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Figure 1 (Color online) Ligand-induced epidermal growth factor receptor dimerization process
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Table 1 Advantages and disadvantages of protein oligomerization labeling techniques

s

]

FRicBAR Fric#y 28y
POLEAMC POLEH
TaghrZpric Halo-tag. SNAP-tag. CLIP-tag2
AR TEIEYRE, f2ETE RS, filin

TREA . EWR. LYREMRE

AT BRSNS T 5%

PECSEIE . FETE LR ¥y
BAE PR, LKA
U3

SrT A/, E AL, TS

EAREE RS EARIC, MR,
NGRSl

HEADTARBOR, WHEEH HiR
HEAIRE; FOLH TR, AR
IR MR

TaghR AR B 2 48 H AR H b
BIRET 2T, SR INAS R FAR 53T
AR
Bt A AR ICRE R S 2,

A PR Bt A R0 51 G 1 2 e A
IS L EEE

1036



21 HOEARRIL

PN FARIE (fluorescent protein labeling) & A
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FI S, GFPIZEGHarTh i, 2 B HC 1A 8 5 3L
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Figure 2 (Color online) In vivo labeling technique of protein oligomerization. (a) Principle of fluorescent protein labeling; (b) Tag label marking

principle; (c) biological orthogonal reaction labeling principle
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HdE ST T Split-Halo-tag /R S5, FFAG I L AE R
M EAEFHAFFR IR R, A ¥ Halo-tag/r 24 AN
cCHs, RIEH e S EAERE H Cnx 1 FIABD2
b IR MRE A R EMEEAEH, SR
Halo-taghp%s. TEJIATMR(tetramethylrhodamine))5,
AT LATEA I R B GES. FRAE R AL, 51545
AR 43F-5¢ 36 H AN bimolecular fluorescent complimen-
tary, BiFC)3 UG ARAALL, Split-Halo-taghRic fE
fs A BN B A2 AW 09 R 8 il 72 LK R Z2 19 4
. BRUER T IR IO T T 20 A ARSI R R
VERIDT 3. MaurelZE A\ PS8 JHSNAP-taghf
S M R AT R SRR L, JT LT N IR (] 43
BRI RE IR R (TR-FRET)WFFE T 40 e
IGPCRsZER L. MAT13kF T T AZSHICSEGPCRSTEAN
R T FRAR HHAEE. S350, ZER & HAH
HAERV GBS RIRE AT, RS hnic® R R
TRFEA, KT EHEEEAZ SRR ER
i, MieZs A\PJF % T SNAP-CLIPX E bRic 2455, )
WA AR IC R A - AR E S R R
T, 0T LAAEE A Wi 25 Ja X AR A U TR . UL
Gh, WFRE IR T R —F R LR (aggregation tag,
AggTag) 5N T7k:, AUFGHE FHalo-taglt (&K1 AggTag
FREFPLFISE T SNAP-tagliL A 1 AggTagfR 51 P2, fifi L
RAERAR VL B A 2 R S 50 v] LATE [R] — 4 rh T Ak
2FPANE A A R AR A, iR Ui P R AR SRR AE
T 210 B () B A T 2 SIS I AR L S A R A [R] H
PR URIERESY. TR S, X TEOREN, R
Taghr %% 2 [ BT A Thnic e —E BB L BT IEH. 4K
1M, XFFRICT AT 2 S5AME DYkl &, I H 25
PRI AR, RIS RS A A A —E BRI,
AL, Sl L, FE A0 B T A g RE ARG
¥, XSGR B B ER T s, R — e FE R
R T Taghric H AR EAL Y IR AGASE. BRI, FFAHT
R DO CHES, FICB H bR AR TS 7R Hh 1 e ok
FEAR, W2 Taghn e £ A 78 A8 4 46 3k 52 FH 9 B
M.
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2.3 AP kRid

Toie RPCE APRICIE R Taghn 2 hRic, VF25T
R ENTERIFEE A SR T2 P ATHY. SRT, PGS
) 1oRE, DOCE AR R — BRI F, 1%
3 BAnaE A B AT e e AL RH,  SEmsg e 5 AR
B HNAIIRE. IAh, 2OE I HEETE HAnEE H W
P HEATARIC, Touk SRR SRS mdRie . W
TaghrZsbric, Bl HAERET M H &7 B B S
HHRE, (HENTHEXER, #iSNAP/CLIP-taglh) /3
FHEZN20 KD, i SEFRZAS A BN HARE FRE
REEMALEN, FTRES S BRI F.

R TR EIR IR, AR R T s e
I T 240 B PN B 1 B A T R SRR I B —— A e
A2 2 i (bioorthogonal reaction)(E2(c)). T LA
TS KA, BAS T A A RN 308 B
1 S R RS UER . TSR A 2 B AR A
B S ) U NAIACH AL/ o S o I B DA R KA A
MG 2 EMR R PARicE . JBJE. BEREARG
H AR HE K B A YE . RN
RACARRA) 5T, B8 Hd mibric 3R o0 E
). Serfling AT 1 T Bt S - B -2 i
% (trans-cyclooct-2-ene lysine*, TCO*)bric 7EAZSHIB
JEGPCRs [, JFl i 7E BN TCO LA FHEAT X554
PEbRIL, W T —FICH AP ik S 2% Rl {55 GPCR
SERACIR DI HE, MR SE TR B T35
RALIITFIE. 8% % N1 Uk ATE (aggregation-in-
duced emission) R4t 4+ HF 8 FBAH B AR AR
AT K ATEZE S A EPBIH 1o A= ) 1F 52 B i 432 3 B- A
Pt A (B-lactamase) I, BifiJi5 X & 1M 5 [ B-lactamaseitt
AT YErE R I, 2558 /R ZLEPBARIC #YB-lactamase
P PURZER LA S A IS e s Ok B, HAEE S BARERH
BLIPIY O R B B M OUE S, B2, EWIER
PRICE AR BA T SRR e MR, IRl
— PR R N AMEPIARIC RN, TR I SE RIS
X AERIC TR AT ASE RS E AR I M Taghn 284
R R R, I USSR R A I SRR 5
iRt B RO E. SR, B AR R R RN £
ik, Flanis s s C R B 2 455, I, 3K
TR S BRI R e, AW IEsShmicBoR g
S R SERR R, I G T AR U R A S T g
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HEABHE VMRS EESSE, ST
JUF-Fr A A b 5 S 2t B . SR, s 20
H R SRR B R e rh, 77 E—LEBiE, sz fR
TARSMEIN BRIV R . RR RO E
RS, tesh, RS A R R ICE IR
I 23 {5 ok fe s 5 20 F7ETR AR Hh B AR EL AR .
N T RIS, WP B AT A T — S5k
TR, FITHR I 40 b ) S BUSESR AL, AR SO T 2
A3 LR T (ARG 2 1 B S SR AL I B S LT
PERE, B HTTEN BRI 2 A5 O AR
RIS (413).

3.1 T MK (fluorescence cross-correlation
spectroscopy, FCCS)

PECH AR TG & — Pl ik 7% OG5 R (fluores-
cence fluctuation spectroscopy)fiTA: MR HIHT M4 AU RS
FREMELAR, TR AT 2R 220 DL B R R 2B 5
S, AT LA R R A ] A A Y. Tiwari%s
NI FFCCS A B AL T 15 41 P p50/p6S U8
T IRIRI RGBS E K, Tl BT AR B, p50/p65HY
K HAEA A B A BT AR, X A3 T FCCS
FORTE AL M o+ (WAH BEAE ) B pL . Besk,
FCCSH AR SR AN sA ) TR, Hink%
20084 FI FIFCCST ARSI T 40 R 7 4 i 5
RS2 AR A2 AR T RS TE S R AR A il
{ITECFPHIEYFP43 %5 BRI1(brassinosteroid  insensi-
tive 1 receptor)FfIBAK1(BRI1-associated receptor kinase
DRGIFERYI TR, g R EoR, PIFhEA9A
— AP TR 2k, RUITEAAE B - BRIIFIBAK 1
ATREIE IR R, [RIREHD, ARSI (A FHFCCS
BORWEFE TR ST BRIVE I R AIE K, 53R,
BRITZEFCAARANHE 5 AASEAT I M 1 — SR AAAR WA 6 PR 1)
TIRIK, TS S LY. BRI RN,
W B BB T 95 & 2 P H ORI A9 7 ok 40 58
FCCSHIR . i, MachanZs APkl T —FPR
R A N U PO A O (dual-colour  imaging
total internal reflection fluorescence cross-correlation
spectroscopy, DC-ITIR-FCCS)AY#T Y plif5 1 Aok A5
CHO(Chinese hamster ovary)-K 12+ AYEGFRAY —.
Bk, 458 5o, FHEGFPHIMRFP(monomeric red fluor-

escent protein)bRic (Y4 Z [AIAH A5 R AIE K
MEGFR—ZL, SR AL 2 (R 7E A 2 R 22 52
BEAh, AT S X BRSO AT LAPEAS B4
L2 B 25 5, 3 AT APPAL B4R A AR PY EGFR — 2R 44
B, BSR4 A, EGFPRY R iLliZ. & Al
B, FCCSHEARTERIM /3[R AH EAEH Jy i HA B
B BEE BRI AW, FRAOTHEFCCSTES 41 i
ISR RS P B R AR B, IF7E A ARt
sy HEDN YA 2 P

3.2 POBEAMKEEIAR (fluorescence recovery after
photobleaching, FRAP)

DENCTR IV I BASE— TV A9 76 4 ) g 1%
FR, FTUATESRA M ACE T 3875 8 1 BT g FiAe
HAEH, Utsk) iz H T8 40 R4 55 1 s A8 4%
PRLL K A B SR 2450, 4, DorschE A2z
XU FRAPH ARHFFE T GPCRs(FF R 2 13214 Y 25
FAb. MR 1324445 5 CFP(cyan fluorescent pro-
tein) FITYFP(yellow fluorescent protein)fili 75, - 7F 4 g 5
ARG, AT FRAPHEORAGB1-CFP SO LRI 1
e, RSN, IMAYFPHUARRS T YFP-B1A9F£ 5, JIf
HARRE T 15%MB1-CFPRYiz 8, RBIZIR LT
TR, AN, FIFHFRAPE A AT DA & H R 1k
(9 ISR BRARTS. 140, Sieber®: A Lz FIFRAPH: R
WLELEIH AT GFP RIS filfl & 25 1 1A(SXTA) G H
PRAZ S [B] H A B B PR S IR TR K, 23
HOREAL, iR, SxIAE AWz
SNAREX I H AL MR, Youn%s A%z F 2ot
TG R 5 R A D /N AR I sHS P27 (194 HiE
B, R Y HOE R B S T & K, sHSP2745
Z/DAEAE 2R B R, RYIsSHSP272 I LE TR 40 h 2
FEE2FPSERALIRA, TR S HIE R R ARV
EWAK. B2z, FRAPEARILC) ZNHF4EAY
SO, FEGE Y HOE Rk SR R
KR BB R AR R Bk R B B, FRA1T
WIEEFRAPE A AT Lliz I 4F iy 2 IR T . ORI 1Y
SR DA S A At S AR R, DN T4 T AR B 1 B 2R
LRIt

3.3 kB AR AR (single-particle tracking, SPT)

N TWIREANERL, RECETTRINTZ
AR, Wiz 2g ik Syl JTURE R HAME
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B 3 (MR 0)E A R RIS ARSI AR, (a) YL E A (fluorescence cross-correlation spectroscopy, FCCS)AE I X AN k%
HHEE; (b) SA2H D H AR IX RS2 OB 1 A RS I DO EIR L M2k (o) 26 A B AR S 3R W) 22 [R] (9 3 25T LA K SPTHORTE 25 4 55 SR AL
FERIRH, BT FOLE SRR RS R, B — BB EE A, (d) smFRETH CAREL, PR 1 BRE & T4, A2z A it
IRBE R 52 AR BRI () 21 H BT P BRI O & 2 E A AR AR ELAE T, 38 DEER AT I P-4 13 BEbR T A BRRS i FE  5 5

Figure 3 (Color online) In vivo detection technique of protein oligomerization. (a) FCCS detection area and fluorescence fluctuation curve; (b)
fluorescence recovery curves of regions of interest in a single cell subject to laser bleaching and detection; (c) the dynamic balance between protein
monomers and oligomers and the application of SPT technology in the study of protein oligomerization, the time process of the fluorescence signal of a
single fluorophore, showing one-step bleaching and two-step bleaching; (d) working principle of smFRET: The transfer of donor energy to recipient
energy occurs when two proteins are very close together; () dipolar interactions occur in the paramagnetic center of the two proteins, and precise
distance information between the two spin markers can be measured with DEER

AREE ORI, LG ARTRMEAE G R L LD
2% F9 I 1] 2 0 A R A 0 3 4 A 19 43 T I SE R
BP0 SPT R —Fh ST I 40 A SR AR 1 23 T30 2 R
Kk, Wil T RAN SR ) B O H AP IR, DT
S8 NG AT LA 2 BB P e g, BDEE A S
FEAEE LA B W AR DT ST, A TR
J&, TESZIG TR B P AR B SRS B AR S X IR,
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T, B FAMTL3 2 RE IR+, TR
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SR, R GEVE A —F Y BERFAR 7, 15 Sphotl
TEFRR IR 3R IK, RS 515 5153, LA, Zhang
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34 Wy FOOEIRAE RS EIAR (single-molecule
fluorescence resonance energy transfer, smF-
RET)

smFRETH A JE— i K TH., 7L FHes 2
FeHEE Z B /NF10 nmif 25 A B A/E . H R E R 2
MHEAER R Fhric LRS5O 63 A, —A4
VER AR AERE R, 55— RS2 R sE ke, it
9 NCIARBE R FE AL H AR AT LIS X PR BAE I, AH%E
TS CIE P ARIC E HA P, smFRETH A iy HE
/NEE R, B eIV R R, HETC )z N T
KA T ENER. XFEARIET R 2055
P, RO IR A I ARss N 4 PN S S8 e s, il
s TR 247 2 [ B AR AR, i
D) 1) FH V% 7% E, A7 # 5 # 14 (charge-coupled  device,
CCD)HEATRLMG, R o3 HER AT IR 2R, X Pl A
(] 53 23R X6 SIS I A= 0 - 1) B DA B AR 2
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3.5 AWHL -H, -2EHEE R (double electron electron
resonance, DEER)

DEER WK A ik i B 7 X iR (pulsed  electron
double resonance, PELDOR), &—FhJ iz A
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Proteins are large molecules of specific conformations, and their functions vary depending on their structure. As the key
components involved in life processes, proteins often assemble into large complexes called oligomers to execute important
activities. Oligomers are of two types: Homologous and heterologous. The homologous oligomers contain subunits of the
same polypeptide chain, whereas the heterologous ones consist of two or more polypeptide chains with different amino
acids or different biopolymers, such as nucleic acids. These oligomer complexes play significant roles in regulating enzyme
activity, signal transduction, and cell adhesion. Oligomerization can increase protein concentration in local space to provide
higher stability and enhance the specificity in a molecular recognition process. Oligomerization is influenced by factors
such as the types of ligands, proteins, and temperature. For example, receptor proteins are often assembled into dimeric or
higher-order oligomers mediated by their corresponding ligands, which promote downstream signaling cascades to
transmit signals. The formation mechanisms of oligomeric proteins can be categorized into the following four types:
Domain exchange, ligand-induced oligomerization, interfacial point mutation, and post-translational modification. Domain
exchange allows functional conversion between protein monomers and oligomers. Ligands can induce oligomerization to
activate protein activity, as is typically observed in receptor proteins. Interfacial point mutation involves changes in the
amino acid sequence, insertion, or deletion of residues in an interfacial region, which distinguishes different
oligomerization states. Post-translational modifications are essential for functional protein formation, although errors in
modifications can result in the formation and accumulation of abnormal oligomers, which potentially contribute to disease
development. Therefore, analyzing protein oligomerization is crucial for understanding biological processes such as
protein-protein/ligand interactions, signal transduction, and disease-related mechanisms. Researchers have optimized the
study of protein oligomerization from different perspectives, including predicting and identifying interacting proteins,
labeling target proteins, and observing them through imaging. The conventional techniques such as co-immunoprecipita-
tion (Co-IP) and yeast two-hybrid precipitation have some limitations, such as the inability to investigate directly in living
cells as well as the possibility of giving false-positive or false-negative results. In recent years, however, the emergence of
new technologies has enabled real-time, dynamic, and in vivo observation of protein-protein interactions, which has
significantly contributed to the advancements in this field. For instance, the use of more stable and photobleaching-resistant
fluorescent probes, combined with high-speed imaging techniques, has improved the temporal and spatial resolution in
observing the dynamic behavior and interactions of proteins. In addition, the combination of emerging technologies and
algorithms has expanded the scope of protein explored at both temporal and spatial scales, which has deepened our
understanding of the relation between protein structure and function. This review summarizes the classification and
formation mechanisms of oligomeric proteins, as well as highlights several major technologies for analyzing protein
complex oligomerization, and provides an overview of the recent research progress in protein labeling and in vivo detection
technologies. Finally, it offers a prospective outlook on the development of research in protein oligomerization, intending
to provide theoretical references for researchers in selecting appropriate analytical techniques.

protein oligomerization, protein-protein interaction, protein labeling, in vivo determination

doi: 10.1360/TB-2023-1177

1046


https://doi.org/10.1360/TB-2023-1177

	蛋白质寡聚化的活体检测技术及其研究进展
	1�� 蛋白质寡聚化的分类及形成机制
	1.1�� 蛋白质寡聚化的分类
	1.2�� 蛋白质寡聚化的形成机制

	2�� 蛋白质寡聚化的标记技术
	2.1�� 荧光蛋白标记
	2.2�� Tag标签标记
	2.3�� 生物正交标记

	3�� 蛋白质寡聚化的活体检测技术
	3.1�� 荧光互相关光谱(fluorescence cross-correlation spectroscopy, FCCS)
	3.2�� 荧光漂白恢复技术(fluorescence recovery after photobleaching, FRAP)
	3.3�� 单颗粒追踪技术(single-particle tracking, SPT)
	3.4�� 单分子荧光共振能量转移技术(single-molecule fluorescence resonance energy transfer, smFRET)
	3.5�� 双电子-电子共振技术(double electron electron resonance, DEER)

	4�� 展望


