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Abstract Brassinosteroids (BRs) are essential plant steroid
hormones required for cell elongation, plant growth, development
and abiotic and biotic stress tolerance. BRs are recognized
by BRI receptor kinase that is localized in the plasma
membrane, and the BRI1 protein will eventually autophosphorylate
in the intracellular domain and transphosphorylate BAK1,
which is a co-receptor in Arabidopsis thaliana. However,
little is known of the role OsBRI1 receptor kinase plays in
Oryza sativa, monocotyledonous plants, compared to that in
Arabidopsis thaliana, dicotyledonous plants. As such, we
have studied OsBRI1 receptor kinase in vitro and in vivo with
recombinant protein and transgenic plants, whose phenotypes
were also investigated. A OsBRI1 cytoplasmic domain (CD)
recombinant protein was induced in BL21 (DE3) E. coli cells
with IPTG, and purified to obtain OsBRI1 recombinant protein.
Based on Western blot analysis with phospho-specific pTyr
and pThr antibodies, OsBRI1 recombinant protein and
OsBRI1-Flag protein were phosphorylated on Threonine
residue(s), however, not on Tyrosine residue(s), both in vitro
and in vivo. This is particularly intriguing as AtBRI1 protein
was phosphorylated on both Ser/Thr and Tyr residues. Also,
the OsBRI1 full-length gene was expressed in, and rescued,
bril-5 mutants, such as is seen in normal wild-type plants
where AtBRI1-Flag rescues bril-5 mutant plants. Root growth

J. Yeon - M.-H. Oh (<)

Seistn d=atstt

(Department of Biological Sciences, Chungnam National
University, Daejeon 34134, Korea)

e-mail: manhooh@cnu.ac.kr

H.-T. Kim - L.-S. Nou (X))

AXHEim 2oy 5tat

(Department of Horticulture, Sunchon National University,
Sunchon 57922, Korea)

e-mail: nis@sunchon.ac.kr

in seedlings decreased in Ws2, AtBRI1, and 3 independent
OsBRI1 transgenic seedlings and had an almost complete
lack of response to brassinolide in the bri/-5 mutant. In
conclusion, OsBRI1, an orthologous gene of AtBRI1, can
mediate normal BR signaling for plant growth and development
in Arabidopsis thaliana.
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ZE0 Z(Clouse et al. 1996), A& A|ZEH 27, A E9]
AT g, A A, SAbEof, Aok, ok
v A Eo4, & A A WAS o dofste 2|
2ol 3 ZRo|tH(Clouse 2011; Jiang et al. 2014; Wang et
al. 2014; Zhang et al. 2014). Brassinosteroid Insensitivel (BRII)
S A|xzdtof 25t BR 3 22 9] 483 & Leucine-Rich-
Repeat Receptor-Like-Kinase (LRR-RLK) family® HE &=
THH R 2 A, extracellular domain, transmembrane domain, intracellular
cytoplasmic domain 2 “FES}F 42Qlth. ofu| Ak A Qo
7] 23}0] extracellular domain®] N-ZHeho signal peptide2}
25719] Leucine-Rich-Repeat (LRR), 21 A €} 22 A LRR
Afolof 707] €] ofm|Abo & o] Fo]X] BRo|] ARet 4
Ql+= island domaino] ZAJ3tc}. Intracellular cytoplasmic

pi

domain2 juxtamembrane region (JM)¥} kinase domain (KD)
I} C-termianl tail (CT)2 o]Fo]# Q)th(Schumacher and
Chory 2000; Clouse 2011; Gruszka 2013; Wang et al. 2014).

BR S 20| BRIl 84 il 2 9] extracellular domain
o Z3%tslH BRII 48] ©hi 2 9] intracellular cytoplasmic
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domain®] serine, threonine “LZ] 3L tyrosine o}u]=Ab 5o
A Q14FS} HE-g-o] U ofut kinase”} Z/d 3} =W, BRI
co-receptor, BRI1-ASSOCIATED RECEPTOR KINASE (BAK1)
I} 3HA| o] o] = A (heterodimerization) S HASlo] o]&
chil A B3k A|m2o] £2f5} BRII-EMS-SUPPRESSORI
(BES1)Z} BRASSINAZOLE-RESISTANT 1(BZR1)Z o1 AF3}
A]7]+= BRASSINOSTEROID-INSENSITIVE 2(BIN2)E ¢
A8k, g 914L5}F A7) BRIl SUPPRESSOR 1(BSU1)<:
%Al A BES1¥} BZR19| 14kt B84 A& & <
Arebe 24 AdE 2 AgA I oA 2/dstE BESI
BZR1 3 W52 o]535o] BROJ| &Jsff &= theFet
FAAES EEE ZA3M(Yin et al. 2002; Wang et al.
2005; Li and Jin 2006; Gendron and Wang 2007; Gruszka
2013; Zhao et al. 2013; Wang et al. 2014). Oh et al. (2000)
< o Asteba A 7S 28-sho] of 714 BRI
g o Tl o] Ser/Thr 484 kinase Y& U5
Z Ao in vitroo| 5| BRIl z| %3¢}t ol Z(BRII-CD)E &-&
&to in vitro %14} F9lE& WSS o]F A &4
ol e AystshA el A4k F& &dke] BR #8A<
BRI kinase+= Ser/Thr 4=-&3]| kinase ¥ o}y 2} Tyrosine
oful oAb 7)o A & ¢lAS}E] = dural specificity kinase
24& 7HA = m$ &1 28 LRR-RLKs familyol] <35}=
SH Q18 Q181 ATHOh et al. 2009). 0|9} 2& 4
A7 W ole) APAEY AFAe A7) BjrEe
A9 Aat FA0] wY A2 o715l BRII
A W ke o] gt Ao AEE ol & v, Rl
Agoln] SHoR g ST Al Bl BR 44
A T, OSBRILS] 75 W 54 FHE uj$ wopn
8 ohe} 4xel 4B TAe] AEolA o] BRI Thl
Qo) 54 o] ofa uli A7 @ OsBRI Thud
engineering®] th3t 7| % A R2E AL A olct ulebA
2 Qo) NEE BRAT 4R 420 £A5HE BR
S8 el v AT Fo A2lNo) gy
engineering®] 712 22 A ZakA = Aol
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XHE Ig_gl M%=-II:IH=LI
OsBRI1 THEZO| FHALE

OsBRI1 2] THil ] o] §-ALAIS 2<18t7] ffsf, v 5(Brassica
rapa FPsc/Chiifu), vl 3x(Brassica oleracea), & (Brassica
napus), <=4>4>(Zea mays)®] BRI1 9] Thal 2 o] A &-& o 7]
Z= TAIR (www.arabidopsis.org), FPsc@} 254>, W 1
2] 31 Brachypodium-2 Phytozyme (hitp://phytozome.jgi.doe.
gov/pz/portal.html), Chiifus= Brassica database (www.brassicadb.
org/brad), 2+ GENOSCOPE (http://www.genoscope.cns.fr

/brassicanapus/) o] 4] Z}ZF el A L th-& wof Clustal
omega (http://www.ebi.ac.uk/Tools/msa/clustalo/)o]| 4] alignment
£ AT &, MEGA6.0 Z273 o|&sto] AFsE
&g AT

o

E.colioiA BRI1-CD 48 A{Z=gh CHEEO|

rd

AtBRII-CDT} OsBRII-CDE pFlag-Mac GatewayH] €] o] &
2435}%. 2 BL21 (DE3) pLysS Al 3E(Novagen, Rockland, MA,
USA)o| A Azt Thaid-S ke A Zch 2 23 Flag-tagged
A =2 anti-Flag M2 affinity gel (Sigma-Aldrich, St. Louis,
MO, USA)S o]-&35}o] dhlzl-S B3} thOh et al. 2012).
Bead = 5-¥| &2] FAIgH A= &2 1000X 245 &
ol(20 mM MOPS, pH7.5, 1 mM DTT)o|| 4] dialyze S}%3th.

M71GS2 Immunoblotting

1 A7) 95 o17] flste] A2 @dL 1X SDS-
PAGE %4Z £H(IM Urea, 0.7M [3-mercaptoethanol, 5 mM
NaF, 1 mM Na;MoOs, 1 mM Na;VO4, 1 mM aminoethylben-
zenesulfonyl fluoride, 2 mM EDTA)Y} 381510 95°Cof A 5
B ol ujokslgich v A == dye-binding assay (Bio-Rad,
Hercules, CA, USA) HIH o2 ZAA5}9 on, thldE2 129
polyacrylamide (0.1% SDS) oA 2|3} 1L polyvinylidene
difluoride (PVDF) fluorescence-specific membranes (Millipore,
Bedford, MA, USA)®f transfer S} it} 2| 23 Tl 2 & 0]
3% PVDF membrane-2 phosphate-buffered saline (PBS; 5
mM NaH,POs, 150 mM NaCl, Ph 7.4)o] 2% (v/v) fish gelatin
(Sigma-Aldrich, St. Louis, MO, USA)o| A 715 &HoA 1
A7V =oF vjeFslgith PVDF membrane blots-2 monoclonal
antibodies (pTyr, 1: 500, Invitrogen, CA, USA), Flag antibody
(1:1000, Sigma-Aldrich, St. Louis, MO, USA)2} polyclonal
antibody (pThr, 1:500, Invitrogen, CA, USA)Z probe 5} %t}
ESE blot+= ProQ diamond phosphoprotein stain (Invitrogen,
Grand Island, NY, USA)%} coomassie Brilliant Blue (CBB)
stain SFATE Aol A 1A7E Sk 13 A9} whof 3
blots> PBST (PBS + 0.1% Tween-20)2 wash 5}%2
Alexa Fluor 680-conjugated 22} g}F4]|(Rockland Immunochemicals,
Gilbertsville, PA, USA)E PBSToJ A] 1:20,000% 1A]7F Z<t
vl 98t & immunoblot imaging¥} densitometry &4} LI-COR
Odyssey Infrared Imaging System (Li-COR Biosciences, Lincoln,
NE, USA) o]-g3s}o] +=3)35}3it}

H|EO|E kinase assay

#HEFo| = substrate Q1 AFS} assay= 7] A 2 A] 80pgml’ SP11
7 €} o] = (sequence: GRIRRIASVEIIK) S o] £-3}o] 233}
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A 29 SOk £BAEE T F, 22°Co0 4 102 FF 57
o2 7I¥eh 10¥ & APdE Z Al Image] Z2IHO 2

dolg SAsAH
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Fig. 1 Amino acid sequence alignment of BRI1 proteins. Multiple alignment of the deduced OsBRI1 protein with brassinosteroid
insensitive 1 (BRI1) from various species (4drabidopsis thaliana; Brassica napus; Brassica oleracea; Brassica rapa, Glycine max; Zea
mays; Brachypodium distachyon and Oryza sativa) by Clustal Omega



J Plant Biotechnol (2016) 43:30-36

33

36.84%2] A S E K thFig. 1). Figure 12 A}
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extracellular domain¥} 8] 15}o] kinase domain©] ujj-$-

ofu| At A HE HojEQlth TRl ofn] Al alignment
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[, oFulia, L]l A9 oF 5 o] W, BAY
sho] 42T FyEol G 15E BE
W, Sl 4R A8 R
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Flag-ABRI1 Flag-OsBRI1

Pro-Q Diamond
Stain

IB: anti-p¥

IB: anti-pThr

IB: anti-Flag

1se activity (DPM)

Peptide kin

E.colioA BRI12| autophosphorylation

Flag-AtBRII (o7]%o})2} Flag-OsBRI1 (W) 2|23 chul 2
9] autophosphorylation2- phospho-specific antibodies (pThr,
pTyr)e o83t A8tk E.colioll A IPTG 3 7H300 uM)
T 204 16A17F B2 ulF g 3 Flag-AtBRI1 2} Flag-OsBRI1
chal 2 o] Q1415 Aleo] B4 Ak Fu| % Flag-ABRII

| 4= 733t Threonine ¥ o}y 2} Tyrosine ¢1AFSH7} 733}
A dolub= o] Flag-OsBRII THe) 2 o 4= Tyrosine
AAFehE dofubA] ¢Fal 2 4] Threonine QIAFSE WRG-1H
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Fig. 2 Flag-AtBRI1 and Flag-OsBRI1 are phosphorylated on Threonine and/or Tyrosine residues in vitro. (A) Immunoblot analysis
of purified Flag-BRI1 protein harvested from cells at different stages of induction, using a variety of generic antibodies. Staining with
ProQ Diamond phosphoprotein stain reported phosphorylation at all Serine, Threonine, and Tyrosine residues. (B) Peptide kinase
activity of BRI purified at 16 hrs induction. The SP11 peptide (sequence: GRJIRRIASVEJJIKK, where J is Norleucine) was used
and the reaction mixtures were incubated for 20 min at room temperature
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Fig. 3 OsBRII restores hypocotyl and root elongation of the weak bri/-5 under light (A) and dark conditions (D). Ws2, bril-5,
AtBRII1 and 3 independent OsBRI1 transgenic lines (T3) generations for each construct are shown after 7 days of growth under light
and dark conditions. OsBRI1 transgenic plants rescue hypocotyl and root length under light (B and C) and dark (E and F). Values

are mean £ SEM; n = 6
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ZF A = QI chFig. 2A). 1% 7] wjE o dual-specificity kinase ArA ol AL HOl AS g Hol OsBRII ThHl 2.8 of 7]
A4S 2-= ABRILI B 13ke] OsBRII Tl AL Ser/Thr &l AlZA4| o A AAF2Q J BR 22& A4 vAY
487 kinase Y2 AT 4= 9%t} ETF Flag-AtBRII 25 +95t= Aoz J=E Sl tk(Fig. 3D, E, F).

3} Flag-OsBRI1 A =3t thuf 2 o] peptide kinase -2
SP11 peptideS ©]-8sto] EA3F A3, AtBRII kinase2] &
o] OsBRII kinase & Xt} & A 3}A 733 &4 AL
H o} =}l th(Fig. 2B).

OsBRIM1 AT AZHQ Sl

2|0 HAY LA
1/2 MS ¥} Z](1% Sucrose, 0.05% MES, 1/2 Murashige and Skoog,
1.2% Plant Agar)ol| A5 Ao] 79 Fot 7]& t}S 5}y
23} waje) Zo|2 2Haich W ZAGIA bril-s £
o] A EH = Ws22} AtBRI1-Flag, OsBRI1-Flag & 2 A&k
AEAR spED Relo] 2ol AAe] FE Aol
|9k OSBRI §AABA A B59 Wel Ws2s}
Aol7h viszsislonl, ORI Flgel F B AM)
L AtBRIlI A AZA Q] slufjZ= Zolo] = o] glo] &
ARSERL O U Ws2 Ktk st & 9] Zo|7F A A g Ao &
oul, OsBRII FUAT ABAY shZ} Wejo)

Zol5g BAsh A3k ABRI YAAT A=A v
Shof SpfZ9| Zo|i oFzh oLt Wele] ol 2
Zpo]2 H o]z okQFTHFig 3A, B, C). & ZANA bril-5
seluo] AEo] a3z} o] Zol the HEAE
Bl Zorow, OsBRII FAAZTA 2 AL Ws2, AtBRII
4= Ao sp 2z} wele] Aol Fo|A 2 o] glo] A
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Fig. 4 Analysis of BR signaling through root growth inhibition
assay with brassinolide treatments. The dose response of brassinolide
for root growth inhibition in 7-day-old light —grown seedlings
(16 h light/8 h dark). Note the decreased root growth at Ws2,
AtBRII1, and 3 independent OsBRI1 transgenic seedlings and
near complete lack of response to brassinolide of seedling in
the bril-5 mutant. Values are mean £ SEM; n = 10

Brassinolide (BL) sx0i| [E 2| M& A

il
EJE}(Clouse et al. 1996) olg} 7& AlE A
of &A%t BL 5% St wE Hel 9
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qEA | 4o swo wet Zo| Make] 2ol Ho|
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OsBRIl 4342 FAAE A7 T ;(6]}2) Q1 OsBRII &
28 A5 AL downstream

wo] ¥WE 423} BR 3
T4 AlE ol BESI Tl A& B A 5lo] OsBRILO _Q]?'ﬂ- BR
AT AY W AYZ S E459 ) Figure 504 Hoj3s

upo} Zro] v A1 &-0] BR 484 kinase?l OsBRII S A2}
A AlEQ o 71A ] 2] BR insensitive 5 BHO|A Q] bril-5
bril-5 OsBRIL#1 OsBRII#15 OsBRII#9
S S — e
(IP: Flag bead)

pBEST—»
BES1 —»

m- e

Fig. 5 Rescue of the weak bri/-5 mutant by the expression of
OsBRI1-Flag. The 3 independent OsBRI1 transgenic lines are
shown and are representative of 10 additional lines. The immunoblot
indicates the similar expression levels of the OsBRI1-Flag transgene
in the different transgenic lines. BES1 phosphorylation status in
plants expressing bril-5 and OsBRI1-Flag in bril-5 background.
Total protein extracts of light-grown plants were used for immu-
noblotting with anti-BES1 antibody
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Flag bead OsBRI1-Flag (IF: anti-Flag)

+ 100 nM BL
- 5 5 2 M Brz
IB: anti-pY

S ([E: anti-pThr

—— L IB: anti-Flag

Fig. 6 OsBRI1 is phosphorylated on Threonine residues in vivo.
BL-dependence of OsBRI1-Flag phosphorylation on Threonine
residues in vivo. Homozygous transgenic plants expressing
OsBRI1-Flag in the bril/-5 mutant background were treated with
the BR biosynthesis inhibitor Brz (2 uM added after 6 d of
initial growth), and were then treated with 100 nM BL or solvent,
for 90 min on day 11. OsBRI1-Flag protein was immunoprecipitated
from solubilized microsomal membranes and analyzed by immu-
noblotting as indicated

o] A=A FAA A7 A, s FAAS
AEAES B AEAZ 255 glen, OsBRIT T2
of kg oA AAT o ® FAEYt 5] Fu2
& AL bril-5s AWl AEA, £ BR TEE AT AY
o] YA Foh= AF, B BRo| §le 244}
7o) pBESI (%14Fs} BES1) T A o] o2 Z7}5}al BESI
(FQ1Aba} BEST) Thul & g 2] 5 4] ¢h= Hhofl OsBRII
FAAL A=A59 4, pBESI Tl A= EAskA| v
AT G ZH A 2522l BESI i d o] AA 3| F7}
o= Z S = Hol OsBRII o] ofs AA4H2 el BR
TEE Azl dojutil Sl&2 AlARRITHFig. 5). E
3t in vitroo A& A} ZHo] in vivoo| 4] OsBRII-Flag T+
Bl A Tyrosine Q1AMSF= Qojibz] ¢kal @& Threonine <l
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