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The vacuolar processing enzyme (VPE) mutation suppresses an
HR-like cell death induced by the double knockout mutant of
vacuolar Ca*'-ATPases in Arabidopsis
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Abstract  Calcium (Ca”") signals have been implicated in
regulating plant development and responses to the envir-
onmental stresses including a programmed cell death pathway.
In animals and plants, cytosolic Ca”" signals have been
involved in the activation of programmed cell death (PCD).
Recently, we reported that disruption of Arabidopsis vacuolar
Autoinhibited Qa%—ATPases (ACAs), ACA4 and ACAI1,
resulted in the activation of a salicylic acid-dependent pro-
grammed cell death pathway. Although extensive studies
have revealed various components of a PCD in plants,
executors to directly induce PCD are well unknown. Here,
we provide that the vacuolar processing enzymes (VPEs) are
involved in a PCD induced by the double knockout mutant of
vacuolar Ca*-ATPases in Arabidopsis. The gene expression
of VPE was rapidly up-regulated and the enzyme activity of
VPE was increased in the double mutant plants. We also
generated aca4/acal 1/avpe, aca4/acal I/ ywpe and acad/acal 1/
avpe/yvpe mutant plants. Although cell death phenotype of
the double mutant plants was not completely disappeared in
the triple and quadruple mutant plants, the triple and
quadruple mutant plants showed to significantly delay cell
death phenotype of the double mutant plants. These results
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suggest that the VPE is involved in the HR-like cell death in
the double mutant of vacuolar Ca”*~-ATPases in Arabidopsis.
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A]E9] Autoinhibited Ca*-ATPase (ACA), ACA9 THill &
o 097 uhol] ZAa0, A9 BdMo] ABAL 4%
o] Zol5m N Aol As] dasdte Ao B

Tt} (Schiott et al. 2004). ©]& ACA9 FH A7} T} 3]
e W FRAY PHEAE FUFRA 70 A
o]Zo| 2| 2] oreo olu|sitt 3 YU At 9%

Q Ao g oA ACA10 S-AAY] T-DNAZF Aol =
Sl A=A Bole o dEo] AsEm 3hA
ohe 7 A= AR E A ool Fol i o] F= XY
o] B2HE] 9l th (George et al. 2008). &+ I ol sLof| ZA)
8} Ca’'-ATPases (ACA49} ACAI7} 0] 0 & Eiu o]
H AEA Y QoA MZAE 2 E S 4"‘%_ o 4= 9%
o, o] Y3t A|ZAE FAFo| salicylic acid (SA)] 2J&
Zolgh= A& 1Tt (Boursiac et al. 2010). ZL2jL,
AlZAbE dds fFaske A4 2402 S
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protease?] caspase 59 TS
T2 oJol4 B Y4 A 4] caspase]
s} Berolete AT w45 4
EAPY WAo] oe A9 2AUAE waely Kot
A oltt (Wyllie et al. 1980; Raff 1998; Clarke 1999; Yu et
al. 2001; Zamzami 2001; Ott et al. 2007; Riedl 2007).
2L Gfjof A caspase?] FAIE 7}A| = vacuolar pro-
cessing enzyme (VPE)o] R &t} Grufjo £A3}+= VPE
S AHAES silencing A 7] HYHS AEAFHS o o
Zatl ORI Y A EA oA A ZANE @Afo] WA Sk A
W & VPE FAAE0] silencingH A=A o A= o] 2
ok NZAPE dAfo] HEE A ¢hokal, o H et AlEZAE
Ao Yolo g Mxul uti| 5 A AT (Hatsugai et
al. 2004). 3L, o 7] A ) o A] caspase &AS 7} A& VPE
7F #7go] S24 (mycotoxin) 2 &8} == HZANE
oA SAA R HaS Stk Harzh 9l 3ich (Kuroyanagi
et al. 2005). o] EAE oY N%xﬂﬁ} VPEQ] W&
o] AA == EdWHo] AEA A sHS o, oy
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A&7 o] VPES] WrE o] oA E]
Al A= *ﬂi*“ﬂ e HES 2
AEA= Hazuro] Bt 2 Qs AlLAL €
A& st Sh o8t 4 diss TH & o
VPEZ} 9|2 uhe mugto M AEAES GRS R0
2 AZrET) AlE9] VPE caspase?] S-S 71X cysteine
protease®]] &3ttt off 7] AN 9] genomeo)| = aVPE, yVPE,
BVPE, 71811, SVPES] 4F5F 9] VPEVZ} &4 3tt). o] 7 gt
VPEE-2 seed typeT} vegetative type & T2 E23 4
Ql=d), seed typeoll«= GVPES} SVPEZ} 18] 1L, vegetative
typeoll= aVPE®} yVPE7} ZA|3tc}. vegetative type?l a
VPES} yWPE+= Q19| =3t} ¥+ AHo = Qs &
A 3lEth (Hara-Nishimura et al. 1995; Kinoshita et al. 1999;
Lam 2000; Chichkova et al. 2004). 12| =&, VPEGTHul 2o
Al EA o Al Al EZALE ] of 2] FEjo] Told Ao o4
o 5 Sl 2 ATl A= 7Y Hazute] A5t

T 719 Ca’-ATPase 50| 7]%5-& oHA] 23 o) A3}
*li/\P”ﬂ Ao AR Al Yol =9 caspase &
= 7HA+= VPEE A Sof s FHhEth= AMd S
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AZH0IM RNAS =2

AHEAE Aste] 500~ 600 mg A U &, AlRE 1]
HA AirE Y TARAREO] WAL A&7} &5 A
ol & oy A Hol7ln 9tA% Hul gy} 2 u)
7HA] B4 0}91‘:} E41H A=A E RNeasy Plant MiNi kit
(Qiagen, USA)E AHE3to] & RNAS &2ttt &4
H2]8F & RNALE RT-PCRS ¢34l cDNAE 3HA3F4 0
o, g3t cDNAE o] §3fo] FH2e] Fol4
o|-gsto] FHAY] e ol RE st
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primerE
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Vacuolar processing enzyme2| EAEY

o|F EdWo| A EA = MS (Murashige and Skoog) 7]
iAo Al 25 Fot 718 & Ho® &A Aol AEAE
ol dojup7] A 39} 6o ARE FH] sFlen, 4
T At EdWo] AEAlE FolA 35 Fe 7% A
=49 42 ARE ek FHIE A& 100 mM
sodium acetate (pH 5.5), 100 mM NaCl, 1 mM EDTA, | mM
phenylmethylsulfonylﬂuoride7]— A71E AE Ttz =29
Ag Yo ¥ RS s e SRE
2715 o] & o}o:] 15,000 goll Al 1583 &2 skoich
gapels AR A3 Bom Aol it
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S 2357] fshe] 45,000 gofl A thA] gHH A
of zolel B AL ABL 913 EH 5k VPE
9] o1&l 71 <l benzyloxycarbonyl-Ala-Ala-Asnmethyl-
coumaryl amide (Z-AAN-MCA, Peptide Institute, Inc., Japan)
Z DMSOO| &o 20 mM=E ZFv|s}gich Eaj= oz |

100 ple} 7] A o] ZahE 900 pl & 3 A 37Co
AZE E<F WSS 1A7E F 2A7te] e BAE
£ AHEZ L E0|H (Bio-TEK, SFM25, Germany)E ©|&
Shol BB 465 mol A =45

Genomic DNAS| 22|

A2 9] 9 100 meS ZHE T, ARE oA
9 3 ods] B sl 2 gy
o
=

S AFS SCH0| AZH2| 2

Y2 9] Tkuko Hara-Nishimura A @A 25 E of 7] h el a
VPES} yWPE A Ato] T-DNAZ} Al Eo] §--%p7} i
FEA e 49 Eddoel a4 Aots 2 T
Utk FFEL Ao LorAA 712 AEollM 42
AA7E GAE A oF+= homozygote A=A & Fe|otil 11
9 Aote FHEGITE B AT A SdR ] 4
EAE WE7] YA acad/acal19] o5 EAHo| AEA|

o} 77}o] aVPES) WWPE Sitio] A8 mujsie] 4F
Ao AEAE SR}y T3 acad/acall/aVPE
F =W AEAY WWPE SdHo] AEAE wHf
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SAH0| ASA0| T-DNA 49| 2010t RT-PCRE ¢
FEX 5014 primer2| M|
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I Aol A& 9 T-DNA A& &elst”
o2t 22 primers A|ZsGiTh aVPEC]

-DNAE &2l5l7] $]3}o] T-DNA left border primer:
5’-ATGCATCTGAATTTCATAACCAATCTCG-3’ ¢} aVPE &
A9 reverse primer: 5’-CGGTTCTCCAGAAGGCCGGAC-3’
= ARaloich Eak arPES] $74 SRS Blel] 9
3l forward primer: 5’-GCGGATACTGGAATTATCGTC-3’ ¢}
reverse primer: 5’-TCCAGGACAGTAAGTACCCCA - 3’ & A|
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Asklct. aVPEC] AY)E T-DNAE Qlstr] 915t
T-DNA left border primer: 5°’-ATAACGCTGCGGACATCTAC-3’
9} yWPE FH ALY reverse primer: 5-CTTTTCCCAAAAA
TGAACAAG-3Y & A &Fst it B3, y/PES] A Hd
2 3Holst7] 9Jsf| forward primer: 5’-AGTGGGAAGGTTGT
GGATAG-3’9} reverse primer: 5’-CTTTTCCCAAAAATGAA
CAAG-3E AZstth Tubulin22] &L 3218ty 9
3| A] forward primer: 5’-CCAACAACGTGAAATCGACAG-3’
9} reverse primer: 5°-TCTTGGTATTGCTGGTACTCT-3’'&
A 2kal k.

Zot 9 ng
acad/aca11 0|5 =HHO| ASH|A VPE REXIQ| L
o A0 243 5

2| =iEEolA VPEZE A& AlZAFE | e E o)
3l ®315FaL @)t} (Hara-Nishimura et al. 2005). A& 2 VPE
7} acad/acall®] o]lF FZARIO] AEA A A A
AR =R FeIst7] faiA, olF Edwol AEA 9 9
oA L e = alPES} WPES] FAA W} o] &
A3 2AMSEGH olF EdWol AEAE MS 7] ZHj
A4 25 Fo 71 T AEAE S22 &4 Ao
J1eal o]F FAWol A=A oA AlEZANE FAto]
dojut7] A 34 64A SlolA T RNAE &3t
aVPE®} yVPE GAAS] d & RT-PCRE o] &34 &
Qstgitt. ol =AM AZA| oA aVPES}E YWPES]
WA} sl obyd A% va|A el Zriets
AL sttt Fig. 14). T 02, ofF Eeldo] 4
Aol 4 VPES] Tk 2Ho] Z7ksHEA ALt of
F sove] ABAE AZAE dos)7] A 3056

Al QozRE B Bty VPEY FHe 7

—

Aol ZAANMCAS o] §3to] AgS Ayt 1 2
3t oby P A lshA VPES] o] 323t 6 A
A%H 02 Z7hek 22 Blsteet (Fig 1B). 94 4]
2O AEAES] BAAG T BRI VPE FAHA HHY
TE B4 BHAY F71E 0lF BAHol HEHAH B
AT 2M VPEZF AZAES] A B HHOR B
dEts 2S¢ 4 Yot

acad/aca11 0|5 SHHO| MSH| 2VPER} »VPEQ A=
A SHH0| AEA 5

A B2
o] B 4 rks 22 HASY L, o) F 27
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Fig. 1 Gene expression and enzyme activity of vegetative VPEs in the aca4/acall double mutant plant. (A) Gene expression pattern of
vegetative VPEs in the aca4/acall double mutant plant. The total RNAs were extracted from leaves at 3 and 6 days before cell death
of the aca4/acall double mutant plant. RT-PCR analysis was performed with aVPE and WPE specific primers. Tubulin? gene was
employed as control. (B) The enzyme activity of vegetative VPEs in the aca4/acall double mutant plant. The total proteins were extracted
from leaves at 3 and 6 days before cell death of the aca4/acall double mutant plant. The total proteins were preincubated with the VPE
substrate, Z-ANN-MCA and then subjected to a VPE assay. RFU is relative fluorescence unit. Black pentagon and black circle indicate
samples at the 3 days and 6 days in the aca4/acall double mutant, respectively. Black square shows the wild type
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S HA Eo| A primerE1} T-DNA border primerS Xﬂ
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Fg. 2 Genotyping of the aca4/acall/avpe, aca4/acall/wpe and aca4/acall/avpe/wpe mutant plants. Genomic DNA was isolated from
wild type plants, the aca4/acal l/avpe, aca4/acall/wpe and acad/acall/avpe/wpe mutant plants. PCR was performed with gene specific

primer and T-DNA border primer sets

X \Y
R &30’\ «\\)\a“
o

“@\19 ,\H\lpe «@Wp
oa e G \
\N" GaAla oM AR
oVPE
YVPE
Tubulin

Fig. 3 Gene expression of aVPE and WPE in aca4/acall/avpe,
acad/acal I/ wpe and aca4/acal I/avpe/ wpe mutant plants. Expression
levels of the aVPE and yWPE in the triple and quadruple mutant
plants were determined by RT-PCR. Each gene specific primer sets
were used to identify aV/PE and y¥/PE transcripts in mutant plants

T =ddo] AEAlA Az ApEEA ol A 3F Fot
A3 oAHE AS ST (Fig 4). AT A2
o] 3% ol4F Aek ol HET AE Belvio] 4B
0117\15 /\ﬂ:TE fdo] TS WAFT ol 2=
H}& A A VPEEO| acad/acall ©]F EdHo| A&
A 9] *ﬂi/\}m"ﬂ TofRtth=s AE Felstglon, ol gt
AE AR AR VPES Wilbo] ofuel g vl L
GE odde £4 sAel dAAE AAbgtin 2

% gt

S A S¢HHO[ ASH oA VPES 242 5

et A EAWo] AlEA oA VPES] aag/do] W
35 Hol=A Yot H7] 9JsiA VPEY aagdE =
Atk ob® A EAS} acadlacall 0% EWo] A
E A, acad/acall/avpe, acad/acall/wpe 2rZ ZAHo| A
A 1831, acad/acall/avpe/yvpe A5 EAHO| A EX|

£ o]t acad/acall o5 FAMo] AEA A AlEZ
Apgo] dojub7] A 6UAE 7R HE AEAY o
oA EaRE elstel AEe AMsrsr. 1 A,
acad/acall/avpe/yvpe &AW 0] A &4 Q] VPES 484
o] opE A=At A Hei A= A& AR (Fig.
5). 3}, acad/acall/avpe2} aca4/aca11/wpe EdHo] 4
EAE I59 VPEY a4gA 0] aca4/aca]1 ol =49
wo] 4EAML; FAEGE AL AT olele

2 AAR YA *ﬂi/\P‘ﬁ dsdol A==
WAL SEAs 5 AUk F acad/acall/avpe?} acad/
acall/ywpe SAHo| A EA] Ato]o] HHEF ol 2t
o4 QAATE B0 FAHE B HokE u yWPE
Hoh aVPE7} AJZAPE| H 83 A3 & Aozt A
Zy= ). E3Y, acad/acall/avpe/ywpe A E 0] A EA| 7} oF
A ABANG O S VPE BHS HelE B
E T} E protease’} acad/acall ©)F 0] Al EA| o A
A S ottt
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aca4/aca11 mutant aca4/acal1/ovpe mutant

aca4/acal1/yvpe mutant aca4/acatl1/ovpelyvpe mutant

Fig. 4 Morphological phenotypes in aca4/acall double mutant by the disruption of VPE genes. The double, triple and quadruple mutant

plants grew at the same conditions on soil for 3 weeks
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Fig. 5 The enzyme activity of VPEs in triple and quadruple mutant
plants. The total proteins were extracted from leaves in the wild
type plants, double, triple and quadruple mutant plants. The total
proteins were preincubated with the VPE substrate, Z-ANN-MCA
and then subjected to a VPE assay. RFU is relative fluorescence
unit. Open circle, open square, black pentagon and black square
presented the double, vtriple, atriple and quadruple mutant plants,
respectively. Black circle indicates the wild type plant
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