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Fluorescence polarization (FP) is a useful technique to study the interactions between carbohydrates and proteins
in solution, by using standard equipment and minimal sample consumption. Here, we will review the most recent
FP-based approaches in this field, including the study of carbohydrate—lectin, carbohydrate—enzyme and glycosa-
minoglycan—protein interactions. Advantages and limitations of this methodology will be discussed. To develop a
FP procedure for studying carbohydrate—protein interactions, the main requirement is the design and synthesis of
a suitable fluorescent glycan probe showing high affinity for the protein of interest. Different synthetic strategies
employed for this purpose will be described, including the conjugation of 2-aminoethyl glycosides with amine-
reactive fluorescein derivatives, the cycloaddition reaction between azido-functionalized saccharides and alkyny-
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lated fluorescent derivatives, and the reaction of the reducing end aldehyde group of an oligosaccharide with a
hydrazide-containing fluorescein molecule. Competition FP experiments are particularly interesting because they
enable the rapid screening of hundreds/thousands of non-labelled compounds for the discovery of molecules
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Introduction

Fluorescence polarization (FP) is a powerful technique to study
biomolecular interactions in solution. FP has been extensively
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that block carbohydrate—protein binding, potentially modulating the subsequent biological processes.

used in drug discovery and the analysis of DNA-protein, DNA-
DNA and protein-protein interactions."® Its application in the
field of carbohydrate-protein interactions® has received less
attention.'®'" The study of these interactions is fundamental
to understand the functions of carbohydrates that are involved
in biological processes such as inflammation, pathogen infec-
tion, cancer, etc. In this review, we will focus on the FP-based
approaches to study glycan—protein interactions reported in
the last 20 years.
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In a FP experiment, a fluorescent molecule is irradiated
with polarized light (Fig. 1)."'° The polarization of the emitted
light depends on the apparent molecular weight of the fluo-
rescent compound. In the case of a low molecular weight
molecule (for example, a fluorescently labelled carbohydrate),
which rapidly rotates in solution, the emitted light is highly
depolarized due to the fast movement of the compound.
However, when the small fluorescent glycan binds to a larger
molecule (its protein receptor), the resulting complex rotates
slower and, therefore, the emitted light largely remains polar-
ized. This fact allows the use of FP measurements to analyse
carbohydrate-protein binding events. Molecular size is directly
proportional to FP: small carbohydrates show low FP values
while large carbohydrate-protein complexes give high FP
values. Relatively large changes in molecular size between the
glycan probe and the complex are required for significant
change in polarization values that allow the detection of
binding.

FP measurements are recorded using commercially avail-
able microtiter plate readers equipped with appropriate exci-
tation and emission filters. The FP value of the emitted light is
calculated from the fluorescence intensity variations in its par-
allel and perpendicular components. Since the polarization
value is a ratio of light intensities, it is a dimensionless
number often expressed in millipolarization (mP) units (1 P
unit = 1000 mP units). Anisotropy is sometimes employed
instead of polarization.”'® This analogous parameter, also
derived from the variations between vertical and horizontal
fluorescence intensities, is mathematically closely related with
FP. In this review, these terms will be used interchangeably.

Two different types of FP experiments can be distinguished.
In a direct binding assay (Fig. 2A), the interaction between a
fluorescently labelled carbohydrate and the corresponding
protein receptor is studied. Typically, FP of samples containing
a fixed concentration of fluorescent ligand and increasing
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amounts of protein are measured. From these data, a binding
isotherm can be constructed plotting the FP values against
protein concentration. Nonlinear regression analysis can then
be applied to obtain the dissociation constant (Ky) of the fluo-
rescent glycan-protein binding. To calculate meaningful Ky
measurements, it is important to use protein concentrations
high enough to get a plateau in the saturation curve that indi-
cates the maximum FP value approached, in which all the
probe is bound to the protein.

Alternatively, a FP competition assay can be also estab-
lished (Fig. 2B). In this case, the FP of samples containing
fixed concentrations of fluorescent probe and protein are
recorded in the presence of increasing concentrations of non-
fluorescent, potential inhibitors. When added to the probe/
protein mixture, an active inhibitor is able to displace the
labelled saccharide from the protein binding pocket. In this
way, a decrease of the FP signal is observed due to the dis-
placed probe that can now move freely in solution. A compe-
tition curve can be generated by representing FP values against
the logarithm of inhibitor concentration. From these data,
ICs, values can be deduced by nonlinear regression analysis.
The great benefit of these competition assays is the ability to
determine relative binding affinities for compounds without
the need to label them, using just one fluorescent labelled
saccharide.

Typically, the experiments are performed at least in three
replicate wells. In addition, several independent experiments
are usually carried out and the reported ICsy/Kq and error
values represent, respectively, the average and the standard
deviation from these independent assays.

Compared to other methods used in the analysis of glycan-
protein interactions,”'" such as surface plasmon resonance
(SPR), ELISA-like assays, saturation transfer difference (STD)
NMR and isothermal titration calorimetry (ITC), FP presents
some advantages and also disadvantages. Like STD-NMR and

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Types of FP experiments. (A) Direct binding assay; (B) competition experiment.

ITC, FP is a homogeneous technique in which the binding
partners are free in solution. FP does not require immobiliz-
ation of protein or ligand to a solid support in contrast to SPR
or ELISA-like assays. Therefore, washing steps are avoided and
the experimental procedure is simple and fast. Once the equili-
brium is reached, FP is usually recorded in a few minutes.

Another important advantages of FP include its suitability
for high-throughput screening since 384-well or even 1536-well
microtiter plates can be employed, and the low amount of
samples (both protein and fluorescent probe) required (often,
solutions into the nanomolar range) in comparison with other
in-solution methods such as STD-NMR and ITC (typically,
solutions in the micromolar/millimolar range). However, it is
important to note that, in FP competition experiments, a
protein concentration close to the K4 value of the probe/
protein interaction is needed to get a high enough range of
measurement, representing around 50% of the maximal shift.
Therefore, the concentration of protein required depends on
the affinity constant with the probe and this point can poten-
tially limit FP studies when considering the low affinity of
carbohydrate-protein interactions (see below).

Concerning the type of information obtained, FP experi-
ments usually provide a quantitative value of the binding
affinity, expressed as ICs, or Kq, in contrast to other techniques
that give additional data on the glycan—protein interaction.
Thus, SPR can afford association and dissociation kinetic con-
stants, ITC provides all thermodynamic parameters and also
the stoichiometry of the complex, and STD-NMR delivers infor-
mation on the carbohydrate binding epitope in contact to the
protein receptor by using an excess of carbohydrate ligand.

On the other hand, derivatization of the protein is not
necessary in FP assays, although the fluorescent labelling of

This journal is © The Royal Society of Chemistry 2025

the carbohydrate probe is required. In competition experi-
ments, the range of ICs, values that can be measured depends
on the probe used: ligands displaying higher affinities than
the probe cannot be analysed and, in these cases, STD or ITC
studies are required (see below).

As mentioned before, a first requirement for the develop-
ment of a FP assay is the preparation of a convenient fluores-
cently labelled carbohydrate probe. This compound should
bind to the protein of interest with high affinity in order to
minimize the amount of protein required for the experiments
and expand the range of binding affinities which can be calcu-
lated.'? Fluorescein is the most commonly used fluorophore to
label glycans in the FP field. Its properties (such as fluo-
rescence lifetime) are adequate to observe significant FP vari-
ations between a small fluorescein labelled carbohydrate (for
example, with a molecular weight of 1-2 kDa) and its complex
with a 10-20 kDa protein. Alternative fluorophores have also
been used. The relationship between molecular weight and FP
depends on the fluorescence lifetime of the probe." Therefore,
in cases where the change in molecular weight after binding is
quite different from that mentioned before (for example, when
considering larger fluorescent carbohydrates), the use of
fluorophores with longer lifetimes can be useful.

The conjugation chemistry used for labelling, in particular
the linker nature, can impact the assay performance. Long and
flexible linkers are usually avoided because allow the local free
rotation of the fluorophore upon protein binding, causing
undesired depolarization (propeller effect)." Different synthetic
approaches used for the preparation of fluorescent saccharide
probes are discussed below.

In FP assays, it is important to maintain a constant temp-
erature since temperature affects the molecular movement in
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solution and therefore modifies the polarization of the emitted
light. For the same reason, modifications in the buffer con-
ditions resulting, for example, in variations of the solution
viscosities, also change FP measures. A potential problem in
the development of FP experiments is derived from the inter-
ference caused by auto-fluorescent compounds.’ For example,
in competition experiments, the background fluorescence
from the inhibitors can cause artifacts. This can be solved by
pre-reading the fluorescence of samples before addition of the
fluorescent probe. The background fluorescence can then be
subtracted before FP calculation.

Hereafter, we discuss some of the most recent applications
of FP for the analysis of carbohydrate-protein interactions.
First, we review examples of FP experiments for the study of
the binding between carbohydrates and lectins. Then, we
present FP approaches towards the discovery of inhibitors for
glycan-processing enzymes. Finally, we focused in the particu-
lar case of glycosaminoglycan (GAG)-protein interactions.

FP experiments to study
carbohydrate—lectin interactions

Titz and coworkers reported a novel FP-based competitive
binding assay for the discovery of inhibitors of LecB, a patho-
genic carbohydrate-binding lectin produced by Pseudomonas
aeruginosa.'®'* Although the interaction between carbo-
hydrates and lectins is usually characterized by low to moder-
ate binding affinities (in the micromolar/millimolar range),
LecB binds t-fucosides with unusual high affinity and, there-
fore, fluorescein-labeled fucoside 4 was synthesized as probe
for the FP measurements (Fig. 3)."® The synthesis started with
the lanthanum triflate catalyzed glycosylation between r-fucose
and 2-bromoethanol, followed by acetylation, nucleophilic sub-
stitution of the bromine atom by sodium azide, and deacetyla-
tion. Finally, after reduction of the azido group, the resulting
2-aminoethyl fucoside 3 was conjugated with fluorescein-5-iso-
thiocyanate (FITC) to afford the fluorescent ligand 4 in excellent
yield. Upon incubation of 4 with increasing concentrations of
LecB, a dose-dependent increase of FP was observed due to the
binding between the fucose probe and the lectin (see Fig. 2A).
Compound 4 in the absence of LecB displayed FP values at the
background level, as corresponds to low molecular weight com-
pounds. Incubation of 4 with 16 puM LecB provided the
maximum polarization value that corresponds to all fucose
probe bound to the lectin. The binding was completely inhib-
ited by the addition of excess fucose (1 mM). Fitting of the
binding curve afforded a dissociation constant value of 697 nM
in good agreement with the known dissociation constant for
methyl o--fucoside (430 nM, obtained by ITC'®). This binding
affinity between 4 and LecB was ideal to develop a competition
experiment for the analysis of inhibitors in the micromolar
range."” In the competition assay, serial dilutions of inhibitors
were added to a stock solution containing a constant concen-
tration of 4 (1.5 nM) and LecB (225 nM). A dose-dependent
decrease of the FP value was observed when the tested com-
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Fig. 3 Synthesis of fluorescein-labeled fucoside probe 4. Reagents and
conditions: (a) La(OTf)s;, 2-bromoethanol, 70 °C; Ac,O, Py, 46%; (b)
NaNs, DMF, 70 °C, 70%; (c) NaOMe, MeOH; H,, Pd/C, EtOH, 66%; (d)
FITC, NaHCO3, DMF, 96%.

pounds inhibited probe 4-LecB binding (see Fig. 2B). ICs, values
for each inhibitor were calculated by nonlinear regression ana-
lysis of the competition curve. The assay was first validated
using ligands with known binding affinities. Then, a series of
mannoside derivatives containing different functions at position
6 were screened as potential LecB ligands. From this study, two
different inhibitors were identified showing up to a 20-fold
increase in affinity to LecB compared to the natural ligand
methyl mannoside. The FP assay was run in a 384-well format,
minimizing the sample consumption and avoiding the multiple
handling steps associated with ELISA-like protocols.

The same research group also developed a competition
assay for screening of potential LecA inhibitors.'®™® LecA is
another C-type lectin produced by Pseudomonas aeruginosa
which is important for biofilm formation causing antibiotic re-
sistance. In contrast to LecB that shows a high affinity (nano-
molar) for fucose residues, LecA binds specifically p-galactose
units with only moderate affinity constants (K4 = 50 pM for
methyl a-p-galactoside, obtained by ITC'®). This fact compli-
cates the design of a high affinity fluorescent probe for LecA.
Several fluorescein-labelled galactoside probes were syn-
thesized (Fig. 4) and their direct titration with increasing
amounts of LecA afforded Ky values in the micromolar range
(Kq = 7.4-27.4 pM)."® As discussed before, in competition FP
experiments, the required amount of protein should be close
to the Ky value for the probe/protein interaction. As a conse-
quence, 10-15 pM protein was employed to screen a library of
thiogalactosides and human blood group antigen epitopes as
LecA inhibitors. In order to reduce protein consumption (up
to 2 uM), the authors also prepared a fluorescein labelled diva-
lent probe (9) showing a Ky of 1.54 pM.

This competitive LecA binding assay was also used to
analyse a library of divalent galactoside derivatives.”®!

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Fluorescein-labelled galactoside probes for LecA binding and their corresponding Ky values. Phenyl p galactoside tracers 7 and 8 and diva-
lent compound 9, showing lower K4's, were preferentially chosen as FP probes in competition experiments.

However, the inhibition curves exhibited very steep Hill slopes,
indicating the high potency of divalent compounds and
suggesting that the lower assay limit was reached. In fact, an
alternative SPR study showed low nanomolar dissociation con-
stants for the divalent inhibitors, confirming that ligands with
much higher affinities than the fluorescent probe cannot be
reliably analysed."® In this context, the synthesis of high
affinity (nanomolar) fluorescent probes is required to solve
this limitation and measure high affinity nanomolar
inhibitors.**?

Additionally, a modified version of the competitive LecA
binding assay was employed to screen a series of catechols
derivatives as novel non-carbohydrate inhibitors.>® In this
case, a Cy5 labelled galactoside was chosen as probe to avoid
spectral overlap of some catechols with the fluorescein functio-
nalized compounds.

Burkholderia cenocepacia is a Gram-negative bacterium that
has several lectins with important roles in adhesion and
biofilm formation. One of these lectins is mannose specific
BC2L-A. In order to identify BC2L-A inhibitors with potential
anti-infection activities, a FP competition experiment was
developed.”® In this case, a mannose fluorescent tracer was
prepared following a synthetic strategy analogous to the one
depicted in Fig. 3 for the fucose probe 4.

The groups of Leffler and Nilsson developed a FP approach
to evaluate the interactions between galectins and natural or
artificial saccharides and glycoconjugates.>® Galectins are a
family of lectins that selectively recognize f-galactosides and
play an important role in cancer biology and immune and

This journal is © The Royal Society of Chemistry 2025

inflammatory responses. A library of fluorescein-conjugated
saccharides was synthesized and tested as fluorescent probes
in direct binding assays with different galectins.”*® In the
design and synthesis of the probes, the structural features of
galectin—carbohydrate interactions were considered and the
2-aminoethyl glycoside of N-acetyl lactosamine (or lactose) was
selected as the starting material since it is known that the
binding affinity of galactose alone is much lower than those of
lactosamine (and lactose) derivatives. The 2-aminoethyl glyco-
side was treated with various amine-reactive fluorescein deriva-
tives to generate conjugates containing thioureas (10), amino-
triazines (11) or amide linkages (12, 13) (Fig. 5).”° Direct
binding assays allowed the selection of the best probe, giving
the lowest Kq4 value, for each galectin. For this, FP of wells con-
taining 100 nM fluorescent probe and a series of different
galectin concentrations was measured after incubating the
plate in the dark for 5 min. Control wells containing only
probe were included and provided the minimum FP value. An
increasing polarization was observed with increasing protein
concentrations until a plateau was reached, indicating the
maximum FP value. Mathematical fitting of the binding curve
gave the Ky value for the probe-galectin interaction.
Introduction of additional saccharide units or functional
groups at position 3 of galactose usually improved the binding
affinity of the disaccharide. In general, amide linkers were pre-
ferred over thiourea and aminotriazine spacers due to stability
issues. However, derivative 13 displaying a long amide linker
gave poor results, probably because the fluorescein moiety can
independently rotate even when the probe is bound to the

Org. Biomol. Chem., 2025, 23, 2041-2058 | 2045
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protein. Alternatively, derivatives of thiodigalactosides, a class
of small galectin inhibitors, such as 14, have also been
employed as potent fluorescent ligands (Fig. 5).>° For some
galectins, experiments were carried out at low temperature
(8 °C) to increase the maximum anisotropy value reached due
to slower tumbling of the probe/galectin complex. Background
nonspecific binding was ruled out since a mannose nonbind-
ing probe had the same anisotropy value in the presence of
galectin as the free probe.

Once the optimal fluorescent derivative was chosen, a com-
petition assay was implemented for the analysis of a collection
of non-labelled compounds. A first screening was performed
by measuring the FP of wells containing fixed concentrations
of galectin 3 (1 uM), probe (100 nM) and inhibitor (8 pM).>®
This experiment allowed the quick identification of derivatives
showing high inhibitory potencies. Selected inhibitors were
then studied in more detail by titration with a fixed amount of
galectin and probe. Anisotropy was plotted against inhibitor
concentration and the resulting curves were mathematically
fitted to the equation for a one-site competitive interactive to
provide ICs, values. Using the same data, dissociation con-
stants for galectin-inhibitor interactions were also calculated
by solving a set of equations, since the concentrations of all
interacting molecules are known.?® This competition experi-
ment has been extensively used to study the interactions
between different galectins and non-fluorescent
molecules.”>?**3%7 For example, using this approach, some 3-
3'-bis(aryltriazolyl)thiodigalactosides have been identified as
high affinity ligands with selectivity for galectins 1 and 3
(Fig. 6).® Compound 15 displaying low nanomolar K4 was able
to attenuate lung fibrosis and block intracellular galectin 3
accumulation at damaged vesicles. On the other hand, car-
boxylic acid substituted quinoline-galactose derivatives, such
as 16, have shown efficient and selective inhibition of galectin

2046 | Org. Biomol. Chem., 2025, 23, 2041-2058
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tition FP assays.

8 with nearly 60-fold affinity enhancement over the reference
compound methyl p-p-galactopyranoside (Fig. 6).*° These
results provided a starting point for the development of galec-
tin 8 inhibitors potentially interfering with tumor progression.
Importantly, the preparation and use of second-generation,
nanomolar affinity fluorescent probes allowed the minimiz-
ation of sample consumption (galectin at 10 nM and probe at
4 nM) and the identification of inhibitors with single-digit
nanomolar affinity.”?

A similar FP assay, using fluorescein labelled lactose as
probe (compound 17, Fig. 7), was also applied to evaluate the
binding between galectin 3 and several galactan oligosacchar-
ides.*® This methodology, however, failed when larger pectic
and galactan polysaccharides were tested as potential galectin
3 inhibitors. On the other hand, although it is outside the
scope of this review, focused on FP studies employing fluo-
rescent carbohydrate probes, it is worth mentioning that the
presence of a tryptophane (Trp) residue in the carbohydrate
recognition domain of all galectins also enabled the study of
galectin—glycan interactions by intrinsic Trp fluorescence an-
isotropy spectroscopy.**

FimH is a bacterial lectin that binds mannosylated proteins
of host cells. This interaction is crucial for bacterial adhesion
and subsequent Escherichia coli urinary tract infections.

This journal is © The Royal Society of Chemistry 2025
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Blocking FimH binding with small molecules is a useful
approach to prevent bacterial entry and infection. A FP compe-
tition experiment has been reported to study the interactions
between FimH and mannoside derivatives.**> First, fluores-
cently tagged mannoside 18 was synthesized (Fig. 7). Then,
20 mannoside ligands with structural diversity were evaluated
for their ability to inhibit binding between FimH and the fluo-
rescent probe. Optimized biarylmannosides displayed low
nanomolar ICs, values, representing excellent candidates for
further development as novel therapeutics for the treatment of
urinary tract infections. Ernst and coworkers also described a
FP competition assay to characterize the binding affinities of
novel biphenyl mannoside derivatives for FimH.** Mannoside
19 was employed as probe (Fig. 7). Thus, a high affinity FimH
ligand, showing improved pharmacodynamics and pharmaco-
kinetics properties, was discovered.

A general strategy to label carbohydrates with N-methyl-
anthranilic acid at the anomeric position has been reported.**
The generated glycoprobes were adequate for FP binding and
competition experiments. As a proof of concept, using this

This journal is © The Royal Society of Chemistry 2025

approach, the binding of anthranilic acid-functionalized
maltose and lactose (20 and 21, Fig. 7) to their corresponding
protein receptors, maltose binding protein and galectin 1
respectively, were studied. A simple method to functionalize
oligosaccharides at their reducing end, generating appropriate
FP probes, has been also published.”> Thus, human milk
oligosaccharides were treated with pyrenebutyric hydrazide
and the resulting pyrene-labelled compounds were successfully
applied in FP studies with Ricinus communis agglutinin 120.
The interaction between galactose-functionalized fluorescent
polymers (22, Fig. 7) and peanut agglutinin (PNA, a galactose—
selective lectin) was also proved by fluorescence anisotropy
experiments.*® Protein binding was detected by the enhance-
ment of the anisotropy signal.

The interactions between Concanavalin A (ConA), an
a-mannose specific plant lectin, and different glycans and gly-
comimetics have been also evaluated by FP. For instance, a gly-
cosylasparagine derivative was fluorescently labelled (oligosac-
charide 23, Fig. 8) and its interaction with ConA was analysed
in a direct binding assay.” In addition, the conjugation
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between a mannose monosaccharide equipped with an
a-aminooxy group at the anomeric position and an aldehyde-
functionalized fluorescein derivative furnished a suitable fluo-
rescent probe (compound 24, Fig. 8) for the analysis of the
binding between ConA and mannose multivalent systems based
on a cyclic peptide scaffold.*® FP measurements also proved the
interaction between ConA and collagen peptides displaying a
mannose unit and a fluorescent dye.” On the other hand,
copper-catalyzed azide-alkyne cycloaddition reaction provided
labelled mannose dendrimers (such as 25, Fig. 8) that enabled
the study of ConA binding by fluorescence anisotropy.”®

The interaction between fluorescent ruthenium metallogly-
coclusters and several lectins have also been demonstrated by
FP. Thus, galactose metalloclusters showed specific binding to
PNA while glucose systems preferentially bound to ConA.>

High-mannose Many oligosaccharide is present in several
viral envelope glycoproteins. Its interaction with Dendritic
Cell-Specific ICAM-3 Grabbing Non-integrin (DC-SIGN) recep-
tor, found at the surface of dendritic cells, plays a crucial role
in the attachment of viruses to cells. Rojo and coworkers
reported a direct FP binding assay to calculate the dissociation
constants for the binding between DC-SIGN and several fluo-
rescent Man, derivatives.>> Man, oligosaccharides 26 and 27
displaying alpha and beta configurations at the reducing end,
and their corresponding trivalent glycoclusters 28 and 29 were
first synthesized (Fig. 9). Conjugation with commercially avail-
able alkynylated fluorescein derivative 30, using the Cu()
azide-alkyne cycloaddition reaction, afforded fluorescent com-
pounds 31-34 in excellent yield. The FP of microplate wells
containing a 10 nM fluorescent ligand solution and different
concentrations of DC-SIGN Extracellular Domain (ECD) were
then recorded. In all cases, an increase in the polarization
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value was observed with increasing protein concentrations,
due to the binding between DC-SIGN and the Man, derivatives.
Interestingly, a significant change in FP value was found upon
binding, although the fluorescent ligands had a considerable
size. From the binding curves, Ky’s for each ligand were calcu-
lated by nonlinear regression analysis (Fig. 9). The results
suggested that the anomeric configuration of the reducing end
mannose does not significantly influence in the binding
affinity for DC-SIGN, since similar values of K4 were obtained
for a- and p-configurated compounds. Therefore, Many alpha
epitope can be employed instead of more synthetically-challen-
ging natural beta oligosaccharide as DC-SIGN ligand. On the
other hand, the Ky’s of trivalent systems 33 and 34 were lower
than those for the monovalent oligosaccharides due to the
multivalent effect.

FP has also been employed to study carbohydrate-antibody
interactions. Globo-series glycans are human cell-surface
carbohydrates that include stage-specific embryonic antigen-4
and Globo H hexasaccharides. These oligomers were labelled
with BODIPY and FP direct assays showed a low nanomolar
interaction between the fluorescent conjugates and their
corresponding monoclonal antibodies.”® Using fluorescein-
labelled perosamine-containing oligosaccharides, a FP
approach has also been developed to detect antibodies against
Brucella infection as a new diagnostic tool.”*

FP experiments for the discovery of
glycan-processing enzyme inhibitors

Human nonlysosomal glucosylceramidase (GBA2) is a retain-
ing glycosidase that controls levels of glycolipids and is

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 Synthesis of fluorescently labelled Mang oligosaccharides and glycoclusters and K4 values obtained from FP direct binding assays with

DC-SIGN ECD. TBTA = tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine.

involved in several human diseases. A fluorescence polariz-
ation activity-based protein profiling (FluoPol-ABPP) assay has
been developed for the identification of GBA2 inhibitors with
potential therapeutic applications.’® This assay is based on the
covalent linkage of a reactive fluorescent probe to the active
site of the enzyme that results in a high FP measurement
(Fig. 10). The addition of an inhibitor that binds to the active
site, blocking the reaction of the activity-based probe, provides
lower FP values. Thus, tetramethylrhodamine (TAMRA) cyclo-
phellitol aziridine 35 was synthesized and used as activity-
based probe for GBA2. This fluorescent compound reacted
with the active site nucleophile of the enzyme. In these experi-
ments, extracts of cells overexpressing GBA2 were employed.
The assay conditions (pH, protein and probe concentrations)
were optimized in 96-well plates and the protocol was validated
by calculating the ICs, values of several known GBA2 inhibitors

This journal is © The Royal Society of Chemistry 2025

that were in agreement with previously reported data. Then, an
iminosugar library, containing more than 350 derivatives and
including pyrrolidine and piperidine iminosugars displaying
different configurations and N-alkylations, was screened in a
384-well plate format. Several potent and selective GBA2
inhibitors were identified, such as deoxynojirimicyn derivative
36 shown in Fig. 10.

Apart from GBA2, the FluoPol-ABPP strategy has also been
applied to lysosomal glycosidases, such as GBA1 (a retaining
B-glucosidase) and GAA (a retaining a-glucosidase).>®
Fluorescent cyclophellitols derivatives (37 and 38, Fig. 11) were
designed and synthesized for the selective covalent linkage to
each enzyme and iminosugar library screening afforded selec-
tive inhibitors for GBA1 and GAA.

This FluoPol-ABPP approach was also employed for the dis-
of a-mannosidases  inhibitors.>”  Golgi

covery new
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Fig. 10 Schematic representation of the FluoPol-ABPP assay.

Fig. 11 Fluorescent cyclophellitol derivatives for the covalent linkage to GBAL (37), GAA (38) and GMII (39), and fluorescein-functionalized cytidine
monophosphate sialic acid (40) and guanosine diphosphate fucose (41).

a-mannosidase (GMII) is a glycoside hydrolase that catalyses therapeutics. TAMRA-functionalized manno-epi-cyclophellitol
sequential hydrolysis of terminal o-1,3- and a-1,6-linked man- aziridine 39 (Fig. 11) was prepared and used as activity-based
noses from N-glycans. GMII inhibitors are potential anticancer probe for GMIIL The experiment was again validated using pre-
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viously reported inhibitors. As expected, these inhibitors
reduced polarization of TAMRA-emitted light in a concen-
tration-dependent manner. Next, the iminosugar library was
screened and seven new inhibitors were identified.
Remarkably, the experiment required very little material: 100
nM GMII and 25 nM probe solutions were needed. This aspect
is important considering that mannosidases are usually
expressed in small quantities. Therefore, the developed
method could be applied to other different a-mannosidases.
Many human diseases are related to inappropriate glycosy-
lation and, therefore, inhibition of glycosyltransferases is an
attractive therapeutic approach. FP experiments have also been
applied to the discovery of glycosyltransferase inhibitors.”®>°
Paulson and coworkers reported a FP-based assay for the high-
throughput screening of sialyl- and fucosyltransferase inhibi-

Q

O

fetuin

Glycosyltransferase

—Q
\A/OR
fluorescent

nucleotide S
carbohydrate donor S i
Y HO W fetuin

Glycosyltransferase
Inhibitor

B Ns

nucleotide
carbohydrate donor

Glycosyltransferasi/
NG}
\\/O NO

Streptavidin-
biotin-DBCO

High FP value

View Article Online

Review

tors (Fig. 12A).°° Fluorescein-containing analogues of the
nucleotide carbohydrate donor substrates were first prepared
(40 and 41, Fig. 11). The glycoprotein fetuin (50 kDa) was
chosen as the acceptor substrate (Fig. 12A). Transfer of the
fluorescent nucleotide donor to fetuin by the corresponding
sialyl- or fucosyltransferase afforded a high FP signal.®”°! The
addition of active inhibitors lowered the FP value, avoiding the
formation of the fluorescent high molecular weight glyco-
protein. Using this approach, a collection of 16 000 com-
pounds was screened and several selective inhibitors were
identified.®® This method allowed the identification of both
donor and acceptor site inhibitors and required minimal
amounts of enzymes. On the other hand, Rademann and co-
workers also employed FP to develop nanomolar fluorescent
inhibitors of sialyl transferases.®>

High FP value

i\/o o :
N ok Ho—ee - fetuin

Low FP value
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Fig. 12 FP-based approaches for the discovery of glycosyltransferase inhibitors.
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A high-throughput “FP-tag” assay has been reported for the
discovery of p-Kdo (3-deoxy-p-p-manno-oct-2-ulosonic acid) gly-
cosyltransferase inhibitors.®® In this case, a fluorescent accep-
tor and an azido-functionalized donor were employed for the
enzymatic reaction (Fig. 12B). Then, the reaction product was
conjugated with streptavidin (52 kDa)-biotin-dibenzocyclo-
octyne (DBCO) by copper-free click chemistry, generating a
high FP signal. If the enzymatic reaction was inhibited by a
compound, the FP value lowered. Thus, a library of
1000 marine sponge derivatives was analysed in a 384-well
format and several hits were identified. More recently, bovine
serum albumin (66 kDa) was proposed as a low-cost and
superior “FP-tag” for screening glycosyltransferase inhibitors,
compared with streptavidin.®*

The inhibition of enzymes involved in Mycobacterium tuber-
culosis cell wall biosynthesis, such as uridine diphosphate
(UDP)-galactopyranose mutase (UGM), is an attractive strategy
to block bacterial growth. Interestingly, FP measurements have
been employed for the in situ screening of potential UGM
inhibitors.® A library of enamide structures was generated in a
384-well microplate and the binding affinities of the crude pro-
ducts were directly evaluated in the same wells by a FP compe-
tition assay using UDP-fluorescein as probe. FP measurements
were also employed to detect the binding between fluores-
cently labelled chitooligosaccharides and lysozyme.®®

FP approaches for the study of GAG-
protein interactions

Glycosaminoglycans (GAG) are a family of negatively charged
polysaccharides that includes heparin, chondroitin sulfate (CS)
and hyaluronic acid (HA), among others.®” These polysacchar-
ides usually present a high structural heterogeneity, for
example, in terms of their sulfate groups distributions. GAG
regulate a wide variety of biological processes due to their
binding with numerous protein receptors. GAG-protein inter-
actions are characterized by high binding affinities, often in
the nanomolar range, in comparison with the low to moderate

Fig. 13 Synthesis of a fluorescent heparin hexasaccharide as FP probe.
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K4 of common carbohydrate-lectin interactions. In principle,
this fact should facilitate the application of FP protocols for
the study of the binding between GAG and proteins.
Fluorescent GAG oligosaccharides can be prepared as high
affinity FP probes, reducing the amount of protein required in
competition experiments and increasing the range of inhibitor
binding affinities that can be calculated."” However, there are
still few examples in the literature of FP studies for GAG-
protein interactions, probably due to the complexity of GAG
oligosaccharide synthesis.

In our group, a competition assay for the analysis of GAG
oligosaccharide-protein binding has been developed.®®”°
First, we accomplished the synthesis of a suitable fluorescent
probe (Fig. 13).°® For this purpose, commercially available
heparin hexasaccharide 42, derived from the natural polysac-
charide by enzymatic depolymerization, was conjugated with
fluorescein hydrazide 43 to afford the corresponding glycosyl
hydrazide 44 in excellent yield. We then tested the binding
between 44 and basic fibroblast growth factor (FGF-2), a GAG-
binding protein with a key role in angiogenesis and tumor cell
growth. The FP of the fluorescent oligosaccharide was
measured alone and in the presence of different concen-
trations of FGF-2. A binding curve was obtained by plotting the
FP values against protein concentration. Nonlinear regression
analysis afforded the dissociation constant of the interaction
(K4 = 117 + 10 nM) that was in good agreement with previously
reported data on the binding affinity between a heparin hexa-
saccharide and FGF-2.

With a proper fluorescent probe in hand, the competition
experiment was then implemented. The ability of a collection
of synthetic GAG-like oligosaccharides to inhibit the inter-
action between FGF-2 and probe 44 was determined.®®®® An
initial screening using 25 pM inhibitor concentration allowed
to quickly identify those compounds displaying high inhibi-
tory potencies. The displacement of fluorescent probe 44 by a
nonfluorescent compound resulted in a decrease of the polar-
ization value (Fig. 2B). Two control samples were included in
this experiment. The first one contained only fluorescent
probe 44 and indicated the expected FP value for 100% inhi-

DMSO/phosphate buffer
30 °C, 94%

—_—
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bition. The second one contained FGF-2 and 44 without any
inhibitor and showed the FP value corresponding to 0% inhi-
bition. Using these control values, the inhibition percentages
achieved by each compound could be calculated. For com-
pounds displaying a high inhibitory potency in the initial
screening at 25 pM, the relative binding affinities, expressed as
1Cs5, values, were calculated. For this, we measured the FP of
samples containing 10 nM probe, 100 nM FGF-2 and increas-
ing concentrations of the inhibitor. The analysis of the result-
ing competition curve afforded the ICs, value, defined as the
compound concentration required for 50% inhibition. It is
important to highlight the low protein and probe quantities
required for these experiments: 384-well plates containing
40 pL per well with 10 nM probe and 100 nM protein solutions
were employed. Bovine serum albumin (BSA) was included in
the protein solutions to prevent nonspecific adsorption on the
microplate wells.

This competition assay was also applied to midkine,
another GAG-binding protein that plays an important role in
the development of the central nervous system by promoting
neuronal growth and is also involved in pathological processes
such as cancer and inflammatory diseases. Midkine is a prom-
ising molecule for drug development and there is a great inter-
est in the discovery of high affinity ligands for this protein.
The direct binding assay between midkine and fluorescent
heparin hexasaccharide 44 afforded a Ky of 44 + 5 nM for the
interaction.”® The competition protocol was then employed to
screen the relative binding affinities of our library of synthetic
compounds that included heparin and CS oligosaccharides
and mimetics. Some of them are shown in Fig. 14. A midkine
concentration close to the K4 for the probe/protein interaction
was used in the experiments. Structure-activity relationships
were deduced from these results.”””> CS-E tetrasaccharide 46,
presenting sulfate groups at positions 4 and 6 of the N-acetyl-
galactosamine (GalNAc) unit, bound to midkine in the high
micromolar range (ICso = 254 pM). CS tetramer 48, displaying
three more sulfates, showed higher binding affinity (ICs, =
10.6 uM), as expected for GAG-protein binding events, mainly
driven by electrostatic interactions between positively charged

050 0805 o, 0380 0S0; 00
o o] o] 0
o
Hogmeogg/ngw
NHAc OH NHAc OH
45:R = Bn; ICsg = 31 uM
46: R = H; ICyp = 254 uM
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amino acid residues of the protein and anionic sulfate and car-
boxylate moieties of the glycan. Interestingly, in both cases,
the introduction of benzyl ethers at position 3 of the glucuro-
nic acid (GlcA) gave lower ICs, values (compounds 45 and 47).
The synthesis of natural CS sequences, such as 46, is very chal-
lenging. In order to facilitate the access to oligosaccharides
showing affinity for midkine, we synthesized tetrasaccharide
mimetics 49 and 50, where GlcA residues were replaced by
glucose units.”® These compounds also bound to midkine in
the high micromolar range, demonstrating that the carboxylate
group is not essential for the interaction. The synthesis was
further simplified replacing GalNAc by 2-amido-2-deoxy-
glucose units and mimetics 51 and 52 were prepared and eval-
uated.” Their ICs, values indicated much higher affinities for
midkine than natural ligand 46. Our results suggested that
increasing the hydrophobicity of sulfated oligosaccharides by
introducing hydrophobic functionalities enhanced the binding
affinity for midkine. In fact, sulfated, fully protected oligosac-
charides showed IC;, values in the nanomolar range.”>”®
These mimetics could potentially modulate the interactions
between naturally occurring GAG and midkine, and the sub-
sequent biological activities. Our FP competition experiment
was also applied to pleiotrophin, another GAG-binding growth
factor closely related to midkine.”"”” It has been also
employed for the study of the binding affinities of multivalent
systems displaying CS-E disaccharides.”®

The groups of Rademann and Pisabarro reported a FP pro-
tocol to study the interactions between sulfated HA oligosac-
charides and ten representative regulatory proteins including
cytokines, chemokines and growth factors.”” Compounds 58
and 59 were prepared and used as fluorescent probes (Fig. 15).
HA tetra- and hexasaccharides 53 and 54 were derived from a
chemoenzymatic approach followed by the introduction of the
azido group with p configuration. Compounds 53 and 54 were
conjugated with TAMRA-functionalized propargyl amide 55
using Cu-catalysed azide-alkyne cycloaddition reaction to
afford fluorescent oligosaccharides 56 and 57 in good yield.
Next, fully O-sulfation was achieved by treatment with
SO;-pyridine complex in DMF to provide probes 58 and 59 dis-
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Fig. 14 Examples of nonfluorescent CS tetrasaccharides and mimetics tested in our FP competition assay. Relative binding affinities for midkine are

indicated by ICsq values. MP = 4-methoxyphenyl.
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Fig. 15 Synthesis of the fluorescent HA probes. Reagents and conditions: (a) TBTA, CuSO4-5H,0, sodium ascorbate, MeOH/H,O 3:1, 93% (56); 79%

(57); (b) SO3-Py, DMF, 61-82% (58); 61-76% (59).

playing 9 and 13 sulfate groups, respectively. First, a direct FP
binding assay gave the dissociation constants for the inter-
actions between 58, 59 and the different proteins. The fluo-
rescent, fully sulfated HA oligosaccharides bound to all tested
proteins with high affinities (in most cases, K4 in the nano-
molar range). Then, FP competition experiments allowed the
determination of the binding affinities for a small library of
unlabeled HA oligomers. FP results indicated that binding
affinities depend on the oligosaccharide length, the position
and number of sulfates, and the nature of the functional
group at the reducing end anomeric position. Interestingly,
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the highest binding affinities were obtained with oligosacchar-
ides containing a fluorophore moiety at the anomeric position
(58, 59) and with a bivalent molecule showing two copies of
the fully sulfated tetramer.

The GAG binding properties of chemokine XCL1 has also
been evaluated by FP.®° In this case, a fluorescein-tagged
heparin tetrasaccharide (compound 60, Fig. 16), showing a dis-
sociation constant value of 2.2 + 0.2 pM for XCL1, was
employed as a probe. Competition assays enabled the calcu-
lation of the binding affinities of several unlabeled heparan
sulfate tetra- and octasaccharides. The results indicated that

( 1\
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Fig. 16 Heparin (60—61) and hyaluronic acid (62—-64) fluorescent probes used in FP studies.
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both length and sulfation pattern influence GAG-XCL1 inter-
actions. Another example of FP experiments for GAG-protein
interactions is the use of fluorescently labelled heparin to
study the binding to bovine prion protein.** The probe was
prepared by conjugation of AlexaFluor 488 succinimidyl ester
with the N-unsubstituted glucosamine residues of heparin.
Fluorescent heparin showed enhanced FP values after binding
to the protein and a Ky of 73 + 4 nM was calculated for the
interaction. This method also allowed to examine the effects of
ionic strength, divalent metals, detergents and non-labelled
GAG polysaccharides on the interaction. AlexaFluor 488-func-
tionalized heparin (61, Fig. 16) was also employed in a FP com-
petition experiment to study the interaction between bone
morphogenetic protein 2 and a glycodendrimer displaying
four copies of oversulfated maltose.*?

FP experiments were recorded to evaluate the interactions
between the transmembrane receptor CD44 and structurally
modified HA samples.®? For this purpose, fluorescent HA was
first prepared by activation of the carboxylate groups of the
polysaccharide followed by treatment with fluoresceinamine.
Using this probe (62, Fig. 16), the binding of N-deacetylated
and 6-O-sulfated HA samples could be evaluated and the
results suggested that both chemical modifications decrease
CD44 interaction. A FP-based method has also been reported
to measure the activity of hyaluronidase, the enzyme that
hydrolyses HA to produce oligomers.®* In this case, fluorescent
HA was prepared by reaction of the carboxylate groups of HA
with Alexa Fluor 488 hydrazide (63, Fig. 16). The addition of
hyaluronidase resulted in a decrease in the FP value due to the
hydrolysis of the fluorescent HA polysaccharide and the sub-
sequent production of low molecular weight oligomers. On the
other hand, the interaction between hyaluronidase and fluo-
rescent HA tetra- to decasaccharides (such as oligosaccharide
64, Fig. 16) was also studied by FP.*> Oligosaccharides were
tagged at the anomeric position, using reductive amination
reaction conditions, with 3-aminobenzoic acid and NaBH;CN.
FP measurements were performed at 4 °C to reduce the
enzyme hydrolysis of the oligomers.

Conclusions

FP experiments afford valuable data on the interactions
between carbohydrates and proteins, in a very simple and fast
way. In this method, a standard microplate reader is employed
and minimal sample quantities are usually consumed. FP
results complement the data obtained by other techniques.
Unlike SPR and ELISA-like assays, FP does not require immo-
bilization to a solid support, avoiding washing steps and com-
plicated experimental procedures. Compared to other in-solu-
tion methods (ITC, STD-NMR), FP requires lower amounts of
samples. It is important to note that some discrepancies may
be found between the K4/ICs, values obtained with FP or other
bioanalytical techniques because the calculated parameters
depend on the experimental setup. For example, binding
affinities provided by FP assays in solution can be lower than

This journal is © The Royal Society of Chemistry 2025
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those given by experiments involving carbohydrate-coated sur-
faces.”® The multivalent presentation of the carbohydrate on
the surface increases glycan-protein affinities, in comparison
with the solution-phase FP results, due to the cluster effect.

The search for compounds that blocked carbohydrate-
protein binding is highly demanded since these inhibitors
could modulate these interactions and the subsequent biologi-
cal processes. In this context, FP competition assays are par-
ticularly interesting because they allow the screening of hun-
dreds or thousands of derivatives to quickly identify potent
inhibitors.

The main requirement to develop FP-based assays is the
design and preparation of a suitable, low molecular weight sac-
charide fluorescent probe that should interact with the protein
of interest with high affinity (ideally in the nanomolar range).
This fact has limited the use of FP in the study of glycan-
protein interactions that are often characterized by low to mod-
erate binding affinities. However, several research groups have
solved this problem, reporting the design and synthesis of
high affinity fluorescent probes that allowed the discovery of
inhibitors with low nM affinities.”>*> We envisioned that the
development of novel, high affinity saccharide fluorescent
probes will increase the number of applications of FP in the
carbohydrate-protein interactions field. For example, the dis-
covery and synthesis of novel covalent activity-based probes
will enable to consider different glycoprocessing enzymes, and
advances in GAG oligosaccharide synthesis should facilitate
the access to new GAG-like fluorescent probes for the analysis
of the binding events involving this particular class of carbo-
hydrate sequences.
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