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W U 1 22 DO HEEE H NS3 1] - AT 48 g 4 o A2 B B Y
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C FEMFEMERRAA, R 100190; * BLAFELEFE, A X 716000 ° REERAFMHEER,
K Z 300060)

WE: £8 MW ATMERHRS, EEMEESSEEEMRIINERIR, BLUWERKEHTHNE
REN . WEZREARESHNRE. NS, BEEIFAATHRINGETHINAEEN . ARLIENRS
ZINBLEENSI AA, FIBELHBERREGMES (CFPS) SLIMEMRING Y, FHIESLAT{S NS3 [ERTREE RNA 7
TEBE BB IEIE B . H—EHRER, M XY NSIWREINsEEEESMEEEIER: MZRENSINE
AIRNA fZhed e, AEEHHEFESHERESHES . BIED FRIEHHT, FAIRMM BIES NS3 BF K
MREOAXEOREL, FEEEEBHEEFRENENRE, NMBISSRENED .. &E, BIFABNSITI TS
MERIERBEES (CUV) BIEEMN, FHWERE M BEEEMEEN CUVRIRIBWENE, WESIRIEZEEY)
EERPT NSIEAAN TR IREIRAIN EE D . AR SDRTHRESINEEOEA THIRNEERRGE
ErhaIN BR M TR LR ARE .
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Abstract: In bottom-up artificial cell construction, building life-like functions such as material exchange, information
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multifunctional artificial cell modules. In this study, we investigated NS3, a multifunctional protein from human
norovirus. NS3 was expressed in vitro using a cell-free protein synthesis (CFPS) system and purified by Ni-NTA
affinity chromatography. SDS-PAGE and Western blot analyses confirmed that the CFPS system produced soluble
NS3. The purified protein retained both NTPase and RNA helicase activities and also exhibited substantial
phospholipid membrane-permeabilizing activity. Further experiments revealed that Mg*" differentially regulates these
functions: it promotes NS3-mediated RNA unwinding while markedly inhibiting NS3-induced liposome
permeabilization. To examine this mechanism in greater detail, we combined single-molecule fluorescence resonance
energy transfer (smFRET) with graphene oxide-based single-molecule surface-induced fluorescence attenuation
(smSIFA). These measurements showed that Mg> induces a transition from a relatively open, extended NS3
conformation to a more compact one. Mg®" also decreases the depth of NS3 insertion into the membrane without
significantly changing its steady-state membrane adsorption density. Together, these findings suggest that
conformational rearrangement and altered membrane insertion, rather than reduced membrane adsorption, may underlie
the inhibitory effect of Mg®* on NS3-mediated membrane permeabilization. Finally, we reconstituted this function in
giant unilamellar vesicles (GUVs), which serve as cell-scale artificial membrane compartments. NS3 promoted the
entry of CF into GUVs, whereas Mg”" significantly reduced the proportion of GUVs permeabilized by NS3. These
results further establish the membrane-permeabilizing function of NS3 and demonstrate that it can be regulated by Mg*
in an artificial cell setting. Overall, NS3 combines membrane permeabilization with RNA helicase activity, and these
functions can be differentially regulated by Mg*". This study provides preliminary experimental support for using NS3
as a controllable material-exchange module in artificial cells and offers a basis for exploring viral multifunctional

proteins as components for artificial cell engineering.
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FEak— ¥ G R AT B A dr it BRI A
TaMuThRe M 2, RAFFRSEHEAL
KIAEAL, M HA 251 5% . ThRE 2 FEFI R
e SRR R, R AT AR D N T A i T R A e )
HEUMRIE. Hrb, wam IR E E NS3
e F M Z I ReE . EREA e AT,
NS3 —J7 HE RNA fifE Jie b 16 XUEE RNA fif JiE »
R R FAME R SER Y, A—HmAA
JEL T A M o A SR VR AR BE B Y b, Wang 5K
W, VAR EE NS3 B N i & 5127 MR AL AT
R MLKL Al PR 25 48 433 ] i 4 DU R i@ oA 45 A 3k
2K NS3 K H: N iyl BER] 45 G SRR B T 57 0
N, 51k Sk A 5 Z A AN A bR ThBe BE g, I A
et BN R Y. ZEEMEEAEE — %
PRSP FEME, Traedd e NS3 HRIEL: 6. WA
A RN R ALIERE SR S PR . A
ORI, NIRE M E NS3 e KEH & N b fy
B Re i fE 40 I ol RIA N S S A ML TS, R
N NS3 7] Be B A 5 B NS3 AHABL I 5 v 1
filte FT BRI ARALR, AT AN NS31EN
N T4 B P Jon A2 i A5 e i) ok ik oA o AH BE R T
connexin-43. a-hemolysin fl MscL %% i 1 5% i fL. 25
1R 3 B 0 AS e n A P, NS3 TR B AT S
AT P A Al AR A T P, TT AR 9 N T4 i )
A 5 N B AE A AR 1) D RERS S AR AL BT I P RE .

SR, MR A Z EEN R EEAELS
T 200 0 3 T A AR b i o) & TS T I v 2 Bk .
FEERBBEFELTEAER. BIRRE. 4
2 S R B A B 2 A BB, A UE TR,
1M H. 238 B3 45 5 52 2 3 A0 A2 BUIRES 1 5210
HE B, NS3 AL BABMALEME, WA
15 LA AR R, SRl R AE KSR A
VT B B AR AT s S R R T, AT PR AIG T I A
EHEEER 7R, CHREARSRARS (cell-
free protein synthesis, CFPS) JAfif &k ik jn] 8 42
B 7B A SRES . CFPS G ki FAMm K S
G, ATERUNN A R E AR S B R R,
FLTF TR AR A Js 7 A4 28 A8 T 065 A 1 428 s B2 2% A4
FErTIE A B PR B L W0 AR AR BOIE AR
F7 mEmERIAEA KA A E AR
R Rl ROBLIRIE A R TT SO AT g AR T 4 5

flL#s, CFPS UM A L4 A i) 8 45Tk ) 2 B4 R
g e,

HT Ik, A#FFFIH CFPS 1k RLHL T % Wi
X IR EE NS3 KRING i, I RGOTALH 1)
AeihtE. EH R, CFPS & ) NS3 [F Y ££ B
7 RNA i e B 36 VA1 S A PR . i — Pt Ak
B, Mg X NS3 (¥ Fh 2 G H A 22 5 R R 4 AR
. HAEHE I RNA fReIE P, &0 5 2 4| %
WiEME. GG B0 TRGHEAR, Rt — 28
N T IX— DR B o T LS. Mg™ n] 55 NS3
B G 1) SR iR M) R A A, I o A1 L A 1 g et
FRIH AN IR, T I 95 BB AR ). S,
FATHE NS3 1% AL Th e L T 40 i R i B Y
2 HEH (giant unilamellar vesicle, GUV), HilF
T HAE N TG0 B RT 45 ) AT e BB R AT
AW FEAA Wi B KR 2 Dl e B 1 J0 48 AR o) &
KRt R At T ob e g Ak HE, oA N T4
D Re B He (3 e vk 5 nT s e i A it 1R i R

1 MRFITTA
1.1 SRS

AT K A% ORGSR R
L1154 F &b A X A

KOD FX & & 5. DNA & & (Toyobo); *
¥ DNA & iR/ & (Thermo Fisher Scientific) ;
FEARIC I XUEE RNA KA -
1.1.2 Rl kil R4

G 2 Fi I BE R U B R & (i R
LR R AFD .
1.1.3 &G4l 52X A

Ni-NTA B g #% 5% #1 JZ #7 3H Bl (Product of
Germany QIAGEN); 100> 25 [ g # i 771 CFfE g A&
Vs T M T R e e CHERG A=%D s 10XTAE
MK (ElAETAEMTEARARD.
1.1.4 A5 5K 5

Triton X-100  E¥fA4E TAEY) TRARA D .
i i (Phospholipids) (Avanti Polar Lipids) . & 3&
K% (Carboxyfluorescein, CF) (Thermo Fisher
Scientific) « % . 47 5 /i (Graphene oxide) , ¥t
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His #r25H04& (Proteintech)
1.1.5 PR X AE IR &-04 6 FF B g 484

I IR Ik 2 Z R A (DOPS) . 1-KR A
Pk -2- i e e Bk B 9 (POPG), M fiE Cardiolipin
(CL), 1-F3 AP 5 -2- T P FE W IR T AE . (POPC)
W HEME LA (phosphatidylinositol, PI), 1-K#HE
Rk -2-Jih Ik FE B G It £ B i (POPE), bk it FH 2
(88 I 77 i 35 1) 3K T~ Avanti Polar Lipids A A .
116  SLIAed

H I 5 % ¥ A (Thermo Fisher Scientific) ;
Mt #h 4 (Thermo Fisher Scientific) o

1.2 Bi&

1.2.1  RGA ks o My Fe 25 M DNA B 09 4 & 5
EE

A 78 B NS3 7 #1 k I T N IR A0 &
Norwalk virus, HuNoV GIL.1, X R 3% E x5 N
GenBank KF039736, NS3 & A K /& £ 4 365 aa,
£ C i @b A& 8xHis #¢ 2, s & 7 5 N
HHHHHHHH, i A "] & B 1§ # pD2P-NS3-8x
His RIE kL. H T 8.0 T 6 5250 (1 NS3 RAS A
FESFA Y NS3 B:fih A, A3 N o G1C iR
AR LA K G1C/C240 XUARIC A AR . JE i [F YR HE 24
FLRERIR, ¥ NS3 HEF A BHAEANEIS A T7 AT
1) pET RHIFRIEEAM A o #9556 ik i = 24 ok £
Sanger M 7 5 0E 7 5 T 5, B B 4l B FORL AR
NG 4k PCR ¥ 89 28 1 DNA B4Rk, H KOD FX
= PR L DNA 2R & i 5 55 41 30 2 ki 46 1T PCR 4
W, PLIRE &ML ) DNA R . 2 5 F XU EE
DNA & & 5 & 45 G R m o ou gekl, @it 7%k
JEREACI e H R e, &5 1A PCR R A
W 2B PEXUEE DNA WK, h )5 821 Jodn i ik 4
Pt AR LA o
122 B#EGeRmiskis

H 8 E R G 40 i I B S O AR R AT 3%
ko K B G 2 PE DNA BRI TC 20 B S R 4k
A, Al DNA B 29K 5 30 ng/ul, R BLE A
FUN 1000 plo A4 5 42 HE A7) 6 U0 BA 4 i 1
AR EE TR T, 7£30°C. 100 r/min
M TWEE 3.5 h, DAEEAT i 5k 5 B R A0 IC R

RN EER G, LRI 100x 2 [ BEIHI 7] 2 1x2&
W, DA/ R R B BT B R
filk. BEfE, KBIREGWE T 4°C BLHH, L
15,000xg &.C» 15 min, WCHE A 1 EME NS3 HH
) BB .
123 B#EaeFmaits e

FIFHH AR (His-tag) 58 B F I Re 31
SEOREIE T B B R TR A A Y KU ER B
()b S5 T AL ) Ni-NTA 318 B b g Ve
T 4°Cc EEEHAMN LREAMEE 1h, FHNEAR
aéiaTHERLE, WERKE, KIKMEHSH
60 mM F1 80 mM K W [ 3585 2% 2% i i 0 B Jlig 1R AT
W, WERIERRMESENRER. REHE
500 mM IK P 1) 1 A< B35 30 Bt 22 vh i B 10 2R 1 MR
JIE b M o AU e IO A AT R R R A S %
B, %4, WEERSEHEONES, @i
SDS-PAGE #EAT HLUK 70 #r, DA€ H 1) 8 E B AR
oy F R R A
1.2.4  Western blot %.J% ¥P i %5 &

¥ alifl )5 () NS3 8 HFE M I 5xSDS 2%
MW, T 95 °C A 10 min. £f 4 £ SDS-
PAGE MUK/ B )5, I ETH KRG 2 NC
B o S 5% Bl 90 TBST Sz il AE i T
HH 1 h, BEJEIAPT His bRZEHUE (12 1000
B IR E 05h™; 2 J5H TBST WL 3
R, BEIX 10 min, 55 8 A 52 R OGS & Gt
TP AT S R 5
1.2.5 &Rk

(1) ¥ PCH CLIZHEE/RIL 9 D 15RAT
B ST R (R AL R

(2)  LEI XAE 1 FH 0K IR 1R VR & S5 T
BT, RGHEBBI ST, HETSEHET]
h BLE, PLEBRZRA AT

(3) £ FHVEA 20 mM 5-(6)-FRILR L EM
HEPES 2z #f#% (20 mM HEPES, 150 mM NaCl,
pH 7.4) KEWENG, 819K &0 IR AR E R
1 mg/mL.

4 KERRGHEREREELEYT, £
37 COKI AR B I ¥ ¥, 8B 3 VR 5 V8 W
RS VR L 10 . A 100 nm 5 B R e B
(Nuclepore Track-Etch membrane, Whatman) Fili£
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REFH AL (Mini-Extruder, Avanti Polar Lipids) X
BEHEESEBEBR 21K, UIRBF RN K
B e,

(5) A% FH Mt &0 A3 R 22 90 A0 0 0 R e B
HEPES ZZ#fi# (20 mM HEPES, 150 mM NaCl,
pH 7.4), F¥RBTEEHR LUV 2 R Ykl L.
5 J i) £ 52 R G R A I VR OR A AE 4 °CUKFE
R

(6) SLEGRT, MR RLRE S pg/mL, K
6 FE TR K B 490 nm, R BHE B OR A
il 520 - 530 nm. AN G ERE A TSRl s ek
JCHRE L. B 1) B £ e i N 29K FE 40 nM Y
NS3 HH, I 30 s RE - RFOLRE. Mg
s, MgCLIZRE N S mM. N4 W5,
BN Triton X-100 2 283K FE N 0.1%, i i 14 52
BRE, e B RGP 1.

1.2.6 FEMRER Y REE MR

30 7 s 2 MR 26 0 E AR T T P 3

CF Leakage=[ (/-1,)/(1,-I,) 1x100%

Hp, CFRIBS-(0)-FRIEFNER, INIMNE
FIRE 5 5 A3 1) 5-C6)-FRFER e RN emtE, I,
AR R B R S R AL, LA
0.1% [¥) Triton X-100, Hg 5T ¥4 # 56 4> R g 0, 5-
(6)-FR LTI F e AR 15 e B
1.2.7 NS3 % @& NTPase 7& P4 & F N 7

AHIE T8 1A I NTP 7K ff o 72 A R T3 ML
WElR (Pi) SRIFAL4lifk J5 NS3 & H i) NTPase i 14 .
SEIG SR FE T MESG  (2-% 3 -6- %7 JE -7- Y Jik 1t iy
%) A1 PNP WP % 7 i Fe AL 1 B A5 BX LL
R HEAT SN 20 . B S, FERFLAR D )
SNAR Z, R OOMNGE & K RS Z% R
MESG. PNP LK 4fifl J5 i o4 i ik NS3 & H .
PAAS & NS3 8 [ 1 S AR B VRVE D 2s xR,
BT IT RA P EHERE. ZERER
HOIMN NTP LAJS Bl K f# S8

RN AN G, AR AE 360 nm 3K T i
TR 1A, IR RWE (A, BEE
) PRI A o Y 8 o R P 58 P s oA T AL 188 TR 3k V8
W, TEAH R 26T 4l i i b An v it 2 .
FF it 75 1R 58 I 1) R W B2 A A A AN A o i 2k
T B AR Z8 A ORE TSR TE AL R R 4 b B,

1M € & VPl NS3 & A B L % 5 NTPase 36 £ .
i EEmn e =M rES, &K
I DL S E AR R R R
1.2.8 Native—PAGE

FAE AR M 5 T M T e Bk IR L WK (Native-
PAGE) &5 & %% o I 4 A B0 I 86 25 - ) 3 T s 2%
NS3 H5 [ A e 3 VE RS2 o OB ARIE Y 17 nt
ssRNA 5 H %k 30 nt ssRNA #%2 © 1 [ BE /R LIRS
£ 95 °C JN#4 5 min, B 5 PA 1 °C/min ) 3E 3 52 1%
PR 2 25 °C, FF7E 25 °CRiR 10 min, PAERUH A
BBE % Y B I 92O dsSRNA JEY . 1E MR AR K
40 pL PR R AT IR I M. R B FR B R
NS3 & H B A7 2 i E 2l B Buffer, 14 &
M AL 200 nM %t dsRNA JE#). 5 mM ATP LA K
300 nM NS3 FIZRE 47280, 0.3, 1. 2. 5mM
I Mg”. IMAZifLJE NS EH G, BRAME
TEIR T E 30 min.

ARG, AR R A I LA 50% H i K%
W HI AR EREZ i, IRA S LR R
IO 1 & Lk o B AR ER S BORE S B REE 12% R
SRR I e i, IR A 35 R LA 100 VR HEL K
5385 60 mine A T HERA E ALY 5 I HLKGE
B, MR E T B E 17 nt ssRNA BLECAR
22 NS3 & [ AL H (1R K dsRNA {E g5 I 41 sk -
FE. HIKEEH )G, ffi ] BIO-RAD % % 70 Hr &
Gu it Bk I HEAT SO, 8 0 b 5 kOE H UEE
RNA K& fRRERRE, € 15w B P8 s 1 XF
LR EE NS3 8 A e i PR s
129 5 FREERRE
1.2.9.1  #ekrid

FF smFRET 5256 /) NS3 #J @& & A 45 =
PEE PR B bR ic 7 55, 238 N 3 GIC F1 C %
C240, Ho 4 VR M Db 2 R 25 9 A2 R TN A TR
afifk, )5 1) B A A 5 A GYRE LDSSS #5244 ekl
LD655 #ATbric R B, #HHLE LD555 1 LD655 ]
FERLGA A1 231 15, FRICRBILE 4 °C4 14
N HEAT. R, 8 R & BRI
Gkl,  FF I FH WS B I e AR R B AN Gkl bRl
BF . LDS5SS F1 LD655 I An1c 70K 43 5l N 88%
F193%. F T smSIFA L5 ) NS3 M &R & N
i G1C B—2E P& R AR ic A 5, R LD55S 34T
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Frid, HARICREN 84%.
1.2.9.2  [AASEHE I ] &

R S 4% BL R A W) B (supported  lipid
bilayer, SLB) #/ 7z F T-7E AR HMEAU A4 P 19 i ot
B AHIF TR P B A 2 AE A SR 1
J& EAEK RN T2 P, DU NS3 #e% IE
AT AL D) RE I N IR B

(1) I SE ok AR B i 4H 2 Vs il e & s
I i A7 1E -80 °C MIUKFE o il % [F] 44 S 4%
% POPC, DOPS, POPE, PI, CLf1POPG, —
3L 6 Pl 1 i 2 2 $ MBS /R L6 352200 20 £ 10 & 58
10 R A — NI/, &5 N H B 15 50
5 F0 R B R AR R 2 0 1.

(2)  7E 38 RUAE A A 3 2 I 1 8OV A
i A0 EEIR T o RIS AR v, e % 3B /)
MRS, MARENBRRRERS LER—E
B HBEEREMMmE, REEBIETHET,
HEZFZEMHAES1h L, UEBRZRBAEN
.

(3) A — % & ) HEPES 2% M (20 mM
HEPES, 150 mM NaCl, pH 7.4) #2385
R R, BRI AU 2 mg/mL.
TEIA A L3 e 1 min, DA B3 I 10 o I 58 4 V5 1
7t HEPES ZZ bl Hh, USLBS B RR A W 2 A 3L
UK o

(4) F5 Bk Jig v VK 8 8 75 L 3 Wl R VA Wi el B
8 7L HUIR B I HUE BR, RAFEAE 4 °C UKAR B
M, ARAFET AN B — F, 75 AT B 2 5[]
S HE RS R 5

(5) SZEGHHE 120 pL B8 B A e N FE S R R,
RIGKEFERAEE T 37 °C PRMERM S RN E . &
Ji i HEPES 2% pf ¥t (20 mM HEPES, 150 mM
NaCl, pH 7.4) K2 RN E BTG T
1.2.93 B RIMPTA S ZE A £ )F

F| H Langmuir-Blodgett (LB) &£ R 7F & 3%
REREMPRT —BRANMABEER. A TR
A 7 B 0 T OB P AR A AT 5 0 VA AT R
I 43k () Hummers 77 7 il 2% 15 21 1) 27,

(D wm¥ BN, FEEULEANf
VeV I AL B SE BE, IR R E K P T
AT

(2) A FH &5 A0 IR 22 B F K AR IR B8 LB
A KRS R B, R HARS®)TE, fH
RE B TR KA E

(3) BN SEE A EE NEREI T T
BfloK SR, Kb B R BN S . LT
B S0 mm % 55 3% K /MR N B KA PR TI Z F o

(4) FRE SRS M KA IR BB TKRE
SZEENENABHER B THES ZXEET
KIBERD, HF N 100 uL/min, VEAS-12mL.

(5) A F FEML I 4 1 B DL SR 153 S A0 28 0 T
JE, R4 %N 20 em®/min.

(6) BIRNKFERI T3 A LA 1 mm/min 138 5
RS hr A K RE I T 2 b, S TR R R T R ) 4
YRR 8 R TR /T

(7 WRMPU T E A A B 1S3 7 75
FIMAE R, 7E85 CHIEZSZM T 20, fF5E1L
S0 R 2R [ 45 A PR R R R, DA ) 4R
smSIFA Il & FT 75 1) - 4E A KL B0
1.2.9.4 B0 TR ERE A2

smFRET 1 smSIFA #{4f5 #R 415 {5 g L A5 5 +F
SR A AT Ak, 0RO S B TSR AR S
IRA] RAER ARSI A - smFRET H {4 5 52 f4
2 8] 1) BE B AR 4 Forster % &2 3 R=R,[ (1-ED/E]"* i3t
fThrsE, HAEANFRETZ%, R,NLDS555-LD655
9 6 X4 1Y Forster 4% 1F ¥ 2, HA{H A 6.2 nm.
smSIFA /1 %5¢ I 73 22 S A A 28 M5 32 10 1Y) 28 L 5
WRYE d=d [ FI(F,~-F 1" Thr e, Hb FoREMLA
BRI R BRI, FON TR SR VK 4
PERIZHDOEmE, d N IEEE RKIEE, HAY
N 4.3 nm.

1.2.10  Rs 3Lk 4 & GUV & CF Rif 5k 5

AHF TR I ) FLAk v ) A% BB R 38
(GUVS), % /7 %18 ik A1 7K B e L 25 ok 7 2
TV J 0 g Jo B0 J2 BT, 3R AR B A IR o X2 A S
Y1 A R ST BRI T AR I NS3 B AU N~ AL
JELIX = B AL AR 0 B, GUV R JIR 4 RN
PC:CL=9:1, A &ERho-PE H T JE% M
ride HEBE Jeid T80, BEfE A 2005 T
A, A AR RO IR B FE N 10 mM, ST &
AN 10%. MEFUHAH 7R 0 IR S J5, 55 cCln#
10 min DL 2 BRASIE IR RE NG 53— 2 5
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GUV JE B 52 N A /K FH 5 3 AH 22 18] 6 % i
ZE. MR RO EE . FLMAARR . IR DL A O ol R
B0 BT & S5, R A TR H A B B
o B0 ST IR A B 0 AR 3 L 2 o M T
JZ 3 PP GUV NKAEN 220 mM EREVE R, A
JKAH 9 200 mM i & BE ISR . H 10 pL A ZKAH 0
N 300 L g -y AH H 20 0 R iR 9 El AR LA TR
FSCK L LR o B S R LR SR N T4 T 1)
K- G B, AR R N KIRIEAT 250xg B0
5 min; 500xg &0 10 min; 1000xg &> 5 min I
1500xg B5.0 2 min [P F2 740 250, A0 7L 9 1
I g2 A R GUV. B0 &5 3 e USRI 3
GUV Ff 5 T 5 S5 B,

ORI Mg 6 W B NS3 EE A F 1
GUV BEEAAE FHBIs2m, AW F0R R AL 9O &
CF W55 . #4 %& & ) GUV Il A\ NS3 Buffer
(20 mM Tris-HCl, 150 mM NaCD 1, SZE&E
AN R4 (GUV only) . NS3 41 A1 NS3+Mg* 41
= HHBIMANAMFEEFE GUV FIZREE S
uM [ CF. NS3 2 A NS3 T H R &R EL
500 nM, NS3 + Mg* & [ 4 7E b B Al n A Mg™
FEWRE S mM. 7 X FELA NN NS3 & 1
Mg™, JfLL NS3 Buffer #b /& 2 AH A A . Mg™ +
NS3 EEHAF, NS3EHS Mg” e T ZIRWF &
20 min, B 5N R R . BT A AR B EIRS)
Ji, T 37°C Y E 30 min. WA WG, 1A
LI A2 9% ' B BT K £ Rho-PE Al CF Ji 1 1% .
Rho-PE 155 H T#iE GUV i %, CFESHT
AL AN CF 3N GUV WIEIIARRE . BG 20 b fi
F Image J 585 . 1 G HR 4 Rho-PE i i 2 i B
A GUV WIS, FR7E CF il o i e 398 W i
PR ROGHRIE . R YOGH FE— L 8 GUV X
B sE FEBR . A — GUV WE CF P 58
=T R 5

XTI E N 3 frbn e 22, WK @ N R A&
AL .

21 BETFEHMRZHSURE. FHMILSHEK
£F

NI JE S THRERF FUFT 75 I NS3 &= (1, AHfF
FEST T T CFPS ) NS3 Fik Haithimse (K1

(@)]. TEERUL, EEMWEC it & 8xHis T4
1) NS3 FIAHIHR, Bl 5Btk 4 PCR by 3G 5K
£ € B JE IN TG40 B AR R d AT R IE, A&
2 Ni-NTA SEMZ Mg iT 4tk (B 1¢a .

SDS-PAGE 45 R &7x, VA4 (Lanes 1 -
6) 2% E I D>, A4k S B BE WA 5
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Fig. 1 Cell-free expression and purification of human norovirus NS3 protein

[(a) Schematic diagram of NS3 expression and purification using a cell-free protein synthesis system and affinity chromatography; (b) SDS-PAGE

analysis of NS3 expression and purification (Marker: protein molecular weight marker; Lanes 1 - 3, 60 mM imidazole wash fractions; Lanes 4 - 6,

80 mM imidazole wash fractions; Lane 7, purified NS3 eluted with 500 mM imidazole). (¢) Western blot analysis of purified NS3. Marker, protein

molecular weight marker; Lane 1: Flow-through from Ni-NTA column purification; Lanes 2 - 4, 60 mM imidazole wash fractions; Lanes 5 - 7, 80

mM imidazole wash fractions; Lane 8, purified NS3 eluted with 500 mM imidazole.]
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Fig.2 Membrane permeabilization ability of human norovirus NS3 protein and the effect of Mg™ on its biochemical activity

[(a) NTPase activity of NS3 at different concentrations. Data are shown as mean + SEM from three independent experiments; (b) schematic of the

RNA duplex substrate; (¢) Mg*'-dependent RNA duplex unwinding by NS3; (d) Quantitative analysis of helicase activity at different Mg**

concentrations. Band intensities were quantified using GelAnalyzer, and the unwinding efficiency was calculated as the intensity of the unwound

product band divided by the total intensity of the unwound product and intact substrate bands.; (¢) Schematic diagram of the CF-liposome leakage
assay. (f) CF leakage kinetics from liposomes induced by 40 nM NS3 and inhibited by 5 mM MgCl,.]
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Fig.3 Effect of magnesium ions on the membrane adsorption of human norovirus NS3 protein

[(a-c) Single-molecule fluorescence images showing NS3 adsorption on the membrane under 0, 1 and 3 mM Mg*'; (d) statistical analysis of the

membrane surface density of NS3 at different Mg>* concentrations, ns, not significant, P > 0.05, statistical analysis was based on four independent

experiments, with no fewer than six fields of view analyzed per group.]

7N Mg™ ] fg 51 2 NS3 431 P4 45 4 380RE X A7 1 1) 5
FEAMN ., HET LRI, 5 BI7E NS3 N i
G1 7 s F1 C ufy C240 A7 g 51 N5 Hebrid, @i
smFRET 25 #6725 {4, R AE P A 25 F4 380 2 [ 1) AH AT R 55
KA R [ 4Ca,b)]. smFRET S2¥67E NS3 55
W M ML & (RS T kAT, BITE 3% 7 2R R R T A
AR W T 2 R I\ SRR I8 1 NS3, JF R4
HH¥ 7 FRET 55 . SLR4GRE/R, £ 0mM
Mg” &M F, BT 20K FRET (~0.29)
A FRET (~0.88) WfhFZLRE, FErT Mg
PFORES Z WIS BRIE . 1 Mg” IRETm &2
I mMJ5, fm FRETARZAH & LR m; 4 Mg
WREE— BT & 4 3 mM I, FRET X084 A 1 &
£ T FRETIRE (B4 ). HTH MW
FRET R ZE N R R B Ak — 2 AR (R B, R 45 3
FW, Mg n] I FE AR b E ¥ NS3 1M R e
FOW, A ST K FRET. AR IR &S
M) 75 FRET. AHXT 5538 PR A w2 o

2.5 smSIFABTMg*iESHINSIERREEL

B2y smFRET 45 5% B, Mg™ nlffi NS3 1)
¥ G F- 45 K FRET. AH X JT BCIK 25 [ & FRET.
X R RS MWAL . R, XA 7 WG E
A 5 EE A TE R AR AR O, 5 Rk — 2
B . bt NS3 K RARML 5 IR A6 N AT A 2 1] B 7
FEER R, AW TR 70 73R 5 T RO = 15
A (single-molecule surface-induced fluorescence
attenuation, smSIFA), Wl & A [F] Mg™ W B2 NS3
FERE RS TP AR N R [T 5Ca) o

smSIFA )l & J5 B T4 1 3 0% (graphene
oxide, GO) X%t 73 A B B A M Ve K A8
P> T5 GO R MR BT, OO KA
B o I 5O SR BEAT AR E T HESE bR
C L 5 R X T IR A 3 T 1 o B, 3 T SR AL
B AR A R B . O R NS3 N i i v
DX 32k R 8 S T AT 9, AT FEAE I N I G1C Az 151
ANZOEHRIE, I E S 2 A RUAE SCH i BUORUZ i



$B7% www.synbioj.com 011

@ (b)

Loose conformation Tight conformation

NS3

d=77A

Pore-forming

domain
Gl

— 0mM Mg?*
3
&
.‘?100 0.10 ]
é 50 §~ i
£ 0 g
g0.05
[}
E 1O o T
Fosf 1s 1
0.0 0.00
2+
5 1mM Mg 1mM Mg2+
8 7
100 010k i ] |
2 50 ) i
g 0 e i 78%
$0.05 : 4
m 1O AN AWM T 22051
Fosf 1s r o1 -
o 0.
0.0 0.00 L L
2+
,__? 3mM Mg 3mM Mgz+
<
2100 1]
g 0.10 go%'
E 50 ‘c>" I |
£ 0 8
g 0.05 | E
[0
E 1.0 5
Fos i 1
0.0 0.00 L
0.0 0.5 1.0

Time (sec) FRET

B4 AN [RIR RE B T U6 s 2 NS3 25 M R [ 527> T FRET 23047
[(a) NS3 MG S BE R 7 miR B (b) Mg™ HE3 1 NS3 & M REER K ehrid m & Bl (o) 0. 1 #13 mM Mg™ %&/F FIH
43F FRET #1325 J6f 3 FRET 280% 4341 B 7 ]
Fig. 4 Single-molecule FRET analysis of the effect of different magnesium ion concentrations on the conformation of human
norovirus NS3 protein
[(a) Predicted conformation of the NS3 protein and schematic illustration of selected distance sites; (b) schematic illustration of Mg**-induced

conformational transition of the NS3 protein and fluorescence labeling strategy; (c) single-molecule FRET trajectories and corresponding FRET
efficiency histograms under 0, 1, and 3 mM Mg*']
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Fig. 5 The effect of Mg*" on the membrane insertion depth of human norovirus NS3 protein
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(a) Schematic diagram of graphene oxide-based smSIFA; (b) schematic diagram of NS3 membrane insertion on the supported lipid bilayer; (c) single-

molecule fluorescence intensity trajectories and relative fluorescence intensity histograms under 0, 1, and 3 mM Mg*".
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Fig. 6 Functional reconstitution of NS3-induced GUV membrane permeabilization

[(a) Schematic diagram of GUV preparation using the inverted emulsion method; (b) schematic illustration of NS3-mediated permeabilization of

artificial membrane compartments and CF influx; (c) confocal microscopy images of GUVs treated with 0, 500 nM NS3 or 500 nM NS3 with Mg*".

Green indicates CF fluorescence, and red indicates the Rho-PE-labeled lipid membrane. Scale bar = 15 um; (d) proportion of permeabilized GUVs

under corresponding conditions, ***P < 0.001. The results are based on 30 bootstrap resamplings; the proportion of permeabilized GUVs among all

GUVs was calculated, with more than 100 GUVs in each group.]
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