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Galectins have diverse functions and are involved in many biological processes because of their complex
intra- and extracellular activities. Selective and potent inhibitors for galectins will be valuable tools to
investigate the biological functions of these proteins. Therefore, we describe here the synthesis of galectin
inhibitors with a potential “chelate effect”. These compounds are designed to bind to two different
binding sites on galectins simultaneously. In this paper a series of asymmetric “hybrid” compounds are
prepared, which combine two galectin ligands (1) a substituted thiodigalactoside derivative and (2) an
antagonist calixarene-based therapeutic agent. NMR spectroscopy was used to evaluate the interactions
of these compounds with Galectin-1 and -3. In addition, cellular experiments were conducted to
compare the cytotoxic effects of the hybrids with those of a calixarene derivative. While only the thiodi-
galactoside part of the hybrids showed strong binding, the calixarene part was responsible for observed
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Introduction

As a subfamily of lectins, galectins generally recognize
B-galactosides, among other types of saccharides and polysac-
charides." Galectins contain conserved carbohydrate reco-
gnition domains (CRDs) that consist of about 135 amino acids
responsible for carbohydrate binding.> They also display an
intriguing combination of intra- and extracellular activities and
are involved in many biological process like cell growth, cell
adhesion and signaling.>* In addition, galectins play a pro-
found role in many diseases, like inflammation, cancer and
fibrosis.>”® To understand the mechanism of action of galectins
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cytoxoxicity effects, suggesting that the calixarene moiety may also be addressing a non-galectin target.

and their relevant therapeutic potential, there is a clear need for
selective and potent inhibitors targeting different galectins.

The last two decades have witnessed a growing number of
galectin  inhibitors derived from carbohydrates and
peptides.®™"* The majority of the galectin inhibitors are carbo-
hydrate-based, most often modifications of the p-galactoside
lactose, a naturally galectin-binding ligand. Typically, those
inhibitors bind to the carbohydrate binding site. Furthermore, a
significant increase in binding affinity for certain galectins, like
galectin-3 (Gal-3), was found when an aromatic group is intro-
duced at the C3 position of the galactose moiety."*™*>
Subsequently, a new scaffold, thiodigalactoside (TDG, K4 = 49 pM
for Gal-3, K4 = 24 pM for Gal-1), produced more potent inhibitors
in addition to enhancing glycolytic stability, while maintaining a
similar binding mode compared to lactose."*'*®

Compared to carbohydrates, peptides are easier to syn-
thesize. For carbohydrate-binding proteins, some peptides
may prevent carbohydrate binding either by directly occupying
the carbohydrate-binding site (“carbohydrate mimetic”) or by
simply occluding access to the carbohydrate binding site.'*>*
For peptide-based galectin inhibitors, both modes of action
have been suggested; however, the exact binding modes were
not always elucidated.”"*® The best-studied peptide-based
galectin inhibitor is anginex,>® a potent anti-angiogenic and
anti-tumor peptide that can bind to Gal-1, -2, -7, -8N and -9N,
but apparently not to Gal-4N, -4C and -9C.*?*° Intriguingly,
anginex was also shown to significantly enhance the binding
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of a similar list of galectins, such as Gal-1, -2, -7, -8N, -8C, -9N
and not -9C, -3, -4N and -4C to certain glycans (though not
lactose or LacNAc).>” In attempts to produce simplified ana-
logues of anginex, various calix[4]arene derivatives, such as
calixarene 0118 (Scheme 2), were found to have an anti-angio-
genic effect like anginex.”® Considering the functional simi-
larity, Gal-1 was assumed to be the target of 0118. Subsequent
studies using '"N-'H HSQC NMR spectroscopy provided
support for this hypothesis, and showed that 0118 binds to
Gal-1 at a site distant from the galectin’s carbohydrate binding
site with a Ky of around 30 uM and that it attenuated Gal-1
binding to lactose.?® Although the Gal-1 binding of 0118 in a
cellular environment has yet to be directly shown, there is evi-

dence that 0118 targets Gal-1 in vivo.>>*°
Using CuAAC (Copper-catalyzed azide-alkyne cyclo-
addition) to functionalize TDG-based ligands strongly

increases the affinity for certain galectins.'”*"** In addition,
among the symmetrical TDG derivatives, the inclusion of
various aromatic groups can direct the selectivity between Gal-1
and Gal-3.*' So far, however, there has been little discussion
about non-symmetrical TDG compounds for galectin inhi-
bition. The recent published work on 0118 and the available
data on TDG-based inhibitors lead us to consider the creation
of hybrid or hetero-bivalent galectin inhibitors that contain
both a calix[4]arene ligand and a TDG ligand connected via a
tether, to make a series of non-symmetrical galectin inhibitors.
These bivalent inhibitors may potentially interact simul-
taneously at two different sites on galectins.** To this end, we
set out to make a series of such non-symmetrical “hybrid”
compounds that combine the two core structures of TDG and
0118. NMR spectroscopy was used to demonstrate interactions
between these compounds and Gal-1 and Gal-3. All com-
pounds were characterized in terms of cytotoxicity and anti-
proliferative effects on HUVEC cells (human umbilical venous
endothelial cells), HT-29 cells (Human colorectal adeno-
carcinoma grade II) and on Caki-2 cells (Human Renal Cancer
Cell Line), along with TDG and calixarene control compounds.

Results and discussion
Design and synthesis of hybrid galectin ligands

The synthetic design of hybrid galectin ligands 1-3 was based
on retrosynthetic analysis shown in Scheme 1. To obtain the
target molecules, precursors based on calixarenes 5a-c and the
precursor based on thiodigalactoside 4 needed to be syn-
thesized. The synthetic route towards 5a-5c¢ involved a direct
CuAAC reaction of the calixarene analogue with dipropargy-
lated polyethylene glycol.

Synthesis of the calixarene precursor proceeded as shown
in Scheme 2. Based on a published procedure, compound 7
was obtained by mono-alkylating 6 with 1-azido-2-
iodoethane.*® Subsequent treatment with an excess of ethyl
bromoacetate in the presence of K,COj; yielded compound 8. It
should be noted that compound 8 contained some non-cone
conformers as revealed by NMR with respect to the rotation of
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Scheme 1 (a) Structure and retrosynthetic analysis of hybrid galectin
ligands. (B) Proposed binding mode of hybrids galectin ligand to Gal-3 CRD.

the benzene rings in calixarene. In any event, this product was
used in the next reaction without further purification.
Previously synthesized 9-11 were separately reacted with 8,
and the resulting products were reacted with N,N-dimethyl-
ethylene-diamine to yield 5a-c.**?> After preparative HLPC
purification, NMR and mass spectrometry showed that the iso-
lated compounds were in the “cone” conformation.

To construct the required TDG derivatives, the tri-isopropyl-
silyl thio-glycoside 17 and the glycosyl halide 15 were required.
The TDG synthesis was based on a published method that con-
sists of a one-pot de-silylation and glycosyl thiol alkylation
with a glycosyl halide (Scheme 3).° The synthesis benefited
from previous work, in which compound 18 was obtained.?”
After removing the acetyl protecting group of 18, the resulting
crude 4 was used for “click” with 5a-c¢ without further purifi-
cation. Aside for this, CuAAC modification of compound 18
with phenylacetylene and compound 11 gave the corres-
ponding products that, following deprotection, yielded control
compounds 19 and 20.

Having assembled the important intermediates, calixarene
parts 5a-c and TDG, the next objective was CuAAC conjugation
and purification of the resulting product to yield the final
hybrid compounds (Scheme 4). Taking hybrid 3 as an
example, compounds 5c¢ and 4 were coupled using CuAAC
under microwave irradiation to give the target compound
(12 mg, 22% yield) after purification by preparative HPLC. Via
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Scheme 2 Synthesis of targets 5a—c. Reaction conditions: (a) AlCls,
phenol, toluene, 98%; (b) 1-azido-2-iodoethane, NaOMe, CH3CN, 85 °C,
67%; (c) ethyl bromoacetate, K,COs, CH3CN, 85 °C; 65%; (d), (i) com-
pound 9-11, Cul, CHsCN, 80 °C, microwave; (i) N,N-dimethyl-
ethylenediamine, 50 °C, 10% in two steps (5a), 23% in two steps (5b),
27% in two steps (5¢); (e) N,N-dimethylethylenediamine, 50 °C, 39%.

analysis of the NMR spectrum, the calixarene part of hybrid 3
was confirmed to be in the “cone” conformation (i.e. identical
to calixarene 0118 (ref. 35)) and was used for biological testing
and binding studies.

Conformation analysis of hybrid galectin ligands

Calix[4]arenes are not planar and can adopt four different
stable conformations: cone, partial cone (paco), 1,2-alternate
(1,2-alt), and 1,3-alternate (1,3-alt). As the phenolic hydroxyls
in the lower rim are replaced by bulky groups, rotation of the
aromatic rings are prevented, and stable conformations are
produced. A method to determine the conformation has been
published,*®*° in which the *C-NMR chemical shift of the
bridged methylene carbons that connect each pair of aromatic
rings is observed at 30-31 ppm when neighbouring aromatic
rings are oriented on the same side of the cone and at
37-40 ppm when they point in opposite directions (Fig. S1Af).
In the NMR spectra of our calixarene analogues, the *C signal
for the bridging methylene carbon can be observed, and its
chemical shift is found at 30-31 ppm, indicating that these
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Scheme 3 Synthesis of TDG component. Reaction conditions: (a)
Phenylacetylene, CuSO,4, sodium ascorbate, DMF/H,O, 80 °C, micro-
wave; (b) HBr, CH,Cl,, 79% in two steps; (c) TiBrs, CH,Cl,/EtOAc, 67%;
(d) TIPSSH, K,COs, CHsCN, 30%; (e) TBAF, CHsCN, 62%; (f) NaOMe,
CHsOH; (g), (i) Phenylacetylene, CuSQ,4, sodium ascorbate, DMF/H,0,
80 °C, microwave; (i) NaOMe, CHsOH, 23% in two steps; (h), (i) com-
pound 11, Cul, CH3OH, 80 °C, microwave; (i) NaOMe, CH3zOH, 5.0% in
two steps.

calixarene compounds adopted the “cone” conformation. In
addition, NOESY spectra were acquired for information on the
proximities of various protons (Fig. S1B}). All NOESY cross-
peaks from aromatic protons from the calixarene moiety in
hybrids 1-3 only appear from the bridged methylene protons,
and none are observed from substituents of the lower rim
which are more remote in the cone conformation.

NMR spectroscopy to demonstrate the interaction between
ligands with Gal-1 and Gal-3

To illustrate effects to Gal-3 induced by the binding of the
hybrid compounds, perturbation maps are shown in which
chemical shift differences (+ compound) of protein backbone
NH resonances in the complex are plotted vs. the Gal-3 amino
acid sequence (Fig. 1).*>*' These chemical shift maps provide
insight into which protein residues interact with the ligand.
For example, Gal-3 backbone amide 'H-"°N signals in the pres-
ence and absence of hybrids 2 and 3 (protein : ligand ratios of
1:1.2) are shown in Fig. 1A and B, respectively. In both
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Scheme 4 Synthesis of hybrid 1-3. Hybrid 1-3 were synthesized in a
similar fashion starting from the corresponding precursor. Reaction con-
ditions: Cul, CHzOH, 80 °C, microwave, 90 min.

instances, the ligand binds to the protein, with the amplitude
and pattern of chemical shift perturbations throughout the
Gal-3 amino acid sequence remaining basically the same. TDG
control compound 20 and calixarene control compound 12
were measured under the same conditions (Fig. 1C and D). In
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Fig. 1C, 20 that contains TDG and the linker, exhibits a similar
interaction pattern with Gal-3 compared to hybrids 2 and 3
(compare Fig. 1A and B). In contrast, 12 induces minimal per-
turbations to Gal-3 resonances, even when the ligand concen-
tration is increased to 4 mM (Fig. 1D). In addition, residues
involved in interactions between 12 and Gal-3 are different
from those involved in binding TDG. This observation is con-
sistent with our previous finding that another calixarene com-
pound (called 0118) also binds at a non-canonical site on
Gal-1, as observed here with Gal-3.2°3° Furthermore, while the
binding affinity between Gal-3 and calix-azide 12 is not easily
saturated, maximum chemical shift perturbations are quite
large (~0.4 ppm) through Gal-3 residues 200-220. These
chemical shift maxima are similar to those observed with the
TDG moiety. The binding phenomena observed here are con-
sistent with known literature values for TDG’s (low nano-
molar)”” and mono-substituted TDG’s (low micromolar or
better),’” in that they all indicate relatively tight binding in the
NMR slow exchange regime on the chemical sift time scale.
For the calixarene derivatives, 4 mM was required to achieve
nearly saturable binding, indicating that the equilibrium dis-
sociation constant, Ky, should be ~0.75-1 mM.

Overall, our NMR binding data support the idea that the
hybrid compounds interact with these galectins primarily via
the TDG moiety. Hybrids 2 and 3 bind to Gal-1 and Gal-3 with
high affinity, which corroborates our previous findings.?**”*?
Even though we did not observe synergistic binding with these
TDG-linked-calixarene hybrids, there are a few plausible expla-
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Fig. 1 Chemical shift perturbations observed for Gal-3 CRD (108-250), 50 mM in the presence of ligands are shown vs. the residue number of Gal-
3. A: Gal-3 CRD in complex with 2, protein (50 uM) : ligand (60 pM) ratio of 1:1.2. B: Gal-3 CRD in complex with 3 protein (50 uM) : ligand (63 pM)
ratio of 1:1.25. C: Gal-3 CRD with 20 protein (50 pM): ligand (60 pM ratio of 1:1.2). D: Gal-3 CRD with 12, protein (50 uM): ligand (4 mM) ratio of
1:80. Large perturbation values of delta chemical shifts reflect large conformational changes of the protein backbone upon ligand binding. Delta
(ppm) is defined as the sum of square root [0.25 x A*®N]? and square root [A*H]2.
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nations for this. For one, it may be that modifying one of the
hydrophilic, positively charged arms of the calixarene reduces
binding. Alternatively, it could be that the PEG linker in 2 or 3
is too short to wrap around the Gal-3 CRD from S-face to
F-face, making it sterically impossible to simultaneously inter-
act with both sites on Gal-3.

Cytotoxicity studies

Even though calixarene 0118 effectively inhibits cell prolifer-
ation,” there is little information on the biological effects from
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Fig. 2 Dose-response curves obtained from cell viability assays** after
incubation of human umbilical vein endothelial cells (HUVEC) (A),
human colorectal carcinoma HT-29 cells (B), human renal cell carci-
noma Caki-2 cells (C), and human embryo kidney HEK293T cells (D),
with increasing concentrations of the compounds.
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TDG analogues. In this regard, evaluation of these hybrid com-
pounds in terms of cytotoxicity and inhibition of cell prolifer-
ation is of interest. Here, we screened these new compounds in
a colorimetric cell viability assay. As shown in Fig. 2, dose-
response curves obtained post-incubation of our compounds
with HUVEC, HT-29, Caki-2 and HEK293T cells are expressed as
the percentage of cell survival relative to control vehicle alone.

All of our compounds that have a calixarene moiety (com-
pound 12, hybrid 2 and hybrid 3) inhibited cell survival, with
similar potency compared to parent calixarene 0118. TDG
derivatives (19 and 20), however, exhibited no effect on cell via-
bility. The cell types investigated were chosen in an attempt to
correlate cell viability with expression of Gal-1 and -3. The
strongest cell killing was observed with HT29 cells, known to
express Gal-3, but not Gal-1.** Moderate cell killing was seen
with HUVECs that express both galectins.*” Similarly, CAKI-2
cells were only moderately killed, and these cells are at least
known to express Gal-3."° No killing was observed with
HEK293T cells that express neither galectin.** Taken together,
these results demonstrate that our hybrid compounds contain-
ing calixarene moieties exhibit significant effects on cell viabi-
lity. However, there was no clear correlation between cell
killing and galectin expression, even though Gal-3 was
expressed in all instances where cell death occurred.

Conclusions

Here, we described the design and synthesis of a series of
galectin inhibitors that were engineered to simultaneously
bind to two different epitopes on Gal-1 and -3. TDG deriva-
tives, validated as galectin inhibitors, target the galectin carbo-
hydrate recognition domain. Calixarene 0118, whose discovery
was inspired by the peptide-based galectin inhibitor anginex,
binds to galectins at a site that is distinct from that of TDG.
We thus report here on the synthesis of a non-symmetrical
TDG-calixarene conjugate with the prospect of creating bi-
valent or hybrid ligands to target galectins and antagonize
their function. This approach is considerably different from
that with other calixarenes outfitted with sugars to bind to
galectins.””*® To obtain the desired compounds, TDG and
calixarene-containing precursors were synthesized separately
and linked through CuAAC. Using our compounds, NMR spec-
troscopy was used to study the interaction between the hybrid
ligands and Gal-1 and Gal-3. Our results showed that these
compounds strongly bind to these galectins, primarily via the
TDG moiety. In addition, cytotoxicity studies were performed
to evaluate inhibition of cell proliferation by the hybrid
ligands. In comparison with parent TDG and calixarene 0118,
we found that the hybrid compounds significantly affected cell
viability, and this time through the calixarene moiety. A clear
correlation between cell killing and galectin expression cannot
be made, although Gal-3 expression was present in all cases
where cell killing occurred.

Overall, we find that both components of our hybrid com-
pounds are fully functional, as evidenced by galectin binding
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and viability studies. Because calixarene-based effects on bio-
logical systems are intriguing and may involve other proteins
in addition to galectins, further study is warranted.

Experimental section
Reagents and general methods

TLC analysis was performed on Merck precoated silica gel 60
F-254 plates. Spots were visualized with UV-light, ninhydrin
stain (1.5 g ninhydrin and 3.0 mL acetic acid in 100 mL
n-butanol), potassium permanganate (1.5 g KMnO,;, 10 g
K,CO3, and 1.25 mL 10% NaOH in 200 mL H,0) and sulfuric
acid (10% sulfuric acid in methanol). Column chromatography
was performed using Silica-P Flash silica gel (60 A, particle
size 40-63 pm) from Silicycle (Canada). Microwave reactions
were carried out in a Biotage Initiator (300 W) reactor.
Lyophilization was performed on a Christ Alpha 1-2 apparatus.
"H and *C NMR spectroscopy was carried on an Agilent
400-MR spectrometer operating at 400 MHz for '"H and
101 MHz for “*C HSQC, TOCSY and NOESY (500 MHz) were
performed with a VARIAN INOVA-500. Complexes between uni-
formly Gal3-[*>N] CRD and various TDG and calixarene ligands
were studied on a Bruker Avance III HD 700 MHz spectro-
meter, equipped with a TCI cryoprobe. Amide proton assign-
ments of apo Gal-3 CRD were taken from a previous
research.*®

Electrospray mass spectrometry was performed using a
Shimadzu LCMS QP-8000. High resolution mass spectrometry
(HRMS) analysis was recorded using a Bruker ESI-Q-TOF II.
Analytical LC-MS (electrospray ionization) was performed
using a Thermo-Finnigan LCQ Deca XP Max with the same
buffers and protocol as described for analytical HPLC.
Analytical HPLC was performed on a Shimadzu-10AVP (Class
VP) system using a Phenomenex Gemini C18 column (110 A,
5 pm, 250 x 4.60 mm) at a flow rate of 1 mL min. The used
buffers were 0.1% trifluroacetic acid in CH;CN:H,O = 5:95
(buffer A) and 0.1% trifluroacetic acid in CH;CN: H,O = 95:5
(buffer B). Runs were performed using a standard protocol:
100% buffer A for 2 min, then a linear gradient of buffer B
(0-100% in 38 min) and UV-absorption was measured at 214
and 254 nm. Purification using preparative HPLC was per-
formed on an Applied Biosystems workstation with a
Phenomenex Gemini C18 column (10 pm, 110 A, 250 x
21.2 mm) at a flow rate of 6.25 mL min~'. Runs were per-
formed by a standard protocol: buffer A for 5 min followed by
a linear gradient of buffer B (0-100% in 70 min) with the same
buffer as described for the analytical HPLC.

Synthetic procedures and compound characterization

25,26,27-Tris-N-(N,N-dimethyl-2-aminoethyl)carbamoylmethoxy-
28-{2'{4-(2,5,8,11,14-pentaoxaheptadec-16-yn-1-yl}-1H-1,2,3-triazol |
ethoxy}calix[4]arene (5a). Compound 9 (99 mg, 0.37 mmol) and
8 (175 mg, 0.37 mmol) were dissolved in CH;CN (5.0 mL) and
then Cul (44.3 mg, 0.23 mmol) was added to the solution. The
resulting mixture was heated under microwave irradiation at
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80 °C for 90 min. The mixture was concentrated in vacuo, and
then CH,Cl, (5.0 mL) was added. A clear solution was obtained
after centrifugation, which was concentrated in vacuo to afford
the crude triazole (260 mg). To the crude (260 mg) N,N-di-
methylethylenediamine (7.0 mL) was added under nitrogen.
The mixture was stirred for 24 h at 50 °C. The excess of N,N-di-
methylethylenediamine was removed by evaporation under
reduced pressure. The residue was dissolved in CH3;CN
(20 mg mL™") and purified by preparative HPLC using the
standard protocol. Fractions containing the product (tg =
40 min, broad peak) were pooled and the water was removed
by freeze-drying to obtain the pure compound 5a as a clear oil
(45 mg, 0.039 mmol, yield 10% in two steps).

'H NMR (400 MHz, DMSO-dy) & 10.00 (d, J = 35.1 Hz, 3H),
8.60-8.36 (m, 3H), 8.17 (s, 1H), 7.05-6.91 (m, 4H), 6.89-6.78
(m, 2H), 6.35 (m, 6H),4.41-4.26 (m, 9H), 4.24 (s, 2H), 4.13 (d,
J = 2.4 Hz, 1H), 3.26-3.19 (m, 6H), 3.19-3.07 (m, 5H), 2.81 (s,
13H), 2.77 (s, 6H), 5.05 (q, J = 6.9 Hz, 2H), 4.73 (d, J = 4.1 Hz,
2H), 4.64 (d, J = 13.4 Hz, 2H), 4.53 (d, J = 4.4 Hz, 2H), 3.60-3.39
(m, 16H). *C NMR (101 MHz, DMSO-ds) § 170.69, 169.56,
159.15, 158.82, 157.24, 156.28, 154.70, 154.65, 144.19, 144.15,
135.90, 135.80, 135.39, 135.34, 133.57, 133.54, 133.37, 133.30,
129.49, 129.27, 129.23, 128.35, 124.87, 123.44, 123.20, 123.09,
77.53, 74.36, 74.14, 71.89, 70.16, 70.13, 70.11, 70.07, 70.03,
69.88, 69.45, 69.37, 68.92, 63.88, 63.84, 57.90, 56.16, 56.13,
55.90, 49.37, 49.32, 42.85, 42.82, 40.25, 40.05, 34.30, 34.26,
30.68. HRMS (EI, m/z): calculated for CeHgsNgOp,H' (M +
HJ"): 1148.6390, found 1148.6360.

Preparation of hybrid 1. Compound 5a (45 mg, 0.039 mmol)
and 4 (20 mg, 0.039 mmol) were dissolved in CH3;OH (3.0 mL)
and then Cul (7.5 mg, 0.039 mmol) was added into the solu-
tion. The resulting mixture was heated under microwave
irradiation at 80 °C for 90 min. The mixture was concentrated
in vacuo, and then CH,Cl, (5.0 mL) was added. A clear solution
was obtained after centrifugation, which was concentrated
in vacuo to afford the crude compound. The crude was dissolved
in CH;CN (20 mg mL™") and purified by preparative HPLC
using the standard protocol. Fractions containing the product
(tr = 35 min, broad peak) were pooled and the buffer was
removed by freeze-drying to obtain the pure hybrid 1 as an off-
white foam (4.0 mg, 0.0024 mmol, 6.2%). "H NMR (500 MHz,
DMSO-dg) 6 8.16 (s, 1H), 8.53 (s, 1H), 8.47-8.35 (m, 3H), 8.01
(s, 1H), 7.86 (d, J = 7.7 Hz, 2H), 7.44 (t, ] = 7.6 Hz, 2H), 7.32 (t,
J=7.4 Hz, 1H), 7.01 (dd, J = 7.9, 4.5 Hz, 5H), 6.85 (t,J = 7.5 Hz,
2H), 6.39 (t, ] = 7.5 Hz, 2H), 5.05 (t, ] = 7.6 Hz, 3H), 4.91 (t, ] =
10.0 Hz, 2H), 4.82 (ddd, J = 21.8, 10.6, 2.9 Hz, 2H), 4.73 (s, 3H),
4.63 (d, J = 13.4 Hz, 3H), 4.53 (s, 5H), 4.39 (s, 1H), 4.36 (s, 2H),
4.32 (d, J = 7.4 Hz, 2H), 4.27 (d, J = 3.7 Hz, 3H), 4.25-4.22 (m,
4H), 3.71 (q,J = 7.0 Hz, 2H), 4.15 (t, J = 9.7 Hz, 1H), 4.00-3.95
(m, 1H), 3.91 (s, 1H), 3.56 (dd, J = 11.7, 6.7 Hz, 10H), 3.52 (s,
25H), 3.50 (s, 15H), 3.48 (s, 2H), 3.39 (d, J = 4.6 Hz, 27H), 3.23
(d, J = 13.5 Hz, 6H), 2.80 (s, -N(CH,),), 3.18-3.09 (m, 10H),
2.77 (s, -N(CHj3),). *C NMR (126 MHz, DMSO-dg, extracted
from HSQC) § 121.27, 124.92, 124.87, 123.67, 125.47, 129.37,
128.11, 129.50, 123.36, 123.13, 123.74, 128.36, 49.01, 49.61,
84.19, 67.35, 67.27, 67.08, 67.66, 74.41, 30.76, 64.42, 63.81,
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62.94,
67.36,
72.27,
71.48,
70.11,

74.17,
68.04,
70.70,
73.84,
30.77,
40.16, 40.42, 39.79, 40.46, 40.30, 39.75, 41.80, 42.54, 43.98,
43.15, 44.84, 45.63, 40.74, 40.44, 39.83, 40.57, 40.04, 43.14,
42.53, 40.45, 41.24, 40.33, 41.54, 40.01, 41.95. HRMS (EI, m/2):
calculated for CgyH;11N;50,0SH' (M + H]"): 1658.7923, found
1658.7974.

25,26,27-Tris-N-(N,N-dimethyl-2-aminoethyl)carbamoylmethoxy-
28-{2'{4-(2,5,8,11,14,17,20,23,26-nonaoxanonacos-28-yn-1-yl )-1H-
1,2,3-triazolJethoxy}calix[4]arene (5b). Compound 10 (89 mg,
0.20 mmol) and 8 (75 mg, 0.10 mmol) were dissolved in to
CH;CN (5.0 mL) and then Cul (19 mg, 0.10 mmol) was added
into the solution. The resulting mixture was heated under
microwave irradiation to 80 °C for 90 min. After complete con-
version of the starting material according to TLC monitoring,
the mixture was concentrated in vacuo, and then CH,CI,
(5.0 mL) was added. A clear solution was obtained after cen-
trifugation, which was concentrated in vacuo, and the resulting
compound (70 mg) was obtained after silica chromatography
(CH,Cl,: CH30H = 10:1). To the compound (70 mg) N,N-di-
methylethylenediamine (5.0 mL) was added under nitrogen.
The mixture was stirred for 24 h at 50 °C. The excess of N,N-di-
methylethylenediamine was removed by evaporation under
reduced pressure. The mixture was dissolved in CH3CN (20 mg
mL™") and purified by preparative HPLC using the standard
protocol. Fractions containing the product (¢z = 40 min, broad
peak) were pooled and the buffer was removed by freeze-drying
to obtain the pure compound 5b as a clear oil (30 mg,
0.023 mmol, 23% in two steps). 'H NMR (500 MHz, DMSO-d)
8 9.59-9.55 (m, 3H, -NHMe,), 8.50-8.34 (m, 3H, —-C(O)NH),
8.17 (s, 1H, CH triazole), 7.02 (t, J = 6.0 Hz, 4H, Ar-H), 6.86 (t,
J = 7.6 Hz, 2H, Ar-H), 5.05 (t, J = 7.7 Hz, 2H, -CH,N triazole),
4.73 (s, 2H, Ar-OCH,C(0)), 6.39 (t, J = 7.6 Hz, 2H, Ar-H), 6.30
(dd, J = 20.4, 7.5 Hz, 4H, Ar-H), 4.63 (d, J = 13.4 Hz, 2H,
Ar,CH,), 4.53 (s, 2H, -CH,0-), 4.38 (d, J = 14.0 Hz, 2H, Ar-
OCH,C(0)), 4.32 (t, J = 7.6 Hz, 2H, Ar-OCH,CH,), 4.28-4.23
(m, 3H, Ar-OCH,C(O) and Ar,CH,), 4.13 (d, J = 2.2 Hz, 2H,
-CH,C=CH), 3.59-3.52 (m, 6H, -NHCH,), 3.43-3.33 (m,
-OCH,CH,0-), 3.23 (d, J = 13.5 Hz, 5H, Ar,CH,), 3.14 (s, 6H,
-CH,NMe,), 2.80 (s, -N(CHj),), 2.77 (s, -N(CH3),). >C NMR
(126 MHz, DMSO-dg, extracted from HSQC) & 123.87, 128.60,
128.45, 128.30, 122.37, 122.11, 127.40, 127.33, 127.38, 48.66,
74.01, 29.86, 62.77, 73.76, 73.20, 29.79, 57.80, 70.45, 68.51,
32.86, 33.44, 33.44, 69.71, 68.20, 68.24, 29.25, 55.51, 55.05,
56.48, 54.98, 42.77, 39.64, 40.78, 42.19, 43.86, 38.99. HRMS
(EL, m/z): calculated for C,oH;01NgO16H' (M + H]"): 1324.7439,
found 1324.7462.

Preparation of hybrid 2. 5b (30 mg, 0.023 mmol) and 4
(18.6 mg, 0.036 mmol) were dissolved in to CH;0H (3 mL) and
then Cul (4.6 mg, 0.024 mmol) was added to the solution. The
resulting mixture was heated under microwave irradiation at
80 °C for 90 min. The mixture was concentrated in vacuo, and
then CH,Cl, (5.0 mL) was added. A clear solution was obtained

71.83,
80.42,
70.10,
71.89,
57.45,

74.15,
79.84,
73.04,
68.00,
56.61,

74.75,
70.03,
73.44,
69.52,
56.01,

30.77,
69.94,
66.83,
68.77,
55.19,

67.20,
69.35,
68.40,
34.40,
55.78,

68.50,
60.48,
67.62,
33.81,
56.39,

67.92,
61.08,
69.18,
76.95,
40.28,
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after centrifugation, which was concentrated in vacuo to afford
the crude compound. The crude was dissolved in CH3;CN
(20 mg mL™") and purified by preparative HPLC on the stan-
dard protocol. Fractions containing the product (¢z = 35 min,
broad peak) were pooled and the buffer was removed by freeze-
drying to obtain the pure hybrid 2 as an off-white foam
(12 mg, 0.0065 mmol, 28%). '"H NMR (500 MHz, DMSO-d)
5 8.53 (s, 1H), 9.66-9.62 (m, 3H), 8.48-8.36 (m, 3H), 8.17 (s,
1H), 8.01 (s, 1H), 7.90-7.84 (m, 2H), 7.44 (t, J = 7.7 Hz, 2H),
7.32 (t, J = 7.4 Hz, 1H), 7.02 (dd, J = 7.6, 4.1 Hz, 4H), 6.86 (td,
J =7.5,1.8 Hz, 2H), 6.39 (t, J = 7.5 Hz, 2H), 6.35-6.26 (m, 4H),
5.32 (s, 4H), 5.05 (t, J = 7.6 Hz, 2H), 4.91 (dd, J = 10.9, 9.5 Hz,
2H), 4.82 (ddd, J = 21.6, 10.5, 3.0 Hz, 2H), 4.73 (s, 2H), 4.63 (d,
J = 13.4 Hz, 2H), 4.53 (s, 5H), 4.36 (s, 1H), 4.33 (d, J = 7.7 Hz,
2H), 4.27 (s, 2H), 4.25 (s, 1H), 4.24 (d, J = 2.9 Hz, 1H),
4.17-4.10 (m, 1H), 3.98 (d, J = 3.1 Hz, 1H), 3.91 (d, J = 3.2 Hz,
1H), 3.71 (dt, J = 9.0, 6.3 Hz, 2H), 3.61-3.50 (m, 30H), 3.50 (s,
22H), 3.23 (d, J = 13.5 Hz, 5H), 3.15 (d, J = 5.2 Hz, 6H),
2.90-2.81 (m, 4H), 2.81-2.75 (m, 21H). "*C NMR (126 MHz,
DMSO-dg, extracted from HSQC) & 121.92, 124.86, 124.21,
125.42, 125.41, 129.37, 128.81, 128.08, 129.52, 129.60, 129.52,
123.38, 123.33, 123.10, 123.12, 128.37, 128.39, 128.40, 49.60,
84.20, 67.29, 67.71, 73.52, 31.36, 63.76, 63.84, 70.13, 74.15,
63.82, 70.90, 71.80, 74.17, 30.78, 67.83, 67.19, 69.15, 67.99,
68.62, 79.26, 69.37, 60.47, 69.37, 69.54, 34.42, 34.41, 69.23,
30.78, 58.59, 55.94, 56.47, 43.16, 43.16, 43.16, 41.03. HRMS
(EI, m/z): calculated for CooHi7N350,4SH,,", [M + 2H":
1835.9045, found 1835.9095.
25,26,27-Tris-N-(N,N-dimethyl-2-aminoethyl)carbamoylmethoxy-
28-{2'{4-(2,5,8,11,14,17,20,23,26,29,32,35,38-tridecaoxahentetra-
cont-40-yn-1-yl)-1H-1,2,3-triazol Jethoxy}calix[4]arene (5c). The
compound 10 (128 mg, 0.20 mmol) and 8 (78 mg, 0.10 mmol)
were dissolved into CH3;CN (5.0 mL) and then Cul (19 mg,
0.10 mmol) was added to the solution. The resulting mixture
was heated under microwave irradiation at 80 °C for 90 min.
After complete conversion of the starting material according to
TLC monitoring, the mixture was concentrated in vacuo, and
then CH,Cl, (5.0 mL) was added. A clear solution was obtained
after centrifugation, which was concentrated in vacuo, and the
resulting compound (120 mg) was achieved through silica
chromatography (CH,Cl, : CH;0H = 10:1). To the compound
(120 mg) N,N-dimethylethylenediamine (5.0 mL) was added
under nitrogen. The mixture was stirred for 24 h at 50 °C. The
excess of N,N-dimethylethylenediamine was removed by evap-
oration under reduced pressure. The mixture was dissolved in
CH;CN (20 mg mL ") and purified by preparative HPLC using
the standard protocol. Fractions containing the product (tx =
40 min, broad peak) were pooled and the water was removed
by freeze-drying to obtain the compound 5c¢ as a clear oil
(40 mg, 0.027 mmol, 27% in two steps). "H NMR (500 MHz,
DMSO-dg) 6 9.75-9.59 (m, 3H, -NHMe,), 8.49-8.38 (m, 3H,
-C(O)NH), 8.18 (s, 1H, CH triazole), 7.01 (dd, J = 7.6, 4.0 Hz,
4H, Ar-H), 6.85 (t, ] = 7.5 Hz, 2H, Ar-H), 6.39 (t, ] = 7.5 Hz, 2H,
Ar-H), 6.31 (dd, J = 20.1, 7.5 Hz, 4H, Ar-H), 5.05 (t, J = 7.6 Hz,
2H, -CH,N triazole), 4.74 (s, 2H, Ar-OCH,C(O)), 4.64 (d, J =
13.4 Hz, 2H, Ar,CH,), 4.53 (s, 2H, -CH,0-), 4.38 (d, J = 14.0 Hz,
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2H, Ar-OCH,C(0)), 4.33 (t, J = 7.6 Hz, 2H, Ar-OCH,CH,),
4.30-4.25 (m, 3H, Ar-OCH,C(O) and Ar,CH,), 4.14 (d, J =
2.3 Hz, 2H, -CH,C=CH), 3.56-3.52 (m, 6H, -C(O)NHCH,),
3.46-3.27 (m, -OCH,CH,0-), 3.23 (d, J = 13.6 Hz, 5H, Ar,CH,),
3.17-3.10 (m, 6H, -CH,N(CH3),), 2.80 (s, -N(CH3),), 2.77 (s, -N
(CH3),). >C NMR (126 MHz, DMSO-dq, extracted from HSQC) &
124.87, 129.23, 129.48, 123.97, 123.33, 123.11, 128.38, 128.46,
49.02, 74.50, 30.26, 63.79, 70.14, 74.17, 71.64, 74.19, 30.28,
56.98, 66.46, 72.30, 70.73, 70.13, 30.21, 43.14, 44.01. HRMS
(EL, m/z): calculated for C,gH;17NoOn0H ([M + H]): 1500.8488,
found 1500.8480.

Preparation of hybrid 3. Compound 5¢ (40 mg, 0.027 mmol)
and 4 (17 mg, 0.033 mmol) were dissolved in CH;OH (3.0 mL),
then Cul (5.1 mg, 0.027 mmol) was added into the solution.
The resulting mixture was heated under microwave irradiation
at 80 °C for 90 min. The mixture was concentrated in vacuo,
and then CH,Cl, (5 mL) was added. A clear solution was
obtained after centrifugation, which was concentrated in vacuo
to afford the crude compound. The crude was dissolved in
CH;CN (20 mg mL™") and purified by preparative HPLC using
the standard protocol. Fractions containing the product (tz =
35 min, broad peak) were pooled and the buffer was removed
by freeze-drying to obtain the pure hybrid 3 as an off-white
foam (12 mg, 0.0060 mmol, 22%). "H NMR (500 MHz, DMSO-d)
8 8.53 (s, 1H), 8.17 (s, 1H), 9.68-9.64 (m, 3H), 8.50-8.34 (m,
3H), 8.01 (s, 1H), 7.87 (d, J = 7.7 Hz, 1H), 7.44 (t, ] = 7.7 Hz,
2H), 7.31 (d, J = 7.5 Hz, 1H), 7.02 (dd, J = 7.6, 4.2 Hz, 3H),
6.89-6.82 (m, 2H), 6.39 (t, ] = 7.5 Hz, 2H), 6.30 (dd, J = 20.3, 7.4
Hz, 3H), 5.32 (s, 4H), 5.05 (t, J = 7.5 Hz, 2H), 4.91 (dd, J = 11.2,
9.5 Hz, 2H), 4.82 (ddd, J = 21.3, 10.6, 3.0 Hz, 2H), 4.73 (s, 2H),
4.64 (d, J = 13.4 Hz, 2H), 4.53 (s, 4H), 4.39 (s, 1H), 4.36 (s, 1H),
4.33 (t, ] = 7.6 Hz, 2H), 4.27 (s, 1H), 4.26 (d, J = 11.3 Hz, 2H),
4.23 (d, J = 10.8 Hz, 2H), 3.97 (d, J = 3.1 Hz, 1H), 3.91 (d, J = 3.2
Hz, 1H), 3.71 (dt, J = 9.4, 6.3 Hz, 2H), 3.61-3.44 (m, 56H), 3.42
(t,J = 6.2 Hz, 2H), 3.23 (d, J = 13.6 Hz, 4H), 3.17-3.09 (m, 7H),
2.84 (d, J = 22.3 Hz, 2H), 2.82-2.75 (m, 16H). *C NMR
(126 MHz, DMSO-d;, extracted from HSQC) & 121.87, 125.80,
123.66, 126.06, 126.06, 129.36, 129.36, 127.90, 129.51, 128.87,
129.48, 123.34, 123.35, 123.11, 123.11, 128.37, 128.37, 128.42,
129.40, 50.47, 84.17, 67.93, 67.76, 74.41, 30.77, 74.16, 70.13,
74.17, 70.11, 74.16, 30.79, 67.82, 74.15, 70.71, 69.64, 67.20,
67.82, 67.82, 70.73, 70.13, 67.37, 68.02, 78.90, 79.25, 79.86,
70.14, 70.15, 68.75, 69.19, 68.38, 34.40, 70.13, 33.81, 30.79,
30.77, 70.13, 56.56, 70.13, 54.38, 56.53, 56.61, 54.22, 39.97,
43.14, 43.21, 41.74. HRMS (EI, m/z) calculated for
CosH143N;150,5SH", [M + H]": 2013.0166, found: 2013.0160.

Preparation of galectins

Galectins used here were supplied by Prof. Tai Guihua. Briefly,
uniformly "’N-enriched human galectins were expressed using
BL21(DE3) cells grown in minimal media, purified over a
lactose affinity column, and fractionated on a FPLC column, as
described using a slightly modified protocol provided in
Nesmelova et al.’ Typically, 50 milligrams of purified protein
were obtained from 1 liter of cell culture. Protein purity was
checked by using SDS PAGE and NMR spectroscopy.
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Uniformly "N-labeled recombinant galectins were dissolved in
20 mM potassium phosphate buffer at pH 7.0, 0.1 mM EDTA,
8 mM DTT, made up using a 98% H,0/2% D,0O mixture. NMR
experiments of the titrations were typically carried out at
50 pM at 30 °C on a Bruker Ascend III 700 MHz HD spectro-
meter equipped with a cryogenic triple-channel TCI probe.
"H-""N HSQC NMR gradient sensitivity-enhanced, flip-back
experiments were used to investigate binding of inhibitors to
N-labeled galectins. 'H and '°N resonance assignments for
the galectins investigated have been previously reported.*®*”
NMR spectra were processed using the program Topspin 3.2
(Bruker, Rheinstetten, Germany), and after conversion of 2D
spectra analyzed by Sparky (T. D. Goddard and D. G. Kneller,
SPARKY 3, University of California, San Francisco).

Cell viability assay

Cell viability and migration assays were performed as pre-
viously described.>® Cells, both human umbilical cord endo-
thelial cells (HUVEC), as well as Caki-1 human renal cell carci-
noma, HT29 human colorectal carcinoma cells and human
embryonic kidney HEK293T cells, were seeded in a 96-well
culture plate at a density of 2.5-10 x 10° cells per well. Cells
were incubated with drugs for 72 h (for drug acquisition and
cells and culture conditions, see ESI section}). Drugs were pre-
mixed in culture medium and applied at the appropriate
doses. Cell viability was assessed using the CellTiter-Glo
luminescence assay (Promega, Madison, WI, USA). Maximum
DMSO concentration in cultures was 0.28% and displayed no
measurable activity in cell assays. Results are expressed as
mean viability (+SEM) of two independent experiments carried
out in triplicate.
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