2224k Acta Pharmaceutica Sinica 2024, 59(2): 395-403 - 395 -

AFBETEMHIE B S SARS-CoV-2 B35 M F{E R #LHIFFR

BiEE, FEE, RIF, ZER, FUO
(e RSB b5 B S 3 B2 252 M R RS0, L3 100050)

WE: A A R T SRS M 28R 3L 18 AN 3 BRATAE A, 7R S HCoV-OC43 1) H460 A A AL |- 5 5%
THPOEERIE . MO R RR PR FEIIN ON JE T 151 & A UG R T g 4 . o, (54 6a
RIS BT G 1, P ECH BOREE (BC,) AL #4840 (SD) 15 5129 2.36 pmol- L' F116.52. R 145 & F LR is B
71N 6a 1] AE A ] SARS-CoV-2 [ RNA 1 #i () RNA A HifF (RARp) HIAELS A H 12 (NSP12) V3, ff 55 % % (K,) 1N
1.36 pmol-L". 4 T X 2 45 TR 6a ] GEAFE H F NSP12 (1925 T # RdRp Ml KAZ H R B B (NiRAN) L0,
5 A 0 R A A SR A E AU A ] o BT F0 s A AR DS AT AR ) R J o — S8 4 (R Bt SARS-Co V-2 /)y
3 AR TR A

SR A AR AT AW B B RNA K RNA 5B 4 il 25 289% 25 RdRp A o6 115 R i # i &5 Mg 358 #%
7
FE 5SS R4 XEAFRIRES: A XEHS: 0513-4870(2024)02-0395-09

Synthesis and anti-SARS-CoV-2 activity and mechanism research of
lycorine derivatives

MEI Yu-heng, LI Jia-yu, SONG Dan-qing, PENG Zong-gen, LI Ying-hong

(Institute of Medicinal Biotechnology, Chinese Academy of Medical Sciences and Peking Union Medical College,
Beijing 100050, China)

Abstract: We designed and synthesized eighteen lycorine derivatives with five different structural types, and
evaluated their antiviral activities on a HCoV-OC43-infected H460 cell model. Structure-activity relationships
suggested that the introduction of appropriate substituents on the 6N atom of lycorine was beneficial to activity.
Compound 6a gave a good activity with the half effective concentration (EC,;) and selectivity index (SI) values of
2.36 umol-L" and 16.52, respectively. Surface plasmon resonance (SPR) result indicated that 6a might target the
non-structural protein 12 (NSP12) subunit in RNA-dependent RNA polymerase (RdRp) of SARS-CoV-2 with the
dissociation constant (K;) value of 1.36 umol-L". Molecular docking indicated that 6a might act on nidovirus
RdRp-associated nucleotidyltransferase (NiRAN) catalytic center of NSP12, distinct from the mechanism of
nucleoside-like drugs such as remdesivir. This study provides scientific data for the development of lycorine
derivatives into a new class of anti-SARS-CoV-2 small molecule inhibitors.
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Scheme 1

1 2%

Synthetic routes of all the target compounds. Reagents and conditions: (a) Ac,0O, pyridine, 50 °C, 12 h; (b) BBr,, DCM, N,,

0 °C, 1.5 h; MeOH, HCl, 50 °C, 6 h; (c) H,, Pd/C, AcOH, r.t., 24 h; (d) R, X, NaH, DMF, r.t., 20 h; (¢) R,X, DMF, 60 °C, 10 h; (f) PhIO,
TBAI, MeCN/H,0 9:1, r.t., 3 h; K,CO,, MeOH/H,0 9: 1, 60 °C, 4 h; (g) MeOH, HCl, 55 °C, 1 h; (h) R,X, MeCN, r.t., 2 h
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Table 1 The physical properties and spectral data of the target compounds
Ll HR-ESI-MS (m/z)
Yield . 'HNMR C NMR HPLC Formula
Compd. = mp/C (g'100mL, (600 MHz) (151 MHz) purity Caled.
MeOH)
Found
5a  28%  51-53 -10.00  (CDCL,) 6 6.86 (s, 1H), 6.59 (s, 1H), 5.96-5.88 (m,  (CDCL,) 6 146.7, 146.3, 96.9% [M+H]":
(0.030)  2H), 5.56 (s, 1H), 4.58 (s, 1H), 4.11 (d, /= 14.0 Hz,  143.5, 130.6, 127.7, 116.0, C,H, 0N
1H), 3.92-3.88 (m, 1H), 3.67-3.60 (m, 2H), 3.50 (d, 107.9, 104.6, 101.0, 79.4, 344.185 6
J=14.0 Hz, 1H), 3.33-3.30 (m, 1H), 2.71 (s, 2H), 69.9, 69.0, 61.0, 57.1, 53.9, 344.184 0
2.66-2.57 (m, 2H), 2.36 (q,J=8.7 Hz, 1H), 1.65-1.52 41.8,32.2, 28.8, 19.4, 14.0.
(m, 2H), 1.45-1.32 (m, 2H), 0.93 (t, J = 7.4 Hz, 3H).
5b 20% 114-116 40.91 (CDCl,) 6 6.86 (s, 1H), 6.60 (s, 1H), 5.96-5.91 (m, (CDCl,) 6 146.7, 146.4, 95.2% [M+H]:
(0.022)  2H),5.56 (s, 1H), 4.58 (s, 1H), 4.12 (d, J=14.1 Hz,  143.7,130.6, 127.5, 115.8, C,,H,,0,NCl
1H), 3.92 (s, 1H), 3.72-3.63 (m, 2H), 3.60-3.47 (m, 107.9, 104.6, 101.1, 79.4, 378.146 7
4H), 3.35-3.32 (m, 1H), 2.71 (s, 2H), 2.66-2.57 (m,  70.2, 69.1, 61.0, 57.1, 53.9, 378.1452
2H), 1.91-1.84 (m, 2H), 1.78-1.73 (m, 2H). 45.0,41.8,29.5,28.8, 27.5.
S5¢  45%  64-66 -5.56  (DMSO-d,) 6 6.87 (s, 1H), 6.66 (s, 1H), 5.94 (d,J=  (DMSO-d,) 6 146.2, 145.7, 98.8% [M+H]":
(0.018) 5.3 Hz, 2H), 5.85-5.79 (m, 1H), 5.42-5.39 (m, 1H),  143.6, 138.9, 130.1, 129.6, C,H,O,N
5.01(dd, J=17.2, 1.9 Hz, 1H), 4.95 (dd, J=17.2,1.9 116.3, 115.4, 107.5, 105.6, 356.185 6
Hz, 1H), 4.92-4.75 (m, 1H), 4.41 (s, 1H), 4.00 (d,J= 101.1, 80.3, 68.8, 66.9, 356.184 1
14.1 Hz, 1H), 3.73-3.70 (m, 1H), 3.62 (dt, /J=9.4,6.2 61.1,57.0, 53.6,41.3, 30.3,
Hz, 1H), 3.52 (dt, J = 9.4, 6.2 Hz, 1H), 3.43-3.25 (m, 29.2, 28.6.
2H), 3.21-3.14 (m, 1H), 2.59 (d, J = 10.4 Hz, 1H),
2.47-2.39 (m, 1H), 2.36 (d, J = 10.4 Hz, 1H), 2.20 (q,
J=28.6 Hz, 1H), 2.07 (q, J = 7.4 Hz, 2H), 1.64-1.53
(m, 2H).
6¢ 30% 102-104 64.71 (CD,0OD) 6 7.03-6.98 (m, 2H), 5.99 (d, J= 1.2 Hz, (CD,0D) 6 150.8, 148.5, 98.0% [M]":
0.017)  1H),5.97 (d, J = 1.2 Hz, 1H) 5.74-5.70 (m, 1H), 137.5, 133.1, 131.6, 124.8, C,H,, 0N
5.68-5.56 (m, 1H), 5.14 (dt, J=10.1, 1.4 Hz, IH),  123.5, 119.6, 109.7, 106.7, 342.170 0
5.07 (dt,J=10.1, 1.4 Hz, 1H), 4.77-4.75 (m, 1H), 103.1, 73.2, 71.6, 69.9, 342.170 0

4.55-4.52 (m, 1H), 4.26-4.15 (m, 3H), 3.92-3.83 (m,
1H), 3.56-3.51 (m, 1H), 3.38-3.33 (m, 1H), 3.08 (d,
J=2.4Hz, 1H), 3.02-2.97 (m, 2H), 2.85-2.78 (m,
1H), 2.53-2.48 (m, 2H).

64.9, 64.1, 62.6, 39.6, 31.0,
29.1.




398 2% %3 Acta Pharmaceutica Sinica 2024, 59(2): 395-403
Continued
‘ [a e | ] HR-ESI-MS (m/z)
Yield N H NMR C NMR HPLC Formula
Compd. " mp/C (g'100mL7, (600 MHz) (151 MHz) purity Caled.
MeOH)
Found
6d  20% 150-152 6522  (CD,0D)d7.00(s, 1H),6.98(s, 1H),5.99(d,J=1.2Hz, (CD,0D)d 150.8, 148.4, 95.5% [M]':
0.023)  1H),5.97 (d,J=1.2 Hz, 1H), 5.75-5.67 (m, 2H), 5.04— 137.5,137.4, 131.6, 124.8, C,H,, 0N
4.87 (m, 2H), 4.73 (d, J = 13.8 Hz, 1H), 4.53-4.51 123.4,117.0, 109.8, 106.7, 356.185 6
(m, 1H), 4.24-4.08 (m, 3H), 3.54-3.47 (m, 1H),3.29 103.1,73.3,71.5, 69.9, 356.184 4
(s, 1H), 3.21-3.10 (m, 1H), 3.01-2.93 (m, 3H), 2.84— 65.5, 63.9, 62.4,39.5, 31.2,
2.78 (m, 1H), 2.05-1.93 (m, 2H), 1.86-1.76 (m, 2H). 31.0, 23.8.
6e 25% 250-252  69.57  (CD,0D) 8 6.74-6.70 (m, 2H), 5.71-5.66 (m, 2H), ~ (CD,0D) ¢ 150.8, 148.5, 98.0% [M]":
(0.023)  5.45(d,J=3.5 Hz, 1H), 4.50-4.44 (m, 2H), 427-  137.5,131.6, 124.8, 123 .4, C,H,,0,NCI
4.22 (m, 1H), 3.97-3.84 (m, 3H), 2.97-2.92 (m, 4H), 109.8, 106.7, 103.1, 73.3, 378.146 7
2.77-2.67 (m, 3H), 2.58-2.51 (m, 1H), 1.68-1.53 (m, 71.6, 69.9, 65.0, 64.0, 62.4, 378.144 9
2H), 1.46-1.34 (m, 2H). 44.6,39.6,31.0,30.2,22.2.
of 20% 170-172 7.50  (CD,0D) & 7.00 (s, 1H), 6.99 (s, 1H), 5.97 (d, J = (CD,0D) 6 150.7, 148.4, 95.2% [M]'":
(0.040) 3.8 Hz, 2H), 5.74-5.70 (m, 2H), 4.91 (dd, J=16.5,  140.1, 137.6, 131.6, 124.9, C,H,ON
2.2 Hz, 1H), 4.85 (dd, J=10.5,2.1 Hz, 1H), 4.77-  123.3,114.7, 109.7, 106.7, 426.263 9
4.72 (m, 3H), 4.52 (s, 2H), 4.23-4.12 (m, 3H), 3.53  103.1,73.1,71.6, 69.9, 4262623
(td, J=12.8,6.6 Hz, 1H), 3.17 (td, J=12.4, 45 Hz,  66.1, 63.9, 62.4,39.5, 34.8,
1H), 3.01-2.94 (m, 3H), 2.83-2.77 (m, 1H), 1.98—  31.0,30.2, 30.1, 30.0 (2),
1.95 (m, 2H), 1.75-1.65 (m, 2H), 1.26-1.18 (m, 10H). 27.3,24.5.
6g  20% 213-215  66.67  (CD,0OD)¢7.39-7.34 (m, 2H), 7.30 (d,J=7.9Hz,  (CD,0D) 6 150.8, 148.5, 96.2% [M]'":
(0.030)  2H), 7.11-6.95 (m, 2H), 6.00 (dd, J = 6.7, 1.3 Hz, 142.8,137.6, 134.1 (2), C,H, 0N
2H), 5.72-5.63 (m, 1H), 4.65-4.48 (m, 2H), 427 (d, 131.9, 131.3 (2), 126.4, 3921856
J =132 Hz, 1H), 4.22-4.09 (m, 5H), 3.42-3.35 (m,  124.6, 123.4, 110.2, 106.8, 392.184 6
1H),2.98 (d, J= 11.4 Hz, 1H), 2.74-2.54 (m, 2H),  103.2,72.6,71.4,69.9, 68.3,
2.35 (s, 3H). 62.9, 62.4,39.5,30.9,21.3.
6h  50% 214-216  29.03  (CD,OD)¢ 7.84-7.80 (m, 2H), 7.25-7.21 (m, 2H),  (CD,0D) 6 150.7, 148.4, 96.2% [M]'":
0.031)  7.01 (s, 1H), 6.95 (s, 1H), 6.01 (d,J=1.2 Hz, 1H),  139.9 (2), 137.5, 135.8 (2), C,;H,,0,NI
5.99 (d,J= 1.2 Hz, 1H), 5.72-5.69 (m, 1H), 4.66-  131.7,129.1, 124.5, 123.6, 504.066 6
4.59 (m, 1H), 4.55-4.53 (m, 1H), 4.31 (d, /= 13.3 110.1, 106.8, 103.2, 98.5, 504.065 0
Hz, 1H), 4.25 (d, J = 13.3 Hz, 1H), 4.20-4.14 (m, 72.8,71.4,69.8, 67.9, 63.6,
4H), 3.47-3.40 (m, 1H), 2.97 (d,J=11.7 Hz, I1H),  62.6, 39.4, 30.8.
2.76-2.69 (m, 2H).
6i 32%  63-65 8.57  (CD,0D) ¢ 7.47-7.38 (m, 2H), 7.25-7.11 (m, 2H),  (CD,0D) d 148.1, 147.7, 97.5% [M]'":
(0.035)  6.81 (s, 1H), 6.56 (s, 1H), 5.89-5.79 (m, 2H), 5.56—  144.7, 139.6, 130.4, 130.3 C,,H,,O.NF,
5.53 (m, 1H), 4.73-4.64 (m, 2H), 4.59-4.56 (m, 1H), (2), 129.6, 122.8, 122.0 (2), 4621523
4.06-4.02 (m, 2H), 3.94-3.92 (m, 1H), 3.49-3.43 (m, 121.1, 117.3, 108.2, 106.1, 462.150 3
1H), 2.93 (s, 1H), 2.83-2.77 (m, 2H), 2.67-2.57 (m, ~ 102.3,80.9, 71.7, 68.9,
2H), 2.56-2.50 (m, 1H), 2.36 (q, J = 8.9 Hz, 1H). 62.4,57.8,54.7,42.2,29.3.
6j 44% 210-212 4643  (CD,0D)d7.68(d,J=1.7 Hz, 1H),7.62 (d,J=1.7  (CD,0D)d 150.6, 148.3, 98.0% [M]":
(0.028)  Hz, 2H), 6.98 (s, 1H), 6.70 (s, 1H), 6.00 - 5.94 (m,  137.4, 135.8 (3), 135.5, C,,H,,0,NBr,
2H), 5.75-5.71 (m, 1H), 4.69 (d, J=14.1 Hz, I1H),  133.6, 131.5, 124.6, 123.7 533.991 0
4.53-4.51 (m, 1H), 4.44-4.39 (m, 2H), 4.31-4.18 (m, (2), 109.6, 106.6, 103.2, 533.989 3 (“Br+"Br)
4H), 3.66-3.53 (m, 1H),2.94 (d, J=11.5Hz, 1H),  72.4,71.4,69.8,67.7, 65.7, 535.987 4 ("Br+"'Br)
2.82-2.78 (m, 2H). 63.3,54.2,30.8. 537.985 2 (*'Br+*'Br)
9a  24% 194-196  17.39  (CD,0D)¢ 7.84-7.81 (m, 2H), 7.26-7.20 (m, 2H), ~ (CD,0D) 6 170.1, 149.4, 95.1% [M]'":
0.023)  6.93 (s, 1H), 6.63 (s, 1H), 6.00-5.97 (m, 2H), 5.72—  147.3,138.7, 138.4, 136.1, C,H,,ONI
5.70 (m, 1H), 4.70~4.66 (m, 1H), 4.46-4.35 (m, 2H), 134.4, 134.2, 128.8, 127.6, 546.077 2
4.24-4.20 (m, 3H), 3.55-3.45 (m, 2H), 3.26 (s, IH),  123.1,122.1,109.1, 103.9, 546.074 7
3.24 (s, 1H), 2.94-2.80 (m, 2H), 2.06 (s, 3H). 101.9, 97.1, 71.0, 70.3,
66.8, 66.7, 62.7, 60.7, 36.8,
29.4,19.3.
9b  24% 208-210  36.00  (CD,0D)d7.62(d,J=1.8 Hz 2H),7.54(d,J=1.8 (CD,0D)d 171.5,150.5, 97.0% [M]":
(0.025)  Hz, 1H), 6.53 (s, 1H), 6.52 (s, 1H), 5.95-5.90 (m, 148.4,137.7,137.2, 135.8 C,H,,0NBr,
2H), 5.68-5.66 (m, 1H), 4.87 (d,J=13.9 Hz, IH),  (2), 135.7, 133.7, 129.6, 576.001 6

4.73 (d, J = 13.3 Hz, 1H), 4.61-4.50 (m, 2H), 4.46 (d,
J=11.6 Hz, 1H), 4.23-4.21 (m, 1H), 4.07-3.93 (m,
1H), 3.80-3.73 (m, 1H), 3.60-3.49 (m, 1H), 3.23—
3.18 (m, 1H), 3.02-2.95 (m, 1H), 2.93-2.86 (m, 1H),
2.13 (s, 3H).

123.6 (2), 109.8, 108.5,
105.0, 103.3, 71.8, 68.7,
68.3, 63.5, 62.1, 60.8, 53.3,
38.2, 30.9.

575.999 0 ("Br+"Br)
577.996 6 ("Br+"'Br)
579.994 8 (*'Br+*'Br)
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AW EC,, RIS, ST B =y, WAk & 4 1) o 3
TEPEEREE . HARG ARSI SIS R IR 2.

HT S T B JERE BEAZ RS VE R R .
gE IR, AT IR A R IRAT AE ) 33 AL Bk BB ik
JE ) S B 4 LA B 7 457 38 B SR A B s Bk I
AT T WG PR KR PR 2 58 48 K, R A0 ma Bk
FRTHEE e S JEIE REAZ G T R IF A0 B 35 PR 6 75 1 o

N T RT A SR R A Y PR TR, R T
B2 1o I VA R TR SR o AE DR B L N O S NE BEAX 1) BE Ak
b, FE2 AR EE B SN FK R fe B B, & TG

Yi5a~5Sc. PUREEIGELS BN, HESE S, LA
10 E 0 ) B IE 5  PE 2 TH R BR A 9 K, R 2 41
FREL G NG HE W] BEAS R TG 1

SR A S KV VE 1) £ FE AR i A B ) P B TS
PEo FE LR BE L g I SEnE BEAZ I Al b, 7E 6 A U T
BN IR A AR R T K T P R 1 2
B 3 R E W, 13 2 6N-BUAR A ns B 2= 4 2 6a~ 6
Horfr A G 6a (LFEIUAR) F1 6f (ZEIRFEIUAR) HE 1
B, EC,, 4 il N 2.36 A1 3.9 umol-L™, SIfH 43 % A
16.52 AR T 51.28, 556 SWI0 G M AH 2, $&7R 76 £ 5%
B ON J ¥ 5| NG i& BRI B T s e & .
FESEFERY b, 3E— B AE 1-OH | 5] A8 % DU i HL g v
P, B2 H AR A 4 92 1 9b, HHTm B iE M R
Bfo S5 TAbE%) 6a ¥ EC, fH HAK, # HAE AT A
AT P A
3 k&EMea 5SNSP12 EBEREMFEMA

A 7 I 3 L 1) 2 R 993 3 1) RRp K FE U F54E
FHC, HE WA mR A A Pt 7T e 38 i #E 17 SARS-CoV-2

Table 2 The structures and anti-HCoV-OC43 activities of target compounds. a: The concentration of compound that inhibited 50% of the

virus level in H460 cells; b: The concentration of 50% cellular toxicity in H460 cells; c: The selectivity index-the ratio of CC;, to EC,.

MPV: Molnupiravir EIDD-1931

OH OH OH OR; OR,

HO,, HO,, HO..,, RO, RO,
w4 0 w41 (&) o]

Ho O <o <0 <o <o O
H H H L+
HO A o N o N N N o Nh
o 3
3 4 7

5a-5¢c 6a-6j, 9a, 9b
Compd. R, R, R EC_/pmol-L"* CC,/umol-L"" SI°
3 / / / >50.00 >200.00 N/A
4 / / / 2181+2.72 154.66 % 4.15 7.09
5a H PN / >50.00 >200.00 N/A
5b H S / >50.00 8343 £2.80 <1.67
5¢ H A / >50.00 >200.00 N/A
6a H H 'S 236+0.24 38.98 & 1.04 16.52
6b H H AN 35.43+9.92 >200.00 >5.64
6¢ H H ‘S >50.00 >200.00 N/A
6d H H A >50.00 >200.00 N/A
6e H H S 3379+ 6.55 >200.00 >5.92
of H H NSt 3.90£3.00 >200.00 >51.28
6g H H L >50.00 65.83 + 1.94 <1.32
6h H H L 23.10 +0.40 >200.00 >8.66
. F
6i H H Ok 6.00 + 0.80 21.50 + 1.60 3.58
Br
6j H H \/\Q/ 5.50 4 0.63 >200.00 >35.78
Br
7 / / / >50.00 >200.00 N/A
o
9a J H AR SN 36.50+0.10 >200.00 >5.48
Br
o
9b H \/\Q/ 33.90 + 1.90 >200.00 >5.90
\ek Br
1 / / / 0.69 + 0.06 6.74+034 9.77
MPV / / / 0.21+0.01 78.58 +26.24 374.19
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¥ RARp 0] 975 5 (486 i . b, A R T 25 3 7 4t
PR (SPR) 5256, #%%¢ 1 6a 5 SARS-CoV-2 NSP12 &
Z A1 BB AH B, R0 HoR R ) (K ). &
2R, A B W) 6a BRIE IR FE AR PE L 5 NSP12 45 4, K,
fE°41.36 umol L™, 37~ 3 (A4 {E B S5 77 .

NSP12&6:
SP1286n 1 — 6a 0.078 pmol L™
15 Kp=1.36 pmol-L
— 6a 0.156 pmol-L"!
— 6a 03125 }ll]’l()l’l,-l
- 10
= — 6a 0.625 pmol-L"!
=
% 5 — 6a 125 pmol-L!
? — 6a Splmol~L’l
~ 0+- 6a 10 pmol-L!
6a 20 }lmol-L'l
B e o ) B g e
-50 0 50 100 150
Time /s
Figure 2 SPR assay obtained on NSP12-coated chip in the

presence of different concentrations of 6a

4 L&Y 6a T HELE[E NSP12 B9 NiRAN £ #9385 1t
Huls

N7 T 6a 5 NSP12 (PDB ID: 7ed5) 2 [A| 45 &
i3, K H AutoDock Tools 1.5.6, Discovery Studio 4.5
F1 Molegro Virtual Docker (MVD) 6.0 =444, ¥ 6a
55 NSP12 ANV, B NIRAN 45 4435 AL o A
NSPI2 AL, 3 Sl HEAT HE PR 2 o =P A 55
Pt WA — 2, 6a 5 NiIRAN AL Fh 0 il 45 & e B 1H
AL, #78 6a 5 NiRAN L O &5 G RE 1T
NSP12 AL (3K 3),

Table 3 Docking score values between 6a and NiRAN or NSP12

catalytic center from different docking software

AutoDock Discovery Studio MVD
Item Binding energy  CDocker interaction ~ MolDock
/kcal-mol” energy/kcal-mol” score
6a-NiRAN catalytic =733 -27.65 -98.39
center
6a-NSP12 catalytic -6.02 -21.57 -97.94

center

Bk — 25 K F PyMOL 5 52 $0U0) 82 25 B3 47 T A4k
5B (B 3). CDocker X #45 R Bn, k&Y 6a 5
NiRAN {1k H 0 Y LY S-50 . ASP-208 Al TYR-217 2 [
BIRe T i i AR (1 3B), b 4h, 6a 5 CYS-53
Z VB ot SEHE A BLAE H P& 5 ASN-209 F1 ASP-218
85 % N S BRI Ak R 1A I G B AR D) T B2 6a 5
NiRAN 45 M2 (AR E 4 A . MELZ N, th&9 6a
X BE5 NSP12 #fE 4k Fh 0o ) ASP-865 F GLN-815 PiANE
TR E B (F3C). 2Bl AutoDock f1MVD
(5% 42 &5 S o3 Bt 7R, AT NSP12 fiE 4L 0, 6a

5 NiRAN 4k 0 BB T B 2 (1 &V s A BAE A ()
3E~H).

X F Discovery Studio 4.5 # 14, ¥ A% 1L &9
6g 5 NiRAN i 46 b0 34T 7 M 36T 32 . CDocker
g LR, tL& ) 6a RE 5 ASN-52 HIS-75.LYS-50+
ASP-208 ASP-218 %5 2 L 1% 5k 5k 2H B 1) 8 7K 1 4R 80
HIERE (B 3B), ifi 6g Toikidt NiZ 1148, G2 H T 6N I
(A FE AR AR AR K 28 (1 3D), 3278 18 A 5 Bk
6N JiE T b 5] N4 I& AR ) 5 A1 R T 5 NiRAN [ 18
RO S G, 5 AR SCRTIR BR300 R 25 A — 3.

b g B R R [T i 4 U 55 A0 S S% T 5 2R 4
W M 57, A5 4 6t A W] GEJE i #E ] SARS-
CoV-2 [ NiRAN &5 My 3k flE AL O R IEFUR BE R, &
SR AT B85 B 7 7 5 S SO T 240 ) 7RI A TR BT
WEEAEH, [E/R s — o,

INGE

KRB THE T 18 N FREAT A, Ko 134
N A B A BRI AT AW, WP R g T Bt SARS-
CoV-2 MR R R o G5 RAE7R: A ma Bl b g 5 SE g
BERZ 3 E P06 75 7E 6N JEL 1~ 5N A3 10 3 [ 46
WA R Hoh fb &Y 6a KB T BT (35 M RN
R4 Rt . 2 — P07 oK, 6a 5 SARS-CoV-2
RdRp HINSP12 W @ Bl th R 4F &5 &Ry, Halcl
AT RE I8 1 #E 17) NSP12 NiRAN 45 43 35k (1) 44 14 0 101 1
JREERI AT . TS 6a IO 1E A HE 2 5 3 1 7
ANTR], BRI Al A AT e -5 3 48 7 5 6 R HE P 1R s B
1B, AT 9 A 42 %7 AL T SARS-CoV-2 /73 4l
i1l 7R B AT ) R

LI ERSY

15 S MPOOJE SN E (Mettler toledo, Columbus,
USA), K £ 1 1E; H e o6 JZ A Rudolph Autopol IV-T
Jie Y6430 5 (Rudolph Research Analytical, NJ, USA);
'H NMR A1 °C NMR ff| Bruker Avance III 600 MHz #%
T 35 #2 4 (Varian, San Francisco, USA) Wl %2, ¥& 7N
CDCI,.DMSO-d, f1CD,0D (4 TMS J b5); ESI HR-MS
FH Autospec Ultima-TOF Jii i | 52 ¢ (Micromass UK
Ltd., Manchester, UK) il 5& ; & — & )% it /i Chirascan
Plus [# — 41X (Applied Photophysics, Surrey, UK)
5E; Flash ¥ 43 85 40 4k, F Combiflash Rf 200 53 il % 7
#H (Teledyne, Nebraska, USA); 4 /M& I H ZF-7A F42
LA INAT (= LU BOGACER ), R A
(TLC) 3K H Merck 60 F254 i 2 4 3 i i B (Merck &
Co Inc., Darmstadt, German); 2% H 22446 1200 = 50K
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NiRAN catalytic center and 6gin DS CDocker

NSPI12 catalytic center and 6a in AutoDock

Figure 3 Docking results between NSP12 and representative compounds. (A) Crystal structure of NSP12; (B, E, G) 3D and 2D diagrams
of docking results between 6a and NiRAN catalytic center by DS CDocker, MVD or AutoDock; (C, F, H) 3D and 2D diagrams of docking
results between 6a and NSP12 catalytic center by DS CDocker, MVD or AutoDock; (D) 3D and 2D diagrams of docking results between 6g

and NiRAN catalytic center by DS CDocker. Interaction types are colored as follows: hydrogen bond, green; van der Waals, light green; Pi-

sulfur, blue; Pi-cation and attractive charge, orange; Pi-alkyl, pink; Unfavorable positive-positive, red

Mg (Y (Agilent Technologies, Inc., Santa Clara, USA)
W 5E . K Agilent Eclipse Plus C18 A3 41 (4.6 mm x
150 mm, 5 pm); BL0.1% B2 (A)-H B (B) JviftshAH .
Sa~5c F 55% B %5 % YL 10 min; 6¢~6j, 9a F1 9b
W& B (0~7 min, 50%~80% B; 7~11 min, 80% B;
11~13 min, 50% B); ¥t # 4 1.0 mL-min™; & M 3 K
289 nm; k£ 30 °C; #EFEE 20 pL.

BT FHAR T35 0 1 40 B A3 R | SR 70 A FT
S ATaliakF, REaith B .
1 KEE&
1.1 Bfrk &4 5a~Sc AR 141w b b R 3
(4 mmol) 1) 50 mL ZE TR/ IE R NN 15 mL AIEUK,

FIRE R4 h BT 4°CA A 4h. HhiE, H 15 mL 78408
G IEHE 3k, BT, SR G EEM T T
—3B M. A1 (1 mmol) ff) 10 mL DMF ¥ i Hh 28 1%
JIN NaH (2 mmol), 5+ 20 min, 22185 IR
I e, = I AEEE 20 ho TLC YW S 5 58 B Jm , I vk
K (20 mL) ¥ K B, BN & B8 (30 mL) K HL
3K, B A HLAH, 4 5 B AR A NH,CLE W) (100 mL),
T A1 NaCl ¥ Wi (100 mL) ¥ %, JG7/K Na,SO, /5, it
8, ORI AR 5 R A4k, DA R 2R LR IR BN
#H, 2 Flash PR A (038 7 59, 19 2) H b5tk &4 Sa~5c.
1.2 B EP6c~6j &K 71 (0.5 mmol) 1
5 mL DMF % ¥ H N s A 42 (0.7 mmol), 60 °CHi



- 402 - 222224 Acta Pharmaceutica Sinica 2024, 59(2): 395-403

10 h, TLC Ml J2 8256 Bf , DR 4f o R 72518
K (50 mL) ¥ @, H = SUH BE (50 mL) ¥ M IR, K
45, 133 B Ar b 590 6¢~6j -

1.3 BFrtEa9afiobEm 1257 (0.5 mmol) 1]
15 mL H BV T NN 2R B2 (6 mL), 55 °CHiE+E 1 he
FH R0 NaHCO, ¥ 0K R & 1R R 1 pHAE A 22 8, I
T HE (20 mL), H AR NaClLE W (20 mL) P, A
Jo7K Na,SO, T-#, i I8, R R4 JE e e 24k, BL &R
Z SN H B R BN, £ Flash P b (i 4y 55, 1531
&Y 8.

7] 8 (0.5 mmol) KI5 mL Z & ¥ W o A BUAR %
R (0.7 mmol), i HEHE 2 h, TLC W5 I & B 58 il i, I
JE IR 45, ek I A0 4k, LA G0 o A B R TR Bh AR, 2
Flash PR AT (535 7 59, 43 2 H stk 54 9a F19b.

2 EMmMMEREEENE

PLHCoV-OC43 B4k () H460 41 i AL, MPV 1E
R B R 2, 7R 9 B R (MOI = 1.0) H460 41 Hg
(BEFL 1.5%10°AN) 1Y [ B 48 A5 I A0 45 0 A T 34 58 7
7 A1 DMSO ¥ 7] % B8 in N\ %2 96 FL#R (Corning, Inc.,
Corning, NY) #1, 37 °C 5% CO, 3% 72 h. ] CCK-8
ARSI A B TE 450 nm P A AL IR B, JE I b A AR K
L9 B 5 751 0T R 2 J S 2 9 70T HE 2 R UK s B
el & D20 B )3 7, IS I Bom #EE H
HI Reed-Muench v i H AR Ak & V4700 5 1 EC, 1
3 EYMERSMENE

¥ HA60 41 il (BE 4L 1.5x10* ) #2502 96 FLIR _E
B IR 1, A MPV 1 Ky BH P G HE 24, A5 Ak & A
[ 94 J3E 7 & Y AN DMISO 5 5751 6 HE I N &2 96 FLAR
37 °C 5% CO, ¥4 7% 72 ho K HI CCK-8 V2 o Il 41 g 7
450 nm P K 4 B B, E i B DMSO ¥ 55k R
S R0 DU A A5 4 44 B 1 45 7, I Ak 0 ) 4
7M. F Reed-Muench 75 i 5 £5 AL & 420 5 41 fi 1Y
CC,fH .

4 FREFETFHIRSH (SPR)

SPR 5256 7£ BIAcore T200 43 1 H.{F 73 # 48 I %
4i (GE Healthcare Life Sciences, Piscataway, NJ, USA)
b, T 25 °Cff H CM5 & i3 41T (GE Healthcare Life
Sciences, Piscataway, NJ, USA). L. 1xPBS-P+ (GE
Healthcare Life Sciences) N A, 7 CMS & A I
SE T i AL SARS-CoV-2 NSP12 55 1 (feE4W), HAE
10 pL-min™ (3038 R A8 A4S [F] 9 B (1) 6a AT NSP12 25 &
60 s. FRHREEETERUE, R 60 s {55 IH L KT
K, F Biacore T200 Evaluation Software v3.0 L% .

5 SFxtEE

5.1 AutoDock 33 ¥ ¢ | Chem3D # {4 MM2

Minimize JJ 8%} 6a [ = 4k 45 14 E 47 B & i /ML Ab 3,
{88 F PyMOL X} 25 [ K43 T HEAT TRAL 3, {X R B SARS-
CoV-2 RdRp (PDB ID: 7ed5) #1445 # 1 [f) NSP12 &
H. f#H AutoDock Tools 1.5.6 %} 6a #E47 N4 & 46
3 8 1 5 B AL HE, X NSP12 2R (AT I e A b HE .
£ NSP12 & H ) NiRAN f 16 0 &b % B 122%126x%
126 1) W A% & 5, WS 1] B% 0.338 (x = 122.79, y =
142.42, z = 89.707), 7£ NSP12 ff 1k .0» &b % B 116x
126x100 ) M % & 1, M % (8] B 0.299 (x = 131.046,
y=131.312, z = 140.353). i+ Lamarckian i % 5%,
X R AN T PR A kAT 0 . IR R A R SRR Y
%, F PyMOL 2.4.0 #E47 AT ¥4k 5347

5.2 Molegro Virtual Docker 3% 1% 8 SCRR ) 1
i) 77 ¥, f# ] Molegro Virtual Docker 6.0 & Jl] SARS-
CoV-2 RdRp (PDB ID: 7edS) fh AL INSP12 & A
TR AT, 20 3k B NiRAN AL A0 A NSP12 /4
O N 1% MolDock SE 8.9, #HAT %% . 2k #%
A RERARII S, I PyMOL 2.4.0 BEAT Al J04L 4347
5.3 Discovery Studio x1#% {1 Discovery Studio 4.5
B, 1 B OSCHRPY R TE 1) J7 %%, LA SARS-CoV-2 RdRp
(PDB ID: 7ed5) di & 4544 H () NSP12 8 H o K Jp 115
A, 75 PDB #4584 ic S5 R TG PE AV 25 FL % NiRAN
AL H O R NSPI12 M8 46 0 % 2 i, 3% FH CDocker
AT R . B G RERACIA R, Fl PyMOL 2.4.0 Al
Discovery Studio 4.5 #E47 A] #LAL /3 HT o

BUst: H sl & W ROAZ I L IR 200 T i o 3 22 22 )
S B 2GR C BT o AT AR L 5, T 4 R Eh e [ R
ke g B 25 AE MBI T T 70 Bl op Lo E

& STMR: M AR 1E 11 514 24 B8 70 L SPROAI ) T X #2556
LIRS 28R K ST S W) B0 3535 PR A 4 i 2 1R 1Y
D8 5 ARPF T W TC 50052 AR 50 57k ST 38 it A% vt B A 1)
AR SCEE S SR T A 2L 1016 T A SCHIE I 2 20
FC 5L 5T SRR BT AT G A8 20 AR .

S PrA & 275 A AEAE R 2 v R
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