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Fig.1 The types of inteins and their splicing mechanisms
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21-1 (Pyrococcus abyssi cell division control protein
21-1, PabCDC21-1) ' 55 H HINT 38 19 1 %% [X.
WGH ARG BE, REMSTENOMERGE (10 &

) N ARG HINT BUR/E A 2. HINT $806# 5
HASNE, HR 4 ae Rt oY 42 5% fHEf 7im &
A FEEARE 2

Fig. 2 Structural features of naturally occurring inteins
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(a) Npu DnaE L7 424 iy 4 Bk 19 4549 (PDB ID: 4LX3) V5 (b) 3K [ & B () PabCDC21-1 4 %5 Bk 4549 (PDB ID: 6RPP)
(¢) PhoVMA4 K4 ik 45# (PDB ID: 7QST) 2'; (d) Spl DnaXfl/NN & kg (PDB ID: 7CFV) %5 (e) [-iR4Fh iy & ki
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3 SAL A T N B s 24 25 43 24 JE TR X 1N 1) 2= T
57 N PP 0 N S 03 il NER G € S RTINS o
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(asparagine, Asn) #iJ&, DEUEOL T EIECEE 240
53 H AR (glycine, Gly) % 7K A & 2
(phenylalanine, Phe), G TF#ss 1 A AMEAK (+1

fi7) FRIEN £ K Cys, Sernf Thr ', Ty
JPIA R ZE S, 2N S IKAT 205y R 32, 2R
1SN FIRIEAR S A X SR S5E 7, 225, 413
W H B> A 2 1AL E Y Cys 8% Ser, {HES 3 28%i4h
T ARSI A A TR - AR - R &R (Trp-Cys-
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Fig.3 Sequence features o
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Fig.4 Recognition mechanism between the two fragments of the intein
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Fig. 5 Schematic of the three types of splicing reactions
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(alanine, Ala), 43%fil IntN J5 o] /5 C 5@ 4h 2 ik
H shlr2d, (HW/EAE IntC o755 IntN 322 fih 1w 2 57,
KA C o m R i 4

2 SRABMHIENLTLRE

LRI 24 N B KA AZ O SR AR v X A
WK N T8, W W a. il 7EAZIR
OIS R AT 4350 o b AR T AL T 25
Rl O ARG 1 AR S5 1 S 5 2 A7 4 0 47
c. (ST BRI ORST 20 8407 a5 o Ny FH 3k 2
HEW I3RS T Ssp DnaB M86 ' | Mtu RecA '
P K Psp Pol-1 %" 8- RN K, (HH TiX K5+
REFKI AR, FAERrEZE . B
NG AR, RS TE TOA NS T R 53
ZERETRR e 0

H AR AL TAEC A 73 24N 5 IR BEal I A
e, FE e AR TR ROC R 3
VPRI o o ) A SR I GE o AL 2 S T g
TRVERTIEACIEIR, DAZER R S AR il A
PR O AR S o 38 B R SR Tl X R
(polymerase chain reaction, PCR) 3K75 %48 S,
GG IR R DU SR MER R ROREOR, 3R
BT —FRIIXIN RTINS . By R
P pH I B BUSY RE S TR AR R KR
A s 2 B X o BN B IR SRR . DRST
BT Uine Ky ROV B AL R R A, BT
O O ENIOEL LR g BURA S SYSL [} Wyl SIS o N i
7, B KRN G IR TS S5 45015 B,
SEPRT A O BE A HETR R
2.1 FEREBEMEE

VIFZAERLIR N DB S T IR 7 35 BRTE
YA LRI st R AP R BT RS, H 2500
FIRFLEAIA B A TR SN AT, IntN 2544
W X 5T S & BT & o B i T R
£y, FBEAGEENTTE AR SRITRE, BF
FEARBT AR, CBCH KBRS 249 & BRIV
) R B

TEAR AL 3 24N S ik, AR A IntN B9 TC
J LA R 52 raL A 1) DXl 8 G BB 1Y IntC 7 Bt
fF, REfgEL o NIRRT SR ©Y . Mootz
8 B SE RS B A BN AN, FEMARL AR N B R S
BT R RAERUR . Aes123 PolB1 443244
SAE T 120 A2 AN 121 (7 & HERR Z 18], S N g
B (Aes®, 12012 R ) FCui i Bt (Aes©,

39MEIEIR) MY BYHE O AR IR A, T g
T 5y BRI & T30 Aes™ 1 5 AL SRR i 40%.
AR HERIROR , T R R S 25
26 (L SERRAL , TFINER P e T BOLAS R T S 10 5
2733 i BEEMRIP A, INMTARASIZ N & BRI JC > bk
IR (cysteine-less, CL) AR LR il £ XTI f) N
Ui I C ¥ B (CLNFHICLS) o X b TR bk ok K
9K Aes N JIKEE AL g s AT & AR (K CL, N
s Comhr BAR GG, WILF5E4 A kRS G IE GG
PSS, TMIETHEDI - ™, H4k)s
() CLN AT 38 o [E AR B A T A o SR, IR Y
AN JEFECL B9 PTS BRI AR

P, Mootz 55 Y B AIRST Aes123 PolBI1 A
SrFRL, GBS S AR, H N
F B (Aes™) HAFEFERTCIT 4540 X Bl 0K 3 B 4 &
MR REMNCHE., ETEYHFEEXME TR
AMYLPRED2 " #3134, Mootz 55 Fiill i 7&
55 60 2] 120 v 24 FE R 2 [A]FF7E 3 A 5 4 M i) X 5§
(aggregation-prone regions, APRs), i 5 F: APRs
Th 2 I8 R B A1 & B 2K AH ELAE FH A0 5 S 4 R 1k
ol IE B P R, W TR 3 N E SR (T69K/
F75H/M118N) AT By AL CL, . 1T EIA
AN A BE (CL,Y) 2iAb)m R e f>95%, k3%
B TR Aes" B RAEMI] (CREEZ~T1%), [F
AP B T PR By R (4,,=16.3's), HBTHEE™
FRN[IK 89%. XL T 51 {5 B H APRs F 5
BAEEM, (T A NS IR IERR T8, Bim]
&5 B AMYLPRED2 45 T H3E i APRs, 52455 E
SRS R B o B AT B I 2 T
N T4 %41 Ssp DnaB PN & k. K4k 43 %4 19 Npu
DnaE N & IRIFA Tk, SRR T HAAR S
AR,
22 RAFTIIHE

Muir 5§ P SR T (RIE S 550 1)
G B INARE 2748 ) FFA s Re i R Pt
(consensus fast, Cfa) DnaE 7324 N &K, 7EAIH
T 2T 4 J B O TR G P 35 43 4 % Ik Npu DnaE
PERE . AT E et R KRR “th” (Npu
DnaE) F1 “12” (Ssp DnaE) W& KA FA04E1E,
G AR R RS TROR, Yo A TIE T
D7 BT A 4 A SCHE a7 FRAE (K. M.
Mg\ Spe) 2 T 7R 56 [ K 5 2 IR A A0 90 i
(Joint Genome Institute, JGI) F13& REY
A A5 B #0> (National Center for Biotechnology
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Information, NCBI) 4l e i ik th 73 /1 KRR A7
EH A “P” 1 DnaE N & IKFAI, St 27
B L Xt (multiple sequence alignment, MSA) HEH
B AL At AT S e 1 2 SR R+ i o U 4]
Cfa DnaE. Cfa DnaE J& Bt i i PR 1 55 42 1 %,
30°CF 1 1,, 10K 20 s, I H BETE = W JiE A2 P57
(4 mol/L #h Rk 8 moV/L JRE ) Tl TAE,
FrAn e 1 B R YRR OR s Ve . AT
PETIK, Liu% 57 76 2023 AR 4T T B L2 B 1 4y
ZLN 5 IRAG B % # R (backbone-installed split
intein-assisted ligation, BISIAL), 7£ 8 mol/L JK &
(AR AR P AR S T VR I D BURBEER 11 B ZEAIR
W (umol/L) TR ERIGEE .

Tyl FPR B R = 3 VIR R R )RR
LAY 4324 P & IR Cat-TerL % 3 a5 X 72 5k PR 2H %%
5 v f A R 3 L X8 R T2 (basic local
alignment search tool, BLAST) 4 F{fY TerL N & Ak
HEAT MSA, 152 Cat-TerL & 3 H 8 T B 420
(30°CH} #,,=59 ), F-7E U BE K A8 P 7RI i A2 J5 ThT
FE T RERFEY) SR AceL”.
2.3 BERIMNERAF FIMREE

E R 2 A0 A A 55 JOR K- Xof 5 17057 st A 3 174
3SAEAEMBAE OUHR2 M3 ME ) )7
SIHCHPE , BIRE ZRRE 1Y 7 9 A A B 0 BT $E 5K
28N, DnaE RY P IR BT HEE 1 v AR
T2 (LAY B K SRR AR 5L 0 X B AR 1
FEETEN N 5 KBS 5 AR W 3 A 5o B
BReR T A 2 R P A A TR A4S, IS mT g
Zese HAR s AU BRI RE . T iIgs R, a3
PRSI FERAM W RRAE N & IR 2 B b i 2 5 1,
AT g HOO A KA AR A A2k (R 1),

W5 %8, Npu DnaE A9 His , 5% 3 i b i 5
— BRI, His,s 5+2 071055 F IR
FERAAAE I-TTER A BAR T, AL T2 L0 /ML

FHAEHLRR (4n: Ala) 2333 His,,s IEE B 230745
P, RIHEZ AR T REBERIA S
FETZAUH 81, Muir %5 ' XF Npu DnaE ) His,,
FFAERR (loop) HEATHIANAEAS, LARKZS His,, HH4
L1, FEAER2 NAEAEART R WER AL 0 H
AIRWIE LT AT RIRRE R i o ik F Ay 2 b
TR (RIR&ERDUE), HEEES K
RPN A RN 2R G, A T — R ok ks
ST /NI Npu 284K (Npugy,) , AR RTEIR
X (FREE 122~124) W H & WR-+ 2 WR- Tl 2 e 27
SR ISR T — BRI +2 A K A NGz B SR
PR B R, W Ala, Gly. K&
(arginine, Arg). KA &R (aspartate, Asp) %,
HH TR 8 24 X8 A8 B AR T DnaE % H o5 — Al Bt
Cfa I 40 i KK # M (Cfag,) o BfiJA, Muir 55
PEIZ MR T ZE N 2 Ik Cat, SRS A BARTE-1 17
(1) 28 SE TR % HE AT 5 BTt 32 M 1) Cat* (5 STOT AN
S7T9P A% ) , Xz E W Z R R B Em (.
Ala. Gly. Ser il Pro %) 4 &m0 8y #8508 .
b5, AT 3l AR R B, Cat* ] 5E i
B His, SRR IX. (5L 78~90) M, #MZER
SRAM W IRE R i 25 [ 29 3, #fE3) His,, A & Bl &
HERREALAT TR 1 4L

5 Npu DnaE F1 Cat 19 4b i BRAK #6245 T 7 2
JBK B 40 i R ) 4 X His % 5 4 8 1R T A TR
GP41-1 38 i Fo N THN 7 (5B %L 123~125) il
R “MmEEFS”, fdi Thr,, B35S His,,, 19 355
TE ke Uk, DTS f b A TR b 1) G i 2
KR His,,, “HiE” FETEYEOMHE, A ff THN
TR B AMIm %, R Asp,o, X C S E 5] B %
BRI (Asp,o, 1T 5 Asn,,, B BS540 6 5 2 38
k) B8 GRS A S RS T O B e T R
¥ His,,, 5 Thr, A EAER . Yang 55 % 8 2 ¢
GP41-1 5| AD107G %8 (GP41-1,,,) 458 | F i

Table 1 Extein—dependent improvement of split inteins

®1 SRASKBIBIKB LS ER

WEIKFZE  ShRAAE WA PR 52 1) iR PR J5 AT 52 (1 s LR ZH R
Npugep +2 Phe? Phe. Ala. Asp. Thr. Cys. Val [62]
Cfagp,’ +2 Phe®. Glu. Ser. Val. Thr. Ala Phe. Arg. Glu. Ser. Val. Thr. Ala. Cys. Lys [62]
Cat* -1 Glu®. Ser Glu. Gly. Arg. Ala. Ser [63]

GP41-1,,0,6” +1 F& Asp/Glu/Pro F&Pro [58]

VRl 2 SRR . MANB LA B L EIERI Y SIK BY R R BONMIR T AL B R IR R BT B B — MO L
B AR TR B RIR G R 150%. FIaN, HRIRIMRIRA ST HEHR R BN 1070, BERSTISZ 1941 T ISR () 54 A
PREAN07 2 Ko B A A 9 4324 P9 A RTE AL B RAR ISR . ) i aod 7 SRAPA 41 S Ak 32 4
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BIZEYE, il Asn, 8 5 IMETE BEFIBEW I, KR A& Cys) IEH S THERZAN T, TN

PETE TR ALA i BRER IR R Az, . BpAEAY
GP41-17E+1 1k Asp/Glu/Pro B} B§ YIHCRARAL, i
RAL J5 WAL AT 32 Pro, HAERNA S @2 CE N
(green fluorescent protein, GFP) . #FBtH K S-44F%
fiff (glutathione S-transferase, GST) LA ZEHE4s
A A (maltose-binding protein, MBP) “5A[A] H
B 1 BT IS4 DR A o AR Y RO
24 EXSHERASHHIFE

SRR G IR IEASHE, FeHANRE S A B XN H
A BB I A LR B IO, S A o 2N 5 IR
1 R BEICAE SURNE, 3K S 0 FH 0 24 5 RS s 24
A A B E DR R BOR ISR . SR, R
SYNEVEDL R N SRR (0. #EEJE R Oli. Tvu
FINsp N KD Z IRIAAAE i 25 1 58 SR, X
DASEIRZAN M B IR B B PR DR . i s 7y 2
PN 25 SR 7 B[] 1 L ey O 265 BE AR A 1 58 0 B4 N
JIK 5T, 20204F, Twai 55 B4 SEAd 5 AR MR IS 0
PEFEFE, 7F Npu DnaB 4 X E Jey B IX 4 (B
GP41-1 19 B3/P6 HLFT P 2% ) 3 5im 5 AR 1 oo e . A
A, 4353545 CI-Npu DnaB 5 Oth-Npu DnaB M Ff
AR BE S 32 BT B NE R R, CL-
NpuDnaB" &5 CI-NpuDnaB® fi§ % 87 £, 1fij 55 Oth-
Npu DnaB€ ] JC Jz WG P, SZ8E T Npu DnaB A [H]
AR AR 43 IEAE

[F4F, Wang 5§ ' # T ig A B R KN IEAE
BN IR . AT SR B AN R R AR S
JOR ELAR 20 [R5 1 34 A i & Bk, o 144>
KA SCHR . 202k B NS IREEE (InBase) , ¥
i WA 423K R A (Global Ocean Sampling,
GOS) fifi ¥ H & GP41-1, GP41-8, NrdJ-1 &5
IMDPH "7 SE N IR, IFDAKE T3 2L Rk 21 ¢
Y64 H  (monomeric Cherry red fluorescent protein,
mCherry) HHREF- G PFAL TR 73248 & IR g
HIEZM. diREm, 24X 08N FIRERNE
BT vE, Hd 1S X EER N B R IES, 10
YT AEAR SN RIS (d o Bl 5 Wang 45 ) 1] FH I i
TR IEAZ 53 24N B IRTEARS MBI G K 43— o
(fe e K 377 ku) A EE A2 4R ——< o (0 3 4 Bk
#* M| E H G (Staphylococcus aureus surface
protein G, SasG), fiftifefh 4t 20 %3k i 42 M I
WEATRE . 6 EEHEEE S, JBIR T IER
L BRI S A 2 1 BT

I, Mootz 45 ' X o A R AL (JF5rh

ith #T 54 W & /& CP21 (Campylobacter phage CP21)
i B %l DNA 3 & [ (DNA polymerase B, PolB)
SFPETIRRY) L D A B s v, 485 ) 3SR ERAE
(1 TG ~F e 24 IR i 3k 70 24N 5 Ik (CP21 PolBI
LCGC14 PolB2. GOM-OPS-1 PolB2) , Jf % F
AMYLPRED2 T HHJFF 50 534t , i & i IntN J BL
RAEM [ LAY LCGC14 PolB2 NIk, 1M &Ik
TR B RUTE e R 3 Ik CL, B Tose US4
Mo FIHX—IEASKT, BFFEIA RS T3 R I
YRR, IS T a] R B A R IC AR
WK K& B (non-ribosomal peptide synthetase,
NRPS) (= F Bett.

3 NENERNSEARRATENUF
REFA

31 HEE#E

MR AH C 95 7 (adeno-associated virus, AAV)
SRR BRI IR, DRLEAT 1 JE A A i el
J7 L RPN S Rl A A MR R I AR Rk
GO, TR R, (MR
i (Z94.7kb) BRI 7T IRIEHE R T BREN
[ 45 )5 50 53 B4 B BT 240 AAV #idk, 2
fifr e s T BRI A RCR G . SR, TR
ZH B DNA 7 5 45 1) 3 [R 20 J23 T o 4 SR, oK 2K
IRIER L DI N, AAAE BRI A )
Paaa bz Wit 7/ = ST T &1 S B v g i e T
FOBR ABT42, F R IE PR o W BOIE il 5
IntN ., IntC FZtSIFFIRL G, 22 AAV BRI
AL SS , T A RIS B B S B R 40 PN A 1
1 H &P, HFMEREKEAR, MR AAV
A R ISR

VFZ2PR R RE R I BB R B8 5 A, ik
DR H PR IR T R A T B, & T
AAV 7NN SR 10T 154 1 F s AL PR 5 B
AT —RBIT k2 — ", BTSN
R AAV AR 636 YT 8 BT R SRR T AR R 2
1£ Dravet £ & fiE  (Dravet syndrome, DS) '™ |
StargardtJii 1 Y (Stargardt disease 1, STGD1) ™7
S Z2 PP 1) B P A A v S BT R R AR Y
3% B4, Auricchio %¢ "' ] Ff Npu DnaE X Rma
DnaB WX IE 52 7384 A 35 JIK3 1 24 290 ku Y LA
£ 1290 (centrosomal protein 290, CEP290), Ji
2% T Leber 5t K 4 22 52 10 !  (Leber congenital
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amaurosis 10, LCA10) /]NEUAYHL I S 2 R B
R, Holt %5 77 5@ b 834 24 220 ku (Y7 AR LT B4R
I (stereocilin, STRC), W FHWFE T STRC FEXH Gt
Fea/IN BRI 3 D

FE 24 G HLE F* A R GE  (Duchenne muscular
dystrophy, DMD) J&—FhEiar st (L850, M7
T X G AR E i DMD SRR AR A2 G, T8
IERE I Z 8. OV . PP i LR T
AT DMD [ EERGRYT FEE2EF T AAV 356 35 R
BFRAREM (micro-dystrophins, pDys) ', {H
Z RN AR PR, Bk uDys MK AU 4
K13, St 5 838 Haa s n) £ 8
3. EFXHIZIA) T, Regnier 5 Chamberlain 55 7"
FETETHAHERNTKINERAREH
(dystrophins, Dys) #EI6FIHmE . W58 I ety
BEPIRR LD Ok i B AR IR RIS N R
(midi-dystrophin, Midi-Dys) : 5'¥; 53 b 76 55 UL
FAREHANmLEW E M ZEAEZITFH 19
(spectrin-like repeat 19, SR19) A ¥ (#kt 2k SRS-
15), 3 e W ABCHEIX 3 (Hinge3) ZEfRZEILC
vin A GPA1-1 LA RS VHESE ] JILIA) 4 W8 UL
AAV (myotropic AAV, MyoAAV) ®' % Ty 52 8
T Midi-Dys B85 o I RBETENUE FRA RAE /)N RS
RUrb R R AT FEARFIE (2x10"° vg/kg,
BT e AR AN B AR S N 4 2 i) Midi-Dys &b
N, Al AR/ N ERLIA TR 5 2 B AR LK
IR I8 € N = B o N 1 D T2 R S VAN
VLA £F AL JF el o D g, RCRIE T uDys.
[l 303 55 — T AR Bl Cfa 15 GP41-1 XS 73 %4 N 3% ik
Ik ERKNEFRAREM (full-length dystrophin,
FL-Dys), [FFf 53003 T DMD /) BB g L
RZHSUR 2= D) HE 7Y

bR T EEER A YIRE R (AL, RN E R
B TR R A B Yk o Al e R G
THAHBER T A deklem ik, JFEB L Pimin
7 PR I TR R PR 1 Hor, i
B FE S % (cytosine base editor, CBE) ] SZ #i
C: GoT : ARYBBHER R, i W0 B g 4 4
(adenine base editor, ABE) NIFERGHETT R A : T—
G C BB XS it . X2 T HAE SRS ff 1 B4~
ol 2 %o A g, [) Bt A XUEE BT 2 (double-strand
DNA break, DSB) #HICHEI™H) =, fEEE AFH
PR 9% 748 7 T L AT Lo LA A8 52 T 1 B v B 2R
SR HAL K 73— i BR ] 730 )3 ik i e o 3

T 24N KA AAV 2R 2 55 R 8 16 32 5L [ s
BTHARML T W77 % . CBE/ABE Al #4055
RN EITANRS, T A AAV 2k,
o G 20 B A A S 8 B 45T 18 5 3 ) T 1 B O v
v, DXFPIEN AR FERR S TR L O WL
PP RSN A S AR A i 2 2 kA7 . BRI, &K
W& 2 T8 2 R e iR 9T BIF 9T b 0TS 28 Rk P
EJR 1 sl

B5/85 JH 5 3 B¥ 118 (calcium/calmodulin-
dependent protein kinase 115, CaMKII§) 1 h £ #
O MRS A% o BR Bl R -, L 3 1) 281 457/
282 i [ R & R 5% FE (methionine, Met) %) # %A
RS, s SRR AREEL . O T 5 2R
gifl, BAFBCONEDIRERER Y, T, Olson
S ST Bl A 40 T K 6 B g B AN, SE
CaMKIIS P18 [ Met #4522 (valine, Val) )
FERLGEAE DTG bR H AR AR A 2R
Ae A A &N BB /T HE 7 (ischemia/
reperfusion, IR) i35 CaMKIIS A9 53 346, M
M DL T 54 44k . 16Ah, FEIR &4
BF, /N AT CaMKIId 2 X 4 i, EAL 0o A
JE AT S AR O TR DRE, O RS AL TR
AIREIRIT IR
32 BEARWENFSIHE

I3 KRR N T A B E S Y
FEHEGR R (K16) o Muir % ™ R FH XS 1IE3C /0249
TR B T X7 8 A N S X B 4 4
W T ARG A G s i AR A T M 2 A0 1%
-EA RSS2 2 HRMER LB . 456 NN
AR IC S B oA, AT T Cat 55 Cfa
AT P K, O A TR A i A5 ) Cfa AR A
(mut-Cfa) DAVCHL Cat B85 15, M/ 3h
J1EEANVE FE RS B B B0 9R v n] B G B B
ST NP i =] A K= 3 U T DD O T sl s S S
(mut-Cfa/Cat) # BP0 H T %3 5 B 2R (0,08 2R
FH (enhanced green fluorescent protein, eGFP) .,
Y £, 5T 24 2 1B 2R N-H R F21 (euchromatic
histone-lysine N-methyltransferase, G9a) 2§ % [ it
PEATIP AN, BEY TR TIRSME A BTG B N
HIFEH

Shalem F1 Burslem %5 ' B i 5 AR it — 2 3 i
ZIHFLZ Y G AR o AT B B L Bh &R
(B-actin, ACTB) Flaffillah#E 1 (o-actinin-1,
ACTN1) . 4fi Jf J& 103 46 A5 29 86 1 (checkpoint
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Fig. 6 Principle of protein internal sequence replacement mediated by orthogonal split inteins

El6 EXHRNZFINTSNERRMEFIIEHREE
PIXTIESC BN &R (mut-Call Ko Cat) pA] 55 458 T8 25 F B N AR SO e, O EARFTR 024N & IR AR TR 254440

kinase 1, Chk1) LXK %% 55 K720 Bt 15 5 40 10 983 s
FER R W YR Y (cellular myelocytomatosis viral
oncogene homolog, c-Myc) “FAE M R4:, i
HFRBEGAARFITHRNERF AN ZAREN, 456
L2 FLIR IR By ST INT R /A e LA K P
TR E AT g . B, A PRAZECOR N T
TR N TCIA CBEE I (—FPBIFAE AR /Y
c-Mye FasE Ve AT ST, LASE A A 614 1 (8] 73 B
R HAE W (7,741 min) . ZHEARTEHR ZEFLES
Y PR JS AU 10 min BV AT 58 802 8, BEAS S XS
W Z7L Sl 240 L PN L P S R o L DR L T 5
s g o (AR TR, HATIZ RS Y 2 4 DX ek
AT JRIBR T3 X K T X B
3.3 ERR-EZEBRBEEREN
YRy Z BIAHEAER], WPPL, fE40H
WIRFEAR R T F0, HAGI e Ao Bby . B
2y SR R N TS B B A L EANME Y, E
ARG 3 1T 5 V30 A A ME LRSI 5k /5385 A VR
WA PR A S H AR AR R . X B R R,
Stagljar 55 2 Hil 1A F 20 RN IR S AR BT
# $ R (split-intein-mediated protein ligation,
SIMPL) il I /55 PPL A B 7k o 7EZAR R,
43549 R N Ui A1 C 25 3800038 0 FLAG 5
V5 bRl TAE M E A (Bait) Y HEH
(Prey), JE Bait-V5-Int" 5 Prey-FLAG-Int® fif &5 5
Flo SHUSHE A MY E A A TR, 32
PR IR AR RS B AR A LA GBI I b e B B v, i
FLAG 55 V5 pp2 3L i 4%, Bl vl ad i 4 H o B
3% (Western blot, WB) . i Bk e 2 W B 43 Hr
(enzyme-linked immunosorbent assay, ELISA) %
TSRS (B7). BHIZEAR, Stagljar

SF1EHEK293 . HeLa SF4ME 5 sl 1 xR pe /K
+ % {K (epidermal growth factor receptor,
EGFR) /SHC #2111 (Src homology 2 domain-
containing transforming protein 1, SHC1) . Kirsten
KO AR M RE L W R Y (Kirsten rat
arcomaviral oncogene homolog, KRAS) /Pt it Ji2
PELF 4 A9 1 (rapidly accelerated fibrosarcoma 1,
RAF1) 2525 B EUR (5 555 T i 2 S A
HAEIRIN, I B REHH R 5 S Z AR B
SSRIAHEAERT, DL R ZOR AR SR A1 2574 25 55
TN BEU AT 2 e 25 22 A AR AR i i PPL. ), 2
T SIMPL 57 £ ELISA Y- 15 AT S B PPI A ey
e, AMYBEHATE BT, T ELRERI EGFR
W& G PR I ] 7] (tyrosine kinase inhibitor, TKI)
AG1478, BHIffUk I 2 1 (B-cell lymphoma 2,
BCL2) /BCL-2 ]l % X #£ H (BCL-2-associated X
protein, BAX) % PPl 51 4k 4% va H 6 AH HAE H
PSR, eGPt st TITER 7 T A
3.4 E¥EEE

Vo FR BRI TR G A S AT
RO TR, B hl 4 N ey 43
[ % 7 i A I R AR RN . A3
B N S M S G 3 A 1S U L 2 v K I W)
EEY T TR & . FERRE AT A
G5 05), 432N & IR BOre 240 it o8 =08 46 6 01l
REBTHE N, DTS 240 L PN A AR 2 B vy (A
FERWE) . UL “AND” 1R 6], Sk
R (dn: T7 RNARGE) SN A3
W& R B, ARG S R AAER, &
A S Y HE T H A 1 52 4 1 T7 RNA KA, i
M T7 A 3 5B . “NAND” #4514
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PPI bttt
wiEn,  “GiER e S o
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IntN Int® E
0 T
e ® ﬁfﬂo ‘?D
FEFITK: G 28 TR PR S 565

Fig.7 Principle of intein application in detecting protein—protein interactions
B7 SERNSUEAFRUNESR-E8REEERANEREE
WA SR A A LA 5 5 N A RO AR SR B S a5, #VS SFLAGHR AR , Bl A3 ik 2K 1 5T B30 v LA K% G0 e 752 152 B )

SERMARZEAR S, Int™ . Int®73 50k 2328 A 35 IR A NS 5 oS F

H5ZHEM, wifES SMAGSZROCRMR, @
b RF E A oo F . W CRISPR 45 & #8511 9
(CRISPR-associated protein 9, Cas9) &5 5 i
Y SER G AR T, RSN T
2 Z% ) “IF/AND” “NIMPLY/NOT” % ¥ %&
HLE%

P, Muir %5 B TR R S0
FOE L B R AR RN 51 & Y BT 4 Y 9K 3h
(splicing-modulated actuation upon recognition of
targets, SMART) R4S., & 75 845 40 il 2 i
TR SR HE R AR AT sl o BE TSR RN
R BCS HBON B Berh iU AR A A I (RIE
A3 248 5 i) mT DL R B a)AE AR P G BF
5T, DB RN S IO A O T2 R T4
5 PN IR N i 1 C i ] 55 38 ) A [+ 400 L T
IR R K R 2T R A 1 B b B . HAA Y
PUIB S S AR e E P E ALy, XA 8
7 REEA SRR, b N RS R EA 5
PEDIRER 0T, B SC PR A5 5 2 gt
WAL (KI8). STk —FH, Muir &M T
ZFZHIT, W “AND” “NOT” 1 “OR”, Jf-J&
NI i 1B Vi e % S N VI R T T Tl ) B
“AND” "IN R, B X R B ZE 4i f ZR T Rk
KE R HERKFEF 22 (human epidermal growth
factor receptor 2, HER2) #1EGFR f*) HER2*/EGFR*
KPR 20, Muir S2F445T HER2 1) BT 4 Fr
Bt (HER2-DARPin) 54T EGFR fY H BT 14 J B
(EGFR-DARPin) 7355 281073 2 A 35 IR A B At il
B, ACHX B E S N 5 BRBT A el

5o HAAIE PE D HE & H SpyCatcher003 fE I8 5 5
PEgE A A EARIC ) SpyTag003, Ji7E Y258 5
LS SHE R MEMENAEYRER BRER,
MBI N AT e B0 T, SEBN e 40 A
HEREPER .
3.5 MERFEESEHAEXYHIRER
351 Mt

IS FH 53 3408 B B AR A T2 1 BB A AR HUA S
TRERE, NHIRZEAR 5 G RE AT
B A5, TERTHERRIC RN 1 D RERIFY J 1f 3
THEXE . I, MuirdE©Y W Cla /20 &
RS T X Gt 5 1) JOIRAB HERB i . 4 BRI C
i 5 Ca“ Rl G, BEJE @ H R A4 A S
CRa“HIFZE MK (iridium, Ir) SEHEALF ST IOG A
ABIE R IC . FEWOEIOR T, Tefi bR 3m o i o 1y
YRR 5 #%  (Dexter excitation transfer) 7% 5 &
AR AR, BEJE R E=Re e A SR A
ek SE bR IO A AR 1 T P A A R A R
Wu e (K19), MIiE LT ICIR M &0 T 58 ik
NREE A% B VOB BRS IR ST, SEBL RS B nY 2R
H AR AR 3 . I EORBEE RN T 5 Y a5
FHOCH B H B AH AR 430, . sl E N
H3.1 5 H B2 7MW EREZEENAA
(centromere protein A, CENP-A) AYFH EAE 4 2=
S, P/RRIEAHOCH A 1 R A8 B H2A EQ2K X e (4,
i H AR . FRMAE M S et 5 n] Sk shifE R
SEIRXT JQ-1 55 /N3 W a5t A% 000 it 790 F18) 80 i, i
HEVER 0S5
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Fig. 8 Schematic of Boolean logic operations on the surface of live cells
E8 FERMAMKREHITHREFIZERER
FETANDI TR R GE, o BN AL 5324 5 KR B i 4 240 1) 4R 35 DA [P S A OISR |, A iX 8 B An i 3R in

ST (S I A 2 fih 22 A DR ) B e S, ST A Bk

IntN

®

Int®

EE———
E=VIUIES

.
**

e

/8\. 5
F.C T TR R
Ir

Fig. 9 Split intein—based photo—proximity labeling strategy
B9 ETHRNSIAISEMIEIRIC R
STy BN E TR AR ARG IR G . o 43 249 & RN BE (Int™) 5 BARER EARE , Wint® 54k (In) DG bR, @it
Z4NE IR S A BRI G S AR . AEBDCIURTR SO0 AR 20 i PR T RRMUR % 52 (Dexter excitation
transfer) HLHIEOEEARSE, HIHRLSFRIPEMRE, BEIRICHHT R AR,

BR TASHERRIC, 034N & IIREOR B 20 1 T
PSS B I R FUSTRE S o RSUESS R 1 B 1 SR
i S T s A A . A EAE RS . AERIAL
il S Bl A ) B2 A () R g b 5, DA SG2 T
H 567 It g 5oEh oo, filan, ARE
HITHIT R T BRIV HEL 2 RSz R BT
HE R EARET, HESh T2 Rz A OGS,
P . FEARTR S SEMESE N, SR, T AN AR
i 20 SRR BN B IS G A )y 1 LA A
T E A S ¥ B PR 5 18 1 (post-translation
modification, PTM) & LS " B2

IR R BT AR, AT Ak S AR 1 i s 2 1
JRESFIZ [ e B 2, BRRS IR S A5 R
A5 PTM B 1 T, 5170 R A Ar A e A I8 43
FHORIPLHI R A

FE M2 8 H2A [ —Fh AR 4K, macro H2A 7E
DNA 51 15 I 25 1t 53 4 o) 2ok A vl ke 4 O A
FH Dot BIRZER  E A N AL R (A A s S T
V1Y macro G5 A3, I M) 22 57 T 30tk 2E A
Mo MU, MuirE U R R 43248 % BK VidaL & 57
T macro H2A-#Z/IMERS & RO, 196, WEET
macro H2A 1.1 /% N Sl 21 2 1 25 443k 5 0 VidaLL-
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N A Bt (macro H2A1.1,,,-Vid") LA K C ¥ 0] i
macro Z5F3 5K VidaL-C (Vid“-macro H2A1.1,,5,,)
R BOERER ARG R B, w5 EFAE R H2B AT
B i macro H2A1.1,,,,-Vid“-H2B — R IK)5, i
AT N5 e, A2 58 B Y macro
H2A1.1-H2B 5K, BEf5, ¥ macro H2A1.1-H2B
TR H3-H4 DU . Widom 601 DNA 4 %%,
A R AIRZERI B macro H2AL.1 /M (810), 14

Vid©

EARE

:H2B {  :H2Am

. : macro-1.1

ANSEES R, macro H2A1.1 BEB R AR —BE R A%
W A& B 1 (poly ADP-ribose polymerase 1,
PARP1) =&, HIEWHEA LWL T 1
(histone parylation factor 1, HPF1) &5, /7T
macro H2A 1.1 75 DNA 53473 W 25 A5G 4 2R JiR T — i
R ¥ HE (poly-ADP ribose, PAR) &b ] G EA
FEIRAE IR

601DNA

.:H3 :H4

Fig. 10 Strategy for in vitro recombination of macro H2A1.1 nucleosome mediated by VidaL
E10 VidaL/M S&5bEHmacro H2A L 14Z/ME R B
A BN KA 0 2R 1T R =4 S A iimacroH2A 1. 1-H2B 2R 1A, BfiJ5 5 H3 ., HALL K601 DNAZI%E ifimacro H2A 1 1A% /M, Horp

Vid~, Vid o3l VidaL 7324 P 1 IR Nt 5 Com 2t A8 3

TS B VR A 20 B B 2R A B A T oy, L4
I PTM X ZH B D e 4R A R B B REE .
i TR R P 0 e A A e Ak 2 O YA AR A R R
PTM H ()5 BR "7, Fierz 5 Aumeier & 1% #4543
TR PN B BT 1 FR IR SR, AR T R or
MR Z R F R MRS R . AT ety
T CiiEEl (C-terminal tail, CTT) #% B BEFE TR
K #5245 (tandem transamidation peptide tag, TTP-
tag) BT o f04E 2R 1 N S BRORIB 73 (BR 3 1~
439), #d TR0 43 % &S (engineered sortase
A, eSrt2A) ¥ Cfa iy N (Cfa") 5 N ¥ BOIR
S T PEEE, BEJE 1R Bl Cfa i s 8y 32 S okt 2
G LA 2 SR A A R B 1 S 2R 11 C g 2 R
(5%%£440~451) 5 NIl b7, #mfsac
A RIE PTM S B A T (K11), JRRE)S
TR R A 2B AT K Es d A pls, &
MRS A AR G o L R R LR T, BB
TR S e 2 i 2 R T RO
352 MEKHEEAEZGY

FRIRBOGHR S B ME A, T T2

PN BRI 2 1 5 S BT AR Bl e A2 5
NTBAHEARE Y, FHTEBOCHAE i
RO VAL R 61 N IR U = N2 2 = N
Ik el b Al AR T BB AR A 4 4 B
R A YIREM, BIANE 2R AT 1z R bk
BK T 16 (ubiquitin-specific peptidase 16, USP16)
W5 H2AK119Ub 4% /) A JF 52 B 2 12 R AL #9 AL
il e, ARSEXE T A (AR 55 /BRI AR B Y
HEY, BT MELL RS & B 145 18 o B AE
iho ML, A RIBE T & T MRS, LAY
S4B R B 1 B S A S B A A P A
Wrr e s iR, Jor LG gt T AT AT o .
218 1 H2B 1972 AL TE PR JE R A SR s . =By
Y 5T 25 44 LA K DNA 3545 1 257 55 4 i 3t e 07 1T &
FEOCHEAER] 1) TEBEBHA N 17 51202 R AL 2
iz RAEMIEE iz R IR (E3) Brel 5iZ R4S
i (E2) Rado, AN E3 WG4 45 4 H 20
(ring finger protein 20, RNF20) /JC 45 8 &5 H 40
(ring finger protein 40, RNF40) 5 E2 i hRAD6A .
SR, ZL ARV S A 25 W B ks L i B 50
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Fig. 11 Tandem transamidation strategy to produce semi—synthetic tubulin
E11 SREEBRRRATHEIrAEREERA
rfr e 2 R SR HEFS BRI RN AR B TTP-tag, &A1 TR /L ieSr2 AN TS, R ZEMICLAY T A N & RN 25 Fa 3k
WS (Int™), BEJG HeSr2AM S HSHAMY (Int™?) M#e, IF5CMEiE (Int®) @l & 1 BT ST | A AT SR 1 CoA S

EE (aEl),

SHERE, FEOURAZMELI R, TR
REAR T EARHLE] 0 B RS . R DLZME S, Liu
G R JRT RET R N E K GP4L-1 k2= A Rk
R, MR Tz 2Nz BB R Bk Mg
(H2B) fhockrpim i, 7eizskms, MflfmaE T
2 IntV 1 Brel 5 % Int® 49 Rad6-ub & 1ffi % /IMAS A% O
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Abstract Inteins are unique protein insertion sequences capable of self-excision, enabling the covalent ligation
of flanking extein peptides via amide bond formation. This process proceeds spontaneously without requiring
external enzymes, cofactors, or chemical reagents, granting inteins exceptional biocompatibility and traceless
performance in protein engineering applications. Split inteins represent a specialized and versatile subclass whose
splicing domains are encoded by two separate gene fragments rather than a single continuous open reading frame.
These fragments, known as the N-terminal (IntN) and C-terminal (IntC) split inteins, associate through non-
covalent interactions including hydrophobic forces, hydrogen bonds, and van der Waals forces to assemble into an
active three-dimensional structure, which then drives efficient extein ligation and enables protein trans-splicing.
Protein trans-splicing mediated by split inteins has become a cornerstone for traceless protein ligation owing to its
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high specificity and irreversibility, fundamentally reshaping strategies for protein modification, assembly, and
functional regulation. Compared with traditional chemical ligation methods, split intein systems require no
complex chemical derivatization of peptide fragments and can operate efficiently at micromolar concentrations
under physiological conditions, thus avoiding structural and functional damage caused by organic reagents. In
contrast to enzymatic ligation tools such as sortase, split inteins eliminate the need for additional enzymes or
cofactors, simplifying reaction systems, reducing costs, and minimizing non-specific side products. These
distinctive advantages render split inteins highly promising for applications in chemical biology, synthetic
biology, and biopharmaceutical development. In recent years, deepened mechanistic understanding has
established structure-guided rational design as the primary approach to overcoming key limitations of split inteins,
including intrinsic aggregation propensity, strict extein sequence dependence, and limited splicing efficiency.
Bioinformatic tools have been used to identify aggregation-prone regions in the IntN fragment, and site-directed
mutagenesis of hydrophobic residues, relocation of split sites, or removal of misfolding-prone sequences has
substantially reduced in vitro aggregation and improved soluble expression and assembly activity. Rational
engineering of catalytic residues and adjacent flexible loops has relaxed strict amino acid preferences at extein
junctions, enhancing sequence tolerance and reducing the risk of functional impairment in target proteins.
Consensus design based on multiple sequence alignments has yielded ultra-fast splicing variants such as Cfa
DnaE and Cat-TerL, which exhibit significantly accelerated kinetics and improved tolerance to denaturing
conditions. Meanwhile, advances in structural biology have further clarified the conformational dynamics and
catalytic mechanisms of splicing, supporting the precise design of high-performance intein modules. On this
basis, electrostatic interaction tuning and metagenomic screening have yielded multiple mutually orthogonal split
intein pairs, enabling selective multi-fragment protein ligation and providing new routes for the efficient synthesis
of large multi-domain functional proteins. With these engineered split inteins offering continuously improved
performance and expanded applicability, protein trans-splicing has been widely applied in numerous cutting-edge
areas of protein research and biomedicine. In gene delivery, split intein-based systems overcome the packaging
limit of adeno-associated viral vectors, enabling the accurate reconstitution of large therapeutic proteins and base
editors in target cells, thereby enhancing the efficacy and scope of gene therapy for genetic diseases. In internal
protein sequence editing, split inteins mediate precise sequence replacement and modification in flexible regions
or loops of target proteins, without the need for complex multi-step ligation and protein refolding involved in
traditional protein semisynthesis. In protein-protein interaction studies, intein-mediated splicing covalently
captures transient and weak intracellular complexes, enabling sensitive, high-throughput interaction detection and
drug screening. In synthetic biology, conditionally controllable splicing systems support the construction of
diverse intracellular and cell-surface biological logic gates for the precise regulation of cellular behavior. In
mechanistic biochemical research, split inteins enable photocatalytic proximity labeling and site-specific tagging,
allowing the preparation of homogeneous protein samples carrying precise post-translational modifications such
as ubiquitination and polyglutamylation for chromatin interactome analysis and epigenetic studies. Moreover,
covalent trapping strategies using split inteins stabilize transient enzymatic intermediates, providing
unprecedented insights into molecular mechanisms such as nucleosome ubiquitination that are difficult to
elucidate using conventional methods. This review systematically summarizes key technological advances in split
inteins over the past decade, highlighting engineering strategies, mechanistic insights, and the development of
orthogonal components. It comprehensively surveys emerging applications at the frontiers of protein research,
analyzes current core challenges, and proposes future directions, particularly emphasizing artificial intelligence-
driven de novo design and novel splicing pathways to break existing technical bottlenecks. By enabling traceless,
efficient, and versatile protein manipulation, split inteins continue to serve as indispensable tools that drive
innovation in protein engineering and fundamental life science research.
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