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Figure S1. MUC1-β-Tf has much enhanced stability toward the Enterococcus faecalis endo-𝛼-N-

acetylgalactosaminidase compared to MUC1-α-Tf over 24h reaction time. 
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Figure S2. Crystal structure of the Enterococcus faecalis endo-𝛼-N-acetylgalactosaminidase 

(PDB:6M77) with β-GalNAc showed that the 1-hydroxyl group (in blue oval) pointing toward the 

enzyme, presumably hindering the binding of MUC1-β-Tf glycopeptide 12 with the enzyme. This 

is consistent with the enhanced stability of MUC1-β-Tf glycopeptide 12 toward the enzyme 

compared to the corresponding MUC1-α-Tf glycopeptide 12α. The enzyme is shown as spacing 

filling model in light brown color. β-GalNAc is shown as a stick structure (oxygen atoms are 

shown in red, nitrogen atom is shown as blue color, and carbon atoms are shown in gold color). 
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Figure S3. MALDI-TOF MS of Qβ-MUC1-β-Tf conjugate. Based on the ratio of peak intensities, 

the average number of MUC1-β-Tf per capsid was calculated to be 220. 

 

 

Scheme S1: Synthesis of BSA-MUC1 conjugates for ELISA. BSA-MUC1, BSA-MUC1-α-Tf 

were reported previously.1 

Q𝛽 + 1 glycopep. 

13989.21 

Q𝛽 + 2 glycopep. 

15459.86 

Q𝛽 + 3 glycopep. 

16929. 45 
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Figure S4. MALDI-TOF MS of BSA-MUC1-β-Tf conjugates. Based on the molecular weight 

difference between the BSA- MUC1-β-Tf conjugate and unmodified BSA, the number of MUC1-

β-Tf per BSA was calculated to be 6. 
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Figure S5. B16-MUC1 melanoma cells staining by IgG antibodies in post-immune sera elicited 

by Qβ-MUC1-β-Tf as measured by flow cytometry. a) B16-MUC1 unstained control; b-f) Sera 

staining of B16-MUC1 cells. Each curve represents serum from one mouse immunized with Qβ-

MUC1-β-Tf. The binding was tested with 1:20 dilution of the sera.  
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mouse 168 mouse169 mouse170

PAHGVT*(T-a)SAPDTRPAPGSTA 14 13956.4 1901.76 13.62644 12051.25 1123.337 14547 2036.008

PAHGVTSAPDT*(T-a)RPAPGSTA 15 17019.6 1477.702 8.682354 15235.4 598.7197 12186.8 657.8288

PAHGVTSAPDTRPAPGST*(T-a)A 16 17566.6 3425.304 19.49896 16940 1403.482 19925.8 843.1386

PAHGVT*(T-a)SAPDT*(T-a)RPAPGSTA 17 8930.25 1050.932 11.76823 7151 1366.933 5940.2 743.7195

PAHGVT*(T-a)SAPDTRPAPGST*(T-a)A 18 11398.2 1580.792 13.86878 10858.6 1152.787 15909.8 1225.115

PAHGVTSAPDT*(T-)RPAPGST*(T-a)A 19 16308.4 2109.466 12.93484 15620.4 1276.68 12954.6 1701.474

PAHGVT*(T-a)SAPDT*(T-a)RPAPGST*(T-a)A 20 8476.6 1223.191 14.4302 7104 690.9591 7186 1032.222

PAHGVT*(C1T1)SAPDTRPAPGSTA 21 13597 1468.825 10.80257 11717.6 391.6309 16857.6 1558.196

PAHGVTSAPDT*(C1T1)RPAPGSTA 22 16661.4 2197.732 13.19056 11129.4 664.9886 8562.2 789.3996

PAHGVTSAPDTRPAPGST*(C1T1)A 23 19672.4 2341.371 11.90181 17847.2 1928.843 18535.8 1896.657

PAHGVT*(C1T1)SAPDT*(C1T1)RPAPGSTA 24 9386.6 1358.914 14.47717 3094.5 435.8475 2358.75 264.8866

PAHGVT*(C1T1)SAPDTRPAPGST*(C1T1)A 25 14724.4 741.7899 5.037828 14759.75 589.297 18335.8 679.9255

PAHGVTSAPDT*(C1T1)RPAPGST*(C1T1)A 26 18388.5 1557.016 8.467334 10308 527.2087 9673.2 640.1591

PAHGVT*(C1T1)SAPDT*(C1T1)RPAPGST*(C1T1)A 27 8476.6 1121.03 13.225 2615 508.8405 3596 376.7327

PAHGVT*(C1T2)SAPDTRPAPGSTA 28 14282.75 1881.207 13.17118 11700.2 1558.179 16498.6 816.7241

PAHGVTSAPDT*(C1T2)RPAPGSTA 29 15966.5 2023.463 12.67318 9653.6 877.4305 7952.6 987.3772

PAHGVTSAPDTRPAPGST*(C1T2)A 30 18574.25 2132.119 11.4789 18385.2 538.1182 18653.4 1559.166

PAHGVT*(C1T2)SAPDT*(C1T2)RPAPGSTA 31 8252.75 1477.918 17.90819 2396.25 147.491 2031.6 306.5417

PAHGVT*(C1T2)SAPDTRPAPGST*(C1T2)A 32 14715 1387.14 9.426704 12358.4 793.2133 18126.75 822.4623

PAHGVTSAPDT*(C1T2)RPAPGST*(C1T2)A 33 17804.5 2145.094 12.04804 9875.6 1320.062 9119 1131.446

PAHGVT*(C1T2)SAPDT*(C1T2)RPAPGST*(C1T2)A 34 8112.75 1090.371 13.44021 1985.25 174.2132 2870.6 381.857

PAHGVT*(C2T1)SAPDTRPAPGSTA 35 17594.4 1490.255 8.470052 13573.8 866.9456 22413.6 523.3066

PAHGVTSAPDT*(C2T1)RPAPGSTA 36 32626.5 2918.928 8.946494 13020.2 616.3965 11099.6 837.2552

PAHGVTSAPDTRPAPGST*(C2T1)A 37 21256.5 2174.946 10.23191 21420.8 482.0235 22432.6 1171.148

PAHGVT*(C2T1)SAPDT*(C2T1)RPAPGSTA 38 4262.75 617.6813 14.49021 536.2 76.46045 639.8 77.97884

PAHGVT*(C2T1)SAPDTRPAPGST*(C2T1)A 39 8839.75 1233.712 13.95641 4865.6 597.9931 10019.2 985.3247

PAHGVTSAPDT*(C2T1)RPAPGST*(C2T1)A 40 29262 5784.35 19.76744 4705.2 517.9688 4894 695.4303

PAHGVT*(C2T1)SAPDT*(C2T1)RPAPGST*(C2T1)A 41 2338.25 484.6954 20.72898 168.6 12.05404 349.4 52.57186

PAHGVT*(C2T1)SAPDTRPAPGSTA 42 12630.5 1354.281 10.72231 7010.4 634.2801 13639.4 1492.899

PAHGVTSAPDT*(C2T1)RPAPGSTA 43 25379.5 3648.495 14.37576 16651.2 1695.977 10705.6 229.2058

PAHGVTSAPDTRPAPGST*(C2T1)A 44 19860.5 1763.361 8.878736 19342 660.1526 18771 517.1504

PAHGVT*(C2T1)SAPDT*(C2T1)RPAPGSTA 45 5397 298.5375 5.531546 2555 253.7229 2866.6 402.6007

PAHGVT*(C2T1)SAPDTRPAPGST*(C2T1)A 46 9303.75 661.5847 7.110946 5194 740.8212 10187 1051.156

PAHGVTSAPDT*(C2T1)RPAPGST*(C2T1)A 47 28683.75 5479.932 19.10466 14448.4 1226.703 11070.2 1234.676

PAHGVT*(C2T1)SAPDT*(C2T1)RPAPGST*(C2T1)A 48 4123.25 751.0075 18.21397 740.75 121.5905 1319.4 131.2795

PAHGVT*(C2T2)SAPDTRPAPGSTA 49 13621.75 1921.319 14.10478 10495.6 282.8547 15712.8 697.1411

PAHGVTSAPDT*(C2T2)RPAPGSTA 50 29032.25 4529.872 15.6029 8541.2 727.8047 6380.25 748.5178

PAHGVTSAPDTRPAPGST*(C2T2)A 51 20255.25 1336.935 6.600438 18752.4 811.0113 19879.8 1756.574

PAHGVT*(C2T2)SAPDT*(C2T2)RPAPGSTA 52 6555.25 1073.838 16.38135 1074.6 44.08855 1134.8 125.4301

PAHGVT*(C2T2)SAPDTRPAPGST*(C2T2)A 53 10155.25 1496.766 14.73884 7752.8 1099.352 11399.8 1370.766

PAHGVTSAPDT*(C2T2)RPAPGST*(C2T2)A 54 23324.5 3810.46 16.33673 4484.8 280.3528 4812 742.7203

PAHGVT*(C2T2)SAPDT*(C2T2)RPAPGST*(C2T2)A 55 2447.6 211.8178 8.654104 267 53.82843 732.75 29.10183

PAHGVT*(C2T2)SAPDTRPAPGSTA 56 10298 1187.246 11.5289 9473.25 854.4204 13499 1214.617

PAHGVTSAPDT*(C2T2)RPAPGSTA 57 20984 4051.194 19.30611 13630.4 1089.935 11033.25 1139.157

PAHGVTSAPDTRPAPGST*(C2T2)A 58 11876.75 1807.139 15.21577 14541.4 1525.472 14340.8 1487.402

PAHGVT*(C2T2)SAPDT*(C2T2)RPAPGSTA 59 5690.25 723.0207 12.70631 4213.6 635.913 3667.4 745.9345

PAHGVT*(C2T2)SAPDTRPAPGST*(C2T2)A 60 7369.5 1073.892 14.57211 7254 1119.308 12971 1147.978

PAHGVTSAPDT*(C2T2)RPAPGST*(C2T2)A 61 30539.5 4803.249 15.72799 14546 1662.619 11561.5 2227.521

PAHGVT*(C2T2)SAPDT*(C2T2)RPAPGST*(C2T2)A 62 3908.25 459.8401 11.76588 1313.5 212.2679 2484.75 303.7426

PAHGVT*(Tn-a)SAPDTRPAPGSTA 63 17469 2515.227 14.39823 13841.8 1675.781 17336.6 1419.899

PAHGVTSAPDT*(Tn-a)RPAPGSTA 64 22159.4 2410.808 10.87939 14438.25 1258.08 16932.8 1212.039

PAHGVTSAPDTRPAPGST*(Tn-a)A 65 20305 2269.228 11.17571 15562.4 1342.803 18727 1027.923

PAHGVT*(Tn-a)SAPDT*(Tn-a)RPAPGSTA 66 17990.2 2554.268 14.19811 15659.8 2065.399 15242.6 1617.226

PAHGVT*(Tn-a)SAPDTRPAPGST*(Tn-a)A 67 21003.2 2219.573 10.56779 15672.6 1813.218 19783 971.3722

PAHGVTSAPDT*(Tn-a)RPAPGST*(Tn-a)A 68 26815 2325.454 8.672212 15437.8 1304.128 19579.8 1519.79

PAHGVT*(Tn-a)SAPDT*(Tn-a)RPAPGST*(Tn-a)A 69 20798.6 2687.407 12.9211 15277.2 2463.822 16058.2 1473.067

PAHGVT*(C3T1)SAPDTRPAPGSTA 70 19457.2 1383.686 7.111433 12950 1742.437 19446.2 1470.797

PAHGVTSAPDT*(C3T1)RPAPGSTA 71 22691.4 2862.855 12.61647 12826 1468.44 11740 1682.812

PAHGVTSAPDTRPAPGST*(C3T1)A 72 24149.4 3789.97 15.69385 17749.8 2799.902 20220.8 1695.949

PAHGVT*(C3T1)SAPDT*(C3T1)RPAPGSTA 73 13889 1609.337 11.58713 4166.2 691.4562 4079.75 749.9753

PAHGVT*(C3T1)SAPDTRPAPGST*(C3T1)A 74 19361 2520.132 13.01654 14244.25 1899.78 19332 1147.884

PAHGVTSAPDT*(C3T1)RPAPGST*(C3T1)A 75 22970.75 2420.962 10.53932 11024.4 1678.124 12378.8 666.8063

PAHGVT*(C3T1)SAPDT*(C3T1)RPAPGST*(C3T1)A 76 12014.2 1510.495 12.57258 3591.6 477.1051 4715.2 560.7345

PAHGVT*(C3T2)SAPDTRPAPGSTA 77 19888.6 1773.632 8.91783 13662 619.5773 18795.8 989.6763

PAHGVTSAPDT*(C3T2)RPAPGSTA 78 24400.2 2009.478 8.235499 13401.6 855.7633 11354.4 1567.616

PAHGVTSAPDTRPAPGST*(C3T2)A 79 23637.8 2541.534 10.75199 17251.2 1123.956 20474.4 1174.967

PAHGVT*(C3T2)SAPDT*(C3T2)RPAPGSTA 80 12778.4 1410.301 11.0366 3816.8 669.1773 4194.4 188.5333

PAHGVT*(C3T2)SAPDTRPAPGST*(C3T2)A 81 18336.25 1553.15 8.470379 14318.4 968.9584 19658.2 936.1521

PAHGVTSAPDT*(C3T2)RPAPGST*(C3T2)A 82 19797.8 2395.357 12.09911 12341.4 1372.956 12543.2 1520.2

PAHGVT*(C3T2)SAPDT*(C3T2)RPAPGST*(C3T2)A 83 11319 1199.994 10.60159 4492 533.5283 5722.6 840.4108

PAHGVT*(C4T1)SAPDTRPAPGSTA 84 18389.6 1747.82 9.504395 11622.2 327.6678 18012.4 1482.763

PAHGVTSAPDT*(C4T1)RPAPGSTA 85 21356.6 1888.943 8.844774 12651.8 1639.418 9401.2 760.2662

PAHGVTSAPDTRPAPGST*(C4T1)A 86 21352.4 1365.094 6.393163 16357.6 812.2538 18260.4 658.6469

PAHGVT*(C4T1)SAPDT*(C4T1)RPAPGSTA 87 6153 457.4238 7.434158 774.6 80.79171 1159.6 68.8571

PAHGVT*(C4T1)SAPDTRPAPGST*(C4T1)A 88 12369 1242.919 10.04866 6788.4 417.5971 10836.4 1211.005

PAHGVTSAPDT*(C4T1)RPAPGST*(C4T1)A 89 22566.5 1840.589 8.156291 7108.2 733.1846 5496.5 173.1849

PAHGVT*(C4T1)SAPDT*(C4T1)RPAPGST*(C4T1)A 90 2680.5 554.6654 20.69261 277.6 26.10172 368.6 34.37005

PAHGVT*SAPDTRPAPGSTA 91 16970.4 954.3078 5.623366 11233.4 661.243 16761.4 716.5349

PAHGVTSAPDT*(C4T2)RPAPGSTA 92 25236.2 1368.802 5.423962 13687.2 863.361 10923.25 1292.05

PAHGVTSAPDTRPAPGST*(C4T2)A 93 22193 2291.852 10.32691 18313.2 775.2027 19338.4 832.1411

PAHGVT*(C4T2)SAPDT*(C4T2)RPAPGSTA 94 7417.4 715.3819 9.644645 1926.4 158.4528 2742.8 230.4901

PAHGVT*(C4T2)SAPDTRPAPGST*(C4T2)A 95 17814.5 1175.591 6.599067 12419.2 363.9336 16979.6 971.3037

PAHGVTSAPDT*(C4T2)RPAPGST*(C4T2)A 96 30690.6 3032.673 9.88144 12353.4 489.2364 11131.2 690.1987

PAHGVT*(C4T2)SAPDT*(C4T2)RPAPGST*(C4T2)A 97 6349.2 750.6835 11.82328 1005.8 72.55825 2067.4 154.1194

PAHGVTSAPDT*RPAPGS*T*APPA Pep137 98 18895 1733.703 9.175459 6746.4 638.4538 6180.2 547.1862

PAHGVTSAPDT*RPAPGS*T*APPA Pep138 99 26741.8 2158.411 8.071302 11032.4 994.6762 8564.6 1018.655

PAHGVTSAPDT*RPAPGS*T*APPA Pep139 100 19534.6 2116.793 10.83612 7457.2 290.2606 6372.6 251.6651

MUC5B AT*PSSTPGTTHTP 101 33.2 2.774887 8.358095 27.8 3.34664 94.6 11.99166

MUC5B ATPSST*PGTTHTP 102 31.8 4.494441 14.13346 26.4 7.127412 42 4.949747

MUC5B ATPSSTPGT*THTP 103 48.2 3.898718 8.088626 37.8 1.923538 60.4 11.52389

a1-acid glycoprotein 104 65.2 5.890671 9.034771 59 2.915476 59.6 14.0819

Fetuin fetal bovine serum 105 380 56.19164 14.78727 151.2 12.43785 374.4 128.4379

BSA 106 445.2 243.7616 54.75327 372 253.0405 434 405.3634

Albumin from human serum 107 546.6 252.8919 46.26635 369.2 254.381 438 326.9534

ICAM-I human 108 81.2 15.7226 19.3628 70.2 9.95992 69.4 12.44186

Transferrin human 109 269.2 145.9647 54.22166 254.8 26.10939 126.4 70.17336

Mucin from porcine stomach 110 509.8 144.6174 28.36748 798.25 135.2217 3351 559.5921

Mucin from bovine submaxillary 111 92 20.18663 21.94199 36.2 6.220932 245.2 77.11809
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mouse 171 mouse172

PAHGVT*(T-a)SAPDTRPAPGSTA 14 16018.5 1832.928 19229.8 1701.159

PAHGVTSAPDT*(T-a)RPAPGSTA 15 29649 3052.313 29635.5 4880.523

PAHGVTSAPDTRPAPGST*(T-a)A 16 21222.8 1685.397 32732.75 5388.405

PAHGVT*(T-a)SAPDT*(T-a)RPAPGSTA 17 12584.2 772.0591 16171.8 2416.113

PAHGVT*(T-a)SAPDTRPAPGST*(T-a)A 18 11477.4 1082.236 19770 2984.956

PAHGVTSAPDT*(T-)RPAPGST*(T-a)A 19 25001.4 3421.232 34810.75 4345.111

PAHGVT*(T-a)SAPDT*(T-a)RPAPGST*(T-a)A 20 9719.2 373.5488 15745 2244.221

PAHGVT*(C1T1)SAPDTRPAPGSTA 21 17470.4 2363.781 21597.4 2292.476

PAHGVTSAPDT*(C1T1)RPAPGSTA 22 36117.25 856.4299 29330 5171.876

PAHGVTSAPDTRPAPGST*(C1T1)A 23 25491.5 534.6691 35480.25 5599.532

PAHGVT*(C1T1)SAPDT*(C1T1)RPAPGSTA 24 14792 1989.637 17937.4 1675.358

PAHGVT*(C1T1)SAPDTRPAPGST*(C1T1)A 25 16024.2 739.149 25981.6 1543.151

PAHGVTSAPDT*(C1T1)RPAPGST*(C1T1)A 26 29882.2 2317.065 32305.6 1946.628

PAHGVT*(C1T1)SAPDT*(C1T1)RPAPGST*(C1T1)A 27 12497.4 374.6429 15204.4 1352.057

PAHGVT*(C1T2)SAPDTRPAPGSTA 28 17068.6 850.2513 22565.4 1390.762

PAHGVTSAPDT*(C1T2)RPAPGSTA 29 29765.8 3179.007 29435.4 2398.235

PAHGVTSAPDTRPAPGST*(C1T2)A 30 24908.2 1727.386 37447.8 2155.414

PAHGVT*(C1T2)SAPDT*(C1T2)RPAPGSTA 31 10985.6 1135.422 15125.2 1532.622

PAHGVT*(C1T2)SAPDTRPAPGST*(C1T2)A 32 11174.5 1178.462 26096.5 1113.356

PAHGVTSAPDT*(C1T2)RPAPGST*(C1T2)A 33 31007.75 2600.227 34786.5 3124.645

PAHGVT*(C1T2)SAPDT*(C1T2)RPAPGST*(C1T2)A 34 9514.2 377.5913 11588.2 1505.246

PAHGVT*(C2T1)SAPDTRPAPGSTA 35 21430.6 644.2991 28244.4 1548.614

PAHGVTSAPDT*(C2T1)RPAPGSTA 36 18024.2 566.2497 30335.6 2768.706

PAHGVTSAPDTRPAPGST*(C2T1)A 37 23533.5 939.0089 44073 1927.583

PAHGVT*(C2T1)SAPDT*(C2T1)RPAPGSTA 38 2278 266.9757 17415.2 2393.562

PAHGVT*(C2T1)SAPDTRPAPGST*(C2T1)A 39 7438 462.5846 17427.8 1644.451

PAHGVTSAPDT*(C2T1)RPAPGST*(C2T1)A 40 7926.8 694.6688 22225.2 2190.688

PAHGVT*(C2T1)SAPDT*(C2T1)RPAPGST*(C2T1)A 41 532.2 53.42003 3990.75 735.427

PAHGVT*(C2T1)SAPDTRPAPGSTA 42 14055.6 1276.92 19805.4 2003.863

PAHGVTSAPDT*(C2T1)RPAPGSTA 43 9319 500.146 26361.4 2734.745

PAHGVTSAPDTRPAPGST*(C2T1)A 44 19393.4 1692.601 39566.8 4940.953

PAHGVT*(C2T1)SAPDT*(C2T1)RPAPGSTA 45 3575.2 358.7669 13820.2 884.0909

PAHGVT*(C2T1)SAPDTRPAPGST*(C2T1)A 46 7568.8 340.5638 15958.4 814.0536

PAHGVTSAPDT*(C2T1)RPAPGST*(C2T1)A 47 7639.6 914.2993 25707 1079.239

PAHGVT*(C2T1)SAPDT*(C2T1)RPAPGST*(C2T1)A 48 1795 230.2347 6603.75 753.6477

PAHGVT*(C2T2)SAPDTRPAPGSTA 49 17472.6 1868.597 22272.2 1938.063

PAHGVTSAPDT*(C2T2)RPAPGSTA 50 10746 410.6282 24112.6 1758.223

PAHGVTSAPDTRPAPGST*(C2T2)A 51 26416.2 644.2649 40385.4 2039.251

PAHGVT*(C2T2)SAPDT*(C2T2)RPAPGSTA 52 4146 187.3966 13908 1094.044

PAHGVT*(C2T2)SAPDTRPAPGST*(C2T2)A 53 11530.6 877.1501 17224.4 2114.005

PAHGVTSAPDT*(C2T2)RPAPGST*(C2T2)A 54 6447 442.9554 19922.8 2334.954

PAHGVT*(C2T2)SAPDT*(C2T2)RPAPGST*(C2T2)A 55 865 158.2466 4381.25 917.3532

PAHGVT*(C2T2)SAPDTRPAPGSTA 56 14655.4 1443.891 19267.8 1809.095

PAHGVTSAPDT*(C2T2)RPAPGSTA 57 9582.8 902.6878 26361 2419.557

PAHGVTSAPDTRPAPGST*(C2T2)A 58 13321.8 984.2615 32185 2856.59

PAHGVT*(C2T2)SAPDT*(C2T2)RPAPGSTA 59 3814.8 479.4056 10831.25 1625.41

PAHGVT*(C2T2)SAPDTRPAPGST*(C2T2)A 60 9045.4 1205.71 17051 2093.203

PAHGVTSAPDT*(C2T2)RPAPGST*(C2T2)A 61 8532.4 937.8426 27398 2801.713

PAHGVT*(C2T2)SAPDT*(C2T2)RPAPGST*(C2T2)A 62 2066.8 255.6026 7651.6 690.5482

PAHGVT*(Tn-a)SAPDTRPAPGSTA 63 24304 1323.356 20105.8 1734.962

PAHGVTSAPDT*(Tn-a)RPAPGSTA 64 35879.4 2111.912 26978.8 2446.592

PAHGVTSAPDTRPAPGST*(Tn-a)A 65 24798.2 1033.986 26801 2381.046

PAHGVT*(Tn-a)SAPDT*(Tn-a)RPAPGSTA 66 28903.2 1267.29 19944.2 1378

PAHGVT*(Tn-a)SAPDTRPAPGST*(Tn-a)A 67 22669.2 1549.768 21608.4 1901.608

PAHGVTSAPDT*(Tn-a)RPAPGST*(Tn-a)A 68 33268.8 1779.191 29070.4 2315.707

PAHGVT*(Tn-a)SAPDT*(Tn-a)RPAPGST*(Tn-a)A 69 22551.8 1678.212 18638.6 2421.28

PAHGVT*(C3T1)SAPDTRPAPGSTA 70 24749.8 591.1985 21132 1238.136

PAHGVTSAPDT*(C3T1)RPAPGSTA 71 43249.8 2260.639 26673.6 2432.039

PAHGVTSAPDTRPAPGST*(C3T1)A 72 27044 1057.215 30521.6 4419.246

PAHGVT*(C3T1)SAPDT*(C3T1)RPAPGSTA 73 25059.8 3237.83 16598.6 1823.974

PAHGVT*(C3T1)SAPDTRPAPGST*(C3T1)A 74 20144.8 897.1927 20338 1335.183

PAHGVTSAPDT*(C3T1)RPAPGST*(C3T1)A 75 42727.8 2737.348 26294.4 1705.842

PAHGVT*(C3T1)SAPDT*(C3T1)RPAPGST*(C3T1)A 76 18778.8 1545.062 13350.4 1570.022

PAHGVT*(C3T2)SAPDTRPAPGSTA 77 25454.8 956.1003 21046.2 1353.137

PAHGVTSAPDT*(C3T2)RPAPGSTA 78 49041.4 3256.861 27414.8 1936.767

PAHGVTSAPDTRPAPGST*(C3T2)A 79 26956.2 2034.1 30980.5 2244.714

PAHGVT*(C3T2)SAPDT*(C3T2)RPAPGSTA 80 24218.75 4319.251 15097.4 831.7441

PAHGVT*(C3T2)SAPDTRPAPGST*(C3T2)A 81 20143 603.3494 20960.2 1012.066

PAHGVTSAPDT*(C3T2)RPAPGST*(C3T2)A 82 36897.8 2306.951 25883 1982.081

PAHGVT*(C3T2)SAPDT*(C3T2)RPAPGST*(C3T2)A 83 17965.5 2450.774 13097 1366.529

PAHGVT*(C4T1)SAPDTRPAPGSTA 84 24287.8 1217.541 20094 1493.1

PAHGVTSAPDT*(C4T1)RPAPGSTA 85 20545.6 1337.466 18130 1080.465

PAHGVTSAPDTRPAPGST*(C4T1)A 86 24291.6 773.9165 29195.2 1965.246

PAHGVT*(C4T1)SAPDT*(C4T1)RPAPGSTA 87 4922.75 560.149 15112 863.4388

PAHGVT*(C4T1)SAPDTRPAPGST*(C4T1)A 88 13376.6 1076.664 16161.8 1064.935

PAHGVTSAPDT*(C4T1)RPAPGST*(C4T1)A 89 10879.8 1486.32 16903.5 1613.029

PAHGVT*(C4T1)SAPDT*(C4T1)RPAPGST*(C4T1)A 90 1247.75 211.8748 6194.6 615.5309

PAHGVT*SAPDTRPAPGSTA 91 22744 1267.563 19216 913.7519

PAHGVTSAPDT*(C4T2)RPAPGSTA 92 21754.2 1419.964 18528.4 1635.124

PAHGVTSAPDTRPAPGST*(C4T2)A 93 24113.2 1366.179 30922.6 2219.881

PAHGVT*(C4T2)SAPDT*(C4T2)RPAPGSTA 94 9877.4 1012.112 13950 670.2951

PAHGVT*(C4T2)SAPDTRPAPGST*(C4T2)A 95 17378.2 974.5187 18491.6 523.7999

PAHGVTSAPDT*(C4T2)RPAPGST*(C4T2)A 96 20476.8 1546.855 20836.8 1307.443

PAHGVT*(C4T2)SAPDT*(C4T2)RPAPGST*(C4T2)A 97 4258 460.8085 7865.8 842.1465

PAHGVTSAPDT*RPAPGS*T*APPA Pep137 98 14127 1483.763 25596.4 1247.588

PAHGVTSAPDT*RPAPGS*T*APPA Pep138 99 32108.8 4578.91 27630.8 2479.87

PAHGVTSAPDT*RPAPGS*T*APPA Pep139 100 9750.2 890.1785 22513.8 1290.084

MUC5B AT*PSSTPGTTHTP 101 49.6 12.99231 35 3.162278

MUC5B ATPSST*PGTTHTP 102 30.6 4.09878 31.2 2.48998

MUC5B ATPSSTPGT*THTP 103 32.8 2.48998 36.8 17.62668

a1-acid glycoprotein 104 66.6 7.668116 62.8 1.923538

Fetuin fetal bovine serum 105 203 29.97499 171.4 28.34255

BSA 106 1063.4 983.9389 535.2 321.8706

Albumin from human serum 107 2298 1510.248 625 357.1204

ICAM-I human 108 104.8 43.68867 91.8 19.57549

Transferrin human 109 221.6 216.6802 225.2 131.9572

Mucin from porcine stomach 110 772.2 170.1446 213.4 28.84961

Mucin from bovine submaxillary 111 22 10.67708 63.4 11.19375
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Figure S6. Glycopeptide microarray screening results of anti-sera induced by Qβ-MUC1-β-Tf . The 

results from five anti-sera (1/100 dilution) were shown. 
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General Experimental Procedures and Methods for Synthesis: 

All chemicals were reagent grade and were used as received from the manufacturer, unless 

otherwise noted. Solvents were dried using a solvent purification system. Glycosylation reactions 

were performed with 4Å molecular sieves that were flame dried under high vacuum. Reactions 

were visualized by UV light (254 nm) and by staining with either Ce(NH4)2(NO3)6 (0.5 g) and 

(NH4)6MO7O24*4H2O (24.0 g) in 6% H2SO4 (500 mL) or 5% H2SO4 in EtOH. Flash 

chromatography was performed on silica gel 601 (230-400 Mesh). 

Centrifugal filter units of 10,000 and 100,000 molecular weight cut-off (MWCO) were 

purchased from EMD Millipore. Fast protein liquid chromatography (FPLC) was performed on a 

GE ÄKTA Explorer (Amersham Pharmacia0 instrument equipped with a Superose-6 column. For 

characterization of Qβ-MUC1 conjugates, liquid chromatography-mass spectrometry (LCMS) 

analysis was performed. The samples for LCMS were prepared as follows: 1:1 v/v of 40 μg mL-1 

of Qβ-MUC1 stock solution and 100 mM DTT was mixed and incubated in a water bath at 37 °C 

for 30 min. One drop of 50% formic acid was added to the mixture. LCMS was performed on 

Waters Xevo G2-XS quadrupole/time-of-flight UPLC/MS/MS. The liquid chromatography was 

done on ACUITY UPLC® Peptide BEH C18 column, 130Å, 1.7 μm, 2.1 mm x 150 mm, using 

gradient eluent from 95% 0.1% formic acid in CH3CN (0.3 mL min-1 flowrate) at a column 

temperature of 40 °C. The spectra were deconvoluted using MaxEnd148a. The average numbers 

of MUC1/subunit were analyzed by signal intensity in the mass spectra. For characterization of 

BSA-MUC1 conjugates, MALDI-TOF MS analysis was performed. The samples for MALDI-

TOF were prepared as follows: 1:1 v/v of 2 mg ml-1 of BSA-MUC1 conjugates and 100 mM DTT 

was mixed and incubated in a water bath at 37 °C for 30 min. After desalting using Cleanup C18 

Pipette Tips (Agilent Technologies), the sample (2 μL) and matrix solution (2 μL, 10 mg mL-1 

sinapic acid in 50/50/0.1 CH3CN/H2O/TFA) was mixed and spotted on a MALDI plate, air-dried 

(3 rounds) and then analyzed by MALDI-TOF mass spectrometry (Applied Biosystems Voyager 

DE STR). Protein concentration was measured using the Coomassie Plus Protein Reafent 

(Bradford Assay, Pierce) with BSA as the standard. O-Glycosidase, endo-α-N-

acetylgalactosaminidase from E. faecalis, was purchased from New England Biolabs (p0733s). 

Mouse melanoma B16 line expressing human MUC1 (B16-MUC1) was kindly provided 

by Prof. Sandra J. Gendler (Mayo Clinic). B16-MUC1 cells were grown in Dulbecco’s Modified 

Eagle’s Medium (DMEM) supplemented with 10% FBS, 100 U mL-1 penicillin and 100 μg mL-1 

streptomycin, 2 mM L-glutamine, 1 mM sodium pyruvate and 0.3 mg mL-1 G418 disulfate salt. 
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Synthesis of Fmoc protected β-Tf glyco-AA building block 11: 

 

p-Tolyl-4,6-O-benzylidene-3-O-(tert-butyl-dimethylsilyl)-2-deoxy-1-thio-2-N-((2,2,2-

trichloroethoxy)carbonyl)-ß-D-galactopyranoside (7). 

5 (0.450g, 0.820mmol, 1 equiv.),2 imidazole (0.112g, 1.64mmol, 2 equiv.) and tert-

butyldimethylsilyl chloride (0.161g, 1.07mmol, 1.3 equiv.) were dissolved in DMF (4mL). The 

reaction was stirred, under N2, overnight. Upon completion of the reaction, the solution was poured 

into EtOAc and washed 3 times each with 1M HCl, sat. NaHCO3, and sat. NaCl solutions. The 

organic layers were collected and dried over anhydr. Na2SO4 and the excess solvent was removed. 

The crude product was purified by silica gel flash column chromatography using 

EtOAc:hexanes:DCM as the eluent. 7 (0.513g) was obtained as a white solid in a 94% yield. 1H 

NMR (500MHz, CDCl3) ẟ 7.53 (d, J = 7.8Hz, 2H, Ar-H), 7.50-7.45 (m, 2H, Ar-H), 7.40-7.35 (m, 

3H, Ar-H), 7.02 (d, J = 7.8Hz, 2H, Ar-H), 5.50 (s, 1H, benzylidene CH), 5.10-5.20 (m, 2H, N-H 

H-1), 4.75 (d, J = 12.0Hz, 1H, Troc CH2), 4.66 (d, J = 12.0Hz, 1H, Troc CH2), 4.38 (dd, J = 1.7Hz, 

12.4Hz, 1H, H-6a), 4.32 (dd, J = 3.3Hz, 10.2Hz, 1H, H-5), 4.07 (d, J = 3.3Hz, 1H, H-4), 4.01 (dd, 

J = 1.7Hz, 12.4Hz, 1H, H-6b), 3.58-3.48 (m, 2H, H-2, H-3), 2.31 (s, 3H, STol CH3), 0.85 (s, 9H, 

tBu CH3), 0.06 (s, 3H, silyl CH3), 0.05 (s, 3H, silyl CH3). 
13C NMR (125MHz, CDCl3) ẟ 153.5, 

138.0, 137.9, 133.5, 129.7, 128.8, 128.2, 128.0, 126.3, 100.7, 95.3, 84.6, 77.3, 76.3, 74.6, 74.5, 

70.9, 69.9, 69.5, 68.8, 53.3, 25.7, 21.2, 18.1, -4.5, -4.7. ESI-TOF (C29H38Cl3NNaO6SSi): calculated 

([M+Na+]): 684.1152, found 684.1151. 

 

O-(4,6-O-Benzylidene-2-2-deoxy-N-((2,2,2-trichloroethoxy)carbonyl)-ß-D-

galactopyranosyl)-N-(fluoren-9-ylmethoxycarbonyl)-threonine tert-butyl ester (8). 

7 (0.759g, 1.14 mmol, 1 equiv.) and N-(fluoren-9-ylmethoxycarbonyl)-L-threonine tert-butyl ester 

2 (Fmoc-Thr-OtBu) (0.455g, 1.14mmol, 1 equiv.) were dissolved in dry DCM (5mL). Freshly 

activated 4Å molecular sieves (MS) were added and the reaction was stirred for 30 min under N2. 

The reaction was cooled to -78°C. Sequentially N-iodosuccinimide (NIS) (0.515g, 2.29mmol, 2 

equiv.) and trifluoromethanesulfonic acid (TfOH) (12.1µL, 0.137mmol, 0.12 equiv.) were added 

to the reaction. The reaction was allowed to slowly warm to room temperature. Upon reaching 

room temperature, the reaction was neutralized by addition of N,N-diisopropylethylamine 
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(DIPEA). The reaction was filtered through celite and excess solvent was removed. The mixture 

was run through a silica gel column, using EtOAc:hexanes:DCM as eluent, to obtain a mixture of 

the glycosylated amino acid and Fmoc-Thr-OtBu. The recovered mixture was dissolved in pyridine 

(2mL) and cooled to 0°C before HF•Pyridine (1mL) was added. The solution was stirred and 

allowed to warm to room temperature. After 2h, the reaction was neutralized using a sat. NaHCO3 

solution and dissolved in EtOAc. The solution was washed 3 times each with sat. copper sulfate, 

1M HCl, sat. NaHCO3, and sat. NaCl solutions. The organic layers were collected, dried over 

anhydr. Na2SO4 and excess solvent was removed. The crude product was purified by silica gel 

flash column chromatography using EtOAc:hexanes:DCM as the eluent. 8 (0.704g) was obtained 

as a white solid in a 75% yield over 2 steps. 1H NMR (500MHz, CDCl3) ẟ 7.75 (d, J = 7.6Hz, 2H, 

Ar-H), 7.66 (t, J = 7.3Hz, 2H, Ar-H), 7.48-7.45 (m, 2H, Ar-H), 7.41-7.34 (m, 5H, Ar-H), 7.32-

7.27 (m, 2H, Ar-H), 5.86 (d, J = 9.4Hz, 1H, N-H), 5.55 (s, 1H, benzylidene CH), 5.32 (d, J = 

7.8Hz, 1H, N-H), 4.72 (s, 2H, Troc CH2), 4.68 (d, J = 7.7Hz, 1H, H-1), 4.55 (m, 1H, Thr CH), 

4.42 (m, 1H, Fmoc CH2), 4.35-4.22 (m, 4H, Fmoc CH, Fmoc CH2, Thr C𝛼H, H-6a), 4.20 (bs, 1H, 

H-5), 4.10-4.00 (m, 2H, H-3, H-6b), 3.52 (bs, 1H, H-2), 3.46 (s, 1H, H-5), 2.71 (d, J = 10.5Hz, 

1H, OH), 1.49 (s, 9H, tBu CH3), 1.23 (d, J = 6.3Hz, 3H, Thr CH3). 
13C NMR (125MHz, CDCl3) ẟ 

181.9, 157.0, 154.5, 144.0, 143.9, 141.2, 141.1, 137.4, 129.3, 128.2, 127.7, 127.1, 127.1, 126.5, 

125.4, 125.4, 119.9, 119.8, 101.4, 96.9, 95.4, 82.4, 74.9, 74.5, 72.7, 69.4 69.0, 67.4, 66.5, 59.0, 

55.9, 47.1, 28.0, 15.9. ESI-TOF (C39H43Cl3N2NaO11): calculated ([M+Na+]): 843.1830, found 

843.1798. 

 

O-(4,6-O-Benzylidene-2-deoxy-O-(2,3,4,6-tetra-O-acetyl-ß-D-galactopyranosyl)-2-N-((2,2,2-

trichloroethoxy)carbonyl)-ß-D-galactopyranosyl)-N-(Fluoren-9-ylmethoxycarbonyl)-L-

threonine tert-butyl ester (9). 

8 (0.283g, 0.344mmol, 1 equiv.) and 4 (0.313g, 0.688mmol, 2 equiv.) were dissolved in dry DCM 

(3mL). Freshly activated 4Å MS were added and the reaction stirred for 30min under N2. The 

reaction was cooled to -78°C. Sequentially, NIS (0.310g, 1.38mmol, 4 equiv.) and TfOH (6.20µL, 

0.0413mmol, 0.12 equiv.) were added to the reaction. The reaction was allowed to slowly warm 

to room temperature. Upon reaching room temperature, the reaction was neutralized by addition 

of DIPEA, filtered through celite and excess solvent was removed The crude product was purified 

by silica gel flash column chromatography using EtOAc:hexanes:DCM as eluent. 9 (0.340g) was 

obtained as a white solid in an 86% yield. 1H NMR (500MHz, CDCl3) ẟ 7.75 (d, J = 7.6Hz, 2H), 

7.65 (t, J = 8.8Hz, 2H, Ar-H), 7.47 (m, 2H, Ar-H), 7.38 (t, J = 7.5Hz, 2H, Ar-H), 7.35-7.25 (m, 

5H, Ar-H), 5.98 (d, J = 6.1Hz, 1H, N-H), 5.92 (d, J = 9.4Hz, 1H, N-H), 5.55 (s, 1H, benzylidene 

CH), 5.36 (d, J = 2.8Hz, 1H, H-4’), 5.14 (dd, J = 8.1Hz, 10.1Hz, 1H, H-2’), 5.00 (d, J = 7.8Hz, 

1H, H-1), 4.95 (dd, J = 3.3Hz, 10.3Hz, 1H, H-3’), 4.83 (d, J = 12.1Hz, 1H, Troc CH2), 4.72 (d, J 

= 8.0Hz, 1H, H-1’), 4.60 (d, J = 12.1Hz, 1H, Troc CH2), 4.58-4.50 (m, 2H, H-4, Thr CH), 4.41-

4.26 (m, 5H, Fmoc CH2, Thr C𝛼H, H-2, H-6a/b), 4.23 (t, J = 7.6Hz, 1H, Fmoc CH), 4.18 (dd, J = 

6.5Hz, 11.2Hz, 1H, H-6a’), 4.13 (dd, J = 6.5Hz, 11.2Hz, 1H, H-6b’), 4.05 (d, J = 12.1Hz, 1H, 

Fmoc CH2), 3.89 (t, J = 6.3Hz, 1H, H-5’), 3.47 (m, 2H, H-3, H-5), 2.16 (s, 3H, Ac CH3), 2.06 (s, 

3H, Ac CH3), 2.04 (s, 3H, Ac CH3), 1.96 (s, 3H, Ac CH3), 1.43 (s, 9H, tBu CH3), 1.20 (d, J = 
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6.3Hz, 3H, Thr CH3). 
13C NMR (125MHz, CDCl3) ẟ 182.0 170.4, 170.2, 169.5, 169.5, 157.0, 

154.1, 143.9, 143.9, 141.2, 141.2, 137.7, 129.0, 128.0, 127.6, 127.1, 126.5, 125.4, 125.3, 119.9, 

119.9, 102.0, 100.9, 95.4, 95.2, 82.6, 75.9, 75.9, 74.3, 72.4, 70.8, 70.8, 69.0, 68.7, 67.3, 66.9, 66.3, 

61.5, 59.0, 53.6, 47.1, 27.9, 20.8, 20.7, 20.6, 20.5, 15.8. ESI-TOF (C53H61Cl3N2NaO20): calculated 

([M+Na+]): 1173.2781, found 1173.2784. 

 

O-(4,6-Di-O-acetyl-2-deoxy-O-(2,3,4,6-O-tetra-O-acetyl-ß-D-galactopyranosyl)-2-N-((2,2,2-

trichloroethoxy)carbonyl)-ß-D-galactopyranosyl)-N-(Fluoren-9-ylmethoxycarbonyl)-L-

threonine tert-butyl ester (10). 

9 (229mg, 0.199mmol, 1 equiv.) and p-toluenesulfonic acid (3.4mg, 0.0199mmol, 0.1 equiv.) were 

dissolved in MeOH (10mL). The reaction was stirred until complete as determined by TLC. The 

solvent removed by co-evaporation with toluene. The crude intermediate was then dissolved 3ml 

of pyridine. Excess Ac2O was added and the reaction was stirred under N2. The reaction was 

dissolved in EtOAc and washed 3 times each with sat. copper sulfate, 1M HCl, sat. NaHCO3, and 

sat. NaCl solutions. The organic layers were collected, dried over anhydr. Na2SO4 and excess 

solvent was removed. The crude product was purified by silica gel flash column chromatography 

using EtOAc:hexanes:DCM as eluent. 10 (0.160g) was obtained as a white solid in a 70% yield. 
1H NMR (500MHz, CDCl3) ẟ 7.71 (d, J = 7.6Hz, 2H, Ar-H), 7.61 (dd, J = 3.5Hz, 7.3Hz, 2H, Ar-

H), 7.35 (t, J = 7.3Hz, 2H, Ar-H), 7.30-7.23 (m, 2H, Ar-H), 5.73-5.65 (m, 2H, N-H), 5.35 (d, J = 

3.2Hz, 1H, H-4), 5.30 (d, J = 3.2Hz, 1H, H-4’) 5.08 (dd, J = 8.2Hz, 10.3Hz, 1H, H-2’), 4.91 (dd, 

J = 3.3Hz, 10.3Hz, 1H, H-3’), 4.77-4.67 (m, 2H, H-1, Troc CH2 ), 4.64 (d, J = 12.1Hz, 1H, Troc 

CH2), 4.58 (d, J = 8.1Hz, 1H, H-1’), 4.45-4.35 (m, 2H, Thr CH, Fmoc CH2), 4.30-4.17 (m, 4H, 

Fmoc CH, Fmoc CH2, Thr C𝛼H, H-3), 4.15-4.03 (m, 3H, H-6a/b’, H-6a), 3.91 (dd, J = 7.1Hz, 

11.6Hz, 1H, H-6b), 3.84 (t, J = 6.5Hz, 1H, H-5’), 3.77 (t, J = 5.6Hz, 1H, H-5), 3.42-3.33 (m, 1H, 

H-2), 1.04-1.98 (m, 15H, Ac CH3), 1.92 (s, 3H, Ac CH3), 1.43 (s, 9H, tBu CH3), 1.14 (d, J = 6.3Hz, 

3H, Thr CH3). ESI-TOF (C50H61Cl3N2NaO22): calculated ([M+Na+]): 1169.2679, found 

1169.2675. 

 

O-(2-Acetamido-4,6-di-O-acetyl-2-deoxy-O-(2,3,4,6-tetra-O-acetyl-ß-D-galactopyranosyl)-ß-

D-galactopyranosyl)-N-(Fluoren-9-ylmethoxycarbonyl)-L-threonine (11): 

10 (160mg, 0.139mmol, 1 equiv.) and zinc dust (18.2mg, 0.755mmol, 2 equiv.) was dissolved in 

a 3:2:1 mixture of tetrahydrofuran (THF):Ac2O:acetic acid (AcOH) (2mL). The reaction was 

stirred under N2, until complete as measured by TLC After filtering through celite, the solvent was 

removed and the crude product was purified by silica gel flash column chromatography, using 

MeOH:DCM as eluent. The resulting solid was dissolved in a 10% solution of trifluoroacetic acid 

(TFA) in DCM. The reaction was stirred for an hour. The solvent was removed and the crude 

product was purified by silica gel flash column chromatography, using MeOH:DCM as the eluent. 

11 (124mg) was obtained as a yellow glassy solid in 78% yield. 1H NMR (500 MHz, Methanol-

d4) δ 7.79 (d, J = 7.5 Hz, 2H, Ar-H), 7.67 (dd, J = 7.6, 5.1 Hz, 2H, Ar-H), 7.39 (t, J = 7.4 Hz, 2H, 

Ar-H), 7.32 (tt, J = 7.5, 1.4 Hz, 2H, Ar-H), 5.38 (d, J = 3.1 Hz, 1H, H-4), 5.36 (d, J = 3.2 Hz, 1H, 
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H-4’), 5.09 (dd, J = 10.5, 3.5 Hz, 1H, H-3’), 5.01 (dd, J = 10.5, 7.7 Hz, 1H, H-2’), 4.90 (s, 2H, N-

H), 4.76 (d, J = 7.8 Hz, 1H, H-1’), 4.52 (d, J = 8.2 Hz, 1H, H-1), 4.47 – 4.39 (m, 1H, Fmoc CH2), 

4.38 – 4.31 (m, 2H, Fmoc CH2, Thr CH), 4.22 (t, J = 6.7 Hz, 1H, Fmoc CH), 4.16 – 3.94 (m, 8H, 

Thr C𝛼H, H-2, H-5, H-5’, H-6a/b, H-6a/b’), 3.94 – 3.87 (m, 1H, H-3), 2.13 (s, 3H, Ac CH3), 2.05 

(s, 3H, Ac CH3), 2.05 (s, 3H, Ac CH3), 2.03 (s, 3H, Ac CH3), 2.03 (s, 3H, Ac CH3), 1.96 (s, 3H, 

Ac CH3), 1.94 (s, 3H, Ac CH3), 1.18 (d, J = 6.3Hz, 3H, Thr CH3). 
13C NMR (126 MHz, Methanol-

d4) δ 172.4, 171.1, 170.6, 170.6, 170.4, 170.0, 169.7, 157.3, 144.0, 143.7, 141.2, 141.1, 127.4, 

126.8, 126.8, 124.8, 119.57, 101.1, 99.0, 76.2, 74.8, 70.9, 70.8, 70.4, 69.0, 68.8, 67.2 66.5, 62.0, 

60.9, 54.2, 51.9, 47.0, 22.0 19.5, 19.5 19.4, 19.2, 19.1, 19.1, 15.9. ESI-Quadrupole (C45H53N2O21): 

calculated ([M-H+]): 957.3141, found 957.3128. 

 

Synthesis of MUC1-ß-Tf (12): 

The MUC1-ß-Tf glycopeptide 12 was synthesized using p-nitrophenyl carbonate Wang 

resin. The N-Fmoc-1,4-diaminobutane linker was installed by dissolving N-Fmoc-1,4-

diaminobutane*HCl (5 equiv.) and DIPEA (10 equiv.) in DMF before swelling the resin in the 

solution. The N-terminal Fmoc was deprotected using 20% piperidine in DMF. The amino acid 

coupling was carried out with Fmoc-amino acids (5 equiv.) using (2-(1H-benzotriazol-1-yl)-

1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU)/hydroxybenzotriazole (HOBt) (4.9 

equiv.) and DIPEA (10 equiv.). Coupling of 11 (2 equiv.) was performed using 1-

[bis(dimethylamino)methylene-1H-1,2,3-triazolo[4,5-b]pyridinium-3-oxide hexafluorophosphate 

(HATU)/1-hydroxy-7-azabenzotriazole (HOAt) (1.9 equiv.) and DIPEA (4 equiv.). After 

assembly of the MUC1-ßTf glycopeptide, the N-terminal Fmoc group was removed and the 

resulting free amine was capped with a 1:1:8 solution of Ac2O:DIPEA:DMF. The amino acid side 

chains were deprotected and the glycopeptide was cleaved from the resin using a solution of 18:1:1 

TFA:triisopropylsilane (TIPS):H2O. After 4hrs, the glycopeptide was precipitated by diethyl ether 

(EtO2) and pelleted by centrifugation. The crude glycopeptide was purified by HPLC using a 

Shimadzu HPLC (LC-8A Liquid Chromatograph Pump, DGU-14A Degasser, and SPD-10A UV-

Vis Detector), using a reverse phase SUPERCOSIL LC18, 25 cm × 10 mm 5 µm with an 

acetonitrile (ACN):H2O (0.1% TFA) gradient. The gradient was 5% ACN for 5 min, 5-60% ACN 

in 5-45 min, 60-100% ACN in 45-50 min, 100% ACN for 50-55min, and 100-5% ACN in 55-

60min. The flow rate was 5 ml/min. To remove the O-acetyl groups, the purified glycopeptide was 

treated with 5% (v/v) hydrazine in water overnight before being purified using the same HPLC 

gradient as above. For conjugation of MUC1-ß-Tf glycopeptide onto Qß, the purified glycopeptide 

was treated with adipate bis(4-nitrophenyl) ester (5 equiv.) in the presence of DIPEA (10 equiv.) 

in DMF and 1% H2O for 1.5 hrs before being purified by HPLC to give a yield of 30-40%. The 

MUC1-β-Tf glycopeptide 12 was characterized by ESI-TOF MS and 1H NMR before p-

nitrophenyl ester functionalization. 1H NMR (500MHz, deuterium oxide) ẟ 4.47 (t, J = 6.9Hz, 1H), 

4.45-4.38 (m, 2H), 4.36 (d, J = 6.9Hz, 1H), 4.31 (d, J = 8.6Hz, 1H, anomeric proton 1), 4.28 (d, J 

= 3.3Hz, 1H), 4.24 (d, J = 8.1Hz, 1H, anomeric proton 2), 4.22-4.18 (m, 2H), 3.78 (t, J = 9.4Hz, 

1H), 3.70 (d, J = 3.4Hz, 1H), 3.66-3.49 (m, 9H), 3.48-3.34 (m, 6H), 3.30 (dd, J = 7.8Hz, 9.7Hz, 

1H), 3.06-2.96 (m, 4H), 2.79 (t, J = 7.4Hz, 2H), 2.65 (dd, J = 7.1Hz, 16.5Hz, 1H), 2.54 (dd, J = 
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7.1Hz, 16.5Hz, 1H), 2.12-2.01 (m, 3H), 1.85 (s, 3H, NHAc CH3), 1.83 (s, 3H, NHAc CH3), 1.82-

1.75 (m, 4H), 1.75-1.60 (m, 5H), 1.60-1.33 (m, 9H), 1.16 (d, J = 2.3Hz, 3H, Ala CH3), 1.15 (d, J 

= 2.3Hz, 3H, Ala CH3), 1.09 (d, J = 10.4Hz, 2H), 0.93 (d, J = 6.4Hz, 3H, Thr CH3); ESI-TOF 

(C58H97N15O24): calculated ([M+2H+]/2): 694.8494, found 694.8515 

 

Glycosidase cleavage experiments: 

100 µg of glycopeptide, MUC1-α-Tf 12𝛼 or MUC1-β-Tf 12, 5 µl of 10X glycoBuffer, 10 

µl endo-𝛼-N-acetylgalactosaminidase from Enterococcus faecalis (400,000 units, New England 

Biolabs, P0733S) and H2O was added to make a 50 µl total reaction volume. The reaction mixture 

was gently mixed and incubated at 37 °C. At indicated time points, the reaction was quenched by 

adding 50 ul MeOH. The reaction mixture was centrifuged to remove large proteins and reaction 

sample was analyzed by Xevo QTOF LC-MS/MS.  The intensity of glycopeptide at each time 

point was compared to reaction sample at the beginning of the reaction. After only 20 minutes, a 

significant amount of the cleavage peptide product for the 𝛼-isomer 12𝛼 was observed with nearly 

complete cleavage after 1.75 hours (Figure S1). In contrast, the β-anomer 12 showed no detectable 

cleavage even after 24 hours. 

 To further test the glycopeptide stability, MUC1-β-Tf glycopeptide 12 and MUC1-α-Tf 

glycopeptide 12𝛼 with a β-N-acetylhexosaminidase (New England Biolabs, P0721S). 50 µg of 

glycopeptide, MUC1-α-Tf 12𝛼 or MUC1-β-Tf 12, 2.5 µl of 10X glycoBuffer, 10 µl β-N-

acetylhexosaminidase (50 units) and H2O were added to make a 25 µl total reaction volume. The 

reaction mixture was incubated at 37 °C for 24h and the reaction progress was determined by LC-

MS/MS. Both glycopeptides were found stable at 37 °C for 24 hours. The unnatural β-Tf linkage 

to the peptide may have contributed to its resistance to hydrolysis by the enzyme. As a positive 

control for the enzyme activity, 50 µg of 4-nitrophenyl N-acetyl-β-D-glucosaminide was 

completely cleaved in 24 hours under the same reaction condition. 

 

Synthesis of Qβ-MUC1 Conjugates. 

For Qβ-MUC1-α-Tf: The conjugation was performed as previously reported.1 For Qβ-

MUC1-β-Tf: A solution of Qβ (1 mg, 0.07 μmol subunit, 0.49 μmol reactive amine) in 0.1 M KPB 

pH 7.0 (0.2 mL) was cooled in an ice bath. The solution was added to a frozen solution of 

dinitrophenyl linker functionalized 12 (28 μL from a 50 mM stock solution in DMSO, 1.4 μmol). 

The mixture was allowed to warm to room temperature while gently inverting to ensure mixing. 

Once the compounds had completely dissolved, the reaction was incubated at 37 °C for 16 h. The 

reaction mixture was purified by PD-10 size exclusion chromatography eluting with 0.1 M KPB 

pH 7.0. The isolated fractions were subjected to centrifugal filtration (MWCO 100kDa) to 

concentrate the sample to 2-3 mg mL-1 (concentration should not be <5 mg mL-1 to prevent 

aggregation). Protein concentration was determined by the Bradford assay against BSA standards. 

The extent of particle modification was determined by MALDI-TOF MS and by electrophoretic 
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analysis. Percent protein recovery was ~65-75% with the particle integrity determined by FPLC 

and DLS analysis. 

Synthesis of BSA-MUC1 conjugates. 

For synthesis of BSA-MUC1 conjugates, nitrophenyl linker functionalized MUC1 12 (4 

mg) or nitrophenyl linker functionalized 12a was dissolved in 30 μL of DMSO, then added to a 

solution of BSA (10 mg mL-1) in 0.1M KPB pH 7.0 (200 μL). The reaction was gently inverted 

several times and incubated at 37 °C for 16 h. The product was purified by centrifugal filtration 

(10kDa MWCO). Protein concentration was determined by the Bradford assay against BSA 

standards. The extent of modification was determined by MALDI-TOF MS. 

Immunization of MUC1.Tg mice. 

All animal experiments were approved by and performed in accordance with the 
guidelines of  the Institutional Animal Care and Use Committee (IACUC) of Michigan State 

University. The animal usage protocol number is PROTO201900423. MUC1.Tg mice were 

generated by breeding C57BL/6 wild-type female mice and MUC1.Tg male mice with a 10.6 kb 

genomic Sac II fragment of the human MUC1 gene and maintained in the University Laboratory 

Animal Resources facility of Michigan State University. MUC1.Tg female mice aged 6−10 

weeks were used for studies.  

In all studies, MUC1.Tg mice were subcutaneously injected under the scruff on day 0 

with 0.2 mL of various Qβ-MUC1 vaccines in PBS containing MPLA (20 μL, 1 mg mL−1 in 

DMSO) for each mouse. Boosters were given subcutaneously at the same amounts of vaccines 

with MPLA under the scruff on days 14 and 28. All Qβ-MUC1 conjugates administered have the 

same amounts of MUC1 (8.6nmol). Serum samples were collected on days 0 (before 

immunization) and 35. The final bleeding was performed through cardiac bleed. 

Evaluation of antibody titers by ELISA. 

The Nunc MaxiSorp® flat-bottom 96-well microtiter plates were coated with 10 μg mL-1 

of the corresponding BSA-MUC1 conjugates (100 μL/well) in NaHCO3/Na2CO3 buffer (0.05 M, 

pH 9.6) containing 0.02 % NaN3 by incubation at 4°C overnight. The coated plates were washed 

with PBS/0.5% Tween-20 (PBST) (4 × 200 μL) and blocked with 1 % BSA in PBS (100μL/well) 

at rt for 1 h. The plates were washed again with PBST (4 × 200 μL) and incubated with serial 

dilutions of mice sera in 0.1 % BSA/PBS (100 μL/well, 2 wells for each dilution). The plates 

were incubated for 2 h at 37 °C and then washed with PBST (4 × 200 μL). A 1:2000 dilution of 

HRP-conjugated goat anti-mouse IgG, IgG1, IgG2b, IgG2c, IgG3 or IgM (Jackson 

ImmunoResearch Laboratory) in 0.1% BSA/PBS (100 μL) was added to the wells respectively to 

determine the titers of antibodies generated. The plates were incubated for 1 h at 37 °C and then 

washed with PBST (4 × 200 μL). A solution of enzymatic substrate 3,3',5,5'-

tetramethylbenzidine(TMB, 200 μL) was added to the plates (for one plate: 5 mg of TMB was 

dissolved in 2 mL of DMSO plus 18 mL of 
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citric acid buffer containing 20 μL of H2O2). Color was allowed to develop for 15 min and then 

quenched by adding 50 μL of 0.5 M H2SO4. The readout was measured at 450 nm using a 

microplate reader. The titer was determined by regression analysis with log10 dilution plotted with 

optical density and reported as the highest fold of dilution giving the optical absorbance value of 

0.1 over those of the pre-immune control sera. 

Detection of antibody binding to tumor cells by FACS. 

B16-MUC1 cells were cultured at 37 °C under 5% CO2 in cell growth medium. The number 

of cells was determined using a hemocytometer. Suspensions of 3.0 × 105 cells were added to each 

of the 1.5 mL microcentrifuge tubes, then centrifuged at 1,600 rpm for 5 min to remove the 

supernatant. The cell pellets were washed with FACS buffer (1% FBS in PBS with 0.1 % NaN3) 

and incubated with 1:20 dilution of mouse sera in FACS buffer (100 μL) for 30 min on ice. The 

incubated cells were washed twice with FACS buffer, followed by incubation with FITC 

conjugated goat anti-mouse IgG (minimal x-reactivity) antibody (BioLegend, 2 μL, 0.5 mg mL-1) 

for 30 min on ice. The cells were washed twice, resuspended in FACS buffer and analyzed by LSR 

II (BD Biosciences). Data was processed by FlowJo software. 

Complement dependent cytotoxicity: 

Complement dependent cytotoxicity of B16-MUC1 cells was determined by MTS assay. 

B16-MUC1 (7000 cells/well) were cultured in 96 well plate with DMEM (10% FBS, G-418 and 

1%P.S.) for 12 h. The culture medium was carefully removed. A dilution of mouse sera (1/40) 

from different groups of immunized MUC1.Tg mice in 50 μL of DMEM (1% FBS, G-418 and 1% 

P.S.) were respectively added to the plate and incubated for 1 h at 37°C. Then baby rabbit

complement (CL3441, Cedarlane) at a dilution (1/5) in 50 μL of DMEM (10% FBS, G-418 and

1% P.S.) were added and incubated at 37°C for 3 h. MTS (CellTiter 96® AQueous One Solution

Cell Proliferation Assay; Promega, 20 μL) was added into each well and further incubated at 37°C

for 3 h. The optical absorption of the MTS assay was measured at 490 nm. Complement alone

treated cells were used as a positive control (maximum OD), and 5% Triton X-100 treated cells

were used as a negative control (minimum OD). All data were performed in three replicates.

Cytotoxicity was calculated as follows: Cytotoxicity (%) = (OD positive control – OD

experimental) / (OD positive control – OD negative control) × 100.

Glycopeptide microarray analysis: 

Glycopeptides and glycoproteins were dissolved in sodium phosphate buffer (150 mM, pH 

8.5) at a final concentration of 50 mM and transferred into a 384-well microtiter plate. All arrays 

were printed on NHS-activated hydrogel microarray glass slides (Schott, Nexterion, slide H). The 

spotter settings were adjusted to generate substrate peptide spots of 100 pL ± 3 pL using a piezo 

non-contact microarray spotter (M2-Automation). Each glycopeptide was printed in 8 spot 
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replicates with 450 μm pitch (spot to spot distance) in an array format containing 8 wells with 2 

blocks of each 10 × 13 spots. During the spotting process the humidity was kept between 50–60%. 

The glycopeptides were immobilized on the microarray slides in a humidity chamber (85–95% 

humidity) by incubation overnight. The unreacted NHS groups were capped by treatment with 25 

mM ethanolamine in sodium borate buffer (100 mM, pH 8.5). The antisera were diluted at different 

concentrations in PBS/0.05% Tween-20 and incubated for 1 h. After washing with PBS/0.05% 

Tween-20, the slides were incubated with an Alexa Fluor 488-conjugated goat anti-mouse IgG 

antibody (dilution 1:2000 in PBS/0.05% Tween-20). Then the slides were washed and dried by 

centrifugation. For readout, the slides were scanned at 10 μm resolution by a fluorescence scanner 

(Typhoon Trio+, Amersham) using a 520 nm emission filter (520 BP 40), a blue (488) excited 

mode laser and a photomultiplier tube (PMT) at 600 according to standard settings. The obtained 

image was analyzed by ImageQuant TL array image analysis software. An array grid of 26 × 20 

was fitted around the spot area. Background was automatically removed according to the 

ImageQuant “Spot Edge Average” method, which provides a good localized background intensity 

and is relative tolerant of noise in the image. The obtained data was then imported into excel and 

the mean and standard deviation were calculated from 8 replicate spots per glycopeptide.  
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Characterization Data and Spectra of All Building Blocks and Glycopeptides: 

 

1H NMR (500 MHz, CDCl3) of 7 
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13C NMR (126 MHz, CDCl3) of 7 
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1H-13C HSQC (500 MHz, CDCl3) of 7 
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1H-13C HSQCAD (500 MHz, CDCl3) of 7 
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1H-1H COSY (500 MHz, CDCl3) of 7 
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1H-13C HMBC (500 MHz, CDCl3) of 7 
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1H NMR (500 MHz, CDCl3) of 8 
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13C NMR (126 MHz, CDCl3) of 8 
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1H-13C HSQC (500 MHz, CDCl3) of 8 
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1H-13C HSQCAD (500 MHz, CDCl3) of 8 
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1H-1H COSY (500 MHz, CDCl3) of 8 
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1H-13C HMBC (500 MHz, CDCl3) of 8 
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1H NMR (500 MHz, CDCl3) of 9 
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13C NMR (126 MHz, CDCl3) of 9 
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1H-13C HSQC (500 MHz, CDCl3) of 9 
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1H-1H COSY (500 MHz, CDCl3) of 9 
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1H-13C HMBC (500 MHz, CDCl3) of 9 
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1H NMR (500 MHz, CDCl3) of 10 
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1H-13C HSQC (500 MHZ, CDCl3) of 10 
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1H-13C HSQCAD (500 MHz, CDCl3) of 10 

 

 

 

 

 

 

 

 

 

  



   
 

  S40 
 

1H-1H COSY (500 MHz, CDCl3) of 10 
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1H-13C HMBC (500 MHz, CDCl3) of 10 
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1H NMR (500 MHz, CD3OD) of 11 
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13C NMR (126 MHz, CD3OD) of 11 
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1H NMR (500 MHz, D2O) of 12 
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Zoomed in 1H NMR (500 MHz, D2O) of 12 
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1H-13C HSQC NMR (500 MHz, D2O) of 12 
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1H-1H COSY (500 MHz, D2O) of 12 
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ESI-TOF MS of 12 
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HPLC of purified 12 
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