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Abstract

Light is essential for plant growth and development, which serves as an energy source for
photosynthesis and as environmental cues for photomorphogenesis (i.e., light-mediated
development). Plants continually adapt to light environments to optimize their growth and
development by monitoring with help of various photoreceptors including phytochromes.
As red (R) and far-red (FR) light-absorbing photoreceptors, they function as a molecular
switch with R-absorbing Pr and FR-absorbing Pfr forms. In the dark, phytochromes are
biosynthesized as the inactive Pr form, which can be phototransformed into the physiolo-
gically active Pfr form upon exposure to light. The Pr-to-Pfr photoactivation of phyto-
chromes induces a highly regulated signaling network for photomorphogenesis in plants,
which includes translocation of phytochromes into the nucleus, interaction of phytochromes
with a wide array of downstream signal transducers, regulated proteolysis of signaling
targets, and transcriptional regulation of various photoresponsive genes. Moreover, several
key components in the phytochrome-mediated light signaling have been identified from
extensive research over several decades, which includes phytochrome-interacting factor
(PIF), constitutively photomorphogenic 1 (COP1), suppressor of phyA-105 (SPA), and
elongated hypocotyl 5 (HY5). In this review, we provide a highlighted view for the
molecular mechanisms of phytochromes in plant light signaling based on recent advances.
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TAYER] AEofA He B5A 8ARA JFE B A A FHe} vlEo], 489
34 A8 9 &) 527 9 st A5 R AEFITH1. 2. olehe A7 71T 7HA oF
& A9 FEIE g, ol5Ao] §ls A8 A7 713 Al 23] HAlo] gAE Al We QI
g 4 Qe TRt B ﬂ(photoreceptor)c & AU glon, o5 B3 wAE 2719 HHigt
oAM= E3 9 e 2ol WS B AEekL AUTH3. 4l oA AEe] E ATE QA

ok ¥kSslo] AR Blike 2AEsks 7 74— P4 (photomorphogenesis)e]2tal gt
AR LA 59 P 8AER To|ETE(phytochrome), ZHEIZ cryptochrome), &

EEZd(phototropin), F-boxE gHi-ok= Z2H 23 T A(Zeitlupe [ZTL], Flavin-binding
Kelch repeat F-box [FKF1], LOV Kelch repeat Protein 2 [LKP2]) @ A F8A(UV
resistance locus 8, UVR8) 5°] UtH5,6]. A& A7 RAAEQl N7 | At (Arabidopsis
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thaliana)ol= A7 & 13%9] L840l R HFig. 1). ol FJr8AE oAl To]
EFE("plant color™A fe)oll thgt A7t 7 Eils] o]FoiR=t, B4 AR BEAES
o7&l = 5%2] mo|ETE(phyA—phyE)o] E4fck= BHH, ©F 2E21 ¥(Oryza sativa)l
+ 3% (phyA—phyC)o] EAok= A o=E AHFTH7,8]. ©] FolA phyAs Lo sf H=A £

= EX0= Type [ Bfo|ETEO 2 EFEW, phyB—phyEs WO &gt £517F uf-¥ -2 Type
I fo|EFF0 2 FRHEHI]. E3F phyAs HAME ASHEE wi7istal, phyB—phyEe 24
A vWiisks A& FBFTH10,111.

AE9] mo]EFE-L UG AT|(subunit) 2717 Z2FE oFFA(dimen = S5k, A=
F 120 kDa Z7]0|H, 82| N-ErQ1(~65 kDa)#t Hd 29| C-EH|l(~55 kDa)2& +
AEH12,13]. 2832 N-Z=990 W &4 cysteine 2719 phytochromobilin(P@B)o]ek= dhlck
o] thicether S-HAYLE AAE|0] glom, o|F B A4 9 A WZ T &= Q= A
chlgolc}, B4 Hdark) 279 A1 HollA To|ETES AP T4 4= Sl= Pr BHi(red
light-absorbing form)& A4 =W, ol AMFS F4oHA HH d88FE 55T 5= U=
Pfr Fefi(far-red light-absorbing form)2 12t} ojuf mlo]ETFo] Pfr FEZE M=+
7oA A1E9] 3 §E3/dx} AEleha EA4Jo] e, Pr E8439 FHI=, Pir> 843 3

&

3

(photoconversion)2 To|ETE Tl 1 WSIE foto] A SHdo| o|Fojx]A T
o2 d|A Slrt. B To|ESE ATHE2 A k= Yol 23R FxA spollA ghEoll
L33} T d 291 Pfr FEj7t FO= olF3et § AS o] o]FolAH, A0 R FPEHFA
e =S Yot A EEE 2EoH ok

oo EFFL T4 Hool|ARE A3t £719 A%, ASA| U, 35714 (circadian rhythm),
=A12]1/J(shade avoidance), 7HeKflowering) & A& A9 HE A} e 2] Fofgict
(11]. SIEFE 715 E4Z Slof 7P o] 851 Sl WHOR fH(seedling)d] 23}
(deetiolation) ¥kgo] it} & 2A0A Al&o] Holsld WA AFeF 4 (skotomorphogenesis)
H-8-& Hol=t, ol H(cotyledon)o] B3l AeollA et ZE(apical hook) B33} A
shiE(hypocotyl) 41°g0] o]F0jA|= 2K etiolation) FHF-S HEPATE o]t AFEHF/ vt

300 400 500 600 700 nm
2[80 320 560 6([)0 750 nm
A\ bhyB

phyB

UVRS Photl ~Cryl  ZTL phyC
Phot2 [CryZ [ FKF1 phyD

LKP2 phyE

Fig. 1. Photoreceptors found in a dicot model plant, Arabidopsis thaliana. There are thirteen
photoreceptors in A. thaliana, including five phytochromes (phyA to phyE) that absorb red (R) and
far-red (FR) wavelengths (600-750 nm). There are also three types of photoreceptors perceiving
blue (B)/ultraviolet-A (UV-A) region of the spectrum (320-500 nm), which include two cryptochromes
(Cry1 and Cry2), two phototropins (Phot1 and Phot2), and three LOV/F-box/Kelch-repeat proteins
[Zeitlupe (ZTL), Flavin-binding Kelch repeat F-box (FKF1), and LOV Kelch repeat Protein 2 (LKP2)].
In addition, UV resistance locus 8 (UVR8) has been isolated as a UV-B (280-320 nm) photoreceptor.
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1. MO|ETEQ| F&dst ¥ Ho=9| 0|F

Tho|ETE-2 Ty HATYS ol AlEdelA A3 ==, olnf GEA(chloroplast)ollA]
A Eo] JEAE UL POB WATo] autocatalysisoll 3] ZdtE] o] E&H43) Pr FEHIE v
olxIct. o 2A0fA = To|EFF] Alg A Elof S A W A5 BigsHA ¥gsH] 9
St 7S RAIRIEE AAIR o 27K 9] AE AlEs FPEHFA wE-S Feoh] A%t B
SAE E33E iy Ee] Ug ARES HRSHL Sl Aeolu, Yo Eojol F-gA7t Qx|shd
22 kg0l AR 4= Q= AEE fARlt olo] mfolETE o3t FAIS ALl A WA T
£ AlZdol| £A4)5k= Pr BEHY mlo|Eage] Y Aol Pfr FHIZ AgsEE FEAS
(photoactivation) ZgoltH14]. 24 E= A& AYo] 3 Yol So]H AT mfo]ETEFS]
YE7} FEet Hof Pfr FHIE A, o)z wo|EFE DA FH| 3K conformational
change)E FEAIA AZHA 80 29] 9J7] ofFo] HY=|A TEETH15,16]. o] phyAs ¥4
AB3(far-red, FR) ofoflA] HO7 o551, phyBE &AM Slof|A] oz o] 53ltHFig. 2). =
AL S| EFES Pr FHE THEo] FEASIE AAlsks 2ol7ol|, YA stollA
phyA9] 81029 o542 gHa<t Aol H7] o= WAL o]$9] AFE Foll, AMg 2
A= phyAZt #F2A] EelHths ST QAT 2HAE oF 3% J=9] phyAw Pfr FEiS
A dehs HojA, 22 Y&MG 270047t phyA= HO=E o|FEo] ZHE 4= i3] FH= A

Dark Red Far-red

GFP DIC Merge GFP Merge GFP Merge

AtphyA:eGFP &=

AtphyB:eGFP

Fig. 2. Light-dependent translocation of phytochromes from cytosol to the nucleus. Transgenic
seedlings expressing enhanced green fluorescence protein (eGFP)-fused A. thaliana phyA and phyB
(AtphyA:eGFP & AtphyB:eGFP) were used to analyze the subcellular localization of phytochromes.
3-day-old dark-grown seedlings were kept in the dark or exposed to red or far-red light (5 umol -
m?-s") for 1 h. The seedlings were then transferred onto a microscope slide immersed under
a cover slip and observed using a Laser Scanning Confocal Microscope (Leica TCS SP5 AOBS/
Tandem) at the Korea Basic Science Institute, Gwangju Center. GFP signals are shown in green,
and DIC (different interference contrast) and GFP/DIC merged images are also included. AtphyA
and AtphyB show far-red and red light-dependent nuclear localization, respectively.
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. &, A Slo|A phyAs O E9| o]Fo] dofdd} FAlof ThlEo] & Nl
OH thA‘C Sllof] SAER] Zotn, QA dild Faf7h A== YA 510 i”} ‘?Hi ol54
phyA7} 42 & Q700 phyAvs Y843 JASTHLE wi7iT = 2] AXE ULt
ol EAFO] HO g0 o|F/Jo] thet AH O = phyBe AFAA LR HAsH Gl Hog9 of
5 AIE(NLS, nuclear localization signal)E 08311, phyAx XA NLSE 5314 Yo} oz
9] o5& &= FHY1(far-red elongated hypocotyl 1) @ FHL(FHY1-like) A7} Qs A0
& GEFcH17]. B3k FHY1/FHL QA= NLSERE ope}, SosHE 1e= A5(NES, nuclear
export signal)= AYIL 42H, importin e(IMPe) ©4¥&0] FHY1/FHL IAH] NLS A& AME
& AA|ste] ZAgstd HOR olFdi= 2 0R SRIEGITH18]. WebA] phyA: FHY1/FHL-IMPa
oY MES B9l HOE oleEe ACE oAt 119 §he, phyBY| 7% wo|EaF0] EA4)
1A 9= UA|E =279 HG 0|83l cell-free system 42 53 AA] NLS7F ofd PIF
(phytochrome-interacting factor) AR} 22 =% S A (transport facilitator)7} Q30|
A= ACH19]. w2tA phyBe] B =9] of5/de] tsfiAl= 7t A7t BRT A& oAt
O ol5olA] Eohz Ho|EAF FAMClEE A8 ¥ HAEE =T 4 kol gEiFl]
o, o= o]z Ho|ETF 7|50l " 585HH20]. ol A= olE5s Aol
4l 8912 mo|EFES] A} IS B3 Pir FE7E THE0IAl= Aot 71 Aol olohd
phyB2] ZA| NLS7} Pr dejollAl= 5014 o7t Pir Fef7t WheojAd Eg o2 dog
o|E3ttal HaE7| % 3131(21], phyA: Pfr FEj7} FHY1/FHL QIA[e} Eo]Z o0& A5 2R8s
of o= o|Fsl= Zo] HErH22l. 121l % EXAIE B8 HR9| o5 o)A % Pir
R PIF IR} A2 2HE517]00[19], ZEH 02 wto|ET-F0] F2As}] o3t Pfr FEH=] +
Z B3Pt Yo 29 o|FAdo] dAolgal & & Qirh. webA mo|ESF0] Fof 9fgt E4slet
B0 29| o]z ATHGY] Y] BAE /st e, Te|EFEo] 7|Eshke H Al
g3 st Sl
2. TO|E3ED} 319 BLUSHHOIXIR| HSXE
& =2 o553t Pfr PEQ] mto]ETFL TSt 519 Al S LRI downstream signal trans-
ducen)E3t A% 28It Aol & LefA ltH23). @A7HA] molESE AHH o8 A5
slo] FATHG YEIE ok AT 4 Tl Do, 1 S04l PIF QIAFESC] TolEx
& AeAgolA 71 dAARl ks }h 205 2 A2A SlrH24,25]. PIF QI4K= bHLH(basic

hehx—loop-helix) ZARIRFZA] of7| el & 8F(PIF1 —PIF8)e] EAshe A0 Hi=|olrt
ol5-2 o 27N B PA HJ g a IA7IHA et B SO AP 13 &

Wﬂh ol a3t FHAES HAS RHol: 208 HEQIrH27,28]. To]ESE2 PIF QA
o} Pfr P8 S0l o7 580t (Fig. 3a), o 279 &4 Woll S8 =o] 2R3ttt Ho]
ZALEH Bl2A BoliEs 542 AUH(Fig. 3b), ol2fzt 3 oE2] thlld Eof) 1pgoflA Qlikalrt
3%t A0 7 SRIEUHFig. 30). A7 oq:rLi o] EFE2 PIF 9AFS] DNA A3k Wl
ofo] 282 A5t S PIF IR} QA H & A& AlE Yo 24 5k= ubiquitin 26S
proteasome proteolytic pathwayg &9l =of=l= A2 EXA7]= 222 FRI=ITH29,30].
E3H o] EFE2 TlE FIUokA(protein kinase) 9= AY AL, PIF QAR ZHZ o0& QIAS}
A = Itk SAE AXE AR T ool EES FHEHF e AAok= PIF A 2l
AlSE AlA EofAl7le e E FATHES virlishs o] AAIEITH32].

T UE FQ mo|ETE AT2R QAEE COP1(constitutively photomorphogenic 1) 2
SPA(suppressor of phyA-105) ©¥Zo] Bt=x= COP1-SPA complex”’} tt. COP1-2 A&yt
oz}, SEk g £A5l= 2 BE% B3 ubiquitin ligase ©¥1Z0|tH33]. SPAE off7|A o]
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Fig. 3. Light-dependent regulation of PIF3 (phytochrome-interacting factor 3) by phytochromes. (a)
Phytochromes interact with PIF3 in a Pfr-specific manner. Both Pr and Pfr forms of full-length
AtphyB proteins were incubated with glutathione S-transferase (GST)-fused PIF3 or GST (included
as a negative control), and glutathione bead-bound proteins were then analyzed by western blots
with AtphyB-specific and GST-specific antibodies to detect AtphyB and PIF3/GST proteins,
respectively. (b) Light-dependent degradation of PIF3. PIF3 accumulates in the dark (D) to promote
skotomorphogenesis and to inhibit photomorphogenesis. Upon exposure to red (R) or far-red (FR)
light, PIF3 protein is rapidly degraded. 4-day-old dark-grown seedlings were exposed to either R
or FR (10 ymol - m2 - s™) for 30 min and 2 h, respectively. Loading control is shown in the lower
panel. (c) FR-induced phosphorylation and degradation of PIF3. Four-day-old dark-grown seedlings
were exposed to pulsed FR (FRp, 7,500 pmol - m?) and incubated in the dark for the time
indicated, before collecting for protein extraction. Shifted PIF3 bands represent the phosphorylated
forms. PIF3 phosphorylation is induced by the FR light treatment, and subsequently disappeared
rapidly via 26S proteasome-mediated degradation pathway.

% 4%(SPA1—SPA4)o] e, molETE A EHHolE Ao HEE oA Ao
(suppressor) 75 Bl BHEAL 0|59 AFE Bl o0l A= AFSAESI complexE
o]Zo] E3 ligase® 2}&slo], A1&0| FYeAd ¥k 22 master FARIKE E&Z HYS
(elongated hypocotyl 5) 59 THA-E FH|FEISHAA 26S proteasome FZE F9l EAI7]
= Zo] ZI=UCH34,35]. oldf Pfr FElY Fo]EZEFL2 COP1-SPA complexol| Zsto]
COP1-SPA A32+8- 941519 complexZ dflgJAIZ & 3120l SHEAH36,37). &, COP1-
SPA complext FBEHFA §H&9] F8 AARZ ATS k=, Pfr FEf2 mfo]ETFo| Foz
019} o] complex@} A5 2+85H4 =W COP1-SPA Agelo] kiR HA] complex7} df2|lo],
S3H 02 A 7152 LIolA] oA HozH B9 JFHFA Hheo] FEshe Tdo] AA|

ArH12,38]. o= wo|E2-PIF-SPA complex W] ©hd 7]UolA] EAJo] 23t QlAls}
7} AE0] FPePA 8ol F8 HTE Fhs o] EVE7|E SFITH39)
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3E& UER7] 918t A @ 2Asfok, 3540 27t urg—a;a 2= o A1Ro] HESo] e}
W] giiZolct. ol2fgt gL FASHY HIEQIERE o}, AE 2R ASAY 5 é} Al
W Bl Ao 71402 BETEA ) LSRIRE SRR, Yo ARl 208
o}, o713 Als AAE diate R gt whd BAl(genome-wide expression analysis) 230 w2
B, oF 10%21 2,5007 fAkEo] StolESE Fesle] o Wdo] Hlellon, o] FojA
°F 80%= o] Sefel ui, oF 20%+ Wle] Hbel 0% UehdtHA042). oS 34 tH#
ol AE9] A% 9 Eapidal IyolA AdE A0EA, W, 322, EEUAL 5 A
SHAET A7 autotrophic growth)o] B3t F-H2E0IQiLY,

ol B FHNFY FES U F WY A U 28N, 1 A 9L
S 0] bZIP AARIA] HYSoIeH34,43. 437] 204k wrde) ehsiio] HYS 71530k cizislo]
W1, HYSS 48] JA2HZ 290 90o) master AAAZ Fob1= Fiek. 3, o 229

AlE AEoA= HY5 7150l =R Jrs SAlst A ‘?l%—% A sHof star, 23]
G 2A0NARE HY57F 253t Thsoiok gt ofF flste] A2 712402 HY5 BAIE 2kt
F& o] FAEAE AL U=, T shbes o A4 2" PIF QIA7F HYS5 HARIAZ} 21&-
She ZEHEE A=A HYS 7|52 Alofshal )11, ¥ 8% £8= o £70A= COP1-
SPA complex”} HY5 GH|FHESIAA 26S proteasome®] 2J3] A|&2]Q1 Baj7} o]Fojx|A TH=
HFig. 4). o]t AAHtranscription) ¥ HY & WM& (post-translational modification) 40|l

Dark Light
Pr - Inbibition of ¢ i
Photomorphogenesis <« . ‘SPAs) ~ b
SPA) ’ / COP‘l ga - w 2
6S / \)
COP1 )\/ @ Gene /
expression ene

expression
—%—

HYS target gene I

promoters
\ /\
\ Promotion of

Skotomorphegenesis

HYS target gene
promoters

Promotion of
Photomorphogenesis

-~ 4
X

Cylaplnsn/

Fig. 4. A simplified model for phytochrome-mediated photomorphogenesis in plants. Pr and Pfr,
red light-absorbing form (i.e., inactive form) and far-red light-absorbing form (i.e., active form) of
phytochromes; 26S, the 26S proteasome complex; P, phosphate; PIFs, phytochrome-interacting
factors (8 PIFs in A. thaliana); COP1, constitutively photomorphogenic 1 (i.e., E3 ligase); SPAs,
suppressors of phyA-105 (4 SPAs in A. thaliana); HY5, a master transcription factor for photo-
morphogenesis. In the dark (left panel), phytochromes are biosynthesized as the inactive Pr form,
staying in the cytoplasm. Meanwhile, PIFs accumulate in the nucleus and regulate the expression
of genes to prevent photomorphogenesis by promoting skotomorphogenesis. In addition, the COP1-
SPA complex constantly degrade the expressed HY5 proteins via the ubiquitin 26S proteasome
pathway to prevent photomorphogenesis. In the light (right panel), the photoactivated Pfr forms
translocate into the nucleus, where they inactivate PIFs by inducing protein degradation and the
COP1-SPA complex by inducing its dissociation and subsequent nuclear exclusion of COP1. Finally,
HY5 accumulates and induces the expression of light-responsive genes for the photomorphogenic
development.

Nucleus Nucleus

Cytoplasm
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