducted via solid-phase-supported peptide synthesis

(Scheme S5.1).

Figure 5.2 Analysis of furin-induced conversion of an enzyme-responsive isopeptide. a) Reaction scheme
of furin-induced cleavage of isopeptide 1 downstream of the RVRR cleavage site resulting in free
isopeptide 2 which subsequently undergoes a rearrangement via O,V acyl shift to form linear peptide 3.
b) Chemical structure of non-cleavable control isopeptide 15, (RRRV). c) HPLC study of the kinetics of
enzyme-induced conversion of isopeptide 1 (20 uM) in the presence of the protease furin (1 nmol/U) in
buffered solution over time (HEPES (100 mM), CaCl> (1 mM), TCEP (1 mM)). d) Molar ratio of
isopeptide 1, free isopeptide 2 and linear peptide 3 over time based on the peak intensity at 340 nm.
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e) HPLC study of the scrambled control isopeptide ler (20 iM) in the presence of furin in buffered
solution. Due to the scrambled enzyme-recognition sequence (RRRV) no enzymatic cleavage was
detected. f),g),h) Transmission electron micrographs of reaction solution of isopeptide 1 (200 uM) in
the presence of furin (1 nmol/U) in buffered solution (HEPES (100 mM), CaCl, (1 mM), TCEP (1 mM))
after incubation for 4 h (f), 8 h (g) and 24 h () at 37 °C. Scale bars: 500 nm.

To investigate the furin-induced transformation of isopeptide 1, we analyzed the
kinetics of this multistep reaction cascade in the presence of commercial furin using
HPLC. Isopeptide 1 was dissolved at a concentration of 20 nM in a buffer solution
(HEPES (100 mM), CaCl, (1 mM), TCEP (1 mM)) containing the enzyme furin
(1 nmol/U) and incubated at 37 °C. By analyzing the mixture at various time
points, we observed a rapid degradation of isopeptide 1 (& = 15.74 min), with the
signal for the linearized peptide 3 (#zx = 18.54 min) already appearing within the
first hour. A peak with a retention time of 17.65 min was attributed to the
intermediate free isopeptide 2, which had undergone enzymatic cleavage but had
not yet rearranged into linear peptide 3. By 24 h, 76% of isopeptide 1 had
transformed into the final product, the linear peptide 3. The observation of less
than 100% conversion could be attributed to the accumulation of formed fibers,
which might sequester free isopeptide monomers, rendering the cleavage motifs
inaccessible. . Additionally, the enzyme activity may decline over time. Analysis of
the reaction solution at different time points via transmission electron microscopy
(TEM) revealed the formation of fibrillar nanostructures already after 4 h of
incubation (Figure 5.2f and Figure S5.11). After 8 h and 24 h of incubation, when
the majority of isopeptide 1 is converted to the linear peptide 3 according to the
HPLC kinetics analysis, bundled networks of peptide fibers were observed in the
TEM analysis (Figure 5.2g,h and Figure S5.11). In contrast to the kinetics analysis
of the degradation of isopeptide 1, the control isopeptide ls;, which contains a
scrambled version of the furin-recognition sequence (RRRV instead of RVRR),
showed no furin-induced degradation over the 24-hour period (& = 16.07 min)

(Figure 5.2¢).
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Overall, these results demonstrate that furin effectively cleaves downstream of the
RVRR sequence even within the branched isopeptide 1, despite the presence of an
ester bond on the serine side chain connected to a bulky pyrene-modified isoleucine.
This experiment provides proof of concept for the enzyme-triggered transformation
of a kinked isopeptide into a linearized peptide, which can function as a
supramolecular monomer for programmed structure formation. The combination of
the kinetics analysis of the enzyme-induced conversion of isopeptide 1 into linear
peptide 3 with the visualization of peptide structures formed by 3 via TEM
supports the idea that the furin-induced conversion of a kinked assembly precursor

can lead to in situ structure formation.

5.2.2. Analysis of peptide nanostructures

Next, the supramolecular behavior and structure formation of linear peptide 3 were
studied using CD and NMR spectroscopy, as well as fluorescence and electron

microscopy.

Temperature-dependent '"H-NMR spectroscopy provided insights into the dynamic
assembly of the linear peptide 3. The spectrum measured at room temperature (298
K) revealed significant peak broadening, which is characteristic of supramolecular
interactions between peptide monomers in aqueous solution (deuterated phosphate
buffer (50 mM) and DMSO-ds (9:1)) (Figure 5.3a,c). Upon heating to 353 K, the
appearance of sharp signals corresponding to the aromatic pyrene moiety and side
chain groups suggested an increased amount of monomeric peptide 3 in solution at

elevated temperatures.

CD spectroscopy gives information on the secondary structure and chirality of
peptides. While the spectrum of the kinked isopeptide 1 displayed a single minimum
at 201 nm indicative of an overall random coil structure, the CD spectrum of linear
peptide 3 exhibited a more complex profile with a minimum at 191 nm and two
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maxima at 206 nm and 233 nm (Figure 5.3b). The negative band at 191 nm can
be attributed to the n—n* transition of peptide bonds within the backbone, while
the strong positive band at 206 nm likely reflects n—=* transitions modulated by
the /V-terminal pyrene moiety. The positive signal at 233 nm is suggestive of the
n—1* electronic transition associated with the aromatic pyrene group, underscoring
its significant role in the overall conformation of the peptide. To determine the
critical aggregation concentration of the linear peptide 3, a fluorescence-based
Proteostat aggregation assay was conducted. Solutions of the linear peptide 3 at
varying concentrations were prepared in DPBS and DMSO (9:1) and incubated
over 24 h, before adding the aggregation-sensitive Proteostat dye. Fluorescence
measurements revealed a critical aggregation concentration of approximately 48 pM

for the linear peptide 3 (Figure 5.3d).
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Figure 5.3 Supramolecular characterization of linear peptide 3. a) Chemical structure of linear peptide
3 with labeled protons. b) Circular dichroism (CD) spectra of linear peptide 3 and kinkedisopeptide 1
(100 pM) in phosphate buffer (10 mM, pH 7.4). ¢) H NMR analysis of the self-assembly behavior of
linear peptide 3 (1 mg/mL) in deuterated phosphate buffer (50 mM) and DMSO-ds (9:1) at 298 K
(bottom), after heating to 353 K (middle), and after cooling back to 298 K (top). d) Proteostat
aggregation assay of linear peptide 3 in DPBS and DMSO (9:1). The critical aggregation concentration
of linear peptide 3 was determined to be 48 pM by calculating the intersection of the linear fits.
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Fluorescence microscopy of an aqueous solution of linear peptide 3 at 100 pM in
phosphate buffer (pH 7.4) and DMSO (9:1) showed the spontaneous formation of
thin fibers extending several micrometers in length (Figure 5.4a,b). Cryo-electron
microscopy (cryo-EM) images confirmed the presence of elongated fibrillar
nanostructures at both 500 pM and 100 pM peptide concentrations (Figure 5.4d).
Transmission electron microscopy (TEM) in the dry state also visualized bundled
fibrillar assemblies (Figure 5.4c). Atomic force microscopy (AFM) was used to
further characterize the nanofibers, revealing a twisted morphology indicative of
their structural configuration (Figure 5.4e and Figure S.5.14). The observed
formation of peptide nanostructures via the assembly of linear peptide 3 is a critical

prerequisite for their application in enzyme-induced peptide nanostructure

formation within biological contexts.

Figure 5.4. Characterization of nanofiber formation by linear peptide 3. a) Fluorescence microscopy
image of linear peptide 3 (100 pM) in DPBS and DMSO (9:1). Scale bar: 50 pm. b) Enlarged view of
the fluorescence microscopy image of linear peptide 3 (100 pM) in DPBS and DMSO (9:1). c¢) Dry-state
TEM image showing nanofiber bundles formed by linear peptide 3 (100 pM) in DPBS (pH 7.4) and
DMSO (9:1). Scale bar: 500 nm. d) Cryo-EM image of peptide nanofibers formed by linear peptide 3
(500 uM) in DPBS (pH 7.4) and DMSO (9:1). Scale bar: 250 nm. €) AFM image of peptide nanofibers
formed by linear peptide 3 (100 pM) in DPBS (pH 7.4) and DMSO (9:1). Scale bar: 500 nm.
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5.3. Conclusion and Outlook

This study demonstrates the successful synthesis and characterization of a furin-
responsive kinked isopeptide designed for the enzyme-triggered transformation into
a linear self-assembling peptide. We confirmed that furin efficiently catalyzes the
conversion of the isopeptide into a linear peptide despite the kinked structure of
the precursor molecule. The linear peptide resulting from the enzyme-induced
transformation can assemble into elongated fibrillar nanostructures with a distinct
twisted morphology, which was studied using various microcopy characterization
techniques,. Leveraging proteolytic enzyme activity for the conversion of a kinked
isopeptide to achieve controlled nanostructure formation offers significant potential
for targeted biological applications. Therefore, future exploration should focus
treating furin-overexpressing cells with the furin-responsive isopeptides to analyze
the intracellular conversion and structure formation, as well as the impact on
cellular function. Cell lines with low furin expression could be employed as a control
or even co-cultured with furin-overexpressing cells to investigate potential cell-

specific effects of the isopeptide.

Beyond the simple chemical design presented in the chapter, incorporating other
fluorescent groups with superior optical properties and varying the peptide
sequence could enable the generation of new nanomaterials with diverse fluorescent
properties, different supramolecular characteristics and morphologies. Overall,
enzyme-responsive isopeptides could offer a range of opportunities for both

biological applications and further chemical design exploration.
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Supplementary Information

1. General Information

1.1. Materials

Reagents and solvents were purchased from commercial sources and were used
without further purification. Peptide synthesis grade reagents were used for
synthesizing the peptides. HPLC was performed using acetonitrile (CH;CN) in
HPLC grade (containing 0.1% trifluoroacetic acid (TFA)) and water for HPLC
(containing 0.1% TFA) and reactions was obtained from a Millipore purification
system. Flash column chromatography was carried out using Macherey-Nagel silica
gel 0.04-0.063 mm. Furin (2,000 units/mL) was purchased from New England

Biolabs.

1.2. Instruments
1.2.1. Microwave Peptide Synthesizer
Linear peptides were synthesized in a Liberty Blue Automated Microwave Peptide

Synthesizer by CEM Corporation.

1.2.2. High-Performance Liquid Chromatography (HPLC)

The peptides were purified by preparative HPLC using a setup by Shimadzu. For
purification either a Zorbax Eclipse XDB-C18 HPLC column (9.4 x 250 mm, 5
um) was used at a flowrate of 4 ml/min or a Phenomenex Gemini 5 ym NX-C18
110 A 150 x 30 mm was used at a flowrate of 25 ml/min. For analytical
measurements a Waters Atlantis T3, C18 column (5 um, 100 A, 4.6 x 100 mm) was

used.

1.2.3. Liquid Chromatography-Mass Spectrometry (LC-MS)
Compounds were analyzed by HPLC-ESI-MS on a LC-MS 2020 by Shimadzu using

a Kinetex 2.6 um EVO C18 100 A LC 50 x 2.1 mm column. MilliQ water acidified
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with 0.1% formic acid and CH;CN were used as solvents for all measurements. The
solvent gradient started with 5% CH3;CN and 95% water. This solvent ratio was
kept constant for 2 min, then the CH;CN content was linearly increased to 95% in

14 min. Data were processed in LabSolutions and OriginPro 9.

1.2.4. Matrix-Assisted Laser Desorption/lonisation-Time of Flight Mass Spectrometry
(MALDI-TOF)

All MALDI-TOF spectra were recorded on either a rapifleX MALDI-TOF/TOF
from Bruker or MALDI Synapt G2-SI from Waters. Samples were mixed with a
saturated solution of the matrix S7 o-cyano-4-hydroxycinnamic acid (CHCA) in
H,O/CH;CN 1/1 + 0.1% TFA. Data processing was performed in mMass and

OriginPro 9.

1.2.5. Nuclear Magnetic Resonance Spectroscopy (NMR)

NMR spectra of small molecules and peptides were recorded on a Bruker Avance
400 MHz spectrometer and an Avance I1I 850 MHz spectrometer. The solvent signal
was used as a reference (deuterated chloroform CDCl; § =7.26 ppm for 'H, 77.16
ppm for BC, D>O 4.65 ppm and for DMSO-ds 2.50 ppm and 39.52 ppm respectively).

The data was processed in MestReNova.

1.2.6. Circular Dichroism Spectroscopy (CD)
CD spectra were recorded on a JASCO J-1500 spectrometer in a 0.1 cm High
Precision Cell by HellmaAnalytics. The recorded data was processed in Spectra

Analysis by JASCO and OriginPro9.

1.2.7. Transmission Electron Microscopy (TEM)

TEM images of the peptide samples were recorded on a JEOL 1400 transmission
electron microscope at a voltage of 120 kV. Formvar/carbon-film coated copper
grids (300 mesh) by Plano GmbH were used to prepare the samples. The images

were processed in Fiji Image.J.
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1.2.8. Cryogenic Transmission Electron Microscopy (cryo-TEM)

For cryo-TEM examination the samples were vitrified using a Vitrobot Mark V
(Thermo Fisher, Hilsboro Oregon) plunging device. 3 nul of the sample dispersion
was applied to a Quantifoil® R 1.2/1.3 300 Mesh, Cu, that has been glow
discharged in an oxygen plasma cleaner (Diener Nano®, Diener electronic,
Germany) shortly before. After removing excess sample solution with a filter paper,
the grid is immediately plunged into liquid ethane. For the subsequent examination,
the specimen is transferred to a TEM (FEI Titan Krios G4) keeping cryogenic
conditions. Conventional TEM imaging was done using an acceleration voltage of
300 kV. Micrographs were acquired with a 4k Direct Electron Detection Camera

(Gatan K3) under low dose conditions.

1.2.9. Fluorescence Microscopy
Fluorescence images of peptide nanostructures were taken using a Keyence
BZ-X810 fluorescence microscope using a 20x LD PH lens and a DAPI filter:

Ex.: 360/40 nm, Em.: 460/50 nm.

1.2.10. Atomic Force Microscopy (AFM)

40 uL of a [100 pM] Py-ISA peptide solution was dropped on a freshly peeled mica.
After waiting for 10 min at room temperature to adsorb, additional 260 uL. PBS
containing 10 % DMSO was added gently. Peptide samples were imaged by using
an AFM Instrument (Dimension Fast Scan Bio, Bruker Corporation, Inc.) in liquid
tapping mode with Fastscan D tips. The scan rates were between 1 and 3 Hz.

Obtained images were further analyzed by using Nanoscope Analysis 1.9 software.
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2. Synthesis

2.1. Synthesis of isopeptides

2.1.1. Synthesis of isopeptides with RVRR or RRRV sequence

4 5
b Pbf
HNg NH HNg NH,
),NH "09)"0 o0 ),NH
Oy WY ;ru*(Ln*(LLf — n*q*u*q
NH NH 04\)\/ NH NH
HNJ‘EH HNJ\EH HN 20 HNJ\NHz HNJ\NH,
bf bf
‘ ®
Og‘l
Pbf 1
HN N:H ?Jo o HNT:Hz
o) ok'voﬂ '/roﬂ n||| 2 i 9 HY QH )/o“
- HO__A N A N N
o r*(ﬁ}f’(f*(;f — ﬂ*g)ﬂ*aﬂ*&z{
NH NH 04\*/ NH NH
HNJ‘I'JH HNJ‘QH HN. O HNJ‘NH2 HNJ‘NH,
Pbf Pbf

Scheme S5.1 a) Synthesis of pyrene-modified isoleucine: i) PyBOP, DIPEA, DCM, 3 h,

RT; ii) TFA:-DCM (1:1), 4 h, RT. b) Synthesis of isopeptides with RVVR and RRRV sequences: iii)
DIC, DMAP, DCM, overnight, RT; iv) TFA, TIPS, H20 (95:2.5:2.5), 2.5 h, RT.
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2.1.1.1. Synthesis of pyrene-modified isoleucine (Py-lle) 5

16
15,13 1414
(o]

1-Pyreneacetic acid (130.15 mg, 0.50 mmol, 1.0 eq.) was dissolved in dry DMF
(5 mL), then DIPEA (0.50 mL, 3.00 mmol, 6.0 eq.) was added. Subsequently,
PyBOP (520.4 mg, 1.00 mmol, 2.0 eq.) and tert-butyl-protected isoleucine
hydrochloride (111.87 mg, 0.50 mmol, 1.0 eq.) were dissolved in dry DMF (5 mL)
and added to solved 1-pyreneacetic acid. The reaction mixture was stirred at room
temperature for 3 h before the solvent was removed under reduced pressure. The
crude product was purified via column chromatography (CH/EA, 2:1) yielding tert-
butyl-protected Py-Ile as a colorless solid (191.5 mg, 0.44 mmol, 89%). Last, the
protecting group was removed by adding a mixture of DCM/TFA (10 mL, 1:1).
After stirring at room temperature for 3 h the solvent was removed under reduced

pressure and the product 5 was used for further synthesis.

'H NMR (400 MHz, DMSO-ds) 8/ppm = 8.53 (d, J = 8.5 Hz, 1H, H-11), 8.43 (d,
J = 9.2 Hz, 1H, H-aromat), 8.28 (ddd, J = 7.8, 4.8, 1.2 Hz, 2H, H-aromat), 8.26

8.17 (m, 2H, H-aromat), 8.15 (s, 2H, H-aromat), 8.10 — 8.01 (m, 2H, H-aromat),
4.35 (d, J = 14.7 Hz, 1H, H-10), 4.30 — 4.18 (m, 2H, H-10’, H-12), 1.96 — 1.73 (m,
1H, H-13), 1.55 — 1.40 (m, 1H, H-14), 1.34 -~ 1.17 (m, 1H, H-14"), 0.88 — 0.83 (m,

6H, H-15, H-16).

BC NMR (101 MHz, DMSO-ds) 8/ppm = 173.13, 170.40, 131.20, 130.84, 130.38,
129.70, 128.95, 128.71, 127.42, 127.10, 126.83, 126.20, 125.09, 124.93, 124.72,

124.16, 124.10, 123.94, 56.39, 36.49, 24.74, 15.68, 11.29.
ESI m/z: [M+H]|" 374.2 (calc. 374.2), 2M+H]* 747.5 (calc. 747.3).
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Figure S5.1 LC-MS data of Py-lle. Left LC trace (254 nm) with tr = 7.33 min. Right Convoluted
ESI-MS spectrum.
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Figure S5.2 'H NMR spectrum (400 MHz, DMSO-ds, 298 K) of Py-lle 5.
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Figure S5.3 'H,'H COSY NMR spectrum (400 MHz, DMSO-ds, 298 K) of Py-lle 5.
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Figure S5.4 13C NMR spectrum (101 MHz, DMSO-dg, 298 K) of Py-lle 5.
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2.1.2. Solid phase supported synthesis of isopeptides

HN._NH, HN_NH,
TH TH

e "\( u m" w( N B ReE

o 0 (o) (o) OO (o] (o)

o NH o”l\.)\/ NH NH

The peptides were synthesized using a microwave assisted solid-phase peptide
synthesizer. The Wang resin preloaded with Fmoc-Ala (0.705 g, 0.5 mmol) was
covered and swollen in DMF for 1 h. Before every coupling step, the N-terminal
Fmoc group was cleaved by two deprotection steps using 20% piperidine in DMF
(3 ml) for 15 s and 50 s at 75 °C and 90 °C, respectively. Fmoc-Ser(OH), Fmoc-
Arg(Pbf) (2x), Fmoc-Val and Ac-Arg(Pbf) (5 eq. in 1.25 ml) were coupled for 15 s
and 110 s at 75 °C and 90 °C respectively using DIC (0.5 M) and Oxyma (1 M) in
a total of 2.75 ml DMF. For Fmoc-Arg(Pbf) and Ac-Arg(Pbf) the coupling steps
were performed as double couplings with additional washing steps. The resin was
removed from the reaction vessel and washed with DMF and DCM. Before the next
coupling step the resin was halved.

Py-Ile (102.70 mg, 0.275 mmol, 1.1 eq.) and DMAP (30.54 mg, 0.25 mmol, 1.0 eq.)
were dissolved in dry DCM (5 mL), then DIC (0.16 mL, 1.00 mmol, 4 eq.) was
added to the solution. Dry DCM (3 mL) was added to the resin (0.25 mmol) loaded
with Ac-RVRRSA and the previously prepared Py-Ile solution was added dropwise.
The resin was shaken over night at room temperature. The peptide sequence was
cleaved from the resin by adding a mixture of TFA (4.75 mL, 95 %), TIPS
(0.125 mL, 2.5 %) and H20 (0.125 mL, 2.5 %) and shaken for 2.5 h at room
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temperature. The cleavage cocktail was drained and the resin washed with TFA.
The peptide was precipitated in ice-cold Et20. After centrifugation for 20 minutes
at 4k rpm the supernatant was removed and the crude product was dissolved in
water and ACN and purified via HPLC (10 % to 100 % ACN in 20 min). After

lyophilisation the product was received as a beige solid (9.4 mg, 8.23 ymol, 3 %).

MALDI-TOF m/z [M+H|" 1141.4 (calc. 1141.63) (Isopeptide 1) and [M+H]*

1141.6 (calc. 1141.63) (Isopeptide 1)

[M+H]"
11414

n Be

500 1000 1500 2000 O 5 10 15 20 25
m/z Retention time (min)

Figure S5.5 MALDI-TOF spectrum (left) and HPLC trace (right, 340 nm) of Isopeptide 1
with tr = 13.0 min.

[M+H]*
1141.6

LAl s

T T T T T

T T X
500 1000 1500 2000 O 5 10 15 20 25
m/z Retention time (min)

Figure S5.6 MALDI-TOF spectrum (left) and HPLC trace (right, 340 nm) of Isopeptide 1,
with tr = 13.2 min.
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2.2. Synthesis of linear Py-ISA 3

16

The peptide was synthesized using a microwave assisted solid-phase peptide
synthesizer. The Wang resin preloaded with Fmoc-Ala (0.705 g, 0.5 mmol) was
covered and swollen in DMF for 1 h. Before every coupling step and as the final
deprotection, the N-terminal Fmoc group was cleaved by two deprotection steps
using 20% piperidine in DMF (3 ml) for 15s and 50s at 75 °C and 90 °C,
respectively. Fmoc-Ser(OH) and Fmoc-Ile (5 eq. in 1.25 ml) were coupled for 15 s
and 110 s at 75 °C and 90 °C respectively using DIC (0.5 M) and Oxyma (1 M) in
a total of 2.75 ml DMF. The resin was removed from the reaction vessel and washed
with DMF and DCM.

1-Pyreneacetic acid (156.17 mg, 0.600 mmol, 1.2 eq.) and PyBOP (520.4 mg, 1.00
mmol, 2.0 eq.) were dissolved in dry DMF (5 mL) and DIPEA (0.35 mL, 2.00
mmol, 4 eq.) was added to the solution. To the ISA-loaded resin (0.50 mmol) dry
DMF (3 mL) was added and the previously prepared l-pyreneacetic acid-containing
solution was added dropwise. The resin was shaken for 2.5 h at room temperature.
The solution was drained and the resin was subsequently washed with DMF and
DCM. The peptide sequence was cleaved from the resin by adding a mixture of
TFA (4.75 mL, 95 %), TIPS (0.125 mL, 2.5%) and H.O (0.125 mL, 2.5 %) and
shaken for 2.5 h at room temperature. The cleavage cocktail was drained and the
resin washed with TFA. The peptide was precipitated in ice-cold Et:0. After
centrifugation for 20 minutes at 4k rpm the supernatant was removed and the

crude product was dissolved in water and ACN and purified via HPLC (10 % to
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100 % ACN in 20 min). After lyophilization the product was received as a colorless

solid (26 mg, 48.9 pmol, 10 %).

'H-NMR, COSY (850 MHz, DMSO) §/ppm = 8.41 (d, J = 9.15 Hz, 1H, H-9), 8.39
(d, J = 8.93 Hz, 1H, H-11), 8.28 (t, J = 7.28 Hz, 2H, H-29, H-5), 8.24 (d, J = 7.71
Hz, 1H, H-2), 8.20 (d, J = 9.17 Hz, 1H, H-8), 8.15 (s, 2H, H-34, H-3), 8.07 (d, J =
7.51 Hz, 1H, H-6), 8.05 (t, J = 8.50 Hz, 1H, H-17), 8.02 (d, J = 7.73 Hz, 1H, H-1),
7.95 (m, 1H, H-19), 4.37 (d, J = 15.00 Hz, 1H, H-10), 4.33 (q, J = 6.42 Hz, 1H, H-
18), 4.27 (dd, J = 7.20 Hz, 8.95 Hz, 1H, H-12), 4.23 (d, J = 15.00 Hz, 1H, H-10"),
4.18 (m, 1H, H-21), 3.57 (m, 2H, H-19), 1.78 (m, 1H, H-13), 1.46 (m, 1H, H-14),
1.21 (d, J = 7.29 Hz, 3H, H-22), 1.12 (m, 1H, H-14"), 0.84 (d, J = 6.83 Hz, 3H, H-
15), 0.78 (t, J = 7.43 Hz, 3H, H-16).

EST m/z: [M+H]|" 532.2 (calc. 532.2), [2M+H]* 1063.4 (calc. 1063.5).

[M+H]*
532.2

[2M+H]*
1063.4

L — | .14 b

T T T T T T
0 5 10 15 20 500 1000 1500 2000
Retention time (min) m/z

Figure S5.7 LC-MS data of linear Py-ISA 3. Left LC trace (254 nm) with tr = 6.27 min. Right
Convoluted ESI-MS spectrum.
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Figure S5.8 'H NMR spectrum (850 MHz, DMSO-ds, 298 K) of linear Py-ISA 3.
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Figure S5.9 'H,'H COSY NMR spectrum (850 MHz, DMSO-d6, 298 K) of linear Py-ISA 3.
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3. Furin-Induced Transformation of Isopeptides

3.1. General procedure of HPLC kinetic analysis

The furin-induced conversion of the isopeptide 1 and lsr was analyzed via an
analytical HPLC kinetic study. The samples were prepared by adding the enzyme
(1 nmol/U) to the isopeptide 1 (20 uM) in a buffered aqueous solution containing
HEPES (100 mM), TCEP (1 mM) and CaCl, (1 mM). The pH of the buffer was
adjusted to 7.4 using 1M NaOH. The control sample was prepared by dissolving
the isopeptide 1 in the same buffered aqueous solution. Samples were measured
after 0.5 h, 1 h, 2h, 4 h, 6 h, 8 h and 24 h by mixing 50 pL of the sample with
50 pL of methanol. After centrifugation of 5 minutes at 12,000 rpm, 50 uL of the
supernatant was injected into the analytical HPLC to monitor the conversion
process.

Linear peptide 3 A

Isopeptide 1 “
05h A ‘H

1h
A
2,h, S /'\¥7_' M\il B 74";7 -
4h
6h
I
on : \
24 h K “

12 14 16 18 20
Retention time (min)
Figure S5.10 HPLC study of the kinetics of enzyme-induced conversion of isopeptide 1 (20 pM) in

the presence of the protease furin in buffered solution over time (HEPES (100 mM), CaCly (1 mM),
TCEP (1 mM)).

212



5. PROGRAMMING NANOSTRUCTURE FORMATION THROUGH FURIN-TRIGGERED ISOPEPTIDE
CONVERSION AND PEPTIDE SELF-ASSEMBLY

3.2 General procedure of TEM kinetic analysis

The furin-induced structure formation of isopeptide 1 was analyzed via TEM
kinetic study. The samples were prepared by adding the enzyme (1 nmol/U) to the
isopeptide 1 (200 uM) in a buffered aqueous solution containing HEPES (100 mM),
TCEP (1 mM) and CaCl; (1 mM). The pH of the buffer was adjusted to 7.4 using
1 M NaOH. TEM grids were prepared after 0.5 h, 1h, 2h, 4h, 6h, 8h and 24h by
adding 3 pL by pipetting 3 uL of the solution onto a Formvar-coated copper grid
and incubating for 5 min. After the incubation, the solutions were removed with
filter paper, and the grids were stained with 10 pL 4% uranyl acetate solution for
2.5 min. The grids were washed three times with MilliQ water and dried before

being measured.

Figure S5.11 Dry-state TEM images of reaction solution of isopeptide 1 (200 pM) in the presence of
furin in buffered solution (HEPES (100 mM), CaCl> (1 mM), TCEP (1 mM)) after incubation for 0 h,
1h,4h, 24 h at 37 °C. Scale bars 500 nm.
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4. Analysis of Secondary Structure and Self-Assembly Behavior

4.1. Temperature-dependent 1H-NMR analysis of linear Py-ISA 3

For the temperature-dependent NMR analysis a solution of the linear peptide 3
was prepared containing 0.23 mg peptide in 0.5 ml deuterated solvent. The
deuterated solvent consisted of a 9:1-mixture of phosphate buffer (50 mM) prepared
from D,O and DMSO-dg. The sample was then immediately analyzed via "H-NMR
spectroscopy at 298 K and the temperature was increased in 5 °C steps to 353 K.

At each temperature the sample was equilibrated for 20 min before the

measurement.
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Figure S5.12 Temperature-dependent 'H-NMR analysis of linear Py-ISA 3 in phosphate buffer (50 mM)
prepared from D20 and DMSO-dg (9:1).

4.2. CD spectra of Py-ISA 3 and kinked assembly precursor 1

The linear peptide 3 or the kinked assembly precursor 1 were dissolved in phosphate
buffer (10 mM, pH 7.4) to yield a peptide concentration of 100 pM. The solutions

were sonicated to dissolve the peptides completely. The samples were subsequently
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measured, and the spectra were recorded at wavelengths from 380 to 180 nm with
a bandwidth of 1 nm, data pitch of 0.2 nm, and scanning speed of 5 nm/min. The

spectra were measured three times and accumulated.

4.3. TEM analysis of linear Py-ISA 3 and kinked assembly precursor 1

The linear peptide 3 or the isopeptides 1 and 1l were dissolved in DMSO (1 mM)
and diluted with DPBS at a ratio of 1:9 to yield a 100 uM peptide solution. The
solution was incubated for 24 h and TEM grids were prepared by pipetting 3 uL of
the solution onto a Formvar-coated copper grid and incubated for 5 min. After the
incubation, the solutions were removed with filter paper, and the grids were stained
with 10 yL 4% uranyl acetate solution for 2.5 min. The grids were washed three

times with MilliQ water and dried before being measured.
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Figure S5.13 Dry-state TEM images showing nanofiber bundles and aggregates formed by
linear peptide 3 (250 pM, 100 pM, 75 pM) in DPBS (pH 7.4) and DMSO (9:1) and dry-state TEM
images of Isopeptides 1 and 1, showing the absence of aggregate or structure formation. Scale bar:
250 nm.

4.5. Cryo-TEM analysis of linear peptide 3
The linear peptide 3 was dissolved in DMSO (1 mM) and diluted with DPBS at a

ratio of 1:9 to yield a 100 uM peptide solution. The solution was incubated for 24 h
before 3 uLi of the sample was used for further sample preparation as described in

1.2.8.

4.6. Proteostat aggregation assay

For the analysis of the critical aggregation concentration of the linear peptide 3 the
commercial Proteostat protein aggregation assay kit by Enzo Life Sciences, Inc.

was used. The peptide samples were prepared by diluting DMSO stock solutions of
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the linear peptide 3 in various concentrations (1 uM to 100 pM) with DPBS in a
1:9 ratio. The resulting peptide samples were incubated for 24 h at room
temperature while shaking. The Proteostat working solution was prepared by
mixing 0.52 pl of the Proteostat stock solution with 98.48 pyl MilliQQ water and 1 pl
assay buffer. After the incubation, 27 pl of each peptide solution were mixed with
3 ul of the Proteostat working solution. 9 pl of each solution were pipetted into a
well of a Greiner 384 flat black well plate (3 wells per sample of each peptide
concentration). The plate was incubated in the dark for 15 min while shaking. The
fluorescence intensity of the Proteostat dye was subsequently measured with an
excitation and emission bandwidth of 20 nm and an emission wavelength of 600

nm after excitation at 550 nm.

4.7. AFM

The linear peptide 3 was dissolved in DMSO (1 mM) and diluted with DPBS at a
ratio of 1:9 to yield a 100 uM peptide solution. The solution was incubated for 24

the sample was used for imaging.

6.1.nm

-2.0nm -2.4 nm

Height Sensor

Figure S5.14 AFM images of peptide nanofibers formed by linear peptide 3 (100 uM) in DPBS (pH 7.4)
and DMSO (9:1). Scale bar: 600 nm.
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6. Summary and Outlook

The design of bioresponsive nanomaterials for intracellular assembly is aimed at
exploiting physiological stimuli for the programmed formation of synthetic
structures inside living cells. By emulating the supramolecular assemblies observed
in nature, it is possible to construct artificial architectures within the intricate and
confined intracellular environment, consequently impacting biological processes and
cellular behavior. This thesis explored the chemical design, synthesis and
characterization of bioresponsive isopeptides and their application for intracellular
structure formation in different cell types, with a particular focus on studying the

resulting material-cell interactions and their impact on cellular functions.

In Chapter 3, the design and synthesis of glutathione-responsive isopeptides for
intracellular structure formation was presented. The glutathione-induced peptide
assembly in human cytotoxic T cells was explored, revealing enhanced T cell
effector function and increased cytotoxic activity against cancer cells. Unlike the
commonly used cancer cell models, cytotoxic T cells were selected to investigate
the non-disruptive, functional effects of synthetic intracellular assemblies. This is
of significant relevance for modern immunotherapies that demand a deeper
understanding of the modulation of T cell activity. The study demonstrated an
increase in cancer cell death mediated by cytotoxic T cells after pre-treatment with
the assembly-inducing isopeptides. Correlative light and electron microscopy

confirmed the presence of synthetic peptide assemblies within the cytosol and
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perinuclear region of the T cells. Furthermore, mechanobiological analysis using
real-time deformation cytometry revealed increased stiffness and reduced
deformability in treated T cells, which are crucial parameters for effective
interaction with target cells. These findings, along with the observed upregulation
of proteins associated with T cell activation and effector function, suggest that
synthetic intracellular nanostructures can enhance the natural cytotoxic effector
function. Thus, this work represents significant progress in the modulation of

immune cell behavior, with important implications for immunotherapies.

Chapter 4 explored the use of glutathione-responsive isopeptides for intracellular
structure formation in drug-resistant MDA-MB-231 breast cancer cells. The
reductive glutathione-induced transformation and assembly of the peptides were
studied in relation to their impact on cancer cell metabolism, focusing on
mitochondrial function. By correlating live-cell imaging, which provided qualitative
analysis of mitochondrial integrity, with quantitative measurements of oxygen
consumption rates, we examined how intracellular structure formation within the
crowded intracellular environment can disrupt mitochondrial respiration, a critical
component of cellular metabolism. Additionally, the investigation of biological
impact was extended by using a tumor spheroid model, complementing the
traditional two-dimensional cell culture methods. This approach allowed for further
exploration of the effects of peptide structure formation in more complex, three-
dimensional cell networks, which possess distinct biological characteristics such as
increased cell-cell interaction and uneven distribution of nutrients and oxygen. In
the tumor spheroid models, incubation with the glutathione-responsive isopeptide
assembly precursors resulted in a decrease in overall spheroid size, attributed to
cell death caused by the uptake of isopeptides and subsequent intracellular

structure formation.

220



6. SUMMARY AND OUTLOOK

Chapter 5 focused on the development of a furin-responsive kinked isopeptide
designed for controlled nanostructure formation through enzyme-triggered
transformation. The bioresponsive design and the synthesis of the isopeptide were
presented, along with a kinetic analysis of its furin-induced multistep conversion
into a self-assembling linear peptide. The results demonstrated the effectiveness of
furin in cleaving the kinked isopeptide despite its unnatural structure. The fibrillar
nanostructures formed by the linearized peptide were characterized regarding their
secondary structure and supramolecular properties. This novel isopeptide-based
system for furin-induced assembly formation adds to the growing toolbox of

nanomaterials designed for bioresponsive structure formation.
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Figure 6.1 Summary of research projects discussed in this thesis.
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In summary, this thesis demonstrated the design of bioresponsive nanomaterials for
intracellular structure formation and examined how they can modulate cellular

functions and behaviors in different cell types.

Several challenges remain in this field that need to be addressed in future research.
For instance, the complexity of intracellular environments presents difficulties in
predicting and controlling the localization and impact of synthetic materials.
Therefore, future research should focus on refining the specificity and
responsiveness of these nanomaterials to target cell types or subcellular regions
more precisely. One potential approach could involve incorporating several
bioresponsive protecting groups into the chemical design of the assembly precursors,
thereby making them responsive to multiple stimuli. Consequently, multiple
transformations, triggered by cell- or organelle-specific stimuli, would be required
to initiate assembly formation, potentially enhancing both cellular and subcellular
specificity. Furthermore, integrating additional bioactive components, such as
signaling peptides or small molecule drugs, into the molecular design could
synergistically increase the impact of the nanomaterial on cellular processes. For
instance, while this thesis has already demonstrated that intracellular peptide
assembly can boost T cell effector function, combining it with the release of
immunostimulatory drugs, such as checkpoint inhibitors that prevent T cell
inactivation, could further amplify the desired enhancement of cellular function.
Moreover, investigating the role of different assembly morphologies in driving the
functional effects on immune cells would provide valuable insights into which
aspects of in situ supramolecular structure formation are most critical in

modulating immune cell activity.

From a synthetic biology perspective, advancing methodologies that emulate
natural processes by incorporating non-equilibrium assemblies — potentially coupled

with cellular feedback dynamics — would hold great promise for inducing reversible
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changes in cellular behavior. Such systems would be particularly valuable for
modulating cellular functions instead of disrupting cellular integrity, with potential
applications in addressing cell senescence or improving environmental adaptation.
Developing synthetic materials that mimic the reversible nature of biological
supramolecular assemblies would mark a major advancement in the ability to
program material-cell interactions, enabling us to better understand and

manipulate the fundamental processes that govern cellular behavior.
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