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s, REANEENSEATRAN
30% ' AEEEE MRS (Food and
Drug Administration, FDA) #tUHERIPTEIRZ Y,
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B BAE DR SE LA o fe . RBRER AR
AR EZAYIGETE: a Wiz, Flng
WZNIMERE— SR H AcrA . NIEFL i
1 AcrB, Ah B 18 2 H TolC 4 4% i & A& 14
(AcrAB-TolC) HEHHTAEE 5 b {554, filn
PSR G 3 MR Z AR SshRE &5, mikGER
S AR DI O B P RN 4 5 . AR,
B an ATP 45 WA Bl 5 B 5T 120 7, a2 Ak
EFE IS RS W ATP 7 d. A0 SRR, g
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o-syn TEME 1 BRAH, TS 0 4 AR 1Y & A e RALGRTHE T AR . ASCRG MRS T

FHIGC AT UL, A RS AR AR X T g A= My o e Fn
PR AL A

AT HAB R A ST M A AR, B A
HAEMBALUT LR A a OSSN RS, i
A BAT = B BUK B A A, w25 B 4
JHROLJSE %)l i XL 53 2 A A5 A A< L 114 25 A A T
RE ', NN FAEZeRONR BT . RME . AR
IR T RES S AR EAEH] 25 b SHIAN
XPFR, AFE SRR LR PN 178 4 0 S B 3 20 AN )67
B AAEL), BAEREASNFIN o A AR, A
HEAEAEITERE AL E R A 25 e BRI AR
HAEFEE RS, TEANMIIE b R AR s i
PUAHEAERT 2 d e sl , A0 B2 i B 5l
SREEN, H R A R TE AN BT S L
fift . iz MM, SEOREE AR TN
B, HAT LABE A 408 A0 R B AR AT ek s
e fERIGL R 2, IR AR EAEHI T e & A= 7E o
L B PN B R, AR TR L AN R T
EAEFH ZFERE 220,

VFZAEG R E H BUHEAE Bk, Bilinis
BEXUZRAE . WA RGN . ERLDURESSE . A UE
F A IR TR HOR , T2 1 TRk
TR R R A B AR, LU AR 1 AT 1Y
SERFIBEERE o PR, R AR B S R AR it
AL 73 BT B AR B S o Wl L 2854 S il A0 5y ) 2 S5 4F
Boo BB JEAL 3 A B T E AR X H bR i H
vt be o] BT K, A g 3 BT RE (co-
immunoprecipitation, Co-IP) . 2 if i% # £ K
(proximity ligation assay, PLA). X4 2¢GCH Ak
(bimolecular fluorescence complementation, BiFC) .
PR fiE & 7% B 4B 3T A5 ic (proximity labeling,
PL) BORAE, B EN A AR EAE AL A 2 4
PR, SR AR AR AR AR & A i 2R R
SER AR EOR B R IC BT 7, DUl R bR iC T
PRBIVE A0, [ 350 16 24 0 R R i S 0o Ji £ 1
TEN A EAE ISR 5 o5 —SEEOR I T X 2
FEAT bRl sl BTk, anvd vk L 1 = %
(cryo-electron tomography, Cryo-ET) . i & Y6t
(Raman spectroscopy) . HL I #% 4 42 (electron
EPR) . # #h 3t ¥k

(nuclear magnetic resonance, NMR) . J5 {7 32 Bt Jii

paramagnetic resonance,

i (in situ cross-linking mass spectrometry, In situ

XL-MS) M T AL = HAT, A5

FURT AT B0 T I oA AR EAR IR, JF
HXPHAS A Ui e 7 1T 0FE . Ak, ASGe%E
TAEBEAEIEOL /MR AR S A BT 5Ly, i — 251
1B T X EEEOATE N P A GBS A K a3, Ry
RFARBFRMSF

1 ETHiCHEERRERMASTRA

11 #BEHTE (Co-IP)

Co-IP J2& — 7 2 i (- 4 2AH A 28 1 3t ) 45
ARo BEARE AR 7 R AR O R
JAEANAE N B AR BRZSFAH ELAE T, PRI St
ULTE BRI BT, HbR B & i A B al
DL—iS W 0ivE T ok 7, BESS F A BT el sy Bic
AR AR TSRE B Co-IP AR 1R E &1k
AR ELAE A A AR AR N 7, ELAE B0 e
HMRICEUEME , A AR T R AR AR B
B2, IZBAMELAGIN S AR AR, Jork o3
HH AR A EAEN, WARERHEAH BAE
FHIYZh 2

AR TR % 5 s 1 BTA
HAEHREA R, 10 Wei 55 3 B SR TLTE -5
T 1 Co-IP, %5 JILIE /PN JoT I 55 25 - ATP fiff 2
(sarco/endoplasmic reticulum calcium ATPase 2,
SERCA2) 5 74 #% ¥4 dE B Jv 25 40 g N 32 14 1
(Sigma non-opioid intracellular receptor 1, Sigmarl)
HIE AR, FHAESE SERCA2 19 Q615 S B 145 A
HEIREL . TR IZEORE, NS a R
TR AT, UK E 2R AN, SR b N AR
EIBGED IR CAndm ikt . SSImmEk) FIsme e il
# (A1Na,VO,. NaF), LA k45 15T R Fn 2 i
WAt b. BWAEHUARR R e, X IR (n
EH /NI, EWHIeG), PAHERR AR kg
At BHAR, Co-IPHAR KAy 0] F 228
BB AP PR 2 B A5 B S W e
Sk B
1.2 SPEEEEA (PLA)

PLA & — il HL - & I8 25 B AR ]
IIFTHAR . EARIT IR TP —HOR R 2 S
P BAREE BT, $5EE FH—X A% IR B R IC A —
g e —Pi, IFmA—BS 90 B S H R EE AN
AL IR EE . P B AR 1 B R 840
W, ZHt B SER T IREE S A IR EE B AN
58, TEEEMEEH TP i (A 24k DNA. % DNA
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PG, A CERIC ARSI AT R 5 H
ANECT R R DR, SEEURHAH A PR AR A
G380 (B 1) o PLA R T %28 I L B4 Sk
[ B A7 PCR SO A9 RBRE , AN AT ARG ) A 21
ZAF T RYE A A EAEA, n] DUk B
g B s A T ST IR ek AR AR M
A ST, HARICERAIERC RN . FEMIE
FERF, RN GRS HEAN B/ F Y BLEIEYE 2

5 Co-IPHAl, PLAMEHFREMEMEES
H b5 88 1A BAE 8 1 . i 40 Tubbs 55 ¢
7 FH PLA S 0 £ A4 K 5 A I 1) 6 58 2 4 AR 4k
K, 4,5- = B R L EE 2 4K (inositol 1, 4, 5-

trisphosphate receptor, IP3R) -5 H FAK P B 25+
i iH 1 (voltage dependent anion channel 1,
VDACL) . #i% W94 15 8 1 75 (glucose-regulated
protein 75, Grp75) 7EE A0 AH EAE FH s> 530
LR OGN 5T I R S8 B MR IR o FE Az R R
B, WCMER: a PUAMRGAGES, HWDS—
rai A AL AL TR R —0 5 b. PR
RIVL R B S50 () Fe R I [A) 22 DG HE 2L 27 HAT,
PLA BT I A a BLSCIREAE, et
Mz b, WIHE T 28 B 5 55 ST IR
B, TR il A A AR P

EEBAEIEH

—higgie

R RAHL

Fig.1 Schematic diagram of the working principle of PLA
Bl SPEEERANITERERSE
—Pi. ZHUMNEEPIA BARE A BUG , AR EIREE, P BARE O PR BTN, RS TREE S RS RS FLAD
BCXS, SR A B A FORDNAS , R B2 S R E R PSR eSO MO AR S IR B " E 9O R 5 .

1.3 WMHFHEE* (BiFC)

BiFC & —Fh | Fl 2 ' 2 1 i 4 R ] LG R
HBAH EAE AR o Z B ARG DGR 1 43 B
DR B s HbnE A B b, 5P Hiw
EAREE AR, FEREANNTERNDOER, N
M= AP E S, YRS BAH AR A E A mT A
b BiFC B s57E T AT LA 1 X0 b 3 2+ 26 S
%% (fluorescence microscope, FM) Fl %W %<5
MHEAMERSR, e, BEdsE, EH T
M B s ss AR AR . SRR M 2 1 o
BT ReSs s HbReE A s A 3R, Hl Tk
GBS, FEOZEOR IO S WS 8 H s A
HAEIAR B

BiFC i FH T ey 38 5 07 26 FAH B4R A T #LAL
oy T 5 HABF ARG S . 140 Yang 55 2 i 1]
BiFC % % Sigmarl 5 [ BEAH CH 1 14 (autophagy
related protein 14, ATG14) . R filh @l & & H 17
(syntaxin 17, STX17) Fi %& 0 AH 3¢ f& 2 1 8
(vesicle associated membrane protein 8, VAMPS)
i, HE & B Sigmarl 1775 FH BEIR-A BEIARLS
Wu &5 0 IUd ] BiFC B T B B EELS G 81 1
(membrane steroid binding protein 1, MSBP1) Flfi
M X% H 4 (microtubule-associated protein 4,
MARP4) ¥ 5 ATG8 # H.AF I & H 1 (ATGS-
interacting protein 1, ATI1) FIATG8 tHHAEFHEH 2
(ATG8-interacting protein 2, ATI2) FHEAER, i
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M4 AE T MSBP1AE R $U g I IR A Wit i 122 1) 1 0
Wy, I ATIL FATI2 R HZ Ak . el HiZ AR
BF, DMEEE: a BARITIEDOLE A A B sl &
KBS =D, RN b, 96 A Bedh
B OLERAL TR [R5 c. BoiiEml & & e
Hr ) IE BB IA FE L BV HAT, WA F26 AR
FARKBE T 10 FHA . a Wi B0 B, I
YO A R BLR HALEE, DU R AR BE A
b. FFERFETHTCE AR RE, 25150 LA
S e
14 HiREEEER

% ﬁ[f} ;j\: yljﬁ ﬁ'é % % *z (ﬂUOI’CSCGI’lCG resonance
energy transfer, FRET) J&—#3&T 2805 F 0l A
ERE R BAE KA . A& @R A
(HEfR-Z %)) B RgiE (—MBA KT 10 nm)
B, AR WOOE TR 2 S T REAS
FERIEEASHT, @A IR, SA S5
RemF R R Z kT ) (K2), BERAFRET, %
53 1 WG 1% B 5 R A 2 1 K OGS
Z& ', FRET 0] ARSI 48 KZ% (1~10 nm, F#54it
ZRXF AR 20 nm) BT, ORI, SR Ek
i, REIRBNNRPYLT R SpHE e (HZ, FHAD
FETHR AR, FRET 35 B A7 it 2 14
XFRTI], JevE AR AR EAE T, e LR S

REEFET

Fig. 2 Schematic diagram of the working principle of
FRET
E2 ZtHiRgEERBNITEREREE
PIA BAREE LT o i MBER I O IEAT (BE R RIZ IR ) R iR
(<10nm) I, TR R SDEE S Z RO ES, 1
RGN, HIOCHZ RN, IRIEUR Z KR R 9Pk,

PR, e SR A5 e 2 FE R A L B8 [l
EZHORR R EBAR, HAFWR ARSI 7 Y
KOG IR B & ¥ % (bioluminescence resonance
energy transfer, BRET) {4 R 56K WA M &
o, AL, BRI IR T SR S Y
ML, SR A SZ AT e PERR il Fe R 4 fk
ok 6 3 4R B & % B (chemiluminescence
resonance energy transfer, CRET) i idfb2x k&
WAL, #HFE— e T BRET itz kX pE 2 B
Hm T, HAA RS s R U 4 R TR
X FRET 4347 B2 141 5265 ) ) 2 W RVRR EL AR FH Y
R HEAT T R 51He B, JFRI o720 4
ANEL T 40T 2 25 5MEZE AcrAB-TolC 19 3l 2256 it
UK SRl

YR AE A0 TR 1 B BAE I T
B} 23 23 A . 9140 Stroik 25 5 SR FH A ) 40
7 PR B & 7% % (time-resolved fluorescence
resonance energy transfer, TR-FRET) =il 5 % &
B ) L3 R/ B 4 B F- ATP i 2a (sarco/
endoplasmic reticulum calcium ATPase 2a, SERCA2a)
5% W M (phospholamban, PLB) 2 [u] 4 H./F
MBS . Wan %5 5 IR BRET 4545 Co-1P %
AR, BT HBH KR G E MK Z K
(G protein-coupled receptor, GPCR) S#Jf — ZR AR
2 K- 8 & Z & 1 (apelin receptor-orexin
receptor type 1, APJ-OXIR) . 7E{# iz KB,
YR a ZARAIRIBOETE 25 AR B G
WA ES, BN SERAIRISOEE 5, b
G R RIS R AR RN SZ 44 b, AN 32 1A 2 ]
MRS /N (— A KT 10 nm), HELARZ
IR LA LAE S A HES ] 5 . i BN
R el T, HRRERE SRR KRR T 1)
FEA: a FHRESIEME-ZAXT, 52 m vk
REJF R RS FYE R b il Z AR AR R RS0
[ IR A A 24 HEREE 5 e BB Iy
RNk, anJF kB REEE SRS, SR
oA . B BETHLAEAS I T A 5
1.5 4&RiEfRiE (PL) A

PL & — i i 25 R 2305 0C Rk bR i 48 i 4+
IR . AN B AR IC G (Unad A A ul A
Vg dng) 5 EE ARG, G B4R
IERE AR IC L AR R i TR,
JE IR SRR BRI R MG A T RS A
FE, PARLBIEE B S FMEE R (E13). PL4Y
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AR E] o B, AT LA AT A A B E
LR EAE R ShAS LR, o AT 4 H AR F )
AR ST SO BAE R AL . 4RI, AN PL
Bl A7 A6 N 7] B BB, 40 BiolD IR [A] 43 B AIK |
TurbolID 7EFFE Z5 1T W] REAG 4 I 21k =™ A= 5
PRic s, 5 B0bR 0 B Y 28 £ e R AORE LR N ]
775

PL H A T2 i 25 ) 4 1 5 15 sl 48 0 H
bR A A BEAE R4 . Paek 5 7 Rt E ALY
it (1) PL 2545 RS2 2R B 10 BT 3553 A T % 48 i v il
BRI R 1 208 B2 B 1R 28 32 AR B 3 s Fl PN
AR AT 18 S TE] 20 HEI &, JF285E & LMBRI
ZEFIH 2 (LMBR1 domain-containing protein 2,

QAC’

=

AR CEERR G R RS SIIENE S

=

LMBRD2) B2 I3 2 AK(F SR A2 v 7
WHF . FEMEHNZHARR, B4ER: a fHHRE
F %) Bt % 258 G FR 0 Y PL BEAE Sy 6 BB - 64T %843
AT S, IGTERL G B AR AN b ) IE A 5k
FUEANL; b. PL G BRI 1 LA 2 SL R AR AL (1
TR RS R ), [ ARIC B AT Be 2> 0w 1] T4 ic
FESEER T, 1 RO EAE R B AR bR 14 1B B
PE; o AW R BRICHRE A — 1 SR BLAE R
d. 8 330 A A A bR i ] e s HRip, PL
FAR KM 0 EEA - a. JF&B 0 PL B S 1
AR 375, B0 PLBE Y A 5 28 1
G ORI OheR VAREIN S BUNCIB T bl X i
SIS [A] RS B 4B 25 1 L 40 #T

M .

8¢ =

. . N
mlz

fi A ABEE AL JF ik e

Fig.3 Schematic diagram of the working principle of PL
E3 MEHRIEHEANITIERETEE
Wi A AR BT ERE AR ARICRE, KRR BTRC EAER T BE AR AR R Y R AR A BUEAT B S BT, 3RAS4R

HTEE B By AR

2 TREHEEBRMS TR A

2.1 REBFEHEM®B (Cryo-ET)

Cryo-ET j2—FP45 & TR URHL 7 W iEE (cryo-
electron microscopy, Cryo-EM) FIWIZ BiAG AR
SeHEUSHAR . B, ZEORTERARIREE T 12 7R
i AR AR PR, X TR 20 pm DA B b
AT DL o P R B, 1717 JER B 20~200 pm (1)
PR E AT B RV VR s R, i
BRI R A BE (T2 S e, @ AL
AR R L ) SRS . S XU AT A
PR IR 2 R Vi i B8 R UL 3 BT S5 A5 G D o
e SV et AT S 527 N2 N N S N 5 B T
(NN S R AR VT PN AN VA DS S
AN, IZHARNIFE A ORI, AT ASE AR H BT
RS ERY & o B = g5 o pir ), Has )4y

BTN 3.5 A BRI, AR S A AR i
WEEERE AR, AR S RS A I Ty il
R EE TR (focused ion beam, FIB) HiH| £
100~300 nm . Ak, AR T 5B A BAE
AR, ERG S5 H AR A AR E—
PRIXfE (),

Cryo-ET i F T2 11 i S 2 AR = e 254 53
Hro #l4n, Miihleip %5 ' i1 Cryo-ET FIE Wz ]
BRI, S R ATP 4 il 23 21 5
RS TR, L B I 2 5C %, Park
24 195 ) 38 3 v 3 1 Cryo-ET #8378 T V01T EG R 22 finh
T 40 MR TR B T B AR 2 MR G (type THT
secretion system, T3SS) &M —FRFN4077. H
A, Cryo-ETHIARLERIT M FEA : a. it A3l
ARITN SIS & i i< E v NI 117 S 7] Do = o7 N1 F (SN g £
W )22 BAR AN A8 T 52 B A Bh 8 R 4R 5 b ¥ FM Al
FIB HEHI 4 i3 /A a5 b, LATHBRFE S FE R )
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15 YRS, ISR AR G B M8 70 R 2 i e - B
R T HRBEHIHEAR | FEF IR 2 0 BUS IR A T
SHEEA . SRR A B A5 O AR S AR S IR G
PE; e ARGy =, s ARG st bbRE A AH A7
M. RIEFESREE R B TR A R, #EE
M ool

22 RAUKEBRIE (In situ XL-MS)

In situ XL-MS J&—Fpam K0 8 B 2= oK,
FHTA5E 86 1 Bl 11 B R 5 AR 9 25 ) 25 )RR
YEFRSN o S H AR ) AR P RE S o Ry S
SR I A SRR R I 1 A 2E S SO sC R, R
(VEZS: W Gy T ok 3 i e = Wik W e = DD A R R =)
FERRFRFLIE AR, AR5 i B AR 3 i e 5
AV, DNITTAFEDT HE B P 50 2 (R 45 44 AR B4
X" In situ XL-MS e LA 57 38 2 Fil = 2
(4 7 A AT T 200 B P RS R B S A S5 M A
JS NP N TP E N 1] ki Sl 1] ok 3v3 e s iWE N
BRSOV R] , 33X AT BB M S B ASCRAN Z0 AR
A R, sCHREER AL A S R AR,
AR SE R Lh M), T B2 A Hofh AR (AN Cyro-
EM%4E) XTEERIRREEAT IR 0SSR 1) Bt
W ARG s s g 2

In situ XL-MS 18 F F =38 5 8 A i BAE 4
FENL B ARG AT, B, ChendE ™ fifi ] —
3k -\ SR AL B D R AL ) R FLIR -2 5L 4 TR
P TR R % = WD S B K et A ES A NN B U
In situ XL-MSHi5E T STRING S A TEAE ) 74
PR A - AR BEAVE R . e RS, R
MR TR BEEAT SR YA A R R S IR A
XM SR, SR T AE B b 5 iR Y
PIAE USSR 05 7 HAT, In situ XL-MS £ AR
RIEATT EZA : a dFAIEREERAR, WA
I5C Ao AR A0 B AR P BTy, T R S IR A R
Fil; b FFRBRSCEFI RS E IR R, DRSS
B L VRS | AR AN S )
c. PeAb SRR ms , il Wi Z2 K AC sk b g B S
BOREE R R EE Ty
23 R8Nt

PLE e — R T2 U LR R S
AR Y —e R AL R Y i, D
T B ERTR SR AR, AL
BRI R UG, B TFRU2 5
0TFEA X, hreotigsimsam Heer,
AEME . IR R (AL . A G A EAE

AR E P M T A R AR A B A 4y
MrEeAR, ZHEARAL T BERS: a T4
) £ 8 L A A ) B A A, 510 G e A
BK AR B AE R AR5 BEAR L 7 b JE L PR AR
Sy KT, ATEA BREREE T X 4% A AL B 1 BT
FEIFAL . A ST 7 e TTRAMEMERRIC,
XIHE i H B g5 s /s FLARE sl & i e 7o, B2
PRAZH 2420 =2 O6E T8 1 B B 4
Mr, 10 Schultz SR 7 438 TR A R E
S RZ M A EAE 225, XuSF 7 SEE
THMEARS FApGaE e, JLEnZmrHET
Rt fE . TEMHIZEORES, YR a iRPEFE
s P SO R S s I 5 SR B il U A I G, AR
R EE MR L PLEOGHHE S5 b RS IE RS
KEESHL, BIANFR T RO 28455, sk RT3
KRN ROC ISR A i o Xl —FEdh i T 2
R 2R, DA IRER A EIE R R P
HAT, 8otk Rk Iy m A LT
AT o a0 >R HT K T EG 9 47 2 B (surface-
enhanced Raman scattering, SERS) . £[4bfng i &
% j% R (tip enhanced Raman spectroscopy,
TERS) . 3t #g i & # 4} (resonance Raman
scattering, RRS) Fl3Z ¥ i S # 4F (stimulated
Raman scattering, SRS) A, FHR AL 9%
R, PR R AR AR L L flan, R
TRELE R T —ZR 50 0] B 0 = oy hi 2ok
F TR SERS AR, HEIMTSEH T DNA RS ™0 4
PRIRRS U 2 PR AR I 2 R R AR
S EALRIE . b FHENE B an
PLER2E 2T 55, TR AR R S8 25 1) o by 15, AR
PR AE DR TAET RS T — M THLER T X
1% (machine learning cascade, MLC) %%, ZH
BHAAREN RGE . BRI . SRR ALAN
AEARLTE S BT DU DRSS B, AT P A A i 4 L ) o

SO RS, BN PR T 32 AT A 1
(programmed death-ligand 1, PD-L1) [ & ik
Bz 0.

24 BFIR#EEEIR (EPR)

EPR J&—F i T4 0 b 2R on HL - F R 1)
PR . AR B ATEREAE, TESMEY
TR AERRSAT L, PTRISCRE AR Y F R, B R
A LRI G o 2B A TE AT ARG DA it W2 A H 0
JE AR S, A5 300G TR i P AR R L 1Y 2K
L ARSI A AEE ., M b s
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FHEAE I Th A AR A R S, S EAR R
FRESALAE : a. AT AR 1 BN EAE T A 2 i 3
DM b AR, Al B
BRMBEEN; o HA RS, BRISAIN AL 40 H
b & B R E F B P R EARE & T
JEAL BT R A EAVERT, 15120 Joseph ™ fi FH fiik
S oL A e RO, 456 Gd-A ALY A
TREXT, WZ BN 4EA: 3R B12 76 ATP 45 & & 5% 15 1
BtuCD (ATP-binding cassette transporter BtuCD) -
J& it 4% 4 45 1 BtuF  (periplasmic binding protein
BwF) iz 8 WA FMWEER . fEHZ
FOREF, NYMER: a WEREEEMINTRLME A iebrid
Yy, SXEEhRICY AT LS R ) B R e B i 4
sE SESSHAHE ;b A RC A S TR E A
IDIREFAE AR % HHET, EPRECARKEMIT
I FEEA . a. KEHIT AT, Lhda I ThRcA
R FR) 2 1 o RIS A 385 b, FF 8T B ebmic ik,
fHAT DL AR P A DL Z A, I S m 4
FIASNEE bR C R ERUD IR

2.5 iR (NMR)

NMR J& —Ff 5 T I % WG PR S 22 R o
TESREEG Y, R R ERRH L, I SR T
1% F T S0 A0 5 A W) Y R R AT INE e A BB R
i, PRSI I A5 A
WEILIRAF T R . B B R ARSI R, SRR
JRF RS . BoE DL A B SEEE, SEmXT
VB o FNEE R AT 2 PR E S50 #r, AT ARG
TR N RS S S AR S5 1 L 2B ARTE
DUF LA 2 a. Rl & 1 B i ROBE 9 B
FE, ATRARNESR 1 B sl TE T X G R B AR
S EAER " b, BRfE LLGNFD EIRD A s i) )R
JEH A BAE I Sh AR, B RESr RN R
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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 situ analytical
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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, in 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 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 in situ 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 artificial intelligence (Al)
simulations integrates dynamic structural data, atomic-level details, and predictive modeling for holistic insights.
Advances in Al, 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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