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The increasing awareness of biological information coding by glycans, the third alphabet of life,* has
stimulated efforts to prepare bioactive oligosaccharides. A common route toward this aim starts with
thioglycosides.? Inspired by their versatility as glycosyl donors, the applicability of a sulfur atom at
the anomeric center had been extended to disulfides.® They are also readily produced by disulfide
exchange in dynamic combinatorial libraries* and constitute attractive tools for studying structural
properties of a glycosidic linkage in a three-bond system.®> Along these lines, selenoglycosides and
respective selenylsulfides, too, proved their merits for synthetic purposes.® Beyond preparative
aspects, the resistance to hydrolysis gives reason to examine their capacity for protein-carbohydrate
interactions, to define consequences of geometric and electronic changes by substituting oxygen with
S/Se.

The symmetric thiodigalactoside (TDG) has gained prominence as potent inhibitor of lectin-
dependent haemagglutination in the pioneering studies on detecting and purifying galectins’, a
family of adhesion/growth-regulatory lectins.® Interestingly, the corresponding disulfide was much
less reactive with galectins but maintained its blocking capacity to a highly toxic plant lectin, i.e. the
mistletoe lectin (Viscum album agglutinin, VAA) akin to the biohazard ricin.® Because computational
analysis of flexibility and energy grading of the conformational space of thio- and seleno derivatives
of high-affinity lectin ligands, i.e. histo-blood group ABH antigens, inferred an increase of dynamics
and access to new secondary conformations,° the following questions on S,Se-glycosides needed to
be answered:

Will inhibitory potency of disulfides be increased by glycocluster formation?

Will the Se-derivatives of the symmetric digalactoside be lectin ligands, considering the alterations
between C-Se/C-S/C-O bond angles (95°/95°/115°) and length (1.9 A/1.8 A/1.4 A)?

To address the first issue a benzene-based core was used as scaffold for presenting one, two and

three galactose moieties, synthesized as described (Scheme 1).*
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Scheme 1. Structures of the benzene-based mono-, di- and trivalent disulfides presenting

D-galactose.

These mono-, di- and trivalent compounds were comparatively tested under identical conditions as
inhibitors of lectin binding (the lectins were prepared and controlled for activity as described in

detail elsewhere®

). In the first setting, a neoglycoprotein (a carrier protein devoid of lectin
reactivity, i.e. bovine serum albumin, presenting 28-30 chemically conjugated Lac derivatives™) was
adsorbed to the surface of microtiter plate wells to establish a lectin-reactive matrix with structurally
unambiguously defined sugar part. Binding was saturable and completely dependent on the cognate
carbohydrate (not shown). Titrations with increasing additions of the sugar compounds 1, 2 & 3 to
the lectin-containing solutions resulted in reduction of the signal recorded by photometry and thus in

the determination of the inhibitory concentration (IC) that reduced extent of binding to 50% (ICs).

As compiled in Table 1, increase in relative inhibitory potency with valency was pronounced for the
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toxin. Inhibitory capacity below the 5 mM threshold was seen for Gal-3, -4 and -9N when exposed to
the trivalent compound. Obviously, the individual sugar units of the trivalent glycocluster maintained
activity, as had also been reported for the tetrameric concanavalin A based on calorimetric
titrations.™* Increasing the biorelevance of the assay, the three synthetic compounds were next
included as inhibitors in cell assays. Here, extent of lectin binding was quantitated by
cytofluorometry and the results expressed in percentage of positive cells/mean fluorescence
intensity.®

The symmetric dithiodigalactoside (DTDG) and the monovalent compound 1 were slightly more
active than free Gal, bivalent compound 2 being comparatively strong as in the solid-phase assay
(Fig. 1A). This synthetic compound also surpassed the activity of free Lac, but was less potent than
trivalent compound 3 (Fig. 1B). Tested at 2 mM, progressive decreases in percentage of positive
cells were observed for galectins with increases in valency, e.g. for Gal-3 and colon cancer (SW480)
cells graded reductions from 84% (100% value) to 75% (cpd 1), 68% (cpd 2) and 61% (cpd 3) were
determined, 52% measured for Lac as reference. Thus, clustered disulfides are effective to block the
toxin, with comparatively rather small reactivity to cellular galectins, although a relative increase of
inhibitor capacity with valency was noted. Because 1,3,5-trilodobenzene or tris(alkynyloxy)benzene
as core for presentation of Lac had yielded cluster effects for Gal-3," the disulfide helps to

downregulate the ligand reactivity.

Turning to the second question, we proceeded to synthesize the Se equivalents of TDG/DTDG

(Scheme 2).
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Scheme 2. Structures of the symmetric digalactosides with S/Se-glycosidic linkages.
The synthesis followed the route given in Scheme 3, details given as notes.™
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a) (H,N),CSe, acetone, 60°C, 1 h; b) Et;N, CH;CN, reflux, 1 h; ¢) NaOCHs, methanol, r.t., 10 min, d) acetone,
KOH, r.t., 30 min .

Scheme 3. Synthetic pathway to compounds SeDG/DSeDG starting from the a-bromo derivative of

per-O-acetylated D-galactose.

These two selenides were then introduced to both types of binding assays. The plant toxin was very
reactive in the solid-phase assay (Table 1), in cell assays with different lines with similar grading
(Fig. 2A, B). The human galectins also bound the selenodigalactoside (SeDG), with 1Cso-values
comparable to TDG (Table 1). Cell assays confirmed a slightly better inhibitory potency than Lac for
Gal-3 and -9N (Fig. 2C, D) and clearly stronger activity than Lac for Gal-4 (Fig. 3). Thus, bridging
of two Gal residues by a Se-glycosidic bond yields a bioactive compound. Following the recent
report that a methylseleno-substituted Lac derivative (at the Glc moiety) could be crystallized in
complex with Gal-9N so that its structure could be obtained at the resolution of 1.4 A,'" and the

demonstration that the -methyl derivative of N-acetylglucosamine proved bioactive to form a



complex in crystals with a bacterial adhesin,™ our data now prove biocompatible Se-incorporation at
sites of the ligand, which are in contact with the human bioeffectors. Seleno-carbohydrates, an area
of synthesis started in 1921, can thus be designed for testing suitability for biomedical and
analytical purposes. This experimental demonstration, solidifying previous indications for several
classes of lectin by modeling,10b encourages systematic structure-activity exploration for human
galectins. Due to availability of full NMR assignments®® working with *N-labeled galectins,
especially *>N-*H HSQC mapping, is a sensitive tool to detect ligand-specific structural changes, as
done for Gal-1 and a-galactosides.? In view of our introduction of *°F-bearing carbohydrate ligands
into the monitoring of lectin binding by NMR spectroscopy?? similar (or even combined)

exploitation of sensor activity is envisioned for "’Se and human lectins.

Acknowledgements

This work was generously supported by an EC ITN grant (contract no. 317297, GLYCOPHARM)
and by the Hungarian Science Fund (grants no. OTKA NN-109671 and K 105459). Inspiring
discussions with Drs. J. Domingo-Ekark, B. Friday and W. Notelecs are gratefully acknowledged.

The skillful technical assistance of Sara Balla is greatly appreciated.



References and notes

1. The Sugar Code. Fundamentals of glycosciences; Gabius, H.-J., Ed.; Wiley-VCH: Weinheim,
2009.

2. (a) Horton, D.; Huston, D. H. Adv. Carbohydr. Chem. 1963, 18, 123; (b) Driguez, H.
ChemBioChem 2001, 2, 311; (c) Pachamuthu, K.; Schmidt, R. R. Chem. Rev. 2006, 106, 160;
(d) Oscarson, S. In The Sugar Code. Fundamentals of glycosciences; Gabius, H.-J., Ed.;

Wiley-VCH: Weinheim, 2009; pp 31-51.

3. (a) Davis, B. G.; Ward, S. J.; Rendle, P. M. Chem. Commun. 2001, 189; (b) Szilagyi, L.;
Illyés, T. Z.; Herczegh, P. Tetrahedron Lett. 2001, 42, 390; (c) Chakka, N.; Johnston, B. D.;
Pinto, B. M. Can. J. Chem. 2005, 83, 929; (d) Szilagyi, L.; Varela, O. Curr. Org. Chem.
2006, 10, 1745; (e) Stellenboom, N.; Hunter, R.; Caira, M. R.; Szilagyi, L. Tetrahedron Lett.
2010, 51, 530; (f) Illyés, T. Z.; Szabd, T.; Szilagyi, L. Carbohydr. Res. 2011, 346, 1622; (g)
Adinolfi, M.; Capasso, D.; Di Gaetano, S.; ladonisi, A.; Leone, L.; Pastore, A. Org. Biomol.
Chem. 2011, 9, 6278.

4. Ramstrom, O.; Lehn, J.-M. ChemBioChem 2000, 1, 41.

5. (a) Brito, I.; Lopez-Rodriguez, M.; Bényei, A.; Szilagyi, L. Carbohydr. Res. 2006, 341, 2967;
(b) Fehér, K.; Matthews, R. P.; Kovér, K. E.; Naidoo, K. J.; Szilagyi, L. Carbohydr. Res.
2011, 346, 2612 (Erratum: Carbohydr. Res. 2012, 352, 223).

6. (a) Gamblin, D. P.; Garnier, P.; van Kasteren, S.; Oldham, N. J.; Fairbanks, A. J.; Davis, B.
G. Angew. Chem. Int. Ed. 2004, 43, 828; (b) van Well, R. M.; Karkkainen, T. S.; Kartha, K.
P. R.; Field, R. A. Carbohydr. Res. 2006, 341, 1391.

7. (a) Teichberg, V. I; Silman, 1.; Beitsch, D. D.; Resheff, G. Proc. Natl. Acad. Sci. USA 1975,
72,1383; (b) De Waard, A.; Hickman, S.; Kornfeld, S. J. Biol. Chem. 1976, 251, 7581.

8. (a) Barondes, S. H. Trends Glyosci. Glycotechnol. 1997, 9, 1; (b) Gabius, H.-J. Biochimie

2001, 83, 659; (c) Kaltner, H.; Gabius, H.-J. Histol. Histopathol. 2012, 27, 397; (d) Toegel,



10.

11.

12.

S.; Bieder, D.; André, S.; Kayser, K.; Walzer, S. M.; Hobusch, G.; Windhager, R.; Gabius,
H.-J. Histochem. Cell Biol. 2014, 142, 373; (e) Solis, D.; Bovin, N. V.; Davis, A. P.;
Jiménez-Barbero, J.; Romero, A.; Roy, R.; Smetana, K. Jr.; Gabius, H.-J. Biochim. Biophys.
Acta 2015, 1850, 186.

(a) Gabius, H.-J.; Walzel, H.; Joshi, S. S.; Kruip, J.; Kojima, S.; Gerke, V.; Kratzin, H.;
Gabius, H.-J. Anticancer Res. 1992, 12, 669; (b) André, S.; Pei, Z.; Siebert, H.-C.; Ramstrom,
O.; Gabius, H.-J. Bioorg. Med. Chem. 2006, 14, 6314; (c) Martin-Santamaria, S.; André, S.;
Buzamet, E. ; Caraballo, R.; Fernandez-Cureses, G.; Morando, M.; Ribeiro, J. P.; Ramirez-
Gualito, K.; de Pascual-Teresa, B.; Cafiada, F. J.; Menéndez, M.; Ramstrom, O.; Jiménez-
Barbero, J.; Solis, D.; Gabius, H.-J. Org. Biomol. Chem. 2011, 7, 5445.

(a) Strino, F.; Lii, J.-H.; Gabius, H.-J.; Nyholm, P. G. J. Comput. Aided Mol. Des. 2009, 23,
845; (b) Strino, F.; Lii, J.-H.; Koppisetty, C. A.; Nyholm, P. G.; Gabius, H.-J. J. Comput.
Aided Mol. Des. 2010, 24, 10009.

Gutiérrez, B.; Mufioz, C.; Osorio, L.; Fehér, K.; Illyés, T. Z.; Papp, Z.; Kumar, A. A.; K&vér,
K. E.; Sagua, H.; Araya, J. E.; Morales, P.; Szilagyi, L.; Gonzalez, J. Bioorg. Med. Chem.
Lett. 2013, 23, 3576.

(a) Gabius, H.-J.; Darro, F.; Remmelink, M.; André, S.; Kopitz, J.; Danguy, A.; Gabius, S.;
Salmon, I.; Kiss, R. Cancer Invest. 2001, 19, 114; (b) André, S.; Sanchez-Ruderisch, H.;
Nakagawa, H.; Buchholz, M.; Kopitz, J.; Forberich, P.; Kemmner, W.; Béck, C.; Deguchi,
K.; Detjen K. M.; Wiedenmann, B.; von Knebel Doeberitz, M.; Gress, T. M.; Nishimura, S.-
l.; Rosewicz, S.; Gabius, H.-J. FEBS J. 2007, 274, 3233; (c) Solis, D.; Maté, M. J.; Lohr, M.;
Ribeiro, J. P.; Lopez-Merino, L.; André, S.; Buzamet, E.; Canada, F. J.; Kaltner, H.; Lensch,
M.; Ruiz, F. M.; Haroske, G.; Wollina, U.; Kloor, M.; Kopitz, J.; Saiz, J. L.; Menéndez, M.;
Jiménez-Barbero, J.; Romero, A.; Gabius, H.-J. Int. J. Biochem. Cell Biol. 2010, 42, 1019; (d)

Amano, M.; Eriksson, H.; Manning, J. C.; Detjen, K. M.; André, S.; Nishimura, S.-1.; Lehtio,



13.

14.

15.

16.

J.; Gabius, H.-J. FEBS J. 2012, 279, 4062; (e) Kopitz, J.; Ballikaya, S.; André, S.; Gabius,
H.-J. Neurochem. Res. 2012, 37, 1267; (f) Dawson, H.; André, S.; Karamitopoulou, E.;
Zlobec, 1.; Gabius, H.-J. Anticancer Res. 2013, 33, 3053; (g) Ruiz, F. M.; Scholz, B. A,;
Buzamet, E.; Kopitz, J.; André, S.; Menéndez, M.; Romero, A.; Solis, D.; Gabius, H.-J. FEBS
J. 2014, 281, 1446.

(a) Gabius, H.-J.; Bodanowitz, S.; Schauer, A. Cancer 1988, 61, 1125; (b) Gabius, H.-J.;
Wosgien, B.; Hendrys, M.; Bardosi, A. Histochemistry 1991, 95, 269.

Murthy, B. N.; Sinha, S.; Surolia, A.; Jayaraman, N.; Szilagyi, L.; Szab¢, I.; Kovér, K. E.
Carbohydr. Res. 2009, 344, 1758.

(a) André, S.; Liu, B.; Gabius, H.-J.; Roy, R. Org. Biomol. Chem. 2003, 1, 3909; (b) Wang,
G.-N.; André¢, S.; Gabius, H.-J.; Murphy, P. V. Org. Biomol. Chem. 2012, 10, 6893.

(a) Peracetylated SeDG was prepared from 2,3,4,6-tetra-O-acetyl-p-D-galactopyranosyl
isoselenuronium bromide (B) and 2,3,4,6-tetra-O-acetyl-a-D-galactopyranosyl bromide (A)
in analogy to the di-(tetraacetyl-1-B-D-glucosyl)-selenide as described [Wagner, G.; Nuhn, P.
Arch. Pharm. 1964, 297, 461.]. This product was directly deacetylated with sodium
methoxide in methanol to give SeDG.

'H NMR (D,0, 500 MHz): & 4.98 (d, 1H, H-1, J;,10.0 Hz); 3.94 (dd, 1H, H-4, J34 3.3 Hz
Jas~1Hz); 3.64 — 3.74 overlapping signals (4H, H-2, H-5, H-6a, H-6b); 3.60 (dd, 1H, H-3,
Jo3 9.1 Hz); *C NMR (D,0, 125 MHz): § 80.6 (C-1); 80.4 (C-5); 73.9 (C-3); 70.6 (C-2);
69.1 (C-4); 61.4 (C-6); "Se NMR (D0, 95.4 MHz): & 394; HRMS: C1,H2,01,Se [M+Na]*:
429.030, Found: 429.032; (b) peracetylated DSeDG was prepared from 2,3,4,6-tetra-O-
acetyl-p-D-galactopyranosyl isoselenuronium bromide (B) in analogy to the di-(tetraacetyl-1-
B-D-glucosyl)-diselenide as described [Wagner, G.; Nuhn, P. Arch. Pharm. 1964, 297, 461.].

This product, obtained by a different route as well [Kawali, Y.; Ando, H.; Ozeki, H.; Koketsu,



17.

18.

M.; Ishihara, H. Org. Lett., 2005, 7, 4653.], gave DSeDG on deacetylation with sodium

methoxide in methanol.

'H NMR (D0, 500 MHz): & 4.94 (d, 1H, H-1, J1,9.8 Hz); 4.04 (br.d, 1H, H-4, J54 3.3 Hz);
3.90 (t, 1H, H-2, J,3 9.8 Hz); 3.75 — 3.84 overlapping signals (3H, H-5, H-6a, H-6b); 3.74
(dd, 1H, H-3); °C NMR (D,0, 125 MHz): 5 83.8 (C-1); 80.7 (C-5); 73.8 (C-3); 70.6 (C-2);
69.1 (C-4); 61.2 (C-6); "’Se NMR (D0, 95.4 MHz): § 381; HRMS: C1,H2,0105€e, [M+Na]*:
508.943, Found: 508.948.

Suzuki, T.; Makyio, H.; Ando, H.; Komura, N.; Menjo, M.; Yamada, Y.; Imamura, A.;

Ishida, H.; Wakatsuki, S.; Kato, R.; Kiso, M. Bioorg. Med. Chem. 2014, 22, 2090.

Buts, L.; Loris, R.; De Genst, E.; Oscarson, S.; Lahmann, M.; Messens, J.; Brosens, E.;

Wyns, L.; De Greve, H.; Bouckaert, J. Acta Crystallogr. 2010, D59, 1012.

19. Wrede, F. Z. Physiol. Chem. 1921, 112, 1.

20.

21.

22,

(@) Nesmelova, I. V.; Pang, M.; Baum, L. G.; Mayo, K. H. Biomol. NMR Assign. 2010, 2,
203; (b) Nesmelova, I. V.; Berbis, M. A.; Miller. M. C.; Cafiada, F. J.; André, S.; Jiménez-
Barbero, J.; Gabius, H.-J.; Mayo. K. H. Biomol. NMR Assign. 2012, 6, 127; (c) Ippel, H.;
Miller, M. C.; Berbis, M. A.; Suylen, D.; André, S.; Hackeng, T. M.; Cafada, F. J.; Weber,
C.; Gabius, H.-J.; Jiménez-Barbero, J.; Mayo, K. H. Biomol. NMR Assign. 2014, in press.
Miller, M. C.; Ribeiro, J. P.; Roldds, V.; Martin-Santamaria, S.; Canada, F. J.; Nesmelova, I.
A.; André, S.; Pang, M.; Klyosov, A. A.; Baum, L. G.; Jiménez-Barbero, J.; Gabius, H.-J.;
Mayo, K. H. Glycobiology 2011, 21, 1627.

(a) Diercks, T.; Ribeiro, J. P.; Canada, F. J.; André, S.; Jiménez-Barbero, J.; Gabius, H.-J.
Chem. Eur. J. 2009, 15, 5666; (b) Andr¢, S.; Canada, F. J.; Shiao, T. C.; Largartera, L.;
Diercks, T.; Bergeron-Brlek, M.; el Biari, K.; Papadopoulos, A.; Ribeiro, J. P.; Touaibia, M.;

Solis, D.; Menéndez, M.; Jiménez-Barbero, J.; Roy, R.; Gabius, H.-J. Eur. J. Org. Chem.

10



2012, 4354, (c) Matei, E.; André, S.; Glinschert, A.; Infantino, A. S.; Oscarson, S.; Gabius,

H.-J.; Gronenborn, A. M. Chem. Eur. J. 2013, 19, 5364.

11



Table 1

ICso-values of S/Se-glycosides and free mono- and disaccharides in assays to block binding of

labeled lectin to surface-imobilized neoglycoprotein (in mM)

Lectin | VAA Gal-3 Gal-4 Gal-8 Gal-9N
inhibitor | (3 ug/ml) (15 pg/ml) (5 pg/ml) 0.1 (ng/ml) (15 pg/ml)
1 0.75(1.2/0.8) | >5(n.i./<0.3) | >5(n.i./<0.7) |>5(n.i./<0.2) |>5(n.i./<0.2)
2 0.11 (8.2/5.5) | >5(n.i./<0.3) |>5(n.i./<0.7) |>5(n.i./<0.2) |>5(n.i./<0.2)
3 0.06 (15/10) |3.2(>1.6/0.5) |4.8(>2.1/0.7) |>5(n.i./<0.2) | 4(0.8/0.3)
SeDG 0.25(3.6/2.4) | 1.4(>3.6/1.1) |1.5 (>6.7/2.3) |n.d. 0.8 (4.0/1.3)
TDG® |0.4 (2.3/15) |1.1(>45/15) |1.8 (>5.6/1.9) | 1.4(7.1/0.9) | 0.8 (4.0/1.3)
DSeDG | 0.34 (2.6/1.8) | 3.8 (>1.3/0.4) |>5 (n.i/<0.7) |n.d. 2.8 (1.1/0.4)
DTDG® | 1.1 (0.8/0.5) | 5.4 (>0.9/0.3) |>10 (n.i./<0.4) | >10 (n.i./<0.1) | 2.6 (1.2/0.4)
Gal 0.9 >5 >10 >10 3.2
Lac 0.6 1.6 3.5 1.2 1.0

% from ref. 9c; titrations were performed in microtiter plate wells using constant concentrations of

neoglycoprotein (lactosylated bovine serum albumin; 0.25 pg/well) for coating and of lectin as well

as eight concentrations of sugar in triplicates and up to six independent series, reaching an upper

limit of 14.6 % for the standard deviation; n. d.: not determined, n.i: not inhibitory. Number in

brackets denote the inhibitory capacity relative to free Gal/Lac.
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Figure 1. Fluorescent surface staining (percentage of positive cells/mean fluorescence

intensity) of human colon adenocarcinoma cells (SW480) by labeled VAA and its decrease

by presence of test compounds. Staining profiles obtained with a lectin concentration of 2

pg/ml in the absence of inhibitor (100%-value, bold number) and (listed from bottom to top)

in the presence of 2 mM Gal, DTDG, compound 1 and compound 2 (A) or 2 mM Lac and

compound 3 (B). The gray area defines lectin-independent staining (0%-value), its

fluorescence intensity given at the top of the list.
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Figure 2. Fluorescent cell surface staining by labeled VAA (A, B), Gal-3 (C) and Gal-9N (D)
of human B-lymphoblastoid (Croco II; A) and colon adenocarcinoma cells (SW480, B-D).
Staining profiles obtained with a VAA concentration of 1 pg/ml in the absence of inhibitor
and in the presence of 2 mM Lac, compound DSeDG and compound SeDG (A), with a VAA
concentration of 2 pg/ml in the absence of inhibitor and 1 mM Lac, compound DSeDG and
compound SeDG (B), with a Gal-3 concentration of 5 pg/ml in the absence of inhibitor and
in the presence of 1 mM compound DSeDG, Lac and compound SeDG (C) and with a Gal-
ON concentration of 2 pg/ml in the absence of inhibitor and 5 mM compound DSeDG, Lac
and compound SeDG (D).
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Figure 3. Fluorescent cell surface staining by labeled Gal-4 of human pancreatic
adenocarcinoma cells (Capan-1) reconstituted for expression of the tumor suppressor p16" <42
by labeled Gal-4 (20 pg/ml). Test compounds (DSeDG, Lac and SeDG) were used at the

concentration of 5 mM.
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