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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 specific 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.

Bl INTRODUCTION nitrene intermediates.'”"? Benzophenone, 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.”’15 The

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 generated nitrenes are then able to initiate various covalent
even weak associations and thereby allows mapping of the linkage reactions, e.g,, to insert into C—H and N—H bonds or
interactome of a target protein, the identification of binding result in ring expansion and react with amines as
sites, or to gain insights into modes of action."” nucleophiles.'® Subsequent detection of the covalently bound
Especially cross-linkers that can be activated upon interaction partners is usually a combination of different
irradiation with light have been advantageous in such enrichment strategies, molecular biology assays, and mass
applications due to their spatial and temporal precision. This spectrometry.'” %>
method is commonly referred to as photo affinity labeling However, a disadvantage of using the above-mentioned

(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 N, and the formation of reactive

derivatives for PAL is a lack of direct visual control of
successful cross-linking during the experiment. Having parallel
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A) Modular Solid-Phase Synthesis of AzC glycan PAL probes
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B) Selective lectin targeting and detection with AzC glycan PAL probes
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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
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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, Apapm > 600 nm).>>>

A particularly interesting derivative is azidocoumarin (AzC),
which carries an electron-rich azide substituent, typically at

https://doi.org/10.1021/acs.bioconjchem.5c00613
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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.

567

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
con]ugatlons, 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

https://doi.org/10.1021/acs.bioconjchem.5c00613
Bioconjugate Chem. 2026, 37, 565—579


https://pubs.acs.org/doi/10.1021/acs.bioconjchem.5c00613?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.5c00613?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.5c00613?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.5c00613?fig=fig2&ref=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
A) ' I B) ConA C) Lectins/Proteins® AzCMan AzCGal
—NH ConA (25.6kDa) + -
ConA 25.6kDa 25.6kDa
ConA o No AzCMan AzCGal ConA +D-Gal e =
il 26.3kDa ConA +D-Man + -
L-NHO | D !
— s & - -
AzCMan (s) u 5 5 : ConA +a-MeMan
| | A (33k = =
AzCGal L mwe J\ Eshicla)
— Before irradiation 25000 30000 35000 25000 30000 35000 ConA + BSA v -
— After irradiation
D) ConA + D-Man E) ConA + a-MeMan F) ConA + BSA
25.6kDa
AzCMan 29-6kDa 29.6kDa 25.6kDa AzCMan
25.6kDa | ukced AzCMan AzCGal 25.6kDa AzCGal
33kDa
26.3kDa ‘. | 1 33KDa
]. ‘ \ ‘ 126.3kDa | , |
) m/z —4;_*__,_ Jr XL ' | m/z _/‘ \ ' ' Mm/z J ;\\___\_J
25000 30000 35000 25000 30000 35000 25000 30000 35000 25000 30000 35000 25000 30000 35000 25000 30000 35000

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 S2 1A).% To
determine the optimal irradiation time that provides 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
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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

https://doi.org/10.1021/acs.bioconjchem.5c00613
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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 aflinity, 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
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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, a-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 S$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).
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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 AzCMan
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 S, 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 M. 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 S-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
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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
S$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
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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
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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 a-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 AzCMan 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,
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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-
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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
(>299,0%), 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,0 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.
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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
DMF 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, 5, 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
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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 pL of each AzC probe (50 uM each) was mixed with 10 uL of
either ConA (50 uM) or RCA,, (50 uM) 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 (5 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—HCl, 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 50 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/0O10/87).

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 uL 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 L 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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