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ABREVIATIONS – UNITES - NOMENCLATURE 

Termes français

ADN : acide desoxyribonucléique 
ADN-T : acide desoxyribonucléique transféré 
ADP : adénosine diphosphate 
AMP : adénosine monophosphate 
Ampi : Ampicilline 
AOX : alternative oxydase 
APS : persulfate d’ammonium  
ARN : acide ribonucléique 
ARNt : acide ribonucléique de transfert 
ATP : adénosine triphosphate 
BCP : pourpre de bromocrésol 
BET : bromure d’ethidium 
Bis-tris : bis(2-hydroxyethyl)iminotris 
  (hydroxymethyl)methane ; 2-bis 
  (2-hydroxyethyl)amino-2 
  (hydroxymethyl)-1,3-propoanediol 
BmT : toxine de Bipolaris maydis
BSA : albumine de sérum bovin 
CaMV : virus de la mosaïque du choufleur 
Cm : Chloramphénicol 
cv : cultivar 
dAMP : desoxyadénosine 5’-monophosphate 
dATP : desoxyadénosine 5’-triphosphate 
dCTP : desoxycytidine 5’-triphosphate 
dGTP : desoxyguanosine 5’-triphosphate 
DMP : dimethyl pimélimidate 
DNAse : desoxyribonucléase 
dNTP : desoxynucléotide 5’-triphosphate 
DO : densité optique 
dTTP : desoxythymine 5’-triphosphate 
ECL : électrochémiluminescence 
EDTA : acide éthylendiaminotétraacétique 
EGTA : acide éthyleneglycol-bis- 

  (!-aminoethylether) N,N,N’,N’- 
  tétraacétique 
FADH2 : flavine adénine dinucléotide réduit 
GMP : guanine 5’-monophosphate 

Hepes : acide N-(hydroxyéthyl)pipérazine-N’ 
  -(2-éthanesulfonique) 

IPTG : isopropyl !-D thiogalactopyranoside 
Kana : Kanamycine 
KDO : 2-kéto-3-déoxyoctonate 
LB : Luria Bertani 
MCP : mort cellulaire programmée 
MDJ : DnaJ mitochondriale 
MES : acide 2-(N-morpholino) 
  éthanesulfonique  
MGE : GrpE mitochondriale 
NAD+ : nicotinamide adénine dinucléotide 
NADH : nicotinamide adénine dinucléotide 
  réduit 
NADPH : nicotinamide adénine dinucléotide 
  phosphate réduit 
NP-40 : nonidet P-40 
nPG : n-propyl gallate 
p/v : poids par rapport au volume 
pH : potentiel hydrogène 
PMSF : phénylméthylsulfonyl fluoride 
PmT : toxine de Phylosticta maydis
PVDF : polyvinylidine fluoride 
PVP : polyvinylpyrrolidone 
ROS : espèces réactives d’oxygène 
SDS : sodium dodécylsulfate 
SMC : stérilité mâle cytoplasmique 
Temed : N, N, N’, N’ tetraméthylène diamine 
Tm : température de dissociation 
Tris : 2-amino-2(hydroxymethyl)-1,3- 
  propoanediol 
UV : ultraviolet 
v/v : volume par rapport au volume 
WS : Wassilevskija 

Xgal : 5-bromo-4-chloro-3-indolyl !-D-
  galactopyranoside 



Termes anglais

APAF : apoptosis protease activating factor 
BLP : Bcl2 like protein 
BN : blue native 
CAD : caspase activated deoxyribonuclease 
CLP : caspase like protein 
DISC : death inducing signaling complex 
EST : expressed sequence tag 
FAD : flavin adenine dinucléotide 
FADD : Fas associated death domain protein 
GFP : green fluorescent protein 
HCA : hydrophobic cluster analysis 
HR : hypersensitive response 
HSP : heat shock protein 
IAP : inhibitor of apoptosis 
IMP : inner membrane peptidase 
MAPK : mitogen activated protein kinase 
MIP : mitochondrial intermediate peptidase 
MPP : mitochondrial processing peptidase 
MPT : mitochondrial permeability transition 
  pore 

MS : mass spectrometry 
MSF : mitochondrial import stimulating 
  factor 
orf : open reading frame 
PAGE : polyacrylamide gel electrophoresis 
PAM : presequence translocase associated 
  motor 
PARP : poly (ADP ribose) polymerase 
PBF : presequence binding factor 
PCR : polymerase chain reaction 
PPR : pentatricopeptide repeat 
psi : pression per inche 
SAM : sorting and assembly machinery 
SC : synthetic complete 
TIM : translocase inner membrane 
TNFR : tumor necrosis factor receptor 
TOM : translocase outer membrane 
TRADD : tumor necrosis factor receptor 
  associated death domain

UNITES

°C : degré Celsius 
cm : centimètre 
cm2 : centimètre carré 
g : gramme 
g : unité de gravitation
kb : kilobase 
kDa : kilodalton 
kV : kilovolt 
L : litre 
M : molaire 
mA : milliampère 
mL : millilitre 

mm : millimètre 
mM : millimolaire 
ng : nanogramme 
nm : nanomètre 
pmol : picomole 
rpm : tours par minute 
U : unité 
V : volt 

"g : microgramme 

"L : microlitre 

"m : micromètre 

"M : micromolaire

NOMENCLATURE :

Pour une question d’harmonisation, la nomenclature suivante a été adoptée : gène – PROTEINE 

ORF138#X-Y : dénomme la protéine ORF138 où les résidus X à Y ont été supprimés 
CxA : dénomme la substitution du résidu cystéine en un résidu alanine à la position x 
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I Caractéristiques des mitochondries 
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1-/ Le génome mitochondrial
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Figure 4
Schéma des différentes étapes de maturation d’un ARN messager mitochondrial chez les plantes.
Les modifications post-transcriptionnelles comprennent l’édition, l’épissage des introns et la
maturation des extrémités 5’ et 3’. Un contrôle sur l’expression du génome peut être effectué à
chacune de ces étapes. L’activité des gènes peut être également modulée au niveau des promoteurs
et pendant et après la traduction. L’expression du gène prend fin avec la dégradation de l’ARN
messager qui peut être stimulée par des séquences polyadénylées.
IR :  séquence répétée inversée
D’après Binder et al. 2003.
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II La mort cellulaire programmée et le rôle des mitochondries 

!

1/ Mort cellulaire programmée animale versus mort cellulaire programmée 

végétale
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III Les stérilités mâles cytoplasmiques 
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IV La SMC Ogura 
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1-/ Mise en évidence de SMC Ogura chez Raphanus sativus
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2-/ Transfert de la SMC Ogura dans la famille des Brassica cultivées
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2-1/ Création de lignées alloplasmiques de \5688:96 porteuses du cytoplasme 

Ogura
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2-2/ Amélioration des lignées alloplasmiques par fusion de protoplastes
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3-/ Identification du gène responsable de la SMC Ogura
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Figure 21
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2/ Construction d’un système pour tester les mutations de l’ORF138 chez E.

coli
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Figure 23
A : Courbes de croissance d’E. coli exprimant l’ORF138 et l’ORF138-GFP
La souche BL21(DE3)pLysS portant les plasmides B1 (voir annexe 5) permettant l’expression
de l’ORF138 ou A2 (voir annexe 1) permettant l’expression de l’ORF138-GFP a été utilisée
comme décrit dans les Matériels et Méthodes (-) sans IPTG, (+) avec 1 mM IPTG
B : Détection immunologique des protéines ORF138 et ORF138-GFP dans des extraits totaux
d’E. coli à l’aide de l’anticorps anti-ORF138 purifié.
Piste 1 : extrait total d’E. coli induit portant le plasmide B1
Piste 2 : extrait total d’E. coli non induit portant le plasmide B1
Piste 3 : extrait total d’E. coli induit portant le plasmide A2
Piste 4 : extrait total d’E. coli non induit portant le plasmide A2
Extraits protéiques effectués à partir de 1/20 DO600nm
Les chiffres sur la gauche indiquent les différentes tailles du marqueur en kDa
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3/ Production et analyse des mutants aléatoires générés par PCR
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3/ Mutations ponctuelles dirigées sur les codons Cys
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Figure 28
A et C : Courbes de croissance d’E. coli exprimant les différentes protéines ORF138 où les cystéines
ont été substituées en fusion (A) ou non (C) avec la GFP. (-) sans IPTG, (+) avec 1 mM IPTG.
B et D : Détection immunologique des protéines ORF138 où les cystéines ont été substituées en
fusion (B) ou non (D) avec la GFP. Les symboles utilisés pour les courbes de croissance sont ici
répétés en face de la piste correspondante
Les chiffres sur la gauche indiquent les différentes tailles du marqueur en kDa
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4/ Mutations par délétions d’un domaine interne
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Figure 30
A : Représentation schématique des différentes troncatures de l’ORF138.
B : Courbe de croissance d’E. coli exprimant les différentes protéines ORF138. (-) sans IPTG, (+)
avec 1 mM d’IPTG.
C : Détection immunologique des protéines ORF138 tronquées. Les symboles utilisés pour les
courbes de croissance sont ici répétés en face de la piste correspondante. Les extraits protéiques
sont effectués à partir de 1/20 DO600nm à l’exception des extraits de l’ORF138D1-43 qui sont
effectués à partir de 1/400 DO600nm.
Les chiffres sur la gauche indiquent les différentes tailles du marqueur en kDa.
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CHAPITRE II 

LOCALISATION CELLULAIRE ET 

SUBMITOCHONDRIALE DE L’ORF138 
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2/ Topologie de l’ORF138 dans la membrane
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3/ Localisation de l’ORF138 dans les mitochondries de levure
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4/ Localisation cellulaire chez E. coli
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Figure 45
Détection immunologique des protéines ORF138 (a) et porine (b) et dosage d’ADN (c) dans les
fractions issues d’un traitement au formaldéhyde et séparées à l’aide d’un gradient de chlorure
de césium. Fraction 1 = haut du gradient, Fraction 11 = bas du gradient.
A : échantillons non traités
B : échantillons traités avec 1% (p/v) de formaldéhyde
Les chiffres sur la gauche indiquent les différentes tailles du marqueur en kDa
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CHAPITRE IV 

VERS UN ROLE PHYSIOLOGIQUE DE 

L’ORF138 ? 
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1-/ Résultats antécédents obtenus au laboratoire
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1-1/ Tentatives de production de plantes mâle stériles par transgénèse
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1-2/ observation de morphologies mitochondriales chez la levure.
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2-/ L’expression de l’ORF138 dans les cellules tapétales d’A. thaliana

provoque-t-elle une stérilité mâle ?
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3-/ l’expression de l’ORF138 dans les cellules végétales conduit elle à des 

altérations de morphologie mitochondriale ?
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3-1/Transformation transitoire de cellules d’épiderme d’oignon
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3-2/Transformation stable d’A. thaliana
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Tableau 3
Tableau indiquant le nombre de transformants obtenus et les observations réalisées pour chaque
construction utilisée dans cette étude.

C

BA

D

Figure 48
Observations microscopiques de trichomes d’A. thaliana exprimant les protéines preb-GFP (A et B) et
preb-ORF138-GFP (C et D).
Les images B et D sont issues des images A et C où le contraste a été augmenté
La barre d’échelle représente 50 mm

promoteur gène nombre de plantes 
transformées (T1)

nombre de plantes 
observées en 
fluorescence

nombre de plantes 
présentant un signal 

GFP fluorescent

nombre de 
plantes stériles*

1

preb-orf138 58 1

preb-gfp 29 4 4

preb-orf138-gfp 164 9 3 non déterminé

1preb-gfp 26 3 3

preb-orf138 47

* aucune plante totalement stérile n'a été observée. Cela concerne des plantes qui présentaient des siliques 

significativement moins nombreuses ou de taille inférieure à la normale

35S CaMV

A9 0

preb-orf138-gfp 67 17 2 3
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Figure 49
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4-/ Peut-on identifier des effets de l’ORF138 sur le métabolisme 

mitochondrial ?
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4-1/ ORF138 et stress oxydatif chez la levure
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Figure 51
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4-2/ Analyse du niveau d’expression et de l’activité AOX chez le colza
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Une approche biochimique permet-elle de réunir les éléments nécessaires à 

la compréhension du mécanisme ?
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L’analyse de la séquence peut-elle donner des informations sur les 

caractéristiques structurales de l’ORF138 déterminantes pour son action ?
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L’adressage de l’ORF138 vers les mitochondries à partir du cytoplasme 

peut-il être utilisé pour obtenir des indices quant à l’effet provoqué par sa 

présence ?
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Peut-on identifier des effets physiologiques de l’ORF138 dans les systèmes 

d’études disponibles ?
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7F<5:<:Z>c! -678! 9>8! 9=7A:<:=78! A>! 9F@<F5>8k! @>8! ED7=<O;>8! F<:@:8D8! ]@>F5:88>7<! h! @K6E>! A>! 3_!

8>L6:7>8! >7Z:5=7c! J>8! :7]@=5>89>79>8! ;>FZ>7<! l<5>! 5D9=@<D>8! ;@F8:>F58! ]=:8! eA>! 2! h! #3! ]=:8f!

A678!9>8!9=7A:<:=78c!

!

1-1-1-2/ Conditions de culture des plantules étiolées 

!

J>8! E56:7>8! A>! 9=@N6! 8=7<! 8>LD>8! <5b8! A>78DL>7<! 8F5! F7! <>55>6F! 8<67A65A! ><! L6:7<>7F>8! h!

@K=Y89F5:<D!;>7A67<!G!h!I!n=F58!6Z>9!F7!655=86E>!HF=<:A:>7!h!@6!8=@F<:=7!7F<5:<:Z>c!

!

#"#"34!Arabidopsis thaliana!

!

J>8! ;@67<>8! AKArabidopsis thaliana! F<:@:8D>8! ;=F5! @>8! <5678]=5L6<:=78! ED7D<:HF>8! 8=7<!

AKD9=<O;>!q688:@>Z8j:n6! eq*f!><! 8=7<!9F@<:ZD>8!>7!8>55>! e#IQ!AdD9@6:5>L>7<!;65! n=F5f! 8F5!F7!

<>55>6F!8<67A65Ac!



!

! "!#G_!"!

!

1-2/ Souches de bactéries

!

#"3"#4!E. coli!

!

J>8! 8=F9Q>8! AKEscherichia! coli! F<:@:8D>8! ;=F5! @>8! 9@=76E>8! ><! @K>W;5>88:=7! A>! ;5=<D:7>8!

QD<D5=@=EF>8! 8=7<! 5>8;>9<:Z>L>7<! o! @6! 8=F9Q>! -0#_\! e^"! mcr&! #emrr"hsd'.*"mcr\%f!

*2_lacv#.#G! #lacUSB! deo'! rec&#! end&#! ara-#CM! #earak! leufSIMS! gal,! gali! +"

rpsJnupRf! ><! @6! 8=F9Q>!\J3#e-)Cf;JO8*! e^"!ompT!hsd*e5\"!L\"f!dcmk!gal! e-)Cf! ;JO8*k!

%L'fc!

J6! 8=F9Q>! UJ#Y@F>! erecA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac! �^dproAB!

lacIHZ�M15 (710 e(><5f9�f! >8<! F<:@:8D>! @=58! A>! @6!LF<6E>7b8>! A:5:ED>! ><! :79@F8>! A678! @>! j:<!

+F:9j9Q67E>!e*<56<6E>7>k!J6!t=@@6k!,*&fc!

!

#"3"34!Agrobacterium tumefaciens!

!

J6! 8=F9Q>! %G2%#! ;.PM_! ei=79N! ><! 6@c! #M2If! 6! D<D! F<:@:8D>! ;=F5! @>8! <5678]=5L6<:=78!

ED7D<:HF>8!AKArabidopsis!thaliana!A678!9><<>!D<FA>c!)@@>!>8<!AD5:ZD>!A>!@6!8=F9Q>!86FZ6E>!%G2!

><!;=88bA>!@>8!Eb7>8!A>!5D8:8<679>!h!@6!5:]6L;:9:7>!><!h!@6!E>7<6LO9:7>!5>8;>9<:Z>L>7<!8:<FD8!

8F5!@>!9Q5=L=8=L>!Y69<D5:>7!><!@>!;@68L:A>!(:!AD865LDc!)@@>!6!8>5Z:!A>!8=F9Q>!5D9>;<5:9>!6FW!

A:]]D5>7<8!Z>9<>F58!Y:76:5>8!F<:@:8D8!6F!9=F58!A>!9>!<56Z6:@c!

!

1-3/ Souches de levure *699Q65=LO9>8!9>5>Z:8:6>
!

J6! 8=F9Q>! A>! @>ZF5>! F<:@:8D>! ;=F5! @K>W;5>88:=7! A>8! A:]]D5>7<>8! ;5=<D:7>8! h! 6A5>886E>!

L:<=9Q=7A5:6@!>8<!@6!8=F9Q>!\VC2B!eMat$; his3D25; leu2D1; lys2D2102; trp1D63; ura3-52fk!

]=F57:>!;65!tc!\=>j>!et=Q7!0=;j:78!,7:Z>58:<Ok!\6@<:L=5>k!,*&fc!



!

! "!#G#!"!

!

1-4/ Plasmides

!

#"B"#4![>9<>F58!A>!9@=76E>8!

!

J>! ;@68L:A>! ;\@F>895:;<! e*<56<6E>7>k! J6! t=@@6k! ,*&f! >8<! F<:@:8D! ;=F5! @>8! 9@=76E>8!

:7<>5LDA:6:5>8c!

J>8!;@68L:A>8!;%'!$$"(/P/k!;%'!3c#"(/P/!><!!;%'!\@F7<!$$"(/P/!e$7Z:<5=E>7k!%65@8Y6Ak!

,*&f!8=7<!F<:@:8D8!;=F5!@>!9@=76E>!A>8!]56EL>7<8!P%'c!

!

#"B"34![>9<>F58!Ad>W;5>88:=7!Y69<D5:>77>!

!

JK>W;5>88:=7! A>8! A:]]D5>7<>8! ]=5L>8! 86FZ6E>8k!LF<67<>8! ><! <5=7HFD>8! A>! @K/'^#C2! 9Q>N!E.

coli!6!D<D!;>5L:8>!E5a9>!6F!Z>9<>F5!;)(3M6exf!e1=Z6E>7k!-65L8<6A<k!&@@>L6E7>fc!

!

#"B"C4![>9<>F58!Y:76:5>8!

!

J>!Z>9<>F5!Y:76:5>!F<:@:8D!A678!@>8!<5678]=5L6<:=78!ED7D<:HF>8!A>!;@67<>8!>8<!@>!;)%3!e%65<>6!><!

6@c! #MM2fc! $@! 9=L;5>7A! >7<5>! @>8! Y=5AF5>8! A5=:<>! ><! E6F9Q>! A>! @K&-1"(!F7! 8:<>!LF@<:;@>! A>!

9@=76E>! ><! F7! Eb7>! A>! 5D8:8<679>! 6F! E@F;Q=8:76<>! AK6LL=7:FL! e\68<6f! 8=F8! @>! 9=7<5?@>! AF!

;5=L=<>F5!A>!@K&'1!CG*!AF!Z:5F8!A>!@6!L=86XHF>!AF!9Q=F!]@>F5!e%6.[fc!$@!;=5<>!F7!Eb7>!A>!

5D8:8<679>!h!@6!j676LO9:7>!;=F5!86!8D@>9<:=7!A678!@K6E5=Y69<D5:>c!

!

#"B"B4![>9<>F58!Ad>W;5>88:=7!A>!@>ZF5>!Saccharomyces cerevisiae!

!

J>! Z>9<>F5! ;'*B3I.><! e^5>:5>! ><! 6@c! 3___f! F<:@:8D! ;=F5! @K>W;5>88:=7! A>! ;5=<D:7>8! A678! @6!

@>ZF5>!>8<!F7!Z>9<>F5!;'*B3I!e%Q5:8<:678=7!><!6@c!#MM3f!;=5<67<!F7>!9688><<>!AK>W;5>88:=7!6Z>9!

@>! ;5=L=<>F5! .><3G! AF! Eb7>! A>! @6! 8F@]QOA5O@68>! ><! @>! <>5L:76<>F5! AF! Eb7>! A>! @6! CK!

;Q=8;Q=E@O9D56<>!j:768>c!J>!;5=L=<>F5!.><3G!>8<!5D;5:LD!;65!@6!LD<Q:=7:7>c!



!

! "!#G3!"!

!

1-5/ Oligonucléotides

!

J>8!8DHF>79>8!A>8!=@:E=7F9@D=<:A>8!8=7<!A=77D>8!A>!GK!>7!CK!A678!@>!<6Y@>6F!I!><!@>8!8:<>8!A>!

5>8<5:9<:=7! :7<5=AF:<8!A678!9>8! 8DHF>79>8! 8=7<! 8=F@:E7D8c!J6! <>L;D56<F5>!h! @6HF>@@>!G_p!A>8!

L=@D9F@>8!8=7<!AD76<F5D>8!e(Lf!>8<!DE6@>L>7<!:7A:HFD>c!

!

1-6/ Milieux de culture

!
JF5:6!\>5<67:!eJ\f!! .:@:>FW!8O7<QD<:HF>8!9=L;@><8!},56!e*%",f!
\69<=<5O;<=7>! #!p!e;4Zf! V>68<!1:<5=E>7!\68>!e-$^%/f! _kIS!p!e;4Zf!
)W<56:<!A>!@>ZF5>! _kG!p!e;4Zf! -5=;=F<!},56!e\:=#_#f! _k_SS!p!e;4Zf!
16%@! #S_!L.! *FY8<56<! |!
;0!SkG! ! i03P/B! #__!L.!
!
*/%! ! .:@:>FW!8O7<QD<:HF>8!9=L;@><8!},56!}.><!e*%",".f!
\69<=<5O;<=7>! 3!p!e;4Zf! V>68<!1:<5=E>7!\68>! _kIS!p!e;4Zf!
)W<56:<!A>!@>ZF5>! _kGG!p!e;4Zf! -5=;=F<!},56!}.><!e\:=#_#f! _k_SC!p!e;4Zf!
16%@! #_!L.! *FY8<56<! |!
i%@! #_!L.! i03P/B! #__!L.!
.E%@3! #_!L.!
.E*/B! #_!L.! VP-!
R@F9=8>! 3_!L.! \69<=;><;=7>! 3!p!e;4Zf!
! ! V>68<!>W<569<! #!p!e;4Zf!
! ! R@F9=8>! 3!p!e;4Zf!
!
|!J>8!8FY8<56<8!965Y=7D8!A>8!L:@:>FW!*%",k!*%",".!8=7<!R@F9=8>!e3!p!;4Zf!=F!'6]]:7=8>!e3!
p!;4Zf!=F!R@O9D5=@!x!)<Q67=@!eC!p!Z4Z!x!3!p!Z4Zf!
J>8! L:@:>FW! *%",k! *%",".! ><! VP-! 8=7<! 9=L;@DL>7<D8! A>! 3kG! p! AK6E65! e;4Zf! ;=F5! F7>!
F<:@:86<:=7!>7!L:@:>F!ED@=8Dc!
!
.:@:>F!A>!9F@<F5>!A. thaliana! .:95=D@DL>7<8!#___U! [:<6L:7>8!e.=5>@f!G__U!
i1/C! G!L.! 0C\/C! S_!L.! .O="$7=8:<=@! G!p!e;4Zf!
i03P/B! 3kG!L.! .7%@3! #B!L.! P67<Q=<>76<>! _k_G!p!e;4Zf!
.E*/B! 3!L.! %F*/B! _kG!L.! 1:69:7>! _k_G!p!e;4Zf!
%6e1/Cf3! 3L.! 163.=/B! _k3!L.! PO5:A=W:7>! _k_G!p!e;4Zf!
.:95=D@DL>7<8! #U! 16%@! #_!L.! (Q:6L:7>! _k_G!p!e;4Zf!
[:<6L:7>8!e.=5>@f!#U! v7*/B! #!L.! \:=<:7>! _k__G!p!e;4Zf!
\%P! _k___2!p!e;4Zf! %=%@3! _k_#!L.! !
.)*! _k_S!p!e;4Zf!
*699Q65=8>! #!p!e;4Zf!
%:<56<>!A>!]>5! _k__G!p!e;4Zf!
&E65! _kS!p!e;4Zf!
;0!Gk2!



!

! "!#GC!"!

Tableau 6
(6Y@>6F!AD95:Z67<!@>8!A:]]D5>7<8!=@:E=7F9@D=<:A>8!e><!@>F58!96569<D5:8<:HF>8f!F<:@:8D8!@=58!A>!9>!<56Z6:@

7=L!A>!@d=@:E= 8DHF>79>!Gd"Cd (L!e~%f 9=LL>7<6:5>8

(S TAATACGACTCACTATAGGGG G_k2 =@:E=7F9@D=<:A>!;=F5!@6!AD@D<:=7!A>8!69:A>8!6L:7D8!SS!h!#C2!A>!
@K/'^#C2!r!Y5:7x

.#C5>Z>58> GGAAACAGCTATGACCATGAT I_kB
9=78<5F9<:=7!AF!Z>9<>F5!A>!A>8<:76<:=7!A>8!]56EL>7<8!LF<6ED7:8D8!;65!

P%'!r!Y5:7!"!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
=@:E=7F9@D=<:A>!;=F5!@K6L;@:]:96<:=7!AF!<>5L:76<>F5!%6.

.#C^sA GTAAAACGACGGCCAGT IIkG =@:E=7F9@D=<:A>!;=F5!@K6L;@:]:96<:=7!A>8!]56EL>7<8!@=58!A>!@6!P%'!>7!
9=7A:<:=78!LF<6Eb7>8!r!Y5:7!x

=@:E=# GGTCCTAGGAAGATGAGTA GC 9=78<5F9<:=7!AF!Z>9<>F5!A>!A>8<:76<:=7!A>8!]56EL>7<8!LF<6ED7:8D8!;65!
P%'!r!Y5:7x!r!J>!8:<>!Bln $!>8<!8=F@:E7Dc

=@:E=3 TACTCATCTTCCTAGGACC GC =@:E=7F9@D=<:A>!;=F5!@K6L;@:]:96<:=7!A>8!]56EL>7<8!@=58!A>!@6!P%'!>7!
9=7A:<:=78!LF<6Eb7>8!r!Y5:7!"r!J>!8:<>!Bln $!>8<!8=F@:E7Dc

=@:E=C TTGTCCACTTTTGCGCATAATCTCACT I# =@:E=7F9@D=<:A>!;=F5!@6!LF<6ED7b8>!A:5:ED>!8F5!@6!9O8<D:7>!#3!A>!
@K/'^#C2!r!Y5:7!x

=@:E=B AGTGAGATTATGCGCAAAAGTGGACAA I# =@:E=7F9@D=<:A>!;=F5!@6!LF<6ED7b8>!A:5:ED>!8F5!@6!9O8<D:7>!#3!A>!
@K/'^#C2!r!Y5:7!"

=@:E=G ACTCCTACTGAAGCCAAAGTTAGTGTA GB =@:E=7F9@D=<:A>!;=F5!@6!LF<6ED7b8>!A:5:ED>!8F5!@6!9O8<D:7>!3_!A>!
@K/'^#C2!r!Y5:7!x

=@:E=I TACACTAACTTTGGCTTCAGTAGGAGT GB =@:E=7F9@D=<:A>!;=F5!@6!LF<6ED7b8>!A:5:ED>!8F5!@6!9O8<D:7>!3_!A>!
@K/'^#C2!r!Y5:7!"

=@:E=S AACAACCAACATGCCTTACGAACCATG IC =@:E=7F9@D=<:A>!;=F5!@6!LF<6ED7b8>!A:5:ED>!8F5!@6!9O8<D:7>!BM!A>!
@K/'^#C2!r!Y5:7!x

=@:E=2 CATGGTTCGTAAGGCATGTTGGTTGTT IC =@:E=7F9@D=<:A>!;=F5!@6!LF<6ED7b8>!A:5:ED>!8F5!@6!9O8<D:7>!BM!A>!
@K/'^#C2!r!Y5:7!"

=@:E=M AGACATCTAGAGAAGTTAAAAATTAAATCA
AATGTACCTAACGATGAA II =@:E=7F9@D=<:A>!;=F5!@6!LF<6ED7b8>!A:5:ED>!A>!AD@D<:=7!A>8!69:A>8!

6L:7D8!I3!h!SI!A>!@K/'^#C2r!Y5:7!x

=@:E=#_ TTCATCGTTAGGTACATTTGATTTAATTTT
TAACTTCTCTAGATGTCT II =@:E=7F9@D=<:A>!;=F5!@6!LF<6ED7b8>!A:5:ED>!A>!AD@D<:=7!A>8!69:A>8!

6L:7D8!I3!h!SI!A>!@K/'^#C2r!Y5:7!"

=@:E=## GCTCGAGTGTAATTTTGACACC G# =@:E=7F9@D=<:A>!;=F5!@6!AD@D<:=7!A>8!69:A>8!6L:7D8!SS!h!#C2!A>!
@K/'^#C2!r!Y5:7"!r!@>!8:<>!Xho $!>8<!8=F@:E7D

=@:E=#3 ATCTAGACATAACGGTGAGAGTTAATA G_ =@:E=7F9@D=<:A>!;=F5!@K6L;@:]:96<:=7!AF!;5=L=<>F5!&Mr!Y5:7!x!r!@>!8:<>!
Xba $!>8<!8=F@:E7Dc

=@:E=#C TGGTACCTCTAATTAGATACTATATTG BI =@:E=7F9@D=<:A>!;=F5!@K6L;@:]:96<:=7!AF!;5=L=<>F5!&Mr!Y5:7!"!r!!@>!8:<>!
Kpn $!>8<!8=F@:E7Dc

=@:E=#B TCTCGAGCAAGCTTGGCTGCAGGTCGACGG
A SS =@:E=7F9@D=<:A>!;=F5!@K6L;@:]:96<:=7!AF!<>5L:76<>F5!%6.[!r!Y5:7!x!r!

@>!8:<>!Xho $!>8<!8=F@:E7Dc



!

! "!#GB!"!

!

2-/ METHODES

!

2-1/ Biologie moléculaire

!

3"#"#4!)W<569<:=7!AK&-1!

!

2-1-1-1/ Préparation d’ADN plasmidique de bactérie 

!

J>8!;@68L:A>8!AK:7<D5l<!8=7<!>W<56:<8!h!@K6:A>!A>8!j:<8!1F9@>=8;:7!P@68L:Ak!1F9@>=Y=7A!P%#__!

=F!1F9@>=Y=7A!P%G__!e.69Q>5>O"16E>@k!-�5>7k!&@@>L6E7>f!8>@=7!@>8!5>9=LL67A6<:=78!AF!

]=F57:88>F5c!

!

2-1-1-2/ Préparation d’ADN génomique d’Arabidopsis thaliana 

!

J>8!>W<569<:=78!AK&-1!ED7=L:HF>!A>!<5678]=5L67<8!AKArabidopsis thaliana =7<!D<D!5D6@:8D>8!

E5a9>!h!@6!LD<Q=A>!AK)As65A8!e)As65A8!><!6@c!#MM#f!L=A:]:D>c!

#! h! 3! ]>F:@@>8! A>! 5=8><<>! 8=7<! Y5=OD>8! A678! @K6N=<>! @:HF:A>c! B__!"J! A>! <6L;=7! AK>W<569<:=7!

;5D9Q6F]]D!h!IG~%!8=7<!6@=58!6n=F<D8c!J>8!D9Q67<:@@=78!8=7<! :79FYD8!;>7A67<!#!Q>F5>!h!IG~%!

;F:8! 9>7<5:]FED8! h! #C___ g h! <>L;D56<F5>! 6LY:67<>! ;>7A67<! #_!L:7F<>8c! J>! 8F576E>67<! >8<!

6@=58! <5678]D5D! A678! F7! <FY>! 9=7<>767<! B__!"J! AK:8=;5=;67=@k! ;F:8! @>8! D9Q67<:@@=78! 8=7<! A>!

7=FZ>6F!9>7<5:]FED8!h!#C___ g h!<>L;D56<F5>!6LY:67<>!;>7A67<!#_!L:7F<>8c!J>!8F576E>67<!>8<!

6@=58!D@:L:7D!><! @>!9F@=<!8D9QD!h! @K6:5c!J>!9F@=<!AK&-1!>8<! 5>8F8;>7AF!A678!G_!"J!A>!()!><!

@6:88D!h!B~%!;>7A67<!F7>!7F:<c!

!
(6L;=7!AK>W<569<:=7! ()!

(5:8! #__!L.! (5:8! #_!L.!

)-(&! #_!L.! )-(&! #!L.!

16%@! S__!L.! ;0!SkG!

*-*! #p!e;4Zf!

;0!SkG!



!

! "!#GG!"!

!

3"#"34!P%'!LF<6Eb7>!

!

%><<>!LD<Q=A>!6!D<D!AD95:<>!;65! e%6As>@@!><!6@c!#MMBfc!)@@>!9=78:8<>!h!>]]>9<F>5!F7>!P%'!>7!

F<:@:867<! AF! 9Q@=5F5>! A>!L6E7D8:FLk! AF! 9Q@=5F5>! A>!L67E67b8>! ><! F7! AD8DHF:@:Y5>! A678! @>8!

;5=;=5<:=78! A>! A1(Pc! -678! 9>8! 9=7A:<:=78k! @6! ]:AD@:<D! A>! @6! Taq! ;=@OLD568>! A:L:7F>!

E567A>L>7<!><!;>5L><!6:78:!@K:7<5=AF9<:=7!A>!LF<6<:=78!<=F<!@>!@=7E!A>!@6!8DHF>79>!6L;@:]:D>c!

J>8! ]56EL>7<8!=Y<>7F8! 8=7<! 8=F8!9@=7D8!;F:8! 8DHF>79D8!6]:7!AK:A>7<:]:>5! @>8!LF<6<:=78!><!A>!

AD<>5L:7>5!@>F58!>]]><8c!,7!<DL=:7!A>!P%'!7=7!LF<6Eb7>!e>7!9=7A:<:=78!8<67A65Af!>8<!>]]>9<FD!
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Abstract

ORF138, which is responsible for Ogura-type cytoplasmic male sterility (cms) in radish and

Brassica, is present as a homooligomer in the inner membrane of plant mitochondria. Plant

cells producing ORF138 appear normal, except for those undergoing male gametogenesis. In

contrast, the production of this protein in E. coli severely affects growth. ORF138 is also

associated with membranes and forms oligomers in bacteria. Our results strongly suggest that

the toxic effect of ORF138 on the growth of E. coli is not due to inhibition of respiration.

Studies with bacteria producing deletion mutant forms of ORF138 indicated that certain

structural features of the protein are required for the complete inhibition of bacterial growth.

In contrast, the production and targeting of the ORF138 protein to mitochondria did not

prevent the growth of yeast cells on fermentable or nonfermentable media. However, it did

modify the cytological appearance of mitochondria in both yeast and plant cells.
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Introduction

Cytoplasmic male sterility (cms) is a phenomenon specific to plant reproduction that has been

extensively exploited for hybrid seed production. It can occur in natural populations and

reflects a conflict between the maternally inherited mitochondrial genome, which induces male

sterility without affecting the overall fitness of the plant, and the nuclear genome, which

restores male fertility (Werren and Beukeboom 1998; Frank 2000; Budar et al. 2003). There

are probably few mechanisms by which a constitutively expressed mitochondrial gene could

impair male reproductive function without affecting vegetative development or female

gametogenesis. Thus, unraveling the mechanism of a natural cms system should provide

insight into the role played by the mitochondria in male gametogenesis in plants. However,

before this can be achieved, we need to improve our knowledge of the structure of the cms-

associated protein, its interaction with mitochondrial membranes and the structure-function

relationship of this protein.

A number of mitochondrial genes have been shown to be associated with cms in the last 15

years, but very few of the proteins encoded by these genes have been studied experimentally

(for recent reviews, see (Schnable and Wise 1998; Kempken and Pring 1999; Hanson and

Bentolila 2004)). T-URF13, the product of the T-urf13 gene responsible for the cms and

fungal toxin sensitivity associated with the Texas cytoplasm in maize, has been studied in

most detail (reviewed in (Rhoads et al. 1995; Wise et al. 1999)). Associated sensitivity to

fungal toxins and to methomyl is a feature specific to the T-cytoplasm, and has been used in

investigations in heterologous organisms such as E. coli, yeast and insect cells (Dewey et al.

1988; Glab et al. 1990; Korth et al. 1991; Korth and Levings 1993). Most of what is known

about the biochemistry of T-URF13 and its interaction with membranes was obtained from

studies in bacteria (reviewed in (Wise et al. 1999). Sensitivity to Texas-cytoplasm-specific

toxins was also conferred to yeast cells by production of a mitochondrion-targeted T-URF13

protein (Glab et al. 1990; Huang et al. 1990). However, the mechanisms underlying cms

remain unclear.

There are currently two main hypotheses concerning the mechanism of cms in plants. In the

first, an unknown ‘X factor’ present only in the anthers interacts with the cms gene product

(Flavell 1974). This interaction triggers a cascade of events resulting in the abortion of

microspores. Alternatively, the cms gene product may interfere with mitochondrial

physiology, decreasing the efficiency of respiration or ATP production. This deficiency
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would prevent the anther from reaching an energy supply threshold, resulting in the inhibition

of microspore development (Levings 1993). Both mechanisms have been proposed for the

maize Texas cms. It has also been suggested that premature programmed cell death (PDC) of

tapetum cells is involved in the PET1 cms mechanism in sunflower (Balk and Leaver 2001).

This mechanism may work in conjunction with previously suggested mechanisms.

So far, there is no evidence for a common physiological mechanism of cms in all systems. In

general there is no similarity between mitochondrial genes associated with cms, but similarities

have been found between the pol and nap cms-associated open reading frames (orf) in Brassica

(L'Homme et al. 1997) and between the cms-associated orf79 in rice and orf107 in Sorghum

(Tang et al. 1996). No examples of toxin sensitivity associated with cms other than that of the

T-cytoplasm have been reported and very few of the predicted protein products have been

unambiguously detected and localized.

A mitochondrial gene, orf138, encoding a protein associated with mitochondrial membranes

(Grelon et al. 1994) has been shown to be responsible for Ogura cms in Brassica and

Raphanus species (Bonhomme et al. 1992; Krishnasamy and Makaroff 1993). It is present in

natural populations of wild radish (Raphanus raphanistrum) in Asia and Europe (Yamagishi

and Terachi 1997); Giancola, Rao et al. in preparation). As in most cms systems studied, the

protein thought to be responsible for the sterile phenotype is present in all organs of sterile

plants, including hypocotyls, leaves, roots and buds (Grelon et al. 1994), but no

morphological or respiratory defect is detected in the vegetative tissues of these plants

(Farineau et al. 1990). This feature is common to several cms systems and accounts for the

difficulties encountered in studies of the mechanism of cms (Kempken and Pring 1999).

Biochemical and structural analyses of the cms proteins are required. These studies would be

facilitated by the setting up of heterologous systems as these systems may provide valuable

information for subsequent structural and physiological analyses of cms in male reproductive

organs. We constructed heterologous systems, in which the structure and effects of ORF138

could be studied easily, to enable us to develop tools for biochemical and physiological

studies. We present here our results concerning ORF138 protein production in E. coli and S.

cerevisiae and the ectopic production of this protein in plant cells. Our results provide the

first evidence that structural features of ORF138 may be responsible for its effect, at least in

E. coli. Our observations also suggest that ORF138 modifies mitochondrial morphology.
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RESULTS

The ORF138 polypeptide spontaneously oligomerizes in vitro and forms oligomers

associated with the inner mitochondrial membrane

We have shown that ORF138 is associated with the membrane fraction of sterile plant

mitochondria even after alkaline carbonate treatment (Grelon et al. 1994). We purified

mitoplasts from the outer membrane fraction, to localize the protein more accurately. We

applied an osmotic shock to mitochondria from sterile plants and separated mitoplasts from

the outer membrane fraction by centrifugation on a sucrose step gradient. We assessed the

enrichment of the inner or outer membrane in each collected fraction by measuring the

proportions of antimycin A sensitive (inner membrane) or insensitive (outer membrane)

NADH cytochrome c oxidoreductase activities (Fig. 1A, table). Western blot analysis of the

fractions revealed that the fraction with the highest amounts of antimycin A sensitive activity

was substantially enriched in ORF138 (Fig. 1A). Thus, ORF138, like maize T-URF13, is

associated with the inner mitochondrial membrane (Rhoads et al. 1995).

We previously reported (Grelon et al. 1994) that anti-ORF138 antiserum detects not only the

monomeric form of ORF138 (theoretical molecular mass 19kD, apparent molecular mass

22kD), but also proteins with apparent molecular masses of 35 kDa and 52 kDa. We

unambiguously identified these additional signals by synthesizing ORF138 in vitro, using a

cell-free transcription/translation system, in the presence of 35S-labeled methionine. SDS-

PAGE and autoradiography (Fig. 1B) showed that the translation product underwent

spontaneous oligomerization in the absence of reducing agents: dimers, and in some cases

trimers (data not shown), were detected. Quantitative analysis with a phosphorimager showed

that monomers accounted for about 75% of the total signal, the rest corresponding to dimers.

However, in the presence of b-mercaptoethanol, we detected only monomeric ORF138 (Fig.

1B). Quantitative analysis showed that the signal for the band detected in the presence of

reducing agent was equivalent to the sum of the signals from the two bands observed in the

absence of reducing agent. Therefore, the higher molecular weight mitochondrial proteins from

sterile plants detected with anti-ORF138 antibodies are indeed dimeric forms of the protein. It

also shows that ORF138 is highly prone to oligomerization. It is interesting to note that

although the apparent molecular mass of monomeric ORF138 from plant extracts is always

higher than the theoretical molecular mass (in this study the apparent molecular mass of
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ORF138 from plant cells was around 24 kDa), the monomeric ORF138 produced in vitro has

a molecular mass much closer to the theoretical estimate (19 kDa).

We investigated the number of monomers that can associate in plant mitochondria. We ran

various amounts of mitochondrial proteins extracted from sterile plants on a 5-15% acrylamide

gradient gel, without preheating the samples or adding reducing agent, to preserve oligomers.

The protein bands were transferred to a membrane, which was probed with antibodies against

ORF138. We detected up to six bands (Fig. 1C), suggesting that ORF138 may form oligomers

(up to hexamers) in sterile plant mitochondria.

We then investigated whether ORF138 oligomerization was linked to the hydrophobic or

hydrophilic moiety of the protein, or correlated with the presence of cysteine residues. We

produced truncated proteins lacking the first 43 amino acids or consisting exclusively of the

first 57 amino acids of ORF138 (respectively ORFD1-43 and ORFD58-138, see Fig 2 and

Materials & Methods) in vitro in the same conditions as the whole ORF138 protein. Both

truncated proteins dimerized (Fig. 1D). The ratios of dimeric to monomeric forms of the

truncated proteins were found to be similar to those for whole ORF138. Thus, the first two

cysteines do not seem to be involved in ORF138 dimerization, as ORFD1-43, which lacks

these residues, dimerized. Other, unidentified structural features are, therefore, probably

involved in ORF138 oligomerization.

ORF138 strongly inhibits the growth of E. coli cells

The orf138 gene was inserted into pET29a(+) (Novagen) for expression in E. coli under

control of the T7 promoter, following IPTG induction (see Materials & Methods). Truncated

forms of the gene, encoding incomplete ORF138 proteins, were also inserted into pET29a(+).

Figure 2 indicates the parts of the gene expressed from the resulting plasmids.

Production of ORF138 in bacteria, strongly decreased growth rate in liquid medium (Fig. 3A)

and plating efficiency on solid medium (data not shown). In contrast, production of a

completely unrelated control protein (pETC) in the same conditions did not affect the growth

of E. coli.

We investigated which part of the ORF138 protein was responsible for E. coli growth

inhibition by producing the truncated forms of ORF138 — ORFD1-43 (hydrophilic moiety,

lacking the first 43 amino acids) and ORFD58-138 (hydrophobic moiety, containing the first

57 amino acids) — in E. coli in parallel with whole ORF138 (Fig. 3B). ORFD1-43 did not



 Annexe 7 � page 9

significantly affect E. coli growth. ORFD58-138 inhibited bacterial growth, but to a much

lesser extent than the whole protein.

To determine whether growth inhibition correlated with protein production, we checked

production of ORF138 and its truncated derivative, ORFD1-43, by extraction of total proteins

after induction, SDS-PAGE and western-blot analysis with purified anti-ORF138 IgG (see

Materials & Methods) (Fig. 4A, lanes 1, 2, 5 and 6). As the anti-ORF138 antibodies obtained

were raised against a truncated form of the protein, ORFD1-43, they did not detect the

ORFD58-138 protein in E. coli extracts. We found that ORFD1-43 production was at least one

hundred times more efficient than complete ORF138 production in bacteria: in Fig. 4A,

extracts from pETD1-43-bearing strains were diluted 1 : 50 before analysis to make it possible

to detect both proteins on the same western blot. ORFD1-43 levels in bacterial extracts were

estimated at 600 to 800 pmol of protein per OD unit, using an S-Tag rapid assay kit. This

detection system detected neither whole ORF138 nor ORFD58-138 in these conditions (data

not shown). The difference in accumulation between ORFD1-43 and the ORF138 and

ORFD58-138 proteins was also clear on Coomassie blue- or silver-stained gels, on which

ORFD1-43 was readily detected, whereas the other two proteins were never detected (data not

shown). These results confirm the large difference in accumulation observed between ORF138

and ORFD1-43 on western blots of bacterial extracts. They also suggest that ORFD58-138,

like ORF138, accumulates at very low levels in E. coli cells.

Negative controls consisted of total extracts of E. coli BL21(DE3)pLysS containing the pETC

construct grown in the absence or presence of IPTG; no signal was detected (data not shown).

Fractionation of E. coli extracts showed that ORF138 associates with the insoluble fraction

(Fig. 4A, lanes 3 and 4). We treated the insoluble fractions with detergent, to solubilize
membrane proteins, or urea, to solubilize any inclusion bodies (Fig. 4B). Following detergent
treatment, the supernatant contained large amounts of ORF138, although some of the protein
remained associated with the pellet. In contrast, very little ORF138 was detected in the
supernatant after urea treatment. These results strongly suggest that ORF138 was associated
with the membrane fraction of E. coli extracts. ORFD1-43 was detected both in the soluble and

in the insoluble fractions, despite the fact that it lacked the predicted hydrophobic trans-

membrane domain of ORF138 (Fig. 4A, lanes 7 and 8). When we performed detergent and urea

treatments on insoluble fractions from E. coli cells expressing the ORFD1-43 protein, the

truncated protein was solubilized by both treatments, but with different efficiencies. After
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detergent treatment, approximately half of the protein was present in the soluble fraction,

whereas after urea treatment, almost all of the protein was soluble (data not shown). These

results indicate that the partial insolubility of the ORFD1-43 protein was mainly due to

inclusion in protein bodies.

To determine more precisely the location of the ORF138 protein in E. coli, we performed

membrane fractionation by sucrose step gradient centrifugation. Enrichment of the inner

membrane and outer membrane fractions was quantified by measuring NADH oxidase activity

for the inner membrane (Osborn et al. 1972) and 2-keto-3-deoxyoctonate (KDO) content for

the outer membrane (Karkhanis et al. 1978) (Fig. 4C). We found that the fraction with high

NADH oxidase activity was substantially enriched in the ORF138 protein, indicating that

ORF138 associated with the inner membrane in E. coli. We performed alkaline carbonate

treatments on the inner membrane enriched fraction of E. coli expressing ORF138. Our results

indicate that ORF138 is an intrinsic membrane protein in bacteria (Fig. 4D).

ORF138 is present in plant mitochondrial membranes and the inhibition of efficient oxidative

phosphorylation has often been suggested as the mechanism underlying cms in plants. Thus,

we investigated whether the ORF138-mediated inhibition of E. coli growth was associated

with an inhibition of respiration. We used an oxygen electrode to measure the oxygen

consumption of bacteria that did and did not produce ORF138. Oxygen consumption was

measured at induction and two hours later (see Materials & Methods). Oxygen consumption

was similar in E. coli cells producing ORF138 and controls, suggesting that respiration was not

affected by ORF138 in E. coli cells (Table 1). We carried out three independent experiments.

In one experiment, BL21(DE3)pLys cells (with and without pET29a(+)) were also analyzed

and gave similar results to strains producing heterologous proteins (data not shown).

Production and mitochondrial targeting of ORF138 modifies mitochondrial

morphology

We used the yeast S. cerevisiae as a heterologous eukaryotic model, to investigate whether

ORF138 had a general effect on mitochondria. The A+T content of the coding sequence of the

orf138 gene is high (65%) and it carries an internal putative polyadenylation site (AATAAA).

To make this gene more like a nuclear gene, we used PCR to synthesize a version of this gene

(orf138n) that encoded exactly the same peptide, but that had an A+T content of only 50%

and no internal polyadenylation signal (Fig. 5A). We constructed a chimeric gene in which the

orf138n and gfp coding sequences were fused. The proteins were targeted to mitochondria by
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fusing their coding sequences to the mitochondrial presequence of the Nicotiana

plumbaginifolia b ATPase gene (preb; see Materials & Methods). The encoded presequence

consists of the first 59 amino acids of the b-subunit precursor and includes the cleavage site.

This sequence has been shown to be sufficient for targeting proteins (in particular GFP) to

plant and yeast mitochondria (Chaumont et al. 1995; Logan and Leaver 2000; Duby et al.

2001). We constructed three genes encoding fusion proteins (Fig. 5B). These constructs were

designed so that the ORF138, GFP or ORF138-GFP fusion protein would be targeted to

mitochondria.

As we did not know whether ORF138 would impair yeast growth, we introduced the preb-
orf138n, preb-gfp and preb-orf138n-gfp genes downstream from the Met25 promoter, which is
repressed in the presence of methionine. The plasmids carrying the preb-gfp, preb-orf138n and
preb-orf138n-gfp genes were introduced into yeast strain BY384, as was the insert-less vector,
pRS426Met. Transformants were selected on glucose-containing selective (synthetic complete,
URA minus) medium and replicated on glycerol-containing selective medium. Plating efficiency
and colony size were similar in strains transformed with the three constructs and in strains
transformed with the insert-less vector. We repeated the experiment, adding 100 mM of
methionine to the glucose-containing selective medium. Plates were then replicated in parallel, on
glucose- or glycerol-containing selective media, with or without methionine. In these conditions,
no significant difference in growth or colony size was detected for any of the constructs (data
not shown).

We observed yeast strains producing mitochondrion-targeted GFP and ORF138-GFP fusion

proteins by fluorescent microscopy, after growth in galactose synthetic complete (SC)

medium without methionine (Fig. 6). Yeast cells producing preb-GFP displayed numerous

fluorescent organelles, associated in a tubular branched network, as previously described

(Westermann and Neupert 2000; Dimmer et al. 2002). In contrast, cells producing preb-

ORF138-GFP displayed fluorescence concentrated in globular organelles, reminiscent of

certain mdm mutants (Dimmer et al. 2002). Images obtained by light and fluorescent
microscopy were used to count the number of GFP expressing cells. The percentage of GFP-
expressing cells exhibiting globular shaped mitochondria was calculated. The number of GFP-
expressing cells was counted on six or ten different images for cells expressing preb-GFP or

preb-ORF138-GFP respectively. The cells on each image were counted three times by three
different researchers and the results are summarized in table 2. It is interesting to note that the
number of cells exhibiting detectable fluorescence was significantly lower for the preb-

ORF138-GFP expressing cells than for the preb-GFP expressing cells (Fig. 6; Table 2).
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We checked that proteins were correctly synthesized, by extracting total proteins from several

transformants, carrying out SDS-PAGE and immunoblotting with antibodies against ORF138

and/or GFP. Yeast strains carrying the various constructs were found to produce the fusion

proteins correctly (Fig. 7, A & B). The amount of protein detected with both antibodies was

lower for the ORF138-GFP fusion protein than for the GFP and ORF138 unfused proteins.

Mitochondria were purified from yeast strains producing either the preb-ORF138 or preb-

ORF138-GFP proteins. Analysis after alkaline carbonate treatment followed by centrifugation

showed that both proteins are intrinsically associated to mitochondrial membranes (Fig. 7 C).

To localize precisely the fusion proteins in yeast mitochondria, mitochondrial extracts were

fractionated into outer membrane and inner membrane enriched fractions. The efficiency of

fraction enrichment was checked by immunolocalization of ferrochelatase (an inner membrane

protein) or porin (an outer membrane protein). Immunolocalization of ORF138 in fractions

from preb-ORF138 producing yeast cells showed that the protein was present in both the

outer and inner membranes (Fig.7D). Similar levels of ORF138 were detected in both fractions,

strongly suggesting that the protein was associated with both mitochondrial membranes in

these cells. Immunolocalization of ORF138 in fractions from preb-ORF138-GFP producing

yeast cells showed that the protein was only present in the outer membranes of these cells

(Fig.7E). The protein was only barely detectable in whole mitochondrial extracts from these

cells as the amount of fusion protein produced (and probably the amount of cells efficiently

producing the fusion proteins) was low. The results were confirmed by immunolocalization of

the GFP moiety of the fusion protein (Fig. 7E).

Production and mitochondrial targeting of ORF138 in plant cells affects mitochondrial

morphology

We checked that our observations were not due to unusual behavior of the ORF138-GFP

fusion protein in yeast mitochondria by carrying out expression experiments in plants. First,

we performed transient expression experiments. We bombarded onion epidermal cells with

particles coated with constructs encoding preb-GFP, preb-ORF138-GFP, or both preb-GFP

and preb-ORF138. In plant cells producing preb-GFP, the fluorescence appeared in

numerous small foci (Fig. 8 A). In plant cells producing preb-ORF138-GFP, fluorescence

appeared in foci of heterogeneous size, with large patches suggestive of an aggregation of
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organelles (Fig 8 B) and reminiscent of the mitochondrial morphology observed in some

Arabidopsis mutants (Logan et al. 2003). In co-bombardment experiments with the two

plasmids carrying the preb-orf138n and preb-gfp genes, the phenotype was intermediate to

that observed in the cells transformed with the single plasmids. The organelles in these co-

transformants were larger and less numerous than in cells producing only preb-GFP, and these

organelles were slightly less heterogeneous in size than in cells producing the ORF138-GFP

fusion protein (Fig. 8 C). We consistently found (four independent experiments) that the

number of fluorescent cells was significantly lower for the preb-ORF138-GFP transient

transformants than for the preb-GFP transient transformants. Similar results were obtained in

transient expression experiments involving the particle bombardment of N. benthamiana leaves

with the same constructs (data not shown).

We produced stable Arabidopsis transformants producing the preb-GFP, preb-ORF138-

GFP and preb-ORF138 constructs (see Material and Methods). More than 50 independent

transformants were obtained for each construct. The number of male sterile plants among

these transformants was not significantly higher than that observed in similar experiments

performed routinely in the laboratory with other constructs. For each GFP construct, we

analyzed several independent transformants by fluorescence microscopy. GFP fluorescence

was readily detected in most (more than 80%) of the transgenic plants carrying the preb-GFP

construct. Fluorescent organelles were observed in several cell types, including the trichomes

(Fig. 8 D & E), epidermal cells and stomatal guard cells. No fluorescent organelles were

observed in the tapetal cells of the anther or in the microspores (data not shown). These

results show that CaMV 35S promoter activity is low, and possibly non-existent, in these cell

types; similar observations were made previously by (Medberry et al. 1992). In contrast,

GFP fluorescence was observed in less than 10% of the transgenic plants carrying the

preb-ORF138-GFP construct. Fluorescent organelles were visible only in the trichomes of

plants producing preb-ORF138-GFP. This fluorescence was clearly visible through the

microscope, but the contrast was digitally enhanced to obtain clear images (Fig. 8 F & G).

DISCUSSION

The physiological mechanism of cytoplasmic male sterility in plants is difficult to study due

to the pollen-specific phenotype, although it is known to be controlled by mitochondrial genes

that are constitutively expressed in most cases (Hanson and Bentolila 2004). Recent reports
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have provided insight into mitochondrial interference in pollen development (Kitashiba et al.

1999; Linke et al. 2003; Sabar et al. 2003; Yui et al. 2003) but in most cases, the link with the

cms gene product is neither established, nor direct. Studies of the structural and functional

features of the cms gene product are a starting point for the elucidation of the physiological

mechanism underlying this phenomenon. The only system investigated in this way to date is

the Texas cms system in maize. However, this system may be unique among cms systems as

it is associated with fungal toxin susceptibility, and it is unclear whether this cytoplasm is

maintained in natural (wild) populations (Wise et al. 1999).

The Ogura cms system is not known to be associated with any phenotype other than male

sterility. It seems to have been maintained in natural populations of wild radish (R.

raphanistrum) (Yamagishi and Terachi 1997) before its transfer into cultivated radish (Ogura

1968) and cultivated brassicas (Bannerot et al. 1974; Pelletier et al. 1983). Thus, biochemical

and physiological studies of this cms system may help to elucidate the role of mitochondria in

the male gametogenesis developmental program. However, the poor accessibility of the target

tissue (the tapetum of anthers) makes the task difficult. Experiments in vitro and in

heterologous systems, such as E. coli and S. cerevisiae, may facilitate the characterization of

ORF138 in terms of structure and function, as has been done for T-URF13 (Levings and

Siedow 1992; Wise et al. 1999) and mitochondrial carriers (Haferkamp et al. 2002).

Determination of the structure of ORF138 in such systems should provide useful information

for the design of experiments investigating the physiology of cms.

We show here that ORF138, like maize T-URF13, is associated with the inner mitochondrial

membrane of sterile plants (Rhoads et al. 1995). Previous studies showed that cms-associated

proteins are associated with the mitochondrial membrane fraction in Petunia (Nivison and

Hanson 1989) and sunflower (Horn et al. 1996), but did not report whether the proteins were

located in the inner membrane. Precise localization of the cms protein is required before we can

speculate on the possible mechanism of cms. We could then look for possible associations

between ORF138 oligomers and the inner membrane protein complexes of sterile plants. For

example, an inner membrane location is consistent with mechanisms involving inhibitory

interaction with respiratory complexes, as was recently suggested for PET1 cms in sunflower

(Sabar et al. 2003). We also provide strong evidence for oligomerization of the ORF138

polypeptide. We found that the ORF138 polypeptide required no mitochondrial cofactor

(such as chaperones) or association with membranes to undergo dimerization. Higher

molecular mass signals were also observed for the radish ORF125 kosena cms-associated
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protein, although the nature of these signals was not investigated (Iwabuchi et al. 1999). As

ORF125 is almost identical to ORF138, except that it lacks one of the 13aa repeats, we

suggest that the higher molecular mass signals detected by (Iwabuchi et al. 1999) are oligomeric

forms of ORF125. This self-association of ORF138 (and probably ORF125) is similar to that

for T-URF13, which forms oligomers in the membranes of mitochondria from sterile plants

and of E. coli (Korth et al. 1991). It is not yet possible to compare the structures of ORF138

and T-URF13 in mitochondrial membranes, but both systems display oligomerization and

inner membrane localization. This may provide an indication of the structural prerequisites for

a chimeric mitochondrial protein interfering with male gametogenesis. We now need to

investigate whether ORF138 associates with other mitochondrial proteins in sterile plants.

The phenotype induced by the production in E. coli cells of the T-cytoplasm-specific male

sterility protein T-URF13 was conditioned by adding fungal toxins or methomyl (Dewey et

al. 1988). However, another cms-associated protein, ORF522 from sunflower, has been

reported to affect E. coli growth (Nakai et al. 1995). The Ogura cms-specific protein,

ORF138, also had a toxic effect in E. coli, similar to that reported for sunflower ORF522. The

toxic effects of ORF138 and ORF522 in E. coli cells may result from overloading of the

protein synthesis machinery. However, this is very unlikely for ORF138: although ORF138

synthesis is readily detected by immunoblotting, the amount of protein produced is

insufficient for direct silver staining of gels loaded with either total or fractionated extracts, or

detection with the S-Tag rapid assay kit. In contrast, the accumulation of large amounts of

control proteins had no effect on E. coli growth. Therefore, ORF138 is toxic at low

concentrations in E. coli cells.

We have shown that ORF138 is an intrinsic protein of the inner membrane in E. coli. Thus,

the subcellular localization of this protein in bacteria is analogous to its submitochondrial

location in plants. We can now investigate the membrane topology of the protein using the E.

coli system. These studies should provide clues as to the function of ORF138.

The mechanism of cytoplasmic male sterility in plants may involve an inability to reach a

threshold of energy supply during male gametogenesis (Levings 1993; Balk and Leaver 2001;

Sabar et al. 2003). In this case, the toxic effect of ORF138 protein in E. coli may result from

the inhibition of respiration. We tested this hypothesis by measuring oxygen consumption in

E. coli cells producing ORF138. Although ORF138 abolished growth, it had no effect on

respiration. These results, taken together with those obtained by Farineau et al (Farineau et al.
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1990) showing that respiration rates are unmodified in sterile plants, demonstrate that

alternative hypotheses are needed to explain the strong inhibitory effect of ORF138 on E. coli

growth, and the sterility phenotype.

The properties of the truncated forms of ORF138 produced in E. coli provide further insight

into the features determining the structural and functional characteristics of the protein. The

truncated proteins (ORFD1-43 and ORFD58-138) dimerized as efficiently as the whole

protein in vitro. As two of the three cysteine residues of ORF138 are not present in ORFD1-

43, these residues — cysteine residues 12 and 20 — cannot be essential for oligomerization. In

contrast, none of the truncated proteins inhibited E.coli growth as strongly as the whole

protein. ORFD1-43 was clearly not toxic to E. coli, whereas ORFD58-138 inhibited the

growth of E. coli significantly less strongly than did the whole protein. As we were unable to

quantify the amount ORFD58-138 produced, we were unable to compare its toxic effects

directly with those of the complete ORF138. However, our results suggest that maximal

toxicity in E. coli involves both the hydrophilic and hydrophobic domains. Thus, some feature

of the complete protein (absent from both truncated forms) may be important for toxicity in

bacteria. Furthermore, the accumulation of small amounts of ORFD58-138 and the weak effect

of this protein on E. coli growth suggest that the small amount of ORF138 accumulating in

bacteria is not directly related to toxicity. Our results suggest that certain structural features of

the ORF138 protein, which are absent from truncated forms, make this protein toxic to E. coli.

Mutational analysis of the ORF138 protein should now be carried out to identify the residues,

domains or features involved in toxicity in E. coli, and possibly in determining structural

properties.

Although bacterial cells are very useful for investigating the structure of ORF138, the large

differences between bacteria and plant mitochondria prevent this system from being useful for

providing a thorough understanding of the physiological effects of the cms-inducing protein.

We therefore produced ORF138, fused to a mitochondrial presequence, in yeast, which has

proven to be a powerful tool for studies of mitochondrial function and biogenesis. In contrast

to what was observed in bacteria, the production of preb-ORF138 in yeast cells had no

obvious effect on their growth or plating efficiency, on fermentable or nonfermentable carbon

sources, in the conditions tested.

GFP fusion proteins made it possible to study mitochondria in yeast by fluorescence

microscopy. GFP has proved to be a powerful tool for monitoring mitochondrial shape in vivo
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and changes in mitochondria morphology in various conditions (Logan and Leaver 2000;

Westermann and Neupert 2000; Dimmer et al. 2002; Logan et al. 2003; Gorsich and Shaw

2004). Cells producing preb-ORF138-GFP had mitochondria that seemed to be fused together

to give a globular structure rather than multiple tiny mitochondria often associated in a tubular

network, as observed in cells producing preb-GFP. The shape of yeast mitochondria changes

rapidly during cell growth and can be modified by mutations affecting the division or fusion of

mitochondria (Sesaki and Jensen 1999) and by mutations affecting other mitochondrial

functions, including respiration (Dimmer et al. 2002). However, strains producing preb-

ORF138 (or preb-ORF138-GFP) showed no inhibition of respiration, at least in the

conditions tested in this study. The morphological phenotype observed when ORF138 was

targeted to yeast mitochondria was similar to that of the yeast mutants mdm32 and mdm34

(Dimmer et al. 2002). Elucidation of the function of the corresponding genes in yeast will

make it possible to understand how ORF138 modifies mitochondrial morphology.

We verified that the fusion proteins were produced and targeted to mitochondria. Our finding

that the number of fluorescent cells was lower for the preb-ORF138-GFP producing cells than

for the preb-GFP producing cells may be explained by a combination of two factors. Firstly,

the amount of protein produced was lower for the preb-ORF138-GFP transformants than for

the preb-GFP transformants. Secondly, the ORF138-GFP fusion protein may have been less

efficiently folded into the fluorescent configuration than the preb-GFP protein. Indeed, we

found that the level of the ORF138-GFP fusion protein was reproducibly lower than that of

the ORF138 or GFP proteins in yeast cell extracts. The detection of preb-ORF138 and preb-

ORF138-GFP in the mitochondria of cells transformed with these constructs confirmed the

mitochondrial localization of the proteins. We then performed fractionation experiments on

mitochondrial extracts and found that the preb-ORF138 protein was present in both

mitochondrial membranes whereas, the preb-ORF138-GFP fusion protein was only present in

the outer membrane fraction. This latter result was confirmed by immunodetection of the GFP

moiety of the fusion protein. It is interesting to note that we detected a significant portion of

the mature protein lacking the targeting sequence (see Fig. 7B, 7D), suggesting that at least

some of the protein reached the matrix (Gakh et al. 2002). These results indicate that the

proteins produced are efficiently targeted to mitochondria and that a significant proportion

remains in the outer mitochondrial membrane. The association of ORF138 with yeast

mitochondrial membranes was resistant to alkaline carbonate treatment, strongly suggesting
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that ORF138 is an intrinsic membrane protein. Thus, the modification of mitochondrial

morphology in yeast cells expressing ORF138 may be linked to a combination of factors,

including the structural properties of the protein and its submitochondrial location. Two

principle studies can now be undertaken. Firstly, we will investigate the structural features of

the ORF138 protein leading to the modification of mitochondrial morphology by using

mutated and/or truncated forms of the protein and by looking for association with other

mitochondrial proteins. Secondly, we will generate transgenic yeast cells in which the orf138

gene has been inserted into the mitochondrial genome. As the genetic code used by yeast

mitochondria is different from the genetic code used for nuclear genes and for plant

mitochondrial genes, this experiment will require recoding of the orf138 gene.

In all the cell types studied, we found that the ORF138 protein was able to self-associate and

integrate into membranes, and that this localization was not altered by treatment with alkaline

carbonate. This behavior appears to constitute a major property of the protein and may be

important for ORF138 function. This finding provides a good starting point for further

investigations.

 We checked that our observations of the ORF138-GFP fusion protein in yeast were

reproducible in plant cells using transient expression experiments. We observed changes in

plant mitochondria morphology in cells producing the ORF138-GFP protein. Co-

transformants producing preb-ORF138 and preb-GFP proteins also displayed clear changes

mitochondrial morphology. However, results obtained using this transient expression system

should be interpreted with caution as in these experiments the ORF138 protein was targeted

to the mitochondria from the cytosol, whereas in male sterile plants orf138 is a mitochondrial

gene. Furthermore, our analysis of mitochondrial fractions from yeast cells producing the

preb-ORF138 and preb-ORF138-GFP proteins suggests that a large proportion of the

ORF138 protein might not reach the inner mitochondrial membrane and/or might not be folded

correctly. This may explain, at least in part, our inability to produce male sterile plants by

nuclear transformation. Similar problems have been encountered in other CMS systems

(Chaumont et al. 1995; Hanson and Bentolila 2004). Our observations highlight the need for a

thorough study of the structural and functional properties of ORF138 in heterologous

systems. Results obtained from these studies will allow hypotheses to be generated that could

be tested in sterile plants. Furthermore, the structure and physiology of mitochondria in

tapetal cells, which seem to be the target of the cms mechanism, need to be investigated.

However, these mitochondria are difficult to access and studies of this type remain technically
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challenging. The more we learn about the structure and effect of cms-associated proteins in

heterologous, easy-to-handle systems, the easier it will be to address precise questions in

plants. These systems may also be useful for developing the necessary tools that will allow

the mechanisms underlying this plant-specific and evolutionary important phenomenon

(Werren and Beukeboom 1998; Frank 2000; Budar et al. 2003) to be elucidated.

MATERIALS AND METHODS

Preparation of plant mitochondrial extracts and fractionation

Mitochondria from etiolated seedlings of male sterile Brassica napus were isolated by

differential centrifugation, as described by Millar et al. (Millar et al. 2001). We harvested 50 to

100 g of etiolated seedlings and immediately cooled this tissue on ice. Etiolated seedlings were

ground in a Waring blender with at least 2 mL of homogenization buffer (300 mM sucrose, 25

mM tetrasodiumpyrophosphate, 10 mM KH2PO4, 2 mM EDTA, 1% (w/v) PVP-40, 1 %

(w/v) BSA, 20 mM ascorbate, pH 7.5) per gram of tissue. The homogenate was then filtered

through four layers of Miracloth and subjected to differential centrifugation. The organelle

enriched pellet was loaded on a Percoll step gradient (4 mL 50% / 5 mL 20% / 2.5mL 14%

(w/v) of Percoll in washing buffer: 300 mM sucrose, 10 mM HEPES, 0.2 % BSA, pH 7.5) and

centrifuged for one hour at 9,800 g at 4°C. Mitochondria were collected from the 50/20

interface, diluted four  times with washing buffer and centrifuged at 15,000 g for 20 minutes at

4°C. After a second washing step, the pellet was suspended in a minimal volume of washing

buffer.

We used a combination of osmotic shock and sucrose step gradients to separate the inner and

outer membranes. Mitochondria were diluted in low osmotic strength buffer (10mM HEPES,

pH 7.2) until the sucrose concentration reached 10mM. The mitochondria were then gently

agitated for 20 minutes at 4°C, after which the sucrose concentration was increased to 300mM

by adding a high osmotic strength buffer (2M sucrose, 10mM HEPES, pH7.2). Mitochondria

were again subjected to gentle agitation for 20 minutes at 4°C. The sample was then loaded

onto a sucrose step gradient (3mL 45 %, 7 mL 32 %, 4 mL 15 % sucrose in 10 mM HEPES

pH 7.2) and centrifuged at 150,000 g for one hour at 4°C in a swinging rotor. Outer membrane

enriched vesicles were collected from the 15/32 interface; the mitoplast enriched fraction was
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collected at the 32/45 interface. Both fractions were diluted with low osmotic strength buffer

and membranes were concentrated by centrifugation at 100,000 g for one hour at 4°C.

NADH cytochrome c oxidoreductase activities were measured according to (Douce et al. 1972).
SDS-PAGE of plant mitochondrial extracts and immunodetection of ORF138

Extracts from fractionation experiments were analyzed by SDS-PAGE after adding Laemmli

buffer (Laemmli 1970) supplemented with 2.5 % b-mercaptoethanol. The concentration of

acrylamide used for PAGE is given in the legend to each figure.

We estimated the number of associated ORF138 monomers in vivo as follows. Mitochondria

(1 mg of protein) were prepared as described above and sedimented by centrifugation at

15,000 g for 15 minutes in a benchtop centrifuge. The pellets were resuspended in 75 mL of

ACA buffer (500 mM EDTA, 750 mM aminocaproic acid, 50 mM Bis-Tris, pH 7.0).

Membrane proteins were solubilized by adding 15 mL of 10% (w/v) n-dodecyl b-D-maltoside.

The samples were incubated on ice for 30 minutes, Laemmli buffer was added and the sample

was immediately run on a 5 - 15 % acrylamide SDS gradient gel, without heating or adding

reducing agent.

After electrophoresis, proteins were electroblotted onto nitrocellulose membranes (HybondC,

Amersham) and ORF138 was detected as previously described (Grelon et al. 1994).

Strains and plasmids

Bacterial strains were grown in Luria-Bertani (LB) medium, supplemented with

chloramphenicol (34 mg.mL-1) and kanamycin (50 mg.mL-1), or carbenicillin (100 mg.mL-1)

when appropriate. We obtained pET-29a(+) and the E. coli strain BL21(DE3)pLysS from

Novagen. We used standard techniques to manipulate plasmid DNA isolated from XL1-Blue

(Stratagene). Plasmid DNA was prepared with Qiagen-tip20 columns (Qiagen) according to

the manufacturer’s protocols.

S. cerevisae strain BY384 (Mata; his3D25; leu2D1; lys2D2102; trp1D63; ura3-52), provided
by J. Boeke, was used. It was grown in synthetic complete (SC) medium without uracil and
methionine. We added 100 mM of methionine to repress expression of the genes cloned
downstream from the Met25 promoter. The carbon source in the medium was 2% glucose, 2%
galactose, or 3% glycerol. Yeast cells were incubated at 30°C for 1 to 3 days.
Cloning of orf138 into an E. coli expression vector

The DNA fragment encoding mitochondrial ORF138 was inserted into pBluescript (Stratagene)
and the resulting plasmid (pSK138) sequenced (Bonhomme et al. 1992). The following primers,
containing a BamHI restriction site, were used for PCR, to amplify the complete DNA fragment
corresponding to the whole orf138 coding region, using pSK138 as a template:
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5'-CGGGATCCACTAGTATGATTACCTTTTTCGAA-3'
5'-CGGGATCCAAGCTTATTTTCTCGGTCCATT-3'
The amplified fragment was inserted into the BamHI site of pBluescript and used to transform
the XL1-Blue strain of E. coli. The BamHI restriction fragment was checked by sequencing,
purified from an agarose gel after electrophoresis, and inserted into the BamHI site of pET-
29a(+) (Novagen). Mini-preparations were used to isolate the recombinant plasmid and the
correct orientation of the insert was checked by restriction analysis. The resulting plasmid was
designated pET138 (Fig. 2B) and contains 440 base pairs including orf138. The protein
encoded by pET138 plasmid is a fusion of ORF138 with the pET29-encoded S-Tag.
A BamHI-XbaI fragment from pET138 corresponding to the 57 first amino acids of the protein
was inserted into pBluescript. A BamHI-NotI fragment was then purified from this plasmid and
subcloned into pET29a(+), giving the pET(D58-138) plasmid encoding the hydrophobic N-
terminal portion of ORF138 (Fig. 2B).
The 3' end of orf138, encompassing codons 43 to 138, corresponds to an XbaI-EcoRI restriction
fragment from a previously described plasmid (Grelon et al. 1994). The 310 base pair BamHI-
EcoRI fragment from this plasmid was purified and inserted into pET29a(+). The resulting
plasmid was designated pET(D1-43) (Fig2B). The various constructs were used to transform
competent cells of E. coli strain BL21(DE3)pLysS from Stratagen.
As a control in some experiments, we used a plasmid, pETC, which encoded a hydrophilic

peptide that was produced in large amounts but did not affect E. coli growth. This plasmid

was kindly provided by F. Feuerbach and contains part of the orf of Tnt1 from Nicotiana

tabacum (nucleotides 681 to 2758, accession number X13777, GenBank, EMBL), inserted

between the NdeI and BamHI sites of pET29a(+).

In vitro transcription and translation of the ORF138 protein

Circular pET138, pET(D58-138) and pET(D1-43) (containing the orf138 gene or different

parts of it, cloned downstream from the T7 RNA polymerase promoter) DNA was used to

direct protein synthesis in a rabbit reticulocyte lysate system (TnT Coupled Reticulocyte

Lysate System kit, Promega) according to the manufacturer’s protocols. The 50 mL reaction

mixture contained 1 mg DNA and 40 mCi of 35S-methionine and was incubated at 30°C for 60

min. A negative control without DNA and a positive control, using 1 mg of the control DNA

provided in the kit (luciferase gene cloned downstream from the T7 RNA polymerase

promoter) were included in each experiment.

Monitoring of E. coli growth rate and determination of plating efficiency

Overnight cultures of BL21(DE3)pLysS harboring pET138, pET(D1-43), pET(D58-138) or

pETC were obtained by using a single colony to inoculate 1.5 ml of LB media supplemented
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with chloramphenicol and kanamycin and incubated overnight at 37°C. A flask containing 200

mL of LB medium supplemented with the same antibiotics was inoculated with 200 mL of the

preculture and incubated at 37°C, with shaking. At an OD600 of 0.3, the culture was separated

into two subcultures and IPTG was added to one of the 100 mL cultures at a final

concentration of 0.5 mM. The growth of the cultures was monitored by withdrawing aliquots

at various times and measuring the OD at 600 nm.

Respiration measurements

We determined oxygen consumption in E. coli cells polarographically, using a Clark type

oxygen electrode fitted to a 2 mL water-jacketed closed chamber (Packer et al. 1966).

BL21(DE3)pLysS cells containing pET138 and pETC were cultured in 3 mL of LB medium

containing antibiotics at 37°C. Each preculture was diluted 1 in 1000 in fresh LB medium

containing antibiotics. The resulting culture was incubated at 37°C until the cells reached early

exponential growth phase. Each culture was then divided in two. One half of the culture was

subjected to induction with 0.5 mM IPTG whereas the other was used as a control. Both were

incubated at 37°C, with shaking, for an additional 2 h. Cellular respiration was measured at

37°C in HEPES-KRP buffer (50 mM HEPES, pH 7.4, 100 mM NaCl, 5mM KCl, 1 mM

MgCl2, 1 mM NaH2PO4, 1 mM D-glucose and 1 mM CaCl2). Respiration was measured in

1x108 cells.mL-1 and 2x108 cells.mL-1 for each culture. The results are expressed as a mean of

the two measurements.

Affinity purification of antibodies

Mitochondria were prepared from Brassica napus male-sterile plants using a previously
described procedure (Bellaoui et al. 1997). Purified mitochondria obtained from 10 grams of
flower buds from greenhouse-grown plants were lysed in 62.5 mM Tris-HCl (pH 6.8)
supplemented with 2% (w/v) SDS, 5% (v/v) b-mercaptoethanol, 10% (v/v) glycerol. Proteins
were precipitated in acetone, collected by centrifugation and resuspended in 50 mM Tris-HCl
(pH7.5).

Rabbit anti-ORF138 IgG was affinity-purified using a modified version of the procedure
described by (Lin et al. 1989). Total mitochondrial protein extracts from B. napus sterile plants
were spotted onto a nitrocellulose membrane (HybondC, Amersham). The!membrane was
incubated for 1 h at 37°C with 50 mM Tris-HCl (pH 7.5) supplemented with 150 mM NaCl,
0.05% (v/v) Tween 20 and 3% (w/v) nonfat milk powder (buffer A). The membrane was then
incubated with crude rabbit anti-ORF138 immune serum (Grelon et al. 1994) (1 ml/cycle) for 1
h at 37°C. The membrane was washed four times at 37°C for 1 min each with buffer B (bufferB
= buffer A minus milk powder). The bound antibodies were eluted with three washes (1 min) in
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0.5 mL 5 mM glycine-HCl (pH 3) containing 500 mM NaCl, 0.25% (v/v) Tween 20 and 1%
(w/v) BSA. Eluates were pooled and neutralized with solid Tris. The membrane was washed
three times, in 3 ml of buffer B. We then carried out six further cycles of incubation with the
ORF138 antiserum, followed by washing and elution. Affinity-purified IgG was divided into
0.25 mL aliquots, frozen in liquid nitrogen and stored at �80°C.

For use with bacterial extracts, antibodies were in some cases further purified as follows. We

ran several mg of BL21(DE3)pLysS total proteins on an 8 % polyacrylamide gel and

transferred them onto nitrocellulose (Hybond-C, Amersham). The membrane was then cut

into pieces (approximately 2 x 2mm) and incubated overnight at 4°C in PBS-T (8.7 g.L-1 NaCl,

1.44g.L-1 Na2HPO4, 0.24g.L-1 KH2PO4, pH7.4, 0.05% (v/v) Tween 20) with 5% (w/v) nonfat

milk powder. The pieces of membrane were rinsed in PBS-T, and incubated in 1 mL of serum

for 24 hours at 4°C. The serum was recovered by centrifugation and incubation with new

nitrocellulose pieces onto which bacterial proteins had been blotted. This step was repeated at

least four times. The purified serum was supplemented with 3% (w/v) BSA and 50% (v/v)

glycerol (final concentrations) and stored at –80°C.

Extraction and fractionation of bacterial proteins

Bacteria carrying pET138, pET(D1-43), pET(D58-138) or pETC were cultured as described

above for the monitoring of E. coli growth rate. After one hour of induction, bacteria from the

uninduced control and each induced culture were boiled in Laemmli loading buffer (Laemmli

1970) to yield total extract. The other induced samples were used for the separation of soluble

and insoluble protein fractions by resuspending cells in lysis buffer (lysozyme 1 mg.mL-1, 30

mM TrisHCl, 1 mM EDTA, 1% (v/v) Triton X-100, pH8) and incubating on ice for 10 mn.

Cells were lysed by repeated freezing (-80°C) and thawing (37°C). Cell debris and insoluble

proteins were recovered by centrifugation for 10 mn at 6,000g and the supernatant was taken

as the soluble protein fraction.

The S-Tag rapid assay kit (Novagen) was used to quantify tagged protein according to the

manufacturer’s protocol. 0.5 OD600 units of control and induced cultures were harvested,

resuspended in 500 mL of 1% (w/v) SDS and serial dilutions were processed.

We localized ORF138 in E. coli cells as follows. Cultures (100 mL) were harvested by

centrifugation at 3,000 g for 10 minutes at 4°C after 3 hours of induction. The pellet was

frozen in liquid nitrogen and immediately thawed at room temperature. The lysate was then

mixed with 7 mL of a dilution buffer (100 mM Tris HCl , pH 8.0, 200 mM NaCl, 10 % (v/v)

glycerol, 5 mM MgSO4, 1 mg.mL-1 DNAse I) per gram of initial pellet. The lysate was then
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separated into two tubes and gently stirred at 4°C for one hour. Centrifugation at 50,000 g for

30 minutes at 4°C separated soluble and insoluble fractions. The supernatant (soluble fraction)

was kept for further analysis and the pellet (insoluble fraction) was resuspended in 1 mL of

dilution buffer supplemented with urea (final concentration of 8 M) or n-dodecyl b-D-

maltoside (final concentration of 0.5%). Each tube was gently stirred at 4°C for 30 minutes

and centrifuged at 50,000 g for 30 minutes at 4°C to separate the soluble and insoluble

fractions. The supernatants were kept for further analysis and the pellets were resuspended in

1 mL of dilution buffer. Each pellet sample was then treated for SDS-PAGE.

The fractionation of E. coli membranes was performed as follows. After induction, bacteria
were harvested by centrifugation at 4°C for 15 minutes at 5,000 g. Cells were concentrated 100-
fold by resuspending the pellets in 25 mM sodium phosphate pH 7.0 and were ruptured by a
single pass through a French pressure cell (SLM Aminco) at 16,000 psi. Cell debris and
unbroken cells were removed by centrifugation at 4°C for 4 minutes at 12,000 g. A 3 mL volume
of lysate was layered onto a 9 mL sucrose step gradient (2mL 68% sucrose / 7 mL 45 %
sucrose) and centrifuged in a swinging rotor at 4°C for 20 hours at 250,000 g. The pale brown
band at the 68/45 interface and the dark brown band at the top of the gradient were collected and
diluted 5-fold with 100 mM Tris-HCl pH 7.5. Membrane vesicles from these two fractions were
centrifuged at 4°C for 30 minutes at 250,000 g. Membranes were carefully washed with 100 mM
Tris-HCl pH 7.5 and collected by centrifuging at 4°C for 30 minutes at 250,000 g. Finally,
membrane vesicles were resuspended in a minimal volume of 100 mM Tris-HCl pH 7.5.

Enrichment of the outer and inner membranes in the fractions was monitored by enzymatic
assays. The amount of 2-keto-3-deoxyoctonate (KDO), a marker of the outer membrane, was
determined by using the thiobarbituric acid method (Karkhanis et al. 1978). NADH oxidase
activity, a marker of the inner membrane, was determined at 37°C as described by Osborn et
al.(Osborn et al. 1972) using a Jasco V-530 spectrophotometer. All assays were carried out in
duplicate.

The inner membrane fraction was treated with carbonate to assess the strength of the membrane-
ORF138 protein association (Fujiki et al. 1982). Samples were incubated for 30 minutes on ice
in 100 mM Na2CO3 pH 11.5 and centrifuged at 4°C for 30 minutes at 100,000 g. The
supernatant (soluble fraction) was collected and the pellet (membrane fraction) was resuspended
in 100 mM Tris HCl pH 7.5.

Synthesis of a nuclear-like form of the orf138 gene and cloning in the S. cerevisiae

expression vector
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The orf138n coding sequence was fused to the mitochondrial targeting sequence of the b-

subunit of the ATP synthase of Nicotiana plumbaginifolia (preb), kindly provided by Marc

Boutry (Boutry and Chua 1985).

A chimeric gene consisting of the preb and orf138n coding sequences followed by the S65T

mutated gfp (Haseloff and Amos 1995; Heim and Tsein 1996) coding sequence was also

constructed. A control fusion was also constructed from the preb targeting sequence and

GFP(S65T). Schematic representations of the fusion proteins are shown in Fig 5B. The

preb-gfp and preb-orf138n-gfp genes were inserted between the EcoRI and EcoRV sites and

the preb-orf138n gene was inserted between the HindIII and SalI sites of pRS426Met. The

resulting plasmids were named Met-preb-gfp, Met-preb-orf138n-gfp and Met-preb-orf138n,

respectively. The pRS426Met vector (Freire et al. 2000) is essentially pRS426 (Christianson

et al. 1992) carrying an expression cassette with the Met25 promoter and the PGK terminator.

Yeast transformation and determination of plating efficiency

We used 1.5 mg of DNA corresponding to plasmids Met-pre-bgfp, Met-preb-orf138n, Met-

preb-orf138n-gfp and pRS426 to transform strain BY384 as previously described (Gietz et al.

1995). For each transformation, we plated 250 mL of the mixture on SC (-URA) (2 % (w/v)

glucose) medium supplemented with methionine. After 2 days of incubation at 30°C, the

plates were replicated on SC (-URA) medium containing 3 % (v/v) glycerol or 2 % (w/v)

glucose, with or without methionine.

Extraction of total yeast proteins

Yeast cells carrying Met-preb-gfp, Met-preb-orf138n and Met-preb-orf138n-gfp were

cultured at 30°C in 25 mL of SC medium (2 % (w/v) glucose) with or without 100 µM of

methionine until an OD600 of about 1.5 was reached. To ensure that equivalent numbers of

cells were used, we used a volume corresponding to an OD600 of 15 (about 10 mL of culture),

which was centrifuged for 5 minutes at 3,000 g and the pellet resuspended in 200 mL of

Laemmli loading buffer. The cells were vortexed for 5 minutes in the presence of 0.45 mm

glass beads and boiled for 5 minutes. The mixture was centrifuged for 5 mn at 10,000g, and an

aliquot of the supernatant was used for western-blot analysis.

Yeast mitochondria isolation and fractionation

Yeast mitochondria were isolated from 4 liters of yeast culture in SC medium using the

enzymatic method described by Guerin et al (Guerin et al. 1979).
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Mitochondrial membranes were fractionated as follows. Mitochondria were resuspended in a

solution consisting of 250 mM sucrose, 1 mM EDTA, 1 mM EGTA, 10 mM HEPES pH 7.2.

Low osmotic strength buffer (10 mM HEPES, 1 mM EDTA, 1 mM EGTA, pH 7.2) was

added until a sucrose concentration of 10 mM was obtained. The mitochondria were then

shaken gently for 20 minutes at 4 °C, after which the concentration of sucrose was adjusted to

250 mM by adding high strength osmotic buffer (2 M sucrose, 10 mM HEPES, 1 mM EDTA,

1 mM EGTA, pH 7.2). Mitochondria were then shaken gently for a further 20 minutes at

4°C. The sample was loaded onto a stepped sucrose gradient (3mL 60 %, 7 mL 35 %, 4 mL 25

% sucrose in 10 mM HEPES 1 mM EDTA, 1 mM EGTA, pH 7.2) and centrifuged at 150,000

g for one hour at 4°C in a swinging rotor. Outer membrane enriched vesicles were collected

from the 25/35 interface; the mitoplast enriched fraction was collected from the 35/60

interface. The two fractions were diluted in low osmotic strength buffer and the membranes

are concentrated by centrifugation at 100,000 g for one hour at 4°C.

The strength of the association between the proteins and the membranes was assessed by

treating the isolated mitochondria with alkaline carbonate as described above for E. coli.

SDS-PAGE and immunoblot analysis of bacterial and yeast protein extracts

An aliquot of each culture or fraction was processed by SDS-PAGE. The concentration of

acrylamide used for PAGE is given in the legend to each figure. The proteins were electroblotted
onto nitrocellulose membranes (HybondC, Amersham). Immunoblot experiments were carried
out using the following antibodies: purified rabbit ORF138 antisera (diluted 1:200), a mixture of
two monoclonal antibodies against GFP (Boehringer; diluted 1:1000), polyclonal rabbit
antiserum against ferrochelatase (Hem15; diluted 1:1000), or a monoclonal mouse antibody
against porin (Molecular Probes; diluted 1:500). The ORF138 and ferrochelatase antibodies
were then detected with peroxidase-conjugated anti-rabbit IgG (Sigma) and the GFP and porin
antibodies, were then detected with peroxidase-conjugated secondary anti-mouse IgG (Caltag).
Secondary antibodies were detected with the ECL kit (Amersham). The apparent molecular
weights of the proteins were estimated with prestained low- or broad-range molecular weight
markers (Biorad) or the prestained MW marker (Fermentas).

Introduction of the orf138n constructs into plant expression vectors

The preb-orf138n, preb-gfp, and preb-orf138n-gfp genes were inserted into the single

HindIII site of an expression cassette containing the CaMV 35S promoter (with a duplicated

enhancer sequence) and terminator (T. Michael, unpublished personal communication) in a
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derivative of pBluescript (Stratagene). We checked that the orientation of the inserts was

correct by restriction analysis. We used these plasmids for transient expression in onion and

N. benthamiana cells.

For the stable transformation of Arabidopsis, NotI restriction fragments containing the genes

of interest were cloned into the unique NotI site of the pEC2 binary vector (Cartea et al.

1998). The resulting plasmid was verified and used to transform an Agrobacterium strain

(C58C1) carrying the pMP90 helper plasmid.

Transient and stable transformation of plant cells

Tungsten particles (diameter 0.5mM) were sterilized by incubation in 70% ethanol for 10

minutes and rinsed with 1.5 mL sterile water and kept on ice in 50% glycerol until use. These

particles 100 mL (15-20 mg) were then mixed with 5 to 10 mg of plasmid DNA (for 3 to 6

shots). Spermidine (40 mL of 0.1 M solution) and 100 mL of 2.5 M CaCl2 were then added and

the mixture kept on ice for 10 minutes, with vortexing every three minutes. The particles were

centrifuged for 30 s in a benchtop centrifuge. The supernatant was discarded and the particles

were rinsed twice in cold ethanol and finally resuspended in 60 mL of 100% ethanol. The

DNA-coated particles were then transferred to macrocarrier disks.

Onion slices or N. benthamiana leaves were placed on solid medium (Murashige and Skoog

1962) in Petri dishes and bombarded with the DNA-coated particles using a Biorad PDS-

1000/He Biolistic Particle Delivery system (900 psi rupture disks) according to the

manufacturer's instructions.

Explants were then incubated for 48 to 72 hours in a culture chamber before being analyzed by

confocal microscopy.

Stable Arabidopsis transformants (ecotype WS) carrying the verified constructs were

generated using Agrobacterium strain C58C1 (pMP90) as described previously (Bechtold et

al. 1993).

Cytological observations

Yeasts carrying Met-preb-gfp, and Met-preb-orf138n-gfp were cultured for two days at 30°C

in 2 ml of SC medium (containing 2 % galactose) with or without 100 mM of methionine. Cells

were centrifuged for 5 minutes at 4000g, resuspended in 20 ml of culture medium. An aliquot

(3 ml) of this cell suspension was then immobilized on glass slides by mixing with 3 ml of 0.8

% low-melting point agarose at 36°C.
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Onion slices were peeled and epiderm fragments mounted on microscope slides. N.

benthamiana leaf fragments were mounted directly on microscope slides.

Cells producing GFP were observed under a Leica TCS-NT confocal laser scanning

microscope (Leica Microsystems, Heidelberg, Germany) with an argon/krypton laser

(Omnichrome, Chino, CA). GFP fluorescence was observed using an FITC filter set

(BP530/30) with an Argon (488nm) laser beam. Medium-scan (450 lines per second) images

(1024 x 1024 pixels) were taken using a 63 x 1.32 NA PL APO objective for yeasts, or a 40 x

0.8 w HCX APO L objective for plant cells.

In some experiments, a sequential filter set with a second photomultiplier was used to collect

the transmitted light. In these cases, the light emitted by GFP was collected using the

configuration described above.

Transgenic Arabidopsis plants were analyzed using a Leica DMRXA2 microscope coupled to

a monochromic digital camera (coolsnap HQ). The filter set used for GFP had an excitation

band pass of 450-490 nm and an emission band pass of 500-550 nm. Single images were

analyzed using the openlab software. The automatic contrast function of AdobePhotoshop

was applied to images when required. Both the unmodified and contrast-enhanced images are

shown.
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Figure legends

Fig. 1A Localization of ORF138 in the inner membrane of mitochondria from sterile plants.

Mitochondrial extracts were prepared from sterile plants and were fractionated. 5 mg of

protein from each fraction was loaded onto an 8% acrylamide gel. Lane 1: Total mitochondrial

protein extract before fractionation; lane 2: outer membrane enriched fraction (15%/32%

sucrose interface) lane 3: inner membrane enriched fraction (32%/45% sucrose interface)

Numbers on the left indicate the sizes of standard low molecular weight markers (kDa).

NADH cytochrome c oxidoreductase activities and the proportion of antimycin A insensitive

activity in each fraction are shown in the table. Specific activity is expressed in pmol of

reduced cytochrome c / second / mg of protein

1B. In vitro synthesized ORF138.

Polypeptides synthesized in the cell-free reaction mixture were analyzed by SDS-PAGE on a

15% acrylamide gel. The gel was placed against a phosphor screen overnight and analyzed

with a phosphor-imager. Lane 1: 2.5 ml of the reaction mixture for the luciferase gene (positive

control). Lane 2: 8 ml of a reaction mixture lacking DNA (negative control). Lane 3: 8 ml of a

reaction mixture with pET138. Lane 4: 8 ml of the same reaction mixture, treated with 1%

(v/v) b-mercaptoethanol. Numbers on the left indicate sizes of standard low molecular weight

markers in kDa.

1C. Oligomers of ORF138 in sterile plant mitochondria

Immunodetection of ORF138 in 5 mg (lane1), 15 mg (lane 2), 45 mg (lane 3), or 135 mg (lane 4)

of mitochondrial proteins from sterile plants after gradient PAGE in non-reducing conditions

(see Material and Methods). Numbers on the left indicate sizes of molecular weight marker

(kDa). Roman numerals on the right indicate the level of oligomerization (I: monomer; II:

dimer; III: trimer; etc.).
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1D. In vitro synthesized truncated forms of the ORF138 protein.

Truncated forms of ORF138 and the whole protein were labeled with 35S-methionine. We

analyzed 0.5 ml of each reaction mixture by SDS-PAGE on a 15% acrylamide gel; the gel was

placed against a phosphor screen for three days and quantified using a phosphorimager. Lane

1, reaction with pET138. Lane 2, reaction with pET(D1-43). Lane 3, reaction with pET(D58-

138). Numbers on the left indicate sizes of standard low molecular weight markers in kDa.

Fig. 2. Schematic representation of the orf138 constructs designed for bacterial expression.

The parts of the orf138 gene used in the constructs are indicated by hatched bars, with respect

to the hydropathy profile of ORF138 (upper panel). The names of the corresponding

plasmids are indicated on the left: pET138 designates the construct encoding the complete

ORF138 protein, pET(D1-43) designates the construct encoding the hydrophilic part of the

protein and pET(D58-138) designates the construct encoding the hydrophobic part of

ORF138. The positions of the three cysteine residues of the protein are indicated by vertical

arrows.

Fig. 3A. Growth rate of E. coli producing ORF138.

E. coli BL21(DE3)pLysS harboring pET138 or the pETC control plasmid was cultured as

described in the Materials and Methods. After 4 hours, the cultures were divided in two, and

IPTG (0.5 mM) was added to one of the two resulting cultures. Growth was monitored by

withdrawing aliquots at various times and measuring OD at 600 nm. OD curves correspond to

a mean of four independent experiments. Error bars indicate extreme values for each time

point. The time point corresponding to the stage at which respiration was measured is

indicated by a vertical arrow. (-) without IPTG; (+) with 0.5 mM IPTG.

3B. Growth rate of E. coli producing truncated forms of ORF138.

E. coli BL21(DE3)pLysS harboring pET138, pET(D1-43) or pET(D58-138) was cultured as

described in Fig. 3A. OD curves correspond to a mean of two independent experiments and

error bars indicate highest and lowest values. (-) without IPTG; (+) with 0.5mM IPTG.
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Fig 4A. Immunoblot detection of the ORF138 protein and a truncated form in whole E.

coli extracts and fractions

Whole E. coli extracts were prepared from cultures of BL21(DE3)pLysS harboring pET138 or

pETD1-43, uninduced or induced with 0.5 mM IPTG, and subjected to PAGE on a 12%

acrylamide gel. ORF138 and ORFD1-43 were immunodetected in insoluble and soluble

fractions from IPTG-induced cultures.

Lane 1: whole extract of uninduced BL21(DE3)pLysS harboring pET138; lane 2: whole extract

of induced BL21(DE3)pLysS harboring pET138; lane 3: insoluble fraction of cells expressing

ORF138; lane 4: soluble fraction of cells expressing ORF138; lane 5: whole extract of

uninduced BL21(DE3)pLysS harboring pETD1-43; lane 6: whole extract of induced

BL21(DE3)pLysS harboring pETD1-43; lane 7: insoluble fraction of cells expressing ORFD1-

43; lane 8: soluble fraction of cells expressing ORFD1-43.

With the exception of ORFD1-43 expressing cells, proteins were extracted from the equivalent

of 0.07 OD unit of culture. As pETD1-43 was expressed much more strongly than pET138,

all extracts from pETD1-43-carrying strains were diluted 1 : 50 before analysis. Proteins were

separated by SDS-PAGE and the whole ORF138 protein and its truncated form, ORFD1-43,

were detected with purified rabbit antisera. In this experiment, we detected dimeric and, in

some cases, oligomeric forms of the two proteins (see lanes 2 and 7), but not monomeric

forms. Numbers on the left indicate sizes of molecular weight markers (kDa).

4B. Intracellular localization of ORF138 in E. coli

Coomassie blue staining (left panel) and immunodetection of ORF138 (right panel). E. coli

extracts were fractionated and 50 ml of each fraction was subjected to PAGE on a 12%

acrylamide gel. Lane 1: total extract, lane 2: soluble fraction without treatment, lanes 3 to 6:

treatment of insoluble fraction, lane 3: supernatant after detergent treatment (0.5% n-dodecyl-

b D-maltoside), lane 4: insoluble fraction (pellet) after detergent treatment (0.5% n-dodecyl-b

D-maltoside), lane 5: soluble fraction after urea (8 M) treatment, lane 6: insoluble fraction

(pellet) after urea (8 M) treatment. Numbers on the left indicate sizes of molecular weight

markers (kDa).
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4C. Fractionation of E. coli membranes and localization of ORF138.

Immunodetection (left panel) of ORF138 in E. coli membranes. Membranes were lysed using a

French press and fractionated on a stepped sucrose gradient. Fractions (24 mg of protein) were

then subjected to PAGE on an 8% acrylamide gel. . Lane 1: total membrane extract before

fractionation; lane 2: fraction collected at the 45/68 interface (outer membrane); lane 3: the 45

% sucrose layer (inner membrane). Numbers on the left indicate sizes of molecular weight

markers (kDa).

The KDO and NADH oxidase activities of each fraction are shown in the table. Numbers

correspond to the fractions in left panel. The specific activity of NADH oxidase is expressed

in mmol of substrate/minute/mg of proteins. The amount of KDO is expressed in mg per 100

mg of proteins.

4D. Alkaline carbonate treatment of the inner membrane of E. coli.

Immunodetection of ORF138 in the supernatant (lane 1) and pellet (lane 2) after alkaline

carbonate treatment of the inner membrane fraction (lane 3 of Fig. 4C) of pET138

transformants. For each fraction, 5 mg of proteins were loaded onto a 15% acrylamide gel.

Numbers on the left indicate sizes of molecular weight markers (kDa).

Fig. 5A. Sequence alignment of mitochondrial (wild type) and "nuclear" (synthetic) orf138

genes. orf138 is the mitochondrial gene, whereas orf138n has been modified to resemble a

nuclear gene, as described in Materials and Methods, to optimize nuclear expression.

Substituted nucleotides are indicated in bold and the putative polyadenylation signal

(AATAAA) is underlined. The peptide sequence of ORF138 is given below in one letter code.

5B. Schematic representation of the orf138 constructs designed for expression in S.

cerevisiae.

The various genes were inserted into the pRS426Met expression vector. The orf138n coding

sequence is represented by hatched bars, the gene encoding GFP(S65T) is represented by

white rectangles and the preb  mitochondrial targeting sequence is represented by black

rectangles. The names of the plasmids are indicated on the left: preb-gfp encodes GFP(S65T),

preb-orf138n-gfp encodes the ORF138-GFP fusion protein and preb-orf138n encodes

ORF138.
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Fig 6. Confocal microscopy of yeast cells producing GFP and ORF-138-GFP targeted to

mitochondria.

The results of our analysis of the confocal images are shown in table 2. A and C are

transmission view images and correspond to the fluorescence view images shown in B and D,

respectively. A, B: Yeast cells producing preb-GFP; C, D: Yeast cells producing preb-

ORF138-GFP. Scale bar = 20mm.

Fig 7. Immunodetection of ORF138, GFP, and the ORF138-GFP fusion protein in S.

cerevisiae, using antibodies directed against ORF138 or GFP.

7A Detection of GFP, ORF138 or the ORF138-GFP fusion protein in total extracts of S.

cerevisiae.

Extracts equivalent to 1.1 OD units of culture were loaded onto a 10% acrylamide gel.

Lanes 1, 3, and 5 contain protein extracts from repressed cells whereas lanes 2, 4 and 6 contain

protein extracts from not repressed cells.

Lanes 1 and 2: extracts from preb-gfp harboring cells.

lanes 3 and 4: extracts from preb-orf138n harboring cells

lanes 5 and 6: extracts from preb-orf138n-gfp harboring cells.

Numbers on the left indicate sizes of molecular weight markers (kDa). Two identical gels were

processed in parallel and the corresponding membranes hybridized with antibodies directed

against GFP (left panel) or ORF138 (right panel). Numbers on the left indicate sizes of

molecular weight markers (kDa).

7B. Carbonate treatment of mitochondrial membranes from yeast cells producing ORF138

Proteins (6 mg) from the soluble and insoluble fractions of carbonate-treated total

mitochondrial extracts were analyzed by PAGE on an 8% acrylamide gel followed by

detection with purified anti-ORF138 antibodies (lanes 1 to 3) or anti-porin antibodies (lanes 4

to 6).

Lanes 1 and 4: whole mitochondrial proteins

Lanes 2 and 5: soluble fraction after carbonate treatment

Lanes 3 and 6: insoluble fraction after carbonate treatment.

Numbers on the left indicate sizes of molecular weight markers (kDa).

7C. Carbonate treatment of mitochondrial membranes from yeast cells producing ORF138-

GFP



 Annexe 7 � page 37

Proteins (6 mg) from the soluble and insoluble fractions from carbonate-treated total

mitochondrial extracts were analyzed by PAGE on an 8% acrylamide gel followed by

detection with purified anti-ORF138 antibodies (lanes 1 to 3), anti-GFP antibodies (lanes 4 to

6), or anti-porin antibodies (lanes 7 to 9).

Lanes 1, 4 and 7: whole mitochondrial proteins

Lanes 2, 5 and 8: soluble fraction after carbonate treatment

Lanes 3, 6 and 9: insoluble fraction after carbonate treatment.

Numbers on the left indicate sizes of molecular weight markers (kDa).

7D. Fractionation of mitochondria from yeast cells producing ORF138

Mitochondria were subjected to fractionation and 5 mg of protein from total mitochondrial

extracts and inner and outer enriched fractions were analyzed by PAGE on an 8% acrylamide

gel followed by detection with purified anti-ORF138 antibodies (lanes 1 to 3), anti-

ferrochelatase antibodies (lanes 4 to 6) or anti-porin antibodies (lanes 7 to 9).

Lanes 1, 4 and 7: whole mitochondrial protein extracts

Lanes 2, 5 and 8: inner membrane enriched fraction

Lanes 3, 6 and 9: outer membrane enriched fraction

Numbers on the left indicate sizes of molecular weight markers (kDa).

7E. Fractionation of mitochondria from yeast cells producing ORF138-GFP

Mitochondria were subjected to fractionation and 5 mg of protein from total mitochondrial

extracts and inner and outer enriched fractions were analyzed by PAGE on an 8% acrylamide

gel. Proteins were detected with purified anti-ORF138 antibodies (lanes 1 to 3), anti-GFP

antibodies (lanes 4 to 6), anti-ferrochelatase antibodies (lanes 7 to 9) or anti-porin antibodies

(lanes 10 to 12).

Lanes 1, 4, 7 and 10: whole mitochondrial protein extracts

Lanes 2, 5, 8 and 11: inner membrane enriched fraction

Lanes 3, 6, 9 and 12: outer membrane enriched fraction

Numbers on the left indicate sizes of molecular weight markers (kDa).
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Fig.8 Fluorescence of plant cells producing preb-GFP, preb-ORF138 and

preb-ORF138-GFP fusion proteins

A, B, C: Transient expression in onion epidermal cells

8A: Production of preb-GFP

8B: Production of preb-ORF138-GFP

8C: Co-production of preb-GFP and preb-ORF138

Scale bar = 50mm

D, E, F, G: Stable expression Arabidopsis plants.

8D: Leaf trichome of a transgenic plant producing preb-GFP

8E: Same image as in 8D, but with enhanced contrast

8F Leaf trichome of a transgenic plant producing preb-ORF138-GFP

8G Same image as in 8F, but with enhanced contrast.

Scale bar = 50mm
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Table 1: Respiration measurements in E. coli cells.

BL21(pLys)
PETC

BL21(pLys)
PETORF138

O2 consumption
(mmolO2.cell-1.s-1)

without IPTG with IPTG without IPTG with IPTG

at induction 1.3+/-0.1 x10-12 1.8 +/-0.15 x10-12

2 hours after
induction

1.6+/-0.1x10-12 1.4+/-0.2x10-12 1.9+/-0.2 x10-12 1.8 +/-0.1 x10-12

Table 2: Percentage of yeast cells presenting a globular-mitochondrial phenotype when
expressing preb-ORF138-GFP or preb-GFP fusions

Construct name % GFP expressing cells % globular shape
Preb-GFP 15 +/- 4 10 +/- 3
Preb-ORF138-GFP 6 +/- 2 85 +/-15

1 2 3 4
66.2

45

31

21.5
14.4

B 1 2 3

31

21.5
14.4

D

Fig 1

29,1
20,7

6,9

34,9

70
52,4

1 2 3 4 5 6

121

1 2 3 4 5 6

29,1
20,7

6,9

34,9

70
52,4

121

Fig. 6A



B

A orf138n    ATG ATC ACC TTC TTC GAG AAG TTG TCC ACT TTC TGC CAC AAC CTC ACC CCT
orf138     ATG ATT ACC TTT TTC GAA AAA TTG TCC ACT TTT TGT CAT AAT CTC ACT CCT
ORF138      M   I   T   F   F   E   K  L   S   T   F   C   H   N   L   T   P

orf138n    ACC GAG TGC AAG GTT AGC GTT ATC AGC TTC TTC CTT TTG GCT TTC CTT CTC
orf138     ACT GAA TGT AAA GTT AGT GTA ATA AGT TTC TTT CTT TTA GCT TTT TTA CTA
ORF138      T   E   C   K   V   S   V   I   S   F   F   L   L   A   F L   L

orf138n    ATG GCC CAC ATC TGG CTC AGC TGG TTC TCT AAC AAC CAG CAC TGC CTT CGT
orf138     ATG GCC CAT ATT TGG CTA AGC TGG TTT TCT AAC AAC CAA CAT TGT TTA CGA
ORF138      M   A   H   I   W   L   S  W   F   S   N   N   Q   H   C   L   R

orf138n    ACC ATG AGG CAT CTA GAG AAG TTG AAG ATC CCT TAC GAG TTC CAG TAC GGA
orf138     ACC ATG AGA CAT CTA GAG AAG TTA AAA ATT CCA TAT GAA TTT CAG TAT GGG
ORF138      T   M   R   H   L   E   K   L   K   I   P   Y   E   F   Q   Y   G

orf138n    TGG CTC GGT GTC AAG ATC ACT ATC AAG TCT AAC GTT CCT AAC GAT GAG GTG
orf138     TGG CTA GGT GTC AAA ATT ACA ATA AAA TCA AAT GTA CCT AAC GAT GAA GTG
ORF138      W   L   G   V   K   I   T   I   K   S   N   V   P   N   D   E   V

orf138n    ACG AAG AAG GTC TCT CCT ATC ATC AAG GGT GAG ATC GAG GGT AAG GAG GAA
orf138     ACG AAA AAA GTC TCA CCT ATC ATT AAA GGG GAA ATA GAG GGG AAA GAG GAA
ORF138      T   K   K   V   S   P   I   I   K   G   E   I   E   G   K   E   E

orf138n    AAG AAG GAA GGT AAG GGT GAG ATC GAG GGT AAG GAG GAA AAG AAG GAG GGT
orf138     AAA AAA GAG GGG AAA GGG GAA ATA GAG GGG AAA GAG GAA AAA AAA GAG GGG
ORF138      K   K   E   G   K   G   E   I   E   G   K   E   E   K   K   E   G

orf138n    AAA GGT GAG ATC GAG GGT AAG GAG GAA AAG AAG GAG GTG GAG AAC GGT CCT
orf138     AAA GGG GAA ATA GAG GGG AAA GAG GAA AAA AAA GAG GTG GAA AAT GGA CCG
ORF138      K   G   E   I   E   G   K   E   E   K   K   E   V   E   N   G   P

orf138n    AGA AAG TGA
orf138     AGA AAA TAA
ORF138      R   K   *

preb-gfp

preb-orf138n

preb-orf138n-gfp

100bp

EcoRI

BamHIXhoI

EcoRI

XhoI

XhoI

Fig. 4



RESUME

La protéine ORF138 (codée par le génome mitochondrial) est une protéine membranaire 

mitochondriale responsable de la stérilité mâle cytoplasmique (SMC) Ogura. Le phénotype des plantes 

stériles se manifeste par une dégénérescence prématurée du tapis de l’anthère alors que la protéine 

ORF138 est présente dans tous les tissus. Le mécanisme physiologique conduisant à la stérilité reste 

encore inconnu. Les objectifs du travail de thèse étaient de développer des outils moléculaires et 

biochimiques et de les mettre en œuvre pour obtenir des informations pertinentes sur cette protéine, et 

permettre l’élaboration d’hypothèses solides quant au mécanisme de stérilité mâle. 

La recherche, dans la structure primaire de la protéine ORF138, de domaines essentiels a permis de 

dégager les résultats suivants : l’association des domaines hydrophobe et hydrophile de la protéine est 

indispensable à son effet ; un domaine de 15 acides aminés dont la structure secondaire est conservée 

entre 3 protéines de SMC non apparentées a été mis en évidence et joue également un rôle dans cet 

effet. 

Nous avons montré que la protéine ORF138 est enchâssée dans la membrane interne mitochondriale de 

colza. Cette insertion s’effectue sous des formes pouvant aller du monomère à l’hexamère. Un 

complexe protéique de taille comprise entre 750 et 900 kDa impliquant l’ORF138 a également été 

identifié. Nous avons aussi prouvé que la protéine ORF138 peut être co-purifiée avec des composants 

nucléoprotéiques mitochondriaux de plantes mâle stériles. 

Afin de déterminer l’implication de la protéine dans des processus physiologiques, nous avons 

comparé les niveaux d’accumulation de l’oxydase alternative dans les mitochondries de colza fertiles 

ou mâle stériles. Une plus forte accumulation de cette enzyme probablement accompagnée d’une 

activité également accrue ont été observées chez les plantes stériles. La liaison entre stress oxydant et 

activité oxydase alternative est bien connue, et un lien possible entre un stress oxydant et la mort 

prématurée du tapis constitue une des pistes les plus prometteuses pour l’élucidation du mécanisme de 

stérilité.

Mots clés : Stérilité mâle cytoplasmique – mitochondrie – ORF138 – alternative oxydase – stress 

oxydant – mort cellulaire 




