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Sugar mimics are valuable tools in medicinal chemistry, offering the potential to overcome the limitations of

carbohydrate inhibitors, such as poor pharmacokinetics and non-selectivity. In our continued efforts to

develop heterocyclic galectin-1 inhibitors, we report the synthesis and characterization of thiazole-linked
coumarin piperazine hybrids (10a—10i) as Gal-1 inhibitors. The compounds were characterized using H
NMR, 1C NMR and HRMS. Among the synthesized molecules, four compounds demonstrated significant
inhibitory activity, with more than 50% inhibition observed at a concentration of 20 uM in a Gal-1
enzyme assay. Fluorescence spectroscopy was further utilized to elucidate the binding constant for the
synthesized compounds. 10g exhibited the highest affinity for Gal-1, with a binding constant (K,) of 9.8 x
10* M~L. To elucidate the mode of binding, we performed extensive computational analyses with 10g,
including 1.2 ps all-atom molecular dynamics simulations coupled with a robust machine learning tool.
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Our findings indicate that 10g binds to the carbohydrate binding site of Gal-1, with the coumarin moiety

playing a key role in binding interactions. Additionally, our study underscores the limitations of relying
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1. Introduction

Galectins are a family of animal lectins characterized by their
affinity for B-galactosides and notable sequence similarity in
their carbohydrate-binding sites.' Each galectin contains one or
two highly conserved carbohydrate recognition domains
(CRDs), typically composed of approximately 135 amino acids.?
These proteins are implicated in various pathological processes,
including cancer and infections,>* among others. The first
identified member of the galectin family, galectin-1 (Gal-1), has
been demonstrated to play a significant role in several biolog-
ical processes. Its involvement in tumour progression, inflam-
matory diseases, neurodegenerative disorders, immune escape
and muscular dystrophies, underscores the importance of
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solely on docking scores for conformational selection and highlights the critical importance of
performing multiple MD replicas to gain accurate insights.

targeted therapeutic strategies. Specifically, enhancing the tar-
geted overexpression or delivery of Gal-1 may be beneficial for
treating certain inflammation-related conditions, while the
development of selective Gal-1 inhibitors is essential for
combating cancer progression.® Gal-1 is a homodimer charac-
terized by a B-sandwich fold, consisting of two antiparallel -
sheets - one with five (F1-F5) and the other with six (S1-S6) B-
strands. The carbohydrate-binding site (CBS) of Gal-1 is located
on the surface of the B-sheet formed by the S4-S6 strands
(Fig. 1).° The highly conserved amino acid residues involved in
Gal-1 interactions include His44, Asn46, Arg48, Val59, Asn61,
Trp68, Glu71, and Arg73.°® The specificity and affinity of
galectin-1 for various carbohydrates are partially governed by
a complex cooperative hydrogen bond network in addition to
the CH-7 interactions between the carbohydrate and residues
with aromatic sidechains.”® Notably, computational studies
have shown that the conserved tryptophan residue present
within the CBS when mutated to alanine results in the complete
rotation of the galactose ligand within the CBS due to the loss of
stabilization.” This has been further corroborated by another
study which demonstrated that His52 and Trp68 are essential
for sugar recognition prior to binding.”

Most Gal-1 inhibitors reported so far are carbohydrates or
their derivatives.®'®'* However, these inhibitors present several
challenges. The synthesis and characterization of carbohydrate-
based inhibitors are complex, costly and often require extensive

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Depiction of galectin-1 (Gal-1) PDB ID: 4Y24 (green) bound to
the co-crystal TD-139 (cyan). The structure represents a single chain
of the Gal-1 dimer, with strands S1-S6 labelled. The carbohydrate-
binding site (CBS) is circled with a red dotted line, located among
strands S4-S6. The carbohydrate recognition domain (CRD) is high-
lighted by a black bracket. Key residues responsible for sugar recog-
nition, His52 and Trp68, are shown in magenta. The loops have been
smoothened for representational purposes.

modifications of protecting groups.'” Additionally, they lack cell
membrane permeability and selectivity.”® Recently, however,
there has been a growing interest in heterocyclic compounds as
Gal-1 inhibitors.”>* These compounds have been extensively
discussed in recent reviews on the topic."®** They offer a prom-
ising alternative due to their rich background in medicinal
chemistry, allowing for easier development and optimization.
Selected heterocyclic Gal-1 inhibitors along with their deter-
mined binding affinity values have been succinctly discussed in
Fig. 2. Encouraged by these prior developments of heterocyclic
Gal-1 inhibitors, coupled with the fact that hydrophobic/
aromatic substitutions aid in enhancing binding to galec-
tins,"** and reports of cyclic amino analogues acting as bio-
logically active substitutions for the noviose (carbohydrate)
moiety in novobiocin;'*'” we set out to develop thiazole linked
coumarin-piperazine hybrids as potential Gal-1 inhibitors.
Moreover, while numerous crystallographic structures have
been resolved for carbohydrate-based Gal-1 inhibitors, which
gives insight into their binding mode; studies pertaining to
determination of binding site and the binding mode for
heterocyclic inhibitors remains elusive. Thus, we also wanted to
investigate and throw some light on the probable binding site of
these compounds. This was explored by a comprehensive study
utilizing all-atom molecular dynamic simulations.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2. Methods

2.1. Chemistry

All starting materials, reagents and solvents used in this study
were sourced from commercial suppliers. Analytical thin-layer
chromatography (TLC) was conducted on pre-coated silica gel
60-F254 aluminium plates from MERCK. Visualization of the
TLC plates was performed using UV light or in some instances,
an iodine chamber. Melting points were measured with
a Stuart® SMP30 melting point apparatus. Column chroma-
tography was performed using silica gel (60-120 mesh) and
compounds were eluted with a mixture of ethyl acetate and
hexane. NMR spectra were recorded on Bruker 500 (500 MHz for
"H NMR and 125 MHz for *C NMR) using DMSO or CDCl; as
solvent. Chemical shift was reported in parts per million (ppm)
with respect to internal standard Tetra Methyl Silane (TMS).
Coupling constants were quoted in Hertz (Hz). High-resolution
mass spectra (HRMS) was obtained on Agilent Q-TOF-Mass
Spectrometer 6540-UHD LC/HRMS operating at 70 eV using
direct inlet.

The target thiazole linked coumarin-piperazine hybrids
(10a-i) were synthesized by a 5-step method (Scheme 1). One
standout feature of the depicted scheme was that “no column
chromatography purification” was required until the last step of
the reaction. The products were obtained by simple purifica-
tion. Initially, Knoevenagel condensation between aldehydic
functionality of salicylaldehyde (1) and active methylene of ethyl
acetoacetate (2) in presence of piperidine followed by cycliza-
tion gave us 3-acetyl coumarin (3) in high yields. Next, we per-
formed electrophilic substitution on bromine to obtain
bromoacetyl coumarin (4). Further, 4 was heated in ethanol in
presence of thiourea (5) to afford cyclized product 2-amino
thiazole coumarin (6). Subsequently, a nucleophilic substitu-
tion was performed by amino group of 6 on chloroacetyl chlo-
ride (7) to obtain 8. Finally, another nucleophilic substitution
reaction was performed on 8 by the amine present in the cyclic
amino ring (9) to give the final product (10a-i) in excellent
yields. The final step of the reaction was optimized based on
a previous report.’® All synthesized compounds (10a-i) were
characterized by "H-NMR, "*C-NMR and High-Resolution Mass
Spectrometry (HRMS) spectral techniques [ESIt]. The charac-
teristic thiazole proton peak was observed at > ¢ 8.5 ppm for all
the compounds. The amide NH proton was highly acidic and it
rapidly underwent deuterium exchange. Thus, it was not found
for all the compounds. The protons associated with the satu-
rated heterocyclic rings were observed in the range of § 1-
4 ppm. The characteristic CH, protons next to the amide
functionality were observed in the range of 6 3-4 ppm as a sharp
singlet. The "*C NMR spectrum displayed the characteristic
peak of carbonyl carbon of chalcone at > § 160. The HRMS (ESI)
of compounds showed corresponding [M + H]" peaks based on
their molecular weights.

2.2. Biology

2.2.1. Enzymatic assay. All the synthesized derivatives were
screened for their reduction in Gal-1 levels with the aid of Gal-1

RSC Adv, 2024, 14, 36794-36803 | 36795
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Fig. 2 Select heterocyclic Gal-1 inhibitors (a—e) alongside their binding constants. For a comprehensive and up-to-date list of all known
heterocyclic Gal-1 inhibitors, refer to recent review articles on the topic.***

ELISA enzymatic study. HCT-116 cells were grown in 12- well
plate and treated with 20 uM concentration of compounds for
24 h. Then the supernatant was collected as Gal-1 is an extra-
cellular secreted protein. Equal amounts of supernatant were
subjected to quantikine enzyme-linked immunosorbent assay
(ELISA) as per manufacturer's protocol (DGAL 10, R&D systems).
The supernatant was diluted 2-fold with calibrator diluent and
incubated with human Gal-1 coated plates for 2 h at room
temperature on a horizontal orbital microplate shaker and
washed to remove any unbound protein. Gal-1 specific poly-
clonal antibody conjugated to horseradish peroxidase was
added and incubated for 2 h on shaker. It was then washed and
incubated with substrate solution for 30 minutes before
terminating the reaction with 50 microlitres of stop solution.
Amount of protein expression was detected at 450 nm using UV
spectrophotometer.

2.2.2. Fluorescence studies. The selected compounds were
further subjected to fluorescence spectroscopy to determine
their binding constants. For fluorescence binding analysis,
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human Gal-1 was cloned into the pET-28a(+) expression vector
and expressed into E. coli BL21(DE3) cells, followed by its
purification through Ni**-NTA affinity chromatography accord-
ing to the previous report,” with few modifications. Similarly,
human Gal-3 and Leishmania donovani phosphatase (LdPase)
were cloned, expressed, and purified. The buffer used for
human Gal-1 and Gal-3 was 25 mM Tris-HCI pH 8, while LdPase
was analysed in sodium phosphate buffer pH 7. The intrinsic
fluorescence emission spectra of Gal-1, Gal-3, and LdPase were
recorded from 300 to 400 nm by Jasco Spectrofluorometer (FP-
8500). The excitation wavelength of all the proteins was
280 nm and the scan speed was kept to 100 nm min . The
binding constant (K,) was deduced for compounds 10f and 10g
employing a modified Stern-Volmer plot as described earlier,*
with the log of ligand concentration on the X-axis and log of F, —
F/F on the Y-axis, where Fj is the fluorescence intensity without
any ligand and F is fluorescence intensity with different ligand
concentrations.
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Scheme 1 Synthesis of thiazole linked coumarin-piperazine hybrids (10a—i).
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2.3. Computational studies

2.3.1. Molecular docking and machine learning. Molecular
docking studies were conducted using the crystal structure of
Gal-1 (PDB ID: 4Y24). The protein was prepared by removing all
water molecules and heteroatoms, followed by the addition of
hydrogen atoms and determination of protonation states of the
protein residues at physiological pH (7.4) using the H++
server.”"**> For compound 10g, the protonation state was deter-
mined using the MolGpka.”® The smiles string for the
compound was converted to the PDBQT format using Open
Babel.** Docking simulations were performed with AutoDock
Vina,”® using the following grid box parameters: center_x =
10.867, center_y = —6.230, center_z = —16.693, size_x = 110,
size_y = 110, size_z = 110 and an exhaustiveness value of 15.
The docking pose generated were analyzed using PyMOL.**

The prediction of binding site using machine learning was
carried using RoseTTAFold All-Atom,”” on neurosnap platform.>®
Briefly, the sdf file for the TD-139 (co-crystal in PDB ID: 4Y24) and
compound 10g were uploaded along with the Gal-1 sequence and
the run was subsequently executed. The output pdb file gener-
ated was downloaded and analyzed using PyMOL.*

2.3.2. Molecular dynamics. The protein was modeled using
the AMBER ff19SB force field,” while the ligand, compound
10g, was parameterized using the General Amber Force Field
(GAFF). The protein-ligand complex was prepared with
AmberTools23.%° Solvation of the complex was carried out using
the Placevent algorithm,** based on the 3D reference interaction
site model theory.** The solvated complex was then placed in an
octahedral box filled with OPC water molecules, maintaining
a 10 A buffer around the complex. The system was neutralized
with counterions (Na" and Cl7) to achieve an ionic strength of
0.1 M. The hydrogen mass repartitioning (HMR) method was
applied to generate topologies that enabled a 4 fs time step
during simulations.®® Finally, the resulting trajectories were
analyzed using PyContact.’*

2.3.3. ADMET analysis. The ADMET analysis was carried
out using two tools: pkCSM,* and ADMETlIab 3.0.>*® Simply, the
smiles string of compound 10g was added in the dedicated field
on the online server and subsequently the run was executed.

3. Results

3.1 Chemistry

3.1.1 Synthesized analogues. Based on resources at our
disposal, we synthesized a series of compounds 10a-i, which
include cyclic amino analogues such as piperazine, piperidine
and morpholine (Fig. 3). The selection of piperazine-containing
compounds was strategically designed to encompass both
aliphatic and aromatic groups. The rationale behind this was to
explore the potential for aromatic residues to engage in addi-
tional -1 or hydrophobic interactions within the Gal-1 CBS,
a hypothesis supported by prior studies suggesting that
aromatic groups could enhance affinity towards galectins.'***

3.1.2 Spectral data (‘"H NMR, *C NMR and HRMS)

3.1.2 1. N-(5-(2-Oxo0-2H-chromen-3-yl)thiazol-2-yl)-2-
(piperazin-1-yl)acetamide (10a). White solid; 95% yield; mp:

© 2024 The Author(s). Published by the Royal Society of Chemistry
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170-172 °C; "H NMR (500 MHz, DMSO-dg) 6 8.64 (s, 1H), 8.03 (s,
1H), 7.87 (dd,J = 7.7, 1.2 Hz, 1H), 7.69-7.61 (m, 1H), 7.48 (d, ] =
8.2 Hz, 1H), 7.41 (t, ] = 7.5 Hz, 1H), 3.29 (s, 2H), 2.81-2.68 (m,
4H), 2.49-2.46 (m, 4H); **C NMR (125 MHz, DMSO-d,) § 169.23,
159.32, 157.50, 152.66, 142.98, 139.28, 132.79, 129.92, 125.56,
121.15, 119.75, 116.74, 115.08, 67.57, 61.13, 54.11. HRMS (ESI):
mjz cale. for C,gH;4N,03S, 371.1173 found (M + H)" 371.1157.

3.1.2 2. 2-(4-Ethylpiperazin-1-yl)-N-(5-(2-oxo-2H-chromen-3-
yl)thiazol-2-yl)acetamide (10b). White solid; 91% yield; mp:
161-163 °C; "H NMR (500 MHz, CDCl;) 4 8.63 (s, 1H), 8.03 (s,
1H), 7.86 (dd, J = 7.7, 1.4 Hz, 1H), 7.65 (ddd, J = 8.6, 7.5, 1.5 Hz,
1H), 7.47 (d,] = 8.3 Hz, 1H), 7.41 (td, J = 7.6, 0.9 Hz, 1H), 2.56 (s,
4H), 2.43 (dd, J = 17.4, 13.2 Hz, 4H), 2.34 (dd, J = 14.3, 7.1 Hz,
2H), 1.00 (t, ] = 7.2 Hz, 3H); °C NMR (125 MHz, DMSO-d)
0 169.38, 159.25, 157.63, 152.95, 142.54, 139.09, 132.40, 129.37,
125.26, 120.83, 119.55, 116.43, 114.80, 60.68, 53.12, 52.75,
52.06, 12.47; HRMS (ESI): m/z calc. for C,,H,,N,0,S, 398.1486
found (M + H)" 399.1511.

3.1.2 3. 2-(4-(2-Hydroxyethyl)piperazin-1-yl)-N-(5-(2-oxo-2H-
chromen-3-yl)thiazol-2-yl)acetamide (10c). White solid; 96% yield;
mp: 184-186 °C; "H NMR (500 MHz, DMSO-d,) ¢ 8.63 (s, 1H),
8.03 (s, 1H), 7.87 (dd, J = 7.8, 1.6 Hz, 1H), 7.66 (td, ] = 8.3,
2.0 Hz, 1H), 7.48 (d, J = 8.2 Hz, 1H), 7.41 (t,] = 7.5 Hz, 1H), 4.39
(brs, 1H), 3.50 (t,J = 6.3 Hz, 2H), 3.31 (s, 2H), 2.55 (s, 4H), 2.47
(s, 4H), 2.44-2.28 (m, 2H); "*C NMR (125 MHz, DMSO-d)
0 169.37, 159.26, 157.62, 152.95, 142.54, 139.10, 132.40, 129.38,
125.26, 120.83, 119.55, 116.43, 114.81, 60.69, 58.97, 53.56,
53.15, 53.09; HRMS (ESI): m/z calc. for C,,H,,N,0,S, 415.1435
found (M + H)" 415.1466.

3.1.2 4. N-(5-(2-Oxo-2H-chromen-3-yl)thiazol-2-yl)-2-(4-
phenylpiperazin-1-yl)acetamide (10d). White solid; 90% yield;
mp: 199-201 °C; "H NMR (500 MHz, DMSO-d,) ¢ 8.63 (s, 1H),
8.03 (s, 1H), 7.85 (dd, J = 7.8, 1.8 Hz, 2H), 7.65 (dd, J = 4.4,
3.2 Hz, 1H), 7.47 (d, J = 8.2 Hz, 1H), 7.41 (dd, J = 7.6, 3.8 Hz,
1H), 7.21 (dd,J = 6.7, 1.8 Hz, 2H), 6.95 (d,J = 8.5 Hz, 1H), 6.79 (t,
J = 7.2 Hz, 1H), 3.41 (s, 2H), 3.25-3.04 (m, 4H), 2.81-2.56 (m,
4H); "*C NMR (125 MHz, DMSO-d¢) § 170.03, 159.64, 158.24,
153.09, 152.41, 142.55, 141.68, 139.65, 133.01, 129.95, 125.41,
122.93, 121.07, 120.62, 119.55, 118.38, 116.08, 60.94, 54.15,
51.24. HRMS (ESI): m/z calc. for C,,H,,N,03S, 447.1486 found
(M + H)" 447.1514.

3.1.2 5. 2-(2,6-Dimethylmorpholino)-N-(5-(2-oxo-2H-chromen-
3-yl)thiazol-2-yl)acetamide (10e). White solid; 95% yield; mp:
173-175 °C; 'H NMR (500 MHz, DMSO-d) 6 12.02 (s, 1H), 8.63
(s, 1H), 8.03 (s, 1H), 7.86 (dd, J = 7.7, 1.4 Hz, 1H), 7.69-7.62 (m,
1H), 7.48 (d,] = 8.3 Hz, 1H), 7.44-7.39 (m, 1H), 3.63 (dtd, ] = 8.3,
6.2, 2.0 Hz, 2H), 3.33 (s, 2H), 2.79 (d,/ = 10.1 Hz, 2H), 1.91 (t,] =
10.7 Hz, 2H), 1.06 (d, J = 6.3 Hz, 6H); *C NMR (125 MHz,
DMSO-dg) 6 169.25, 159.24, 157.63, 152.94, 142.54, 139.06,
132.38, 129.34, 125.25, 120.84, 119.53, 116.42, 114.78, 71.42,
60.47, 59.06, 19.34; HRMS (ESI): m/z calc. for C,H,1N;0,S,
400.1326 found (M + H)" 400.1327.

3.1.2 6. N-(5-(2-Oxo0-2H-chromen-3-yl)thiazol-2-yl)-2-(4-
(pyridin-2-yl)piperazin-1-yl)acetamide (10f). White solid; 85%
yield; mp: 235-238 °C; *H NMR (500 MHz, DMSO-d,) 6 8.64 (s,
1H), 8.12 (dd, J = 4.9, 2.3 Hz, 1H), 8.04 (s, 1H), 7.86 (dd, J = 7.8,
1.8 Hz, 1H), 7.65 (td, J = 7.1, 3.6 Hz, 1H), 7.54 (ddd, ] = 8.8, 7.0,
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Fig. 3 Structure of synthesized compounds (10a—i).

1.9 Hz, 1H), 7.48 (d, J = 8.1 Hz, 1H), 7.41 (dd, J = 9.6, 5.4 Hz,
1H), 6.84 (d, J = 8.5 Hz, 1H), 6.64 (dd, J = 7.1, 4.9 Hz, 1H), 3.63-
3.43 (m, 4H), 3.40 (s, 2H), 2.77-2.55 (m, 4H); *C NMR (125 MHz,
DMSO-dg) 6 169.32, 159.47, 159.25, 157.66, 152.94, 148.03,
142.55, 139.07, 137.97, 132.39, 129.36, 125.26, 120.84, 119.54,
116.43, 114.82, 113.46, 107.58, 60.64, 52.80, 45.11; HRMS (ESI):
m/z calc. for C,3H,;N50,S, 448.1438 found (M + H)" 448.1472.

3.1.2 7. 2-(4-(2-Methoxyphenyl)piperazin-1-yl)-N-(5-(2-oxo-2H-
chromen-3-yl)thiazol-2-yl)acetamide (10g). White solid; 94%
yield; mp: 210-212 °C; "H NMR (500 MHz, DMSO-dg) 6 "H NMR
(500 MHz, DMSO) 6 8.64 (s, 1H), 8.04 (s, 1H), 7.86 (dd, J = 7.7,
1.2 Hz, 1H), 7.68-7.63 (m, 1H), 7.48 (d, ] = 8.2 Hz, 1H), 7.43-7.38
(m, 1H), 6.98-6.93 (m, 2H), 6.92-6.86 (m, 2H), 3.78 (s, 3H), 3.41
(s, 2H), 3.02 (s, 4H), 2.72 (s, 4H); ">C NMR (125 MHz, DMSO-d,)
0169.38, 159.26, 157.65, 152.94, 152.49, 142.55, 141.68, 139.09,
132.39, 129.37, 125.26, 122.93, 121.31, 120.83, 119.55, 118.49,
116.43, 114.82, 112.41, 60.70, 55.81, 53.27, 50.53; HRMS (ESI):
m/z calc. for C,5H,4N,0,S, 476.1592 found (M + H)" 477.1591.

3.1.2 8 2-(4-(4-Nitrophenyl)piperazin-1-yl)-N-(5-(2-oxo-2H-
chromen-3-yl)thiazol-2-yl)acetamide (10h). Bright yellow solid;
82% yield; mp: 249-251 °C; 'H NMR (500 MHz, DMSO-d) 6 8.62
(s, 1H), 8.11 (dd, J = 7.3, 2.2 Hz, 2H), 8.08-8.05 (m, 2H), 8.04 (s,
1H), 7.88-7.82 (m, 1H), 7.69-7.62 (m, 1H), 7.48 (d, J = 8.2 Hz,
1H), 7.43-7.38 (m, 1H), 3.71 (dd, J = 6.4, 4.3 Hz, 4H), 3.22 (dd, J
= 6.2, 4.5 Hz, 4H); ">*C NMR (125 MHz, DMSO-d¢) 6 170.32,
160.37, 158.24, 153.55, 148.43, 143.27, 139.76, 137.89, 132.39,
129.79, 125.36, 121.89, 120.22, 116.95, 116.03, 114.19, 108.99,
61.01, 53.34, 47.24. HRMS (ESI): m/z calc. for C,;H,1N505S,
491.1337 found (M + H)" 492.1364.

3.1.2 9. 2-(4-Methylpiperidin-1-yl)-N-(5-(2-0xo0-2H-chromen-3-
yl)thiazol-2-yl)acetamide (10i). White solid; 88% yield; mp:
168-170 °C; "H NMR (500 MHz, DMSO-d,) 6 11.71 (s, 1H), 8.64
(s, 1H), 8.03 (s, 1H), 7.87 (dd,J = 7.7, 1.2 Hz, 1H), 7.66 (dd, ] =
15.6, 1.5 Hz, 1H), 7.48 (d, J = 8.3 Hz, 1H), 7.41 (dd, J = 11.6,
4.2 Hz, 1H), 3.33 (s, 2H), 2.85 (d, J = 11.4 Hz, 2H), 2.17 (td, ] =

36798 | RSC Adv, 2024, 14, 36794-36803

11.5, 2.0 Hz, 2H), 1.59 (d, J = 11.2 Hz, 2H), 1.34 (ddd, J = 14.4,
12.4, 7.1 Hz, 1H), 1.21 (ddd, J = 15.3, 12.1, 3.6 Hz, 2H), 0.91 (d, J
= 6.4 Hz, 3H); "*C NMR (125 MHz, DMSO-d¢) 6 169.71, 159.26,
157.66, 152.94, 142.54, 139.10, 132.39, 129.37, 125.26, 120.82,
119.56, 116.43, 114.78, 61.17, 53.75, 34.37, 30.28, 22.28; HRMS
(ESI): m/z calc. for C,oH,N3;03S, 384.1377 found (M + H)"'
384.1406.

3.2. Biology

All synthesized compounds were initially screened using a Gal-1
enzymatic assay to assess their inhibitory potential (Table 1).
Compounds that demonstrated >20% inhibition at a 20 uM
concentration were further analysed for their affinity to Gal-1
using fluorescence spectroscopy. Among the tested
compounds, 10f exhibited the highest inhibition in the enzy-
matic assay, achieving >80% inhibition. Compounds 10a, 10d,
and 10g also showed significant inhibitory activity, with >50%
inhibition. In contrast, compounds 10h and 10i exhibited <10%
inhibition and thus were not pursued in subsequent analyses.
To enumerate the binding constants of selected compounds
(10f and 10g) through fluorescence spectroscopy, recombinant
human Gal-1, Gal-3 and LdPase were purified to homogeneity
using affinity chromatography. The fluorescence spectra for
compounds 10f and 10g are displayed in Fig. 4, which revealed
that compounds 10f and 10g had the highest affinity for Gal-1
(Table 1). Importantly, both compounds displayed signifi-
cantly lower binding to Gal-3 compared to Gal-1, and no
detectable binding to LdPase (Table 1). These studies indicate
that compound 10g holds significant promise as a hit candidate
suitable for further development.

3.3. Computational studies

3.3.1. Molecular docking and machine learning. To vali-
date our docking protocol, we attempted to reproduce the coc-
rystal pose in a blind docking experiment. Initially, we were

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Enzymatic Assay (EA) and binding constant (K,) values of thiazole-linked coumarin piperazine hybrids (10a—i)

Compound % Inhibition (EA) Gal-1 K, (10* M) Gal-3 K, (10°°M ™) LdPase”
10a 58.19 £ 1.12 8.8 NE NE
10b 25.93 £+ 0.81 2.1 NE NE
10c 22.46 £ 1.67 4.1 NE NE
10d 56.73 £+ 2.13 6.6 NE NE
10e 27.80 £ 0.76 6.5 NE NE
10f 80.57 + 1.77 9.3 1.1 NB
10g 58.19 + 3.28 9.8 1.0 NB
10h <10 NE NE NE
10i <10 NE NE NE

“ NE - not evaluated, NB - no binding.

unable to satisfactorily reproduce a RMSD of less than 2.0 A,
a widely accepted benchmark for validation,*” in the first two
runs. To improve accuracy, we increased the exhaustiveness
parameter in AutoDock Vina, which controls the computational
effort applied during docking. This adjustment allowed us to
successfully reproduce the cocrystal pose, with a docking score
of —8.3 kcal mol . Following this validation, we proceeded to
dock compound 10g, which had shown the highest affinity for
galectin-1 in our experimental studies. Using the same param-
eters from the successful validation run, we generated 20
docking poses, which were manually inspected. Among these,
two poses, pose 3 and pose 15, were located within the

carbohydrate-binding site (CBS) of Gal-1, with docking scores of
—5.7 keal mol™" and —4.7 keal mol ™", respectively. Additionally,
we identified two other significant poses: pose 1, the top-scoring
pose with a docking score of —6.4 kcal mol ™, positioned just
above the CBS (Fig. 5), and pose 5, located at an allosteric site
where a galectin-1 inhibitor had previously been shown to
bind,* with a docking score of —5.4 kcal mol ™.

To further validate our findings, we utilized the RoseTTAFold
All-Atom,” a robust machine learning model, to predict the
binding site of compound 10g. Such machine learning models
are now gained prominence are now at the forefront of drug
discovery.* Before applying RoseTTAFold All-Atom to 10g, we
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Fig. 4 Fluorescence spectra of compound 10f (top panel) and 10g (bottom panel).
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Fig.5 Binding site for the top four poses of compound 10g identified via molecular docking. The front, back and side views of Gal-1 are depicted.
The four poses are represented as follows: pose 1 in magenta, pose 3 in yellow, pose 5 in brownish-red and pose 15 in grey.

first validated the model by predicting the co-crystal pose,
which achieved a remarkable RMSD of 1.037 A compared to its
crystallographic pose. For compound 10g, the model indicated
a binding location within the CBS, consistent with the location
predicted by pose 3 in our docking analysis. This alignment
between the docking and machine learning predictions rein-
forced the potential accuracy of our identified binding sites.
3.3.2. Molecular dynamic simulations. The four poses
identified through docking were subjected to molecular
dynamics (MD) simulations. For each pose, 100 ns (z = 3) run in
triplicate was conducted. Running multiple simulations
provides more reliable and significant conclusions than relying
on a single extended simulation.*® Across all simulations, the
protein/receptor remained stable; however, the stability of
compound 10g (referred to as the ligand) varied depending on
its initial pose. For poses 1 and 3, 10g remained stable within
the binding site only during the initial few nanoseconds before
completely dissociating into the bulk solvent (Fig. S1t). In the
case of pose 5, 10g dissociated almost immediately upon the
start of the simulation. In contrast, for pose 15, compound 10g

remained bound within the CBS and reached equilibration in
all three simulations, although it exhibited a significantly
higher RMSD than considered desirable, with a mean value of
10.654 A across the runs (Fig. 6). The high RMSD can primarily
be attributed to the fluctuations of unbound units of 10g
throughout the simulation (Fig. 7). At no point during the
simulation were all core units of compound 10g simultaneously
bound to the protein. Instead, while some subunits-maintained
interaction within the CBS, others were observed to fluctuate
freely, contributing to the increased RMSD. Finally, we assessed
the contact duration between Gal-1 residues and compound 10g
across the three simulations (Fig. 6). Those residues were
chosen for analysis which maintained >50% contact in atleast
one simulation.

3.3.3. ADMET analysis. ADMET analysis of compound 10g
was conducted using two different computational tools to
ensure robustness of the findings. The analysis predicted that
10g lacks substructures associated with Pan Assay Interference
Compounds (PAINS), reducing the likelihood of false positives
in bioassays. Both tools consistently predicted 10g to have high

15.0

0.0
[

—— Receptor
Complex B
— Ligand

100

Contact Duration (%)

20 40 60 80
Time (ns)

Fig. 6

(A) shows the RMSD of ligand i.e. compound 10g (green), complex (orange) and the receptor (blue) for pose 15 over the course of the

simulation. The shaded regions represent the standard deviation of the RMSD values. (B) illustrates the contact duration of key residues of Gal-1
interacting with 10g, with error bars indicating the standard deviation of each interaction.
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(A) displays the root mean square fluctuation (RMSF) of Gal-1 across the three simulations for pose 15, with the shaded region representing

the standard deviation. (B) Shows the atom-wise RMSF for compound 10g, with standard deviation represented by error bars.

Caco-2 cell permeability and a very low probability of pene-
trating the blood-brain barrier. Additionally, 10g was predicted
to have high human intestinal absorption and demonstrated
stability in human liver microsomes. Importantly, both tools
classified 10g as non-mutagenic, though it was flagged as
potentially hepatotoxic and a hERG channel blocker. Complete
details with all predicted values from the tools can be found in
ESIL.} These findings indicate that while 10g shows promise,
careful consideration of its potential hepatic and cardiac effects
will be important in its further development.

4. Discussion

In this study, we synthesized and characterized a series of novel
thiazole-linked coumarin piperazine derivatives, compounds
10a-10i, utilizing 'H NMR, **C NMR, and HRMS. These
compounds were subsequently evaluated for their inhibitory
activity against Gal-1 (Table 1). Among the synthesized
compounds, 10a, 10d, 10f, and 10g demonstrated significant
inhibitory activity, with >50% inhibition at a concentration of
20 pM. Further analysis was carried out to determine the
binding constants using fluorescence spectroscopy. It revealed
that compound 10g exhibited the highest affinity for Gal-1, with
a binding constant (K,) of 9.8 x 10* M~ 1. Further, it also sug-
gested that both aromatic and aliphatic groups attached to the
piperazine moiety are well-tolerated, though aromatic groups
appear to have a higher affinity, as predicted in prior studies.****
Interestingly, compound 10h, which contains a para-nitro
substituent, exhibited <10% inhibition of Gal-1. We hypothesize
that the para-nitro group may introduce steric hindrance that
disrupts the optimal fit of the coumarin moiety within the
binding site, thereby reducing its inhibitory potential. This
result highlights the importance of steric considerations in the
design of effective Gal-1 inhibitors. Even more surprising was
the finding that compound 10i, which shares significant
structural similarity with compounds 10a and 10b, also showed
<10% inhibition. This observation suggests that the presence of
a hydrogen bond donor is critical in the absence of an aromatic
moiety. This is further supported by the moderate inhibition

© 2024 The Author(s). Published by the Royal Society of Chemistry

observed for compounds 10b, 10c and the morpholine-
containing 10e, which lack a hydrogen bond donor.

Despite the development of numerous heterocyclic Gal-1
inhibitors, the precise mode of binding has remained largely
unexplored. To address this, we employed a combination of
molecular docking and RoseTTAFold All-Atom simulations to
predict the potential binding modes of compound 10g. Four
plausible binding poses were identified and subjected to MD
simulations, with each pose being run for 100 ns in replicates of
three to ensure the robustness of the findings. It was observed
that in three of the four poses, compound 10g dissociated from
the Gal-1 binding site and diffused into the bulk solvent, sug-
gesting a lack of stable interactions. However, in pose 15,
located within the CBS of Gal-1, compound 10g remained
bound throughout the simulation, albeit with a high RMSD
value. This elevated RMSD can primarily be attributed to the
significant fluctuations of the piperazine moiety (Fig. 7), which
failed to maintain consistent interactions with the protein.
Nevertheless, the core coumarin-thiazole structure remained
bound, interacting with key residues Trp68 and His52, which
are crucial for sugar recognition within the binding site.” These
findings also underscore the importance of the hydrogen bond
network that natural sugars typically exploit within the CBS of
Gal-1. Our data suggest that the piperazine moiety, in its current
form, does not adequately mimic these interactions, leading to
the observed instability. Future inhibitor designs should focus
on incorporating additional hydrogen bond donors or acceptors
into the piperazine ring or similar scaffolds to better replicate
the hydrogen bonding capabilities of sugars, thereby enhancing
their affinity. Additionally, this study highlights the limitations
of relying solely on docking scores to select conformations for
further investigation. While pose 1 had the highest docking
score, it was pose 15, with a least docking score among the four
poses that was found to be stable during MD simulations. This
discrepancy reinforces the need for comprehensive post-
docking analyses, such as MD simulations, to validate and
refine docking predictions. Moreover, the importance of con-
ducting MD simulations in replicates was underscored by the
observation that, even among the discarded poses, there was at
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least one run in which the compound remained stable. This
variability suggests that relying on a single MD simulation could
lead to misleading conclusions.

In summary, the synthesized thiazole-linked coumarin-
piperazine hybrids were found to effectively inhibit Gal-1. The
study provides significant insights into the binding mode of
synthesized compounds within the Gal-1 binding site, particu-
larly highlighting the significance of the coumarin moiety. The
findings suggest that future development of heterocyclic Gal-1
inhibitors should prioritize the incorporation of functional
groups capable of enhancing the hydrogen bonding network,
akin to the hydroxy groups in natural sugars, while leveraging
the stabilizing effect of the coumarin scaffold.

Data availability

The "H NMR, >C NMR spectra and HRMS data alongside RMSD
plots for pose 1, 3 and 5 are provided in ESL.{+ MD trajectories,
along with all necessary parameters, are publicly accessible via
the Zenodo repository (10.5281/zenodo.13774410). Any addi-
tional data can be obtained from the authors upon through
direct correspondence.
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