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ABSTRACT We have previously demonstrated that overexpression and characterization of Brassica rapa type-1 metallothionein
gene (BrMT1) in Arabidopsis which showed enhanced resistance to cadmium and ROS. Here, we present the consistent
study of our previous report about BrtMTs. BrMT7.3 expressing DTY167 cells showed resistance to Zn and Pb as well as
Cd. Thus, we have developed the BrMT73 overexpression Arabidopsis to enhance capacity for metal stresses. Successful
expression and localization were achieved using the rubisco transit peptides of RbcS-BrMT3-GFP protein, which was con-
firmed by western blot analysis with the GFP antibody and green fluorescence signal from the chloroplast. BrM73 overex-
pression Arabidopsis plants exhibited a higher resistance to cadmium compared to control plants. This result indicates
that BrM73 would be applicable to the development of plants with enhanced resistance against heavy metal stresses.
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and Goldsbrough 2002; Andrews 2000; Cobbett 2000; Quesada et al.
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71] vjgof ulet 4714] type &2 LHTH (Yu et al. 1998). Type |
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Type 2 MT+= N-terminal domain 9F&o] Cys-Cys@} 27112} Cys-X-Cys,
Cys-X-X-Cys motif & 3t 87)2] B&%] Cys Z7]& 7FA]H, C-terminal
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¥ 29l EA O 2 N-terminalo]] 47]2] HEH Cysteine 275 7}
Atk Type 4 MTE 204} Eo|& o g W3t Class II MTs=
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T} (Song et al. 2004; Lee et al. 2004; Murgia et al. 2004; Allen et
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A 712 975 $YstL Sl B3] w2 NE dojF type |
MT §827 GEAeIA seket 349 fdolu =3t ROS
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A 7150] o BA VebtAE dobR gttt (Kim et al. 2007).
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Arabidopsis thaliana (Col-0)°] floral dipping =% (Clough and Bent
et al, 1998)S B3} FAAE sl ch AgrobacteriumE &g &
347 9] seed podZh FH3] €O Mo Wolx] BASTA
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3 T-vector= cloning 3 BIMT3 $AAE 722 Al§tas =2 23t
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B (Cd) 22T B4 (As) B FE4e) REsl] BRg e
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signal peptide8 X 5= WE1Q} 355 promoterE o] 8-5F0] A&
AR FEE feste HES A2 T G2 of BiMT30]
83 targetingSH=%|S Lo} 2 7] Y3t GFP (Green Fluorescence
F7kekgick o]5 $l3ll, Rubisco small subunit (RbcS)
chloroplast transit peptideS A|HE 4 FcoR I I} BamH 1 & Z§5}
< primerg ©1-§5to] PCRE F3 52 3t 5| EcoR 1 I+ BamH 1
o & & pCAMBIA ligation $+ 5 cloning& #% GFP tagE 3
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I3t Xba I -& A2j3 § BMT3E 22 AFEAE o83t A&
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RNA & 3 RT-PCR
7)) Aele FAASAZ 1/2 MS (1/2 Murashige and Skoog
salts including vitamin, 0.8% plant agar, and 1.5% sucrose) ofA] 2k
F 71 R 05 g& HAHA loflA] BRAPRE 0]83) npay
3t & 3% W5 (p-Aminosalicylic acid 13.5 g, Tri-isopropyl Naphthal
Sulfonic acid 2.25 g, 0.25 M Tris-HCI pH 9.0, 0.25 M NaCl, 0.05M
EDTA, 2-mercaptoethanol 5 ml, Phenol 6 ml, Distilled Water/DEPC)
£ o]4-5t9] total RNAE & 313}93‘\4 o]g7| Hajgl total RNAE
RT-PCR £40] o] &3}3tt. B. rapa & )&% AR AL 12 MS
KA P R|of 357t A2 NG A EAE 50 uM CdCLE 2, 5, 24 A]
7 &3 Heet 5 #elo} £7)2 e RNA (Spectrum plant total
RNA kit, Sigma) & &3} cDNA (Superscript Il First-Strand
Synthesis System, Invitrogen) £ 33}t PCROY| AM-H primer
+ o33} 2t} BrMT3 primer (BiMT3 sense: GGAAACTGCGACT
GTTCTGA, BrMT3 antisense: TAGAGCCACACTTGCATTGG), BrActin
primer (BrActin sense: TGTGTGATGTCGGAGATGGT, BrActin
antisense: AACCCTGTGGGTGCTAAGTG). PCR-E 94 CojA] 20%
B, 55°CollA] 30%, 72°C ol 4] 4522 ZAN A 299132 cycles S 2
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dark 2 3F A)7F < A EEOIE F screen cupE AMEA
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1 mM MgCl, 0.5 mM EDTA, 0.5 mM phenylmethylsulfony! fluoride,
0.7ug/ml pepstain A, 20 pg/ml leupeptin, 5 pg/ml aprotiuin, 10mM
DTT)E W3l 4°C, 10,000 gollAl SE7F A4 stglth of 43
2 A EHof| 271 th& spectrophotometerE 0]-235te] thalzlg A
% 3L} Western blot2 9J51q 10~45 pgo] 218 SDS-PAGE
oA A7] 9% 3 H nitrocellulose membraneo] electro blotting-2
£33 274t} ©] membraned 7.5% nonfat-dry milkE g-& 1X TBST
(0.1% Tween 20, 1X TBS)Z AR A 147} blocking 3t o] 1X
TBSTZ 58 7t & H A& t}S GFP-antibodyS A-20)| A 3A]7H
A5t o] membrane-d thA] 1X TBSTE 1027} 38 A2 o
sheep anti-mouse 1 gGof| 1417t HE)s}ict 18 o} 1X TBSTZ
membraneS 108-7F 31 A& 5 ECL regent (Amersham Pharmacia
Biotechy2 E3|| A|149-& &elslgich
HEHe 2 FI=g0l it MEd 7S 24
AR 7|l T gl dhit AR 4F 7] 9
3 o713t WT (Col-0)9} RbeS-BIMT3 FAAZ 2459 B
AESE & CACRE E3H3H= 12 MS, 1.5% sucrose®} 0.8% agar Hl}
Zlof|A] 397k 4°C oA HA e Bgict o] F 21°C£1°C F 24
oA 2~35 Fet AlA 7%tk
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BrMT3 #EIAS 22| & CIE MT REXI9) Hlw 24

i AEL gRE 2340 e ZHYT Aol St
I A Uk (Baryla et al. 2001; Milner et al. 2008; Verbruggen
et al. 2009). 2 HRoA = 7128 A4 o Hoisl= §-AzLe] A
WS 93 7I= 52 AT B. rapa AEH 9] ¢cDNA library 2 HE]
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Figwre 1. (A) Multiple alignment of the BrMT3 amino acid sequences
with other plant type-3 MT genes. Conserved cysteine residues in
MT3 are underlined. Arabidopsis thaliana (At), Brassica rapa (Br),
B. juncea (Bj). (B) Dendrogram of M73 in B. family. The tree was
generated using CLUSTRALW (origin2) based on the amino acid
sequence homology. Organisms and accession numbers for these
sequences are: BJMT3a, B. juncea MT3a (AB057413); BiMT3b, B.
Juncea MT3b (AB057414); BiMT3c, B. juncea MT3c (AB057415);
AMT3, A. thaliana MT3 (NM_112401.1)

Figure 2. The expression of BrMT3 in different tissues of B. rapa
and under Cd stress

(A) RT-PCR analysis of BrMT3 in different B. rapa tissues. The
RNA was extracted and RT-PCR was performed with specific primers
for the target gene. R, root; YL, Young leaf: A L, leaf from flower-
ing plant; St, stem from flowering plant; Fl, flower. For quantitative
analysis, 29 and 32 cycles were performed

(B) RT-PCR analysis of BrMT3 in 3-week-old B. rapa seedlings
response to 50 uM Cd for different durations. Actin was used for
template control

BIMTsE E2|5}3ith 0] Class T 2 type 1] £38}= BrMT19] &
HAE Adtolal amel of71goiel sl AlA sl=ga}
ROSOI| gk A13HgE& AR otet 2 A7oAE type 30f &3}
metallothionein @] -F-42} EA38- 2215k7| 9I3ko] BIMT3 2] full-length
AEg FR3IUTE A F2H 28 == 204 bpo|H 68712] ofn)
AR 9FEE) Sk ek ThE Wl AEEe) MT3 SaAte} of
1At 4GS 8]0 B4 & 2 A1} BAMT3= type3 metallothionein ©)

BrMT3 IgEof st oh7|Eel 7IEE MEtd S8 - 71

ot
2

9] EX Q] N-terminalof 47)2] HEH cystein 27| & ETS
ot} (Figure 1A). BIMT3E of7|AthE =33k thE vfja}
So) MI3 §AA9te] SoITAE Ay ola) SoAEE
IHE Ay o 7)Ao MT39b= oF 86%, B. juncea®] MT32}
93% ©o]AFe) homologyE H$low E3) BiMT3agb= 98%0)At
=2 homologyE E T} (Figure 1B).
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B. rapa NEAANM 7tEg AR RS 7i=w A
O3t o] of g Halsh=AlE 18] 18 50 uM 7HEES
472,524 *W A3t i) e A FR2EE RNAS 5
Z31 3 BMT3 44 50|29 primerE AHE-3}o RT-PCRE =
R (Figure 2A). 1 At 7t=g A2 & AR E 2E
AAre] el Aol MsHA] ehgtont fejoiMes 7heg A
of ofsf BrMT3 FAZLe) o] F7hEE Felskqlet ol
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ZIEES Fohe Helohe T RS UEo] g3k )
Ao AZEC) T3k BIMT3S] 28A7] O 23] Eo|dl WS =
A¥st7] 913 B. rapa A1&A 9] 228 RT-PCRE 33T}, BrMT3
S 0131 OlRTIE A3l 9o Higke] APHE o] wol W
T AAE Hrhs Bajz o] o Wdo] Lok} (Figure 28).
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Yeast strain DTY167-2 YCF&h= 7FE& factor7} AB o] &5
ol 2o uj- 917EE EARIe] Folrt. o] strainof BIMT3E Zhdd
A F&olRe tiet dE5S A BIMT3IE FExe
AR BRE Sa%0] gle MAY =g, dol A7H s 2
7 7192 o, FaEo] A7HAl & wijAoxs 2t aRE 7o
= A Atel7t glglet 7i=E B ol H7HE diR| o= BiMT3
S AR arot R e Solit an st AkS o & 3§
t} (Figure 3). ©|24 B. rapa 4EA 9 7t=8-2 A2)sle] Rejst
BiMT3 {447 /b5 B Z36h= Fadol Adhdol 9%

SENEIES

BrMT3 REXIS| of7|Hc =2t BrMT3 THEHESl &0l
N E] RbeS-GFP2} RbeS-BrMT3-GFPE Agrobacterium< ©|
%—8}04 ollgle] B 2 Azeh o A3 17740 59
ARSAE Ao (A} nlAA), oF BMT3 4749
o) =2 7HT} 128 1S tAFe 2 BIMT3 thllAlo] &3
Az ek S5k OJs) GRPEHE BASKITE WT
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vV  BrMT3 V. BrUT3 VvV BrMT3

Control

CdcCl, Pb

Figure 3. Metal resistance of BrMT3 overexpressing yeasts

DTY167 yeast cells were transformed with empty vector (V) and
BrMT3. The yeast strains were grown on plates without (control)
or with heavy metals (40uM CdCl,, 1.2mM Pb) at 30C for 4 days

Bright field Red Green
image fluorescence fluorescence

WT

RbeS-GFP

RbcS-BrMT3 GFP-7

RbcS-BrMT3 GFP-12

Figure 4. Fluorescence in chloroplasts from transgenic Arabidopsis
plants

Total soluble proteins were extracted from transformed Arabidopsis
chloroplast containing 35S::RbcS-BrMT3-GFP construct. WT, non-
transformed Arabidopsis

7} GFPTH =) RbeS-GFP & A A3H|, GFP9} BIMT37} @ =
%% RbeS-BrMT3-GFP FAHFAEZHE YFA L 235190k
FBEn AL 53l GFPE 23| & 21 WT9] dSA =8
o= A7t FPEY £ AN Q2ANA o F3 54 F
FE WEL 4 AU (Figure 4). |24 of71F ol =AU BMT3
FAR7} =R E AEA A AL skt E3F GFP
TS A7 FEASA 9] o WA AEA A 42 FohR
& E-23to] GFP antibody S ©]-&3f western blot-2 AlA|3+ A3} &
9d Alg B5Fo)A GFP T o] R8s A& oA T &
A& 4= ATk (B vlAA). o]F EGiZE BIMT3 §-3427F &9
¥l RbeS-BrMT3-GFP MR 9| Yo e s J=AS Reldt
T S0 A WA JdoaRe &3 AL giles
GFP antibodyS ©]-8-3] western blotZ A3 2 A3} AA| Yzt
HEA ol GFP HASE Q13 4= 9)gict. GFP ¥FAH 3}

RbcS-BrMT3-GFP
WT 7 12

31 KkDa e

Figure 5. Western blot analysis of BrMT3 transgenic Arabidopsis
plants

BrMT3 was detected with GFP antibody. WT, non-transformed
Arabidopsis; 7 and 12, independent T3 BrMT3 transgenic lines

RbCSMT212 §

B [ X3
BMRbSBMI3 OWT
? 008
B 006
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o .
7 12
Transgepiclines

Figure 6. Enhanced cadmium resistance in the T, generation RbcS-
BrMT3 plants

Wild type and RbcS-BrMT3 grown for 2 weeks on 50 uM Cd (II)
containing 1/2 MS agar medium. Error Bars show means + standard
deviations of triplicate experiments

western blot A2 HE =% BIMT3 A7} off 7|3t &) |=
Ao A Thild o2 WHES A T 4 YT (Figure 5).

SAmEA | FI=50 gt MEd IS &4

Yol =2 FI=B Ew = chlorophyll A HZoNA] EAY
EET FA A4 il 23] ikt Erbs 2 =3t
2 223)1 N2 4318 &4 chlorophyllase @] A4S 2Z &
£ Feul Mg&t -2 g4 949 ZWES WETT BaEojgitt
(Baryla et al. 2001). WekA] BIMT3& AEA o LA FAA
34| (RbeS-BrMT3-GFP)7} CdCLo AL 7HAEXE dor
7] $J519] Cd (o] Z+2} 50, 60, 70 uM @] H=2 ZLHE 12 MS
agar HjR|of|A] 2527k] S v]ae] Htth 1 A3, RbeS-BrMT3
FAMSA = Figure 6A o4 HoF= ZAAH WT (Col-0) Ko} #
2o} AR BN o Z B8k Ag FeIstgin). ojRL of

H



OHE BrMT3 §44HE AE4 ol IhrdAl ) A7t 7t
02 QI A=A ekl ASIAEY A0 AL ek A
3371 ARAR AEgel S0t ASAYL G Bele) HES
£ 5ol cifoldonn 4402 ol A8 0w 4a
B 2 U o4 23 90 78 A 3 A
3] 2 Ad} WTHEU} RbeS-BrMT3-GFP-72) %% 1
BrMT3-GFP-129) 79 1.44) AAako] 2 Ao L}EM ol
AR 2R 7FEES AsE d e Ao ‘.’_Q"*
t} (Figure 6B).

¥ 2

B. rapai—‘T'—E] 25 BIMT3 $3XE 29JA17] T 29} of 73}
7 7EEES HIET Fa&0 AGAYE Hole o) el 59
i o] A EYZ o] §AAIt 24 F2He B3 84 A3}
0 AuEso] Y 2 BUAR 4SS AT 285
A AgE A2 Zididct

A vloj L 121 AU, Ay et

ﬁ?%ﬂlj%%ﬁﬂ%ﬂiwﬂﬂMEQW
HEEE]

Allen RD, Webb RP, Schake SL (1997) Use of transgenic plants
to study antioxidants defenses. Free Rad Biol med 23:473-479

Andrews GK (2000) Regulation of metallothionein gene expression
by oxidative stress and metal ions. Biochermn Phyrmacol 59:95-
104

Apel K, Hirt H (2004) Reactive oxygen species: metabolism, oxidative
stress, and signaling transduction. Annu Rev Plant Biol 53:373-
399

Baryla A, Carrier P, Frank F, Coulomb C, Sahut C, Havaux M
(2001) Leaf chlorosis in oilseed rape plants (Brassica napus)
grown on cadmium-polluted soil: causes and consequences
for photosynthesis and growth. Planta 212:696-709

Choi D, Kim HM, Yun HK, Park JA, Kim WT, Bok SH (1996)
Molecular cloning of a metallothionein-like gene from Nicotiana
glutinosa L. and its induction by wounding and tobacco mosaic
virus infection. Plant Physiol 112:353-359

Cobbett CS, Goldsbrough PB (2002) Phytochelatins and metallo-
thioneins: roles on heavy metal detoxification and homeostasis.
Annu Rev Plant Biol 53:159-182

Cobbett CS (2000) Phytochelatins and their roles in heavy metal
detoxification. Plant Physiol 123:825-832

Clough SJ, Bent AF (1998) Floral dip: a simplified method for
Agrobacterium-mediated transformation of Arabidopsis thaliana.
Plant J 16:735-743

BrMT3 20| 2jet of7|&Hel FtEE ME:

Rl
ool
0x
o4
™
-~
w

Haq F, Mahoney M, Koropatnick J (2003) Signaling events for
metallothionein induction. Mutation Research 533:211-226
Hamer DH (1986) Metallothionein. Annu Rev Biochem 55:913-951
Ito H, Fukuda Y, Murata K, Kimura A (1983) Transformation
of intact yeast cells treated with alkali cations. J Bacteriol 153:
163-168

Kim SH, Lee HS, Song WY, Choi KS, Hur YK (2007) Chloroplast-
targeted BrMT1 (Brassica rapa type-1 metallothionein) enhances
resistance to cadmium and ROS in transgenic arabidopsis plants.
J Plant Biol 50:1-7

Kwon SY, Jeong YJ, Lee HS, Kim JS, Cho KY, Allen RD, Kwak
SS (2002) Enhanced tolerances of transgenic tobacco plants
expressing both superoxide dismuase and ascorbate peroxidase
in chloroplast against methyl viologen-mediated oxidative stress.
Plant Cell and Envrionm 25:873-882

Lee JH, Shim DS, Song WY, Hwang IH, Lee Y (2004) Arabidopsis
metallothioneins 2a and 3 enhance resistance to cadmium
when expressed in Vicia faba guard cells. Plant Mol Biol 54:805-
815

Lee KH, Kim DH, Lee SW, Kim ZH, Hwang IH (2002) In vivo import
experiment in protoplasts reveal the importance of the overall
context but not specific amino acid residues of the transit peptide
during import into chloroplast. Mol Cells 14:388-397

Milner JM, Kochian LV (2008) “Investigating Heavy-metal Hyper-
accumulation using 7hlaspi caerulescens as a Model System.
Annals of Botany 102:3-13

Murphy A, Zhou J, Golasbrough PB, Taiz L (1997) Purification and
immunological identification of metallothioneins 1 and 2 from
Arabidopsis thaliana. Plant Physiol 113:1293-1301

Murgia |, Tarantino D, Vannini C, Bracale M, Carravieri S, Soave
C (2004) Arabidopsis thaliana plants overexpressing thylakoidal
ascorbate peroxidaes show increased resistances to paraquat-
induced photooxidative stress and to nitric oxide induced cell
death. Plant J 38:940-953

Obokata J (1987) Preparation of etioplasts, Tanpakushitsu Kakusan
Koso 30:86-91

Quesada AR, Robert W, Bymes S, Krezoski O, Petering DH (1996)
Direct reaction of h2o2 with sulfhydryl group in hl-60 cells: zinc-
metallothionein and other sites. Arch Biochem Biophys 334:
241-250

Rauser WE (1999) Structure and function of metal chelators pro-
duced by plants: the case for organic acids, amino acids, phytin
and metallothioneins. Cell Biochem Biophys 31:19-48

Robinson NJ, Tommey AM, Kuske C Jackson PJ (1993) Plant
Metallothioneins. Biochem J 295:1-10

Song WY, Martinoia E, Lee JH, Kim DW, Kim DY, Vogt E, Shim
DH, Choi KS, Hwang IH, Lee Y (2004) A novel family of cys-rich
membrane proteins mediates cadmium resistance in Arabidopsis.
Plant Physiol 135:1-13

Verbruggen N, Hermans C, Schat H (2009) Molecular mechanisms
of metal hyperaccumulation in plants. New phytologist 181:
159-776

Wong HL, Sakamoto T, Kawasaki T, Umemura K, Shimamoto K
(2004) Down-regulation of metallothionein, a reactive oxygen



74 - Journal of Plant Biotechnology

scavenger, by the small GTPase OsRsc1 in rice. Plant Physiol Yu LH, Umeda M, Liu JY, Zhao NM, Uchimiya H (1998) A novel
135:1447-1456 MT gene of rice plants is strongly expressed in the node protein
of the stem. Gene 206:29-35

(A44A 20099 39 18Y, 2 9AF 20099 3¢ 23%)



