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General. 1H and 13C NMR spectra were recorded on a 400 or 500 MHz spectrometer. Plesiomonas shigelloides O17 strain C27 and Haemophilus influenzae type d strain RM118 [KW-20] chromosomal DNA (ATCC 51907D) were purchased from American Type Culture Collection (Manassas, VA). Compounds lactose (2a, 2e) and its -methyl (2b, 2f), -benzyl (2c, 2g), -acetylamide (2h) derivatives were purchased from commercial sources. Compound 3d was chemically prepared from lactose.1 

Construction of (1(3) N-acetylgalactosaminyltransferase / UDP-GlcNAc C4 Epimerase Fusion Protein. The (1(3) N-acetylgalactosaminyltransferase LgtD gene from H. influenzae was first cloned into NcoI and XhoI sites of pET15b plasmid. A pair of primers: P1 5’CATGCCATGGAAAAT-TGTCCATTAGTATCG3’ / P2 5’CCGCTCGAGCTAACCGGTAAATATAACATTTATTTTTCT3’, with NcoI and XhoI restriction sites (underlined) incorporated into P1 and P2 respectively, were used to amplify the lgtD gene from the chromosomal DNA of H. influenzae. One AgeI restriction site (bold in P2) was also introduced to facilitate further manipulation. The polymerase chain reaction mixture (50l) consisted of 50 ng of genomic DNA, each primer at a concentration of 200 nM, each dNTP at a concentration of 0.2 mM, 15 mM MgCl2, 0.5 U of Vent DNA polymerase (New England Biolabs, MA), and 1× buffer. After the mixture was heated at 94 °C for 2 min, 25 cycles were performed consisting of 30 s at 94 °C, 1 min at 55 °C, and 90 s at 72 °C, followed by a final 10 min elongation at 72 °C. The DNA fragment obtained was digested with NcoI/XhoI and inserted into the pET15b vector to form pET15b-LgtD plasmid. Similarly, the UDP-GlcNAc C4 epimerase WbgU gene was PCR amplified directly from the chromosomal DNA of Plesiomonas shigelloides O17 strain with two primers: P3 5’CGCACCGGTGGAGGCGGTATGGATATTTATATGTCTCGC3’ / P4 5’CGCGGATCCTTAGTGATGATGATGATGATGGCCTTTTAAAAATCTCACATA3’ (AgeI and BamHI restriction sites are underlined). The purified DNA fragment was digested with proper restriction enzymes and ligated into pET15b-LgtD plasmid, which has been digested with the same enzymes. The resulting pET15b-LgtD/WbgU plasmind was transformed into the E. coli expression strain BL21 (DE3) with ampicillin (100 µg/ml) selection. Selected clones were characterized by restriction mapping.

Expression and Purification of the Fusion Protein. E. coli BL21 (DE3) isolates harboring the pET15b-LgtD/WbgU plasmid were grown in Luria-Bertani medium at 37 °C. When the A600 reached 0.8, isopropyl-1-thio--D-galactospyranoside (IPTG) was added to a final concentration of 0.3 mM, and expression was allowed to proceed for 8 h at 30 °C. Cells were harvested by centrifugation (4,000 ( g, 10 min, 4 °C) and washed twice with Tris-HCl (50 mM, pH 7.0). The cell pellet was resuspended in chilled lysis buffer (50 mM Tris-HCl [pH 8.0], 0.1 M NaCl, 0.5% [w/v] Triton X-100, 10% glycerin [w/v], and 10 mM 2-mercaptoethanol) and disrupted by brief sonication (Branson Sonifier 450, VWR Scientific) on ice. The lysate was cleared by centrifugation (12,000 ( g, 20 min, 4 (C) and loaded at flow rate of 2 ml/min onto a Ni-NTA affinity column (Qiagen, CA). After washing and elution, the fractions containing the purified enzyme were combined and dialyzed (10% glycerol, 20mM Tris-HCl, pH 7.0) for use in activity assays and enzymatic reactions.

N-acetylgalactosaminyltransferase activity assay.

The activity of (1(3) N-acetylgalactosaminyltransferase was assayed according to a previously published protocol.2

General Procedure for One-Pot Synthesis of Globotetraose and Isoglobotetraose Derivatives. 

The reaction mixtures (12 ml) contained the acceptor (240 mol, 20 mM), UDP-GlcNAc (264 mol, 22 mM), UDP-Glc (264 mol, 22 mM), MnCl2 (10 mM) and bovine serum albumin (0.1%) in Tris-HCl buffer (50 mM, pH 7.0). All reactions were initiated by addition of LgtD-WbgU fusion protein (5 U), UDP-Glc C4 epimerase (3 U) and (1(4) galactosyltransferase (for globotetraose derivatives, 3 U) or 1(3) Galactosyltransferase (for isoglobotetraose derivatives, 5 U). The reaction mixtures were incubated at room temperature (ca. 25 °C) for 2 days. Protein was removed by brief boiling followed by centrifugation (12,000 ( g, 20 min). Then the mixture was passed through Dowex-1(8 (Cl- form) anion-exchange resin. Oligosaccharide products were further purified by gel permeation chromatography (Bio-Gel P2, Bio-Rad). The following compounds were prepared according to this method:

-D-N-acetyl-galactosaminyl-(1(3)--D-galactopyranosyl-(1(4)--D-galactopyranosyl-(1(4)-D-glucopyranose (3a): (127 mg, 75%) 1H NMR (500 MHz, D2O):  5.06 (d, 0.4 H, J = 3.6 Hz), 4.73 (d, 1 H, J = 4.1 Hz), 4.50 (d, 0.6 H, J = 8.1 Hz), 4.34 (d, 1 H, J = 7.6 Hz), 4.19 (t, 1 H, J = 6.6 Hz), 3.87 (m, 2 H), 3.39-3.82 (m, 14.4 H), 3.11 (t, 0.6 H, J = 8.6 Hz), 1.87 (s, 3H); 13C NMR (125 MHz, D2O): 103.41, 103.37, 100.46, 95.86, 91.94, 78.97, 77.36, 75.60, 75.08, 74.60, 74.07, 72.26, 71.63, 71.37, 71.05, 70.42, 69.11, 67.91, 67.79, 61.15, 60.53, 60.21, 52.74, 22.40; ESI-MS: 708.00 (M + H)+, 724.97 (M + NH4)+, 729.95 (M + Na+), 745.89 (M + K)+; 705.83 (M – H)-.

Benzyl -D-N-acetyl-galactosaminyl-(1(3)--D-galactopyranosyl-(1(4)--D-galactopyranosyl-(1(4)--D-glucopyranoside (3b): (149 mg, 78%) 1H NMR (500 MHz, D2O): 7.35-7.45 (m, 5 H), 4.88 (d, 1 H, J = 11.6 Hz), 4.84 (d, 1 H, J = 4.1 Hz), 4.71 (d, 1 H, J = 11.6 Hz), 4.56 (d, 1H, J = 8.6 Hz), 4.49 (d, 1 H, J = 8.1 Hz), 4.45 (d, 1 H, J = 7.6 Hz), 4.32 (t, 1 H, J = 6.6 Hz), 4.19 (d, 1H, J = 2.7 Hz), 3.50-3.98 (m, 17 H), 3.29 (dd, 1 H, J = 8.1 Hz, 9.1 Hz) ; 13C NMR (125 MHz, D2O): ( 175.34, 142.28, 136.65, 128.92, 128.87, 128.65, 103.41, 102.85, 101.09, 100.56, 78.87, 77.34, 75.58, 75.08, 74.98, 74.65, 74.09, 73.08, 72.24, 71.65, 71.01, 70.92, 70.40, 70.25, 69.09, 67.90, 67.76, 61.14, 60.51, 60.20, 52.73, 22.39; ESI-MS: 798.13 (M + H)+, 820.13 (M + Na)+, 1617.44 (2M + Na)+ ; 796.21 (M – H)-.

Methyl -D-N-acetyl-galactosaminyl-(1(3)--D-galactopyranosyl-(1(4)--D-galactopyranosyl-(1(4)--D-glucopyranoside (3c): (147 mg, 85%) 1H NMR (500 MHz, D2O):  4.76 (d, 1 H, J = 4.1 Hz), 4.48 (d, 1H, J = 8.1Hz), 4.36 (d, 1 H, J = 8.1 Hz), 4.25 (d, 1 H, J = 8.1 Hz), 4.23 (t, 1 H, J = 6.6 Hz), 4.10 (d, 1H, J = 2.2 Hz), 3.40-3.89 (m, 23 H), 3.41 (s, 3 H), 3.15 (t, 1 H, J = 8.6 Hz), 1.88 (s, 3H). 13C NMR (75 MHz, D2O): 175.29, 103.39, 103.13, 100.51, 78.82, 77.27, 75.56, 75.04, 74.92, 74.57, 73.01, 72.18, 70.97, 70.87, 70.34, 69.05, 67.84, 67.72, 61.10, 60.44, 60.10, 59.45, 57.30, 52.68, 22.35. ESI-MS: 722.09 (M + H+), 744.08 (M + Na+); 720.15 (M – H)-.

-D-N-acetyl-galactosaminyl-(1(3)--D-galactopyranosyl-(1(4)--D-galactopyranosyl-(1(4)--D-glucopyranosyl azide (3d): (119 mg, 69%) 1H NMR (500 MHz, D2O):  4.86 (d, 1 H, J = 4.1 Hz), 4.72 (d, 1H, J = 8.1 Hz), 4.58 (d, 1 H, J = 8.1 Hz), 4.46 (d, 1 H, J = 8.1 Hz), 4.34 (t, 1 H, J = 6.5 Hz), 4.20 (s, 1H), 3.58-4.00 (m, 21 H), 3.54 (t, 3 H, J ＝ 8.1 Hz), 3.26 (t, 1 H, J = 8.9 Hz), 1.99 (s, 3H). 13C NMR (75 MHz, D2O): 175.60, 103.52, 100.65, 90.16, 78.97, 78.28, 77.42, 76.99, 75.71, 75.19, 74.67, 72.89, 72.33, 71.10, 71.03, 70.50, 69.21, 68.00, 67.88, 61.26, 60.60, 60.05, 52.84, 22.51. ESI-MS: 722.09 (M + H+), 744.08 (M + Na+); 720.15 (M – H)-.

-D-N-acetyl-galactosaminyl-(1(3)--D-galactopyranosyl-(1(3)--D-galactopyranosyl-(1(4)-D-glucopyranose (3e): (110 mg, 65%) 1H NMR (500 MHz, D2O):  5.03 (d, 0.4 H, J = 3.6 Hz), 4.91 (d, 1 H, J = 4.1 Hz), 4.47 (d, 0.6 H, J = 8.1 Hz), 4.44 (d, 1H, J = 8.1 Hz), 4.33 (d, 1 H, J = 8.1 Hz), 3.98 ~ 4.06 (m, 3 H), 3.38-3.86 (m, 22.4 H), 3.10 (t, 0.6 H, J = 8.1 Hz), 1.84 (s, 3H); 13C NMR (125 MHz, D2O): 175.31, 103.31, 102.88, 95.86, 95.75, 78.94, 78.50, 77.26, 75.13, 75.07, 74.88, 74.53, 73.87, 70.89, 70.47, 69.73, 69.16, 67.84, 67.39, 64.97, 61.11, 61.07, 60.89, 52.74, 22.36; ESI-MS: 730.06 (M + Na+), 1437.32 (2M + Na)+; 706.14 (M – H)-.

Benzyl -D-N-acetyl-galactosaminyl-(1(3)--D-galactopyranosyl-(1(3)--D-galactopyranosyl-(1(4)--D-glucopyranose (3f): (128 mg, 67%) 1H NMR (400 MHz, D2O):  7.34-7.43 (m, 5H), 5.05 (d, 1 H, J = 4.1 Hz), 4.89 (d, 1 H, J = 11.4 Hz), 4.71 (d, 1H, J = 11.4 Hz) 4.58 (d, 1H, J = 8.1 Hz), 4.50 (d, 1 H, J = 8.1 Hz), 4.46 (d, 1H, J = 7.3Hz), 4.19 (d, 1H, J ＝ 2.4Hz), 4.15 (t, 1H, J ＝ 6.5 Hz), 4.12 (d, 1 H, J ＝ 2.4 Hz), 3.98 (dd, 1H, J ＝ 10.5, 2.4 Hz), 3.84 ~ 3.93 (m, 4H), 3.54 ~ 3.78 (m, 15 H), 3.30 (t, 1 H, J = 8.1 Hz), 1.98 (s, 3H); 13C NMR (100 MHz, D2O):  175.44, 136.72, 129.02, 128.96, 128.74, 103.43, 103.02, 101.25, 95.88, 79.06, 78.71, 77.39, 75.26, 75.20, 75.01, 74.72, 73.03, 71.76, 71.02, 70.61, 69.84, 69.29, 67.97, 67.51, 65.07,  61.20, 61.02, 60.37, 52.87, 22.49; ESI-MS: 798.11 (M + H)+, 820.10 (M + Na)+, 1617.39 (2M + Na)+ ; 796.31 (M – H)-.

Methyl -D-N-acetyl-galactosaminyl-(1(3)--D-galactopyranosyl-(1(3)--D-galactopyranosyl-(1(4)--D-glucopyranose (3g): (126 mg, 72%) 1H NMR (500 MHz, D2O):  4.95 (d, 1 H, J = 4.1 Hz), 4.49 (d, 1 H, J = 8.1 Hz), 4.36 (d, 1H, J = 8.1 Hz), 4.25 (d, 1 H, J = 7.6 Hz), 4.09 (d, 1H, J ＝ 3.0 Hz), 4.05 (t, 1H, 6.6 Hz), 4.02 (d, 1 H, 3.0 Hz), 3.87 (dd, 1H, 10.6, 3.0 Hz), 3.84 (dd, 1H, 12.2, 2.0 Hz), 3.75 ~ 3.81 (m, 3H), 3.44 ~ 3.68 (m, 15H), 3.42 (s, 3H), 3.16 (t, 1 H, J = 8.1 Hz), 1.88 (s, 3H), 1.19 (d, 1H, 6.6 Hz); 13C NMR (125 MHz, D2O): 175.37, 103.33, 102.99, 79.00, 78.72, 77.37, 75.19, 75.13, 74.91, 74.63, 72.93, 70.97, 70.55, 69.78, 69.22, 67.92, 67.44, 65.02,  61.14, 60.97, 60.29, 57.39, 52.82, 22.44; ESI-MS: 722.12 (M + H+), 744.13 (M + Na+), 1465.43 (2M + Na+).
N-Acetyl -D-N-acetyl-galactosaminyl-(1(3)--D-galactopyranosyl-(1(3)--D-galactopyranosyl-(1(4)--D-glucopyranosamine (3h): (106 mg, 60%) 1H NMR (400 MHz, D2O):  5.08 (d, 1 H, J = 4.1 Hz), 4.95 (d, 1 H, J = 9.7 Hz), 4.61 (d, 1H, J = 8.1 Hz), 4.50 (d, 1 H, J = 7.3 Hz), 4.19 (d, 1H, 3.3Hz), 4.18 (t, 1H, 6.5 Hz), 4.14 (d, 1 H, 2.4 Hz), 4.00 (dd, 1H, 10.6, 2.4 Hz), 3.86 ~ 3.93 (m, 4H), 3.61 ~ 3.82 (m, 15 H), 3.41 (t, 1 H, J = 8.1 Hz), 2.04 (s, 3H), 2.00 (s, 3H); 13C NMR (100 MHz, D2O): 175.81, 175.47, 103.46, 103.02, 95.92, 79.37, 79.13, 78.14, 77.43, 76.61, 75.39, 75.31, 75.24, 71.71, 71.08, 70.66, 69.88, 69.32, 68.02, 67.54, 65.14,  61.29, 61.25, 61.07, 60.16, 59.71, 52.92, 22.54, 22.35; ESI-MS: 749.00 (M + H+), 770.98 (M + Na+), 870.07 (M + Cs+), 1497.27 (2M + H+), 1519.25 (2M + Na)+.

Synthesis of GalNAc1-3Gal1-3Gal1-4Glc-5-azidopentamide with Enzymatic UDP-GlcNAc Regeneration. The reaction mixture (15 ml) contained trisaccharide 4 (80 mg, 10 mM),3 GlcNAc (40 mg, 12 mM), UDP (3.5 mg, 0.5 mM), ADP (4.0mg, 0.5mM), phosphoenolpyruvate (PEP) (70 mg, 24 mM), MgCl2 (14.5 mg, 10 mM), MnCl2 (24 mg, 10 mM), KCl (22.5 mg, 20 mM), and bovine serum albumin (0.1%) in Tris-HCl buffer (50 mM, pH 7.0). The reaction was initiated by addition of LgtD-WbgU fusion protein (5 U), GlcNAc kinase (5 U), GlcNAc-phosphate mutase (5 U), UDP-GlcNAc pyrophosphorylase (5 U), pyruvate kinase (10 U), inorganic pyrophosphatase (10 U), and performed at room temperature (ca. 25 °C) for 3 days. After removal of protein by brief boiling followed by centrifugation (12,000 ( g, 20 min), the mixture was passed through Dowex-1(8 (Cl- form) anion-exchange resin and gel permeation chromatography (Bio-Gel P2) to afford tetrasaccharide 5 (78 mg, 70%). 1H NMR (500 MHz, D2O):  4.95 (d, 1 H, J = 4.1 Hz), 4.84 (d, 1 H, J = 9.1 Hz), 4.54 (s, 1H), 4.49 (d, 1H, J = 8.6 Hz), 4.38 (d, 1 H, J = 8.1 Hz), 4.08 (d, 1H, 3.0Hz), 4.05 (t, 1H, 6.6 Hz), 4.02 (d, 1 H, 3.0 Hz), 3.88 (dd, 1H, 10.6, 3.0 Hz), 3.74 ~ 3.80 (m, 4H), 3.49 ~ 3.72 (m, 15 H), 3.28 (t, 1 H, J = 9.1 Hz), 3.19 (t, 2H, 6.6 Hz), 2.21 (t, 2H, 7.1 Hz), 1.88(s, 3H), 1.54 (m, 2H), 1.47 (m, 2H); 13C NMR (125 MHz, D2O): 178.10, 175.35, 141.98, 103.33, 102.90, 95.00, 82.14, 79.24, 78.98, 78.06, 77.30, 76.50, 75.32, 75.11, 71.57, 70.94, 70.53, 69.74, 69.19, 67.89, 65.00,  61.22, 61.11, 60.94, 60.06, 52.78, 50.85, 35.28, 27.56, 22.42, 22.37; ESI-MS: 438.84 (M + 2Na+), 854.34 (M + Na+), 1685.89 (2M + Na)+.
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