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Abstract

The glycocalyx, a sugary coat that covers the plasma membrane on all eukaryotic cells, is a
highly complex and heterogeneous entity, composed of glycolipids, glycoproteins and proteoglycans.
This densely crowded ensemble of different constituents is highly dynamic, as it constantly adapts to
external stimuli, and is intricately involved in manifold biological processes that unfold on the cell
surface and are crucial for cellular function, such as pathogen infection, cancer progression, immune
response and signaling. Consequently, elucidating these very mechanisms that are involved with the
glycocalyx is highly desirable to properly comprehend cellular functions and to eventually progress

targeted therapies, rendering the glycocalyx a subject of intensive research for decades.

Many of these glycocalyx-associated processes are closely connected to the interaction of membrane-
presented glycans with specific receptor proteins, so called glycan binding proteins (GBPs). Since native
glycans are highly challenging to isolate and characterize in pure forms, researchers have long
employed synthetic mimics of naturally occurring glycans, so called glycomimetics, to study the
interaction of proteinaceous receptors with these mimics in a precise setting. Though this approach
gives valuable insights into macromolecular interactions, it does not mirror the immense complexity,
dynamics and heterogeneity that is found on the cell surface. To overcome this limitation, glycocalyx
models have been developed, that employ the incorporation of lipidated synthetic glycomimetics into
phospholipid membranes to yield simplistic surrogates of native glycocalyces. Although these simple
models are far from reflecting the complexity of eukaryotic cell membranes, they offer the potential
to study glycocalyx-associated mechanisms in a very controlled and highly adjustable setting. To
increase complexity and accuracy in these glycocalyx models, this thesis introduces a versatile platform
to synthesize high-precision lipidated glycomimetics to construct more complex glycocalyx mimetics

(cp. Figure 1).

In the first part of this thesis, four different cholesteryl-conjugated glycan mimetics are prepared by
solid phase polymer synthesis (SPPoS) and a recently introduced new form of controlled radical
polymerization (TIRP) in order to systematically investigate the influence of (hetero-) multivalently
crowded surfaces of natural cell membranes on selective receptor binding. The combination of SPPoS
and TIRP allows for a straightforward variation of key structural parameters, namely site-specific
introduction of fluorophores and a cholesteryl-moiety, as well as a precise tuning of the glycan-head
group in terms of glycosylation and valency. Employing SPPoS, established by Hartmann et al., two
tetravalent glycan mimetics are first synthesized that differ in their glycosylation (mannose (Man) or

galactose (Gal)) and the attached fluorophore (Rhodamine B or Fluorescein). Both structures are linked
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Figure 1. The further development of previously established SPPoS protocols now enables a facile synthetic
platform to derive highly tailorable mimetics of lipidated glycans. These glycan mimetics are being employed to
construct crowded glycocalyx mimetics (l), spatially resolved glycocalyx mimetics (ll) and to derive sGAG
mimetics to study membrane-virus interactions (lll). Also, a polymerizable diacetylene building block, compatible
with standard Fmoc-coupling protocols, is developed that can be used to imprint receptor-mediated glycan
clusters within membranes (IV).



N-terminally to a cholesteryl anchor, which is later employed to introduce the ligands into giant
unilamellar vesicles (GUVs) as model membrane systems. Since solid-phase synthesis is limited with
regard to the achievable chain length, SPPoS is then combined with TIRP to obtain glycan mimetics
with a polymeric glycan-head group. In this manner, SPPoS-derived macroinitiators are synthesized,
equally featuring site-selective functionalization with a fluorophore and a cholesteryl-moiety, but

bearing a C-terminal cysteine moiety.

The free thiol after isolation of the macroinitiators is then used as a grafting point for subsequent TIRP
with Man- or Gal-functionalized acrylamide monomers to obtain the corresponding longer-chain
glycan mimetics with narrow dispersities. The four different glycan mimetics (either functionalized
with four or approximately forty Man- or Gal-moieties and a fluorophore, as well as a cholesteryl-
anchor) are then incorporated into giant unilamellar vesicles. For this purpose, a protocol is developed
that enables homogeneous anchoring of the derived structures in the membranes. The incorporation
is demonstrated qualitatively by fluorescence microscopy and quantified by fluorescence correlation
spectroscopy (FCS). Subsequently, the interaction of the glyco-decorated GUVs with Concanavalin A
(Con A) -functionalized surfaces is investigated. It is shown that the Man-decorated vesicles adhere to
the lectin surfaces, depending on the valency of the glycan-head group and the overall concentration
of the incorporated ligands in the GUVs, whereas the Gal-functionalized vesicles show no interaction
with the surfaces. The specificity of Con A-Man binding is confirmed by inhibition experiments. In a
next step, mixtures of long and short, binding (Man) and non-binding (Gal) ligands are incorporated
into the vesicles and characterized with regard to their interaction with the Con A surfaces, thereby
focusing on the question, whether the non-binding glycan mimetics have an influence on the selective
binding of the Man-ligands to the Con A surfaces, based on the dense and heteromultivalent
presentation of glycans on natural cell surfaces (cp. Figure 1 Glycocalyx Models |). In fact, this highly
tunable model shows for the first time that depending on the valency (short vs. long) and the overall
concentration of both, the Man-ligands and the Gal-ligands, three different scenarios can be identified:
either the adhesion is not affected, the adhesion is significantly reduced or the adhesion of the vesicles
on the Con A surfaces increases significantly. Generally, high concentrations of the long, non-binding
ligands reduce adhesion, while the short, non-binding ligands have no effect. However, it is found that
the long, non-binding crowding agents do not impact GUV adhesion when the vesicles contain low
concentrations of the binding ligands. Notably, GUVs with low concentrations of the long, binding
ligands adhere more strongly when doped with high concentrations of the short, non-binding ligands

and low concentrations of the long, non-binding ligands.

The second part of the thesis focuses on reflecting naturally occurring lipid rafts in glycocalyx mimetics.

Lipid rafts are dynamic and spatially localized agglomerates of glycolipids and various membrane



proteins in less mobile lipid domains. Although the exact function of lipid rafts is not yet fully
understood, they are thought to play an important role in cellular interactions such as adhesion,
communication or infection. The separation of a homogeneous lipid phase into ordered (Lo) and fluid
(Ld) membrane domains is a phenomenon that is well researched in GUVs and is referred to as phase
separation. Thereby unsaturated lipids form a fluid, disordered phase, while saturated lipids separate
out with cholesterol into an ordered phase, which naively mirrors native lipid rafts. In order to reflect
the local heterogeneities in the glycocalyx mimetics, four different glycan mimetics are synthesized,
again employing SPPoS, differing in both, their respective glycosylation (Man or Gal) and their
respective membrane anchor. The membrane anchors employed are derivatives of stearic acid and
oleic acid, which differ significantly in their physico-chemical properties and are therefore expected to
exhibit different behaviors in the phase-separating GUVs. Using a well-studied ternary lipid mixture
and the glycan mimetics produced, phase-separating GUVs are prepared. Employing suitable lectin
stainings, it is shown for the first time that the ligands preferentially insert into the ordered or
disordered fluid domains of the vesicles according to their specific lipidic membrane-tether (cp.
Figure 1 Glycocalyx Models Il). Based on these initial results, heteromultivalent systems are also
produced that present different glycan mimetics in the ordered and disordered domains or different
glycan mimetics in one domain. The influence of the membrane localization of the ligands on selective
lectin binding is subsequently investigated. Astonishingly, it is shown that lectin recruitment associated
with ligands in the ordered domains is considerably more efficient than with ligands in the disordered
domains, which experimentally supports the idea that lipid rafts provide an important platform for
vital processes in native cellular membranes and demonstrates that the developed model system

enables for the first time the systematic study of raft-associated processes in glycocalyx mimetics.

Based on the first part of the thesis, the synthesis of lipid-functionalized and globally sulfated, so-called
sulfated glycosaminoglycan (sGAG)-mimetics, is subsequently established. Virus-sGAG interactions on
the glycocalyx are an important prerequisite to initiate viral infection and are, accordingly, important
to study and comprehend in order to potentially inhibit viral infections therapeutically. Therefore, the
previously established synthesis of long and short glycan mimetics is now expanded for sGAG mimetics
to study virus-membrane interactions. For the sGAG mimetics, a combination of solid-phase synthesis
and TIRP is again employed to obtain long and short glycan mimetics, site-selectively bearing a lipid
moiety, as well as a fluorophore. The thusly derived glycan mimetics are then globally sulfated using

established protocols to obtain a library of eight different short and long sGAG mimetics.

In a first series of experiments, one of the derived polymeric sGAG mimetics, functionalized with a
cholesteryl-tether and Rhodamine B dye, is incorporated into GUVs and native cell membranes and

the interaction with virus like particles (VLPs) is investigated (cp. Figure 1 Glycocalyx Models ). It is

v



shown that some of the employed VLPs bind to the membrane tethered sGAG mimetics,
demonstrating that the established synthesis platform enables structure-specific investigations with

regard to virus binding on dynamic membrane model systems.

The final part of this thesis focuses on the dynamic clustering of glycan mimetics upon interaction with
a multivalent receptor in glycocalyx models. Clustering of glycans in the glycocalyx is an important
mechanism in biological systems, which appears to play an important role in a large number of
processes. Clustering usually occurs very dynamically and is locally limited to a small area within the
cell membrane. In order to emulate this dynamic clustering in glycocalyx mimetics, triggered by a
ligand-receptor mediated binding, a novel SPPoS-compatible building block, featuring a polymerizable
diacetylene-moiety, is developed that can be site-specifically incorporated into the backbone of the
already established lipidated glycan mimetics. Diacetylenes can be topochemically polymerized under
suitable conditions to generate a conjugated, fluorescent polydiacetylene backbone. In this manner, a
first generation of diacetylene-functionalized glycan mimetics, bearing either a tetravalent Man- or
Gal-head group, as well as a cholesteryl moiety, is synthesized and characterized. Subsequently, the
self-assembly and polymerization of the diacetylene-functionalized glycan mimetics in aqueous
solution is assessed, showing that the diacetylene-macromonomers polymerize upon irradiation and
initial studies are executed to demonstrate the fixation and visualization of lectin-mediated clusters in

GUVs (cp. Figure 1 Glycocalyx Models 1V).

In summary, the presented work offers several novel approaches for constructing glycocalyx mimetics
that mirror more closely their natural analogues and, hence, enables the investigation of glycocalyx-
associated phenomena in a simplified but highly tunable setting to further decipher the underlying

biophysical and biochemical processes on cellular membranes.



List of Publications

Publications included in this Thesis
L.-C. Blawitzki, N. Bartels, L. Bonda, S. Schmidt, C. Monzel, L. Hartmann
'Glycomacromolecules to Tailor Crowded and Heteromultivalent Glycocalyx Mimetics'

Biomacromolecules 2024, 25, 9, 5979-5994

L.-C. Blawitzki, S. Schmidt, C. Monzel, L. Hartmann

'Selective Glycan Presentation in Liquid-Ordered or -Disordered Membrane Phases and its
Effect on Lectin Binding'

Angew. Chem. Int. Ed. 2025, 64, 202414847

Publications not included in this Thesis

A. Banger, P. Pasch, L.-C. Blawitzki, S. Weber, M. Otten, C. Monzel, S. Schmidt, J. Voskuhl,
L. Hartmann

'Detection of Lectin Clustering in Self-Assembled, Glycan-Functionalized Amphiphiles by
Aggregation-Induced Emission Luminophores'

Macromol. Chem. Phys. 2023, 224, 2200314

Publications in Preparation
L.-C. Blawitzki*, M. Hoffmannt, L. Bonda, K. Schmidt, R. Groza, H. Ewers, L. Hartmann
* authors contributed equally

'Presentation of Sulfated Glycosaminoglycan Mimetics on Synthetic and Natural Membranes
and their Interactions with Virus-Like Particles'

L.-C. Blawitzki*, N. Jack?, L. C. Assenmacher, C. Monzel, S. Schmidt, L. Hartmann
* quthors contributed equally

'Diacetylene-Functionalized Glycan Mimetics for Receptor-Mediated Cluster Imprinting
in Model Membranes'

VI



Conferences

M. Hoffmann, L. Bonda, L.-C. Blawitzki, R. Groza, H. Ewers, M. Schelhaas, N. L. Snyder,
L. Hartmann

'Polymer Chemistry meets Virology — Sulfated Glycomacromolecules as GAG Mimetics

Macromolecular Colloquium, February 23 - 25, 2022 — Freiburg im Breisgau, Germany

L.-C. Blawitzki, L. Bonda, S. Schmidt, C. Monzel, L. Hartmann

'The Impact of Crowding on Membrane-Associated Specific Binding Between Precision
Glycomacromolecules and Lectins' — awarded with poster price

32nd Joint Glycobiology Meeting Glycans in health and disease, September 19 - 20, 2022 -
Utrecht, The Netherlands

Vil



1. Introduction
1.1 The Cellular Membrane of Eukaryotes

The cellular membrane of eukaryotic cells is a complex entity composed of lipids,
proteins, and carbohydrates, which forms a physical barrier to the cells’ environment and

maintains a non-equilibrium state between the cytoplasm and the extracellular space.’?

The cell membrane primarily consists of a thin bilayer of lipids, which are essential for
maintaining the integrity and functionalities of the cell membrane.? These lipids possess an
amphiphilic nature, characterized by hydrophilic, usually charged, head groups and
hydrophobic tail groups.*® This amphiphilic property of the lipids enables them to self-arrange
into a bilayer structure, with the hydrophobic tails facing inward and the hydrophilic heads
facing outward towards the aqueous environment. This leads to the formation of a
continuous, spherical lipid bilayer which is held together through non-covalent interactions
between the hydrophobic tails.! Although this highly stabilizes the membrane, it is not rigidly
fixed in place. Rather, lipids and integrated entities can rapidly diffuse laterally along the layer
they reside in. In 1972 Singer and Nicholson proposed the nowadays widely agreed Fluid
Mosaic Model, which describes the cell membrane as a dynamic and fluid arrangement of

lipids and membrane-associated proteins.®

1.1.1 The Cellular Lipidome

Major lipid components of eukaryotic plasma membranes involve phospholipids,
sphingolipids, and sterols, which are mainly synthesized in the endoplasmic reticulum
(ER)(Figure 2).>7 The types of membrane lipids vary among species, tissues, and organelles,
and are also known to be asymmetric in the outer and inner leaflets of a membrane.? %!
Among the phospholipids, glycerophospholipids and sphingomyelins are the most common,
with glycerophospholipids having a hydrophilic glycerol-3-phosphate backbone and
sphingomyelins being derived from sphingosine.”*?7* To these backbones, hydrophobic long-
chained fatty acids (the chain length of fatty acids generally falls within the range of 16-20

carbon atoms) are typically attached through ester linkages in 1- and 2-position (in case of

glycerolipids) or through an amide bond with the primary amine of the sphingosine



backbone.>® These fatty acids are straight-chained and display different levels of saturation,

which regulates fluidity and structural integrity in the phospholipid membrane.

In biological membranes, most glycerophospholipids have polar head groups and only trace
amounts are present as phosphatidic acid, which only comprises a phosphate in 3-position of
the glycerol backbone and is an important intermediate in the synthesis of other
phosphoglycerides. Phosphatidylcholine (PC) is the major component in eukaryotic
membranes, followed by phosphatidylethanolamine (PE), phosphatidylglycerol (PG),
phosphatidylserine (PS), and phosphatidylinositol (P1).16:17

Sphingomyelins mostly comprise phosphatidylcholine or phosphatidylethanolamine
headgroups, while also hydrolyzed derivatives with a free terminal hydroxyl group (ceramides)
are present in the plasma membrane. This enormous variation in head and tail groups enables

the existence of more than 1000 distinct lipid species in eukaryotic cells.*
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Figure 2. Schematic presentation of the prevalent lipids in mammalian cells.



Besides glycerophospholipids and sphingomyelins, cholesterol is the most important sterol in
mammalian cells, making up about 30% of all cell membranes. It is necessary for membrane
packing and fluidity maintenance, maintaining membrane integrity and allowing cells to
change shape.!® Its steroid backbone and hydrocarbon chain are embedded in the membrane
along with the fatty acid chains of the other lipids, while its hydroxyl group is oriented towards
the aqueous environment. The tetracyclic ring of cholesterol contributes to membrane fluidity
and reduces permeability to neutral solutes and ions. The favorable interaction of cholesterol
with sphingomyelins, which display a high level and saturation and can engage in intra- and
intermolecular hydrogen bonding, mediates the formation of spatially fixed accumulations of
lipids, which are referred to as lipid rafts.>’8 These rafts are believed to fulfill important tasks,
for instance trafficking and signaling through the recruitment and local concentration of

protein complexes and binding motives.!®

The large diversity of lipids, the lipid environment and the asymmetrical distribution across
the inner and the outer leaflet of the membrane drastically influence microscale organization
and function of the cell membrane and its enclosed entities.? It is, therefore, important to
understand molecular details of membrane structure and mechanisms responsible for its
dynamic organization. Furthermore, the lipid composition of the plasma membrane plays a
crucial role in defining its physical properties, including mechanical and viscous

characteristics.?!

Besides being comprised of a plethora of different lipids, the cellular membrane also contains
a large amount of membrane proteins, typically comprising around 50% of the membrane
volume.?? These proteins are crucial for the cellular function because they are responsible for
the mediation of various biological processes as for instance trafficking, signaling, or
adhesion.?® Generally, there are two types of membrane proteins: peripheral membrane
proteins, which are bound to the membrane surface, and integral membrane proteins, which

are integrated into the lipid bilayer of the membrane with a hydrophobic component.?42>

Integral proteins or transmembrane proteins extend the whole lipid bilayer, comprising a
hydrophilic cytosolic domain, which interacts with the cell’s interior, a hydrophobic
transmembrane domain that anchors it within the cell membrane, and a hydrophilic
extracellular domain that interacts with the extracellular space. Peripheral membrane

proteins do not establish a permanent connection with the cell membrane. Instead, they

3



engage with the cell membrane in a reversible manner through various interactions, such as
electrostatic or hydrophobic connections with integral proteins or peripheral regions of the
phospholipid bilayer, or by utilizing hydrophobic tails or glycophosphatidylinositol (GPI)-

anchors directly.?426:27

Both, lipids and membrane proteins on the surface of the cellular membrane, can be heavily
decorated with carbohydrates to give glycolipids and glycoproteins, respectively (which
together comprise 2-10% of the cellular membrane).?® Glycoproteins are the predominant
glycoconjugates, as approximately 80% of the cell surface located carbohydrates are
glycoproteins.?30 The highly heterogenous and complex ensemble of glycosylated lipids and
proteins within the cell membrane is essential for various biological events and is commonly

referred to as the glycocalyx.



1.2 The Glycocalyx

The glycocalyx is a highly complex, dense layer of glycans linked to proteins and lipids
on eukaryotic cells and is known to play a crucial part in a plethora of physiological and
pathological processes (Figure 4). Since the glycocalyx is the first instance that gets into
contact with a cell’s adjacency, most biological processes are mediated by the interactions of
proteins with carbohydrates presented on the glycocalyx, which renders the glycocalyx and
thus the cell membrane a crucial entity for manifold biological processes.3'3? In eukaryotic
cells glucose (Glc), galactose (Gal), mannose (Man), fucose (Fuc), N-acetylgalactosamine
(GalNAc), N-acetylglucosamine (GIcNAc), xylose (Xyl), glucuronic acid (GlcA), and N-
acetylneuraminic acid (NeuAc) are the most abundant monosaccharide building blocks on the

cellular membrane (Figure 3).3!
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Figure 3. Chemical structures of the most abundant carbohydrates in eukaryotic glycocalyces and their
denotation according to the Symbol Nomenclature For Glycans (SNFG).

Though only a few monosaccharide building blocks are available in nature, multiple
enzymatic transformations enable the assembly of highly diverse and complex oligo- or
polysaccharides in multiple regio- and stereochemical combinations, resulting in glycosylation
patterns that vary in length, geometry, and composition and post synthetic functionalization

with phosphates, sulfates or acetates.36:3’

The dense ensemble of glycosylated proteins and lipids on the extracellular surface acts as a
physiological barrier, regulating accessibility to adjacent entities, and plays a pivotal role in
various cellular functions, including cell-cell-communication, adhesion, signaling and

pathogen infection (Figure 4).3133735 Consequently, understanding the diversity and roles of



these glycans is crucial for insights into cell biology, disease mechanisms, and the

development of therapeutic strategies.
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Figure 4. Schematic presentation of a eukaryotic glycocalyx. The plasma membrane consists of a phospholipid
bilayer spiked with proteins. Both, lipids and proteins can be covalently functionalized with glycans that mediate
a large number of biological mechanisms.

1.2.1 Glycan-Binding Proteins

Many biological processes that enroll on the cellular surface, such as cellular
communication, immune responses or pathogen infections are mediated by the interaction of
glycan-binding proteins (GBPs) and specific glycan-motives in the glycocalyx.383° Generally,
GBPs can be categorized into lectins and sulfated glycosaminoglycan-binding proteins (sGAG-
binding proteins). Lectins can be further divided into different families, based on their
carbohydrate-recognition domains (CRDs) and typically bind to terminal epitopes on cell

surface associated glycans that fit well into their respective CRDs.3?



Generally, the interaction between a particular carbohydrate epitope and a lectin is
characterized by a relatively weak and reversible bond with binding constants ranging from
micromolar to millimolar.4>~%? To address this issue, nature presents multiple copies of the
same sugar or CRD, which is referred to as multivalency.**** Ideally, this multivalent
interaction results in an increase in binding avidity, where the overall binding enthalpy is
stronger than the sum of the individual interactions (positive cooperativity).*>434> The
strengthened binding of multivalent ligands and CRDs can be attributed to four main factors
that affect overall binding avidity. These factors include the chelate effect, the cluster-effect,

statistical rebinding, and sterical shielding (Figure 5).4446
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Figure 5. Schematic illustration of the multivalent effects increasing carbohydrate-lectin binding avidity.

Besides these homomultivalent effects on enhanced binding avidity, the influence of
heteromultivalency, which involves the presentation of different carbohydrates on a single
scaffold, can further lead to increased ligand-receptor binding and heightened specificity of

the interaction.*’

Two well-studied model lectins for lectin binding studies, that also have been employed in this
work, are Concanavalin A (Con A) and Ricinus communis agglutinin (RCA). Both are plant-

derived lectins and are well known for their specific carbohydrate-binding properties. Con A



is classified as a C-type lectin and exists as a dimer at acidic pH (below pH 5.5) or as a
tetrameric form at neutral pH (between pH 5.8 and pH 7.0), with each subunit containing a
CRD with high affinities for a-Man- and a-Glc-moieties.**>° The term C-type refers to a
common CRD within this lectin family that requires divalent cations (especially Ca?* and in the
case of Con A Mn?*) that stabilize the conformation of the lectin and enhance the interaction

with Man- and Glc-glycans.”%>!

By contrast, RCA is an R-type lectin and binds preferentially to terminal B-Gal-moieties in
glycans.>? R-type lectins are characterized by a conserved CRD that was originally identified in
ricin, a very potent plant toxin and the first lectin to be discovered.>® RCA is a tetramer

consisting of two a- and two Gal-binding B-subunits that are non-covalently associated.>*

Due to their specificity towards certain glycan-epitopes, lectins, such as the above-mentioned
RCA and Con A, are often employed to analyze and enrich cell surface glycans.>> Fluorescently
labelled derivatives, for example, enable profiling of native glycans on cell surfaces and in
other biological samples. Similarly, microarrays that employ lectins with different binding
preferences allow for the simultaneous analysis of multiple glycan structures in vitro,

providing a comprehensive analysis of glycan constitution and distribution.>®>’

Another class of glycan-binding receptors that are preliminarily studied as part of this thesis
and, hence, important to mention are sGAG-binding proteins. These do not have a specific
CRD but rather bind through electrostatic interactions between negatively charged sulfate and
uronic acid moieties in sGAGs and clusters of positively charged amino acids in their protein
sequence.3®°8 Further secondary interactions, such as Van-der-Waals interactions or hydrogen
bonding can also have an influence on the interaction with proteins. Besides cellular
machineries, that rely on the interaction of sGAG binding proteins with cell surface glycans,
many pathogens also make use of sGAGs in the glycocalyx to adhere to a host cell. For
example, the viral spike protein of SARS-CoV-2 interacts with heparan sulfate on epithelial cells
in the airways which mediates its transfer to host cell surface receptors, eventually resulting

in infection of the cell.38°°



1.2.2 Glycolipids

Glycolipids are lipid molecules that have one or more carbohydrate groups attached
and are mainly synthesized in the endoplasmatic reticulum (ER) and in the Golgi apparatus.3!
In a first step, the main lipid component is synthesized in the ER before it is transported to the
golgi. Here, more complex structures are built up by stepwise addition of sugar residues by
specific glycosyltransferases in an ordered sequence, before the final glycolipids are

transported to the cell membrane.

The main types of glycolipids found in eukaryotic cells are glycosphingolipids and

glycophosphatidylinositols (GPIs)(Figure 6).

Glycosphingolipids are the most common type of glycolipids in mammalian cells.®® They
consist of a ceramide backbone with one or more sugar residues attached and can be further
subdivided into different classes.®! Ceramides with neutral mono- or oligosaccharides bonded
[S-glycosidically to its terminal OH group are defined as cerebrosides, with galacto- and
glucocerebrosides being the simplest ones. Cerebrosides can be sulfated, giving sulfatides or
sialylated to yield gangliosides (Figure 6B).5? Glycosphingolipids can excessively engage in
intermolecular hydrogen bonding, resulting in tight packing of the lipid molecules, rendering
glycosphingolipids highly common in lipid raft microdomains, along with cholesterol and
sphingomyelins.®® The presence of glycosphingolipids in lipid rafts, is crucial for cellular

functions, such as signaling, adhesion and membrane protein trafficking.546°

Besides their importance in native cellular mechanisms, also many pathogens exploit
glycolipids to adhere to and invade host cells. For instance, certain polyomaviruses and

influenza viruses bind to gangliosides in lipid rafts to initiate infection.%66”

Glycophosphatidylinositols (GPls) are glycolipids where a conserved core structure consisting
of Manal->2Manal->6Manal->4GlcNal is linked to a myo-phosphatidylinositol.®® GPIs
serve as integral protein anchors on the extracellular membrane, known as GPl-anchored
proteins, where the protein is conjugated via an amide bond between its C-terminus and a
C6-phosphoethanolamine on the distal Man-moiety attached to the phosphatidylinositol
backbone. The core structure of the GPl-anchor can be further functionalized with
oligosaccharides and phosphates, depending on the type of cell (Figure 6A). Since the lipid

moieties in GPls generally display a high level of saturation, GPl-anchored proteins are also



found to especially associate with lipid rafts where they are essential in mediating cell-cell

interactions and signal transduction (Figure 6C).%%"1
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Figure 6. Chemical structures of an exemplary GPl-anchored protein (A) and the GM3 ganglioside (B). C: GPI-
anchored proteins and glycosphingolipids, such as GM3, have high affinities towards lipid rafts (highlighted in
red).

1.2.3 Glycoproteins

Glycoproteins are ubiquitous in nature. It is assumed that more than two thirds of the
eukaryotic proteome is glycosylated, whereby the attachment of carbohydrates to a distinct
protein core thereby significantly influences its structure, stability and function.?%3%72 While
there is a distinction to be made between soluble glycoproteins that circulate freely within
the organism (e.g. certain antibodies, enzymes or hormones) and membrane associated
glycoproteins, this chapter will focus only on the latter, which are embedded within the

eukaryotic plasma membrane.’374

Glycoproteins and proteoglycans, which are considered a subclass of glycoproteins, are two
existential components of the glycocalyx (cp. Figure 4). While glycoproteins on the cell surface
usually have short, branched glycans (approximately 3 to 20 monosaccharides) attached to
their protein core, proteoglycans are made up of a core protein that is heavily decorated with
one or more highly linear glycosaminoglycan (GAG) chains.”>’® Glycosylation of proteins is a
co- and posttranslational modification that is mediated by glycosyl- and

oligosaccharyltransferases.”” As a result, the modification produces a complex, covalently
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bound glycosylation pattern due to the inherent molecular complexity of natural saccharides,
as was discussed above.”® Glycosylation of proteins promotes proper protein folding and
increases protein stability by protecting against proteolysis.”®8° Also, misregulation of

glycosylation is closely linked to diseases.””8?

In glycoproteins, the linkage between the first sugar of a glycan and the protein defines its
glycosylation class. The most prominent glycans found on eucaryotic plasma membranes are
termed as N-linked and O-linked glycans. N-linked glycans are attached to the nitrogen atom
of asparagine residues in proteins, while O-linked glycans attached through an oxygen atom
of a serine or threonine moiety.®? Glycoproteins, as are glycolipids, are biosynthesized in the
ER and the Golgi apparatus. The core glycan in N-linked glycans is typically preassembled and
transferred onto the protein inside the ER and can be further modified in the Golgi apparatus.
For O-linked glycans, only a single carbohydrate-moiety is attached in the ER and the glycan is

assembled iteratively in the Golgi apparatus.5982

Over 90% of glycoproteins are N-linked glycoproteins. N-glycosylation is a co-translational
process, i.e. the glycans are added to the protein while it is being biosynthesized, which
ensures their proper folding and functioning. The biosynthetic N-glycosylation is initiated via
the attachment of a high-mannose core structure, which is subsequently trimmed and
sequentially connected with further monosaccharides, depending on the available

glycosyltransferases.®

O-linked glycans typically begin with an N-acetylgalactosamine (GalNAc) moiety linked to
serine or threonine residues in proteins and can be extended to different O-glycan core
structures, which are then further elongated.?38* O-glycosylation, different to N-glycosylation,
is a posttranslational process that occurs in the Golgi apparatus, i.e. the glycans are added to
the protein after its being biosynthesized. They are especially important for structure, cellular
protection, and cellular signaling. Prominent representatives of densely O-glycosylated
proteins are mucins, large glycoproteins providing protective mucous barriers on epithelial
surfaces.®> Mucins are primarily classified into secreted mucins and transmembrane mucins.
Secreted mucins, such as MUC2, form gel-like barriers around the cellular plasma membrane
that trap pathogens and small particulates, while transmembrane mucins, like MUC1 and
MUC4, are integral membrane proteins that contribute to the structural integrity of the
86—88

glycocalyx.
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Glycosaminoglycans (GAGs) are long, unbranched and negatively charged polysaccharides
consisting of repeating disaccharide units that form an extreme heterogeneity and structural
complexity that is found on proteoglycans.’® Except for hyaluronic acid (HA), GAGs are usually
sulfated and comprise heparin sulfate, heparan sulfate (HS), chondroitin sulfate (CS),
dermatan sulfate (DS) and keratan sulfate (KS) that are conjugated to a core protein.?23 GAGs
are involved in many biological mechanisms, such as signaling, embryonic development or
regulation of enzymes.®* Especially HS proteoglycans are the most abundant GAGs on

endothelial cells and make up more than 50% of the endothelial proteoglycans.>-
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1.3 Glycomimetics

Understanding the nature of carbohydrate-protein interactions is a fundamental step
in order to fully comprehend the underlying mechanisms of glycocalyx-associated processes.
The above-mentioned inherent complexity of natural glycans immensely complicates the
investigation and understanding of such glycocalyx processes, since the isolation and proper
characterization is often challenging. Additionally, the inhomogeneity of natural glycan
presentation (e.g. the existence of different glycoforms) results in extraction of complex
mixtures which can be difficult to separate. Therefore, researchers have developed simplified
mimetics of naturally occurring glycans. The chemical synthesis of glycan mimetics requires a
rational design of the target structure to present simple binding motives, usually terminal
epitopes of glycans, to derive ligands with high affinity and selectivity that are more easily

accessible.?’

Multivalent presentation of carbohydrate motives is realized through covalent attachment of
the respective carbohydrates onto a synthetic scaffold.*®® The employment of synthetic
backbones provides a precise control over the architecture, density and composition of the
glycan mimetics and also enables regulating the polarity and flexibility of the macromolecule
in a highly reproducible manner. The employment of well-studied controlled polymerization
techniques, such as reversible-addition-fragmentation chain-transfer polymerization (RAFT),
ring opening metathesis polymerization (ROMP) or atom transfer radical polymerization
(ATRP) in combination with post-polymerization modifications enables access to a wide series
of well-defined glycan mimetics. In this manner, different synthetic strategies and scaffolds for
the development of glycomimetics have been explored, such as linear glycopolymers®®-103,
glycodendrimers!®, glyco-decorated micelles!®>% or glyconanoparticles'®”1%8,  Also, the
decoration of surfaces with glycomimetics has been demonstrated to be a suitable tool to
study carbohydrate-protein interactions.1%110 Some examples of different glycomimetics are
shown in the following Figure 7. Typically, the resulting materials are characterized in terms
of their binding affinity towards a suitable lectin. The respective binding affinity is often
guantified through the dissociation constant (K4) of the binding, which mirrors the strength of
the interaction between the glycan-mimetic and the lectin.!!? Examples of suitable assays to

guantify the interaction of glycan mimetics with lectins comprise surface plasmon resonance

(SPR) studies, nuclear magnetic resonance (NMR) studies, isothermal titration calorimetry
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(ITC) or fluorescence-based screening assays to identify suitable ligands for a target protein in

terms of ligand density, architecture and multivalent presentation.12-114
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Figure 7. Chemical structures of exemplary glycan mimetics. A: A GlcNAc-terminated dendrimer.% B: Linear Gal-
polymer derived via ROMP.1*> C: Gold-nanoparticles functionalized with a Man-copolymer derived via RAFT.1!®
D: Sequence-defined, heteromultivalent glycooligo(amidoamine).'*’

While many of these systems have generally proven successful in generating high
affinity glycan mimetics, the obtained materials still exhibit certain levels of dispersity,
rendering it difficult to obtain proper structure-property correlations and compare results

across different scaffolds and platforms.

A rather novel class of glycomimetics was introduced by Hartmann and coworkers trying to
develop a platform that allows for a highly defined variation of the structural parameters of
the synthetic scaffold and generate model compounds to investigate glycomimetic binding in
a systematic fashion.!*®1® The approach is based on the solid-supported synthesis of
sequence-defined glycooligo(amidoamines), which employs tailor-made synthetic building
blocks in combination with already established solid-phase peptide synthesis protocols,

enabling precise control over sequence, valency, inter-ligand spacing and architecture, which
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are known to govern the specificity and avidity of lectin binding (cp. Figure 7D). Several
examples demonstrate, that the thusly derived glycan mimetics have function as high-affinity

glycomimetics in lectin binding studies as well as cell studies.03120,121

1.3.1 Solid-Phase Polymer Synthesis of Sequence-Defined Glycooligo(amidoamines)

The employment of a solid support to derive sequence defined peptides was originally
introduced by Robert B. Merrifield in 1963.122 While conventional coupling reactions in
solution require tedious purification steps, are rather time-consuming and low yielding, the
iterative assembly of the peptide backbone on a solid phase allows for an efficient and reliable

synthesis of sequence-defined peptides.'?3

Solid phase synthesis (SPS) employs three major steps to assemble sequence defined peptides
on a solid support: 1.) functionalization of an insoluble carrier resin, 2.) deprotection of a
temporary protecting group and 3.) coupling of a carboxy-functionalized, N-protected amino
acid.'? The iterative assembly of amino acid building blocks through repetitive coupling and
deprotection steps eventually yields the sequence defined target peptide, assembled from

the C- to the N-terminus (different than native protein biosynthesis).'?3

The employment of multifunctional building blocks (e.g. amino acids bearing a further
functional group in their side chain, such as lysin (Lys) or cysteine (Cys)) requires a permanent
protection of the side chain functionalities to prevent unwanted side reactions, while the a-
amine that is required for the next coupling reaction is protected temporarily. Consequently,
the temporal and the permanent protecting groups need to be orthogonal to one another, i.e.
they are selectively cleavable in the presence of the other protecting groups.'?* Merrifield
originally employed tert-butyloxycarbonyl (Boc) as temporary a-amino protecting group for
the iterative scaffold elongation, while side chain functionalities were protected with benzyl
protecting groups.'?® Boc chemistry requires acidic conditions for cleavage, while the benzylic
protecting groups remain stable under these conditions and can subsequently be cleaved

selectively via hydrogenolysis.

The choice of temporal and permanent protective groups depends on the chosen resin and
its linker where the first building block is added.!?3125126 The resin linkage critically dictates

the cleavage conditions and the C-terminal functionality of the peptide after cleavage. Thus,
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the choice of protective groups and the terminal linkage requirements prescribe the overall

synthetic strategy.

While Merrifield originally employed a chloromethyl-linker functionalized polystyrene resin,
which requires hard acidic cleavage conditions (HF) to give C-terminal carboxylates, today a
commonly employed linker is the rink amide, giving a C-terminal primary amide after cleavage
of the peptide.'?3'2” Most current synthetic protocols rely on 9-fluorenylmethoxycarbonyl
(Fmoc) as temporary protecting group, which is completely orthogonal to the acid-labile rink
amide linker.1?8129 Cleavage of the Fmoc-group is achieved using secondary amines, such as
piperidine, which releases a free amine and a dibenzofulvene derivative.'?® The use of
piperidine as base promotes the formation of an adduct with the dibenzofulvene, which, on
the one hand, prevents side reactions, such as Michael-addition of the N-terminal amine or
polymerization of the dibenzofulvene and, on the other hand, enables monitoring of the

conversion, since the chromophoric adduct can be detected via UV absorption.1?8

To increase the conversion rate after each coupling step, and eventually the yield and purity
of the target peptide, excess building block is used along with coupling reagents, that promote
the amide bond formation through activation of the free carboxylic acid. Excess reagent, as
mentioned before, can easily be removed via filtration and washing and since the coupled
building blocks remain protected during each coupling step, multiple couplings can be
employed to ensure a complete conversion in each building block addition, rendering SPS

more efficient than traditional solution-based coupling methods.

Merrifield employed dicyclohexylcarbodiimide (DCC) as coupling reagent, which converts the
free carboxylic acid of the building block to couple into a reactive O-acylisourea, which is easily
attacked by a nucleophilic amine to give an amide bond and release the respective urea
derivative.'?> Nowadays, another commonly employed coupling reagent is PyBOP along with

the sterically very demanding DIPEA.3°

The reaction of the carboxylate of the building block to conjugate with the oxophilic
phosphonium species gives an activated acyl phosphonium salt intermediate and thereby
releases one equivalent of -OBt (1-hydroxybenzotriazole). The released OBt- can then attack
the acyl oxophosphonium intermediate, resulting in a less-labile activated ester, which is

prone to nucleophilic substitution with the free terminal amine on the solid support, giving

16



an amide bond. After removing the excess reagent through thorough washing of the resin, the
Fmoc-protecting group of the new building block can be cleaved in order to couple the next

building block.

For its general applicability and synthetic importance, SPS can nowadays be performed on
automated peptide synthesizers, minimizing time effort and enabling an easier scale up.
Modern synthesizers automatically measure the UV-absorbance after Fmoc-deprotection in
order to ensure complete deprotection of the growing peptide before adding the next building
block and further promote the conversion rate of each building block conjugation via
microwave assistance, which results in less error sequences and thus higher overall purities

and yields.123131

The principle of SPS has proven so versatile and feasible that it is nowadays not only used for
the synthesis of peptides, but also for the synthesis of other biopolymers such as nucleic acids
and polysaccharides.’3%133 Furthermore, this approach is also suitable for the synthesis of
mimetics of natural glycans. As mentioned above, Hartmann et al. have further developed
solid-phase synthesis to create sequence-defined glycooligo(amidoamines) by means of solid
phase polymer synthesis (SPPoS) to develop precision glycomimetics, enabling the systematic
study of carbohydrate-lectin interactions.'*®1*® While the fundamental principles of SPS
remain the same, SPPoS employs tailor-made synthetic building blocks, which also bear an
Fmoc-protected primary amine and a free carboxylic acid but additionally are designed in such
a way, that their chemical structure meets the requirements of their respective purpose
(Figure 8). Depending on their later function in the assembled scaffold, these building blocks
are differentiated into functional building blocks and spacer building blocks.*** Functional
ones, based on a diethylenetriamine unit, conjugated to a succinic acid moiety, carry a side
chain functionality on the secondary amine which can be used as functional handle for later
modifications to the assembled backbone. As an example, the alkyne functionalized TDS
building block (triple bond diethylenetriamine succinyl) or the azide functionalized BADS
building block (benzyl azido diethylenetriamine succinyl) allow for a later conjugation of
respectively functionalized motives (e.g. carbohydrates) via copper(l)-catalyzed azide-alkyne

cycloaddition (CuAAC).134

The tailor-made spacer building blocks, on the other hand, allow for a rational modification of
the backbone polarity as well as regulating the spacing between ligands and other
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functionalities. The EDS building block (ethylene glycol diamine succinyl) is the most
commonly employed building block to create a distinct spacing within the backbone and
increase the hydrophilicity of the backbone altogether. The ODS building block
(octamethylene diamine succinyl), on the other hand, increases the hydrophobicity of the

backbone, while retaining the overall distance between ligands.13
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While the usage of these tailor-made building blocks gives completely synthetic
macromolecular scaffolds, a combination with natural or modified a-amino acids allows for
the introduction, e.g. of short peptide motives or further functionalities, such as thiol-
moieties through the introduction of Cys-units.% The introduction of multiple, orthogonally
protected functional handles into the backbone allows for a site-specific functionalization, e.g.
with fluorophores for fluorescence microscopy, or the introduction of branching points to

tailor the architecture of the glycan mimetics.'3>

One major disadvantage employing SPPaoS, is a limitation in accessible chain length. As the
backbone grows on the solid support, secondary interactions between the backbone and the
solid support lead to coiling and aggregation, which can impede quantitative coupling and
deprotection of the growing backbone, leading to an increase in error sequences and, thus,
reduced overall yields and purities.'3® To overcome this limitation, several methods have been
employed to access higher molecular weight structures, for instance employing thiol-ene

conjugation of solid phase derived segments.1%3

The solid-supported synthesis of mimics of naturally occurring glycans also offers the
possibility to easily prepare amphiphilic structures. While classic conjugations of hydrophilic
molecules to hydrophobic moieties faces certain difficulties, as solubility issues, tedious
purifications, low coupling efficiencies or a lack of control of the position of the linkage, SPPoS
enables the site-specific introduction of hydrophobic motives to the backbone. The only
prerequisites that are important to meet is a good solubility of the hydrophobic motif to
couple and a sufficient swelling behavior of the resin in the employed solvent, while the
general solubility of the hydrophilic group is neglectable. In this manner, fatty acid conjugated
glyco-mimetics have been prepared by means of solid-phase polymer synthesis, which self-
assemble into micelles (cp. Figure 8B).1% In the same manner, glycan mimetics can be
prepared that are equipped with a cholesteryl moiety, which allows their stable introduction

into phospholipid membranes to access natural mimics of glycocalyx constituents.*3’

In summary, this modular approach of SPPoS allows for the preparation of highly defined
synthetic glycan mimetics, where valence and distance between ligands, flexibility and polarity
of the backbone and the overall architecture of the structure, as well as the introduction of

further functional handles can be precisely modified.
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1.4 Glycocalyx Engineering

Analyzing carbohydrate-protein-interactions with synthetic glycan mimetics in solution
or in highly simplified assays (e.g. with one of the components being fixed on a substrate)
admittedly enables studying selective interactions between a protein of interest and its
potential ligand. However, simple in vitro studies fundamentally lack the complexity and
heterogeneity of native glycocalyces. In vivo, glycans interact in a densely crowded and highly
inhomogeneous and dynamic context that simple binding assays cannot mirror

properly.35'138'139

The glycocalyx of native cellular membranes is a densely crowded and highly heterogenous
ensemble of glycoproteins and glycolipids whereby localization, dynamics and the manner of
presentation of binding epitopes have a crucial influence on the interaction. To create a more
realistic and adequate model of the natural environment and to draw fundamental
conclusions about specific structure-impact-mechanisms, we need to conceptually recreate
the three-dimensional complexity of native glycocalyces. To tackle this issue, researchers have
developed different approaches that can be summarized under the term glycocalyx

engineering.

1.4.1 Glycan Mimetics for Glycocalyx Engineering

One of the key aspects of glycocalyx engineering is the rational design and synthesis
of lipidated mimetics of native glycocalyx constituents that can be introduced into biological
or model cellular membranes to create models of or selectively alter cellular membranes and,

thus, study molecular interaction in a more realistic setting.
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Figure 9. Chemical structures of exemplary lipidated glycan mimetics employed for glycocalyx engineering. A:
DPPE-terminated pMVK post-functionalized with hydroxylamine functionalized sialic acids.'®® B: 4,5-Seco-
cholesten-5-one functionalized PEG-backbone with glucose moieties and fluorescent dye.’®® C: Cholesteryl-
substituted glycopeptide derived via SPS.*#!

To this day, various examples have been published, demonstrating the usefulness of
such lipidated glycan mimetics. As for the soluble glycan mimetics that were covered in
chapter 1.3, many approaches to obtain lipidated glycan mimetics rely on the employment of
controlled polymerizations that enable narrow molecular weight dispersities and further
functionalization of the polymers with lipids and fluorescent reporters. Hudak et al., for
example, employed a bivalently DPPE-functionalized 4,4’-azobis(4-cyanovaleric acid) initiator
to polymerize methyl vinyl ketone. The resulting polymer, bearing free carbonyl-moieties
along the backbone was subsequently functionalized with various aminooxy-functionalized
glycan motifs via oxime formation to derive a library of glycan structures (cp. Figure 9A).
Similarly, Honigfort et al., employed controlled anionic ring-opening polymerization of
epichlorohydrin with tetrabutylammonium azide to generate linear and hydrophilic, a-azido
functionalized poly(epichlorohydrin) with narrow dispersities and high molecular weights.
Subsequently, the azide moiety was reacted with a propargyl functionalized 4,5-seco-

cholesten-5-one-moiety via copper-catalyzed azide alkyne cycloaddition (CuAAc) to introduce
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a lipid-moiety into the polymer backbone, before the chlorine substituents were substituted
with azide-functionalities, to introduce propargyl-functionalized Glc-motifs and fluorophores
to the polymer (cp. Figure 9B). Besides the employment of controlled polymerizations, also
solid-phase synthesis offers a convenient tool to synthesize highly defined, monodisperse
glycan mimetics, with precise control over the glycosylation pattern and also offering the
possibility to site-selectively introduce lipid moieties for membrane anchoring or functional
handles, such as crosslinkers or fluorescent dyes for optical probing, which is highly desirable
for the construction of high precision glycomimetics in the context of de novo glycocalyx
engineering. Stuhr-Hansen et al., for instance, employed solid phase synthesis to derive
sequence-defined GalNAc-glycopeptides, site-selectively functionalized with a cholesteryl-
moiety for membrane-tethering and a Rhodamine B fluorophore for optical probing (cp.
Figure 9C).'*! Similarly, Banger et al. have demonstrated the applicability of SPPoS (cp.
chapter 1.3.1) to derive sequence-defined and cholesteryl-functionalized

glyco(oligo(amidoamines)).t3’
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1.4.2 De Novo Glycocalyx Engineering

Generally, the glycocalyces of native cells can be altered via chemo-enzymatic, genetic
or metabolic approaches.14?7146 Oftentimes though, the resulting modifications occur globally
and fundamentally lack precision regarding cell-surface presentation and spatial
organization.3> To circumvent these drawbacks, the so called de novo glycocalyx engineering
has emerged, that enables controlled alterations to native glycocalyces in cells.1#”/148 Through
the passive introduction of lipid-anchored glycan mimetics into cellular membranes, existing
glycocalyces can be edited or even completely reconstructed after removal of specific glycan
motives on the cell. This top-down approach hence offers the possibility to study the effect of
distinct changes to the glycocalyx of native cells with precision not achievable via conventional

molecular biology tools.?®

In this manner, Hudak et al. introduced sialylated glycopolymers (cp. Figure 9A) via a lipid
moiety into cancerous cell lines and observed a protective effect of the increasingly sialylated
cell surface on natural killer cell-mediated cytotoxicity.’*® A correlation between an
upregulation in sialic acid in cancerous cells and a resulting protection from the immune
system has been supposed but never been shown before. Similarly, the group of Kamil Godula
has synthesized phospholipid-functionalized mucin-mimetic glycopolymers to derive a
screening platform for inhibitors of the influenza A virus (IAV).*° The synthesis of these mucin
mimetics was later refined (cp. Figure 9B) to resemble the nanoscale architecture and
properties of native mucins to employ them as glycocalyx spectators on the surface of red
blood cells in order to study the effect of macromolecular crowding in the glycocalyx regarding
the binding efficiency of glycan-binding proteins.’®® In another example, Woods et al.
demonstrated that cholesteryl-substituted synthetic glycopolymers could be inserted into the
cell membrane of zebrafish embryos, thereby displaying a prolonged residence time on the
cell membrane, caused by a recycling mechanism of the endocytotically sequestered
glycopolymers back to the cell surface for up to ten days. Also, these membrane-anchored
glycopolymers demonstrated an increase in survival of non-malignant cells in a metastasis

model.1>1

Altogether, the modification of native cells provides valuable insights into the molecular
machinery that is associated with the glycocalyx in a highly genuine setting. However, this top-

down approach is limited in unraveling single mechanistic principles, since the whole
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ensemble is overwhelmingly complex and, thus, attributing a particular function to a single
component remains challenging.?>? Instead, the isolation of single glycocalyx constituents and
their study in an increasingly complex, well-defined set-up bears the potential to gain a better
understanding of the function and cellular processes of certain glycocalyx constituents.>?
Thus, the construction of completely artificial glycocalyx models from the bottom up, termed
as glycocalyx mimetics, has gained huge interest over the past few decades. >3 Examples show
the application of fully synthetic lipid-tethered glycopolymers into model systems or cellular

membranes to mimic natural glycan analogues in a highly controlled setting.140.149,150

1.4.3 Mimetics of the Glycocalyx

Glycocalyx mimetics offer a highly controlled environment to investigate the interplay
between glycans, proteins, and phospholipid membranes in a more complex environment,

mirroring native cellular glycocalyces.3>1>3

To generate such glycocalyx mimetics, mostly supported lipid bilayers (SLBs) or giant
unilamellar vesicles (GUVs) are employed as simple phospholipid bilayer membranes to model
native cellular membranes. These bilayers can then be decorated with lipid-anchored
glycomimetics and proteins to gradually increase the complexity of the membrane models
and to obtain very simplistic but highly precise surrogates of natural glycocalyces that capture

the dynamics and heterogeneity of eukaryotic plasma membranes.

The advantage of such simple model membranes is that the highly heterogenous lipid
composition of native cell membranes can be whittled down to a few, well studied lipids, that
mirror the physico-chemical behavior of the cell membrane and allow to study membrane
associated processes, such as phase separation, budding or membrane fusion, in a controlled

environment.

SLBs are phospholipid bilayers that are supported on a fixed substrate, mirroring the
physiology of native phospholipid membranes and allowing to study membrane-associated
processes, such as ligand-receptor interactions or structure and mobility of constituents, in a
reductionist, two-dimensional setting.'>* As solid support, mostly hydrophilic surfaces, such

as glass or mica, are suitable, whereby the bilayer membrane is separated by a 10-20 A layer
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of water from the substrate, which retains the fluidity of the lower lipid leaflet.?>*1>7 Mainly

three methods are commonly employed to formulate SLBs:

1.) the adsorption and fusion of preformed phospholipid vesicles from an aqueous
suspension onto the substrate surface!>®1>°

2.) a combination of the Langmuir-Blodgett and the Langmuir-Schaefer techniques, which
involves the deposition of the lower lipid leaflet from an air water-interface on the
substrate, followed by the introduction of the upper leaflet via horizontally dipping the
lipid covered substrate on another air-water interface to create the bilayer'®®

3.) a combination of the first two methods, where the lower lipid leaflet is deposited on
the support via the Langmuir-Blodgett technique, followed by fusion with preformed

phospholipid vesicles to form the bilayer6?

Especially the last two techniques allow for the preparation of asymmetric lipid bilayers,
where the composition of lipids can vary between the two leaflets through the iterative
assembly and additionally enables the incorporation of other membrane constituents, such

as membrane proteins or glycan mimetics into the bilayer.162

Studying molecular interactions and dynamics in SLBs can be carried out employing several
surface-sensitive techniques. Quartz crystal microbalancing (QCM), surface plasmon
resonance (SPR), atomic force microscopy (AFM), and fluorescence microscopy have been
employed to gather information on membrane interactions, morphology and mechanical
properties.163164 Diffusion of membrane lipids or membrane constituents and lipid domain
formation in SLBs can be examined, employing fluorescence recovery after photobleaching
(FRAP) or fluorescence interference contrast (FLIC).16%16> SLB experiments have been shown
to enable insights into the effects of glycomimetic density and clustering upon interaction with
lectins or pathogens.'®6-168 Similarly, conformational changes from coiled to extended
orientations in glycomimetics resulting from sterical repulsion in the membrane was
examined.'®® As an example, Delaveris et al. incorporated lipid-functionalized mucin-mimetics
along with the ganglioside receptor GD1a (that is known to interact with Influenza A virus
(IAV)) into SLBs to create two-dimensional glycocalyx mimetics. Employing fluorescence
interference contrast microscopy (FLIC) and dynamic light scattering (DLS), they found that
the mucin-mimetics underwent a transition in conformation from a coiled to an extended

conformation with increasing surface densities. Furthermore, they could demonstrate that
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IAV binding to GD1a was only possible at low mucin-mimetic concentrations and inhibited at
high mucin-mimetic concentrations at which the mimetics were in their extended
conformation, likely forming a steric barrier and shielding the ganglioside from the virus

particle.}’0

Although SLBs replicate the fluidity and dynamics of natural cell membranes, they lack the
three-dimensional complexity of a cell, regarding membrane curvature and the ability to bud

and fuse.3>171

Therefore, especially GUVs represent the most popular biomimetic systems to resemble
eukaryotic cells.>>1>3 GUVs are monolamellar, sperical phospholipid bilayer vesicles with sizes
ranging from 5 to 50 um that mirror the dimension of natural cells (1 — 100 um). Similarly,
GUVs reflect the attributes of native cellular membranes, such as mobility, curvature and
flexibility, and thus enable the systematic study of key cellular functions, such as phase
separation, membrane fusion and fission or membrane-associated interactions between
ligands and receptors. These features and their facile studying via common microscopy
techniques render GUVs very attractive and suitable model systems to study biophysical and

-chemical events related to cellular functions.>3

Just like for the preparation of SLBs, over the years several groups have presented and
optimized various protocols to generate GUVs, with each technique bearing several
advantages and disadvantages that must be considered and pondered for the respective
purpose. The simplest and most conventional technique for the preparation of GUVs is the
hydration method, which has been improved over the recent years through several other
techniques to assemble more complex GUVs in a more efficient and precise fashion.’2 These
techniques comprise electroformation!’3-17>, paper- and gel-assisted hydration’®1”7_ inverted

emulsion’8 and microfluidics’®.

To formulate GUVs via hydration, the matrix lipids, dissolved in an organic solvent, such as
chloroform, are spread on a substrate and dried to give multilamellar lipid bilayers on the
substrate. Then the lipids are hydrated and swollen with an agueous medium, whereby the
lipid lamellae detach from the substrate and form mainly multilamellar vesicles.'’? Assisting
support on porous and hydrophilic gel or fiber surfaces, such as dextran or polyvinyl alcohol

(gel-assisted hydration) or application of an electric field during the hydration process
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(electroformation) accelerates the vesicle formation and yields predominantly uniform and
monolamellar GUVs. Especially the hydration of lipids via the electroformation technique is a
widely employed methodology, giving rather uniform vesicles with a rather even lipid

distribution and little defects, but no control over leaflet asymmetry.17>

For the preparation of GUVs via electroformation, the matrix lipids, dissolved in a volatile
organic solvent, are evenly spread on a conductive substrate, e.g. indium-tin-oxide coated
glass (ITO) or Pt-wires, and dried. The multilamellar lipid film is then hydrated with an aqueous
solution and an electric field with a set voltage and frequency is applied to the substrate,

which facilitates the detachment of the lipids from the substrate (Figure 10).17°
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Figure 10. Schematic presentation of the electroformation procedure to form GUVs.

Common analytic techniques, such as FRAP, RICM, AFM, and FCS, enable a facile
investigation of lipid (and other membrane constituent) dynamics, membrane properties, and
molecular interactions on the vesicles. For example, reflection interference contrast
microscopy (RICM) has been used to study the adhesion kinetics of functionalized GUVs on
receptor surfaces providing quantitative information about different stages of adhesion.®
Analysis of membrane dynamics can be performed by various fluorescence microscopy
techniques, e.g. fluorescence recovery after photobleaching (FRAP) or fluorescence
correlation spectroscopy (FCS)8%, while mechanical properties of the GUV lipid bilayer can be

studied employing atomic force microscopy (AFM).82

Modifying existing protocols or spiking of preformed vesicles with lipidated glycomimetics
enables the incorporation of membrane-anchoring glycan mimetics into GUVs to construct
simple models of the glycocalyx in a highly controlled manner. For example, cholesterylated

glycopeptides have been introduced into GUVs, thereby displaying different accessibilities
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towards lectins, depending on the presentation of the glycopeptides on the membrane.'#

Ewers et al. employed GUVs to show that SV40-like particles induce the formation of tubular
membrane invaginations upon interaction with certain GM1 gangliosides, which initiates
infection of the targeted cells.’®® Similarly, glyco-decorated GUVs have been employed to
study the interaction and uptake of the bacterial Shiga toxin.*®* In another example,
cholesterylated peptides equipped with blood group glycans were incorporated into GUVs as
mimetics of red blood cells to study the interaction with the malaria parasite Plasmodium
falciparum, revealing the participation of blood group antigens O and A in infection.'®>
Villringer et al. recently presented a novel approach to mimic the natural processes of cellular

adhesion and organization using multivalent lectins that crosslink heteromultivalently glycan-

mimetic functionalized GUVs, leading to the formation of protocellular junctions.8¢

In conclusion, the given examples underline the significance of glycan-lectin interactions in
mediating essential cellular processes and demonstrate the broad applicability and suitability
of glycan mimetics incorporated into GUVs as glycocalyx models for the systematic
investigation of protein-carbohydrate interactions associated with the cellular glycocalyx.
Consequently, further development of these model systems in terms of glycan-mimetic
availability and customization holds the potential to yield valuable model systems for studying
glycocalyx-associated interactions that are challenging, if not unfeasible, to examine

systematically in native cellular membranes.
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2. Aims and Outline

The glycocalyx of eukaryotic cells is a highly heterogenous and dynamic ensemble of
densely glycosylated proteins and lipids that are associated with the plasma membrane. Today
we know, that the glycocalyx is intricately involved in manifold biological processes that unfold

on the cellular surface, such as cellular communication, adhesion or pathogen invasion.

The analysis of single ligand-receptor interactions in vitro, employing synthetic mimics of
naturally occurring glycans, provides valuable insights on specific binding events, regarding
avidity and specificity, that are associated with single constituents of native glycocalyces.
However, such simple studies fundamentally lack the inherent complexity and dynamic nature
of the eukaryotic cell surface. Natural binding events occur in densely crowded environments,
where receptor-specific ligands are closely surrounded by non-binding constituents, or
crowding agents, and the complex composition of the glycocalyx is not distributed

homogenously along the membrane, but rather spatially organized into local domains.

To tackle this lack in complexity and dynamics, the field of glycocalyx engineering has emerged
in the recent years, to provide more realistic images of the mechanisms that are involved with
native glycocalyces. Alterations to native cellular glycans can be made metabolically,
(chemo)enzymatically or through the introduction of synthetic, functional glycan mimetics
into the plasma membrane. While these in vivo approaches yield results in living cells,

alterations usually occur globally and lack precision.

Another promising approach is the construction of completely artificial mimetics of the
glycocalyx from the bottom up. Here, phospholipid bilayers (usually GUVs or SLBs) are created
from defined lipid mixtures and subsequently decorated with synthetic mimetics of natural
glycans. Though far from mirroring native glycocalyces, these models resemble more closely
the three-dimensional entity and presentation of ligands on a cellular surface than the analysis

of ligand receptor interactions in solution or on immobilized surfaces.

Although the bottom-up construction of highly precise glycocalyx mimetics still lacks the
inherent complexity of native cellular glycocalyces, this approach bears the potential to
construct highly defined models of eukaryotic cell surfaces. Thus, the aim of this thesis is to
contribute further to the existing work of creating glycocalyx mimetics by deriving (i) highly

defined membrane-tethering mimetics of natural glycans and (ii) adding complexity to these
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glycocalyx mimetics in terms of heterogenous membrane crowding, incorporation of sulfated

glycans and spatial organization of glycans.

The first part of this thesis will focus on the development of crowded glycocalyx mimetics. To
achieve this, a synthesis platform will be established, employing SPPoS and a novel type of
controlled radical polymerization (TIRP, thiol-induced, light activated controlled radical
polymerization), to obtain highly defined glycan mimetics with different glycosylation patterns
and chain lengths. These structures shall comprise a membrane anchor and a fluorescence
label, enabling their incorporation into model membranes and their detection via

fluorescence microscopy.

Subsequently, the incorporation of the aforementioned structures into GUVs as model
membrane systems shall be established to develop both homo- and heteromultivalent models
of the glycocalyx employing the long and short glycan mimetics. These glycocalyx mimetics
are supposed to mirror the natural, crowded surfaces of natural cellular membranes. Finally,
the influence of these homo- and heteromultivalent systems on the interaction with the

model lectin Concanavalin A will be investigated.

The second part of this work will focus on the creation of local glyco-heterogeneities in GUVs
to mimic the inhomogeneous distribution of glycans in natural glycocalyces, e.g. via the
formation of lipid rafts. Therefore, again employing SPPoS, sequence-defined glycan mimetics
shall be derived, differing in glycosylation, as well in their type of membrane anchor. The
different physico-chemical behaviors of these lipidated glycan mimetics shall enable a distinct
allocation into different coexisting physical phases in phase separated GUVs (Ld or Lo),
mimicking recruitment of natural glycans into lipid rafts or their remaining in more fluid parts
of the membrane. In the next step, heteromultivalent glycocalyx models shall be constructed,
thereby displaying different glycosylation patterns in the coexisting Ld and Lo phases of the
GUVs according to the respective membrane anchor of the glycan mimetics. Finally, the impact
of localization of Man ligands either in the Ld or Lo phase of the vesicles shall be examined

regarding protein recruitment on the membrane.

In the third part of this work, the prior established synthesis of long and short precision glycan
mimetics bearing membrane anchors shall be extended to now attain mimetics of naturally

abundant sGAGs. These so-called sGAG mimetics shall be systematically investigated in GUVs
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and first cell studies with regard to their interaction with virus-like particles (VLPs) to probe
viral interactions with remodeled glycocalyces. Such studies have never before been
conducted on completely synthetic sGAGs and bear the potential to study membrane-virus

interactions in a highly controlled model system.

In the final part of this thesis, the objective is to develop a polymerizable diacetylene building
block that is compatible with the established SPPoS protocols and enables the photo-induced
crosslinking of adjacent ligands through irradiation. Clustering of glycans within the cell
membrane has been described for its importance in cell surface interactions. Generally, cluster
formation is a highly dynamic event and cannot be mirrored properly for instance via the
presentation of glycan mimetics in preassembled membrane domains (as described in chapter
3.2). The employment of diacetylene functionalized glycan mimetics, however, potentially

allows for direct visualization and fixation of ligand-receptor-mediated cluster formation.

Initially, the synthesis and conjugation of the building block will be established, followed by
the synthesis of lipid-conjugated glycan mimetics with a polymerizable diacetylene moiety in
their backbone. Subsequently, the derived ligands shall be investigated in terms of their self-
assembly properties and their capability to polymerize upon irradiation. Finally, the ligands
shall be incorporated into GUVs as simplistic glycocalyx models to demonstrate their efficacy
as crosslinkers of ligand-receptor-mediated clusters, mimicking the spontaneous and dynamic

clustering of glycans in native cellular membranes.
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3. Results and Discussion

The following two chapters 3.1 and 3.2 will present two approaches to construct glycocalyx
mimetics focusing on heteromultivalent, crowded glycocalyces and spatial arrangement of
glycocalyx constituents to derive model systems that represent closer the natural

inhomogeneity in natural glycocalyces.

Chapter 3.1 will present the published work on the synthesis of long and short precision
glycomacromolecules with different glycosylation (Man or Gal) and their introduction into
GUVs as model membrane systems to derive mimics of crowded, heteromultivalent
glycocalyces. Key physical parameters are analyzed (incorporation efficiency, diffusion
constants) and the impact of mixtures of long and short, binding and non-binding glycan

mimetics on lectin binding are evaluated.

Chapter 3.2 will present the published work on lipidated, sequence defined
glycomacromolecules, differing in their glycosylation and their lipid tether. The allocation of
ligands into either Ld or Lo phases in phase separating GUVs, based on the employed lipid
anchor, is established and yields the construction of heteromultivalent glycocalyx mimetics
with distinct local glycosylation patterns. The effect of ligand allocation into either the Ld or

the Lo phase on lectin recruitment will be analyzed quantitatively.

Chapter 3.3 will describe the development of sulfated mimetics of natural glycosaminoglycans
(so called sGAG mimetics), based on the results of the previous chapters. Many viruses exploit
the negatively charged GAGs on eukaryotic cells to adhere to and infect a host cell. The goal
of the work presented in this chapter is the establishment of a synthetic route to access high
precision mimetics of natural sulfated GAGs that can subsequently be incorporated into model
membranes or native cellular membranes. This yields a platform to then study viral
interactions in a very controlled setting, regarding the constitution of the employed sGAG

mimetics.

The final chapter 3.4 will focus on the synthesis and establishment of a polymerizable
diacetylene building block for SPPoS. Diacetylene-functionalized and lipid-tethered glycan
mimetics are derived and characterized regarding their capacity to polymerize upon
irradiation and their potential to fix and fluorescently display specific ligand-receptor

clustering in model membranes will be explored.
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ABSTRACT: The glycocalyx, a complex carbohydrate layer on cell
surfaces, plays a crucial role in various biological processes.
Understanding native glycocalyces’ complexity is challenging due to
their intricate and dynamic nature. Simplified mimics of native 2%3 8.%.. _—

glycocalyces offer insights into glycocalyx functions but often lack € 7 T S
molecular precision and fail to replicate key features of the natural native glycocalyx heterofunctional
analogues like molecular crowding and heteromultivalency. We glycocalyx mimetics

introduce membrane-anchoring precision glycomacromolecules

synthesized via solid-phase polymer synthesis (SPPoS) and thiol-induced, light-activated controlled radical polymerization
(TIRP), enabling the construction of crowded and heteromultivalent glycocalyx mimetics with varying molecular weights and
densities in giant unilamellar vesicles (GUVs). The incorporation and dynamics of glycomacromolecules in the GUVs are examined
via microscopy and fluorescence correlation spectroscopy (FCS) and studies on lectin-carbohydrate-mediated adhesion of GUVs
reveal inhibitory and promotional adhesion effects corresponding to different glycocalyx mimetic compositions, bridging the gap
between synthetic models and native analogues.

B INTRODUCTION protective layer against the adhesion of viruses mediated
through glycolipids, thus hindering viral infection. This is
mainly assigned to the high molecular weight mucins
stretching out from the membrane and thereby sterically
shielding the glycolipids located closer to the membrane
surface.”” Furthermore, the dense packing induces steric
pressure among the glycocalyx’ constituents, leading to
compartmentalization into clusters, alteration of the membrane

The glycocalyx is a highly complex, dense layer of glycans on
eukaryotic cells and is known to play a crucial part in a plethora
of physiological and pathological processes such as cellular
adhesion, pathogen infection and signaling, as the glycocalyx
generally is the first instance of the cellular membrane that
makes contact with its surroundings.'~ It is mainly composed
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‘(c)heg };Ce?lp r;:;l;’rsrl;z e:f dYC:ES;e?Y gfo);:;)slp ; Sce(l)sr;opclleaxe thV:ée- morphology, fluid-crystallinity, and accessibility of constituents
dimensional entity where both, the composition of glycans as to the}ﬁ_fg ceptors, thus affecting selective binding pro-

well as their spatial distribution is known to critically affect its cesses. For example, Godula and co-workers  have

function.”™® Glycocalyx interactions are mainly driven by the showr'1 that while mucin mimetics can slow down virus
. oo . adhesion, they can also promote glycolipid cluster formation
recognition of glycans by glycan-binding proteins, such as

lectins.>'° Glycan-lectin interactions are typically weak, but that enhances virus attachment, due to the lov{es:r unbinding
their binding avidity increases through multivalent interactions, rat:&d?f th}el Ytlr.us attac}hed to gly?()lgni cthi}sltersl. I ol

such as multiple glycan ligands presented on a protein scaffold vrhough It 18 generatly recoghized that the glycocalyx piays
or glycan-conjugates forming clusters on the cell mem- a 'plvotal .role in blolégy, our un'derstandmg Of.ltS funct19n is
brane.”'"'* Additionally, glycoheterogeneity in biological still evolving due to its complexity, heterogeneity, and highly
systems, ie, the simult; neous adjacency of binding and dynamic nature. This is mainly due to our still limited access to
nonbinéing ,glyco motifs, has been shown to contribute to fully characterizing and controlling the glycocalyx itself.

synergistic or antagonistic effects in glycan-lectin binding." Current biotechnological processes, such as metabolic
Besides their role in binding, glycans in the glycocalyx also
affect biological processes through nonbinding effects like Received: May 13, 2024

steric shielding and crowding.'* The dense packing of glycans Revised:  July 31, 2024

creates a crowded environment on the cell surface, occupying a Accepted: July 31, 2024

distinct volume and limiting the accessibility and diffusion of Published: August 9, 2024
membrane constituents. An important example is mucins,

glycoprotein conjugates, that have been shown to assert a
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strategies, genetic approaches addressing specific glycan
enzymes, or using enzymes for chemoenzymatical changes,
e.g., for removing specific glycan motifs, can be used to alter
the glycocalyx compositions directly on living cells.'” However,
these methods affect the glycocalyx compositions globally, and
lack spatial and dynamic control, and often result in unforeseen
impacts like cellular lethality or protein misfolding,”***'

An alternative approach is to develop glycocalyx biomimetics
consisting of synthetic cellular membranes functionalized with
glycoconjugates. Here, the lipid membrane composition is
well-defined and offers controlled reconstitution of glyco-
conjugates along with their structural and spatiotemporal
variation within the membrane ensemble.””** For example,
Stuhr-Hansen et al. showed, that the different topological
presentation of artificial glycopeptides on giant unilamellar
vesicles (GUVs) dictates different accessibilities of Vicia villosa
lectin to membrane-associated GalNAc moieties, due to the
attachment of one or more membrane anchors along the
backbone.”® Furthermore, synthetic glycan mimetics such as
glycopolymers are not only useful in developing glycocalyx
mimetic systems but also allow for the so-called glycocalyx
engineering by introducing synthetic glycoconjugates directly
into cell membranes in a controllable manner.”*"*° For
instance, Woods et al. demonstrated the efficient incorporation
of cholesteryl-conjugated glycopolymers into cellular mem-
branes that exhibit significantly prolonged cell-surface
residence times facilitated by a continuous recycling process
from internal reservoirs back to the cell surface, in contrast to
native phospholipid-conjugated glycopolymers, which allowed
the examination of longer-term biological processes.”® In
another example, Delaveris et al. revealed that the accessibility
of Influenza A viruses to a glycolipid receptor at the membrane
can be inhibited in the presence of synthetic mucin mimetics.
This inhibition depends on the density, by means of molecular
crowding, as well as on the architecture of the glycomimetics in
the membrane.””

Thus, by the bottom-up development of glycocalyx mimetics
from artificial membranes and the top-down introduction of
glycan mimetics into cell membranes by glycocalyx engineer-
ing, we gain new insights into the role and function of the
glycocalyx. In addition, to quantitatively understand and
further emulate the biological context, we first need to
characterize the individual glycocalyx constituents and their
binding affinities and then successively increase the complexity
within the membrane by the reconstitution of multiple
glycoconjugates. Therefore, in this study, we present a toolbox
of glycan mimetics that allows for the controlled variation of
important structural parameters such as composition, molec-
ular weight, and membrane tethering and then demonstrate
their use in deriving increasingly complex glycocalyx mimetics.
To the best of our knowledge, this is the first fully synthetic
glycocalyx mimetic model that combines two different glycan
mimetic structures to derive heteromultivalency.

Specifically, a series of long and short mannose (Man) or
galactose (Gal) presenting glycomacromolecules is synthesized
and then characterized with regard to their reconstitution
efficiency into GUVs via FCS. The incorporation of mixtures
of long and short Man and Gal presenting glycomacromole-
cules into GUVs allows us to reconstruct the complexity and
heterogeneity of native glycocalyces in a reductionist fashion.
We then study the binding behavior of our glycocalyx mimetics
toward the model lectin Concanavalin A (ConA) to mimic
glycocalyx-mediated adhesion processes (e.g., cellular adhesion
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or pathogen adhesion), where Man-functionalized glycoma-
cromolecules act as binders while Gal-functionalized glyco-
macromolecules act as nonbinders or crowders. Applying
optical microscopy and reflection interference contrast
microscopy (RICM) we evaluate how changes in glycocalyx
crowding fundamentally impact ligand—receptor binding. We
observe that glycomacromolecular crowding can either render
the binding unaffected, hinder, or even promote binding to
lectin depending on the length and density of the membrane-
tethered glycomacromolecules.

B EXPERIMENTAL SECTION

Synthesis of Building Blocks and Monomers. The building
blocks ethylene glycol diamine succinic acid (EDS) and triple bond
diethylenetriamine succinic acid (TDS) were prepared as reported
earlier.”® Tetra-O-acetyl-azidoethyl-a-p-mannopyranoside, tetra-O-
acetyl-azidoethyl-$-p-galactopyranoside, 2-acrylamidoethyl-a-p-man-
nopyranoside (ManHEAA), and 2-acrylamidoethyl-f-p-galactopyra-
noside (GalHEAA) were synthesized according to the literature
protocols.”*** 3-B-Azidocholesterol was synthesized according to a
protocol by Sun et al.*'

Solid-Phase Synthesis of Cholesterylated Glycomacromo-
lecules and Macroinitiators. General Coupling Protocol. All
structures were prepared on Tentagel S RAM resin (batch size: 0.1
mmol). All washing steps were conducted with 4 mL of solvent.
Polypropylene reactors equipped with polyethylene frits and closed
with Luer-stoppers were used. For the short glycomacromolecules, the
backbone sequence was first assembled, followed by glycoconjugation
via CuAAC (copper(I)-catalyzed alkyne—azide cycloaddition), Lys-
side chain deprotection (Boc), fluorescent dye conjugation, terminal
Fmoc-deprotection, and capping with 4-pentynoic acid before
conjugation of the cholesteryl tether via CuAAC. For the macro-
initiators, the backbone sequence was first assembled, followed by
Lys-side chain deprotection (Dde), fluorescent dye conjugation,
terminal Fmoc-deprotection, and capping with 4-pentynoic acid
before conjugation of the cholesteryl tether via CuAAC.

For all compounds, the resin was first swollen in 4 mL of
dichloromethane (DCM) for 30 min, subsequently washed ten times
with dimethylformamide (DMF), Fmoc-deprotected by treating with
25% piperidine in DMF (three times for ten min), and again washed
1S times with DMF. The employed building blocks were coupled to
the N-terminus by adding the respective building block (S equiv),
PyBOP (S equiv), and DIPEA (20 equiv) in 4 mL of DMF to the
resin and shaking for 1 h. Then, the resin was washed 15 times with
DMEF and the N-terminus was again deprotected followed by the next
coupling step.

Copper(l)-Catalyzed Alkyne—Azide Cycloaddition. For glycosyla-
tion, either azido-functionalized and peracetylated a-p-Man or f-p-
Gal (2.5 equiv per alkyne) in DMF (4 mL) as well as sodium
ascorbate (S0 mol % per alkyne) and CuSO, (S0 mol % per alkyne)
each dissolved in water (0.25 mL) were added consecutively to the
resin.

For N-terminal cholesterylation 3-f-azidocholesterol (2.5 equiv)
was dissolved in 1,4-dioxan (4 mL) and added to the resin along with
sodium ascorbate (S0 mol % per alkyne) and CuSO, (50 mol % per
alkyne) each dissolved in water (0.25 mL). The resin was shaken
overnight, and subsequently, excessive reagents were removed by
washing with a solution of sodium diethyldithiocarbamate (23 mM in
DMF/water 1:1), water, DMF, and DCM.

Boc-Deprotection. The resin was washed five times with
tetrahydrofuran (THF) before a solution of 4 M HCl in 1.4-dioxane
was drawn into the syringe reactor. The resin was rocked for 5 min
before the solution was discarded. The fresh solution was drawn into
the reactor, and the resin was rocked for 30 min before the solution
was discarded again. The resin was then washed ten times with DMF.

Dde-Deprotection. The Dde-side chain protective group was
cleaved via treatment with a freshly prepared solution of 2% hydrazine
hydrate in DMF (v/v). After rocking for S min, the solution was
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Figure 1. Schematic presentation of the solid-phase polymer synthesis of MC (A), macroinitiator synthesis (B), and TIRP of pMC (C). The
synthesis of the Gal-functionalized macromolecules proceeds analogously, employing the respective Gal-functionalized building blocks and

fluorescein as the fluorescent reporter.

discarded, and the resin was washed three times with DMF. The
cleavage procedure was repeated twice.

On-Resin Acetyl Deprotection. Carbohydrate deacetylation was
conducted under Zemplén conditions with 4 mL of a 0.2 M solution
of sodium methoxide in methanol (two times for 30 min), followed by
washing five times with methanol and ten times with DMF.

Cleavage from the Solid Support. Prior to the cleavage the resin
was washed ten times with DCM. Then a cocktail of TFA, DCM, and
TIPS (95:2.5:2.5, 4 mL) was drawn into the syringe reactor and the
resin was rocked for 45 min. The glycomacromolecules were
precipitated in diethyl ether and collected via centrifugation.

Purification. The short glycomacromolecules were purified by
diafiltration with triethylamine in water and 0.5 M hydrochloric acid
and three times with water in VIVASPIN 20 centrifugal concentrators
from Sartorius (MWCO = 10 kDa). Macroinitiators were precipitated
twice in 25% diethyl ether in hexanes. Afterward, the structures were
lyophilized to obtain the pure product.

Thiol-Induced, Light-Activated Controlled Radical Polymer-
ization (TIRP) of Macroinitiators. Polymerization. One equivalent
of glyco-monomer (100 mol %) and 0.05 mol % Ir(ppy); were
dissolved in DMF (10 wt %), sealed in a S mL glass flask, and flushed
with argon as inert gas for 10 min. In a second step, the macroinitiator
(2.5 mol %) a tip of a spatula of tris(2-carboxyethyl)phosphine
(TCEP) dissolved in a single drop of H,O and equimolar amounts of
TPO were also dissolved in DMF (10 wt %) and sealed in a2 5 mL
microwave reaction vial. The macroinitiator/TPO solution was
flushed under an Ar atmosphere for 10 min and irradiated (UV-
LED Spot P standard 40S nm, 2% intensity, Opsytec Dr. Grobel
GmbH, Germany) for 3 min. Subsequently, the monomer/Ir(ppy);
mixture was added to the TPO/thiol solution under an inert
atmosphere, and the polymerization solution was irradiated further at
an unchanged light intensity. After 1 h, the irradiation was stopped
and the polymer solution was precipitated in diethyl ether.
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Purification. The precipitated glycopolymer was dried under a
gentle stream of nitrogen, dissolved in ultrapure water, and dialyzed
via diafiltration against ultrapure water in five cycles (20 mL each, 1 M
HCl was used in the first cycle). The dialyzed compounds were
dissolved in fresh, ultrapure water and lyophilized.

Formulation of Giant Unilamellar Vesicles (GUVs). Custom-
made Teflon swelling chambers and indium tin oxide (ITO)-coated
glass coverslips (pgo GmbH, Iserlohn, Germany) were sonicated in
2% Hellmanex III in ultrapure water for 10 min. The solution was
discarded, and the equipment was rinsed with ultrapure water, before
sonicating in ultrapure water for S min twice. Afterward, the items
were dried under a stream of nitrogen.

GUVs were assembled via electroformation. 25 yL of a mixture of
DOPC (2 mg/mL) and 2 mol % 18:1 PEG,(-PE in chloroform (all
from Avanti Polar Lipids, Alabaster, AL) were mixed in a vial with the
respective amount of cholesterylated glycomacromolecules (dissolved
in 10% MeOH in chloroform (glycooligomers) or dimethyl sulfoxide
(DMSO) (glycopolymers)). For biotin-functionalized vesicles, 1 mol
% biotinyl CAP PE (Avanti Polar Lipids, Alabaster, AL) was also
added to this mixture. The mixture was evenly spread onto a thin
layer on the ITO-coated glass coverslips. The film was dried overnight
in a vacuum chamber at 95 mbar. The coated glass slides were
assembled in a tailored Teflon chamber, and the space between the
coverslips was filled with 1400 uL of buffer solution (115 mOsM
lactose to match the osmolarity of the measuring buffer: lectin binding
buffer, 120 mOsM) to rehydrate the lipid film. An AC electric field
(24 V, 89 Hz) was applied for 90 min at ambient temperature to
generate the GUVs. The GUVs were transferred to a vial and stored at
4 °C before imaging.

Preparation of Measuring Chambers. 18-well slides (ibidi
GmbH, Martinsried, Germany) were cleaned and activated by UV
ozone treatment (UV Ozone Cleaner UVC-1014 from Nano-
BioAnalytics) for 30 min. For surface passivation with ConA, the
activated chambers were filled with 100 uL of ConA solution (1 mg/
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Figure 2. (A) Chemical structures of the synthesized cholesteryl-tethered glycomacromolecules. (B) Overview of the synthesized
glycomacromolecules. * based on the synthetic pathway, ® theoretical value (calculated), ¢ via H,O-size exclusion chromatography with multi-
angle static light scattering (SEC-MALS), ¢ based on literature values of similar structures,® © determined via dynamic light scattering (DLS).

mL in LBB) and incubated for 30 min. Thereafter, the solution was
discarded, and the chambers were rinsed three times with LBB and
filled with fresh LBB.

For NeutrAvidin passivated surfaces, the activated chambers were
filled with 100 uL of NeutrAvidin in LBB (40 pg/mL) and incubated
for 10 min. The solution was discarded, and the surfaces were rinsed
three times with LBB, before incubating with bovine serum albumin
(BSA) (S mg/mL in LBB) for 20 min. Thereafter, the solution was
discarded and the chambers were rinsed three times with LBB and
filled with fresh LBB.

B RESULTS AND DISCUSSION

Synthesis of Membrane Tethering Glycomacromole-
cules. In order to systematically evaluate the effects of chain
length (molecular weight) and composition (binding and
nonbinding glyco motifs) of membrane-tethered glycomacro-
molecules, we synthesized a first library of four glycomacro-
molecules site-specifically introducing a membrane anchor as
well as an optical probe for visualization (Figure 1).

For the short-chain glycomacromolecules, we applied
previously established SPPoS of precision glycoo-
ligomers.3'0’37"33 In short, based on standard Fmoc-based
peptide synthesis, the assembly of the macromolecular
backbone is achieved through iterative coupling and
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deprotection steps of tailor-made building blocks on a solid
support. Three different types of building blocks were used to
assemble the glycooligomer scaffolds: (1) a functional building
block (TDS) introducing an alkyne side chain. This alkyne
moiety serves for the subsequent site-specific introduction of
carbohydrate moieties; (2) lysine (Lys) with a Boc-protected
side chain to conjugate the fluorophore via amide linkage; and
(3) a spacer building block (EDS) introducing a short ethylene
glycol unit. This unit enables to modulate the distance of the
functional units and the overall chain length, while maintaining
a hydrophilic backbone.”® After assembly of the desired
scaffold, on-resin glycosylation was achieved via copper-
catalyzed azide—alkyne cycloaddition (CuAAC) between the
alkyne-bearing TDS building block and 2-azidoethyl-carbohy-
drate (Man or Gal). Conjugation of a fluorescent reporter
(Rhodamine B or Fluorescein) to the backbone was realized
through the amide bond formation of the respective free dye
and the primary amine of a Lys-side chain. Subsequent N-
terminal capping of the backbone with 4-pentynoic acid
allowed for the introduction of an azido-functionalized
membrane tether again via CuAAC.** 3-p-Azidocholesterol
was chosen as the membrane anchor, which is known from the
literature to enable the installation of glycan mimetics into
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Figure 3. Fluorescence microscopy images of GUVs containing respectively 2 mol % cholesteryl-functionalized glycomacromolecules (right half)
and schematic illustration of glycomacromolecule organization within the vesicle membrane (left half). Of note, for simplicity,
glycomacromolecules are only depicted on the outer membrane leaflet. Contrast was adjusted for better visualization. Scale bar: 10 ym.

lipid membranes.”**® After Zemplén deacetylation of the sugar
moieties, the structures were cleaved off the resin and isolated
via precipitation. This approach enabled the synthesis of two
short solid-phase derived glycooligomers termed MC (ie.,
mannose-cholesteryl) and GC (i.e., galactose-cholesteryl)
bearing four carbohydrate moieties each (Figure 2A).

Next, longer Man and Gal presenting glycomacromolecules
with a cholesteryl unit were synthesized. These structures are
not accessible by solid-phase assisted synthesis since high chain
lengths often result in aggregation of the growing macro-
molecules, leading to incomplete coupling and deprotection
steps and hence diminishing the overall purity and yield of
longer chains.** To overcome this limitation, we present a
novel approach that combines our recently developed TIRP
polymerization and SPPoS.”> We have demonstrated that
TIRP as a controlled radical polymerization method is
particularly suited for glycomonomers, enabling access to
high molecular weight, low dispersity glycopolymers. First,
applying SPPoS, we synthesized functional macroinitiators
bearing the same fluorophore and cholesteryl tether on the
macromolecular scaffold as used in the design of the first two
glycomacromolecules, omitting the carbohydrate-presenting
part of the construct. Instead, a cysteine (Cys) was introduced
at the C-terminus, generating a free thiol group after cleavage
from the resin. To ensure the stability of the Cys Trt-
protecting group during assembly of the macroinitiator, a Dde-
protected lysine was employed instead of a Boc-protected
lysine.
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This construct served as the macroinitiator in TIRP, where
the polymerization of acrylamide-functionalized Man and Gal
gave higher molecular weight glycomacromolecule constructs
(Figure 1C). Through this approach, two glycopolymers
termed pMC (i, polymannose-cholesteryl) and pGC (i.e.,
polygalactose-cholesteryl) with approximately 40 glyco moi-
eties, respectively, were obtained. Thus, each glycomacromo-
lecule/glycopolymer (in the following both are termed
glycomacromolecule) is equipped with one cholesteryl anchor
for membrane tethering and one fluorophore (either Rhod-
amine B for Man-ligands or Fluorescein for Gal-ligands) for
optical probing (Figure 2A).

After isolation, all structures were purified via diafiltration
and characterized by HRMS, reverse-phase high-performance
liquid chromatography-mass spectrometry (RP-HPLC-MS),
SEC, and 'H NMR (see Supporting Information).

To further characterize the cholesteryl-tethered glycomacro-
molecules regarding their ability to act as crowding agents, we
determined their hydrodynamic radii (ry) via DLS. Higher
molecular weight glycomacromolecules (pMC and pGC)
showed a ry of about 9.5 nm (see Supporting Information).
Lower molecular weight glycomacromolecules with the
membrane anchor showed a strong tendency to form
aggregates in water, however, we have previously determined
ry of similar glycomacromolecules without the membrane
anchor at approximately 1.5 nm (cp. Figure 2B).*° For
comparison, a frequently used macromolecule for studying
crowding in phospholipid bilayers is PEG 6000, which has a
hydrodynamic radius of about 2.5 nm.'® Since our
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Figure 4. (A) Rhodamine B-labeled glycomacromolecules exhibit a significantly reduced absorption profile compared to the free dye. This is
because the introduction of an amide bond shifts the equilibrium of the dye from its open (fluorescent) to closed (nonfluorescent) spiro-lactam
form. (B) Determination of the glycomacromolecule concentration in the vesicle membrane via fluorescence correlation spectroscopy. Data are
presented as mean + standard error of the mean (SEM) for 10 experimental replicates. Note that the glycomacromolecules exist on both sides of
the membrane, therefore the surface concentration on the outer membrane side is half the value presented in (B). (C) Schematic presentation of
the FCS measurement. (D) Summary of gathered FCS data. *measured concentrations were corrected by the determined DoALs.

glycomimetics differ considerably in size (oligomers vs
polymers) and are in the same size range as other crowding
agents, they are well suited for further testing as crowding
agents in glycocalyx models.

Assembling Glyco-Decorated GUVs. After the successful
synthesis of glycomacromolecules with varying ligand valency
and glycosylation, their introduction into GUVs was
established. To achieve this, we prepared GUVs via electro-
formation from mixtures containing DOPC, 18:0-PEG2000-
PE, and the respective cholesteryl-tethered glycomacromole-
cules. While GUVs prepared from mixtures of charged and
uncharged lipids via electroformation in equimolar media have
been shown to display lipid asymmetries, accompanied by
vesicle invaginations, vesicles prepared from pure DOPC
exhibited no such inhomogeneities.”” Since our vesicles are
only composed of DOPC as the matrix lipid, we do not expect
asymmetries in inner and outer leaflet composition and, hence,
homogeneous incorporation of our glycomimetics into either
leaflet.

The resulting vesicles ranging in diameter from 10 to 50 ym
exhibited homogeneous fluorescence along their membranes
(Figure 3). Though each glycomacromolecule was equipped
with a hydrophobic cholesterol moiety, the majority of the
structures are highly hydrophilic. Consequently, it is plausible
that not all structures incorporate into the membrane but
rather remain in the surrounding solution. We therefore sought
to investigate how many of the glycomacromolecules are
incorporated into the membrane.

Determination of Incorporation Efficiency. Fluores-
cence correlation spectroscopy (FCS) is a widely used method
for studying the diffusion and concentration of fluorescent
molecules in solution, and it also applies to analyze

5984

constituents within membranes.”®*’ To analyze the incorpo-
ration efliciency of our glycomacromolecules into the GUVs,
we applied FCS to determine both diffusion constants and
concentrations of the fluorescently labeled glycomacromole-
cules.

For reliable FCS results, a certain degree of labeling (DoL)
is crucial. Our synthetic route ensures that each macro-
molecule is equipped with exactly one fluorophore. However,
Rhodamine B, which is a commonly employed and a very
affordable fluorescent reporter, can exist in an equilibrium
between an open, fluorescent form and a closed, non-
fluorescent form. Conjugation of the carboxylic acid moiety
to a primary amine, results in the formation of a secondary
amide which tends to favor cyclization into the nonfluorescent
lactam form, a fact that is often overlooked.*’

Thus, to take this effect into account, we determined the
degree of active labeling (DoAL) for our Rhodamine B-labeled
glycomacromolecules MC and pMC, i.e., measuring the
amount of molecules that carry the fluorophore in its open,
fluorescent form.

Since the cyclization of the dye is largely governed by
changes in pH, a calibration curve for the absorption maxima
at 555 nm against the concentration of Rhodamine B in lectin
binding buffer (LBB) (10 mM HEPES, 50 mM NaCl, 1 mM
MnCl,, 1 mM CaCl,, pH 7.4) was determined (Figures S19
and S$20). MC and pMC were dissolved in LBB at a
concentration of 0.1 mM, and the absorption maxima were
used to determine the concentration of the fluorophore after
calibration (Figure S21). The values obtained were then
compared to the initially weighed concentrations to determine
the degree of active labeling, i.e., the number of molecules that
carry the fluorophore in its fluorescent form. In this manner,
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we determined that in equilibrium only 4.3% of the
glycooligomer MC and 1.4% of the glycopolymer pMC exist
in their fluorescently active form (Figure 4A). These findings
are in accordance with the literature and serve as the basis for
calculating concentrations from the FCS measurements.*’ Of
note, the percentage of fluorophores in the nonfluorescent
lactam form should a priori be the same in the different
glycomacromolecule samples. However, the absorbance of MC
is about 250X smaller compared to the free dye, and the
absorbance of pMC is 1000X smaller than the free dye. So
pMC has a factor of 4 less active fluorophores than MC. We
suppose that this discrepancy (i.e., the DoAL for the
glycopolymers in comparison to the glycooligomers) is caused
by photobleaching of the Rhodamine B-functionalized macro-
initiators during the photopolymerization via TIRP.

Another possibility that might explain the lower concen-
trations of measured fluorophores is self-quenching or homo-
Forster resonance energy transfer (FRET) effects. For this, the
fluorophore can remain in an open form but needs to be in the
vicinity of the second fluorphore, ie., <10 nm.*"** FRET
effects typically occur at molecular surface densities >1000
molecules/um? which is the case for 1 mol % MC and pMC,
respectively, while the 0.01 mol % MC sample is in the non-
FRET regime. For a 100X higher concentration (i.e., 1 mol %
MC) we observe that a 100-fold increase in concentration
results likewise in a 100-fold increase in measured fluorophore
concentration. Thus, we conclude that there is no significant
self-quenching due to FRET in these systems. Based on the
high structural similarity in the part of the molecule carrying
the fluorophore between MC and pMC and the larger
hydrodynamic radius of pMC, we assume that also for pMC
potential self-quenching from FRET is neglectable.

To then quantify the incorporation efficiencies and the
mobility of our glycomacromolecules via FCS, we prepared
GUVs from DOPC, 18:0-PEG2000-PE, Biotin-CAP-PE and
the respective glycomacromolecule. These GUVs were
deposited on a NeutrAvidin-covered surface to prevent vesicle
movement during FCS measurement. Diffusion coefficients
and local concentrations were determined in the upper half of
the vesicles. Of note, the glycomacromolecules are assumed to
incorporate homogeneously into both leaflets of the
phospholipid bilayer; hence, the surface concentrations on
the outer leaflet are only half the value presented in Figure
4B,D. The diffusion constant D (Figure 4D) is very similar to
the diffusion constant of native, pure DOPC (D = 8.4 + 0.4
um?/s) in a GUV membrane, where the smaller values by 10—
15% for the glycomacromolecule containing GUV, could arise
from the comparatively large, hydrated glyco-head groups or
other factors such as a different GUV lipid composition.**
Although one might expect slower diffusion for the lower
molecular weight glycomacromolecules, our results did not
show significant differences in the diffusion coeflicients of all of
the studied glycomacromolecules. Similar observations were
made e.g., in the study by Delaveris et al. on synthetic mucin
mimetics in supported lipid bilayers where the diffusion
coefficients of the mucin mimetics did not differ significantly
from the diffusion of fluorescently labeled DOPC either,
despite large differences in molecular weights and sizes of the
glyco-head groups.”” The membranes used in our study are
composed only of DOPC, making them inherently more fluid,
and measurements are performed in GUVs, which generally
display higher diffusion values due to lower friction as
compared with solid-supported lipid bilayers. This could
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explain the similar diffusion for all studied glycomacromole-
cules.***

The measured concentrations from the FCS experiments
were corrected for the previously determined DoALs. Based on
these corrected values, we observed that only about 15% of
initially applied MC and pMC ligands incorporated into the
vesicle membrane. For MC, this percentage of incorporation
was observed for both glycomacromolecule concentrations,
0.01 and 1 mol %, respectively. We suspect that this is caused
by sufficiently good water solubility of the glycomacromole-
cules and a stable equilibrium between dissociation and
association at the membrane in the swelling solution during
electroformation. As the formation of the vesicles using this
method is quite complex, further investigations are required in
the future.

Next, we examined membrane partitioning of our choles-
teryl-tethered glycomacromolecules to ensure a stable insertion
of our structures into the GUV membrane. GUVs containing
either 2 mol % MC or pMC were mixed with non-
functionalized GUVs in LBB and incubated for 18h at 4 °C.
We found that the nonfluorescent control GUVs remained
nonfluorescent after the incubation period, which indicated a
stable insertion of our structures in the GUV membrane once
installed (Figure S22). Of note, for each experiment, a small
fraction of the initial vesicle solution is highly diluted in buffer;
therefore, the concentration of any remaining nonincorporated
or partitioning glycomacromolecules might be well below the
detection limit. For convenience and in order to keep the
nomenclature consistent, we will henceforward refer to the
applied concentrations of ligands in the lipid mixtures instead
of stating the corrected concentration value. In summary, FCS
experiments show that about 15% of the ligand is incorporated
stably into the vesicle membrane and that the ratios of
incorporation do not change significantly at different
concentrations. However, our data suggest that cholesterol as
a membrane anchor might not function as efliciently as
generally assumed to tether artificial glycan mimetics in
phospholipid bilayers.

Lectin Binding to Homomultivalently Glyco-Deco-
rated GUVs. Next, we aimed to show that glyco-function-
alized GUVs are accessible for lectin binding. Our focus lies on
investigating the glyco-mediated adhesion of the GUVs onto
lectin-presenting surfaces, since the carbohydrate-lectin inter-
action resembles native cellular processes, e.g., pathogen-cell
recognition and adhesion, and can thus serve as a simple model
to provide insights into adhesion mechanisms that are
associated with the glycocalyx.6’46

As lectin, we chose the commercially available and well-
characterized plant lectin concanavalin A (ConA). ConA is a
commonly employed model lectin in glyco-mediated binding
assays, exhibiting high affinities for @-Man- and a-Glu-
moieties, and lacking affinity toward Gal moieties. The native
protein is a homotetramer at physiological pH with one
binding site per subunit.”’” For our adhesion studies, ConA was
immobilized on glass slides via physisorption following
established protocols.*®

We prepared homomultivalently glyco-decorated GUVs
containing either 0.5 or 2 mol % of the short (MC) and
long (pMC) binding macromolecules. To account for the 10-
fold longer polymers, we also reduced the respective
concentrations of pMC by a factor of 10 to present the same
amount of carbohydrates as the short MC ligands but at an
overall lower ligand density.
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The adhesion of glyco-functionalized GUVs onto ConA
surfaces was determined by RICM. To quantify the binding of
the GUVs onto the surface, the adhesion area diameters (d,)
determined via RICM were related to the vesicle projection
diameter of the whole vesicle (d,, Figure S). The ratio of d,/d,
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Figure S. Glyco-decorated GUVs settle onto the ConA surfaces. Man-
functionalized GUVs adhere to the substrate, whereas Gal-function-
alized vesicles remain unbound. The ratio of the contact area diameter
(d,) to vesicle projection diameter (d,) serves as a measure for the
relative adhesion strength. Contrast of the images was adjusted for
better visibility. Scale bar: 10 pm.

results in a unitless value that can theoretically range between 0
(no adhesion) and 1 (maximum adhesion) and serves as a
qualitative indicator of the relative adhesion strength between
the glyco-decorated GUVs and the ConA substrate.

GUVs modified with Man groups demonstrated a notable
behavior upon interaction with the lectin surface. Initially, they
exhibited slight fluctuations on the ConA surface, followed by
the rapid formation of an adhesive patch (Figure 5). Based on
our FCS results, we assume that from a concentration of 0.2
mol % ligands upward, we exceed a local concentration of 1000
molecules per ym” in the adhesion area, rendering the resulting
system crowded."" Crowding of the glycomacromolecules
should increase the steric pressure on the membrane and
hence alter the degrees of freedom of the macromolecules in
terms of mobility and accessibility. Especially for the polymers,
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crowding, according to the brush polymer theory, should lead
to polymer unfolding from a random coil to an extended
conformation.”’

Notably, regarding concentration and multivalency effects,
the Man-functionalized homomultivalent binding systems
containing either 2 mol % MC, 0.2 mol % pMC, 0.5 mol %
pMC or 2 mol % pMC all exhibit similarly strong adhesion to
the ConA surfaces. Although the systems vary in Man density,
we noticed no significant differences in the relative adhesion
strengths (Figure 6A). This could indicate that the density of
Man units already exceeded the density of accessible ConA
binding sites. For these Man-functionalized GUVs a rather
homogeneous spherical contact area with a pronounced
fluorescent halo at the edge of the adhesion zone was observed
(Figure 6C). This increased fluorescence at the periphery of
the contact area is due to either the projected fluorescent light
of the membrane above the contact line or the accumulation of
ligands. Intriguingly, for biotin/NeutrAvidin as a ligand/
receptor system Schmidt et al. observed either ring-shaped or
filled circular accumulations of the ligand, depending to the
ligand/receptor density and the ligand mobility-dependent
recruitment into the contact zone.*” We only see filled circular
adhesion patterns at any of the studied concentrations with no
further growth over time (see Figures S23 and S34 for
exemplary pictures). This suggests that due to the rather high
ligand density the entire contact zone is saturated with ligand—
receptor bonds in equilibrium. This agrees well with the fact
that no differences in adhesion strength due to changes in
valency and ligand density were observed. Accordingly, the
saturated contact area may hinder the diffusion of ligands into
the contact zone leading to an accumulation of ligands at the
periphery of the contact area.

To substantiate this hypothesis, we conducted FCS
measurements on 1 mol % MC-decorated vesicles on a
ConA surface. The confocal volume was now focused on the
top part of the vesicles and, subsequently, on the respective
bottom part of the vesicles, where the membrane is in contact
with lectin. From these two measurements, we observed a
more than 2-fold decrease of Man-ligands on the upper part of
the vesicles and an increase on the adherent membrane (Figure
6B) with surface concentrations in a similar range as obtained
with the FCS for glyco-decorated GUVs adhered to a
NeutrAvidin substrate. This coincided with a notable decrease
in diffusion coefficients close to the substrate (D = 2.7 um?/s)
compared to that of the free membrane part (D = 7.1 yum?/s)
(Figure 6B). Of note, the glycomacromolecules are assumed to
incorporate homogeneously into both leaflets of the
phospholipid bilayer; hence, the surface concentrations on
the outer leaflet are only half the value presented in Figure 6B.
We assume that the reduction of diffusivity is a result of the
binding and unbinding events between ConA and ligands in
the contact area, where receptor—ligand bonds form (im-
)mobile obstacles in the membrane, as well as of the substrate
proximity, which contributes additional friction. The whole
contact area appears sealed and further ligands can only
accumulate around the contact area forming a brighter
fluorescent halo. Another possible explanation for the brighter
fluorescent periphery of the contact area might be that our
glycomimetics avoid positively curved areas of the vesicle
membrane. Lu et al. have demonstrated, that MUC1 glycocalyx
constituents (heavily glycosylated transmembrane proteins)
tend to accumulate on negatively curved areas of the plasma
membrane upon deformation of the latter and rather avoid
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Figure 6. (A) Relative adhesion strengths for GUVs decorated with binding (green) or nonbinding (yellow) glycomacromolecules and
unfunctionalized GUVs (gray). Data are presented as mean + SEM for n > S0 experimental replicates and were evaluated using one-way analysis of
variance (ANOVA) followed by Bonferroni correction (*: p < 0.0S, **: p < 0.01, ***: p < 0.00S, ****: p < 0.001, ns: not significant). (B) Data
gathered via FCS of 1 mol % MC-vesicles adhered to ConA surfaces at the top and bottom of the vesicles. Schematic illustration of the
experimental setup. Data are presented as mean + SEM for n = 12 experimental replicates. *Measured concentrations were corrected by the
determined DoALs. Note that the glycomacromolecules are present on both sides of the membrane, therefore the surface concentration on the
outer membrane side is half the value presented in (B). (C) Radial fluorescence intensity profile of the adhesion patch of GUVs functionalized with
2 mol % MC. Fluorescence intensity increases toward the rim of the adhesion area, likely due to an accumulation of ligands.

positively curved areas of the membrane to minimize steric
repulsions and the overall free energy of the system.”’
However, the molecular weights of our glycomimetics are
well below the molecular weights even of truncated forms of
MUCI and, thus, it remains debatable whether this also applies
to our systems. Also, Callan-Jones et al. have shown that such
sorting only occurs for curvatures >0.05 nm ™" and, accordingly,
for GUVs of this size exhibiting only small curvature (107*
nm~') no curvature-related sorting effect is known so far.>!
GUVs decorated with 0.5 mol % MC and 0.05 mol % pMC
exhibit a 30% reduced relative adhesion strength, which implies
that in these systems the available ConA binding sites are not
fully saturated. However, though theoretically presenting the
same amounts of Man moieties, vesicles decorated with 0.5
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mol % MC bind significantly stronger than those with 0.05 mol
% pMC. We attribute this to the 10-fold higher local density
and steric hindrance of Man moieties in the polymer chain for
pMC, reducing the number of available Man moieties that can
bind on average compared to the short MC chains. In addition,
a pMC chain may bind to only a few ConA molecules at the
same time, given a distance between ConA binding pockets of
approximately 7.2 nm and the hydrodynamic radius of pMC of
similar size (9.2 nm). Though we noticeably decreased the
concentration of ligands in these systems, the resulting
adhesion patches in RICM remained rather homogeneous
and circular. This corresponds to the observation by Fenz et
al., where biotinylated GUVs adhering to a NeutrAvidin
substrate always exhibited circular and homogeneously filled

https://doi.org/10.1021/acs.biomac.4c00646
Biomacromolecules 2024, 25, 5979—-5994


https://pubs.acs.org/doi/10.1021/acs.biomac.4c00646?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.4c00646?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.4c00646?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.4c00646?fig=fig6&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.4c00646?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biomacromolecules

pubs.acs.org/Biomac

adhesion patches. The aforementioned ring-shaped partial
adhesion would only arise, if the receptor concentrations on
the substrate were <0.25 mol %.%>

As a control, we also prepared vesicles with 2 mol % of either
the short (GC) or longer (pGC) nonbinding ligands. Again,
we also reduced the concentration of pGC by a factor of 10 to
present the same amount of Gal moieties as the shorter
nonbinding GC ligands, but at an overall lower ligand density
(ie, 02 mol % pGC). As anticipated, the Gal-decorated
vesicles did not adhere to the ConA surfaces since the lectin
has no affinity toward Gal moieties.

Strikingly, vesicles with no glycomacromolecules added also
formed comparatively large contact areas on the ConA surfaces
with a derived relative binding strength amounting to those
previously measured for vesicles containing 0.5 mol % MC and
0.05 mol % pMC. We attribute this to unspecific interactions
(electrostatic, hydrophobic) between membrane lipids and the
ConA, which is well-known to occur in synthetic membrane
systems if no blocking by a polymer such as polyethylene
glycol is used.””** Accordingly, nonbinding membrane
constituents such as the Gal-glycomacromolecules seem to
effectively block unspecific interactions between the membrane
and protein surface as observed for the Gal moiety presenting
GUVs.

To validate the specificity of the Man-mediated vesicle
adhesion to the lectin surface, we performed inhibition assays
in the presence of MeMan as an inhibitor that competitively
binds to the lectin-covered surfaces (Figure 7).>> Therefore,
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Figure 7. Derived relative adhesion strengths of Man-decorated
GUVs on ConA surfaces in the absence (green) and presence (gray)
of S mM MeMan. Data are presented as mean + SEM for n > 20
experimental replicates and were evaluated using one-way ANOVA
followed by Bonferroni correction (*: p < 0.05, **: p < 0.01, *¥**: p <
0.005, ****: p < 0.001, ns: not significant).

the ConA surfaces were incubated with S mM MeMan for 30
min prior to vesicle addition. In the systems, where GUVs were
decorated with only 0.5 mol % MC or 0.05 mol % pMC,
respectively, incubation with S mM MeMan leads to inhibition
of Man-mediated vesicle adhesion to the ConA surface.
However, for the systems that we prior determined to saturate
or exceed the available ConA binding sites on the substrate
(ice., 2 mol % MC, 0.2 mol % pMC, 0.5 mol % pMC, and 2
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mol % pMC), vesicle adhesion was only reduced by
approximately 25%. We then picked the systems employing
2 mol % MC and 2 mol % pMC as the extremes and tried to
inhibit the adhesion. Indeed, for the shorter Man-ligand MC
we required MeMan concentrations of 50 mM to inhibit
vesicle adhesion. For the longer pMC ligand at 2 mol % even
50 mM MeMan did not lead to any significant decrease in
adhesion (Figure S39). However, upon incubation with a
multivalent glycopolymer (Mans,,) inhibitor, vesicle adhesion
was completely inhibited at 0.15 mM. With an average number
of 300 Man units per polymer for the multivalent inhibitor, this
translates to an effective concentration of carbohydrates of ~50
mM (Figure S40), comparable to the inhibition concentration
used for monovalent MeMan.

In a previous study and similar RICM setup with Man-
oligomer functionalized microgels, we observed that at a
concentration of 50 mM MeMan particle adhesion to the
ConA surfaces was completely inhibited.*® The dissociation
constant (Kp) of ConA for MeMan has been reported to be
approximately 130 uM, as determined through ITC experi-
ments.’® Similarly, the Kp value for monovalently Man-
functionalized oligoamidoamines was found to be approx-
imately 200 uM, with decreasing values for higher valent
structures.”” Hence, despite ConA having a generally higher
affinity for MeMan, the multivalent presentation of Man
moieties compensates for the lower binding affinity, rendering
the monovalent MeMan less competitive in binding to ConA.
We attribute the difference and more challenging inhibition of
the GUVs to the highly multivalent presentation and mobility
of Man-ligands on the GUVs, which allows for the establish-
ment and persistence of numerous simultaneous interactions
with the lectin and enhances the overall binding avidity.

Especially the longer pMC ligands showing higher relative
adhesion strengths under inhibitory conditions could be
explained by multivalency and steric effects. The multivalent
polymers can simultaneously engage in numerous binding
events, resulting in an overall higher binding avidity, where
parts of the ligand that are not actively engaged in binding may
shield larger fractions of the immobilized ConA. As a result,
the MeMan inhibitor is less able to compete for ConA binding
sites, and accordingly, multivalent inhibitors are required to
efficiently block the available binding sites from the Man-
decorated GUVs. Moreover, the tight multivalent ensemble of
bound ligands likely impedes the diffusion of inhibitors to the
contact zone to compete for the ConA binding sites, consistent
with our previous FCS results.

Heteromultivalently Glyco-Decorated GUVs to Mimic
Glycocalyx Crowding. Glycocalyx crowding in cellular
membranes is believed to exert both inhibitory as well as
promotional effects on membrane constituents depending on
the specific molecular interactions.'*'®"” Modeling such a
crowded environment of native cells in a very controlled
setting can yield quantitative insights into the molecular
interactions and the role of membrane-associated macro-
molecules that are not directly involved in a specific binding
event.

To account for the heterogeneous and crowded nature of
native glycocalyces and to determine the inhibitory or
promotional effects of nonbinding membrane constituents,
we next prepared vesicles with mixtures of either our short or
long binding Man-ligands and the nonbinding Gal-structures
to study the influence of nonbinding macromolecules on the
specific binding of the Man-ligands to the ConA surfaces.
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Figure 8. Direct binding experiments of heteromultivalently glyco-decorated GUVs. (A) Normalized relative adhesion strengths for the
homomultivalent and heteromultivalent glycocalyx mimetics. Data are presented as mean for n > 50 experimental replicates and were evaluated
using one-way ANOVA followed by Bonferroni correction (*: p < 0.0S, **: p < 0.01, ***: p < 0.00S, ****: p < 0.001, ns: not significant). (B)
Schematic presentation of the experimental conditions. Systems highlighted in red undergo a decrease in relative adhesion strength, and those
highlighted in green undergo an increase in relative adhesion strength upon crowding, when compared to the respective homomultivalent systems.
Experimental conditions that are not highlighted remain unaltered in relative adhesion strength upon doping with crowding agents.

Therefore, we kept the same concentrations for the binding
Man-ligands as before and doped the respective systems with
different amounts (i.e., 2 mol % GC, 0.2 mol % pGC or 2 mol
% pGC) of the nonbinding Gal-functionalized glycomacromo-
lecules (i.e., crowding agents). The measured relative adhesion
strengths were then normalized to compare the heteromulti-
valent glycocalyces with the corresponding homomultivalent
systems (Figure 8).

From this systematic variation of molecular binding vs
crowding ability, two fundamental trends were derived: (1)
higher ligand concentration and valence lead to a stronger
relative adhesion strength, and (2) higher concentrations of
crowding agents decrease the adhesion strength.

In particular, incorporation of 2 mol % of the long crowding
agent pGC to the homomultivalent systems leads to a
significant reduction in the relative adhesion strengths of
vesicles decorated with either 2 mol % MC, 0.2 mol % pMC,
0.5 mol % pMC, or 2 mol % pMC, i.e., the systems that in
absence of any crowding agents showed to saturate the
available ConA binding sites (see also Figure 6A). Here, it is
hypothesized that crowding increases the steric repulsion
within the vesicle—substrate contact zone to the extent that the
accessibility of ConA for the Man-ligands is highly impaired.
Polymeric crowders in the adhesion zone hence present
obstacles that prevent some of the Man-ligand ConA bond
formation. Also in the case of 2 mol % MC with 0.2 mol % of
pGC a reduction in the relative adhesion strength is observed,
whereas for the system with the same crowding agent (0.2 mol
% of pGC) and the same amount of binding sites, but in
polymeric form (0.2 mol % pMC), no significant change in the
relative adhesion strength is found. This indicates that the long
polymeric form is capable of competing with the long crowding
agent.

Interestingly, GUVs with either 0.05 mol % pMC or 0.5 mol
% MC are not negatively affected by doping with crowding
agents in any scenario. Although these systems initially show
the weakest relative adhesion strength due to their low ligand
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density, they exhibit equally strong adhesion strength under
heavy crowding conditions (i.e., doping with 2 mol % pGC),
displaying similar relative adhesion strengths as those systems
with significantly higher concentrations of ligands. In this case,
it is hypothesized that the lower concentration of ligands in the
highly crowded heteromultivalent ensemble maintains the
mobility of the Man-ligands and allows diffusion to the ConA
binding sites. Potentially, interaction with the ConA could also
be enhanced through the formation of local ligand clusters
within the membrane, as has been reported by Shi et al. for the
clustering of GM,-gangliosides at high concentrations in
phospholipid bilayers.>®

Furthermore, doping of GUVs composed of 2 mol % MC,
0.2 mol % pMC, or 2 mol % pMC with 2 mol % of the short
GC crowder has no statistically significant effect on the relative
adhesion strength in comparison to the respective homo-
multivalent systems. Similarly, the addition of low concen-
trations of the long crowding agents (0.2 mol % pGC) to the
homomultivalent systems (0.5 or 2 mol % pMC) does not
impact the relative adhesion strength.

It is assumed that in these systems, the binding Man-ligands
remain sufficiently mobile and accessible so that the interaction
with ConA is not measurably impaired.

A small rise in adhesion strength is observed for the system
0.5 mol % pMC and 2 mol % GC, although the significance
level is rather low (p = 0.05) and thus likely negligible. In
contrast, a striking and progressive rise in the relative adhesion
strength is observed for the system exhibiting the least amount
of ligand density (i.e, 0.05 mol % pMC) upon the addition of
2 mol % short crowding agent GC and 0.2 mol % long
crowding agent pGC.

As was shown via FCS before, in homomultivalent GUVs
containing 0.05 mol % pMC, the concentration of polymeric
ligands is below the threshold for crowding. However, upon
the addition of further glycomacromolecules (i.e., 2 mol % GC
or 0.2 mol % pGC), the concentration of macromolecules on
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Figure 9. Inhibition/competition experiments of heteromultivalently glyco-decorated GUVs with S mM MeMan. (A) Normalized relative adhesion
strengths for the homomultivalent and heteromultivalent glycocalyx mimetics in the presence of S mM MeMan inhibitor. Data are presented as
mean for n > SO experimental replicates and were evaluated using one-way ANOVA followed by Bonferroni correction (*: p < 0.0S, **: p < 0.01,
k% p < 0.00S, *#¥*: p < 0.001, ns: not significant). (B) Schematic presentation of the employed experimental conditions. Systems highlighted in
red undergo a decrease in relative adhesion strength compared with the respective homomultivalent systems. Experimental conditions that are
highlighted in gray signify inhibition of adhesion under the given conditions.

the membrane surface increases sufficiently to induce
crowding. "'

We hypothesize that the introduction of crowding agents
gradually increases the steric pressure within the membrane
adhesion zone and hence might lead to a change in
glycomacromolecular conformation from a coiled to an
extended structure, concomitant with a decrease in lateral
entropy and an increase in binding enthalpy, thus establishing
more stable bonds with the ConA surfaces and consequently
resulting in higher relative adhesion strengths. This effect is
amplified when using 02 mol % pGC, which putatively
possesses a higher steric demand compared to short GC
crowders. When the concentration of pGC is further increased
(i, doping with 2 mol % pGC), this effect may be
counterbalanced by the simultaneous unfolding of the pGC
crowders, resulting in no measurable change in relative
adhesion strength overall. Presumably, this occurs because
the ligands remain mobile within the heteromultivalent
ensemble.

Similar effects have been previously described by Delaveris
et al. Employing fluorescence interference contrast microscopy
(FLIC) and dynamic light scattering (DLS), it was
demonstrated that synthetic mucin mimetics in supported
lipid bilayers unfold from the bilayer and extend beyond the
membrane when the concentration of membrane-bound
constituents is increased.”’

In conclusion, when homomultivalent systems are doped
with crowding agents, three general scenarios can be observed:
(1) crowding decreases the adhesion of heteromultivalent
systems, when the adhesion of the homomultivalent system
was initially strong and when the molar amount of pGC is > to
the (p)MC amount, (2) crowding has no directly measurable
effect on adhesion as long as GC or low molar amounts of
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pGC are used, and (3) crowding agents slightly increase the
initial weak adhesion of vesicles.

Subsequently, we conducted inhibition studies on the
heteromultivalent systems again using S mM MeMan as the
antagonist and compared the resulting normalized relative
adhesion strengths to those of the homomultivalent systems in
the presence of S mM MeMan. Generally, the observed trends
in the normalized relative adhesion strengths were consistent
with those observed in the absence of the inhibitor.
Specifically, higher concentrations and valences of crowding
agents led to reduced adhesion in the presence of MeMan. A
higher overall Man density resulted in increased relative
adhesion strengths. At comparable Man densities of pMC and
MC (e.g,, 0.05 mol % pMC and 0.5 mol % MC) without a
crowding agent, pMC ligands were more difficult to inhibit due
to the higher local density of Man units (Figure 9).

It is noteworthy that the systems with the lowest ligand
densities (0.5 mol % MC and 0.05 mol % pMC or less) were
already inhibited in the presence of 5 mM MeMan when
introduced homomultivalently. Adding crowding agents did
not result in any significant changes. We believe that the low
concentration of ligands is insufficient to compete with the
MeMan antagonist, resulting in the inhibition of the adhesion
of the vesicles to the ConA surfaces.

The addition of 2 mol % GC to vesicles that are decorated
with 2 mol % MC does not seem to have any noticeable impact
on adhesion. However, when vesicles are decorated with high
concentrations of pMC (ie, 0.2, 0.5, or 2 mol %) and are
doped with 2 mol % GC, adhesion significantly decreases in a
concentration-dependent manner (i.e., more ligand results in
more adhesion).

Incorporating 0.2 mol % of the long crowding agent pGC
into vesicles decorated with 0.5 mol % pMC results in
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significantly reduced adhesion. For the other systems (i.e., 2
mol % MC, 02 mol % pMC, and 2 mol % pMC), no
noticeable influence is observed.

The presence of 2 mol % pGC in homomultivalent systems
overall leads to a significant reduction in adhesion in all cases.
For the GUVs functionalized with either 2 mol % MC, 0.2 mol
% pMC, or 0.5 mol % pMC, adhesion is nearly completely
inhibited, while only vesicles decorated with 2 mol % pMC and
2 mol % pGC retain a certain level of adhesion.

Our findings provide evidence for our hypothesis that the
presence of crowding agents restricts the movement and
accessibility of the ligands, particularly in systems of high
glycomacromolecular density, and makes it more challenging
for the Man moieties to compete with the MeMan inhibitor for
the ConA binding sites. The results also show that the short
crowder GC has generally a negative impact on the relative
adhesion strengths of the polymeric ligands pMC in a
concentration-dependent manner, which was not observed in
the absence of a competitor. While we would expect the longer
polymer chains to extend beyond the short GC crowders and
maintain their interaction with ConA, this does not seem to be
the case. Then again, the short crowder has no significant
impact on the adhesion of vesicles decorated with 2 mol % of
the short ligand MC, which is rather astonishing.

Overall, our findings indicate that especially at higher ligand
densities steric hindrance becomes a dominant factor
governing the glyco-mediated GUV adhesion to the ConA
surfaces, and the addition of crowding agents reduces binding.
However, at sufficiently low ligand densities and moderate
concentrations of crowding agents, the ligands can apparently
still assume favorable positions, which facilitate strong binding.
In this case, crowding may even enhance binding by elongating
the carbohydrate chains, thereby increasing the sampling range
for binding to receptors.

In conclusion, this comprehensive study demonstrates how
crowding results in different effects on membrane adhesion
depending on the contour length, conformation, and density of
constituents. The concentration regime probed shows that all
possible cases of (i) inhibited, (ii) unaltered, and (iii)
promoted adhesion occur. Thus, this provides an important
basis to further study the configuration as well as spatial and
dynamic molecular organization in crowded glycocalyces.

B CONCLUSIONS

A series of membrane-anchoring glycomacromolecules system-
atically varying the chain length and composition of the glycan
mimetic headgroup was synthesized using previously estab-
lished SPPoS in combination with TIRP. This strategy allows
for a site-selective introduction of functional handles (e.g.,
fluorescent markers and membrane anchors), while the
glycoheadgroup can be precisely tailored regarding glycosyla-
tion and valency. The thus prepared glycomacromolecules
were successfully introduced into GUVs as model membrane
systems and were analyzed in terms of their incorporation
efficiency via FCS. The obtained incorporation efliciencies of
our glycomacromolecules were found to be far below the
expected values, implying that cholesterol as a membrane
tether might not function as efficiently as previously assumed
to tether membrane constituents. We then investigated
homomultivalent systems in terms of their binding to ConA
surfaces. Using RICM and fluorescence microscopy, we were
able to characterize the relative strength of adhesion. Man-
functionalized membranes specifically adhere to the substrate
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depending on the ligand density and valency. Interestingly,
while Gal-decorated vesicles show no interaction, non-
functionalized control vesicles showed nonspecific binding to
the lectin substrate, suggesting that crowding agents in native
cell membranes might additionally serve the purpose of
suppressing nonspecific interactions associated with the
glycocalyx.

The simultaneous incorporation of both binding and
nonbinding glycomacromolecules, allowed us to mimic the
complex and densely crowded architecture of native glyco-
calyces in a reductionist but highly controlled fashion.
Investigating these systems with respect to their binding to
ConA surfaces, we found that the presence of various crowding
agents either does not affect the binding or diminishes it or, in
some cases, even promotes it, depending on the constitution
and density of the constituents used.

We attribute negative effects on binding to a restriction of
the mobility and accessibility of the ligands by the crowding
agents. Strikingly, several heteromultivalent mixtures of
crowding agents and ligands at lower concentrations adhere
equally well to or even better than the respective mixtures at
higher ligand densities. We assume that in these scenarios, the
steric demand of the crowding agents might trigger the
segregation of the binding ligands into local clusters or change
into more accessible conformations, which is reflected in an
increase in the resulting adhesion. These fundamental findings
show that crowding in heterogeneous, naive glycocalyces can
have very multifaceted eftects and, accordingly, require further
analytical investigation.

We envision that our synthetic platform for glycomacromo-
lecular crowding in model membrane systems will provide a
valuable tool for studying the impact of the glycocalyx
environment on distinct mechanisms. Our ongoing research
will be directed to further investigate the dynamics and spatial
rearrangement of glycan mimetics within the crowded
ensemble of glycocalyx mimetics. Also, with our modular
toolbox in hand, we will focus on developing more complex
mimetics of native glycans (e.g., mimetics of sulfated
glycosaminoglycans or branched structures to mimic mem-
brane-associated mucins) as well as studying more complex
glycocalyces in terms of their lipid heterogeneity to account for
the lipid-mediated formation of local clusters and patches in
natural cell membranes.
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ConA  concanavalin A

CuAAC copper-mediated azide—alkyne cycloaddition
EDS ethylene glycol diamine succinic acid

FCS fluorescence correlation spectroscopy

Gal p-p-galactose

GUV  giant unilamellar vesicle

LBB lectin binding buffer

Man a-D-mannose

MeMan methyl @-pD-mannopyranoside

RICM  reflection interference contrast microscopy

SPPoS  solid-phase polymer synthesis
TDS triple bond diethylenetriamine succinic acid
TIRP  thiol-induced, light-activated controlled radical poly-
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Materials

D-(+)-galactose, D-(+)-mannose, N,N-dimethylformamide, oxalyl chloride, piperidine and
tosyl chloride were purchased from Acros Organics. Ethyl trifluoroacetate and PyBOP were
purchased from Apollo Scientific. Acetonitrile and cholesterol were purchased from
AppliChem. Fmoc-Cl and tris(2-phenylpyridine)-iridium(III) were purchased from bld pharm.
succinic anhydride was purchased from Carbolution Chemicals. DIPEA and sodium chloride
were purchased from Carl Roth. 1.4-dioxane, acetic anhydride, calcium chloride, ethyl acetate,
HEPES, n-hexane, hydrochloric acid (37%), manganese dichloride, potassium carbonate,
sodium azide, sodium bicarbonate, sodium hydroxide (IM), sodium methoxide and
trimethylamine were purchased from Fisher Scientific. Fluorescein and triethylsilane were
purchased from fluorochem. Fmoc-Cys(Trt)-OH, Fmoc-Lys(Boc)-OH and Fmoc-Lys(Dde)-
OH were purchased from Iris Biotech. Concanavalin A was purchased from MP Biomedicals.
2,2'-(Ethylenedioxy)bis(ethylamine), 2-bromoethanol, 4-pentynoic acid, boron trifluoride
diethyl etherate, Bovine Serum Albumin, dichloromethane, diethyl ether, diethylenetriamine,
formic acid, methyl a-D-mannopyranoside, methanol, tetrahydrofuran, trifluoroacetic acid and
triissopropylsilane were purchased from Sigma-Aldrich. Diphenyl-(2,4,6-trimethylbenzoyl)-
phosphineoxide(>98%), N-hydroxyethylacrylamide, Rhodamine B, TCEP, trimethylsilyl azide
and trityl chloride were purchased from TCI chemicals. NeutrAvidin and sodium

diethyldithiocarbamate were purchased from Thermo Scientific.

All solvents and reagents used were purchased in the highest purity available and used without

further purification.
TentaGel® S RAM resin (loading: 0.26 mmol/g) was purchased from RAPP Polymere GmbH.

DOPC, 18:1 PEG2000-PE, 16:0 Biotinyl Cap PE and 16:0 Liss Rhod PE were purchased from
Avanti Polar Lipids.

Dialysis was performed via diafiltration in VIVASPIN 20 centrifugal concentrators (MWCO:
10 kDa; PES) from sartorius.

Experiments were conducted in 18-well glass bottom p-slides from ibidi GmbH.
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Instrumentation

Reversed Phase- High Pressure Liquid Chromatography- Mass Spectrometry (RP-
HPLC-MS)/Electron Spray lonization- Mass Spectrometry (ESI-MS)

RP-HPLC-MS was carried out on an Agilent 1260 Infinity instrument coupled to a variable
wavelength detector (VWD) (set to 214 nm) and a 6120 Quadrupole LC/MS containing an
Electrospray Ionization (ESI) source (operation mode positive, m/z range from 200 to 2000).
An MZ-AquaPerfect C18 (3.0 x 50 mm, 3 um) RP column from MZ-Analysentechnik was
used. As eluent system water/acetonitrile containing 0.1 vol% formic acid was applied. The
mobile phases A and B were: System A) water/acetonitrile (95/5, v/v); System B)
water/acetonitrile (5/95, v/v). The samples were analyzed at a flow rate of 0.4 ml/min using a
linear gradient, starting with 100% of system A) and reaching 100% system B) within 17 min.
The temperature of the column room was set to 25 °C. All purities were determined using the

OpenLab ChemStation software for LC/MS from Agilent Technologies.
Ultra High Resolution - Mass Spectrometry (UHR-MS)

UHR-MS measurements were performed with a Bruker UHR-QTOF maXis 4G instrument
with a direct inlet via syringe pump, an ESI source and a quadrupole followed by a Time of

Flight (QTOF) mass analyzer.
Nuclear Magnetic Resonance Spectroscopy (NMR)

The '"H-NMR spectra were recorded on a Bruker Avanace III 600 (300 or 600 MHz). These
spectra were evaluated according to the following scheme: (frequency in MHz, deuterated
solvent), chemical shift in ppm (multiplicity, coupling constant, integral, signal assignment).

The chemical shift is given in relation to the 'H signals of the deuterated solvents used.
Size Exclusion Chromatography-Multi-Angle Light Scattering (H20-SEC-MALS)

SEC analysis was conducted with an Agilent 1200 series HPLC system and three aqueous SEC
columns provided by Polymer Standards Service (PSS). The columns were two Suprema Lux
analytical columns(8 mm diameter and Sum particle size) and one precolumn (50 mm, 2x160
A of 300 mm and 1000 A of 300mm). The eluent was a buffer system consisting of MilliQ
water and 30% acetonitrile with 50 mM NaH2PO4, 150 mM NacCl and 250 ppm NaN3 with a
pH = 7.0 (via addition of 50 mL of 3 molar aqueous sodium hydroxide solution) filtered with

an inline 0.1pm membrane filter and running at 0.8 mL per min. Multi-angle light scattering is
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recorded via mini DAWNTREOS and differential refractive index spectra with Optilab rEX
both supplied by Wyatt Technologies EU. Data analysis was committed with Astra 5 software
and a dn/dc value of 0.156 for each polymer.

Lyophilization

The final glycomacromolecules were lyophilized with an Alpha 1-4 LD plus instrument from

Martin Christ Freeze Dryers GmbH (-40 °C, 0.1 mbar).
Fluorescence Microscopy

Giant Unilamellar Vesicles were imaged on an inverted microscope (Olympus 1X73, Japan)
equipped with an Olympus 60x NA 1.35 oil-immersion objective (Olympus, Japan), and a
CMOS camera (DMK 33UXI174L, The Imaging Source, Germany) was used for imaging.

Reflection Interference Contrast Microscopy (RICM)

RICM on an inverted microscope (Olympus 1X73) was used to obtain the contact area between
GUVs and Concanavalin A covered glass surfaces. For illumination a monochromatic (530
nm) collimated LED (Thorlabs, Germany, M530L2-C1) was used. An UPlanFL N 60x/0.90
dry objective (Olympus Corporation, Japan), additional polarizers and a quarter waveplate
(Thorlabs, germany) to avoid internal reflections and a monochrome CMOS camera (DMK
33UX174, The Imaging Source Europe GmbH, Germany) were used to image the RICM
patterns.

UV-Vis Spectroscopy

UV-Vis measurements were performed at 25 °C on a dual-trace spectrometer Specord® 210
Plus from Analytik Jena AG (Jena, Germany), using Win ASPECT PLUS software to operate

the instrument.
Dynamic Light Scattering

The measurements were conducted with a Malvern Zetasizer Nano ZS (Malvern Panalytical,
Kassel, Germany) equipped with a He-Ne-laser (wavelength of 633 nm) as a light source.
The scattered light was detected with a scattering angle of 173°. The glycopolymer samples
at a concentration of 1 mg/mL in LBB were prepared in a 1 cm polystyrene cuvette. The
samples were measured at 25°C in triplicates. The hydrodynamic diameters were determined

by the software provided by the manufacturer.
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Fluorescence Correlation Spectroscopy

Sample preparation. GUVs and protein-passivated glass-measuring chambers were
prepared as described in the experimental part. Imaging was performed using 8-well glass
bottom slides (#80827, ibidi GmbH, Gréfelfing, Germany) coated with either a ConA
substrate (40 pg/ul) , SigmaAldrich) or a NeutrAvidin substrate (40 pg/ul) (Thermo
Scientific). The GUV solution was pipetted into the well >25 minutes before the

measurements to ensure sufficient time for the GUVs to attach.

Setup. Measurements were performed on an Abberior Expert Line system (Abberior
Instruments GmbH, Géttingen, Germany), as described previously.! Polarization control was
achieved using A/2 and A/4 waveplates (Abberior Instruments) and a SKO10PA-vis 450-800 nm
polarization analyzer (Schéifter Kirchhoff GmbH, Hamburg, Germany). The instrument was
operated using the customized Abberior microscope software Imspector (version 14.0.3060,

Abberior Instruments GmbH).

Calibration. The calibration of the setup was performed before each measurement. Briefly,
the optimal correction collar setting was found by minimizing the number of Rhodamine B
(TCI Deutschland GmbH) molecules in the focus. For all our experiments the correction
collar matched our coverslip thickness (170 um). The instrument response function (IRF) was
measured using Erythrosine in 5 M potassium iodide solution at 561nm excitation. Next, a
Rhodamine B solution with 1-5 molecules in the focus was measured to obtain 1) a
calibration for the confocal detection volume and 2) the ratio of the parallel and perpendicular
detection efficiency by assuming a Rhodamine B diffusion constant of D = 370 um?/s for

recordings at lab room temperature of 19.6 °C.?

The 561nm laser power was measured at the sample using an immersion S170C power meter
head (Thorlabs GmbH, Liibeck, Germany) attached to a PM400 power meter body (Thorlabs
GmbH, Liibeck, Germany). As the power varied by ~10% when translating in x, y and z, we

avoided a systematic error by varying the position until the maximum power was reached.

Recording procedure. the confocal microscope settings were used to bring GUVs in focus.
Subsequently, the diffraction limited focus was placed in a stationary position at the middle of
the GUV top and bottom. FCS curves were recorded for 2 minutes using between 3uW and 4
pW (depending on measurement day) 561 nm pulsed excitation beam, a 1.7 AU pinhole, a
60x water objective (UPLSAPO 1.2 NA objective, Olympus Europa SE & CO. KG, 1063

Hamburg, Germany) and polarization sensitized readout.
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FCS curve fitting. FCS curves were created and fitted using the Triplet Extended (2D) fitting
model of the SymPhoTime software (PicoQuant GmbH, Berlin, Germany).
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General Methods
Solid Phase Polymer Synthesis

All structures were prepared on Tentagel® S RAM resin (batch size: 0.1 mmol). All washing
steps were conducted with 4 mL solvent. Polypropylene reactors equipped with polyethylene
frits and closed with Luer-stoppers were used. For the short glycomacromolecules, the
backbone sequence was first assembled, followed by glycoconjugation via CuAAC (copper(I)-
catalyzed alkyne-azide cycloaddition), Lys-side chain deprotection (Boc), fluorescent dye
conjugation, terminal Fmoc-deprotection and capping with 4-pentynoic acid before

conjugation of the cholesteryl tether via CuAAC.

General coupling protocol.

For all compounds, the resin was first swollen in 4 mL DCM for 30 min, subsequently
washed ten times with DMF, Fmoc-deprotected by treating with 25% piperidine in DMF (three
times for ten minutes) and again washed fifteen times with DMF. Employed building blocks
were coupled to the N-terminus by adding the respective building block (5eq.), PyBOP (5 eq.)
and DIPEA (20 eq.) in 4 mL DMF to the resin and shaking for 1h. Then, the resin was washed
fifteen times with DMF and the N-terminus was again deprotected followed by the next

coupling step.

Fmoc cleavage

The Fmoc-protecting group of the resin as well as from the coupled building blocks or amino
acids was cleaved by means of 4 mL of a 25% solution of piperidine in DMF to release the
primary amine. The deprotection was carried out twice for 10 min. Afterwards the resin was

washed 10 times with DMF before coupling.
Boc cleavage

The resin was washed five times with THF before a solution of 4 M HCI in dioxane was drawn
into the syringe reactor. The resin was rocked for 5 min before the solution was discarded.
Fresh solution was drawn into the reactor and the resin was rocked for 30 min before the

solution was again discarded. The resin was then washed ten times with DMF.
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Dde cleavage

The Dde side chain protective group was cleaved via treatment with a freshly prepared solution
of 2% hydrazine hydrate in DMF (v/v). After rocking for 5 min, the solution was discarded and

the resin was washed three times with DMF. The cleavage procedure was repeated twice.
CuAAC protocol for glycosylation

To the oligomeric structure loaded on the resin 2.5 eq of acetyl protected 2-azidoethyl
pyranoside (a-Mannose/ B-Galactose) per alkyne group dissolved in 4 mL DMF were added.
Secondly 50 mol% sodium ascorbate per alkyne group and 50 mol% CuSOj4 per alkyne group
were dissolved each in a small amount of water and also added to the resin. The syringe reactor
was rocked for 18 h before the solution was discarded. The resin was washed three times with
DMF and subsequently treated with a 23 mM solution of sodium diethyldithiocarbamate in
DMF and water (50/50, v/v) and alternating with DMF and DCM until no further color change

occured.
CuAAC protocol for conjugation of cholesteryl-anchor

To the oligomeric structure loaded on the resin 2.5 eq of 3-B-azidocholesterol in 4 mL THF
were added. Then 50 mol% sodium ascorbate per alkyne group and 50 mol% CuSO4 per alkyne
group were dissolved each in a small amount of water and also added to the resin. The syringe
reactor was rocked for 18 h before the solution was discarded. The resin was washed three
times with DMF and subsequently treated with a 23 mM solution of sodium
diethyldithiocarbamate in DMF and water (50/50, v/v) and alternating with DMF and DCM

until no further color change occured.
On-resin deacetylation

Glycooligomers MC and GC were deacetylated under Zemplén conditions. The resin was
washed five times with methanol, before 5 mL of a 0.2 M solution of NaOMe in MeOH was
drawn into the reactor. The resin was rocked for 30 min, before the solution was discarded. The
resin was then washed twice with MeOH before another 5 mL of the methoxide solution were
drawn into the reactor. After 30 min, the solution was again discarded and the resin was washed

five times with MeOH.
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Cleavage from the solid phase

The resin was washed five times with DCM before acidic cleavage from the resin with a

cocktail consisting of TFA, TIPS and DCM (95/2.5/2.5, v/v/v) for 30 min.

The cleavage solution of MC and GC was precipitated in ether. The precipitate was collected
via centrifugation, dried under a gentle stream of nitrogen and dialyzed via diafiltration against
ultrapure water in five cycles (20 mL each, 5% triethylamine in water was used in the first
cycle, 1 M HCl was used in the second cycle). The dialyzed compounds were dissolved in fresh

ultrapure water and lyophilized.

Macroinitiators pMC and pGC were precipitated in a mixture of 25% ether in hexanes and
collected via centrigugation at -5°C. The supernatant was decanted and the precipitate was
dried under high vacuum. Stock solutions of the dried macroinitiators in DMSO were then

prepared (c = 0.033 M).
Synthesis of Glycopolymers via TIRP

One equivalent of glyco monomer (100 mol%) and tris(2-phenylpyridine)iridium-(III)
(Ir(ppy)3, 0.05 mol%) are dissolved in DMF [10 wt %], sealed in a SmL glass flask and flushed
with argon as inert gas for 10 min. In a second step, the macroinitiator (2.5 mol%) and
equimolar amounts of diphenyl-(2,4,6-trimethylbenzoyl)-phosphineoxide (TPO, 2.5 mol%) are
also dissolved in DMF [10 wt %] and sealed in a 5 mL microwave reaction vial. A spatula tip
of TCEP is dissolved in a single drop of H,O and added to the reaction solution to reduce
possible disulfides. The thiol/TPO solution is flushed under an Ar-atmosphere for 10 min and
irradiated with UV-light (405nm wavelength, 2% intensity) for 3 min. Subsequently, the
monomet/Ir(ppy)s; mixture is added to the TPO/ thiol solution under an inert atmosphere, and
the polymerization solution is irradiated further at an unchanged light intensity. After an hour,
the irradiation is stopped and the polymer solution precipitated in diethyl ether. The precipitated
glycopolymer was dryed under a gentle stream of nitrogen, dissolved in ultrapure water,
dialyzed via diafiltration against ultrapure water in five cycles (20 mL each, 1 M HCI was used
in the first cycle). The dialyzed compounds were dissolved in fresh ultrapure water and

lyophilized.
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Chemical Structures of the Target Glycomacromolecules

Glycooligomer MC
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Figure S1. Chemical structure of glycooligomer MC.

Glycooligomer GC
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Figure S2. Chemical structure of glycooligomer GC.
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Figure S3. Chemical structure of glycopolymer pMC.
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Glycopolymer pGC
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Figure S4. Chemical structure of glycopolymer pGC.
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Analytical Data

Glycooligomer Backbone
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Figure S5. Oligomer backbone detected with relative purities >97% by RP-HPLC analysis
(linear gradient from 5 — 95 vol% eluent H>O/acetonitrile) in 17 min at 25 °C.
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Glycooligomer MC
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Figure S6. 'H-NMR (300 MHz, MeOH-d4) of MC.

TH-NMR (300 MHz, MeOH-d4): & [ppm] = 7.93-7.76 (m, 6H, H7, H10, Ar-H), 7.60-7.49 (m,
2H, Ar-H), 7.15-7.03 (m, 1H, Ar-H), 6.49-6.31 (m, 5H, Ar-H), 5.54-5.44 (m, 1H, H25), 4.74
(d, 4H, H13, J = 1.6 Hz), 4.67-4.55 (m, 8H, H11), 4.42-4.27 (m, 1H, H4), 4.20-4.05 (m, 4H,
H12), 3.92-3.35 (m, 88H, H2, H3, H12, H14-18, H23), 3.19-3.07 (m, 6H, H5, H6, H22), 3.01
(t, 8H, HY), 2.81 (t, 8H, HI), 2.59-2.42 (m, 24H, H1), 2.19-1.05 (m, 48H, H19-21, H24, Chol-
scaffold), 0.97 (d, 3H, H27, J = 6.51 Hz), 0.91 (dd, 6H, H28, J = 6.61 Hz, J = 1.13 Hz), 0.75

(s, 3H, H26)
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Figure S7. HR-ESI-MS of MC.

HR-ESI-MS: for C170H265N36048+ m/z [M+4H]** calcd.: 895.7430, found: 895.9897

mass error 275.413818 ppm.
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Glycooligomer GC
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Figure S8. 'H-NMR (300 MHz, MeOH-d4) of GC.

'H-NMR (300 MHz, MeOH-ds): § [ppm] = 8.01-7.84 (m, SH, H7, H10), 7.84-6.39 (10H, Ar-
H), 5.56-5.44 (m, 1H, H23), 4.70-4.56 (m, 8H, H11), 4.48 (t, 1H, H4), 4.41-4.10 (m, 8H, HI12),
4.07-3.36 (m, 80H, H2, H3, H12-18, H22), 3.08-2.95 (m, 10H, H6, H8), 2.85-2.75 (m, 8H,
H9), 2.62-2.40 (m, 26H, H1, H5), 2.19-1.02 (m, 40H, H19-21, Chol-scaffold), 0.98 (d, 3H,
H25, J = 6.70 Hz), 0.91 (dd, 6H, H26,J = 6.61 Hz, J = 1.23 Hz), 0.76 (s, 3H, H24)
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Figure S9. HR-ESI-MS of GC.
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HR-ESI-MS: for Ci62H246N34050 m/z [M+4H]*" calcd.: 867.9530, found: 868.2003 mass
error 284.923262 ppm.
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Macroinitiator Backbone
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Figure S10. Macroinitiator backbone detected with relative purities >97% by RP-HPLC
analysis (linear gradient from 5 — 95 vol% eluent H20/acetonitrile) in 17 min at 25 °C.
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Macroinitiator pMC
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Figure S11. 'TH-NMR (600 MHz, MeOH-ds) of macroinitiator pMC.

'TH-NMR (600 MHz, MeOH-d4): 8 [ppm] = 8.00-6.26 (m, 11H, Ar-H, H7), 5.56-5.45 (m, 1H,
HS), 4.75-4.71 (m, 1H, H1), 4.36-4.33 (m, 1H, H4), 3.78-3.35 (m, 34H, H3, H13, H24), 3.08-
2.91 (m, 4H, HS, H6), 2.67-2.45 (m, 8H, H2), 2.13-0.70 (m, 62H, H10-12, H25, Chol-scaffold)
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Figure S12. HR-ESI-MS of macroinitiator pMC.
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HR-ESI-MS: for CsoH134N13013S* m/z [M+2H]?* caled.: 813.5030, found: 813.5018 mass
error - 1.475102 ppm.
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Macroinitiator pGC
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Figure S13. '"H-NMR (600 MHz, MeOH-ds) of macroinitiator pGC.
TH-NMR (600 MHz, MeOH-d4): & [ppm] = 8.12-6.38 (3, 11H, Ar-H, H7), 5.49 (s, 1H, HS),

4.75-4.70 (m, 1H, H1), 4.41-4.32 (m, 1H, H4), 3.76-3.39 (m, 26H, H3, H13), 3.21-2.93 (m,
4H, HS, H6), 2.64-2.46 (m, 8H, H2), 2.24-0.68 (m, 50H, H10-H12, Chol-scaffold)
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Figure S14. ESI-MS of macroinitiator pGC.

ESI-MS: for Ci6aH236N22032S2 m/z [2M+2H+Na+2MeOH]** caled.: 1038.2350, found:
1039.9508 mass error 1652.612366 ppm.

for C164H236N22032S2 m/z [2M+H+2Na+2MeOH]** caled.: 1045.5630, found: 1047.2781
mass error 1640.360265 ppm.

for C16aH236N22032S2 m/z [2M+3Na+2MeOH]** caled.: 1052.8900, found: 1054.6060 mass
error 1629.799884 ppm.
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Glycopolymer pMC
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Figure S15. '"H-NMR (600 MHz, D>0) of pMC.

TH-NMR (600 MHz, D>0): 8 [ppm] = 4.90 (s, H5), 4.17-3.24 (m, H3, H4, H6-10), 2.50-1.39
(m, H1, H2)

D (via HO-SEC, MALS coupled RI-detector): 1.08

M, [kDa] (via H2O-SEC, MALS coupled RI-detector): 12.8
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Figure S16. H O-SEC-MALS of pMC.
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Glycopolymer pGC
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Figure S17. 'H-NMR (600 MHz, D-0) of pGC.

TH-NMR (600 MHz, D20): 5 [ppm] = 4.44 (s, H5), 4.06-3.36 (m, H3, H4, H6-10), 2.38-1.35
(m, H1, H2)

D (via HO-SEC, MALS coupled RI-detector): 1.38

M, [kDa] (via H2O-SEC, MALS coupled RlI-detector): 13.4
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Figure S18. HoO-SEC-MALS of pGC.
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Experimental

Degree of Active Labelling

To determine the DoAL for MC and pMC a calibration curve of Rhodamine B in lectin binding
buffer was determined. Absorption of Rhodamine B was determined at different concentrations
and the respective maxima of the absorption curves (555 nm) were plotted against the

concentration. The data points represent the respective mean value of three individual

measurements.
1,4 1 —0.015mM
i —0.0125 mM
1,2 - —0.01 mM
| 0.0075 mM
— | 0.005 mM
:E 1,0
&,
= 0,84
2
il
20,6
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Figure S19. Absorption spectra of Rhodamine B in LBB at various concentrations.
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Figure S20. Regression line for the maximum absorption of Rhodamine B against the

respective concentration in LBB.
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The absorption of MC and pMC, respectively, was determined at a concentration of 0.1 mM.
The presented graphs represent the mean value of three individual measurements.
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Figure S21. Absorption spectra for MC and pMC measured from 340 — 800 nm at a respective
concentration of 0.1 mM in LBB.

The determined absorption maxima at 566 nm for MC (0,3318294+0,000457754) and pMC
(0,05861233+0,00010705) were substituted into the regression equation of the regression line
determined for Rhodamine B to calculate a respective concentration.

MC: 0,331829 = 96,953 x — 0,0763 = x = 0,0042095551 + 0,000457754 mM
pMC: 0,05861233 = 96,953 x — 0,0763 = x = 0,001391523 + 0,00010705 mM

The calculated concentrations were related to the weighed concentrations (0.1 mM) to calculate
the Degree of Active Labelling (DoAL):

DoAL(MC): 0,0042095551 + 0,000457754 mM /0.1 mM = 4.26 %
DoAL(pMC): 0,001391523 + 0,00010705 mM /0.1 mM = 1.39 %
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Partitioning Studies

Figure S22. Partitioning experiment. (left) Transmission microscopy of MC- and PMC-
functionalized GUVs and control GUVs. (middle) Rhodamine B fluorescence of glyco-
decorated GUVs. (right) merge.

To evaluate the stability of glycomacromolecule tethering to the GUVs, vesicles containing
either 2 mol% MC or pMC and non-functionalized vesicles were mixed and incubated for 18h
at 4° C. Analysis of the vesicle mixture via fluorescence microscopy revealed no partitioning
of Rhodamine B-functionalized glycomacromolecules into non-functionalized GUVs (i.e. non-

fluorescent control vesicles remained non-fluorescent after incubation).
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Exemplary Images of Vesicle Adhesion to ConA Surfaces (Homomultivalent)

Figure S23. Fluorescence microscopy (top) and RICM images (bottom) of GUVs containing

0.5 mol% MC. Scale bar: 10 pm.

Figure S24. RICM images of GUVs containing 2 mol% MC. The outer vesicle projection is
in line with the maximum vesicle circumference. Scale bar: 10 um.
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Figure S25. Fluorescence microscopy (top) and RICM images (bottom) of GUVs containing
0.05 mol% pMC. Scale bar: 10 pm.

r

I

£

Figure S26. RICM images of GUVs containing 0.2 mol% pMC. The outer vesicle projection
is in line with the maximum vesicle circumference. Scale bar: 10 um.
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Figure S27. Fluorescence microscopy (top) and RICM images (bottom) of GUVs containing
0.5 mol% pMC. Scale bar: 10 pm.

Figure S28. RICM images of GUVs containing 2 mol% pMC. The outer vesicle projection is
in line with the maximum vesicle circumference. Scale bar: 10 pm.
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Figure S29. Fluorescence microscopy (top) and RICM images (bottom) of GUVs containing
2 mol% GC. Scale bar: 10 pm.

Figure S30. Fluorescence microscopy (top) and RICM images (bottom) of GUVs containing
0.2 mol% pGC. Scale bar: 10 pm.
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Figure S31. Fluorescence microscopy (top) and RICM images (bottom) of GUVs containing
2 mol% pGC. Scale bar: 10 um.
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Figure S32. Fluorescence microscopy (top) and RICM images (bottom) of GUV's containing
no added glycomacromolecules. Scale bar: 10 pm.
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Exemplary Images of Vesicle Adhesion to ConA Surfaces (Homomultivalent) in the
Presence of S mM MeMan.
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Figure S33. Fluorescence microscopy (top) and RICM images (bottom) of GUVs containing
0.5 mol% MC. Scale bar: 10 um.
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Figure S34. RICM images of GUVs containing 2 mol% MC. The outer vesicle projection is
in line with the maximum vesicle circumference. Scale bar: 10 um.
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Figure S35. Fluorescence microscopy (top) and RICM images (bottom) of GUVs containing
0.05 mol% pMC. Scale bar: 10 pm.

Figure S36. RICM images of GUVs containing 0.2 mol% pMC. The outer vesicle projection
is in line with the maximum vesicle circumference. Scale bar: 10 um.
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Figure S37. Fluorescence microscopy (top) and RICM images (bottom) of GUVs containing
0.5 mol% pMC. Scale bar: 10 pm.
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Figure S38. RICM images of GUVs containing 2 mol% pMC. The outer vesicle projection is
in line with the maximum vesicle circumference. Scale bar: 10 pm.
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Inhibition Studies on Homomultivalent Vesicles.

ConA surfaces were incubated with MeMan in different concentrations before the vesicles were
added and let to settle on the surface. For 2 mol% MC a final concentration of 50 mM MeMan
led to inhibition of adhesion. 2 mol% pMC were not inhibited at either concentration. We
attribute the lacking inhibition to the high multivalent presentation of Man-moieties on the
vesicles, which displace the monovalent MeMan antagonist.
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Figure S39. Adhesion profiles for MC and pMC decorated vesicles in the presence of various
concentrations of MeMan.

Incubation of the ConA surfaces with a multivalent Man-polymer (i.e. Man3oo) prior to
vesicle adhesion lead to complete inhibition of vesicle adhesion.
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Figure S40. Adhesion profiles for MC and pMC decorated vesicles in the presence of
multivalent Man-polymer inhibitor.
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Vesicle Adhesion of Heteromultivalently Glyco-Decorated GUVs on ConA Surfaces.
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Figure S41. Relative Adhesion Strength of the heteromultivalent systems in comparison to
the respective homomultivalent systems. Heteromultivalent vesicles are doped with 2 mol%
GC (A), 0.2 mol% pGC (B) or 2 mol% pGC (C). Data are presented as mean + SEM and
where evaluated using one-way ANOVA followed by Bonferroni correction (****: p <0.001;
*Ex p <0.005; **: p <0.01; ***: p <0.05; ns: not significant).
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Exemplary Images of Vesicle Adhesion on ConA Surfaces (Heteromultivalent).

Figure S42. Fluorescence microscopy (top) and RICM images (bottom) of GUVs containing
0.5 mol% MC and 2 mol% GC. Scale bar: 10 um.
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Figure S43. RICM images of GUVs containing 2 mol% MC and 2 mol% GC. The outer
vesicle projection is in line with the maximum vesicle circumference. Scale bar: 10 um.
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Figure S44. Fluorescence microscopy (top) and RICM images (bottom) of GUVs containing
0.05 mol% pMC and 2 mol% GC. Scale bar: 10 pm.

Figure S45. RICM images of GUVs containing 0.2 mol% pMC and 2 mol% GC. The outer
vesicle projection is in line with the maximum vesicle circumference. Scale bar: 10 pm.
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Figure S46. Fluorescence microscopy (top) and RICM images (bottom) of GUVs containing
0.5 mol% pMC and 2 mol% GC. Scale bar: 10 um.
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Figure S47. RICM images of GUVs containing 2 mol% pMC and 2 mol% GC. The outer
vesicle projection is in line with the maximum vesicle circumference. Scale bar: 10 pm.

542



Figure S48. Fluorescence microscopy (top) and RICM images (bottom) of GUVs containing
0.5 mol% MC and 0.2 mol% pGC. Scale bar: 10 pm.

Figure S49. RICM images of GUVs containing 2 mol% MC and 0.2 mol% pGC. The outer
vesicle projection is in line with the maximum vesicle circumference. Scale bar: 10 um.
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Figure S50. Fluorescence microscopy (top) and RICM images (bottom) of GUVs containing
0.05 mol% pMC and 0.2 mol% pGC. Scale bar: 10 pm.

Figure S51. RICM images of GUVs containing 0.2 mol% pMC and 0.2 mol% pGC. The
outer vesicle projection is in line with the maximum vesicle circumference. Scale bar: 10 um.
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Figure S52. Fluorescence microscopy (top) and RICM images (bottom) of GUVs containing
0.5 mol% pMC and 0.2 mol% pGC. Scale bar: 10 pm.
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Figure S53. RICM images of GUVs containing 2 mol% pMC and 0.2 mol% pGC. The outer
vesicle projection is in line with the maximum vesicle circumference. Scale bar: 10 um.
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Figure S54. Fluorescence microscopy (top) and RICM images (bottom) of GUVs containing
0.5 mol% MC and 2 mol% pGC. Scale bar: 10 um.

Figure S55. RICM images of GUVs containing 2 mol% MC and 2 mol% pGC. The outer
vesicle projection is in line with the maximum vesicle circumference. Scale bar: 10 pm.
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Figure S56. Fluorescence microscopy (top) and RICM images (bottom) of GUVs containing
0.05 mol% pMC and 2 mol% pGC. Scale bar: 10 pm.

Figure S57. RICM images of GUVs containing 0.2 mol% pMC and 2 mol% pGC. The outer
vesicle projection is in line with the maximum vesicle circumference. Scale bar: 10 pm.
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Figure S58. Fluorescence microscopy (top) and RICM images (bottom) of GUVs containing

0.5 mol% pMC and 2 mol% pGC. Scale bar: 10 pm.
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Figure S59. RICM images of GUVs containing 2 mol% pMC and 2 mol% pGC. The outer
vesicle projection is in line with the maximum vesicle circumference. Scale bar: 10 pm.
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Vesicle Adhesion of Heteromultivalently Glyco-Decorated GUVs on ConA Surfaces in

the Presence of 5 mM MeMan.
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Figure S60. Relative Adhesion Strength of the heteromultivalent systems in the presence of 5
mM MeMan in comparison to the respective homomultivalent system. Heteromultivalent
vesicles are doped with 2 mol% GC (A), 0.2 mol% pGC (B) or 2 mol% pGC (C). Data are
presented as mean + SEM and where evaluated using one-way ANOVA followed by
Bonferroni correction (¥***: p <0.001; ***: p <0.005; **: p <0.01; ***: p <0.05; ns: not
significant).
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Exemplary Images of Vesicle Adhesion to ConA Surfaces (Heteromultivalent) in the
Presence of S mM MeMan.

—

-
-

._"- }

Figure S61. Fluorescence microscopy (top) and RICM images (bottom) of GUVs containing
0.5 mol% MC and 2 mol% GC. Scale bar: 10 um.
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Figure S62. RICM images of GUVs containing 2 mol% MC and 2 mol% GC. The outer
vesicle projection is in line with the maximum vesicle circumference. Scale bar: 10 pm.
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Figure S63. Fluorescence microscopy (top) and RICM images (bottom) of GUVs containing
0.05 mol% pMC and 2 mol% GC. Scale bar: 10 pm.
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Figure S64. RICM images of GUVs containing 0.2 mol% pMC and 2 mol% GC. The outer
vesicle projection is in line with the maximum vesicle circumference. Scale bar: 10 pm.
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Figure S65. Fluorescence microscopy (top) and RICM images (bottom) of GUVs containing
0.5 mol% pMC and 2 mol% GC. Scale bar: 10 um.
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Figure S66. RICM images of GUVs containing 2 mol% pMC and 2 mol% GC. The outer
vesicle projection is in line with the maximum vesicle circumference. Scale bar: 10 pm.
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Figure S67. Fluorescence microscopy (top) and RICM images (bottom) of GUVs containing
0.5 mol% MC and 0.2 mol% pGC. Scale bar: 10 pm.

Figure S68. RICM images of GUVs containing 2 mol% MC and 0.2 mol% pGC. The outer
vesicle projection is in line with the maximum vesicle circumference. Scale bar: 10 pm.
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Figure S69. Fluorescence microscopy (top) and RICM images (bottom) of GUVs containing
0.05 mol% MC and 0.2 mol% pGC. Scale bar: 10 um.
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Figure S70. RICM images of GUVs containing 0.2 mol% pMC and 0.2 mol% pGC. The
outer vesicle projection is in line with the maximum vesicle circumference. Scale bar: 10 um.
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Figure S71. Fluorescence microscopy (top) and RICM images (bottom) of GUVs containing
0.5 mol% pMC and 0.2 mol% pGC. Scale bar: 10 um.
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Figure S72. RICM images of GUVs containing 2 mol% pMC and 0.2 mol% pGC. The outer
vesicle projection is in line with the maximum vesicle circumference. Scale bar: 10 um.
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Figure S73. Fluorescence microscopy (top) and RICM images (bottom) of GUVs containing
0.5 mol% MC and 2 mol% pGC. Scale bar: 10 pm.
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Figure S74. RICM images of GUVs containing 2 mol% MC and 2 mol% pGC The outer
vesicle projection is in line with the maximum vesicle circumference. Scale bar: 10 um.

S56



L

s A

Figure S75. Fluorescence microscopy (top) and RICM images (bottom) of GUVs containing
0.05 mol% pMC and 2 mol% pGC. Scale bar: 10 pm.

Figure S76. RICM images of GUVs containing 0.2 mol% pMC and 2 mol% pGC. The outer
vesicle projection is in line with the maximum vesicle circumference. Scale bar: 10 um.
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Figure S77. Fluorescence microscopy (top) and RICM images (bottom) of GUVs containing
0.5 mol% pMC and 2 mol% pGC. Scale bar: 10 pm.

Figure S78. RICM images of GUVs containing 2 mol% pMC and 2 mol% pGC. The outer
vesicle projection is in line with the maximum vesicle circumference. Scale bar: 10 um.
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Figure S79. Averaged gray value intensities taken from the fluorescent vesicle membrane of
homo- and heteromultivalently glycodecorated GUVs containing 0.5 mol% MC. Data are
presented as mean + SEM for at least 10 GUVs. Gray values do not differ significantly between
the heteromultivalent systems, indicating a similar incorporation efficiency of the MC ligand.
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Figure S80. Averaged gray value intensities taken from the fluorescent vesicle membrane of
homo- and heteromultivalently glycodecorated GUVs containing 0.5 mol% pMC. Data are
presented as mean = SEM for at least 10 GUVs. Gray values do not differ significantly between
the systems, indicating a similar incorporation efficiency of the pMC ligand.
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DLS analysis of pMC and pGC

Of note, only the first peak was considered, when averaging the hydrodynamic radius of single
polymers in solution. The other peaks are likely aggregates or remaining dust in the sample.

Size (r.nm): % Intensity: St Dev (nnm...
Z-Average {r.nm): 13.43 Peak 1: 9.216 604 3.085
Pdi: 0.601 Peak 2: 111.6 371 47.18
Intercept: 0.930 Peak 3: 2394 25 3659
Result quality : Good
Size Distribution by Intensity
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Figure S81. Size Distribution Report of pMC by Intensity (measurement 1).
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Figure S82. Size Distribution Report of pMC by Intensity (measurement 2).

Size (r.nm): % Intensity:
Z-Average (r.nm): 13.72 Peak 1: 9.636 621
Pdl: 0.633 Peak 2: 107.7 355
Intercept: 0.932 Peak 3: 2582 24

Result quality : Good
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Figure S83. Size Distribution Report of pMC by Intensity (measurement 3).

Size (r.nm): % Intensity: St Dev (r.nm...
Z-Average (r.nm): 12.85 Peak 1: 9.840 68.0 3.483
Pdl: D.421 Peak 2: 112.8 32.0 48.03
Intercept: 0.942 Peak 3: 0.000 0.0 0,000
Result quality : Good
Size Distribution by Intensity
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Figure S84. Size Distribution Report of pGC by Intensity (measurement 1).
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Size (r.nm): % Intensity: St Dev (r.nm...

Z-Average (r.nm): 12.65 Peak 1: 9.971 68.3 3.918
Pdl: 0.418 Peak 2: 123.3 ny 56,54
Intercept: 0.941 Peak 3: 0.000 0.0 0.000

Result quality : Good
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Figure S85. Size Distribution Report of pGC by Intensity (measurement 2).

Size (r.nm): % Intensity: St Dev (rnm...
Z-Average (r.nm): 12.54 Peak 1: 9.716 66.9 3.923
Pdl: 0.416 Peak 2: 109.2 33 52.82
Intercept: 0.939 Peak 3: 0.000 0.0 0.000

Result quality : Good
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Figure S86. Size Distribution Report of pGC by Intensity (measurement 3).
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Selective Glycan Presentation in Liquid-Ordered or -Disordered
Membrane Phases and its Effect on Lectin Binding

Luca-Cesare Blawitzki, Cornelia Monzel, Stephan Schmidt, and Laura Hartmann*

Abstract: Glycan-protein interactions play a key role in
various biological processes from fertilization to infec-
tions. Many of these interactions take place at the
glycocalyx—a heavily glycosylated layer at the cell
surface. Despite its significance, studying the glycocalyx
remains challenging due to its complex, dynamic, and
heterogeneous nature. This study introduces a glycoca-
lyx model allowing for the first time to control spatial
organization and heterogeneity of the glycan moieties.
Glycan-mimetics with lipid-moieties that partition into
either liquid-ordered (Lo, lipid rafts) or liquid-disor-
dered (Ld) phases of giant unilamellar vesicles (GUVs),
which serve as simplified cell membrane models mimick-
ing lipid rafts, are developed. This phase-specific
allocation allows controlled placement of glycan motifs
in distinct membrane environments, creating heteromul-
tivalent systems that replicate the natural glycocalyx’s
complexity. We show that phase localization of glycan
mimetics significantly influences recruitment of protein
receptors to the membrane. Glycan-conjugates in the
ordered phase demonstrate enhanced lectin binding,
supporting the idea that raft-like domains facilitate
stronger receptor interactions. This study provides a
platform for systematically investigating spatial and
dynamic presentation of glycans in biological systems
and presents the first experimental evidence that glycan
accumulation in lipid rafts enhances receptor binding
affinity, offering deeper insights into the glycocalyx‘s
functional mechanisms. )
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Introduction

The glycocalyx is a highly heterogeneous and dynamic
layer of glycoproteins, proteoglycans, and glycolipids that
densely covers the membrane surface of cells. It acts as a
physiological barrier, regulating accessibility to adjacent
entities, and plays a pivotal role in various cellular
functions, including cell-cell-communication, adhesion,
signaling and pathogen infection.” Glycan heteromulti-
valency plays a pivotal role in various membrane associ-
ated cellular processes, enhancing the binding affinity and
specificity of protein receptors to the cell surface
glycans.®! Such enhancement in binding has been demon-
strated to correlate with induced clustering, cooperative
binding or entropic effects.*"® Additionally, the organiza-
tion and dynamics of the glycocalyx are closely connected
to the critically discussed existence of locally organized
microdomains termed lipid rafts.["? Lipid rafts are distinct
microdomains within the cell membrane that are rich in
cholesterol, sphingolipids and specific receptor proteins
and are believed to organize and regulate the glycocalyx’s
structure and function by controlling the distribution of
glycoproteins and glycolipids within the glycocalyx./"
Accordingly, lipid rafts have been found to be involved in
the recruitment of various receptors and signaling mole-
cules and thus provide a platform for mediating various
signaling and adhesion processes.*!*!' Recent studies
have shown, that the interaction of glycans with sphingo-
lipids in the plasma membrane favors the formation of
patterned membrane structures by stabilizing ordered
lipid phases through hydrogen bonding with the sphingo-
lipid head groups, similar to the interaction of cholesterol
with the lipid moieties of the sphingolipids.'">""! Further-
more, studies have shown that pathogens, including
viruses and bacteria, exploit these signaling mechanisms
associated with lipid rafts to enter cells and evade the
cell’s immune response.!"¥

Studying cellular processes related to the glycocalyx
and the cellular membrane is challenging due to the high
complexity and compositional heterogeneity of living cells
and the active remodeling and interactions among cellular
membrane components that potentially contribute to raft
formation.>”! For this reason, libraries of artificial glycan
mimetics with lipid membrane anchors have been devel-
oped, which are valuable tools for understanding glyco-
calyx interactions. Mucin-mimetics, for instance, have
been used to model the native glycocalyx on erythrocytes
to study their impact on sialic acid mediated lectin and
virus adhesion.”!

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Although advanced glycocalyx editing in living cells
has demonstrated the ability to reveal and observe the
complex mechanisms by which the glycocalyx regulates
biological processes, manipulating the architecture and
glycosylation pattern of glycans with molecular precision
in living cells remains a challenging task.”! Also, the
extent to which cellular microdomains are formed by the
membrane constituents, membrane mechanics and ther-
modynamics, or actively modulated processes remains
unclear and requires further investigation.

To overcome this challenge, synthetic membrane
systems are often used as biomimetic alternatives, provid-
ing a powerful tool for studying the glycocalyx in a
defined environment. With precise control over the choice
of membrane lipids, natural or synthetic glycans and other
membrane components, this approach enables the study
of carbohydrate-protein or protein-protein interactions
and the impact of biophysical membrane properties on the
glycosylated proteins and lipids, among others.'®'”! Com-
monly employed model membranes comprise GUVs,
which are cellular sized, spherical lipid bilayers, or
supported lipid bilayers (SLBs), which are flat lipid
bilayers on a solid support.'"®! By tuning the composition
of lipids and glycans in these systems, researchers can
mimic the cellular environment and investigate interac-
tions between the artificial model glycocalyx and its
surroundings.

Fundamental aspects resulting in lipid raft formation
are well studied in such biomimetic membrane systems,
which are often composed of only a few lipids and can be
systematically tuned to alter membrane properties.!"”
Phase separation in membranes and the formation of
physically distinct microdomains were first detected in
synthetic phospholipid membranes composed of a ternary
mixture of lipids consisting of cholesterol, a saturated and
an unsaturated lipid.'>*”! The saturated lipids and choles-
terol segregate into a liquid-ordered phase (Lo), which is
physically distinct from the disordered unsaturated lipids
(Ld) and is believed to be the equivalent of naturally
occurring lipid rafts.”?"! Such lateral membrane segrega-
tion occurs under specific conditions involving a particular
lipid composition and cholesterol content, but may also
arise from external stimuli such as temperature changes or
lipid oxidation through illumination."” These model
systems allow for visualization and characterization of
phase-separated lipid domains, offering valuable insights
into the behavior of lipid rafts and their potential
influence on the glycocalyx. Preferential partitioning of
membrane components into specific phases within model
membrane systems has also provided insights into the
potential role of lipid rafts in organizing the glycocalyx
and influencing its physiological functions. For instance,
the recruitment of GPI-anchored proteins or signaling
complexes into lipid rafts has been reported.’ Similarly,
Ewers et al. have shown, that the recruitment of GMI1-
ganglioside-binding simian virus 40 (SV40) particles on
phase separating model membranes relies on the inter-
action of the virus like particles with the glycan head-
group of the ganglioside, but the allocation of the ganglio-
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side into either Lo or Ld is strongly dictated by the type
of the acyl moiety employed for membrane anchoring.!

However, to the best of our knowledge, little to no
effort has yet been dedicated to depicting the natural
inhomogeneity regarding local accumulations of glycan
mimetics in either ordered or disordered phases in
glycocalyx mimetics.'"” To resemble more closely natural
cellular membranes, we present here a modular platform
to construct artificial phospholipid membranes with dis-
tinct local domains that present different glyco-motifs.

To tackle the lack of organizational diversity in
biomimetic membrane systems, we applied previously
established solid-phase polymer synthesis (SPPoS) to
derive four different membrane-anchoring glycan mim-
etics that differ in their respective glycosylation pattern
(mannose (Man) or galactose (Gal) head group) and their
membrane tether (saturated or unsaturated fatty acid
chains). The different physico-chemical behavior of these
glycan mimetics then allows for a favorable partitioning
into either liquid-ordered (Lo) or liquid-disordered (Ld)
domains in phase separated GUVs. Thereby we aim at
creating glycosylation patterns, mirroring the organization
of lipid rafts in native cellular membranes, that enable
also the partitioning of carbohydrate recoginizing protein
receptors into the Ld or Lo domain. In this manner, we
provide a simplistic biomimetic platform for investigating
the organization and function of the glycocalyx more
realistically in terms of microdomain formation and
spatial glycan accumulation.

Results and Discussion
Synthesis of Lipid-Tethered Glycan-Mimetics

To initiate our studies, four different lipid-tethered glycan
mimetics were synthesized, presenting either Man or Gal
moieties, which were functionalized with either a stearyl-
or an oleyl-tether for later intercalation into phospholipid
membranes. Recently, we established a synthetic strategy,
based on previously established protocols and building
blocks, to derive synthetic, cholesteryl-anchored precision
glycan mimetics via Fmoc-compatible SPPoS.**! The use
of tailor-made functional building blocks allows for an
iterative assembly of the scaffold, thereby allowing precise
control over positioning, density and valency of glycan
motifs as well as other functional handles, such as
fluorophores for fluorescence imaging. The N-terminal
introduction of a lipid moiety then enables the subsequent
incorporation of the glycan mimetics into phospholipid
bilayers.

Unlike our previous studies, we omitted the use of a
cholesteryl-moiety as a membrane tether, despite its
essential role in native lipid rafts and its widespread
acceptance as a convenient membrane anchor for glycan-
mimetics.”®! Stuhr-Hansen et al. demonstrated that cho-
lesteryl-functionalized glycopeptides are excluded from
liquid-ordered domains in phase-separating vesicles be-
cause the free hydroxyl group of cholesterol needs to
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interact with adjacent amides or esters to be efficiently
incorporated into highly ordered lipid domains.!"" Instead,
we opted to use synthetic analogues of dioleoylphosphati-
dylcholine (DOPC) and distearylphosphatidylcholine
(DSPC), which are commonly employed lipids to prepare
model membranes mimicking native cellular membranes
and should allow to tune the glycan-mimetics localization
to the Ld and Lo phase, respectively.'®*! Most natural
glycolipids, tend to preferentially localize to lipid rafts
due to their saturated ceramide backbone.?” However, to
study the influence of presenting glycan-mimetics in both
phases (Ld and Lo), we prepared two different anchor
moieties. Specifically, stearic and oleic acid, both C-fatty
acids, were employed as hydrophobic lipid-tethers. Stearic
acid, with its saturated alkane-chain, promotes a more
rigid packing of glycan mimetics in phospholipid mem-
branes and is hence prone to localize to the Lo phase.
Conversely, oleic acid is a monounsaturated omega-9 fatty
acid with a cis-double bond geometry likely disrupting the
tight packing of the glycan-conjugates and lipids, making
the membrane more fluid and less prone to spatial
organization. Hence, oleic acids are more likely to localize
to the Ld phase. 2,3-Diaminopropionic acid (Dap) was
selected as the lipid junction due to its (i) resemblance to
the composition of native phosphoglycerolipids and (ii) its
ability to introduce fatty acids via amide bond formation,
thus eliminating the use of labile ester moieties. Further-
more, it resembles naturally occurring glycosphingolipids,
which are highly accumulated in natural lipid rafts due to
their ability to engage in hydrogen bonding, facilitating
tight packing of these molecules.!'***!

Though fluorescent dyes facilitate the visualization
and localization of phospholipid membrane constituents,
we omitted fluorescent labels in our glycan mimetics. The
hydrophobic nature of fluorophores can strongly affect
the physical behavior of membrane tethering molecules.””
Instead, we relied on fluorescently labeled lectins Con-
canavalin A (ConA, with high specificity towards a-Man-
residues) and Ricinus Communis Agglutinin (RCA, with
high specificity towards B-Gal-moieties) to bind specifi-
cally to the carbohydrate moieties in our glycan mimetic
structures, thus visualizing their localization within the
lipid membrane.

The assembly of the backbone started from commer-
cially available TentaGel S RAM resin, employing
iterative assembly of building blocks bearing a free
carboxylic acid and an Fmoc-protected primary amine via
stepwise Fmoc-deprotection and coupling procedures.
Four triple bond diethylenetriamine succinyl (TDS) build-
ing blocks, carrying an alkyne functionality in their side
chain for later glycosylation via copper(I)-catalyzed
alkyne-azide cycloaddition (CuAAC) were installed fol-
lowed by introducing three ethylene glycol diamine
succinyl (EDS) units as hydrophilic spacer. After assem-
bly of the scaffold, CuA AC was employed to functionalize
the backbone with either Man or Gal via their respective
acetylated and azido-functionalized derivatives. Finally,
the solid-supported glycan-head group was N-terminally
functionalized with either two stearyl- or oleyl-moieties
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via amide bond formation, joined by an Fmoc-Dap-
(Fmoc)—OH residue (Figure 1). After the complete as-
sembly of the amphiphilic glycan mimetics, the carbohy-
drate moieties were deprotected under Zemplén
conditions, cleaved off the resin, collected via precipita-
tion, and further purified by diafiltration.

In total, four different lipidated glycan mimetics were
synthesized, each comprising a tetravalent glyco-head
group (Man or Gal) and either a saturated (DSDap) or
unsaturated (DODap) lipid moiety for subsequent mem-
brane anchoring (Figure 1B). All structures were con-
firmed by RP-HPLC-MS, 'H NMR and HR-ESI-MS (see
Supporting Information).

Preparation of Phase Separating GUVs and Incorporation of
Glycan Mimetics

After the successful synthesis of the first set of glycan
mimetics, we sought to test their functionality in phase-
separated phospholipid membranes. Phase separation in
biomimetic membranes can be triggered by temperature
changes, illumination, or osmotic pressure gradients.!'"*"
Mimicking natural lipid-raft-like domains in synthetic
membrane systems can be achieved by applying ternary
mixtures of cholesterol, a saturated (high melting point)
lipid and an unsaturated (low melting point) lipid.l'*3!
Under suitable conditions, the membrane segregates into
physically distinct microdomains, i.e., cholesterol and the
saturated lipids form a tightly packed and more viscous
liquid ordered phase (Lo), resembling lipid rafts in native
phospholipid membranes, while unsaturated lipids sepa-
rate into a more fluid, disordered phase (Ld).["**!?!

We prepared our GUVs via electroformation from a
ternary lipid mixture consisting of DOPC, an unsaturated
lipid, DSPC, a saturated lipid, and cholesterol in a molar
ratio of 2:1:1. This mixture results in well-studied model
membrane systems for investigating putative raft
formation."*** 16:0 Liss Rho PE was used as Ld-domain
marker to visualize raft formation via fluorescence micro-
scopy.

The GUVs were in the range of 10-50 um in diameter
and displayed selective areas of lipid membrane staining,
indicating successful phase separation. As expected, the
lipid composition of our GUVs led to segregation into a
major DOPC-rich Ld domain (Figure 2A, blue arrows)
and a minor DSPC- and cholesterol-rich Lo domain
(Figure 2A, red arrows). Cholesterol interacts more
thermodynamically favorably with the saturated DSPC
than with the unsaturated DOPC, counteracting the
entropic tendency of random mixing of the lipids through-
out the membrane.” Eventually, the thermodynamic
interaction energy between cholesterol and saturated
lipids outweighs the entropically favorable random mixing
of lipids, resulting in the formation of stable lateral
domains within the membrane.” Phase assignment was
verified using the membrane dye 16:0 Liss Rho PE, which
preferentially partitions out of Lo phases into Ld
phases.F®
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Figure 1. A: Schematic presentation of the Solid Phase Polymer Synthesis (SPPoS) of Man,DSDap. B: Chemical structures and schematic structures

of the synthesized lipid-tethered glycan-mimetics.

In order to introduce glycan mimetics into the phase-
separated GUVs, 1 mol % of Man,DSDap or Gal,DSDap
and 4 mol % (to account for the extent of the Ld phase) of
Man,DODap or Gal,DODap were mixed with the matrix
lipid composition before preparing the GUVs as de-
scribed. After cooling to ambient temperature, the
vesicles were incubated with 200 nM ConA-AF647 (for
Man-decorated vesicles) or 200 nM RCA-FITC (for Gal-
decorated vesicles) for 1 hour before imaging. The homo-
multivalently glyco-decorated vesicles displayed a phase
separation topology comparable to the control GUVs
without added glycan mimetics, with non-fluorescent Lo
domains and homogeneously fluorescent Ld domains.

For the saturated ligands Man,DSDap (Figure 2B) and
Gal,DSDap (Figure 2D), the fluorescence of membrane-
recruited lectins ConA-AF647 or RCA-FITC does not
colocalize with the fluorescence of the Ld marker 16:0
Liss Rho PE, which indicates that the glycan mimetics
functionalized with the saturated lipid-tether partition
into the highly ordered Lo domain of the vesicles.
Conversely, the ligands functionalized with the unsatu-
rated lipid-anchor, i.e., Man,DODap (Figure 2C) and
Gal,DODap (Figure 2E), partition preferentially into the
Ld domains of the vesicle membrane, as the respective
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fluorescence of the membrane-bound lectin colocalizes
with the fluorescence of 16:0 Liss Rho PE.

Heteromultivalent Spatially Resolved Presentation of Glycan
Mimetics in GUVs

To mimic local inhomogeneities in constituent distribution
of the glycocalyx, we then sought to construct hetero-
multivalent membrane mimetics where both domains, i.e.,
Lo and Ld, are decorated with distinct glycan mimetics.
We prepared lipid mixtures containing both, the saturated
Man,DSDap (1 mol %), and the unsaturated Gal,DODap
(4 mol %), to incorporate both ligands into the GUVs and
formulated the vesicles as described previously. The
GUVs were then incubated with 200 nM ConA-AF647 or
200 nM RCA-FITC.

The formed GUVs again displayed a well-defined
phase separated topology. Vesicles incubated with RCA-
FITC showed recruitment of the Gal-binding lectin on the
Ld phase (Figure 3A), while incubation with ConA-
AF647 displayed lectin fluorescence exclusively colocaliz-
ing with the Lo domain (Figure 3B). Simultaneous incuba-
tion with RCA-FITC and ConA-AF647 showed homoge-
neous membrane staining in either channel (FITC or
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Figure 2. A): Control GUVs prepared from DOPC:DSPC:cholesterol (2:1:1) display phase separation into Ld (blue arrows) and Lo (red arrows)
domains as evidenced by the partitioning of the Ld marker Liss Rho PE into selective areas. B): Phase separating GUVs functionalized with 1T mol %
Man,DSDap after incubation with ConA-AF647. Lectin fluorescence (red) does not colocalize with the fluorescence of the Ld marker (yellow),
indicating the localization of ligands in the Lo domain of the GUVs. C): Phase separating GUVs functionalized with 4 mol % Man,DODap after
incubation with ConA-AF647. Lectin fluorescence (red) colocalizes with the fluorescence of the Ld marker (yellow), indicating localization of the
ligands in the Ld domain of the GUVs. D): Phase separating GUVs functionalized with 1 mol % Gal,DSDap after incubation with RCA-FITC. Lectin
fluorescence (green) does not colocalize with the fluorescence of the Ld marker (yellow), indicating localization of the ligands in the Lo domain of
the GUVs. E): Phase separating GUVs functionalized with 4 mol % Gal,DODap after incubation with RCA-FITC. Lectin fluorescence (green)
colocalizes with the fluorescence of the Ld marker (yellow), indicating localization of the ligands in the Ld domain of the GUVs. Scale bars: 10 pm.

AF647) (see Figure S15C). Since the individual staining
with either ConA or RCA clearly shows partitioning of
Man,DSDap into the Lo phase and Gal,DODap into the
Ld phase, we attribute this to non-specific interactions
between the ConA and the RCA.

As a proof of concept, we also prepared phase
separating GUVs displaying respectively 0.5 mol %
Man,DSDap and 0.5 mol % Gal,DSDap in the Lo phase
and 4 mol % Man,DODap in the Ld phase. Incubation
with  ConA-AF647 showed homogeneous lectin
fluorescence along the vesicle membrane (see Figure S16),
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corresponding to Man-ligands being present in both, the
Ld and the Lo phase, while fluorescence of RCA-FITC
strictly colocalized only with the Lo domain of the GUVs
(see Figure S17), as was shown before. This demonstrates
the general feasibility of our approach, enabling the
formation of spatially separated heteromultivalent glyco-
calyx models but also the formation of locally resolved
heteromultivalent domains.
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Figure 3. Heteromultivalent glycan-decoration of phase-separated GUVs and lectin binding. A): RCA-FITC (green) binds to the unsaturated
Gal,DODap ligands, colocalizing with the Ld marker 16:0 Liss Rho PE (yellow). B): ConA-AF647 fluorescence (red) does not colocalize with the Ld
marker (yellow), indicating partitioning of the saturated Man,DSDap ligands into the Lo domain. Scale bars: 10 pm.

Phase-Dependent Lectin Binding in GUVs

Next, we quantitatively analyzed the effect of phase
separation on ligand-receptor mediated protein binding to
the vesicle membrane. We prepared phase separating
vesicles comprising either 1mol% of the saturated
Man,DSDap or 1mol% of the monounsaturated
Man,DODap.

To assess the impact of ligands on protein recruitment,
it was essential to first quantify the number of ligands
incorporated into the GUV membrane. To evaluate the
incorporation efficiency of Man,DSDap and
Man,DODap, respectively, phenol sulfuric acid (PSA)
method was employed (see Supporting Information for
details). The concentration of ligands in solution before
vesicle formation and in the supernatant after formation
were measured to determine the incorporation efficiency.
Post-formation, about 19 % of Man,DSDap and 2% of
Man,DODap remained in the supernatant, showing that
the unsaturated ligands integrate more efficiently into the
GUV membrane than the saturated ligands (Figure 4C).
While no explicit information on different incorporation
efficiencies of membrane constituents regarding their
respective lipid anchor are reported, we hypothesize, that
the lower incorporation of the saturated DSDap ligand
might be due to a potential saturation of the highly
ordered Lo phase, excluding further ligands from incorpo-
rating into the vesicle membrane.

The glyco-decorated vesicles were incubated with
200nM ConA-AF647 for one hour before imaging. As
observed previously, the ConA-fluorescence on the
Man,DSDap vesicles colocalized with the Lo (i.e. non-
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fluorescent) domain of the vesicle membrane, while on the
Man,DODap vesicles, ConA colocalized with the Ld marker
16:0 Liss Rho PE.

The ConA fluorescence on the Man,DSDap vesicles was
noticeably more pronounced than on the Man,DODap
vesicles. Also, while the ConA fluorescence was rather
homogeneously distributed along the Lo phases of the
vesicles functionalized with Man,DSDap, it only occurred
scarcely and in local clusters on vesicles functionalized with
Man,DODap (Figure 4A). To quantify the differences in
lectin binding efficiency, we plotted averaged intensity
profiles of confocal images of the glyco-decorated GUVs
over the angle of the respective membrane domains (Ld or
Lo) as shown in the inset in Figure 4A (Figure 4B).

Based on the mean maximum fluorescence intensities,
ligands accumulated in the Lo phase of the vesicles (though
displaying roughly 20% less ligand overall) led to an
increase in lectin binding by 65 % on average compared to
the ligands partitioning into the Ld phase (Figure 4B).

Multivalent binding is favorable when the overall free
energy of the system (AG) is reduced, which is particularly
true for membrane constituents that can be organized in a
spatial arrangement.’”! The involvement of the membrane
bound glyco-ligands in lectin-binding generally results in a
loss of translational freedom, thus a decrease in entropy
(2S8). This decrease in entropy is especially high for ligands
that are localized in the liquid disordered phase and can
diffuse relatively freely. For ligands in the Lo phase, this
cost in entropy has already been paid through the accumu-
lation in a thermodynamically favored ordered state, hence
their dynamic behavior does not change significantly upon
binding and, consequently, the entropic cost for multivalent
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Figure 4. A): Confocal images of phase separated GUVs containing
either 1 mol % Man,DSDap (accumulating in the Lo domain) or

1 mol% Man,DODap (accumulating in the Ld domain along with 16:0
Liss Rho PE (yellow fluorescence)) after incubation with 200 nM ConA-
AF647 (red fluorescence). Contrast adjusted for better visibility. B):
Mean radial fluorescence intensity values averaged over the respective
membrane domain angle (as shown in the inset in A)). Normalized
data are presented as mean £ SEM for n=14 experimental replicates
and were evaluated using one-way ANOVA followed by Bonferroni
correction (****: p <0.001). C): Normalized absorption values of the
employed ligands determined via sulfuric acid-phenol assay. The grey
bars correspond to the respective absorption of ligands before vesicle
formation, while the white bars correspond to non-incorporated ligands
after vesicle formation. Measurements were conducted in triplicates
and are presented as means.

complexation is effectively lower.”™™ Moreover, the high
local density of ligands in the Lo phase increases the
association constant (k,,) of the lectin-carbohydrate binding
and at the same time, the dissociation constant (k)
decreases, since rebinding of the multivalent lectin is
facilitated through the high density of accessible annual
ligands, which shifts the resulting binding equilibrium to
lower K, values (K;=k,/k,,)."

To substantiate this hypothesis, we also performed
inhibition studies on the GUVs containing 1 mol%
Man,DSDap or Man,DODap, respectively. We incubated
the vesicles with 200 nM ConA-AF647 in the presence of
increasing concentrations of MeMan as inhibitor and
measured the radial fluorescence intensity of the lectin along
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the respective membrane phase (Figure4). Indeed, we
found that lectin binding associated with the Ld phase was
completely inhibited at a concentration of 3 mM MeMan
(see Figure S33), while for lectin binding associated with the
Lo phase it required 5 mM MeMan to completely inhibit
lectin binding (see Figure S26).

These findings are consistent with the well-accepted
function of lipid rafts, which selectively concentrate and
recruit distinct membrane constituents (e.g. proteins or
gangliosides) and facilitate multivalent ligand-receptor
mediated interactions (e.g. signaling or adhesion).“”

Conclusions

Using SPPoS of sequence-defined glycomacromolecules we
developed lipid-tethered glycan mimetics reconstructing
membrane anchoring moieties of glycosphingolipids. The
choice of lipid tether allowed for specific introduction of
glycan mimetics into either ordered or non-ordered phases
of synthetic membranes, such as GUVs. This advancement
allowed us to control the spatial organization of glycan
mimetics in membranes. By combining glycan mimetics
presenting different carbohydrate moieties, we could create
heteromultivalent, spatially controlled glycocalyx models.
To the best of our knowledge, this is the first example of
such complex yet controlled glycocalyx model systems.
Furthermore, we demonstrated that the localization of
glycan mimetics also affects lectin binding. Quantitative
studies on protein binding to ligands in either the liquid-
ordered or -disordered phase revealed that the local
accumulation of ligands into ordered membrane domains
increased receptor recruitment by on average 65 %. This
highlights the importance of naturally occurring lipid rafts
regarding glycan mediated interactions, such as signaling
and pathogen infection, and will now be further explored to
address specific questions in the role of glycan localization
in lipid rafts in viral attachment and uptake.

We believe that the predictable partitioning behavior of
our synthetic glycan mimetic lipid conjugates is a valuable
property for constructing even more complex biomimetic
membranes including other membrane constituents such as
proteins. We envision that this strategy has the potential to
incorporate other synthetic glycans and bioligands as well as
non-natural structures into phospholipid membranes. This
will facilitate the study of distribution, organization, and
accessibility effects of membrane-associated ligand-receptor
binding, in both synthetic and potentially also biological
membranes.

Supporting Information

The authors have cited additional references within the
Supporting Information.[**
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Materials

D-(+)-galactose, D-(+)-mannose, N,N-dimethylformamide, oxalyl chloride, piperidine and
sulfuric acid were purchased from Acros Organics. Ethyl trifluoroacetate and PyBOP were
purchased from Apollo Scientific. Acetonitrile and oleic acid (65.0-88.0%) were purchased
from AppliChem. Fmoc-Cl and stearic acid were purchased from bld pharm. Succinic anhydride
was purchased from Carbolution Chemicals. DIPEA and sodium chloride were purchased from
Carl Roth. 1.4-dioxane, acetic anhydride, calcium chloride, ethyl acetate, HEPES, n-hexane,
hydrochloric acid (37%), manganese dichloride, potassium carbonate, sodium azide, sodium
bicarbonate, sodium hydroxide (1M), sodium methoxide, Concanavalin A-AF647 and
trimethylamine were purchased from Fisher Scientific. Triethylsilane was purchased from
fluorochem. 2,2’'-(Ethylenedioxy)bis(ethylamine), 2-bromoethanol, 4-pentynoic acid, boron
trifluoride diethyl etherate, Bovine Serum Albumin, dichloromethane, diethyl ether,
diethylenetriamine, formic acid, methanol, phenol, tetrahydrofuran, trifluoroacetic acid and
triisopropylsilane were purchased from Sigma-Aldrich. Trityl chloride was purchased from TCI
chemicals. Sodium diethyldithiocarbamate was purchased from Thermo Scientific. RCA-FITC

was purchased from vector laboratories.

All solvents and reagents used were purchased in the highest purity available and used

without further purification.

TentaGel® S RAM resin (loading: 0.26 mmol/g) was purchased from RAPP Polymere GmbH.

DOPC, DSPC, cholesterol and 16:0 Liss Rhod PE were purchased from Avanti Polar Lipids.

Dialysis was performed via diafiltration in VIVASPIN 20 centrifugal concentrators (MWCO: 10

kDa; PES) from sartorius.

Experiments were conducted in 18-well glass bottom p-slides from ibidi GmbH.



Instrumentation

Reversed Phase- High Pressure Liquid Chromatography- Mass Spectrometry (RP- HPLC-
MS)/Electron Spray lonization- Mass Spectrometry (ESI-MS)

RP-HPLC-MS was carried out on an Agilent 1260 Infinity instrument coupled to a variable
wavelength detector (VWD) (set to 214 nm) and a 6120 Quadrupole LC/MS containing an
Electrospray lonization (ESI) source (operation mode positive, m/z range from 200 to 2000).
An MZ-AquaPerfect C18 (3.0 x 50 mm, 3 um) RP column from MZ-Analysentechnik was used.
As eluent system water/acetonitrile containing 0.1 vol% formic acid was applied. The mobile
phases A and B were: System A) water/acetonitrile (95/5, v/v); System B) water/acetonitrile
(5/95, v/v). The samples were analyzed at a flow rate of 0.4 ml/min using a linear gradient,
starting with 100% of system A) and reaching 100% system B) within 17 min. The temperature
of the column room was set to 25 °C. All purities were determined using the OpenLab

ChemStation software for LC/MS from Agilent Technologies.
Ultra High Resolution - Mass Spectrometry (UHR-MS)

UHR-MS measurements were performed with a Bruker UHR-QTOF maXis 4G instrument with
a direct inlet via syringe pump, an ESI source and a quadrupole followed by a Time of Flight

(QTOF) mass analyzer.
Nuclear Magnetic Resonance Spectroscopy (NMR)

The *H-NMR spectra were recorded on a Bruker Avanace Il 600 (600 MHz). These spectra
were evaluated according to the following scheme: (frequency in MHz, deuterated solvent),
chemical shift in ppm (multiplicity, coupling constant, integral, signal assignment). The

chemical shift is given in relation to the 'H signals of the deuterated solvents used.
Lyophilization

The final glycomacromolecules were lyophilized with an Alpha 1-4 LD plus instrument from

Martin Christ Freeze Dryers GmbH (-40 °C, 0.1 mbar).



Fluorescence Microscopy

Giant Unilamellar Vesicles were imaged on an inverted epi-fluorescence microscope (Olympus
IX83, Shinjuku, Tokyo, Japan), equipped with a 60x oil-objective with (NA 1.25), with the
CellSense Dimensions Software (Olympus) by sequential imaging of the yellow, green and red

channel.

Confocal Images were acquired on a Leica DMi8 inverted microscope (Leica Microsystems
CMS GmbH, Wetzlar, Germany), equipped with a 63x oil-objective and a Leica DFC9000 GT

camera, operating the LAS X software.

Images were evaluated via ImageJ 1.54g.

UV-Vis Spectroscopy

UV-Vis measurements were performed on a dual-trace spectrometer Specord® 210Plus from

Analytik Jena AG (Jena, Germany),using Win ASPECT PLUS softwareto operatethe instrument.



General Methods

Synthesis of Building Blocks

The building blocks EDS and TDS, as well as tetra-O-Acetyl-azidoethyl-a-D-mannopyranoside
and tetra-O-acetyl-azidoethyl-B-D-galactopyranoside were synthesized as reported

earlier.[41]

Solid Phase Polymer Synthesis

All structures were prepared on Tentagel® S RAM resin (batch size: 0.1 mmol). All washing
steps were conducted with 4 mL solvent. Polypropylene reactors equipped with polyethylene
frits and closed with Luer-stoppers were used. The backbone sequence was first assembled
([TDS]4-[EDS]3-Fmoc), followed by glycoconjugation via CuAAC (copper(l)-catalyzed alkyne-
azide cycloaddition), Fmoc-Dap-(Fmoc)-OH conjugation and N-terminal conjugation of fatty
acids. Before cleavage from the resin, carbohydrates were deacetylated under Zemplén

conditions.

General coupling protocol.

For all compounds, the resin was first swollen in 4 mL DCM for 30 min, subsequently washed
ten times with DMF, Fmoc-deprotected by treating with 25% piperidine in DMF (two times for
ten minutes) and again washed fifteen times with DMF. Employed building blocks were
coupled to the N-terminus by adding the respective building block (5eq.), PyBOP (5 eq.) and
DIPEA (20 eq.) in 4 mL DMF to the resin and shaking for 1h. Then, the resin was washed fifteen
times with DMF and the N-terminus was again deprotected followed by the next coupling

step.

Fmoc cleavage

The Fmoc-protecting group of the resin as well as from the coupled building blocks or amino
acids was cleaved by means of 4 mL of a 25% solution of piperidine in DMF to release the
primary amine. The deprotection was carried out twice for 10 min. Afterwards the resin was

washed 10 times with DMF before coupling.



CuAAC protocol for glycosylation

To the oligomeric structure loaded on the resin 2.5 eq of acetyl protected 2-azidoethyl
pyranoside (a-Mannose/ B-Galactose) per alkyne group dissolved in 4 mL DMF were added.
Secondly 50 mol% sodium ascorbate per alkyne group and 50 mol% CuSO4 per alkyne group
were dissolved each in a small amount of water and also added to the resin. The syringe
reactor was rocked for 18 h before the solution was discarded. The resin was washed three
times with DMF and subsequently treated with a 23 mM solution of sodium
diethyldithiocarbamate in DMF and water (50/50, v/v) and alternating with DMF and DCM

until no further color change occured.

Coupling of fatty acids

After Fmoc-deprotection of the N-terminal Dap-moiety, the resin was washed five times with
DCM. 10 eq of either oleic acid or stearic acid, along with 10 eq PyBOP and 40 eq DIPEA were
dissolved in 5 mL DCM and drawn in the syringe reactor. The reaction was left to proceed
overnight. Afterwards, the solution was discarded and the resin was washed excessively with

DCM.

On-resin deacetylation

Glycooligomers MC and GC were deacetylated under Zemplén conditions. The resin was
washed five times with methanol, before 5 mL of a 0.2 M solution of NaOMe in MeOH was
drawn into the reactor. The resin was rocked for 30 min, before the solution was discarded.
The resin was then washed twice with MeOH before another 5 mL of the methoxide solution
were drawn into the reactor. After 30 min, the solution was again discarded and the resin was

washed five times with MeOH.

Cleavage from the solid phase

The resin was washed five times with DCM before acidic cleavage from the resin with a cocktail

consisting of TFA, TIPS and DCM (95/2.5/2.5, v/v/v) for 30 min.



The cleaved product was precipitated in ether/ hexanes (1:1, v/v), collected via centrifugation,
dried under a gentle stream of nitrogen and dialyzed via diafiltration against ultrapure water
in five cycles (20 mL each, 5% triethylamine in water was used in the first cycle). The dialyzed

compounds were dissolved in fresh ultrapure water and lyophilized.

Preparation of Giant Unilamellar Vesicles (GUVs)

A stock solution of DOPC, DSPC and cholesterol (2 mg/mL, molar ratio 2:1:1) with 0.5 mol% of
the Ld-domain marker 16:0 Liss Rho PE was prepared in chloroform. Aliquots of 25 ulL of this
stock solution were mixed with a respective amount of glycan mimetics dissolved in methanol
(1 mg/mL). GUVs were prepared via electroformation using a custom-built swelling chamber.
Briefly, the lipid mixture was deposited on cleaned ITO glasses (pgo GmbH, Iserlohn, Germany)
with clean glass capillary tubes (cp. Figure S1A) and the organic solvent was removed under
reduced pressure for 1 h in a vacuum oven. The swelling chamber was assembled, filled with
1000 pL of a 115 mM sorbitol solution (to match the osmolarity of the measuring buffer (lectin
binding buffer (LBB) (10 mM HEPES, 50 mM NacCl, 1 mM MnCl;, 1 mM CaCly, pH 7.4))), and an
AC field was applied to the ITO slides (divided by a Teflon spacer) using a function generator
with an amplitude of 2.4 V and a frequency of 89 Hz (cp. Figure S1B). Electroformation was
carried out for 75 min at 65°C in a vacuum oven at ambient pressure to exceed the transition
temperature of all employed lipids and enable homogenous lipid mixing (cp. Figure S1C).
Subsequently, the GUV chamber was cooled to ambient temperature in a time span of

approximately 3 h before subjecting the vesicles to microscopy.

A B C

Figure S1. Preparation of phase separating GUVs via electroformation at elevated
temperatures. A: The lipid mixture is evenly spread on cleaned and dryed ITO-coated glasses.
B: The swelling chamber is assembled and the lipid-coated ITO-glasses are connected to a
function generator. C: The swelling chamber is equilibrated at 70°C before applying an AC field
to electroswell the GUVs.



Preparation of Measuring Chambers.

18-well slides (ibidi GmbH, Martinsried, Germany) were cleaned and activated by UV ozone
treatment (UV Ozone Cleaner UVC-1014 from, NanoBioAnalytics) for 30 min. Then the
activated chambers were filled with 150 uL of a solution of BSA in ultrapure water (5 mg/mL)

and rocked for 30 min. The chambers were rinsed 5 times with LBB and filled with fresh LBB.
Lectin Binding Experiments

20 pL phase separating GUVs were suspended in a solution of ConA-AF647 or RCA-FITC in LBB
to reach a final concentration of 200 nM lectin. The vesicles were incubated for 60 min before

imaging.

Phenol Sulfuric Acid (PSA) Method

The concentration of ligands before and after vesicle formation was determined via the PSA

method.

Briefly, 100 pL of analyte solution were mixed with 100 plL of a 5 wt% solution of phenol in
dH>0 and 500 puL conc. sulfuric acid. The solution was thoroughly mixed and left at ambient

temperature for 30 minutes for the color to develop.

Absorption was measured at 490 nm against dH;0 as blank at 25°C in disposable polystyrene
cuvettes. All measurements were performed in triplicates and the obtained values were
corrected by a blank sample (100 pL dH,0, 100 uL of a 5 wt% solution of phenol in dH,0 and
500 uL conc. sulfuric acid). The ratio of absorption after and before vesicle formulation was
taken as a direct measure of incorporation efficiency. Of note, absorption of the DODap-
functionalized ligands was considerably higher than of the saturated DSDap-functionalized
ligands. This is likely due to the formation of colored, phenolated products of the oleyl chains,

as was reported earlier.*?

To determine the amount of free ligand before vesicle formation, the respective amount of
ligand (dissolved in MeOH at a concentration of 1 mg/mL) (1 mol% of the employed matrix
lipid mixture for vesicle formulation) was placed in an Eppendorf tube and dried under a gentle

stream of nitrogen, before dissolving the ligand in 1000 pL dH0.

To determine the amount of free ligand after vesicle formation in the supernatant, GUVs were
formed as described but in 1000 pL dH,0 instead of the 115 mOsM sorbitol solution (sorbitol,

9



too, reacts with phenol and sulfuric acid to give a colored product!). After electroswelling, the
vesicle solution was transferred to an Eppendorf tube and centrifugated for 60 minutes at 1°C

(15000 rpm) to pellet the GUVs.
Inhibition Experiments

20 uL phase separating GUVs were suspended in a solution of ConA-AF647 and MeMan in LBB
to reach a final concentration of 200 nM ConA and MeMan in the given concentrations. The

vesicles were incubated for 60 min before imaging.
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Analytical Data
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Figure S2. Oligomer backbone detected with relative purities >97% by RP-HPLC-MS analysis
(linear gradient from 5 — 95 vol% eluent H,O/acetonitrile) in 17 min at 25 °C with t, = 8.67 min.
ESI-MS for Co7H143N19026 m/z [M+2H]?* calcd.: 996.0, found 996.4 (mass error 401.6 ppm)
ESI-MS for Co7H143N19026 m/z [M+3H]3* calcd.: 664.4, found 664.6 (mass error 301.0 ppm)

ESI-MS for Co7H143N19026 m/z [M+4H]** calcd.: 498.5, found 498.6 (mass error 200.6 ppm)
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Glycooligomer MansDSDap
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Figure S3. 'H-NMR (600 MHz, DMSO-ds, ambient temperature) of MansDSDap.

1H-NMR (600 MHz, DMSO-ds): & [ppm] = 8.01-7.94 (m, 4H, -NHC(O)-), 7.90-7.82 (m, 9H, -
NHC(0)-), 7.79 (s, 4H, H25), 7.74-7.68 (m, 1H, -NHC(0)-), 7.27 (s, 1H, -NHC(O)-), 6.72 (s, 1H, -
NHC(0)-), 4.79-4.69 (m, 8H, H26), 4.63-4.40 (m, 20H, H28, -OH), 4.29 (q, 1H, H4, J = 7.99 Hz),
3.95-3.87 (m, 4H, H27), 3.79-3.71 (m, 4H, H27'), 3.63-3.03 (m, 94H, H2, H3, H5, H29-33), 2.83
(t, 8H, H24, J = 7.6 Hz), 2.63 (t, 8H, H23, J = 7.7 Hz), 2.31-2.22 (m, 28H, H1), 2.11-1.98 (m, 4H,
H6), 1.51-1.39 (m, 4H, H7), 1.30-1.14 (m, 56H, H8-H21), 0.97-0.81 (m, 6H, H22)
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Intens. +M5, 2.1-2.4min #128-145
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Figure S4. HR-ESI-MS of MansDSDap

HR-ESI-MS for Cis3H267N330s1 m/z [M+3H]3* calcd.: 1128.6513, found 1128.6516
mass error 0.265804 ppm

13



Glycooligomer MansDODap
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Figure S5. 'H-NMR (600 MHz, DMSO-ds, ambient temperature) of MansDODap.

1H-NMR (600 MHz, DMSO-ds): & [ppm] = 8.01-7.94 (m, 4H, -NHC(O)-), 7.91-7.82 (m, 9H, -
NHC(0)-), 7.80-7.77 (m, 4H, H25), 7.76-7.68 (m, 1H, -NHC(0)-), 7.27 (s, 1H, -NHC(O)-), 6.72 (s,
1H, -NHC(0)-), 5.37-5.27 (m, 4H, H13, H14) 4.76-4.69 (m, 8H, H26), 4.62-4.40 (m, 20H, H28, -
OH), 4.29 (q, 1H, H4, J = 7.99 Hz), 3.95-3.86 (m, 4H, H27), 3.80-3.71 (m, 4H, H27'), 3.64-3.05
(m, 94H, H2, H3, H5, H29-33), 2.83 (t, 8H, H24, ] = 7.5 Hz), 2.63 (t, 8H, H23, J = 7.7 Hz), 2.32-
2.22 (m, 28H, H1), 2.10-1.91 (m, 12H, H6, H12, H15), 1.51-1.41 (m, 4H, H7), 1.35-1.15 (m, 40H,
H8-11, H16-21), 0.88-0.80 (m, 6H, H22)
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Figure S6. HR-ESI-MS of MansDODap

HR-ESI-MS for Cis3H263N33051 m/z [M+3H]3* caled.: 1127.3079, found 1127.3060

mass error -1.685431 ppm
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Glycooligomer Gal;DSDap
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Figure S7. 'H-NMR (600 MHz, DMSO-ds, ambient temperature) of GalsDSDap.

1H-NMR (600 MHz, DMSO-ds): & [ppm] = 8.01-7.90 (m, 4H, -NHC(O)-), 7.93-7.81 (m, 13H, -
NHC(O)-, H25), 7.79-7.76 (s, 1H, -NHC(O)-), 7.75-7.68 (m, 1H, -NHC(0)-), 7.27 (s, 1H, -NHC(0)-
), 6.72 (s, 1H, -NHC(O)-), 5.03-4.92 (m, 4H, H26), 4.85-4.26 (m, 21H, H4, H26', -OH), 4.15 (d,
4H, H28, J = 7.3 Hz), 4.08-4.01 (m, 4H, H27), 3.87-3.80 (m, 4H, H27'), 3.77-3.09 (m, 94H, H2,
H3, H5, H29-33), 2.82 (t, 8H, H24, ) = 7.7 Hz), 2.63 (t, 8H, H23, J = 7.6 Hz), 2.31-2.22 (m, 28H,
H1), 2.11-1.99 (m, 4H, H6), 1.50-1.38 (m, 4H, H7), 1.31-1.15 (m, 56H, H8-H21), 0.97-0.81 (m,
6H, H22)
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Figure S8. HR-ESI-MS of GalsDSDap

HR-ESI-MS for Cis3H267N33051 m/z [M+3H]3* calcd.: 1128.6513, found 1128.6499

mass error -1.240419 ppm
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Figure S9. 'H-NMR (600 MHz, DMSO-ds, ambient temperature) of GalsDODap.

1H-NMR (600 MHz, DMSO-de): & [ppm] = 8.08-7.65 (m, 19H, -NHC(O)-, H25), 7.27 (s, 1H, -
NHC(0)-), 6.72 (s, 1H, -NHC(0)-), 5.37-5.26 (m, 4H, H13, H14), 5.03-4.91 (m, 4H, H26), 4.81-
4.26 (m, 21H, H4, H26', -OH), 4.15 (d, 4H, H28, J = 7.3 Hz), 4.09-4.01 (m, 4H, H27), 3.87-3.80
(m, 4H, H27'), 3.77-3.05 (m, 94H, H2, H3, H5, H29-33), 2.82 (t, 8H, H24, ) = 7.1 Hz), 2.63 (t, 8H,
H23, J = 4.6 Hz), 2.33-2.20 (m, 28H, H1), 2.11-1.92 (m, 12H, H6, H12, H15), 1.50-1.41 (m, 4H,
H7), 1.34-1.13 (m, 40H, H8-11, H16-21), 1.00-0.81 (m, 6H, H22)
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Figure $10. HR-ESI-MS of Gals.DODap

HR-ESI-MS for Cis3H263N33051 m/z [M+3H]3* caled.: 1127.3079, found 1127.3060

mass error -1.685431 ppm
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Microscopy Images and Additional Data
16:0 Liss Rho PE

AF647

16:0 Liss Rho PE AF647

Figure S11. Exemplary images of phase
separating GUVs containing 0.5 mol% of
the Ld-domain marker 16:0 Liss Rho PE and
1 mol% MansDSDap after incubation with
2000 nM  ConA-AF647. The lectin
fluorescence colocalizes with the Lo
domain of the vesicles. Scale bar: 10 um.

20

Figure S12. Exemplary images of phase
separating GUVs containing 0.5 mol% of
the Ld-domain marker 16:0 Liss Rho PE and
4 mol% MansDODap after incubation with
200 nM  ConA-AF647. The lectin
fluorescence colocalizes with the Ld
domain of the vesicles. Scale bar: 10 um.



FITC

16:0 Liss Rho PE

Figure S13. Exemplary images of phase
separating GUVs containing 0.5 mol% of
the Ld-domain marker 16:0 Liss Rho PE and
1 mol% GalsDSDap after incubation with
200 nM RCA-FITC. The lectin fluorescence
colocalizes with the Lo domain of the
vesicles. Scale bar: 10 um.
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16:0 Liss Rho PE

FITC

Figure S14. Exemplary images of phase
separating GUVs containing 0.5 mol% of
the Ld-domain marker 16:0 Liss Rho PE and
1 mol% GalsDODap after incubation with
200 nM RCA-FITC. The lectin fluorescence
colocalizes with the Ld domain of the
vesicles. Scale bar: 10 pm.



A) 16:0 Liss Rho PE FITC B) 16:0 Liss Rho PE AF647

C) 16:0 Liss Rho PE FITC AF647

Figure S15. Exemplary images of phase separating GUVs containing 0.5 mol% of the Ld-domain
marker 16:0 Liss Rho PE, 1 mol% of MansDSDap and 4 mol% GalsDODap. A): Vesicles incubated
with 200 nM RCA-FITC; the lectin fluorescence colocalizes with the Ld domain of the vesicles.
B): Vesicles incubated with 200 nM ConA-AF647; the lectin fluorescence colocalizes with the
Lo domain of the vesicles. C): Vesicles incubated simultaneously with 200 nM ConA-AF647 and
200 nM RCA-FITC; lectin fluorescence is homogenously distributed along the membrane in
either channel, putatively due to unspecific interactions between ConA and RCA. Scale bars:
10 um.
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16:0 Liss Rho PE AF647 merge

Figure S16. Confocal images of phase
separating GUVs containing 0.1 mol% of
the Ld-domain marker 16:0 Liss Rho PE
(left), 4 mol% MansDODap, 0.5 mol%
MansDSDap and 0.5 mol% GalsDSDap after
incubation with 200 nM ConA-AF647
(middle). Lectin fluorescence is distributed
homogenously across the whole vesicle
membrane, Man-ligands
distributed in the Lo as well as in the Ld
domains. Scale bar: 10 um.

since are
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FITC 16:0 Liss Rho PE

merge

Figure S17. Confocal images of phase
separating GUVs containing 0.1 mol% of
the Ld-domain marker 16:0 Liss Rho PE
(middle), 4 mol% MansDODap, 0.5 mol%
MansDSDap and 0.5 mol% GalsDSDap after
incubation with 200 nM RCA-FITC (left).
Lectin fluorescence colocalized with the Lo
phases of the vesicles, since Gal-ligands are
located only in the Lo domains. Scale bar:
10 pm.



16:0 Liss Rho PE AF647 merge

Figure S18. Confocal images of phase separating GUVs containing 0.5 mol% of the Ld-domain
marker 16:0 Liss Rho PE and 1 mol% MansDSDap after incubation with 200 nM ConA-AF647.
Scale bar: 10 um.
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16:0 Liss Rho PE AF647 merge

Figure S19. Confocal images of phase separating GUVs containing 0.5 mol% of the Ld-domain
marker 16:0 Liss Rho PE and 1 mol% MansDODap after incubation with 200 nM ConA-AF647.
Scale bars: 20 um.
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16:0 Liss Rho PE

AF647

Figure S20. Confocal images of phase
separating GUVs containing 0.1 mol% of
the Ld-domain marker 16:0 Liss Rho PE
(left) and 1 mol% MansDSDap after
incubation with 200 nM ConA-AF647
without added inhibitor. Scale bar: 10 um.
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16:0 Liss Rho PE

AFe647

Figure S21. Confocal images of phase
separating GUVs containing 0.1 mol% of
the Ld-domain marker 16:0 Liss Rho PE
(left) and 1 mol% MansDSDap after
incubation with 200 nM ConA-AF647 with
0.5 mM MeMan inhibitor. Scale bar:
10 um. Brightness adjusted for better
visibility.



16:0 Liss Rho PE

AF647

Figure S22. Confocal images of phase
separating GUVs containing 0.1 mol% of
the Ld-domain marker 16:0 Liss Rho PE
(left) and 1 mol% MansDSDap after
incubation with 200 nM ConA-AF647 with
1 mM MeMan inhibitor. Scale bar: 10 um.
Brightness adjusted for better visibility.

27

16:0 Liss Rho PE

AF647

Figure S23. Confocal images of phase
separating GUVs containing 0.1 mol% of
the Ld-domain marker 16:0 Liss Rho PE
(left) and 1 mol% MansDSDap after
incubation with 200 nM ConA-AF647 with
3 mM MeMan inhibitor. Scale bar: 10 um.
Contrast adjusted for better visibility.



16:0 Liss Rho PE AF647

16:0 Liss Rho PE

AF647

Figure S24. Confocal images of phase
separating GUVs containing 0.1 mol% of
the Ld-domain marker 16:0 Liss Rho PE
(left) and 1 mol% MansDSDap after
incubation with 200 nM ConA-AF647 with
4 mM MeMan inhibitor. Scale bar: 10 um.
Brightness adjusted for better visibility.
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Figure S25. Confocal images of phase
separating GUVs containing 0.1 mol% of
the Ld-domain marker 16:0 Liss Rho PE
(left) and 1 mol% MansDSDap after
incubation with 200 nM ConA-AF647 with
5 mM MeMan inhibitor. Scale bar: 10 um.
Contrast adjusted for better visibility.
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Figure S26. Normalized mean radial relative fluorescence intensity values averaged over the
respective membrane domain angle of phase separating GUVs containing 1 mol% Man4DSDap
ligand after incubation with 200 nM ConA-AF647 against various concentrations of MeMan as
inhibitor. Data are presented as mean + SEM for n = 10 experimental replicates and were
evaluated using one-way ANOVA followed by Bonferroni correction (****: p < 0.001; ***: p <
0.005; ns: not significant). Ligand association with the Lo phase of the GUVs requires 5 mM
MeMan to completely inhibit lectin binding.
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16:0 Liss Rho PE AF647

16:0 Liss Rho PE

AF647

Figure S27. Confocal images of phase
separating GUVs containing 0.1 mol% of
the Ld-domain marker 16:0 Liss Rho PE
(left) and 1 mol% MansDODap after
incubation with 200 nM ConA-AF647
without added inhibitor. Scale bar: 10 um.
Brightness adjusted for better visibility.
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Figure S28. Confocal images of phase
separating GUVs containing 0.1 mol% of
the Ld-domain marker 16:0 Liss Rho PE
(left) and 1 mol% MansDODap after
incubation with 200 nM ConA-AF647 with
0.5 mM MeMan inhibitor. Scale bar:
10 um. Brightness adjusted for better
visibility.



16:0 Liss Rho PE AF647

16:0 Liss Rho PE

AF647

Figure S29. Confocal images of phase
separating GUVs containing 0.1 mol% of
the Ld-domain marker 16:0 Liss Rho PE
(left) and 1 mol% MansDODap after
incubation with 200 nM ConA-AF647 with
1 mM MeMan inhibitor. Scale bar: 10 um.
Brightness adjusted for better visibility.
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Figure S$30. Confocal images of phase
separating GUVs containing 0.1 mol% of
the Ld-domain marker 16:0 Liss Rho PE
(left) and 1 mol% MansDODap after
incubation with 200 nM ConA-AF647 with
3 mM MeMan inhibitor. Scale bar: 10 um.
Contrast adjusted for better visibility.



AF647

16:0 Liss Rho PE

16:0 Liss Rho PE AF647

Figure S31. Confocal images of phase
separating GUVs containing 0.1 mol% of
the Ld-domain marker 16:0 Liss Rho PE
(left) and 1 mol% MansDODap after
incubation with 200 nM ConA-AF647 with
4 mM MeMan inhibitor. Scale bar: 10 um.
Contrast adjusted for better visibility.
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Figure S32. Confocal images of phase
separating GUVs containing 0.1 mol% of
the Ld-domain marker 16:0 Liss Rho PE
(left) and 1 mol% MansDODap after
incubation with 200 nM ConA-AF647 with
5 mM MeMan inhibitor. Scale bar: 10 um.
Contrast adjusted for better visibility.
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Figure S33. Normalized mean radial relative fluorescence intensity values averaged over the
respective membrane domain angle of phase separating GUVs containing 1 mol% MansDODap
ligand after incubation with 200 nM ConA-AF647 against various concentrations of MeMan as
inhibitor. Data are presented as mean + SEM for n = 10 experimental replicates and were
evaluated using one-way ANOVA followed by Bonferroni correction (****: p < 0.001; ***: p <
0.005; ns: not significant). Ligand association with the Ld phase of the GUVs requires 3 mM
MeMan to completely inhibit lectin binding.
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3.3 Synthesis of Membrane-Tethering sGAG Mimetics and First Studies on Virus-
Membrane-Interactions

Many viruses exploit sulfated GAGs (sGAGs) on cell surfaces to bind to and infect their target

CE”S 187-189

sGAGs act as their first point of contact and facilitate virus binding through unspecific ionic
interactions with viral proteins. This binding is often the first step in the infection process that allows
viruses to enter cells.”® sGAGs are difficult to access and study due to their structural complexity and
variability, making them difficult to analyze and understand their interactions with viruses.19%!
Nevertheless, it is of great interest to study these interactions on cell membranes, as this may lead to
new insights into the mechanisms of viral infection and potentially to the development of new antiviral

therapies. The study of virus-sGAG interactions could thus enable decisive advances in virology and

infection biology.

Based on the established synthetic procedures to derive lipid-functionalized precision
glycomacromolecules and their introduction into GUVs as model membrane systems (chapter 3.1 and
3.2), these protocols shall now be further developed to access highly defined mimetics of natural
sulfated GAGs to develop a convenient platform that enables a systematic study of virus-membrane

interactions.

Of note, the rational design, synthesis and characterization of the short sSGAG mimetics was jointly
executed with M. Hoffmann. The rational design and synthesis of the long sGAG mimetics was
executed in collaboration with L. Bonda (own contribution: synthesis and characterization of the

macroinitiators).

In brief, a total of eight short and long sGAG mimetics was synthesized. All of the derived structures
display a set of key functionalities, i.e. a glyco-head group, a membrane anchor and a fluorescent dye
(Rhodamine B) for probing via fluorescence microscopy. The short sGAG mimetics thereby display five
glyco-moieties, while for the longer sGAG mimetics 70 glyco-moieties in their headgroup were

targeted. The target structures are summarized in Figure 11.

Class A sGAG mimetics display a cholesteryl moiety as membrane anchor, as well as a Rhodamine B
fluorophore. In class B, the membrane anchor was switched for a bisalkyl moiety, to analyze the effect
of the different lipid moiety on membrane incorporation and mobility. In class C, the employment of
Rhodamine B was omitted, to study the potential contribution of the dye on membrane and virus
interaction. In class D, the employment of the N-terminal lipid moiety was omitted, to derive structures

that serve as potential viral inhibitors in later assays.
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Of note, even though Man is not abundant in natural sGAGs, previous studies by Soria et al. have

shown that sulfated Man-glycopolymers serve as suitable viral inhibitors in cellular assays, hence Man

was employed as glyco-motive in all structures.®°
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Figure 11. Overview of the synthesized long and short sGAG mimetics.
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3.3.1 Synthesis of Short sGAG Mimetics

For the establishment of a synthetic route to derive sequence-defined and sulfated glycan
mimetics, SPPoS was employed. As was written in chapter 1.3.1, the type of linker chosen to attach
the backbone to the carrier resin dictates the cleavage conditions of the solid phase derived structure.
Sulfation of hydroxyl-moieties on the solid phase has earlier been reported to not withstand the harsh
cleavage conditions of the rink amide linker (95% TFA), which results in the cleavage of sulfate
moieties.’®> To prevent this, the commercially available Fmoc-Photolinker was employed on a
TentaGel® S NH; resin. The photolinker is completely orthogonal to the reaction conditions employed
to assemble the glycooligomer on the backbone and is cleaved via irradiation with 360 nm. In the
doctoral thesis by M. Hoffman, an optimized protocol was established, to generate sequence defined
and sulfated glycooligomers, hence the figured conditions were transferred to the synthesis of this

next generation of membrane anchoring sGAG mimetics.1931%

For all structures the same backbone was employed and later further functionalized. The sequence
[EDS]-[TDS]5-[EDS]-[Lys(Boc)]-[EDS]-Fmoc was assembled on the resin, employing previously

established coupling protocols. The exemplary synthesis of shortA is schematically shown in Figure 12.

After assembly of the backbone, the alkyne moieties were functionalized with azidoethyl

functionalized peracetylated mannose via CUAAC. Subsequently, the batch was splitted into four.

For shortA, the N-terminus was subsequently deprotected and functionalized with 4-pentynoic acid,
before introducing the cholesteryl moiety via CUAAC employing 3-B-azidocholesterol. Then, the Lys
side chain was Boc-deprotected via treatment with 4M HCl in dioxane, before the Rhodamine dye was
conjugated to the free amine. For shorB, the N-terminus was deprotected and conjugated with Fmoc-
Dap(Fmoc)-OH. After again deprotecting the Fmoc-protected terminal amines, myristic acid was
conjugated to the backbone. Myristic acid, a saturated Cis-fatty acid was chosen, because previous
studies by et al have demonstrated, that a Cis-alkyl moiety is best suited to incorporate glycan mimetics
into phospholipid membranes and to ensure a stable insertion with low partitioning coefficients.’®
After N-terminal acylation, the Lys side chain was again deprotected and Rhodamine B was conjugated
to the backbone. For sortC, the synthesis proceeded analogous to the synthesis of shortA, omitting
conjugation of the Rhodamine B but therefore acetylating the Lys-side chain with acetic anhydride. For

shortD, after glycosylation via CuAAC, the N-terminus was Fmoc-deprotected and subsequently

acetylated, before deprotecting the Lys side chain and conjugating the Rhodamine B dye.

159



\
: NO, 1
' functionalization with — NHFmoc 7 c :
: . Fmoc-photolinker 4 l‘-—NH [o] = 4 :'-—NHanl: !
> —_— = : e i
| gl .
I o |
' y c
B, S-S IIIIIIIIIIIIIIIIIIIII: e e s
’ backbone assembly | | | | | | | | | | & :
|
NHBoc 1 0,
I NHFiita : D ( ( —NHFmoc i N~y
b TDS

AcO, AcO, AcO. AcO. AcO. o

i
NHBoc I @e i
lycosylation via CUAAC o T — L T
By A Y [ e d)(:;—-NHFmon i NSO g
: = T EDS

AcO. g 1
.. 1
\.—"3 AcO._AcO. AcO._AcO. AcO I

1 1 o
o NHBoc 1 : H Lys
glycosylation via CUAAC : h " ) W - L3
— . » ) -
. oA m OO e 1O LN

AcO "
\._N’ AcO._ AcO._AcO._ AcO._ AcO. 1!

1 "
1.) piperidine/ DMF NHB o " ()
2) pentynoic acid/ PyBOP/ o “L . ::“u\/\ﬁ\ 1
v Pee OO0 R
3 \ S HHA

o B o i B i

1

1

A . - | :

3.) cholesterylation via CUAAC -~ A B :
S, N M,

B AcO._ AcO. AcO. AcO. AcO :: () cholesteryl !

o g |

N \ [

: ; b pga — — S\ 1! \| ( I

i i { / SE HOA o il s AN 0. =N~ |

oy v .- -0 i~ _ :

1.) 4M HCU/ 1.4 dioxane E: = il cl [

1

2.) Rhodamine B/ PyBOP/ DIPEA il

i!
|l
1.) Zemplén deacetylation il S i! N
2.) SO, NMe, DMF, 70°C ¢ - =) @< > - :: Rhodamine B
X L - \ N |

=

I

I

I

1]

I

o i !

! N L

| @S =

Hi Man "LN [

1! !

R P = 1! Nao,sO - "O\) .

cleavage (hv) and isolation - G ¢ ) 4 ¥ 1: . L
\ — M ™ L

{0 1] maoso T Nscl,Na !

\ ‘8, Na L

Figure 12. A: Conjugation of the commercially available Fmoc-Photolinker to a TentaGel NH: resin. B: Schematic
presentation of the solid phase polymer synthesis of short sGAG mimetics. C: Library of employed building blocks.

After assembly of the glycooligomers on the backbone, the Man-moieties were deacetylated
employing Zemplén conditions (0.2 M NaOMe in MeOH). On-resin sulfation of the carbohydrate
moieties was conducted according to the optimized conditions explored by M. Hoffmann.13%* |n brief,
the resin-bound glycooligomers were treated with 50 eq SO3-NMe3 per hydroxyl group in DMF at 70°C
for 16h. Subsequently, the solution was discarded and the reaction was quenched with a 10% solution
of NaOAc in water. The resin was washed several times with this solution, with water and DMF to
remove any excess reagent. Afterwards, the target structures were cleaved off the resin via irradiation
with 365 nm. The cleaved structures were purified via diafiltration and characterized via H-NMR,
elemental analysis, RP-HPLC-MS and HR-ESI-MS. Key characteristics of the short target structures are

summarized in Table 1.
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Table 1: Overwiev of the molecular weights and the determined degrees of sulfation for the short sGAG
mimetics.

sample M. [g/mol]® DS [%]°
shor'cAS 636677 98
shortBS 638182 99
shortC® 5983.25 94
shortD® 5917.04 94

9assuming a DS of 100%, bdetermined via elemental analysis

Sulfation of the glycan mimetics was confirmed via 'H-NMR spectroscopy. Sulfation of the
pyranose hydroxyl moieties induces a downfield shift of the pyranose protons, which is caused by the

deductive effect of the sulfate moieties (Figure 13).
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Figure 13. Stacked proton NMR spectra of snortA°™ (unsulfated) and shortAS (sulfated) (600 MHz, D20, ambient
temperature). Sulfation of the hydroxyl moieties results in a downfield shift of the pyranose protons (highlighted
in dashed boxes). For the fully analyzed spectrum see Experimental Section.

As a negative control, shortA and snortB Were also prepared without sulfation of the glyco-
moieties, termed as shortA°" and snonBO", purified via diafiltration and characterized via *H-NMR and HR-

ESI-MS (see Experimental Section).

161



3.3.2 Synthesis of Long sGAG Mimetics

To derive the longer derivatives of the scheduled target structures, the macroinitiator

approach that was proposed in chapter 3.1 was employed.

First, the macroinitiator backbone was assembled on the TentaGel S RAM resin ([EDS]-[Cys(Trt)]-[EDS]-
[Lys(Dde)]-[EDS]-Fmoc)(Figure 14A). Of note, the TDS moieties were substituted for a trityl protected
Cys-moiety serving as later grafting point for TIRP and the Boc-protected Lys was switched for a the
respective Dde-protected derivative to ensure orthogonality between the Cys- and the Lys-protecting
group. After assembly of the backbone, the batch was again split in four. The further functionalization
occurred analogous to the synthesis of the short glycooligomers with the exception that the Lys-side
chain was now deprotected via treatment with 2% hydrazine hydrate in DMF to remove the Dde

protecting group.

After assembly of the four macroinitiators, they were cleaved off the resin employing 95% TFA/ 2.5 %
TIPS/ 2.5 % DCM and precipitated twice in 25% diethyl ether in hexanes. The derived macroinitiators
were dried and characterized via *H-NMR, HR-ESI-MS and RP-HPLC-MS (see Experimental Section).

Of note, the preparation of the polymers via the macroinitiators, as well as the subsequent sulfation
and characterization, was carried out by Lérand Bonda. To obtain the glycopolymers, the
macroinitiators were polymerized via TIRP employing peracetylated Man-hydroxyethylacrylamide
monomers (Figure 14B). After finishing the polymerization, the solution was poured into 0.2 M NaOMe
in MeOH for Zemplén deacetylation. Hereafter, the polymers were precipitated in diethyl ether and
dried. After purification via diafiltration, the polymers were characterized via *H-NMR and SEC. Key
characteristics of the polymers are summarized in Table 2.

Table 2. Overwiev of the molecular weights, degrees of polymerization, dispersities and the determined
degrees of sulfation for the long sGAG mimetics

Degree of
sample Mn [kDa]° Pn® p’
Sulfation [%]*
longA® 54.0 76 1.4 99
longB® 56.0 79 1.1 87
longC® 53.0 75 1.1 97
longD® 49.0 70 1.3 97

number average molar mass assuming 100% sulfation, determined via H,O-SEC-MALS, cdetermined via elemental analysis
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Figure 14. A: Schematic presentation of the solid phase polymer synthesis of functional macroinitiators. B:
Schematic presentation of the synthesis of long SGAG mimetics employing TIRP. C: Library of employed building
blocks.

In the next step, the polymers were sulfated as described above. Briefly, the polymers were
dissolved in a mixture of 50 eq SO3:NMe3 per hydroxyl group in DMF and reacted at 70°C for 16h.
Afterwards, the reaction mixture was quenched with a 10% solution of NaOAc in water. The solvent
was evaporated and the remaining mixture of sulfated polymers and salt was again purified via

diafiltration.

The sulfated polymers were characterized via *H-NMR and elemental analysis. Again, sulfation of the
mannosylated polymers was confirmed by the downfield shift of the pyranose protons via *H-NMR

(see Figure 15).
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Figure 15. Stacked proton NMR spectra of 1ongA°" (unsulfated) and iongA°® (sulfated) (600 MHz, DO, ambient
temperature). Sulfation of the hydroxyl moieties results in a downfield shift of the pyranose protons (highlighted
in dashed boxes). For the fully analyzed spectrum see Experimental Section.

3.3.3 First studies on Virus-Membrane Interactions

To assess the applicability of the synthesized sGAG mimetics to study virus-membrane
interactions, first experiments were performed in cooperation with Dr. R. Groza, K. Schmidt, and Prof.
Dr. H. Ewers.! Therefore, the cholesteryl-functionalized, sulfated glycopolymer iongA° was introduced
into GUVs as simple glycocalyx mimetics and cells by means of de novo glycocalyx engineering. As viral
equivalents, virus like particles derived from three different viruses (simian virus 40 (SV40), merkel cell
polyomavirus (MCPyV) and human papillomavirus type 16 (HPV16)) were employed, each

functionalized with AF647 as fluorescent probe for fluorescence microscopy.

SV40 and MCPyV are both polyomaviruses, a class of small, non-enveloped DNA viruses. Specifically

MCPyV is highly associated with cancer, predominantly merkel cell carcinoma (MCC), an aggressive
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type of skin cancer.™ While SV40 is known to infect cells through specifically binding sialylated

1 Freie Universitdt Berlin, Department for Chemistry and Biochemistry; own contribution: collaborative
development of a protocol to formulate GUVs with incorporated sGAG mimetics, first studies on the interaction
of VLPs with sGAG-decorated GUVs via fluorescence microscopy
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gangliosides,*®% MCPyV requires an initial binding to sGAGs present on the cell surface before

progressing to a ganglioside receptor and initiating infection.%®

HPV16 is a small, non-enveloped DNA virus that is highly associated with several cancers, most
predominantly cervical cancer.’®® It has been shown to initially bind to heparin sulfate proteoglycans
(HSPGs) on epithelial cells, which mediates its progression to the cell surface and the initiation of

infection.?°

To construct the glycocalyx mimetics with the polymeric GAG mimetic, GUVs were prepared from
DOPC (97%), Bodipy-FL-C12-HPC (1%, as membrane dye) and 2% of 1ongA° via electroformation. The
assembled GUVs were then incubated with HPV16 or MCPyV VLPs, respectively. As was evidenced by
the colocalizing fluorescence of Rhodamine B, conjugated to the sGAG mimetic, and VLP-AF647, both

VLPs bind to the sGAG mimetic decorated surfaces (Figure 16).

Rhodamine B AF647 merge

Figure 16. AF647-labelled VLPs HPV16 (A) and MCPyV (B) bind to GUVs decorated with the sulfated GAG
mimetic 1ongAS. Scale bars: 10 microns.

After performing the first binding studies on GUVs, next GM95 cells were incubated with the
ongA®  glycopolymer. GM95 is a cancerous cell line derived from mice with no ceramide
glucosyltransferase activity.?? The glucosylation of ceramide is an essential first step in the
biosynthesis of glycolipids and consequently, enzymatic inactivity leads to a deficiency of native
glycolipids, such as the GT1b trisialoganglioside, which are required for MCPyV and SV40 to initiate

infection of a host cell.?%?

The cultured cells were treated with the sGAG mimetic in serum-free medium for 16 hours before

washing with PBS and incubating on ice to hold up active endocytosis. Then, the cells were incubated
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with VLPs of MCPyV and SV40 for 20 minutes, before washing with PBS. As a control, GM95 cells that

were not treated with the sGAG mimetic were also incubated with the VLPs (Figure 17).

Evidenced by the colocalizing fluorescence of the Rhodamine B labelled sGAG mimetic, the polymers
incorporated well into the cell membrane of the GM95 cells. As was demonstrated before in the GUV
experiments, MCPyV-VLPs strongly bind to the sGAG mimetic-decorated cell surfaces. By comparing
the mean fluorescence intensities of the GAG mimetic-decorated cells and non-functionalized cells, it
is shown that the binding of MCPyV is increased through the employed sGAG mimetic (see Figure 58,

Appendix).

As was expected, SV40-VLPs did not adhere significantly to the cells. As was stated above, SV40
requires the GT1b-ganglioside to bind to the cell surface and does not interact with sGAGs-
functionalized proteoglycans on the cell surface.?®® Incubation with the SV40-VLPs rules out unspecific

binding and serves as a negative control.

The presented sGAG mimetics offer the potential to study viral interactions with sGAGs on native
cellular membranes. To further refine the set-up, deglycosylation of the native cell membrane (i.e.
sequestering native sGAGs from the cell surface) should yield more insights into the interaction, since

VLP binding can then be specifically deduced to the presence of the sGAG mimetics.

Rhodamine B AF647 merge

Figure 17. GM95 cells were incubated with the sulfated GAG mimetic iongAS. While MCPyV-VLPs strongly
accumulate on the cells (A)), SV40-VLPs show no interaction with the cell surface (B)).

In summary, the synthetic toolbox, that was already introduced in chapters 3.1 and 3.2 to
derive high precision, lipidated glycan mimetics has been extended to access now also highly sulfated
derivatives to serve as mimetics of naturally occurring sGAGs. The presented first set of experiments
demonstrates the applicability and feasibility of sulfated GAG mimetics to study viral interactions on

glycocalyx mimetics and cellular glycocalyces by means of de novo glycocalyx engineering. For further
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studies a rational design of the set-up, employing the short and long GAG mimetics, bears the potential
to examine the fundamental mechanisms that are associated with viral adhesion on eukaryotic
membranes. Systematic variations in ligand valency and density, as well as ligand mobility in the
membrane could shed light on the prerequisites that need to be met in order for viruses to initially

attach to a cell surface, before eventually infecting the host cell.
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ABSTRACT

The glycocalyx, a dense layer of glycoproteins and glycolipids on eukaryotic cells, is
crucial for cellular functions, such as communication, signaling, and pathogen interactions.
Certain components are spontaneously organized into lipid rafts - membrane microdomains
that enhance glycan-lectin interactions by clustering membrane glycoproteins and -lipids.
However, studying these dynamic systems in native membranes is challenging due to their
immense heterogeneity. To address this, synthetic glycocalyx mimetics have emerged as

valuable tools for replicating these complex interactions.

In this study, we aim to refine these mimetic systems by using diacetylene-containing ligands
that polymerize upon irradiation to form stable glycan clusters, mimicking the dynamic
clustering of glycans in lipid rafts. We synthesized a novel type of cholesteryl-tethered glycan
mimetics, now featuring a polymerizable diacetylene belt. These ligands self-assemble in
aqueous environments and can be incorporated into giant unilamellar vesicles (GUVs). Upon
irradiation, the diacetylene units polymerize, forming fluorescent polydiacetylene clusters

that replicate receptor-mediated glycan clustering in cell membranes.

This approach allows for precise control over glycan cluster formation, enabling the study of
multivalent glycan-lectin interactions in membrane microdomains. By minimizing nonspecific
crosslinking and enhancing the stability of glycan clusters, this system provides a more
accurate platform for studying glycocalyx-mediated cellular processes. This novel method
offers significant potential for advancing our understanding of membrane-associated glycan

interactions and their role in cellular signaling.

Key words: glycocalyx, clustering, polydiacetylenes, GUV, solid phase synthesis



INTRODUCTION

Eukaryotic cells are covered by a dense layer of glycoproteins and glycolipids, which is
commonly referred to as the glycocalyx and is involved in a myriad of biological processes
such as cellular communication, signaling and pathogen infection. *> Membrane-associated
glycans and proteins are organized hierarchically into local microdomains, termed lipid rafts,
which cluster membrane proteins and glycoproteins to enhance functional interactions and
help cells adapt to changing environments. ** In fact, this glycoside cluster effect increases
the affinity and selectivity of glycan-lectin interactions and can amplify signaling pathways by
bringing together receptors and their ligands. >®* Furthermore, the spatial arrangement of
glycans can create zones that exclude certain molecules, thereby directing cellular behavior

and responses. "®

Due to the heterogenous and dynamic nature of native glycocalyces, glycocalyx mimetics
have emerged as a valuable tool to recreate simple cell membrane models. **° To fully
mimic the complexity of biological membranes, it's essential to enhance these synthetic
systems by adjusting composition, dynamics, and local carbohydrate heterogeneities. We
recently introduced phase-separating glycocalyx mimetics that replicate lipid raft formation
in native cells. Employing solid phase polymer synthesis (SPPoS), we created lipid-tethered
glycan mimetics, which localize liquid disordered (Ld) or highly ordered (Lo) membrane
domains in GUVs, depending on their respective lipid tether. We observed that lectin binding
to ligands in Lo vesicle domains significantly increased compared to Ld domains,
emphasizing the role of lipid rafts in enhancing multivalent lectin-glycan interactions. While
this method gives rise to a convenient platform to study raft-associated processes, these
model raft domains are microns in size, whereas native lipid rafts are much smaller, ranging
from nanodomains (5-20 nm) to larger aggregates (200 nm) and form spontaneously in

response to stimuli like receptor activation. '

Thus, a covalent fixation of receptor-
mediated glycan clusters may further refine glycocalyx mimetics to better reflect dynamic

responses and local microheterogeneity.

Photo crosslinkers, such as diazirines, aryl azides, and benzophenone-derivatives, are

increasingly being employed in the study of glycan clusters and in identifying binding
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interactions in native glycocalyces. Yarravarapu et al., for instance, enzymatically

functionalized cell-surface glycans with diazirine-modified sialic acid to enable the photo



® However, photo crosslinkers form covalent bonds with

crosslinking of glycoproteins. *
adjacent molecules upon UV irradiation, hence nonspecific crosslinking may obscure the
specific binding events of interest. '’ Also, they can mask core glycan structures, hindering

selective lectin recognition and complicating glycan interaction analysis. '**°

Earlier, Morigaki et al., employed a diacetylene-containing phospholipid (1,2-bis(10,12-
tricosadiynoyl)-sn-glycero-3-phosphocholine, DiynePC) to generate covalently fixed lipid
patterns on supported lipid bilayers. * The diacetylene moiety is a conjugated 1.3-diyne
that can polymerize upon irradiation with UV light (254 nm) under suitable conditions to
give polydiacetylenes exhibiting alternating double and triple bonds, concomitant with an
intense coloration due to the extended m-system. 2*?* This trigger-responsive chromism of
polydiacetylene makes it ideal as a colorimetric probe, with many studies using head-group
modified diacetylenes as colorimetric sensors for specific metal ions or biomolecules. 2
The polymerization of the diacetylene moieties requires a certain spatial arrangement of the
monomers to one another and is therefore termed as a topochemical polymerization. %%
Secondary interactions, such as hydrophobic interactions, hydrogen bonding or m-stacking
can muchly facilitate the appropriate alignment of the diacetylene monomers. *7°
Additionally, diacetylenes preferably react with adjacent diacetylenes under optimal packing

conditions, hence minimizing unspecific crosslinking with adjacent entities. **

i
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receptor-mediated ligand clustering
and photo-induced cluster curing

TOC. Diacetylene-functionalized glycan-mimetics cluster upon receptor binding. Irradiation of the
cluster covalently crosslinks the ligands, imprinting the receptor-mediated glycan-cluster into the

membrane.

To generate the patterned lipid membranes, Morigaki et al. prepared supported lipid

bilayers of DiynePC via the Langmuir-Blodgett/ Langmuir-Schafer technique and



subsequently polymerized the aligned diacetylene monomers, employing a mask, via UV-
irradiation. After removal of the non-polymerized lipids followed by filling the gaps between
polymerized regions with native phospholipids, they obtained patterned phospholipid
bilayers featuring immobilized polydiacetylene areas interspersed with fluid phospholipid

regions. *

In this study, we want to employ the methodology proposed by Morigaki et al. to create
patterned glycocalyx mimetics, driven by the selective recruitment of glycan-ligands into
clusters by multivalent ligands. Therefore, we derived a solid phase synthesis-compatible
diacetylene moiety and synthesized cholesteryl-tethered glycan mimetics, containing a site-
specific polymerizable diacetylene-belt. These amphiphilic ligands were characterized
regarding their capacity to self-assemble in aqueous solution and polymerize upon
irradiation. Subsequently, we incorporated our ligands into GUVs to create a simplistic
glycocalyx model and incubated the vesicles with a suitable lectin to promote ligand-
receptor-mediated glycan-clustering. Following this, irradiation led to the formation of
fluorescent polydiacetylene-clusters, mimicking the dynamic receptor-mediated clustering of

glycans into lipid rafts in native cellular membranes.



RESULTS AND DISCUSSION
Synthesis of the Polymerizable Building Block Fragments and Establishment of the On-

Resin Cadiot-Chodkiewicz Coupling

One major limitation of commercially available diacetylenes is the requirement for
harsh irradiation conditions to initiate polymerization. Specifically, the diacetylene group
necessitates exposure to 254 nm UV light, which risks damaging biological molecules. 3**
Moreover, the use of readily available diacetylene-containing fatty acids and lipids restricts
the choice of lipid moieties, a factor that significantly influences the physico-chemical

properties of the ligands in phospholipid membranes. **

Zhu et al. recently reported on a diacetylene motif, 4,4'-(buta-1,3-diyne-1,4-diyl)dianiline,
that exhibits a bathochromically shifted absorption profile for polymerization, due to the
adjacent aryl moieties, allowing for telechelic functionalization. ** The diacetylene precursor
was synthesized via Eglinton coupling from p-ethynylaniline and subsequently underwent

asymmetric functionalization.

During the development of a synthetic strategy for a diacetylene-containing building block,
we anticipated several issues that required careful consideration. The use of an aromatic
diamine precursor poses challenges due to the reduced reactivity of the aromatic amine
groups, which could lead to lower vyields and decreased coupling efficiency during
SPPoS. *** Additionally, the diacetylene group’s susceptibility to polymerization in the solid

state further raised concerns about the shelf life of the desired building block.

To address these issues, we decided to divide the target diacetylene containing building
block (termed DADS, DiAcetylene Diamine Succinic acid) into two distinct fragments —
DADS(I) bearing the carboxylic acid, and DADS(Il) bearing an Fmoc-protected aliphatic
amine. The full DADS structure can then be formed on-resin by first coupling DADS(I)
utilizing standard SPPoS coupling protocols, followed by alkyne heterodimerization with
DADS(II). This approach preserves the option for further elongation on the solid phase due
to the terminal Fmoc-protected amine group of DADS(Il). Conventionally, conjugated
diacetylenes are synthesized through Glaser couplings or similar reactions, which work
efficiently for symmetric diacetylenes but produce a mixture of coupling products when

applied to asymmetric ones. ** Therefore, we employed the Cadiot-Chodkiewicz coupling



for selective heterocoupling, which uses a terminal haloalkyne and a terminal alkyne, thus
minimizing homodimerization as the haloalkyne cannot undergo homocoupling. **
Accordingly, DADS(I) will be converted into a haloalkyne to enable efficient coupling with

DADS(I1) via this method on the solid phase.

The synthesis of both fragments originated from commercially available p-ethynylaniline (1).
For DADS(l), the aromatic amine was converted into intermediate (2) with methyl succinyl
chloride and catalytic amounts of 4-dimethylaminopyridine (DMAP). Next, (2) was terminally
brominated with N-bromosuccinimide (NBS) and AgNO3 in acetone to give the respective
haloalkyne (3). Finally, (3) was hydrolyzed under alkaline conditions to give the target
building block fragment DADS(I).
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Figure 1. Schematic procedure for the synthesis of DADS building block fragments.

For the synthesis of DADS(II), (1) was incubated with Fmoc-B-Ala-Cl and catalytic
amounts of DMAP to give the target building block fragment in good yield. The introduction
of the B-alanine introduces an aliphatic and, hence, more nucleophilic N-terminus for a
more efficient elongation. In this manner, both fragments were synthesized in acceptable
yields (DADS(l): 62% over three synthetic steps, DADS(Il): 70%) and characterized via
'H-NMR, C-NMR and RP-HPLC-MS.

To demonstrate the applicability of our building block fragment approach, a test sequence
was prepared utilizing TentaGel S RAM as the solid phase. After sequentially coupling one
ethylene glycol diamine succinyl (EDS) as a hydrophilic spacer and DADS(I) to the resin, a
small fraction was incubated with a mixture containing trifluoroacetic acid (TFA),
dichloromethane (DCM), and the scavenger triisopropyl silane (TIPS) (95:2.5:2.5, v:v:v)

cleaving the oligomer from the resin and enabling RP-HPLC-MS analysis. The analysis



confirmed the desired product EDS-DADS(I) with a relative purity of 52 % and the formation
of an unknown byproduct (see Supporting Information). However, we decided to proceed
with the Cadiot-Chodkiewicz coupling of the DADS fragments on solid support. As this is, to
the best of our knowledge, the first reporting of this reaction on solid phase the reaction
conditions were adopted from established in solution procedures and modified accordingly:
DADS(I1) (3 eq) was dissolved in a mixture of MeOH and DMF (1:1, v:v) and drawn into the
syringe reactor. Meanwhile, 0.1 eq Cul was suspended in DMF and complexed with 0.1 eq
tetramethylethylenediamine (TEMED). The blue solution was also drawn into the syringe
reactor and incubated on an automated shaker for 16h. Afterward, the solution was
discarded, the resin was washed five times with DMF and residual copper was removed
employing sodium diethyl dithiocarbamate with subsequent washing steps including water,
DMF and DCM. RP-HPLC-MS analysis indicated complete conversion to give the fully
assembled DADS construct with a relative purity of 90 %. The other products formed were
identified as the Fmoc-deprotected product (i.e. not a side product per se) and a small
amount of homodimer product (see Supporting Information). However, the absence of a
significant byproduct after DADS(II) conjugation supports our abovementioned assumption
regarding the side reaction observed of the preceding structure terminated with DADS(I)
resulting from either the cleavage process. Subsequent Fmoc-deprotection and further
conjugation with another EDS unit proceeded quantitatively, only giving the target product,

demonstrating the feasibility of our fragment approach.

As our main goal was to synthesize diacetylene-functionalized, lipidated glycan-mimetics, we
had to test the orthogonality of the DADS towards copper(l)-catalyzed alkyne-azide
cycloaddition (CuAAC), a method utilized in our group for the coupling of azido
functionalized sugars to alkynes via SPPoS. Accordingly, the test sequence was subsequently
elongated with 4-pentynoic acid before glycosylation with azido functionalized Man (see
Supporting Information for synthetic procedure). RP-HPLC-MS analysis indicated the
predominant formation of the target product. However, we also observed the formation of a
side product, corresponding to the cleavage of the diacetylene bond and subsequent triazole

formation of the N-terminal alkyne (See Supporting Information).

While this study demonstrates the general applicability of the fragment approach to

incorporate diacetylene moieties in a sequence defined matter into a synthetic scaffold via



SPPoS, it is noteworthy that the diacetylene moiety is not stable under our employed CuAAC
conditions and, consequently, for the synthesis of the desired structures has to be installed

after glycosylation reactions with CuAAC.



Synthesis of Diacetylene-Functionalized, Lipidated Glycan-Mimetics

For the synthesis of the desired lipidated and diacetylene-bearing glycan mimetics,
we employed our established SPPoS protocols. **° The use of tailor-made functional
building blocks allows for an iterative assembly of the scaffold, thereby enabling precise
control over positioning, density and valency of the glycan motifs as well as other functional

handles, such as the diacetylene moiety and the membrane tether.
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Figure 2. A: Schematic SPPoS of ManDAChol. B: Chemical structures of the synthesized ligands
ManDAChol and GalDAChol.

The synthesis of the ligands is depicted in Figure 2A. The assembly of the backbone

started from commercially available TentaGel S RAM resin, employing iterative assembly of



building blocks bearing a free carboxylic acid and an Fmoc-protected primary amine via
stepwise Fmoc-deprotection and coupling procedures. Four triple bond diethylenetriamine
succinyl (TDS) building blocks, carrying an alkyne functionality in their side chain for later
glycosylation via CuUAAC were installed followed by introducing two EDS units as hydrophilic
spacer. After assembly of the scaffold, CUAAC was employed to functionalize the backbone
with either Man or Gal via their respective acetylated and azido-functionalized derivatives.
Subsequently, the N-terminus was deprotected and functionalized with the DADS(I)
fragment, before conjugating the DADS(ll) fragment via on-resin Cadiot-Chodkiewicz
coupling. Finally, the solid-supported macromolecule was N-terminally functionalized with
N-Suc-3-B-aminocholesterol. Unlike in our previous studies, we omitted the use of 3-B-
azidocholesterol, since the required CuUAAC for conjugation leads to partial cleavage of the
diacetylene moiety, as described above. ° After the complete assembly of the polymerizable
glycan mimetic, the carbohydrate moieties were deprotected under Zemplén conditions, the
structure was cleaved off the resin, collected via precipitation, and further purified by

diafiltration.

In this manner, two different glycan mimetics were synthesized, each comprising a
tetravalent glyco-head group (Man or Gal), a polymerizable diacetylene-moiety and a
cholesteryl-moiety for subsequent membrane anchoring (Figure 2B). Both structures were

confirmed by RP-HPLC-MS, *H-NMR and HR-ESI-MS (see Supporting Information).



Self-Assembly and Polymerization Behavior of Diacetylene-Containing Glycan Mimetics

After the successful synthesis of the diacetylene-functionalized glycan mimetics, we

aimed to characterize our ligands regarding their capacity to polymerize upon irradiation and

their self-assembly behavior.
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Figure 3. A: The absorption spectrum of the diacetylene moiety shows three absorption maxima at
305 nm, 320 nm and 355 nm (red arrows). Upon irradiation with an LED spotlight (365 nm,
approximately 285 mW/cm?) the absorption intensity decreases due to the formation of a polymer
network. B: Upon irradiation, the emission intensity of the diacetylene moiety increases gradually up
to 1 min and decreases afterwards, putatively due to photobleaching. C: Schematic depiction of the
crosslinking mechanism upon irradiation, concomitant with an amberish coloration due to an
elongated m-system. D: Determination of the CMC for ManDAChol via Nile Red method.

Measurements were performed in triplicates and data points are presented as mean + SEM.



We chose ManDAChol as model compound, since both ligands only differ in their respective
glycan head group and, hence, the physico-chemical properties of the two ligands should be
very similar. First, we wanted to analyze the polymerization properties of our ligand upon
irradiation. Therefore, we prepared a 0.2 mM solution of the ligand in deionized water and
measured its absorption profile (A = 250 — 600 nm), as well as its emission profile (A = 450
nm). The non-polymerized diacetylene macromolecules exhibit a pronounced absorption
profile in the range of 275 — 375 nm with three absorption maxima at A = 305 nm, 320 nm
and 355 nm (cp. Figure 3A), which is in accordance with the findings of Zhu et al. ** Upon
irradiation with 365 nm, the absorption profile decreases over time. Similarly, the emission
profile increases gradually with a maximum fluorescence after 1 min of irradiation and a
maximum emission wavelength of A = 550 nm (cp. Figure 3B). Upon prolonged irradiation,
the emission profile begins to decrease, putatively due to photochemical damage to the n-
backbone of the polydiacetylene. In addition, the color change of the solution from clear to
bright yellow upon UV exposure further indicates successful polymerization and the
formation of an extended conjugated structure, allowing for visible light absorption (cp.

Figure 3C).

In addition, we analyzed the polymerization behavior of the ligand via size exclusion
chromatography. While a non-irradiated sample yielded no measurable result, an irradiated
sample gave a significant peak in the chromatogram, corresponding to a molecular weight of

approximately 354 kDa, with a dispersity of 1.02 (see Figure S30).

Next, we determined the critical micellar concentration (CMC) of our ligand employing Nile

red as fluorescence read-out, as was described before. *+*

Therefore, a concentration
series in deionized water was prepared and the fluorescence intensity was measured. The
gathered fluorescence intensity values were then plotted against the concentration of the
ligand. The CMC was then determined as the cross section of the two linear fits before and
after the steep fluorescence increase, yielding a CMC of approximately 5 uM (cp. Figure 3D).
In a recent study, we characterized similar amphiphilic structures containing identical sugar
head groups and an aromatic moiety in the backbone, though lacking the diacetylene unit

and featuring a different apolar tail group. The CMC values for those structures were found

to be in a comparable range to the CMC measured in this study. *



Self-Assembly and Polymerization Behavior of Diacetylene-Functionalized Glycan Mimetics

To further investigate the self-assembling properties of our ligands, we performed
TEM imaging, focusing on the micelle morphology in aqueous solutions and their stability in
organic solvents, both before and after polymerization. As shown in Figure 4A (before
polymerization) and Figure 4C (after polymerization), spherical micelles are formed in ultra-
pure water at a concentration of 1 mM (c > CMC) with a homogenous size distribution,

consistent with the previously determined low dispersity via SEC.

1 mM (H,0) 0.5 mM (EtOH:H,0, 1:1)

diated

non-irra

diated

irra

Figure 4. TEM images of the irradiated and non-irradiated micellar assemblies. At c = 1 mM the
ligands form spherical micelles in water (A and C). Upon dilution with EtOH, the crosslinked micelles

remain spherical (D), while the non-crosslinked micelles rearrange into worm-like micelles (B).



To assess the stability of these micelles, we diluted both samples with ethanol (1:1, v/v), a
solvent known to disrupt micelle formation in similar amphiphilic ligands. ** Notably, the
irradiated micelles retained their spherical morphology even after ethanol dilution (Figure
4D), indicating enhanced stability through polymerization. Interestingly, the non-irradiated
sample also formed micellar aggregates after dilution. However, the morphology shifted
markedly from spherical aggregates to larger, worm-like micelles, suggesting a molecular
rearrangement induced by ethanol dilution (Figure 4B). This can be attributed, at least in
part, to the TEM preparation and drying process. During sample drying, ethanol tends to
evaporate first, which at low ethanol concentrations can promote aggregation. This likely
drives the formation of larger, worm-like structures as a result of molecular rearrangement
to limit solvent exposure. Without polymerization, the micelles remain dynamic and prone
to reorganization, resulting in the observed change in morphology during the drying phase.
In contrast, the irradiated (i.e. polymerized) sample retains its spherical structure, suggesting

increased stability and resistance to ethanol-induced rearrangement.

Lectin-Mediated Microdomain Formation in GUVs as Membrane Mimetics

Building on the general applicability of our crosslinkable glycan mimetics, we next
explored their use in giant unilamellar vesicles (GUVs) as model membranes to study glycan
clustering through lectin-mediated ligand recruitment. Therefore, we incorporated our
crosslinkable glycan mimetic (ManDAChol) into GUVs prepared by electroformation using
DOPC (2 mg/mL) as matrix lipid and 0.5 mol% of ManDAChol. Confocal fluorescence
microscopy of the GUVs revealed a slight and homogenous fluorescence along the
membrane upon excitation (405 nm)(caused by autofluorescence of the phospholipids) and
a diameter range of 10 — 50 um (Figure 5A). To initiate glycan-clustering, the GUVs were first
incubated with 20 nM non-labelled Concanavalin A for 30 min at ambient temperature,
followed by 30 min at 4°C to equilibrate the glycan-lectin binding and slow down ligand
diffusion within the phospholipid membrane. After Con A incubation, the vesicles were
irradiated with 365 nm for 60 s to induce diacetylene polymerization, capturing the glycan
clusters in place before imaging. Confocal fluorescence microscopy showed the formation of
distinct fluorescent patches along the vesicle surface, indicative of multivalent clustering and

subsequent crosslinking via photo-induced diacetylene polymerization (Figure 5B).



To assess the stability of these clusters, we then incubated the GUVs with 0.2 mM of a
polyvalent Man-polymer (Pn = 175) as inhibitor to compete for the Con A binding sites.
Following incubation for 30 minutes, we observed that the fluorescence patches remained
intact, demonstrating that the glycan clusters were stabilized through covalent crosslinking
of the diacetylenes. This stability, even in the absence of Con A-mediated interactions,
highlights the potential of our glycan mimetics to form stable, receptor-induced
microdomain clusters in phospholipid membranes, mimicking the dynamic formation and

persistence of lipid rafts in native cellular membranes.
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Figure 5. Confocal microscope z-stack projections (excitation wavelength 405 nm) and schematic
representations. A: GUVs decorated with 0.5 mol% ligand exhibit a slight fluorescence upon
excitation due to autofluorescence of the phospholipids. B: Incubation with Con A (20 nM) leads to
the formation of multivalent Con A-Man-clusters that are cured upon irradiation with 365 nm (red
arrows). C: Crosslinked ligand-patches remain intact after inhibiting membrane-bound Con A with 0.2

mM Man-polymer (red arrow). Scale bars: 25 um. Contrast adjusted for better visibility.



CONCLUSION

In this study we developed a method to site-selectively introduce of a diacetylene
moiety into the backbone of lipidated glycan mimetics via solid phase polymer synthesis.
The diacetylene unit is introduced through an on-resin Cadiot-Chodkiewicz coupling
between two novel building block fragments. This reaction proceeds efficiently, achieving
high conversion rates with no detectable side-product formation and is compatible with
standard coupling protocols for SPPoS. In this manner, two exemplary diacetylene-containing
lipidated glycan-mimetics were prepared, displaying a tetravalent Man or Gal head group
and a cholesteryl moiety for later membrane anchoring. The self-assembly behavior of the
Man-ligand and its capability to polymerize upon irradiation in aqueous solution was

evaluated.

Subsequently, the polymerizable Man-ligand was incorporated into GUVs to derive simple
glycocalyx mimetics. Incubation with native Con A has been demonstrated to induce
multivalent ligand clustering within the membrane. Subsequent irradiation with 365 nm led
to the crosslinking of these ligand domains, to give fluorescent microdomains within the
vesicle membrane, which persisted after the removal of the membrane bound Con A with a

multivalent Man-inhibitot.

In conclusion, we have developed a novel type of glycan mimetics that now allows us to
mimic the dynamic formation and fixation of ligand clusters in phospholipid membranes.
This now enables to mirror more properly the dynamic formation of local glycan-clusters in
cell membranes and should allow for the constructions of more realistic models of the

glycocalyx in ongoing studies.
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Materials
D-(+)-galactose, D-(+)-mannose, N,N-dimethylformamide, oxalyl chloride, piperidine and

tosyl chloride were purchased from Acros Organics. Ethyl trifluoroacetate and PyBOP were
purchased from Apollo Scientific. Acetonitrile and cholesterol were purchased from
AppliChem. Fmoc-Cl and p-ethynylaniline were purchased from bld pharm. Succinic anhydride
was purchased from Carbolution Chemicals. DIPEA and sodium chloride were purchased from
Carl Roth. 1.4-dioxane, acetic anhydride, calcium chloride, ethyl acetate, HEPES, n-hexane,
hydrochloric acid (37%), manganese dichloride, potassium carbonate, sodium azide, sodium
bicarbonate, sodium hydroxide, sodium methoxide and trimethylamine were purchased from
Fisher Scientific. Triethylsilane was purchased from fluorochem. Fmoc-B-Ala-OH was
purchased from Iris Biotech. Concanavalin A was purchased from MP Biomedicals. 2,2'-
(Ethylenedioxy)bis(ethylamine), 2-bromoethanol, 4-pentynoic acid, boron trifluoride diethyl
etherate, Bovine Serum Albumin, dichloromethane, diethyl ether, diethylenetriamine, formic
acid, methanol, tetrahydrofuran, trifluoroacetic acid, NBS, silver nitrate and triisopropylsilane
were purchased from Sigma-Aldrich. Trimethylsilyl azide and trityl chloride were purchased
from TCI chemicals. Methyl succinyl chloride and sodium diethyldithiocarbamate were

purchased from Thermo Scientific.

All solvents and reagents used were purchased in the highest purity available and used

without further purification.
TentaGel® S RAM resin (loading: 0.26 mmol/g) was purchased from RAPP Polymere GmbH.
DOPC was purchased from Avanti Polar Lipids.

Dialysis was performed via diafiltration in VIVASPIN 20 centrifugal concentrators (MWCO: 10

kDa; PES) from sartorius.

Experiments were conducted in 18-well glass bottom p-slides from ibidi GmbH.



Instrumentation

Reversed Phase- High Pressure Liquid Chromatography- Mass Spectrometry (RP- HPLC-
MS)/Electron Spray lonization- Mass Spectrometry (ESI-MS)

RP-HPLC-MS was carried out on an Agilent 1260 Infinity instrument coupled to a variable
wavelength detector (VWD) (set to 214 nm) and a 6120 Quadrupole LC/MS containing an
Electrospray lonization (ESI) source (operation mode positive, m/z range from 200 to 2000).
An MZ-AquaPerfect C18 (3.0 x 50 mm, 3 pum) RP column from MZ-Analysentechnik was used.
As eluent system water/acetonitrile containing 0.1 vol% formic acid was applied. The mobile
phases A and B were: System A) water/acetonitrile (95/5, v/v); System B) water/acetonitrile
(5/95, v/v). The samples were analyzed at a flow rate of 0.4 ml/min using a linear gradient,
starting with 100% of system A) and reaching 100% system B) within 17 min. The temperature
of the column room was set to 25 °C. All purities were determined using the OpenlLab

ChemStation software for LC/MS from Agilent Technologies.
Ultra High Resolution - Mass Spectrometry (UHR-MS)

UHR-MS measurements were performed with a Bruker UHR-QTOF maXis 4G instrument with
a direct inlet via syringe pump, an ESI source and a quadrupole followed by a Time of Flight

(QTOF) mass analyzer.
Nuclear Magnetic Resonance Spectroscopy (NMR)

The 1H-NMR spectra were recorded on a Bruker Avanace Ill 600 (300 or 600 MHz). These
spectra were evaluated according to the following scheme: (frequency in MHz, deuterated
solvent), chemical shift in ppm (multiplicity, coupling constant, integral, signal assignment).

The chemical shift is given in relation to the 1H signals of the deuterated solvents used.
Lyophilization

The final glycomacromolecules were lyophilized with an Alpha 1-4 LD plus instrument from

Martin Christ Freeze Dryers GmbH (-40 °C, 0.1 mbar).



Fluorescence Microscopy

Giant Unilamellar Vesicles were imaged confocally on a Leica DMi8 inverted microscope (Leica
Microsystems CMS GmbH, Wetzlar, Germany), equipped with a 63x oil-objective and a Leica
DFC9000 GT camera, operating the LAS X software.

Emission with a 405 nm UV laser (power 40%); emission width 430-468 nm. Pinhole 5.18 Airy.
Images were evaluated via ImageJ 1.54g.
UV-Vis Spectroscopy

UV-Vis measurements were performed at 25 °C on a dual-trace spectrometer Specord® 210
Plus from Analytik Jena AG (Jena, Germany), using Win ASPECT PLUS software to operate the

instrument.
Size Exclusion Chromatography-Multi-Angle Light Scattering (H.O-SEC-MALS)

SEC analysis was conducted with an Agilent 1200 series HPLC system and three aqueous SEC
columns provided by Polymer Standards Service (PSS). The columns were two Suprema Lux
analytical columns(8 mm diameter and 5um particle size) and one precolumn (50 mm, 2x160
A of 300 mm and 1000 A of 300mm). The eluent was a buffer system consisting of MilliQ water
and 30% acetonitrile with 50 mM NaH2P0O4, 150 mM NaCl and 250 ppm NaN3 withapH=7.0
(via addition of 50 mL of 3 molar aqueous sodium hydroxide solution) filtered with an inline
0.1um membrane filter and running at 0.8 mL per min. Multi-angle light scattering is S3
recorded via mini DAWNTREOS and differential refractive index spectra with Optilab rEX both
supplied by Wyatt Technologies EU. Data analysis was committed with Astra 5 software and

a dn/dc value of 0.156 for each polymer.



General Methods

Solid Phase Polymer Synthesis

All structures were prepared on Tentagel® S RAM resin (batch size: 0.1 mmol). All washing
steps were conducted with 4 mL solvent. Polypropylene reactors equipped with polyethylene
frits and closed with Luer-stoppers were used. For the glycomacromolecules, the head-group
sequence was first assembled, followed by glycoconjugation via CuAAC (copper(l)-catalyzed
alkyne-azide cycloaddition), DADS(I) conjugation, DADS(Il) conjugation via Cadiot-
Chodkiewicz coupling, terminal Fmoc-deprotection and capping with N-Suc-3-B-

aminocholesterol.
General coupling protocol.

For all compounds, the resin was first swollen in 4 mL DCM for 30 min, subsequently washed
ten times with DMF, Fmoc-deprotected by treating with 25% piperidine in DMF (three times
for ten minutes) and again washed fifteen times with DMF. Employed building blocks were
coupled to the N-terminus by adding the respective building block (5eq.), PyBOP (5 eq.) and
DIPEA (20 eq.) in 4 mL DMF to the resin and shaking for 1h. Then, the resin was washed fifteen
times with DMF and the N-terminus was again deprotected followed by the next coupling

step.
Fmoc cleavage

The Fmoc-protecting group of the resin as well as from the coupled building blocks or amino
acids was cleaved by means of 4 mL of a 25% solution of piperidine in DMF to release the
primary amine. The deprotection was carried out twice for 10 min. Afterwards the resin was

washed 10 times with DMF before coupling.
CuAAC protocol for glycosylation

To the oligomeric structure loaded on the resin 2.5 eq of acetyl protected 2-azidoethyl
pyranoside (a-Mannose/ B-Galactose) per alkyne group dissolved in 4 mL DMF were added.
Secondly 50 mol% sodium ascorbate per alkyne group and 50 mol% CuSO4 per alkyne group
were dissolved each in a small amount of water and also added to the resin. The syringe
reactor was rocked for 18 h before the solution was discarded. The resin was washed three

times with DMF and subsequently treated with a 23 mM solution of sodium



diethyldithiocarbamate in DMF and water (50/50, v/v) and alternating with DMF and DCM

until no further color change occured.
On-resin Cadiot-Chodkiewicz Coupling

3 eq of DADS(II) and 20 eq of DIPEA were dissolved in a mixture of MeOH and DMF (1:1, v:v).
0.1 eq Cul was suspended in little DMF and complexated with 0.1 eq TEMED. The copper and
the DADS(II) solution were drawn into the syringe reactor and rocked for 16h. The solution
was discarded and remaining copper was removed via treatment with a 23 mM solution of
sodium diethyldithiocarbamate in DMF and water (50/50, v/v) and alternating washing steps

with DMF and DCM until no further color change occured.
On-resin deacetylation

Glycooligomers were deacetylated under Zemplén conditions. The resin was washed five
times with methanol, before 5 mL of a 0.2 M solution of NaOMe in MeOH was drawn into the
reactor. The resin was rocked for 30 min, before the solution was discarded. The resin was
then washed twice with MeOH before another 5 mL of the methoxide solution were drawn
into the reactor. After 30 min, the solution was again discarded and the resin was washed five

times with MeOH.
Cleavage from the solid phase

The resin was washed five times with DCM before acidic cleavage from the resin with a

cocktail consisting of TFA, TIPS and DCM (95/2.5/2.5, v/v/v) for 30 min.

The cleavage solution was precipitated in ether. The precipitate was collected via
centrifugation, dried under a gentle stream of nitrogen and dialyzed via diafiltration against
ultrapure water in five cycles (20 mL each). The dialyzed compounds were dissolved in fresh

ultrapure water and lyophilized.
Preparation of Giant Unilamellar Vesicles (GUVs)

25 plL of DOPC (2 mg/mL) in chloroform were dried in a glass vial under a gentle stream of
nitrogen. 500 uL ultrapure water were added, along with 0.5 mol% ManDAChol (1 mg/mL in
ultrapure water). The heterogenous mixture was repeatedly sonicated and vortexed to yield

a clear solution. The resulting liposome mixture was deposited dropwise on cleaned ITO



glasses (pgo GmbH, Iserlohn, Germany) and dried under reduced pressure for 1 h in a vacuum
oven at 40°C. The swelling chamber was assembled, filled with 1000 uL of a 115 mM sorbitol
solution (to match the osmolarity of the measuring buffer (lectin binding buffer (LBB) (10 mM
HEPES, 50 mM NaCl, 1 mM MnCl2, 1 mM CaCl2, pH 7.4))), and an AC field was applied to the
ITO slides (divided by a Teflon spacer) using a function generator with an amplitude of 2.4 V
and a frequency of 89 Hz. Electroformation was carried out for 75 min at ambient

temperature.
Preparation of Measuring Chambers

18-well ibidi glass slides were passivated with BSA (5 mg/ml in ultrapure water) for 20 min.
The chambers were rinsed thrice with lectin binding buffer and filled with fresh lectin binding

buffer.
Lectin Binding Buffer

Lectin Binding Buffer (LBB) 50 mM NacCl, 1 mM MnCl;, 1 mM CaCl, 10 mM HEPES, pH = 7.4)
was degassed under high vacuum and flushed with nitrogen prior to use to remove dissolved

oxygen.
Con A Reconstitution

Concanavalin A was dissolved at a concentration of 0.1 mg/mL in LBB containing 10 mM
MeMan and 0.2 mg/mL casein to minimize condensation and compaction of protein

aggregates.!



Experimental Section

Synthesis of Building Blocks and Monomers

The building blocks ethylene glycol diamine succinic acid (EDS) and triple bond
diethylenetriamine succinic acid (TDS) were prepared as reported earlier.? Tetra-O-acetyl-
azidoethyl-a-d-mannopyranoside and tetra-O-acetyl-azidoethyl-B-d-galactopyranoside were
synthesized according to the literature protocols.> N-Suc3-B-aminocholesterol was
synthesized according to a protocol by Kim et al.* Fmoc-B-Ala-Cl was synthesized according to

a protocol by Song et al.>

Synthesis of methyl 4-((4-ethynylphenyl)amino)-4-oxobutanoate (2)

X

(0]
\©\NJ\/\[r°\
H o

0.5 g 4-Ethinylaniline (4.2 mmol), 5 eq DIPEA and 0.1 eq DMAP were dissolved in 15 mL of
DCM and cooled in an ice bath. 1.3 eq monomethylsuccinyl chloride were dissolved in 10 mL
of DCM and added dropwise to the solution. The mixture was left to stir for 16 h, thereby
allowed to reach ambient temperature. The solution was then washed thrice with 20% citric

acid in water, the organic phase was dried over sodium sulfate, filtered and the solvent was

removed under reduced pressure.

The crude product was purified via column chromatography (hexanes: ethyl acetate, 1:1, v:v).
re=0.61
yield: 0.73 g of a crystalline, brownish solid (75%)

1H-NMR (400 MHz, CDCls) & [ppm] = 7.87 (s, 1H, Ar-NH), 7.47 (d, J = 8.3 Hz, 2H, Ar-H), 7.43 —
7.39 (m, 2H, Ar-H), 3.70 (s, 1H, -CHs), 3.03 (s, 1H, alkyne-H), 2.74 (dd, J = 7.2, 5.7 Hz, 2H, Ar-
NHC(0)CH-CH,C(0)), 2.66 (dd, J = 7.5, 5.9 Hz, 2H, Ar-NHC(0)CH2CH:C(0))



Synthesis of methyl 4-((4-(bromoethynyl)phenyl)amino)-4-oxobutanoate (3)

Br.

0.5 g (2) (2.2 mmol) and 1.1 eq freshly recrystallized NBS were dissolved in 20 mL acetone.
The flask was covered in aluminum foil to minimize exposure to light and 0.1 eq AgNO3 was
added. The mixture was stirred for 16 h before quenching with 50 mL of a saturated solution
of sodium thiosulfate. The aqueous solution was extracted thrice with ethyl acetate, the
pooled organic fractions were washed with brine, dried over magnesium sulfate and the

solvent was removed under reduced pressure.

The crude product was directly used for the subsequent reaction.

Yield: 0.61 g of a crystalline, amberish solid (91%)

Synthesis of DADS (I)
Br

X
o

Ao

(o)
The crude (3) (0.61 g, 2.0 mmol) was dissolved in 15 mL of a mixture of methanol, THF and 2
M NaOHaq. (4:4:2, v:v) and stirred for 16 h. The organic solvents were evaporated under
reduced pressure, the remaining solution was diluted with 10 mL of water and acidified with
cold 0.5 M hydrochloric acid (pH = 3). The agueous solution was extracted thrice with ethyl
acetate, the pooled organic fractions were dried over magnesium sulfate, filtered and the

solvent was removed under reduced pressure.

Yield: 0.54 g of a crystalline, sand-colored solid (91%)

1H-NMR (400 MHz, DMSO-d6) & [ppm] = 12.13 (s, 1H, -COOH), 10.15 (s, 1H, Ar-NH-), 7.62 —
7.54 (m, 2H, Ar-H), 7.43 — 7.35 (m, 2H, Ar-H), 2.61 — 2.45 (m, 4H, C(O)CH,CH.C(O))

13C-NMR (400 MHz, DMSO-d6) & [ppm] = 173.79 (C4), 170.43 (C1), 139.96 (C5), 132.49 (C7),
118.74 (C6), 115.89 (C8), 79.86 (C9), 51.29 (C10), 31.15 (C2), 28.71 (C3)

ESI-MS calc. for C12H10BrNO3: [M+1H]'* 296.0; found 296.0 [M+1H]*

10



RP-HPLC: tr = 9.84 min, >98% relative purity (UV), from 95/5 to 5/95 Vol. %
Water/acetonitrile with 0,1% formic acid in 20 min at 25 °C.

Synthesis of DADS(11)

\\\©\ O
HJ\/\NHFmoc

0.5 g p-Ethynylaniline (4.2 mmol), 5 eq DIPEA and 0.1 eq DMAP were dissolved in 20 mL DCM
and cooled in an ice bath. 1.2 eq Fmoc-B-Ala-Cl was dissolved in 10 mL DCM and added
dropwise to the solution. The mixture was left to stir for 16 h. The solution was then washed
with a 20% citric acid solution, twice with brine, dried over magnesium sulfate and evaporated

to dryness. The crude product was recrystallized from a solution of 2% MeOH in chloroform.

Yield: 1.2 g of an amorphous, sand-colored solid (70%)

1H-NMR (400 MHz, DMSO-d6) & [ppm] = 10.10 (s, 1H, Ar-NH-), 7.86 (d, J = 1.0 Hz, 2H, Ar-H),
7.69 — 7.56 (m, 4H, Ar-H), 7.48 — 7.22 (m, 7H, NHC(0)O, Ar-H), 4.33 — 4.13 (m,
3H, NHC(O)OCH2CH-), 4.05 (s, 1H, alkyne-H), 3.27 (t, J = 6.4 Hz, 2H, Ar-NHC(O)CH2CH:NH), 2.54
—2.48 (m, 2H, Ar-NHC(O)CH2CH2NH)

13C-NMR (400 MHz, DMSO-d6) & [ppm] = 169.52 (C7), 156.05 (C10), 143.89 (C13), 140.72
(C18), 139.63 (C6), 132.33 (C4), 127.59 (C16), 127.04 (C17), 125.16 (C15), 120.09 (C5),
118.83 (C14), 115.96 (C3), 83.61 (C2), 79.73 (C1), 65.37 (C11), 46.69 (C12), 36.75 (C8), 36.63
(C9)

ESI-MS calc. for C12H10BrNO3: [M+1H]'* 411.2; found 411.2 [M+1H]**

RP-HPLC: tr = 13.23 min, >98% relative purity (UV), from 95/5 to 5/95 Vol. %
Water/acetonitrile with 0,1% formic acid in 20 min at 25 °C.

11



Analytical Data

N-Suc-4-ethynylaniline methyl ester (2)

— 7.26 CDCI3

| N

R
0.99 2.10 2.13

w Y
3.68 0.95 2.31 2.30

T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0

Figure S1. 'H-NMR (400 MHz, CDCl3) of (2).
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Figure S2. 'H-NMR (400 MHz, DMSO-d6) of DADS(I).

13



il

T T T T T T T T T T T T T T T T T T T
180 170 160 150 140 130 120 110 100 90 80 70 60 50 49 30 20 10 a
Chemical shift [ppm]

Figure S3. 13C-NMR (400 MHz, DMSO-d6) of DADS(I).
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Figure S4. RP-HPLC chromatogram (from 95/5 to 5/95 Vol. % Water/acetonitrile with 0,1%
formic acid in 20 min at 25 °C) of DADS(I).
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Figure S6. *H-NMR (400 MHz, DMSO-d6) of DADS(II).
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Figure S7. 13C-NMR (400 MHz, DMSO-d6) of DADS(II).
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Figure S8. RP-HPLC chromatogram (from 95/5 to 5/95 Vol. % Water/acetonitrile with 0,1%
formic acid in 20 min at 25 °C) of DADS(II).
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Test sequences for on-resin DADS synthesis and compatibility with SPPoS.

1) EDS-DADS(I)
Q H o H
HZNJ’\/\g«N\/\o/\/O\/\HJ’\/\gN\@\
N,

RP-HPLC: tr = 8.66 min, 52 % relative purity (UV), from 95/5 to 5/95 Vol. %
Water/acetonitrile with 0,1% formic acid in 20 min at 25 °C.

ESI-MS calc. for C12H10BrNO3: [M+1H]** 525.1; found 525.2 [M+1H]™.
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Figure $10. RP-HPLC chromatogram (from 95/5 to 5/95 Vol. % Water/acetonitrile with 0,1%
formic acid in 20 min at 25 °C) of EDS-DADS(!) (tr = 8.66) and an unknown side product (tg =
7.50).
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Figure S12. ESI-MS Spectrum of the unknown side product (tg = 7.50).

2) EDS-DADS-Fmoc

o H o H
HZNJ\/\WN\/\O/\’O\/\NJ\/\[{N
o H o O
A8
N
Ok
HJJ\/\NHFmoc

RP-HPLC: tg = 12.17 min, 90 % relative purity (UV), from 95/5 to 5/95 Vol. %

Water/acetonitrile with 0,1% formic acid in 20 min at 25 °C.

ESI-MS calc. for C48H50N609: [M+1H]'* 855.4, [M+2H]?* 428.2; found 855.6 [M+1H]*
428.4 [M+2H]?*.
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Figure S13. RP-HPLC chromatogram (from 95/5 to 5/95 Vol. % Water/acetonitrile with 0,1%
formic acid in 20 min at 25 °C) of EDS-DADS-Fmoc.
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Figure S14. ESI-MS Spectrum of EDS-DADS-Fmoc (tg = 12.17).
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Side product (1):

o H 0 H
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H 0 H o
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Figure S15. ESI-MS Spectrum of side product (1) (tz = 8.41).
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Figure S16. ESI-MS Spectrum of side product (2) (tr = 7.70).
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3) EDS-DADS-EDS-Fmoc
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RP-HPLC: tr = 10.89 min, 98 % relative purity (UV), from 95/5 to 5/95 Vol. %
Water/acetonitrile with 0,1% formic acid in 20 min at 25 °C.

ESI-MS calc. for C58H68N8013: [M+1H]™ 1085.5, [M+2H]* 543.3; found 1085.6 [M+1H]",
543.6 [M+2H]2".
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Figure S17. RP-HPLC chromatogram (from 95/5 to 5/95 Vol. % Water/acetonitrile with 0,1% formic
acid in 20 min at 25 °C) of EDS-DADS-EDS-Fmoc.
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Figure $18. ESI-MS spectrum of EDS-DADS-EDS-Fmoc.
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4) EDS-DADS-EDS-PA

9 H Q H
HZNJ\/\[(NV\O/\/OV\NJ\/\H’N O
] H 0
A
A
O o o H o
NJJ\/\NJ\/\H’N\/\O/\/O\/\NJ\/\\
H H o H N

RP-HPLC: tr = 8.85 min, 95 % relative purity (UV), from 95/5 to 5/95 Vol. %
Water/acetonitrile with 0,1% formic acid in 20 min at 25 °C.

ESI-MS calc. for C48H62N8012: [M+1H]* 943.5, [M+2H]2* 472.3; found 943.6 [M+1H]%*,
472.4 [M+2H]?*,
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Figure S19. RP-HPLC chromatogram (from 95/5 to 5/95 Vol. % Water/acetonitrile with 0,1% formic
acid in 20 min at 25 °C) of EDS-DADS-EDS-PA.
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Figure S20. ESI-MS spectrum of EDS-DADS-EDS-PA.
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5) EDS-DADS-EDS-PA-Man
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RP-HPLC: tr = 9.33 min, 90 % relative purity (UV), from 95/5 to 5/95 Vol. %
Water/acetonitrile with 0,1% formic acid in 20 min at 25 °C.

ESI-MS calc. for C48H62N8012: [M+2H]?* 680.8, [M+3H]** 454.2; found 681.0 [M+2H]?,
[M+3H]3*454.4.
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Figure S21. RP-HPLC chromatogram (from 95/5 to 5/95 Vol. % Water/acetonitrile with 0,1% formic
acid in 20 min at 25 °C) of EDS-DADS-EDS-PA-Man.
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Figure S23. ESI-MS spectrum of the Side product (tz = 7.99).



Glycooligomer ManDAChol
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Figure $24. 'H-NMR (400 MHz, DMSO-d6) of MansDA-Chol.

1H-NMR (400 MHz, DMSO-d6) 6 [ppm] = 10.21 (d, J = 6.8 Hz, 2H, Ar-NH), 8.04 — 7.84 (m, 11H,
Amide-NH), 7.82 — 7.78 (m, 4H, Triazole-CH), 7.76 — 7.49 (m, 9H, Chol-NH, Ar-CH), 7.29 (s, 1H,
C(O)NH.), 6.74 (s, 1H, C(O)NHz), 5.29 — 5.26 (m, 1H, Chol-C=CH), 4.78 — 4.43 (m, 28H, Man-
OH, Anom.-CH, Triazole-NCHz), 3.98 — 3.88 (m, 4H, Man-CHOH), 3.82 — 3.72 (m, 4H, Man-
CHOH), 3.65 — 3.06 (m, 83H, Chol-NHCH, B-Ala-CH2NH, DADS-NHC(O)CH2CH2NH, EDS-CH;,
TDS-CH2NCH, TDS-CH;NHC(O), Man-CHOH, Man-CHCH;OH, Triazole-NCH,CH>0), 2.84 (m, 8H
TDS-NC(O)CH2CH2(), 2.71 — 2.61 (m, 8H,TDS-NC(O)CH:CHxC), 2.57 (t, J = 7.1 Hz, 2H, DADS-
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NHC(O)CH2CH2C(O)NH), 2.43 (t, J = 7.1 Hz, 2H, DADS-NHC(O)CH2CH;NH), 2.37 — 2.22 (m, 28H,
C(O)CH,CH2C(0)), 2.12-2.05 (m, 2H, Chol-NHC(O)CHz), 2.00 — 1.73 (m, 4H, Chol-C=CHCH;,
Chol-C=CCH.), 1.66 — 0.97 (m, 24H, Chol-CH, Chol-CHy), 0.96 — 0.82 (m, 12H, Chol-CHs), 0.65
(s, 3H, Chol-CH3).
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Meas. m/z # lon Formula miz err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
8476956 1 C15BH24TN33049 847 6957 02 229 1 10000 520 even ok
2  C153H24TN35051 B47.6947 -1.0 278 2 6397 480 even ok

Figure $25. HR-ESI-MS of MansDA-Chol.

HR-ESI-MS: for CissH243N33049 m/z [M+4H]* calcd.: 847.6954, found: 847.6956
mass error 0.235934 ppm.
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Glycooligomer GalDAChol
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Figure $28. 'H-NMR (400 MHz, DMSO-d6) of GalaDA-Chol.

1H-NMR (400 MHz, DMSO-d6) & [ppm] = 10.21 (d, J = 6.4 Hz, 2H, Ar-NH), 8.05 —7.81 (m, 15H,
Amide-NH, Triazole-CH), 7.77 — 7.46 (m, 9H, Chol-NH, Ar-CH), 7.30 (s, 1H, C(O)NH.), 6.75 (s,
1H, C(O)NHy), 5.26 (d, J =4.8 Hz, 1H, Chol-C=CH), 5.05 — 4.30 (m, 24H, Gal-OH, Triazole-NCH),
4.18 — 3.47 (m, 34H, Anom.-CH, Gal-CHOH, Gal-CHCH,0H), 3.43 — 3.08 (m, 61H, Chol-NHCH,
B-Ala-CH2NH, DADS-NHC(O)CH2CH2NH, EDS-CHz, TDS-CH2NCH_, TDS-CH2NHC(O), Gal-CHOH,
Triazole-NCH,CH,0), 2.88 — 2.76 (m, 8H, TDS-NC(O)CH,CH-C), 2.69 — 2.59 (m, 8H, TDS-
NC(O)CHCHz(), 2.57-2.53 (m, 2H, DADS-NHC(O)CH>CH,C(O)NH), 2.41 (t, J = 7.0 Hz, 2H, DADS-
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NHC(O)CH2CH2NH), 2.35 — 2.18 (m, 28H, C(O)CH.CH.C(0)), 2.12-2.05 (m, 2H, Chol-
NHC(O)CHz), 1.98 — 1.72 (m, 4H, Chol-C=CHCH,, Chol-C=CCH,), 1.62 — 0.96 (m, 24H, Chol-CH,
Chol-CHz), 0.94 — 0.81 (m, 12H, Chol-CHs), 0.63 (s, 3H, Chol-CHs).
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O e e P St e e
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Meas. m/z # lon Formula miz err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
8476983 1 C158H247TN33049 B47.6957 -3.1 251 1 2188 520 even ok
2 C15TH24TN35048  B47.6985 03 26.5 2 9940 520 even ok
3 C156H251N31052 8476982 -0.1 280 3 100.00 470 even ok
4 C155H251N33051 847.7010 32 298 4 1799 470 even ok

Figure S29. HR-ESI-MS of GalsDA-Chol.

HR-ESI-MS: for C1sgH243N33049 m/z [M+4H]** calcd.: 847.6954, found: 847.6983
mass error 3.421040 ppm.
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Figure $30. H,O-SEC-MALS of ManDAChol (non-irradiated, grey) and ManDAChol (irradiated,
red).

D (via H,0-SEC, MALS coupled RI-detector): 1.02

M, [kDa] (via H2O-SEC, MALS coupled RI-detector): 354
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Con A-AF647 (20 nM)

incubation (107)

inhibition
(0.2 mM Man, 55 20°)

Figure S31. Confocal fluorescence microscopy images of GUVs containing 0.5 mol%
MansDAChol incubated with Con A-AF647 before (top) and after incubation (bottom) with a
polyvalent Man-polymer inhibitor.

Figure S32. Additional confocal images of ManDAChol decorated GUVs. Contrast adjusted for
better visibility. Scale bars: 25 um.
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Figure S33. Additional confocal images of ManDAChol decorated GUVs incubated with 20 nM
ConA after irradiation with 365 nm. Contrast adjusted for better visibility. Scale bars: 25 um.
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4. Conclusions and Outlook

The aim of this thesis was the establishment of a synthetic platform to derive highly tailorable
precision mimetics of naturally occurring cell-surface glycans that are suitable to be incorporated into
phospholipid membranes and to create more advanced models of native cellular glycocalyces.
Important key structural parameters that drastically influence glycocalyx interactions, e.g. in terms of
lectin binding or interaction with pathogens, are the type of glycosylation, glycan valency, as well as
the physico-chemical properties of the employed lipid moiety for membrane tethering. Additionally,
incorporation of functional handles, such as fluorophores or crosslinkable moieties, into the glycan
mimetics facilitates their localization in phospholipid membranes and enables a systematic analysis of

their interaction with adjacent entities.

The approach presented in this thesis to synthesize highly tailorable glycan mimetics combines
previously established SPPoS with TIRP and thus enables precise control over these above-mentioned
key structural parameters: via SPPoS a functional backbone can be constructed that can then be
further functionalized site-specifically with glycan moieties, lipids, as well as further functionalities,
such as fluorophores. While SPPoS is limited with regard to accessible chain lengths, meaning that only
short glycan mimetics can be synthesized in a sequence-defined manner, it allows for the site selective
introduction such as Cys moieties to serve as later grafting points for TIRP. These thusly derived
structures can then be employed as macroinitiators to derive polymeric glycan mimetics with narrow
dispersities, while retaining a sequence defined functional backbone. Post-synthesis modifications,
such as global sulfation of the glycan moieties, allows to prepare even more advanced glycan mimetics

that resemble naturally occurring sGAGs, for instance.

In this manner a highly tailorable library of lapidated glycan mimetics was synthesized in the course of
this thesis that allowed the subsequent construction of different glycocalyx models to mimic key
structural parameters of native glycocalyces: 1.) their highly crowded nature, 2.) local constituent
inhomogeneities due to the existence of lipid rafts, 3.) the abundance of highly sulfated
glycosaminoglycans covalently attached to proteoglycan cores and 4.) the dynamic formation of glycan

clusters in the cell membrane upon receptor-interactions.

In the first part of this thesis, an initial series of precision lipidated glycomacromolecules was
successfully synthesized and employed to construct a glycocalyx model to mimic the high density of
glycans on native cellular membranes. Employing SPPoS, two sequence defined, tetravalent,
cholesteryl-functionalized glycan mimetics, bearing a fluorescent probe were synthesized, presenting

either a Man or a Gal head group. By combining SPPoS and TIRP, also polyvalent derivatives were
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successfully synthesized. Therefore, the same functional backbone, that was employed for the
glycooligomers, was equipped with a Cys-moiety, omitting the carbohydrate presenting part. In this
manner, for the first time, solid-phase derived macroinitiators were synthesized that were
subsequently polymerized employing TIRP with Man- or Gal-acrylamide monomers to give the

respective polyvalent Man or Gal functionalized glycan mimetics.

In total, four different glycan mimetics were prepared, each bearing a short (four carbohydrate
moieties) or long (approximately forty carbohydrates) glyco-head group (Man or Gal), a cholesteryl
moiety for membrane anchoring and a fluorophore (Rhodamine B for Man or Fluorescein for Gal

functionalized glycomacromolecules) for visualization via fluorescence microscopy techniques.

Crowded Glycocalyx Mimetics

SPPoS +
TIRP :

T B

V| g 3

833&3&52& . 38&8888

5:: homomult

o
0 .
.............................

adhesion [a.u.]

. -
-----------------------------------------------------------------------------

Figure 18. Summary of the results of the first part of the thesis. A: A combination of SPPoS and TIRP yields short
and long glycan mimetics featuring site-selective functionalities, such as an oligovalent or polyvalent glycan head
group, a fluorophore for fluorescence microscopy, as well as a cholesteryl-tether for subsequent intercalation
into lipid membranes. B: Incorporation of short and long Man-ligands yields simplistic homomultivalent
glycocalyx mimetics with different adhesion strength on Con A-covered surfaces, depending on valency and
concentration of the employed ligands. Doping of the homomultivalent systems with short and long crowding
agents (non-binding ligands, crowders) either leaves the adhesion unaffected, increases or decreases the
adhesion, depending on the valency of the crowders and the overall constituent density in the glycocalyx
mimetics.

Subsequently, the incorporation of the glycan mimetics into GUVs as membrane mimetics was
established. Employing electroformation, giant unilamellar vesicles could be generated that

incorporate the derived glycan mimetics homogenously into the inner and outer membrane leaflet to
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yield naive mimetics of natural glycocalyces. Next, the incorporation efficiency and the molecular
dynamics of the glycan mimetics in the phospholipid membranes was examined employing FCS. It was
found that the glycomacromolecules, equipped with a cholesteryl moiety, only incorporate by about
20% of the initially employed ligand concentration with a linear correlation at different concentrations.
This indicates that the incorporation of ligands quickly reaches an equilibrium between membrane-
inserted and dissolved ligands, rendering the cholesteryl-moiety a rather loose membrane anchor. The
diffusion constants of all analyzed structures were found to be close to the diffusion constant of native
DOPC in similar lipid mixtures, which substantiates a sufficient and adequate mobility of the ligands in

the membrane.

To mimic cellular adhesion processes, the adhesion of homomultivalent glycan mimetic-decorated
GUVs onto lectin-covered surfaces was qualitatively studied via RICM and fluorescence microscopy.
Employing Con A as well-studied model lectin, Man-functionalized vesicles thereby served as binders,
leading to adhesion of the vesicles on the substrate, whereas Gal-functionalized vesicles served as non-
binders that did not interact with the Con A surface. Interestingly, GUVs without glycan mimetics
incorporated adhered rather unspecifically on the Con A surfaces, suggesting that cell-surface glycans
not only mediate certain binding events, but likely also block unspecific interactions between receptors
and the phospholipid membrane. Different compositions of Man-decorated vesicles regarding glycan
valency and ligand concentration revealed different affinities of the simplistic Man-decorated
glycocalyx models to the Con A substrate, whereby the polyvalent structures generally displayed higher
binding avidities towards the Con A surfaces than the respective tetravalent glycomacromolecules in
a concentration-dependent manner. This is likely due to the higher multivalent and local concentration

presentation of binding motifs, resulting in higher avid binding with the lectin.

Next, mixtures of the long and short, binding and non-binding glycomacromolecules were
incorporated into GUVs to create for the first time heteromultivalent crowded glycocalyx mimetics that
resemble more closely the heterogeneity and highly crowded nature of native cellular glycocalyces in
a very controlled setting. Employing the same binding assay, now the impact of the Gal-functionalized
glycan mimetics as non-binders (or crowding agents) on the selective Man-mediated vesicle adhesion
was studied and compared to the respective homomultivalent systems. It was found that based on the
composition of long and short, binding and non-binding ligands in the GUVs, vesicle adhesion is either
unaltered, decreased or in some cases even increased, highly depending on the valency and overall
concentration of the employed binders and non-binders. Generally, high concentrations of the long,
non-binding ligands significantly reduced adhesion, while the short, non-binding ligands had no
negative effect on the Man-Con A-mediated adhesion. However, the long, non-binding crowding

agents did not impact GUV adhesion when the vesicles contained low concentrations of the binding
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ligands. Notably, GUVs with low concentrations of the long, binding ligands adhered more strongly
when doped with high concentrations of the short, non-binding ligands and low concentrations of the
long, non-binding ligands, suggesting a certain level of cooperativity that mediates glycocalyx-
associated binding events in a density- and valency-dependent manner. These first results
demonstrated for the first time the applicability and feasibility of glycan mimetics to create highly
tunable glycocalyx mimetics, that resemble more closely the natural glycocalyx, which enables the
systematic examination of glycocalyx mediated adhesion and, thus, a convenient toolbox was created
to construct mimics of native glycocalyces with precise alterations in constitution, regarding

glycosylation, macromolecular density and heteromultivalency.

In the second part of the thesis, a second series of lipidated glycan mimetics was introduced to
systematically study the impact of glycan allocation in different membrane phases, mirroring the
recruitment of native glycan constituents into cellular lipid rafts. Lipid rafts in cellular membranes are
spatially resolved, highly ordered and dynamic microdomains within the surrounding fluid membrane,
that are enriched in cholesterol and sphingolipids. The function and occurrence of these highly ordered
nanodomains is highly discussed in the literature; common belief is that the local enrichment of glyco-
sphingolipids and certain proteins, that are recruited into these lipid rafts, is a crucial cellular feature
that mediates, e.g. signal cascading or pathogen infection in native cells. For this purpose, SPPoS was
again employed to obtain sequence-defined, tetravalent glycan mimetics bearing either a Man- or Gal-
head group. As membrane anchors, N-terminally conjugated Cis-fatty acids, joint via a 2.3-
diaminopropionic acid moiety were employed, to yield lipid motives that resemble ceramides, a class

of lipids that are highly associated with naturally occurring lipid rafts.

In this manner, a total of four different glycan mimetics was synthesized, each differing in their
tetravalent glyco-head group (Man or Gal) and their respective lipid motif (bis(stearyl) or bis(oleyl)).
Stearic acid and oleic acid were selected as membrane anchors, due to their abundance in natural
membranes and their highly different physico-chemical behaviors regarding membrane fluidity. While
stearic acid is a saturated fatty acid with high affinity for highly ordered membrane domains, oleic acid
is @ monounsaturated cis fatty acid, rendering the resulting lipid moiety inherently more fluid and
space-consuming. These different physico-chemical behaviors were then evaluated regarding the

preferential incorporation of the ligands into ordered and disordered membrane phases.
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Figure 19. Summary of the results of the second part of the thesis. A: SPPoS yields glycan mimetics with different
membrane tethers (bis(stearyl) or bis(oleyl)), varying significantly in their respective physico-chemical properties.
B: Incorporation of the glycan mimetics into phase separating GUVs enables precise allocation of the ligands into
either Lo (i)) or Ld (ii)) domains of the GUVs, governed by their respectively employed lipid tether. Similarly,
heteromultivalent glycocalyx mimetics can be produced that present spatially resolved glycosylation patterns,
differing between Ld and Lo (iii)). C: Lectin recruitment associated with ligands in Lo was found to be
approximately 65% more efficient than with ligands associated in Ld, supporting the importance of lipid rafts in
native cellular membranes.

The derived ligands were employed to construct glyco-decorated, phase separating GUVs as
spatially heterogenous glycocalyx mimetics. Phase separation in model membranes is a sufficiently
studied field that reflects the abundance of lipid rafts in native cellular plasma membranes. In GUVs
this phenomenon can be modeled by employing ternary lipid mixtures that can segregate into distinct
membrane domains under suitable conditions, where unsaturated lipids form a fluid, liquid disordered

phase (Ld) and saturated lipids and cholesterol form a tightly packed and highly ordered Lo phase.

Since the Ld phase of the derived GUVs was stained with a suitable fluorescent membrane marker, it
was possible to show, employing fluorescently labeled derivatives of Con A and RCA, that the derived
ligands allocate into either the Ld or the Lo phase, dictated by their respective membrane tether (oleyl-
moieties dictated preferential ligand accumulation in Ld phases, while stearyl-moieties mediated the
incorporation of ligands into the Lo domains of the GUVs). For the first time, phase allocation of glycan

mimetics in spatially distinct model membranes was shown.
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In the next step, mixtures of Man and Gal ligands with different membrane anchors were employed,
to generate heteromultivalent glycocalyx mimetics that present distinct glycosylation patterns on the

vesicle membrane, governed by the phase allocation of the employed ligands into either Ld or Lo.

Finally, the impact of phase allocation of the glycan mimetics in either Ld or Lo on protein recruitment
was analyzed quantitatively. Therefore, Man-ligands bearing either the stearyl- or the oleyl-lipid tail
were incorporated in equal concentrations into either the Ld or the Lo phase of GUVs and subsequently
incubated with fluorescently labelled Con A. Via analysis of the radial fluorescence intensity profiles
of the membrane bound lectin in either Ld or Lo, it was shown, that protein recruitment in Ld resulted
in the formation of small local clusters of ligands and receptors, while ligands in Lo demonstrated a
homogenous adhesion of the protein on the membrane. In this manner, lectin binding was increased
by 65%, which mirrors the putative function of lipid rafts, to serve as local amplifiers, e.g. facilitating
signaling pathways through the ordered and concentrated presentation of ligands in ordered

membrane domains.

The results demonstrated that the established synthetic toolbox to derive highly tunable glycan
mimetics was complemented by the introduction of distinct lipid moieties, which allows for the first
time to control the physico-chemical behavior of the derived ligands in heterogenous phospholipid
membranes and, hence, to construct glycocalyx mimetics that resemble more closely the spatially
heteromultivalent nature of native glycocalyces. The experimental evidence supports the hypothesis
that lipid rafts serve as active platforms for organizing and enhancing molecular interactions on cellular
membranes - such as cell signaling and pathogen entry -, by actively enhancing glycan-mediated

interactions.

In the third part of the thesis, the previously established synthesis of long and short glycan mimetics
was further developed to now also access globally sulfated glycan mimetics. Previous work by Soria-
Martinez et al. has shown that soluble and globally sulfated glycooligomers and glycopolymers,
mimicking naturally abundant glycosaminoglycans with high degrees of sulfation, can act as inhibitors
for several viral infections. While these results give rise to hope that such glycomimetic inhibitors could
potentially be progressed as potent therapeutics for viral infections, they also indicate that such
precision glycan mimetics are suitable for systematically studying viral interactions (or more general

pathogen interactions) with cellular glycocalyces.

In this manner, a first library of sGAG mimetics was prepared and characterized in close collaboration
with M. Hoffmann and L. Bonda, thereby varying key functional parameters, such as the valency of the
glycan-head group, the functionalization with a fluorophore and the type of membrane anchor to

systematically study the effect of the sGAG mimetics' constitution on pathogen interactions.

232



sGAG Mimetics to Probe Pathogen Interactions

Figure 20. Summary of the results of the third part of the thesis. A: A combination of SPPoS and TIRP yields
globally sulfated, short and long glycan mimetics (SGAG mimetics) featuring site-selective functionalities, such as
an oligovalent or polyvalent glycan head group, a fluorophore for fluorescence microscopy, as well as a lipid-
tether for subsequent intercalation into phospholipid membranes. B: Schematic presentation of the interaction
between viral pathogens and a membrane-associated sGAG mimetic. C: First studies on the interaction of viral
pathogens with membrane-associated sGAG mimetics. VLPs derived from MCPyV interact with sGAG mimetics
displayed on GUVs (i)) or on the plasma membrane of GM95 cells (ii)). Scale bars: 10 microns.

Polymeric sGAG mimetics were prepared as described before — via TIRP of solid-phase derived
macroinitiators and subsequent sulfation following previously established protocols. To access the
respective glycooligomers, a protocol established by M. Hoffmann was used, which employs a
photocleavable linker on the solid support. While the sulfate groups have been previously shown to
not withstand the harsh acidic cleavage conditions of conventionally employed support resins, the

photolinker enables cleavage of on-resin sulfated glycooligomers under mild conditions via photolysis.

To demonstrate the applicability of the thusly derived sGAG mimetics, first studies on GUVs as
glycocalyx mimetics and cellular membranes by means of de novo glycocalyx engineering were
conducted in collaboration with the team of Prof. H. Ewers. Therefore, virus-like particles derived from
HPV16, MCPyV and SV40 were employed as viral receptor mimetics, to study interactions with a
membrane-associated, polymeric SGAG mimetic in GUVs and in native cellular membranes of GM95
cells. As HPV16 and MCPyV are known to exploit naturally abundant sGAGs on cells to initiate infection
of a host cell, it could be shown that the synthetic sGAGs indeed show interaction with the VLPs and,
consequently, offer the potential to study these interactions in a highly controlled setting. These first
results indicate that the presented toolbox to derive precision sGAG mimetics, can potentially enable
a systematic study on the effect of structural sGAG-mimetic parameters, such as valency, degree and
patterning of sulfation, as well as sGAG density in membranes, on the mechanisms involved in viral (or

pathogen) infection.
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Finally, the last part of this thesis focused on the dynamic formation and fixation of receptor-mediated
glycan clustering in glycocalyx mimetics. Clustering of glycans upon interaction with receptors, such as
lectins, is an important mechanism that is involved in many biological mechanisms unfolding on the
cell membrane, such as adhesion, signaling and pathogen infection. The local assembly of nanoscale
clusters upon an external stimulus is highly dynamic and promotes multivalent ligand-receptor
interactions to mediate a subsequent event. The physically driven formation of multidomain lipid
vesicles, as described in chapter 3.2, cannot accurately reflect this local dynamic clustering, so a
different approach was chosen to investigate this phenomenon. For this purpose, an SPPoS-compatible
functional diacetylene building block was rationally designed and synthesized. Diacetylenes are a
special class of monomers that can be polymerized under topochemical conditions by irradiation,
producing a fluorescent polydiacetylene backbone. This appears to be suitable to follow the above-
described cluster formation dynamically in vitro, since the corresponding diacetylene-functionalized
ligands can only be polymerized upon clustering (i.e. an appropriate spatial proximity and orientation
to each other is given) and thereby directly generate a fluorescence read-out to visualize the clusters

via fluorescence microscopy.

The diacetylene moiety (in accordance with the previously established building blocks by Hartman et
al. termed DADS, DiAcetylene Diamine Succinic acid) was introduced into the glycomacromolecular
backbone using two building block fragments, DADS(I) (functionalized with a carboxylic acid and a
terminal bromoalkyne) and DADS(Il) (functionalized with an N-Fmoc-protected primary amine and an
alkyne), which were assembled on the solid phase employing a Cadiot-Chodkiewicz coupling to give
the intact diacetylene building block in quantitative yield. It was shown that the DADS building block
is orthogonal to the other reaction conditions involved in the preparation of SPPoS-derived glycan
mimetics (i.e. Fmoc-cleavage with piperidine, Zemplén deacetylation, acidic cleavage with 95% TFA)

and, hence, suitable for the preparation of diacetylene-functionalized glycan mimetics.

Subsequently, two glycan mimetics were synthesized and characterized, site selectively bearing the
diacetylene moiety, an N-terminal cholesteryl-tether, as well as a tetravalent glycan-head group (either
Man or Gal). The resulting amphiphilic Man-ligand was then investigated for its ability to polymerize
upon irradiation in aqueous solution via UV-VIS spectrophotometry and transmission electron
microscopy (TEM). Upon irradiation, the initial absorption band, corresponding to the diacetylene
moiety, decreased over time concomitant with an increasing bathochromically shifted new absorption
band, putatively corresponding to the expanding polydiacetylene network. Similarly, micellar
assemblies of the diacetylene-containing glycan mimetics were analyzed via TEM. Irradiated and non-
irradiated micelle samples were measured before and after dilution with EtOH to disrupt the micellar

assemblies. Before dilution with EtOH, both the irradiated and the non-irradiated samples showed
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homogenous, spherical assemblies, whereas after dilution, the non-irradiated samples underwent a
change in morphology from spherical to worm-like micelles, while the irradiated sample remained

spherical, indicating that the irradiation successfully crosslinked the spherical micelles.

Dynamic Glycan Clustering
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Figure 21. Summary of the results of the fourth part of the thesis. A: A novel SPPoS-compatible building block
(DADS) was developed, enabling the site-selective incorporation of a diacetylene moiety into the
macromolecular backbone via on-resin Cadiot-Chodkiewicz coupling. B: SPPoS yields sequence-defined glycan
mimetics, featuring a polymerizable diacetylene moiety, as well as a cholesteryl tether for subsequent
membrane-anchoring. C: Schematic presentation of the lectin-mediated glycan-cluster imprinting: Membrane-
associated diacetylene ligands cluster upon interaction with multivalent lectins. Irradiation leads to topochemical
polymerization of the glycan-clusters, concomitant with a fluorescent read out (D, red arrows). Scale bar: 10
microns.

Subsequently, initial experiments were performed in GUVs to demonstrate the applicability of
dynamic cluster formation and following fixation via photochemical polymerization. Therefore, the
diacetylene-functionalized Man-ligand was incorporated into GUVs and incubated with Con A to
induce ligand-lectin clusters on the membrane and subsequently irradiated, giving a weak fluorescent

read-out upon excitation, colocalizing with the preformed clusters.

Based on these preliminary results, this additional class of crosslinkable or polymerizable glycan
mimetics could potentially offer the possibility to study dynamic cluster formation in glycocalyx
mimetics. This, in turn, could enable a controlled analysis of transient or 'locked in' glycan assemblies
in glycocalyx mimetics to systematically study how such clustering events affect membrane
organization and provide insights into, for example, how pathogens exploit glycan assemblies for

infection.

Overall, this work has contributed substantially to the existing portfolio of synthetic glycocalyx

mimetics. The presented glycan mimetics and resulting glycocalyx models in this thesis now enable for
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the first time (i) controlled synthesis of long and short multivalent glycan mimetics, which can be used
to construct heteromultivalent and crowded glycocalyces, (ii) control over spatial localization of glycan
mimetics in heterogeneous membrane systems (strongly governed by the choice of membrane
anchor), (iii) presentation of highly controlled sGAG mimetics in model glycocalyces to probe pathogen

interactions, as well as (iv) fixation and visualization of dynamic ligand-receptor-induced clusters in

model membranes (Figure 22).
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Figure 22. Overview of the glycocalyx mimetics presented in this thesis. A delicate combination of the introduced
models bears the potential to create encompassing glycocalyx mimetics that mirror key features of native
glycocalyces: crowded surfaces, dynamic clustering of constituents, spatially resolved inhomogeneities and the
presentation of SGAG mimetics to probe pathogen interactions.

The presented features of the glycan mimetics and the resulting models bear the potential to
mimic key parameters of native glycocalyces, i.e. constitutional heterogeneity, locally resolved
constituent inhomogeneities and a highly crowded nature, to an extent that has not been possible

before. The model systems can be precisely adjusted through targeted modifications of the highly

236



tailorable glycan mimetics and delicate constituent compositions, which enables a systematic
investigation of glycocalyx-associated processes. Combinations of glycan mimetics and models could,
for instance, be employed to systematically study pathogen interactions with locally accumulated,
suitable ligands in highly crowded, sGAG mimetic presenting systems, to model the infection process

of certain viruses from initial contact with the glycocalyx to infection of the host cell.

Although the models still lack the inherently complex heterogeneity and constitutional dynamics of
native eukaryotic glycocalyces, this shortcoming could be compensated, for instance, by reconstituting
native membrane proteins into the model membrane systems or employing more complex lipid

compositions.

In summary, this work presents simple, tunable and predictable glycocalyx-mimetic models that can
potentially be employed to systematically investigate fundamental questions in glycobiology and

membrane biophysics in the future.
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5. Experimental Section
5.1 Materials

D-(+)-galactose, D-(+)-mannose, N,N-dimethylformamide, oxalyl chloride, piperidine and tosyl
chloride were purchased from Acros Organics. Ethyl trifluoroacetate and PyBOP were purchased from
Apollo Scientific. Acetonitrile and cholesterol were purchased from AppliChem. Fmoc-Cl and tris(2-
phenylpyridine)-iridium(Ill) were purchased from bld pharm. Succinic anhydride was purchased from
Carbolution Chemicals. DIPEA and sodium chloride were purchased from Carl Roth. 1.4-Dioxane, acetic
anhydride, calcium chloride, ethyl acetate, HEPES, n-hexane, hydrochloric acid (37%), manganese
dichloride, potassium carbonate, sodium azide, sodium bicarbonate, sodium hydroxide (1M), sodium
methoxide and trimethylamine were purchased from Fisher Scientific. Fluorescein and triethylsilane
were purchased from fluorochem. Fmoc-Cys(Trt)-OH, Fmoc-Lys(Boc)-OH and Fmoc-Lys(Dde)-OH were
purchased from Iris Biotech. Concanavalin A was purchased from MP Biomedicals. 2,2'-
(Ethylenedioxy)bis(ethylamine), 2-bromoethanol, 4-pentynoic acid, boron trifluoride diethyl etherate,
Bovine Serum Albumin, dichloromethane, diethyl ether, diethylenetriamine, formic acid, methyl a-D-
mannopyranoside, methanol, tetrahydrofuran, trifluoroacetic acid and triisopropylsilane were
purchased from Sigma-Aldrich. Diphenyl-(2,4,6-trimethylbenzoyl)-phosphineoxide(>98%), N-
hydroxyethylacrylamide, Rhodamine B, TCEP, trimethylsilyl azide and trityl chloride were purchased
from TCl chemicals. NeutrAvidin and sodium diethyldithiocarbamate were purchased from Thermo

Scientific.

All solvents and reagents used were purchased in the highest purity available and used without further

purification.
TentaGel® S RAM resin (loading: 0.26 mmol/g) was purchased from RAPP Polymere GmbH.

DOPC, 18:1 PEG2000-PE, 16:0 Biotinyl Cap PE and 16:0 Liss Rhod PE were purchased from Avanti Polar

Lipids.

Dialysis was performed via diafiltration in VIVASPIN 20 centrifugal concentrators (MWCO: 10 kDa; PES)

from sartorius.

Experiments were conducted in 18-well glass bottom p-slides from ibidi GmbH.
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5.2 Instrumentation

Reversed Phase- High Pressure Liquid Chromatography- Mass Spectrometry (RP- HPLC-MS)/Electron
Spray lonization- Mass Spectrometry (ESI-MS)

RP-HPLC-MS was carried out on an Agilent 1260 Infinity instrument coupled to a variable wavelength
detector (VWD) (set to 214 nm) and a 6120 Quadrupole LC/MS containing an Electrospray lonization
(ESI) source (operation mode positive, m/z range from 200 to 2000). An MZ-AquaPerfect C18 (3.0 x 50
mm, 3 um) RP column from MZ-Analysentechnik was used. As eluent system water/acetonitrile
containing 0.1 vol% formic acid was applied. The mobile phases A and B were: System A)
water/acetonitrile (95/5, v/v); System B) water/acetonitrile (5/95, v/v). The samples were analyzed at
a flow rate of 0.4 ml/min using a linear gradient, starting with 100% of system A) and reaching 100%
system B) within 17 min. The temperature of the column room was set to 25 °C. All purities were

determined using the OpenLab ChemStation software for LC/MS from Agilent Technologies.
Ultra High Resolution - Mass Spectrometry (UHR-MS)

UHR-MS measurements were performed with a Bruker UHR-QTOF maXis 4G instrument with a direct
inlet via syringe pump, an ESI source and a quadrupole followed by a Time of Flight (QTOF) mass

analyzer.
Nuclear Magnetic Resonance Spectroscopy (NMR)

The 'H-NMR spectra were recorded on a Bruker Avanace I11 600 (300 or 600 MHz). These spectra were
evaluated according to the following scheme: (frequency in MHz, deuterated solvent), chemical shift
in ppm (multiplicity, coupling constant, integral, signal assignment). The chemical shift is given in

relation to the 'H signals of the deuterated solvents used.
Size Exclusion Chromatography-Multi-Angle Light Scattering (H,O-SEC-MALS)

SEC analysis was conducted with an Agilent 1200 series HPLC system and three aqueous SEC columns
provided by Polymer Standards Service (PSS). The columns were two Suprema Lux analytical columns(8
mm diameter and S5pum particle size) and one precolumn (50 mm, 2x160 A of 300 mm and 1000 A of
300mm). The eluent was a buffer system consisting of MilliQ water and 30% acetonitrile with 50 mM
NaH2P04, 150 mM NaCl and 250 ppm NaN3 with a pH = 7.0 (via addition of 50 mL of 3 molar aqueous
sodium hydroxide solution) filtered with an inline 0.1um membrane filter and running at 0.8 mL per
min. Multi-angle light scattering is recorded via mini DAWNTREQOS and differential refractive index
spectra with Optilab rEX both supplied by Wyatt Technologies EU. Data analysis was committed with

Astra 5 software and a dn/dc value of 0.156 for each polymer.
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Lyophilization

The final glycomacromolecules were lyophilized with an Alpha 1-4 LD plus instrument from Martin

Christ Freeze Dryers GmbH (-40 °C, 0.1 mbar).
Fluorescence Microscopy

Giant Unilamellar Vesicles were imaged on an inverted microscope (Olympus I1X83, Japan) equipped
with an Olympus 60x NA 1.35 oil-immersion objective (Olympus, Japan), and a CMOS camera (DMK
33UXI174L, The Imaging Source, Germany) was used for imaging. The system was operated with the

Olympus software.
Elemental Analysis

The ratio of carbon, hydrogen, oxygen, nitrogfen and sulfur was determined on a Vario Micro Cube

(Analysensysteme GmbH).
UV-Irradiation

UV-irradiation of the samples was carried out using a UV LED spot with a wavelength of 365 nm and a

maximum irradiance of 950 mW/cm?, operated with an LEDControl, both from Opsytec Dr. Grébel.
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5.3 General Methods
Solid Phase Polymer Synthesis

All structures were prepared on Tentagel® S RAM resin (batch size: 0.1 mmol). All washing steps were
conducted with 4 mL solvent. Polypropylene reactors equipped with polyethylene frits and closed with
Luer-stoppers were used. For the short glycomacromolecules, the backbone sequence was first
assembled, followed by glycoconjugation via CUAAC (copper(l)-catalyzed alkyne-azide cycloaddition),
Lys-side chain deprotection (Boc), fluorescent dye conjugation, terminal Fmoc-deprotection and
capping with 4-pentynoic acid before conjugation of the cholesteryl tether via CUAAC.

General coupling protocol.

For all compounds, the resin was first swollen in 4 mL DCM for 30 min, subsequently washed ten times
with DMF, Fmoc-deprotected by treating with 25% piperidine in DMF (three times for ten minutes)
and again washed fifteen times with DMF. Employed building blocks were coupled to the N-terminus
by adding the respective building block (5eq.), PyBOP (5 eq.) and DIPEA (20 eq.) in 4 mL DMF to the
resin and shaking for 1h. Then, the resin was washed fifteen times with DMF and the N-terminus was
again deprotected followed by the next coupling step.

Fmoc cleavage

The Fmoc-protecting group of the resin as well as from the coupled building blocks or amino acids was
cleaved by means of 4 mL of a 25% solution of piperidine in DMF to release the primary amine. The
deprotection was carried out twice for 10 min. Afterwards the resin was washed 10 times with DMF

before coupling.
Boc cleavage

The resin was washed five times with THF before a solution of 4 M HCl in dioxane was drawn into the
syringe reactor. The resin was rocked for 5 min before the solution was discarded. Fresh solution was
drawn into the reactor and the resin was rocked for 30 min before the solution was again discarded.

The resin was then washed ten times with DMF.
Dde cleavage

The Dde side chain protective group was cleaved via treatment with a freshly prepared solution of 2%
hydrazine hydrate in DMF (v/v). After rocking for 5 min, the solution was discarded and the resin was

washed three times with DMF. The cleavage procedure was repeated twice.
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CuAAC protocol for glycosylation

To the oligomeric structure loaded on the resin 2.5 eq of acetyl protected 2-azidoethyl pyranoside (a-
Mannose/ B-Galactose) per alkyne group dissolved in 4 mL DMF were added. Secondly 50 mol%
sodium ascorbate per alkyne group and 50 mol% CuSO, per alkyne group were dissolved each in a
small amount of water and also added to the resin. The syringe reactor was rocked for 18 h before the
solution was discarded. The resin was washed three times with DMF and subsequently treated with a
23 mM solution of sodium diethyldithiocarbamate in DMF and water (50/50, v/v) and alternating with

DMF and DCM until no further color change occured.
CuAAC protocol for conjugation of cholesteryl-anchor

To the oligomeric structure loaded on the resin 2.5 eq of 3-B-azidocholesterol in 4 mL THF were added.
Then 50 mol% sodium ascorbate per alkyne group and 50 mol% CuSO4 per alkyne group were
dissolved each in a small amount of water and also added to the resin. The syringe reactor was rocked
for 18 h before the solution was discarded. The resin was washed three times with DMF and
subsequently treated with a 23 mM solution of sodium diethyldithiocarbamate in DMF and water

(50/50, v/v) and alternating with DMF and DCM until no further color change occured.
On-resin deacetylation

Glycooligomers MC and GC were deacetylated under Zemplén conditions. The resin was washed five
times with methanol, before 5 mL of a 0.2 M solution of NaOMe in MeOH was drawn into the reactor.
The resin was rocked for 30 min, before the solution was discarded. The resin was then washed twice
with MeOH before another 5 mL of the methoxide solution were drawn into the reactor. After 30 min,

the solution was again discarded and the resin was washed five times with MeOH.
Macroinitiator Cleavage from the Solid Phase

The resin was washed five times with DCM before acidic cleavage from the resin with a cocktail
consisting of TFA, TIPS and DCM (95/2.5/2.5, v/v/v) for 30 min. The macroinitiators were precipitated
in a mixture of 25% ether in hexanes and collected via centrigugation at -5°C. The supernatant was
decanted, and the precipitate was dried under high vacuum. Stock solutions of the dried

macroinitiators in DMSO were then prepared (c = 0.033 M).
Synthesis of Glycopolymers via TIRP

One equivalent of glyco monomer (100 mol%) and tris(2-phenylpyridine)iridium-(lll) (Ir(ppy)s, 0.05
mol%) are dissolved in DMF [10 wt %], sealed in a 5mL glass flask and flushed with argon as inert gas

for 10 min. In a second step, the macroinitiator (2.5 mol%) and equimolar amounts of diphenyl-(2,4,6-
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trimethylbenzoyl)-phosphineoxide (TPO, 2.5 mol%) are also dissolved in DMF [10 wt %] and sealed in
a 5 mL microwave reaction vial. A spatula tip of TCEP is dissolved in a single drop of H,0 and added to
the reaction solution to reduce possible disulfides. The thiol/TPO solution is flushed under an Ar-
atmosphere for 10 min and irradiated with UV-light (405nm wavelength, 2% intensity) for 3 min.
Subsequently, the monomer/Ir(ppy)s mixture is added to the TPO/ thiol solution under an inert
atmosphere, and the polymerization solution is irradiated further at an unchanged light intensity. After
an hour, the irradiation is stopped and the polymer solution precipitated in diethyl ether. The
precipitated glycopolymer was dryed under a gentle stream of nitrogen, dissolved in ultrapure water,
dialyzed via diafiltration against ultrapure water in five cycles (20 mL each, 1 M HCI was used in the

first cycle). The dialyzed compounds were dissolved in fresh ultrapure water and lyophilized.
Sulfation of sGAG mimetics

On-resin sulfation of the short sGAG mimetics was carried out in 50 ml solid-phase synthesis glass

reactors, equipped with a PTFE stopcock with a T-bore and a glass frit of medium porosity.

The resin was washed ten times with dry DMF and then a solution of TMA*S03 (50 eq. per hydroxyl
group) in DMF (8.65 ml/g) was added. The mixture was kept at 70°C for 16h. Afterwards, the resin was
treated with a 10% sodium acetate solution in water (10 eq. based on TMA*S03) and washed fifteen
times with water, fifteen times with warm DMF (70 °C), thirty times with DMF (RT) and fifteen times

with DCM.

To sulfate the long sGAG mimetics, the respective glycopolymers were dissolved in a solution of
TMA*S03 (50 eq. per hydroxyl group) in DMF (8.65 ml/g) and stirred at 70°C for 16h. Subsequently,
the reaction was quenched by the addition of a 10% sodium acetate solution in water (10 eq. based
on TMA*S03). The solvent was evaporated to dryness and the crude product mixtre was redissolved

in ultrapure water and purified via diafiltration.
Short sGAG-Cleavage from the Solid Phase (Fmoc-Photo-Linker)

After sulfation, the resin was swollen in DCM for 30 min and then washed with ACN and transferred to
a glass vessel. The resin was suspended in a mixture of ACN and water (1/1) and placed under an LED
spot (365 nm). The resin was then shaken for a total of 24 h at a power of 15 % of the maximum lamp
power and at a distance of 3 cm from the lamp, resulting in an approximate irradiance of 285 mW/cm?.
The irradiation process was interrupted regularly, already separated product from the resin by washing
with ACN and water and re-swelling the resin in DCM. The collected fractions were

subsequently dried under reduced pressure.
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Determination of the Degree of Sulfation (DS)

The DS was determined by calculating ratios for the experimental and theoretical values. Briefly, the
S/C ratio was calculated for the experimentally measured values and for the theoretical values for a
molecule with a degree of sulfation of 100 %. The values obtained were then expressed as ratios of
experimental to theoretical S/C. The same was done for the S/N ratios. Both values obtained were
averaged to obtain the degree of sulfation This method was used because the samples were very

hygroscopic, which led to decreased values for C/N/S and increased values for H/O.
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5.4 Analytical Data
5.4.1 Sequence-Defined Short sGAG Mimetics

Glycooligomer Backbone
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Figure 23. Oligomer backbone detected with relative purities >97% by RP-HPLC analysis (linear gradient from 5
— 95 vol% eluent H20/acetonitrile) in 17 min at 25 °C.
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Figure 24. HR-ESI-MS of the glycooligomer backbone. Mass calcd. for Ci21H1ssN24032[M+3H]**: 828.8; found:
828.8.
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Glycooligomer shortA%H
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Figure 25. 'H-NMR (600 MHz, D,0, ambient temperature) of shortA°".

H-NMR (600 MHz, D,0) & [ppm] = 7.87-7.80 (m, 6H, H7, H11), 4.65-4.55 (m, 10H, H12), 4.16-3.22 (m,

XH, CHPyranose, HZ, H3, H4, H13, HZO), 3.07'2.91 (m, 20H, CHPyranose, H6, H].O), 2.82'2.72 (m, 12H, H5,

H9), 2.58-2.37 (m, 32H, H1), 2.12-0.55 (m, 60H, H16-H18, H21, Chol).
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Figure 26. HR-ESI-MS of snortACH.

" 866.0 " 866.5

HR-ESI-MS for Ca01H317N44061*: [M*+4H]>* calcd.: 865.7; found: 865.8.
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Glycooligomer shortA®
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Figure 27. 'H-NMR (600 MHz, D20, ambient temperature) of shortAS.

1H-NMR (600 MHz, D20) & [ppm] = 7.99-7.80 (m, 6H, H8, H11), 7.75-6.05 (m, 10H, Ar-H), 5.35-5.22
(m, 1H, H8), 5,13 (s, 5H, H14), 4.84 (m, 5H, CHpyranose), 4.74-4.49 (M, 15H, CHpyranose, H12), 4.49-4.28
(M, 10H, CHeyranose), 4.18-3.87 (M, 16H, CHpyranose, H4, H13), 3.72-3.14 (m, 89H, CHpyranose, H2, H3, H20),
3.08-2.92 (m, 14H, H6, H9, H16), 2.89-2.74 (m, 12H, H5, HI), 2.66-2.34 (m, 32H, H1), 2.02-0.39 (m,
60H, H16-H18, H21, Chol).
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Figure 28. ESI-MS (neg. mode) of shortA°.

ESI-MS for C201H297N44N3200121520+2 [M+-10Na+]9- calcd.: 6814, found: 681.5.

DS determined via EA: 98%.
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Glycooligomer shortB°"
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Figure 29. 'H-NMR (600 MHz, D20, ambient temperature) of shortB°".

'H-NMR (600 MHz, D20) & [ppm] = 7.94-7.73 (s, 6H, Ar-H, H22), 4.94-4.71 (m, 6H, CHpyranose, H5), 4.64-

4.56 (m, 10H, H23), 4.14-3.99 (m, 10H, H24), 3.93-3.82 (m, 10H, CHpyranose), 3.74-3.15 (m, 104H, H2,

H3, H4, H6, H30, H31, CHpyranose), 3.04-2.93 (m, 15H, CHpyranose, H20), 2.78-2.73 (m, 10H H21), 2.52-2.41

(m, 32H, H1), 2.14-0.73 (m, 72H, H7-19, H27-29, H32).
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Figure 30. HR-ESI-MS of shortB°".

HR-ESI-MS for C200H326N43063+: [l\/|++3H]4+ calcd.: 1085.1,' found 1085.3.
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Glycooligomer shortB®
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Figure 31. 'H-NMR (600 MHz, D0, ambient temperature) of shortB°.
1H-NMR (600 MHz, D20) & [ppm] = 7.96-7.83 (m, 6H, Ar-H, H22), 7.72-6.25 (m, 9H, Ar-H), 5.13 (s, 5H,
H25), 4.74‘4.28 (25H, CHPyranose, H23), 4.17'3,88 (m, 16H, CHPyranose, H4, H24), 3.77'3.20 (m, 91H,

CHpyranose, H2, H3, H6), 3.08-2.93 (m, 12H, H21), 2.87-2.73 (m, 12H, H20), 2.57-2.39 (m, 32H, H1), 2.24-
0.51 (m, 72H, H7-19, H27-29, H32).
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Figure 32. ESI-MS (neg. mode) of shortB®.

ESI-MS for C200H306N43Na200123520+: [M+—9Na+]8' calcd.: 771.3,’ found: 771.0.

DS determined via EA: 99%.
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Glycooligomer shortC®
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Figure 33. 'H-NMR (600 MHz, D20, ambient temperature) of shortC>.

1H-NMR (600 MHz, D20) & [ppm] = 7.98-7.84 (m, 6H, H7, H11), 5.53-5.44 (m, 1H, H8), 5.12 (m, 5H,
H14), 4.84 (s, 5H, CHeyranose), 4.72-4.52 (m, 15H, H12, CHpyranose), 4.50-4.38 (M, 5H, CHpyranose), 4.38-
4.29 (M, 5H, CHpyranose), 4.22-4.16 (m, 1H, H4), 4.16-4.04 (m, 10H, H13), 4.00-3.89 (m, 5H, —
NCH2CH20- Seitenkette), 3.75-3.23 (m, 89H, H2, H3, CHpyranose), 3.13 (t, 2H, H19), 3.06-2.94 (m, 12H,
H5, H9), 2.88-2.69 (m, 12H, H6, H10), 2.64-2.38 (m, 37H, H1) 2.12-0.57 (m, 53H, H16-18, H20, Chol).
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Figure 34. ESI-MS (neg- mode) of shortC®.

ESI-MS for C17sH270N42Na200120S20: [M-10Na*]® caled.: 638.8; found 638.8.
DS determined via EA: 94%.
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Glycooligomer shortD®
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Figure 35. 'H-NMR (600 MHz, D20, ambient temperature) of shortD>.

1H-NMR (600 MHz, D20) & [ppm] = 7.99-7.46 (m, 8H, ArH, H8), 7.28-6.35 (m, 7H, Ar-H), 5.12 (s, 5H,
H11), 4.84 (m, 5H, CHpyranose), 4.73-4.49 (m, 19H, CHpyranose, H9), 4.47-4.28 (m, 10H, CHpyranose), 4.15-3.87
(m, 18H, CHpyranose, H4, H10), 3.75-3.23 (m, xH, CHpyranose, H2, H3, H17), 3.06-2.91 (m, 10H, H7), 2.88-
2.72 (m, 10H, H6), 2.62-2.38 (m, 32H, H1), 2.01-1.94 (m, 3H, H5), 1.55-0.89 (m, 18H, H13-15, H18).
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Figure 36. ESI-MS (neg. mode) of shortD>.

ESI-MS for C171H250N41N3200121520+2 [M+-10Na+]9- calcd.: 6314, found: 631.8.

DS determined via EA: 94%.
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5.4.2 Macroinitiators

Macroinitiator Backbone
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Figure 37. Oligomer backbone detected with relative purities >97% by RP-HPLC analysis (linear gradient from 5
— 95 vol% eluent H20/acetonitrile) in 20 min at 25 °C.
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Figure 38. 'H-NMR (600 MHz, D20, ambient temperature) of macroinitiator jongA.

1H-NMR (600 MHz, D;0) & [ppm] = 8.03-6.53 (m, 11H, H8, Ar-H), 4.66-4.56 (m, 1H, H3), 4.04-3.93
(m, 1H, H5), 3.89-3.08 (m, 50H, H2, H4, H6, H7, H12, H13), 2.68-2.41 (m, 12H, H1), 2.03-0.50 (m,
50H, H9-11, Chol)
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Figure 39. HR-ESI-MS of macroinitiator iongA.

HR-ESI-MS for C99H152N15017S+: [|\/|++2H]2+ calcd.: 928.57; found 928.56.
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Figure 40. 'H-NMR (600 MHz, CDCls, ambient temperature) of macroinitiator iongB.

'H-NMR (600 MHz, CDCl3) 6 [ppm] = 7.98-6.63 (m, 10H, Ar-H), 4.73-4.64 (m, 1H, H3), 4.26-4.18 (m,
1H, H5), 4.08-3.95 (m, 2H, H7), 3.76-2.94 (m, 48H, H2, H4, H24, H25), 2.85-2.77 (m, 1H, H6), 2.69-
2.52 (m, 12H, H1), 1.87-0.78 (m, 72 H, H8-20, H21-23, H26)

261



18711780

Cog7 BC H1g: O1g N1g 8= 18711811
-1.6791 ppm

1870.1750

z=1
a0 CogHigr 01z M1e S=1870.1778
-1.4526 ppm

13721805
=1

Relative Abundance
o
=

18731830
25 =1

10 1874.1853
z=1

% 1875 1876
=1

R s o e il e e e T L o
1867.5 1868.0 1868.5 1869.0 1869.5 1870.0 1870.5 1871.0 18715 1872.0 18725 1873.0 18735 1874.0 18745 1875.0 18755 1876.0 1876.5

Figure 41. HR-ESI-MS of macroinitiator iongB.

HR-ESI-MS for CogH161N14019S": [M*+H]" calcd.: 1871.18; found 1871.18.

262



Macroinitiator 1ongC

[e]
HNJk
12 1"
9 1
HZNJ\/\H/ ~ N0 N \/\N)‘j/ T]/\)LN/\/ ~ N0 N\ NJ\/\n/ SN0 N \/\NJ\/\(\N
1 2 2 2 H H H H !
0 hs 4 © o o N=N

N

. T T S L
1.27 1.00 0.93 28.07 7.95 2.81 22.11
T T T T T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0 0.5 0.0
f1 (ppm)

Figure 42. 'H-NMR (600 MHz, D20, ambient temperature) of iongC.

1H-NMR (600 MHz, D20) & [ppm] = 7.88 (s, 1H, H8), 4.46-4.60 (m, 1H, H3), 4.25-4.17 (m, 1H, H5),
3.76-2.87 (m, 44H, H2, H4, H6, H7, H12), 2.69-2.41 (m, 12H, H1), 2.01-1.87 (m, 3H, H13), 1.76-0.60
(m, 50H, H9-11, Chol)
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Figure 43. ESI-MS of macroinitiator ongC.

HR-ESI-MS for C73H125N13016S: [M+H]* calcd.: 1472.91; found 1472.91.
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Figure 44. 'H-NMR (600 MHz, D20, ambient temperature) of macroinitiator iongD.

'H-NMR (600 MHz, D;0) 6 [ppm] = 8.05-7.93 (m, 1H, Ar-H), 7.73-7.56 (m, 4H, Ar-H), 7.29-7.14 (m, 3H,
Ar-H), 7.09-6.97 (m, 2H, Ar-H), 4.48-4.42 (m, 1H, H3), 4.03-3.96 (m, 1H, H5), 3.74-3.10 (m, 46H, H2,
H10, H11), 2.96-2.84 (m, 2H, H4), 2.65-2.47 (m, 12H, H1), 2.00-1.94 (m, 3H, H6), 1.84-0.87 (m, 18H,
H7-9, H12)
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Figure 45. HR-ESI-MS of macroinitiator iongD.

HR-ESI-MS for CesH10sN1,0175*: [M*+2H]?* calcd.: 703.87; found 703.87.
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5.4.3 Long sGAG Mimetics
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Figure 46. 'H-NMR (600 MHz, D-0, ambient temperature) of glycopolymer 1ongA°".

H-NMR (600 MHz, D,0) & [ppm] = 4.90 (s, 1H, H1), 4.02-3.35 (m, 10H, CHpyranose, H2, H3), 2.44-1.30
(m, 3H, H4, H5)
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Figure 47. H,0-SEC-MALS of 10ngA°".
D (via H20-SEC, MALS coupled RI-detector): 1.4
Pn=76

Mn [kDa] (via H20-SEC, MALS coupled RI-detector): 23.0
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Figure 48. 'H-NMR (600 MHz, D20, ambient temperature) of glycopolymer iongA°.

H-NMR (600 MHz, D,0) & [ppm] = 5.24 (s, 1H, H1), 4.95 (s, 1H, CHpyranose), 4.59-3.34 (m, 9H,
CHpyranose, H2, H3), 2.37-1.39 (m, 3H, H4, H5)

Mn [kDa] (assuming 100% DS): 53.7

DS determined via EA: 99%
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Figure 49. 'H-NMR (600 MHz, D-0, ambient temperature) of glycopolymer ongB°".

1H-NMR (600 MHz, D,0) & [ppm] = 4.92 (s, 1H, H1), 4.05-3.25 (m, 10H, CHpyranose, H2, H3), 2.35-1.35
(m, 3H, H4, H5)
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Figure 50. H20-SEC-MALS of 1ongB°H.

D (via H,0-SEC, MALS coupled RI-detector): 1.1

Pn=79

Mn [kDa] (via H,O-SEC, MALS coupled RI-detector): 24.0
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Figure 51. 'H-NMR (600 MHz, D20, ambient temperature) of glycopolymer iongB°.

1H-NMR (600 MHz, D20) & [ppm] = 5.24 (s, 1H, H1), 4.94 (s, 1H, CHpyranose), 4.75-3.10 (m, 9H,
CHpyranose, H2, H3), 2.37-1.04 (m, 3H, H4, H5)

Mn [kDa] (assuming 100% DS): 56.0

DS determined via EA: 87%
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Figure 52. 'H-NMR (600 MHz, D20, ambient temperature) of glycopolymer ongC°".

H-NMR (600 MHz, D,0) & [ppm] = 4.91 (s, 1H, H1)
(m, 3H, H4, H5)

,4.01-3.32 (m, 10H, CHpyranose, H2, H3), 2.35-1.39
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Figure 53. H20-SEC-MALS of 10ngC°".
D (via H,0-SEC, MALS coupled RI-detector): 1.1
Pn=175

Mn [kDa] (via H,0-SEC, MALS coupled RI-detector): 22.3
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Figure 54. 'H-NMR (600 MHz, D20, ambient temperature) of glycopolymer iongC>.

1H-NMR (600 MHz, D20) & [ppm] = 5.25 (s, 1H, H1), 4.94 (s, 1H, CHpyranose), 4.78-3.05 (m, 9H,
CHPyranose, HZ, H3), 2.38'1.30 (m, 3H, H4, H5)

Mn [kDa] (assuming 100% DS): 53.0

DS determined via EA: 97%
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Figure 55. 'H-NMR (600 MHz, D20, ambient temperature) of glycopolymer ongD°"

'H-NMR (600 MHz, D,0) & [ppm] = 4.92 (s, 1H, H1), 4.05-3.25 (m, 10H, CHpyranose, H2, H3), 2.35-1.35
(m, 3H, H4, H5)
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Figure 56. H,0-SEC-MALS of 0ngD°".
D (via H,0-SEC, MALS coupled RI-detector): 1.3
Pn=70

Mn [kDa] (via H,0-SEC, MALS coupled RI-detector): 20.8
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Figure 57. 'H-NMR (600 MHz, D0, ambient temperature) of glycopolymer iongD®.

1H-NMR (600 MHz, D20) & [ppm] = 5.25 (s, 1H, H1), 4.95 (s, 1H, CHpyranose), 4.78-3.16 (m, 9H,
CHpyranose, H2, H3), 2.36-1.38 (m, 3H, H4, H5)

Mn [kDa] (assuming 100% DS): 49.0

DS determined via EA: 97 %
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6. Appendix
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Figure 58. Quantification of measured mean fluorescence of GM95 cells after incubation with SV40 or MCPyV-
VLPs before (-) and after (+) incubation with iongA>.
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Figure 1. The further development of previously established SPPoS protocols now enables a facile
synthetic platform to derive highly tailorable mimetics of lipidated glycans. These glycan mimetics are
being employed to construct crowded glycocalyx mimetics (1), spatially resolved glycocalyx mimetics
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diacetylene building block, compatible with standard Fmoc-coupling protocols, is developed that can
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fluorescent dye.’®® C: Cholesteryl-substituted glycopeptide derived via SPS.¥ ........ccoveveverveeerenene. 21
Figure 10. Schematic presentation of the electroformation procedure to form GUVs. ....................... 27
Figure 11. Overview of the synthesized long and short SGAG Mimetics. .......ccceveeevieeriieeenieensieeenne, 158

Figure 12. A: Conjugation of the commercially available Fmoc-Photolinker to a TentaGel NH; resin. B:
Schematic presentation of the solid phase polymer synthesis of short sGAG mimetics. C: Library of
employed bUilding DIOCKS. ...cc.viiiiieee e e e et e e e srra e e e eanes 160
Figure 13. Stacked proton NMR spectra of s A°" (unsulfated) and shortAS (sulfated) (600 MHz, D,0,
ambient temperature). Sulfation of the hydroxyl moieties results in a downfield shift of the pyranose
protons (highlighted in dashed boxes). For the fully analyzed spectrum see Experimental Section.. 161
Figure 14. A: Schematic presentation of the solid phase polymer synthesis of functional
macroinitiators. B: Schematic presentation of the synthesis of long sGAG mimetics employing TIRP. C:
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Figure 15. Stacked proton NMR spectra of 10ngA°" (unsulfated) and ongA° (sulfated) (600 MHz, D0,
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Figure 18. Summary of the results of the first part of the thesis. A: A combination of SPPoS and TIRP
yields short and long glycan mimetics featuring site-selective functionalities, such as an oligovalent or
polyvalent glycan head group, a fluorophore for fluorescence microscopy, as well as a cholesteryl-
tether for subsequent intercalation into lipid membranes. B: Incorporation of short and long Man-
ligands yields simplistic homomultivalent glycocalyx mimetics with different adhesion strength on Con
A-covered surfaces, depending on valency and concentration of the employed ligands. Doping of the
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leaves the adhesion unaffected, increases or decreases the adhesion, depending on the valency of the
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mimetics. VLPs derived from MCPyV interact with sGAG mimetics displayed on GUVs (i)) or on the
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6.2 List of Abbreviations

a.u. arbitrary unit

AF647 Alexa Fluor 647 dye

ATRP atom transfer radical polymerization

Boc tert-butyloxycarbonyl protecting group

Con A Concanavalin A

CRD carbohydrate recognition domain

CuAAC copper(l)-catalyzed azide-alkyne cycloaddition
Cys cysteine

DADS diacetylene diamine succinic acid

Dap 2.3-diaminopropanoic acid

DCM dichloromethane

Dde 1-(4,4-dimethyl-2,6- dioxocyclohexylidene)ethyl protecting group
DIPEA N-ethyl-N-(propan-2-yl)propan-2-amine
DLS dynamic light scattering

DMF dimethylformamide

DOPC 1.2-dioleylphosphatidylcholine

DPPE 1.2-dipalmitoylphosphatidylethanolamine
DSPC 1.2-distearylphosphatidylcholine

e.g. exempli gratia

EDS ethylene glycol diamine succinic acid

eq equivalents

ESI electrospray ionization

etal. et alii

FCS fluorescence correlation spectroscopy
Fmoc fluorenylmethoxycarbonyl protecting group
Gal galactose

GBPs glycan binding proteins

GPI glycophosphatidylinositol

GUVs giant unilamellar vesicles
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HPV16
HR-ESI-MS
i.e.

ITO
(k)Da

Kg

Ld

Lo

Lys

m/z
MALDI
Man
MCPyV
NMR
PBS
PyBOP
RAFT
RCA
RICM
ROMP
RP-HPLC-MS
(s)GAGs
SEC

SLB
SPPoS
SPPS
Sv40
TDS
TEM
TFA

TIPS

human papillomavirus type 16

high resolution-electrospray ionization coupled to mass spectrometry
id est

indium-tin oxide

(kilo) Dalton

dissociation constant

liquid disordered

liquid ordered

lysine

mass per charge ratio

matrix-assisted laser desorption/ionization

mannose

merkel cell polyomavirus

nuclear magnetic resonance

phosphate buffered saline
benzotriazol-1-yloxytripyrrolidinophosphonium hexafluorophosphate
reversible-addition-fragmentation chain-transfer polymerization
Ricinus Communis Agglutinin

reflection interference contrast microscopy

ring-opening metathesis polymerization

reverse phase-high pressure liquid chromatography coupled to mass spectrometry
(sulfated) glycosaminoglycans

size exclusion chromatography

supported lipid bilayer

solid phase polymer synthesis

solid phase peptide synthesis

simian virus 40

triple bond diamine succinic acid

transmission electron microscopy

trifluoroacetic acid

triisopropyl silane
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TIRP thiol-induced, light activated controlled radical polymerization
UV-Vis ultraviolet—visible

VLPs virus-like particles
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