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Abstract

Objective: The nucleocapsid protein (N protein) is a conserved structural protein of corona virus-
es (CoVs). The N-terminal domain (NTD) of N protein binds to viral RNA to form ribonucleoprotein
complexes (RNPs), providing a site for virus replication and participating in particle assembly.
Therefore, the N protein has been considered as an important antiviral target. Based on the small
molecular fragment database, computer-aided drug design method was employed to screen po-
tential N protein inhibitors targeting the interface of NTD-RNA. Methods: Pharmacophore models
were constructed based on the reported structure of N protein and the optimal one was selected
by the matching degree of the feature elements and test sets. The reliability of the model was fur-
ther confirmed using receptor-based and ligand-based methods. Lipinski’s five rules, pharmaco-
phore model and molecular docking-based virtual screening were performed to identify potential
N protein inhibitors interrupting the interaction of NTD and RNA. Results: The best pharmacophore
model contained two hydrophobic features and two hydrogen bond acceptors, and 2 compounds
with high pharmacophore model fit values and docking scores were screened. Conclusion: The
2compounds will be further studied as potential inhibitors of N protein.
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1. 518

21 AL LIk, R O R B E SVEIPIR SR AR AR IR SR A AE LA R T B e R 08 7 B L S
PIRHAEAL R, 25 N ol FEs SRR By, H PT Be AR ASRAE 2 e Bk (1] Lk
AR R AEAS R AN 21, BRI B 25 I R B L Bk

#%AX 76 8 F (Nucleocapsid Protein, N & 1)1 A4 s B AG IR Gu i R0 23 J0RL 6 FR 45 M R B, B0
B AR JOmE AR A F R T, RIESCEZMIEM2] [3]. W, ZEARR N EE RNA JF
W AL IS A A% R (2 A R (RNP) LUEE 4 RNA BHig, Mk emaiiEma. Bk, ZEAAE S5 RNA
KA W - M ESRIRE ), R EEE RIS, B TR EERLI AR [4]. HeAh, N EATRREE
S5mEEANG S, HWNRELE, S50 R ER NS5, BT EREEDEE, N EAWIAN
J2 HL B LR IR 7 2R R

N E A S OFENETLFEFI . N SEHIE(NTD). C iS5 H(CTD) LL K /% 2 [Al et . Hor,
HNTD 7] 573 RNA TR E &1, 2 5hiE SHl 542 #a NTD ) RNA 45547 5(NTD-RNA),
T N EAS RNA 85E b 2 2R R A 2 T ), COIE B2 Bus 2 20t i G197 5
M%[6]. NTD-RNA Z54& 07 A Bk 2 HON IE M E 5L, 10 A90, R92, K102, R107, Y109, R149
8, IXUCEUIERR AR T BLEE ) NTD-RNA 85601 s B el R v 240 5750 R R BB it 1 28540 2 hil

B 2 A B AN o3 1 5 B HO AR PR R AULRE , R A ) B B R e SR AR AR M K Ay I =
degity, WA /N rEdEES, W3 5EBEM RS TSR EY . EFK, ZITECERN
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—Fh 5 el RIS AN S TR, RGO R b AR A BRI T A A ARG
B2 AR, QR &) 5 25 R0 AR By — B UL RCRE, [R5 5 RS VE VP40 0 45 7 kb AT 7
e, RIFHET ARG AL, B2 T, WENEYSRENSGEHER, A T5
SRREE G, PR RS, BT ARSI, NSRS RS ERE E Y. AR
RMJUTE BB AT R BE AT REVERIL &1, KORBRARSE IR T e L & V80, i mt 7o /i

NPAFH N S EAH, TR TR AR R MRIE 25, AHIE TR 25 2 AT 7y 50 %
WETCAIS 5, R REIIR Iy 5o A 205 SEPUE E B AT 257 IR N B R, e S sk
W TEAN I R B SR 2%

2. Fk
2.1 HYERBRE

2.1.1. NTD-RNA &L A X BB ENTE

M RCSB PDB #i#fi Z (Protein RCSB Data Bank, https://www.rcsb.org/)$ F % SARS-CoV-2 (PDB ID:
6VYO), SARS-CoV (PDB ID: 20FZ), HCoV-OC43 (PDB ID: 4L14, 5 AMP (5 & 45#4) LA &% MERS-CoV
(PDB ID: 4UD1)[J N-NTD g4, FIFH PyMOL ¥ A9 11 align Zhagi AT 041, XL RNA 455407 51
ZEt, AFBNAE AR 15 ) 2 B ER 0T L 3 4135 77 i 22 (RMSD {H), FF456 & RS M i, e
FH T4 3 245 R0 A RS 2R 110 e A 52 M 45 K (AR F0E FH 1) B AR 4574 PDB ID: 6VYO). fitJii» 4% NTD 5 AMP
S I R B i T 240 20K AV A B ) 2 P 1 A6

2.1.2. BETFZHENAYEIERE

23R 2 AR R AR R0 W] DL 2 = AR AR BAE AL s A5 S, I LRy mT DU T4 2 0 P (1)
2 BT . JEHUEIR G EE SARS-CoV-2 AT & [ N it RNA 45530y %2 /R & (1 (PDB ID: 6VYO), Xf
HBEAT FAL BT 5E SN2 7T, 12 1] Discovery Studio (DS)E K NTD-RNA £ &5 mi R FIE € XN
TETEALSS, R Pharmacophore BB 7= AE 24 8 IR, 035 S B it AR i (Hydrogen Bond Donor, HBD).
S 57 M REIE(Hydrogen Bond Acceptor, HBA) Flli ZK &#4iE (Hydrophobic, HY) . #7224 2 BRI, 20
MNRARFHE LR R — N A IEE, (B EIRRRE BTSSR G A LA MFIE TR, R X
PR AT AT I At I xS 3 PRFE T B 4 AT K, IREEE 7 4 HBD. 5 /> HBA LA
J 6 A HY fEN T 18 MFIETCER

2.1.3. AW EERA)E R EE

A RN PR — L 3~5 AMRFIETCR[7], Wt C Al 31 NTD-RNA #iilFI4E A R (4 1),
ALFEE M5 ARG I )[8] [9] [10] [11], BATHILZGMIHFIE TG R, Rk SR A2 RARARY . AR s
PPN 18 NMRFE TG R WO — 200 ik, ARAEE ML S Y RRHE R VS EC R, 35 0 24 AURRAE
JLE, IETEEIVCEC RO &, TSR S VS ECAR GRG0 2RI TG R X A e T, R
TR B 1 58 e A 2 A A

AHIF TR B AR B REAE T 3 AT 5 TR AN T2 AR B0 E o JE T RCARERIE: KX NTD-RNA
FRHIF7) 5 22 AR UT S, PPN TE PRI G5 258U E T 3 I VT C B, DABEAT = T-BC A (56 IE . 44 HBA
EIERNT N, HBD SEFEANI N, HY SHEE. 23, IR K I EH A %,

FTZARRIAF: M2 AR S N-NTD RNA 45 & A0 S m MR IT B4, IRNH
HHEVLE S M. B, HBA FIbkIE FREJEILES; HBD FIARIE B, Ik, SR TULE; HY Fi2E
IR BB KRG I B K S UCRC A, AT S6HIE 25 2 1 T & A TRFIE TG R e 15 T 5.
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Figure 1. Chemical structures of test set including Comp.1-Comp.7 (inactive) and others (active)

B 1 O MREEEYEER(KEY 1-7 AIEEENEY; HERFEMELY)

22. NI FREBERNESR

AW F RN A B B E RIBEHE IR A 7 (https://www.jkchemical.com/) $2 . /N A Bt
BHESTEAN, BRERLD, BARE, EoRIsmRER A, 05 34,398 M EAT. ATRBRAE
BN ST, R B R ELRU) (Lipinski’s Five Rules) /N1 Fr B HEAT 525 M 0] 9% [ 12]

23 BARERIES

T A 52 AR P R 3 24 R4 AR RS Bt 458 P ) f AR 45 /40 (PDIB 1D 6V'Y O) T R JU0 077 a8 3o A o ) 201X 422,
B X AR GE R BAT I R T K 21, AN B HIER3E, i EEURF IR0 CHARM F137 25 AL FE, 3% HY
RNA &5 &7 i R B I PEAL A

2.4, BT EHYEAREI S FXHER EALFE

KB TR T IR 25T E Sk, B Je AT 2 T 20 R IR AR (b i ke, AT 2T 00 1R
BIRS AN . LR 25200 I R AU e do (24 R AR R AR DR = S 1) S5 Xt/ 701 Bl P AT
fiii, MBS R S MBRHEILEE S SR, HEHMGHEFt Values), HEDBR, MR
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THED S AL FCs s . AR50 7 X I Rk s, A8 DS 21 i) CDOCKER 727t
AT, SRR J AR AR T ISR Bas 8], BRI 11 B d AR L e,
BN T X BC AR RE PR AT AR R RE[13] . £ 2 RL AT KN T AE AN A R, JEXHE S NTD i
MRS, BT NTD-RNA 254 Gk 5w SURPERL S, WE PN 6 A, HSHRENRIME. %
BT R A, REBOHET 20 T C R H S ORI R 25 S R AR L 2 T el
FERT N 07

3. &R 5vHe
3.1 REREMNHE

LEAMARE B S (B SARS-CoV-2; #ff: SARS-CoV; Fifh: HCoV-0OC43; 4Efh: MERS-CoV)
KIL(E 2), DUFPTERPITE N-NTD S L5 dEF AL, RMSD 7E 0.17~0.76 A JG Iy, BEHA T (A 45 2 5+
BN, MEUGER N & A8 s
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Figure 2. N-NTD crystal structure stacking and comparison of specific interacting amino acid residues for AMP of four co-
ronaviruses (SARS-CoV-2, PDB ID: 6VYO, violet; SARS-CoV, PDB ID: 20FZ, orange; HCoV-OC43, PDB ID: 4LI4, in-
digo; MERS-CoV, PDB ID: 4UD1, green)

2. M#E k7% (SARS-CoV-2, PDB ID: 6VYO, £ ; SARS-CoV, PDBID: 20FZ, #f&: HCoV-OC43, PDB
ID: 4L14, #ifs; MERS-CoV, PDBID: 4UD1, %#f&)N EHA N in@RAEHEES AMP HEEASEBRZENTLL

NTD-RNA £5-& 07 AT N I 85 F I % 0 X 8k, 2 808 1IE P Z B IR - £ HCoV-0C43 NTD 5 AMP
A s Rgs g, AR Ser6d - 22 b4 5L ZUL A B, Tyrl26 [yl 5 IRnEg B8 1)
AT EERE, Argled (ll5E. Phe66 5 AMP AZHE AL T SAEAR ELVE T AR IIBE |- (skHE Tyr124
Wy 2 ki@ Ak S AMP IRFESIRFI EAER, Gly68 1 F 45 AMP FIBSIRIE I s i, it — b Fa
SES G o I A FETR R 2 5 AMP 455 1)5R3E, KL SARS-CoV-2, SARS-CoV Fl MERS-CoV
) NTD 5 HCoV-OC43 #ifLh, G MR IT L% 2 5, Y PUFERE#E 5 RNA 456 1A A,
IS RNA 456 R ZERR IR FEAE TG VERL A

Zx IR, YRR OMTREEA R, A Uik T SARS-CoV-2 N £ 1 RNA 45 & 38 s iR 25 1
(PDB ID: 6V Q)AL 3T 52 A I 24 s A B I J B 1A R UL B A 98, PR B DA B S IR ik 2 (Ser51
Phe53. Ala55. Tyr109. Tyrll1l. Arg149, SARS-CoV-2 N-NTD %5 1E NidtEAr fi.

3.2. AW FAERMIEESIEHE
FHT LRTER] 18 NAVUFECER, 1B 11 4% RNA Z5-5 67 5 F 351 7180 8 A~ NTD Joih M) 4
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Figure 3. The heat map of test set inhibitors matching with preliminary pharmacophore modeling (a) and the best pharma-
cophore model (Green: HBA; Blue: HY) (b)
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Figure 4. Overlay of the best pharmacophore model and the eight active compounds
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NRAEZ B Z B 5, K 2B RURFIE O R 20 i 5 IR 8 A& T AT LIS 404, 4
4 Fiose A a4 PI34 5IUAMRHIE TG R 56 A UC R, 3%k BRI SEnE B LR B 40 1) 5 S 2 A
HBAB83. HBA73 (440 AR IMUCHELE, JEMEFRMEE K A0 HY4, HY24 (I ) RFE TG R AHILE . PJ34
AIN-NTD BIAH AR B AR R, HIEREEPA E A BRILSE T LU NTD Ser64 b1 = HEME % RE 2 (BT U
B, EW LA K> 5 Phe66 B E 4B ETE A, FEEIANS Tyr124 A S EH .. XS 5 E
EFH 1 255 BTN 25 R A R DU HE () R B R A B AR — B, T W I & 25 AR B T Stk . PI34 1D FEmE 38
SEAHERHR, BABMPURREENE, DAIERE RO E IO T — RAATAEY), BEEEAED 8.
16. 17. tL&1) 16 (4L 715 N-NTD Ala50 F1 Tyrlll RS, HEJR 7367 5 Asn153. Asnl54
e R EAMEH . MWARFIILEEERE, HTAY) 8 BME 2L K, FEE IR R IF B K
FIEAHULHED, (RPN 2 AR TR A B S I VCBC RS s A G4 16 AT 17 B ENE PR AR AN BT K RRAIE 5 B VT
B, HBAB3 FIL&H 16 HBkEE AL GW) 17 Bkt EAHIULAS, HBAT3 FILEY) 16 1 FAEE e fh &4 17
JEmEER B DT .

1A% 5817, ZINC9913056. ZINC257324845 i1 ZINC5169973 /&4 Asinex Uil A1 ZINC # ¥z 12 i
AR PEAE Y, ARG B MU, WERIGUE T AR 25 3 EE A AT rT 5E v, AT AT
M BB IRE . HBAB3. HBAT3 7l 54LA4) 5817 (1) -5 BB A ng IR b (1 kIEAHUTHC, HY4
R EEW) G M ZINC B PEFiE b &+, B ZINC5169973 ‘i 424k, HBAB83 A AeILAC LASL,
HARFHE TG R AR AL S B B A .

Figure 5. The pharmacophore model mapped with the key residues of
the NTD-RNA binding pocket
5. A AREA NTD-RNA S5 S X B REBALEIER

TERT ARG RAE T, 2530 IR N 5 52 AR S50 BN, ANTE SR SZ PR AE AL PR AL A L A, 75
BRK A oA BA JERR I S FE R A BRI K P o B 25 T AE 248 N-NTD RNA 456 H A8 2R (14 5),
HBA73 51 Tyrlll HIE 4% %, HBAS3 F51) Argl49 (M EEEIE, PIANBRARRE 9% N\ 7% 5 Ala50.
Ser51. Phe53. Alab5. Tyr109 4 miffsizK s i, SEEIZ A SR s R A & o FE T FR ISR
i, R T 2RSS MM M 2 A B A BT 5, ] F T 5 LB LI ik

3.3. EHIFELSR
HRAER LGB, 153 34,380 /N 7rTo LILIGAIE 245 RUATER T T M\ 34,380 N/ TR A
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R N B TR, AT CAVC R B AR 25 2 AR 2 HL VTGS KT 3.0 (9 1685 /> 4k Sl 26 24 R A1 AL i ik
REPAEYINHZE] NTD-RNA G566 5, MRAEXT SR, i 74750 fH =T PI34 (-CDOCKER_ENGE
RY =9.16887) H-& 348511 8 MUAWidt— bk T 45 G U 7.

3.4. HFFEMR

BB T A S N B NTD-RNA S5 &A1 S AR, %85 T 2 MUEITE RN B R
Ry R, HAMwE 6 fin, 5EEAE KM B XM R LR 3 B P TETRAE Ser5l.
Argl07. Argl49. it 52 B2 G0 AT UKL, &) 14,575 2RI S Bk W) &,
AL R A SRR I P A A S AN S 2 AR A DT RD . Fit value D 3.1413, AHE AR F BT BoR %
&l LIS B3, Ser51. Argl07. Tyrlll fil Argl49 A EAEA, 5 Ala50. Tyrl09 Fil Arg149
TR KA HAEH (K 6(a)). fb&1 33,268 1E 52 HWILECH, VLRSS &4 14,575 AL, K3
FpE L5 AN B AE FHARUCAS, K30 b AR AN AR B RIE R ) 5 S 2 VI &, Fit value
79 3.3172, #£5 NTD WIAHEAEH bt 5 0Bk L Serb1. Tyrlll Al Argl49 JERUEBAMAHBEAEH, 5
Ala50. Tyr109. Argl49 ZJE ) &2 Wik A EAEH (A 6(b). H 2 Mb-&W5r 1 BIAH BAE RS P34
FAALL, X SR BRI S AT AR NI AE R N A 7

a ~o Argl07

\\//‘0‘-
o/
/@,gom.14575
Tyrlll N

(o)
HO
OH N 4
(o] ) {\,
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Figure 6. Compound 14,575 (a) and compound 33,268 (b) interaction modes with NTD
and pharmacophore matching patterns

[E 6. 1L&4 14,575 (Q)F1L &4 33,268 (b)5 NTD HHEERER X 25 F TEER,

4, &Eig

EARTIRE N EAEAZ IREIR T E, ZPURREAM R, Do TG &R,
A BB K A BUR SR R CBOAWE AR R o ) P RE UL 126 SR T AWK (A HLAL S 0 b A Rt i it
B H A A, B E H I IERIE . ASCEET N & NTD-RNA 4560 mi g | — AN T2k 45 )
M2 AR, RS P BKPE AN SR 324, RS SRR IIZ L R B BAE L. K224
BERIAVE TR SR AER N 7 B AT IR, GG TUEIE, WD TR BT 5 5E N 8 A F S0
BN I RAESS S ik 1 2 MeaiEovm&arh o1, ARELEMRS &8
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