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Mitochondria : a common feature in eukaryotes



Mitochondria : function

Anabolic and catabolic pathways

Aerobic respiration

Peter D. Mitchell
The Nobel Prize 

in Chemistry 1978



Aerobic respiration : Model systems

Structures of Complex Enzymes
Function of subunits 

The Yeast Saccharomycase cerevisiae 
(mitochondrial and nuclear mutagenesis

No complex I)

Animals (beef, chicken) 
(structure, enzyme properties)

Prokaryotes 
(structure)

Green alga Chlamydomonas reinhardtii: 
Heterotroph (ability to use acetate in the dark)

Phototroph

Alternative pathways of respiration



Chlamydomonas reinhardtii



Summary

Part I :
Chlamydomonas as a model organism to 
study the function of Complex I subunits

Part II :
The modular evolution of Complex I

Part III :
Complex V (ATP synthase) evolution in 
eukaryotes
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Chlamydomonas mitochondrial mutants : dk- phenotype



Chlamydomonas mitochondrial mutants : dk- phenotype



Chlamydomonas mitochondrial mutants : dk- phenotype



Chlamydomonas mitochondrial genome : 
Transmission mode and Sequence

Boynton et al., 1987
Matagne et al., 1993



YeastAnimalsChlamy

Human mitochondrial genome :
7 genes coding for Complex I subunits



darkness

CI WT

Isolation of mitochondrial complex I mutants 
Random mutagenesis
Site-targeted mutagenesis

Remacle et al, 2001, 2006; Cardol et al, 2002, 2008
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YeastAnimalsPlants

EST and raw data already available in 2002

� ND3, ND4L, ND7 and ND9 are encoded in the nucleus

Study of nucleus-encoded subunits 

Strategy  : RNA interference 
Principle Expression of double-stranded RNA 

Specific degradation of endogenous RNA



Construction of an inactivation vector for Nd9

Co-transformation :Arginine auxotrophy (ARG7)

Selection of Arg+

Analysis of 100 Arg+ transformants by PCR

– Rate of Co-transformation is ~50 %

Complex I activity and assembly

– 3 clones

E2 E2P E1I 320 pbE1

801 pb gene fragment 480 pb cDNA fragment

ARG7

Study of nucleus-encoded subunits : RNA interference



GenerationGeneration of of wallwall--lessless strainstrain

Purification of Purification of mitochondriamitochondria

SolubilizationSolubilization by by mildmild--detergentdetergent

BlueBlue--Native PAGENative PAGE

ComplexComplex enzyme enzyme detectiondetection

Complex I assembly



12%

Activité
du 

complexe I

-1T 3' UTR nd5dum5

Mutants 
mitochondriaux

0délétion cob + nd4 + 3' nd5dum24

0délétion cob + 3' nd4dum22

0-6 NT nd1 (codons 199-200) dum25

0-1T nd5 (codons 145-146) dum23*

0-1T nd1 (codon 243 )dum20

0-1T nd6 (codons 143-144) dum17

0Co-Nd3

Mutants nucléaires

0Inactivation of Nd4L expression Co-Nd4L

0Co-Nd7 Inactivation de Nd7 expression

0Co-Nd9 Inactivation of Nd9 expression 

Inactivation of Nd3 expression 

Assembly of complex I in the mutants

0-69 NT nd4dum28

0nuo9 Insertion of HygR. Loss of Nd9

50%nuop4 Insertion of HygR in NUOP4 gene

0nuob10 Insertion of HygR (Nuob10/PSSW) 
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Modular Evolution of Complex I  - part I : to prokaryote



Modular Evolution of Complex I  - Role of core subunits

Hunte et al, 2010, Hinchcliffe and Sazanov., 2006, 
Science; Efremov and Sazanov, 2011, Nature



Root

Adapté de Gabaldon et al., 2005 J. Mol. Biol.Adapté de Cardol et al, 2004, BBA bioenergetics

Modular Evolution of Complex I     - part II : to eukaryotes



• Purification of mitochondria from wall-less cells
• Separation of solubilized mitochondrial complexes by BN-PAGE
• Separation of complex I components by SDS-PAGE
• Identification of proteins by mass spectrometry

- V

- I 950 kDa

- III

- IV

Genomic and proteomic characterization of complexI

Cardol et al 2004 BBA Bioenergetics 1658(3):212-24, Cardol et al 2005 Plant Physiol 137: 447-459

Modular Evolution of Complex I     - part II : to eukaryotes



Identification of orthologs to lineage-specific complex I subunits

1/ % of amino acid identities/similarities

� BLASTp

� Psi (Position specific iterative) BLAST (Altschul et al., 1997)

-profile on initial multiple alignement

-position specific scoring matrix

-iterative BLAST search 

-the results of each "iteration" is used to refine

2/ protein size (+/- 50%)

3/Hydropathy profiles (Kite and Doolittle scale, Protscale)

4/ Putative transmembrane helices ?

5/ Structural motifs ?



Protein NUO17 is ortholog to 

mammalian complex I ESSS subunit

Arabidopsis complex I

subunit Fungi NUWM complex I

– Similarity between hydropathy profile

– One conserved putative TMHH

Identification of orthologs to lineage-specific complex I subunits

TMHH



Modular Evolution of Complex I  - Supernumerary subunits

2003 :    Conserved subunits 27 M/F/P (Heazlewood et al., 2003)

2005 : Conserved subunits 32-33 M/F/P, 34 M/F 

(Cardol et al. 2005; Gabaldon et al 2005)

2010 : Arabidospis : 48 subunits � 34 conserved subunits M/F/P

(Klodmann et al., 2010) � 14 plant-specific subunits

Pichia pastoris : 41 subunits � 36 conserved subunits M/F

(Bridges et al., 2010) � 5 ascomycete-specific subunits

�9 mammal-specific subunits

Acanthamoeba : 2 sous-unités « plant specific »

(Gawryluk and Gray, 2010)

�Lineage specific subunits or Orthologs highly divergent ?

�Most lineage-specific subunit are small hydrophobic proteins (~100 aa)



Parfrey et al., 2010

Modular Evolution of Complex I - part II : to eukaryotes

����Proteomic data
����Genomic data





Initial Blast 



Second iterative Blast 



Identification of orthologs to lineage-specific complex I subunits

Cardol et al., 2011, BBA



Identification of orthologs to lineage-specific complex I subunits

Cardol et al., 2011, BBA





Identification of orthologs to lineage-specific complex I subunits

2005 : 33 conserved subunits M/F/P

2010 : conserved subunits : 34 M/F/P; 36 M/F

2011 : >43 conserved subunits in eukaryotes

Arabidospis : 48 subunits � 43 conserved subunits in eukaryotes

(Klodmann et al., 2010) � Gamma carbonic anhydrase domain

� 2 plant-specific subunits ?

Pichia pastoris : 41 subunits � no fungus-specific subunit

(Bridges et al., 2010) ����2 metazoa-specific subunits



Modular Evolution of Complex I            - part II : to eukaryotes

Cardol et al., 2011, BBA



Impact on Complex I studies 

1) Extrapolation of results obtained on N. crassa mutants
Nuo21.3a/B14.5A (Alves and Videira 1994)

Nuo10.4/B14.5b (Nehls et al. 1992; Marques et al. 2005)

Nuo20.9/MNLL (Schulte and Weiss 1995)

���� Use of non mammalian model systems to study subunit function

2) newly-identified conserved components (e.g. SGDH, AGGG, KFYI) 

probably play yet to elucidate conserved functions

3) x-ray cartography performed on Yarrowia complex I (Hunte et al. 2010)

highly relevant for understanding complex I from other sources.

4) machinery required for its assembly is well conserved among eukaryotes
���� Use of non mammalian model systems to study assembly process

5) complexification of mitochondrial complex I did not occur progressively 

during speciation of eukaryotic lineages 



2.  What is their function
within Complex I

Modular Evolution of Complex I  - supernumerary subunits



Modular Evolution of Complex I  -

Carbonic anhydrase - Plant specific domain

Perales et al., 2005
Dudkina et al., 2005



Paul D. Boyer   John E. Walker

Pu J, Karplus M PNAS 2008;105:1192-1197

Structure and function of Complex V

The Nobel Prize in Chemistry 1997
"for their elucidation of the enzymatic mechanism underlying
the synthesis of adenosine triphosphate (ATP)"



α, β, γ, α, β, γ, α, β, γ, α, β, γ, OSCP, δδδδ,
a, b , c

Mammals
(H.sapiens, B. taurus, 17)

Fungi
(S. cerevisiae, 20)

εεεε, d, f, g, IF1, A6L

e, h

i, k, STF1, STF2

w 

Asa4/FAd7

Red algae
Rhodophytes

(Cyanidioschyzon merolae, 13)

Land plants

Green algae
Chlorophytes

Trebouxyophyceae
(Chlorella vulgaris, 14)

Chlorophyceae
(C. reinhardtii, V. carteri,

Polytomella, 17

S. obliquus, 7)

Bryophytes
(Physcomitrella patens, 15)

Embryophytes
(A. thaliana, O. sativa, 15)

Prasinophyceae
(O. tauri, M. pusilla, 14)

Bacterial core

Ancestral 
Eukaryotic-core

Evolution of Complex V : Complexification in eukaryotes

In most cases :dispensable subunits
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Evolution of Complex V : Chlorophyceae
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Evolution of Complex V : Chlorophyceae

c     c     c   c

δ

α β α β

γ

a

OSCP

b

f
IF1

d

A6L

ε

e
g

Transfer of Mitochondrial genes to 
the nucleus

Loss of conserved subunits

Recruitement of ASAs

i) relocation of previously extant
proteins to the mitochondria, 

ii) acquisition of novel genes by 
lateral gene transfer

No sequence or pattern similarities in 
existing DB



Evolution of Complex V : Chlorophyceae

Yeast Polytomella



Evolution of ATP 

synthase by genomic 

and proteomic 

approaches
Scenedesmus

obliquus

Chlorophyceae

Lapaille et al., 2010, Mol. Biol. Evol.
Vázquez-Acevedo et al., 2006, J. Bioen. Biomembrane



RNA interference : ASA7

Chlamydomonas mutants

X

Lapaille et al., 2010, Mol. Biol. Evol.



Chlamydomonas mutants

XRNA interference : ATP2 (subunit ββββ)

Témoin ATP2

Témoin ATP2 Témoin ATP2

Light                 Dark

Lapaille et al., 2010, BBA



RNA interference : ASA7
X

H+

Oligomycin

SHAM Myxothiazol

Control   Asa7 

Chlamydomonas mutants



RNA interference : ASA7
X

H+

Oligomycin

SHAM Myxothiazol

Chlamydomonas mutants

Lapaille et al., 2010, Mol. Biol. Evol.





Impact of stator composition on mitochondrial structure

Crêtes tubulaires ;  >10 sous-unités Crêtes lamellaires ; b, d, f, e, g 

Crêtes discoidales ;   13 sous-unités

?

Crêtes sacculaires/tubullaires
d,f,g,A6L

?

Asa1-9             Crêtes lamellaires

b2



Euglena gracilis as a model system for Excavates

Secondary
endosymbiont
(green alga)



Spread of photosynthesis through 1st/2nd/3rd/etc endosymbiotic events 

1st

2nd

2nd, 3rd

Primary endosymbiont
(cyanobacteria)

Secondary
endosymbiont

(red alga)

Secondary
endosymbiont

(green, red alga, 
keptoplast

Secondary
endosymbiont
(green alga)
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Euglena gracilis : native respiratory complexes

ATP synthétase

Complexe I

PSI

Complexe III

Complexe IV



Euglena gracilis : native respiratory complexes

0.08 +/- 0.05+Oli+SHAM+KCN

0.15 +/- 0.06mito Ethanol Dark +SHAM+KCN

0.09 +/- 0.04+Oli+SHAM+KCN

0.19 +/- 0.08mito Acetate Light +SHAM+KCN

)

activité ATPase (µmoles ATP min-1 mg prot-1)
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Résultats

Emilie Perez – Réunion de laboratoire (Nov. 2012)
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alpha ASA4
beta ASA1

gamma ASA2
epsilon ASA3
delta ASA5
OSCP ASA6
ATPC ASA7
ATPA ASA8
ATPB ASA9
ATPD ASP1
ATPE ASP2
ATPF ASP3
ATPG ASP4
ATPF6 ASP5

ATPA6L ASP6
STF1 ASP7

ASP8
ASP9

ASP10
ASP11
ASP12
ASP13
ASP14

Search for ATP synthase subunits in available ESTs dataset
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ATP synthase subunit composition in Euglena
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Conclusions

Study of the function of typically mt-DNA encoded Complex I subunit

Current works : Introduction and characterization of mitochondrial 
mutations thought to be responsible for pathologies

Identification of Assembly factors

Combined proteic and genomic approaches leads to identify shared 
or specific subunits in respiratory-complexes

Current works : Characterization of enzymes in Various 
eukaryotes

Eukaryotes have evolved different ATP synthase stator structure that

confers high stability to the complex

protect the active site (proton channel)

modify the shape of membrane and control pmf utilisation

Current works : Relation structure stator/cristae
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Search for ATP synthase subunits by proteomic analysis

V     I               III     IV
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• Acquisition du chloroplaste par endosymbiose

Introduction

Hétérotrophe

Cyanobactérie

Ancêtre photosynthétique

Hétérotrophe

Algue verte
Ancêtre de Euglena gracilis

Noyau

Mitochondrie

Chloroplaste

Endosymbiose primaire

Endosymbiose secondaire

Problématique n°1: Quelles interactions mitochondrie-chloroplaste chez Euglena gracilis ?

Emilie Perez – Rapport 2°année de doctorat (2011-2012)


