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Abstract: Researchers are paying increasing attention to the strongly negatively charged heteropolysac-
charides in cells, in the extracellular matrix or in the cell wall. Examples of such molecules are gly-
cosaminoglycans (e.g., heparin, heparan sulphate). It is well known from the literature that heparin
and its derivatives have anti-inflammatory, angiogenic, metastatic and growth factor inhibitory activ-
ity. Herein, we present the efficient synthesis of six non-glycosaminoglycan (Glc-GlcA-Glc-sequenced)
and one heparin-related (GlcN-GlcA-Glc-sequenced) trisaccharides with various functional group
patterns. The anti-inflammatory, antioxidant and cell growth-inhibitory/cytotoxic effects of the
synthesized compounds were tested. Among the investigated molecules, we have found some
derivatives with a promising anti-inflammatory and antioxidant effect.

Keywords: heparin; heparan sulphate; trisaccharides; anti-inflammatory; antioxidant

1. Introduction

Recently, researchers have been paying special attention to the strongly negatively
charged polysaccharides and higher oligosaccharides found on the cell, cell surface or
extracellular matrix due to their diverse biological roles. Of particular importance among
these biopolymers are glycosaminoglycans (GAGs), which are linear, high-molecular-
weight polydisperse heteropolysaccharides composed of repeating disaccharide units [1-3].
One component of the repeating disaccharide units is always N-acetylglucosamine or
N-acetylgalactosamine and the other building block is a uronic acid (e.g., D-glucuronic acid
or L-iduronic acid). Glycosaminoglycans often contain sulphate ester groups in a variety
of patterns [4,5]. Among the GAGs, heparin (1, HP) /heparan sulphate (2, HS) (Figure 1),
which are very significant molecules, have been used as anticoagulants in medical practice
since the late 1930s [6,7]. In addition to inhibiting blood coagulation, these compounds
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also have many other biological effects [8—11]. It is well known from the literature that
heparin and its derivatives also have anti-inflammatory [12], cardiovascular- and tissue-
protective [12], kidney- and nerve-protective [13], angiogenic [14-16], and metastasis and
growth factor inhibitory [17,18] as well as antiprotozoal [19] and antiviral activity [20,21],
and based on some literature analogies, it may even have an antioxidant effect [22-24].
It is also known that an oligosaccharide moiety of at least five sugar units is required
for the anticoagulant activity. This unique pentasaccharide moiety extracted from the
heparin polymer has a specific Xa factor inhibitory effect. However, fragments with a
smaller or different structure (di-, tri- and tetrasaccharides) no longer have anticoagulant
activity [25-29].
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Figure 1. Representative structure of heparin (1) and heparan sulphate (2).

During our previous work, we demonstrated that heparin-analogue small molecules
with a simplified structure (Figure 2A, 3-8) can have important biological activity [30]. Two
(4 and 5) of the six prepared derivatives we produced had good cell growth inhibitory
activity; moreover, they selectively inhibited only the growth of cancer cells, and had no
effect on the growth of healthy cell lines. Both of the most active compounds contained a
D-glucuronic acid unit. However, the anti-inflammatory effect of these derivatives has not
yet been investigated.
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Figure 2. The structures of the previously investigated trisaccharide derivatives ((A), 3-8) and the
newly synthesized trisaccharide compounds ((B), 9-15).

As a continuation and completion of these studies, we produced seven additional trisac-
charides containing a glucuronic acid unit. Of these, six derivatives are non-glycosaminoglycan
analogues (Figure 2B, 9-15) with different protective group patterns, and one is a gly-
cosaminoglycan analogue trisaccharide (15). In our work, we continued to focus on the
preparation of derivatives containing D-glucuronic acid, since the production of this build-
ing block is much simpler and more efficient than that of the L-iduronic acid unit, and thus,
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we obtained HS-like derivatives that might have heparanase inhibitory activity [31,32]. The
synthesized molecules contain methyl, acetyl, hydroxyl, and/or sulphate ester groups in a
varied composition, so we can examine the effect of the used groups on biological activity
and, knowing the active structures, we have the opportunity to design further biologically
effective molecules in a targeted manner.

In this publication, we describe the synthesis of six non-glycosaminoglycan analogues
(Glc-GlcA-Glc-sequenced, 9-14) and one heparin-related (GlcN-GlcA-Glc-sequenced, 15)
trisaccharide derivatives containing acetyl, sulphate, and methyl substituents and present
the results of the performed biological tests (cell growth inhibitory effect, cytotoxicity,
antioxidant and anti-inflammatory effects). Our aim was to investigate the effect of the
functional group pattern found in the final products on their biological activity, complet-
ing/supplementing our previous research. Based on these tests, we can obtain a much
more comprehensive picture of what kind of groups will be worth forming on the planned
higher oligosaccharides with a larger number of members.

2. Materials and Methods
2.1. Synthesis
2.1.1. General Methods

Optical rotations were measured at room temperature on a Perkin-Elmer 241 auto-
matic polarimeter (PerkinElmer, Waltham, MA, USA). TLC analysis was performed on
Kieselgel 60 Fys4 (Merck, Kenilworth, NJ, USA) silica gel plates with visualization by im-
mersing in a sulphuric-acid solution (5% in EtOH, VWR International Ltd., Radnor, PA,
USA) followed by heating. Column chromatography was performed on silica gel 60 (Merck
0.063-0.200 mm). Organic solutions were dried over MgSO, and concentrated under a vac-
uum. 'H- and J-modulated '3C NMR spectroscopy (*H: 400 and 500 MHz; '3C: 100.28 and
125.76 MHz) were performed on Bruker DRX-400 and Bruker Avance II 500 spectrometers
(Bruker, Billerica, MA, USA) at 25 °C. Chemical shifts are referenced to SiMe4 or sodium
3-(trimethylsilyl)-1-propanesulfonate (DSS, d = 0.00 ppm for 'H nuclei) and to residual
solvent signals (CDCl3: & = 77.16 ppm, CD30D: 6 = 49.15 ppm for '3C nuclei). The 1D and
2D NMR spectra of the synthesized compounds you can find the Supplementary Materials
(Figures S1-519). HRMS measurements were carried out on a maXis II UHR ESI-QTOF
MS instrument (Bruker, Billerica, MA, USA) in positive ionization mode. The following
parameters were applied for the electrospray ion source: capillary voltage: 3.6 kV; end
plate offset: 500 V; nebulizer pressure: 0.5 bar; dry gas temperature: 200 °C; and dry gas
flow rate: 4.0 L/min. Constant background correction was applied for each spectrum;
the background was recorded before each sample by injecting the blank sample matrix
(solvent). Na-formate calibrant was injected after each sample, which enabled internal
calibration during data evaluation. Mass spectra were recorded by otofControl version 4.1
(build: 3.5, Bruker, Billerica, MA, USA) and processed by Compass DataAnalysis version 4.4
(build: 200.55.2969).

General Method A for Zemplén Deacetylation (10 and 12)

To a stirred solution of acetyl-containing derivatives (9 [30] and 11) (0.074 mmol) in
MeOH (4.0 mL), NaOMe (25 mg) was added, and the reaction mixture was stirred for 24 h
at room temperature. After 24 h, the mixture was neutralized with Amberlite IR 120 H* ion
exchange resin (10) or with 60% AcOH solution (3 drops) (12), filtered, washed with MeOH
and concentrated.

General Method B for Cleavage of the Benzyl Groups by Catalytic Hydrogenation
(11 and 33)

To a solution of the oxidized products (28 and 32) (0.556 mmol) in EtOH (27 mL), we
added 20% Pd(OH),-C (233 mg) and Et3SiH (1.15 mL, 7.225 mmol, 13.0 equiv.), and the
reaction mixture was stirred at room temperature for 24 h. The reaction mixture was filtered
through a pad of Celite, washed with MeOH and concentrated under reduced pressure.
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General Method C for Introduction of the Sulphate Ester Groups (13 and 15)

SO3-Et3N complex (7.098 mmol, 5.0 equiv./-OH) was added to a solution of the
appropriate trisaccharide polyols (11 and 33) (0.203 mmol) in dry DMF (10.9 mL). The
reaction mixture was stirred at 50 °C for 24 h. Subsequently, the reaction was quenched
with NaHCOj solution (35.49 mmol, 5.0 equiv. to the complex), and the mixture was
concentrated under reduced pressure.

General Method D for Deacetylation/Debenzoylation of the Sulphated Derivatives
(14 and 15)

To a solution of the appropriate sulphated trisaccharides (13 and sulphated 33)
(0.040 mmol) in MeOH (1.63 mL) a solution of NaOH (3 M, 871 uL) was added at 0 °C.
The reaction mixture was allowed to warm up to room temperature and stirred for 24 h.
Subsequently, the reaction mixture was neutralized with AcOH solution (60%), and the
mixture was concentrated under reduced pressure.

General Method E for Glycosylation Reactions Using Thioglycoside Donor (18, 25 and 30)

To a solution of the appropriate 4-OH acceptor (17 [33] and 19) (3.231 mmol) and
monosaccharide donor (16 [34], 24 and 29) (4.846 mmol, 1.5 equiv.) in dry CH,Cl, (75.0 mL),
4 AMS (50 pieces) were added and the reaction mixture was stirred at room temperature
under argon. After 30 min, the stirred mixture was cooled to —40 °C under argon. At this
temperature, NIS (7.269 mmol, 1.5 equiv. to the donor) and TfOH (2.181 mmol, 0.3 equiv. to
NIS) dissolved in dry THF (3.0 mL) were added. The temperature was allowed to warm up
to —20 °C (18 and 25) or to —10 °C (30) and the reaction mixture was stirred for 4 h. Then,
the reaction mixture was quenched with Et3;N (500 pL), diluted with CH,Cl, (500 mL),
filtered and washed with a saturated aqueous solution of Na;S,03 (2 x 100 mL) and a
saturated aqueous solution of NaHCOj3 (100 mL) and H,O (2 x 100 mL) until neutral pH
was reached. The organic layer was dried over MgSO,4 and concentrated.

General Method F for Regioselective Ring Opening Reaction of the 4,6-O-acetals
(19 and 26)

The appropriate 4,6-O-acetals (18 and 25) (3.194 mmol) were dissolved in anhydrous
CH,Cl, (28 mL); then, 4 AMS (~50 pieces) were added and the solution was stirred at
room temperature for 30 min. After 30 min, the mixture was cooled to 0 °C; then, Et3SiH
(6.12 mL, 38.33 mmol, 12.0 equiv.) and BF;-Et,O (788 uL, 6.388 mmol, 2.0 equiv.) were
added. The reaction mixture was stirred at 0 °C for 5 h. Then, the mixture was diluted with
CH,ClI, (500 mL), washed with water (75 mL), saturated aqueous solution of NaHCOs3
(2 x 75mL), and water (2 x 75 mL) until a neutral pH was reached. The organic layer was
dried over MgSOy and concentrated.

General Method G for Cleavage of the (2-Naphthyl)methyl Group (27 and 31)

The appropriate trisaccharide derivatives (26 and 30) (1.265 mmol) were dissolved
in a mixture of CH,Cl, (21 mL) and water (2.1 mL); then, DDQ was added (1.898 mmol],
1.5 equiv.) and the reaction mixture was stirred for 30 min at room temperature. Af-
ter 30 min, the reaction mixture was diluted with CH,Cl, (400 mL) and washed with a
saturated aqueous solution of NaHCO3; (2 x 50 mL) and water (2 x 50 mL) until a neu-
tral pH was reached. The organic layer was dried over MgSO, and concentrated under
reduced pressure.

General Method H for Oxidation of the C-6-OH to Carboxylic Acid (28 and 32)

The appropriate 6-OH derivatives (27 and 31) (0.887 mmol) were dissolved in CH3CN
(34 mL) and H,O (12 mL); then, BAIB (857 mg, 2.660 mmol, 3.0 equiv./ —OH) and TEMPO
(25 mg, 0.160 mmol, 0.18 equiv./OH) were added at 0 °C. The solution was stirred vig-
orously for 24 h at room temperature. After 24 h, the reaction mixture was quenched
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by the addition of 10% aqueous solution of Na;S,O3 (44 mL) and extracted with CH,Cl,
(8 x 100 mL), and the combined organic layers were dried over MgSQOy, and concentrated.

2.1.2. Sodium [methyl (2,34-tri-O-methyl-«-D-glucopyranosyl)-(1—4)-(3-D-
glucopyranosyl-uronate)-(1—4)-o-D-glucopyranoside] (10)

Compound 9 [30] (50 mg, 0.074 mmol) was deacetylated according to general method
A. The crude product was purified by silica gel chromatography (1:1 CH,Cl, /MeOH)
to give 10 (39 mg, 89%) as a colourless syrup. [a]p?® +114.6 (c 0.24, MeOH); R; 0.37
(1:1 CH,Cl,/MeOH); 'H NMR (D,0, 500 MHz) 6 5.63 (d, ] = 3.2 Hz, 1H, H-1"), 4.74 (d,
J=34Hz, 1H, H-1),4.52 (d, ] =79 Hz, 1H, H-1'), 4.04 (d, ] =9.7 Hz, 1H, H-5'), 3.87-3.77
(m, 3H, H-4/, H-6"a, H-6'b), 3.74-3.69 (m, 5H, H-3', H-5, H-5", H-6a,b), 3.56-3.52 (m, 5H,
H-2, H-4", OCH3), 349, 3.47 (2 x s, 6H, 2 x OCHj3), 3.45-3.41 (m, 2H, H-3, H-3"), 3.36
(s, 3H, C-1-OCH3), 3.35-3.31 (m, 1H, H-2'), 3.29-3.23 (m, 2H, H-2", H-4) ppm; 13C NMR
(D,0, 125 MHz) 6 172.2 (1C, C4, COOH), 102.3 (1C, C-1'), 99.0 (1C, C-1), 95.8 (1C, C-1),
81.5 (1C, C-3"), 80.2 (1C, C-2"), 78.6 (1C, C-4""), 78.2 (1C, C-4), 76.0 (1C, C-3'), 75.2 (1C, C-4'),
73.8 (1C, C-5'),73.2 (1C, C-2/), 71.5 (1C, C-5"), 71.1 (1C, C-3), 71.0 (1C, C-2), 70.3 (1C, C-5),
60.1 (1C, OCH3), 59.8 (1C, C-6"), 59.7 (1C, OCH3), 59.5 (1C, C-6), 58.1 (1C, OCH3), 55.1
(1C, C-1-OCH3) ppm; UHR ESI-QTOF (positive ion): m/z caled for [CpyH3zgO17 + Na]*:
597.2001; found: 597.2002.

2.1.3. Sodium [methyl (x-D-glucopyranosyl)-(1—4)-(2,3-di-O-acetyl-f3-D-glucopyranosyl-
uronate)-(1—4)-u-D-glucopyranoside] (11)

Compound 28 (655 mg, 0.556 mmol) was debenzylated according to general method
B. The crude product was purified by silica gel chromatography (4:6 CH,Cl, /MeOH)
to give 11 (290 mg, 82%) as a colourless syrup. [x]p?® +92.1 (c 0.14, MeOH); R; 0.43 (4:6
CH,Cl,/MeOH); 'H NMR (D,0, 400 MHz) 6 5.22 (t, ] =9.0 Hz, 1H, H-3), 5.03 (d, ] = 3.9 Hz,
1H, H-1"), 4.81-4.74 (m, 2H, H-1’, H-2'), 4.67 (d, ] = 3.7 Hz, 1H, H-1), 3.97 (t, ] =9.4 Hz, 1H,
H-4"),3.84 (d, ] =9.7 Hz, 1H, H-5), 3.72 (d, ] = 11.0 Hz, 1H, H-6a), 3.66-3.59 (m, 5H, H-3,
H-5", H-6b, H-6"a,b), 3.54-3.52 (m, 1H, H-5), 3.49-3.44 (m, 3H, H-2, H-3", H-4), 3.33-3.28
(m, 2H, H-2", H-4""), 3.27 (s, 3H, C-1-OCHj3), 1.99 (s, 6H, 2 x Ac-CH3) ppm; *C NMR (D,0,
100 MHz) § 174.5 (1C, Cq COOH), 173.7,169.4 (2C, 2 x Cq Ac), 100.3 (1C, C-1),100.1 (1C,
C-1"),99.5 (1C, C-1), 79.5 (1C, C-4), 76.7 (1C, C-5'), 75.9 (1C, C-3'), 75.7 (1C, C-4'), 73.4 (1C,
C-3"),73.1 (1C, C-2), 72.4 (1C, C-5"), 71.9 (1C, C-3), 71.7 (1C, C-2""), 71.5 (1C, C-2), 70.7
(1C, C-5), 69.6 (1C, C-4"), 60.5, 60.4 (2C, C-6, C-6"), 55.6 (1C, C-1-OCH3), 21.1, 20.7 (2C,
2 x Ac-CHj3) ppm; UHR ESI-QTOF (positive ion): m/z caled for [Co3HssNaOjg + Na]*:
661.1562; found: 661.1559.

2.1.4. Sodium [methyl (x-D-glucopyranosyl)-(1—4)-(3-D-glucopyranosyl-uronate)-(1—4)-
a-D-glucopyranoside] (12)

Compound 11 (70 mg, 0.110 mmol) was deacetylated according to general method A.
The crude product was purified by a Sephadex G-25 column in H,O to give 12 (54 mg, 89%)
as a colourless syrup. [«x]p? +51.8 (¢ 0.11, H,O); R¢ 0.57 (7:6:1 CH,Cl, /MeOH/H,0); 'H
NMR (D,0, 400 MHz) § 5.36 (d, ] = 3.8 Hz, 1H, H-1"), 4.68 (d, ] = 4.1 Hz, 1H, H-1), 4.39
(d, ] =79 Hz, 1H, H-1'), 3.81-3.78 (m, 1H, H-6a), 3.73-3.67 (m, 2H, H-5, H-6b), 3.66-3.62
(m, 6H, H-3, H-3/, H-4, H-5, H-6"a,b), 3.60-3.54 (m, 2H, H-3", H-5"), 3.50-3.45 (m, 2H,
H-2, H-4),3.39 (dd, ] =3.9 Hz, ] = 9.9 Hz, 1H, H-2"), 3.29 (s, 3H, C-1-OCH3), 3.28-3.24 (m,
2H, H-2/, H-4") ppm; 1*C NMR (D,0, 100 MHz) 6 174.9 (1C, C; COOH), 102.2 (1C, C-1'),
98.9 (1C, C-1),98.2 (1C, C-1"),78.5 (1C, C-4), 76.3 (2C, C-3/, C-5'), 76.1 (1C, C-4"), 73.1 (1C,
C-2),72.7 (1C, C-5"), 71.8 (1C, C-3"), 71.6 (1C, C-2"), 71.5 (1C, C-3), 70.9 (1C, C-2), 70.2 (1C,
C-5), 69.2 (1C, C-4"), 60.1, 59.8 (2C, C-6, C-6""), 55.1 (1C, C-1-OCHj3) ppm; UHR ESI-QTOF
(positive ion): m/z caled for [C19H31NaOqy + Na]*: 577.1351; found: 577.1351.
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2.1.5. Octa Sodium [methyl (2,3 4,6-tetra-O-sulfonato-«-D-glucopyranosyl)-(1—4)-
(2,3-di-O-acetyl-B-D-glucopyranosyl-uronate)-(1—4)-2,3,6-tri-O-sulfonato-o-D-
glucopyranoside] (13)

Compound 11 (129 mg, 0.203 mmol) was sulphated according to general method
C. The crude product was purified by Sephadex LH-20 gel chromatography in H,O and
transformed to sodium salt using Dowex Na* ion exchange resin to give 13 (222 mg, 81%)
as a white solid. [a]p® +40.0 (c 0.16, H,O); R; 0.33 (7:6:1 CH,Cl, /MeOH/H,0); '"H NMR
(D20, 400 MHz) 6 5.39 (d, ] = 3.4 Hz, 1H, H-1"), 5.31 (t, ] = 8.5 Hz, 1H, H-3'), 5.09 (d,
] =3.6 Hz, 1H, H-1), 4.91-4.86 (m, 2H, H-1/, H-2), 4.58-4.50 (m, 2H, H-3, H-3"), 4.39-4.29
(m, 6H, H-2, H-4", H-6a,b, H-6"a,b), 4.25-4.17 (m, 2H, H-2", H-4'), 4.04-4.01 (m, 1H, H-5"),
3.98-3.89 (m, 3H, H-4, H-5, H-5'), 3.39 (s, 3H, C-1-OCH3), 2.07, 2.06 (2 x s, 6H, 2 x Ac-CH3)
ppm; *C NMR (D,0O, 100 MHz) § 174.0 (1C, Cq COOH), 173.4, 173.0 (2C, 2 x Cq Ac), 98.7
(1C, C-1'),97.1 (1C, C-1), 96.2 (1C, C-1"), 77.0 (1C, C-5'), 75.7 (1C, C-3), 75.3 (1C, C-2), 75.1
(1C, C-3"),75.0 (1C, C-3"), 744 (1C, C-4'), 74.2 (1C, C-2"), 73.9 (1C, C-4), 73.6 (1C, C-4"),
72.7 (1C, C-2"), 68.9 (1C, C-5"), 68.7 (1C, C-5), 65.9 (1C, C-6"), 65.8 (1C, C-6), 55.4 (1C,
C-1-OCHz3), 21.0, 20.3 (2C, 2 x Ac-CH3) ppm; UHR ESI-QTOF (positive ion): m/z calcd for
[C23H28Na804087 + Na2]2+: 698.8584; found: 698.8583.

2.1.6. Octa Sodium [methyl (2,3,4,6-tetra-O-sulfonato-«-D-glucopyranosyl)-(1—4)-(3-D-
glucopyranosyl-uronate)-(1—4)-2,3,6-tri-O-sulfonato-a-D-glucopyranoside] (14)

Compound 13 (54 mg, 0.040 mmol) was deacetylated according to general method
D. The crude product was purified by Sephadex LH-20 gel chromatography in H,O and
transformed to sodium salt using Dowex Na* ion exchange resin to give 14 (45 mg, 89%)
as a white solid. [«]p?® +120.0 (c 0.02, H,O); R; 0.45 (75:25 MeCN/H,0); 'H NMR (D,0,
400 MHz) 6 5.67 (d, ] = 3.6 Hz, 1H, H-1"), 5.04 (d, ] = 3.6 Hz, 1H, H-1), 4.57-4.50 (m, 3H,
H-1/, H-3, H-3"), 4.344.30 (m, 1H, H-4"), 4.28-4.24 (m, 5H, H-2, H-2", H-6a, H-6"a,b), 4.19
(dd, ] =2.3 Hz, ] = 10.9 Hz, 1H, H-6b), 3.99-3.91 (m, 3H, H-4, H-5, H-5"), 3.80-3.71 (m, 3H,
H-3/, H-4/, H-5'), 3.35 (s, 3H, C-1-OCH3), 3.34-3.29 (m, 1H, H-2') ppm; *C NMR (D0,
100 MHz) 4 174.9 (1C, Cq COOH), 100.7 (1C, C-1), 97.0 (1C, C-1), 96.1 (1C, C-1"),77.0 (1C,
C-4),76.9 (1C, C-3'),76.2 (1C, C-3), 76.0 (1C, C-5'), 75.3 (1C, C-3"), 75.1 (1C, C-2"), 74.8 (1C,
C-2),73.6 (1C, C-4"),73.0 (1C, C-2'), 72.8 (1C, C-4), 68.8 (1C, C-5), 68.5 (1C, C-5"), 66.3 (1C,
C-6""), 65.9 (1C, C-6), 55.3 (1C, C-1-OCHj3) ppm; UHR ESI-QTOF (positive ion): m/z caled
for [C19H24Na803887 + Na2]2+: 656.8478; found: 656.8474.

2.1.7. Hexa Sodium [methyl (2-deoxy-2-sulfamido-6-O-sulfonato-o-D-glucopyranosyl)-(1—4)-
(B-D-glucopyranosyl-uronate)-(1—4)-2,3,6-tri-O-sulfonato-o-D-glucopyranoside] (15)

Compound 33 (55 mg, 0.053 mmol) was sulphated according to general method C. The
product was separated from the salt contaminants by Sephadex LH-20 gel chromatography
in H,O, and the sulphated compound was debenzoylated according to general method
D. The crude product was purified by Sephadex LH-20 gel chromatography in H,O and
transformed to sodium salt using Dowex Na* ion exchange resin to give 15 (25 mg, 45%
for two steps) as a white solid. [«]p?® +51.8 (c 0.11, H,O); R¢ 0.34 (8:2 CH3CN/H,0); 'H
NMR (D,0, 500 MHz) § 5.57 (d, ] = 3.8 Hz, 1H, H-1"), 5.09 (d, ] = 3.7 Hz, 1H, H-1), 4.60
(d,J=8.0Hz, 1H, H-1'), 4.57 (t, ] = 9.4 Hz, 1H, H-3), 4.32-4.29 (m, 4H, H-2, H-6"a, H-6a,b),
410 (dd, ] =2.0 Hz, ] = 11.1 Hz, 1H, H-6"b), 4.00-3.97 (m, 2H, H-5, H-4), 3.83-3.81 (m, 1H,
H-5"), 3.79-3.75 (m, 2H, H-3/, H-5'), 3.73-3.71 (m, 1H, H-4'), 3.57-3.50 (m, 2H, H-3", H-4""),
340 (s, 3H, C-3/-OCHj3) 3.38-3.35 (m, 1H, H-2'), 3.20 (dd, ] = 3.8 Hz, ] = 10.0 Hz, 1H, H-2")
ppm; *C NMR (D,0, 125 MHz) § 175.1 (1C, C=0, COOH), 100.6 (1C, C-1'), 97.4 (1C, C-1"),
97.1 (1C, C-1),77.0 (1C, C-4'), 76.5 (1C, C-3), 76.3 (1C, C-5'), 76.2 (1C, C-3"), 75.1 (1C, C-2),
72.8 (1C,C-4), 725 (1C, C-2'),71.1 (1C, C-4"), 69.7 (1C, C-3), 69.0 (1C, C-5"), 68.8 (1C, C-5),
66.3 (2C, C-6, C-6"), 57.9 (1C, C-2"), 55.3 (1C, C-1-OCHj3) ppm; UHR ESI-QTOF (positive
ion): m/z caled for [C19HpyNNagO3:S5 + Nay?*: 554.4171; found: 554.4172.
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2.1.8. Methyl [2,3-di-O-acetyl-4,6-O-(2-naphthyl)methylene-3-D-glucopyranosyl]-(1—4)-
2,3,6-tri-O-benzyl-«-D-glucopyranoside (18)

Compound 17 [33] (1.50 g, 3.231 mmol) was glycosylated with 16 [34] (2.40 g, 4.846 mmol,
1.5 equiv.) according to general method E. The crude product was purified by silica gel
chromatography (6:4 n-hexane/EtOAc) to give 18 (2.18 g, 80%) as a colourless syrup. [«]p?°
+33.7 (¢ 0.32, CHCl3); R¢ 0.39 (6:4 n-hexane/EtOAc); 'H NMR (CDCl3, 500 MHz) 6 7.74-7.19
(m, 22H, arom.), 5.53 (s, 1H, Hyc), 5.12 (t, ] = 9.4 Hz, 1H, H-3'), 4.92-4.89 (m, 2H, Bn-CH,,, H-
2'),4.82(d, ] =10.9 Hz, 1H, Bn-CHy,), 4.79-4.75 (m, 2H, 2 x Bn-CH»,), 4.62 (d, ] = 12.3 Hz,
1H, Bn-CHyy,), 4.60 (d, ] = 3.6 Hz, 1H, H-1), 454 (d, ] = 7.9 Hz, 1H, H-1"), 442 (d, ] = 12.0 Hz,
1H, Bn-CHyy,), 417 (dd, ] = 4.9 Hz, | = 10.5 Hz, 1H, H-6'a), 3.91 (t, ] = 9.4 Hz, 1H, H-4), 3.83
(t,] =9.2Hz, 1H, H-3), 3.79 (dd, ] = 2.8 Hz, ] = 10.7 Hz, 1H, H-6a), 3.63-3.58 (m, 3H, H-4/,
H-5, H-6b), 3.51 (dd, ] = 3.6 Hz, ] = 9.5 Hz, 1H, H-2), 3.45 (t, ] = 10.3 Hz, 1H, H-6'b), 3.37 (s,
3H, C-1-OCH3), 3.20 (td, ] = 4.9 Hz, ] =9.7 Hz, 1H, H-5'), 2.01, 1.96 (2 x s, 6H, 2 x Ac-CH3)
ppm; 13C NMR (CDCl3, 125 MHz) § 170.1, 169.4 (2C, 2 x Cq Ac), 139.4,138.3,137.6, 134.3,
133.7,132.8 (6C, 6 x Cq arom.), 128.8-123.7 (22C, arom.), 101.6 (1C, Cyc), 100.5 (1C, C-1'),
98.4 (1C, C-1),79.9 (1C, C-3), 79.0 (1C, C-2), 78.4 (1C, C-4'), 77.1 (1C, C-4), 75.3,73.7, 73.6
(3C, 3 x Bn-CHy), 73.1 (1C, C-2), 72.2 (1C, C-3'), 69.8 (1C, C-5), 68.6 (1C, C-6'), 67.4 (1C,
C-6), 66.0 (1C, C-5'), 55.4 (1C, C-1-OCH3), 20.8, 20.7 (2C, 2 x Ac-CH3) ppm; UHR ESI-QTOF
(positive ion): m/z caled for [C49H5,013 + Na]*: 871.3300; found: 871.3300.

2.1.9. Methyl [2,3-di-O-acetyl-6-O-(2-naphthyl)methyl-3-D-glucopyranosyl]-(1—4)-2,3,6-
tri-O-benzyl-o-D-glucopyranoside (19), and Methyl [2,3-di-O-acetyl--D-glucopyranosyl]-
(1—4)-2,3,6-tri-O-benzyl-«-D-glucopyranoside (20) and Methyl [2,3-di-O-acetyl-4-O-(2-
naphthyl)methyl-3-D-glucopyranosyl]-(1—4)-2,3,6-tri-O-benzyl-o-D-glucopyranoside (21)

Reaction 1: Compound 18 (2.71 g, 3.194 mmol) was converted to 19 by general method
F. The crude product was purified by silica gel chromatography (55:45 hexane/EtOAc, then
6:4 hexane/acetone) to give compound 19 (1.77 g, 65%) as a white foam and compound 20
(600 mg, 26%) as a white foam.

Reaction 2: To a solution of compound 18 (1.56 g, 1.839 mmol) in dry THF (5.6 mL), 4 A
MS and Me3;N-BHj3 (805 mg, 11.033 mmol, 6.0 equiv.) were added, and the reaction mixture
was stirred for 30 min at room temperature. After 30 min, the reaction mixture was cooled
to 0 °C, AICl; (1.47 g, 11.033 mmol, 6.0 equiv.) was added, and the mixture was stirred at
room temperature for 3 h. After 3 h, the reaction mixture was diluted with CH,Cl, (50 mL)
and washed with H,O (2 x 10 mL). The organic layer was dried over MgSQy, filtered
and concentrated. The crude product was purified by silica gel chromatography (65:35
n-hexane/EtOAc) to give compound 19 (1.19 g, 76%) as a colourless syrup and compound
21 (116 mg, 7.5%) as a colourless syrup.

Data of 19: [x]p? —4.7 (c 0.17, CHCl3); R¢ 0.40 (6:4 n-hexane/acetone); 'H NMR
(CDCl3, 400 MHz) 6 7.83-7.15 (m, 22H, arom.), 4.93-4.70 (m, 6H, 3 x Bn-CHy,, NAP-CHp,,
H-2/, H-3'), 4.59-4.41 (m, 6H, 3 x Bn-CHy,, NAP-CH,,, H-1, H-1'), 3.88-3.79 (m, 2H, H-3,
H-4),3.75 (dd, ] = 2.5 Hz, ] = 104 Hz, 1H, H-6a), 3.67 (t, ] = 9.0 Hz, 1H, H-4'), 3.63-3.54
(m, 3H, H-5, H-6b, H-6a), 3.49-3.44 (m, 2H, H-2, H-6'b), 3.35 (s, 3H, C-1-OCH3), 3.26 (dt,
] =5.3Hz, ] =10.0 Hz, 1H, H-5'), 3.18 (bs, 1H, H-4'-OH), 2.05, 1.94 (2 x s, 6H, 2 x Ac-CH3)
ppm; *C NMR (CDCl3, 100 MHz) § 171.0, 169.5 (2C, 2 x Cq Ac), 139.5,138.3, 137.7, 135.0,
133.3,133.1 (6C, 6 x Cq arom.), 128.7-125.6 (22C, arom.), 100.1 (1C, C-1'), 98.4 (1C, C-1),
80.9 (1C, C-4), 79.1 (1C, C-2), 77.0 (1C, C-3), 75.8 (1C, C-3'), 75.2,73.9, 73.8, 73.6 (4C, 3 x
Bn-CH,, NAP-CHy), 73.2 (1C, C-5'), 72.2 (1C, C-2/), 71.8 (1C, C-4), 70.9 (1C, C-6'), 69.9 (1C,
C-5), 67.7 (1C, C-6), 55.4 (1C, C-1-OCH3), 20.9, 20.8 (2C, 2 x Ac-CHj3) ppm; UHR ESI-QTOF
(positive ion): m/z caled for [C49H54013 + Na]*: 873.3457; found: 873.3457.

Data of 20: [a]pZ +10.0 (c 0.10, CHCl3); R 0.14 (55:45 n-hexane/EtOAc); 'H NMR
(CDCl3, 500 MHz) ¢ 7.41-7.26 (m, 15H, arom.), 4.87—-4.73 (m, 6H, 2 x Bn-CH,,, Bn-CH,,
H-2/, H-3'),4.65 (d, ] =12.2 Hz, 1H, Bn-CHyy,), 4.59 (d, ] = 3.5 Hz, 1H, H-1), 4.42-4.38 (m,
2H, H-1/, Bn-CH,y,), 3.82-3.80 (m, 2H, H-3, H-4), 3.73 (dd, | = 2.4 Hz, ] = 10.5 Hz, 1H, H-6a),
3.62-3.60 (m, 3H, H-5, H-6b, H-6'a), 3.53 (td, | = 4.7 Hz, ] = 9.3 Hz, 1H, H-4"), 3.49 (dd,
J=39Hz, ] =89 Hz, 1H, H-2), 3.37 (s, 3H, C-1-OCH3), 3.33 (dd, | =4.7 Hz, | = 11.7 Hz, 1H,
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H-6'b), 3.04 (dq, ] = 3.1 Hz, | = 8.8 Hz, 1H, H-5'), 2.59 (d, ] = 4.8 Hz, 1H, H-4'-OH), 2.07, 1.95
(2 x s,6H, 2 x Ac-CH3), 1.70 (bs, 1H, H-6'-OH) ppm; 3C NMR (CDCl3, 125 MHz) 6 171.0,
169.4 (2C, 2 x Cq Ac), 139.4,138.3,137.6 (3C, 3 x Cq arom.), 128.8-127.2 (15C, arom.), 99.9
(1C, C-1"),98.6 (1C, C-1),79.9 (1C, C-4), 79.0 (1C, C-2), 77.0 (1C, C-3), 76.7 (1C, C-3'), 75.4
(1C, C-5"),75.3,73.9,73.7 (3C, 3 x Bn-CHy), 72.0 (1C, C-2'), 69.9 (1C, C-5), 69.7 (1C, C-4'),
67.5 (1C, C-6), 61.9 (1C, C-6'), 55.5 (1C, C-1-OCHj3), 21.0, 20.9 (2C, 2 x Ac-CH3) ppm; UHR
ESI-QTOF (positive ion): m/z calcd for [C3sHagO13 + Na]*: 733.2831; found: 733.2829.

Data of 21: [«]p?® +6.0 (c 0.10, CHCl3); Rf 0.45 (1:1 n-hexane/acetone); 'H NMR
(CDCl3, 500 MHz) 6 7.84-7.16 (m, 22H, arom.), 4.93-4.43 (m, 11H, 3 x Bn-CH,, NAP-CH,,
H-2/, H-1, H-1"), 3.85-3.82 (m, 2H, H-3, H-4), 3.79 (dd, ] = 2.8 Hz, | = 10.7 Hz, 1H, H-6a),
3.64-3.59 (m, 2H, H-5, H-6b), 3.57-3.53 (m, 2H, H-4', H-6'a), 3.49-3.44 (m, 2H, H-2, H-6'b),
3.39(dd, ] =3.4Hz, | = 9.4 Hz, 1H, H-3'), 3.36 (s, 3H, C-1-OCH3), 3.24 (dt, ] =5.6 Hz, | = 10.7
Hz, 1H, H-5'), 3.18 (bs, 1H, H-4'-OH), 2.57 (bs, 1H, H-3/-OH), 2.03 (s, 3H, Ac-CH3) ppm;
13C NMR (CDCl3, 125 MHz) § 170.7 (1C, Cq Ac), 139.6,138.4,137.9,135.1, 133.4, 133.2 (6C,
6 x Cq arom.), 128.7-125.6 (22C, arom.), 100.2 (1C, C-1'), 98.5 (1C, C-1), 80.1 (1C, C-4), 79.2
(1C, C-2),77.2 (1C, C-3),75.6 (1C, C-3'), 75.3 (1C, Bn-CH,), 74.5 (1C, C-2'), 74.0 (1C, C-4'),
73.9,73.8,73.7 (3C, 2 x Bn-CH,, NAP-CH,), 72.9 (1C, C-5"), 71.1 (1C, C-6"), 70.0 (1C, C-5),
67.9 (1C, C-6), 55.5 (1C, C-1-OCH3), 21.2 (1C, Ac-CH3) ppm; UHR ESI-QTOF (positive ion):
m/z caled for [C47H5,01o + Na]*: 831.3351; found: 831.3347.

2.1.10. Methyl (2,3-di-O-benzyl-4,6-O-benzylidene-o-D-glucopyranosyl)-(1—4)-[2,3-di-O-
acetyl-6-O-(2-naphthyl)methyl-3-D-glucopyranosyl]-(1—4)-2,3,6-tri-O-benzyl-o-D-
glucopyranoside (25)

Compound 19 (2.60 g, 3.055 mmol) was glycosylated with 24 (2.48 g, 4.582 mmol,
1.5 equiv.) according to general method E. The crude product was purified by silica gel
chromatography (6:4 then 1:1 n-hexane/EtOAc) to give 25 (2.40 g, 61%) as a light yellow
foam and 19 (764 mg, 20%) starting material as a light yellow foam. [a]p?® +2.5 (c 0.12,
CHCl3); R¢ 0.37 (65:35 n-hexane/acetone); 'H NMR (CDCl;, 400 MHz) 6 7.78-7.14 (m,
37H, arom.), 5.47 (1H, Ha.), 5.15 (t, ] = 9.2 Hz, 1H, H-3'), 5.08-4.45 (m, 16H, 5 x Bn-CH,,
NAP-CH,, H-1, H-1/, H-1”, H-2'), 4.11-4.03 (m, 2H, H-4/, H-6"a), 3.91-3.78 (m, 3H, H-3,
H-3", H-4), 3.84-3.77 (m, 2H, H-5", H-6a), 3.69-3.60 (m, 4H, H-5, H-6a,b’, H-6b), 3.49-3.43
(m, 3H, H-2, H-4", H-6"b), 3.35 (s, 3H, C-1-OCH3), 3.36-3.33 (m, 1H, H-2"), 3.13-3.11 (m,
1H, H-5'), 1.96, 1.87 (2 x s, 6H, 2 x Ac-CH3) ppm; *C NMR (CDCl3, 100 MHz) § 171.2,
169.6 (2C, 2 x Cq Ac), 139.6,138.7,138.3,137.9, 137.7,137.5, 135.7, 133.3, 132.9 (9C, 9 x Cq
arom.), 128.9-125.8 (37C, arom.), 101.3 (1C, Cy.), 100.1 (1C, C-1"), 98.4 (1C, C-1), 98.3 (1C,
C-1"),82.1 (1C, C-4"),80.3 (1C, C-4), 79.3 (1C, C-2), 79.2 (1C, C-2"), 78.1 (1C, C-3"), 77.1 (1C,
C-3),75.4,75.2 (2C, 2 x Bn-CHj), 75.0 (1C, C-5), 74.7 (2C, C-3/, C-4'), 73.7,73.6, 73.5, 73.4
(4C, 3 x Bn-CH,, NAP-CHj,), 72.7 (1C, C-2), 69.8 (1C, C-5), 68.9 (1C, C-6"), 68.1 (1C, C-6),
67.9 (1C, C-6'), 63.5 (1C, C-5"), 55.4 (1C, C-1-OCH3), 21.0, 20.9 (2C, 2 x Ac-CH3) ppm; UHR
ESI-QTOF (positive ion): m/z calcd for [C7sHgyO1s + Na]*: 1303.5237; found: 1303.5237.

2.1.11. Methyl (2,3,6-tri-O-benzyl--D-glucopyranosyl)-(1—4)-[2,3-di-O-acetyl-6-O-(2-
naphthyl)methyl-3-D-glucopyranosyl]-(1—4)-2,3,6-tri-O-benzyl-«-D-glucopyranoside (26)
Compound 25 (506 mg, 0.395 mmol) was converted to 26 by general method F. The
crude product was purified by silica gel chromatography (6:4 n-hexane/EtOAc, then 1:1
n-hexane/acetone) to give 26 (381 mg, 75%) as a white foam. [a]p? +13.1 (c 0.13, CHCl3); R¢
0.40 (6:4 n-hexane/acetone); 'H NMR (CDCls, 400 MHz) 6 7.78-7.12 (m, 37H, arom.), 5.15 (t,
] =9.3 Hz, 1H, H-3), 5.08-4.34 (m, 18H, 6 x Bn-CH,, NAP-CH,, H-1, H-1/, H-1", H-2'), 4.01
(t, ] =9.3 Hz,1H, H-4'), 3.89-3.86 (m, 2H, H-3, H-4), 3.83-3.72 (m, 3H, H-5", H-6a, H-6'a),
3.70-3.61 (m, 4H, H-3", H-5, H-6b, H-6'b), 3.49-3.47 (m, 4H, H-2, H-4", H-6"a,b), 3.35 (s,
3H, C-1-OCH3), 3.35-3.32 (m, 1H, H-2"), 3.16-3.13 (m, 1H, H-5'), 2.26 (s, 1H, H-4"-OH),
1.96,1.87 (2 x s, 6H, 2 x Ac-CH3) ppm; 3C NMR (CDCl3, 100 MHz) 6 171.4, 169.5 (2C,
2 x Cq Ac), 139.6, 138.8, 138.3, 138.0, 137.8, 137.7, 136.0, 133.3, 132.9 (9C, 9 x Cq arom.),
128.7-125.8 (37C, arom.), 100.1 (1C, C-1"), 98.4 (1C, C-1), 97.9 (1C, C-1"), 80.5 (1C, C-3"),
80.2 (1C, C-4), 79.8 (1C, C-2"),79.2 (1C, C-2), 77.1 (1C, C-3), 75.4 (2C, C-4/, C-5"), 75.3, (2C, 2
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x Bn-CH,), 74.6 (1C, C-3"),73.7,73.6,73.5,73.2, 73.0 (5C, 4 x Bn-CH,, NAP-CH,), 72.7 (1C,
C-2),71.2 (1C, C-5"),70.7 (1C, C-4"), 69.9 (1C, C-5), 69.6 (1C, C-6""), 68.4 (1C, C-6), 67.9 (1C,
C-6'),55.4 (1C, C-1-OCH3), 21.1, 20.9 (2C, 2 x Ac-CH3) ppm; UHR ESI-QTOF (positive ion):
m/z caled for [C7¢HgrO18 + Na]*: 1305.5393; found: 1305.5393.

2.1.12. Methyl (2,3,6-tri-O-benzyl-«-D-glucopyranosyl)-(1—4)-(2,3-di-O-acetyl-p-D-
glucopyranosyl)-(1—4)-2,3,6-tri-O-benzyl-a-D-glucopyranoside (27)

Compound 26 (1.622 g, 1.265 mmol) was converted to 27 by general method G.
The crude product was purified by silica gel chromatography (9:1 CH,Cl,/acetone) to
give 27 (1.125 g, 75%) as a colourless syrup. [«]p? +8.6 (c 0.22, CHCl3); R; 0.38 (9:1
CH,Cl, /acetone); "H NMR (CDCl3, 400 MHz) 6 7.40-7.23 (m, 30H, arom.), 5.12 (t, ] = 9.3 Hz,
1H, H-3'), 4.92-4.39 (m, 16H, 6 x Bn-CH,, H-1, H-1’, H-1", H-2'), 3.82-3.40 (m, 15H, skele-
ton protons), 3.37 (s, 3H, C-1-OCHj3), 3.06-3.03 (m, 1H, H-5'), 2.28 (s, 1H, H-4"-OH), 1.95,
1.88 (2 x s, 6H, 2 x Ac-CH3), 1.71-1.65 (m, 1H, H-6-OH) ppm; 1*C NMR (CDCl3, 100 MHz)
5170.3,169.6 (2C, 2 x Cq Ac), 139.4, 138.8, 138.4, 138.0, 137.9, 137.6 (6C, 6 x Cq arom.),
128.8-127.2 (30C, arom.), 99.9 (1C, C-1'), 98.6 (1C, C-1), 98.1 (1C, C-1"), 80.7, 80.0, 79.8, 79.0,
77.1,753,75.2,74.7,72.7,71.5,70.6, 69.9 (12C skeleton carbons), 75.4, 73.9, 73.7, 73.4 (6C,
6 x Bn-CHp), 69.5 (1C, C-6"), 67.6 (1C, C-6), 61.5 (1C, C-6'), 55.5 (1C, C-1-OCHj3), 21.1, 20.9
(2C, 2 x Ac-CH3) ppm; UHR ESI-QTOF (positive ion): m/z caled for [CesHy4O15 + Na]*:
1165.4767; found: 1165.4770.

2.1.13. Sodium [methyl (2,3,6-tri-O-benzyl-a-D-glucopyranosyl)-(1—4)-(2,3-di-O-acetyl-3-
D-glucopyranosyl-uronate)-(1—4)-2,3,6-tri-O-benzyl-x-D-glucopyranoside (28)
Compound 27 (1.013 g, 0.887 mmol) was oxidized according to general method H.
The crude product was purified by silica gel chromatography (97:3 to 9:1 CH,Cl, /MeOH)
to give 28 (597 mg, 60%) as a white foam. [a]p?® +23.8 (c 0.13, CHCl3); R¢ 0.27 (97:3
CH,Cl,/MeOH); 'H NMR (CDCls, 400 MHz) § 7.41-7.20 (m, 30H, arom.), 5.12 (t, ] = 9.0 Hz,
1H, H-3'), 5.01 (d, ] = 3.1 Hz, 1H, H-1"), 4.97-4.86 (m, 3H, Bn-CH,, H-2'), 4.75-4.42 (m, 12H,
5 x Bn-CH,, H-1, H-1'), 4.07 (t, ] = 9.0 Hz, 1H, H-4'), 3.91-3.81 (m, 2H, H-3, H-4), 3.77-3.69
(m, 4H, H-3", H-4", H-5, H-6"a), 3.65-3.58 (m, 4H, H-5, H-6a,b, H-6"'b), 3.53 (t, ] = 9.4 Hz,
1H, H-5"), 3.45 (dd, ] = 3.6 Hz, ] = 9.2 Hz, 1H, H-2),3.39 (dd, ] = 3.2 Hz, ] = 9.8 Hz, 1H,
H-2"), 3.36 (s, 1H, H-4"-OH), 3.33 (s, 3H, C-1-OCHj3), 1.94, 1.84 (2 x s, 6H, 2 x Ac-CH3)
ppm; 13C NMR (CDCl3, 100 MHz) § 170.1, 169.4 (2C, 2 x Cq Ac), 139.0, 138.7, 138.3, 137.9,
137.6,137.5 (6C, 6 x Cq arom.), 128.8-127.3 (30C, arom.), 100.0 (1C, C-1), 98.4 (1C, C-1),
98.2 (1C, C-1"), 80.2 (1C, C-3"), 79.9 (1C, C-3), 79.5 (1C, C-2"),79.1 (1C, C-2), 77.0 (1C, C-4),
76.5 (1C, C-4'), 75.6, 75.2 (2C, 2 x Bn-CH,), 74.8 (1C, C-5'), 73.8 (1C, C-3'), 73.8, 73.7, 73.6,
73.1 (4C, 4 x Bn-CH,), 72.2 (1C, C-2'), 71.3 (1C, C-4"), 70.7 (1C, C-5"), 69.8 (1C, C-5), 69.6
(1C, C-6), 67.6 (1C, C-6"), 55.4 (1C, C-1-OCHj3), 20.9, 20.8 (2C, 2 x Ac-CH3) ppm; UHR
ESI-QTOF (positive ion): m/z calcd for [Cg5H72019 + Na]*: 1179.4560; found: 1179.4559.

2.1.14. Methyl (2-azido-3,4-di-O-benzoyl-6-O-benzyl-2-deoxy-a-D-glucopyranosyl)-
(1—4)-[2,3-di-O-benzoyl-6-O-(2-naphthyl)methyl-3-D-glucopyranosyl]-(1—4)-2,3,6-tri-O-
benzyl-o-D-glucopyranoside (30)

Compound 17 [33] (240 mg, 0.516 mmol, 1.4 equiv.) was glycosylated with 29 (390 mg,
0.369 mmol) according to general method E. The crude product was purified by silica gel
chromatography (6:4 n-hexane/acetone) to give 30 (345 mg, 64%) as a colourless syrup.
[a]p® +31.4 (c 0.17, CHCl3); Ry 0.46 (6:4 n-hexane/acetone); 'H NMR (CDCl3, 500 MHz) 6
7.98-6.93 (m, 47H, arom.), 5.82 (td, ] = 6.3 Hz, ] = 10.5 Hz, 1H, H-3"), 5.71 (td, ] = 6.2 Hz,
] =9.5Hz, 1H, H-3'), 5.50 (td, ] = 54 Hz, | = 10.0 Hz, 1H, H-4"), 5.42-5.33 (m, 2H, H-1",
H-2),5.13 (dd, ] = 5.1 Hz, ] = 11.6 Hz, 1H, Bn-CHaa), 4.86-4.78 (m, 2H, H-1/, Bn-CH,b),
4.75-4.33 (m, 7H, H-1, 2 x Bn-CH,, NAP-CHj), 4.30-4.26 (m, 2H, H-4', Bn-CHza), 4.15-4.12
(m, 1H, H-5"), 4.08 (dd, ] = 4.2 Hz, ] = 12.0 Hz, 1H, Bn-CH;b), 4.01-3.95 (m, 1H, H-4),
3.92-3.88 (m, 1H, H-3), 3.84-3.76 (m, 2H, H-6'a,b), 3.69-3.64 (m, 1H, H-6a), 3.54-3.52 (m, 2H,
H-5, H-5'), 3.49-3.47 (m, 1H, H-2), 3.46-3.42 (m, 1H, H-6b), 3.34 (dt, ] = 4.0 Hz, ] = 10.6 Hz,
1H, H-2""),3.26 (s, 3H, C-3/-OCH3), 3.25-3.18 (m, 2H, H-6"a,b) ppm; 1*C NMR (CDCl3, 125
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MHz) 6 165.5, 165.3, 165.2, 165.1 (4C, 4 x C=0 Bz), 139.6, 139.3, 137.7, 137.3, 135.9, 132.9,
129.5,129.2,129.0,128.9 (11C, 11 x Cq arom.), 133.3-125.8 (47C, arom.), 100.2 (1C, C-1), 98.8
(1C,C-1"),98.4(1C, C-1),80.3 (1C, C-3),79.1 (1C, C-2), 77.0 (1C, C-4), 75.4 (1C, C-3'), 75.3 (1C,
Bn-CH,), 75.0 (1C, C-4'), 74.9 (1C, C-5'), 73.8,73.7, 73.6, 73.5 (4C, NAP-CH,, 3 x Bn-CH)),
72.9 (1C, C-2),70.3 (1C, C-3"),70.0 (1C, C-5"), 69.6 (1C, C-5), 69.3 (1C, C-6'), 69.0 (1C, C-4"),
67.8 (1C, C-6), 67.5 (1C, C-6"), 61.4 (1C, C-2"), 55.3 (1C, C-1-OCHj3) ppm; UHR ESI-QTOF
(positive ion): m/z calcd for [CggHgiN3Oq9 + Nap]?*: 752.7624; found: 752.7623.

2.1.15. Methyl (2-azido-3,4-di-O-benzoyl-6-O-benzyl-2-deoxy-x-D-glucopyranosyl)-(1—4)-
(2,3-di-O-benzoyl-3-D-glucopyranosyl)-(1—4)-2,3,6-tri-O-benzyl-«-D-glucopyranoside (31)

Compound 30 (330 mg, 0.226 mmol) was converted to 31 according to general method
G. The crude product was purified by silica gel chromatography (6:4 n-hexane/EtOAc)
to give 31 (245 mg, 82%) as a colourless syrup. [«]p® +5.4 (c 0.13, CHCl3); R 0.38 (6:4 n-
hexane/EtOAc); 'H NMR (CDCl3, 500 MHz) § 7.90-7.17 (m, 40H, arom.), 5.80 (t, ] = 10.1 Hz,
1H, H-3"), 5.69 (t, ] = 9.5 Hz, 1H, H-3'), 5.48 (t, ] = 9.8 Hz, 1H, H-4"), 5.36 (d, ] = 3.8 Hz, 1H,
H-1"),5.29 (t, ] = 8.9 Hz, 1H, H-2'), 5.00 (d, ] = 11.1 Hz, 1H, Bn-CHya), 4.86 (d, ] = 11.1 Hz,
1H, Bn-CHjb), 4.80 (d, ] = 12.3 Hz, 1H, Bn-CHza), 4.71 (d, ] = 11.9 Hz, 1H, Bn-CHya),
4.68-4.64 (m, 2H, H-1/, Bn-CH,b), 4.58-4.55 (m, 2H, H-1, Bn-CH,b), 448 (d, ] = 12.1 Hz, 1H,
Bn-CH,b), 4.34 (d, ] =12.0 Hz, 1H, Bn-CH,b), 4.18 (t, ] =9.4 Hz, 1H, H-4),4.11 (t, ] = 7.1 Hz,
1H, H-5"), 3.93-3.83 (m, 2H, H-3, H-4), 3.75 (d, ] = 12.0 Hz, 1H, H-6'a), 3.62 (d, ] = 10.9 Hz,
1H, H-6a), 3.57-3.49 (m, 5H, H-2, H-5, H-6'a, H-6"a,b), 3.39 (d, ] = 10.1 Hz, 1H, H-6b),
3.35-3.29 (m, 2H, H-2", H-5'), 3.27 (s, 3H, C-3-OCHj3), 2.12-2.10 (m, 1H, H-6'-OH) ppm;
13C NMR (CDCl3, 125 MHz) 6 165.5, 165.2, 165.2, 165.1 (4C, 4 x C=0 Bz), 139.4, 138.3, 137.6,
137.2,129.4,129.2, 128.9, 128.8 (8C, 11 x Cq arom.), 133.4-127.5 (40C, arom.), 100.1 (1C,
C-1),99.1 (1C, C-1"),98.4 (1C, C-1), 80.0 (1C, C-3), 79.0 (1C, C-2), 77.1 (1C, C-4), 75.5 (1C,
Bn-CHy), 75.4 (1C, C-3'), 74.7 (1C, C-4), 74.5 (1C, C-5), 73.8, 73.7, 73.6 (3C, 3 x Bn-CHy),
72.8 (1C,C-2),70.5 (1C, C-3"),70.2 (1C, C-5"), 69.6 (1C, C-5), 69.1 (1C, C-4"), 67.8 (1C, C-6"),
67.5 (1C, C-6), 61.5 (1C, C-¢'), 61.2 (1C, C-2""), 55.4 (1C, C-1-OCHj3) ppm.

2.1.16. Sodium [methyl (2-azido-34-di-O-benzoyl-6-O-benzyl-2-deoxy-u-D-glucopyranosyl)-
(1—4)-(2,3-di-O-benzoyl-3-D-glucopyranosyl-uronate)-(1—4)-2,3,6-tri-O-benzyl-«-D-
glucopyranoside (32)

Compound 31 (230 mg, 0.174 mmol) was oxidized according to general method H.
The crude product was purified by silica gel chromatography (6:4 n-hexane/acetone)
to give 32 (172 mg, 73%) as a colourless syrup. [a]p?® +4.4 (c 0.18, CHCI3); R 0.38
(6:4 n-hexane/acetone); 'TH NMR (CDCl3, 500 MHz) 6 7.90-7.16 (m, 40H, arom.), 5.85
(t, ] =10.1 Hz, 1H, H-3"), 5.59 (t, ] = 9.2 Hz, 1H, H-3'), 5.41 (t, ] = 9.7 Hz, 1H, H-4"), 5.29
(d, ] =3.5Hz, 1H, H-1"),5.27 (t,] = 8.6 Hz, 1H, H-2'), 4.99 (d, ] = 11.2 Hz, 1H, Bn-CH;a),
4.80 (d, ] =11.2 Hz, 1H, Bn-CH;b), 4.75-4.71 (m, 2H, 2 x Bn-CHa), 4.65 (d, ] =7.7 Hz, 1H,
H-1'), 4.58-4.55 (m, 2H, 2 x Bn-CH,b), 4.53 (d, ] = 3.5 Hz, 1H, H-1), 447 (d, ] = 11.8 Hz, 1H,
H-1, Bn-CH,b), 4.44-4.40 (m, 1H, H-5"), 4.32-4.27 (m, 2H, H-4’, Bn-CH;b), 3.94-3.85 (m,
3H, H-3, H-4, H-5'), 3.62-3.56 (m, 3H, H-6a, H-6"a,b), 3.50-3.47 (m, 2H, H-2, H-5), 3.39 (d,
J =10.2 Hz, 1H, H-6b), 3.33 (dd, | = 3.8 Hz, | = 10.1 Hz, 1H, H-2"), 3.25 (s, 3H, C-3/-OCH3)
ppm; 13C NMR (CDCl3, 125 MHz) § 165.4, 165.3, 165.0, 164.9 (4C, 4 x C=0 Bz), 138.9, 138.2,
137.5,136.8,129.3,129.0, 128.9, 128.8 (8C, 11 x Cq arom.), 133.5-127.5 (40C, arom.), 99.7 (2C,
C-1’,C-1"),98.4 (1C, C-1), 80.2 (1C, C-3), 79.1 (1C, C-2), 77.1 (1C, C-4'), 76.5 (1C, C-4), 75.9
(1C, Bn-CHy), 74.3 (1C, C-3'), 74.0, 73.8 (2C, 2 x Bn-CH,), 73.7 (1C, C-5'), 73.5 (1C, Bn-CHy),
72.3 (1C, C-2/),70.6 (1C, C-3"), 69.9 (1C, C-5"), 69.5 (1C, C-5), 69.3 (1C, C-4"), 68.8 (1C, C-6"),
67.3 (1C, C-6), 61.3 (1C, C-2""), 55.4 (1C, C-1-OCHj3) ppm; UHR ESI-QTOF (positive ion):
m/z caled for [C75sHyoN3NaOsg + Nay]?*: 700.7117; found: 700.7117.

2.1.17. Sodium [methyl (2-amino-3,4-di-O-benzoyl-2-deoxy-«-D-glucopyranosyl)-(1—4)-
(2,3-di-O-benzoyl-B-D-glucopyranosyl-uronate)-(1—4)-x-D-glucopyranoside (33)

Compound 32 (165 mg, 0.122 mmol) was debenzylated in the presence of CH;COOH
(8.0 uL, 0.134 mmol, 1.1 equiv.) according to general method B. The crude product was
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purified by silica gel chromatography (9:1 CH3CN/H,O) to give 33 (111 mg, 89%) as a
colourless syrup. [a]p® +64.4 (c 0.09, MeOH); R 0.31 (9:1 CH3CN/H,0); 'H NMR (MeOD,
500 MHz) 6 7.95-7.23 (m, 20H, arom.), 5.93-5.89 (m, 1H, H-3'), 5.79-5.72 (m, 1H, H-3"),
5.51-5.49 (m, 2H, H-1", H-2'), 5.45-5.40 (m, 1H, H-4""), 5.16 (d, ] = 7.1 Hz, 1H, H-1), 4.64—
4.62 (m, 2H, H-1, H-4'), 4.33-4.29 (m, 2H, H-5', H-5"), 3.80-3.53 (m, 8H, H-2, H-3, H-4, H-5,
H-6a,b, H-6'a,b), 3.46-3.38 (m, 1H, H-2""), 3.28 (s, 3H, C-3'-OCH3) ppm; *C NMR (MeOD,
125 MHz) 6 174.8 (1C, C=0, COOH), 167.6, 167.4, 166.9, 166.5 (4C, 4 x C=0 Bz), 130.5, 130.3,
130.2 (4C, 4 x Cq arom.), 134.7-129.2 (20C, arom.), 100.8 (1C, C-1), 100.6 (1C, C-1), 97.5 (1C,
C-1"),79.8 (1C, C-4),76.8 (1C, C-5), 76.7 (1C, C-3'), 75.5 (1C, C-4'), 73.5 (1C, C-2'), 73.0 (1C,
C-3),72.9 (1C, C-2),72.7 (1C, C-3"), 71.8 (1C, C-5), 71.6 (1C, C-5"), 70.3 (1C, C-4"), 60.7 (2C,
C-6, C-6"), 55.5 (1C, C-1-OCH3), 55.2 (1C, C-2") ppm; UHR ESI-QTOF (positive ion): m/z
caled for [C47H49NO» + Na]*: 970.2740; found: 970.2743.

2.2. Biological Investigations
2.2.1. Investigation of the Anti-Inflammatory Effect on THP-1 Cells

The THP-1 human monocyte cell line was obtained from ATCC (TIB-202, Manassas,
VA, USA) and cells were maintained in RPMI 1640 medium (Sigma-Aldrich, St. Louis, MI,
USA) containing 10% heat-inactivated fetal bovine serum (FBS), 10 mM HEPES, 100 pg/mL
penicillin/streptomycin, 50 mM 2-mercaptoethanol (all from Sigma-Aldrich) in a humid-
ified incubator with 5% CO, at 37 °C. TNF« secretion from THP-1 cells was assessed
using ELISA, with supernatants collected 6 hrs after cells were treated with trisaccharides
and/or lipopolysaccharide (LPS, Sigma-Aldrich). A TNFx ELISA kit was sourced from BD
Biosciences, and measurements were carried out in accordance with the manufacturer’s
instructions. An EnVision 2105 Multimode Plate Reader (Perkin Elmer, Waltham, MA, USA)
was utilized for quantifying cytokine levels, and concentrations were calculated using the
cubic logistic model with GraphPad Prism 9.1.2 for Windows (GraphPad Software).

2.2.2. Investigation of the NF-kB Inflammatory Pathway

To examine the possible anti-inflammatory effects of these molecules, the NF-«B
pathway was investigated on MCF-7 cells. In this experiment, 30,000 cells/well were
seeded on round glass cover-slips placed into 24-well plates. The next day, cells were
pre-incubated with the different materials in 30 uM HBSS for 24 h at 37 °C. After this,
cells were washed twice with HBSS and incubated with TNF-« (50 ng/mL) for 30 min to
stimulate the NF-«B inflammatory pathway. After the incubation time, cells were washed
twice with HBSS and fixed with methanol/acetone 1:1 for 5 min at —20 °C. After this
incubation time, cells were washed three times with HBSS, and the nonspecific binding
sites were blocked with fetal bovine serum (FBS) for 15 min at room temperature. Cells
were then incubated with 2 ug/mL anti-p65 antibody (RELA /NE-kB p65 Antibody (F-6)
Alexa Fluor® 488) (Santa Cruz Biotechnology, Inc., Heidelberg, Germany) for 1 h at 37 °C.
After this incubation, cells were washed three times with HBSS, and cell nuclei were stained
with DAPI (283 nM) for 5 min at 37 °C. After this, cells were washed once with HBSS, and
round glass cover-slips were glued to the slides. Fluorescence microscopy measurements
and analyses were carried out by a Zeiss Axioscope Al (Zeiss, Jena, Germany) fluorescent
microscope and ZEN 2011 Microsoft Software (Zeiss, Jena, Germany). The following filters
were used to examine the samples: DAPI: excitation G 365 nm, emission BP 445/50 nm;
fluorescein: excitation BP 470/40 nm, emission BP525/50 nm.

Investigation of the Inflammatory Markers Interleukin (IL)-1B and IL-10 on MCF-7 Cells

MCE-7 cells were seeded and cultured in 6-well plates for 24 h, until they formed a con-
fluent monolayer. The next day, the medium was discarded and replaced with either 5 pM
TNF-«, 30 uM trisaccharide (compound 12) or 5 uM TNF-« +30 puM trisaccharide (com-
pound 12) containing complete growth medium. Cells were incubated for an additional
24 h. The treatment was performed in biological replicates (n = 3). Total RNA was isolated
from treated and untreated (control) MCF-7 cells by TRI reagent® (Sigma-Aldrich, St.
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Louis, MI, USA) according to the manufacturer’s instructions. RNA from each sample (2000 ng)
was reverse transcribed to cDNA using a Tetro cDNA Synthesis Kit in a final volume of 20 uL.
The following primer pairs were used: IL-1B 5-CCACAGACCTTCCAGGAGAATG-3' (sense), 5'-
GTGCAGTTCAGTGATCGTACAGG-3 (antisense), IL-10 5'-TCTCCGAGATGCCTTCAGCAGA-
3 (sense), and 5-TCAGACAAGGCTTGGCAACCCA-3' (antisense) (Sigma-Aldrich, St. Louis,
MI, USA). HPRT1 was used as the internal reference gene. mRNA levels were measured us-
ing iQ™ SYBR® Green Supermix (Bio-Rad Laboratories Inc., Hercules, CA, USA). Reactions
were conducted according to the manufacturer’s protocol using the MyiQ2 two-colour
real-time PCR detection system (Bio-Rad Laboratories Inc.). All real-time amplifications
were measured in triplicates. Results were evaluated with Bio-Rad iQ5 software, Version 2.1
(Bio-Rad Laboratories Inc.) and changes in mRNA levels were calculated using the 240—Ct
method. The PCR protocol included an initial enzyme activation (95 °C for 3 min), then
40 cycles of amplification (95 °C for 15 s, 65 °C for 1 min), followed by a final annealing
step (55 °C for 20.5 min). At least 3 independent experiments were performed.

2.2.3. Investigation of the Cell Growth Inhibitory Activity on MCF-7, A2780, WM35 and
HaCaT Cell Lines

Effect of the synthesized compounds on cellular viability was investigated by the
MTT assay using MCF-7 human breast cancer, A2780 human ovarian carcinoma, WM35
human melanoma and spontaneously immortalized HaCaT human keratinocyte cell
lines. MCF-7 human breast cancer cells from ATCC were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with l-glutamine, 10% FBS, and 1% peni-
cillin/streptomycin. WM35 and A2780 cells were cultured in RPMI1640 Medium (Ther-
moFisher, Waltham, MA, USA) containing 10% fetal bovine serum (FBS, ThermoFisher)
and penicillin and streptomycin antibiotics (ThermoFisher, Waltham, MA, USA). HaCaT
cells were cultured in DMEM (ThermoFisher, Waltham, MA, USA) supplemented with
FBS and penicillin/streptomycin. Cells were cultured in a humified thermostat at a con-
stant temperature (37 °C) and in the presence of 5% CO,. Media were changed every
2-3 days and cells were regularly sub-cultured when confluence of the monolayer culture
reached ca. 80%. To determine cellular viability, the MTT assay was used as described
in our earlier works [30,35]. Briefly, the number of viable cells was indirectly assessed by
measuring the conversion of 3-{4,5-dimethilthiasol-2-il}-2,5-diphenyltetrasolium bromide
(MTT, Sigma-Aldrich, St. Louis, MI, USA) to coloured formazan crystals by mitochondrial
dehydrogenases active in living cells. Cells were seeded in 96-well microplates (5000 cells
per well density for MCF-7, A2780 and HaCaT and 10,000 cells per well density for WM35)
and were cultured for 3 days and treated by the compounds daily. An equal amount of
vehicle solvent (DMSO, Sigma-Aldrich) was used to treat the control group. Cells were then
incubated with 1 mg/mL MTT for 3 h, and precipitated formazan crystals were dissolved
in isopropanol supplemented with 10% 1 M HCl and 10% Triton X 100 (all from VWR). The
concentration of formazan was assessed colorimetrically by measuring absorbance at 570
and 690 nm (MCEF-7, FLUOstar OPTIMA, BMG Labtech.) or 565 nm (A2780, WM35 and
HaCaT). Viability was calculated as percent of control based on the measured absorbance,
and data were analyzed by IBM SPSS software version 20 (IBM, Armonk, NY, USA) or
GraphPad Prism 8.3.1 (549) (GraphPad Software, La Jolla, CA, USA) using Student’s two-
tailed, unpaired t-test (paired comparisons) or one-way ANOVA with Bonferroni’s post hoc
test (multiple comparisons), and p-values < 0.05 were regarded as significant differences.
Graphs were plotted using GraphPad Prism 8.3.1 (549).

2.2.4. Investigation of the Antioxidant Activity of the Trisaccharides
TAC Assay

The Total Antioxidant Capacity (TAC) assay was carried out as described by Sz6ke
et al. [36]. Briefly, the method is based on the scavenging of ABTSe radicals and their con-
version to a colourless product. The decolourization induced by a compound is compared
to the decolourization caused by Trolox, giving the Trolox equivalent antioxidant capacity
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(TEAC) value. Briefly, 10 uL sample, 20 puL of Myoglobin Working Solution and 150 uL of
ABTS Substrate Working Solution were mixed and incubated for 5 min at room temperature.
At the end of incubation, 100 mL of Stop Solution was added and endpoint absorbance at
405 nm was read. All experiments were performed in triplicates and repeated three times.

ORAC Assay

The ORAC assay was carried out as described by Glazer et al. [37] with modifications.
Freshly prepared AAPH stock (37.5 mM) solution and fluorescein stock solution (75 mM) in
phosphate buffer (pH 7.0) were used for the assay. The concentration of the test compounds
was 100 uM. The final reaction volume of the wells was 200 uL (in a black-sided micro-
plate), containing 65 uL of PBS buffer, 20 uL of fluorescein and 15 pL of compounds of
interest, except the blank, and the reactions were initiated by adding 100 uL of AAPH stock
solution. The mixture was incubated at 37 °C and the fluorescence (excitation wavelength
of 485 nm and emission wavelength of 520 nm) was monitored every 2 min for 1 h by a
FLUOstar OPTIMA (BMG LABTECH) plate reader. The area under the curve (AUC) was
calculated as follows:

AUC = 0.5 + (R2/R1) + (R3/R1) + (R4/R1) + ... + (Rn/R1) )

where R1 is the initial fluorescence reading at 0 min and Rn is the fluorescence reading at n
min. Finally, the net AUC was obtained by subtracting the AUC of the blank from that of
a sample.

AUCnet = AUC sample — AUC blank (2)

All measurements were carried out in triplicate and repeated three times for each
tested compound. Data are expressed as the mean & SEM.

FRAP Assay

The ferric-reducing ability of the investigated compounds was determined by the
FRAP assay as described by Csepanyi et al. [38]. The assay stock solution contained acetate
buffer (pH 3.6, 300 mM), TPTZ solution (10 mM) in 40 mM HCI and ferric chloride (FeCls)
solution (20 mM). The freshly prepared working solution contained 10 mL of acetate buffer
and 1-1 mL of TPTZ and ferric chloride solution. The FRAP reagent was activated by
incubation at 37 °C for 15 min.

The reaction mixture consisted of 190 uL. FRAP working solution and 10 uL of the test
compound (100 pM), except the blank sample in a 96-well plate. After 30 min of incubation
at 37 °C, the absorbance of the coloured product was measured at 593 nm. The FRAP
values were expressed as Trolox equivalents (uM), based on the Trolox standard calibration
curve. All measurements were carried out in triplicate and repeated three times for each
investigated compound. Data are expressed as the mean 4+ SEM.

CUPRAC Assay

The CUPRAC assay was carried out as described by Apak et al. [39]. This assay is
based on the reduction of copper(Il) ion to copper(I) at neutral pH. The reduced copper(I)
forms a complex with neocuproine (Nc), changing the colour, which can be measured at
450 nm. A total of 50 uL copper(II) chloride solution (10 mM), 50 pL. ammonium acetate
buffer (pH 7.0), 50 pL of Nc solution (7.5 mM, in 96% EtOH) and 50 pL of purified water
were mixed. Finally, 5 uL freshly prepared solution of the test compounds (in 96% EtOH
at 100 uM) was added and incubated for an hour. At the end, the absorbance was read at
450 nm. Trolox was used as a reference, and the results were expressed as TEAC values.
All experiments were performed in triplicates and repeated three times.
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3. Results
3.1. Synthesis of the Trisaccharides

The monosaccharide building blocks used for the synthesis of non-glycosaminoglycan
trisaccharides (16 [34] and 17 [33]) were already synthesized in our previous work. The
protecting group strategy was designed in such a way that the uronic acid function can
be performed at the oligosaccharide level; for this, the primary position of the precursor
glucose derivative was protected with an -ONAP ether group (NAP = (2-naphthyl)methyl),
which can be selectively removed in the presence of other groups. Positions containing -OH
or -OSO3Na in the final products were protected with benzyl groups. The trisaccharides
containing D-glucuronic acid were constructed using disaccharide acceptors containing a
uronic acid precursor and monosaccharide donors.

We started the synthesis with the preparation of the properly protected precursor
disaccharide acceptor required for the production of non-glycosaminoglycan trisaccharides
(Scheme 1).

D-glucose D-Glpa-OMe

Lazar, 2012 ls steps Garegg, 198113 steps

dry CH2C|2
OBn
Np™ O NIS, TFOH L e
[e) (o] + HO O e ACO 0 (0]
AcO SPh™ 'BnO AcO BnO
AcO BnO | _40t0-20°C,4h BnO
OMe OMe
17 (80%) 18
dry MeCN, CSA Reaction 1. Reaction 2.
2-naphthaldehyde-dimethyl acetal dry CHaCl, dry THF
rt, 1 h (96%) BH;-Me3N
Et3SiH, BFy Et;O 3-Mej!
0°C,5h AICl3, rt, 3 h
(65%) (76%)
ONAP OH ONAP
OBn OBn OB
HO'éO + HO O + HO 5
HO O AcOéS/O O AcO 0 O
AcO BnO AcO BnO AcO BnO
BnO e BnO ¢y 19 BO0wMe
21 (7.5%) 20 (16%)
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BnO e (61%)

19 +
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Scheme 1. Preparation of the planned protected trisaccharides (23 and 25) starting form monosaccha-
ride building blocks (16 [34] and 17 [33]). NAP = (2-naphthyl)methyl; Np = (2-(naphthyl)methylene).

For this, the monosaccharide acceptor (17) [33] was glycosylated with the protected
thioglycoside donor (16) [34] in dry CH,Cl, using the NIS/TfOH promoter system. In
the reaction, the expected protected disaccharide (18) was formed with good yield and
excellent stereoselectivity thanks to the acetyl group in position 2 of the donor (which, being
a participating group, controls the stereochemistry of the resulting glycosidic bond). We
then converted this derivative (18) into an acceptor in order to construct the trisaccharide
skeleton. For this, the 4,6-O-Np-acetal ring of the non-reducing end glucose unit was selec-
tively opened to form a NAP ether group at position C-6 and to liberate a hydroxyl group
at position C-4. The ring-opening reaction was first carried out in dry CH,Cl, using the
Et3SiH/BF3-Et,O reagent combination [40]. In the reaction, the expected 4-OH-containing
disaccharide was formed with good regioselectivity, but with only a moderate yield, and as
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a by-product, we identified the 4,6-di-OH derivative (20), which is a decomposition product
formed during the hydrolysis of the acetal ring. Formation of the 4-ONAP/6-OH derivative
was not observed. By re-acetalizing the diol (20) with 2-naphthaldehyde-dimethyl acetal
reagent and using anhydrous 10-camphorsulfonic acid (CSA) catalyst, we obtained the
starting, fully protected disaccharide (18), which could be used again in a ring-opening
reaction, thus minimizing the loss resulting from hydrolysis.

The ring-opening reaction was repeated using the BH3-MesN/AlCl; reagent combina-
tion [41,42]. Fortunately, the yield was improved, the 6-ONAP derivative (19) was formed
with a good yield (76%), and a partially deacetylated product (21) was identified as the
only by-product, with a 7.5% yield.

Next, the thus-obtained disaccharide acceptor (19) was first glycosylated with the
2,3,4-tri-OMe-containing monosaccharide donor (22). The expected, protected trisaccharide
(23), which was also synthesized in our previous work, was formed in the reaction with
good yield and stereoselectivity [30]. The previously used disaccharide acceptor (19) was
also glycosylated with the acetal-protected monosaccharide donor (24). In the reaction, the
expected, protected trisaccharide (25) was formed with good yield and stereoselectivity,
and we also recovered the unreacted acceptor disaccharide (19), which can be used again
in the coupling reaction.

The trisaccharide, containing methyl groups on the non-reducing glucose unit (23),
was further transformed in three steps into a derivative containing free -OHs and acetyl
groups (Scheme 2, 9), based on our previous work, and then, under Zemplén conditions,
the acetyl groups on the uronic acid unit were removed, thus reaching a derivative with
free -OHs and -OMe groups (10). In our previous studies, these derivatives (9, 10) were
prepared, but their biological activity was not tested, so we produced them again for the
present biological studies [30].

OBn OH

MeO o MeO
Meoél ONAP 3 steps Meoéﬂ COOH
MeO o R —— i o fﬁvl
o . éN
AcO B?)o‘époﬁ O
AcO BnO

23 OMe OMe
MeOH |rt, 24 h
NaOMe | (89%)
OH
MeO'éO
MeO MeOO Coog OH
HO (Bio O
e HO
10 OMe

Scheme 2. Transformation of the -OMe group containing protected trisaccharide (23) [30].

After that, we started the transformation of another protected trisaccharide (Scheme 3,
25). To do this, we first opened the benzylidene acetal protecting group by using the
Et3SiH/BF3-Et,O reagent combination, thus obtaining the 6-OBn-containing derivative (26).
Afterwards, in aqueous CH,Cl,, the NAP group on the middle sugar unit was removed
under oxidative conditions, using 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) [43],
thereby freeing the hydroxyl group at position C-6 of this unit (27). The resulting primary
—OH was then oxidized to carboxylic acid using a TEMPO/BAIB reagent combination in
aqueous acetonitrile, thus successfully converting the middle unit into glucuronic acid (28).
By removing the benzyl groups by catalytic hydrogenation, a derivative containing free
hydroxyls and acetyl groups on the uronic acid unit (11) was obtained, which was later
used in biological studies.
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Scheme 3. Transformation of the second protected trisaccharide (25).

After that, this derivative (11) was further transformed into the planned target com-
pounds (12-14) (Scheme 4). On the one hand, the acetyl groups were removed from
the molecule under Zemplén conditions, thus obtaining the completely free derivative
(12). On the other hand, a compound containing free hydroxyls and acetyl groups (11)
was O-sulphated in dry DMF using the SO3-Et3N complex, thus producing the persul-
phated/acetylated derivative (13) in good yield. Finally, the acetyl groups on the uronic
acid unit were selectively removed from this compound (13) under alkaline conditions,
thus obtaining the sulphate/—OH-containing derivative (14) [44].

With this, we produced six non-glycosaminoglycan heparin analogue trisaccharides
with diverse (methyl, hydroxyl, acetyl, sulphate) functional group patterns.

In the further part of the research, we also produced a glycosaminoglycan analogue
in order to investigate how the presence of the -NH group affects its biological activity
(Scheme 5). For this, the previously used monosaccharide acceptor (17) was glycosylated
with the disaccharide donor containing a 2-azido-glucose unit at the non-reducing end
(29). The expected protected trisaccharide (30) was formed in the reaction with good yield
and stereoselectivity. After that, the NAP-protecting group was removed from position
C-6 of the glucuronic acid precursor unit under oxidative conditions, thereby freeing the
primary hydroxyl group (31). The carboxyl function was formed in aqueous acetonitrile,
by oxidation of the primary —-OH, using the TEMPO/BAIB reagent combination. In the
reaction, the uronic acid-containing molecule (32) was formed with a good yield (73%),
from which the benzyl ether groups were removed by catalytic hydrogenation, and the
azido group was simultaneously reduced to -NH, (33). The final functionalization pattern
was formed on this derivative (33) obtained in two additional steps. First, the free -OHs
and the -NH, were sulphated using SO3-Et3N complex at 50 °C in dry DMF, and then the
benzoyl ester-protecting groups were removed under alkaline conditions, thus releasing
the four hydroxyls.
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Scheme 4. Transformation of the trisaccharide containing free hydroxyls and acetyl groups (11)
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Scheme 5. Synthesis of trisaccharide derivatives containing glucosamine moiety (15)

After the successful synthesis, the obtained seven trisaccharides were tested for their

cell growth inhibitory, anti-inflammatory and antioxidant effects.
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3.2. Biological Investigations
3.2.1. Investigation of the Anti-Inflammatory Effect on THP-1 Cell Line

First, we investigated the anti-inflammatory activity of the seven derivatives (9-15) in
the THP-1 cell line. To determine the putative anti-inflammatory effect of the synthesized
trisaccharides, we applied them in a wide concentration range (0.5, 5, 50 uM) to the THP-1
monocytic cell line, both alone and in conjunction with the Toll-like receptor 2/4 agonist LPS
(Figure 3). THP-1 cells respond to LPS stimulation with the secretion of proinflammatory
cytokines, such as TNFa. Trisaccharides were applied to THP1 cells 10 min before treatment
with LPS. Six hours after the initial treatment, we collected the supernatant of the cells,
from which we measured the concentration of TNFo using ELISA. We found that without
LPS, only the highest concentration of three trisaccharides (namely 11, 14 and 15) produced
measurable amounts of the cytokine. In combination with LPS, none of the tested substances
caused a statistically significant change in the amount of cytokine secreted. Based on these
findings, we conclude that the newly synthesized trisaccharides do not exhibit pro- or
anti-inflammatory effects in this model.

250
- 200 == 0.5uM
E mm 5uM
g 150 = 50uM
S 100 == 0.5uM + 100 ng/ml LPS
= I " mm 5 pM + 100 ng/ml LPS
50 == 50 uM + 100 ng/ml LPS
0_.

9 10 11 12 13 14 15

Figure 3. Trisaccharides do not show any anti-inflammatory effect on THP-1 cells. THP-1 cells were
treated with vehicle or trisaccharides alone (black bars) or in combination with LPS (100 ng/mL, grey
bars). TNFx production was determined with ELISA from supernatants. Bars represent mean + SD
of representative results from n > 3 independent experiments. Vehicle-treated cells did not produce
any TNFo. Dashed line shows TNFx release from cells treated with both the vehicle of trisaccharides
and LPS. ND: not determined. LPS: lipopolysaccharide.

3.2.2. Investigation of the Effect of the Trisaccharides on MCF-7 Cell Line
Investigation of the NF-«B Signalling Pathway

Next, using another inflammation model, the inhibitory potential of the trisaccharide
compounds (9-15) on NF-«B pathway activation was investigated in MCF-7 cells (Figure 4).
Twenty-four-hour pretreatment of cells with the selected molecules (11, 12 and 15) at a
concentration of 30 uM significantly reduced (p < 0.05, p < 0.01, and p < 0.05 respectively)
the NF-«B p65 subunit’s translocation into the cell nucleus from the cytoplasm caused by
TNF-«, indicating the inhibition of this inflammatory pathway.

Investigation of the Inflammatory Markers Interleukin (IL)-1B and IL-10 on MCF-7 Cells

Examining the possible anti-inflammatory effect of the selected trisaccharide derivative
(12), the inflammatory markers interleukin (IL)-1B and IL-10 were investigated on MCF-7
cells using RT-qPCR. Treatment of breast cancer cells with TNF-« alone stimulated the
release of IL-1B and IL-10. However, the levels of IL-1B and IL-10 decreased following
treatment with the combination of this derivative (12) with TNF-« (Figure 5). As a result, the
investigated trisaccharide (12) can exert an anti-inflammatory effect on the tested cell line.
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Figure 4. The effect of the synthesized trisaccharides (9-15) on the activation of the NF-«B inflam-
matory pathway by TNF-o in MCF-7 cells after 24 h pretreatment with the test substances at 30 pM
concentration. (A) The NF-«B p65 subunit was labelled with a monoclonal antibody (green), localized
in the cytoplasm in unstimulated control cells and translocated into the cell nuclei (blue) after TNF-o
stimulation. (B) The selected molecules (11, 12 and 15) significantly reduced (p < 0.05, p < 0.01, and
p < 0.05 respectively) the p65 subunit’s nuclear translocation, showing an inhibitory potential on the
NF-«B inflammatory pathway, compared to the TNF-«-treated, positive control cells. The effect of
the test substances did not reach the control, unstimulated level. Mean 4 S.D. values are shown;
n =10 cells were analyzed/group. * p < 0.05; ** p < 0.01; *** p < 0.0001.
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Figure 5. Expression level of IL-1B (A) and IL-10 (B). Gene expression level changes calculated by
240—ct method after 24 h treatment with the selected trisaccharide (12) and TNF-«. Data points are
presented as mean (SEM) (n = 3).

Cytotoxicity Studies on MCF-7 Cells

After that, we also examined the cytotoxic effect of our molecules. Our results have
shown that some of our compounds (11, 12, 13, 14 and 15) showed growth inhibitory
effects on cancerous MCF-7 cell lines but only at high concentrations; therefore, no IC50
values were determined. Specifically, another two derivatives (9 and 10) did not exhibit a
dose-dependent effect on viability (Figure 6).
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Figure 6. Cytotoxicity of the trisaccharides (11, 12, 13, 14, 9, 10 and 15) on MCEF-7 cells. Cells were
incubated for 72 h with the test solutions. Viability was determined by the MTT assay after 24 h of
treatment with the compounds applied in the indicated concentrations. Data are presented as mean
SEM, n = 6 at each data point.

Investigation of the Cell Growth Inhibitory Activity on A2780, WM35 and HaCaT
Cell Lines

The potential effects of trisaccharide derivatives (9-15) on the cellular viability of
A2780 human ovarian carcinoma, WM35 human melanoma and HaCaT spontaneously
immortalized human keratinocyte cell lines were investigated by the MTT assay. Of the
trisaccharides tested, only one compound (15) reduced the viability of the A2780 ovarian
carcinoma cells in 50 uM concentration, while the viability of the other two cell lines was not
affected by trisaccharides. During our further investigations, we assessed this compound
(15) in a wider concentration range on the above-mentioned three cell lines and found that
the trisaccharide (15) inhibited the growth of A2780 cells only in higher concentrations (30
and 50 uM) and had no effect on cell viability on the other two cell types. In summary, we
can conclude that these substances did not markedly influence the viability of the examined
cell lines (Figure 7).
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Figure 7. (a) Effect of different compounds (9-15) used in 50 uM on the viability of the investigated
cell lines (non-cancerous and cancerous). (b) Concentration-dependent effect of the active compound
(15) on the viability of A2780 ovarian carcinoma, WM35 melanoma and HaCaT keratinocyte cell lines.
Viability was determined by the MTT assay after 72 h of treatment with the compounds applied in
the indicated concentrations. Data are presented as mean &= SEM, n = 8 at each data point. * p < 0.05;
***p <0.001.
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3.2.3. Investigation of the Antioxidant Activity of the Trisaccharides

Finally, we also examined the antioxidant effect of trisaccharides. As depicted in
Figure 8, limited reducing power (SET) of the molecules was detected by the CUPRAC
assay at a neutral pH. Furthermore, at an acidic pH, employed in FRAP, three compounds
(10, 11 and 12) exhibited superior antioxidant effects compared to the other test molecules.
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Figure 8. Antioxidant activity of the trisaccharides (9-15). Data are presented as mean & SEM, n =9
at each data point.

The results of the TAC assay (SET and HAT) also indicated some compounds (9, 10,
11, 12) to possess some antioxidant action. However, none of the compounds were active in
the ORAC assay, indicating that the molecules do not exert direct peroxyl and hydroxyl
radical-scavenging effects. In summary, based on our measurement results, from the point
of view of the antioxidant effect, it is favourable if the tested compound does not contain
sulphate ester groups, although their effect depends on the mechanism of the test method.
Based on the TAC assay, derivatives bearing -OMe groups and free -OH derivatives (9,
10, 11 and 12) were also found to be active. Based on this method, the presence of -OAc
groups did not significantly affect the antioxidant effect. However, based on the FRAP
assay, compounds without -OMe groups (11 and 12) showed the best activity.

4. Conclusions

Based on our previous synthetic work, we successfully synthesized seven heparin/heparosan
analogue trisaccharide derivatives, of which six were non-glycosaminoglycan (Glc-GlcA-
Glc) and one heparin-related (GlcN-GlcA-Glc) sequences. The synthesis of the non-
glycosaminoglycan derivatives took place in 18-20 steps, and the synthesis of the glu-
cosamine derivative took place in 26 steps.

After the synthesis, we investigated the possible biological activity of our compounds.
The cell viability tests, which were performed on A2780, HaCaT, MCF-7 and WM-35 cell
lines, revealed that the trisaccharide derivatives we produced did not have a significant
cell growth inhibitory effect.

We also tested the anti-inflammatory effect of our compounds on THP1 and MCEF-7 cell
lines. It is clear from the obtained results that the trisaccharides had no anti-inflammatory
effect on THP1 cells, but some compounds had a detectable effect on the MCF-7 cell line.
The totally free trisaccharide (12) proved to be the most effective derivative, whose anti-
inflammatory effect was supported by confirming the activation of the NF-«xB pathway and
by RT-qPCR (also with an effect on IL-1B and IL-10 interleukin markers) tests on the MCF-7
cell line. Based on the tests carried out, this compound has a selective anti-inflammatory
effect, depending on the cell type.

Finally, we also examined the antioxidant effect of our compounds. It can be seen
that, depending on the mechanism of the antioxidant effect, some of our compounds have
significant antioxidant activity (TAC assay: 9, 10, 11, 12; FRAP assay: 10, 11, 12). These
results correlate well with the results of the anti-inflammatory effect measurements.

In summary, we successfully proved that heparin/heparosan analogue derivatives
with a smaller number of members can also have biological activity, since one of the
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trisaccharide derivatives we prepared has promising anti-inflammatory and antioxidant
effects. From the results of our previous [30] and current work, it is clear that the compounds
that carried both -OMe and sulphate ester groups (heparin analogue derivatives) had an
inhibitory effect on cell growth. Anti-inflammatory and antioxidant effects were shown
by the compounds with free hydroxyl groups (they did not contain either the -OMe or
sulphate ester part, and were heparosan analogues). The position of the sulphate ester
groups is also important, but we cannot draw far-reaching conclusions from this point
of view, since our compounds always contain this functional group in the same position.
What all derivatives had in common was that they contained a glucuronic acid moiety.
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