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Abstract

techniques. In optogenetic systems,
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Optogenetics is an emerging technique that exploits light to control cells by combining optics and genetics

cells are genetically modified to express photosensitive proteins and

consequently become responsive to light pulses. Optogenetics has revolutionized neuroscience research by facilitating
selective and rapid control of targeted neurons expressing light-gated ion channels. In addition to light-gated ion
channels, photosensitive proteins based on light-gated protein-protein interactions are widely used in optogenetic
research. In this review, we discuss these common photosensitive proteins and summarize optogenetic applications

in optical control of gene expression, phase separation, biosynthesis, and organelle distribution based on light-gated

protein-protein interactions.
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H RS 22 B A= WA e foiT 2F W 68 6% X R 5 O BB A6 Al
HRONE . AT LS 1 S R IR LRI 2
55 —4% A &4 5 . F 1k (hetero-dimerization)
LI 1Ca) ], AT 226 0 2 &R TR IR — AL 2 3R
Ak (homo-dimerization or homo-oligomerization) [ & 1
(b ] 3XWETR T 1Y 8 -2 R AR Bl i fil
ATt R Y i LIS B 45 fhania i . A
W EEA A =2 2 AR B L 4 52Ot
{6 % (phytochrome) | & £€ {6 & (cryptochrome) 1 Y-
S-SR 45 M 8 (light-oxygen-voltage-sensing
domain) AP BT A5 SR BE
2.1 #f = (Phytochrome)

Yeff {4 & (Phytochrome, Phy) " Z f£ 7 T 4
AR AN A LT MR R 2 5 R X6 ok
AHLH A REANC AW EE RS
A (PhyA-E) H, PhyB 7856 38t 15 2 0 58 149 1
i TN, B & (phycocyanobilin, PCB) &
fiE5 PhyB 454 19 % (A, PhyB 7£ PCB 1)t 5 14
T T 2 AR W A R, JEMEES (PO
PhyB Al LA7E 650 nm ¥ K B ZEE IR T L A2 %
AFAR I R kA (PO Plr £ 5 S A B A
(PIF3 8 PIF6) & A= SR —RALLE 2(a)]. T
PhyB (44 5 728 fb £ a8 P 8o, PR HA5 AR 19 ik

(@
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Bl 1 Semfe B AR E B PZO6E S AW
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light-gated

Fig. 1 Two types of protein-protein

interaction widely used in optogenetics. (a)
Hetero-dimerization; (b) homo-dimerization
PRELOE R AT 32 2 B8 OR 5 K8 B0 /N I Y R AR
A, ML L AN (750 nm) BT, RS Pir
S W — A6 il B — R AL S 01 3 5 b 1y R Ok
A Pro A SRR HFEILZR Y,
2.2 Pa# 8% (Cryptochrome)

&4k 8 % (Cryptochrome, CRY)Z S5 a 4104
K RFFITAE . DL S AE Wy F 3l B b i 2 e i O
Lol s TR IF (Arabidopsis thaliana ) ) —.
&4k {6 2 (Cryptochrome 2, CRY?2) 7F 5 % IR 5
o B R R R T R (flavin
adenine dinucleotide, FAD) f1E A, g 5 H. 45 &

I CIB1(cryptochrome-interacting basic-helix-loop-
helix) JE 57 I — AR 5 W LI 2(b) . 78 JR I
DN 32 A B L O BT Re R B 51 R CRY 2-
CRY2 A &M ZRMAMEMIE 2bH 1", T
CRY2 £ I e [a] I A= S 5 — R A ] i 22 SR 110 3
— M P BT RF CRY2 #E 47 T TRE b ik . )
i, CRY2 19 %8 78 fk (CRY2olig""", CRYZhigh""',
CRY2clust™™ ') g i W 3 W3 CRY2 A9 [A] Ji 2
RO T 55 — B 28 A8 Ik CRY 2low 11 [F] V5 2 R & N,
TR R, JEiE R CRY2 58 R AL A
[Fi) 5% 22 Ak 52 vy A 2 7T 36 11— TGOl SR 2 3%
fi B X A SRR B 28 w5 KR i P B 440 i AR B
RN T

2.3 -=-B B 45 # 18 ( Light-oxygen-voltage-

sensing domain)

S-S N 45 B 48 ( Light-oxygen-voltage-
sensing domain, LOV) J& 76 f1 # | ¥ 25 1 H& & 35
AR — DN E R . BT S 5 EREY
B YEPESN  LOV S5 H) 387 B 33 S B 4 38 5 r Al 2]
FEAE VY. LOV 45 8 8 1 PAS (PER-
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Fig. 2 Scheme of light-induced conformational change in various photoactivatable proteins

ARNT-SIM) #% 0> 45 14 5, G % 5 & 5 A1 8 R A%
FH W2 (flavin mononucleotide, FMN) #H 45 &, 0
Bl 2(e) iR, FEEE IS AT FMN 5 LOV 45 #4 35
ZEA VS LOV 85838 C 55 ) Jo $27€ (Ja Helix)
B3 B I LOV .08, ot B4 1k, FMN i 5,
LOV S5 R8s ml 2 LA 3K BRI T 6 i 4 42 48
ok A AR H P, e HOW L= AT, X
LOV g5 3% 51 1 T 7 oo, B 98 F A1 3 F LOV
BERIRES G S Dy 2E it T B RS A R ROk
w2 T HP ) KRR L A B R R
B P BRI T RAL ) LOV 45 M Ik B 2 AE 4%
Pt L 2EF AR B R FH R Tz A .
24 EFFAEAXFEAMRBRMLEE

JCHUER R OGBAL 2 FOR RO %0 . B
AW ILZOLEUE A& A L6 . PhyB 1908 #
TE T HBEOE B IR L0020 6 X 40 M 0 3 15/ L AT LA
AT R0Hh 2F 37 4 21 F Bl ) A0 B dsk /b PhyB AR B
T 4 B N PCB. (K I 7E 3h B 4n i P B )
PhyB T s A E M PCB s %41 i 7E 3h 4 240 i Y
AT, BeA, PhyB 2K H 20 7 (908 A & FE R A
XK AT RESe s B A R A S RE . MLLLZ T,
CRY2 /- FHFRE /N (498 NEIER) , T 75 19 i Bh K
T FAD 745 T R Z 508l W 4il i i, R 75 22 45 A1 O
TIEFBIA ¥, 2 CRY2 BT Fr 7% 25 19 1 6 X 41 g

AN, DAL FEMES . A, CRY2 il
B 2Z AR TE T2 G UR ( T LA ) B SR A 9 AN T 1) 2
- A A B AR R 2 R R Rk, W
I, G SR R S S8t A% 2 iy e [R] I 3K 9 2 A
HAEM B4 CRY2 A m s, M3 oh—Jr i
KA AR Z A X278 A B AR B  a fL 2F
N RS 08  R A SO IR 4 CRY 2 [A] i 32k 45
{14 ) 8 22 B Ak S 0L T BE 23 51 IR S 52 M) i ) 45
. W, CRY2 W [FE 2 R Ak ™ 4 1 2 AR 53
F i OMEDL R — B R e T e 53k CRY 2 (9
TRE S, LOV Z5BH THAFGHW L ASHE
A AREE R MU A LOV 25 46 3 B 7T 56 A b 1)
AEAE 1 52 WO il 3 (photocaging) » ] DA 3@ oo Bl i
PR R R AL . B RGP TR B
ANHETE] o AN TR) B8 D' 35 4% 25 07 FH 5 22 AN [R) 9 D g )3 4 7
SRy A5 G A e 7 A i Bl R G P LSS AR
5 V1A B TR o 32, A 6 7 P 7 2 7 400 i J) 350 5 AR
o P 2 [RDRG M JEE T A 26 g D) [+ b 75 2 AR 58 1 [)
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W] AR s A 2 BRI
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Table 1 Major parameters in optogenetics systems
Optogenetic system Wavelength Intensity Light source Illumination time Reference
664 nm (ON),
PhyB-PIF3 N/A LED array 5, 10, 30 min Ref. [7]
748 nm (OFF)
CRY2 488 nm 25 pW 1 cm from object AQOTF laser 15, 1 h, >4 h Ref. [12]
Patterned
VVD (LOV) 460 nm 0.84 Wem ? LED lamp Ref. [33]
illumination for 24 h
LOV-ePDZ 465 nm 0.005 Jeem Zes ! Blue AlGalnP LEDs 1s Ref. [26]
0.02 pW, 0.06 pW,
IDR-CRY?2 488 nm Nikon Al laser 1s Ref. [34]
1.5 pW
IDR-iLid-SspB 488 nm 84 pWepm™* Nikon Al laser 2.2's Ref. [35]
iLid-SspB 488 nm 0.1 pW Nikon Al laser 1s Ref. [36]
8 h full light,
53, 82 or
LOV2-V19L 465 nm ) LED panel or light pulses of Ref. [37]
134 pmolem *es !
10 s on and 70 s off
CRY2 450nm 73 t0 82 pmolem *es! LED panel 5 min Ref. [38]
520 nm (ON), 14.52 Wem ?
CcaSR-pgi LED Continuous up to 10 h  Ref. [39]
650 nm (OFF) 15.21 Wem™?
LED. Leica DMI6000B 200 ms pulse
CRY2-CIB1 488 nm 9.7 Weem ™ * Ref. [40]
microscope duration per 10 s
Nikon Eclipse
LOV-ePDZ 488 nm 10 Weem ™2 100—150 ms Ref. [41]
TE2000E
3.1 EARIZE 2R, DNA 454 38 (DNA-binding domain, DBD) fi1

FE DR TR AL F5 e S R B AN B B, e SR R4
— BB JE 91 DNA 8 RNA B4 5 #18 mRNA
(Messenger RNAL {55 i RNA) Y 72 s B3 2 45 40 g
IR HEIAR L) mRNA Ay #55 4 , 4R 415 35t 1% 25 1 14 v 0 12
WO A kT I 1) SRR T 91 A 22 IR 1 3 e 22 K
FERAPIT S AN I REE AT, R TR
TEREE LS A e R — BOSL I R R A AT R T 51 B
A, X SR T BE S 1 I 5 RNA RA S
DNA BA (4 25 & % S P ek b AT IR . 7E5% St 7

pairing

protein B \
AD

photosensitive
- protein A
DBD
YOI
no expression

AD: activation domain
DBD: DNA-binding domain

light

dark

TR T 45 6 R E A R A9 DNA JF 815 3005 B
(activation domain, AD) % 3% 5 H.ALE A BAE . i
% RNA BREWE, J5 sh# 5. )8 31 F (promoter) 2 H
RNA A 456 1 —Bt DNA JF51,
KLk, BEIF A 51 322 ] — 2 {22 4 X 2
PR3k AT IR 45 AH AR 27 0 - 1Y B M AR e R O
LG BRI 23 9 42 SRR BRI T O . OB
I 2 BN R 28 A BER A RE A, R IO st AL T
HA T 2 PR R S Rkt /3 BRI

pairing
protein B
photosensitive
4 protein A
DBD AD
MXEOXXPOXOIXXXK
express gene
of interest

Kl 3 S -2 A AR O B Rk

Fig. 3 Light-gated protein-protein interaction activates gene expression
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SR R R R B Oy AL o R 7Ok E R R
TRALRN . CH T R K AT 5 R R
TR A Z —FRAE ADBRUR A4S A R A FRE B,
e RBE R D OLHMENR A fSA T DBD, Af
DLt 5 00 DNA A T 5 2 B 5y 45 2 7 51 1
5 DNA G F&&: 4680 BN AD R &, 1&
R WK MDE IR G RUE BT A B0 UR T ek 2 TP
AL HAES S E N B ML A . NE DNA 3506 5
HEEE 3 F R, 5 3h B N i L sk gk ik,
A5 B RS A R, L, J0Ok B A-B
AW B D R A Ik

Quail W58 240 1 Je 78 W & b fiff H] PhyB-PIF3 i%
—XPGEEE L HEA TR S R A A R L ATk
TP RES E HL4r 0 PhyB 5Bk Gald 2 H
1 DNA %5 4 8 # % (PhyB-Gal4DBD), PIF3 5
Gald #H H ) DNA ¥4 36 388 A i% (PIF3-Gal4AD) .,
LacZ & F/E MR 8 (. H DNA 741 & T a sh 7
ZJG. HEAEH PCB W FEA T, TOLREMSET
LacZ LT A 235, M6 UG H &Kk 5k
FFER Y 1000 £, 3 21 AN 3% P AN fl A 2 1 i
By SR E ik, PhyB-PIF &40 )5 Voigt BF
5% 41 0 e 0 2L 3h 4 A0 M P R g O R R R,
Weber S50 % W 1] PhyB-PIF6 35t 14 2 45 45 i i
FL 20 ) A0 v (1 3 R A SR A T R S 2 SR R
5 A FE G R AL AT P9 1) 3k B AV TR O IR
MMt T 65 f5. HE I RiA &S PCB Ik 5L
G HE SR BE B I A e M. CRY2-CIB1 X — X% il &
FABFRE B O B R i5 . 24T PhyB-PIF
Z 5, Kennedy %51 38 i3 $ CRY2-CIB1 4 % 5
Gald 5 F119 DNA 454 S8 F00E B R4, 78 O i
B4 h AR TR IEH Snll FEAMEREIR, Liu
UL CRY2-CIBL 1 Gald 4 & (1) & G5 78 BE
St R R S T eI S A . Wang %0 FIH
LOV domain & T % K LightOn #6453 H £ ik
R4, 522 WOEHBUT . LightOn fil & 1) 4 45 JE A
FOR BRI T 200~300 1%, Bfi)J5 BT A B AE /N B
RN EGAIE T LightOn 240, K 5 R 3 3k 48 0k 1 4 5]
JNBRFEIE P 3 42 3 T BRE0E B9 mCherry %66
FEARBEH TS B0 A R nT L
B mCherry AR FHEEREUT 1 mm 17T
Bl ), Strickland ZP 3L TR T LOV 454435
(1 S R R AL B T LAY SR W O 4% O TULIP
(tunable light-inducible dimerization tags, AJ 5%
PR EAENER) . TULIP RS OCHIE T

R SR R AL NI | A T B b B2 3L BE H Bl
AP By R A 5 A%,

WFIE N G o B T A 45 1 DNA S 48 Fl 8
20 >k I8 35 3L [ F2 35 K . Polstein #1 Gersbach™
$& i1 T —Fh 3 F CRISPR-Cas9 196 5 56 F 4 4
4; (light-activated CRISPR-Cas9 effector), Z &4t
WEMET CRY2 MEES W 54 T CIBL i
dCas9 #EH. WIEEIEEL 2 h N, mRNA F5roK
TR I T 11 A% 7E 30 h BB K In T 4
400 15
32 HENESEH

JGIB AL 2 HOAR L IO 45 1 40 i P AR 43 B8 (phase
separation) W) 7 LRI JLAE QT & i ok . TS 4R fE T
DLKE 45 5E 19 A2 53 1 3 43 B0 A [6] X3 A A Ak B
AR ST R 8 A e AT . — R0 X A I
L, J1HM A K iy Jo I X % P 45 75 T B AT
2k W (caenorhabditis elegans) A= 5H 21 il i) P ki .
Z: 55 RSO N OURL L 2 5 A BETE Bh Y p62
RLAE  AATTRERR R A o T BER AR, T s X
%= B TORE AR A AT AT 5 AN R AT R Y 4 52
BOPTEAME NG S e SR EZEM, KHikEY
Gy FBESAR TR 10t B W 3P IO A 2 1 I % A i
YIRe C R A= W) 2 B 28 SUARUBI I BiF 58 4 . 2009
A AR K 2E 19223 Brangwynne #1 Hyman & 3%
TRTFL A PR AF 5T UE B P SURL 52 PR
S VRV 43 BT B0 L0 B T R R AR
AW TR RS R RATE B R R £ 4
Y031 BEEE A AN AZ AT L 0 ORURE 55 L 35 b V- VRAH
SYESIC . XA ELAE T IE  h A Y R TE Y X
18, (intrinsically disordered regions, IDR) iy £ R AL 1E
FHERAE . I T 388 4% 2% T HL 0T 40 J P AR 43 2 0o 72
ATRE SR A BT WF 58 N SR X 40 i 9 A0 23 25 H.
AL R 42 2 2 ) B

2017 4, Shin 43 i3 IDR-CRY2 @l & A 7
WOLIT IR CRY2 ZRIKMIE N, WH T —&
T A Z2 G0 ok 45 ) A0 B DY B A A3 B e AR L O i
AT 52 R A0 A PR 3 B g g R O e] DA 4
JRi RO AR Ay B R . SRR A AR 4 B A 5
BAZE 5 & T Corelets™™ il CasDrop™* ¥ #h 5t
PEZRGE A DG 38 A% 2 T HORS Aff 220000 3] 40 it
(R AR 3 2 o R B LR e B AR i S e, & 4 TR
Corelets &2 4 B & T AsLOV2 ( Avena sativa
LOV2) Bl 5 1614 5 — B 1k T2 % 1 (improved
light induced-dimer, iLID) M H 6 R %5 & 25 H sspB
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(stringent starvation protein B) #J @, Corelets %
G5l WA L - iLID-GFP-FTH1 fil & T iLID. &
9 8 11 GFP Fl &k 8 11 & 5% (ferritin heavy
chain, FTH1) ; IDR-mCherry-sspB Bl 5 T sspB.4L
0,755 M mCherry il IDR, & %:,24 4 FTHI B
AN EAE N 12 nm 1Y BRCRIBURL 8 F O B S
it iLID 5 sspB AEHOGC T S G/EHL. 22 24
A~ IDR o] UGS S 2 Bk & %0 . IDR i af 2 R4k
VERIIE BT 20 A )RR 432 . O BT PRt iz T o
fB ) Corelets 72 Gt 6 1 WF 5 410 Ma P9 AH 53 25 10 2 1R

A
e

~
~
~ .

iLID: improved light induced-dimer
sspB: stringent starvation protein B
FTHI.: ferritin heavy chain

IDR: intrinsically disordered region

I 2 10V B R AR ML . [FIRE LT iLID-sspB 45 &
1) CasDrop Z G W2 6 38t 4% 24 T 5 A1 2 28 i 2 1y
CRISPR-Cas9 M g5 R 254 i IDR 7E 4 (0 5
J R R R PR AT 0 A 2 R 15 5 SR A 43 B Y
TE R, A2 B A A 2 MUK ) VR 7R R 8 ik
FEW T YRS, 3T R L 2% T 2 CasDrop
RGE R IR B R R PR TR SR . st
AR LA Ry A wT LSR8 M 35 2005 4 1) B 28
P L LA o R R i A SO B FE A 4 B ST
UL BRI

24 mer

module
light ‘ y

IDR
N VAR

4 Corelets ZREGL/RE K, Corelets G ALHE W ABI . 58 — A )& GFP Fric iy 24 A0l SEIH0E 19 111D % 82 41 B i 2k &
F s 38 A WA mCherry W45 & & SspB, I 5B LF&E A XK IDR 4 . AR R GHETFE _RIkpmT

Fig. 4 Schematic diagram of the Corelets system. Corelets system consists of two modules: a GFP-tagged ferritin core

functionalized by 24 photoactivatable iLID domains and iLID' s cognate partner, sspB, mCherry-tagged and

conjugated to IDR. Dashed lines designate light-inducible hetero-dimerizing units

33 KT

O 35t A% 27 Joe 30T AL T A ] T AR R AR
L T2 (metabolic engineering) | i % R T F2 +
AR A 0 240 L PN ) A A A i A R AT B A L el i
AR AT S 300D B4 Dt 3 B A AR 2% i AR )
B XA YA U AR T A A BN e —
FREE N2 55 AR AT SER) Tk A= k. Biid
S K 7 AT 3E S TR W Tl & R O =Rk
1 ALFERG A AR AL ] R VAR R PR RS
HYIHTR G 8 R R K255 EYBEL (B
S TS ME s FREY (ZRILR RGN
FRTRAE) . RO o AR T 40 3l ) b 28 W R 4t 3 T
Tk TRy & . Tl R B bR ™ s i A9 &
I — AR 28 Bt 28 B i A Ak B PR AT 5N
DR A 5] 5 B 4 Tl A PR R 52 30T 40 i
DA AR o0 265 7 el 42 3t A B T AR I T AR I 5 R
M) —A FEL5r 30, PR Y HE D g i SR e R 3R] D) 4y
S VAR JLZE <3l sk il AR A Ok R 3R A R 1R i Ok
R T ) T T A 5 o A ) B DR Rk R R
S DR o A R 7 0 AR R A s R e

i B8 B Y Az i AR R IR AR B o AR A

U JLAF SR L Ot a5t A 27 FF I w1 FH T 8 4 1l 2 1
18 55 PR 22 35 0100 £k 200 Tt v 1 A B . A3 TR ¢
/NGy AR 5 OS5 By 5] AR B B Ok i
GHAT s AN T B T A A T B N R A, 2018 AR SR H
Lo bR T WA 2 B2 Zhao U R T — AN EET
LOV 2516 B0 ol 42 A 0 R DL 42 il 2 1 0% R 1A
Feak AR FEH S 3.1 5T A @A F AR A
RAEPE KA 450 nm B9 W CE A ME R L 0 I HE
£ AT T R IS 2 Tl T % 3K L T BE 4 M TR O IR SR
PF R P AT 77 A 5 T AE BRI SR AT Y K T
bR WE TN GO B T B 20 45 0k AR A L TR T R
WAL S TS . X — R TOLmeE A
AR IR A R T B AR . VR AR
F WY, st A% 27 8 A IR R 4 Y o 2 T T
PL77 4 8.49 £ 0.31 g« L' 5 T A 2,38 &
0.06 g=L "By 2-HIH-1-T B, 43 5135 3] 7 9A SCHk
PR B A 5 G 20 4. 38 o R M RO (S
S A TR R WE B AN (A B B S BT R i AR
SRR AR e, 3 — 2D iR T AR
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A PR K T AR Y

I3 A% 238 T DA F 3 AR I 4% v )l —
AT R 3 T ) R SE . Zhao UV LB 5 2 E
T Bt L 2E TR TR s I 2 S R
fiff T80 FH OG5 5 il 2 11 3R AR DT B T H AR Y
i, VR R 45 4T T % (deoxyviolacein) Y
RO RE AW & B, i 5 BT R, 1E
450 nm ¥ KW #OEE BT R DG L 2= A
2 RACR N il & T IG MR AR R . T
it 2 11 IR AR R D Rl R 11 e S B R R v i e
V] PR 350 2 e 0 L Al 5 4 X 00 3 I 1 3 A AR R T
B . IR I 3 2850 3 9 A9 8 2 AR08 4 S35 T 6
£ 0 H bR 7= 9 a, IRy S e B v A5 2 TR OR 1Y
BT, Tandar 5 358 T 48 K FF 5 b 0l s
L2 T HSC 3 EMP Fl oxPP 4 Rl bl 87 i £ 355 10 Bk
YN, VA T 38 2 G B LT A O B
il JE K 3519 CecaSR-pgi RS0, 7F 520 nm K&
JERRTT T B I A A I = 0 L B @ (EMP) ¢
@ (oxPP)=50:49, fif f£ 650 nm I &K B9 21 % 18 5
Tk — 4l @ (EMP) : @ (oxPP)=0.5:99,
X SR FY 25 R AR W, 5 15 2 T H W A A RE 88 X i
A 0 A0 TR PN A A A I B AT A Ak AR AR
AR A S EL AT TR A T A 1

5 enzyme 1
input
enzyme 2
450 nm
blue light enzyme 3
unwanted major
byproduct product

5 DUk T MEREAE AR R AR . AU B 2
PR R B A R A
Fig. 5 Gather of light-induced active enzyme protein
clusters, in which the input is shunted toward
major product, and the production of unwanted

byproduct is suppressed

34 HRBBREWSSTFEETH

T ELAZ 20 M v, 200 45V S 20 i PN R D fE
<R VA S e v 1 s TP O I 0 R AN SR L TIPSR
SR TR A A BRI, 507 #h 28 240 i
P 2 A 14 5 57 T LA S e 58 fish 1) i RN il 52 09 43
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Fig. 6 Basic mechanism optogenetic control of organelle transport and molecular motors
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