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Abstract:

 LLG-3 is a ganglioside isolated from the starfish Linchia laevigata. To clarify the structure-activity relationship of the glycan of LLG-3 toward rat pheochromocytoma PC12 cells in the presence of nerve growth factor, a series of mono- to tetrasaccharide glycan derivatives were chemically synthesized and evaluated in vitro. The methyl group at C8 of the terminal sialic acid residue was crucial for neuritogenic activity, and the terminal trisaccharide moiety was the minimum active motif. Furthermore, the trisaccharide also stimulated neuritogenesis in human neuroblastoma SH-SY5Y cells via mitogen-activated protein kinase (MAPK) signaling. Phosphorylation of extracellular signal-regulated kinase (ERK) 1/2 was rapidly induced by adding 1 or 10 nM of the trisaccharide. The ratio of phosphorylated ERK to ERK reached a maximum 5 min after stimulation, and then decreased gradually. However, the trisaccharide did not induce significant Akt phosphorylation. These effects were abolished by pretreatment with the MAPK inhibitor U0126, which inhibits enzymes MEK1 and MEK2. In addition, U0126 inhibited the phosphorylation of ERK 1/2 in response to the trisaccharide dose-dependently. Therefore, we concluded that the trisaccharide promotes neurite extension in SH-SY5Y cells via MAPK/ERK signaling, not Akt signaling.
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1. Introduction

Gangliosides, a complex family of sialylated glycosphingolipids, are abundant in the vertebrate nervous system and play an important role in the development of the central nervous system. There have been many reports indicating that gangliosides can induce neuronal differentiation. A ganglioside mixture extracted from bovine brain stimulated neurite outgrowth and neuronal differentiation of the SH-SY5Y cultured human neuroblastoma cell line [1,2]. SH-SY5Y cells differentiate into adrenergic, cholinergic, or dopaminergic neurons under stimulation by various differentiation-inducing factors such as retinoic acid, phorbol ester (12-O-tetradecanoylphorbol-13-acetate), platelet-derived growth factor (PDGF), brain-derived neurotrophic factor (BDNF), nerve growth factor (NGF), basic fibroblast growth factor, insulin-like growth factor (IGF), and dibutyryl cyclic adenosine monophosphate [3,4,5,6,7]. These differentiation-inducing factors stimulate phosphorylation of Akt and extracellular signal-regulated kinase (ERK) 1/2 during neuronal differentiation [8,9,10,11,12]. Gangliosides can modify the effects of growth factors by enhancing or inhibiting their actions [13]. Mammalian GM1 ganglioside enhances the effect of NGF by binding to Tropomyosin receptor kinase A/NGF receptors in rat pheochromocytoma PC12 cells [14]. The action of epidermal growth factor (EGF) is inhibited by GM3 ganglioside binding to EGF receptors [15,16], whereas GD1a ganglioside enhances it [17]. In many cases, these effects were observed only when micromolar concentrations of gangliosides were added to the cultured cells. Micromolar levels of exogenous gangliosides might affect membrane fluidity and stability by being incorporated into the membrane, thus interfering with receptors and signaling proteins localized in glycolipid-enriched and raft membrane microdomains [18,19,20]. However, there is evidence showing that just the oligosaccharide portion of gangliosides can evoke biological responses in vitro. Oligosaccharides derived from GT1b or GM2 gangliosides could activate calmodulin-dependent protein kinase II and protein kinase A, resulting in neurite elongation when they were applied to primary cultured neurons at nanomolar levels [18,21,22]. These reports strongly suggest the presence of specific glycoreceptors on the cell surface.

New classes of gangliosides have been found in echinoderms, such as sea cucumbers [23,24,25], starfish [26,27,28,29,30,31], sea urchins [32,33,34], and feather stars [35], and many of these echinodermatous gangliosides (EGs) also exhibited neuritogenic activity, some of which exceeded that of mammalian GM1 [36,37]. In contrast to mammalian gangliosides, EGs contain partially modified sialic acid residues and their unique oligomers. In addition, the lipid moieties of EGs are very diverse, and have characteristic structures that have never been seen in mammalian gangliosides. Previously, we have synthesized EGs and their glycan moieties [38,39,40,41,42,43,44,45], and we also demonstrated the neurite outgrowth potentiation of PC12 cells by synthetic EGs (LLG-3 [40], GAA-7 [44], and PNG-2A [45]) in the presence of NGF. In the present study, we identified the minimum active glycan structure of LLG-3, the neuritogenic activity of which was the second most potent among fifteen EGs investigated despite its rather simple structure [36,37]. Therefore, several fragment derivatives of LLG-3 were synthesized to perform a structure-activity relationship study, so that we could identify the precise sugar structure of the LLG-3 ganglioside that produces the neuritogenic effect on PC12 and SH-SY5Y cells. We also revealed the activation of mitogen-activated protein kinase (MAPK) signaling pathway.



2. Results and Discussion


2.1. Synthesis of LLG-3 Analogues

To determine the minimum motif in LLG-3 (1) that potentiates neurite outgrowth of PC12 cells in the presence of NGF, a series of mono- to tetrasaccharide glycan derivatives were obtained by disconnecting the glycosidic bonds within LLG-3 (1) from the reducing end (2, 4, 5, and 6) (Figure 1). In addition, demethylated tetrasaccharide derivative 3 was also designed to examine the effect of the methoxy group at the C8 position of the sialic acid residue on the neuritogenic activity.

Figure 1. Structures of ganglioside LLG-3 and its analogues synthesized in this study.
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The tetrasaccharide sequence in 2 was constructed by the glycosylation of glucosyl acceptor 8 [46] with trisaccharyl imidate donor 7, which was developed in the previous study of the total synthesis of LLG-3 [40], under mild acidic conditions, giving tetrasaccharyl glycoside 9 in 81% yield (Scheme 1). Finally, global deprotection was performed as previously reported [47] to deliver LLG-3 tetrasaccharide 2.
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Scheme 1. Synthesis of LLG-3 tetrasaccharide 2. Reagents and conditions: (a) i. H2, Pd(OH)2-C/EtOAc, RT; ii. LiCl/Pyr, reflux; iii. 0.1 M NaOH aq., RT to 40 °C, 49% (3 steps). 
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To synthesize demethylated tetrasaccharide 3, the outer trisaccharide moiety was constructed, and then it was combined with a glucose unit (Scheme 2). Thus, sialyl glycolic acid derivative 10 [48] was condensed with 5-amino-sialyl galactoside derivative 11 [40] in the presence of EDC·HCl and HOBt in MeCN to afford trisaccharide 12 in 71% yield. Next, trisaccharide 12 was converted to suitably protected glycosyl donor 15, which was analogous to 7, and 15 was then coupled with glucosyl acceptor 8, producing tetrasaccharide 16 in 78% yield. After removal of the benzyl groups from 16, a global deprotection procedure similar to that used for 9 delivered demethylated tetrasaccharide 3.

For the synthesis of trisaccharide 4, we attempted to obtain 2-(trimethylsilyl)ethyl (SE) glycoside by glycosidating trisaccharyl donor 7 with SE-OH under conventional reaction conditions (Scheme 3). However, the small amount of the stereoisomer (α-glycoside) that was also generated during the reaction showed similar mobility to the desired β-glycoside by TLC analysis, and the isomers could not be separated by chromatographic methods. To circumvent this problem, in the synthetic route in Scheme 3 suitably protected galactose 19 [49], which contained the β-SE glycoside, was used as the glycosyl acceptor in the glycosidation of sialic acid donor 18 [50], and disaccharide 20 was obtained in moderate yield. Next, selective removal of the Troc group with zinc and AcOH in MeCN and the ensuing coupling reaction using 8-Me-sialyl glycolic acid 22 [40] produced protected trisaccharide 23 in high yield. Finally, trisaccharide 23 underwent stepwise deprotection, including de-N-acetylation, demethylation, and basic ester hydrolysis, to afford 4.
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Scheme 2. Synthesis of demethylated LLG-3 tetrasaccharide 3. Reagents and conditions: (a) i. H2, Pd(OH)2-C, EtOAc, RT; ii. Bz2O, DMAP/Pyr, RT, 94% (2 steps); (b) i. CAN, toluene/MeCN/H2O (5/6/3), 0 °C; ii. Bz2O, DMAP/Pyr, RT; iii. NH2NH2·AcOH/DMF, RT, 52% (3 steps); (c) CCl3CN, DBU/CH2Cl2, 0 °C, 81%; (d) H2, Pd(OH)2-C/EtOAc, RT, 97%; (e) i. LiCl/Pyr, reflux; ii. 0.1 M NaOH aq., RT, 80% (2 steps). DMAP = 4-dimethylaminopyridine, CAN = cerium(IV) ammonium nitrate, DBU = 1,8-diazabicyclo[5.4.0]undec-7-ene. 
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Scheme 3. Synthesis of LLG-3 trisaccharide 4. (a) Zn, AcOH/MeCN, RT, 92%; (b) NH2NH2·AcOH/THF, RT, 99%; (c) i. H2, Pd(OH)2-C/EtOAc, RT; ii. LiCl/Pyr, reflux; iii. 0.1 M NaOH aq., RT, 79% (3 steps). NIS = N-iodosuccinimide, TESOTf = triethylsilyl trifluoromethanesulfonate, EDC = 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, HOBt = 1-hydroxybenzotriazole. 
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The synthesis of disaccharide 5 started with the glycosidation of sialyl donor 18 with SE-OH in the presence of NIS and TfOH [51] at −40 °C in EtCN, which was used as a stereo-directing reaction media [52] (Scheme 4). This reaction produced α-SE glycoside 25 with high stereoselectivity (α/β = 6.2/1), which was then converted to the amine derivative and condensed with 22 to afford protected disaccharide 27. Finally, 27 was treated in a similar way to trisaccharide 23, furnishing target compound 5.
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Scheme 4. Synthesis of LLG-3 disaccharide 5. (a) Zn, AcOH/MeCN, RT, 90%; (b) NH2NH2·AcOH/THF, RT, 99%; (c) i. LiCl/Pyr, reflux; ii. 0.1 M NaOH aq., RT, 78% (2 steps). 
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In the final part of the syntheses of the LLG-3 glycan analogues, sialyl glycoside 25 was transformed into target compound 6 based on our method for the synthesis of 8-O-methyl sialic acid-containing molecules [40] (Scheme 5). First, 25 was converted into 8-OH derivative 29 via regioselective 8O to 5N migration of the acetyl group upon treatment with zinc under acidic conditions. Then, 8-OH protection with the chloroacetyl group gave 30, and it was further modified to diacetylimide 31 by reaction with isopropenyl acetate in the presence of acid. Next, the chloroacetyl group was selectively cleaved by selenocarbamoylpiperidine [53], and the retrieved OH was methylated by Meerwein’s reagent, giving 32 in 78% yield over two steps. Finally, global deprotection produced monosaccharide 6.
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Scheme 5. Synthesis of LLG-3 monosaccharide 6. (a) CAc2O, DMAP/THF, RT, quant.; (b) NH2NH2·AcOH/THF, RT, 80%; (c) i. LiCl/Pyr, reflux; ii. 0.1 M NaOH aq., RT, 48% (2 steps). CAc = chloroacetyl, IPA = isopropenyl acetate, Ts = p-toluenesulfonyl, SCP = 1-selenocarbamoylpiperidine, TTBP = 2,4,6-tri-tert-butylpyrimidine. 
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2.2. Neuritogenic Activity Evaluation


2.2.1. Neurite Outgrowth Evaluation in PC12

To evaluate the neuritogenic activity of the glycan moiety of LLG-3, the mean total neurite lengths per cell were measured in rat PC12 cells (Figure 2). Although LLG-3 tetrasaccharide 2 showed activity after 10 nM addition of 5 ng/mL NGF, tetrasaccharide 3 did not (Figure 2B,C). This result clearly indicates that the methoxy group at the C8 position of sialic acid residue affects the neuritogenic activity. Furthermore, to evaluate the minimum length of the glycan moiety of LLG-3 for neuritogenic activity, trisaccharide 4, disaccharide 5, and monosaccharide 6 were compared (Figure 2). Disaccharide 5 and monosaccharide 6 showed no neurite growth activity (Figure 2E,F). However, trisaccharide 4 induced substantial neuritogenic activity (Figure 2D), suggesting that the trisaccharide is the minimum essential glycan moiety of LLG-3 for neuritogenic activity in PC-12 cells.

Figure 2. Neurite outgrowth evaluation in PC12 cells. Rat PC12 cells with a low serum culture medium containing 5 ng/mL of NGF were incubated with ganglioside 1 (A); tetrasaccharide 2 (B); tetrasaccharide 3 (C); trisaccharide 4 (D); disaccharide 5 (E) and monosaccharide 6 (F) for neurite outgrowth evaluation. The error bar represents the standard deviation (S.D.). * p < 0.05 with Dunnett’s test compared with the 0 nM group.
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2.2.2. Trisaccharide 4 Stimulated Neurite Extension in SH-SY5Y cells

We also examined the neuritogenic activity of trisaccharide 4 in human neuroblastoma SH-SY5Y cells. Trisaccharide 4 elongated SH-SY5Y neurites cultured in low serum-containing medium. The maximum neurite length was attained when 1 nM of trisaccharide 4 was added to the cells and the increase was statistically significant (p < 0.05, Dunnett’s test) (Figure 3). The neurite length increased up to 1 nM of trisaccharide 4 in a dose-dependent manner, and then decreased at higher concentrations (Figure 3).

Figure 3. Trisaccharide 4-induced neurite outgrowth in SH-SY5Y cells. Neuroblastoma SH-SY5Y cells were incubated with trisaccharide 4 for 3 days in medium containing 1% FBS and the mean total neurite length per cell calculated from 90 cells was measured at each dose. Trisaccharide 4 stimulated neurite extensions of SH-SY5Y cells in a dose-dependent manner. The error bar represents the standard deviation (S.D.). * p < 0.05 with Dunnett’s test compared with the 0 nM group.
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2.2.3. Activation of ERK Signaling in Response to Trisaccharide 4

Many researchers have reported that neuritogenesis of SH-SY5Y is often accompanied by activation of the MAPK/ERK and phosphatidylinositide 3-kinase (PI3K)/Akt signaling cascade after stimulation with growth factors, such as NGF, BDNF, and retinoic acid [8,9,10,11,12], and the signal transductions mediated by MAPK/ERK and PI3K/Akt are thought to be important for cell survival and neuronal differentiation. Therefore, we investigated whether trisaccharide 4 also promotes phosphorylation of ERK 1/2 and Akt. Phosphorylation of ERK 1/2 was rapidly induced by addition of 1 or 10 nM of trisaccharide 4. The ratio of phosphorylated ERK (p-ERK) to ERK reached a maximum 5 min after stimulation, and then decreased gradually (Figure 4A); however, the ratios varied considerably between experiments when 10 nM of trisaccharide 4 was added (Figure 4A). Although 1 nM of trisaccharide 4 showed a slightly lower value against 40 ng/mL of NGF (157.3 ± 16.9% vs. 216.0 ± 15.8%), the increase in the relative ratio of p-ERK to ERK (p-ERK/ERK) at 5 min was statistically significant (p < 0.05, Dunnett’s test) compared with 0 min (Figure 4A).

Figure 4. Effect of trisaccharide 4 on phosphorylation of p44/42 MAPK (ERK 1/2) and Akt. SH-SY5Y cells were incubated with trisaccharide 4 (1 or 10 nM) or 40 ng/mL of NGF for 5 to 60 min (A,C); or with 0 to 100 nM of trisaccharide 4 for 5 min (B) after pre-incubation with serum-free medium for 1 h. Cell lysates (3 µg of total protein in each lane) were separated by SDS-PAGE. The expression levels of ERK, p-ERK, Akt, and p-Akt were quantified by densitometric analysis of western blot and results were expressed as the ratio of phosphorylated forms (p-ERK or p-Akt) to non-phosphorylated forms (ERK or Akt). Trisaccharide 4 evoked rapid, dose-dependent phosphorylation of ERK 1/2 to an extent similar to that of NGF (A,B); although 4 showed no effect on Akt phosphorylation (C). The graphs are expressed as the mean ± S.D. from five (A,C) or six (B) independent experiments. * p < 0.05 with Dunnett’s test compared with the 0 min group (A,C) or the 0 nM group (B).



[image: Marinedrugs 13 07062 g004 1024]







Trisaccharide 4 also induced phosphorylation of ERK after 5 min incubation dose-dependently. The relative ratio of p-ERK/ERK increased in a dose-dependent manner and reached a maximum value at 1 nM (p < 0.05, Dunnett’s test), but decreased at higher concentrations (Figure 4B). The dose dependency of ERK phosphorylation corresponded well to the results in Figure 3. However, trisaccharide 4 did not induce Akt phosphorylation significantly, although 40 ng/mL of NGF increased the relative ratio of phosphorylated Akt to Akt (p-Akt/Akt) 5 min after stimulation (547.7 ± 100.7%) (Figure 4C).



2.2.4. U0126 Inhibits Trisaccharide 4-Promoted ERK Phosphorylation and Neurite Extension

Trisaccharide 4 promoted neurite extension of SH-SY5Y significantly at 1 nM (Figure 5A,B,F), and this effect was abolished by pretreatment with MAPK inhibitor U0126, which inhibits enzymes MEK1 and MEK2 (Figure 5C,D,E). The inhibitory effect of U0126 on trisaccharide 4-induced neurite extension was dose-dependent (Figure 5F). In addition, U0126 inhibited the phosphorylation of ERK 1/2 in response to trisaccharide 4 dose-dependently (Figure 6A,B), and this response resembled that observed in the neurite extension inhibitory effect (Figure 5F). Therefore, we can infer that trisaccharide 4 stimulates neuritogenesis in SH-SY5Y via activation of the ERK signal cascade, not the PI3K/Akt pathway.

Figure 5. Effects of MEK inhibitor U0126 on neurite extension and ERK 1/2 phosphorylation. SH-SY5Y cells were incubated with trisaccharide 4 (A) 0 nM; (B–E) 1 nM and U0126 (A, B) 0 µM; (C) 0.5 µM; (D) 1 µM; (E) 5 µM for 3 days in medium containing 1% FBS. Mean total neurite length per cell of 180 cells was measured at each dose (F). Statistical significances were determined by Dunnett’s test compared with U0126 0 µM within each trisaccharide 4-treated group (0 or 1 nM group) (* p < 0.05) and by t-test (0 vs. 1 nM at each U0126 dose level) (†††p < 0.001, ††p < 0.01, and †p < 0.05).
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Figure 6. Effects of MEK inhibitor U0126 on neurite extension and ERK 1/2 phosphorylation. (A) SH-SY5Y cells were incubated with trisaccharide 4 (0 or 1 nM) for 5 min after pre-incubation with serum-free medium containing U0126 for 1 h, and cell lysates were analyzed as described in Figure 4 (n = 5). The error bar represents the standard deviation (S.D.). Statistical significances were determined by Dunnett’s test compared with U0126 0 µM within each trisaccharide 4-treated group (0 or 1 nM group) (** p < 0.01 and * p < 0.05) and by t-test (0 vs. 1 nM at each U0126 dose level) (†p < 0.05); (B) ERK 1/2 phosphorylation was investigated by Phos-tag SDS-PAGE.
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The effect of trisaccharide 4 on neuritogenesis was slightly weaker than that of NGF in PC12 cells (Supplemental Figure 1). This may be accounted for by the fact that trisaccharide 4 activates only the MEK/ERK signaling pathway, unlike NGF, which can activate both MEK/ERK and PI3K/Akt signaling cascades to elongate neurites. Because trisaccharide 4 exerts a prompt effect on SH-SY5Y cells at concentrations as low as 1 nM (Figure 3 and Figure 4A,B), this suggests the presence of specific receptors that recognize trisaccharide 4 on the cell surface of SH-SY5Y. Alternatively, trisaccharide 4 may interact with other receptors specifically or non-specifically and modify their functions. In this scenario, the receptors may be growth factor receptors because fetal bovine serum used in cell culture will inevitably contain growth factors such as PDGF, IGF, EGF, insulin, fibroblast growth factor-2, and transforming growth factor beta 1. Trisaccharide 4 may exert its effect by mimicking, enhancing, or inhibiting these growth factors by interacting with their receptors. There are several reports suggesting the presence of glycoreceptors on the cell surface that recognize the oligosaccharide portion of the ganglioside and elicit biological responses [18,21,22]. Our results strongly support this idea, and we defined the precise sugar structure from which the neuritogenic activity of the LLG-3 ganglioside originated.





3. Experimental Section


3.1. Synthesis of LLG-3 Glycan Analogues


3.1.1. General Methods

All reactions were carried out under a positive pressure of argon, unless otherwise noted. All chemicals were purchased from Wako Chemicals Inc. (Miyazaki, Japan), Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan), or Sigma-Aldrich Co. (St. Louis, MO, USA) and used without further purification, unless otherwise noted. Molecular sieves were purchased from Wako Chemicals Inc. (Miyazaki, Japan) and pre-dried at 300 °C for 2 h in a muffle furnace, and dried in a flask at 300 °C for 2 h in vacuo prior to use. Dry solvents for reaction media (CH2Cl2, toluene, THF, CH3CN, DMF, pyridine) were purchased from Kanto Chemical Co. Inc. (Tokyo, Japan) and used without purification. Other solvents for reaction media were dried over molecular sieves and used without purification. TLC analysis was performed on Merck TLC plates (silica gel 60F254 on glass plate). Compound detection was either by exposure to UV light (253.6 nm) or by soaking in a solution of 10% H2SO4 in ethanol followed by heating. Silica gel (80 mesh and 300 mesh; Fuji Silysia Co. (Aichi, Japan) ) was used for flash column chromatography. The quantity of silica gel was usually 100 to 200 times the weight of the crude sample. Solvent systems for chromatography were specified as v/v ratios. Evaporation and concentration were carried out in vacuo. 1H-NMR and 13C-NMR spectra were recorded on 400 MHz (JEOL ECX400), 500 MHz (Biospin AVANCE III, Bruker, Billerica, MA, USA) or 600 MHz (JEOL ECA600) spectrometers. Chemical shifts in 1H-NMR spectra are expressed in ppm (δ) relative to the Me4Si signal, adjusted to δ 0.00 ppm. Data are presented as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, dd = double doublet, td = triple doublet, m = multiplet and/or multiple resonances), integration, coupling constant in hertz (Hz), and position of the corresponding proton. COSY methods were used to confirm the NMR peak assignments. High-resolution mass (ESI-TOF MS) spectra were obtained with a mass spectrometer (micrOTOF, Bruker, Billerica, MA, USA). Optical rotations were measured with a high-sensitivity polarimeter (SEPA-300, Horiba, Kyoto, Japan).



3.1.2. Experimental Procedures

2-(Trimethylsilyl)ethyl [methyl 4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-(methyl 4,7,9-tri-O-acetyl-5-diacetamido-3,5-dideoxy-8-O-methyl-d-glycero-α-d-galacto-2-nonulopyranosylonate)oxyacetamido-d-glycero-α-d-galacto-2-nonulopyranosylonate]-(2→3)-(4-O-acetyl-2,6-di-O-benzoyl-β-d-galactopyranosyl)-(1→4)-2,3,6-tri-O-benzyl-β-d-glucopyranoside (9). To a mixture of 7 (41.2 mg, 26.6 μmol) and 8 (29.2 mg, 53.2 μmol) in CH2Cl2 (1.0 mL) were added 4 Å molecular sieves (AW300, 60 mg) at room temperature. After stirring for 30 min, the mixture was cooled to –40 °C. TMSOTf (0.1 µL, 5.32 µmol) was then added to the mixture at −40 °C. After stirring for 5 min at −40 °C as the reaction was monitored by TLC (20:1 CHCl3–MeOH), the reaction was quenched by the addition of triethylamine. The solution was diluted with CHCl3 and filtered through Celite. The filtrate was then washed with satd. aq. NaHCO3 and brine. The organic layer was subsequently dried over Na2SO4, and concentrated. The residue was purified by silica gel column chromatography (50:1 to 40:1 toluene–MeOH) to give 9 (41.8 mg, 81%): [α]D +10.0° (c 0.9, CHCl3); 1H NMR (600 MHz, CDCl3) δ 8.25–7.17 (m, 25H, 5Ar), 6.03 (d, 1H, JNH,5 = 10.3 Hz, NHb), 5.69 (m, 1H, H-8b), 5.58 (td, 1H, J3eq,4 = 5.2 Hz, J3ax,4 = J4,5 = 10.0 Hz, H-4a), 5.31 (dd, 1H, J1,2 = 8.0 Hz, J2,3 = 10.3 Hz, H-2c), 5.20 (d, 1H, H-1c), 5.11 (dd, 1H, J6,7 = 2.8 Hz, J7,8 = 9.8 Hz, H-7b), 5.07 (d, 1H, J3,4 = 3.5 Hz, H-4c), 4.98 (dd, 1H, J6,7 = 1.7 Hz, J5,6 = 10.3 Hz, H-6a), 4.93 (dd, 1H, J7,8 = 8.0 Hz, H-7a), 5.02 and 4.89 (2d, 2H, PhCH2), 4.87 and 4.66 (2d, 2H, PhCH2), 4.83 (m, 1H, H-4b), 4.76 (dd, 1H, H-3c), 4.39–4.21 (m, 6H, PhCH2, H-9ab, H-6b, H-4d, H-5a), 4.12–3.85 (m, 11H, OCH2, H-9aa, H-9ba, OCH2CH2Si, H-1d, H-3d, H-5b, CO2Me), 3.76 (s, 3H, CO2Me), 3.70–3.59 (m, 2H, H-2d, H-6ac), 3.54 (m, 1H, OCH2CH2Si), 3.47–3.33 (m, 6H, H-6bd, H-5d, H-6bc, OMe), 2.88 (dd, 1H, J3eq,4 = 5.1 Hz, Jgem = 13.2 Hz, H-3eqa), 2.59 (dd, 1H, J3eq,4 = 3.6 Hz, Jgem = 12.1 Hz, H-3eqb), 2.38–1.96 (m, 30H, 10Ac), 1.93 (dd, 1H, J3ax,4 = 10.3 Hz, H-3axa), 1.71 (t, 1H, J3ax,4 = 12.1 Hz, H-3axb), 1.02–0.98 (m, 2H, OCH2CH2Si), 0.00 (s, 9H, SiMe3); 13C NMR (150 MHz, CDCl3) δ 176.5, 175.8, 173.0, 172.9, 172.6, 172.5, 172.4, 172.3, 172.2, 172.1, 171.1, 170.3, 169.8, 167.6, 167.3, 141.4, 140.9, 140.8, 135.4, 135.2, 132.6, 132.3, 132.0, 131.9, 131.9, 130.8, 130.5, 130.4, 130.4, 130.4, 130.4, 130.4, 130.3, 130.3, 130.2, 130.2, 129.7, 129.5, 129.4, 129.4, 129.4, 129.3, 129.3, 129.3, 129.2, 105.1, 103.0, 100.9, 99.1, 85.2, 84.2, 76.3, 74.6, 74.3, 74.0, 72.5, 71.8, 71.5, 71.3, 70.2, 70.2, 69.0, 68.8, 67.7, 67.1, 67.1, 66.8, 66.7, 66.3, 63.2, 61.4, 61.2, 60.9, 57.8, 57.8, 56.3, 52.9, 52.8, 47.8, 37.8, 37.2, 29.4, 27.7, 25.8, 21.1, 20.6, 20.5, 20.5, 20.5, 20.4, 20.1, 18.2, 0.0, 0.0, 0.0; HRMS (ESI) m/z: found [M + Na]+ 1961.6972, C95H118N2O39Si calcd for [M + Na]+ 1961.6973.

2-(Trimethylsilyl)ethyl [5-(5-acetamido-3,5-dideoxy-8-O-methyl-d-glycero-α-d-galacto-2-nonulopyranosylonic acid)oxyacetamido-3,5-dideoxy-d-glycero-α-d-galacto-2-nonulopyranosylonic acid]-(2→3)-(β-d-galactopyranosyl)-(1→4)-β-d-glucopyranoside (2). To a solution of 9 (39.6 mg, 21.0 µmol) in EtOAc (1.0 mL) was added Pd(OH)2/C (20%, 40.0 mg) at room temperature. After stirring for 2 h at room temperature under a hydrogen atmosphere as the reaction was monitored by TLC (20:1 CHCl3–MeOH), the mixture was filtered through Celite. The filtrate was concentrated, and the crude residue was exposed to high vacuum. The resulting residue was then dissolved in pyridine (1.0 mL), and lithium chloride (5.2 mg, 126 µmol) was added at room temperature. After stirring for 18 h under reflux as the reaction was monitored by TLC (5:2:0.2 CHCl3–MeOH–H2O), the reaction mixture was co-evaporated with toluene. The crude residue was purified by gel filtration column chromatography (Sephadex LH-20) using MeOH as eluent. The purified product was exposed to high vacuum, and then dissolved in 0.1 M aq NaOH (2.1 mL). After stirring for 42 h at room temperature and another 10 h at 40 °C as the reaction was monitored by TLC (4:6:1 CHCl3–MeOH–H2O), the reaction mixture was neutralized with Dowex (H+) resin. The resin was filtered through cotton wool and the filtrate was then evaporated. The residue was purified by silica gel column chromatography (12:8:1 to 4:6:1 CHCl3–MeOH–H2O), followed by gel filtration column chromatography (Sephadex LH-20) using MeOH–H2O (5:1) as eluent to give 2 (10.7 mg, 49%): [α]D –41.9° (c 0.2, MeOH); 1H NMR (500 MHz, CD3OD) δ 4.45 (d, 1H, J1,2 = 7.6 Hz, H-1), 4.33 (d, 1H, J1,2 = 8.2 Hz, H-1), 4.34 and 4.27 (2d, 2H, OCH2), 4.04–3.21 (m, 31H, H-4a, H-5a, H-6a, H-7a, H-8a, H-9aa, H-9ba, H-4b, H-5b, H-6b, H-7b, H-8b, H-9ab, H-9bb, H-2c, H-3c, H-4c, H-5c, H-6ac, H-6bc, H-2d, H-3d, H-4d, H-5d, H-6ad, H-6bd, OCH2CH2Si, OMe), 2.78 (dd, 1H, J3eq,4 = 3.4 Hz, Jgem = 12.6 Hz, H-3eq), 2.49 (dd, 1H, J3eq,4 = 4.6 Hz, Jgem = 12.6 Hz, H-3eq), 2.00 (s, 3H, Ac), 1.77–1.69 (m, 2H, H-3axa, H-3axb), 1.07–0.92 (m, 2H, OCH2CH2Si), 0.00 (s, 9H, SiMe3); 13C NMR (125 MHz, CD3OD) δ 175.5, 174.8, 174.8, 174.5, 104.5, 103.3, 101.5, 101.1, 81.4, 80.3, 77.2, 76.7, 76.2, 74.4, 74.3, 74.0, 73.0, 71.1, 70.8, 69.3, 69.0, 69.0, 69.0, 68.8, 68.6, 63.8, 63.7, 62.5, 61.6, 61.4, 59.1, 53.7, 53.5, 41.4, 40.3, 22.9, 19.0, −1.4, −1.4, −1.4; HRMS (ESI) m/z: found [M − 2H + Na]− 1075.3631, C40H70N2O28Si calcd for [M − 2H + Na]− 1075.3631.

4-Methoxyphenyl [methyl 4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-(methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-d-glycero-α-d-galacto-2-nonulopyranosylonate)oxyacetamido-d-glycero-α-d-galacto-2-nonulopyranosylonate]-(2→3)-2,6-di-O-benzyl-β-d-galactopyranoside (12). To a solution of 10 (414 mg, 735 μmol) and 11 (788 mg, 878 μmol) in acetonitrile (15.1 mL) were added EDC·HCl (260 mg, 1.36 mmol) and HOBt (50.8 mg, 377 μmol) at room temperature. After stirring for 7 h at room temperature as the reaction was monitored by TLC (15:1 CHCl3–MeOH), the mixture was diluted with EtOAc. The solution was then washed with 2 M HCl, satd. aq. NaHCO3 and brine. The organic layer was subsequently dried over Na2SO4, and concentrated. The resulting residue was purified by silica gel column chromatography (55:1 CHCl3–MeOH) to give 12 (762 mg, 71%): [α]D +3.5° (c 1.0, CHCl3); 1H NMR (500 MHz, CDCl3) δ 7.42–6.78 (m, 14H, 3Ar), 6.10 (d, 1H, JNH,5 = 10.0 Hz, NHb), 5.43 (td, 1H, J8,9a = 3.0 Hz, J7,8 = J8,9b = 10.5 Hz, H-8a), 5.33–5.32 (m, 2H, H-7b, H-8b), 5.23 (dd, 1H, J6,7 = 2.3 Hz, H-7a), 5.04 (d, 1H, JNH,5 = 10.0 Hz, NHa), 4.95–4.87 (m, 4H, H-4a, H-4b, H-1c, PhCH2), 4.82 (d, 1H, Jgem = 11.5 Hz, PhCH2), 4.57 (2d, 2H, Jgem = 11.5 Hz, PhCH2), 4.34 (dd, 1H, Jgem = 12.5 Hz, H-9aa), 4.29–4.26 (m, 2H, H-9ab, H-3c), 4.18–4.06 (m, 6H, H-5a, H-6a, H-5b, H-6b, H-9bb, OCH2), 3.95 (dd, 1H, H-9ba), 3.86–3.76 (m, 15H, H-2c, H-4c, H-5c, H-6ac, H-6bc, OCH2, 3OMe), 2.72 (d, 1H, JOH,4 = 3.0 Hz, OHc), 2.67 (dd, 1H, J3eq,4 = 5.0 Hz, Jgem = 13.0 Hz, H-3eqa), 2.62 (dd, 1H, J3eq,4 = 4.5 Hz, Jgem = 12.5 Hz, H-3eqb), 2.14–1.89 (m, 29H, H-3axa, H-3axb, 9Ac); 13C NMR (125 MHz, CDCl3) δ 170.9, 170.6, 170.5, 170.3, 170.2, 170.0, 170.0, 169.8, 168.6, 167.6, 155.2, 151.7, 138.9, 138.2, 128.3, 128.2, 127.9, 127.6, 127.6, 127.4, 118.6, 114.5, 102.8, 98.5, 98.1, 75.7, 75.0, 73.6, 73.1, 73.0, 72.9, 69.4, 68.8, 68.5, 68.2, 67.5, 67.2, 63.8, 62.6, 62.2, 55.6, 53.2, 53.1, 49.3, 48.6, 37.5, 37.0, 23.2, 21.2, 21.0, 20.8, 20.8, 20.7, 20.7; HRMS (ESI) m/z: found [M + Na]+ 1451.4899, C67H84N2O32 calcd for [M + Na]+ 1451.4899.

4-Methoxyphenyl [methyl 4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-(methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-d-glycero-α-d-galacto-2-nonulopyranosylonate)oxyacetamido-d-glycero-α-d-galacto-2-nonulopyranosylonate]-(2→3)-2,4,6-tri-O-benzoyl-β-d-galactopyranoside (13). To a solution of 12 (650 mg, 455 µmol) in EtOAc (9.1 mL) was added Pd(OH)2/C (20%, 650 mg) at room temperature. After stirring for 30 min at room temperature under a hydrogen atmosphere as the reaction was monitored by TLC (15:1 CHCl3–MeOH), the mixture was filtered through Celite. The filtrate was concentrated, and the crude residue was exposed to high vacuum. Then, it was dissolved in pyridine (2.3 mL). Benzoic anhydride (618 mg, 2.73 mmol) and DMAP (5.6 mg, 45.5 µmol) were added to the mixture at 0 °C. After stirring for 11 h at room temperature as the reaction was monitored by TLC (15:1 CHCl3–MeOH), the reaction was quenched by the addition of MeOH at 0 °C. The mixture was co-evaporated with toluene and the residue was then diluted with CHCl3, and washed with 2 M HCl, H2O and satd. aq. NaHCO3. The organic layer was subsequently dried over Na2SO4, and concentrated. The resulting residue was purified by silica gel column chromatography (50:1 CHCl3–MeOH) to give 13 (666 mg, 94%): [α]D +48.0° (c 1.0, CHCl3); 1H NMR (500 MHz, CDCl3) δ 8.18–6.68 (m, 19H, 4Ar), 5.94 (d, 1H, JNH,5 = 10.4 Hz, NHb), 5.69 (dd, 1H, J1,2 = 8.0 Hz, J2,3 = 10.1 Hz, H-2c), 5.63 (td, 1H, J8,9a = 2.5 Hz, J8,9b = 6.4 Hz, J7,8 = 9.6 Hz, H-8b), 5.40 (d, 1H, J3,4 = 3.3 Hz, H-4c), 5.34–5.26 (m, 3H, H-7a, H-8a, H-1c), 5.14–5.10 (m, 2H, NHa, H-7b), 4.97 (dd, 1H, H-3c), 4.90 (td, 1H, J3eq,4 = 4.7 Hz, J3ax,4 = J4,5 = 10.3 Hz, H-4a), 4.84 (td, 1H, J3eq,4 = 4.5 Hz, J3ax,4 = J4,5 = 10.6 Hz, H-4b), 4.49 (dd, 1H, J5,6a = 7.6 Hz, Jgem = 11.4 Hz, H-6ac), 4.43 (dd, 1H, J5,6b = 5.6 Hz, H-6bc), 4.31–4.23 (m, 3H, H-5c, H-9aa, H-9ab), 4.13 (dd, 1H, J6,7 = 2.0 Hz, J5,6 = 10.8 Hz, H-6a), 4.08–4.02 (m, 3H, H-5a, H-9ba, OCH2), 3.93–3.86 (m, 5H, H-5b, H-9bb, OMe), 3.82 (s, 3H, OMe), 3.75–3.69 (m, 5H, H-6b, OCH2, OMe), 2.64 (dd, 1H, Jgem = 12.9 Hz, H-3eqa), 2.55 (dd, 1H, Jgem = 12.7 Hz, H-3eqb), 2.24–1.88 (m, 25H, 8Ac, H-3axa), 1.68 (t, 1H, H-3axb), 1.44 (s, 3H, Ac); 13C NMR (125 MHz, CDCl3) δ 170.9, 170.6, 170.6, 170.3, 170.2, 170.1, 170.0, 169.8, 168.5, 168.3, 167.6, 165.9, 165.4, 155.5, 151.5, 133.4, 133.2, 133.1, 130.2, 130.1, 129.8, 129.3, 128.5, 128.5, 128.4, 119.0, 114.4, 101.2, 98.4, 96.9, 77.6, 72.9, 71.9, 71.3, 71.0, 68.9, 68.8, 68.5, 68.4, 67.5, 67.1, 66.7, 63.8, 68.5, 68.4, 67.5, 67.1, 66.7, 63.8, 62.7, 62.5, 62.2, 55.6, 53.3, 53.2, 49.3, 48.2, 37.5, 37.4, 23.2, 21.5, 21.0, 20.8, 20.7, 20.6, 20.3; HRMS (ESI) m/z: found [M + Na]+ 1583.4748, C74H84N2O35 calcd for [M + Na]+ 1583.4747.

[Methyl 4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-(methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-d-glycero-α-d-galacto-2-nonulopyranosylonate)oxyacetamido-d-glycero-α-d-galacto-2-nonulopyranosylonate]-(2→3)-2,4,6-tri-O-benzoyl-d-galactopyranose (14). To a suspension of 13 (200 mg, 128 µmol) in acetonitrile/toluene/H2O (6:5:3, 2.6 mL) was added CAN (702 mg, 1.28 mmol) at 0 °C. After stirring for 5 min at 0 °C as the reaction was monitored by TLC (30:1 CHCl3–MeOH), the mixture was diluted with EtOAc, and then washed with H2O, satd. aq. NaHCO3 and brine. The organic layer was subsequently dried over Na2SO4, and concentrated. The residue was roughly purified by silica gel column chromatography (45:1 CHCl3–MeOH). The crude product was exposed to high vacuum, and then dissolved in pyridine (1.0 mL). Benzoic anhydride (66.3 mg, 293 µmol) and DMAP (1.2 mg, 9.8 µmol) were added to the solution at 0 °C. After stirring for 5.5 h at room temperature as the reaction was monitored by TLC (30:1 CHCl3–MeOH, developed twice), the reaction was quenched by the addition of MeOH at 0 °C. The mixture was co-evaporated with toluene, and the residue was then diluted with CHCl3, and washed with 2 M HCl, H2O and satd. aq. NaHCO3. The organic layer was subsequently dried over Na2SO4, and concentrated. The resulting residue was purified by silica gel column chromatography (50:1 CHCl3–MeOH). The obtained product was exposed to high vacuum, and then dissolved in DMF (890 µL). Hydrazine acetate (1.2 mg, 9.8 µmol) was added to the solution at 0 °C. After stirring for 9 h at room temperature as the reaction was monitored by TLC (30:1 CHCl3–MeOH, developed twice), the reaction mixture was diluted with EtOAc, and washed with H2O and brine. The organic layer was subsequently dried over Na2SO4, and concentrated. The resulting residue was purified by silica gel column chromatography (40:1 CHCl3–MeOH) to give 14 (96.2 mg, 52%, anomeric mixture): 1H NMR (500 MHz, CDCl3) δ 8.23–7.39 (m, 30H, 6Ph), 6.03 (d, 2H, JNH,5 = 10.3 Hz, NHb, NHb), 5.68–5.63 (m, 2H, H-8b, H-8b), 5.60–5.58 (m, 2H, H-2c, H-2c), 5.50 (d, 1H, J3,4 = 2.8 Hz, H-4c), 5.46 (d, 1H, J3,4 = 3.0 Hz, H-4c), 5.34–5.19 (m, 9H, H-8a, H-8a, H-7a, H-7a, NHa, NHa, H-1c, H-7b, H-7b), 5.14–5.08 (m, 2H, H-1c, H-3c), 5.03 (dd, 1H, J2,3 = 10.3 Hz, H-3c), 4.93–4.86 (m, 4H, H-4a, H-4a, H-4b, H-4b), 4.61 (m, 1H, H-5c), 4.53–4.45 (m, 3H, H-6ac, H-6ac, H-5c), 4.36–4.25 (m, 6H, H-6bc, H-9ab, H-9ab, H-6c, H-9aa, H-9aa), 4.15–3.96 (m, 12H, H-9ba, 2OCH2, H-5a, H-5a, H-5b, H-5b, H-9ba, H-6a, H-6a, H-9bb, H-9bb), 3.89, 3.84 and 3.83 (3s, 12H, 4OMe), 3.79–3.74 (m, 4H, 2OCH2, H-6b, H-6b), 2.67–2.63 (m, 2H, H-3eqa, H-3eqa), 2.55–2.51 (m, 2H, H-3eqb, H-3eqb), 2.22–1.88 (m, 50H, 16Ac, H-3axa, H-3axa), 1.70–1.66 (m, 7H, 2Ac, H-3axb), 1.65 (t, 1H, J3ax,4 = Jgem = 12.4 Hz, H-3axb); 13C NMR (125 MHz, CDCl3) δ 171.4, 171.0, 170.9, 170.7, 170.6, 170.3, 170.3, 170.2, 170.2, 170.0, 169.9, 168.7, 168.7, 168.3, 168.2, 167.6, 167.3, 165.9, 165.9, 165.9, 165.7, 133.5, 133.4, 133.3, 133.1, 133.1, 130.3, 130.2, 130.0, 129.9, 129.8, 129.8, 129.5, 129.3, 128.6, 128.6, 128.5, 128.3, 128.3, 98.4, 97.3, 97.0, 96.1, 92.0, 77.6, 73.5, 72.9, 72.5, 72.3, 71.2, 70.8, 69.9, 69.5, 68.8, 68.6, 68.5, 68.1, 67.7, 67.1, 67.0, 66.9, 63.7, 62.7, 62.6, 62.3, 62.2, 53.3, 53.3, 53.2, 49.3, 48.4, 37.7, 37.6, 37.4, 31.9, 29.7, 29.4, 23.2, 22.7, 21.5, 21.4, 21.0, 20.8, 20.7, 20.6; HRMS (ESI) m/z: found [M + Na]+ 1477.4329, C67H78N2O34 calcd for [M + Na]+ 1477.4328.

[Methyl 4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-(methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-d-glycero-α-d-galacto-2-nonulopyranosylonate)oxyacetamido-d-glycero-α-d-galacto-2-nonulopyranosylonate]-(2→3)-2,4,6-tri-O-benzoyl-d-galactopyranosyl trichloroacetimidate (15). To a solution of 14 (96.2 mg, 66.1 µmol) in CH2Cl2 (1.3 mL) were added trichloroacetonitrile (132 µL, 1.32 mmol) and DBU (2.0 µL, 13.2 µmol) at 0 °C. After stirring for 1.5 h at 0 °C as the reaction was monitored by TLC (30:1 CHCl3–MeOH, developed twice), the reaction mixture was evaporated. The resulting residue was purified by silica gel column chromatography (50:1 CHCl3–MeOH) to give 15 (85.8 mg, 81%, α:β = 1:1.4): 1H NMR (500 MHz, CDCl3); α isomer: δ 8.62 (s, 1H, C=NH), 8.19–7.36 (m, 15H, 3Ph), 6.87 (d, 1H, J1,2 = 3.8 Hz, H-1c), 6.10 (d, 1H, JNH,5 = 10.4 Hz, NHb), 5.72 (d, 1H, J3,4 = 3.0 Hz, H-4c), 5.67–5.62 (m, 2H, H-8b, H-2c), 5.52 (dd, 1H, J2,3 = 10.6 Hz, H-3c), 5.35 (dd, 1H, J6,7 = 2.2 Hz, H-7b), 5.32–5.25 (m, 3H, H-7a, H-8a, NHa), 4.92–4.85 (m, 2H, H-4a, H-4b), 4.52 (dd, 1H, J5,6a = 6.4 Hz, Jgem = 11.2 Hz, H-6ac), 4.35 (m, 1H, H-6bc), 4.26–4.21 (m, 2H, H-5c, H-9ab), 4.19–4.06 (m, 6H, H-5b, H-9bb, H-9aa, OCH2, H-5a, H-9ba), 3.96 (dd, 1H, J6,7 = 2.2 Hz, J5,6 = 10.7 Hz, H-6a), 3.86 (s, 3H, OMe), 3.83–3.80 (m, 5H, OCH2, H-6b, OMe), 2.68 (dd, 1H, J3eq,4 = 4.7 Hz, Jgem = 12.3 Hz, H-3eqa), 2.55 (dd, 1H, J3eq,4 = 4.6 Hz, Jgem = 12.4 Hz, H-3eqb), 2.21–1.88 (m, 28H, 9Ac, H-3axa), 1.68 (t, 1H, J3ax,4 = 12.4 Hz, H-3axb); β isomer: δ 8.70 (s, 1H, C=NH), 8.19–7.36 (m, 15H, 3Ph), 6.28 (d, 1H, J1,2 = 8.2 Hz, H-1c), 5.96 (d, 1H, JNH,5 = 10.3 Hz, NHb), 5.72 (m, 1H, H-2c), 5.64 (m, 1H, H-8b), 5.48 (d, 1H, J3,4 = 3.0 Hz, H-4c), 5.32–5.25 (m, 3H, H-8a, H-7a, NHa), 5.13 (dd, 1H, J6,7 = 2.6 Hz, J7,8 = 9.3 Hz, H-7b), 5.05 (dd, 1H, J2,3 = 10.0 Hz, H-3c), 4.93–4.82 (m, 2H, H-4a, H-4b), 4.56 (dd, 1H, J5,6a = 6.0 Hz, Jgem = 10.8 Hz, H-6ac), 4.42 (m, 1H, H-5c), 4.37–4.33 (m, 2H, H-6bc, H-9ab), 4.27 (m, 1H, H-9aa), 4.09–4.03 (m, 4H, H-6a, H-9ba, H-5a, OCH2), 3.94–3.88 (m, 2H, H-9bb, H-5b), 3.87 and 3.82 (2s, 6H, 2OMe), 3.74–3.70 (m, 2H, OCH2, H-6b), 2.64 (dd, 1H, J3eq,4 = 4.6 Hz, Jgem = 12.7 Hz, H-3eqa), 2.52 (dd, 1H, J3eq,4 = 4.4 Hz, Jgem = 12.3 Hz, H-3eqb), 2.21–1.88 (m, 28H, 9Ac, H-3axa), 1.61 (t, 1H, J3ax,4 = 12.3 Hz, H-3axb); 13C NMR (125 MHz, CDCl3); anomeric mixture (α:β = 1:1.4) δ 170.8, 170.8, 170.6, 170.6, 170.5, 170.5, 170.3, 170.2, 170.1, 169.9, 169.8, 169.7, 169.6, 168.6, 168.5, 168.2, 167.6, 167.5, 165.8, 165.8, 165.8, 165.7, 165.5, 165.0, 161.1, 160.8, 133.6, 133.3, 133.1, 133.0, 132.9, 130.1, 130.0, 129.9, 129.9, 129.8, 129.7, 129.3, 129.3, 128.6, 128.5, 128.3, 128.2, 128.1, 98.4, 96.9, 96.6, 96.5, 94.2, 90.9, 90.4, 77.2, 72.9, 72.8, 72.0, 71.9, 71.2, 70.1, 69.9, 69.3, 68.8, 68.7, 68.5, 68.1, 67.6, 67.4, 67.3, 67.1, 66.7, 63.7, 63.7, 62.6, 62.5, 62.1, 61.9, 53.2, 53.2, 49.2, 48.7, 48.1, 38.5, 37.4, 37.4, 37.3, 31.9, 29.6, 29.3, 23.1, 22.6, 21.4, 21.2, 21.0, 20.9, 20.8, 20.7, 20.7, 20.6, 20.6, 20.2; HRMS (ESI) m/z: found [M + Na]+ 1620.3426, C69H78Cl3N3O34 calcd for [M + Na]+ 1620.3425.

2-(Trimethylsilyl)ethyl [methyl 4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-(methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-d-glycero-α-d-galacto-2-nonulopyranosylonate)oxyacetamido-d-glycero-α-d-galacto-2-nonulopyranosylonate]-(2→3)-(2,4,6-tri-O-benzoyl-β-d-galactopyranosyl)-(1→4)-2,3,6-tri-O-benzyl-β-d-glucopyranoside (16). To a mixture of 15 (63.3 mg, 39.0 µmol) and 8 (43.6 mg, 79.0 µmol) in CH2Cl2 (1.6 mL) was added 4 Å molecular sieves (AW300, 150 mg) at room temperature. After stirring for 1 h, the mixture was cooled to 0 °C, and TMSOTf (0.7 µL, 4.0 µmol) was added at 0 °C. After stirring for 2 h at 0 °C as the reaction was monitored by TLC (30:1 CHCl3–MeOH), the reaction was quenched by the addition of satd. aq. NaHCO3. The solution was diluted with CHCl3 and filtered through Celite. The filtrate was then washed with satd. aq. NaHCO3 and brine. The organic layer was subsequently dried over Na2SO4, and concentrated. The resulting residue was purified by silica gel column chromatography (60:1 CHCl3–MeOH) to give 16 (55.8 mg, 78%): [α]D +2.4° (c 1.0, CHCl3); 1H NMR (500 MHz, CDCl3) δ 8.25–7.07 (m, 30H, 6Ph), 5.92 (d, 1H, JNH,5 = 10.4 Hz, NHb), 5.72 (td, 1H, J8,9a = 2.4 Hz, J7,8 = J8,9b = 9.7 Hz, H-8b), 5.48 (dd, 1H, J1,2 = 8.0 Hz, J2,3 = 9.9 Hz, H-2c), 5.34–5.27 (m, 3H, H-7a, PhCH2, H-8a), 5.23 (d, 1H, H-1c), 5.15–5.06 (m, 3H, NHa, H-4c, H-7b), 4.93–4.79 (m, 5H, H-4a, H-3c, 2PhCH2, H-4b), 4.66 (d, 1H, Jgem = 11.2 Hz, PhCH2), 4.42 (2d, 2H, Jgem = 12.0 Hz, PhCH2), 4.33–4.24 (m, 3H, H-6ac, H-1d, H-6a), 4.15–3.84 (m, 17H, H-9aa, H-5a, H-9ba, H-6ad, OCH2CH2Si, H-6bc, H-5c, H-5b, OCH2, H-9ab, H-9bb, 2OMe), 3.74–3.61 (m, 4H, H-4d, H-6b, H-6bd, OCH2), 3.56–3.51 (m, 2H, OCH2CH2Si, H-3d), 3.38–3.33 (m, 2H, H-2d, H-5d), 2.65 (dd, 1H, J3eq,4 = 4.7 Hz, Jgem = 12.9 Hz, H-3eqa), 2.50 (dd, 1H, J3eq,4 = 4.6 Hz, Jgem = 12.8 Hz, H-3eqb), 2.19–1.89 (m, 25H, 8Ac, H-3axa), 1.64 (t, 1H, J3ax,4 = 12.8 Hz, H-3axb), 1.46 (s, 3H, Ac), 1.04–0.99 (m, 2H, OCH2CH2Si), 0.01 (s, 9H, SiMe3); 13C NMR (125 MHz, CDCl3) δ 170.8, 170.6, 170.3, 170.2, 170.2, 170.0, 169.8, 168.5, 168.2, 167.6, 165.7, 165.5, 165.0, 139.0, 138.7, 138.6, 133.2, 132.9, 130.3, 130.0, 129.9, 129.9, 129.7, 129.4, 128.6, 128.4, 128.2, 128.2, 128.1, 128.0, 127.9, 127.4, 127.2, 127.2, 127.1, 126.9, 102.8, 100.7, 98.4, 96.9, 82.9, 81.9, 77.6, 74.9, 74.7, 74.4, 72.8, 72.0, 71.8, 71.7, 70.8, 69.1, 68.9, 68.7, 68.4, 68.2, 67.3, 67.1, 66.7, 63.7, 62.8, 62.1, 61.7, 53.2, 53.2, 49.3, 48.0, 37.5, 35.4, 29.7, 23.2, 21.4, 21.0, 20.8, 20.7, 20.7, 20.6, 20.4, 18.5, −1.5; HRMS (ESI) m/z: found [M + Na]+ 2009.6970, C99H118N2O39Si calcd for [M + Na]+ 2009.6973.

2-(Trimethylsilyl)ethyl [methyl 4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-(methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-d-glycero-α-d-galacto-2-nonulopyranosylonate)oxyacetamido-d-glycero-α-d-galacto-2-nonulopyranosylonate]-(2→3)-(2,4,6-tri-O-benzoyl-β-d-galactopyranosyl)-(1→4)-β-d-glucopyranoside (17). To a solution of 16 (48.8 mg, 24.0 µmol) in EtOAc (490 µL) was added Pd(OH)2/C (20%, 48.8 mg) at room temperature. After stirring for 2 h at room temperature under a hydrogen atmosphere as the reaction was monitored by TLC (30:1 CHCl3–MeOH, developed twice), the mixture was filtered through Celite. The filtrate was concentrated and the residue was purified by silica gel column chromatography (50:1 to 40:1 CHCl3–MeOH) to give 17 (39.8 mg, 97%): [α]D +155.0° (c 0.1, CHCl3); 1H NMR (500 MHz, CDCl3) δ 8.34–7.42 (m, 15H, 3Ph), 5.97 (d, 1H, JNH,5 = 10.4 Hz, NHb), 5.87 (td, 1H, J8,9a = 2.3 Hz, J7,8 = J8,9b = 9.6 Hz, H-8b), 5.55 (dd, 1H, J1,2 = 8.0 Hz, J2,3 = 10.0 Hz, H-2c), 5.36–5.28 (m, 4H, H-7a, H-8a, H-4c, NHa), 5.07 (dd, 1H, J6,7 = 2.6 Hz, H-7b), 5.02 (d, 1H, H-1c), 4.96–4.89 (m, 2H, H-3c, H-4a), 4.82 (td, 1H, J3eq,4 = 4.4 Hz, J3ax,4 = J4,5 = 11.7 Hz, H-4b), 4.56–4.51 (m, 2H, OCH2, H-9ab), 4.38–4.25 (m, 5H, OCH2, H-9aa, H-1d, H-9ba, H-6ac), 4.15 (dd, 1H, J6,7 = 1.7 Hz, J5,6 = 10.7 Hz, H-6a), 4.11–4.04 (m, 3H, H-5c, H-5a, H-6bc), 3.98–3.76 (m, 10H, OCH2CH2Si, H-6ad, H-5b, 2OMe, H-9bb), 3.73–3.64 (m, 4H, H-6bd, H-4d, H-5d, H-6b), 3.57–3.50 (m, 2H, H-3d, OCH2CH2Si), 3.43 (t, 1H, J1,2 = J2,3 = 8.5 Hz, H-2d), 3.26 (d, 1H, JOH,2 = 9.4 Hz, OH-2d), 2.98 (s, 1H, OH-4d), 2.65 (dd, 1H, J3eq,4 = 4.6 Hz, Jgem = 12.8 Hz, H-3eqa), 2.56–2.53 (m, 2H, H-3eqb, OH-6d), 2.25–1.90 (m, 25H, 8Ac, H-3axa), 1.63 (t, 1H, Jgem = 12.5 Hz, H-3axb), 1.09–0.94 (m, 2H, OCH2CH2Si), 0.02 (s, 9H, SiMe3); 13C NMR (125 MHz, CDCl3) δ 172.3, 170.9, 170.8, 170.6, 170.2, 170.2, 169.9, 169.9, 168.5, 168.2, 167.5, 165.9, 165.7, 165.1, 133.5, 133.3, 133.2, 130.5, 130.0, 129.9, 129.4, 129.1, 129.0, 128.6, 128.5, 128.2, 101.8, 101.6, 98.3, 96.8, 79.8, 77.6, 77.3, 77.0, 76.7, 74.5, 74.3, 73.8, 72.8, 71.7, 71.5, 71.2, 70.6, 68.8, 68.7, 68.4, 68.2, 67.3, 67.3, 67.0, 66.5, 63.9, 63.6, 62.3, 62.1, 59.9, 53.3, 53.2, 49.2, 47.9, 37.4, 37.3, 31.9, 30.0, 29.6, 29.3, 27.0, 23.1, 22.6, 21.4, 21.0, 20.8, 20.8, 20.7, 20.6, 20.5, 18.1, 14.1, −1.5; HRMS (ESI) m/z: found [M + Na]+ 1739.5563, C78H100N2O39Si calcd for [M + Na]+ 1739.5565.

2-(Trimethylsilyl)ethyl [5-(5-acetamido-3,5-dideoxy-d-glycero-α-d-galacto-2-nonulopyranosylonic acid)oxyacetamido-3,5-dideoxy-d-glycero-α-d-galacto-2-nonulopyranosylonic acid]-(2→3)-(β-d-galactopyranosyl)-(1→4)-β-d-glucopyranoside (3). To a solution of 17 (39.8 mg, 23.0 µmol) in pyridine (2.3 mL) was added lithium chloride (27.3 mg, 345 µmol) at room temperature. After stirring for 18 h under reflux as the reaction was monitored by TLC (10:1 CHCl3–MeOH, 4:1:0.1 CHCl3–MeOH–H2O), the reaction mixture was co-evaporated with toluene. The resulting residue was purified by gel filtration column chromatography (Sephadex LH-20) using MeOH as eluent. The product obtained was exposed to high vacuum and then dissolved in 0.1 M aq NaOH (250 µL). After stirring for 1 week at room temperature as the reaction was monitored by TLC (5:4:1 CHCl3–MeOH–H2O), the reaction mixture was neutralized with Dowex (H+) resin. The resin was filtered through cotton wool, and the filtrate was concentrated. The residue was purified by silica gel column chromatography (6:4:1 CHCl3–MeOH–H2O) followed by gel filtration column chromatography (Sephadex LH-20) using MeOH as eluent to give 3 (17.2 mg, 80%): [α]D –0.5° (c 0.1, MeOH); 1H NMR (500 MHz, CD3OD) δ 4.50 (d, 1H, J1,2 = 7.8 Hz, H-1c), 4.39 (d, 1H, J1,2 = 7.9 Hz, H-1d), 4.32 (d, 1H, Jgem = 15.6 Hz, OCH2), 4.13 (d, 1H, OCH2), 4.09 (dd, 1H, J3,4 = 3.0 Hz, J2,3 = 9.8 Hz, H-3c), 4.01 (td, 1H, OCH2CH2Si), 3.96–3.48 (m, 25H, H-4a, H-5a, H-6a, H-7a, H-8a, H-9aa, H-9ba, H-4b, H-5b, H-6b, H-7b, H-8b, H-9ab, H-9bb, H-2c, H-4c, H-5c, H-6ac, H-6bc, H-2d, H-4d, H-5d, H-6ad, H-6bd, OCH2CH2Si), 3.27 (t, 1H, J2,3 = J3,4 = 7.9 Hz, H-3d), 2.81 (m, 2H, H-3eqa, H-3eqb), 2.04 (s, 3H, Ac), 1.79 (m, 2H, H-3axa, H-3axb), 1.08 (td, 1H, OCH2CH2Si), 0.98 (td, 1H, OCH2CH2Si), 0.03 (s, 9H, SiMe3); 13C NMR (125 MHz, CD3OD) δ 175.9, 175.0, 174.4, 173.8, 104.3, 103.2, 101.5, 101.0, 80.1, 77.1, 76.6, 76.1, 76.0, 74.3, 74.2, 74.0, 72.7, 69.7, 69.3, 68.7, 64.2, 64.0, 53.4, 49.8, 49.7, 49.6, 49.5, 49.5, 49.1, 41.2, 22.8, 18.9, −1.5; HRMS (ESI) m/z: found [M − 2H + Na]− 1061.3476, C39H66N2O28Si calcd for [M − 2H + Na]− 1061.3475.

2-(Trimethylsilyl)ethyl [methyl 4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-(2,2,2-trichloroethoxycarbamoyl)-d-glycero-α-d-galacto-2-nonulopyranosylonate]-(2→3)-2,6-di-O-benzyl-β-d-galactopyranoside (20). To a mixture of 18 (100 mg, 218 µmol) and 19 (157 mg, 218 µmol) in propionitrile (2.2 mL) were added 3 Å molecular sieves (325 mg) and NIS (75.4 mg, 336 µmol) at room temperature. After stirring for 1 h, the mixture was cooled to −50 °C. TESOTf (7.5 µL, 3.3 µmol) was then added to the mixture at −50 °C. After stirring for 3.5 h at −50 °C as the reaction was monitored by TLC (1:1 EtOAc–n-hexane), the solution was diluted with CHCl3 and filtered through Celite. The filtrate was then washed with satd. aq. Na2S2O3, satd. aq. NaHCO3 and brine. The organic layer was subsequently dried over Na2SO4, and concentrated. The residue was purified by silica gel column chromatography (1:7 EtOAc–toluene) to give 20 (107 mg, 46%) and its β-isomer (4 mg, 2%): α-isomer: [α]D –8.0° (c 0.1, CHCl3); 1H NMR (400 MHz, CDCl3) δ 7.42–7.23 (m, 10H, 2Ph), 5.40 (m, 1H, H-8b), 5.36 (dd, 1H, J6,7 = 2.0 Hz, J7,8 = 8.6 Hz, H-7b), 4.95 (td, 1H, J3eq,4 = 4.8 Hz, J3ax,4 = J4,5 = 11.5 Hz, H-4b), 4.87 (d, 1H, Jgem = 12.4 Hz, OCH2), 4.84 (d, 1H, Jgem = 11.7 Hz, OCH2), 4.79 (d, 1H, JNH,5 = 10.3 Hz, NHb), 4.71 (d, 1H, OCH2), 4.57 (s, 2H, OCH2), 4.47 (d, 1H, OCH2), 4.43 (d, 1H, J1,2 = 7.6 Hz, H-1c), 4.26 (dd, 1H, J8,9a = 2.8 Hz, Jgem = 12.7 Hz, H-9ab), 4.13–4.08 (m, 2H, H-3c, H-6b), 4.04–3.99 (m, 2H, OCH2CH2Si, H-9bb), 3.81–3.58 (m, 9H, H-5b, H-4c, H-5c, H-6ac, H-6bc, OCH2CH2Si, OMe), 3.51 (dd, 1H, J2,3 = 9.7 Hz, H-2c), 2.72 (m, 2H, H-3eqb, OH-4c), 2.09–1.92 (m, 13H, 4Ac, H-3axb), 1.02 (t, 2H, OCH2CH2Si), 0.00 (s, 9H, SiMe3); 13C NMR (100 MHz, CDCl3) δ 170.6, 170.3, 169.9, 168.5, 154.1, 139.1, 138.2, 128.4, 128.1, 127.8, 127.6, 127.6, 103.2, 97.7, 95.3, 77.6, 75.7, 74.5, 73.5, 72.6, 72.2, 69.3, 68.5, 68.3, 68.2, 67.4, 67.3, 62.2, 53.1, 51.5, 37.0, 21.1, 20.8, 20.6, 18.5, −1.4; MALDI m/z: found [M + Na]+ 1088.32, C46H62Cl3NO19Si calcd for [M + Na]+ 1088.16.

2-(Trimethylsilyl)ethyl (methyl 4,7,8,9-tetra-O-acetyl-5-amino-3,5-dideoxy-d-glycero-α-d-galacto-2-nonulopyranosylonate)-(2→3)-2,6-di-O-benzyl-β-d-galactopyranoside (21). To a solution of 20 (20.0 mg, 18.7 µmol) in acetonitrile/AcOH (4:1, 1.3 mL) was added zinc powder (100 mg) at room temperature. After stirring for 40 min at room temperature as the reaction was monitored by TLC (15:1 CHCl3–MeOH), the mixture was filtered through Celite. The filtrate was concentrated, and the resulting residue was purified by silica gel column chromatography (60:1 CHCl3–MeOH) to give 21 (15.2 mg, 92%): [α]D –11.5° (c 1.0, CHCl3); 1H NMR (500 MHz, CDCl3) δ 7.39–7.26 (m, 10H, 2Ph), 5.45 (s, 2H, H-7b, H-8b), 4.82 (d, 1H, Jgem = 11.5 Hz, PhCH2), 4.70 (d, 1H, PhCH2), 4.64–4.58 (m, 3H, H-4b, PhCH2), 4.42 (d, 1H, J1,2 = 7.8 Hz, H-1c), 4.29 (m, 1H, H-9ab), 4.12 (m, 1H, H-9bb), 4.08–4.00 (m, 2H, H-3c, OCH2CH2Si), 3.83–3.72 (m, 7H, H-4c, OMe, H-6ac, H-6b, H-6bc), 3.63–3.58 (m, 2H, H-5c, OCH2CH2Si), 3.51 (dd, 1H, J2,3 = 9.5 Hz, H-2c), 2.66 (dd, 1H, J3eq,4 = 4.6 Hz, Jgem = 12.9 Hz, H-3eqb), 2.59–2.53 (m, 2H, OH-4c, H-5b), 2.11, 2.04 and 1.93 (3s, 12H, 4Ac), 1.80 (t, 1H, J3ax,4 = 12.9 Hz, H-3axb), 1.05–1.01 (m, 2H, OCH2CH2Si), 0.00 (s, 9H, SiMe3); 13C NMR (125 MHz, CDCl3) δ 170.6, 170.6, 170.2, 169.9, 168.5, 139.1, 138.2, 128.3, 128.1, 127.9, 127.6, 127.6, 127.4, 103.2, 98.0, 77.6, 77.6, 75.6, 75.1, 74.9, 73.5, 72.8, 71.9, 69.3, 68.4, 68.1, 67.9, 67.3, 62.1, 52.9, 51.0, 36.3, 29.7, 21.1, 21.0, 20.7, 20.5, 18.5, −1.4; HRMS (ESI) m/z: found [M + Na]+ 914.3604, C43H61NO17Si calcd for [M + Na]+ 914.3601.

2-(Trimethylsilyl)ethyl [methyl 4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-(methyl 4,7,9-tri-O-acetyl-5-diacetamido-3,5-dideoxy-8-O-methyl-d-glycero-α-d-galacto-2-nonulopyranosylonate)oxyacetamido-d-glycero-α-d-galacto-2-nonulopyranosylonate]-(2→3)-2,6-di-O-benzyl-β-d-galactopyranoside (23). To a mixture of 22 (86.2 mg, 153 μmol) and 21 (209 mg, 230 μmol) in acetonitrile (3.1 mL) were added EDC·HCl (52.8 mg, 275 µmol) and HOBt (10.3 mg, 76 μmol) at room temperature. After stirring for 5 h at room temperature as the reaction was monitored by TLC (15:1 CHCl3–MeOH), the mixture was diluted with EtOAc. The solution was then washed with 2 M HCl, satd. aq. NaHCO3 and brine. The organic layer was subsequently dried over Na2SO4, and concentrated. The resulting residue was purified by silica gel column chromatography (55:1 CHCl3–MeOH) to give 23 (199 mg, 91%): [α]D −15.0° (c 0.1, CHCl3); 1H NMR (500 MHz, CDCl3) δ 7.42–7.24 (m, 10H, 2Ph), 6.21 (d, 1H, JNH,5 = 10.2 Hz, NHb), 5.61 (td, 1H, J3eq,4 = 5.5 Hz, J3ax,4 = J4,5 = 9.5 Hz, H-4a), 5.44 (td, 1H, J8,9a = 2.6 Hz, J7,8 = J8,9b = 8.3 Hz, H-8b), 5.25 (dd, 1H, J6,7 = 2.1 Hz, H-7b), 4.99 (dd, 1H, J6,7 = 1.4 Hz, J5,6 = 10.3 Hz, H-6a), 4.94 (dd, 1H, J7,8 = 8.3 Hz, H-7a), 4.90–4.84 (m, 2H, H-4b, PhCH2), 4.72 (d, 1H, Jgem = 11.8 Hz, PhCH2), 4.59 (2d, 2H, Jgem = 13.2 Hz, PhCH2), 4.45 (d, 1H, J1,2 = 7.7 Hz, H-1c), 4.32–4.25 (m, 3H, H-9aa, H-9ab, H-5a), 4.22–3.93 (m, 11H, OCH2, H-3c, H-5b, H-6b, OCH2, H-9bb, H-9ba, OCH2CH2Si, CO2Me), 3.81–3.59 (m, 9H, CO2Me, H-4c, H-6ac, H-6bc, H-5c, H-8a, OCH2CH2Si), 3.52 (dd, 1H, J2,3 = 9.5 Hz, H-2c), 3.45 (s, 3H, OMe), 2,89 (dd, 1H, Jgem = 13.2 Hz, H-3eqa), 2.62–2.57 (m, 2H, OH-4c, H-3eqb), 2.38–1.93 (m, 29H, 9Ac, H-3axb, H-3axa), 1.04–1.01 (m, 2H, OCH2CH2Si), 0.01 (s, 9H, SiMe3); 13C NMR (125 MHz, CDCl3) δ 174.2, 173.6, 170.8, 170.3, 169.9, 169.8, 169.0, 168.7, 167.6, 139.2, 138.2, 128.3, 128.1, 127.7, 127.6, 127.5, 127.3, 103.1, 98.7, 97.9, 77.7, 77.6, 77.2, 76.6, 75.7, 74.8, 73.5, 72.8, 72.6, 70.4, 69.3, 68.6, 68.5, 68.2, 68.0, 67.3, 67.0, 63.5, 62.4, 61.5, 58.1, 56.6, 53.2, 53.0, 48.5, 38.0, 37.0, 29.6, 28.0, 26.1, 22.6, 21.1, 20.9, 20.8, 20.7, 20.7, 20.7, 18.4, 14.1, −1.5; HRMS (ESI) m/z: found [M + Na]+ 1459.5345, C66H92N2O31Si calcd for [M + Na]+ 1459.5346.

2-(Trimethylsilyl)ethyl [methyl 4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-(methyl 5-acetamido-4,7,9-tri-O-acetyl-3,5-dideoxy-8-O-methyl-d-glycero-α-d-galacto-2-nonulopyranosylonate)oxyacetamido-d-glycero-α-d-galacto-2-nonulopyranosylonate]-(2→3)-2,6-di-O-benzyl-β-d-galactopyranoside (24). To a solution of 23 (49.5 mg, 34.0 µmol) in THF (1.4 mL) was added hydrazine acetate (9.5 mg, 100 µmol) at 0 °C. After stirring for 5 h at room temperature as the reaction was monitored by TLC (15:1 CHCl3–MeOH), the mixture was diluted with EtOAc. The solution was then washed with 2 M HCl, H2O, satd. aq. NaHCO3 and brine. The organic layer was subsequently dried over Na2SO4, and concentrated. The resulting residue was purified by silica gel column chromatography (50:1 CHCl3–MeOH) to give 24 (46.9 mg, 99%): [α]D −65.0° (c 0.1, CHCl3); 1H NMR (500 MHz, CDCl3) δ 7.42–7.24 (m, 10H, 2Ph), 6.23 (d, 1H, JNH,5 = 10.0 Hz, NHb), 5.44 (td, 1H, J8,9a = 2.7 Hz, J7,8 = J8,9b = 8.0 Hz, H-8b), 5.28 (d, 1H, JNH,5 = 10.0 Hz, NHa), 5.23 (dd, 1H, J6,7 = 2.1 Hz, H-7b), 5.13 (dd, 1H, J6,7 = 1.8 Hz, J7,8 = 9.3 Hz, H-7a), 5.01 (td, 1H, J3eq,4 = 4.8 Hz, J3ax,4 = J4,5 = 11.5 Hz, H-4a), 4.92–4.84 (m, 2H, H-4b, PhCH2), 4.73 (d, 1H, Jgem = 11.8 Hz, PhCH2), 4.59 (2d, 2H, Jgem = 13.5 Hz, PhCH2), 4.44 (d, 1H, J1,2 = 7.7 Hz, H-1c), 4.31 (dd, 1H, Jgem = 12.4 Hz, H-9ab), 4.25–3.90 (m, 12H, OCH2, H-9aa, H-3c, H-5b, H-5a, H-9ba, OCH2CH2Si, H-9bb, OCH2, CO2Me), 3.81–3.59 (m, 9H, CO2Me, H-4c, H-6ac, H-6bc, H-8a, H-5c, OCH2CH2Si), 3.54–3.49 (m, 4H, H-2c, OMe), 2.74 (dd, 1H, Jgem = 12.9 Hz, H-3eqa), 2.64 (br s, 1H, OH-4c), 2.59 (dd, 1H, J3eq,4 = 4.6 Hz, Jgem = 13.0 Hz, H-3eqb), 2.13–1.88 (m, 26H, 8Ac, H-3axb, H-3axa), 1.04–1.01 (m, 2H, OCH2CH2Si), 0.01 (s, 9H, SiMe3); 13C NMR (125 MHz, CDCl3) δ 170.8, 170.8, 170.5, 170.3, 170.2, 170.0, 169.8, 168.8, 168.7, 167.8, 139.1, 138.2, 128.3, 128.1, 127.7, 127.6, 127.5, 127.3, 103.1, 98.6, 98.0, 77.7, 77.6, 77.2, 75.9, 75.7, 74.8, 73.5, 72.8, 72.6, 72.6, 69.3, 69.1, 68.6, 68.4, 68.2, 68.0, 67.4, 67.3, 63.5, 62.5, 61.7, 58.4, 53.1, 53.0, 49.2, 48.7, 37.5, 36.9, 31.9, 29.6, 23.2, 22.6, 21.1, 20.8, 20.7, 20.7, 20.6, 18.4, 14.1, −1.5; HRMS (ESI) m/z: found [M + Na]+ 1417.5242, C64H90N2O30Si calcd for [M + Na]+ 1417.5240.

2-(Trimethylsilyl)ethyl [5-(5-acetamido-3,5-dideoxy-8-O-methyl-d-glycero-α-d-galacto-2-nonulopyranosylonic acid)oxyacetamido-3,5-dideoxy-d-glycero-α-d-galacto-2-nonulopyranosylonic acid]-(2→3)-β-d-galactopyranoside (4). To a solution of 24 (46.9 mg, 33.0 µmol) in EtOAc (1.3 mL) was added Pd(OH)2/C (20%, 46.9 mg) at room temperature. After stirring for 1 h at room temperature under a hydrogen atmosphere as the reaction was monitored by TLC (15:1 CHCl3–MeOH), the mixture was filtered through Celite. The filtrate was concentrated and the crude residue obtained was exposed to high vacuum overnight. The resulting residue was then dissolved in pyridine (3.3 mL), and lithium chloride (27.3 mg, 495 µmol) was added at room temperature. After stirring for 42 h under reflux as the reaction was monitored by TLC (4:1:0.1 CHCl3–MeOH–AcOH), the reaction mixture was co-evaporated with toluene. The obtained residue was purified by gel filtration column chromatography (Sephadex LH-20) using MeOH as eluent. The product was exposed to high vacuum and then dissolved in 0.1 M aq NaOH (5.0 mL). After stirring for 2 h at room temperature as the reaction was monitored by TLC (6:4:1 CHCl3–MeOH–H2O), the reaction mixture was neutralized with Dowex (H+) resin. The resin was filtered through cotton wool, and the filtrate was then evaporated. The residue was purified by silica gel column chromatography (6:4:1 CHCl3–MeOH–H2O), followed by gel filtration column chromatography (Sephadex LH-20) using MeOH as eluent to give 4 (23.3 mg, 79%): [α]D +75.0° (c 0.1, MeOH); 1H NMR (500 MHz, CD3OD) δ 4.52–3.31 (m, 28H, H-4a, H-5a, H-6a, H-7a, H-8a, H-9aa, H-9ba, H-4b, H-5b, H-6b, H-7b, H-8b, H-9ab, H-9bb, H-1c, H-2c, H-3c, H-4c, H-5c, H-6ac, H-6bc, OCH2, OCH2CH2Si, OMe), 2.88 (br d, 1H, H-3eqa), 2.86 (br d, 1H, H-3eqb), 2.02 (s, 3H, Ac), 1.76–1.74 (m, 2H, H-3axa, H-3axb), 1.09–0.94 (m, 2H, OCH2CH2Si), 0.07 (s, 9H, SiMe3); 13C NMR (125 MHz, CD3OD) δ 175.5, 175.3, 175.3, 175.2, 104.2, 81.4, 79.4, 78.0, 76.4, 74.7, 74.4, 73.1, 70.8, 69.3, 68.9, 68.0, 63.4, 62.6, 61.7, 59.1, 54.0, 53.7, 49.8, 49.7, 49.6, 49.5, 42.0, 30.7, 22.8, 19.1, −1.6; HRMS (ESI) m/z: found [M − 2H + Na]− 913.3095, C34H58N2O23Si calcd for [M − 2H + Na]− 913.3097.

Methyl [2-(trimethylsilyl)ethyl 4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-(2,2,2-trichloroethoxycarbamoyl)-d-glycero-α-d-galacto-2-nonulopyranosid]onate (25). To a mixture of 18 (1.0 g, 1.39 mmol) and 2-(trimethylsilyl)ethanol (1.0 mL, 6.97 mmol) in propionitrile (14 mL) were added 3 Å molecular sieves (1.4 g) and NIS (470 mg, 2.08 mmol) at room temperature. After stirring for 1 h, the mixture was cooled to −40 °C. TfOH (18.3 µL, 210 µmol) was then added to the mixture at −40 °C. After stirring for 5 days at −40 °C as the reaction was monitored by TLC (1:5 EtOAc–toluene), the reaction was quenched by the addition of triethylamine. The solution was diluted with CHCl3 and filtered through Celite. The filtrate was then washed with satd. aq. Na2S2O3 and brine. The organic layer was subsequently dried over Na2SO4, and concentrated. The residue was purified by silica gel column chromatography (1:5 EtOAc–toluene) to give 25 (654 mg, 65%, α:β = 6.2:1): [α]D –5.0° (c 1.0, CHCl3); 1H NMR (500 MHz, CDCl3) δ 5.39 (s, 2H, H-7, H-8), 4.96–4.84 (m, 3H, H-4, OCH2, NH), 4.48 (d, 1H, Jgem = 12.1 Hz, OCH2), 4.29 (dd, 1H, J8,9a = 1.8 Hz, Jgem = 11.7 Hz, H-9a), 4.19–4.12 (m, 2H, H-6, H-9b), 3.89 (m, 1H, OCH2CH2Si), 3.80 (s, 3H, OMe), 3.64 (q, 1H, J4,5 = J5,6 = J5,NH = 10.3 Hz, H-5), 3.34 (m, 1H, OCH2CH2Si), 2.64 (dd, 1H, J3eq,4 = 4.7 Hz, Jgem = 12.6 Hz, H-3eq), 2.14–2.01 (m, 12H, 4Ac), 1.87 (t, 1H, J3ax,4 = 12.6 Hz, H-3ax), 0.91–0.85 (m, 2H, OCH2CH2Si), 0.03 (s, 9H, SiMe3); 13C NMR (125 MHz, CDCl3) δ 170.6, 170.4, 170.1, 169.7, 168.3, 154.1, 98.4, 95.4, 74.5, 71.8, 68.6, 68.3, 67.5, 62.6, 62.2, 52.6, 51.8, 38.4, 21.0, 20.8, 20.8, 20.7, 18.0, −1.4; HRMS (ESI) m/z: found [M + Na]+ 746.1180, C26H40Cl3NO14Si calcd for [M + Na]+ 746.1176.

Methyl [2-(trimethylsilyl)ethyl 4,7,8,9-tetra-O-acetyl-5-amino-3,5-dideoxy-d-glycero-α-d-galacto-2-nonulopyranosid]onate (26). To a solution of 25 (40.0 mg, 55.0 µmol) in acetonitrile/AcOH (4:1, 1.8 mL) was added zinc powder (200 mg) at room temperature. After stirring for 5 h at room temperature as the reaction was monitored by TLC (15:1 CHCl3–MeOH), the mixture was filtered through Celite. The filtrate was concentrated and the residue was purified by silica gel column chromatography (60:1 CHCl3–MeOH) to give 26 (27.0 mg, 90%): [α]D –8.5° (c 1.0, CHCl3); 1H NMR (500 MHz, CDCl3) δ 5.39 (s, 2H, H-7, H-8), 4.96–4.84 (m, 3H, H-4, OCH2, NH), 4.48 (d, 1H, Jgem = 12.1 Hz, OCH2), 4.29 (dd, 1H, J8,9a = 1.8 Hz, Jgem = 11.7 Hz, H-9a), 4.19–4.12 (m, 2H, H-6, H-9b), 3.90–3.87 (m, 1H, OCH2CH2Si), 3.80 (s, 3H, OMe), 3.64 (q, 1H, J4,5 = J5,6 = J5,NH = 10.3 Hz, H-5), 3.35–3.32 (m, 1H, OCH2CH2Si), 2.64 (dd, 1H, J3eq,4 = 4.7 Hz, Jgem = 12.6 Hz, H-3eq), 2.14–2.01 (m, 12H, 4Ac), 1.87 (t, 1H, J3ax,4 = 12.6 Hz, H-3ax), 0.91–0.85 (m, 2H, OCH2CH2Si), 0.03 (s, 9H, SiMe3); 13C NMR (125 MHz, CDCl3) δ 170.8, 170.7, 170.3, 169.9, 168.2, 98.3, 74.6, 71.9, 68.0, 67.9, 62.3, 62.0, 52.4, 51.2, 37.8, 21.0, 20.8, 20.7, 17.9, –1.4; HRMS (ESI) m/z: found [M + Na]+ 572.2137, C23H39NO12Si calcd for [M + Na]+ 572.2134.

2-(Trimethylsilyl)ethyl [methyl 4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-(methyl 4,7,9-tri-O-acetyl-5-diacetamido-3,5-dideoxy-8-O-methyl-d-glycero-α-d-galacto-2-nonulopyranosylonate)oxyacetamido-d-glycero-α-d-galacto-2-nonulopyranosid]onate (27). To a solution of 22 (50.0 mg, 76.0 μmol) and 26 (76.0 mg, 143 μmol) in acetonitrile (3.1 mL) were added EDC·HCl (26.0 mg, 137 μmol) and HOBt (5.0 mg, 38.0 μmol) at room temperature. After stirring for 5 h at room temperature as the reaction was monitored by TLC (15:1 CHCl3–MeOH), the mixture was diluted with EtOAc. The solution was then washed with 2 M HCl, satd. aq. NaHCO3 and brine. The organic layer was subsequently dried over Na2SO4, and concentrated. The resulting residue was purified by silica gel column chromatography (80:1 CHCl3–MeOH) to give 27 (66.0 mg, 79%): [α]D –2.0° (c 1.0, CHCl3); 1H NMR (500 MHz, CDCl3) δ 6.20 (d, 1H, JNH,5 = 9.8 Hz, NHb), 5.62 (td, 1H, J3eq,4 = 5.6 Hz, J3ax,4 = J4,5 = 9.9 Hz, H-4a), 5.42 (td, 1H, J8,9a = 2.8 Hz, J7,8 = J8,9b = 8.4 Hz, H-8b), 5.26 (dd, 1H, J6,7 = 1.5 Hz, H-7b), 5.00 (dd, 1H, J6,7 = 1.5 Hz, J5,6 = 10.3 Hz, H-6a), 4.94 (dd, 1H, J7,8 = 8.4 Hz, H-7a), 4.86 (td, 1H, J3eq,4 = 5.6 Hz, J3ax,4 = J4,5 = 7.8 Hz, H-4b), 4.32–3.99 (m, 9H, H-9ab, H-9aa, OCH2, H-5a, H-5b, H-9ba, H-9bb, H-6b), 3.94–3.88 (m, 4H, CO2Me, OCH2CH2Si), 3.82 (s, 3H, CO2Me), 3.55 (td, 1H, J8,9a = 2.9 Hz, J8,9b = 4.2 Hz, H-8a), 3.46 (s, 3H, OMe), 3.32 (m, 1H, OCH2CH2Si), 2.90 (dd, 1H, Jgem = 13.2 Hz, H-3eqa), 2.63 (dd, 1H, Jgem = 12.6 Hz, H-3eqb), 2.38 and 2.31 (2s, 6H, 2Ac), 2.16–1.91 (m, 23H, 7Ac, H-3axa, H-3axb), 0.93–0.85 (m, 2H, OCH2CH2Si), 0.04 (s, 9H, SiMe3); 13C NMR (125 MHz, CDCl3) δ 174.2, 173.6, 170.8, 170.5, 170.4, 170.1, 169.9, 169.8, 169.7, 168.9, 168.5, 167.5, 98.6, 98.5, 77.2, 76.5, 72.4, 70.4, 68.7, 68.3, 68.0, 67.4, 67.0, 63.5, 62.6, 62.4, 61.4, 58.1, 56.6, 53.2, 52.9, 48.7, 38.3, 38.0, 29.6, 28.0, 26.1, 21.0, 20.9, 20.8, 20.8, 20.8, 20.7, 20.7, 17.9, −1.3, −1.7; HRMS (ESI) m/z: found [M + Na]+ 1117.3883, C46H70N2O26Si calcd for [M + Na]+ 1117.3884.

Methyl [2-(trimethylsilyl)ethyl 4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-(methyl 5-acetamido-4,7,9-tri-O-acetyl-3,5-dideoxy-8-O-methyl-d-glycero-α-d-galacto-2-nonulopyranosylonate)oxyacetamido-d-glycero-α-d-galacto-2-nonulopyranosid]onate (28). To a solution of 27 (65.6 mg, 59.0 µmol) in THF (2.4 mL) was added hydrazine acetate (16.6 mg, 180 µmol) at 0 °C. After stirring for 3.5 h at room temperature as the reaction was monitored by TLC (15:1 CHCl3–MeOH), the mixture was diluted with EtOAc. The solution was then washed with 2 M HCl, H2O, satd. aq. NaHCO3 and brine. The organic layer was subsequently dried over Na2SO4, and concentrated. The resulting residue was purified by silica gel column chromatography (50:1 CHCl3–MeOH) to give 28 (61.3 mg, 99%): [α]D −14.0° (c 1.0, CHCl3); 1H NMR (500 MHz, CDCl3) δ 6.23 (d, 1H, JNH,5 = 9.7 Hz, NHb), 5.42 (td, 1H, J8,9a = 2.6 Hz, J7,8 = J8,9b = 6.1 Hz, H-8b), 5.27–5.23 (m, 2H, NHa, H-7b), 5.13 (dd, 1H, J6,7 = 1.8 Hz, J7,8 = 9.3 Hz, H-7a), 5.01 (td, 1H, J3eq,4 = 4.6 Hz, J3ax,4 = J4,5 = 11.6 Hz, H-4a), 4.88 (td, 1H, J3eq,4 = 4.6 Hz, J3ax,4 = J4,5 = 10.0 Hz, H-4b), 4.31 (dd, 1H, Jgem = 12.4 Hz, H-9ab), 4.28–4.01 (m, 8H, H-9aa, OCH2, H-5b, H-6a, H-9bb, H-5a, H-9ba, H-6b), 3.94–3.88 (m, 5H, OCH2, CO2Me, OCH2CH2Si), 3.82 (s, 3H, CO2Me), 3.69 (td, 1H, J8,9a = 3.2 Hz, J8,9b = 9.3 Hz, H-8a), 3.49 (s, 3H, OMe), 3.32 (td, 1H, OCH2CH2Si), 2.74 (dd, 1H, Jgem = 12.9 Hz, H-3eqa), 2.63 (dd, 1H, Jgem = 12.8 Hz, H-3eqb), 2.15–1.89 (m, 26H, 8Ac, H-3axa, H-3axb), 0.96–0.84 (m, 2H, OCH2CH2Si), 0.03 (s, 9H, SiMe3); 13C NMR (125 MHz, CDCl3) δ 170.8, 170.8, 170.5, 170.4, 170.2, 169.8, 168.7, 168.6, 167.8, 98.6, 98.6, 77.2, 75.9, 72.6, 72.5, 69.1, 68.6, 68.5, 68.0, 67.8, 63.5, 62.6, 62.5, 61.7, 58.4, 53.1, 52.6, 49.2, 48.9, 38.3, 37.5, 29.6, 23.2, 21.0, 20.8, 20.8, 20.7, 17.9, −1.5; HRMS (ESI) m/z: found [M + Na]+ 1075.3772, C44H68N2O25Si calcd for [M + Na]+ 1075.3773.

3,5-Dideoxy-[2-(trimethylsilyl)ethyl 5-acetamido-3,5-dideoxy-8-O-methyl-d-glycero-α-d-galacto-2-nonulopyranosylonic acid]oxyacetamido-d-glycero-α-d-galacto-2-nonulopyranosidonic acid (5). To a solution of 28 (61.3 mg, 58.0 µmol) in pyridine (5.8 mL) was added lithium chloride (36.9 mg, 870 µmol) at room temperature. After stirring for 22 h under reflux as the reaction was monitored by TLC (6:4:0.1 CHCl3–MeOH–AcOH), the reaction mixture was co-evaporated with toluene. The crude residue was purified by gel filtration column chromatography (Sephadex LH-20) using MeOH as eluent. The product was exposed to high vacuum and then dissolved in 0.1 M aq NaOH (5.0 mL). After stirring for 2 h at room temperature as the reaction was monitored by TLC (5:4:1 CHCl3–MeOH–H2O), the reaction mixture was neutralized with Dowex (H+) resin. The resin was filtered through cotton wool and the filtrate was then evaporated. The residue was purified by silica gel column chromatography (6:4:1 CHCl3–MeOH–H2O) followed by gel filtration column chromatography (Sephadex LH-20) using MeOH as eluent to give 5 (33.0 mg, 78%): [α]D –11.5° (c 0.1, MeOH); 1H NMR (500 MHz, CD3OD) δ 4.31–3.35 (m, 21H, H-4a, H-5a, H-6a, H-7a, H-8a, H-9aa, H-9ba, H-4b, H-5b, H-6b, H-7b, H-8b, H-9ab, H-9bb, OCH2, OCH2CH2Si, OMe), 2.82 (dd, 1H, J3eq,4 = 4.2 Hz, Jgem = 12.5 Hz, H-3eqa), 2.62 (br d, 1H, H-3eqb), 1.99 (s, 3H, Ac), 1.72 (t, 1H, J3ax,4 = Jgem = 11.7 Hz, H-3axb), 1.59 (t, 1H, J3ax,4 = 12.5 Hz, H-3axa), 0.92–0.85 (m, 2H, OCH2CH2Si), 0.01 (s, 9H, SiMe3); 13C NMR (125 MHz, CD3OD) δ 175.0, 174.9, 174.2, 173.3, 101.6, 101.3, 81.4, 79.5, 79.4, 74.6, 74.0, 73.1, 70.0, 69.2, 69.0, 64.2, 62.5, 61.5, 58.9, 54.1, 54.0, 49.9, 49.7, 49.6, 49.3, 42.7, 41.3, 30.7, 22.7, −1.5; HRMS (ESI) m/z: found [M − 2H + Na]− 751.2572, C28H50N2O18Si calcd for [M − 2H + Na]− 751.2575.

Methyl [2-(trimethylsilyl)ethyl 5-acetamido-4,7,9-tri-O-acetyl-3,5-dideoxy-d-glycero-α-d-galacto-2-nonulopyranosid]onate (29). To a solution of 25 (100 mg, 138 µmol) in DMF/AcOH (4:1, 4.6 mL) was added zinc powder (500 mg) at room temperature. After stirring for 12 h at room temperature as the reaction was monitored by TLC (15:1 CHCl3–MeOH), the mixture was filtered through Celite. The filtrate was concentrated and the residue was purified by silica gel column chromatography (60:1 CHCl3–MeOH) to give 29 (62.5 mg, 82%): [α]D –12.5° (c 1.0, CHCl3); 1H NMR (500 MHz, CDCl3) δ 5.46 (d, 1H, JNH,5 = 10.2 Hz, NH), 5.13 (dd, 1H, J6,7 = 2.2 Hz, J7,8 = 8.7 Hz, H-7), 4.84 (td, 1H, J3eq,4 = 5.6 Hz, J3ax,4 = J4,5 = 7.3 Hz, H-4), 4.18–4.13 (m, 3H, H-9a, H-5, H-8), 4.09–4.05 (m, 2H, H-9b, OH), 3.91–3.86 (m, 5H, H-6, OMe, OCH2CH2Si), 3.44 (m, 1H, OCH2CH2Si), 2.70 (dd, 1H, Jgem = 13.0 Hz, H-3eq), 2.12–1.93 (m, 10H, 3Ac, H-3ax), 1.88 (s, 3H, Ac), 0.92–0.88 (m, 2H, OCH2CH2Si), 0.00 (s, 9H, SiMe3); 13C NMR (125 MHz, CDCl3) δ 170.9, 170.9, 170.3, 170.3, 169.8, 98.6, 77.2, 72.6, 69.5, 68.9, 68.3, 64.7, 62.2, 53.4, 49.0, 37.4, 23.0, 20.9, 20.8, 17.8, −1.4; HRMS (ESI) m/z: found [M + Na]+ 572.2137, C23H39NO12Si calcd for [M + Na]+ 572.2134.

Methyl [2-(trimethylsilyl)ethyl 5-acetamido-4,7,9-tri-O-acetyl-8-O-chloroacetyl-3,5-dideoxy-d-glycero-α-d-galacto-2-nonulopyranosid]onate (30). To a solution of 29 (72.4 mg, 130 µmol) in THF (1.3 mL) were added chloroacetic anhydride (33.8 mg, 197 µmol) and DMAP (1.6 mg, 13.0 µmol) at 0 °C. After stirring for 12 h at room temperature as the reaction was monitored by TLC (20:1 CHCl3–MeOH), the reaction was quenched by the addition of MeOH at 0 °C. The residue was then diluted with EtOAc, which was subsequently washed with 2 M HCl, H2O, satd. aq. NaHCO3 and brine. The organic layer was dried over Na2SO4, and concentrated. The resulting residue was purified by silica gel column chromatography (60:1 CHCl3–MeOH) to give 30 (70.8 mg, quant.): [α]D –10.0° (c 1.0, CHCl3); 1H NMR (500 MHz, CDCl3) δ 5.48 (m, 1H, H-8), 5.34 (dd, 1H, J6,7 = 1.6 Hz, J7,8 = 9.0 Hz, H-7), 5.26 (d, 1H, JNH,5 = 9.6 Hz, NH), 4.81 (td, 1H, J3eq,4 = 5.2 Hz, J3ax,4 = J4,5 = 7.8 Hz, H-4), 4.34–4.30 (m, 2H, H-9a, OCH2), 4.17 (d, 1H, Jgem = 15.0 Hz, OCH2), 4,12–4.07 (m, 3H, H-5, H-6, H-9b), 3.86 (m, 1H, OCH2CH2Si), 3.80 (s, 3H, OMe), 3,26 (m, 1H, OCH2CH2Si), 2.58 (dd, 1H, Jgem = 12.9 Hz, H-3eq), 2.15, 2.04 and 2.03 (3s, 9H, 3Ac), 1.95 (t, 1H, H-3ax), 1.88 (s, 3H, Ac), 0.94–0.82 (m, 2H, OCH2CH2Si), 0.03 (s, 9H, SiMe3); 13C NMR (125 MHz, CDCl3) δ 172.5, 172.0, 171.7, 170.2, 167.8, 100.0, 78.7, 78.7, 78.5, 78.2, 73.7, 71.3, 70.5, 68.4, 64.2, 63.6, 54.1, 50.8, 42.7, 39.7, 31.1, 24.6, 22.3, 22.3, 22.1, 19.4, −1.4; HRMS (ESI) m/z: found [M + Na]+ 648.1851, C25H40ClNO13Si calcd for [M + Na]+ 648.1850.

Methyl [2-(trimethylsilyl)ethyl 4,7,9-tri-O-acetyl-8-O-chloroacetyl-5-diacetamido-3,5-dideoxy-d-glycero-α-d-galacto-2-nonulopyranosid]onate (31). To a solution of 30 (71.2 mg, 113 µmol) in isopropenyl acetate (4.5 mL) was added p-toluenesulfonic acid monohydrate (2.0 mg, 11.3 µmol) at room temperature. After stirring for 7 h at 85 °C as the reaction was monitored by TLC (20:1 CHCl3–MeOH), the reaction was quenched by the addition of triethylamine. The residue was then diluted with EtOAc, and washed with H2O and brine. The organic layer was subsequently dried over Na2SO4, and concentrated. The resulting residue was purified by silica gel column chromatography (100:1 CHCl3–MeOH) to give 31 (75.5 mg, quant.): [α]D +9.0° (c 1.0, CHCl3); 1H NMR (500 MHz, CDCl3) δ 5.48–5.43 (m, 2H, H-8, H-4), 5.16 (dd, 1H, J6,7 = 1.9 Hz, J7,8 = 8.7 Hz, H-7), 4.99 (dd, 1H, J5,6 = 10.1 Hz, H-6), 4.35 (d, 1H, Jgem = 15.1 Hz, OCH2), 4.31 (dd, 1H, J8,9a = 2.6 Hz, Jgem = 12.7 Hz, H-9a), 4.21 (t, 1H, J4,5 = 10.1 Hz, H-5), 4.16–4.12 (m, 2H, OCH2, H-9b), 3.89 (m, 1H, OCH2CH2Si), 3.83 (s, 3H, OMe), 3.44 (m, 1H, OCH2CH2Si), 2.76 (dd, 1H, J3eq,4 = 5.2 Hz, Jgem = 12.9 Hz, H-3eq), 2.38–1.98 (m, 15H, 5Ac), 1.84 (t, 1H, J3ax,4 = 12.9 Hz, H-3ax), 0.90–0.85 (m, 2H, OCH2CH2Si), 0.03 (s, 9H, SiMe3); 13C NMR (125 MHz, CDCl3) δ 174.4, 173.5, 170.5, 169.6, 167.9, 166.4, 98.5, 77.2, 69.8, 69.3, 66.8, 66.7, 62.5, 61.6, 56.9, 52.7, 41.2, 39.3, 27.9, 26.0, 20.9, 20.7, 20.6, 17.9, −1.4; HRMS (ESI) m/z: found [M + Na]+ 690.1956, C27H42ClNO14Si calcd for [M + Na]+ 690.1955.

Methyl [2-(trimethylsilyl)ethyl 4,7,9-tri-O-acetyl-5-diacetamido-3,5-dideoxy-8-O-methyl-d-glycero-α-d-galacto-2-nonulopyranosid]onate (32). To a solution of 31 (79.5 mg, 118 µmol) in DMF (4.5 mL) were added 1-selenocarbamoylpiperidine (45.4 mg, 238 µmol) and 2,6-lutidine (20 µL, 177 µmol) at room temperature. After stirring for 1 h at 65 °C as the reaction was monitored by TLC (1:3 EtOAc–n-hexane), the mixture was diluted with EtOAc. The solution was then washed with 2 M HCl, H2O, satd. aq. NaHCO3 and brine. The organic layer was subsequently dried over Na2SO4, and concentrated. The crude residue was exposed to high vacuum. The residue was then dissolved in CH2Cl2 (4.7 mL). Trimethyloxonium tetrafluoroborate (87.3 mg, 590 µmol) and 2,4,6-tri-tert-butylpyrimidine (161 mg, 650 µmol) were added to the mixture at room temperature. After stirring for 4 h under reflux as the reaction was monitored by TLC (1:3 EtOAc–n-hexane), the reaction was quenched by the addition of iced water. The residue was then diluted with EtOAc, and washed with H2O, satd. aq. NaHCO3 and brine. The organic layer was subsequently dried over Na2SO4, and concentrated. The resulting residue was purified by silica gel column chromatography (1:3 EtOAc–n-hexane) to give 32 (55.6 mg, 78%): [α]D +5.0° (c 1.0, CHCl3); 1H NMR (500 MHz, CDCl3) δ 5.56 (td, 1H, J3eq,4 = 5.4 Hz, J3ax,4 = J4,5 = 10.4 Hz, H-4), 4.99 (dd, 1H, J6,7 = 1.4 Hz, J7,8 = 7.5 Hz, H-7), 4.94 (dd, 1H, J5,6 = 10.4 Hz, H-6), 4.34 (dd, 1H, J8,9a = 1.4 Hz, Jgem = 10.1 Hz, H-9a), 4.15 (t, 1H, H-5), 4.09 (dd, 1H, J8,9b = 5.0 Hz, H-9b), 3.93 (m, 1H, OCH2CH2Si), 3.87 (s, 3H, CO2Me), 3.76 (m, 1H, OCH2CH2Si), 3.47 (s, 3H, OMe), 2.80 (dd, 1H, Jgem = 13.0 Hz, H-3eq), 2.36–1.99 (m, 15H, 5Ac), 1.85 (near t, 1H, H-3ax), 0.93–0.89 (m, 2H, OCH2CH2Si), 0.03 (s, 9H, SiMe3); 13C NMR (125 MHz, CDCl3) δ 174.4, 173.8, 170.8, 170.1, 169.7, 168.0, 98.7, 69.9, 68.3, 67.1, 62.0, 61.9, 58.1, 57.4, 52.6, 38.7, 28.0, 25.9, 20.9, 20.8, 20.8, 18.0, −1.5; HRMS (ESI) m/z: found [M + Na]+ 628.2398, C26H43NO13Si calcd for [M + Na]+ 628.2396.

Methyl [2-(trimethylsilyl)ethyl 5-acetamido-4,7,9-tri-O-acetyl-3,5-dideoxy-8-O-methyl-d-glycero-α-d-galacto-2-nonulopyranosid]onate (33). To a solution of 32 (46.7 mg, 77.0 µmol) in THF (3.1 mL) was added hydrazine acetate (21.3 mg, 230 µmol) at 0 °C. After stirring for 4 h at room temperature as the reaction was monitored by TLC (20:1 CHCl3–MeOH), the mixture was diluted with EtOAc. The solution was then washed with 2 M HCl, H2O, satd. aq. NaHCO3 and brine. The organic layer was subsequently dried over Na2SO4, and concentrated. The resulting residue was purified by silica gel column chromatography (60:1 CHCl3–MeOH) to give 33 (34.8 mg, 80%): [α]D –12.0° (c 1.0, CHCl3); 1H NMR (500 MHz, CDCl3) δ 5.15–5.13 (m, 2H, H-7, NH), 4.92 (td, 1H, J3eq,4 = 5.0 Hz, J3ax,4 = J4,5 = 12.5 Hz, H-4), 4.26 (dd, 1H, J8,9a = 3.3 Hz, Jgem = 12.3 Hz, H-9a), 4.11–4.08 (m, 2H, H-9b, H-6), 4.03 (t, 1H, J5,NH = 12.5 Hz, H-5), 3.91 (m, 1H, OCH2CH2Si), 3.83 (s, 3H, CO2Me), 3.77 (m, 1H, H-8), 3.54–3.49 (m, 4H, OMe, OCH2CH2Si), 2.62 (dd, 1H, Jgem = 12.5 Hz, H-3eq), 2.15–1.97 (m, 9H, 3Ac), 1.91 (t, 1H, H-3ax), 1.75 (s, 3H, Ac), 0.95–0.88 (m, 2H, OCH2CH2Si), 0.03 (s, 9H, SiMe3); 13C NMR (125 MHz, CDCl3) δ 170.9, 170.8, 170.1, 170.0, 168.5, 98.7, 77.6, 76.2, 72.1, 69.4, 68.3, 62.0, 61.8, 58.4, 52.5, 49.5, 37.7, 29.7, 23.2, 20.9, 20.9, 20.8, 18.0, −1.6; HRMS (ESI) m/z: found [M + Na]+ 586.2292, C24H41NO12Si calcd for [M + Na]+ 586.2290.

2-(Trimethylsilyl)ethyl 5-acetamido-3,5-dideoxy-8-O-methyl-d-glycero-α-d-galacto-2-nonulopyranosidonic acid (6). To a solution of 33 (34.8 mg, 61.0 µmol) in pyridine (6.2 mL) was added lithium chloride (39.2 mg, 930 µmol) at room temperature. After stirring for 22 h under reflux as the reaction was monitored by TLC (6:4:0.1 CHCl3–MeOH–AcOH), the reaction mixture was co-evaporated with toluene. The crude residue was purified by gel filtration column chromatography (Sephadex LH-20) using MeOH as eluent. The product was exposed to high vacuum, and then dissolved in 0.1 M aq NaOH (5.0 mL). After stirring for 2 h at room temperature as the reaction was monitored by TLC (5:4:1 CHCl3–MeOH–H2O), the reaction mixture was neutralized with Dowex (H+) resin. The resin was filtered through cotton wool and the filtrate was then evaporated. The residue was purified by silica gel column chromatography (6:4:1 CHCl3–MeOH–H2O) followed by gel filtration column chromatography (Sephadex LH-20) using MeOH as eluent to give 6 (12.3 mg, 48%): [α]D −3.0° (c 1.0, MeOH); 1H NMR (500 MHz, D2O) δ 3.98 (dd, 1H, J8,9a = 2.5 Hz, Jgem = 12.0 Hz, H-9a), 3.91–3.83 (m, 3H, OCH2CH2Si, H-7, H-5), 3.74–3.59 (m, 4H, H-4, H-9b, OCH2CH2Si, H-6), 3.48–3.44 (m, 4H, H-8, OMe), 2.65 (dd, 1H, J3eq,4 = 4.5 Hz, Jgem = 12.5 Hz, H-3eq), 2.02 (s, 3H, Ac), 1.69 (t, 1H, J3ax,4 = 12.5 Hz, H-3ax), 0.96–0.92 (m, 2H, OCH2CH2Si), 0.01 (s, 9H, SiMe3); 13C NMR (125 MHz, CD3OD) δ 175.1, 171.3, 100.3, 81.4, 74.5, 69.2, 68.8, 62.7, 61.2, 58.5, 54.1, 49.6, 49.5, 49.3, 49.1, 48.5, 42.2, 22.7, 19.1, −1.3; HRMS (ESI) m/z: found [M − H]− 422.1851, C17H33NO9Si calcd for [M − H]− 422.1852.




3.2. Materials Used in Biological Experiments

PC12 cell was obtained from the RIKEN Cell Bank (Tsukuba, Japan). The human neuroblastoma cell line SH-SY5Y (ATCC CRL-2266) was obtained from American Type Culture Collection (Manassas, VA, USA). RPMI 1640 medium was purchased from Life Technologies Japan Ltd. (Tokyo, Japan). Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F-12 Ham (DMEM/F12) and Toluidine blue-O were purchased from Sigma-Aldrich (St. Louis, MO, USA,). Fetal bovine serum (FBS) and horse serum (HS) were purchased from PAA Laboratories GmbH (Pasching, Austria). U0126 and Phos-tag acrylamide AAL-107 were obtained from Wako Pure Chemical Industries (Osaka, Japan). Neuronal growth factor (NGF) was purchased from Alomone Labs Ltd. (Jerusalem, Israel). Protease inhibitor cocktail (containing AEBSF, aprotinin, E-64, leupeptin, EDTA, bestatin and pepstatin A), phosphatase inhibitor cocktail (containing imidazole, EDTA, Na3VO4, β-glycerophosphoric acid, sodium (+)-tartrate, NaF and Na2MoO4), and transparent 96-well microplates precoated with poly l-lysin were purchased from Nacalai Tesque (Kyoto, Japan). Anti-p44/42 MAPK (ERK 1/2) rabbit monoclonal antibody 137F5, anti-Akt (pan) (11E7) rabbit monoclonal antibody and anti-phospho-Akt (Ser 473) rabbit monoclonal antibody were obtained from Cell Signaling Technology (Danvers, MA, USA). Anti-actin (c-2) mouse monoclonal antibody was purchased from Santa Cruz Biotechnology (Dallas, TX, USA).



3.3. Neurite Outgrowth Evaluation


3.3.1. PC12 Cells

Cells were plated onto transparent 96-well microplates precoated with poly l-lysin with 1 × 104 cells per well and cultured with RPMI 1640 medium supplemented with 5% heat-inactivated FBS and 10% heat-inactivated HS in 5% CO2 at 37 °C. After 24 h, cells were washed with fresh RPMI 1640 and the medium was replaced by 200 µL/well of RPMI medium with low sera (0.05% heat-inactivated FBS and 0.1% heat-inactivated HS) supplemented with synthesized saccharides and 1 or 5 ng/mL of NGF for neurite outgrowth evaluation. After 3 days, medium was changed and the cells were cultured for more 2 days. Cells were fixed with 4% paraformaldehyde in PBS for 30 min and stained by Toluidine blue-O in citrate buffer (pH 4.0) for 10 min. After brief wash with MilliQ water, morphological changes were observed and photographed with inverted microscope (IX70, Olympus, Tokyo, Japan) with a CCD camera (DP21, Olympus). For the analysis of morphological changes, four random areas were selected per well and photographed. The length of neurite and cell body in the image were quantified by ImageJ software (National Institutes of Health, Bethesda, MD, USA). Measurements were performed on triplicate. A sufficient number of parameters were acquired for the analysis of at least 150 cells. Mean total of neurite lengths was calculated at each cell.



3.3.2. SH-SY5Y Cells

SH-SY5Y cells were seeded in 96-well culture plates at a density of 1 x 104 cells/well with DMEM/F12 supplemented with 10% FBS and incubated overnight in a 5% CO2 incubator at 37 °C. After washing with 200 µL/well of fresh DMEM/F12, cells were incubated with 200 µL/well of various concentrations of the trisaccharide 4 diluted in DMEM/F12 containing 1% FBS for 72 h, with or without MEK inhibitor U0126. The evaluation of cells by photographs was done as well as PC-12 cells. A sufficient number of parameters were acquired for the analysis of at least 90 cells. In the case of MEK inhibitor U0126, 180 cells were measured. Mean total neurite length per cell of 90 or 180 cells was calculated at each dose of the trisaccharide 4.




3.4. Analysis of Cell Signaling Cascade


3.4.1. Sample Preparation

SH-SY5Y cells were seeded in 12-well culture plates at a density of 8 × 105 cells/well with DMEM/F12 supplemented with 10% FBS and incubated overnight in a 5% CO2 incubator at 37 °C. After washing with 2 mL/well of fresh DMEM/F12 twice, cells were pre-incubated with 1.8 mL/well of fresh DMEM/F12 for 1 h. The time-course of ERK 1/2 and Akt phosphorylation was analyzed as follows: 0.2 mL/well of the trisaccharide 4 diluted in DMEM/F12 was added to each well (final concentration: 1 nM or 10 nM) and incubated for 0 to 60 min. As positive control, NGF (final concentration: 40 ng/mL) was used. For the analysis of dose-dependency, 0.2 mL/well of the trisaccharide 4 (final concentration: 0 to 100 nM) was added to wells and cells were incubated for 5 min.

The trisaccharide 4-stimulated ERK 1/2 phosphorylation was confirmed in the presence of MEK inhibitor U0126. In brief, cells were pre-incubated with 1.8 mL/well of DMEM/F12 containing U0126 for 1 h, followed by adding 0.2 mL/well of the trisaccharide 4 (final concentration: 1 nM) for 5 min.

After incubation, cells were washed with 2 mL/well of ice-cold PBS and treated with 75 µL/well of ice-cold cell lysis buffer (50 mM Tris-HCl, pH 7.6, 1% Triton X-100, 150 mM NaCl supplemented with protease inhibitor cocktail and phosphatase inhibitor cocktail) for 30 min on ice. Cell lysates were collected into microtubes, centrifuged for 5 min at 10,000× g at 4 °C, and supernatants were treated with 5-fold sample buffer (10% SDS, 40% glycerol, 25% 2-mercaptoethanol in 325 mM Tris-HCl, pH 6.9) for 5 min at 100 °C.



3.4.2. ECL-Western Blotting

ERK 1/2 phosphorylation was investigated by Phos-tag SDS-PAGE according to the method of Kinoshita et al. [54,55]. In brief, 5-fold sample buffer treated cell lysates were loaded onto 10% acrylamide gel containing 15 µM Phos-tag acrylamide, 0.05 mM Zn(NO3)2, 0.1% SDS, 357 mM Bis-Tris (pH 6.8) and electrophoresed in MOPS buffer (0.1% SDS, 0.1 M Tris, 0.1 M MOPS, 5 mM NaHSO3, pH 7.8) at 20 mA/gel. In the analysis of Akt phosphorylation, samples were loaded on 7.5% separation gel and resolved by Laemmli SDS-PAGE. After electrophoresis, separated proteins were electrotransferred to PVDF membranes. The membranes were blocked by blocking solution (1% BSA in Tris-buffered saline-0.1% tween 20 (TBS-T)) for 1 h at room temperature and incubated with anti-p44/42 MAPK (ERK1/2) antibody, anti-Akt (pan) antibody, anti-phospho-Akt (Ser607) antibody or anti-actin antibody diluted in blocking solution at 4 °C overnight. After washing with TBS-T, the membranes were incubated with HRP-labeled anti-rabbit IgG antibody or HRP-labeled anti-mouse IgG antibody (BIO-RAD, Hercules, CA, USA) diluted in blocking buffer for 1 h at room temperature and the chemiluminescent signal was detected using LAS3000mini (Fujifilm, Tokyo, Japan).

The expression levels of ERK 1/2 (ERK), phosphorylated ERK 1/2 (p-ERK), Akt, and phosphorylated Akt (p-Akt) were quantified by densitometric analysis using ImageJ and results were expressed as the ratio of phosphorylated forms (p-ERK or p-Akt) to non-phosphorylated forms (ERK or Akt). The expression level of Akt and p-Akt was normalized by beta-actin.




3.5. Statistical Analysis

All data were evaluated by Dunnett’s test or Student’s t-test using IBM SPSS Statistics version 19 (IBM Company, Armonk, NY, USA).




4. Conclusions

Recently, we reported the first total synthesis of ganglioside LLG-3, which was originally identified in the starfish Linckia laevigata [36,56], and showed that synthetic LLG-3 could stimulate neuritogenesis in rat PC12 cells [40]. In this report, we investigated the neuritogenic potential of the glycan moiety of LLG-3. We evaluated LLG-3 glycan analogues 2–6 by a SAR study and identified trisaccharide 4, which was the trisaccharide at the non-reducing end of the tetrasaccharide part of the LLG-3 ganglioside, as the minimum motif that potentiated neurite outgrowth of PC12 cells. The methoxy functionality at C8 of the terminal sialic acid residue was essential for the activity. Furthermore, we showed that trisaccharide 4 stimulated neuritogenesis in human neuroblastoma SH-SY5Y cells via MAP kinase signaling. Trisaccharide 4 could promote neurite extension at low concentrations of up to 1 nM in a dose-dependent manner. We concluded that trisaccharide 4 is the active portion of the LLG-3 ganglioside that induces neuritogenesis in nerve cells via MAPK/ERK signaling, instead of Akt signaling.

The number of patients with neurodegenerative disorder, such as Parkinson’s disease and Alzheimer’s disease, continues to grow. Effective treatments for these diseases are urgently needed, and synthetic oligosaccharides of gangliosides may be useful compounds for treating neurodegenerative disorders or for regenerative medicine.







Supplementary Files

Supplementary File 1



Acknowledgments

The iCeMS is supported by World Premier International Research Center Initiative (WPI), Ministry of Education, Culture, Sports, Science, and Technology (MEXT), Japan. This work was financially supported in part by MEXT, Japan (Grants-in-Aid for Scientific Research (B) No. 22380067 to M.K. and No. 15H04495 to H.A., and a Grant-in-Aid for Young Scientists (A) No. 23688014 and Grant-in-Aid on Innovative Areas No. 26110704, Deciphering sugar chain-based signals regulating integrative neuronal functions to H.A.). We thank Kiyoko Ito for technical assistance.



Author Contributions

Hideharu Ishida, Tomio Yabe, Hiromune Ando and Makoto Kiso conceived this research and designed experiments; Megumi Yamagishi, Ritsuko Hosoda-Yabe, Hideki Tamai and Miku Konishi performed experiments and analyzed data; Miku Konishi, Akihiro Imamura, Tomio Yabe and Hiromune Ando wrote the paper, and all authors participated in the revisions of the manuscript.



Conflict of Interest

The authors declare no conflict of interest.



References


	1. 
Lee, M.-C.; Kim, B.-W.; Kim, J.-S.; Lee, J.-S.; Kim, K.-S.; Lee, J.-H.; Nam, J.-H.; Rowe, S.-M.; Kim, S.-U. Neuronal differentiation of human neuroblastoma SH-SY5Y cells by gangliosides. Brain Tumor Pathol. 1997, 14, 5–11. [Google Scholar] [PubMed]

	2. 
Wu, G.; Lu, Z.-H.; Ledeen, R.W. Correlation of gangliotetraose gangliosides with neurite forming potential of neuroblastoma cells. Dev. Brain Res. 1991, 61, 217–228. [Google Scholar] [CrossRef]

	3. 
Xie, H.-R.; Hu, L.-S.; Li, G.-Y. SH-SY5Y human neuroblastoma cell line: In vitro cell model of dopaminergic neurons in Parkinson’s disease. Chin. Med. J. 2010, 123, 1086–1092. [Google Scholar] [PubMed]

	4. 
Pahlman, S.; Johansson, I.; Westermark, B.; Nister, M. Platelet-derived growth factor potentiates phorbolester-induced neuronal differentiation of human neuroblastoma cells. Cell Growth Differ. 1992, 3, 783–790. [Google Scholar] [PubMed]

	5. 
Simpson, P.B.; Bacha, J.I.; Palfreyman, E.L.; Woollacott, A.J.; McKernan, R.M.; Kerby, J. Retinoic acid-evoked differentiation of neuroblastoma cells predominates over growth factor stimulation: An automated image capture and quantitation approach to neuritogenesis. Anal. Biochem. 2001, 298, 163–169. [Google Scholar] [CrossRef] [PubMed]

	6. 
Encinas, M.; Iglesias, M.; Liu, Y.; Wang, H.; Muhaisen, A.; Cena, V.; Gallego, C.; Comella, J.X. Sequential treatment of SH-SY5Y cells with retinoic acid and brain-derived neurotrophic factor gives rise to fully differentiated, neurotrophic factor-dependent, human neuron-like cells. J. Neurochem. 2000, 75, 991–1003. [Google Scholar] [CrossRef] [PubMed]

	7. 
Chen, J.; Chattopadhyay, B.; Venkatakrishnan, G.; Ross, A.H. Nerve growth factor-induced differentiation of human neuroblastoma and neuroepithelioma cell lines. Cell Growth Differ. 1990, 1, 79–85. [Google Scholar] [PubMed]

	8. 
Hafner, A.; Obermajer, N.; Kos, J. Gamma-enolase C-terminal peptide promotes cell survival and neurite outgrowth by activation of the PI3K/Akt and MAPK/ERK signaling pathways. Biochem. J. 2012, 443, 439–450. [Google Scholar] [CrossRef] [PubMed]

	9. 
Miloso, M.; Villa, D.; Crimi, M.; Galbiati, S.; Donzelli, E.; Nicolini, G.; Tredici, G. Retinoic acid-induced neuritogenesis of human neuroblastoma SH-SY5Y cells is ERK independent and PKC dependent. J. Neurosci. Res. 2004, 75, 241–252. [Google Scholar] [CrossRef] [PubMed]

	10. 
Lopez-Carballo, G.; Moreno, L.; Masia, S.; Perez, P.; Barettino, D. Activation of the phosphatidylinositol 3-kinase/Akt signaling pathway by retinoic acid is required for neural differentiation of SH-SY5Y human neuroblastoma cells. J. Biol. Chem. 2002, 277, 25297–25304. [Google Scholar] [CrossRef] [PubMed]

	11. 
Cheung, Y.-T.; Lau, W.K.-W.; Yu, M.-S.; Lai, C.S.-W.; Yeung, S.-C.; So, K.-F.; Chang, R.C.-C. Effects of all-trans-retinoic acid on human SH-SY5Y neuroblastoma as in vitro model in neurotoxicity research. Neurotoxicology 2009, 30, 127–135. [Google Scholar] [CrossRef] [PubMed]

	12. 
Encinas, M.; Iglesias, M.; Llecha, N.; Comella, J.X. Extracellular-regulated kinases and phosphatidylinositol 3-kinase are involved in brain-derived neurotrophic factor-mediated survival and neuritogenesis of the neuroblastoma cell line SH-SY5Y. J. Neurochem. 1999, 73, 1409–1421. [Google Scholar] [CrossRef] [PubMed]

	13. 
Hynds, D.L.; Burry, R.W.; Yates, A.J. Gangliosides inhibit growth factor-stimulated neurite outgrowth in SH-SY5Y human neuroblastoma cells. J. Neurosci. Res. 1997, 47, 617–625. [Google Scholar] [CrossRef]

	14. 
Mutoh, T.; Tokuda, A.; Miyadai, T.; Hamaguchi, M.; Fujiki, N. Ganglioside GM1 binds to the Trk protein and regulates receptor function. Proc. Natl. Acad. Sci. USA 1995, 92, 5087–5091. [Google Scholar] [CrossRef] [PubMed]

	15. 
Bremer, E.G.; Schlessinger, J.; Hakomori, S.-I. Ganglioside-mediated modulation of cell growth. J. Biol. Chem. 1986, 261, 2434–2440. [Google Scholar] [PubMed]

	16. 
Miljan, E.A.; Meuillet, E.J.; Mania-Farnell, B.; George, D.; Yamamoto, H.; Simon, H.G.; Bremer, E.G. Interaction of the extracellular domain of the epidermal growth factor receptor with gangliosides. J. Biol. Chem. 2002, 277, 10108–10113. [Google Scholar] [CrossRef] [PubMed]

	17. 
Li, R.; Liu, Y.; Ladisch, S. Enhancement of epidermal growth factor signaling and activation of Src kinase by gangliosides. J. Biol. Chem. 2001, 276, 42782–42792. [Google Scholar] [CrossRef] [PubMed]

	18. 
Higashi, H.; Chen, N.H. Ganglioside/protein kinase signals triggering cytoskeletal actin reorganization. Glycoconjugate. J. 2004, 20, 49–58. [Google Scholar] [CrossRef] [PubMed]

	19. 
Prinetti, A.; Iwabuchi, K.; Hakomori, S.-I. Glycosphingolipid-enriched signaling domain in mouse neuroblastoma Neuro2a cells. J. Biol. Chem. 1999, 274, 20916–20924. [Google Scholar] [CrossRef] [PubMed]

	20. 
Simons, M.; Friedrichson, T.; Schulz, J.B.; Pitto, M.; Masserini, M.; Kurzchalia, T.V. Exogenous administration of gangliosides displaces GPI-anchored proteins from lipid microdomains in living cells. Mol. Biol. Cell 1999, 10, 3187–3196. [Google Scholar] [CrossRef] [PubMed]

	21. 
Chen, N.; Furuya, S.; Doi, H.; Hashimoto, Y.; Kudo, Y.; Higashi, H. Ganglioside/calmodulin kinase II signal inducing cdc42-mediated neuronal actin reorganization. Neuroscience 2003, 120, 163–176. [Google Scholar] [CrossRef]

	22. 
Chen, N.; Furuya, S.; Shinoda, Y.; Yumoto, M.; Ohtake, A.; Sato, K.; Doi, H.; Hashimoto, Y.; Kudo, Y.; Higashi, H. Extracellular carbohydrate-signal triggering cAMP-dependent protein kinase-dependent neuronal actin-reorganization. Neuroscience 2003, 122, 985–995. [Google Scholar] [CrossRef] [PubMed]

	23. 
Kaneko, M.; Kisa, F.; Yamada, K.; Miyamoto, T.; Higuchi, R. Structure of a new neuritogenic active ganglioside from the sea cucumber Stichopus japonicus. Eur. J. Org. Chem. 2003, 6, 1004–1008. [Google Scholar] [CrossRef]

	24. 
Kaneko, M.; Kisa, F.; Yamada, K.; Miyamoto, T.; Higuchi, R. Structure of neuritogenic active ganglioside from the sea cucumber Stichopus japonicus. Eur. J. Org. Chem. 1999, 11, 3171–3174. [Google Scholar] [CrossRef]

	25. 
Yamada, K.; Matsubara, R.; Kaneko, M.; Miyamoto, T.; Higuchi, R. Constituents of holothuroidea. 10. Isolation and structure of a biologically active ganglioside molecular species from the sea cucumber Holothuria leucospilota. Chem. Pharm. Bull. 2001, 49, 447–452. [Google Scholar] [CrossRef] [PubMed]

	26. 
Higuchi, R.; Natori, T.; Komori, T. Biologically active glycosides from asteroidea, XX. Glycosphingolipids from the starfish Asterina pectinifera, 1. Isolation and characterization of acanthacerebroside B and structure elucidation of related, nearly homogeneous cerebrosides. Liebigs Ann. Chem. 1990, 1, 51–55. [Google Scholar] [CrossRef]

	27. 
Miyamoto, T.; Inagaki, M.; Isobe, R.; Tanaka, Y.; Higuchi, R.; Iha, M.; Teruya, K. Biologically active glycosides from asteroidea, 36. Re-examination of the structure of acanthaganglioside C, and the identification of three minor acanthagangliosides F, G and H. Liebigs Ann. 1997, 5, 931–936. [Google Scholar] [CrossRef]

	28. 
Kawatake, S.; Inagaki, M.; Isobe, R.; Miyamoto, T.; Higuchi, R. Biologically active glycosides from asteroidea, 37. Glycosphingolipids from the starfish Luidia maculata, 1 Structure of a new sulfatide molecular species. Liebigs Ann. 1997, 8, 1797–1800. [Google Scholar] [CrossRef]

	29. 
Kawatake, S.; Inagaki, M.; Miyamoto, T.; Isobe, R.; Higuchi, R. Biologically active glycosides from asteroidea, 38. Glycosphingolipids from the starfish Luidia. maculata, 2.-isolation and structure of a GM3-type ganglioside molecular species. Eur. J. Org. Chem. 1999, 4, 765–769. [Google Scholar] [CrossRef]

	30. 
Miyamoto, T.; Yamamoto, A.; Wakabayashi, M.; Nagaregawa, Y.; Inagaki, M.; Higuchi, R.; Teruya, K. Two new gangliosides, acanthagangliosides I and J from the starfish Acanthaster planci. Eur. J. Org. Chem. 2000, 12, 2295–2301. [Google Scholar] [CrossRef]

	31. 
Kawatake, S.; Inagaki, M.; Isobe, R.; Miyamoto, T.; Higuchi, R. Isolation and structure of monomethylated GM3-type ganglioside molecular species from the starfish Luidia maculata. Chem. Pharm. Bull. 2002, 50, 1386–1389. [Google Scholar] [CrossRef] [PubMed]

	32. 
Prokazova, N.V.; Mikhailov, A.T.; Kocharov, S.L.; Malchenko, L.A.; Zvezdina, N.D.; Buznikov, G.; Bergelson, L.D. Unusual gangliosides of eggs and embryos of the sea urchin Strongylocentrotus intermedius. Eur. J. Biochem. 1981, 115, 671–677. [Google Scholar] [PubMed]

	33. 
Kubo, H.; Irie, A.; Inagaki, F.; Hoshi, M. Gangliosides from the eggs of the sea urchin, Anthocidaris crassispina. J. Biochem. 1990, 108, 185–192. [Google Scholar] [PubMed]

	34. 
Ijuin, T.; Kitajima, K.; Song, Y.; Kitazume, S.; Inoue, S.; Haslam, S.M.; Inoue, Y. Isolation and identification of novel sulfated and nonsulfated oligosialyl glycosphingolipids from sea urchin sperm. Glycoconj. J. 1996, 13, 401–413. [Google Scholar] [CrossRef] [PubMed]

	35. 
Inagaki, M.; Shiizaki, M.; Hiwatashi, T.; Miyamoto, T.; Higuchi, R. Constituents of crinoidea. 5. Isolation and structure of a new glycosyl inositolphosphoceramide-type ganglioside from the feather star Comanthina schlegeli. Chem. Pharm. Bull. 2007, 55, 1649–1651. [Google Scholar] [CrossRef] [PubMed]

	36. 
Kaneko, M.; Yamada, K.; Miyamoto, T.; Inagaki, M.; Higuchi, R. Neuritogenic activity of gangliosides from echinoderms and their structure-activity relationship. Chem. Pharm. Bull. 2007, 55, 462–463. [Google Scholar] [CrossRef] [PubMed]

	37. 
Higuchi, R.; Inagaki, M.; Yamada, K.; Miyamoto, T. Biologically active gangliosides from echinoderms. J. Nat. Med. 2007, 61, 367–370. [Google Scholar] [CrossRef]

	38. 
Ando, H.; Koike, Y.; Koizumi, S.; Ishida, H.; Kiso, M. 1,5-Lactamized sialyl acceptors for various disialoside syntheses: Novel method for the synthesis of glycan portions of Hp-s6 and HLG-2 gangliosides. Angew. Chem. Int. 2005, 44, 6759–6763. [Google Scholar] [CrossRef] [PubMed]

	39. 
Iwayama, Y.; Ando, H.; Ishida, H.; Kiso, M. A first total synthesis of ganglioside HLG-2. Chem. Eur. J. 2009, 15, 4637–4648. [Google Scholar] [CrossRef] [PubMed]

	40. 
Tamai, H.; Ando, H.; Tanaka, H.-N.; Hosoda-Yabe, R.; Yabe, T.; Ishida, H.; Kiso, M. The total synthesis of the neurogenic ganglioside LLG-3 isolated from the starfish Linckia laevigata. Angew. Chem. Int. 2011, 50, 2330–2333. [Google Scholar] [CrossRef] [PubMed]

	41. 
Iwayama, Y.; Ando, H.; Tanaka, H.-N.; Ishida, H.; Kiso, M. Synthesis of the glycan moiety of ganglioside HPG-7 with an unusual trimer of sialic acid as the inner sugar residue. Chem. Commun. 2011, 47, 9726–9728. [Google Scholar] [CrossRef] [PubMed]

	42. 
Shimizu, H.; Iwayama, Y.; Imamura, A.; Ando, H.; Ishida, H.; Kiso, M. Synthesis of the disialic acid-embedded glycan part of ganglioside HPG-1. Biosci. Biotechnol. Biochem. 2011, 75, 2079–2082. [Google Scholar] [CrossRef] [PubMed]

	43. 
Tamai, H.; Ando, H.; Ishida, H.; Kiso, M. First synthesis of a pentasaccharide moiety of ganglioside GAA-7 containing unusually modified sialic acids through the use of N-Troc-sialic acid derivative as a key unit. Org. Lett. 2012, 14, 6342–6345. [Google Scholar] [CrossRef] [PubMed]

	44. 
Tamai, H.; Imamura, A.; Ogawa, J.; Ando, H.; Ishida, H.; Kiso, M. First total synthesis of ganglioside GAA-7 from starfish Asterias amurensis versicolor. Eur. J. Org. Chem. 2015, 23, 5199–5211. [Google Scholar] [CrossRef]

	45. 
Goto, K.; Suzuki, T.; Tamai, H.; Ogawa, J.; Imamura, A.; Ando, H.; Ishida, H.; Kiso, M. Total synthesis and neuritogenic activity evaluation of ganglioside PNG-2A from the starfish Protoreaster nodosus. Asian J. Org. Chem. 2015, 4, 1160–1171. [Google Scholar] [CrossRef]

	46. 
Jansson, K.; Ahlfors, S.; Frejd, T.; Kihlberg, J.; Magnusson, G.; Dahmen, J.; Noori, G.; Stenvall, K. 2-(Trimethylsilyl)ethyl glycosides. 3. Synthesis, anomeric deblocking, and transformation into 1, 2-trans 1-O-acyl sugars. J. Org. Chem. 1988, 53, 5629–5647. [Google Scholar] [CrossRef]

	47. 
Ren, C.-T.; Chen, C.-S.; Yu, Y.-P.; Tsai, Y.-F.; Lin, P.-Y.; Chen, Y.-J.; Zou, W.; Wu, S.-H. Synthesis of α-(2→5) Neu5Gc Oligomers. Chem. Eur. J. 2003, 9, 1085–1095. [Google Scholar] [CrossRef] [PubMed]

	48. 
Ren, C.-T.; Chen, C.-S.; Wu, S.-H. Synthesis of a sialic acid dimer derivative, 2'α-O-benzyl Neu5Ac-α-(2→5) Neu5Gc. J. Org. Chem. 2002, 67, 1376–1379. [Google Scholar] [CrossRef] [PubMed]

	49. 
Komba, S.; Ishida, H.; Kiso, M.; Hasegawa, A. Synthesis of deoxygalactose-containing sialyl Lex ganglioside analogues to elucidate the structure necessary for selectin recognition. Glycoconj. J. 1996, 13, 241–254. [Google Scholar] [CrossRef] [PubMed]

	50. 
Ando, H.; Koike, Y.; Ishida, H.; Kiso, M. Extending the possibility of an N-Troc-protected sialic acid donor toward variant sialo-glycoside synthesis. Tetrahedron Lett. 2003, 44, 6883–6886. [Google Scholar] [CrossRef]

	51. 
Veeneman, G.H.; van Leeuwen, S.H.; van Boom, J.H. Iodonium ion promoted reactions at the anomeric centre. II An efficient thioglycoside mediated approach toward the formation of 1,2-trans-linked glycosides and glycosidic esters. Tetrahedron Lett. 1990, 31, 1331–1334. [Google Scholar] [CrossRef]

	52. 
Hasegawa, A.; Nagahama, T.; Ohki, H.; Hotta, K.; Ishida, H.; Kiso, M. Synthetic studies on sialoglycoconjugates. 25, Reactivity of glycosyl promoters in α-glycosylation of N-acetyl-neuraminic acid with the primary and secondary hydroxyl groups in the suitably protected galactose and lactose derivatives. J. Carbohydr. Chem. 1991, 10, 493–498. [Google Scholar] [CrossRef]

	53. 
Sogabe, S.; Ando, H.; Koketsu, M.; Ishihara, H. A novel de-O-chloroacetylation reagent: 1-seleonocarbamoylpiperidine. Tetrahedron Lett. 2006, 47, 6603–6606. [Google Scholar] [CrossRef]

	54. 
Kinoshita, E.; Kinoshita-Kikuta, E. Improved Phos-tag SDS-PAGE under neutral pH conditions for advanced protein phosphorylation profiling. Proteomics 2011, 11, 319–323. [Google Scholar] [CrossRef] [PubMed]

	55. 
Kinoshita, E.; Kinoshita-Kikuta, E.; Koike, T. Phos-tag SDS-PAGE systems for phosphorylation profiling of proteins with a wide range of molecular masses under neutral pH conditions. Proteomics 2012, 12, 192–202. [Google Scholar] [CrossRef] [PubMed]

	56. 
Inagaki, M.; Isobe, R.; Higuchi, R. Biologically active glycosides from Asteroidea, 39. Isolation and structure of a new ganglioside molecular species. Eur. J. Org. Chem. 1999, 4, 771–774. [Google Scholar] [CrossRef]





© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons by Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).







media/file4.png
SEOH
NIS, TfOH

EtCN MS 3A

65% (a/s 6 2/1)

AcO  OAc

COQMG
RHN < O/ ™~0SE

AcO OAc
25 R =Troc

a(QO%)(26R=H

AQ OMe  comad pC  COMe
H
s o
MOWOSE

AcO OAc

b (99%) C

SAO oac

27 R= NAc,
28 R = NHAC

22
EDC-HCI

5





nav.xhtml


  marinedrugs-13-07062


  
    		
      marinedrugs-13-07062
    


  




  





media/file1.png
H o]
com2 coMe M Bno= OBnOSE
Ao /\ﬂ;co 0L OJJ\CQ3 TMSOTF
Aco dhe podom: S ANS00
-40 °C

AcO OM COzMe \_%ZME 81%
5.0
A°2N %"Oﬁgﬁ/ Tan

AcO ACO OAc AcO





media/file2.png
AQ OAc  Co,Me AQ  OAc  (co,Me 0B EDC-HCI
HOBt
\ OH 4 070
AMO M omP
Hhs /\n/ 0 MeCN

AcO
® OAc  Ho“oBn

1 . 71%

A phe Cone oM ore TMSOTF
, =

AcHN OR MS AW-300
AcO °° dre b CH,Cl,
94%)(12R1 MP, R2—Bn R®=H 9802

o ~13R"=MP, R2, R® =Bz
(52%)
14 R' = H, R?, R® = Bz (anomeric mixture

9
¢ (81 %) (15 R'= C( NH )CCls, R2, R® = Bz (anomeric mixture)
AQ  OAc COzMe PAC coMe
AcHN @“ﬁ ﬁ
AO ACO OAc  Bz0 OBz
16 R=B
d@7%) 6R=Bn

7R=H





media/file7.png
=
=
)
[

L L L L
o o o o <9

(o] [} o (o] o
< (3p] N ~

wr] [1e9/yibus] sjunau [ejo |

100

10

0.1

0.01

trisaccharide 4 [ nM ]





media/file9.png
g 8
[ wrt ] joory
w

] e =

Bua) a}naU [ejo]

U0126 [uM]





media/file10.png
p-ERK/ERK (ratio to control)

U0126 [uM ]

oo0nM
B 1nM

trisaccharide 4 0nM 1nM

p-ERK1/2

ERK 12 S - s g s g
00515 0051 5
U0126 [ uM]






media/file5.png
AcQ OR

7n CO,Me
AcOH
25 —————> AcHNg Q/ ~0sE
DMF A
RT O 0Ac
82%
q“a"t)caoR CAc
)SCP 2,6- Iutldme
F, 65 AcO  OMe
2) MegoBF,,, TTBP COMe
CH,Cly, reflux R O OSE
78% AcO OAc
(2 steps) = NA
b (80%) ( 32 C2

33 R NHAc

OCAc

AcQ CO,Me
AM%E

48%





media/file3.png
SPh

OBn
HO OSE
AcO  OAc COMe ?g\ AcO  OAc CO,Me
HO,50Bn 0OBn
TrocHN 750 R | D RHN 7570 O%OSE
A Gac 1o ~oen

AcO NIS, TESOTf
OA
s E{CN, MS 3A, -50°C
48% (/P = 30M) , (ZOR Troc
AQ. OMe  Go,Me ©@5)Cornon
\ OH A
AM\O’\H/ AcO  OMe cozmceo PAC coMe oBn
AcO o} H
OAc 2 \—L\g\)\ /\ﬂ/ OWOSE
EDC-HCI, HOBt AO e ACO dac 1 Somn
M;(%N b (s0%) C 23 R = NAC .
6)
24R=NHAc ——— 4
79%

91%





media/file0.png
HO OR?

cogH COH
AcHN R @Pf & : OR!
HO O OH

1F<1 gliosid 'LG3
2R'=SE,R%=Me
3R'=SE,R?=H

HO OM 002H COZH
A HN OSE
C|
HO on

HO HO OH

HO OM COZH CO,H HO  OMe  cou
AcHN d AcHNS /507~ 0sE
OH HO ~dy
5 6

HO





media/file8.png
>

(ratio to 0 min)

p-ERK/ERK

N

50

N

00

3

0

3

0

o
3

Time [min]

(9]

p-Akt/Akt (ratio to O min)

~
=]

0

N g s 28
8 8 g 8
8 8 8 8 8

LA
o010nM %0
INGF 40 ngimi 200

@
3

p-ERK/ERK  (ratio to 0 nM)

o

5
Time [min]

0 0.01 0.1 1 10

trisaccharide 4 [nM ]

"1nM
o10nM
0 NGF 40 ng/ml

60

100





media/file6.png
8

5

8

0 102 10" 10° 10' 10* 10°
ganglioside 1 [nM ]

0 102 107 10° 10' 102
trisaccharide 4 [ nM ]

10°

0 102 10" 10° 10' 10 10°
tetrasaccharide 2 [ nM ]

0 102 10" 10° 10' 10?
disaccharide 5[ nM ]

10°

102 10°
tetrasaccharlde 3 [ nM]

iiiiii

102
monosaccharide 6 [nM]

10°






