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Illuminating cellular life activities: recent advances in gene-encoded

fluorescent biosensors
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Abstract: The precise regulation of cellular functions relies on a highly complex signaling network system, with
central carbon metabolism serving as the core hub of cellular metabolism. Central carbon metabolism maintains
the fundamental requirements for life activities by converting nutrients into biomass and energy precursors.
However, traditional biochemical analysis methods face challenges in obtaining spatiotemporal dynamic informa-
tion of metabolites in living systems. The advent of gene-encoded fluorescent biosensors has overcome this
technical bottleneck, enabling rapid, sensitive, specific, and real-time detection of metabolites at both the cellu-
lar and in vivo levels. This breakthrough provides revolutionary tools for metabolic regulation research. This re-
view systematically summarizes the latest advances in gene-encoded fluorescent biosensors in central carbon me-
tabolism research over the past five years, with a focus on the innovative breakthroughs made by our team in the
development and application of dynamic monitoring systems for metabolites, including systems for monitoring
glutamine metabolism, energy status, and lipid metabolism.
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Figure 1 Central carbon metabolic network
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Figure 2 Technical classification and structural characteristics of genetically encoded fluorescent biosensors
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Table 1 Characteristic comparison of genetically encoded fluorescent biosensors
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Table 2 Biosensors related to central carbon metabolism

M L K, or Ky
IES 1% Ik s A6 I A5 o Sk
(~% & ~ns)  (~pmol/L)

T 1 fi iGlucoSnFR Cikiki 232 7700 cpGFP [44]
Red Glifons300 GIEakil 430 320 mApple  [45]
Red Glifons3000 i 330 3000 mApple [45]
qmTQ2-glucose kLA 0.5ns 13.8 FLIM [46]

Pyronic PRI 7% 120 195 FRET [47]
PyronicSF T A % 250 480 cpGFP [48]
GreenPylHighest P A R 1960 35 cpGFP [49]
GreenPyl1High TR TR 12 4 430 200 cpGFP [49]
GreenPylLow PR A 7% 4100 370 cpGFP [49]
GreenPylLowest P ) i 4 820 2730 cpGFP [49]
ApplePylHighest P A R 2160 74 cpmApple  [49]
ApplePy1High A A 7R 2740 240 cpmApple  [49]
ApplePylLow PN T iR 2760 470 cpmApple  [49]
ApplePyllLowest PN ] % 3200 1630 cpmApple  [49]
iILACCO1 R 2970 360 cpGFP [50]
iILACCO1.1 L2 1520 4 600 cpGFP [50]
iILACCO1.2 A 2 840 17 cpGFP [50]
R-iILACCO1 A 2000 74 cpmApple  [51]
R-ILACCOL1.1 LR 2 200 230 cpmApple  [51]
R-ILACCO1. 2 AR 1500 350 cpmApple  [51]
GEM-IL3.0 L2 220 661 FRET [52]
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Continued Table 2 Biosensors related to central carbon metabolism

i K, or Ky
PEs 1% R4S oRIE WYY o=t ek
(~% & ~ns)  (~pmol/L)
M I it CanlonicSF A 290 293 cpGFP [53]
FilLa A 1500 130 cpYFP [54]
FiLa-H A 2600 20 cpYFP [54]
LiLac R -1.2ns 2 660 FLIM [55]
Lapronic FLER /7 R R 120 0.2 FRET [56]
=R RAEH Malon R 1000 2 200 cpGFP [57]
DcuS-cpGFP SRR 180 35 cpGFP [57]
Citronl PR 900 1100 GFP [58]
Citroffl PR 1900 5 GFP [58]
Citroffl S244A PR R 2000 35 GFP [58]
Citroffl R250A P R 1700 153 GFP [58]
Citroff1 S244A Y199F FERETR 1100 965 GFP [58]
qmTQ2-citrate Pt 2 0. 8ns 4600 FLIM [46]
PancACe LT A 200 274 cpGFP [59]
Malibu PN T A 198 360 cpEGFP  [60]
C14:0: -50%  C14:0: 0. 657
LACSer KEENSIMEAAE A C16:0: -60%  C16:0: 0.322  cpYFP [61]
C18:1: -60%  C18:1:0.45
LACSerHR A B i D7 Tl T A 292 0.104 cpYFP [62]
GlutaR A 2 e 1000 407 cpYFP [63]
GlutaR-M A ST e 800 2100 cpYFP [63]
iGluSnFR3. v82 &R 1310 32 cpVenus [64]
iGluSnFR3. v857 AR 5400 196 cpVenus [ 64]
bk W A% T A Peredox-mCherry NADH 220 1.2 FRET [65]
FiNad NAD" 800 Up to AXP cpYFP  [66]
NAPstarl NADPH/NADP 150 0.000 6 FRET [67]
NAPstar2 NADPH/NADP 150 0.007 2 FRET [67]
NAPstar3 NADPH/NADP 150 0.028 4 FRET [67]
NAPstar6 NADPH/NADP 150 0.077 4 FRET [67]
NAPstar? NADPH/NADP 150 0.0457 FRET [67]
NAPstar3b NADPH/NADP 150 0.0182 FRET [67]
NAPstard. 3 NADPH/NADP 150 0.284 2 FRET [67]
fiE 1t £ 355 OAS1.0 ATP -90% 1200 cpVenus  [68]
IATPSnFR2. A95A. A119L.
ATP 1200 530 cpSFGFP  [69]
HaloTag-JFX650
iATPSnFR2. A95K. HaloTag-
ATP 1000 16 cpSFGFP  [69]
JFX650
IATPSnFR2. S29W. A95K.
ATP 1400 4 cpSFGFP  [69]
HaloTag-JFX650
qmTQ2-ATP ATP -1.1ns 1300 FLIM [46]
qMaLioffG ATP -1.1ns 2 200 FLIM [70]
GRISerHR GTP/GDP 600 0.07 cpYFP  [71]

HIPSer IP6 400 3.4 cpEGFP [72]




232 MR ARER

2025 4F 6 H

2.1 WEBEREAERTC N AW REE

TR fie 4 A 4 i R o A A A% 0 R A AR
Y ah 578 A A R e 7 A0 L e m R AS . BT — AUk
7 fige 1 ) A DR 30 3ok 6 PR G 8 o, S BT X A A
W DA TR T2 R L TR S5 O B A A A T M e
iGlucoSnFR A= ) 4% 825 L 3 23296 11 735 i) 7 g
7700 pmol/T 1Y K ff , i A A5 i 45 b sh 25 251k 1
FI £ 5 1M Red Glifons 281 A4 9 1% Jgi ' 0 F1 I m Apple
PN LR FEE o 2 60 iR S g R At 1 3 A8 3k
P& AR BB )7 10 , GreenPy 1 £ 41 £ W) 4% 8 g
i 3o AS [\ 5 A Ay AR AR (K3=135~2 730 pmol/L) i i%
TF, 1 2 T M SE Bl BIF 5 21 0 3RS AU A5 O [W) R FH A
55K o Fila 2 51 A W) 1 B dn ™, 52 I3 4K S B 1
D FLAR A Ak, JF I SE LR AR T 3 A FL R o R BIE 1S
— 4219 /& , Lapronic 2E ) 1% 8250 0 5T M 1 S 0 T
LR /7 A 1% XSRS 40 46 I ( K,=0. 2 pmol/L) , A HF5T
PO AT B AL 7 R T
2.2 ZHREBIEINEXRT A EYHEESE

=R FRAE PR R A B B A A Y Rk, AR P
Y s A & & B R WRERS S . BBl JE
R TCA NG FR A Wy A5 8% 45 30 o R 35 (%) 25 1 o AR
Wt SEHLT R 2 A0 O B A 0 R R
DcuS-cpGFP A4 ¥ #5437 (K,=35 pmol/L) L H
PR 118 W 7 R 1 (180 %60, Ay Bk 9 S S 1 %) ik Bt 725 4k
PEALT R BE . FEFFEERR K 7, Cltroffl R A4
Rl 1o A SR AR SR S T 5 pmol /L B
965 pmol/L i Wi 8 [l Kd ¥ 15 , A 38 B A [7) 41 il 28
R R D5 oK o FEBIE S 1 A JE , LACSerHR £
Py 1t IR AR 6 K B T U7 O Al AL 0 G R B Sk
)45 A 0. 104 pmol/L, R W58 R A8 5 TCA 8
s HAE R AL T OCHE T A
2.3 MIRZEBAGHEXT L EYE SR

200 I A 30 AR 2 A S A 9 X 4 5 A A 0 B
BORE L B — AU BE R R A W) 1% B 2% Peredox-
mCherry *'(K,=1. 2 pmol/L) A FRET #Liil , n]
B e NADH/NAD ' U AE 224k . T NAPstar &5
A ) A RS R R A G 0 SR A e v B,
NAPstarl %f NADPH 19 Kd {6 4ik & 0. 000 6 pmol/L,
R BIF 5 AR A I TS AR B R R AL T T R R 3 R
R XS A WA SRR I T (T 5T R 0 S S O
DR AW DA QN2 < Sl N U RS R L e
2.4 BEERBHEXKAEDERESE

ATP % B8 5 43 F 19 S o W 00 2 2 Ao 400 i R i
AR A () SC . o T & 1 e e A AR W 1% R R

i Ik 22 Fh B R B2 B AR, SE TR R RS
W B . IATPSnFR2. S29W. A9SK A= ¥y 14 Jk g o)
(Ky=4 pmol/1) DL H: &5 55 F0 e, ml A ) g 3 /R
G ATP W E A AL . 1 qmTQ2-ATP 4 ¥ 15 &
R FLIM A W B2, A7 R00HE f T 1% 58 96 5
FE R R B AE S T R, AE GTP AR Uy i
GRISerHR 4= ¥ f£ B 48 ™ (K,=0. 07 pmol/L) i &
TR B SR BF S G S SR S B
T H . HIPSer 4 9 & &4 ™ (K,=3. 4 pmol/L)
WU LR T IP6 AW A 2 AR 45 11, Sy B 5 R UL AR
HHE LT B T B

XS A WAL R 2% 8 i cpFP .FRET \FLIM % K~
() Az 0 ML 8 X5 b 2 R A T — A 7 3 A AR
T2 AL, DNEERHAIL i B 5% 3055 005 185 784 43 B, DA IR
240 it B A% 31 41K S I 3 2 T L T A 4 Bl A%
HFEHEA —A 2B B R AR AR PR RE 1Y
RS2 A6 AN 50 AW 30 8, AT BB R A
b 38 7% 240 A ) 4% 1 20 2 0 s R Ol ARk R
I I I2 97 B A 1 JEL I R 9k

3 ASBRAALIT A 1 rh oL Bl AR AR O 220l AR
Py f5 i i

AU RGN TT R T — R H P 4 i ¢
e Jeg (11 3D, S BT Xof ot Al 4303 G B 1 25 19 30
AT I 3 A AR - e - R 2 4
IR 2 FRATAAL TEME T 2 e AU A I 2 A iy s
23 43 PR AR BRI, 5 AR A A 4 AL B 5T O T O B
TEHERE . X WS AR R A EE N AN AR R Al B
SRR TR A B TR B A DGR RS HE 2 W
AT HE A K LB E T BRI o 38 5 S5 I M 3
OGS AR s A AL, FRATTAR LATE 2 KO
A R A A AR B B S R AR Ol 3R R A AR
(A 2 A B S AR TS A A o
3.1 AEBMERERRDT LEERE

A G2 B R A R O Bl A Y G B Y AL T
A A 2 A I 0 70 PR v v B e e T AR A T A
iz, FLAC T 19X 28 7 240 B B £ AN ) AR5 o 9 A O
ML ZorFAUE N EE KA A S 58 R
WG SRR RE R X TR G L R
JOHE ARG 1 45 SE Al AR A R B R A N =
R IR G A (nuclear TCA cycle) B 4 5 Wi 41 & (1 £ Tt
b FI DNA H 54k 2 R0 L s 06 i 7 . 2 & ek
ARG ZE L 5 VLD 22 4 M M s A Ik ogg £
o 2 2 5 s L AR R DDA OGS



Bak W2l

TRALAT < T A0 D A= i 3% 3 - ik R 24 B ¢ Ol 21 ) 12 S s O T 90 20 233

LACSer

© LCACoAs

Be
l l'

LACSerHR
LCACoAs (-
FadR
(92- Ht)i E
' adR LACSerHR

(1-91)

b Glycolysis flonose _GTP

r TCA cycle
Succinate Suc-CoA

PEP cycle

© 57 \ 1P6

}:; TNP

B3 ARBAFREFOHRRGPEXERRDI S EWERS
Ca) 2 IOt i 6 TR 2 19 5 I A% A% 5 (D) G TP/ GDP B R 4 5 5 e A% IR 5 (o) K M My T 2 Il A 5 PR 2 9 90 Dl A IR 2

(D WU 7Sl TR 3 R 9 T8 9 e A2 S 7

Figure 3 Genetically encoded fluorescent biosensors related to central carbon metabolism developed by our group

(a) Glutamine genetically encoded fluorescent sensor'®™; (b) GTP/GDP genetically encoded fluorescent sensor'™

fatty acyl-CoA genetically encoded fluorescent sensor'®
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