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AplV 3C =& B B0 $I 7 /9
JE 3oL 0% 17 K 7 1 U RE

sHm, NFHE ZEE g kKETF, FELA
(1. REF T R¥AMSEL 2B, &8 124221,
2. RiEB T RZFAMEF SEARSGE, S TG, KiE 116023)

FE iz Discovery Studio 4. 5 #A:, 38k [F] U5 AR K 43 F 30 1 2# AR IRASAE AR /Nt K AR 22 ( ApIV)
3C FE IR 3D 454 ; It orF R AR W R AT i HAT 5, £33 1 > ApIV 3C B PG AYAG AL il 51
3',4',5,7-PU)E 5L F B ( Orobol ) . 43 F X 4% il 4T 30 J1 2% (MD) B L, itk — L UE W] Orobol REARRE LS & T
AplV 3C B BFMES & FA%AL. RSN ApLV SRR L5045 SRR, Orobol B RAFAIHUR A PE.
KB M FEENM FUKEERERE; 3C B MHIR; i

RESES 062632 MEFRERE A

I K ER A SR A — PP A T, SR A TIL 7 AR e VLA R TER X, F- %2
&3 TR FE R, AP L3R 2) 30% , ™ B INEE R AT DA R] 70% ~80% , J™H Wik 1 #E A ™l 1)
KRR B, FEAR I KGR (ApIV) JEFE AR I (K IR B 2 —. ApIV J&—Fk/N RNA 9
FERMHBAESE RNA EEE, 1 10136 DR, ApIV B9 1 TR B 1 HE 4w i 1 3036 2 SERR AR 21
BETAE A, 72 3C EmAMEA T, AR E AW IIH RS WE A SUREE A, siRE AN N b b)
R IR AR TE R 4 MPFEE I (VPL, VP2, VP3 Il VP4) | C S 51 s 35 B S BE 2 1 ( fif e g 45
FIR A 2C B A L 2P DR R 25 S5 M Y 3C 25 A RNA (K ME RNA R & W25 M3k i 3D &
F1) "', /N RNA KRR 3C 25 I BEELAT 3 B AR SP AOTE PR 7, FE RS (1 AY BY D) ad A rp ke v 24
FRE10T ) /N RNA SRR R ME— A B AR, 15 RN EAE 52 MR & B L, %8 AR g
EAERFFHIH/ N RNA S5 25 400 1 370 g s -2

AR S i [ PR AR DL A F 3 12 (MD) AR EE T ApIV 3C B A BERY 3D 454, @it T
Oy T R RE AU, TR = I P L0 3k 1 15 AN Sk Ak A . 2t MD AR B4 7 xR
MD BLLHE— 58 T X B G405 AplV 3C ML GHX. 450K, REmXEY 3 ,4',5,
7-PUFER L FH WA ( Orobol ) AERSE HIZE & ApIV 3C 8 FIBAYZE A T AR Ab. 38 a4 o A1 A 9 25 410 i) 532 56
RIN, Orobol HA RIFHIINEI ApIV EHIVER, BAPURTEHTE.

1 SCIGERS

1.1 KFENEE

PRGN i AL S 008 A = B 78 ) AR IRy A RS w5 B A0 g 5 57 4k S£-900 T SFM Il H & [
Hyclone NT); RNA T%B;(ﬁtfﬂ]( TRIzol) . IR A& ( PrimeScriptTM RT reagent ) KLt E B ERE
ity i X S W3R G2 (SYBR Premix Ex Taq™ ) W { FEAMRIEA R 7], —HEIH(DMSO, 7l 1
F5& [ Sigma 24 F] 5 i 40T E0RHR & (CCK-8) 3 [ H A DOJINDO 24 Rl 3 HEHb 57 A IR 2 L & (S19) il
FEZNRE (ApIV ) 24 Hh AR S0 25 [ AT
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Hera cell 150 BN ARG FR4H ( 3 [E Thermo A H]) 5 Neofuge 13R il =y 0L (LI I R Rl ZR A
FRAH]) 3 Speetra max Plus BIFEFRIL ( € [E 7 FALH#S > A]) 3 LightCycler 96 B A Tl 2 S A (3 E
Roche 23] ) ; Nanodrop 2000 156 G AL (32 E Thermo A H]) . 25415844 Discovery Studio 4. 5( 32
Accelrys Software 2\ F] ) 3 43 F XA AutoDock 4. 2 ( 32 [F By va Fl 8 B 52 T ) .

1.2 KIEiE

1.2.1 [FEFREERXEALIE M GenBank EU 8 JF (https ://www. ncbi. nlm. nih. gov/genbank/ ) 1 T %,
ApIV 3C [l i Z HE R 7 51 (& 55 KF751885) , fifi ] Discovery Studio (DS) 4. 5 # {4 Homology
Modeling #£47 AplV 3C & 1l 1 R R 288, 2843 F 30 J1 2% (MD) fifbJ5 , ffi 1] Ramanchandran Plot 5
Profile-3D XA HIBES TIPA4 >

BAGSERRFI G , HH] Blast search MEE 1 BT 504 2 (PDB) HHH8 5 [A) Y AR AL A 6A , fet
Align Sequence to Templates ¥ H A5 751 L XT 2 BT 51, 2R 56 Modeler #KHE H A5 7 51 5 1 i 1) 45
AHZEFEEST. AplV 3C FR AT 3D 4544,

H Prepare Protein T.H X} 8 [ il§ 45 44 247 fi Ab 2, 9 Build loops % 4 ture, Keep water 1% 4
none , FF2PHEZIR (Cys) IBLAEBCE N LT AOIRES, K541 2R (His) BEE AT AIRE, ek |
NG S AN 4 Loop Z5#9 5512 2. S Charmm36 57,37, i Solvation protocal #4 &% B AL Ik, H5
RUBCE) S5 A BRER K (BT AR R4 %8 0. 85% ) WA JE I B 454 37 AR . B3 i Standard Dynamics Cas-
cade protocal 223514k 1 ( Minimization 1) . 46 2 ( Minimization I ) . F+ii ( Heating) . ¥ ( Equilibra-
tion ) Al 20 ns FALERAE ( Production ) 2540 P58 M1 25 FABEARY MD HL4k.

{# | Homology Modeling ' Romachandram plot I Profile 3D X} A4 & 1Y 3C #5 I AR A SE 17974k .
122 EToFatEmENHL A AutoDock 4.2 F1 DS 4.5 #fFr Lib-dock #1743 T X4, M &
3500 > KA G WK P b ST 18 AplV 3C H F Y e L 2.

Wt AR T 51 SRR P 91 1 22 5 91 Lo X, SEERCDR ST B2 i 7E 4 DXCBAE Ry ApIV 3C A5 1 il 1) 16
(DFCE

£ AutoDock 4. 2 F 4 Hh fifi Fi UNIX 44>l Python BIA #5320k 5 B fR i 4 2B S04 (PDBQT)
AT EERLGRE , HiHh Binding energy .

] DS 4.5 BT Lib-dock 37 XHESEATHE— B B HERGRTE ™. ] Full Minimization T Hx s
PEP I ECAR /NG T T e A Ak, FH Prepare Protein T. =X 8 FA B2 AR UEAT 227K . INE S #b 4 Loop
2EF)AEPRAE. 8 Dock Ligands( LibDock) protocol $44743F X%z, Hith Libdock-score.

123 HaBEX ot FoTxHEEIREE MD ULs, 1 Pymol /EELE R AplV 3C AN 55
MIEs SR, ST E MD A A e v 4 — S S B RR Y 4 7 AR 5l (RMSF) T L.

1.2.4  BAMIHEE LS BUEEEN 3. 7x10° cell/mlL HYH L 5T AC IR AN 2R (SO 410 /0 2] 12 FL40
MM, BEFL 1 mL. BT 27 CREFRF TR 24 h )5, R0 AplV W5 (CID,, =0. 01 T). SLE4H
ZRE R 1 pg/mL(H 1 mg AP 100 wL DMSO ##, FHXEFREE 10 578 i kb S A3, X}
A2 HIAR R ALY DMSO ALFE. W5 16 h Je, $RIANMLEL RNA, SR cDNA | 58 o S 7 3R 45 il
BRIV (q-PCR) KIS B2 A8 DR, o€ 120 & W BT 2800 1. SH XA POm R L&y, #r
M LR 0.1, 1.0 F1 10 wg/mL (94L& b 3[R 1R de ApLV i &EMY SO A, ] g-PCR £
DUAS ) e 2 Ak S ) A R 48 DUE, BRAH B4 3 IR, LA B-Actin JERIME N INZ: | iy — kAL 3L

PTG A0 31500 & ( CCK-8) A iZ Ak 5 4 1) 4 L 2 V. K ST 20 B #2280 1] 96 L 4t i 35 77 b
) RN R 510 cell/ L. BT 27 CHFRAATIEE 24 h J5, AL G YT g0 A T3, 2ok s
F 10 pg/mL. BEE 16 h J5, MA 10 pL CCK-8 iXi, FEE 4 h. HMERCINE HAE 450 nm 40 1RO

FEME(ICA A,) . X RRZE AR R 5 i 0 DMSO A3, HAEIE R A, 25 VA I AHE R BR i 15 55 56 F0
DMSO, HAATCH A, . ffi FIAEXT A0S PR RO S P A i ek, THE A .
Relative cell activity = [ (A, = A,)/(A, - A,) ] x 100% (1)

1.2.5 RRAEDRFL BUERE  AEAEE —SFERE, T 75% (R0 RS IR 15 min
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R, ARG 1310719 ApIV S6TE, RJE5IFH 0.1, 1.0, 10 F1 100 pg #1916 4 Py 4b 75 0
T 27 CIEEAE R 24 h, FHAHFEAFR DMSO mfgﬁﬂﬁﬁwﬁﬂﬁ‘mﬂﬁ ASABATART Ak P %) 2 B 4 A B
PEXT R, BEHUIR IR 4 RNA, G SR cDNA, 2 q-PCR K IGF 48 UL, #4214 & W B0 3515
P, Fui%»ﬁﬁ%ﬁﬁﬁﬁﬂﬁ%ﬁ@%mfﬁ“Mﬁaﬂ’) 0L R R R , 0 IR 2 B 2 S B A2+
DUECR 3G 1 g i SRy e B R I B2 18 DL 2

2 GRSt

21 [EIEEESERIGE

fEF DS 4.5 2419 Blast search )\ PDB (¥ 5 Hh 345 T 2 AN A F IR R 45 g 454 ( PDB_ID .
2XYA 1 4GHT) P ffi ] Clustal X2 ##47 HbR 5515 2 BT 5 2 [0 9 2 750 text, 4558 SR
G —EE k5 38. 57%([ E 1(A) ]. FdiH DS 4. 5 5 A4FH0 Modeler ##: ApIV 3C 25 A BESAL, X [H] V5
BT BB EAT 20 ns B9 MD Pk, YE AplV 3C H AR AR 51 1(B) ].
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Fig.1 Homology modeling and model validation of ApIV 3C protease
(A) Multiple alignment of query sequence and templates ( PDB: 2XYA and 4GHT) protein sequence. Navy blue represents
conserved residues; (B) Homology model (3D structure) of ApIV 3C protease after molecular dynamics ( MD) simulation.

The active pocket is constituted by green amino acid residues; ( C) the romachandram plot of ApIV 3C protease model;

(D) the profile 3D model of ApIV 3C protease.

{#i F§ Romachandram Plot 55 Profile 3D FF4TAE A PF4L . Ramanchandran Plot PEAL /R T & LR 1E

A& X | FRVFIX BASRVFIX 0. I 1(C) TR, A7 329 S EERRSR I (d7 97. 05% ) I fEFaE X,
A EIERRIREE (15 2. 65% ) VETERVFIX, 1 AEIERRIREE (15 0.29% ) VEFEARRVFIX [ B 1(C) ]. Profile

3D Bon AR A A — N LRI FL Y Verify Score B, Verify Score>0 FZIEIRFRFLACRIZ G H A A
FEPRFREE. I 1(D) Al g, K& IEFRFRFERY Verify Score>0. Ramanchandran Plot TE4% 5 Profile-3D
PEARZERFI, FRHEERY ApIV 3C FE 1 R 5 Y.
22 ETFoFriEsE et

Xt HARFESI(ApIV) SR F 5] (PDB_ID: 2XYA #1 4GHT) #H47 T ZF 5 HLxt 40 Mr. &5 S0,
Phel02, Aspl04, Cys169, Glyl70, Gly184, Ile185 FI His186 FERIFRELERST, B s sr & 1R
YES ApIV 3C 4 B I% PE 7 5.

i FHl AutoDock 4.2 FA4 NIRRTy e v HEADL T 16 ApIV 3C 28 (AR IR, JRGei X s il & ¥ i &
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AHE[ I 2(A) ]. EEEEABERT 55 ML di ] DS 4.5 B 1 Lib-Dock #E4TRERLT %, 255 % 184
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Fig.2 Virtual screening and molecular docking

(A) Binding energy distribution of the docking results about liginds; (B) binding mode of fifteen hit compounds

in the AplV 3C protease model by docking studies using AutoDock.
PR i 15 MEEWREYITEYE | 0 TN EFT 0 MS G YL H 85 - SEAH AR B0 2 5
MRERIEAIRGETT IR 1 .

Table 1 Summary of virtual screening results

Dock-Score Interaction residues
No. Compd. Biological activity .
AutoDock  LibDock HBond - Bond
1 Orobol Hypotensivel, enzyme inhibitor -6.4 114.345  Glyl67, Serl64 Tyrl63
2 Tanshinlactone Anti-tumor -6.1 99. 7829 Tyr163
3 Maackiain Antifungal -5.6 81.7844 Cys123 Cys123
4 (-)-Epiafzelechin Antioxidant, enzyme inhibitor, -5.4 83. 1081 — Vall66
anti-inflammatory
5  2-a,3-a,23-Trihyd-roxy-  Anti-inflammatory =5.1 78.322 Cys123 Tyrl63
olean-12-en-28-oic acid
6  (+)-Conocarpan Analgesic, antifungal -5.3 80. 6224 — Glull12, Tyrl63
7  Sakuranetin Phytoalexin -5.3 80. 6224 — Tyr163
8  Dehydro-a-lapachone Antivascular, antifungal -5.3 84.7844 — —
9 licic acid Anti-inflammatory -5.2 82.089 — —
10 Naringenin Anti-tumor, anti-cancer, antiulcer, -5.2 75.367 — Tyr163
antiatherogenic
11 Luteolin Anti-inflammatory, antispasmodic, -5.2 78. 959 Cys123 Tyr163
antitussive, antioxidant, antiallergic
12 Carabrone Antifungal =5.1 72.633 — —
13 Dehydrocostus lactone Antibacterial, antimicrobial =5.1 73. 830 — —
14 Apigenin Anti-tumor, anti-cancer, anti-inflammatory -5.1 70. 493 — Tyr163
15  1-Hydroxyrutaecarpine Antiplatelet, aggregation -5.1 75. 472 — Tyrl63
2.3 ZHEEASH
2643 20 ns 1 MD flAb)S , ST kb &5 AplV 3C FRAIBFIZE G A, 2580, REZL

G4 Orobol 1 4" IR HE S Glyl67 FRIEIE I T 2 AH BAEH, PkFE S Serlod 5RILIE AL T F HEAH B
YEF. ZEIEE -4 RS Tyrl63 FREEIERL T 2 A - BEAHEAEFH. 83T -4 BA2R 5 11e183, Tlel185 F
Prol98 FRIEI M. T o-7 HAHEAER, ZER Prol198, Lys103 Fil 1lel85 FREEIE N 1 o FEAHEAEM. 1k
B ST AL Pro100, Glyl70, Serl71, Glyl84, Alal96, Glul97 F111e199 3R IEIE AL T 1 4Ll
T, X LA EAERH Orobol REFSE HLZE & T AplV 3C B EGMZE & HASLL[ B13(A) . AplV 3C &
ISR IR IR ok 2 7 MD B0 72 v A A2 PR RMSF 47 R A, 45532 W, AlalOl, Phel02,
Lys103, Aspl04, Leul05, Glyl170, Serl71, Alal72, Leul73, Tle183, Gly184, Ile185 Fil His186 iXL&(v F*
TG PE 1 ASA0 1Y S R R FEAE MD AL B8 rh 9 % Bl Ak T LB XS e (I, BB AN R, ke,
BLH Orobol fEREEHIAS & T AplV 3C A BEAYSS & 4840 81 3(B) ].
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Fig.3 Analysis of binding mode between orobol and ApIV 3C protease
(A) Binding mode of orobol with ApIV 3C protease by molecular docking studies using AutoDock. In the solid surface, the
pocket( green) is labeled. Local amplify docking interaction structure of orobol along with hydrogen bonds; (B) the root mean
square fluctuation( RMSF) of ApIV 3C protease model over 20 ns molecular dynamics( MD) simulation. The red dot represents

the amino acid residue in the active site procket.

2.4 {ESMIHIEE LK

FHAHIE J9 1 g/ mL BUHT kAL S YA BREERD T ApIV B4, 45 q-PCR A BT 22 15 k. 45
W, Orobol A4 B HNH] AplV EHIMTEM, SR RAFMBURTEIETE] B 4(A) 1. 50l Ak
J90.1, 1.0 F110 peg/mL 4 Orobol AbFEEERN ApIV FEEEAIANMI, q-PCR RIS 45 KB, FifiZ5 Orobol
WIERTHE , HANH] ApIV 5 & I 10/ FHBGE | IERH Orobol U B YL AL MAS | 24 Orobol (¥R JEE ik
10 pg/mL B, X ApIV Z AN A2 T 80.5%[ K 4(B) ]. K H CCK-8 346 T Orobol 4 il
PR, 455, 24 Orobol MIVEEEN 10 we/mL B, ZHMETEPEALIGAR 3. 42% , BEILEHEE T, Orobol
X A A AR AR T2, BV Orobol FYZHMIFEMEAR] K1 4(C) J. LA EE5HRFEW], Orobol 7EIASN A B
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Fig.4 Assays of antiviral activity and cell cytotoxicity in vitro
(A) g-PCR analysis of the effect of 15 compounds at 1 pg/mL concentration for ApIV replication. a. Control, b. 1, ¢. 2, d. 3, e. 4,
£.5,g.6,h.7,i.8,j.9, k. 10, 1. 11, m. 12, n. 13, o. 14, p. 15; (B) q-PCR analysis of the effect of Orobol for ApIV
replication. a. negative control, b. positive control, ¢(orobal)/ (g - mL™"): ¢. 0.1, d. I, e. 10; (C) the analysis of cell cytotoxic-

ity for Orobol. a. blank; b. 10 pg/mL orobol; c. ApIV; d. ApIV+10 pg/mL orobol.

2.5 ERIMHFELE 120

3 FHAS TR B9 Orobol AR FRIEFN T ApIV % < 100 |
BEMAENE, H5 8 24 h, q-PCR il S2 50 25 R B, B %0
W% Orobol YREEII TS, HAMEI ApIV FE&E M S eof
AR, FED] Orobol SUAGEACRISEF, 4 Orobol  £5 a0p
A3 100 we/mL I, XF AplV EHl Ay ik & 20p
3 82% (VLA 5) . [ X B 2 A i Y i T AR 2 0
@‘ ’ FH ‘ﬁXﬂLﬁﬁéﬂﬁﬂﬁ E/‘J )5 ﬁ]ﬁﬁi%@‘ EE#Z:E]%IJ Fig.5 q-PCR analysis of the effect of orobol for
18 Orobol f) AplV WREEAC N, FEZE 1 4F Orobol AYF ApIV replication
SN, A P T A T AR v, DA Orobol a. negative control; b. positive control; ¢(orobal)/

TEERNEEPUREN (LA G6). (pg-mL™): . 0.1; d 1; e 10; F. 100.
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Fig.6 Color change of epicraniam of the antheraea pernyi pupae treated with ApIV and different dose orobol
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Virtual Screening and Activity Verification of
Novel Inhibitors of ApIV 3C Protease’

SHI Yanli', LIU Yubo', WU Sijin*, LIU Yajun', ZHANG Jianing', LI Wenli'"
(1. School of Life Science and Medicine, Dalian University of Technology, Panjin 124221, China;
2. Center for Molecular Medicine, School of Life Science and Biotechnology,

Dalian University of Technology, Dalian 116023, China)

Abstract  Antheraea pernyi iflavirus ( AplV) is an important cause of antheraea pernyi vomiting disease
(AVD) which is seriously harming the production of Antheraea pernyi( A. pernyi) industry in China. AplV is a
single-stranded, positive-sense RNA virus, belong to the picornavirida family. Due to the significant role of 3C
protease in virus replication, it is considered to be an attractive drug target for developing antiviral therapeutic
agents. Although great efforts have been made to develop 3C protease inhibitors, no effective anti-viral therapy
for the prevention or treatment of diseases caused by AplV infection is available. In this study, an effective
inhibitor of ApIV 3C protease, 3',4',5, 7-tetrahydroxyisoflavone ( Orobol ) , was identified through virtual
screening using molecular docking against natural product library. And the binding mode of Orobol with ApIV
3C protease was stable through molecular docking and molecular dynamics simulation (MD). The biological
data displayed that the inhibition ratio of virus replication was stronger with the increase of the concentration of
Orobol. And when the concentration of Orobol was 10 wg/mL, the inhibition ratio reached 80.5%. In vivo
assay also demonstrated that Orobol could inhibit viral replication in spodoptera frugiperda cell (Sf9) cells.
Those results proved that Orobol was a novel inhibitor for the disease of antheraea pernyi caused by AplV
infections.

Keywords Antheraea pernyi; Antheraea pernyi iflavirus; 3C Protease; Inhibitor; Virtual screening

(Ed.: P, H, F, K)

+ Supported by the National Natural Science Foundation of China( Nos. 31570802, 21502015).



