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Abstract

Abstract

Carbohydrates play a pivotal role in nature as recognition markers, mediating a variety of
biological processes such as cell-cell communication, immune responses, and pathogen-
host interactions. Their counterparts are carbohydrate-binding proteins, including lectins
and enzymes, which specifically recognize glycans. However, the individual carbohydrate-
protein interactions are typically weak, which is why multivalency, a simultaneous binding
of multiple carbohydrate ligands to a protein receptor, is employed by nature to achieve
sufficient binding avidity. The principle of multivalency is also explored by scientists
generating so-called multivalent glycomimetic compounds. These types of compounds can
help to gain a deeper understanding of the complex glycan-protein interactions.
Furthermore, they are promising candidates as drug substances and diagnostic tools. The
use of synthetic glycomimetics allows to apply tailored scaffolds for the multivalent
presentation of carbohydrate epitopes, thereby achieving high binding affinities and
selectivity. Additionally, pharmacological throwbacks of natural glycan-based
therapeutics, such as poor metabolic stability, can be improved. Among these,
calix[n]arenes have emerged as promising scaffolds due to their structural versatility and
synthetic accessibility, allowing for the functionalization with carbohydrate ligands in a

multivalent fashion.

This thesis focused on integrating calix[n]arene motifs into the solid-phase polymer
synthesis (SPPoS) approach established by Hartmann et al., enabling the sequence-
defined synthesis of glycocalix[n]arene-polymer conjugates. By combining the unique
structural features of calix[n]arenes with the modularity and precision of SPPoS, this work
introduced a new synthetic route to develop tailor-made multivalent glycocalix[n]arene
conjugates with precisely adjustable ligand properties, such as valency, scaffold rigidity,
linker length, and functional group positioning. Figure 1 gives an overview of the different
topics addressed in this thesis and shows systematically depicted structures of the

targeted molecules as well as their potential application field.

The first part of this thesis (see Figure 1, highlighted in blue) established the foundation for
this work by synthesizing a calix[4]arene building block CBB1 compatible with the SPPoS
method. A robust and straightforward synthetic strategy was developed, allowing for the
preparation of versatile glycocalix[4]arenes. The synthetic route was demonstrated for a
first set of homo- and heteromultivalent glycocalix[4]arene derivatives bearing eight
carbohydrate residues on the upper rim. These compounds were further evaluated in a

bacterial adhesion inhibition assay, supporting their potential as antibacterial agents.
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Compared to monovalent ligands, the glycocalix[4]arene ligands exhibited significantly
enhanced binding affinities, highlighting the advantageous cluster-like presentation of

ligands on the calix[4]arene scaffold.

Chapter 1:
Gold nanoparticle conjugates

Chapter3
i Glycocallx[4]arene Dimers

Application:
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Chapter 4:
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Figure 1: Overview of the topics addressed in this thesis: The development of a Solid-
Phase Polymer Synthesis approach (chapter 1), shown in the middle (highlighted in blue),
builds the foundation for all further projects/chapters (1-4), which are represented in the
grey boxes. For each chapter, a systemically depicted target calix[n]arene derivative and
the potential application field (highlighted in green) is shown.

Based on this, an advanced application of the modular glycocalix[4]arenes by attaching
them onto ultrasmall gold nanoparticles (GNPs) was explored (see Figure 1, chapter 1). This
approach leveraged the concept of “multivalency of multivalency,” wherein the
multivalency of the glycocalix[4]arene scaffold was further amplified by its presentation on
a larger NP platform. It was reasoned that this could result in an even increased inhibitory
potential against bacterial adhesion. Additionally, a key aspect of this part of the project
was to achieve control over the ligand arrangement on the nanoparticle surface. To do so, a
targeted ligand design was developed and successfully implemented by making only small
alterations to the established SPPoS methodology. A second set of glycocalix[4]arenes was
synthesized, exhibiting alkyne functionalities positioned either at the upper or lower rim,
allowing for an attachment to the azide-functionalized GNPs via copper-catalyzed azide-

alkyne cycloaddition (CuAAC) in a single or multiple fashion. The functionalized GNPs were
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then evaluated in a bacterial adhesion inhibition assay and fluorescence microscopy. The
results indicated the occurrence of large GNP-bacteria clusters, supporting the initial

hypothesis.

The second part of this thesis (see Figure 1, chapter 2) expanded the scope of target proteins
beyond lectins to carbohydrate-processing enzymes. While multivalent ligands have
already been extensively explored for lectin targeting, their potential as regulators or
inhibitors of enzymes remains relatively unexplored. In this work, the de-N-glycosylating
enzyme N-glycanase-1 (NGLY1) was investigated as a potential target. NGLY1 contains a so-
called lectin-like PAW domain that is known to interact with high-mannose glycans,
suggesting that a synthetic multivalently mannose-functionalized calix[4]arenes could act
as an artificial ligand and potentially affect enzymatic efficiency. To test this hypothesis, the
mannose-functionalized glycocalix[4]arene derivatives were additionally equipped with a
biotin tag to facilitate bioanalytical studies. The ligands were evaluated in different binding
studies, such as a pull-down assay and an enzymatic activity test, comparing their effects
on NGLY1 and related glycosidases, such as PNGase F. As no selective binding was
observed, these studies suggest that further ligand optimization, such as adjusting the
spatial arrangement of mannose residues, may be necessary to enhance binding affinity.
The modularity of the SPPoS approach provides an ideal platform for further refinement in
subsequent studies, making it possible to systematically vary ligand structures for future

enzyme-targeting studies.

The SPPoS-based synthetic strategy was further enhanced with a split-and-combine
approach to generate bispecific glycocalix[4]arene dimers. This approach allowed for the
combination of two distinct glycocalix[4]arene units in a single structure, offering the ability
to simultaneously target different carbohydrate-binding proteins. Such heterobifunctional
ligands, also referred to as Janus-like structures, are of interest for biomedical and
biotechnological applications, as they can be used for selective targeting or bridging
interactions between different biomolecules. To explore this concept, homo- and
heteromultivalent glycocalix[4]arene dimers were synthesized. The heteromultivalent
dimer was designed to simultaneously bind two lectins with different specificities. As proof
of concept, the model lectins Concanavalin A (Con A), which recognizes mannose, and
Peanut Agglutinin (PNA), which binds to galactose, were chosen. To validate the bispecific
binding capability, turbidity and precipitation assays were performed, demonstrating that
the heteromultivalent dimer induced clustering of both lectins in solution, unlike the

homomultivalent analogs. Beyond the presented proof-of-concept studies, these
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bispecific glycocalix[4]arene dimers open new possibilities for applications as
heterobifunctional ligands for therapeutic strategies, e.g., including lysosome-targeting
chimeras (LYTACs). The modularity of the synthetic approach ensures that different
carbohydrate epitopes (and other relevant binding motifs) can be integrated into a dimeric

construct, expanding the potential for tailored biological interactions.

In the last part of this thesis (see Figure 1, chapter 4) calix[5]arenes, a higher homolog of
calix[4]arenes, were explored as building block for SPPoS, thereby further enhancing the
variety of available scaffolds for multivalent glycomimetics. Calix[5]arenes introduce
additional structural features, including increased conformational flexibility, which may
allow ligands to better adapt to the structural environment of their target proteins through a
so-called induced fit mechanism. Additionally, their symmetric architecture provides an
ideal platform for engaging pentameric protein assemblies, such as viral capsid proteins.
To explore these interesting possibilities, a new calix[5]arene building block CBB2 was
synthesized and incorporated into the SPPoS approach, demonstrating the versatility of the
method for different macrocyclic scaffolds. The primary focus was on the development of
sialic acid-functionalized glycocalix[5]arenes as potential inhibitors of viral attachment
proteins, specifically targeting the VP1 capsid protein of polyomaviruses. A series of
glycocalix[5]arene derivatives with varying linker lengths and valency were synthesized to

evaluate the influence of these parameters on binding interactions.

In conclusion, this thesis presents a versatile and modular synthetic approach to develop
tailor-made glycocalix[n]arenes as demonstrated in multiple projects for various target
proteins. Additionally, for some compounds, successful binding studies have been
demonstrated, underlining the utility of glycocalix[n]arenes, e.g., as antibacterial agents.
Moreover, this work provides a strong foundation for future studies on further multivalent

calix[n]arene-based glycomimetics and their potential in biomedicine and biotechnology.
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Introduction

Introduction
1.1 Carbohydrates in Nature

Carbohydrates are one of the pivotal building blocks in all living organisms and exhibit a
wide range of biological functions. These include structural support and nutritional storage,
while they also hold criticalimportance in mediating extrinsic and intrinsic cell interactions.
For instance, the underlying recognition processes are involved in the mediation of cell
communication with other cells and pathogen adhesives, fertilization, immune response,
as well as intracellular trafficking and degradation of glycoproteins.™ 2 Glycans distinguish
themselves from other biologically relevant macromolecules, such as DNA, by their
immense structural diversity.® The smallest units are monosaccharides. Based on the most
common monosaccharides glucose, mannose, fucose, N-acetylneuraminic acid (Neu5Ac),
N-acetyl-glucosamine (GlcNAc), and N-acetyl-galactosamine (GalNAc), an extensive array
of different oligo- and polysaccharides can be linked via glycosidic bonds in a linear or
branched fashion.? Additionally, in contrast to proteins and DNA, the biosynthesis of
glycans is a non-templated, post-translational modification involving a variety of different
enzymes. This highly complex and hardly foreseeable biosynthesis, alongside the resulting
high structural diversity, makes the investigation and analysis of glycans challenging. For a
thorough understanding of the glycan structure-function relationship, the development of

analytical and biochemical tools are pursued. **°

1.1.1  The Role of Glycans in the Glycocalyx and their Interactions with Lectins

In living organisms glycans are present on the cell surface as a dense sugar coat thatis also
referred to as the glycocalyx. It is a very complex and dynamic environment of various
glycoconjugates, mainly glycoproteins, glycolipids, or proteoglycans that are required for
the cell-surface interactions, for example, with other cells, antigens, or pathogens (see
Figure 2A).% ¢ Many of these interactions are based on specific glycan-protein interactions.
The complementary carbohydrate-recognizing proteins are called lectins. Lectins are
defined as carbohydrate-recognizing proteins that are neither immunoglobulins nor have
an enzymatic activity.” Since the presumed first discovery of a lectin by Stillmark in 1888,
various lectins widely distributed in nature, from animals and plants to bacteria and viruses,
have been identified.? They can be classified into lectin families, including legume lectins
(plant lectins), C-type lectins and galectins (animal lectins), as well as viral agglutinins and
toxins.> 7  ° The interaction between lectins and carbohydrates relies primarily on
hydrogen bonding, as commonly occurring for carbohydrates due to their hydroxyl groups.

They can act as both donors and acceptors towards the complementary protein surface.




Introduction

The hydrogen bonds formed can be either direct or indirect with water molecules as a
moderator.> ' "' Additionally, van der Waals interactions, hydrophobic interactions,
electrostatic interactions, and metal coordination can contribute.”> For the latter
Concanavalin A (Con A) from the jack bean can be used as an example. Con A was the first
pure lectin that was isolated by Sumnerin 1919 and is a very well-studied model lectin from
the legume class. Each Con A monomer has one conserved carbohydrate-binding domain
(CBD), favoring a-D-mannose and a-D-glucose as well as two divalent metal binding sites
for Ca? and Mn?* ions. These metal interactions are crucial for the integrity of protein
conformation and therefore required for carbohydrate binding." Interestingly, in solution,
the monomer assembles into oligomers depending on the pH value. Above pH 6.9,
tetramers are formed, whereas at pH below 5.9, Con A is present as a dimer. Another
relevant class to be discussed are lectins derived from pathogens, as they have been shown
to play a critical role in adhering to cell surfaces, potentially leading to an infection of the
host. Thus, they represent a promising research frontier for the development of antiviral and
antibacterial therapeutics. So-called FimH, a fimbrial adhesive lectin from Escherichia coli
(E. coli) bacteria that causes urinary tract infections, serves as a well-known model for such
studies. The mannose-binding lectin is found at the tip of type 1 fimbriae of the bacteria.™
'S In the last decades, many working groups reported a-D-mannopyranoside-based ligands
for the bacterial lectin and additionally demonstrated that the affinity towards FimH was
significantly increased when alkyl chains were introduced to the anomeric position at the
mannose residues. Structural studies revealed that this can be accounted for by the
hydrophobic interactions of the alkyl chains with two tyrosine residues (Tyr48 and Tyr137)
that are located at the entrance of the binding site.”® '® In the case of many viral families,
additionally, electrostatic interactions come into play. The viral lectins interact specifically
with charged carbohydrate epitopes on the cell surface for the attachment to the host
cell."”"® For instance, some polyomavirus such as human BK virus (BKPyV)'® and the more
recently discovered Merkel cell polyomavirus (MCPyV)? were reported to exhibit sialic acid-
recognizing binding sites on their major capsid proteins VP1 that are critical for the

infectious entry of the viral genome.

However, the non-covalent binding between a lectin and a monovalent carbohydrate
epitope is typically weak and often not highly specific (compared to enzymes).
Consequently, the question arises of how the concept of the so-called sugar code and the
associated transmission of specific information work."? A crucial concept that is employed
in nature is the principle of multivalency. This means the multiple interactions of a

multivalent ligand with a corresponding receptor result in a higher binding avidity and
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specificity. It was shown for various lectins that the multivalent interaction with glycans on
the cell surface exhibits an even increased affinity than the corresponding single
carbohydrate interactions would predict - a phenomenon that was reported by Lee et al. as
the glycoside cluster effect.>’® To account for this observation, several possible
mechanisms by which a multivalent ligand can interact with protein receptors were
proposed (see Figure 2B).% 2> 2427 For oligomeric receptors a typical chelate effect or
alternatively in case of single receptors a clustering mechanism can occur when the
multivalent ligand is able to overcome the distance between recognition sites of the
proteins. This can lead to a great enhancement of overall avidity and can generally be
explained by the lower entropic cost paid for a second binding event. Further, some
receptors might possess binding subsites in addition to the primary binding site that can be
engaged by a multivalent ligand. Additionally, the locally enriched concentration of binding
carbohydrate epitopes can lead to higher affinity for statistical reasons. This can also be
considered as a rebinding or sliding mechanism that increases the probability of another
epitope to bind to the same or a proximal binding site. Finally, the steric stabilization of the
ligand against other opposing binding partners can cause a beneficial effect. Depending on
the nature of the lectin and ligand, one or more of the described binding modes may occur
simultaneously.?*?® In summary, by looking beyond monovalent interactions, a much more
complex picture emerges, and it becomes clear that not only valency, but also the overall

ligand architecture is critical for a high binding avidity and specificity.>*
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Figure 2: A) Schematic depiction of glycocalyx and pathogen interaction, B) Five
mechanisms of multivalent ligand-receptor binding.

1.1.2 The Role of Carbohydrate-processing Enzymes in Biosynthesis.

Carbohydrate-binding domains, which have been discussed above, occur not only on
lectins but on other proteins, including carbohydrate-processing enzymes, which are a
second topic of interest in this work. In general, enzymes are defined as a class of proteins
that catalyze biochemical reactions in living organisms without being consumed or altered
themselves within the process.® In this chapter, the focus lies especially on enzymes
whose substrates and thus natural ligands are glycans. This includes, for example, glycosyl-
transferases and glycosidases, which are crucial for the biosynthesis and degradation of
glycoproteins.® Within the class of glycoproteins, it can be distinguished between O-linked
and N-linked glycans as the two most common types of glycans.® The glycosylation of
proteins has aninfluence on their proper folding, which isimportant in order to preserve the
biological function.” While the synthesis of O-linked glycans occurs in the Golgi apparatus
by stepwise addition of GalNAc residues to Serine (Ser) or Threonine (Thr) side chains of
proteins, the N-linked glycans are assembled as a lipid-bound precursor in the

endoplasmic reticulum (ER) and transferred in block either post- or co-translational to
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proteins containing the amino acid sequence Asn-Xaa-Ser/Thr (Asn = asparagine, Xaa can
be any amino acid besides proline). Initially, an oligomer consisting of (Glc)s-(Man)e-
(GlcNAc), is transferred by the Oligosaccharyltransferase (OST) to the side chain amine of
the asparagine to form a N-glycosidic bond.* The three terminal glucose (Glc) residues play
a role in protein quality control in the ER, as they are recognized by chaperones, such as
Calnexin and Calreticulin, that act as folding sensors.?' Correctly folded N-glycoproteins
can then be translocated to the Golgi apparatus for further glycan modification with
additional monosaccharides. In this way, different types of N-linked glycans, such as high-
mannose, complex, and hybrid types are formed. In contrast, if the protein is revealed to be
misfolded, it is translocated to the cytosol, where the degradation of the misfolded
glycoprotein by the proteasome is initiated. This process, called ER-associated degradation
(ERAD), involves the removal of the glycan residues from the protein backbone by de-N-

glycosylating enzymes prior to the protein degradation by the proteasome.®>%

In this thesis, the focus lies on the de-N-glycosylating enzyme peptide-N-glycosidase
(PNGase) and especially its interactions with multivalent ligands are investigated. PNGase
belongs to the enzyme class of amidases (or amidohydrolases) and catalyzes the cleavage
of the glycosidic bonding between the innermost GlcNAc residue and the asparagine side
chain of N-linked glycoproteins. The hydrolysis of the amide bond releases the full glycan
intact and results in the formation of aspartic acid (see Figure 3).** PNGase is a widely
conserved cytosolic enzyme in plants, bacteria, and eukaryotes, including humans.3> 343
In higher eukaryotes, it is also referred to as N-Glycanase-1 (NGLY1 for humans or Ngly1 for
mouse).** Previous studies have investigated the structure of NGLY1 and revealed that the
enzyme is composed of three domains: the central transglutaminase domain with the
catalytic site, the C-terminal PAW domain, and the N-terminal PUB domain.** While the
latter is known to bind to other ERAD components, we here focus on the carbohydrate-
binding PAW domain (see Figure 3). High-mannose-type glycans were found to be
recognized by this domain and appear to facilitate substrate processing. For yeast PNGase,
it was observed that the carbohydrate-binding site (PAW domain) is critical for the
enzymatic activity.*” This was also confirmed for mouse PNGase by Zhou et al, when the
enzyme activity of the full-length protein was compared to C-terminal truncated mutants
without the PAW domain.??* Even though the exact role of NGLY1 is still not completely
understood, it has been shown to be involved in the ER-associated degradation (ERAD) of
misfolded glycoproteins, which plays an important role in securing cellular quality control
and protein homeostasis.’® ® In the case of mutations of the ngly1 gene, a rare genetic

disorder called NGLY1 deficiency can occur. Affected patients suffer from various and
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oftentimes very severe symptoms.*® Therefore, high interest arose in a better understanding

of the biological function of NGLY1.
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Figure 3: Schematic Depiction of NGLY1 catalyzed hydrolysis of high-mannose-type
glycoprotein after Tomlin et al.*

1.1.3 Glycomimetics for the Design of Glycan-based Therapeutics.

Carbohydrates are vital for numerous biological processes and are thereby associated with
many diseases such as cancer, infections and immune dysfunctions.*** Encouraged by the
advances made in the field of glycobiology, chemists embarked upon the development of
synthetic carbohydrate ligands with the objective of mimicking the natural carbohydrate
ligands, so-called glycomimetics. These types of compounds arouse high interest as they
are promising candidates as drug substances and diagnostic tools.**® A major advantage
of a chemical approach is the possibility of modifying the molecular structure to improve
the drug characteristics of the pharmaceutical active ingredient. In this way, the
pharmacological drawbacks such as poor metabolic stability, which is typically linked to
carbohydrate-based drugs, can be overcome, and low binding affinities can be improved.*®
47 Moreover, the synthetic preparation of carbohydrate drugs allows for better control over

purity and dispersity compared to compounds derived from biological sources.*®4°

The majority of the investigated glycomimetic compounds target extracellular lectins, for
example, C-type and I-type lectins, as well as pathogen lectins.** 4% Inspired by nature to

overcome the weak single carbohydrate interactions (see chapter 1.1.1), a common
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approach applied for antiadhesive therapy is the development of multivalent glycomimetics
that present the terminal binding epitopes on a non-natural scaffold.® *° In line with the
advancements in organic synthesis, a variety of synthetic glycoconjugates have been
investigated in search of high-affinity binders and inhibitors for numerous pathogen lectins
and toxins.®™* To do so, it is crucial to carefully study the receptor structure to create a
ligand design that fits the carbohydrate binding sites ideally and reaches multiple sites
simultaneously (so-called receptor-based design) whilst minimizing the entropic cost of
binding. '>*’ It has been demonstrated that valency and topology as well as nature of spacer
and scaffold can have a pivotal impact on binding affinity and selectivity of the respective
glycomimetic.?* 2% 55¢1 Diverse artificial scaffolds like polymers® © 54 dendrimers®,
nanoparticles® ®’, macrocycles like calix[n]arenes®® (see chapter 1.2.2) or cyclodextrins®®
as well as small molecule scaffolds (also referred to as glycoclusters)’® ”' have been
explored in the last decades (see Figure 4). Multivalent presentation of carbohydrate
epitopes on polymeric backbones often shows an affinity enhancement due to a gain in
both binding enthalpy and entropy compared to low-molecular-weight ligands, which
usually have lower valency.®® 72 On the other hand, glycopolymers lack structural precision,
even though great advances regarding living polymerization techniques have been made.”?
To give access to detailed studies of the structure-function relationship, monodisperse and
defined homo- and heteromultivalent glycomimetics have to be synthesized. An approach
using solid-phase polymer synthesis established at the working group of Prof. Hartmann,
discussed in more detail in the following chapter 1.3, allows for the synthesis of sequence-

defined glycomacromolecules based on oligo(amidoamines) backbones.
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glycoprotein N
_. binding epitope
d

endrimers polymers

— linker

}—scaffotd

macrocycles d

small molecules nanoparticles

Figure 4: Schematic depiction of glyco-functionalized scaffolds as examples of
glycomimetic structures.

Besides lectins, carbohydrate-processing enzymes have been addressed as therapeutic
targets since the alteration in the glycocalyx glycan compositions, e.g., hyper sialylation or
truncation, can oftentimes be correlated to a diseased state and is a direct consequence of
an altered expression of glycosidases and glycosyltransferases.*>*” The modification of the

regular glycan composition of the glycocalyx has also been used as a therapeutic tool. For
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instance, glycomimetic neuraminidase inhibitors, oseltamivir (Tamiflu®) and zanamivir
(Relenza®), have successfully been established for influenza treatment.”® ’* The mode of
operation is the inhibition of the cleavage of terminal sialic acid residues on the host cells,
preventing the propagation of the virus and thus the progression of the disease. Besides
these well-known examples, several other glycomimetic enzyme inhibitors have already
been approved for the treatment of various diseases, such as diabetes or lysosomal storage
disorders.**” However, in contrast to lectins, the multivalent effect as a strategy to enhance
enzyme inhibition has only recently been explored for glycosidase inhibitors. This might be
accounted for by the single substrate binding sites that are usually linked to enzymes.*® The
groups of Nierengarten and Compain were first to find a significant increase in Jack bean
(JB) a-mannosidase inhibition in comparison to the monovalent control structure exploiting
a 12-valent fullerene glycocluster.”® In the following decades several more multivalent
structures have been demonstrated to exhibit pronounced multivalent effects for several
glycosidases %78 To gain a deeper understanding of the underlying binding modii numerous
studies have been conducted, including atomic force microscopy (AFM), dynamic light
scattering (DLS), electron microscopy imaging (EM), electrospray ionization-mass
spectrometry (ESI-MS), analytical ultracentrifugation sedimentation velocity (AUC-SV) and
crystallography experiments.*® 788 Different binding modes were proposed depending on
the size and shape of the multivalent inhibitor and the investigated glycosidase. For
instance, the dimeric JB a-mannosidase crystallographic investigation revealed that
sandwich-type complexes can be formed when employing suitable multivalent inhibitors
that can reach several binding sites simultaneously.® In this case, the observed chelate
effect can accountforthe observed high increase in binding affinity and reminds of the well-
studied carbohydrate-lectin interactions. For other investigated glycosidases having rather
deep and less accessible active sites, itis assumed that the enzyme inhibition might be due
to the steric blocking or a structural modification of the binding site.®" 8 While multivalency
is already well established in the development of glycomimetics targeting lectins, an
increasing number of promising results have been reported for multivalent glycosidase

inhibition, highlighting the still great potential for drug discovery in this field.*®

1.2 Calix[n]arenes

Calix[n]arenes are classified as the metacyclophanes, yielding from the condensation of
certain p-alkylphenols with formaldehyde.®* 8 Initially, the first condensation reactions of
phenoland formaldehyde were carried out by Adolph von Bayer in the 19" century. However,
the analytical methods of the time were not sufficient to determine the chemical structure

of the products obtained.? % A few decades later, in the early 20" century, Leo Baekeland
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was working on the phenol-formaldehyde chemistry and patented a process yielding
products known as phenoplasts or “Bakelite” achieving great commercial success.?* ® In
the 1940s and 50s, the research group of Zinke postulated the formation of cyclic tetramers,
referred to as "Mehrkernmethylenphenolverbindungen", from p-alkylphenols and
formaldehyde using a base-catalyzed one-pot synthesis strategy.?* 5”88 | ater in the 1970s,
C. David Gutsche became aware of this class of compounds and recognized their potential
to form host-guest complexes. He especially envisioned the application as a synthetic
enzyme mimetic. Furthermore, Gutsche established a general nomenclature and
introduced the term calix[n]arene because the structure of the cyclic macromolecules
reminds of a Greek chalice [calix (Greek) = chalice]. The prefix "arene" refers to the
involvement of aromatic rings, and the number in the brackets refers to the number of units

that comprise the macrocycle.®® 8

1.2.1 Synthesis and Functionalization of Calix[n]arenes.

Gutsche significantly contributed to the research field of calix[n]larenes by not only
establishing a general nomenclature but also elucidating the composition of the product
mixture obtained from previous one-pot base-catalyzed methods after Zinke-Cornforth
(three-step synthesis) and Petrolite/Munch (one-step synthesis, see Figure 5).8% 87899 Heg
demonstrated that for both procedures the mixture consisted mainly of cyclic condensation
products with varying numbers of p-alkylphenol units. The main macrocycles were
composed of four, six, and eight units. Additionally, the one-step Munch conditions yielded

a bishomooxacalix[4]arene derivative, that exhibits one CH,OCH, bridge.®

R KOH R i i
-
n n
* H™ OH -n H20 * BN
CH, G CH,
OH OH . OH % OH
n=4,6and8

Figure 5: Reaction scheme of calix[n]arenes one-step synthesis after Munch.

Furthermore, Gutsche and coworkers have extensively studied the influence of reaction
parameters on the product composition and observed that by particularly varying the
reaction temperatures, the equivalents of base and the size of the base cation, itis possible
to control the ring size. As an overall trend, it was found that the p-alkyl-calix[8]arene
presumably is the kinetically controlled product that was obtained as the main product
when p-alkylphenols and formaldehyde were treated with small amount of base in solvents

with boiling temperatures lower than 180° C. In contrast, when the amount of base was
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increased, and especially larger cations such as rubidium were employed, the hexamer was
found to be the main product instead. This was also referred to as the kinetically controlled
productinvolving a template effect from the cation. In order to obtain the tetramer as a main
product, higher temperatures (~ 220 °C) had to be applied, as the p-alkyl-calix[4]arene were
assumed to be the thermodynamically controlled product.®®2 Based on these studies, the
group was able to optimize the one-pot procedures, which made the calix[4]-, calix[6]-, and
calix[8]arene derivatives available in good yields.?>® In terms of reaction mechanism, the
group came to the conclusion that first linear dimeric, trimeric, and tetrameric mono-
hydroxymethylated and/or di-hydroxymethylated derivatives are formed that undergo the
cyclisation under the loss of formaldehyde and water in the next step. X-ray crystallographic
data showed that the linear tetramers occurred in a conformation that can be described as
zig-zag conformation. It was therefore assumed that a pathway via an intermolecular
association of two linear tetramers through hydrogen bonding to form calix[8]arene
derivative is more likely than the direct intramolecular cyclization, as this would perquisite
a conformational change. Subsequently, when applying sufficient reaction temperatures
(~220 °C), the cyclic octamer is converted to the calix[4]arene derivative. Interestingly, the
odd-numbered calix[n]Jarenes with n = 5 or n = 7 are still not as feasible as the even-
numbered homologs using a one-pot synthesis.®*® |t is assumed that this tendency can be
accounted for by better conformational stability due to the formation of hydrogen bonding
in the even-numbered homologs. °'" % Another procedure is the stepwise synthesis route
that was developed by Hayes and Hunter.'® This approach was further pursued by
Kammerer and later by Bohmer.'™ In this method, fragments are condensed in a stepwise
manner, followed by the final cyclization. An advantage of this synthesis route compared to
the "one-step method" is the ability to obtain calixarene derivatives with different
substituents at the para position.' """ However, this approach is extremely laborious and

achieves only low yields.

Due to rotation through the calix[n]larene, the calix[n]arenes can exist in different
conformations.’ % Additionally, with respect to the plane of the ring, an upper and lower
rim can be defined. For calix[4]arenes, Gutsche established the terms cone, partial cone,
1,2-alternate, and 1,3-alternate conformation as illustrated in Figure 6. Both X-ray
structure analyses and thermal NMR analyses showed that tert-butyl-calix[4]arene (R=H)
exists preferably in the cone conformation at room temperature.®* %% This finding can be
explained by the formation of strong hydrogen bonds between the phenolic hydroxyl groups
in the cone conformation.®® 19619819 Fqr the larger calix[n]arenes (n = 5, 6 or 7) the energy

barrier for rotation around the Ar-CH,-Ar bonds is lower and the compounds exhibit a higher
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flexibility as determined by dynamic NMR spectroscopy. Interestingly, for calix[8]arene, the
temperature dependency of the methylene protons in "H-NMR spectra is very similar to that

of the calix[4]arene.®® "0

partial cone 1,2-alternate 1,3-alternate

Figure 6: The four conformations of tert-butyl-calix[4]arene after Gutsche.

Since the initial elucidation of their structure and the synthesis of p-alkyl-calix[n]arenes are
feasible, functionalization routes to various calix[n]Jarenes derivatives have been
extensively investigated.®> """ "2 The tert-butyl-calix[4]arene, which is commercially
available, has proven to be a suitable precursor and is therefore oftentimes chosen as a
starting material.’* "% Functionalization routes of larger calix[n]arenes (n = 5, 6, 8) are also
known, but are not discussed in further detail here."®""” Most commonly, tert-butyl-
calix[4]arene offers two points of approach for functionalization: On the one hand,
functionalities such as alkyl, allyl, ester, ketone, or amide groups can be introduced at the
lower rim by alkylation or acylation of the phenolic hydroxyl group.'*""® 18 Furthermore, at
the upper rim, the tert-butyl group can be easily removed through trans-alkylation in the
presence of aluminum and an acceptor compound (e.g., toluene or phenol), followed by
electrophilic substitution at the para-position."® "%12" Fyrthermore, regioselective
reactions are required. For calix[4]arene, it has been shown that regioselective reactions at
the phenolic hydroxyl groups can be achieved by varying the reaction conditions, such as
base strength, temperature, reaction time, or reactant equivalents.”'® 2% ' Another
approach is to selectively cleave certain ether or ester bonds."* '?* To date, mono-, di-, and
tri-substituted derivatives can be achieved selectively.'® This selectivity at the lower rim
can also influence the reactivity of the para-position at the upper rim, as phenol ester or
ether units are less reactive towards substitution reactions than non-substituted phenol
units.'? 28 Furthermore, by the introduction of larger substituents such as propyl groups at
the lower rim, calix[4]arenes can be fixed in all possible conformations, as the substituents

sterically hinder the rotation through the cycle.'?%

Due to the very extensive and increasingly complex modification opportunities of

calix[n]arenes, many fields of application have opened for this substance class. As Gutsche
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had already recognized, a particularly intriguing property of calix[n]arenes is their ability to
form host-guest complexes with metal ions, smaller guest molecules, as well as proteins.
180, 132139 Based on this, the implementation of calix[n]arene derivatives for sensor
technology™® " wastewater decontamination'?"#, or as catalysts'® '* has already been
demonstrated. Moreover, calix[n]Jarene derivatives have been shown to be promising
candidates for numerous medicinal applications as therapeutic molecules, drug delivery
systems, or for bioimaging.’#'° In this thesis, the interest lies particularly in the class of

glycocalix[n]arenes, which will be discussed in more detail in the next chapter.

1.2.2 Glycocalix[n]arenes

Pioneering work in the field of glycocalix[n]arenes was carried out in the working groups of
Ungaro and Dondoni, who first developed synthetic routes to introduce carbohydrate
moieties at the wither rim of calix[4]arene derivatives in the mid-1990s."%" 52 |n an initial
work, Marra et al. employed a route in which the O-glycosylation of the lower rim of a
calix[4]arene via a Mitsunobu reaction was achieved. However, this method resulted in low
stereoselectivity at the anomeric carbon of the carbohydrate and poor water solubility.™’
Improvements in this regard were achieved through an alternative route in which a 1,3-
dihydroxymethyl calix[4]arene derivative was treated with thioethyl glycosides as glycosyl
donors inthe presence of copper(ll) triflate.’® In the following decade, many more synthetic
procedures to obtain calix[n]arene O-, C-, N-, and S- glycosides have been studied and
successfully implemented.’®® An effective and therefore commonly used synthetic method
to prepare multivalent glycocalix[n]arene is amide coupling (see Figure 7A)."%*'%¢ |n this
approach, carbohydrates equipped with amine linkers are coupled to the carboxyl-
functionalized calix[n]arene derivatives or vice versa. For the activation of the carboxyl

%6 were used under

group, coupling agents'™* '5® or reactive carboxylic acid chlorides
alkaline conditions. To avoid steric hindrance, amino acids were coupled first to the
calix[4]arene scaffold to act as spacers.” For instance, Roy et al. expanded the amid
coupling method and were able to obtain dendrimers with up to sixteen carbohydrate units
in this way."®® Further, several studies showed the successful synthesis of
glycocalix[4]arenes via the multiple addition of several glycosyl isothiocyanates to amin-
functionalized calix[n]arenes via the formation of a thiourea bond at the upper or lower rim
(see Figure 7B).%% 1571%° Moreover, since the introduction of the copper-catalyzed alkyne-
azide cycloaddition (CuAAC) and the concept of click reaction in general, also the field of
synthetic glycoclusters took advantage of the effectiveness, selectivity and feasibility of this

kind of reaction. Dondoni and Marra demonstrated the efficient synthesis of C-glycosylated

calix[4]arenes using CUAAC (see Figure 7C)."®° Thereby, the click reaction was performed in

12



Introduction

both ways: Either a glycosyl azide was attached to an alkyne-functionalized calix[4]arene
scaffold or vice versa. Further, Fiore et al. demonstrated that thiol-ene coupling (TEC) can
be used for the efficient coupling of glycosyl thiols to both rims of allyl-functionalized

calix[4] arene derivatives (see Figure 7D)."®"
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Figure 7: Examples of glycocalix[4]arenes prepared via different synthetic methods.

Exploiting the synthetic methods described, a large number of calix[n]Jarenes bearing

162 160, 161

multiple carbohydrate moieties of different kind such as mannose'®, glucose'™ ™',

68, 161 158 156

galactose , N-acetyl-glucosamine™®, N-acetyl-galactosamine™®, sialic acid'®® ¢

fucose'® or lactose®® were prepared and tested for the binding to several medicinal relevant
protein targets like bacterial and viral lectins, human galectins and toxins,5® 8 155198, 162,164
Thereby, calix[n]arenes revealed to be a particularly interesting platform for ligand
presentation as the size and conformation of the macrocycle can be readily varied,
providing access to adaptable glycoclusters with increased binding affinities and
specificity. For instance, Consoli et al. reported the synthesis of a set of N-acetyl-B-D-
glucosamine functionalized calix[4]arene analogs, that are conformationally blocked in the
cone conformation and mobile calix[8]arene derivatives.”®® The direct binding of the
compounds to the N-acetyl-B-D-glucosamine specific lectin WGA (wheat germ agglutinin)
was proven by turbidity measurements. Interestingly, the performed WGA-dependent
hemagglutination inhibition assay showed a higher inhibiting potency of the more rigid
calix[4]arene ligands compared to the flexible calix[8]arene ligands. Further, they found that
the incorporation of amino acids as spacers between the calix[n]arene scaffold and the

terminal carbohydrate moieties was beneficial regarding the inhibition potential. In
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contrast, André et al. found that flexible calix[6,8]arene derivatives carrying galactose or
lactose residues show especially low ICso (half-maximal inhibitory concentration) values
towards the AB toxin Viscum album agglutinin (VAA).8 Interestingly, they further observed
in cell assays that different conformations of the lactosyl-calix[4]arene resulted in the
discrimination of galectin-1 and -4 versus galectin-3. In another study, Cecioni et al.
investigated the impact of the topological isomerization of calix[4] arene-based
glycoclusters towards the bacterial lectin PA-IL from Pseudomonas aeruginosa using
isothermal titration calorimetry (ITC). They observed that the calix[4]arene in partial cone
and 1,3-alternate conformation showed strongly enhanced binding affinity compared to the
cone conformation. The authors assumed that a chelating binding mechanism might
account for this result.>® Furthermore, another intriguing structural feature of calix[n]arenes
is the possibility to introduce different motifs at the upper and lower rim. In this way,
carbohydrate compounds with dual functionalities could be created.® Beyond
carbohydrate ligands, other binding motifs can be incorporated into the ligand design. For
instance, the research group of Geraci employed this strategy for the synthesis of a cancer
vaccine.'®® In this approach, a Tn-antigen (Thomsen-nouveau antigen) motif was presented
multivalently at the upper rim, while an immunoadjuvant, designed to enhance the immune
response, was attached at the lower rim. This method of antigen presentation was intended
to mimic the surface of cancer cells. Initial in vivo studies confirmed multiple times
increased immune response from the multivalent calix[4]arene derivatives compared to the

monovalent derivatives.

The described examples demonstrated the high utility of these platforms to create
adaptable glycomimetic compounds to study the complex carbohydrate-protein
interactions. Beyond the glycosyl cluster effect, which was observed for calix[n]arene-
based glycoclusters, they have also helped to provide further insights into the importance
of topology and flexibility of the scaffold, which are crucial for optimizing binding affinity
and specificity towards different protein receptors. Further advances in the synthesis of
more complex glycocalix[n]arenes are promising to enhance their applications and to fulfill

their therapeutic potential.

1.3 Solid-Phase Synthesis

Developed by Bruce Merrifield in the 1960s for the synthesis of peptides and proteins, solid-
phase synthesis is now considered an established method (solid-phase peptide synthesis,
SPPS)." 1% This method is not only suitable for the assembly of amino acids into peptides

but has also been extended to the use of various monomers. In particular, other
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88 and polynucleotides,’™ have been

biomacromolecules, such as polysaccharides
successfully synthesized using solid-phase synthesis. Moreover, the method can be
applied to the synthesis of non-natural polymers. For example, Hartmann et al. introduced
solid-phase polymer synthesis (SPPoS) for the preparation of monodisperse

macromolecules based on poly(amidoamine) (PAA) scaffolds.'”*""?

1.3.1 Solid-Phase Peptide Synthesis (SPPS)

Already in the beginning of the 20" century the first peptide was synthesized in solution by
Emil Fischer."””® '7* However, as the chain length increases, peptide chains are prone to
aggregation and become less soluble, which restricted the solution phase peptide
synthesis.'® ' This issue was circumvented by the development of solid-phase peptide
synthesis (SPPS), which enables the synthesis of long peptides and proteins."””*"”” The
fundamental methodology of solid-phase peptide synthesis, as proposed by Merrifield, is
depicted in Figure 8.'%%'%7 A crucial aspect of this approach is that the peptide chain remains
firmly anchored to the solid phase during the synthesis. The covalent attachment of amino
acids proceeds in a linear fashion, starting from the C-terminus elongating toward the N-
terminus. The initialamino acid, which is protected at its a-amino function with atemporary
protecting group, is covalently bound via its carboxyl group to the solid phase.
Subsequently, the temporary protecting group is removed, and the next a-protected amino
acid is coupled to the free N-terminus of the chain. In this way, amino acids are assembled
stepwise in repetitive cycles of deprotection and coupling. When the desired sequence is
obtained, subsequently the peptide is cleaved from the solid phase in the final step. After
each coupling step, a washing step is conducted, whereby an excess of reactants and by-
products can be easily separated by filtration. This simplifies purification compared to
tedious liquid phase synthesis and allows the use of large excesses of reactants to ensure
complete conversion.'® '8 Nowadays, using standardized protocols, a wide variety of
peptides, also so-called difficult sequences, can be prepared manually or automatically by

using peptide synthesizers.'”®®
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Figure 8: SPPS methodology developed by Merrifield.

The polymeric support material established by Merrifield is a chloromethylated cross-
linked copolymer of polystyrene and divinylbenzene (Merrifield resin).'®” Polystyrene with
varying amounts of divinylbenzene, allowing to adjust the degree of cross-linking, is still
today the most commonly used solid support resin in modern solid phase synthesis.'® The
proper swelling behavior of the support material is crucial for successful solid-phase
synthesis, as otherwise the accessibility to the reaction site is hindered. The polystyrene-
divinylbenzene copolymer swells in non-polar solvents, preferably dichloromethane.”® To
modify the swelling behavior and to provide an even better accessibility of the reaction site,
spacer units, such as polyethylene glycol as applied in the TentaGel® resin, can be grafted
onto the polymeric support material.’®* '8 The nature of the linker determines the type of
bond, typically amide or ester bonds, formed upon attachment of the first amino acid to the
solid support, as well as the cleavage conditions for the release of the final peptide. Both
the firm attachment to the polymeric support during the synthesis and the efficient
cleavage under defined conditions of the final peptide are important to achieve sufficient
yields."”® 182 As g temporary protecting group of the N-terminus, Merrifield employed a tert-
butyloxycarbonyl (Boc) protecting group strategy, whereby the protecting group can be

removed under mild acidic conditions. In these conditions, the bond to the acid-labile
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Merrifield resin remains stable. However, the cleavage of the final peptide from the resin
requires the use of very strong acids such as hydrofluoric acid.'® The introduction of the
base-labile fluorenylmethyloxycarbonyl (Fmoc) protecting group by Carpino and Hanwas a
major advance in SPPS (see Figure 9C)."8* ®® The Fmoc strategy offers the advantage of
using orthogonal linkers and side protection groups that are labile under milder acidic
conditions, allowing for the use of less hazardous acids.’®® Some examples of frequently
used linkers compatible with the Fmoc strategy are the Wang linker, the chlorotrityl linker,
and the Rink linker (see Figure 9A)."®"'%® Additional amine functionalities present in the
peptide, e.g., in the side chain of lysine, can be protected by use of acid-labile Boc group.™"
92 This approach allows both the linkers and protecting groups to be cleaved by treatment
with trifluoroacetic acid (TFA) solutions in varying concentrations. The cleavage from the
resin and removal of the sidechain protecting groups can therefore efficiently be conducted
in one step.’®* " For a (three-dimensional) selective protection of sidechains, additional
orthogonal protecting groups, such as the allyloxy carbonyl (Alloc) group for amines, can be
used. The Alloc group is stable under basic and acidic conditions and can be removed with
palladium catalysts.' "% An additional advantage of the Fmoc strategy is the UV absorption

properties of the fluorene group that can be used to monitor the deprotection conversion.'’
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A further crucial parameter in SPPS is the selection of coupling reagents (see Figure 9B).
Since the condensation of two amino acids occurs at a slow rate at room temperature, it is
necessary to activate the carboxyl group by generating a better leaving group.'® Initially,
carbodiimide derivatives were the coupling reactions most commonly used. For instance,
Merrifield employed the use of dicyclohexylcarbodiimide (DCC)."®”:'*° The driving force of
this reaction is the formation of the urea by-product.?®® 2" However, the use of
carbodiimides has certain disadvantages, including the formation of unwanted side
products, such as a non-reactive O-acylurea species, and the racemization of amino acids.
For instance, the addition of 1-hydroxybenzotriazole has been shown to suppress the
unwanted side reactions.?®> Reagents derived from the class of phosphonium salts have
been demonstrated to have significant advantages, as they directly yield the active ester
and thus promote the coupling process more rapidly.’®® The initial example discovered by
Castro is benzotriazol-1-yloxytris(dimethylamino)phosphonium hexafluorophosphate
(BOP).2%® Although BOP exhibits excellent properties as a coupling reagent, the by-product
formed during coupling process, hexamethylphosphoramide, is highly toxic. Benzotriazol-
1-yloxytris(pyrrolidino)phosphonium hexafluorophosphate (PyBOP) is the preferred
alternative today, as the resulting by-product is less toxic, while the reactivity remains
undiminished.?® The generally accepted mechanism of the coupling process of two amino
acids with PyBOP as the coupling reagent and diisopropylethylamine (DIPEA) as a non-
nucleophilic base is shown in Figure 9B.2%%2% |n an alkaline medium, the deprotonated acid
reacts with PyBOP, forming the activated acylphosphonium species and 1-
hydroxybenzotriazole (HOBt). This species can then readily react with the OBt anion,
resulting in the formation of an active ester. Finally, a nucleophilic attack of the amine on
the active ester occurs, forming the desired amide linkage. The formation of phosphoramide
is the driving force of the reaction. Furthermore, uronium/aminium salts, such as 2-(1H-
benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) or O-(7-
azabenzotriazol-1-yl)-N,N,N',N'-tetramethyluronium hexafluorophosphate (HATU) were

discovered to be potent reagents for peptide couplings.*” 2%

However, x-ray
crystallographic methods revealed that HBTU and related structures rather occur as N-
oxide salts than uronium species, as originally assumed.?® In several studies, HATU has
been shown to be a particularly potent coupling agent even for difficult sequences.?'*2'20n
the other hand, a disadvantage of this class is the possibility of undergoing side reactions
with the N-terminus of the peptide, forming guanidine residues and thereby blocking any

further elongation of the peptide.?'®?'
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1.3.2 Solid-Phase Polymer Synthesis (SPPoS)

Solid-phase synthesis methods enable the stepwise assembly of monomers, thereby giving
access to the preparation of monodisperse and sequence-defined macromolecules.'® "¢
2% This advantage can also be exploited for the synthesis of non-natural oligomers and
polymers.?'®2'® The working group of Hartmann developed a SPPoS strategy for the
synthesis of sequence-defined poly(amidoamines) (PAA)."”"2'® To achieve this, monomers
that are analogous to amino acids carrying both amine and carboxyl functionalities are
employed in the synthesis."”® The Hartmann group has already established a library of
numerous functional building blocks, which allow the attachment of additional entities to
the PAA scaffold. This includes the conjugation via copper(l)-catalyzed azide-alkyne

222 \Whereas so-

cycloaddition'® 2'°, thiol-ene conjugation®®® ?*', and Staudinger ligation
called spacer building blocks, such as ethylene glycol diamine succinic acid (EDS, see

Figure 10), are useful for customizing the spacing between functional building blocks.

One area of research within the Hartmann group is the development of precision
glycomacromolecules to investigate carbohydrate-protein interactions.'? 29223224 Figyre
10 provides a schematic presentation of the synthesis of a representative linear multivalent
glycomacromolecule, which follows the established standard Fmoc protocol.'’% 28 223,225
Since the building blocks are temporarily protected by the base-labile Fmoc protecting
group, a resin with an acid-labile linker, such as TentaGel® S RAM, is used as the solid phase.
For the exemplary sequence, the initial building block EDS is coupled to the solid phase
using PyBOP as the coupling reagent under basic conditions. The reagents can be used in
large excess to achieve quantitative conversion. In the second step, the coupled building
block is deprotected with a 25 % piperidine solution in dimethyl formamide (DMF).
Subsequently, triple-bond diethylenetriamine succinic acid (TDS, see Figure 10) can be
attached under similar conditions. By repeating the coupling and deprotection steps,
selected monomers can be added to elongate the sequence. Once the desired
oligomer/polymer is obtained, ligands, in this case carbohydrate residues, can be
conjugated via the functional side groups at a specific position and with an adjusted
spacing. Furthermore, branched structures'? with distinct side arm lengths as well as
heteromultivalent structures are feasible using an orthogonal approach. ??? In this way, the
Hartmann group has already demonstrated the preparation of a variety of
glycomacromolecules tailored to targeted protein receptors, such as C-type lectins,

galectins, or viral and bacterial lectins.??® 226-228
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Figure 10: Schematic illustration of SPPoS by Hartmann for the preparation of sequence-
defined glycomacromolecules.

1.3.3 Application of Calix[n]arenes in SPS

Despite the great advances in SPS, there have been only a few examples of calix[n]arenes
applications in solid-phase synthesis reported. Approaches using an SPS strategy have
mainly been reported for the preparation of peptido-calix[n]arene, which arouses interest
in supramolecular chemistry as receptors for both small molecules and peptides.' 2*°
Hioki et al. first demonstrated a method for creating a combinatorial peptido-calix[4]arene
library (see Figure 11A).>*° To do so, a calix[4]arene building block equipped with an
undecanoic acid at the upper rim for the attachment to the solid support and two
orthogonal N-protected amino-ethyl acetamide linkers at the lower rim for amino acid
coupling, was synthesized. After anchoring to a polystyrene resin using HOBt and
diisopropylcarbodiimide, the two peptide sequences were constructed individually after
sequential deprotection of the amine linkers. Another approach to the synthesis of linear
and cyclic peptido-calix[4]arenes on a solid phase was developed by the group of Prof.
Ungaro to study the effect of the calix[4]arene motif on the organization of peptides (see

Figure 11B).?®" A calix[4]arene amino acid was further modified to yield a calix[4]arene
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intermediate with a benzotriazole-activated carboxylic acid and an Fmoc-protected residue
at the upper rim. Prior to the attachment of the calix[4]arene intermediate, a peptide chain
was built on a Wang resin using Fmoc-protection group strategies. Once the desired
sequence was achieved, the calix[4]arene intermediate was incorporated into the
sequence using PyBOP and DIPEA. The peptide was then further elongated to the desired
peptido-calix[4]arene and cleaved from the solid support. Shuker et al. report on the
synthesis of a tetra-peptido-calix[4]arene employing a tetra-nitro-calix[4]arene derivative
that was attached via a hexanoic acid linker at the lower rim to an AgroPore solid phase
using HATU as coupling reagent (see Figure 11C).**? Subsequently, the nitro groups are
reduced to amines by treatment with tin chloride, making the upper rim available for

coupling with Fmoc-protected amino acids.
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Figure 11: Examples of peptido-calix[4]arenes synthesized on solid phase.

Additionally, nucleotide-calix[4]arene derivatives have been synthesized via a solid-phase
approach. Granata et al. used an ethylene glycol linker at the lower rim to anchor the
calix[4]arene derivative to a TentaGel® S RAM resin.?®® Prior, the upper rim was
functionalized in solution with dimethoxytrityl-protected glycerol building blocks, allowing
for an efficient nucleotide coupling via phosphoramidite chemistry, yielding the first upper

rim tetra-functionalized nucleotide-calix[4]arene derivative.

The examples presented here show different approaches for anchoring calix[4]arene
derivatives to a solid phase at both the lower and upper rim and further efficient
functionalization, yielding various peptido- and nucleotide-calix[4]arenes. This approach
appears especially promising for the multi-step synthesis of complexly functionalized
calix[n]arene structures, as the reactants can be employed in large excess to drive the

reaction to completeness, and intermediate washing steps can be significantly simplified
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and accelerated. However, the synthesis of glycocalix[n]Jarene via SPS has not been

reported yet.
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2. Aims and Outline

Carbohydrates are a prominent example of biologically relevant binding motifs. In nature,
they predominantly occur as polysaccharides or glycan conjugates, such as glycoproteins
and glycolipids, and play a crucial role as recognition markers mediating numerous
biological processes such as cell-cell communication, immune responses, and pathogen-
host interactions.” 2 Their interaction partners of interest are carbohydrate-recognizing
(lectins) and carbohydrate-processing (enzymes) proteins.”®-2% Since single carbohydrate-
protein interactions are typically weak, nature utilizes the principle of multivalency, which
enhances both binding avidity and specificity.?” > % To investigate these complex
multivalent binding events in detail, chemists explored so-called glycomimetic compounds
that typically use artificial scaffolds to multivalently present the binding carbohydrate
epitopes.®*” Among these, calix[4]arenes have emerged as a well-established platform for
the multivalent presentation of carbohydrates. Previous studies have demonstrated their
binding to several medically relevant lectins and also their therapeutic potential, for

instance, as antiviral inhibitors.®?

The key aspect of this thesis is the integration of a calix[n]Jarene motif into the previously
established SPPoS approach developed by Hartmann and coworkers."”® Considering that
scaffold properties such as flexibility and polarity, as well as topology, are critical in
glycomimetic ligand design®* %, the objective is to combine the unique structural features
of calix[n]arenes with the advancements of SPPoS. The integration of an inherent rigid and
cyclic motifinto the PAA scaffold is hypothesized to affect the binding affinity and specificity
to carbohydrate-binding proteins. Moreover, compared to currently used synthetic routes in
solution, the modularity and precision of SPPoS method offer a straightforward and highly
flexible approach, adjusting glycocalix[n]aren ligand properties, such as valency, sequence,
and functional group positioning. This allows for the tailored design of glycocalix[n]arenes
and conjugates to specific biological targets. To validate these hypotheses, a library of
sequence-defined glycocalix[4]arenes is synthesized and evaluated for their binding
properties against distinct target proteins. This thesis is structured into four chapters, each

addressing a specific aspect of this objective:

The first part lays the key foundation by developing a robust synthetic method to incorporate
a calix[4]arene building block, inspired by Shuker et al., into the SPPoS approach by
Hartmann.?®? This enables the synthesis of complex glycocalix[4]arenes in a controlled
fashion, as should be demonstrated by a first set of homo- and heteromultivalent

derivatives. Some initial binding studies to evaluate their potential in pathogen inhibition
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should be conducted. To be able to better analyze and assess the results, a binding
adhesion inhibition assay, which is already established in the working group, is selected. A
second part in the first chapter focuses on enhancing the multivalency of the
glycocalix[4]arenes, leveraging the concept of “multivalency of multivalency”. This should
be achieved in collaboration with the working group of Prof. Epple (University Duisburg-
Essen) by their attachment onto ultrasmall gold nanoparticles in a controlled way. The
calix[4]arene is designed in a way to give control over the number and density of
carbohydrate epitopes attached to nanoparticles and to avoid ligand overcrowding on the
surface, which would otherwise hinder binding efficiency or accessibility to target
proteins.?® 2% Again, in a bacterial adhesion inhibition assay, the effect of enhanced

multivalency of the glycocalix[4]arene nanoparticle conjugates is evaluated.

The second chapter of this thesis shifts the focus from carbohydrate-recognizing lectins to
carbohydrate-processing  proteins, exploring the potential of multivalent
glycocalix[4]arenes as enzyme regulators or inhibitors. Specifically, the de-N-glycosylating
enzyme NGLY1, which plays a key role in the endoplasmic reticulum-associated
degradation (ERAD) pathway, is investigated.*® NGLY1 features a lectin-like PAW domain
that naturally binds to high-mannose glycans®, making it an attractive target for synthetic
multivalent ligands. In this context, mannose-functionalized glycocalix[4]arenes are
hypothesized to interact with the PAW domain, potentially influencing the enzymatic
activity of NGLY1. To facilitate detailed binding studies, a biotin tag is introduced into the
ligand design, allowing experiments based on the biotin-streptavidin interaction. Further, a

gel shift assay to investigate the inhibitory potential on the enzyme activity is performed.

A further development of the previous approach towards higher valent homo- and
heteromultivalent glycocalix[4]arenes is presented in the third chapter of this work. This
project explores a straightforward split and combined synthesis to synthesize two-sided
glycocalix[4]arene dimers. Particular emphasis is placed on the heteromultivalent dimer,
derived from the conjugation of two distinct calix[4]arene monomers, and its ability to bi-
specifically bind to two different lectins simultaneously. Such kinds of Janus-like or
heterobifunctional structures are currently of growing interest for various biomedical and
biotechnological applications.?®”%° In this work, turbidity and precipitation studies on
model lectins are performed to provide the proof of concept, demonstrating the potential

of these innovative ligands.

In the last part of the thesis, the scope of the established SPPoS is expanded to include

calix[5]arenes, a higher homolog of the calix[4]arene building block. The larger cycle of
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calix[5]arenes are conformationally mobile and thus may allow for an induced fit to protein
binding sites.""” First, the synthesis route to prepare a suitable calix[5]arene building block
is developed, and its applicability to SPPoS is tested. It is assumed that the calix[5]arenes
building block provides an ideal scaffold to target VP1 capsid proteins of polyomaviruses
due to its pentameric architecture.?® Therefore, a series of sialic acid functionalized
calix[5]arene derivatives with varying valency and linker length is synthesized, as these
features are known to be critical for an optimized binding. Subsequently, the calix[5]arene
derivatives, as well as a calix[4]arene reference structure, are subjected to crystallographic
studies performed by the working group of Prof. Stehle (University Tubingen) to investigate

the potential ligand-protein complexes.
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3. Results and Discussion

3.1 Synthesis of Glycocalix[4]arene Derivatives and Attachment to Gold Nanoparticles

Alisa Kayser, Kai Klein, Daria Babushkina, Anna Sakse, Gisele Mouafo Kenne, Ulla |.M.
Gerling-Driessen, Monir Tabatabai, Matthias Epple, and Laura Hartmann, “A Modular Solid
Phase Synthesis Approach for Glycocalix[4]arene Derivatives and their Multivalent
Presentation on Ultrasmall Gold Nanoparticles”, Chemistry, A European Journal, 2025, 37,

202500497.

Publication:

Own contribution: Synthesis of the calix[4]arene building block. Optimization of a solid
phase synthesis strategy toward the glycocalix[4]arene derivatives C1-C3. The synthesis of
the derivatives C1-C3 following the optimized route has been performed by Gisele Mouafo
Kenne. The synthesis of the second set of glycocalix[4]arenes C4-C7 was performed with
support from Daria Babushkina and Narges Irani. Characterization of the calix[4]arene-gold
nanoparticle conjugates. Performance of the bacteria assay and fluorescence microscopy.

Writing of the first manuscript draft. Collaborative writing of the final manuscript.
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A Modular Solid Phase Synthesis Approach for
Glycocalix[4]Arene Derivatives and Their Multivalent
Presentation on Ultrasmall Gold Nanoparticles.

Alisa Kayser,?! Kai Klein,®! Daria Babushkina,'?! Anne Sakse,?! Gisele Mouafo Kenne, !
Ulla .M. Gerling-Driessen,) Monir Tabatabai,’?! Matthias Epple,’®! and Laura Hartmann*[ !

Gold nanoparticles and calix[n]arenes are well-established
platforms for creating multivalent carbohydrate ligands that
enhance binding avidity and selectivity toward carbohydrate-
recognizing receptors, such as bacterial lectins. In this study,
we present a modular synthesis protocol for tailor-made and
(multi)functional glycocalix[4]arene derivatives using solid-phase
polymer synthesis. A calix[4]arene building block with a single
carboxyl group on the lower rim and four nitro groups at the
upper rim is introduced. This building block is attached to a solid
support using standard solid phase peptide coupling conditions,
followed by reduction of the upper rim nitro functionalities to
yield four amine groups, that are further functionalized through

1. Introduction

Carbohydrates represent one of the major building blocks of life.
Conjugated to proteins or lipids, they are essential components
of the glycocalyx, a dense layer that surrounds every eucaryotic
cell and plays a crucial role in mediating processes, such as cell
communication, tumor metastasis or pathogen infection.! While
the underlying single carbohydrate-protein interactions are usu-
ally weak, the multivalent binding of multiple epitopes of a
multivalent carbohydrate ligand binding to one or more binding
sites of a protein (e.g., lectins) is leading to an increased bind-
ing avidity thereby yielding strong and specific interactions.!?’
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solid-phase polymer synthesis. Using this modular approach, we
access a series of glyco-calix[4larene structures that are then
further conjugated onto ultrasmall gold nanoparticles. Conju-
gation is promoted either via one or via four alkyne groups on
the glycocalixarene structure, providing a handle to tune the
overall valency of the final glyco[4]calixarene-gold nanoparti-
cle conjugates. Finally, the glycocalix[4]arene derivatives and
conjugates are evaluated for their inhibitory potential against
bacterial adhesion showing the importance of multivalent car-
bohydrate presentation to effectively block Escherichia coli (E.
coli) adhesion.

To study this so-called glycoside cluster effect’®’ macromolec-
ular scaffolds such as polymers, dendrimers,!) calixarenes!®’
and nanoparticles,”! have been employed to create synthetic
multivalent carbohydrate ligands.

Gold nanoparticles are of great relevance in various biomed-
ical applications!®! due to their beneficial properties such
as biocompatibility,'®! high cellular uptake properties!®®°! as
well as high accumulation rates in tumor tissue.® Further-
more, they exhibit unique magnetic, electronic, and optical
properties, that can be useful for therapeutic and diagnostic
applications."! Glyco-functionalized gold nanoparticles (g-GNPs)
are well-established compounds to study and engage binding
of carbohydrate recognizing proteins.’"? Besides the sizel’><'2*"]
and shape of the gold core, also, the number and density
of the carbohydrates on the particle surfacel’d?24eB] a5 well
as length and flexibility of the linker between the particle
and carbohydrate’><'?241 strongly influence the resulting pro-
tein binding and enhancement of binding through multivalent
effects. Interestingly, it was shown that an excessive crowd-
ing of pendant carbohydrates on the nanoparticle surface can
lead to sterically hindrance and thus no increase in binding
through avidity is accomplished.?"] For these reasons, serval
studies dedicated to the synthesis of well-defined (ultrasmall)
gold nanoparticles as well as synthetic pathways for a con-
trolled surface functionalization have been reported.[2™>! Mainly,
ultrasmall g-GNPs with a metal core size of 2 nm or less
are obtained via a direct synthesis approach (Brust synthesis)
that gives access to ultrasmall thiol-derivatized gold nanopar-
ticles with high carbohydrate valency in one step.!°<<"l To
enable a controlled variation of carbohydrate ligand density,

© 2025 The Author(s). Chemistry — A European Journal published by Wiley-VCH GmbH
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Figure 1. Schematic depiction of multiple versus single click approach
depending on the ligand design.

additional noncarbohydrate functionalized components can be
incorporated.["?“431 However, this approach meets limits due to
different tendencies of chemisorption to the particle surface
among thiol-ligands. Furthermore, it must be considered that the
additional modulating component can have interactions with
the investigated target (e.g., carbohydrate recognizing protein),
and that issues regarding water solubility have been reported
using this method.'”? To overcome these disadvantages, van
der Meer et al. reported a new strategy using multi-thiol macro-
molecules allowing for the limitation of ligand crowding on
the particle surface without the need of additional modulating
components.”! This approach demonstrates the multiple con-
jugation to ultrasmall nanoparticle (< 2 nm) giving a handle to
tune the degree of surface functionalization.

Herein, we present an advanced strategy to regulate the total
number and density of carbohydrate ligands on the surface of
ultrasmall gold nanoparticles (< 2 nm) by multivalent, cova-
lent attachment of glycomacromolecules to the particles.!'®! In
order to do so, we use calix[4]arenes as multivalent component
for our macromolecular design. Similar to gold nanoparticles,
calixarenes have been studied extensively as scaffolds for the
multivalent presentation of carbohydrates and to study multiva-
lent effects as well as their use in biomedicine, for example, in
the inhibition of bacterial and viral adhesion as well as for the
targeting of cancer cells.[>'!

We show a straightforward synthetic route using solid-phase
polymer synthesis to gain sequence-defined glycocalix[4]arene
(gCs) derivatives carrying four alkyne moieties at the upper rim
and one carbohydrate residue at the lower rim or vice versa
(Figure 1). This ligand design allows for a conjugation to azide
functionalized gold nanoparticles via copper(l)-catalyzed alkyne-
azide cycloaddition (CuAAC) through either just one or four
alkyne groups simultaneously giving gC-gold nanoparticle con-
jugates (gC-GNPs) (Figure 1). This approach allows us to tune the
density as well as the number of ligands on the particle surface.
Based on the use of glycomacromolecules™ as inhibitors of bac-
terial adhesion, we investigate the synthesized gCs and gC-GNPs
for their inhibitory potential to bacterial adhesion.

Chem. Eur. J. 2025, 31, 202500497 (2 of 9)

2. Results and Discussion

2.1. Ligand Design and Synthesis of First Set of
Glycocalix[4]Arenes C1-C3

The focus of this work is the development and synthesis of
tailor-made and multifunctional gC derivatives. For this pur-
pose, a solid-phase synthesis previously established by Shuker
et al,”?°! was combined with the solid-phase polymer approach
established in the Hartmann lab.2" First, a suitable calix[4]arene
building block (CBB1) compatible with solid phase polymer
synthesis was synthesized according to previously established
procedures.[?! CBB1 carries one carboxyl group at the lower rim
enabling the selective attachment to the solid support via activa-
tion and amide coupling. The upper rim carries four nitro groups,
which can be further modified once the CBB1 is attached to the
solid support.

Attachment of CBB1 onto the solid support was per-
formed on a TentaGel S RAM. The first three ethylene glycol
diamine-succinic acid 1-(9H-fluoren-9-yl)-3,14-dioxo-2,7,10-trioxa-
4,13-diazaheptadecan-17-oic acid) (EDS) building blocks were
coupled using previously established coupling conditions with
DIPEA and PyBOP as activation reagents.”"??! EDS introduces
an ethylene glycol as the main chain motif leading to higher
hydrophilicity and therefore facilitates the later analysis of the
compound by HPLC-MS. Next, CBB1 was coupled to the EDS;
oligomer using PyBOP and DIPEA as coupling reagents. After
microcleavage, analysis of the formed product by HPLC-MS and
MALDI-TOF-MS confirms that CBB1 is coupled with high yields
at these standard coupling conditions (see Supporting Infor-
mation for details). After successful attachment of CBBI1 to the
solid support, the nitro groups of CBB1 were reduced to amines
by treatment with an excess of Sn(ll)Cl, dihydrate followed by
excessive washing with methanol, DMF, and DCM. We observed
that the successful reduction of all four nitro groups strongly
depends on the reaction conditions, especially the reaction tem-
perature. In contrast to previously reported protocols, initial
attempts at room temperature showed the formation of by-
products due to insufficient reduction of all nitro groups (data
not shown).!””! We found that best results were obtained when
the reduction was performed with a high excess of Sn(ll)Cl,
dihydrate in NMP at 30° C for 24 hours, which we confirmed
by HPLC-MS, HR-ESI, and MALDI-TOF-MS (see Supporting Infor-
mation for analytical data and further details on the reaction
conditions). NMP was established as an optimal solvent since
harsher reaction conditions, such as increased reaction tem-
perature and longer reaction time yielded a by-product that
presumably occurred due to formylation in DMF (see Supporting
Information).

After successful formation of the amine functionalities, fur-
ther building blocks can be coupled via solid phase peptide
or polymer synthesis to the upper rim of the calix[4]arene
backbone. For different Fmoc-protected building blocks as well
as amino acids, N-methyl morpholine, and PyBOP as coupling
reagents showed the highest coupling efficiency (see Supporting
Information for further details). For the targeted gC derivatives

© 2025 The Author(s). Chemistry — A European Journal published by Wiley-VCH GmbH
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Scheme 1. Solid-phase synthesis of glycocalix[4larenes C1-C3. Reaction conditions: a) Coupling conditions: 5eq. building block, 5 eq. PyBOP, 10 eq. DIPEA,
DMEF, 1 hour; for Fmoc deprotection: 20 Vol.% piperidine in DMF was used. b) Coupling conditions: 3 eq. CBB1, 5 eq. PyBOP, 10 eq. DIPEA, DMF, overnight. c)
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alkyne, 20 mol % CuSOs, 20 mol % NaAsc, DMF/water, overnight. h) 0.2 M sodium methanolate, 30 minutes. i) 95/5/5 (vol.%) TFA/TIPS/DCM, 1 hour.

C1-C3, the upper rim was functionalized with an EDS followed
by a triple-bond diethylenetriamine-succinic acid, 1-(fluorenyl)-
3,11-dioxo-7-(pent-4-ynoyl)-2-oxa-4,7,10-triazatetra-decan-14-oic

acid (TDS building block that introduces an alkyne moiety).””")
The incorporation of the alkyne-functionality allows in the next
step for the conjugation of azide functionalized carbohydrate
residues, here mannose and galactose, via copper-catalyzed
azide-alkyne cycloaddition (CuAAC). At this point, different
synthetic pathways are possible to either obtain octavalent
homo- or heteromultivalent derivatives, as shown in Scheme 1.
In route A, pentynoic acid is coupled next to introduce a fur-
ther, terminal alkyne functionality and subsequently all sugar
moieties can be conjugated simultaneously to obtain homo-
multivalent derivatives C1-C2. Alternatively, in route B, different
azide-carbohydrates can be conjugated in a sequential way to

Chem. Eur. J. 2025, 31, 202500497 (3 of 9)

accomplish the heteromultivalent derivative C3.1%! The glyco-
calix[4]arene structures were purified using preparative HPLC
(see Supporting Information) and characterized by 'H-NMR
(Figure 2) and HPLC-MS and MADLI-TOF-MS (see Supporting
Information). The "H-NMR spectra of all three compounds show
the signals of methylene bridge of calix[4]arene motif, which are
marked in grey (Figure 2). Additional integrated signals can be
assigned to the carbohydrate residues. Comparing the spectra
chemical shift of the carbohydrate-related signals can be recog-
nized and validates the mannose conjugation in the case of Cl
or galactose residues for C2. Additionally, the intensity of eight
protons for each of the carbohydrate-related peaks confirms
the successful octavalent conjugation of the carbohydrates to
the scaffold. For the heteromultivalent structure C3, signals of
both galactose and mannose residues can be observed when
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compared to the homomultivalent structure, evidencing the
successful synthesis of the heteromultivalent compound C3 with
four mannose and galactose residues each.

2.2. Synthesis of Second Set of Glycocalix[4]Arenes C4-C7

For the second set of gCs we aimed to incorporate additional
alkyne moieties as second functionality into our ligand design.
The exhibition of additional alkyne moieties will give access
to further conjugation to larger scaffolds like azide-bearing
nanoparticles via CUAAC. We reasoned that the increased multi-
valency and size of the carbohydrate conjugates would result in
improved receptor binding, thereby leading to the development
of potent pathogen adhesion inhibitors. Several studies showed
that the number and density of carbohydrates on the nanopar-
ticle surface effect the binding avidity of the nanoparticles to
lectins.7d122de13141 \We therefore endeavored two different gC
derivatives with either four alkyne groups at the upper rim and
one carbohydrate group at the lower rim (C4,C5) or vice versa
(C6,C7). This approach allows us to conjugate the calix[4]arene
ligands to the nanoparticle via CUAAC in either multiple (C4,C5)
or single (C6,C7) way and thereby give a handle to the adjust
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number and density of carbohydrates on the nanoparticle sur-
face. For the synthesis of the alkyne-gC derivative C4-C7, pre-
vious reaction conditions were applied again, while the choice
of building blocks and the order of their assembly was altered
according to the final ligand structure design. Specifically, for
the derivatives C4,C5 (Scheme 2, route A) instead of the spac-
ing building blocks (EDS), now one alkyne carrying TDS building
block was coupled as an initial building block, immediately fol-
lowed by coupling of the CBB1 and subsequent reduction of the
nitro groups. No notable evidence of a decreased coupling effi-
ciency of CBB1 to TDS compared to EDS was observed. However,
we noticed that one prerequisite is that no free amines at the
upper rim of the calixarene are present while the sugar azide
is attached to TDS at the lower rim via CuAAC as this affected
the conjugation efficiency during the click reaction. This could
be attributed to a complexation of the catalyzing copper ions
by the free amines. Neither is it possible to conjugate the carbo-
hydrate residue before the reduction step has been performed,
as the glycosidic bond is not stable under the applied reduction
conditions. For these reasons, we decided to react the interfering
amines at the upper rim with Fmoc-glycine prior to conjugation
of carbohydrate azides. Finally, the remaining alkyne moieties
were incorporated by terminal coupling of pentynoic acid to
each of the glycine.
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The synthesis of C6,C7 was performed in a slightly altered
fashion (Scheme 2, route B). Here an orthogonally Fmoc- and
Boc-protected diamino propionic acid was coupled instead of
TDS as the first building block. Importantly, the Boc group on
one amine of the diamino propionic acid can be selectively
removed on solid support after functionalization of the upper
rim, using 4 M HCl in dioxan. This is followed by coupling of
pentynoic acid at the lower rim, which yields the required alkyne
moiety at the lower rim without noteworthy effect on the resid-
ual structure. Using this method, the desired derivatives C6 and
C7 were obtained efficiently. The crude products were purified
using preparative HPLC (see Supporting Information) and all
structures were analyzed by 'H-NMR (Figure 3), HPLC-MS, and
MALDI-TOF-MS (see Supporting Information). Figure 3 shows the
'H-NMR spectra of the alkyne functionalized gCs C4-C7. Marked
in gray are the signals assigned to the calix[4]arene motif for all
derivatives. In addition, characteristic signals are assigned and
integrated for the different derivatives. The downfield shifted
signals are attributed to the triazole proton and can be found
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with an intensity of one proton for C4 and C5 and an intensity of
four protons for C6 and C7, confirming the conjugation of one
or four carbohydrate residues via CuAAC, respectively. Further-
more, all spectra show the expected signals for the mannose or
galactose residues. Also, the signals for the alkyne protons are
highlighted in the spectra, and integrals of either one for C4 and
C5 or four for C6 and C7 further confirm successful synthesis of
the targeted structures. In summary, we successfully established
a versatile synthesis route for various calix[4larene derivatives
using solid-phase protocols, as demonstrated by the synthesis
of a series of gCs.

2.3. Attachment of C4-C7 to Ultrasmall Gold Nanoparticles
and Characterization of gC-GNP

The functionalization of ultrasmall azide-bearing gold nanoparti-

cles (a-GNPs) allowing for an efficient way of covalent nanopar-
ticle functionalization via CUAAC was demonstrated recently by
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Klein et al.”! Here, we wanted to test if the alkyne-bearing gCs
C4-C7 are suitable for the conjugation to azide-functionalized
ultrasmall GNPs following this protocol. As a reference, we
used propargyl mannose without calix[4larene backbone for
conjugation in an analogous fashion, giving mannose-gold
nanoparticles (m-GNPs, Figure 4). The GNP conjugates (C4-
GNPs-C7-GNPs and m-GNPs, Figure 4) were characterized using
differential sedimentation centrifugation (DSC, Table 1 and Sup-
porting Information), 'TH-NMR and UV-Vis spectroscopy (see
Supporting Information).

They were found to be stable in water as well as in PBS
buffer for several months. After approximately six months, we
observed some precipitation in the samples, which was presum-
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Table 1. Hydrodynamic diameter dy and degree of carbohydrate func-
tionalization of the different gC-GNPS as determined by DCS. The con-
centration of carbohydrates was determined by sulfuric acid phenol
method (measurements were performed in triplicates, the error is the
standard deviation of the mean value, see Supporting Information for fur-

ther details) and the carbohydrate to nanoparticle ratio was calculated
using the molar concentration of nanoparticles as derived by AAS (see
Supporting Information for further details).

C[carbohydrate] N[carbohydrates molecules
Ligand dy [nm] [uMm] per nanoparticle](®’
N3-GNPs 15 £ 0.2 - -
C4-GNPs 14 + 04 658.2 + 65 16 £ 2
C5-GNPs 15 £ 07 236.8 + 44 6+1
C6-GNPs 13 £+ 0.2 886.8 + 30 129 + 4
C7-GNPs 15 £ 05 601.1 + 65 88 + 9
m-GNPs  n.d. 472 + 44 m£1

1l N(carbohydrates molecules per nanoparticle) =
c(NP); for c(NP) see Supporting Information.

c(carbohydrates)/

ably attributed to nanoparticle aggregation. Nevertheless, the
samples were successfully restored by the addition of 1 M NaOH
and ultrasonification.

The absence of surface plasmon resonance in the UV-
Vis spectra, which can be observed for gold nanoparticles
with a radius of more than 2 nm, indicated that no larger
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(plasmonic) gold nanoparticles were present (see Supporting
Information).”! This finding was additionally supported by disc
centrifugal sedimentation (DCS), which revealed that the mea-
sured hydrodynamic radii of the glycocalixarene-gold nanopar-
ticle conjugates were consistently smaller than 2 nm (Table 7).
Furthermore, "TH-NMR spectroscopy indicated the successful con-
jugation by general broadening of the ligand signals (see Sup-
porting Information).”°! However, to quantitatively assess the
surface functionalization of gC-GNPs, these methods were not
suitable. The sulfuric acid phenol test was used as a colorimet-
ric method in combination with atomic absorption spectroscopy
(AAS) to determine the total carbohydrate concentration of the
samples. AAS allows to determine the exact concentration of
goldin the given dispersion, which can be further converted to
the molar concentration of nanoparticles in the dispersion./*!
Accordingly, the ratio of the molar concentration of carbohy-
drate molecules to the molar concentration of nanoparticles
gives the average number of carbohydrates present on each
particle. As shown in Table 1, the obtained results are in good
agreement with the theoretically expected values and show
that the average number of carbohydrates is around 20 times
higher for C6-GNPs in comparison to C4-GNPs. For the galactose-
functionalized analogous, we observed a similar trend. Here the
amount of carbohydrates was found to be around 15 times
higher for C7-GNPs compared to C5-GNPs. Surprisingly, m-GNPs
showed a similar amount of carbohydrates in the sulfuric acid-
phenol test as C4-GNPs. This might be due to shorter linker
length causing reduced click efficiency. In summary, the attach-
ment of gCs either through one or four alkyne groups allows
to effectively tune the degree of functionalization on the GNPS
and thus to control the overall carbohydrate functionalization
for resulting gC-GNPs. The number of carbohydrate molecules
per nanoparticle is well in line with earlier results on cysteine-
conjugated peptides on ultrasmall gold nanoparticles./”!

2.4. Bacterial Adhesion-Inhibition Assay

Based on their carbohydrate functionalization and previous stud-
ies in literature using both gC as well as GNPs as inhibitors
of viral and bacterial infections,?®! we tested the inhibitory
potential of the derived gCs C1-C3 as well as gC-GNPs C4-C7 in
an adhesion-inhibition assay with the 1-fimbriated E. Coli strain
pPKL1162 expressing GFP. FimH receptors on the surface of the E.
coli bacteria show specific binding to a-D-mannopyranoside and
adhere well on mannan-coated micro titer plates.”?! This binding
can be inhibited by mannose-based compounds such as methyl
mannose (MeMan) at high enough concentrations resulting in a
decreased number of bacteria on the microtiter plate surface.
Thus, the inhibitory potential can be observed by quantifying
the GFP fluorescence of the E-coli bacteria that can still adhere to
the mannan-coated micro titer plate surface. When applying the
examined ligands in a serial dilution series of decreasing concen-
trations, the half maximum inhibition concertation (ICsp) values
can be determined. To achieve a better comparability among
different assays, the ICsy values can be referenced with the ICsy
value obtained for MeMan of each single experiment leading
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Table 2. 1Cso, RIP and RIPyc values for the first set of glyco-calixarenes
determined by bacterial adhesion-inhibition assay on mannan coated
plates. All measurements were performed in triplicates.

Ligand ICso [UM] RIP RIPyc
cl 97 + 45 102 £ 55 B+7
Q n.d? - -

a 128 + 39 77 + 30 19+7

18l For the galactosyl functionalized control structure C2 no ICs, value
could be determined.

to the referenced inhibitory potential (RIP). This can further be
corrected by the valency of binding mannose epitopes for the
investigated multivalent structures (RIPyc).[?2>3]

Table 2 summarizes the determined ICsy and RIP values for
C1 and Q3 after incubation for 45 minutes at 37° C. For C1 a
distinct increase of the inhibitor potential by a factor of 13
per binding sugar can be observed in comparison to MeMan.
Additionally, glycomacromolecules with hydrophobic backbone
motifs that were previously reported by our group exhibit lower
RIPy¢ values.*% These findings indicate that not only the incor-
poration of a hydrophobic motif is beneficial, but also that the
cluster-like presentation of the sugar epitopes on the calixarene
backbone has a favorable effect on bacteria binding. Interest-
ingly, for the heteromultivalent structure C3 an even higher
increase by a factor of 19 per binding sugar was observed. This
is consistent with the so-called heterocluster effect, which was
previously reported in several studies for various model lectins
like Concanavalin A22°%3" |t was proposed that the heteroclus-
ter effect can be accounted for by different processes promoted
by the nonbinding sugar in heteromultivalent glycoconjugates,
such as subside binding, structural preorganization, and steri-
cal effects®?! As anticipated, for the control structure C2 with
galactose residues, no ICsq could be determined.

Despite the increased inhibitory potential of C1 and C3, it is
not likely to assume that one single gC is able to bind more than
one FimH receptor at the same time simply due to their size and
spatial arrangement. However, the multivalent display of several
gCs on larger scaffolds, such as GNPs in the obtained gC-GNP
conjugates, could lead to a further enhanced inhibitory poten-
tial. By bridging multiple receptors at the same time, binding
avidity might increase further. Since this effect was not expected
for the sterically demanding gCs (C1-C3), we conjugated only
the sterically less demanding gCs (C4-C7) to the GNPs. However,
when performing the adhesion-inhibition assay with gC-GNPs
we observed large scattering of the fluorescent measurement,
which hampered the assessment of ICs, values (data not shown).
For the mannose-containing structures C4 and C6-GNP conju-
gates we observed binding, even though no 1Cs, values could
be determined. In contrast, no binding was detected for the
monovalent mannose GNP conjugate m-GNP in all experiments.
For MeMan as monovalent positive control that was included
in each single experiment, we do observe binding. Thus, poten-
tially in the monovalent GNP control, the mannose ligands might
be sterically too hindered to bind with the receptor, as simi-
lar observations have been made for other GNP systems.’") We
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hypothesize that the fluctuations observed in our experiment
can be accounted for by the formation of bacteria-nanoparticle
agglomerates. To further investigate the samples and to sup-
port this hypothesis, we engaged fluorescence microscopy (see
Supporting Information). Indeed, we found large fluorescent
agglomerates after incubating E. coli bacteria suspension in PBS
buffer for 45 minutes with C6-GNPs. Unexpectedly, the forma-
tion of bacteria agglomerates was also observed for bacteria
suspension that was not incubated with any glyco conjugate,
even though to a smaller extent. Interestingly, after incubation
with C1 the formation of agglomerates was notably decreased.
Future studies will explore this further, also by using other
binding assays such as a fluorescence competition assay for
carbohydrate-functionalized GNPs.’! Nevertheless, we believe
that already our first proof-of-concept study for the combination
of gCs and GNPs to derive inhibitors of bacterial adhesion shows
the potential of leveraging this dual multivalent presentation.

3. Conclusion

In this study we successfully developed and established solid-
phase synthetic protocols for the modular preparation of several
gCs, that also allows the incorporation of additional functional
groups such as alkyne moieties at both rims of the gC struc-
tures. In a second step, gCs were conjugated to ultrasmall GNPs
via CUAAC via either one or four pending alkyne residues pro-
viding a handle to adapt the number of carbohydrate ligands
on the NP surface. Finally, bacterial adhesion-inhibition studies
showed the inhibitory potential of mannose bearing gCs and
gC-GNPs. Overall, this study presents a versatile synthetic strat-
egy to complex multivalent scaffolds based on the combination
of solid-phase synthesis, calixarenes and gold nanoparticles that
can now also be used to present other ligands or functional
groups for different applications.
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ing Information.*!
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A Modular Solid Phase Synthesis Approach for
Glycocalix[4]arene Derivatives and their Multivalent

Presentation on Ultrasmall Gold Nanoparticles.

Alisa Kayser!@, Kai Klein®!, Daria Babushkinal®, Anna Saksel®, Gisele Mouafo Kenne®, Hajo Bdschen®, Ulla I.M. Gerling-

Driessenl, Monir Tabatabail®, Matthias Epple! and Laura Hartmann/@ll

[a] Department of Organic Chemistry and Macromolecular Chemistry, Heinrich Heine University Dusseldorf,
Universitatsstralle 1, Dusseldorf, 40225, Germany.

[b] Inorganic Chemistry and Center for Nanointegration Duisburg-Essen (CENIDE), University of Duisburg Essen,
Universitatsstralle 7, Essen 45141, Germany.
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Materials:

The following chemicals were used without further purification: Dimethylformamide (299.8%, Biosolve Chemicals) ,
dichloromethane (299.8%, Fisher Scientific), chloroform (=299.8%, Fisher Chemical), tetrahydrofuran ( 299.9%, Sigma
Aldrich), 1,4-dioxane (98%, Sigma Aldrich), N-methyl-2-pyrrolidone (=99.0%, Acros Organics), methanol (299.8% VWR
Chemicals), acetonitrile (HPLC grade, 299.9%, Honeywell), diethyl ether (299.8%, Honeywell), dimethyl sulfoxide (= 99%,
Carl Roth), Ng-boc-Nq-Fmoc-L-2,3-diaminopropionic acid (>97%, TCI chemicals), 4-pentynoic acid (95%, Sigma Aldrich),
TentaGel S RAM (Rapp Polymere), AG® 1-X8 (Bio-Rad Laboratories), benzotriazole-1-yloxytripyrrolidinophosphonium
hexafluorophosphate (=298%, Carbosynth limited), N,N-diisopropylethylamine (=99.0%, Carl Roth) N-methyl morpholine (>
99.0% Tokio Chemical Industry), piperidine (99%, Acros Organics), triisopropyl silane (98 %, Sigma Aldrich), sodium
methoxide (= 97%, Sigma Aldrich), tin(ll) chloride dihydrate (=98%, Carl Roth), sodium ascorbate (= 99 %, Carl Roth),
copper(ll) sulfate (>98%, Acros Organics), sodium diethyldithiocarbamate trihydrate (98%, Alfa Aesar), 4-tert-
butylcalix[4]arene (298%, Biosynth Carbosynth), barium oxide (99.5%, abcr), barium hydroxide octahydrate (298%, Sigma
Aldrich), 1-iodopropane (99%, Sigma Aldrich), sodium hydride (60% dispersion in mineral oil, Sigma Aldrich), ethyl 6-
bromohexanoate (297 %, Fluorochem), nitric acid (299%, Sigma Aldrich), acetic acid (299.8%, Sigma Aldrich), hydrochloric
acid (37%, Fisher Chemical), trifluoroacetic acid (99.5 %, Acros Organics), potassium hydroxide (=99.5%, Sigma Aldrich),
tris(3-hydroxypropyl-triazoylmethyl) amine (96%, Sigma Aldrich), aminoguanidine hydrogen carbonate (98%, Alfa Aesar),
Amberlite IR 120 (Sigma Aldrich), phenol (99%, Fisher Scientific), methyl a-D-mannopyranoside (299.0%, Sigma Aldrich),

mannan from Saccharomyces cerevisiae (Sigma Aldrich), Bovine Serum Albumin (Sigma Life Science),
Milli-Q water was gained by a MicroPure water purification system from ThermoScientific.

Buffer and media: Phosphate-buffered saline (PBS, pH 7.4) was prepared using PBS buffer tablets from Carl Roth for 100
ml. For PBST 0,05 vol.-% Tween® 20 (polyoxyethylen-20-sorbitanmonolaurat, Carl Roth) was added to PBS buffer. For
the Carbonate puffer (pH 9.4) 1.59 g sodium carbonate and 2.52 g sodium hydrogen carbonate was dissolved in 1L MQ
water. LB-media was prepared by dissolving 25 g LB miller broth from Sigma Aldrich in 1 L MQ water. After sterilization
50,0 mg of ampicillin sodium salt (Sigma Aldrich) and 25,0 mg chloramphenicol (BioChemica, AppliChem) were added.
The pH value was adjusted with 0.1 M NaOH using a pH-electrode by Mettler Toledo.

imidazole-1 sulfonyl azide hydrogen sulfate was synthesized according to a previously communicated protocol."
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The building blocks TDS ((triple-bond diethylenetriamine-succinic acid, 1-(fluorenyl)-3,11-dioxo-7- (pent-4-ynoyl)-2-oxa-
4,7,10-triazatetra-decan-14-oic acid) and EDS (EDS (ethylene glycoldiamine-succinic acid 1-(9H-fluoren-9-yl)-3,14-dioxo-

2,7,10-trioxa-4,13-diazaheptadecan-17-oic acid) were synthesized as previously reported.!?!

The synthesis of (2-azidoethyl)-2,3,4,6-tetra-O-acetyl-a-D-mannopyranoside was performed according to literature.® (2-

azidoethyl)-2,3,4,6-tetra-O-acetyl-B3-D-galactopyranoside was synthesized as reported previously.

Instruments:

Reversed Phase — High Pressure Liquid Chromatography (RP-HPLC-MS):

Chromatography measurements were performed on an Agilent 1260 Infinity instrument coupled to a variable wavelength

detector at an absorption wavelength of 214 nm and an Agilent Quadrupole mass spectrometer with an electrospray
ionization (ESI) source (m/z range from 200-2000). A MZ-Aqua Perfect C18 column (3.0 x 50 nm, 3 ym) was used at 25°
C. As mobile phase linear gradients of an eluent system A and B was used: A) H,0/ACN (95/5 vol.%) + 0.1 vol.-% formic
acid; B) H20/ACN (5/95 vol.%) + 0.1 vol.% formic acid). The flow rate was 0.4 ml/min.

Preparative RP-HPLC:

Chromatographic purifications were done on an Agilent 1200 Series instrument with variable wavelength detector at 214
nm and a fraction collector was used. A UG80 C18 RP column (20 x 250 nm, 5 yM) from Shiseido was used at 25° C. A
flow rate of 10 ml/min was applied. For all samples an eluent system A and B was used in linear gradients: A) H,O + 0.1

vol.% formic acid; B) ACN + 0.1 vol.-% formic acid.

Matrix Assisted Laser Desorption lonization — Time of Flight — Mass Spectrometry (MALDI-TOF-MS):

The MALDI-TOF mass spectra were measured on a Bruker UltrafleXtreme instrument from Bruker Daltonics. The
measurements were performed using 2,5-dihydroxybenzoic acid (DHB) or dithranol (DIT) in combination with sodium

trifluoroacetate as a matrix in linear or reflector mode.

'H-Nuclear Magnetic Resonance ("H-NMR):
"H-NMR spectra were either recorded on a Bruker Avance 111-300 (300 MHz) or 600 (600 MHz). The chemical shifts are
reported in delta (8) expressed in parts per million (ppm). The residual, non-deuterated solvent (6 3.31 ppm for MeOH-d4

or 6 2.50 ppm for DMSO-d6) were used as an internal reference. The nanoparticles were dispersed in a H,O/D,0 mixture

(90/10 vol.-%) and water signal suppression was used.

Fluorescence Spectroscopy:

All fluorescence emission measurements were acquired on a CLARIOstar® microtiter plate reader from BMG LABTECH
at 485/535 nm at ambient temperature. All measurements were performed with black polystyrene 96-wells microtiter plates

from Greiner. The data were evaluated with the BMG Mars software.

Fluorescent Microscopy:

The fluorescence microscopy measurements were performed on an inverted microscope IX73 from Olympus with an
Olympus 60 x NA 1.35 oil-immersion objective and a CMOS camera (UI-3360CP-M-GL). For the measurement p-slides
18 wells with glass bottom from ibidi were used. As a light source a collimated LED (530 nm, blue light) from Thorlabs was
used.

Atomic Absorption Spectroscopy (AAS):

AAS was done with an Electron M-series spectrometer from ThermoScientific after dissolving the gold nanoparticles in
aqua regia.



Disc centrifugal sedimentation (DCS):
DCS was done with a DC24000 instrument from CPS. Thereby, the disc was accelerated to 24000 rpm. A gradient of

sucrose solution was injected starting 1.6 mL of 24 wt.-% sucrose in water, the gradient increased in steps of 0.2 mL to

1.6 mL of 8 wt.-% sucrose in water. The gradient solution was capped with 0.5 mL of dodecane to avoid evaporation. The

instrument was calibrated with a dispersion of stabilized PVC particles with a defined hydrodynamic diameter of 483 nm.

Freeze-dryer:
The final products were freeze-dried with an Alpha 1-4 LD plus instrument from Martin Christ set to -50° C at 0.1 mbar.

Solid phase synthesis protocol:

Coupling and Fmoc-deprotection procedure:

All solid phase reactions were performed on TentaGel S RAM resin in batch sizes up to 0.15 mM in polypropylene syringes
with integrated frits. Prior to use, the resin was swollen in DCM for 30 mins followed by washing with DMF five times. The
reaction conditions for the coupling of different building blocks are given in the table below (table S1) and differ prior to
and subsequent the introduction of CBB2. The coupling steps prior to coupling of CBB1 was performed according to a
previously established coupling protocol using 5 eq. PyBOP and 10 eq. DIPEA as coupling reagents.?! For the coupling
of EDS to CBB1, reaction conditions were optimized. Using DIPEA as a base resulted in relative purities of 83-89%, while
N-methyl morpholine yielded purities of 86-95%, depending on the prior coupling sequence. As additional by-product are
formed using DIPEA, N-methyl morpholine is used as a base as standard procedure. After coupling, the resin was washed
10 times with DMF and DCM. Fmoc deprotection was performed with 20 vol.-% piperidine in DMF for 30 min (fresh solution
added after 20 min). The resin was washed 10 times with DMF before the next coupling step.

Table S1. Reaction conditions for coupling steps prior to and subsequent the integration of the calix[4]arene building block CBB1

Building block Eq. of building | Coupling agents Reaction time
block
Prior CBB1 EDS/TDS/Dap/ 5 5 Eq. PyBOP + 10 Eq. DIPEA 1h
pentynoic acid
- CBB1 3 5 Eq. PyBOP + 10 Eq. DIPEA 5h
Subsequent EDS/TDS/ 5/amine 5. Eq. PyBOP/amine + 10 Eq. N- | 1h
CBB1 pentynoic acid methyl morpholine/amine

Boc group removal:

The Boc group in the side chain of Dap was removed using 4M HCI in dioxan solution. The resin was first washed five
times with dioxan before the HCI solution was added to the syringe and shaken vigorously for 10 min. The resin was then
washed three times with dioxan and the procedure was repeated for a further 20 min. For neutralization, the resin was
shaken (2x10 min) in 10 vol% DIPEA in DCM. The resin was then washed three times with approximately 2 ml dioxan and

DCM and finally ten times with 2 ml DMF. This was followed by a coupling step according to the protocol described above.

Reduction of Aryl-nitro groups:

The nitro groups at the upper rim of CBB1 were reduced to amines by treating the resin with 25 eq. tin(ll) chloride dihydrate
in NMP (3 ml) for 24 hours at 30° C. To remove excess of tin salt, the resin was washed thoroughly ten times with NMP,
methanol, DCM and DMF.

Copper(l)-catalyzed azide-alkyne cycloaddition (CUAAC):

For the cycloaddition 2eq. of the carbohydrate azide was dissolved in 1 ml DMF. In addition, 20 mol-% relative to the azide
component of sodium ascorbate as well as copper(ll) sulfate was dissolved separately in 0,1 mL of MQ water each. The
solutions were then added to the syringe in the mentioned order and shaken overnight in the dark. By washing the resin



alternately with a 0,23 M solution of sodium diethyldithiocarbamate in DMF/water and DMF the excess copper is removed,

which can be monitored by color change.

Deacetylation carbohydrate residues:

Approximately 2 ml of a 0.2 M sodium methanolate solution in methanol was added to the syringe and shaken vigorously

for 30 mins. Subsequently, the resin was washed ten times with methanol and DMF.

Cleavage from the solid phase:

A solution of TFA/TIPS/DCM (95/2.5/2.5 vol.-%) was used to cleave the final glycocalix[4]arene from the solid support.
The resin was treated with the cleavage solution for 1h and subsequently the product was precipitated in ice-cold diethyl
ether. After centrifugation at 4000 rpm the supernatant was decanted, and the remaining precipitate was dissolved in water
or water/DMSO (for water-insoluble derivative C4 and C5) and finally lyophilized.

To monitor the reactions on the solid support, small amounts of the resin were separated and treated according to the
cleavage conditions described above (referred to as micro cleavage). The obtained precipitate was then analyzed via RP-
HPLC-MS.

TFA anion exchange:

For the anion exchange of the water-soluble derivatives (C1-C3 and C56-C7) an AG® 1-X8 resin was used. The resin was
first washed three times with 1,6 M aqueous acetic acid followed by three times with 0,16 M acetic acid before use. The

exchange was performed for two hours.

Sulfuric acid phenol method:

The total concentration of carbohydrates in each sample was determined by the established sulfuric acid phenol method. !
Here, the reaction is performed in polystyrene microtiter plates, as less sample volume is required. D-mannose in
nanoparticle dispersion was used for standard curves. D-mannose was used in a concentration range from 320 to 20 uM,
while the nanoparticle concentration was kept constant at 41.11 uM (C4-GNPs, C5-GNPs and m-GNPs) or 6.85 uM (C6-
GNPs, C7-GNPs). This procedure was performed because the ultra-small nanoparticles cannot be properly removed from
the carbohydrate sample, causing background noise that must be considered. To 35 pL of the sample, 35 pL of a 5 w.-%
phenol solution in MQ water was added followed by 180 pL of concentrated sulfuric acid and mixed vigorously with a
pipette. The mixture was then incubated for 30 min at 30°C. The absorbance of each sample was detected at 420 nm. All
measurements were performed in triplicate. As a reference, the gold nanoparticles were treated analogously before

functionalization. By comparing the sample with the standard curve, the carbohydrate concentration was determined.

Bacterial adhesion-inhibition assay:

For the bacterial adhesion inhibition studies, a E. Coli strain pPKL1162, kindly provided by the Lindhorst group from the
University of Kiel, Germany, was used. The assay was performed according to literature protocols with slight
modifications.®! The bacteria were cultured from a frozen stock (LB media + AMP + CAM) over night at 37° C in LB media.
The bacteria were then washed three times with PBS buffer and subsequently diluted with PBS buffer to obtain a bacterial
dispersion with OD(600 nm) = 0.4. The polystyrene microtiter plates were mannan coated with 120 pL of mannan from
Saccharomyces cerevisiae overnight in carbonate buffer (pH = 9.4) at 37° C. The plates were washed three times with
PBST buffer (150 pL, PBS + 0,05% Tween) and then blocked with 120 uL of 0,1% BSA in PBS solution for two hours.
Subsequently, the plates were washed three times with PBST (150 pL). Afterwards, the samples were applied to the
microtiter plates in a serial dilution in PBS buffer (50 yL) and incubated with bacterial dispersion (50 pL) for 45 min at 45



min. Then, the plates were washed with PBS buffer (100 pL) and the wells were filled with 100 pL PBS. The fluorescence

read out was measured at 485/535nm.

Synthesis of nanoparticles and functionalization by CUAAC

The gold nanoparticles Au-GSH were prepared according to an adapted Brust-Schiffrin protocol as previously reported.!'!
Subsequently, the azidation of the nanoparticles was performed as reported, except that the equivalents of the imidazole-
1 sulfonyl azide hydrogen sulfate were reduced to 15 eq. compared to 50 eq. in the original protocol, with respect to
glutathione. CUAAC of the alkyne-functionalized glycocalix[4]arenes C4-C7 to the AuGSH-N3 nanoparticles was carried
out as follows. The nanoparticle sample containing 7.7 pmol azido groups (68 nmol, 3.15 mg Au) was dispersed in 3 mL
of water. Then the glycocalix[4]arenes C4-C7 were dissolved in 1 mL of water or DMSO (0,4 eq., 3.08 pymol) and added
to the nanoparticle dispersion. Subsequently, 630 yL of an aqueous solution of CuSO4, THPTA (50 pmol) and
aminoguanidine hydrogen carbonate (10 ymol), previously prepared in 10 mL of water, were added to the reaction mixture.
Finally, sodium ascorbate in water (3.15 pmol, 0.63 mg in 100 pL water) was added to start the reaction. The mixture was
stirred for 14 h before water was added to give an overall volume of 20 mL, followed by purification by spin filtration (4x)

(Amicon spin filters).

The number of carbohydrate molecules was computed as reported earlier, assuming an average diameter of the solid
core of a spherical gold nanoparticle of 2 nm, by dividing the concentration of carbohydrate molecules (determined by the
sulfuric acid phenol test)® in the dispersion by the concentration of gold nanoparticles in the dispersion (determined by
AAS).[M

Analytical Data

a-D-propargyl-mannopyranoside:

2,3,4,6-Tetra-O-acetyl-a-D-propargyl-mannopyranoside was synthesized according to a previously reported protocol.!
For deacetylation the carbohydrate was dissolved in a 2 mg/mL solution of sodium methoxide in methanol and let stir for
50 minutes. The reaction was stopped by adding Amberlite IR120 Hydrogen Form until the pH is neutral. Subsequently,

the resin was filtered off and the product was obtained after concentration under reduced pressure.

H-NMR (300 MHz, D,0): 5 5.04 (d, 3J=1.9 Hz, 1H, 1), 4.34 (dd, 2J=5.7 Hz, *J=2.5 Hz, 2H, 7), 3.96 (dd, ®J = 1.9, 3.4 Hz,
1H, 2), 3.9 (dd, 3J = 1.8, 12.2 Hz, 1H, 4), 3.84-3.65 (m, 4H, 3, 5, 6, 6'), 2.93 (t, “J=2.5 Hz, 1H, 8) ppm.
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Figure S1. '"H-NMR spectrum (300MHz) of a-D-propargyl-mannopyranoside in D20.

Calix[4]arene building block CBB1:

1HO™ O
The building block was prepared as previously reported.®!

"H-NMR (300 MHz, DMSO-d6): & 12.04 (s, 1H, 1), 7.65 (s, 8H, Aryl-H), 4.37 (d, 2J= 12.1 Hz, 4H, 84xa), 3.95 (m, 8H, 6),
3.69 (d, 2J=12.1 Hz, 4H, 8cquatoral), 2.24 (t, 3J = 7.2, 2H, 2), 1.85 (m, 8H, 5), 1.58 (p, 3J=7.1 Hz, 2H, 3), 1.41 (m, 2H, 4),
1.05-0.90 (m, 9H, 7) ppm.

MALDI-TOF-MS: m/z calculated for C43H4sN4O14: 867.32 [M+Na]*, found: 867.36 [M+Na]*
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Figure S2. '"H-NMR spectrum (300MHz) of CBB1 in DMSO-d6.
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Figure S3: MALDI-TOF-MS spectrum of CBB1.
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Molecular Welght: 5711,18

Compound C1 was purified by preparative HPLC (73% A to 67% A in 13 min) and obtained in a yield of 10%. The relative
purity of 90% was determined by integration of the UV signals of the RP-HPLC run at 214 nm. MS analysis suggests that
the by-product observed, that could not be separated by preparative purification, is due to EDS-TDS-(man)-pentynoic

acid(man) deletion. Additionally, "H-NMR analysis confirms this.

ESI-MS: m/z calculated for CpagH395Ns5097: 1427.94 [M+4H]**, 1142.55 [M+5H]%*, 952.3 [M+6H]%*, 816.4 [M+7H]™*, 714.47
[M+8H]®*, found: 1428.7 [M+4H]**,1143.2 [M+5H]**, 952.8 [M+6H]®*, 816.75 [M+7H]™*

MALDI-TOF-MS: m/z calculated for Cz49H395N55097: 5734.19 [M+Na]*, found: 5734.0

"H-NMR (600 MHz, MeOH-d4/D,0): & 8.1-7.94 (m, 1H, NH), 7.98-7.71 (m, 8H, Triazole-H), 6.95-6.77 (bs, 8H, Aryl-H),
4.72 (m, 4.71-4.72, 8H, CHmannose), 4.45-4.41 (M, 4H, 7axial), 4.14-4.04 (M, 8H, CHmannose), 3.93-3.33 (m, 185H, CHmannose,
5,9, 10, 11, 12, 13, 17 overlaps with solvent peak) 3.18-3.06 (m, 12H, CHmannose, 7equatorial) 3.03-2.92 (m, 16H, 15, 19),
2.84-2.73 (m, 8H,14), 2.62-2.41 (m, 54H, 8, 18) 2.25 (t, 3J= 7.4 Hz , 2H, 1), 2.00-1.88 (m, 8H, 4), 1.71 (p, 3J= 7.7 Hz, 2H,
2), 1.51-1.43 (m, 2H, 3), 1.06-0.97 (m, 9H, 6) ppm.

The signals of protons 16 overlap with water peak at 4.59 ppm. Signals from unidentified impurities can be found at 1.29-

1.34 ppm.
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Figure S4. RP-HPLC chromatogram (100% A to 50% A in 30 min at 25° C) of compound C1.
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Figure S5. ESI-MS spectrum at tr = 18.68 min (100% A to 50% A in 30 min at 25° C) of compound C1.
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Figure S6. MALD-TOF-MS spectrum of compound C1.
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Figure S7: "H-NMR spectrum (600MHz) of compound C1 in MeOH-d4/D-0.

Compound C2:

f
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c2
Molecular Weight: 5711,19

Compound C2 was purified by preparative HPLC (73% A to 67% A in 13 min) and obtained in a yield of 9%. The relative
purity of 90% was determined by integration of the UV signals of the RP-HPLC run at 214 nm. MS analysis suggests that

the by-product observed, that could not be separated by preparative purification, is due to EDS-TDS-(man)-pentynoic

acid(man) deletion. Additionally, "H-NMR analysis confirms this.
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ESI-MS: m/z calculated for CoasHa0sNssOo7: 1427.94 [M+4H]*, 1142.55 [M+5H]%*, 952.3 [M+6H]®*, 816.4 [M+7H]'*, 714.47
[M+8H]?*, found: 1428.6 [M+4H]**, 1143.2 [M+5H]%*, 952.7 [M+6H]®*, 816.7 [M+7H]"*

MALDI-TOF-MS: m/z calculated for Cz49H395N55097: 5734.19 [M+Na]*, found: 5734.3

"H-NMR (600 MHz, MeOH-d«/D,0): & 8.48 (bs, 0.5H, -NH-), 8.07-7.78 (m, 8H, Triazole-H), 6.89 (bs, 6H, Aryl-H), 4.5-4.4
(m, 4H, 7 axiar), 4.36-4.14 (m, 16H, CHgalactose), 4.06-3.33 (M, 182H, CHgaiactose, 5, 9, 10, 11, 12, 13, 17, overlaps with solvent
peak), 3.11 (d, 4H, 2J = 13.0, 7equatoriar) 3.05-2.99 (m, 16H, 15, 19), 2.88-2.72 (m, 8H,14), 2.66-2.42 (m, 53H, 8, 18) 2.26 (t,
3J=75Hz, 2H, 1), 2.01-1.87 (m, 8H, 4), 1.72 (p, °J = 7.7 Hz, 2H, 2), 1.52-1.43 (m, 2H, 3), 1.07-1.00 (m, 7H, 6) ppm.
The signals of protons 16 overlap with water peak at 4.59 ppm. Signals from unidentified impurities can be found at 1.28-
1.38, 2.67, 2.71 and 2.88 ppm.
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Figure S$8. RP-HPLC chromatogram (100% A to 50% A in 30 min at 25° C) of compound C2.
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Figure S9. ESI-MS spectrum at tr = 18.48 min (100% A to 50% A in 30 min at 25° C) of compound C2.
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Figure $10. MALDI-TOF-MS spectra of compound C2.
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Molecular Weight: 5711,19

Compound C3 was purified by preparative HPLC (73% A to 67% A in 13 min) and obtained in a yield of 9%. The relative
purity of 95% was determined integration of the UV signals of the RP-HPLC run at 214 nm. MS analysis suggests that the
by-product observed, that could not be separated by preparative purification, is due to EDS-TDS-(man)-pentynoic

acid(man) deletion. Additionally, "H-NMR analysis confirms this.

ESI-MS: m/z calculated for CpagH395Nss0g7: 1427.94 [M+4H]**, 1142.55 [M+5H]%*, 952.3 [M+6H]%*, 816.4 [M+7H]™*, 714.47
[M+8H]®*, found: 1428.6 [M+4H]**, 1143.1 [M+5H]%*, 952.8 [M+6H]°*, 816.8 [M+7H]"*

MALDI-TOF-MS: m/z calculated for Cz49H395N55097: 5734.19 [M+Na]*, found: 5734.0

"H-NMR (600 MHz, MeOH-d4/D,0): & 8.06-7.71 (m, 8H, Triazole-H), 6.88 (s, 7H, Aryl-H), 4.74-4.70(m, 4H, CHmannose),
4.65-4.54 (m overlap with water peak, 16) 4.5-4.39 (m, 4H, 7axa), 4.33-4.29 (m, 4H, CHgaactose), 4.29-4.18 (m, 4H,
CHgalactose), 4.13-4.06 (M, 4H, CHmannose), 4.02-3.95 (M, 4H, CHgalactose), 3.93-3.33 (m, 181H, CHmannose, CHgalactose, 5, 9, 10,
11, 12, 13, 17, overlaps with solvent peak), 3.16-3.07 (m, 8H, 7equatorial, CHmannose, ), 2.90-3.04-2.89 (m, 16H, 15, 19), 2.84-
2.74 (m, 8H,14), 2.65-2.36 (m, 55H, 8, 18) 2.26 (t, 3J= 7.5 Hz , 2H, 1), 2.00-1.9 (m, 8H, 4), 1.72 (p, 3J= 7.8 Hz, 2H, 2),
1.52-1.43(m, 2H, 3), 1.07-1.0 (m, 8H, 6) ppm.

Signals from unidentified impurities can be found at 1.28-1.38, 2.67, 2.71 and 2.88 ppm.
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Figure S12. RP-HPLC chromatogram (100% A to 50% A in 30 min at 25° C) of compound C3.
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Figure S$13. ESI-MS spectrum at tr = 18.59 min (100% A to 50% A in 30 min at 25° C) of compound C3.
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Figure S15. "H-NMR spectrum (600MHz) of compound C3 in MeOH-d4/D,0.

Compound C4:
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Exact Mass: 1785,87

Compound C4 was purified by preparative HPLC (60% A to 40% A in 15 min) and obtained in a yield of 45%. The relative
purity of 89% was determined by integration of the UV signals of the RP-HPLC run at 214 nm.

ESI-MS: m/z calculated for CozH116N15022: 1786.87 [M+H]'*, 893.86 [M+2H]**, found: 1786.85 [M+H]*, 894.05 [M+2H]>*
MADLI-TOF-MS: m/z calculated for CaH11sN15022: 1786.87 [M+H]*,1808.87 [M+Na]*, found: 1810.30 [M+Na]*

H-NMR (600 MHz, DMSO-ds): 8 9.65-9.45 (m, Aryl-NH-C(0)-), 8.3-8.11 (m, C(0)-NH), 8.02-7.92 (m, C(0)-NH), 7.9-7.83
(m, C(0)-NH), 7.80-7.75 (m ,1H, Triazole-H), 7.42-7.18 (m, C(O)-NH2), 7.0-6.8 (m, 8H, Aryl-H), 6.76-6.64 (m, C(O)-NH2),
4.77 (bs, OHmannose), 4.69-4.61 (M, OHmannose), 4.61-4.58 (M, 1H, CHmannose), 4.56-4.39 (m, 3H, 12, OHmannose), 4.36-4.26
(M, 4H, 14 ayia), 3.95-3.87 (M, 1H, CHmannose), 3.85-3.66(m, 18H, 15, 13, 8), 3.61-3.57 (M, 1H, CHumannose), 3.56-3.53 (m, 1H,
CHmannose), 3.52-3.46 (M, 1H, CHumannose), 3.20-3.11 (m, 4H, 3), 3.10-3.02 (M, 5H, 14 quatorial, CHmannose), 2.83 (t, 3J = 7.2 Hz,
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2H, 11), 2.78-2.69 (m, 4H, 1), 2.66-2.60 (m, 2H, 10), 2.39-2.32 (m, 16H, 16, 17), 2.3-2.22 (m, 4H, 18), 2.07 (t, 3J = 7.4 Hz,
2H, 4), 1.92-1.82 (m, 8H, 7), 1.6-1.5 (m, 2H, 5), 1.4-1.3 (m, 2H, 6), 0.85(t, 3J=7.3 Hz, 9H, 9) ppm.

The Signals of 2 and CHmannose OVerlap with the water peak at 3.3 ppm. Signals from unidentified impurities can be found
at 1.2-1.26 ppm.

"H-NMR (600 MHz, MeOH-d4/D,0): & 7.85-7.69 (m, 1H, Triazole-H), 7.15-6.69 (m, 8H, Aryl-H), 4.70-4.40 (m, 1H,
CHmannose), 4.55-4.49 (m, 2H, 12), 4.44-4.36 (M, 4H, 14axia), 4.08-4.01 (M, 1H, CHmannose), 3.97-3.75 (m, 19H, 8, 15, PEG
impurities), 3.74-3.70 (m, 2H, 13), 3.64-3.6 (m, 1H, CHmannose), 3.58-3.23 (M, 2H, CHmannose), 3.48-3.37 (m, 4H, 2), 3.36-
3.3 (m, 4H, 3), 3.13-3.09 (m, 5H, 14cquatorial, CHmannose), 2.98-2.91 (m, 2H, 11), 2.80-2.73 (m, 2H, 10), 2.51-2.47 (m, 20H,
16, 17, 1), 2.44-2.40 (m, 2H, 4), 2.22-2.14 (m, 4H, 18), 1.98-1.88 (m, 8H, 7), 1.70-1.60 (m, 2H, 5), 1.48-1.38 (m, 2H, 6),
1.03-0.94 (m, 9H, 9) ppm.

Signals from unidentified impurities can be found at 1.2-1.35.
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Figure $16. RP-HPLC chromatogram (100% A to 50% A in 30 min at 25° C) of compound C4.
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Figure S$17. ESI-MS spectrum at tr = 27.18 min (100% A to 50% A in 30 min at 25° C) of compound C4.
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Figure S19. 'H-NMR spectrum (600MHz) of compound C4 in DMSO-d6.
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Figure S20. 'H-NMR spectrum (600MHz) of compound C4 in MeOH-d4/D-0.

Compound C5:
| It

Compound C5 was purified by preparative HPLC (62% A to 52% A in 15 min) and obtained in a yield of 42%. The relative
purity of 89% was determined by integration of the UV signals of the RP-HPLC run at 214 nm.

ESI-MS: m/z calculated for CozH116N15022: 1786.87 [M+H]'*, 893.86 [M+2H]?*, found: 1787.75 [M+H]*, 894.1 [M+2HJ?*
MADLI-TOF-MS: m/z calculated for CaH11sN15022: 1786.87 [M+H]*,1808.87 [M+Na]*, found: 1810.30 [M+Na]*

"H-NMR (600 MHz, DMSO-de): 5 9.72-9.46 (m, Aryl-NH-C(O)-), 8.3-8.11 (m, C(O)-NH), 8.00-7.94 (m, C(O)-NH), 7.92-

7.82 (m, 2H, Triazole-H, C(O)-NH), 7.28 (s, 1H, C(O)-NHy), 7.00-6.78 (m, 8H, Aryl-H), 6.71 (s, 1H, C(O)-NH,), 5.04 (s, 1H,

OHgaiactose), 4.86 (M, TH, OHgaiactose), 4.66 (S, TH, OHgaiactose), 4.56-4.42 (M, 3H, 12, OHgajactose), 4.37-4.26 (2d/m, 4H, 1444a),

4.18-4.12 (m, 1H, CHgalactose), 4.08-3.98 (m, 1H, CHgalactose) 3.95-3.7 (m, 18H, 15, 13, 8), 3.63 (s, 1H, CHgalactoss), 3.55-3.43

(m, 3H, CHgalactose) » 3.20-3.11 (m, 4H, 3), 3.06 (d, 2J = 13.4 Hz, 4H, 14equatorial), 2.83 (t, *J = 7.4 Hz, 2H, 11), 2.78-2.68 (m,
18



4H, 1), 2.66-2.60 (m, 2H, 10), 2.4-2.31 (m, 16H, 16, 17), 2.29-2.22 (m, 4H, 18), 2.07 (t, 3J = 7.5 Hz, 2H, 4), 1.92-1.81 (m,
8H, 7), 1.6-1,5 (p, 3J=7.6 Hz, 2H, 5), 1.39-1.3 (m, 2H, 6), 1.00-0.9 (m, 9H, 9) ppm.

The Signals of 2 and CHgaiactose OvVerlap with the water peak at 3.3 ppm. Signals from unidentified impurities can be found
at 1.2-1.26 ppm.

"H-NMR (600 MHz, MeOH-d4/D,0): 8.48 (bs, 1H, NH), 7.97-7.85 (m, 1H, Triazole-H), 7.11-6.7 (m, 8H, Aryl-H), 4.62-4.52
(m, 2H, 12), 4.50-4.40 (2d/m, 4H, 14axa), 4.27-4.24 (dd, 3J= 7.6, 1.8 Hz, 1H, CHgalactose), 4.24-4.18 (m, 1H, CHgaiactose), 4.0-
3.80 (m, 20H, 15, 13, 8), 3.78 (dd, 2J = 11.53 Hz, 3J = 6.99 Hz, 1H, HOCH2 gajactose), 3.72 (dd, 2J = 11.53 Hz, 3J = 5.08 Hz,
1H, HOCHa, galactose), 3.56-3.33 (12H, m, 2, 3, CHgalactose, OVerlap with methanol peak), 3.12 (bd, 2J = 12.56 Hz, 4H,
14equatoria), 2.99 (t, 3J = 7.4 Hz, 2H, 11), 2.80-2.73 (m, 2H, 10), 2.58-2.39 (m, 22H, 16, 17, 1, 4), 2.25-2.19 (m, 4H, 18),
2.02-1.91 (m, 8H, 7), 1.74-1.64 (m, 2H, 5), 1.52-1.42 (m, 2H, 6), 1.08-0.98 (m, 9H, 9) ppm.

Signals from unidentified impurities can be found at 1.23-1.40 ppm.
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Figure $21. RP-HPLC chromatogram (100% A to 50% A in 30 min at 25° C) of compound C5.
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Figure S$22. ESI-MS spectrum at tr=27.00 min (100% A to 50% A in 30 min at 25° C) of compound C5.
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Figure S24: "H-NMR spectrum (600MHz) of compound C5 in DMSO-d6.
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Figure S25: "H-NMR spectrum (600MHz) of compound C5 in MeOH-d4/D20.

Compound C6:

HO.,, 0

o, OH

OH

HO™

Compound C6 was purified by preparative HPLC (70% A to 35% A in 15 min) and obtained in a yield of 65%. The relative
purity of 94% was determined by integration of the UV signals of the RP-HPLC run at 214 nm.

ESI-MS: m/z calculated for CooH143N19035: 1104.0 [M+2H]?*, 736.3 [M+3H]**, found: 1104.55 [M+2H]?*, 736.6 [M+3H]**
MALDI-TOF-MS: m/z calculated for C1o3H143N19O35: 2228.99 [M+Na] ¥, found: 2230.18 [M+Na]*

"H-NMR (600 MHz, MeOH-d4/D;0): 8 8.58 (bs, -NH-), 7.73(bs, 4H, Triazole-H), 7.09-6.69 (m, 8H, Aryl-H), 4.65 (m overlap
with water peak, CHmannose), 4.43 (dd, 3J = 8.0, 4.8 Hz, 1H, 1), 4.37 (d, 2J = 12.75 Hz, 12axial), 4.07-3.95 (M, 4H, CHmannose),
3.87-3.38 (m, 34H, 6, 8, 8’, 16, CHmannose), 3.14-3.02 (M, 8H, 12squatorial, CHmannose), 3.00-2.86 (m, 8H, 14), 2.7-2.51-2.7 (m,

21



8H, 13), 2.42-2.29 (m, 4H, 9, 10), 2.24 (t, 3J=7.6 Hz, 2H, 2), 2.21-2.18 (m, 1H, 11), 1.98-1.81 (m, 13H, 5, overlap with
acetate), 1.69-1.60 (m, 2H, 3), 1.46-1.36 (m, 2H, 4), 0.99-0.90 (t, 3J=7.2 Hz, 9H, 7) ppm.
Signals from 15 overlap with water peak at 4.56 ppm. Acetate anions from anion exchange can be found at 1.81-1.98

ppm. Signals from unidentified impurities can be found at 1.2-1.26 ppm.
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Figure $26. RP-HPLC chromatogram (100% A to 0% A in 30 min at 25° C) of compound C6.

100 7366
[M+3H]

80
S
> 60+
‘® 1104.55
c o4
9 [M+2H]
£ 404

20

0 T 7 l|' I"' T T T T T T T T

200 400 600 800 1000 1200 1400 1600 1800 2000

m/z

Figure S27. ESI-MS spectrum at tr = 13.92 min (100% A to 0% A in 30 min at 25° C) of compound C6.
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Figure S28. MALDI-TOF-MS spectrum of compound C6.
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Figure S29. 'H-NMR spectrum (600MHz) of compound C6 in MeOH-d4/D-0.
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Compound C7 was purified by preparative HPLC (70% A to 35% A in 15 min) and obtained in a yield of 62%. The relative
purity of >95% was determined by integration of the UV signals of the RP-HPLC run at 214 nm.

ESI-MS: m/z calculated for CosH143N15O3s: 1104.0 [M+2H]>*, 736.3 [M+3H]?, found: 1104.3 [M+2H]?*, 736.6 [M+3H]**
MALDI-TOF-MS: m/z calculated for C1osH143sN19O35: 2228.99 [M+Na]*, found: 2230.18 [M+Na]*

"H-NMR (600 MHz, MeOH-d4/D,0): 8 7.91 (s, 4H, Triazole-H), 6.94-6.77 (m, 8H, Aryl-H), 4.64-4.52 (m overlaps with water
peak, 15), 4.43 (dd, 3J =7.9, 4.9 Hz, 1H, 1, overlaps with water peak), 4.37 (d, 2J = 12.55, 4H, 124xa), 4.31-4.11 (m, 8H,
CHgatactose), 3.99-3.91 (m, 4H, CHgalactose), 3.91-3.78 (m, 12H, 6, CHgaiactose), 3.75-3.66 (m, 8H, HOCH, gajactose), 3.56-3.41
(m, 14H, 16H, CHgaiactose), 3.15-3.07 (2d, 4H, 12¢quatorial), 2.97 (bs, 8H, 14), 2.75-2.52 (m, 8H, 13), 2.44-2.32 (m, 4H, 9, 10),
2.28 (t, %J=7.6 Hz, 2H, 2), 2.23 (t, *J = 2.6 Hz, , 1H, 11), 1.98-1.88 (m, 8H, 5, overlap with acetate), 1.69 (p, 3J=7.7 Hz, 2H,
3), 1.49-1.41 (m, 2H, 4), 1.01 (t,3J = 7,27 Hz 9H, 7) ppm.

Signals from unidentified impurities can be found at 1.24-1.31 ppm. Acetate anions from anion exchange can be found at

2.05 ppm.
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Figure $30. RP-HPLC chromatogram (100% A to 0% A in 30 min at 25° C) of compound C7.
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Figure S31. ESI-MS spectrum at tr = 13.82 min (100% A to 0% A in 30 min at 25° C) of compound C7.
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Figure $32. MALDI-TOF-MS spectrum of compound C7.
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Figure S$33. 'H-NMR spectrum (600MHz) of compound C7 in MeOH-d4/D-0.
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Figure S34. 1TH-NMR spectra of AuGSH (blue) and AuN3 (red) in H20.
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Figure S36. Disc centrifugal sedimentation (DCS) of N3-GNPs.
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Figure S37. Disc centrifugal sedimentation (DCS) of C4-GNPs (red), C5-GNPs (black), C6-GNPs (green) and C7-GNPs (blue).
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Figure S41. Bacterial adhesin inhibition assay according to protocol described above with compounds C1, C2, C3 and MeMan.
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Figure S42. Fluorescence microscopy, A: C6-GNPs (c(NP) = 22.5 uM) + E.Coli (1mg/ml) in PBS buffer, B: E.coli (1mg/ml) in PBS buffer, C: C1
(c(calix[4]arene) = 22.5 uM) + E.coli (1mg/ml) in PBS buffer.
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Results and Discussion

3.2. Ligands for the Carbohydrate-recognizing Domain of NGLY1

As mentioned above, the C-terminal PAW domain of eukaryotic PNGase is known to play an
importantrole in substrate binding and the acceleration of the enzymatic activity. As natural
substrates, high-mannose-type glycoproteins have been identified. Zhou et al. reported
mannopentaose as a potent binder for mouse PNGase, suggesting that a branched
mannose oligomer is the minimal binding motif for this domain.®> % Interestingly, in recent
studies, it was reported for several glycosidases that the multivalent presentation of the
binding carbohydrate epitope increased binding affinity significantly, in a manner similar to
the multivalent effect known from other lectin-domains that are, for instance, present on
protein receptors. This was a rather surprising finding since the binding pockets of enzymes
are generally considered to be single-substrate binding sites with deep and sterically
demanding constitution. 2> 247 Clearly, the binding mechanism between glycans and
enzymes is less understood compared to their interactions with lectins, and for NGLY1, a
chemical ligand with the ability to bind the C-terminal binding site is not known so far.
However, it was assumed that the application of multivalent glycomimetics might also be

suitable for binding to the lectin-like domain of NGLY1.

To test this, a set of multivalent mannose ligands was synthesized (see Figure 12). Besides
some linear compounds with and without branched mannose features (L1 and L2), some
glycocalix[4]arene derivatives (C1b, C2b, and C8b) were also prepared. The mannose-
functionalized glycocalix[4]arene derivative C1 has already been shown to bind
successfully to the bacterial lectin FimH (see chapter 3.1), presumably benefiting from
additional hydrophobic interactions with proteins. Additionally, the branched structure of
the calix[4]arene-based ligands has a higher structural resemblance with the natural high-
mannose ligands compared to the linear oligo(amidoamine) backbones. For these reasons,
it was assumed that C1b might be a promising ligand candidate for the PAW domain of
NGLY1. An additional interesting feature is that the synthetic structures do not contain the
Asn-GlcNAc motif that is present in high-mannose N-glycans, which are the natural
substrates of NGLY1. During de-glycosylation by NGLY1, itis believed that the hydrolysis of
the bond between the asparagine (Asn) residue and the proximal GlcNAc initiates the
release of the substrate from the enzyme.?* Therefore, these synthetic ligands could
potentially act as enzyme inhibitors, since the natural release mechanism from the binding
pocket may not occur. To give access to a broader range of analytical methods, it was aimed
to implement a biotin tag into the ligand design. Since the vitamin biotin is known to bind
very strongly and with high stability to the bacterial protein streptavidin, the system has

been widely exploited in biotechnology for various applications.?*> 243
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Figure 12: Schematic depiction of biotinylated ligands for the lectin-binding domain of
NGLY1 (PAW domain).

3.2.1 Synthesis of Biotinylated Glycocalix[4]arene Ligands

To obtain the desired biotinylated glycocalix[4]arenes, the previously established synthetic
approach using solid-phase polymer synthesis was applied. This demonstrates the high
versatility of this synthetic procedure towards multifunctional glycocalix[4]arene
derivatives for different applications. The synthesis of the structures was executed
analogously as described for the derivative C1-C7 (see chapter 3.1). As has already been
shown for the previous structures, it is of high importance to identify the ideal order of
assembly, especially when it comes to multifunctional structures. In short, as the first
building block, Fmoc-Dap(Boc)-OH, a commercially available orthogonally protected
amino acid, was coupled using the standard protocol conditions to implement a branching
point. Previous studies within the group of Prof. Hartmann showed the formation of by-
products when the lower rim functionality was first introduced before the nitrogen

reduction. Therefore, it was decided to directly continue with the attachment of the
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Results and Discussion

calix[4]arene building block CBB1. Subsequently, the reduction of the nitrogen groups by
treatment with 25 eq. of tin chloride dihydrate per nitrogen group in N-methyl-2-pyrrolidone
(NMP) at 30 °C for 24h gives the desired tetra-amine-calix[4]arene derivative. In the next
steps, EDS, TDS, and finally 4-pentynoic acid were coupled to the upper rim. At this point,
it was evaluated whether the next step should be to conjugate the azide moiety via CUAAC
or to proceed with the coupling of the biotin residues at the lower rim. For compound C1b,
first, the copper-catalyzed click reaction (CuAAC) of the tetra-O-acetyl-a-D-
mannopyranosyl azide was performed according to the reported protocol.””® Then, the Boc
group at the lower rim was removed following the coupling using 2 eq. Biotin in DMF with
5 eq. PyBOP and 10 eq. DIPEA for 1h. Analysis of the microcleavage after this step showed
that several acetyl groups have been removed, presumably due to the exposure to 4 M
hydrochloric acid solution during Boc-group removal. Nevertheless, this was neglected as
no by-products caused by the unwanted acetyl group removal could be observed. After
deprotection of the remaining acetyl groups and subsequent cleavage from the solid
support, the crude product C1b was obtained with a rel. purity of 66 %. Relative purities of
all oligomers were determined by integrating the UV signals of the RP-HPLC chromatogram
at 214 nm. The desired product C1b can be identified at a retention time (tg) of 11.4 minin
the HPLC spectra (see Figure 13A). In the coupled MS spectra, mass-to-charge ratios (m/z)
corresponding to C1b were observed. Figure 13B shows the structures of the main by-
products identified via HPLC-MS. More hydrophilic byproducts (BP1, tk=11.2 min) at
retention times lower than the main product C1b were found, indicating that there was no
successful coupling of biotin in the last step. Further, by-products BP2-BP5 (tzg=11.7-12.5
min) were identified as different deletion sequences due to incomplete coupling steps,
yielding structures with either one or two mannose residues missing. However, none of the
identified by-products suggested that the results of a first qualitative binding study would

be significantly affected. Therefore, the product was used without any further purification.
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Figure 13: (A) HPLC chromatogram of compound C1b (95/5 to 5/95 vol.-% H.O/MeCN +
0.1% formic acid in 30 min) and coupled mass spectra at tg=11.4 min, (B) structure
proposal of by-products BP1-BP5.

For compound C2b, the opposite approach was tested. Accordingly, Biotin was coupled
first, followed by the conjugation of tetra-O-acetyl-galactopyranosyl azide via CuAAC.
Besides the altered order of synthesis steps, all steps were performed under the same
reaction conditions as described before. After cleavage, the main product C2b was found
atatgof 11.3 min in the HPLC spectra. In the coupled mass spectra, mass-to-charge ratios
corresponding to C2b were observed (see Figure 14A). However, the product C2b was
obtained in a lower rel. purity of 53 %. Figure 14B shows the by-products identified with
HPLC-MS. Again, some deletion sequences were found (BP8, BP10), but also by-products
indicating that the conjugation of the galactose residues was not complete (BP7, BP9) were
observed. It was assumed that the terminal alkynes might be hydrated under the acidic
conditions during the Boc-group removal, resulting in the ketone BP7. Additionally, some
other by-products were observed that could not be identified. In conclusion, the first
synthetic pathway as described for C1b appeared to be the more promising approach for

future synthesis.
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Figure 14: (A) HPLC chromatogram of compound C2b (95/5 to 5/95 vol.-% H,O/MeCN +
0,1 % formic acid in 30 min) and coupled mass spectra at tg=11.3 min, (B) structure
proposal of by-products BP6-BP10.

In addition to the biotinylated glycocalix[4]arene structures, a non-carbohydrate containing
calix[4]arene structure C8b, was synthesized as a reference structure. Diethylene glycol
was chosen as a motif to compare with carbohydrate residues, as it still allows for
engagement with the protein surface by hydrogen bonding, but in contrast, no specific
interactions were presumed. Advantageously, azide-functionalized derivatives with
different glycol units were commercially available and the required water solubility was still
guaranteed upon conjugation to the scaffold via CUAAC. In this case, due to the hydroxyl
functionalities of the diethylene glycol azide, the second pathway (analog to C2b) appeared
to be the more promising approach, as side reactions during Boc-group removal are more
likely to occur.?** Again, the identified by-products in the HPLC chromatogram were
explained by deletion sequences due to incomplete coupling steps and incomplete
conjugation of the diethylene glycol motif (see Figure 15A and B). However, no by-products
that indicated side reactions of the alcohol groups were found. It is worth noting that the
HPLC analysis for this compound was performed without formic acid as an additive to the
eluent system. Otherwise, additional by-products formed most likely during analysis were

observed.
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Figure 15: (A) HPLC chromatogram of compound C8b (95/5 to 5/95 vol.-% H.O/MeCN in
17 min) and coupled mass spectra at tz=8.4 min, (B) structure proposal of by-products
BP11-BP14.

To further analyze the successfully synthesized biotinylated products, 'H-NMR
spectroscopy was applied. For example, the spectra of C1b and C8b are shown in Figure
16. In the following, typical resonances evidencing the successful synthesis of the desired
structures are highlighted. The characteristic signals of the scaffold were found for both
structures. Signals from the triazole and aryl protons were observed at 7.8 and 6.8 ppm,
respectively. Further, resonance caused by the calix[4]arene building block was found at
4.5, 3.1 ppm (methylene bridges 16) and in the aliphatic ppm range, where the occurring
signals were assigned to the propyl and the hexyl chains (10, 11, 12, 13, 15). All signals
assigned to the biotin motif are highlighted in blue. The biotin linker caused resonance in
the area at 2.2 ppm (7) and from 1.3 to 1.7 ppm (4, 5, 6). Other signals evidencing the
successful biotin coupling were observed at 2.7 (2’) and 2.9 (2) ppm as well as signals at 3.1
ppm (3), 4.5 (1), and 4.3 ppm (1°). Protons related to the ethylene linkers (27 and 28,
highlighted in red) overlapped either with the HDO peak (4.-4.71 ppm) or the typical
resonances from EDS and TDS building blocks (18, 19, 20, 21, 22). Further resonances
related to the diethylene glycol motif of C8b (29 and 30, highlighted in red) also overlapped
in this ppm area. Additionally, resonances from the mannose residues of C1b were

observed here. In accordance with the typical resonance caused by the mannose anomeric
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position, the signals were found at 4.7 ppm. Further resonances from 4.04t0 4.11 ppm and
3.07 to 3.18 ppm were assigned to the mannose residues. The spectra are in accordance
with the spectra of previous comparable structures like C1 and confirm the successful
synthesis of the biotinylated structures C1b, C2b (see Figure 33, appendix), and C8b.
Furthermore, the MALDI-TOF-MS was applied and supported the successful synthesis of

the desired biotinylated compounds (see Figure 32, Figure 34, and Figure 36, appendix).

».;‘.';
Nen
NN
o
NH
Oy N
1NH
VY g
N=n
. N, o
XNy o T om
5w
\_\~l °
ot M S
o
Om Q
= AN
Q
N‘.N_N\:..;:_: NH o

O
‘\—NH ° HN—/_
2 00 o 17, 18
o M
NHOHN HN N 17
AN 2

0 NH;
3

o > =
7 H |8 11 (016,416,
5 &g H 10 12 14 14 14714
HN Y1 2 ] 1
J—NH 1B
15 moa

5

MeOH-d3 HDO MeOH-d3
= A
C1b
:::i::: = mannose 8, 8,14, 18,
27 19, 20, 21,
0.0
HO,\Q\ \Zﬁ CHrnannosc Ciz’za'
HO\“ OH mannose
OH 3, CH annoses 18oquatorial
Triazole-H 17,25
24,26
Aryl-H 13
M_ 4,5,6,11,12
8,8, 14,18, 19, MeOH-d3
20,21,22, 28,29, il
C8b 30 | |
X = diethylene glycol
30 27
0
o™ 0w o
3, 16cquatorial |/’
Triazole-H MeOH-d3 24,26
- 13
'X}IL 4,5,8,11,12
75 70 65 60 55 5.0 45 40 35 30 25 20 15 10

f1 (ppm)

Figure 16: '"H-NMR (600 MHz, MeOH-d4 and D,0O) of compound C1b and C8b.
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As further reference structures, the linear analogs L1 and L2 were successfully synthesized
to assess possible effects of the hydrophobic calix[4]arene scaffold on the interaction with
the protein. As the synthesis was performed using the well-established SPPoS protocol, this
will not be further discussed here.?'® The compounds were obtained in rel. purity of around
90 % determined by HPLC-MS, respectively. L1 and L2 were additionally characterized using
"H-NMR (see Figure 37 and Figure 41, appendix) and MALDI-TOF-MS analytics (see Figure
40 and Figure 44, appendix).

3.2.2 Binding Studies with NGLY1

For initial qualitative evidence of binding between the synthesized ligands and NGLY1, a
qualitative pull-down assay was performed using a streptavidin-agarose resin to immobilize
the biotin-labeled ligands C1b, C2b, C8b, L1, and L2 (braid molecules). The derivatives C2b
and C8b, which do not exhibit mannosyl residues, were used as negative controls. The
assay was performed according to the following procedure depicted in Figure 17A. First, the
sample (C1b/C2b/C8b/L1/L2, 10 mM) was incubated with human NGLY1 (0.91 mg/ml) for
one hour at 37 °C (Figure 17A, step 1). Then 100 pL of an agarose-streptavidin resin was
added and incubated overnight (Figure 17A, step 2). Due to the strong biotin-streptavidin
interaction, the biotin-functionalized ligand, potentially bound to NGLY1, is immobilized on
the resin. This is followed by three washing steps with a buffer to remove any excess of
NGLY1 protein that may have bound unspecifically to the streptavidin resin (Figure 17A, step
3). The immobilized ligand-protein complex was then eluted and analyzed by SDS-PAGE
(Figure 17A, steps 4 and 5). The gel was stained with Coomassie and washed with MQ water
overnight. If NGLY1 is successfully bound to the tested ligand (C1b/C2b/C8b/L1/L2), a band
corresponding to the mass of NGLY1 (~ 74 kDa) should be observed on the gel. The obtained
gel is shown in Figure 17B. The first lane shows an additional control experiment in which
the assay was performed without the addition of any ligand (zero-sample control). As a
weak band corresponding to the molecular weight of NGLY1 can be observed, it was
assumed that some unspecific interactions between the NGLY1 and the agarose-
streptavidin matrix occurred. This might be avoided by using harsher washing conditions
like PBST (PBS + tween). However, a very pronounced band corresponding to the molecular
weight of NGLY1 was detected on the gel for the sample incubated with C1b (Figure 17B,
lane 2). This is in line with the expectations since C1b was assumed to be the best binder
to NGYL1. Interestingly, a high intensity band was also found in lane five, where the non-
glycosyl calix[4]arene derivative C8b was used as a braid molecule and therefore no binding
to NGLY1 was expected. For the linear ligands L1 and L2, as well as the galactosyl-

calix[4]arene derivative C2b, only low intensity bands were observed, which are
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presumably accounted for by unspecific interactions (Figure 17B, lanes 3,4, and 6).
Nevertheless, it must also be considered that for this assay design, it cannot be guaranteed
that the exact same amount of streptavidin-agarose resin was transferred to each sample,

and the experiment can only be evaluated qualitatively.
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Figure 17: (A) Working steps pull-down assay (B) SDS PAGE gel stained with Coomassie
and loading of the wells. Color and contrast of the gel were adjusted using the ImageJ
program.

To enable a more accurate and quantitative examination of the ligand-enzyme interaction,
an assay design inspired by Enzyme-linked Immunosorbent Assays (ELISA) was developed
(see Figure 18A). Therefore, the first step was to immobilize the protein of interest to a
suitable surface, such as polystyrene plates, since it is known that proteins can adsorb to
polystyrene surfaces due to hydrophobic interactions.?*® As NGLY1 was not available in
large amounts, the assay conditions were assessed using Concanavalin A as a mannose-
binding model protein, which can be commercially purchased. Initial tests revealed that the
most uniform protein coating was achieved when Con A (1 mg/mlin LB buffer) was shaken
vigorously overnight at 37 °C. Followed by an intense washing procedure with PBST (5 times)
and subsequent blocking with a 1 w.-% Bovine Serum Albumin (BSA) solution to prevent

unspecific interactions of the protein with the surface. Additionally, it has been observed
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that unspecific hydrophilic interactions between proteins might occur and interfere with the
evaluation of the relevant specific interactions. One common way to disrupt these
interactions is to treat the protein-coated surface with a carbohydrate solution that does
not show any specific interactions with the proteins of interest. A galactose solution (0.1
w. %) was therefore added to the BSA blocking solution. Followed again by a vigorous
washing procedure. The ligands (C1b/C2b/L1) were added in serial dilution to the freshly
prepared surface in a concentration range from 10 mM to 0.01 pm in lectin binding (LB)
buffer, and the plate was shaken for 1 hour at 37 °C. Afterward, the surface was washed
again and treated with Horseradish Peroxidase-Streptavidin conjugate (HRP, 125 uL/L, in
PBS) for 1 h at room temperature and subsequently treated with a 3,3’,5,5-
tetramethylbenzidine (TMB) based substrate solution. HRP is a commonly used enzyme for
ELISA applications that gives access to a colorimetric readout when treated with an
appropriate substrate like TMB. Upon oxidation TMB becomes a blue dye with an
absorbance maximum at 370 nm. As this allows for no proper endpoint determination,
concentrated sulfuric acid can be used as afixation solution, turning the mixture yellow with
an absorbance maximum at 450 nm.?*® Hence, the formation of the dye can be used for the
determination of the concentration of biotinylated substance by UV/Vis measurement.
Figure 18B shows the results of the ELISA-like adhesion assay conducted with Con A-
coated microtiter plates. A significantenhancementin absorbance at 450 nm was observed
for ligand L1 with increasing concentration. For the calix[4]arene ligand C1b, an increasein
absorbance was observed, even though to a lower extent. On the other hand, for the
negative control C2b, there was no clear concentration-related trend to observe. The values
were in a similar range compared to the zero-sample control experiment. The results clearly
indicated the successful performance of a concentration-dependent adhesion assay with
Con A as the protein of interest. With this suitable assay protocol in hand, it was then
proceeded to study the ligands for the binding to NGLY1. The assay was performed
according to the procedure described above. Since there were no large amounts of high
concentrated stock available, an initial coating attempt was performed with a
concentration of 0.35 mg/mL instead of the intended 1 mg/mL NGYL1 buffer solution.
However, this attempt did not deliver any reasonable absorbance values for any of the
tested ligands. In more detail, for all samples, including the zero-sample control, very
similar values were obtained. In previous attempts, when BSA coating was tested as a
negative control, HRP appeared to have a high unspecific binding towards BSA, leading to
surprisingly high absorbance values for all samples. Therefore, it was reasoned that an

insufficient coating with NGLY1, resulting in high amounts of BSA on the surface of the well
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plate, might account for the unexpected results. As a consequence, the coating was
repeated using a higher concentration of NGLY1 (0.91 mg/mL). In this attempt, the plate
surface seemed to be more efficiently coated as the absorbance values obtained for the
zero-sample were notably lower compared to all other samples. However, no clear trend
within the tested samples (L1/C1b/C2b) was noticeable. Considering the findings of both
the pull-down assay and the ELISA-like adhesion assay, there was no clear evidence that
the mannosyl ligands (L1/L2/C1b) bind specifically to NGLY1. Accordingly, it was not
confirmed that the ligands bind at the targeted C-terminal domain of the enzyme, as

anticipated, but rather bind randomly to the protein surface.
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Figure 18: (A) Schematic depiction to illustrate the assay design of ELISA-like adhesion
study, (B) absorbance (450 nm) values obtained in ELISA-like adhesion study for C1b, L1,
C2b with a Con A-coated surface.

Nevertheless, a further experiment was performed in order to examine whether the enzyme
activity was affected by the interactions with the ligands. Recently, the investigation of
potential glycosidase regulators and inhibitors has been of high interest for therapeutic
applications.”® Also, for human NGLY1, the Bertozzi group was first to study chemical
ligands as NGLY1 inhibitors targeting different severe diseases such as cancer.®* To test the
synthesized ligands, a gel shift assay was performed. Ribonuclease B (RNase B), a high-
mannose-type N-linked glycoprotein and known substrate for eukaryotic PNGase was
investigated using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE).
Treatment with an active de-glycosylating enzyme truncates RNase B, resulting in a band
shift to lower molecular weights on the SDS-PAGE gel. On the other hand, in case of a
reduced or even inhibited enzyme activity due to the addition of a potent inhibitor, the band

of lower molecular weight is not observed on the gel. Prior tests with NGLY1 showed no
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activity of the available NGLY1 stock towards RNase B as substrate. Therefore, the assay
was performed with peptide-N-glycosidase F (PNGase F) and endoglycosidase H (Endo H).
PNGase F is a bacterial glycanase that, similar to NGLY1, acts as an amidase, cleaving the
glycosidic bond between the innermost GIcNAc and the asparagine side chain but is less
specific regarding the carbohydrate structure. High-mannose, hybrid-, as well as complex-
oligosaccharides can be cleaved.?” ?*® In contrast to PNGase F and NGLY1, Endo H
catalyzes the hydrolysis of the glycosidic bond between the GlcNAc residues proximal to
the asparagine side chain, leading to a truncated glycoprotein with one GlcNAc residue left.
Endo H processes high-mannose oligosaccharides but not highly complex or hybrid
types.?*® Additionally, PNGase F and Endo H are less sensitive to protein conformation
compared to NGLY1. Gel shift assay kits were commercially purchased for both PNGase F
and Endo H. For both enzymes, the ligands C1b/L1/L2/C2b/C8b were tested as potential
enzyme inhibitors. To do so, the ligands were incubated with the enzyme for 30 minutes at
37 °C at different concentrations. Subsequently, freshly denaturized glycoprotein RNase B
was added, and the mixture was incubated for another hour at 37 °C. To assess the
enzymatic activity of the applied enzymes, a SDS-PAGE was performed. The gels obtained
after Coomassie staining are shown in Figure 19A for Endo H and 19B for PNGase F. The
results of the SDS-PAGE show that RNase B was successfully cleaved upon addition of both
enzymes (see Figure 19A lane 1 and 19B lane 11) as evidenced by the enhanced formation
of a band at lower molecular weight compared to the non-truncated RNase B (17 kDa) (see
Figure 10A lane 2 and Figure 10B lane 12). However, it was also observed that none of the
added ligand acted as an enzyme inhibitor for either Endo H nor PNGase F, as the intensity
of the band that can be assigned to the truncated glycoprotein has not changed noticeably
(see Figure 19A lane 3-8 and 11-19 and Figure 19B lane 1-10). Allin all, it was observed that
the tested ligands showed a certain interaction with NGLY1, but the results of the
conducted studies did not suggest that a specific binding was dominant here. From this, it
was concluded that the presentation of single mannose residues on a multivalent scaffold
might not be a sufficient binding motif, but that oligosaccharides are required. Also, an
effect of the enzymatic activities of the related enzymes PNGase F and Endo H could not be
observed. For these reasons, the project was not pursued any further. Despite this, it could
be demonstrated that the established synthetic pathway is suitable for the preparation of
biotinylated glycocalix[4]arenes, which were successfully employed in binding studies with

the carbohydrate-binding protein Con A.
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Figure 19: SDS PAGE gel (stained with Coomassie) and loading of the wells. Color and
contrast of the gel were adjusted using the ImageJ software.
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3.3 Bispecific Glycocalix[4]arene Dimers for Simultaneous Receptor Binding

In the previous chapters, it was successfully demonstrated that the established protocol
gives access to a wide range of different glycocalix[4]arene derivatives. Encouraged by
these promising results, the next step was to combine two calix[4]arene derivatives to
obtain dimeric compounds. This approach allows not only higher molecular weight
structures and higher carbohydrate valency, but also the preparation of two-sided
heteromultivalent calix[4]arene compounds. In the last decades, the principle of
heteromultivalency gained great interest in the field of glycomimetics, as it was shown by
numerous working groups that high binding avidities were obtained for different lectins such
as FimH from E. coli (see also chapter 3.1) or plant lectin Con A due to the so-called hetero
glycocluster effect.?'® 2% 2 |n contrast to these studies, in this work, the focus lay on the
synthesis of two-sided heteromultivalent and bispecific glycocalix[4]arene dimers, which
could also be considered as Janus calix[4]arene, for the simultaneous binding to different
receptors (e.g., lectins). Recently, interest in biochemical research has been aroused by
these kinds of bispecific ligands, as they have been shown to be useful for different
applications. For instance, glycoconjugates for the binding to the bacterial lectins LecA and
LecB from Pseudomonas aeruginosa as potential antiadhesive therapeutics have been
reported.?®”-2°22% Fyrthermore, another attractive topic of high interest are ligands with the
ability to target lectins from different pathogens to give access to multiple (pathogen)
detection devices. Beyond applications for pathogen binding, in recent years, bispecific or
janus-like (glyco-)ligands have also been intensively studied as mediators for the cellular
uptake of different materials.?®*® For instance, a current research topic in this field are the
so-called lysosome-targeting chimeras (LYTACs), first developed by Banik et al.*** In
contrast to the already established concept of proteolysis-targeting chimeras (PROTACs),
this approach enables the targeted protein degradation of extracellular, therapeutic targets,
such as growth factors, on the lysosomal pathway.?*® On the molecular level, LYTACs are
heterobifunctional compounds that are capable of simultaneously binding lysosome-
trafficking membrane receptors on the one side and a protein of interest, which is aimed to
be destructed, on the other. For this purpose, different LYTAC designs have been
demonstrated to successfully mediate endocytosis following lysosomal degradation of the
targeted protein. For instance, some recent studies were able to target the liver-specific
asialoglycoprotein receptor (ASPGR) with trivalent GalNAc-LYTACs and proved the
successful degradation of several targets.?*%°® Another example of dual specificity ligands
has been demonstrated by the group of Garcia Fernandez, investigating glycoligands that

are capable of binding both lectins, like the MMR membrane lectin, and glycosidases. This
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approach can be interesting for the development of self-deliverable glycosidase
regulators.?® 238 241289 The examples described show the great utility as well as variety of
Janus-Llike (glyo-)ligands in the field of biochemistry and biotechnology. The development of
the established synthetic approach for the straightforward preparation of a diverse range of
Janus-calix[4]arene derivatives appeared to be an attractive prospect. Within the scope of
this work, the focus lay on the synthesis of hetero- and homomultivalent glycocalix[4]arene
dimers and subsequent binding studies to the model plant lectins Con A and PNA as a proof
of concept. The synthesis approach, as well as the results from the binding studies, are

presented in the following chapters.

3.3.1 Synthesis of Calix[4]arene Dimers Using a Split and Combine Approach.

For the preparation of the calix[4]arene dimers, a straightforward synthesis based on the
already established SPPoS was developed. It was reasoned that CUAAC is suitable for the
assembly of two calix[4]arene derivatives to dimers, as this click reaction proved to be very
efficient in previous studies. To do so, two corresponding glycocalix[4]arene derivatives
equipped with an alkyne or azide functionality were envisaged. The reaction scheme of the
applied split-split-combine approach is presented in Figure 20. In the first splitting step, a-
D-mannose and B-D-galactose were introduced (see Figure 20, |) split). These carbohydrate
residues were chosen as they allow the specific binding to Con Aand PNA, respectively. The
second split allowed the introduction of either an azide or alkyne functionality to the lower
rim of the calix[4]arene (see Figure 20, Il) split). In chapter 3.1, the synthetic details to
prepare alkyne-bearing glyco-calix[4]arenes (C4 and C5, in this chapter referred to as C9
and C11) were already described. In an analogous fashion, the azide functionalized glyco-
calix[4]arene C10 and C12 were obtained. As an azide component, 4-azido-benzoic acid
was used, as it has already been established within the working group for the
implementation of an azide functionality to the building block library.?®® Importantly, for
small organic azide compounds, a certain ratio of carbon to nitrogen within the molecule
must be given to prevent the compound from being explosive. By implementing these two
splitting steps, the four anticipated derivatives can be accomplished using the established
solid phase synthesis protocol starting from one resin batch. After the successful assembly
of the calix[4]arene monomers C9-C12 and the subsequent cleavage from the solid support
the desired products were analyzed using RP-HPLC-MS (see Figure 46, Figure 50, Figure 54,
Figure 58, appendix), MALDI-TOF-MS ( see Figure 48, Figure 52, Figure 56, Figure 60,
appendix) and 'H-NMR spectroscopy (see Figure 45, Figure 49, Figure 53, Figure 57,

appendix). Apart from an anion exchange, the crude products were employed without any
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further purification. In the following step, the calix[4]arene monomers can be combined in

different ways, giving access to the homomultivalent mannose- and galactose dimers

(C13d and C15d) as well as the heteromultivalent dimer C14d.
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Figure 20: Schematic depiction of a split-split-combine approach towards homo- and
heteromultivalent glycocalix[4]arene dimers. The structural definition of the schematically
depicted building blocks and carbohydrates, as shown in Figure 12, applies.

The reaction conditions for the final CuAAC reaction (see Figure 20, lll combine) were
investigated in detail in collaboration with Cleo Macke as part of her bachelor’s thesis

conducted in the Hartmann working group. Initial studies were performed by means of the
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heteromultivalent dimer C14d. A synthetic approach adapted from the established click
protocol using copper(ll) sulfate and sodium ascorbate was tested for use in solution.??
Since all the reactants are readily water-soluble, water was chosen as the reaction solvent.
The corresponding monomers C9 (14 pmol) and C12 (14 pumol) were first dissolved in
equimolar amounts in water, and the mixture was flushed with nitrogen. Subsequently,
sodium ascorbate (50 mol-%, 7 umolin 0.1 mL MQ water) followed by Cu(ll) sulfate (50 mol-
%, 7 pmol in 0.1 mL MQ water) were added under nitrogen atmosphere. It was found that
the repeated addition of fresh Cu(ll) sulfate and sodium ascorbate in three overall portions
of 50 mol-% each resulted in higher conversions compared to the addition of a higher
equivalent of Cu(ll) sulfate and sodium ascorbate directly from the start. This might be due
to oxidation processes hampering the formation of the catalytic Cu(l) species. The best
results were achieved when the reaction mixture was stirred for 48 h at 35 °C under nitrogen
atmosphere. Before HPLC-MS analysis could be performed, excess copper ions had to be
removed from the crude product. Initial attempts to remove the excess copper salts by spin
filtration or dialysis were not successful. Surprisingly, after chromatographic purification,
the copper salts were not completely removed from the product. The occurrence of excess
copper salt was tested by the addition of a 23 mM diethyldithiocarbamate solution, as in
the presence of copper ions the solution forms a visibly brown complex. Therefore, to
remove excess copper, the diethyldithiocarbamate solution prior to preparative purification
was added to the crude reaction mixture to form the copper complex, which can be
precipitated upon addition of acetonitrile to the mixture, followed by centrifugation. This
procedure was repeated until no further brown coloration upon addition of

diethyldithiocarbamate was observed.

The subsequent HPLC-MS analysis performed is shown in Figure 21 and confirmed the
successful synthesis of the desired heteromultivalent dimer C14d. The target product was
detected at a tg 0f 14.07 min, which was verified by mass spectrometry. Nevertheless, some
remaining starting material at a tg of 13.67 min and 14.34 min was also observed. Following
experiments showed that this could not be prevented by longer reaction times or increasing

equivalents of copper(ll) sulfate and sodium ascorbate.
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Figure 21: HPLC chromatogram of compound C14d (95/5 to 5/95 vol.-% H.O/MeCN + 0,1
% formic acid in 30 min) and coupled mass spectra at tg= 14.07 min.

As a last step, the copper-free product was purified by preparative HPLC using a linear
gradient from 30 to 50 vol.-% acetonitrile (MeCN) to water with 0.1 % formic acid in 15 min.
After lyophilization, C14d was obtained in a rel. purity of =2 95 % as determined by RP-HPLC
and in ayield of 20 %. The homomultivalent dimers C13d and C15d were prepared under
analogous reaction pathways. Yield and purity of the homomultivalent dimers were similar

compared to C14d (see experimental part).

The final compounds were analyzed using '"H-NMR spectroscopy, HPLC-MS, and MALDI-
TOF-MS. As an example, the analytical data of C14d are discussed in the following. An
excerpt of the "H-NMR analysis of C14d in comparison with the educts C9 and C12is shown
in Figure 22. The characteristic signals indicating the successful copper-catalyzed click
reaction resulting in the dimer C14d are highlighted. The signals assigned to the pentynoic
acid residues 6, 7, and 8 were found at around 2.45 ppm in the spectra of C9. In contrast,
for C14d, the signals of the ethyl linker protons 6 and 7 were found shifted to the lower field
ataround 3.0 and 2.5 ppm. The alkyne proton was no longer evident in the product spectra.
However, a signal that was assigned to the newly formed triazole proton 8 was found at 7.6
ppm, confirming the successful copper click reaction. Moreover, protons 5 of the 4-azido
benzoic acid residues found at around 4.4 ppm in the C12 spectra were observed
significantly shifted to the lower field at 5.4 ppm. Additionally, all expected signals assigned
to the aromatic protons 1-4 were identified in the product spectra, further validating the
synthesis of the desired dimer product C14d. In the MALDI-TOF-MS spectra, a mass to

charge ratio (m/z) of 4517.1 was found, which was ascribed to the sodium salt of the
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product (see Figure 68, appendix). Additionally, the HPLC chromatogram supported the
sufficient purification of the product, as the initial peaks of starting material were not
observed any longer. The corresponding ESI-MS showed m/z ratios of 899.5, 1124.2, and
1498.2 at a retention time of 13.75 min (see Figure 67, appendix). These were assigned to
[M+H]*, [M+H]* and [M+H]* respectively. Also, the analytical data obtained for C13d and
C15d were in agreement and validated the successful synthesis of the homomultivalent

dimers (see experimental part and appendix).
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Figure 22: "H-NMR (300 and 600 MHz,MeOH-d4 and D,0) of compound C9, C12 and C14d.

3.3.2 Binding Studies with the Model Lectins Con A and PNA

After the successful synthesis, it was of particular interest to examine the two-sided
heteromultivalent derivative C14d for simultaneously binding to two lectins with different
binding specificities. For this purpose, the well-known legume lectins Con A and Peanut
agglutinin (PNA) were chosen. In a previous binding study described in chapter 3.2, it was
already demonstrated that the mannose-functionalized calix[4]arene derivative C1b binds
to Con A, whereas the analogous galactose-functionalized derivative C2b does not show
binding at this concentration range. These observations are in good agreement with
numerous studies investigating Con A as a model lectin.'® ' 234 |n contrast, PNA is, in
general, known to bind terminal galactosyl residues but has no specificity towards

mannose.?®* %' Crystallographic studies revealed PNA to consist of four identical
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monomers with one carbohydrate binding site each.?? Several studies have assessed the
binding affinity and clustering efficiency of galactose-functionalized multivalent ligands
with PNA, probing the clustering effect.?®® 2¢* However, so far, no approach is known that

investigates the binding behavior of a bispecific compound to both lectins simultaneously.

Turbidity Assay

To do so, aconcentration-dependent turbidity assay as described earlier by Gerke et al. was
performed.?** Upon multimeric interaction of a specific lectin with the synthesized glyo-
ligands in solution, clustering can occur, which results in the turbidity of the solution and
precipitation of the ligand-lectin complex. By measuring the turbidity of the lectin-ligand
solution, the efficiency of the complex formation can be determined. For this purpose, 1 ml
of either a Con A or PNA, as well as a solution containing both PNA and Con A in LB buffer,
was prepared and transferred to a quartz cuvette. For all solutions, the lectin working
concentration was kept constant at 5 uM for Con A and 10 uM for PNA, as initial test
suggested these concentrations to be most suitable (data of initial test not shown). Then 2
pL of a ligand stock solution in LB buffer (250 - 500 pM) was titrated to the lectin solution
and mixed vigorously. After 20 min, the transmittance at 420 nm was measured.
Subsequently, the procedure was repeated as many times as no further decrease in
transmittance or a maximum ligand concentration of 10 pM was reached. The curves

obtained for the turbidity measurements are shown in Figure 23.
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Figure 23: Transmittance values obtained from concentration-dependent turbidity assay
titrating C13d/C14d/C15d into Con A (circle), PNA (star), or a mixed (triangle) solution. For
negative controls, see appendix Figure 94.
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For the heteromultivalent structure C14d (blue curves, Figure 23), a significant difference
in clustering efficiency was observed when the ligand was added to a mixture of Con A and
PNA lectinin comparison to when added to either Con A or PNA in separate solutions. When
comparing the obtained transmittance curves, it became evident not only in the reached
lower transmittance endpoint, but also in the more rapid transmittance decline that a
simultaneous binding of both lectins to C14d, as expected for the bispecific ligand,
occurred. For the addition of C14d to Con Aonly, anincrease in turbidity was also observed,
but to a reduced extent, indicating that fewer clusters were formed, since only one side of
the bispecific ligand contributes to the lectin binding. In contrast, when the ligand was
added to the PNA solution up to 10 pM, no turbidity was observed. This might be accounted
for by the lower binding affinity of PNA to B-galactopyranosides compared to the affinity of
Con Ato a-mannopyranosides. Forinstance, the binding constant Kobtained for the binding
of monovalent a-methyl-mannopyranoside to Con A determined by Isothermal Titration
Calorimetry (ITC) were around 1.5 to 2 times higher compared to binding constants
obtained for the binding of a monovalent B-galactopyranoside with a methacrylate aglycon
to PNA.™* 264267 \When C14b was titrated in higher concentrations some clustering of PNA
was detected from approximately 45 uM (for data see appendix Figure 93). This resultis in
agreement with a previous turbidity study performed in the Gouin group that found an
increase in absorbance at 490 nm at a concentration of 125 uM for different multivalent

galactosyl ligands.?®

For the homomultivalent mannose structure C13d (red curves, Figure 23), the results
obtained also indicated a two-sided binding of Con A to the ligand, as demonstrated by the
significant decrease in transmittance after titration into a solution containing Con A (Con A
or Con A+PNA). Compared to the heteromultivalent structure, C14d transmittance
endpointsin a similar range were reached. Importantly, it was shown by this experiment that
the additional presence of non-specific PNA lectin appeared to have no significant effect
on the clustering efficiency. Additionally, it should be mentioned that for the
homomultivalent compounds, different binding modes are possible. In contrast to the
heteromultivalent compound, the homomultivalent compound might also undergo a
chelation binding mode in addition to the clustering. However, further investigation of the
underlying binding modes is not in the scope of the studies conducted. For the
homomultivalent galactosyl compounds C15d (green curve, Figure 23) in PNA, a slight
turbidity was observed, supporting the assumption that, also for PNA, the clustering

efficiency increases for the dimeric compound in contrast to C14d.

86



Results and Discussion

The negative controls (C15d in Con A solution and C13d in PNA solution, see appendix
Figure 94) didn’t show any turbidity. Taking the results together, the turbidity experiment
clearly confirmed that the simultaneous binding of Con A and PNA to the two-sided

bispecific ligand, as well as a two-sided binding for the homomultivalent ligands.

Precipitation Assay

To further confirm and quantify these results, a precipitation assay adapted from the
literature was performed next.?** According to the common protocol, the lectin-ligand
solution was stored overnight at room temperature, and the precipitate formed was
removed from the supernatant after centrifugation. Next, after washing with buffer, the
pellet was re-dissolved with an appropriate ligand such as methyl a-D-mannopyranoside
(for Con A clusters) allowing to determine the protein concentration by UV/Vis absorbance
at 280 nm.?* 2** |n this study the stock solutions of the homomultivalent calix[4]arene
dimers C13b and C15b as well as the heteromultivalent dimer C14b (500 uM solution in
PBS + CaCl,) were prepared and 10 pL were added to either a PNA (10 uM in PBS + CaCly),
Con A (10 uMin PBS + CaCl,) or a solution containing both ligands to give a total volume of
1 ml. To dissolve the obtained Con A clusters, a 0.05 M methyl a-D-mannopyranoside was
used. Although mannopyranoside only binds specifically to the binding domains of Con A,
the samples containing Con A-PNA clusters were also completely dissolved after treatment
with the methyl a-D-mannopyranoside solution. Therefore, the protein solution and the
determined protein concentration were a mixture of both proteins. Further, it must be
considered that the employed calix[4] arene-based ligands do also absorb at a wavelength
of 280 nm due to their aromatic structure. Hence, another method than UV/Vis
spectroscopy needed to be applied to determine the protein concentration.

For this purpose, the bicinchoninic acid assay (BCA assay) was used. The detection is
based on the reduction of Cu(ll) to Cu(l) that binds to the protein and subsequently forms a
purple-colored complex with bicinchoninic acid, allowing a colorimetric readout between
540 and 570 nm that is proportional to the protein concentration.?®® The advantage of this
method compared to other colorimetric methods, such as Lowry or Bradford protein assay,
is that it is less sensitive to interference from other detergents and has a comparable low
dependency on the nature of the investigated protein, which is crucial to gain accurate
results for protein mixtures. The protein concentration can be determined from the
measured OD and further allows the calculation of the protein per ligand ratio.

The data obtained are shown in Table 1. For C14d in Con A solution, a protein to ligand ratio
of 1.38 = 0.08 was obtained, indicating that, on average, a mannose-functionalized

calix[4]arene binds more than one Con A molecule. This value is in agreement with previous
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findings generated in the working group of Prof. Hartmann for glycomacromolecules with
similar mannose valency.?® By adding C14d to a Con A + PNA solution, a higher
protein/ligand ratio of 1.6 * 0.04 was obtained, confirming the results of the turbidity
measurement. The findings clearly support the conclusion that C14d bound to both lectins,
Con A and PNA, simultaneously, even though the clustering efficiency to PNA appeared to
be lower compared to Con A. For the PNA-containing solution, no precipitation was
observed, which is also in accordance with the results found for the turbidity
measurements. For the homomultivalent mannose compound C13b, a higher
protein/ligand ratio of 1.88 = 0.08 was found, indicating that both calix[4] arene entities
contributed to the Con A clustering. This higher protein/ligand ratio for the homomultivalent
dimer C13b compared to the heteromultivalent compound C14b can again be explained by
the lower clustering efficiency of PNA compared to Con A. As expected, no significant
difference was observed whether the non-specific lectin PNA was present in the mixture or
not. For the homomultivalent galactosyl structure C15d, no precipitate was formed. In the
previous turbidity measurements, a slightly decreased turbidity was detected at this ligand
concentration. However, it is likely that the clustering was not sufficient for the formation of
a precipitation.

Table 1: Protein concentrations determined by BCA using Con A calibration curve and the
resulting protein/ligand ratio. All measurements were performed in triplicate and were blank

corrected. For the calibration curve, see appendix Figure 95. Negative controls are
highlighted in yellow. N.d. = not determinable.

c(protein) [uM]: c(protein)/c(ligand)

ligand ConA (10 ConA

HM) ConA PNA (10 pM) ConA PNA
(5 pM):

+PNA (10 (10pM)  (10pM) +PNA (10 M) (10uM)

pM) (10 pM)
C14d 8.0+£0.19 6.91+0.39 n.d. 1.6+0.04 1.38+0.08 n.d.
C13d 9.42 £ 0.41 9.45+0.28 n.d. 1.88+0.08 | 1.89*0.06 n.d.
C15d n.d. n.d. n.d. n.d n.d n.d.
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Precipitation Assay Il

In a further precipitation assay, it was aimed to assess the ratio of bound Con A to PNA
quantitatively. As mentioned earlier, it proved to be difficult to separate the precipitated
proteins by the addition of a methyl mannopyranoside solution. Therefore, another attempt
using methyl galactopyranoside (0.05 M) was tested to dissolve only the PNA clusters to
allow for a quantitative evaluation. However, this again proved to be challenging, and the
obtained data did not appear to be reliable (data not shown). Therefore, the precipitation
assay design was further enhanced to overcome this limitation. In Figure 24, a schematic
procedure of the precipitation assay |l is depicted. As the assessment of the protein pellet
was not useful, it was reasoned that the amount of ligand-bound Con A and PNA could be
determined via the amount of unbound lectin in the supernatant instead. As a first step, the
assay was performed as described above, with the precipitation allowed to form overnight
at room temperature (step 1, Figure 24). To ensure the protein concentration is high enough
to exceed the BCA method detection limit, the concentration of both proteins and ligand
was increased to 20 uM each and 10 uM, respectively. Next, the supernatant was removed
and submitted to a second precipitation experiment (steps 2 and 4, Figure 24). By the
second precipitation, the idea was to precipitate and thus to separate Con A from the
remaining solution. Therefore, the two-sided mannose functionalized ligand C13d (5pL
from 1mM stock in PBS + Ca?) was added to the supernatant to give a working
concentration of around 20 uM. Considering a ratio of 1.88 proteins per ligand for C13d
calculated in the first precipitation experiment (see Table 1), it can be assumed that all the
remaining Con Awill be clustered and precipitate overnight. The centrifugation and washing
steps were performed according to the protocol described previously (step 5, Figure 24).
The Con A pellet was again dissolved in 0.05 M methyl mannopyranoside solution (step 6,
Figure 34). This procedure gives access to determining both protein concentrations via BCA
method separately and finally allows for calculating the amount of bound Con A and PNAin
the initially formed precipitate. Table 2 summarizes the ligand concentrations determined
for the supernatant (highlighted with **/***) and the mixed lectin pellet (highlighted with *),
as well as the calculated concentrations of Con A and PNA bound by the bispecific ligand

C14d.
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Figure 24: Schematic depiction of the precipitation assay Il procedure for the
heteromultivalent dimer C14b. C13b acts as an affinity tag.

In the supernatant, a concentration of 6.90 + 0.2 uyM for Con A (***)and 17.50 £ 0.16 uM (**)
for PNA was detected. By subtracting these values from the starting concentrations (20 uM
each), the concentrations of the initial clustered lectins were determined. As expected, the
concentration of clustered Con A (13.10 = 0.37 uM) was higher than the clustered PNA
concentration (2.50 £ 0.02 uM), which is in agreement with the results of the previous
precipitation experiment. Further, the concentration of protein was set in relation to the
concentration of ligand, giving an average number of 1.31 = 0.04 Con A proteins and an
average number of 0.25 = 2.2 x 10°PNA proteins per ligand C14d. In summary, this led to a
total number of 1.56 = 0.06 (1.31 £ 0.04 Con A + 0.25 = 2.2 x 10 PNA) proteins bound per
ligand. In parallel, the mixed protein cluster (*) was assessed via BCA test. For the
assessment of the protein mixture, the Con A calibration curve was used. The BCA test for
the mixed protein cluster (*) resulted in a total number of 1.43 * 0.06 bound proteins (Con
A + PNA) per ligand C14d. This value is slightly lower compared to the calculated value for
the total number of bound protein (1.56 * 0.06). However, considering the systematic error
for the concentration determination by BCA method when having a protein mixture, the
obtained values are in a similar range, demonstrating the feasibility of the assay.
Additionally, when comparing the detected OD of the mixed pellet (ODss2 = 0.55) and the
cumulative OD values of the separately calculated proteins (ODsg; = 0.54), almost identical
values are obtained, supporting the reliability of the assay design (for measured OD values

and calculations see Table 7 and

Table 8, experimental part).
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To further validate the results, a control experiment using the homomultivalent dimer C13d
was performed. For the mannosyl dimer a PNA concentration 19.34 = 0.73 was detected in
the supernatant, confirming that nearly no PNA was clustered as expected for this ligand.
Additionally, the concentration of clustered Con A calculated from the supernatant (18.89
*+ 0.2) agreed with the protein concentration actually detected for the clustered protein
pellet (18.35 = 0.73). These findings clearly validated the accuracy of the precipitation
experiment. The quantitative evaluation confirmed the qualitative trends that have already
been observed for the previous assays. Taking all results together, it can clearly be
concluded that C14d is capable of binding the two lectins, Con A and PNA, simultaneously.
Further, the experiments showed that the clustering efficiency of PNA is significantly lower
compared to Con A for C14d.

Table 2: Protein concentration and protein/ligand ratio obtained for the precipitation assay
Il. All measurements were performed in triplicate and were blank corrected. (*): Mix of
proteins in precipitation: Concentration determined via BCA method using Con A
calibration curve; (**): PNA in supernatant: Concentration determined using PNA calibration
curve; (***): Con A in supernatant: Concentration determined via BCA method using Con A
calibration curve. For calibration curves, see appendix Figure 96 and Figure 97. The
concentration of clustered Con A and PNA in precipitate (highlighted in orange color) has

been calculated by subtracting the protein concentration determined in the supernatant
from the total protein concentration (20 uM each).

c(protein) [uM] c(protein)/c(ligand)
Ligand
In
[10 pM] In total In precipitate
supernatant
ConA 20 6.90£0.2"** | 13.10%0.37 1.31+0.04
PNA 20 17.50 £ 0.16** 2.50+0.02 0.25%+2.2x103
c14d
ConA+ 14.33
40 - 1.43 £ 0.06*
PNA 0.64*
ConA 20 1.11+£0.01 18.89+0.2 1.89+0.02
PNA 20 19.34+0.73 0.66 =0.02 0.07+2.5x103
C13d
ConA+ 18.35+
40 - 1.84 +0.07
PNA 0.73*
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Initial studies with other lectins

Due to the promising results obtained for the experiment with Con A/PNA, it was envisaged
to further expand the concept and to test the bi-specific ligand C14d also for other
mannose- and galactose-specific lectins. It was intended that the applied lectins ideally
have similar clustering efficiency. Therefore, some initial turbidity tests were performed
using Lens Culinaris Agglutinin (LCA) or Pisum Sativum Agglutinin (PSA). LCA and PSA are
both a-mannose-specific lectins from the legume family with one carbohydrate-recognition
domain per monomer. In contrast to Con A, LCA, and PSA consist of dimers at pH 7.4.
Additionally, titration calorimetry measurements revealed that the binding affinities of the
lectins differ significantly (Con A >> PSA > LCA).?®” This is in good agreement with the
observations made. For LCA, even at high concentrations, no visible turbidity was observed.
For PSA, turbidity was detected from a ligand concentration of 250 uM C14d in a 20 uM PSA
solution. The required ligand concentration was significantly higher compared to the ligand
concentrations used in previous turbidity and precipitation experiments with Con A.
Therefore, it was assumed that the PSA might be a sufficient alternative to Con A with a
clustering efficiency similar to PNA. Initial attempts based on visual inspection showed a
significant increase in turbidity when the heteromultivalent ligand C14d was added to a
solution containing PSA and PNA, then when the ligand was given separately to a PSA or
PNA solution, implying a simultaneous binding to both lectins. However, these initial tests
also illustrated that a high amount of ligand is needed for sufficient PSA/PNA clustering to
obtain reasonable results from turbidity or precipitation assays. A more detailed
examination was therefore refrained from. Nevertheless, these initial tests indicated that
the simultaneous bi-specific binding of C14d is also applicable to other lectins.
Encouraged by these results, future investigations with varying carbohydrate-recognizing

proteins appear promising.
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3.4 Calix[5]arene Building Block for the Synthesis of Pentameric Glycomimetics via SPPoS.
This study aimed to extend the methodology described to calix[5]arenes as higher
homologues of the calix[4]arenes, with five instead of four phenolic moieties.
Calix[5]arenes are not as widely applied as other higher homologs because the synthesis is
less readily available compared to the other derivatives."” However, in this thesis, the
interest lay particularly in the pentameric symmetry provided by the calix[5]arene building
block. First, a sufficient synthetic route to prepare an analog calix[5]arene building block for
SPPoS was investigated. In the second part of this study, a calix[5]arene derivative was
equipped with sialic acid moieties using the established SPPoS protocol. Sialic acid
includes a family of acidic nine-carbon carbohydrates that are abundantly expressed at the
cell surface and can typically be found as terminal carbohydrate epitopes of various
glycoconjugates. They play an important role in many biological processes, e.g., they act as
an initial contact point for the adhesion of many virus families, which is the first step of an
infectious entry of the viral genome." The counterparts on the virus side are sialic acid
recognizing lectins, which are often very specific regarding the structure and linkage of the
sialic acid. Haemagglutinin lectin from influenza A virus (HA), capsid protein 1 (VP1) of
human polyomavirus BK (BKPyV), or the fiber knob lectin of Adenoviridae can be given as
examples."” As is typically the case for carbohydrate-protein interactions, these also suffer
from rather low monovalent binding affinities, which is why multiple receptors of identical
binding sites are engaged. Many viral lectins are therefore composed of multiple

homomers, and the binding sites are assembled symmetrically.?*°

For the development of antiviral therapeutics, a promising approach is the inhibition of the
initial binding of the viral binding protein with the host cell surface. The idea is to engage
multiple binding sites with a tailored multivalent ligand via a chelating mechanism. In this
way, an increase in binding avidity on a large magnitude is aimed at. To do so, the
symmetrical axes of the target protein, as well as the linker length and flexibility, are
important features to be considered for rational ligand design. The first group to develop a
so-called starfish inhibitor was Kitov et al. for the pentameric Sigha-like toxins.®" The ligand
based on glucose as a scaffold showed to have an inhibitory activity in the subnanomolar
range and is the most potent inhibitor reported at that time for the Shiga-like toxins | and II.
Furthermore, this concept was applied to viral targets. For instance, Johansson et al.
showed that pentameric sialic acid-functionalized ligands, also based on a glucose core,
inhibit the infection of HCE cells by coxsackievirus and human adenovirus.?®® In other
studies, ligands with matching symmetry to the targeted binding sites based on aromatic

scaffolds (such as corannulene) or tertiary amines have been successfully applied to
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several viruses.?’%?”® Further, sialylated calix[4]arenes have been shown to act as inhibitors
for influenza virus A and BK virus, although showing only moderate to no glycocluster
effect.’™ Also within the Hartmann group, the binding of multivalent sialylated
oligoamido(amines) to different polyomaviruses such as trichodysplasia spinulosa-
associated virus (TSPyV), human JC virus (JCPyV), and BKPyV has already been

investigated.?6%274

In this work, the focus lay on the polyomavirus family (Polyomaviridae), which is less well
studied compared to other virus families. In general, polyomaviruses are non-enveloped
viruses, which are composed of single capsid proteins (VP1) that form exclusively
pentameric multimers (capsomers). The multimers themselves assemble in a stable

capsid enclosing the viral genome.?*?

It was therefore reasoned that the employment of a
pentameric calix[5]arene scaffold for the multivalent presentation of sialic acid residues
might be a promising approach for the development of potent polyomavirus inhibitors by
chelating several of the binding sites. In the next chapter, first the synthesis of an
appropriate calix[5] arene building block CBB2 is described, and subsequently its
application toward the synthesis of sequence-controlled sialylated calix[5]arene ligands on

solid support with varying linker length and valency is demonstrated.

3.4.1 Synthesis of the Building Block CBB2.

For the synthesis of a calix[5]arene building block CBB2, allowing the application in SPPoS
by using the methodology described in the previous chapters, a synthetic pathway in an
analogous fashion to the synthesis of the CBB1 was pursued. As a starting point, the
commercially available 4-tert-butylcalix[5]arene was chosen. As a first step, four of the five
possible phenolic hydroxyl groups were to be alkylated. For calix[4]arenes, the lower rim
alkylation has already been intensively studied, and some powerful synthetic procedures
to selectively obtain mono-, di-, and tri-alkylated derivatives have been reported. lwamoto
et al. demonstrated that the tri-n-propoxy calix[4]arene derivative can selectively be
obtained by treatment of tert-butyl-calix[4]arene in the cone conformation with an excess
of 30 eq. 1-iodopropane upon treatment with barium hydroxide as a base.?”® Furter, for the
use of other bases such as sodium hydroxide, cesium carbonate, or potassium carbonate,
interesting correlations in terms of the number of substituents and conformation have been
shown.?’”> 276 However, the procedure was not found to be transferable for the higher
homologs. Stewart et al. found in an elaborate investigation on the hydroxyl
functionalization of calix[5]arene that product mixtures of partially etherized tert-butyl

calix[5]arene were obtained for all tested reaction conditions. Best results were obtained
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when tert-butyl calix[5]arene was refluxed for several hours in acetonitrile with potassium
carbonate as a base and adapted equivalents of the alkylation agent, followed by

subsequent chromatographic separation."’

Therefore, in a first attempt to synthesize the tetra-propoxyl-hydroxyl-calix[5]arene, a
similar procedure was tested using 4 eq. of 1-iodopropane as an alkylation agent and
potassium carbonate as a base. The reaction mixture was refluxed for several hours in dried
acetonitrile. As areaction control, TLC was applied and indicated the formation of a product
mixture. Additionally, MALDI-TOF-MS confirmed the formation of a product mixture of di-,
tri-, tetra-, and penta-substituted n-propoxyl-calix[5]arene derivatives (see Figure 75,
appendix). Longer reaction times or the addition of more equivalents of 1-iodopropane did
not give any improvements but yielded a fully alkylated calix[5]arene derivative (see Figure
76, appendix). As the separation via chromatographic methods appeared to be challenging
and only small conversions were to be expected, an alternative synthetic pathway using a

protecting group strategy, as depicted in Figure 25, was investigated.
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Figure 25: Synthetic pathway to calix[5]arene building block CBB2.

The use of a benzyl protecting group had already been demonstrated to be efficient for the
selective protection of a calix[5]arene derivative. Based on a procedure from the literature,
compound CBB2-2 was synthesized with a yield of 99 %."” MALDI-TOF-MS and "H-NMR
analysis confirmed the successful synthesis of compound CBB2-2 (see Figure 77 and Figure
78, appendix). In the next step, the remaining hydroxyl groups at the lower rim were fully
alkylated. To do so, compound CBB2-2 was refluxed with potassium carbonate, and an
excess of 1-iodopropane (35 eq.) was added to the reaction mixture and continued to stir

under reflux. The crude product was then recrystallized in a chloroform/methanol mixture
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to give the desired product CBB2-3 in a yield of 80 %. MALDI-TOF-MS confirmed the
successful synthesis (see Figure 79, appendix). Interestingly, after full alkylation, the
broadening of the signals in '"H-NMR spectra was observed, evidencing the increase of
conformational mobility of the macrocycle on the "H-NMR scale, since hydrogen bonds at
the lower rim cannot be formed any longer. This finding is in good agreement with the
modeling and NMR studies conducted in the group of Gutsche.” In general, the
confirmational mobility of calix[n]arenes is an interplay of the ability to form hydrogen
bonds and sterical hindrance. For both tert-butyl-calix[4]- and -[5larene, the
interconversion of the upper rim through the annulus is hindered. But in contrast to
calix[4]arene, the ability of the lower rim to rotate through the annulus increases
significantly when the phenolic hydroxyl groups are propylated, as the sterical hindrance is
lower with the larger macrocycle. Only very bulky groups, such as benzyl, are able to prevent

the mobility of the calix[5]arene macrocycle.""’

Subsequently, the protecting group was removed by catalyzed hydration to give the desired
tetra-n-propoxyl-calix[5]arene CBB2-4, as confirmed by MALDI-TOF-MS (see Figure 80,
appendix), in ayield of 99 %. Also, in "H-NMR spectra, the disappearance of the benzyl group
signals supported this finding. Having compound CBB2-4 in hand, the attachment of the 6-
bromo hexanoate linker was performed analogously to the known protocol for CBB1, and
compound CBB2-5 was obtained in a yield of 89 % and characterized by MALDI-TOF-MS
(see Figure 81, appendix).?®? Next, the ipso-nitration was performed by treatment with
fuming nitric acid, giving compound CBB2-6 in a yield of 95 % (see Figure 82, appendix).>”’
In a last step, the desired building block CBB2 was obtained upon base-catalyzed
hydrolysis and acidic work-up according to literature in a yield of 64 %.%*? In total, CBB2 was

successfully synthesized and obtained in an overall yield of around 40 %.

The final product was characterized by using '"H-NMR, "*C-NMR, MALDI-TOF-MS, and HR-
ESI. NMR studies were performed at different temperatures in DMSO, as at ambient
temperature, the signals are still broad due to conformational mobility. Only at
temperatures of 75°C and higher, coalescence was observed. (In contrast, the calix[4]arene
building block CBB1 is fixed in one conformation). At 90 °C, all characteristic signals were
found inthe "H-NMR spectra (see Figure 26). At 11.6 pm, a singlet assigned to the carboxylic
acid proton was observed. The multiplet found at 8.2 to 8.0 ppm was attributed to the
aromatic protons of the phenols. Furthermore, in a range from 4.2 to 3.3 ppm, signals with
a total proton intensity of 20 protons were ascribed to the methyl bridges and the protons 6

of the alkyl residues. The triplet, found at 2.2 ppm, was assigned to protons 2. From 1.65 to
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1.50 ppm, further protons of the hexyl linker 3 and 4 were identified. Signals with an intensity
of 10 occurred from 1.4 to 1.1 ppm and were assighed to protons 5. Finally, protons 7 can
be found from 0.85 to 0.4 ppm. Also, in "*C-NMR (see Figure 85, appendix) conducted at 90
°C, all expected signals attributed to CCB2 were observed. At 173.5 ppm, the carboxylic
acid carbon was found. The signals at around 160, 142, 134, and 124 ppm were assigned to
carbons of the phenyl units. The resonances at 74.4 and 73.2 ppm confirmed the presence
of the propyl- and hexyl-residues (-O-CH2-). Further signals that were assigned to the hexyl-
linker were found at 28.8, 24.6, and 23.9 ppm. Signals caused by propyl-groups occurred at
around 21.9 and 9.0 ppm. Finally, the resonance at 33.2 ppm was accounted for by the

carbons of the bridging methyl groups.

Additionally, the successful synthesis was validated by mass spectrometry. In MALDI-TOF-
MS (see Figure 27), a m/z ratio of 1060.43, which is in agreement with the calculated m/z
value of the sodium salt, was detected. Further, HR-ESI-MS (see Figure 27) was performed,

and a m/z value of 1055.42 corresponding to the ammonia salt was found.
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Figure 26: '"H-NMR (600 MHz, MeOH-d4 and D,0) of CBB2 at 25 °C (red), 50 °C (green), 75
°C (turquoise), and 90 °C (lilac).
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Figure 27: MS spectra of CBB2; top: MALDI-TOF-MS and bottom: HR-ESI MS (positive
mode).

3.4.2. Synthesis of Sialic Acid Functionalized Calix[5]arene via SPPoS.

In the next step, the compatibility of CBB2 with the established SPPoS approach was tested.
A TentaGel S RAM® resin was used again in this study as solid support. In an initial small-
scale experiment, CBB2 was coupled to a spacer unit consisting of two EDS building blocks
using PyBOP and DIPEA as coupling reagents. 3 equivalents of CBB2 in DMF were
employed, and the mixture was shaken overnight. For reaction control, HPLC-MS, MALDI-
TOF-MS, and HR-ESI were used to confirm the sufficient coupling of CBB2. An exemplary
HPLC chromatogram with corresponding ESI-MS spectra is shown in Figure 28. In the
chromatogram, the main peak was found at tgof 15.25 min with corresponding m/z ratios of
1499.5 and 749.4 that correspond to the targeted compound. After the successful
implementation of CBB2 with solid support, the synthesis was reproduced in a larger batch
size. Further, analog reaction conditions (excess of tin chloride in NMP, for more details see
chapter 3.1) that were used for the reduction of CBB1 were sufficient to obtain full
conversion as verified by HPLC-MS and MALDI-TOF-MS (see Figure 86, and Figure 87,

appendix).
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Figure 28: RP-HPLC chromatogram of an initial test intermediate compound (EDS),-CBB2
(95/5 to 5/95 vol.-% H.O/MeCN + 0,1 % formic acid in 17 min) and coupled mass spectra
attg=15.25 min.

It was reported previously that not only the choice of scaffold and carbohydrate epitope,
but also the nature and length of the linker are of high importance to obtain the perfectly
matching ligand. It can be assumed that if the employed linker is too short, the ligand is not
capable of bridging several binding sites, and some steric clashes will occur. On the other
hand, if the linker is long, an entropic penalty can result.?® 4’ Therefore, in the next step, the
batch was aliquoted and sequences varying in length, as schematically depicted in Figure
29, were pursued. Additionally, the carbohydrate valency can be altered in this way, allowing
the synthesis of pentamers and decamers. Another interesting feature of the calix[5]arene
is the mobility of the scaffold. For instance, André et al. proved the flexible galactosyl- and
lactosyl-functionalized calix[6]arenes and calix[8]arenes to be the stronger inhibitors for an
AB-toxin compared to the fixed calix[4]arene derivatives.®® It can be reasoned that the
possibility of an induced fit to the target protein might be beneficial to reach several binding
sites. To probe this feature for the viral lectin, in addition to the flexible calix[5]arene ligands,
a conformationally fixed calix[4]arene ligand C16 was synthesized to act as a reference

structure.
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Figure 29: top: Schematic representation of sialic acid functionalized ligands C16-C19.
The structural definition of the schematically depicted building blocks applies as shown in
Figure 12. Bottom: depiction of polyomavirus capsomer (PDB ID: 6ZLZ) and VP1 pentamer

of Merkel cell virus (PDB ID: 4FMG).

The couplings of all building blocks to the upper rim were performed according to the
established protocolusing 5 eq. PyBOP and 10 eq. N-methyl morpholine per amine together
with 5eq. building block per amine in DMF for one hour. After all coupling steps,
microcleavages were performed, and the reaction performance was controlled using
HPLC-MS and MALDI-TOF-MS. However, it turned out that for some of the intermediate
structures, the established HPLC methods using water and acetonitrile as eluent system
and a C18-RP column were not suitable due to polarity. However, ESI-MS and MALDI-TOF-
MS (data not shown) could be used to verify reaction success. A detailed examination of the
MS spectra implies that smaller compounds like pentynoic acid, as well as building blocks
like EDS, can be successfully coupled onto the calix[5]arene scaffold. The main occurring
side-products resulted from incomplete couplings, as already experienced for the
calix[4]arene derivative. However, no indication of poorer coupling efficiency in comparison

to the calx[4]arene derivatives became evident.
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After the successful assembly of the desired sequence, the sialic acid epitopes were
conjugated. More in detail, 5-N-acetylneuraminic acid (Neu5Ac, see Figure 29), one of the
most common naturally occurring sialic acid derivatives, was chosen. The VP1 proteins of
polyomaviruses (such as MCPyV, BKPyV, and TSPyV) specifically recognize terminally a-
bound Neu5Ac. The synthesis of the methyl 2-azido-tetra-O-acetyl-N-acetyl-a-
neuraminate was performed within the Hartmann group by Lennart Hofer according to the
literature.?’® The azide functionality allows for effective conjugation via CUAAC, as already
demonstrated for mannosyl and galactosyl residues. However, for Neu5Ac, the conjugation
is somewhat challenging as some side reactions can occur, especially after the removal of
the methyl protecting group to give the carboxylic acid at the C1 position. Therefore, the
synthetic procedure has been adopted to ensure that the critical deprotection of the
carboxylic acid was performed as the last step. To do so, the fully protected product was
cleaved from the solid support according to the established protocol. Subsequently, an
Anion exchange using an AG® 1-X8 resin was performed. Afterwards, both the methyl and
the acetyl groups were deprotected by treatment with a 0.1 M solution of lithium hydroxide
monohydrate following the addition of an Amberlite® IR 120H" ion exchange resin until a pH
of 4-5 was reached. Subsequently, the deprotected products were freeze-dried to remove
the solvent. During the entire process, it was crucial to avoid temperatures above ambient
temperature to prevent side reactions. The final products were analyzed via HPLC-MS, ESI-
MS, and "H-NMR. It should be mentioned that conformational flexibility of the calix[5]arene
scaffold alongside the temperature sensitivity of the sialic acid residues and additional high
charge of the final compounds made the accurate characterization challenging. However,
the results clearly supported the successful synthesis of all three calix[5]arene structures.
Figure 30 shows the HPLC chromatogram and ESI MS spectra of the compounds C17-C19.
The retention times of C17 and C18 were nearly identical at 11.1 min and 11.2 min,
respectively. For C19, the retention time shifted to 9.5 min due to the higher hydrophilicity
of the higher carbohydrate-functionalized compound. In general, the peaks were rather
broad, which can be explained by the negative charge of the carboxylic acid groups present
in the structure. Additionally, some by-products of similar retention times were observed
for allcompounds. The examination of the mass spectra showed that the main by-products
were caused by the hydrolysis of one or more Neu5Ac residues, as highlighted in Figure 30.
Neu5Ac residues are more sensitive towards glycosidic bond cleavage due to the carboxylic
acid at the anomeric position.?’® 2% |t is not yet fully clear whether the found by-products

were present in the probe or were formed during the HPLC-MS analysis. Variation of the
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analysis conditions, such as mobile phase (no acid), temperature, or the reduction of

energy level of the ionization source, did not show clear improvements.

In "H-NMR spectra, the broadening and shifting of the calix[5]arene backbone signals again
showed the conformational flexibility of the structures, as already described for CBB2.
Here, the calix[4]arene analog was used as reference structure (see Figure 78, appendix).
Comparing the spectra, the expected characteristic resonances were observed, indicating
the synthesis of the target structures. Interestingly, for the shortest compound C17, the
largest increase in signal broadening and shifting was observed. In contrast, for the larger
compounds C18 and C19, signals ascribed to the linker with an increased spatial distance
to the flexible calix[5]arene backbone appeared sharper. However, the signals assigned to
the protons of the calix[5]arene scaffold remained significantly broadened when compared
to the calix[4]arene derivative C17. Therefore, a detailed assessment of the proton
intensities was not feasible for these flexible structures. Additionally, measurements above
the coalescence temperatures, as successfully performed for CBB2, were not applicable
due to the sensitivity of the sialic acid residues. Nevertheless, taking all analytical data into

consideration, compounds C18-C19 were successfully synthesized.
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Figure 30: RP-HPLC chromatogram of C17-C19 (95/5 to 5/95 vol.-% H,O/MeCN + 0,1 %
formic acid in 17 min) and coupled mass spectra (ESI, positive mode) at tz= 11.2 min for
C17 and tz= 11.1 min for C18. ESI-MS (negative mode, lower energy) for C19. m/z of main

products are highlighted in blue color. m/z assigned to by-products due to Neu5Ac

cleavage are marked with * (-1 Neu5Nac), ** (-2 Neu5Ac) or *** (-3 Neu5Ac).

First diffraction experiments were conducted by the Stehle group at CERN (Geneva,

Switzerland) but did not show an occupation of the protein binding sites by Neu5Ac

residues. It can be assumed that the complexation of Merkel cell VP1 protein with the large

and flexible calix[5]arene ligands failed. Further measurements using other more suitable

methods, e.g., saturation transfer difference (STD) NMR experiments, must be applied in

future studies to investigate the binding behavior of the presented compounds.
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4. Conclusion and Outlook.

The objective of this thesis was the incorporation of a calix[n]larene motif into the
established SPPoS approach developed by Hartmann, enabling the synthesis of sequence-
defined and tailor-made glycocalix[4]arene conjugates. Glycocalix[n]arenes represent a
promising class of compounds that have already been successfully employed as
glycomimetic structures to study carbohydrate-protein interactions that play key roles in
numerous biological processes.>* 515162 Thg jnitial part of this work was the establishment
of a suitable and robust synthetic procedure towards glycocalix[n]arenes. Preliminary
studies demonstrated that calix[4]arene derivatives with a carboxylic acid group at the
lower rim and nitrogen groups at the upper rim could serve as a building blockin solid-phase
synthesis. The synthesis of the key building block, CBB1, was performed following
previously published protocols.?®? Subsequently, the ideal reaction conditions in solid-
phase synthesis were investigated in detail. It was found that CBB1 can be attached to a
TentaGel S RAM® resin using the standard coupling protocol as established in the Hartmann
group.?®® An especially critical step of this work was the optimization of the synthetic
protocol to convert the nitrogen groups to amines. The full conversion was achieved by
treatment with an excess of tin chloride dihydrate in NMP at 30 °C. Notably, it was found that
the temperature is an essential reaction parameter for this step. Afterwards, the coupling of
further building blocks onto the calix[4]arene scaffold and the conjugation of carbohydrate
azides via CuAAC was successfully implemented. The successful synthesis of
glycocalix[4]arenes was demonstrated by the preparation of a first set of sequence-defined
multivalent glycocalix[4]arenes, each bearing eight carbohydrate moieties in total. In detail,
two homomultivalent structures with mannosyl (C1) or galactosyl residues (C2) and a
heteromultivalent structure carrying four residues of each glycosyl type (C3) were prepared.
Subsequently, the mannose-functionalized glycocalix[4]arene ligands (C1, C3) were
evaluated as bacterial inhibitors, performing an established adhesion-inhibition assay with
GFP-tagged E.coli bacteria. This allowed comparison with other ligands that have already
been tested previously within the group. The results showed effective bacterial inhibition,
with [Cso values in a micromolar range, representing an approximately 100-fold
improvement compared to the single MeMan interaction. Moreover, a more than 3 times
higher RIP value per sugar was observed for the calix[4] arene-based ligand C1 compared
to previously studied linear PAA-based ligands with additional aromatic motifs in the

backbone, indicating the beneficial effect of the cluster-like ligand presentation on the
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calix[4]arene scaffold.?®' Additionally, when considering the valency corrected RIP values,

a heteromultivalent effect for ligand C3 was observed.

Next, the synthesis of a second set of functional glycocalix[4]arenes, which were further
covalently attached to gold nanoparticles, was presented. Although a decrease in the ICs
values was observed for C1 and C3, it is likely that this is primarily due to statistical
rebinding rather than clustering of bacterial lectin receptors. It was reasoned that the
presentation on a larger scaffold could result in even improved bacterial inhibition as an
increased binding avidity to lectins, leveraging the concept of multivalency by binding to
multiple bacterial receptors simultaneously. Therefore, the synthetic procedure was
adapted toward the additional introduction of functional groups and/or glycosyl moieties at
the lower rim of the calix[4]arene. The specific goal was to obtain the alkyne-functionalized
glycocalix[4]arenes for CUAAC-mediated conjugation to ultrasmall gold nanoparticles in a
single or multiple fashion (performed by Kai Klein from the Epple group at University
Duisburg-Essen). To achieve this, the glycocalix[4]arenes were equipped with either a single
alkyne at the lower rim for one click reaction (C6, C7) or four alkyne moieties at the upper
rim (C4, C5) four multiple click reactions demonstrating a new concept to fine-tune the
amount and density of carbohydrate residues and to avoid ligand overcrowding on the
particle surface. The successful modification was validated using a suitable sulfuric acid-
phenol method, a well-known colorimetric method for determining the total carbohydrate
concentration in a sample. This highlights the modularity of the approach to make a broad
range of multifunctional calix[n] arene derivatives feasible for diverse applications. Further,
the glycocalix[4]arene-nanoparticle conjugates have been tested as bacterial inhibitors.
However, the adhesion-inhibition assay did not deliver reliable results for the nanoparticle
conjugates, which likely can be accounted for by bacteria clustering. Additionally, the
performed fluorescence microscopy imaging does support this hypothesis. Although the
results indicated that bacteria clustering occurred, further experiments are required to
confirm this finding and to gain a deeper understanding of the underlying binding events.
For subsequent work, it appears promising to focus on studies making use of the
agglomeration behavior. For instance, a fluorescence competition assay has been

previously demonstrated for carbohydrate-functionalized GNPs.?%?

In the second chapter of this thesis, the focus of potential protein targets for the presented
class of sequence-defined glycocalix[4]arene conjugates was shifted from lectins to
carbohydrate-processing enzymes. They are therapeutic targets for the treatment of many

severe diseases. However, so far multivalent binders or inhibitors have not been considered
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on a broad scale as is known for lectins. Specifically, the carbohydrate-binding domain of
NGLY1 (PAW domain), a de-glycosylating enzyme that is known to play an important role in
the ERAD of human species, was targeted in this thesis. As NGLY1 is known to bind to high-
mannose glycans, it was hypothesized that the branched mannosyl-functionalized calix[4]
arene derivative C1 might be a sufficient synthetic ligand for the PAW domain of NGLY1,
which could also affect the enzymatic activity. To have an enhanced array of investigation
methods C1b, a derivative of C1, additionally equipped with a biotin tag, was synthesized
according to the established SPPoS protocol. Moreover, linear reference structures (L1, L2)
and negative controls (C2b, C8b) carrying biotin tags were prepared. For an initial
experiment, a qualitative pull-down assay using a streptavidin agarose resin was
conducted. The results indicated a noteworthy binding of NGLY1 to C1b. However, also for
some of the negative controls, binding was observed. Consequently, no conclusion could
be drawn from the results obtained. To gain a deeper understanding, an additional assay
with a quantitative outcome was needed. To do so, an ELISA-inspired adhesion assay using
a streptavidin-tagged horse radish peroxidase was developed. For the development phase
of the assay, Con A was used, as just limited amounts of NGLY1 were available. Although
the assay was successfully established for Con A, for NGLY1, no reliable results could be
obtained. Due to the limited amount of available protein, further assay development was
not in the scope of this project. Despite the inconclusive results regarding the binding of
C1b to the PAW domain, another study investigating a potential effect on the enzyme
efficiency was conducted. As a result of the limited amount of active NGYL1 it was decided
to continue with PNGase F, which is like NGYLY1, an Amidase cleaving the glycosidic bond
between the innermost GlcNAc and the asparagine side chain. For PNGase F and for Endo
H, another high-mannose binding enzyme, no effect on the enzyme activity was observed
when preincubated with C1b or any of the other derivatives. Therefore, it was concluded
that the binding that was observed in the initial pull-down assay was likely a result of
unspecific binding of the calix[4]arene scaffold with the protein and not due to specific
carbohydrate-protein interactions. It can be assumed that the mannose motif would have

to be exchanged towards larger oligomannosidic structures.

In the third part of the thesis, a straightforward split-and-combine approach was applied to
synthesize two-sided homo- and heteromultivalent glycocalix[4]arene dimers. Following
the established SPPoS protocol, four mannosyl- or galactosyl-functionalized
glycocalix[4]arenes with either an alkyne or azide functionality were obtained (C9, C10,
C11, C12) starting from one single batch. After cleavage from the solid support, the

monomers can be mixed and matched to give the desired dimers. This work particularly
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focused on the two-sided bispecific dimer (C14d) and its ability to bind two distinct targets
simultaneously. As a proof of concept, the model legume lectins Con A, specific for
mannosyl ligands, and PNA, specific for galactosyl ligands, were selected. In a first
qualitative turbidity experiment, the bispecific ligand (C14d) exhibited a higher clustering
efficiency when added to a mixed Con A/PNA solution compared to the homomultivalent
ligands (C13d, C15d), indicating the simultaneous binding to both present ligands in
solution. To validate and to quantify this finding, a precipitation assay was performed. The
ligand was added to the protein mixture, and the precipitate was formed overnight. Initial
attempts to separate the mixed pallet failed, prompting the design of a “double precipitation
assay”. The rationale behind this assay was to separate the unbound protein in the
supernatant after the first precipitation. Using an affinity tag (the mannose-functionalized
ligand C13d), the remaining Con A was isolated, allowing the separate quantification of
unbound Con A and PNA. The results obtained demonstrated that both proteins, Con A and
PNA, bind to C14d, with Con A exhibiting approximately five times greater clustering
efficiency than PNA. These proof-of-concept experiments confirmed the potential of
bispecific ligands like C14d for simultaneous targeting of multiple proteins. Future studies
could involve the screening of diverse lectin pairs, particularly those with similar clustering
efficiencies, to further evaluate the general applicability of this approach. For instance,
initial experiments using mannosyl-specific lectins, LCA and PSA, that exhibit a reduced
clustering efficiency compared to Con A (due to their dimeric structure) have already been
conducted. However, due to the reduced affinity, studies had to be performed at higher
concentrations, and for a detailed study, large amounts of the samples would have been
required. Consequently, the experiments using LCA or PSA were not further pursued. In
contrast, RCA, as a galactosyl-specific lectin with a large number of binding sites, emerges
as a promising candidate for further studies. Another interesting perspective might be the
investigation of the two-sided ligands on the surface, with the aim of mimicking cell surface
attachment. This investigation could be relevant for potential therapeutic applications
targeting cell surface receptors. First attempts on PNA-coated glass surfaces have been
performed and indicated the successful binding to the surface on one side and interaction
with Con A in solution on the other. However, further improvements to the assay design are
required. Furthermore, the established SPPoS protocol allows for easy adjustment of the
ligands in regard to carbohydrate valency and sequence to optimize binding affinity. Beyond
carbohydrate ligands, the presentation of various supramolecular binding motifs on Janus-

like platforms has the potential to further expand the scope of applications.
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In the last part of the thesis, it was demonstrated that the synthetic methodology can also
be applied to calix[5]arenes, the higher homologs of calix[4]arenes. An interesting feature
of the higher homologs in comparison to CBB1 is the conformational mobility due to the
larger macrocycle, which might allow the final ligand to better adapt to the structural
environment of the protein, leading to a so-called induced fit of the ligand. Additionally, the
calix[5]arene scaffold is particularly interesting for the application as viral anti-adhesive
treatments. Many viral binding proteins that mediate the first attachment to the cell have
symmetric, in some cases pentameric, architecture. For instance, this is true for
polyomaviruses, which can cause severe asymptomatic infections in various species, and
which were focused on in this study. The goal was to achieve a pentameric multivalent
ligand thatis ideally capable of engaging all five carbohydrate-binding sites simultaneously.
The chelate binding mode would yield a significant increase in binding avidity. First, the
synthesis of an analog calix[5]arene building block, CBB2, was developed. An adapted
synthetic route using a protection group strategy was required to obtain the desired building
block. Further, it was demonstrated that CBB2 is applicable at the solid phase using the
established protocol for CBB1, again proving the modularity of the developed SPPOs
approach. This approach enabled the synthesis of a series of sequence-defined sialic acid
functionalized calix[5]arene derivatives with varying linker length and valency. Previous
studies had already shown that especially the linker length and flexibility can impact the
binding avidity. The successful synthesis was confirmed via HPLC-MS and "H-NMR analysis.
For initial investigation, the ligands were submitted to a crystallographic experiment that
was performed by Jasmin Freitag and co-workers (University of Tubingen) at CERN but did
not result in detectable electron density at the binding sites. It can be assumed that the co-
crystallization of the large ligands has failed. Other binding studies (in solution) might be
more appropriate for this system. For instance, saturation transfer difference (STD) NMR
spectroscopy, SPR, or cell binding and/or cell infection have been reported for the
investigation of viral binding studies. However, the project demonstrates the wide range of
different glycocalix[n]aren ligands that are feasible with the presented synthetic approach.
In further studies, this could also be extended to other calix[n]larene homologs, such as

calix[6]arenes, to create a range of symmetrical ligands as potential anti-viral therapeutics.

Overall, this work established a modular and robust method for synthesizing sequence-
defined glycocalix[n]arenes conjugates. The approach presented here enables not only the
precise tailoring of carbohydrate valency and sequence but also the incorporation of
additional functionalities, allowing a straightforward ligand modification on solid support,

as demonstrated across multiple projects. In this way, a versatile platform for glycomimetic
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compounds was achieved, and promising results in areas such as antibacterial therapy
have already been shown, emphasizing its potential in biomedicine. Furthermore, initial
explorations into new applications underscore the versatility of glycocalix[n]arenes, laying

a strong foundation for future studies in this field
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5. Experimental Part

5.1 Materials

The following chemicals were used without further purification: Dimethylformamide was
purchased from Biosolve Chemicals. Azido-PEG2-alcoholwas purchased from Biosynth. 4-
tert-butylcalix[4]arene, 4-tert-butylcalix[5]arene, benzotriazole-1-
yloxytripyrrolidinophosphonium hexafluorophosphate were purchased from Carbosynth.
Dichloromethane, potassium carbonate, 2-(4-(2-Hydroxyethyl)piperazin-1-yl)ethane-1-
sulfonic acid (HEPES), manganese(ll) chloride tetrahydrate, calcium chloride, sodium
hydroxide (1M) and phenol were purchased from Fisher Scientific. Chloroform and
hydrochloric acid were purchased from Fisher Chemical. Tetrahydrofuran, 1,4-dioxane, 4-
pentynoic acid, triisopropyl silane, sodium methoxide, barium hydroxide octahydrate, 1-
iodopropane, sodium hydride, nitric acid, acetic acid, potassium hydroxide, tris(3-
hydroxypropyl-triazoylmethyl) amine, Amberlite IR 120, celite 545, methyl a-D-
mannopyranoside and mannan from Saccharomyces cerevisiae were purchased from
Sigma Aldrich. Methanol, ethyl acetate and n-hexane were purchased from VWR
Chemicals. Acetonitrile and diethyl ether were purchased from Honeywell. Dimethyl
sulfoxide, N,N-diisopropylethylamine, tin(ll) chloride dihydrate, sodium chloride, Tween® 20
(polyoxyethylen-20-sorbitanmonolaurat) and sodium ascorbate were purchased from Carl
Roth. NB-boc-Na-Fmoc-L-2,3-diaminopropionic acid, and Biotin were purchased from TClI
Chemicals. NB-boc-Na-Fmoc-L-lysine was purchased from Iris Biotech. N-methyl-2-
pyrrolidone, piperidine, trifluoroacetic acid, magnesium sulfate and copper(ll) sulfate were
purchased from Acros Organics. Sodium diethyldithiocarbamate trihydrate, palladium
(10%) on carbon and aminoguanidine hydrogen carbonate were purchased from Alfa Aesar.
Barium oxide was purchased from abcr. Ethyl 6-bromohexanoate was purchased from
Fluorochem. Benzyl bromide was purchased from Merck. TentaGel S RAM was purchased
from Rapp Polymere. AG® 1-X8 resin, Precision Plus Protein™ Dual Xtra Standard, 4 x
Laemmli sample buffer, 10x Tris/Glycine/SDS and Bio-Safe Coomassie G-250 Stain were
purchased from Bio-Rad Laboratories. Bovine Serum Albumin was purchased from Sigma
Life Science. High-Capacity Streptavidin Agarose Resin and HRP-conjugated Streptavidin
were purchased from Thermo Scientific. PNGase F and Endo H were purchased from New
England Biolabs. RNase B was purchased from Abnova. Silica was purchased from
Macherey-Nagel. Lens culinaris agglutinin (LCA) and pisum sativum lectin (PSA) and peanut
agglutinin (PNA) were purchased from Medicago. Concanavalin A (Con A) was purchased

from MP Biomedicals.
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Buffer: PBS was prepared using PBS buffer tablets from Carl Roth for 100 ml. For PBST
0.05 vol.-% Tween® 20 was added to PBS buffer (pH = 7.4). Lectin Binding Buffer (LB buffer)
was prepared by adding 50 mM sodium chloride, 1 mM manganese(ll) chloride tetrahydrate,
1 mM calcium chloride to 10 mM HEPES buffer (pH = 7.4). The pH value was adjusted with

1 M sodium hydroxide using a pH-electrode by Mettler Toledo.

Milli-Q water was gained by a MicroPure water purification system from Thermo Scientific.

5.2 Instrumentation and Analytical Methods

Reversed Phase - High Pressure Liquid Chromatography (RP-HPLC-MS):
Chromatography measurements were performed on an Agilent 1260 Infinity instrument
coupled to a variable wavelength detector at an absorption wavelength of 214 nm and an
Agilent Quadrupole mass spectrometer with an electrospray ionization (ESI) source (m/z
range from 200-2000). A MZ-Aqua Perfect C18 column (3.0 x 50 nm, 3 pm) was used at 25°C.
As mobile phase, linear gradients of an eluent system A and B were used: A) H,O/MeCN
(95/5 vol.-%) + 0.1 vol.-% formic acid; B) H,O/MeCN (5/95 vol.%) + 0.1 vol.-% formic acid.
Only for compound C8b: All) H,O/MeCN (95/5 vol.-%); Bll) H,O/MeCN (5/95 vol.-%)). The
flow rate was 0.4 mU/min. All relative purities were determined via integration using the

OpenLab ChemStation software from Agilent Technologies.

Preparative RP-HPLC: Chromatographic purifications were done on an Agilent 1200 Series
instrument with a variable wavelength detector at 214 nm and an automatic fraction
collector was used. AUG80 C18 RP column (20 x 250 nm, 5 uM) from Shiseido was used at
25 °C. A flow rate of 10 mU/min was applied. For all samples, an eluent system A and B was

used in linear gradients: A) H,O + 0.1 vol.-% formic acid; B) MeCN + 0.1 vol.-% formic acid.

Thin layer chromatography (TLC): Reactions in solution were monitored using TLC.
Aluminum sheets with silica gel layer from Macherey-Nagel were used for this purpose. The

substances were visualized with UV light at 254 nm.

Matrix Assisted Laser Desorption lonization — Time of Flight - Mass Spectrometry
(MALDI-TOF-MS): The MALDI-TOF mass spectra were measured on a Bruker UltrafleXtreme
instrument from Bruker Daltonics. The measurements were performed using 2,5-
dihydroxybenzoic acid (DHB) or dithranol (DIT) in combination with sodium trifluoroacetate

as a matrix in linear or reflector mode.
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"H-Nuclear Magnetic Resonance ("H-NMR): 'H-NMR spectra were either recorded on a
Bruker Avance I11-300 (300 MHz) or 600 (600 MHz). Allmeasurements were recorded at 25 °C
unless stated otherwise. The chemical shifts are reported in delta (8) expressed in parts per
million (ppm). The residual, non-deuterated solvents (& 3.31 ppm for CD;0D, 6 2.50 ppm
for DMSO-d6 or 7.26 ppm for CDCl; ) were used as an internal reference. The multiplicities
are abbreviated as follows: s = singlet, d = doublet, t = triplet, q = quartet, quin = quintet,

and m = multiplet. The spectra are analyzed using MestreNova software.

UV/Vis Spectroscopy: UV/Vis spectroscopy was performed with a dual-trace spectrometer
Specord® 210 Plus from Analytik Jena AG. The measurements were performed in quartz
glass cuvettes (Starna GmbH, d =1 cm) at 20 °C. The instrument was operated with Win

ASPECT PLUS software.

UV/Vis Plate Reader: UV/Vis studies performed on clear polystyrene 96-well microtiter
plates from Greiner and were analyzed using a CLARIOstar® reader from BMG LABTECH or

a Multiskan Go reader from Thermo Scientific. The measurements were performed at 20 °C.

Freeze-dryer: The final products were freeze-dried with an Alpha 1-4 LD plus instrument

from Martin Christ setto -50 °C at 0.1 mbar.

Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE): All SDS-
PAGE analyses were performed using a Mini-PROTEAN® Tetra Vertical Electrophoresis
Chamber and 4-20% Mini-PROTEAN® TGX™ stain-free Gels (both purchased from BioRad).
4x Laemmli sample buffer from BioRad was used and prepared according to the supplier’s
instruction manual. As a running buffer, 10x Tris/Glycine/SDS electrophoresis buffer and as
a protein ladder Precision Plus Protein™ Dual Xtra Standard (5 pL) was used. The
electrophoresis was run at 200 V and 180 A for 32 min. The gels were stained using Bio-
Safe™ Coomassie staining solution. The gels were scanned and edited using the Image Lab

6.1 software from BioRad.

BCA Method: For the determination of the Con A and PNA concentration, a Pierce™ BCA
Protein Assay Kit from Thermo Scientific was used according to the user manual provided
by the supplier. The measurements were performed in triplicate using clear polystyrene 96-
well microtiter plates from Greiner. As HEPES (LB buffer ) proved to interfere with the BCA
test, PBS buffer + CaCl, was used for all precipitation measurements. Calibration curves
were measured for both proteins in triplicates (see Figure 95, Figure 96, and Figure 97,

appendix).
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5.3 General SPPoS Conditions

Standard Fmoc-protocol: All solid phase reactions were performed on TentaGel S RAM
resin in batch sizes between 0.05 mM to 0.15 mM in polypropylene syringes with integrated
frits. Prior to use, the resin was swollen in DCM for 30 minutes, followed by washing with
DMF five times. The reaction conditions for the coupling of all used building blocks are given
in the table below (Table 3) and differ prior to and subsequent to the introduction of
CBB1/CBB2. The coupling steps at the lower rim of CBB1/CBB2 were performed according
to a protocol previously established in the Hartmann group using 5 eq. PyBOP and 10 eq.
DIPEA as coupling reagent.?® For the couplings to the upper rim of CBB1/CBB2, reaction
conditions were slightly altered, and N-methyl morpholine is standardly used as a base.
After each coupling, the resin was washed 10 times with DMF and DCM. Fmoc removal for
all deprotection steps was performed using 25 vol.-% piperidine in DMF for 30 min (fresh
solution added after 20 min). The resin was washed 10 times with DMF before the next

coupling step.

Table 3: Overview of coupling conditions.

Coupling Lo i Reaction
Building block eq. Coupling agents . Solvent
at: time
5eq.
Lower rim
Fmoc-Dap(Boc)-OH 5eq. PyBOP + DMF
CBB1/ 1h
. 10 eq. DIPEA
CBB2 > eq ed
EDS
3eq. 5eq. PyBOP +
- 5h DMF
CBB1/CBB2 10 eq. DIPEA
5eqg./amine
EDS
Upper rim ] 5 eq./amine PyBOP +
5 eq./amine
CcBB1/ DS 10 eq./amine N-methyl 1h DMF
CBB2 morpholine
5eq./amine
pentynoic acid

Boc group removal: The Boc group as atemporary protecting group of NB-dap and NB-lysin,
was removed using 4M HCL in dioxan solution. The resin was first washed five times with

dioxan before the HCl solution was added to the syringe and shaken vigorously for 10 min.
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The resin was then washed three times with dioxan, and the procedure was repeated for a
further 20 min. For neutralization, the resin was shaken (2x10 min) in 10 vol.-% DIPEA in
DCM. The resin was then washed three times with approximately 2 ml dioxan and DCM and
finally ten times with 2 mL DMF. The deprotection was followed by a coupling step to the side
chain. Pentynoic acid (5 eq.), 4-azidobenzoic acid (5 eq.), and biotin (2 eq.) were coupled

with PyBOP and DIEPA according to the established protocol described above.

Reduction of Aryl-nitro groups: The nitro groups at the upper rim of CBB1 were reduced to
amines by treating the resin with 25 eq. Tin(ll) chloride dihydrate in NMP (3 ml) for 24 hours
at 30 °C. To remove excess tin salt, the resin was washed thoroughly ten times with NMP,

methanol, DCM and DMF.

Copper(l)-catalyzed azide-alkyne cycloaddition (CuUAAC): For the cycloaddition, 2 eq. of
the azide component was dissolved in 1 ml DMF. In addition, 20 mol-% relative to the azide
component of sodium ascorbate, as well as copper(ll) sulfate, were dissolved separately in
0.1 mL of MQ water each. The solutions were then added to the syringe in the mentioned
order and shaken overnight in the dark. By washing the resin alternately with a 0.23 M
solution of sodium diethyldithiocarbamate in DMF/water and DMF the excess copper is

removed, which can be monitored by color change.

Deprotection of carbohydrate residues: The Deacetylation of the mannosyl and
galactosyl carbohydrates was performed on-resin. To do so, approximately 2 mlofa 0.2 M
sodium methanolate solution in methanol was added to the syringe and shaken vigorously

for 30 minutes. Subsequently, the resin was washed ten times with methanol and DMF.

In contrast, the sialic acid functionalized compounds were deprotected in solution after TFA
anion exchange. To the lyophilized compounds, 3 mlofa 1 M lithium hydroxide monohydrate
solution in methanol/water (50/50 vol.-%) was added and stirred for 3h at room
temperature. Subsequently, Amberlite® IR 120 H* resin was added until a pH of 5 was
reached. After the removal of the resin via filtration, the deprotected product was again

lyophilized.

Cleavage from the solid support: A solution of TFA/TIPS/DCM (95/2.5/2.5 vol.%) was used
to cleave the final glycocalix[4]arene from the solid support. The resin was treated with the
cleavage solution for 1h, and subsequently, the product was precipitated in ice-cold diethyl

ether. After centrifugation at 4000 rpm, the supernatant was decanted, and the remaining
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precipitate was dissolved in water or water/DMSO (for water-insoluble derivative C4 and

C5) and finally lyophilized.

Microcleavage: To monitor the SPPS reactions, small amounts of the resin were separated
and treated according to the cleavage conditions described above (referred to as micro

cleavage). The obtained precipitate was then analyzed via RP-HPLC-MS.

TFA anion exchange: For the anion exchange, an AG® 1-X8 resin was used. The resin was
first washed three times with 1,6 M aqueous acetic acid, followed by three times with 0.16

M acetic acid before use. The exchange was performed for two hours.

5.4 Solution-phase Synthesis
Building Blocks:

The building blocks TDS ((triple-bond diethylenetriamine-succinic acid, 1-(fluorenyl)-3,11-
dioxo-7- (pent-4-ynoyl)-2-oxa-4,7,10-triazatetra-decan-14-oic acid) and EDS (ethylene
glycol diamine-succinic acid 1-(9H-fluoren-9-yl)-3,14-dioxo-2,7,10-trioxa-4,13-

diazaheptadecan-17-oic acid) were synthesized as previously reported.’”® 2%

The Syntheses of the carbohydrate derivatives 2-azidoethyl 2,3,4,-tetra-O-acetyl-a-D-

mannopyranoside and 2-azidoethyl 2,3,4,-tetra-O-acetyl-B-D-galactopyranoside were

synthesized according to the literature.'”% 283

4-Azidobenzoic acid and methyl 2-azido-4,7,8,9-tetra-O-acetyl-N-acetyl-a-D-neuraminate

were synthesized and provided by Lennart Hofer (Hartmann lab, HHU).25% 278

Compound CBB1:

axial’t Seq uatorial

1HO

The building block was prepared as previously reported and obtained as an off-white solid

in an overall yield of 30 %.%%?
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H-NMR (300 MHz, DMSO-de): 3 12.04 (s, 1H, 1), 7.65 (s, 8H, Aryl-H), 4.37 (d, 2J= 12.1 Hz,
4H, 8axa), 3.95 (M, 8H, 6), 3.69 (d, 2=12.1 Hz, 4H, 8equatoria), 2.24 (t, ®J = 7.2, 2H, 2), 1.85 (m,
8H, 5), 1.58 (p, 2J=7.1 Hz, 2H, 3), 1.41 (m, 2H, 4), 1.05-0.90 (m, 9H, 7) ppm.

MALDI-TOF-MS: m/z calculated for C43H4sN4O14: 867.32 [M+Na]’, found: 867.36 [M+Na]".

Compound CBB2:

8

axiallsequatorial

The compound CBB2 was prepared in a six-step synthesis starting from the commercially
available 4-tert-butyl calix[5]arene, which is referred to as CBB2-1. The further
intermediates are CBB2-2, CBB2-3, CBB2-4, CBB2-5 and CBB2-6. For the structures of

these, see chapter 3.4.

CBB2-2: CBB2-2 was synthesized according to the literature with a few alterations.”"’
CBB2-1 (8 g, 9.9 mmol, 1eq.) and KHCO;(2 g, 20 mmol) were dissolved and refluxed in 400
mL dry acetonitrile in nitrogen atmosphere. After 1 h, benzyl bromide (0.39 ml, 3.3 mmol) in
40 mL of acetonitrile was added dropwise and the reaction mixture continued to reflux for
21 h. Afterwards, the solvent was removed under reduced pressure, and subsequently the
residue was partitioned between 200 mL of chloroformand 150 mL of 1 M HCL. The organic
phase was washed twice with H,O, dried over MgSO, and finally the solvent was removed
under reduced pressure. The crude product was purified by column chromatography (SiO,,
toluene/hexane 1:1 v/v) to give 3 g (3.3 mmol, quantitative yield) CBB2-2. Additionally,

starting material CBB1-1 was also recovered.

"H-NMR (300 MHz, CDCl;): & 7.95-7.68 (m, 6H, Aryl-H), 7.62-7.45 (m, 3H, Aryl-H), 7.37-7.12
(m, 17H, Aryl-H, overlap with solvent peak), 5.22 (s, 2H, -O-CH.-Aryl), 4.48 (d, 2H, %) = 13.8
Hz, Aryl-CH»-Aryl), 4.17 (d, 2H, 2) =14.0 Hz, Aryl-CH.-Aryl), 4.13 (d, 1H, 2) =14.2 Hz, Aryl-CH.-
Aryl), 3.62-3.42 (m, 5H, Aryl-CH>-Aryl), 1.35 (s, 18H, -C(CH3)s), 1.30 (s, 18H, -C(CHj3)3), 1.16
(s, 9H, -C(CHjs)s) ppm.
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MALDI-TOF-MS: m/z calculated for Ce;H760s: 923.57 [M+Na]*; found: 923.66 [M+Na]".

CBB2-3: CBB2-2 (3 g, 3.3 mmol) was heated to reflux in 300 mL dry acetonitrile, and
subsequently K,COs; (6 g, 43 mmol) was added. After 45 min, 1-iodopropane (12 ml, 115
mmol) was transferred to the reaction vessel via a syringe, and the mixture was refluxed for
another 12 h. After cooling to room temperature, the solvent was removed under reduced
pressure, and the residue was partitioned between 200 mL of chloroform and 150 mL of 1
M HCIL. The organic phase was washed twice with water, dried over MgSO, and finally the
solvent was removed under reduced pressure. The crude product was recrystallized from

chloroform/methanol, dried in vacuo to give 2.9 g (2.7 mmol, 80%) of CBB2-3.

MALDI-TOF-MS: m/z calculated for CssH100s: 1091.76 [M+Na]*, 1107.76 [M+K]*; found:
1091.92 [M+Na]’, 1107.90 [M+K]".

CBB2-4: The reaction was performed with some alteration according to the literature.?®*

CBB2-3 (2.9g, 2.7 mmol) was suspended in 300 mL of ethyl acetate. In nitrogen
atmosphere, four spatula tips of Pd/C were added. The reaction vessel was flushed with
hydrogen (H,), and the reaction was stirred at 30 °C in H,atmosphere for 21 h. The reaction
mixture was filtered over Celite, and the solvent was removed under reduced pressure. The
crude obtained (2.6 g, 2.7 mmol, quantitative yield) was used without any further

purification.

MALDI-TOF-MS: m/z calculated for Ce7Hs4Os: 1001.71 [M+Na]’; found: 1001.70 [M+Na]".

CBB2-5: CBB2-5 was synthesized in an analogous way to the calix[4]arene derivative based
on a literature-known protocol by Shuker.?*> CBB2-4 (2.6 g, 2.7 mmol) was dissolved in dry
DMF, and nitrogen-flushed for 30 min. Subsequently, NaH (130 mg, 5.3 mmol) was added
portion-wise, and the mixture was stirred under reflux. After 30 min, 6-bromo hexanoate
was transferred (0.9 ml, 4.9 mmol) via a syringe, and the mixture was refluxed for another
50 min. Subsequently, after cooling to room temperature, the reaction was quenched by the
addition of 250 mL of 1 M HCl and continued to stir for 30 min at room temperature. The
organic phase was extracted three times with 200 mL of chloroform. Afterwards, the organic
phase was washed twice with water (150 mL) and brine (200 mL), dried over MgSQ,, filtered
and finally the solvent was removed under reduced pressure. The crude product was
purified by column chromatography (SiO,, Hexane/Ethyl acetate 98:2 v/v) to yield 2.7 g of
CBB2-5 (2.4 mmol, 89%).
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MALDI-TOF-MS: m/z calculated for C;sH10s07: 1143.81 [M+Na]*, 1159.81 [M+K]*; found:
1143.78 [M+Na]’, 1159.81 [M+K]".

CBB2-6: The ipso-nitration was performed following the procedure described for a
calix[4]arene derivative.?”” CBB2-5 (2.6 g, 2.3 mmol) was dissolved in 150 mL dry DCM. A
mixture of concentrated acetic acid and fuming nitric acid (14 ml/10 ml) was prepared and
dropped slowly into the ice bath-cooled reaction vessel. Afterwards, the cooling bath was
removed, and the reaction continued to stir at room temperature for 5 h. During this time, a
color change of the reaction mixture from black to orange could be observed. The reaction
was quenched by the addition of 200 mL of water and was stirred for around another 10 min,
before the organic phase was extracted three times with chloroform (100 mL). The organic
phase was then washed twice with water (200 ml) and brine (200 ml). After drying over
MgSQ, the solvent was removed under reduced pressure. After drying in vacuo, CBB2-6 was
obtainedin ayield of 2.35 g (2.2 mmol, 92%). The product was used in the final reaction step

without further purification.

MALDI-TOF-MS: m/z calculated for CssHssNsO47: 1088.42 [M+Na]*; found: 1088.52 [M+Na]".

The hydrolysis in the final step to obtain CBB2 was performed following the CBB1 synthesis.
CBB2-6 (2.35 g, 2.2 mmol) was dissolved in 150 mL of THF/MeOH/H,O (10:1:1 v/v/v)
mixture. Next, KOH (4 g, 70 mmol) was added, and the mixture was stirred overnight at
45 °C. After cooling, the reaction was quenched by the addition of 150 mL 1 M HCL. The
mixture continued to stir for another 1.5 h at room temperature. Afterwards, the organic
phase was extracted three times with chloroform (150 mL). The organic phase was washed
twice with water (200 mL) and once with brine (200 mL). After drying over MgSQO, the solvent
was removed under reduced pressure to give a red-brownish solid. The solid was washed
with chloroform (50 mL) and filtered off to yield an off-white product. After drying in vacuo,

1.45 g (1.4 mmol, 64%) CBB2 was obtained. The yield over all steps is 42 %.

H-NMR (600 MHz, DMSO, 90° C): 3 11.59 (s, 1H, 1), 8.44-7.74 (m, 10H, Aryl-H), 4.22-3.86
(M, 10H, 8axial, Bequatorial), 3.78-3.24 (M, 10H, 6), 2.20 (t, 3 = 7.4 Hz, 2H, 2), 1.68-1.58 (m, 2H,
4), 1.54 (quin, 3) = 7.6 Hz, 2H, 3), 1.46-1.10 (m, 10H, 5), 0.87-0.39 (m, 12H, 7) ppm.

3C-NMR (150 MHz, DMSO, 90° C): 173.45 (C(O)OH), 160.64 (Aryl-C), 160.52 (Aryl-C),
142.38 (Aryl-C), 142.33 (Aryl-C), 134.27 (Aryl-C), 134.20 (Aryl-C), 132.11 (Aryl-C), 134.09
(Aryl-C), 124.5 (Aryl-C), 74.36 (-O-CH.), 73.19 (-O-CH.), 33.16 (Aryl-CH,-Aryl), 28.78 (CH.),
24.56 (CH.), 23.92 (CH.), 21.93 (CH.), 9.03 (CHs), 8.89 (CH:) ppm.
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MALDI-TOF-MS: m/z calculated for Cs3sHsgNsO47: 1060.39 [M+Na]’; found: 1060.43 [M+Na]".

Dimer synthesis (C13d-C15d), CUAAC:

For the synthesis of the dimeric calix[4]arene compounds C13d/C14d/C15d, a CuAAC
protocolwas employed. The glycocalix[4]arene monomers C9-C12 were used without prior
purification. Equimolar amounts (0.014 mmol) of the azide and alkyne monomer were
placed in a 5 mL round-bottom flask and dissolved in 3 mL of MQ water. The solution was
flushed with nitrogen for 30 minutes. 50 mol-% (7 pmol) of sodium ascorbate and copper(ll)
sulfate were dissolved in 1 mL of MQ water each and subsequently added to the reaction
mixture in the mentioned order. The reaction mixture was stirred under nitrogen
atmosphere at 35° C. After seven hours, further 7 umol of sodium ascorbate and copper(ll)
sulfate were added, and the mixture continued to stir. After 24h in total, the reaction was
stopped by adding 3 mL of a 23 mM aqueous sodium diethyldithiocarbamate solution until
a rich brown coloring was observed. Then, acetonitrile was added to the mixture to obtain
1:1 vol.-% water to acetonitrile. The formed brown precipitate was removed after thorough
centrifugation (4000 rpm, until the centrifugate is clear). Subsequently, acetonitrile and
water were removed under reduced pressure, and the crude product was re-dissolved in
MQ water and lyophilized. The lyophilizate was then purified using preparative RP-HPLC. For
analytical data of C13d/C14d/C15d, see chapter 5.6.

5.5 Assays and Binding studies

Pull-down Assay: 10 mM ligand stock solutions in water have been prepared. A stock of
NGLY-1 (0.91 mg/mL) has been provided by Grace Science LLC. 20 pL of the NGLY1 stock
was incubated with 2.5 pL of ligand stock for 1h at 37° C. Additionally, a zero-sample has
been prepared analogously. Next, 80 pL of streptavidin agarose resin was added to each
sample, and they were shaken overnight at 37° C. The supernatant was removed via
centrifugation at 3000 rpm using a spin column. The resin was washed three times with PBS.
Subsequently, the resin as well as the supernatant were analyzed via SDS-PAGE. Prior to
this, the resin samples were prepared by adding 15 yL PBS, 5uL of a saturated biotin
solution, and 7 pL Laemmli buffer. For the supernatant sample, 7 yL of Laemmli buffer was

added to 20 pL of supernatant solution. The samples were then boiled at 95° C for 100 min.

Gel-Shift Assay with PNGase F and Endo H: Two individual experiments for PNGase F and

Endo H were performed using Gel Shift Assay kits from New England Biolabs.
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RNase B was used as a glycoprotein substrate. RNase B was dissolved in PBS to yield a 10

mg/mL stock solution. For each experiment, 2 yL of the stock solution was mixed with 1 pyL

denaturation buffer and 7 pL of water. This mixture was then boiled at 95° C for 15 min to

obtain denatured glycoprotein.

In parallel, the enzymes (Endo H / PNGase F) were preincubated with the inhibitors to be

tested for 30 min at 37° C according to Tables 4 and 5.

Table 4: Composition of all samples tested in the Gel-Shift Assay using the enzyme

PNGase F.
Inhibitor
Sample PNGase F | Buffer* | NP-40 H0
Conc. Vol.
# [pL] [bL] [bL] [pL]
[mM] [pL]
C1b
1 10 5
1 1 1 1
2 1 5
L1
3 10 5
1 1 1 1
4 1 5
L2
5 10 5
1 1 1 1
6 1 5
C2b
8 10 5
1 1 1 1
1 5
C8b
10 10 5
1 1 1 1
1 5
zero-sample control
11 - 1 1 1 6
12 - - 1 1 7

* GlycoBuffer 2 New England Biolabs
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Table 5: Composition of all samples tested in the Gel-Shift Assay using the enzyme

Endo H.
Inhibitor
Sa";ple Conc. Vol. Endo H [pL] Buffer* [uL] H,0 [uL]
[puM] [pL]

C1b
1 10 5
2 1 5 1 1 2
3 0.1 5

L1
4 10 5
5 1 5 1 1 2
6 0.1 5
L2

7 10 5
8 1 5 1 1 2
9 0.1 5

C2b
10 10 5
11 1 5 1 1 2
12 0.1 5

C8b
13 10 5
14 1 5 1 1 2
15 0.1 5

zero-sample control

16 - 1 1 7
17 - - 1 8

* GlyoBuffer 2 New England Biolabs

Next, the preincubated enzyme is added to the denatured glycoprotein (RNase B), and 1 pyL
of GlyoBuffer is added to give a total volume of 20 pL, and the mixture is incubated under

agitation for 1 h at 37 °C. Afterwards, the samples were analyzed by SDS-PAGE. For sample
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preparation, 7 yL Laemmli buffer was added to each sample prior to denaturing at 95° C for

10 minutes, followed by application to the precast gels.

HRP-streptavidin Adhesion Assay: For the microplate Con A coating, each well was filled
with 100 pL Con A solution (1 mg/mL in LBB) and the plate was shaken overnight at 37 °C.
Subsequently, the plate was washed 4 times with PBST (150 pL/well). Next, the plate was
incubated with a blocking solution (1% BSA + 0.1% galactose) for 2h at 37 °C, followed by 4
washing steps with PBST (150 pL). For NGLY1 coating, the plate was filled with 60 pL/well
NGLY1 stock solution (0.91 mg/mL) overnight at 37 °C. The following washing and blocking

steps are performed according to the protocol described for Con A coating.

10 mM stock solutions of the ligands are prepared, added in serial dilution to the plate
(highest concentration: 1mM, 50 yL/well), and incubated for 1h at room temperature.

Afterwards, the plate is washed 4 times with 150 pL PBS.

The streptavidin-HRP conjugate was diluted in PBS according to the supplier’s
recommended dilution range (1:10,000) and mixed vigorously before use. 100 pyL were
added to each well and again incubated for 1h at room temperature, followed by 4 washing
steps using 150 pL PBS. Next, 50 pL substrate solution (1-Step™ Ultra TMB-ELISA) was
added to the plate. After an incubation time of 15 minutes at room temperature, 50 yL of
2 M sulfuric acid was added to each well to stop the reaction. Subsequently, the

absorbance at 450 nm was measured.

Turbidity Assay: For the turbidity assay, an adapted protocol from previous work was
employed.?** For each experiment, 1 mL of a lectin solution in LBB was prepared and placed
in a quartz cuvette. For all solutions, the lectin concentration was kept constantat5 uM Con
A and 10 uM PNA. The transmittance at 420 nm was measured for the clear lectin solutions
and corresponds to 100 % intensity. Ligand stock solutions in LB buffer (250 -500 pM) were
prepared and titrated to the lectin solutions in portions of 2 yL. The mixture was vigorously
mixed, and after 20 min, the transmittance at 420 nm was measured. Subsequently, the
procedure was repeated as many times as no further decrease in transmittance or a
maximum ligand solution of 10 uM was reached. The measurement was repeated each time

for each ligand and lectin solution.

Precipitation Assay |: The precipitation assay was performed according to an adapted
literature-known protocol.?** Stock solutions of the ligands were prepared (500 pM in
PBS+CaCl,) and 10 puL were added to either a PNA (10 uM in PBS+CaCl,), Con A (10 uM in

PBS+CaCl,), or a mixture of both ligands (10 uM of each lectin) to give a total volume of 1
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mL. The clusters were allowed to form overnight at room temperature in 2 mL Eppendorf
tubes. In the next step, the clusters were centrifuged at 13500 rpm for 10 min. The
supernatant was removed, and the pellet was washed with 1 ml of cold buffer.
Subsequently, the clusters were again centrifuged, and the washing solution was removed.
To the pellet, 1 mL of a 0.05 M methyl mannose solution was added and mixed vigorously
for 1 min, yielding a clear solution for all samples. The solution was then analyzed using a
BCA test kit. The measurement was repeated for each ligand and lectin solution.
Additionally, negative controls and a zero-sample control were performed and did not result
in the formation of any clusters. The obtained ODs4is shown in Table 6.

Table 6: ODs, values were blank corrected, and the given errors equal the standard
deviation obtained from triple determination.

Ligand ODs4o

ConA+PNA ConA PNA
C14d 0.31+0.01 0.27 £0.02 n.d.
c13d 0.37+0.01 0.37+£0.02 n.d.
C15d n.d. n.d. n.d.

Precipitation Assay Il: The precipitation protocolis further adapted to enable the separate
quantitative determination of the bound lectins. The assay was performed as described
above, and the cluster protein concentration was determined via BCA method. However,
the supernatant was not disposed of but transferred to another Eppendorf tube. An affinity
tag (C13d, 5uL from 1mM stock in PBS+Ca?) was added to the supernatant, and the
precipitate was formed overnight at room temperature. Next, the precipitate was
centrifuged at 13500 rpm for 10 minutes, followed by a washing step that was performed as
described previously. The supernatant was again not disposed of but transferred to another
Eppendorf tube. The pellet was dissolved using 1 mL of a 0.05 M methyl mannose solution
as described above. The concentration of the supernatant (PNA concentration) as well as
the cluster protein concentration (Con A concentration) was determined separately using

the BCA method.
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Table 7: ODse, values were blank corrected, and the given errors equal the standard

deviation obtained from triple determination.

OD562
Ligand
Con A+ PNA ConA PNA
precipitate supernatant supernatant
C14d 0.55%0.02 0.27 £0.01 0.59+0.01
C13d 0.71+0.03 0.04 +£4.5x10-4 0.65+0.02

Table 8: Summary calculations made for precipitation assay Il of C14b. For the wash
solution, an ODss, 0f 0.04 was detected.

ConA PNA Sum:
¢ [UM] supernatant 6.90+0.2 17.50+0.16 -
c[puM] stock solution 20 20 -
Difference:
13.10+0.37 2.50+0.02 -
c [uM] precipitate
c(protein)/c(ligand) 1.31+0.04 0.25+2.2x10°® 1.56+0.04
0.58
ODse2 0.5 0.08
0.54 (minus wash)
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5.6 Analytical Data Oligomers

Compound C1b:
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C1b

272

RP-HPLC: 100 % Ato 0 % Ain 30 min at 25 °C: tg=11.4 min, rel. purity: 66 %.

ESI-MS: calculated for CossHaeiNssOgsS: 1777.5 [M+3H]*, 1333.4 [M+4H]*, 1066.9 [M+5H],
889.3 [M+6H]°"; found: 1778.2 [M+3H]*, 1333.8 [M+4H]*", 1067.4 [M+5H]**, 889.5 [M+6H]*".

MALDI-TOF-MS: calculated for C232Hs61N530gsS: 5352.5 [M+Na]’; found: 5355.7 [M+Na]".

"H-NMR (600 MHz, MeOH-d4/D,0): & 7.88-7.71 (m, 8H, Triazole-H), 7.0-6.7 (m, 8H, Aryl-H),
4.73 (s, 8H, CHmannose), 4.61-4.54 (m, 17H, 27, overlap with solvent peak), 4.52 (dd, 3J = 8.4,
4.6 Hz, 2H, 1, overlap with other peaks), 4.48 (dd, %) =7.9, 4.9 Hz, 1H, 9), 4.41 (d, 2 =13.0
Hz, 4H, 1644a), 4.29 (dd, ) = 8.1, 4.3 Hz, 1H, 1°), 4.12-4.04 (m, 8H, CHmannose), 3.90-3.31 (m,
146H, 8,8, 14,18,19, 20, 21, 22, CHmannose, OVerlap with solvent peak, PEG impurities), 3.18-
3.07 (m, 13H, 3, 16cquatoriat, CHmannose), 3.01-2.93 (m, 16H, 26, 24), 2.88 (dd, 2 = 12.9 Hz, *) =
5.0Hz, 1H, 2), 2.82-2.74 (m, 8H, 23), 2.69 (d, 2) = 12.9 Hz, 2H, 2’, overlap with impurity), 2.65-
2.42 (m, 40H, 17, 25), 2.31 (t, *J = 7.8 Hz, 2H, 10), 2.25-2.15 (m, 2H, 7), 2.0-1.85 (m,10H, 13,
overlap with impurities), 1.77-1.34 (m, 13H, 4, 5, 6, 11, 12, overlap with impurities), 1.06-
0.94 (m, 9H, 15) ppm.

Yield: 65 %
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Compound C2b:
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RP-HPLC: 100 % Ato 0 % A in 30 min at 25 °C: tg= 11.3 min, rel. purity: 53 %.

ESI-MS: calculated for CasHs61Ns:0esS: 1333. [M+4H]*, 1066.9 [M+5H], 889.3 [M+6H]*
762.4 [M+7H]’; found: 1334.2 [M+4H]*, 1067.6 [M+5H]*, 889.6 [M+6H]", 762.8 [M+7H]"".

MALDI-TOF-MS: calculated for C,3,H351N53055S: 5352.5 [M+Na]*; found: 5355.7 [M+Na]+.

"H-NMR (600 MHz, MeOH-d4/D,0): & 8.24-7.84 (m, 7H, Triazole-H), 7.03-6.75 (m, 8H, Aryl-
H), 4.73 (s, 8H, CHannose), 4.64-4.58 (m, 17H, 27, overlap with solvent peak), 4.55-4.48 (m,
5H, 1, 9, overlap with other peaks and solvent peak), 4.43 (m, 5H, 16.xa, Overlap with other
peaks and solvent peak), 4.34-4.28 (m, 8H, 1’, CHgaiactose), 4.27-4.21 (m, 6H, CHgalactose), 4.07-
3.95 (M, 7H, CHgatactose), 3.94-3.35 (m, 138H, 8, 8’, 14, 18, 19, 20, 21, 22, CHgaiactose, OVerlap
with solvent peak), 3.20-3.08 (m, 5H, 3, 16equatoriat), 3.04-2.93 (m, 12H, 26, 24), 2.90 (dd, ) =
13.0Hz,3) =4.9 Hz, 1H, 2), 2.83-2.74 (m, 6H, 23), 2.71 (d, 2 = 13.0 Hz, 1H, 2°), 2.63-2.44 (m,
42H, 17, 25, overlap with impurities), 2.35-2.3 (m, 3H, 10, overlap with impurities), 2.27-
2.16 (m, 2H, 7),2.0-1.9(m, 9H, 13), 1.77-1.36 (m, 13H, 4, 5, 6, 11, 12, impurities), 1.07-0.97
(m, 10H, 15) ppm.

At 2.04 ppm, signals of acetate counter ions can be found. Phase and baseline correction

have been performed using the MestreNova software.

Yield: 50 %
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Compound C8b:

Ho-\-o OIOH
=, rJ

o]

by Bas
lgoa%o }((k %

b=z

o2

27
N N
0-/~N"*N O S ZO o N7 NS0, 30
S~
HO wNH HG H 22 HN“(_)=/ 28 25 “OH
\"WN S 22 Nrj-l P
o0t \NH o o o 17 HNE{— o
dA 18 Hﬁo 3
HN— N 24

20
N. N ,—/ 27 _N_ .N
N 20 °N
\\‘O O—\__NH 1 Of 07 28
0
30
29
W W pE

NH HN HN  HN

. 0. NH. S
22 o7 ﬂ; © 11 12 ol 160y
HNW 878N 10 12 14 1431 314 7\4
N 15 15

RP-HPLC: 100 % Ato 0% Ain 17 min at 25 °C: tg= 8.4 min, rel. purity: 60 %.

ESI-MS: calculated for CaoHz13Ns530s6S: 1462.8 [M+3H]*", 1097.3 [M+4H]*; found: 1463.3
[M+3H]**, 1097.8 [M+4H]*".

MALDI-TOF-MS: calculated for Cy00H313Ns53056S: 4408.3 [M+Na]*; found: 4411.4 [M+Na]".

"H-NMR (600 MHz, MeOH-d4/D,0): 5 7.88-7.76 (m, 8H, Triazole-H), 7.0-6.7 (m, 8H, Aryl-H),
4.73 (s, 8H, CHmannose), 4.56-4.50 (m, 18H, 27, 1, overlap with solvent peak), 4.48 (dd, %) =
7.9,4.8 Hz, 1H, 9), 4.41 (d, ) = 11.5 Hz, 4H, 164a), 4.29 (dd, *J = 8.0, 4.4 Hz, 1H, 1°), 4.12-
4.04 (m, 8H, CHmannose), 4.0-3.34 (m, 138H, 8, 8’, 14, 18, 19, 20, 21, 22, 28, 29, 30, overlap
with solvent peak), 3.16 (dt, ®J = 9.4, 5.1 Hz,1H,3), 3.13.-3.05 (M, 4H, 16.quatorial), 3.01-2.91
(m, 16H, 26, 24), 2.88 (dd, %) = 12.8 Hz, *J = 4.9 Hz, 1H, 2), 2.8-2.73 (m, 8H, 23), 2.69 (d, %) =
12.8 Hz, 2H, 2’, overlap with impurity), 2.62-2.41 (m, 43H, 17, 25), 2.31 (t, °) = 7.6 Hz, 2H,
10), 2.25-2.15(m, 2H, 7), 2.0-1.86 (m,9H, 13), 1.75-1.35 (m, 12H, 4, 5, 6, 11, 12, overlap with
impurities), 1.05-0.95 (m, 9H, 15) ppm.

Yield: 65 %
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Compound L1:
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RP-HPLC: 100 % Ato 0 % A in 30 min at 25 °C: tg= 6.7 min, rel. purity: 90 %.

ESI-MS: calculated for CaosHs4sNs706sS: 1683.5 [M+3HT*, 1262.8 [M+4H]*", 1010.5 [M+5H]5*
842.2 [M+6H]®* 722.1 [M+7H]”*; found: 1684.3 [M+3H]*, 1263.3 [M+4H]*, 1010.9 [M+5H]**
842.6 [M+6H]** 722.3 [M+7H]"".

MALDI-TOF-MS: calculated for Co00H313Ns53056S: 5070.4 [M+Na]’; found: 5073.5 [M+Na]"™

"H-NMR (600 MHz, MeOH-d4/D,0): 5 7.84 (s, 8H, 9), 4.73 (M, CHumannose, OVerlap with solvent
peak), 4.65-4.56 (m, 10, overlap with solvent peak), 4.53 (dd, ®J = 7.9, 4.3 Hz, 1H,18), 4.34
(dd,®)=7.9,4.5Hz, 1H, 19), 4.14-4.05 (m, 8H, CHmannose), 3.90-3.84 (M, 8H, CHmannose), 3.79-
3.32 (m, 142H, 2, 3, 4, 5, 6, 11, CHumannose, OVerlap with solvent peak), 3.23 (dt, 3J = 9.5, 5.3
Hz,1H,16), 3.15-3.08 (M, 8H, CHmannose), 3.04-2.96 (m, 16H, 8), 2.94 (dd, ) =12.9 Hz,°) =5.0
Hz, 1H, 17), 2.85-2.76 (m, 16H, 7), 2.72 (d, 2} = 12.6 Hz, 1H, 17°), 2.57-2.37 (m, 44H, 1), 2.24
(t,%)=7.4Hz, 2H, 12), 1.79-1.52 (m, 4H, 13, 15), 1.47-1.39 (m, 2H, 14) ppm.

Yield: 70 %
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Compound L2:
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RP-HPLC: 100 % Ato 0% A in 30 min at 25 °C: tg= 6.7 min, rel. purity: 85 %.

ESI-MS: calculated for CaooHass1NssOs2S: 1607.4 [M+3H]**, 1205.8 [M+4H]*, 964.9 [M+5H]*
804.2 [M+6HI*"; found: 1608.2 [M+3HT*, 1206.2 [M+4H]*", 965.2 [M+5H]** 804.7 [M+6H]*" .

MALDI-TOF-MS: calculated for Cyo0H331N53052S: 4842.1 [M+Na]*; found: 4845.8 [M+Na]".

"H-NMR (600 MHz, MeOH-d4/D,0): 8 7.87-7-71 (m, 8H, 14), 4.73 (M, CHmannose, OVerlap with
solvent peak), 4.61-4.57 m, 15, overlap with solvent peal), 4.53 (dd, ®) = 8.1, 4.7 Hz, 2H, 25,
overlap with solvent peak), 4.34 (dd, ) =7.9, 4.5 Hz, 1H, 24), 4.29-4.20 (m, 3H, 5), 4.19-4.14
(m, 1H, 5°), 4.14-4.04 (m, 8H, CHmannose), 3.91-3.82 (M, 8H, CHmannose), 3.8-3.33 (M, 110H,
2,3,4,10,11,16,CHmannose, OVerlap with solvent peak), 3.23 (dt, 3J = 9.5, 5.2 Hz,1H ,23), 3.18-
3.10 (m, 16H, 9, CHmannose), 3.03-2.9 (m, 17H, 13, 18, 26), 2.82-2.7 (m, 9H, 17, 26, overlap
with impurity peaks), 2.66-2.42 (m, 36H, 1, 12), 2.24 (t, 3 = 7.4 Hz, 2H, 19), 1.89-1.28 (m,
31H, 6,7, 8, 20, 21, 22) ppm.

Yield: 70 %
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Compound C9:
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RP-HPLC: 100 % Ato 0 % A in 30 min at 25° C: tg=14.5 min, rel. purity: 94 %.

ESI-MS: calculated for CiosH142N15035: 1103.5 [M+2H]2+, 736.0 [M+3H]3+, 552.3 [M+4H]4+;
found: 1104.4 [M+2H]?", 736.6 [M+3H]*", 552.7 [M+4H]*".

MALDI-TOF-MS: calculated for Co3H142N15035: 2231.0 [M+Na]’; found: 2229.2 [M+Na]".

"H-NMR (600 MHz, MeOH-d4/D,0): & 7.90-7.8 (m, 4H, Triazol-H), 7.12-6.81 (m, 8H, Aryl-H),
4.73 (M, CHmannose, Overlap with solvent peak), 4.64-4.55 (m, 10H, 15, overlap with solvent
peak), 4.50 (dd, *) =8.2,4.8 Hz, 1H, 1), 4.46-4.39 (M, 4H, 124a), 4.12-4.04 (M, 4H, CHmannose),
3.93-3.46 (m, 43H, 8, 8’, 6, 16, CHmannose, PEG impurities), 3.19-3.09 (m, 8H, 12cquatorial,
CHumannose), 3.06-3.0 (m, 8H, 14), 2.74-2.60 (m, 8H, 13), 2.47-37 (m, 4H, 9, 10), 2.31 (t,3) = 7.6
Hz, 2H, 2), 2.28 (t, ®*) = 2.5 Hz, 1H, 11), 2.0-1.89 (m, 8H, 5), 1.70 (p, ) = 7.6 Hz, 2H, 3), 1.51-
1.42 (m, 2H, 4), 1.01 (t, %) =7.4 Hz, 9H, 7) ppm.

Yield: 50 %
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Compound C10:
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RP-HPLC: 100 % Ato 0 % Ain 30 min at 25 °C: tg=15.1 min, rel. purity: 89 %.

ESI-MS: calculated for CiosH144N22034: 1143.5 [M+2H]2+, 762.6 [M+3H]3+, 572.3 [M+4H]4+;
found: 1143.6 [M+2H]**, 763.0 [M+3H]**, 572.4 [M+4H]*.

MALDI-TOF-MS: calculated for C1psH144N22034: 2308.0 [M+Na]’; found: 2308.4 [M+Na]".

'"H-NMR (300 MHz, MeOH-d4/D,0): 5 7.89-7.77 (m, 6H, Triazol-H, 9, 10), 7.37 (d, 2H, ) = 8.3
Hz, 11, 12), 7.04-6.76 (m, 8H, Aryl-H), 4.73 (m, CHmannose, Overlap with solvent peak), 4.63-
4.48 (m, 10H, 17, overlap with solvent peak), 4.44-4.29 (m, 6H, 13, 144a), 4.14-4.01 (m, 4H,
CHmannose), 3.91-3.54 (m, 45H, 8, 8’, 6, 18, CHmannose, PEG impurities), 3.21-2.95 (m, 16H,
14equatorial, 16, CHmannose), 2.76-2.57 (m, 8H, 15), 2.31 (t, ®J= 7.3 Hz, 2H, 2), 1.96-1.78 (m, 8H,
5), 1.72-1.55 (m, 2H, 3), 1.44-1.28 (m, 2H, 4), 1.04-0.84 (m, 10H, 7) ppm.

It is assumed that the signal of proton 1 overlaps with the solvent peak at around 5.1 - 4.5

ppm.

Yield: 65 %
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Compound C11:
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RP-HPLC: 100 % Ato 0 % A in 30 min at 25 °C: tg= 14.0 min, rel. purity: 87 %.

ESI-MS: calculated for CiosH142N1603s: 1103.5 [M+2H]?*, 736.0 [M+3H]*, 552.3 [M+4H]*;
found: 1104.4 [M+2H]?, 736.6 [M+3H]**, 552.8 [M+4H]"".

MALDI-TOF-MS: calculated for C1osH142N16035: 2231.0 [M+Na]*; found: 2230.3 [M+Na]".

"H-NMR (300 MHz, MeOH-d/D,0): 5 8.06-7.81(m, 4H, Triazol-H), 7.03-6.76 (m, 8H, Aryl-H),
4.63-4.56 (m, 11H, 15, overlap with solvent peak), 4.50 (dd, 2H, ®J=7.9, 4.9 Hz, 1, overlap
with other signals), 4.42 (d, 4H, 2) = 13.4 Hz, 1244a), 4.34-4.16 (M, 8H, CHgalactose), 4.07-3.43
(m, 48H, 8, 8’,6, 16, CHgatactose, PEG impurities), 3.14 (d, 4H, 4 = 12.5 Hz, 12cquatorial), 3.07-2.90
(m, 8H, 14), 2.75-2.54 (m, 8H, 13), 2.45-2.25 (m, 7H, 9, 10, 11, 2), 2.06-1.81 (m, 8H, 5,
overlap with acetate), 1.77-1.61 (m, 2H, 3), 1.55-1.36 (m, 2H, 4), 1.02 (t, ) = 7.5 Hz, 9H, 7)

ppm.

Yield: 50 %
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Compound C12
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RP-HPLC: 100 % Ato 0 % Ain 30 min at 25 °C: tg=15.2 min, rel. purity: 86 %.

ESI-MS: calculated for CiosH14sN2203s: 1143.5 [M+2H]?*, 762.7 [M+3H]*, 572.3 [M+4H]*;
found: 1143.8 [M+2H]?, 763.0 [M+3H]**, 572.5 [M+4H]*".

MALDI-TOF-MS: calculated for C1osH144N22034: 2308.0 [M+Na]*; found: 2308.2 [M+Na]".

"H-NMR (600 MHz, MeOH-d4/D,0): & 7.94-7.86 (m, 4H, Triazol-H), 7.80 (d, 2H, *J=8.3 Hz, 9,
10), 7.37 (d, 2H, 3 =8.3 Hz, 11, 12), 6.99-6.74 (m, 8H, Aryl-H), 4.63-4.53 (m, 8H, 17, overlap
with solvent peak), 4.44-4.34 (m, 2H, 13), 4.37-4.32 (m, 4H, 14..a), 4.31-4.26 (m, 4H,
CHogatactose), 4.25-4.17 (M, 4H, CHgatactose), 4.04-3.94 (M, 4H, CHgaiactose) 3.88-3.49 (m, 41H, 8,
8’, 6, 18, CHgalactose, PEG impurities), 3.18-3.06 (m, 4H, 14¢quatoria)) 3.05-2.91 (m, 8H, 16), 2.73-
2.52 (m, 8H, 15), 2.30 (t, ®J= 7.5 Hz, 2H, 2), 1.95-1.8 (m, 8H, 5), 1.69-1.58 (m, 2H, 3), 1.41-
1.33 (m, 2H, 4), 1.03-0.9 (m, 10H, 7) ppm.

It is assumed that the signal of proton 1 overlaps with the solvent peak at around 5.1 - 4.6

ppm.

Yield: 65 %
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Compound C13d:
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RP-HPLC: 100 % Ato 0 % A in 30 min at 25 °C: tg= 14.2 min, rel. purity: = 95%.
Preparative Purification: 70% A to 50% A in 15 min at 25° C.

ESI-MS: calculated for CaosHas/N41O70: 1498.0 [M+3HT**, 1123.8 [M+4H]*, 899.2 [M+5H]*";
found: 1498.6 [M+3H]*, 1124.2 [M+4H]*, 899.6 [M+5H]*".

MALDI-TOF-MS: calculated for C2osH287N41070: 4514.0 [M+Na]*; found: 4517.1 [M+Na]".

"H-NMR (300 MHz, MeOH-d4/D,0): 5 8.24-6.6 (m, 29H, Aryl-H, Triazol-H, 1, 13, 14, 15, 16),
5.47 (s, 3H, 17, overlap with solvent peak), 4.61-4.23 (m, 5, 5’, 12axia, 20, CHmannose, OVerlap
with solvent peak), 4.17-3.99 (8H, CHmannose), 4.0-3.44 (m, 73H, 4, 4°, 10, 21, CHmannose, PEG
impurities), 3.22-2.41 (m, 52H, 2, 3, 12cquatoriai, 18, 19, CHmannose), 2.34-2.21 (m, 4H, 6), 1.98-
1.77 (m, 16H, 9), 1.73-1.54 (m, 4H, 7), 1.48-1.23 (m, 5H, 8, impurities), 1.03-0.85 (m, 20H,

11, impurities) ppm.

Yield: 20 %
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Compound C14d:

HO
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RP-HPLC: 100 % Ato 0 % Ain 30 min at 25 °C: tg= 14.09 min, rel. purity: = 95 %.
Preparative Purification: 70 % Ato 50 % A in 15 min at 25 °C.

ESI-MS: calculated for CyogH257N41070: 1498.0 [M+3H]3+, 1123.8 [M+4H]4+, 899.2 [M+5H]5+,
749.5 [M+6H1%"; found: 1498.6 [M+3H]**, 1124.2 [M+4H]*, 899.6 [M+5H]*".

MALDI-TOF-MS: calculated for Coo9H287N41070: 4514.0 [M+Na]"; found: 4517.1 [M+Na]".
"H-NMR (600 MHz, MeOH-d4/D,0): & 8.53 (bs, 4H, formic acid), 7.95-7.89 (m, 4H, Triazole-
H), 7.84-7.78 (m, 4H, Triazole-H), 7.85 (d, ®J = 8.5 Hz, 2H, 13, 15), 7.62 (s, 1H, 1), 7.28 (d,
®)=8.5 Hz, 2H, 14, 16), 7.00-6.76 (m, 16H, Aryl-H), 5.46 (s, 2H, 17), 4.74-4.72 (m, 6H,
CHmannose, Overlap with solvent peak), 4.62-4.52 (m, 16H, 20, overlap with solvent peak), 4.47
(dd, ®J=7.7,7.4 Hz, 1H, 5), 4.43-4.25 (m, 12H, 124yai, CHgatactoss) 4.24-4.17 (M, 4H, CHgatactose ),
4.10-4.02 (m, 4H, CHmannose), 4.01-3.94 (m, 4H, CHgatactose), 3.88-3.49 (m, 73H, 4, 4’, 21, 10,
CHgatactoses CHmannose, impurities), 3.16-2.88 (m, 31H, 3, 12cquatoiat, 19, CHmannose), 2.71-2.57 (m,
16H, 18), 2.51 (t, *J=7.7 Hz, 2H, 2), 2.31-2.24 (m, 4H, 6), 1.94-1.8 (m, 17H, 9), 1.7-1.6 (m, 6H,
7), 1.45-1.33 (m, 4H, 8), 1.00-0.90 (m, 19H, 11) ppm.

Itis assumed that the signal of proton 5’ overlaps with the solvent peak at around 5.1 -4.60
ppm.

Unidentified impurities can be found in the aliphatic field from 2.25 to 0.85 ppm. These
might be due to remaining diethyldithiocarbamate. An additional dialysis purification is

advisable.

Yield: 20 %
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Compound C15d:

Ho, @

el

Hg —OH

RP-HPLC: 100 % A to 0% A in 30 min at 25 °C: tg= 14.0 min, rel. purity: = 95 %.
Preparative Purification: 70 % Ato 50 % A in 15 min at 25 °C.

calculated for CaooH2e7N41070: 1498.0 [M+3H]*, 1123.8 [M+4H]*, 899.2 [M+5H]*, 749.5
[M+6H]%"; found: 1498.7 [M+3HT*, 1124.4 [M+4H]*, 899.6 [M+5H]*, 749.8 [M+6H]"".

MALDI-TOF-MS: calculated for C2osH287N41070: 4514.0 [M+Na]*; found: 4517.1 [M+Na]".

"H-NMR (300 MHz, MeOH-d4/D,0): & 8.09-6-64 (m, 29H, Aryl-H, Triazole-H, 1, 13, 14, 15,
16), 5.44 (s, 2H, 17, overlap with solvent peak), 4.63-4.51 (m, 16H, 20, overlap with solvent
peak), 4.41-4.14 (m, 24H, 12aa, CHgatactose) 4.05-3.64 (m, 77, 4, 4°, 10, 21, CHgalactose), 3.20-
2.82 (m, 26H, 12¢quatoriai, 19, 2), 2.71-2.42 (m, 18H, 18, 3), 2.34-2.21 (m, 4H, 6), 1.98-1.74 (m,
16H, 9), 1.72-1.52 (m, 5H, 7), 1.46-1.2 (m, 8H, 8, impurities), 1.07-0.77 (m, 18H, 11) ppm.

Itis assumed that the signals of proton 5 and 5’ overlap with the solvent peak.

Yield: 25 %
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Compound C16:

HOO NH oH |
( ) oH OHHN"Sg
N Ho A _oH
HO o .
TP LT
N -0
vo oH N NAo HO, OH 15
N e S J ] Y HN—{
¢ A o m [ ino"‘ﬁ}—oa
How(__ome N HJN‘J\‘D NN‘N‘\;””“’
N ! -
HO-"\\OL_\/N O\i 19 = oM
N o [ HN— 13
d { o ©
o ] M 4/70
NS HN o f P
\ O _NH 0O
]N_<° SNH
b
—\ 04“ &
J~nA N HNSo HN T
o /L.)\L
\ S
P L/\'{;j\
St 3 M o aquacoriad
9 ; ©
[ 0?5240
778 B\ 8- 8
,JB 10 10 10

RP-HPLC: 100 % Ato 0 % A in 30 min at 25 °C: tg= min, rel. purity: 55 % (It cannot be fully
clarified whether the cleavage of Sia ligands occurs exclusively or partially during HPLC

analysis).

ESI-MS: calculated for Cq77H271N35069: 1996.4 [M+2H]2+, 1331.3 [M+3H]3+, 998.7 [M+4H]4+,
found: 1997.9 [M+2H]?, 1331.9 [M+3H]*, 999.4 [M+4H]*".

"H-NMR (300 MHz, MeOH-d4/D,0): 8.03 (bs, 4H, Triazole-H), 6.93 (bs, 7H, Aryl-H), 4.49 (d,
2)=13.0 Hz, 4H, 11.a), 4.17-3.43 (m, 125H, 2, 3, 4, 9, CHs;, overlap with solvent peak), 3.2
(d, 2)=13.8 Hz, 5H, 11quatorial, Overlap with other peaks), 3.13-3.0 (m, 8H, 13), 2.76-2.52 (m,
37H,1,12),2.39-2.22 (m, 8H, 14, 14’),2.17-1.9(m, 23H, 5, 8, 15), 1.83-1.73 (m, 2H, 6), 1.72-
1.61(m, 2H, 7), 1.15-1.02 (m, 9H, 10) ppm.

Non-identified impurities can be found from 1.6 to 0.9 ppm.

Yield: 12 %
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Compound C17:
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RP-HPLC: 100 % Ato 0 % A in 30 min at 25 ° C: tg= 11.2 min, rel. purity: 85 % (It cannot be

fully clarified whether the cleavage of Sia ligands occurs exclusively or partially during HPLC

analysis).

ESI-MS: calculated for Cie3H234N3,063: 1824.8 [M+2H]2+, 1216. [M+3H]3+, 912.90 [M+4H]4+,

found: 1825.6 [M+2H]?*, 1217.3 [M+3H]*, 913.2 [M+4H]*".

"H-NMR: Due to signal broadening the '"H-NMR was analyzed qualitatively (see Figure 92,

appendix).

Yield: 20 %
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Compound C18:
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RP-HPLC: 100 % Ato 0 % A in 30 min at 25 °C: tg=11.1 min, rel. purity: 65 % (It cannot be
fully clarified whether the cleavage of Sia ligands occurs exclusively or partially during HPLC

analysis).

ESI-MS: calculated for CaisHs2aNs20ss: 1600.4 [M+3HT?, 1200.6 [M+4H]*, 960.7 [M+5HT*",
found: 1601.3 [M+3H]*", 1201.1 [M+4H]*, 961.4 [M+5H]".

"H-NMR: Due to signal broadening the "H-NMR was analyzed qualitatively (see Figure 92,
appendix).

Yield: 15 %
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Compound C19:
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RP-HPLC: 100 % Ato 0 % A in 30 min at 25 °C: tg= 9.5 min, rel. purity: not applicable due to

broad overlapping peaks.

ESI-MS: calculated for CsssHsosN770138: 1559.9 [M+5H]%*, 1300.1 [M+6H]®" found: 1560.5
[M+5H7°*, 1300.6 [M+6H]°5*.

ESI-MS (negative mode): calculated for CassHsosN770138: 1947.6 [M-4H]*, 1557.9 [M-5H]%,
1298.1 [M-6H]%, 1112.5 [M-7H]", 973.3 [M-8H]%, 865.1 [M-9H]*, 778.5 [M-10H]"%; found:
1948.3 [M-4H]*, 1558.5 [M-5H]%, 1298.6 [M-6H]%, 1113.1 [M-7H]", 973.5 [M-8H]%, 865.5 [M-
9H]*, 778.7 [M-10H]">,

"H-NMR: Due to signal broadening the '"H-NMR was analyzed qualitatively (see Figure 92,
appendix).

Yield: 10 %

140



Appendix

6. Appendix
6.1 List of Abbreviations

General Abbreviations:

GNP
e.g.
ER
etal.

rel.

Chemicals:

Alloc
Au
Boc

BOP

Ca*
CaCl,
Cu
CuSO,
D,O
DCM
DCC
DIPEA
DMF
DMSO
EDS
Fmoc

HATU

HCl
HEPES

HNO;
H.O

gold nanoparticle
exempli gratia
endoplasmic reticulum
et alii

relative

allyloxycarbonyl
gold
tert-butyloxycarbonyl

benzotriazol-1-
yloxytris(dimethylamino)phosphonium
hexafluorophosphate

calcium (I1)

calcium chloride

copper

copper sulfate

deuterium oxide
dichloromethane
N,N’-dicyclohexylcarbodiimide
N,N-diisopropylethylamine
dimethylformamide

dimethyl sulfoxide

ethylene glycol diamine succinic acid
9-fluorenylmethoxycarbonyl

O-(7-azabenzotriazol-1-yl)-N,N,N',N'-
tetramethyluronium hexafluorophosphate

hydrochloric acid

4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid

nitric acid

water
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HOBLt
LBB
LiCl
K.COs
KOH
MeCN
MeOH
MgSO,
Mn?*
MnCl
NaH
NMP
PBS
PEG
PyBOP

SnCl,
TIPS
TDS
T™MB

Proteins:

BSA
ConA
EndoH
LCA
NGYL1
PNA
PNGase F
PSA
HRP
RNase B
RCA

1-hydorxybenzotriazole
lectin binding buffer
lithium chloride
potassium carbonate
potassium hydroxide
acetonitrile

methanol

magnesium sulfate
manganese (ll)
manganese chloride
sodium hydride
N-methyl-2-pyrrolidon
phosphate buffered saline
polyethylene glycol

benzotriazol-1-
yloxytris(pyrrolidino)phosphonium
hexafluorophosphate

tin chloride
triisopropylsilane
triple-bond diethylenetriamine succinic acid

3,3’-5,5’-tetramethylbenzidine

Bovine serum albumin
Concanavalin A
Endoglycosidase H

Lens culinaris agglutinin
N-glycanase 1

Peanut agglutinin
Peptide-N-glycosidase F
Pisum sativum agglutinin
horse radish peroxidase
Ribonuclease B

Ricinus communis agglutinin
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Monosaccharides:

Man
MeMan
Fuc

Gal
GalNAc
Glc
GlcNAc
Lac

Neu5NAc

Amino Acids:

Asn
Asp
Thr
Tyr
Ser

Pro

Methods and Instruments:

BCA
CuAAC

DCS

ELISA

ESI-MS

ITC
MALDI-TOF-MS

NMR
RP-HPLC

SDS-PAGE

SPS
SPPS

D-mannose
methyl-a-D-mannose
L-fucose

D-galactose
D-N-acetylgalactosamine
D-glucose
D-N-acetylglucosamine
D-lactose

N-acetylneuraminic acid

L-asparagine
L-aspartic acid
L-threonine
L-tyrosine
L-serine

L-proline

bicinchoninic acid assay

copper-catalyzed alkyne-azide
cycloaddition

differentia centrifugal sedimentation
enzyme-linked immunosorbent assay
electrospray ionization mass spectrometry
isothermal titration calorimetry

matrix-assisted laser desorption ionization
—time of flight mass spectrometry

nuclear magnetic resonance spectroscopy

reverse  phase-high  pressure liquid
chromatography

sodium dodecyl sulfate polyacrylamide gel
electrophoreses

solid-phase synthesis

solid-phase peptide synthesis
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SPPoS
TEC
UV/Vis

Units and Symbols:

%
°C
o
pL
UM
pm
cm
Da
eq.
g

Hz
|C50

Ka

mAu
mg
MHz
min
mL
mM
mmol
m/z
nm
pH
ppm
RIP
RIPyc

solid-phase polymer synthesis
thiol-ene click

ultraviolet/visible

percent

degree Celsius
chemical shift
microliter
micromolar
micrometer
centimeter

dalton

equivalents

gram

hour

hertz

half maximum inhibitory concentration
coupling constant
binding constant
moles per liter
meter
milliabsorption units
milligram

Megahertz

minutes

milliliter

millimolar

millimole
mass-to-charge ratio
nanometer

potential hydrogenii
parts per million
relative inhibitory potency

valency corrected relative inhibitory
potency
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rpm rounds per minute

tr retention time

6.2 List of Figures
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the potential application field (highlighted in green) is shown. ......c..ccooiiiiiiiiiiiiiiininnn.e. Xiv

Figure 2: A) Schematic depiction of glycocalyx and pathogen interaction, B) Five
mechanisms of multivalent ligand-receptor binding. .....c.ovuiuiiiiiiiiiiiii e 4

Figure 3: Schematic Depiction of NGLY1 catalyzed hydrolysis of high-mannose-type
glycoprotein after TOmMUN €T al.33......ccoiiiiiiiiiiiee e e e e e e e e e eeeaeaaan 6

Figure 4: Schematic depiction of glyco-functionalized scaffolds as examples of

BlYCOMIMETIC STFUCTUIES. «eeiiiiiiiii ettt et et e et e e e e eaaes 7
Figure 5: Reaction scheme of calix[n]arenes one-step synthesis after Munch. .................. 9
Figure 6: The four conformations of tert-butyl-calix[4]arene after Gutsche. ........cc.cceuneent 11
Figure 7: Examples of glycocalix[4]arenes prepared via different synthetic methods. ...... 13
Figure 8: SPPS methodology developed by Merrifield. ......ccooiiiiiiiiiiiiiiiiinn s 16
Figure 9: Exemplary overview of frequently used linkers, coupling agents, and protecting

BIOUPS 1N SP P S, L. ettt et et et et et e e e e e ee e ee e enns 17
Figure 10: Schematic illustration of SPPoS by Hartmann for the preparation of sequence-

defined glyCoOmMaCrOMOLECULES. ...u.iniiii et e et e e e e e e e s eaaaneans 20
Figure 11: Examples of peptido-calix[4]arenes synthesized on solid phase. .......c............ 21

Figure 12: Schematic depiction of biotinylated ligands for the lectin-binding domain of
NI I o AV e ToT 1  F-11 1 ) F PPN 67

Figure 13: (A) HPLC chromatogram of compound C1b (95/5 to 5/95 vol.-% H,O/MeCN +
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proposal of by-products BP1-BP5. ... e e e a e 69

Figure 14: (A) HPLC chromatogram of compound C2b (95/5 to 5/95 vol.-% H,O/MeCN +
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Figure 18: (A) Schematic depiction to illustrate the assay design of ELISA-like adhesion
study, (B) absorbance (450 nm) values obtained in ELISA-like adhesion study for C1b, L1,
C2b with @ Con A-COated SUMACE. ...iueiiieii ettt et et et et ee e en e eneeens 76

Figure 19: SDS PAGE gel (stained with Coomassie) and loading of the wells. Color and
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Figure 20: Schematic depiction of a split-split-combine approach towards homo- and
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Figure 31: "H-NMR spectrum (600 MHz) of compound C1b in MeOH-d4/D,0.
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Figure 32: MALD-TOF-MS spectrum of compound C1b.
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Figure 33: "H-NMR spectrum (600 MHz) of compound C2b in Me OH-d4/D-0.
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Figure 34: MALD-TOF-MS spectrum of compound C2b.
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Figure 35: 1H-NMR spectrum (600 MHz) of compound C8b in MeOH-d4/D;0.
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Figure 36: MALD-TOF-MS spectrum of compound C8b.
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Figure 37: "H-NMR spectrum (600 MHz) of compound L1 in MeOH-d4/D,0.
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Figure 38: RP-HPLC chromatogram (100 % A to 0 % A in 30 min at 25 °C) of compound L1.
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Figure 39: ESI-MS spectrum attg=6.7min (100 % Ato 0 % A in 30 min at 25 °C) of compound
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Figure 40: MALD-TOF-MS spectrum of compound L1.
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Figure 41: "H-NMR spectrum (600 MHz) of compound L2 in MeOH-d4/D.0.
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Figure 42: RP-HPLC chromatogram (100 % A to 50 % A in 30 min at 25 °C) of compound L2.
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Figure 43: ESI-MS spectrum at tg= 6.7 min (100 % A to 50 % A in 30 min at 25 °C) of
compound L2.
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Figure 44: MALD-TOF-MS spectrum of compound L2.
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Figure 45: "H-NMR spectrum (600 MHz) of compound C9 in MeOH-d4/D,0.
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Figure 46: RP-HPLC chromatogram (100 % A to 50 % A in 30 min at 25 °C) of compound C9.
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Figure 47: ESI-MS spectrum at tg= 14.5 min (100 % A to 0 % A in 30 min at 25 °C) of
compound C9.
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Figure 48: MALD-TOF-MS spectrum of compound C9.
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Figure 49: "H-NMR spectrum (300 MHz) of compound C10 in MeOH-d4/D,0.
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Figure 50: RP-HPLC chromatogram (100 % A to 50 % A in 30 min at 25 °C) of compound C10.
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Figure 51: ESI-MS spectrum at tg= 15.1 min (100 % A to 0 % A in 30 min at 25 °C) of
compound C10.
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Figure 52: MALD-TOF-MS spectrum of compound C10.

Figure 53: "H-NMR spectrum (300 MHz) of compound C11 in MeOH-d4/D,0.
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Figure 54: RP-HPLC chromatogram (100 % A to 50 % A in 30 min at 25 °C) of compound C11.
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Figure 55: ESI-MS spectrum at tg= 14.0 min (100 % A to 0 % A in 30 min at 25 °C) of
compound C11.
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Figure 56: MALD-TOF-MS spectrum of compound C11.
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Figure 58: RP-HPLC chromatogram (100 % A to 50 % A in 30 min at 25 °C) of compound C12.

164



Appendix

100 - 763.0

80 -
=1
1]
> 60
‘@
| o=
9
£ 40+ 572.5

1143.8
20+
0 .J I . | L . 1 ll. ol ; . .
200 400 600 800 1000 1200
m/z

Figure 59: ESI-MS spectrum at tg= 15.0 min (100 % A to 0 % A in 30 min at 25 °C) of
compound C12.
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Figure 60: MALD-TOF-MS spectrum of compound C12.
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Figure 61: "H-NMR spectrum (600 MHz) of compound C13d in MeOH-d4/D,0.
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Figure 62: RP-HPLC chromatogram (100 % Ato 0 % A in 30 min at 25 °C) of compound C13d.
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Figure 63: ESI-MS spectrum at tr= 14.1 min (100 % A to 0 % A in 30 min at 25 °C) of
compound C13d.
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Figure 64: MALD-TOF-MS spectrum of compound C13d.
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Figure 66: RP-HPLC chromatogram (100 % A to 0 % A in 30 min at 25 °C) of compound C14d.
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Figure 67: ESI-MS spectrum at tr= 14.2 min (100 % A to 0 % A in 30 min at 25 °C) of
compound C14d.
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Figure 68: MALD-TOF-MS spectrum of compound C14d.
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Figure 69: "H-NMR spectrum (300 MHz) of compound C15d in MeOH-d4/D.0.
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Figure 70: RP-HPLC chromatogram (100 % A to 0 % A in 30 min at 25 °C) of compound C15d.
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Figure 71: ESI-MS spectrum at tg= 14.0 min (100 % A to 0 % A in 30 min at 25 °C) of
compound C15d.
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Figure 72: MALD-TOF-MS spectrum of compound C15d.
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Figure 74: MALDI-TOF-MS of CBB1.
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Figure 75: MALDI-TOF-MS of product mixture obtained from alkylation of CBB2-1 with1-
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Figure 77: MALDI-TOF-MS of intermediate CBB2-2.
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Figure 78: "H-NMR (300 MHz) of intermediate CBB2-2 in chloroform.
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Figure 79: MALDI-TOF-MS of intermediate CBB2-3.
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Figure 80: MALDI-TOF-MS of intermediate CBB2-4.
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Figure 81: MALDI-TOF-MS of intermediate CBB2-5.
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Figure 82: MALDI-TOF-MS of intermediate CBB2-6.
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Figure 83: MALDI-TOF-MS of CBB2.
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Figure 84:"H-NMR spectrum (600 MHz, 90 °C) of compound CBB2 in DMSO.
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Figure 85: "*C-NMR spectrum (150 MHz, 90 °C) of compound CBB2 in DMSO.
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Figure 86: RP-HPLC chromatogram (100 % Ato 50 % A in 17 min at 25 °C) of EDS;-CBB2-
NH,intermediate after reduction of nitrogen groups.
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Figure 87: MALDI-TOF-MS of EDS;-CBB2-NH, intermediate after reduction of nitrogen
groups.
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Figure 88: "H-NMR spectrum (300 MHz) of compound C16 in MeOH-d4/D.0.
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Figure 89: RP-HPLC chromatogram (100 % A to 50 % A in 30 min at 25 °C) of compound C16.
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Figure 90: ESI-MS spectrum at tg= 12.17 min (100 % A to 0 % A in 30 min at 25 °C) of

compound C16. m/z assigned to by-products due to Neu5Ac cleavage are marked with * (-

1 Neu5Nac), ** (-2 Neu5Ac) or *** (-3 Neu5Ac).
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Figure 91: ESI-MS spectrum attg=9.5min (100 % Ato 0 % A in 30 min at 25 °C) of compound
C19.
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Figure 92: stack "H-NMR (600 MHz) of compound C16 (25 °C), C17, C18 and C19 (90 °C) in
MeOH-d4/D,0.
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Figure 93: Transmittance values obtained from concentration-dependent turbidity assay
with PNA (star) for different stock concentrations of C14d (5 mM or 500 uM).
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Figure 94: Transmittance values obtained from concentration-dependent turbidity assay for
negative controls (C13d + PNA and C15d + Con A).
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Figure 95: Calibration Curve BCA method for the protein Con A. The measurement was
performed on a CLARIOstar® reader from BMG LABTECH in triplicates.
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Figure 96: Calibration Curve BCA method for the protein Con A. The measurement was
performed on a Multiskan Go reader from Thermo Scientific in triplicates.
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Figure 97: Calibration Curve BCA method for the protein PNA. The measurement was
performed on a Multiskan Go reader from Thermo Scientific in triplicates
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