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Research progress in non-structural proteins NS2B-NS3 and
NS5 of tick-borne encephalitis virus

WANG Feng, XIAO Yunjie, YANG Haitao, WANG Zefang*

School of Life Sciences, Tianjin University, Tianjin 300072, China

Abstract: Tick-borne encephalitis virus is the pathogen of tick-borne encephalitis, which
causes severe central nervous system symptoms. The number of tick-borne encephalitis cases
reported annually in Europe, Russian Far East, Japan, and northern China reaches 10 000—
12 000, and the incidence is gradually increasing in China and several European countries. This
disease is becoming a potential hazard to human. Active immunization is an effective measure
to prevent infection, and vaccines with high safety have been developed in multiple countries
including China. However, the vaccination is limited in the provinces where tick-borne
encephalitis is popular. The design of specific antivirals may be a feasible way for the
treatment of this disease. The non-structural proteins NS2B-NS3 and NS5 of tick-borne
encephalitis virus play key roles in viral genome replication, capping, and host
immunomodulation, thus becoming key targets for antiviral development. In this review, we
outlined the three-dimensional structures and the development of inhibitors of NS2B-NS3 and
NS5 of tick-borne encephalitis virus. This review provides a reference for probing into the
molecular mechanism of tick-borne encephalitis virus infection and the development of
antivirals.
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Genomic organization for TBEV and the cleavage of polyprotein' .
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Molding structure of TBEV NS2B-NS3 protease!””. A-C: Structural comparison of TBEV

NS2B-NS3 protease (cyan) with WNV (yellow, PDB: 5IDK), ZIKV (pink, PDB: 5GPI), and DENV-3 (grey,
PDB: 3UII) NS2B-NS3 proteases. D: Electrostatic surface potential of TBEV NS2B-NS3 protease molding

structure.

<l actamicro@im.ac.cn, 010-64807516



FFEE | MAEWENR, 2023, 63(9)

3445

TEPF R EE BT 6157 aprotinin (4 iKEE) . DTNB
[5,5"- B A SR Q- FE A FH R ) A1 leupeptin (52 Ik
Z)PE4T TBEV NS2B-NS3 & i1 il 77 07 1k
aprotinin 71l DTNB %} TBEV NS2B-NS3 % [ i} 5.
AIHITER, 1Cso 43 °47(1.80+0.20) pmol/L Fil
(303.00:£54.00) pmol/L, {HAPHIHLIE 1 ARIKI
Aprotinin %A 58 PR, 2007 4, Aleshin
WAV R B aprotinin L5534 MLk
R 7 2 A 2 WNV NS2B-NS3 & [
BEEIEPEAL S, R S2°-S2 HRErE 4%, H
22 WRJEC W O 45 45 R L I 7K S 0L ) 1 o 2016
4, Ang WF7E A1 BAPIE S 5 WNV NS2B-NS3 &
145 4 (Y aprotinin JCEEFRIL, 7EIXH 14 K
S LR R LA ) 2 IR BB 5 A it i, 153
MIPESR B PR AR, X ERBRXT WNV NS2B-NS3
H B A3 /E A5 52221 aprotinin #124, #/R
1110 0 %) 488 e RN PR A SR e R T 2 1 7 22 iR
il st

AT HAW B 7R NS2B-NS3 E A,
TBEV NS2B-NS3 & [ — 4254 i R AT,
Tk G 2 e /s 2 g VR AL, X ]
R S LA AT A rp i) S BEBELAS o 1 Jn e [] 55
IR R T V)RR A2 Y) Bz-nKRR-AMC
FEEIE IR  HP, ZIKV NS2B-NS3 & [ [iff 1) 44
A3 kel Kn) 215 TBEV NS2B-NS3 & i1
4305 4%, $#2/R T TBEV NS2B-NS3 & [/ 1
TEPE D AR AT REAETE R 2 A, s 2 A4S A
O SR A A A B, SRR IR 2 A 4%
i AR F IR A, BAARNLE] B RASS
M1, X Al REE Aok TBEV NS2B-NS3 25 [ 1% 1
S A AL EAER, AR AT T e B
J& NS2B-NS3 & [l A OCHF 98, i@t 1
apo-ZIKV NS2B-NS3 & [ i 45 1) (PDB: 5GXJ).
P T B SN S T B ZIKV 259
S5 420300 TR A Sy ZIKV R & S TR

B, 15 TBEV NS2B-NS3 & [/ [ AH S HFoE 3
%,

2 TBEV NS3H W& X3 E

TBEV NS3H f NS3 C-Jiti 445 {7 (177-621)
R EM A%, TBEV NS3H J§ THZE K 2
(superfamily 2, SF2)f#/iERT, e BRIG BUE RNA
flE N FALEE RNA, ZHES NS5 AW & #4 1
(IRTHEEY, TBEV NS3H b HA &1 = R i
(nucleotide triphosphatase, NTPase)Fll RNA 5'-—
MR BF(RNA 5'-triphosphatase, RTPase)% £ H 1
RE, TEEE SR A A i rh 2O E Y 2020 47,
A BB Chen P19 K #T T apo-TBEV
NS3H —4Ezs Ml Zh#), SRR =t FIRIR
apo-TBEV NS3H Hj Domain I, II, IIIX 3 45445,
R, SAEEFIZ (8] loop #E#: . Domain I,
1 25 EESFH) RecA #3475, Domain I, IIH
HAFTER 7 4 motif (motif I-VID)Z5E i RNA i
W . KR ATP FUK# 5- =B INAERT LT,
H:+p TBEV NS3H () Glu291 nJfE3 5 M4 )8
BEHIRG, Argd63 Fl Argd66 nJfREZ 5 NTP
RS [ 2 o Ik4h, TBEV NS3H Domain
115 Domain I FIIZE i+ A 1E H faf (4 38 18 2
RNA (&5, TR A#NT apo-TBEV
NS3H —4E=5 [ 458 H¥R5E TBEV NS3H /Kfi#
ATP FIff5E RNA WP IR FHAL BE e S At

2022 4£, Anindita W55 # AR A X 54k
FuR2E 3 $E 3] TBEV NS3H /K ATP [ 4 Fhgh
¥y, FETF45H3E H TBEV NS3H (1) ATP /K {E 5
B 3A-3C): (1) TKf#, B ATP 43+ TBEV
NS3H 454 KR & # NS3H-AMPPNP-Mn**
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'\m 47’%\
9‘2 © Y,
RNA
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TBEV NS3H-AMPPNP-Mn?**

3 TBEV NS3H =475 |a)45#y"

TBEV NS3H-ADP-Pi-Mn*

% 7—3—_>NTP hydrolysis site

A292
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TBEV NS3H-ADP-Mn* apo-TBEV-NS3H

Figure 3  Structure of TBEV NS3 helicase”™. A: ATP hydrolysis mechanism of the TBEV NS3H. Domain I
(D1) and Domain II (D2) in green, Domain III (D3) in cyan, RNA and ATP/ADP/Pi in red and blue. B: Overall
structure of apo-TBEV-NS3H (PDB: 70J4). Black box represents NTP hydrolysis site, and Domain I, II, IIT are
colored wheat, blue, and green. C: Interactions within nucleotide-binding site in apo and nucleotide-bound

complexes. Important residues in the NTPase site are shown in sticks. The Mn*"

and water molecules are

represented as purple and red spheres. Hydrogen bonds and metal ion coordination are displayed as black

dashed lines.
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iz (SAM) K HH LA SE B 5 RNA MEF-4544 1)
N-7 H AL AT 220 AL, 2021 4, Yang f
LA N AT T 454 SAM [ TBEV NS5
MTase — 423 [a] 4544 (PDB: 7D6M), &N AKHFR
BN EA 2 4 MTase 40+, HR 5 H0ER
BB MTase AHL, M N-wm P25 58 . #%
O M 565 A 38 T C - i IV 235 A 3 = 30 9 4L i ([
4A) . B0 W45k 5 2 1 2 Y1 & (Rossmann
fold), ELIEHMIAY 4 1 o BE(aX, aA, oD, aF)
Py 74 B & F (B1-p7), Hob p1. p2 Ml
oA 25 SAM %54 DR R, TBEV NS5
MTase Y Ser56. Trp87. His110, Asp131 . Vall32
il Aspl46 5 SAM JE A, Gly58. Gly8l.
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€« T Sers6
Gys82 .,.
r(‘g T30, 9\#
£72.93 E

Aspl46

Gly86

" Priming loop G"“ﬂ\g o F %‘I 1

binding site ., %;hrl(]at §1e147
b :
Géé%‘o" G§ % g@%, GGS%’ G60 r@% sz,{@ G406 m A e
D664, $ D6é>5\4,’j D683\<5 D688\¢} D668, 7 D687\ A3> D448\,4 e ﬁ,
TBEV ZIKV ~ DENV-3 JEV WNV YFV HCV CSFV

Bl 4 TBEV NS5 MTase 1 RdRp K =455 (@] 2545

Figure 4 Structure of TBEV NS5 MTase and RdRp!*”. A: Complex structure of TBEV NS5 MTase with SAM
(PDB: 7D6M), and SAM is presented as sticks. N-terminal subdomain, core subdomain, and C-terminal
subdomain are shown in pink, blue, and orange. B: The interaction model of SAM with TBEV NS5 MTase ",
Amino acid residues involved in the formation of hydrogen bonds are displayed as ball-and-stick models, and
hydrogen bonds are shown as green dotted lines. Amino acid residues involved in the formation of hydrophobic
interaction are represented by red eyelashes. C: Overall structure of TBEV RdRp (PDB: 7D6N). TBEV RdRp
has right-hand conformation comprising fingers (green), palm (blue), and thumb (wheat) subdomains, and
region B—C in pink. D: The structure of region B—C of Flaviviridae NS5 RdRps. The region B-C of TBEV
(PDB: 7D6N), ZIKV (PDB: 5U0C), DENV-3 (PDB: 2J7U), JEV (Japanese encephalitis virus, PDB: 4MTP),
WNV (PDB: 2HFZ), YFV (Yellow fever virus, PDB: 6QSN), HCV(Hepatitis C virus, PDB: 3MWYV),
CSFV(Classical swine fever virus, PDB: 5Y6R) are shown as cartoon structures. Motif B in orange, region B—C
in pink, and motif C in grey.
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Hifth 3 A LR N-7 B ek (HAS R mg e,
P 1B NS5 MTase 74 € ik 7 mRNA %n
PEA T SRR v 1 S T, 5 L 41 o 55
R E B S Z —, (AR SAM ) MTase #%.0>
W A5 ¥ 75 75 3 MTase Al 8¢ MTase Z [a] 244
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W & e FEPEID ) 55 4 8 MTase RO HA
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B, %A BIEE R RE )8 MTase HIER5TAY, (H
TEME F MTase HANAELE, 2011 4F, Lim 5% A
BB SAM 284 Compound 10 HE ] i 5%
K 2SR PR Hb A B B MTase, fH
Compound 10 F5ZL 5 m AN B FE M, A 0] BEZEAN
L% 55 v S BB g 7 15

TBEV NS5 MTase 5 SAM 42 & W) 4540 fi
MilG, ARRBEMWZ TAETLIFFRE. Flln, SAM
VRN LA, FILE R N =k S-IRT -1
L& #R(SAH), TBEV NS5 MTase 7EA ki 72
HR 4 B RN =) K A A G AR AR RT3, R
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KRR G A YT MTase RIH5 A1k,
5 TBEV NS5 MTase #EALHLH A2 42
HI KRS . HK, DL TBEV NS5 MTase
Shy B SR S 5 1 JC SCHRHRE , KT 25 R 1)
00 ] 559) 977 356 T4t mT BE AL A Rk TBEV NS5
MTase W58 X —J7 1] .
3.2 TBEV NS5 RdRp B i# R

TBEV NS5 C-3if 628 11(275-903) & JLH2 N
RdRp £5f438, RdRp FLIRESELL TBEV RNA
Bt , TF5IYE M FEE RNA, S asEm gl
SRR S0 . 2021 4, Yang A58 IR
TR f#AT T TBEV RdRp 9 =473 [A] 4544 (PDB:
TD6N), FANAXFFHRELL A 10 4~ RdRp 40T,
DL SRR R R AR 77 R . TBEV RdRp H
N-Ui A | AZ O RA WS 338 3 SR 4LAL, #
OREMEAS T, BF%. FRAaHRE
3 AR, T 3 INF 4 A R 5 A S
A7 55 (K] 4C) AZ R AT A 19 7 4 motif (motif
A-G)IL[RJEEE T RNA 48", TBEV RdRp
5 HAh R B2 /B RARp Z5H G FEMIMLL,, (BAFAET
motif B Fll motif C Z[A]fY) B-C %X (region
B-C)7E RNA Jji 85 5% i Hh IZ5 A8 R 41K B 1
ZHAE(E 4D). B-C iEH: X H IR T motif B K42
HER LB AY , 45 o T motif C N-3fis B-4E I TF 16
XA T RARp F3 0 S5 F sk A JEEHS , mI v T
R, DRI AT B S A alng R AR EAE A,
/T RNA G AN R o Yang BF 5T A1 Ak
117 TBEV M JEV Z 8] B-C # # X [ 52 74E
o3 R B0 A A R B K B, B-C i H2 X R
X} RARp #EALTE M A A T2, (H B-C iE421X
RAFJG N RNA S rE i AL, 2
B-C##ZIXRATAES 5 T RdRp AL LIS S92
A FE A S A B B AR Sl 0 4 I 1
B 53 RdRp B—C &£ X AN 2E R, 18
HIZ X T BB 5 1 B IE W A OC, A EE RdRp

FIEFEEHLRIITSE B2 RARp AH SR 3238 W BP9
RO EELR.

BN EEJE RARp WURGEHEETEXT TR
Ml EZ, HEANATLRIEERN, RdRp
I ) B0 0 PR R AR, A a5
W 2 1) S 2 Y, HTEEXF TBEV RdRp FY#)
il 70 = AT AT, XS i A
MR LG Al S-=REmR iy, =4
255 B EE RNA FrAgErh, MG Ak
REPEREEE RNA, TEPUR ST PR T
2z, 2015 4, Eyer Bt 53 A1 A5 ol T A LS
PIFRF] 3 Fp 2-C-H AL TR, Ho 7-deaza-
2-CMA (7-J%(-2"-C- F 5L B ) i 40 il /6 P ¢
o, SN iZALSYI1E RARp Ser331 i M4 i it
AR, 401 TBEV RNA WIIE# &6, H
FLAN RS, nTE k2. 2016 4, %
BN SCRRAG 1 29 Bl T A= 07 40 i 7K S
il TBEV &Ry, HiZirk ey c-2-H
FAbs C-4-BRBM HA BRI IS TBEV
TEE(ECse 4 0.3—11.1 mmol/L) A4 AR i) 40 il 25
PE, T O-2"F1 O3 BRI F:8ht TBEV &1k
5242385 (ECsp>50 mmol/L), 2'-. 3"-F1 4-fi & I
AR A i AT R X A% A RIOC R, 2 ik
THREE IR . [4E, Lo BRI B B ci
B T LA T EIVE F R T SS 4 NITDOO0S X
{33 TBEV 1N F) Z Rt s 2 R A HAT
HilfE R, NITD008 7EHi # RNA A Al 7 ik
2k rIfER RIG IR RT ShiAEe k iz ik &4
FIFEPERE, 2017 4E, Eyer AF5E AP & B
RIE-C-HTF2EMY) BCX4430 i Ui R
TBEV RdRp Z [ WEHEAER, mIBHIMZ TR S
RdRp 454, 21k TBEV RNA S8, KEHUR
BTG TE . [FIBFEZN MK P A B BCX4430 #14
TBEV & il HAN#E55, BAT RAFm2ish )
SRR, S ADRImIKIRL . 2021 4F, Eyer fff
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FEA BN & B B AT 3l 4 -3 - SRR A A
KA B BT TBEV Fl WNV 258 85055 2 (1936 7
PR NIZACE Do B VR AR X B85, (H AT
FE R B2 B B /N R YA ), R —
FKEA RAFE AT BAR H g
X} TBEV RdRp Yl FRI6H & K24 h T
Y, HE &I TBEV RdRp A S603T 7875
Ml E460D 287543 7= A Xt 2% A1 F BCX4430
I PER, n] BE &R Sk TBEV RdRp 1 il 571 #F
KT .

4 TBE Bk

FAETERRIN . P WL AR X . HAFI
JEHRARIE Y TBE M5 514829 °M 10 000-12 000 i)™,
H A H 2 RS e PR 1 728 Lh R B A T B
U4 TE, TBEV JRYLHTEAWI I, & ERA
() TBE 5 1] F 25 AKX 72 387 H B 1) i iR A 1
HUO TR ERATA R TBE M a
R, XF#Hr TBEV FeSH24¥ it & nlaei2ia
J¥ TBEV JEYL 5 [ 2 —101,

X% TBEV /NopFHURee it k, —
J7 T TBEV WAEZ5 M g, TBEV R4S
F)E 9H NS3H. NS5 MTase 1 NS5 RdRp #) —
Y2 () 2546 EARLRARAT T, I T L5 M BT
BRI T A 25 I A e ) B S A
H—J5HRT TBEV W45 EAITE, FTENE
EH. fA7ET E # 1 Domain IDRIIIESHE X 5 L
TREEGAHSE B-OG 4%, S5 AERE Y
T AN ALA W pH L IR EEAETE EAR A #2
BEPESE, AT R MR B AR A RIS S 0 R
B, Hurt R MPAE R, WP ER
AW SA-17"Y | B hi T AU W) LCTA-949 4§
RATREE LS B-OG 1 A8 AH HAF FBH 11 25 1k
A, BP0 TBEV {EME, Hr LCTA-949 i
FEIGTEASHR, ECso 5% 0.3 umol/LI*%1, i 4h,
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SRR . 05 BRI G WIE B 420 4-
AALmENE N-Eetnliiad S E & A B-0G M
ASMHEAEM, W TBEV #EAfE 4001, wI{E
i TBEV E 2 [ 5 A B 25 Wi A L Rf

bR T /Ny FHUR RN Y , Sy T el a] T
Bt TBEV MIGYT, 38 NTEALERSTEA Bk &
BT, ZorkEPRE, Hdh A TE DL Fab
19/1786 5 TBEV E #E[1#) Domain 454, #J
RN E ORI R EHR =R, 15
Fab 19/1786 T 5 AT = 40 L0 0] G 35 T4k
s 2 A B P AR S Rl 5 D 2, 3K AT BB B S R BT
f&HFl TBEV BYSCHEMLE . ULAh, Fab 19/1786
NG HA B B & A58 SUR N, HA 5K IRYT
WU MR E AR il RUR AT R
FETE T N A G RN AE AR P B ER AL
B 515 PR ES, XSER AT R U B s
ERrN O SEt A

5 REERE

TBEV AEZ5#7E 9 NS2B-NS3 5 NS5 F: 4
25 TBEV WA . 5 e 0n i 2123
518 RANEE A B A EAESE, 260 TBEV
LIV DS L YW= e g I8 A <]
it b D5 J2 T s HOG SRR, A B TR A T
fiff 3K MR S5 A HE U ZE B A A SR A AR T R
FINEE BRI . 249K, RKXT TBEV
SERYE IR SR F M I T . — 5 1, 3040
KHER IR 45 B 1 K 40 TBEV NSI
NS2B-NS3 25 [ il 5545 1) i A S b, AH G 944
I B SR & TAEMX B =, 3 Bk
A 3230 5 80 1% 40 R0 A AL L 7 2P
FEIH, A BB BE 2 I A B BR il s S5 — T
1], CAfBT — 4S5 M AR S5 F B 1 2 50T T A8
AN FRIWFFE , o Ll 7] () & B 1) T A 32y
Yt T, ABAETE R BN R T ZAR L 77 AR 2
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