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FUR I, SARS Jet PRI 8 A K 25 11§ (PLP) A& —
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L2 ZAEE(DUB)EHED, RN AE N TR bt
FIE L PIH] IRF3 (B A0 S AZ 5 N, W 1E 29t
I T R AR e S L FRATT B TS R I, NL63
JER I B nsp3 G i R A ICRE 25 11 5 PLP A9 45 1A
I e PEAZ O &5 K 58, PLP1 FI PLP2, 2995 5 52 7 4
Wi E R AR —, 1M H PLP2 [FFf 245 DUB
EHERT IR RSPUEM, &R 2 DRt f
g, BT SARS Hi#E 2 AT —A> PLpro #0454
A, AR N Sl R 75 1 NL63 5485 17 A
PLP #0245 K4k (PLP1 A1 PLP2). H Fiit AN i %,
JEEPRE BE AN PLP %0 45 f 3k 73 B A7 82 1 g
TSR, AL D REEEYE F RS . HSIX
— IR, BT S AL B NL63 el iR # PLP &5 [
fiff 7% 0> 45 ¥ 45 (PLP1 1 PLP2) [ %2 T i 3% 7k LA J¢
PLP W47 15 L Puis s KRR s i NAHLEI, s stk
PIRIRIT FEAE BB AR

1 MR57E

1.1 ZAREtESE. FEFIFIImR

NGRS L 40 iR (HEK 293 T) i 72 2 2 2 R} 2
Bt A=) TR 9 P P ROk e Z WS . HeLa 4 B il
TR R e TBUR 5 R B A w5 T DR A
293T 40 L & 10% 13 /1 ¥ 1) DMEM 15 7% T
37°C, 5% — %Ak Bk 0% A 15 9% . DMEM #5397 gk |
Lipofectamine 2000 % 441X 74 H Invitrogen A # ;
Flag #i/A H Sigma A F]; V5. HA. Myc §if&¥)
J&J H MBL A5 actin AR, BRI AL D5 i
MIEPU 1gGy FPi 1[gG(—F1). Agarose A+G.
W E TN E A S B Eil S m R AR B
Wi N DING . DNA 324§ . Taq B§JW 11 TaKaRa 2
m; DNA 2040 ul . S5 TA 8 A Marker It H
L. LG AP AR R 1 DB AR
Tt
1.2 Fh

IFNB, NF-kB 1 PRD(IIl - T ), ¢ 2 g 4 5 ik
537 HH Dr. John Hiscott (Jewish General Hospital,
Montreal, Canada ) f1 Dr. Kui Li (University of
Tennessee, Memphis Tennessee, USA)FEfit. Flag-
hIPS-1 (8 F% 4 MAVS), BOS-Myc-hIRF3, Flag-
hTBK1, Flag-hRIG-I #4 i Dr. Himanshu Kuma and

Dr. Shizuo Akira (Immunology Frontier Research

Center Osaka University, Osaka, Japan) & it .
pCMV-Flag-mA20 i Dr. Averil Ma (The University
of California, San Francisco, CA, USA) & fit.
pcDNA3.1-HA-ERIS ( th % fE STING/MITA) A
pCMV 14-Flag-ERIS H 4+ JLIE L (bt K2 A fn kel
SE ) B peDNA3-Myc6-mISG15 i Dr. Min-Jung
Kim (Pohang University of Science and Technology,
Pohang, Repulic of Korea) i fit . pcDNA3-UbelL
(E1) F1 pcDNA3-UbcHS8 (E2) HH Robert M. Krug
(University of Texas, USA) #& fit . pcDNA3.1-HA-
Ub, pcDNA3.1-HA-Ub K48, pcDNA3.1-HA-Ub K63
tH Dr. Edward W. Harhaj (University of Miami School
of Medicine, Miami, FL, USA) $21}t.
1.3 PLP1. PLP2 5L 5 D R H KA HIEF
RIEETE

I BATTHE PR N TR B NL63 FRIA% /L 25
¥y 45 (50 % % pcDNA3.1-V5/HisB ) BamH 1 #
EcoR T A7 s Z [AN)HVRE & A7 s 9878 /& PLP1 C1062A.
PLP1 HI212A. PLP2 C1678A. PLP2 HI836A HE4T
LSRRG, (AN R R R S A R R AR R IR A
PLP1 DI1225A. PLP2 DI849A, 4 Wl ¥ it 5|4 .
PLP1 DI1225A L 514): 5 GCC ATC GCC GGC
TTC GGC GTG TTC GAC ATC AAG AAC 3', i
519: 5° GAA GCC GGC GAT GGC CTT GTT GAA
GCT GTA CAG G 3'; PLP2 DI849A 514 -
5" GTG TAC GCC GGC GCC CGG CTG TTC AGC
AGC GAC3', Fiisl¥: 5 GGC GCC GGC GTA
CAC GGC GTT GTT GGC GGC GTC 3'. R #ifr
AP R AR K 5 & (QuikChange  site-directed
mutagenesis protocol, Stratagene, La Jolla, CA)%)
il i % PLP1. PLP2 H§i& A7 il D RAZAE. i fy
SEAR A A I8 AT T I A A R AT I T . O B
PLP1. PLP2 $fE N fiR B HAARMREE I, ¥
PLPI DI1225A. PLP2 DI849A 7} %l %% 4t 293T 4
Mo, 28 h WeEE4N My, #E4T Western blot &1, 7 H]
FEFRIEDT VS PUARIN 1 BT R IA 451
14 XizZULEBDOUB)FAX ISG &M E

WcHE Evans SEU0072 g A ik R A, 2T
A JRHEE S EI G DUB 35 PERL I . A S50 354 1
F: ¥ PLP1(1 pg). PLP2(1 pg) HA-Ub(l pg)it
A% 4 60 mm 7 IR K 293T 400, 28 h 5, WX
LM AR, WE4T Western blot #:0,  F43 71 F
MHL V5 (12000 ) Hiks WA KL & H il PLPI
A PLP2 K585k 23k, FIFHHTHA(L © 1 000))
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R R

s Zhao 20N ISG AL 5 i (b Hfiik, BEAT
PLP2  FI i XS 2832 3 73 1 (ISG15) 1 25 1SG W 1%
. HARSZIGERAE W R . Myc-ISG15(0.5 pg),
pcDNA3-UbelL(0.25 g), pcDNA3-UbcHS8(0.25 g)
H1 PLP2. PLP2 C1678A. PLP2 HI836A. PLP2
DI849A (% 1 ng) HL#5 4% 293T 4 M, 28 h )5,
WA AN B 240, 34T Western blot A&, I H Bt
Myc (1 : 1 000)FLARA I 1SG 1L 8 14717, R I A
W PLP2 J S8R AR I Rk 1 B, AT BRI
P
1.5 RKAZMIREEERNES

¥ IFNB. NF-kB. PRD(IIl- I ), %¢ ¢ S BHR 15
HE N 4 B 5 PLP1/PLP2 J i 9% 78 44 I [H] % 4t
HEK293T 40 g, [F) i 4 N U9 o 35 il 4 o 2k
IEANZ, 424 h 5, FIH 100HAU/mI (1Al
EREE BN, 18 h SR X 2R AR 5 i A
R B D R B . el RIS 58
1 RIG-I/MAVS/ERIS/TBK1/IRF3 5 PLP1/PLP2 &
)% 4« HEK293T 4hifitd, AQE & 2E0E TR
WK, Y 28 h JE R I E 5 RS .
1.6 GEILITEST

¥ HEK 293T 4l i fl T EH. 42 10 cm 135 7% L
L, 4B BE A 1x10° 12 h J5, #% Flag-ERIS,
PLP2 JL[A] 85 4L 293T 408, #4928 h 5, FIH
1% Triton X-100, 25 mmol/L Tris-HCI (pH 7.5),
150 mmol/L NaCl Jf 4 4 cocktail 25 [ 40 61 51 (1)
FURCEEAN L, TR B 250 L 250 10 min
(12 000 r/min), HX FyGE#AT A UE &, B 500 pg
HOAPHTES P SER. ok, MM IgG M
Agarose A+G Xf & [ JUFE fh AL B 2 h, & O
(3 000 r/min) 10 min, FFYLVE. [ FALEE (1) 8
JERE S TR INNPT Flag Hiik, T 4°C R FAUR N 1L
B, 24h J5, NN Agarose A+G #ECPTIA 6 h. H
FURVESRIR T 2 I, 37 RGN 2 x FfE R Z& np
WAEWE 10 min, #0J5 EAE, T SDS-PAGE. 4
A BT VS, Pt Flag LA ERIS $7 K ) PLP2
FUERIS 2%, [R]AGl H 44 24 o 2 11 iR ik
& &L, FEATI PLP2 A28 ERIS 1 RIG-I iz &AL 1&
i i+, Ff HA-Ub. Flag-ERIS/Flag-RIG-1 1 PLP2
ol PLP2 S8R (S W] #5 % 293T 40 e, 24 h J5mA
MG132 43 4 h, FRWCER A0 Mo dEAT I 2L S e D vE

FHRI BT HA Uz #2408 B skalr, R
FHARS S P oA A W A 25 1 T PR AR T I O
1.7 ®RERAREDH

HeLa 4 fug i T 8 FLIEHE 2, A 60%,
4 Flag-ERIS(0.5 wg) 55 PLP2(0.5 wg) 2[4 4 HeLa
M, B 24 h JEHEAT G . H L, A
FH 3.7% F B [ 52 4 i 30 min, &5 10 mmol/L H
ZA M PBS UEvk 3 )5, HI 0.1% Triton X-100 [
PBS illi# 10 min. K, KPRk R 5,
T 5% 1) PBS Z k3 41 30 min. 2 B & W
Ji . FHT V(1 T 200)F1HT Flag(1 @ 50) T4 = i
WEE 2h. PR3 A, M Cy3 FRid Fdif IgG bt
& FIEHT R Alexa Fluor 488 —Hil ¥ 1 h. ¥k
% 4 5 ' DAKO Bl & KA, & Eaadi b,
IO SR AR BB LSM-510 JEATHAS.

2 & R

2.1 PLP2 = NL63 @R FHHmIDAY—MimE KR
Liz& 1L

N85 K ek RO 75 NL63 1) 3F &5 1) 25 11 nsp3
G i [ A TCRE 2 A il LA PN Z 0 45/ 380, PLP1
FIPLP2 (& 1a). ZEA% PLP1. PLP2 (KR iA#3 A
NS i 2k 5845 4K PLP1 C1062A. PLP1 H1212A.
PLP2 C1678A F1 PLP2 HI836A [JF:Al 119, X Hy
7 PLP1 D1225A. PLP2 D1849A(/ 1b).

TV NL63 bR 25 IA JTURE H 11 % 00 25
Fydf PLP1 Al PLP2 ", PLP2 H AT £z ZALEEIG
PES, Sk PG UE PLPL & 75 th AT 92 ZAbiE
W, K PLP1 58 4k 537 4L W) 4% 4 293T
A My, i Western blot Krll, A& I PLP1 M HL5
A7 & PLP1 C1062A. PLP1 HI212A ¥4 g [R A% 40
JL B B2 AR, T PLP2 U B S A 4
Mot 2 E B (B 1c). [W I X PLP2 B
A ROFN 5€ A8 K PLP2 C1678A. PLP2 HI1836A ik
1T DUB 3G PERZ M, 45 R W 7x, PLP2 C1678A
AT PLP2 HIB36A W A 272 % fk Mg v ¥, 1
PLP2 D1849A 13{& ¥ vz ZALMHETE(E 1d). LLL
YL, NL63 IR 5 PLP [ P AN Z 00 &5y
A PLP2 H A5 DUB %1%, 1fi H PLP2 (1) DUB ¥
PEAS 58 A MO L B (1 W i ALV 1, B9 PLP2 (1)
DUB % 1 1] g 55 8 [ W PR A7 5 LA 25 44 76
(LEEPS
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Fig. 1 PLP2, but not PLP1, has deubiquitination activities
(a) Schematic diagram illustrating HCoV-NL63 ORFs, the predicted processing of replicase polyproteins to nsp's. The conserved domains in nsp3: Ac
(acidic domain); PLP1; ADRP (ADP-ribose-1"-phosphatase); PLP2; TM (transmembrane domain) and Y (Y domain) are indicated. (b) Schematic
representation of the core domain of PLP1 and PLP2 constructs used in the study. The catalytic sites of PLP1 and PLP2 are indicated. (c)
Deubiquitination activity of PLP1 and its mutants. /: PLP1 WT; 2: PLP1 C1062A; 3: PLP1 HI212A; 4: PLP1 D1225A. (d) Deubiquitination activity of
PLP2 and its mutants. 5: PLP2 WT; 6: PLP2 C1678A; 7: PLP2 H1836A; 8: PLP2 D1849A.

2.2 PLP2 DUB BIE¥4 S

ZERNWBMAAEZ M, Bl K48 F1 K63
RN 2 Rz ZEEBAME. N EAE PLP2 X K48 Al
K63 I 2 Tz mAB R R R AT 272 RALBES
P, ¥ UbK48 Fll UbK63 43 7l 55 PLP2 J 5848 443t
[ 293T 40, 28 h JE W4 B4, AT
Western blot # ], & L PLP2 % T K48 Fl K63 %
B 2 Rz Z B4R B B 1) DUB W& .
1M PLP2 5% 4% /A& B PLP2 DI1849A X} K48 il K63
HR 2 Rz FA B R ¥ DUB i T 4b,
PLP2 C1678A, PLP2 H1836A 5 PLP2 B¥ /f %I 4H
b, X K48 Hl K63 MEHL 172 = AAE M35 R I R 4L
55 1) DUB 3% 1 (& 2a, 2b), 1F 4 BHYE X JE K A20
MBI DUB 3. UEHH, 5% T K48 Fl K63
R ZAEE,  PLP2 DUB W& PE{UR C1678A.

H1836A HAT— 3 M.
EYIRAAAEZ R FZ 1, el 5z #5)
T = E AR AL, T O B AT R
B, Ak PLP2 %2812 24> 1 (Ubl) & 7 B
DUB 51, FA1# Myc-ISG15 7] PLP2 Az H: 3 Fh
PRI PR il S SR AR A L [ B G 293T 4l fiid, F Bt Myc
IPUAARRIN ISG WAE MR 8L L4647, 45 R B,
520 Mo 2232 Z A0l A20 AN[H], PLP2 HATHH M 2:
ISG ¥&tE, H PLP2 57 & L4 PLP2 D1849A
HA 2 ISG i1, 1 PLP2 C1678A. PLP2 HI836A
¥k T7 518G i PE(E 2¢). 78 PLP2JE —Flolr
MWLz #, BRER Tz 25, EH 1282
Iy 1 1SG, BA52: ISG(DelSGylation) ik, 1y H.
G TEHOBU T 2 ET R D) REAL A C1678 H1836.
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Fig. 2 PLP2-TM has DUB activity against both K48- and K63-linked polyubiquitin and DelSGylation
activity dependent on its protease C1678A and H1836A catalytic activity
(a) Deubiquitinase activity of PLP2 for K48-linked poly-ubiquitin. (b) Deubiquitinase activity of PLP2 for K63-linked poly-ubiquitin. (¢) DeISGylation
activity of PLP2 and its mutants. /: PLP2 WT; 2: PLP2 C1678A; 3: PLP2 H1836A; 4: PLP2 D1849A.

2.3 PLP2 2 NL63 BRFESHBHITMERENE
H(FN antagonism)
s B A 2 5 R — R A R AR 9% RN
993 B3 AR ATl Ik 5 b 7 2k 3 sl il = (0 25
RIRG e RN FRAT TR i 903 1, 7] SARS JabiR
W R, R EE NL63 YLl it 5 HRES | K
550 RAR Gl . AT NL63 A A 8 1

N REIEIX — {8, K TFNB, NF-«B, PRD(II- 1 ),

PEIEF MRS JE, [/ PLP1. PLP2 & PLP2 %874%

kSR e 293T 41 ML (Lh TK 1E b 9 5, HE4¢

24h 5, LG EE G R EOE T R,

R GF MG VEDN €, ¥ W] PLP %f IFNB. NF-kB.

IRF3(PRD(II - T ))&k g mi. 45 R EIR, NL63
L PRI 75 A IR AR 1B A% 0 25 3 PLP1 S

Fif iz 008 /3 PLP2 S5 1E EPUW s KR e ) AR ARIGAHNHI TP = Rk (K] 3a), i PLP2 Eﬂhz
(a) B IFNB Luc (b) IFNB Luc © PRD(II- T ), Luc
= 140} 120 + 20+
g 120¢ 100 8
2100} o 14}
@ 80 60} 1o
ERC !
g 40} 40+ 6F
E 20t 20+ g:
£ 0 0 0
I 2 3 4 5 6 1 2 4 5 6 I 2 3 4 5 6
PLP1 PLP2 PLP2
(d) = NF-kB Luc (e) IFNB Luc ® IFNB Luc
301
3 25t
v
220t
215t
=10t
2
B 5
2 0
/] 2 3 4 5 6 Vector 1-00g 8ng 40ng 200 ng Ve 1.6ng 8ng 40ng 200 ng
PLP2 PLP2 ector PLP2 DI1849A

Fig. 3 Negative regulation of antiviral innate immunity responses by HCoV-NL63 PLP2
(a) PLPI don't inhibit IFN@ expression. /: Vector; 2: PLP1 WT; 3: PLP1 C1062A; 4: PLP1 H1212A; 5: PLP1 D1225A; 6: PLP2. (b) PLP2 and its
mutants inhibit IFNB expression activated by SenV infection. /: Vector; 2: PLP2 WT; 3: PLP2 C1678A; 4: PLP2 H1836A; 5: PLP2 D1849A; 6: A20.
(c) PLP2 and its mutants inhibit IRF3-dependent IFN expression activated by SenV infection. /: Vector; 2: PLP2 WT; 3: PLP2 C1678A; 4: PLP2
H1836A; 5: PLP2 D1849A; 6: A20. (d) PLP2 and its mutants inhibit NF-kB-dependent expression activated by SenV infection. /: Vector; 2: PLP2 WT;
3: PLP2 C1678A; 4: PLP2 H1836A; 5: PLP2 D1849A; 6: A20. (¢) PLP2 has a dose-dependent activity in inhibiting IFN@ expression. (f) PLP2 D1849A
has a dose-dependent activity in inhibiting IFNB expression.[]: MOCK; B : SenV.
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THETIEMEKIE, 20 PLP2 {7 55 D1849 5848
Jo, FANEIT R R IA IS A Z R, H &)
PLP2 C1678 F1 PLP2 H1836 A% ja % H T &£ #Kik
FHIE A — e s m(E 3b). BhAk, PLP2 XTIl
S5 15 B0 ) NF-xkB, IRF3 (PRD(I- 1), Jyik+h
FEDR) Akl B BRI AE AL R CL678
H1836 X PLP2 #HIRAR S A FHRE MK (K] 3¢, 3d).
A WL, PLP2 & st (1) T4 B H5 i A
R E PLP2 #4038 Rk R e,
IENB %% 't 2= il 4 15 25 R 5 AN [A) 5 & (19 PLP2 K&
PLP2 DI1849A JL[r|44 4L 293T 41 iy, it X% %
il % P 5 A& B, PLP2 AT PLP2 D1849A 71Tk
# B MR IA HAE AR B 2 1 500 28 (] 3e, 31).
$&7~, PLP2 BRWEHR: St Al & 9 25155 2 (10 T4
B RE. S, BAMCH KL PLP2 C1678A Al
PLP2 H1836A %} RIG-IN 3 (1)1 4t 22 18 i [ b 12t

DUAMIAE D, AP A5 R o, LB gF R SR
W, PLP2 & —FP TR P, i Hix s puie

FH AN 7 4 400080 3 B 1 B 1, PLP2 C1678A Al
PLP2 H1836A ¥ T-#28 Fak 4l H Wl 255 1
By R PLP2 D1849A, i HH C1678A H HI836A X}
T PLP2 TSR AU/ B AT — € 520
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ESimg
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i, Pk (5 5 s b I — R YIE 5 5 A (RIGHL
IPS-1. ERIS. TBK1)Z#E4THFST. Hrh RIG-T 40
J g H R R S S A4, T8 Ik YU i RNA R
5" IR 4y HERANAETR, BB AR RN, Tl
TRIM25 47 RIG-I 3z # WM F] T RIG-1 47
$ 4K 1 IPS-1 [A] [f) CARD X [7] %4 H 404, ERIS
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MITA/STING )2 $5:87 K IR 3 A7 P TR i sl e hor
PRI TR R 7, N i A5 5 Ik 4~
5 NS, AEAR AR L TBK1/IKK e i £k )5,
ERIS ST — RV PGB0 ( R A 2 5 )
WAL HE T BB R0, T
T8 OGBS 5 2 7 (RIG-VIPS-1/ERIS %) [
IFNB 2GR B S HE KL [ 4 293T 41/, 73991
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PLP2). W AU 2 MG e L, A EAARKE
i, PLP2 4 b MOCK 204 T 86.46% 1%, i
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Fig. 4 PLP2 and its mutants modulate IFN expression pathway activated by the key regulation proteins
(a) PLP2 inhibits IFN expression by acting on the points of RIG-I and ERIS/STING. HM: MOCK; [J: PLP2. (b) PLP2 and its mutants inhibit
RIG-I-mediated IFN expression. (¢) PLP2 and its mutants inhibit ERIS/STING-mediated IFN expression. /: Mock; 2: Vector; 3: PLP2; 4: PLP2 C1678A;

5: PLP2 H1836A; 6: PLP2 D1849A.
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Deubiquitinase Activity and Regulation of Antiviral Innate Immune
Responses by Papain-like Proteases of Human Coronavirus NL63"

SUN Li*, YANG Yu-Dong™, LIU Dian-Bo, XING Ya-Ling, CHEN Xiao-Juan, CHEN Zhong-Bin™"
(Beijing Institute of Radiation Medicine, Beijing 100850, China)

Abstract So far there are at least five coronaviruses that are responsible for human respiratory infections. The
pathogenesis and immunity of coronavirus are the result of interaction between virus and host. The innate immune
response will be started when coronaviruses infect cells. Coronaviruses usually encode multifunctional proteins
that are critical for viral replication and blocking the innate immune response to viral infection. Human coronavirus
NL63 (HCoV-NL63), a new-emerging human coronavirus for human respiratory infections, has two papain-like
protease (PLP) core domains, PLP1 and PLP2, in nonstructural protein nsp3. Besides the proteolytic processing
activity towards ppla(lab), it was previously demonstrated that PLP2 of HCoV-NL63 has in vitro deubiquitinase
(DUB) activity. However, the characteristics and functions of DUB activity of NL63 coronavirus PLPs are poorly
understood. It was first demonstrated that the core domain of PLP2, but not PLP1, has in vivo DUB activity, and
the DUB activity is not dependent on the catalytic residue of D1849. However, the PLP2 DUB activity is
significantly reduced when the catalytic sites of C1678 and H1836 were mutated. PLP2 has both in vivo DUB and
DelSGylation activity, and PLP2 exhibits DUB activity toward ubiquitinated branched peptides without any
specificity for either Lys*® linkages or Lys® linkages. Furthermore, PLP2, but not PLP1, is the only core domain
responsible for the inhibition of both RIG-I and TLR3-dependent induction of IFNa/B expression. Mechanism
study demonstrated that PLP2 interacts with the key regulation players of RIG-I and ERIS (also called
STING/MITA) of IFN induction pathway, and induces the deubiquitination of RIG-I and ERIS. Overall, these
results definitely demonstrated that for the two core domains of PLP responsible for proteolytically processing of
N-terminal part of ppla(lab) of NL63 coronavirus, PLP2 is the only core domain of PLPs that responsible for DUB
activity and IFN antagonists. The studies are currently underway to determine the biological significance of DUB
of NL63 coronavirus PLP2 in virus replication and pathogenesis.
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