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Chemo-enzymatic Construction of a Sialic Acid Analog Library and
Their Recognition Properties Toward Hemagglutinins

Sun Xianhui'"? , Zhang Jiabin'?*
(" School of Chinese Materia Medica, Nanjing University of Chinese Medicine, Nanjing, 210023 ;
* Shanghai Institute of Materia Medica, Chinese Academy of Sciences, Shanghai, 201203)

Abstract The receptor-binding properties of hemagglutinin (HA) from influenza A virus undergo continuous
evolution, and the inherent weak affinity between natural sialic acids and HA limits the effective study and
intervention of viral recognition processes. This study aims to construct a structurally diverse library of non-natural
sialic acid analogs to explore the impact of chemical modifications on the recognition patterns of influenza strains at
different evolutionary stages. A chemo-enzymatic synthesis strategy was employed, utilizing a one-pot multienzyme
(OPME) system to precisely construct a-2,6-glycosidic linkages. By introducing a 1,3-propanedithiol/triethylamine
system, the orthogonal selective reduction of azide groups in the presence of benzyloxycarbonyl ( Cbhz) protecting
groups was achieved, yielding a series of universal amino-sugar scaffolds. Based on these scaffolds, a library
comprising 18 non-natural sialic acid analogs was constructed through parallel derivatization, incorporating acyl and
sulfonyl groups with varying electronic and hydrophobic properties at the C-5 and C-9 positions. Glycan microarray
analysis revealed that compounds 3a ( disaccharide) and 5¢ ( trisaccharide) exhibited strong binding activity against
the 2019-HIN1 HA protein, with 3a showing an approximately 120-fold increase in fluorescence intensity compared to
the natural disaccharide control and 5c displaying a peak RFU value of approximately 25000. Moreover, 5c also
showed significant binding to the 2009-HIN1 HA protein. Molecular docking further revealed that the same C-9
modification led to markedly different activities on different glycan backbones, indicating that ligand recognition is
synergistically regulated by the terminal modification, the glycan chain length, and the specific HA protein. These
findings provide lead structures and experimental evidence for the design of high-affinity ligands targeting HA.
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Scheme 1 Chemical structure of the core trisaccharide

unit of human influenza virus receptors
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Scheme 2 Synthetic route to receptor 1f
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Scheme 3 Synthetic route to receptor 1m
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P, SN JEE 9k N 40mmol/ L, 37°C L, 42
FEYERF pH 7E 8.0 247, L2 3% (TLC) Wi
(LPROTE/ W B/ K =10:3:2 IRFRHL) 2B 584
Ja , IMATEK S EEDTVE R 1 (-80°C) , IEIH £ ¥k
i 5, RUGE 1 P2 A (KRB 5
Praesto Q90 & F 32 #4E (0 ~ 100 mmol/L NaCl &
TWRB LRI ) 2lifk, BREL SR T,

SR AR R R B 2 A ik A9 1.2 2a
2b2e . 2f, k&M 1 BEXR). (ke 1f
(10mg,0. 027mmol ) , M & fig ( 15mg, 0. 04mmol ) ,
A 18mg A H K, 7@ % 70%.'H NMR
(500MHz,D,0) §:7.43 (m,5H),5.13 (s,3H),

4.34 (d,J=8.1 Hz,1H) ,3.98~3.91 (m,3H),
3.91~3.84 (m,2H),3.82 (d,J=10.1 Hz,1H),
3.77~3.68 (m,4H) ,3.67~3.57 (m,4H),3.49
(dd,J=9.9.7.9 Hz,1H),3.25 (m,2H),2.74
(dd,J=12.4 4.7 Hz,1H),2.04 (s,3H),1.82
(m,2H),1.70 (t,J=12.1 Hz, 1H);”C NMR
(126MHz, D,0) &: 173.41, 158.39, 128.77,
128.31, 127. 62, 102. 84, 100. 43, 73. 40, 72. 64,
72.55,71.70,70. 66, 68. 59, 68. 18,67.79,66. 77,
63.37,62.60,51.85,40. 18,37.29,28. 86,22. 00;
HRMS ( ESI) m/z: C,iH,N,0,, [ M-H |~ i {4
661. 2462, S:N{H 661. 2462,

&Y 2 (= H X B):, 1m ( 10mg,
0. 017mmol ) | ME ¥ FiZ ( 15mg, 0. 03mmol ) , fix & 15
15mg H Gk K, 72 67%,'"H NMR ( 500MHz,
D,0) 8:7.43 (m,5H),4.48 (dd,J=30.0.8.0
Hz,2H) ,4.06(m,1H) ,4.01~3.89(m,4H),3.85
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~3.66(m,8H),3.65~3.56(m,3H),3.56~3.50
(m,3H),3.39(dd, J=13.1,3.0 Hz, 1H),3.17
(m,2H),3.00(m,1H),2.68 (m,1H) ,2.04 (s,
6H),1.75(m,2H) ;”C NMR (126MHz, D,0)4:
174.87,174. 46,173. 48, 165. 60, 158. 25, 157. 02,
141.62,128.73,128.29,127. 57,103. 43, 100. 84,
100. 10, 96.36, 96.12, 90.18, 89.29, 82.93,
82.87,80.63,74.40,74.20,73.91,73.61,72. 50,
72.39,71.66,70. 68, 69. 34,68. 47 ,68. 34 ,68. 15,
67.58,66.69,63.55,63.29,62.61,60.64,60. 28,
54.79,51.87,40.02,37.22,28.72,22.20,22.01;
HRMS (ESI) m/z: C,,H N,0, [ M-H ™, 3ig
864. 3255, S 864. 3258,

&) 2a:1£(3g, 8. Immol ) | 9-F % - K 12
(4g,12. Immol ) , Fx & 15 3. 7¢ H O K K, 7= %
66% ,'H NMR (500MHz,D,0) 8:7.44(m,5H),
5.12(s,2H),4.38 ~4.26 (m, 1H) ,4.07 ~ 3. 87
(m,4H),3.83(t,J=10.1Hz, 1H),3.77 ~3.55
(m,8H),3.53~3.38(m,2H) ,3.24(s,2H) ,2.73
(dd,J= 12.4 4.7 Hz,1H),2.05(s,3H), 1. 81
(d,J=5.6Hz,2H),1.69(t,J=12.2Hz,1H) ;"C
NMR ( 126MHz, D,0) 6:175.03,173.38,158. 40,
136.62,128.78,128.32,127. 62, 102. 87, 100. 49
73.42,72.57,72.46,70. 66,70. 33,68. 87,68. 56,
68.16,67. 80,66. 78,63.35,53.09,51. 85,46. 65,
40. 19, 37. 30, 28.87, 22.01; HRMS ( ESI) m/z:
CpH, N,O, s [ M-H ], 298 {H 686.2526, 52 i
{8 686. 2529,

LG 2b:1£(3g,8. Immol ) | 5-% -1 i 112
(4g, 12. 1mmol ) , fx & 15 4g H @B K, ;= K
70%.'H NMR (500MHz,D,0) §:7.44 (m,5H),
5.12(s,2H) ,4.34(d,J=7.9Hz, 1H) ,3.94 (m,
4H),3.89(m,2H) ,3.86(d,J=2.5Hz,1H) ,3. 82
(dd,J=10.4.1.8Hz,1H),3.75(m,2H) ,3.70 ~
3.67(m,1H),3.66~3.57(m,4H) ,3.49(dd, J=
10.0.7.8 Hz, 1H),3.25(m,2H),2.75(dd, J =
12.4 4.7 Hz, 1H), 1.82m,2H), 1.72 (t, J =
12.2Hz,1H) ;C NMR(126MHz,D,0) 8:173. 42,
171.21,128.78,128.32,127. 63, 102. 85, 100. 46,
73.42,72.56,72.31,71.77,70.67,68. 61,68. 14,
68. 04,67. 80,66.79,63.40,62.59,51.93,51. 88,
40.20, 37.31, 28.88; HRMS ( ESI ) m/z:
CH,N,O,, [ M-H ™, Hl & { 702.2476, 52
1l 702. 2479,

&%) 2e:1m (500mg, 0. 8mmol ) | 9-Z (-
TR (400mg, 1. 2mmol ) , T £ 15 712mg [ {4 4
K, 75F 62%,'H NMR (500MHz, D,0) §:7. 44
(m,5H),5.11(s,2H) ,4.50(dd,J=5.7 2.8 Hz,
1H) ,4.44(d,J=7.9Hz,1H) ,4.03(m,2H) ,3. 99
~3.95(m,2H),3.95~3.89(m,3H) ,3.85~3.78
(m,3H),3.77~3.70(m,3H),3.70 ~ 3. 65 (m,
3H),3.63~3.54(m,4H) ,3.52~3.48(m, 1H),
3.23~3.11(m,2H),2.67(dd, J=12.4 4.7 Hz,
1H),2.05(d, J=11.4Hz,6H),1.78 ~1.72 (m,
3H);"C NMR ( 126MHz, D,0) &: 174.87,
174.53,173.51,158. 33,128.78 ,128. 34, 127. 63,
103. 47, 100. 87, 100. 19, 80.72, 74.45, 73. 66,
72.41,72.35,70.70,70. 26,69. 04, 68. 35,68. 17,
67.62,66.75,63.32,60.34,54.83,53.12,51. 89,
40.09, 22.24, 22.04; HRMS ( ESI) m/z:
CyHsyNgO, [ M-H 17, B 8 {H 889.3320, 5L il
{E 889. 3318,

1A% 2f. 1m (500mg, 0. 8mmol ) | 5-F (- M
TR (400mg, 1. 2mmol ) , fix 245 435mg M (4 4
K, 77 60%,"H NMR ( 500MHz, D,0) 6:7. 44
(m,5H),5.12(s,2H) ,4.47(m,2H) ,4.07(d,J=
1.4Hz,2H) ,4.02~3.94(m,3H) ,3.94~3.86(m,
5H),3.77(d,J=4.4Hz,5H),3.75~3.70 (m,
3H),3.62(m,4H),3.20(m,3H),2.05(s,2H),
1.79~1.71(m,3H),1.29(t,J=7.3Hz,2H) ;°C
NMR (126MHz,D,0)8:174.61,173.40,171.01,
158.33,128.79,128. 36, 127. 63,103. 45, 100. 87,
100. 10, 80.63, 74.43, 73.65, 72.41, 72.21,
72.05,68.35,66. 74,62. 48,60.32,54.85,51. 98,
42.46,40.03,35. 80, 35.72,28. 94, 22. 28 ; HRMS
(ESI) m/z: Cy HyN,O, [ M-H ™, B it 1
905. 3269, LA 905. 3272,

LE&Y) 2d 896 K 3g(4. 4mmol ) fL & W)
2b T RE S5OK AR G HR (121, 11mL) Hr,
A 18mL = & Fig, TE UK T 212 1% 0 4. 4mL
(44mmol ) 1, 3-TH i B, = |+ [ 1 5h, &
TLC Wi ( SNEE/ BK/K=7:3:25 MR LB/
HEE/ 7K =103 : 25 R BUR A0 [ 58 2 )5 , U
JEHAE . =¥ 4 GCB A ikt aifk, LU &
Ji&/10mmol - L™ NH,HCO, 7K ¥ W N BERE I, ¥ Uk
TH: 15 2.4¢ (10 [ {K, 7~ % 81%.'H NMR
(500MHz,D,0)8:7.53~7.32 (m,5H),5.12(s,
2H),4.34(d,J=7.9Hz,1H),3.97 ~3.92 (m,
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4H),3.92~3.88(m,2H),3.86(d, J=2. 8Hz,
2H),3.81(d,J=1.7Hz, 1H) ,3.76 ~3.72 (m,
1H),3.69 (m,3H),3.65~3.57 (m, 4H) , 3.49
(m,1H),3.24(d, J=6.6Hz,2H),2.75(dd, J =
12.4 4.7 Hz,1H),1.81(t,J=6.5Hz,2H) ,1.72
(t,J=12.2Hz,1H) ;*C NMR ( 126MHz, D,0) &:
173.33,167.58,158.41,136. 60, 128. 78, 127. 62,
102. 85, 100.40, 73.41, 72.55, 72.37, 71.59,
70. 65,68.63,68.19,68. 12,67. 81,66.79,63. 45,
62.50,51.91,40. 51, 40. 20, 37. 31, 28. 87; HRMS
(ESI) m/z; C,yH N,O, [ M-H ]7, 3¢ (K
676. 2571, 5L 676. 2576,

G 2¢ Byl & 74 24,15 3.27g H 8
14, 77 % 85% ,'"H NMR (500MHz,D,0)8:7. 49 ~
7.23 (m,5H),5.02(s,2H) ,4.25(d,J=7.9 Hz,
1H) ,4.00(m,1H),3.90~3.79(m,3H) ,3. 74 (t,
J=10.0Hz,1H) ,3.69~3.56(m,4H) ,3.55~3. 45
(m,3H),3.40(dd, J=9.9.7.9 Hz, 1H), 3. 34
(dd,J=13.1.3.1Hz, 1H),3.15(m,2H), 2. 94
(dd,J=13.1.9.5Hz, 1H),2.66 (dd, J = 12.6,
4.8Hz,1H),1.96(s,3H),1.72(m,2H) ,1.62(t,
J=12.1Hz, 1H);"C NMR ( 126MHz, D,0) &;
175.13,173. 31, 158. 38,136. 59, 128. 80, 128. 34,
127. 64, 102. 87, 100.50, 73.41, 72.52, 72.40,
70. 66,70. 16,68.73,67.96,67. 89, 66.79,63. 60,

51.83,42.23,40. 15,37.32,28. 93, 22. 05; HRMS

(ESI) m/z: C,H,N,O [ M-H ™, H i {H
660. 2626, SI{E 660. 2621
LB 2g (Fil & J7 7 R 2d, 15 546mg H {4

[, 7% 79% ., '"H NMR (500MHz,D,0) 8.7. 43
(m,5H),5.11 (s,2H),4.53 ~4.48(m, 1H),
4.45(d,J=7.9Hz,1H) ,4.06 (m, 1H),4.01 ~
3.87(m,4H),3.86~3.76(m,3H),3.76 ~3.71
(m,3H),3.70 ~3.66 (m,2H),3.60 (m,3H),
3.56~3.50(m,3H),3.39(dd, J=13.1.3.0 Hz,
1H),3.17 (m,2H),3.00(dd, J=13.1.9.5 Hz,
1H),2.68 (dd, J=12.4.4.6 Hz, 1H),2.04 (s,
6H),1.80 ~1.71 (m, 3H);"”C NMR ( 126MHz,
D,0) 6:174.97,174.52,173.45,158.35,128. 77,
128.34,128.33,127.62,127. 61,103. 50, 100. 82,
100.25, 80.66, 74.42, 73.54, 72.39, 70.72,
70.30,68. 31,68.21,67.98,67. 62,66.76,63.21,
60. 30,54. 88,51.82,42.34,40. 03,28.75,22.21,
22.01;HRMS(ESI) m/z:C,H( N,0,,[ M-H] ™, B
WAE 863. 3422, MM 863. 3415,

G 2h Y45 07 (R 2d, 15 410mg 165
&K, 7= 83% ,'H NMR (500MHz,D,0) §:7. 43
(m,5H),5.12(s,2H) ,4.52~4.48(m,1H) ,4.45
(d,J=7.9Hz,1H),3.99(m,2H) ,3.95~3.88(m,
4H),3.88~3.85(m,1H),3.85~3.78(m,3H),

OH_OH OH OH OH OH oH OH_OH
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o © OH OH NHAc c
1f Im
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R, OH 01-1 COOH
,OH COOH 2:Ry=Rs=H
1:Ry=Rs=H o o
: 0 R 2e:Ry=N;,Rs=H
2aR" N5 RH - R HO OH /\rr HO OH 2f:Rg=H,Rs=N;
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Scheme 4 Chemo-enzymatic synthesis of sialic acid analogs
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Scheme 5 Chemical structures of the 18 non-natural sialic acid analog library
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Tab.1 'H NMR, 13C NMR and HRMS data of representative sialic acid analogs
L&) "H NMR(500MHz,D,0) & C NMR(126MHz,D,0) & HRMS m/z
7.68(m,1H),7.57~7.42(m,2H) ,7.42~7.26(m,5H) ,
3a(H 5.02(s,2H) ,4.36(d,J=7.9Hz,1H) ,3.99~3.90(m,2H) , :;Zég:;égggjgggﬁ:Zgzz CasHysFgN; 0455
o 3.86(dd,J=9.8.6.6Hz, 1H) ,3.83~3.72(m,3H) ,3.71~ o1 00 00 e, (M G
) 3.56(m,5H),3.56~3.44 (m,2H) ,3.34(d,J = 13.5Hz, W07 00 T o 0y 936.2301, 5:
1H),3.21(m,2H),3.06(m, 1H),2.71(m, 1H) 203 (s, "o /07 o0 o on o 57 1936.2314
3H),1.84~1.76(m,2H) ,1.69(t,J=12. 2Hz, 1H) T AT AT A A0 T
7.90(m,1H),7.40(m,5H),7. 18 (m,2H) ,5.08 (s,2H),  175.12,173.02,158.36, 131.87, 131.79, . ¢ N 0 g
3b(F 4.36(d,J=7.9Hz,1H),3.90~3.66(m,8H) ,3.61(m,2H),  128.74,128.28,127.55,102.90, 100.23, = =277
[ 3.55~3.44(m,2H),3.36(dd, J=14.0.2. THz, 1H),3.23  73.30,72.58,70.68,69.93,69.21,68.42, L M*+H] ’W‘”ﬁ
%) (m,3H).3.07(dd, = 14.0.7.5Hz, 1H) ,2.71 (m, 1H), 67.93,66.72.,63.05,54.34,51.82 45,19, i 838.2511, 5
2.04(s,3H) ,1.82(m,2H) ,1.69(t,J=12. 2Hz, 1H) 40.12,37.26,21.98 M 838.2508
7.43(m,5H),7.06(t,J=9.4Hz,2H) ,5.12(s,2H) ,4.34
3 (d,J=8.0Hz,1H) ,3.94(m,3H) ,3.91~3.86(m,4H) ,3. 86 E 2;’ 112125815 115:2‘.‘;15’ 112(?(')_754 132 i; C3yHyyF3N304S
o ~3.72(m,4H),3.72~3.68(m,1H) ,3.64(m 3H) ,3.58~ 27 "0 " T e, [MHH]T
1A 3.53(m,1H) ,3.49(t,J=8.9Hz,1H),3.25(d,J=7.2Hz, 67.93,63 41’62 71’51 99’44 81’40 23’ {8 872.2365, 52
2H) ,2.74(dd,J=12.4 4.6Hz,1H) ,1.82(m,2H) ,1.70(t, T T T T i 872, 2362
37.30,28. 66
J=12. 1Hz,1H)
7.43(m,5H),5.10(s,3H),4.35~4.25(m, 1H),4.03~ 175.13,173.32, 158. 40, 136. 62, 128. 78,
(A 3.94(m,2H),3.94~3.84(m,4H),3.84~3.77(m, 1H), 128.31, 127.61, 102.87, 100.47, 73.35, C3;HyzN;0,;S
0 3.72(m,3H),3.66(s,1H),3.61(d,/=8.8Hz,2H) ,3.58 ~  72.57,70.67,70.46,69. 19,68.47,68.08, [M+H]*, g
) 3.46(m,2H),3.31 ~3.18 (m,3H),2.80~2.71 (m, 1H), 67.78,66.78,63.17,56.92,54.34,51.88, (& 766.2699, 5
2.70~2.64(m, 1H),2.05(s,3H),1.80(m,2H),1.70 (1, 45.05,42.53,40.23,37.29,34.64,31.94,  Jii{# 766. 2698
J=12.1Hz,1H) ,1. 11(d,J=6.2Hz,2H) 31.92,28.87,24.31,22.00,17. 69,16.23
7.93(m,1H),7.44(m,5H),7.26~7.12(m,2H) ,5. 13(s, 173.40,171.70, 158. 42, 136. 62, 131. 85,
ab(H 2H) ,4.34(d,J=8.0Hz,1H) ,3.94(t,J=7.8Hz,3H) ,3.91 128.77,128.30,127.61,112.29,102. 84, C3Hy;sF,N;044S
e ~3.84(m,2H),3.84~3.77(m,3H) ,3.72(m,4H) ,3.66~ 100.43, 73.42, 72.56, 72.41, 71.80, [M+H]*, i
) 3.59(m,3H),3.56 ~3.46 (m,2H),3.29~3.19 (m,2H),  70.66,68.60,68.22,67.91,67.80,66.78, & 854. 2460, 5:
2.73(dd,J=12.5 4.7Hz,1H) ,1.82(m,2H) ,1.69(1,J=  63.40,62.70,54.34,51.96,44.76,40.22, {4 854. 2454
12. 1Hz, 1H) 37.29,28. 86
7.34(m,5H),7.01 ~6.94(m,2H),5.03(s,2H),4.00(s, 174.98,173.28,158.31, 138.94, 130. 41,
Se( 1H),3.95~3.87(m,2H),3.86~3.80(m,4H),3.79 (s, 128.75,128.32,127.91,127.60, 103.44, CypHsF;N,05,S
@ 1H),3.73(m,4H),3.69 ~3.61(m,3H),3.61 ~3.56(m, 100.88, 100.09, 80.76, 74.46, 73.67, [M-H]’,I;'Ei@fﬁ
) 2H),3.56~3.42(m,7H) ,3. 14~3. 10(m, 1H) ,3. 08 (d, /= 72.42,72.39,70.70,69. 88,69. 36,68.39,  1057. 3094, 5 il
11.2Hz,1H),2.89 (s, IH),2.59 (m, 1H), 1.94 (d, J =  68.00,67.57,66.73,63.44,60.37,54.80, {4 1057. 3077

6.0Hz,3H),1.66(dd,J= 13.6.7.7 Hz,2H)

51.87,45.53,40. 07,37. 20,28. 71
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