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Figure 1 (A) Schematic diagram of a single fluorescent protein probe with sensing and reporting function; (B) Schematic diagram of fluorescent
sensing probe based on the change of fluorescent protein localization; (C) Schematic diagram of fluorescent sensing probe composed of sensing
element and fluorescent protein (reporting element); (D) Schematic diagram of fluorescent sensing probe composed of sensing element and fluorescent
protein complementary system; (E) Schematic diagram of fluorescent sensing probe based on two fluorescent protein that can produce fluorescence
resonance energy transfer (FRET) effect; (F) Schematic diagram of ratiometric sensing probes composed of two fluorescent proteins [9] (color online).
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%&”ﬁ%%rﬂ R SCR(EI1C), FER L N
() ZET IS RBTIEER, 2OtE Ak
JR R HRER(CL); (i) BRI O SHORARS 5
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X436 H AN A (bimolecular fluorescence comple-
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Table 1 The genetically encoded fluorescent sensing probes

GrHT ) WEr JE R SCHk
pHluorin E1A2 [10]
o mtAlpHi El1A2 [11]
pHmScarlet K1A1 [12]
FIRE-pHLy IF [13]
Redox
ROS HyPerZ%ji%%: HyPer. HyPer2,3,7. HyPerRed. TriPer E1c2 [14~19]
cpYFP FE1A3 [20]
GSH/GSSG Grx1-roGFP2. Grx1-roGFP2-iL. hGrx1-sfroGFP2. Grxl-roCherry E1cCl1 [21~25]
NAD'/NADH SoNar El1c2 [26]
Re Rt
) FLIPglu % %1 FLIPfI;:lIle Il(zglglu%?%l&ggg;u%IPglu 600p-A(X) KI1E] [27~30]
LELY GIP&%1: GIP. GIP C,Y;» AcGFP1-GBPcys-mCherry E1E2 [31~33]
Glifons % %1): Green Glifons. Red Glifons K1cC1 [34,35]
ATeams K1E1 [36]
ATP
QUEEN. iATPSnFR K1c2 [37,38]
Cameleons. YC-Nano KE1E1 [7,39]
Ca*" TNZ%. Twitch &5 K1EL [40~42]
Camgaroo. GCaMPs. GECOs B1c2 [43~50]
FRETZ FI1EL, E2 [51~55]
caspase-3 H E%h\ﬁ)‘c% SES E1D2 [56]
TG FE MR A AR 3K KB [57]
AN AR ES F1c2 [58]
CNiFERs# %! FLIPE. GluSnFR. SuperGluSnFR E1E1, E2 [59~64]
LB iGluSnFR. R-iGIuSnFR. iGABASNFR, GACh, GACh2.0, i [65-74]
GRABp,. GRAB;. RdLightl. R-GenGAR-DA
GPCRs##% E1E2 [75]
HoAt Tl R TE 22 AR ET 1B [76]
LA B R 1E1 [77]

YIRE 5 TR Ao 2 MBI A EAEH, REE MM
A BAE A H ARSI RS, BT e R ) A
HIEHERITOEE A T, K5 (D1); GFPATLL
P25 BB RS, FTRAETRAN I Z 5 R OL T
H R SERALEE; KB oM 2 SR A IE, 1E
T s, RTTE TR, MR, TEVEEE T T AN RE
AL E R R RO E, FMARE= Y%, 4R
B TCAF R 73 M, By PRy 75 22 18] _E HAHSEIL,
HHH BN B AEER R EEA DT, KR
Je(1D2) 5,

(5) H—XFHEF=A % e IR At B % (fluorescence

resonance energy transfer, FRET)%M [ 7%¢ 6 2 (A 41k,
Horp AR G L A (1) e 5 i 5 52 A 25 AT R IR O 1%
A ES, HIXPADOGHE 8] 96 A I (— K
/NTF100 A), 2 REE AR A 2 A4 7%, B DAL
WOR AR I, WIS S AR R S 2. 48R EH R
R5SE S HTYIRE, FRET(E 5 & 46 (1EL, E2)7Y.

(6) IR IOGE A 4L bR R e, Horp—A
R E R IGIE 5 U OB T 7 S A2 4k, 1 o3
—DRNEAMTOE SAZEN, (FANSES,
I8 I I e I AR X g3 B AT B 2R e (1
1R,
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3 FEHEHASSECHE R R
3.1 4ifapHM E

4 ff N pHAE 2 I AR 383% 3)) ke 4 28 o0 B (1) 4
H, BB B yE 2, R ST, 59
HiL B T35 0 B A s AR <) g pHLE
HACPAET25 4™, HoK P R84 SR RE R 7
H YA BRI 40 o P pHA DR S B 58 R
&1 2 B 2 pHEBUB % 6 2 H (pH-sensitive fluorescent
proteins, pHluorins), 7343 FIGEEE L. Wi19984F
BB W pHluorinE 1, A PN UK (3951
475 nm)Fl—AN & % (508 nm), EpHM7.5F5.5/)48
R, 395 nmifUR G R RO R R E FRAS, T
475 nmiUR G T I G RREE W TR, TR AN
RV DE o B ELAE I e pH,  BAtE A (¥ pHluorins
Fr A 2 X pHluorins' ;17 58 2 3 pHluorins 72 Y615 5
o BEpH A AR T A8 4k, 40 HpHBUR Y GFPR A R
5528 AR [ 7 51 4H R R mt Alp Hi P DASRE S5 A6 00 28 r
B pHAE, H R 16 (498 nm) A& I (522 nm) 9
SRR pHIO AR IR 55", 20214F, LinZ!"IFk
WA Rt pHBUR M 5E 14 58
B AR E pHmScarlet, ¥R E 562 nm, K 4FIEN
585 nm, 3GIEEREHPHMS.557.5, TIHGsm264%, 1
A pHAL (e M A PREH  RBUE B, o pH K
o ARE 202144 IE FIFIRE-pHLy, ZiR%EHH—
X %¢ Y68 A (mTFP1 flmCherry) 5 LAMP1  (lysosomal
associated membrane protein 1)H B4, fEpH
3.5~6.03E H A, mTFP1H%E 5 2 BE A pH A T e i 1
58, TMmCherry 12 G5 EE LR FFAAR, AT DLdit i e —
F e LU AB A pH.  FIRE-pHLy /& 25— /Ml
1) e R P BB VA A O pHSE e 14,

3.2 SAARIE SR

A8 5 (reduction-oxidation reaction, Redox) &
AN — RINEAIE JF R S GERR, 25075 2 Fham
MaThee, WgHMERRA. . S RH T, REFA
Jitd H Redox - #5424 457 20 i 1) 1E 5 D e R 45 A S BREAE
FIP) 4 % (reactive oxygen species, ROS)Je& LA I
BRAL 2 S S ) & S8 R AR, e HL O, 2 4 il A
TERZIROSHIE L —, FHERE G, @2
FAE SABB M E  TS % wE EEE E,
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GSHAZ4N P & el & P AL, 7%
T, GSHEZ LA R AR B H IK(GSH) AL LA
e HR(GSSG) MR R AEE™. GSH/GSSGAMY v i
EEMARGTHENEFIRE, EREETZHAMT)
Be, WSO R OERE . At TS BRI
A SSIO)SA Ji R JORTE I AR NA — A% R (reduced nicoti-
namide adenine dinucleotide, NADH)F4E L BINAD &
— R A EY 2T, NAD /NADHAZEM RN
HEHEL, 25182 f8RQUuhd E H A IE R X
[P0 H BT 2 A8 F B H, 0,38 £ & Hy Per 5 Y,
HyPer & HH,O, 4 57 15U 1 1 4% J6 £ Oxy-RD IR
HEF R A E AcpYFPA L, A WA UK IE(420
500 nm)F1—AN K 4114 (516 nm); *4HyPer#: 72 T-H,0,
OAEE T, 420 nmBL R WG T IR CHEE T, M
500 nm R VG T 1R 5% 6o B R b3, - DR ik md e
EH A, RTH0, 7 L Z PRI, R Tk
WEESR, STH,0, LA ik vk, tf Al RedoxdEhrin
0,7+ NOLLKONOO %375 & Fmia i, insesk, 4
X HyPerfI B, TR & BA T 2 K a1 i Hy-
Per2! I MIHyPer3"® . T4 39 % E A HYy-
PerRed" " LK% A FH T+ A 5 19 f HL O, 4 I I TriPer™;
BT IR Hy per 53 % B 52 2 2020 4E 41 38 1) it X H, 0,88 R
oI B pHAS UK I Hy Per 7). 4, Wang25"F)
FepYFPYE MO, HREF R T R A IZ ISR, &
M GSH/GSSG I 28 MUREF S Grx 1-roGFP2 ! %454t
X GSH/GSSGHF 7 R 51l (111 4% Jo A4 4 e B A Grx
FN9E B FHroGFP2AL K, A PR I AN — A Bt i
(510 nm). WIRGSH/GSSGHE T, 390 nmig k&~
(1758 6o T %, TTT480 nmild & I T 95 6 3 i Lt
Hghn, PR eI il e Head Ot AE, XFGSH/GSSGI#AT
bt s QRN ", i ke 20 % roGFP2 ) it o5 Jé T
T 5 M GSH/GSS G Il /I Grx 1-roGFP2-iL il J]
F- /N RS 41 it AN 40 %% N GSH/GSSGHE I T hGrx 1 -
sfroGFP2* Y. 20194 f5e i 138 ) GSH/GSSGAL 11 5¢
65 AR EFGrx1-roCherry, HImCherrylfU&E 15K, ¥k
WA I g B W 43 5] 2 589 A6 10 nm, AT 3 FH 7% 40 Jfa o
GSH/GSSGf# ™). Zhao 2 % 2 flSoNarfR £l &
H RGN 72 FINAD /NADHAFRER,  H it 26
cp YFPHf A 2| g FAK A 18 K IR FINADHZS & 4 s [ 7
T-Rex™, 1ZEREHH AL IE(418F1500 nm)Fl—4
R FHE(518 nm). MNHENAD /NADHLE 15, 418 nm
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WK % 5500 nmIsUR IR 1) SO0 3R FE LA PR K. So-
Nar UL 7E 5 40 B ARG 7 3 707K F 523 T NAD /NADH
(K e I 23 2 R A i 15,
A BAFI H 2 d ff Redox % 6 & 1 £ (HyPer-

TriPerfGrx1-roGFP2. Grx1-roGFP2-iL)7E 2 PEHE R
[ Il (acute myeloid leukemia, AML)4H i H &7 7 Af
DA ZERIAR . P 0T & B JDT B 40 g A% DU IV 248
4EFyh 2 2% Redox (H,0,FIGSH/GSSG) & IET- &
(E12), 237 AMLYEA A H Redox P SERT M lll, I
i 7 EEALST 23900 AML 2 M4 i 23 H Redox 7K1 )
SOMA,  BYCRE DT R LA SO T T AT D S ) IR A T I

i[%].

3.3 ZHMRE BRI

7] %] B = W R IR ¥ (adenosine triphosphate,
ATP) 737 & & Fh A M) i) 3= S Re R IE A RE 2 02 .
WY 7L 31 70 4 i 6 26 W 7K T 1 S i S 22 P e 5 DA

(A) (A1)

(A2)

(A3)

0, WIRE PRI AERESE. IR bR 0 4 A Py 1 8 26 4 /K ~F
AT AT R AR SR I AR 4 A
A RE RO R AR e £ E AR TFRETHE
FLIPglu & 5 # 52 R GIP & A4 4 D) 56T
BANGEG R 1 10 Glifons R FI#EFT. FLIPglu-170n
2K 4 B 1) JE i 45 6 B A (periplasmic-binding  pro-
teins, PBP)5 — X FRETZ ' 8 [ AH 45 6 1 1l 1) i 26 W
PREL, 8 B PR B T R, FRETAS S48 i, A I
90.02~1.5 uM, EANIE A A 28 2% A1 T 48 i P i 2 0
A I, 283 6 PBP A i% 15 FI (I FLIPglu-600y, HoA
MIEE~H0.07~5.3 mM, T AR50 B 40 i
(COSTHMf) AT A FERORINET. 4Rk, i X FLIP-
gluRVIE, Ok EA 2 B IYE H ) FLIP-
glu-600p-A(X). FLI™Pglu-YP* FIFLII"*Pglu-Y 245
EFP20 GIPHRET R K AT B 48 % bl 45 & 3R A (glu-
cose-binding protein, GBP) —XfFRET %)% 8 [ #H 4
BT R, 78 HER P T i), FRETAS 508055, e

s
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Bl 2 HO & & ITIHEHLO0A A7 4H i 45 ) v ) 23 A K Hus A6 25 W0 BT i i 1 (Cytarabine) R 7. (A) M) 54 HE B 2
B 1UE M 85 Hy PerfE HLOOZH I FI4H T 55 (A 1~A3). 41 JBAZ (A4~A6)FNZE KA (AT~A9) LA % TriPerfE N i ¥ (endoplasmic  reticu-
lum, ER) (A10~A12)H [Fa 5 Ri%; EA2FIAS B RAIAAZ Yk Hoechst 333425410, A8 RZ R A YLk Mito-Tracker Red %
i, KA1 RERYLELER-Tracker Red 44 t; IASFIAG R /% (R (158 il 5 )1 45 R, FEIAOFIA12 /R Gt (AN 2L (5 5% il
A ISR, HBIR: 5 pm. HL604H T H 8 5 ek IR H, O, - %o Bl A # (¥ )82: (B) Cyto-HyPer. NLS-HyPerfIMLS-HyPer,
(C) ER-TriPer; FFHI i) 24 h**)(1% 2% hi % 151)

Figure 2 Intracellular localization of HyPer and TriPer targeted to various subcellular compartments in HL60 cells and their response to
chemotherapeutic drugs (cytarabine). (A) Panels represent the live-cell imaging of HyPer stably expressed in the cytosol (A1-A3), nucleus (A4-A6),
and mitochondria (A7-A9) while TriPer stably expressed in the endoplasmic reticulum (ER) (A10-A12) of HL60 cells by SIM. Panels A2 and AS
show staining with Hoechst 33342, A8 with Mito-Tracker Red, and A1l with ER-Tracker Red. Panels A3 and A6 are merged with Hoechst 33342
staining, A9 with Mito-Tracker Red, and A12 with ER-Tracker Red. Scale bar: 5 um. The normalized response ratio (488/405 nm) of Cyto-HyPer,
NLS-HyPer, and MLS-HyPer (B), and ER-TriPer (C) to cytarabine by flow cytometry (> 10,000 cells). Drug treatment time: 24 h [92] (color online).
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TR A TF-20 pM AT 2 B0 Y 5 8% R I GIP C, Y E
pH 5.3~7.3 2 [A1BNFEGE, 38 F T BRI PR e JR S 44
v A B A I CY, I FRETH FIGBPALK I AcGFP1-
GBPcys-mCherry ] 4] SR 2 e A A = 4, & H
TR IF SR, 20194F, Mita5 M i3 o FURH T
B (MgIB)H [ % 5 45 4 35k 5 GFP 1) 5822 A Citrine 4
ZEE M T Green Glifons#i] & HEERER, 7 F T HeLa4l
JHL LR A L 200 R 4T I DA B 75 R s 4 i PR AL
/N 5% LY T 26 R ARG . 2022 4F 5 W AR B A Red Gli-
fons & FH Mgl B %) ¥ 45 & 1805 40 (1.5 6 58 FImApple
Ak, BN T HeLaZil i S i N 73 wh 41 i w75 22 b
e,

ATP/KV 2 S i 4 ff A BEOIR 265 1) JE B 48 A, ok
TS G 2R A, AR, kR a0
DR] S DU 4 . PN AT P HFF 7 471 308 DT 2 5% 401 i e e £ i
FOSEmT . AR AE AR SN R S A R B S5 R L
A E I L. 20094F, Imamura5 R IE T 8 A H 4
i I ATPYRET ATeams, 1 ERETF) A 5 27 fM B F F -
ATP & el Foks — XMTFRETH G B BEER K, 24
ATPIRFETH =N, FRET(E 575, SEEL T HeLaZi ik
ATPHIREI. 2015538 FIATPYE 6 & H R4 QUEEN
F& K cpEGFPHi N 2| # U B F F | -ATP & il e M. 5k
P a2 iE 2 (R T RR, %R e AN R 16 (400 F1
494 nm)A1— R HHIE(513 nm), AT I AN Ok
U PR e LU AR, X ATPEEAT L2 2RI, R T
JEZET 20194F, LobasZs* ¥t cpsfGFPH A B i # 2F
FUFF B FoF -ATP A B T 5 14 2 i ATPSnFR, UK
g 488 nm, KUTIEN525 nm; AW VE FH A
30 uM~3 mM, ZARE K pHEBUB I AR, & TR
PH B K IR B (U2 K 44) 7 i ATP.

3.4 pECaTWE

Ca™ JE AN M A A i LA, BB
H AL 20 M A IR (B2 K ) B 45 R (A B AE 1) B B 22 1)
WA, BFEERERA. BEME. ATPAER. Rfilifs
S VAT e 2 VS| S Rk v M 27 ]
Ca™ W JE [ 9 6 2 IR KRBT 2 MK (1813): (1)
EHEMWARNGEH, WHEFTFRETRN FJCameleonsFl
A& EC (TN)RFIT ) 19974F, Bk e g
TE AR 20 P Ca™ R B 0 i TR g B % O 1
Cameleons, ‘& H—Xf g8 &K AEFRETIH R MEGE A
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(@) CaM

-

R ——
CFP FRET

Ca¥ % N E A4 Cameleonsy~ & B

=

Ca?* %N E [ F4HGCaMPs & B

@ Ca*
—_—

B 3 HFESDCa™ % Cameleons (a)MIGCaMPs (b)7R &
U R 2 iR )

Figure 3 Schematic diagram of genetically encoded ca®’ sensing
probes: Cameleons (a) and GCaMPs (b) [100] (color online).

F5 18 25 (CaM) A4S TR K 45 & M 13 5 B A i, Came-
leons 5Ca” 4544 J5, CaMALEMI13HE T 3 FRET(E
2 SEPCaT VR EE IR, 5 4R 7E Cameleons 5Ll 1
RIET — R FETFRETHICa WK REF, W&t
CaMAIM 132 8] (K142 3k (linker) £ 17 75 21 (1 48 i Ca®
WEEREHYC-Nano, RBUEATIAGNEELL, AT B T kil
01 1) 52 30 e 20 T 375 50 S S50 400 L P 2 e Ca R FE
I AZ A7) TN B 51 Ca”™ I B -4 2 LA 22 1 C
(troponin C, TnC)EACa” HRITTl:, 55— W FRETH
YR A R R R, S5 i 1 P TnC I C R B 45
P35 FRET S 8 (%2 A Twiteh R F14R%E, W]
T 20 7T R TR e T AN T 9K L i e Ca” VR 110
2 R Ak (2) &AM, WCamgaroo.
GCaMPsFIGECOs™™ ™. Camgaroos& fHCaM. MI3
cpGFPAL R I Ca” W JE W B 1 HeE, REBUE ik
BE™W) GCaMPs[FAIREZFE T CaM-M13 5 AR
1 (WcpEGFP25) AR 25 £ (1 SR W M A (1 — R 31 Ca” e
PRAFIOL LRI R AN S5 5 T R B S,
IR R GCaMP6iE i T A 7 B 37 5 Ca™ WK i
ORI, frh 28 7T B h S B — S B AT Ca” IR
JRE A A B B — e e 5 1 5 SR Ak b (R Ca” VR P IR
AR JGCaMPTHREF S5 SR H IR, fig
T AP B — P8I0 AR SRR 2B T 1 Ca” ik
M GECOs 5GCaMPsREIR A, 26 £ 5tk
A, . Gl R ass, TFE T Ca IR ER I
“Z R AR,



REFRE: b 20224 Hs52% oM

3.5 TN E

AL T AR e R N IR IEARE, AR IR P A 42 o)
I E F G FHIET, ¥R — RAERPEE. &
BV R ERE . EIEARIRELRAE T B RS s
B —FhBLGR, T A2 A 8 A i E o AR A7 I B3 1T 3 3 4 Y
I—FRAET AR, 78 2 M AR 2B As 77 8 R 1Y)
IR E L EER. FSARE TR 2R
ST SRNEG;  E SL— FPAE B4 7K~ R g 7 5 ] 5
HUAS I 2590 S B AP T, KRBT 7 2 AL
& L RS = A Y =R= ST BURZ/3: 9 O
BRGNP £ Fhicaspase,  TIEIAS [A] I EC 4 1h 5| EC 240 g
P12, caspasese — IR LR SF 1 b 2 R M 1) 2 1
MR, TR ST RREZOER. HPER
caspase /0o U [Bl Tl caspase-3 /2 & W4T IE T8 1%
W) RN R, BE S AR S ABCR I T5 5, 24 )E
bR E 2 " B Bcaspase-352 % 8K 44T 2 H
‘EiE A YR 75 (WDEVD. DMQD) 5 % 8 A AH
GEOU P B4 L F 4Rl (1) FRETZE. 75—t
FRET%¢ 5 A 746 A caspase-3i8H V#7471, Hcas-
pase-3VJ#|J5, FRET(E 5K, AR EAE 51
BN (2) HEANFOEE L. GFPE LIRS MNP,
B, PRER S, 3 Z [AIAH BAEH Jy5E nT LLEE TS A /)
S5 52 E BAMASE, FEEY; BSFIKS &
KT AR N T R G E, sl mii

TR, AEB o FIBy L HHENES, fER,, AR i i
DEVD5KS5iE#z, ES/KST LA A Ui — SARBH 1EB, o
B, 456, MDEVD#caspase-3 1% G B0 F1B, il
REHIFFVTRIE, ST R4S 4560, (3) %
HHEMKREZNE. FiZEAFHINLS (nuclear lo-
calization sequence)5GFPHINIm#El A, ClhiiididDEVD
N B 5 i 52 3 7 B1JPLS  (plasma membrane localiza-
tion sequence)ffi & IEH 1 FPLSH#:TNLS, £t
KBS FMEIE L; HDEVD#caspase-3T)# 5,
GFP5PLSWiFi&#:, NLSHK 5] 5:GFPik N4HMI%, *
JefE SR T A", ) LT EARK. BIOLE
F N A1 Cig il DEVD T IEH2,  TE46 4 1AL R
A& A2 G 8 FdE T3k, MMEE R OGE A R
FH R R R IGHE LR, 4DEVD#H caspase-317)#
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5, OFcaspase-3vE A0 AL S R BRI . I
LT [R) 5 7 AT A $e 25 18], Dk, FATHIAE T &%
SR DGR I (mNeonGreen2) & & | —Ff 214 2 [A]
bR, HEHE R AEDOEE B mNeonGreen2 &
&N B ANDEVDFA, FIH NS K 2O B kAT
WAk, ML R R B AR 2R £ 980, Y
caspase-3¥ %t H A Th )AL S (DEVD) AT UT I /S,
PN IR E RGN = 0. 1 ERE B AR B
BFE L REZEEEMEA, ST 2540 e 41
PR T2 5 5 AU 23k e e (11 4) ™,

@g@u mNeonGr_eenZ DEVD mNeonGr_eenZ 7,\7’_(55«‘: Npu PEST
| C-terminal N-terminal DnaEn

Npu DnaE mediated splicing

Caspase-3 dependent cleavage

N-terminal
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=
)
@

(C]
=
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@

=
£

Cyclized mNeonGreen2 (inactive)

Natural mNeonGreen2 (active)

B 4 J:T-mNeonGreen2[f]caspase-33i P 4 A #4415 34 s 2 1O (10 4% i % 1)

Figure 4 Schematic diagram of genetically encoded caspase-3 sensing probe based on mNeonGreen2 [105] (color online).
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Abstract: Genetically encoded fluorescent sensing probes can image various molecular events in living cells and have
become powerful tools in studies of cell biology. This paper introduces their categories, designs and applications. We
also discuss their advantages, existing problems and solutions, and highlight the future development.
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