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Interactions of lectins with glycoconjugate-terbium(i) self-assembly
complexes lead to sensing through enhanced lanthanide lumines-
cence. This glycan-directed sensing paradigm detects an unlabelled
lectin (LecA) associated with pathogen P. aeruginosa in solution,
without any bactericidal activity. Further development of these
probes could have potential as a diagnostic tool.

Pseudomonas aeruginosa (PA) is a Gram-negative bacterium for
which the WHO has declared an urgent need for novel anti-
biotics and diagnostics." It expresses two highly conserved
characteristic carbohydrate-binding proteins: lectins LecA and LecB,
which are crucial in host-adhesion and biofilm development.” PA is
a leading cause of nosocomial infections, with its societal and
economic burden increasing with rising antimicrobial resistance.’?
The current clinical gold standard for diagnosis of infectious
diseases is a bacterial culture, which can be costly and take days
to confirm diagnosis.* More rapid detection paradigms would aid
in the effective and targeted use of antibiotics, and characteristic
bacterial lectins offer an underexploited target for detection. While
fluorescently-tagged lectins have been used to detect and identify
glycans due to the high specificity and selectivity for their particular
carbohydrate ligand,”® the inverse approach of sensing the native
unlabelled lectin itself via luminescent glycoconjugate probes and
sensors is much less frequently reported in the literature.”*>
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Sensing bacterial lectins by employing the specificity and selectivity
of these ligand-protein interactions to give a visual output could
open the door to a new paradigm for pathogen detection.

Lanthanide-based luminescent systems possess some parti-
cular advantages for development of probes for biomolecules."?
Ln(ur) emission is long-lived, with narrow bands corresponding
to Laporte-forbidden f-f transitions, giving luminescent signals
that can be distinguished from background fluorescence in
biological media by time-gated measurement."* Ln(m) com-
plexes, excited via a chromophore, can also be very sensitive
to their environment and emission intensity can be modulated
by changes in the coordination sphere, solvent properties/pH or
presence of ionic or molecular analytes.'>'®

Examples of luminescent sensing of pathogenic
carbohydrate-binding proteins are known. For example, upon
interaction with the bacterium E. coli, mannose-coated gold
nanomaterials undergo fluorescence changes due to interaction
with mannose-specific adhesin FimH."” Polymer fibres functio-
nalised with tetraphenylethyelene-mannoside conjugates also
turn-on by Aggregation Induced Emission (AIE) in the presence
of FimH, and whole bacteria."® However, to our knowledge, no
luminescent glycocluster molecular sensor has been reported for
unlabelled bacterial lectins from PA.

Recently, we reviewed ligand design strategies for inhibition
of PA’s lectins, in hopes of finding non-bactericidal anti-
adhesion therapies for PA infections that would not add to
the problem of antibiotic resistance.’® Among the vast range of
structures reported for targeting galactophilic LecA, with up to
nanomolar affinities, are calixarenes, glycopeptide dendrimers,
and carbohydrate-centred clusters as well as covalently-binding
imaging agents.""*>*' Several of these also demonstrate
biofilm-inhibition activity. Shared characteristics among the
most potent examples are: multivalency to exploit the glycoclus-
ter effect, galactoside epitopes functionalised at the anomeric
position, and long, flexible linkers to a scaffold that allows
bridging between the two vicinal binding sites on the lectin
tetramer and/or chelation between different tetramers."’

This journal is © The Royal Society of Chemistry 2023
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Metal complexes are poorly represented as inhibitors for PA
lectins, despite the potential for new modes of action and
properties like luminescence and magnetism. These could be
advantageous for sensing, combined with high affinity. We
reported Ru(u)-centred glycoclusters following these design
characteristics, as the first glycoconjugate metal complex to
inhibit PA biofilm formation, without being bactericidal or
bacteriostatic.>* Following from this, here we design, on the
same principles, luminescent terbium(ur) complexes that could
be used to sense LecA, as a probe for unlabelled bacterial lectin.

Several examples of metal complex sensors for lectins of
vegetal origin are known, but their interactions with bacterial
lectins have not been explored. A glycoconjugate Th(ur) complex
designed to sense plant lectin ConA (a-mannoside specific)
through a LRET mechanism has been reported. This required
the lectin to be labelled with Rhodamine-B-isothiocyanate, a
methodology that would not be applicable in clinical
contexts.>® Other examples include dinuclear Re(1) glycoden-
drons that exhibit turn-on behaviour in the presence of their
targets as a result of a hydrophobic micro-environment upon
carbohydrate recognition;'° and an Ir(u) mannoside complex.>*
Molecules based on highly conjugated aromatic scaffolds like
diketopyrrole manno- and galactosides®® have also been devel-
oped to sense lectins by AIE. Attempts to adapt an AIE approach
for LecA and LecB have been unsuccessful, even though mole-
cules made for this purpose were nM inhibitors of their target
lectin. Their emission signal was either too weak to produce
meaningful data or overlapped with the intrinsic fluorescence
of the cells.”® Furthermore, Ru(n) glycodendrimer complexes
with various degrees of multivalency of mannose and galactose
were reported by Seeberger and co-workers to interact with
three different lectins resulting in relative changes in fluores-
cence quantum yields that could be used to create a molecular
logic gate system.?’ This sets a precedent for the use of changes
in emission of inorganic glycocomplexes to detect and differ-
entiate between different lectin-sugar interactions.

The new glycoconjugate ligands presented herein are
designed with dual roles of multidentate lanthanide chelation,
and high-affinity lectin binding. Consequently, the ligands were
built upon a 2,6-dipicolinic acid (dpa) scaffold, well known for
Ln coordination;*®** and display galactoside epitopes linked
via the anomeric position to a flexible triethylene glycol spacer,
following examples of high affinity LecA inhibitors. In brief,
dpa-dichloride was reacted with propargyl amine to introduce
alkyne ‘arms’ into precursor 1,>° which was reacted by CuACC
‘click’ chemistry with acetyl-protected azido-glycosides to link
carbohydrate motifs to the scaffold with simultaneous intro-
duction of two triazole rings. Divalent compounds 2Gal®*¢ and
2Man®* were quite polar and were conveniently separated
from unreacted starting materials by gradient flash chromato-
graphy. Ligands 2 underwent Zemplén deacetylation to yield
compounds 3 as very hygroscopic white solids, which were oils
under ambient conditions, and were easily soluble in water and
aqueous buffer. "H NMR analysis showed a single set of signals,
with doublets at 4.20 and 4.75 ppm, for 3Gal and 3Man
respectively, demonstrating coupling constants of 7.5 and
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Scheme 1 Synthesis of diglycoside ligands, deprotection and complexa-
tion with Tb(m).

1.5 Hz, consistent with the assigned B-galactoside (Gal) and
o-mannoside (Man) stereochemistry, Scheme 1.

To assess the ability of these multidentate glycoconjugate
ligands to coordinate lanthanide(m) ions, kinetic self-assembly
was studied by titration of 3Gal with Tb(w) in aqueous solution,
Fig. 1. Specific aliquots of Tb(CF3;S03); stock solution were
added to a solution of 3Gal (1 x 10> M) and changes to UV-Vis
absorption and phosphorescence spectra were monitored.
Hyperchromic shifts at 225 and 275 nm were observed, while
the intensity of the characteristic Tbh(m) emission spectrum
increased steadily. Global stability constants were estimated by
fitting the absorbance data using non-linear regression analysis
program ReactLab Equilibria (Jplus Consulting Pty Ltd), for the
formation of the Tb:3Gal, (n = 1,3) self-assemblies in solution:
log B1.1 = 5.5 and log B1.5 = 16.4 £ 0.1, which are comparable to
related dpa-amide systems.*>*' The speciation diagram (ESI,t
Fig. S2) calculated from these data supports formation of a
monoleptic complex in solution at suitable Tb:ligand ratios.

Ligands 3 were reacted with Tb(CF3S03); in 1: 1 ratio to yield
solutions of Tb.3, which display green luminescence under UV
irradiation, Fig. 2a. Comparison of "H NMR spectra in D,O to
those of the ligands showed significant broadening and slight
shifts for all resonances due to the paramagnetic lanthanide ion
(Fig. S23 and S24, ESIf). Both complexes Th.3Gal and Tb.3Man
gave characteristic Tb(u) emission bands at 488, 545, 586 and
620 nm, corresponding to each of the D, — Fe_3 transitions.
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Fig. 1 Changes in (left) UV-Vis absorption and (right) phosphorescence
spectra of an agueous solution of 3Gal on addition of Tb(CF3SOs3)s. Inset:
Binding isotherms.
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Fig. 2 Sensing behaviour of complexes Tb.3. (a) Emission enhancement of Tb.3Gal in presence of bacterial lectin LecA (green trace) vs. control
experiment (black trace), inset: photograph of a solution of Tb.3Gal under UV irradiation; (b) and (c) changes in Tb(i)-centred emission at 545 nm of
sensors Tb.3Gal and Tb.3Man in the presence of 1 molar equivalent of various proteins with different carbohydrate-selectivity (or none, for BSA). All
measurements were carried out in triplicate and emission changes are normalised against a control. Complexes, at concentration of ca. 1.3 uM in buffer
(10 mM Tris, pH 7.2, 150 mM NaCl, 1 mM CaCl,), were excited at 236 nm. (d) Minimal changes to emission of Tb.3Gal and LecA (1.3 uM each, blue square)
upon addition of varying concentrations of competitive LecA ligand methyl a-galactoside (GalOMe, 0-10 mM); concentrations shown beside data points.

For these complexes, in all cases, decay curves of the phos-
phorescence fit to a single exponential function, indicating a
single species in solution. The luminescence lifetimes of com-
plexes Th.3 in both H,O and D,O solutions were measured to
probe the presence of water molecules in the coordination
sphere, which can quench Tb(m)-centred emission (Table S1,
ESI). Very high values of apparent hydration state, g,** were
calculated for Th.3: ¢ ~ 10 for the galactoside, and 9 for the
mannoside (¢ = 5{(tim,0 ' — Tp,0 ') — 0.06}. In addition to the
chelating groups in the ligand scaffold, this would indicate
unusually large coordination numbers. The presence of many
unprotected carbohydrate alcohol groups in the highly flexible
ligand structure raises questions about whether this g value is a
true reflection exclusively of coordinated H,O, or if sugar epitopes
also play a role in quenching luminescence. To evaluate this
possibility, complexes of acetyl-protected ligands 2 were also
prepared and both shown to have more typical g values (ca. 6)
and were consistent for both galactoside and mannoside com-
plexes. The luminescence quantum yield, @, of Th.3Gal was
only 7.5%, half that of the mannoside analogue (¢ = 13%). The
deviation in both apparent hydration state and quantum yield
between Th.3Gal and Tb.3Man points to greater quenching by the
galactose moiety. We hypothesise that binding of the carbohy-
drate epitope by a receptor will interrupt this quenching and lead
to responsive luminescence enhancement.

Before probing luminescent sensing, the affinity of divalent
galactoside 3Gal and its Tb(m) complex for PA’s galactophilic
lectin LecA were determined by a competitive assay based on
fluorescence polarisation.** Both compounds had micromolar
affinities in a similar range, and relative potency per galactoside
(r.p./n) was enhanced compared to monovalent control due to
the ‘glycocluster effect’.** Ligand 3Gal has ICs, = 163 & 41 pM
(rp./n = 3.3) and Th.3Gal 131 £ 26 uM. (r.p./n = 4.1). These data
indicate that complexation does not impede lectin binding in
solution. Enhancement of LecA’s hydrophobic interactions
could be made by tailored modification of the aglycon,'®*>3¢
and indeed we are investigating such structural modifications.

Having designed complexes Tb.3 with the intention of
detecting carbohydrate-binding proteins, and established that
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they can bind to the target bacterial lectin, we chose a panel of
isolated lectins to screen for sensing behaviour. In the presence
of galactose-binding lectin LecA, Tbh.3Gal displayed more than
threefold enhancement of the time-gated phosphorescence
intensity at 545 nm compared to a control, Fig. 2a and b.
Interaction of the complex with carbohydrate-binding domains
of the lectin results in dramatic and reproducible ‘switch-on’
sensing by the system. Luminescence lifetimes do not signifi-
cantly change upon sensing (Table S2, ESIt). Mannose-binding
lectin ConA, does not elicit any ‘switch-on’ response with
Tb.3Gal, however the mannoside analogue Tb.3Man does
demonstrate a doubling of emission intensity with ConA,
Fig. 2c. These results highlight that carbohydrate-selectivity of
the lectins underpins the sensing paradigm of these lanthanide
complexes. Furthermore, peanut agglutinin (PNA, another
galactophilic lectin) also led to threefold emission enhance-
ment, while wheat germ agglutinin (WGA, binds sialic-acid and
GlcNAc) did not elicit a sensor response. In addition to mis-
matched lectin-sugar pairs leading to no change in emission,
Th.3Gal also did not sense denatured lectins, indicating that
correct protein folding is required for the interactions that
drive sensing. Non-specific protein BSA also had no enhancing
effect, rather a slight reduction. Addition of competitive ligand
GalOMe to ‘switched-on’ Tb.3Gal solutions did not reverse
sensing behaviour, even up to 10 mM, Fig. 2d.

An analogous complex, Tb.4Gal, synthesised without a
spacer between the triazole and galactose motif (Scheme 1),
did not show significant sensing behaviour with either LecA or
PNA, despite bearing the appropriate saccharide (ESI,{ Fig. S5),
indicating that ligand design is important to the sensing ability
of lanthanide glycoconjugate complexes. We previously showed
how the presence of a flexible linker impacts ability of metal
complexes to interact with PA lectins,”> and optimisation of
linker arms to facilitate chelate binding of neighbouring
carbohydrate-recognition domains has played an important
role in developing high-affinity ligands for these lectins.'®*7:3®

Neither 3Gal nor its Tbh(m) complex showed in vitro inhibition
of PA growth at concentrations up to 10 mM, nor did crystal
violet assays show evidence of biofilm inhibition (see ESI}).

This journal is © The Royal Society of Chemistry 2023
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Thus, despite their interactions with the target lectin and sensing
behaviour, these divalent systems are non-toxic and not antiviru-
lent towards the target bacterium, and have potential for future
development towards inert diagnostic probes.

Complex Tb.3Gal shows promise for detecting bacterial
lectin LecA in the presence of other proteins. In a solution
containing 1:1 mixtures of LecA and another lectin with
different selectivity (ConA or WGA), a 1.5-fold enhancement
in emission was observed, giving clear and reproducible indica-
tion of the presence of LecA, Fig. 2b. The more modest intensity
enhancement is speculated to be due to the overlap between the
UV/Vis absorbance profile of the metal complex and the protein
analytes (ESI,1 Fig. S6), leading to less efficient sensitisation of
Tb(u) emission. The role of competing protein-protein interac-
tions also cannot be discounted. We are developing a second
generation of sensor complexes to further improve the system by
enhancing binding affinity through careful linker design, and to
include conjugated aromatic systems in the scaffold in order to
redshift the absorbance maxima. Further optimising this sensing
paradigm for detection of characteristic bacterial proteins in
complex mixtures and competitive media will be vital to future
development of these probes, including the ability to work in the
presence of mammalian carbohydrate-binding proteins, such as
galectins.

In summary, we have designed a luminescent glycoconjugate
molecular sensor system, which shows reliable enhancement of
Tb(m)-centred emission in the presence of unlabelled lectins,
including bacterial lectin LecA associated with the critical priority
pathogen PA. This ‘switch-on’ response of Ln(u)-luminescence is
driven by selective carbohydrate-protein interactions and we have
shown that sensing can occur in the presence of competitors.
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