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Abstract

Phytochromes are important proteins for regulating photomorphogenesis as red and far-red
photoreceptors. There are five phytochrome members (AtphyA to AtphyE) in Arabidopsis
thaliana, among which far-red light-sensing AtphyA and red light-sensing AtphyB are
extensively studied thus far. Structure-function studies are essential to understanding the
regulatory roles of proteins, but only recently have the full-length phytochrome structures
been reported using cryogenic electron microscopy. The atomic structures of AtphyA and
AtphyB showed that N-terminal photosensory module (PSM) - is arranged in a head-to-tail
manner and the histidine kinase-related domain of C-terminal output module (OPM)
associates in a head-to-head manner to form a dimer. In addition, while AtphyA shows a
symmetric protein structure, AtphyB is an asymmetric dimer. This suggested that the
protein structure of AtphyA is more stable than that of AtphyB. Structural features of
phytochromes include N-terminal extension (NTE) region and hinge region that connects
the PSM and OPM. Interestingly, several amino acid residues have been reported to be
phosphorylated in the NTE and hinge regions of phytochromes. Subsequent analyses
suggested that the phosphorylation of phytochrome A is important for the regulation of
protein stability and protein-protein interactions. In the cases of AtphyB, AtphyD, and
AtphyE, phosphorylation of the NTE is involved in regulating the rate of dark/thermal
reversion, nuclear translocation and photobody formation, and protein-protein interactions.
The presence of phosphorylation sites within the NTE of all phytochromes suggests the
importance of regulation by their phosphorylation, and this functional similarity indicates
the presence of a conserved regulatory mechanism within the phytochrome family.

Keywords

phytochrome A, phytochrome B, protein structure, autophosphorylation, phosphorylation
mutant

>
rhu

>,
o
rlo

NAYERA FRPJETE obye FH9] F 2 HgkE QlAlskaL ofof] A-3st7] fisf o
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Fig. 1. Phylogenetic analysis of plant phytochromes. Amino acid sequences of phytochromes for
the multiple sequence alignment were obtained from Arabidopsis thaliana (AtphyA to AtphyE, blue
asterisks), Oryza sativa (OsphyA to OsphyC), Sorgum bicolor (SbphyA to SbphyC), and Brachypodium
distachyon (BdphyA to BdphyC). The phylogenetic tfree was constructed using the maximum likelihood
method of MEGA-X program with bootstrap values (1,000 replicates).

phyB-phyE= 243 =8A= A=At o] SollA] phyB7} 83+ 24 =8A4o]H, phyC-phyE
= phyBY 76 EXole 9 sl 202 HIEQth SolETE A7 5842 TAIR
(The Arabidopsis Information Resource, https://www.arabidopsis.org)olA] BFHES} =5o]
7V ©ol ARE AE FRE A9 20F S01A phyB 191, phyAw 49101 Qi FRolA Sl
% Qlthhttps://plantae.org/tairs-top-twenty-arabidopsis-genes-of-all-time). W=HA 4=
o] EFFo] BIF A= 19509 o]F A&A 02 g1 glom, o]t Ak 3 e Wt
o W A& HE E W AAE olsfck= ©l F83% TGAE ATt Uk

TO|EAFZ F 719 YL Al (protomer)E 01501 o]FA(dimer) BEIE A5,
Z47Y0] Aol Ao 2 A-85h= o] EF 2R U™ (phytochromobilin, POB)O| ZA3tE]
of UtH1,2l. TolEFE2 & 27 Ei= o] ot 2ol HMgE E43 4= 9= Pr 843}
FHIZ Ao AP, o]$ daicto] WS Fol ARG T2 5= Sl Pir 243}
FHE At o]2f3t Pr-to-Pfr FZ/ASE AVIE HO|EIF A|EZHA FOo=E o|Fsto]
o19] AlsAgIRete] thilzl-thild A5 2R8-S A Tkt -RRte] HdS 2EsItH4,5]. ofd
g molEaE Alode S 49| P4 (photomorphogenesis) B1-8- 40 Z20s
283ttt oE E0, & 204 dolst 4122 AFeFA(skotomorphogenesis) HEE At
Za1e)(apical hook)7h ZFsA|2L HSlo] 2oln shiSo] APGER|TE, Hof =E=H g3t
(de-etiolation) T A ESlo] Fejal shiE 4Alo] A== JFEHFA YL= Akt
o3t A&0] F Whe/d shliE oy gelo] 7ttt 22 FEjA X HE Bl Ao A
o qlom, AFEFA BhSolA BFEHFA B E Hols 5H2 dH 0 AlEe] ATt
o] Z4Zolt}. ol B Wo|EAFL FAF Hol, 4 719 A%, B5714(circadian
rhythm), 24 3|5X(shade avoidance), 7f3Kflowering) 5 Tt FFefPA e apyHiat
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ofuz} A AEYANGE, 7HE, 39, 12 5 ¥ A= AEHA WA, 715 JiH 24,
B8 2 AE oot 22 292 AYF gheolx Toigo] g

ALE Ao|A9] 524407 Tu|Qfo} To|EFE fR-7]5 AT AR AEo] o,
E3] 32H(3D) A 25 Hio]7] 3t o] Q3 77 AFEoigttt. SRRt vl & F7]
o] eA]FA 71, F 240 kDa o), 724 o|dA(Pr E Pfr FH EA) S2E X-ray
crystallography #412 13 T 274 g/do]| ofzgo] Uitk sHAITE X =S4 %4 AnlH
(cryogenic electron microscopy, cryo-EM) 7]&o] BPHslHA], off 7|3t nlo| BT thilla L
27t &4 HaEa QioHol. E3F 3 wo|ESE 7|5 2E71A F SPHE MABKphosphoryla-
tion)7} FEHAL QITH5,7]. QMAEk= THlEe] L2-7]5-& HIA 7= 8% SR yos,
ol|EFF0] ot 4159 F ¥R/ R4 AHAR] IS St ACE JIAHI TH5,8].
olof] ajo|EFF A W MRt AA A=A WollA 715dk=A], 12l BAISHElA ofd
= sHAlo) et A7} 5] ZFPEo] ghow, XLoj|Xof mo|EFES QA= THE

0% A% AJEIs U SYNHT ool Bol et 2B A3 FIS T MY FUE
7RssPA Bk, BAE W2 Aol 7leld AoE oA,

web] £ Rl Ho] Hig SolE350] By 7ol thet 2k} Hiol, @A
QoA So|EAE QIAIS} Ao|E Seldolq AT HES ANISIA Tt

= =2
1. AMZ OO|E3EQ| CHHE X A3

o] E3E2 Aukx o g N-E=HQ19] 34 717+ BE(photosensory module, PSM)¥} C-E=H|Q]
9] 29 ZE(output module, OPM)E +/3=0] ItHFig. 2a). £3] +2H = Pr FeolA+=
F249)(random) FRE o]FTh7} F&/I3} Ejo] Pfr FHE HT=H ¢-HA(e-helix) +RZ %1%
T N-E ZFH(N-terminal extension, NTE) 5919}, PSM ¥ OPMZ dZsk= 7 (hinge)
271 k. 118]3 PSM Yo+ photosensory coregt 8% nPAS-GAF-PHY tri-domain©]
U=, GAF =Rl Wofl Y& g<4=6t0] TA|ok= WATHPOB)o] EAIITHI]. FI=E nPAS ZH|
Q1 whildl-thild] Joakg 9 ofgA] Aol Teist, PHY =Ml Pfr QFISIE & A=
g A Stk OPM Holls #2324 P4} Alsdgo] ofsk= PAST Z=HQl, PSM} 45418t
o] ol AL Esk= PAS2 =Wl J8]1 ofFF A4S w1 1A S AlTdle
HKRD(histidine kinase-related domain) EH|¢lo] QJUT}H10]. EZF Z7]o] HilH mo|ETE
PSMO] 24 EXJO0F nPAS-GAF TH] $12E v+ 8%} tiE(knot loop E= knot lasso,
KL), PHY ZrQlofA whachk At B.oJ9] GAF LHQldt HESeE E%31= d|ojd(hairpin,
HP), Z12]1L GAFe} PHY &w|Qle Thehs] AZsh= UAE 715(helical spine) 51 AFHO, 111,
oj%of] Hfull-length) Fto]ETF 727t B ZHA OPM 2] PAS2 =HQlo] PSM We] PHY
TRl Afolofl fixJste] 24 At 733l BBl Al viiHdE R ™skes FX(modulator
loop, Mod)E /3%l &=xirH12l

Fo] FAL AR dulF(eryo-EM)& ARgsto] AA 2ol o7 phyB(AtphyB) ¥
phyA(AtphyA) TF27F A0 =2 R} oA HalE|Qlom[12,13], E3E Slo|EF-E3t nlo|ES
£ A5 Aoz phytochrome-interacting factor, PIF) A% 32T HIUEcH14]. ol
AtphyB @ AtphyA ©H829] 3D vhild 12= RCSB PDB(https://www.rcsb.org/)oll S2E2
Om(F ZE 7RZW ¥ 8F57), ol& &l AA| Zol|9] mo|EdE Tl R} 25 AAT
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4 ATHFig. 2b and 2¢). B A0S AHEH, hAHQ] oFFA 12 ol Z0F Jd5H
A3}t 2] AtphyB 2= HIHAAQ oA do] FRI=ITHI2]. ol AtphyBS] PSM2 ofZkA]
Fzo)A A HESHA] 921 head-to-tail WAOE HlFEo] =0 2= o|FAS FASIA] UL

Mod

HKRD

Fig. 2. Domain and protein structures of Arabidopsis thaliana phytochrome A (AtphyA) and B (AtphyB). (a) Representative domain structures.
Plant phytochromes consist of N-terminal photosensory module (PSM) and C-terminal output module (OPM), in which the two modules are
linked by a hinge region. In addition to N-terminal extension (NTE), the PSM contains N-terminal Per/Amt/Sim (nPAS), cGMP phosphodiesterase/
adenylate cyclase/FhIA (GAF) harboring phytochromobilin (P@B) as the chromophore for light absorption, and phytochrome-specific (PHY)
domains. The OPM contains a PAS-repeat domain (PAS1 and PAS2) and a histidine kinase-related domain (HKRD). In addition, knot lasso
(KL) and hairpin (HP) motifs are found in the PSM and the modulator loop (Mod) preceding the PAS2 domain plays a role for connecting
the OPM to the PSM. (b,c) Surface-rendered views (top) and orthogonal cartoon views (bottom) of three-dimensional (3-D) structures of
AtphyA (b) and AtphyB (c) dimers obtained by the cryogenic electron microscopy (cryo-EM). The domains are represented with different
colors (top) - and transparent surfaces in light grey (bottom). The dashed lines are included to show phytochrome protomers A and B.
(d) Superposition of dimeric AtphyA and AtphyB atomic models. In the top models, the domains are represented with different colors. In
the bottom models, AtphyA and AtphyB with one color are superimposed to indicate the structural differences between the two phytochrome
dimers.
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A (monomen) & EA51H, thAl PAS2 EHQ13} PAST & PAS2 TH|Ql Afojofl Sl 1971 ofu]
LALO 2 o]F0f7] p-glojx FE(Mod)7t PSMo| oA |2 Aok o 583 98-S ok A0
SRI=I}. T3 HKRD+= B[ 2o} o] ETE 29t FAFHA head-to-head H4]0 2 ZHdlot
o] o|FAIE oYl IS HojFYATE PSM-PAS2 % SHE o] vty oz |5}
7 L2 EW(protomer)7} A2 THE BFO R 9F 53° 7]&0|A It o] vt 47te] ==
En7L 155 A AAEE 7HA BEs A0E oA, E5| 5T A2 F LEENE
454 9 A7)A A&7 AZSN= PAS29F nPAS/GAF =r91 A52+83} tEo], Mod-PHY
FoA8-Z B9l PHY ZH|19] B-sheetE Foto] QH4S AlFsk= Aolqitt. wabA PAS2
THQl 2 Mod RE|E7} ogA| P40l B4ZHolH, o|F 7H9] 4B A-8-2 AtphyBY Alsdgdt
24 QS fAlok= Ao Agoke ACE [FET ESE ArphyBY] ofFA B4
Pfr QP44 9A19F & HsKthermal reversion) £ ZFHo|E W4-Aolw, ArphyBe] 4 Ag £
£ PAS2-nPAS/GAF A32R83t Mod-PHY 452R80] oJs 2= Aoz A=t

AtphyAE AtphyBe} -F-AFHA PSM2 head-to-tail W40 2 vjE= 1, HKRD”} head-to-
head W20 2 Zglslo] o] FAIS FAJotATHI3]. 3t AtphyB F29F AR, AtphyA -0
M PAS2-nPAS/GAF 45283} Mod-PHY A22go] of&A d4o] a3t I8 st
T2 AtphyAs= AtphyBet @8] ti3AQ 25 Hojsglon, ol F folE3E 7t +24
2JolE WHEQITKFig. 2d). €3] HKRDE} head-to-tail 7% ZZo] v|tfA] 125 FAd=
AtphyB®} @], AtphyAx HKRD7} head-to-tail Z&0] #9] 202 Yx|oto] A5 2}g0]
o] ti o)1 43 &3l FEE o]FojA, AJfF o o ARl F2E T A0 9]
t}. ol AtphyA7} AtphyBET o 8 & 7% £g HojF= ZAIkg Ao, o] Ajol= F
molEFF 7t 7|54 Aolof| gt &2 ATt

olgfel Ho|EFE XS ATEH AIEL phyAQt phyBY %2 2olE Algsto] phyA7t
g 0NN w2 IS FAIKE 713E AXskL, phyB7F 157 3 € 2% WSlE
] QIsHA AASHES XS5a2 HolEqlrt. webA phyA®} phyBe 724 FAMdE 3P
A, ZEALS] AejA @] Sk APESHE 754 B3 Holal JIQith ol& Ak nolEIEY]
7162 olsfiotal B A FHAoto] AE9] A} UES 2Hsto] ket 9 ol Aok
WA ofgfiehs d 543 BAE AlEsrt

2. AlE MO|EFEC QM5 AO|E SHMHO[X| A7

Alg mlo|EFF0] Qs thifdolak= A2 1980d o] E1E|QloH, o5 F|&|(Avena
sativa)°lA 213 phyA(AsphyA) TEiAo] H=k 2448 Foff NTE He] 89 2 189 Al(serine,
S) %t71€} hinge W2l $599 Z71E QAL Al]ER F785{tH15]. o1F 5998 Al 271& &
H(alanine, A)L=E XAZ] EAHCIA(S599A)F EYAIZ AEAIE BA435F 23}, nlo|ETE 7]
0] FAFEL S01519ITH16]. ©] AFlA AsphyA] S599 QUALEK= 519 Al S AEQIR ek thl
A-chd A5 &8 (protein-protein interaction)< A3 ERISIOH, o= ulo|EFE 9]
A7} 519 Al ddRIRIeRe] Ao AkE-2 2ATS AXSIA. o] S8 € S18 A= Ho|EIE
o] ZA| Bt chiid F)uolA] /4o 9Jsfl A71Q1AksKautophosphorylation) = ARJEZ &
J=EIACH17]. o] AFollA S8/18A EAHOIA =Y 41=0] F 140l S ASIIAL o=
AsphyA ZFZIRIAESK= AsphyA2] 3ol ofgt @i EiE fieoto] A1&A HolA J&dekd
AsphyAE AI&SH| AASH: dTS stof, g F ASE MEA AT & UEE we=
(desensitization) 71%5%& AASFACE E3F o714 phyA(AtphyA) hinge W2l A ofu]Al 2+
715 dEpdo g XA QU dojuA] (s ThiE SAHOlA|(S590A/T593A/S6024)2} of
A2 EXaspartate, D)O.& X|ZAIA QIS FEi= ThE EAHCIA(S590D/T593D/S602D)y &

Trends Agric. Life Sci. Vol. 62 | 5
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TYAZ AEAE BAste, To|ESF 7]50] ATk FRISIITHIE]. o] dtollA ol W
oJd= AtphyA7} 302 olssl=dl 523k off ATHIRIARl FHY1(far-red elongated
hypocotyl 1) @ FHL(FHY1-like)Z}2] A352-80] Z4skal, ArphyA Sd QFAS S7H6t3hs
S HojFt}h webA AtphyAQ) hinge region AAEBK= Hloj oJgt AtphyA THiE Eajj9} 519
ASAGRIALLY] A2 2| S8R AXIGIGITE ol EAHO|A= Table 10 82F=|o]
UL, M= A9t 7|5E M B mo|EFE 72 BEE olgsto] AA[SIItkFig. 3a).

1231 phyB QMAE} SHHOIAS] 739 T o714 phyB(AtphyB)E ol-85t] A7} 213

UtKTable 1, Fig. 3b). 7] A= A 4 B9 578E AtphyB QAR AlOJE FojlAf
NTE H9] S86 %1715 ¥ehd E+= ofARIEEALC & Z|BHAZ] EHHOIA|(S80A & S86D)YE =X
AL AEAE EA6IoH, ZEA 0= S86A EARIOIAIE AphyB 7150l TAEAL S86D &
AHoJA= 71%50] ZAASIATH19]. o] ATollAl AtphyBe] S86D EHolAl= E&A4IS] 714 %9
SRl & A3 dark reversion) Bx E ZH3Kthermal reversion)S BHl2A FIEE 7S HojZg]
t}. & & &= ¥ A%Hdark/thermal reversion)2 AtphyB2| 43t Pfr FEIS E&4IS} Pra
EAAA AtphyB 7152 HAAXIT oo Qlileprt =A| gko} Pfr-to-Pr A% &=7b =27l
S86A ERoIAl= E/do] =11, QAIS FEiE W= S86D o A= Pir-to-Pr A £&7}
webA 4ol Wolth webA AtphyBY NTE 29 Qlibek= Pfr-to-Pr A%Hdark/thermal

©)

Table 1. Phosphorylation site-mutants of plant phytochromes included in this study

Phytochromes Domain"”

Mutant? Plant species Activity® References

NTE

S8A

S18A Avena sativa + [17]

S8/18A

phyA
Hinge

S599A Avena sativa + [16]

S590A/S602A -

S590A/T593A
/S602A Arabidopsis thaliana [18]

S590D/T593D
18602D

NTE

phyB

S86A "

586D - [19,20]

S3/23-25A n.d.

S3/23-25A/S86A n.d.

$3/23-25D — [20]

$3/23-25/S86D Arabidopsis thaliana -

NTE/nPAS

Y104E -

Y104F " [2021]

S80/106A -

$80/106D (24]

S106/227A [29]

phyD NTE

S82A

S88A Arabidopsis thaliana [20]

S88D ,

phyE NTE

S50A n.d.

S50D Arabidopsis thaliana - [20]

S53A n.d.

Y NTE, N-terminal extension; Hinge, the linking region between photosensory module (PSM) and output module (OPM); nPAS, N-terminal

Per/Amt/Sim domain.

2 Phytochrome mutants are named with the substitution of corresponding phosphorylatable amino acid residue(s).
% The phytochrome activity of mutants is shown as either hyperactive (+), hypoactive (-), or n.d. (no difference compared with wild-type phytochromes).
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phosphorylation sites reported in phyA and phyB are marked in red fonts. The protein structures were obtained from the Research
Collaboratory for Structural Bioinformatics Protein Data Bank (RCSB PDB), and constructed using the Chimera X program.

reversion}& 7159l 7158 TAATE 7134E AXGIH th dtollAE S86 2719 tiEo
AEAOA AtphyB QIS APR|ER FA%E TR AO|E(S3, S23, S24, S25)8 ¥ehd T oA
T2EACR XX ESAHO|H(S3/23-25A, S3/23-25A/S86A, S3/23-25D, S3/23-25D/
SSED)E EUAIT] AEAS BAsIon, AR 0= $3/23-25A EHol= S86A SOzt
Hl 184S Ao 0w, $3/23-25D EdHol= S86D EHOIAIAY SAJo] dAH A
AATH20]. 283 AEolA= EJ2A(tyrosine) &719] QA= w9 SEA I ==, SHE
A= AtphyBollA] NTEQF nPASE AZsh= 919 Y104 2719 ikl Bars|QleH20,21]. ©]
AollAl QASE FElE ThEs= Y104E EA%olAl= AtphyB 7162 AAAFL, WS} H7]
= Y104F E9HolAl= 7152 FAIZ 2, ol PIF3(phytochrome-interacting factor 3)
T} 22 519 ATAGRIAI}] AT 2R} Pfr-to-Pr A3t £59F A o] AAEI}. £
=, o]F A7 B3 NTE QUAS} AtphyB 715 A0 583 thAl g AAE 4= Aqdch

Tlo|EFF0] QAISlEl= Thlldol7lol|, QSN = Tl 7oAl P4 02 EAffstofof
Shct SEAIRE Q3 717k9] AFol® EFtotal SHat TO|ETE-S QKA T FlUolAlE
BAEA Folglon, 94 molETEo] A ERSE 7{Uor] &40 Qg ARSI A
TEloi9itH22,23). SHAITE 2 AtphyBE KIESHAIZ|E 7IHolAlZF B4 =0 Ao Bars1 9l
t}. 115 s CPK6(calcium dependent protein kinase 6) @ CPK12 Z[UolA7} AtphyB2
S80 & S106 A71E QAL SelsldtH24]. o] Aol QlAkel} HA] %= AtphyB2
S80/106A EHOAl= 184S, A FHIE THEE S80/106D EHOIAlE ALdS B
S Z%3Ich. 12]aL CPK6/120 23t S80/S106 Q1AteR= AtphyB2] o 29 ol (nuclear
translocation) 28] 9lo] Wj¢- F83t HAUZUS ARSI E T2 7|HolAl= Azdo]
ZEA5k= FERONIA(FER) Tld®, A|22o]| 9l= 7|UobA] Z=H|2lo] AtphyB2] PSM} AJ22HE
Sto] S106 2 S227 A71E KBTS ERISHITH25,26]. o] AFollAl WSt EA] =
S106/227A EAHOIA= AtphyBe] 2732 £%9=t, o= & W photobody B4< &L
Pfr-to-Pr A% &5 L2} sl 7|X 0 & o] RojFtt. wehA AtphyBS| NTE o= t9

https://www.etals.org Trends Agric. Life Sci. Vol. 62 |7



Lee et al.

8 | Trends Agric. Life Sci. Vol. 62

QAKS} Ao EZL ZA5HH, o] ARIE QAK= Pfr-to-Pr A% £ 2L XF}sl0], oo
ol d o1 AlsHgRIAee] 45AE 5o 28-S Bl phyB 7|5S Alojohs A& oA
Zc},

To|EFFO] QIS A= thEE phyA 9 phyBE tHo= =0, o7 phyD
4 phyES] NTE W A& 71E tde2% A7 A= AH20]. AtphyBollAl 7 Fe82
HAYS HojFd S86A EAHo|A o sdsl= AtphyD2] S88A(S82A E3h: I mo|Ex
2 7158 HoFoh I3 AtphyB2l S86D EHolAlo] sgsl= AtphyDS] S88D U
AtphyEQ] S50D E¢HoAl= 25 A 7158 Hogle). wehi mlo]EFE NTE Qisk=
LE AE To|E3 R £k A& 4T 4= 930t o, phyA 2 phyBollAl NTE QA4S
ARz i @3k=t, phyAS] NTE QWAIskeE 2 thiiz obgAd 24 5951913, phyBE 23
3 TI2 ujo]E 4 EojA= Pfr-to-Pr A, O g 9] o|%A4] thld-chla AS AR 50] ZHoj
%93 Ao FRIEQIL) Tu|2e FHOZ phyAdils chfa QbgAduint ohuja} chij2l-thi
4 528 240 Fa3F hinge F-9] QA ERIE QAT ob4] phyBU thE mlo] ETE0]A]
£ hinge YA RuER] g9ttt AA| phyBollA] hinge region U4 0]F0 R]X] k=4,
o opa] HiE7] o2 ErE Tl F|UolA|7} QleAlE Y FEE ol & AT FAR
o AXIct.

o] AT AIEE e B, 4% LE nlo]E3E0] NTE Holk= QA4S Ale]EV} &4
5tH, o] QA AAE molETFo] ilstEls Tidolels Avket dXeta Qlck |1
NTE QKIsh= To|EFE 75-& 28T 4 v BE 287|407} ABEo] I3 RIS & 9k
of7]olli= phyAQ] Tl g/ 9l off] AlSgRIAtete] 44528 28, phyB2| Pfr-to-Pr 3
&%, o209 o5y 9 photobody B4, TEid-thid A5k 24 5o] 2} ogA
A7} o]g A Tkt 2H7]4E Hol=Ao] B3t AT 5 MgE|ojof & FA|Z AR,
ole} st X EUsHA A=A = A w8 (phase separation) 7] 53 BRI} U
Ao oAZIH27]. ofi= Te|EAFo] doj oJsf) 443} =[H o & Foi7kl photobodyE 3
golA] 7]5sk=tl, oldf photobody @/ #7o] 4 £ IFJo= FA=7| wfiolct. HA| 2
2o B =FolA phyB9] NTEZ} HA-%84] A E2](liquid-liquid phase separation)oflA]
223 9E op, ol& Bl A& B ¢ 1-2FHFF(thermomorphogenesis) 24
of Foigto] AA=IATH28). webA 35 NTE QAtsle} AF B 71749 dikAdo] tigt i Ha.
g Aoz oA,

ER=

do|EES 2A gl AHM FEA|RA PP 2E Bojshe Sa3 Dol
2d AE= ol§EE o7 dele 552 molEaE0] EASHH(AtphyA-AtphyE), TE214 A
Ag-g BASHE AphyASt 23S AXISk= AtphyB7t AE7H4] F-fsHl A7=I900t. 7&
715 A7 DE 24 715E ofsfets Hl AU, HZoMok FAL At drlEE ol
3to] HA| Zol9] molEaE TF 737 BHuEQlct AtphyA ¥ AtphyB 9t 725 53,
N-Zete] 3 77 BE(PSM)2 head-to-tail F4]02 wjd=1 C-Id &8 ZE(OPM)Q
HKRD+= head-to-head #4202 Z3lsto] o|FA|E FAok= A& FRIslth. 12|l AtphyA
£ AER w9y FRE HOFIAT AtphyBE HIHAHQ oA BRI o=
AtphyA9] Tl 27} AtphyB Hrt § PYUZ AARIAH. MolEaEe] 724 540=,
N-2eke] SHHNTE) 92} tiEo], PSM 2 OPME 9 E5k= A3 (hinge) ¥l itk Z01EA
&, TolE3-52 NTE % hinge G0l Akl ofvlieAt 7180] BaHYH. o]$9] 75

https://www.etals.org
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MOIESE HHE 120 Qs SO st

30, wolEFA(phyA) itehes TP oMY o T -t oAkl Fa9kg AASTH
AT}, AtphyB, AtphyD 3 AtphyE®] 73, NTE el ikl o/ & g £, S 29] o5/
5! photobody @/, THIA-Td JoAkg 5 2Eshe o Hofde] A=A EE mel=
5] NTE Holl ikst ARlEZE EAjslo] Qlitela] ot 2de] S48 AASIL 9o,
ot 7164 FAMIZ TmolETE il oA HiEd 2 v UFe] EARke AABIAL SlH
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