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ABSTRACT: Galectins, p-galactoside-binding soluble proteins,
are involved in a multitude of biological functions and several
diseases, so numerous galectin inhibitors, from small molecules to
multivalent glycoconjugates, have been developed and investigated
as tools for therapeutic applications. Notably, multivalent ligands
on a biocompatible backbone offer a promising perspective for
creating high-performance selective inhibitors with nanomolar
affinity. Leveraging the oxidative polymerization of $,6-dihydrox-
yindole (DHI), a key intermediate of eumelanin pigments, here,
we present the synthesis and complete nuclear magnetic resonance
characterization of a submicromolar multivalent ligand of galectin-
3 based on a naturally biocompatible eumelanin backbone. The
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integration of several complementary techniques, namely, UV—vis spectrometry, dynamic light scattering, isothermal titration
calorimetry, and biolayer interferometry, in the investigation of galectin-3—eumelanin-related ligand interactions, allowed us to
calculate the Ky, and to propose a model for the protein—polymer interaction.

B INTRODUCTION

Galectin recognition of glycans containing a f-p-galactopyr-
anoside structural motif is a key step in several important
biological processes”” and can be a major tool for targeting
pathological pathways such as aberrant angiogenesis, inflam-
mation in tissue, autoimmune response, and tumor pro-
gression.” ® Indeed, the knowledge accumulated on the key
role of galectins in health and disease has sustained several
efforts to identify effective antagonists/agonists of galectin
functions for use in the clinical setting by exploiting galectins
as valid targets for therapeutic intervention.” In the search for
effective galectin targeting drugs, a main issue is posed by the
high degree of similarities galectins and their carbohydrate-
binding domains (CRDs) share.® In this scenario, a great
variety of ligands and binders have been developed and
investigatecl,9 ranging from small molecules to multivalent
glycoconjugates, proteins, and polymers, including dendrimers.
Extensive investigation on multivalent glycoconjugates, as well
as small glycomimetic molecules,'”"" allowed to achieve
ligands with nanomolar affinity and selectivity, especially
toward Gal-1 and Gal-3,"* envisioning a wide set of biomedical
applications, including anticancer therapy, treatment of heart
diseases, wound healing, mitigation of inflammation processes,
diagnostics, and therapy of metabolic disorders.” Valuable
perspective arises in the multivalent presentation of small
molecule ligands (antagonists) on biocompatible macro-
molecular backbones, which could lead to inhibitors featuring
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subnanomolar affinities toward galectins. Relevant examples
are given by dendrimers built with branching units derived
from 3,5-di(2-aminoethoxy)benzoic acid-based"® and poly-
(amidoamine)-based branching units'* as well as calixar-
enes,">'® which were among the first multivalent galectin
ligands. Notably, neoglycoproteins displaying multiple sugars
exhibited a significantly enhanced binding affinity (up to 3
orders of magnitude) for Gal-3'7'® compared to their
monovalent counterparts. This increase was attributed to the
serum albumin scaffold, which, with its versatile lysine residues,
could bind multiple poly-LacNAc units. Beyond the scaffold
architectures, research has also highlighted the key role of the
linker, connecting the sugar to the carrier. For instance,
Bojarova and colleagues'® found that a direct N-triazole linkage
was more effective at inhibiting Gal-3 than O-ethyl-triazole or
thiourea linkers. These and numerous other findings highlight
the significance of employing glycomimetic-based multivalent
systems to improve ligand—lectin interactions (the cluster
glycosidic effect).””*!
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A common route toward the preparation of bioactive poly-
and oligosaccharides involves the use of thioglycosides and
glycosylated disulfides as glycosyl donors, due to the versatility
of a sulfur atom at the anomeric center.”””>°

Melanin is a well-known class of natural pigments spread in
almost all living organisms.”’ There are different types of
melanin, such as eumelanin, pheomelanin, neuromelanin, and
allomelanin; among them, in humans, the most abundant type
is eumelanin, responsible for the dark color of skin, eyes, and
hair. Structurally, eumelanin is a mixture of macromolecules
built up from $,6-dihydroxyindole (DHI) and S$,6-dihydrox-
yindole-2-carboxylic acid (DHICA) units via an oxidative
polymerization route (Figure 1).
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Figure 1. Chemical structures of S,6-dihydroxyindole (DHI) and $,6-
dihydroxyindole-2-carboxylic acid (DHICA).

Investigation of this synthetic process and the final
eumelanin structure is extremely difficult due to the highly
unstable nature of the reaction intermediates and the extreme
instability and insolubility of the final product.”> Eumelanin
synthesis is enzymatically driven through the action of
tyrosinase on substrates such as dopamine or L-DOPA. The
reaction leads to the formation of dopaquinone, which
subsequently undergoes a series of chemical transformations
and decarboxylation, producing DHI and DHICA, to
ultimately form eumelanin, characterized by an amorphous
and insoluble polymeric structure.’

Eumelanin has always been studied for its biological
properties in skin and eye photoprotection® and recently
this molecule has gained attention due to some chemical and
biophysical properties, such as those related to its electrical
conductivity, which make it potentially applicable in
implantable devices and brain electrical stimulation fields.**
The biomedical relevance of eumelanin and its building blocks
continues to grow as knowledge about its structural properties
advances.”® In a pivotal study addressing the disentanglement
of eumelanin chromophore, a 5,6-dihydroxyindole thiogalacto-
side (GalSDHI) was designed and synthesized, providing a
valuable model for eumelanin investigation as well as a
powerful tool to access soluble eumelanin pigments.’® A key
feature of GalSDHI is its propensity to undergo spontaneous
oxidative polymerization under appropriate conditions, leading
to a biocompatible scaffold for multivalent glycan exposition.
Beyond the specific interest of the activatable feature of DHI-
based galectin ligands, the new thioglycosides offer the
unprecedented perspective of designing and synthesizing
galectin-binding glycopolymer based on the natural ligand
lactose, capable of exhibiting high ligand specificity and
profiting from its intrinsic multivalency.

Here, we present a first systematic investigation of the
interaction between 5,6-dihydroxyindole thiolactoside (LacSD-
HI), its derived glycopolymer, and Gal-3 as well as Gal-1 by a
multiple approach taking advantage of different techniques
such as UV—vis spectrometry, dynamic light scattering (DLS),
isothermal titration calorimetry (ITC), and biolayer inter-
ferometry (BLI), the whole supplemented by nuclear magnetic

resonance (NMR) characterization of LacSDHI. In addition,
DOSY NMR analysis was used to determine the polymer size,
allowing subsequent quantification of its affinity with Gal-3.

B EXPERIMENTAL SECTION

Materials

All commercially available reagents were used as received, and
all the solvents were of analytical grade. All materials and
reagents, unless otherwise noted, were purchased from either
Sigma-Aldrich or Thermo Scientific. Reagents from Sigma-
Aldrich and their purities were listed as follows: pyridine
(>99.8%), acetic anhydride (>99%), iodine (>99%), 3,4-
dihydroxy-L-phenylalanine (>98%), f-lactose (<30% @-anom-
er basis, >99% total lactose basis), triethylamine (99%),
triethylsilane (99%), diphenyl diselenide (98%), maltotriose,
maltotetraose, and maltoheptaose (>94.9%). Thiourea (99%)
and extra-dry solvents, dichloromethane (99.8%), N,N-
dimethylformamide (99.8%), tetrahydrofuran (99.5%), and
acetonitrile (>99.9%), were purchased from Fischer Scientific.

Synthesis of DHI was performed according to the already
known protocols.”” Analytical thin-layer chromatography
(TLC) was performed on aluminum plates precoated with
Silica Gel 60 F,s, as the adsorbent. The plates were developed
with 5% H,SO, ethanolic solution and then heating to 230 °C.
For indole compounds, after UV—visible light visualization, the
plates were exposed to ammonia vapors before proceeding
with carbonization. The products obtained were separated
using flash chromatography, with Merck Kieselgel 60 (63—200
mesh) silica as the stationary phase, and the purified products
were characterized using NMR spectroscopy.

Synthesis of LacSDHI

Synthesis of 4 (Scheme 2) was performed according to a
slightly modified reported protocol.””**~** Peracetylated DHI
(2) (186 mg, 0.8 mmol) and peracetylated lactose disulfide (1)
(650 mg, 0.5 mmol) were dissolved under an argon
atmosphere in acetonitrile (7 mL), which had been
deoxygenated by purging with argon for 15 min prior to use.
To this solution, N-bromosuccinimide (196 mg, 1.1 mmol),
diphenyl diselenide (93 mg, 0.3 mmol), and tetrabutylammo-
nium bromide (322 mg, 1 mmol) were added under argon.
The mixture was then stirred under laboratory illumination at
r.t. Upon completion of the reaction, the mixture was diluted
with CH,Cl,, and the organic phase was washed with aqueous
thiosulfate. The aqueous phase was re-extracted with CH,Cl,,
and the combined organic phases were dried and concentrated
under vacuum. The resulting residue was purified by silica gel
flash chromatography using a hexane/ethyl acetate mixture as
the eluent. As in the collected fractions (424 mg), the desired 3
coeluted with some of the residual 1, the relative amount of
this latter in the collected fractions was assessed by NMR (ca.
25%). To facilitate the separation of these compounds, the
mixture was submitted to a reductive treatment to convert 1
into the corresponding thiol, which was then S-acetylated in
situ. Resulting 1-thiolactose in a peracetylated form can
eventually be separated easily from 3. For this purpose, the
chromatographed mixture was dissolved in wet THF (6 mL,
with two drops of water), and tributylphosphine was added
(0.191 mmol, 48 uL). After 2 h under stirring at r.t., acetic
anhydride was added (0.25 mL), and the solution was then
concentrated in vacuo. The residue was then treated with
pyridine (2 mL) and further acetic anhydride (1 mL). After 2
h, methanol (2 mL) was added, and the mixture was diluted
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with dichloromethane; the organic phase was washed with
water. The aqueous phase was re-extracted with dichloro-
methane, and combined organic phases were dried with
anhydrous sodium sulfate and concentrated in vacuo. The
resulting residue was purified by silica gel flash chromatog-
raphy using a hexane/ethyl acetate mixture as the eluent to
yield pure 3 (25% yield, MW 883.82 Da). The O-deacetylation
of 3 proceeds as follows through Zemplen conditions. 8.8 mg
of 3 (100 pmol) were dissolved in 1 mL of dry CH;0H,
previously degassed with argon for 15 min. Then, 16.3 mg of
sodium tert-butoxide (17 equiv) were added to the solution.
After 1 min, the reaction was monitored with TLC analysis,
and after completion (complete disappearance of 3), the
solution was diluted with 20 mM phosphate buffer, pH 7.4,
under an argon atmosphere, brought back to pH 7.4 with 1 M
HC], and then lyophilized.

Expression and Purification of Recombinant Proteins

Recombinant proteins, the full-length human Gal-1 and the
CRD of human Gal-3 (Gal-3°*P), corresponding to residues
112—250, were expressed and purified as reported else-
where.*""*?

UV—Vis Spectroscopic Analysis

UV—vis spectra of 4 were recorded using a V-730 UV—vis/
near-infrared spectrophotometer (Jasco, Cremella, LC, Italy)
in the A range from 200 to 600 nm, at 200 nm X min~"' speed
scan. The baseline correction spectrum was recorded using an
empty cuvette to remove any background noise. Blank
spectrum was recorded using only the buffer and subtracted
from all absorbance curves. At each time point, the sample was
diluted 1:100 in buffer for a final concentration of 40 uM.
Determination of 4 concentration was carried out using the
Lambert—Beer law (A = £ C I, where A is the absorbance, ¢ is
the molar absorptivity (L X mol™' X cm™), C is the
concentration (mol X L"), and I is the path length (cm)),
the concentration of the samples at 4,93 nm (& 298 nm = 6.300
L X mol™! X ecm™). UV—vis spectra were analyzed using
Spectra Manager Suite and SpectraGryph v. 1.2 software.

NMR Analysis

NMR spectra were recorded on a Bruker Avance III HD (‘H:
400 MHz, '*C: 100 MHz) instrument (Billerica, MA, USA).
'H and ¥C NMR, DOSY, COSY, HSQC, and HMBC spectra
were recorded in D,0. Bruker TopSpin 4.0.5 software was
used for all the experiments. Lyophilized 4, previously
prepared, was dissolved in D,O, resulting in the formation of
4 solution in 20 mM deuterated phosphate buffer, pH 7.4.
NMR spectra confirmed complete deacetylation of the
product. 'H NMR (400 MHz, D,0): § 7.38 (1H, s. H-2),
723 (1H, s, H-4), 6.99 (1H, s, H-7), 4.35 (1H, d, ] = 10.0 Hz,
H-1-Glc), 4.32 (1H, d, ] = 7.6 Hz, H-1-Gal), 3.87 (1H, dd J =
1.2 Hz/11.2 Hz H-6a-Glc), 3.86 (1H, dd, J = 3.2 Hz, H-4-Gal),
3.74—3.65 (3H, overlapping signals, H-6b-Glc, H2-6-Gal),
3.64—3.40 (6H, interchangeable signals, H-3 Glc, H-4 Glc, H-5
Glc, H-2-Gal, H-3-Gal, H-5-Gal), 321 (1H, t, J = 10.0 Hz, H-
2-Glc). 13C NMR (100 MHz, D,0): § 142.2 (C-6), 140.3 (C-
5), 131.5 (C-8), 130.8 (C-2), 123.0 (C-9), 104.3 (C-4), 102.8
(C-1-Gal), 98.7 (C-7), 97.5 (97.5), 87.5 (C-1-Glc), 78.7, 78.1,
75.7, 758.3, 72.5, 71.1, 70.9, 68.5, 61.0, 60.4.

DLS Analysis

DLS analyses were performed on a Zetasizer instrument
(Malvern Panalytical Ltd., UK). A lyophilized 4, previously
prepared, was dissolved in sterile H,O at 4 mM concentration

and was filtered using 0.1 pgm cut-OFF Whatman Anotop
syringe filters (Whatman, Merck-Millipore, Burlington, Mas-
sachusetts, USA) prehydrated in H,O and equilibrated in 20
mM Na;PO,, 150 mM NaCl, pH 7.4. The 4 mM filtered 4
solution was stirred in a bottle, under an air atmosphere, for 4
days. This solution was placed in a disposable cuvette, and
measurements were carried out at 25 °C throughout the
polymerization time. Each measurement was recorded three
times with 11 subruns using the multimodal mode. The Z-
average diameter was calculated from the correlation function
using the Malvern technology software ZS Xplorer version
3.2.0.84.

ITC Experiments

The interactions between all compounds (750 uM lactose and
500 uM 4) with Gal-1 and Gal-3“*" were measured by ITC
experiments. The analyses were carried out on an ITC200
calorimeter (MicroCal/GE Healthcare, Boston, MA, USA) at
25 °C in 20 mM Na;PO,, 150 mM NaCl, pH 7.4 buffer for
lactose experiments, and 20 mM Na;PO,, 150 mM NaCl, 1
mM DTT pH 7.4 buffer for both 4 and DHI experiments. All
experiments were carried out using a fixed concentration (20
uM) of Gal-1 or Gal-3°*P in the chamber. A solution of 39.4
UL of the ligands was titrated in aliquots of 1.5 L into the
chamber containing 270 uL of the protein. Ligand concen-
tration was determined by UV titration.

Injections were performed every 150 s for a total of 27
injections (0.4 uL for the first injection), under 750 rpm
stirring. Control experiments were carried out by performing
identical injections of ligands into the chamber containing just
a buffer. The binding stoichiometry, enthalpy, and equilibrium
association constants were determined by fitting the corrected
data to a one-set-of-sites binding model with MicroCal analysis
software (GE Healthcare). The data obtained from the
measurements were analyzed by peak integration using
ORIGIN 7.0 software (OriginLab, Northampton, USA), and
the free energy change (AG) and entropy contributions (TAS)
were derived from the equation:

AG= AH — TAS= — RTInK,

Spectrofluorometric Analysis

Fluorescence emission analyses were carried out following the
Gal-3 Trpl81 fluorescence signal. The spectrofluorometric
Gal-3RP spectra of 5 uM were registered using a Jasco FP-750
(Jasco Europe, Cremella, LC, Italy). The sample was excited at
280 nm and emissions registered between 300 and 400 nm.
The fluorometric spectra were registered by titrating Gal-3“*"
directly into a cuvette with increasing concentrations of 4
diluted in the same way (1.3 nM—100 uM). Due to the
intrinsic fluorometric properties of LacSDHI, for each tested
concentration during titration, the spectra of 4, as diluted as
the same, were recorded and subsequently subtracted from the
relative binding spectrum. In detail, the spectra were
performed at 20 °C, a bandwidth (ex. and em.) of 2.5 nm, a
response of 0.5 s, a scan speed of 50 nm/min, and a data
interval of 1 nm. Collected data were analyzed using Spectra
Manager Suite and OriginePro v. 2024b software.

BLI Analysis

BLI experiments were performed using the Octet R8 (8-
channel instrument, Sartorius, Goéttingen, Germany). AR2G
biosensors were used by following the manufacturer
instructions. Briefly, biosensors were hydrated in KB 1X
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(Sartorius, Gottingen, Germany) and subsequently activated in
a 20 mM NaOAc, 10 mM N-hydroxysuccinimide pH 4.5
solution for 300 s; after loading 10 ug/mL Gal-3“*" for 600 s,
the quenching step was made to avoid nonspecific binding by
immersing biosensors in 1 M ethanolamine pH 8.5. Then,
baseline, association, and dissociation steps (450, 300, and 900
s, respectively) were performed using the suitably diluted
analyte. All the incubations were performed at 25 °C with 750
rpm of shaking. All the samples were diluted in KB Ix
(Sartorius, Gottingen, Germany) in 96-well black plates
(Greiner Bio-One, Stonehouse, UK). The association curves
were obtained using LacSDHI polymer (analyte) with a
hydrodynamic diameter (HD) of 5.2 nm (DLS evidence),
measurements were carried out at different polymer concen-
trations in the range between 1.2 uM and 0.012 yM. The
dissociation curves were obtained by incubating the analyte-
loaded biosensors in the kinetic buffer for 600 s. Every run
included a reference well. All data were analyzed using the
Octet Analysis Studio 12.2 software and were modeled using a
full global fit with the 1:1 binding model.

Determination of LacSDHI Polymer MW

The molecular weight of LacSDHI polymer was determined
via DOSY-NMR by using an external calibration curve.”
DOSY NMR spectra were collected for four standards:
maltotriose, maltotetraose, maltoheptaose and LacSDHI
monomer, at about 5 mg/mL concentration, in D,O buffer
at 300 K. The logarithm of the diffusion coefficient, Log(D),
was obtained from the DOSY spectra, and MW was calculated
based on the equation:

Log(D) = Log(K) + a Log(MW)

B RESULTS AND DISCUSSION

To fully explore the potential of eumelanin-based derivatives as
ligands for different galectin types and to evaluate their
selectivity, this study addressed the interaction between Gal-1
or Gal-3 and the glycoeumelanin monomer/polymer, as
summarized in Scheme 1, combining a variety of techniques
to follow the binding of galectins with both the monomer and
the polymer. Also, the in situ and/or ex situ polymerization of
glycoeumelanin was exploited as a ligand source.

Scheme 1. Illustrative Picture of Interaction of both
LacSDHI Monomer and Polymer with CRD of Galectin-3
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Synthesis of LacSDHI and NMR Investigation

LacSDHI (4) was obtained by the O-deacetylation of LacSDAI
(3) (Scheme 2). The latter was prepared by modifying the
literature procedure®® upon exposure of glycosyl disulfides to a
slight excess of N-bromosuccinimide in the presence of
substoichiometric amounts of tetrabutylammonium bromide
and phenyldiselenide.

A complete characterization of 4 was achieved by NMR
spectroscopy to get insights concerning both the structural
motifs as well as the stability in the buffer relevant to the
biomimetic conditions of the species investigated. To assess
the inherent stability of 4, the indole derivative was dissolved
at 19 mM in sodium phosphate deuterated buffer pH 7.4, and
was stored under argon for 2 weeks. 'H NMR spectra were
recorded periodically during this period. Spectra consistent
overtime (Supporting Information, S3) demonstrated the full
stability of 4 under oxygen-free conditions. In stark contrast, a
completely different behavior was observed in the presence of
oxygen, as evident from the rapid browning of the sample
associated with the polymerization (Supporting Information,
S4). The entire set of 'D and D NMR spectra (Supporting
Information, S5—S13) was thus acquired under an argon
atmosphere, allowing for the first complete characterization
and signal assignment of 4, which was a crucial starting point
for analyzing the related eumelanin-like species obtained.

Synthesis of LacSDHI Polymer and NMR Investigation

To follow the polymerization of 4 and to standardize the
polymer preparation, we employed two protocols: (i) a
biomimetic autoxidative approach to simulate physiological
conditions®® and (ii) a polymerization under oxygen
bubbling®” to rapidly yield the polymer. In the first condition,
an 11.5 mM solution of 4 in deuterated phosphate buffer at pH
7.4 was left in an air-exposed NMR tube for 14 days. A series
of 'H spectra was collected at different times (Supporting
Information, S14), and NMR DOSY experiments were
acquired for selected times (Figure 2) to gain information
on the relative molecular size of the species present in the
medium at different measurement times. Spectral analysis
revealed an increase in the molecular weight as oxidation
progressed over time. In condition (ii), 4 was polymerized in
the NMR tube (deuterated phosphate buffer pH 7.4) under
oxygen bubbling, '"H NMR spectra were collected at t = 0, 2,
and 4 h (Supporting Information, S15), and NMR DOSY
experiments were run at t = 0 and 4 h (Figure 2). As expected,
with respect to condition (i), condition (ii) provided a faster
polymerization due to the oxygen-rich environment, and a
comparison of the different DOSY profiles shows that the
highest molecular weight final polymer is reached after 4 h of
exposure of 4 to bubbling.

The first oxidation protocol used, based on spontaneous
aerobic oxidation until 14 days, resulted in lower molecular
weight species, likely because of concomitant degradation
processes associated with the well-known eumelanin oxidative
fission.** This is a very relevant topic in view of future
exploitation and thus later addressed in more detail.

Indeed, under oxidative conditions, eumelanin pigments
undergo catechol ring fission, and the analogue process is
expected to be responsible for backbone fragmentation with
the LacSDHI polymer. In addition, the presence of quinonoid
systems may also be responsible for the thioglycoside
hydrolysis according to the putative mechanisms of Scheme 3.
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Scheme 2. Synthesis of LacSDHI (4)
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Figure 2. NMR DOSY spectrum of 11.5 mM of 4 (in 20 mM
deuterated sodium phosphate buffer pH = 7.4); at t = 0 h (blue line);
exposed to air in NMR tube and recorded at 7 days (red line);
exposed to bubbling O, and collected at t = 4 h (green line) (see
Supporting Information, S25, for molecular weights of polymers).

Although beyond the scope of this study, a preliminary
investigation based on integrated NMR and matrix-assisted
laser desorption ionization (MALDI) analysis (Supporting
Information, S16—S19) demonstrated the presence of lactose
in the crude mixture of the aged LacSDHI polymer obtained
by polymerization.

Spectroscopic Analysis

UV—vis spectroscopic analysis was performed both to estimate
the exact concentration of monomeric 4 at t = 0 h and, second,
to pair the absorption profile evolution with the polymerization
progress. The concentration was measured based on the
absorbance at 298 nm and adjusted to the millimolar range.
Spectra of the 4 sample were collected at different times
(Figure 3A). The UV profile of 4 is characterized by a peculiar
absorbance peak with a maximum at A 298 nm and a shoulder
at A 268 nm; during polymerization, characterized by a
progressive darkening of the solution (Figure 3C), a red shift
of the main peak is observed with the disappearance of its
shoulder, up to 4 320 nm.

The progress of the polymerization resulted in the associated
growth of the HD of the eumelanin intermediates, as observed
by measuring the HD at the same critical time points used for
UV-—vis spectroscopic analysis. According to DLS evidence
(Figure 3B), just after solubilization (t = 0 h), 4 appears as a
single species with a 1.16 nm HD. At t = 24 h, a peak appears
at 5.2 nm, a value that remains stable up to 72 h. NMR DOSY
experiments confirmed an increase in molecular weight
(Supporting Information, S20).

Binding Investigation

ITC measurements, to evaluate the interaction of 4 and Gal-1
(Supporting Information, S21) or Gal-3R° (Figure 4A),

Scheme 3. Proposed Mechanism of Lactose Release from LacSDHI Polymer
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Figure 3. A) UV—vis spectra of 4 at 40 uM concentration during polymerization. Spectra (from 200 to 600 nm) have been recorded at t = 0 h
(blue line), t = 4 h (orange line), t = 24 h (gray line), t = 48 h (yellow line), and t = 72 h (green line). (B) DLS experiments. Diameter
measurement of 4 at £ = 0 h (blue line), t = 4 h (orange line), t = 24 h (gray line), t = 48 h (yellow line), and ¢ = 72 h (green line). The diameter
values + SD are reported in the table. (C) Progressive darkening of 4 mM solution of 4 during polymerization. From left to right, the color of 4
solution was checked at t = 0 h, 2 h, 6 h, and 18 h after, does not increase.

revealed a higher affinity toward Gal-3*" (90 uM vs 19.9
uM), we thus focused on the interaction with Gal-3°R" alone.
The protein was titrated with 4 or lactose, with the latter used
as a reference (Figure 4A,B). The K, reported in Table 1,
proved 4 to exhibit higher affinity than lactose toward Gal-3.
Blanks were also run using 4 in the absence of protein or DHI
instead of 4 in the presence of the protein (Figure 4C,D). The
absence of binding in the DHI experiment allowed DHI to be
excluded as a factor in the interaction with Gal-3°*P.

Altogether, the binding of 4 to Gal-3“"" appears to be
specific and solely attributed to its sugar moiety. Furthermore,
the measured thermodynamic parameters (Table 1) support
the hypothesis that the stronger interaction with 4 is driven by
favorable enthalpy changes, indicating more extensive inter-
actions compared to lactose binding.

Fluorescence Emission Analysis

The binding of 4 to Gal-3"" was further confirmed by
spectrofluorometric analysis as the Trp181, placed in the CRD
of Gal-3, (excitation wavelength of 280 nm, emission
wavelength between 300 and 400 nm), is fully exposed to
the solvent when no ligand is present, making it an ideal
residue for monitoring protein interactions.*®

Binding associated fluorescence decay was assessed by
recording spectra of the protein alone (S yM) and after
increasing additions of 4 (1.3 nM—100 gM). The emission
spectra of 4, in the same condition for each point of titration,
have also been recorded and subtracted from the spectra in the

presence of the protein. Fluorescence intensity (maximum
emission 337 nm) was plotted as a function of the 4
concentration (Figure S). The K, value of 23.8 uM, derived
from the dose-dependent decrease in fluorescence intensity, is
in good agreement with ITC results.

BLI Analysis

According to literature, BLI allows investigation of various
types of biomolecular interactions, including protein—protein,
protein-small molecules, and protein-nucleic acid interactions
with reduced susceptibility to aggregation and to generation of
microfluidic artifacts.*' Kinetics and biomolecular interactions
can be followed in real time by BLI based on wave interference
without the need for fluorescent labeling. Changes in
interference patterns during the association and dissociation
phases are recorded when white light is directed toward the
functionalized biosensor. These variations enable the accurate
determination of kinetic and thermodynamic parameters of the
interaction, yielding results comparable to those obtained with
other physicochemical methods such as ITC and surface
plasmon resonance. BLI curves confirm the dose-response
binding and appropriate calculations were run to obtain the
best fitting function and the related Kp. The interaction assays
were performed on the Octet BLI, and the data were fitted
using Analyses Studio Software (12.2 version). The sensor-
grams obtained during the association phases clearly show the
characteristics of the 1:1 binding model, in which a binding
profile can be observed with an exponential increase in the

https://doi.org/10.1021/acsomega.5c08192
ACS Omega XXXX, XXX, XXX—-XXX


https://pubs.acs.org/doi/10.1021/acsomega.5c08192?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c08192?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c08192?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c08192?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c08192?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

Figure 4. ITC binding studies on Gal-3°%°. (A) Titration with 4, (B) lactose (used as reference), (C) DHI, and (D) the buffer titration (negative
control) is shown. The top panels of the graphs correspond to the injections, while the bottom panels correspond to the integrations of the peaks
according to the molar ratio of the tested molecules.

Table 1. Thermodynamic Parameters from ITC Binding Experiments between Gal-3“"" and the ligands 4 and Lactose
(Control)

ligand Kp (uM) AG (kcal/mol) AH (kcal/mol) TAS (kcal/mol) n (ligand to protein ratio)
4 19.6 + 2.8 —6.8 + 0.67 =52+ 06 1.6 £ 0.3 0.97 £ 0.22
lactose 49.8 £ 5.2 —6.1 £ 095 —24+09 3.7+ 03 1.03 + 0.24
signal followed by a leveling oft until equilibrium is reached. steady-state equilibrium. Steady-state analysis is often used for
Global fit analysis was carried out on data from all binding protein-small molecule interactions, where on and off rates
curves, and the affinity constant was calculated assuming a tend to be very high and the signal is rather low. The “R
G https://doi.org/10.1021/acsomega.5c08192
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Figure 5. Fluorescence emission analysis for binding assessment. Emission fluorescence spectra of 5 uM Gal-3°KP titrated with increasing
concentration of 4 (from 1.3 nM to 100 uM). In the inset, the fluorescence intensity at 337 nm has been plotted as a function of 4 concentration.
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Figure 6. BLI experiment. (Left panel) the experimental curves of biosensor loaded Gal-

3RP_LacSDHI polymer association, and complex

dissociation; the fitting model curves, used to interpolate data, in association and dissociation panels, are shown in red. (Right panel) the steady

state graph provides data to extract the dose-response binding curve.

equilibrium” (R,,) option of the software was used to calculate
the affinity constant (Figure 6).

We used the diffusion coefficient to estimate the average
molecular weight of the polymer and thus the concentration of
the ligand species used in the BLI experiments. DOSY spectra
were used to obtain the correlation curve between MW vs
diffusion coefficient (D) of the LacSDHI monomer and
maltose oligomers (maltotriose, maltotetraose, and maltohep-
taose) considered as comparable in terms of functional groups
and diffusion in water (Supporting Information, $22—524).*
The calibration curve showed good confidence (R* = 0.97)
and, as a check, the determination of the molecular weight of
the monomeric LacSDHI gave a value of 550.5 Da, consistent
with the actual value (Supporting Information, S25). For the
determination of polymer average MW, given its presence and
clear identification in the spectra of all four standards (spectral

region 3.81—3.77 ppm), the H6a signal of glucose was
identified as the most appropriate for diffusion coefficient
reading. A calibration curve based only on the three
oligosaccharides is also reported, but the curve does not
accurately reflect the actual value of monomeric LacSDHI used
as verification (Supporting Information, S24B).

BLI experiments, conducted with polymer concentrations
ranging from 1.2 to 0.012 uM (concentrations determined by
DOSY), indicate a Ky, for the polymer-Gal-3“*” interaction of
250 nM (Figure 6), notably, a value 2 orders of magnitude
lower compared to its monomeric form. Also, dissociation
curves showed a very slow dissociation of LacSDHI polymer
from galectin, indicating the high stability of the polymer-Gal-
3°RD complex.
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B CONCLUSIONS

This study aimed to design and produce an innovative
bioinspired galectin ligand capable of exhibiting activatable
behavior by the exploitation of the eumelanin precursor DHI
as a building block of a multivalent binding. The key idea is to
functionalize the monomeric indole with a lactose unit,
conferring properties of both protein binding affinity and
water solubility. Either LacSDHI and its polymer proved
capable of binding Gal-3“*" at low concentrations and with
preferential binding toward Gal-3“*P with respect to Gal-1.
Several investigation techniques were integrated to achieve as
complete as possible a picture of the Gal-3“*" response toward
the novel ligands, including ITC and emission spectrofluorim-
etry, which provided consistent Kp,. Moreover, thanks to the
comparisons with lactose measurements, it was possible to
establish that although the interaction with Gal-3“*" occurs
specifically at the lactose moieties, 4 exhibited an enhanced
affinity for Gal-3. This could probably be attributed to some
cooperative interactions with the protein, induced by the
presence of an indole moiety, as demonstrated by the enthalpic
origin of the affinity increase shown by 4 in ITC experiments.
This hypothesis will be further investigated in future studies
specifically addressing the binding modes. Furthermore, BLI
data revealed that, after polymerization, the binding affinity
notably increases by 2 orders of magnitude. Indeed, beyond
leveraging the oxidative polymerization propensity of the $,6-
dihydroxyindoles, the exploitation of polymerizable 4 allowed
us to disclose that the chain growth of the indole backbone not
only does not hinder binding, the glycomimetic is still
accessible to the binding site, but actually promotes it.

As the only common feature of 4 and its polymer is the
presence of the lactose moiety, the direct comparison of
binding data was not straightforward; nonetheless, based on
UV—vis spectroscopy, DLS, and chiefly DOSY NMR data, it
was possible to obtain an overall picture of the structural
features in the monomer and the polymer to correlate their
binding data from ITC and BLI measurements. Taken
together, these results establish two unprecedented achieve-
ments: (1) the first use of a eumelanin precursor with an
aromatic moiety as a galectin ligand; (2) the exploitation of
DHI oxidative polymerization as a tool to achieve, at the same
time, the buildup of a submicromolar ligand and its structural
motif via the nascent eumelanin backbone. On this basis, there
are perspectives for many other potential applications,
including, chiefly, the structural control of the ligand and its
activatable modulation thanks to the control tool offered by
DHI redox chemistry. Beyond this, it may be speculated that
the combined use of the Gal-3/LacSDHI binding and the
LacSDHI oxidative polymerization to achieve a templated
buildup of eumelanin-based ligands featuring tailored selectiv-
ity. These collected results could represent a new emerging
way to drive the rational design for a dynamic Gal-3 inhibitor,
and further developments are currently underway in our
laboratory.
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