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I'm afraid. I'm afraid, Dave.
Dave, my mind is going. I can feel it. I can feel it. My mind is going.
There is no question about it. I can feel it. I can feel it. I can feel it. I'm a..

— HAL9000, 2001- A Space Odyssee

The moment you doubt whether you can fly, you cease for ever to be able to do it.

— J. M. Barrie, Peter Pan
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Abstract

Cellular surfaces are highly dynamic, hierarchically structured and complex membranes
mediating the interface between cell and its environment to regulate communication, transport
and structural integrity. Especially ligand-receptor interactions at the cell surface are important
for initiating and regulating cellular responses such as signal transduction, immune recognition
and adhesion. Advanced microscopy technology and bioengineering have enabled detailed
studies on such ligand-receptor interactions, yet many of the underlying molecular processes
at cell membranes remain unknown. The development of novel synthetic and tailor-made bio
probes can contribute to a better understanding of these complex mechanisms.

The main focus of this work was the development of light-activatable peptide- and glycan-
polymer conjugates as probes to study ligand-receptor interactions at membranes. Here, light-
activation refers to the use of light as an external trigger to control the spatial and temporal
activity of biological relevant molecules. In this context, photocaging technique was employed
to temporally control ligand activity through light-induced removal of a photolabile protecting
group (photocage), thereby enabling controlled activation. Furthermore, photoaffinity labelling
technique (PAL) was used to covalently capture transient binding interactions upon light-
induced activation, allowing the identification of interaction partners within their native
biological environment. The main tool for the synthesis of these ligands was the so-called solid-
phase peptide synthesis (SPPS), which easily enables an iterative construction of
macromolecules with high structural precision. Two biological ligand classes have been
studied for this purpose. On the one hand, peptide-based ligands were synthesized, to
elucidate signaling in plants and on the other hand, carbohydrate-based ligands utilized to
identify lectin binding. Furthermore, a peptide-based lipid was developed and validated for
subsequent application on model membranes to examine the influence of crowding effects on
specific ligand-receptor interactions in the future.

In the first part of this work, a peptide-based plant ligand was developed and modified to
elucidate it’s signaling pathway within the plant (See Figure 1A). The CLAVATA3/EMBRYO
SURROUNDING REGION (CLE) gene family is known to be critically involved in plant growth;
however, not all molecular mechanisms and interactions of these molecules are yet fully
understood. A deeper understanding of plant growth holds the potential to make a substantial
contribution to agronomic science and, in the future, to the development of sustainable
solutions for global food security. As part of the CLE family, the modification sensitive
CLAVATAS3 (CLV3) peptide was used as a prototype for the development of novel modified
CLV3 peptides in this work. The successful establishment of a 5-
Carboxytetramethylrhodamine (TAMRA) fluorophore labeled and light-activatable CLV3

peptide as a prototype contributed to the understanding of in vivo endocytic and post-endocytic
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trafficking dynamics and spatiotemporal distribution of the peptide. Furthermore, this
methodology is intended to create a basis for the development of further modified peptides of
the CLE family. Through a comprehensive understanding of the CLE signaling pathway,

substantial insights were gained regarding the maintenance of plant growth.
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Figure 1 Schematic representation of the chapters of this work based on SPPS with the overall goal of enabling
the investigation of ligand-receptor interactions using light-activatable ligands or peptide-based lipids on
membranes. SPPS as main tool. A. CLAVATAS3 toolbox developing a light-activatable CLV3 derivative. B.
azidocoumarin carbohydrate probes as novel photo-induced-proximity probe. C. ST lipid as precursor to modulate
model membranes.

In the second part of this work, carbohydrate-based ligands for light-activatable crosslinking
were developed (See Figure 1B). Carbohydrate-based probes such as glyco-functionalized
macromolecules are of particular interest for diagnostic purposes, but also for the development
of novel therapeutics as carbohydrate-lectin interactions play key roles in many molecular
processes of pathogen infections and the human immune system. In this work a new building
block based on azidocoumarin (AzC) was established for the use in previously established
SPPS protocols. AzC undergoes light activation to generate reactive radicals that enable
crosslinking with target molecules, simultaneously forming a fluorescent coumarin fluorophore
upon successful crosslinking. By introducing the novel AzC building block in
glycomacromolecules, two-faceted bio probes were derived that allowed for crosslinking and

detection of the binding event at the same time. Due to the additional fluorescence feedback
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after crosslinking these probes were used for the detection and localization of carbohydrate-
lectin-interaction and PAL. The AzC glycan PAL probes demonstrated the capability to
selectively bind to specific lectins, even within complex biological environments. Finally, the
SPPS suitable AzC building block provides a versatile basis for many other affinity probes,
including other carbohydrate moieties, multivalent glycans or furthermore peptide probes
applicable to diverse bioimaging techniques.

The last part of this work introduced the development of a peptide- lipid conjugate as
precursor to create a two-step approach to integrate bulky proteins on artificial membranes.
To facilitate membrane incorporation, the SpyTag-SpyCatcher system was employed, with the
SpyTag (ST) peptide conjugated to a lipid anchor for integration into lipid bilayers. Then
allowing for SpyCatcher (SC)-modified proteins to be coupled to the ST presented on
membranes. This method is particularly relevant for studying crowding effects (See Figure 1C).
The crowding effect refers to the great abundance of biological molecules at the cell membrane
that will affect molecular interactions even if they are not directly involved e.g., as binding
partners. Due to the time-intensive nature of developing new models for crowding effects, this
approach aimed to establish the basis for a universal, streamlined methodology that facilitates
the rapid exploration of various crowding effects. In this work, ST-functionalized lipids were
successfully synthesized and evaluated in initial binding assays on giant unilamellar vesicles
(GUV’s) with SC protein. In the future, this approach enables attachment of various modified
SC proteins to ST functionalized membranes, offering a versatile platform for investigating
crowding effects and other protein-mediated interactions at the membrane interface.

Overall, this thesis demonstrates the successful synthesis, modification and application of
different biological ligands as novel bio probes for studying ligand-receptor interactions in
plants, complex biological environments or model membranes. In the future, the synthetic
concepts introduced in this work could be applied to other ligands. This would allow for the
development of additional bio probes to study molecular interactions in various organisms,

such as viral or bacterial cell attachment mediated by surface ligand-receptor interactions.
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Introduction

1.1 Biological Membranes

Every biological organism consists of highly complex networks that support the essential
processes of life as we know it. These networks span numerous levels, from sub-molecular
structures to biochemical reactions to highly organized organs and tissues. One essential
structure of biological systems is the plasma membrane that surrounds every cell and
separates the extracellular from the intracellular domain." It plays a crucial role in maintaining
the integrity and functionality of these cells. Biological membranes can be found in all living
organisms, such as pathogens, plants, animals and also humans. Additionally at the
intracellular level, all components, such as individual organelles are segregated by uniquely

configured plasma membranes.
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k( Receptor proteins
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Figure 2 Schematic illustration of possible membrane-located interactions e.g. with A. other cells B. pathogens, or
C. free ligands through carbohydrate, protein or peptide binding on the cell membrane.

Generally biological plasma membranes consist largely of amphiphilic structures that self-
assemble in a bilayer due to their hydrophilic head group and hydrophobic tail cap. The
components are denoted as phospholipids, thereby substantiating the nomenclature of the cell
membrane as a phospholipid bilayer.? In addition, there are numerous other biological
molecules on the membrane surface, including complex anchored carbohydrate structures,
diverse membrane proteins and an assortment of other biochemically significant entities.
These highly complex structures can control numerous processes, both outside and inside the
cell. This includes intermembrane communication with other highly complex structures such

as other cells (e.g. cancer cells, Figure 2A), or pathogens (e.g. bacteria, viruses, see Figure



2B) in order to trigger corresponding intracellular response.**® In addition to these intercellular
structures, more localized interactions occur withing the membrane, for instance between
proteins or peptides (e.g. hormones, neurotransmitter) that are known as free ligands (Figure
2C). These interactions include processes like signaling transduction, selective nutrient
permeability and facilitated transport of proteins across the cell membrane.®'° The subsequent
chapter will undertake an overall view of ligand-receptor interactions while the following
chapters will delve into the nuanced exploration of carbohydrate-lectin interactions and

peptide-based ligand-receptor interactions within plant systems.

1.1.1 Ligand-receptor interactions at biological membranes

Ligand-receptor interactions occur in every cell of human, animal and plant origin. These
interactions are the key step for the transmission of complex signaling pathways outside or
inside the cell on the plasma membrane. In this process, a signal molecule (ligand) is required
to recognize a target molecule (receptor), subsequently facilitate reversible physical binding
which induces a signal.’" '? This physical or non-covalent bond is largely based on ionic or
hydrogen bonds, v.d. Waals forces or hydrophobic forces.' * The fundamental driving force
is subject to influences of thermodynamic forces, such as the change of entropy and enthalpy,
which leads to the transduction of signals.'® A detailed understanding of the structure of these
interactions and the associated mechanisms is important for numerous pharmaceutical,
medical or agricultural applications.'68

Receptors can be structured differently depending on the organism but they are all
composed of amino acids or carbohydrates forming complex three dimensional structures of
proteins, glycans or glycol proteins that are anchored in the plasma membrane.’® They can be
divided into cell surface receptors, which are located on the cell surface (e.g. carbohydrate
recognizing lectins or hormone receptors) and intracellular receptors, which are found inside
the cell.?> 2! A general overview of carbohydrate recognizing receptors will be discussed in
chapter 1.1.2, while chapter 1.1.3 will explore hormone receptors found in plants. However,
their main task is to be recognized by their matching ligands to receive and transduce signals.
This makes them an essential component of cell communication.?224

Ligands, as counterpart, comprise a heightened molecular diversity such as peptides or
carbohydrates further small organic compounds as well as gaseous molecules.? Most of these
ligands are synthesized by cells through biosynthetic pathways e.g. gene expression and
diffuse onto or through the cell membrane until they have recognized their associated receptors
to bind and induce a signaling cascade.?® 2’ Peptide-based or carbohydrate-based ligands, are

highly diverse and constitute the predominant fraction of extracellular ligands.



The recognition of ligands to receptors represents only a small part of the entire mechanism
of signal transduction. When a ligand recognizes its corresponding receptor, a multitude of
complex mechanisms are initiated, of which most are not yet fully elucidated. Some theoretical
models have been developed to describe the molecular mechanism behind this complex
formation. The “lock and key” model was formulated by Emil Fisher in 1894 and describes the
receptor and their ligands as a lock receives a key.?® 2° However, the fundamental hypothesis
of this model has the limitation that the requirement for complex formation can only take place
with an exact complementary geometry between receptor and ligand. The “conformational
selection” model prevailed because it is currently most congruent with theoretical and
experimental evidence. This which was described by Monod, Wyman and Chaneux in 1965
considers the dynamic conformational variability of a receptor protein and recognizes that it
exists in numerous different conformational states.3® 3! In particular this model illustrates the
complexity and dynamic nature of ligand-receptor mechanisms, which are challenging to fully
comprehend. While the theoretical models can provide support, they cannot entirely represent
the actual system. To support these hypotheses, it is necessary to collect additional
experimental evidence. Various ligand-receptor pairs have already been identified and their
function explained in a wide variety of living organisms, such as bacteria, fungi and plants
using suitable biological and chemical methods.

Ligand-receptor interactions are often explored using in vitro systems, model membranes
or cell-based assays. These controlled environments are ideal for probing binding affinities,
signaling mechanisms, and structure-function relationships, making them invaluable for
preliminary studies and high-throughput screening.?* However, they do not capture the
biological complexity of whole organisms, where receptor signaling is influenced by spatial
organization, cell-type specific expression and integrated systemic regulation. To capture this
physiological context, whole organism or in vivo studies are essential, but these present
significant challenges, including the transient nature of interactions, low receptor abundance,
and the difficulty of targeting specific tissues without non-specific effects.?”*° To address these
limitations, a variety of strategies have been developed. This includes the development of fully
chemically synthesized ligands, which can be produced using appropriate synthetic methods
such as solid- phase synthesis (see chapter 1.2).40-42,

Using these synthetical methods the ligand’s natural structure can be adjusted to a specific
biological question, e.g. by extending with functional building blocks such as fluorophores for
in vivo imaging, synthetic reporters that allow visualization of receptor activity, and transgenic
models expressing tagged receptors.***° In plant systems, for example, peptide ligands such
as CLV3 and their corresponding receptors like CLV1 have been identified as key regulators
of plant growth (see chapter 1.1.3). The conjugation of fluorophores to peptides is not always

trivial, as it can lead to a loss of biological activity. This is the case for CLV3 peptide, where N-
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terminal attachment of fluorescent dyes leads to a loss of biological activity.*® For such
peptides, the design of synthetic strategies becomes even more important to introduce
fluorescent labels while preserving biological function.

The inherent sensitivity of these ligands to structural modifications can be harnessed to
develop synthetic, switchable ligands. This allows for precise manipulation of when and where
ligand-receptor interactions occur. In particular, photocaged ligands offer powerful
spatiotemporal control by enabling light-triggered activation at precise locations and time
points, thus minimizing unintended stimulation. One of the earliest demonstrations of the
photocaging approach applied to peptides was reported by Tatsu et al. in 1996. In this work,
the authors synthesized a photocaged derivative of neuropeptide Y, a 36-amino-acid
neurotransmitter abundantly expressed in the central nervous system, by incorporating a 2-
nitrobenzyl photolabile protecting group on tyrosine residues during solid-phase peptide
synthesis. This modification effectively abolished neuropeptide Y’s affinity for the Y, receptor,
rendering the peptide biologically inactive. Upon exposure to UV light, the protecting group
was cleaved, restoring the native conformation and full receptor-binding capability. This study
represents one of the first practical applications of photocaged peptides as tools for
spatiotemporal control of receptor—ligand interactions. 4’

Furthermore, combining synthetic ligands with so called crosslinkers can elucidate
fundamental aspects such as detection of specific receptors involved in signaling transduction
enabling the detection and quantification of ligand-receptor interactions using methods such
as sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) or mass
spectrometry. SDS-PAGE and mass spectrometry are complementary techniques for the
analysis of biological molecules e.g. proteins, where SDS-PAGE separates proteins based on
molecular weight by denaturing them and imparting a uniform negative charge for size-
dependent migration through a polyacrylamide gel, while mass spectrometry identifies and
quantifies these proteins by measuring their mass-to-charge ratios after ionization, enabling
precise determination of molecular composition and structure. Crosslinking can be interesting,
for example, for the investigation of weak carbohydrate-ligand interactions in order to fix their
binding and thus facilitate their analysis. In the context of crosslinking photo affinity labelling
(PAL) has emerged as a powerful technique. PAL is used to study molecular interactions by
covalently attaching a light-activated probe to a target. Upon UV irradiation, the photoreactive
group generates a reactive intermediate that forms a covalent bond with nearby molecules,
enabling identification of binding partners. (See chapter 1.3.2). For example, the work of
Flaxman et al. demonstrated the importance of PAL by using a diazirine-modified rapamycin
probe to enable photoinduced crosslinking of its ternary complex with corresponding protein

domains. Upon UV activation, the probe covalently crosslinked to its protein targets, allowing



precise mapping of interaction hotspots. This work highlights the power of PAL to capture and
structurally analyze dynamic ligand-receptor complexes in their native binding states.*®

Furthermore, synthetic ligands can be conjugated to lipids or other hydrophobic moieties to
enable their incorporation into model membranes such as giant unilamellar vesicles (GUVSs).
This approach allows the spatially controlled presentation of ligands within a defined lipid
environment, providing a versatile platform to study membrane-associated ligand-receptor
interactions under near-physiological conditions. A recent study from the group of Hartmann
demonstrated that synthetic glycomacromolecules bearing defined carbohydrate ligands can
be anchored to model membranes such as GUVs via hydrophobic tails. This approach allows
for precise control over ligand presentation offering mechanistic insights that are often
obscured in the heterogeneous context of whole-organism studies.*®

The advantage of synthetically produced ligands is that they can be designed in a highly
controlled manner and are compatible with a wide range of experimental systems such as in
vitro, cell-based experiments, or methods including whole organism or model membranes. In
the following chapters, the importance and significance of chemically synthesized modified

ligands and their corresponding receptors will be discussed in more detail.

1.1.2 Membrane-located carbohydrate recognizing lectins

Aside from a plethora of proteins and peptides, the majority of the cell membrane is made
up of very complex carbohydrate structures either bound to proteins (glycoproteins) or lipids
(glycolipids) but also diffuse freely as ligands (e.g., polysaccharides) in the extracellular
space.®®%2 This multifunctional carbohydrate-rich coat is called the glycocalyx. Within this
glycocalyx, carbohydrate structures, in collaboration with lectins, form an integral component
of cell communication.®?

Lectins in general are a diverse group of receptor proteins that can specifically and
reversibly bind carbohydrates and glycosylated structures. They are ubiquitous across diverse
biological domains, from viruses to bacteria and plants to animals. Mainly they are localized
on cell membranes of diverse cell types, functioning as molecular counterpart for the
recognition of glycans situated on the surface of other cells, pathogens or simply carbohydrate
ligands. °*° This necessitates the intricate decrypting of the highly complex glycan code to
facilitate effective cellular communication. The general structure and architecture of the lectins
differs not only in terms of their shape and size, but also in the arrangement and number of
their carbohydrate-recognizing domains (CRD’s). °"-%°

After several major discoveries since the first isolation of a pure lectin in 1919, Concanavalin
A (ConA), which was extracted from the seeds of the jack bean (Canavalia ensiformis),

research in recent years have elucidated an expanding knowledge about lectins and their roles

5



in immunity, infection and cellular communication.®® In the early years of research of this field,
it was demonstrated that ConA consist of four identical binding sites and its activity directly
correlates with carbohydrate interaction. A few years later it was determined that particularly
the carbohydrates a-D-mannosyl and a-D-glucosyl groups bind specifically to ConA.%' In
subsequent years, an increasing number of lectins have been isolated, and their interactions
with carbohydrates have been elucidated.®? 63

Carbohydrate structures are omnipresent in almost all biological organisms. Nine
monosaccharides are commonly found as components of the glycocalyx: a-D-glucose; a-D-
galactose; a-D-mannose; a-L-fucose; a-L-arabinose; a-D-xylose; N-acetyl glucosamine; N-
acetyl galactosamine and sialic acid (See Figure 3).° These individual building blocks
construct larger and far more complex structures such as linear and branched oligo- and

polysaccharides as well their respective lipid- and protein-conjugates.

CﬁH ‘ OOH O OH OH. OH * *
o o -0 o] o}
o ; % Hom HOEN\H\ ) ~
mo%H HO o HO o o %OH

D-glucose a-D-galactose D-mannose L-arabinose D-xylose
on M oH [T] .o OH A
OH HO  OH S OH
CA —
o HO . vo Lo\ -0 OH
_NHoH NHon HN" o "o
0= o= ﬁé\o OH
N-acetyl - N-acetyl N-acetyl a-L-fucose
glucosamine galactosamine neuraminic acid

Figure 3 The most common carbohydrate moieties occurring on biological membranes

It has been shown that many carbohydrate-lectin interactions are directly involved in the
recognition of pathogens as well as their infection processes and have therefore attracted great
scientific interest. The study and clarification of carbohydrate-lectin interactions is critical due
to their potential pharmacological or medicinal uses. %5%” Recently, it was demonstrated, that
DC-SIGN, a C-type lectin involved in pathogen recognition and immune modulation, can be
effectively inhibited by glycomimetic antagonists. This represents a significant advancement in
the context of SARS-CoV-2, where such interactions contribute to viral attachment and
dissemination. These findings underline the critical role of lectin-carbohydrate interactions in
biomedical research and highlight their potential as therapeutic reagents.®®

Nevertheless, many of the underlying carbohydrate-lectin interactions, and the related
biological mechanisms and signaling pathways are still not fully understood. Chemical
carbohydrate-based ligands can be synthetically produced to gain a better knowledge of these
interactions. The strategic synthesis of carbohydrate ligands, which enables precise control
over their geometry and the number of glycan-mimicking units on a scaffold (valency), has
found extensive applications in both biological and chemical research.®®7! Not only the valence

and the geometry can be varied, also novel building blocks can be integrated, which can for



example induce irreversible crosslinking to strengthen the weak non-covalent natural binding
of the interaction and thus facilitate the investigation of these interactions.”? This methodology
facilitates the detailed analysis of glycan—protein interactions through advanced techniques
such as mass spectrometry. For example, a study from 2021 presents a light induced
crosslinking strategy employing a diazirine-functionalized N-acetylglucosamine analog, which
was metabolically incorporated into cell-surface glycans. Upon UV activation, this analog
enables covalent crosslinking with glycan-binding proteins in live cells, facilitating their stable
capture and subsequent analysis by mass spectrometry.”® In particular, the use of
photoactivatable crosslinkers is advantageous due to their spatiotemporal control over
covalent bond formation, as discussed in detail in chapter 1.3.2.

The synthetic strategies based on solid- phase synthesis for producing such carbohydrate-
based-ligands, which can be used to study these interactions, are discussed in depth in chapter
1.2.2.

1.1.3 Membrane-located plant hormone receptors

Another focus of this work is on the investigation of the membrane-located proteins of plant
organisms. In the realm of plant biology, there is an ever-growing compendium of knowledge
about the myriad extracellular membrane-located receptors. Plants utilize a diverse array of
receptor proteins to regulate growth, the appearance of the plants phenotype or respond to
various signals, including environmental response. A deeper understanding of these highly
complex processes within the plant can contribute to solving the problems of the modern world,
such as food shortages. Plant research, especially the elucidation of the smallest molecular
processes, is therefore essential to create sustainable agriculture and to ensure the
preservation and protection of biodiversity. ™ 7°

One major class of extracellular receptors in plants is the receptor-like kinase (RLK) which
exhibits further division into distinct subgroups based on the extracellular domain. Within these
subfamilies, leucine-rich repeat like kinase (LRR-RLKs) was observed to be the largest family
in plant.” Arabidopsis thaliana is the most studied model plant in terms of RLKs and its genome
encodes over 600 RLKs.”” Structurally the extracellular RLK domain serves as recognition unit
for distinct ligands such as small peptides and initiates direct binding for them at their LRR.
The intracellular kinase domain induces a signal transduction after ligand-receptor-interaction.
CLAVATA1 (CLV1) is the best characterized of all the RLK’s in Arabidopsis Thaliana where
decisive contributions were made by Clark et. al. since 1993.7% 7° |t has been demonstrated
that CLV1 in combination with appropriate ligand interaction exhibits a specific association with
meristematic activity, thereby playing a pivotal role in the orchestrated formation of plant

organs.®’ The meristems are special plant tissues that are located in the shoot (shoot apical
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meristem; SAM) and in the roots (root apical meristem; RAM) (See Figure 4A) they consist of
undifferentiated cells and contribute to growth through cell division.?'-8

Within most land plants, including Arabidopsis Thaliana, genes called CLE are present in
various tissues of the plant organism, where they are a crucial component of the
communication within or between meristems.?* These CLE genes were revealed to encode
tiny signaling peptides that interact with RLK’s, resulting in the discovery of a novel class of
plant hormones. Typically, the secreted CLE peptide sequences consist of 12-13 amino acids
and may undergo post-translational hydroxylation of their prolines that can contain
carbohydrate modifications like arabinose. These peptides became an important family of
ligands in the vascular development and meristem formation.8°

One of the best-known secreted peptides from the CLE family is CLV3 (See Figure 4B).
The CLV3 peptide is known for its direct binding with the receptor CLV1. Recently, other
receptor-proteins besides CLV1 that are involved in the CLV signaling pathway have been
identified such as BARLEY ANY MERISTEM1 (BAM1), or CLAVATA2 (CLV2) which forms a
functional receptor complex with the pseudo kinase CORYN (CRN).&

Mutations affecting the aforementioned receptors or CLV3 have been observed to yield in
abnormal development in shoot, root and flower meristems. These phenotypic deviations are
attributed to dysregulation within the stem cell populations, suggesting that the genes
mentioned are involved in the modulation of an identical signaling pathway. Further
experimental evidence supports the assertion that CLV3 regulates stem cell production
through a negative feedback loop to maintain the balance between stem cell proliferation and

differentiation.®”
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Figure 4 A Meristems of the plant. B CLV3 natural structure. C Negative feedback loop of CLV3 and CLV1
receptors.

The binding of CLV3 to CLV1 triggers the negative feedback loop and initiates a signal
cascade in which the kinase domain of CLV1 becomes activated and transmits the signal to a
transcription factor called WUSCHEL (WUS) (see Figure 4C). WUS has a direct influence on
stem cell production. When CLV3/CLV1 signaling is active, it leads to reduced WUS

8



expression which results in the differentiation of stem cells. This differentiation and
accompanying decrease in stem cell population also downregulates CLV3 production, which
is part of the negative feedback loop. This mechanism helps the plant maintain a balance
between stem cell proliferation and differentiation, thus preventing abnormal growth
patterns.8-0

Through various genetic and biochemical investigations, such as knock-out, overexpression
and the development of novel mutants, many ligands and receptors have been identified,
allowing their complex interactions and functional relationships to be elucidated.”’*® The
development and synthesis of novel peptide-based ligands is also an interesting opportunity
to further elucidate these signaling pathways in the field of plant sciences. With the help of
chemical tools, the identified peptide structure can be combined with building blocks such as
fluorophores or so-called photocages to gain new insights about the signaling pathway, lifetime
or distribution in the plant. The photocage technology is explained in more detail in chapter
1.3.1. A deeper understanding of these relationships has important implications for plant
development and agricultural practice, making the development and synthesis of such ligands

essential 939

1.2 Solid-phase synthesis of peptides, peptidomimetics and their conjugates

The development of SPPS by Robert Merrifield in 1963 marked a significant advancement,
providing a novel approach for the controlled synthesis of sequence-controlled peptides.® It is
a powerful and frequently used technique in organic and peptide chemistry for the efficient
assembly of molecular structures. The main feature of SPPS is that the growing
macromolecule is covalently bonded to a solid support, usually called resin. This method is
particularly favorable for the synthesis of large and complex molecules, such as peptides,
peptidomimetics, and their conjugates, due to its efficiency and the possibility of automating
the process. Based on the concept of SPPS, the synthesis of oligonucleotide and
oligosaccharides were developed and today, also non-natural or biohybrid macromolecules
such as glycomacromolecules or peptide-polymer conjugates are accessible from SPPS.%7 %

Nowadays, glyco-decorated polymers are available with the aid of SPPS.%-1%1

1.2.1 Solid-phase peptide synthesis

The general principle of SPPS occurs through the iterative addition of N-terminal protected
amino acids to the solid-phase, serving as a support matrix. Generally, it involves a cyclical
two-step process comprising amino acid coupling and subsequent deprotection. Since amide

bond formation involves overcoming a significant energy barrier, the use of appropriate
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activation reagents is essential. Equally important is the strategic protection of the N-terminus
and side chains, to preserve sequence fidelity throughout the synthesis process. The activation
of carboxylic acid alongside the protection of the amine group, is crucial to avoid errors in the
sequence or coupling in solution instead of on the resin. In comparison to classic organic
synthesis, SPPS offers numerous advantages. Immobilizing the sequence enables efficient
removal of impurities through rinsing them out. Moreover, the opportunity of double- or multiple
couplings of one amino acid allows to maximize conversation and furthermore enables the
synthesis of complex sequences. Therefore, the use of SPPS affords a remarkable degree of
control over the synthesis and the structural precision of the sequence. As a result of all these
aspects, SPPS is the preferred method for peptide synthesis today.% 192

The solid-phase, often referred to as the resin, typically comprises crosslinked polystyrene
in a 3D-structure, which features specialized functional linkers on its surface for the
immobilization of amino acids. Originally, Merrifield introduced a chloromethyl group as a
linker. In contemporary applications, a diverse array of distinct linkers was developed, which
differs in terms of stability, cleavage condition, loading degree as well as the resulting
functionality at C-Terminus after cleavage including the formation of carboxylic acid, amide or
ester end groups. %1% The use of 2-chlorotrityl resins, for example, leads to the formation of
a C-terminal carboxylic acid and relies on the acid lability of the linker unit, so that they can be
used for the synthesis of sensitive peptide sequences.'® Another frequently used resin is the
so-called rink amide resin, after the cleavage of which a C-terminal amide is obtained.'® It is
essential that the cleavage conditions used to release the peptide from the resin are orthogonal
to the protecting groups on the amino acid N-terminus, ensuring selective deprotection without
compromising peptide integrity. Orthogonality refers to the ability to selectively remove one
protecting group in the presence of others without affecting them.

Many resins are also available with an integrated hydrophilic polyethylene glycol (PEG)
chain, which is nowadays known as TentaGel® (see Figure 5). These chains increase matrix
stability and furthermore provide improved swelling capacity in hydrophilic solutions, that

enables better accessibility of the functional linkers for the coupling process."
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Figure 5 Schematic representation of resin beads, different resin structures and furthermore different linkers.

The coupling procedure is performed via the carboxy functionality of an amino acid whose
amine function is temporarily blocked by a protecting group. Initially, carboxylic acid must
undergo activation through the addition of coupling reagents. Upon successful coupling,
resulting in the formation of an amide bond, the amine group must be deprotected using to the
resins’ orthogonal deprotection reagents, to allow further coupling. These repetitive steps are
continued until the desired peptide sequence is achieved. Subsequently the sequence is
cleaved from the solid-phase using an appropriate cleavage solution. %2

There are numerous types of coupling reagents available today for activating carboxylic
acid (See Figure 6A). Prominent representatives belong to the carbodiimides, phosphonium or
uronium salts.'® It is not uncommon to use a combination of two or more reagents in tandem
rather than just a single coupling reagent e.g. to prevent undesirable levels of racemization.
Hence, the racemization can be reduced when using carbodiimides such as
diisopropylcarbodiimide (DIC) by adding a few equivalents of uranium salts such as 1-
hydroxybenzotriazole (HOBt)."® Other coupling reagents are (Benzotriazol-1-
yloxy)tris(dimethylamino)phosphonium hexafluorophosphate (BOP)-based which also
generates their co-coupling reactant, typically HOBLt in situ. A common method nowadays is to
use of Benzotriazol-1-yl-oxy-tris-pyrrolidino-phosphonium-hexafluorophosphat (PyBOP) with
the aid of base such as diisopropylethylamine (DIPEA).""°

The mechanism of PyBOP activation is shown in Figure 6B.""" 12 The first step is the
deprotonation of carboxylic acid with DIPEA (1). The nucleophilic oxygen of the carboxylate
then attacks the phosphorus of the phosphonium salt, whereupon the bond between the
oxygen of HOBt and the phosphorus is cleaved (2). This initially produces a carbonyl

phosphonium ester with carboxylate. In the next step, the nucleophilic oxygen of reactive HOBt
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species attacks the carbonyl group of the carbonyl phosphoester and cleaves of the
phosphorus to form the hydroxybenzotrialzole ester (3). This is the actual activated species,
which can be attacked nucleophilically by an amine and produces an amide by cleaving off
HOBt (4). It is to be mentioned that the mechanism of carbodiimide or uronium salt activation
differs from that of PyBOP. In this case, no base is required for activation. However, a detailed
mechanism of carbodiimide coupling in combination with uronium salts will be omitted at this

point.
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Figure 6 A. Commonly used coupling reagents. B. Mechanism of activation by PyBOP

In addition to the activation of carboxylic acid, the protection of the N-terminal amine
function, as well as side chain functions is important in order to avoid side reactions. When
protecting the N-terminus backbone, two basic strategies are distinguished: the tert-butyl
carbonyl (Boc) and fluorenyl methoxycarbonyl (Fmoc) protecting group strategy.’® Fmoc
protecting groups are labile under basic conditions, whereas tert-butyl-based protecting groups
are selectively cleaved under acidic conditions. These groups are also referred to as temporary
protecting groups, as they must be removed after each successful coupling to free the amine
for the subsequent coupling step. Furthermore, their cleavage conditions must be orthogonal
to those used for resin cleavage to prevent premature detachment. Since Fmoc cleavage
produces a UV-active cleavage product and the deprotection can be followed (with the aid of
UV-Vis) this strategy is often favored in modern solid-phase chemistry. The Fmoc-protecting
group can be removed with piperidine solution in N,N-dimethylformamide (DMF).

The general mechanism of Fmoc deprotection is described in Figure 7B."" First, the proton
of the methylene group adjacent to the fluorenyl ring is abstracted by piperidine(1), resulting in

a carbanion at the fluorenyl ring and piperidine salt. The carbanion parallelly undergoes
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elimination reaction, where the negative charge on the carbanion facilitates the departure of
carbamate group. This results in dibenzo fulvene and free amine under the release of CO; (2).
The dibenzo fulvene is electrophilic and can be nucleophilic attacked by piperidine forming a
Michael adduct (3). The dibenzo fulvene as well as the Michael adduct are UV-active.

A. Examples of protection groups
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Figure 7 A. Commonly used protection groups. B. Mechanism of Fmoc deprotection.

The protecting groups on the side chains must be orthogonal to those at the N-terminus to
allow selective deprotection during synthesis. However, the cleavage conditions for the side
chain protecting groups and the resin are typically the same, enabling simultaneous removal
of both the final structure from the resin and the side chain protections. In the case of the Fmoc
strategy, the orthogonality to the protecting groups on the backbone can be achieved by acid,
transition metal-labile protecting groups or furthermore with photolabile groups. Some
examples of protection groups are shown in Figure 7A.""5 '® The mechanism of photolabile
nitroveratryloxycarbonyl (NVOC) protection group cleavage can be found in chapter 1.3.1.

Other detailed mechanisms of protection groups will not be discussed in this work.
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1.2.2 Solid-phase (glyco)-polymer synthesis

Based on the synthesis according to Merrifield, not only peptides but also other biological
structures such as artificial DNA or sequence-defined polymers can be synthesized.'”: '8 The
fundamental principle of SPPS remains nearly unchanged, however, the specific coupling
chemistry, nature of the solid support, and monomeric units differ e.g. traditionally used amino
acids are replaced by nucleotides in DNA or synthetic building blocks in the synthesis of
polymers. The work of Hartmann et. al. made a decisive contribution to the design of synthetic
building blocks to receive oligomeric or polymeric biomimetics.''®'?" In particular these building
blocks have structural similarities to amino acids, as they also have carboxylic acid and Fmoc-
protected amine functionality. The remaining chemical structure can then be adapted to the
requirements of the intended biological question, such as improving stability, solubility, or
targeting specificity. There are functional building blocks that enable branched structures,
conjugations, the introduction of trigger-release functions and spacer building blocks that
simply insert a distance between two functions (see Figure 8).

Most of the functional building blocks are based on diethylenetriamine succinyl (DS) and
carry a functional group on their sidechain. A frequently used building block in this context is
triple bond diethylenetriamine succinyl (TDS), which carries an alkyne functionality on its side
chain and can thus enable copper catalyzed azide-alkyne cycloaddition (CuAAC). It is mostly
used to enable the conjugation of different sugar moieties to the oligomer and to create a stable

triazole ring in comparison to a natural glycosidic bond. 2! 122
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Figure 8 Functional building blocks as well as spacer building blocks used for solid-phase polymer synthesis.

Spacer building blocks can have different properties, e.g. different polarities depending on
their chemical composition. There are hydrophilic spacers, such as Ethylene glycol Diamine

Duccinyl (EDS) which includes an ethylene glycol core. In contrast, hydrophobic spacers like
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octyl diamine succinyl (ODS) feature an alkane structure. Additionally, there exist shorter
building blocks, such as short diamine succinyl (SDS) which is currently the shortest building
block in the building block toolbox.

These building blocks are coupled on a corresponding resin as in the classic Merifield
synthesis (See Figure 9). In short, the N-terminally protected building block is immobilized in
the first step using suitable coupling reagents by forming an amide on the resin (See Figure 9,
I. Coupling). In the next step, the N-terminal protecting group is cleaved off to obtain a free
amine again (See Figure 9, Il. Deprotection). Both steps are repeated until the desired
backbone is obtained. When using TDS as a functional building block, the alkyne group can
be readily utilized to introduce additional functionalization to the side chain of the backbone by
CuAAC. Before further functionalization, N-terminal acetylation or end capping by acetic
anhydride (See Figure9, Ill. Acetylation) is essential prior to CUAAC, as free N-terminal amines
can interfere with the efficiency of reaction. Azide-functionalized carbohydrate moieties (e.g.
mannose azide) can then be efficiently conjugated to the alkynes forming triazoles (See Figure
9, IV Functionalization). Once the sequence is finished, it can be cleaved and isolated (See
Figure 9, V. Cleavage).
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Figure 9 General principle of solid-phase (glyco-) polymer synthesis. Further conjugation to carbohydrate moieties
via azide group. Final step is the cleavage from the resin.

The modified SPPS developed by Hartmann not only made sequence-defined
macromolecules accessible, but the synthesis of various glycooligoamidoamines which have
successfully been used as bio probes. Glycan-based probes selectively bind glycan-
recognizing proteins, such as lectins or receptors on cell surfaces.to elucidate carbohydrate-

lectin interactions, or as anti-adhesive therapeutics.'?*'?5 In addition, the Hartmann group
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demonstrated that this synthetic approach enables the design of tailor-made structures with
diverse architectures, including linear or branched scaffolds, as well as tunable carbohydrate
units. This allows the design of customized macromolecules for a selected biological
application in various fields such as biomedicine and biotechnology.'?? 126 127

Here, the investigation of specific biological processes such as the relationship between
different glycans and their architectures interacting with lectins and their significance for
various diseases can be focused utilizing SPPS.'?813° By incorporating detectable tags, light-
activatable molecules or crosslinkers, these probes enable the visualization, isolation, or
analysis of glycan—protein interactions in biological systems. In particular, light-activatable
glycan probes are innovative tools that allow researchers to control glycan biosynthesis with
precise spatial and temporal resolution Recent advances include fluorescent labelled,
photocaged or photo crosslinking modifications. 1334

The techniques and ligands employed for these purposes will be discussed in detail in the

following chapter.

1.3 Glycan-probes from photo-activatable molecules

One of the most effective external stimuli for investigating or modifying complex biological
environments, including cells or whole organisms, is light. Using light of appropriate
wavelength enables precise spatial and temporal control of a biological mechanism without
damaging the biological system. Nowadays, many different strategies have been developed
to integrate light-activation into biological systems.

The basic principle behind the development of a light-controlled system is the use of
molecules that respond to incoming light. As there is no universal definition for these
molecules, this work referred them to as photo-activatable molecules. In general, every
molecule naturally can absorb certain amounts of light energy. However, photo-activatable
molecules are capable of efficiently absorbing light, primarily within the ultraviolet (UV) to
infrared (IR) spectrum. This ability arises from their distinct structural and electronic
configurations, such as the presence of conjugated T-systems, aromatic rings, and other
chromophore moieties. Upon photon absorption, these molecules can undergo energy
dissipation through various mechanisms beyond smaller transitional states such as internal
conversion and intersystem crossing.’®> 1% Outcomes that are more tangible and interesting
as a function for light-controlled systems include fluorescence, dissociation events (e.g. photo
cages) or the induction of chemical reactions (e.g. photo crosslinkers). 137-13°

Introducing photo activatable molecules to biological ligands, unique bio probes can be

developed affording the opportunity to elucidate intricate biological processes, including
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cellular signalling, disease diagnostics or study cellular morphology and function.'#%'42 Bio
probes in general are an indispensable tool for chemical biology by translating a biochemical
interaction at the probe surface into a quantifiable physical signal.

As mentioned before (see chapter 1.1.1.), a common method to receive a bio probe is to
attach a fluorophore to a biological molecule such as a ligand. Fluorescence-labelled ligands
are used, for example, to trace signaling pathways in a biological system. By irradiating them
at a suitable wavelength, these ligands emit a corresponding fluorescent signal, which are
used to localize them under the microscope (See Figure 10A)."43 44 For example, with the help
of afluorescently labeled flaggelin peptide flg22 which is a plant peptide involved in the immune
response, it was possible to gain more precise information about the fate and trafficking within
the plant.'

Another interesting strategy for the use of photo-activatable molecules to modulate a
biological function are so-called photocages. These photocages can temporarily block a
functional group and biological function, respectively, and upon removal of the cage by light
the functionality is restored again (see Figure 10B). The basis of this technique is that the
dissociation energy is achieved by irradiation with light, thus splitting the bond between the
cage and functional group, e.g., amino acid of the protein. Ligands such as neurotransmitters,
peptides or proteins can be caged to block their biological activity.'¢148, For example
photocaged plant hormones such as auxins, cytokinin, and abscisic acid enabled researchers
to study plant growth and hormone signaling with high spatial and temporal resolution.® This
photocage technique is explained in more detail in chapter 1.3.1.

Another exciting application of photo-activatable molecules are crosslinkers, which enable
the fixation of a biological state by forming a covalent bond or continuously inhibit signaling
cascades, also known as PAL. 5152 This is accomplished through the specific conjugation of
photoreactive functional groups, which respond to light exposure, leading to the formation of
covalent bonds (See Figure 10C). Photo crosslinkers are used for example to study protein-
protein-interactions, drug discovery and target identification or as irreversible inhibitors. Details
on photo-activated crosslinkers and PAL can be found in chapter 1.3.2. A special focus of this

work is the crosslinker AzC, which is described in chapter 1.3.3.
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Figure 10 Molecular principles underlying A. fluorophores, B. photocage technique and C. photo crosslinkers in
biological application.

All these methodologies constitute an intriguing platform for the development of innovative
tools aimed at elucidating biological processes. Subsequent chapters will specifically delve
into the photocage technique, light-induced crosslinkers, and furthermore a special building
block, the so called AzC.

1.3.1 Photocages

The photocage technique, also known as “photolabile protection groups” was developed in
around 1960 as a pivotal method in organic chemical synthesis as well as biological
research.' The technique relies on the utilization of a photo responsive compound that can
be attached to a functional group temporarily for protection or masking. Deprotection is induced
by the absorption of light with appropriate wavelength to achieve the activation- or dissociation
energy required for the cleavage. This photochemical strategy allows for a selective and
controlled release of a functional group.

In today’s scientific efforts, the photo caging technique transcends its role as a mere
photolabile protective group in organic synthesis as it also plays a crucial role in the
development of novel biological tools.'* A significant achievement has been the design of
molecules that facilitate the modulation of biological activity across an entire organism by

attaching a photocage to a ligand’'s biologically relevant position. This can temporarily
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suppress enzymatic activities, binding sites, complex formation or other unique reactions.'®>
57 Exposure to light subsequently restores the ligands activity and function. This enables
precise activity-based control of biologically relevant molecules including nucleic acids,
peptides or proteins. %8160

The specific requirement for selecting a photocage depends on the intended application. In
the context of biological systems, a strong absorption beyond 300 nm is essential to not harm
living organism, as high energy light radiation can irreversibly alter the entire genetic system.®"
Aromatic structures are particularly suitable for this purpose due to their enhanced light
absorption efficiency and the redshift of their absorption maxima compared to e.g. aliphatic
structures. This is attributed to closely spaced energy levels due to their extended pi-
conjugation. Additionally, the photocage should be soluble in the surrounding media and
demonstrate stability during the absence of radiation. Furthermore, it is beneficial that any
photochemical byproducts generated during activation remain biocompatible and furthermore
transparent to avoid competitive absorption.'®? A selection of photocages is shown in Figure
11.
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Figure 11 Commonly used photocages.

Nowadays there are numerous photocages with cleavage wavelength from 250 to around
400 nm, which have been tailored according to application and requirements. One of the first
photolytically cleavable groups was the benzyl group, which was established by Barltop et
al.’® In this work the photolysis of the benzyl group, which was conjugated to glycine, was
successfully detected. The later advancement in nitrodibenzofuran-based photocages by Ellis-
Davies in 2006 has facilitated the development of a cleavage mechanism characterized by a
discernible red shift, particularly notable in the context of two-photon laser irradiation.
Nevertheless, the most frequently used and best investigated photocages are 2-Nitrobenzyl
derivatives, which were also introduced by Baltrop.'®?

2-nitrobenzyl based photocages possess an aromatic structure and are characterized by
the presence of a nitro group at position 2 in proximity of the cleavage site. Nitro groups are
strong electron-withdrawing substituents that significantly alter the electronic distribution within
a molecule, thereby promoting bond cleavage in the vicinity of the nitro group. A particular
advantage is that there is a wide variety of 2-nitrobenzyl derivatives that can be easily attached
to various functional groups. For example, there are derivatives for the protection of amines,

alcohols, carboxylic acids or thiols.'%4'% Depending on the attachment of substituents on the
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aromatic ring of 2-nitrobenzyl-based photocages the wavelength to induce photolysis can
range from around 250 to 350 nm."¢”

The photolysis mechanisms of 2-nitrobenzyl derivatives usually occur via a Norrish Type-2
mechanism. Figure 12 represents the photolysis mechanism in a simplified form. Irradiation
with appropriate wavelength induces a photo-redox reaction in which an incident photon
breaks the -bond of the N=O bond and converts it into an excited diradical state (1). The nitro
radical then abstracts the benzyl proton in an intramolecular hydrogen shift, resulting in the
aci-nitro intermediate (2) followed by ring formation. It is to be mentioned that the formation of
aci-nitro is tautomeric and can occur from the singlet (S1) as well as from the triplet state (T1).
Following this, a ring opening ensues at the juncture of N and O (3), wherein the electron pairs
of oxygen induce ring opening and a simultaneous release of CO. and the detachment of the
photocage (4) from the target molecule releasing e.g. free amine (5). The cleaved photocage

remains as nitroso-carbonyl derivative (5).%®
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Figure 12 Mechanism of NVOC cleavage.
1.3.2 Photo affinity-based crosslinking

In chemistry, crosslinking generally means the formation of a covalent bond, whereby two
or more molecules are linked to one another. The basic requirement of a crosslinking molecule
is the inclusion of at least one highly reactive group that enables the formation of a covalent
bond. There are many different types and architectures of crosslinkers that are designed based

on the desired application. This opens up numerous possibilities particularly in the field of
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biology or biochemistry to capture dynamic and complex processes and to enable easier
analysis. The incorporation of crosslinking reagents facilitates insights into complex aspects
such as protein-protein- interactions, the structural characterization of ligand-receptor
complexes or chemical proteomics thus contribute to a deeper understanding of their functional
relationships.'®"7" A special use for crosslinkers is the so-called affinity-based crosslinking
where the basic idea is to conjugate a crosslinker to a biological small molecule or
macromolecule (e.g. ligand) to target and then bind to a specific protein (e.g. receptor) whereas
the crosslinker enables to form a covalent bond. Powerful method in the field of affinity-based
crosslinkers is also based on the design of photo reactive functional groups. A huge advantage
of the use of photo crosslinkers is their better spatial and temporal control for the crosslinking
process in comparison to other common crosslinkers. This methodology is also known as
PAL."72174 Intensive research particularly from the end of 1960s onwards was carried out into
the development of photo crosslinkers. One of the earliest and most influential applications
was reported in 1970 by Kiefer et. al., as they used aryl azides to irreversibly inactivate
acetylcholinesterase and acetylcholine receptors, demonstrating that the azides, upon
photolysis, generated highly reactive intermediates that covalently attached to the
acetylcholine-binding sites only when the probe was bound to its target.'® Frequently used

photo-crosslinkers for PAL are shown in Figure 13.
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Figure 13 Representative photo-crosslinkers and the corresponding reactive radical species generated upon light
activation.

In addition to the aryl azides that were introduced by Fleet ef. al. in 1969, the structurally
similar diaziridines have also been established in various applications.'”® "7 In addition,
benzophenone has been used as a photo-crosslinker by Galardy et. al. in 1973.""8 These three

examples for crosslinkers mainly differ in their activation wavelength (250-380nm),
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intermediates/reactive species (nitrene, carbene, diradical), stability, and the associated
effective crosslinking capability.

In 2014, Sakurai et. al. developed various lactose-based PAL probes combined with azide,
diazidirine and benzophenone, to evaluate and compare their crosslinking performance.'”®
Their study revealed that aryl diaziridines exhibited an exceptional fast reaction rate, but their
crosslinking yields were relatively low. Increasing the concentration of the probe improves
yields, but risks compromising selectivity. Conversely, benzophenones demonstrated both
slower reaction kinetics and a poor crosslinking yield, rendering them less suitable for the
application of low affinity labeling. In comparison, classical aryl azides displayed a rapid initial
reaction rate as well as high crosslinking yields, making them reliable candidates for PAL.

Therefore, aryl azides remain commonly used in photo reactive groups. When aryl azides
are exposed to light with a wavelength between 250-350nm, they form highly reactive nitrenes
by elimination of nitrogen (see Figure 14). Nitrenes are electron-deficient chemical species that
contain a nitrogen atom with an unpaired electron, which gives them a radical character. In
general, there are two spin states of nitrenes: singlet nitrenes characterized by a paired
electron configuration, exhibit lower reactivity and enhanced stability. This can be transferred
by inter system crossing into triplet nitrenes which possess two unpaired electrons exhibit
significantly higher reactivity, but at the expense of a shorter-lived existence. It can be
noted/stated that nitrenes can undergo a variety of complex reactions such ring expansion
leading to nucleophilic reactions e.g. with primary amines, insertion reactions into C-H and N-
H sites or addition reactions with double bonds.'8% '8! Figure 14 presents a simplified overview
of the key reactions involving aryl azides.

In summary these non-specific reactions offer a notable advantage as they do not require
the presence of a specific functional group (e.g. amines in case of NHS-esters) as counterpart
on the component to be crosslinked. This becomes particularly interesting when limited or
negligible information is available regarding the structural characteristics of the counterpart
(e.g. receptor). Additionally, it is of importance when the identity of the involved receptors
remains generally elusive or unclear within the biological domain.

A promising application involves the conjugation of photo-crosslinkers to carbohydrate or
oligosaccharide motifs for the identification of their respective lectins within a biological system,
as they play a crucial role in cell recognition, signaling or immune responses.'8'183 Since their
weak interactions are often difficult to detect, the formation of a covalent network simplifies

their analysis.
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Figure 14 Different reactions of light induced crosslinking with aryl azides and some examples of final crosslinking.

Following photochemical crosslinking, these entities can be extracted and isolated from the
complex environment, enabling subsequent analysis via mass spectrometry. Thus, photo
activatable crosslinking carbohydrates can significantly advance diagnostic and therapeutic
strategies for various diseases including cancer or immune deseases.'** '8 Recently a photo
crosslinking N-acetylneuraminic acid, which interacts with CD22, which is involved in immune
responses, was used to investigate the detailed mechanisms of B-cell regulation and immune
signaling. This opened up new avenues for exploring how cellular communication and immune
responses works.'® Furthermore, their potential as irreversible anti-adhesives or inhibitors
opens new avenues for preventing pathological adhesion processes, highlighting their broad

impact in biomedical science.'®

1.3.3 Azidocoumarin

According to their favorable optical properties, coumarins are widely employed as
fluorophores in various fields of scientific research. One of the significant advantages of
coumarin fluorophores is their tunable emission wavelength by simply modifying the chemical
structure. Coumarins are small organic compounds that were isolated for the first time by Vogel
from tonka bean in 1820."% Nowadays it is known to be widespread in nature and can be found
in various plants, such as cassia cinnamon and certain grasses. Additionally, there are also
thousands of synthetic derivatives of coumarin, which have gained interesting significance for

scientific research due to their pharmacological and biological properties, such as anti-
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inflammatory, anticancer potential, antipathogen or neuroprotective effects.’®-'%" Interestingly
coumarin derivatives are also found in the cosmetics industry or as perfumeantioxidants.'®’ 12
Hence, coumarin derivatives are characterized as versatile compounds, demonstrating
significance and applicability across a broad spectrum of domains.

The general structure of coumarins consisting of basic scaffold 1,2-benzopyrone including
six peripheral C-H sites. In principle, all these six C-H sites and the C=C unit are suitable for
post-functionalization, but C-H-functionalization in the 6- or 7-position of the phenyl group and
in the 3- or 4-position of the vinyl group is more attractive and chemically more accessible (see
Figure 15A). While modifications at position 3 also have biological significance regarding

medical or chemical biological applications. "%

A. Coumarin derivatives in general
R * Pharmaceutical Application
Rm‘* » Medical application
R oo * Home and'care o
* Photophysical application

Coumarin * Biological and Biochemical
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Figure 15 A. Coumarin derivative in general. The positions 3,4,6,7 are commonly for modifications. B. AzC and the
general principle of fluorescence recovery through light activation.

The fluorescent properties of coumarins directly depend on the introduction of substituents,
such as electron-donating- and electron-withdrawing-substituents. Due to their rigid structure
in combination with a “push-and-pull” effect, as found for example in the classic
7 - aminocoumarin, many coumarin derivatives have excellent quantum yields."®
Furthermore, their structural flexibility, ease of modification and sensitivity to their
microenvironment makes them suitable as chemosensors.'®” The fundamental principle of
these sensors is based on their ability to modulate fluorescence signals through, e.g.,
guenching effects. Introduction of an analyte results in the modulation of fluorescence and a

shift of the wavelength. Nowadays there is a whole range of coumarin-based chemo sensors,
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which are used for the selective and reversible detection of various ions, such as transition
metal ions processes to provide fluorescent signals. 19 19°

Depending on these properties the development of fluorescent coumarin-based chemo- and
bio-probes represents another promising approach for designing novel tools for molecular
recognition and imaging within complex biological systems

In this context the use of an azide as a substitute at the coumarin backbone is particularly
interesting, as it leads to reduction or quenching of the fluorescence.?®

By reducing the azide, e.g., addition of a redox active agent such as reactive sulfur
compounds leads to the highly fluorescent aminocoumarin derivative. The on-demand
fluorescence exhibited by AzC’s has found widespread application in various domains,
including detection and quantification of reductive activities in microorganisms or living cells
whose dysregulation can lead to diseases such as cancer. 20729 |n this context, secreted H,S
serves here as redox active agent, transforming the azide moiety to an amine. This
transformation results in the release of fluorescence, providing a measurable signal for the
quantification of H.S production. Xie et. Al. successfully used an AzC morpholine derivative to
selectively display H,S to image lysosomal sulfur production in living cells.?%

Nevertheless, the use of AzC as a photo crosslinker, enabled by its azide functionality,
presents a particularly interesting prospect. Upon irradiation with light, the azide molecules
undergoes covalent bond formation through e.g. N-H or C-H insertion with adjacent molecules,
similar to the established aryl azides mentioned in chapter 1.3.2. Simultaneously with the
covalent bond formation, the azide moiety undergoes reduction, resulting in the restoration of
fluorescence (See Figure 15B). This double-faceted capability not only allows real-time
monitoring of the crosslinking process but also facilitates the precise localization of binding
events through the utilization of microscopic imaging techniques which makes it an interesting
candidate for PAL.

In 1992 azacoumarin was used as a photo crosslinker for the first time by Thevenin et. al.
There the azacoumarin enabled the targeted translocation of a coumarin fluorophore by
crosslink in close proximity to the binding site of an interacting target protein.2% Building upon
this study, it became evident that AzC possesses significant potential as a photoactivatable
bio probe. About 20 years later, AzC was further used for photo-induced crosslinking
processes. Here, it was used by Kellner et. al. in 2011 as a selective photo-crosslinker for RNA
to achieve a step-wise alkylation of the RNA and to follow it photolytically.2%® Parallel to the
developments of this thesis in the end of 2023 the functionality of these capabilities has been
extended by creating a glycan-based AzC probe that is able to selectively bind to target
proteins developed by Bousch et. al.?"’

Glycan interactions play a crucial role in various biological processes and are pivotal in the

pathogenesis of numerous diseases. A deeper understanding and elucidation of these
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mechanisms are therefore essential for the development of novel therapeutic strategies (See
also chapter 1.1.2). These recent findings emphasize the relevance of further research and
development of carbohydrate-based AzC probes as their use as a diagnostic tool to identify
and localize glycan-lectin interactions is of great importance.

Despite the longstanding familiarity of AzC potential, little information exists regarding its
applicability in SPPS but would open the opportunity to develop peptide- and carbohydrate-

based ligands for photo-induced affinity labeling.?” 208
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Aims and Outlines

This thesis focusses on the development of bio probes starting from known biological
ligands (peptides or carbohydrates) and performing chemical modifications to enable
modulation and control of their bioactivity. SPPS will be the main tool to derive such molecules
combining the well-established synthesis of peptides with recent solid-phase strategies
accessing peptide- and glycan-mimetic macromolecules as introduced by Hartmann et al.
Three different systems are targeted at having a special focus on evaluating ligand-receptor
interactions at the cell membrane: a peptide- and a carbohydrate-based probe for studying
binding to membrane-bound receptors as well as a peptide-lipid conjugate to enable
reconstitution of complex cell membrane models.

The first part of this work will be centered around the synthesis of a photoactivatable ligand
derived from plant peptides together with the group of Prof. Dr. Rudiger Simon, HHU. A special
focus will be placed on the CLE family, as this signaling pathway is particularly interesting
because it is involved in growth, an essential process for the maintenance of the plant. CLV3,
a signaling peptide from the CLE family, will be synthesized by developing a suitable protective
group strategy. To track the peptide within the plant, a suitable position in the peptide backbone
allowing the attachment of a fluorophore without a loss of biological activity will be located. Due
to its modification sensitivity, the biological activity of the peptide will be tested using
established root assays. Since it is assumed that the N-terminus is essential for biological
activity, it should be temporarily blocked with a photocage in order to modulate and control the
CLE signaling pathway with light.

In the second part of this work, a novel building block based on AzC will be established for
use in the SPPS. AzC exhibits the capacity for photolytic crosslinking owing to its inherent
azide functionality. This photo-induced reduction of the azide moiety should not only facilitate
crosslinking with target proteins but should also result in the emission of fluorescence. This
double-faceted capability renders AzC an interesting molecule for biological applications.
Specifically, mannose and galactose moieties, as ligands will be conjugated to AzC on the
solid-phase. To achieve this, a suitable coupling strategy for the AzC building block will be
established. To proof selective target binding of the AzC-carbohydrate probe and validate the
crosslinking ability paired with fluorescence recovery, the well-known man recognizing lectin
ConA will be used. In addition, the selectivity of the AzC carbohydrate probes will be
investigated, focusing on comparative assessments between the mannose and galactose
probes by ConA binding experiments. Subsequently, the efficacy of the probes will be
evaluated to evaluate their capacity for detecting and crosslink with respective target proteins,

even within complex environments such as whole organ lysates and cells.
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The last part of this work will be focused on the development of a peptide-based lipid, based
on the SpyTag-SpyCatcher technology in a cooperation with the group of Prof. Dr. Alexej
Kedrov, HHU. A crucial step in synthesizing the ST peptide is designing an effective protecting
group strategy. Additionally, efforts will be made to develop a method for choosing and
attaching a lipid anchor to the peptide precisely, aiming to avoid unwanted side reactions with
various functional groups on the peptide sidechains. The binding of the ST lipids and the
associated SC protein will be by proven using electrophoretic methods. Furthermore, an
assessment of the integrability of the ST lipid onto a model membrane is imperative.
Simultaneously, the feasibility of the ST lipid-SC interaction on the model membrane needs to
be examined. Prospective applications involve utilizing this system as a modulator for model
membranes, with potential chemical modifications, such as the introduction of polymer chains

to the SC protein, in forthcoming studies.
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Abstract

Plant peptides communicate by binding to a large family of receptor-like kinases (RLKs), and they share a conserved
binding mechanism, which may account for their promiscuous interaction with several RLKs. In order to under-
stand the in vivo binding specificity of the CLAVATAS/EMBRYO SURROUNDING REGION-RELATED peptide family in
Arabidopsis, we have developed a novel set of CLAVATA3 (CLV3)-based peptide tools. After carefully evaluating the
CLE peptide binding characteristics, using solid phase synthesis process, we modified the CLV3 peptide and attached
a fluorophore and a photoactivable side group. We observed that the labeled CLV3 shows binding specificity within
the CLAVATA1 clade of RLKs while avoiding the distantly related PEP RECEPTOR clade, thus resolving the contradic-
tory results obtained previously by many in vitro methods. Furthermore, we observed that the RLK-bound CLV3 under-
goes clathrin-mediated endocytosis and is trafficked to the vacuole via ARA7 (a Rab GTPase)-labeled endosomes.
Additionally, modifying CLV3 for light-controlled activation enabled spatial and temporal control over CLE signaling.
Hence, our CLV3 macromolecular toolbox can be used to study rapid cell specific down-stream effects. Given the
conserved binding properties, in the future our toolbox can also be used as a template to modify other CLE peptides.

Keywords: Chemical probe, CLV3 peptide, CLAVATA signaling, endocytosis, fluorophore labeling, photoactivation, receptor
specificity, solid phase peptide synthesis, sub-cellular trafficking.
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Introduction

Small secreted peptides mediate cell-to-cell communication
in multicellular organisms in response to pathogens, biotic,
and abiotic stimuli, and to regulate developmental processes.
The CLAVATA3/EMBRYO SURROUNDING REGION
(ESR)-RELATED (CLE) family of peptides is evolution-
arily conserved among land plants (Furumizu et al., 2021;
Whitewoods, 2021; Hirakawa, 2022). CLE peptides act over
short ranges to control stem cell division and differentiation in
meristems, but also over long distances between shoot and root
tissues. The Arabidopsis genome comprises 32 CLE genes that
encode 26 different CLE peptides (Ito et al., 2006; Hirakawa
et al., 2011). CLE genes encode pre-pro-proteins containing
an N-terminus signal peptide, a variable central domain that
might be involved in the secretion process, and a highly con-
served CLE domain close to the C-terminus. After cleavage of
the signal peptide and proteolytic processing, the functional
CLE domain comprises 12 or 13 amino acids that are secreted
via the endoplasmic reticulum and Golgi apparatus to the apo-
plast. The mature CLE peptides often contain hydoxyproxiline
residues that may be essential for binding and activity, which
can be further modified by arabinosylation (Rojo et al., 2002;
Ito et al.,2006; Kondo et al.,2006; Shinohara and Matsubayashi,
2013; Tamaki et al., 2013; Strabala et al., 2014; Xu et al., 2015;
Kim et al.,2017; Roman et al., 2022).

The secreted peptide binds to the extracellular leucine-
rich-repeat (LRR) domains of plasma membrane-localized
receptor-like kinases (RLK), which interact with diverse co-
receptors. Besides the LRR ligand binding domain, the RLKs
and their co-receptors carry a transmembrane domain and a
cytosolic kinase domain that transmit the intracellular signal
(Shiu and Bleecker, 2001; Xi et al., 2019). The first identified
CLE peptide was CLAVATA3 (CLV3), which is expressed in
the stem cell domain of the shoot apical meristem (SAM) of
Arabidopsis. CLV3 signals via the LRR-RLK CLAVATA1
(CLV1), which belongs to the sub-family XI of LRR-RLKs
(hereafter referred to as RLKs) that further includes BARELY
ANY MERISTEM1 (BAM1), -2, and -3 (DeYoung et al.,
2006; Furumizu et al.,2021). The CLV3-related peptide CLE40
is expressed in non-stem cells of root and shoot apical meri-
stems (RAM and SAM, respectively) and signals via BAMI1.
During SAM development, the CLV3—CLV1 and the CLE40-
BAM1 modules control expression of the transcription factor
WUSCHEL, which is essential for meristem maintenance
(Schoof et al., 2000; Yadav et al., 2011; Schlegel et al., 2021).
Overexpression or exogenous application of several different
CLE peptides triggers premature differentiation of the SAM
and root meristem. CLV3 and several other CLE peptides signal
via the heteromeric complex of CLV2, a receptor-like protein,
and the pseudo-kinase CORYNE (CRN) (Fiers ef al., 2005;
Muller et al., 2008; Guo et al., 2010; Nimchuk et al., 2011a;
Replogle ef al., 2011; Breda et al., 2019). CLV2 and CRN exit
the endoplasmic reticulum together, dependent on each other,

and reach the plasma membrane to form a functional CLV2/
CRN receptor-like complex together. Hence, the clv2 and cmn
mutants have identical CLE signaling phenotypes (Miller ef al.,
2008; Bleckmann ef al., 2010; Somssich et al., 2015).

CLV3 and several other CLE peptides can induce arrest of
root meristem growth and differentiation of root stem cells.
This indicates promiscuity in the interaction between CLE
peptides and RLKs (Fiers et al., 2005; DeYoung et al., 2006;
Ito et al., 2006; Kinoshita et al., 2007; Hazak et al.,2017; Crook
et al., 2020; Narasimhan and Simon, 2022). This has been cor-
roborated by in vitro studies on isolated receptor domains in
which dissociation constants (Kj) between 0.6 nM and 14 uM
were observed for CLE peptides and RLKs of subfamily XI.
For example, CLE8-14 and -16 can bind BAM1 with very
high affinities, but CLE9 can also bind CLV1 (Ogawa ef al.,
2008; Crook et al., 2020). Notably, CLV3 has been shown to
bind to the RLKs CLV1, BAMI1, -2, and -3, which belong to
the CLV1 clade (Guo et al.,2010; Shinohara et al.,2012; Hazak
et al., 2017; Crook et al., 2020; Furumizu et al., 2021).

Interestingly, some CLEs were found to interact with
RLKs of different clades. CLE9, in addition to BAM1, binds
also to HAESA-LIKE1 (HSL1) with lower affinity. HSL1
is an RLK that predominantly interacts with the peptide
INFLORESCENCE-DEFICIENT IN ABSCISSION (IDA)
and other members of the IDA-LIKE family of ligands (Qian
et al.,2018; Furumizu et al., 2021; Roman et al., 2022). CLE14,
in addition to BAMT1, was also reported to interact with PEP
RECEPTOR 2 (PEPR2), which is a receptor for the AtPep
family of peptides (Gutierrez-Alanis et al., 2017). This broad
interaction spectrum can be attributed to the conserved mode
of binding, which is shared amongst CLEs and other peptide
families. The C-terminal residues undergo close contacts with
the RLK and their co-receptors (Zhang et al.,2016a,b; Li ef al.,
2017).The N-terminal residues would then interact only with
the RLK and provide specificity for the interaction. For ex-
ample, changing the first three N-terminal residues of the CLE
peptide TRACHEARY ELEMENT DIFFERENTIATION
INHIBITORY FACTOR (TDIF or CLE41) or of CLE9
resulted in total loss of binding to their cognate RLKs.
Furthermore, swapping one or more of the N-terminal resi-
dues between IDA and CLE9 resulted in swapped affinity to
their cognate RLKs HSL1 and BAMI, respectively (Zhang
et al., 2016a; Li et al., 2017; Roman et al., 2022). Thus, N-
and C-termini form two anchoring sites for the peptide on
the RLKs, with the N-terminus contributing to the speci-
ficity of interactions. Furthermore, the peptides flg22, derived
from the flagellin protein, and pepl have been shown to bind
FLAGELLIN-SENSITIVE2 (FLS2) and PEPR, respectively,
in a fully extended conformation, which is in stark contrast
to CLE41 forming a kink-like structure in the middle while
binding the RLK TDR (Zhang et al., 2016b). This indicates
that peptides of different families have mechanisms that confer
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specificity to the RLKs of a certain clade, thus excluding un-
specific RLK interactions. This brings the previously reported
CLE14-PEPR2 interaction into question, particularly when
PEPR clade is phylogenetically distant from the CLV1 and
TDR clades, which act as CLE receptors (Gutierrez-Alanis
et al.,2017; Furumizu et al.,2021). Two important questions re-
main unanswered: can CLE peptides interact with high affinity
and induce signaling through the PEPR clade of receptors?
Is there an in vivo binding affinity between CLEs and specific
RILK clades, such as CLV1 and TDR sister clades, while elimi-
nating cross-clade interaction with phylogenetically more dis-
tant RLKSs?

Most of our understanding of peptide—receptor interaction
comes from in silico models, in vitro studies with purified RLKs
in stable conditions, or in heterologous systems (Ito et al., 2000;
Ogawa et al., 2008; Shinohara ef al., 2012; Zhang et al., 2016b;
Gutierrez-Alanis et al.,2017; Li et al.,2017; Roman et al., 2022).
However, such studies do not accurately reflect the in vivo con-
ditions, such as receptor confirmation changes within multi-
protein complexes, the chemical and physical environment,
protein modifications, number of receptor molecules at the
plasma membrane, and ligand diffusion kinetics (Bhattacharya
et al.,2013; Kastritis and Bonvin, 2013; Chang, 2022).

Post CLE peptide interaction, the fates of the peptide and the
RLK have not been extensively studied. In plants, several recep-
tors have been shown to be internalized via clathrin-mediated
endocytosis (CME) (PaezValencia et al., 2016). Different RLKSs
and ligands have been shown to undergo CME with vary-
ing rates and subsequent endosomal trafficking. For example,
pepl1-PEPR complexes undergo a slower rate of CME com-
pared with BRASSINOSTEROID-INSENSITIVE1 (BRI1).
This could be attributed to the pre-formed BRI1—co-receptor
complexes at the plasma membrane to receive brassinosteroids
(Bucherl et al., 2013; Ortiz-Morea et al., 2016). Similarly, CLV3
peptide binding can induce rapid formation of larger mul-
timeric aggregates of CLV1 with co-receptors at the plasma
membrane. In the SAM, CLV1 is endocytosed and trafficked
towards the vacuole for degradation (Nimchuk et al., 2011b;
Somssich et al., 2015; Wang et al., 2023). However, the sub-
cellular trafficking dynamics of CLE peptides and their fate
within the cell after RLK binding are unknown.

To enable in vivo studies of CLE—receptor interactions, we
developed two new tools: (i) we synthesized a functional, fluo-
rescently labeled CLV3 peptide in order to track the spatial
and temporal distribution of CLE peptides and their cog-
nate RLKSs in vivo, and (i) we generated a photocaged CLV3
peptide that can be activated by light with high spatial and
temporal control. Fluorophore-labeled pepl, flg22, and brassi-
nosteroid hormone have been used previously to understand
their cognate receptor-mediated signaling and subsequent
sub-cellular dynamics (Irani et al., 2012; Ortiz-Morea et al.,
2016; Jelenska et al., 2017). Based on the existing knowledge
of the CLE-RLK recognition mechanism and key interacting
residues (Yamaguchi ef al., 2016), we modified the CLE motif

of the CLV3 peptide to allow linkage of a fluorescent dye,
while retaining specific binding activity to the RLKs. This was
achieved by conjugation of a fluorophore to the side chain.To
accomplish this, we replaced the second amino acid, threonine,
previously identified as non-essential for binding in depletion
assays (Fiers et al., 2006), with lysine and linked a suitable fluo-
rophore to this position. A quantum-dot based probe for CLV3
was previously reported, but it could not be used in planta due
to toxic effects (Yu ef al., 2014). Our functional CLE peptide
probe allows the study of in vivo binding specificity and subse-
quent sub-cellular trafficking.

We then used photo-caging to obtain a peptide probe that
can be activated locally and rapidly using light (Mangubat-
Medina and Ball, 2021). A photocage is a photolabile protect-
ing group that can be used to block the functional groups of
the peptide required for receptor binding and biological ac-
tivity. The caged, non-binding peptide can then be transformed
into its active form by releasing the cage group through sample
illumination with a specific wavelength of light (Fig. 1). Photo-
caging techniques have a very broad application, ranging from
enzyme activation to release of therapeutic agents, amino
acids, and other molecules in target cells (Silva et al., 2019;
Y. Li et al.,2023). This has been applied to study plant hormone
effects as well. Photo-caged auxin has enabled control of the
auxin response at a single cell level. Photo-caging of gibber-
ellin has enabled monitoring its real time movement and also
gradual release of the active compound for a prolonged ef-
fect. Photo-caging and release of the active cytokinin form has
been achieved as well (Kusaka et al., 2009; Wexler et al., 2019;
J.Liet al.,2023; Sun et al.,2023). However, no photoactivatable
and fluorescently labeled plant peptide has been synthesized
and applied in planta so far.

In this study, we present the development of a macromolec-
ular tool box of CLE peptides including fluorescently labeled
and photoactivatable peptides. Performing a series of in vivo
tests, we demonstrate their bioactivity, specificity, and ability
to be locally activated. Using these tools, we study binding
specificities and subcellular dynamics in a spatially and tem-
porally controlled manner. Overall, we demonstrate how to
derive a truly functional and controllable CLE peptide to un-
derstand the recognition and binding capacity to its cognate
RLKs. Furthermore, the techniques we have developed are
transferrable and can be applied to other members of the CLE
peptides, and possibly peptides of other families, as well.

Materials and methods

Chemicals and materials

Acetonitrile (299%), dichlormethane (299%), and acetic acid (299%)
were purchased from Merck. Acetic anhydride (99%) was purchased
from VWR. Diethyl ether (stabilized with butylated hydroxytoluene,
299%) was purchased from Honeywell. 1,3-Dimethylbarbituric acid
and lithium chloride were purchased from Carl Roth. Piperidine (99%),
tetrakis (triphenylphosphine) palladium (0), and trifluoroacetic acid
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CLV3-(Lys)TAMRA
HoN—

NVOC-CLV3-(Lys)TAMRA '

HN—

\ 4

—COOH

unmodified peptide: active

—COOH
fluorescently labeled: active

photoactivation

—COOH
fluorescently labeled: deactivated

Fig. 1. CLV3 sequence and schematic presentation of the modifications. (A) Introduction of a rhodamine fluorophore (green) to CLV3 to derive an active
CLV3 probe followed by introduction of an N-terminal 2-nitrobenzyl photocage (red) to allow for light-activated binding to CLV1 receptor in planta. CLV1,

CLAVATA1; CLV3, CLAVATA3; TAMRA, 6-carboxy-tetramethylrhodamine.

(99%) were purchased from Acros Organics. N,N-Dimethylformamide
(DMF; for peptide synthesis), triisopropylsilane (TIPS, 99%), N,N-
diisopropylethylamine ~ (DIPEA, 299%), and Dbenzotriazol-1-yl-
oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP, 99%)
were purchased from Fluorochem. 6-Carboxy-tetramethylrhodamine
succinimidyl ester (TAMRA-N-hydroxysuccinimide) was purchased
from Carbosynth. Dichlormethane (DCM, 299 %) and 4,5-dimethoxy-
2-nitrobenzyl (NVOC) chloroformate (NVOC-Cl, 97%) were
purchased from Sigma-Aldrich. Fmoc-Hyp(tBu)-OH (99%) was pur-
chased from BLDpharm. Fmoc-Leu-OH (98%) was purchased from
Carbolution Chemicals. Boc-Arg(Pbf)-OH, Fmoc-1-Arg(Boc)2-OH,
Fmoc-1-Arg(Pbf)-OH,  Fmoc-1-Asp(OtBu)-OH,  Fmoc-Gly-OH,
Fmoc-1-Pro-OH, Fmoc-1-Ser(tBu)-OH, Fmoc-1-Thr(tBu)-OH, and
Fmoc-1-Val-OH were purchased from Iris Biotech with purities of
98.0%. Fmoc-His(Trt)-OH (98.0%), Fmoc-Lys(Boc)-OH (98.0%), and
Fmoc-Pro-OH (99.0%) were purchased from Merck. H-1-His(Trt)-
2CT resin (loading 0.63 mmol g ') was purchased from Rapp Polymer.
For trifluoroacetic acid (TFA) removal, AG 1-X8 resin from Bio-Rad
Laboratories was used. A Strata C18-E column (1g/6ml) was purchased
from Phenomenex. Centrifugal Concentrator Vivaspin20 (1000 MW CO,
20ml) was purchased from Satorius.

Plant materials

Arabidopsis ecotype Col-0 was used as WT and generally as the back-
ground for the mutant and the transgenic lines, unless specified. crn and
clv2 mutant lines have been described as crn-10 (CRISPR-Cas9-derived)
(Nimchuk,2017) and clv2-gabi (GK-686A09) (Pallakies and Simon,2014),

respectively. crn-10 was verified using dCAPS strategy which involves
amplifying the gene with the oligomers 5-GTAGAAGCAGCAATGAA
GCAAAGAAGAAGGTG-3" and 5-GTGTAGATGATGTTGAAGTT
GTGGATAAGTG-3" followed by Hphl digestion. bam1 single and
bam1;bam2 double mutants are CRISPR-Cas9-derived (Fan ef al., 2021).
The transgenic lines used in the study are: p35s::ARA7-GFP (Ueda et al.,
2001; Dettmer et al., 2006), XVE>>AXL2 (Adamowski et al., 2018),
pBAM1:BAM1-GFP/bam1-3 (Schlegel et al.,2021),pUBQ10: VAMP711-
YFP (Geldner et al., 2009), pCLC2:CLC2-GFP (ecotype: Wassilewskija)
(Konopka et al., 2008), pCLV1::CLV1-2xGFP; clv1-11 (Nimchuk et al.,
2011b), and RPS5:PEPR 1-GFP/pepr1;pepr2 (Ortiz-Morea et al., 2016).

Macromolecule synthesis

General procedure for solid phase synthesis

All peptides were synthesized on solid phase using an automated synthe-
sizer (Activotec P11). The standard Fmoc protocol was used. Therefore,
fluorenylmethyloxycarbonyl (Fmoc)-protected amino acids were used
for the synthesis. H-L-His(Trt)-2CT resin (loading 0.63 mmol g') was
used and the structures were synthesized by repetitive Fmoc cleavage and
amide coupling. For Fmoc cleavage, the resin was treated three times with
25 vol% piperidine in DMF for 10, 15, and 20 min. Afterwards the resin
was washed 10 times with DME For coupling, the resin was treated with
a solution of 5 eq. Fmoc amino acid, 5 eq. PyBOP and 10 eq. DIPEA in
DMEF for 1 h. Afterwards the resin was washed 10 times with DME After
assembly of the full sequence, the resin was washed three times with
DCM. Thereafter, the modifications of the peptide described in detail
below were performed. For final cleavage the resin was treated with 70
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vol% TFA, 30 vol% TIPS for 1 h. The peptides were precipitated in di-
ethyl ether, lyophilized, and then TFA removal and further purification
were performed.

Alloc deprotection and TAMRA labeling

After finishing the sequence, the allyloxycarbonyl (Alloc) deprotection
of lysine on the resin was performed using 10 eq. 1,3-dimethylbarbituric
acid and a spatula tip of tetrakis (triphenylphosphine) palladium (0) in
DCM (1 ml per 100 mg resin). First 1,3-dimethylbarbituric acid was
dissolved DCM and flushed with argon for 2 min. The palladium cata-
lyst was added and flushed with argon for 2 min. The solution was then
incubated in the syringe for 45 min. Afterwards the resin was washed 10
times with DCM, 10 times with 0.2 M DIPEA in DME and 10 times
with DME The whole step was repeated once. After lysine was depro-
tected under reductive conditions, 5-carboxy tetramethyl rhodamine
(TAMRA) conjugation took place. For this purpose, 1.3 eq. TAMR A~
N-hydroxysuccinimide was dissolved in 4 ml of DMF and then 10 eq. of
DIPEA was added. The solution was incubated in the syringe for 16 h.
The resin was then washed with DMF 10 times and then alternately
washed three times with DCM, three times with methanol until the so-
lution becomes clear.

Acetylation

Acetic anhydride (1 ml per 70 mg resin) was incubated to the syringe for
15 min two times. Afterwards the resin was washed 10 times with DMF
and 10 times with DCM.

4,5-Dimethoxy-2-nitrobenzyl coupling

NVOC-CI was dissolved in a 50:50 vol% DCM/DMF mixture (1 ml per
100 mg resin). Then 10 eq. DIPEA was added and the mixture incubated
in the solid phase syringe for 16 h. Afterwards the resin was washed 10
times with DMF and 10 times with DCM.

Trifluoroacetic acid removal

TFA removal was performed with an AG 1-X8, quaternary ammonium,
100—200 mesh, acetate form resin. For 100 mg sample, 500 mg of the ion
exchange resin was used. The resin was activated by washing three times
with 10 ml of 1.6 M acetic acid solution, followed by three times with
10 ml of 0.16 M acetic acid solution. A 100 mg sample was dissolved in
2 mL Milli-Q water, and the solution was loaded into the resin into the
syringe. The syringe was shaken for 1 h. The supernatant was recovered,
and the resin was washed three times with 0.1 ml Milli-Q. The liquid
phases were lyophilized to obtain the crude product as a white or pink
solid (in case of TAMRA labelled peptides).

Vivaspin

Samples were separated from non-bound material using a Vivaspin20
Centrifugal Concentrator with 1000 MWCO. The sample was washed
five times with 10 ml of Milli-Q water, five times with 10 ml of 2 M LiCl
solution, and five times with 10 ml of Milli-QQ water, each step using a
Heraeus Megafuge 8R centrifuge at 2597 g for 15 min.

Column purification

For 4,5-dimethoxy-2-nitrobenzyl (NVOC)-CLV3-TAMRA a fur-
ther purification step was performed. A Strata C18-E column from
Phenomenex (1 g/6 ml) was used to separate the samples from other
incorrect sequences. First the column was conditioned with 6 ml aceto-
nitrile and equilibrated with 6 ml Milli-Q water. A 100 mg sample was
dissolved in 1-2 ml of Milli-Q water and added to the column.Then the
sample was washed with acetonitrile/Milli-Q gradients from 5 to 30%
each 3—6 ml on the column.

Reversed-phase high performance liquid chromatography
electron spray ionization mass spectrometry

Reversed-phase  high  performance  liquid  chromatography
(RP-HPLC)-MS was performed on an Agilent Technologies 1260
Infinity instrument in combination with an Agilent Technologies
6120-quadrupole mass spectrometer. The instrument has a wavelength
detector (VWD1 A) that measures the absorbance at 214 nm. The mass
spectrometer generates ions using the electrospray method, which is used
at a charge-to-mass ratio detected between 200 and 2000. The separa-
tion of the sample was performed on the MZ-AquaPerfect C18 column
(3.0 X 50 mm, 3 pm) at 25 °C. As the mobile phase the following mix-
tures were used: A: H,O—acetonitrile (95:5 vol%) with 0.1 vol% formic
acid; and B: H,O—acetonitrile (5:95 vol%) with 0.1 vol% formic acid. The
flow rate was 0.4 ml min~". A linear gradient was from 100% A—0% B to
0% A-100% B with a total measurement time of 17 min.

Ultra-high resolution mass spectrometry

Ultra-high resolution (UHR) MS measurements were performed with
a Bruker UHR quadrupole time-of-flight (QTOF) maXis 4G instru-
ment with a direct inlet via syringe pump, an electrospray ionization
(ESI) source and a QTOF mass analyser.

MALDI-TOF-MS

Matrix-assisted laser desorption/ionization time of flight (MALDI-TOF)
MS spectra were recorded on an UltrafleXtreme instrument from Bruker
Daltonik. The concentration of the sample was 1 mg ml™'. The ratio to
the a-cyano-4-hydroxycinnamic acid matrix was 1:10.

Lyophilization
The final oligomers were lyophilized with an Alpha 1-4 LD plus instru-

ment from Martin Christ Freeze Dryers GmbH. The drying method was
set to —40 °C and 0.1 mbar

Seed sterilization and plant growth conditions

The seeds were sterilized using chlorine gas (1 h in a desiccator after
mixing 50 ml of 13% w/v sodium hypochlorite with 4 ml 37% HCI) and
were sown on Murashige and Skoog (MS) medium containing 2 0.22%
w/v MS salts with B5 vitamins, 1% w/v sucrose, 0.05% w/v MES and
12 ¢ 1! plant agar, adjusted to pH 5.7 with KOH. The seedlings for root
experiments were grown in phytocabinets (poly klima; model: M4Z-
TDL+rF) for 4 or 5 d vertically with continuous light at 21 °C. Later,
they were transterred to soil and grown in phytochambers for 5-6 weeks
under 16 h light—8 h dark to experiment on the shoot apical meristem.
The light spectrum for the plant growth condition spans the wavelengths
from UV to far red with very minimal irradiance of 1-5 mW m™* nm™"'
for wavelength <400 nm, and 11-170 mW m™ nm ™' for photosynthet-
ically active radiation in the 400-700 nm range.

Treatment and imaging conditions

Peptide treatment

The peptides—pepl (synthesized by Davids Biotechnologie), pepl—
TAMRA (obtained personally from Prof. Russinova), CLV3—-TAMRA,
Ac—CLV3-TAMRA, NVOC-CLV3, NVOC-CLV3-TAMRA—and
the control free TAMRA were dissolved in water to make stocks and
subsequently added to the MS medium to reach the indicated working
concentration. CLV3p (synthesized by Davids Biotechnologie) was dis-
solved in peptide buffer of pH 6 (mixture of 87.7 ml of 0.2 M potassium
phosphate, mono-potassium salt and 12.3 ml of 0.2 M potassium phos-
phate, di-potassium salt in 100 ml buffer).
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Chemical treatment
Four-day-old seedlings of the XVE>>AXL2 line were transferred to MS
agar plates containing 10 pM estradiol [10 mM stock dissolved in di-
methyl sulfoxide (DMSO)] for 24 h AXL2 induction. For the uninduced
control condition, seedlings were transferred to MS agar plates containing
the solvent DMSO. Subsequent mock or peptide treatments in AXL2-
induced seedlings were also made in MS agar plates containing either 10
puM estradiol or DMSO.

Brefeldin A (BFA) treatment of seedlings was done in GM liquid me-
dium containing 50 pM BFA together with 1 pM peptide or the controls
for 50 min.

Sample handling and imaging

In vivo live fluorescence microscopy was performed with the Zeiss LSM
880 and Zeiss LSM 900 confocal laser scanning microscopy systems
employing C-Apochromat X40/1.20 water objectives. For root length
assays, the MS agar plates were scanned using a CanoScan 9000F with
600 dpi resolution.

For root meristem imaging, 4- or 5-day-old seedlings were incu-
bated for the indicated time in MS medium (with or without agar)
containing either mock or peptide. For photoactivation of the NVOC—
CLV3-TAMRA peptide, the seedlings were mounted with MS medium
containing the peptide and directly exposed to UV light (UV lamp
X-Cite XYLIS/model XT720L) with DAPI Filter Set 49 (the excitation
wavelength is between 300 and 395 nm, peak 365 nm). For targeting
the UV radiation over a small field of cells, the field aperture at the mi-
croscope was manually controlled, and the field of view was adjusted by
locating the cells through the ocular objective.

For shoot apical meristem imaging, the entire inflorescence of 5- or
6-week-old plants was submerged in water containing mock or peptide,
0.01% Tween 20 and 0.1% DMSO. The inflorescence was then cut oft
and mounted onto the slide over a double-sided adhesive tape. It was then
dissected to expose the apical meristem. For a CLV1 localization assay,
the inflorescences were treated for 30 s and imaged after 30 min. For a
CLV3-TAMRA binding assay, the inflorescences were treated for 1 min,
washed thrice, and imaged immediately.

For root length assays, the seeds were directly sown on MS agar plates
containing mock or peptide. For the root length assays with NVOC-
CLV3, 3 d after germination, one set of plates with peptides or mock
were exposed to UV black light (OUSIDE) for 3 h at a distance of 25 cm
while the control set were kept unexposed. The plates were covered in
yellow foil during growth to filter off light under 500 nm in order to
avoid NVOC cleavage before and after UV radiation. After the indicated
number of days, the plates were scanned and the length of the roots was
analysed. For pre-cleaving the NVOC peptide, a solution of 0.5 mg ml™'
was prepared in Milli-Q water. It was filled in a cuvette and radiated with
UV black light for 3 h. The pre-radiated NVOC peptide was examined
with UV spectra and RP-HPLC-MS and used for the root length assays.

Testing the degradation of the NVOC group

The samples were irradiated from a distance of 25 cm under a UV me-
dium pressure lamp (Heraeus Noblelight) fitted with a mercury lamp
that emitted light in the 250-600 nm range, or a 50 W UV black light
(OUSIDE) fitted with COB LED chip that emits light in the 395—
400 nm range.

Image analysis

Root length analysis and the plasma membrane and cytosolic intensity
analysis were performed using Fiji Image] software tools (Schindelin
et al., 2012). The number of SAMs with vacuolar CLV1 localization and
the number of root meristem cells with plasma membrane PEPR1 were
recorded by visual inspection. Pearson’s correlation coefficient analysis

was performed and the cytofluorogram was made with the JaCoP plu-
gin (Bolte and Cordelieres, 2006). The plots were made using GraphPad
Prism 9 and Origin.

Statistical analysis

All the statistical tests on intensity measurements were performed using
GraphPad Prism 9. Statistical tests for root length analysis were performed
using R version 4.3.1. ‘n” indicates biological replicates and ‘N’ indicates
technical replicates.

Results

Synthesis of a functional, fluorescently labeled CLV3
probe (CLV3-TAMRA)

Arabidopsis CLE domains share several conserved residues
indicating that they interact with RLKs through a conserved
mechanism (Zhang et al.,2016a,b). We chose CLV3, one of the
best understood CLEs, as a test system (Fig. 1A).

Synthesis of all modified peptides was performed on an
automated peptide synthesizer using well-established solid
phase peptide synthesis employing fluorenylmethyloxycar-
bonyl (Fmoc)-protected amino acids (Wellings and Atherton,
1997). In short, the terminal carboxy group of the amino acid
is activated in sifu to form an active ester that allows for cou-
pling to a resin-bound amine group (e.g. the N-terminus of
the previous amino acid, at room temperature and with high
yields). Upon coupling of the amino acid, the Fmoc group
is selectively cleaved by piperidine, releasing the N-terminus,
which is now available for coupling of the next amino acid.
After successtul build-up of the desired amino acid sequence
through such iterative coupling, the peptide is cleaved from the
resin, typically under acidic conditions, including the cleavage
of potential side chain protecting groups (Fig. 2A). Synthetic
protocols for the unmodified CLV3 peptide were developed
by choosing a suitable side chain protecting group strategy
(Fig.2B) (2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl
(Pbf) for arginine, tert-butyloxycarbonyl (tBu) for hydroxypro-
line, serine and aspartic acid, and trityl (trt) for histidine). Upon
final cleavage of the peptide from the resin using acidic con-
ditions, the fully deprotected CLV3 peptide (CLV3p) (1) was
isolated in high purity (Supplementary Datasets S1-S3). Based
on this protocol, a series of modified and fluorescently labeled
CLV3 peptides were synthesized (Fig. 2C, D).

One of the challenges in modifying small peptide probes
with fluorescent labels is the decrease or even loss of their bi-
ological activity, e.g. due to a change in polarity, capping of
essential amino acid residues, or sterical shielding of peptide
sites that are required for interaction with the receptor (Boaro
et al., 2020). Previous studies showed that the C-terminal
residues interact with the receptor—co-receptor interface in a
conserved manner, and that the N-terminal residue, either R
or H, undergoes specific interactions with the receptor. The
first and third residues are vital for recognizing and anchoring
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A. Sequential coupling of amino acids on solid support

(a) deprotection (b) activation
and coupling
-NH-Fmoc —— ~NH, _— ~NH-Fmoc
-Fmoc + HOOC- +~NH-Fmoc

B. Side chain protecting groups and site selective cleavage of Alloc on solid support Fmoc
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/
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HaN— —COOH Ofnf —COOH fo) ©
CLV3p (1) Ac-CLV3 (5) J O
HoN— [ —COOH O}, Hf Lys —COOH
CLV3-(Lys) (2) Ac-CLV3-(Lys) (6) HO O ) O OH
HoN— —COOH %Hi —COOH
TAMRA CLV3-TAMRA (3) TAMRA Ac-CLV3-TAMRA (7)
HN— —COOH
FITC CLV3-FITC (4)

Fig. 2. Solid phase peptide synthesis of CLV3 using preloaded Fmoc-His(Trt)-resin and Fmoc-protecting group (PG) standard protocol. (A) Deprotection
of N-terminal Fmoc-PG (a) using 25 vol% piperidine in N,N-dimethylformamide (DMF) for 5, 15, and 20 min. Coupling of Fmoc-protection amino acid
(AA) (b) using 5 eq. AA, 5 eq. benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) and 10 eq. N,N-diisopropylethylamine
(DIPEA) in DMF for 1 h. Both steps (a) and (b) were repeated to build up a sequence. (B) Selective Alloc deprotection (c) of lysine under reductive
conditions with tetrakis (triphenylphosphine) palladium (0) catalyst and 10 eq. 1,3-dimethylbarbituric acid in dichlormethane (DCM) two times for 45 min.
(C) Conjugation of TAMRA-N-hydroxysuccinimide (d) at free lysine by adding 10 eq. DIPEA in DMF for 16 h. Cleavage of the final structure (e) was with
70 vol% trifluoroacetic acid and 30 vol% triisopropylsilane. (D) Overview of different structures. See Supplementary Datasets S1-S3 for further details

on the synthesis and analytical data of different peptide probes. Alloc, allyloxycarbonyl; Boc, tert-butyloxycarbonyl; CLV3, CLAVATAS; FITC, fluorescein
isothiocyanate; Pbf, 2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl; TAMRA, 6-carboxy-tetramethylrhodamine; tBu, tert-butyloxycarbonyl; Trt, trityl.
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the CLE peptide to the RLK. The second residue is less con-
served and can be modified without strongly compromising
peptide activity (Song et al., 2012; Zhang et al., 2016a; Li et al.,
2017). Therefore, the threonine at position 2 in CLV3p was
replaced by lysine, giving CLV3-(Lys) (2) (Fig. 2D).The amino
side chain of the lysine amino acid allows for the introduc-
tion of another orthogonal protecting group, allyloxycarbonyl
(Alloc), which can be cleaved under reductive conditions on
a solid support (Fig. 2B) (Wojcik et al., 2012). Therefore, the
N-terminal amino acid arginine was changed from Fmoc to
a Boc protecting group as during reductive deprotection of
the lysine side chain partial deprotection of the N-terminal
Fmoc protecting groups was observed. Selective release of
Alloc allowed for quantitative and site-selective introduction
of a fluorophore, here either TAMRA or fluorescein isothi-
ocyanate (FITC), giving the two fluorescently labeled CLV3
probes CLV3—-TAMRA (3) (Fig. 2C, D) and CLV3-FITC (4)
(Fig. 2D). TAMRA and fluorescein were chosen as they are
both commonly used in fluorescence microscopy, but differ
in their excitation and emission spectra (A =550 nm
and Ay =580 nm for TAMRA and A =500 nm and
Memmax=520 nm for FITC) (Tung, 2004).

In order to assess the binding characteristics of CLV3—
TAMRA as a peptide probe, we synthesized a series of CLV3

eX,max

peptides that are acetylated at the N-terminus, Ac—CLV3 (5),
Ac—CLV3-(Lys) (6), and Ac—CLV3—-TAMRA (7) (Fig. 2D), as
negative controls. Instead of the Boc-protected arginine, its
Fmoc-protected variant was used. Fmoc was cleaved off under
basic conditions while every other protection group was stable
under these conditions and capped with acetic anhydride to
receive the acetylated N-terminus.

Testing the bioactivity of CLV3-TAMRA

Bioactivity of the modified peptides was tested using a root
length assay. Exogenous application of the synthesized native
CLV3 peptide (CLV3p) elicits a premature differentiation of
the root meristem, leading to a short root phenotype, at CLV3p
concentrations of 10 nM or higher (Hazak et al.,2017; Bliimke
et al., 2021). We compared root lengths of seedlings grown on
medium with different concentrations of CLV3p or the modi-
fied peptides (Fig. 3; Supplementary Fig. S1). Seedlings showed
a strong reduction in root length in response to CLV3p at
100 nM or lower (Blimke ef al., 2021) (Fig. 3; Supplementary
Fig.S1A); CLV3—TAMRA was inefective at 100 nM, but trig-
gered root length reduction at 1 uM concentration (Fig. 3;
Supplementary Fig. S1A). This reduced activity is likely due
to the steric hindrance to peptide binding caused by TAMRA.
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Fig. 3. Bioactivity of CLV3-TAMRA. (A) Violin plot representing root length analyses of Col-0 and crn after 7 d treatment with mock, CLV3p, CLV3-
TAMRA and Ac-CLV3-TAMRA. n> 43 roots for each condition; N=3. The lines represent the median and the quartiles. Two-way ANOVA with interaction,
F-test; P<2 x 107, Statistical grouping was calculated by Tukey’s HSD test (a=0.001). Groups sharing the same letter are not significantly different. (B)
Images of seedlings of Col-0 and crn after 10 d treatment. Scale bar: 1 cm. CLV3, CLAVATA3; TAMRA, 6-carboxy-tetramethylrhodamine.
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For comparison, we found that CLV3-(Lys) was bioactive at
the much lower concentration of 200 nM (Supplementary Fig.
S1B). Neither Ac-CLV3-TAMRA, nor free TAMRA fluoro-
phore,nor CLV3-FITC elicited any response in our assays (Fig. 3;
Supplementary Fig. S1A, C, D). Signalling of CLV3p during
root development depends on the CLV2/CRN-receptor het-
eromer (Fiers et al., 2005; Miwa et al., 2008). We used one of
the mutants of the CLV2/CRN heteromeric complex, crn, to
thwart the CLV3 signaling pathway. The mutant seedlings did
not respond to the tested peptides, indicating that the CLV3—
TAMRA peptide acts through the canonical CLV3 signaling
pathway, although with a lower efficacy than the unmodified
CLV3p (Fig. 3; Supplementary Fig. S1A). Lack of CLV3-FITC
biological activity could be due to structural differences be-
tween the fluorophores: TAMRA carries tertiary amines in the
xanthene core and is unable to form hydrogen bonds, while
FITC contains hydroxyl groups that could interact with the
peptide backbone, potentially altering its conformation and
preventing binding to the receptor protein. In summary, modi-
fying the second amino acid residue of the CLE domain to
attach the fluorophore is an effective strategy in creating a bio-
active CLE peptide probe. TAMRA, as a fluorescent agent for
CLE peptide probes, can retain their bioactivity, although with
a significantly diminished efficiency.

Sub-cellular localization and trafficking of
CLV3-TAMRA

We tested if CLV3—-TAMRA is recognized by the RLKs at
the plasma membrane, and how it interacts with the endocytic
sub-cellular trafficking machinery. When added to Arabidopsis
root or shoot meristems, CLV3—TAMRA localized to the
plasma membrane in all layers of the meristems within 3 min
after addition (Fig. 4A, B; Supplementary Fig. S2A, S2B). The
negative control peptide Ac-CLV3—-TAMRA showed a very
weak signal at the plasma membrane, possibly due to unspecific
binding to other plasma membrane proteins (Fig. 4A, B).
During the course of 40 min treatment, CLV3-TAMRA
accumulated increasingly in the vacuole, which is surrounded
by the tonoplast (Fig. 4C; Supplementary Fig. S2C). We first
tested if the accumulating vacuolar signal is due to endocy-
tosed CLV3—-TAMRA peptide, or free TAMRA fluorophore
that resulted from CLV3-TAMRA instability or degradation.
We analysed CLV3-TAMRA from our stock solution via
RP-HPLC after 1 and 2 years’ storage, and saw no degradation
of the fluorophore, suggesting that the CLV3—TAMRA pep-
tide remained intact and did not undergo dissociation into free
fluorophore during storage (Supplementary Dataset S4). We
concluded that CLV3-TAMRA is functional and reaches the
vacuole through the endocytic sub-cellular trafficking pathway.
We then examined the CLE peptide sub-cellular traffick-
ing process. In animal cells, after endocytosis, ligand-bound
receptors enter the early endosome for sorting. The mem-
brane bound receptors are primarily recycled and return to

the plasma membrane, but ligands are mostly delivered to the
late endosome and then degraded (French and Lauffenburger,
1997; Lakadamyali et al., 2006; Solinger and Spang, 2022). We
first examined if CLV3-TAMRA undergoes CME from the
plasma membrane using AUXILIN-LIKE2 overexpression,
which strongly hinders CME (Adamowski et al., 2018). After
60 min of CLV3—-TAMRA treatment, CLV3—TAMRA accu-
mulated in the vacuole. However, estradiol inducible overex-
pression of AUXILIN-LIKE?2 strongly diminished the vacuolar
signal compared with mock treatment, showing that CLV3—
TAMRA is subject to CME (Fig. 4D).The inactive Ac—CLV3—
TAMRA and free TAMRA fluorophore also reached the
vacuole (Supplementary Fig. S2C), although to a lesser extent.
CME inhibition interfered with uptake and vacuolar localiza-
tion of Ac-CLV3-TAMRA (Fig. 4D), indicating that it might
still bind plasma membrane localized RLKs with reduced af-
finity, possibly via the conserved C-terminal interaction. Free
TAMRA fluorophore was neither bound at the plasma mem-
brane nor trafficked via endosomes; therefore, it likely entered
cells via diffusion (Supplementary Fig. S2D).

We then investigated the endocytic route to the vacuole.
We found that CLV3—-TAMRA co-localized with a few late
endosomes labeled with ARA7 (a Rab GTPase) (Lee et dl.,
2004) rapidly within 4—6 min (Fig. 4E). After 15 min, CLV3—
TAMRA reached almost all the ARA7-labeled late endo-
some compartments and aggregated into Brefeldin A (BFA)
bodies after BFA treatment (Geldner et al., 2009; Narasimhan
et al., 2021) (Fig. 4F F’, G). However, we only occasionally
observed localization of CLV3—-TAMRA in early endosomes,
marked by CLC2-GFP (Supplementary Fig. S2E, E’; the con-
trol for ARA7—GFP and CLC2—-GFP bleed-through into the
TAMRA channel is shown in Supplementary Fig. S2F). This
is in concordance with fIg22 and pepl ligands that are also
predominantly localized in late endosomes en route to the vac-
uole, and in contrast to animal cells where the ligand—receptor
sorting occurs in early endosomes (Ortiz-Morea et al., 2016;
Jelenska et al., 2017). However, neither free TAMRA nor Ac—
CLV3-TAMRA co-localized with late endosomes (Fig. 4F, F),
although a weak Ac—CLV3-TAMRA signal was observed
in BFA bodies (Fig. 4G). We conclude that CLV3—Tamra is
endocytosed via CME and effectively trafficked along the
endosomal pathway. When and where the separation of endo-
cytosed peptide ligands from the RLKs occurs in plant cells
remains to be solved.

Overall, we found that CLV3—-TAMRA endocytosis and
sub-cellular trafficking dynamics are very rapid, and that the
trafficking route is concordant with other plant signaling
peptides.

Binding specificity of CLV3-TAMRA to receptor-like
kinases

Studies in heterologous systems reported that CLV3 binds
to the RLKs CLV1 and BAMT1, although reports on binding

920z YoIelN | uo isenb Aq ££2/992/8€ 1S/ LIS .L/A101He/qX[/wod dno-olwepede//:sdiy wolj papeojumoq


http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae206#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae206#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae206#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae206#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae206#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae206#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae206#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae206#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae206#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae206#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae206#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae206#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae206#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae206#supplementary-data

CLAVATAS tool box to elucidate CLE-RLK binding | 5447

A B

CLV3-TAMRA
CLV3-TAMRA

Ac-CLV3-TAMRA
Ac-CLV3-TAMRA

Mock Estradiol

W)
m

5-10 min 20 25 min 35 40 min

—
l-! -
1"' ..

CLVS TAMRA

Ac-CLV3-TAMRA

XVE>>AXL2 |

CLV3-TAMRA
CLV3-TAMRA

Ac-CLV3-TAMRA

Ac-CLV3-TAMRA

Free TAMBA

Free TAMRA

E
[ CLV3-TAMRA  ARA7-GFP  Composite |

Fig. 4. Sub-cellular localization and trafficking of CLV3-TAMRA. (A-G) Representative confocal
shoot apical meristem (SAM) cells (B) after 1 uM treatment of the peptide CLV3-TAMRA, or the

! - e ¥
r=0.791 | 200
L 80 ]
| 150
& 60 1
< 40 | 100¢
T I
<5 : ! 50.-.
20 40 60 80
CLV3-TAMRA

r=0.027 {59 . r=0.041

40

40 60
Ac-CLV3-TAMRA TAMRA-CO

images of root meristem epidermal cells (A, C-G) or

controls Ac-CLV3-TAMRA or free TAMRA fluorophore.

9202 Yote 1| uo jsenb Aq €299/ 7S/L 1/G./o1014e/gx]/wod dnoojwepese//:sdjy woiy papeojumoq



5448 | Narasimhan et al.

Lines used: Col-0 (A, B); pBAM1:BAM1-GFP/bam1-3 (C); XVE>> AUXILIN-LIKE2 (D); p35s:ARA7-GFP (E-G). (A) Plasma membrane localization after
15 min treatment. n=6; N=2. The inset on the right shows the same images with increased brightness. (B) Plasma membrane localization in SAM
cells after 1 min treatment and washing. N>5. The inset on the right shows the same images with increased brightness. (C) Vacuolar accumulation
after continuous treatment overtime. n>6; N=2. (D) Clathrin-mediated endocytosis and vacuolar trafficking after 30 min treatment. The seedlings
either had induction of AUXILIN-LIKE 2 overexpression under estradiol treatment or no induction under mock treatment. n>6; N=2. (E) Localization

of the peptide in late endosome after 4-6 min treatment. n=4; N=2. (F) Localization of peptide and controls in late endosome 10-15 min post 5 min
treatment. n>5; N=2. Pearson’s correlation coefficient (r) of co-localization between ARA7-GFP and peptide and controls was calculated in three cells
for each condition: CLV3-TAMRA versus ARA7-GFP: r=0.791, 0.711, and 0.664; Ac-CLV3-TAMRA versus ARA7-GFP: r=-0.027, -0.111, and 0.07;
TAMRA-CO versus ARA7-GFP: r=0.041, 0.032, and -0.192. (E") Cytofluorogram of one measurement from each condition is shown. (G) Localization
of peptide and controls in Brefeldin A (BFA) bodies containing late endosomes after 50 min co-treatment with BFA. n>5; N=3. Yellow arrows indicate

the CLV3-TAMRA co-localized with late endosomes marked by ARA7-GFP. White arrows indicate the BFA bodies containing late endosomes, and
the peptide or the controls. Note: in (D-F), Ac-CLV3-TAMRA and free TAMRA were imaged at higher laser intensity and gain than CLV3-TAMRA to
observe their sub-cellular localization. Scale bar: (A, C, D, F, G) 10 um; (B) 15 um; (E) 3 um. CLV3, CLAVATAS; GFP, green fluorescent protein; TAMRA,

6-carboxy-tetramethylrhodamine.

affinities vary significantly between studies (Ogawa et al., 2008;
Guo et al., 2010; Hazak et al., 2017; Crook et al., 2020). With
our probes in hand, we here tested the interaction of CLV3—
TAMRA with CLV1 and BAM1 in vivo.

After CLV3 binding, CLV1 in the SAM undergoes en-
docytosis and is targeted to the vacuole. The CLV1 popula-
tion at the plasma membrane is strongly reduced over time
(Nimchuk ef al., 2011b; Wang et al., 2023). We observed that
CLV3-TAMRA, but not Ac—cCLV3-TAMRA, induced CLV1
endocytosis and vacuolar targeting (Fig. 5A, A”). However,
CLV3 binding does not trigger endocytic loss of the BAM1
plasma membrane pool or increased vacuolar trafficking of
BAM1 (Supplementary Fig. S3A). This difference could be
due to a high rate of recycling of BAMI1, or alternatively due
to a smaller fraction of BAM1 being involved in active signal-
ing that further undergo degradation (Sorkin and von Zastrow,
2009; Bucherl et al., 2013). Therefore, to test for interaction
with BAM1, we used a transgenic Arabidopsis line that over-
expressed BAM1-GFP in the root meristem (Supplementary
Fig. S3B). Compared with wild-type root meristems, a sig-
nificantly higher amount of CLV3-TAMRA bound to the
plasma membrane of BAM1-GFP (OX) root meristems (Fig.
5B; Supplementary Fig. S3C, C’; the control for GFP bleed-
through in the TAMRA channel is shown in Supplementary
Fig. S3D). Plasma membrane binding of Ac-CLV3—-TAMRA,
on the other hand, was generally very low although slightly
increased in the BAM1-GFP (OX) roots (Supplementary Fig.
S3C, C’). In contrast, we observed a general decrease in plasma
membrane bound CLV3—-TAMRA in bam1 and bam1;bam2
mutants compared with WT, which is particularly obvious in
the stele layers. It is to be noted that this decrease could be
attributed to an increased endocytic rate in the mutants as in-
dicated by strong cytosolic signal (Supplementary Fig. S3E,
E’). We then incubated root meristems of BAM1-GFP (OX)
line with CLV3p and CLV3-TAMRA to test if both compete
for the same binding sites on the plasma membrane (Fig. 5C,
C’). With increasing concentration of CLV3p in the medium,
the amount of CLV3-TAMRA fluorescence on the plasma
membrane decreased, showing that CLV3p can compete with

CLV3-TAMRA binding to the same site. This demonstrates
that CLV3-TAMRA has strong affinity to both CLV1 and
BAMI1 in vive, in contrast to results obtained from in vitro
studies.

Because CLV3 has a strong affinity to CLV1 clade RLKs, we
tested for its cross-clade interaction with PEPR 1, an RLK of
a phylogenetically distant clade (Furumizu et al., 2021). pepl
and pepl-TAMRA bound with strong affinity and induced
endocytosis of its plasma membrane localized cognate receptor
PEPR1-GFP, causing a significant down-regulation of the
plasma membrane PEPR population through vacuolar target-
ing (Ortiz-Morea et al.,2016) (Fig. 5SD—F D’—F’; Supplementary
Fig. S3E F’). However, CLV3—TAMRA did not exhibit an
increased binding in a PEPR1 overexpression transgenic line
(Fig. 5D, D’); moreover, neither CLV3p nor CLV3—-TAMRA
induced PEPR endocytosis from the plasma membrane (Fig.
5E F’; Supplementary Fig. S3E F’). Similarly, pepl-TAMRA,
which exhibited an increased binding in PEPR1 overexpres-
sion line (Fig. 5D, D’), failed to show increased binding affinity
to BAM1 overexpression (Fig. 5E, E). We conclude from our
in vivo studies with moditied CLV3 peptides that interactions
of peptides are limited to a specific RLK family, pepl to the
PEPR clade and CLV3 to the CLV1 clade, contradicting ear-
lier reports of cross-clade promiscuity in CLE peptide interac-
tions (Gutierrez-Alanis et al., 2017; Qian et al.,2018; Furumizu
et al.,2021).

Spatial and temporal control of CLE signaling

CLV3-TAMRA is a functional bioactive probe that, when ex-
ternally applied, will rapidly reach all tissue layers and elicit a
response. In order to achieve a controlled activity of the pep-
tide in the targeted tissue or at a specific time point, we used
nitroveratryloxycarbonyl (NVOC) as photo-cleavable pro-
tecting group, or photocage for the N-terminus of the CLV3
peptide with a maximum absorption for cleavage at 365 nm
(Kneuttinger, 2022) (Fig. 6A). Linking the NVOC group to
the N-terminus generates an inactive CLV3 probe; biological
activity is then reinstated upon light-triggered cleavage of the
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Fig. 5. Binding specificity of CLV3-TAMRA to RLKs. (A-F) Representative confocal images of shoot apical meristem (SAM) (A) or root meristem
epidermal cells (B-E) after respective treatments. Lines used: pCLV1:CLV1-2X-GFP/clv1-11 (A); Col-0 and pBAM1:BAM1-GFP/bam1-3 (B, E);
PBAM1:BAM1-GFP/bam1-3 (C); Col-0 and pRPS5A:PEPR1-GFPpepr1;pepr2 (D); pRPS5A:PEPR1-GFP/pepr;pepr2 (F). (A) Top, CLV1 localization
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after 30 min of treatment with either mock or 100 nM CLV3. N>5. Bottom, CLV1 localization after 30 min of treatment with 1 uM of either Ac-CLV3—-
TAMRA or CLV3-TAMRA. N>9. The insets showcase the plasma membrane (white arrow) or vacuolar localized CLV1 (blue arrow) in a cell. Stacked bar
graph represents the relative number of SAMs with plasma membrane and vacuolar localized CLV1. (B) CLV3-TAMRA plasma membrane signal after

1 pM, 30 min treatment in Col-0 or BAM1-GFP overexpression line. n>6; N=3. (B’) Violin plot representing CLV3-TAMRA mean fluorescence intensity

of the plasma membrane from 13-39 cells/root. Two-sided t-test. For Col-0>BAM1-GFP, P<0.0001 (****). (C) CLV3-TAMRA plasma membrane signal
after 30 min treatment with CLV3p/CLV3-TAMRA combination: from left to right, O uM/1 uM, 20 uM/1 uM, 40 uM/1 uM. n>7; N=2. (C’) Violin plots
representing the mean fluorescence intensity of the plasma membrane (top) or the intracellular region (bottom) from 5-17 cells/root. (D) pep1-TAMRA
and CLV3-TAMRA plasma membrane signal after 200 nM, 1 min treatment in Col-0 and PEPR1-GFP overexpression line. n=6; N=1. (D) Violin plot
representing TAMRA mean fluorescence intensity of the plasma membrane from 14-31 cells/root. Two-sided t-test. For pep1-TAM/PEPR-GFP>Col-0,
P<0.0001 (***¥); CLV3-TAM/PEPR-GFP>Col-0, was not significant. (E) pep1-TAMRA plasma membrane signal after 200 nM, 1 min treatment in Col-0 or
BAM1-GFP overexpression line. n>6; N=1. (E") Violin plot representing pep1-TAMRA mean fluorescence intensity of the plasma membrane from 10-25
cells/root. Two-sided t-test. BAM1-GFP>Col-0 was not significant. (F) PEPR1 plasma membrane localization 1 h after 30 s pulse with mock, 100 nM
pep1-TAMRA or 1 pM CLV3-TAMRA. Grey, violet, and blue arrowheads indicate an example cell with strong, weak, and no plasma membrane PEPR,
respectively. (F) Stacked bar graph representing relative number of cells with strong, weak, or no PEPR at the plasma membrane. n=5; N=2. At least 55
cells were analysed per root. Error bars indicate mean +SD. The lines in the violin plots indicate the median and the quartiles. Scale bar: (A, B, E, F) 15
um; (C, D) 10 pm. BAM1, BARELY ANY MERISTEM1; CLV1, CLAVATA1; CLV3, CLAVATAS; GFP, green fluorescent protein; n.s., not significant; PEPR,
PEP RECEPTOR; PM, plasma membrane; RLK, receptor-like kinase; TAMRA, 6-carboxy-tetramethylrhodamine.

NVOC group. As before, the TAMRA fluorophore was linked
to the AA2 position, giving fluorescently labeled, photoactivat-
able NVOC-CLV3-TAMRA (8) (Fig. 6B).

Peptide synthesis was performed following previously dis-
cussed solid phase peptide protocols. Coupling of NVOC was
performed on solid phase using NVOC chloride and coupling
to the N-terminus of the terminal amino acid after Fmoc re-
lease. After installation of the photocage, the TAMRA fluo-
rophore was coupled as previously described. After cleavage
from the resin the crude peptide was purified by chromatog-
raphy to give NVOC-CLV3-TAMRA with <90% relative
purity (Supplementary Datasets S1, S3). First, release of the
NVOC group upon light irradiation in solution was evalu-
ated.Therefore, the NVOC—-CLV3 peptide was exposed to UV
light at 365 nm and analysed by RP-HPLC-MS measurements
at different time points. After 150 min, full deprotection was
observed. Importantly, no decomposition or fragmentation of
the deprotected peptide was found (Fig. 6C; Supplementary
Dataset S5).

We first tested the efficiency of NVOC cleavage from the
peptide and the bioactivity of the NVOC-cleaved CLV3. We
performed root length assays on whole seedlings that were
grown in medium containing NVOC—-CLV3 or CLV3p or
mock, that were either (i) irradiated with UV for 120 min or
(11) not irradiated. UV irradiation of plates with NVOC—-CLV3
resulted in shorter roots than controls, equivalent to CLV3p-
treated roots. This indicated that the NVOC group was cleaved
off, thereby releasing CLV3, which inhibited meristem devel-
opment. clv2 mutants were resistant to NVOC-CLV3 with
or without irradiation, indicating that the short roots were
indeed due to activation of the photo-caged CLV3 peptide
and signaling, and not a direct consequence of UV irradia-
tion (Fig. 6D). Roots protected from UV exposure developed
similar to mock-treated negative controls, showing that the
NVOC group remained attached, which rendered the peptide
inactive (Fig. 6D). Additionally, the roots grown in medium

with pre-cleaved peptide (NVOC+CLV3) had shorter roots,
proving that photoactivation of the photocaged peptide by UV
is a reproducible technique and that NVOC in the medium
does not interfere with the bioactivity of the peptide or plant
development.

We then tested if the photocaged peptide can be rap-
idly photoactivated in the target tissue. To visualize peptide
uncaging and perception, we photoactivated the NVOC—
CLV3-TAMRA peptide by non-targeted, whole meristem
UV irradiation at 385 nm, which is close to the maximum
absorption wavelength for NVOC cleavage (Schaper et al.,
2009). NVOC—CLV3-TAMRA predominantly localized to
the apoplastic space before photoactivation due to the blocked
N-terminus. After 30 s of UV irradiation using the UV lamp
at the confocal microscope, we observed a rapid plasma mem-
brane localization of the deprotected CLV3—-TAMRA (Fig. 6E,
top, E’). Notably, CLV3—TAMRA localized to the epidermal
layer of the root (Fig. 6E, bottom). Twenty minutes after pho-
toactivation, we observed CLV3—TAMRA in endosomal com-
partments, and subsequently also in vacuoles (Fig. 6F G). We
then performed targeted irradiation and peptide activation
in a few epidermal cells using the UV lamp or the laser. We
observed localized plasma membrane binding of the deprot-
ected CLV3-TAMRA peptide in and around the irradiated
area (Fig. 6F; Supplementary Fig. S4A). It is to be noted that
focusing UV radiation over target cells manually through the
field aperture is not as precise as laser-based activation, and
hence there is a slightly broader dispersion of energy and pho-
toactivation. On the other hand, a 405 nm laser is not as ener-
getically efficient as high energy UV lamp radiation.

We have successtully created photoactivatable CLE peptide
tools, NVOC—-CLV3 and NVOC-CLV3-TAMRA, that can
be activated simply by very short exposure to UV radiation
in target cells or tissue in vivo. The released bioactive peptide
can be used to study rapid down-stream signaling responses or
cell/tissue specific effects.
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Fig. 6. Synthesis and activation of photocaged peptide by UV radiation. (A) General scheme for peptide probe activation through 365 nm light-
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Fmoc-protecting group (PG) standard protocol. Deprotection of N-terminal Fmoc-PG (a) using 25 vol% piperidine in N,N-dimethylformamide (DMF) for 5,
15, and 20 min. Coupling photocage (b) using 5 eq. NVOC-Cl and 10 eq N,N-diisopropylethylamine (DIPEA) in DMF/dichlormethane (DCM) 1:1 for 4 h.
Selective Alloc deprotection (c) of lysin under reductive conditions with tetrakis (triphenylphosphine) palladium (0) catalyst and 10 eq. dimethylbarbituric
acid in DCM two times for 45 min. Conjugation of TAMRA-N-hydroxysuccinimide (d) at free lysine by adding 10 eq. DIPEA in DMF for 16 h. Cleavage of
the final structure (e) with 70 vol% trifluoroacetic acid and 30 vol% TIPS. (C) Section of RP-HPLC chromatograms in which NVOC—-CLV3 was irradiated
with an UV medium-pressure lamp including wavelength of 365 nm for a total duration of 150 min. After 150 min, a complete degradation of the NVOC—
CLV3 signal was observed, indicating a complete cleavage of the NVOC-protecting group. See Supplementary Dataset S5 for full spectra. (D) Violin plot
representing root length analysis of 7-day-old Col-0 and c/v2 seedlings 7 d treatment with mock, 200 nM CLV3p, 200 nM NVOC-CLV3 or pre-cleaved
200 nM NVOGC-CLV3. The lines represent the median and the quartiles. n>9 roots; N=1. Two-way ANOVA with interaction, F-test, P<9.59 x 1072,
Statistical grouping was calculated by Tukey’s HSD test (a=0.001). Groups sharing the same letter are not significantly different. (E-H) Representative
confocal images of root meristem epidermal cells after treatment with 1 uM (E, G, H) or 5 uM (F) NVOC-CLV3-TAMRA.. Line used: pBAM1:.BAM1-GFP/
bam1-3. (E) Plasma membrane binding of NVOC-CLV3-TAMRA before and after photoactivation by UV exposure of root tip for 30 s. Top, image of the
epidermal layer. Bottom, image of the root center with all layers visible. The inset shows the zoomed-in cells with CLV3-TAMRA in the apoplast around

the cells (yellow arrows) or at the plasma membrane (blue arrows). (E") Violin plot representing the CLV3-TAMRA mean fluorescence intensity of the
plasma membrane from 12-26 cells/root. n=4; N=6. Two-sided t-test. For After>Before, P<0.0001 (***¥). (F) Vacuolar localization of photoactivated
NVOC-CLV3-TAMRA 60 min after 15 s UV exposure. n=5; N=2. (G) Late endosome localization of photoactivated NVOC-CLV3-TAMRA 20 min after
15 s UV exposure. n=2; N=3. (H) Targeted photoactivation of NVOC-CLV3-TAMRA after 3 min UV exposure of specific cells (marked by dotted circle)
through controlled field aperture. Plasma membrane binding of NVOC-CLV3-TAMRA before and after photoactivation in BAM1-GFP expressing line
is shown. BAM1-GFP shows mild bleaching due to UV exposure. Scale bar: (E, F, H) 20 um; (G) 10 um. BAM1, BARELY ANY MERISTEM1; CLV3,
CLAVATAS; GFP, green fluorescent protein; NVOC, 4,5-dimethoxy-2-nitrobenzyl; TAMRA, 6-carboxy-tetramethylrhodamine.

Discussion

Synthetic chemistry has aided in generating ligands to dis-
sect ligand—receptor pairing, receptor activation, and down-
stream signaling. Such chemical tools have also been used to
label phytohormones and peptides to probe their interaction
with receptor kinases and subsequent signaling (Sharma and
Russinova, 2018). In this study we have synthesized a set of
CLV3 probes with different modifications to study and deci-
pher diverse aspects of CLE-RLK signaling.

Advantages of studies with fluorophore labeling

Following the identification of CLE molecules, synthesis of
the active CLE peptides enabled rapid elucidation of their
effects and downstream signaling effectors through in vivo and
in vitro bioassays (Fiers et al., 2005; Ito et al., 2006; Stahl et al.,
2009; Qian et al., 2018; Takahashi et al., 2018; Breda et al., 2019;
Blumke ef al., 2021; Breiden ef al., 2021). Synthetic approaches
have also provided a faster alternative to mutagenesis in creat-
ing peptide variants. Replacing individual residues or a combi-
nation of residues, and swapping of residues between peptides
have facilitated breakthroughs in dissecting CLE affinities,
specificities, and recognition mechanism for individual RLKs
(Ito et al.,2006; Song et al., 2012; Zhang et al., 2016a; Li et al.,
2017; Roman et al., 2022). However, most of those studies
were performed in vitro. An alternative assay that allowed dif-
ferentiation of affinities for RLKs was photoaffinity labeling,
and binding of CLE9 and CLV3 peptides to several RLKs was
resolved using this technique (Ogawa et al., 2008; Shinohara
and Matsubayashi, 2013, 2015). However, photoaffinity la-
beling is an expensive technique, requires elaborate protocols,
and does not spatially resolve the ligand—receptor interactions
within a tissue (Sharma and Russinova, 2018). We emphasize
here the advantages of fluorescently labeled peptides, which

exhibit non-covalent reversible binding and native endocytic
sub-cellular trafficking interactions.

Challenges in CLE modification to study interaction
specificity

Attaching a fluorophore while maintaining biological activity
is challenging, since CLE peptides are only 12 or 13 amino
acids long, and modification of residues can change recogni-
tion and binding to cognate RLKs. Ogawa et al. (2008) had
previously synthesized modified CLV3 peptides replacing L10
and T2, which still effectively bound the CLV1 ectodomain.
Based on these in vitro experiments, we modified the second
CLV3 residue to lysine (T2K) and added the fluorophore
TAMRA. Nevertheless, the second residue variation between
CLE41 and -42 1s enough to significantly alter their binding
affinity to TDR (Zhang et al., 2016a). Therefore, it is crucial
to test both the bioactivity and specificity of the synthesized
peptide tools. We observed that the peptide was indeed bioac-
tive but showed reduced activity, which is likely caused by the
attached TAMR A fluorophore (Fig 3; Supplementary Fig. S1).
However, the peptide showed no significant decrease in affinity
to CLV1 clade receptors, supporting the notion that CLV3—
TAMRA peptide is functional. Furthermore, we utilized the
probe to test for cross-clade interaction to the phylogenetically
distant PEPR clade. We observed no binding affinity of CLV3—
TAMRA to PEPR1. Importantly, pep1-TAMRA also showed
no affinity to BAM1, a member of the CLV1 clade (Fig. 5,
Supplementary Fig. S3). This demonstrates that, in vivo, there
is minimal cross-interaction of peptides from distinct families
with different RLK clades. Gutierrez-Alanis ef al. (2017) pre-
viously reported that CLE14 interacts with PEPR2, based on
a bimolecular fluorescence complementation (BiFC) assay of
CLE14-—nYFP with PEPR2—cYFP. However, CLE peptides
undergo extensive processing, which involves not only the
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removal of the N-terminal signal peptide, but also proteolytic
cleavage of the active CLE peptide from a larger precursor.
Any C- or N-terminal fusions, such as nYFP in this case study,
would not remain linked to the bioactive CLE peptide. CLE
peptide interactions with receptors can therefore not be reli-
ably detected using BiFC assays, and the fluorescence detected
in the aforementioned study is likely due to constitutive inter-
action of the proteolytically released nYFP with PEPR2—cYFP
(Fiers et al., 2006; Ni and Clark, 2006; Tamaki et al., 2013).

Terminal labeling to form NVOC-CLE peptides

Previous studies illustrated the importance of terminal resi-
dues for peptide function. Addition of an arginine group to
the C-terminus significantly reduced CLE41 activity and its
binding to TDR (Ito et al.,2006; Zhang et al., 2016a). Similarly,
unprocessed CLE19 proprotein with an extra C-terminal argi-
nine exhibited diminished activity in vivo (Tamaki ef al., 2013).
Alanine scanning experiments by Song ef al. (2012) demon-
strated that the N-terminal arginine residue of CLV3 is vital
for its function, and addition of an extra tyrosine residue to the
N-terminus of CLV3 or CLE45 rendered these peptides inac-
tive (Hazak et al.,2017). Interestingly, we observed that a simple
acetylation of the N-terminus was enough to deactivate CLV3
(Fig. 2). Based on this finding, we were able to manipulate the
peptide N-terminus by attaching a photocleavable group that
temporarily deactivates CLV3 and can be cleaved off efficiently
with light at 365-380 nm (Fig. 6). This enables the tracking of
rapid or time-sensitive cell biological effects, and elucidation
of tissue specific effects with spatial and temporal control. For
example, rapid changes in sub-cellular localization of a pro-
tein of interest within seconds after CLE perception can be
observed microscopically in vivo. Alternatively, the peptide can
be activated in target cells, and subsequent non-cell autono-
mous effects can be followed in adjacent cells or distant tissues.

The rapid NVOC cleavage observed under the microscope
(Fig. 6E), in comparison with in vitro experiments (Fig. 6C),
can be attributed to several factors. Firstly, differences in the
light sources employed, such as lasers versus UV lamps, can
lead to variations in energy output, potentially influencing the
rate of cleavage. It is also crucial to note that the fluorescence
observed under the microscope after 30 s does not necessarily
indicate complete NVOC protection of group cleavage. In
contrast, in vitro experiments involving spectral methods (e.g.
absorbance and RP-HPLC spectra) offer a more quantitative
assessment of cleavage completeness. The microscopic method
confirms the occurrence of cleavage but does not provide the
same level of quantitative information.

Adaptive strategies to study other peptides

Several in vivo and in vitro studies (detailed in ‘Introduction’),
including this, have investigated the binding specificity of
CLV3 and CLE41 to LRR-RLKs of sub-family XI. However,

the in vivo interaction and recognition mechanisms of most
other CLE peptides remain unexplored. Owing to the con-
served architecture of the CLE domain amongst all CLE pep-
tides, fluorophore labeling and photocaging strategies from this
study (Figs 2, 6) could be transferred to investigate binding
characteristics, short-term effects, turnover or localization.

There are several plant peptide families with multiple
members that could potentially interact with one or more
members of a sub-clade of RLKs. Modelling and crystal
structure analysis of the interaction complex will give insights
into ligand binding pockets and the conserved recognition
mechanism that may be shared between the members of the
family. Subsequently, targeted amino acid modifications and
fluorophore labeling will enable confirmation of in vivo in-
teraction and expand our understanding of their sub-cellular
dynamics.

Conclusion

We have developed a macromolecular tool box of CLE pep-
tides with fluorescent labeling and photocaging. After testing
the bioactivity of these modified peptides, we have demon-
strated that photocaged peptides can be regionally activated
in plant tissues and be used in vivo to study their sub-cellular
properties. Using these tools, we studied CLE-RLK binding
specificities, clarifying the contradictory reports on CLE-RLK
interactions and further substantiating the existence of highly
selective mechanisms that discriminate between different pep-
tide families. We have, for the first time, followed the in vivo
endocytic and post-endocytic trafficking dynamics of a CLE
peptide and RLKs. Our methodology for CLE peptide mod-
ification creates a functional and controllable peptide without
compromising the recognition and binding capacity to its cor-
responding RLKs. Furthermore, based on our approach and
developed synthetic strategy, additional CLE peptides can be
synthesized to elucidate the signaling pathways mediated by
CLE-RILK interactions.

Supplementary data

The following supplementary data are available at JXB online.
Fig. S1. Bioactivity of CLV3—TAMRA (related to Fig. 3).
Fig. S2. Sub-cellular localization and trafficking of CLV3—

TAMRA (related to Fig. 4).

Fig. S3. Binding specificity of CLV3—-TAMRA to RLKs.

Fig. S4. Activation of photocaged peptide by 405 nm laser
irradiation.

Dataset S1. RP-HPLC-ESI-MS for CLV3 derivatives.

Dataset S2. MALDI-TOF-MS for CLV3 derivatives.

Dataset S3. HR-ESI for CLV3 derivatives.

Dataset S4. Storing stability test of CLV3—TAMRA.

Dataset S5. Absorption measurements and RP-HPLC-MS
analysis after irradiation of NVOC—-CLV3.
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Supplementary Datasets

Supplementary Dataset S1 | RP-HPLC-ESI-MS for CLV3 derivatives
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Data S1.1. Fmoc-CLV3p (precursor molecule for optimized detection) detected at t. = 8.1 min with relative purity
>90% by RP-HPLC (linear gradient from 5-95 Vol% eluent H.O/acetonitrile in 17 min at 25 °C, VWDA1 A
Wavelength = 214 nm). CLV3p was analyzed with direct infusion ESI-MS in a m/z range of 200-2000.
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Data S1.2. Fmoc-CLV3p (precursor molecule for optimized detection) detected at t, = 8.1 min with relative purity
>90% by RP-HPLC (linear gradient from 5-95 Vol% eluent H.O/acetonitrile in 17 min at 25 °C, VWDA1 A
Wavelength = 214 nm). Ac-CLV3 was analyzed with direct infusion ESI-MS in a m/z range of 200-2000.
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Data S1.3. Fmoc-CLV3(Lys) (precursor molecule for optimized detection) detected at t, = 7.1 min with relative purity
>90% by RP-HPLC (linear gradient from 5-95 Vol% eluent HyO/acetonitrile in 17 min at 25 °C, VWDA1 A
Wavelength = 214 nm). CLV3(Lys) was analyzed with direct infusion ESI-MS in a m/z range of 200-2000.
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Data S1.4. Fmoc-CLV3(Lys) (precursor molecule for optimized detection) detected at t. = 7.1 min with relative purity
>90% by RP-HPLC (linear gradient from 5-95 Vol% eluent H.O/acetonitrile in 17 min at 25 °C, VWDA1 A
Wavelength = 214 nm). Ac-CLV3(Lys) was analyzed with direct infusion ESI-MS in a m/z range of 200-2000.



Intensity [aU]

1| CLV3-TAMRA
| cale. [M+H]+ 1920.9

CLV3-TAMRA
t;=5.9min

—
T

¥ T
0 2
[M+5H]® *
385.2

481.2

[M+4H]*!

T T T T T T
4 6 8 10 12

Retentiontime [min]

[M+3H]?*

641.2 M+ 2H

961.4
N

T T T T
600 800 1000 1200 1400

miz

T T 1
1600 1800 2000

Data S1.3. CLV3-TAMRA detected at t, = 5.9 min with relative purity >90% by RP-HPLC (linear gradient from 5-95
Vol% eluent HoO/acetonitrile in 17 min at 25 °C, VWDA1 A Wavelength = 214 nm) and ESI-MS in a m/z range of

200-2000.
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Data S1.4 CLV3-FITC detected at t. = 4.9 min with relative purity >90% by RP-HPLC (linear gradient from 5-95
Vol% eluent H2O/acetonitrile in 17 min at 25 °C, VWDA1 A Wavelength = 214 nm) and ESI-MS in a m/z range of
200-2000.
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Data S1.5. NVOC-CLV3 detected at t; = 5.3 min with relative purity >90% by RP-HPLC (linear gradient from 5-95
Vol% eluent HoO/acetonitrile in 17 min at 25 °C, VWDA1 A Wavelength = 214 nm) and ESI-MS in a m/z range of

200-2000.
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Data S1.6. NVOC-CLV3-TAMRA detected at t. = 7.2 min with relative purity >90% by RP-HPLC (linear gradient
from 5-95 Vol% eluent H.O/acetonitrile in 17 min at 25 °C, VWDA1 A Wavelength = 214 nm) and ESI-MS in a m/z

range of 200-2000.



Supplementary Dataset S2 | MALDI-TOF-MS for CLV3 derivatives
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Data S2.1. MALDI-TOF-MS of CLV3p in a m/z range of 500-3500 using HCCA as matrix in a compound to matrix
ratio of 1:10.
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Data S2.2. MALDI-TOF-MS of CLV3(Lys) in a m/z range of 500-3500 using HCCA as matrix in a compound to
matrix ratio of 1:10.
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Data S2.3. MALDI-TOF-MS of CLV3-TAMRA in a m/z range of 500-3500 using HCCA as matrix in a compound to
matrix ratio of 1:10.
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Data S2.4. MALDI-TOF-MS of Ac-CLV3-TAMRA in a m/z range of 500-3500 using HCCA as matrix in a compound
to matrix ratio of 1:2.



Supplementary Dataset S3 | HR-ESI for CLV3 derivatives, related to Figure 2 and
Figure 6
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Data S3.1. CLV3-TAMRA analyzed by HR-ESI-MS: for CgoH125N25023 m/z [M+4H]** calcd.: 480.9766 found:
480.9846 mass accuracy -1.3 ppm.
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Data S3.2. Ac-CLV3 TAMRA analyzed by HR-ESI-MS for CgaH123N25024 m/z [M+4H]** calcd.: 491.4793 found:
491.4869 mass accuracy -0.7 ppm.
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Data S3.3. NVOC-CLV3 analyzed by HR-ESI-MS for C73H10sN23026 m/z [M+3H]** calcd.:574.2533 found: 574.2598
mass accuracy 1.4 ppm.
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Data $3.4. NVOC-CLV3-TAMRA analyzed by HR-ESI-MS for C1ooH134N26029 m/z [M+4H]** calcd.: 540.7374 found:
540.7448 mass accuracy -0.2 ppm.

Supplementary Dataset S4 | Storing stability test of CLV3-TAMRA

3500
3000 |
2 2500 CLV3-TAMRA
E Found mass:
g 2000+ [M+2H]?* 961.0
5 1500 ﬂ\
2 1000 |
< |
500 J | ) .
" N T 5 VO Fresh prepared in MiliQ
v‘ T T T T T T T T
3500 9 2 4 8 8 10 12 14 16
3000 + Retentiontime [min]
2 2500 CLV3-TAMRA
E 2000 - Found mass:
8 [M+2H]?* 961.4
E 1500 )
2 1000 - ’\
< 500 \‘ After 1 Year
i J s storing in MiliQ at -20°C *
0 | —— =4 e
“ T T T T T T T T
2500 0 2 4 8 8 10 12 14 16
Retentiontime [min]
30001 CLV3-TAMRA
%2500 . Found mass:
£ [M+2H]?' 961.2
2 2000 [
& 1500
<
Z 1000 }
< 500 I After 2 Years
)i IRVAT storing in MiliQ at -20°C *
04 A _ - —
¥ T L T ¥ T ¥ T T T T T L T s T
0 2 4 6 8 10 12 14 16

Retentiontime [min]

Data S4. Storing stability test of CLV3-TAMRA over 2 years of storing at -20 °C in Milli-Q® and analyzed by RP-
HPLC-ESI-MS. (*Retention time shifts due to column replacement.)



Supplementary Dataset S5 | Absorption measurements and RP-HPLC-MS analysis after

radiation of NVOC-CLV3
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Data S5.1. Absorbance spectra of NVOC photolytic degradation with UV light (365 nm) or UV black light (395 nm-
400 nm) in comparison for a total duration of 150 min demonstrating a decrease in the absorbance due to NVOC

cleavage. The exact absorption maximum was determined at 348 nm.
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Data S5.2. RP-HPLC-MS analysis of NVOC-CLV3 photolysis. Radiation performed with UV light of 365 nm for a

total duration of 150 min of radiation.
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Supplementary Figure S1: Bioactivity

(A — D) Violin plots representing root length analyses of Col-0 or crn/clv2 mutant after respective
treatments. The lines represent the median and the quartiles. Statistical grouping was calculated by
Tukey’s HSD test. Groups sharing the same letter are not significantly different.! (A) After 5-day (left) and
10-d (right) treatment with mock, CLV3p, CLV3-TAMRA and Ac-CLV3-TAMRA. n= 33 roots; N=3. Two-way
ANOVA with interaction, F test, p<2e-16 ***. (a= 0.001). (B) After 5-day treatment with mock, CLV3p and
CLV3-(Lys). n= 18 roots; N=1. Two-way ANOVA with interaction, F test, p=3.44e-10***. (a= 0.05). (C) After
8-day treatment with mock, CLV3p and CLV3-FITC. n= 12 roots; N=1. Two-way ANOVA with interaction, F
test, p<6.94e-13***. (a= 0.001). (D) After 10-day treatment with mock, CLV3p and free TAMRA fluorophore.

n= 46 roots; N=3. One-way ANOVA, F te

of CLV3-TAMRA (Related to Figure 3)

st, p<2e-16 ***. (a= 0.001).
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Supplementary Figure S2: Sub-cellular localization and trafficking of CLV3-TAMRA (Related to
figure 4)

!

(A-F) Representative confocal images of SAM (A) or root meristem after 1 uM treatment of the peptide
CLV3-TAMRA, or the controls Ac-CLV3-TAMRA or free TAMRA fluorophore. Lines used: A — Col-0. B and
D — pBAM1:BAM1-GFP/bam1-3. C — WAVEQY (pUBQ10:VAMP711-YFP). E — pCLC2:CLC2-GFP. F —
pCLC2:CLC2-GFP, p35s:ARA7-GFP. (A) PM localization after 15 min treatment. N=5. (B) PM localization
after 3 min treatment. n=5; N=2. PM marked by BAM1-GFP. (C) Vacuolar localization after 10 to 15 min
post 15 min treatment. n=5; N=2. Vacuoles marked by tonoplast localised protein VAMP711-GFP. (D)
CLV3-TAMRA PM localization after 60 min treatment. n=5; N=2. BAM1-GFP marks the PM and the
endosomes. The arrows indicate an example of PM and endosomal co-localization. (E) EE localization
10 to 15 min post 5 min treatment. n=5; N=2. The arrows indicates CLV3-TAMRA co-localized with the
EE marker, CLC2-GFP. Pearson’s co-efficient (r) of co-localization between CLC2-GFP, and peptide and
controls were calculated in 3 cells each condition. CLV3-TAMRA vs CLC2-GFP: -0.009, 0.057 and 0.339;
Ac-CLV3-TAMRA vs CLC2-GFP: -0.195, -0.532 and 0.033; TAMRA-CO vs CLC2-GFP: 0.011, -0.058 and
-0.195. (E') Cytofluorogram of one measurement from each condition is shown. F) ARA7-GFP and
CLC2-GFP imaged with CLV3-TAMRA or mock after 5 min treatment. n=5; N=1. Note: In C-E, Ac-CLV3-
TAMRA and Free TAMRA were imaged at higher laser intensity and gain than CLV3-TAMRA to observe
their sub-cellular localization. Scale bar: A —25 ym; B — 15 ym; C-F — 10 pm.
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Supplementary Figure S3: Binding specificity of CLV3-TAMRA to RLKs (related to figure 5)

I

(A-F) Representative confocal images of SAM (A) or root meristem epidermal cells (B-F). Lines used: A, B,
and D -! pBAM1:BAM1-GFP/bam1-3. C — Col-0, pBAM1:BAM1-GFP/bam1-3. E — Col-0, bam1, bam1;
bam2. F — pRPS5A:PEPR1-GFP/pepri,pepr2. (A) BAM1 localization after 30 min to 2h of treatment with
either mock or 100 nM CLV3. N=6. The arrows indicate PM localised BAM1. (B) BAM1-GFP PM level in
independent lines. n25; N=1. (C) CLV3-TAMRA PM signal after 1 yM, 15 min treatment in Col-0 or BAM1-
GFP overexpression line. n=6; N=1. (C') The violin plot represents Ac-CLV3-TAMRA or CLV3-TAMRA
mean fluorescence intensity of the PM from 8-27 cells/root. The lines indicate the median and the
quartiles. Two-sided t test. For Ac-CLV3-TAMRA/ BAM1-GFP > Col-0, p<0.0001; For CLV3-TAMRA/
BAM1-GFP > Col-0, p<0.0001. (D) BAM1-GFP imaged with CLV3-TAMRA or mock after 40 min treatment.
n=5; N=1. (E) CLV3-TAMRA PM signal in epidermis (Ep) and stele (St) cell layers after 5-15 min post 5 min
1 UM treatment. n=6; N=2. (E") The violin plots (top) represent CLV3-TAMRA mean fluorescence intensity
at the PM of epidermis and stele measured from 9-27 cells/root. The lines indicate the median and the
quartiles. Two-sided t test. For Col > bam1 and bam1;bam2, p<0.0001. The violin plot (bottom) represents
the ratio of CLV3-TAMRA mean fluorescence intensity at the PM to the cytosolic intensity in stele
measured from 5 cells/root. n=3. (F) PEPR1 PM localization 1 h after 30 s pulse with mock, 100 nM pep1
or CLV3. (F') The stacked bar graph represents relative number of cells with strong, weak or no PEPR at
the PM. n=6; N=1. At least 58 cells were analyzed/root. Error bars indicate mean + SD. Scale bar: A-D, F —
15 um; E— 10 um (Ep), 7 um (St).
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Supplementary Figure S4: Activation of photocaged peptide by 405nm laser irradiation
(Related to figure 6)

-GFP

BAMA1

(A) Representative confocal images of NVOC-CLV3-TAMRA (1 uM) at the PM before and after
photoactivation in target cells by 405nm laser (left). Corresponding BAM1-GFP PM intensity after

laser activation in target cells (right). Line used: pBAM1:BAM1-GFP/bam1-3. n=8; N=3. Scale bar: 20
pm.
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ABSTRACT: Photoinduced affinity labeling for cross-linking biomolecules in close spatial proximity has become a powerful
strategy in life science studies to identify interaction partners in fundamental research as well as biomarkers in applied studies. Next-
generation photo-cross-linkers additionally provide inducible fluorogenic properties to enable a visual read-out. Azido-substituted
coumarin is nonfluorescent, but UV irradiation initiates the formation of a highly reactive nitrene radical that can act as a cross-linker
while restoring the fluorescence activity of the coumarin chromophore. In this study, we present a 7-azidocoumarin derivative that is
used as a suitable building block for solid-phase synthesis and demonstrates easy access to a variety of glycan-based photo affinity
probes. Applications of photo-cross-linkers for glycans and their respective binding proteins are still rare. We show several
azidocoumarin glycan-presenting probes and their selective targeting and covalent linking to lectins, accompanied by a turn-on
fluorescence activity of the coumarin fluorophore. Selective recognition of spedific target lectins from the presented glycan photo
affinity probes is further demonstrated in complex biological environments, which now open opportunities for identifying and
localizing both known and previously unidentified glycan receptors in cells, tissues, or patient samples.

B INTRODUCTION

Protein cross-linking is a powerful strategy to study interaction
partners of proteins, such as other proteins, glycans, or small
molecules. By forming a covalent bond between the interacting
partners, this technique enables the capture of transient or

nitrene intermediates.'®"? Benzuphenone, diazirenes, or
substituted aryl azide derivatives are typically photo activated
at wavelengths around 350—365 nm, which makes them more
suitable for applications in biological samples.u‘ﬂ The
generated nitrenes are then able to initiate various covalent

even weak associations and thereby allows mapping of the
interactome of a target protein, the identification of binding
sites, or to gain insights into modes of action.'”

Especially cross-linkers that can be activated upon
irradiation with light have been advantageous in such
applications due to their spatial and temporal precision. This
method is commonly referred to as photo affinity labeling
(PAL).*" One central goal of PAL experiments is to detect and
characterize interaction partners of small molecule ligands,
such as carbohydrates or peptides.” To this end, various photo
affinity probes have been established over the years that are
often equipped with aryl azides, diazirenes, or benzophenone
derivatives undergoing covalent cross-linking upon irradia-
tion.””"" While alkyl and simple phenyl azides require shorter
wavelengths (<250 nm) for activation, aryl azides can be
activated by irradiation at higher wavelengths {254—400 nm),
leading to the release of M, and the formation of reactive

© X The Authors. Published by
American Chemical Soclety

VACS Publications

linkage reactions, e.g., to insert into C—H and N—H bonds or
result in ring expansion and react with amines as
nucleophiles.'® Subsequent detection of the covalently bound
interaction partners is usually a combination of different
enrichment strategies, molecular biology assays, and mass
spedmmetr}r.h_u

However, a disadvantage of using the above-mentioned
derivatives for PAL is a lack of direct visual control of
successful cross-linking during the experiment. Having parallel
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Figure 1. Schematic overview of the study. (A) Use of the AzC building block in SPS to give easy access to novel fluorogenic glycan-based affinity
probes for applications in PAL. (B) Schematic concept of selective lectin targeting of Man- and Gal-based AzC affinity probes. Photoactivated
probes cross-link their targets, while unbound, activated probes are removed during workup procedures.

prompting of fluorescence induced by the cross-linking event
can offer a great advantage to PAL applications, in particular
when targeting low-affinity, multivalent interactions, such as
glycan-lectin recognition.”* Fluorophores with turn-on proper-
ties have been developed for various applications, including live
cell imaging,”>*® enzyme activity monitoring,””* biosensing
and diagnostic in tumorigenic environments,”” " as well as
monitoring in drug delivery applications.”> Such fluorogenic
probes have also been used in PAL applications, often in
combination with RNA or peptide ligands.*> ™" Surprisingly,
fluorogenic PAL probes are still underrepresented for the
detection of glycan interactions.””*’ Glycan interactions are
typically weak (uM to mM range) and thus generally more
challenging to detect. In addition, glycan-protein binding is
often formed by multivalent glycan ligands that can undergo
statistical rebinding in the recognition site of the interacting
protein. As a consequence, capturing these short-lived
interactions with PAL remains difficult. Fluorogenic detection
of successful cross-linking would benefit the detection of
glycan interactions; however, fluorogenic glycan-based PAL
probes are not easily accessible.

An interesting natural class of fluorophores with fluorogenic
properties comprises derivatives of coumarins, which belong to

the class of benzopyrones and occur in various plants, such as
tonka beans, sweet clover, and cinnamon.*' Coumarins have
been applied as active agents against diseases like cancer and
various infectious diseases.*”** However, due to their variable
optical activity, coumarin derivatives are most commonly
applied as fluorophores.** The variability in fluorescence
emission wavelength depends predominantly on the type of
substituent and the substituted position on the coumarin
ring.” Especially, the 3- or 4-position of the vinyl group and
the 6- or 7-position of the phenyl group are attractive
substitution positions and chemically accessible for function-
alization.”®*” The fluorescence variability ranges across a broad
spectrum of emission wavelengths, extending from blue
emission in 7-aminocoumarin derivatives,*®*° such as 7-
amino-4-methylcoumarin (A, pm = 435 nm),*” over green
emission for 7-diethylamino-4-trifluoromethylcoumarin
(Amagem = 509 nm),>' to the near-infrared region through
manipulating the z-system of coumarin-based dyes, in which
the carbonyl group of the lactone function is replaced by
cyano(4-pyridine/pyrimidine)methylene moieties (so-called
COUPY dyes, Apypm > 600 nm).>>>

A particularly interesting derivative is azidocoumarin (AzC),
which carries an electron-rich azide substituent, typically at
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Figure 2. (A) Synthesis of the AzC building block from the aminocoumarin precursor, (B) SPS strategy, and (C) chemical structure of the AzC
glycan PAL probes. Synthesis conditions: coupling: S eq. building block, 5 eq. PyBOP, 10 eq. DIPEA in DMF for 1 h; deprotection: 25Vol%
piperidine in DMF, twice for 10 min, once for 20 min; glycan conjugation: 2.5 eq. Man-N; (or Gal-N;) in DMF, 1.25 eq. sodium ascorbate and
1.25 eq. copper sulfate in MiliQ overnight; deacetylation: 0.2 M sodium methanolate in methanol for 1 h; AzC conjugation: S eq. AzC building
block, S eq. HOBt, 5 eq. DIC in DMEF for 1 h; resin cleavage: 95Vol% TFA, 2.5Vol% TIPS and 2.5Vol% DCM for 1 h.

position 3 or 7. By attaching the azide to the coumarin
backbone, the fluorescence is initially quenched but can be
regained by reduction of the azide to a primary amine.”**®
Such azide-containing coumarins can react with alkynes as
counterparts in a copper-catalyzed azide—alkyne cycloaddition
(CuAAC), which also restores fluorescence after reaction.”®
Godula et al,, for instance, attached AzC to glycosaminoglycans
(GAGs) to enable strain-promoted azide—alkyne cycloaddition
(SPAAC) and covalent attachment to GAG-binding pro-
teins.”” The regained fluorescence upon successful coupling
allowed real-time monitoring of surface modification. In
another study by Chalansonnet et al., an AzC derivative was
used to detect the reductive activity of microorganisms and
living cells based on the release of H,S, which reduces the
azide to a primary amine and induces fluorescence of the
coumarin.”® A recent study by Bousch et al. reported the use of
a fluorinated AzC that was conjugated to a fucose moiety.”
The final §,6,8-trifluorinated-7-azido-coumarin probe was
generated in a multistep synthesis starting from methyl
pentafluoro benzoate and was successfully shown to cross-
link to BambL, the fucose-binding lectin of Burkholderia. To
the best of our knowledge, this is also the first study showing a
fluorogenic glycan-based PAL probe. In a follow-up study,
Vreulz et al. introduced a trifunctional scaffold for the synthesis
of glycan PAL probes.*” The scaffold features an N-alkoxy-
amine that allows the ligation of native oligosaccharides, while
other functional groups, such as photo-cross-linkers and
reporter tags, can be orthogonally conjugated via amine and
carboxylic acid motifs.

In this study, we present a modular synthetic approach based
on solid-phase synthesis (SPS) to gain straightforward
synthetic access to a variety of fluorogenic glycan-based PAL
probes. To this end, we establish a 7-azidocoumarin derivative
as a building block for use in SPS and introduce a modular
protocol allowing simple variations of glycan motifs (Figure
1A). SPS is a well-established methodology using the stepwise
assembly of building blocks to get access to monodisperse,
sequence-defined macromolecules—including biomacromole-
cules such as peptides, oligonucleotides, oligosaccharides, as
well as non-natural macromolecules and polymers.”” In our
previous work, we established the so-called solid-phase
polymer synthesis of oligo(amidoamines) (OAAs) and glyco-
OAAs as multivalent glycan mimetics. The combination of
established peptide coupling chemistry and tailor-made
building blocks allows the synthesis of various glyco-OAAs
including different glycan motifs, topologies, valencies, and
conjugations, e.g, to lipids to derive amphiphilic glyco-
OAAs.""® Based on this toolbox, our approach uses the
new AzC building block in combination with tailor-made
building blocks and glycan ligands to derive AzC fluorogenic
glycan-based PAL probes. Fast and easy access to a variety of
affinity probes is demonstrated by the first set presenting
mannose (Man) and galactose (Gal) as different glycan motifs.
We then use these AzC probes as double-faceted molecules in
PAL applications by establishing their cross-linking abilities
combined with distinctive fluorogenic properties by targeting
Man- as well as Gal-specific lectins (Figure 1B). We show that
fluorescence of the AzC glycan PAL probes is selectively
activated only upon cross-linking with the respective target
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Figure 3. (A) Schematic presentation of ConA binding to AzZCMan and nonbinding of the AzCGal probe. (B) MALDI-TOF-MS spectra of AzC
glycan PAL probes with ConA before (black) and after (red) irradiation. (C) Overview of results from MALDI-TOF-MS spectra with (+)
indicating a peak for ConA cross-linked to AzZCMan and (—) reflecting that no peak for ConA-AzCMan or ConA-AzCGal conjugate was found.
(D—F) MALDI-TOF-MS spectra of AzC glycan PAL probes with ConA in the presence of competing carbohydrates or proteins: (D) in the
presence of D-Man, (E) in the presence of a-MeMan, or (F) in the presence of BSA.

lectin. Furthermore, our study includes the applicability of the
AzC glycan PAL probes developed here under different pH
conditions, as well as in complex biological environments and
cell-based assays, which further enhances the versatility and
applicability of PAL in glycan research.

B RESULTS

Synthesis of the 7-Azidocoumarin Building Block and
Solid-Phase Synthesis of AzC Glycan PAL Probes

In order to use SPS for straightforward and modular access to a
variety of glycan probes, we first synthesized a suitable AzC
building block. In addition to the azide moiety, the building
block must provide a carboxylic acid function to allow amide
coupling following standard solid-phase peptide chemistry. In a
one-pot reaction, the primary amine of the commercially
available precursor 2-(7-amino-2-oxo-2H-chromen-4-yl)acetic
acid is transferred into an azide group (Figure 2A). The final
AzC building block was isolated in high purity, as confirmed by
'H NMR and RP-HPCL-MS (see SI, Figures S1—54).

Prior to use in SPS, the fluorescence of the AzC building
block was evaluated in a 1:1 mixture of acetonitrile and water
and compared with the commercially available precursor
aminocoumarin. Notably, AzC itself exhibited no discernible
extinction within the spectral range of 320—400 nm, which
aligns well with prior expectations (see SI, Figure S21A). T
determine the optimal irradiation time that prov1des a
fluorescent signal of the AzC building block, AzC was
irradiated for 2—60 min at a wavelength of 365 nm, followed
by measuring the fluorescence intensity between 414 and 514
nm (SI, Figure S21B). After 2 min of irradiation, we observed a

slight increase in fluorescence, which further increased upon
longer irradiation times and reached a maximum at an
irradiation duration of 30 min. Structural changes of the AzC
building block were analyzed via RP-HPLC. In accordance
with the increase in fluorescence over longer irradiation times,
we observed a decreasing UV signal of the AzC building block
along with the formation of degradation products in the
respective RP-HPLC (see SI, Figure S22). Under the used
conditions (1:1 acetonitrile/water) several reactions of AzC,
such as oxidation, activation, and cycloadditions leading to
byproducts with different fluorescence properties,®* are
possible, which likely explains the decreased fluorescence of
AzC after photoactivation in comparison to nonirradiated
aminocoumarin.

In order to synthesize the AzC glycan PAL probes, the AzC
building block is combined with the previously established
building blocks triple-bond diethylenetriamine coupled with
succinic acid (TDS), as well as Man-N; and Gal-Nj, using
standard Fmoc-peptide coupling protocols (Figure 2B).°>°® All
AzC glycan PAL probes consist of one TDS building block,
which is conjugated on the alkyne side chain with either Man
or Gal via CuAAC. The AzC is coupled in the final step to the
N-terminus of the TDS-Man/Gal oligomer. Specifically, an
Fmoc-protected TentaGel S-RAM resin is used, to which TDS
was coupled as the first building block using benzotriazol-1-
yloxytrispyrrolidinophosphonium hexaphosphate (PyBOP)
and N,N-diisopropylethylamine (DIPEA) as coupling re-
agents.”” Then, acetyl-protected Man- or Gal-N; was
conjugated to the alkyne function of TDS using CuAAC.
Before N-terminal AzC coupling was performed, the acetyl-
protected hydroxy groups of the carbohydrates were
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deprotected with sodium methanolate, as strong basic pH can
result in destruction of the AzC building block. Subsequently,
the Fmoc group of TDS was removed, and the AzC building
block was coupled using 1-hydroxybenzotriazole (HOBt)/
N,N-diisopropylcarbodiimide (DIC). The final AzC carbohy-
drate probe was cleaved off the solid phase using trifluoroacetic
acid (TFA) and triisopropylsilane (TIPS). The AzCMan and
AzCGal probes (Figure 2C) were isolated with relative purities
of >95%, as determined by RP-HPLC (see SI, Figures S5—
S14).

Based on the modularity of the solid-phase approach, other
functional groups can also be introduced. Here, we synthesized
an additional AzC glycan PAL probe containing a biotin motif,
which allows for enrichment of the cross-linked biomolecules.
For the biotin-containing probe AzCManB, Fmoc-Lys-
(biotin)—OH was coupled as the initial building block to the
TentaGel S-RAM resin, followed by the same protocol used for
AzCMan synthesis. All probes were characterized using RP-
HPLC-MS, HR-ES], IR, and '"H NMR (see SI, Figures S15—
$20).

Selective Cross-Linking of AzC Glycan PAL Probes to
Target Lectins

Having established a straightforward synthesis strategy suitable
for making diverse glycan PAL probes, we used AzCMan and
AzCGal to test for specific cross-linking upon binding to
selected carbohydrate-recognizing target lectins. Man and Gal
were selected as glycan motifs as they represent abundant
components in cell surface glycans and are thus involved in a
variety of native carbohydrate-lectin interactions.”**” They
present an ideal model system for investigating our AzC glycan
PAL probe regarding selective interaction and photoinduced
cross-linking with the lectin Concanavalin A (ConA), which
reco;nizes Man, even with low affinity, but does not bind to
Gal.”” Ricinus communis agglutinin (RCA,,), in turn, was used
as a Galrecognizing lectin with no affinity for Man.”' ="
Therefore, the AzCGal probe is not supposed to be recognized
by ConA and serves as a control for evaluating cross-linking
selectivity.

Aryl azides are generally able to form very reactive nitrenes
by irradiation at 365 nm.”> Due to the short-lived, radical
character of these nitrenes, covalent binding can only take
place when a target protein/lectin is in close spatial proximity
to the AzC probe, which is only given for direct interaction
partners (i.e., glycan-lectin binding in this case). Therefore, it
was expected that only AzCMan, but not the AzCGal probe,
forms a covalent bond to ConA upon irradiation (Figure 3A).
To confirm this, in a first cross-linking experiment, equimolar
amounts (10 uM) of either AzCMan and AzCGal were
incubated with ConA for 20 min, followed by irradiation at
365 nm for 15 min, followed by analysis via MALDI-TOF-MS.

Figure 3B displays the corresponding MALDI-TOF-MS
spectra (see SI for full spectra, Figures $23—526) of the AzC
glycan PAL probes with ConA before (black) and after (red)
irradiation. As expected, before irradiation, both probes show a
single peak corresponding to the molar mass of the ConA
monomer (about 25.6 kDa). After irradiation, only the sample
incubated with AzCMan displayed an additional peak
corresponding to the molecular weight of ConA cross-linked
to the AzCMan probe (26.3 kDa). This peak is absent in the
sample incubated with AzCGal, suggesting that close spatial
proximity to ConA leading to UV-induced cross-linking was
only given for AzZCMan, but not for the AzCGal probe. It can

be assumed that this was the result of the AzCMan probe being
bound in the recognition site of ConA. The fact that the
AzCGal probe did not show any cross-linking to ConA
indicates that the captured interaction was the result of ligand
binding rather than nonspecific cross-linking.

To further investigate the selective targeting of the probes,
we performed additional PAL experiments with the AzC glycan
PAL probes in the presence of competing binding and
nonbinding carbohydrates, as well as bovine serum albumin
(BSA) as a nonglycan-binding protein (Figures $27—S34). To
this end, AzCMan and AzCGal were incubated with ConA and
supplemented with a 40-fold excess of D-galactose (D-Gal), D-
mannose (D-Man), a-methylmannose (a-MeMan), and BSA.
ConA was incubated with the respective competing glycans
(D-Gal, D-Man, a-MeMan) or BSA for a duration of 20 min
before the AzCMan or AzCGal probes were added in an
equimolar ratio to ConA. After addition of the AzC glycan
PAL probes, the samples were incubated for another 20 min to
allow interaction between the probes and ConA. Subsequently,
the samples were irradiated for 15 min at 365 nm and analyzed
by MALDI-TOE-MS. Figure 3C shows in the presence of
which additional glycans or proteins AzCMan showed
successful cross-linking to ConA. The ConA-AzCMan
conjugate was detected in the presence of both excess
nonbinding Gal and nonbinding BSA, confirming that cross-
linking is only achieved from specific glycan-protein
interactions. When adding a high excess of binding a-
MeMan, as expected, the monosaccharide outcompetes
AzCMan and no cross-linking product is observed. Interest-
ingly, supplementing ConA with an excess of D-Man did not
prevent cross-linking to the AzCMan probe (Figure 3D).
ConA can recognize both D-Man and a-MeMan. Thus, we
assumed that both would inhibit efficient binding of the
AzCMan probe to ConA. The fact that the D-Man-
supplemented sample showed the ConA-AzCMan conjugate
despite the competing sugar indicates that the interaction of
AzCMan with ConA is stronger compared to ConA with D-
Man. In contrast, @-MeMan might form a stronger interaction
with ConA compared to AzCMan. This is supported by the
much higher binding affinity of a-MeMan to ConA compared
to D-Man.” Having a monovalent carbohydrate in the
AzCMan probe, it is not unlikely that the binding pocket of
ConA was occupied by a-MeMan, preventing additional
binding of the AzCMan probe. This result further supports
the fact that the AzCMan probe needs to form a tight
interaction with the target lectin to form a covalent bond upon
irradiation. In addition, incubation with BSA instead of ConA,
which should not recognize either of the two carbohydrate
moieties as it mainly interacts with hydrophobic molecules,”””®
showed no peak corresponding to a potential BSA probe
conjugate (see SI, Figures S31 and $32).

Next, a mixture of ConA and BSA was used to assess
whether the AzZCMan probe can selectively target ConA in the
presence of other proteins (Figure 3F). Indeed, in addition to
the BSA peak (33 kDa), the ConA-AzCMan conjugate (26.3
kDa) was detected, confirming that the AzCMan probe can
selectively cross-link the target protein even in the presence of
other nonbinding proteins. Thus, the MALDI-TOF-MS study
provided a first indication of the selective cross-linking
capabilities of the AzC carbohydrate probes in crowded
protein and carbohydrate mixtures.
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Figure 4. (A) Maximal fluorescence intensities of AZCMan and AzCGal probes at 10 M concentration incubated with either ConA or BSA alone
or a mixture of both proteins. Data represent the mean of four individual measurements. (B) Limit of detection for AzZCMan and limit of selectivity
for AzCGal. Data represent the mean of four individual measurements. (C) SDS—PAGE of ConA incubated with AzC glycan PAL probes after
irradiation at 365 nm; the top panel shows AzC fluorescence and the lower panel shows Coomassie stain of the same gel. (D) SDS—PAGE of
RCA,, incubated with AzC glycan PAL probes after irradiation at 365nm; the top panel shows AzC fluorescence and the lower panel shows
Coomassie stain of the same gel. The complete SDS—PAGE images including the AzZCManB probe are shown in the SI (Figure $37).

Inducible Fluorogenic Properties of AzC Glycan PAL
Probes

After establishing successful and selective cross-linking of the
AzCMan probe to ConA by MALDI-TOF-MS, we next
investigated whether the probe conjugation results in a turn-on
fluorescence of the coumarin fluorophore. To this end, we
measured the fluorescence of the AzC glycan PAL probes that
were incubated with different proteins before and after
irradiation with UV light. We used a mixture of ConA and
BSA, where ConA serves as the binding protein to AzCMan
and BSA as a nonbinding protein to both probes. Likewise, we
used a mixture of RCA|,, and BSA for the AzCGal probe. The
AzC probes were incubated for 20 min in equimolar
concentrations with the protein mixture and then irradiated
for 15 min at 365 nm. Afterward, a purification step was
required to isolate the formed lectin-probe conjugates from
any unbound AzC probe that might have been activated during
irradiation, as these free fluorescent probes could potentially
interfere with the fluorescence read-out of the probe-lectin
conjugates. Therefore, the irradiated samples were subjected to
a centrifugal concentrator with a molecular weight cutoff
(MWCO) of 1000 Da to isolate the probe-lectin conjugates.
The collected samples were lyophilized and subsequently
resuspended in 200 yL lectin-binding buffer (LBB) to maintain
the original concentration of 10 yM. Then, the fluorescence of
the samples was measured at 450 nm. (Figure 4A,B). In
addition, the samples were separated by SDS—PAGE and
analyzed using a fluorescent read-out, followed by Coomassie
staining of the gel (Figures 4C,D and S37).

Figure 4A shows the maximal fluorescence intensities at 450
nm of the different proteins incubated with the AzC glycan
PAL probes after irradiation (see SI for detailed fluorescence
spectra; Figure S35B). Figure 4A—I corresponds to the probes
(AzCMan or AzCGal) incubated with ConA, where a
significant increase in fluorescence intensity was only observed
with the AzCMan probe, but not with the AzCGal probe.
Figure 4A-II shows nonbinding BSA incubated with AzCMan
or AzCGal, where a marginal increase in fluorescence is
observed for both probes, which was attributed to potentially
incomplete removal of the free, irradiated probe during the
purification step. However, it is essential to note that the
fluorescence intensity resulting from the interaction with BSA
is considerably lower compared with the ConA samples. Figure
4A-III shows the fluorescence intensities of the samples where
the two AzC glycan PAL probes were incubated with a mixture
of ConA and BSA. Here, the difference in fluorescence
intensity is clearly visible. The sample containing the AzZCMan
probe shows a significant increase in fluorescence activity in
contrast to the sample containing the AzCGal probe. These
results align well with the MALDI-TOF analysis and provide
further evidence that the AzCMan probe can be selectively
cross-linked to its target lectin ConA, and that this is
accompanied by inducible fluorescence of the coumarin unit.

We next evaluated whether the probes are prone to
nonspecific photoinduced cross-linking at high concentrations.
In addition, we were interested in determining the minimal
probe concentration at which a photoinduced turn-on
fluorescence could still be detected for probe-target cross-
linking. Thus, on the one hand, we explored the limit of
detection (LOD) at low probe concentration and, on the other
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hand, studied potential nonspecific cross-linking at high probe
concentrations. To this end, we incubated ConA with
increasing concentrations of both AzCMan and AzCGal and
measured the maximum fluorescence intensities at 450 nm
(Figure 4B). For AzCMan, concentrations between 0.25 and
10 uM were selected, where we observed an increase in
fluorescence intensities with increasing probe concentrations.
Between 0 and 5 uM, the fluorescence intensities increased in
an almost linear fashion (see SI, Figure S35C,D), which was
used to calculate an LOD of 2.4 uM (see SI, Figure S35E) for
AzCMan interacting with ConA. This value indicates a high
sensitivity of the AzCMan probe for detecting an interaction
with ConA. Carbohydrate-lectin interactions are usually of very
low affinity, especially for monovalent glycans. For comparison,
the binding constant of @-MeMan to ConA has a Ky of 130
uM.” The comparable low LOD of AzCMan shows that even
low-affinity interactions can be successfully detected with this
AzC glycan PAL probe. To test for nonspecific binding of
AzCGal to ConA, the concentration of the probe was increased
up to 500 uM while keeping the ConA concentration at 10
4UM, resulting in a 50-fold excess of probe relative to protein.
As shown in Figure 4B, the fluorescence intensity increases
notably at probe concentrations higher than 100 pM. We
attribute this to nonspecific binding at large probe excess, as
Gal is well-known not to show any affinity to ConA and is
therefore used as the nonbinding control in studies
investigating Man-ConA interactions.”* ™% However, using
the probes at an equimolar or up to a S5-fold higher
concentration in relation to the target protein ensures specific
target interaction with no detectable nonspecific binding.

Finally, we validated the applicability of the AzC glycan PAL
probes in biochemical assays. Using SDS—PAGE, we tested
whether the fluorescence of the cross-linked conjugates
(ConA-AzCMan and RCA,,;-AzCGal) could be detected in-
gel (Figure 4C,D). Here, the AzC building block not
containing any glycan motifs was included as a control to
exclude nonspecific binding of the AzC moiety itself. In Figure
4C, the upper panel displays the AzC fluorescence image of the
gel. After fluorescence measurement, the gels were stained with
Coomassie as a control for sample loading across the lanes.
The Coomassie staining of the gels is displayed in the lower
panel. For both lectins, a fluorescent band only occurs when
they are incubated with the respective binding glycan probe
during irradiation (AzCMan in the case of ConA and AzCGal
in the case of RCA,,;). Thus, SDS—PAGE analysis confirmed
the selective target cross-linking combined with induced
fluorescence for the AzC glycan PAL probes.

Stability of the Induced AzC Probe Fluorescence at
Different pH Ranges

Considering that biological applications can be accompanied
by dynamic pH fluctuations, it is crucial to evaluate whether
the photoinduced fluorescence of the cross-linked species is
stable in acidic or basic environments. Thus, next, we tested
the stability of the induced coumarin fluorescence at various
pH conditions. Ramesh et al. demonstrated that the lactone
ring of coumarin can undergo ring opening under basic
conditions.”> This could potentially lead to a shift or
quenching of the fluorescence. In order to cover a wide pH
range, we measured the fluorescence of the cross-linked probes
at pH 4—10. AzCMan was incubated with ConA and irradiated
as previously described. The unbound AzC glycan PAL probe
was removed. The isolated and lyophilized AzCMan-ConA

conjugates were then resuspended, and the individual probe
solutions were adjusted to pH 4, 5, 6, 7, and 8 to give a final
probe concentration of 5 yM. The fluorescent measurements
of the samples were carried out after an incubation period of
60 min at the individual pH values. All samples showed strong
fluorescence at 450 nm, independent of the pH range (see SI,
Figure S3SA). The individual fluorescence spectra show
marginal variations in absolute intensities, which can be
attributed to standard fluctuations during fluorescence
measurements and minimal variations in the sample concen-
tration rather than being an effect of the individual pH value.
Thus, we conclude that the photoinduced fluorescence of
cross-linked AzC glycan PAL probe conjugates is stable over a
wide pH range.

Evaluation of the Minimal Irradiation Time to Gain Stable
Probe-Target Cross-Linking

Based on these previous results, next, we established the
optimal irradiation times that are required to gain successful
and robust cross-linking of the probe to its target protein.
Therefore, time-dependent irradiation experiments were
carried out by mixing ConA and the AzCMan probe in
equimolar ratios (20 M) and incubating the samples for 20
min before irradiation between 2 and 60 min at 365 nm with a
fixed energy input control (0.33 J/cm?/min). The irradiated
samples were subsequently separated by SDS—PAGE, and the
fluorescence intensities of the AzZCMan-ConA conjugates were
quantified relative to the Coomassie stain intensities of the
same lanes (Figure SA,B).

Figure SA shows the images of the Coomassie stain (top)
and the fluorescence read-out (bottom) of the same gel. The
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Figure 5. (A) Coomassie-stained and fluorescence image of the
SDS—PAGE containing ConA with AzCMan at different durations of
irradiation; the top panel shows Coomassie stain; the lower panel
shows AzC fluorescence of the same gel. (B) Quantification of the
fluorescence intensities of the individual bands normalized against
ConA (last lane on the gel). The quantification was calculated as the
mean of two replicates of the time-dependent irradiation series
applied on one SDS—PAGE (full image provided in the SI, Figure
$36).
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Figure 6. (A) SDS—PAGE showing MDA-MB 231 lysate with or without supplemented ConA that was incubated with various AzC glycan PAL
probes and subsequently irradiated with UV light for 15 min. (B) Western blot of native rat kidney lysate that was incubated with AzCGal and
AzCManB probes in the presence or absence of the respective carbohydrate inhibitors (a-MeMan and D-Gal) and subsequently irradiated with UV
light for 15 min. (C—E) Microscope images (top: bright-field; bottom: fluorescence at 488 nm) of fixed MDA-MB-231 cells incubated with vehicle
(C), AzCMan (D), or preactivated AzZCMan (E) and subsequently irradiated at 365 nm for 15 min.

bands represent AzCMan conjugated to ConA at irradiation
durations of 2, 5, 10, 15, 20, 30, and 60 min. The last lane
contains Con A without the AzCMan probe and serves as a
reference (see SI for full-size image of the gel showing two
replicates, Figure S$36). For all irradiation durations, a
fluorescence band was detected in th gel. The fluorescence
intensities differ only marginally for the individual irradiation
durations. Notably, a fluorescent band can already be detected
after irradiation of ConA in the presence of AzZCMan for only 2
min, indicating rapid AzCMan cross-linking to ConA. Figure
SB shows the quantified fluorescence intensities of the
individual bands normalized to the ConA band. The
fluorescence intensity peaks around the 10 min mark and
does not significantly increase further with longer irradiation
times. It is worth noting that even for long irradiation times of
up to 60 min, no significant bleaching of the fluorophore or
dissociation of the probe was observed. Hence, robust
photoinduced cross-linking can be achieved for the AzCMan
probe within 2 min of irradiation at 365 nm. This offers
opportunities for expedited analysis suitable for unstable or
sensitive samples or for rapid screening approaches. Since the
induced fluorescence is not quenched during long irradiation

durations, the probe also seems suitable for long-term
irradiation applications. Hence, the duration of irradiation
can be individually adapted to the respective demands of the
experiment without the risk of losing cross-linking efficiency or
fluorescence intensity.

Selective Target Recognition in Complex Biological
Environments

Biological systems, such as cell lysates, intact cells, or
organelles, are complex mixtures of different proteins, lipids,
peptides, and glycans. To be used in molecular biology and
biochemical assays, the AzC glycan PAL probes and the cross-
linked conjugates need to be structurally stable under these
conditions. In addition, selective and immediate cross-linking
to the target protein upon photoactivation is desired. Thus,
AzC glycan PAL probes were tested in complex mixtures
derived from cells and animal organs, again looking at the
selective cross-linking to their respective target proteins upon
photoactivation without showing random fluorescence activa-
tion due to probe discomposure or nonspecific cross-linking to
other components in the mixture.
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In the first experiment, AzC glycan PAL probes were
incubated with cell lysate generated from MDA-MB 231 cells.
The proteins in the cell lysate were denatured using SDS. The
probes were incubated either with the cell lysate alone or with
cell lysate supplemented with ConA. ConA is a plant-based
lectin; it is not present in human cell lines, such as MDA-
MB321 cells. In this test, we also included the more complex
probe containing Man and biotin (AzCManB) to show
whether the more complex probe would still bind the target
lectin (ConA) as well, which would, in a next step, offer
isolation of the cross-linked target via the biotin handle.
AzCGal and AzC without any carbohydrate ligand served as
controls for nonspecific binding to other proteins in the lysate.
We incubated 20 uL of cell lysate (2 mg/mL) with S uL of
vehicle or ConA (50 yM) and 10 uL of probe (S0 M) and
incubated these mixtures for 20 min, followed by UV
irradiation for 15 min. Subsequently, the samples were applied
to SDS—PAGE. AzC fluorescence was detected in the gel,
followed by Coomassie staining (Figure 6A). The fluorescence
read-out of the gel shows fluorescent bands only in samples
where ConA was supplemented to the lysate and only for
probes containing the Man residue (AzZCMan and AzCManB).
Interestingly, the fluorescence intensity was higher in the case
of incubation of ConA with AzZCManB compared to AzCMan.
This could indicate that the biotin present in this probe could
increase the binding affinity to ConA. Since lectin binding is a
low-affinity on—off integration, especially for monosaccharide
ligands, we speculate that the sterically more demanding
AzCManB probe undergoes less rapid statistical rebinding in
the carbohydrate recognition site of ConA, leading to a higher
ratio of the cross-linked probe to the lectin. However, a more
detailed analysis of this effect will be subject to a detailed
kinetic comparison of the probes in a follow-up study. The test
in cell lysate revealed that even in complex protein mixtures,
we do not observe nonspecific cross-linking of the AzC glycan
PAL probes. To test whether the biotin in the AzCManB
probe is still accessible after cross-linking to the target, we used
streptavidin binding. We incubated the AzC building block and
all AzC glycan PAL probes with ConA. After irradiation, we
applied all samples to SDS—PAGE and subsequent Western
blot (WB). After detecting AzC fluorescence for the bands
containing AzCMan and AzCManB (see SI, Figure S38A), we
incubated the WB with streptavidin conjugated to DyLight 790
and visualized the binding of streptavidin, which was found
exclusively in the band with the biotin-containing AzZCManB
probe (see SI, Figure S38B). This result confirms that the
biotin in the AzZCManB probe is still accessible for streptavidin
binding after cross-linking to the target protein, thus allowing
isolation of the cross-linked conjugates via streptavidin affinity
columns.

Next, we studied whether AzCMan and AzCGal could be
used to identify unknown interaction partners in biological
settings. In native lysates, the structure and function of the
proteins are kept intact. Hence, it is expected that proteins in
native lysates contain lectin domains specific for Man or Gal
ligands, which should potentially be recognized and cross-
linked by the AzC glycan PAL probes upon photoactivation.
Successful cross-linking would be detectable by fluorescent
bands in the gel. We prepared a native lysate of rat kidneys and
incubated it with AzCGal and AzCManB for 20 min, followed
by 1S min UV irradiation and SDS—PAGE separation (Figure
6B). Indeed, we detected fluorescent bands in the native lysate
gel after incubation with the AzCGal and AzCManB probes

independently. This was not surprising as the native rat kidney
lysate was likely to contain both Man- and Gal-recognizing
receptors. Interestingly, the fluorescent bands appear at
different molecular weights for the AzCGal and AzCManB
probes, indicating that the two probes cross-linked to different
target proteins. This was a first indication that the cross-linked
conjugates were the result of a carbohydrate-specific
interaction with the respective unidentified protein/lectin
targets. To verify this, we also treated the native lysate with
the two AzC glycan PAL probes in the presence of an excess of
free D-Gal and @-MeMan (5-fold excess compared to the AzC
glycan PALprobe). These monosaccharides should act as
inhibitors for the two carbohydrate probes, and as a
consequence, no fluorescent bands should be detected for
the AzC glycan PAL probes in the presence of D-Gal and a-
MeMan. Indeed, the rat kidney samples that contained the
AzC glycan PAL probes in the presence of the monosaccharide
inhibitors did not show the fluorescent bands that were
detected for the AzC probes without D-Gal and a-MeMan.
Thus, it can be concluded that the fluorescent bands in the
native rat kidney lysate originate from cross-linking of the AzC
glycan PAL probes to specific Gal- and Man-recognizing
receptors. These results underline the usefulness of these or
similar AzC carbohydrate probes for the detection and
subsequent isolation of specific carbohydrate-interacting
proteins.

After having established that the photoinduced fluorescence
of the AzC glycan PAL probes can be detected using
fluorescence spectroscopy and SDS—PAGE analysis, we now
wanted to validate the visualization of the AzC glycan PAL
probes using fluorescence microscopy in cell-based assays. To
the best of our knowledge, this is the first time showing that
AzC glycan PAL probes were tested for application in cell
studies. We again used MDA-MB-231 cells, which offer a
variety of carbohydrate-recognizing receptors on the cell
surface. In these cell studies, we tested only the AzCMan
probe. Since there are also Gal-recognizing receptors on the
cell surface, no significant distinction could be expected by
treating the cells with AzCMan or AzCGal. Since we did not
detect nonspecific cross-linking with the unconjugated AzC
building block, we used preirradiated AzCMan as a control
probe in this setup. To this end, AzZCMan was irradiated at 365
nm for 15 min before addition to the cells. Due to prior
irradiation, the AzZCMan probe becomes fluorescent. Contain-
ing the mannose ligand, the preactivated AzCMan can still
bind to mannose-recognizing proteins on the cell surface.
However, the probe has lost the ability to cross-link and thus
covalently bind to interacting targets during the irradiation
procedure and is therefore largely removed during the washing
procedures. This allows a distinction of the fluorogenic
properties of simply target-bound versus covalently linked
AzCMan.

Cells were grown in 8-well chamber microscopy slides to
80% confluency and fixed using ice-cold methanol. Sub-
sequently, vehicle control, AzZCMan, or deactivated AzCMan
was added to the cells. After incubation for 20 min, the plate
was irradiated for 15 min at 365 nm. Afterward, the cells were
washed thoroughly with PBS to remove the unbound AzCMan
probe. The cells were then visualized using a fluorescence
microscope in bright-field mode and at a fluorescence
excitation of 365 nm (Figure 6C—E; and SI Figures S39—
S41). During preirradiation of AzCMan, the azide is removed,
which turns on the fluorescence of the AzC probe. However,

https://doi.org/10.1021/acs.bioconjchem.5c00613
Bioconjugate Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.5c00613/suppl_file/bc5c00613_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.5c00613/suppl_file/bc5c00613_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.5c00613/suppl_file/bc5c00613_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.5c00613/suppl_file/bc5c00613_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.5c00613/suppl_file/bc5c00613_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.5c00613/suppl_file/bc5c00613_si_001.pdf
pubs.acs.org/bc?ref=pdf
https://doi.org/10.1021/acs.bioconjchem.5c00613?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Bioconjugate Chemistry

pubs.acs.org/bc

due to the loss of the azide, this preactivated probe should not
be able to cross-link to protein targets on the cells during
irradiation and will be removed during the washing steps
following the irradiation step. It serves as a control to
determine if the detected fluorescence can either be attributed
to the cross-linked AzC probe or is the result of receptor-
bound, but noncross-linked probe.

All cells are clearly visible in the bright-field images (Figure
6C—E, upper panel). LBB-treated cells (vehicle) show no
fluorescence at 488 nm (Figure 6C, lower panel), proving that
no autofluorescence of the cells can be detected at this
wavelength. Cells treated with AzCMan (Figure 6D) show
bright fluorescence at 488 nm, indicating that AzCMan was
cross-linked to Man-recognizing proteins. The negative control
in which cells were incubated with the preactivated AzCMan
probe (Figure 6D) shows only marginal fluorescence at 488
nm, likely resulting from residual probe that remained target-
bound even throughout the washing procedure. In comparison
to the AzCMan probe that was activated on the cells upon
irradiation, a clear difference in fluorescence intensity is
evident. These results show that the AzC carbohydrate probes
can also be applied in cell-based assays.

Finally, we wanted to explore the possibility if the laser of
the microscope could be used to locally induce probe cross-
linking. The excitation wavelength of the laser in our
instrument is 365 nm, which is in the range to induce
photo-cross-linking for azidocoumarin probes. The AzCMan
probe was added to MDA-MB231 cells, and an image in
bright-field mode was immediately taken. Afterward, we
switched to fluorescence emission at 488 nm. Images were
taken at several intervals, starting from t = 0 to £ = 10 min (see
SI, Figure S42). We observed a steady increase in fluorescence
intensities starting after 1 min of laser irradiation. Given that in
this setup the unbound probe cannot be washed out, a high
background signal is observed in these images. However, this
proof-of-concept study showed that cross-linking of AzC
glycan PAL probe can be induced locally on cells using the UV
laser of the microscope. This offers new potential applications
and experimental setups using these probes, such as initiating
and life tracking of cross-linking events in cells.

B CONCLUSIONS

Taken together, we exploited the double-faceted mode of
action of a new 7-azidocoumarin derivative that can
simultaneously act as a photo-cross-linker and a fluorogenic
turn-on dye. We established an AzC building block suitable for
SPS and demonstrated the successful and straightforward
synthesis of different glycan-based AzC PAL probes. In
contrast to classical organic synthesis, the SPS approach
enables easy access and variation of the probes, e.g., with
regard to glycan type, architecture, and valency.** Specifically,
as a first set, we synthesized and characterized AzCMan and
AzCGal probes and investigated their applicability as photo-
cross-linking affinity probes in a series of lectin interaction and
cell-based assays. The AzC glycan PAL probes showed highly
selective photoinduced cross-linking only in the case of direct
interaction with the respective target lectin. We confirmed this
in studies using additional nonbinding proteins and competing
carbohydrates. The photoinduced cross-linking of the AzC
glycan PAL probes is accompanied by an induced fluorescence
of the coumarin dye, which can be detected in solution, in
SDS—PAGE and Western blots, as well as in cell imaging using
fluorescence microscopy. We found selective target cross-

linking for the AzC glycan PAL probes even in complex
environments, such as cell- or whole organ lysates. Finally, we
were able to show that under native conditions, the AzC glycan
PAL probes have the potential to detect interaction partners
specific for the respective glycan motif. In conclusion, the SPS-
suitable AzC building block offers high potential for the
development of a variety of affinity probes, including
multivalent glycan or peptide-based probes, for a broad
spectrum of bioimaging applications.

B METHODS

General

No unexpected or unusually high safety hazards were encountered
during the synthesis or performance of the experiments.

Acetone (>99.8%) was purchased from Fischer Scientific. Diethyl
ether (with BHT as inhibitor, >99.8%), triisopropylsilane (TIPS)
(98%), bovine serum albumin ((>96%, powder) (+)-sodium-L-
ascorbate (>99%), N,N-diisopropylcarbodiimide (99%), sodium
nitrite), deuteriumoxide-d2 (99,8 atom %), sulfuric acid (95.0—
97.0%), and 1-hydroxybenzotriazole (>97%) were purchased from
Sigma-Aldrich. N,N-Diisopropylethylamine (DIPEA) (>99%) and
potassium hydroxide (>85%) were purchased from Carl Roth.
Methanol (100%), D-galactose (>99%), ethyl acetate (>99.9%), n-
hexane (>99.8%), and acetic anhydride (99.7%) were purchased from
VWR BDH Prolabo Chemicals. N,N-Dimethylformamide (DMF)
(99.8%, for peptide synthesis), piperidine (99%), sodium methoxide
(97%), sodium diethyldithiocarbamate (99%), copper(II)sulfate
(98%), and sodium azide (>97%) were purchased from Acros
Organics. D-Mannose (>98%) was purchased from Merck. Dichloro-
methane (DCM) (99.9%), triethyl silane (>98%), trifluoroacetic acid
(>99,0%), and benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium
(PyBOP) were purchased from Iris Biotech GmbH. Methyl-a-D-
mannopyranoside (>99%) was purchased from Cytiva. Ethanol
(>99.9%) was purchased from Chemsolute. Concanavalin A (highly
purified, power) was purchased from MP Biomedicals. Lectin from
Ricinus communis agglutinin (RCA,,) was purchased from BIOZOL.
The anion resin (AG1-X8, quaternary ammonium, 100—200 mesh,
acetate form) was purchased from Bio-Rad. 2-(7-Amino-2-oxo-2H-
chromen-4-yl) acetic acid (97%) was purchased from BLDPharm.
TentaGel resin was purchased from Rapp Polymere. Water/H,O used
here is ultra pure water, drawn from a Milli-Q water purification
system.

Nuclear Magnetic Resonance Spectroscopy (NMR)

"H NMR and "*C NMR spectra were recorded on a Bruker Avance III
300. Chemical shifts were reported as delta (§) in parts per million
(ppm) and coupling constants as J in Hertz (Hz). Multiplicities are
stated as follows: s = singlet, d = doublet, t = triplet, q = quartet, m =
multiple.

High-Resolution Mass Spectrometry (HR-MS)

HR-MS measurements were conducted on a Bruker UHR-QTOF
maXis 4G with a direct inlet via syringe pump, an ESI source, and a
quadrupole time-of-flight (QTOF) analyzer. Samples were dissolved
in water at a concentration of 1 mg/mL.

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

MALDI-TOF measurements were conducted on an Ultraflex I
instrument from Bruker Daltonics. The samples were measured in
linear mode with cyano-4-hydroxycinnamic acid (HCCA) as matrix in
a ratio of 1:2. As a solvent, H;O/MeCN(1:1) or lectin-binding buffer
(LBB) was used.

Reversed-Phase High-Pressure Liquid Chromatography
(RP-HPLC)

RP-HPLC was performed with an Agilent 1260 Infinity instrument
coupled to a variable wavelength detector (VWD) set to 214 nm. As a
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column, a Poroshell 120 EC-C18 1.8 uM (3.0 X 50 mm, 2.5 uM)
reversed-phase column was used. Mobile phase A consisted of 95 vol
%/5 vol% H,0/MeCN with 0.1 vol% formic acid, and mobile phase B
consisted of 95 vol%/5 vol% MeCN/H,O with 0.1 vol% formic acid.
The flow rate for all measurements was 0.4 mL/min

Synthesis of Building Blocks for Solid-Phase Synthesis

The building blocks TDS (triple-bond diethylenetriamine succinic
acid), Man-N; (tetra-O-acetyl-azidoethyl-a-d-mannopyranoside) ,
and Gal-N; (tetra-O-acetyl-azidoethyl-f-d-galactopyranoside) were
synthesized following previously published protocols.”>*>*®

Synthesis of Azidocoumarin (AzC)

First, 650 mg (2.97 mmol) of 7-amino-4-carboxymethylcoumarin was
dissolved in 80 mL of distilled water. The solution was cooled in an
ice bath for approximately 20 min. While maintaining the temperature
in the ice bath, 20 mL of concentrated sulfuric acid was added
dropwise over a period of 10 min using a dropping funnel. In parallel,
308 mg (4.45 mmol) of sodium nitrite was dissolved in 20 mL of ice-
cold distilled water. This solution was then added dropwise to the
reaction mixture over a period of 10 min. The mixture was stirred for
another 10 min on ice. Then, 1.2 g (17.8 mmol) of sodium azide was
dissolved in 20 mL of ice-cold distilled water and added dropwise to
the reaction mixture over a period of 20 min (caution: foam
formation). The reaction mixture was stirred for 12 h at room
temperature. Afterward, the reaction mixture was diluted with distilled
water and extracted S times with 100 mL of ethyl acetate. The
combined organic phases were washed with a solution of saturated
sodium chloride and dried over sodium sulfate. The solvent was
removed under reduced pressure, and the product remained as a

yellow solid.
General Procedure for Solid-Phase Synthesis

AzC glycan PAL probes were synthesized using solid-phase synthesis
with the Fmoc-standard protocol. TentaGel S-RAM (0.23 mmol/g)
was used as the solid phase. The batch size for each glycooligomer
was 0.1 mmol.

Coupling and Fmoc Deprotection

First the resin was swollen 2 times in DCM for 15 min. The swollen
resin was then washed 3 times with DMF. Fmoc deprotection was
performed using S mL of 25 vol% piperidine in DMF. Deprotection
was carried out 3 times (2 x for 10 min, 1 x for 20 min). After
deprotection, the resin was washed 10 times with DMF. Then, the
TDS building block was coupled to the deprotected amine using a
solution of 5 eq. building block, 5 eq. PyBOP, and 10 eq. DIPEA in
DMEF for 1 h. Following the coupling reaction, the resin was washed
10 times with DMF to remove excess reagents.

Copper(l)-Catalyzed Alkyne—Azide Cycloaddition (CuAAC)

Glycoconjugation to the TDS backbone was performed using
CuAAC. For this purpose, 2.5 eq. of acetylated Man-N; (or Gal-
N;) was dissolved in 4 mL of DMF. Separately, 1.25 eq. of sodium
ascorbate and 1.25 eq. of copper sulfate were each dissolved in 0.25
mL of ultra pure H,O. First, the copper sulfate solution was drawn
into a syringe, followed by the carbohydrate solution, and finally the
sodium ascorbate solution. The syringe reactor was wrapped in
aluminum foil to protect it from light and shaken overnight at room
temperature. Following the reaction, the resin was washed extensively
with a 23 mM solution of sodium diethyl thiocarbamate in DMF/
H,O (1:1, v/v) until the washing solution was colorless, indicating
that thecopper had been fully removed. Final washes were performed
with DCM to ensure complete removal of any remaining reagents.

Removing Acetyl Protection Groups from Carbohydrates

After successful conjugation, the acetyl groups were removed by
incubating the resin in a solution of 0.2 M sodium methanolate in
methanol for 1 h. Subsequently, the resin was washed S times with
methanol, S times with DCM, and § times with DMF.

Conjugation of Azidocoumarin

After carbohydrate conjugation and acetyl deprotection, the
azidocoumarin building block was coupled to the N-terminus. 5 eq.
AzC building block, 5 eq. HOBt, and S eq. DIC were dissolved in
DMEF and coupled for 1 h. The reactor was wrapped in aluminum foil
to protect it from light. Subsequently, the resin was washed 10 times
with DCM and 10 times with DMF.

Cleavage from the Resin

After completion of the synthesis, the final structures were cleaved off
the resin using a cleavage cocktail consisting of 95 vol% TFA, 2.5 vol%
TIPS, and 2.5 vol% DCM. The resin was shaken for 1 h at room
temperature. Following cleavage, the reaction mixture was poured
into 45 mL of ice-cold diethyl ether. The resulting precipitate was
collected by centrifugation, and the supernatant was decanted. The
crude product was dried under a gentle stream of nitrogen.
Subsequently the solid was dissolved in 5 mL of H,O and lyophilized
using an Alpha 1—4 LD plus instrument (Martin Christ Freeze-Dryers
GmbH) at a pressure of 0.1 mbar.

Irradiation Experiments

For the general irradiation experiments, equimolar amounts of lectin
and AzC glycan PAL probe were mixed in lectin-binding buffer (LBB)
(10 mM HEPES, 50 mM NaCl, 1 mM MnCl,, 1 mM CaCl,, pH 7.4).
The total reaction volumes varied between 25 and 200 yL, depending
on the specific experimental setup. Prior to irradiation, the samples
were incubated for 20 min at room temperature to allow binding of
the carbohydrate to the respective target. Irradiation was carried out
using either a UV-LED Spot P standard at 365 nm (Opsytec Dr.
Grobel GmbH) or a Vilber Biolink blx-365. For quantifying the
fluorescence gain at various irradiation time points to assess the
photoreaction kinetics, the energy was set to 1 J/cm® per 3 min.

General Procedure or Irradiation Experiments

Con A (20 uM, 1 eq.) and AzC probes (20 uM, 1 eq.) were mixed in
equal volume (1:1, v/v) and incubated for 20 min prior to irradiation,
which was then performed as previously described.

Competition Assays with Carbohydrates

100 uL of Con A (20 uM, 1 eq.) and S uL of carbohydrate (16 mM,
40 eq.) were mixed and incubated for 20 min. Afterward, 100 uL of
AzC probe (20 uM, 1 eq.) was added and incubated for further 20
min prior to irradiation, which was then performed as previously

described.
Competition Assays with BSA

50 uL of Con A (20 uM, 0.5 eq.) and SO uL of BSA (20 uM, 0.5 eq.)
were mixed and incubated for 20 min. Afterward, 100 uL of AzC
probe (40 uM, 1 eq.) was added and incubated for further 20 min
prior to irradiation, which was then performed as previously

described.
ConA- and BSA-Fluorescence Measurements

100 uL of ConA (20 uM) or 100 uL of BSA (20 uM) were mixed
with 100 uL of AzC probe and incubated for 20 min following the
irradiation process as described. Furthermore, a mixture of 50 uL of
ConA (40 uM) and SO uL of BSA (40 uM) was prepared and
incubated for 20 min. Then, 100 yL of AzC probe was added and
incubated for further 20 min following the irradiation process as
described. Unbound probes were separated using a centrifugal
concentrator (MWCO 1000 Da), and the remaining sample was
lyophilized. The samples were resuspended in LBB, and fluorescence
measurements at 450 nm were performed on a CLARIOstar
microplate reader (BMG LABTECH) at ambient temperature. Data
were evaluated using BMG Mars software. Quadruplicates of all
samples were measured in 384 black-well plates from Greiner BIO-
ONE. Welch’s T-test (not assuming equal variance) was performed
for maximum robustness. P-values were calculated for each incubation
condition compared to the respective vehicle control within each
group (I, II, II) of the experiment. Analysis ToolPak was used to
perform t-test evaluation.
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Absorption and Fluorescence Measurements

AzC was dissolved in acetonitrile/water 1:1 to a final concentration of
2 mM, and UV absorption and fluorescence spectra were measured on
a CLARIOstar microplate reader (BMG LABTECH) at ambient
temperature prior to irradiation. Subsequently, the sample was
irradiated at 365 nm for 1, 10, 15, 30, and 60 min. Fluorescence
spectra were measured after each time point, and the samples were
analyzed by RP-HPLC to check for photoactivation and decom-
position. Nonirradiated aminocoumarin (2 mM in acetonitrile/water
1:1) was used as a control in UV and fluorescence measurements.

pH-Dependent Fluorescence Measurements

100 uL of ConA (20 pM) was mixed with 100 uL of AzC probe (20
uM) and incubated for 20 min following the irradiation process as
described. Unbound probes were separated by using a centrifugal
concentrator (MWCO 1000 Da) and then lyophilized. The samples
were resuspended in 40 yL of H,O and divided into four parts of 10
uL each. 90 uL of LBB solution with pH values adjusted to 7, 8, 9,
and 10 was added to each sample. The entire procedure was repeated
for the pH values of 4, 5, and 6. All solutions were added to the plate
as technical triplicates of 30 uL each. The samples were incubated for
1h before fluorescence was measured at 450 nm on a CLARIOstar
microplate reader (BMG LABTECH) at ambient temperature.

Concentration-Dependent Fluorescence Measurements

100 uL of ConA (20 M) were mixed with 100 uL of AzCMan (at
20, 10, S, 2, 1, and 0.5 uM) or 100 uL of AzCGal (20, 40, 80, 200,
500, and 1000 #M) and incubated for a further 20 min following the
irradiation process as described. Unbound probes were separated
using a centrifugal concentrator (MWCO 1000 Da) and then
lyophilized. The samples were resuspended in a final volume of 200
uL of LBB. Fluorescence was measured at 450 nm as technical
quadruplicates using a CLARIOstar microplate reader (BMG
LABTECH) at ambient temperature.

Statistical Analysis LOD

The limit of detection was calculated as LOD = 306/S, where ¢
represents the standard deviation of the blank measurement and S
represents the linear scope. The LOD was calculated in a range of 0—
S uM using 6 values.

General SDS—PAGE Procedure

SDS—PAGE was performed in an electrophoresis chamber. 4—20%
Mini-PROTEAN TGX Precast Protein Gels, 12 or 15 wells (Bio-
Rad), were used with Tris/ glycine/SDS as running buffer. Samples
were mixed with 4X Laemmli buffer and then denatured at 75 °C for
10 min prior to application to the gel. Proteins were separated over 35
min at 200 V and 300 mA. Precision Plus Protein Kaleidoscope
Prestained Protein Standard (Bio-Rad) or Dual Xtra standard protein
ladder (Bio-Rad) was used as molecular weight reference. Gels and
Western blots were analyzed using an Amersham ImageQuant 800
(Cytiva). After detecting AzC fluorescence, gels were stained with a
total protein Coomassie blue stain and destained until no background
was visible. Subsequently, gels were analyzed in the imager OD mode
with the following exposure settings: colorimetric, automatic, and
binning 1 X 1. The exposure time was determined automatically. Blots
were stained with India Ink unless stated otherwise and washed
multiple time with H,O before imaging.

Duration of Irradiation Measurements

Con A (15 uL, 20 uM) and AzCMan (15 uL, 20 uM) were mixed and
incubated for 20 min. The samples were then irradiated for 2, S, 10,
15, 20, 30, and 60 min at a wavelength of 365 nm using a Vilber
Biolink blx-365 with 1 J/cm?® per 3 min and subsequently analyzed by
SDS—PAGE. Gels were analyzed for fluorescence activity and
subsequently Coomassie-stained. Using Bio-Rad Image lab software,
“adjusted volumes” (background-subtracted intensity values) were
calculated. All fluorescence intensities were calculated in a rectangle
(17.86 mm?) around the gel band. The same method was used to
generate the respective absorption intensities from the Coomassie-
stained gel (using identical rectangles of 17.55 mm?). The calculated

fluorescence values were divided by the values for Coomassie
absorption of the same band to control for loading differences.
These resulting values were normalized to the untreated control,
which did not contain any probe.

Selective Binding of AzC Probes to Lectins ConA and
RCA;50

10 uL of each AzC probe (50 uM each) was mixed with 10 uL of
either ConA (50 uM) or RCA,,, (50 M) in a total volume of 80 uL
of LBB. The mixture was incubated at room temperature for 20 min,
followed by irradiation at 365 nm in a Vilber Biolink blx-365 for 15
min. The samples were subsequently mixed with 4X Laemmli buffer,
and the proteins were denatured at 70 °C for 15 min, followed by
separation via SDS—PAGE. After measuring in-gel fluorescence, the
gels were stained with Coomassie.

Selective ConA Binding of AzCMan Probes in Cell Lysate
Background

MDA-MB231 whole cell lysate was purchased from Santa Cruz
Biotechnology (sc-2232). 20 uL of cell lysate (stock 2.5 mg/mL) was
mixed with S uL of ConA (S mg/mL), 10 uL of AzC probe (50 mM
stock), and 45 uL of LBB. The mixture was incubated for 20 min,
followed by 15 min irradiation at 365 nm using a Vilber Biolink blx-
365. Afterward, 4X Laemmli buffer was added to the samples and the
proteins were separated by SDS—PAGE. After measuring in-gel
fluorescence, the gel was stained with Coomassie.

Testing AzC Probes in Native Rat Kidney Lysate

Fresh-frozen slices of rat kidney were lysed by two-step homoge-
nization in IP buffer (25 mM Tris—HC], pH 7.4, 150 mM NaCl, 1
mM EDTA, 1% NP-40) containing protease inhibitors. Slices (176
mg) were lysed in buffer (1.8 mL) and divided into three portions of
600 uL each. Each step contained homogenization/disruption in a
bead mill (TissueLyser LT, Qiagen) at S0 Hz for S min, using a steel
ball in a 2 mL protein low-bind reaction tube, followed by 10 min
centrifugation at 15k X g and treatment in a sonication bath for 5 min.
After each cycle, the supernatant was removed and collected. All
samples were kept on ice for the whole procedure. The lysate was
checked via SDS—PAGE and Coomassie staining, and equal
concentrations were used for native binding experiments. Animals
were originally processed for other experiments, and surplus lysates
were used in these procedures. All animals were kept in accordance
and with approval of the German animal welfare authorities
(reference number HHU/O10/87).

For native binding experiments, the following mixtures were
prepared. In a total volume of 70 uL of LBB, 30 uL of native rat
kidney lysate (1 mg/mL) was mixed with 4 uL of either AzCGal or
AzCMan (500 uM each) in the absence or presence of an excess of
the respective carbohydrate inhibitors D-Gal or a-MeMan (20 L of a
500 uM stock). The mixtures were incubated for 20 min, followed by
1S min of irradiation at 365 nm using a Vilber Biolink blx-36S.
Afterward, 4X Laemmli buffer was added to the samples, and the
proteins were separated by SDS—PAGE. Proteins were transferred to
an Immobilon-FL PVDF membrane (pore size: 0.45 ym, Millipore)
using a Trans-Blot Turbo Transfer System (Bio-Rad). After
measuring fluorescence as detailed above the membrane was stained
with India Ink.

Testing AzC Probes on Cells

MDA-MB-231 cells were purchased from the German Collection of
Microorganisms and Cell Cultures GmbH of the Leibniz Institute
DSMZ (ACC 732).

Cells were cultured according to standard protocols using RPMI-
1640 medium supplemented with 10% fetal calf serum and 1%
penicillin/streptomycin. Cells were incubated at 37 °C with 5% CO,.
For testing AzZCMan cross-linking, cells were seeded into y-Slide 8-
well chambers at a density of approximately 20,000 cells per well,
followed by incubation at 37 °C and 5% CO, over 2 days to allow
attachment of the cells to the slides. The medium was then removed,
and cells were washed 3 times with 150 uL of PBS buffer. Cells were
fixed by treating them with 100 uL of ice-cold methanol for 3—5 min.
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Subsequently, cells were washed 3 times with 150 yL of PBS and then
covered with 100 uL of PBS. 20 uL of a 60 uM stock solution of AzC
probe in LBB was added to give a final concentration of 10 M. Plates
were gently mixed for 2 min and then incubated for 20 min to allow
the probe to interact with Man-binding proteins. Then, each well was
irradiated successively for 15 min using a UV-LED Spot P standard at
365 nm (Opsytec Dr. Grobel GmbH) at a power of 100%. Before
imaging, each well was washed 2 times with 150 uL of PBS.
Fluorescence microscopy was performed on an Olympus IX73
microscope using a 60X oil objective (Gain 300; Exposure 40). For
the preparation of the inactivated negative control, 30 uL of AzCMan
(60 uM) was irradiated prior to incubation with the cells.
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Structural characterization

Azidocoumarin (AzC)

0O

OH
X

N5 0O 0
Molecular Weight: 245,19

'H-NMR (300 MHz, DMSO-ds) & (ppm) 12.92 (s, 1H), 7.79 (dd, J=38.5, 1.0 Hz, 1H), 7.26 (dd,
J=22,1.0 Hz, 1H), 7.21 (dd, J= 8.5, 2.3, 1.0 Hz, 1H), 6.51 (d, J= 1.1 Hz, 1H), 3.97 (d, J =
1.2 Hz, 2H).

I3C-NMR (300 MHz, DMSO-d6): & (ppm) 159,50 (C11), 154,00 (C1), 152,90 (C9), 143,26
(C3), 126,96 (C7), 124,16 (C5), 116,73 (C6), 115,53 (C4), 113,16 (C2), 106,78 (C8), 18,06
(C10)

RP-HPLC (5-95 Vol% t H>O/acetonitrile in 17 min at 25°C, 214 nm): t; = 8,1 min

ESI-MS calculated [M+1H]" 246,19, found [M+1H]" 246,3; [M+1Na]* 268,1; [2M+1H]" 513.0
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Figure S 1: 'H-NMR (300MHz) spectra of AzC.
DMSO- d5
T T T T T T T T T T T
200 180 160 140 120 80 60 40 20 0

100
Chemical Shift [ppm]
Figure SI 2: 3C-NMR (300MHz) spectra of AzC.
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Figure S 3: AzC detected at t: = 8,1 min with relative purity >95% by RP-HPLC (linear gradient from 5-95 Vol% eluent
H2O/acetonitrile in 17 min at 25°C, VWDA1 A Wavelength = 214nm).
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Figure S 4: AzC analyzed with ESI-MS in a m/z range of 200-2000.



Azidocoumarin-Mannose (AzCMan)
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Molecular Weight: 758,75

'H-NMR (300 MHz, Deuterium Oxide) & (ppm): 8 7.71 (d, J = 28.9 Hz, 1H), 7.57 (dd, J =
24.9,9.1 Hz, 1H), 7.10 — 6.85 (m, 2H), 6.31 (d, J = 13.0 Hz, 1H), 4.49 (dd, J = 10.5, 5.1 Hz,
1H), 3.97 (qt, J = 13.7, 7.0 Hz, 2H), 3.89 — 3.09 (m, 20H), 3.07 — 2.60 (m, SH), 2.59 — 2.22 (m,
8H).

RP-HPLC (5-95 Vol% t H>O/acetonitrile in 17 min at 25°C, 214 nm): t; = 5.8 min
ESI-MS calculated [M+1H]" 759.75, found [M+2H]2" 380.2; [M+H]" 759.2

HR-ESI-MS: for C32H43N20012 m/z [M+1H]! * caled.: 759.30, found: 759.3078, mass accuracy
-0.2 ppm

IR: v(-N3) 2160-2120cm™'; found 2121 cm'!
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Figure S 5: '"H-NMR (300MHz) spectra of AzCMan.
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Figure S 6:AzCMan detected at t: = 5.8 min with relative purity >95% by RP-HPLC (linear gradient from 5-95 Vol% eluent
HzO/acetonitrile in 17 min at 25°C, VWDA1 A Wavelength = 214nm).
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Figure S 7:AzCMan analyzed with ESI-MS in a m/z range of 200-2000.
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Figure S 8:AzCMan analyzed with HR-ESI.
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Figure S 9: IR spectrum of AzCMan.




Azidocoumarin-Galactose (AzCGal)

Molecular Weight: 758,7460

'H-NMR (300 MHz, Deuterium Oxide) & (ppm): 8 7.75 (d, J = 26.5 Hz, 1H), 7.57 (dd, J=27.4,
8.7 Hz, 1H), 7.10 — 6.93 (m, 2H), 6.31 (d, J= 13.9 Hz, 1H), 4.51 (dd, J= 9.8, 4.9 Hz, 1H), 4.37
—4.06 (m, 2H), 3.98 (dt, J= 12.0, 6.2 Hz, 1H), 3.89 — 3.05 (m, 24H), 2.84 — 2.61 (m, 3H), 2.59
~2.26 (m, 7H).

RP-HPLC (5-95 Vol% t HyO/acetonitrile in 17 min at 25°C, 214 nm): t; = 5.8 min

ESI-MS calculated [M+1H]* 759.75, found [M+2H]** 380.2; [M+H]" 759.2

HR-ESI-MS: for C3:H43N20012 m/z [M+1H]! * calcd.: 759.30, found: 759.3049, mass accuracy
1.0 ppm

IR: v(-N3) 2160-2120cm™'; found 2120 cm'!
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Figure S 11:4zCGal detected at t: = 5.8 min with relative purity >95% by RP-HPLC (linear gradient from 5-95 Vol% eluent
H>O/acetonitrile in 17 min at 25°C, VWDA1 A Wavelength = 214nm).
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Figure S 12:AzCGal analyzed with ESI-MS in a m/z range of 200-2000.
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Biotin-Lys-TDS-Mannose-Azidocoumarin (AzManB)

Molecular Weight: 1112.47

'H-NMR (400 MHz, Deuterium Oxide) & (ppm): & 7.84 — 7.60 (m, 3H), 7.57 (m, 1H), 6.31 (d,
J=13.9 Hz, 1H), 4.61 — 4.56 (m, 2H), 4.42 — 4.36 (m, Hz, 1H), 3.92 — 3.83 (m, 16H), 3.33 —
3.05 (m, 8H), 2.82 — 2.72 (m, 3H), 2.67 — 2.35 (m, 8H), 2.27 — 2.19 (m, 2H), 1.93-1.18 (m,
16H).

13C-NMR (400 MHz, Deuterium Oxide) 8 (ppm): 177,19 (C17), 176,54 (C17), 174,82 (C16),
174,77 (C10), 174,72 (C34), 174,66 (C23), 165,26 (C1), 163,10 (C27), 150,80 (C25), 146,49
(C28), 144,73 (C30), 126,61 (C37), 123,79 (C32), 116,28 (C31), 115,84 (C38), 114,90 (C29),
114,59 (C33), 107,07 (C26), 99,46 (C41), 72,77 (C42), 70,44 (C44), 69,89 (C45), 66,37 (C43),
65,40 (C3), 65,37 (C40), 62,06 (C15), 60,67 (C2), 60,63 (C46), 60,21 (C5), 55,37 (C21), 53,53
(C39), 49,91 (C24), 39,66 (C4), 38,90 (C11) 35,45 (C22), 31,88 (C20), 31,66 (C9), 30,54 (C35),
30,41 (C19), 27,86 (C18), 27,82 (C14), 27,64 (C12), 27,64 (C7), 25,17 (C36), 22,52 (C8),
20,58(C6), 20,40 (C13)

RP-HPLC (5-50 Vol% t H>O/acetonitrile in 20 min at 25°C, 214 nm): t; = 10.91 min

ESI-MS calculated [M+1H]" 1113,6; found [M+1H]" 1113,6; calculated [M+2H]" 557,6; found
[M+1H]* 557.6

HR-ESI-MS: for CasHesN14O15S sm/z [M+1H]' * caled.: 1113,47, found: 1113,4807, mass
accuracy 1.0 ppm; for NaCasHe7N14015S sm/z [M+1Na]' * caled.: 1135,47, found: 1135,4629,

mass accuracy 1.0 ppm

IR: v(-N3) 2160-2120cm™'; found: 2117 cm™!
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Figure S 16: 3C-NMR (400MHz) spectra of AzManB.
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Figure S 17:AzManB detected at t- = 10,91 min with relative purity >95% by RP-HPLC (linear gradient from 1-50 Vol%
eluent H2O/acetonitrile in 20 min at 25°C, VWDA1 A Wavelength = 214nm).
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Figure S 18: AzManB analyzed with ESI-MS in a m/z range of 200-2000.
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Figure S 19: AzManB analyzed with HR-ESI.
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Absorption and fluorescence spectra of AzC
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Figure S 21: A) Extinction of azidocoumarin (red) and aminocoumarin (blue) in comparison. B) Fluorescence measurements
of azidocoumarin after different durations of irradiation (trad=0 to trad = 60 min) at 365 nm in comparison to aminocoumarin.
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Figure S 22: RP-HPLC of AzC afier different irradiation times showing reduce of the AzC signal due to degradation.
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MALDI-TOF-MS experiments
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Figure S 23: MALDI-TOF-MS of ConA and AzCMan before irradiation in a m/z range of 20000-60000 using HCCA as
matrix in a compound to matrix ratio of 1:2.
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Figure S 24: MALDI-TOF-MS of ConA and AzCMan after radiation in a m/z range of 20000-60000 using HCCA as matrix

in a compound

to matrix ratio of 1:2.
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Figure S 25: MALDI-TOF-MS of ConA and AzCGal before radiation in a m/z range of 20000-60000 using HCCA as matrix
in a compound to matrix ratio of 1:2.
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Figure S 26: MALDI-TOF-MS of ConA and AzCGal after radiation in a m/z range of 20000-60000 using HCCA as matrix in
a compound to matrix ratio of 1:2.

17



10000 —

Con A Monomer + AzCMan
Calc. 26.35 kDa
Found. 26.4 kDa

|+ D-Galactose
9000
8000 -
7000
5 6000
= ] ConAM
- | on A Monomer
g 5000 ] Calc. 25.5 kDa
% 4000 Found. 25.6 kDa
3000
7 4
2000 —
1000 _\* ‘
0 - -

T I I
10000 20000 30000

1 ' I
40000 50000

m/z

1
60000

Figure S 27: MALDI-TOF-MS of ConA and AzCMan + D-Galactose after radiation in a m/z range of 20000-60000 using
HCCA as matrix in a compound to matrix ratio of 1:2.
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Figure S 28. MALDI-TOF-MS of ConAd and AzCGal + D-Galactose after radiation in a m/z range of 20000-60000 using
HCCA as matrix in a compound to matrix ratio of 1:2.
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Figure S 29: MALDI-TOF-MS of ConA and AzCMan + Methylmannose after radiation in a m/z range of 20000-60000 using
HCCA as matrix in a compound to matrix ratio of 1:2.
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Figure S 30: MALDI-TOF-MS of ConA and AzCGal + Methylmannose after radiation in a m/z range of 20000-60000 using
HCCA as matrix in a compound to matrix ratio of 1:2.

19



+ BSA

14000 —
12000
BSA [M+1H]*
Calc. 66.0 kDa
10000 Found. 66.0 kDa
=
\ 4
S, 8000 -
%)
5
g 6000
4000 —
2000 —
0/
40000 80000 120000 160000 200000

m/z

Figure S 31: MALDI-TOF-MS of BSA + AzCMan after radiation in a m/z range of 50000-200000 using HCCA as matrix in
a compound to matrix ratio of 1:2.
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Figure S 32: MALDI-TOF-MS of BSA and AzCGal after radiation in a m/z range of 50000-200000 using HCCA as matrix
in a compound to matrix ratio of 1:2.
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Figure S 33: MALDI-TOF-MS of ConA and AzCMan + BSA after radiation in a m/z range of 20000-60000 using HCCA as
matrix in a compound to matrix ratio of 1:2.
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Figure S 34: MALDI-TOF-MS of ConA and AzCGal + BSA after radiation in a m/z range of 20000-60000 using HCCA as

matrix in a compound to matrix ratio of 1:2.
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Fluorescence spectra
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Figure S 35:Microplate Reader fluorescence spectra. A) pH stability of AzCMan-ConA conjugate. B) Selective binding and
fluorogenic properties of AzC PAL probes in presence of different lectins and proteins. C) Fluorogenic properties of AzCMan
at different concentrations. D) Fluorogenic properties of AzCGal at different concentrations. E) Calculated limit of detection
for AzCMan.
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Additional SDS-PAGE images
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Figure S 36: SDS-PAGE showing relative ConA crosslinking of AzCMan after different durations of irradiation.
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Figure S 37: A) SDS-PAGE of ConA incubated with AzC probes after 15 min irradiation at 365 nm; Left image shows AzC
fluorescence; right image shows Coomassie stain of the same gel. B) SDS-PAGE of RCA120 incubated with AzC probes after
15 min irradiation at 365 nm. Left image shows AzC fluorescence, right image shows Coomassie stain of the same gel.
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Figure S 38: A) Western blot of ConA incubated with AzC building block and AzC glycan PAL probes 15 min irradiation at
365 nm; A) WB showing coumarin fluorescence (fluorescence was measured in the Cy5 channel). B) Image of the same blot

after incubation with streptavidin-dylight 790

25



Additional fluorescence microscopy images

Triplicate measurements fixed cells incubated with AzC probes

Figure S 39: Replicates of microscopy images (top) bright-field, (bottom) fluorescence at 488 nm of fixed MDA-MB-231 cells
treated with LBB as vehicle control for 20 min, followed by irradiation for 15 min at 365 nm.

100 pm

Figure S 40: Replicates of microscopy images (top) bright-field, (bottom) fluorescence at 488 nm of fixed MDA-MB-231 cells
treated with AzCMan (10uM) for 20 min, followed by irradiation for 15 min at 365 nm.
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Figure S 41: Replicates of microscopy images (top) bright-field, (bottom) fluorescence at 488 nm of fixed MDA-MB-231 cells
treated with pre-activated AzCMan (10uM) for 20 min, followed by irradiation for 15 min at 365 nm.
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AzC activation by the UV laser of the microscope

Bright Field
t=0min

UV Channel
t=0min

Figure S 42: Fluorescence microscopy images of photo-activation of the AzCMan probe using the UV laser of the
microscope for a duration of 0 min to 10 min.
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Abstract

Biological membranes are densely decorated with proteins and carbohydrates, resulting in
a highly dynamic and functionally complex network of biomolecules, a phenomenon known as
molecular crowding. Despite the availability of advanced biological and chemical methods,
investigating effects of molecular crowding remains challenging due to the intrinsic complexity
and the molecular diversity of the biomolecules involved. Model membranes provide a powerful
tool for studying these processes. However, the incorporation of large, sterically demanding
molecules, such as proteins is often hindered by issues related to stability, solubility, and steric
interference.

Here, we present a modular platform that enables an efficient integration of bulky membrane
proteins through a two-step approach. Our strategy relies on a smaller synthetic precursor
ligand-lipid-conjugate that is incorporated into the membrane and serves as a docking point
for sterically demanding receptors that are specifically recognized by this ligand-precursor. The
well-established SpyTag-SpyCatcher system was used to demonstrate a proof of this concept.
This method facilitates the controlled presentation of complex membrane components,
providing a versatile tool for mimicking the structural diversity of natural membranes and

studying bio membrane interactions.
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Introduction

Plasma membranes are highly dynamic and complex constructions that surround every cell
and are fully decorated with proteins, lipids, peptides and polysaccharides, resulting in a
diverse, heterogeneric environment. This so-called “crowding” can directly influence many
biological mechanisms, such as intercellular interaction, host-pathogen recognition, assembly
and functionality of membrane located macromolecules. -

Numerous studies have been documented on diverse impacts of molecular crowding on
protein aggregation, folding, stability, oligomerization, enzymatic catalytic activity or complex-
formation of receptor-ligands. >'© Membrane crowding therefore has a direct influence on cell
communication, forming an integral part of life, and is thus also associated with the
development of certain diseases, such as cancer. '" 2 Studying and understanding the effects
of molecular crowding in more detail is therefore an important field of research that can
contribute significantly to the elucidation of various cellular processes. Given the diversity in
size, structure, and functional roles of membrane proteins, studying these biomolecules
presents a significant challenge in understanding the precise molecular events in detail. But
not only due to their diversity in structure but also due to their dynamical changes makes the
influence of crowding to biological mechanism complex and challenging to understand. '3

Consequently, researchers frequently turn to artificial membranes to observe specific
mechanism in vitro under more controlled conditions. Commonly used model membranes
include lipid bilayers, liposomes or GUV'’s. 16 This allows for variation of the density in the
system by integrating different types of anchors into the membrane. Commonly used
membrane anchors are for example polymer-based like linear and water-soluble polyethylene
glycol (PEG) which is available in different sizes, polysaccharide-based such as the neutral,
highly branched ficoll, or protein-based such as bovine serumin album (BSA) which is inert but
creates a well heterogeny in surface as it is also found in vivo. ''° For this purpose, crowders
can either be conjugated to a synthetic lipid via specific binding, or PEG lipids, for example,
can be purchased in various lengths.

However, a common challenge in this approach is the labor-intensive and non-trivial nature
of anchoring large membrane biomolecules. This often leads to destabilization of the artificial
membranes and presents a considerable time-consuming barrier, as extensive optimization is
typically required to establish suitable conditions. (Figure 1A,B). 20-22

One solution is a two-step integration process, where a potential synthetic precursor ligand-
lipid is integrated into the model membrane as anchoring point for sterically demanding
receptors that selectively bind to this precursor ligand (Figure 1C).

A particularly exciting technology in this context that has also great potential for membrane

manipulation is the SpyTag-SpyCatcher technology. The SpyTag-SpyCatcher is a protein-
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based method to enable covalent linking of proteins. Both components originate from the
cleavage and splitting of a fibronectin-binding protein domain. In this way, the short SpyTag
peptide and the SpyCatcher protein were isolated. When both molecules are in proximity, they
react specific and spontaneously in an autocatalytic triad, forming a very stable and irreversible
amide bond. 2 The further advantage of protein-based crosslinkers in comparison to common
crosslinkers is also the mild reaction condition, making it suitable for applications involving
fragile proteins or living cells. Due to its reliability and stability, these technologies have been
used in the design of novel biomaterials, protein engineering, and other applications where

precise control over protein interactions and immobilization is crucial. 2426

C. Enhanced strategy for creating complex
model membranes using precursor lipid

A. Highly complex
natural membranes

B. Simplified model
membranes

Figure 1. A. The complexity and heterogeneity of natural membranes present significant challenges for studying
membrane-associated processes. B. Simplified model compounds are often used but may not represent the
properties of natural membranes. C. Utilizing SpyTag-SpyCatcher technology to engineer precursor lipids for a two-
step integration of sterically demanding receptors which furthermore allows for higher complexity.

There are already various applications in which the SpyTag-SpyCatcher technology has
been used on plasma membranes. Bedbrook etf. al. used the system to label membrane-
localized, light-activated ion channels in live cells. For this purpose, the SpyTag peptide was
biologically fused to a membrane protein then introduced to the membrane and afterwards
conjugated to subsequently added SpyCatcher protein. 2 However, biologically modified
macromolecules often face challenges related to a lack of control, whereas synthetic methods

offer improved control over characterization, analysis, and further structural modifications. 28
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Here, we report the development of a synthetic SpyTag lipid as a novel tool to generate a
small membrane anchor precursor which can be easily integrated into the membrane and then
be manipulated with large SpyCatcher protein to alter the membrane and mimic, for example
crowding effects. This feature enables a versatile platform, facilitating the expeditious
introduction of a broad spectrum of membrane molecules onto a model membrane to generate
a higher complexity, diversity and heterogeneity of crowding effects. With the development of

SpyTag lipid we have established a novel method enabling the

Results and Discussion
Synthesis of SpyTag lipids

The SpyTag (ST) peptide was synthesized by using the well-established solid phase
peptide synthesis. In short, amino acids bearing a carboxylic acid and a 9-
fluorenylmethoxycarbonyl (Fmoc) -protected amine are coupled to an immobilizing resin. For
efficient and selective coupling, the side chains of the respective amino acids must be
protected until the peptide sequence can be cleaved off the resin. Furthermore, suitable
coupling reagents such as benzotriazol-1-yloxytripyrrolidinophosphonium
hexafluorophosphate (PyBOP)/ N,N-diisopropylethylamine (DIPEA) are used to activate the
carboxylic acid. In addition to coupling, the repetitive deprotection of the N-terminus is also
essential. By this method, stepwise coupling of amino acids is performed.

In this work the ST peptide was modified by the amino acid cysteine (Cys) to insert an
orthogonal functionality to realize a thiol-en-click reaction with a maleimide functionalized
phospholipid. It was important that Cys residue is in the C-terminal region of ST, because
crystal structures and depletion assays reported that N-Term seemed to be essential for the
binding with SpyCatcher (SC).2 The C-terminal glycine (Gly) in the target structure acted as a
spacer to the resin.®* Commercially available preloaded Fmoc-Gly-TentaGel S resin was used
for the synthesis. The ST peptide was then assembled using the solid-phase peptide synthesis
described in Figure 2A. Therefore PyPOP/DIPEA was used for coupling and the remove of
Fmoc protection group was performed with piperidine. Additionally, a Rhodamine B labelled
ST peptide (RhST) and lipid was synthesized to generate a structure with fluorophore to track
the insertion into model membranes. The fluorophore was coupled on the N-Term of ST
peptide via solid-phase peptide synthesis using PyPOP/DIPEA as coupling reagents (Figure
2B).

After ST peptides were cleaved off the resin, using trifluoracetic acid, they were purified by
ion exchange and preparative reversed-phase high-performance liquid chromatography (RP-

HPLC) to obtain structures with relative purities of higher than 90%. Both structures were
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subsequently analyzed by RP-HPLC-mass spectrometry (MS), matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-TOF-MS).

A. Solid phase peptide synthesis
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Figure 2. General principle of A. Solid-phase peptide synthesis B. fluorophore conjugation and C. lipid conjugation
in solution.

For the conjugation between the lipid and the cysteine of the SpyTag peptide commercially
available 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-carbonyl-amino (polyethylene
glycol) (DSPE-PEG)-maleimide was used as lipid. The conjugation reaction was performed in
a mixture of N,N-dimethylformamide (DMF) and phosphate-buffered saline (PBS) (1:10) with
10 eq. tris(2-carboxyethyl) phosphine hydrochlorid (TCEP) overnight (See Figure 2C).
Afterwards, the lipid conjugates were purified with a centrifugal concentrator (Molecular Weight
Cut-off, MWCO = 10000). After lyophilization, the resulting products SpyTag lipid (STL) and
rhodamine SpyTag lipid (RhSTL) were analyzed by MALDI-TOF-MS and 'H-NMR (see Sl). To

quantify the conjugation, "H-NMR spectra were used. For this purpose, the spectrum of ST
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peptide, unconjugated lipid (maleimide lipid, ML) and STL were compared (See Sl Figure 9).
To detect the conversion the ratio of the aromatic protons of the tyrosine (6 = 6.1 ppm, Intensity
=1.28; 8 = 6.9 ppm, Intensity = 1.11) located in the peptide to the terminal alkyl residues (& =
0.9 ppm, Intensity = 6) of the lipid was referenced (See Sl Figure 10). In the case of RhSTL,
quantification of conversion by 'H-NMR was hindered due to spectral overlap between the
fluorophore backbone signals and the reference resonances of tyrosine residues. The results

are summarized in Table 1.

Table 1. MALDI-TOF-MS? and 'H-NMR analytical data for STL conjugates

. . MALDI-TOF-MS -
Lipid-conjugate MW cal. for [M+Na+] m/z found Conversion [%]
1 STL C211H308N23043S:PNa 4596.1 66

4595.45
Ha1sN PN
2 RhSTL CaaaflatsN24OeoS:PNa 5020.2 .
5019.81

Since the characterization and detection of lipid conjugates is often not trivial, additional thin
layer chromatography (TLC) and colorimetric methods such as Kaiser test for the detection of
amines and the Ellmann test for the detection of thiols were carried out. The results from Kaiser

test and Ellmann’s test are presented in Figure 3.

A. Ellmann’s test B. Kaiser test
A~ -NO; R 8 o)
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Figure 3. A. Ellmann’s test to detect thiols using DTNB resulting in yellow TNB under the presence of thiols and
basic conditions. B. Kaistertest to detect free amines in the presence of amines resulting in “Ruhemanns blau”.

The Ellman's test detects free thiols as the reduction of disulfide bridges in Ellmanns
Reagent (Dithio nitrobenzoic acid, DTNB) by these thiols results in 5-thio-2-nitrobenzoic acid

(TNB) adduct which appears in a visible yellow color (Figure 3A). Compared to that, a colorless
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solution indicates that there is no free thiol. The aim of this experiment is to test whether the
ST peptide has an accessible Cys for conjugation and whether STL contains free ST peptide
due to degradation or incomplete conjugation. To evaluate the results of the experiment, a
positive control (P), by adding Cys as thiol source, as well as negative control (N) which
contains valine (Val), an amino acid without thiols was conducted. STL was not expected to
have any free thiols and indeed no color change was observed. In contrast, ST peptide was
anticipated to possess free thiols available for conjugation and indeed shows a yellow color
change (Figure 3A). These observations give an additional hint for successful peptide-lipid
conjugation for STL.

To further validate the peptide's conjugation with the lipid, the Kaiser test was conducted
(Figure 3B). The Kaiser test solution includes ninhydrin which reacts with free amines forming
a blue product known as “Ruhemanns-blau”. Here, the presence of free amines, for example
the N-terminus of STL is detected to draw further conclusions about the successful conjugation
of the peptide to the lipid. This was compared with ML in which no free amines are present,
and a negative result is expected accordingly. Here, lysine was used as positive control (P).
The STL sample exhibited a distinctive blue coloration, indicative of the presence of amines.
Compared to ML displayed no discernible coloration, aligning with anticipated results (Figure
3B). The pronounced and unambiguous color changes observed in the Ellman’s and Ninhydrin
tests provided reliable confirmation of the reaction, making additional spectroscopic analysis
unnecessary.

The retardation factor (Rf) value of STL was also determined using TLC (See Sl Figure.
11). As eluent a mixture of chloroform, methanol and MiliQ® (65:20:5) was prepared for this
purpose. As a comparison also ML (unconjugated lipid) and ST (free peptide) were applied.
The plate was stained with iodine. For STL a Rf value of 0.85 was determined which makes
sense compared to the non-polar ML (Rf = 0.22) and the polar ST (Rf = 0.99).

SpyTag lipid binds to SpyCatcher

To investigate the binding ability of the novel STL with the SC proteins, Sodium Dodecyl| Sulfate
— PolyAcrylamid Gel Electrophoresis (SDS-PAGE) was performed. Due to inconclusive results
in our initial experiments investigating binding between STL and SC, it became necessary to
develop an optimized approach to reliably detect and characterize the interaction. For this
purpose, a fluorophore labelled RhST peptide was tested for binding using SDS-PAGE (See
S| Figure 12). This pre-experiment served as a strategy to validate the generation of UV
detection at 488 nm and ascertain the successful binding between the synthesized RhST

peptide and SC. Building upon these findings, the methodology was extended to assess the
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interaction of RhSTL with SC. For this purpose, the RhST peptide (Figure 4A) or RhSTL (Figure

4B) with SC were incubated, followed by application onto a gradient gel for analysis.

A. SC = ¥ B. sc “ *
RhST L s RhSTL + +
[kDa]

[kDa]

75 75
25 m RhST 25
e

[%% RhsT 2

1
1

Figure 4. SDS-PAGE shows UV detection at 488 nm. Precision Plus Protein™ Kaleidoscope™ Standards,RhST
(200 pM; 1 pL), RhST (200 uM; 1 pL) incubated with SC (167.8 puM; 0.5 uL) B. RhSTL (200 uM; 1 uL), RhSTL (200
pM; 1 pL) and SC (167.8 uM; 0.5 pL).

The first gel (Figure 4A) shows the labeled RhST peptide which was applied to both lanes

while SC protein was only applied in the second lane. Similarly on the second gel (Figure 4B),
the labeled RhSTL was applied in both lanes, and the SC protein was applied in the second
lane.
First looking at the first gel, a distinct fluorescent band at the 2 kDa level was observed,
attributable to the presence of the RhST peptide. In contrast, the second lane revealed both
the uncoupled RhST peptide and an additional fluorescent band below 25 kDa. Given that the
expected mass of the RhST peptide-SC complex is 17 kDa, the appearance of this band in the
second lane suggests the successful formation of the corresponding complex.

Upon comparing the lanes of the second gel involving the application of RhSTL, analogous
observations were noted. Considering that the complex formed by RhSTL and SC aligns with
an approximate mass of 19 kDa, the observed fluorescent band in these runs can be attributed
to the successful formation of this specific complex. Since RhST and RhSTL differ in mass by
only about 2 kDa, only a marginal difference of the bands can be observed on the gel. In
summary, it is evident that a binding interaction occurs between RhST and RhSTL with SC.
However, it should be mentioned that unbound RhST and RhSTL can be detected in both gels.
Several factors may account for the observed outcomes. First, a slightly lower concentration
of SC may have been responsible, leading to an insufficient number of available binding
partners for every molecule. Additionally, steric hindrance may have arisen due to the N-
terminal fluorophore. Examination of the crystal structure of ST and SC reveals that the N-
terminus primarily occupies the binding pocket. Incomplete binding was also noted with
RhSTL, possibly due to the alkyl chains and PEG chain of the lipid, which may coil or cluster,

complicating the binding process. However, these preliminary experiments successfully
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demonstrated the functional and binding capabilities of synthetic lipid conjugated ST to SC
through SDS-PAGE analysis.

Liposome preparation: SpyTag lipid incorporation into model membranes

Following the development of a detection method in preliminary experiments to ascertain
the binding between the synthesized STL, the subsequent experiment aimed to demonstrate
its successful integration into model membranes, specifically vesicles. To achieve this,
liposomes were formulated.

For this purpose, 1,2-di-(9Z-octadecenoyl)-sn-glycero-3-phosphocholine (DOPC) was used
as the matrix lipid component. Here the STL conjugates were used in total quantity of 5 mol%
in the whole formulation. The lipids were formulated into homogenous sized liposomes using
an extruder with a membrane size of 100 ym. The liposomes were analyzed using dynamic
light scattering (DLS) to measure their diameter (d), from which the poly dispersity indices
(PDI) could also be determined. The prepared liposomes resulted in uniform size and a low
polydispersity (<0.2) indicating a homogeneous distribution in the solution. The zeta potential
was also measured to provide further evidence of successful conjugation. Since the DOPC
matrix lipid contains a positive head group, a tendentially negative to neutral potential is

expected after conjugation. These results are shown in Table 2.

Table 2. DLS and Zeta potential for STL-conjugate.

Lipid-conjugate Diameter (d) [nm] ‘ PDI ‘ Zetacﬁs (/?nt/al
1 STL ‘ 80 nm ‘ 0.149 ‘ -22,4

These results initially provide evidence of successful integration of the lipids into the
membrane. In order to further confirm this and to prove the binding availability of the peptide

on the membrane, further experiments were carried out with the liposomes.

Validation of SpyTag lipid incorporation using flotation and pelleting assays

The flotation and the pelleting assay are frequently used to test protein interactions e.g.
protein-lipid interactions. For this purpose, also Alexa488 labelled SpyCatcher (SC-488) was
developed. The efficient binding of the fluorophore labelled protein was verified with SDS-
PAGE (See Sl Figure 13).

The flotation assay or lipid flotation assay consists of incubating unilamellar vesicles, such

as liposomes with a target protein and then floating the vesicles on a density gradient, such as
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different sucrose concentrations. After centrifugation the proteins bound to the lipids are
separated from the unbound proteins, as the lipids rise to the top phase while all unbound
material remains in the bottom phase (Figure 5A). The STL decorated liposomes with 5 mol%
were incubated with SC or SC-488 for 1h. Afterwards the mixture was placed into 30% sucrose.
This was layered with 20% sucrose, followed by PBS. Then the mixture was ultracentrifuged
for 1h and the bottom (B), middle (M) and top (T) fraction were collected and applied on SDS-
PAGE. The gels were both Coomassie stained (left) and showed UV detection at 488 nm
(right). In the corresponding gel it is shown the experiment with SC in in the first three lanes.
The last three lanes belong to SC-488 (Figure 5B).
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Figure 5. A. General principle of flotation assay. B. General principle of pelleting assay. C.SDS-PAGE of flotation
assay with STL liposomes (L) Precision Plus Protein™ Kaleidoscope™ Standards. a) 50 pl liposomes prepared
with STL (5 mol%; 2ul) incubated with SC (c = 142,7 uM; 8 uL). b) 50 pl liposomes prepared with STL (5 mol%; 2ul)
SC-488 (c = 28,1uM; 50 yL). D. SDS-Page of pelleting assay with STL liposomes. (L) Precision Plus Protein™
Kaleidoscope™ Standards c) 50 pl liposomes prepared with STL (5 mol%; 2pl) incubated with SC (c = 146 uM;
1 pL) d) 50 pl liposomes prepared with STL (5 mol%; 2ul) SC-488 (c = 28.1 uM; 1 pL).

Considering the bottom fraction (B) of Coomassie gel a band at about 20 kDa is detected.
This can be assigned to the SC which was not bound to the liposomes. As expected, no band
was detected in the middle fraction (M). The top fraction (T) is of particular interest due to the
presence of a band with a higher mass within a range of 25 to 35 kDa. Given that the observed
molecular weight exceeds that of the lipid alone, it is assumed that SC has successfully
associated with the liposome. Since unbound protein was found in the bottom fraction, no

complete conjugation can be assumed. This observation may be attributed to the limited
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incorporation of STL into the liposomal membrane, which restricts the overall availability of
STL for binding. Additionally, the peptide ligands (STL) could be localized both on the surface
and within the interior of the vesicle, which may limit the accessibility of STL to SC and
contribute to incomplete binding. Nevertheless, it can be said that the binding on the liposome
could be successfully demonstrated. Since neither STL nor SC has fluorescent properties, no
signal was observed under UV light in this case.

With the help of the SC-488 in the other three lanes UV feedback was possible. The lanes
in the Coomassie gel show a similar behavior to SC, which indicates also successful binding.
Observing the gel under UV, the previous assumptions of the binding were underpinned. The
band observed in the bottom fraction (B) shows a clear UV signal, clearly confirming its identity
as SC-488. The band in the top fraction (T), which also shows a higher mass, gives a
fluorescent signal, which can be attributed to the fact that SC-488 must have bound to
liposomes.

In addition to the flotation assay, the pelleting assay was performed. For the pelleting assay,
the vesicles, such as liposomes are mixed with a target protein, furthermore the mixture is
centrifuged for one hour at high speeds. The supernatant and thus unbound protein are
removed while the pellet, which contains the vesicles with bound protein, is resuspended.
(Figure 5C). Therefore, liposomes containing 5% STL were mixed and incubated with either
SC or SC-488. Then the mixture was ultracentrifuged for 1h at high speed. The supernatant
with unbound proteins was removed and the remaining pellet resuspended and applied on the
gel. One lane shows SC, while the other represents SC-488 (Figure 5D). In both cases, the
bands are between 25 and 35 kDa. Based on the results of the flotation assay, it can be
assumed that this is the bound protein on the liposome. Similarly, fluorescence observation
reveals the presence of a band corresponding to SC-488, further substantiating the binding
and validating all preceding findings.

In summary, it can be said that flotation as well as pelleting assay showed a successful

binding of SC or SC-488 to STL which were incorporated in liposomes.

Visualization of SpyTag lipid incorporation using GUVs

In order to further investigate the integration of STL into a model membrane fluorescence
microscopy was performed using GUV’s as model membrane. GUVs are artificially produced,
larger lipid vesicles that serve as model systems to study the properties and behavior of
biological membranes. These vesicles, with diameters typically ranging from 1 to 100
micrometers, are larger than conventional liposomes, providing advantages for visualization
under the microscope. Additionally, their low curvature makes them more similar to natural

biological membranes. These results demonstrated the successful manipulation of the model
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membrane through in situ crosslinking of SC on the membrane surface, mediated by the
incorporation of STL into GUVs.

In an initial experiment, RhSTL was introduced into a GUV using the polyvinyl alcohol (PVA)
method to demonstrate successful integration (see S| Figure 16). Following successful
integration, three distinct GUVs were designed and developed using electroporation method.
In the first GUV, the fluorescently labeled RhSTL was incorporated into the membrane (Figure
6A). In the second experiment, a GUV was created with STL and SC-488 was subsequently
added to confirm two-step modification of the membrane through STL-SC-488 binding (Figure
6B). As a negative control, a third GUV was prepared with only ML incorporated into the

membrane, where no binding of SC-488 was anticipated (Figure 6C).

A. B. v &F C.

Shematic

= o

UV detection

=

RhSTL % STL+5C-488
.‘/f\j

Figure 6. A. GUV prepared with RhST exhibiting fluorescence on the membrane surface, indicating successful
incorporation of RhSTL. B. GUVs prepared with STL, followed by incubation with 10ul SC-488, displaying
fluorescence on the membrane, which signifies the binding of SC-488 to the STL-modified membrane. C. Control
GUVs composed of ML, incubated with SC-488, show no fluorescence or colocalization, indicating the absence of
nonspecific binding of SC-488 to the membrane surface.

Transmitted light microscopy revealed that the GUVs were homogeneous in size, with
diameters ranging from 80to 100 um (See Sl Figure 17). Upon fluorescence imaging, the first
panel displays a GUV incubated with RhSTL (Figure 6A). A fluorescent signal on the
membrane surface indicates successful integration of the lipid into the membrane. Notably,
fluorescence is not completely homogeneous across the membrane. This inhomogeneity is
likely due to the formation of peptide clusters, potentially resulting from electrostatic

interactions. Alternatively, the variability in fluorescence could arise from the fluorophore
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existing in both open and closed conformations, influenced by the local pH, leading to
differential fluorescence behavior.

The middle panel illustrates the incorporation of STL into the membrane and subsequent
binding of the labeled SC-488 (Figure 6B). Fluorescence is observed on the membrane,
indicating the successful binding of SC-488 to STL, as STL itself is non-fluorescent. The GUV
in this experiment appears significantly smaller compared to the others, which may be due to
the loading of large proteins onto the membrane surface. This loading could induce membrane
compression, leading to the fragmentation of the GUVs into smaller vesicles. This issue can
be addressed through optimization of the GUV composition, such as by incorporating
additional matrix lipids (e.g., cholesterol). Alternatively, other model systems, such as lipid
bilayers, could be employed to accommodate larger ligands without the risk of vesicle
fragmentation.

The negative control, in which only ML was incorporated into the membrane, demonstrates
that fluorescence is observed in the background and not localized on the membrane. This
confirms that STL must be present for successful binding, and that there is no nonspecific
aggregation on the membrane surface. These results further support the successful integration
of the precursor lipid, STL, into the membrane. Additionally, the binding of the fluorescent SC-
488 to the membrane was effectively demonstrated. Collectively, these findings indicate that
the membrane can be efficiently manipulated with this two-step approach where STL is first

integrated and then conjugated to SC proteins.

Conclusion and Outlook

This work laid the foundation for a modular platform of synthetic probes or molecules for
membrane manipulation. Our approach was to create a small synthetically accessible peptide
lipid, the STL, which is incorporated into the membrane as a precursor and serves as a docking
spot for sterically demanding biomolecules, such as the SC protein that in this manner could
be successfully anchored into the membrane. Despite chemical modification of the ST, we
were successfully verified binding of the SC. Additionally, a synthetic STL was incorporated
into model membranes, such as liposomes and GUVs. The binding between SC protein and
the STL was demonstrated in these modified model membranes. In summary, the
development of the ST lipid has enabled the creation of a small precursor molecule for
integrating the sterically demanding SC into model membranes.

In future studies, a platform of modified SC proteins can be developed and easily
incorporated into membranes through this STL precursor. A potential modification can be
achieved by incorporating Cys that is expressed in the SC. Via this cysteine, additional

conjugation of various polymers, such as polyethylene glycol (PEG), polysaccharides, or other
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polymer chains can be linked to the protein, providing additional properties to the protein such
as size or hydrophilicity and increase the degree of membrane crowding. The recently
introduced native grafting from approach from the Hartmann group, the Thiol-induced and
Light-Activated Controlled Radical Polymerization (TIRP) offers a suitable strategy for such a

synthetic protein modification. *'
Acknowledgements

We acknowledge the support of the German Research Foundation (DFG) within the

Collaborative Research Center 1208 “Identity and Dynamics of Membrane Systems”.

124



References

(1) Rincoén, V. n.; Bocanegra, R.; Rodriguez-Huete, A.; Rivas, G.; Mateu, M. G. Effects of
macromolecular crowding on the inhibition of virus assembly and virus-cell receptor
recognition. Biophysical journal 2011, 100 3, 738-746.

(2) Kim, Y. C.; Best, R. B.; Mittal, J. Macromolecular crowding effects on protein-protein binding
affinity and specificity. The Journal of chemical physics 2010, 133 20, 205101.

(3) Minton, A. P. Implications of macromolecular crowding for protein assembly. Current
opinion in structural biology 2000, 10 1, 34-39.

(4) Garenne, D.; Noireaux, V. Analysis of cytoplasmic and membrane molecular crowding in
genetically programmed synthetic cells. Biomacromolecules 2020.

(5) van den Berg, B.; Ellis, R. J.; Dobson, C. M. Effects of macromolecular crowding on protein
folding and aggregation. The EMBO Journal 1999, 18.

(6) Chen, Z.; Atefi, E.; Baumgart, T. Membrane Shape Instability Induced by Protein Crowding.
Biophysical journal 2016, 111 9, 1823-1826.

(7) Kedia, N. Crowding Agents Direct Amyloid Beta into Membrane-Active Oligomers.
Biophysical Journal 2017, 112.

(8) Matic, M.; Saurabh, S.; Hamacek, J.; Piazza, F. Crowding-induced Uncompetitive Inhibition
of Lactate Dehydrogenase: Role of Entropic Pushing. The journal of physical chemistry. B
2020.

(9) Stroberg, W.; Schnell, S. Concentration Sensing in Crowded Environments. bioRxiv 2020.

(10) Ota, C.; Suzuki, H.; Tanaka, S.-i.; Takano, K. Dispersion Effect of Molecular Crowding on
Ligand-Protein Surface Binding Sites of Escherichia coli RNase HI. Langmuir : the ACS journal
of surfaces and colloids 2022.

(11) Bu, X.; Ashby, N.; Vitali, T.; Lee, S.; Gottumukkala, A.; Yun, K.; Tabbara, S.; Latham, P;
Teal, C.; Chung, I. Cell crowding activates pro-invasive mechanotransduction pathway in high-
grade DCIS via TRPV4 inhibition and cell volume reduction. bioRxiv 2025.

(12) Takatori, S. C.; Son, S.; Lee, D. S. W.; Fletcher, D. A. Engineered molecular sensors for
quantifying cell surface crowding. Proceedings of the National Academy of Sciences of the
United States of America 2023, 120.

(13) Hall, D.; Minton, A. P. Macromolecular crowding: qualitative and semiquantitative
successes, quantitative challenges. Biochimica et Biophysica Acta (BBA) - Proteins and
Proteomics 2003, 1649 (2), 127-139. DOI: https://doi.org/10.1016/S1570-9639(03)00167-5.

(14) Basu, A.; Maity, P.; Karmakar, P.; Karmakar, S. Preparation of Giant Unilamellar Vesicles
and Solid Supported Bilayer from Large Unilamellar Vesicles: Model Biological Membranes.
Journal of Surface Science and Technology 2017, 32, 85-92.

(15) Andersson, J.; Koéper, |. Tethered and Polymer Supported Bilayer Lipid Membranes:
Structure and Function. Membranes 2016, 6.

(16) Routledge, S. J.; Linney, J. A.; Goddard, A. D. Liposomes as models for membrane
integrity. Biochemical Society transactions 2019.

125



(17) Zhang, S.; Li, W.; Luan, J.; Srivastava, A. K.; Carnevale, V.; Klein, M.; Sun, J.; Wang, D.;
Teora, S. P.; Rijpkema, S. J.; et al. Adaptive insertion of a hydrophobic anchor into a
poly(ethylene glycol) host for programmable surface functionalization. Nature Chemistry 2022,
15, 240 - 247.

(18) Erwin, N.; Patra, S.; Dwivedi, M.; Weise, K.; Winter, R. H. A. Influence of isoform-specific
Ras lipidation motifs on protein partitioning and dynamics in model membrane systems of
various complexity. Biological Chemistry 2017, 398, 547 - 563.

(19) Feig, M.; Sugita, Y. Variable interactions between protein crowders and biomolecular
solutes are important in understanding cellular crowding. The journal of physical chemistry. B
2012, 116 1, 599-605.

(20) Sharma, M. K.; Gilchrist, M. L. Templated assembly of biomembranes on silica
microspheres using bacteriorhodopsin conjugates as structural anchors. Langmuir : the ACS
jJournal of surfaces and colloids 2007, 23 13, 7101-7112.

(21) Gamage, R. S.; Chasteen, J. L.; Smith, B. D. Lipophilic Anchors that Embed Bioconjugates
in Bilayer Membranes: A Review. Bioconjugate chemistry 2023.

(22) Puiggali-Jou, A.; Del Valle, L. J.; Aleman, C. Biomimetic hybrid membranes: incorporation
of transport proteins/peptides into polymer supports. Soft matter 2019, 15 13, 2722-2736.

(23) Hatlem, D.; Trunk, T.; Linke, D.; Leo, J. C. Catching a SPY: using the SpyCatcher-SpyTag
and related systems for labeling and localizing bacterial proteins. International journal of
molecular sciences 2019, 20 (9), 2129.

(24) Gao, X.; Fang, J.; Xue, B.; Fu, L.; Li, H. Engineering Protein Hydrogels Using SpyCatcher-
SpyTag Chemistry.  Biomacromolecules 2016, 17 (9), 2812-2819. DOI:
10.1021/acs.biomac.6b00566.

(25) Reddington, S. C.; Howarth, M. Secrets of a covalent interaction for biomaterials and
biotechnology: SpyTag and SpyCatcher. Current opinion in chemical biology 2015, 29, 94-99.

(26) Wang, B.-P.; Yin, X.; Huang, M.-Y.; Li, T.-Y.; Long, X.-F.; Li, Y.; Niu, F.-X. A Self-
assembling yPFD-SpyCatcher hydrogel scaffold for the coimmobilization of SpyTag-enzymes
to facilitate the catalysis of regulated enzymes. Journal of Agricultural and Food Chemistry
2024, 72 (36), 19940-19947.

(27) Bedbrook, C. N.; Kato, M.; Kumar, S. R.; Lakshmanan, A.; Nath, R. D.; Sun, F.; Sternberg,
P. W.; Arnold, F. H.; Gradinaru, V. Genetically encoded spy peptide fusion system to detect
plasma membrane-localized proteins in vivo. Chemistry & biology 2015, 22 (8), 1108-1121.

(28) Del Vecchio, D.; Dy, A. J.; Qian, Y. Control theory meets synthetic biology. Journal of The
Royal Society Interface 2016, 13.

(29) Li, L., Fierer, J., Rapoport, T., Howarth, M. Structural analysis and optimization of the
covalent association between SpyCatcher and a peptide Tag. Journal of molecular biology,
2014, 426 2, 309-17.

(30) Hagan, R. M.; Bjérnsson, R.; McMahon, S. A.; Schomburg, B.; Braithwaite, V.; Bihl, M.;
Naismith, J. H.; Schwarz-Linek, U. NMR spectroscopic and theoretical analysis of a
spontaneously formed Lys—Asp isopeptide bond. Angewandte Chemie 2010, 122 (45), 8599-
8603.

126



(31) Bonda, L.; Valles, D. J.; Wigger, T. L.; Meisner, J.; Braunschweig, A. B.; Hartmann, L.
TIRP— Thiol-Induced, Light-Activated Controlled Radical Polymerization. Macromolecules
2023, 56 (14), 5512-5523.

127



Supporting Information
Novel SpyTag lipid and SpyCatcher Method: Two-step Membrane
Modification for Probing Crowding Effects

Nina Jahnke', Maryna Lowe?, Sophia Bock', Alexej Kedrov?, Laura Hartmann'%

Institute of Macromolecular Chemistry, Heinrich-Heine University, Universitatsstrale 1,
40225 Dusseldorf, Germany

2Institute of Synthetic Membrane Systems, Heinrich-Heine University, Universitatsstrale 1,
40225 Dusseldorf, Germany

3Institute of Macromolecular Chemistry, University Freiburg, Stefan-Meier-Str. 31, 79104
Freiburg i.Br.,Germany

*Corresponding author: laura.hartmann@makro.uni-freiburg.de

128


mailto:laura.hartmann@makro.uni-freiburg.de

Materials and Methods

All chemicals were commercially available.

Aceton (= 99.8%), acetonitrile (299,9%), Dulbeccos phosphate buffer saline (DPBS, 1x) and
PageRuler™ Prestained Protein Ladder (10 bis 180 kDa) were purchased from Fischer
scientific, DSPE-PEG(2000) Maleimide (>99%) was purchased from Avanti Polar Lipids Inc.,
diethyl ether (with BHT as inhibitor, = 99.8%), dimethyl sulfoxide-d6 (99%), methanol (99%),
tris(2-carboxyethyl)phosphine hydrochloride (99%), Trizma®base (99%) and triisopropylsilane
(TIPS, 98%) were purchased from Sigma Aldrich, N,N-dimethylformamide (DMF, 99.8%, for
peptide synthesis) was purchased from Acros Organics, dichloromethane (DCM, 99%),
trifluoroacetic acid (TFA, 99%), were purchased from Fluorochem UK, benzotriazole-1-yl-oxy
tris-pyrrolidino-phosphonium hexafluorophosphate (PyBOP,>98%) and diisopropylethyl amine
(DIPEA, 99%) were purchased from Carl Roth, Acetic acid (299,8%) was purchased from
Merck, Rhodamine B (99%) was purchased from TCI,

Amino acids and resins

Fmoc-Ala-OH (299,%) was purchased from BLD PHARMA TECH GmbH, Fmoc-His(trt)-OH
(299%), Fmoc-Lys(boc)-OH (=299%) were purchased from Merck, Fmoc-Val-OH(=99%) ,
Fmoc-lle-OH (299%), Fmoc-Met-OH (299%), Fmoc-Tyr(tBu)-OH (=299%), Fmoc-Cys(trt)-OH
(299%), Fmoc-Pro-OH (299%), Fmoc-Thr(tBu)-OH (299%) and Fmoc-Asp(tbu)-OH (299,9%)
were purchased from Iris Biotech GmbH, AG® 1-X8 Resin (100-200 mesh) was purchased
from Bio-Rad; Fmoc Gly TentaGel® R HMPA resin ( 0.22 mmol/g) was purchased from RAPP

Polymers.

Nuclear magnetic resonance spectroscopy

The "H-NMR spectra were performed using a Bruker Avance |1l 600 spectrometer operating at

600MHz at room temperature. The Data was analyzed using MestReNova.

Matrix-assisted laser desorption ionization time-of-flight mass spectrometry

MALDI-TOF measurements were conducted on a Ultraflex | from Bruker Daltonics. The
samples were measured in linear mode with cyano-4-hydroxycinnamic acid (HCCA) as matrix
in a ratio of 1:2. As a solvents MiliQ®/acetonitrile (1:1) or Lectin-Binding-Buffer (LBB) was

used.
High Resolution-Mass Spectrometry (HR-MS)

HR-MS measurements were conducted on a Bruker UHR-QTOF maxis 4G with a direct inlet
via syringe pump, an ESI source and a quadrupole Time of Flight (QTOF) analyser. Samples

were dissolved in water with a concentration of 1 mg/ml.
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Reversed Phase High Pressure Liquid Chromatography coupled with ESI Mass
Spectrometry

RP-HPLC-MS measurements were performed on an Agilent 1260 Infinity instrument coupled
to a variable wavelength detector (VWD) and a 6120 Quadrupole LC/MS containing an
Electrospray lonization (ESI) source (operation mode positive and negative, m/z range from
200 to 2000). A MZ-AquaPerfect C18 (3.0 x 50 mm, 3 pm) RP column from Mz-
Analysentechnik GmbH was used with a flow rate of 0.4 ml/min at 25 °C. As eluent system

water/acetonitrile containing 0.1% formic acid was applied.

Preparative Reversed Phase- High Pressure Liquid Chromatography (prep RP-
HPLC)

An Agilent 1260 Infinity device, which is coupled to a variable wavelength detector (VWD) (set

to 214 nm and 280nm) was used to purify the peptide. The sample was collected manual. An
RP HPLC column, CAPCELL PAK C18 (20 x 250 mm, 5 um), was used. The mobile phases
A and B were H>O and acetonitrile, each containing 0.1 vol% formic acid. The flow rate was

set to 10 ml/min.

Thin layer chromatography

The samples were diluted in DCM. The eluent consists of chloroform:methanol: MilliQ in ratio
of 65:20:5. Maleimide-DSPE-Lipid, SpyTag-Lipid and SpyTag peptide were applied onto the

silica plate. After the elution, the plate was incubated in a phosphor chamber for 10 min.

Freeze Drying

Samples were dissolved in MiliQ® and frozen with liquid nitrogen. Afterwards it was freeze

dried with an Alpha 1-4 LD plus instrument from Martin Christ Freeze Dryers GmbH.

VivaSpin
Lipid-conjugated peptides were purified using a Viva Spin concentrator from Sarstead with
MWCO of 10.000 and then concentrated on the Centrifuge Heraeus Megafuge 8 with 5500rpm.

Fluorescence Microscopy

Florescence microscopy was performed on EVOS® FL Cell Imaging System from Thermofisher

or Olympus 1X73 microscope using a 60x oil objective. Gain 300. Exposure:40.

Solid-phase synthesis

General: The synthesis of the peptide was automated using a solid-phase peptide synthesizer.
Peptides were prepared on a preloaded Fmoc-Gly-HMPA resin with a loading of 0.22 mmol/g.

The batches were 0.1 mmol.
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Coupling protocol: Initially the resin was swollen two times for 15 min in DCM. After

deprotection of the Fmoc group the first amino acid was coupled. 5 eq amino acid and 5 eq
PyBOB were weighed into a 15 ml falcon and dissolved in 2 ml DMF before 2 ml of a 1M
DIPEA-solution was added. The reactor was shaken for 60 min. Afterwards the resin was
washed 5 times with 5 ml DMF.

Fmoc cleavage: The Fmoc group was cleaved using a 25 Vol% Piperidine in DMF. The

deprotection step was carried out 3 x 15 min. Afterwards the resin was washed 5 times with 5
ml of DMF.

Fluorophore coupling: For a 0.1 mmol preparation, 3 eq of Rhodamin B and 3.5 eq were
dissolved in 1 ml DCM/DMF (1:1) and 10 eq DIPEA were added. After coupling for one hour,

the peptide was washed alternately 5 times each with methanol and DCM. This was repeated

until the washing solution became colorless. Finally, it was washed 3 times with DMF.

Cleavage from solid-phase: For cleavage of the peptide from the resin, it was transferred from

the reaction vessel into a 10 ml polypropylene syringe. Then a cleavage cocktail consisting of
90 Vol% TFA and 10 Vol% TIPS with a total volume of 2 ml was added to the syringe and
incubated for 60 min at room temperature. Subsequently, the solution was poured into 40 ml
ice-cold diethyl ether. The resulting precipitate was centrifuged for 4 min at 4400 rpm and the
supernatant was decanted of. The resulting pellet was then washed 2 times by resuspension
in cold diethyl ether and subsequent centrifugation. After the pellet was dried under nitrogen

for 20 min it was dissolved in Milli-Q water and freeze dried.
Anionic Exchange

For the anionic exchange 150 mg AG® 1-X8 Resin was used for a 0.1 mmol batch. To activate
the resin, it was first washed 3 times with a 1.6 N acetic acid solution followed by 3 times
0.16 N acetic acid solution. The freeze-dried peptide was dissolved in 1 mL Milli-Q, drawn onto
the solid-phase syringe and shaken for one hour. The solution was then collected, and the

syringe tip was also rinsed with 0.05 ml Milli-Q®. The collected sample was freeze-dried.

Lipid conjugation

Maleimide-DSPE-PEG(2000) (2 mg, 1eq.) were dissolved in 100uL DMF and degassed with
argon for 1 min. SpyTag-Peptide (5.54 mg, 5 eq) and TCEP (0.4 mg, 2 eq.) was dissolved in
900 uL PBS and let sit for 3 min. Afterwards, SpyTag/TCEP solution was added to the lipid
and degassed with argon for 1 min. Then the mixture was shaken overnight. To remove free
peptide from the lipid-conjugate a VivaSpin with a molecular weight cut-off (MWCO) of 10.000

g mol ' was used. This process was repeated 15 times with 15 ml MilliQ-water. Yields given
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in mg represent the successfully conjugated lipids. The content of unconjugated lipids was
quantified with '"H-NMR.

Ellmanns test

For Ellmanns test a fresh solution of DNTB in PBS (1mM, pH 7.4) was prepared. 1 -5 mg
sample were mixed in 1 ml PBS. Then 0.5 ml of Sample and 0.5 ml of DNTB solution were

mixed and sit for 10 min.

Kaiser test
For Kaiser test 3 solutions were prepared.
A: 16.5 mg of KCN was dissolved in 25 ml dest. Water. 1 ml of this solution was diluted with

piperidine.
B: 1g ninhydrin was dissolved in 20 ml of n-butanol.
C: 40 g phenol was dissolved in 20 ml of n-butanol.

1-5 mg sample was mixed with 2-3 drops of each solution (A-C) and heated with heatgun for

5 minutes.

SpyCatcher expression

SpyCatcher-Cys and SpyCatcher-GSG were expressed in E. coli BL21(DE3) from the plasmid
pDEST14 (Addgene). The cultures were grown at 37°C in LB medium (Carl Roth)
supplemented with 100 pg/mL ampicillin till ODeoo of 0.6 was reached. The expression was
induced by addition of 0.5 mM IPTG and proceeded for 3 h. The cells were harvested at 5000xg
for 10 min (SLC-6000 fixed angle rotor, Thermo Fisher/Sorvall) and resuspended in 50 mM
Tris/HCI, pH 7.4, 150 mM KCI, 200uM TCEP and 1 mM AEBSF. After cell lysis (Microfuidizer
M-110P, Microfluidics Corp) the cell lysate was clarified by centrifugation for 30 min at
235000xg (Rotor 45Ti, Beckman Coulter). Next, the lysate was loaded on the pre-washed Ni?*-
NTA agarose resin (Qiagen) and incubated on the rolling bench at 4°C for 1 h. The beads were
washed with buffer containing 50 mM Tris/HCI, pH 8.0, 150 mM KCI, 200uM TCEP and 10 mM
imidazole. SpyCatcher was eluted with 50 mM Tris/HCI, pH 8.0, 150 mM KCI, 200uM TCEP
and 300 mM imidazole and loaded on Superdex 200 10/300 column (Cytiva) in 20 mM
Tris/HCI, pH 7.4, 150 mM KCI and 200pM TCEP. The peak fraction containing SpyCatcher
was collected, supplemented with 5% glycerol, aliquoted and stored at -80°C. Aliquots from
each step of purification were collected and analyzed by 15% SDS-PAGE. The final protein

concentratin was 142,7 pM.
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Fluorescent labelling of SpyCatcher

An aliquot of SpyCatcher-Cys was spiked with a 10-fold excess of CF488-maleimide
fluorophore and incubated at RT for 2 h. Unconjugated dye was then removed using size
exclusion chromatography (Superdex 200 10/300 column (Cytiva) in 20 mM Tris/HCI, pH 7.4,
150 mM KCI). The final protein concentration was 28.1 pM.

SDS-PAGE

The polyacrylamide gels used for the SDS page were produced according to the following

compositions.

Seperating gel (18 %) Collecting gel

Milli-Q® 1,43 ml | Milli-Q® 3,0 mL
30% Acrylamid/Bisacrylamid 6 ml 30 % Acrylamid/Bisacrylamid 700 pL

1,5 M TRIS-HCI pH 8,8 25ml | 0,5M TRIS-HCI pH 6,8 1,25 mL
10 % SDS 100yl | 10 % SDS 50 pL
10 % AP_S _ 60

(Ammoniumperoxodisulfate) 10 % APS 25 L
TEMED

13yl

(Tetramethyethylendiamine) TEMED 20 uL

First, the 18 % separating gel mixture was added to the gel and covered with isopropanol.
After the separating gel had polymerized, the collecting gel was added. The comb was then
inserted. The finished gels were wrapped in a wet paper towel and stored in a cool place until
use. An electrophoresis chamber from Bio-Rad was used for SDS-PAGE. To carry out the
electrophoresis, Milli-Q® was first added to mix the samples better. A sample buffer was then
added to all samples. Electrophoresis was carried out at 210 V and 400 mA for about 50 to 60

min.

Liposome formulation

To receive 5 mol% lipid in the liposome 0.5-1 mg lipid were dissolved in 200ul chloroform
together with 30yl DOPC. Chloroform was removed by evaporation, and the resulting solid
was resuspended with PBS buffer. The liposomal suspension was then homogenized using
an extruder equipped with a 100 nm pore-size membrane to achieve uniform particle size

distribution.
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DLS and Zeta potential
The assay was performed using a glass cuvette-containing 1 ml MQ added with 10ul of 5 mol%
liposome solution. PDI were determined via Gaussian fit of the DLS cure giving the standard

deviation and applying PDI = (o/d)?. Zeta potentials were measured with a zeta sizer Nano-Z.

Flotation Assay

For the flotation assay 50 pL liposomes (5mM, 5 mol% STL) and 8ul SC (142,7 uM) or 50 pl
SC-488 (28,1 uM) were incubated for 1h. Samples were incubated for 1h min at 25°C and
mixed with 60% sucrose (w/v). The reaction was loaded into the centrifugation tube and
sequentially layered with 250 yL and 50 pL of buffers, containing 20% and 5% sucrose,
respectively. The tubes were centrifuged for 1 h at 289000xg (Rotor S120-AT3, Thermo
Scientific™) and the samples were carefully collected in total to three fractions with Hamilton
syringe starting with the bottom fraction (250 pL), followed by middle (125 uL) and top fraction
(125 pL). The proteins in the collected fractions were analyzed with SDS-PAGE.

Pelleting Assay

For the pelleting assay 5 pl liposomes (5mM, 5% STL) were mixed and incubated with either
0.8 — 1 yuL SC (140 uM). Samples incubated for 1h, diluted with 500 uL buffer (PBS?), then
pelleted at 289000xg for one hour (Rotor S120-AT3, Thermo Scientific™). Supernatant was

removed and pellet was collected in SDS-Page sample buffer and analyzed

GUV formulation
PVA-Method:

The lyophilized RhSTL was dissolved in chloroform (4 mg/mL). From this, 5 pL were removed
and 25 yL DOPC were added (0.5/99.5 mol%). In addition, a 5% (w/w) solution of polyvinyl
alcohol in Milli-Q® was prepared by heating to approximately 90°C. The PVA solution was
applied in a circle to a microscope cover glass, which was previously rinsed with chloroform,
and dried for 30 min in an oven at 45°C under vacuum. The lipid solution was then diluted with
90 uL chloroform (1 mg/mL). 10 uL of the dissolved STL were then applied to the dried PVA
film and dried for a few minutes in an oven under vacuum so that the solvent could evaporate.
This step was repeated twice. A circular chamber was then formed around the PVA film using
Vitrex wax plates and a solution of 10% sucrose in PBS was added. After about an hour, the
desired vesicle size was reached and the GUVs were placed in a reaction vessel. For
visualization under fluorescent microscope (EVOS® FL Cell Imaging System), he chamber

slide was first coated with BSA (bovine serum albumin) (10 mg/mL) and incubated for 10 min.
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The solution was then carefully removed and washed three times with 250 yL DPBS. DPBS
buffer (250 yL) was then added and 5 L of the finished GUVs pipetted into it.

Electroporation method

STL or ML were dissolved in chloroform to receive a concentration of 1 mg/ml. Afterwards
1,9 pl STL or ML was mixed with 25 ul DOPC (2 mg/ml) and PEG2000- PE (2 mol %). GUVs
were prepared by electro formation in teflon swelling chambers. The lipid mixtures were
spread on ITO-coated glass slides and evaporated under reduced pressure (95 mbar, 30
min). Electro formation was performed in a lactose solution matching the osmolarity of the
lectin binding buffer (2.4 V, 89 Hz, 90 min).

GUV-SC-488 Binding
For the STL-GUV and SC-488 Binding 50 ul of fresh prepared STL-GUV was incubated with
10ul SC-488 and gently shaken for 1 h at RT and were visualized under the fluorescent

microscope (Olympus 1X73).
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Characterization of synthetic structures
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S| Figure 1. ST peptide detected at tr = 4.5 min with relative purity >95% by RP-HPLC (linear gradient from 5-95
Vol% eluent H2O/acetonitrile in 17 min at 25°C, VWDA1 A Wavelength = 214nm).
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S| Figure 2. ST peptide analyzed with ESI-MS in a m/z range of 200-2000.
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S| Figure 3. ST peptide analyzed with MALDI-TOF-MS in a m/z range of 500-3500 using HCCA as matrix in a
compound to matrix ratio of 1:10.
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Sl Figure 4. RhST peptide detected at tr = 7.5 min and 9.3 min with relative purity >90% by RP-HPLC (linear
gradient from 5-95 Vol% eluent HzO/acetonitrile in 17 min at 25°C, VWDA1 A Wavelength = 214nm). *The
splitting of the signals can be attributed to a constitutional isomer of the fluorophore.
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S| Figure 5. RhST peptide analyzed with ESI-MS in a m/z range of 200-2000.
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S| Figure 6. RhST peptide analyzed with MALDI-TOF-MS in a m/z range of 500-3500 using HCCA as matrix in a

compound to matrix ratio of 1:10.
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S| Figure 7. STL analyzed with MALDI-TOF-MS in a m/z range of 2000-8000 m/z using HCCA as matrix in a
compound to matrix ratio of 1:2.
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S| Figure 8. RhSTL analyzed with MALDI-TOF-MS in a m/z range of 2000-8000 m/z using HCCA as matrix in a
compound to matrix ratio of 1:2.
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Sl Figure10. '"H-NMR (600 MHz) spectra to compare ML (precursor lipid), STL and ST peptide in DMSO.
Highlighting specific proton signals: (a) Maleimide protons, which disappear in the STL spectrum following coupling;
(b) Methyl peaks corresponding to lipids, observed in both ML and STL spectra; (c) Protons from the tyrosine,
clearly visible in both ST and STL spectra.
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S| Figure 11. TLC with eluent of chloroform: methanol: MiliQ® in 65:20:5. Stained with iodine.
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SDS-Pages

25

S| Figure 8. SDS-PAGE of RhST with A. Coomassie and B. UV detection at 488 nm (L) Precision Plus Protein™
Kaleidoscope™ Standards (1) FRET107 which is CFP and YFP labelled ST (2pl) (2) FRET 107 (2ul) and SC (3)
SC (167,8 uM; 0,5 pL) (4) RhST(200 pM; 1 pL) and SC (0,5 pL) (5) RhST (200 pM; 1 pL) and SC (167,8 uM; 0,5
pL) heated to 95 °C, (6) RhST (200 pM; 1 pL) (7) RhSTL. (200 pM; 1 pL) heated to 95°C
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S| Figure 9. SDS-Page for SC-448 binding with A. Coomassie and B. UV detection at 488 nm (L) Precision Plus
Protein™ Kaleidoscope™ Standards. (1) SC (167,8 uM; 0,5 pl), (2) SC-488 (28,1 uM, 6ul), (3) FRET 107 (2ul), (4)
FRET 107(2ul) and SC (167,8 uM; 0,5 pl), (6) FRET 107 (2ul) and SC-488 (28,1 uM, 6ul)
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Dynamic light scattering and Zeta potential
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S| Figure 10. Exemplary DLS spectrum of STL.
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S| Figure 11. Exemplary Zeta potential of STL.
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Microscopic Images

Transmitted UV detection

1tﬁm 16—pm

S| Figure 12. Preliminary formation of GUV formulation with RhSTL using PVA method visualized with transmitted
light and UV detection at 532 nm under the microscope.

Transmitted

UV detection

S| Figure 13. GUV formulation of A. RhSTL B. STL and SC-488 C ML using evaporation method. Above transmitted
light, below UV detection at 532 nm for RhSTL and 488nm for SC-488.
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Conclusion and Outlook

The aim of this thesis was to synthesize tailor-made ligands as bio probes for specific
applications in biotechnological or biomedical research. The individual ligands that targeted
different classes of proteins were validated for their suitability for the respective envisioned
application. Three types of ligands were synthesized and tested in the scope of this thesis: 1)
naturally occurring plant-based peptide ligands, which were directly tested in the biological
host system; 2) carbohydrate-based ligands, which were tested for their selective interaction
with various lectins; and 3) peptide-based lipids that were introduced into model membranes
to modulate membranes properties.

In the first project, modified CLV3 plant peptides were developed as probes to investigate
the dynamics of the CLV3 signaling pathway. A particular challenge in this project was the
peptides’ sensitivity to modification and the associated loss of biological activity. Consequently,
prior to this work, it was not possible to follow the plant signaling pathway using a fluorophore-
labelled peptide. In this work, biologically active and fluorophore labelled CLV3 peptide was
established. This was realized by introducing a TAMRA fluorophore via the replacement of
threonine to lysine in the sidechain. To build onto this success and further extent the
development of a CLV3 bio probe, a fluorophore-labelled and photocaged CLV3 peptide was
developed. This allowed for controlled biological activation within the plant by temporarily
blocking the N-Terminus, a biological relevant part of the peptide. The synthesized bio probes
allowed for the first time a tracking of plant signaling pathways and thereby enabled a detailed
investigation of CLE peptide-trafficking dynamics in vivo. Since CLE family consists of more
than 20 related peptides, this synthetic methodology now enables the synthesis of additional
modified CLE peptides, which can be used to further investigate the signaling pathways
involved in CLE-RLK interactions.

In the second project, a novel fluorogenic photo-inducible crosslinker for application in PAL
was established. This AzC derivative was established as a building block suitable in SPPS. To
establish its applicability as a tool to investigate ligand-receptor-interaction, the AzC building
block was attached to different carbohydrate moieties and validated the specific binding to
selected lectins. AzC exhibits a unique property that it's the native fluorescence of the coumarin
is quenched due to the presence of the azide. However, upon modification or removal of the
azide, which can be achieved by irradiation, the fluorescence of coumarin can be restored,
making this a turn-on fluorogenic probe. Since UV irradiation of the azide creates a short-lived
nitrene radical intermediate, it acts as a photo-inducible fluorogenic crosslinker. In this work,
several different AzC glycan probes were synthesized, characterized and established as
probes for PAL. It was successfully demonstrated that, upon light activation, these AzC glycan

probes showed selective binding and crosslinking to their respective lectins which could be
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visually confirmed due to the turn-on fluorogenic properties of the AzC. Thus, this work
highlighted the potential of AzC as a photo-inducible fluorogenic crosslinker to study ligand-
receptor interactions, even beyond the field of glycobiology and could hence serve as a useful
tool in screening and diagnostic applications in the future.

The third project dealt with the development of small synthetically accessible peptide-based
lipids to simplify the manipulation of model membranes. Here, a novel platform for the
investigation of crowding on membrane dynamics was showcased. Basis of this project was
the SpyTag-SpyCatcher technology, which is a protein-based technology for irreversible
bioconjugation. In this work, a lipid-decorated ST peptide was successfully synthesized and
characterized and validated for its integration into model membranes and subsequent binding
to the SC proteins. This work established a new tool kit for facilitating the decoration of
membranes with large biomolecules for the generation of crowded model membranes. Since
the integration of large lipid anchors can be challenging, we use the small lipid-functionalized
ST peptide for membrane integration that serves as precursor and docking point for the large
SC protein. Upon forming a covalent iso-peptide bond with the ST, the large SC protein is
successfully incorporated into the membrane, which was successfully validated with GUV and
liposome models. This approach enables access to complex membrane surfaces for a more
realistic representation and investigation of molecular mechanism on crowded membranes.

Through these contributions, this work has contributed to advancing the understanding of
molecular interactions in biological systems. The probes and ligands, synthesized in this
thesis, provide valuable new tools for future research and potential applications in the fields of

plant biology, biochemistry and biomedical science.
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Appendix

Abbreviation
Alloc
AzC

AzCMan
AzCGal
BAM1
BADS
Boc
BOP
BSA
CLE
CLV1
CLV2
CLV3
ConA
CRD
CRN
CuAAC
Cys

°C
DCM
DIC
DIPEA
DLS
DNA
DMF
DOPC
DSPE-PEG
DTNB
e.g.
EDS

et al.
FITC

Definition
allyloxycarbonyl

Azidocoumarin

Azidocoumarin mannose

Azidocoumarin galactose

BARELY ANY MERISTEM1

Benzyl azid diamine succinic acid
tert-Butyloxycarbonyl
Benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium hexafluorophosphate
Bovine Serum Albumin

CLAVATA3/EMBRYO SURROUNDING REGION
CLAVATA1

CLAVATA2

CLAVATA3

Concanavalin A

carbohydrate-recognizing domains

CORYN

Copper-Catalyzed Azide-Alkyne Cycloaddition
Cysteine

Degree Celsius

Dichlormethane

Diisopropylcarbodiimide

Diisopropylethylamine

Dynamic Light Scattering

Deoxyribonucleic Acid

N, N-Dimethylformamid
Dioleoylphosphatidylcholine
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-polyethylene glycol
Dithio nitrobenzoic acid

Exempli gratia (for example)

Ethylene glycole diamine succinic acid

Et alii (and other)

Fluoresceine isothiocyanate

147



fig22

Fmoc

g/mol

Gly
GUVv

HOBt

IR

LRR

mg

mmol

mi

min
MALDI-TOF-
MS

Man
MDS
ML

MWCO
m/z

pmol
Ml

nm
NHS
NMR
NVOC
OoDS
PAL
Pbf
PBS
PEG
pH
ppm

flagellin 22

9- Fluorenylmethoxycarbonyl
Chemical shift

gram
Gramm per Mol

Glycin

Giant unilamelar vesikel
hour
1-Hydroxybenzotriazole
Infrared

Leucine-rich repeat
milligram

millimole
milliliter

minute

Matrix-assisted laser desorption/ionization time-of-flight mass

spectrometry
Mannose

Methyl succinidyl diamine succinic acid
Maleimid lipid

Molecular weight cut-off
Mass-to-charge-ratio

Micro mol

Micro liter

nanometer

N-Hydroxysuccinimide

Nuclear magnetic resonance
2-Nitroveratryloxycarbonyl

Octyl diamine succinic acid

Photo affinity labeling
2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl
Phosphate-Buffered Saline

Poly ethylene glycol
Pondus hydrogenii

Parts per million
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PyBOP
RAM
Rf
RLK
RhST
RhSTL
RNA

RP-HPLC-MS

SAM

SC

SC-488
SDS
SDS-PAGE
SLB

ST

STL

TAMRA
tBu

TCEP
TDS
TIRP
TLC
TNB
trt

uv
Vis
WuUS

Benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate
Root Apical Meristem

Retention factor

Receptor-Like Kinase

Rhodamin SpyTag

Rhodamin SpyTag lipid

Ribonucleic acid

Reverse phase high-performance liquid chromatography-mass
spectrometry

Shoot apical meristem

SpyCatcher

SpyCatcher 488

short diamine succinyl

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
supported lipid bilayers

SpyTag

SpyTag lipid

5-Carboxytetramethylrhodamine

tert-Butyl

Tris(2-carboxyethyl)phosphine

Triple bond diethylenetriamine succinyl

Thiol-induced, light-activated controlled radical polymerization
Thin layer chromatography

5-thio-2-nitrobenzoic acid

Trityl

Ultra violet

visual

Wuschel
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