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Abstract: Nuclear localization signal-mediated protein entry into the nucleus is an important part of
information exchange between the nucleus and the nucleus in the intracellular signal transmission network.
Most viral proteins enter the nucleus in premise of being recognized by nuclear transport receptors and
bound to the nuclear localization signals carried by viral proteins. The mechanism of important protein
transport into the nucleus plays a vital role in the process of viral infection, and is of great significance for
virus replication and virulence. The research on this mechanism is conducive to the discovery of new
antiviral targets. This paper summarized the classification information of nuclear localization signals so as
to conduct an analysis on comparisons of different nuclear transport receptors and their mediated entry
mechanisms, and to sketch out the discovery of viral protein and its nuclear localization signal in the
mechanism of viral infection.
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ERANAZ A R 2 DNA 540 s HAt Ry
o B, K% O A 4 K% fL E A K (Nuclear  Pore
Complex, NPC), #Zifil#msth3, St/ zmL
N A B A% AL 11 (Nucleoporin, NUP)#H 4 it
¥, HruNrpinlm s LR AR LA sh Y
AL, TR N 5% ke ia 52
Kg5G 5 DL Eshiz iy Aol AL A A
B, BRfLE SR 30 ZFh NUP 4k, Hrb
13 #) NUP FRAFAE R N 2 IR - H 2 IR #1427 41
(Phenylalanine-Glycine, F-G)Zitalsk, F-G HE ¥4
REEHETR NUP Mfsvett, IS iitia 2 iRkas &k
SERARE AL, RO THIT AR B 1 TERE
AR AE ST B I RefS S UG ie S AR S &
Az b, e SRR R SR B s 2
GG OCHTE T O I E R A — B IR Y
§1), BRZ AKEDNHES (Nuclear Localization Signal,
NLS); NLS 2&—Bfrfe T2 E A Ik
H, Al SIS Z R A AR S E
DL Eshiziny )y 2t NPC #EAZNMRE, M5
RYIE ARSI o A 0, SZIRT A B
I gmtsie ), Wit AaEmty B B ra &N,
15 BfE AL (5 BRI R AT, 4RZH
DNA ;A S 1A s b A AR N SERL,
BRI RNA S REEANIE T 58l A B8 )
SR, HHGR A E B R RS A
A GE 7o KAEMFIE UE ST Bk A ANIEAZ N 52k
SRR (R 5 OIZIR R B 1, X R R
TESCIE BE R BT . S RIRE T DL R B0 )y AT
RIEAAEFAT, ST RS, WFREEEAA
AL ERA B TR BB L 1 — 2D B
WA A B 2T PR s e BRI R B

1 NLS FH4%

HHTE K BRI NLS AT 40 IR ILZE: (1) #5r
Y NLS A& & 2 e FORS 20 B i i i 24 2L IR I
1, W 4-8 PEEERRIEAN, H—BUrslh
K-K/IR-X-K/R, i X OWEERIENR ; SRy
A NLS A4S iaE 40 (Simian Vacuolating

Virus 40, SVA40) THiE NLS, HIF51k PKKKRKY,
ZIPHT 20 22 80 AEARTE— MM 2 Hh A B
AR R B E A 5 Y. (2) W4 NLS
— T R (K/R)(K/R)X10-12(K/R)3/5, i X 3%
IMER AR, (KRR R 80k 24 R ik
F Dz g W NLS SRR U0 A% 5 4
NLS, HJ¥41% KRPAATKKAGQAKKKKS, Aif
JEHF Y NLS 382X B NLS, SEfk 4
NLS, iXPiZE NLS Hhs & iiad iR 548 2R i
PERILIRFA, KXATE TR ED NLS KRR e
HE TR 735 T Wiss . (3) M2 MR- s IR 1% E LA
5 (Proline-Tyrosine Nuclear Localization Signal,
PY-NLS)iXZ& NLS A C i 7 i 2R - e A R
§, —HUFH N RIKIH-X(2-5)-P-Y, Ho X ETE
RIEIRGHE; PY-NLS R J320y 2 Flr: —3&[H 4 4>
ML) F B KFREAL T PY B A N-RK IRz h
ik PY-NLS, U5+ 5 4% 4% B 4% 25 11 (Heterogeneous
Nuclear Ribonucleoproteins, hnRNP) D . hnRNP
F. mRNA #% % [+ Tip Associating Protein
(TAP). RNA %541 Human Antigen R (HUR)Al
hnRNP A1 B MONLS; 17— 0 NLS Hrr X s
JUT A GKER AL, (AETERPEIR P a4, B
Z RFAPY-NLS, U1hnRNP M Fil 2 R4 2 Wt 45
&4 1-1 (Polyglutamine Tract Binding Protein-1,
PQBP-1)iJ NLSM, PY-NLS fyHL#If£2 % hnRNP
Al MONLS, HJF51 FGYNNQSSNFGPMKGG
NFGGRSSGPY™, PY-NLS 45 3 AM4hksiisy f 3
£, W EHE S22 Importin B2 454 : 1) N
Ui i K BEIREE PR, 2 R-X MR AR EAL; 2)
2-5P-Y JEFFRAL; 3) IR - =R (P-Y) Bl [m] 5
P-0 (O JEiKskI)IEFRAS, 4) AR
B 1) 5 5 IR - 6 TR 4% € A% 5 (Isoleucine-
Lysine Nuclear Localization Signal, IK-NLS), H—
FFHIH K-VN-X-K-X1.0-KIHIR, Ho X O TR
PRERIL, AFAE T AN AV 1 R B s LA
FAGMAE A ZH, IK-NLS AL Tyl 81
Phosphate Signal Transduction 4 (Pho4)A% NLS, HJ¥
511 ANKVTKNKSNI, e i 570 Ak 1.
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Table 1 NLS classification and sequence characteristics

NLS 27l Gl FrgE A R T AR
NLS type Consensus sequence Protein Typical sequence representative
HMEINLS  K-K/R-X-K/R PRRSVN & 1™ THRUF 4R AP . SV40 T 15 NLS (PKKKRKYV)
Monopartite /N p53 B 14 SV40 T antigen NLS (PKKKRKV)
type NLS PRRSVN protein, Hepatitis D virus
antigen, murine p53, etc
W37 NLS (K/R)(K/R)X10-12(K/R)3/5  : FUB Rz i 2 2 1R e (o bk 4 115 A0 IO % B 2 11
Bipartite type A+ 1[19]% NLS (KRPAATKKAGQAKKKK)
NLS Rat glucocorticoid receptor, chromosomal ~ X€nopus laevis nucleoplasmin
concentration regulator 1, etc NLS (KRPAATKKAGQAKKKK)
PY-NLS R/K/H-X(2-5)-P-Y hnRNP D. MONLS 44 M9ONLS
hnRNP D. MONLS etc (FGYNNQSSNFGPMKGGNFGGRSS
GPY)
IK-NLS K-V/1-X-K-X1.-K/H/R FEEE S . RS RET. BHAE % Pho4 NLS (ANKVTKNKSN)

Cycle regulators, nuclear transcription
factors, ribosomal proteins, etc

R 425 NLS [P 9L LR HES I 35 oAy
—E WA, FEEBIFEE R NLS IIRABESE, &
M —LE HET A TR BEN S AL,
. 78 NZER% a5 (Human Adenovirus, hadv-5) E1A
HEHAMRTXIE 3 (CR3)H AR —A NLS, HiL
PFEF R FV(X)7-26MXSLXYM(X)AMF, A8 T
Harc egh BB NLS, HEIBEN S EIAEAA
PO e Ah, A5 BRI A A R S
3 WM LA NLS Hr, R Hp— AN H8 e
hRE, HARIITHE S NRERFR A EE NLSPY,
FHUGAT DL, 38 1H0 & R —BU P8 AN RBAE 24k
AZAEFTNLS ME—KA5, X NLS iR st
SMHCHE HRTE A 1) NLS —20F41, nl eSS a8k
— LB RLIE HAG e N DIRE R AR 454, g T RE TR
ST FAE ISR RE NLS FFA R

2 NLS fr BB NBHLH
HATHGER NLS B AL T,

B SR R 8 7 A S A T A% e i T s T
JB . A NLS 5324K45 4 )7 X AR F 3 AR AE
2 RAMELEE M. (1) mREZK Importin B
FWEHEBH NLS A FAARABLE, W Importin
B2 5] PY-NLSP | Transport 3 15| RS F &
(rf o Kapl2l HAIE & E Bk A% E il

SR (2) ik ER ARSI A NLS T K
)5 5 Importin BFE i =RIA B AR, U Importin a
Pz NLSP . Snoportinl 18518 & & 1 Az b
B NLSPL
2.1 Importin a/Importin p N SHIEBNZIEIE
Importin o/Importin B &4 T %A £ 8L NLS (1)
EEAZE 1 Pathway A), iZALHI A Se i sk
iz 24K Importin o ) Armadillo (ARM)ZE 4R 5] 62
Y% M (Cargo) NLS Jf 5 2 45 /8 i — R 1k
(Cargo-Importin o), ZJ5 -S4k Importin o (1 IBB
(Important Beta Binding Domain)Zi#a/e 5% ks iz
ZAR Importin B PFUIFHIE B — 2R {4 (Cargo-Importin
a-lmportin B), #RJ5 = ik IBN-N &5 I
(Important Beta N-Terminal Binding Domain) 5
Ran-GDP %% & & i% U ot & & ¥ (Cargo-Importin
a-importin B-Ran-GDP), H:#1 Ran-GDP 2 {itAEH:,
POCE AP Importin B Y HEAT (Huntingtin
Elongation Factor 3 Protein Phosphatase 2A Fil TOR1)
S A F-G EEIFHINAZSLE A4S X
fLE ARG R AT AN . AZLS,
2R PN R R B ) Ran-G TP Bt Ran-GDP JE s &
4 ¥y (Cargo-Importin  o-importin  B-Ran-GTP) , 7£
Ran-GAP (Ran GTPase Activating Protein) 11
T, Ran-GTP & 5¥)/Kfi#}y Ran-GDP HIEL, JKf#
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Figure 1 Schematic diagram of the nuclear transfer pathway

~_Cargo-KPNA-KPNB-Ran-GDP

Extranclear

Intranclear

KPNB

% e

d Ran-GTP
Cargo-KPNB-Ran-GDP

Ran-GDP h

Cargﬁﬂzn-GTP
Cargo- f!] LS l I

Ran-GAP

KPNB-Ran-GDP
Pathway B

7 : KPNA: Importin a; KPNB : Importin B; Pathway A Importin o/lmportin p ARz 8% ; Pathway B : AT 8E 11 58E Bl 41 Importin

B ARZH iz

Note: KPNA: Importin a; KPNB: Importin f; Pathway A: The importin a/importin B nuclear transfer pathway; Pathway B: The importin f

nuclear transfer pathway that does not require an import adapter

AR R RE R S W HCH Importin o, Cargo
1 Importin B-Ran GDP; ZIit, HA NLS JF51 57
W 1 R AR A AR, R AR
7% Importin o 5 Importin B BIEEASEI A BESE
A, R X FRZ A4 Importin o/Importin B 48, #E—
T RM] Importin o BA 3 MXIER, B EH N
Ui —A> IBB Z5K38, X IXIEARE 5 Importin B 45
45 IBB S5t EA AFRANHI TS, Importin o
AA AR5 NLS 4565, MHTFHAK SR
5 Importin B Z5GHIRES)); HHEBEIZA ARM 4514
Bl 10 AMEXEUK W ESE T4, BHAEEH
3 aMBHEML, 207 42-A3NEIEIR, KIS

A NLS W5 A4G; ARM G5H5ih 2 456
B, Sy R B AR R B A A S P, Hor
PRI NLS 453 F 2 G A0, XU NLS [F]
4k A BB e g AP 5 3 A X C
USRI, I DX A A N A AR AR T
USRS SR o WM NIZ R RIS, (f
75 Importin o BERETEIR S 5% 552,

A Importin o KA 7 B, ARHEEIEIREY
FARIMESY S 3 ASWEHY, 4350k ol MEAY: Importin
o5, ab Fll a7; o2 WAL Importin al Fl a8; a3 .
. Importin o3 F1 a4, [ Importin a6 {UAELET
AL, Importin o (1T TEAIFEALIA A4 i
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iy Fe ik RMHE BT EN R, W5
Importin & FAFENUEA I & BB B A 225
PR, FRATIHE WX T B8 25 i 2] [F]— HLARAS [7] 4F i
BN T R — W 8 09 & 8t o R 3 IO I R A AR
M NLS X3R4 e A R EGERLE M Importin o3
Ak Importin o7, T — A B A A 2 3 8 5 8
i o ) 5 s (85 - A ) A4 B S B R 2 P80 ply e T
UL, FGEE AR A NLS XI5 48%FF Importin o
EOHAEERE, s G EEE
FEtE T e SRl 0% . XU B AR S
i e Z IR 2B R R DB, XA T
X} 97 T SRR AL 0 FE TN, X B U s i e
SR TR R 2 i v HAA R L AnER 2
AN, ARSO B R G HREE L 28 B 0 B A
1 NLS JPH B HAZ 5% 32 2244 Importin o 779 F
177845, DU [R5 4 AR 10 5 0
18 2 IR FR AR .
2.2 Importin B2 N SHINIZIBEL

Importin B £} Importin ZiEEE WAL, 24

KRIIEA 20 MG, Importin B AR BIIF4E S A
KA EAIFEL SZALEAWHEERN R
EHEAR, Importin B A N 3id4 55— 1IBN-N 45+
B, Al'Y Ras HISCHZE A4S G; ERN HEAT 4544
W, SEILEAH®RN FG-BILENLY S ;
Imprion B F.J& HEAT 45 H4) FIR G A R B AT
P AR, SRWSS G RARRME¥E b
¥R, Importin B LAY (41 Importin B2)BEME
SSE TR AR S i R (K] 1 Pathway B), 1%
HBATE Importin o 25, HEEECRET
Importin o/Importin B BEEER T SHEAA
¥:; Importin B2 t#K Transport 2 @ Karyopherin
B2, IMrBIAILR AT HEEHA Importin B2 /-S4
FLARZR NLS K2 PY-NLS 51 Importin 2
9 20 A HEAT S P9It U IRTESs Yy, 2
BHEZEATI B S BB IEELs e ; L,

1-13 HEAT E& FFHI41 AN it 5 RAN-GTP 45455

8-20 HEAT 4 FFHINIL AL C st Importin B2 45
2 MEEA S PY-NLS &54, H—iF Cin5 N

Fz2 FEANMZEABNLS REZREEIEZIK Importin o T A
Table 2 The entry nuclear protein NLS of virus and its nucleoplasmic transporter importin a subtype

AZEH NLS J#31) Importin o 7% SRR RIS T
Entry nuclear protein NLS sequence Importin o subtype Viral nucleic acid type
D #3725 1 NP (514KRR-X14(VGGADDVTLGT of RNAPFY
Influenza D virus NP protein SOP)-KKRGR535)

AEI T VIP [/ FEX 35 PVKPRRKK o5 /5%, a7 RNABY

The P/VV common domain of human para PVKPRRKK a5 and/or o7

influenza virus

RT3 Y 22K E 1 RRRK 05/a7 DNAE
BAdV-3 22K protein

EB Ji5#:f% BFLF-2 RRLMHPHHRNYTASKASAH o7 DNAL
Epstein-Barr virus BFLF2

PR S 22 19 NP 8 1 NLS2 NP-NLS-K GRKTR a7 RNAF!
Influenza A virus NP protein NLS2 NP-NLS-R GRRTR (weakly )

R A R BELL 2514 PRQKRPR ol. a6, a7 RNAF
Prototype foamy virus BELL protein PRQKRPR

PR ISR M1 RKLKR al. o7 RNA!
Influenza A virus M1 Protein

AR HE(HSV-1) VP19C PRGSGPRRAAS o5 R4 DNAL®!
Herpes simplex virus (HSV-1) VP19C Except a5

PRV ICP 22 fhA R 5 PASTPTPPKRGRYVVEHPEY o5 DNAF"

PRV ICP 22 Pseudorabies virus
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v Bt &M 8-13 HEAT HE ¥4, ZNAisS
PY-NLS SRR 88, A AR 55 2 ML
T C sty 14-18 HEAT EEFHI, #0515
PY-NLS SEHUAAK, #R4 B fiif; 2 PY-NLS &5
B 54545, Importin B2 fA%4s kA e Asitl
Importin B2 FHEERHIHI NLS HER PY-NLS #h, 2%
i NLSPH,
2.3 Snurportin 1/Importin p ™ SBINIZIEE
AW RFE T Snurportin 1 REMSIR & & IR 1T
MBI NLS 52 85K Rk, K5
Y5 Importin B Z5 A TE L —RIAZ J5 A%, Snurportin
1 G5FAT A XA A, L N S % —1 IBB 4514
W, A5 Importin B FEATIRBIE R, XIS
Importin B HAEHISEMT), MEHERE, 1BB
SEFES, C R v A B E I FE R s 2 205 Importin B
SERIIG, WS LB Importin o N 317 1BB Z514
5 Snurportin 1 N 3] IBB 45438 7E 2 FL /R 51
ARSI, B BRI, W
AR Z TR E S I E S FREAETr
B A SRS S, X s SR
F (4 /N2 % % 82 2 1 (Uridine-Rich Small Nuclear
Ribonucleoproteins, U snRNPs)#: 17 #% & A
Snurportin 1 N 3 1) 1BB &5 Fa3s“d L -5 (R B A%
PEFBAN TR SYIE A AITEA S RAN 5 GTP
GO NI TR @ TR TE RAN T
FERLAY T FORIF S0 5 T BB TR R B
P RAN JHFERLZ IS, ARINSMENE RAN T 4%
HEAANREIEA AL N, IASMNEE RAN ZJ5 1%
BAAERCERKEE R, AL FiREE A
JEYE RAN e WE IR AN, H&t
BB SeAAiIEL, HLXPIMBRER TR 300614
2.4 Kapl2lp M SHEBAZIBERE
Karyopherins 121p (Kapl21p)Jg T #% %% iz &
FI-B GRS GL , HA5HE 11 24 A~ HEAT #2445
P SOE UGB IR ELE 1L, VRN RAEVESSH , Kapl2lp
TE5S 15 > HEAT 55 7 91 P A E — S8R BOIR X
R4 Kapl21p ATHE IK-NLS, #FFTIFSE Kapl2lp

55 IK-NLS 925 A 5k 24 4~ HEAT B 45k
%5 7-12 AT, A, BRI Kapl2lp
WA AR T AR FENZENFS
(Arginine-Glycine Nuclear Localization Signal ,
RG-NLS) A,
2.5 Transport 3 T+ SHIEB AN ZIBE

Transport 3 tLFr A Tnpo3 B Transportin-SR2,
[FFEJE TR s 1 -p AR, "TRGE &
K 2 IR - 22 5 I - 1% % B2 (Arginine-Serine-Tyrosine
RSY)&5H3, M FEAAL; IRFEST RNA 454
EAHEA RSN LR A S Z IR &
JE ik AAIIRER, G5 EAE, Transport 3 [
MAZE iz E - EBEERA AL, 20 1~ HEAT
FEIFHIARBINE, Cuisia SREM, NUGIEE
— > Ran GTP &§5 4, #id%54 Ran GTP f2fitigi
5 SR I F AN,
2.6 Xrip a/Importin p BIEFFHESNEFIE
HA

AR Xrip o 5 3NS5 N 3y
5 Importin o AHEIAY I1BB 45K, ik XIBB 45
B, AERSEMLYS Importin BOIRBIZE G RN
—MRYEXIE; C iy — MR, EHER A
(Replication Protein A, RPA)7E DNA & il . #ifji1&
S G EEAE R, H A IR il
5 Xrip a. Importin B Z5&TEM =Rk, FIFRER
SEMARPL,

HETRES N A AZMZIREHA Importin
a. Importin B, Snoportin 1, Kapl21p. Transport
3. Xrip a X 6 Fj, HH Importin B, Kapl2lp.
Transport 3 BEAE IR NLS J41 370 37 58 AR 3
H%5iz, Importin o, Snoportin 1 2 Xrip o 25
NLS /741 py Rl B 5 22 5 Importin B 45 &2 0L = Rk
AR AE iz, #34 NLS JPHIME N
AT EHAERE R . R 3 ATLUE I, AH
AEEAZRIRHA NLS A& AR S, I THE
B b o AR S LARXS Y NLS 7
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Table 3 Comparison of different nuclear transfer pathways

Nuclear transfer Importin Importin 2 Snoportin Kap121p Transport 3 XriP a/Importin
pathways o/Importin p1 1/Importin B
PRI NLS 288 NLS TFAEMNLS, w&REEMZ  IK-NLS RS-NLS 25 DNA R
Recognizd NLS ~ ClassicNLS ~ PY-NLS I NLS RG-NLS %[ RPA
Apartofclassic | shRNPs NLS Protein RPA
NLS, PY-NLS involved in DNA
metabolism
HArEE4EE X Importin o iy 8-13 F&E ¥4I, Snoportin 1 1= HEAT ®&J¥%] Transport3 C % Xrip o N R
Target protein ARM Zikgtl  14-18 EALJPH]  WEMLSERIESS W 7-12 MR 45E 76 PRI
binding domain ARM domain in 8-13 HEAT, N 7-12 inner Transport3 76 residues at the
importin o 14-18 HEAT Trimethylated surfaces of HEAT C-terminal N-terminus of
guanosine cap repeat sequence  binding domain  Xrip o
binding domain in
snoportin 1
e TR RAN-GDP RAN-GDP RAN-GDP RAN-GDP RAN-GDP RAN-GDP
Energy
requirements
— T K-K/R-X-K/R, RIKIH-X(2-5)-P-Y Il —&%41 K-VI-X-K-X1-2- R L—5055] R i—2055)
Consensus (K/R)(K/R)X10 No consensus K/M/R. RGHX Noconsensus  No consensus
sequence -12(K/R)3/5 sequence 2l sequence sequence
K-V/1-X-K-X1-2-
K/H/IR, RG repeat
sequence
SILABIAF ISR NLS 8, BATA A AREIZ T KANIBAFIG ™) HON2 58 PA 2B NLS %45

BERY T fRAR A R, AR 2 A SR
ANZEE SR AT Y 22 S VAT B X o i R e B Ao
DA B W) 22 SV ERIT ST

3 NLS REZHRAFHRBEEANBGHER

NLS Rl BT A S 2 4 1AM AR 0 75
F) 5 T A B 1 T 0 S e SR 5 S .
AP R PUFIER R M B AR 80 2
Bt SO A 35 A £ PR 2 6L R R S 380
TP AR G I HE PR 2 RO, DT Tk 7 T 4
B, FFMMANIAE S MAEYE . RS
TEVEAEE AR IE SRR 1 M 2 1 NLS %8
7 T O 7 01 52 T B DA R O M e PO
P BT T 15 2 9 7 A 75 B 1AL T EE 1 )
fig AN B TR Z A AR RS 1 B e, AR
BENLS 581 R 5005, s R Rass ™,
S0 N B B D I S G T A ST R 1 S AR s
SZRBRIEAER], &I A BRI R e, 4

T BOZE FETE /DN BRI 52 T RE ) M B k3 5
ST B K EIHFL S BRI 2 s H AR 4 9
BEAZOHEE T NLS S8 i B 7E 445 TN 19 200 7
F3P FERFRE P K A A R TG e
SER S, DA R SR AL A S, BH
Wt = A O 225 S B POE , NLS RAS S
Bk sz F A B R S E A
5 (NS5)H* NLS Ak FE 98 il 3% e i NS5 I
/b 80%*), e ARSI AR 11 (NS5) Y NLS 58728
T SEE A RE ol dEa e 11 Hk
PRRSV LK HP-PRRSV Z7% 1k IXAL, K3 N &
FIAY NLS XJP8 kA THERINSEAE, 550 NLS 78
S ERRTETE E RRE Y, AT A,
I BE AR B R0 NLS 7R a3 1 B b
R R AR

WEFEUESE, 46K 22 80 7 45 1 i A 4 iz 1y
T B 1% %1 2 R 1 Importin o 3§ Importin B 751
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MEESHE AR A NLS P, 2057 NS5 &
HHZ A Importin o H%] NS5 H By
NLS 558 AR, IZ AL R FRAETT 2 Importin
B AL, BIZERWHEE NS5 HHZAREE G2
NS5-Importin o-Importin p =% kryIELE, A
B RERY PB2 25 H [RIFETF L Importin o 18251 NLS
J55 Importin B 454 LA = RIKRATE XA RETEMA
B BRI R B, fE £ E A REIR AT 1
(Phospholipid Scramblase 1, PLSCR 1)n] 5 i /@i
B NP 251 & Importin o JE =24, il NP
AR, eSOl R e 2 | s
B Z M, e BRI S 5E Gk
ZRE M Importin o7 &54 43T 2980T 4 SR
VR T T 0 S o Y BRIEIER, KSR
R TE T 121X 9 S DR S i 2 110 ks
Wi M AR [ P NLS 4 1 8 A 2R 1
ATLLEHES Importin B 454, MANTTEE Importin o
25, ANFASRE NPL &1 A B4 NLS J751
() AN [F) R % 36 5 0 A A A% 0B 20, B[] B A7 72
NP1-Importin a-Importin B 5 NP1-Importin B PiFf A
B ERA, SIeEImE, SClkyes ok i
UESE T Importin B B SRSV Az 3 i
T Importin o/B A SR HEH R 114580,

ERE A MM EERNSRE, ARERSZK
eSS E Y R R AR WINPT ERe sy o
B 15 AT R, R R R T L Bk Pk
S, B THRSIE LN R, R
PreEm el S AR T Rg il LA R U
M2 B MR W P A e B B A gt . I, e
AEATEAZS R 52 EA NS Ak
ST B B R NLS JPAIZERI L)L e 251k
AT, HFRAFEIELARBCENZES . N
WRAREZEHERE NLS JFHIEREAE I AR
LI E 2 8, Bl an gt/ e T 5
WY AR AE 6T, R RTAI/IN 7 EAA0
BECRART , B2 T H AL S 12 AL 4 i 5 fi
WoR

4 GiERkREY

NLS K sz o S 0 5 2 A% SR A2 B
AAT LASE WA i 75 A9 R I BE 1« 75 0 LA R B0
P, BTS20 TE AN AN L e Ao 4h
A IR, B TR AT SR A B b,
11738 2o 4 T 1 L AZAIL ] OB ER: 0 2
21 K B LT R B

REFERENCES

[1] Lin DH, Hoelz A. The structure of the nuclear pore complex
(an update)[J]. Annual Review of Biochemistry, 2019,
88(1): 725-783

[2] Kim YH, Han ME, Oh SO. The molecular mechanism for
nuclear transport and its application[J]. Anatomy & Cell
Biology, 2017, 50(2): 77-85

[3] Kapinos LE, Huang B, Rencurel C, Lim RYH. Karyopherins
regulate nuclear pore complex barrier and transport
function[J]. The Journal of Cell Biology, 2017, 216(11):
3609-3624

[4] Li C, Goryaynov A, Yang WD. The selective permeability
barrier in the nuclear pore complex[J]. Nucleus, 2016, 7(5):
430-446

[5] Oka M, Yoneda Y. Importin o: functions as a nuclear
transport factor and beyond[J]. Proceedings of the Japan
Academy, Series B: Physical and Biological Sciences, 2018,
94(7): 259-274

[6] Fu XK, Liang C, Li FF, Wang LY, Wu XQ, Lu AP, Xiao GZ,
Zhang G. The rules and functions of nucleocytoplasmic
shuttling proteins[J]. International Journal of Molecular
Sciences, 2018, 19(5): 1445

[7] Atasheva S, Fish A, Fornerod M, Frolova El. Venezuelan
equine encephalitis virus capsid protein forms a tetrameric
complex with CRM1 and importin o/p that obstructs nuclear
pore complex function[J]. Journal of Virology, 2010, 84(9):
4158-4171

[8] Xu GL, Zhang XX, Gao WH, Wang CX, Wang JL, Sun HL,
Sun YP, Guo L, Zhang R, Chang KC, et al. Prevailing PA
mutation K356R in Avian Influenza HIN2 virus increases
mammalian replication and pathogenicity[J]. Journal of
Virology, 2016, 90(18): 8105-8114

[9] Mori Y, Okabayashi T, Yamashita T, Zhao ZJ, Wakita T,
Yasui K, Hasebe F, Tadano M, Konishi E, Moriishi K, et al.
Nuclear localization of Japanese encephalitis virus core
protein enhances viral replication[J]. Journal of Virology,
2005, 79(6): 3448-3458

[10] Li JD, Yin YB, Guo BQ, Zhou S, Zhang Y, Liu XC, Sun TT.
Sequence analysis of the NSP2, ORF5, and ORF7 genes of
11 PRRS virus isolates from China[J]. Virus Genes, 2012,
45(2): 256-264

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



904 TEY I8

Microbiol. China

[11] Soniat M, Chook YM. Nuclear localization signals for four
distinct karyopherin-B nuclear import systems[J]. The
Biochemical Journal, 2015, 468(3): 353-362

[12] Lee BJ, Cansizoglu AE, Siel KE, Louis TH, Zhang ZC,
Chook YM. Rules for nuclear localization sequence
recognition by karyopherin p2[J]. Cell, 2006, 126(3):
543-558

[13] Soniat M, Chook YM. Karyopherin-p2 recognition of a
PY-NLS variant that lacks the proline-tyrosine motif[J].
Structure, 2016, 24(10): 1802-1809

[14] Kobayashi J, Matsuura Y. Structural basis for
cell-cycle-dependent nuclear import mediated by the
karyopherin Kap121p[J]. Journal of Molecular Biology,
2013, 425(11): 1852-1868

[15] Pei YH, Hodgins DC, Lee C, Calvert JG, Welch SKW, Jolie
R, Keith M, Yoo D. Functional mapping of the porcine
reproductive and respiratory syndrome virus capsid protein
nuclear localization signal and its pathogenic association[J].
Virus Research, 2008, 135(1): 107-114

[16] Alves C, Freitas N, Cunha C. Characterization of the nuclear
localization signal of the hepatitis delta virus antigen[J].
Virology, 2008, 370(1): 12-21

[17] Li HP, Zhang YP. Nuclear import of p53 in relation to
MDM2-mediated degradation and ubiquitination[J]. Chinese
Journal of Oncology, 2005, 27(2): 86-89 (in Chinese)

ZR B0V, TRIET. p53 A% AT RETE RUSURUA 2 I8 75 ) p53
& ARz = AL R ], AR 28, 2005,
27(2): 86-89

[18] Carrigan A, Walther RF, Salem HA, Wu DM, Atlas E,
Lefebvre YA, Haché RJG. An active nuclear retention signal
in the glucocorticoid receptor functions as a strong inducer
of transcriptional activation[J]. The Journal of Biological
Chemistry, 2007, 282(15): 10963-10971

[19] Sankhala RS, Lokareddy RK, Begum S, Pumroy RA,
Gillilan RE, Cingolani G. Three-dimensional context rather
than NLS amino acid sequence determines importin a
subtype specificity for RCC1[J]. Nature Communications,
2017, 8(1): 979

[20] Marshall KS, Cohen MJ, Fonseca GJ, Todorovic B, King
CR, Yousef AF, Zhang ZY, Mymryk JS. Identification and
characterization of multiple conserved nuclear localization
signals within adenovirus E1A[J]. Virology, 2014, 454-455:
206-214

[21] Deng SS. Study on the role of chicken matrix 3 protein in
the replication of Newcastle disease virus[D]. Guiyang:
Master’s Thesis of Guizhou University, 2019 (in Chinese)

ST, XA T 3 FEHTIE R T A W P 7 A A
JE[D]. SRFH: SR K2R A8 5L, 2019
[22] Hu Y, Xiong JM, Zhao JF, Ji XQ, Duan ZQ. Advances in

importin Bl-mediated nuclear transport of viral proteins in
the replication of viruses[J]. Chinese Journal of Cell

Biology, 2017, 39(8): 1091-1098 (in Chinese)
Wk, BRI, ML, RiEdh, Bids®. Importin p1 4
SR B B 1 ARZ R Ia TR B S T A ORI R (3]
r [ 20 i A 2 244, 2017, 39(8): 1091-1098

[23] Bourgeois B, Hutten S, Gottschalk B, Hofweber M, Richter
G, Sternat J, Abou-Ajram C, Gobl C, Leitinger G, Graier
WEF, et al. Nonclassical nuclear localization signals mediate
nuclear import of CIRBP[J]. Proceedings of the National
Academy of Sciences of the United States of America, 2020,
117(15): 8503-8514

[24] Hirano H, Kobayashi J, Matsuura Y. Structures of the
karyopherins Kapl21lp and Kap60p bound to the nuclear
pore-targeting domain of the SUMO protease Ulplp[J].
Journal of Molecular Biology, 2017, 429(2): 249-260

[25] Lott K, Cingolani G. The importin B binding domain as a
master regulator of nucleocytoplasmic  transport[J].
Biochimica et Biophysica Acta (BBA) - Molecular Cell
Research, 2011, 1813(9): 1578-1592

[26] Fogelson B, Keener JP. Enhanced nucleocytoplasmic
transport due to competition for elastic binding sites[J].
Biophysical Journal, 2018, 115(1): 108-116

[27] Pang XD, Zhou HX. Design rules for selective binding of
nuclear localization signals to minor site of importin a[J].
PLo0S One, 2014, 9(3): €91025

[28] Wu W, Sankhala RS, Florio TJ, Zhou LX, Nguyun NLT,
Lokareddy RK, Cingolani G, Panté N. Synergy of two
low-affinity NLSs determines the high avidity of influenza
A virus nucleoprotein NP for human importin a isoforms[J].
Scientific Reports, 2017, 7(1): 11381

[29] Oostdyk LT, McConnell MJ, Paschal BM. Characterization
of the importin-p binding domain in nuclear import receptor
KPNAT7[J]. The Biochemical Journal, 2019, 476(21):
3413-3434

[30] Donchet A, Oliva J, Labaronne A, Tengo L, Miloudi M,
Gerard FCA, Mas C, Schoehn G, Ruigrok RWH, Ducatez M,
et al. The structure of the nucleoprotein of influenza D
shows that all Orthomyxoviridae nucleoproteins have a
similar NPcorg, with or without a NP1 for nuclear
transport[J]. Scientific Reports, 2019, 9(1): 600

[31] Ohtsuka J, Matsumoto Y, Ohta K, Fukumura M, Tsurudome
M, Nosaka T, Nishio M. Nucleocytoplasmic shuttling of the
human parainfluenza virus type 2 phosphoprotein[J].
Virology, 2019, 528: 54-63

[32] Said A, Wang WX, Woldermariam T, Tikoo SK. Domains of
bovine adenovirus-3 protein 22K involved in interacting
with viral protein 52K and cellular importins a-5/a-7[J].
Virology, 2018, 522: 209-219

[33] Li ML, Chen T, Zou XM, Xu Z, Wang YF, Wang Y, Ou XW,
Li YW, Chen DX, Peng T, et al. Characterization of the
nucleocytoplasmic transport mechanisms of Epstein-Barr
virus BFLF2[J]. Cellular Physiology and Biochemistry,
2018, 51(4): 1500-1517

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



SRR e A o S HAE R B e ML) P A IS ik

905

[34] Duan JH, Tang ZQ, Mu H, Zhang GJ. [Retracted] Nuclear
import of prototype foamy virus transactivator Bell is
mediated by KPNA1, KPNA6 and KPNAT7[J]. International
Journal of Molecular Medicine, 2017, 39(3): 771

[35] Liu QF, Bawa B, Ma JJ, Li F, Ma WJ, Richt JA. A crucial
role of N-terminal domain of influenza A virus M1 protein
in interaction with swine importin ol protein[J]. Virus
Genes, 2014, 49(1): 157-162

[36] LiY, Zhao L, Wang S, Xing JJ, Zheng CF. Identification of a
novel NLS of herpes simplex virus type 1 (HSV-1) VP19C
and its nuclear localization is required for efficient
production of HSV-1[J]. The Journal of General Virology,
2012, 93(9): 1869-1875

[37]Li ML, Wang S, Cai MS, Guo H, Zheng CF
Characterization ~ of  molecular  determinants  for
nucleocytoplasmic shuttling of PRV UL54[J]. Virology,
2011, 417(2): 385-393

[38] Duan ZQ, Xu HX, Ji XQ, Zhao JF, Xu HQ, Hu Y, Deng SS,
Hu SL, Liu XF. Importin a5 negatively regulates importin
B1l-mediated nuclear import of Newcastle disease virus
matrix protein and viral replication and pathogenicity in
chicken fibroblasts[J]. Virulence, 2018, 9(1): 783-803

[39] Kumeta M, Konishi HA, Zhang W, Sakagami S, Yoshimura
SH. Prolines in the a-helix confer the structural flexibility
and functional integrity of importin-B[J]. Journal of Cell
Science, 2018, 131(1): jcs206326

[40] Lott K, Bhardwaj A, Mitrousis G, Pante N, Cingolani G. The
importin B binding domain modulates the avidity of
importin B for the nuclear pore complex[J]. The Journal of
Biological Chemistry, 2010, 285(18): 13769-13780

[41] Maertens GN, Cook NJ, Wang W, Hare S, Gupta SS, Oztop
I, Lee K, Pye VE, Cosnefroy O, Snijders AP, et al. Structural
basis for nuclear import of splicing factors by human
transportin 3[J]. Proceedings of the National Academy of
Sciences of the United States of America, 2014, 111(7):
2728-2733

[42] Duan ZQ, Deng SS, Ji XQ, Zhao JF, Yuan C, Gao HB.
Nuclear localization of Newcastle disease virus matrix
protein promotes virus replication by affecting viral RNA
synthesis and transcription and inhibiting host cell
transcription[J]. Veterinary Research, 2019, 50(1): 22

[43] Lundberg L, Fontenot J, Lin SC, Pinkham C, Carey BD,
Campbell CE, Kehn-Hall K. Venezuelan equine encephalitis
virus capsid implicated in infection-induced cell cycle delay
in vitro[J]. Frontiers in Microbiology, 2018, 9: 3126

[44] Oksayan S, Nikolic J, David CT, Blondel D, Jans DA,
Moseley GW. Identification of a role for nucleolin in rabies
virus infection[J]. Journal of Virology, 2015, 89(3):
1939-1943

[45] Fraser JE, Rawlinson SM, Wang CX, Jans DA, Wagstaff
KM. Investigating dengue virus nonstructural protein 5

(NS5)  nuclear  import[A]/Methods in  Molecular
Biology[M]. New York: Humana Press, 2014, 1138:
301-328

[46] Tan MJA, Chan KWK, Ng IHW, Kong SYZ, Gwee CP,
Watanabe S, Vasudevan SG. The potential role of the ZIKV
NS5 nuclear spherical-shell structures in cell type-specific
host immune modulation during ZIKV infection[J]. Cells,
2019, 8(12): 1519

[47] Pumroy RA, Ke S, Hart DJ, Zachariae U, Cingolani G.
Molecular determinants for nuclear import of influenza A
PB2 by importin o isoforms 3 and 7[J]. Structure, 2015,
23(2): 374-384

[48] Luo WY, Zhang J, Liang LB, Wang GW, Li QB, Zhu PY,

Zhou Y, Li JP, Zhao YH, Sun N, et al. Phospholipid

scramblase 1 interacts with influenza A virus NP, impairing

its nuclear import and thereby suppressing virus

replication[J]. PLoS Pathogens, 2018, 14(1): e1006851

Resa-Infante P, Paterson D, Bonet J, Otte A, Oliva B, Fodor

E, Gabriel G. Targeting importin-a7 as a therapeutic

approach against pandemic influenza viruses[J]. Journal of

Virology, 2015, 89(17): 9010-9020

[50] Cai M, Wang S, Xing J, Zheng C. Characterization of the
nuclear import and export signals, and subcellular transport
mechanism of varicella-zoster virus ORF9[J]. The Journal
of General Virology, 2011, 92(3): 621-626

[51] Duan ZQ, Ji XQ, Xu HQ, Zhao JF, Xu HX, Hu SL, Liu XF.
The nuclear import of Newcastle disease virus matrix
protein depends on KPNB1 and Ran protein[J]. Acta
Microbiologica Sinica, 2017, 57(1): 109-120 (in Chinese)
Bokom, R, VPESR, &R, VR, SIERR, X
748, KPNB1 # Ran & B3 [F S S #e 4L B B
IMARZEIS[]. A2, 2017, 57(1): 109-120

[52] Li Q, Zhang ZF, Zheng ZH, Ke XL, Luo HL, Hu QX, Wang
HZ. ldentification and characterization of complex dual
nuclear localization signals in human bocavirus NP1[J]. The
Journal of General Virology, 2013, 94(6): 1335-1342

[53] Christie M, Chang CW, Rdna G, Smith KM, Stewart AG,
Takeda AAS, Fontes MRM, Stewart M, Vértessy BG,
Forwood JK, et al. Structural biology and regulation of
protein import into the nucleus[J]. Journal of Molecular
Biology, 2016, 428(10): 2060-2090

[54] Yoshimura SH, Kumeta M, Takeyasu K. Structural
mechanism of nuclear transport mediated by importin  and
flexible amphiphilic proteins[J]. Structure, 2014, 22(12):
1699-1710

[55] Lehne B, Schlitt T. Protein-protein interaction databases:
keeping up with growing interactomes[J]. Human
Genomics, 2009, 3(3): 291

[56] Mantyld E, Aho V, Kann M, Vihinen-Ranta M. Cytoplasmic
parvovirus capsids recruit importin beta for nuclear
delivery[J]. Journal of Virology, 2020, 94(4): e01532-19

[49

—_

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



