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Abstract

Peptide and protein biomaterials have emerged as powerful therapeutics due to their selec-
tive interaction with biological targets, biocompatibility, and degradability. However, cur-
rent treatment strategies often lack the complexity and flexibility needed for the develop-
ment of highly specific treatments. Furthermore, the design of multifunctional biomaterials
with structural precision on the molecular level remains a challenging task. This thesis aims
to employ an integrative and adaptable protein-based nanoplatform to combine bioactive
entities at the macromolecular level to design multivalent protein-conjugates for versatile
therapeutic purposes. At the core of the multivalent protein-conjugates, a tetrameric protein
offering up to four ligand binding sites functions as a supramolecular "glue" utilizing avi-
din-biotin technology. This study aims to facilitate the assembly of diverse bioactive com-
ponents into well-organized multifunctional protein-conjugates, ultimately leading to the
formation of supramolecular protein conjugates (SPC) that target protein signatures in a
variety of diseases.Therefore, this thesis investigates three primary challenges associated
with the preparation of supramolecular SPCs for therapeutic applications in a more com-

prehensive manner:

Firstly, chapter 3.1 and chapter 3.2 take a more detailed look at the chemical engineering
aspect of developing a multivalent protein-based nanoplatform, which is crucial for achiev-
ing structurally precise SPCs. This involves two contrastive chemical strategies to manip-
ulate the homotetrameric protein structures to overcome statistical mixtures when using the
nanoplatform for the formation of SPCs with the desired properties and functionalities.
Hereby, a general method to prepare stoichiometrically exact tetrafunctional SPCs is inves-
tigated and a linker strategy to increase multivalency while maintaining structural preci-

sion.

Secondly, this thesis delves into the chemical design and modulation of intelligent SPCs
that can respond to physiological changes with specific delivery and activity. This requires
a deep understanding of the interactions between SPCs and their target environments, as
well as the development of innovative strategies to control the release and activation of
bioactive components in response to specific physiological cues. This will be investigated

in more detail in chapter 3.3.



Lastly, the adaptable biological applications of SPCs for the development of novel thera-
peutic approaches will be explored in more detail in chapter 3.4. This challenge involves
investigating the potential of SPCs in various therapeutic contexts and adapting their design
and function to address the unique requirements of each application. As well as taking a
closer look at the limitations of the avidin-biotin technology in therapeutic applications.
This could lead to potential treatment strategies and the improvement of currently used
protein therapeutics, ultimately contributing to the advancement of saver and more person-

alized healthcare solutions.
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Zusammenfassung

Peptid- und Protein-Biomaterialien haben sich aufgrund ihrer selektiven Wechselwirkung
mit biologischen Zielstrukturen, ihrer Biokompatibilitdt und Biodegradability als wirksame
Therapeutika etabliert. Allerdings fehlen den aktuellen Behandlungsstrategien oft die Kom-
plexitdt und Flexibilitdt, die fiir die Entwicklung hochspezifischer Therapieansitze erfor-
derlich sind. Dariiber hinaus bleibt das Design multifunktionaler Biomaterialien mit struk-

tureller Prizision auf molekularer Ebene eine anspruchsvolle Aufgabe.

Die vorliegende Arbeit zielt darauf ab, eine integrative und anpassungsfahige proteinba-
sierte Nanoplattform zu etablieren, um bioaktive Molekiile auf makromolekularer Ebene
zu kombinieren und so multivalente Protein-Konjugate fiir vielseitige therapeutische Zwe-
cke zu entwickeln. Als Basis der multivalenten Protein-Konjugate fungiert ein tetrameres
Protein, das bis zu vier Liganden-Bindungsstellen bietet und so als supramolekulare Adap-
terplatform unter Verwendung der Avidin-Biotin-Technologie dient. Dadurch sollen ver-
schiedener bioaktiver Komponenten in strukturell prazise, multifunktionale Protein-Kon-
jugate assembliert werden und letztendlich zur Bildung von supramolekularen Protein-
Konjugaten (SPC) fiihren, die fiir eine Vielzahl therapeutischer Ansédtze verwendet werden
konnen. Dabei fokussiert sich diese Arbeit auf drei Hauptprobleme, die mit der Herstellung

von SPCs fiir die therapeutische Anwendungen einhergehen:

Kapitel 3.1 und Kapitel 3.2 befasst sich eingehender mit den Moglichkeiten durch den che-
mischen Engineering-Aspekt der Entwicklung einer multivalenten proteinbasierten Nano-
plattform, strukturell prazise SPCs zu designen. Dies beinhaltet zwei gegensétzliche che-
mische Strategien zur Manipulation der homoterameren Proteinstrukturen, um die statisti-
schen Produkte bei der Asseblierung von SPCs basierend auf der Avidin-Biotin Thechno-
logy zu verhindern. Dabei wird eine allgemeine Methode zur Herstellung stochiometrisch
exakter tetrafunktionaler SPCs untersucht, sowie eine Linker-Strategie zur Erhéhung der

Multivalenz bei gleichzeitiger Beibehaltung der strukturellen Prézision.

Ein weiteres Kapitel dieser Arbeit (Kapitel 3.3) untersucht das chemische Design und die
Modulation intelligenter SPCs, die auf physiologische Verdnderungen mit spezifischer
Freisetzung und Aktivitdt reagieren konnen. Dies erfordert ein eingehendes Verstindnis
der Wechselwirkungen zwischen SPCs und ihren Zielumgebungen, sowie die Entwicklung
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innovativer Strategien zur Kontrolle der Freisetzung und Aktivierung bioaktiver Kompo-
nenten in Reaktion auf spezifische physiologische Reize. Hierbei wird eine dyniamisch-

kovalente Linker Strategie in Kapitel 3.3 néher untersucht.

SchlieBlich werden die vielfiltigen biologischen Anwendungen von SPCs fiir die Entwick-
lung neuartiger therapeutischer Ansdtze in Kapitel 3.4 eingehender untersucht. Diese Her-
ausforderung beinhaltet die Untersuchung des Potenzials von SPCs in verschiedenen the-
rapeutischen Kontexten und die Anpassung ihres Designs und ihrer Funktion an die jewei-
ligen Anforderungen der Anwendung. Ebenso wird ein genauerer Blick auf die Limitatio-
nen der Avidin-Biotin-Technologie in therapeutischen Anwendungen geworfen. Dies
konnte zu potenziellen neuen Behandlungsstrategien und zur Verbesserung der derzeit ver-

wendeten Proteintherapeutika fiihren.
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Chapter 1

Introduction

Nature, herself a brilliant chemist and by far the best engineer of all time, invented life that
flourished for billions of years wunder an astonish range of conditions.

-Frances Arnold!

Nature's unprecedented diversity has consistently served as the predominant paradigm for
motivating researchers to devise innovative designs and materials. Nature's rich source of
knowledge includes an intricate synthetic factory that uses an astounding array of chemical
transformations to form millions of proteins with defined structures and highly specific
functions. As the most diverse class of biological macromolecules, proteins are omnipres-
ent in living systems. They indisputably dominate the realm of molecular machinery and

are instrumental in virtually all aspects of cellular functionality.

Before scientists uncovered the composition of proteins, their biological relevance was al-
ready apparent in the early 19" century, when Jéns Jacob Berzelius stated: "Protein seems
to be the prime substance or principal substance of animal nutrition".? After that, it took
another century for scientists to get a more detailed picture of protein structures.’> Today
we know that limitless combinations of interactions between a few chemically simple mol-
ecules, amino acids, form the basis for their extremely complex functional macromolecular
structures. Even though there are only 21 different building blocks, Proteins have an aston-
ishing diversity of function, as they have an enormous range of different shapes and can

interact in complex arrangements, administering living systems remarkable capabilities.

Building on nature's inspiration, proteins with their versatile properties have emerged as

ideal candidates for future materials with myriad applications ranging from fabrics to coat-



ings to therapeutics and much more. Since the early 1980s, there has been tremendous in-
terest in protein chemistry to adopt and expand the functional scope of proteins and use
them for therapeutic purposes.* The obvious advantages of proteins over small molecule
drugs have driven the exponential growth in the field of protein and peptide therapeutics.’
In particular, their well-defined structures and highly specific and complex set of functions
cannot be mimicked by small molecule drugs. Therefore, they are less likely to interfere

with normal body processes or cause adverse effects.>®

This eventually led to an expansion of the pharmaceutical market, and research to develop
protein therapeutics continues to be the focus of interest.”>! The growing interest is sus-
tained by the increasing understanding of protein structures, folding and protein-protein
interactions, as well as advances in biotechnology.!!"!> After the initial success of recom-
binant human peptides or proteins, such as the 51-amino acid peptide insulin'®, protein
synthesis'” and tailored protein modifications'® beyond what occurs naturally are now on

the rise, enabling new functional peptide and protein biomaterials.'*!”

After addressing the functional aspects of monomeric protein biohybrids, such as
PEGylated proteins, attention has shifted in recent decades to a higher level of complexity,
such as hierarchical, three-dimensional architectures and the implications for their func-
tionalities. The next step in materials design will be to control the construction of protein-

biopolymer nanostructures and apply the resulting unique properties.'*

In this context, functional nanostructures involving the assembly of proteins with various
biopolymers hold immense potential for therapeutic applications.!*?*?> This has led to a
highly diverse research area of biopharmaceuticals based on peptide/protein nanotechnol-
ogy as well as supramolecular protein chemistry for the development of next-generation
hybrid materials for the diagnosis, prevention and treatment of diseases.?® The focus of this
work is on the potential of using multivalent proteins as an integrative nanoplatform capa-
ble of combining multiple bioactive biopolymers and/or proteins into structurally ordered
multifunctional protein conjugates to target protein hallmarks in various diseases. Here,

supramoleculare strategies are exploited to form supramolecular protein conjugates (SPC).



1.1 Peptides and Proteins: Structures and Functions in

Nature

In nature, protein-based materials are constituted in a bottom-up fashion, in which tran-
scription and translation processes combine monomeric amino acids via amide bonds to
form biopolymers of hundreds of amino acid residues.?” This optimized synthesis factory,
the ribosomes, yields highly sophisticated building blocks in a precise, sequence-defined

manner.2®
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Figure 1-1: Different levels of structure in Proteins on the example of Hemoglobin: The
primary structure of a protein refers to the linear sequence of amino acids in a polypeptide
chain. Based on the individual interaction between the amino acids of the polypeptide
chain, the secondary structure, such as a-helix or B-sheet is formed. This secondary struc-
ture folds into distinct arrangement known as domains and refers to the tertiary structure of
proteins. Two or more domains can assemble to a quaternary structure, which is formed by
noncovalent interactions. It's important to note that not all proteins have a quaternary struc-
ture.”’ The figure is adapted from Lehninger principles of biochemistry and reprinted with

permition of John Whiley and Sons.*°



The primary structure at hand usually dictates the secondary and tertiary structures that
pave the way for their unique function. In this regard, most characterized proteins are ar-
ranged in more complex, higher hierarchical quaternary structures that result from homo-
and hetero-oligomerization via protein-protein interactions. The resulting quaternary struc-
ture is closely related to the biological function of proteins.?! Often, the assembled protein
structures can exhibit improved stability and better mechanical properties compared to sin-
gle protein units.*? Due to these interactions and the assembly of different protein compo-
nents, proteins are able to perform the most diverse catalytic functions with utmost preci-
sion. They are responsible for most fundamental chemical processes in cells, such as mo-
lecular recognition and transport, catalysis and reactivity, inter- and intramolecular signal

transduction, and much more.*3

Building on the importance of proteins, also much shorter chains of amino acids, play a
crucial role in various biological processes in nature. Oligopeptides, with less than 50
amino acids, are involves in numerous functions, such as signaling, immune responses, and

regulating various physiological processes, such as growth, metabolism, and reproduction.’

In this way, over many thousands of years of evolution, natural selection optimized its own
repertoire of millions of building blocks with a unique structure and high functional com-
plexity, to perform a myriad of functions. Upon closer examination, there are two standout
examples from nature's protein toolbox: bacterial toxins and viruses, which serve as some

of nature's most potent transporter systems.>*3>

Bacterial toxins, such as the neurotoxins of Clostridium botulinum (BoNT), are among the
most lethal toxins known to man.3® On the other hand, viruses, the most abundant biological
entities, display a remarkable diversity and complexity.?” Although these two entities have
completely different mechanisms of action, they share a common fundamental principle

that contributes to their potency: noncovalent interactions and the concept of multivalence.

Delving deeper, bacterial toxins evolved as virulence factors for bacteria.>® They possess
an evolutionarily optimized platform for transporting a catalytically active protein subunit,
leading to severe morbidity and mortality. The toxicity of these toxins arises from their
functional dichotomy, with the binding (B) domain mediating receptor binding interaction

and the enzymatically active (A) domain being internalized into the cytosol of target



cells.’®*° This makes AB-type toxins sophisticated systems that offer selectivity, specific-
ity, and potency towards the target cell, a feature that has been emulated by many delivery

vehicles in nanotherapeutics.**4°

Viruses, in contrast, have well-defined, hollow, icosahedral protein envelopes that protect,
store, and transport genetic information, enabling them to hijack the host's cellular func-
tions for their own replication.>” The virus enters its host cell through complex virus-host
interactions, including binding to cells, entry, dissemination, and ultimately, lytic or per-
sistent infection.*® The initial step of binding to host molecules that serve as viral receptors
is crucial for all subsequent events.*’ For instance, the influenza virus attaches to its host
cell through multiple simultaneous noncovalent interactions between the glycoprotein he-
magglutinin on the viral surface and sialic acid on the host cell, resulting in stable adhe-
sion.*” Moreover, due to the virus's high affinity for multivalent binding sites on the cell

surface, monovalent drugs can only be effective at very high doses.*®

In summary Toxins and viruses have very different mechanisms of action, but the key fea-
tures responsible for their potency arises from the same fundamental pillar: noncovalent
interactions, such as protein-protein interactions and protein-ligand binding, and the con-
cept of multivalence. Both interactions will be explained in more detail in the following
sections. Since these concepts are ubiquitous in nature and protein activity is often mediated
by noncovalent interactions with other molecules, it is critical to understand the forces to
manipulate their activity more easily with a view to developing effective treatment strate-

gies.



1.1.1  The Role of noncovalent Interactions

Noncovalent interactions play a key role in biological systems, affecting the structure, dy-
namics and function of biomolecules. In fact, most biological processes rely on noncovalent
interactions that enable rapid assembly and disassembly and respond to and report on
changes in the physiological environment. For example changes in ion gradient or pH.*’
Covalent bonds are typically characterized by stable intramolecular linkages that occur
when the electron shells of two participating atoms begin to overlap.’ In addition to the
strong covalent bonds, the formation of noncovalent bonds is crucial to supply living sys-
tems with the flexibility and dynamic necessary.’"*> While covalent bonds can only be
formed in close proximity of about 2 A, noncovalent bonds can exist at much greater dis-
tances.’® Moreover, the energy consumption of forming a noncovalent bonds is only about
1 - 5 kcal/mol, so many molecules can reverse noncovalent bonds by using kinetic energy.?’
Therefore, noncovalent bonds allow for the fast and temporary association of different mol-
ecules, and these connections can be easily broken without requiring a significant amount

of energy.
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Figure 1-2: Selected noncovalent interactions. (Top) Illustration of common noncovalent
interactions involved in inter- and intramolecular protein and peptide linkages.’! (Bottom)
Selected noncovalent interactions for self-assembling architectures found in nature.

Adapted from Kuan et al.'* and reprented with permition of Royal Society of Chemistry.

There are several noncovalent interactions involved in intra- or intermolecular protein link-
ages, such as hydrogen bonds, electrostatic interactions, interactions of nonpolar side
chains, and van der Waals interactions. Figure 1-2 illustrates common noncovalent interac-
tions involved in inter- and intramolecular protein and peptide bonds. Shown are 1) hydro-
gen bonds between the side chain groups of tyrosine and aspartic or glutamic acid residues
2) interactions of nonpolar side chains due to mutual repulsion by the solvent, 3-5) van der
Waals interactions, 6-7) electrostatic interactions between charged side chains. Notably,
hydrogen bonds are the most widespread and best studied interactions.’!**> As expected,

noncovalent interactions are much weaker than covalent bonds, but their strength derives
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from their multiplicity and cooperativity. Nevertheless, noncovalent interactions do not
sacrifice specificity, which is necessary for all biological processes. Therefore, nature uses
multiple individually weak noncovalent interactions cooperatively to form highly specific
and strong multivalent bonds between biological entities, such as a protein and a ligand.>"!
Noncovalent interactions are the driving force for molecular assembly and oligomerization
in nature and are necessary for the formation of higher ordered protein complexes. Some
selected noncovalent interactions of proteins and their respective endogenous ligands are
shown in Figure 1-2 (bottom). Lectins, (strept)avidins and Heme proteins are among the
most common examples of natural ligand-guided protein complexes. Lectins are carbohy-
drate binding proteins, which are known as cell recognition mediators for a wide range of
biological systems, such as modulation of inflammatory processes.>* Avidin and streptavi-
din are proposed to hinder bacterial growth and have an affinity for binding to vitamin B7,
also known as biotin.2’ Heme proteins is a large class of metalloprotein which can bind the
ligand heme and have diverse biological functions. They are best known for the oxygen
transport and storage in mammals.>® Their interactions are highly specific and display a
range of binding affinities, from micromolar (uM) to femtomolar (fM) levels. Table 1.1-1
summarizes the most important protein-ligand motifs that play a crucial role in nature.
These interaction motifs provide an optimal basis for the formation of bioactive functional

protein nanostructures.



Table 1.1-1: Selection of native noncovalent building blocks with recognition motif and

stability.?°

Interaction motif

Binding partner

Binding constant/

stability

Hemoprotein-Heme

Lectin-Carbohydrate

Avidin-Biotin

histidine motifs

Heme

Galactose

Tetra-D-Galactose

o-D-Mannose

N-Acetyl-a-D-galactosa-
mine

a-D-Galactopyranoside

Biotin

Imminobiotin

D-Desthiobiotin

4'-Hydroxyazobenzene-2-
carboxylic acid

Zl’lH

Ka ~ 1012*15 M*l

K.~ 10°M!

Ko~ 10°M!

Ko~ 10°-10°M!

K.~ 10°M!

Ko~ 10*M!

K.~ 10"M!

pH > 7 : K.~ 10''M;
pH<7:10°M!

Ky ~ 1010 M1 [56]

Ka ~ 6 % 106 M—l [57]

Ka ~ 1010 M*l [58]

Ka ~ 107 M—l [58]



5'-GCTACACG-3'

3'-CGATGTGC-5' Ko~ 0.1 x10°M™!
(8-mer)
5'-AGCTACACGATA-3'
(12-mer) 3 TCGATGTGCTAT-5" Ka~9x10°M!
5-AAAAAAAAAAAA-3’
(12-mer) 3-TTTTTTTTTTTT-5 Ka~0.1x10°M"

1.1.2  The Multivalency Effect and Super Selectivity

Multivalence is a key principle in protein-ligand interactions, making them strong, specific
and yet reversible.* It refers to the phenomenon where multiple binding sites on one mol-
ecule interact with multiple ligands or receptors on another molecule. Looking more closely
at the properties of a multivalent system such as protein-ligand interactions, it becomes
apparent that multivalent ligands can bind to one or more proteins with increased functional
affinity (the apparent affinity).®* This allows for enhanced binding strength and specificity

compared to single-site interactions and can also be referred to as multivalency effect.*®

An example that illustrates this concept is the carbohydrate-protein interaction, which is
involved in numerous cellular processes such as surface recognition, cell adhesion, and
signal transduction. Lectins are carbohydrate-binding proteins that bind to monosaccha-
rides with an affinity of about 1 mM. For example, plant lectins such as concanavalin A
and lectin A are homotetrameric proteins with four binding sites that bind to mannose,
glucose, and galactose.®! Due to the multiple binding sites of lectins, simultaneous multi-

valent binding of monosaccharides can increase the binding affinity into the nM range.5?

When considering a monovalent system, there can only be two states: bound and unbound.
Whereas the ratio between the bound and unbound concentration can be described as a
chemical equilibrium corresponding to the binding affinity, which reveals the strength of a
biomolecular interaction. In the case of a multivalent system, where an m-valent protein
binds an n-valent ligand, this duality is no longer given and binding becomes statistically
more favorable.®* Already an n-valent ligand is n times more likely to bind to a monomeric

protein than to a corresponding monovalent linker. This is due to the statistically n-fold

10



increase in binding events.®* Another advantage of multivalent ligands is the increase in
local concentration after the first binding event. When targeting multivalent receptors, this
is likely to promote binding to additional binding sites. Similarly, saturation of all binding
pockets of a multivalent protein by a multivalent ligand leads to dissociation that is entrop-
ically rather unfavorable. In summary, multivalence of noncovalent binding processes be-
tween complementary functionalities is noticeable and has distinct advantages over mono-

valent interaction.

A unique characteristic of multivalent binding is super selectivity.®> Super selectivity is a
type of interaction where a single molecule (guest) uses multiple ligands to bind simulta-
neously to several receptors displayed by another molecule or surface (host).%® In the con-
text of super selectivity, the guest molecule can sharply discriminate between host surfaces
based on the comparative surface densities of a specific receptor.®®$” This means that the
guest molecule will bind strongly to surfaces that have a high density of the target receptor
and weakly or not at all to surfaces with a lower density of the same receptor. This is dif-
ferent from conventional selectivity, where the guest molecule discriminates between host
surfaces based on the presence of distinct types of receptors, regardless of their density on
the surface.%® The concept of super selectivity can be extended to any interaction parameter,
not just receptor density. A probe (or guest molecule) is considered super selective if it can
convert a gradual change in any one interaction parameter into a sharp on/off dependency

in probe binding.®

For example, if the interaction parameter is the strength of the ligand-receptor bond, a super
selective probe would bind strongly to surfaces where the bond strength exceeds a certain
threshold and weakly or not at all where the bond strength is below this threshold. This
sharp on/off binding behavior allows for more precise targeting and discrimination between

surfaces.®”’

This property of super selectivity is particularly useful in applications such as drug delivery
and nanomedicine, where it is often necessary to target specific cells or tissues that express
a particular receptor at high density, while avoiding other cells or tissues that express the

same receptor at a lower density.®
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This effect can be capitalized for the development of more effective protein nanotherapeu-

tics by applying it in multivalent SPCs that exemplify optimized targeting and uptake.

1.2 Supramolecular Protein Nanoplatforms

As a result of the biotechnological revolution, the field of protein nanotechnology has ex-
perienced tremendous growth, opening numerous new opportunities for the medical sci-
ences. Compared to the available colloidal and polymeric nanoplatforms, proteins represent
an optimal platform for the development of functional nanomaterials due to their inherent
bioactivity and diverse functionalities, which provide a rich platform for inter- and intra-
molecular interactions.*** Supramolecular protein nanoplatforms are self-assembled struc-
tures formed by the noncovalent interaction of proteins and other biomolecules. These
structures can be designed and engineered to have specific functions and properties, making
them highly versatile and adaptable for various applications.?>’® The significance of supra-
molecular protein nanoplatforms lies in their ability to mimic and manipulate natural bio-

logical systems, enabling the development of innovative materials and technologies.

Since the transport of molecular cargo through protein nanostructures is widespread in na-
ture, delivery of therapeutics is one of the most widely used areas of protein nanotechnol-
ogy. While most protein-based nanoconjugates are developed as simple vehicles for drug
delivery, supramolecular protein nanostructures can perform more complex tasks by devel-
oping more sophisticated multicomponent and multifunctional conjugates. Since proteins
bind various endogenous ligands, they are the optimal candidate to be used as supramolec-
ular glue for the precise assembly of multiple biopolymers. Therefore, they can serve as
supramolecular nanoplatforms for the assembly of multifunctional SPCs, with albumin,
(strept)avidin, hemoproteins, and lectins being the most commonly reported and will be

discussed in more detail.!*7!

12



1.2.1  Albumin-based Nanoplatforms

Albumin, the most abundant serum protein, is one of the best studied proteins and has at-
tracted considerable attention in recent decades as a versatile nanoplatform.”? In particular,
albumin has proven to be a versatile macromolecular carrier for therapeutic and diagnostic
agents because it has been shown to possess multiple ligand binding sites, is non-toxic and
nonimmunogenic, and can be metabolized to safe degradation products.”® In addition, its
half-life of 19 days in the bloodstream plays an important role in improving the pharmaco-
kinetic profile of therapeutics with short half-life.” This is of particular interest in combi-
nation with therapeutic peptides, which usually exhibit rapid renal clearance. The enhanced
uptake of albumin into solid tumors, mediated by the binding of albumin to albumin-bind-
ing proteins, has additionally generated strong clinical interest in the delivery of anticancer

drugs using albumin as a platform.”
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Figure 1-3: Crystal structure of HSA in complex with steric acid (PDB: 1e7¢). The yellow
rods indicate disulfide bridges, while the yellow spheres represent free cysteine (Cys-34).
Formic acid binding sites are indicated by FA. The colored circles indicate the Sudlow
binding site. This figure is adapted from Materials Science and Engineering: C, Volume
81, Ritu R. Kudarha, Krutika K. Sawant, 607-626, Copyright (2017), and reprented with

the permission of Elsevier.”®

Both covalent and noncovalent binding to albumin is widely used today, making it a suita-

ble versatile protein platform for various applications.”®

Specifically: Sudlow's Site I and II provide a lipid affinity site with the natural ligand fatty
acid and exhibit a high binding capacity for several lipophilic drugs (paclitaxel, doxorubi-
cin). The natural ligand binding capacity of albumins allows binding of up to 7 - 9 molar

equivalents of long chain (14 - 18 carbons) fatty acids.”’

Cho and coworkers applied this principle to develop a therapeutically active protein con-
struct by site-specific fatty acid conjugation. To this end, they conjugated fatty acids to the
therapeutic protein urate oxidase (Uox), resulting in assembly with HSA without loss of

therapeutic activity.’

Moreover, albumin possesses a solvent-accessible cys at position 34 that can be site-selec-
tively modified by a maleimide-thiol Michael reaction. For example, as shown by Zdphel
et al. through the synthesis of BSA-PEOs49 -BSA dimers for efficient cell transfection.” In
addition to cys34, several accessible lysines and the N-terminus can also serve as a basis

14



for modification, as shown, for example, by Park and coworkers.®’ They used NHS chem-
istry to introduce a specific number of SPAAC click-handle sites and design a multimodal

theragnostic protein construct.

In addition, the high content of charged amino acids (e.g. lysine, arginine, aspartate and
glutamate) allows electrostatic adsorption of positively or negatively charged molecules

(such as drugs, oligonucleotides or peptides).®!

1.2.2  Avidin-based Nanoplatforms

The avidin-biotin complex is the strongest known biological interaction between a ligand
and a protein, with an affinity in the femtomolar range (K4 =101 M).*? Biotin is a 244 Da
water-soluble vitamin known as vitamin H or B7 that is essential for all living organisms
and can be synthesized by plants, fungi and bacteria. The first biotin-binding protein was
identified in 1941 as a component of protein that sequesters biotin and causes "the egg
white injury."®*#* This led to the discovery of avidin (Av), a 63 kDa homotetrameric protein
consisting of eight B-strands per subunit, resulting in a B-barrel-shaped structure that binds

four biotin units with exceptionally high binding affinity.®’

Two decades later, a second biotin-binding protein Streptavidin (SA) was discovered in an
antibiotic produced by Streptomyces avidinii. Analogous to the avidin protein, it binds bi-
otin with exceptionally high affinity (the Kq of avidin is reported to be 107! M, while the
K of streptavidin is in the range of 1071* - 101> M).3? The 53 kDa protein is a functional

and structural analog of avidin and has been designated SA.3>86

The strong interaction depends on the formation of several hydrogen bonds and van der
Waals interactions between biotin and the protein, together with an organization of poly-
peptide loops that bury the biotin inside the protein.’’ In particular, the formation of an
extensive network of eight hydrogen bonds involving residues Asn23, Tyr43, Ser27, Ser45,
Asn49, Ser88, Thr90, and Asp128, as well as hydrophobic interactions between (strept)av-
idin and biotin leading to numerous contacts mediated by van der Waals forces, result in
tight binding of biotin in its binding pocket. The high affinity makes the biotin-(strept)avi-

din complex extremely resistant to heat, pH and other denaturing conditions.3?
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Figure 1-4: Binding of biotin to streptavidin. Simulation of the D-biotin-SA interaction is

reprinted from Liu et al.* licenced under a Creative Commons Attribution CC BY.

Despite their similar tetrameric structure and binding affinity to biotin, the biotin-binding
proteins differ in their properties. Streptavidin is characterized by the absence of carbohy-
drate moieties on its surface, whereas avidin carries four mannose and three N-acetylglu-
cosamine residues on the surface of each unit. The carbohydrate moieties on the surface of
avidin account for about 10% of the mass and result in a high isoelectric point (pI ~ 10),
which is responsible for a positive charge at physiological pH. The positive charge implies
the nonspecific binding of avidin to negatively charged molecules and surfaces, such as
cell membranes, DNA/RNA or silica.”® Compared to avidin, the isoelectric point of strep-
tavidin is near neutral conditions (pI ~ 5-6), resulting in a lower propensity for nonspecific
binding and making it more attractive for therapeutic applications. However, the immuno-
genicity of bacterial-derived streptavidin limits its clinical applications, which reinforced
the development of a deglycosylated avidin. The chemically modified avidin without gly-
cosylation resulted in the 60 kDa protein NeutrAvidin (NAv), which has a near-neutral
isoelectric point (pI ~ 6.3), minimizing nonspecific interactions and immunogenicity.”! In
addition, biotin binding affinity is preserved since carbohydrates are not involved in bind-

ing activity.*?

Although biotin-binding properties have been the focus of research for decades, their bio-

logical function remains uncertain, and it is unclear why living organisms require a protein
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that binds biotin with such extreme affinity. The function of biotin-binding proteins is
thought to be to inhibit bacterial growth as potent biotin scavengers, as confirmed by their
presence in antibiotic complexes.®>**** Compared to their biological function, biotin-avi-
din interaction has been exploited for various biological applications, such as purification,”

Biosensing”® or as a supramolecular adapter.”’

Among various systems that rely on protein-ligand interactions, the (strept)avidin-biotin
system seems to be the most suitable choice for a customizable multi-domain protein nano-
platform. The exceptionally strong ligand binding of biotin offers great flexibility in the
library of ligands. This is reflected in altered binding properties by controlling association
and dissociation and stimuli-responsiveness in various reaction conditions. In addition, the
valeric acid side chain of the biotin molecule can be readily derivatized without loss of
binding affinity. This allows specificity for a variety of functional groups as biotinylating
agents as well as customization of stimuli-responsiveness. Biotin analogs consisting of the
redox-sensitive S-S or the pH-sensitive hydrazone bond or photosensitivity are also com-

mercially available.

Bearing that in mind, homotetrameric (strept)avidin is capitalized upon as a supramolecular
adapter platform that allows the assembly of various multimeric SPCs. One of the first
reports of multidomain protein constructs based on a SA nanoplatform was published by
Muzykantov in 1997.°® He assembled a radiolabeled catalase enzyme and a biotinylated
antibody onto a SA platform for antioxidant therapy. Muzykantov demonstrated that nei-
ther biotinylation nor conjugation decreased enzyme activity and that the Ab-SA catalase
construct binds specifically to immobilized antigen and degraded H»>O». Since 1997, vari-
ous combinations of biotinylated building blocks have been introduced onto the (strept)av-
idin nanoplatform to develop functional protein biopolymer SPCs. The major classes of
biopolymer building blocks such as proteins, peptides, and DNA assembled on a (strept)av-

idin nanoplatform are summarized in this section.
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Table 1.2-1: Selection of functional nanoassemblies based on the (strept)avidin adapter

platform.
Stimuli-
SPC Building blocks Assembly Application
responsiveness
D-SA-p53 D: dendrimer .- Efficient deliv-
p53: protein .' ol no ery of therapeu-
statistica
D-SA-CytC CytC: protein tic proteins®
Receptor-medi-
DNA: DNA-Cargo ated  nonviral
DNA-SA-EGF . statistical no
EGF: protein DNA transfec-
tion! %
' ‘ Delivery of
C3: protein toxin o )
C3-SA-RNAse . statistical no RNAse A into
RNAse A: protein
macrophages
SST: targeting pep- Boosting  anti-
) 3:1 pH:
SST-Av-C3 tide o tumor drug effi-
) ) statistical hydrazone
C3: protein toxin cacy'%!
FK: targeting peptide . ]
mmunotoxin
FK-Av-C3 GGP: targeting pep- 3:1 pH:
‘ o for  post-trau-
GGP-Av-C3 tide statistical hydrazone

C3: protein toxin

matic injuries*’
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Brush: HSA protein

Delivery of pro-

brush-SA-SST  brush polymer :
. o grammable ani-
SST: targeting pep- statistical no ) brush
sotropic rus
brush-SA-AB tide P
polymers'??
AB: aDec205 mAB
Sap: protein toxin Immunotoxine
Sap-SA-AB AB: anti-PSMA statistical no for prostate can-
mAB cer therapy'®
. Orientated tar-
LiDps: protein cage )
. . . 1:1 geting platform
LiDps-SA-AB  AB: anti-protein A ) no ) )
solid phase for  microbial
AB
pathogens!'%
DHSA-Av-
DHSA: dendronized
HSA . :
HSA protein pH responsive
DHSA-AV-B- 1:1 pH
HSA: protein functional pro-
Gal ' solid phase ~ iminobiotin ‘ '
B-Gal: protein tein delivery!®
DHSA-Av-C2I
C2I: toxin protein
D2HSA: dendro- 1:1 '
‘ ' ‘ Chemically en-
D2HSA-Av-C3 nized HSA protein solid phase ‘ ‘
. . no gineered immu-
D3-SA-C3 C3: protein toxin 3:1
notoxins*
D3: dendrimer statisitcal
PrA: protein A
PrA-SA-HRP HRP: protein I1:1 o Bispecificic tar-
CD3-SA-Her2  CD3: anti-CD3 AB solid phase

Her2: anti Her2 AB

geting  ligands
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for Her2-posi-

tive breast can-

cer cells'%

Dox: small molecule
Specific and ef-

Drug
I:1:1:1 ficient cellular
FA: small molecule ) )
SA-Dox-FA-A- . affinity delivery of cyto-
cell targeting no )
NP chroma- toxic durg to-
A: Dye
‘ tography wards cancer
C: nucleus targeting
cells.!”

peptide

Summarized in Table 1.2-1 all kinds of SPCs can be fabricated based on a (strept)avidin
adapter platform, which shows their versatile applications. However, often (strept)avidin
SPCs form no homogeneous product, since the homotetrameric form leads to statistical
mixtures of conjugates when assembling multiple biotinylated molecules. To control the
stichometry of competing binders to the biotin pocket, a competitive binding assay based
on the biotin derivative 2-(4-hydroxyphenylazo)benzoic acid (HABA) is often used.
HABA binds to the biotin binding pocket with much lower affinity (K4 ~3 % 10® M) and
can be replaced by a biotinylated moiety. In addition, HABA can form tautomers and ap-
pears in solution as p-azophenol with an absorption maximum of 350 nm, but when bound
to the biotin-binding pocket, the p-hydroxyquinone is formed and the absorption maximum
shifts to 500 nm.>”19%19 Thys, when a biotinylated moiety is added to a HABA-avidin
complex, the disappearance of the absorbance at 500 nm allows control of relative stoichi-
ometry. This strategy was used, for example, by Kuan et a/. in building a peptide-protein
SPC with three biotinylated targeting peptides and one biotinylated therapeutic protein in

a distinct 3:1 ratio on an avidin platform.'!°

Nonetheless, this approach does not address the issue of statistical mixtures in SPCs, sug-
gesting that additional technologies are required to attain greater precision in protein con-
jugates. The first idea to solve this problem was genetic engineering of SA. Howarth and
his collaborators designed a tetrameric but monovalent streptavidin by assembling one

"alive" subunit and three "dead" subunits that have a mutation in the biotin-binding pocket
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to abolish biotin binding. In this way, they were able to assemble a SA protein construct
used for cell receptor labeling without artificial cross-linking.'!! Along many other reported
similar approaches. Lim et. al. developed a novel monomeric construct by combining se-
quences of rhizavidin and streptavidin.!'? Qureshi and coworkers converted the streptavidin
tetramer into soluble monomers by site-directed mutagenesis of the structure-preserving
residues.'!'* However, this method loses the advantage of the multivalent SA platform and
thus the assembly of SA with multiple functional groups. Moreover, the Kq of the above
mutant SA constructs are usually several orders of magnitude lower than those of wild-type
streptavidin. This indicates that chemical technologies are required to overcome this chal-

lenge, which is discussed in more detail in section 1.3.

1.2.3  Lectin-based Nanoplatforms

Lectins are widely distributed in nature and are involved in numerous cellular processes
such as surface recognition, cell adhesion, and signal transduction, and play an important
role in the immune system, from pathogen recognition to the control of inflammation.!'!*
The group of lectins includes plant, invertebrate, and human proteins that differ in their fine
specificity and valence. Today, more than 50 lectin scaffolds have been confirmed in the
literature, with known three-dimensional structures and confirmed sugar-binding func-
tions.!!>!16 For example, plant lectins such as concanavalin A and lectin A are homotetram-
eric proteins with four binding sites that bind to mannose, glucose, and galactose.’! Their
binding to monosaccharides is often activated by Ca** ions and relies on hydrophobic in-
teractions between the apolar side of carbohydrates and aromatic residues such as trypto-
phan.!'” The stability of lectin nanoassemblies and their architecture depend strongly on
the protein scaffold chosen, due to differences in lectin symmetry as well as the carbohy-
drate-binding partner used. For example, lectin A binds to galactose with millimolar bind-
ing affinity. However, the binding strength of lectins results from the multivalency effect,
which increases the binding affinity into the nM range when multivalent ligands such as
tetra-galactose are used.'*®? This makes lectins particularly attractive for nanostructures
formed by multivalent carbohydrates, leading to cross-links and network structures. Since
1999, when Dotan and coworkers exploited the D> symmetry of the homotetrameric lectin

concanvalin A by dimerization with bis-mannopyranoside to form cubic structures based
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on a diamond lattice, various bionanomaterials based on the supramolecular interactions of
lectins have been explored.!'® Nevertheless, this field is still in its infancy, exploring all
kinds of functional protein nanoarchitectures. For example, Sakai et al. explored crystalline

protein scaffolds with controllable interpenetration.

e o N A
&,fﬁ o' cona o % ”ﬁf‘ LS o
® e
\—\ |:> P\ :> ¥ ‘k\. a{' “a
1 N "
R g y oo ¥ »

Rh3Man monomer

P ————— Sugar—protein binding

o . H&\. _ ..{ g v

}j ConA ‘5%0\.\ ’/& k}*—--:;; X j “‘#\\
z:> k"

‘\w\ f \w ™%

Rh3Man dimer -fsg -
(excess amount) Sugar—proteln bmdlng

Figure 1-5: Protein crystalline frameworks with controllable interpenetration controlled by
dual supramolecular interactions. Top: Rh3Man attaches first to ConA, followed by dimer-
ization of RhB leading to crosslinking. Bottom: Rh3Man first forms a dimer and then at-
taches to ConA. Here, the binding sites of ConA are occupied by dimerized Rh3Man, mak-
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ing subsequent crosslinking difficult. This figure is adaped from Sakai, F. et al."” and re-

produced with permisstion from Spriner Nature.

They used two types of noncovalent interactions: sugar-lectin binding to the homotetram-
eric concanavalin A and dimerization by RhB. By using these predetermined inducing lig-
ands containing monosaccharide and rhodamine groups, they cross-linked concanavalin A
to protein scaffolds with controllable interpretation, as shown in Figure 1-5.'"° These con-
trollable scaffolds could be very useful for all kinds of programmable protein biopolymer
compounds that can extend the functionalities of numerous proteins. Perhaps in the future,
this would also enable the targeted transport of biological agents such as DNA or mono-

clonal antibodies, etc.'?°
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1.2.4 Hemoprotein-based Nanoplatform

Heme binding sites have evolved in a variety of protein scaffolds to perform tasks such as
electron transfer, substrate oxidation, ligand sensing and transport. Hemoproteins are
among the most versatile metalloproteins and are represented, for example, by hemoglobin,
myoglobin, cytochromes, or horseradish peroxidase.'?!"!3! The hemoprotein has one or
more characteristic iron porphyrin units, such as heme, that act as cofactors.!* The term
heme refers specifically to the iron complex of protoporphyrin IX. In general, the cofactor
is bound by both covalent and noncovalent bonds in the heme pocket of the protein matrix.
In particular, the central iron atom of heme is coordinated to the heteroatoms of the amino
side chains of the proteins. Additional hydrophobic n-n-stacking of the porphyrin ring sys-
tems with the aromatic side chains of the proteins, as well as electrostatic interactions and
hydrogen bonding between the polar side chains and the propionate side, provide noncova-
lent interactions.'* In this way, apo-hemoproteins acquire a high binding affinity to the
prosthetic group (K. ~ 10271 M. However, compared with (strept)avidin and lectins,
hemoproteins usually contain only one ligand-binding site. Therefore, the proteins are usu-
ally chemically modified or genetically engineered to generate more complex functional
protein-biopolymer nanoassemblies. As early as 1982, Jackson et. al. synthesized various
bifunctional porphyrins to bind oligopeptides to hemoproteins.'** Since then, protein com-
plexes based on a heme-protein platform have become more sophisticated and advanced
structures, such as linear protein polymers, have been generated. For example, Kitagishi
and coworkers used a C3 phenyl core to design a trifunctional heme linker as a branch point
for two-dimensional networks with cytochrome bse.!** The most common strategies for

higher-order heme-based assemblies are summarized in Figure 1-6.
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Figure 1-6: Schematic representation of strategies for functional protein-biopolymer as-
semblies based on hemoproteins. (a) Assembly by metal coordination. (b) Domain swap-
ping of hemoproteins. (¢) Fusion protein containing a hemoprotein moiety and forming
amyloid structures. (d) Micelle structure of a hemoprotein-based amphiphile. (e) Fibrous
structure formed by successive interprotein heme—heme pocket interaction. Reprinted from
Current Opinion in Chemical Biology, Volume 19, Pages 154-161,Koji Oohora,Takashi
Hayashi, Hemoprotein-based supramolecular assembling systems , Copyright (2014), with

permission of Elsevier.'*®
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1.3 Chemical Technologies for the Design of SPCs

Compared to the first generation of protein therapeutics, which are mostly recombinant
versions of naturally occurring proteins, more sophisticated next-generation protein nano-
therapeutics require properties that differ significantly from biosynthesis in nature.!3
Hence, it is beneficial to concentrate on adapting protein frameworks that are naturally
available.. In addition to recombinant protein engineering, chemical protein modification
has proven to be an invaluable tool for generate more complex bioconjugates. Given the
early success of recombinant DNA technology, most protein therapeutics are genetically
engineered, such as fusion proteins.!*’ In this process, separate genes of the different pro-
tein domains are fused in a suitable expression vector so that they are transcribed and trans-
lated in a suitable host, usually E. coli, resulting in a novel, artificial protein with the prop-
erties of the two original genes.'*®!13° Chemical engineering of proteins requires post-trans-
lational modifications after their expression. For example, the use of chemical tools allows
the incorporation of linker groups that respond to changes in the microenvironment of dis-
eased cells or to external stimuli such as light. However, the ability to chemically engineer
protein therapeutics is essentially limited by the chemistry available for site-specific protein
modification. The reaction conditions for protein modifications, unlike most chemical re-
actions, require particularly mild conditions to be biocompatible. In addition, the reaction
must be chemoselective for one amino acid over all others on the protein surface to selec-
tively install modifications on the protein. The tremendous progress in the field of site-
selective protein modifications over the past decade has reignited research in chemical en-

140-144 Tp addition to synthetic customization of

gineering of higher-order protein hybrids.
protein building blocks, chemical tools can be used to create structurally defined protein
architectures for next-generation protein nanotherapeutics. This chapter reviews chemical
tools that enable protein and peptide modifications for bioconjugation, chemical technolo-
gies that provide structural precision for building protein nanotherapeutics, and chemical

tools for delivering stimuli-responsive systems.
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1.3.1 Protein and Peptide Modification for Bioconjugation

Post-translational processes found in nature alter the structure of proteins after their bio-
synthesis in a covalent manner in a predefined way and change the functions, structures
and activities of biomacromolecules in a highly controlled manner.'* In an effort to mimic
these biochemical processes, chemists are constantly developing chemical techniques to
install such modifications through chemical reactions at predetermined sites. However, sev-
eral requirements apply to chemical reactions on biomacromolecules such as proteins and
peptides. Specifically, Reaction conditions must be particularly mild, carried out in an
aqueous environment and in the presence of several unprotected chemical entities that can
promote cross-reactions. Moreover, structural and functional integrity must be maintained
for biological functionality. This significantly narrows down the chemists' toolbox, which
is limited by available chemistry. Nevertheless, the high demand for such strategies has
encouraged scientists and led to a tremendous process in biorthogonal chemistry. The fol-
lowing figure shows selected biorthogonal and residue-selective reactions performed on

either canonical amino acids (A) or genetically introduced unnatural amino acids (B).
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Figure 1-7: Selective chemical protein modifications. (A) Natural amino acid modification
or proteins. NHS chemistry for lysine modification, cysteine with Michael addition, tyro-
sine with Mannich-type reaction, and histidine reacting with an epoxide (B) unnatural
amino acids with azide, cyclooctyne, alkyne, and alkene groups that can be functionalized
either by copper(I)-catalyzed or strain-promoted azide-alkyne cycloaddition (CuAAC and
SPAAC) or by thiol-yne and tetrazole-alkene photo-click reactions.

While methods for residue-specific modification are easier to achieve, site specificity pre-
sents a new difficulty because proteins in particular usually contain multiple copies of the
selected amino acids. The abundance of lysine (Lys) exposed on the protein surface and its
nucleophilicity make it the most popular and easiest method of protein modification. N-
hydroxysuccimide (NHS) ester and iso(thio)cyanates are the most commonly mentioned
reagents for lysine labeling, and all types of their derivatives are commercially available.
However, the lack of site-specific reagents leads to inevitable heterogeneous mixtures,
which also affects their properties for potential applications. The low abundance on protein
surfaces and unique nucleophilicity and reactivity profile have made unpaired cysteines
(Cys) the first choice for functionalization.'*® As a result, several thiol-selective modifica-
tion strategies have been developed for the bioconjugation of proteins and peptides.'*?
Since the first directional alkylation of cysteines in 1935, in which iodoacetamide was used
to modify and study the cysteines of keratin, a whole series of different thiol-selective re-
actions have evolved.!*”"!*¥ Among these, alkylation of cysteines, particularly by the Mi-

chael acceptor maleimide, remains the most commonly used.!*® In particular, conjugate
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addition with maleimides shows reliable cysteine selectivity and allows exceptionally fast
labeling with bimolecular rate constants of 10? -10* M1 571142148 The reactivity of the typ-
ical Michael acceptors, maleimides, results from their retraction effects caused by two ac-
tivating carbonyl groups in combination with the release of ring tension during product
formation.'* Nowadays, several chemical reactions have been developed for site-selective
protein functionalization. A summary of the current chemical toolkit can be found in Table

1.3-1.

Table 1.3-1: Currently available reactions for site-selective protein functionalization.

Adapted from Xu et. al.'¢

AA residue Modificaiton Methods
Halocarbonyl, Maleimidederivatives, Sulfonederivatives,
Cystein Metalmediatedarylation, Thiol-ene/ynereactions, Dichloro-

tetrazine, Vinylphosphonothiolate, Ethnylbenziodoxolones

Allylsulfone, Dibromomaleimide, Oxetane, Divinylpyridine, Di-
Disulfid L
bromopyridazinediones

Formylphenylboronicderivatives, 2-Pyridinecarboxyaldehyde, 2-
N-Terminus Ethynylbenzaldehydes, o-Aminophe-nols, 2-Cyanobenzothiazole,

Pictet—Spenglerreaction, Ketenes

Methionine Hypervalentiodinereagent, Oxaziridines, Epoxide

Diazonium, Mannich-type reaction, Pd-mediatedalkylation, Trizo-
Thyrosine . .
line-diones

Rhodium-carbenoid, Keto-ABNO, Metal-mediatedarylation/al-
Tryptophan ]
kynylation
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Serine Salicylaldehydeester, Phosphorus—sulfurincorporationreagents

Arginine Glyoxalreagents

1.3.2  Solid Phase Assembly of Precise SPCs

As mentioned earlier, the construction of precise protein-biopolymer SPCs is particularly
challenging. The protein nanoplatforms used for protein biopolymer assemblies usually
have multiple symmetrically arranged binding sites. This makes the organization of the
placement of the different building blocks particularly difficult. Therefore, the solid-phase

approach was chosen to endorse the control precise SPCs.

The initial concept of solid phase synthesis (SPS) originated in 1963 from Bruce Merri-
field's and Arnold Marglins idea of using a solid phase as a "protecting group" in peptide
synthesis.!*132 There are only a few key cornerstones to its success and widespread appli-
cation. In solid phase synthesis, the reactant molecule is chemically bound to an insoluble
material - the solid phase - and the reagents are added in solution. In this way, excess rea-
gents can be easily removed and purification by washing can be achieved. The solid phase
also serves as a chemical protection strategy, allowing selective protection and deprotection
of reactive groups. Nowadays, solid-phase methods are widely used for the synthesis of
biological molecules such as peptides, nucleic acids, and oligosaccharides, but the technol-

ogy has also been extended to protein modification and assisted protein assembly.!'>?

In solid phase assisted protein nanoassemblies, the template protein is usually bound to a
solid support through noncovalent or dynamic covalent interactions. This masks and pro-
tects one site of the protein while exposing the other hemisphere of the protein for interac-
tion with other building blocks.?° In this way, Kuan and coworkers proposed a solid phase
approach based on agarose functionalized with iminobiotin.!** The platform protein was
immobilized onto iminobiotin agarose at pH 11 to mask a hemisphere of the tetravalent

avidin protein. DHSA functionalized with a single biotin group was then applied to the
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available binding pocket of avidin. Acidification to pH 4, resulting in protonation of the
iminobiotin, then released the heterodimeric DHSA-avidin conjugate from the solid phase
support. The remaining biotin binding pockets of the proteinplatform can then be used for
further conjugation to other (imino)biotinylated proteins such as B-Galactose or toxin en-
zymes.?*!>* Another Janus-like protein nanoassembly is presented by Douglas and cowork-

ers. !’

"Janus structures" refer to a type of structure named after the Roman god Janus, who is
often depicted with two faces looking in opposite directions. In the context, a Janus struc-
ture refers to a particle, molecule, or other structure that has two or more distinct surfaces

or faces, each with different properties.'>°

Douglas et. al. presented a strategy for the preparation of a two-sided streptavidin-based
two-faced Janus protein assembly (LiDps-SA-AB). They used thiol-reactive beads to bind
the protein cage LiDps (DNA-binding protein from Listeria innocua) and toposelectively
biotinylate the protein. SA was then applied, and SEC was performed to remove unreacted
LiDps, followed by conjugation with a biotinylated monoclonal antibody directed against

microbial pathogens.
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Figure 1-8: Solid phase concept for the preparation of structurally ordered protein nanoas-

semblies A. Iminobiotin agarose for the preparation of DHSA-Av protein conjugates. B.

Double solid phase approach to prepare heteropentamers based on biotin-avidin and pro-

tein-antibody interactions. This figure is reprinted from Kuan et al.?°, which is licenced

under a Creative Commons Attribution 3.0 Unported Licence.

Nevertheless, it remains difficult to incorporate more than two functional units with struc-

tural precision using solid phase technology, leaving room for other approaches to produce

multifunctional protein nanoassemblies.
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1.3.3  Chromatographic Techniques for Precise SPCs

Compared to solid phase assisted protein nanoassemblies, where the goal is to form a pre-
cise construct, this section follows the general idea of isolating a specific SPC from a sta-
tistical mixture by chromatographic purification. There are all kinds of interactions that can
be exploited for chromatographic purification of protein constructs. Besides nonspecific
techniques such as ion exchange chromatography (IEX) or hydrophobic interaction (HIC),
affinity tags have become indispensable tools for protein construct purification. All types
of interactions can be used for affinity purification, including, for example, immobilized
metal ion affinity chromatography (IMAC). IMAC is based on the high affinity of histi-
dines and cysteines for divalent transition metal ions (Ni**, Zn?", Co*", Cu*") immobilized
by surface-bound chelators, such as iminodiacetic acid or nitrilotriacetic acid.'*”-!>® The
most common IMAC used today for protein purification is the formation of metal ion com-
plexes between polyhistidine sequences (His tag) and Ni>" NTA complexes.'*® The specific
binding is formed based on the octahedral complex of Ni** with His-tags, which can interact
with the free coordination sites of Ni** , while four coordination sites are occupied by the

NTA ligand.
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Figure 1-9: Schematic principle of metal ion affinity chromatography based on Ni2+-
NTA-His-Tag interaction.

The Ni?" -NTA /His-tag interaction is sensitive to competitive chelators, which must be
reversible for the elution of proteins from the columns. While stronger ligands such as eth-
ylenediaminetetraacetic acid (EDTA) and ethylene glycoltetraacetic acid (EGTA) com-
pletely remove the metal ion from the NTA complex, imidazole displaces only the His tag
from the complex. Affinity purification based on Ni*" -NTA complexes and His tags is
popular because it is carried out under mild conditions at neutral pH and in the presence of

various salts, and the small size of the His tags usually does not affect protein activity.

Compared to affinity purification, [EX separates protein constructs based on the reversible
interaction between a charged protein and an oppositely charged chromatographic medium.
The protein constructs bind to the column material according to their surface charge and
are eluted by increased salt concentration or changes in pH. Howarth and coworkers ex-
tended their genetically engineered monovalent "dead"/"live" SA approach (explained in
Sect. 1.2.2, p.15) by using negatively charged polyglutamic acid/aspartic acid handles for
IEX purification to separate different stoichiometric ratios and control the valency of strep-
tavidin.'*® Since then, several attempts have been made to find a sufficient purification
strategy in which streptavidin valence can be manipulated without requiring genetic modi-

fication of (strept)avidin. Following this idea, a general approach to separate different SA

33



valence levels without genetic manipulation was proposed by Yang and coworkers. They
achieved control over SA valence by introducing biotinylated, negatively charged, short
double-stranded DNA as an auxiliary handle and performing anion-exchange separation.'®’
To remove the auxiliary DNA handle, they also inserted a photocleavable nitrobenzyl
linker. In this way, they were able to assemble a bifunctional streptavidin conjugate for
imaging applications that allows precise protein conjugate assembly and control. However,
tetrafunctional conjugates for higher ordered SPCs are still difficult to achieve using this
approach. Recently, an alternative strategy using reversible iminobiotin handles in combi-
nation with histidine affinity tags (Ibo-His tag) was proposed by Xu and Wegner.'¢! Thus,
the interaction between Ni-NTA and His-tag can be used to separate the distinct protein
constructs, and the purification handle can be removed from the biotin pocket by acidic

conditions.
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BY).

Here, the statistical mixture of streptavidin conjugates with different numbers of Ibio-His
tags and the biotin-conjugated unit A could be separated based on the number of tags. After
isolation, the Ibio-His tag was removed from the conjugate at a pH of 3.5 to provide an
open valence for a second biotinylated moiety, B. This approach is promising for the con-

struction of tetravalent and multifunctional protein-biopolymer conjugates.
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1.3.4 Dynamic Covalent Chemistry for Stimulus Responsive

Systems

Smart bioconjugates that enable controlled assembly and disassembly in a specific envi-
ronment, e.g. in tumor cells, are emerging as highly efficient therapeutics that can overcome
the limitations of conventional treatment strategies.!®>!63 In this context, there is a high
demand on chemical strategies that have a set of defined properties to enable programmable
and controlled behavior. Ideally, these systems provide dynamics that respond to different
biological environments, as well as programmable stability and kinetics.!®* In this context,
dynamic covalent chemistry (DCvC) found its way to the spotlight as a valuable tool for

developing responsive systems for protein and peptide bioconjugates.

Dynamic covalent chemistry (DCvC) is a subset of covalent chemistry that proceeds under
thermodynamic control features of kinetically labile supramolecular (or noncovalent)
chemistry.!® Thus, DCvC provides dynamic/reversible formation of covalent bonds de-
pending on various factors such as pH, ion gradient, light, etc. The variety of dynamic
covalent bonds includes a wide range of different reaction types, from Diels-Alder and
Friedel-Crafts reactions to olefin and alkyne metathesis, which are often carried out under
harsh conditions or in organic solvents. Therefore, only reactions that are applicable in
biological environments and applicable for stimuli responsive linker systems are consid-

ered here.!%°

For this purpose, DCvC reactions should ideally meet the following criteria: Assembly at
low concentrations in a reasonable time frame and in aqueous media. Assembly should be
chemoselective and yield stable constructs, yet exhibit rapid reactivity and controlled dis-
sociation.'®® The most commonly used DCvC methods that meet most of the above criteria
and thus can be used for stimuli-responsive SPCs are carbonyl condensation reactions

(imine, acylhydrazone, oxime), disulfide and boronate ester formation and are discussed

below.'®

Among Schiff bases, hydrazones are the most popular imines used for smart bioconjugates.

They are formed by condensation reactions of ketones with hydrazine.
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Figure 1-11: Carbonyl condensation reactions by formation of Schiff bases.

Hydrazone bonds offer reversibility through pH and can be used for programming cleava-
ble bonds at acidic pH. However, the disadvantage of hydrazones is their slow association,
which can take days to reach an equilibrium state.'* This results in the reaction being nearly
irreversible in biological settings. The reactivity can be improved by using a-nucleophiles,
which significantly speed up the kinetics, making them more suitable for biological appli-
cations. However, the overall reaction time is still lengthy, restricting in situ composition,
but the dynamics are frequently utilized as a pH-sensitive linker for controlled payload
release. For instance, Kuan and colleagues have selectively incorporated a hydrazone link-
age in a chemically synthesized avidin conjugate with multiple domains. In this scenario,
the cleavage of a therapeutic protein was encouraged under acidic conditions to initiate

release in tumor cells.!'°

Due to the limitations of hydrazones, other pH-responsive DCvC linkers with faster asso-
ciation rates have emerged, such as dynamic boronic acid ester formation.'¢’-'® They offer

advantages for protein conjugation, such as fast association rates for rapid assembly of dy-
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namic protein conjugates in situ, mild conditions, and compatibility with aqueous chemis-

try. In addition, the B-O and B-N bonds formed are reversible under acidic or oxidative

conditions.'®+170
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Figure 1-12: Dynamic formation of boronic acid esters with either cis-diols or salicylhy-

droxamic acids.

The formation of boronic acid esters in stimuli-responsive protein conjugates requires con-
sideration of the unique chemical properties of BAs. Boron is characterized by a ns’np'
electron configuration and can attain 6 electrons in the valence shell. However, compared
to most carboxylic acids that donate protons, BA behaves like a Lewis acid that accepts
protons. In aqueous solution, BA and its corresponding base, the boronate, exist in an equi-
librium between a triangular and a tetrahedral form.!”! The chemical and electronic struc-
ture of the borated ester formation is strongly dependent on the two bonding partners. Cis-
1,2-diols form relatively labile bonds with boronic acids.!”> Therefore, the saccharides ex-
hibit dissociation constants in the mM range at neutral pH. Such high dissociation constants
do not allow the formation of stable protein conjugates at therapeutically relevant concen-
trations. In comparison, aromatic ortho-1,2-diols such as catechol (CA) show 180-fold
higher association than with glucose at neutral pH and a binding constant in the range of
10° - 10* M! .'7° To increase the binding affinity, the multivalency effect can be used. For
example, Hebel et. al. developed multivalent BA/CA peptide tags that can function as a
binary code. For a single binding event of phenylboronic acids and catechols, they observed
1258 M'!, whereas bivalent binding resulted in a 10-fold increase and trivalent up to 70-
fold. Using this strategy, the hemotrotein cytc and PEGsooo were functionalized and assem-

bled.!”

Compared to ortho-1,2-diols, salicylhydroxamic acids form one of the tightest bonds with
BAs (Ks = 10-60 uM at pH 7.4) in a fast association (ko» ~ 10-10* M s™1). For example,
Zegota et. al. took advantage of the differential binding strength of BAs and reported a
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protein tag in which labile BA-cis-1,2-diol interactions were first used for purification and
then BA-SHA interactions were used to form stable protein conjugates. For this purpose, a
single BA was site-specifically installed on a lysozyme and weak carbohydrate-BA inter-
actions were used for purification. Subsequently, the BA handle was used to assemble a
reversible protein conjugate with a SHA-modified fluorescent dye.!”® The salicylhydrox-
amic acid handle was further explored for dynamic protein-peptide constructs, as described

by Seidler et. al.!7*,
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Figure 1-13: Assembly of BA-modified proteins and SST-SHA peptides to produce SST-
Cytc and SST-HSA protein-peptide conjugates with pH-induced release into target cells.
This figure is reprinted from Seidler et al.!” which is licenced under a Creative commons

Attribution-NonCommercial-NonDerivs 4.0 International (CC BY-NC-ND 4.0 DEED).

Seidler and coworkers chemically modified several proteins, serum albumin HSA and en-
zymatically active hemoprotein CytC with BA handles.!” This allowed assembly with the
SHA-equipped targeting peptide SST to target SST-overexpressing cancer cells and induce

pH-induced release of the protein in the tumor cell.!”

In addition to pH sensitivity, other stimuli can be useful for responsive protein conjugates,
such as redox responsiveness. Disulfide formation is a reversible redox process that is com-
mon in nature. Disulfide bridges are abundant in peptides and proteins and play a crucial
role in stabilizing protein tertiary structures.!’® The major antioxidant in cells that regulates
the cellular redox environment is glutathione (GSH), a cysteine-containing tripeptide. Its
relatively high concentration (mM) in the intracellular environment contrasts with extra-
cellular concentrations (20-40 uM) and can be used as a trigger for stimuli-responsive sys-
tems.!”” Moreover, cancer cells exhibit increased intracellular GSH content, making disul-

fides attractive reductively responsive and cleavable linkers for tumor-targeted protein con-
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jugates. There are two antibody-drug conjugates on the market that contain GHS-respon-
sive disulfide bonds: Gemtuzumab ozogamicin, a mAb coupled to a bacterial toxin for the
treatment of acute leukemia, and Inotuzumab ozogamicin for the treatment of relapsed or

refractory B-cell precursor acute lymphoblastic leukemia (ALL).
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Figure 1-14: Formation and exchange of disulfides.

Disulfide cleavage can occur in vivo by various routes, e.g., enzymatic, or radical. Most
often, it occurs by direct thiol exchange via nucleophilic displacement (Sn2). To slow down
the rate of exchange, either a steric hindrance can be added in vicinity of the disulfide to
prevent possible uncoupling, or the pH can be adjusted since thiolate anions must be pre-
sent. In this way, disulfides offer programmable properties combining high stability and

redox responsiveness.

1.4 Therapeutic Application of Protein SPCs

Peptides and proteins are emerging as powerful therapeutics due to their ability to selec-
tively interact with biological targets and induce specific biological responses. In the pre-
vious sections, we discussed the properties of supramolecular protein nanoplatforms and
their potential for the development of multifunctional SPCs. In addition, the previously
mentioned chemical technologies allow customization of protein conjugate function and
activity in a particular biological environment. In this section, the potential for SPCs will
be explored in more depth by discussing various applications and requirements for pro-

grammable precision therapeutics.
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1.4.1 Protein-Peptide SPCs

Peptides represent a unique class of drugs, often seen as a bridge between small molecule
drugs and protein therapeutics.!”® Naturally, they play important roles in human physiol-
ogy, e.g., as hormones, neurotransmitters, growth factors, etc.!” For therapeutic applica-
tions, peptides are recognized for being highly selective and effective while exhibiting low
side effects and immunogenicity. This makes peptides particularly attractive for the devel-
opment of novel therapeutics.!®® However, naturally occurring peptides are usually not suit-
able for therapeutic applications due to several intrinsic weaknesses, including poor solu-
bility and membrane permeation, rapid renal clearance due to their relatively low molecular
weight, and low metabolic stability due to proteolytic degradation. In this context, thera-
peutically relevant peptides can be integrated on protein based nanoplatforms to exploit

their unique therapeutic properties while overcoming the above limitations. '8!

In general, peptides are selective and potent signaling molecules. For example, they bind
to specific cell surface receptors such as G protein-coupled receptors (GPCRs) or ion chan-
nels, where they mediate a wide range of intracellular effects. !3? Since peptide sequences
are the most important cellular recognition motifs in nature, it is not surprising that peptides
are promising candidates for targeted therapy. Targeted peptide sequences for therapy are
usually derived from naturally occurring ligands that bind to peptide hormone receptors or
analogs of these endogenous peptides. For example, somatostatin (SST) and its analog oc-
treotide with optimized plasma half-life. SST is an endogenous peptide hormone that is
released by a variety of stimuli and binds to SST receptor 1-5. Because many solid tumors
overexpress SSTR2 receptors, SST and its analog are widely used for tumor diagnosis and
therapeutic purposes. The highly complex human peptidome is a rich source of all kinds of
endogenous peptides with therapeutically relevant receptor targeting motifs, which can be

further enlarged by searching for analogs with improved pharmaceutical properties.

For instance, Zirafi et al. identified a 16-mer peptide termed EPI-X4 (endogenous peptide
inhibitor of CXCR4) as endogenous antagonist of the CXC chemokine receptor 4 (CXCR4)
by screening peptides derived from human hemofiltrate.'33185 The CXCR4 receptor con-
trols multiple physiological processes and it’s overexpression can be associated with can-

cers and inflammation. It also plays an important role in virus infections of CXCR4-tropic
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HIV-1 strains.'® During the last years Munch and coworkers were able to find structural

analogs to increase the CXCR4 antagonizing activity of EPI-X4 up to 800 times.

Table 1.4-1: CXCR4 antagonizing activity of EPI-X4 and optimized analogs.!'®®

Compound Peptide sequence IC50 (nmol/L)
EPI-X4 LVRYTKKVPQVSTPTL 5924 + 2490
WSCO02 IVRWSKKVPCVS 254 + 34
IM#21 ILRWSRKLPCVS 7+1

In addition to the peptides mentioned above, there is a second class of targeting peptides,
CPPs, which can translocate the amphiphilic phospholipid bilayer and can be either cati-
onic, amphiphilic, or hydrophobic peptides. The best known CCP TAT was identified and
used for the delivery of bioactive molecules almost 30 years ago.!®” TAT is a cationic pep-
tide derived from the transactivator of the HIV-1 transcription protein.!®” CCPs can be
translocated by both energy-dependent endocytosis and energy-independent direct cell up-
take mechanisms.'®® In this way, several drugs could be conjugated to CCPs and showed
promising results for novel therapeutics against cancer, viral/bacterial infections, cerebral

ischemia, ALS, myocardial injury and more.'%’

As outlined earlier, endogenous peptides provide a large toolbox of specific sequences that
exert organ-, cell-, or receptor-specific binding and can be further modified to enhance their
pharmaceutical properties. Additional heterologous peptides independent of naturally oc-
curring peptides can be developed by screening synthetic peptide libraries using methods
such as phage display, further increasing this toolbox. In this context, they represent very
attractive building blocks for SPCs that can be used as targeting entities for all types of

diseases through combinatorial integration of peptides into protein nanoplatforms.
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1.4.2 Multidomain SPCs

As highlighted in section 1.3, several recombinant fusion proteins have been successfully
applied as biotherapeutics. These include etanercept, which consists of the human TNFa
receptor fused to the Fc portion of immunoglobulin (Ig) G1, and the immunotoxin de-
nileukin difitox, in which human IL-2 is fused to the catalytic and transmembrane domains
of native diphtheria toxin. However, genetic engineering of fusion proteins remains chal-
lenging and often leads to unpredictable results.'”® Limitations such as low overall yield,
misfolding, and decreased bioactivity are some of the main problems. These problems be-
come even more critical when recombinant proteins from different hosts are combined. In
addition, immunogenic aggregates may remain after processing, and protein purification

can be very laborious. 1?0192

Chemically engineered fusion proteins (CEFPs) are rather less known but represent an at-
tractive strategy to expand the repertoire of genetically engineered fusion proteins and over-
come certain limitations. CEFPs link individual proteins after their expression through
post-translational modifications. The use of chemical tools for protein fusion also allows
the incorporation of linker groups that respond to changes in the microenvironment of dis-
eased cells or to external stimuli, such as light. In this context, supramolecular adapter plat-
forms for nanoscale assembly of multidomain proteins offer great opportunities for novel
therapeutic CEFPs. For example, various heterodimer proteins were assembled into CEFPs
based on a (strept)avidin nanoplatform with a polyamidoamine (PAMAM) shell and an
enzymatically active protein. Either CytC, the tumor suppressor protein p53, or the specific
Rho inhibitor C3 were used as the enzymatically active protein. Because of the positively
charged PAMAM dendrimer branches, the formed CEFPs were internalized in A549 lung
cancer cells by endocytosis. The PAMAM-SA-p53 fusion protein showed cell death by
caspase 3/7 activation, whereas the PAMAM-Av-C3 fusion protein was able to show toxin

enzyme-induced changes in cell morphology by inhibiting Rho-A protein.
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1.4.3  Delivery of Therapeutics

The example of proteins and protein nanostructures transporting and storing molecular
cargo in nature is proofing the suitability of SPCs for drug delivery.!®® The nanoscale di-
mensions of SPCs are optimal for passive targeting effects, such as the enhanced permea-
bility and retention (EPR) effect. The passive targeting concept utilizes the accumulation
of SPCs in the interstitial tumor fluid, which is achieved by long systemic circulation times
due to increased vascular permeability of the construct and increased retention at the tumor
site. This allows for the release of larger amounts of the drug at a site-specific location. In
addition, targeting peptides can provide active targeting of the drug delivery system, while
chemically responsive systems can optimize drug release at the target site. One platform
commonly used as a drug carrier is HSA due to its properties such as long half-life, recir-
culation, accumulation in tumor tissues, and binding sites for small drug molecules.”® Be-
sides small drug molecules, siRNA delivery concepts have also been developed. For exam-
ple, Shukla et al. presented an efficient SA-based nanocomplex for siRNA delivery in
which biotinylated siRNA and biotinylated cholesterol were anchored to an SA back-
bone.!** In this way, they were able to efficiently silence the PCBP2 gene for the treatment
of liver fibrosis. As highlighted in the previous section, the delivery of therapeutic proteins
also remains a challenging field. Enzymes, for example, are excellent therapeutics but often
suffer from proteolysis and low cellular uptake. In this context, avidin-based nanocon-
structs represent a promising delivery strategy for all types of therapeutics by linking diag-

nostically relevant therapeutics to specific targets and will be further explored in this work.
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Chapter 2

Motivation and Conceptual Design

Peptide and protein biomaterials have emerged as powerful therapeutics in recent decades
as they can selectively interact with biological targets and induce specific biological re-
sponses, besides being biocompatible and degradable.! However, current treatment strate-
gies often lack the complexity and flexibility needed for the development of highly specific
treatments.? This is particularly evident, for example, in drug delivery, where biomaterials
need to exhibit a range of functionalities such as bioactivity, targeted delivery, and intra-
cellular localization to enhance their effectiveness and safety.® As a result, the availability
of biomaterials that combine several different functionalities is strongly needed.’ Despite
these requirements, incorporating multiple functionalities into a single macromolecule re-
mains a challenging task. Today, this is mostly achieved by employing large nanocarriers
with multiple functional groups that can be decorated with targeting ligands, such as anti-
bodies, peptides, or small drug molecules.*® Synthesizing such multifunctional macromol-
ecules results in a limited control and precision and faces primary challenges, such as,
maintaining the solubility, and preserving the activity.>’” Therefore, the prevalence of mac-
romolecular drugs with multiple functionalities compared to a single functionality is rela-

tively low.3

In recent years, there have been remarkable technical breakthroughs in protein bioconjuga-
tion chemistry and site-selective chemistry, which have significantly advanced the field.”
12 These advancements have enabled researchers to manipulate and modify proteins with
greater precision and control, paving the way for a promising new class of biotherapeutics

based on multifunctional protein conjugates.” !> While proteins still present some chal-
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lenges in eliciting immune responses, they offer an ideal platform for integrating sophisti-
cated chemical designs to develop multifunctional tailored biomaterials.!® Their attractive
properties such as a defined and monodisperse molecular structure and precise multivalent
and supramolecular interaction motifs, provide certain advantages compared to synthetic
scaffolds such as polydisperse polymers in terms of chemical structures, sizes, and shapes
of pharmaceutically relevant nanostructures.'*'® However, despite these impressive
achievements, multifunctionalization of proteins still presents a considerable challenge
compared to single functionalization, due to the abundance of reactive functional groups
on the protein surface and the necessity for the ideal combination of distinct orthogonal
reactions with high efficiencies.!? To date, the most notable accomplishment in this area
has been the successful dual functionalization of a single protein, highlighting the ongoing

efforts to overcome these challenges.

In this context, the overarching goal of this thesis is to employ an integrative and versatile
protein-based nanoplatform to combine bioactive entities at the macromolecular level to
construct structurally ordered multifunctional protein conjugates. At the heart of these mul-
tifunctional protein-conjugates is a protein that provides up to four ligand binding sites and
that could therefore serve as a supramolecular "glue" for the precise nanoscale assembly of
the various bioactive moieties. This will result in supramolecular protein conjugates (SPC)
with multiple functionalities to target protein hallmarks in various diseases. The “supramo-
lecular adapter platform” is based on biotin/(strept)avidin technology, which provides the
strongest non-covalent interactions found in nature.!” In addition, multicomponent synthe-
sis of various therapeutically relevant units equipped with a biotin adaptor is required. The
homotetravalent structure of biotin-binding proteins provides four chemically equivalent
biotin-binding sites, which can then be assembled into multifunctional SPCs, that can be

adapted to different therapeutic needs.
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Figure 2-1: Conceptual design for therapeutically relevant supramolecular protein con-

structs (SPCs), based on a Avidin/Streptavidin platform.

In this work, three major challenges in the preparation of SPCs will further explored in
more detail. 1) The chemical engineering of a multivalent protein-based nanoplatform to
obtain structurally precise SPCs (Chapter 3.1 and 3.2) 2) The chemical design and modu-
lation of smart SPCs with specific delivery and activity in response to physiological

changes. 3) The biological application of SPCs as novel therapeutic approaches.
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Figure 2-2: Concept of a protein assembly platform with the various focal points of the

individual chapters of this thesis.

Thus, Chapters 3.1 and 3.2 address the fundamental aspects of structurally precise SPCs
with respect to the homotetrameric forms of biotin-binding proteins and the resulting sta-
tistical mixtures of products. There have been multivalent protein assemblies in literature,
based on biotin-binding proteins (see Chapter 1.2.2). But so far, the only structurally pre-
cise SPC that have been prepared involve four different single-stranded DNA, which limits
the functional groups in a macromolecular assembly. Other approaches for structurally pre-
cise SPCs include strategies that include the development of a monovalent biotin-binding
protein, or the solid phase supported assemblies, to block some biotin binding sites.!3!
However, incorporating more than two functional entities on one biotin-binding protein in

a controlled way is still elusive.® Or the strategies lose the advantage exploiting the multi-

valency effect in a structurally precise manner. Therefore, two contrasting approaches will
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be analyzed in this thesis: Chaper 3.1 examines an affinity-based strategy to prepare stoi-
chiometrically precise tetrafunctional SPCs based on streptavidin. The stepwise affinity tag
purification can used to isolate precise tetrafunctional SPCs as a versatile drug delivery
system. Whereas in Chapter 3.2, a trifunctional linker strategy with orthogonal thiol-reac-
tive chemistry is investigated to develop a bispecific peptide inhibitor with enhanced mul-
tivalence. In this context, two antiviral peptides that inhibit different virus entry mecha-
nisms will be combined to design a bispecific, highly efficient HIV entry inhibitor. With
this strategy the multivalency of the biotin-binding protein for the peptide payload will be
increased. Therefore, the multivalency effect of the conjugated peptides will be studied in

more detail in Chapter 3.2.

In Section 3.3, the chemical design and modulation of smart SPCs with specific delivery
and activity in response to physiological changes will be analyzed in more detail. Therefore,
the dynamic covalent chemistry will be explored as a responsive linter system to design
smart biomaterials with controlled binding and release properties based on environmental
stimuli, to allow controlled cargo release. While the cyclic peptide SST will be investigated
as targeting unit acting similar to antibodies recognizing overexpressed receptors in tumor

cells, the DvC linker will be modulated for controlled payload release.

In addition, the therapeutic potential of multidomain SPCs will be explored in Section 3.4.
Here, peptides that selectively associate with human neutrophils will be used as a targeting
moiety and combined with an enzymatically active toxin. The chemically engineered fusion
toxins are being investigated for pharmacological modulation of human PMNs to find ef-
fective treatment strategies after blunting thoracic trauma. Furthermore, all discussed chap-
ters aimed to target a different hallmark of diseases, to show the versatility of the discoused

SPCs strategy.
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Chapter 3

Results and Discussion

3.1 Precise tetrafunctional streptavidin bioconjugates

towards multifaceted drug delivery systems
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Aim

This chapter discusses the fundamental aspects of multifunctional and structurally precise
protein nanoconstructs. Due to its tetrameric structure and its extraordinary affinity to bio-
tin, SA is a commonly used protein for linking different biotinylated molecules. It holds
great promises for the preparation of multifunctional bioconjugates for therapeutic pur-
poses. Nonetheless, the homotetrameric form of SA is resulting in an unwanted side-effect
of forming statistical mixtures of products. Thus, the preparation of precise macromole-
cules with multiple functionalities remains a challenge. Here, a general approach to form
tetrafunctional SA conjugates with precise stoichiometries is presented. This approach re-
lies on the basis of affinity chromatography, where iminobiotin-polyhistidine tags are used
to separate SA conjugates with respect to their stoichiometries. Later, pH-dependent bind-
ing of iminobiotin to streptavidin allowed the release of the Ibio-His tag from the conju-
gates by lowering the pH to 3.5. In the presented chapter this strategy was exploited over
multiple cycles to introduce a biotinylated molecule in each cycle. The statistical mixtures
of products of each cycle are purified on the Cu?>" -NTA column. The overall goal of this
chapter is the preparation of a precise tetrafunctional SA nanoconjugate as smart drug de-

livery system. Therefore, four different biotinylated molecules for therapeutic activity

71



(doxorubicin-biotin), cell-type selective targeting (folic acid-biotin), intracellular localiza-
tion (nucleus penetrating peptide-biotin), and diagnostics (Atto-565-biotin) will be investi-
gated. The goal is to develop a specific and multifunctional SPCsas drug delivery system

in breast cancer cell lines.

3.1.1 Introduction

In drug delivery, the availability of macromolecules combining several different function-
alities is often crucial to impart bioactivity, traceability, and labelling. Beside the cytotoxi-
city of a drug designed as an anti-cancer agent, its targeted delivery to the right cell type
and intracellular location as well as the real-time monitoring of the therapeutic are all de-
sired features to increase the efficacy and safety.! Yet, combining multiple functional groups
in a single macromolecule is non-trivial.>® Multifunctionalization has mostly been realized
with nanocarriers’ that are large enough to harbor many molecules but with limited control
of the number of functional groups that are incorporated. These have been decorated with
targeting ligands like antibodies® or peptides’ and loaded with known small molecule drugs
and imaging probes.!®!! Macromolecular drugs with many functionalities are far less com-
mon, due to the challenges in synthesis, solubility and preserving the activity. Even more
important, general methods for the straightforward optimization of multifunctional mole-

cules that would allow for efficient design and screening are missing.

Multivalent protein assemblies, which provide the advantages of simple production, mon-
odisperse size and structure,'? have been developed for specific targeting and delivery. In
particular, streptavidin with its four independent biotin binding pockets, extraordinarily
high affinity (K¢=10-14) and low exchange rates is an attractive scaffold.!*> Moreover, the
mature biotin labelling technology provides a large repertoire of biotinylated molecules
with targeting, sensing, diagnostic and therapeutic entities. Yet, it is still challenging to
produce structurally defined streptavidin conjugates with more than one type of biotin la-
beled molecule and precise stoichiometry. More precisely, when four different biotinylated
molecules are mixed with streptavidin, a statistical mixture forms where only 1 of the 35
possible products is the desired tetrafunctional one. It is challenging if not impossible to

separate the desired product, which contains all four functional labels from the mixture of
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defective structures and would result in extremely low yield. So far, only precise streptav-
idin conjugates with four different single stranded DNA have been prepared, which limits
the type of functional groups in the macromolecular assembly.> Other approaches to deal
with multivalency or desymmetrization of streptavidin include the development of mono-
valent streptavidin to specifically label one receptor at the cell surface without artificially
inducing clustering'* and to use solid support-based assemblies to sterically block some of
the biotin binding sites.'®> Nevertheless, incorporating more than two functional entities

without restriction on one streptavidin in a controlled way is still elusive.

A
Cellular localization @ Streptavidin
SA,B,C,D,
Q Ibio-His-tag
Drug Cell targeting
A * B
Imaging probe ! c ’ D
B * Statistical Mixture
——>  SA,B, + S(Ibio-His-tag),A,B,
SA, B + S(lbio-His-tag),A:B; + S(lbio-His-tag);A,
Repeat with Separation
CandD on Cu?*-NTA
to yield column
SA,B,C.D,

T pH 3.5
%
§ SAB; S(Ibio-His-tag),AB;

Figure 3-1: Strategy for preparing tetrafunctional streptavidin-biotin conjugates. (A) Four
different biotinylated molecules for therapeutic activity, cell targeting, intracellular locali-
zation and theranostics are combined into one streptavidin conjugate. (B) Each of the func-
tionalities is added one by one going through cycles of forming statistical mixtures of prod-
ucts containing different numbers of Ibio-His-tags, which are separated on a Cu®’-NTA
column. The biotin binding pockets made accessible again at lower pH, allowing the repe-

tition of the synthesis and purification cycles.

Herein, we describe a general method to prepare stoichiometrically exact tetrafunctional

streptavidin conjugates offering great flexibility in conjugated molecules (Figure 3-1A) For
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example, we combined a fluorescent label (atto-565-biotin), a cell type specific targeting
group (folic acid-biotin), a nuclear localization peptide (nucleus penetrating peptide-bio-
tin)'® and an anti-cancer drug (doxorubicin-biotin) within one bioconjugate, which allowed
for specific and efficient cellular toxicity towards cancer cells and its simultaneous detec-

tion.

3.1.2 Results and Discussion

The assembly of precise tetrafunctional streptavidin conjugates relies on a peptide with an
iminobiotin and 12 histidines, named the Ibio-His-tag (Figure 3-1B). The Ibio-His-tag al-
lows separating streptavidin (S) conjugates with different numbers of bound Ibio-His-tags
on a Cu2+-NTA column using an imidazole elution gradient (S(Ibio-His-tag)1-4).!” Sec-
ondly, the pH-dependent binding of iminobiotin to streptavidin'® allows releasing the Ibio-
His-tag from the conjugates by lowering the pH to 3.5 and linking a biotinylated molecules
with precise stoichiometry. Previous reports have shown the preparation of monofunctional
streptavidin conjugates with precise stoichiometries and different vacancies using this

method."®
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Figure 3-2: Preparation and characterization of difunctional streptavidin conjugates. (A)
Chromatogram of the reaction mixture of SA1, atto-425-biotin and Ibio-His-tag. 1st peak:
S(Ibio-His-tag)1A1B2 (27.8 mM imidazole, area 9.7%), 2nd peak: S(Ibio-His-tag)2A1B1
(43.6 mM imidazole, area 85.2%), 3rd peak: S(Ibio-His-tag)3A1 (63.2 mM imidazole, area
5.1%). SA1B3 (Area 2.5%) washed off without imidazole. The accessible biotin binding
pockets of the species in the (B) 1st and (C) 2nd peak were titrated with biotin-5-fluores-
cein, which is quenched upon streptavidin binding. S: streptavidin, A: atto-565-biotin, B:

atto-425-biotin.

Building on this chemistry and repeating it over multiple cycles, we assemble in a step by
step fashion up to four biotinylated molecules; in this case various fluorophores, on a single
streptavidin with exact control over the stoichiometry (SA1BICIDI, S: streptavidin, A:
atto-565-biotin, B: atto-425-biotin, C: atto-665-biotin, D: biotin-5-fluorescein) (Figure
3-1). To introduce the second biotinylated molecule, we started with a mono atto-565 la-
beled streptavidin, SA1, with three available biotin binding pockets, which was prepared
as described previously.!” When SA1 (I uM) was incubated with a second biotinylated
molecule, atto-425-biotin (B = 2 uM) and the Ibio-His-tag (2 uM), a statistical mixture
composed of SA1B3, S(Ibio-His-tag)1A1B2, S(Ibio-His-tag)2A1B1 and S(Ibio-His-

tag)3A1 formed. Subsequently, the mixture separated on a Cu2+-NTA agarose column,
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where conjugate without the tag, SA1B3, was washed off and species bearing higher num-
bers of tag eluted at higher imidazole concentrations. In the chromatogram, three peaks
with an absorbance typical for atto-565 (A) at 563 nm were observed, but only the first two
absorbed at 436 nm typical for atto-425 (B) (Figure 3-2A). Thus, the peaks with increasing
imidazole concentration were assigned as S(Ibio-His-tag)lA1B2, S(Ibio-His-tag)2A1BI1
and S(Ibio-His-tag)3A1, respectively.

To confirm the identity of the species, first the Ibio-His-tag was removed at lowered pH to
yield well defined difunctionalized streptavidin conjugates with available biotin binding
pockets, SA1B2 and SA1BI1. Subsequently, the number of accessible biotin binding pock-
ets was determined through the titration with biotin-5-fluorescein, which is quenched upon
binding to streptavidin (Figure 3-2 B and C).?° The streptavidin conjugate in the first peak,
which carried one Ibio-His-tag before the acidification, SA1B2, reacted with one equiva-
lent of biotin-5-fluorescein. The species collected in the second peak, SA1B1, reacted with

two equivalents of biotin-5-fluorescein.
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Figure 3-3: Preparation and characterization of tri- and tetra-functional streptavidin con-
jugates. (A) Chromatogram of the reaction mixture of SABi, atto-665-biotin and Ibio-His-
tag. 1 peak: S(Ibio-His-tag)1A1BiC; (34.1 mM imidazole, area 84.5%), 2" peak: S(Ibio-
His-tag)>A1B1(41.5 mM imidazole, area 16.5%). SA1B1C; (area 2.3%) washed off without
imidazole. (B) SA1B1C; required one equivalent of the biotin-5-fluorescein in the titration
to saturate the biotin binding site, forming the tetrafunctional streptavidin conjugate,
SA1B1CiDi. (C) Fluorescence emission spectrum (Aex= 400 nm) of the precise SA1B1C;
and a statistical mixture of streptavidin conjugates (S mixed with 1 equivalent of A, B and
C). S: streptavidin, A: atto-565-biotin, B: atto-425-biotin, C: atto-665-biotin, D: biotin-5-

fluorescein.
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The third biotinylated molecule was added onto the SA1B1 bioconjugate repeating the
same protocol. Shortly, SA1B1 (A: atto-565-biotin, B: atto-425-biotin, 1 uM) was incu-
bated with atto-665-biotin (C, 1.5 uM) and Ibio-His-tag (1.5 uM) and the reaction products
were separated on a Cu?’-NTA agarose column. While the specie without the biotin tag,
SA1B1C2, did not bind to the column, two species eluted at different imidazole concentra-
tions (Figure 3 3A). The first peak was assigned as S(Ibio-His-tag)IA1BIC1 because it
only has one Ibio-His-tag and was the only species to absorb at 663 nm typical for atto-665
(C). The second peak at higher imidazole concentrations, was identified as S(Ibio-His-

tag)2A1B1 since it has two tags.

Finally, to form an exact tetrafunctional streptavidin conjugate, SA1BI1CI1DI, it is suffi-
cient to remove the Ibio-His-tag from S(Ibio-His-tag)1A1B1C1 at lowered pH and add one
equivalent of the desired biotinylated molecule. When the above prepared SAIB1C1 was
titrated with biotin-5-fluorescein (D), it reacted with one equivalent yielding SA1B1C1D1
(Figure 3 3B). This experiment also confirms the structure of the SA1B1C1 conjugate with
one open biotin binding pocket. The importance of forming precise multifunctional strep-
tavidins and not statistical mixtures was already apparent from the Forster resonance energy
transfer (FRET) in SA1BICI1 (A: atto-565-biotin, B: atto-425-biotin, C: atto-665-biotin).
In this stoichiometrically precise conjugate with three different fluorophores, which cover
different parts of the visible spectrum (Figure 3 6), are in close proximity. Consequently,
when we excited the atto-425 at 400 nm, there were three emission peaks at 476, 594 and
690 nm for atto-425, atto-565 and atto-665, respectively (Figure 3 3C). On the other hand,
when we formed a statistical mixture of conjugates by mixing one equivalent of each of the
three fluorophores with streptavidin, there was only one peak at 476 nm upon excitation at
400 nm. Moreover, the characteristic UV-Vis absorbance peaks of the three fluorophores

in SAIB1C1 support the stoichiometry of the complex (A:B:C =1.0:1.2:1.0) (Figure 3 7).

Next, we set out to combine four functionalities in one streptavidin conjugate to underline
the potential for designing optimized cancer theranostics. For this purpose, we integrated
the following functionalities within a single macromolecule: i) atto-565-biotin (A) as a flu-
orescent label for tracking the fate of the conjugates, ii) folic acid-PEG-biotin (F) for se-
lective targeting of folic acid receptor positive cancer cells such triple negative breast can-
cer cells (MDA-MB-231),2! iii) doxorubicin-biotin (D) (Figure 3 9-13) as a broadly applied
anti-cancer drug and iv) a nucleus penetrating peptide-biotin (C) (Figure 3 12 and Figure 3
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13) for the targeted delivery of doxorubicin to the relevant subcellular compartment.22
Each of these biotinylated molecules was added sequentially according to the above order
following the same method as described above. The yield of each step depends on the bio-

tinylated molecules and was not the same as for the previous tetrafunctional conjugate.

Each of the biotinylated molecules within the tetrafunctional streptavidin conjugate should
contribute to the overall function. For example, a conjugate without the doxorubicin should
not be toxic to cancer cells and a conjugate without the folic acid should not to be selective
for folate receptor positive cancer cells resulting in increased side effects. To demonstrate
the added value of each functionality, we conducted a series of experiments using the tet-

rafunctional conjugate together with controls of conjugates.

The folic acid in the conjugate is supposed to increase the selectivity for cancer cell types,
which are folate receptor positive. To demonstrate this point, the uptake of streptavidin
conjugates with (SA1F1, SA1F2 and SA1F3) and without folic acid (SA1) was evaluated
in the folate receptor positive breast cancer cells, MDA-MB-231, and folate receptor-neg-
ative MCF-7 cells. After 4 h incubation the fluorescence signal from the atto-565 (A) in the
conjugates showed that MDA-MB-231 cells incubated with different SAF conjugates were
much brighter than MCF-7 cells (Figure 3 4 A and Figure 3 16-18). Moreover, the uptake
in MDA-MB-231 cells was clearly due to the folic acid as cells incubated with SA1 (A:

atto-565-biotin) were not significantly fluorescent.
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Figure 3-4: (A) Confocal microscopy images of MDA-MB-231 (folate receptor positive)
and MCF-7 (folate receptor negative) cells incubated with SA1F; and MDA-MD-231 cells
incubated with SA;. (B) MDA-MB-231 cells were incubated with 1 uM SAFi, SAi1FiD
or SA1FiD1C; in RPMI-1640 (no folic acid) medium for 4 hours. Atto-565 fluorescence

shown in red and nuclei stained with DAPI are shown in blue. Scale bars are 25 um. S:
streptavidin, A: atto-565-biotin, F: folic acid-biotin, D: doxorubicin-biotin, C: nucleus pen-

etrating peptide-biotin.

Next, we evaluated the function of D (doxorubicin) and C (nucleus penetrating peptide)
and their cooperativity in terms of the localization in the cells and cell toxicity. In particular,
as doxorubicin stops DNA replication,?® we aimed to deliver it into the cell nucleus using
this peptide. We found that the trifunctional streptavidin conjugate SA1F1D1 and tetrafunc-
tional conjugate SAIF1DI1C1 localized differently, when incubated with MDA-MB-231
cells (Figure 3 4 B). While SA1F1DI1 localized in the cytoplasm and was excluded from

80



the nucleus, SA1F1D1C1 with the nucleus penetrating peptide localized in the nucleus, as
observed under the confocal microscope. This finding was further supported through the
quantification of the fluorescence signal within the nucleus of the cells (Figure 3 19). More-
over, both SA1F1DI1 and SA1F1DI1CI1 retained their selectivity for MDA-MB-231 cells
over MCF-7 cells due to the folic acid modification (Figure 3 20).

Next, we evaluated the function of D (doxorubicin) and C (nucleus penetrating peptide)
and their cooperativity in terms of the localization in the cells and cell toxicity. In particular,
as doxorubicin stops DNA replication,”* we aimed to deliver it into the cell nucleus using
this peptide. We found that the trifunctional streptavidin conjugate SA1F1D1 and tetrafunc-
tional conjugate SA1F1DI1CI localized differently, when incubated with MDA-MB-231
cells (Figure 3 4B). While SA1F1D1 localized in the cytoplasm and was excluded from the
nucleus, SA1F1D1C1 with the nucleus penetrating peptide localized in the nucleus, as ob-
served under the confocal microscope. This finding was further supported through the
quantification of the fluorescence signal within the nucleus of the cells (Figure 3-19). More-
over, both SA1F1DI and SA1F1DI1CI1 retained their selectivity for MDA-MB-231 cells
over MCF-7 cells due to the folic acid modification (Figure 3 20).

Next, we tested the cell toxicity of the multifunctional streptavidin conjugates in MDA-
MB-231 and MCF-7 cells. The cell viability as measured using the MTT test after 72 h,
showed that the tetrafunctional SA1F1D1C1 was the most effective drug against the ag-
gressive MDA-MB-231 cells (Figure 3 5). In SAIF1DICI1 and SA1F1D1 the folic acid
was responsible for the higher cell toxicity in MDA-MB-231 cells compared to MCF-7.
While SAIF1D1C1 and SA1F1D1 had IC50 of 0.5 uM and 0.74 uM for MDA-MB-231
cells, respectively, their IC50 for MCF-7 cells were higher at 2 uM and 2.62 uM, respec-
tively. This amounts to a fourfold selectivity for MDA-MB-231 cells over MCF-7. For
comparison, pure doxorubicin had no specificity and was almost equally cell toxic to both
cell types (Figure 3 20). In SA1F1DI1CI1, the nucleus penetrating peptide, C, increased the
delivery of doxorubicin, D, to the cell nucleus, which contributes to the higher final effi-
cacy. As a result, SAIF1D1C1 had a lower IC50 of 0.5 uM compared to SA1F1D1, which
had a IC50 of 0.74 uM. The precise SA1F1D1 conjugate also outperformed the statistical
mixtures of conjugates (S mixed with one equivalent of A, F, D and C). In fact, the
SATF1DICI was 1.5 times more cell toxic than the statistical mixture of conjugates (IC50

0.75 uM). Similarly, at 0.5 uM concentration MDA-MB-231 cells had a lower viability in
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the presence of SAIF1ID1C1 (48%) than SAIF1D1 (57%) or the statistical mixture (57%).

Moreover, the toxicity of all three conjugates decreased for MDA-MB-231 cells in the pres-

ence of excess folic acid, but not for MCF-7 cells, which confirmed the role of the folic

acid for cell selectivity.
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Figure 3-5: (A) Cell viability of MDA-MB-231 and MCF-7 cells were incubated with

SA1F1D1, SA1F1D1C and a statistical mixture of streptavidin conjugates (S was mixed with

one equivalent of A, F, D and C) for 72 hours, as measured using the MTT assay. (B) Table

of the 50% inhibitory concentration (ICso) different streptavidin conjugates. S: streptavidin,

A: atto-565-biotin, F: folic acid-biotin, D: doxorubicin-biotin, C: nucleus penetrating pep-

tide-biotin.
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3.1.3 Conclusion

In summary, we demonstrated how stoichiometrically precise tetrafunctional streptavidin
conjugates can be prepared to bring together multiple functionalities. In particular, we
demonstrated how the delivery of an anti-cancer drug can be improved through the combi-
nation of a fluorescent, a cell targeting group, a nucleus penetrating peptide and a cell toxic
drug in a tetrafunctional streptavidin. The systematic introduction of each functionality al-
lows studying its effect on viability, targeting and efficacy, which improves our understand-
ing on the essential features of drug delivery agents and enables optimization. Especially,
the cell nucleus penetrating peptide plays a vital role in the delivery of the drug to its site
of action. The precise tetrafunctional streptavidins also open the door to assembly combi-
natorial libraries of exact streptavidins taking advantage of a wide repertoire of biotinylated
molecules (proteins, peptides, small molecules, lipids and nucleic acids). Thus, our study
plays a significant role in expanding the streptavidin-biotin chemistry in biotechnology,

nanostructure assemblies and drug delivery.

This work is part of the MaxSynBio consortium, funded by the Federal Ministry of Educa-
tion and Research (BMBF) of Germany (FKZ 031A359L) and the Max Planck Society. DX
thanks the Chinese Scholarship Council for a PhD fellowship. TW, SLK and AH thank the
Deutsche Forschungsgemeinschaft (DFG, 316249678-SFB 1279 (C01) for funding.
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3.1.4  Supporting Information

Experimental Procedures

Materials: Streptavidin (MW 53361 g/mol) was purchased from Cedarlane Laboratories.
Ibio-His-tag (MW 2322 g/mol, iminobiotin-(His)i2, sequence: iminobiotin-
GSGSGSHHHHHHHHHHHH) were synthesized by Pepscan. Folic acid-PEG-biotin (MW
2000 g/mol) was purchased from Nanocs. RPMI-1640 medium without folic acid was pur-
chased from Thermo Fisher Scientific. The Ni>*-NTA column (HisTrap™ HP, column vol-
ume 5 mL) was purchased from GE Healthcare Life Sciences. Cell nucleus location se-
quence (PKKKRKVC, MW 883 g/mol) was purchased from PhtdPeptides Co., Ltd. with
95% purity (Zhengzhou City, China). All organic solvents (acetonitrile (CH3CN), chloro-
form (CHCI3), dichlormethane (DCM), dimethylformamide (DMF), dimethyl sulfoxide
(DMSO), methanol (MeOH) were obtained from Fisher Scientific and used without further
purification (HPLC or analytical grades). All other chemicals were purchased from Sigma-

Aldrich. Buffers and aqueous solutions were prepared with Milli-Q grade water.

Preparation of tetrafluorophore streptavidin conjugates: The Cu?>"-NTA column was
prepared by removing Ni** ion from a Ni**-NTA column (HisTrap™ HP, column volume
5 mL) with ethylenediaminetetraacetic acid (EDTA) and reloading it with Cu" ions.
Firstly, 1 uM SA; (S: streptavidin, A: atto-565-biotin) prepared as previously described!
was mixed with 2 uM Ibio-His-tag for 15 min at room temperature to assure the binding of
iminobiotin to streptavidin. Then, 2 pM B (atto-425-biotin) was added to the reaction mix-
ture and incubated for another 15 min. 0.5 mL of the reaction mixture was loaded on a
Cu?*-NTA column, which was preequilibrated with 50 mL buffer A (50 mM Tris-HCI, 300
mM NaCl, pH=7.4) and then washed with 25 mL buffer A. At last, the different streptavidin
conjugates conjugates (S(Ibio-His-tag)iAiB2, S(Ibio-His-tag)>A1B1, S(Ibio-His-tag)sA1)
were eluted with a linear imidazole gradient from 0 to 120 mM imidazole in buffer A over
60 mL. The elution of different species was monitored by the absorbance at 563 nm (the
absorbance of atto-565), 436 nm (the absorbance of atto-425) and different peaks were
collected separately. A flow rate of 0.5 ml/min was used throughout the experiment. Each

peak was first dialyzed (10 kDa molecule weight cutoff) against 2 L buffer pH=3.5, 50 mM
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Tris-HCI, 300 mM NaCl solution for 1 h at 4 °C to remove the Ibio-His-tag and then dia-
lyzed twice against 2 L buffer A for at least 6 h to remove the imidazole. The samples were
concentrated using a centrifugal filtration devices (10 kDa molecule weight cutoft) for fur-
ther studies. Similarly, SA;B; (I uM) isolated in the previous step was mixed with Ibio-
His-tag (1.5 uM) and C (atto-665-biotin, 1.5 uM) to prepare SA1B1Ci, the elution of dif-
ferent species (S(Ibio-His-tag)iAi1B1Ci, S(Ibio-His-tag)>A1B1) was monitored by the ab-
sorbance at 563 nm (the absorbance of atto-565), 436 nm (the absorbance of atto-425) and
663 nm (the absorbance of atto-665). After the same dialysis and concentrating steps,
SA1B1C; was isolated. The final fluorophore biotin-5-fluorescein (D) was added stoichio-

metrically to SA1B1C; as also detailed below to yield SA1B1CiD;.

Determination of open biotin binding pockets: The number of open biotin binding pock-
ets was determined using biotin-5-fluorescein, which’s fluorescence is quenched upon
binding to streptavidin. Typically, 200 uL of 10 nM of a streptavidin conjugate in buffer A
was added to a transparent 96-well plate (Greiner bio-one, F-bottom), different concentra-
tions (0 to 40 nM) of biotin-5-fluorescein were added to each well and the samples were
incubated for 10 min at room temperature. The fluorescence intensity of each well was
measured (excitation wavelength 490 nm, emission wavelength 524 nm) using a plate

reader (TECAN, infinite M1000).

Forster resonance energy transfer (FRET) measurement: Sample of SA1BC; (S: strep-
tavidin, A: atto-565-biotin, B: atto-425-biotin and C: atto-665-biotin) was used to measure
the FRET fluorescence. Firstly, for determination of the assembled ratio A:B:C, 100 uL 1
uM of the sample were applied into a plate reader (TECAN, infinite M1000), the absorb-
ance spectrum (350 nm-900 nm) of the solution was measured. As control absorbance spec-
tra of same concentration of atto-565-biotin, atto-425-biotin and atto-665-biotin were rec-
orded and subtracted for the calculation. The ratio of A:B:C was determined from the ab-
sorption envelopes and a ratio of 0.78:1:0.81 was calculated. Then, 200 puL. 1 uM of
SA1B1Ci in buffer A were added in a transparent 96-well plate (Greiner bio-one, F-bottom),
the excitation wavelength was set as 400 nm and the emission spectrum was measured from
420 nm to 800 nm using a plate reader (TECAN, infinite M1000). As a control, 1 uM
streptavidin was mixed with 1 uM of each of the fluorophores (atto-425-biotin, atto-565-
biotin and atto-665-biotin) for 15 minutes to yield a statistical mixture of streptavidin con-
jugates.
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Preparation of doxorubicin-biotin: Doxorubicin-biotin was synthesized according to lit-
erature.> Typically, to an ice-cold solution of biotin-N-hydroxysuccinimide ester (0.14g,
0.41 mmmol) in DMF (10 ml) was added doxorubicin (0.3 g, 0.41 mmol) under argon
atmosphere. After stirring for 30 min, triethylamine (0.5ml, 2 mmol) was added to this
reaction mixture and was allowed to stir for another 12 h at room temperature. The reaction
was monitored by TLC (Merck Silica 60, HF 254, 20: 80 methanoldichloromethane v/v).
After completion of the reaction, excess diethyl ether (100 ml) was added to the reaction
mixture. The red solid thus obtained was filtered and washed three times with diethyl ether
(50 ml, three times). This red solid was then subjected to column chromatography using
methanol-dichloromethane (20:80, v/v) as an eluent to obtain 0.25 g (Yield = 78%). LC-
MS: Tr= 5.5 min, EST m/z: calculated for. C37Hs3N3013S: 769; found 792 [M+Na]" , 809
[M+K]". MALDI-ToF (DHB): m/z: calculated for. C37Ha3sN3O013S: 769; found 792
[M+Na]*, 809 [M+K]". 'TH NMR (MeOD-d4, 300 MHz): 7.91 (d, 2H, aromatic), 7.50 (d,
1H, aromatic), 5.38 (brs, 1H, OH), 5.25 (brs, 1H, OH), 4.97 (s, 2H, -CH2-OH), 4.33 (brs,
2H, OH), 4.07 (m, 2H, CH, CH), 4.16-4.13 (m, 1H, CH), 3.94 (s, 3H, OCH3), 3.41 (m, 1H,
CH), 3.09 (brs, 2H, OH), 3.10-3.00 (m, 4H, CH2, CH), 2.88-2.54 (m, 3H, CH2, CH), 2.20-
2.00 (m, 1H, CH), 1.41-1.13 (m, 8H, CH2, CH3, CH2).

Preparation of biotin-NH-PKKKRKVC-COOH: The cell nucleus location sequence
(PKKKRKVC) is a peptide derived from the simian virus 40 large tumor antigen (SV40
large T antigen), to enhance nuclear entry. For biotinylation, 5 mg (5.08 pmol, 1 mol.
equiv.) of peptide was dissolved in 50 mM phosphate buffer pH 6.5 and 5 eq (13.4 mg,
25.4 umol) Biotin-TEG-MI was added and shaken for 4h at RT. Product was subjected to
reversed phase HPLC using a XDB-C18 column with the mobile phase starting from 100%
solvent A (0.1% TFA in water) and 0% solvent B (0.1% TFA in acetonitrile) with a flow
rate of 4 mL per minute, raising to 5% solvent B in five minutes, 15% solvent B in 10
minutes, and then reaching 100% solvent B after 29 minutes. It remained in this state for
one minute. Solvent B concentration was then finally lowered to 5 % in five minutes. Ab-
sorbance was monitored at 280 nm and 254 nm. The retention time for biotin-NH—
PKKKRKVC—-COOH was 10.5 minutes, and 2.10 mg (1,39 pmol, 30%) of the product was
obtained after lyophilization. LC-MS:Tr: 3.91, m/z = [M+ H]" 1511. MALDI-ToF-MS
(CHCA): m/z = calculated. for Ce7H121N19016S2: 1511, [M+H]" 1511, [M+Na]" 1534.
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Separation of tetrafunctional streptavidin conjugate (SA1F1D1C1) with atto-565 (A),
folic-acid (F), doxorubicin (D) and nucleus penetrating peptide (C): 10 uM SA; (S:
streptavidin, A: atto-565-biotin) prepared as previously described! was mixed with 20 uM
Ibio-His-tag for 15 min at room temperature to assure the binding of iminobiotin to strep-
tavidin. Then, 20 uM F (folic acid-PEG-biotin) was added to the reaction mixture and in-
cubated for another 15 min. 0.5 mL of the reaction mixture was loaded on a Cu?*’-NTA
column, which was pre-equilibrated with 50 mL buffer A and then washed with 25 mL
buffer A. At last, the different streptavidin conjugates (S(Ibio-His-tag)1A1F2, S(Ibio-His-
tag)>A1F1, S(Ibio-His-tag);A1) were eluted with a linear imidazole gradient from 0 to 120
mM imidazole in buffer A over 60 mL. The elution of different species was monitored by
the absorbance at 280 nm and different peaks were collected separately. Each peak was
first dialyzed against (10 kDa molecule weight cutoff) 2 L buffer pH=3.5, 50 mM Tris-
HCI, 300 mM NacCl solution for 1 h at 4 °C to remove the Ibio-His-tag and then dialyzed
twice against 2 L buffer A for at least 6 h to remove the imidazole. The samples were
concentrated using a centrifugal filtration devices (10 kDa molecule weight cutoff) for fur-
ther studies. Similarly, 10 uM SAF; was mixed with 15 pM Ibio-His-tag and 15 uM D
(doxorubicin-biotin) to prepare SA1F1D1. As described before the different species (S(Ibio-
His-tag)1A1F1D1, S(Ibio-His-tag)2A1F1) were separated with Cu?*-NTA column using a lin-
ear imidazole gradient and the Ibio-His-tag was removed under acidic conditions and dial-
ysis. Then, SA1F1D (2 uM) was mixed with C (3 uM, nucleus penetration peptide: biotin-
NH-PKKKRKVC-COOH) and incubated for 20 min at room temperature. SA1F1D1Ci was
dialyzed (10 kDa molecule weight cutoff) against 2 L buffer A twice for at least 6 h to

remove excess C.

Cellular uptake of streptavidin conjugates: For cellular uptake studies, MDA-MB-231
or MCF-7 cells were seeded at 5x10* cell/well on glass coverslips (VWR, diameter 18 mm)
in 12-well cell culture plates (Greiner bio-one, F-bottom) and were cultured in RPMI-1640
medium without folic acid supplemented with 10 % heat inactivated fetal bovine serum
(FBS, 10%) and 1 % penicillin/streptomycin (P/S) at 37 °C, 5% CO: overnight. The next
day, the cells were washed twice with PBS and 500 pL of RPMI-1640 medium without
folic acid + 10 % FBS + 1 % P/S containing 1 uM of different streptavidin conjugates (SA1,
SAiF1, SAiF2, SA1F3, SA1F1D1 or SA1F1DCy, cells without any streptavidin conjugates

were set as blank) was added to each well. The cells were incubated at 37 °C, 5% CO- for
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4 h, washed twice with PBS and fixed with 4 % PFA in PBS for 15 min at room tempera-
ture. Subsequently, the cells were washed twice with PBS and mounted on a glass slide
(ROTH, 24x60 mm) with 40 pL. Mowiol-488 containing 1 pg/ml DAPI. The cells were
imaged in the DAPI and atto-565 channels using a confocal laser scanning microscope
(Leica TCS SP8) equipped with 405 nm and 552 nm laser lines through a 63x H>O objec-
tive. Images were analyzed by Fiji Imagel. For the analysis, the average fluorescence in-
tensities of single cell in the atto-565 channel were measured by encircling single cells and
mseasuring their average intensities. 20 cells were analyzed per sample and fluorescence

intensities were background corrected.

MTT assay: MDA-MB-231 or MCF-7 cells were seeded at 5x10° cell/well in 96-well cell
culture plates (Greiner bio-one, F-bottom) and were cultured in RPMI-1640 medium with-
out folic acid + 10 % FBS + 1 % P/S at 37 °C, 5% CO; overnight. The next day, the cells
were washed twice with PBS and cultured in 200 pLL of RPMI-1640 medium without folic
acid + 10 % FBS + 1 % P/S containing different concentrations (0 - 2.0 uM) of different
streptavidin conjugates (D, SA1F1D1, SA1F1D1C; or statistical mixture of streptavidin con-
jugates) at 37 °C, 5% COz for 72 h. The statistical mixture of streptavidin conjugates was
prepared by mixing streptavidin with A, F, D and C in a ratio of 1:1:1:1:1 for 20 minutes.
Subsequently, the cells were washed twice with PBS and 200 pLL of RPMI-1640 medium
without folic acid + 10 % FBS + 1 % P/S containing 1.2 mM MTT was added to each well
and the cells were incubated at 37 °C, 5% CO; for 4 h. Then, the culture medium was
discarded and 200 pL of DMSO was added to the cells to dissolve the dark blue formazan
crystals. After 10 minutes, absorbance at 550 nm of each well was measured using a plate
reader (TECAN, infinite M1000). The experiment was repeated three times. The cell via-
bility was expressed as the percentages of viable cells compared to the survival of the con-
trol cells not incubated with a streptavidin conjugate. The 1Cso (50% inhibitory concentra-

tion) was determined by log dosage versus concentration curve. For

Figure 3-20 the concentration of SA1F1D1, SA1F1D:1C; or mixture was set as 0.5 pM and
repeat the MTT test, also a control experiment was conducted by adding 20 uM extra free

folic acid in the process.
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Figure 3-6: Emission spectra of the used fluorescent biotin conjugates (atto-425-biotin
(excitation at 400 nm), atto-565-biotin (excitation at 505 nm) and atto-665-biotin (excita-

tion at 625 nm).
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Figure 3-7: Absorbance spectrum of SA1B1C (S: streptavidin, A: atto-565-biotin, B: atto-
425-biotin and C: atto-665-biotin). The ratio of A:B:C was determined to be 1.0: 1.2: 1.0
based on the extinction coefficients of the pure A, B and C at 535 nm, 440 nm and 665 nm,

respectively.
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Chemical Formula: C37H43N3043S
Exact Mass: 769,25

Figure 3-8: The chemical structure of doxorubicin-biotin.
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Figure 3-9: LC-Spectrum, Tr= 0.75 DMF, Tr= 5.5 Doxorubicin-biotin. ESI(+) left and
ESI (-) right.
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Figure 3-10: 'H NMR of doxorubicin-biotin (MeOD-d4, 300 MHz).
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Figure 3-11: The chemical structure of biotin-NH-PKKKRKVC-COOH.

Chemical Formula: Cg7H 51N 9O 4S,
Exact Mass: 1511,87
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Figure 3-12: LC-Spectrum, Tr= 3.91, Biotin-PKKKRKVC. ESI (+) left and ESI (-) right.
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Figure 3-13: Preparation and characterization of streptavidin conjugates with fluorophore
and folic acid functionality, (SA1F> and SA:Fi). (A) A statistical mixture of products
formed by mixing 10 uM SA; first with 20 uM Ibio-His-tag for 15 min, then 20 uM F (folic
acid-biotin) was separated with a linear imidazole gradient on a Cu?>*-NTA column. S(Ibio-
His-tag)1A1F2 (the first peak, 83.1%) eluted at 28.4 mM imidazole, S(Ibio-His-tag)>AFi
(the second peak, 12.1%) eluted at 38.7 mM imidazole and S(Ibio-His-tag);A; (third peak,
4.8%) eluted at 74.2 mM imidazole. The Ibio-His-tag was removed from the different
S(Ibio-His-tag)nA1F3.n species through acidification to yield the corresponding SA1F3.n.
The open biotin binding pockets of SAF> (B), SA1F; (C) and SA; (D) were titrated with
biotin-5-fluorescein, where the fluorescence of biotin-5-fluorescein is quenched upon bind-
ing to streptavidin. The conjugates SA1F>, SAiF; and SA; required one, two and three

equivalents of biotin-5-fluorescein to saturate all biotin binding sites, respectively.
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Figure 3-14: Preparation and characterization of streptavidin conjugates with fluorophore,
folic acid and doxorubicin functionality, (SA1Fi1D1). (A) A statistical mixture of products
formed by mixing 10 uM SA;F; first with 15 uM Ibio-His-tag for 15 min, then 15 uM D
(doxorubicin-biotin) was separated with a linear imidazole gradient on a Cu**-NTA col-
umn. S(Ibio-His-tag)iAiF1D; (the first peak, 96.2%) eluted at 23.1 mM imidazole and
S(Ibio-His-tag)>A1F1 (the second peak, 3.8%) eluted at 41.5 mM imidazole. The Ibio-His-
tag was removed from the different conjugates through acidification to yield the corre-
sponding SA1F1D; and SAFi. The open biotin binding pockets of SA1F1D; (B) and SAF;
(C) were titrated with biotin-5-fluorescein, where the fluorescence of biotin-5-fluorescein
is quenched upon binding to streptavidin. The conjugates SA1F1D1 and SAF; required one

and two equivalents of biotin-5-fluorescein to saturate all biotin binding sites, respectively.
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Figure 3-15: Confocal microscopy images of MDA-MB-231 cells incubated with different
streptavidin-biotin conjugates. Cells were incubated with 1 uM SA;, SA|F, or SAF; in
RPMI-1640 (no folic acid) medium for 4 hours at 37 °C, 5% CO,. Atto-565 fluorescence
from the streptavidin conjugates is shown in red and cell nuclei stained with DAPI are
shown blue. Cells not incubated with any streptavidin conjugate were used as blank. Scale

bars are 25 um.
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Figure 3-16: Confocal microscopy images of MCF-7 cells incubated with multifunctional
streptavidin-biotin conjugates. Cells were incubated with 1 uM SA;i, SAiF> or SAF3 in
RPMI-1640 (no folic acid) medium for 4 hours at 37 °C, 5% CO,. Atto-565 fluorescence
from the streptavidin conjugates is shown in red and cell nuclei stained with DAPI are
shown blue. Cells not incubated with any streptavidin conjugate were used as blank. Scale

bars are 25 um.
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Figure 3-17: Average intracellular fluorescence intensities of MDA-MB-231 and MCF-7
cells incubated by different streptavidin conjugates. The fluorescence in the atto-565 chan-
nel was measured by encircling single cells and measuring their average intensities and the
background fluorescence determined from the blank sample was subtracted. 20 cells were

analyzed per sample and the error bars represent the standard error of the mean.
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Figure 3-18: Average nuclear fluoresce intensity of different streptavidin conjugates in
MDA-MB-231 cells. The extend of nuclear localization of the different streptavidin conju-
gates was quantified by measuring fluorescence intensity in the atto-565 channel inside the
nucleus of MDA-MB-231 cell. 20 cells were analysed per sample and the error bars repre-

sent the standard error of the mean.
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Figure 3-19: Cytotoxicity of free doxorubicin-biotin against MDA-MB-231 and MCF-7
cell as measure with the MTT assay. Cells were incubated by RPMI-1640 medium (without
folic acid) containing 0.01, 0.05, 0.1, 0.2, 0.5, 1.0, 1.5, 2.0 uM of doxorubicin-biotin at 37
°C, 5% COz for 72 hours. The ICs¢ is 0.07 pM and 0.10 uM for MDA-MB-231 and MCF-
7 cells, respectively. Data is expressed as the percentages of viable cells relative to a sample

without doxorubicin.
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Figure 3-20: Cell viability of MDA-MB-231 and MCF-7 cells incubated with 0.5 uM
SA1FiDj1, 0.5 uM SA1F1D1Cq or 0.5 uM of a statistical mixture of streptavidin conjugates
(0.5 uM, S was mixed with one equivalent of A, F, D and C) for 72 hours without or with
20 uM extra free folic acid (shown with a blue star), as measured using the MTT assay. S:
streptavidin, A: atto-565-biotin, F: folic acid-biotin, D: doxorubicin-biotin, C: nucleus pen-

etrating peptide-biotin.
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3.2 Peptide Bispecifics Inhibiting HIV-1 Infection by
an Orthogonal Chemical and Supramolecular

Strategy

Copyright

The following chapter is based on the publication: Bioconjugate Chem.,2023,34, 9, 1645—
1652 (https://doi.org/10.1021/acs.bioconjchem.3c00314). This article is licensed under the
Creative Commons (CC BY 4.0 DEED) Attribution 4.0 International Licence and reprinted
with the permission form the American Chemical Society (ACS). Further permissions re-

lated to the material excerpted should be directed to the ACS.

Contribution

My contribution was the initiation of the project. I designed, planned, and performed the
synthesis of the bis-sulfone-PEG-maleimide linker. I synthesized the biotin-PEG-SH and
performed the bioconjugation of the different peptides: biotin-JM#173, biotin-VIRIP and
the bispecific Biotin-VIRP-JM#173. Furthermore, I was characterizing biotinylated pep-
tides using HABA assay and assembled them onto a NAv protein platform. I performed
material characterization (LC-MS, ESI, MALDI, NMR, HPLC). I contributed to scientific
discussions and wrote parts of the manuscript. - upscaled the synthesis of the bis-sul-
fone-PEG-maleimide linker and the conjugation of the VIRIP to the bis-sulfone-PEG-ma-
leimide linker. He synthesized the bispecific-VIRIP-JM#173 and prepared all the tetrava-
lent SAv assemblies for the biological evaluation for the X4 and R5-tropic studies. He per-
formed material characterization (LC-MS, ESI, NMR). He was involved in scientific dis-
cussions and wrote large parts of the manuscript. - initiated the project and was per-
forming activity assays towards TZM-bl cells using the different protein constructs. He was
involved in scientific discussions and wrote parts of the manuscript. [ and [l ana-
lyzed the JIM-SAv conjugates. - and - were involved in scientific discussion of

these results and prepared parts of the manuscript. - was upscaling the bioconjugation
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of the biotin-VIRIP and was involved in scientific discussion and the manuscript prepara-
tion. - characterized the SAv conjugates with AFM. - was initiating the project
and was involved in the design of synthetic and bioconjugation experiments. - was
supervising - and - and - She was involved in scientific discussions, analysis
of experimental data and revising the manuscript. - and - initiated the project, ac-
quired funding, designed the project, and discussed the results. They supervised the authors

and revised the manuscript.

Aim

As discussed in the previous chapter, the construction of precise macromolecules based on
biotin-binding proteins with multiple functionalities remains challenging due to their ho-
motetrameric construction. Here, we present a complementary approach based on a trifunc-
tional linker strategy with the overall goal to develop a naturally inspired bispecific protein
nanoconstruct as a viral entry inhibitor for HIV. Most available antiviral drugs are consid-
ered "passive defenders" because they must enter virus-infected cells to inhibit viral repli-
cation in the cells. Therefore, the ability to penetrate cell membranes without affecting nor-
mal function is very important and rather a limiting point of chemical-based viral inactiva-
tors, since most of the drug is not involved in inhibiting viral infection. Compared to passive
defense agents, inhibition of fusion peptides (FPs) may be a promising target. FPs are crit-
ical for virion attachment to the target cell. By blocking the binding of FPs, viral uptake
can be inhibited. Combined with inhibition of the GPCR receptor CXCR4, which mediates
the initial viral interactions with the host cell, a bispecific approach is expected to increase
the efficiency of HIV inhibitors. The developed trifunctional linker system is based on three
successive Michael additions with thiol-containing moieties in a chemoselective manner.
In this way, the linker includes a maleimide functionality that can also react at slightly
acidic pH and a bis-sulfone handle that masks the thiol-active allyl groups at acidic pH.
When the pH is increased, elimination of the first p-tosyl group allows selective conjuga-
tion of a second thiol-containing peptide under stoichiometric control. Upon conjugation
of the second peptide, a second p-tosyl group serves as a leaving group and unmasks a
second allyl group. Finally, in stoichiometric excess, a third thiol-containing moiety can be
introduced into the linker system. In this way, we aim to conjugate two antiviral peptides,
a CXCR4 inhibitor and FP, and a biotin moiety to the linker system. The bispecific biotin-
104



liker can then be assembled onto a biotin-binding protein. The assembled SPCs will be

evaluated for their virus inhibitory activity.

3.2.1 Introduction

Viral diseases pose substantial threats to public health, socio-economic stability, and global
economic structures, as vividly underscored by the recent SARS-CoV-2 pandemic. Addi-
tionally, other pandemic pathogens, like HIV-1, remain inadequately controlled, with ap-
proximately 1.7 million new HIV-1 infections and ~700,000 AIDS-related deaths reported
for 2020, Increasing drug resistance further exacerbates the challenges faced by current
antiretroviral treatment strategies. In addition, effective and specific drugs are only availa-
ble for a very limited number of viral pathogens®® underscoring the urgent need for novel
therapeutic interventions. Most antiviral drugs target viral enzymes to inhibit viral replica-
tion®. This requires cellular uptake, which increases the potential for adverse effects. Con-
sequently, therapeutic agents designed to block viral entry into cells provide a promising
approach. The process of viral infection is multistage, involving attachment, anchoring,
fusion, and eventual entry into host cells, each step offering targets for inhibitory agents.
Furthermore, many viruses rely on multiple cellular receptors for infection, which also pre-
sent potential intervention points. For instance, the initial step in HIV-1 replication involves
the attachment of the viral envelope glycoprotein gp120 to the cellular CD4 receptor. This
attachment triggers conformational changes that allow gp120 to bind to the CCRS or
CXCR4 co-receptors, subsequently allowing the insertion of the fusion peptide of the viral
transmembrane protein gp41 into the target cell membrane. This sequence concludes with
the formation of a six-helix bundle, pulling the viral and cellular membranes together to
achieve fusion. Essentially all HIV-1 variants are critically dependent on CCRS or CXCR4
for infection. CCRS is critical for HIV-1 transmission and used during chronic infection,
while CXCR4- and/or dual-tropic viral variants emerge in up to 50% AIDS patients and are
associated with poor prognosis*®. All these forms of HIV-1 may coexist in infected indi-

viduals need to be targeted for effective therapy and to prevent resistance’.

Two entry inhibitors have so far been approved for clinical treatment of HIV-1 infection:

Maraviroc (brand name Selzentry) blocks the CCRS5 co-receptor on the surface of the host
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cell but is inactive against HIV-1 strains using CXCR4 for viral entry®. The peptidic fusion
inhibitor enfuvirtide (brand name Fuzeon) binds to helical regions in the viral gp41 and
prevents six-helix bundle formation required for fusion of the viral and host cell mem-
branes’. Additional co-receptor antagonists and fusion inhibitors have been suggested as
possible therapeutic candidates. For example, derivatives of the Endogenous Peptide In-
hibitor of CXCR4 (EPI-X4), a 16 amino acid fragment of human serum albumin, act as
highly specific CXCR4 antagonists and efficiently inhibit CXCR4 (X4)-tropic HIV-1
strains®®. Recently, optimized variants of EPI-X4 have been developed, e.g. the seven
amino acid EPI-X4 JM#173, which is stable in blood plasma for more than eight hours'’.
Optimized EPI-X4 derivatives show promise as therapeutic agents for CXCR4-linked dis-
eases, exhibiting anti-inflammatory and anti-cancer functions in preclinical mouse mod-
els'"12. Thus, they are currently further developed for therapeutic applications'*!°, VIRIP
is the only known inhibitor for the gp41 fusion peptide and prevents anchoring of the virus
into the cellular membrane. It consists of 20 amino acids corresponding to the C-proximal
region of al-antitrypsin (Figure 3-22A)'7. VIRIP-based inhibitors are active against all

HIV-1 variants including multiresistant strains due to their distinct mode of action!”"!?.

Synthesis & Platform Assembly HIV-1 inhibition
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Figure 3-21: Overview show the design of the linker for the synthesis of the bispecific
VIR-102C9/EPI-X4 JM#173-C and a representation of the antiviral activity of the tetrava-
lent VIR-102C9/EPI-X4 JM#173-C assembled on streptavidin.

Intravenous infusion of the optimized VIRIP derivative (VIR-576) reduced the mean
plasma viral load by up to 98% without causing severe adverse effects'®. In addition, it has
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been demonstrated that VIRIP-based inhibitors pose a very high barrier to HIV-1 re-
sistance'®. However, monotherapy with VIR-576 showed fast clearances and required in-
fusion of high doses of the peptide!”-'®. Altogether, HIV-1 entry can be targeted by agents
that block CD4 receptor or CXCR4 and CCRS5 coreceptor engagement, as well as steps
involved in membrane fusion. Combining antiretroviral peptides with different modes of
action may enhance their potency®’, prevent development of drug resistance, and increase
the bioavailability and in vivo half-life due to their enlarged size and combined action.
While solid-phase peptide synthesis or native chemical ligation can be used to combine two
different peptide sequences, there are limitations. For example, spacers such as polyeth-
ylene glycol could be required to ensure the active amino acids are sufficiently extended
and both peptide sequences remained exposed to address the receptors or binding to parti-
cles. In other instances, extension of the second peptide sequence from an internal amino

acid could be required where the N- or C-termini are critical for activity?!2.

To overcome these limits and generate new antiviral peptide bispecifics, we devised a pH-
controlled, stepwise chemical conjugation strategy to prepare and assemble optimized ver-
sions of the EPI-X4 derivative JM#173 and the anchoring inhibitor VIRIP. As proof-of-
concept, we prepared a streptavidin hybrid that contains four copies of the bispecific EPI-
X4 JM#173-C and the VIRIP variant 102C9. We demonstrate that this construct inhibits
HIV-1 in nanomolar concentrations and shows enhanced activity against CCRS (R5)- and

CXCR4-tropic HIV-1.

3.2.2 Results and Discussion

Design of mono-peptide and dipeptide antiviral conjugates

To enable the assembly of two antiviral peptides to a supramolecular protein platform, i.e.
streptavidin (SAv), we need to further include a biotin group that allows binding to four
pockets in tetrameric SAv. Thus, a linker with three sites for chemical functionalization
was required. To ensure ease of synthesis of the peptide sequences and minimal influence
on the bioactivity of the antiviral peptides, a single cysteine was introduced into each of the

peptide sequences. As the N- and C-termini are important for antiviral activity of VIRIP!,
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we screened a series of variants with internal cysteines (Figure 3-22B-C) and selected VIR-
102C9 (3) with the lowest IC50 (0.20 uM) for further study. In comparison, EPI-X4 deriv-
atives interact with CXCR4 via the seven N-terminal amino acid residues1 1. Thus, to main-
tain CXCR4 binding and antiviral activity after conjugation, a C-terminal cysteine was in-
corporated into EPI-X4 JM#173 and termed JM#173-C, (4, Figure 3-22C). One of the ma-
jor challenges is to ensure selectivity in a sequential manner with the different thiol-con-
taining peptides?. Specifically, the linker requires three reactive sites for successive Mi-
chael additions of natural amino acids (cysteine sidechains) and biotin thiol in a chemo-
selective fashion. Thus, we designed a linker, which allows pH-controlled reaction of dif-
ferent thiol-containing molecules of interest (Figure 3-22D). As a first thiol-reactive group,
we chose the well-known maleimide reagent, which can undergo Michael addition even
under slightly acidic reaction conditions, due to its high reactivity?*?*. As a second chemi-
cal handle, we applied a bis-sulfone that is activated only in slightly alkaline condition, for

disulfide re-bridging?® or for two successive thiol conjugations (Figure 3-22D)?’.
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Figure 3-22: (A) NMR structure of VIR-165 binding the HIV-1 fusion peptide (PDB
2JNR)!7. VIR-165 positions seven to ten are highlighted. Image is created using UCSF
Chimera 1.13.1.2 (B) Inhibition of wildtype HIV-1 NL4-3 by single cysteine VIRIP deriv-
atives. (C) Single letter code and molecular weight of VIR-102C9 (3) and EPI-X4 JM#173-
C (4). (D) Synthesis of the linker bis-sulfone-PEG-maleimide (2); (E) Bioconjugation of
Biotin-VIR-102C9 (5) and Biotin-EPI-X4 JM#173-C (6) conjugate; (F) MALDI-TOF
spectrum of unconjugated (blue) and biotinylated VIR-102C9 peptide (red); (G) MALDI-
TOF spectrum of unconjugated (blue) and biotinylated EPI-X4 JM#173-C peptide (or-

ange). Full spectra of 5 and 6 are available in SI.

We began our studies with the preparation of bi-functional conjugates (5 and 6) consisting
of the individual antiviral peptide (VIR-102C9, 3 or EPI-X4 JM#173-C, 4) and a biotin
group for assembly. Biotinylation of the peptides was performed using a commercially
available biotin-PEG11-maleimide (see Figure 3-22E) under neutral, buffered conditions.
We obtained bi-functional conjugates B-VIR-102C9 (5) and B-EPI-X4 JM#173-C (6) in
62% and 67% yield, respectively. The peptides were identified by MALDI-ToF mass
spectrometry through their m/z at 3252 and 1983 [M+H]", respectively. Mono-peptides 5
and 6 were further assembled to the tetrameric biotin-binding protein (SAv) and used as
controls for comparison with the bifunctional construct derived from the newly designed

B-VIR-102C9-EPI-X4 IM#173-C (11, see Figure 3-23A).
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To allow multimerization of different antiviral peptides on SAv, we aimed to conjugate the
HIV-1 fusion peptide inhibitor VIR-102C9 (3) and the CXCR4 antagonist EPI-X4
IM#173-C (4) to our newly designed linker molecule (2). In the first step, we conjugated
VIR-102C9 selectively to the maleimide under slightly acidic conditions (pH 6.0) to afford
VIR-102C9 bis-sulfone (7) and VIR-102C9 allyl sulfone (8) after HPLC purification. Beta-
ketosulfones are prone to undergo elimination reactions under strongly basic conditions to
yield a,B-unsaturated carbonyl compounds®®. A small peak was observed in the chromato-
gram which could be due to trace amount of elimination of the sulfinic acid in acidic pH.
However, due to the fast reaction rate of the maleimide-thiol addition, this will not have an
substantial effect on the chemoselectivity?®. Furthermore, the products were purified by
HPLC. Thereafter, 7 was incubated at pH 8.0 enabling the elimination of the first p-toluoyl
sulfinic acid to gain the thiol-reactive allyl sulfone (8). The second cysteine-containing
peptide (EPI-X4 JM#173-C, 4) was added to the mixture resulting in conjugate addition
and, sequential elimination of the second p-toluoyl sulfinic acid, to afford VIR-102C9-EPI-
X4 JM#173-C vinyl thioether (9). This generates another Michael acceptor, to which was
added to a biotin-PEG3-thiol (10). The whole course of the successive reactions was fol-
lowed with HPLC (Figure 3-23B). After this three-step one-pot reaction, we isolated the
bifunctional peptide conjugate (11, B-VIR-EPI-X4 JM#173-C) for supramolecular protein
hybrids with precise stoichiometry with an overall yield of 14%. The identify was con-

firmed by HR-ESI-MS (Figure 3-23D).
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Figure 3-23: (A) Bioconjugation of biotin-VIR-102C9-EPI-X4 JM#173-C peptide conju-
gate (11); (B) HPLC spectrum of VIR-102C9 bis-sulfone (7), EPI-X4 JM#173-C peptide
(4), VIR-102C9-EPI-X4 JM#173-C vinyl thioether as a racemic mixture (9) and biotin-
VIR-102C9-EPI-X4 JM#173-C conjugate (11); (C) MALDI-TOF spectrum of VIR-102C9
bis-sulfone (7) (blue), VIR-102C9-EPI-X4 IM#173-C vinyl thioether (9) (green) and bio-
tin- VIR-102C9-EPI-X4 JM#173-C conjugate (11) (red). Full spectra of 7, 9 and 11 are
available in SI. (D) Isotopic pattern of deconvoluted TOF MS ESI spectrum in positive
mode of biotin-VIR-102C9-EPI-X4 JM#173-C (11). Deconvoluted spectrum for 11 show-
ing molecular weight. Exact mass determined for m/z = [M+5H]" calc: 925.823, found
925.2822.

Supramolecular assembly of biotinylated peptides onto protein platforms

We aimed to investigate the bioactivity of the bispecific antiviral peptides in one
supramolecular platform. Due to their strong binding affinity to biotin (kD = 10-15 M)?’,

the well-documented bio-applicability>®3!

and their ability to bind up to four equivalents of
the native ligand, we chose the avidin-like protein streptavidin as a supramolecular
platform. First, we investigated the number of biotinylated conjugates required to saturate
the four binding pockets per SAv, in comparison to its native ligand biotin. We applied the

2(4-hydoxyphenylazo)benzoic acid (HABA)-assay for this purpose(see Figure 3-46 A-B).
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The diazo-compound HABA binds to the biotin pockets of avidin-like proteins with lower
affinity than biotin itself (kD = 5 x 10-6 M)*2. Thus, it is replaced by the natural ligand, if
present*>*3, Since the complex of HABA with SAv shows characteristic absorbance at 500
nm, upon saturation of all four binding pockets with biotin, the absorbance intensity at 500
nm does not decrease further’?>*. For the HABA assay, we examined the displacement
using increasing equivalents of the biotinylated peptides 5, 6 and 11 (Figure 3-46). Four
equivalents of biotinylated peptides (5, 6 or 11) per SAv were required for the assembly.
Supramolecular assemblies for subsequent biological investigations were performed by
mixing 5, 6 or 11 with SAv in phosphate buffer at physiological pH, followed by ultra-spin
filtration purification. In this way, SAv-VIR-102C9 (12), SAv-EPI-X4 JM#173-C (13) and
SAv-VIR-102C9-EPI-X4 JM#173-C (14) were generated, respectively. The height
tomographic image of SAv-VIR-102C9-EPI-X4 IM#173-C (14) was obtained using atomic
force microscopy (AFM). AFM shows particles with a maximum height of 8 nm (SI
Figure). The average height was determined to be 5.5 = 0.8 nm and showed particle
homogeneity (SI Figure, Table SI), similar to SAv protein constructs reported in the

literature®. Notably, we did not observe larger aggregates.
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Figure 3-24: (A) Schematic representation of the supramolecular assembly of biotinylated
peptides onto streptavidin (SAv) platform. (B) Absorbance at 500 nm plotted against biotin
and biotinylated peptides to determine stoichiometry required to saturate biotin binding

pockets on SAv. (For 11, a maximum of five equivalents were used in the HABA assay).

Effect of SAv-coupled VIR-102C9 and EPI-X4 JM#173-C derivatives on CXCR4- and
CCRS5-tropic HIV Infection.

Next, we investigated the antiviral activity of the multifunctional protein constructs SAv-
VIR-102C9 (12), SAv-EPI-X4 IM#173-C (13) and SAv-VIR-102C9-EPI-X4 IM#173-C
(14), in vitro. To confirm the sustained antiviral activity of the mono- and multi-valent
biotin- (B) and SAv-coupled peptides, we conducted HIV-1 infection assays with TZM-bl
reporter cells, derived from a HeLa cell clone engineered to stably express CD4, CCRS and
CXCR4.%6 As a result, TZM-bl cells are highly susceptible to HIV-1 infection and
commonly used for studies on viral entry, tropism, neutralization and drug sensitivity®’.
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TZM-bl reporter cells were pretreated with increasing concentrations of the mono- and
multi-valent compounds and subsequently infected with the well characterized X4-tropic
HIV-1 NL4-3 molecular clone or a R5-tropic derivative thereof that differs in the V3 region
of the viral envelope glycoprotein from the parental virus (Figure 3-25A)%. B-VIR-102C9
(5) inhibited both, X4- and R5-tropic HIV-1 NL4-3 constructs with mean 50% inhibitory
concentrations (IC50) of ~ 1.1 uM and ~ 1.2 uM respectively. The multivalent SAv-VIR-
102C9 construct (12) showed 11-fold and 18-fold enhanced antiviral activity (IC50 values
of ~25 nM and 100 nM or ~17 nM and 68 nM per construct or VIR-102C9 content,
respectively) compared to the single peptide 5 against X4- and R5-tropic HIV-1 NL4-3. As
expected, B-EPI-X4 JM#173-C (6) inhibited X4-tropic HIV-1 NL4-3 (IC50: ~1 uM) but
was inactive against the R5-tropic derivative. SAv-EPI-X4 JM#173-C (13) inhibited X4-
tropic HIV-1 NL4-3 with an IC50 of 0.73 uM per construct and 2.92 uM per peptide. In
this case the multivalent construct did not show enhanced antiviral potency compared to
the monomeric peptide 6. Finally, construct 14 containing both inhibitory peptides (SAv-
VIR102C9-EPI-X4 JM#173-C) efficiently inhibited both X4- (IC50: 26 nM per construct;
104 nM per bivalent peptide) and R5-tropic (IC50: 39 nM per construct; 156 nM per
peptide) HIV-1 NL4-3 infection. Construct 14 showed ~11- and 8-fold increased inhibitory
activity against X4- and R5-tropic HIV-1, compared to monomeric VIR-102C9 (5). Taken
together, our results support a clear multivalency effect in constructs containing VIR102C9
(12, 14), possibly because the HIV-1 envelope glycoprotein is a trimer and targeting of
several gp41 fusion peptides might be required for effective inhibition. Notably, none of

the compounds were cytotoxic at the used concentrations (SI Figure).
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Figure 3-25: Antiviral activity of single and multivalent VIR-102C9/EPI-X4 IM#173-C
conjugates. Concentrations indicate the molarity of the tested biotin conjugated peptides or
of the SAv conjugates with four copies of mono- or bispecific peptides respectively. (A)
TZM-bl cells were pretreated with the indicated amounts of the single or multivalent com-
pound and infected with X4 or RS tropic HIV-1. Three days post-infection, a 3-galacto-
sidase assay was performed. IC50 values are given in SI (Table SI). (B) Human PBMCs
were isolated, stimulated, and pretreated with 1 uM of the indicated single or multivalent
compound, Maraviroc (MVC / 50 nM) or AMD3100 (1 uM). The cells were infected with
X4- or R5-tropic HIV-1. Infectious virus yield was determined by infection of TZM-bl
reporter cells with PBMC culture supernatants obtained at the indicated day post-infection
(dpi). Each curve indicates three biological replicates £ SEM. ** p < 0.01, *** p < 0.001
(one-way ANOVA with reference to SAv).

To examine the efficiency of the mono- and multi-valent SAv-coupled compounds in
inhibiting spreading HIV-1 infection in primary viral target cells, we infected activated
peripheral blood mononuclear cells (PBMCs) from three human donors in the presence and
absence of the compounds. Infectious virus production was determined by infection of
TZM-bl indicator cells with PBMC culture supernatants obtained at different days post-
infection (dpi). Predictably, AMD3100, a CXCR4 antagonist clinically approved for
mobilizing hematopoietic stem cells®®, blocked X4-tropic HIV-1, while the CCRS5-
antagonist Maraviroc (MVC) prevented R5-tropic HIV-1 replication. All three multivalent

constructs (12, 13 and 14) significantly reduced the replication of X4-tropic HIV-1. VIR-
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109C2 containing assemblies (12, 14) also reduced the replication of R5-tropic HIV-1
although less efficiently than MVC (Figure 3-25B). Altogether, the coupled peptides

maintained their activity against HIV-1 in primary human cells.

3.2.3 Conclusion

In this work, we present the synthesis and supramolecular assembly to prepare peptide
bispecifics targeting the HIV-1 gp41 fusion peptide or the CXCR4 coreceptor as a proof-
of-concept approach for the combination of antiviral peptides acting by different
mechanisms on tetrameric SAv. We were able to link three different thiol-reactive moieties
in one system using a bissulfone moiety in combination with a maleimide functionality.
Our procedure offers chemo-selectivity by a simple pH control. Notably, we were able to
combine two peptide sequences through an internal amino acid modification, which cannot
be easily accomplished by standard solid phase peptide synthesis. With this, therapeutic
peptides can be conjugated by adding a natural amino acid side-chain and functionalized
with an affinity group (biotin), for assembly to form tetravalent bispecifics on a protein
nanoplatform. We confirmed the inhibitory effects of the tetravalent SAv-peptide
constructs on R5- and X4-tropic HIV-1 variants. Remarkably, the tetravalent SAv-VIR-
102C9 and SAv-VIR-102C9-EPI-X4 JM#173-C showed increased inhibitory activity
against both X4- (11-fold) and R5-tropic (8-fold) HIV-1, compared to B-VIR-102C9. Our
results further showed that the bispecific tetravalent construct 14 showed increased activity
against both X4- and R5-tropic HIV-1 variant. The approach presented herein is not limited
to VIR-102C9, EPI1X4 JM#173-C and Bt-SH but can be used as a versatile platform for the
conjugation of any thiol-containing peptides or targeting units. The chemical strategy and
supramolecular platform described here can emerge as a convenient tool for preparation of
multifunctional bispecific peptides for potential antiviral treatments including expansion to
peptides that target two different viruses. Besides combining two peptides, VIRIP-derived
drugs act by a unique mechanism and can be combined with other antiviral drugs with
careful chemical design. Finally, our approach offers perspectives for other diseases, such

as targeted cancer therapy by addressing two different target receptors on the cell surface.
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3.2.4  Supporting Information

General information and materials

Unless otherwise stated, all chemicals were obtained from commercial sources (Merck,
Sigma Aldrich, Fluka and Thermo Scientific, Fisher Scientific) and used without further
purification. All organic solvents (acetonitrile (CH3CN), chloroform (CHCI3),
dichlormethane (CH2CI2), dimethylformamide (DMF), dimethyl sulfoxide (DMSO), ethyl
acetate (EtOAc), methanol (CH30OH), tetrahydrofuran (THF)) were obtained from Fisher
Scientific and used without further purification (HPLC or analytical grades). H20O used for
the reactions was obtained from the Millipore purification system. Reaction progress was
monitored by thin layer chromatography (TLC) using silica pre-coated aluminum sheets
(0.2 mm Silica with fluorescence indicator UV 254 nm from Marcherey-Nagel). For
visualization ultraviolet lamp (254 nm) or potassium permanganate staining solution (3 g
KMnO4, 20 g K2CO3, 5 mL 5% NaOH and 300 mL H2O), ninhydrin (1.5 g ninhydrin in
500 mL methanol and 15 mL acetic acid) were used. Flash column chromatography was
carried out using Merck silica gel 60 mesh (pore size 60 A, 230—-400 mesh particle size).
NMR spectra were recorded on Bruker Avance 300, 500 or 700 MHz NMR spectrometer
in the stated solvents (d6-DMSO, CDCI3, CD3CN, D20, CD30D). Chemical shifts (0)
were reported as parts per million (ppm) referenced with respect to the residual solvent
peaks. Multiplicity was descripted as followed: s = singlet, d = doublet, t = triplet, dd =
doublet of doublets, dt = doublet of triplets, m = multiplet, br = broad. Liquid
chromatography-mass spectroscopy (LC-MS) analysis was performed on a Shimadzu LC-
MS 2020 equipped with an electrospray ionization source, a SPD-20A UV-Vis detector
and a Kinetex EVO C18 column (2.1 x 50 mm, 2.6 um). UV-traces are presented with
subtracted blank. Maldi-ToF spectra were acquired on a Bruker Time-of-flight MS rapifleX
MALDI-ToF-MS equipped with a 10 kHz scanning smartbeam 3D laser (Nd:YAG at 355
nm) and a 10 bit 5 GHz digitizer. HR-ESI-MS was recorded using WATERS SYNAPT
G2-Si mass spectrometer. The absorbance was measured on a microplate reader (Tecan
Spark 20M) using a Greiner 384 well UV-Star microplate or a nanodrop 1000

Spectrophotometer.
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Synthesis of tri-functional Bis-sulfone-PEG-Maleimide (2)

L,

[¢]
9 o his L
. o J< HBTU HN- SN0 \/\o/\/\u o
S
—_—
OH + HZN/\/\O/\/O\/\O/\/\H)LO 73% ?
[sj
95 % Oxone

MeOH/H,0
24h

0, HN/\/\O/\/O\/\O/\/\NHZ DCM/TFA 0, HN/\/\O/\/O\/\O/\/\HXOk

quantitative
bis-sulfone-PEG-amine
(1)

[o}
S0.
2 N/vfo/\a/\N )LM O)'\/ N
3 H ) \8/\/
DMF, i-Pr,NEt 0,

bis-sulfone-PEG-maleimide
(2)

Scheme 3.2-1: Synthesis of bis-sulfone-PEG-amine as previously reported with modifica-

tions (top)! Synthesis route of bis-sulfone-PEG-maleimide (2, bottom).

N-(27-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)-15,25-dioxo-4,7,10,17,20-pen-
taoxa-14,24-diazaheptacosyl)-4-(3-tosyl-2-(tosylmethyl)propanoyl)ben-

zamide (bis-sulfone-PEG-maleimide, 2)
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N-(3-(2-(2-(3-aminopropoxy )ethoxy)ethoxy)propyl)-4-(3-tosyl-2  (tosylmethyl)propano-
yl)benzamide TFA salt (bis-sulfone-PEG-amine, 1)1 (100 mg, 142 uM, 1.0 equiv) was
dissolved in anhydrous DMF (15 mL). To this solution i-Pr2NEt (24.7 ul, 142 uM,
1.0 equiv) was added. In a separate vial commercially available 3-[2-[2-[[3-(2,5-Dihydro-
2,5-dioxo-1H-pyrrol-1-yl)-1-oxopropyl]amino]ethoxy]ethoxy|propanoic acid 2,5-dioxo-1-
pyrrolidinyl ester (maleimide-PEG2-NHS, 94 mg, 212 uM, 1.5 equiv) was dissolved in 1
mL anhydrous DMF. The solution of the NHS-ester was added dropwise to the bis-sulfone
PEG-amine and the mixture was stirred at rt overnight. The next day LC-MS analysis
showed full conversion of the bis-sulfone PEG-amine. The solvent was removed under
vacuum at rt, the residue was dissolved in CH3CN/H20 (1:1, v/v) containing 0.1 % formic
acid and purified by preparative HPLC. ((HPLC gradient: 10% B for 4 min, 95% B in 20
min, 95% B for 3 min.)

Product containing fractions were collected as a mixture of maleimide bis-sulfone (2) and

maleimide allyl-sulfone (2-eli) and lyophilized.

Note: During the amide bond coupling partial elimination of the bis-sulfone to the allyl-
sulfone was observed. These two compounds can be separated by preparative HPLC
however, separation at this step is not necessary since the first Michael addition to the

maleimide is selective under weekly acidic conditions (pH 6.0).
Yield:(28 mg, 27.6 umol, 39 %)
Chemical formula: C49H64N4015S2

LC-MS (ESI): Tr = 6.4 min, m/z = 1013.5 [M+H]+ (calc. 1013.4). 1035.5 [M+Na]+ (calc.
1036.4).

HR-ToF-MS (ESI): m/z = 1013.3881 [M+H]+ (calc. 1013.3882).

! Wang, Tao, et al. "A Disulfide Intercalator Toolbox for the Site-Directed Modification of Poly-
peptides." Chemistry—A European Journal 21.1 (2015): 228-238.
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Figure 3-26: LC-MS spectrum of bis-sulfone PEG-maleimide, 2 (Tr = 6.4 min) at 214 nm
(top) and 254 nm (bellow), B: LC-MS spectrum of bis-sulfone PEG-maleimide, 8 (Tr = 6.4
min) at 254 nm, C: LC-MS spectrum of spectrum of bis-sulfone PEG-maleimide, 2 positive

ionization mode (2nd from bottom) and negative ionization mode (bottom).
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Figure 3-27: (a) LC-MS spectrum of allyl-sulfone PEG-maleimide eli-2, (Tr= 5.6 min) at
214 nm (top); LC-MS spectrum of allyl-sulfone PEG-maleimide eli-2, (Tr= 5.6 min) at 254
nm (below); LC-MS spectrum of spectrum of allyl-sulfone PEG-maleimide eli-2, positive
ionization mode (m/z = 857.5 [M+H]+) (2nd from bottom). LC-MS spectrum of allyl-
sulfone PEG-maleimide eli-2, negative ionization mode (m/z = 856.5 [M-H]-) (bottom) (b)
"H NMR spectrum.

Synthesis of Biotin-PEG-SH (10)

NN SRS N
N
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o
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s /\AOH +  HN o o NH, O N 2
Q Trityl-PEG-Amine
o
NHH o
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. H%.\\V\AOH
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o o HHN\ﬁO
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H H

e
Biotin-PEG-SH (10)

Scheme 3.2-2: Synthesis of Biotin-PEG-SH (11) in a three steps synthesis with

modifications as previously reported.?

2 Weinrich, D., Kéhn, M., Jonkheijm, P., Westerlind, U., Dehmelt, L., Engelkamp, H., Christianen,
P.C., Kuhlmann, J., Maan, J.C., Nisse, D. and Schréder, H., 2010. Preparation of biomolecule
microstructures and microarrays by thiol-ene photoimmobilization. ChemBioChem, 11(2), pp.235-
247.
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N-(17-mercapto-15-ox0-4,7,10-trioxa-14-azaheptadecyl)-5-((3aS,4S,6aR)-2-
oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)pentanamide (10)

0 0 HN__°
HS/\)J\N/\/\O/\/O\/\O/\/\N j \l\/\l/H
H H “H
Biotin (266.15 mg, 1.09 mmol, 1.2 equiv.) was dissolved in 2 mL DMSO. HBTU (413.15
mg, 1.09 mmol, 1.2 equiv.) and DIPEA (308,78 uL, 234,67 mg, 1,82 mmol, 2 equiv.) were
dissolved in 5 mL anhydrous, peptide grade DMF and added to the Biotin. The mixture
was kept stirring for 15 min. Then, N-(3-(2-(2-(3-aminopropoxy)ethoxy)—ethoxy)propyl)-
3-(tritylthio)propenamide (trityl-PEG3-amine, 500.0 mg, 907.84 pmol, 1 equiv) in 3 mL
mL anhydrous, peptide grade DMF were added to the mixture and kept stirring over night
at rt. The solvent was evaporation in vacuo and redissolved in 20 mL DCM. The solution
was extracted twice with 20 mL 1M NHCOs. Water phase was extracted twice with 20 mL
DCM. The combined organic layers were dried over MgSO4 and solvent was removed in
vacuo. For trityl deprotection the crude was dissolved in 40 mL DCM, TFA, TIPS, EDT
(90:5:2.5:2.5) and kept stirring for 4h. After solvent removal the crude was redissolved in
MilliQ/CH3;CN with 0.1 % TFA and purified preparative HPLC, which yielded 297 mg of
product 10.

Yield: 297 mg, 555 pmol, 61%.
Chemical formula: C23H42N406S2.
LC-MS (ESD): Tr= 3.8 min, m/z = 535.4 [M+H]+ (calc. 535.2619).

IH-NMR (CDCI3, 500 MHz):: § = 4.59-4.46 (m, 1H, CH-CH2-S), 4.39-4.26 (m, 1H, CH-
CH-S), 3.71-3.49 (m, 12H, 6 CH2-0), 3.44-3.26 (m, 4H, 2 CH2-NH), 3.22-3.06 (m, 1H,
S-CH-CH), 2.91 (dd, 2 J = 12.9 Hz, 3 J = 4.7 Hz, 1H, S-CHaCH), 2.84-2.70 (m, 3H, S-
CHb-CH, CH2-SH), 2.48 (t, 3 J = 6.8 Hz, 2H, CH2-CH2-SH), 2.21 (t, 3 J = 7.4 Hz, 2H,
CH2-CH2-CH2-CO-NH), 1.84-1.73 (m, 4H, CO-NH-CH2-CH2), 1.72-1.57 (m, 4H, CH2-
CH2-CH2-CO-NH, CH2-CH2-CH2-CO-NH), 1.50-1.35 (m, 2H, S-CH-CH2).

123



it

Vix100)
oz sy

Inten (x10.000)

535.4

100 200 300 400 500 600 700 800 00 1000 1100 1200 1300 1400 1500 1600 1700 1800 1800

538.2

392.0 | 10658 11936 12608

300 400 500 600 700 a0 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1800

Figure 3-28: LC-MS spectrum of Biotin-PEG-SH (10) at 214 nm (top) and 254 nm (below)
Tr = 3.8 min. ESI spectrum, positive ionization mode (2nd from bottom) negative

ionization mode (bottom).
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Peptide Conjugation

Biotin-PEG11-VIR-102C9 (B-VIR-102C9, 5)

O\\IVNHH \/\)?\ N op\
v (o) N N

! A T .

H— LEAIPMSICPEVFFNKPFVF —OH

The peptide VIR-102C9 (3, 5.0 mg, 2.1 umol, 1 equiv.) was dissolved in 5 mL of sodium
phosphate (PB) buffer (50 mM, pH 6.8) containing 20 % CH3CN (v/v). The reaction solu-
tion was heated to 40°C, to fully dissolve the peptide. Tris(2-carboxyethyl)phosphine)
(TCEP, 1 mg/mL in PB, 537 ng, 1 equiv.) was added and the mixture stirred at 40°C for
1 h. Commercially available maleimide-PEGii-biotin (Thermo Fisher Scientific, Waltham,
Massachusetts, USA, 2.88 mg, 3.1 umol, 1.5 equiv.) was dissolved in 288 uL DMF and
added to the peptide solution. The mixture stirred at 40°C overnight. Solvents were re-
moved through lyophilization and the crude product was redissolved in 2 mL MilliQ with
20 % CH3CN (v/v) and 0.1 % TFA. Purification was achieved by semi preparative HPLC
using an Eclipse XDB-C18 column (1.4 x 250 mm, 5 um, Agilent) under acidic conditions.
Mobile Phase 0.1% TFA in MilliQ was used as solvent A, and 0.1%TFA in CH3CN was

used as solvent B.

(HPLC gradient: 5% B for 3 min, 95% B in 20 min, 95% B for 2 min.)

The product containing fractions were freeze dried yielding in 4.3 mg of compound 5.
Yield: 4.3 mg, 1.32 pmol, 62 %.

Chemical Formula: Ci54H237N27043S3.

LC-MS (ESI): Tr= 5.4 min, m/z = 813.7 [M+4H]*", 1084.5 [M+3H]*" (calc. 1083.9),
1626.6 [M+2H]?*" (calc. 1625.3).

ToF-MS (ESI): m/z = 813.1458 [M+4H]*" (calc. 813.1660), 1083.8579 [M+3H]** (calc.
1083.8856), 1625.2816 [M+2H]*" (calc. 1625.3248).

ToF-MS (MALDI), CHCA: m/z = 3249.5168 [M+H]" (calc. 3248.6351), 3271.4811
[M+Na]" (calc. 3271.6243), 3287.4507 [M+K]" (calc. 3287.5982).
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Figure 3-29: LC-MS spectrum of B-VIR-102C9, 5: UV-trace at 214 nm (top) and 254 nm
(Tr = 5.4 min) (bellow); ESI spectrum positive ionization mode m/z (calc.) = 3248.6 [M],
m/z (found) = 1626.6 [M+2H]*", 1084.5 [M+3H]*") (2™ from bottom); ESI spectrum neg-
ative ionization mode(bottom) m/z (found) = 1624.4 [M-2H]* (bottom).
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Figure 3-30: MALDI-ToF mass spectrum of the isolated compound 5. Measurement was

performed using a alpha-Cyano-4-hydroxycinnamic acid (CHCA), presented as average
mass. m/z = 2329 [2+H]", 3252 [M+H]", m/z = 3273 [M+Na]", 3289 [M+K]".
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Biotin-PEG11- EPI-X4 JM#173-C (B-EPI-X4 JM#173-C, 6)

NHH

H%M«w&wﬁ&

H— ILRWSRKC —OH

The peptide EPI-X4 IM#173-C (4, 5.0 mg, 4.72 umol, 1 equiv.) was dissolved in 5 mL of
sodium phosphate (PB) buffer (50 mM, pH 6.8) and Tris(2-carboxyethyl)phosphine)
(TCEP, 1 mg/mL in PB, 537 ug, 1 equiv.) was added and stirred for 1 h. Commercially
available maleimide-PEGii-biotin (Thermo Fisher Scientific, Waltham, Massachusetts,
USA, 2.88 mg, 3.1 pmol, 1.5 equiv.) was dissolved in 288 L DMF and added to the pep-
tide solution. The mixture stirred at rt overnight. Solvents were removed through lyophi-
lization, and the crude product was redissolved in 2 mL MilliQ with 0.1 % TFA. Purifica-
tion was achieved by semi preparative HPLC using an Eclipse XDB-C18 column (1.4 x
250 mm, 5 pm, Agilent) under acidic conditions. Mobile Phase 0.1% TFA in MilliQ was
used as solvent A, and 0.1%TFA in CH3CN was used as solvent B. (HPLC gradient: 5% B
for 3 min, 95% B in 20 min, 95% B for 2 min.)

The product containing fractions were lyophilized and yielded 6.3 mg (67%) of compound
6.

Yield: 6.3 mg, 3.18 umol, 67 %.
Chemical formula: CggHi52N22025S5.

ToF-MS (MALDI), CHCA : m/z = 1983 [M+H]" (calc.1982).
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Figure 3-31:: (a) Liquid chromatogram showing purity 214 nm (top) and 254 nm (bottom);

(b) MALDI-ToF mass spectrum of the isolated compound 6. Measurement was performed

using a CHCA matrix, presented as average mass. m/z = 1983 [M+H"], sodium adduct

m/z = 2001 [M+Na'].
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VIR-102C9-bis-sulfone (7)

0=S=00
H— LEAIPMSICPEVFFNKPFVF —OH

The peptide VIR-102C9 (3, 9.58 mg, 4.11 pmol, 1.0 equiv) and TCEP (1.03 mg, 4.11 umol,
1.0 equiv) were dissolved in 5 ml of sodium phosphate (PB) buffer (50 mmol PB, pH 6.0,
containing 40% acetonitrile, v/v) and stirred for 30 min at rt. Bis-sulfone-PEG-maleimide,
(2, 5 mg, 4.11 pmol, 1.0 equiv) was dissolved in 3 ml PB buffer (50 mmol, pH 6.0, con-
taining 40% acetonitrile, v/v). The reaction mixture was stirred for 2 h at rt, and purified
by preparative HPLC (HPLC gradient: 5% B for 3 min, 95% B in 20 min, 95% B for 2
min.) Product containing fractions were collected as a mixture of VIR-102C9 bis-sulfone

(7) and VIR-102C9 allyl-sulfone (8) and lyophilized

Note: At this step VIR-102C9 bis-sulfone and VIR-102C9 allyl-sulfone can be separated
by preparative HPLC. Since the next step of reaction course is the elimination of the bis-
sulfone to the allyl-sulfone under slight basic conditions (pH 8.0), no separation is required.

For analytical purpose of the bis-sulfone the two species were separated.
Yield: 6.59 mg, 1.64 pumol, 40 %.
Chemical formula: Ci62H230N26042S4.

LC-MS (ESI) VIR-102C9 bis-sulfone: Tr= 6.6 min, m/z = 1115.0 [M+3H]*" (calc.
1114.0), 1672 [M+2H]*" (calc.1670.7850).

ToF-MS (ESI): m/z = 1670.7899 [M+2H]*" (calc. 1670.7850).

ToF-MS (MALDI), CHCA : m/z = 3339.8866 [M+H]" (calc. 3340.5617), 3361.2211
[M+Na]" (calc. 3362.5436), 3382.5199 [M+ACN+H]" (calc. 3381.8552).
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LC-MS (ESI) VIR-102C9 allyl-sulfone: Tr= 6.1 min, m/z = 1593 [M+2H]*" (calc.
1592.7722), 1062.00 [M+3H]** (calc. 1062.1839), 1592 [M-2H]* (calc. 1590.7577).

ToF-MS (ESI):m/z = 1592.7870 (calc.1592.7722)
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Figure 3-32: A: LC-MS spectrum of VIR-102C9 bis-sulfone, 7 (Tr = 6.6 min) at 214 nm
(top); LC-MS spectrum of VIR-102C9 bis-sulfone 7, (Tr = 6.6 min) at 254 nm (bellow);
ESI spectrum of spectrum of VIR-102C9 bis-sulfone 7, positive ionization mode (m/z
(calc.) = 3339.6 [M], m/z (found) = [M+2H]** = 1671.0 Da, [M+3H]** = 1114.0 Da) (2™
from bottom); LC-MS spectrum of VIR-102C9 bis-sulfone 7, negative ionization mode
(m/z (calc.) = 3339.6 [M], m/z (found) = 1669.7 [M-2H]* (bottom).
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Figure 3-33: MALDI-ToF mass spectrum of the isolated compound 7 using CHCA ma-

trix,presented as average mass. Full spectrum left, zoom in right. m/z = 3340 [M+H]".

B-VIR-102C9-EPI-X4 JM#173-C (11)
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VIR-102C9 bis-sulfone 7 (5 mg, 1.5 umol, 1.0 equiv) was dissolved in 5 ml of 50 mM PB,
10 mM EDTA, pH 8 and incubated at rt for 24 h. Elimination of the bis-sulfone to the allyl-
sulfone can be monitored by LC-MS. EPI-X4 JM#173-C 3 (1.6 mg, 1.5 umol, 1.0 equiv)
was dissolved in 1 ml, 10 mM PB, 2 mM EDTA, pH 8 and TCEP (374 ng, 1.5 uM, 1.0
equiv) was added and gently agitated at rt for 30 min. The EPI-X4 JM#173-C solution was
added to VIR-102C9 and shaken for 1 h at rt. Reaction was monitored using LC-MS until
EPI-X4 JM#173-C peak disappeared. Biotin-PEG3-SH 10 (8 mg, 15 pmol, 10.0 equiv) was
pre-dissolved in 800 pL DMSO and added to 3.2 ml 10 mM PB, 2 mM EDTA, pH 8. TCEP
(3.74 mg, 15 umol, 10.0 equiv) was added and the mixture was kept stirring at rt for 30
min. Then Bt-PEG3-SH solution was added to the B-VIR-102C9-EPI-X4 JM#173-C mix-
ture and kept stirring over night at rt. The resulting mixture was purified by semi-prep
HPLC (HPLC gradient: 5% B for 3 min, 95% B in 20 min, 95% B for 2 min). The product

containing fractions were lyophilized to obtain 950 pug with an overall yield of 14 %.
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As we observed side reactions caused by thiol exchange at higher pH that gave inconsistent

yield, subsequent batches were performed using the following protocol:

VIR-102C9 bis-sulfone 7 (500 pg, 0.15 umol, 1.0 equiv) was dissolved in 500 pL of 50
mM PB pH 8.0 and incubated at rt for 20 h under shaking. The mixture was diluted with
2 mL 50mM PB buffer pH 7.4 to decrease the pH. Then EPI-X4 JM#173-C 3 (0.16 mg,
0.15 pumol, 1.0 equiv) was dissolved in 160 pL MilliQ and added to the VIR-102C9 solu-
tion. The mixture was incubated under shaking for 1 h at 25°C. Biotin-PEG3-SH 10
(0.8 mg, 1.5 pmol, 10.0 equiv) was dissolved in 800 pL MilliQ and added to the B-VIR-
102C9-EPI-X4 JM#173-C mixture and kept stirring for 14h at 25°C. The resulting mixture
was purified by semi-prep HPLC. The product containing fractions were lyophilized 80 pg
(12 % yield).

Chemical formula: Cz13H337N47053Ss5.
HR-ToF-MS (ESI): m/z = 925.2822 [M+4H]" (calc. 925.2823).

ToF-MS (MALDI), CHCA : m/z = 2311.6811 [M+2H]" (calc. 2311.6934), 4622.4349
[M+H]"(calc. 4622.3796).
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Figure 3-34: HR-ESI mass spectrum of the isolated compound 11. Top: calculated isotopic pattern. Bot-

tom: observed isotopic pattern.
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Figure 3-35: MALDI-ToF mass spectrum of the isolated compound 11. left: full spectrum

showing average mass. right: zoom on isotopic pattern of [M+H]".
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Figure 3-36: Monitoring of elimination process of bis-sulfone to the allyl-sulfone at pH

7.4 (left) and pHS (right).
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Figure 3-37: MALDI-ToF mass spectrum of the isolated intermediate 9. left: full spectrum

showing average mass. right: zoom on isotopic pattern of [M+H]".

136



Assembly of conjugates onto Streptavidin protein platform

2-((4'-hydroxyphenyl)-azo) benzoic acid (HABA) — Assay

To determine the required equivalents of biotinylated peptides for saturation of the biotin
binding pockets of Streptavidin (SAv, Agilent Technologies), 2-((4'-hydroxyphenyl)-azo)
benzoic acid (HABA) was used. Therefore, biotin binding to SAv was analyzed by using
seven vials with each 28 uL of' a SAv solution (2.5 mg/mL, 1.3 nmol, 1 equiv), in phosphate
buffer (50 mM, pH 7.4). Different equivalents of biotin and B-peptides (0 to six equiv. 3.18
uL, .3 nmol, lequiv; 8.36 uL, 2.6 nmol, 2 equiv and so on) were added to each vial than
buffer was added to obtain a total volume of 70 puL. For B-VIRIP-EPI-X4 JM#173-C, up
to five equiv was applied. The vials were vortex, incubated for 15 min and spun down to
allow complex formation. Triplets of each sample (25 pL) were introduced to a flat-bot-
tomed transparent 384-well plate (UV-star®, Greiner Bio-one GmbH, Frickenhausen, Ger-
many). UV-VIS absorbance spectrum was measured from 250 nm to 850 nm by using a
Tecan Spark 20M microplate reader (Tecan Trading AG, Ménnedorf, Switzerland). The
absorption at 500 nm was plotted against the biotin equivalences per protein to give the

stoichiometric ratio required for saturation of all binding pockets.
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Figure 3-38: HABA-Assay of Biotin and Streptavidin. All peptides show saturation after
4 mol equiv. per protein (for B-VIRIP-EPI-X4 JM#173-C (11) assembly was performed
with up to 5 equiv).

Atomic Force Microscopy (AFM)

30 puL of a 10 ug mL™! protein solution (MilliQ H,0O) was dropped on a freshly cleaved
mica plate and absorbed for 10 min at room temperature. After addition of 70 uL. MilliQ
H>0 samples were imaged using liquid tapping mode on a Bruker Dimension FastScan Bio
AFM instrument equipped with the ScanAsyst mode with scan rates of 1.4 Hz. Images were

analyzed by using NanoScope Analysis 1.8 software.

SDS-PAGE analysis

Preparation of samples for SDS-PAGE follows standard protocol by Bio-Rad on a Mini-
Protean TGX 4-20% pre casted gel (Bio-Rad Laboratories, USA), using Laemmli protein
sample buffer, with and without 10 vol% ethantiol (sample heating to 95 °C for 5 min) as
denaturation and reduction steps. The gel is run in Tris/Glycine/SDS buffer (Bio-Rad La-
boratories, USA) with a constant 140 V for 60 min using EXtended PS 13 (5 - 245 kDa)
ladder as the reference. Samples were loaded in the gel from left to right: ladder, SAv, SAv
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(reducing, boiled), SAv-VIRIP, SAv-VIRIP (reducing, boiled), SAv-JIM, SAv-JM (reduc-
ing, boiled), SAv-bi-specific, SAv-bi-specific (reducing, boiled).

B TS anew
H

Figure 3-39: SDS-PAGE analysis of SAv conjugates: Leane from left to right: Leeder,
SAv, SAv (reducing conditions), SAv- B-VIR-102C9, SAv-B-VIR-102C9 (reducing con-
ditions), SAv-B-EPI-X4 IM#173-C, SAv-B- EPI-X4 JM#173-C (reducing conditions),
SAv-B-VIR-102C9-EPI-X4 JM#173-C, SAv-B-VIR-102C9- EPI-X4 JM#173-C (reducing

conditions).

Assembly of B-VIR-102C9 (5) on Streptavidin

1 mg Streptavidin (10 mg/mL in MilliQ water, 16,7 nmol, 1 equiv.) was added to 900 pL
of PB (50 mM, pH 7.4). B-VIR-102C9 (5, 0.16 mg, 66,7 nmol, 4 equiv.) was dissolved in
156 uL and added to the protein. The mixture was vortex and shaken at rt for 15 min. Pu-
rification was obtained by using 500 puL Vivaspin ultrafiltration tubes with 10 kDa MWCO
and 3x 500 uL PB (50 mM, pH 7.4) spin filtration.

The concentration of the solution was determined as 1.86 mg/mL by Nanodrop absorption
measurement at 280 nm and diluted to 25 uM protein concentration for further experiments.

Yield was calculated based on protein absorption to be 0.93 mg (93%) of SAv in solution.
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Assembly of B-EPI-X4 JM#173-C (6) on Streptavidin

I mg Streptavidin (10 mg/mL in MilliQ water, 16,7 nmol, 1 equiv.) was added to 900 puL
of PB (50 mM, pH 7.4). B-EPI-X4 JM#173-C (6, 0.13 mg, 66.7 nmol, 4 equiv.) was dis-
solved in 132 pL and added to the protein. The mixture was vortex and shaken at rt for
15 min. Purification was obtained by using 500 uL Vivaspin ultrafiltration tubes with

10 kDa MWCO and 3x 500 uL. PB (50 mM, pH 7.4) spin filtration.

The concentration of the solution was determined as 1.95 mg/mL by Nanodrop absorption
measurement at 280 nm and diluted to 25 pM protein concentration for further experiments.

Yield was calculated based on protein absorption to be 0.90 mg (90%) of SAv in solution.

Assembly of B-VIR-102C9-EPI-X4 JM#173-C (11) on Streptavidin

1 mg Streptavidin (10 mg/mL in MilliQ water, 16,7 nmol, 1 equiv.) was added to 900 pL
of PB (50 mM, pH 7.4). B-VIR-102C9-EPI-X4 JM#173-C (11, 0.31 mg, 66.7 nmol, 4
equiv.) was dissolved in 308 puL and added to the protein. The mixture was vortex and
shaken at rt for 15 min. Purification was obtained by using 500 pL Vivaspin ultrafiltration

tubes with 10 kDa MWCO and 3x 500 uL PB (50 mM, pH 7.4) spin filtration.

The concentration of the solution was determined as 1.57 mg/mL by Nanodrop absorption
measurement at 280 nm and diluted to 25 uM protein concentration for further experiments.

Yield was calculated based on protein absorption to be 0.82 mg (82%) of SAv in solution.

Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) of B-VIR-102C9-EPI-X4 JM#173-C (11) 20 uL ofa 10
pg/mL protein solution was dropped on a freshly cleaved mica and absorbed for 10 min at
room temperature. After subsequent washing with MilliQ H20 and addition of 70 pL Mil-
11Q H20 samples were imaged using liquid tapping mode on a Bruker Dimension FastScan
Bio AFM instrument equipped with the ScanAsyst mode with scan rates between 1 and 3

Hz. Images were analyzed by using NanoScope Analysis 1.8 software. The height of the
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particles were analyzed and the height distribution was determined as shown in the figure

and table below by counting 24 particles.

Height Sensor

100.0 nm

Figure 3-40: AFM image showing height profile and selection of particles for obtaining

height profile

Table 3.2-1: Particle height distribution obtained from height profile of AFM image (Fig-

ure 3-40)

Number

Max. Height [nm]

1

4.496

4.533

6.145

5.623

6.366

2
3
4
5
6

6.195
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7 4.647
8 6.115
9 6.074
10 5.980
11 5.591
12 4.789
13 5.483
14 5.934
15 6.016
16 6.405
17 5.886
18 5.867
19 5.231
20 5.012
21 4.515
22 3.057
23 4.927
24 5.982
Average with standard deviation 5.49 £0.80
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Materials and Methods for in vitro Studies
Cell culture and Primary cells

HEK293T cells were provided and authenticated by the ATCC. TZM-bl cells were pro-
vided and authenticated by the NIH AIDS Reagent Program, Division of AIDS, NIAID.
HEK293T and TZM-bl cells were maintained in Dulbecco’s modified Eagle medium
(DMEM) supplemented with FCS (10%), L-glutamine (2 mM), streptomycin (100 mg/mL)
and penicillin (100 U/mL). Cells were cultured at 37°C, 90% humidity and 5% CO2. To
obtain PBMCs, Buffy coats were collected from the blood bank (Ulm) and diluted 1:3 with
PBS. Ficoll separating solution was overlaid with the diluted blood and centrifuged at 1,600
x g for 20 min without breaks. The white interface layer formed by peripheral blood mon-
onuclear cells (PBMCs) was transferred into a fresh tube and washed twice with PBS. After
separation and washing 1 x 1076 cells/ml were cultured in supplemented RPMI-1640 and

incubated with Human T-Activator CD3/CD28 Dynabeads for 3 days.
Virus stocks

Virus stocks were generated by transient transfection of HEK293T cells using the calcium-
phosphate precipitation method. One day before transfection, 0.8 x 10”6 HEK293T cells
were seeded in 6-well plates (Greiner Bio-one, Frickenhausen, Germany). At a confluence
of 60-80% cells were used for transfection. For the calcium-phosphate precipitation
method, 5 pg DNA was mixed with 13 pl 2 M CaCl2 and the total volume was made up to
100 pl with water. This solution was added drop-wise to 100 pl of 2x HBS. The transfection
cocktail was vortexed for 5 sec and added drop-wise to the cells. The transfected cells were
incubated for 8-16 h before the medium was replaced by fresh supplemented DMEM. 48 h
post transfection, virus stocks were prepared by collecting the supernatant and centrifuging

it at 1300 rpm for 3 min.
TZM-bl infection assay

To determine infectious virus yield, 10,000 TZM-bl reporter cells/well were seeded in 96-
well plates and infected with cell culture supernatants (normalized to 100.000 RLU) in
triplicates on the following day. Three days p.i., cells were lysed and p-galactosidase re-
porter gene expression was determined using the GalScreen Kit (Applied Bioscience) ac-

cording to the manufacturer’s instructions with an Orion microplate luminometer
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(Berthold). Statistical analyses were performed using GraphPad PRISM 9.2 (GraphPad

Software). IC50 values were calculated using the Nonlinear regression curve fit tool.

Table 3.2-2:
B-VIR- SAv-VIR- B-EPI-X4 | SAv-EPI-X4 | SAv-VIR-
102C9 (5) 102C9 (12) | IM#173-C | IM#173-C 1029C-
(6) (13) EPI-X4 JM#173-
C (14)

IC50 1.129 0.025 1.231 0.731 0.026

X4

(uM)

IC50 1.200 0.017 n.d. n.d. 0.039

R5

(uM)
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Cell viability

Cell viability was determined by the Cell Titer-Glo 2.0 Cell Viability Assay according to

the manufacturer’s instructions.
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Figure 3-41: Cell viability of TZM-bl cells treated with increasing amounts of the antiviral
peptids. TZM-bl cells were treated with increasing amounts of the indicated compounds
and a SAv only control. After 48 h, cell viability was assessed by measuring ATP levels in
cells lysates with the commercially available Cell Titer-Glo kit. Concentrations indicate the
molarity of the tested biotin conjugated peptides or of the assembled Streptavidin conju-
gates with four mono- or bispecific peptides respectively. Each dot represents three biolog-

ical replicates + SEM.
Replication kinetics in PBMCs

0.75 million cells were transferred into 96 U well plates, washed twice in PBS and incu-
bated with indicated compounds in RPMI-1640 for 1 hour at 37°C. Then, cells were in-
fected with virus stocks previously generated by transient transfection of HEK293T cells
with the respective pro-viral constructs. 16 hours post-infection, cells were washed to re-
move input virus. At the indicated time points, cells were spun down and ~80% (v/v) of

145



supernatants of the PBMC cultures were aspirated and frozen at -80°C. Medium was re-

placed with fresh RPMI supplemented with the indicated amounts of the compounds.

Infectious virus

To determine the infectivity of virions produced in infected human |[PBMCs, TZM-bl cells
were seeded in 96-well plates at a density of 10,000 cells/well and infected after overnight
incubation with the supernatants collected from the PBMC cultures. Three days p.i., viral
infectivity was determined using a galactosidase screen kit from Tropix as recommended
by the manufacturer. B-Galactosidase activities were quantified as relative light units

(RLU) per second with an Orion Microplate luminometer (Berthold).
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Figure 3-42: Neutravidin and Streptavidin do not alter HIV-1 infection efficiency. TZM-

normalized infection
- N
| |

bl cells were infected with HIV-1 NL4-3 that was preincubated with increasing amounts of
the carrier compounds Avidin, Neutravidin or Streptavidin. Three days post infection, a 3-

galactosidase assay was performed. Each dot represents three biological replicates + SEM.
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3.3 Assembly of pH-responsive Antibody-Drug-In-

spired Conjugates

Copyright

The following chapter is reproduced from the publication: Macromol. Biosci., 2022, 22,
2100299 (https://doi.org/10.1002/mabi.202100299). Published by Wiley-VCH Verlag
GmbH & Co. KGaA and licensed under a Creative Commons Attribution (CC BY) license

(https://creativecommons.org/licenses/by/4.0/).

Contribution

My contribution was to plan, conduct and characterize protein assemblies with different
biotinylated molecules. I was investigating the binding affinity of the DCv linker linked to
the Av, as well as studying the stability of the constructs. Furthermore, I was performing
cell uptake studies by confocal microscopy and cytotoxicity assay towards A549 cells. I
characterized A549 cells towards their SSTR2 receptor by Western Blot. Furthermore, I
was involved in Flow Cytometry experiments. I contributed to scientific discussions and
wrote parts of the manuscript. - was initializing the project. He planned, conducted,
and characterized the Biotin-SHA linker. He analyzed Biotin-SHA binding to Avidin by an
HABA assay and performed FRET experiments. He was involved in Flow Cytometry ex-
periments. He contributed to scientific discussions and wrote parts of the manuscript. [
was upscaling protein assemblies and characterized them by UV-VIS and DLS. She was

repeating and optimizing Western Blot analysis toward SSTR2 receptor in A549 and MDA-
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MB-231 cells. - was upscaling the synthesis of Dox-BA and performed NMR charac-
terization. He synthesized and characterized a non-cleavable biotin-Dox. - planned,
conducted, and characterized the synthesis of Dox-BA. | characterized biotin-SST
binding to Av by HABA assay. - planned, conducted, and characterized the synthesis
of BA-Bodipy. - planned and supervised Flow Cytometry experiments. He was in-
volved in scientific discussion and analysis of the results. - was supervising - and
was involved in scientific discussions, he provided Rhodamine-biotin. [JJfj was initiating
the project, designing, and discussing the project concept. She was supervising - and
- and was involved in analysis of the results. She was writing and revising the manu-
script. - was providing funding, involved in project design and scientific discussion.

She was supervising all PhD and postdocs and revised the manuscript.

Aim

This chapter is investigating the possibilities of using dynamic covalent chemistry to build
smart protein drug conjugates, based on avidin protein nanoassemblies. Inspired by the
available peptide- and protein-drug conjugates such as antibody-drug conjugates (ADCs),
we aim to design a smart SPCs with the features of ADCs. The conjugate should possess
distinct features such as (1) recognition sites that recognize cell receptor and are arranged
on (2) distinct location on a high molecular weight protein scaffold, (3) a stimuli-responsive
linker, as well as (4) an attached payload such as a drug molecule. Specific targeting pep-
tides are serving similar roles as antibodies to recognize overexpressed receptors on dis-
eased cell surfaces but suffer from fast renal clearance due to their low molecular weights.
Through the combination of a supramolecular protein-based nanoplatform and these chal-
lenges can be overcome. In combination with a pH-responsive linker, we devise herein the
convenient assembly of a trivalent protein-drug conjugate. These AD-like conjugates target
cancer cells that overexpress somatostatin receptors, could enable controlled release in the
microenvironment of cancer cells through a new pH-responsive biotin linker, and exhibit

stability in biological media.
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Figure 3-43: Illustration of the strategy and aim of smart AD-like protein nanoconjugates.
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3.3.1 Introduction

Biomolecules such as peptides and proteins are emerging as powerful therapeutics due to
their ability to interact selectively with biological targets and to effect specific biological
responses.' One of the most eminent biotherapeutics are antibody-drug conjugates (ADCs)
that represent powerful treatment options by integrating the specific recognition of anti-
bodies towards selective cell types with potent cytotoxic drugs that can induce apoptosis.’
In particular the recent progress in site-selective protein modifications expanded the chem-
ical toolbox to design structurally precise ADCs with improved activities in a reproducible
fashion.>” Moreover, the design of tailored linkers connecting the drug molecules with the
antibody surface and allowing the controlled release of the drug payload stimulated by
physiological environment unique to diseased cells has further increased their efficacy.®’
Several ADCs are already in clinical trials, thus underlining their importance and potential
in the market.!® !> Nevertheless, antibodies are isolated from animals or have to be engi-
neered recombinantly and ADCs could suffer from off-target toxicity due to instability of
linkers.!'® Targeting peptides, on the other hand, can be prepared in large scale synthetically,
bind to a broad range of biological targets, exhibit low toxicity, and possess chemical di-
versity as well as high potency/selectivity. However, due to the low molecular weight of
individual peptides, their application can be limited by short half-life and rapid clear-
ance.!”!8 To overcome the Achilles’ heel of peptide therapeutics, nanoparticles formulation
with peptides have been devised but they are usually considerably larger, lack molecular
precision, and require biodegradability into non-toxic metabolites.! In this regards, we
have previously established the assembly of multiprotein complexes that contain functional
proteins as well as multiple copies of targeting peptides on an avidin to target cancer cells
that overexpress somatostatin 2 receptors (SSTR2).2%?? The chemically engineered fusion
protein has shown significant improvement for cell-type selective antitumor treatment com-

pared to treatment with the antibody, avastin.?’

Hence, the preparation of structurally defined AD-inspired conjugates combining multiple
targeting groups as well as drug molecules connected by stimulus responsive linkers would
offer several advantages. For instance, they could be optimized through synthetic chemistry

to provide cell recognition with improved drug potency and through the design of a stable
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linkage in blood circulation, release the drug payload in the microenvironment at the tumor
site.”? In this regards, dynamic covalent chemistry (DCvC) offers many attractive propet-
ties since it combines dynamicity of supramolecular chemistry, stability of covalent bonds,
and is stimuli responsive.?*?” The most classical example is the hydrazone linkage, which
is often incorporated into delivery platform as a pH-cleavable trigger but is non-reversible
due to its slow association rate.?®* Moreover, the slow reaction rate of hydrazone for-
mation means that in situ generation of protein-drug conjugate is not feasible. Conse-
quently, other pH-responsive DCv linkers such as the dynamic B-O/N bonds with faster
association rates have emerged.?”**3! Recent findings have shown that the reactions of bo-
ronic acid derivatives with 1,2-diols or the salicylhydroxamic acid (SHA) offers advantages
for protein conjugation, namely mild conditions, possibility of using water as a solvent, and
pH responsiveness of the resultant B-O and B-N bonds.*>* The fast association rates of
these interactions also allowed for rapid, in-situ assembly of dynamic protein-drug conju-
gates.** In addition, peroxide-triggered cleavage of the boronic acid can also induce release
in cancer cells where high concentrations of hydrogen peroxide (H20>) is a hallmark of the

tumor microenvironment.>?

We report herein the design and rapid assembly of an antibody-drug-inspired supramolec-
ular conjugate combining receptor-targeting somatostatin peptides and the drug doxorubi-
cin (DOX) connected with a pH-responsive adapter to mimic key features in ADCs (Figure
3-43). The multipartite conjugate exhibits distinct function at individual domain, (1) recog-
nition sites that allow multiple interactions with cell surface receptor and are arranged (2)
on distinct locations on a high molecular weight protein scaffold, (3) a pH-responsive and
oxidation-sensitive linker, and (4) a cytotoxic drug molecule. These conjugates target can-
cer cells overexpressing somatostatin receptors with the possibility for controlled release
of the cytotoxic drug in the acidic tumor microenvironment or under oxidative conditions,

as well as exhibit stability in biological media.
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3.3.2 Results and Discussion

Chemical Design and Synthesis

To prepare a stimuli-responsive trivalent protein-drug conjugate that possesses similar fea-
tures to ADCs for targeted delivery, three components are required: (1) a dynamic covalent
adapter to bridge the avidin carrier and cargo in a pH-dependent manner; (2) boronic acid
modified drug or dyes as molecular cargo; and (3) the cyclic peptide, somatostatin, mono-

functionalized with biotin to confer cell-type specificity to the conjugate (Figure 3-43).

Antibody-Drug Conjugate This Work: Antibody-Drug-Inspired Conjugate
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Figure 3-44: Tllustration of the key components and features of in the design of an antibody-drug
conjugate and an antibody-drug-inspired conjugate that can (1) address receptors overexpressed on
cancer cells in a multivalent fashion to achieve internalization and (2) controlled release of molec-

ular cargos via a dynamic covalent linker that is pH-responsive or undergoes oxidative cleavage.

To assemble and disassemble the cargo in a pH-responsive fashion, we selected the pH-
reversible interaction between boronic acid-salicyclhydroxamate (SHA). A bifunctional
linker comprising of biotin and SHA was designed and synthesized. We started the synthe-
sis of the biotin-SHA linker with a triethylene glycol chain, for both improved water solu-
bility as well as sufficient spacer length to enable optimal binding to the biotin binding
pocket and the boronic acid modified compounds.*® The overall synthesis route starting

from compound 1 is depicted in the Supporting Information. The syntheses of precursor
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37,38

compounds 1-8 were accomplished using previously reported protocols and the critical

steps of the synthesis (compounds 10-11) are shown in Scheme 3.2-2A.
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Scheme 3.3-1: (A) Two steps synthesis of biotin-SHA (compound 11) from compound 8; (a) 9,
CuS04.5H,0, sodium ascorbate, tetrahydrofuran/Milli-Q, room temperature, overnight, 100%; (b)
triisopropyl silane, trifluoroacetic acid, methanol, room temperature, 2 h, 100%. (B) Synthesis of
DOX-B(OH), (compound 14), 22% yield; (c) NHS, EDC.HCI, DMAP, DMF, room temperature,
overnight; (d) DOX*HCI, NaCOs, ACN, H,O, room temperature, overnight, 22%. (C) Synthesis of
BDP-B(OH); (compound 17), 44% yield; (¢) DMF, DIEA, room temperature, overnight, 44%.

All intermediate compounds were characterized by 'H-NMR and/or '*C-NMR (see Sup-
porting Information). A trityl-protected ethynyl SHA (compound 9)*” was coupled to com-
pound 8 by copper catalyzed azide-alkyne cycloaddition to afford compound 10 in quanti-
tative yield. Compounds 8 and 10 were analyzed by liquid chromatography—mass spec-
trometry (LC-MS, see SI) to determine their purity. The target compound 11 (biotin-SHA)
was obtained through the deprotection of the trityl group under acidic conditions in quan-
titative yield. Compound 11 was characterized by 'H-, 3C-NMR, COSY-45, and LC-MS
(SI). Based on the COSY-45 measurement, all peaks in 'H-NMR could be assigned to the
corresponding hydrogen atoms of biotin-SHA (Figure SI). The chromatogram of the LC-
MS revealed at 214 nm and 254 nm only a single peak with m/z 721 [M + H]" and 743 [M
+ Na]", which is consistent with the calculated mass of compound 11 (calcd. mass: 721 g

mol!, formula C3,HsNsOoS).

In the next step, we synthesized boronic acid functionalized cargos, which can be bound to
the SHA linker 11. To enable dynamic covalent binding of a drug to the SHA linker, we
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modified the chemotherapeutic doxorubicin (DOX), a known and marketed cytostatic, with
a boronic acid group (compound 13) to yield DOX-B(OH), (compound 14, see Scheme
3.3-1B). A carboxyphenylboronic acid (compound 12) was activated with N-hydroxy-
succinimide (NHS) to form compound 13 and afterwards to react in a condensation reaction
with the amine of DOX. Compound 14 was purified by HPLC (22% yield) and further
characterized by "H NMR and LC-MS (SI). The chromatogram at 214 nm revealed a single
peak and the masses: m/z = 969 [M + acetal fragment (278)]%, 709 [M + H,0]", 397, 278
[Acetal fragmentation]’; 690 [M - H] (calc. [M]: 691.21 g/mol), corresponding to com-
pound 14 (SI). Boronic acid modified dyes, namely BODIPY and rhodamine B were pre-
pared as molecular cargoes. A NHS ester of the BODIPY (BDP, compound 15) dye was
reacted with (4-(aminomethyl)phenyl)boronic acid (compound 16) to yield BDP-B(OH)>
(compound 17, 44% yield, see Scheme 3.3-1). BDP-B(OH), was characterized by 'H-NMR
and LC-MS (SI). The chromatogram at 254 nm revealed a single peak and the correspond-
ing masses: m/z = 406.19 [M-HF + H]", 448.17 [M + Na]", 489.21 [M + ACN + Na]*,
851.39 [2M + H]", and 873.37 [2M + Na]" (SI). Rhodamine dye was modified with a bo-
ronic acid group (Rho-B(OH).) according to a previous protocol.>® In addition, a non-cleav-

able S3-Avi-DOX (18) was prepared as a control for subsequent cytotoxicity studies (SI).

For the targeting entity, we selected the cyclic peptide hormone somatostatin (SST), which
binds to SST receptors overexpressed on cancer cells.***! SST consists of 14 amino acids
and a single disulfide which allows incorporation of a single biotin (biotin-SST).** Specif-
ically, a bis-sulfone-based reagent was used and via subsequent Michael additions, disul-
fide rebridging was accomplished to introduce a single biotin functionality.?” The reagent
was chosen as it was reported that the rebridging allows the site and receptor binding of

SST to SSTR2 to be retained.’’

Preparation of Somatostatin-Avidin Complex

The multidomain protein constructs were assembled using the avidin-biotin technology
through a two-steps process. The components used for assembly include avidin, biotin-
SHA, boronic acid modified cargos (BDP-B(OH),, DOX-B(OH),, Rho-B(OH)>), and bio-
tin-SST. Avidin (Avi) is a tetrameric protein of around 66 kDa in size and possesses four

natural binding sites for biotin. We adopted a previously reported strategy for the assembly
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of different ratio of targeting peptides to avidin.?° First, a competitive binding assay using
2-(4-hydroxyphenylazo)benzoic acid (HABA) with lower binding affinity was used to

achieve stoichiometric control (Figure 3-45A).
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Figure 3-45: (A) Schematic illustration of competitive binding of HABA and biotin to avidin. (B)
HABA binding assay of Avi, Avi saturated with biotin, and S3-Avi-SHA. (C) Linear plot of HABA
assay against biotin-lysine (y = -0.0357x + 0.2144, R2 = 0.9931) to determine the number of SST
per Avi in S1-S4-Avi conjugates. (D) Size determination by dynamic light scattering of non-cleav-

able S3-Avi-DOX and Avi.

Because of its higher affinity for avidin, biotin displaces HABA leading to a decrease of
absorbance at 500 nm until complete disappearance upon saturation of all binding pockets
(Figure 3-45B). Avidin conjugates with different entities of SST were prepared following
the reported method?° to afford constructs with an average of 0.6 (S1-Avi), 1.3 (S2-Avi) or
3.3 (S3-Avi) SST per avidin. The number of SST per Avi was determined using a linear
plot from HABA assay against biotin-lysine (Figure 3-45C). Thereafter, the empty binding
pockets of S1-3-Avi were saturated with a biotin entity to further investigate their binding
on cell surfaces expressing SST2 receptors (SSTR2; SI). Specifically, binding of these con-
jugates to the SSTR2 and whether this binding is promoted for conjugates with two or three
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SST per avidin, due to a possible multivalency effect, was studied using an agonistic cal-
cium flux assay offered by Genscript. Serial dilutions of the three conjugates were added
to wild type cells (CHO-K1/Gal5) and recombinant cells (CHO-K1/Gal5/SSTR2) over-
expressing SSTR2, respectively. The binding of S1-3-Avi conjugates was measured via a
fluorimetric assay for calcium flux activation induced upon SSTR2 stimulation and the
corresponding results are depicted in Figure SI. While the wild type showed no binding of
S1-3-Avi conjugates, the recombinant cells expressing SSTR2 revealed a concentration-
dependent binding of S1-3-Avi conjugates and the half maximum effective concentration
(ECso) values, where half of the S1-3-Avi conjugates are bound to the SSTR2 receptor
(Table 3.3-1), were calculated for each conjugate. As expected, a lower ECso value was
found for both S2-Avi (137 nM) and S3-Avi (104 nM) conjugates compared to the S1-Avi
(371 nm) conjugate (Table 3.3-1). The ECso increases by almost threefold in S2-Avi com-
pared to S1-Avi. This observation is likely enhanced due to an additive effect or bivalency.
However, the increase in ECso in S3-Avi compared to S2-Avi is less pronounced and is
presumably due to the spatial orientation of the peptide and the distribution the receptors
on the cell surface, resulting in a less pronounced increase in binding. Since S3-Avi has the
lowest ECso value, further investigations were performed using S3-Avi providing an addi-

tional empty binding site for the incorporation of a cargo.

Table 3.3-1: The half maximum effective concentration (ECso) values of conjugates with 1-3
somatostatin complexed (S1-S3) to each avidin (Avi) determined by calcium flux assay (Genscript)
to measure calcium release induced by the agonistic interactions between SSTR2 and S1-S3-Avi
with recombinant CHO-K1 cells overexpressing SSTR2. Samples were obtained in duplicates and

measured with concentration range from 0.03 nM — 10 uM.

Conjugate ECso
S1-Avi 371 nMm
S2-Avi 137 nm

S3-Avi 104 nm
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Preparation of pH responsive S3-Avi-Cargo, Binding, and Stability Studies

Having determined the ECso of S3-Avi, we proceeded to determine the binding affinity of
the Avi-SHA to boronic acid. The pH-dependent binding of Avi-SHA to boronic acid mod-
ified probes was investigated using fluorescence quenching, which is observed upon bind-
ing of boronic acid to Avi-SHA.*>3 Serial dilutions of S3-Avi-SHA starting at concentra-
tion of 250 uM were titrated to a fixed concentration of 400 nMm BDP-B(OH); at pH 7.4 or
pH 6 and incubated for 30 minutes (Figure 3-46A). A plot was obtained from the change
in fluorescence intensity induced by the binding of Avi-SHA to BDP-B(OH). and the Kp
was determined to be 2.4 + 0.74 uM for Avi-BDP (Figure 3-46B). The result is consistent
with previous findings where the SHA-boronic acid interactions are in the low um
range.>>* As expected, there was no binding under acidic conditions showing the pH-de-
pendence of the system, which is attractive for the release of molecular cargoes in acidic

endolysozomes of cancer cells or in acidic cancer microenvironment.
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Figure 3-46: (A) Reaction of Avi-SHA and BDP-B(OH).. (B) Fluorescence quenching titration
of Avi-SHA against BDP-B(OH),. A Kp of 2.4 uM was determined at pH 7.4; no binding was ob-
served at pH 6 (n = 3, deviation is plotted as SEM). (C) Fluorescence emission spectra of
5.8 uM of S3-Avi-Rho, rhodamine B, and S3-Avi-SHA. (D) FRET study showing formation of S3-
Avi-Rho with S3-Avi-SHA as a control. (E) Stability of S3-Avi-BDP in 10% FCS and cargo release

under biologically relevant oxidative condition (HO,).

Next, we proceeded to prepare various pH-responsive S3-Avi-Cargo assemblies (Cargo =
DOX, BDP, and Rho). Based on the stoichiometric optimization using HABA, biotin-SHA
was added to S3-Avi in the ratio of 1:1 (Figure 3-46B). The resultant S3-Avi-SHA complex
was then incubated with the boronic acid-modified cargo molecules modified with boronic
acid (Figure 3-46A) to form three different S3-Avi-Cargo complexes. The resultant com-
plexes were purified by ultrafiltration at a MWCO of 10 kDa and characterized by UV-VIS
(SI). The identity of the S3-Avi-Cargo was confirmed by the emergence of the character-
istic absorbance peak of the respective cargoes (Figure SI, Agpp= 509 nm; Apox= 480 nm).
The hydrodynamic diameter of non-cleavable S3-Avi-DOX was determined to be 11.7 nm,
in comparison to avidin with a diameter of 7.7 nm (Figure 3-46D, S15). The size increase
is presumably due to the binding of SST to Avi. The binding of S3-Avi-SHA to the boronic
acid modified cargoes was further confirmed by Forster resonance energy transfer (FRET),
where energy transfer can only occur between two fluorescent entities in close proximity

(>10 nm).** We selected Cy5 and rhodamine as FRET pair where rhodamine acts as donor
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and CyS5 as acceptor. For FRET measurements, we statistically labeled Avi with Cy5. Cy5
labeled S3-Avi-SHA and Rho-B(OH), were mixed in a ratio of 1:1 and were incubated for
20 minutes to form S3-Avi-Rho. Cy5-labeled S3-Avi-SHA was implemented as a negative
control. Upon excitation at a wavelength of 540 nm we measured the emission of CyS5 at
672 nm, a significant increase in the emission signal of Cy5-labeled S3-Avi-Rho at 672 nm
was observed compared to the control S3-Avi-SHA (Figure 3-46C—D), suggesting the oc-
currence of an energy transfer. This confirmed the successful binding of Rho-B(OH), to

S3-Avi-SHA.

Compared to larger proteins, peptides such as somatostatin could interact with proteins in

biological media before reaching targeted sites,***

and linker instability could lead to oft-
target toxicity, thus hampering applications. Thus, we further investigated the stability of
the linker and the supramolecular construct, S3-Avi-BDP (5 uMm) in 10% fetal calf serum.
Aliquots were drawn after incubation of 2, 6, 12, and 24 h and directly applied and analyzed
using size exclusion chromatography on a fast protein liquid chromatography (FPLC) sys-
tem with a multiwavelength detector. Remarkably, the construct remained intact up to 24
h, confirming its stability (Figure 3-46E). Since boronic acid is known to undergo oxida-
tive cleavage to form phenols,*’ we further tested the cleavage of the cargo and its release
under biologically relevant concentration of hydrogen peroxide (5 pM)* using FPLC (Fig-
ure 3-46E). At 2 h, there was already a significant decrease in the signal by about 59% at
A = 480 nm, indicating the dissociation of S3-Avi-BDP into S3-Avi and free BDP. After
24 h, up to 91% of the S3-Av-BDP had dissociated, suggesting that besides pH, controlled
release of the cargo can also be achieved under oxidative conditions found inside cancer

cells with neutral extracellular microenvironment.*’

2.4 Cellular Uptake and Cytotoxicity Studies

SST is an endogenous peptide hormone released through a variety of stimuli and is binding
to the membrane’s GPCR receptors SSTR1-5. Many solid tumor cell lines, including hu-
man lung cancer cell line A549 and breast cancer cell line MDA-MB-231, are overexpress-
ing SSTR2 receptors. Thus, SST has been used for tumor diagnostics and therapeutic pur-
poses. We first verified that SSTR2 is expressed in A549 and MDA-MB-231 cells using
Western blot (Figure SI). Since receptor-mediated uptake is an energy-dependent pro-

cess,” the cell uptake of S3-Avi at 4 °C and 37 °C into the SSTR2-expressing A549 were
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quantified using flow cytometry. At 4 °C, cell internalization was quenched in both 200 nm
of S3-Avi and Avi (control) after 30 minutes of incubation (Figure 3-52A) but could get
more pronounced at 37 °C. After 4 h incubation at 37 °C, the preferred uptake of S3-Avi
over the control Avi became more significant compared to 30 minutes incubation (Figure
4B). Taken together, our results suggest that the internalization of S3-Avi is mostly guided
by a receptor-mediated uptake rather than passive diffusion. To further prove the receptor-
mediated uptake, we performed studies on BDP-labeled S3-Avi using confocal microscopy
with A549 cell line, as well as an additional SSTR2-expressing breast cancer cell line
MDA-MB-231 (Figure 3-52C, S17). We found that S3-Avi (500 nM) were internalized
into both cell lines in contrast to Avi, which showed no internalization upon incubation at

24 h.
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after 30 minutes incubation (n=3). (B) Flow cytometry analysis of uptake of S3-Avi into A549 cells
at 37 °C after 4 h incubation (n=3). (C) Cellular uptake studies of 500 nM of BDP-labeled S3-Avi
and Avi-BDP in A549 lung cancer cells and MDA-MB-231 breast cancer cells after 24 h. Nuclei
were stained in blue. Scale bar = 20 um. (D) Cytotoxicity of free DOX versus S3-Avi-DOX in
AS549 cells (n=3, 250 uM S3-Avi-DOX n=2).

Next, the translocation of a molecular cargo by S3-Avi into A549 cells was confirmed by
confocal microscopy using Cy5-labeled S3-Avi-BDP (Figure SI). Incubation of S3-Avi-
BDP (500 nMm) for 4 h already showed efficient uptake into A549 using confocal micros-
copy. Thereafter, the cytotoxicity of a boronic acid modified model drug, DOX (DOX-
B(OH)»), was investigated using S3-Avi-DOX. The cytotoxicity and ECso of pH-responsive
S3-Avi-DOX towards A549 were determined after incubation for 24 h. S3-Avi-DOX (ECso
=5+0.3 uM, R*=0.999) with significantly reduced cell viability compared to DOX (ECso
=37 £ 6 uM, R?=0.993) treatment alone (Figure 3-52D). There is only a small difference

observed compared to treatment with non-cleavable S3-Avi-DOX (Figure SI, ECso =27 £
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17 uM, R?=0.954). The enhancement of ECso of S3-Avi-DOX compared to free DOX is
possibly due to more efficient uptake mediated by the S3-Avi platform.

3.3.3 Conclusion

In summary, we present a stable, trivalent protein-drug conjugate based on an avidin adap-
tor platform, which mimics key features of antibody-drug conjugates: (1) cell targeting en-
tity, (2) bioactive cargo, and (3) stable yet responsive linker on a protein scaffold. Moreo-
ver, the linker allows facile covalent assembly of cargoes on demand, as demonstrated with
three different dyes/drugs. The conjugate is taken up by cancer cells expressing SSTR2 and
exhibits stability in biological media. In addition, the assembly of the conjugates capitaliz-
ing on the interactions of boronic acid with salicylhydroxamates enabled controlled cargo
release in response to pH or oxidative agents. The construct demonstrated enhanced cyto-
toxicity in SSTR2 receptor overexpressing cell lines compared to the free drug. The results
suggest that the system is suitable for assembling cargoes where concentrations in mi-
cromolar are sufficient to induce biological effects. For systems where lower cargo dosage
is required in sub-micromolar or nanomolar range, it is possible to increase the binding
affinity by adopting a peptide scaffold to introduce multiple interaction points in the link-
ers.’>*7 Nevertheless, the platform and chemical strategy presented herein allows the rapid
generation of a library of smart, antibody-inspired protein-drug conjugates and overcome
some of the inherent limitations of peptides. We envisage that the reported technology will
open new avenues for the innovation of “on-site” conjugation of smart, antibody-drug-in-
spired conjugates that can respond to various stimuli found inside tumor cells and expands

the current repertoire of protein therapeutics beyond classical ADCs.
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3.3.4 Supporting Information

General information and materials

Unless otherwise stated, all chemicals were obtained from commercial sources (Merck,
Sigma Aldrich, Fluka, Thermo Scientific, Fisher Scientific and Lumiprobe) and used with-
out further purification. All organic solvents (acetonitrile (CH3CN), chloroform (CHCI3),
dichlormethane (CH>Cl), dimethylformamide (DMF), dimethyl sulfoxide (DMSO), ethyl
acetate (EtOAc), methanol (CH3OH), tetrahydrofuran (THF)) were obtained from Fisher
Scientific and used without further purification (HPLC or analytical grades). H,O used for
the reactions was obtained from the Millipore purification system. Reaction progress was
monitored by thin layer chromatography (TLC) using silica pre-coated aluminum sheets
(0.2 mm Silica with fluorescence indicator UV 254 nm from Marcherey-Nagel). For visu-
alization ultraviolet lamp (254 nm) or potassium permanganate staining solution (3 g
KMnOy4, 20 g K2CO3, 5 mL 5% NaOH and 300 mL H>O), ninhydrin (1.5 g ninhydrin in
500 mL methanol and 15 mL acetic acid) or iodine powder were used. Flash column chro-
matography was carried out using Merck silica gel 60 mesh (pore size 60 A, 230-400 mesh
particle size). NMR spectra were recorded on Bruker Avance 300, 400 or 700 NMR spec-
trometer in the stated solvents (ds-DMSO, CDCl3, CD3CN, D>O, MeOD). Chemical shifts
(0) were reported as parts per million (ppm) referenced with respect to the residual solvent
peaks. Multiplicity was descripted as followed: s = singlet, d = doublet, t = triplet, dd =
doublet of doublets, dt = doublet of triplets, m = multiplet, br = broad. Liquid chromatog-
raphy-mass spectroscopy (LC-MS) analysis was performed on a Shimadzu LC-MS 2020
equipped with an electrospray ionization source, a SPD-20A UV-Vis detector and a
Kinetex EVO C18 column (2.1 x 50 mm, 2.6 pm). Mass spectra were acquired on a Bruker
Time-of-flight MS rapifleX MALDI-TOF-MS. HR-ESI-MS was recorded using WATERS
SYNAPT G2-Si mass spectrometer. Absorbance, emission and luminescence was meas-
ured on microplate readers (Tecan Spark 20M, Tecan infinite M1000). Fluorescence
quenching measurements were performed using Nanotemper Monolith NT.115. Biotin-so-
matostatin (biotin-SST)?’, Rho-B(OH),** and compound 93! were synthesized according to

literature. S1-S3-Avi were prepared according to protocols from previous work?’.
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Synthesis of biotin-SHA linker (11)

2
HN 0 O e N, r HNT 0 0 N HBoe
1 2 3
Noz‘s\:”l
b @ o
4

+ -
Ny o O e i, TRA — Ny 07 O 0 B
C
5

6
o o (o] C))L
NH H
H s o H
7
d Nﬁx/\/o\/\o/\/ox/\/ﬂ ‘
8

0
i ()
(o] N”
/\)J\u/@i; O e O
? O O
' HN-C
N i @o
NNWH OH
~ 10

o—/_O

_OH
"
O

HN
o)
S N” / N
H N H OH
H
HNYNH OJ—/
0]
/°
0
HN—/—/ 1
s o
H
H
HN»/NH
o

169



Scheme 3.3-2. Overview of the synthesis route: (a) 2, anhyd. dichloromethane, room tem-
perature, overnight, 67%; (b) 4, KoCO3, CuSO4 5*H>0, methanol, room temperature, over-
night, 55%; (c) trifluoroacetic acid, dichloromethane, room temperature, overnight, 98%;
(d) 7, N,N-diisopropylethylamine, anhyd. dimethylformamide, room temperature, over-
night, 33%; (e) 9, CuSOs, sodium ascorbate, tetrahydrofuran/Milli-Q, room temperature,
overnight, 100%; (f) triisopropyl silane, trifluoroacetic acid, methanol, room temperature,

2 h, 100%.

Compounds 1-9 were prepared according to literature procedures®’->!52,

tert-Butyl (3-(2-(2-(3-aminopropoxy)ethoxy)ethoxy)propyl)carbamate (3)

A solution of 3,3'-((oxybis(ethane-2,1-diyl))bis(oxy))-bis(propan-1-amine) (1; 5 g, 0.023
mol) in 40 mL dichloromethane (CH>Cl,) was treated with di-zert-butyl dicarbonate (2; 2.6
g, 0.012 mol) in 20 mL CH>Cl, dropwise for 15 min. The mixture was stirred at room
temperature for 12 h. The solvent was removed under reduced pressure to give a yellow
oil, which was purified by silica gel column chromatography (10% methanol, 90% DCM,
1% NH4OH). The solvent was removed to give 3 as a yellow oil (2.6 g, 8.09 mmol, 67%).

'H-NMR (400 MHz, CDCls, §): 3.58 — 3.46 (m, 12 H), 3.16 — 3.14 (m, 2 H), 2.78 — 2.75
(t, 2 H,J = 6.65 Hz), 1.73 — 1.66 (m, 4 H), 1.36 (s, 9 H) ppm.

BC-NMR (100 MHz, CDCls, 8): 156.17, 70.51, 70.16, 69.47, 39.48, 38.36, 32.51, 29.62,
28.45 ppm.

3-(2-(2-(3-Azidopropoxy)ethoxy)ethoxy)propan-1-amine (6)

1 H-Imidazole-1-sulfonyl azide (4; 128.84 mg, 0.74 mmol) was added to tert-butyl (3-(2-
(2-(3-aminopropoxy)ethoxy)ethoxy)propyl)carbamate (3; 200 mg, 0.62 mmol), KoCO3
(42.84 mg, 0.31 mmol) and CuSO4 5*H>0 (1.5 mg, 6.1 pmol) in 5 mL methanol and the
mixture was stirred over night at room temperature. Methanol was removed under reduced
pressure, the solid was dissolved in H2O and extracted 3 x with 5 mL EtOAc. The organic
layers were dried over anhydrous Na;SOs, before purification via silica gel column chro-

matography (2:1, hexane:EtOAc). The solvent was removed under vacuum to give 109.6
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mg (0.34 mmol, 55%) of 5 (tert-butyl (3-(2-(2-(3-azidopropoxy)ethoxy)ethoxy)propyl)car-

bamate) as a colourless oil and used for the next step.

'H-NMR (400 MHz, CDCls, 8): 3.65 — 3.52 (m, 12 H), 3.42 — 3.17 (t, 2 H, J = 6.66 Hz),
3.22 - 3.20 (m, 2 H), 1.89 — 183 (m, 2H), 1.79 — 1.73 (m, 2 H), 1.43 (s, 9 H) ppm.

LC-MS: T = 17.925 min; m/z 369 [M+Na]".

TFA (191.42 pL, 12.50 mmol) was added to tert-butyl (3-(2-(2-(3-azidopropoxy)-eth-
oxy)ethoxy)propyl)carbamate (5; 86.4 mg, 0.25 mmol) in 3 mL DCM. The mixture was
stirred at room temperature overnight. The solvent was removed under vacuum to give 82.3

mg (0.33 mmol, 98%) of 6 as a colourless oil.

'H-NMR (400 MHz, CDCls, 8): 7.82 (s, 3 H), 3.72 — 3.69 (t, 2 H, J = 5.37 Hz), 3.66 — 3.57
(m, 10 H), 3.56 — 3.53 (m, 2 H), 3.39 — 3.36 (t, 2 H, J = 6.57 Hz), 3.19 — 3.18 (m, 2 H),
1.99 — 1.93 (m, 2 H), 1.88 — 1.81 (m, 2 H) ppm.

Biotin-NHS (7)

Biotin (250 mg, 1.02 mmol) and N-hydroxysuccinimide (115 mg, I mmol) were dissolved
in 15 mL DMF. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC.HCL, 192 mg, 1
mmol) and 4-dimethylaminopyridine (DMAP, 12.2 mg, 0.1 mmol) were added and the
mixture stirred at room temperature overnight. The crude product was purified using silica
gel column chromatography (20% MeOH, 80% DCM). The solvent was removed under
reduced pressure to give 276.6 mg (0.81 mmol, 81%) of 5 as a white solid.

"H-NMR (400 MHz, CDCl3, 8) [ppm] 6.41 (s, 1 H), 6.34 (s, 1 H), 4.29 — 4.25 (m, 1 H),
4.12 —4.09 (m, 1 H), 3.09 — 3.04 (m, 1H), 2.77 (s, 4 H), 2.65 - 2.62 (t,2 H, J = 7.37 Hz),
2.56 —2.46 (m, 2 H), 1.64 — 1.37 (m, 6 H) ppm.

13C-NMR (100 MHz, CDCls, §) [ppm] 170.35, 169.01, 162.76, 61.04, 59.21, 55.29, 30.03,
27.87,27.63, 25.49, 24.35 ppm.

N-(3-(2-(2-(3-Azidopropoxy)ethoxy)ethoxy)propyl)-5-((3aS, 4S5, 6aR)-2-oxohexahy-
dro-1H-thieno|3,4-d]imidazol-4-yl)pentanamide (8)

171



3-(2-(2-(3-Azidopropoxy)ethoxy)ethoxy)propan-1-amine (6; 82.3 mg, 0.33 mmol) in 2 mL
anhyd. dimethylformamide (DMF) was added DIEA (105 pL, 0.60 mmol) and stirred for
5 min. Biotin-NHS (7; 136.6 mg, 0.40 mmol) was added and the mixture stirred at room
temperature overnight. The crude product was purified by silica gel column chromatog-
raphy (9:1, CH2Clx:methanol). The solvent was removed to give 51.7 mg (0.11 mmol, 33%)
of compound (8).

'H-NMR (400 MHz, MeOD, §): 7.92 (s, 1 H), 4.49 - 4.46 (m, 1 H), 4.30 — 4.27 (m, 2 H),
3.66 — 3.49 (m, 12 H), 3.40 — 3.36 (t, 2 H, J= 6.67 Hz), 3.26 — 3.17 (m, 3 H), 2.93 — 2.89
(m, 1 H), 2.71 =2.67 (m, 1 H), 2.20 —2.17 (t, 2 H, J=7.32 Hz), 1.84 — 1.54 (m, 8 H), 1.46
— 1.38 (m, 2 H).

LC-MS: T; = 12.3 min; m/z 473 [M+H]"

N,2-Dihydroxy-4-(3-(1-(15-0x0-19-((3aS$,4S,6aR)-2-oxohexahydro-1H-thieno|[3.,4-
d]imidazol-4-yl)-4,7,10-trioxa-14-azanonadecyl)-1H-1,2,3-triazol-4-yl)propana-

mido)benzamide (11)

N-(3-(2-(2-(3-Azidopropoxy)ethoxy)ethoxy)propyl)-5-((3aS, 4S, 6aR)-2-oxohexahydro-
1 H-thieno|3,4-d]imidazol-4-yl)pentanamide (8; 20 mg, 0.04 mmol) and 2-hydroxy-4-
(pent-4-ynamido)-N-(trityloxy)benzamide (9; 24.7 mg, 0.05 mmol) were mixed in 2 mL
tetrahydrofuran (THF) and a mixture of CuSO4.5H20 (21.0 mg, 0.08 mmol) and sodium
ascorbate (41.6 mg, 0.21 mmol) in 1 mL Milli-Q water were added slowly. After stirring
at room temperature overnight, the solvent was removed under argon. The crude product
was purified using silica gel column chromatography (first 20:1 CH>Cl2:MeOH, then 4:1
CH>Cl2:MeOH). The solvent was removed under reduced pressure to give 41.1 mg
(0.04 mmol, quantitative) of 2-hydroxy-4-(3-(1-(15-0x0-19-((3aS,4S,6aR)-2-oxohexahy-
dro-1H-thieno[3,4-d]imidazol-4-yl)-4,7,10-trioxa-14-azanonadecyl)-1H-1,2,3-triazol-4-
yl)propanamido)-N-(trityloxy)-benzamide (10).

LCMS: T; = 16.7 min; m/z 985 [M+H]"
To a solution of compound 10 (36.7 mg, 0.04 mmol) in 1 mL methanol was added TFA

(0.4 mL, 40%) and triisopropylsilane (TIPS) (50 pL, 5%). The mixture was stirred at room
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temperature for 2 h. The solvent and TFA was removed under high vacuum. The oily resi-
due was dissolved in 5 mL water and washed three times with 2 mL toluene. The water was

removed to give 27.6 mg (0.04 mmol, quantitative) of compound (11; biotin-SHA).

'H-NMR (400 MHz, MeOD, 3): 7.83 (s, 1 H), 7.61 - 7.59 (d, 1H, J = 8.72 Hz), 7.36 — 7.35
(d, 1 H,J=2.19 Hz), 7.04 — 7.01 (m, 1 H), 4.52 — 4.48 (m, 3 H), 4.33 — 4.30 (m, 1 H), 3.65
—3.60 (m, 7 H), 3.55 — 3.51 (m, 4 H), 3.40 — 3.37 (m, 3 H), 3.28 — 3.25 (1, 2 H, J = 6.81
Hz), 3.23 - 3.18 (m, 1 H), 3.12 - 3.08 (t, 2 H, J = 7.16 Hz), 2.96 — 2.91 (m, 1 H), 2.81 —
2.78 (t, 2 H, J=7.12 Hz), 2.73 — 2.70 (m, 1 H), 2.22 - 2.19 (t, 2 H, J = 7.35 Hz), 2.15 —
2.09 (p, 2 H,J=6.29 Hz) 1.79 — 1.55 (m, 6 H) 1.74 — 1.40 (p, 2 H, J = 7.57 Hz) ppm.

BC-NMR (100 MHz, MeOD, §): 175.97, 173.08, 168.55, 166.09, 161.43, 144.80, 129.03,
124.18, 111.62, 110.69, 108.46, 71.51, 71.47, 71.25, 69.95, 68.12, 63.39, 61.63, 56.99,
54.79, 48.24, 41.04, 37.83, 37.30, 36.85, 31.29, 30.42, 29.78, 29.50, 26.87, 22.09 ppm.

COSY45 i1s shown in .

LC-MS: T; = 11.3 min; m/z 721 [M]*, 743 [M+Na] * (Figure S5)

Synthesis of doxorubicin boronic acid (DOX-B(OH):) (14)

HO _ OH
\B/
HO OH
\B/
HO\B/OH NHS, EDC HCI Dox*HCI,NaCO3
DMAP, DMF ACN, H,0
rt, o.n. rt, o.n. HN 0
> T -~ HO
0“0
' 0"“0 OH O 07
07 OH O\V\E/V/o :

4-(Carboxy)phenylboronic acid NHS ester was prepared according to our previous proto-

col.>* Doxorubicin hydrochloride (5.00 mg, 8.62 pmol) was dissolved in 100 uL of a 100
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mM NaHCOs solution in water, 4-(carboxy)phenylboronic acid NHS ester (9.00 mg, 34.22
umol) was added, pre-dissolved in 400 pL acetonitrile. The mixture was stirred at room
temperature overnight. The product precipitated out of solution, was collected by filtration
and purified by RP-HPLC product was obtained after lyophilization. After drying in vacuo,
compound 14 was obtained as a red powder in a yield of 22% (1.36 mg, 1.97 umol).

"H-NMR (300 MHz, MeOD, §): 8.03 — 8.01 (m, 1H), 7.89 — 7.83 (m, 2H), 7.63 — 7.57 (m,
5H), 5.48 — 5.47 (m, 1H), 5.36 — 5.32 (m, 1H), 5.25 — 5.21 (m, 1H), 5.00 — 4.99 (m, 2H),
4.40 —4.33 (m, 3H), 4.04 (s, 3H), 3.73 (m, 1H), 3.55 — 3.53 (m, 1H), 3.13 — 3.06 (m, 2H),
1.86 — 1.78 (m, 2H), 1.30 (m, 3H) ppm (Figure S6). Due to lower solubility of 14 in meth-
anol, a 3C spectrum could not be obtained. Attempts were made to acquire NMR spectra
in DMSO which is a better solvent, but due to peak broadening, assignments cannot be

made.

LC-MS: T;=5.6 min; m/z= 1383 [2M]"; 969 [M + acetal fragment (278)]*, 709 [M + H>0O]",
397, 278 [Acetal fragmentation]”; 804 [M — H + TFAJ, 690 [M - H] (calc. [M]: 691.21
g/mol). LC showed pure compound was obtained; TFA comes from the LC-MS system.
(Figure S7). HR-ESI-MS: m/z=713.1977 [M+Na]" (calc. C34H34!°BNO14*Na: 713.2006).

Synthesis of BODIPY FL boronic acid (BDP-B(OH)2) (17)

2.5mg (6.4 umol, 1.0 equiv) BODIPY FL NHS ester (Lumiprobe) was dissolved in 0.5 mL
of DMF followed by 1.8 mg (9.6 umol, 1.5 equiv) [4-(aminomethyl)phenyl]boronic acid
hydrochloride and 2.1 pL (12.8 pumol, 2.0 equiv) DIPEA. The reaction mixture was gently
agitated at room temperature overnight. The solvent was removed under high vacuum and
the residue was purified by RP-HPLC. 1.2 mg (2.8 umol, 44% yield) of compound 17 was

obtained after lyophilization.
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"H-NMR (300 MHz, MeOD, §): 7.68 (m, 1 H), 7.55 (d, 2 H, J = 7.70 Hz), 7.43 (s, 1 H),
7.24 (d,2 H,J="7.79 Hz), 6.99 (d, 1 H, J=4.09), 6.30 (d, 1 H, J=4.06), 6.21 (s, 1 H,),
438 (s, 2 H,), 3.25 (t, 2 H, J = 7.44), 2.67 (t, 2H, J = 7.56), 2.51 (s, 3 H), 2.29 (s, 3 H).
(Figure S8)

LC-MS: T:=6.1 min; m/z = 406.19 [M-HF+H]", 448.17 [M+Na]", 489.21 [M+ACN+Na]",
851.39 [2M+H]", and 873.37 [2M+Na]". (Figure S9)

Synthesis of biotin doxorubicin (Bt-DOX) (18)

Doxorubicin hydrochloride (10.0 mg, 17.3 pmol, 1.0 equiv) was dissolved in sodium phos-
phate buffer (500 puL, 100 mM, pH 7.4). Biotin-PEG4-NHS ester (12.2 mg 20.8 pmol, 1.2
equiv) was dissolved in CH3CN (250 pL) and added to the buffered doxorubicin solution.
The reaction was stirred at room temperature overnight. The next day the reaction was
diluted with CH3CN/H2O (1/1, v/v, 5.0 mL) containing 0.1% formic acid. The mixture pu-
rified by RP-HPLC product was obtained after lyophilisation to afford 6 mg (5.9 umol,
34% yield) of Bt-DOX (18).

'H NMR (700 MHz, MeOD §): 7.91 (d, J = 7.6 Hz, 1H), 7.82 (t, J = 8.0 Hz, 1H), 7.55 (d,
J=8.5Hz, 1H), 5.43 (d, J = 4.0 Hz, 1H), 5.12 (dd, J = 4.8, 2.6 Hz, 1H), 4.76 (d, J = 6.3
Hz, 2H), 4.53 — 4.41 (m, 1H), 4.29 (td, J = 5.7, 4.3, 2.3 Hz, 2H), 4.15 (m, 1H), 4.04 (s, 3H),
3.72 — 3.66 (m, 2H), 3.63 (s, 1H), 3.62 — 3.53 (m, 11H), 3.50 (t, J = 5.4 Hz, 2H), 3.20 —
3.14 (m, 1H), 3.11 — 3.05 (m, 1H), 2.95 — 2.88 (m, 1H), 2.70 (d, J = 12.7 Hz, 1H), 2.50 —
2.36 (m, 3H), 2.23 — 2.16 (m, 3H), 1.99 (td, J = 13.2, 4.1 Hz, 1H), 1.71 (m, 2H), 1.68 —
1.53 (m, 3H), 1.45 — 1.36 (m, 2H), 1.29 (d, J = 6.5 Hz, 3H) ppm (Figure S10).

13C NMR: (100 MHz, MeOD) & = 25.43, 28.08, 28.35, 29.26, 32,64, 35.32, 35.04, 36.18,
38.95, 39.64, 55.59, 60.62, 61.95, 64.30, 66.86, 68.47, 69.17, 69.99, 70.03,70.09, 70.12,
75.93, 100.82, 110.88, 111.14, 119.13, 120.25, 133.81, 134.46, 154.87, 155.96, 161.11,
171.99, 174.67, 174.67, 186.51, 186.83 ppm (Figure S11).

LC-MS: T:=5.5 min; m/z = 1039 [M + Na]", 1017 [M+H]", 603 [M-Acetal fragment
(413)]%; 1015 [M-HT, 397.1 [Acetal fragment] (calc. [M]: 1016.39 g/mol). LC showed

pure compound was obtained (Figure S12).
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HABA assay

Optimization of SST required per Avidin to prepare Sx-Avi constructs

To determine the equivalents of SST required per binding pocket in Avidin, 2-((4'- hydrox-
yphenyl)-azo) benzoic acid (HABA) was used. One equivalent of Avi was mixed each with
one to five equivalents of biotin-SST to a final concentration of 1 mg/mL in phosphate
buffer (50 mM, pH 7.4). Triplicates of 20 uL of each solution were transferred into a flat-
bottomed transparent 384-well plate (UV-star®, Greiner Bio-one GmbH, Frickenhausen,
Germany). Afterwards 1 pL of a 1 mg/mL solution of HABA in DMSO was added to each
well. After 5 min of incubation and 20 seconds of shaking, absorbance scan was measured
in a Tecan Spark 20M microplate reader (Tecan Trading AG, Miannedorf, Switzerland).
From the spectrum, the equivalents of SST required to saturate the binding pockets in Avi
was determined and used for back calculation to determine the mole equivalent of SST

required per binding pocket in Avi.

Quantification of SST required per Avidin in S1-S3-Avi

To quantify the equivalents of SST assembled per Avidin, 2-((4'- hydroxyphenyl)-azo) ben-
zoic acid (HABA) was used. One equivalent of Avi was mixed each with one to four equiv-
alents of biotin-boc-lysine to a final concentration of 1 mg/mL in phosphate buffer (50 mM,
pH 7.4). Triplicates of 20 pL of each solution were transferred into a flat-bottomed trans-
parent 384-well plate. Afterwards 1 puL of a 1 mg/mL solution of HABA in DMSO was
added to each well. After 5 min of incubation and 20 seconds of shaking, sample absorb-
ance at 500 nm was measured in a Tecan Spark 20M microplate. A linear plot was obtained
for biotin-boc-lysine with R = 0.993. The number of equivalents of SST bound per Avi in

S1-S3-Avi were determined from the linear plot.

Assembly of S3-Avi-SHA and S3-Avi conjugates

BDP-labeled S3-Avi was assembled by dissolving 0.5 mg (7.58 nmol, 1 equiv.) of Bodipy-
FL-labeled Avidin in 500 pL of phosphate buffer (50 mM, pH 7.4) and adding 65.0 ug

(26.53 nmol, 3.5 equiv.) of biotin-SST in 33 pL of phosphate buffer (50 mM, pH 7.4). The
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mixture was incubated for 1 h at room temperature with shaking and purified by
ultracentrifugation (MWCO = 10 kDa, using 3 x 500 pL ultrapure water). The isolated

product was freeze dried and used for confocal microscopy measurements.

Avi-SHA was assembled by dissolving 1 mg (15.9 nmol, 1 equiv) of Aviin I mL phosphate
buffer (50 mM, pH 7.4) and subsequent adding 11.4 pg biotin-SHA (10 mg/mL in MilliQ
water, 15.9 nmol, 1 equiv). The mixture was incubated for 30 min at room temperature with
shaking and purified by rigorous ultracentrifugation (MWCO = 10 kDa, using 3 x 500 uL.
50 mM phosphate buffer pH 7.4).

S3-Avi-SHA was assembled by dissolving 1 mg (15.9 nmol, 1 equiv) of Aviin I mL phos-
phate buffer (50 mM, pH 7.4) and subsequent adding 11.4 pg biotin-SHA (10 mg/mL in
MilliQ water, 15.9 nmol, 1 equiv) and 115 pg biotin-SST (47.7 nmol, 3 equiv). The mixture
was incubated for 30 min at room temperature with shaking and purified by ultracentrifu-

gation (MWCO = 10 kDa, using 3 x 500 uL 50 mM phosphate buffer pH 7.4).

S3-Avi-BDP was assembled adding 1.11 mg (in 1 mL phosphate buffer, 50 mM, pH 7.4,
15.9 nmol, 1 equiv) S3-Avi-SHA to 6.76 pg BDP-B(OH); (15.9 nmol, 1 equiv). The mix-
ture was incubated for 30 min at room temperature with shaking and purified by ultracen-

trifugation (MWCO = 10 kDa, using 3 x 500 uL 50 mM phosphate buffer pH 7.4).

CyS5 labeled S3-Avi-SHA and rhodamine-B(OH), were mixed in 60 pL Milli-Q water giv-
ing a final concentration of 5.83 uM. The mixture was incubated with shaking for 20 min
and purified by ultracentrifugation (MWCO = 10 kDa, using 3 x 500 uL MilliQ water) to
afford S3-Avi-Rho.

S3-Avi-DOX was assembled adding 1.11 mg (in 1 mL phosphate buffer, 50 mM, pH 7.4,
15.9 nmol, 1 equiv) S3-Avi-SHA to 6.49 pg DOX-B(OH) (15.9 nmol, 1 equiv). The mix-
ture was incubated for 30 min at room temperature with shaking and purified by ultracen-

trifugation (MWCO = 10 kDa, using 3 x 500 uL 50 mM phosphate buffer pH 7.4).

A non-cleavable S3-Avi-Dox was assembled by dissolving 12 mg (18.2 umol, 1 equiv) of
Avidin in 6 mL of phosphate buffer (50 mM, pH 7.4) and adding 184.9 ng (18.2 umol, 1
equiv) of biotin-DOX in 300 pL. of phosphate buffer (50 mM, pH 7.4). After mixing
1346.7 pg (54.5 umol, 3 equiv.) of biotin-SST were added. The mixture was incubated for

1 h at room temperature with shaking and purified by ultracentrifugation (MWCO = 10
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kDa, using 3 x 2 mL 50 mM phosphate buffer pH 7.4). The isolated product was freeze

dried and used as-is for subsequent cytotoxicity assay.

Differential light scattering (DLS)

500 pL of a 1 mg/mL solution of non-cleavable S3-Avi-Dox or Avidin was saturated with
biotin in ultrapure water. The samples were filtered using a syringe filter (0.2 pum, Thermo
Fisher Scientific Inc., Waltham, USA) into a DLS cuvette to remove sediments. DLS meas-
urement was performed at 25 °C using a Zetasizer nano over 3 runs and 12 measurements

per run (Malvern Panalytical Ltd, Malvern, UK).

Fluorescence quenching assay

A 500 uM stock solution (1.27 mg in 40 uL) of Avi-SHA was prepared either in 50 mM
phosphate buffer (pH 7.4) or 100 mM citric buffer pH 6. The protein was diluted in a series
(1:1) 15 times to obtain concentration ranging from 250 uM down to 7.9 nM. Each of 16
protein samples from the series were mixed 1:1 with 400 nM BDP-B(OH): stock solution
and loaded into standard treated capillaries and fluorescence was measured. As negative
control 500 uM stock solution (1.27 mg in 40 pL) of Avi was prepared in the same way.
The procedure was repeated three times both for pH 7.4 and pH 6.0. Each point on the
graph represents mean average of normalized fluorescence for one concentration from the
series and error bars represent standard errors of the mean. Binding of BDP-B(OH), and
Avi-SHA was detected with Kp = 2.41 + 0.74 uM in pH = 7.4. Furthermore, acidification

showed no binding correlating to pH dependant dye release.

Forster resonance energy transfer

We selected the CyS5 dye and rhodamine B as FRET pairs. To this end, we modified avidin
with Cy5 and synthesized a boronic acid modified rhodamine B (thodamine-B(OH).) ac-
cording to our previous protocol*’. Avidin (2 mg, 0.03 umol) in 450 uL phosphate buffered
saline (50 mM, 150 mM NaCl, pH 7.4) was added Cy5-NHS (18 pg, 0.03 pmol) in 50 uL.
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DMEF. The mixture was incubated with shaking at room temperature overnight. After puri-
fication using a G-25 column, the sample was lyophilized to give 1.1 mg (55%) of Cy5

labeled avidin.

Cys5 labeled S3-Avi-SHA and rhodamine-B(OH); were mixed in 60 uL Milli-Q water giv-
ing a final concentration of 5.8 uM, respectively. As control, both a 5.8 uM solution of
rhodamine-B(OH), and S3-Avi-SHA were prepared. All three mixtures were incubated
with shaking for 20 min and transferred to a Greiner 384 well plate. The emission intensity
spectrum from 570 nm to 750 nm was measured after excitation at 540 nm using microplate

reader Tecan infinite M200. In addition, the emission intensity at 672 nm was measured.

Stability of S3-Avi-BDP in 10% FCS and oxidative condition (H202)

Avidin was labeled with Cy5-NHS ester according to our previous protocol with slight
modifications.** Avidin (5 mg, 0.08 umol) in 5 mL phosphate buffer (50 mM, pH 7.4) was
added to Cy5-NHS (150 pg, 0.25 pmol) in 15 pL DMF. The mixture was incubated with
shaking at room temperature overnight. After purification using a G-25 column, the sample

was lyophilized to give 4 mg (80% yield by weight) of Cy5 labeled avidin.

CyS5 labeled SST-Avi-BDP was assembled as described in previous section. For stability
analysis a final concentration of 5 uM SST-Avi-BDP in 100 pL was used. Therefore, 14.2
pL of a 2.5 mg/mL SST-Avi-BDP stock solution was added to either 85.8 uL of 10 % heat
inactivated fetal calf serum (FCS) in Dulbecco's phosphate-buffered saline (DPBS) or to 5
uM H>0,. Each sample was prepared in triplicates and for 5 timepoints (O h, 2 h, 6 h, 12 h,
24 h). As control, both a 5 uM solution of Avi-Cy5 and BA-BDP were prepared, as well as
10 % FCS in DPBS and 5 uM H>0- alone. The mixtures were incubated under shaking for
the designated time and centrifuged (10.000 g, 10 min, RT) before injection to the AKTA
pure 25 M protein purification system (Cytavia, Freiburg, Germany) for analysis. The sam-
ples were separated on a SEC Superdex 75 10/300 GL (Cytavia, Freiburg, Germany) with
50 mM phosphate buffer as mobile phase using 2 column volumes (CV) for elution.The
chromotogram was recorded with absorbance at 280 nm, 488 nm and 647 nm and the ratio
of the peak area (ml*mAU) of 647 nm to 488 nm was used for calculating percentage of

intact construct.

179



Cell culture

A549 (DSMZ, German Collection of Microorganisms and Cell Cultures) were cultivated
in 75 cm? tissue culture flasks (Greiner bio-one, Frickenhausen, Germany) at 37 °C and 5%
CO2 in Dulbecco's modified Eagle medium (DMEM, gibco, Thermo Fisher Scientific Inc.,
Waltham, USA). Cell medium contained 10% heat inactivated fetal calf serum (FCS), 1%
Minimal Essential Medium (MEM, gibco, Thermo Fisher Scientific Inc., Waltham, USA),
1% penicillin/streptomycin. Cells were routinely washed (Dulbecco's phosphate-buffered
saline (DPBS)), trypsinized (TrypLE® Express, gibco, Thermo Fisher Scientific Inc., Wal-
tham, USA) and reseeded twice per week. For the experiments, cells were counted using
cell countess (Thermo Fisher Scientific Inc., Waltham, USA), seeded in distinct plastic

dishes and incubated with the respective samples in the medium at 37 °C and 5% CO..

Western blot

For western blot analysis, cells were seeded in 6 cm? petri dish with 10° cells and cultivated
until confluence. Cells were lysed using 120-200 pL lysis buffer (1x Tris-buffered saline
(TBS), 10% Triton X) to harvest total protein samples from A549 cells and MDA-MB-231
cells. Protein concentration was determined by Micro BCA assay (Thermo Fisher Scientific
Inc., Waltham, USA) to use 25 pg of total protein for each sample. Protein samples were
denatured with DTT at 95°C for 10 min, separated on a SDS gel and transferred to a nitro-
cellulose membrane. Protein transfer was visualized by Ponceau S staining. Blots were
blocked in 5% milk powder in Tris-buffered saline with Tween20 (TBST; 10 mM Tris—
HCI, pH 7.4, 150 mM NaCl with 0.1% Tween 20) at room temperature for one hour. The
primary antibody (monoclonal mouse to Human SSTR2, 1 mg/mL, LS Bio, Seattle, USA,
1:10.000 in 5% bovine serum albumin (BSA)/TBST) was incubated at 4 °C overnight. Blots
were then washed in TBST and incubated with a horseradish peroxidase-conjugated sec-
ondary antibody (Anti mouse IgG Goat, horseradish peroxidase (HRP) labeled, Sigma-Al-
drich, 1:5000 diluted in 5% milk in TBST) for one hour. After washing in TBST and then
in TBS, the immunocomplexes were developed using an enhanced horseradish peroxi-
dase/luminol chemiluminescence reagent (PerkinElmer Life and Analytical Sciences, Bos-

ton, MA) according to the manufacturer’s instructions (Figure S16).
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Cell uptake studies

A549 or MDA-MB-231 cells were seeded in a 10 well glass bottom plate (Greiner bio-one,
Frickenhausen, Germany) with a density of 15000 cells per well and incubated for 24 hours
for attachment. Thereafter, cells were washed with 100 uLL PBS buffer and 100 pL of 500
nM Cy5-labeled S3-Avi-BDP or BDP-labeled S3-Avi was added to the well. BDP-labeled
Avi was used as a control. Samples were incubated for 4 h or 24 h and confocal laser scan-
ning microscopy was performed on a Leica TCS SP5 microscope (Wetzlar, Germany). The

acquired images were processed with Imagel.

Flow cytometry

AS549 cells were seeded into 24-well Greiner plates (25000 cells/mL in 1 mL DMEM) and
incubated overnight to allow cell sedimentation and subsequent adhesion to the wells. Next,
cells were incubated with 50 pL of Cy5-labeled avidin samples in DPBS (Avi and S3-Avi,
yielding a total concentration of 200 nM). All samples were run in triplicates (n = 3) and
the experiment was either conducted for 4 h at 37 °C or for 30 min at 4 °C and 37 °C. For
4 °C uptake experiments, the cells were first cooled down for 30 min at 4 °C prior to sample
incubation. Afterwards, cell medium was aspirated, cells were washed with 1 mL of DPBS
and incubated with trypsin (4 min, 37 °C). The detached cells were then diluted with 750
uL of cell culture medium, transferred into Eppendorf tubes and centrifuged immediately
(350 g, 10 min, 4 °C). The supernatant was aspirated, and the cell pellets were taken up
using 250 pL of DPBS and kept on ice to maintain cell integrity prior to flow cytometric
analysis performed on a BD Accuri C6 (BD Biosciences). The data were processed by

FlowlJo software.

Cytotoxicity effects

For the cell viability experiments, A549 cells were seeded with 5000 cells per well in white
96-half well plates (Greiner bio-one, Frickenhausen, Germany) and were incubated with
S3-Avi-DOX or non-cleavable S3-Avi-Dox in DMEM medium at 37 °C and 5% CO,. As

control, cells were incubated with DOX alone or left untreated. After the indicated incuba-
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tion times, CellTiter Glow assay (Promega GmbH, Mannheim, Germany) was used accord-
ing to manufacturer guideline. Luminescence values were given as mean = SD (n = 3). ICso
values were obtained with OriginPro 2019 to obtain non-linear fit for dose response with

variable hill slope using Levenberg Marquardt iterations algorithm.
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Figure S1. 'H-NMR (400 MHz, ds-MeOD) of N,2-dihydroxy-4-(3-(1-(15-0x0-19-
((3aS,4S5,6aR)-2-oxohexahydro-1H-thieno[ 3,4-d]imidazol-4-yl)-4,7,10-trioxa-14-azanon-

adecyl)-1H-1,2,3-triazol-4-yl)propanamido)benzamide (biotin-SHA, 11).
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Figure S2. COSY-45 (400 MHz, d-methanol) of N,2-dihydroxy-4-(3-(1-(15-0x0-19-
((3aS,4S5,6aR)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)-4,7,10-trioxa-14-azanon-

adecyl)-1H-1,2,3-triazol-4-yl)propanamido)benzamide (biotin-SHA, 11).
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Molecular Weight: 472.61
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Figure S3. LC-MS spectra of N-(3-(2-(2-(3-azidopropoxy )ethoxy)ethoxy)propyl)-5-((3aS,
4§, 6aR)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)pentanamide (8; T,=12.3 min,

m/z 473 [M]).
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Molecular Weight: 963.16
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Figure S4. LC-MS spectra of 2-hydroxy-4-(3-(1-(15-0x0-19-((3aS,4S,6aR)-2-oxohexahy-
dro-1H-thieno[3,4-d]imidazol-4-yl)-4,7,10-trioxa-14-azanonadecyl)-1H-1,2,3-triazol-4-

yl)propanamido)-N-(trityloxy)benzamide (10; T,=16.7 min, m/z 985 [M]).
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Molecular Weight: 720.84
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Figure S5. LC-MS spectra of N,2-dihydroxy-4-(3-(1-(15-0x0-19-((3aS$,4S,6aR)-2-oxohex-
ahydro-1H-thieno[3,4-d]imidazol-4-yl)-4,7,10-trioxa-14-azanonadecyl)-1H-1,2,3-triazol-

4-yl)propanamido)benzamide (biotin-SHA, 11; T,=11.32 min, m/z 721 [M*], 743 [MNe"]).
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Figure S10. (a) Full 'H-NMR spectrum (700 MHz in ds-MeOD) and (b) expanded 'H-
NMR spectrum of Bt-DOX (18).
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Figure S18. Z-stack showing internalization of 500 nM of S3-Avi-BDP in A549 lung can-

cer cells. Scale bar = 20 um.
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Supramolecular Toxin Complexes for Targeted
Pharmacological Modulation of Polymorphonu-

clear Leukocyte Functions
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ferent neutrophil targeting peptides, as well as the C3 toxin with cleavable and non-cleav-
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experimental data and wrote parts of the manuscript. - was acquiring funding for the
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the manuscript. | was acquiring funding for the project, designed and discussed the

project concept. He was writing and revising the manuscript.

Aim

This chapter is investigating the therapeutic application of avidin-based protein nanocon-
structs. Here, a chemically engineered fusion toxin is mimicked based on the supramolec-
ular adapter platform avidin. The C. botulinum C2 and C3 toxins are among the most im-
portant members of the ADP-ribosylation superfamily and specific Rho inhibitors. Com-
pared to the C2 toxin, the C3 exotoxin is lacking the translocation domain and can be re-
programmed by introducing to an avidin platform equipped with targeting peptides. In this
manner, two different neutrophil (PMN) targeting peptides were investigated to selectively
deliver and release the C3 toxin to manipulate PMN function. This is especially of interest
in infection and inflammation which are associated with hyperactivity and reactivity of
PMNss such as post-traumatic injuries. But the exact roles of PMNss still remain unclear and
the supramolecular constructs can be a useful tool to decipher their role in infection and

inflammation and a novel therapeutic approach.

34.1 Introduction

Polymorphonuclear leukocytes, also termed PMNs or neutrophils, are the most abundant
leukocytes in human blood and a major component of the innate immune system. In the
human body, molecules derived from microbial pathogens and/or the host, recruit PMNs
via chemotactic mechanisms from the blood stream to sites of infection. PMNs evade from

the blood vessels into the tissue to ingest the pathogenic microorganisms by phagocytosis
205



and to eliminate bacteria and fungi via their arsenal of cytotoxic substances. However, be-
sides the beneficial role of PMN activity with infections, hyperactivity of PMNs can be
detrimental for patients, if PMNs are excessively recruited into injured tissues. ! Such con-
ditions are, for example, reported for multiple injured patients suffering from blunt thorax
trauma, where the enhanced chemotactic recruitment of PMNs and monocytic cells into the
lungs and the subsequent release of their toxic mediators enhance the alveolar barrier break-
down resulting in local and systemic inflammation and contributing to the poor outcome of

such patients.!

Therefore, the targeted, cell type-selective, pharmacological inhibition of excessive chem-
otactic recruitment of PMNs will enhance our understanding of their role in the first-line
defence against microbes and their contribution to the excessive inflammatory responses
after traumatic tissue injury. Since migration, chemotaxis, and phagocytosis of PMNs de-
pend on the remodeling of the actin cytoskeleton, which is regulated by Rho-GTPases, ">
PMN-selective Rho inhibition represents an attractive strategy to down-modulate excessive
PMN recruitment from blood into tissues after traumatic injury. !> Moreover, PMN-selec-
tive molecules modulating Rho-signaling and actin dynamics of these immune cells cer-
tainly offer great potential as molecular tools in cell biology and experimental pharmacol-
ogy to decipher the role of PMN activity in both infection and inflammation. In this context,
the C3 enzymes from Clostridium (C.) botulinum (C3botl) and C. limosum (C3lim) are of
major interest as they represent the only known specific Rho inhibitors.% 1% 1416 C3 proteins
are taken up into the cytosol of monocytic cells where they catalyze the specific mono-
ribosylation of Rho A and Rho B. This inhibits Rho-signaling resulting in the reorganiza-
tion of actin filaments accompanied by a characteristic change in cell morphology. '! 172!
Recently, it has been demonstrated by our groups that the targeted pharmacological inhibi-
tion of Rho activity by C3 enzyme inhibits the migration and chemotaxis of primary human
monocytes ex vivo.'! Moreover, the local intra-tracheal application of this Rho-inhibitor
prevented the excessive recruitment of monocytic cells from the blood into the lungs of
mice after blunt thorax trauma. '' However, the C3 Rho-inhibitor has no effect on PMNs
ex vivo and does not reduce the amount of PMNs in the lungs of mice after blunt thorax

trauma.'! Therefore, the selective introduction of C3 Rho-inhibitor into PMNs would be

highly desirable for such applications.
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Herein, we developed PMN-selective Rho-inhibitors based on the supramolecular assem-
bly of C3 Rho-inhibitor and specific PMN-targeting peptides on an avidin (Avi) platform
to provide cell-type selectivity. The PMN-targeting peptide sequences have previously
been identified using random peptide phage display that addresses the neutrophils specifi-
cally.?>* For instance, the Ac-GGPNLTGRWGPPVESALAK-NH, (GGP) sequence re-
veals neutrophil and monocyte selective binding, which has been applied to liposomes for
targeted delivery. 2° In addition, the peptide cinnamoyl-F(D)LF(D)LFL (FK), an antagonist
of the formyl peptide receptor 1 (FPR-1) of neutrophils, has been conjugated to imaging

agents or nanoparticles for in vivo imaging.?®?’

Although peptide sequences such as GGP could be recombinantly fused to C3 Rho-inhibi-
tor, the expression of C3 enzyme with cyclic or chemically modified peptides, such as FK
cannot be achieved by molecular biology techniques. Furthermore, the fusion of multiple
peptide sequences to a single enzyme is challenging by genetic means and would require
tedious optimization.?® ?° Release characteristics are controlled by chemical linker design
to impart a variety of stimulus-responsive groups for e.g. pH-controlled release in acidic
endosomal vesicles or inside the cytoplasm of cancer cells, which is also challenging to
achieve by genetic engineering.’® Hence, there is a great interest in novel “chemistry” meth-
ods to design and produce customized protein drugs.*">? In particular, supramolecular as-
sembly of protein complexes provides convenient access to sophisticated multiprotein ar-

chitectures that can not be achieved by molecular biology methods. *!

The assembly of multiprotein complexes that contained functional subunits of bacterial

protein toxins and dendrimers,>* 3

or multiple copies of the cancer-cell targeting peptide
somatostatin at an avidin platform has been established by our groups before. Recently, we
have reported the selective delivery of a supramolecular complex that contains the Rho-
inhibitor C3botl (henceforth C3) and somatostatin as cell-targeting peptide into the cytosol
of human cancer cells overexpressing the somatostatin receptor, resulting in reduced
growth of a human xenograft lung tumor.>® The best effect was achieved when three soma-
tostatin peptides and one C3 enzyme were bound to the avidin platform presumably via the
multivalency effect.>> We further expand on this versatile strategy and report herein for the
first time the stoichiometric-controlled assembly of (1) multiple copies of different PMN-
targeting peptides and (2) C3 Rho-inhibitor via (3) a pH-cleavable hydrazone linker for
controlled intracellular release of the C3 enzyme into the cytosol of PMNs (Figure 3-48).
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Our platform allows rapid generation of different supramolecular toxin combinations e.g.
by varying the PMN-targeting peptides, which is highly desirable for throughput synthesis
and screening to evaluate the efficacy of the different combinations of the C3 Rho-inhibitor
and different PMN targeting peptide sequences. We believe that our approach offers great
potential for the development of cell type-selective bio-therapeutics for the targeted treat-
ment of local and systemic inflammation e.g. after traumatic injury of multiple injured pa-

tients in a convenient mix-and-match assembly.

Peptide
Targets neutrophils

[ e

Avidin
Supramolecular adapter platform

C3 enzyme
Rho-Inhibitor
/7‘

Figure 3-48: Design and potential mode of action of supramolecular complexes containing
specific PMN-targeting peptides and C3-Rho-inhibitor assembled on a central avidin (Avi)
platform. The resultant protein complex is designed to selectively internalize into PMNs
where the C3-catalyzed Rho-inhibition down-modulates Rho-signaling in order to modu-

late PMN functions such as migration and chemotaxis.
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3.4.2 Results and Discussion

“Mix-and-match” assembly and characterization of the supramolecular complexes

(GGP)3-Avi-C3 and (FK)3-Avi-C3

The supramolecular complexes (GGP)3-Avi-C3 and (FK)3-Avi-C3 containing the PMN-
targeting peptides GGP and FK as well as C3 (Figure 3-48) were both designed based on
avidin-biotin technology. Avidin (Avi), the central platform for assembly, is a tetrameric
protein (pI > 9) that forms strong noncovalent interactions (K¢ = 107> M) with its natural
binding partner biotin at four binding sites. Here, Avi is selected as a monodisperse supra-
molecular “glue” to combine the PMN-targeting peptides and C3 Rho-inhibitor at spatially
distinct locations. To incorporate biotin into the Ac-GGPNLTGRWGPPVESALAK-NH>
(GGP) sequence, GGP was functionalized using a bifunctional maleimide-biotin with a
short ethylene glycol linker (compound 1, Figure 3-49A) that improves water solubility.
The biotinylated GGP (B-GGP) peptide was obtained in 40% yield after HPLC purification
with > 95% purity (Supporting information). The PMN-targeting peptide cinnamoyl-
F(D)LF(D)LFL (FK) with a biotin at the C-terminus (Figure 3-49B) was purchased com-
mercially (PhtdPeptides Co., Ltd. with 95% purity). To control the stoichiometry of pep-
tides with terminal biotin bound to Avi, a competitive binding assay with 2-(4-hydroxy-
phenylazo)benzoic acid (HABA) was performed. HABA binds to Avi with lower affinity
compared to biotin and shows absorbance at 500 nm in the complexed form (Figure 3-49C).
Thus, disappearance of the absorption peak indicates displacement of HABA by biotin. A
stepwise reduction in absorbance was observed upon addition of 1-4 equivalents of biotin
indicating the controlled binding of the respective biotinylated neutrophil targeting peptide
to Avi (Figure 3-49C).
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Figure 3-49: (A) Synthesis of biotinylated GGP (B-GGP, HoO:DMF, 1:0.5, 7.5 mL), room
temperature, overnight, 40% isolated yield. (B) Chemical structure of B-FK peptide. (C)
Competitive binding of 2-(4-hydroxyphenylazo)benzoic acid (HABA) and biotin to avidin
(Avi). The amount of B-GGP or B-FK required to saturate a tetrameric Avi was determined
using the HABA assay. In the case of B-FK 4 mole equiv saturated the binding sites of Avi,
while 5 mole equiv of B-GGP are required to saturate the binding sites of Avi. (D) Assem-

bly of neutrophil targeting transporters (GGP)3-Avi and (FK)3-Avi.

It was determined that 1.25 mole equiv of B-GGP and 1.0 mole equiv of B-FK are required
per binding pocket in Avi, respectively, most likely for steric reasons. Subsequently, the
transporters with three biotinylated peptides per Avi were prepared by mixing the corre-
sponding mole equiv of B-GGP or B-FK with Avi (Figure 3-49D). These (GGP)3-Avi or
(FK)3-Avi conjugates offer a free available binding site for conjugation to mono-biotinyl-

ated C3.
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Figure 3-50: (A) Synthesis of compound 4 (B) Mono-biotinylation of C3 (C) MALDI-
ToF-MS spectra of C3 (green) m/z: 24484 and biotinylated C3 (B-C3) m/z: 24735 using
CHCA as matrix. (D) Acidic cleavage of B-C3.

Next, mono-biotinylation of a cysteine mutant of C3 was accomplished. The enzyme ac-
tivity and substrate specificity as well as the biological activity of this recombinant C3
variant has been confirmed earlier in J774A.1 macrophages and osteoclast-like RAW 264.7
cells.! A biotin-maleimide conjugation with a pH-sensitive hydrazone linkage (4) that al-
lows cleavage at acidic pH was synthesized with modification from a procedure published
previously (Figure 3-50A, Scheme 3.4-1, Supporting information). The pH-sensitive hy-
drazone triggers controlled toxin release in acidic endosomal compartments of the cells.®
Compound 4 was conjugated to C3 to afford mono-biotinylated C3 (B-C3, Figure 3-50B)
in 78% yield, determined by BCA protein assay and QuantTag biotin quantification assay
(Supporting Information). The successful biotinylation was determined using Western Blot
analysis (Figure 3-52), and the degree of biotinylation was quantified to be 91% using the
Quant*Tag™ Biotin Kit (Supporting Information).

The controlled assembly of (GGP)3-Avi-C3 and (FK)3;-Avi-C3 was accomplished through

stoichiometric control according to the optimized ratio of 1.25 equiv of B-GGP and 1.0
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equiv of B-FK per binding pocket (GGP-B:Avi:B-C3 = 3.75:1:1); (B-FK:Avi:B-C3 =
3:1:1, Figure 3-51). Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) analysis of (GGP)3-Avi-C3 and (FK)3-Avi-C3 with and without heating against a
known concentration of B-C3botl (Figure 3-51) further revealed that nearly all of the C3
protein reacted during the conjugation reaction, confirming the formation of the supramo-
lecular complexes. The height profile of the constructs (3-6 nm) was determined to using
atomic force microscopy (AFM) and no larger aggregates were detected indicating sample
homogeneity (Figure 3-51C). Furthermore, no aggregates were detected by dynamic light
scattering in solution (Table S1, Supporting Information). The zeta-potential of (FK)3-Avi-
C3 and (GGP)3-Avi-C3 was determined to be —4.56 mV and —2.39 mV, respectively, which
is consistent with the theoretical isoelectric point (pI) of FK (pI = 6) and GGP (pl = 9)
peptides (Supporting Information).

Next, the stoichiometry of the complexes was assessed using absorption spectroscopy of
dye-labeled constructs. First, (GGP)3-Avi-C3 was triply labeled with dyes in a controlled
fashion: First, Avi was labeled with Alexa-594 dye, B-C3 was functionalized with Alexa-
647 dye and GGP with Alexa- 488 (details are given in the SI). The ratio of GGP:Avi:C3
was determined from the absorption envelopes using a multiplate reader and a ratio
013.2:1:0.7 was calculated (Figure 3-51B). Similarly, absorbance measurement of a dual-
labeled (FK)3-Avi-C3 construct was determined to give a ratio of Avi:C3 of 1:0.8 (Supple-

mentary Information).
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Figure 3-51: Assembly of the supramolecular complexes (FK)3-Avi-C3 and (GGP)3-Avi-
C3 and their characterization. (A) The controlled assembly of (GGP)3-Avi-C3 and (FK)3-
Avi-C3 was accomplished through stoichiometric control according to the optimized ratio
of 1.25 equiv of B-GGP and 1.0 equiv of B-FK per binding pocket. (B) SDS-PAGE char-
acterization of the protein complexes under denaturing and non-denaturing conditions in-
dicate the successful assembly by the disappearance of C3 band under non-denaturing con-
ditions. (C) AFM image of (FK)3-Avi-C3 with height profile analysis of protein particles.
(D) Absorbance spectrum of (GGP)3-Avi-C3. Avi was labeled with Alexa-594 dye (purple
star), B-C3 was labeled with Alexa-647 dye (blue star) and GGP with Alexa-488 (orange
star). The ratio of GGP:Avi:C3 was determined from the absorption envelopes and a ratio

of 3.2:1:0.7 was calculated.

The assembly and pH-induced release was further demonstrated with the construct, (FK)3-
Avi-C3, through fluorescence resonance energy transfer study (Figure 3-52A). The labeled
proteins and peptides were applied as given in Figure 3-51A. Only when the donor-acceptor
dye pairs are in close proximity (< 10 nm), an energy transfer is observed in the fluores-
cence spectrum, > which confirms the assembly. Upon excitation at 550 nm in the absorp-
tion maximum of Alexa-594 dye (purple star), an emission band was observed at 680 nm,
indicating energy transfer from the Avi to B-C3 (Figure 3-52A, left). No energy transfer

was observed for the negative controls (FK)3-Avi alone or (FK)3-Avi mixed with non-bio-
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tinylated C3 (Figure 3-52A, left), thereby corroborating the successful assembly. Upon in-
cubation of the construct at pH 4.5 for 4 h, the FRET is no longer observed (Figure 3-52A,
right), confirming the pH-induced release of C3 in acidic environment. To ensure that the
construct can be successfully applied in biological media, the stability of (FK)3-Avi-C3 was
investigated in fetal calf serum (FCS). (FK)3-Avi-C3 was incubated for up to 24 h in 10%
FCS in phosphate buffer saline (PBS) and Western Blot analysis was applied to monitor its
stability. Notably, no increase in free C3 was observed up to 24 h (Figure 3-52B), which
would have indicated disintegration of the construct. To eliminate false positive due to ab-
sorption of C3 by serum proteins, FRET measurements were performed, indicating the
presence of molecular and non-degraded (FK)3-Avi-C3 in 10% FCS (Supporting Infor-
mation). Taken together, our results show the successful assembly of the (FK)3-Avi-C3 and
(GGP)3-Avi-C3 constructs with about one C3 per conjugate, thus supporting the postulated
formulation. Furthermore, the release of C3 was induced under acidic conditions in vitro

and the constructs remained stable in biological media such as FCS.
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Figure 3-52: (A) left: Emission spectrum of dual-labeled assembled construct (FK)3-Avi-
C3 (blue), showing FRET and Avi (purple), (FK)3-Avi + C3, mixed (orange) as control.
right: pH induced release, showing no FRET after 4 h incubation time at pH 4.5. (B) Sta-
bility of (FK)3-Avi-C3 protein complex in fetal calf serum (FCS). Western blot analysis
showed no significant increase up to 24 h. B-C3 and (FK)3-Avi-C3 in PBS as well as 10%

FCS were applied as control.

The supramolecular complexes (GGP)3-Avi-C3 and (FK)3-Avi-C3 are selectively in-

ternalized into neutrophil-like NB-4 cells and C3 is released into their cytosol

The selective delivery of the Rho-inhibitor C3 into the cytosol of neutrophils by either
(GGP)s3-Avi or (FK)3-Avi was investigated as proof-of-concept for these novel transporter
molecules. First, human NB-4 cells, a neutrophil-like cell line, were used to test the ability
of (GGP);3-Avi and (FK)3-Avi to deliver the C3 Rho-inhibitor into the cytosol of these cells.
Therefore, differentiated NB-4 cells were incubated at 37 °C with either (GGP)3-Avi-C3 or
(FK)3-Avi-C3. For negative controls, the Avi alone and the C3 protein alone were applied.
Moreover, cells remained untreated as a further control. The recombinant fusion toxin
C2IN-C3lim is a specific Rho inhibitor based on the C3lim enzyme. In combination with
the C2Ila transport component of the binary C2 toxin from C. botulinum served as positive

control. 3’

C2IN-C3lim alone is specifically taken up into monocytic cells, but essentially
requires C2Ila for its uptake into the cytosol of other cell types such as epithelial cells.
Therefore, in combination with C2IIa, the uptake of C2IN-C3lim is not cell-type selec-

tive.!%37

In the next step, we determined the characteristic C3-induced changes in cell morphology
(Figure 3-53) after release of C3 into the cytosol of neutrophil-like NB-4 cells. Therefore,
pictures from the cells were recorded after different incubation periods and the number of

these intoxicated cells was determined based on the morphological changes (

Figure 3-53 B). This is a well-established,!> !7- 18:21. 35.37. 38 highly sensitive and specific
endpoint to monitor the uptake of C3 Rho-inhibitor into the host cell cytosol. The changes
in cell morphology essentially depend on the C3-catalyzed ADP-ribosylation of Rho in the
cytosol. !> 1718, 21.35.37 A5 expected, the combination of C2IN-C3lim and C2IIa exhibited
the strongest effect while C3 alone and the platform (Avi) alone had almost no effect on

cell morphology. Importantly, treatment of NB-4 with (GGP)3-Avi-C3 as well as (FK)3-
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Avi-C3 resulted in a significantly increased number of cells showing the characteristic C3-

induced morphology when compared to untreated control cells (

Figure 3-53A and B). This indicates that C3 enzyme activity reached the cytosol of neutro-
phil-like NB-4 cells after their treatment with either (GGP)3-Avi-C3 or (FK)3-Avi-C3 ex

Vivo.
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Figure 3-53: Effect of (GGP)3-Avi-C3 and (FK)3-Avi-C3 on human neutrophil-like NB-
4 cells. (A) Differentiated NB-4 cells were incubated with 320 nm Avi, 320 nm (GGP)3-
Avi-C3, 320 nm (FK)3-Avi-C3, 1 pg mL—1 C2IN-C3lim + 2 pg mL-1 C2IIa, 320 nM
C3botl or left untreated for control (mock). The cells were incubated at 37 °C and cell
morphology was observed by phase contrast microscopy and documented over 6 h. The
arrows indicate cells showing characteristic changes in cell morphology induced by the C3

Rho-inhibitor. The scale bar represents 50 um. (B) Quantitative analysis of NB-4 cells
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showing the C3-induced morphology from pictures after 4 h and 6 h. Values are given as
mean = SEM (n = 6).Significance was tested using Student’s t-test (ns, not significant, * p
<0.05, ** p <0.01, *** p <0.001). (C) Analysis of the ADP-ribosylation status of these
cells. The cells were treated as described in (A) and subsequently lysed. Equal amount of
lysate protein of each sample was subjected to in vitro ADP-ribosylation with C3 enzyme
and biotin-NAD+. The biotinylated, i.e. ADP-ribosylation of Rho was detected by Western
blotting (upper panel). Note: A strong signal in the blot indicates that no ADP-ribosylation
of Rho took place in the living cells, demonstrating that the C3 Rho-inhibitor was not pre-
sent in their cytosol. A weak signal indicates that most ADP-ribosylation of the Rho protein
took already place in the cytosol of the living cells by C3 Rho-inhibitor during the incuba-
tion period, indicating that active C3 enzyme reached the cytosol of these cells. Lower
panel: GAPDH-staining to demonstrate comparable protein loading and blotting. (1) mock,
(2) Avi, (3) (FK)3-Avi-C3, (4) C2IN-C3lim + C2Ila, (5) C3.

The ability of both transporter to deliver the Rho-inhibitor C3 into the cytosol of NB-4 cells

was also confirmed by the biochemical analysis of the ADP-ribosylation status of Rho from
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these cells and exemplarily shown for (FK)3-Avi-C3 (
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Figure 3-53 C). In this assay, the ADP-ribosylation status of Rho was analyzed in cell
lysates by sequential ADP-ribosylation with biotin-labeled NAD* 3”3 A strong signal in
the Western blot indicated that no Rho ADP-ribosylation took place in the intact cells. In
contrast, a weak signal in the blot indicated that all/most of the Rho protein have already
undergone ADP ribsylation in the intact cells during the incubation with the C3-containing
compounds or fusion toxins and therefore is proofed unsuitable as a substrate for the sub-
sequent in vitro ADP-ribosylation with biotin NAD". The observation that C3 alone had no
comparable effect as (GGP)3;-Avi-C3 or (FK)3-Avi-C3 regarding the morphology change
and the ADP-ribosylation of Rho in the cells indicated that (GGP)3-Avi or (FK)3-Avi are
essential for the transport of C3 into the cytosol of the neutrophils. Moreover, it excluded
the possibility that C3 was separated from the transporters (GGP)3-Avi or (FK)3-Avi al-

ready in the medium during the incubation with the cells and that some resulting free C3
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might have caused the observed effects in the neutrophils independently from the supra-

molecular transporters.

Effect of (GGP)3-Avi-C3 and (FK)3-Avi-C3 on primary PMN:s isolated from the hu-

man blood

After successful demonstration of the transport of the Rho inhibitor C3 into the cytosol of
a human neutrophil-like cell line by both supramolecular C3-containing complexes, the
effect of (GGP)3-Avi-C3 and (FK)3-Avi-C3 on biologically and medically more relevant
primary human PMNs was investigated. Therefore, PMNs were isolated from the blood of
healthy human volunteers and incubated at 37 °C with either (GGP)3-Avi-C3 or (FK)3-Avi-
C3. Again, pictures from the cells were taken and the changes in cell morphology were
compared with cells left untreated or treated with either Avi alone or C3 alone. The fusion
toxin, C2IN-C3lim+ C2IlIa, where C2Ila delivers the Rho-inhibitor C2IN-C3lim into the
cytosol of all cell types, served as positive control. Like the NB-4 cells, the human PMNs
responded with significant changes in cell morphology to the treatment with either (GGP)s3-
Avi-C3 or (FK)3-Avi-C3 and C2IN-C3lim + C2Ila (Figure 3-54A, B, C). However, neither
Avi nor C3 had a comparable effect (Figure 3-54A, C). These results clearly indicated that
(GGP)3-Avi-C3 and (FK)3-Avi-C3 were able to deliver C3 into the cytosol of primary hu-
man PMNs. Moreover, (GGP)3-Avi as well as (FK)3-Avi, but not Avi alone, bound to the
surface of PMNs at 4 °C as analyzed by flow cytometry, confirming the specific function
of the PMN targeting peptides (Figure 3-54D).
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Figure 3-54: Effect of (GGP)3-Avi-C3 and (FK)3-Avi-C3 on primary human PMNs ex
vivo. (A) PMNs were isolated from blood of healthy donors and then treated ex vivo with
320 nM Avi, 320 nM (GGP)3-Avi-C3, 320 nM (FK)3-Avi-C3, 1 pg mL! C2IN-C3lim + 2
ng mL™! C2IIa, 320 nM C3 or left untreated for control (mock). Cells were incubated at 37
°C and cell morphology was observed over a period of 6 h. Arrows indicate cells showing
the characteristic changes in cell morphology induced by C3 Rho-inhibitor. The scale bar
represents 50 pm. Cells of the same experiment with typical C3-induced morphology were
enlarged for better visualization (B). (C) Quantitative analysis of cells showing the C3-
induced morphology from pictures after 4 h and 6 h. Values are given as mean + SEM (n
=9). Significance was tested using Student’s t-test (ns, not significant, * p < 0.05, *** p <
0.001). (D) Analysis of the binding of (GGP)3-Avi-C3 and (FK)3-Avi-C3 to PMNs by flow
cytometry. PMNs (200,000 cells in 200 pL. complete medium) were incubated for 10 min
at 4 °C with either Avi, (GGP)3-Avi-C3 or (FK)3-Avi-C3 (all labeled with bodipy-fl (BDP))
or left untreated for control (mock). Subsequently, the cells were washed and analyzed by
flow cytometry for the cell-bound BDP-proteins. The median fluorescence (FL) intensity
of the respective histogram peaks was calculated, normalized to untreated control (mock)
and is shown as arbitrary units (AU). Values are given as mean +£ SEM (n =5). Significance

was tested using Student’s t-test (ns, not significant, *** p <0.001).

In contrast, neither (GGP)3-Avi-C3 nor (FK)3-Avi-C3 showed similar effects on the mor-
phology of human lung epithelial cells A549 (Figure 3-55A, SI) or the recently established
human alveolar epithelial cell line hAELVi (Figure 3-55C, SI), a model for the air-blood
barrier of the peripheral lung *, implicating that in these cells, the Rho-inhibitor C3 was
not delivered into the cytosol by the supramolecular complexes. These findings were con-
firmed by the biochemical evaluation of the ADP-ribosylation status of Rho of these cells
(Figure 3-55B, D). Our results clearly indicate that C3 enzyme activity was not present in
the cytosol of these epithelial cells. On the other hand, treatment of the A549 cells with
C2IN-C3lim + C2IIa resulted in the expected C3-induced change in cell morphology (Fig-
ure 8A, S11A) and the strong ADP-ribosylation of Rho in the cytosol of the living cells by
C3 (Figure 8 B, D).
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Figure 3-55: Effect of (GGP)3-Avi-C3 and (FK)3-Avi-C3 on human A549 lung cancer ep-
ithelial cells and on the human alveolar epithelial cell line hAELVi. (A) A549 cells were
treated with 320 nM Avi, 320 nM (GGP)3-Avi-C3, 320 nM (FK)3-Avi-C3, 1 ng mL™! C2IN-
C3lim + 2 pg mL™! C2IIa, 320 nM C3 or left untreated for control (mock). Cells were incu-
bated at 37 °C and cell morphology was analysis after a period of 4 h and 6 h. Values are
given as mean = SD (n = 3). Significance was tested using Student’s t-test (ns, not signifi-
cant, *** p <0.001). (B) Analysis of the ADP-ribosylation status of these cells. The cells
were treated as described in (A) and then lysed. Equal amount of lysate protein of each
sample was subjected to in vitro ADP-ribosylation with C3 enzyme and biotin-NAD". The
biotinylated, i.e. ADP-ribosylation of Rho was detected by Western blotting (upper panel).
A strong signal in the blot indicates that no ADP ribosylation of Rho took place in the living
cells, demonstrating that no C3 Rho-inhibitor was present in their cytosol. A weak signal
indicates that most ADP-ribosylation of the Rho took already place in the cytosol, of the
living cells during the incubation period. Lower panel: GAPDH-staining to demonstrate
comparable protein loading and blotting. (1) mock, (2) Avi, (3) (FK)3-Avi-C3, (4) C2IN-
C3lim + C2lIIa, (5) C3, (6) (GGP) (C) hAELVi cells were treated with 320 nm Avi, 320 nMm
(GGP)3-Avi-C3, 320 nM (FK)3-Avi-C3, 3 pg mL™! C2IN-C3lim + 6 pg mL™! C2IIa, 320 nM
C3 or left untreated for control (mock). Cells were incubated at 37 °C and cell morphology
was analyzed after a period of 4 h and 6 h. Values are given as mean + SEM (n = 9).
Significance was tested using Student’s t-test (ns, not significant, * p < 0.05, ** p < 0.01,
*#% p <0.001). (D) Analysis of the ADP-ribosylation status of these cells. The cells were
treated as described in (C) and then lysed. Equal amount of lysate protein of each sample
was subjected to in vitro ADP-ribosylation with C3 enzyme and biotin-NAD". The bioti-
nylated, i.e. ADP-ribosylation of Rho was detected as described in (B) (1) mock, (2) Avi,
(3) (FK)3-Avi-C3, (4) C2IN-C3lim + C2Ila, (5) C3.
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34.3 Conclusion

In conclusion, PMN-targeting supramolecular multiprotein complexes consisting of the
specific Rho-inhibitor C3, Avi as molecular glue and three PMN-targeting peptides were
prepared by convenient mix-and-match assembly using Avi/biotin technology to inhibit
Rho-mediated signal transduction in PMNs. (GGP)3-Avi-C3 or (FK)3-Avi-C3 were gener-
ated, characterized and their biological mode of action was evaluated in vitro and ex vivo.
A set of cell-based experiments clearly underlined the efficient and cell type-selective
transport of the Rho-inhibitor C3 into the cytosol of primary human PMNs ex vivo and into
the cytosol of human neutrophil-like NB-4 cells but not into human lung epithelial cells,
which provides strong evidence for cell type-selectivity of (GGP)3-Avi and (FK)3-Avi. We
envision that our strategy provides new therapeutic avenue for diseases such as post-trau-
matic injury of multiple injured patients, which are associated with hyperactivity and reac-

tivity of PMNss.

Based on these seminal proof-of-concept investigations, future studies will focus on the
application of the novel supramolecular complexes containing C3 Rho-inhibitor to eluci-
date whether inhibition of Rho-mediated signal transduction interferes with migration and
chemotaxis of human PMNs in trans-well and human “lung-on-a-chip” approaches ex vivo.
Moreover, it will be tested by our established animal model whether the local intra-tracheal
application of the novel supramolecular C3-containing complexes decreases the enhanced
invasion of PMNs from the blood into the lungs of mice after blunt thorax trauma. This
approach is inspired by earlier proof-of-concept studies which indicate that the intra-tra-
cheal application of the recombinant Rho-inhibiting C3IN-C3lim fusion toxin significantly
reduced the amount of monocytic cells in the lungs of mice after blunt thorax trauma, but
had no effect on PMNs because of its cell type-selectivity. !! Besides, the stability of the
complexes in vivo, e.g. in human blood will also be investigated. Ultimately, we envision
the application of supramolecular toxin complexes to down-modulate excessive PMN re-
cruitment and migration across the disturbed alveolar barrier of patients after trauma — a
hallmark event in the progression of Acute Lung Injury and Acute Respiratory Distress

Syndrome. 44!
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3.4.4 Experimental Section

General information, methods for AFM, DLS, Zeta-potential, SDS-PAGE and Western

Blot analysis are provided in the Supporting Information.

Materials. Unless otherwise stated, all chemicals were obtained from commercial sources
(Merck, Sigma Aldrich, Fluka and Thermo Scientific, Fisher Scientific) and used without
further purification. All organic solvents (acetonitrile (CH3CN), chloroform (CHCls), di-
chlormethane (CH2Cl), dimethylformamide (DMF), dimethyl sulfoxide (DMSO), metha-
nol (MeOH)) were obtained from Fisher Scientific and used without further purification
(HPLC or analytical grades). The peptides Ac-GGPNLTGRWGPPVESALAK-NH2
(GGP) and cFLFLFK-Biotin (B-FK) were purchased from PhtdPeptides Co., Ltd. (Zheng-
zhou City, China) with 95% purity. Water used for the reactions was obtained from the

Merck Millipore purification system.

Cell culture media (DMEM, RPMI) and fetal calf serum were from Gibco Life Technolo-
gies (Karlsruhe, Germany), cell culture materials from TPP (Trasadingen, Switzerland) and
Sarstedt (Niimbrecht, Germany). Monovettes® were from Sarstedt (Niimbrecht, Germany)
and Biocoll Separating Solution from Biochrom GmbH (Berlin, Germany). Penicillin—
streptomycin and Page Ruler prestained protein ladder were purchased from Thermo Fisher
Scientific (Ulm, Germany). Page Ruler unstained protein ladder was purchased from GE
Healthcare Life Sciences (Uppsala, Sweden). Complete® protease inhibitor and streptavi-
din-peroxidase were from Roche (Mannheim, Germany) and biotinylated NAD" from R&D
Systems GmbH (Wiesbaden-Nordenstadt, Germany). The antibody against GAPDH and
the peroxidase-coupled anti-mouse binding protein were from Santa Cruz Biotechnology
(Heidelberg, Germany). Thrombin was purchased from Sigma-Aldrich Chemie GmbH
(Steinheim, Germany), the nitrocellulose blotting membrane from GE Healthcare Life Sci-
ences (Uppsala, Sweden), and the enhanced chemiluminescence (ECL) system from Milli-
pore (Schwalbach, Germany). ATRA and HMBA were from Sigma-Aldrich (Steinheim,
Germany). G-CSF was purchased from Sino Biological Inc. (Wayne, PA, USA). The ex-
pression, purification and biochemical characterization of the recombinant proteins C2Ila,

C2IN-C3lim, and cysteine mutant of C3 was performed as described earlier.!® 2% 2!
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Synthesis of (E)-N-(2-(2,5-dioxo0-2,5-dihydro-1H-pyrrol-1-yl)ethyl)-5-(2-(5-
((3aS,4S,6aR)-2-oxohexahydro-1H-thieno 3,4-dimidazol-4-yl)pentanoyl)hydra-

zineylidene)hexanamide 4:

N-(2-(2.5-diox0-2.5-dihydro-1H-pyrrol-1-yl)ethyl)-5-oxohexamide (63 mg, 0.25 mmol, 1
equiv) and 5-((3aS,4S,6aR)-2-oxohexahydro-1H-thieno 3,4-dimidazol4-yl)pentanehydra-
zide (78 mg, 0.3 mmol, 1.2 equiv) were dissolved in 10 mL anhydrous MeOH under argon
atmosphere. The resulting reaction mixture was heated to 50 °C and was continuously
stirred for 4 h. The solvent was removed under high vacuum, and the residue was purified
by column chromatography using eluting solvents 10% MeOH in DCM to afford 63 mg
(0.12 mmol, 53%) of the final product; 'H-NMR (300 MHz, MeOD §) 6.83 (s, 2H) 4.51
(m, 1H) 4.33 (m, 1H), 3.63 (m, 2H), 3.36 (m, 2H), 3.22 (m, 1H) 2.94 (d, 1H, J= 12.7 Hz),
2.71 (d, 1H, J = 12.7 Hz), 2.11-2.44 (m, 6H), 1.98 (1H), 3.36 (m, 2H), 3.63 (m, 2H), 4.33
(m, 1H), 4.51 (m, 1H), 6.83 (s, 2H). 3C-NMR (100 MHz, MeOD, §) 176.20, 172.56,
165.93, 162.15, 135.45, 127.34, 63.41, 61.63, 56.96, 41.03, 38.89, 38.41, 38.26, 35.68,
34.59,29.80,29.53,26.62,23.53, 16.54. LC-MS: Tz: 3.51 min, m/z: 493M+H", 515M+Na",

2532+Na‘’ (calcd. mass: 492.22, formula: C22H3:N¢OsS).

Biotinylation of Ac-GGPNLTGRWGPPVESALAK-NH2 (B-GGP):

A 2 mg mL"! solution of GGP-peptide (5 mg, 2.5 pmol) in DMF and a 1 mg mL™! solution
of biotin-(PEO)3-maleimide in phosphate buffer (50 mM, pH 7.4) were mixed and incu-
bated overnight at RT under shaking. The respective solution was lyophilized and washed
with DCM to remove unreacted biotin reagent. The crude product was further purified by
HPLC using a XDB-C18 column with the mobile phase starting from 100% solvent A
(0.1% TFA in water) and 0% solvent B (0.1% TFA in acetonitrile) (0-5 min) with a flow
rate of 4 mL per minute, raising to 5% solvent B in five minutes, 15% solvent B in 10
minutes, and then reaching 100% solvent B after 29 minutes. It remained in this state for
one minute. Solvent B concentration was then finally lowered to 5% over five minutes.
Absorbance was monitored at 280 nm and 254 nm. The retention time for GGP-B was 17.5
minutes, and 2.75 mg (1.02 pmol, 40%) of the product was obtained after lyophilization;
LC-MS: Tx: 4.51, m/z: 898M+3H>".
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MALDI-ToF-MS (CHCA): m/z: 2691M+H. °, 2713 M+Na}* ,

(calcd. mass: 2689 formula: Ci20H192N32034S2).

Biotinylation of C3 (B-C3):

The recombinant cysteine mutant of C3 was expressed and purified in E. coli BL21 as

described in the literature. >

60 ul of 4-(2-hydroxyethyl)-1-piperazine—ethanesulfonic acid (HEPES) buffer (100 mM,
pH 7.4) and tris(2-carboxyethyl)phosphine (TCEP) HCI were sequentially added to the C3
solution (200 pg, 8 nmol, 1 equiv) and were incubated for 30 min at RT under shaking .
Subsequently, 30 uL of compound 3 (5 mg mL™! in DMF, 30 equiv) were added to the
reaction mixture and the resulting mixture was shaken for 3 h at 4 °C. Thereafter, rigorous
ultrafiltration with 3 x 500 puL buffer (molecular weight cut off MWCO) = 10 kDa, 25 mM
HEPES buffer, pH 7.4) was used to remove excess of compound 3 to yield 208 ul B-C3
(0.7 mgmL™!, 73% yield). The concentration of B-C3 was determined using a bicinchoninic
acid (BCA) assay (A562 nm) with BSA as reference. Successful biotinylation was con-
firmed by MALDI-ToF-MS and degree of labeling was quantified by Quant*Tag™ Biotin
Kit at A535 nm.
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Assembly of transport proteins (GGP)3-Avi and (FK)3-Avi:

(GGP)3-Avi was assembled by dissolving 2 mg (31.7 nmol, 1 equiv) of Avi-BDP in 1 mL
phosphate buffer (50 mM, pH 7.4) and subsequent adding 383 pLL GGP-B (383 pg in MilliQ
water, 143 nmol, 4.5 equiv). The mixture was incubated for one hour at RT under shaking
and purified by rigorous ultracentrifugation (MWCO = 20 kDa, using 3 x 500 uL. 50 mm
phosphate buffer pH 7.4). (FK)3-Avi was assembled by dissolving 1 mg (15.9 nmol, 1
equiv) Avi-BDP in 1 mL phosphate buffer (50 mMm, pH 7.4) and 5.57 uL FK-B (56 ug in
DMSO, 47.7 nmol, 3 equiv) were subsequently added. The mixture was incubated for one
hour at RT under shaking and purified by ultracentrifugation (MWCO = 20 kDa, using 3 x
800 pL 50 mM phosphate buffer pH 7.4).

Assembly of (GGP)3-Avi-C3 and (FK)3-Avi-C3:

(FK)3-Avi-C3 was assembled by using 66 pL Avi-BDP (2 mg mL™! in HEPES buffer 25
mM, pH 7.4) dissolved in 100 pL. of HEPES buffer (50 mm, pH 7.4). Then, 62 uL (0.8
mg/mL in 25 mM HEPES buffer pH 7.4, 50 pg, 2.0 nmol, 1 equiv) of B-C3 and 0.7 pL of
B-FK (1 mg/mL in DMSO, 6.0 nmol, 3 equiv) were added.

(GGP) 3-Avi-C3 was assembled by using 66 pL (2 mg/mL in HEPES buffer 25 mM, pH
7.4) of Avi-BDP dissolved in 100 pL. of HEPES buffer (50 mM, pH 7.4) and adding 62 uL.
(0.8 mg mL! in 25 mM HEPES buffer pH 7.4, 50 ug, 2.0 nmol, 1 equiv) of B-C3 and 24
pL of B-GGP (1 mg mL™! in MilliQ water, 9.0 nmol, 4.5 equiv).

Analysis of the ADP-ribosylation status of Rho in cells:

To analyze the ADP-ribosylation of Rho in the cytosol of cells, in vitro ADP-ribosylation
with biotin-labeled NAD" as co-substrate and C3 enzyme was performed as described ear-
lier. ' 17-37 In brief, cells were incubated at 37 °C with the respective transporters and toxins
or left untreated for control as described in the previous section. Then, the cells were lysed
and equal amount of lysate protein was incubated with 10 mM biotin-labeled NAD" and
300 ng C3 for 30 min at 37 °C. The enzyme reaction was terminated by adding SDS sample
buffer and boiling the samples at 95 °C for 10 min. The biotinylated, i.e. ADP-ribosylation
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of Rho was detected by Western blotting with streptavidin-peroxidase using the ECL sys-

tem. To confirm comparable amount of blotted protein, GAPDH was detected in addition.

Flow cytometry:

PMNs were isolated as described before. For flow cytometry analysis 2 x 10° cells in 100
puL RPMI + 1% FCS were incubated with Avi (320 nM), (GGP)3-Avi-C3 (320 nM) or (FK);3-
Avi-C3 (320 nM) for 10 min on ice to prevent an endocytic uptake. Cells were washed with
ice-cold PBS, resuspended in 200 uL complete medium and analyzed by flow cytometry
using BDFACSCelesta™ flow cytometer and the BD FACSDiva™ software. BDP was
excited with a blue laser (488 nm), emitted fluorescence was detected with a 530 nm
(530/30) bandpass filter. Analysis and creation of fluorescence histograms from gated cell
populations was performed using Flowing Software v2.5.1 (Perttu Terho, Turku Centre for

Biotechnology, Finland).

Statistical Analysis:

For the FACS experiments, the median fluorescence intensity of each peak was calculated,
normalized to untreated control peak and displayed as arbitrary units. For the cell based
experiments, representative results are shown in the Figures and all results are presented as
the mean + SEM. Significance was tested using Student’s t-test (ns = not significant, *p <
0.05, **p <0.01, ***p <0.001). Here, sample size was as followed: Figure 3-53B (n = 6),
Figure 3-54C (n =9), Figure 7D (n=15), Figure 3-55A (n = 3), Figure 3-55C (n =9). For
statistical analysis, GraphPad Prism 5 (GraphPad Software, La Jolla, CA, USA) was used.
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3.4.5 Supporting Information

Materials. Unless otherwise stated, all chemicals were obtained from commercial sources
(Merck, Sigma Aldrich, Fluka and Thermo Scientific, Fisher Scientific) and used without
further purification. All organic solvents (acetonitrile (CH3CN), chloroform (CHCl3), di-
chlormethane (DCM), dimethylformamide (DMF), dimethyl sulfoxide (DMSO), methanol
(MeOH)) were obtained from Fisher Scientific and used without further purification (HPLC
or analytical grades). The peptides Ac-GGPNLTGRWGPPVESALAK-NH2 (GGP) and
cFLFLFK-Biotin (B-FK) were purchased from PhtdPeptides Co., Ltd. with 95% purity
(Zhengzhou City, China). H>O used for the reactions was obtained from the Merck Milli-

pore purification system.

Cell culture media (DMEM, RPMI) and fetal calf serum were from Gibco Life Technol-
ogies (Karlsruhe, Germany), cell culture materials from TPP (Trasadingen, Switzerland)
and Sarstedt (Niimbrecht, Germany). Monovettes® were from Sarstedt (Niimbrecht, Ger-
many) and Biocoll Separating Solution from Biochrom GmbH (Berlin, Germany). Penicil-
lin—streptomycin and Page Ruler prestained protein ladder were purchased from Thermo
Fisher Scientific (Ulm, Germany). Page Ruler unstained protein ladder was purchased from
GE Healthcare Life Sciences (Uppsala, Sweden). Complete® protease inhibitor and strep-
tavidin-peroxidase were from Roche (Mannheim, Germany) and biotinylated NAD" from
R&D Systems GmbH (Wiesbaden-Nordenstadt, Germany). The antibody against GAPDH
and the peroxidase-coupled anti-mouse binding protein were from Santa Cruz Biotechnol-
ogy (Heidelberg, Germany). Thrombin was purchased from Sigma-Aldrich Chemie GmbH
(Steinheim, Germany), the nitrocellulose blotting membrane from GE Healthcare Life Sci-
ences (Uppsala, Sweden), and the enhanced chemiluminescence (ECL) system from Milli-
pore (Schwalbach, Germany). ATRA and HMBA were from Sigma-Aldrich (Steinheim,
Germany). G-CSF was purchased from Sino Biological Inc. (Wayne, PA, USA). The ex-
pression, purification and biochemical characterization of the recombinant proteins C2I1a,

C2IN-C3lim, and Cys-C3botl (referred to as C3) was performed as described earlier.'® 2%
21
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Synthesis of (E)-N-(2-(2,5-dioxo0-2,5-dihydro-1H-pyrrol-1-yl)ethyl)-5-(2-(5-
((3aS,4S,6aR)-2-oxohexahydro-1H-thieno 3,4-dimidazol-4-yl)pentanoyl)hydra-

zineylidene)hexanamide, 4:

o) 1) EDC, DMAP,DCM 4 H

H o}
NH 2) TFA, DCM
%‘\\MOH + H2N I \K 80/ Y M

OH 0 N TFA
3
s Zac
o 0 o 0 &NN
o)
M _ = M N \ m
OH EDC, DIEA o DCM 0
DCM DIEA
90% 2 79% 3

NHH

B T
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Scheme 3.4-1: Reaction scheme for the synthesis of 4 adapted from published procedure.

Synthesis of 5-((3aS,4S,6aR)-2-oxohexahydro-1H-thieno 3,4-dimidazol4-yl)pentane-
hydrazide 1:

Biotin (200 mg, 0.82 mmol, 1 equiv), l-ethyl-3-(3-dimethylaminopropyl)carbodiimid
(EDC HCI) (188 mg, 0.8, 0.12 equiv) and 4-(dimethylamino)-pyridin (DMAP) (12 mg, 98
pumol, 0.12 equiv) were dissolved in 5 mL anhydrous DMF at 0°C under argon atmosphere.
Thereafter, fert-butyl carbazate (130 mg, 0.98 mmol, 0.12 equiv) was added. The reaction
mixture was stirred at room temperature (RT) overnight, and the solvent was removed un-
der high vacuum at 40°C. The crude product was purified by flash chromatography, eluting
with 10% MeOH in DCM to yield 371 mg of the boc-protected biotinylhydrazine. There-
after, the compound was dissolved in 4 mL DCM and 1 mL TFA, and the resulting mixture
was stirred at RT overnight. Then, the solvent was removed under high vacuum and washed
with diethyl ether to afford 267 mg of a white salt (0.72 mmol, 88%); 'H NMR (700 MHz,
D0, 9): 7.82 (s, 1H), 4.50 (dd, J; =4.53,J>=7.93, 1H), 4.32 (dd, J; =3.45, J>=6.83, 1H),
3.45 (q, Ji1-3=7.09, 1H), 3.24 (m, 1H), 2.89 (m, 2H), 2.70 (m, 2H), 1.57 (m, 4H), 1.34 (q,
Jii2="17.13, J3=17.24), 1.07 (m, 2H); >*C NMR (100 MHz, D>0, §): 62.37, 60.60, 55.50,
39.31 (CH>), 33.42 (CH>), 33.00 (CH>), 28.01 (CH2), 24.84 (CH>), 24.51 (CH>).

Synthesis of 2,5-dioxopyrrolidin-1-yl-5-oxohexanoate 2:
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5-Oxohexanoic acid (200 mg, 1.54 mmol, 1 equiv) was dissolved in 25 mL dry DCM,
followed by 588 mg (3.08 mmol, 2 equiv) of EDC HCI, 18 mg DMAP (0.192 mmol, 0.1
equiv), and 530 pL (396 mg, 7.69 mmol, 5 equiv) diisopropylethylamin (DIEA). The reac-
tion mixture was stirred for 10 minutes at RT, thereafter 354 mg (3.08 mmol, 2 equiv) of
N-hydroxysuccinimide was added, and the mixture was kept stirring at RT overnight. The
solvent was removed under high vacuum, and the product was purified by column chroma-
tography using 5% MeOH in DCM as eluting solvents to yield 313 mg, (1.38 mmol, 90%)
of compound 2; 'H NMR (300 MHz, CDCls, §): 2.78 (s, 2H), 2.60 (m, 2H), 2.53 (m, 2H),
2.10 (s, 3H), 1.93 (p, J1+2 = 7.07, J3+4 = 7.12, 2H);'3C NMR (100 MHz, CDCl3, §) 207.48,
172.43,169.14, 168.31,41.48, 32.98, 30.00, 29.93, 25.58, 25.40, 18.84, 18.50; LC-MS: Tx:

2.45 min, m/z = 228M+H" (calcd. mass: 227.08, formula: C19gH13NOs).

Synthesis of N-(2-(2.5-dioxo-2.5-dihydro-1H-pyrrol-1-yl)ethyl)-5-oxohexamide 3:

2,5-Dioxopyrrolidin-1-yl-5-oxohexanoate (297 mg, 1.30 mmol, 1 equiv) and 225 pL. DIEA
(333 mg, 2.59 mmol, 2 equiv) were added gradually to 10 mL anhydrous DCM. Then, 225
mg (1.30 mmol, 1 equiv) of N-(2-aminoethyl) maleimide trifluoroacetate salt was added.
The reaction mixture was stirred for 30 minutes and monitored with TLC. The solvent was
removed under high vacuum, and the residue was purified through chromatography by us-
ing eluting solvents 3% MeOH in DCM, resulting in 255 mg of yellowish crystals (1.02
mmol, 53%); '"H NMR (300 MHz, CDCl3, §): 6.66 (s, 2H), 3.51 (p, Ji+2=5.27, J3 = 69.39,
4H), 4.43 (t, J;+2= 7.06, 2H), 2.08 (s, 3H), 1.79 (p, J1+2 = 7.26, J3+4 = 7.38, 2H); 3C NMR
(100 MHz, CDCl3, 6) 207.73, 172.61, 171.00, 170.50, 156.10. 155.82, 50.70, 41.88, 36.04,

29.81, 18.80. LC-MS: Tx: 2.37 min, m/z = 253M+H" (calcd. mass: 252.11, formula:

C12H16N204).

Synthesis of (E)-N-(2-(2,5-dioxo0-2,5-dihydro-1H-pyrrol-1-yl)ethyl)-5-(2-(5-
((3aS,4S,6aR)-2-oxohexahydro-1H-thieno 3,4-dimidazol-4-yl)pentanoyl)hydra-

zineylidene)hexanamide 4:

N-(2-(2.5-diox0-2.5-dihydro-1H-pyrrol-1-yl)ethyl)-5-oxohexamide (63 mg, 0.25 mmol, 1
equiv) and 5-((3aS,4S,6aR)-2-oxohexahydro-1H-thieno 3,4-dimidazol4-yl)pentanehydra-

zide (78 mg, 0.3 mmol, 1.2 equiv) were dissolved in 10 mL anhydrous MeOH under argon
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atmosphere. The resulting reaction mixture was heated to 50 °C and was continuously
stirred for four hours. The solvent was removed under high vacuum, and the residue was
purified by column chromatography using eluting solvents 10% MeOH in DCM to afford
63 mg (0.12 mmol, 53 %) of the final product; 'H-NMR (300 MHz, MeOD §) 6.83 (s, 2H)
4.51 (m, 1H) 4.33 (m, 1H), 3.63 (m, 2H), 3.36 (m, 2H), 3.22 (m, 1H ) 2.94 (d, 1H, J=12.7
Hz), 2.71 (d, 1H, J = 12.7 Hz), 2.11-2.44 (m, 6H), 1.98 (1H), 3.36 (m, 2H), 3.63 (m, 2H),
4.33 (m, 1H), 4.51 (m, 1H), 6.83 (s, 2H). 3*C-NMR (100 MHz, MeOD, §) 176.20, 172.56,
165.93, 162.15, 135.45, 127.34, 63.41, 61.63, 56.96, 41.03, 38.89, 38.41, 38.26, 35.68,
34.59, 29.80, 29.53, 26.62, 23.53, 16.54. LC-MS: Tz: 3.51 min, m/z = 493M+H",

515M+Na", 2532+Na" (calcd. mass: 492.22, formula: C22H3:N6O05S).
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Figure 3-56: A. Reaction scheme for the pH-responsive cleavage of the hydrazone bond
of compound 3 under acidic conditions. B. LC chromatogram (top) and ESI-MS spectrum
(bottom) of (E)-N-(2-(2,5-diox0-2,5-dihydro-1H-pyrrol-1-yl)ethyl)-5-(2-(5-
((3aS,4S,6aR)-2-oxohexahydro-1H-thieno  3,4-dimidazol-4-yl)pentanoyl)hydrazineyli-

dene)hexanamide 3 after purification.

Biotinylation of C3 (B-C3):

el \f
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Scheme 3.4-2: Reaction scheme for the biotinylation of C3 enzyme.

The recombinant cysteine mutant of C3 was expressed and purified in E. coli BL21 as

described in the literature.!

60 ul of 4-(2-hydroxyethyl)-1-piperazine—ethanesulfonic acid (HEPES) buffer (100 mM,
pH 7.4) and tris(2-carboxyethyl)phosphine (TCEP) HCI were sequentially added to the
cysteine mutant-C3 solution (200 pg, 8 nmol, 1 equiv) and were incubated for 30 min at
RT under shaking . Subsequently, 30 pL of compound 3 (5 mg mL™! in DMF, 30 equiv)

were added to the reaction mixture and the resulting mixture was shaken for 3 h at 4°C.
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Thereafter, rigorous ultrafiltration with 3 x 500 pL buffer (molecular weight cut off
(MWCO) = 10 kDa, 25 mM HEPES buffer, pH 7.4) was used to remove excess of com-
pound 3 to yield 208 pl B-C3 (0.7 mg mL™!, 73% yield). The concentration of B-C3 was
determined using a bicinchoninic acid (BCA) assay (A562 nm) with BSA as reference.
Successful biotinylation was confirmed by MALDI-ToF-MS and degree of labeling was
quantified by Quant*Tag™ Biotin Kit at A535 nm.

Biotinylation assay

BCA Protein assay

0,18
0,16
0,14
0,12

0,1
0,08
0,06
0,04
0,02

= ot
=N oW
1}

Absorbance at 560 nm
Absorbance at 535 nm

=
(W]

o

0 50 100 150 200 0 0,2 0,4 0,6 0,8 1
Concentration [mg/mL] Biotin [nmol]

(_'
U
(9]
[
*

12000

24484 5989 U

hy N :

L N
e R g eV T
9000 3 o Ty .’J‘A: =N

B-C3+H-1]" l None
H* N

Cih

6000

2]

—

g o

NH 1 ] o

s H

fd HT ‘\\\\/\\)LN,NH_- DMN\/\N

S s " o €3
2 !

21000 24000 27000 30000
miz

Figure 3-57: A. Absorbance spectrum at 560 nm of BCA assay for determination of protein
concentration. B. Absorbance spectrum at 535 nm of Quant*Tag™ Biotin assay for quan-
tification of biotin. C.MALDI-ToF-MS spectra of native C3 (green) m/z = 24484C3+H"
and biotinylated C3 m/z = 24735B-C3+H" using CHCA as matrix.

Western blot analysis of B-C3:
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The bioconjugation was confirmed using Western blot analysis and immunoblot detection
with a Strep-HRP conjugate to detect the presence of biotin. Western Blot was performed
after SDS-PAGE by blotting a nitrocellulose membrane using Mini Trans-Blot® Cell Mod-
ule (Bio-Rad Laboratory-Inc. Hercules, USA). The nitrocellulose membrane was rinsed
with MeOH and equilibrated with filter paper, sponges, and gel in a blotting buffer for 10
minutes. A blotting sandwich was prepared according to the transfer charge by stacking a
sponge, two filters, gel, the membrane, followed by two filters and a sponge. The transfer
was performed using 120 V for one hour, revealing a successful transfer to the membrane,
visualized by Ponceau S. Following this, the membrane was blocked using 5 % skim milk
in 1 x Tris-buffered saline with Tween20 (TBS-T) for 30 minutes. After washing with TBS-
T, the membrane was incubated with Strep-HRP (1:4000 in 5% skim milk/TBST) for one
hour. Chemiluminescence was detected using enhanced chemiluminescence (ECL, West-

ern Lightning Plus, PerkinElmer, Waltham, USA).
Biotinylation of Ac-GGPNLTGRWGPPVESALAK-NH2 (B-GGP) 5:

A 2 mg mL"! solution of GGP-peptide (5 mg, 2.5 pmol) in DMF and a 1 mg mL™! solution
of biotin-(PEO)3-maleimide in phosphate buffer (50 mM, pH 7.4) were mixed and incu-
bated overnight at RT under shaking. The respective solution was lyophilized and washed
with DCM to remove unreacted biotin reagent. The crude product was further purified by
HPLC using a XDB-C18 column with the mobile phase starting from 100% solvent A
(0.1% TFA in water) and 0% solvent B (0.1% TFA in acetonitrile) (0-5 min) with a flow
rate of 4 mL per minute, raising to 5% solvent B in five minutes, 15% solvent B in 10
minutes, and then reaching 100% solvent B after 29 minutes. It remained in this state for
one minute. Solvent B concentration was then finally lowered to 5% in five minutes. Ab-
sorbance was monitored at 280 nm and 254 nm. The retention time for GGP-B was 17.5
minutes, and 2.75 mg (1.02 pmol, 40%) of the product was obtained after lyophilization;
LC-MS: Tx: 4.51, m/z = 898M+3H*". MALDI-ToF-MS (CHCA): m/z = 2691M+H",

2713M+Na*, (calcd. mass: 2689 formula: Ci20H192N32034S5).
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Figure 3-58: A. LC-MS spectrum of B-GGP peptide Tz: 4.51, m/z = 898M+3H>" B.

MALDI-ToF-MS spectrum of GGP peptide (calcd. mass: 2050) and GGP-B peptide (calcd.

mass: 2689) using CHCA matrix.
Fluorescence labeling of B-GGP peptide:

1 mg of B-GGP peptide (0.37 uM, dissolved in 0.5 mL anhydrous DMF) were added to 2
mL phosphate buffer (50 mM, pH 6.5). Subsequently 0.6 mg (dissolved in 60 pL of anhy-
drous DMSO) of Alexa-488 (AF488) NHS ester were added to the mixture and incubated
overnight under stirring. The crude product was further purified by HPLC using a Atlantis
T3 5um 4.6 x 100 mm column with the mobile phase starting from 100% solvent A (0.1%
TFA in water) and 0% solvent B (0.1% TFA in acetonitrile) (0-5 min) with a flow rate of
I mL per minute, raising to 5% solvent B in five minutes, 15% solvent B in 10 minutes,
and then reaching 100% solvent B after 29 minutes. It remained in this state for one minute.
Solvent B concentration was then finally lowered to 5% in five minutes. Absorbance was
monitored at 280 nm and 254 nm. The retention time for B-GGP-AF488 was 16.5 minutes,
and 0.4 mg (0.12 pmol, 40%) of the product was obtained after lyophilization; LC-MS: Tk:
4.50, m/z = 1040M+3H>".
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Figure 3-59: LC-MS spectrum of B-GGP-AF488 peptide Tz: 4.50, m/z = 1040M+3H>"

Optimization of biotinylated GGP (B-GGP) and biotinylated cFLFLFK (B-FK) avidin
binding:

Native avidin (Avi) and B-GGP (0-6 equiv) or B-FK (0-6 equiv) were dissolved in phos-
phate buffer (50 mM, pH 7.4) to afford 1 mg mL™!' Avi solutions with different equivalents
of B-GGP or B-FK. The respective solutions (50 pl) and 4'-hydroxyazobenzene-2-carbox-
ylic acid (HABA) solution (I mg mL™! in DMSO, 1 uL) were introduced into a UV-star®
flat bottom 384-well plate. After mixing was the absorbance spectrum (250 nm—650 nm)

of the solution measured.

Fluorescence labeling of avidin:

5 mg of Avi (78.5 nmol, 1 equiv) was dissolved in 1 mL of phosphate buffer (50 mm, pH
8.4) and 155 pL of bodipy-fl (BDP) NHS ester in DMSO (155 mg, 395 nmol, 5 equiv). The
resulting mixture was incubated under shaking overnight at RT. Size exclusion chromatog-
raphy with a Sephadex® G-25 column obtained 2.5 mg (39 nmol, 50%) Avi-BDP. Suc-
cessful bioconjugation of avidin was confirmed by SDS-PAGE under denaturing condition
(see below). The degree of labeling was calculated as a ratio of protein concentration (A280

nm) and absorption of BDP (A488 nm) and revealed 1.1 BDP per Avi.
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Figure 3-60: Characterization of Avi-BDP using SDS-PAGE (left: under UV, right: coo-

massie staining)

For FRET studies, Avi was fluorescent labeled with Alexa-594. Therefore, 5 mg of Avi
(78.5 nmol, 1 equiv) was dissolved in 1 mL of phosphate buffer (50 mm, pH 8.4) and 12,9
puL of Alexa-594 (AF594) NHS ester in DMSO (155 mg, 395 nmol, 5 equiv). The resulting
mixture was incubated under shaking overnight at RT. Size exclusion chromatography with
a Sephadex® G-25 column obtained 3.2 mg (50 nmol, 64%) Avi-AF594. The degree of
labeling was calculated as a ratio of protein concentration (A280 nm) and absorption of

AF594 (A590 nm) and revealed a degree of labeling of 0.43.

Fluorescence labeling of C3 and B-C3 protein:

100 pug (4.1 nmol, 1 equiv) B-C3 or C3 was dissolved in 500 uL phosphate buffer (50 mm,
pH 8) and 4.65 pg (4.95 nmol, 1.2 equiv) NHS-Alexa 647 dissolved in anhydrous DMSO
at 10 mg mL™! where added. The mixture was incubated overnight under shaking at 4 °C
and was purified using rigorous ultrafiltration (MWCO = 10 kDa, 25 mM HEPES buffer
pH 7.4).

FRET measurement of (FK)3-Avi-C3:

For the FRET studies, Avi labeled with an Alexa-594 served as donor and C3 labeled with
Alexa-647 served as acceptor. Concentration therefore was 20 uM of (FK)3-Avi-C3 in 25
mM HEPES pH 7.4. The measurements were performed in triplicates and each well was
filled with 10 pL of solution. Fluorescence intensity was excited at 550 nm (10 nm band-
width) and emission was scanned from 580-800 nm (20 nm bandwidth) as shown in Figure
5. C3 release demonstrated by disrupted FRET signal due to linker cleavage was obtained
via acidification of (FK)3-Avi-C3. Therefore, 1 pL (FK)3-Avi-C3 (200 uM), 1 pL (FK)3-

Avi+ C3 (200 uM) or 1 pLL Avi (200 uM) was added into 9 puL of 50 mM citric buffer pH
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4.5 and incubated for 4h on an orbital shaker. Experiments were performed on a Tecan

spark m2000.

Triple labeling of (GGP)3-Avi-C3:

For determination of the assembled ratio GGP:Avi:C3 a (GGP)3-Avi-C3 construct was as-
sembled by using 50 pL. Avi-AF-594 (2 mg/mL in HEPES buffer 25 mM, pH 7.4) dissolved
in 100 pL of HEPES buffer (50 mM, pH 7.4) 64 uL (0.7 mg mL" in 25 mM HEPES buffer pH
7.4, 50 ug, 2.0 nmol, 1 equiv) of B-C3-AF-647 and 18 pL of B-GGP-AF488 (1 mg mL™" in
MilliQ water, 3.75 equiv). The mixture was incubated for one hour at RT under shaking and
purified by ultracentrifugation (MWCO = 30 kDa, using 3 x 800 uL 25 mM HEPES buffer
pH 7.4). Concentration was determined by absorbance at 594 nm against a standard curve
of Avi-AF594. For the determination of the assembled ratio 50 puL of the construct were
applied into a UV-star® flat bottom 384-well plate. After mixing, the absorbance spectrum
(300 nm—1000 nm) of the solution was measured. As control absorbance spectra of same
concertation of Avi-AF-594, B-C3-AF-647 and B-GGP-AF488 were recorded and subtracted
for the calculation. The ratio of GGP:Avi:C3 was determined from the absorption envelopes

and a ratio of 3.2:1:0.7 was calculated.

Dual labeling of (FK)3-Avi-C3:

For determination of the assembled ratio Avi:C3 in (FK)3-Avi-C3 construct was assembled
by using 50 pL. Avi-BDP (2 mg/mL in HEPES buffer 25 mM, pH 7.4) dissolved in 100 pL of
HEPES buffer (50 mM, pH 7.4) 64 uL (0.7 mg mL™" in 25 mM HEPES buffer pH 7.4, 50 pg,
2.0 nmol, 1 equiv) of B-C3-AF-647 and 0.5 uL of B-FK (1 mg/mL in DMSO, 3 equiv) were
added. The mixture was incubated for one hour at RT under shaking and purified by ultra-
centrifugation (MWCO = 30 kDa, using 3 x 800 uL 25 mm HEPES buffer pH 7.4). Con-
centration was determined by absorbance at 488 nm against a standard curve of Avi-BDP.
For the determination of the assembled ratio 50 puL of the construct were applied into a UV-
star® flat bottom 384-well plate. After mixing, the absorbance spectrum (280 nm—800 nm)
of the solution was measured. As control absorbance spectra of same concertation of Avi-
BDP and B-C3-AF-647 were recorded and subtracted for the calculation. The ratio of Avi:C3
was determined from the absorption envelopes and a ratio of 1:0.8 was calculated.
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Figure 3-61: Absorbance spectrum of dual labeled (FK)3-Avi-C3. Avi was labeled with
BDP, C3 was labeled with AF647.

Gel electrophoresis of (GGP)3-Avi-C3 and (FK)3-Avi-C3:

SDS-PAGE was carried out using 10% Bis-Tris polyacrylamide separating gels with 6%
Bis-Tris polyacrylamide stacking gel. Sample preparation was performed either under de-
naturing conditions (with heating) or non-denaturing conditions (without heating) to mini-

mize avidin-biotin cleavage.

Denaturing conditions. 3 pL of sample buffer (NUPAGE, Invitrogen) and 1 pL of I M
Dithiothreitol (DTT) where mixed with 8 pL of protein solution and incubated for 10 min
at 95 °C. 10 uL of the solution was loaded to the SDS gel.

Non-denaturing conditions. 4 pL of 50 % glycerol solution where mixed with 8 uL of pro-

tein solution. 10 pL of the solution was loaded to the SDS gel.

As areference 2 L of AppliChem Protein Marker VI® protein ladders were loaded to the
gel. The gel was run using 1 x MES SDS running buffer with a constant 150 V for about

50 min.
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Figure 3-62: Assembly of the supramolecular complexes (FK)3-Avi-C3 and (GGP)3-Avi-
C3 and their characterization by SDS-PAGE. The left panel shows the coomassie-stained
proteins, the right panel shows the fluorescent proteins detected by UV-light. 1: C3 (0.07
mg/mL) 2: (GGP)3-Avi-C3 (0.25 mg/mL), 3: (FK)3-Avi-C3 (0.25 mg/mL)

Atomic Force Microscopy (AFM) of (FK)3-Avi-C3:

30 uL of a 10 pg mL™! protein solution was dropped on a freshly cleaved mica and absorbed
for 10 min at room temperature. After addition of 70 uL. MilliQ H>O samples were imaged
using liquid tapping mode on a Bruker Dimension FastScan Bio AFM instrument equipped
with the ScanAsyst mode with scan rates between 1 and 3 Hz. Images were analyzed by

using NanoScope Analysis 1.8 software.
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Figure 3-63: A. AFM images showing (FK)3-Avi-C3 B. height profile analysis of repre-

sentative protein particles.

Dynamic light scattering:

The sizes of Avi as well as the two complexes (FK)3-Avi-C3 and (GGP)3-Avi-C3(0.5 mg
mL ') were analysed by separately preparing in ultrapure water and analysed using dy-
namic light scattering. Light scattering measurements were performed on an ALV spec-
trometer consisting of a goniometer and an ALV-5004 multiple-tau full-digital correlator
(320 channels) which allows measurements over an angular range from 30° to 150. As a
light source a He-Ne Laser with the wavelength of 632.8 nm was used. Temperature control
during the measurements was ensured by a thermostat from Julabo. Measurements were

performed at 20 °C at 9 angles ranging from 30° to 150°.
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Table 3.4-1: Characterization of supramolecular complexes by DLS

Sample Rn PDI
nm

Avi 3.5 £ 0.256
0.3

(FK):-Avi- 3.8 £ 0.159
C3 0.4

(GGP)s- 39 + 0.169
Avi-C3) 0.4

DLS measurements revealed no significant changes in size. The change of size of the non-
functionalized and functionalized sample is so small that it cannot be detected with DLS.
With DLS, it is not possible to determine the change of the size of particles in the subna-
nometer range. 2 However, we proved with other techniques (spectroscopy, SDS-Page)

that the functionalization was successful.

Zeta-potential:

A solution of 0.1 mg mL™! avidin or unmodified C3, as well as the compexes were prepared
in 100 mM HEPES buffer. The zeta-potential values were acquired using a Malvern Nano
Zetasizer (Nano-Z, Malvern Instruments) over min. 10 runs with 120 sec temperature aq-
uilibration at 25 °C. As a control, the zeta-potential of a solution with final concentration
of 0.1 mg mL"! human serum albumin (pI < 5) was determined. Avidin was saturated with

6 mol. eq. biotin before the measurement to obtain the tetrameric structure.
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Table 3.4-2: (Zeta values of HSA, Avi, C3, (FK)3-Avi-C3 and (GGP)3-Avi-C3)

HSA Avi C3  (FK)- (GGP);-  FK GGP
AVi-C3  Avi-C3

Zeta value -6.16 -2.41 -1.41  -4.56 -2.39 -11.6 -1,99
(mV)

Zeta deviation 5.25 3.24 431 3.55 3.40 6.32 3.11
(mV)

Conductivity 0.457 0.600 0.299 1.81 1.36 0.37 0.99
(mS cm™)

Theorectical pI 5 9 9 6 9

Serum stability of (FK)3-Avi-C3:

50 pl of (FK)3-Avi-C3 (100 uM in 25 mM HEPES, pH 7.4) was added to 50 pl of 10%
human serum in phosphate buffer, pH 7.4 and incubated for 2, 4, and 24 h. As a control, B-
C3 (25 uM, ~25 kDa) was incubated in a similar condition for 2 h. An aliquot of 16 pl of
protein solution was used for subsequent analysis with SDS-PAGE and Western Blot. An
aliquot of the solution of 10% human serum in phosphate buffer was also applied as control.
In addition, (FK)3-Avi-C3 in buffer solution without human serum was also analyzed with
and without heating as described above as control. The gel was then blotted on a nitrocel-
lulose membrane and biotinylated components were detected using streptavidin/HRP con-

jugate to determine the stability of (FK)3-Avi-C3.

To ensure the lack of free B-C3 is not caused by interactions with the FCS an additional
FRET experiment was performed to confirm integrity of the substrate. Therefore 5 uL of

(FK)3-Avi-C3 (10 uM, Avidin labeled with Alexa-Fluor 594, C3 labeled with Alexa-Fluor

245



647) where added to 5 pL of 10% human serum in phosphate buffer, pH 7.4 for 4 h. Addi-
tionally 5 pL of Avi and Avi + C3 (mixed) where incubated under similar conditions. Emis-
sion scan was performed in a Microplate flat bottom 384-well plate with an excitation filter
at 550 nm (bandwith 10 nm). Emission spectrum was recorded from 580 nm-800 nm (band-

with 20 nm).

FRET after 4h incubation in 10 % FCS

Normalized Fluorescence (a.u.)

580 630 680 730 780
Wavelengthnm

Avi + C3 [20 umol] Avi-C3 [20 umol]

Avi [20 pmol]

Figure 3-64: Emission spectrum of (FK)3-Avi-C3 after incubation with 10% FCS for 4h
showing FRET. Avi-C3 and Avi + C3 were applied as control.

Cell culture and intoxication experiments:

AS549 cells (CCL-185; ATCC, American Type Culture Collection) were grown at 37 °C
and 5% COz in Dulbecco’s Modified Eagle Medium (DMEM). Media contained L-gluta-
mate (2 mM), 10% heat inactivated fetal calf serum (FCS), sodium pyruvate (1 mm), 1%
penicillin-streptomycin. Cells were detached with trypsin and reseeded twice per week.
hAELVi (human Alveolar Epithelial Lentivirus immortalized) cells® were grown at 37°C
and 5% COz in huAEC-Medium (InSCREENex, Braunschweig, Germany) supplemented
with 1% penicillin-streptomycin (50 U/ml, Gibco, Thermo Fisher Scientific) in cell culture
flasks coated with huAEC coating solution (InSCREENex). Cells were detached with tryp-
sin-EDTA and reseeded when reaching 80% confluence. NB-4 cells were cultivated at 37
°C and 5% COz in Roswell Park Memorial Institute medium (RPMI) containing 10 % heat
inactivated FCS and 1% penicillin-streptomycin. For differentiation, 2 x 10° cells mL!

were treated with 10 uM ATRA (all-trans-retinoic-acid) directly after reseeding. On the
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next day, 2 mM of HMBA (hexamethylene bisacetamide) and 2.7 nM G-CSF were added.
Cells were incubated for 5 days at 37 °C, 5% CO,. Primary human PMNs were isolated
from whole blood from healthy volunteers (ethics votum 24/16 of the Local Independent
Ethics Committee of Ulm University) by biocoll (Biochrom GmbH (Berlin, Germany) den-
sity gradient centrifugation and removal of red blood cells was achieved as described ear-
lier. ** Cells were then re-suspended in RPMI containing 1% heat inactivated FCS. The
viability and identity of PMNs was confirmed by MTS cell viability test and flow cytome-
try, respectively.

For intoxication experiments, 4 x 10° cells/well were seeded in a 24-well plate in 200 pL
medium. Then, cells were incubated with either Avi (320 nM), or (GGP)3-Avi-C3 (320 nM),
or (FK)3-Avi-C3 (320 nm), or C2IN-C3lim (1 pg mL™) + C2IIa (2 pg mL™), or C3botl
(320 nM) at 37 °C and 5% COa. Untreated cells (mock) were used as a control. The char-
acteristic C3-induced changes in cell morphology were examined by taking pictures of the
cells after the indicated incubation periods with compounds using an Axiovert 40 CFL mi-
crosocope from Zeiss (Oberkochen, Germany) connected to a CCD camera ProgRes™ C10
plus from Jenoptik (Jena, Germany). Cells with typical morphological changes were

counted, thereby determining the effect of C3 on morphology as described earlier. !> 162!
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Figure 3-65: Effect of (GGP)3-Avi-C3 and (FK)3-Avi-C3 on human A549 lung cancer ep-
ithelial cells and the human alveolar epithelial cell line hAELVi. Cells were treated with
320 nM Avi, 320 nM (GGP);3-Avi-C3, 320 nM (FK)3-Avi-C3, 1 pg mL™! C2IN-C3lim + 2
ug mL! C2Ila, 320 nM C3botl or left untreated for control (mock). Cells were incubated
at 37 °C and cell morphology was observed over a period of 6 h. The scale bar represents
50 um. (A) morphology of human A549 lung cancer epithelial cells. (B) morphology of the
human alveolar epithelial cell line hAELVi.
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Chapter 4

Summary and Outlook

To my mind, one major obstacle in developing innovative protein nanotherapeutics remains
to mimic biological complexity by structurally defined and precise, but functionally in-
creasingly complex nanoconstructs. To achieve this goal, the presented work aimed to ex-
plore biotin-binding proteins as an integrative nanoplatform to form structurally ordered
supramolecular protein conjugates (SPCs) to target hallmarks of different diseases. Specif-
ically, three challenges were explored in more detail in this thesis: 1) The chemical engi-
neering of a multivalent protein-based nanoplatform to obtain structurally precise SPCs. 2)
The chemical design and modulation of smart SPCs with specific delivery and activity in
response to physiological changes. 3) The biological applications of SPCs as innovative

therapeutic approaches.

Therefore, in Chapters 3.1 and 3.2 two distinct chemical strategies where exploited. On one
hand an affinity-based approach for the preparation of stoichiometrically precise tetrafunc-
tional SPCs, based on a streptavidin platform was investigated. This approach was em-
ployed to enhance the efficiency of drug delivery systems. On the other hand, a trifunctional
linker strategy was employing orthogonal thiol-reactive chemistry on a streptavidin plat-

form to create structurally precise, multivalent "Bispecifics" for enhanced viral inhibition.

Chapter 3.3 explored dynamic covalent chemistry to construct smart SPCs capable of con-
trolled cargo release in therapeutic environment. By this strategy an antibody-druglike con-
jugate, was designed based on avidin, that can enable controlled release of a cytotoxic drug

in the microenvironment of cancer cells through a pH-responsive biotin linker.

Chapter 3.4 further explored the therapeutic potential of multidomain SPCs by designing
chemically engineered immunotoxins to modulate polymorphonuclear leukocytes (PMNSs).

By using different chemical strategies in Chapter 3.1 to 3.4 novel SPCs were synthesized
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and evaluated for their therapeutic applications. Hereby, the biotin-binding proteins en-
sured a high adaptability and versatility of the protein nanoplatform. The studied therapeu-
tic applications in this thesis, included bispecific viral inhibitors, stimuli-responsive drug
delivery systems for cancer treatment, and chemically engineered fusion toxins for trauma
therapy. All projects, as indicated in the respective chapters, were elaborated in the context

of different collaborations, and an overview of the different projects can be found in Figure

4-1.

Confl'olle

d Cargo Releas®

Figure 4-1: Comprehensive summary and overview of the different projects, highlighting

the chemical strategy used, and their application in the development of innovative SPCs.
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Precise multifunctional supramolecular protein conjugates (SPCs)

Chapters 3.1 of this thesis presents the successful development of a method for preparing
stoichiometrically precise tetrafunctional streptavidin conjugates. These SPC conjugates
showed versatility and flexibility in drug delivery, particularly for anti-cancer agents, as

they enabled targeted delivery, real-time monitoring, and increased efficacy and safety.

Cu?*-NTA
Agarose

(a) Iminobiotin (Ibio): (b) Ibio-His tag:

HNJ( pH<7 HN NH
H NH — HZ%

S
S /\/\I()(OH /\/\Ior
pH > 7: K,~ 101 M pH < 7: K~ 102 M1
(c) Assembly > o (c) Purification

Cellular localization
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* A ® @ X
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PV oN S X ¥ Drug
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Figure 4-2: General strategy for constructing stoichiometrically precise, tetrafunctional

SPCs based on a streptavidin nanoplatform.

To effectively construct stoichiometrically precise, tetrafunctional SPCs, an iminobiotin
(Ibio)-His tag developed by Xu et al. was employed.! This Ibio-His tag facilitated the sep-
aration of SA conjugates with varying numbers of bound Ibio-His tags on a Cu®" -NTA
column. Subsequently, the pH-dependent binding of iminobiotin to streptavidin allowed

for the release of the Ibio-His tag from the conjugates by reducing the pH to 3.5. In this
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thesis, this approach was utilized across multiple cycles to introduce a biotinylated mole-
cule in each cycle. The statistical mixtures of products from each cycle were purified on
the Cu?" -NTA column, enabling the stepwise isolation of a precise tetrafunctional SA

nanoconstruct (SPC).

Using this method, four distinct biotinylated molecules for therapeutic activity (doxorubi-
cin-biotin), cell-type selective targeting (folic acid-biotin), intracellular localization (nu-
cleus penetrating peptide-biotin), and diagnostics (Atto-565-biotin) were incorporated onto
an SA nanoplatform with accurate stoichiometry. The SPCswere tested on breast cancer
cell lines MDA-MB-231 (folate receptor positive) and MCF-7 (folate receptor negative).
As a result, the tetrafunctional SPC, which incorporated folic acid for cell targeting and a
nuclear-penetrating peptide for intercellular localization on an SA platform, demonstrated
enhanced uptake. This led to optimized delivery of an anticancer drug and increased cyto-
toxicity. The successful implementation of a systematic approach of introducing each func-
tionality, enabled the comprehensive analysis of its effects on viability, targeting, and effi-
cacy. This has significantly advanced the understanding of critical features in drug delivery
agents and enabled optimization. Furthermore, this strategy is one of only two known in
the literature to precisely tetrafunctionalize SA%?, paving the way for assembling combina-
torial libraries of precise SA constructs utilizing a diverse range of biotinylated molecules
(proteins, peptides, small molecules, lipids, and nucleic acids). However, there are current
limitations of this strategy based on the yield. This will lead to difficulties in upscaling the
amount of SPCs for further studies and applications. Potentially, this can be addressed in
the future with process engineering, such as transitioning to an automated system capable

of recycling unused materials.

In Section 3.2, an alternative method was introduced to address the limitations found in
Section 3.1 for the development of stoichiometrically precise SPCs. This approach explored
the use of a trifunctional linker system. This allowed the selective addition of two peptides
and a biotin anchor, which could then be assembled onto the streptavidin platform. The use
of this linker system allowed for the chemoselective addition of the peptides and the biotin

anchor, resulting in a multivalent construct with enhanced antiviral activity.

Antiviral peptides, such as VIR102C9 and JM#173 used in this study, are short proteins
that have the ability to inhibit viral infections. They are part of the body's natural defense
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system and have been found to be effective against a range of viruses, including HIV-1.
VIR102C9 is a peptide that targets the HIV-1 gp41 fusion peptide, a component of the virus
that is crucial for its ability to enter human cells. By binding to the gp41 fusion peptide,
VIR102C9 prevents the virus from fusing with the cell membrane, thereby blocking its

entry into the cell. It also contains a Cysteine as handle for conjugation.

JM#173, on the other hand, is a derivative of the Endogenous Peptide Inhibitor of CXCR4
(EPI-X4). It targets the CXCR4 coreceptor, which is one of the coreceptors that HIV-1 uses
to enter human cells. By binding to the CXCR4 coreceptor, JIM#173 prevents the virus from
entering the cell, thereby inhibiting the infection.

The use of these two antiviral peptides in combination allows for a dual-action approach to
inhibiting HIV-1 infection. The VIR102C9 peptide blocks the virus's ability to fuse with
the cell membrane, while JM#173 prevents the virus from using the CXCR4 coreceptor to
enter the cell. This dual-action approach increases the effectiveness of the treatment and

reduces the likelihood of the virus developing resistance.

To facilitate the selective conjugation three consecutive Michael additions were performed
chemoselectively on a bis-sulfone-Maleimide linker system. Due to the high reactivity and
rapid kinetics of maleimides with cysteines, the Michael addition could be executed at
slightly acidic pH. Initially, the first thiol-containing antiviral peptide (VIR102C9) reacted
with maleimide under slightly acidic conditions (pH 6.0). Following purification, the con-
jugate was incubated at pH 8.0, enabling the elimination of the first p-toluylsulfinic acid to
yield the thiol-reactive allyl sulfone. To avoid potential thiol exchange reactions with a
second cysteine-containing antiviral peptide (JM#173), the second Michael reaction was
conducted in a highly dilute solution and the pH was reduced to neutral (pH 7.4) conditions.
Owing to stoichiometric control, the kinetically unfavorable third Michael addition, and
short reaction times, no double conjugation was observed, and the VIR102C9-allyl-
JM#173 was formed chemoselectively. The biotin anchor was introduced into the conjugate
by adding a stoichiometric excess of 10 equivalents to VIR102C9-allyl-JM#173 for the
third Michael addition. The reaction progress was monitored by HPLC to avoid prolonged
reaction times, which could favor potential thiol exchange reactions. With this chemical
strategy a novel bispecific peptide conjugate with a biotin handle was successfully devel-
oped. This enabled the quick and precise assembly of four VIR102C9 peptide entities and
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four JM#173 peptide entities onto the protein nanoplatform. As a result, the laborious pu-

rification steps outlined in chapter 3.1 were not required.

Furthermore, the tetravalent SAv-peptide constructs demonstrated successful inhibitory ef-
fects on both R5- and X4-tropic HIV-1 variants. Notably, the tetravalent SAv-VIR-102C9
and SAv-VIR-102C9-EPI-X4 JM#173-C showed an increased inhibitory activity against
both X4- (11-fold) and R5-tropic (8-fold) HIV-1, compared to B-VIR-102C9. These results
suggest that the constructs enhanced the binding affinity and specificity due to the multi-
valency effect compared to the peptide VIR-102C9, potentially leading to improved thera-
peutic efficacy. The multivalency effect for constructs containing VIR102C9 might be also
possibly observed because the HIV-1 envelope glycoprotein is a trimer and targeting sev-
eral gp41 fusion peptides might be required for effective inhibition. Conversely, for SAv-
JM#173, no such effect was observed. Here, steric hindrance likely outweighed the multi-
valency effect. Future research should analyze the optimal steric design in more detail to
improve the peptide receptor binding. The addition of a PEG linker could potentially in-

crease peptide accessibility and overcome this problem.

It is worth noting that this approach is not limited to these two demonstrated peptides but
could be used as a versatile platform for conjugation of any thiol-containing peptide or

targeting entity, addressing various applications.

But it is also important to note that the maleimide adduct may undergo bond cleavage and
formation depending on the reaction conditions, leading to thiol exchange reactions. There-
fore, hydrolysis and opening of the maleimide ring under non-basic conditions could be
beneficial. Huang et al. proposed an irreversible ring-opening hydrolysis in which a suc-
cinic acid thioether is formed by applying shear force. This would be a future prospect for
the designed trifunctional linker to optimize stability and reduce side effects without affect-
ing bis-sulfones while stabilizing the maleimide-thiol adduct. Furthermore, the two ap-
proaches described in chapter 3.1 and 3.2 could be combined to expand the library of mul-
tifaceted proteins. By integrating the two approaches, the number of components intro-
duced onto the protein nanoplatform can be increased without losing stoichiometric control,
achieving another level of multifunctionality. This could be of interest, for example, for

broad-spectrum antiviral therapeutics targeting different virus types.
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Figure 4-3 summarizes the characteristics of both discussed approaches for precise multi-

functional SPCs, to oppose their advantages and disadvantages.

Precise multifunctional supramolecular protein conjugates (SPCs)

Characteristics Limitations
Cellular localization - Precise structural
composition Tedious step-by-step

- Step-by-step isolation isolation

Drug .—O <>_> - Iminobiotin for pH

High material lost

? Cell targeting responsive tag release . CediiErde
. approach
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composition containing components
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Inhibitory peptide A . ) X
- Increase in multivalency system possible

Figure 4-3: Side-by-side comparison of precise multifunctional SPCs based on a SAv Na-

noplatform.
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Chemical design of smart protein-drug conjugates through dynamic covalent chem-

istry.

Having addressed the challenges of multifaceted precision protein platform, the next chal-
lenge is to address controlled bond cleavage i.e. for local drug release. The vision of de-
signing programmable, smart SPCs with specific release features led to the development of
stimulus-dependent linker systems based on dynamic covalent chemistry. In Section 3.4,
the most prominent example of a pH-cleavable hydrazones linker for the release of a ther-
apeutic enzyme under acidic conditions, is presented. Hydrazones are commonly used in
antibody-drug conjugates (ADCs) because the bond is cleaved in acidic conditions, which
has been used for various bioconjugates with programmable cleavable linkages.* However,
due to its slow kinetics, this dynamic covalent reaction is almost irreversible, which means
that the generation of protein-drug conjugates in situ in this way is limited. Consequently,
other responsive DCv linkers with faster association rates for stimulus-dependent protein

conjugates are an attractive alternative.

In Section 3.3, dynamic B-O/N linkages were investigated in more detail. Here, the reaction
of boronic acid (BA) derivatives with salicylhydroxamic acid (SHA) was explored as a
stimuli-responsive linker system for antibody-drug inspired protein conjugates. The BA-
SHA reactions offer several attractive features for protein conjugation, such as mild condi-
tions and the possibility of using water as a solvent. Moreover, they respond to two different
stimuli: pH and oxidation. The oxidation-triggered cleavage of boronic acid could also lead
to release in cancer cells, as high concentrations of hydrogen peroxide (H202) are observed
in the tumor microenvironment. In summary, the BA-SHA linker system takes advantage
of the unique features of the tumor microenvironment, to achieve targeted drug release.
This approach has the potential to improve the therapeutic efficacy of treatments while

minimizing side effects by reducing the exposure of healthy tissues to the drug.

To achieve this, the successful synthesis of a dynamic covalent adaptor linking the avidin
nanoplatform and cargo in a pH-dependent manner shown. For this purpose, a bifunctional
linker of biotin and SHA was designed and synthesized, as well as various cargos function-
alized with boronic acid groups that can react with a SHA linker. The SPCs based on an

avidin nanoplatform, were prepared in a two-step procedure in which the biotinylated tar-
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geting peptides somatostatin and the biotin-SHA handle were first assembled onto the avi-
din nanoplatform. For stoichiometric control, a competitive binding assay was performed
using a competitive HABA assay to obtain a trivalent SST-protein conjugate leaving a
pocket for an SHA handle. Subsequently, different boronic acid-modified cargos (BDP-
BA, DOX-BA, and Rho-BA) were assembled and released? in a pH-dependent manner.
The binding affinity of Av-SHA to boronic acid cargos was investigated by fluorescence
quenching at physiological pH, resulting in a Ky in the low pM range (2.4 +- 0.74 uM).
This corresponds to the therapeutic range of several attractive drug cargos, e.g. DOX.
Moreover, no binding was observed under acidic conditions (pH 6.0). Furthermore, the
serum stability of the SPCs was investigated by fluorescent labeling of the Av platform and
analysis of their ratio to a fluorescent cargo for different time points in 10% FCS. In addi-
tion, irreversible oxidative cleavage was demonstrated under biologically relevant peroxide
conditions similar to the tumor microenvironment of lung cancer tumors. Moreover, the
SPCs were tested towards the lung cancer cell line A549 (SSTR2 receptor-positive) and
showed enhanced cellular uptake and cytotoxic effect compared to the free drug. Thus, I
was able to present a stable, trivalent protein-drug conjugate based on an Av adaptor plat-
form that exhibits some key feature of ADCs, including a cellular targeting moiety, a bio-

active cargo, and a stable yet responsive linker on a protein scaffold.

To my mind, future applications need to consider that BA-SHA binding is sensitive to di-
lution effects. Therefore, a more advanced approach may be required for the delivery of
payloads that require lower dosing. In this context, programmable peptide scaffolds with
multiple interaction sites could lower the Ky for drugs requiring lower dosing. In addition,
programmable peptide scaffolds would allow the incorporation of multiple stimuli to in-
crease stability and precise cleavage. For example, Zegota et al. have presented a peptide
tag with two stimuli to overcome the limitations of the BA-catechin reaction.’ The peptide
tags could be combined with the SPCs to expand the current repertoire of therapeutic cargos

and develop novel protein therapeutics beyond the classical ADCs.
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Chemical engineering of immunotoxins for pharmacological modulation

In Chapter 3.4 a more detailed examination of potential therapeutic applications for SPCs
using Avidin/Biotin technology is presented. Therefore, the pharmacological modulation
of polymorphonuclear neutrophils (PMNs) in the context of traumatic injury was investi-
gated. Patients with a traumatic injury, for example blunt chest trauma have shown exces-
sive recruitment of PMNss into injured tissues.® The increased chemotactic recruitment of
PMNs and monocytic cells to the lungs and subsequent release of their toxic mediators
enhance alveolar barrier breakdown.” This leads to local and systemic inflammation and
contributes to secondary injury, which can be very detrimental to patients and remains a
significant cause of morbidity and mortality.®® Since migration, chemotaxis, and phagocy-
tosis of PMNs are regulated by Rho GTPases, they represent an attractive pharmacological
target to study and decipher their role in the first line of defense.!? In this context, the only
known specific Rho inhibitors, C3 toxins from Clostridium (C.) botulinum (C3botl) and
C. limosum (C3lim), are of great interest for modulating Rho signaling and actin dynamics
selectively in PMN immune cells.!! However, the ex vivo application of C3 Rho inhibitors
does not impact PMNs or decrease the number of PMNs in mouse lungs following blunt
thoracic trauma. This highlights the necessity for selectively introducing C3 Rho inhibitors

into PMNss. 2

In this context, the idea in section 3.4 was to develop a SPC based on an avidin nanoplat-
form that fuses PMN-binding peptides with the C3 Rho inhibitory toxin enabling selective

protein delivery to specific cell types. This conceptual idea is depicted in Figure 4-4.
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Figure 4-4: Conceptual design and potential mode of action of a SPC containing specific
peptides targeting PMNs and C3 toxin as Rho inhibitor, based on a biotin-binding Av plat-
form. The SPC is designed to selectively internalize into PMNs, where C3-catalyzed Rho
inhibition down-modulates Rho signaling to modulate PMN functions such as migration

and chemotaxis.'?

The SPCs, with features of immunotoxins were assembled in a convenient "mix-and-
match" approach. This involved combining the specific Rho inhibitor, C3 toxin, and three
PMN-targeted peptides on an Av, serving as a molecular adapter. To install a site-selective
biotin handle on the C3 toxin, a cysteine mutant of the C3 toxin was utilized, in combination
with a maleimide-biotin linker. To promote endosomal escape of the C3 toxin, a pH-sensi-
tive hydrazone bond was included in the biotin-maleimide linker. Two different PMN tar-
get peptide sequences were biotinylated using a biotin maleimide with a short ethylene
glycol linker. To control the stoichiometry of the peptides bound to the Av nanoplatform,
a competitive HABA binding assay was performed to determine the molar equivalence
required per binding pocket. Respective mixing of the different biotinylated peptides with
the corresponding molar equivalents and subsequent addition of the mono-biotinylated C3
toxin resulted in the SPCs(GGP)3 -Avi-C3 and (FK); -Avi-C3. To determine the composi-

tion of the statistical protein nanoconstructs, GGP-B, Av, C3-B were fluorescently labeled,
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and absorbance measurement revealed a GGP:Avi:C3 ratio of 3.2:1:0.7. In addition, as-
sembly, and pH-induced release with the construct (FK)3; -Avi-C3 was demonstrated by
fluorescence resonance energy transfer (FRET) study. To ensure that the construct can be
successfully used in biological media, the stability of (FK); -Avi-C3 was studied for up to
24 hours in 10% FCS.

With this, the biological mode of action of supramolecular immunotoxins was evaluated in
vitro and ex vivo. In a series of cell-based experiments, C3-catalyzed ADP-ribosylation of
Rho in the cytosol was analyzed. This demonstrated the efficient and cell-type selective
transport of the Rho inhibitor C3 into the cytosol of primary human PMNs ex vivo and into
the cytosol of human neutrophil NB-4 cells. Remarkably, the protein nanocomplexes did
not transport the C3 enzyme into human lung epithelial cells, A549 lung cancer cells, and
immortalized human alveolar epithelial cells (hAELV1i), highlighting their cell type selec-
tivity.

This chapter has presented a simple "mix-and-match" assembly of a chemically engineered
immunotoxin based on SPCs. This demonstrates the adaptability of SPCs based on avidin-
biotin interactions for therapeutic purposes. The system allows for easy swapping of tar-
geting units and enzymatic active units, making it a highly appealing foundation for addi-
tional applications. Compared to the SPCs in chapter 3.1 and 3.2 one needs to keep in mind

that no precise constructs are formed, and an overall 3:1 ratio was achieved.

Future prospects

In summary, this thesis explored the development and potential applications of various
SPCs as biotherapeutics. Each chapter examined distinct properties of the biotin-binding
protein SPCs to understand their potential as biotherapeutic agents. Remarkably, all dis-
cussed SPCs still showed bioactivity, after chemical modification of bioactive entities and
assembly on the protein nanoplatform. Furthermore, the multivalent system showed ad-
vantages over classical monomeric therapeutic strategies, regarding selectivity (chapter 3.1,
3.3, 3.4) and therapeutic efficiency (chapter 3.1-3.4). This also emphasized the adaptability
of the protein nanoplatform, envisioning innovative biotherapeutic solutions across a broad

spectrum of fields.
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In addition to the bispecific viral inhibitor in section 3.2 more effective HIV treatment,
other bispecific peptide-protein biotherapeutics are conceivable in a similar manner. Many
viruses such as influenza, mumps, measles, hepatitis, SARS-Corona, dengue, Lassa, and
Ebola have a fusion peptide responsible for viral entry, and inhibitory peptides targeting
different viruses could be combined to create broad-spectrum viral inhibitors. Similar to
viral infections, this technology could be applied to another important public health prob-
lem: bacterial infections and increasing antibiotic resistance. Alternative antibiotic strate-
gies are urgently needed to effectively treat bacterial infections and combat increasing an-
tibiotic resistance. In this way, antimicrobial peptides (AMPs), a class of naturally occur-
ring peptides, are promising candidates for combating antibiotic resistance due to their mul-
tiple modes of action to directly kill bacteria and modulate host immunity.'* Thus, the com-
bination of different AMPs onto a biotin-binding protein platform offers a promising reve-

nue to address the problem of growing antibiotic resistance.

In Section 3.2, the chemical design was targeted towards augmenting the multivalency of
the protein-based nanoplatform. The goal was to leverage the improved binding efficiency

to amplify the therapeutic effectiveness. However, this was only partially successful.

Upon detailed examination of the enhanced inhibitory efficiency of SAv-VIR-102C9 and
SAv-VIR-102C9-EPI-X4 JM#173-C in comparison to the monomeric B-VIR-102C9, a
multivalency effect was observed, indicating an increase in binding efficiency. However,
it also became evident that the high efficiency of multivalent SPCs is based on several
factors, which are not entirely predictable.Currently, the system does not exhibit superse-
lectivity. To further optimize the SPC and achieve super selectivity, several factors could

be taken into consideration:

Firstly, the target specificity of the peptides (VIRIP and EPI-X4) is essential. Possibly,
further optimizing their sequences and structures could still increase their affinity and se-
lectivity for their respective targets (gp41 fusion peptide and CXCR4 coreceptor). This
process could involve rational design, computational modeling, and experimental screening
of peptide variants. Secondly, the degree of multivalency for the supramolecular platform
could be optimized. This might involve varying the number of peptides attached to the
streptavidin-biotin scaffold, which could help fine-tune the binding avidity and selectivity
of the bispecific constructs. Thirdly, the spatial arrangement of the peptides within the
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bispecific construct could be optimized. This would involve modifying the linker length,
flexibility, and composition to ensure optimal positioning of the peptides for simultaneous
engagement with their respective targets on the viral surface. Additionally, the bispecific
construct could be improved further by incorporating additional targeting moieties. These
could include peptides or small molecules that target other viral, or host cell components
involved in the HIV-1 infection process. Advanced screening methods, such as high-
throughput screening or phage display, could also be employed to identify peptides or other
targeting moieties with exceptionally high selectivity for their targets. Finally, the superse-
lectivity of the optimized bispecific constructs should be evaluated in vivo using animal
models of HIV-1 infection. This would help determine the applicability of the constructs
and their potential for use in antiviral therapies. By addressing these aspects, it may be
possible to create a superselective system based on the bispecific peptide constructs pre-

sented in the study, leading to more effective and targeted antiviral treatments.

On the other hand, bispecific strategies envision to broaden the spectrum of targeted deliv-
ery of therapeutics. For example, Chapter 3.4 presented the effective targeted delivery of
an active Rho-inhibiting enzyme, while Chapter 3.3 highlighted chemical strategies for the
production of smart protein-drug conjugates. Rho GTPases play important roles as master
regulators of the actin cytoskeleton in many characteristic diseases. When combined with
co-delivery systems of other drugs or effectors, SPCsmay expand the current repertoire of
protein therapeutics beyond classical treatment strategies. For example, Kuan et. al. pre-
sented a protein nanoconstruct that enabled efficient release of C3 toxins in cancer cell lines
and enhanced the cytostatic efficacy of systemic doxorubicin by efficiently inhibiting
Rho."® Co-administration of DOX and C3 on a platform would increase spatial proximity,
which would likely reduce side effects while increasing efficacy. In addition, other peptide
effectors could be combined with the C3 enzyme. In this way, the co-delivery systems may
also pave the way for novel breast cancer therapies. Breast cancer still remains a major
cause of mortality in women around the world. Often the advanced stage of breast cancer
is accompanied by bone metastasis. Until now, there have been two main treatment strate-
gies: inhibiting the growth of cancer cells and deduction of bone-resorbing osteoclast cells,
which has been shown to be insufficient. CXCR4 receptors are the main bone metastasis
marker and involved in the cell signaling pathway of bone-resorbing osteoclast cells.'® On

the other hand, specific Rho inhibitors are attractive therapeutics for the treatment of bone
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diseases because they can promote deduction of bone-resorbing osteoclast cells and have
no effect on osteoblast-like cells.!” In this context, the combination of a Rho-inhibiting
enzyme in conjunction with CXCR4-inhibitory peptides may be beneficial for the treatment

of breast cancer metastases.

In addition, innovative delivery systems based on biotin-binding proteins could incorporate
more sophisticated responsive linker chemistry to overcome, for example, dilution effects
of B-O/N-DvC chemistry. Linker systems based on dual stimuli-responsiveness, such as
the peptide tags presented by Zegota et al, would reduce premature release and lead to more

quantitative cleavage at the target site.’

The above examples illustrate the potential of multifunctional and broad-spectrum strate-
gies. Ultimately, the combination of technologies presented in Sections 3.1 and 3.2 for the
development of structurally precise SPCsopens up possibilities that move beyond bispecific
proteins while maintaining structural precision. This would allow, for example, the devel-
opment of a multivalent broad-spectrum viral entry inhibitor against multiple viruses by
combining up to eight FP peptide inhibitors. However, this strategy would come with high
effort and material input. Alternatively, multivalency can be increased by combining the
avidin/biotin strategy with other technologies, such as self-assembling peptides. Here, self-
assembling peptides can be decorated with biotin groups to design polymeric nanofiber

architectures decorated with a variable number of active peptides.
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Figure 4-5: Future design concepts for SPCs based on avidin/biotin thechnology.

However, the SPCs based on an avidin nanoplatform have also shown some limitations and
challenges, which should be discussed. Avidin, derived from egg whites, is immunogenic.
avidin contains carbohydrate side chains, which are not present in human proteins. These
glycosylated regions can be recognized as foreign by the immune system, further increasing
the likelihood of an immune response. Additionally, due to the glycosylation pattern avidin
can show non-specific binding to other molecules or cells, which could lead to off-target

effects.

Streptavidin is generally less immunogenic, which reduces the risk of immune responses
and potential adverse effects. Streptavidin lacks the carbohydrate side chains found in avi-
din, which may contribute to its lower immunogenicity and reduced non-specific binding.
Nevertheless, streptavidin is due to its bacterial origin arguably immunogenic, and several
efforts have been made to develop less immunogenic analogues.'®!” NeutrAvidin is a Av-
idin, which has been processed to remove the carbohydrate and lower its electrical point.

During the investigations on SPCs based on biotin binding proteins, it was expected as the
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optimal candidate for therapeutic applications. Nevertheless, NeutrAvidin failed to come

up to its expectations, since it showed significant problems in solubility and aggregation.

Another point to mention is, that all experiments and investigations in this thesis were per-
formed on a cell level, either with in vitro or ex vivo cell experiments. Biotin is a naturally
occurring co-enzyme for biotin-dependent carboxylases, which are required for a variety
of metabolic functions in mammals. Thus, endogenous biotin can be found in various tis-
sues, including the liver, kidneys, and brain, where these metabolic processes occur. Addi-
tionally, biotin is present in the bloodstream, bound to proteins such as biotinidase and
albumin. Furthermore, the biotin level in the bloodstream can vary significantly due to di-
etary supplementation. This is to take into consideration, when testing SPCs based on avi-
din/biotin interactions in vivo. The SPCs could show displacement of biotinylated entities,

when interacting with high levels of endogenous biotin.

In this context, one could also look into alternative protein nanoplatforms to design SPCs
for therapeutic applications. Lectin based SPCs, for example the tetrameric Concanavalin
A (ConA), could offer alternative binding mechanisms and the potential of reversible at-
tachment. Therefore, it also can provide a multivalent scaffold for the design of therapeu-
tical relevant SPCs. ConA binds specifically to certain sugar moieties, such as a-D-man-
nose and a-D-glucose. This could provide an alternative targeting strategy, potentially al-
lowing for the attachment of glycosylated peptides or glycoproteins to the nanoplatform.
On the other hand, the sugar-binding specificity might lead to non-specific binding to other
glycosylated molecules present in biological systems, potentially reducing the selectivity
and efficacy of the SPCs. Additionally, the attachment of targeting moieties to ConA might
require additional steps, for glycosylation of the peptides or the use of linker molecules,
which could increase the complexity of the system and affect the overall stability and effi-
ciency. It is also important to note, that the binding affinity of a-D-mannose and a-D-glu-
cose ton ConA is much lower, compared of biotin to avidin, therefore, this system might
only be applicable for high dosage drugs. Hemoproteins, such as hemoglobin or myoglobin,
on the other hand bind to heme groups and can interact with gaseous molecules like oxygen,
carbon monoxide, or nitric oxide. Hemoproteins have diverse structures and functions,
which could offer a range of options for designing a nanoplatform with specific properties

or capabilities. Additionally, hemoproteins can participate in redox reactions due to the
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presence of heme groups. This could be especially useful for applications involving elec-
tron transfer, such as biosensors or biocatalysts. This could provide a different targeting
strategy or sensing mechanism, for example, biosensors to detect and monitor gaseous bi-
omarkers, such as nitric oxide, which is involved in various physiological processes and
has been implicated in several diseases, including asthma, cardiovascular disorders, and
cancer.?’ On the other hand, the oxygen-binding properties of some hemoproteins could
make them sensitive to changes in oxygen levels, which might affect their stability or func-
tion in certain applications. Like the above-mentioned Lectins, the attachment of targeting
moieties to hemoproteins might be more complex and require additional steps or the use of
more complex linker molecules, which could increase the complexity of the system and

affect the overall stability and efficiency.

In summary, the replacement of the avidin/biotin technology as protein nanoplatform in
therapeutic SPCs by other proteins presents some advantages, and offers alternative binding
mechanisms, which could be interesting to investigate in future. Nevertheless, those SPC
systems also come with distinct challenges, which needs to be addressed and the choice of

the optimal nanoplatform strongly depends on the desired properties for the system.
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WITH 20 MM [BIO-HIS-TAG FOR 15 MIN, THEN 20 MM F (FOLIC ACID-BIOTIN) WAS SEPARATED WITH A LINEAR IMIDAZOLE
GRADIENT ON A CU?*-NTA COLUMN. S(IBIO-HIS-TAG)1A1F2 (THE FIRST PEAK, 83.1%) ELUTED AT 28.4 MM IMIDAZOLE,
S(I1B10-HIS-TAG)2A1F1 (THE SECOND PEAK, 12.1%) ELUTED AT 38.7 MM IMIDAZOLE AND S(IBIO-HIS-TAG)3A1 (THIRD
PEAK, 4.8%) ELUTED AT 74.2 MM IMIDAZOLE. THE IBIO-HIS-TAG WAS REMOVED FROM THE DIFFERENT S(IBIO-HIs-
TAG)nA1F3-x SPECIES THROUGH ACIDIFICATION TO YIELD THE CORRESPONDING SA1F3-v. THE OPEN BIOTIN BINDING POCKETS
OF SA1F2 (B), SA1F1 (C) AND SA1 (D) WERE TITRATED WITH BIOTIN-5-FLUORESCEIN, WHERE THE FLUORESCENCE OF
BIOTIN-5-FLUORESCEIN IS QUENCHED UPON BINDING TO STREPTAVIDIN. THE CONJUGATES SA1F2, SA1F1 AND SA:
REQUIRED ONE, TWO AND THREE EQUIVALENTS OF BIOTIN-5-FLUORESCEIN TO SATURATE ALL BIOTIN BINDING SITES,
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FIGURE 3-14: PREPARATION AND CHARACTERIZATION OF STREPTAVIDIN CONJUGATES WITH FLUOROPHORE, FOLIC ACID AND
DOXORUBICIN FUNCTIONALITY, (SA1F1D1). (A) A STATISTICAL MIXTURE OF PRODUCTS FORMED BY MIXING 10 MM SA1F1
FIRST WITH 15 MM IBIO-HIS-TAG FOR 15 MIN, THEN 15 MM D (DOXORUBICIN-BIOTIN) WAS SEPARATED WITH A LINEAR
IMIDAZOLE GRADIENT ON A CU%*-NTA COLUMN. S(IBIO-HIS-TAG)1A1F1D1 (THE FIRST PEAK, 96.2%) ELUTED AT 23.1 MM
IMIDAZOLE AND S(IBIO-HIS-TAG)2A1F1 (THE SECOND PEAK, 3.8%) ELUTED AT 41.5 MM IMIDAZOLE. THE IBIO-HIS-TAG
WAS REMOVED FROM THE DIFFERENT CONJUGATES THROUGH ACIDIFICATION TO YIELD THE CORRESPONDING SA1F1D1 AND
SA1F1. THE OPEN BIOTIN BINDING POCKETS OF SA1F1D1 (B) AND SA1F1 (C) WERE TITRATED WITH BIOTIN-5-FLUORESCEIN,
WHERE THE FLUORESCENCE OF BIOTIN-5-FLUORESCEIN IS QUENCHED UPON BINDING TO STREPTAVIDIN. THE CONJUGATES
SA1F1D1 AND SA1F1 REQUIRED ONE AND TWO EQUIVALENTS OF BIOTIN-5-FLUORESCEIN TO SATURATE ALL BIOTIN BINDING
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FIGURE 3-15: CONFOCAL MICROSCOPY IMAGES OF MDA-MB-231 CELLS INCUBATED WITH DIFFERENT STREPTAVIDIN-BIOTIN
CONJUGATES. CELLS WERE INCUBATED WITH 1 uM SA1, SA1F2 OR SA1F3 IN RPMI-1640 (NO FOLIC ACID) MEDIUM FOR
4 HOURS AT 37 2C, 5% CO2. ATTO-565 FLUORESCENCE FROM THE STREPTAVIDIN CONJUGATES IS SHOWN IN RED AND CELL
NUCLEI STAINED WITH DAPI ARE SHOWN BLUE. CELLS NOT INCUBATED WITH ANY STREPTAVIDIN CONJUGATE WERE USED

AS BLANK. SCALE BARS ARE 25 IMIML..cutuuiiieiiiiiiiiieeeeeeeettieeeeeeeeeststaeeeesssessasnneeesssssssnnnseessessssnnaaeeessesssnnnneeseses 95
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FIGURE 3-16: CONFOCAL MICROSCOPY IMAGES OF MCF-7 CELLS INCUBATED WITH MULTIFUNCTIONAL STREPTAVIDIN-BIOTIN
CONJUGATES. CELLS WERE INCUBATED WITH 1 uM SAz, SA1F2 OR SA1F3 IN RPMI-1640 (NO FOLIC ACID) MEDIUM FOR
4 HOURS AT 37 2C, 5% CO2. ATTO-565 FLUORESCENCE FROM THE STREPTAVIDIN CONJUGATES IS SHOWN IN RED AND CELL
NUCLEI STAINED WITH DAPI ARE SHOWN BLUE. CELLS NOT INCUBATED WITH ANY STREPTAVIDIN CONJUGATE WERE USED

AS BLANK. SCALE BARS ARE 25 IMIML. ... eiiieiitiiee e e e eeeetiiee e e e et eetteeeeeeeeeestaeeeeeesesssasanaeeessssastnnneeessessssnnnaeeesseres 97

FIGURE 3-17: AVERAGE INTRACELLULAR FLUORESCENCE INTENSITIES OF MDA-MB-231 AND MCF-7 CELLS INCUBATED BY
DIFFERENT STREPTAVIDIN CONJUGATES. THE FLUORESCENCE IN THE ATTO-565 CHANNEL WAS MEASURED BY ENCIRCLING
SINGLE CELLS AND MEASURING THEIR AVERAGE INTENSITIES AND THE BACKGROUND FLUORESCENCE DETERMINED FROM THE
BLANK SAMPLE WAS SUBTRACTED. 20 CELLS WERE ANALYZED PER SAMPLE AND THE ERROR BARS REPRESENT THE STANDARD

ERROR OF THE IMEAN. .. 1uttnttuitiitiet et st st st s st st s e st s e s s st s e s e s e s eassa e sasansaasansansenssnssansansansenranssnnsnnsansenns 98

FIGURE 3-18: AVERAGE NUCLEAR FLUORESCE INTENSITY OF DIFFERENT STREPTAVIDIN CONJUGATES IN MDA-MB-231 CELLS. THE
EXTEND OF NUCLEAR LOCALIZATION OF THE DIFFERENT STREPTAVIDIN CONJUGATES WAS QUANTIFIED BY MEASURING
FLUORESCENCE INTENSITY IN THE ATTO-565 CHANNEL INSIDE THE NUCLEUS OF MDA-MB-231 CELL. 20 CELLS WERE

ANALYSED PER SAMPLE AND THE ERROR BARS REPRESENT THE STANDARD ERROR OF THE MEAN. .....cccciiniiniiniinninninnnnns 98

FIGURE 3-19: CYTOTOXICITY OF FREE DOXORUBICIN-BIOTIN AGAINST MDA-MB-231 AND MCF-7 CELL AS MEASURE WITH THE
MTT ASSAY. CELLS WERE INCUBATED BY RPMI-1640 MEDIUM (WITHOUT FOLIC ACID) CONTAINING 0.01, 0.05, 0.1,0.2,
0.5, 1.0, 1.5, 2.0 MM OF DOXORUBICIN-BIOTIN AT 37 eC, 5% CO2 FOR 72 HOURS. THE ICso IS 0.07 MM AND 0.10
MM FOR MDA-MB-231 AND MCF-7 CELLS, RESPECTIVELY. DATA IS EXPRESSED AS THE PERCENTAGES OF VIABLE CELLS

RELATIVE TO A SAMPLE WITHOUT DOXORUBICIN. ..tuuetnitrtniinreinitnsiertstiressn st st sa st ssssassnssastsasansenssnnsansansanns 99

FIGURE 3-20: CELL VIABILITY OF MDA-MB-231 AND MCF-7 CELLS INCUBATED WITH 0.5 MM SA1F1D1, 0.5 MM SA:1F1D1C1
OR 0.5 uM OF A STATISTICAL MIXTURE OF STREPTAVIDIN CONJUGATES (0.5 MM, S WAS MIXED WITH ONE EQUIVALENT OF
A, F, D AND C) FOR 72 HOURS WITHOUT OR WITH 20 MM EXTRA FREE FOLIC ACID (SHOWN WITH A BLUE STAR), AS
MEASURED USING THE MTT ASSAY. S: STREPTAVIDIN, A: ATTO-565-BIOTIN, F: FOLIC ACID-BIOTIN, D: DOXORUBICIN-

BIOTIN, C: NUCLEUS PENETRATING PEPTIDE-BIOTIN. ..ueeevreruuuneeeeeerrerrnnneeeeeseresssnnaeeessessssnneeseessessnsnnseessssssssnnneeees 99

FIGURE 3-21: OVERVIEW SHOW THE DESIGN OF THE LINKER FOR THE SYNTHESIS OF THE BISPECIFIC VIR-102C9/EPI-X4 JM#173-
C AND A REPRESENTATION OF THE ANTIVIRAL ACTIVITY OF THE TETRAVALENT VIR-102C9/EPI-X4 JM#173-C ASSEMBLED

ON STREPTAVIDIN. «enetnititniiirteeie st stes et s st s e s s et s st st st s e s e sa st saasansaasaasanssanstsansenransensannsansenrans 106

FIGURE 3-22: (A) NMR STRUCTURE OF VIR-165 BINDING THE HIV-1 FUSION PEPTIDE (PDB 2JNR)'. VIR-165 POSITIONS
SEVEN TO TEN ARE HIGHLIGHTED. IMAGE IS CREATED USING UCSF CHIMERA 1.13.1.23 (B) INHIBITION OF WILDTYPE HIV-
1 NL4-3 BY SINGLE CYSTEINE VIRIP DERIVATIVES. (C) SINGLE LETTER CODE AND MOLECULAR WEIGHT OF VIR-102C9 (3)
AND EPI-X4 JM#173-C (4). (D) SYNTHESIS OF THE LINKER BIS-SULFONE-PEG-MALEIMIDE (2); (E) BIOCONJUGATION OF

BIOTIN-VIR-102C9 (5) AND BIOTIN-EPI-X4 JM#173-C (6) CONJUGATE; (F) MALDI-TOF SPECTRUM OF
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UNCONJUGATED (BLUE) AND BIOTINYLATED VIR-102C9 PEPTIDE (RED); (G) MALDI-TOF SPECTRUM OF UNCONJUGATED

(BLUE) AND BIOTINYLATED EPI-X4 JM#173-C PEPTIDE (ORANGE). FULL SPECTRA OF 5 AND 6 ARE AVAILABLE IN SI. . 109

FIGURE 3-23: (A) BIOCONJUGATION OF BIOTIN-VIR-102C9-EPI-X4 JM#173-C PEPTIDE CONJUGATE (11); (B) HPLC
SPECTRUM OF VIR-102C9 BIS-SULFONE (7), EPI-X4 JM#173-C PepTIDE (4), VIR-102C9-EPI-X4 JM#173-C VINYL
THIOETHER AS A RACEMIC MIXTURE (9) AND BIOTIN-VIR-102C9-EPI-X4 JM#173-C CONJUGATE (11); (C) MALDI-TOF
SPECTRUM OF VIR-102C9 BIS-SULFONE (7) (BLUE), VIR-102C9-EPI-X4 JM#173-C VINYL THIOETHER (9) (GREEN) AND
BIOTIN- VIR-102C9-EPI-X4 JM#173-C CONJUGATE (11) (RED). FULL SPECTRA OF 7, 9 AND 11 ARE AVAILABLE IN SI.
(D) IsoToPIC PATTERN OF DECONVOLUTED TOF MS ESI SPECTRUM IN POSITIVE MODE OF BIOTIN-VIR-102C9-EPI-X4
JM#173-C(11). DECONVOLUTED SPECTRUM FOR 11 SHOWING MOLECULAR WEIGHT. EXACT MASS DETERMINED FOR M/Z

= [M+5H]* CALC: 925.823, FOUND 925.2822. ..uveviieeieeiiireeieeeeeeeittereeeeeeesiatreeeeeeeeesatseseeeseeesssssseeeeeeensnnns 111

FIGURE 3-24: (A) SCHEMATIC REPRESENTATION OF THE SUPRAMOLECULAR ASSEMBLY OF BIOTINYLATED PEPTIDES ONTO
STREPTAVIDIN (SAV) PLATFORM. (B) ABSORBANCE AT 500 NM PLOTTED AGAINST BIOTIN AND BIOTINYLATED PEPTIDES TO
DETERMINE STOICHIOMETRY REQUIRED TO SATURATE BIOTIN BINDING POCKETS ON SAV. (FOR 11, A MAXIMUM OF FIVE

EQUIVALENTS WERE USED IN THE HABA ASSAY). ....cuviuieteteueeteeteseeteeteaeeteeseseesessessesessesseseesesseseesessesessessessesenns 113

FIGURE 3-25: ANTIVIRAL ACTIVITY OF SINGLE AND MULTIVALENT VIR-102C9/EPI-X4 JM#173-C CONJUGATES.
CONCENTRATIONS INDICATE THE MOLARITY OF THE TESTED BIOTIN CONJUGATED PEPTIDES OR OF THE SAV CONJUGATES
WITH FOUR COPIES OF MONO- OR BISPECIFIC PEPTIDES RESPECTIVELY. (A) TZM-BL CELLS WERE PRETREATED WITH THE
INDICATED AMOUNTS OF THE SINGLE OR MULTIVALENT COMPOUND AND INFECTED WITH X4 OR R5 TROPIC HIV-1. THREE
DAYS POST-INFECTION, A B-GALACTOSIDASE ASSAY WAS PERFORMED. IC50 VALUES ARE GIVEN IN SI (TABLE SI). (B)
HUMAN PBMCS WERE ISOLATED, STIMULATED, AND PRETREATED WITH 1 uM OF THE INDICATED SINGLE OR MULTIVALENT
COMPOUND, MARAVIROC (MVC / 50 NM) 0R AMD3100 (1 uM). THE CELLS WERE INFECTED WITH X4- OR R5-TROPIC
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FIGURE 3-26: LC-MS SPECTRUM OF BIS-SULFONE PEG-MALEIMIDE, 2 (TR = 6.4 MIN) AT 214 NM (TOP) AND 254 NM (BELLOW),
B: LC-MS SPECTRUM OF BIS-SULFONE PEG-MALEIMIDE, 8 (TR = 6.4 MIN) AT 254 NM, C: LC-MS SPECTRUM OF
SPECTRUM OF BIS-SULFONE PEG-MALEIMIDE, 2 POSITIVE IONIZATION MODE (2ND FROM BOTTOM) AND NEGATIVE
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FIGURE 3-27: (A) LC-MS SPECTRUM OF ALLYL-SULFONE PEG-MALEIMIDE ELI-2, (TR= 5.6 MIN) AT 214 NM (TOP); LC-MS
SPECTRUM OF ALLYL-SULFONE PEG-MALEIMIDE ELI-2, (TR= 5.6 MIN) AT 254 NM (BELOW); LC-MS SPECTRUM OF
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FIGURE 3-28: LC-MS SPECTRUM OF BIOTIN-PEG-SH (10) AT 214 NMm (TOP) AND 254 NM (BELOW) TR = 3.8 MIN. ESI

SPECTRUM, POSITIVE IONIZATION MODE (2ND FROM BOTTOM) NEGATIVE IONIZATION MODE (BOTTOM). ..c..veeuvennnee. 124

FIGURE 3-29: LC-MS SPECTRUM OF B-VIR-102C9, 5: UV-TRACE AT 214 NM (TOP) AND 254 NM (TR = 5.4 MIN) (BELLOW);
ES| SPECTRUM POSITIVE IONIZATION MODE M/Z (CALC.) = 3248.6 [M], M/z (FOUND) = 1626.6 [M+2H]?**, 1084.5
[M+3H]?*) (2"° FROM BOTTOM); ESI SPECTRUM NEGATIVE IONIZATION MODE(BOTTOM) M/Z (FOUND) = 1624.4 [M-
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FIGURE 3-30: MALDI-TOF MASS SPECTRUM OF THE ISOLATED COMPOUND 5. MEASUREMENT WAS PERFORMED USING A ALPHA-
CYANO-4-HYDROXYCINNAMIC ACID (CHCA), PRESENTED AS AVERAGE MASS. M/z = 2329 [2+H]*, 3252 [M+H]",

M/Z = 3273 [M+NAJY, 3289 [MAKT* . ..ottt sttt et 127

FIGURE 3-31:: (A) LIQUID CHROMATOGRAM SHOWING PURITY 214 NM (TOP) AND 254 NM (BOTTOM); (B) MALDI-TOF MASS
SPECTRUM OF THE ISOLATED COMPOUND 6. MEASUREMENT WAS PERFORMED USING A CHCA MATRIX, PRESENTED AS

AVERAGE MASS. M/z = 1983 [M+H"], soDIUM ADDUCT M/Z = 2001 [M+NA*]. c.oicvviiieiieieee e 129

FIGURE 3-32: A: LC-MS SPECTRUM OF VIR-102C9 BIS-SULFONE, 7 (TR = 6.6 MIN) AT 214 NM (TOP); LC-MS SPECTRUM OF
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FIGURE 3-33: MALDI-TOF MASS SPECTRUM OF THE ISOLATED COMPOUND 7 USING CHCA MATRIX,PRESENTED AS AVERAGE

MASS. FULL SPECTRUM LEFT, ZOOM IN RIGHT. M/Z = 3340 [MAFHT . oottt ee e 132

FIGURE 3-34: HR-ESI| MASS SPECTRUM OF THE ISOLATED COMPOUND 11. TOP: CALCULATED ISOTOPIC PATTERN. BOTTOM:
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FIGURE 3-35: MALDI-TOF MASS SPECTRUM OF THE ISOLATED COMPOUND 11. LEFT: FULL SPECTRUM SHOWING AVERAGE MASS.
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FIGURE 3-36: MONITORING OF ELIMINATION PROCESS OF BIS-SULFONE TO THE ALLYL-SULFONE AT PH 7.4 (LEFT) AND PH8
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FIGURE 3-37: MALDI-TOF MASS SPECTRUM OF THE ISOLATED INTERMEDIATE 9. LEFT: FULL SPECTRUM SHOWING AVERAGE MASS.

RIGHT: ZOOM ON ISOTOPIC PATTERN OF [IMIHH] . 1.viviitiieceictecteecte ettt sttt sttt st 136

FIGURE 3-38: HABA-ASSAY OF BIOTIN AND STREPTAVIDIN. ALL PEPTIDES SHOW SATURATION AFTER 4 MOL EQUIV. PER PROTEIN

(FOR B-VIRIP-EPI-X4 JM#173-C (11) ASSEMBLY WAS PERFORMED WITH UP TO 5 EQUIV). ..eeceeuviieecirieeeeiieeeene 138



FIGURE 3-39: SDS-PAGE ANALYSIS OF SAV CONJUGATES: LEANE FROM LEFT TO RIGHT: LEEDER, SAv, SAV (REDUCING
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FIGURE 3-41: CELL VIABILITY OF TZM-BL CELLS TREATED WITH INCREASING AMOUNTS OF THE ANTIVIRAL PEPTIDS. TZM-BL CELLS
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FIGURE 3-42: NEUTRAVIDIN AND STREPTAVIDIN DO NOT ALTER HIV-1 INFECTION EFFICIENCY. TZM-BL CELLS WERE INFECTED
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CANCER CELLS AND MDA-MB-231 BREAST CANCER CELLS AFTER 24 H. NUCLEI WERE STAINED IN BLUE. SCALE BAR =
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FIGURE 3-48: DESIGN AND POTENTIAL MODE OF ACTION OF SUPRAMOLECULAR COMPLEXES CONTAINING SPECIFIC PMN-
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FIGURE 3-51: ASSEMBLY OF THE SUPRAMOLECULAR COMPLEXES (FK)3-Avi-C3 AND (GGP)3-Avi-C3 AND THEIR
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WAS DETERMINED FROM THE ABSORPTION ENVELOPES AND A RATIO OF 3.2:1:0.7 WAS CALCULATED. .....cvvuueeeeeennnns 213

FIGURE 3-52: (A) LEFT: EMISSION SPECTRUM OF DUAL-LABELED ASSEMBLED CONSTRUCT (FK)3-AvI-C3 (BLUE), SHOWING FRET
AND AvI (PURPLE), (FK)3-Avi + C3, MIXED (ORANGE) AS CONTROL. RIGHT: PH INDUCED RELEASE, SHOWING NO FRET
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109% FCS WERE APPLIED AS CONTROL. vvvuuuuneererersnnnaeeeeserssssnaeeeesesssssnaeeeessssssssmeeessssssssnseeeessssssssnneeessssssssnnns 215

FIGURE 3-53: EFFECT OF (GGP)3-AvI-C3 AND (FK)3-AvI-C3 ON HUMAN NEUTROPHIL-LIKE NB-4 CELLS. (A) DIFFERENTIATED
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ARROWS INDICATE CELLS SHOWING CHARACTERISTIC CHANGES IN CELL MORPHOLOGY INDUCED BY THE C3 RHO-INHIBITOR.
THE SCALE BAR REPRESENTS 50 uM. (B) QUANTITATIVE ANALYSIS OF NB-4 CELLS SHOWING THE C3-INDUCED
MORPHOLOGY FROM PICTURES AFTER 4 H AND 6 H. VALUES ARE GIVEN AS MEAN * SEM (N = 6).SIGNIFICANCE WAS TESTED
USING STUDENT’S T-TEST (NS, NOT SIGNIFICANT, * P < 0.05, ** p < 0.01, *** p<0.001). (C) ANALYSIS OF THE ADP-
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FIGURE 3-55: EFFECT OF (GGP)3-AvI-C3 AND (FK)3-AvI-C3 ON HUMAN A549 LUNG CANCER EPITHELIAL CELLS AND ON THE
HUMAN ALVEOLAR EPITHELIAL CELL LINE HAELVI. (A) A549 CELLS WERE TREATED WITH 320 NM Avi, 320 NmM (GGP)3-
AvI-C3, 320 NM (FK)3-Avi-C3, 1 uG ML C2IN-C3LIM + 2 uG ML™ C2l1A, 320 NM C3 OR LEFT UNTREATED FOR
CONTROL (MOCK). CELLS WERE INCUBATED AT 37 °C AND CELL MORPHOLOGY WAS ANALYSIS AFTER A PERIOD OF 4 H AND
6 H. VALUES ARE GIVEN AS MEAN % SD (N = 3). SIGNIFICANCE WAS TESTED USING STUDENT'S T-TEST (NS, NOT SIGNIFICANT,
*** p < 0.001). (B) ANALYSIS OF THE ADP-RIBOSYLATION STATUS OF THESE CELLS. THE CELLS WERE TREATED AS

DESCRIBED IN (A) AND THEN LYSED. EQUAL AMOUNT OF LYSATE PROTEIN OF EACH SAMPLE WAS SUBJECTED TO IN VITRO
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