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CEREIG AN, PRI P A 5 A DL 34 4 s Tk
e, FEOHEYIM A XE LT TR A A BAE
Mo JEk, W5 AR BUTTIF L —Fh BT 4 i
AR, R RS A B R TE TS
AR H AR B AT IR AR, TRl O B o
RAMMREZER . AR AV NS EK R ZHR
FIAZ T TR S — AP A AT el AR IC e, Tl
REGS R LM AR ICABIE R oL, AR IC IR &
EER Y, BT —FK, PIfMELiRIC i —
R W) R L (promiscuous biotin ligases) 1
BR 1 AL W (horseradish peroxidase, HRP)
PR Ik . IR EY) R G TAEF. md s
IS ) R A AR R R E A, AT AR
RN SR AR SO, A PP TE P i E s
Ry EA, RS AR IR A A Y, Sk
M REARIC SN I FRCR AR (24 ) Y, HHR
A T A= ) 2R - R T IR R TP R AR, (H o Rl A
EWERK (B, REdRCERE R, Rk
B2E . HRP By TAE BB A 2 w4 Ak i B br
CM R, HXRERIC = P E AR, H HRP
FER L 30 9 40 i o e R i e = 1 pE U0 X B AR
e AR N ] AR A RS FR R, BETTAIFTE A Gt
TEMCEERY EANWI R, RV D IR A . SE0RRL
RieE, FIRTESEE S R L. SR
fiX, WERBVFZHREEMRERMCE AR, LB
PIEARCE AR SE AWK, FARACEA
P B, AR AR bRiC R R T
AT AN 28 R o F I AR EAE A, $Emaaeak
R, IR A TR, R BEREORELE . B
RIS LR RE A

ARG T VR RIFE SR A Rl
HORMWERERIC G A, 0 T 2 R R E =T
AT o L, D 4 T e RS S A
REhmcE R MAHTERUR RIERE, Ao A EAE
FHAPRE AERF IR 42 (LR A

1 DAY R EEE A BB A

1.1 BirA-APX BiolD

2008 4B 5 N G4 A I 53 A L R B g B N
BEAR, R TRIEAEYRmCHE AR, HFEH
(1) ¥ —FfEampyE i (HirEE )
S5RGBT WY RiEHB (E. coli enzyme biotin
ligase, BirA) Fli{3Rik, [RS8 & A By
BirA 1y “SZ{KHK (acceptor peptide, AP) 7 JEW),

1 H AR AR 15T 5 4R 8 1 Bt 8] & AR A EAE T
BirA FE AL AP 7 s AT AE ) S A . GE
o 1 5 240 A ) B AT R 2R Y (8 B B R ) B
SN ZR BRI AG I A= W) SR ALY AP, X SELRITAEY)
R EA T PSR E R RIS, &
it SDS W & Wk M B oA Uk
dodecylsulfate-polyacrylamide gel electrophoresis,
SDS-PAGE) Tl 4b # , 7 #F 47 J& #% (mass
spectrometry, MS) 8T, FIFHEE EH R TG
e A E B Sy . BIF9E N BN BirA 7 45 O
ARG B4 (radial glial cells, RGCs) H b ilLEREE
F1, 38 RIS AR 1 T 7E A1 M /KPR A7 K D) R
FE WG H AT [B] 422 52 00 K 2 b IR 20T B 5
HEAT, SRR HAE R 2 2 B hrgfER], X2
I AP BARICEAR T W TAHT TG A/ N B S 4
MIS5H 5 )2 R B Z RIROER 2

BirA (1) [ REAE T %k Pl v e 4 B A e B
Sk, M BIrA (B O ALEIUE, HA 4
Fe— MR PR EY R ATP 45
WA R E-5B-AMP, X FhG LAY R A TR
BirA {EVERL SN 55 DAL AR S AP
Ff S VR R AR AL N o R R AR — AR
0T 5 BbRE A AT A AR AT, XA
AL A FmEERT BPLE, BERE A R
55 . BRI SO BRI, SCRT I i o 0 R
VRS A AR R e A By T4 1 E
XA, BirA A SRHGXFG L AE R |
Jir LA R RN S AP IR BT, ANRES Iz kAT
id, HEXMHEARTFEGIAPWA RS E A, HR
MERERL R

R T R — I, 2012 4F Roux 45 1) peitk 1
iy, fofFH BirA*———Fi i BETR 2% (00 K AT 74 BirA
AR EAEER, BrA ] LIS “EH &
S = SNTTE Sk oratioR & )i i iva=wa oplin ik e |
[ # BirA* A= W) R AL o 3 g X A ) 2R k-5 -
AMP BRI R EATT, S HAE 45 rhoB i,
AL HEARAP LS, KK H A4 4 BiolD
(B, Htrpid b a/hF10nm. ZJ5, AR
MOAHA T, TR T M NIR A AE Y R &
$EM§ BiolD2, FIELIM T, BiolD2 bric ik £
L R R NI, FRic s TR
. BiolD2 A4 14K FI BT I R, JF AL
REAS I M AR A I B e AR A T F R

ST .

(sodium
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BirA-AP H g FRAEC A0 PPIs, HIXFibxs
O BRI AY, 1 BiolD W AT 4R S bR i
R BT, HICR R E = SR 75 (R
AP), [Hfi BiolD #1452 T BirA AR KA, (HIX I
HARWAFAE— 2L R, HARICH IR, T F
S218~24h CHAREZETRKEE) MAEYMEBEA
Rer A RS AE Y R AL, O RBAR G Al P2 4%

(a) BirA

SRR B RN A PPIs i B, T RE S AR R AR I
FAHEAEHME AR, SRR AR ISR
I AT IR 52 S i A2 19 PPIs, b4k, BiolD 7E
37°CLA T BIBCREAR, WHEEE BBk . 1A,
R A AL 15 P (5 BiolD 4 AR M LA T FE 2L 2R 5T
5] Gn il L R B8 R 1 o 2L 3 A B Y o o

RO

© LEm-5p-AMP

ATP+AEME
ATPHEWZ
(b) BioID © :1E-5p-AMP
ATP+E %
>
ﬂj&ﬁ B “18h ATP+EMIE

Fig.1 Protein proximity labeling techniques derived from biotin ligase BirA
E1 ETFEYREEBBIrAFZNEQRMEIRSEA
BirA (a) MiiBioID (b) WIVEMIEHE, AP. “Z{KJik (acceptor peptide); ATP. =@l H (adenosine triphosphate).

1.2 TurbolD

Hi T BiolD £¢ R 2l 1 2= 2218, Jo il #2 Bk if
PPIs, 5 2 BiolD £ A A i | T % i) 72 PPIs ff
g% "o SN T 284G FIH BiolD 9 ] B IJC FE I N TR
Ak e I8 il 12 1 L 9 B (engineered ascorbate
peroxidase, APEX) 2 MmifEfbacRI0H, A
AT T BirtA W ikl LU AR IR AR Ik
1] PCR XJ BirA-R118S AT, A 729104
RAKIE, AT TR 294 2412
FERBRAS . HZ 20184F, BFR AN GIA B & i
P = 2L 1Y) BiolD i 4% %8 ZE K : TurboID FI
miniTurbo. FIJ T E: R /R B AR S5 G 96 H0E 41 Ml
43 i% AL (fluorescence-activated cell sorter, FACS)

e, JoE B S AR, &i29%
Wk , R A 2R AR ) 7 11 DA 18 h 4 ik
%10 min, BB ST A, BT T X
PR 28R . AT 7 A2 7 BirA, 43 i
435 ku i) TurboID %4 15 4N2848 5 AT i N
28 ku [ miniTurbo, AHE THF2ERYBirA, % N i
SEMIEL S A 1345878 1),

55 Al 208 30T A W 3 R A G I B AR A
TurboID 1 miniTurbo E. A 5 P i) b 10 81 7 27 Fl
o AR L = o UYL TR A 3R R AR e e ) &
10 min 55/, BBAE LT = (B B) 2 BER 00 2 1
AN A A Yyt #E . TurbolD 4k (1954 2 Lt BiolD %,
BiolD2 =44, BiolD. BiolD2 Flki & 2 f AT A U5
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(16 A% P A ) 3 3% He W (Bacillus subtilis-derived
promiscuous biotin ligase, BASU) f#fbf5, W=
FRICAE 1 h N JCIE AT I, 3702 JL 40 A B 2= A
6 hjG A RFNAEY R EE ., M ILZ T, TurbolD
F1 miniTurbo Z&:1: 10 min [ AE ) FARic B ] 78 24K
UL RS A R BT
TurbolD 43 A K& T WERE 4 WA 8 428 1) 2 1] F AL AR 1
AR A AR A W 2R i R B = s Ak
WAPE, HAE N BT M s R E T
BioID "' MAEALPERERF, miniTurbo AL T
PE{L A TurboID 1 50%~67% (1.5~2f%2:5%), HH
XA 2R BAK, 5B miniTurbo 7E 6= 15
W EEAMEA Y 2R I IO A R TR IE . FEAR S A
A ZE BT, miniTurbo ARid K- FRAK, JLF- TG
ShMid. MESNEAEMREMAS, fmic b RIZ15E
oy, DOPPRS TR AT A, AR TS
AT Y MEONE , TurbolD 1] | F AL L4
WOZEHUFNAE IR A IR EAE Y R, TR SN
AR USRI AT R AR BTSSP AT Hr Lk
Fric . BRILZAb, TurboID I miniTurbo ZE8% T
48 T X TR A AR, FEAR T 37°CRY MR
TABBEORRREATE M, 18 TGN W BEREA
T W) 55 22 Fh A2 AR W IR R AT SRR AR ) R A
10 %) A I, TurboID F miniTurbo 28 28 & H A5
Pl bR sh bR, fULECH AN PPIs
ST B BEAR T Ll

{2 TurbolD fF7E—xE M Jm FRPE . 7F HE st il
T, TurbolID 47 i P Al s A ) 2 SR R 235 i 4
R FEME M, 4N, TurbolD i A7 AE T S Mg 1 Fr A7
HAlih, HA MRS B AV R R
B, MR BAEBA AN AR ARG O T SR A A
N AEERTRE N #hRAEY RS 15S TurbolD
ik, 304 TurbolD iU IR T Hi e A 48 B
B, PRt RIGE . AL, TR SRR
MR, TurboID bric i Al L 24 h (I 477 1
10 min <) B, 2> BN TR F R Y ad A
WE, R A ERE Y, X — IS
N, T RIS B A Y R A A2 BRI
K G PERAR A ABIE A R RidH R (40 BiolD 1§,
AirlD) Al HEFE AL 5 2, TurbolD B il % 14 /5
T BiolD, HARICAHREERF, {7 10 min RIA]
IKF L BiolD ARic 18 h R ARIC AR . S %5
TR LRSI &, (HAFSE A DOUREE B HALL - ]
FEAREE L 35 nm, X AT GBS RS IR PR ICAAH BLAE Y

FEAF. M8 AL, TurbolD 75 E ik AL &R
N EA MM, 0 HEK293T 4 g rf 3% ik
TurboID F£4M7¢ 50 pmol/L A #) &, 44K JL-F-
SEAREANE] 2

BEE T BARBR A, WF5E A S TurbolD i
Y2 dut, mATZHNEAN, 2017 4,
WX NG F & T Split-TurboID ', Split-TurbolID J&
—/NE 0 T EE, P RATERRE AT S A
B, WD A R T 53 F L Turbo-N Al
Turbo-C WS E BRI B Be, FEdifirhbikik, A
JE it 2 . PPLs S L a2 i £ e F BT 2 2 1
T TurbolD, M I $ 5 T 5 1A oA A A 4 S 1
MZIRerE, T 408 b e = 8] 0y 8 H BE
£ 14 (F2) . Split-TurbolID fY 1% 1 18 1€ 755 - Split-
BiolDs, # 2 4K BiolD HiE K 22, #F5¢ A B
FF& T Split-TurboID MY E AT (fKH8i T PPIs (1Y 5
F) A A COHT PPIs RO EAY ) ISR
A, AT— KA Split-TurbolD # AT ATELE M) K &
ANT 1 h YRS B TARIE . BT, B Split-
TurboID £ 53 A 5t [ 4 s A4 2 fi 857 7y 2 11 o 2
A 2021 4F, XITK T 5 — MR ProtA-
Turbo (2), ProtA-Turbo /Z&fl& & A KA
V)2 L TurbolD JE 1% 14 E5 2H i ProtA-Turbo, N/
FZB I 2 7 — R B &R 2R W 2= A vk 2
TEA0 L EMBTR S B A 455 )5, ProtA-
Turbo il it 25 1 A Bt YUK E RS G, Rk LBR
REEE NG, 383 IS IS P 2 0 =R I
(adenosine triphosphate, ATP), i [fifiT it &5 1 i 9%
EMFEN, RANHEHEBY HEEEDRIE
F, JF i WO 3 A G B R AT MS 2 B 1
ProtA-Turbo 2P A= ¥ E bric B AR B DAL # A F
AIAE 72 h N 58 BUT AT EOGER E H BT (H bR H
J57) BYSRITEE HT AR, WA RCR

ProtA-Turbo RJ 7E J5i A 40 ity o 2F 47 30 I 28 2
A EASRE, FORNTGEX A T g . %
S PUE M FE AL R, ProtA-Turbo £ A 5 I
AT TAR AR, FFRTRAT R R AEY R
9, TR E A BE RN AR BRI 2 . 7
AR AR GERF RN A A TR R AL Y A5G
BRSO R TR, T i T s
161 AH DG 2 1 0T 40 19 25 8] 240 SURRAE Y ProtA-
Turbo B AR 8122 BRI A, 20k HRP
5, APEX2-ProteinA il /5 85 1 2 256 BUREAS BRI

IEAEK, TurbolD 7E 51> 7 THIAS H T T2 B
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TurboID

ATP+EHR
Split TurboID
Turbo-N
ATP+AE
l - <lh

Turbo-C

ProtA-Turbo

4 fiffProtA-Turbo

——
ATP+EMI R

Fig. 2 The mechanisms of TurbolD, Split—-TurbolD, and ProtA—-Turbo
B2 TurboID. Split-TurboIDF1ProtA-Turbol{E A RIE
RNA: iR (ribonucleic acid); ATP: —#§f2iR (adenosine triphosphate) .

Mo TEFEY R R d, TurbolD 7E ZE &1 T &
B R RS R ICERE . HARIORCRE AR A I
FALG Y M (ABiolD %5) . TurboID 7EAH
YU, TEARFRE AN . AR
MBS A YA T BRI = alhni], T 32 28
SR A (RARE IR , AUH H AW 2R A
HIEIRST 705 % 4 S V1 N TR <20 X 5w SR 7/
Git, TurbolD $7 A ML I T H 2 52 /A N 2
Toll- A 3= -1 ZAR- RS &\ e AR E R
J¥ %] (Toll-interleukin-1-receptor-nucleotide-binding
leucine-rich repeat, TIR-NLR) AHH /F & 11 ) fi
Bro KM TurboID ABIEAE M ZRbRiCHA, 45655
PRicE fe R A 2E (A B 3BT 335 in 28/ 4 [ o7
2 bR 25 M XS A 4 X i B R (tandem mass tag/
isobaric tag for relative and absolute quantitation,

TMTATRAQ) ) FIMS ¥, RELEEH 2N
B JE 2 AR N R A7 76 0 76 A0 B4R i 4 3 AR
7,
1.3 AirID

AirID 2 —Ff i 4R 3 A ) 28 46 73 At PPLs 58T
KU . BT BiolD Fl TurboID /E K T BAFfE —Lb )5
BRI, N T e s, Kidods ™ JF & T —Fh
B A1 T A ) 2R % el ——AIrID . i A A
it T A A R e R ) 3 R A Bl S22 oA, I A
AL T 5 FESE BirA IR IR . S5 BT R E AR
ROBAR AR A —Fh B A & A0bR iE B AirID.
AirlD TER S0 L N B 25 4R A= W R ALRVE T,
JL4E BiolD 1 AirlD 22 [8] 4 5 51 AH AL 4 82%, {5
& AirlD XAH B AR & H B A S AR R s
P, PR HAE RSN FI 40 I = AR PPTs 2
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B e SE A AR LI B YR AL R, 5 TurboID AH
I, AirID $ER HbRiC AR AR SR SRR T Y n] BEAE
WARMK ., 7E5 TurboID AH[H AL 2 AF T, AirID
A ¥ GFP FIGUE S B R AL . sl R R
FERLPLTE LY (streptavidin pull-down experiment)
FE AH 0 3% - AR G BT 3% (liquid chromatography-
tandem mass spectrometry, LC-TMS) 3 #7 & ¥t ,
TEBRS AT E R AT, AirID flA 25 F REAS 1
WX &R AR R L T AR R bRl . 7RIk
J# ATP (1 umol/L) T, AirlD Lt TurboID ¥ %5 5 £
AR -5-AMP, H: & AirID 5 ] TR
A= (B3) . B LC-TMS XA ¥ = 4k 7
ST R, AirID A= W 3 AL G4BT Bt 2 R ik
BEBAT R P A i 20 BRI, AirID FORH T
BAMAR AR, R RS MO PPLs, Bk =
AR B TR, SE 4 A FRAE Y R AL
2, fd AirlD FR S PP AE W) 28 AL i
P, [FRF, 5 BiolD Ml TurboID A[H], AirlD HAT g
AR RTEE, RO K AR Y A w5 A 2
BT H . BEIR AirlD AH LE TurbolD F5 ic 2 B2 #1
{H AirID EM#7E 0.5~50 umol/L A=) E Wk FE T Fric
3~24 h, PRICEIRIIERRE, AR EE
FIUBTHGE BEARIC ™ BIEEZERREL A SEAE M R A 5%
R, FasE ik AirID-IkBo @il 8 R 25
W AARMAE RS, RV ARID RS EHBA AR
Ay EEYE >, (F AirID & F T4 N 9 SBIELE Y R
S o X AR 5 R PR B U R AR A

AirID
”.% ATPHEH A3
>
AR 1 6h
splitAirID

AirN-#1H AirC-i#1H

» »

FEHFRA
’_% ATP+EW) 2

5%, BFFE N B XIF & T AirlD i 1 43 24 A
splitAirID, 7 splitAirID H* (& 3), AirlD fili i) N
uip B (AIN) 5 —PMFHE RS, Cunh B
(AIrC) 575 —@HHEHRG . SN AEE A
HAEHR, AN -5 AirC R IR E PR
B IEE T o R G R Y R SRR 4
P AIST 22 JIK R Be—— B A I 2 O 1
H R BeRIZEF AR, il ok abdEd ., JA
A AN Bod A AR E SRR, AR
EIRE, EAEY R SRR R KR
WCARE R, XA RERE R A R
RACHS, (CSFHE N RALE A BB &= % 2
TV, DT REPEASIN 5 [R) P55 98 — R X5
THAHEAE I T 27

TR, AirlD H AR AE AR B+
PR TEMUEADCHE A BThRIC i, W AE i
SR TR R B A 2 T AT B B R A7 A
(olfactory receptors, ORs), H:IJfEMEFR AR ZEL
W # T % Kk ¥ iz B 1 (receptor-transporting
proteins, RTPs) [U#iiBh. L AirlD &P =Y R br
ICHAR, IR IF S IE T RTP1S #1 ORs (4 AH 5.
ER 2 AirdD B R B FH T3R8 e A K IR+ &2 1k
(epidermal growth factor receptor, EGFR) 41 Jif
AN A -8 A B B AEH (extracellular protein-
protein interactions, exPPls) AIf#EMT. HF AirlD A9 C
i @l & % P EGFR [ Fab i Bt (Fab fragment
against EGFR, EGFR- FabID), SZET 762 Fl4il i

(]
7

(7]
ABIE A A

Fig.3 The mechanisms of AirID and splitAirID
E3 AirIDFsplitAirIDE{E F R I8
ATP: =@l (adenosine triphosphate) .
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FPRER AR IC EGFR JRAh X, 454 LC-MS/MS
5341 EGFR- FabID, %5t O 41 EGFR A B/E HH &
AR A A BEAER &, KHiE T EGFR 7E AL
IRARHHTUIR ST f) exPPIs (2% 220 [R]I, AirID 4%
AR TR A W) 2 AR PPIs 552, Kr AirID £
AR5 PR AR AR A, HE—4
/N TCA MR 1 B A 7 RS P2 i 19 7124 B4
NER R FUTRES1 (20 000 AR T
BRIGES ), <RI AW R %4 AirdD Fil 5 1 TPS3
TkBo 8 FA7E 1 536 FLAE AR L2353l % R A AH B AR
HEAMIT TAEWMRMA, ST AirlD f@l4 &
(TP53/IxBa) [IREFIAABITARIC
1.4 UltralD

UltralD & — Rl ARFL/IN HL 8 36 5 4130 A 9
U IS G STiRa Y/ SUE A iy e U AL il
B W)Y BirA J&— PP AR R A, BELASAH D A
EHAMIESEN, FRHARCS ¥4 2Z8 . mTK
JAAT B B BirA J&—Fh 112400 A W) R e 6, &
HA— Nt DNA 45 S 45, %45 7r 451
SR HS B RN, S Bl bk
SRR AR S A B1E I DNA sl L (i
HHEAMEF S A . TurbolD 7[5 15 FE 3 h IR N &AM K
VIR Z RS E i S hRiC ;. miniTurbo A9 BR
JEWIR @, HRetE2; AirlD BT S8 H
TurboID FEPE T /I, AFATS SR 5 45/ INB) 1 b 1 B
] BV AT B AR AR Y R AR i R
WIS N GUCRAAR R AT & T 45 Fifil, Hrp—A~
INROSE Y T AR B ——UltralD, 3 25 1 & 8505 K

BioID2 eeeseenes (R40G) ...... (Ciﬁ&éé‘ﬂ]iﬁ) UltralD

RN
ﬁ
ABATER

UlralD v (RAOGLATP o

#HE (E4),

WFFE N 5L 2B 12 A ) 25 3% H2 0 BiolD2 11 C ity
gERER, IRTEA YR 45 A S5 A LR R40G HRAR
Fdn—A~ S A (L41P), &l WA TR
IR, ®AAR) T P2 UltralD,  UltralD A9 T R2 %
THAT BEHE A — a7 5 A AE S0 1 1 3 T T2l A 408
ARG S, R, 0T ERT A
R A RS A0 A TREY LA A 1] 7= A 5
TEPERE . UltralD 5 H A (04 410305 A= 49 2% 7% 12 A L
HAWEZMMEHE: 10 min i UltralD F5ic i 6] 5 i
K1) Biol D FRic B T8 R 423 —5; UltralD 8 H,
5 TurboID FH{LL i il 2 127, {075 5 36 PR 8AIK
UltralD 2 F7E T 7L Sh A i35 354 . KA AT 5 A
PRI B v R4 TG 8bRid . 124 b1k, UltralD J&
] HFABE AR RARic i . A SN A R
LW, IR AT REAE B 1R) 43 9 2R T 0 95 A EAE
e 2

UltralD & & T i6 v T F A Wp2r 4l . i
78 N B3 JETF UltralD ()RR PR 1 T —Fp k6 7 %,
IR UNSE Y = Dol T TR TRE /R B e =B |
DNA gt % (DNA-encoded libraries, DELs) 1
Bofd, fHACEASE (GORVOEER) X2
I A R B8 P UltralD $EF5 64k, 76 DNA &5
¥ AT IS i E O R A AArR s . X R PR AT 2L
LR, LS T DNA S BCR A% 2
EAERCR, AN DELs 501 & BLE)— i ] 57
R T HL B2

ATP+EMER
—

Fig. 4 Mechanisms of UltralD

E4 UltralD1EFRIE
ATP: —HRf#1F (adenosine triphosphate) .

1.5 RNA-BiolID

RNA 4F i 4= ¥ & & (RNA proximity
biotinylation, RNA-BiolD) J&—Ff{A P g % i1 51
55 mRNA SE (7 TC B R B a4 . e ak

Wk I AH B AR 2R SR QR AR W R AR I BOR .
RNA- H AR BAE LYo b s A e, 7E
AR RS s R2 5% KR
FI AL RE A% 45 A RNA ', RNA-ZR (5 HH B AE H
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W& AT IR . AIRME S S AR R R
ik PR, AT AR A B RNA A R4 il
S [ % T HL

RNA 7E 40 355 v BT 52 22 1 454, X Fhdh
P T RS A 2 oEE . DIEMFIT RNA-EH
i AH B OVE R M9 5 ¥, W RNA-MaP I RNA-
compete, L 1S, HAETGHAIMH RNA-
A ELAE T ) 385 v Tk AT Y RS N B ik
BT RNAGSGEAMITEE, o FHREA
(i motor A1) FIFFHERE . BIEEIIHINF . RNA
Roe b E A SR H TR BT, RNASSS
EAPUNREMESE, M2 mRNABH . AT
WA 25 )53 mRNA A2 W& A, T
MS2 B AR RNA FRICHEE A, 76/ BRI £ 4
e pALshE FH (B-actin) mRNA [Y 3'3E HBHIF X
(untranslated region, UTR) 5| AZ~MS2 RNA {5
2, i MS24h5eE 1 (MS2 coat protein, MCP)
50 JE 1) BirA Al G 255, B BirA 1 38 gt Of
SR B LB F mRNA /Y 3'UTR, %57 T RNA-
BioIlD i A, %45 A AT 48 % 5 45 mRNA & 7 1
K4 I REHE (15 . RNA-BioID £ RJF 3 (& 5) .
TEAEME P M A Y 2, BirA ¥ LE W 554kl AMP-
EPRETEIE, IR S5 6 2R (B2
10~20 nm) [YffiERRSRIEE I, 5 MS2FRiCH BLE)
1 mRNA 3 (9 8 1 AR A T se s A= &= Ak
SfmAan), AR R T LGE s R alifl
o3 B A I A rh BRI Ok, SR AR TE MS £
ARFEATEE P WX RO, nl e S R
mRNA 45 & 8048 8 1T, 5 B8 78 mRNA 76
£ L A P R ML RN 2 ) 9 A

o T &g W R g It Ul E (co-
immunoprecipitation, Co-IP) J75, BiolD REfE N
S Z e BEAE A BT, XA REEH 748
EAY R RBE T &, Rl B
JTee 2l HE G TR A EAE A . TR
WFFE mRNA AR A=A B, BiolD A LAY BlyiH
Aok 5 AE M B & & B K (messenger
ribonucleoprotein, mRNP) #H 5 i) Fr A & 11 Jii 2H
4y, A4 T f# mRNA B JEEALE . HX
FFALA S, BiolD Al RESRiC BIRLE I A& H
IERVERMIIREEE SR E T, A A28 Ik
ZMEAERE LR . B2, RNA-BiolD 424t T —
FhTE, HFIRMEA mRNA M EAEHEH, JIF
A5 23 [A] AR [R] b A58 A I mRNA A AR 8 H
R R EhAAEAk, AT LA A5 R b 4 200 M AR Y
HEPE mRNA A EAR R Y,

H i RNA-BioID Y I\ HI AN £, # 7 41t 18 1%
RNA-BioID 5 RNA Zli Ak A 5 (8 % (4 5 73 B 5 B i
% F  (chromatin isolation by RNA purification
coupled with mass spectrometry, ChIRP-MS) 7R
G, Mm% E 5 K EEE % % RNA  (long
non-coding RNAs, IncRNA) HOTAIR A 5 Hk 19 £
BT, JE RS, PR E AR RS A
T, SEHERRIY HOTAIR M EAEHIEE B4 . 9T
B, HOTAIR MU CIRHERIREE 64 (ki
FH i& & & W) 2 (polycomb repressive complex 2,
PRC2) FiI i1 24 R 45 5 P 25 W FE i 1 (lysine-
specific demethylase 1, LSD1) ) #HEAEH, ©5
SRR SCIE, FH HOTAIR M fEiff5 —Lk
M T SR R AR D RE AR E FA AL

S'UTR  MS2

MS2 MS2 MS2 3'UTR

S'UTR  MS2 MS2 MS2 MS2 3'UTR

Fig. 5 Mechanisms of RNA-BioID
El5 RNA-BiolDK{EFRIE
B-actin: PHLBHEE; MS2: ZEIZEH; UTR: JERIIEIX (untranslated region); ATP: —Miaitt (adenosine triphosphate) .

Zi b, AR RPRCEOARE X AR I
PEAT ARSI, ST 7S A0 4 PPTs (Y4
e, BERETESN T /K-S PPIs, W44l it PPIs

RZEERAL T AR SR . R A E A A H AL,
BiolD & LA i, (HHARICHCR (75 18~24 h)
MAEYZEAL =% T H#EEHAERRCR, PR
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BT TurbolD, & BUfEIL T miG e m By
SEAN DI, (B R AR, S g A
K N TRARENE, MPRAUITE T AirlD, A%
FEARA P 2T B T SE IR EE AR, (AbR IR (I FE
ff 3~24 h; b T 2 m 4R AR W R bRic £ R 1 3 H
PE, BRI T 40 Ui B/ UltralD,
pRicTE R H S AR s R TR H R 5T
ik, FFE T LT RNA-E A M BAE BRI
RNA-BioID, {HARF:FMELEARIR L, LIEY R
TR Ry LA (R4 AN A T R A0 i AR 1 R Al
AR, fegfeiE g rh i hnic, HARTHEA R

ZBIRAHEARHIAVERLIIRE, N 2Eab A W) =rhtse ik
PEBrH A

2 EYERBXPLBIEFRIEHE R

2.1 APEX

2012 4F, Y 51 5EF HRP WG UESE I &
th T APEX. 4 HRP 7EMZL 30 40 i 5t P vh 2k et
SR, R F T A BT AR SR PR K Ca
B IRES, Joi i A S P O B T Y 44
TR 24 Cat B AL SR T R T R
X — )i, AFFE B ILLT 250 S AL M i
H IR AB ARSI BT PR RE H ARG R R 5L, R
PRIzt ALYl (ascorbate peroxidase, APX)
A —EoR . APX & —JSHE YR IR 1) B 4 4
et EA R/ NG, HASE hikd
Ca ), [RI BRI 1 FCRT7E 2L 3h 4 40 o P v 4
ES RO R AL NS e 2N RN S AR W NE w2 N ]
iR ot A ALY, BEnT A F 7 2 EE (electron
microscopy, EM) #ric, 0] 1E A i 40 M 25 (o
Y2 IE I ABIT TR AR IC B . (2 APX & —
YR Ak, B B SR bR S EL R 1
() A SR NI RE . WFIE N BUB APX IR 45 &
{455 HRP (25 A0 ib AT T e, R HRP B
HERSN 1%, BS555 & SRR 65
Iz s R AR TR A APX ik, Jf
M HRP (5 PR A7 46 IO B R FE A A APX 1) T 1
£ 85, AWk J5 & £ mAPX+W41F (K14D/
E112K/W41F) 27844, Bl H A8 1) APEX. 77
BT ERE, R APEX Rl AW E bRiC e
BT EE, (ALK DA 2 5% e Ry S
() BiolD, 3 & ¥ 15 A3 T AL W i A SR AT b i
BAR,

APEX $ A 1 A R By A= S A A i 5

W (<l ms) BYZRSEEE A L, nlJR I3 KReE
Fric A2/ (<20 nm) “7 0 g MR . JEERE
PR XU AR 5 BRI R, R
Z2 (tyrosine, Tyr). fA%(i2 (tryptophan, Trp) .
%R (histidine, His) FIfME% R (L-cysteine,
Cys) KAEFEFEILMEEE 0, X fbaE N 2
P& TR B (5 2l A g el 00 3227532 A 1 min [ AR ]
SRR O MO BT, L MS S e R
Fiplsr, JEMETANMAS 8 1 B R A, LR
PERAE TR E R T B, ol SCgR st a] (i m] sk
WAL B AP BR) , FEART KRR, HIA U2
Mz, M TS i E A s i B
R, TN AR NSRRI SE 8 4L 9]
AR, XFHOR B B S, RIHAE T
Ypf b A IC L AR, SEEEIR R T RS R M A
Yz, APEX BOR M 7 — A B HAE T e
fif AT 4 A AR NG R B, (BAEFELL T )=
PR S APEX ST sk ay — Rk, Hj APEX
TE N SRR A B b o ks, S SN RN R 2
ALY A TR TR, TR APEX RikiE
2 HIE EM AN T 75 B e (K-

VB —2BAT 5 HRP AHRUR Y T 38 i 38 H
AN P SE AL, APEX TSI HEsh £ 10 5k
Ve R, APEX HOARJCIHIE T DA P B 4
MEFsE v (E16): EM T 4IAE N R 55 8 1 e
o 7 RNZS ] 4y B AL 2E AT B . FEEM R
H e A N T, APEXSENTEAIIEN S Hird H
oAk A A ROk, & A R BRI
(diaminobenzidine, DAB) #1 H,O, i W& &b B,
APEX n[fi{L DAB K /E & IR R, DAB R
GRS G BRI, DT BAsE
B mIE R I EM T UGS 7. FEZS ] e BEER 1
T2z b, APEX AR Sy — i 56 PREE [ s i B2
AR, ATFRICFE (LIRS 1) 4 28 s 1 A
Y, 205 AN MIAE A 2 -8 I HLO, A7 AE 2544 T b
1 min, APEXfEfbAEY) 2 - 2R Kk AE B AL T4
b, AR IR A R A, %A AR RE S
Hefbric APEX SR 09 RS 1 0T, s i o i
BRI R R W EL G gk BT L8R R
Yogg

APEX 4 AR W FH 3= & B PR 28 A T R g
fik. 5 APEXRIKKFEARIT, APEX 5 DAB J2 )i
(T EMAN) sAEYR-B oy ] T B
SHT) BIE AR TR IR . RS E LT,
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AL ) B B APEX IR KF R A ik S [l s, fEG)
TZRa IR, 33RE APEX A FEM . FXF
APEX REUEMRAYET, 5 A BUR FHEERE /R B
RE5E FACS ik, 75 Rk 20 i 3R T 323K 10°Fh A
] () APEX A8 (AR FE , 3 ik FACS fii e 2145 e ke Ak
VR PLE AR R, Hirh A134P 503 58748 ) 2%
B SR AN AR R EE , ER I R A R e, A
TR IA W fir 44 4 APEX2 . APEX2 il A134P %8

APEX (HL St DB A VA 5 S5 2 B 1 o 52 )

o
ﬁ
AR B H,0, DAB
mwﬂ!%{‘bm
o Ve
APEX (Al 70 U2 24 50 HT)
R E R H0,

ARSI T ZEMERERTE, WNGE Tl ite . AR
PER ML R GG REST, JUH e HL,0, it
T A7, 4§75 APEX2 78 40 g i ] vf e APEX
HH. 534h, APEX2 U G2Hi & Bim] 7= A4 EM
XTECRE, SCRERVE IR e, sBERAAM 515
HiioR o AHEE T HRPEENID . A M o3 25 45 (R 4
e, N APEX2 AJ B ULEE R H AR 115 AY 141
JiL 5 A AR 2 A

0sO

- SR YY) w— 1117 5

O_Q_NHZ o W

Fig. 6 Mechanism of APEX

Bl6 APEXHY/ERRIE
EM T 2 it PN 47 S P 2 11 S i 62 R 4 ) 43 32 1 B2 24437 o

2.2 TransitID

¥ 504k 2 i 43 B i (trafficking analysis by
sequentially incorporated tags for identification,
TransitID) J&—FH7ZES 4 LYK 2S (8] 43 BE 30
i L N IR PERR 1 s fird B AIB ER T ik . RBIThR
AR S () (5 Bt 7oA R T B, SAmOE T
g B D10 NS 1 P 2B R i 1 A =
G20 55— DA R s Sz sh iR B, ETR
RAREE BIEMS /T ek a1 >, FREeps &
TurbolID H AR 5 .20 g DX sl S e A F R, 7
TR EAEY W E AR BB . B
SR A B X I F T TurboID ARie (WIEAFRICHT
BO) . PRICEE SR A i B Y DA 5 S A
Rk (FziBEEBrB) ., FIH] TurbolD $ RS &
HEORMR EELHIL T ANEIRN W E A

RS W o Il &/ Uy B i < s 1 i1 = £
AR B [ R IR B I PR E s, miAiE
FHFIRA 4NN 2 (] 0 G 1 8 B Az, o4t
BN N E . BeAh, X TR
NG TEZ IR A s e (B HARIXEL) Bk
HARK IR X 2 (FIangup i . PERsE) =, %F
LFIREAR R, WS AR T TransitiD, DA
Bt—E ] HRIER%, T2
[ B 4N N B 2R S ALE 5, T RERERES A b e 17 /%
LR IR X Z N H X E

FELVaR ¢S INECE Y/ B S T s NI 3 1 S
TransitID 38 & F 4B i 4% iC £ R APEX2 |
BioID '“* il TurboID '*' 25 2 Wy e, TEIGEES
Az BB [) ) A A 1 B B IR 1 BT A
HAE 21 Y gy P B8 . TransitID 4§ TurbolD 5
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APEX2 IR SRR ARG AR A LGS &, R KR
HAFE AR, TurboID 1 Ky K kT e Y5 Y A )
R, BA S TR A R
Iz RS, FE 10 min P RERE AR 1 TR 2 R A% S
EYEAL, M APEX2 VENARYIHOIR LR i Ak )
fiti 52 AR A, 7€ O, IR B b & W A A2 55 T
BT HRICHE BEALTE 1 min Y. FE TransitID SE50
T X4 APEX2 U i) ey 5% FiA5 28 5 TurbolD
UINIRRZS , W 21T APEX2 510 5256 i FH i A
VI -Ep i & Y R be- 4k 54 (alkyne-phenol
compoud) AP1 ', —HFAP1#ric, KA
it s OV P SRV CR ML, XHE
()28 1 J5T T D3 2ok 2 5 S fege iR sl FH e o 2=
AR T HRIEDTTE o

KT LR B MIE AR, TurbolD7E “YR” X%
ik, APEX27E “HIW” XKk, £ " XEh
(2R (A ST AE Y R bR ic—BertE] (10~60 min) J&5,
BRI BB AR SRE T, HEEE
PR XA R CBHE” XE. 1
“HE” XEo, M- G % H0, 5 3h
APEX2Hric 1 min, #RJ5, 7 RPSLAHAEML . REikm)
A RAE S d k2% (click chemistry) 2514 F il &
RINRIR, SRIGHATHIIO R P TTTE FE g
MEMOKEE. N B REEER B RE
P8 F R AE AR (B 7). Fk, o & S EE
e CHW” REMNEEAEY R CEARBS Y
I ESR L. A T i B s SU{E BV FHA A 4
SRS A BIGE ARk I SR A, L Hia
BB T A5 AFIE TurboID BIFEA | AALFEH,0, 5%

ATP+EY) % EAIE-AMP

EYROFES TV, IrAERBSSd R T2 E
TMS HILC-TMS 5 it £ F1 B 2h 27 oA b B2

TransitID J&—Fpif H B Z DIRER 7%, 7RIS 40
JH T 2zt PN R B 1 B 2 Y s e AN s AL
PR T —Fh T X S B SRR R X 43 HR 1 B
RS RARIC T, W LU HEHE & SRR X 2 A g
Z (8] 3z By 0 2 T o H KRR Oy i A R PR A
TransitID +& 3T TurboID F1 APEX & AR A 34 A
A FRLUBA A A BORBR S, 10 TurboID A5
7 10 min 3 A HF (], BRI TR A2 R,
APEX P& T 2 H,0,, HAWE MRS T HAERN
AR H o FETCEANIEIX Z= b, B i AR AR
LT TurbolD 5 APEX 146 I 52 5 i a7 5 TR 4%
JEEdf A IX 2 0 2 AR . 4ok HH TransitID 2 AR id
w5 R X 35%~80%, Tl
TransitID (AL IAAE T H S R 7 rE (IR ERR)
{RHAUEE (ERBIPERR) (s

BN IS A, TransitID £ AR g R % W
TR LR T 1A Nk, 5 A0 A sl 2 el % iz
AT A C S A R T, GE
i X o R R A I R A Y B BT . TransitID iR
AR SR TUN (—F s BE D) 2 —Ff iz 3t
R, AR B AE KBRS 2 s 3 A0 M .
JUN M A% 2 A 20 0 OoRE, 330 Ao 21 7 Pt
L AT JUN S 32 R, A B T 26 W 80k &2 1
B PR DIBE . ULAh, WFFE N B1if fd FH TransitID
SR B 5 9 A AR 5 240 L 2 ) ) 4 ) 2 1 o 5
e, fig X 538 i g4 oK B s Ah W AR I Y R
FIiT

Fig.7 Mechanisms of TransitID
E7 TransitIDEI{E R IRIE

2% I+, APEX I TransitID %54 ) 25 40 e (48
FRiCH A 3 B S S H bR (B4R 4+
BIAE 3R, R 7 40 i PPIs K L2 [a) 4 A 4 o3 A i ik

AR T HE . APEXFRIEF AR, BEART R EBAL,
H R WEAR; MolkE i) APEX2 7853 Atk &4
B FREFE 1 min NSERLPGEARIC,  HLAEUE 41 Je st
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LAY PPIs; TransitID & F BiolD Fl APEX2 ¥ Fl £
AR, SEH HbRE A A shASPRie, AR X E M
Y [A] By s AR AR v RE, AT I A MK 8
Hn e AR, (IR PR . X
HARE MS S8 HORSES G, Al RG24 N
PPIs. MiAKFE, APEX2. TransitID 25771 K 4
BRI S PPLs 26 A I S 0T A0 SR8 o

3 PEEMERRCEARFERRT R PRI

B E M EARICER S 5T PPLs, {HITAE
E A WK H Y e 2 8 H i -RNA . 25 1 it -DNA
S5 R A SRR R DR R R L DR (0 s s .
AR S5 AR 45 J5 1), BiolD. TurbolD 254K T 4=
W RRICHE AAT i SRR L], IR R
Jiiges (%) e A ad AR AR A BT SR (SCRY S1) . HRT4ARIT
AW RFRCE AR FZ N H T ERPLEIIRER, Kok
gt —20 s R FH 7 ) & R, T fise . Bk
LGP, s B IS PR R Sy .

TurboID. APEX 2. split-TurboID %54 i/t A= 4
RIRCHE AR S RGBSR AL T — A
e R ALY T B, BB AE TR AR R Y
PPIs, FJ&EPPIs W% (SCRYS1) . Rl #i RSP A
WIZEbRCAWIN A M) 25 (8] 2 45 5 g R
PR RGEAIBLT, FEAZE RGO s BRI 5 4
SUIFSE T ) RO B FE R

TurboID Al BiolD2 4B A= #) FE bric 5 AR 1 Ik )5
R-fi AR EAE AR PR B By, U HAE
fEMNTIETE ARSI . 15 B A E S ki T
KHEVER (CRYS1). AR RRCHE AR LITE
T 200 M N A HE IR I B PPIs, 3 FH Tk A 4 T 1Y)
BT EAHEAEH M. Kok, Pt RIMCH
ARATBAEPE TSI . PORFBLYIT R E 0K
EEZAEN.

o I8 2 G0 1 IOTE 55 R d A0H F ORG A OR 4 1Y)
PPIs, fRGeHAXE LA FE BRI AR R FL ) A AH B4R
L AR AE YRR H AR B B I R A% ey
A SR T B (XS . [ H TurbolD
FeRATE 2 | EHSIR G ST, £k
A T A R R R A LA E NS, Sl
FRATT SR8 e 1) AL o B APEX2 452 K 1] i
TE B ZE T T AU TS PR RS, BRSO s
TP U R . AR AR AR ICE AR IE I
o T B il R 5 25 it A T B As, Tl

BERRBEARW KRR, A A S Rie B niayT
I AT RN R A

1 FH TurbolD £ K A] 2l 8538 ¥5 12 il (1) PPIs A5
b, HEBAME RS S E AR L, o8 s n i gy
SRR 1 2 LRI AL T TH (O S1) . 4B
VLA ZEhRie B ARAE TN o2 v HAT 552 4 1 A
HisE, MEABEE . AT, PR SEIE T 7
A TR S

75 [] & H B 4 2% (spatial protein omics,
SPMC) FIABIE A9 R bric H AR LER ST PPIs J5 HIAF
FEZESE (SCRYS1) o 28 [H) 2R 1 B 4 24 RE A% X B 11
FEJF AR ZS [ R DG R UEA T Rl A . kR, B
5 AR S 8 ) T A7 AR OCEk, e B
TERH . SRE A EbRiCE AR B — Ik L RRIIE— 175
THEE A BEAE B A T, (HOLZS R R4 4t PPIs
B PR . AL, AR AR R ARiCE AN
DB 2 R W L RAE LU R 40 A, 28 () A= 927
FeAR N PPIs $243E T 25 LA G2 T A 3 . A
ARAEE A TS 7 B AME, 25 A eas R
WFFE A 222 18 22 85 1 505340 TR L A R ] D 2%,
BI530T AE ) FEARTCF A BT M Y PPIs A4 TROUL R 265
PR MR T S PR 2H 21 -4 - STV 441 Jif 2 )25 YK PP (1) fif
BT, R A BRI & A AL AL AT T H

ZE L, AT A RO AR LE B U N
Iz, FERRE AR DA, 3 B A I e I R RN g
DG S s . QetafRg5Ini s, TEMg RS ThE
FAPLE RGP AT B s 2L, 7R
N ARAILH AH 56 4038, 3= BT 5 5 21 5 A0 B FE M
%, RO E EM R G,
FET AR AT ZAF S A b R . AR RAR
WA FEbRiC R T RET 2 N T B A bl F
5%, 2B G R T I & R, FF i . 5
TR 25 R0 A, s B 1 FUS SR AR R
Fro [RIEE, BB RbpiCEAR WA RS =AY
SRR G, WA TR A . A
5E, IR ABR A 22 L] SRR AR T A
AL AR SR, A S 2 40T B e o A T A T L

4 BEEREZE

ASCH i ZfIR T AR A FEARIC BRI W5
JEFILH], HAAAN21 1 3T BiolD fiTA: Hh TR Z 3
PR, WA EFTEORBIPIFE H A R Pk
s (D) KRB, EAFRBARR R TE]
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PIRET S, I T SR Rbmic R EE A RS
FA . &S RNA ZE0F58 07 10 1 B R RE,
JER T EAN A B 2= o8 S K R 5 .
IEAN, ARSI T APEX BEARAT A 4 J Sk i
ARAHT AR AR RN . XTI R AR
ICHARM & BRI LU EE, BFFE N B e
FARFZEHX T T 440010 — 2w RE
BERGIRALCR S, R dn Rl A as ()4
BEAE ST, — R R LS B 52 A AR AR
R, VUGG ZH 20T, S AT 1 A= Wbt
5%, HET, % PPIs (HF5E )5 A IH 0 A R,
BT AR EbRC AR T, AREREAN G
() BiolD2, APEX2, H K&/ I iE#8A — & 1)
IR, KRR IET AR A E bR AR
AR — g

AW FE bR ARG, BEZERF ST
RIUEZ B0 . IAIZ T, TR R

AU ) R E B RS  , SBITAERbRiCER
BT AR B PR 5 v Y PPIs £ 3t T IR OK T A
MR, 2 PIR AR B PPIs 4%, 48
U 27/ N 555 & NI DN RIS VR B e = DD O
HAEHT, R PR RE A SR 5, AT AR R
ISR NL, FHEEEEIR A RErE. eI
SRMETT AT, B R VX E B RS T 1Y PPLs
D0 24 G 106 B S T 58, VRAR I L 25 W) %) PPIs 1Y
SN, AT SE MR RIB RN . FLAT, 2Bk
PIRARICEOR FEE X TR . A2, 7ol
Yy, BRI HAB AR PRI AR, AR
A B EATR IR S e ERA AR, Az
AAFHREARN., A FIURA T, XFRWIR
AR LW HORA T — 2 TF AR o
WIAYIRIRCEAR AT R LK, &S
PPIs 2 T H., BE&E LW RS . i 1E]
S [ BERAPE T . AETEE AR L 2 4

Table 1 The advantages and disadvantages of different proximal biotin labeling techniques

F1 AEBEEDRIRCEARARER R
BA KW o e Rl X/ gl S50 = A 2%
oy Hor U P47 W M SCHR
BiolD 2012 BirA  18~24h <10nm 50 pmol/L +/- 4. s AN R FRICAERAL [5]
TurboID 2018 BiolD <10min >35nm 50~500 pmol/L —— g B vETE R, REROR AR, A [13]
AR [ SRl

miniTurbo 2018 BiolD 10 min~ 10~  50~500 pmol/L ++ 4l REMREEY  SEMmA, e [13]

2h 35 nm %=
Split- 2020 TurbolD ~ 4h ES 50 umol/L ++ 4l A RS Kk # PPIs 1) A2 [23]

Turbo JEPE
ProtA- 2021 TurboID 10min >35nm 50 pmol/L + Eitliio) & R T AN TR B A e o b AAs, [24]

Turbo ES| U A A
AR
AirID 2020 BitID  3~24h Rl 0.5~50 umol/L + g, HA&Z) REE Fric i B 12 [20]
VIR 71
UltralD 2022 BioID  10min Rl 50 pmol/L ES il ol R Al gt bR [31]
(<20 kw) /I
RNA- 2018 BiolD 16~24h Rl 50 pmol/L +/— il ol PUHIRNA-# A AR R [64]
BiolD FHEAEH
APEX 2014 HRP Imin  <20nm 500 pmol/L . il ul BRAEfI B, BRI sk A=A =& [52]
CEWE-2Em) G IminZdk R A E A RO, KR E
i) R L ] R

APEX2 2015 APEX 1min <20nm 1 mmol/L ++ i, B REERYEE L H,0, W AE 5l [44]

(H,0,) I T35 4 B

fibrie)
TransitID 2023 TurboID <10 min >35nm 50~500 pmol/L +t 41l WA 3 & 2 g BRI [53]
APEX2 <Imin <20nm 1 mmol/L ++ EB=

(H,0,)
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Abstract The formation of protein-protein interaction (PPI) networks is a central event in biochemical reactions
within organisms. These interactions not only regulate normal physiological functions but are also closely
associated with the onset and progression of diseases. PPIs are intricately regulated by proteins, nucleic acids, and
their interactions. The complex molecular networks formed between these molecules serve as the foundation for
most biochemical reaction events. Moreover, biological information is transmitted through countless molecular
interactions within the cellular environment. A wide range of technologies has been developed to study PPIs,
among which proximity-dependent biotinylation is a novel technique for labeling proteomes in living cells. This
method utilizes engineered biotin ligases to specifically label nearby proteins or RNA molecules, enabling the
capture of transient, weak, or stable interactions and facilitating the systematic construction of molecular
interaction maps. Through continuous enzyme optimization and refinement, proximity-dependent biotinylation
techniques have evolved into diverse systems with improved operational convenience and labeling efficiency.
Each proximity-dependent biotinylation technique offers unique advantages: BiolD is non-toxic to cells but
suffers from low labeling efficiency, requires 18-24 h for labeling, and yields limited biotinylated products.
TurboID achieves efficient labeling within 10 min, but its high activity and strong biotin affinity may lead to
cytotoxicity. AirID enables low-toxicity labeling under low biotin concentrations but requires several hours to
complete. UltralD offers the highest labeling activity with the smallest molecular mass but is prone to over-
labeling. APEX provides convenient operation and can resolve protein topology, yet it has concentration-
dependent limitations—forming dimers at high concentrations and lacking sensitivity at low concentrations. RNA-
BiolD is tailored for studying RNA-protein interactions but is limited by non-specific binding. TransitID can
capture dynamic protein translocation at the subcellular level, though its temporal resolution still requires
improvement. This review systematically summarizes the development, mechanisms, advantages, and
disadvantages of proximity-dependent biotinylation techniques such as BiolD, TurbolD, AirID, UltralD, RNA-
BiolD, APEX, and TransitID. It also explores their cutting-edge applications in functional regulation and disease
research. Proximity-dependent biotinylation techniques are widely used in disease-related studies. In tumor
research, they are primarily applied to investigate the transcriptional regulation and chromosomal structural
changes of proto-oncogenes and tumor suppressor genes. In the field of neuroscience, they are used to study
mechanisms underlying nervous system function and neurological diseases. In viral infection mechanisms, they
help elucidate virus-host interaction networks. In immune regulation, they contribute to the study of immune
signaling pathways. In stem cell research, they aid in understanding cell differentiation processes. Furthermore,
proximity-dependent biotinylation techniques hold promise for integration with spatial biology technologies,
enabling more comprehensive and detailed protein studies. These techniques are expected to provide more
accurate and efficient tools for life science research and to advance the medical and health fields to a higher level.
By comprehensively analyzing the strengths, limitations, and innovative potential of each method, this review also
highlights their advantageous applications in molecular interaction studies, aiming to provide methodological

guidance and theoretical support for molecular mechanism research in the life sciences.

Key words proximal biotin labeling techniques, protein-protein interactions, BiolD, TurbolD, AirID, UltralD,
APEX, RNA-BiolD, TransitID
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