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Abstract: Porcine deltacoronavirus (PDCoV) is a major pathogen causing fatal diarrhea in
suckling piglets, and there is currently a lack of effective vaccines and drugs to prevent and
control the virus. The nonstructural protein 13 (NSP13) serves as a virus-coded helicase and is
considered to be a crucial target for antiviral drugs, making it imperative to investigate the
helicase activity of NSP13. In this study, the NSP13 gene of PDCoV was synthesized and
integrated into the prokaryotic expression vector pET-28a to construct the recombinant plasmid
pET-28a-NSP13. NSP13 was successfully expressed in BL21 (DE3) and subsequently purified.
The study also verified the helicase activity of the purified NSP13 and explored the factors that
influence this activity. The results indicated that NSP13 from PDCoV was effectively expressed
in the prokaryotic system and exhibited helicase activity, capable of unwinding double-stranded
DNA with a tail at the 5" end. Additionally, NSP13 demonstrated an annealing function by
promoting the complementary pairing of single-stranded nucleotide chains to form double
strands. The helicase activity of NSP13 was affected by metal ions, but Mg concentrations in
the range of 0.5-6.0 mmol/L had no significant effect on helicase activity of NSP13. When the
solution pH was in the range of 4-9, there was no difference in helicase activity. ATP
concentrations in the range of 0.25-6.00 mmol/L had a weak effect on helicase activity, and
NSP13 concentration >80 nmol/L inhibited the helicase activity. We obtained the NSP13 of
PDCoV and investigated its helicase activity. These findings provided a theoretical foundation
for the further research on the regulatory mechanism of NSP13 in PDCoV replication and the
development of anti-coronaviral drugs.

Keywords: porcine deltacoronavirus; nonstructural protein 13; helicase activity; antiviral drugs

¥E A R 3 R 55 (porcine  deltacoronavirus,
PDCoV)J& — Pl B i 18 Boa vk e R 2, &
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PDCoV JyH i iF4E RNA a5, S 4
K24 25.4 kb, 4t il ¥4 5'UTR-ORF1a-ORF 1b-
S-E-M-NS6-N-NS7-NS7a-3'UTR!"! | Hip I 1)
PZHE ORFla Ml ORF1b i THEP4H 50, %
LR 2/3, s Z R E M ppla Fl pplab,
Z R M ppla Hl pplab #F— 8 A JTEE R 1
1 3C FEEE MK AR Y 15 ASIES5H & F (NSP2—
NSP16)"2 Horpr | SR 5 (19l 45 #4 26 1 NSP13
VT 3C FREE X 2 R pplab YK AED,

fiff e = —Fh I AAAE T AR R A
AR RS I, RRRE R SR AL T
(nucleoside triphosphate, NTP)/K fift =4 it fE
PR TR IR A G2 ) AT S 22 8 B R A Y
fiff e AT S, /DB BE AR 8 B Y 1 i e
fitf. NSP13 & bR s 5 g 9 1 — b i fie 1t , )
TR HEB K% 1 (superfamilyl, SF1), #{IA
SR B TR B 24 4 ) AR TS NSPI3 A
o i Bl R 4R EE R I RN S, BB TR R
Tl R AR B AE RNA, R TE RNA
P H R R 5 NSP13 8 (I AF 78 2L
JiF SARS-CoV F1 SARS-CoV-2, H# 1 NSP13
FE3 AR ZE 1 AN 570 (i EZERR(570V)!0, 4%
IM>&F PDCoV NSP13 HYMFFE s &b

KRR RIATE IR RIERERIE T
4K 1 PDCoV 458 NSP13, i Ni-NTA
FAZHR T4, FEXTAifk i NSP13 £
FIHE AT %5 RGP 56 UF 5 8 2 8 5% PDCoV
NSP13 B HEM Ik LA K 5 i e 16 v A TR 2%
K PDCoV NSPI13 ¥ J¥ 1k &5 £ 300 il it e 1%
M, TRIEHA & B NSP13 H A 12 k8% BR PABE 1)
B BRI TR B A% R AUEE 19 3R K T B o AR A
% ] N PE— R A 8 NSP13 J % PDCoV ¥
B M MVEFAMLE, LLURAF AL NSP13 it
SR B R B 25 ) PR IR ER AR

&: 010-64807509

P

1.1
L1.1 E#R. FRA
KW T B (Escherichia coli) BL21 (DE3)#%

IR S UM A S = /A7 s N NCBI R 2
PDCoV #:#k CH/JXJIGSO01/P50 #) NSP13 FE[H ¥ 5]
(GenBank & 5E'5 . MH025764.1), i 44
(ZBOBA A PR F A L H IR NSP13 Jf44)
A H 4 ok pET-28a-NSP13,
112 FZi5

BV A NaCl, SN HE A -B-D-2F
FL Bl F (isopropyl-beta-D-thiogalactopyranoside,
IPTG) . Tris . EDTA'Na,-2H,O Fl i #i R £
(ammonium persulphate, APS)#JIE B b 5 >4 78]
BHEA R, BRIES % H — B% R (adenosine
triphosphate, ATP). 4-%% £ 3R W& £, B i iR
(2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfo
nic acid, HEPES)FI MgCl, ¥l H [E 2558 {241
FIEFRAF, FERIR — ZHE(diethyl pyrocarbonate,
DEPC)., PUH JEZ, — i (tetramethylethylenediamine,
TEMED)FIH ¥ A E BTz T A AR By
ABR/A W] Bradford & s i) G AU BTR S
R A EE s RAEYEARGRAF, His
FRAE 1 4L DR Ni-NTA agarose It [ b 5t 4=,
SHEVFARBMDARRAE, /NHPT His-tag 50
BEHUAFNBR 1 E AL P (horseradish peroxidase,
HRP)FH0 M5 B st A e i A P ok
HIRAA
113 JRYIER

P4 25N TR 7 51 (1) BB DNA (single-stranded
DNA, ssDNA)ILEE 1, mdt st SRR A
BRAFI G AL, HH, DNAI-FAM 1) S'ibRic iR
. 75¢ 6 &K (carboxyfluorescein, FAM), DNA2 .,
DNA3 Fll DNA4 J& DNA1-FAM FJH #Mif, 240
FFRIC
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Table 1 Sequences of single-stranded nucleic acid

Names Sequences (5'—3) Size (bp)

DNAI1-FAM FAM-GCGACGTCACGTGCA 15

DNA2 CAGCTAGACCTGCACGTGA 25
CGTCGC

DNA3 TGCACGTGACGTCGCCCA 25
GATCGAC

DNA4 TGCACGTGACGTCGC 15

1.2 7%

1.2.1 E=HERA NSPI3 HIFESRIE

B 4 A7 2H 2 B2 A1 4% (His-tag) AY B 20 J50 kL
pET-28a-NSP13 #; A E. coli BL21 (DE3)% ik
PR, WA, bR SR . PRI TR R R
2= 54 K I8 K (kanamycin, Kan)fJ 5 mL
LB ARG IR 3, 37 °C., 220 r/min 5535 12 h,
FREREFRYILL 12 100 A ELBI 3 FR ) LB W AR LS
FRIE Y REEFR, iR & ODgoo M 0.4-0.6 B,
Ay IR e B2 1Y IPTG HEATES, 16 °C.
90 r/min ¥53% 20 h, WARRWIT M0, &
OB E W 5 UTTERE i 4T SDS-PAGE HLTK -
1.2.2 EHZEH NSP13 B4k

AR s IPTG e Fldpcid 75 5 i) [B] 47
R RS, IWERBE.O, RIEH%
9 PBS ¥ (10 mmol/L NaH,PO,, 140 mmol/L
NaCl #1 3 mmol/L KCI, P& pH=7.8)E &
B4, 5000 r/min 2.0 10 min, #AEHEEE 3 K,
3£ bW . buffer A (25 mmol/L HEPES-KOH,
10 mmol/L NaCl, 10 mmol/L Na,S,0s5, 5 mmol/L
MgCl,, 7 mmol/L B-%ii & L BFEF! 1 mmol/L 7 H
fi# 5% 7 (phenylmethylsulfonyl fluoride, PMSF),
VN pH=7.8) & WA, 5 000 r/min &0
10 min, FH buffer B (25 mmol/L HEPES-KOH,

1 mol/L NaCl, 10 mmol/L Na,S,0s, 5 mmol/L
MgCl,, 1.6 mmol/L Bk, 7 mmol/L -5tk L%,

1 mmol/L PMSF Al 30%Hili, 5% 7% pH=7.8)
FERWIA, EAEZFRERA)S, 12 000 r/min &0
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40 min Y4 B, A 0.22 pm £k g g
FiE o SR Ni-NTA SEFIZEME, il & A A
e FEBKIL A buffer C (25 mmol/L HEPES-KOH,
0.5 mol/L NaCl, 10 mmol/L Na,S,05, 5 mmol/L
MgCl,, 7 mmol/L B-3iEZEE, 1 mmol/L PMSF
FU15% T, JETTR pH=7.8)HEA THEME . L
TEE WS VR iE 4T SDS-PAGE HLUK . A
store buffer (25 mmol/L HEPES-KOH, 0.1 mol/L
NaCl, 1 mmol/L DTT Fl 10%H 3, 815 #
pH=7.8) i IE .0 VeI EE 1, Western blotting
BG4 8 o i ] Bradford 2 171€ fitiak
MM EEEWE, M 20 uL/Ag, REFLE
—80 °C. & H4ifb AR AT TE 4 CHRIFT
HAT

1.2.3 Western blotting 1 RiZ 4 E NSP13

Wi iy 3 A RE AL 2EFT SDS-PAGE HLIK,
HLIK S RIS DI, 4 2 15 B 2R Al R 2T 4 2 I
(nitrocellulose filter membrane, NC), i F 5%/l
RSk I 2 h, TBST YEME 3 k. il
T BE/NRPT His-tag FLEREGTIA, A —¥T
MR 4 °CIFH 101, TBSTYEME3 k. # 10
BB HRP SEHUR 90, A IR % IR
PRGN 1 h, ffi TBST PEi 3 ¥k i 3R
Ak 2% & Jt W (enhanced chemiluminescence,
ECL)#EAT 2 €5, 25 11 BN 30 AR A3 g Ol SR I 5%
o WAL E RS JEFT SDS-PAGE, HLTK
SRR H bR 25 EA T B S
1.2.4 ZERIRYIHI&

SEREIRUCPE Y 2 SRR B AR 2
(50 mmol/L Tris Fil 50 mmol/L NaCl, #7557
W pH=8.0), 7E&J@IE 95 °CJ ). 5 min, H
SRS HNFZ I, i DEPC 7K i B2 %) 80 nmol/L,
IPBARAFAE-20 °C. B K“HIHE T Native PAGE
HIDK S8, HLDK S o 5 U S, G Typhoon
RGB Z I REHOCHMA P S A7 8%, dad o



BT A% R 54 55 BUEE 1 4%l K B2 1 T 2 75 1R
KB4
1.2.5 EYAFEH NSP13 BIfRAESCIE

¥+ 50 nmol/L NSP13 5 8 nmol/L R4k R
W, 7E f# € X [30 mmol/L Tris-HCI
0.1 mg/mL BSA. 1%, 3 mmol/L 4@ &+,
100 nmol/L [ B 4% BR (Trap) A1 2 mmol/L DTT]+H
RA, RAGEIEIA 3 mmol/L ATP. 2 %A
ANFFP Y 45 R B 1 BRI AN R A pH IR,
RERRBMALERG T, 37 °CTF 2 30 min,
Hrp, Trap F4E 59800810 A B4 7 51 AH [A]
RERS 55 9 PR 45 & 00O PR IC I A EE , BHAE %
T 1) 2% R BRL % ERT IR O OB o AR LS TE
95 °CriARE 5 min J& , FTIFBCASEVE A PEA: X
M (positive control, PC), ANJI NSP13 s AE
A AP XS B (negative control, NC), %3k 2 v A
(AR, BCHE 10 nL A b A SR FR 2xstop buffer
(50 mmol/L EDTA-Na,. 1% SDS Fl 10%H i)
WA, &ILfie i . IREY A Native
PAGE JiiH 180 V Hijk 1.5 h, HLIKZEH )5, H
BT Typhoon RGB 2 Zh fig it 34 Hh ik
%, Tmagel F3 A7 557 IR FE A A5 21 7t Tié s
SRR
1.2.6 PDCoV NSP13 iR N S35

B 4 nmol/L ¥.5% DNA1-FAM Sl A
(30 mmol/L Tris-HCl, 0.1 mg/mL BSA., 1%H
#H . 3 mmol/L MgCl, #il 2 mmol/L DTT)H, DA
T 4 nmol/L 4 DNA2 1E K [ v th, K
16 37 °CiEAT, W EIKRZR N 200 pL., HGE
DNAI1-FAM FIF5E DNA2 7£ 95 °C&M4 T, A
56 4218 K AR Dy SRR FOBURE Y 2 BR AR
(size standards). 43 B FEAS A A [E] S5 H 15 ul 7=
Prim A KT 2xstop buffer, 1RG4 UETT
Native PAGE, HILyK &5 o f5 B H B Typhoon
RGB Z R ot b if& .

&: 010-64807509

2 BER540

2.1 PDCoV NSP13 1 SARS-CoV-2 NSP13
BRIDBEFSIESR

K FH ESPript 3.0 (https://espript.ibcp.fr/ESPript/
cgi-bin/ESPript.cgi)%f PDCoV #:#k CH/IXIGS01/
P50 il SARS-CoV-2 B #k Wuhan-Hu-1 (GenBank
kS NC_045512.2)f NSP13 & 4% 08
(helicase core) Z 4 MR /¥ 41 ¥ 17 LL XF, & B
PDCoV NSP13 Fll SARS-CoV-2 NSP13 (A% .Crs
FF 5 — 3 EAUH 52.39%, #El PDCoV NSP13 %
15 SARS-CoV-2 ) NSP13 & F1EhfiE vl AEfAAE
—EES, WA %EXH PDCoV NSP13 #
HFATIESE .
2.2 ELAERA NSP13 WS FRIAFNA L

4 Ok pET-28a-NSP13 23 XU Ji47] 1l
P T %0E, WA E R T E 4Lk pET-28a-
NSP13 # A E. coli BL21 (DE3)#ikEEH, Bk
U TP 4R T LB ¥ (7% 100 mg /L Kan),
37 °CHR 71595 2 ODgop N 0.4-0.6 I5f, A IPTG
P H AR Rk o AR T W JT AT S 1
i, B EWEMPIGEN T SDS-PAGE Fll Western
blotting /& o 45 WoR, YLIE L3 H Ak B
5 BFREE 5 T i KN — B R S Ak (4
70 kDa), UiHIARFEIEER IPTG HEEAS NSP13
AR REERE, HEPHRAEDE NSPI3
I AR, 1 HAREREE 0.1 mmol/L IPTG
BREEREAEQRIE P REE, R0
NSP13 7£ FiFH &Ik (K 1A, 1B),

FRAE 0.1 mmol/L IPTG S, 16 °C.
90 r/min B57% 20 h, P KIEHRZE 4L, WERRG
HEFEREE, T ALlifk. WA His-tag MYEY
FE A NSP13 234 Ni-NTA SEFZMralifh, Wy
Wi ZE W APE B k1T SDS-PAGE Hi ik, KB
NSP13 (70 kDa)REREH: %4 200 mmol/L BRI (1) 35
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Ve T ok (B 1C) o B V5 Uk B FE 5 A7
Western blotting %8 7€, & FATE 70 kDa [T 7 7€
R4 (K 1D),
23 RIELEEELHER PDCoV NSP13
YIHL SDS-PAGE it H' 70 kDa {3 & (1) 25 1 ¢
WA T BTSSR, BTk Hris 2 65 M RkEL, ¥
G R GE 90.6%. E 2 A — Sk B —
IS E (by B FUCELED), ZRB W SRy
45115 PDCoV NSPI13 HyERAFo5E e —5, #£

Wl alifb 153 298 1 PDCoV NSP13,
24 HIEARERIHEHHIKD
BT 2GR FAM ARid FITGhRIC
B ssDNA, JFfill iR K SZI0H] & & A S'tailed
3'tailed il blunt end iX 3 Ff K % 45 #4 i) dsDNA
(& 3).
2.5 PDCoV NSP13 iK & E #0355 14 58 iE
f#H Bradford RIS, xtaifkitH
FRUEMAE T A NSP13 MU T E, HEI 4A

A Supernatant Sediment D
kDa M V 0 01051020M V 0 0.1 05 1.02.0 IPTG(mmol/L) kDa M Elute
180 — 250 —
13073— ""'Z" - - B | 150 —
95 .- 100 —
70— 75*'“«—1\@13
55— .
50 —
43 —
37—
33—
25 — 25—
20 —
B Supernatant Sediment C
Elute with imidazole
kDa M V 0 01 05 1.0 2.0 0.1 IPTG (mmol/L) kDa
95 — 250 —
150 —
70 — - NSP13 '
100 —
55— 75 —
bed il =4 «—NSP13
43 50 —ww - |
' 37
a8
25
20—

1 F|LHEHB NSPI3 WIFRIETMLGW A AFEMWKE IPTG I REIRIEL R, B: Western blotting £
I3 FPTUE S His-NSP13 3Rik. C: NSP13 7£ 200 mmol/L BKIEIE R Hh i 45 . D: Western blotting
YA M BAREE T NSP13. VKB V R & 25 8K pET-28a IR ; Tk M /8 & H 4+ =

5t
Figure 1

Expression and purification of recombinant protein NSP13. A: Induction of NSP13 expression by

different concentrations of IPTG. B: His-NSP13 expression in supernatant and pellet was detected by Western
blotting. C: NSP13 in elution fractions of 200 mmol/L imidazole solution. D: The purified target protein
NSP13 was detected by Western blotting. Lane V represents the bacterial solution containing the empty
vector pET-28a; Lane M represents the protein molecular weight marker.
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YAS202310090005_1_NSP13_SHANG, Cmpd 17 088. +MSn (1 315.634 2), 31.07 min

Seq: CDIVVVDEVSMLTNYELSSVNAR
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B ASGVCVVCNSPTILRCGDCIRRPLLCCVCAYQHVTQTTHKRIIAINNYICSVENCNEDNVEKLFISGTAI
YCENHKPTLCIPIVANGSVFGIYRHTARGSDDIDLFNELATSNYDTIEPY QK ANRAPLSLMLFAAETIKA
LEESIKKSYATATVKDVYDQRFIKLLWEQGKKPPPITKNHIFTGYHFNKNGKTQVGDYILAKTDGSDTY
TYRGTSTYKLQTGDVLVLMAHVVTPLSAPPVLTQTTYVRKSLLPDSVGASYY VQHFKSYNEIAMQRYV
TTVLGPPGTGKSTFAIGLAKYFPSARICYTASSHAAIDALCEKAFKTIPVGQCSRIVPTRTTVECFQEFVV
NNTTAQYIFSTINALPDIKCDIVVVDEVSMLTNYELSSVNARLVYNHIVYVGDPYQLPSPRTMLTSGQL
SPADYNVVTDIMVHAGADVMLDMCYRCPREIVETVSKLVYDNKLKAAKPNSRQCYKTIVNFGPGDV
AHEGQSAYNEAQLRFALAFRQQKRWDNVTFISPYNAMNVKASLAGFSTQTVDSSQGSEYDYVIFCVT
TDSAHALNMARLNVALTRAKIGILVVFRQANELYNSLQFESIDSQLQ

2 EHFENSPI3IHRILLZE

TR IR NSP13 741 5 ik B Fr 51 A ] ) 7
Figure 2

A JKBER) —HRTER]. B: PDCoV NSP13 ZJILEaEH. 21 ikl

Identification of NSP13 protein by mass spectrometry. A: Secondary mass spectrum of the peptide.

B: The amino acid sequence of the PDCoV NSP13. The red bold font indicates the portion of the NSP13

sequence that is identical to the peptide sequence.

TEIRFRERNZR, K NSP13 A ODsos 18 2.05 A
R, 158 NSP13 ZE W R 867.6 ng/mL,
HBLNEE SRR BE Ry 12.40 pmol/L,

PDCoV NSP13 J&Ji 84 ht it —Fi ik g 1t ,
A3 2 HL YK A B K 5L 50 (electrophoretic mobility
shift assay, EMSA)XF NSP13 #47fif i€ 1 P it 56
ik, WE 95 °Cryilt M A BHMEXT R (PC), A
TINSP13 A A BN B (NC) . A7 TE 74 1 H ik
SEREH, 4ifbf3E]H PDCoV NSP13 BERSLL
Wi ATP i 7 UM T dsDNA,  ELAT 85 i Al A i
EPE(E 4B)

&: 010-64807509

2.6 PDCoV NSP13 B 5'—3'#EiEMR 1%

N T 5% PDCoV NSPI13 1Ef#IT IR Y% iR
XUBE B () f e, Al T NSP13 Xt 3'tailed
dsDNA . 5'tailed dsDNA F/l blunt end dsDNA F
fEBER N, KB S'tailed dsDNA 1 fif Jié i 5 A
A(s' 1ited)=0.77£0.03, T} 3'tailed dsDNA #I blunt
end dsDNA f#ENR T T, 2350 AG wiled)=
0.02+0.01 F1 A(grunt ena)=0.01£0.00 (& 5), 45H
78 PDCoV NSP13 HEEMIF& A S'tailed
dsDNA, AEEf#TT 3'tailed dsDNA #ll blunt end
dsDNA, Uil NSP13 J& R FHHS {7 fif e () =X

B<: cjb@im.ac.cn
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A 5’ tailed

, 15bp

3 N &

5-FAM-GCGACGTCACGTGCA-3’

3'-CGCTGCAGTGCACGTCCAGATCGAC-5'

3" tailed <%0
alle NP 15 bp ”

5'-FAM-GCGACGTCACGTGCA-3'
3-CAGCTAGACCCGCTGCAGTGCACGT-5'

B3 JEMEHIRN =Y
D: iR KIE R 3 FPoREn45 411 dsDNA

I5b
3! =

LI

5-FAM-GCGACGTCACGTGCA-3'
3-CGCTGCAGTGCACGT-5'

5!

DNA/DNA*

DNA/DNA* Mo

A 5" A FEELH) dsDNA. B: K ¥ dsDNA. C: 3'54 FE E A dsDNA.

Figure 3 The structure of three substrates and products of annealing assay. A: dsDNA with a tail at the 5’
end. B: dsDNA with a blunt end. C: dsDNA with a tail at the 3'end. D: dsDNA with three terminal structures

was formed by annealing reaction.

A
30

Z.oiF
20 F
1.5 ¢
1.0 F
05}

Y=0.727 3x+1.419
R*=0.990 2

Absorbance (OD;,;)

NSPI3| — | — | + +

ATP| - |+ |+ | -

95°C| + - | -
DNA/DNA™ — - —

0-0 1 1 1
00 02 04 06 08 1.0 1.2
Protein concentration (mg/mL)

1.4

1.6
DNA¥ | -—

4 BRKENEFRFEMEEIE A EFRERENZ. B: HAHE M NSP13 f# e 1L 5k
Figure 4 Detection of protein concentration and verification of the helicase activity of NSP13 protein. A: Protein
concentration standard curve. B: Verification of unwinding activity of recombinant protein NSP13.
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Figure 5 Detection of unwinding polarity of recombinant protein NSP13. A: Diagram of unwinding assay
for NSP13. B: Electrophoresis of the unwinding products. C: Unwinding amplitude of different dsDNA. The
error bars in the figure indicate the standard deviation. PC: Positive control; NC: Negative control. The same
below.
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Figure 6 Effects of different factors on the unwinding activity of PDCoV NSP13. A: Effect of metal ions to
unwinding reactions catalyzed by NSP13. B: Effect of Mg*" concentrations to unwinding reactions catalyzed

by NSP13. C: Effect of pH to unwinding reactions catalyzed by NSP13. D: Effect of ATP concentrations to
unwinding reactions catalyzed by NSP13.
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Figure 7 Identification of the annealing function
of PDCoV NSP13. A: Effects of NSPI3
concentrations on the the unwinding reaction of
dsDNA. B: Results of spontaneous annealing of
ssDNA without NSP13. C: Results of ssDNA
annealing after addition of NSP13.
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