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A trifunctional probe for generation of fluorogenic glycan-
photocrosslinker conjugates

Brandon Vreulz,2 Daphnée De Crozals? and Samy Cecioni *2

Interactions between cell surface glycans and lectins mediate vital biological processes, yet their characterization is hindered
by the low affinity of these binding events. While photoaffinity labeling can capture these interactions, traditional custom
probes often demand tedious synthesis, are limited to simple glycans, and lack versatility. To overcome these limitations,
we report a trifunctional scaffold enabling modular assembly of glycan probes. This scaffold integrates orthogonal sites for:
(i) efficient late-stage ligation of native oligosaccharides via an N-alkoxy-amine, preserving glycan structure; (ii) flexible
amide coupling of various photocrosslinkers, including a recently developed fluorogenic azidocoumarin for traceable
labeling; and (iii) conjugation to reporter tags (e.g., biotin) or multivalent carriers through a carboxylic acid motif. We
demonstrate the scaffold's utility by synthesizing probes bearing various fucosylated glycans. Probes incorporating the
fluorogenic photocrosslinker achieved specific, light-induced labeling of the model lectin BambL. The platform's adaptability
was further confirmed by generating monovalent biotinylated probes displaying the photoactive glycan. This modular
strategy offers a practical solution to rapidly construct advanced chemical probes, facilitating the investigation of complex

glycan recognition events in diverse biological systems.

Introduction

Cell surfaces and extracellular matrices are decorated with a complex
layer of glycosylated molecules. Across all kingdoms of life, living cells
position glycans on the front line with regards to their immediate
environment. Consequently, glycan recognition by glycan-binding
proteins (lectins) is essential for the healthy functioning of the cell
by controlling complex biological functions related to cell-cell
adhesion? 3, cell signaling or immune responses.* Concurrently,
alterations of glycosylation and glycan
demonstrated hallmarks of numerous monogenic and chronic

recognition are now

human diseases,>” but can also drive cancer malignancy® as well as
the adhesion of various pathogens to human tissues.®

Despite the relevance of glycan recognition to human health,
understanding how glycans interact with glycan-binding proteins
remains technically challenging. Indeed, capturing and visualizing
these relatively weak, non-covalent interactions is often a major
bottleneck in Recent conceptual

glycoscience research?®.

improvement have included metabolically incorporated sugar

analogs'4, exo-enzymatic glycan labeling?™ %6, and liquid glycan or

lectin arrays through phage display!’'°. However, chemical

photoaffinity probes?0-22 are still often needed to create covalent
bonds between interacting partners, thereby freezing and capturing
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synthetic

glycan recognition events. Typical designs of such photoaffinity
labeling probes include a sugar recognition motif, a photocrosslinker
and a chemical tag for detection and/or pull-down (e.g., biotin).2% 23
Notable examples include bifunctional diazirine-biotin probes to
capture proteins binding to human milk oligosaccharides??,
benzophenone-alkyne probes conjugates to glycosaminoglycan
polysaccharides?*, as well as gold nanoparticles decorated with
galactosides and aryl azides or benzophenones.?>: 26

While the efficacy of such photoaffinity probes is well-established,
they generally remain application-specific, requiring custom design
and difficult glycosylation reactions. Consequently, chemical
photoaffinity probes are often restricted to simple mono- or di-
saccharides and traditional photocrosslinker motifs. While the
primary specificity for a terminal monosaccharide is important,
biologically-relevant specificity generally emerges from binding to
larger oligosaccharides, either through direct interactions within
extended binding pockets or through conformational effects.> 27 As
a result, the physiological selectivity of most lectins is poorly
understood, and identifying uncharacterized glycan-binding domains

remains a significant focus in the field.?®

With a clear need for tools that enable systematic capture of glycan-
protein recognition, linear syntheses of chemical probes that start
with glycosylation of simple sugars inherently limit the landscape of
readily accessible glycan probes. In addition, the toolbox of
photoreactive motifs for capturing non-covalent interacting partners
has received limited conceptual improvements. While light-initiated
covalent capture is attainable through traditional aryl azides,
trifluorodiazirines, alkyldiazirines or benzophenones, the detection
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of crosslinked reaction products is not trivial. Recently, our group
introduced a traceable fluorogenic photocrosslinker motif that
enabled the visualization of glycan-lectin capture (Figure 1).° To
achieve fluorogenic photolabeling, we transposed the traditional aryl
azide motif onto a 7-azidocoumarin scaffold and leveraged
fluorination of the aromatic core to prevent nitrene rearrangements
that would disrupt conjugation.3® Interestingly, highly efficient
absorption with near UV light and rapid photoactivation are
additional benefits of the extended conjugation on such azido-
chromophores. Connecting this motif to monosaccharides, we
observed a glycan-specific photolabeling that was concomitant with
the permanent attachment of a fluorescent tag on crosslinked
species.??

Despite having demonstrated the efficacy of this concept with lectins
of various affinities, design required specific chemical
glycosylation reactions to install different sugars and did not include

our

means to append a secondary tag for pull-down (e.g., biotin). In this
report, we aimed to address both the narrow applicability of
common chemical probes and the lack of means for convenient
traceable detection by appending our fluorogenic photocrosslinker
onto a trifunctional modular scaffold. Specifically, we reasoned that
a widely useful probe should enable i) late-stage ligation of native
oligosaccharides, ii) flexible attachment of any photocrosslinker and
iii) an anchor points either to generate monovalent tagged glycan/PC
(Photocrosslinker) conjugates (e.g., biotin) or to present the probe
onto a multivalent carrier (Figure 1). Using methyloxy-amine ligation

— Previous work - Fluorogenic capture of glycan-protein interactions
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on a trifunctional scaffold, we demonstrate efficient gttachment of
monosaccharides to trisaccharides, conjugationled Iyt tags2and
fluorogenic photocrosslinking capabilities.

Results and Discussion

We aimed to prepare a trifunctional scaffold bearing orthogonal
groups that coupling of our fluorogenic
photocrosslinker as well as late-stage ligation of glycans (Scheme 1).

would enable
Over the past 30 years, the field has pursued methods toward the
efficient attachment of diverse glycans to chemical probes,
multivalent cores and surfaces. Numerous strategies have been
reported either to generate reactive glycosides or to directly anchor
free oligosaccharides based on the unique reactivity of the anomeric
position. When chemical transformation of glycans is practical, it is
now relatively easy to prepare aminooxy-functionalized
carbohydrates3! or to generate glycosyl azides.323* However, if one
prefers to directly ligate free glycans through their reducing end,
chemical probes, or surfaces, bearing hydroxylamines or hydrazides
can react with the anomeric carbon in its aldehyde form. Typically,
O-substituted hydroxylamines lead to the open-chain sugars through
E/Z oximes, whereas hydrazides yield cyclic sugars with good
stereocontrol (B-glycosides).3> 3¢ Interestingly, alkylation of the
hydroxylamine motif generates N-methoxy-iminium intermediates
that readily cyclize to provide neopyranosides with high yields and
good stereocontrol as well,37%0 vyielding ligated glycans with
cyclic Therefore, N,O-disubstituted

preserved sugars.

F
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Figure 1 | Expanding fluorogenic photocrosslinking of glycan-protein interactions. Fluorogenic capture was demonstrated in

2023 by Bousch et al. but its design required custom chemical glycosylation reactions and did not allow for further conjugation.

Here, we developed trifunctional modular probes that enable direct ligation to the reducing end of any glycan, fluorogenic

photocrosslinking and conjugation to secondary tags.
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hydroxylamines such as N-alkoxy-amines or N-alkyl-aminooxy groups
are now widely used motifs for ligation of free sugars and
oligosaccharides. Recently, these functional groups have proven
useful in bifunctional probes to ligate a diverse set of complex
glycans (lactosides, N-glycans, etc..).40-43

For the design of tri-functional probes, we prioritized the N-alkoxy-
amine motif based on the excellent chemical stability of N-alkoxy-
amino glycosides at physiological pH*°, as well as its resistance to
enzymatic hydrolysis by glycosidases.** Additionally, we reasoned
that N-alkoxy-amines could be Boc-protected to enable convenient
synthesis of complex probes and final deprotection toward late-
stage glycan ligation. Therefore, we initiated our synthesis by
installing N-Boc methoxy amine on N-(bromopropyl)phthalimide to
yield intermediate 2. Deprotection using hydrazine hydrate followed
by HBTU-promoted coupling to the Fmoc-protected glutamic acid 4
afforded compound 5, and removal of Fmoc-protection using
piperidine efficiently yielded trifunctional probe 6. We then observed
that this scaffold can be readily coupled to our azido-fluoro-coumarin
fluorogenic photocrosslinker?® PC1, and subjected to a deprotection
sequence to provide the final N3-F3-Coumarin probe (N3-Couma 10)
with excellent yields. Importantly, the common scaffold 6 can also be

o
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coupled with a traditional photocrosslinker, as exemplified by, the
synthesis of the trifluoromethylphenyldi@ftiri€ 1{FPP3)5>(robe68
through a similar sequence.

With these trifunctional probes in hand, we then set out to optimize
the chemical late-stage ligation of free sugars. In previous work using
N-alkoxy-amines handles, large excesses (10 to 100 equivalent) of
either the ligation probe, or the glycan, are often reported.*43
Furthermore, the need for specialized chemical synthesis hardware
and complex purifications limits the routine assembly of custom
probes. Therefore, we set out to optimize our ligation conditions
aiming at i) simple experimental conditions, ii) reasonable
stoichiometry of reagents, and iii) high yields and clean crude
reaction mixtures to streamline purification.

Because we are interested in profiling fucosylated glycan
recognition, we performed our optimization using a small panel of
lactose and fucose-based mono-, di- and oligosaccharides. Fucose
residues are installed as terminal residues on diverse glycans in
mammals and are therefore important ligands for glycan-binding
proteins. In addition, alterations in the fucosylated glycome occur in

several diseases, though the underlying impact on glycan-lectin
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Scheme 1 | Synthesis of trifunctional probes. (Top) Retrosynthesis of trifunctional probes. The common intermediate can be
accessed in four steps from N-(bromopropyl)phthalimide and Fmoc-protected glutamic acid. Our modular design allows for
conjugation of a novel fluorogenic coumarin photocrosslinker or a traditional trifluoromethylphenyldiazirine photocrosslinker.
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interactions remains poorly understood.*>4¢ Despite their relevance,
only a limited number of mammalian fucose-binding lectins have
been identified.*® These include DC-SIGN, selectins and langerin
lectins, which all belong to the family of C-type lectins. Interestingly,
over 80 proteins with C-type lectin-like domains (CTLD) have been
identified in humans, but their glycan-binding abilities remain ill-
defined.. 4748

Using our diazirine-based probe, we developed a ligation protocol
that can be carried out in microtubes using simple heat blocks or a
PCR thermal cycler (Table 1). Screening buffers with 2 equivalents of
the fucose monosaccharide, we observed 80+% yields (based on LC-
MS) using a mixture of dioxane and ammonium acetate buffer at pH

Journal Name

stoichiometry to 1.2 equivalents had a detrimental effect, on crude
yields (entry 4). Interestingly, increasing tHeCrled@tiord tertperaure
from 40°C to 60°C improved reaction kinetics but delivered crude
mixtures that contained more impurities (with fucose entry 5, or
lactose see ESI Fig. S1).

Using lactose, a 48hr reaction provided the expected product with a
lower yield of 63% (entry 6) but with complete beta-stereocontrol as
assessed by *H-NMR of crude mixtures after lyophilisation. This could
be remedied by using a slightly higher excess of lactose (3 eq., 79%
yield, entry 7). Applying these conditions with the trifunctional probe
bearing our fluorogenic photocrosslinker (N3-Couma 10) delivered
the corresponding glycosylated probes albeit with slightly diminished

8
2
<
B
g
5
. Q
S o
é % 4.6 (entry 2). While longer reaction times (24 h) enable near reactivity. However, using 3 eq. of glycans, 48 h reactions, and an
§ E complete conversion (entry 3), we noticed that reducing the sugar adjusted pH of 5.5 for oligosaccharides, all reactions were high
Y E
—
Q
Q9 ©
Q — Table 1 | Optimization of the N-alkoxy-amine ligation with mono-, di- and tri-saccharides.
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Figure 2 | Panel of fucosylated and control probes after chemical ligation.

yielding, demonstrating the versatility of the N-alkoxy-amine motif.
As shown through analysis of crude reactions by LCMS, these
reactions proceeded cleanly at 40°C. Importantly, probes can be
easily purified using filtration through C18 SPE cartridges (ESI Fig. S2).
Finally, we tested the stability of this ligation and observed that
stocks of these probes remain stable for months at -20°C (ESI Fig. S3).

Using this strategy, we prepared a small panel of glycosylated probes
in mg scales (Figure 2). After purification, these probes were
characterized by 'H-NMR, LC-MS, and HRMS (ESI). This common
its ability to
accommodate our custom fluorogenic photocrosslinker and to ligate

trifunctional scaffold therefore demonstrated
various glycans efficiently. Importantly, the third anchor point
consisting of a carboxylic acid remains available to generate either
monovalent tagged probes or to decorate multivalent carriers. To
prepare monovalent biotinylated probes, we coupled an amino-
biotin linker*® to our protected scaffold 18 (Figure 3a). After Fmoc-
deprotection using piperidine, we isolated the amine 20, coupled a
trifluoromethyl phenyl diazirine (TPD) moiety, and removed the Boc
protecting group to generate a monovalent biotinylated crosslinker.

This journal is © The Royal Society of Chemistry 20xx

Prepared in 4 steps and with a 35% overall yield from our
trifunctional scaffolds, the probe 21 can be synthesized in 100 mg
scale and is suitable for ligation to any glycan. Since we initially
showed that glycans can be first ligated to our scaffold, we reasoned
that a promising alternative route would be to use the glycosylated
probe 17 bearing a free carboxylic acid and connect the amino-biotin
linker. Both routes (Figure 3b, ESI) proved effective to afford the
monovalent probe ligated to the 2’-fucosyl-lactose trisaccharide.
Importantly, we performed photocrosslinking experiments with the
biotinylated probe 22 bearing this trisaccharide. Using streptavidin-
Alexa 680 fluorophore conjugates, we observed efficient traditional
photocrosslinking with a model lectin (ESI, Fig. S4).

Next, we set out to test the performance of our modular scaffold and
the derived glycosylated probes in fluorogenic photolabeling
experiments. As a model lectin, we employed BambL, which is a
fucose-binding lectin found in the opportunistic bacteria
Burkholderia ambifaria.>® BambL is a trimeric lectin (six-bladed B-
propeller) that recognizes fucosides with a micromolar affinity, but

we have recently demonstrated that our fluorogenic approach is

J. Name., 2013, 00, 1-3 | 5
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Figure 3 | The modular trifunctional platform enables synthesis of biotinylated probes. Through orthogonal protecting groups, one can

either first biotinylate the glycosylated probes, or perform glycan ligat

efficient with various lectins over a wide range of Kp values.?®
Therefore, we tested our panel of probes bearing various fucosylated
motifs (fucose, 2’-fucosyl-lactose, and 3-fucosyl-lactose) as well as a
lactosylated negative control and the 1st-generation fucoside
probe.?® We incubated the various probes with BambL (5:1 ratio) and
performed photo-irradiation experiments. Because many photo-
crosslinkers are prone to non-specific labeling, it is crucial to include
competitive inhibition controls (here with «-Me-fucose) to
determine whether the captured interaction truly arises from
specific glycan recognition. After irradiation (350 nm) for 5 minutes,
SDS-PAGE and transfer onto PVDF membranes, we observed efficient
fluorogenic photo-crosslinking with all fucosylated probes.
Importantly, competitive inhibition showed a near complete
decrease in fluorescence, and the lactose probe demonstrated the
absence of non-specific crosslinking (Figure 4). Comparing various
fucosylated glycans, it appeared that probes bearing a single fucose
monosaccharide vyielded higher levels of fluorogenic labeling.
Comparable efficacy between our 1%t-generation probe and our
modular scaffold supports that the photoactive residue remains
appropriately positioned and that the N-alkoxy-amine ligation did
not perturb recognition by BambL. Finally, BambL is known to bind
2’-fucosyl lactosides with affinities comparable to that of a-Me-
fucose, whereas 3-fucosyl oligosaccharides usually show lower

6 | J. Name., 2012, 00, 1-3
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ion on a biotinylated intermediate.

affinities, which is consistent with the levels of labeling observed
here.>® Correlation between fluorogenic and affinity is promising,
insofar as this approach could enable the profiling of glycan
preference, at the oligosaccharide level, in complex systems such as
tissues or cell surfaces.

Conclusion

In this report, we present the synthesis and evaluation of a
trifunctional modular scaffold that enables the ligation of complex
glycans and the installation of various photo-crosslinkers, including
our recently reported fluorogenic photocrosslinker. This scaffold also
allows further elongation toward a monovalent biotin tag and the
possible display of multiple copies on multivalent carriers. In our
effort toward advancing the next generation of traceable
photocrosslinkers to profile glycan-protein interactions, we expect
that this scaffold will be practical to readily generate libraries of
glycosylated probes and novel photoactive dyes. We anticipate that
this modular approach will be broadly useful to researchers seeking
to capture a specific interaction without having to design an entirely
novel probe, using custom chemical synthesis and glycosylation
reactions. In our group, we aim to leverage this scaffold along with
novel fluorogenic photocrosslinkers to profile glycan recognition in

This journal is © The Royal Society of Chemistry 20xx
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probes (mono- or tri-saccharides) is comparable to our 1%t generation fluorogenic photocrosslinkers.

increasingly complex physiological environments such as cells
lysates, live cells or biological tissues. Finally, the ability of this
trifunctional design to control the valency of the glycan epitope will
be studied in future work. Most mammalian lectins show a rather
poor affinity for monovalent epitopes and multivalent conjugates
bearing glycosylated structures capable of engaging in fluorogenic
photocrosslinking may offer a unique advantage for profiling low
affinity glycan binding events at the cell surface.
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