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TE RE A LS E AR 30%, o5 TR 2 60%. BT TREAH ELAE R NI E T Z R AL M T RE Y S At
Sy MR AR BRI T sk 2EAE M) D RE R ELARHILHI 1oy 2 . AR FOAH BAE FH VA RIS AN IS | 2 M ASXIRR . R
B9 . A RE IO A R AR REE 5 B B R A3 W AR B S L Z5 AL JE Rl R 8h 2 A5 (5 B . AR SCR Gt 2
T H AT TR AT B UM BRI R, e SR UTIE (Co-IP) | ARITE IR (PLA) . U T2 B AR
(BiFC) . #HREEEFLH . 4Birtric (PL) FA . BWIHRETFWIZBIL (Cryo-CT) . JANACIKITRE (In situ XL-MS) . FiE5
% (Raman spectroscopy) . FHLFMIREILIR (EPR) . ZRILIR (NMR) . Z5# W0 H A SE, JE X450 8 R AL E s 647 T
Vs T A BAHOCHFIE AL, S8 T X Se R AR TR N v ) G ) RN & R kg, F6 T Bh Z R R AR B T LA e

e B — AR R B, A R U PR T RS

KR BEEA, EAR-EAFMEEEN, BT
HESES Q-3, 065

FESEE 12— 2R BRI 25 6 B 5 2 40 L AR sl 2
L IR 8 = B TN g ot N2 E D7) 57 S
ALY, BREEA S S AEA AW
30% 5 FESE E R 2 RS H)R) (Food and
Drug Administration, FDA) It £ i) 3T % i 25 W)
H, 29 60% I 1) AR 11 o R FE R I E RN
ST RAEVERT, TR AR S AR HA R A & A B
Jo -2 SR EAE R R SE s AR Y Thie . IR
AHEAEFR) EZ A I REES . a BRI, Hlin
P 2 25 SNHE R —— A B H R 1 AcrA . IR
iz H AcrB, AP IE & H TolC (AcrAB-TolC)
WA RE G HRHERPIAER S b E9HS, #Hlm
PERE G 3 PRI S R4 605, mikGEN
S RIS B T RN 4 5 e AR,
i 4n ATP & J5 it 1 Bh 5 o128 ), @t 2 AR
ekt A L ATP 75 d. 4IRS SRR, 5 hn i
HEREAFIE R LIS A INEFRE A,
MO DA ERE R AL, DTS4 A 5 AR i A
AR 5 e MBI, 9 U0 1 AR 25
FNIRMGHEE, PN AR AP A SR AN, 5 B
A/ Ny T N EE LA, B LA
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YRR S B AR 5 2R 0 R A AR G, 3] dn gk
e | JRRAE AN 2R AT PR A T DU B E
(T BRI Ry 5], T SRR 2R AR T
IR 95 FE 2 (severe acute respiratory syndrome
coronavirus 2, SARS-CoV-2) il i 45 & 4 jg B I
1Y M4 K 9k ¥ fL i 2 (angiotensin converting
enzyme 2, ACE2) SR A(Z4HMI " M AME
aZ ik (glycoprotein hormone a polypeptide, CGA)
WA 5 bR AR 324K (epidermal growth factor
receptor, EGFR) #H H.AEHIKRFEE EGFR G5, il
15 B A AR AE ALY TR A Y a R R (o
-synuclein, a-syn) 2f 129 /i 22 A R iR FE W R b 2>
a5 H. 5 Rab-3A  (Ras-related protein Rab-3A) #f
HAER, Wi Rab3A () GTP /Kl 1514, S8«
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-syn 7EREE [ AR, DTG-S e 4 AR 1) & 2B 1),
AT 0L, AT R AR R ELVE PR T AR M D RE AN
PR P A ML o

AR LT H AR Bz A AR EAE AT, B A
HAERHBEA VT IUA R A a OB MBS, 5
i E B i BB K ) B B AE R B, A Bl A
UL R %) 5 g XL = A 5 of A4 55 T 1 1) 45 4 AN 2y
g, dHMEAE B AR R . REE . AR
WA T e SRR A A EAER 22 b 2SS
IR, ALFE AR F7E P 1) 20 B 2 7 4 AN [R) 5
B, HAEBENINRI A XS FR, R
EAMEAEREREMERAE ™ o MEERE
59, MR A RS, TEAAE it
RAERMBME WM EAERS > d &SEDE,
PR B ShAS I Z A, B R IR 1 A T T
AW G B Frs oA, REUEE A
FHEAE B, HT IR 40 AR RS AR 1k
MEAR 222 e FEHINL R Z2HE, BRER I AR EAE ]
AR AR AEAE MM P kel B e, AR T AR Y
D BRI T A EAE B 2R 22

VFZAE G A A BAE R TR, i an e
BERURAS . MR AR R . PLF SE8w . B e A
BB TAREALHTEOR e iR 1 BRI R
BPRAEER BT ERAE, MEDLORRR IR AR (1 A () 254
PGS . PRI, R AR B A s i )
BT AR R LS S L5 A FER AN B ) 555 B . &8
ST IR Br R T BTN BRI T iR id 8t
&, WL PiE  (co-immunoprecipitation,  Co-
IP) . 4B ## 2 £ K (proximity ligation assay,
PLA) . W56 HAN (bimolecular fluorescence
complementation, BiFC). I:AR{E &R FILEIL IR
it (proximity labeling, PL) AR, % EEIBH
FAHEAE A SR 2R, XS R N Y P AH B
VE R K A 0 JLAR A7 N2 4 15 Bk B T AR id s bt
T 27 DUl R ARG BRI E A5 0F, R
T 21008 RO sl B 6T B AR P S, A AR FH % 52 ) 5
T3 — SR N TC T WA AT AR e sl BT,
nve R B 1 W7 )2 1% (cryo-electron tomography,
Cryo-ET) . fiZ i (Raman spectroscopy). Hi T
JiiifeE Sz (electron paramagnetic resonance, EPR) .
¥ttt 34k (nuclear magnetic resonance, NMR) ., J&
i 22 Bk i
spectrometry, In situ XL-MS) Fl 45 ¥ 71 ] $7 A
8 BHET, ENAERA SRR TR R I A B

(in situ cross-linking mass

PR ASCRGNERELS T AT T4
EAMEAEIREOR, I HXHA A sk AT
THA. AN, ASCEFETAEE AL BRI
BREGOFTEEERY, BE—2D e T X LERORTE N P Y
KA AR S, AR TS %

1 ETHICHEZERRERMASTRA

11 #BEHTE (Co-IP)

Co-IP J2& — 2 ML (8 4 20 AH A 25 1 3t ) 45
Ao AR HEAR R 77 R A R O F R
RN N B AR RS FAH ELAE T, PRI ST
AULTE AR BT, B bR Bags & i A B nl
PA—EBTTRE T2k 2, RS ) B i ey B
BAERR I TSERE PO Co-IP AR A EE 11 R E A1k
AUAHELAE A A AR AN T, ELAE B0 Ao
HMRICEUEME , A AR T R AR AR B
B2, IZBAME LGN 455 AR AR, Jork o3
HHFUZEES ERA AR, AR AR
FHRYZh Iy 2P

HAE TR T FSE o 5 HAs 8 1 BTA
HAEHRE A, 100 Wei 55 ) B e TUTE -5
15 F Co-IP, %258 LI W0/ P J5t 0 5 75 -1~ ATP fiff 2
(sarco/endoplasmic reticulum calcium ATPase 2,
SERCA2) 5 V4 % B4 dE B Jv 25 40 g N 32 14 1
(Sigma non-opioid intracellular receptor 1, Sigmarl)
M AR, FHHIESE SERCA2 19 Q615 S B 145 A
RERIREL . TR HIZEORE, NI a R
TR AT, UK E 2R AN, R N AR
FIBGEM IR CAndm ikt . SSammik) Fame e il
7 (A1Na,VO,. NaF), LB k85 5T i F 2 %
WAt b, WAEHUARR R SE, FHE X IR (n
EH /NG, EWHIeG), PAHERR AR kg
At Hip, Co-IPHA R R 5 0] 2 &
BB R TR 7 B 15 2 S W e
S B
12 SPEEEFA (PLA)

PLA J&—f sl FL i 1 FH A4 25 11 SR A
SIFTHEAR . EARIT IR I — R 2 S
PN BAREE BT, $EE TH—X A% IR B bR IC ) —
g e —Pi, IFmA—BS 90 B S HREE AR
(AT IR EE . P B AR B 2 840
WF, ZHt B SER T IREE S T IR EE T A
5, TEHEREEE T E BUE A FRR DNA L % DNA
LY IEIE, IMAZOCFMC RN S TR EE 5 H H.
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B#ER, %: BREAHEERNERERLIFTERAR -3

FMECXT R AE OGS, S B E R AR BT
S3Hr 0 (1) o PLA R T 598 B s i) 5 e
[F] iy BA PCR B I RELRE , ANCRT RAs il A B
AN RYE A B EAEN, dn] DA B i
gl B HbR T TS W TR EE i AR 4 S v
Z5a o E T, BARICEAERON RME . BRI E
FEIT, R TCik SR AR A T A ELEEIESE

5 Co-IP UL, PLAEH TR e 4 5
HARE A SO BAE B S 5. 5 40 Tubbs 45 =
7 FH PLA 6 0 4 A A4 R O A Jo 190 JEE o e M A2 Ak
K1, 4, 5-=wiMRNIEEZ/K (inositol 1, 4, 5-
trisphosphate receptor, IP3R) 5 Hi FRAKP4:BH 251
i j& 1 (voltage dependent anion channel 1,
VDAC1) . #Z MR HE H 75 (glucose-regulated
protein 75, Grp75) 7EME IR 04 AH FAE FH s> 3 3L
L AR G P J5T 0 JIEE S8 B PR IR o A FHIZ R
W, DR a PUARRIRGASES, HWD—
PUas &L KL T AR —0 5 b. PLAbiZ #E5 2E
RUDL SRR IR S50 ) 2 R i () 220G EE 28 1% 7 HT,
PLA BRI M FEA : a. BLLIERIE, LR
MR b, Wil T 28 B85 Ml i ST R
B, T i A A TR BT
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Fig.1 Schematic diagram of the working principle of PLA
Bl PEEZFEANTERETEE

—H. PSS A WA BARE A BUS . A E B R EE

YA BAREE A BUR B ARIEN, SRR IREE S P RS

FREE TLAMICRT , 8 35 H Al A B AT PVIRDNAJS , R 1445 5]

FREEL PG, FIOURC BRI SRR T IR B AR

POLFT .

1.3 XorFRHEER (BIFC)

BiFC & —Fh R F 2 ' 2 11 0 4 R T L AL
AR EAE AR o AR DO A 50 BRA~
5N R By MiERER B B B, YA HAs
EARE AR, FBEASNTENZOCEA, N

M= Ao e fs s, HE M SE I A B AR R 2 1 A ] A
b BIFC B s5AE T 1T LA 1 X0 b 38 2o 26 '
%% (fluorescence microscope, FM) El #2245
MEAEHSR, T, e, BEH T
Mg s ss A AR o SR S M AR 1 ot
BT g ek AUs ) E 36, Al TR
ARG, BRI TCIE S g T AR
HAERERE B

BiFC i JH 7 ey 8 i 128 AAH AR R T AL
oy T 5 HABF ARG S . 9140 Yang 55 2 i
BiFC % 5 Sigmarl 5 A WEAHEH 4 14 (autophagy
related protein 14, ATG14) . & filh @l & & H 17
STX17) - A4 3 A1 ¢ i 5 H 8
(vesicle associated membrane protein 8, VAMPS)
FEIE, R A PH Sigmarl P [ WA -V AR L
Wu %5 400 D BiFC 35 4iF T A5 28 [ gl 5 2 1 1
(membrane steroid binding protein 1, MSBP1) Flf#
&M X8 H 4 (microtubule-associated protein 4,
MARP4) ¥ 5 ATG8 A HAE M 11 (ATGS-
interacting protein 1, ATI1) FIATG8 f#HEAEHEH
2 (ATG8-interacting protein 2, ATI2) FHHAEH,
% E T MSBPLE AR ST WRR B W is A2 1 A
W5 Hy, T ATINFIATI2 24K . ARz AR
F, NMEE: a BRIRTESOGE M R BeE R
RIS, wERRBAYE; b, 2OGHE H R Beas
BT IR Al c. BikfnG 8 20
I IERRIAFENL P HAET, ATt H AN
FR BRI M FEEA : a il A R0 E,
DR E R B A e, TR ARAR PHAE
b. R BT HIOCHE FIRHRE, B2 {5 M L FRE
Sk
14 HIREEEHER

96 YR BE ' ¥4 %% (fluorescence resonance
energy transfer, FRET) J&—FP3LF 25 F A fE
RS B AR AR AR AR . AN K A
(HR-Z %) B R (—B/NF 10nm) B,
AP IO L B S R R, TR
FIRSAT, d A EAEH, AR Re
R ik (K2) . BAEAFRET, 2k
SISO GG Y 5 HHMA R RS E S
FRET W] AR 94K 9% (1~10 nm, & 53 HE 52 A%t
A[K20 nm) AYEEIT, BORMIH, WAEORIK, 6
IR BN QRPN ] 43 FE o e HJE, FHA T
LT AR IS, FRET 75 ZATFAN BT ML 32 (A6 Y

(syntaxin 17,
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Jrial, ok BRI AR B, HO¥E DL S R FH
PR, RIS WO = % B R AR TR BV R
ZHEOR AR, BRI 7 Y
Kot PR BE &= §% #%  (bioluminescence resonance
energy transfer, BRET) AR HZECE MY A
o, AETELE, BeR AL IR AT UM S Y
fEMRLL, SRTHAALSZ (A6 e B BR il A %, fk
ok Ot 3 4R B &/ %% B (chemiluminescence
resonance energy transfer, CRET) i i fb2x &
WA, #E—2Effde T BRET Az (A% vE £ 37 IR
IR, AT (RTS Sofne RAUE 0, R R
W % FRET 3 A IR AR 11 525 0 8 2H URIAH BAE HT Y
R IEAT TR 5108 Y, RSOt H
ANEL T 40T 2 25 5MEZE AcrAB-TolC 1Y 3l 225 it
U L

R4k <10nm b Vo

Fig. 2 Schematic diagram of the working principle of
FRET

B2 KAEREEERENITEREREE
WIS BFR B B LA BRI D e B M (HEHARRIZAA) a4
(<10nm) W, i PAMAR RS S ZARMIRBOCIEE S, T
FROCHOR R, HAO sz A, TR SZ ™ A R DG

IPRAE IS T AR EAE A T
P23 43 B A o 31 4 Stroik &5 ) R FH ] 43 9%
26 YR BE | % & (time-resolved fluorescence
resonance energy transfer, TR-FRET) i & % ¢
B ) LS /P BT ) S B F- ATP i 2a (sarco/
endoplasmic reticulum calcium ATPase 2a, SERCA2
a) 5B (phospholamban, PLB) Z[a]#HH.
YERMAL G . Wan 5§ ISR FH BRET 454 Co-IP
BEAR, BT HARMGEAMKZIK (G
protein-coupled receptor, GPCR) 7 — K F
ZIR-BAEZM 1 (apelin receptor-orexin receptor
type 1, APJ-OXIR). 7E{HHZE AR, 14
Boa BRI R SHEIE S A2 AR BRSO RS A 25T AH

B ) = i R P | g Y N S ) - awao
b. PR A2 (R 2 6] B B s/ (— /N 10
nm), HAARISZ AR DA (A LLE 5 /% ) HE
B c. R HEAOR 2R e BT, RRREER
BHARER I FEEA : a. FRBEEEWHLZIL
XTSI P RE T A Y L b, R 2 g
PR e B R84 [R] isp A I RN 43 By 221> H AR B i
c. BerTHT S ARG S B, Aot o RS 546
Mg, SCRHBRESRE . B BeTF-HLA [ H
JnfEgE B
15 4BiE#RiE (PL) AR

PL & i i 25 [ 42230 OC RRAR 1L 4P 73+
AR . IZFANG AR ARICEE (ANt A Ak S ek A
YRR 5 EWmEATRE, 8 E R AR
IR F BbRIC Bl A R i A T R, A
JE B CE R B B A R iC s T TS A
A, AT BT S FIEE RS (K&13). PLA
AN BB ) A HER Ay, Al DA e a8 A B E
DI RAREAEH M shA R, v % AR H iy
BT T s A BAE A Y SR, AR RR
ARG B AE 7R AN [R]BY BRFE , 40 BiolD B [H] 43 HF 52
fi&. TurboID FE45E A5 T AT REA 4 M T P l™ Az
FRPRICSE, BRI Y15 R B A ELAA v
it o

PL Fe AR TS T2 il 2 8] 2 1 xR sl 45 B
bR A AR BEAE A2 . Paek 55 7 SR it SE AL
fif A9 PL 455 A48 28 B i BT 3 432 AR X 33t 40 i r i,
BEIRR T 2R B2 B L IR R 2R B S Ty
AT T A A PR, %8 & LMBR1
2 #3211 2 (LMBR1 domain-containing protein
2, LMBRD2) K B2 IR Z ARG F BT
PR EMEHZEORES, N YR a flHA
T3 I BRI B S AR 12 1Y PL R AE S 6 BE IR AT 7
YIRS SE, JFRIERLG R RGN T A IE A 3R
INFIE A 5 b, PL iy B3R T 7 HL 1Y) 28 5 g ok Bk
(Ui Z R M AR ), [ BRI B il BE 2 0 7] F4m
ORI, 1 AU BAE FH AR 1 BT hR e i B
PEs o AR RIRICHRE A — 8 R A B AR TR EE
d. 3l W) LR AR AL bR ag B R e 58 0 B, PL
FARK RN T W EEA . a JFAHM PLBEACIE N
AR N5, s e PL G A Rl Ok S N
[EE S ORI Ve AR N RO IR b K i i)
b w620 N i DN K s e e K
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Fig.3 Schematic diagram of the working principle of PL
B3 PEtRCEAN TERETREE
i A AR R RGBT TS, AR AYER FURARIC AR, B R AR BB SR I W R AL B T T O AT, ARATAR

Sl {= DGO EE g v pilHiEE

2 ZRRCHREEBRMS TR A

21 AREBFEHER®% (Cryo-ET)

Cryo-ET &—Fh45 & T T W fdds (cryo-
electron microscopy, Cryo-EM) FIWIZE A AR K
SEE AR . B, IZBARFEARIRLEE T 2 R
i DA 1 AR, XTI 20 pm DA B4
A DL Pl s P A AR B, iR 20~200 pm [
FE b R ZE AT RV R s AR, i
AR BN R A BB Z BUS; m, st L
B AR AL Y SR . 5 X AT T AR
MG TR 1 = RNV VR L A BRS04 A e D
AT A EARM L, BATE LS
A, AT LASR LA A Py & BT R SRR B
AN, ZHARNIFE A A ZEREIAR, AT ASE AR FH 5T
PR NI R=0 o S i VB0 o T = Ry |51
BEARTTIR 3.5 Ao BRI, ANHARE S AR i
WEEERE AR, AR SR R S A Ty 2l
HEEE TR (focused ion beam, FIB) HiH| £
100~300 nm . #eAh, ZHEARTGEE A BAE M
AR, FERG Y B A B BAAE—
PRIXE (),

Cryo-ET i F T8 1 it S 2 AR — e 2549 53
Hro BN, Mihleip 55 i Cryo-ET HIIE W2 £
KBS Y U R ATP & i 23 4256 A IR S
RAK, XY A R U 2 B, Park 45 1
W38 Ao 750 38 & Cryo-ET #g7~ T V0T T PR 40
i FEE - 2 T B 11 9 Wb 3R 48 (type 11 secretion
system, T3SS) #FEM— RN 1. HHT, Cryo-
ETHOAR KSR 24 . a. i A S LR TE )

JeE BRI A ntRb) AR SIVE, o RIBTZ UG
A ZR I SL I 5 s R AE 5 b. % FM A1 FIB #1142
BB [F—AXARh, PATE BRAE G 8 v 0 0 e AU
FER A SR 73 R S B il - SR A B8 T AR 4k
HIFEAR | T UREEF T MG T =4k e A
FEERR IO B A5 R S (5 T A e PRAbaR
15953, AN FIESRT FLRE AR A . MR PERE A
JEEEE VAT B o, AR SRR L
22 [RAIZBXBRE (In situ XL-MS)

In situ XL-MS J&—Fh5m K 8 B4 22 H0oR
FH T 85 1 B sl R 1 B AR A AR 9 25 () 4544 FAH B
YEFRSL AT o 2 A ) A R S I A BB S 1
SR 2 LR SRS R A s R O S ), 7R
LIS K2 ) a0 9 B 11 s 1 o R I 2
FERRBRILE R, SR I B AR S i ez
A7, AT T H 8 11 BT A 25 (R 4544 FAH E AT H]
X" In situ XL-MS RESE LA 57 38 1t Fll e 28 T
(14 5 =X ik B T 200 L PN BB 1 A B B S A M
S BRI, E AT SRR A s E A I LTS
B BN I TE], 3 AT BB I 5SS RGN 20 iR
A [WEE, SCHRBTE AL R R AR E R,
AR LE by, LT B A HABE A (Wi %H
BEAE) XWEEFRREIEATIOAUE ", BRI A £ s
W ARG s s sz 2 7

In situ XL-MS & FH F = 38 12 & 1 S AH B /EH
e R ARG HfENT. B, ChensE 7™ ffiH
TR A R D e R ELRR - R AL 2
PR 200 K SR B 1 A B R A% b B 2ok ik, am i
In situ XL-MS i & T STRING % 4f )4 HH AN EAE Y
74X - AR AR . AR EAR R,
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PR A S A AR AR Y I LA
XTIl s HUbEET, SR T AR B )
ZEVAE RN SR AT HET, In situ XL-MS
ARSI M EEA . a g e sA, wb
W FEXT AR RISl , TR AR A
Fils b, FFACHT ISR A ik IR 2R, DA SCHK
FEVEZE . ROV TS . AR AR A AN R A R
c. RALACIRTREmE , 91108 o Z2 R SRR sl Al Ak AC S
BORIESRIRE )
2.3 Wik

fr @Ot R — M T h S HU S R SEE
e N ) 2 B ed TR AN a1 GO K 7)) i e 1 A
HB T HLE AR SO A ARIA], HiiZe sk
BRBCREA R UG, T RSB S
SOrFaA G, hrEstgsiimsrm Heer,
AlEtE . EERFE AR .. W AAHEAEH
FAEE T M T A 0B FOA B R A 53
MR, ZHEARBALUTRER S a. (TG4
FaSf B Bt SR Rl AR AR R, (o an SUsRn
B KA B AR SR BEAR L 745 b B P A
Gy KT, ATTEA BRI X 4% A AL AR BT
JeIRfE . Bha . ST 7 TTRAMEMERRIL,
XIAE i H B S5 AR s /N FLRE S il & fRf e 70 2
PR ZH 22 0K RS O v T 8 1 R LA Ay
Br, B0 Schultz BREEZ 7 4387 TRFIE G R E
S RZ T A BRI 225, Xu &5 7 SET I
THMEAER S R AR . MLLEHZ B HET
MR, T RNZERE, WY a il
s PSRN S B I 5 e PR Bl R A G, AR
R R LR BOTEE S b, A E O
RAESEL, BINF BRSO D 24T, Rk
AR PO C IR G A i e SRl —FE LA T
Z o, 20, LUR Of F e 0y 5B R aT
SR P

Hip, hrEkse R LRI EEA: a K
FH 3¢ T 38 5% 7 2 B4 (surface-enhanced Raman
scattering, SERS) . #1435k f 2Ot 1% R (tip
enhanced Raman spectroscopy, TERS) . FL{E$i 2
HCST (resonance Raman scattering, RRS) F15Z
P2 #5 (stimulated Raman scattering, SRS) 4§
BOR, IR A ik, $at Al R R Ffs
WELE s flan, MEE IR R R T — R 0] B
R AL P2 G (55 1 SERSEOR , TS
LT DNA MG S B AP 2E Y 4B AR

Py 2R TR R AN AR T A R R A SR AE
b. AU B anblas 2= >0 55, kA
FeE R R R AT 5 AR AE DL Y A
5T —Fh 5T HLAS % 2 9 HK (machine learning
cascade, MLC) B9k, 1B E M ABPREN RS .
JERERIE T SCREmEAURARUM: 53 B PU R AR
MR, ATPGE AR A R P2 E S, T
TETEAN AR P MRS T2 Z R BC 4K 1 (programmed
death-ligand 1, PD-L1) AYZFEIRFEREE &),

24 mMTFIE#ELTR (EPR)

EPR & —Fh T4 ot h R B0 HL - F e Y
PakAHoR s AR B AR, TEAMIEY
WL RBS TR, TIRIBUREE AR AR F L, B
A LIRS G o A A 8 A ARSI AE ot R S o 18
Jare R E S, A RIC TR A R R - £
i ABERETEE & 4 E R, ZEmaT 8 H o
A EAE I G B0 A B Al 7 2 ZHOR Y
FRE RS a Al TR B BRI TR 09 3
B2 b AT s RE, ALy
BORMIEE; o BA®RBE, fefs i il7e i
JEEr S ERARBYEE F BT T, R E AW TR
Lo AT AR AR EAE I, 40 Joseph 45 ™ i FH Tk
i L A e ROGIE, 454G GdT-E AR A
BExt, WAELRN4EA: K B12 16 ATP 45 & &% A
BtuCD (ATP-binding cassette transporter BtuCD) -
J& it 45 4 # [ BtuF  (periplasmic binding protein
BwF) faE SRR G RR R . TR %
AR, DR a PEREAIE A TRG T A e id
Yy, XEEHRICH T LS AR 1 i B IR AR i 4
sH SEASHAHE s b BRI A S TR E A
DR FAHEAER %, HAT, EPREAKLIRITT
W EEA: a KEHIWEHIERRZ, LUEHTARidA
R FA) 2 1 o RIS A3 s b. FF A8 HY B iedsic ik,
fHAT DL AR LA DL % A 0, I 5 e ) 20
FIASNEE bR ICE R ERULER
2.5 t#HEHAR (NMR)

NMR J& —Fl 5 T I % wE Ve ) S 2= B o
ESREEG, R R ARSI S R
¥ B TEHE Sl 0 3R [) ) L S I, R A R R
i, PPAEERHRIS . ZEORE S G AT
MEILIRAG 5 BB | 5 BE R AR S I AR AR, AR
JRF AR | B DL BEAE IS S, SR
Yy 5 A3 NS RE A T8 VRV E S50, AT ARG
B AR N AL S M s A8 54 ™ AR TE
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RER, % BEEAREERANRLITRA 7+

PIR LA e 3 . a. Rl & (1 0t ROBE (0 B
FE, ATLASRAESR B2 el ey X Sl i 5 S AR
FIESAEAER "5 b, BENE LLGNFD 2 RS B B i) R
JEHE LS A BEAE I Bh AR, Re e
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Abstract Membrane proteins are integral components of cellular membranes, accounting for approximately
30% of the mammalian proteome and serving as targets for 60% of FDA-approved drugs. They are critical to both
physiological functions and disease mechanisms. Their functional protein-protein interactions form the basis for
many physiological processes, such as signal transduction, material transport, and cell communication. Membrane
protein interactions are characterized by membrane environment dependence, spatial asymmetry, weak interaction
strength, high dynamics, and a variety of interaction sites. Therefore, in situ analysis is essential for revealing the
structural basis and kinetics of these proteins. This paper introduces currently available in sifu analytical
techniques for studying membrane protein interactions and evaluates the characteristics of each. These techniques
are divided into two categories: label-based techniques (e.g., Co-Immunoprecipitation, Proximity Ligation Assay,
Bimolecular Fluorescence Complementation, Resonance Energy Transfer, and Proximity Labeling) and label-free
techniques (e. g., Cryo-Electron Tomography, /n situ Cross-Linking Mass Spectrometry, Raman Spectroscopy,
Electron Paramagnetic Resonance, Nuclear Magnetic Resonance, and Structure Prediction Tools). Each technique
is critically assessed in terms of its historical development, strengths, and limitations. Based on the authors'
relevant research, the paper further discusses the key issues and trends in the application of these techniques,
providing valuable references for the field of membrane protein research. Label-based techniques rely on

molecular tags or antibodies to detect proximity or interactions, offering high specificity and adaptability for
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dynamic studies. For instance, Proximity Ligation Assay combines the specificity of antibodies with the
sensitivity of PCR amplification, while Proximity Labeling enables spatial mapping of interactomes. Conversely,
label-free techniques, such as Cryo-Electron Tomography, provide near-native structural insights, and Raman
Spectroscopy directly probes molecular interactions without perturbing the membrane environment. Despite
advancements, these methods face several universal challenges: (1) indirect detection, relying on proximity or
tagged proxies rather than direct interaction measurement; (2) limited capacity for continuous dynamic
monitoring in live cells; and (3) potential artificial influences introduced by labeling or sample preparation, which
may alter native conformations. Emerging trends emphasize the multimodal integration of complementary
techniques to overcome individual limitations. For example, combining /n sifu Cross-Linking Mass Spectrometry
with Proximity Labeling enhances both spatial resolution and interaction coverage, enabling high-throughput
subcellular interactome mapping. Similarly, coupling Fluorescence Resonance Energy Transfer with Nuclear
Magnetic Resonance and Al simulations integrates dynamic structural data, atomic-level details, and predictive
modeling for holistic insights. Advances in artificial intelligence, exemplified by AlphaFold's ability to predict
interaction interfaces, further augment experimental data, accelerating structure-function analyses. Future
developments in Cryo-Electron Microscopy, Super-Resolution Imaging, and Machine Learning are poised to
refine spatiotemporal resolution and scalability. In conclusion, in situ analysis of membrane protein interactions
remains indispensable for deciphering their roles in health and disease. While current technologies have
significantly advanced our understanding, persistent gaps highlight the need for innovative, integrative
approaches. By synergizing experimental and computational tools, researchers can achieve multiscale, real-time,
and perturbation-free analyses, ultimately unraveling the dynamic complexity of membrane protein networks and

driving therapeutic discovery.
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