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Galectins are a family of p-galactoside-binding proteins with an evolutionarily conserved carbohydrate
recognition domain. Their dysregulation has been implicated in physiological and pathological processes,
including fibrotic disorders, inflammation, and cancer. For example, elevated levels of galectin-1 contrib-
ute to tumor cell migration and immune evasion, whereas overexpression of galectin-3 is associated with
increased invasiveness and the formation of metastasis. Pharmacological inhibition of these galectins is
a promising therapeutic strategy to counteract their oncogenic effects. In this study, we synthesized
a novel series of galectin inhibitors with ferrocene and ruthenium arene motifs attached to lactose,
N-acetyllactosamine, or thiodigalactoside scaffolds. We determined their binding affinity toward human
galectin-1 (hgal-1) and the CRD domain of human galectin-3 (hgal-3-CRD) using fluorescence polariz-
ation, intrinsic fluorescence of galectin tryptophan residues, and isothermal titration calorimetry. The
ferrocene analogs exhibited superior affinity for both hgal-1 and hgal-3-CRD compared with ruthenium
arenes. In particular, a symmetrical diferrocene thiodigalactoside complex exhibited low nanomolar
affinity for hgal-1 and selectivity over hgal-3-CRD. Asymmetrical monoferrocene thiodigalactoside com-
plexes exhibited nanomolar affinity and good selectivity for hgal-3-CRD. Chronopotentiometric stripping
analysis demonstrated that the inhibitors stabilized hgal-1 against destabilization by electric field effects.
¥F{*Hy NMR experiments and molecular dynamics simulations suggested that the incorporation of the
ferrocene motif limited the accessible binding modes to hgal-3-CRD whereas binding to hgal-1 remained
unrestricted, resulting in attenuated binding affinities to hgal-3-CRD and selectivity for hgal-1. These
results open new possibilities for the design and optimization of therapeutic organometallic galectin
inhibitors.

Introduction

Lectins are glycan-binding proteins that are abundant in all
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kingdoms of life.! In humans, binding of glycans to lectins is
essential for many physiological and pathological processes
including host-pathogen interactions, inflammation, auto-
immune disorders, and cancer progression.” Although the key
roles of lectins in pathologies and their widespread occurrence
make them an important target for drug development,*” their
pharmacological inhibition by small molecule inhibitors
remains underexplored because of the perceived poor drugg-
ability of lectins.’ Ligand binding to the shallow water-exposed
binding cavity of lectins is associated with a high desolvation
penalty, moderate binding affinities of monovalent sugars,
and little ability of an inhibitor to form additional productive
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interactions within the binding site.* Moreover, carbohydrates
have poor pharmacokinetic properties,*” and because lectins
form homologous families that bind the same structural
motif, it is difficult to achieve selectivity in lectin inhibition.
Despite these extraordinary challenges, developments in glyco-
chemistry over the past 20 years have produced potent lectin
inhibitors.”” The most successful approach in the design of
lectin inhibitors relies on synthetically modified endogenous
carbohydrate ligands (glycomimetics).?” Several glycomimetic
lectin inhibitors have entered advanced phases of clinical
trials,"”° but with the exception of GalNAc-siRNA conjugates,
none others have yet been marketed.”” Thus, the need for
innovative approaches to expand the available chemical space
diversity in the design of lectin inhibitors is undeniable.
Galectins are a family of animal lectins that non-covalently
bind a f-galactopyranoside motif in membrane-bound and
extracellular glycans through an evolutionarily conserved

A Binds subsite C Binds subsite D
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binding site located within a carbohydrate recognition domain
(CRD).**® Natural disaccharide galectin ligands, such as
lactose (Lac) 1 and N-acetyllactosamine (LacNAc) 2 (Fig. 1A),
bind the highly conserved region of the CRD termed subsites
C and D, with each subsite accommodating one hexopyranose
moiety (Fig. 1A).” The p-galactopyranoside moiety in these dis-
accharides is recognized by subsite C. Two additional mono-
saccharides, which can be attached to the 3'-position of the
galactopyranoside moiety in endogenous ligands, are recog-
nized by the less conserved extension of the binding groove
termed subsites A and B (Fig. 1A and B).”*” The loosely
defined subsite E can interact with the substituents attached
to the reducing end of the monosaccharide occupying subsite
D (Fig. 1B).”%® Galectins are implicated in several pathologies
including fibrotic diseases, inflammation, and cancer.® Among
sixteen mammalian galectins,”” human galectin-1 (hgal-1) and
-3 (hgal-3) are probably the most studied to date due to their
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(A) Structures, numbering, and dissociation constants Ky of natural disaccharide galectin ligands 1 and 2, and the galectin inhibitor TD139

determined by isothermal titration calorimetry (ITC).}2? Oxygen functionalities critical for binding are shown in blue, 3-fluorophenyl-triazole moiety
of TD139 is shown in red. (B) Binding subsites A—E are shown for the complex of TD139 with hgal-3-CRD (PDB: 5H9P). (C) Structures of thiophene-
derived hgal-1 inhibitor 3, thiazole-derived hgal-1 inhibitor GB1908 and their dissociation constants K4 determined by competitive fluorescence

polarization (FP),*® (hetero)aromatic moieties shown in red.
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expression in many tissues and their prominent role in
diseases.”*'® The involvement of galectins in pathologies is
complex because galectins are multifunctional proteins whose
functions depend on their cellular and tissue localization."
Moreover, different galectins can play opposite roles in disease
progression."® Therefore, the availability of galectin inhibitors
that are highly selective for individual galectins is essential for
both fundamental research and drug development.

Typical glycomimetic small molecule galectin inhibitors
comprise a galactose-containing mono- or disaccharide
scaffold capable of forming the critical hydrogen bonds found
in natural agonists 1 and 2 (Fig. 1A).® The scaffold is typically
decorated with aromatic non-polar substituents that introduce
additional interactions within the binding groove.®

The glycomimetic inhibitor TD139 (later renamed GB0139,
Fig. 1A) targets four subsites and illustrates this approach.™
The hydroxyl groups at the 3-, 4'- and 6’-positions of natural
ligands 1 and 2 (including their stereochemistry), the pyranose
oxygen O5', and the hydrophobic a-side of the galactoside
residue are reproduced in the thiodigalactoside scaffold of
TD139, and direct the inhibitor into subsites C and D (Fig. 1A)
via key interactions with amino acid residues in these subsites.
The fluorophenyl-triazole moiety forms guanidinium-arene
cation-t interactions with the arginine residues Argi144 and
Arg186 in subsites B and E of hgal-3, respectively, while fluo-
rine is involved in orthogonal multipolar interactions'® with
the polypeptide backbone, collectively leading to nanomolar
affinities toward hgal-3 and approximately 3-fold weaker
binding to 4gal-1 according to ITC (Fig. 1A).*?? Modifications
of TD139 and other inhibitors resulted in a series of excellent
hgal-3 selective disaccharide®'® and monosaccharide'” inhibi-
tors. TD139 entered the Phase IIb of clinical trials for the treat-
ment of idiopathic pulmonary fibrosis (IPF), but unfortunately
failed due to its low efficacy and its development for IPF treat-
ment was discontinued.*®

Although the development of hAgal-3 inhibitors has
advanced considerably, the development of potent hgal-1 selec-
tive inhibitors remains challenging despite their therapeutic
potential.’® To the best of our knowledge, the only reported
small molecule, single-digit nanomolar inhibitors of hgal-1 are
the thien-3-yl derivative 3"**'* (Fig. 1C) and its thiazol-2-yl
analog.’*® Both had an approximately 10-fold selectivity for
hgal-1 over hgal-3 as determined by a competitive fluorescence
polarization (FP) assay. However, no further bioactivity of com-
pound 3 has been reported, and it appears that this inhibitor
is not being further developed. Very recently, a thiogalactoside-
based inhibitor named GB1908 with a two orders of magni-
tude hgal-1 selectivity has been reported (Fig. 1C).*3”

Recent X-ray diffraction and 'F NMR studies have
suggested differences between hgal-1 and Asgal-3 in the binding
mode of TD139 for subsites B and E.'?” Inspired by these find-
ings, we hypothesize that lipophilic barrel-shaped organo-
metallic complexes such as ferrocene or cyclopentadienyl-
ruthenium arenes may exploit these differences and interact
with the binding subsites of galectins more efficiently or selec-
tively than the planar fluorophenyl moiety, leading to higher
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binding affinity or selectivity. Organotransition metal com-
plexes, due to their three-dimensional coordination sphere,
offer structural diversity in protein-ligand interactions that is
inaccessible to purely organic compounds.’® For example,
improved affinity or selectivity after substituting a ferrocene
moiety for a planar arene has been reported for the anticancer
drugs paclitaxel,”® tamoxifen,>* the drug candidate plinabu-
lin,>* and the dopamine D; receptor antagonist BP 897.> In
spite of their advantages, organotransition metal complexes
have not been tested as antagonists in lectin inhibition,
although multivalent lactose-ferrocene conjugates have been
evaluated as electrochemical probes for the detection of galec-
tin-3.%*

We prepared a series of lactose, N-acetyllactosamine- and
thiodigalactoside-based inhibitors bearing ferrocene or penta-
methyleyclopentadienyl ruthenium arene complexes and deter-
mined their affinities to hgal-1 and Agal-3 using the FP assay,
intrinsic fluorescence of galectin tryptophan residues, and
ITC. Here, we report that introducing two ferrocene-triazole
moieties into the thiodigalactoside scaffold resulted in an
hgal-1 inhibitor with potency comparable to TD139 but with
up to 50-fold higher selectivity for hgal-1 over hgal-3, highlight-
ing the potential of organometallic fragments in the design of
lectin inhibitors. Subsequent F{'H} NMR monitoring of the
3-fluorophenyl-triazole moiety and molecular dynamics simu-
lations were used to explain the differences in the binding
mode between hgal-1 and hgal-3. In addition, the electro-
chemical activity of selected ferrocene derivatives was studied
by cyclic voltammetry (CV), and the ability of the synthesized
inhibitors to stabilize hgal-1 against electric current was evalu-
ated using chronopotentiometric stripping analysis.

Results
Synthesis of galectin antagonists

The ferrocenyl and ruthenium arene moieties were attached to
the selected disaccharide scaffolds via a 1,2,3-triazole linker
substituted at the 4-position with an organocomplex (Fig. 2C).
The linker was formed by a copper(i)-catalyzed cycloaddition
reaction between ferrocenyl- or phenylacetylene and an azido
group at the selected positions of the disaccharides (Fig. 2,
substituents R', R? R®, R*). These positions were chosen
because their modifications generally do not interfere with
recognition by galectins and organometallic substituents at
these positions enabled us to explore possible attractive inter-
actions with subsites A/B and E flanking the most conserved
region of subsites C and D.””®?* For Lac- and LacNAc-derived
galectin ligands, we decided to attach the organometallic sub-
stituent at the reducing end anomeric position (Fig. 2A, substi-
tuent R') to exploit possible interactions with subsite
E. Similar reasoning applies to the 3-OH hydroxyl of
N-acetyllactosamine 2 (Fig. 2A, substituent R*), which points
toward subsites A and B. In addition, the 2-position of the lac-
tosamine scaffold (Fig. 24, substituent R*) was also modified
because this position tolerates modifications with bulky sub-

This journal is © the Partner Organisations 2024
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A Lactose- and lactosamine-based
inhibitors

] [B ThiodigaIaCtOSide'based inhibitors J [C Attached organocomp|exes J

A e

OH
Anomeric position: R’ 3-/3-positions: RYR¥
2-position: R?
3"-position: R¥

Fig. 2 The positions selected for the attachment of modifying substituents to (A) lactose (R? =

OH

OH

OH) or lactosamine (R = NH,), (B) thiodigalactoside.

(C) Organocomplexes attached to carbohydrate scaffolds and numbering of the 1,2,3-triazole linking moiety.

stituents.”” For the symmetrical thiodigalactoside scaffold, we
modified the 3/3'-position (Fig. 2B, substituents R*/R*).
Modification at this position with an arene group has pre-
viously produced potent galectin inhibitors.>*® The ferrocene
moiety was introduced directly into the disaccharide scaffold
by azide-alkyne cycloaddition of the corresponding azido-dis-
accharides and ethynylferrocene. The (pentamethyl-
cyclopentadienyl)ruthenium arene moiety was introduced by
the complexation reaction of a phenyltriazole moiety with the
[Cp*Ru(MeCN);]Cl complex generated in situ.>” Non-metallic
compounds bearing a hydroxymethyl, phenyl, or 3-fluorophe-
nyl substituent attached to the disaccharide scaffold via a tri-
azole linker were prepared for comparison (Scheme 1, com-
pounds 4 and 7; Scheme 3, compounds 26, 28 and 29;
Scheme 4, compound 37).

The synthesis of Lac-derived galectin ligands 4, 6-8, and 10
modified at the anomeric position is summarized in
Scheme 1. Hydroxymethyl-triazole-substituted lactose 4 was

prepared for comparison as reported.”® Starting azido disac-
charides 5%° and 9°° were prepared from lactose 1 as reported
and converted to the target ferrocene analogs 6 and 10 using
cycloaddition with ethynylferrocene as the key reaction. The
phenyl triazole 7 was obtained from azide 5 by reaction with
phenyl acetylene followed by Zemplén deacetylation. Phenyl
analog 7 was subjected to the complexation reaction with the
[Cp*Ru(MeCN);]Cl complex generated in situ from the tetramer
[Cp*RuCl], as described previously.”” This complexation reac-
tion afforded the corresponding ruthenium arene 8
(Scheme 1).

The synthesis of LacNAc-derived galectin ligands 16 and 19
modified at the 1- and 2-positions, respectively, is summarized
in Scheme 2. Azides 15 and 18 for the copper-catalyzed cyclo-
addition were prepared from monosaccharide building blocks
by chemical glycosylation. N-Acetyllactosaminyl azide 15 was
obtained by NIS/TfOH-promoted glycosylation®' of known
2-phthalimido-p-glucosyl-azide 12**> with thiogalactoside 11**
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Scheme 1 Synthesis of galectin ligands 4, 6—8, and 10 derived from lactose modified at the anomeric position.
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Scheme 2 Synthesis of galectin ligands 16, and 19 derived from LacNac modified at the 1- and 2-positions.

followed by sequential deprotection, using first oxidative de-O-
benzylation with the NaBrO;/Na,S,0, system® to give com-
pound 14, then treatment with ethylenediamine in refluxing
methanol to liberate the 2-amino group,’® and finally
N-acetylation (Ac,O, MeOH). Methyl 2-azido-lactoside 18 was
obtained by NIS/TfOH-promoted glycosylation of methyl
2-azido-p-glucoside 17°® with thiogalactoside 11 followed by
oxidative de-O-benzylation. Copper(i)-catalyzed cycloaddition
between azido disaccharides 15, and 18 and ethynylferrocene,
followed by Zemplén deacetylation in the case of acetylated
disaccharide 18, afforded the target ferrocenyl-triazole-substi-
tuted disaccharides 16 and 19 (Scheme 2).

The synthesis of LacNAc analogs modified at the 3'-position
is described in Scheme 3. The methyl p-glycosides 23 and 24 of
3'-azido-LacNAc required for azide-alkyne cycloaddition were
synthesized by glycosylation of methyl 2-phthalimido-
B-glucoside 21°” with 3'-azido-thiogalactoside 20.>® The result-
ing disaccharide 22 was oxidatively de-O-benzylated to yield
diol 23 that was subjected to phthalimide deprotection (ethyle-
nediamine in refluxing MeOH) and N-acetylation to afford the
3'-azido-LacNAcp-OMe 24. Copper(i)-catalyzed cycloaddition
between azido disaccharides 23, and 24 and ethynylferrocene,
followed by Zemplén deacetylation in the case of acetylated
disaccharide 23, afforded the target ferrocenyl-triazole-substi-
tuted disaccharides 30 and 25, respectively. The bulky phthali-
mido group (Phth) was retained at the 2-position of disacchar-
ide 30 because a large aromatic substituent at this position
may influence the selectivity in interactions with galectins. For

comparison, 3-fluorophenyl-triazole-substituted LacNAc 28

7592 | Inorg. Chem. Front., 2024, 11, 7588-7609

and hydroxymethyl-triazole-substituted LacNAc 29 were pre-
pared from disaccharide 24 by cycloaddition with 3-fluo-
rophenylacetylene and propargyl alcohol, respectively
(Scheme 3). The cycloaddition of azide 24 with phenyl-
acetylene afforded disaccharide 26 carrying a phenyl-triazole
ligand suitable for the complexation reaction with the [Cp*Ru
(MeCN);]Cl complex, which afforded the corresponding
ruthenium arene 27 (Scheme 3). The parent disaccharides 26
along with disaccharide 7 (Scheme 1), both modified with the
phenyl-triazole moiety, were also used as the reference com-
pounds to determine how the substitution of the ruthenium
arene or ferrocene for a planar phenyl substituent influenced
the affinity. All Lac- and LacNAc-based ligands were prepared
as f-anomers at the reducing end anomeric position. When
this anomeric position did not carry a modifying organo-
metallic substituent, it was protected as a methyl p-glycoside
(compounds 19, 25-30) to prevent the formation of a mixture
of anomers.

For the thiodigalactoside-based inhibitors, we attached the
modifying substituent at the 3- and 3’-positions of the thiodi-
galactoside scaffold (Fig. 2B), as previous work has documen-
ted that binding to galectins benefits from the attachment of
arene-triazole substituents at these positions.'* This produced
compounds 34, 36-38, 41, and 42 (Scheme 4). Starting 3-azido-
thiodigalactoside 33 was obtained by the tetrabutylammonium
fluoride-promoted reaction of 3-azido-galactosyl bromide 31°°
with thiogalactoside 32*° in acetonitrile following the pub-
lished protocol (Scheme 4).*“*' 3,3"-Diazido-thiodigalactoside
35,269%9 3 4 5-trifluorophenyl-analog 39,'® and 3-fluorophenyl

This journal is © the Partner Organisations 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4qi01555j

Open Access Article. Published on 26 September 2024. Downloaded on 6/17/2026 9:27:40 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Inorganic Chemistry Frontiers

View Article Online

Research Article

A AcO AcO
o0 ~ORe OBn B'CS,\'ATBQ,':;' oh ¢ ogc 5o, N\Phth  NaBrOs NaS;0, og\c Lo NPhth
0 0 ,0°C, n EtOAc, H0, tt, 6 h
Ns sph + HOZ OMe — = N o\?o%om EtOAc H,0. 1t 6h o\%\ OMe
0,
OAc NPhth ° OAc 0Bn 89% OAc OH
20 21 22 23
T~ - HO
|
<F£ CuS04.5H,0, Fe  Neyl< oM NHAc
<<= ascorbic acid, DMF, 40 °C mﬂl 0 O%OMG
83% OH
~ 25 OH
CuS0,.5H,0, N\zo OH NHAC
bic acid, DMF, 40 °C = HO
1. H;NCH,CH,NH, ascorbic acid, TV, @&Né&o o ome
MeOH, reflux,2h HO oy 79% oH
2. Ac0, MeOH, 0 Ho—r/iHAC E = s O
23— 2C2h oy o OMe R HO _oH
3 (@) CUSO4.5H20, N:N NHAc
89% (2 steps) OH OH ascorbic acid, DMF, 40 °C \ 0 HO
24 NN o o OMe
88% on H
28 ©
. CuS0,.5H,0 HO  Neng O NHAGc
4- 2%, =N
HoO._“Z ic aci ° g’:o HO
\/ ascorbic acid, DMF, 40 °C \—&’1\[ o\%\OMe
85% OH OH
29
HO
[CP*Ru(MeCN)5ICI N=N Og HO——/YHAC
3 |
26 _MeCN, Hy0, it CID_ = N o\?f OMe
82% & OH ;7 OH
1
) <
Fe CuS0,4.5H,0,
AcO ascorbic acid, DMF, 40 °C
OAc NPhth )
o HO 2) MeONa/MeOH . HO o
N3 ¢) d OMe Fe N= N,
OAc OH 70% (2 steps) S N (o} o%OMe
23 OH 30

Scheme 3 Synthesis of galectin ligands 25-30 derived from LacNAc modified at the 3'-position.

analog 40'® were prepared as reported. Cycloaddition of azides
33, 35, 39, and 40 with ethynylferrocene followed by Zemplén
deacetylation gave ferrocenyl-triazole-substituted analogs 34,
36, 41, and 42, respectively, whereas azide-alkyne cyclo-
addition of diazide 35 with phenylacetylene afforded the
phenyl-triazole ligand 37 (Scheme 4). The complexation reac-
tion of compound 37 with [Cp*Ru(MeCN);]Cl generated in situ
was expected to afford the bisruthenium arene disaccharide
38. The product produced the expected molecular ion mass in
high resolution mass spectra; however, the "H NMR spectrum
showed two signals for the triazole proton and four signals for
the methyl protons of the pentamethylcyclopentadienyl ring.
We speculate that compound 38 was prepared as a mixture of
four inseparable stereoisomers due to hindered rotation at the
bond between the triazole and the phenyl ligand. All prepared
ferrocenes were obtained as either crystalline or amorphous
solids; most of them with limited solubility in water (see ESI
for details, section B.2.T), whereas the ruthenium arenes were
obtained as white amorphous solids with good water solubi-
lity. Both types of compounds exhibited stability in air and in

This journal is © the Partner Organisations 2024

aqueous or DMSO solutions, as confirmed over a period of
three weeks.

Compound characterization

NMR and HRMS spectroscopy. The structure of the prepared
compounds was confirmed by NMR and HRMS spectroscopy.
The 1,2-trans (or p-) configuration of the newly formed glycosi-
dic linkage in disaccharides 13, 18, 22, and 33, was evidenced
by the magnitude of the coupling constant *Js.1 5.2 = 8.0-9.8
Hz. Ferrocenyl- or phenyltriazole-substituted disaccharides 6,
7, and 16, obtained from glycosyl azides 5 and 15 by cyclo-
addition, retained the B-configuration at the 1-position and
the *C; chair conformation of both pyranose rings, as evi-
denced by the values of the vicinal coupling constants *Ju u
(ESI, Table S1f). The galactoside ring also retained its *C;
chair conformation after the attachment of the modifying sub-
stituent at the 3/3'-position (compounds 25-30, 34, 36-38, 41
and 42). When signal overlap in 'H NMR spectra precluded
direct determination of the diagnostic *Jzu couplings, 2D
'H-"3C gHSQC NMR spectra were used for their estimation.
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Scheme 4 Synthesis of galectin ligands 34, 36—38, 41 and 42 derived from thiodigalactoside modified at the 3 and 3'-positions.

The formation of 1,2,3-triazole was also confirmed by NMR
spectroscopy. The proton of the triazole CH group resonated at
8.01-8.90 ppm in '"H NMR spectra, while the corresponding
carbon resonated at 119.8-124.7 ppm in >C NMR spectra,
which is characteristic of 1,4-substituted 1,2,3-triazoles.** The
quaternary carbon of the 1,2,3-triazole ring showed a chemical
shift in the range of 141.8-148.4 ppm. Ruthenium complexa-
tion led to shielding of the corresponding phenyl ring,>”
resulting in the decreased values of the proton and carbon
chemical shifts (6y = 5.95-6.64 ppm/Sc = 84.98-99.3 ppm for
the phenyl ring in the ruthenium complexes, &y =
7.30-7.88 ppm/éc = 125.0-131.9 ppm for the phenyl rings in
the parent phenyl-substituted disaccharides).

Cyclic voltammetry. Ferrocene is a widely used electro-
chemical redox probe, particularly for biological applications
in conjugation with biomolecules.”? In this study, we estab-
lished the electrochemical activity of three inhibitors with the
ferrocenyl-triazole substituent (6, 25, and 36) in comparison
with ferrocenecarboxylic acid (FcCOOH)—a reference electro-
chemical redox probe—using cyclic voltammetry (CV) at a
basal-plane pyrolytic graphite electrode (bPGE).** Unmodified
disaccharides are electrochemically substances.
Because of the presence of readily oxidizable ferrocene tag(s),
compounds 6, 25, and 36 offered reversible double peak with
E, ), varying between 300 mV (25) and 323 mV (36), similar to
the probe FcCOOH with E;, = 320 mV (Fig. S1 and Table S2 in
the ESIT). AE, = 84 mV of FcCOOH was approximately 6 mV (6)
to 14 mV (25) higher than AE, of the corresponding ferroce-
nyl-triazole-modified disaccharides and approximately 25 mV

inactive

7594 | Inorg. Chem. Front, 2024, 11, 7588-7609

higher than the theoretical value of 59 mV for an ideally revers-
ible system. Together with higher j}/jj; ratios ranging from 1.67
to 2.14, with an ideal value of 1.0, it is possible to attribute the
ferrocene redox signals observed at bPGE to quasi-reversible
processes,”® which are not significantly affected by the disac-
charide structures. For more details, see ESI, pages S24-S28.

Binding to hgal-1 and hgal-3

Competitive fluorescence polarization (anisotropy) assay. We
screened the affinity of all prepared organometallic complexes
and the corresponding nonmetallic reference compounds to
hgal-1 and human galectin-3 CRD domain (Agal-3-CRD) using
a competitive FP assay.’® This assay allows a rapid determi-
nation of the apparent inhibition constant K; with minimal
consumption of the inhibitor (Tables 1 and 2, see the ESI{ for
the details of the calculation).*® The hgal-3-CRD was employed
instead of hgal-3 to facilitate comparison with the literature
data and the ITC measurements (vide infra)."” We prepared
and used methyl p-glycoside of LacNAc, designated 23-OMe in
his study, as the parent compound for the comparison with
the LacNAc-derived ligands in FP and ITC assays.>®

The attachment of an organometallic moiety to positions 1
and 2 of disaccharides Lac and LacNAc was aimed at the for-
mation of additional interactions with the galectin subsite E.*®
Both galectins contain an arginine residue in this subsite
(Arg74 in hgal-1 and Argl186 in hgal-3) capable of forming
cation-r interactions with arene moieties of the inhibitor.”**°
On the whole, modifications at these positions mostly resulted
in a modest improvement in binding affinity (Table 1, entries

This journal is © the Partner Organisations 2024
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Table 1 Apparent inhibition constant K;, relative potency rp? and selectivity values obtained from competitive fluorescence polarization for inhibi-

tors derived from Lac and LacNAc

HO oH R?
R& R /O%W
OH OH
- K; (hgal-1) rp K; p Selectivity to
Entry R' R? R? Compound (uM) (hgal-1) (hgal-3-CRD) (uM) (hgal-3-CRD) hgal-1”
Lac-derived inhibitors®
1 OH OH OH 1 (lactose) 334+28 1.0 94+7 1.0 0.28
2 N=N OH OH 4 157 +31 2.1 55+ 4 1.7 0.35
N
N T CH,0H
3 N=N OH OH 7 241+36 1.4 67+7 1.4 0.28
N\)\
TN > Ph
4 N=N OH OH 6 105+20 3.2 35+1 2.7 0.33
/N\)\Fc
5 N=N OH OH 8 262+51 1.3 132 +15 0.7 0.50
N
TN Ry
6 N=N OH OH 10 141+6 2.4 30+1 3.1 0.21
o) N
LN
LacNAc-derived inhibitors®
7 OMe NHAc OH 2p-OMe* 182+12 1.0 49+3 1.0 0.27
8 N=N NHAc OH 16 73+19 2.5 15+1 3.3 0.20
N
NS SFe
9 OMe N=N OH 19 54 +2 3.4 3.9+0.1 13 0.07
N
NS S Fe
10 OMe NHAc N=N 29 43+ 8 4.2 22+5 2.2 0.51
N
N TCH,0H
11 OMe NHAc N=N 26 5.2+0.8 35 2.7+0.7 18.1 0.52
N
N Ph
12 OMe NHAc N=N 28 1.7+0.1 107 0.26 + 0.01 188 0.15
N
NS T 3F-Ph
13 OMe NHAc N=N 25 3.7+1.2 49 5.0 + 0.2 10 1.35
N
TUNF SFe
14 OMe NPhth N=N 30 3.4+0.5 54 1.3+0.1 38 0.38
N
NS Fe
15 OMe NHAc N=N 27 78+11 2.3 14.8 + 3.9 3.3 0.19
N
TN TR

“Relative potency defined as rp = K;(Lac 1)/K;(inhibitor) for Lac-derived inhibitors, rp = K;(2p-OMe)/K;(inhibitor) for LacNAc-based inhibitors.
b Defined as the ratio Kj(hgal-3-CRD)/K;(hgal-1). “Fc = ferrocenyl, [Ru] = ruthenium arene moiety, 3F-Ph = 3-fluorophenyl. ?2p-OMe denotes

methyl N-acetyl-p-lactosaminide (LacNAc1f-OMe).*®

1-9). The selectivity was always in favor of hgal-3-CRD. The
best improvement was obtained for compound 19 resulting
from the attachment of ferrocenyltriazole to the 2-position of
LacNAc. It bound Agal-3-CRD 13-fold more strongly than the
parent methyl N-acetyl--lactosaminide®® 2p-OMe (entry 9).
Complex 19 had affinity and selectivity comparable with that
obtained for 5,6,7,8-tetrahydronaphthoate ester 43 (Fig. 3),
which was among the most selective Agal-3 binders in a series
of previously reported lactose 2-esters.’® The remaining com-
plexes 6, 8, 10, and 16 had at most a two- to threefold
improved affinity for both galectins relative to the parent disac-
charides Lac (entries 4-6 vs. entry 1) and 2p-OMe (entry 8 vs.

This journal is © the Partner Organisations 2024

entry 7). Ferrocenes 6 and 10 had only marginally better
affinity for both hgal-1 and hgal-3-CRD than the non-metallic
phenyl and hydroxymethyl compounds 7 and 4 (entries 4 and
6 vs. entries 3 and 2), respectively. Ruthenium arene 8 was a
slightly weaker binder than the corresponding phenyl analog 7
(entries 5 and 3).

Next, we modified the 3'-position of the N-acetyllactosamine
scaffold (compounds 25-30, Table 1, entries 10-15), with the
aim of introducing cation-t interactions between Argl44 in
subsite B of the hgal-3 CRD and the ferrocene/ruthenium
arene complex attached to the 3'-position.'?”2¢%5° A similar
approach has been used previously in the preparation of non-

Inorg. Chem. Front., 2024, 11, 7588-7609 | 7595
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Table 2 Apparent inhibition constant K;, relative potency rp? and selectivity values obtained from competitive fluorescence polarization for thiodi-

galactoside analogs®

HO _oH
&/ OH
K; p K; rp Selectivity to
Entry R® R? Compound (hgal-1) (uM)  (hgal-1) (hgal-3-CRD) (pM) (hgal-3-CRD) hgal-1°
1 /N:N F /N:N F TD139 0.12 £ 0.01 1.00 0.008 = 0.001 1.00 0.07
2 OH /N:N 34 1.9+0.2 0.06 1.7+04 <0.01 0.89
N\)\
NS S Fe
3 /N:N /N:N 37 0.25 +0.04 0.48 0.033 + 0.002 0.24 0.13
N N
TN ph NS T Ph
4 /N:N /N:‘N 36 0.035 +0.017 3.43 0.26 + 0.066 0.03 7.43
N N
NS ke TN e
5 /N:N /N:N 38 0.82 +0.08 0.15 0.72 +0.16 0.01 0.88
N N
TN TRy TN TRy
6 /N:N /N:N F 11 0.15 + 0.03 0.80 0.013 + 0.004 0.62 0.09
/N 7 Fo /N s
F
F
7 N=N N=N 42 0.16 £ 0.01 0.75 0.026 + 0.002 0.31 0.16

N/ N/ F
—N Fc - ¢\©/

“Relative potency with respect to TD139, one of the most potent inhibitor, defined as rp = K;(TD139)/K;(inhibitor).

nium arene moiety.  defined as the ratio K;(hgal-3-CRD)/K;(hgal-1).

HO o o OMe

OH OH
43

hgal-1: Ky = 46 £ 18 uM (FP)
hgal-3: Ky = 3.9 £ 0.9 uM (FP)

hgal -3: Ky = 0.32 uM (FP)

b Fe = ferrocenyl, [Ru] = ruthe-

HO
NHAC Ne N o NHAC
o o
O OMe O OMe
OH OH

hgal-3: Ky = 0.66 + 0.09 uM (FP)

Fig. 3 Structures of previously reported galectin inhibitors 43—45 and their affinities to hgal-1 and hgal-3 from FP.26%4950 The affinity of 44 and 45

to hgal-1 was not reported.

organometallic Agal-3 inhibitors’ and resulted in affinities up
to the high nanomolar range (see N-acetyllactosaminides 44
and 45 for examples, Fig. 3). Interestingly, the affinity for hgal-
1 has not been previously determined for 3-modified lactosa-
mines. We found that 3-fluorophenyltriazole 28 (entry 12) and
ruthenium arene 27 (entry 15) bound hgal-3-CRD approxi-
mately 7- and 5-fold more strongly than Agal-1, respectively,
whereas the remaining 3'-modified lactosamine analogs dis-
played comparable or only 2- to 3-fold higher affinities for
hgal-3-CRD than for hgal-1 despite the absence of an arginine
residue in subsite B of Agal-1.

7596 | Inorg. Chem. Front, 2024, 1, 7588-7609

The 3'’-hydroxymethyltriazole 29 (entry 10) bound both
galectins better than the unmodified 2-OMe due to the inter-
action of the triazole ring with the galectins.”? Substituting the
hydroxymethyl group with phenyl in 26 significantly improved
the affinity to the single-digit micromolar range. In agreement
with the previous observations made for thiodigalactosides,"*
substituting fluorine for 3-hydrogen in the phenyl moiety of
the analog 28 (entry 12) further increased the affinity,
especially for hgal-3-CRD, which reached nanomolar values.
Replacing the phenyl with ferrocene (26 — 25, entry 13)
resulted in an affinity comparable to that of the phenyl ana-

This journal is © the Partner Organisations 2024
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logue 26, but for the first time in our series, the selectivity was
very slightly tilted in favor of hgal-1. Substituting the bulky
phthalimide in 30 (entry 14) for the acetamide in 25 (entry 13)
further improved binding to hgal-3-CRD, producing the best
inhibitor among our LacNAc- and Lac-based metal organocom-
plexes, probably owing to simultaneous interactions with sub-
sites B and E. Disappointingly, the ruthenium arene complex
27 was a weaker inhibitor of both galectins compared with its
ferrocene and phenyl counterparts 25 and 26, respectively
(entries 15 vs. 13 and 11).

Some thiodigalactoside-based inhibitors, such as com-
pound TD139, are among the most potent Agal-1 and -3 inhibi-
tors."* Also in this study, inhibitors resulting from the attach-
ment of an organometallic substituent to the thiodigalactoside
scaffold outperformed (Table 2) Lac- and LacNAc-derived
inhibitors. Inhibitor TD139 (entry 1) was more selective for
hgal-3-CRD in our hands than originally reported. While the
affinity for hgal-3-CRD (K; = 0.008 + 0.001 uM) was close to the
reported value (K; = 0.014 + 0.003 pM),™* the affinity for hgal-1
was one order of magnitude lower (K; = 0.12 + 0.01 uM) than
originally reported (K; = 0.012 + 0.003 uM)."* However, a value
very close to ours was reported by Zetterberg et al. this year (K;
= 0.109 + 0.022 pM as determined by FP).'*” Symmetrically
substituted phenyltriazolyl-thiodigalactoside 37 was a selective
hgal-3-CRD inhibitor, although less potent than TD139
because it lacked the fluorine-galectin interactions contribut-
ing to the high binding affinity of TD139 (Table 2, entries 1
and 3)."* Substituting both planar phenyls in 37 with ferrocene
to give 36 resulted in a significant drop in affinity toward Agal-
3-CRD (almost by an order of magnitude, entries 3 and 4) and
an improvement in affinity toward Agal-1. As a result, diferro-
cene 36 was the best and most selective organometallic inhibi-
tor of hgal-1 in the series, because it bound Agal-1 7-fold more
strongly than hgal-3-CRD, surpassing not only the diphenyl
analog 37 (entries 3 and 4, 7-fold increase in affinity for Agal-1)
but also the inhibitor TD139 (entries 1 and 4, 3-fold increase),
despite the absence of a fluorine substituent. The asymmetric
monoferrocene complex 34 exhibited only micromolar affinity
for both galectins (entry 2). The asymmetric ferrocene-phenyl-
triazole complexes 41 and 42 showed a good hgal-3-CRD
selectivity (entries 6 and 7), although 42 bound hgal-3-CRD
3-fold more weakly than TD139. Ruthenium arene complex 38
(entry 5) displayed a significantly lower affinity for both galec-
tins compared with its phenyl and ferrocenyl counterparts 37
and 36, respectively, and was not further investigated.

Intrinsic tryptophan fluorescence. We determined the
binding affinity expressed as a dissociation constant (Kg,
Table 3) for selected ligands 6, 19, 25, 27, 28, 36, 37, 41, and
42 by an orthogonal method that utilizes ligand-induced
changes in the intrinsic fluorescence of tryptophan residues.>
Inhibitors 6, 19, and 25 (entries 3-5) represent the Lac and
LacNAc scaffolds modified at the 1-, 2-; and 3'-positions,
respectively. Inhibitor 36 was selected because it is the most
potent and selective hgal-1 inhibitor in the whole series,
whereas disaccharides 27, 28, 37, 41, and 42 were chosen
because of their good selectivity in inhibition of Agal-3-CRD as

This journal is © the Partner Organisations 2024
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determined by fluorescence anisotropy. For comparison, the
affinity of the endogenous ligands Lac and LacNAc and the
known inhibitor TD139 were also measured (Table 3, entries 1,
2, and 8). Unlike the competitive FP assay and ITC, which
employed hgal-3-CRD to avoid hgal-3 oligomerization, this
method has been also successfully applied to full-length hgal-
3‘51(1

In all cases, the measured Ky to hgal-3-CRD was slightly
lower than that obtained for full-length hgal-3; however, the
difference did not appear significant in most cases, and the
affinity trends were similar for both hgal-3 and hgal-3-CRD.
Also, the values for disaccharides determined by the intrinsic
tryptophan fluorescence assay and by the FP assay were com-
parable and did not differ by more than a factor of three in
most cases. A more significant difference between the two
method was found for the potent hgal-1 inhibitor in the series
36 (Table 3, entry 10). The intrinsic tryptophan fluorescence
assay indicated a higher affinity and selectivity of diferrocene
36 for hgal-1 than FP: Complex 36 bound hgal-1 50-fold more
strongly than Agal-3, and 40-fold more strongly than hgal-3-
CRD, whereas the selectivity using the FP assay was lower
(Ki(hgal-3-CRD)/K;(hgal-1) = 7.4). The intrinsic tryptophan fluo-
rescence assay also confirmed the selectivity of disaccharides
19, 27, 28, 37, 41, 42 and TD139 towards Agal-3. In contrast to
the FP and ITC assays (see Table 4 for the ITC data), there was
practically no difference between disaccharides 41 and 42 in
binding to hgal-3, as both had low nanomolar affinity (Table 3,
entries 11 and 12). This resulted in the 3-fluorophenyl analog
42 being a more selective hgal-3 inhibitor than the trifluoro-
phenyl analog 41, again in contrast to the FP results (Table 2,
entries 6 and 7). Since these potent sgal-3 inhibitors 41 and 42
and hgal-1 inhibitor 36 carry an electroactive ferrocene moiety,
we envision their application in electrochemical sensing of
galectin inhibition. The commercial inhibitor TD139 showed
4-fold higher hgal-3 affinity and 2-fold higher hgal-3 selectivity
in the tryptophan fluorescence assay (Table 3, entry 8) than in
the FP assay (Table 2, entry 1). Discrepancies between the two
assays can be attributed to the different bioanalytical prin-
ciples on which the assays are based. Importantly, both assays
confirmed that the affinity and selectivity for Agal-1 were sig-
nificantly improved by insertion of two ferrocene-triazole
motifs into the thiodigalactoside scaffold to yield a potent
hgal-1 inhibitor 36.

Chronopotentiometric stripping analysis. We tested the for-
mation of Agal-1 complex with selected ligands using chrono-
potentiometric stripping analysis (CPS),>> in which proteins
yield peak H. The structural transition between native and
denatured forms of protein can be observed in dependence of
peak H on stripping current Isrg (Fig. 4). The obtained result
provides information whether the individual substances stabil-
ize or destabilize the protein structure, which is manifested by
a structural transition shift to lower or higher stripping
current values.’® Hgal-1 yielded a structural transition between
Igrr of —=17.5 pA and —30 pA with an Igg,, value®*”* about
—25 pA. The structural transition was accompanied by the
splitting of a single peak H into two peaks characteristic of the

Inorg. Chem. Front,, 2024, 1, 7588-7609 | 7597
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Table 3 Dissociation constant Ky values obtained using intrinsic tryptophan fluorescence
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E
D omeE e b O
Fc = e [Ru] = u 3F-Ph =
Entry Compounds K4 (hgal-1) (uM) K4 (hgal-3) (uM) K4 (hgal-3-CRD) (pM) Selectivity to hgal-1*
1 1 (Lac) 244 29 297 + 28 142 + 23 1.2
2 2 (LacNAc) 84 +13 80 + 15 45 + 12 0.9
3 HO _oH OH 193 + 21 49+ 8 30£2 0.5
o _HO
Hogﬁ/o% N Nre
OH on N
6
4 N=N 52+4 51 2.9+0.3 0.1
HO oH ) Fc
N
Q0
HO&/OF%OME
OH OH
19
5 HO _oH NHAG 1.8+ 0.5 13+2 8+1 7.2
FC‘Q\/N Q o%OMe
OH OH
25
6 HO _on NHAG 84 +12 10+1 5.2+0.5 0.12
[Rul— |\ O OHO d “ome
OH OH
27
7 HO _oH NHAG 2.2£0.2 0.15 +0.03 0.08 + 0.02 0.07
3F-Ph—(_ | QP & ome
OH OH
28
8 ;F'Ph 0.08 + 0.01 0.0023 = 0.0004 0.0021 + 0.0004 0.03
N )
_HO _oH “NOH
oH OH
TD139
9 N{h 0.12 + 0.02 0.031 + 0.004 0.012 + 0.001 0.26
'
N\’:‘O OH N\NOH
Ph&"\‘ o735
o OH
37
10 N Fe 0.010 + 0.001 0.50 £ 0.04 0.40 + 0.10 50
i\
N,
N\r\TO OH NOH
e dosld |
oH OH
36
11 N Fc 0.035 + 0.002 0.0067 = 0.0006 0.0040 + 0.0005 0.19
B\
N,
i N\’\TO OH NOH
OISR ozt
oH OH
41
12 N Fe 0.11 £ 0.01 0.0044 + 0.0008 0.0038 + 0.0006 0.04
D\
N,
N\':‘O OH NOH
OH oH
42

“Defined as the ratio Kq(hgal-3)/Kq(hgal-1).
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Table 4 Thermodynamic parameters for binding to hgal-1 and hgal-3-CRD obtained by ITC at T = 298 K

R
N TD139:R'=R =
n \
3

0 (=6

J F
}_@ 4R = s—Q—FR=
O F

@ F
I~

Nepq O NOH 37:R =R =
' | o HO
RN _FOZ5 |
OH OH h
36:R'=R = 42:R' = R=§\ ,i__%
Entry Compound K4 (pM) AG (kcal mol™) AH (kcal mol™) ~TAS (kcal mol™) n Selectivity to hgal-1¢
hgal-1
1 TD139” 0.220 = 0.05 -9.1+£0.2 —-16.7 £ 0.4 7.6 £0.4 0.96 + 0.04 0.31
2 TD139 0.279 + 0.001 -8.9+0.1 -16.9 £ 0.4 8.0+0.4 1.03 £ 0.04 0.07
3 37 0.288 + 0.006 -8.9+0.1 -9.6 £ 0.4 0.7+0.4 1.04 = 0.02 0.33
4 36 0.258 + 0.004 -9.0+0.1 -12.8+1.4 3.8+1.5 1.06 = 0.07 3.6
5 41 0.340 + 0.019 -8.9+0.1 —-10.2 £ 0.1 1.3+0.1 1.03 + 0.00 0.07
6 42 0.366 + 0.031 -8.8+£0.1 -9.5+0.1 0.6 £0.1 1.03 £ 0.02 0.18
hgal-3-CRD
7 TD139” 0.068 + 0.01 -9.9+04 —-18.2£0.8 8.3+0.9 0.96 + 0.01 —
8 TD139 0.019 + 0.003 —-10.6 £ 0.1 -16.4 £ 0.4 5.8+0.3 1.08 + 0.01 —
9 37 0.096 + 0.005 -9.6 £ 0.1 -11.2 £ 0.3 1.7+0.2 1.03 £ 0.03 —
10 36 0.923 + 0.040 -8.3+0.1 —-12.7 £ 0.2 4.4 +£0.1 1.08 = 0.02 —
11 11 0.023 + 0.006 —-10.5£0.2 -14.0£1.3 3.6+1.5 1.03 = 0.04 —
12 42 0.066 + 0.010 -9.8+0.1 —12.0 £ 0.2 2.3+0.4 1.01 + 0.00 —
“Defined as the ratio Kq(hgal-3)/Ka(hgal-1).  Taken from ref. 12b.
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Fig. 4 (A) The dependence of peak H area on stripping current /st for free hgal-1 (grey) and that in complex with compounds 2 (green), 6 (red), 25
(magenta), and 36 (blue). Inset: peak H height of free hgal-1 measured using different stripping currents. A double peak of structural transition can

be seen at —20 pA. (B) Alstry/» Values of hgal-1 complexes normalized®?” to

native and denatured hgal-1 (Fig. 4A, inset). Interaction with
LacNAc (2) and compounds 6, 25, and 36 shifted the structural
transition characterized by Igrri, to lower values, indicating
the stabilization of Agal-1 molecules against the effect of the
electric field. The average values of this structural transition
shift for hgal-1 in complex with disaccharides compared to
those of free hAgal-1 are in good agreement with the results

This journal is © the Partner Organisations 2024

free hgal-1.

(binding affinities) obtained by other methods, giving the
lowest Algrri, value for the strongest binder 36 (Fig. 4B).
However, the determination of Isrgi, for hgal-1 interaction
with compounds 2 and 6 is within the experimental limits of
the CPS method.

Isothermal titration microcalorimetry (ITC). Ferrocene-
modified thiodigalactosides emerged as the most potent
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organometallic inhibitors tested in this study. To assess how
the substitution of ferrocene for the phenyl and fluorophenyl
groups affects the thermodynamics of binding in the thiodiga-
lactoside series, we determined the thermodynamic binding
parameters (Table 4 and Fig. 5) of five TDG analogs, three sym-
metrically substituted thiodigalactoside-based inhibitors,
namely bis(3-fluorophenyl) inhibitor TD139, and its diphenyl
and diferrocene analogs 37 and 36, and two asymmetrically
substituted  thiodigalactosides, trifluorophenyl-ferrocenyl
inhibitor 41 and 3-fluorophenyl-ferrocenyl analog 42. We used
hgal-3-CRD instead of complete hgal-3 to minimize compli-
cations resulting from oligomerization of hgal-3.'® The ITC
measurement yielded lower affinities than FP and intrinsic
tryptophan fluorescence, but this phenomenon has been
reported previously for galectin inhibitors including TD139.'*?
The data for binding of TD139 to hgal-1 were essentially identi-
cal to those recently reported (Table 4, entries 1 and 2),'*”
whereas the binding affinity for hgal-3-CRD was approximately
3.6-fold higher in our hands than that reported'?” but still
comparable (entries 7 and 8). The ITC assay confirmed the
selectivity of the diferrocene inhibitor 36 towards Agal-1, albeit
with a lower selectivity value of 3.6 (entries 4 and 10), than
that determined by FP (7.4) and intrinsic tryptophan fluo-
rescence (40). ITC also confirmed the Agal-3 selectivity of the
asymmetrically substituted thiodigalactosides 41 and 42,
which exhibited selectivity values comparable to those
obtained by FP (entries 5, 6, 11, and 12).

The ITC data confirmed that the binding affinity for hgal-3-
CRD decreased when moving from the bis(fluorophenyl)
analog TD139 to the diphenyl analog 37 and the differocene
analog 36 (Table 4, entries 8-10). This trend was consistent
with the FP assay. Compared to diphenyl analog 37 (entry 3),
bis(fluorophenyl) inhibitor TD139 (entry 2) displayed a higher
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binding enthalpy to hgal-l1 (-16.9 vs. —9.6 kcal mol ™)
accompanied by a significant increase in the entropic penalty
(8.0 vs. 0.7 keal mol™"), leading to a perfect enthalpy-entropy
compensation with a negligible change in affinity for hgal-1.
Binding of TD139 to hgal-3-CRD also showed a gain in
enthalpy relative to diphenyl analog 37 (entries 8 and 9, —16.4
vs. —11.2 kcal mol™"). However, the increased entropic penalty
(5.8 vs. 1.7 keal mol™) did not fully compensate for this gain,
resulting in a higher overall affinity of TD139 to hgal-3-CRD.
Thus, the ITC data suggests that while the fluorine substituent
in TD139 interacts with the protein backbone in both galec-
tins,'?? it produces a significant gain in affinity only in the
case of hgal-3-CRD. This is probably due to better protein
preorganization.

For the diferrocene complex 36, the higher enthalpy of
binding to Agal-1 compared to its diphenyl analog 37 (-12.8
vs. —9.6 kcal mol™") was completely compensated for by the
increased entropic penalty of 36 (3.8 vs. 0.7 kcal mol™") leading
to virtually identical binding affinities of compounds 36 and
37 for hgal-1 (entries 3 and 4). In contrast, the entropic penalty
of diferrocene 36 relative to its diphenyl counterpart 37 (4.4 vs.
1.7 kecal mol™") exceeded the enthalpy gain (-12.7 vs.
—11.2 keal mol™) in binding to hgal-3-CRD, resulting in a sig-
nificantly lower affinity of 36 for this galectin (entries 9 and
10), and hence selectivity for hgal-1 over hgal-3. We interpret
these ITC data in terms of an entropically unfavorable struc-
tural transition that Agal-3-CRD has to undergo to accommo-
date the bulky ferrocene moiety, which outweighs any attrac-
tive interaction. Asymmetrically substituted mono-ferrocene
analogs 41 and 42 showed binding behavior similar to TD139,
with significantly higher affinity for hgal-3-CRD than for hgal-1
(Table 4, entries 5, 6, 11, and 12), suggesting that Agal-3-CRD
accommodates one ferrocene group in inhibitors 41 or 42

Galectin-3-CRD
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Fig. 5 Thermograms and binding isotherms obtained by isothermal titration calorimetry for the interaction of 36 with hgal-1 and hgal-3-CRD.
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more effectively than two ferrocenes in compound 36. This
was further investigated by computational modeling and *°F
NMR spectroscopy.

Computational modelling of ligand-galectin interactions.
The asymmetric monoferrocene complex 34 exhibited only a
micromolar and essentially identical affinity for both galectins
(Table 2, entry 2). Because the symmetrical diferrocene
complex 36 exhibited a 54-fold increase in affinity toward hgal-
1 but only a 7-fold increase toward hgal-3-CRD compared to
34, it seems likely that the symmetrically placed ferrocene moi-
eties in inhibitor 36 can interact more efficiently with subsites
A/B and E in Agal-1 than in Agal-3-CRD. To evaluate possible
interactions between the ferrocene group and these subsites
and to compare them with those of the planar fluorophenyl
group, we attempted to estimate the binding energies of
mono- and diferrocene analogs 34 and 36, respectively, and
fluorophenyl ferrocene analog 42 for hgal-1 and hgal-3-CRD
using molecular modeling tools (Table 5). For the calculation,
we used a simple model based on a combination of molecular
dynamics of the ligand-galectin complex and subsequent esti-
mation of the ligand binding enthalpy for a set of sampled
MD geometries. MD simulations were performed in
Desmond,””° and binding enthalpies were calculated at the
semiempirical level in MOPAC.”” (see ESIf for a detailed
method description). Table 5 summarizes the computationally
estimated binding enthalpies for disaccharides 34, 36, and 42.
Because of the asymmetric character of compounds 34 and 42,
two binding modes were considered. In the first binding
mode, the ferrocene moiety is positioned in subsites A and B

Table 5 Binding enthalpy calculated from MD simulation
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of a galectin. In the second mode, it resides in the E subsite
(Fig. 6 and Fig. S80-S83 in ESIf). Only one binding mode was
considered for diferrocene 36 (Fig. S78-S79 in ESIt) because of
its symmetry. It is obvious from the comparison of the calcu-
lated AHyping (Table 5, entries 3-5) and experimentally deter-
mined AH for diferrocene 36 (Table 4, entries 4 and 10) and
mono-ferrocene 42 (entries 6 and 12) that the calculation over-
estimates binding enthalpies (see discussion in ESI, pp. S81-
S821).

Notwithstanding the aforementioned inaccuracies and the
absence of the entropic penalty from the calculations, the
determined binding enthalpies correlated consistently with
the experimentally determined affinities. Accordingly, complex
36 demonstrated the highest binding enthalpy of all calculated
disaccharides in binding to hgal-1 (—34.1 kcal mol™"), along
with relatively strong binding to hgal-3-CRD (—30.4 kcal
mol ™). These results are consistent with the ITC data, where
complex 36 displayed a similar enthalpy change in binding to
both galectins, whereas the decrease in affinity to hgal-3-CRD
stemmed from a higher entropic penalty (Table 4, entries 4
and 10). Notably, complexes 34 and 42 exhibited significantly
higher binding enthalpies in binding to hgal-1 when the ferro-
cene moiety occupied subsites A and B. Conversely, the pre-
ferred binding mode of these complexes to Agal-3-CRD posi-
tioned the ferrocene moiety in subsite E. Thus, the MD simu-
lation suggests that hgal-1 accommodates the bulky ferrocene
moiety in subsites A and B more efficiently than Agal-3-CRD.

Monitoring of the '°F {'H} resonances of the 3-fluorophenyl
moiety. The presence of the fluorine atom in compounds 28,

Binding mode (subsites in which the

AHping (keal mol™) AHp;ng (keal mol™),

Entry Compounds ferrocene moiety is positioned) hgal-1 hgal-3-CRD
1 SN A and B (Fig. 6A and C) -16.9 -16.3
2 Fo N HO _oH HotH E (Fig. 6B and D) -8.4 -25.8
=N
0] HO
@&N&SMOH
OH
34
3 @ A and B, and E (Fig. S78-S79 in ESI}) -34.1 —-30.4
‘Feﬂ
N
& N
F HO _oH NOH
e N=pn
©—§\/H\l O HO
OH
OH
36
4 A and B (Fig. S80 and S82 in ESIY) —-32.3 -30.4
5 F E(Fig. $81 and S83 in ESIY) -27.3 -32.9
> Y
Fo  Ney Q ~OH NOH
e oSt
NN S§—L0 o
OH
42
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hgal-3-
CRD
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Fig. 6 Geometries of compound 34 bound to hgal-1 or -3-CRD derived from molecular dynamics calculations showing characteristic amino acid
residues (Glu71 and Trp68 for hgal-1, Glu184 and Trp181 for hgal-3-CRD) interacting with the hexopyranose rings. (A) Ferrocene moiety in subsites
A and B of hgal-1. (B) Ferrocene moiety is in subsite E of hgal-1. (C) Ferrocene moiety in subsites A and B of hgal-3-CRD. (D) Ferrocene moiety in

subsite E of hgal-3-CRD.

42, and TD139 enabled us to use sensitive "’F{"H} NMR experi-
ments to map the position of the 3-fluorophenyl-triazole
moiety in both galectins. All investigated compounds TD139,
28, and 42 showed a single sharp '’F resonance close to
—114 ppm in the unbound state (Fig. S84 in ESIY). According
to a previous report, the interaction of TD139 with either hgal-
1 or hgal-3-CRD resulted in similar '°F NMR spectra revealing
multiple resonances of the galectin-bound states in slow
chemical exchange.'® In our hands, measuring the solution
of TD139 with the excess of either Agal-1 or sgal-3-CRD relative
to the ligand produced two bound state '’F-NMR resonances
(Fig. 7, red spectra). Repetition of the experiment with an
excess of TD139 relative to the galectins showed an additional
resonance of unbound TD139, distinct from the bound state
signals (Fig. S85 and S88 in ESIf).

To facilitate the interpretation of the "’F{"H} NMR spectra
of protein-bound TD139, we performed the same NMR experi-
ments with 3'-fluorophenyl N-acetyllactosamine 28. This
ligand showed only one '°F resonance of its bound state upon
addition of either hgal-1 or hgal-3-CRD (Fig. 7 blue spectra,
Fig. S86 and S89 in ESIf). Because disaccharide 28 is an
unsymmetrical LacNAc analog, the galactopyranoside ring can
only occupy subsite C with the 3'-fluorophenyl ring pointing

7602 | /norg. Chem. Front., 2024, 11, 7588-7609

toward subsites A/B.”12%5%:58 Therefore, its '°F resonance was
assigned to the fluorophenyl-triazole group located in subsites
A/B. The chemical shift of the bound state "°F resonance in
compound 28 closely matched one of the two resonances of
bound TD139 in the presence of either hgal-1 or hgal-3-CRD
(Fig. 7 red vs. blue spectra). Therefore, this resonance of
TD139 was also assigned to the fluorophenyl-triazole group
positioned in subsites A/B. Consequently, the remaining broad
signal at § = —115.01 ppm of TD139 bound to hgal-1 (Fig. 7,
hgal-1, pink label) was assigned to the fluorophenyl moiety
occupying subsite E. Similarly, the more downfield-shifted '°F
resonance of TD139 bound to the hgal-3-CRD (Fig. 7, hgal-3-
CRD, pink label) was also assigned to the fluorophenyl-triazole
moiety in subsite E. It should be noted that this assignment is
based on the assumption that the differences between the
compounds 28 and TD139 do not affect the interactions of the
fluorine atom with the binding subsites A/B or E and thus its
chemical shift in these subsites.

In principle, the ferrocene moiety in compound 42 can
occupy subsites A/B, or subsite E in both galectins, leading to
two distinct binding modes (Fig. 6). Indeed, the "’F{"H} NMR
spectrum of 42 in the presence of hgal-1 showed two bound
state '°F NMR signals (Fig. 7, hgal-1, green spectrum, Fig. S87

This journal is © the Partner Organisations 2024
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Fig. 7 °F{*H} NMR spectra of ligands 28, 42, and TD139 in the presence of hgal-1 or hgal-3-CRD, pink arrows indicate resonances of fluorine in
subsite E, purple arrows indicate resonances of fluorine in subsites A/B. Except for the combination 28 with hgal-1, all these spectra were acquired
using an excess of the galectin over the ligand.

in ESIt), whose chemical shifts matched the two bound state
resonances of TD139 with hgal-1 (Fig. 7, hgal-1, red spectrum).
Therefore, the fluorophenyl group in 42 occupies both subsites

A/B and subsite E during recognition by hgal-1, and conse-
quently the ferrocene group is likely to occupy these two sub-
sites as well. Conversely, disaccharide 42 exhibited only a

Table 6 ICso [uM] values obtained by the MTT assay after 72 h treatment of cells with selected compounds?

AN F F
Né?@?cr f(N A
Ru 3FPh = | \ F3Ph = F
SN

Fc' = “’r{N \__f¢e [Ru]' = NN

W = N

N=y F
Entry Compound A2780 SK-OV-3 MDA-MB-231 HEK-293
1 6 (Lac1p-Fc') 85+8 >200 183 +35 >200
2 8 (Lac1p-Ru’) 69 + 12 >200 >200 >200
3 10 (Lac1p-OCH,CH,Fc') 116 + 14 >200 170+5 198 + 35
4 16 (LacNAc1p-Fc') >200 >200 >200 >200
5 19 (2-Fc’-Lac1f-OMe) 159 + 54 >200 >200 >200
6 25 (3'-Fc’-LacNAc1B-OMe) >200 >200 >200 >200
7 27 (3-Ru’-LacNAc1p-OMe) 161 + 50 >200 >200 143 + 44
8 30 (3-Fc'-LacNPhth1p-OMe) >200 >200 >200 >200
9 34 (3-Fc-TDG) 90+5 >200 >200 >200
10 36 (3,3-diFc-TDG) >200 >200 >200 151 £11
11 38 (3,3"-diRu’-TDG) >200 >200 125 +21 >200
12 41 (3-F;Ph-3-Fc¢’-TDG) 168 + 8 >200 >200 152+6
13 42 (3-3FPh-3-F¢'-TDG) >200 >200 >200 >200
14 cisPt 1.7+0.3 5.6 £1.0 3.8£0.5 3.7+0.6

“To facilitate orientation, the structures of compounds are indicated using the abbreviations Lac, LacNAc, and TDG for the disaccharides, and
abbreviations Fc', Ru’, 3FPh, and F;Ph for the triazole-linked moieties as defined below the Table heading.
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single bound state '°F resonance (Fig. 7, hgal-3-CRD, green
spectrum, Fig. S90 in ESIf) in the presence of hgal-3-CRD,
similar to compound 28 (Fig. 7, hgal-3-CRD, blue spectrum),
suggesting that the fluorophenyl substituent of 42 interacts
only with subsites A/B during recognition by hgal-3-CRD.
Thus, the bulky ferrocene moiety is unlikely to occupy subsites
A/B in hgal-3-CRD and compound 42 prefers to bind hgal-3-
CRD through the binding mode with the ferrocene moiety
located in subsite E, which is consistent with computational
modeling (Table 5, entries 4 and 5).

Cytotoxicity

Ferrocene itself is not significantly toxic.>*’ Compounds

formed by the insertion of ferrocene into bioactive com-
pounds to enhance a particular bioactivity generally showed
low toxicity.”® However, we can also find examples of highly
cytotoxic ferrocene compounds®® including ferrocene-con-
taining glycomimetics.®" Therefore, we screened the in vitro
cytotoxicity of the prepared organometallic hybrid inhibitors
against human ovarian cancer cell lines A2780 and SK-OV-3,
human triple-negative breast cancer cell line MDA-MB-231,
and human embryonic kidney non-malignant cell line
HEK-293. A MTT cell viability assay was performed after 72 h
of treatment and cell viability was expressed as ICs, values
(Table 6). In this initial screening, we did not attempt to cor-
relate the cytotoxicity of inhibitors with galectin expression in
the cells, which is reserved for a detailed follow-up study. The
tested disaccharides showed minimal or only weak cyto-
toxicity towards the cancer cell lines SK-OV-3, MDA-MB-231,
and the non-malignant HEK-293. Complexes 6, 8 and 34
exhibited moderate cytotoxicity towards A2780 cell line
(Table 6, entries 1, 2, and 9). Notably, the potent inhibitors
36, 41 and 42 showed no significant cytotoxicity (entries 10,
12, and 13).

Conclusion

This study reports a novel approach to the design of galectin
inhibitors using disaccharides modified with ferrocenes and
ruthenium arenes. We have thoroughly investigated their
binding to hgal-1 and Agal-3-CRD through a series of binding
assays and experiments, including fluorescence anisotropy,
intrinsic fluorescence of the tryptophan residues, chronopo-
tentiometric stripping analysis, isothermal titration microca-
lorimetry, molecular dynamics simulation, and the monitoring
of "’F{'H} NMR resonances. Disaccharides containing a ruthe-
nium arene complex were found to be weaker galectin binders
than the corresponding ferrocene analogs. The inhibitors
interacting with the galectin subsite E via the ferrocene moiety
(Lac and LacNAc modified at the 1- or 2-position) exhibited an
increase in affinity to both galectins similar to that observed
for inhibitors with planar organic arenes at the corresponding
disaccharide positions. However, the attachment of ferrocene
to positions 3/3' of the galactopyranoside ring significantly
enhanced the affinity for both disaccharide scaffolds tested,

7604 | /norg. Chem. Front,, 2024, 11, 7588-7609
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N-acetyllactosamine and thiodigalactoside, and in the case of
diferrocenyl-thiodigalactoside 36, surpassed the performance
of the inhibitors possessing planar arenes, leading to a rever-
sal of the inhibitor selectivity in favor of Agal-1 over Agal-3.

Notably, the thiodigalactoside-based diferrocene inhibitor
36 proved to be a potent and selective hgal-1 inhibitor
whereas thiodigalactoside analogs 41 and 42, which incorpor-
ate only a single ferrocene moiety, showed good affinity and
selectivity for hgal-3 comparable to TD139. A preliminary
hypothesis based on molecular dynamics simulations and
the measurement of "’F{'"H} NMR resonances attributed the
selectivity of inhibitor 36 to the restrictions imposed by the
ferrocene moiety when binding to sgal-3-CRD. Further experi-
ments to elucidate the molecular basis of the unusual affinity
and selectivity of this inhibitor are underway in our group.
We also envisage that the series of ferrocene-containing
inhibitors with varying affinities developed in this study can
be used to exploit the electrochemical activity of the ferrocene
moiety for the development of an electrochemical galectin
binding assay, an avenue currently under active investigation
in our group.
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