
Μοριακοί μητανιζμοί ζηότεσζης 
πρωηεϊνών ζηην εζωηερική 
μεμβράνη και ζηο διαμεμβρανικό 
τώρο ηων μιηοτονδρίων 

 

 

Γηδαθηνξηθή δηαηξηβή                                                     

Νηθόιανπ Πεηξάθε 

 

 

 

 

 

ΠΑΝΔΠΙΣΗΜΙΟ ΚΡΗΣΗ – ΣΜΗΜΑ ΥΗΜΔΙΑ 

ΙΝΣΙΣΟΤΣΟ ΜΟΡΙΑΚΗ ΒΙΟΛΟΓΙΑ ΚΑΙ ΒΙΟΣΔΥΝΟΛΟΓΙΑ 

ΙΓΡΤΜΑ ΣΔΥΝΟΛΟΓΙΑ ΚΑΙ ΔΡΔΤΝΑ 

Ηξάθιεην, 2009 



Μνξηαθνί κεραληζκνί ζηφρεπζεο πξσηεηλψλ ζηελ εζσηεξηθή κεκβξάλε θαη ζην δηακεκβξαληθφ ρψξν ησλ κηηνρνλδξίσλ 

1 

 

 

 

 

 

Σν έξγν ζπγρξεκαηνδνηήζεθε θαηά: 75% ηεο Γεκφζηαο 

Γαπάλεο απφ ηελ Δπξσπατθή Έλσζε – Δπξσπατθφ 

Κνηλσληθφ Σακείν, 25% ηεο Γεκφζηαο Γαπάλεο απφ ην 

Διιεληθφ Γεκφζην – Τπνπξγείν Αλάπηπμεο – Γεληθή 

Γξακκαηεία Έξεπλαο θαη Σερλνινγίαο θαη απφ ηνλ 

Ιδησηηθφ Σνκέα ζην πιαίζην ηνπ Μέηξνπ 8.3 ηνπ Δ.Π. 

Αληαγσληζηηθφηεηα – Γ΄ Κνηλνηηθφ Πιαίζην ηήξημεο. 



Μνξηαθνί κεραληζκνί ζηφρεπζεο πξσηεηλψλ ζηελ εζσηεξηθή κεκβξάλε θαη ζην δηακεκβξαληθφ ρψξν ησλ κηηνρνλδξίσλ 

2 

 

Πίλαθαο Πεξηερνκέλσλ 

 

Πίλαθαο Πεξηερνκέλσλ 2 

Δπραξηζηίεο 7 

Πεξίιεςε 8 

Abstract 9 

Καηάινγνο ρεκάησλ 10 

Καηάινγνο Πηλάθσλ 12 

πληνκνγξαθίεο 13 

Κεθάιαην 1: Δηζαγσγή  16 

1.1  Πξνέιεπζε Μηηνρνλδξίνπ 18 

1.2  ηόρεπζε Πξσηετλώλ ζην Μηηνρόλδξην 19 

1.3  Γηαπέξαζε ηεο εμσηεξηθήο κηηνρνλδξηαθήο κεκβξάλεο κέζσ ηνπ 

θαλαιηνύ ΣΟΜ 20 

1.4  Μεηαζεηάζε ηεο εζσηεξηθήο κεκβξάλεο ΣΙΜ23 22 

1.5  Μνλνπάηη ΣΙΜ22 γηα ηελ εηζαγσγή πξσηετλώλ ζηελ εζσηεξηθή 

κεκβξάλε κε πνιιαπιά δηακεκβξαληθά ηκήκαηα 26 

1.6  πληεξεκέλν κνλνπάηη εηζόδνπ ζηελ εζσηεξηθή κεκβξάλε – Oxa1 

κνλνπάηη.   28 

1.7  ηόρεπζε πξσηετλώλ κε δνκή β-βαξειηνύ ζηελ εμσηεξηθή  

κεκβξάλε 29 

 

1.8  Δηζαγσγή πξσηετλώλ ηεο εμσηεξηθήο κεκβξάλεο πξνζδεκέλσλ κέζσ 

αιιεινπρίαο ζήκαηνο (Signal-anchored proteins) 30 



Μνξηαθνί κεραληζκνί ζηφρεπζεο πξσηεηλψλ ζηελ εζσηεξηθή κεκβξάλε θαη ζην δηακεκβξαληθφ ρψξν ησλ κηηνρνλδξίσλ 

3 

1.9  Δηζαγσγή πξσηετλώλ ζην δηακεκβξαληθό ρώξν κέζσ ηνπ κνλνπαηηνύ 

ηεο νμεηδσηηθήο αλαδίπισζεο (oxidative folding pathway) 31 

1.10  Βηνγέλεζε ησλ κηθξώλ Tim πξσηετλώλ. 35 

1.11  Γνκή ησλ κηθξώλ Tim ζπκπιόθσλ 37 

1.12  ηόρεπζε πξσηετλώλ ζηελ εζσηεξηθή κεκβξάλε κε έλα 

δηακεκβξαληθό ηκήκα θαη ρσξίο ηππηθή αιιεινπρία ζηόρεπζεο. 39 

1.13  ήκαηα ζηόρεπζεο ησλ κηηνρνλδξηαθώλ πξσηετλώλ 40 

1.14  Πξόβιεςε ηεο ζηόρεπζεο πξσηετλώλ ζην κηηνρόλδξην 40 

1.15  Τπνκνλάδα e ηεο κηηνρνλδξηαθήο ATP ζπλζάζεο (Subunit e of the 

F0/F1 ATP – synthase) 41 

Κεθάιαην 2: Τιηθά θαη κέζνδνη. 47 

 2.1  Κισλνπνίεζε πιαζκηδίσλ. 48 

2.2  Μεηαιιαμηγέλεζε ηεο Su e 49 

2.3  Απνκόλσζε κηηνρνλδξίσλ 49 

2.4  Απνκόλσζε αλαζπλδηαζκέλεο Su e-His, ΓN23 Su  e-His, HisTim9 θαη 

HisTim10 από βαθηήξηα. 50 

2.5  Απνκόλσζε Tim10 από βαθηήξηα 51 

2.6  Καζαξηζκόο πξσηετλώλ ΓΝ244Mia40, ΓΝ244Mia40 SPS, 

ΓΝ290Mia40, ΓΝ290Mia40SPS, ΓΝ30Σim10 θαη ΓΝ39Tim10 51 

2.7  Δηζαγσγή ξαδηνζεκαζκέλεο πξσηεΐλεο ζε κηηνρόλδξηα 52 

2.8  Δλζσκάησζε ζε κηηνπιάζηεο 53 

2.9  Παξαζθεπή ιηπνζσκάησλ 53 

2.10  Πξόζδεζε ζηα ιηπνζώκαηα 53 

2.11  In vitro πξόζδεζε ζε ζθαηξίδηα ληθειίνπ-αγαξόδεο  



Μνξηαθνί κεραληζκνί ζηφρεπζεο πξσηεηλψλ ζηελ εζσηεξηθή κεκβξάλε θαη ζην δηακεκβξαληθφ ρψξν ησλ κηηνρνλδξίσλ 

4 

(Ni-NTA Beads) 54 

2.12  Μέζνδνο ζπζηνηρίαο πεπηηδίσλ 55 

2.13  Τπνινγηζηηθέο κέζνδνη 55 

2.14  Φαζκαηνζθνπία θζνξηζκνύ 56 

Κεθάιαην 3:  Μειέηε ηεο ζηόρεπζεο θαη ηεο εηζαγσγήο ηεο ππνκνλάδαο e ηεο 

κηηνρνλδξηαθήο ΑΣΡ ζπλζάζεο ζηελ εζσηεξηθή κηηνρνλδξηαθή κεκβξάλε σο έλα 

παξάδεηγκα πξσηεΐλεο κε έλα δηακεκβξαληθό ηκήκα θαη ρσξίο ηππηθό ζήκα 

ζηόρεπζεο. 57 

3.1  Δηζαγσγή 58 

3.2  Απνηειέζκαηα 58 

3.2.1  Η Su e  ειζάγεηαι ζηα μιηοσόνδπια και πποζδένεηαι ζηην εζυηεπική 

μεμβπάνη παποςζία βαθμίδυζηρ δςναμικού (+ΔΨ). 58 

3.2.2  Η Su e μποπεί να ενζυμαηυθεί απεςθείαρ ζηην εζυηεπική μιηοσονδπιακή 

μεμβπάνη 60 

3.2.3  Η Su e μποπεί να ειζασθεί ζε λιποζώμαηα θυζθαηιδςλοσολίνηρ 61 

3.2.4  Το  αμινοηελικό ημήμα ηηρ ςπομονάδαρ e πεπιέσει ηη πληποθοπία για ηη 

ζηόσεςζή ηηρ ζηην εζυηεπική μιηοσονδπιακή μεμβπάνη.  Το θοπηίο ζηη θέζη 8 

είναι ζημανηικό. 62 

3.2.5  Αναγνώπιζη ηηρ Su e  από ηον ςποδοσέα ηηρ εξυηεπικήρ μεμβπάνηρ 

Tom20 με βάζη ηη δομή ηος. 65 

3.2.6  Το αμινοηελικό ημήμα ηηρ Su e  πποζδένεηαι ζηη ππυηεΐνη Tim10 και ζηο 

ζύμπλοκο ΤΙΜ9.10 66 

3.2.7  Πποζδιοπιζμόρ ππυηεφνών ηος μιηοσονδπίος με ηα σαπακηηπιζηικά ηηρ 

Su e 69 

3.3  πδήηεζε  69 



Μνξηαθνί κεραληζκνί ζηφρεπζεο πξσηεηλψλ ζηελ εζσηεξηθή κεκβξάλε θαη ζην δηακεκβξαληθφ ρψξν ησλ κηηνρνλδξίσλ 

5 

Κεθάιαην 4:  Πξνζδηνξηζκόο ηνπ ζήκαηνο εληνπηζκνύ ζην δηακεκβξαληθό ρώξν 

κέζσ ηνπ κνλνπαηηνύ ηεο Mia40 73 

 4.1  Δηζαγσγή 74 

4.2  Απνηειέζκαηα 75 

4.2.1  Το εννιαπεπηίδιο πος βπίζκεηαι ππιν από ηη ππώηη κςζηεΐνη ηηρ Tim10 

είναι ζημανηικό για ηη ππόζδεζη ηηρ Tim10 ζηη Mia40. 75 

4.2.2  Το εννιαπεπηίδιο πος βπίζκεηαι ππιν από ηη ππώηη κςζηεΐνη ηηρ Tim10 

ανηιδπά με ηην οξειδυμένη μοπθή ηηρ Mia40 και ηην ανάγει 77 

4.2.3  Οι μικπέρ Tim ππυηεΐνερ έσοςν κοινά σαπακηηπιζηικά ζηην αλληλοςσία 

ηοςρ ππιν ηη ππώηη κςζηεΐνη ηηρ αλληλοςσίαρ ηοςρ πος δποςν υρ ζήμα για ηην 

αναγνώπιζή ηοςρ από ηη Mia40. 79 

4.2.4  Το ζήμα ζηόσεςζηρ ηηρ Cox17 βπίζκεηαι ζηο ημήμα πος βπίζκεηαι μεηά 

ηην ηπίηη κςζηεΐνη 80 

4.2.5  Ππόβλετη ηυν πιθανών ζημάηυν ζηόσεςζηρ ζηη Mia40 ηυν γνυζηών 

ςποζηπυμάηυν ηηρ 81 

4.3  πδήηεζε 84 

Κεθάιαην 5:  Γεληθά ζπκπεξάζκαηα 86 

Κεθάιαην 6:  Βηβιηνγξαθία 89 

Παξάξηεκα:  Γεκνζηεύζεηο 

Ι.  Mutation of conserved charged residues in mitochondrial TIM10 subunits 

precludes TIM10 complex assembly, but does not abolish growth of yeast cells. 

Vergnolle MA, Alcock FH, Petrakis N, Tokatlidis K. 

J Mol Biol. 2007 Aug 31;371(5):1315-24 

 

ΙΙ.  MITOCHONDRIAL ATP-INDEPENDENT CHAPERONES 

Nikos Petrakis, Felicity Alcock and Kostas Tokatlidis 

IUBMB Life, 2009, 61(9):909-14 

 

 



Μνξηαθνί κεραληζκνί ζηφρεπζεο πξσηεηλψλ ζηελ εζσηεξηθή κεκβξάλε θαη ζην δηακεκβξαληθφ ρψξν ησλ κηηνρνλδξίσλ 

6 

III.  Import in mitochondria of subunit e of F0/F1 ATP synthase as an example of 

a single membrane domain protein of the inner membrane without any typical 

presequence. 

Nikos Petrakis and Kostas Tokatlidis 

J Biol Chem.  2009, Submitted 

 

IV.  A novel targeting signal primes precursors for cysteine docking onto Mia40 

in mitochondrial oxidative folding  

Dionisia P. Sideris, Nikos Petrakis, Nitsa Katrakili1, Despina Mikropoulou, Angelo 

Gallo, Simone Ciofi-Baffoni, Lucia Banci, Ivano Bertini and Kostas Tokatlidis 

J Cell Biol. 2009, accepted 



Μνξηαθνί κεραληζκνί ζηφρεπζεο πξσηεηλψλ ζηελ εζσηεξηθή κεκβξάλε θαη ζην δηακεκβξαληθφ ρψξν ησλ κηηνρνλδξίσλ 

7 

Δπραξηζηίεο 

 

Η παξνχζα εξγαζία δελ ζα κπνξνχζε λα είρε πξαγκαηνπνηεζεί ρσξίο ηε βνήζεηα θαη 

ηε ζπκπαξάζηαζε πνιιψλ αλζξψπσλ.  Πξψηα απφ φινπο, ζα ήζεια λα επραξηζηήζσ 

ηνλ θαζεγεηή Κψζηα Σνθαηιίδε πνπ κε δέρηεθε ζην εξγαζηήξηφ ηνπ θαη γηα ηε 

θαζνδήγεζή ηνπ θαηά ηε δηάξθεηα ηνπ δηδαθηνξηθνχ κνπ.  Αθφκε, ηνλ θαζεγεηή 

Αζαλάζην Κνπηζνιέιν θαη ηελ Παλαγηψηα Πντξάδε, γηα ηε ζπκκεηνρή ηνπο ζηε 

ηξηκειή κνπ επηηξνπή.  Δπραξηζηψ ζεξκά ηα φια παηδηά πνπ ζπκπέζακε ζην 

εξγαζηήξην γηα ηελ επράξηζηε αηκφζθαηξα θαη ηελ άςνγε ζπλεξγαζία θαη εηδηθά ηε 

Νίηζα Καηξαθίιε, ηε Σδέλε ηδέξε, ηελ Δηξήλε Ληνλάθε θαη ηε Βαγγειηψ 

Γξηζκπνιάθε πνπ πεξάζακε ην κεγαιχηεξν κέξνο καδί, φπσο επίζεο φινπο ηνπο 

θνηηεηέο θαη εξγαδφκελνπο ζην Ιλζηηηνχην Μνξηαθήο Βηνινγίαο θαη ζην Σκήκα 

Υεκείαο.  Δπραξηζηψ ηδηαηηέξσο ηηο Felicity Alcock θαη Carin de Marcos γηα ηε 

θαζνδήγεζε θαη ηελ ππνκνλή ηνπο θαηά ην μεθίλεκά κνπ ζην εξγαζηήξην.  Θα ήζεια 

επίζεο λα επραξηζηήζσ ηε Γεληθή Γξακκαηεία Έξεπλαο θαη Σερλνινγίαο θαη ην 

Ιλζηηηνχην Μνξηαθήο Βηνινγίαο θαη Βηνηερλνινγίαο ηνπ ΙΣΔ γηα ηε ρξεκαηνδφηεζε 

πνπ κνπ παξείρε.  Αθφκε, επραξηζηψ ηνπο θίινπο κνπ, γηα ηελ εηιηθξηλή 

ζπκπαξάζηαζε πνπ κνπ παξείραλ φια απηά ηα ρξφληα.  Σέινο, επραξηζηψ ηνπο γνλείο 

κνπ, Λεσλίδα θαη Μαξία θαη φιε ηελ νηθνγέλεηά κνπ γηα ηελ ππνζηήξημή ηνπο θαηά 

ηε δηάξθεηα ηνπ δηδαθηνξηθνχ κνπ θαη θαζ’ φιε ηε δηάξθεηα ησλ ζπνπδψλ κνπ. 
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Πεξίιεςε 

 

Σν κηηνρφλδξην ζηνλ ζαθραξνκχθεηα Saccharomyces cerevisiae πεξηέρνπλ 

πεξηζζφηεξεο απφ 900 δηαθνξεηηθέο πξσηεΐλεο.  Απφ απηέο ε πιεηνλφηεηα ζπληίζεηαη 

ζην θπηηαξφπιαζκα, κεηαθέξεηαη ζην κηηνρφλδξην θαη ζηνρεχεηαη ζην θαηάιιειν 

ππνκηηνρνλδξηαθφ δηακέξηζκα κέζσ ελφο πνιχπινθνπ κεραληζκνχ πνπ πεξηιακβάλεη 

πνιιά δηαθνξεηηθά πξσηετληθά ζχκπινθα.  Γηαθνξεηηθέο θαηεγνξίεο κηηνρνλδξηαθψλ 

πξσηετλψλ αθνινπζνχλ δηαθνξεηηθά κνλνπάηηα ζηφρεπζεο ζην κηηνρφλδξην.  

Πνιιά δηαθνξεηηθά κνλνπάηηα ζηφρεπζεο ζην κηηνρφλδξην έρνπλ κειεηεζεί, ιίγα 

είλαη φκσο γλσζηά γηα ην κνλνπάηη ελζσκάησζεο ζηελ εζσηεξηθή κεκβξάλε ηνπ 

κηηνρνλδξίνπ πξσηετλψλ ηεο εζσηεξηθήο κεκβξάλεο κε έλα δηακεκβξαληθφ ηκήκα θαη 

ρσξίο ηππηθή αιιεινπρία ζηφρεπζεο.  ηε παξνχζα εξγαζία κειεηήζακε ηελ 

εηζαγσγή ζην κηηνρφλδξην θαη ηελ ελζσκάησζε ζηε κεκβξάλε ηεο ππνκνλάδαο e ηεο 

F0/F1 ATP ζπλζάζεο (Su e) σο παξάδεηγκα απηήο ηεο θαηεγνξίαο πξσηετλψλ.  

Βξέζεθε φηη ην κνλνπάηη ζηφρεπζεο ηεο Su e  εμαξηάηαη απφ ηηο κηθξέο Tim 

πξσηεΐλεο ηνπ δηακεκβξαληθνχ ρψξνπ ελψ ε εηζαγσγή ηεο ζηε κεκβξάλε κπνξεί λα 

γίλεη απνπζία ησλ γλσζηψλ ζπκπιφθσλ πνπ ελζσκαηψλνπλ πξσηεΐλεο ζηελ 

εζσηεξηθή κεκβξάλε.  Αθφκε, βξέζεθε ην ζήκα ζηφρεπζεο ηεο πξσηεΐλεο ζην 

ακηλνηειηθφ ηκήκα ηεο πξσηεΐλεο θαζψο επίζεο φηη ην ζεηηθφ θνξηίν ζηε ζέζε 8 ηεο 

αιιεινπρίαο είλαη απαξαίηεην γηα ηε ζηφρεπζε ηεο πξσηεΐλεο ζην κηηνρφλδξην.   

Παξάιιεια, κειεηήζεθε ην ζήκα ζηφρεπζεο ησλ ππνζηξσκάησλ ηεο Mia40, ηεο 

νμεηδάζεο πνπ αλαδηπιψλεη ηηο πξσηεΐλεο ζην δηακεκβξαληθφ ρψξν θαη ν κεραληζκφο 

πξφζδεζεο απηψλ ησλ ππνζηξσκάησλ ζηε Mia40.  Σν ζήκα ζηφρεπζεο γηα ηε 

πξσηεΐλε Tim10 βξίζθεηαη ζηα ακηλνμέα 30 σο 39 ηεο αιιεινπρίαο. Απηφ ην ζήκα 

ζηφρεπζεο πξνζδέλεηαη ζηε Mia40 κέζσ πδξφθνβσλ αιιειεπηδξάζεσλ.  Η 

αιιεινπρία απηή είλαη ηθαλή λα ζηνρεχζεη ζηε Mia40 πξσηεΐλεο πνπ δελ είλαη 

θπζηνινγηθά ππνζηξψκαηα ηεο Mia40.   
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Abstract 

Mitochondria from the yeast Saccharomyces cerevisiae contain more than 900 

different proteins.  Most of those are synthesized to the cytosol and they have to be 

targeted to the right submitochondrial compartment via a very complex mechanism 

which is consisted of many different protein complexes.  Different types of protein are 

targeted to the mitochondrion via different import pathways. 

Many different import pathways are well-studied, but very little is known about the 

insertion pathway to the inner membrane of proteins with one transmembrane domain 

and without a typical presequence.  In the current work, we studied the import and the 

insertion to the membrane of Subunit e of the F0/F1 ATP synthase (Su e) as an 

example of inner membrane protein with one transmembrane domain without a 

typical presequence.  We found that its import pathway includes small Tim 

chaperones of the intermembrane space and that its insertion to the membrane can be 

performed without the presence of any of the known complexes that insert proteins to 

the inner membrane.  Also, we found that the targeting signal is at the N-terminal part 

of the protein and that the positive charge at position 8 is very important for its 

import.   

Furthermore, we studied the targeting signal Mia40 substrates to Mia40, the oxidase 

which folds the proteins to the intermembrane space.  The targeting signal to the 

intermembrane space of Tim10 is at aminoacids 30 to 39 to its sequence and that 

sequence binds the proteins to Mia40 via hydrophobic interactions.  This sequence 

can target non physiological substrates to Mia40.  Also, the prerequisites of a 

sequence to be a targeting signal for Mia40 were found, giving us the ability to predict 

the targeting to Mia40. 
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Tν επθαξπσηηθφ θχηηαξν, ζε αληίζεζε κε ην πξνθαξπσηηθφ, απνηειείηαη απφ 

δηαθνξεηηθά κέξε, ηα νπνία πεξηβάιινληαη απφ ιηπηδηθέο κεκβξάλεο, ηα νξγαλίδηα.  

ε απηά πεξηιακβάλνληαη ηνπο ππξήλεο, ηα κηηνρφλδξηα, ην ελδνπιαζκαηηθφ δίθηπν 

θαη ηα ππεξνμπζψκαηα (ζρήκα 1.1).  Σα κηηνρφλδξηα είλαη ηα νξγαλίδηα ηνπ θπηηάξνπ 

ζηα νπνία παξάγεηαη ε πιεηνλφηεηα ηνπ ΑΣΡ πνπ ρξεηάδεηαη έλα θχηηαξν γηα ηε 

ιεηηνπξγία ηνπ.  Αθφκε, ηα κηηνρφλδξηα παίδνπλ ζεκαληηθφ ξφιν θαη ζε άιιεο 

βηνινγηθέο ιεηηνπξγίεο, φπσο ε απφπησζε, ε ξχζκηζε ηεο νμεηδσηηθήο θαηάζηαζεο 

ηνπ θπηηάξνπ, θαη ε ζχλζεζε ηεο αίκεο θαη ησλ ζηεξνεηδψλ.  Δμειηθηηθά, πηζαλφηαηα 

πξνήιζαλ απφ ηελ ελζσκάησζε ελφο ελδνζπκβησηηθνχ βαθηεξίνπ, θαη πεξηέρνπλ ην 

δηθφ ηνπο γνληδίσκα νπφηε κπνξνχλ θαη ζπλζέηνπλ κφλα ηνπο θάπνηεο απφ ηηο 

πξσηεΐλεο ηνπο. Δίλαη παξφληα ζηνπο πεξηζζφηεξνπο επθαξπσηηθνχο νξγαληζκνχο 

φπσο νη κχθεηεο, ηα θπηά θαη ηα δψα.  ηνλ άλζξσπν, ε δπζιεηηνπξγία ησλ 

κηηνρνλδξίσλ είλαη εκπιεγκέλε ζε δηάθνξεο αζζέλεηεο, ζπκπεξηιακβαλφκελνπ ηνπ 

θαξθίλνπ (Armstrong 2006), φπσο επίζεο ζηνπο κεραληζκνχο γήξαλζεο (Reeve, 

Krishnan et al. 2008) θαη θπηηαξηθνχ ζαλάηνπ (Green and Kroemer 2004).  Σα 

παξαπάλσ θάλνπλ ηε κειέηε ηεο ιεηηνπξγίαο θαη ηεο βηνγέλεζεο ηνπ κηηνρνλδξίνπ 

ηδηαίηεξα ζεκαληηθή. 

 

 

ρήκα 1.1.  ρεκαηηθή αλαπαξάζηαζε ηππηθνχ επθαξπσηηθνχ θπηηάξνπ 
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ρήκα 1.2.  Σν κηηνρφλδξην απνηειείηαη απφ δηάθνξα δηαθνξεηηθά δηακεξίζκαηα.  Σελ εμσηεξηθή 

κεκβξάλε, ηελ εζσηεξηθή κεκβξάλε, ηνλ δηακεκβξαληθφ ρψξν θαη ηε κήηξα.  Η εζσηεξηθή κεκβξάλε 

θέξεη αλαδηπιψζεηο (θξίζηα).  Σν κηηνρφλδξην έρεη ην δηθφ ηνπ DNA. 

 

1.1  Πξνέιεπζε Μηηνρνλδξίνπ 

Σν κηηνρφλδξην πηζαλφηαηα έρεη πξνέιζεη απφ έλα πξνθαξπσηηθφ βαθηήξην ην 

νπνίν εηζέβαιιε κέζα ζε έλα επθαξπσηηθφ θχηηαξν πεξίπνπ πξηλ απφ έλα 

δηζεθαηνκκχξην ρξφληα.  Σα δχν θχηηαξα αλέπηπμαλ ελδνζπκβησηηθή  ζρέζε θαη κε 

ηνλ θαηξφ έραζαλ ηελ απηνλνκία ηνπο (Gray, Burger et al. 1999).  Σν κεγαιχηεξν 

κέξνο ηνπ γνληδηψκαηνο ηνπ βαθηεξίνπ κεηαθέξζεθε ζηαδηαθά ζηνλ ππξήλα ηνπ 

θπηηάξνπ θαη ελζσκαηψζεθε ζην γνληδίσκα ηνπ επθαξησηηθνχ νξγαληζκνχ.  Η 

πξνέιεπζε ηνπ κηηνρνλδξίνπ απφ βαθηήξην είλαη θαλεξή απφ ηε δνκή θαη ηε 

ιεηηνπξγία ηνπ.  Σν κηηνρφλδξην δηαηεξεί ην δηθφ ηνπ γνληδίσκα, παξφιν πνπ 

θσδηθνπνηεί κηθξφ κφλν κέξνο απφ ηηο κηηνρνλδξηαθέο πξσηεΐλεο.  Πνιιά απφ ηα 

ραξαθηεξηζηηθά ηνπ κηηνρνλδξηαθφ DNA ζπκίδνπλ έληνλα ην βαθηεξηαθφ.  

Πεξηθιείεηαη απφ δηπιή κεκβξάλε, φπσο ηα gram
-
 βαθηήξηα κε δηακεκβξαληθφ ρψξν 

κεηαμχ ησλ δχν κεκβξαλψλ.  Αθφκε, αξθεηέο απφ ηηο πξσηεΐλεο  ηνπ κηηνρνλδξίνπ 

είλαη νκφινγεο ηφζν ζηε δνκή φζν θαη ζηε ιεηηνπξγία κε βαθηεξηαθέο. 
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1.2  ηόρεπζε Πξσηετλώλ ζην Μηηνρόλδξην 

ηνλ ζαθραξνκχθεηα Saccharomyces cerevisiae (καγηά – Baker’s Yeast), ν 

νξγαληζκφο-πξφηππν γηα ηε κειέηε ηνπ ζπζηήκαηνο ζηφρεπζεο πξσηετλψλ πνπ έρεη 

κειεηεζεί πεξηζζφηεξν, έρνπλ βξεζεί πεξηζζφηεξεο απφ 900 πξσηεΐλεο λα βξίζθνληαη 

ζην κηηνρφλδξην (Sickmann, Reinders et al. 2003; Reinders, Zahedi et al. 2006).  Απφ 

απηέο κφλν νη νθηψ θσδηθνπνηνχληαη απφ ην κηηνρνλδξηαθφ DNA, ελψ νη ππφινηπεο 

θσδηθνπνηνχληαη απφ ππξεληθά γνλίδηα, ζπληίζεληαη ζην θπηηαξφπιαζκα θαη θαηφπηλ 

κεηαθέξνληαη ζην κηηνρφλδξην κε ηε βνήζεηα θπηηαξνπιαζκαηηθψλ πξσηετλψλ-

ζπλνδψλ (chaperones - ζαπεξφλεο) (Lithgow, Cuezva et al. 1997), φπνπ ζηνρεχνληαη 

ζην ζσζηφ κηηνρνλδξηαθφ ηκήκα.   Σν κηηνρφλδξην απνηειείηαη απφ δχν κεκβξάλεο, ε 

κία κέζα ζηελ άιιε, κε έλαλ ελδηάκεζν δηακεκβξαληθφ ρψξν.  Σν εζσηεξηθφ κέξνο 

πνπ πεξηθιείεηαη απφ ηελ εζσηεξηθή κεκβξάλε, θαη ζην νπνίν ιακβάλνπλ ρψξα νη 

θπξίσο κεηαβνιηθέο ιεηηνπξγίεο ηνπ κηηνρνλδξίνπ φπσο ν θχθινο ηνπ θηηξηθνχ νμένο 

νλνκάδεηαη κήηξα (ρήκα 1.2).  Κάζε κέξνο ηνπ κηηνρνλδξίνπ έρεη ηε δηθή ηνπ 

μερσξηζηή ιεηηνπξγία θαη ηηο δηθέο ηνπ μερσξηζηέο πξσηεΐλεο.  Οπφηε, έρεη 

αλαπηπρζεί έλαο πνιχπινθνο κεραληζκφο γηα λα ηαμηλνκεί ηηο δηαθνξεηηθέο πξσηεΐλεο 

ζηα δηαθνξεηηθά ηκήκαηα, ηελ εμσηεξηθή κεκβξάλε, ην δηακεκβξαληθφ ρψξν, ηελ 

εζσηεξηθή κεκβξάλε θαη ηε κήηξα (Neupert and Herrmann 2007).   
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ρήκα 1.3.  Σν θαλάιη ΣΟΜ ηεο εμσηεξηθήο κεκβξάλεο.  Οη  ππνδνρείο πνπ είλαη εθηεζεηκέλνη ζην 

θπηηαξφπιαζκα (Tom70, Tom20 θαη Tom22) δεζκεχνπλ ηε πξφδξνκε πξσηεΐλε θαη ηελ νδεγνχλ ζην 

θαλάιη πνπ ζρεκαηίδεηαη απφ ηε Tom40.  Οη κηθξέο ΣΟΜ πξσηεΐλεο (Tom5, Tom6 θαη Tom7) είλαη 

ελζσκαησκέλεο ζηελ εμσηεξηθή κεκβξάλε. 

 

1.3  Γηαπέξαζε ηεο εμσηεξηθήο κηηνρνλδξηαθήο κεκβξάλεο κέζσ ηνπ θαλαιηνύ 

ΣΟΜ 

ηελ εμσηεξηθή κεκβξάλε ησλ κηηνρνλδξίσλ, νη πξσηεΐλεο πνπ πξννξίδνληαη 

γηα ην κηηνρφλδξην αλαγλσξίδνληαη απφ πξσηεΐλεο-ππνδνρείο.  Τπάξρνπλ ηξεηο θχξηνη 

ππνδνρείο ηεο εμσηεξηθήο κεκβξάλεο, ν Tom70 θαη ν Tom20 θαη ν Tom22 (Endo and 

Kohda 2002).  Ο Tom70 είλαη κία δηακεκβξαληθή πξσηεΐλε ηεο εμσηεξηθήο 

κεκβξάλεο κεγέζνπο 70 kDa κε ην κεγαιχηεξν κέξνο ηεο λα εμέρεη ζην 

θπηηαξφπιαζκα (Hase, Riezman et al. 1983; Hines, Brandt et al. 1990).  Ο ππνδνρέαο 

απηφο πξνζδέλεη θαη βνεζάεη ηελ εηζαγσγή ζην κηηνρφλδξην θπξίσο πξσηεΐλεο ηεο 

νηθνγέλεηαο ησλ κεηαθνξέσλ κεηαβνιηηψλ (metabolite carrier family), νη νπνίεο 

πεξηέρνπλ εζσηεξηθφ ζήκα ζηφρεπζεο (Schlossmann, Dietmeier et al. 1994), 

παξαιακβάλνληάο ηηο απφ ηηο θπηηαξνπιαζκαηηθέο ζαπεξφλεο θαη πξνζδέλνληάο ηηο 

ζε κία κεγάιε θνηιφηεηα ζην θαξβνμπ-ηειηθφ ηκήκα ηεο πξσηεΐλεο (Wu and Sha 

2006).  Ο ππνδνρέαο Tom20 είλαη κία πξσηεΐλε πξνζδεκέλε ζηελ εμσηεξηθή 

κεκβξάλε κεγέζνπο 20 kDa.  Σν θπηηαξνπιαζκαηηθφ ηκήκα ηεο πξσηεΐλεο έρεη ηελ 

ηθαλφηεηα λα πξνζδέλεη πξφδξνκεο κηηνρνλδξηαθέο πξσηεΐλεο κε αιιεινπρίεο 

ζηφρεπζεο (presequences), ζε κία πδξφθνβε θνηιφηεηα ηεο πξσηεΐλεο.  Ο Tom20 έρεη 

ηελ ηθαλφηεηα λα μερσξίδεη κηηνρνλδξηαθέο αιιεινπρίεο ζηφρεπζεο απφ αιιεινπρίεο 

ζηφρεπζεο γηα άιια νξγαλίδηα (Abe, Shodai et al. 2000; Muto, Obita et al. 2001; 

Obita, Muto et al. 2003).   Ο Tom22, δξα ζπλεξγαηηθά κε ηελ Tom20 αλαγλσξίδνληαο 
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ηα θνξηία ηεο αιιεινπρίαο ζηφρεπζεο (Yano, Hoogenraad et al. 2000). Μεηά ηελ 

αλαγλψξηζε ηεο πξφδξνκεο πξσηεΐλεο απφ ηνπο ππνδνρείο ηεο εμσηεξηθήο 

κεκβξάλεο, ε πξσηεΐλε Tom5 αλαιακβάλεη ηε κεηαθνξά ηεο απφ ηνπο ππνδνρείο ζην 

θεληξηθφ θαλάιη εηζφδνπ (Dietmeier, Honlinger et al. 1997; van Wilpe, Ryan et al. 

1999). 

Μεηά ηελ αλαγλψξηζή ηνπο απφ ηνπο ππνδνρείο, νη πξφδξνκεο κηηνρνλδξηαθέο 

πξσηεΐλεο κεηαθέξνληαη ζην θεληξηθφ θαλάιη εηζφδνπ TOM (Translocase of the 

Outer Membrane) (ρήκα 1.3).  Σν θαλάιη εηζφδνπ ΣΟΜ απνηειείηαη απφ ην 

θεληξηθφ θαλάιη εηζφδνπ Tom40  θαη απφ ηηο κηθξέο Tom πξσηεΐλεο Tom5, Tom6 θαη 

Tom7.  Ο ξφινο ηεο Tom5, φπσο πξναλαθέξζεθε, είλαη πηζαλφηαηα λα νδεγεί ηηο 

πξφδξνκεο πξσηεΐλεο απφ ηνπο ππνδνρείο ζην θαλάιη.  Γηα ηηο άιιεο κηθξέο Tom 

πξσηεΐλεο έρεη πξνηαζεί φηη έρνπλ ξφιν ζηε δηαηήξεζε ηεο ζπλνρήο ηνπ θαλαιηνχ 

ΣΟΜ, ρσξίο λα είλαη πιήξσο γλσζηφο ν ξφινο ηνπο (Dembowski, Kunkele et al. 

2001).  Σν θεληξηθφ θαλάιη Σom40 είλαη κία πξσηεΐλε κε δνκή β-βαξειηνχ (β-barrel), 

ε νπνία ζρεκαηίδεη έλα πδξφθηιν πφξν κέζσ ηνπ νπνίνπ νη απνδηαηαγκέλεο ή 

κεξηθψο αλαδηπισκέλεο πξφδξνκεο πξσηεΐλεο εηζάγνληαη ζην κηηνρφλδξην (Hill, 

Model et al. 1998; Ahting, Thieffry et al. 2001; Esaki, Kanamori et al. 2003). 
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ρήκα 1.4.  Δηζαγσγή πξσηεΐλεο ζηε κηηνρνλδξηαθή κήηξα.  a. Η Tim50 δξα σο ππνδνρέαο θαη νδεγεί 

ηε πξφδξνκε πξσηεΐλε ζην θαλάιη ηνπ TIM23.  b. Σν θαλάιη εηζάγεη ην ακηλνηειηθφ ηκήκα ηεο 

πξσηεΐλεο.  c. Σν PAM ζχκπινθν παξαιακβάλεη ηε πξφδξνκε πξσηεΐλε.  d. Η mtHsp70 ρξεζηκνπνηεί 

ηελ πδξφιπζε ηνπ ATP γηα λα ηξαβήμεη ηε πξσηεΐλε ζηε κήηξα. e. Η πξσηεάζε ηεο κήηξαο MPP θφβεη 

ην ζήκα ζηφρεπζεο θαη ε Mge1 αληαιιάζεη ην ADP κε ATP ζηελ mtHsp70 (Neupert and Herrmann 

2007).  

 

1.4  Μεηαζεηάζε ηεο εζσηεξηθήο κεκβξάλεο ΣΙΜ23 

Μεηά ηε κεηαθνξά ηνπο δηακέζσ ηεο εμσηεξηθήο κεκβξάλεο απφ ην θαλάιη 

ΣΟΜ, ε θάζε πξφδξνκε πξσηεΐλε αθνινπζεί ην δηθφ ηεο κνλνπάηη ζηφρεπζεο 

αλάινγα ην κηηνρνλδξηαθφ δηακέξηζκα γηα ην νπνίν πξννξίδεηαη θαη αλάινγα κε ηηο 

ηδηφηεηέο ηεο.  Μεγάιν κέξνο απφ ηηο πξφδξνκεο κηηνρνλδξηαθέο πξσηεΐλεο κεηά ην 

ΣΟΜ, πεξλάλε ζην ζχκπινθν ηεο εζσηεξηθήο κεκβξάλεο TIM23 (Translocase of the 

Inner Membrane) (ζρήκα 1.4).  Σν ΣΙΜ23 απνηειείηαη απφ δχν κέξε, ην κεκβξαληθφ 

κέξνο πνπ ην απαξηίδνπλ νη πξσηεΐλεο Tim21, Tim50, Tim23 θαη Tim17, θαη ην 

ζχκπινθν PAM (Presequence-translocase-Associated import Motor complex) πνπ 

απνηειείηαη απφ ηελ Tim44, Tim14, Tim16, mtHsp70 θαη Mge1 ζηε πιεπξά ηεο 

κήηξαο (Neupert and Herrmann 2007).  Γηα ηε ιεηηνπξγία ηνπ ην ΣΙΜ23 αληιεί 

ελέξγεηα απφ ην ειεθηξηθφ δπλακηθφ δηακέζσ ηεο εζσηεξηθήο κεκβξάλεο (ΓΦ) 

(Bauer, Sirrenberg et al. 1996) θαη ηελ πδξφιπζε ηνπ ATP.  Σν κεκβξαληθφ ηκήκα 

ηνπ ΣΙΜ23 παξαιακβάλεη ηηο πξσηεΐλεο απφ ην ΣΟΜ ζχκπινθν θαη ηηο κεηαθέξεη 

δηακέζσ ηεο κεκβξάλεο, ελψ ην ζχκπινθν PAM δξα σο κεραλή πνπ ηξαβάεη ηηο 

πξσηεΐλεο κέζα ζηε κήηξα, ρξεζηκνπνηψληαο σο ελέξγεηα ηελ πδξφιπζε ηνπ ATP 

(Kubrich, Keil et al. 1994).  Η δηαδηθαζία απηή ππνβνεζείηαη απφ ηε δηαθνξά 

δπλακηθνχ κεηαμχ ηεο κήηξαο θαη ηνπ δηακεκβξαληθνχ ρψξνπ ησλ κηηνρνλδξίσλ 
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(ΓΦ).  Μεηά ηελ εηζαγσγή ηνπο κέζα ζηε κήηξα, ην ζήκα ζην ακηλνηειηθφ ηνπο 

θνκκάηη απνθφπηεηαη απφ ηελ πεπηηδάζε MPP.  Όπσο πξναλαθέξζεθε, ην 

κεκβξαληθφ ηκήκα ηεο ΣΙΜ23 απνηειείηαη απφ ηέζζεξηο πξσηεΐλεο.  Απφ απηέο ε 

Tim23 θαη Tim17 είλαη βπζηζκέλεο ζηελ εζσηεξηθή κεκβξάλε κε ηέζζεξα 

δηακεκβξαληθά ηκήκαηα ε θάζε κία θαη ζρεκαηίδνπλ ην βαζηθφ θαλάιη εηζαγσγήο 

(Bomer, Rassow et al. 1996; Truscott, Kovermann et al. 2001).  Ο αθξηβήο ξφινο ηεο 

θάζε κίαο ζηε δηαδηθαζία δελ είλαη αθφκε μεθάζαξε.  Η Tim50 έρεη έλα 

δηακεκβξαληθφ ηκήκα πνπ ηε πξνζδέλεη ζηελ εζσηεξηθή κεκβξάλε θαη έλα 

εθηεζεηκέλν ζην δηακεκβξαληθφ ρψξν ηκήκα.  Ο ξφινο ηεο είλαη λα δξα ζαλ 

ππνδνρέαο πνπ παξαιακβάλεη ηηο πξφδξνκεο πξσηεΐλεο θαη ηηο πεξλάεη ζην θαλάιη 

(Mokranjac, Sichting et al. 2009; Tamura, Harada et al. 2009).  Δπίζεο, έρεη ξφιν ζηε 

ξχζκηζε ηεο δηαπεξαηφηεηαο ηνπ θαλαιηνχ (Meinecke, Wagner et al. 2006).  Γηα ην 

ξφιν ηεο Tim21 ιίγα είλαη γλσζηά.  Έρεη δεηρζεί πσο δξα σο ζχλδεζκνο κεηαμχ ηνπ 

θαλαιηνχ ΣΟΜ ηεο εμσηεξηθήο κεκβξάλεο θαη ηνπ ΣΙΜ23 (Chacinska, Lind et al. 

2005; Mokranjac, Popov-Celeketic et al. 2005).  Δπίζεο, έρεη δεηρζεί ε χπαξμε δχν 

δηαθνξεηηθψλ κνξθψλ ηνπ ΣΙΜ23, κία ρσξίο ηελ Tim21 κε ην PAM ζχκπινθν 

πξνζδεκέλν, πνπ εηζάγεη ηηο πξσηεΐλεο ζηε κήηξα θαη κία κε ηελ Tim21, ρσξίο ην 

PAM ζχκπινθν πξνζδεκέλν πνπ εηζάγεη ηηο πξσηεΐλεο ζηελ εζσηεξηθή κεκβξάλε ηνπ 

κηηνρνλδξίνπ (van der Laan, Meinecke et al. 2007).   

Σν κεκβξαληθφ ηκήκα ηεο ΣΙΜ23 κπνξεί εηζάγεη κφλν ην αθξαίν ηκήκα ηνπ 

ακηλνηειηθνχ άθξνπ ηεο πξφδξνκεο πξσηεΐλεο ζηε κήηξα.  Μεηά αλαιακβάλεη ην 

ζχκπινθν PAM ην νπνίν βξίζθεηαη ζηελ εζσηεξηθή κηηνρνλδξηαθή κεκβξάλε απφ ηε 

πιεπξά ηεο κήηξαο.  Σν θεληξηθφ ηκήκα ηεο PAM απνηειείηαη απφ ηε πξσηεΐλε 

Tim44, ε νπνία ζπλδέεη ηηο δηάθνξεο ππνκνλάδεο ηεο Pam κε ηελ Tim23 (Bomer, 

Maarse et al. 1998; Strub, Rottgers et al. 2002).  Δπίζεο έρεη ξπζκηζηηθφ ξφιν γηα ηελ 

mtHsp70 (Schiller, Cheng et al. 2008).  H mtHsp70 είλαη ε κηηνρνλδξηαθή αλάινγε 

πξσηεΐλε ηεο Hsp70. Ο ξφινο ηεο Hsp70 ζην κα είλαη λα παξαιακβάλεη ηηο 

λενζπληηζέκελεο απφ ην ξηβφζσκα θαη λα ηηο θαηαλέκεη ζηα δηάθνξα θπηηαξηθά κέξε 

φπνπ αλαδηπιψλνληαη, κεηαθέξνληαη δηακέζσ κεκβξαλψλ ζηα νξγαλίδηα ή 

απνηθνδνκνχληαη (Gething and Sambrook 1992).  Με αλάινγν ηξφπν ε mtHsp70 

παξαιακβάλεη λέεο πξσηεΐλεο απφ ην Tim23 θαη βνεζάεη ζηελ αλαδίπισζή ηνπο ζηε 

κήηξα.  Η mtHsp70 είλαη κία ζαπεξφλε πνπ ρξεζηκνπνηεί ηελ πδξφιπζε ηνπ ATP γηα  
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ρήκα 1.5. Δηζαγσγή πξσηετλψλ ζηελ εζσηεξηθή κεκβξάλε (αξηζηεξά) θαη ζην δηακεκβξαληθφ ρψξν 

(δεμηά) κέζσ ηνπ κνλνπαηηνχ ΣΙΜ23.  Η εηζαγσγή ησλ πξσηετλψλ γίλεηαη κέζσ ηνπ κεραληζκνχ πνπ 

εηζάγεη ηηο πξσηεΐλεο ζηε κήηξα, κέρξη ηελ αλαγλψξηζε ηνπ ζήκαηνο δηαθνπήο απφ ηελ TIM23.  Η 

πξσηεΐλε ηφηε, εηζάγεηαη ζηελ εζσηεξηθή κεκβξάλε.  Απφ εθεί, κπνξεί λα ειεπζεξσζεί ζηνλ 

δηακεκβξαληθφ ρψξν κέζσ πξσηεφιπζεο (Neupert and Herrmann 2007). 

 

ηελ ιεηηνπξγία ηεο.  Πξνζδέλεη ηε πξσηεΐλε ελψ απηή βξίζθεηαη κέζα ζην Tim23 

θαλάιη θαη έηζη εκπνδίδεη ηελ νιίζζεζή ηεο πίζσ ζην δηακεκβξαληθφ ρψξν.  Έπεηηα, 

ρξεζηκνπνηψληαο ηελ ελέξγεηα απφ ηελ πδξφιπζε ηνπ ATP, ηξαβάεη ηε πξσηεΐλε 

κέζα ζηε κήηξα (Moro, Sirrenberg et al. 1999).  Η κνξθή κε ην ΑTP πξνζδεκέλν 

πξνζδέλεηαη ζηε Tim44, ελψ ε κνξθή κε ην ADP πνπ πξνθχπηεη κεηά ηελ πδξφιπζε 

ηνπ ATP απνδεζκεχεηαη απφ απηήλ (Horst, Oppliger et al. 1996; Moro, Okamoto et 

al. 2002).  Ο ξφινο ηεο Mge1 είλαη ε αληαιιαγή ηνπ ADP κε ην ATP ζηελ mtHsp70, 

κε αλάινγν ηξφπν πνπ δξα ε νκφινγε βαθηεξηαθή πξσηεΐλε GrpE (Laloraya, 

Gambill et al. 1994; Westermann, Prip-Buus et al. 1995; Deloche and Georgopoulos 

1996).  Οη πξσηεΐλεο Tim16 θαη Tim14 βνεζνχλ ηελ mtHsp70 λα αλαγλσξίδεη θαη λα 

πξνζδέλεη ηα ππνζηξψκαηά ηεο (Mokranjac, Bourenkov et al. 2006; Iosefson, Levy et 

al. 2007; Mokranjac, Berg et al. 2007).  Η σξίκαλζε ησλ πξφδξνκσλ πξσηετλψλ ζηε 

κήηξα νινθιεξψλεηαη κε απνθνπή ηεο αιιεινπρίαο ζηφρεπζεο απφ ηε πεπηηδάζε 
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MPP (Matrix Processing Peptidase), κία κεηαινπξσηεάζε ηεο κήηξαο (Luciano, 

Tokatlidis et al. 1998; Gakh, Cavadini et al. 2002).   

Σν ζχκπινθν TIM23 κπνξεί λα εηζάγεη πξσηεΐλεο ζηελ εζσηεξηθή κηηνρνλδξηαθή 

κεκβξάλε κέζσ ηνπ κνλνπαηηνχ δηαθνπήο ηεο κεηαθνξάο (Stop-transfer pathway).  

Απηφ ην κνλνπάηη αθνινπζνχλ πξσηεΐλεο ηεο εζσηεξηθήο κεκβξάλεο ησλ νπνίσλ ε 

πξφδξνκε πξσηεΐλε πεξηέρεη απνθνπηφκελε αιιεινπρία ζηφρεπζεο.  ηε πεξίπησζε 

απηψλ ησλ πξσηετλψλ, έλα εζσηεξηθφ ζήκα αλαγλσξίδεηαη απφ ην ζχκπινθν ΣΙΜ23 

θαη δηαθφπηεη ηε κεηαθνξά ηεο πξσηεΐλεο ζηε κήηξα θαη έπεηηα ε πξσηεΐλε εηζάγεηαη 

ζηελ εζσηεξηθή κεκβξάλε (Miller and Cumsky 1993; Meier, Neupert et al. 2005).  Η 

εηζαγσγή ηεο πξσηεΐλεο ζηελ εζσηεξηθή κεκβξάλε δελ απαηηεί ηελ πξφζδεζε ηνπ 

PAM ζπκπιφθνπ ζηε ΣΙΜ23, αιιά γίλεηαη απφ κηα κνξθή ηνπ θαλαιηνχ ΣΙΜ23 

ρσξίο ην PAM (Gartner, Voos et al. 1995; van der Laan, Meinecke et al. 2007) 

(ζρήκα 1.5).   

Δπηπιένλ ησλ παξαπάλσ, ην ΣΙΜ23 θαλάιη εηζάγεη πξσηεΐλεο νη νπνίεο θαηαιήγνπλ 

ζην δηακεκβξαληθφ ρψξν.  Οη πξσηεΐλεο απηέο έρνπλ κία ακθηκεξή αιιεινπρία 

ζηφρεπζεο (Bipartite Presequence) θαη εηζάγνληαη ζηελ εζσηεξηθή κηηνρνλδξηαθή 

κεκβξάλε κέζσ ηνπ κνλνπαηηνχ δηαθνπήο ηεο κεηαθνξάο.  Έπεηηα, πεπηηδάζεο ηνπ 

δηακεκβξαληθνχ ρψξνπ, φπσο ην ζχκπινθν IMP (Burri, Strahm et al. 2005), 

απνθφπηνπλ ηηο πξσηεΐλεο απφ ηηο κεκβξάλεο, κε απνηέιεζκα λα ειεπζεξψλνληαη 

ζηνλ δηακεκβξαληθφ ρψξν (ζρήκα 1.5) (Nunnari, Fox et al. 1993; Esser, Tursun et al. 

2002). 
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ρήκα 1.6.  Δηζαγσγή ζηελ εζσηεξηθή κεκβξάλε ηεο πξσηεΐλεο AAC κέζσ ηνπ κνλνπαηηνχ TIM22.  

Ο ππνδνρέαο Tom70 παξαιακβάλεη ηηο πξσηεΐλεο θαη ηηο νδεγεί ζην θαλάιη ΣΟΜ.  Απφ εθεί, ηα 

ζχκπινθα ησλ κηθξψλ Tim (ΣΙΜ9.10) παξαιακβάλνπλ ηηο πξφδξνκεο πξσηεΐλεο θαη ηηο νδεγνχλ ζην 

θαλάιη ΣΙΜ22, ην νπνίν ηηο εηζάγεη ζηελ εζσηεξηθή κεκβξάλε κε ηε βνήζεηα ηνπ ζπκπιφθνπ 

TIM9.10.12 

 

1.5  Μνλνπάηη ΣΙΜ22 γηα ηελ εηζαγσγή πξσηετλώλ ζηελ εζσηεξηθή κεκβξάλε κε 

πνιιαπιά δηακεκβξαληθά ηκήκαηα 

Γηα ηελ εηζαγσγή πξσηετλψλ κε πνιιαπιά δηακεκβξαληθά ηκήκαηα ζηελ 

εζσηεξηθή κεκβξάλε ρσξίο ηππηθφ ζήκα ζηφρεπζεο (presequence), έλα δηαθνξεηηθφ 

κνλνπάηη εηζφδνπ αθνινπζείηαη κεηά ηελ εηζαγσγή δηακέζσ ηεο εμσηεξηθήο 

κεκβξάλεο απφ ην θαλάιη ΣΟΜ.  Σα ππνζηξψκαηα πνπ αθνινπζνχλ απηφ ην 

κνλνπάηη είλαη νη πξσηεΐλεο ηεο νηθνγέλεηαο ησλ κεηαθνξέσλ κεηαβνιηηψλ 

(metabolite carrier proteins) φπσο ε AAC (ADP/ATP Carrier) θαη πξσηεΐλεο πνπ 

ιακβάλνπλ κέξνο ζηελ ζηφρεπζε πξσηετλψλ φπσο νη Tim17, Tim23 θαη Tim22.  Οη 

κεηαθνξείο κεηαβνιηηψλ είλαη νκφινγεο πξσηεΐλεο ηεο εζσηεξηθήο κεκβξάλεο κε έμη 

δηακεκβξαληθά ηκήκαηα, ελψ νη Tim17, Tim23 θαη Tim22 έρνπλ απφ ηέζζεξα.  Σν 

κνλνπάηη εηζαγσγήο ηνπο πεξηιακβάλεη ηα ζχκπινθα ζαπεξνλψλ ηνπ δηακεκβξαληθνχ 

ρψξνπ ησλ κηθξψλ Tim (small Tim complexes) θαη ην ζχκπινθν-θαλάιη ηεο 

εζσηεξηθήο κεκβξάλεο TIM22 (ζρήκα 1.6).   

. 
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Μεηά ηελ εηζαγσγή ηνπο κέζσ ηνπ πφξνπ ηνπ ΣΟΜ, νη πξσηεΐλεο ηνπ κνλνπαηηνχ 

ΣΙΜ22 παξαιακβάλνληαη απφ ηα ζχκπινθα ησλ κηθξψλ Tim ηνπ δηακεκβξαληθνχ 

ρψξνπ.  Η νηθνγέλεηα ησλ κηθξψλ Tim πεξηιακβάλεη πέληε πξσηεΐλεο κνξηαθνχ 

βάξνπο απφ 8 έσο 13 kDa νη νπνίεο έρνπλ νκφινγε αιιεινπρία ακηλνμέσλ.  

ρεκαηίδνπλ δχν ζχκπινθα ζηνλ δηακεκβξαληθφ ρψξν, ην TΙΜ9.10 ζχκπινθν, πνπ 

είλαη έλα εηεξνεμακεξηθφ ζχκπινθν πνπ απνηειείηαη απφ ηξεηο ππνκνλάδεο Tim9 θαη 

ηξεηο ππνκνλάδεο Tim10, θαη ην TΙΜ8.13 ζχκπινθν, πνπ είλαη έλα επίζεο 

εηεξνεμακεξηθφ ζχκπινθν πνπ απνηειείηαη απφ ηξεηο ππνκνλάδεο Tim8 θαη ηξεηο 

ππνκνλάδεο Tim13.  Σν πέκπην κέινο ηεο νηθνγέλεηαο, ε Tim12, βξίζθεηαη ζε ζπλνρή 

κε ηελ εζσηεξηθή κεκβξάλε.  Η δνκή, ε βηνγέλεζε θαη ην ζήκα ζηφρεπζεο απηψλ ησλ 

πξσηετλψλ αλαιχνληαη κε κεγαιχηεξε ιεπηνκέξεηα παξαθάησ ζηελ εηζαγσγή θαη ην 

θεθάιαην 3.  Ο ξφινο ηνπο είλαη λα δξνπλ σο ζαπεξφλεο ηνπ δηακεκβξαληθνχ ρψξνπ 

εκπνδίδνληαο ηε θαηαθξήκληζε ησλ πδξφθνβσλ κεκβξαληθψλ πξσηετλψλ θαηά ηε 

κεηαθνξά ηνπο δηακέζσ ηνπ πδαηηθνχ δηακεκβξαληθνχ ρψξνπ. 

Καηφπηλ, ηα ζχκπινθα ησλ κηθξψλ Tim παξαδίδνπλ ηηο πξσηεΐλεο ζην ζχκπινθν ηεο 

εζσηεξηθήο κεκβξάλεο TIM22.  Σν ζχκπινθν απηφ απνηειείηαη απφ ηξεηο πξσηεΐλεο, 

ηελ Tim54, ηελ Tim22  θαη ηελ Tim18.  Η Tim22 είλαη κία πξσηεΐλε νκφινγε κε ηηο 

Tim17 θαη Tim23 θαη ζρεκαηίδεη ην θπξίσο θαλάιη ηνπ ζπκπιφθνπ (Sirrenberg, 

Bauer et al. 1996; Kerscher, Holder et al. 1997; Kovermann, Truscott et al. 2002).  Ο 

ξφινο ησλ ππνκνλάδσλ Tim54  θαη Tim18 δελ είλαη πιήξσο θαηαλνεηφο (Kerscher, 

Sepuri et al. 2000; Koehler, Murphy et al. 2000).   
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ρήκα 1.7.  Δλζσκάησζε πξσηετλψλ ζηελ εζσηεξηθή κεκβξάλε κέζσ ηνπ κνλνπαηηνχ ηεο Oxa1.  Η 

πξσηεΐλε εηζάγεηαη ζηε κήηξα κέζσ ηνπ θαλνληθνχ κνλνπαηηνχ Tim23, θαη κεηά ηε πξσηενιπηηθή 

επεμεξγαζία ηεο, παξαιακβάλεηαη απφ ηελ Oxa1, ε νπνία ηελ εηζάγεη ζηελ εζσηεξηθή κεκβξάλε 

(Neupert and Herrmann 2007). 

 

1.6  πληεξεκέλν κνλνπάηη εηζόδνπ ζηελ εζσηεξηθή κεκβξάλε – Oxa1 κνλνπάηη.   

Σν ζπληεξεκέλν κνλνπάηη ζηφρεπζεο αθνινπζείηαη απφ πξσηεΐλεο κε 

πνιιαπιά δηακεκβξαληθά ηκήκαηα θαη ηππηθφ απνθνπηψκελν ζήκα ζηφρεπζεο 

(cleavable presequence).  Απηέο νη πξσηεΐλεο εηζάγνληαη ζηε κηηνρνλδξηαθή κήηξα 

αθνινπζψληαο ην ηππηθφ κνλνπάηη εηζφδνπ ζηε κήηξα (ΣΙΜ23) θαη έπεηηα ε 

πξσηεΐλε ηεο εζσηεξηθήο κεκβξάλεο Oxa1 ελζσκαηψλεη ηηο πξσηεΐλεο απηέο ζηελ 

εζσηεξηθή κεκβξάλε (Hell, Herrmann et al. 1998; Herrmann and Bonnefoy 2004).  Η 

Oxa1 αλήθεη ζε κία κεγάιε νηθνγέλεηα νκφινγσλ πξσηετλψλ ζπληεξεκέλεο απφ ηα 

βαθηήξηα σο ηνπο ρισξνπιάζηεο θαη ηα κηηνρφλδξηα ησλ αλψηεξσλ επθαξπσηηθψλ 

νξγαληζκψλ (Kuhn, Stuart et al. 2003; Reif, Randelj et al. 2005).  Δπίζεο, ε Oxa1 

ρξεζηκνπνηείηαη γηα ηελ εηζαγσγή ζηελ εζσηεξηθή κεκβξάλε πξσηετλψλ πνπ 

θσδηθνπνηνχληαη απφ ην κηηνρνλδξηαθφ  DNA (He and Fox 1997; Hell, Herrmann et 

al. 1998) (ζρήκα 1.7).   
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ρήκα 1.8.  Δηζαγσγή ζηελ εμσηεξηθή κεκβξάλε πξσηετλψλ κε δνκή β-βαξειηνχ.  Η πξσηεΐλε 

εηζάγεηαη κέζσ ηνπ θαλαιηνχ ΣΟΜ.  Έπεηηα, ηα ζχκπινθα ησλ κηθξψλ Tim (small tim proteins) 

παξαιακβάλνπλ ηηο πξφδξνκεο πξσηεΐλεο θαη ηηο νδεγνχλ ζην θαλάιη SAM ηεο εμσηεξηθήο, ην νπνίν 

ηηο εηζάγεη ζηελ εμσηεξηθή κεκβξάλε. 

 

1.7  ηόρεπζε πξσηετλώλ κε δνκή β-βαξειηνύ ζηελ εμσηεξηθή κεκβξάλε 

Μεγάιν κέξνο ησλ κεκβξαληθψλ πξσηετλψλ ηεο εμσηεξηθήο κηηνρνλδξηαθήο 

κεκβξάλεο έρνπλ δνκή β-βαξειηνχ (β-barrel).  Οη πξσηεΐλεο κε δνκή β-βαξειηνχ 

έρνπλ αληηπαξάιιεια δηακεκβξαληθά ηκήκαηα απφ β-πηπρψζεηο αλαδηπισκέλεο έηζη 

λα δεκηνπξγνχλ κία θπιηλδξηθή β-πηπρσηή επηθάλεηα, ζρεκαηίδνληαο έλαλ πδξφθηιν 

πφξν πνπ δηαπεξλά ηελ εμσηεξηθή κεκβξάλε.  Σέηνηεο πξσηεΐλεο έρνπλ βξεζεί ζηηο 

εμσηεξηθέο κεκβξάλεο ησλ gram
-
 βαθηεξίσλ, ησλ κηηνρνλδξίσλ θαη ησλ 

ρισξνπιαζηψλ (Wimley 2003).   

Γηα ηελ εηζαγσγή ησλ πξσηετλψλ κε δνκή β-βαξειηνχ ζηελ εμσηεξηθή κεκβξάλε, νη 

πξφδξνκεο πξσηεΐλεο εηζάγνληαη ζην κηηνρφλδξην κέζσ ηνπ θαλαιηνχ ΣΟΜ θαη κεηά 

ηα ζχκπινθα ησλ κηθξψλ Tim ηα παξαιακβάλνπλ θαη ηα παξαδίδνπλ ζην ζχκπινθν 

SAM/TOB (Sorting and Assembly Machinery/Topogenesis of outer membrane β-

Barrel) πνπ βξίζθεηαη πξνζδεκέλν ζηελ εμσηεξηθή κεκβξάλε.  Σν ζχκπινθν SAM 

απνηειείηαη απφ ηξεηο πξσηεΐλεο, ηε Sam50, ηε Sam35 θαη ηε Sam37 (Hoppins and 

Nargang 2004; Waizenegger, Habib et al. 2004; Habib, Waizenegger et al. 2005).  Σν 

θεληξηθφ κέξνο ηνπ ζπκπιφθνπ SAM ζρεκαηίδεηαη απφ ηελ πξσηεΐλε Sam50 (Model, 
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Prinz et al. 2002; Humphries, Streimann et al. 2005).  Η πξσηεΐλε είλαη νκφινγε κε 

ηε βαθηεξηαθή πξσηεΐλε Omp85, ε νπνία εηζάγεη ηηο πξσηεΐλεο κε δνκή β-βαξειηνχ 

ζηελ εμσηεξηθή κεκβξάλε ησλ βαθηεξίσλ.  ην ακηλνηειηθφ κέξνο ηεο πξσηεΐλεο 

βξέζεθε έλα πδξφθηιν κέξνο εθηεζεηκέλν ζην δηακεκβξαληθφ ρψξν κε ηε 

ραξαθηεξηζηηθή δνκή POTRA (POlypeptide TRanslocation Associated).  Η δνκή 

POTRA είλαη ζρεηηζκέλε κε ηελ αλαγλψξηζε πνιππεπηηδίσλ πνπ κεηαθέξνληαη 

δηακέζσ κεκβξαλψλ (Gentle, Burri et al. 2005; Habib, Waizenegger et al. 2007).  Σν 

θαξβνμπηειηθφ κέξνο ηεο πξσηεΐλεο ζρεκαηίδεη ηνλ πφξν ηνπ θαλαιηνχ θαη έρεη δνκή 

β-βαξειηνχ.  Ο ξφινο ησλ πξσηετλψλ Sam35 θαη Sam37 δελ είλαη αθφκε μεθάζαξνο, 

έρεη φκσο βξεζεί φηη ε απνπζία ηνπο κπινθάξεη ηελ εηζαγσγή θα ηε ζπγθξφηεζε 

πξσηετλψλ κε δνκή β-βαξειηνχ (Kozjak, Wiedemann et al. 2003; Paschen, 

Waizenegger et al. 2003; Gentle, Gabriel et al. 2004) (ζρήκα 1.8). 

1.8  Δηζαγσγή πξσηετλώλ ηεο εμσηεξηθήο κεκβξάλεο πξνζδεκέλσλ κέζσ 

αιιεινπρίαο ζήκαηνο (Signal-anchored proteins) 

Οη signal anchored πξσηεΐλεο είλαη πξσηεΐλεο ηεο εμσηεξηθήο κηηνρνλδξηαθήο 

κεκβξάλεο κε πξνζδεκέλν ην ακηλνηειηθφ ηνπο ηκήκα ζηελ εμσηεξηθή κεκβξάλε, ελψ 

ην θαξβνμπηειηθφ ηνπο ηκήκα είλαη εθηεζεηκέλν ζην θπηηαξφπιαζκα.  Η εηζαγσγή 

απηψλ ησλ πξσηετλψλ δελ ελέρεη ην θαλάιη ΣΟΜ νχηε ην ζχκπινθν SAM (Ahting, 

Waizenegger et al. 2005).  Γηα ηελ εηζαγσγή ηνπο, κία πξσηεΐλε ηεο εμσηεξηθήο 

κεκβξάλεο, ε Mim1 έρεη βξεζεί λα εκπιέθεηαη, ε νπνία έρεη βξεζεί φηη αλαγλσξίδεη 

ηα κεκβξαληθά ηκήκαηα ησλ signal anchored πξσηετλψλ θαη βνεζάεη ηελ εηζαγσγή 

ηνπο ζηελ εμσηεξηθή κεκβξάλε ηνπ κηηνρνλδξίνπ (Becker, Pfannschmidt et al. 2008; 

Hulett, Lueder et al. 2008; Popov-Celeketic, Waizenegger et al. 2008).   
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ρήκα 1.9.  Σν κνλνπάηη ηεο νμεηδσηηθήο αλαδίπισζεο γηα ηελ εηζαγσγή πξσηετλψλ ζην 

δηακεκβξαληθφ ρψξν.  Η αλεγκέλε πξσηεΐλε εηζάγεηαη ζην δηακεκβξαληθφ ρψξν κέζσ ηνπ ΣΟΜ.  

Έπεηηα, ε νμεηδσκέλε Mia40 (πξάζηλν) θαηαιχεη ηνλ ζρεκαηηζκφ ησλ δηζνπιθηδηθψλ γεθπξψλ ζην 

κφξην, αλαδηπιψλσληάο ην, κε απνηέιεζκα λα αλάγεηαη.  Η δηκεξηθή νμεηδσκέλε κνξθή ηεο Erv1 

(θίηξηλν) έπεηηα, αληηδξά κε ηελ αλεγκέλε Mia40 θαη ηελ επαλνμεηδψλεη, κε απνηέιεζκα λα αλάγεηαη. 

Σέινο ηα ειεθηξφληα θαηαιήγνπλ απφ ηελ Erv1 ζην νμπγφλν κέζσ θπηνρξψκαηνο c θαη αλαπλεπζηηθήο 

αιπζίδαο (COX ζχκπινθν – θαθέ ρξψκα) (Hell 2008). 

 

1.9  Δηζαγσγή πξσηετλώλ ζην δηακεκβξαληθό ρώξν κέζσ ηνπ κνλνπαηηνύ ηεο 

νμεηδσηηθήο αλαδίπισζεο (oxidative folding pathway) 

Πνιιέο απφ ηηο πξσηεΐλεο ηνπ δηακεκβξαληθνχ ρψξνπ πεξηέρνπλ 

δηζνπιθηδηθνχο δεζκνχο ζηελ ψξηκε κνξθή ηνπο.  Οη πξσηεΐλεο απηέο δηαζρίδνπλ ην 

θαλάιη ΣΟΜ μεδηπισκέλεο θαη κεηά κεηαθέξνληαη ζηε πξσηεΐλε Mia40 

(Mitochondrial Import and Assembly), ε νπνία θαηαιχεη ην ζρεκαηηζκφ ησλ 

δηζνπιθηδηθψλ δεζκψλ κε ηε βνήζεηα ηεο κηηνρνλδξηαθήο ζνπιθηδξπινμεηδάζεο Erv1 

(Hell 2008).    Η αληίδξαζε πνπ θαηαιχεη ε Mia40 θαίλεηαη παξαθάησ: 
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ρήκα 1.10.  Η δνκή NMR ζε δηάιπκα ηνπ θεληξηθνχ ηκήκαηνο ηεο αλζξψπηλεο Mia40.  Η δνκή 

απνηειείηαη απφ δχν α-έιηθεο (α2, α3) πξνζδεκέλεο κεηαμχ ηνπο κε ελδνκνξηαθέο δηζνπιθηδηθέο 

γέθπξεο (δηπιφ CX9C κνηίβν) θαη απφ κία θνληχηεξε α-έιηθα (α1) πνπ πξνεμέρεη πάλσ απφ ηηο δχν 

άιιεο έιηθεο θαη θαηαιήγεη ζην ελεξγφ θέληξν (CPC κνηίβν) ηεο πξσηεΐλεο. 

 

Η Mia40 ζηνλ ζαθραξνκχθεηα είλαη κία πξσηεΐλε ηνπ δηακεκβξαληθνχ ρψξνπ 

πξνζδεκέλε ζηελ εζσηεξηθή κεκβξάλε.  Δηζάγεηαη ζηε κεκβξάλε κέζσ ηνπ 

κνλνπαηηνχ δηαθνπήο ηεο κεηαθνξάο θαη έπεηηα αλαδηπιψλεηαη απφ ηελ ίδηα ηε Mia40 

(Chacinska, Guiard et al. 2008).  Η νκφινγε αλζξψπηλε πξσηεΐλε είλαη κηθξφηεξε ζε 

κέγεζνο. Απνπζηάδεη ην αληίζηνηρν ακηλνηειηθφ ηκήκα ηεο πξσηεΐλεο ηνπ 

ζαθραξνκχθεηα, ζην νπνίν πεξηιακβάλεηαη ην δηακεκβξαληθφ ηκήκα θαη ην ζήκα 

ζηφρεπζεο.  Η εηζαγσγή ηεο Mia40 ζην κηηνρφλδξην ηνπ ζαθραξνκχθεηα, πνπ 

ζπκβαίλεη κέζσ ηνπ κνλνπαηηνχ δηαθνπήο ηεο κεηαθνξάο.  Γηα ηνλ ιφγν απηφ, ε 

αλζξψπηλε πξσηεΐλε, ζε αληίζεζε κε απηή ηνπ ζαθραξνκχθεηα, δελ είλαη 

ελζσκαησκέλε ζηελ εζσηεξηθή κεκβξάλε.  Η αιιεινπρία ηεο πξσηεΐλεο πεξηέρεη έλα 

κνηίβν δηπινχ CΥ9C (κία θπζηεΐλε πνπ αθνινπζείηαη απφ ελλέα ακηλνμέα θα κία 

θπζηεΐλε) (twin CΥ9C motif) (Chacinska, Pfannschmidt et al. 2004; Terziyska, Lutz 

et al. 2005).  Όπσο θαίλεηαη θαη απφ ηε δνκή ηεο πξσηεΐλεο ζην δηάιπκα πνπ 

πξνζδηνξίζηεθε κε κειέηε NMR (ζρήκα 1.10), ε πξψηε θπζηεΐλε ηνπ κνηίβνπ 

ζρεκαηίδεη έλαλ δηζνπιθηδηθφ δεζκφ κε ηε ηέηαξηε θαη ε δεχηεξε κε ηελ ηξίηε.  Με 

απηφλ ηνλ ηξφπν ζρεκαηίδεηαη έλα θεληξηθφ ηκήκα, θαιά αλαδηπισκέλν, ελψ ηα  
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Πίλαθαο 1.1.  Yπνζηξψκαηα ηεο Mia40. 

 

άκηλν- θαη θάξβνμπ- ηειηθά ηκήκαηα ηεο πξσηεΐλεο είλαη επέιηθηα (Banci, Bertini et 

al. 2009).   

Σν ελεξγφ κέξνο ηεο πξσηεΐλεο πεξηέρεη έλα CPC (θπζηεΐλε-πξνιίλε-θπζηεΐλε) 

κνηίβν ην νπνίν βξίζθεηαη πάλσ απφ κία πδξφθνβε θνηιφηεηα πνπ πηζαλφηαηα είλαη 

θαη ην ζεκείν αλαγλψξηζεο ησλ ππνζηξσκάησλ απφ ηε Mia40.  Η Mia40 δξα σο 

ππνδνρέαο ηεο εζσηεξηθήο κεκβξάλεο θαη ζρεκαηίδεη δηζνπιθηδηθνχο δεζκνχο 

κεηαμχ ηεο δεχηεξεο θπζηεΐλεο ηνπ ελεξγνχ ηεο θέληξνπ (CPC) θαη ηνπ 

ππνζηξψκαηνο (Banci, Bertini et al. 2009).  Σα πεξηζζφηεξα ππνζηξψκαηα ηεο Mia40 

αλήθνπλ ζηε θαηεγνξία ησλ πξσηετλψλ κε δηπιφ CΥnC κνηίβν.  ηνλ πίλαθα 1.1 

παξνπζηάδεηαη κία ιίζηα κε ππνζηξψκαηα ηεο Mia40 πνπ έρνπλ επηβεβαησζεί 

πεηξακαηηθά, θαζψο θαη άιια πξνηεηλφκελα ππνζηξψκαηα (Gabriel, Milenkovic et al. 

2007).  Η Mia40 πξέπεη λα βξίζθεηαη ζηελ νμεηδσκέλε ηεο κνξθή, ψζηε λα κπνξεί λα 

αληηδξάζεη κε ηελ αλεγκέλε κνξθή ηνπ ππνζηξψκαηνο, δεκηνπξγψληαο έλαλ κεηθηφ 

δηζνπιθηδηθφ δεζκφ.  Έπεηηα, κία δεχηεξε θπζηεΐλε απφ ην ππφζηξσκα αληηδξά κε ην 

ελεξγφ θέληξν ηεο Mia40, δεκηνπξγψληαο ηνλ ελδνκνξηαθφ δηζνπιθηδηθφ δεζκφ, 

αθήλνληαο ηε Mia40 αλεγκέλε.  ηε ζπλέρεηα, ε Mia40 αληηδξά κε ηελ Erv1, ε νπνία 

ηελ επαλνμεηδψλεη, κεηαθέξνληαο έλαλ δηζνπιθηδηθφ δεζκφ (Mesecke, Terziyska et 

al. 2005).  Έρνπκε δειαδή έλαλ κεραληζκφ αληαιιαγήο δηζνπιθηδηθψλ δεζκψλ 

κεηαμχ ηεο Mia40 θαη ηεο Erv1, θαηά αλαινγία κε ην ζχζηεκα ηεο Ero ζην 

ελδνπιαζκαηηθφ δίθηπν θαη ηεο Dsb ζην πεξίπιαζκα ησλ βαθηεξίσλ (Herrmann, 

Kauff et al. 2009) (ζρήκα 1.9).  

Η Erv1 είλαη κία ζνπιθπδξπινμεηδάζε πνπ πεξηέρεη έλα θιαβηλν αδέληλν 

δηλνπθιενηίδην (FAD) ζην ελεξγφ ηνπ θέληξν (Lee, Hofhaus et al. 2000).  Οκφινγεο 
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πξσηεΐλεο ηνπ ππάξρνπλ θαη ζην ελδνπιαζκαηηθφ δίθηπν (Ero1), φπνπ ιακβάλνπλ 

κέξνο ζηε δεκηνπξγία δηζνπιθηδηθψλ δεζκψλ (Fass 2008).  Η νκφινγε πξσηεΐλε 

ζηνλ άλζξσπν είλαη ε ALR, κία πξσηεΐλε πνπ ζρεηίζηεθε αξρηθά κε ηελ αλαγέλλεζε 

ηνπ ζπθσηηνχ, θαη ζπλαληάηαη ζε δηάθνξεο κνξθέο (alternative splicing variants) ηφζν 

ζην κηηνρφλδξην φζν θαη ζην θπηηαξφπιαζκα, ρσξίο λα είλαη γλσζηφο ν αθξηβήο 

κεραληζκφο δξάζεο ηεο (Farrell and Thorpe 2005; Pawlowski and Jura 2006).   

Ο ξφινο ηεο Erv1 ζην κνλνπάηη ηεο νμεηδσηηθήο αλαδίπισζεο είλαη λα επαλνμεηδψλεη 

ηε Mia40 κεηά ηελ αλαγσγή ηεο απφ ην ππφζηξσκα κεηαθέξνληαο έλαλ δηζνπιθηδηθφ 

δεζκφ (Rissler, Wiedemann et al. 2005; Mesecke, Bihlmaier et al. 2008).  Σα 

ειεθηξφληα απφ ηνλ αλεγκέλν δηζνπιθηδηθφ δεζκφ πεξλνχλ ζην FAD ηνπ ελεξγνχ 

θέληξνπ, κεηαθέξνληαο ηέινο ηα ειεθηξφληα ζην θπηφρξσκα c, ην νπνίν  κε ηε ζεηξά 

ηνπ ηα κεηαθέξεη ζην ζχκπινθν ηεο θπηνρξσκηθήο νμεηδάζεο (COX), κε απνηέιεζκα 

λα θαηαιήγνπλ κνξηαθφ νμπγφλν κέζσ ηεο αλαπλεπζηηθήο αιπζίδαο (Allen, 

Balabanidou et al. 2005) (ζρήκα 1.9).  Ο αθξηβήο κεραληζκφο ηεο δηαδηθαζίαο απηήο 

είλαη αθφκα ππφ ζπδήηεζε θαη ν ξφινο ηεο Erv1 θαη ησλ νκφινγσλ πξσηετλψλ ηεο ζε 

κία ζεηξά απφ θπηηαξηθέο ιεηηνπξγίεο εξεπλάηαη αθφκα. 
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ρήκα 1.11.  Μεραληζκφο δεκηνπξγίαο δηζνπιθηδηθψλ ζηα κηθξά Tim απφ ηε Mia40.  Η νμεηδσκέλε 

κνξθή ηεο Mia40 αλαγλσξίδεη ην ππφζηξσκα (1), θαη θαηφπηλ, ην ελεξγφ θέληξν ηεο Mia40 ζρεκαηίζεη 

δηζνπιθηδηθφ δεζκφ κε ηε πξψηε θπζηεΐλε ηνπ ππνζηξψκαηνο (2).  Μεηά, ζρεκαηίδεηαη ν 

ελδνκνξηαθφο δεζκφο κεηαμχ θπζηεΐλεο 2 θαη 3 ηνπ ππνζηξψκαηνο (3) θαη ε θπζηεΐλε 4 αληηδξά κε ηε 

θπζηεΐλε 1 πνπ παξακέλεη πξνζδεκέλε ζηε Mia40, ζρεκαηίδνληαο ηελ άιιε δηζνπιθηδηθή γέθπξα (4) 

θαη ηέινο, ην αλαδηπισκέλν ππφζηξσκα ειεπζεξψλεηαη απφ ηε Mia40 (5) (Sideris and Tokatlidis 2007) 

 

1.10  Βηνγέλεζε ησλ κηθξώλ Tim πξσηετλώλ. 

Οη κηθξέο Tim πξσηεΐλεο είλαη κία νηθνγέλεηα νκφινγσλ πξσηετλψλ ηνπ 

δηακεκβξαληθνχ ρψξνπ πνπ ζρεηίδνληαη κε ηε κεηαθνξά πξσηετλψλ απφ ην θαλάιη 

ΣΟΜ ζηελ εζσηεξηθή ή ηελ εμσηεξηθή κηηνρνλδξηαθή κεκβξάλε.  Όιεο ηνπο έρνπλ 

έλα δηπιφ CΥ3C κνηίβν θαη είλαη ππνζηξψκαηα ηεο Mia40 (Gentle, Perry et al. 2007).  

Οη πξσηεΐλεο απηέο, φπσο νη πεξηζζφηεξεο κηηνρνλδξηαθέο πξσηεΐλεο ζπληίζεληαη ζην 

θπηηαξφπιαζκα, φπνπ αλαγλσξίδνληαη απφ ηνπο ππνδνρείο ηεο εμσηεξηθήο 

κεκβξάλεο θαη κεηαθέξνληαη ζην θαλάιη ΣΟΜ.  Καηά ηε παξακνλή ηνπο ζην 

θπηηαξφπιαζκα έρεη πξνηαζεί φηη δεζκεχνπλ ηφληα ςεπδαξγχξνπ γηα ηε παξεκπφδηζε 

ηεο απζφξκεηεο νμείδσζήο ηνπο (Ivanova, Ball et al. 2008).  Ο ξφινο ησλ ηφλησλ 

ςεπδαξγχξνπ ζηε βηνγέλεζε ησλ κηθξψλ Tim δελ έρεη επηβεβαησζεί.  Μεηά ηε 

κεηαθνξά ηνπο απφ ην θαλάιη ΣΟΜ, ε Mia40 αλαγλσξίδεη ην ζήκα ζηφρεπζήο ηνπο 

(βιέπε θεθάιαην 3) θαη θαηαιχεη ηνλ ζρεκαηηζκφ ησλ δηζνπιθηδηθψλ γεθπξψλ.  

Πξψηα αληηδξά ε πξψηε θπζηεΐλε, ε νπνία ζρεκαηίδεη έλα κηθηφ δηζνπιθηδηθφ δεζκφ 

κε ηε Mia40, θαη έπεηηα απηή αληηδξά κε ηελ ηέηαξηε θπζηεΐλε, ζρεκαηίδνληαο κία 

ελδνκνξηαθή δηζνπιθηδηθή γέθπξα κεηαμχ ηεο θπζηεΐλεο 1 θαη 4.  Η θπζηεΐλε 4 

απαηηείηαη γηα ηελ απειεπζέξσζε ηεο κηθξήο Tim πξσηεΐλεο απφ ηε Mia40 

(Milenkovic, Gabriel et al. 2007; Sideris and Tokatlidis 2007) (ζρήκα 1.11).  Ο 

ηξφπνο ζρεκαηηζκνχ ηεο δεχηεξεο δηζνπιθηδηθήο γέθπξαο (κεηαμχ ηεο θπζηεΐλεο 2 
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θαη 3) δελ είλαη αθφκε γλσζηφο, φπσο επίζεο εάλ θαηαιχεηαη ν ζρεκαηηζκφο ηεο απφ 

ηε Mia40 ή αλ γίλεηαη απζφξκεηα.  ηε δηαδηθαζία απηή ελέρεηαη κία επηπιένλ 

πξσηεΐλε, ε Hot13, ν ξφινο ηεο νπνίαο παξακέλεη αζαθήο (Mesecke, Bihlmaier et al. 

2008).  Έπεηηα, ηα κηθξά Tim ζπλδπάδνληαη κεηαμχ ηνπο, ζρεκαηίδνληαο ιεηηνπξγηθά 

εηεξνεμακεξή ζχκπινθα (Vial, Lu et al. 2002).  Γηα ηε ζηαζεξνπνίεζε ηνπ 

ζπκπιφθνπ TΙΜ9.10 έρεη βξεζεί φηη είλαη φηη ζεκαληηθφ ξφιν παίδεη ηφζν ην 

ακηλνηειηθφ φζν θαη ην θαξβνμπηειηθφ ηκήκα ηνπ Tim9 (Vergnolle, Baud et al. 

2005), φπσο θαη ηα θνξηία πνπ βξίζθνληαη ζηηο θνπξθέηεο ηνπ Tim10  θαη ηνπ Tim9 

(Vergnolle, Alcock et al. 2007).  Δπίζεο, γηα ηε ζηαζεξνπνίεζε ηνπ ζπκπιφθνπ 

ζεκαληηθφ ξφιν θαίλεηαη λα παίδνπλ θαη αιιειεπηδξάζεηο αλάκεζα ζε αληίζεηα 

θνξηηζκέλεο ππνκνλάδεο ηνπ Tim9 θαη ηνπ Tim10 (Webb, Gorman et al. 2006; Baker, 

Webb et al. 2009). 

 

 

 

 

 

 

 



Μνξηαθνί κεραληζκνί ζηφρεπζεο πξσηεηλψλ ζηελ εζσηεξηθή κεκβξάλε θαη ζην δηακεκβξαληθφ ρψξν ησλ κηηνρνλδξίσλ 

37 

 

ρήκα 1.12.  Κξπζηαιιηθέο δνκέο ησλ κηθξψλ Tim ζπκπιφθσλ.  Η δνκή ηνπ αλζξψπηλνπ ΣΙΜ9.10 

(Α) θαη ησλ ζπκπιφθσλ απφ ηνλ ζαθραξνκχθεηα ΣΙΜ9.10 (Β) θαη ΣΙΜ8.13 (C). 

 

1.11  Γνκή ησλ κηθξώλ Tim ζπκπιόθσλ 

Η θξπζηαιιηθή δνκή γηα ηα ζχκπινθα TIM9.10 ηνπ ζαθραξνκχθεηα θαη ηνπ 

αλζξψπνπ θαη ηνπ ζπκπιφθνπ TIM8.13 ηνπ ζαθραξνκχθεηα έρνπλ ιπζεί (Webb, 

Gorman et al. 2006; Beverly, Sawaya et al. 2008; Baker, Webb et al. 2009).  Οη δνκέο 

έδεημαλ κία θαηλνχξγηα δνκή α-πξνπέιαο κε έμη ειάζκαηα (six-bladed α-propeller 

structure) (ζρήκα 1.12).  Σα ζχκπινθα είλαη εηεξνεμακεξή θαη απνηεινχληαη απφ ηξία 

κφξηα Tim9 θαη ηξία κφξηα Tim10 ζηε πεξίπησζε ηνπ TIM9.10 ζπκπιφθνπ θαη ηξία 

κφξηα Tim8 θαη ηξία κφξηα Tim13 ζηε πεξίπησζε ηνπ TIM8.13 ζπκπιφθνπ.  Η 

ζπλνιηθή δνκή θαη ζηηο ηξεηο πεξηπηψζεηο είλαη πνιχ φκνηα.  Έλαο θαζνξηζκέλνο 

ππξήλαο έρεη ζρεκαηηζηεί απφ ην θεληξηθφ κέξνο ηεο θάζε ππνκνλάδαο θαη έλαο 

θπθιηθφο πφξνο έρεη ζρεκαηηζηεί ζην θέληξν.  Οη ππνκνλάδεο είλαη αλαδηπισκέλεο ζε 

κία δηακφξθσζε έιηθαο-θνπξθέηαο-έιηθαο (helix-loop-helix conformation) θαη 

δηζνπιθηδηθέο γέθπξεο είλαη ζρεκαηηζκέλεο κεηαμχ ησλ θπζηετλψλ ηνπ δηπινχ CX3C 

κνηίβνπ.  Η δεπηεξνηαγήο δνκή ησλ ειίθσλ είλαη θαηά απνθιεηζηηθφηεηα α-ειηθσηή.  

Οη θεληξηθέο θνπξθέηεο έρνπλ ζπκπαγή πεπιαηπζκέλε δηακφξθσζε, ζρεκαηίδνληαο  
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ρήκα 1.13.  Κξπζηαιιηθέο δνκέο ηεο θπηηαξνπιαζκαηηθήο ζαπεξφλεο prefoldin (A) θαη ηεο 

πεξηπιαζκαηηθήο ζαπεξφλεο Skp (B). 

 

κία δνκή δαθηπιίνπ.  Κάησ απφ ηηο δηζνπιθηδηθέο γέθπξεο, νη αληηπαξάιιειεο έιηθεο 

είλαη ζηελ αξρή ζε επαθή, ζρεκαηίδνληαο ζπεηξσκέλεο έιηθεο (coiled coils) θαη 

έπεηηα απνθιίλνπλ.  Οη άθξεο ησλ ειίθσλ είλαη ζεκαληηθά απνδηαηαγκέλεο.  Καη ηα 

δχν ζχκπινθα TIM9.10, ηνπ αλζξψπνπ θαη ηνπ ζαθραξνκχθεηα, έρνπλ ηηο ίδηεο 

κνξηαθέο επαθέο πνπ επεξεάδνπλ ηηο δνκέο ηνπο.  Η θχξηα δηαθνξά ησλ δχν δνκψλ 

είλαη ηα δηαθνξεηηθά κήθε ησλ ειίθσλ πνπ πξνεμέρνπλ απφ ηνλ θεληξηθφ ππξήλα.   

Οη θξπζηαιιηθέο δνκέο ησλ ζπκπιφθσλ ησλ κηθξψλ Tim είλαη παξφκνηεο κε ηε δνκή 

ηεο θπηηαξνπιαζκαηηθήο ζαπεξφλεο prefoldin θαη ηεο πεξηπιαζκαηηθήο ζαπεξφλεο 

Skp (Korndorfer, Dommel et al. 2004; Walton and Sousa 2004; Stirling, Bakhoum et 

al. 2006).  Η prefoldin είλαη έλα ζχκπινθν κεγέζνπο 90 kDa θαη απνηειείηαη απφ δχν 

α ππνκνλάδεο θαη ηέζζεξηο β ππνκνλάδεο.  Βξίζθεηαη ζην θπηηαξφπιαζκα ησλ 

επθαξπσηηθψλ νξγαληζκψλ θαη ησλ αξραίσλ (Vainberg, Lewis et al. 1998; Leroux, 

Fandrich et al. 1999).  Γεζκεχεη ηηο λενζπληηζέκελεο πξσηεΐλεο θαηά ηε δηάξθεηα ηεο 

κεηαγξαθήο ηνπο ρσξίο λα αιιειεπηδξά θαηεπζείαλ κε ην ξηβφζσκα.  Η prefoldin 

δηακεζνιαβεί ζηε κεηαθνξά ησλ πξσηετλψλ ζηα ζχκπινθα ζαπεξηλνλψλ ηχπνπ ΙΙ 

(type II chaperonin complexes), ηα νπνία αλαιακβάλνπλ ηελ αλαδίπισζή ηνπο 

(Martin-Benito, Boskovic et al. 2002; Lundin, Stirling et al. 2004).  Σα «πινθάκηα» 

ηεο κπνξνχλ λα δεζκεχνπλ θαη λα ζηαζεξνπνηνχλ απνδηαηαγκέλα πδξφθνβα 

ππνζηξψκαηα (Zako, Murase et al. 2006; Ohtaki, Kida et al. 2008).  Η θξπζηαιιηθή 

δνκή ηεο prefoldin απφ ην αξραίν Methanobacterium thermoautotrophicum θαλέξσζε 

κία δνκή κέδνπζαο κε έλα δηπιφ ππξήλα δνκήο β-βαξειηνχ κε έμη καθξηά 

ππεξειηθσκέλα «πινθάκηα» (ζρήκα 1. 13).  Η Skp είλαη έλα ηξηκεξέο ζχκπινθν ηνπ 

πεξηπιάζκαηνο κε δξάζε ζαπεξφλεο πνπ ελέρεηαη ζηε βηνγέλεζε πξσηετλψλ ηεο 
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εμσηεξηθήο βαθηεξηαθήο κεκβξάλεο (Schafer, Beck et al. 1999).  Βξίζθεηαη ζε δχν 

δηακνξθψζεηο:  ειεχζεξε ζην πεξίπιαζκα ή πξνζδεκέλε ζηελ εζσηεξηθή κεκβξάλε 

(Chen and Henning 1996).  Μπνξεί λα δξα απνηξέπνληαο ηελ απζφξκεηε εηζαγσγή 

ζηελ εζσηεξηθή κεκβξάλε ή απνηξέπνληαο ηελ αλαδίπισζε θαη ηε ζπζζσκάησζε 

ζην πεξίπιαζκα.  Η Skp πξνζδέλεη ηα κεκβξαληθά ηκήκαηα ησλ ππνζηξσκάησλ ηεο 

ζηε θνηιφηεηα πνπ ζρεκαηίδνπλ ηα πινθάκηα ηεο, δηαηεξψληαο ηηο πξσηεΐλεο 

απνδηαηαγκέλεο θαηά ηε κεηαθνξά ηνπο δηακέζσ ηνπ πεξηπιάζκαηνο (Walton, 

Sandoval et al. 2009).  Οη δνκηθέο νκνηφηεηεο κεηαμχ ησλ Skp, prefoldin θαη κηθξψλ 

Tim ππνδειψλνπλ θαη νκνηφηεηεο ζηε δξάζε ηνπο (Alcock, Grossmann et al. 2008).  

Παξφιν πνπ ν κεραληζκφο πξφζδεζεο ησλ ππνζηξσκάησλ ζηα κηθξά Tim ζχκπινθα 

δελ είλαη γλσζηφο, ζα κπνξνχζακε λα πξνηείλνπκε έλαλ κεραληζκφ πνπ ζα 

πξνυπφζεηε δέζκεπζε ηνπ ππνζηξψκαηνο απφ ηα «πινθάκηα» ησλ ζπκπιφθσλ απηψλ 

κέζσ πδξφθνβσλ ή ειεθηξνζηαηηθψλ αιιειεπηδξάζεσλ (Stirling, Bakhoum et al. 

2006).  Απηφ είλαη ζε ζπκθσλία κε δνκηθέο κειέηεο ηνπ ζπκπιφθνπ TIM9.10 φπνπ ην 

ακηλνηειηθφ ηκήκα ηεο Tim10 ελέρεηαη ζηε δέζκεπζε ηνπ ππνζηξψκαηνο (Vergnolle, 

Baud et al. 2005).  (Γηα αλαζθφπεζε ηεο δξάζεο ησλ κηθξψλ Tim ζην κηηνρφλδξην 

θαη ηε δνκή ηνπο δείηε: Petrakis, N. Alcock, F.H. and Tokatlidis, K.  (2009), 

Mitochondrial ATP-independent chaperones (Review), IUBMB Life, accepted, 

παξάξηεκα). 

1.12  ηόρεπζε πξσηετλώλ ζηελ εζσηεξηθή κεκβξάλε κε έλα δηακεκβξαληθό 

ηκήκα θαη ρσξίο ηππηθή αιιεινπρία ζηόρεπζεο. 

Δθηφο απφ ηα κνλνπάηηα ζηφρεπζεο ζηελ εζσηεξηθή κεκβξάλε θαη ηε κήηξα 

πνπ έρνπλ κειεηεζεί ζε κεγάιε ιεπηνκέξεηα, ππάξρνπλ θαηεγνξίεο κηηνρνλδξηαθψλ 

πξσηετλψλ γηα ηε ζηφρεπζε ησλ νπνίσλ ειάρηζηα είλαη γλσζηά.  Μία θαηεγνξία 

ηέηνησλ πξσηετλψλ είλαη νη πξσηεΐλεο ηεο εζσηεξηθήο κεκβξάλεο κε έλα 

δηακεκβξαληθφ ηκήκα θαη ρσξίο ηππηθή αιιεινπρία ζηφρεπζεο.  Τπάξρνπλ δχν κφλν 

κειέηεο πνπ αθνξνχλ ηελ εηζαγσγή πξσηετλψλ απηήο ηεο θαηεγνξίαο ζηα 

κηηνρφλδξηα.  Η πξψηε, αθνξά ηε πξσηεΐλε Tim11 ή αιιηψο ππνκνλάδα e ηεο 

κηηνρνλδξηαθήο ATP ζπλζάζεο (Su e) θαη ηεο Prohibitin 1.  Γηα ηελ Su e, ην κνλνπάηη 

εηζαγσγήο ηεο θαίλεηαη λα επεξεάδεηαη απφ ηηο ζαπεξφλεο ηνπ δηακεκβξαληθνχ 

ρψξνπ, ρσξίο λα επεξεάδεηαη απφ ηε δπζιεηηνπξγία ησλ θαλαιηψλ TIM23 θαη ΣΙΜ22 

(Leuenberger, Bally et al. 1999), ελψ γηα ηε Prohibitin 1, ε εηζαγσγή ηεο θαίλεηαη λα 

επεξεάδεηαη απφ ηε δπζιεηηνπξγία ηνπ θαλαιηνχ TIM23, ελψ βξίζθεηαη ζε επαθή κε 
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ην ζχκπινθν TIM8.13 θαηά ηε δηαδηθαζία εηζαγσγήο ηεο ζηελ εζσηεξηθή κεκβξάλε 

(Tatsuta, Model et al. 2005).  ην θεθάιαην 2 αζρνινχκαζηε κε ηε κειέηε ηεο 

ζηφρεπζεο ηεο Tim11 ζηελ εζσηεξηθή κηηνρνλδξηαθή κεκβξάλε. 

1.13  ήκαηα ζηόρεπζεο ησλ κηηνρνλδξηαθώλ πξσηετλώλ 

Πεξίπνπ νη κηζέο κηηνρνλδξηαθέο πξσηεΐλεο ζπληίζεληαη κε ηππηθφ ζήκα 

ζηφρεπζεο ζην ακηλνηειηθφ ηνπο ηκήκα.  Σα ζήκαηα ζηφρεπζεο απηά έρνπλ κήθνο 

απφ 10 σο 80 ππνκνλάδεο θαη είλαη πινχζηα ακηλνμέα κε ζεηηθά θαη αξλεηηθά θνξηία 

(Hurt, Pesold-Hurt et al. 1984).  Έρνπλ ηελ ηάζε λα ζρεκαηίδνπλ ακθίθηιεο α-έιηθεο, 

κε ηε κία πιεπξά πδξφθηιεο θαη θνξηηζκέλεο ππνκνλάδεο, ελψ ζηελ άιιε πδξφθνβεο 

(Roise, Horvath et al. 1986; von Heijne 1986).  ηελ θαηεγνξία απηή αλήθνπλ νη 

πξσηεΐλεο πνπ ζηνρεχνληαη ζηε κηηνρνλδξηαθή κήηξα, θαζψο θαη απηέο πνπ 

ζηνρεχνληαη ζηελ εζσηεξηθή κεκβξάλε κέζσ ηνπ κνλνπαηηνχ δηαθνπήο ηεο 

κεηαθνξάο.  Τπάξρνπλ φκσο πξσηεΐλεο ηεο εμσηεξηθήο θαη ηεο εζσηεξηθήο 

κεκβξάλεο θαη ηνπ δηακεκβξαληθνχ ρψξνπ ρσξίο ηππηθφ ζήκα ζηφρεπζεο ζην 

ακηλνηειηθφ ηνπο ηκήκα.  Η πιεξνθνξία ζηφρεπζεο γηα ηηο πξσηεΐλεο απηέο βξίζθεηαη 

θάπνπ κέζα ζηελ αιιεινπρία ηεο πξσηεΐλεο, ρσξίο λα απνηειεί μερσξηζηφ ηκήκα 

ηεο. 

1.14  Πξόβιεςε ηεο ζηόρεπζεο πξσηετλώλ ζην κηηνρόλδξην 

Η κε χπαξμε θαζνξηζκέλεο αιιεινπρίαο πνπ ζηνρεχεη ηηο πξσηεΐλεο κέζα ζην 

κηηνρφλδξην, θάλεη δχζθνιε ηελ αλάπηπμε αιγνξίζκσλ πνπ πξνβιέπνπλ 

απνηειεζκαηηθά ηε ζηφρεπζε κηαο πξσηεΐλεο ζην κηηνρφλδξην.  Οη ππάξρνληεο 

αιγφξηζκνη πξφβιεςεο εληνπηζκνχ πξσηετλψλ πεξηνξίδνληαη ζηηο πξσηεΐλεο πνπ 

πεξηέρνπλ θάπνηα απνθνπηψκελε αιιεινπρία ζηφρεπζεο, ελψ είλαη 

αλαπνηειεζκαηηθέο γηα πξσηεΐλεο κε κε απνθνπηψκελν ζήκα ζηφρεπζεο 

(Emanuelsson, von Heijne et al. 2001).  ηνλ πίλαθα 1.2 παξνπζηάδνληαη ηα εξγαιεία 

πιεξνθνξηθήο πνπ είλαη δηαζέζηκα ζην δηαδίθηπν γηα ηε πξφβιεςε ηεο ζηφρεπζεο 

κηαο πξσηεΐλεο ζην κηηνρφλδξην. 
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Πίλαθαο 1.2.  Καηάινγνο ησλ δηαζέζηκσλ εξγαιείσλ πξφβιεςεο ηεο ζηφρεπζεο ζην κηηνρφλδξην. 

 

 

 

Όλνκα Πεξηγξαθή Γηεύζπλζε 

TargetP Δξγαιείν βαζηζκέλν ζε λεπξσληθφ δίθηπν ην 

νπνίν ρξεζηκνπνηεί ηηο αιιεινπρίεο ηνπ ακηλν-

ηειηθνχ ηκήκαηνο γηα λα θαζνξίζεη ηε ζηφρεπζε 

ηεο πξσηεΐλεο ζηα κηηνρφλδξηα, ηνπο 

ρισξνπιάζηεο, ζην εθθξηηηθφ κνλνπάηη ή αιινχ.  

Πξνβιέπεη επίζεο ην ζεκείν απνθνπήο ζηε 

πεξίπησζε χπαξμεο απνθνπηψκελεο 

αιιεινπρίαο ζηφρεπζεο (Emanuelsson, Nielsen 

et al. 2000) 

http://www.cbs.dt

u.dk/services/Tar

getP/ 

PSORT II Υξεζηκνπνηεί φιε ηελ αιιεινπρία ηεο 

πξσηεΐλεο, θαζψο επίζεο θαη ηε πξνέιεπζή ηεο 

(βαθηεξηαθή, ζαθραξνκχθεηα, δψνπ ή θπηνχ) 

θαη ππνινγίδεη δηάθνξεο παξακέηξνπο πνπ 

ζρεηίδνληαη κε ηελ αιιεινπρία ηεο, 

πξνβιέπνληαο ηε πηζαλφηεηα λα ζηνρεπηεί ζηα 

δηάθνξα  κέξε ηνπ θπηηάξνπ.  Γηα ηε ζηφρεπζε 

ζην κηηνρφλδξην, ε ακηλνηειηθή αιιεινπρία 

ρξεζηκνπνηείηαη γηα ηε πξφβιεςε ηεο ζηφρεπζεο 

θαη ηνπ ζεκείνπ απνθνπήο ηεο αιιεινπρίαο 

ζηφρεπζεο (Nakai and Horton 1999). 

http://www.psort.

org/ 

MITOPRED Πξνβιέπεη  κηηνρνλδξηαθέο πξσηεΐλεο απφ φινπο 

ηνπο επθαξπσηηθνχο νξγαληζκνχο.  Η πξφβιεςε 

βαζίδεηαη ζηε παξνπζία θνηλψλ δηαξζξψζεσλ ζε 

ηκήκαηα πξσηεΐλεο απφ ηε βάζε δεδνκέλσλ 

Pfam, κε βάζε ηε δηαθνξεηηθή ζηφρεπζε, ηελ 

αιιεινπρία θαη ην ηζνειεθηξηθφ ζεκείν ηεο 

πξσηεΐλεο (Sonnhammer, Eddy et al. 1997). 

http://bioinformat

ics.albany.edu/_m

itopred/ 

MioProtII Πξνβιέπεη αιιεινπρίεο ζηφρεπζεο ζηε κήηξα 

ζην ακηλνηειηθφ ηκήκα ηεο αιιεινπρίαο θαη ην 

ζεκείν απνθνπήο (Claros and Vincens 1996). 

http://ihg.gsf.de/i

hg/mitoprot.html 

Predotar Βαζηζκέλν ζε λεπξσληθά δίθηπα, αλαγλσξίδεη 

ακηλνηειηθέο αιιεινπρίεο ζηφρεπζεο γηα 

κηηνρφλδξηα, πιαζηίδηα ή ην ελδνπιαζκαηηθφ 

δίθηπν (Small, Peeters et al. 2004). 

http://urgi.infobio

gen.fr/predotar/pr

edotar.html 
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ρήκα 1.14.  Η ATP ζπλζάζε ηνπ κηηνρνλδξίνπ ζηε δηκεξηθή ηεο κνξθή. 

 

1.15  Τπνκνλάδα e ηεο κηηνρνλδξηαθήο ATP ζπλζάζεο (Subunit e of the F0/F1 

ATP – synthase) 

Η F0/F1 ATP ζπλζάζε είλαη έλα νγθψδεο ελδπκηθφ ζχκπινθν ηεο εζσηεξηθήο 

κηηνρνλδξηαθήο κεκβξάλεο πνπ ζπλζέηεη ATP ρξεζηκνπνηψληαο ηελ ελέξγεηα απφ ηε 

δηαθνξά δπλακηθνχ (ΓΦ) πνπ πξνθαιείηαη απφ ηε ξνή ειεθηξφλησλ κέζσ ηεο 

αλαπλεπζηηθήο αιπζίδαο.  Η ATP ζπλζάζε ζπλζέηεη ην κεγαιχηεξν κέξνο ηνπ ATP 

πνπ ρξεζηκνπνηεί ν νξγαληζκφο.  Σν πδξφθηιν ηκήκα, πνπ βξίζθεηαη ζηε κήηξα (F1), 

απνηειείηαη απφ 5 ππνκνλάδεο ελψ ην πδξφθνβν (F0) απνηειείηαη απφ 12 ππνκνλάδεο 

θαη δηαπεξλά ηελ εζσηεξηθή κεκβξάλε.  Αθφκε, έρνπλ βξεζεί 4 επηπιένλ ππνκνλάδεο 

κε ξπζκηζηηθφ ξφιν (πίλαθαο 1.3) (Devenish, Prescott et al. 2000; Ackerman and 

Tzagoloff 2005). 

Η ππνκνλάδα e (Su e) ηεο F0/F1 ATP ζπλζάζεο είλαη κία πξσηεΐλε πνπ βξίζθεηαη ζην 

κεκβξαληθφ κέξνο (F0) ηεο ATP ζπλζάζεο (Walker, Lutter et al. 1991).  Δίλαη 

πξνζδεκέλε ζηελ εζσηεξηθή κεκβξάλε κε ην ακηλνηειηθφ ηκήκα ηεο ελψ ην 

θαξβνμπηειηθφ ηκήκα ηεο είλαη εθηεζεηκέλν ζην δηακεκβξαληθφ ρψξν (Belogrudov, 

Tomich et al. 1996).  Δίλαη κία ζπληεξεκέλε πξσηεΐλε, αθνχ ππάξρεη ζηνπο 

πεξηζζφηεξνπο επθαξπσηηθνχο νξγαληζκνχο (Higuti, Kuroiwa et al. 1992; Arnold, 

Bauer et al. 1997).   
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Πίλαθαο 1.3.  Οη ππνκνλάδεο πνπ ηεο F0/F1 ATP ζπλζάζεο ηνπ κηηνρνλδξίνπ πνπ έρνπλ κέρξη ζηηγκήο 

αλαθαιπθζεί ζηνλ ζαθραξνκχθεηα (Velours and Arselin 2000). 

 

Η πξσηεΐλε απφ ην ζαθραξνκχθεηα έρεη κήθνο 96 ακηλνμέα θαη δελ είλαη απαξαίηεηε 

γηα ηε βησζηκφηεηα ηνπ νξγαληζκνχ.  Αξρηθά αλαγλσξίζηεθε σο κία πξσηεΐλε πνπ 

ελέρεηαη ζηε ζηφρεπζε πξσηετλψλ ζηελ εζσηεξηθή κεκβξάλε (Tim11) (Tokatlidis, 

Junne et al. 1996; Haucke, Ocana et al. 1997), αξγφηεξα φκσο απνδείρζεθε φηη 

πξφθεηηαη γηα ηελ ππνκνλάδα e ηεο ΑΣΡ ζπλζάζεο (Arnold, Bauer et al. 1997).  Η  Su 

e βξίζθεηαη ζηελ εζσηεξηθή κεκβξάλε ζε κία δηκεξή κνξθή θαη είλαη ζε επαθή κε 

ηελ ππνκνλάδα g (Su g) (Arnold, Pfeiffer et al. 1998; Brunner, Everard-Gigot et al. 

2002; Paumard, Vaillier et al. 2002).  Σν θαξβνμπηειηθφ ηκήκα ηεο έρεη πξνβιεθζεί 

φηη ζρεκαηίδεη ζπεηξσκέλεο έιηθεο (coiled coils) (Arnold, Bauer et al. 1997).  Η Su e 

βξέζεθε θαηά απνθιεηζηηθφηεηα ζηε δηκεξή κνξθή ηεο ATP ζπλζάζεο πνπ 

απνκνλψζεθε κεηά απφ δηαιπηνπνίεζε ησλ κηηνρνλδξίσλ κε ην απνξξππαληηθφ 

digitonin, καδί κε  ηηο ππνκνλάδεο g θαη k (Arnold, Pfeiffer et al. 1998).  ε θχηηαξα 

πνπ δελ εθθξάδνπλ ηε Su e, ε  Su g έρεη επίζεο ειαηησζεί, επηβεβαηψλνληαο κε απηφλ 

ηνλ ηξφπν ηελ αιιειεπίδξαζε ησλ δχν απηψλ πξσηετλψλ, κία αιιειεπίδξαζε πνπ 

εμαξηάηαη απφ ην κεκβξαληθφ ηκήκα ηεο Su e (Arnold, Pfeiffer et al. 1998; Brunner, 

Everard-Gigot et al. 2002).  Η χπαξμε δηκεξψλ ηεο ATP ζπλζάζεο απνπζία ηεο Su e, 

θαλεξψλεη φηη ε ATP ζπλζάζε κπνξεί λα ππάξμεη ζε κία δηκεξή κνξθή πνπ είλαη  
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ρήκα 1.15.  Η ζπκκεηνρή ηεο Su e ζηνλ ζρεκαηηζκφ ησλ νιηγνκεξψλ ηεο ΑΣΡ ζπλζάζεο. Α. θαη Β.  

Γχν δηαθνξεηηθά κνληέια γηα ηελ αιιειεπίδξαζε ηεο Su e γηα ηνλ ζρεκαηηζκφ δηκεξψλ.  ην Α, ε Su 

e ζηαζεξνπνηεί επηπιένλ ηα δηκεξή ηα νπνία έρνπλ ζρεκαηηζηεί κέζσ αιιειεπίδξαζεο ηεο Su 4.  ην 

Β, ε Su e αιιειεπηδξά κε δηαθνξεηηθά δηκεξή πνπ έρνπλ ζρεκαηηζηεί απφ ηελ αιιειεπίδξαζε κέζσ 

ηεο Su 4.  C.  ηα ζηειέρε πνπ απνπζηάδεη ε Su e (ΓSu e) ζρεκαηίδνληαη δηκεξή επαίζζεηα ζηελ 

digitonin κέζσ ηνπ Su 4 (Everard-Gigot, Dunn et al. 2005) 

 

επαίζζεηε ζηε παξνπζία ηνπ απνξξππαληηθνχ digitonin, κέζσ αιιειεπίδξαζεο ηεο 

ππνκνλάδαο 4 (Su 4) (Gavin, Prescott et al. 2005; Fronzes, Weimann et al. 2006).  Η 

Su e απαηηείηαη γηα ηελ χπαξμε νιηγνκεξψλ κνξθψλ ηεο ATP ζπλζάζεο, κέζσ coiled 

coil αιιειεπηδξάζεσλ ηνπ θαξβνμπηειηθνχ ηκήκαηνο ηεο πξσηεΐλεο (Everard-Gigot, 

Dunn et al. 2005) (ζρήκα 1.15).  Μέζα ζην κεκβξαληθφ ηεο ηκήκα ε Su e  έρεη έλα 

κνηίβν GXXXG, ην νπνίν είλαη εκπιεγκέλν κε ην δηκεξηζκφ πξσηετλψλ (Arselin, 

Giraud et al. 2003; Bustos and Velours 2005).  Παξφιν πνπ ε παξνπζία ηνπ έρεη 

ζρεηηζηεί κε ηε δεκηνπξγία ζηαζεξψλ δηκεξψλ ηεο ATP ζπλζάζεο, ε NMR δνκή ηνπ 

κεκβξαληθνχ ηκήκαηνο ηεο Su e ζε κηθθχιηα δσδεθπινθσζθνρνιίλεο έδεημε φηη είλαη 

κνλνκεξέο.  Αθφκε, ν ζρεκαηηζκφο Su e – Su e νκνδηκεξψλ δε δείρζεθε λα  

ζρεηίδεηαη κε ην κεκβξαληθφ ηκήκα ηεο πξσηεΐλεο, νπφηε ην κνηίβν απηφ πηζαλφηαηα 

λα κελ είλαη κνηίβν δηκεξηζκνχ ηεο Su e, αιιά λα ζρεηίδεηαη κε αιιειεπίδξαζε ηεο 

πξσηεΐλεο κε άιιεο ππνκνλάδεο, φπσο ε Su g.  Η κειέηε κε NMR ηεο ακηλνηειηθήο 

πεξηνρήο ηνπ Su e ζε κηθθχιηα έδεημε πσο ην κεκβξαληθφ ηκήκα ηεο πξσηεΐλεο είλαη 

α-ειηθσηφ κνλνκεξέο, κε ηελ αξγηλίλε ζηε ζέζε 21 λα είλαη ζην πάλσ κέξνο ηεο 

κεκβξάλεο θαη λα αιιειεπηδξά κε ηηο θεθαιέο ησλ θσζθνιηπηδίσλ.  Η αξγηλίλε ζηε 

ζέζε 8 είλαη βπζηζκέλε κέζα ζηε ιηπηδηθή θάζε, πξάγκα αζπλήζηζην γηα θνξηηζκέλν 

ακηλνμχ (Yao, Stuart et al. 2008).   

Η απνπζία ηεο Su e απφ ηα κηηνρφλδξηα επηθέξεη κνξθνινγηθέο αιιαγέο ζηελ 

εζσηεξηθή κεκβξάλε ηνπ κηηνρνλδξίνπ.  Οη πηπρψζεηο ηεο εζσηεξηθήο κεκβξάλεο 

(θξίζηα) απνπζηάδνπλ ζε ζηειέρε πνπ δελ εθθξάδνπλ ηε Su e, απνθηψληαο κία 

μεδηπισκέλε κνξθή (onion-like mitochondria) (Paumard, Vaillier et al. 2002; Arselin, 



Μνξηαθνί κεραληζκνί ζηφρεπζεο πξσηεηλψλ ζηελ εζσηεξηθή κεκβξάλε θαη ζην δηακεκβξαληθφ ρψξν ησλ κηηνρνλδξίσλ 

45 

Vaillier et al. 2004).  Η κνξθνινγηθή δηαθνξά απηή έρεη απνδνζεί ζηελ απνπζία ησλ 

νιηγνκεξηθψλ κνξθψλ ηεο ATP ζπλζάζεο (Minauro-Sanmiguel, Wilkens et al. 2005).  

Μία άιιε πξσηεΐλε πνπ ζρεηίδεηαη ζηε δηακφξθσζε ησλ πηπρψζεσλ ηεο εζσηεξηθήο 

κεκβξάλεο είλαη ε πξσηεΐλε Mgm1, πνπ επηπιένλ ζρεηίδεηαη κε ηε ζχληεμε ησλ 

κηηνρνλδξίσλ (mitochondrial fusion).  Η απελεξγνπνίεζε ηνπ γνληδίνπ ηεο Mgm1 ζην 

ζαθραξνκχθεηα αιιάδεη ηε κνξθνινγία ηεο εζσηεξηθήο κεκβξάλεο φπσο ζηε 

πεξίπησζε ησλ ζηειερψλ πνπ δελ εθθξάδνπλ ηε Su e.  Η κνξθνινγηθή απηή δηαθνξά 

νθείιεηαη πηζαλφηαηα ζηελ απνπζία ηεο Su e, αθνχ ζηα ζηειέρε πνπ δελ εθθξάδεηαη 

ε Mgm1, έρεη ειαηησζεί ζεκαληηθά ε Su e.  Η απνπζία ηνπ Su e θαη νη κνξθνινγηθέο 

αλαθαηαηάμεηο πνπ επηθέξεη ζηηο πηπρψζεηο ηεο εζσηεξηθήο κεκβξάλεο επεξεάδεη ηε 

πνζφηεηα ηνπ θπηνρξψκαηνο c ζην κηηνρφλδξην.  Σν θπηφρξσκα c, βαζηθφ ζπζηαηηθφ 

ηεο αλαπλεπζηηθήο αιπζίδαο, βξίζθεηαη ζπγθεληξσκέλν ζηηο εζσηεξηθέο πηπρψζεηο 

ηνπ κηηνρνλδξίνπ.  Η ειάηησζε ηεο πνζφηεηαο ηνπ θπηνρξψκαηνο c ζε ζηειέρε πνπ 

απνπζηάδεη ην Su e, ζρεηίδεηαη πηζαλφηεηα κε ηε δηάλνημε ησλ πηπρψζεσλ ηεο 

εζσηεξηθήο κεκβξάλεο (Amutha, Gordon et al. 2004). 

ην θεθάιαην 3 ρξεζηκνπνηνχκε ηε Su e σο παξάδεηγκα κηηνρνλδξηαθήο πξσηεΐλεο 

ηεο εζσηεξηθήο ζηηβάδαο κε έλα δηακεκβξαληθφ ηκήκα θαη ρσξίο ηππηθφ ζήκα 

ζηφρεπζεο, γηα ηε κειέηε ηνπ κνλνπαηηνχ ηεο ζηφρεπζεο ζηελ εζσηεξηθή κεκβξάλε. 
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ηόρνη ηεο δηδαθηνξηθήο δηαηξηβήο 

A. Μνλνπάηη ζηφρεπζεο ζην κηηνρφλδξην πξσηετλψλ ηεο εζσηεξηθήο κεκβξάλεο 

κε έλα δηακεκβξαληθφ ηκήκα θαη ρσξίο ηππηθή αιιεινπρία ζηφρεπζεο 

 Ση ρξεηάδεηαη ε Su e γηα λα ελζσκαησζεί ζηελ εζσηεξηθή κεκβξάλε 

 Πξνζδηνξηζκφο ηνπ ζήκαηνο ζηελ αιιεινπρία ηεο Su e  πνπ ζηέιλεη 

ηε Su e ζην κηηνρφλδξην 

 Πξνζδηνξηζκφο ησλ πξσηετλψλ πνπ ζηνρεχνληαη κέζσ απηνχ ηνπ 

κνλνπαηηνχ 

B. ηφρεπζε ζην δηακεκβξαληθφ ρψξν κέζσ κνλνπαηηνχ ηεο Mia40 

 Αλαγλψξηζε ηεο αιιεινπρίαο πνπ δεζκεχεηαη κε δεζκηθά κε ηε Mia40 

 Αλαγλψξηζε ηνπ είδνπο ηεο αιιειεπίδξαζεο κεηαμχ Mia40 θαη 

αιιεινπρίαο ζηφρεπζεο 

 Πξνζδηνξηζκφο θαη αλάιπζε ησλ αιιεινπρηψλ ζηφρεπζεο ζηε Mia40 

 Δχξεζε πηζαλψλ ζεκάησλ ζηφρεπζεο ζηα ππνζηξψκαηα ηεο Mia40 
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Κεθάιαην 2  

Τιηθά θαη κέζνδνη. 
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2.1  Κισλνπνίεζε πιαζκηδίσλ. 

Η αγξίνπ ηχπνπ Su e εληζρχζεθε κέζσ αιπζηδσηήο αληίδξαζεο πνιπκεξάζεο 

(PCR) ρξεζηκνπνηψληαο ηνπο θαηάιιεινπο εθθηλεηέο απφ γελνκηθφ DNAηνπ 

ζαθραξνκχθεηα Saccharomyces cerevisiae κε έλαλ επίηνπν πέληε κεζεηνληλψλ ζην 

θαξβνμπηειηθφ ηεο άθξν, θαη θισλνπνηήζεθε ζε βαθηεξηαθφ θνξέα (πιαζκίδην) 

pSP65 κε ηε ρξήζε πεξηνξηζηηθψλ ελδχκσλ EcoRI θαη BamHI.  Σν ΓΝ23 

κεηάιιαγκα εληζρχζεθε σο ζξαχζκα κε EcoRI θαη BamHI άθξα απφ ην πιαζκίδην 

pSP65Su e WT θαη θισλνπνηήζεθε επίζεο ζε βαθηεξηαθφ θνξέα pSP65.  Με ηνλ ίδην 

ηξφπν ε Su e θαη ε ΓΝ23 Su e θισλνπνηήζεθαλ ζε βαθηεξηαθφ θνξέο pQE60 ρσξίο 

ηνλ επίηνπν ησλ πέληε κεζεηνληλψλ ζην θαξβνμπηειηθφ άθξν, πνπ ππεξεθθξάδεη ηε 

πξσηεΐλε κε επίηνπν έμη ηζηηδηλψλ ζην θαξβνμπηειηθφ άθξν.  

Η Mia40 εληζρχζεθε κέζσ αληίδξαζεο πνιπκεξάζεο (PCR) ρξεζηκνπνηψληαο ηνπο 

θαηάιιεινπο εθθηλεηέο απφ ην πιαζκίδην pGEXMia40 (Sideris and Tokatlidis 2007) 

ρσξίο ηα 244 (ΓΝ244Mia40) ή ηα 290 (ΓΝ290Mia40) ακηλνηειηθά ακηλνμέα ηεο θαη 

θισλνπνηήζεθε ζην πιαζκίδην pET22 (Νovagen) κε ηε ρξήζε πεξηνξηζηηθψλ 

ελδχκσλ BamHI θαη XhoI.  Με απηφλ ηνλ ηξφπν δεκηνπξγήζεθε ην πιαζκίδην 

pET22ΓN244Mia40, πνπ εθθξάδεη ηε Mia40 ρσξίο ηα 244 ακηλνηειηθά ακηλνμέα ηεο 

θαη κε έλαλ επίηνπν έμη ηζηηδηλψλ ζην θαξβνμπηειηθφ ηεο ηκήκα θαη ην 

pET22ΓN290Mia40, πνπ εθθξάδεη ηε Mia40 ρσξίο ηα 290 ακηλνηειηθά ακηλνμέα ηεο 

θαη κε έλαλ επίηνπν έμη ηζηηδηλψλ ζην θαξβνμπηειηθφ ηεο ηκήκα.  Απφ απηά ηα 

πιαζκίδηα δεκηνπξγήζεθαλ ηα αληίζηνηρα SPS κεηαιιάγκαηα, κέζσ αιπζηδσηήο 

αληίδξαζεο πνιπκεξάζεο (PCR) κε θαηεπζπλφκελε κεηαιιαμηγέλεζε (Stratagene 

QuickChange site-directed mutagenesis kit), φπνπ νη θπζηεΐλεο ηνπ ελεξγνχ θέληξνπ 

(CPC) έρνπλ κεηαιιαρζεί ζε ζεξίλεο (SPS).  Η Tim10 εληζρχζεθε κέζσ αληίδξαζεο 

πνιπκεξάζεο (PCR) ρξεζηκνπνηψληαο ηνπο θαηάιιεινπο εθθηλεηέο απφ ην πιαζκίδην 

pGEXTim10 (Vergnolle, Baud et al. 2005) ρσξίο ηα 30 (ΓΝ30Tim10) ή ηα 39 

(ΓΝ39Tim10) ακηλνηειηθά ακηλνμέα ηεο θαη θισλνπνηήζεθε ζηα πιαζκίδηα pGEX-

4T1 (Amersham) κε ηε ρξήζε πεξηνξηζηηθψλ ελδχκσλ BamHI θαη EcoRI θαη 

pSP64polyA (Promega) κε ηε ρξήζε πεξηνξηζηηθψλ ελδχκσλ BamHI θαη SacI.  Οη 

εθδφζεηο ηεο Tim10 πνπ εηζήρζεζαλ ζην πιαζκίδην pSP64polyA έθεξαλ ηξεηο 

επηπιένλ κεζεηνλίλεο ζην θαξβνμπηειηθφ ηνπο ηκήκα, ψζηε λα έρνπκε εληζρπκέλε 

ξαδηνζήκαλζε απφ ξαδηελεξγφ ζείν.  Η ITS-ΓΝ23-Su e δεκηνπξγήζεθε κε πξνζζήθε 

ηεο αιιεινπρίαο ακηλνμέσλ απφ ηε ζέζε 30 σο 39 ηεο Tim10 (ITS) ζηελ ΓΝ23 Su e 
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C28S  κέζσ αληίδξαζεο πνιπκεξάζεο (PCR) ρξεζηκνπνηψληαο ηνπο θαηάιιεινπο 

εθθηλεηέο απφ ην πιαζκίδην pSP65ΓΝ23 Su e C28S θαη θισλνπνηήζεθε ζε πιαζκίδην 

pSP65 κε ηε ρξήζε πεξηνξηζηηθψλ ελδχκσλ BamHI θαη EcoRI.  Σν πιαζκίδην 

pSP65ΓΝ23 Su e C28S δεκηνπξγήζεθε απφ ην πιαζκίδην pSP65ΓΝ23 Su e 

(θεθάιαην 2) κέζσ αιπζηδσηήο αληίδξαζεο πνιπκεξάζεο (PCR) κε θαηεπζπλφκελε 

κεηαιιαμηγέλεζε (Stratagene QuickChange site-directed mutagenesis kit), 

κεηαιιάζζνληαο ηε θπζηεΐλε 28 (ζέζε 5 ζηε ΓΝ23) ζε ζεξίλε. 

2.2  Μεηαιιαμηγέλεζε ηεο Su e 

Σα κεηαιιάγκαηα ηεο Su e παξήρζεζαλ κέζσ αιπζηδσηήο αληίδξαζεο 

πνιπκεξάζεο (PCR) κε θαηεπζπλφκελε κεηαιιαμηγέλεζε (Stratagene QuickChange 

site-directed mutagenesis kit) απφ ην πιαζκίδην pSP65Su e.  Η αιιεινπρία ησλ 

πιαζκηδίσλ πηζηνπνηήζεθε κέζσ αληίδξαζεο πξνζδηνξηζκνχ ηεο αιιεινπρίαο 

(sequencing). 

2.3  Απνκόλσζε κηηνρνλδξίσλ 

Κχηηαξα ζαθραξνκχθεηα κεγάισζαλ ζε ζξεπηηθφ κέζν πνπ πεξηείρε 

γαιαθηηθφ νμχ κέρξη λα θηάζνπλ ηελ νπηηθή ππθλφηεηα (OD600) 1 σο 1,5.  Σα 

θχηηαξα καδεχηεθαλ κε θπγνθέληξεζε θαη έπεηηα επαλαδηαιχζεθαλ ζε δηάιπκα DTT 

(100 mM Tris-H2SO4 pH 8.0, 10 mM DTT), ζε ζπγθέληξσζε 2 gr/ml θαη 

επσάζηεθαλ γηα 15 ιεπηά ζηνπο 30
0
C.  Έπεηηα ηα θχηηαξα καδεχηεθαλ κε 

θπγνθέληξεζε θαη επαλαδηαιχζεθαλ ζε δηάιπκα πέςεο (1,2 Μ ζνξβηηφιε, 20 mM 

KPi pH 7,4, 1 mM PMSF, 2,5 mg/g δπκνιπάζε) ζε ζπγθέληξσζε 0,15 g/ml θαη 

επσάζηεθαλ σζφηνπ ε απνξξφθεζε ηνπ δηαιχκαηνο ζηα 600 nm  λα κεησζεί ζην 10-

20% ηεο αξρηθήο ζηνπο 30
ν
C.  Με απηφλ ηνλ ηξφπν γλσξίδνπκε φηη ε δπκνιπάζε 

(Zymolyase 20T, 900 U/g, Seikagaku co.) έρεη πέςεη ην θπηηαξηθφ ηνίρσκα ηνπ 

ζαθραξνκχθεηα.  Οη ζθαηξνπιάζηεο πνπ πξνθχπηνπλ απφ απηή ηε δηαδηθαζία 

απνκνλψλνληαη κε θπγνθέληξεζε θαη μεπιχζεθαλ κε δηάιπκα πιχζεο  (1,2 Μ 

ζνξβηηφιε, 20 mM HEPES pH 7,4, 1 mM PMSF).  Η δηαδηθαζία απφ ην ζεκείν απηφ 

θαη κεηά πξαγκαηνπνηήζεθε απνθιεηζηηθά ζηνπο 4
ν
C.  Σα θχηηαξα επαλαδηαιχζεθαλ 

ζε ΒΒ (breaking buffer, 0,6M ζνξβηηφιε, 20 mM HEPES pH 7.4) θαη ηα θχηηαξα 

έζπαζαλ κε ηε ρξήζε νκνγελνπνηεηή πξνζεθηηθά ρσξίο λα ζπάζνπλ ηα κηηνρφλδξηα.  

Σα κηηνρφλδξηα απνκνλψζεθαλ απφ ηα ππφινηπα θπηηαξηθά κέξε κέζσ δηαδνρηθψλ 

θπγνθεληξήζεσλ θαη ε ζπγθέληξσζε ησλ αλεπεμέξγαζησλ κηηνρνλδξίσλ (crude 
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preparation) πξνζδηνξίζηεθε κεηξψληαο ηελ απνξξφθεζε ζηα 280 nm.  Πεξαηηέξσ 

θαζαξηζκφο ησλ κηηνρνλδξίσλ επηηεχρζεθε κε θπγνθέληξεζε βαζκηδψκαηνο 

ζπγθέληξσζεο (gradient) Nycodenz (Axis-shield Diagnostics).  Σα αλεπεμέξγαζηα 

κηηνρφλδξηα ηνπνζεηήζεθαλ ζην πάλσ κέξνο βαζκηδψκαηνο ζπγθέληξσζεο (gradient) 

Nycodenz πνπ απνηεινχληαλ απφ δχν θάζεηο, 20% Nycodenz  ζηε θάησ θάζε θαη 

14.5% Nycodenz ζηε πάλσ θάζε.  Σν δηάιπκα θπγνθεληξήζεθε γηα 45 ιεπηά ζηα 

25,000 g.  Σα κηηνρφλδξηα ζπγθεληξψλνληαη ζε κία επδηάθξηηε δψλε ζηε 

κεζνεπηθάλεηα ησλ δχν θάζεσλ.  Απφ εθεί, ηα θαζαξά κηηνρφλδξηα απνκνλψζεθαλ 

θαη επαλαδηαιχζεθαλ ζε δηάιπκα ΒΒ ζε ζπγθέληξσζε 20 mg/ml.  Σα κηηνρφλδξηα 

θπιάρζεθαλ ζηνπο -80
0
C κέρξη ηε ρξήζε (Glick, Wachter et al. 1991). 

2.4  Απνκόλσζε αλαζπλδηαζκέλεο Su e-His, ΓN23 Su  e-His, HisTim9 θαη 

HisTim10 από βαθηήξηα. 

Η Su e-His θαη ε ΓΝ23 Su e-His απνκνλψζεθαλ απφ βαθηήξηα E. coli πνπ 

έθεξαλ πιαζκίδην pQE60, ελψ ε HisTim9 θαη ε HisTim10 απφ βαθηήξηα E. coli πνπ 

έθεξαλ ηα πιαζκίδηα pET28Tim9 θαη pRSETTim10 αληίζηνηρα, ηα νπνία επήρζεζαλ  

γηα ηξεηο ψξεο ζηνπο 37
ν
C. Σα θχηηαξα απνκνλψζεθαλ θαη επαλαδηαιχζεθαλ ζε 

δηάιπκα Α (150 mM NaCl, 50 mM Tris HCl pH 7.4) θαη έπεηηα έζπαζαλ κε ηε ρξήζε 

ππεξήρσλ.  Σα ζπαζκέλα θχηηαξα θπγνθεληξήζεθαλ ζηα 21.000 g γηα 30 ιεπηά 

ζηνπο 4
0
C.  Οη πξσηεΐλεο ζε απηή ηε δηαδηθαζία θαηαθξεκλίδνληαη ζηε πειέηα, εθηφο 

απφ ηε ΓΝ23 Su e πνπ παξακέλεη ζην ππεξθείκελν κεηά ηε θπγνθέληξεζε.  Η Su e-

His, ε HisTim9 θαη ε HisTim10 απνκνλψζεθαλ κεηά απφ επαλαδηάιπζε ηεο πειέηαο 

ζε απνδηαηαθηηθφ δηάιπκα, ελψ ε ΓΝ23 Su e-Ηis απνκνλψζεθε απφ ην ππεξθείκελν.  

ηε πεξίπησζε ηνπ ΓΝ23, ην ππεξθείκελν πξνζδέζεθε ζε ζθαηξίδηα ληθειίνπ-

αγαξφδεο (Ni-NTA beads, Qiagen) θαη έπεηηα ηα ζθαηξίδηα μεπιχζεθαλ κε δηάιπκα Α 

ζην νπνίν πξνζηέζεθαλ 50 mΜ ηκηδαδφιην.  Η πξσηεΐλε εθινχζηεθε απφ ηα 

ζθαηξίδηα κε δηάιπκα Α + 300 mM ηκηδαδφιην.  Γηαθνξεηηθή δηαδηθαζία 

αθνινπζήζεθε γηα ηηο πξσηεΐλεο πνπ βξέζεθαλ ζηε πειέηα.  Οη πειέηεο 

επαλαδηαιχζεθαλ ζε δηάιπκα Β (8M νπξία, 150 mM NaCl, 50 mM Tris pH 8,0) θαη 

επσάζηεθαλ γηα 2 ψξεο ζε ζεξκνθξαζία δσκαηίνπ.  Έπεηηα, ην δηάιπκα 

θπγνθεληξήζεθε γηα 30 ιεπηά ζηα 21.000 g ζε ζεξκνθξαζία δσκαηίνπ.  Σν 

ππεξθείκελν αξαηψζεθε κε δηάιπκα Α, ψζηε ε ζπγθέληξσζε ηεο νπξίαο λα κεησζεί 

ζηα 6 Μ θαη πξνζδέζεθε ζε Ni-NTA ζθαηξίδηα.  Σα ζθαηξίδηα μεπιχζεθαλ δηαδνρηθά 

κε δηαιχκαηα 6 Μ, 4 Μ νπξία, 2 Μ νπξία θαη 0 Μ νπξία ζε δηάιπκα Α.  Σέινο, ε 
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πξνζδεκέλε πξσηεΐλε εθινχζηεθε απφ ηα ζθαηξίδηα κε 300 mM ηκηδαδφιην ζε 

δηάιπκα Α. 

2.5  Απνκόλσζε Tim10 από βαθηήξηα 

Η GST-Tim10 απνκνλψζεθε απφ βαθηήξηα E. coli πνπ έθεξε ην πιαζκίδην 

pGEXTim10.  Σα βαθηήξηα, κεηά ηελ επαγσγή ηνπο, κεγάισζαλ ζηνπο 18
0
C γηα 12 

ηνπιάρηζηνλ ψξεο.  Σα θχηηαξα απνκνλψζεθαλ θαη επαλαδηαιχζεθαλ ζε δηάιπκα Α 

(150 mM NaCl, 50 mM Tris HCl pH 7,4) θαη έπεηηα έζπαζαλ κε ηε ρξήζε ππεξήρσλ 

(sonicator).  Σα ζπαζκέλα θχηηαξα θπγνθεληξήζεθαλ ζηα 21.000 g γηα 30 ιεπηά 

ζηνπο 4
0
C.  Σν ππεξθείκελν επσάζηεθε κε ζθαηξίδηα γινπηαζεηψλεο (GST-agarose 

beads, Sigma) γηα 6 ψξεο ψζηε λα πξνζδεζεί ε πξσηεΐλε.  Καηφπηλ, ηα ζθαηξίδηα 

μεπιχζεθαλ κε δηάιπκα Α θαη ε πξνζδεκέλε πξσηεΐλε εθινχζηεθε κε δηάιπκα 10 

mM γινπηαζεηψλε, 150 mM NaCl, 50 mM Tris, pH 7.4, θαη 5 U/ml ζξνκβίλε 

πξνζηέζεθε.  Η ζξνκβίλε παξέκεηλε γηα λα απνθφςεη ηνλ επίηνπν ηεο GST απφ ηε 

πξσηεΐλε γηα 6 ψξεο.  Μεηά ηελ απνθνπή, ε ζξνκβίλε απελεξγνπνηήζεθε κε PMSF 1 

mM θαη ε Tim10  απνκνλψζεθε απφ ην κείγκα κε ρξσκαηνγξαθία πεθηήο (Gel 

filtration), ρξεζηκνπνηψληαο ζηήιε S75 superdex (GE Healthcare).   

2.6  Καζαξηζκόο πξσηετλώλ ΓΝ244Mia40, ΓΝ244Mia40 SPS, ΓΝ290Mia40, 

ΓΝ290Mia40SPS, ΓΝ30Σim10 θαη ΓΝ39Tim10 

Οη αλαζπλδηαζκέλεο πξσηεΐλεο εθθξάζηεθαλ ζην ζηέιερνο ηνπ E. coli BL21 

(DE3) απφ ηα pET22 ή ηα pGEX πιαζκίδηα.  Απφ ηα pGEX πιαζκίδηα νη πξσηεΐλεο 

εθθξάζηεθαλ ζπληεγκέλεο κε ηε GST ζην ακηλνηειηθφ ηνπο ηκήκα.  Σα θχηηαξα πνπ 

έθεξαλ ηα pET22 πιαζκίδηα ζπιιέρζεθαλ κεηά απφ ηξίσξε επαγσγή κε IPTG (0,4 

mM) γηα ηξεηο ψξεο ζηνπο 37
o
C.  Σα θχηηαξα απνκνλψζεθαλ θαη επαλαδηαιχζεθαλ 

ζε δηάιπκα Α (150 mM NaCl, 50 mM Tris HCl pH 7.4) θαη έπεηηα έζπαζαλ κε ηε 

ρξήζε ππεξήρσλ.  Σα ζπαζκέλα θχηηαξα θπγνθεληξήζεθαλ ζηα 21.000 g γηα 30 

ιεπηά ζηνπο 4
o
C. Οη πξσηεΐλεο απνκνλψζεθαλ απφ ην ππεξθείκελν.  Σν ππεξθείκελν 

πξνζδέζεθε ζε ζθαηξίδηα ληθειίνπ-αγαξφδεο (Ni-NTA beads, Qiagen) θαη έπεηηα ηα 

ζθαηξίδηα μεπιχζεθαλ κε δηάιπκα Α ζην νπνίν πξνζηέζεθαλ 50 mΜ ηκηδαδφιην.  Οη 

πξσηεΐλεο εθινχζηεθαλ απφ ηα ζθαηξίδηα κε δηάιπκα Α + 300 mM ηκηδαδφιην.  Οη 

εθινπζκέλεο πξσηεΐλεο θαζαξίζηεθαλ πεξαηηέξσ κε ρξσκαηνγξαθία 

αληνλαληαιιαγήο (anion exchange chromatography) κε ηε ρξήζε ζηήιεο  MonoQ HR 

5/5 (Pharmacia Biotech).  Σα θχηηαξα πνπ έθεξαλ ηα pGEX πιαζκίδηα κεηά ηελ 
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επαγσγή ηνπο, κεγάισζαλ ζηνπο 18
o
C γηα 12 ηνπιάρηζηνλ ψξεο.  Σα θχηηαξα 

απνκνλψζεθαλ θαη επαλαδηαιχζεθαλ ζε δηάιπκα Α (150 mM NaCl, 50 mM Tris HCl 

pH 7,4) θαη έπεηηα έζπαζαλ κε ηε ρξήζε ππεξήρσλ.  Σα ζπαζκέλα θχηηαξα 

θπγνθεληξήζεθαλ ζηα 21.000 g γηα 30 ιεπηά ζηνπο 4
0
C.  Σν ππεξθείκελν επσάζηεθε 

κε ζθαηξίδηα γινπηαζεηψλεο-αγαξφδεο (GST-agarose beads, Sigma) γηα 6 ψξεο ψζηε 

λα πξνζδεζνχλ νη πξσηεΐλεο.  Καηφπηλ, ηα ζθαηξίδηα μεπιχζεθαλ κε δηάιπκα Α θαη νη 

πξνζδεκέλεο πξσηεΐλεο εθινχζηεθαλ κε δηάιπκα έθινπζεο (10 mM γινπηαζεηψλε, 

150 mM NaCl, 50 mM Tris, pH 7.4).  ην δηάιπκα απηφ πξνζηέζεθε ζξνκβίλε 5 

U/ml.  Η ζξνκβίλε παξέκεηλε γηα λα απνθφςεη ηνλ επίηνπν ηεο GST απφ ηε πξσηεΐλε 

γηα 6 ψξεο.  Μεηά ηελ απνθνπή, ε ζξνκβίλε απελεξγνπνηήζεθε κε 1 mM PMSF θαη 

νη πξσηεΐλεο  απνκνλψζεθαλ απφ ην κείγκα κε ρξσκαηνγξαθία πεθηήο (Gel 

filtration), ρξεζηκνπνηψληαο ζηήιε S75 superdex (GE Healthcare).   

2.7  Δηζαγσγή ξαδηνζεκαζκέλεο πξσηεΐλεο ζε κηηνρόλδξηα 

Η ξαδηνζεκαζκέλε κε 
35

S πξφδξνκε πξσηεΐλε ζπληέζεθε κε ηε ρξήζε ηνπ 

ζπζηήκαηνο in vitro κεηαγξαθήο-κεηάθξαζεο TNT ηεο Promega.  Η ξαδηνζεκαζκέλε 

πξσηεΐλε εηζήρζε ζε απνκνλσκέλα κηηνρφλδξηα (50 κg αλά αληίδξαζε) παξνπζία 2 

mM ATP θαη 2,5 mM NADH γηα 20 ιεπηά ζηνπο 30
0
C.  Σα κηηνρφλδξηα 

επαλαδηαιχζεθαλ ζε δηάιπκα 1,2 Μ ζνξβηηφιε, 20 mM HEPES pH 7,4 θαη έπεηηα ε 

κε εηζαγκέλε πξσηεΐλε απνηθνδνκήζεθε κε πξσηεφιπζε απφ ηε πξσηετλάζε Κ (PK).  

Σέινο, ηα κηηνρφλδξηα αλαιχζεθαλ κε ειεθξνθφξεζε SDS-PAGE.  Οη κηηνπιάζηεο 

δεκηνπξγήζεθαλ κε ξήμε ηεο εμσηεξηθήο κεκβξάλεο κέζσ ψζκσζεο.  Σα 

κηηνρφλδξηα επαλαδηαιχζεθαλ ζε ππνηνληθφ δηάιπκα (20 mM HEPES, pH 7,4).  Οη 

κηηνπιάζηεο απνκνλψζεθαλ κε θπγνθέληξεζε.  ην ππεξθείκελν απηήο ηεο 

δηαδηθαζίαο πξνζηέζεθε 10% ηξηρισξννμηθφ νμχ (TCA) γηα λα θαηαβπζηζηνχλ νη 

πξσηεΐλεο ηνπ.  Σν ίδεκα πνπ πξνέθπςε κεηά ηε θαηαβχζηζε κε TCA θνξηψζεθε ζε 

πεθηή αθξπιακηδίνπ θαη αλαιχζεθε κέζσ ειεθηξνθφξεζεο SDS-PAGE.  Οη 

κηηνπιάζηεο επίζεο αλαιχζεθαλ κε ειεθηξνθφξεζεο SDS-PAGE.  Γηα ηνλ 

δηαρσξηζκφ ησλ κεκβξαληθψλ πξσηετλψλ απφ ηηο δηαιπηέο, ηα κηηνρφλδξηα 

επσάζηεθαλ ζε δηάιπκα Na2CO3 100 mM γηα 30 ιεπηά.  Έπεηηα, θπγνθεληξήζεθαλ 

ζηα 25.000 g θαη ην ππεξθείκελν ππέζηε θαηαβχζηζε κε TCA.  Σν ππεξθείκελν θαη ε 

πειέηα αλαιχζεθαλ κε ειεθηξνθφξεζεο SDS-PAGE.  Οη ξαδηελεξγέο πξσηεΐλεο 

αληρλεχζεθαλ κε απηνξαδηνγξαθία. 
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2.8  Δλζσκάησζε ζε κηηνπιάζηεο 

Οη κηηνπιάζηεο δεκηνπξγήζεθαλ απφ κηηνρφλδξηα πνπ ππέζηεζαλ σζκσηηθφ 

ζνθ κε ππνηνληθφ δηάιπκα (20 mM HEPES/KOH pH 7,4) κε ή ρσξίο ηε πξνζζήθε 

πξσηετλάζεο Κ (ΡΚ).  Γηα θάζε αληίδξαζε 50 κg κηηνρνλδξίσλ ρξεζηκνπνηήζεθε.  Η 

ΡΚ απελεξγνπνηήζεθε κε πξνζζήθε PMSF (1 mM).  Οη κηηνπιάζηεο 

θπγνθεληξήζεθαλ θαη έπεηηα επαλαδηαιχζεθαλ ζε δηάιπκα 1,2 Μ ζνξβηηφιε, 20 mM 

HEPES pH 7,4.  Η ξαδηνζεκαζκέλε πξσηεΐλε ελζσκαηψζεθε ζηνπο κηηνπιάζηεο κε 

επψαζε παξνπζία 2 mM ATP θαη 2,5 mM NADH γηα 20 ιεπηά ζηνπο 30
0
C. Οη 

κηηνπιάζηεο αλαιχζεθαλ κε ειεθξνθφξεζε SDS-PAGE.  Γηα ηνλ δηαρσξηζκφ ησλ 

κεκβξαληθψλ πξσηετλψλ απφ ηηο δηαιπηέο, νη κηηνπιάζηεο επσάζηεθαλ ζε δηάιπκα 

Na2CO3 100 mM γηα 30 ιεπηά.  Έπεηηα, θπγνθεληξήζεθαλ θαη ππεξθείκελν ππέζηε 

θαηαβχζηζε κε TCA.  Σν ππεξθείκελν θαη ε πειέηα αλαιχζεθαλ κε ειεθηξνθφξεζε 

SDS-PAGE.  Οη ξαδηελεξγέο πξσηεΐλεο αληρλεχζεθαλ κε ξαδηναπνηχπσζε. 

2.9  Παξαζθεπή ιηπνζσκάησλ 

12 mg θσζθαηηδπινρνιίλε ζε ρισξνθφξκην ηνπνζεηήζεθαλ ζε ζθαηξηθή 

θηάιε.  Σν ρισξνθφξκην απνκαθξχλζεθε κε εμάηκηζε ππφ ξεχκα αδψηνπ γηα 30 

ιεπηά.  Σν ζηεξεφ ππφιεηκκα επαλαδηαιχζεθε ζε δηάιπκα πνπ πεξηείρε 150 mM KCl, 

50 mM Tris pH 7,4 θαη επσάζηεθε ζε ζεξκνθξαζία δσκαηίνπ γηα κία ψξα.  

Αιιεπάιιεινη θχθινη παγψκαηνο/μεπαγψκαηνο (10 sec ζε πγξφ άδσην, 50 sec ζε 

πδαηφινπηξν ζηνπο 50
ν
C), δεκηνχξγεζαλ ηα ιηπνζψκαηα.  Σα ιηπνζψκαηα 

νκνγελνπνηήζεθαλ πεξλψληαο απφ θίιηξν απνθιεηζκνχ (extruder) κε πφξνπο 100 nm 

γηα 10 θνξέο. 

2.10  Πξόζδεζε ζηα ιηπνζώκαηα 

Αλαζπλδπαζκέλε πξσηεΐλε πνπ πξνήιζε απφ θαζίδεζε κεηά απφ επεμεξγαζία 

κε θνξεζκέλν δηάιπκα (NH4)2SO4 επαλαδηαιχζεθε ζε απνδηαηαθηεθφ δηάιπκα (8 Μ 

νπξία, 150 mM NaCl, 50 mM Tris pH 8,0, 1 mM DTT)  θαη επσάζηεθε γηα κία ψξα 

ζε ζεξκνθξαζία δσκαηίνπ. 0,5 κg απνδηαηαγκέλε πξσηεΐλε επσάζηεθε κε 50 κl 

αησξήκαηνο ιηπνζσκάησλ ζε ζπγθέληξσζε 5 mg/ml ζε δηάιπκα 150 mM NaCl, 20 

mM HEPES pH 7,4 (+ΓΦ) ή 150 mM NaCl, 20 mM HEPES pH 7,4 (-ΓΦ) γηα 30 

ιεπηά ζηνπο 22
0
C.  Σν κίγκα ηεο αληίδξαζεο αξαηψζεθε κε 50 κl δηαιχκαηνο 

ζνπθξφδεο 2,4 Μ 150 mM NaCl (ή KCl), 20 mM HEPES pH 7,4 (ηειηθή 
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ζπγθέληξσζε ζνπθξφδεο: 1,2 Μ).  Σν δπλακηθφ δηάρπζεο (ΓΦ) δεκηνπξγήζεθε κε 

πξνζζήθε ηνπ εηδηθνχ γηα θάιην ηνλνθφξνπ βαιηλνκπθίλε (0,4 κΜ), εμαηηίαο 

απζφξκεηεο δηάρπζεο ησλ ηφλησλ θαιίνπ απφ ην εζσηεξηθφ ησλ ιηπνζσκάησλ ζηε 

πεξίπησζε πνπ είρακε εμσηεξηθφ δηάιπκα NaCl.  Σν δηάιπκα απηφ ζθεπάζηεθε απφ 

100 κl δηαιχκαηνο ζνπθξφδεο 0,25 Μ, δεκηνπξγψληαο βαζκίδσκα ζπγθέληξσζεο 

ζνπθξφδεο (soucrose gradient).  Σα δείγκαηα θπγνθξληξήζεθαλ ζηα 100,000 g γηα 

ηξεηο ψξεο ζηνπο 22
0
C.  Με απηφλ ηνλ ηξφπν ηα ιηπνζψκαηα ιφγσ ρακειφηεξεο 

ππθλφηεηαο αλέβεθαλ ζηελ επηθάλεηα ηνπ βαζκηδψκαηνο, παξαζέξλνληαο καδί ηε 

πξσηεΐλε πνπ ήηαλ ελζσκαησκέλε ζε απηά. 

2.11  In vitro πξόζδεζε ζε ζθαηξίδηα ληθειίνπ-αγαξόδεο (Ni-NTA Beads) 

Ραδηνζεκαζκέλε κε 
35

S Su e ή ΓΝ23 Su e  ζπληέζεθε παξνπζία 

θαζαξηζκέλεο πξσηεΐλεο Tim9, Tim10 πνπ έθεξαλ επίηνπν έμη ηζηηδηλψλ ζην 

ακηλνηειηθφ ηνπο άθξν ή ΣΙΜ9.10 ζπκπιφθνπ πνπ δεκηνπξγήζεθε απφ Tim9 πνπ 

έθεξε επίηνπν έμη ηζηηδηψλ θαη Tim10 πνπ δελ έθεξε θάπνηνλ επίηνπν.  Σν κείγκα 

έπεηηα επσάζηεθε γηα 1 ψξα κε ζθαηξίδηα ληθειίνπ-αγαξφδεο (Ni-NTA beads) γηα λα 

πξνζδεζεί ε πξσηεΐλε κε ηνλ επίηνπν ησλ έμη ηζηηδηλψλ.  Σα ζθαηξίδηα έπεηηα 

μεπιχζεθαλ γηα λα απνθνιιεζεί ε κε πξνζδεκέλε πξσηεΐλε θαη έπεηηα αλαιχζεθαλ 

κε SDS-PAGE ειεθηξνθφξεζε θαη απηνξαδηνγξαθία. 

Καζαξηζκέλε ΓΝ290Mia40 SPS επσάζηεθε κε ζθαηξίδηα ληθειίνπ-αγαξφδεο (Ni-

NTA beads, Qiagen) γηα 20 ιεπηά ζηνπο 4 
0
C.  1 κg θαζαξήο πξσηεΐλεο 

ρξεζηκνπνηήζεθε αλά κl ζθαηξηδίσλ.  Σα ζθαηξίδηα μεπιχζεθαλ κε ην αλάινγν 

δηάιπκα πξφζδεζεο (150 – 500 mM NaCl, 50 mM Tris pH 7,4, 15 mM Ικηδαδφιην, 

0,1% BSA, 0,01 – 0,5% Triton).  Ραδηνζεκαζκέλεο πξσηεΐλεο παξάρζεθαλ κε ηε 

ρξήζε ηνπ  ζπζηήκαηνο in vitro κεηαγξαθήο/κεηάθξαζεο TnT ηεο Promega.  Μεηά 

ηελ αληίδξαζε κεηάθξαζεο ηεο πξσηεΐλεο, ζην κείγκα ηεο αληίδξαζεο πξνζηέζεθε 

θνξεζκέλν δηάιπκα (ΝΗ4)2SO4 κε απνηέιεζκα λα θαηαβπζηζηνχλ νη 

ξαδηνζεκαζκέλεο πξσηεΐλεο, ελψ νη γινβίλεο πνπ ήηαλ παξνχζεο ζην κείγκα ηεο 

αληίδξαζεο παξέκεηλαλ δηαιπηέο.  Οη θαηαβπζηζκέλεο πξσηεΐλεο επαλαδηαιχζεθαλ ζε 

απνδηαηαθηηθφ δηάιπκα (8 M νπξία, 150 mM NaCl, 50 mM Tris pH 8,0, 1 mM DTT) 

ζε φγθν ίζν κε ηνλ φγθν ηεο αληίδξαζεο πξηλ ηε θαηαβχζηζε κε (ΝΗ4)2SO4.  Σν 

κείγκα επσάζηεθε γηα κία ψξα ζε ζεξκνθξαζία δσκαηίνπ.  5 κl απνδηαηαγκέλεο 

πξσηεΐλεο θαη 20 κl ζθαηξηδίσλ ληθειίνπ ζε δηάιπκα πξφζδεζεο, κε ή ρσξίο 
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ΓΝ290Mia40 SPS πξνζδεκέλε ζε απηά, ρξεζηκνπνηήζεθαλ ζε θάζε αληίδξαζε.  Ο 

φγθνο ηεο θάζε αληίδξαζεο ζπκπιεξψζεθε ζηα 200 κl κε δηάιπκα πξφζδεζεο.  Σν 

κείγκα ηεο αληίδξαζεο επσάζηεθε γηα 2 ψξεο ζηε θαηάιιειε ζεξκνθξαζία.  Μεηά 

ηελ επψαζε, ηα ζθαηξίδηα ζπιιέρζεθαλ κε θπγνθέληξεζε θαη μεπιχζεθαλ ηξεηο 

θνξέο κε δηάιπκα πξφζδεζεο, 180 κl θάζε θνξά.  Σα ζθαηξίδηα θνξηψζεθαλ ζε 

πεθηή αθξπιακηδίνπ θαη αλαιχζεθαλ κε ειεθξηνθφξεζε SDS-PAGE. Οη 

ξαδηνζεκαζκέλεο πξσηεΐλεο αληρλεχηεθαλ κε απηνξαδηνγξαθία. 

2.12  Μέζνδνο ζπζηνηρίαο πεπηηδίσλ 

Υξεζηκνπνηήζακε κεκβξάλε κε ζπζηνηρία πεπηηδίσλ απφ ηε Su e (30 

δεθαηξηνκεξή πνπ αιιειεπηθαιχπησληαη αλά 10 ακηλνμέα – JPT Peptide 

Technologies).  Η θαζαξηζκέλε πξσηεΐλε (200 ng) επσάζηεθε κε ηε κεκβξάλε ζε 

δηάιπκα 100 mM KCl, 30 mM Tris pH 8,0 , 5% sucrose, 0,1% Tween-20, 0,5% BSA) 

γηα ηξεηο ψξεο ζε ζεξκνθξαζία δσκαηίνπ.  Έπεηηα απφ μεπιχκαηα, ε πξνζδεκέλε ζηε 

κεκβξάλε πξσηεΐλε κεηαθέξζεθε ζε κεκβξάλε PVDF θαη ε πξνζδεκέλε πξσηεΐλε 

αληρλεχηεθε κε αλνζναπνηχπσζε (Western blotting). 

2.13  Τπνινγηζηηθέο κέζνδνη 

Γηα ηνλ πνζνηηθφ πξνζδηνξηζκφ ησλ ξαδηελεξγψλ δσλψλ ρξεζηκνπνηήζεθε ην 

πξφγξακκα ηεο Molecular Dynamics Image Quant 5.2.  Η ηξηζδηάζηαηε απεηθφληζε 

ησλ πξσηετληθψλ ζπκπιφθσλ έγηλε κε ην πξφγξακκα UCSF Chimera 1.3 

(www.cgl.ucsf.edu/chimera/).  Γηα ηνλ πξνζδηνξηζκφ ηεο αιιεινπρίαο ησλ πξσηετλψλ 

απφ ην κηηνρνλδξηαθφ πξσηένκα ρξεζηκνπνηήζεθε ε Saccharomyces Genome 

Database (http:// www.yeastgenome.org/).   Ο πξνζδηνξηζκφο ησλ πηζαλψλ 

δηακεκβξαληθψλ ηκεκάησλ έγηλε κε ηα πξνγξάκκαηα TMHMM 2.0 

(http://www.cbs.dtu.dk/services/TMHMM-2.0/)  θαη TMpred  

(http://www.ch.embnet.org/software/TMPRED_form.html).  Ο πξνζδηνξηζκφο 

ζπληεξεκέλσλ ηκεκάησλ ηεο Su e, θαη ε επζπγξάκκηζε (alignment) αιιεινπρηψλ 

έγηλε κε ηα εξγαιεία ηνπ Expasy Proteomic Server (expazy.org).  Σα πιαζκίδηα 

ζρεδηάζηεθαλ κε ην πξφγξακκα Invitrogen Vector NTI advance 10.0. Ο ζρεδηαζκφο 

θαη ε απεηθφληζε ησλ πξσηετλψλ ζε κνξθή α-έιηθαο έγηλε κε ηε ρξήζε ηνπ 

πξνγξάκκαηνο helical wheel viewer for alpha helices ηνπ University of Virginia in 

Charlottesville (http://cti.itc.virginia.edu/ ~cmg/ Demo/wheel/wheelApp.html). 
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2.14  Φαζκαηνζθνπία θζνξηζκνύ 

Καζαξηζκέλε ΓΝ244 Mia40 ή ΓΝ244 Mia40 SPS ηνπνζεηήζεθε ζε θπςειίδα 

θζνξίκεηξνπ ζε ζπγθέληξσζε 1 κΜ.  Η θπςειίδα δηεγέξζεθε ζηα 278 nm θαη 

θαηαγξάθηεθε ην θάζκα εθπνκπήο απφ ηα 300 σο ηα 500 nm, κε ηε βνήζεηα 

θζνξίκεηξνπ (Varion Cary Eclipse).  Έπεηηα, πξνζηέζεθε DTT ζε ζπγθέληξσζε 1 

mM ή ην πεπηίδην ITS (met-phe-asn-lys-leu-val-asn-asn-cys) ζε δηάθνξεο 

ζπγθεληξψζεηο, δηαιπκέλν ζε DMSO, θαη ην θάζκα εθπνκπήο έπεηηα απφ δηέγεξζε 

ζηα 278 nm θαηαγξάθεθε επίζεο (300-500 nm).  
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Κεθάιαην 3. 

 
Μειέηε ηεο ζηόρεπζεο θαη ηεο 

εηζαγσγήο ηεο ππνκνλάδαο e ηεο 

κηηνρνλδξηαθήο ΑΣΡ ζπλζάζεο ζηελ 

εζσηεξηθή κηηνρνλδξηαθή κεκβξάλε σο 

έλα παξάδεηγκα πξσηεΐλεο κε έλα 

δηακεκβξαληθό ηκήκα θαη ρσξίο ηππηθό 

ζήκα ζηόρεπζεο. 
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3.1  Δηζαγσγή 

ην παξφλ θεθάιαην κειεηάκε ηελ εηζαγσγή ηεο ππνκνλάδαο e ηεο ATP 

ζπλζάζεο ηνπ κηηνρνλδξίνπ ζην κηηνρφλδξην θαη ηελ εηζαγσγή ηεο ζηελ εζσηεξηθή 

κεκβξάλε, σο παξάδεηγκα πξσηεΐλεο ηεο εζσηεξηθήο κηηνρνλδξηαθήο κεκβξάλεο κε 

έλα δηακεκβξαληθφ ηκήκα θαη ρσξίο ηππηθή αιιεινπρία ζηφρεπζεο. 

3.2  Απνηειέζκαηα 

3.2.1  Η Su e  ειζάγεηαι ζηα μιηοσόνδπια και πποζδένεηαι ζηην εζυηεπική μεμβπάνη 

παποςζία βαθμίδυζηρ δςναμικού (+ΔΨ). 

Ραδηνζεκαζκέλε Su e πνπ είρε ζπληεζεί in vitro εηζήρζε ζε ελεξγνπνηεκέλα 

κηηνρφλδξηα πνπ απνκνλψζεθαλ απφ ζηέιερνο αγξίνπ ηχπνπ (WT - wild type) 

ζαθραξνκχθεηα.  Πεξίπνπ ην 20% ηεο νιηθήο ξαδηνζεκαζκέλεο πξσηεΐλεο εηζήρζε 

ζε ελεξγνπνηεκέλα κηηνρφλδξηα (+ΓΦ) (ζρήκα 3.1Α, δείγκα 3).  Όηαλ ην δπλακηθφ 

ηεο εζσηεξηθήο κεκβξάλεο δηαηαξάρζεθε κε πξνζζήθε ησλ ηνλνθφξσλ 

βαιηλνκπθήλε θαη CCCP (-ΓΦ),  ε εηζαγσγή ηεο πξσηεΐλεο απνηξάπεθε ζε κεγάιν 

βαζκφ (ζρήκα 3.1Α, δείγκα 10), δείρλνληαο φηη ε εηζαγσγή ηεο Su e ζην κηηνρφλδξην 

εμαξηάηαη απφ ην δπλακηθφ ηεο εζσηεξηθήο κεκβξάλεο.  Μηηνρφλδξηα κε εηζαγκέλε 

ξαδηνζεκαζκέλε Su e ππέζηεζαλ σζκσηηθφ ζνθ κέζα ζε ππνηνληθφ δηάιπκα, κε 

απνηέιεζκα λα δηαξξαγεί ε εμσηεξηθή ηνπο κεκβξάλε.  Σα κηηνρφλδξηα ζηα νπνία ε 

εμσηεξηθή κεκβξάλε έρεη δηαξξαγεί νλνκάδνληαη κηηνπιάζηεο.  Οη κηηνπιάζηεο 

θπγνθεληξήζεθαλ θαη νη πξσηεΐλεο απφ ην ππεξθείκελν θαηαθξεκλίζηεθαλ κε ηε 

ρξήζε TCA.  Σν θαηαθξεκληζκέλν ππεξθείκελν θαη ε πειέηα πνπ πξνέθπςε απφ ηε 

θπγνθέληξεζε, αλαιχζεθαλ κε SDS-PAGE (ζρήκα 3.1Α, δείγκαηα 4 θαη 5).  Η 

ξαδηνζεκαζκέλε πξσηεΐλε βξέζεθε ζηε πειέηα, γεγνλφο πνπ ζεκαίλεη φηη ε πξσηεΐλε 

δηαπεξλά ηελ εζσηεξηθή κεκβξάλε θαη ηνλ δηακεκβξαληθφ ρψξν θαη βξίζθεηαη ζηνπο 

κηηνπιάζηεο.  Δπηπιένλ, κηηνρφλδξηα κε εηζαγκέλε ξαδηνζεκαζκέλε Su e δηαιχζεθαλ 

ζε αιθαιηθφ δηάιπκα Na2CO3 (pH ~11).  Μεηά απφ επψαζε γηα 30 ιεπηά, ην δείγκα 

θπγνθεληξήζεθε γηα 30 ιεπηά ζηα 25,000 g.  Με απηφλ ηνλ ηξφπν, νη κε 

ελζσκαησκέλεο ζηε κεκβξάλε πξσηεΐλεο παξέκεηλαλ δηαιπηέο, ελψ νη κεκβξάλεο κε 

ηηο κεκβξαληθέο πξσηεΐλεο παξέκεηλαλ ζην ίδεκα (ζρήκα 3.1Α δείγκαηα 6 θαη 7).  Η 

Su e  βξέζεθε θπξίσο κε ηηο κεκβξαληθέο πξσηεΐλεο.  Με βάζε ηα παξαπάλσ, 

κπνξνχκε λα θαηαιήμνπκε φηη ε Su e είλαη κία κεβξαληθή πξσηεΐλε ηεο εζσηεξηθήο  
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ρήκα 3.1:  Δηζαγσγή ηεο Su e ζηα κηηνρόλδξηα.  Δηζαγσγή ξαδηνζεκαζκέλεο Su e (Α) θαη Su 9 

DHFR (Β) ζε ελεξγνπνηεκέλα (+ΓΦ) ή απελεξγνπνηεκέλα (-ΓΦ) κηηνρφλδξηα απφ ζηέιερνο αγξίνπ 

ηχπνπ.  Μεηά ηελ αληίδξαζε εηζαγσγήο, ε κε εηζαγκέλε πξσηεΐλε απνκαθξχλζεθε κε πξσηεφιπζε 

απφ PK.  Μ:  Οιηθή εηζαγσγή ζηα κηηνρφλδξηα, MPS: Σν ππεξθείκελν κεηά απφ σζκσηηθφ ζνθ, MPP:  

Η πειέηα κεηά απφ ην σζκσηηθφ ζνθ, CES: Σν ππεξθείκελν κεηά απφ επψαζε κε Na2CO3, CEP: Η 

πειέηα κεηά απφ επψαζε κε Na2CO3.  1%  Triton X-100 ρξεζηκνπνηήζεθε γηα λα δηαιπηνπνηήζεη ηα 

κηηνρφλδξηα γηα λα ειέγμνπκε ηελ απνηθνδφκεζε ηεο κε εηζαγκέλεο πξσηεΐλεο απφ ηε PK (Tr).  Σν 10 

% ηεο νιηθήο ξαδηνζεκαζκέλεο πξσηεΐλεο πνπ ρξεζηκνπνηήζεθε γηα θάζε αληίδξαζε εηζαγσγήο 

θνξηψζεθε ζηε πεθηή (δείγκα 1 - 10%). 

 

κεκβξάλεο.  Χο κάξηπξα εηζάγακε ηε Su9-DHFR, κία πξσηεΐλε πνπ ζηνρεχεηαη ζηε 

κήηξα θαη ηεο νπνίαο ε εηζαγσγή έρεη κειεηεζεί ζε πξνεγνχκελεο κειέηεο, θαη 

βιέπνπκε φηη εηζήρζε θαλνληθά ζηα κηηνρφλδξηα παξνπζία δπλακηθνχ θαη ζηνρεχηεθε 

ζηε κήηξα, ελψ κεηά απφ δηαηάξαμε ηνπ δπλακηθνχ ε Su9-DHFR δελ εηζήρζε ζηα 

κηηνρφλδξηα (ζρήκα 3.1Β).  Σν γεγνλφο απηφ καο δείρλεη φηη ηα κηηνρφλδξηα πνπ 

ρξεζηκνπνηήζακε ήηαλ ηθαλά λα εηζάγνπλ πξσηεΐλεο κε θαλνληθφ ηξφπν θαη επίζεο 

φηη ε πξνζζήθε ησλ ηνλνθφξσλ δηαηάξαμε ην δπλακηθφ ηεο εζσηεξηθήο κεκβξάλεο. 
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ρήκα 3.2:  Δλζσκάησζε ηεο αγξίνπ ηύπνπ Su e ζε κηηνπιάζηεο θαη κηηνπιάζηεο κεηά ηε 

πξνζζήθε PK.  Δλζσκάησζε ξαδηνζεκαζκέλεο Su ζε κηηνπιάζηεο (mitoplasts) θαη ζε κηηνπιάζηεο 

πνπ είραλ ππνζηεί πξσηεφιπζε απφ PK (PK-Treated Mitoplasts) πνπ πξνήιζαλ απφ ελεξγνπνηεκέλα 

(+ΓΦ) ή απελεξγνπνηεκέλα (-ΓΦ) κηηνρφλδξηα αγξίνπ ηχπνπ κεηά απφ σζκσηηθφ ζνθ.  MP:  Η νιηθή 

ελζσκάησζε ζηνπο κηηνπιάζηεο, CES: Σν ππεξθείκελν κεηά απφ επψαζε κε Na2CO3, CEP: Η πειέηα 

κεηά απφ επψαζε κε Na2CO3.  10 % ηεο νιηθήο ξαδηνζεκαζκέλεο πξσηεΐλεο πνπ ρξεζηκνπνηήζεθε γηα 

θάζε αληίδξαζε εηζαγσγήο θνξηψζεθε ζηε πεθηή (Γείγκα 1 - 10%). 

 

3.2.2  Η Su e μποπεί να ενζυμαηυθεί απεςθείαρ ζηην εζυηεπική μιηοσονδπιακή 

μεμβπάνη 

Γηα λα κειεηήζνπκε ηελ ελζσκάησζε ηεο Su e ζηελ εζσηεξηθή κεκβξάλε ησλ 

κηηνρνλδξίσλ, ε εμσηεξηθή κεκβξάλε δηεξξάγε κέζσ ψζκσζεο (παξαγσγή 

κηηνπιαζηψλ).  ηνπο κηζνχο κηηνπιάζηεο πνπ παξήρζεζαλ πξνζηέζεθε πξσηεάζε Κ 

(PK), ελψ νη άιινη κηζνί παξέκεηλαλ σο είραλ.  Η πξνζζήθε ηεο ΡΚ ζηνπο 

κηηνπιάζηεο είρε σο απνηέιεζκα λα απνηθνδνκεζνχλ ηα εθηεζεηκέλα πξσηετληθά 

ηκήκαηα, φπσο γηα παξάδεηγκα νη ππνδνρείο ησλ θαλαιηψλ ΣΙΜ22 θαη ΣΙΜ23.  

Έπεηηα, ξαδηνζεκαζκέλε Su e παξνπζηάζηεθε απεπζείαο ζηνπο κηηνπιάζηεο.  Η Su e 

εηζήρζεθε κε απνηειεζκαηηθφηεηα ζηνπο κηηνπιάζηεο (ζρήκα 3.2). Η ελζσκάησζε 

κε ηελ εζσηεξηθή κεκβξάλε ειέγρζεθε κεηά απφ επεμεξγαζία ησλ κηηνπιαζηψλ κε 

αιαθιηθφ δηάιπκα Na2CO3.  Η Su e βξέζεθε λα είλαη θπξίσο ελζσκαησκέλε ζηε 

κεκβξάλε (ζρήκα 3.2, δείγκαηα 4 θαη 7).  Η πξσηεφιπζε ησλ κηηνπιαζηψλ κε PK, 

δελ έδεημε λα παξεκπνδίδεη αιιά αληηζέησο λα πξνάγεη ηελ εηζαγσγή ηεο Su e  ζηε 

κεκβξάλε (ζρήκα 3.2, PK-treated mitoplasts).  Σν απνηέιεζκα απηφ έδεημε φηη ε 

ελζσκάησζε ηεο Su e ζηελ εζσηεξηθή κεκβξάλε φηαλ απηή παξνπζηάδεηαη απεπζείαο 

ζηνπο κηηνπιάζηεο, δελ απαηηνχζε θάπνηα πξσηεΐλε ηεο εμσηεξηθήο κεκβξάλεο ή ηνπ 

δηακεκβξαληθνχ ρψξνπ ή θάπνηα απφ ηα ηκήκαηα ησλ θαλαιηψλ ΣΙΜ22 θαη ΣΙΜ23 

πνπ είλαη εθηεζεηκέλα ζηνλ δηακεκβξαληθφ ρψξν, θαη ηα νπνία φπσο είλαη γλσζηφ απφ  
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ρήκα 3.3:  Πξνζδεζε ηεο Su e  θαη ηεο ΓΝ23 Su e ζε ιηπνζώκαηα ή ζε ιηπνζώκαηα κε δπλακηθό 

πνπ πξνθιήζεθε από δηάρπζε ηόλησλ θαιίνπ κεηά ηελ πξνζζήθε βαιηλνκπθίλεο.  Καζαξηζκέλε 

Su e ή ΓΝ23 Su e επσάζηεθε κε ιηπνζψκαηα θσζθαηηδπινρνιίλεο θαη ηνπνζεηήζεθε ζε βαζκίδσκα 

ζπγθέληξσζεο ζνπθξφδεο (sucrose gradient).  Πξνζζήθε 0.4 κM βαιηλνκπθίλεο δεκηνχξγεζε 

δπλακηθφ δηακέζσ ηεο κεκβξάλεο, εμαηηίαο ηεο δηάρπζεο ησλ ηφλησλ θαιίνπ (+ ΓΦ).  Σα δείγκαηα 

ιήθζεθαλ απφ ηε θνξπθή (F1) πξνο ηνλ ππζκέλα (F4) ηεο βαζκηδψκαηνο ζπγθέληξσζεο ζνπθξφδεο.  

Σν δείγκα F5 αληηζηνηρεί ζηε πξσηεΐλε πνπ έρεη θαζηδάλεη ζην ππζκέλα κεηά ηελ ππεξθπγνθέληξεζε.  

Η Su e αληρλεχζεθε κε αλνζναπνηχπσζε κε αληη-Su e αληηζψκαηα.  Σν 10% πνπ ρξεζηκνπνηήζεθε ζε 

θάζε πξφζδεζε θνξηψζεθε ζην δείγκα 1. 

 

πξνεγνχκελεο κειέηεο, απαηηνχληαη γηα ηελ εηζαγσγή ζηελ εζσηεξηθή κεκβξάλε 

κέζσ ησλ ήδε γλσζηψλ κνλνπαηηψλ.  Η απνηθνδφκεζε ησλ εθηεζεηκέλσλ ηκεκάησλ 

ησλ Σim22 θαη Tim23 απφ ηε PK ζηνπο κηηνπιάζηεο ειέγρζεθε κέζσ 

αλνζναπνηχπσζεο (western blotting).  Μηηνπιάζηεο κε ή ρσξίο λα έρνπλ ππνζηεί 

πξσηεφιπζε κε ΡΚ παξαζθεπάζηεθαλ απφ κηηνρφλδξηα αγξίνπ ηχπνπ ζηα νπνία 

είραλ πξνζηεζεί ηα ηνλνθφξα βαιηλνκπθήλε θαη CCCP γηα ηε δηαηάξαμε ηνπ 

δπλακηθνχ ηεο εζσηεξηθήο κεκβξάλεο.  Η ελζσκάησζε ζηελ εζσηεξηθή κεκβξάλε 

δελ επεξεάζηεθε απφ ηε πξνζζήθε ηνλνθφξνπ (ζρήκα 3.2, - ΓΦ), απνθιείνληαο ην 

ελδερφκελν ελζσκάησζεο ζηελ εζσηεξηθή κηηνρνλδξηαθή κεκβξάλε κέζσ 

ειεθηξνθνξεηηθήο δχλακεο εμαηηίαο ηεο δηαθνξάο δπλακηθνχ. 

3.2.3  Η Su e μποπεί να ειζασθεί ζε λιποζώμαηα θυζθαηιδςλοσολίνηρ 

Γηα λα ειέγμνπκε ηελ ηθαλφηεηα ηεο Su e λα ελζσκαηψλεηαη απζφξκεηα ζε 

ιηπηδηθέο δηπινζηηβάδεο, κία κέζνδνο κέζσ ππεξθπγνθέληξεζεο βαζκηδψκαηνο 

ζπγθέληξσζεο ζνπθξφδεο (soucrose gradient) αλαπηχρζεθε.  Καζαξηζκέλε 

απνδηαηαγκέλε Su e ή ΓΝ23 Su e επσάζηεθε κε ιηπνζψκαηα θσζθαηηδπινρνιίλεο 

πνπ πεξηείραλ ζην εζσηεξηθφ ηνπο ηφληα K
+
, ελψ ζην εμσηεξηθφ δηάιπκα πεξηέρνληαλ 
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ηφληα Na
+
.  Έλα δπλακηθφ ιφγσ δηάρπζεο ησλ ηφλησλ K

+
 δεκηνπξγήζεθε κε 

πξνζζήθε ηνπ εθιεθηηθνχ γηα ηα ηφληα θαιίνπ ηνλνθφξνπ βαιηλνκπθήλε (0,4 κM).  Η 

παξνπζία δπλακηθνχ κεηά ηε πξνζζήθε ηεο βαιηλνκπθήλεο ειέρζεθε κέζσ κεζφδνπ 

θζνξηζκνχ (Sims, Waggoner et al. 1974; Haucke and Schatz 1997).  Σα ιηπνζψκαηα 

κε ηε Su e ή ηε ΓΝ23 Su e ηνπνζεηήζεθαλ ζην πάην ηνπ βαζκηδψκαηνο 

ζπγθέληξσζεο ηεο ζνπθξφδεο, θαη ην κείγκα θπγνθεληξήζεθε ζηα 100.000 g.  Σα 

ιηπνζψκαηα, ιφγσ κηθξφηεξεο ππθλφηεηαο, επέπιεπζαλ πξνο ηε θνξπθή ηεο 

βαζκίδσζεο ηεο ζπγθέληξσζεο, παξαζέξλνληαο καδί ηνπο ηηο ελζσκαησκέλεο ζε 

απηά πξσηεΐλεο, ελψ νη κε ελζσκαησκέλεο πξσηεΐλεο παξέκεηλαλ ζην θάησ κέξνο.  

Μεηά απφ αλνζναπνηχπσζε κε αληίζσκα αληη- Su e, ε Su e  βξέζεθε θπξίσο πάλσ 

ζην θνξπθαίν ηκήκα ηεο βαζκίδσζεο (ζρήκα 3.3Α, F1 θαη F2), ελψ ε ΓN23 Su e  

βξέζεθε ζηα ρακειφηεξα ηκήκαηα ηεο βαζκίδσζεο (ζρήκα 3.3Β, F3 θαη F4).  Σν 

δείγκα F5 δελ αληηζηνηρεί ζε ηκήκα ηνπ βαζκηδψκαηνο αιιά ζηε πξσηεΐλε πνπ έρεη 

θαζηδάλεη θαηά ηε θπγνθέληξεζε θαη έρεη απνθσιεζεί απφ ην θπαιίδην ηεο 

θπγνθέληξεζεο κεηά απφ μέπιπκα κε απνξξππαληηθφ SDS.  Η απνπζία κεγάινπ 

κέξνπο ηεο πξσηεΐλεο απφ ην F5 ζεκαίλεη φηη ηφζν ε Su e φζν θαη ε ΓΝ23 Su e 

παξακέλνπλ θαηά θχξην ιφγν δηαιπηέο θαζ’ φιε ηε δηάξθεηα ηεο δηαδηθαζίαο.  Η Su e 

εηζήρζε ην ίδην απνηειεζκαηηθά ζηα ιηπνζψκαηα κε ή ρσξίο ηε παξνπζία δπλακηθνχ 

(ζρήκα 3.3, +/- ΓΦ).  Δπηπιένλ ε παξνπζία ηεο θαξδηνιηπίλεο, ιηπίδην πνπ ππάξρεη ζε 

αθζνλία ζηελ εζσηεξηθή κεκβξάλε ηνπ κηηνρνλδξίνπ, ζηα ιηπνζψκαηα ζε πνζνζηφ 

σο θαη 20% δελ επεξέαζε ηελ απνηειεζκαηηθφηεηα κε ηελ νπνία ελζσκαηψλεηαη ε Su 

e  ζηα ιηπνζψκαηα.   

3.2.4 Το  αμινοηελικό ημήμα ηηρ ςπομονάδαρ e πεπιέσει ηη πληποθοπία για ηη ζηόσεςζή 

ηηρ ζηην εζυηεπική μιηοσονδπιακή μεμβπάνη.  Το θοπηίο ζηη θέζη 8 είναι ζημανηικό. 

Με ζθνπφ ηε ηαπηνπνίεζε ηνπ ηκήκαηνο ηεο Su e πνπ πεξηέρεη ηε πιεξνθνξία 

ζηφρεπζεο ηεο Su e αθαηξέζεθαλ ηα 23 ακηλνηειηθά ακηλνμέα απφ ηελ αιιεινπρία 

ηεο Su e.  Απηή ε πεξηνρή πεξηέρεη θαη ην πξνβιεπφκελν δηακεκβξαληθφ ηκήκα ηεο 

πξσηεΐλεο.  Η εηζαγσγή ζηα κηηνρφλδξηα ηεο ΓΝ23 Su e είλαη ζεκαληηθά κεησκέλε 

(ζρήκα 3.4Α), πξνηείλνληαο φηη ζηα 23 πξψηα ακηλνμέα πεξηέρεηαη ην ζήκα 

ζηφρεπζεο.   
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ρήκα 3.4:  ηόρεπζε κεηαιιαγκάησλ ηεο Su e  ζε κηηνρόλδξηα αγξίνπ ηύπνπ. Α.  

Ραδηνζεκαζκέλε ΓΝ23 Su e εηζήρζε ζε ελεξγνπνηεκέλα κηηνρφλδξηα απνκνλσκέλα απφ ζηέιερνο 

ζαθραξνκχθεηα αγξίνπ ηχπνπ.  M: Οιηθή εηζαγσγή ζηα κηηνρφλδξηα.  Β. - Δ. Δηζαγσγή 

ξαδηνζεκαζκέλσλ κεηαιαγκάησλ ηεο Su e ζε ελεξγνπνηεκέλα (+ΓΦ) κηηνρφλδξηα απφ ζηέιερνο 

αγξίνπ ηχπνπ.  Μεηά ηελ αληίδξαζε εηζαγσγήο, ε κε εηζαγκέλε πξσηεΐλε απνκαθξχλζεθε κε 

απνηθνδφκεζε απφ PK.  Μ:  Οιηθή εηζαγσγή ζηα κηηνρφλδξηα, MPS: Σν ππεξθείκελν κεηά απφ 

σζκσηηθφ ζνθ, MPP:  Η πειέηα κεηά απφ ην σζκσηηθφ ζνθ, CES: Σν ππεξθείκελν κεηά απφ επψαζε 

κε Na2CO3, CEP: Η πειέηα κεηά απφ επψαζε κε Na2CO3.  1%  Triton X-100 ρξεζηκνπνηήζεθε γηα λα 

δηαιπηνπνηήζεη ηα κηηνρφλδξηα γηα λα ειέγμνπκε ηελ απνηθνδφκεζε ηεο κε εηζαγκέλεο πξσηεΐλεο απφ 

ηε PK (Tr).  10 % ηεο νιηθήο ξαδηνζεκαζκέλεο πξσηεΐλεο πνπ ρξεζηκνπνηήζεθε γηα θάζε αληίδξαζε 

εηζαγσγήο θνξηψζεθε ζηε πεθηή (10%). 

 

Γηα πεξαηηέξσ δηεξεχλεζε ησλ ακηλνμέσλ πνπ ρξεηάδνληαη γηα ηε ζηφρεπζε ηεο Su e 

ζην κηηνρφλδξην, ηα θνξηηζκέλα ακηλνμέα ηεο ακηλνηειηθήο πεξηνρήο κεηαιιάρζεθαλ.  

Όπσο είλαη γλσζηφ, ηα θνξηηζκέλα ακηλνμέα είλαη ζεκαληηθά γηα ηελ αλαγλψξηζε 

ησλ κηηνρνλδξηαθψλ πξσηετλψλ απφ ηνπο ππνδνρείο ηεο εμσηεξηθήο κεκβξάλεο.  Η 

Su e έρεη ηξία θνξηηζκέλα ακηλνμέα αλάκεζα ζηα 23 πξψηα ακηλνμέα ηεο φπνπ 

πεξηέρεηαη ε αιιεινπρία ζηφρεπζεο, κία αξγηλίλε ζηε ζέζε 8, κία αξγηλίλε ζηε ζέζε 

21 θαη έλα αζπαξηηθφ ζηε ζέζε 23.  Σξία κεηαιιάγκαηα παξαζθεπάζηεθαλ, ην R8G, 

φπνπ ε αξγηλίλε 8 έρεη κεηαιιαρζεί ζε γιπθίλε, ην R21G, φπνπ ε αξγηλίλε 21 

κεηαιιάρζεθε ζε γιπθίλε θαη ην R21GD23G, φπνπ ε αξγηλίλε ζηε ζέζε 21 θαη ην 

αζπαξηηθφ ζηε ζέζε 23 κεηαιιάρζεθαλ ζε γιπθίλεο.  Η εηζαγσγή ζηα κηηνρφλδξηα 

ησλ δχν ηειεπηαίσλ κεηαιιαγκάησλ (ζρήκα 3.4 D,E) δελ επεξεάζηεθε ζεκαληηθά, 

ελψ ζηε πεξίπησζε ηνπ κεηαιιάγκαηνο R8G δελ αληρλεχηεθε ζρεδφλ θαζφινπ 

εηζαγκέλε πξσηεΐλε (ζρήκα 3.4Β).  Απηφ καο δείρλεη φηη ε αξγηλίλε ζηε ζέζε 8 παίδεη 

θαζνξηζηηθφ ξφιν γηα ηελ εηζαγσγή ηεο πξσηεΐλεο κέζα ζην κηηνρφλδξην.  Η 

κεηαιιαγή ηεο αξγηλίλεο ζηε ζέζε 8 ζε ιπζίλε (κεηάιιαγκα R8K), φπνπ ην ζεηηθά 

θνξηηζκέλν ακηλνμχ αξγηλίλε κεηαιιάρζεθε ζην επίζεο ζεηηθά θνξηηζκέλν ακηλνμχ 

ιπζίλε, δελ θαίλεηαη λα επεξέαζε ηελ εηζαγσγή ηεο πξσηεΐλεο ζην κηηνρφλδξην  
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ρήκα 3.5:  Δλζσκάησζε κεηαιιαγκάησλ ηεο Su e ζε κηηνπιάζηεο.  Δλζσκάησζε 

ξαδηνζεκαζκέλσλ κεηαιιαγκάησλ ηεο Su e ζε κηηνπιάζηεο (mitoplasts) θαη ζε κηηνπιάζηεο πνπ είραλ 

ππνζηεί πξσηεφιπζε απφ PK (PK-Treated Mitoplasts) πνπ πξνήιζαλ απφ ελεξγνπνηεκέλα (+ΓΦ) 

κηηνρφλδξηα αγξίνπ ηχπνπ κεηά απφ σζκσηηθφ ζνθ.  MP:  Η νιηθή ελζσκάησζε ζηνπο κηηνπιάζηεο, 

CES: Σν ππεξθείκελν κεηά απφ επψαζε κε Na2CO3, CEP: Η πειέηα κεηά απφ επψαζε κε Na2CO3.  Σν 

10 % ηεο νιηθήο ξαδηνζεκαζκέλεο πξσηεΐλεο πνπ ρξεζηκνπνηήζεθε γηα θάζε αληίδξαζε εηζαγσγήο 

θνξηψζεθε ζηε πεθηή (10%). 

 

(ζρήκα 3.4C).  Απηφ καο δείρλεη φηη ην ζεηηθφ θνξηίν ζηε ζέζε 8 ηεο αιιεινπρίαο 

είλαη θαζνξηζηηθφ γηα ηελ εηζαγσγή ηεο πξσηεΐλεο ζην κηηνρφλδξην.   

Σν κεηάιιαγκα R21G εηζήρζε ζηα κηηνρφλδξηα.  Μεηά απφ επεμεξγαζία κε αιθαιηθφ 

δηάιπκα βξέζεθε θπξίσο ζην ππεξθείκελν, ζε αληίζεζε κε ην κεηάιιαγκα R8K θαη ηε 

πξσηεΐλε αγξίνπ ηχπνπ πνπ βξέζεθαλ θπξίσο ζηε πειέηα (ζρήκα 3.4D).  Απηφ 

ζεκαίλεη φηη κηθξφηεξν πνζνζηφ απφ ην κεηάιιαγκα R21G εηζήρζε ζηελ εζσηεξηθή 

κεκβξάλε ζε ζρέζε κε ηε πξσηεΐλε αγξίνπ ηχπνπ θαη ην κεηάιιαγκα R8K.  Απηφ 

δείρλεη παξεκπφδηζε ηεο ελζσκάησζεο ζηελ εζσηεξηθή κεκβξάλε ηνπ 

κεηαιιάγκαηνο R21G θαηά ηε δηαδηθαζία ηεο εηζαγσγήο ηεο ζην κηηνρφλδξην.  

Αλάινγε παξεκπφδηζε, αιιά ζε κηθξφηεξν βαζκφ, παξαηεξήζεθε θαη ζηε πεξίπησζε 

ηνπ κεηαιιάγκαηνο R21GD23G (ζρήκα 3.4E).  Απηά ηα δεδνκέλα ππνδεηθλχνπλ φηη 

ε αξγηλίλε ζηε ζέζε 21 θαη ην ζπλνιηθφ θνξηίν ακέζσο κεηά ην δηακεκβξαληθφ 

ηκήκα παίδεη ζεκαληηθφ ξφιν γηα ηε ζηαζεξνπνίεζε ηεο Su e  ζηελ εζσηεξηθή 

κηηνρνλδξηθή κεκβξάλε. 

Γηα ηε πεξαηηέξσ δηεξεχλεζε ηεο εηζαγσγήο ησλ κεηαιιαγκάησλ ηεο Su e ζηελ 

εζσηεξηθή κηηνρνλδξηαθή κεκβξάλε, ξαδηνζεκαζκέλεο πξσηεΐλεο παξνπζηάζηεθαλ 

απεπζείαο ζε κηηνπιάζηεο θαη ζε κηηνπιάζηεο κεηά ηε επεμεξγαζία ηνπο κε ΡΚ.  ε 

φιεο ηηο πεξηπηψζεηο, ηα κεηαιιάγκαηα εηζήρζεζαλ ζηελ εζσηεξηθή κεκβξάλε κε 

αλάινγν ηξφπν φπσο ε πξσηεΐλε ηνπ αγξίνπ ηχπνπ (ζρήκα 3.5).  Σν κεηάιιαγκα 

R8G, παξφιν πνπ δελ εηζήρζε ζε αθέξαηα κηηνρφλδξηα, κπνξεί θαη ελζσκαηψλεηαη ζε 

κηηνπιάζηεο κε ηελ ίδηα απνηειεζκαηηθφηεηα κε ηε πξσηεΐλε αγξίνπ ηχπνπ.  Απηφ  
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ρήκα 3.6:  Γνκή ηνπ θπηηαξνπιαζκαηηθνύ ηκήκαηνο ηνπ ππνδνρέα Tom20 κε αιιεινπρίεο 

ζηόρεπζεο.  Η δνκή ηνπ θπηηαξνπιαζκαηηθνχ κέξνπο ηνπ ππνδνρέα ηεο εμσηεξηθήο κηηνρνλδξηαθήο 

κεκβξάλεο Tom20 (καχξν) κε πξνζδεκέλε ηελ αιιεινπρία ζηφρεπζεο ηεο πξσηεΐλεο ηεο κήηξαο 

ALDH (A) θαη ηεο Su e (B) (θίηξηλν).  Σα ακηλνμέα πνπ εκπιέθνληαη ζε ζηαζεξνπνίεζε κέζσ 

πδξφθνβσλ αιιειεπηδξάζεσλ είλαη θπαλά, ελψ ε ειεθηξνζηαηηθή αιιειεπίδξαζε κεηαμχ ηνπ 

ππνδνρέα θαη ηεο αιιεινπρίαο ζηφρεπζεο ζπκβνιίδεηαη κε θνθθηλε γξακκή. 

 

καο δείρλεη φηη ην θνξηίν ζηε ζέζε 8 απαηηείηαη κφλν γηα ηε δηαπέξαζε ηεο 

εμσηεξηθήο κεκβξάλεο θαη δελ απαηηείηαη γηα ηελ εηζαγσγή ηεο πξσηεΐλεο ζηελ 

εμσηεξηθή.  Αθφκα θαη ζηε πεξίπησζε ησλ κεηαιιαγκάησλ R21G θαη R21GD23G 

δελ παξαηεξήζεθε θάπνηα δηαθνξά ζηελ ελζσκάησζε ζηελ εζσηεξηθή κεκβξάλε ζε 

ζρέζε κε ηε πξσηεΐλε ηνπ αγξίνπ ηχπνπ (WT).  Η εηζαγσγή ησλ κεηαιιαγκάησλ 

απηψλ ζηελ εζσηεξηθή κεκβξάλε επεξεάζηεθε κφλν ζηε πεξίπησζε πνπ ε πξσηεΐλε 

εηζάγεηαη ζε αθέξαηα κηηνρφλδξηα. 

3.2.5  Αναγνώπιζη ηηρ Su e  από ηον ςποδοσέα ηηρ εξυηεπικήρ μεμβπάνηρ Tom20 με 

βάζη ηη δομή ηος. 

Με βάζε ηε δνκή ηνπ θπηηαξνπιαζκαηηθνχ κέξνπο ηνπ ππνδνρέα ηεο 

εμσηεξηθήο κεκβάλεο Tom20 (Muto, Obita et al. 2001) έγηλε κνληεινπνίεζε γηα λα 

δνχκε εάλ ππάξρνπλ ζεκαληηθέο ζηεξηθέο παξεκπνδίζεηο ζηε πξφζδεζε ηνπ 

ακηλνηειηθνχ-κεκβξαληθνχ ηκήκαηνο ηεο Su e ζην ζεκείν πξφζδεζεο ηνπ 

ππνζηξψκαηνο ηνπ Tom20.  Σν κεκβξαληθφ ηκήκα ηνπ Su e ηαηξηάδεη ζην ζεκείν 

πξφζδεζεο ηνπ Tom20 πνπ αλαγλσξίδεη ην πδξφθνβν ηκήκα ηεο αιιεινπρίαο 

ζηφρεπζεο, φηαλ αληηθαηαζηήζνπκε ηα ακηλνμέα ηνπ ζήκαηνο ζηφρεπζεο ηεο 

αιθννιηθήο αθπδξνγσλάζεο (ALDH) πνπ ππήξραλ ζηε δνκή ηνπ Tom20 ζε δηάιπκα 

κε ηα αληίζηνηρα ηνπ Su e (ζρήκα 3.6), άξα πηζαλφηαηα ν Tom20 έρεη ηελ ηθαλφηεηα 

λα αλαγλσξίζεη ηελ Su e ζηελ επηθάλεηα ηνπ κηηνρνλδξίνπ θαη λα ηελ νδεγήζεη ζην 

θαλάιη TOM.   ην ζρήκα βιέπνπκε φηη ε αξγηλίλε ζηε ζέζε 8 ζηαζεξνπνηεί ηελ 
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αιιειεπίδξαζε κε έλα γινπηακηληθφ νμχ πνπ βξίζθεηαη θνληά ζην ζεκείν πξφζδεζεο 

ηνπ ζήκαηνο ζηφρεπζεο.  Η αληηθαηάζηαζε ηεο αξγηλίλεο κε έλα κε θνξηηζκέλν 

ακηλνμχ, δηαηαξάδεη ηελ ειεθηξνζηαηηθή αιιειεπίδξαζε ζε απηφ ην ζεκείν, κε 

απνηέιεζκα λα ππάξρεη δπζθνιία ζηελ αλαγλψξηζε ηεο Su e απφ ηνλ Tom20. 

3.2.6  Το αμινοηελικό ημήμα ηηρ Su e  πποζδένεηαι ζηη ππυηεΐνη Tim10 και ζηο 

ζύμπλοκο ΤΙΜ9.10 

ε αληίζεζε κε πξσηεΐλεο πνπ πξννξίδνληαη ζηελ εζσηεξηθή κεκβξάλε ηνπ 

κηηνρνλδξίνπ θαη ζηνρεχνληαη κέζσ ηνπ κνλνπαηηνχ δηαθνπήο ηεο κεηαθνξάο, ε 

εηζαγσγή ηεο Su e επεξεάδεηαη απφ ηα ζχκπινθα ζαπεξνλψλ ηνπ δηακεκβξαληθνχ 

ρψξνπ ησλ κηθξψλ Tim.  Η εηζαγσγή ξαδηνζεκαζκέλεο Su e  ζε κηηνρφλδξηα πνπ 

απνκνλψζεθαλ απφ έλα ζηέιερνο ηνπ ζαθραξνκχθεηα κε ζεξκνεπαίζζεην Tim9 (T9-

ts strain) (Koehler, Merchant et al. 1998) είλαη αηζζεηά κεησκέλε (ζρήκα 3.7Α). ε 

απηφ ην ζηέιερνο, νη πνζφηεηεο ησλ Tim9 θαη Tim10 είλαη θαηά κεγάιν πνζνζηφ 

κεησκέλεο, φηαλ απηφ κεγαιψλεη ζηνπο 37
ν
C γηα ιίγεο ψξεο.  Χο κάξηπξαο 

ρξεζηκνπνηήζεθε ε εηζαγσγή ηνπ Su9DHFR,  ε νπνία γίλεηαη κέζσ ηνπ ΣΙΜ23 

κνλνπαηηνχ θαη παξακέλεη αλεπεξέαζηε απνπζία ησλ κηθξψλ Tim, θαη ε εηζαγσγή 

ηνπ κεηαθνξέα ησλ αδελνλνπθιενηηδίσλ (ADP/ATP carrier protein – AAC), ε νπνία 

εηζάγεηαη κέζσ ηνπ κνλνπαηηνχ TIM22  θαη επεξεάδεηαη απφ ηα κηθξά Tim ηνπ 

δηακεκβξαληθφπ ρψξνπ.  Η εηζαγσγή ηεε Su9DHFR ήηαλ ζηα ίδηα επίπεδα ζηα T9-ts 

κηηνρφλδξηα θαη ζηα αγξίνπ ηχπνπ κηηνρφλδξηα (WT) ελψ ε εηζαγσγή ηεο AAC ήηαλ 

αηζζεηά κεησκέλε ζηα T9-ts κηηνρφλδξηα (ζρήκα 7Α).  Σν γελνλφο φηη ε εηζαγσγή ηεο 

Su e κεηψλεηαη ζηα T9-ts κηηνρφλδξηα καο δείρλεη φηη ηα κηθξά Tim κε θάπνην ηξφπν 

επεξεάδνπλ ηελ εηζαγσγή ηεο Su e.   

Μία κέζνδνο in vitro πξφζδεζεο αλαπηχρζεθε κε ζθνπφ ηε κειέηε ηεο πξφζδεζεο ηεο 

Su e κε ηηο κηθξέο Tim πξσηεΐλεο Tim9 θαη Tim10, φπσο επίζεο θαη κε ην ζχκπινθν 

TIM9.10.  Ραδηνζεκαζκέλεο Su e θαη ΓΝ23 Su e ζπληέζεθαλ in vitro παξνπζία 

θαζαξηζκέλσλ Tim9, Tim10 ή TIM9.10 πνπ έθεξαλ έλαλ επίηνπν έμη ηζηηδηλψλ.  Σν 

ζχκπνθν TIM9.10 έθεξε ηνλ επίηνπν ησλ έμη ηζηηδηλψλ κφλν ζην κφξην ηνπ Tim9.   

Η απνκφλσζε ηνπ ζπκπιφθνπ έγηλε κε ρξσκαηνγξαθία κνξηαθνχ απνθιεηζκνχ (gel 

filtration), ζπλδπάδνληαο θαζαξηζκέλεο πξσηεΐλεο.  5.6% ηεο ξαδηνζεκαζκέλεο Su e  
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ρήκα 3.7:  Αιιειεπίδξαζε ηεο Su e κε ηηο κηθξέο Tim πξσηεΐλεο.  Α.  Ραδηνζεκαζκέλε  Su e, 

AAC2  ή Su9-DHFR εηζήρζεζαλ ζε ελεξγνπνηεκέλα κηηνρφλδξηα πνπ είραλ απνκνλσζεί απφ ζηέιερνο 

αγξίνπ ηχπνπ (W.T.) ή απφ ζηέιερνο κε ζεξκνεπαίζζεην Tim9 (T9-ts).  Σν 10% ηεο ξαδηνζεκαζκέλεο 

πξσηεΐλεο πνπ ρξεζηκνπνηήζεθε γηα θάζε αληίδξαζε θνξηψζεθε (10%).  Ραδηνζεκαζκέλε Su e (Β) ή 

ΓΝ23 Su e  (C) ζπληέζεθαλ in vitro παξνπζία θαζαξηζκέλσλ Tim9 (HisTim9), Tim10 (HisTim10) ή 

TIM9.10 (HisTim9Tim10) ζπκπιφθνπ πνπ έθεξαλ επίηνπν έμη ηζηηδηλψλ ή ρσξίο ηε παξνπζία θάπνηαο 

θαζαξηζκέλεο πξσηεΐλεο (-). Οη πξσηεΐλεο κε ηνλ επίηνπν ησλ ηζηηδηλψλ πξνζδέζεθαλ ζε ζθαηξίδηα 

ληθειίνπ-αγαξφδεο (Ni-NTA beads) ζπκπαξαζχξνληαο θαη ηε πξνζδεκέλε ζε απηέο ξαδηνζεκαζκέλε 

πξσηεΐλε. Οη αξηζκνί ζην θάησ κέξνο δείρλνπλ ηε πνζνηηθνπνίεζε ηεο ξαδηνζεκαζκέλεο πξσηεΐλεο 

πνπ πξνζδέλεηαη κε βάζε ην 10%.  D. Γηάγξακκα πνπ απεηθνλίδεη ηε πνζφηεηα ηεο ξαδηνζεκαζκέλεο 

πξσηεΐλεο πνπ πξνζδέλεηαη θάζε θνξά ζηα ζθαηξίδηα.  Οη γξακκέο ζθάικαηνο (error-bars) πάλσ ζην 

δηάγξακκα δείρλνπλ ηελ ηππηθή απφθιηζε (standard deviation) απφ ηξία δηαθνξεηηθά πεηξάκαηα. 

 

πξνζδέζεθε ζηα ζθαηξίδηα ληθειίνπ-αγαξφδεο (Ni-NTA beads) ρσξίο ηε παξνπζία 

θάπνηαο πξσηεΐλεο πνπ έθεξε επίηνπν ηζηηδηλψλ.  Με ηελ παξνπζία ηνπ Tim9 δελ 

απμήζεθε ε πνζφηεηα ηεο πξνζδεκέλεο πξσηεΐλεο ζεκαληηθά (7.2%), ελψ παξνπζία 

Tim10 ή ΣΙΜ9.10 ζπκπιφθνπ ην πνζνζηφ ηεο πξνζδεκέλεο πξσηεΐλεο απμήζεθε ζην 

18.2% θαη ζην 20.2% αληίζηνηρα (ζρήκα 3.7, Β θαη C).  Σα απνηειέζκαηα απηά καο 

δείρλνπλ φηη ε Su e πξνζδέλεηαη ηφζν ζην Tim10, φζν θαη ζην TIM9.10, αιιά φρη ζην 

Tim9 in vitro.  Η ίδηα κέζνδνο επαλαιήθζεθε, ρξεζηπνπνηψληαο ηε ΓΝ23 Su e.  ε 

απηή ηελ πεξίπησζε, δελ είρακε ζεκαληηθφ πνζνζηφ ξαδηελεξγήο πξσηεΐλεο  
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ρήκα 3.8:  Μέζνδνο ζπζηνηρίαο πεπηηδίσλ.  A.  Γξαθηθή απεηθφληζε ηεο κεκβξάλεο κε ηα πεπηίδηα 

πνπ ρξεζηκνπνηήζεθε (Γεθαηξηακεξή πεπηίδηα, αιιειεπηθαιππηψκελα αλά δέθα).  Κάζε θχθινο 

αληηζηνηρεί ζηε ζέζε θάζε πεπηηδίνπ ζηε κεκβξάλε.  Με γθξίδν, ηα πεπηίδηα πνπ αληηζηνηρνχλ ζην 

δηακεκβξαληθφ ηκήκα (TMD) ηεο Su e.  B,C,D.  Αλνζναπνηχπσζε κε ηε ρξήζε άληη-Tim9 (B) ή άληη-

Tim10 (C,D) αληηζψκαηα ηεο πξσηεΐλεο πνπ είρε πξνζδεζεί ζηε κεκβξάλε έπεηηα απφ επψαζε κε 

θαζαξηζκέλε Tim9 (B), Tim10 (C) ή TIM9.10 ζχκπινθν (D). 

 

πξνζδεκέλε ζηα ζθαηξίδηα ζε θακία απφ ηηο πεξηπηψζεηο.  Απηφ καο δείρλεη φηη ην 

ακηλνηειηθφ ηκήκα ηεο Su e ελέρεηαη ζηε πξφζδεζή ηεο κε ην ζχκπινθν ΣΙΜ9.10.  

Γηα ηε πεξεηαίξσ δηεξεχλεζε ησλ ηκεκάησλ ηεο Su e πνπ αιιειεπηδξνχλ κε ηηο 

κηθξέο Tim πξσηεΐλεο, κειεηήζεθε ε πξφζδεζε ζε κία κεκβξάλε πνπ έθεξε 

δεθαηξηνκεξή πεπηίδηα απφ ηελ αιιεινπρία ηεο Su e (ζπζηνηρία πεπηηδίσλ – peptride 

spot array) (ζρήκα 3.8A).   HisTim9, HisTim10 θαη ΣΙΜ9.10 ζχκπινθν επσάζηεθαλ 

κε ηε κεκβξάλε.  ηε πεξίπησζε ηεο Tim9, δελ είρακε αλίρλεπζή ηεο κεηά απφ 

αλνζναπνηχπσζε ζε θαλέλα ηκήκα ηεο κεκβξάλεο, ελψ ε Tim10 θαη ην ζχκπνθν 

TIM9.10 πξνζδέζεθε ζε πεπηίδηα πνπ αληηζηνηρνχζαλ ζην κεκβξαληθφ/ακηλνηειηθφ 

ηκήκα ηεο Su e (ζρήκα 3.8).  
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Πίλαθαο 3.1.  Οη πξσηεΐλεο πνπ αληρλεπηήθαλ ζην πξσηένκα ηνπ κηηνρνλδξίνπ κε ηα ραξαθηεξηζηηθά 

ηεο Su e  θαη πηζαλφηαηα ζηνρεχνληαη κε ηνλ ίδην κεραληζκφ φπσο ε Su e. 

 

3.2.7  Πποζδιοπιζμόρ ππυηεφνών ηος μιηοσονδπίος με ηα σαπακηηπιζηικά ηηρ Su e 

Αλαδεηήζεθαλ πξσηεΐλεο ζην δεκνζηεπκέλν κηηνρνλδξηαθφ πξσηένκα 

(Reinders, Zahedi et al. 2006) νη νπνίεο έρνπλ έλα δηακεκβξαληθφ ηκήκα θνληά ζην 

ακηλνηειηθφ ή ζην θαξβνμπηειηθφ ηκήκα ηνπο θαη δελ θέξνπλ ηππηθή αιιεινπρία 

ζηφρεπζεο.  πλνιηθά 16 πξσηεΐλεο βξέζεθαλ πνπ έθεξαλ ηηο ζπγθεθξηκέλεο 

πξνυπνζέζεηο θαη παξνπζηάδνληαη ζηνλ παξαπάλσ πίλαθα.  Οη κηζέο απφ απηέο είλαη 

κηθξέο ππνκνλάδεο ηεο ATP ζπλζάζεο (ATP synthase) (ππνκνλάδεο e, g, k θαη j) θαη 

ηεο θπηηνρξσκηθήο νμεηδάζεο (COX) (Cox7, Cox8, Cox9 θαη Cox16). 

3.3  πδήηεζε  

ην παξφλ θεθάιαην κειεηήζεθε ε εηζαγσγή ζην κηηνρφλδξην θαη ε εηζαγσγή 

ζηηο κεκβξάλεο ηεο ππνκνλάδαο e ηεο F0/F1 ATP ζπλζάζεο ηνπ κηηνρνλδξίνπ ηνπ 

ζαθραξνκχθεηα σο παξάδεηγκα πξσηεΐλεο πνπ ζηνρεχεηαη ζηελ εζσηεξηθή 

κηηνρνλδξηαθή κεκβξάλε κε έλα δηακεκβξαληθφ ηκήκα θαη δε θέξεη ηππηθή 

αιιεινπρία ζηφρεπζεο.   

Η ελζσκάησζε ηεο Su e ζηνπο κηηνπιάζηεο θαη ζε κηηνπιάζηεο πνπ έρνπλ ππνζηεί 

πξσηεφιπζε απφ PK δείρλεη φηη ε Su e κπνξεί λα εηζαρζεί ζηελ εζσηεξηθή κεκβξάλε 

ρσξίο ηα ζπζηαηηθά πνπ απαηηνχληαη γηα ηελ εηζαγσγή ζηελ εζσηεξηθή κεκβξάλε 

κέζσ ησλ γλσζηψλ κεραληζκψλ TIM23 θαη ΣΙΜ22.   
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Σν ζχκπινθν ΣΙΜ23 έρεη ηέζζεξηο ππνκνλάδεο εθηεζεηκέλεο ζην δηακεκβξαληθφ 

ρψξν, ηηο Tim23, Tim17, Tim21 θαη Tim50.  Σα 50 ακηλνηειηθά ακηλνμέα ηεο Σim23, 

ηα νπνία είλαη ππεχζπλα γηα ηελ αλαγλψξηζε ησλ αιιεινπρηψλ ζηφρεπζεο θφβνληαη 

κεηά απφ πξσηεφιπζε ησλ κηηνπιαζηψλ (Bauer, Sirrenberg et al. 1996).  Δπηπιένλ, ε 

Tim50, ε νπνία είλαη αλακεκεηγκέλε κε ηε κεηαθνξά ηεο πξφδξνκεο πξσηεΐλεο απφ 

ην θαλάιη ΣΟΜ (Mokranjac, Sichting et al. 2009; Tamura, Harada et al. 2009) θαη ε 

Tim17, ε νπνία είλαη κία απαξαίηεηε γηα ηε δηαβίσζε ππνκνλάδα ηεο ΣΙΜ23 

(Martinez-Caballero, Grigoriev et al. 2007) είλαη επαίζζεηεο ζηε πξσηεφιπζε απφ ηε 

PK (Yamamoto, Esaki et al. 2002; Meier, Neupert et al. 2005).  Η Tim21 έρεη ζθηθηά 

αλαδηπισκέλα ηκήκαηα εθηεζεηκέλα ζην δηακεκβξαληθφ ρψξν (Albrecht, Rehling et 

al. 2006) θαη είλαη αλζεθηηθή θαηά κεγάιν κέξνο έλαληη ζηε πξσηεφιπζε (Chacinska, 

Lind et al. 2005).  Παξφιν πνπ ηα ηκήκαηα ηεο TIM23 πνπ ζρεκαηίδνπλ ην θαλάιη 

εηζφδνπ είλαη πξνζηαηεπκέλα απφ ηε πξσηεφιπζε επεηδή βξίζθνληαη κέζα ζηελ 

εζσηεξηθή κεκβξάλε, νπφηε δελ είλαη πξνζβάζηκα απφ ηε PK, ε ΣΙΜ23 δελ ζα 

κπνξνχζε λα δνπιεχεη θαλνληθά κεηά απφ πξσηεφιπζε κε ΡΚ. 

Σν ζχκπινθν ΣΙΜ22 πξέπεη επίζεο λα απνθιεηζηεί γηα ηελ ελζσκάησζε ηεο Su e 

ζηνπο κηηνπιάζηεο πνπ έρνπλ ππνζηεί πξσηεφιπζε.  Σν ζχκπινθν ΣΙΜ22, κε βάζε 

απηά πνπ είλαη σο ηψξα γλσζηά, ελζσκαηψλεη ζηελ εζσηεξηθή κεκβξάλε πξσηεΐλεο 

κε πνιιαπιά δηακεκβξαληθά ηκήκαηα, φπσο νη κηηνρνλδξηαθνί κεηαθνξείο 

κεηαβνιηηψλ (Curran, Leuenberger et al. 2002).  Δπηπιένλ, νη ππνκνλάδεο ηεο ΣΙΜ22, 

ε Tim22, ε Tim54 θαη ε Tim18, είλαη επαίζζεηα ζηε πξσηεφιπζε κε PK ζηνπο 

κηηνπιάζηεο (Koehler, Murphy et al. 2000).  Οπφηε, ην ζχκπινθν ΣΙΜ22 είλαη 

κάιινλ απίζαλν λα ζρεηίδεηαη κε ηελ ελζσκάησζε ηεο Su e ζηελ εζσηεξηθή 

κεκβξάλε.   

χκθσλα κε ηα παξαπάλσ, ε ηθαλφηεηα ηεο Su e  λα ελζσκαηψλεηαη ζηελ εζσηεξηθή 

κεκβξάλε φηαλ παξνπζηάδεηαη απεπζείαο ζε κηηνπιάζηεο πνπ έρνπλ ππνζηεί 

πξσηεφιπζε δελ κπνξεί λα έρεη πξαγκαηνπνηεζεί κε βάζε ηνπο γλσζηνχο 

κεραληζκνχο εηζαγσγήο ζηελ εζσηεξηθή κεκβξάλε. 

Γηα ηελ εηζαγσγή ηεο Su e ζην κηηνρφλδξην απαηηείηαη δηαθνξά δπλακηθνχ ζηελ 

εζσηεξηθή κεκβξάλε (ΓΦ).  ε αληίζεζε, γηα ηελ εηζαγσγή ζηνπο κηηνπιάζηεο δελ 

απαηηείηαη ε χπαξμε δπλακηθνχ.  Δπηπιένλ, ε εηζαγσγή ηεο Su e ζηα ιηπνζψκαηα δελ 

απαηηεί ηελ χπαξμε δπλακηθνχ δηάρπζεο. Απηφ ζεκαίλεη φηη ε ελζσκάησζε ηεο Su e 
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ζηηο κεκβξάλεο δελ ζπκβαίλεη ιφγσ ειεθηξνθνξεηηθήο δχλακεο εμαηηίαο ηεο 

δηαθνξάο δπλακηθνχ, αιιά ε δηαθνξά δπλακηθνχ ζηελ εζσηεξηθή κεκβξάλε 

ρξεηάδεηαη πηζαλφηαηα γηα λα κπνξέζεη ε Su e  λα πεξάζεη ηελ εμσηεξηθή 

κηηνρνλδξηαθή κεκβξάλε θαη ηε ιεηηνπξγία ηνπ TOM θαλαιηνχ.  πγθξίλνληαο ηελ 

ελζσκάησζε ηεο πξσηεΐλεο ζε κηηνπιάζηεο θαη ζε κηηνπιάζηεο πνπ έρνπλ ππνζηεί 

πξσηεφιπζε, έρνπκε απμεκέλε ελζσκάησζε ζηε πεξίπησζε ησλ κηηνπιαζηψλ πνπ 

έρνπλ ππνζηεί πξσηεφιπζε.  Η εζσηεξηθή κηηνρνλδξηαθή κεκβξάλε είλαη κία 

κεκβξάλε πινχζηα ζε πξσηεΐλεο, κε πνιιέο απφ απηέο λα είλαη εθηεζεηκέλεο ζην 

δηακεκβξαληθφ ρψξν.  Η πξσηεφιπζε κε ΡΚ ησλ κηηνπιαζηψλ απνηθνδνκεί κεγάιν 

κέξνο ησλ πξσηετλψλ απηψλ, κε απνηέιεζκα ηα ιηπίδηα ηεο εζσηεξηθήο κεκβξάλεο λα 

είλαη πην πξνζβάζηκα.  Σν γεγνλφο απηφ, ζε ζπλδπαζκφ κε ηελ απζφξκεηε 

ελζσκάησζε ηεο Su e ζε ιηπνζψκαηα, καο δείρλεη φηη ε Su e είλαη πηζαλφλ λα 

εηζάγεηαη ζηελ εζσηεξηθή κεκβξάλε κέζσ απεπζείαο αιιειεπίδξαζεο κε ηα ιηπίδηα, 

φηαλ έξρεηαη ζε απεπζείαο επαθή κε απηά.   

Η απνθνπή ησλ 23
σλ

 ακηλνειηθψλ ακηλνμέσλ ηεο Su e αλαζηέιεη ηελ εηζαγσγή ηεο 

ζηα κηηνρφλδξηα.  Απηφ καο δείρλεη φηη ζε απηά ηα ακηλνμέα πεξηέρεηαη πιεξνθνξία 

ζεκαληηθή γηα ηε ζηφρεπζή ηεο.  Γηα ηελ εηζαγσγή ζηα κηηνρφλδξηα, είλαη ζεκαληηθά 

ηα θνξηηζκέλα θαη ηα πδξφθνβα ακηλνμέα (von Heijne 1986).  Γηα ην ιφγν απηφ 

επηιέμακε λα κεηαιιάμνπκε ηα θνξηηζκέλα ακηλνμέα ηεο ακηλνηειηθήο πεξηνρήο ηεο 

Su e.  Μεηαιιαγή ηεο αξγηλήλεο ζηε ζέζε 8 ζε γιπθίλε αλαζηέιεη ηελ εηζαγσγή ζηα 

κηηνρφλδξηα, αιιά δελ αλαζηέιεη ηελ ελζσκάησζε ζηελ εζσηεξηθή κεκβξάλε ζηνπο 

κηηνπιάζηεο.  Δπίζεο κεηαιιαγή ηεο αξγηλήλεο ζε ιπζίλε, φπνπ ην ζεηηθφ θνξηίν ζηε 

ζέζε 8 παξακέλεη, επηηξέπεη ηελ εηζαγσγή ηεο Su e ζην κηηνρφλδξην.  Δπίζεο, 

κνληεινπνίεζε ηεο αιιεινπρίαο πνπ είλαη ππεχζπλε γηα ηε ζηφρεπζε ηεο Su e ζηε 

δνκή ηνπ ππνδνρέα Tom20 (Muto, Obita et al. 2001), καο δείρλεη φηη ην θνξηίν ζηε 

ζέζε 8 ζα κπνξνχζε λα ζηαζεξνπνηεί ηε πξφζδεζή ηνπ ζηνλ ππνδνρέα.  Σα δεδνκέλα 

απηά καο ππνδεηθλχνπλ φηη ην θνξηίν ζηε ζέζε 8 είλαη ζεκαληηθφ γηα ηε ζηφρεπζε 

ζην κηηνρφλδξην, πηζαλφηαηα γηα ηελ αλαγλψξηζή ηεο απφ ηνπο ππνδνρείο ηεο 

εμσηεξηθήο κεκβξάλεο. 

Ο δνκηθφο ραξαθηεξηζκφο κε NMR ηεο πεξηνρήο 1-21 ηεο ακηλνηειηθήο πεξηνρήο ηεο 

Sue ζε κηθθχιηα δσδεθπινθσζθνρνιίλεο έδεημε κία κνλνκεξή ειηθσηή δνκή (Yao, 

Stuart et al. 2008).  Η αξγηλήλε ζηε ζέζε 21 είλαη θνληά ζηελ επηθάλεηα ησλ ιηπηδίσλ, 

γεγνλφο πνπ ππνδεηθλχεη ειεθηξνζηαηηθή αιιειεπίδξαζε κεηαμχ ηνπ ζεηηθνχ 
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θνξηίνπ ηεο αξγηλίλεο θαη ηηο αξλεηηθά θνξηηζκέλεο θεθαιέο ησλ θσζθνξηθψλ 

νκάδσλ.  Μία ηέηνηα αιιειεπίδξαζε ζα ζηαζεξνπνηνχζε ην ελζσκαησκέλν ζηε 

κεκβξάλε πεπηίδην θαη ζα κπνξνχζε λα εμεγήζεη ηε παξαηήξεζή καο φηη ην 

κεηάιιαγκα R21G, φπνπ ε ζπγθεθξηκέλε αξγηλίλε έρεη κεηαιιαρζεί ζε γιπθίλε θαη 

ην θνξηίν έρεη ραζεί, δελ εηζάγεηαη ην ίδην απνηειεζκαηηθά ζηελ εζσηεξηθή κεκβξάλε 

κε ηε πξσηεΐλε ηνπ αγξίνπ ηχπνπ.   

 Οη ζαπεξφλεο ηνπ δηακεκβξαληθνχ ρψξνπ πνπ απνηεινχληαη απφ ηηο κηθξέο Tim είλαη 

γλσζηφ φηη παξαιακβάλνπλ πξσηεΐλεο απφ ην θαλάιη ΣΟΜ θαη ηηο παξαδίδνπλ ζε 

άιια ζπζηήκαηα εηζαγσγήο φπσο ην ζχκπνθν SAM  θαη ην ζχκπινθν ΣΙΜ22 

(Curran, Leuenberger et al. 2002; Habib, Waizenegger et al. 2005).  Η ηθαλφηεηα ηεο 

Su e λα πξνδέλεηαη ζηε ζαπεξφλε ΣΙΜ9.10 θαη ε κείσζε ηεο εηζαγσγήο ηεο ζε 

κηηνρφλδξηα φπνπ απνπζηάδεη ην ΣΙΜ9.10 ζχκπινθν ππνδειψλεη φηη ε Su e είλαη 

ππφζηξσκα γηα ηηο ζαπεξφλεο ησλ κηθξψλ Tim.  Απηφ δηεπξχλεη ηα ππνζηξψκαηα πνπ 

κπνξνχλ λα πξνζδεζνχλ ζηηο ζαπεξφλεο ησλ κηθξψλ Tim, θαη δείρλεη φηη νη 

ζαπεξφλεο ηνπ δηακεκβξαληθνχ ρψξνπ έρνπλ πην επξχ ξφιν απφ φηη είλαη σο ηψξα 

γλσζηφ. 

 Σα δεδνκέλα πνπ παξνπζηάδνληαη ζην παξφλ θεθάιαην δείρλνπλ φηη ε Su e εηζάγεηαη 

ζην κηηνρφλδξην θαη ελζσκαηψλεηαη ζηελ εζσηεξηθή κεκβξάλε κε έλαλ κεραληζκφ 

δηαθνξεηηθφ απφ απηνχο πνπ είλαη ήδε γλσζηνί.  Η εχξεζε 16 πξσηετλψλ κε ηα 

ραξαθηεξηζηηθά ηεο Su e ζην πξσηένκα ηνπ κηηνρνλδξίνπ καο ππνδεηθλχεη φηη ν 

κεραληζκφο απηφο πηζαλφηαηα δελ είλαη απνθιεηζηηθφο γηα ηε ζηφρεπζε ηεο Su e.  

Απφ ηηο πξσηεΐλεο πνπ βξέζεθαλ, κφλν γηα ηε prohibitin 1 (Phb1) θάπνηα ζηνηρεία 

είλαη γλσζηά γηα ηε ζηφρεπζή ηεο θαη ηελ ελζσκάησζή ηεο ζηε εζσηεξηθή κεκβξάλε 

(Tatsuta, Model et al. 2005).  ηε κειέηε απηή, ε ελζσκάησζε ηεο Phb1 ζηελ 

εζσηεξηθή κεκβξάλε ελέπιεθε επίζεο ζαπεξφλε ηνπ δηακεκβξαληθνχ ρψξνπ, ην 

ζχκπινθν ΣΙΜ8.13, ελψ ε εηζαγσγή ηεο ζηα κηηνρφλδξηα εμαξηηφληαλ απφ ην θαλάιη 

ΣΙΜ23 θαη ηε παξνπζία δπλακηθνχ.  Σα παξαπάλσ ζηνηρία θσηνγξαθίδνπλ έλλ 

κεραληζκφ ζηφρεπζεο ηεο Phb1 αλάινγν κε απηφλ ηεο Su e, ππνδεηθλχνληαο φηη ν 

κεραληζκφο απηφο δελ είλαη απνθιεηζηηθφο γηα ηε Su e, αιιά επεθηείλεηαη θαη ζε 

άιιεο πξσηεΐλεο ηεο εζσηεξηθήο κεκβξάλεο κε έλα δηακεκβξαληθφ ηκήκα θαη ρσξίο 

ηππηθή αιιεινπρία ζηφρεπζεο. 
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Κεθάιαην 4 

Πξνζδηνξηζκόο ηνπ ζήκαηνο 

εληνπηζκνύ ζην δηακεκβξαληθό 

ρώξν κέζσ ηνπ κνλνπαηηνύ ηεο 

Mia40 
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ρήκα 4.1:  Αιιεινπρίεο ακηλνμέσλ ησλ Mia40 θαη Tim10  Α.  Αιιεινπρία ακηλνμέσλ ηεο 

πξσηεΐλεο Mia40 ηνπ ζαθραξνκχθεηα.  Με ζθνχξν κπιε θαίλεηαη ε αιιεινπρία 1-244, ελψ κε 

αλνηθηφ κπιε ε αιιεινπρία 245-290.  Σν ελεξγφ θέληξν CPC απεηθνλίδεηαη κε θφθθηλν, ελψ ην δηπιφ 

CX9C κνηίβν απεηθνλίδεηαη κε πξάζηλν.  Β.  Αιιεινπρία ακηλνμέσλ ηεο πξσηεΐλεο Tim10 ηνπ 

ζαθραξνκχθεηα.  Με ζθνχξν κπιε θαίλεηαη ε αιιεινπρία 1-30, ελψ κε θφθθηλν ε αιιεινπρία 31-39 

(ITS).  Σν δηπιφ CX3C κνηίβν θαίλεηαη κε πξάζηλν ρξψκα. 

 

4.1  Δηζαγσγή 

ην θεθάιαην απηφ πεξηγξάθνπκε ηε δηαδηθαζία πνπ αθνινπζήζεθε γηα ηνλ 

πξνζδηνξηζκφ ηεο αιιεινπρίαο πνπ ζηνρεχεη ηηο πξσηεΐλεο ηνπ δηακεκβξαληθνχ 

ρψξνπ ζηε Mia40, ηελ πξσηεΐλε πνπ ηηο αλαδηπιψλεη κέζσ νμείδσζεο, 

δεκηνπξγψληαο ελδνκνξηαθνχο δηζνπιθηδηθνχο δεζκνχο.  Γηα ηνλ πξνζδηνξηζκφ ηεο 

αιιεινπρίαο ζηφρεπζεο ζηε Mia40, πήξακε έλα απφ ηα ππνζηξψκαηά ηεο, ηε Tim10, 

θαη είδακε πψο αιιειεπηδξά κε ηε Mia40 ε πεξηνρή θνληά ζηε πξψηε θπζηεΐλε ηεο, ε 

νπνία είλαη απηή πνπ αλαγλσξίδεηαη πξψηε απφ ηε Mia40.  Με απηφλ ηνλ ηξφπν, 

πξνζδηνξίζακε ην ηκήκα ηεο αιιεινπρίαο ηεο Tim10 πνπ αλαγλσξίδεηαη απφ ηε 

Mia40 (αιιεινπρία ITS – Intermembrane space Targeting Signal), θαζψο θαη ην είδνο 

ηεο αιιειεπίδξαζεο κεηαμχ ησλ δχν πξσηετλψλ.  Έηζη, θαηαιήμακε ζε έλα 

γεληθφηεξν κνηίβν ην νπνίν αλαγλσξίδεηαη απφ ηε Mia40, ην νπνίν δξα σο ην ζήκα 

ζηφρεπζεο ζηε πξσηεΐλε απηή, ην νπνίν βξίζθεηαη ζηα πεξηζζφηεξα απφ ηα 

ππνζηξψκαηα ηεο Mia40. 
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ρήκα 4.2:  Πξνζδεζε δηάθνξσλ ξαδηνζεκαζκέλσλ πξσηετλώλ ζηε ΓΝ290Mia40SPS ζε 

δηάθνξεο ζεξκνθξαζίεο.  Ραδηνζεκαζκέλεο ΓΝ23 Su e, ITS – ΓΝ23 Su e, αγξίνπ ηχπνπ (WT) Tim10, 

ΓΝ30 Tim10 θαη ΓΝ39 Tim10 επσάζηεθαλ ζηνπο 0νC, ζηνπο 15νC ή ζηνπο 30νC γηα 2 ψξεο κε 

ζθαηξίδηα ληθειίνπ-αγαξφδεο (Ni-NTA beads) (-) ή κε ζθαηξίδηα ληθειίνπ-αγαξφδεο ζηα νπνία είρε 

πξνζδεζεί θαζαξηζκέλε ΓΝ290Mia40SPS πνπ έθεξε επίηνπν έμη ηζηηδηλψλ (+).  Σα ζθαηξίδηα κεηά ηε 

πξφζδεζε αλαιχζεθαλ κε ειεθηξνθφξεζε SDS-PAGE θαη απηνξαδηνγξαθία.  Σν 10% ηεο 

ξαδηελεξγήο πξσηεΐλεο πνπ ρξεζηκνπνηήζεθε ζε θάζε αληίδξαζε θνξηψζεθε επίζεο ζηε πεθηή.  Οη 

αξηζκνί θάησ απφ ηα ζρήκαηα αληηζηνηρνχλ ζηε πνζφηεηα ηεο ξαδηελεξγήο πξσηεΐλεο πνπ πξνζδέζεθε 

ζε ζρέζε κε ηε ζπλνιηθή ξαδηελεξγή πξσηεΐλε πνπ ρξεζηκνπνηήζεθε.  ην δηάγξακκα δεμηά θαίλνληαη 

ζπγθεληξσηηθά ηα απνηειέζκαηα ηνπ πεηξάκαηνο.  Η πνζνηηθνπνίεζε κεηά ηελ απηνξαδηνγξαθία έγηλε 

κε ην πξφγξακκα Molecular Dynamics ImageQuant 5.2. 

 

4.2  Απνηειέζκαηα 

4.2.1  Το εννιαπεπηίδιο πος βπίζκεηαι ππιν από ηη ππώηη κςζηεΐνη ηηρ Tim10 είναι 

ζημανηικό για ηη ππόζδεζη ηηρ Tim10 ζηη Mia40. 

Γηα ηνλ πξνζδηνξηζκφ ηεο αιιεινπρίαο ηεο Tim10 πνπ είλαη ππεχζπλν γηα ηελ 

αιιειεπίδξαζή ηεο κε ηε Mia40 κειεηήζεθε ε πξφζδεζε ηεο Tim10, ηεο ΓΝ30 

Tim10 θαη ηεο ΓΝ39 Tim10 ζηε ΓΝ290Mia40 SPS (ζρήκα 4.1).  Δπηιέρζεθε ε 

ΓΝ290Mia40 SPS επεηδή ε έθδνζε απηή ηεο Mia40 είλαη πην ζηαζεξή απφ ηε 

πξσηεΐλε ηνπ αγξίνπ ηχπνπ.  Η πξσηεΐλε απηή θέξεη επίζεο κεηαιιαγέο ζηηο 

θπζηεΐλεο ηνπ ελεξγνχ ηεο θέληξνπ, ψζηε νη αιιειεπηδξάζεηο πνπ αληρλεχηεθαλ λα 

είλαη ιφγσ ηεο αλαγλψξηζεο ηεο Tim10 απφ ηε Mia40  θαη φρη ιφγσ ζρεκαηηζκνχ 

δηζνπιθηδηθψλ γεθπξψλ κεηαμχ Mia40 θαη Tim10.  Όπσο είλαη γλσζηφ, ε πξψηε 

θπζηεΐλε, πνπ βξίζθεηαη ζηε ζέζε 40 ηεο αιιεινπρίαο ηεο Tim10, είλαη ε πξψηε πνπ 

αληηδξά κε ηε Mia40 ζρεκαηίδνληαο κεηθηνχο δηζνπιθηδηθνχο δεζκνχο κεηαμχ Tim10 

θαη Mia40 (Milenkovic, Gabriel et al. 2007; Sideris and Tokatlidis 2007).  Γηα λα 
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δνχκε ηελ αιιειεπίδξαζε, ξαδηνζεκαζκέλε Tim10 επσάζηεθε κε ζθαηξίδηα 

ληθειίνπ-αγαξφδεο γηα δχν ψξεο ζε δηαθνξεηηθέο ζεξκνθξαζίεο.  Η πξσηεΐλε ηνπ 

αγξίνπ ηχπνπ (WT Tim10) πξνζδέλεηαη ζηνπο 0
ν
C, ζηνπο 15

ν
C θαη ζηνπο 30

ν
C ζε 

πνζνζηφ 16,7%, 18,1% θαη 7,4% αληίζηνηρα (ζρήκα 1, WT Tim10).  Αθαηξψληαο ηα 

30 ακηλνηειηθά ακηλνμέα απφ ηελ αιιεινπρία ηνπ Tim10, (ΓΝ30 Tim10), 

εμαθνινπζνχκε λα έρνπκε πξφζδεζε ηεο Tim10 ζηε Mia40, αλ θαη κεησκέλε (ζρήκα 

4.2, ΓΝ30Tim10).  Αθαηξψληαο ελλέα ακηλνμέα επηπιένλ απφ ηελ αιιεινπρία ηεο 

Tim10 (ΓΝ39 Tim10), ε πξφζδεζε ηεο Tim10 ζηε Mia40 πέθηεη θνληά ζην 0 (ζρήκα 

4.2, ΓΝ39Tim10).  Σν γεγνλφο απηφ καο δείρλεη φηη ε αιιεινπρία ηεο Tim10 απφ ηε 

ζέζε 30 σο 39, πνπ βξίζθεηαη ακέζσο πξηλ ηε πξψηε θπζηεΐλε ηεο Σim10, είλαη 

ζεκαληηθή γηα ηελ αλαγλψξηζή ηεο απφ ηε Mia40.  Η πξφζδεζε ηεο Tim10 ζηε 

Mia40 εμαξηάηαη απφ ηε ζεξκνθξαζία.  Η πξφζδεζε θαίλεηαη λα απμάλεηαη, 

πεγαίλνληαο απφ ηνπο 0
o
C ζηνπο 15

ν
C, ελψ κεηψλεηαη θαζψο πεγαίλνπκε απφ ηνπο 

15
ν
C ζηνπο 30

ν
C (ζρήκα 4.2).   

Γηα λα επηβεβαηψζνπκε φηη ην ελληαπεπηίδην πξηλ απφ ηε πξψηε θπζηεΐλε πξνζζέζακε 

ηελ αιιεινπρία απηή ζε κία πξσηεΐλε πνπ δελ απνηειεί θαλνληθά ππφζηξσκα γηα ηε 

Mia40.  Δπηιέμακε ηε ΓΝ23 Su e, πνπ πξνθχπηεη απφ ηελ ππνκνλάδα e ηεο F0/F1 ATP 

ζπλζάζεο (Su e) αθαηξψληαο ηελ αιιεινπρία ζηφρεπζήο ηεο ζην κηηνρφλδξην 

(θεθάιαην 3).  Η ΓΝ23 Su e πξνδέλεηαη ζε πνιχ κηθξφ πνζνζηφ ζηε Mia40, επεηδή 

δελ αλαγλσξίδεηαη απφ απηή (ζρήκα 4.2, ΓΝ23Sue).  Όηαλ πξνζηέζεθε ε αιιεινπρία 

30-39 ηεο Tim10 ζην ακηλνηειηθφ άθξν ηεο ΓΝ23 Su e (ITS – ΓΝ23 Su e), ε 

πξσηεΐλε κπνξνχζε πιένλ λα πξνζδέλεηαη ηθαλνπνηεηηθά ζηε Mia40 (ζρήκα 4.2, 

ITS-ΓΝ23Sue).  Σν γεγνλφο απηφ απνδεηθλχεη φηη ε αιιεινπρία πνπ πξνζζέζακε απφ 

κφλε ηεο είλαη αξθεηή γηα ηελ αλαγλψξηζε ηνπ ππνζηξψκαηνο απφ ηε Mia40 θαη φηη 

ρσξίο απηή δελ έρνπκε πξφζδεζε ηνπ ππνζηξψκαηνο ζηε Mia40. 

Γηα ηελ ηαπηνπνίεζε ηνπ είδνπο ηεο αιιειεπίδξαζεο πνπ πξνζδέλεη ηελ Tim10  ζηε 

Mia40, επαλαιήθζεθε ην πείξακα πξφζδεζεο απμάλνληαο ηε ζπγθέληξσζε ηνπ NaCl 

ή απμάλνληαο ηε ζπγθέληξσζε ηνπ απνξξππαληηθνχ Triton X-100.  Με ηελ αχμεζε 

ηεο ζπγθέληξσζεο ηνπ NaCl θαηά ηε δηάξθεηα ηεο πξφζδεζεο, νη εηεξνπνιηθέο 

ειεθηξνζηαηηθέο αιιειεπηδξάζεηο κεηψλνληαη, ελψ ε παξνπζία ηνπ απνξξππαληηθνχ 

ζπλαγσλίδεηαη ηηο πδξφθνβεο αιιειεπηδξάζεηο.  Η κεηαβνιή ηεο ζπγθέληξσζεο ηνπ 

NaCl ζην δηάιπκα πξφζδεζεο δελ άιιαμε ζεκαληηθά ηε πνζφηεηα ηεο Tim10 πνπ 

πξνζδέλεηαη ζηε Mia40 (ζρήκα 4.3Α), γεγνλφο πνπ καο ππνδεηθλχεη φηη ε Tim10 δελ  
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ρήκα 4.3:  Δμάξηεζε ηεο πξόζδεζεο ηεο Tim10  ζηε Mia40 από ηε ζπγθέληξσζε NaCl θαη ηε 

ζπγθέληξσζε απνξξππαληηθνύ.  Ραδηνζεκαζκέλε αγξίνπ ηχπνπ (WT) Tim10 επσάζηεθε ζηνπο 30oC 

γηα 2 ψξεο κε ζθαηξίδηα ληθειίνπ-αγαξφδεο (Ni-NTA beads) (-) ή κε ζθαηξίδηα ληθειίνπ-αγαξφδεο ζηα 

νπνία είρε πξνζδεζεί θαζαξηζκέλε ΓΝ290Mia40SPS πνπ έθεξε επίηνπν έμη ηζηηδηλψλ (+).  A.  

Πξφζδεζε ζε δηαιχκαηα κε ζπγθέληξσζε NaCl 50 mM, 150 mM θαη 500 mM, 0,01% Triton, pH 7,4.  

B.  Πξφζδεζε ζε δηάιπκα πνπ πεξηείρε 150 mM NaCl, pH 7,4, θαη ζπγθεληξψζεηο Triton 0,01%, 

0,05%, 0,1% θαη 0,5%.  Σα ζθαηξίδηα κεηά ηε πξφζδεζε αλαιχζεθαλ κε ειεθξνθφξεζε SDS-PAGE 

θαη απηνξαδηνγξαθία.  Σν 10% ηεο ξαδηελεξγήο πξσηεΐλεο πνπ ρξεζηκνπνηήζεθε ζε θάζε αληίδξαζε 

θνξηψζεθε επίζεο ζηε πεθηή.  Οη αξηζκνί θάησ απφ ηα ζρήκαηα αληηζηνηρνχλ ζηε πνζφηεηα ηεο 

ξαδηελεξγήο πξσηεΐλεο πνπ πξνζδέζεθε ζε ζρέζε κε ηε ζπλνιηθή ξαδηελεξγή πξσηεΐλε πνπ 

ρξεζηκνπνηήζεθε.  ηα δηαγξάκκαηα θάησ θαίλνληαη ζπγθεληξσηηθά ηα απνηειέζκαηα ηνπ 

πεηξάκαηνο.  Η πνζνηηθνπνίεζε κεηά ηελ απηνξαδηνγξαθία έγηλε κε ην πξφγξακκα Molecular 

Dynamics ImageQuant 5.2. 

 

πξνζδέλεηαη ζηε Mia40  κέζσ εηεξνπνιηθψλ αιιειεπηδξάζεσλ.  Αληηζέησο, ε 

αχμεζε ηεο ζπγθέληξσζεο ηνπ απνξξππαληηθνχ Triton X-100 κεηέβαιιε ζεκαληηθά 

ηε πνζφηεηα ηεο Tim10 πνπ πξνζδέζεθε ζηε Mia40 (ζρήκα 4.3Β).  Σα απνηειέζκαηα 

απηά καο ππνδεηθλχνπλ φηη ε Tim10 πξνζδέλεηαη ζηε Mia40  θπξίσο κέζσ 

πδξφθνβσλ αιιειεπηδξάζεσλ.     

4.2.2  Το εννιαπεπηίδιο πος βπίζκεηαι ππιν από ηη ππώηη κςζηεΐνη ηηρ Tim10 ανηιδπά 

με ηην οξειδυμένη μοπθή ηηρ Mia40 και ηην ανάγει 

Η Mia40 έρεη κία ζξππηνθάλε θνληά ζην ελεξγφ θέληξν CPC (ζρήκα 4.1).  Σν 

γεγνλφο απηφ καο επηηξέπεη λα δνχκε δηαθνξέο ζηε δνκή ηνπ ελεξγνχ θέληξνπ κέζσ 

θζνξηζκνχ ηεο ζξππηνθάλεο απηήο, γηαηί ην κνξηαθφ πεξηβάιινλ ηεο ζξππηνθάλεο 

επεξεάδεη ην θζνξηζκφ ηεο.  Η ζξππηνθάλε έρεη κέγηζην απνξξφθεζεο ζηα 278 nm, 

ελψ εθπέκπεη κε κέγηζην ζην 330-350 nm.  ηε πεξίπησζε ηεο Mia40 ην κέγηζην 

εθπνκπήο κεηά απφ δηέγεξζε ζηα 278 nm είλαη ηα 334 nm (ζρήκα 4.4).  Η 

θαζαξηζκέλε Mia40 βξίζθεηαη ζηελ νμεηδσκέλε ηεο κνξθή, ελψ ην ελεξγφ ηεο  
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ρήκα 4.4:  Φάζκαηα θζνξηζκνύ ηεο ΓΝ244Mia40.  Γηάιπκα θαζαξηζκέλεο ΓΝ244Mia40 (πάλσ) 

θαη ΓΝ244Mia40SPS (θάησ) ζπγθέληξσζεο 1 κΜ δηεγέξζεθε ζηα 278 nm θαη θαηαγξάθηεθε ην 

θάζκα εθπνκπήο απφ ηα 300 σο ηα 500 nm.  10 κΜ DTT πξνζηέζεθαλ (+DTT) (αξηζηεξά) ή πεπηίδην 

ITS ζε ζπγθεληξψζεηο απφ 0 σο 4 κΜ (δεμηά). 

 

θέληξν κπνξεί λα αλαρζεί κε πξνζζήθε ηνπ αλαγσγηθνχ DTT (Banci, Bertini et al. 

2009).  Μεηά απφ πξνζζήθε 1 mΜ DTT βιέπνπκε αχμεζε ηεο εθπνκπήο ηεο 

ζξππηνθάλεο (ζρήκα 4.4, πάλσ αξηζηεξά), γεγνλφο πνπ καο ππνδεηθλχεη αιιαγέο ζην 

πεξηβάιινλ ηεο, πνπ νθείιεηαη ζηελ αλαγσγή ηνπ ελεξγνχ θέληξνπ CPC.  Οπφηε, κε 

ηε κέζνδν ηνπ θζνξηζκνχ κπνξνχκε λα μερσξίζνπκε ηελ αλεγκέλε απφ ηελ 

νμεηδσκέλε κνξθή ηεο Mia40.    Πξνζζήθε DTT ζηελ αλελεξγή κνξθή ηεο Mia40 

(Mia40 SPS), φπνπ ην ελεξγφ θέληξν δελ πεξηέρεη θπζηεΐλεο, νπφηε δελ ππφθεηηαη ζε 

νμείδσζε ή αλαγσγή απφ ην DTT, δελ πξνθαιεί ζεκαληηθή αιιαγή ζην θάζκα 

εθπνκπήο (ζρήκα 4.4, θάησ αξηζηεξά).   

Σν πεπηίδην πνπ αληηζηνηρεί ζηελ αιιεινπρία ηεο Tim10 απφ ην ακηλνμχ 31 σο 39 

(met-phe-asn-lys-leu-val-asn-asn-cys - MFNKLVNNC) ζπληέζεθε.  Σν πεπηίδην απηφ 

πξνζηέζεθε ζε ζπγθεληξψζεηο απφ 1 κΜ σο 4 κΜ ζε δηάιπκα ΓΝ244Mia40 θαη ην  
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ρήκα 4.5:  Δπζπγξάκκηζε ησλ αιιεινπρηώλ θαη απεηθνλίζεηο α-έιηθαο.  Δπζπγξάκκηζε 

(alignment) ησλ αιιεινπρηψλ ηξηψλ κηθξψλ Tim πξσηετλψλ απφ ηνλ ζαθραξνκχθεηα Saccharomyces 

cerevisiae (Α) θαη ησλ αιιεινπρηψλ απφ ηελ Tim10  δηάθνξσλ επθαξπσηηθψλ νξγαληζκψλ (Β).  (C) 

ρεκαηηθή απεηθφληζε δνκψλ α-έιηθαο γηα ηηο αιιεινπρίεο ησλ κηθξψλ Tim απφ ηνλ ζαθραξνκχθεηα 

θαη ησλ θνηλψλ ραξαθηεξηζηηθψλ πνπ πξνθχπηνπλ απφ ηηο επζπγξακκίζεηο ησλ αιιεινπρηψλ 

(consensus). Σν καχξν εκηθχθιην δείρλεη ηελ πδξφθνβε επηθάλεηα ηεο α-έιηθαο, ελψ ην γθξίδν δείρλεη 

ηελ πδξφθηιε. 

 

θάζκα θζνξηζκνχ θαηαγξάθεθε.  Καζψο πξνζζέηακε ην πεπηίδην, απμαλφηαλ ε 

έληαζε ηνπ θάζκαηνο εθπνκπήο, γεγνλφο πνπ καο ππνδεηθλχεη φηη ην πεπηίδην αληηδξά 

κε ην ελεξγφ θέληξν ηεο Mia40 πξνθαιψληαο αλαγσγή (ζρήκα 4.4, πάλσ δεμηά).  

Απηφ ζεκαίλεη φηη ην ελληαπεπηίδην κπνξεί θαη αληηδξά in vivo κε ηε Mia40. 

Πξνζζήθε πεπηηδίνπ ζηελ αλελεξγή κνξθή ηεο Mia40 δελ πξνθαιεί ζεκαληηθέο 

αιιαγέο ζην θάζκα εθπνκπήο (ζρήκα 4.4, θάησ δεμηά). 

4.2.3  Οι μικπέρ Tim ππυηεΐνερ έσοςν κοινά σαπακηηπιζηικά ζηην αλληλοςσία ηοςρ ππιν 

ηη ππώηη κςζηεΐνη ηηρ αλληλοςσίαρ ηοςρ πος δποςν υρ ζήμα για ηην αναγνώπιζή ηοςρ 

από ηη Mia40. 

Δπζπγξάκκηζε ησλ αιιεινπρηψλ ησλ κηθξψλ Tim πξηλ απφ ηελ πξψηε θπζηεΐλε ηεο 

αιιεινπρίαο (ζρήκα 4.5Α) ηνπο θαλεξψλεη φηη ππάξρνπλ θνηλά ραξαθηεξηζηηθά ζε 

φιεο ηηο αιιεινπρίεο.  ε απφζηαζε ηξία (-3) θαη ηέζζεξα (-4) ακηλνμέα πξηλ απφ ηε 

θπζηεΐλε, έρνπκε ζε φιεο ηηο πεξηπηψζεηο πδξφθνβα ακηλνμέα, ελψ ζε απφζηαζε επηά 

ακηλνμέσλ (-7) έρνπκε αξσκαηηθφ ακηλνμχ (ζρήκα 4.5Α).  Οη πεξηνρέο απηέο ησλ  
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ρήκα 4.6:  Δπζπγξάκκηζε αιιεινπρηώλ από πξσηεΐλεο Cox17 από δηάθνξνπο νξγαληζκνύο θαη 

απεηθόληζε α-έιηθαο.  (Α) Δπζπγξάκκηζε αιιεινπρηψλ ηεο Cox17 απφ δηάθνξνπο νξγαληζκνχο.  (Β) 

ρεκαηηθή απεηθφληζε δνκψλ α-έιηθαο γηα ηηο αιιεινπρίεο ηεο Cox17 απφ ηνλ ζαθραξνκχθεηα 

(ScCox17) θαη απφ ηνλ άλζξσπν (hCox17).  Σν καχξν εκηθχθιην δείρλεη ηελ πδξφθνβε επηθάλεηα ηεο 

α-έιηθαο, ελψ ην γθξίδν δείρλεη ηελ πδξφθηιε. 

 

κηθξψλ Tim, ζχκθσλα θαη κε ηηο θξπζηαιιηθέο ηνπο δνκέο (Webb, Gorman et al. 

2006; Baker, Webb et al. 2009) έρνπλ δνκή α-έιηθαο.  Όπσο βιέπνπκε απφ ηηο 

απεηθνλίζεηο α-έιηθαο (ζρήκα 4.5C), ηα ακηλνμέα απηά βξίζθνληαη απφ ηελ ίδηα 

πιεπξά ηεο έιηθαο θαη ζε θνληηλή απφζηαζε κεηαμχ ηνπο.  Κάλνληαο επζπγξάκκηζε 

ησλ αιιεινπρηψλ απφ πξσηεΐλεο Tim10 πνπ πξνέξρνληαη απφ δηαθνξεηηθνχο 

νξγαληζκνχο βιέπνπκε φηη ην πδξφθνβν ακηλνμχ ζηε ζέζε -4 θαη ην αξσκαηηθφ 

ακηλνμχ ζηε ζέζε –7 είλαη ζπληεξεκέλα.  Σα απνηειέζκαηα απηά, καο ππνδεηθλχνπλ 

φηη ηα ακηλνμέα απηά είλαη ζεκαληηθά γηα ηελ αλαγλψξηζε ησλ ππνζηξσκάησλ απφ ηε 

Mia40. 

4.2.4  Το ζήμα ζηόσεςζηρ ηηρ Cox17 βπίζκεηαι ζηο ημήμα πος βπίζκεηαι μεηά ηην ηπίηη 

κςζηεΐνη 

Η Cox17 είλαη κία πξσηεΐλε κε δηπιφ κνηίβν CX9C θαη είλαη ππφζηξσκα γηα ηε 

Mia40.  Βηνρεκηθά πεηξάκαηα πνπ έρνπλ γίλεη ζην εξγαζηήξηφ καο (Sideris, DP) 

έρνπλ δείμεη φηη αιιειεπηδξά κε ηε Mia40 ζρεκαηίδνληαο κεηθηφ δηζνπιθηδηθφ δεζκφ  

κε ηε ηξίηε θπζηεΐλε ηεο αιιεινπρίαο ηεο.  Η Cox17 δελ έρεη ηα ραξαθηεξηζηηθά 

ζηελ αιιεινπρία ηεο πξηλ απφ ηελ ηξίηε θπζηεΐλε πνπ ζα κπνξνχζαλ λα είλαη ζήκα 

ζηφρεπζεο (ζρήκα 4.6Α).  Αλ φκσο παξαηεξήζνπκε ηελ αιιεινπρία κεηά απφ ηε 

ηξίηε θπζηεΐλε, βιέπνπκε φηη ε αιιεινπρία ηεο Cox17 απφ ηνλ ζαθραξνκχθεηα έρεη 

έλα πδξφθνβν ακηλνμχ ζηε ζέζε +4 (ηζνιεπθίλε, Ι) θαη έλα αξσκαηηθφ ζηε ζέζε +7 

(ηπξνζίλε, Τ) (ζρήκα 4.6Α).   Η πεξηνρή απηή ηεο Cox17 έρεη δνκή α-έιηθαο, φπσο 
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θαίλεηαη απφ ηε NMR δνκή ηεο ζε δηάιπκα (Banci, Bertini et al. 2008).  Η 

απεηθφληζε ηεο Cox17 ζε κνξθή α-έιηθαο (ζρήκα 4.6Β) καο δείρλεη φηη ηα ακηλνμέα 

απηά βξίζθνληαη απφ ηελ ίδηα πιεπξά ηεο ελεξγήο θπζηεΐλεο θαη ζε θνληηλή 

απφζηαζε απφ απηή.  Οπφηε, ην ζήκα πνπ ζηνρεχεη ηελ Cox17 ζηε Mia40 βξίζθεηαη 

κεηά ηελ ηξίηε θπζηεΐλε θαη έρεη ηα ίδηα ραξαθηεξηζηηθά κε ην ζήκα πνπ ζηνρεχεη ηηο 

κηθξέο Tim πξσηεΐλεο.  

Κνηηψληαο ηηο αιιεινπρίεο ηεο Cox17 απφ δηαθνξεηηθνχο νξγαληζκνχο (ζρήκα 4.6Α) 

βιέπνπκε φηη ε ηζνιεπθίλε ζηε ζέζε +4 είλαη ζπληεξεκέλε.  Αληηζέησο, ε ηπξνζίλε 

ζηε ζέζε +7 δελ είλαη, αιιά έρεη αληηθαηαζηαζεί ζηνπο αλψηεξνπο επθαξπσηηθνχο 

νξγαληζκνχο κε ηζηηδίλε, ε νπνία δελ είλαη αξσκαηηθφ ακηλνμχ, θέξεη φκσο δαθηχιην 

ν νπνίνο ζα κπνξνχζε λα αλαγλσξηζηεί κε αλάινγν ηξφπν απφ ηε Mia40.   

4.2.5  Ππόβλετη ηυν πιθανών ζημάηυν ζηόσεςζηρ ζηη Mia40 ηυν γνυζηών 

ςποζηπυμάηυν ηηρ 

Με βάζε ηα παξαπάλσ αλαδεηήζακε πηζαλέο αιιεινπρίεο πνπ ζα κπνξνχζαλ λα 

αλαγλσξηζηνχλ απφ ηε Mia40 ζηα γλσζηά ππνζηξψκαηά ηεο (Gabriel, Milenkovic et 

al. 2007).  Αλαδεηήζακε αιιεινπρίεο πνπ πεξηέρνπλ ζε απφζηαζε ηεζζάξσλ θαη 

επηά ακηλνμέσλ απφ νπνηαδήπνηε θπζηεΐλε ηνπ δηπινχ CXnC κνηίβνπ έλα πδξφθνβν 

ή αξσκαηηθφ ακηλνμχ, έρνληαο φκσο ηνπιάρηζηνλ έλα αξσκαηηθφ ακηλνμχ ζηηο ζέζεηο 

απηέο.  Σα απνηειέζκαηα ηεο αλαδήηεζεο απηήο θαίλνληαη ζηνλ πίλαθα 4.1.  Οη 

αιιεινπρίεο απηέο ζα κπνξνχζαλ λα δξάζνπλ σο ζήκα ζηφρεπζεο ησλ πξσηετλψλ 

απηψλ ζην δηακεκβξαληθφ ρψξν κέζσ ηνπ κνλνπαηηνχ ηεο Mia40. 
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Πίλαθαο 4.1: Πξόβιεςε αιιεινπρηώλ ζηόρεπζεο.  Όια ηα πξνβιεπφκελα ππνζηξψκαηα ηεο  Mia40 

κε δηπιφ CX3C ή CX9C κνηίβν motif παξνπζηάδνληαη. C1,C2,C3 θαη C4 είλαη ε πξψηε, ε δεχηεξε, ε 

ηξίηε θαη ε ηέηαξηε θπζηεΐλε ησλ CXnC κνηίβσλ. Η αιιεινπρία 10 ακηλνμέσλ πξηλ ή κεηά απφ θάζε 

θπζηεΐλε παξνπζηάδεηαη.  Σα πηζαλά ζήκαηα ζηφρεπζεο θαίλνληαη ζθηαζκέλα.  Σα ακηλνμέα πνπ 

πξνζδέλνληαη κε ηε Mia40 παξνπζηάδνληαη έληνλα.   

 

 

Πξσηεΐλε 

C1 C2 

Πξηλ ηε θπζηεΐλε Μεηά ηε θπζηεΐλε Πξηλ ηε θπζηεΐλε Μεηά ηε θπζηεΐλε 

CX3C 

yTim9 MRLYSNLVERC CFTDNCNDFTT SNLVERCFTDC CVNDFRRSKLT 

yTim10 TDMFNKLVNNC CYKKCINTSYS NKLVNNCYKKC CINTSYSEGEL 

yTim12 CSTFNNILSTC CLEKCIPHEGF NNILSTCLEKC CIPHEGFGEPD 

yTim8 QMSIHQFTNIC CFKKCVESVND HQFTNICFKKC CVESVNDSNLS 

yTim13 TELVNKISENC CFEKCLTSPYA NKISENCFEKC CLTSPYATRND 

CX9C 

yMia40 PCLGGMAHGPC CGEEFKSAFSC CGEEFKSAFSC CFYVYSEAEPK 

yCox17 CEDKPKPCCVC CKPEKEERDTC CKPEKEERDTC CILFNGQDSEK 

yCox19 GSFPLDHDGEC CTKYMQEYLKC CTKYMQEYLKC CMQLVQNENAM 

yCox23 LKADSQYYDPC CEESSKLSFQC CEESSKLSFQC CLERNSYDRSK 

yMic14 EIVIEDVVANC CPQEFLQYHKC CPQEFLQYHKC CIRDNEENPGK 

yMic17 TQTDQQLGRTC CEIDARNFTRC CEIDARNFTRC CLDENNGNFQI 

yMRP10 KPIIRQEANKC CLVLMSNLLQC CLVLMSNLLQC CWSSYGHMSPK 

yMDM35 NIMSASFAPEC CTDLKYKYDSC CTDLKTKYDSC CFNEWYSEKFL 

YBL059C-A PQLEAERFHSC CLDFINALDKC CLDFINALDKC CHQKEYYKRIF 

YLR218c VWDTRISKTGC CYVENLALLQC CYVENLALLQC CHAETGDWRQC 
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Protein 

C3 C4 

Πξηλ ηε θπζηεΐλε Μεηά ηε θπζηεΐλε Πξηλ ηε θπζηεΐλε Μεηά ηε θπζηεΐλε 

CX3C 

yTim9 TSKLTNKEQTC CIMKCSEKFLK TNKEQTCIMKC CSEKFLKHSER 

yTim10 EGELNKNESSC CLDRCVAKYFE NKNESSCLDRC CVAKYFETNVQ 

yTim12 EPDLTKGEQCC CIDRCVAKMHY TKGEQCCIDRC CVAKMHYSNRL 

yTim8 DSNLSSQEEQC CLSNCVNRFLD SSQEEQCLSNC CVNRFLDTNIR 

yTim13 TSPYATRNDAC CIDQCLAKYMR ATRNDACIDQC CLAKYMRSWNV 

 

CX9C 

yMia40 YSEAEPKGIDC CVEKFQHMQDC CVEKFQHMQDC CFRKYPEHYAE 

yCox17 ILFNGQDSEKC CKEFIEKYKEC CKEFIEKYKEC CMKGYGFEVPS 

yCox19 QLVQNENAMNC CRLLAKDYLRC CRLLAKDYLRC CRMDHQLMDYD 

yCox23 LERNDYDRSKC CQEYFDAYREC CQEYFDAYREC CKKQWLTARRK 

yMic14 IRDNEENPGKC CKDGRMILSTC CKDGRMILSTC CIREKVPSVKS 

yMic17 LDENNGNFQIC CDYYLQQLKAC CDYYLQQLKAC CQEAARQY* 

yMRP10 WSSYGHMSPKC CAGLVTELKSC CAGLVTELKSC CATSESALGKR 

yMDM35 FLKGKSVENEC CSKQWYAYTTC CSKQWYAYTTC CVNAALVKQGI 

YBL059C-A KEYYKRIFGLC CNNEKDALNKC CNNEKDALNKC CLKEALNNKKR 

YLR218c CHAETGDWRQC CFNEMALFRKC CFNEMALFRKC CWEKNGNRERV 



Μνξηαθνί κεραληζκνί ζηφρεπζεο πξσηεηλψλ ζηελ εζσηεξηθή κεκβξάλε θαη ζην δηακεκβξαληθφ ρψξν ησλ κηηνρνλδξίσλ 

84 

4.3  πδήηεζε 

χκθσλα κε ηα παξαπάλσ ε αιιεινπρία πνπ είλαη ππεχζπλε γηα ηε δέζκεπζε ηεο 

Tim10 ζηε Mia40 θαη ζηνρεχεη ηελ Tim10 ζην δηακεκβξαληθφ ρψξν κέζσ 

κνλνπαηηνχ Mia40 βξίζθεηαη κέζα ζηελ αιιεινπρία ηεο Tim10 θαη πην ζπγθεθξηκέλα 

πεξηιακβάλεη ηα ακηλνμέα απφ ηε ζέζε 30 σο 39 (αιιεινπρία ITS – Intermembrane 

space Targeting Signal).  Μειέηε ηεο ζηφρεπζεο ζην κηηνρφλδξην ηεο Tim10 (Sideris, 

DP, Petrakis, N et al., J. Cell Biol. submitted, βι. παξάξηεκα) έδεημε φηη ην 

ΓΝ30Tim10 εηζέξρεηαη ζην κηηνρφλδξην θαη ζρεκαηίδεη κεηθηφ δηζνπιθηδηθφ δεζκφ 

κε ηελ Mia40, ελψ ην ΓΝ39Tim10 δελ ζρεκαηίδεη ελδηάκεζν δηζνπιθηδηθφ δεζκφ κε 

ηελ Mia40, επεηδή δελ εηζέξρεηαη κέζα ζε απηφ.  Οπφηε, ην ζήκα ζηφρεπζεο ζηε 

Mia40 θαη ην ζήκα πνπ αλαγλσξίδεηαη απφ ηνπο ππνδνρείο ηεο εμσηεξηθήο κεκβξάλεο 

βξίζθεηαη ζηελ ίδηα πεξηνρή ηεο αιιεινπρίαο ηεο Tim10.  Απηφ ζεκαίλεη φηη γηα ηηο 

πξσηεΐλεο ηνπ δηακεκβξαληθνχ ρψξνπ πνπ ζηνρεχνληαη κέζσ ηνπ κνλνπαηηνχ ηεο 

Mia40 ην ζήκα ζηφρεπζεο δε βξίζθεηαη ζην ακηλνηειηθφ ηκήκα ηεο φπσο ζπκβαίλεη 

ζηηο πξσηεΐλεο κε ηππηθφ ζήκα ζηφρεπζεο πνπ ζηνρεχνληαη ζηε κήηξα.  Απφ ηελ 

άιιε, αλ αιιάμνπκε ην ζήκα ζηφρεπζεο ζην κηηνρφλδξην κε θάπνην άιιν ζήκα 

ζηφρεπζεο ζην δηακεκβξαληθφ ρψξν, ε Tim10 εηζέξρεηαη ζηνλ δηακεκβξαληθφ ρψξν, 

ρσξίο λα ζρεκαηίδεη ελδηάκεζν δηζνπιθηδηθφ δεζκφ κε ηε Mia40.  Σν γεγνλφο απηφ 

καο δείρλεη φηη ε αιιεινπρία ITS ρξεηάδεηαη γηα λα αιιειεπηδξάζεη ε Mia40 κε ηελ 

Tim10  ζην κηηνρφλδξην (Sideris, DP, Petrakis, N et al., J. Cell Biol. submitted).   

Η αιιεινπρία ITS απφ κφλε ηεο κπνξεί λα απνηειέζεη ζήκα ζηφρεπζεο ζην κνλνπάηη 

ηεο Mia40.  Πξνζζήθε ηεο αιιεινπρίαο ITS ζην ακηλνηειηθφ ηκήκα ηεο ΓΝ23 Su e, 

κηαο πξσηεΐλεο πνπ δελ ζηνρεχεηαη ζην κηηνρφλδξην (θεθάιαην 3), ζηνρεχεη ηε 

πξσηεΐλε ζην κηηνρφλδξην, θαη αιιειεπηδξά κε Mia40.  Δπίζεο, ε πξνζζήθε ηεο 

αιιεινπρίαο ITS ζηε κε κηηνρνλδξηαθή πξσηεΐλε DHFR πξνθαιεί ζηφρεπζή ηεο ζην 

κηηνρφλδξην, παξφιν πνπ δελ παξαηεξείηαη αιιειεπίδξαζε κε ηε Mia40.  Απηφ 

νθείιεηαη πηζαλφηαηα ζην γεγνλφο φηη ε ITS-DHFR πξσηεΐλε δελ πεξλάεη απφ ην 

δηακεκβξαληθφ ρψξν, νπφηε δελ έξρεηαη ζε επαθή κε ηε Mia40, θαη γηα ηνλ ιφγν απηφ 

δελ βιέπνπκε θάπνην ελδηάκεζν (Sideris, DP, Petrakis, N et al., J. Cell Biol. 

submitted).  Σα παξαπάλσ επηβεβαηψλνπλ ηελ αιιεινπρία ITS σο αιιεινπρία 

ζηφρεπζεο ζην κηηνρφλδξην θαη σο αιιεινπρία ζηφρεπζεο ζηε Mia40.   
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Η χπαξμε αλάινγσλ αιιεινπρηψλ ζε άιιεο κηθξέο Tim πξσηεΐλεο επηβεβαηψζεθε 

πεηξακαηηθά.  Έηζη, βξέζεθε φηη ε αιιεινπρία απφ ην ακηλνμχ 23 σο ην ακηλνμχ 34 

ηεο Tim9 θαη ε αιιεινπρία απφ ην ακηλνμχ 28 σο ην ακηλνμχ 39 ηεο Tim12 είλαη 

ζεκαληηθά γηα ηελ αιιειεπίδξαζή ηνπο κε ηε Mia40 (Sideris, DP, Petrakis, N et al., J. 

Cell Biol. submitted).    Έλα παξφκνην ζήκα γηα ηελ Tim9 βξέζεθε θαη απφ 

αλεμάξηεηε έξεπλα γηα ην ζήκα ζηφρεπζεο ηεο Tim9 ζηε Mia40 (Milenkovic, 

Ramming et al. 2009).     

Η ζεκαληηθφηεηα ησλ ακηλνμέσλ ζηηο ζέζεηο -4 θαη -7 πξηλ απφ ηε πξψηε θπζηεΐλε 

ηεο Tim10 επηβεβαηψζεθε επηπιένλ κέζσ ππνινγηζηηθήο πξνζνκνίσζεο ηεο 

αιιειεπίδξαζεο.  Η αιιειεπίδξαζε ηεο αιιεινπρίαο ITS (α-ειηθσηή δνκή) κε ηε 

Mia40 πξνζνκνηψζεθε κέζσ ηνπ πξνγξάκκαηνο HADDOCK (Dominguez, Boelens 

et al. 2003).   Μέζσ απηήο ηεο πξνζνκνίσζεο βξέζεθε φηη ε αιιεινπρία ITS 

ηαηξηάδεη ζε κία πδξφθνβε θνηιφηεηα ζηε δνκή ηεο Mia40 θαη φηη ηα ακηλνμέα ζηηο 

ζέζεηο -4 θαη -7 αιιειεπηδξνχλ κε ηε Mia40.  Δπηπιένλ, πεηξάκαηα κεηαιιαμηγέλεζεο 

ζην ακηλνμχ ζηε ζέζε -7 ζπκθσλνχλ κε ηα παξαπάλσ.   Μεηαιιαγή ηεο 

θαηλπιαιαλίλεο ζηε ζέζε -7 ζε αιαλίλε έρεη σο απνηέιεζκα λα κε ζρεκαηίδεηαη 

ελδηάκεζν κεηαμχ ηεο Mia40 θαη ηεο Tim10 (Sideris, DP, Petrakis, N et al., J. Cell 

Biol. submitted).     

Η αλαδήηεζε αιιεινπρηψλ κε ηα ραξαθηεξηζηηθά ηεο ITS ζηα γλσζηά ππνζηξψκαηα 

ηεο Tim10 καο έδεημε φηη φιεο ζρεδφλ έρνπλ ηνπιάρηζηνλ κία αιιεινπρία πνπ ζα 

κπνξνχζε λα αλαγλσξηζηεί απφ ηε Mia40.  Δθαξκφδνληαο ηα παξαπάλσ έρνπκε έλα 

ηξφπν πξφβιεςεο ηεο ζηφρεπζεο κηαο πξσηεΐλεο ζην κνλνπάηη ηεο Mia40 φπσο 

επίζεο κπνξνχκε λα πξνβιέςνπκε πνηα απφ ηηο θπζηεΐλεο ηνπ ππνζηξψκαηνο ζα 

αιιειεπηδξάζεη πξψηε κε ηε Mia40.  Απηφ είλαη έλα ζεκαληηθφ εξγαιείν, γηαηί καο 

βνεζάεη ζην λα θνηηάμνπκε ζηνρεπκέλα ζε κειινληηθά πεηξάκαηα εθείλεο ηηο 

θπζηεΐλεο πνπ πξνζδηνξίδνληαη απφ έλα πξνβιεπφκελν ITS πξηλ ή κεηά ηελ 

αιιεινπρία. 
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Κεθάιαην 5 

Γεληθά ζπκπεξάζκαηα 
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ηα παξαπάλσ θεθάιαηα κειεηήζεθαλ δχν δηαθνξεηηθά κνλνπάηηα ζηφρεπζεο 

πξσηετλψλ ζην κηηνρφλδξην.  ην θεθάιαην 2 κειεηήζεθε ην άγλσζην κέρξη ζηηγκήο 

κνλνπάηη ζηφρεπζεο ζηελ εζσηεξηθή κεκβξάλε πξσηετλψλ κε έλα δηακεκβξαληθφ 

ηκήκα θαη ρσξίο θάπνηα ηππηθή αιιεινπρία ζηφρεπζεο.  Μειεηήζεθε ε ζηφρεπζε ηεο 

ππνκνλάδαο e ηεο F0/F1 ATP ζπλζάζεο (Su e).  Σα απνηειέζκαηά καο έδεημαλ φηη ε 

πξσηεΐλε απηή δελ ζηνρεχεηαη κέζσ ησλ ήδε γλσζηψλ κνλνπαηηψλ εηζφδνπ ζην 

κηηνρφλδξην, αιιά αθνινπζεί έλα μερσξηζηφ κνλνπάηη πνπ πεξηιακβάλεη αλαγλψξηζε 

απφ ηνπο ππνδνρείο ηεο εμσηεξηθήο κεκβξάλεο, εηζαγσγή κέζσ ηνπ θαλαιηνχ TOM 

πνπ εμαξηάηαη απφ ην δπλακηθφ ηεο εζσηεξηθήο κεκβξάλεο, αλαγλψξηζε θαη 

αιιειεπίδξαζε κε ηηο κηθξέο Tim πξσηεΐλεο ηνπ δηακεκβξαληθνχ ρψξνπ θαη 

εηζαγσγή ζηελ εζσηεξηθή κεκβξάλε.  Η εηζαγσγή ζηελ εζσηεξηθή κεκβξάλε ηεο 

πξσηεΐλεο απηήο κπνξεί λα ζπκβεί ρσξίο ηε δξάζε θάπνηνπ απφ ηα ζχκπινθα ηεο 

εζσηεξηθήο κεκβξάλεο πνπ ελζσκαηψλνπλ πξσηεΐλεο ζηελ εζσηεξηθή κεκβξάλε.  

Αληηζέησο, ε ελζσκάησζε ηεο Su e ζε δηπινζηηβάδεο ιηπηδίσλ (ιηπνζψκαηα) κπνξεί 

λα γίλεη απζφξκεηα. 

Σα απνηειέζκαηα απηά καο δείρλνπλ ηελ χπαξμε ελφο λένπ, αλεμεξεχλεηνπ 

κνλνπαηηνχ ζηφρεπζεο ζην κηηνρφλδξην, κέζσ ηνπ νπνίνπ πηζαλφηαηα ζηνρεχνληαη 

αξθεηέο δηαθνξεηηθέο πξσηεΐλεο πνπ ελζσκαηψλνληαη ζηελ εζσηεξηθή κεκβξάλε ηνπ 

κηηνρνλδξίνπ.  Οη ιεπηνκέξεηεο ηνπ κνλνπαηηνχ απηνχ παξακέλνπλ αλεμεξεχλεηεο 

θαη ζα πξέπεη λα κειεηεζνχλ ζε κειινληηθέο εξγαζίεο.   

Μειινληηθέο εξγαζίεο κπνξνπλ λα επηβεβαηψζνπλ ηελ απζφξκεηε εηζαγσγή ηεο Su e 

ζηελ εζσηεξηθή κεκβξάλε ή λα βξνπλ ηα ζπζηαηηθά πνπ βνεζνχλ ηελ εηζαγσγή ηεο 

Su e ζηελ εζσηεξηθή κεκβξάλε.  Δπίζεο, ε ζηφρεπζε ησλ ππφινηπσλ πξσηετλψλ κε 

έλα δηακεκβξαληθφ ηκήκα θαη ρσξίο ηππηθή αιιεινπρία ζηφρεπζεο ζα κπνξνχζε λα 

κειεηεζεί γηα λα επηβεβαηψζεη ηε γεληθφηεηα ηνπ κνλνπαηηνχ απηνχ.  Αθφκε, 

επηβεβαίσζε ηεο χπαξμεο αλάινγνπ κνλνπαηηνχ ζε άιινπο επθαξπσηηθνχο 

νξγαληζκνχο πέξα ηνπ ζαθραξνκχθεηα ζα κπνξνχζε λα γίλεη, φπσο γηα παξάδεηγκα 

ζε πνιπθχηηαξνπο επθαξπσηηθνχο νξγαληζκνχο θαη ζηα ζπιαζηηθά. 

ην θεθάιαην 3 βξήθακε ηα ραξαθηεξηζηηθά ηεο αιιεινπρίαο ζηφρεπζεο ησλ 

πξσηετλψλ πνπ είλαη ππνζηξψκαηα γηα ηε Mia40.  Βξέζεθε ε αιιεινπρία ησλ κηθξψλ 

Tim πνπ αιιειεπηδξά κε ηε Mia40, φπσο επίζεο κειεηήζεθε ε θχζε ηεο 

αιιειεπίδξαζεο απηήο.  Σν γεγνλφο απηφ καο επηηξέπεη λα πξνβιέςνπκε πηζαλά 
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ππνζηξψκαηα ηεο Mia40 φπσο επίζεο θαη ηνλ ηξφπν κε ηνλ νπνίν ζα 

αιιειεπηδξάζνπλ ηα ππνζηξψκαηα απηά κε ηε Mia40.   

Σν κνλνπάηη ηεο Mia40  είλαη έλα ζρεηηθά θαηλνχξγην κνλνπάηη ζηφρεπζεο ζην 

κηηνρφλδξην, αθνχ αλαθαιχθζεθε κφιηο ηα ηειεπηαία ρξφληα.  Η αλαγλψξηζε ηεο 

αιιεινπρίαο ζηφρεπζεο ζην κνλνπάηη απηφ θαη ηνπ ηξφπνπ αιιειεπίδξαζεο ηεο 

Mia40  κε ηα ππνζηξψκαηά ηεο βνεζάεη ζηε θαιχηεξε θαηαλφεζε ηνπ κνλνπαηηνχ 

απηνχ, φπσο επίζεο καο βνεζάεη ζηε θαιχηεξε θαηαλφεζε ηεο βηνγέλεζεο ησλ 

ππνζηξσκάησλ ηνπ κνλνπαηηνχ ηεο Mia40, φπσο είλαη γηα παξάδεηγκα νη κηθξέο Tim 

πξσηεΐλεο. 

Σν ζχζηεκα ηεο Mia40 είλαη ην κνλαδηθφ γλσζηφ ζχζηεκα πνπ ζρεκαηίδεη 

δηζνπιθηδηθνχο δεζκνχο ζην επθαξπσηηθφ θχηηαξν εθηφο ελδνπιαζκαηηθνχ δηθηχνπ 

θαη ππάξρεη κεγάιν ελδηαθέξνλ γηα ηε κειέηε ηεο νμεηδναλαγσγηθήο ζπκπεξηθνξάο 

ηνπ κηηνρνλδξίνπ.  Η αλαγλψξηζε ηνπ ζήκαηνο ζηφρεπζεο ζην κνλνπάηη απηφ, έρεη 

πνιιέο εθαξκνγέο, αθνχ κέζσ ηνπ ζήκαηνο απηνχ κπνξνχκε λα θαηεπζχλνπκε κε-

θπζηνινγηθέο πξσηεΐλεο ζην ζχζηεκα απηφ.  Απηφ ζα κπνξνχζε λα βνεζήζεη ζηε 

θαηαπνιέκηζε δπζιεηηνπξγηψλ πνπ ζρεηίδνληαη κε ην κηηνρφλδξην, φπσο επίζεο καο 

βνεζάεη ζηε θαιχηεξε θαηαλφεζε ησλ θπηηαξηθψλ ιεηηνπξγηψλ.   

Μειινληηθά, ζα κπνξνχζε λα δηεξεπλεζεί ζε κεγαιχηεξν βάζνο ε αιιειεπίδξαζε ηεο 

Mia40  κε ηα ππνζηξψκαηά ηεο.  ε απηφ ζα βνεζνχζε ε χπαξμε κνξηαθήο δνκήο ηεο 

Mia40 κε θάπνην ππφζηξσκα πξνζδεκέλν πάλσ ζε απηή.  Δπίζεο, ζεκαληηθή είλαη 

θαη ε κειέηε ησλ βεκάησλ πνπ αθνινπζνχλ ηελ νμείδσζε ησλ ππνζηξσκάησλ ηεο 

Mia40, φπσο γηα παξάδεηγκα πσο νη κηθξέο Tim πξσηεΐλεο ζπλδπάδνληαη κεηαμχ ηνπο 

γηα λα ζρεκαηίζνπλ ηα ζχκπινθα ησλ κηθξψλ Tim. 

Σα απνηειέζκαηα πνπ παξνπζηάδνληαη ζηα παξαπάλσ θεθάιαηα βνεζνχλ ζηε 

θαιχηεξε θαηαλφεζε ηεο δηαδηθαζίαο βηνγέλεζεο ησλ κηηνρνλδξηαθψλ πξσηετλψλ.  Η 

βηνγέλεζε ησλ πξσηετλψλ ζην κηηνρφλδξην έρεη απνδεηρηεί φηη είλαη κία ηδηαίηεξα 

πεξίπινθε δηαδηθαζία πνπ πεξηιακβάλεη αξθεηά δηαθνξεηηθά κνλνπάηηα θαη ζήκαηα 

ζηφρεπζεο.  Η πνιππινθφηεηα ηνπ ζπζηήκαηνο απηνχ θαζηζηά επίπνλε θαη 

ρξνλνβφξα ηε κειέηε ηνπ.  Η θαιχηεξε, φκσο θαηαλφεζε ηεο βηνγέλεζεο ηνπ 

κηηνρνλδξίνπ ζα καο βνεζήζεη λα θαηαπνιεκήζνπκε αζζέλεηεο πνπ ζρεηίδνληαη κε ηα 

κηηνρφλδξηα, φπσο επίζεο ζηε θαιχηεξε θαηαλφεζε ηνπ κπζηεξίνπ ηεο δσήο. 
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The Saccharomyces cerevisiae TIM10 complex (TIM10c) is an ATP-indepen-
dent chaperone of the mitochondrial intermembrane space, involved in
transport of polytopic membrane proteins. The complex is an α3β3 hexamer
of Tim9 and Tim10 subunits. We have generated specific mutations in
charged residues in the central core domain of each subunit delineated by
the characteristic twin CX3C motif, and investigated the effect of these
mutations on subunit folding, complex assembly and TIM10 function in
vitro and in vivo. Any combination of mutations that included a specific
glutamate residue, conserved in all known Tim9 and Tim10 sequences,
abolished assembly of the TIM10 complex. In vivo complementation
analyses using a MET3-TIM10 strain that is selectively inactivated for the
expression of wild-type Tim10 showed that (i) an N-terminal deleted
version of Tim10 that was previously shown to be defective in substrate
binding is lethal under all conditions, but (ii) the charged residues mutant of
Tim10 that is defective in assembly with Tim9 can restore growth in glucose,
but not in non-fermentable carbon sources. These data suggest that
formation of the hexamer is beneficial but not vital for TIM10 function,
whilst the N-terminal substrate-binding region of Tim10 is essential in vivo.

© 2007 Elsevier Ltd. All rights reserved.
Keywords: mitochondria; small Tims; protein translocation; chaperones;
protein assembly
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Introduction

The intermembrane space of yeast mitochondria
contains small, soluble chaperone complexes, which
function in the import pathway of large, hydro-
phobic membrane proteins. The constituent proteins
of these chaperone complexes are all members of the
small Tim family. The essential proteins Tim9 and
Tim10 make up the hexameric TIM10 complex,1–3

and the non-essential Tim8 and Tim13 make the
TIM13 complex.4 All members of the small Tim
family are ∼10 kDa in size, and contain two CX3C
motifs, which are separated by 11–16 residues.5 The
ly to this work.
ng author:
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TIM10 and TIM13 complexes are found in the
aqueous intermembrane space, although small
amounts of Tim9 and Tim10 are also found asso-
ciated with the inner membrane, along with the fifth
small Tim, Tim12. Tim9, Tim10 and Tim12 at the
inner membrane are associated with the TIM22
complex, which is responsible for insertion of small
Tims’ substrates into the inner membrane. One well-
characterised substrate of the TIM10 complex is the
inner membrane metabolite carrier, AAC (the ADP/
ATP carrier). The small TIM complexes also play a
minor role in the transfer of outer membrane
proteins to the SAM complex, which is required
for their insertion into the outer membrane.6–8
Tim9 and Tim10 are predominantly α-helical.

Disulphide bonds between juxtaposed CX3C motifs
are largely responsible for the proteins' tertiary
structure. They create a three-domain structure with
a flexible, helical domain at each end, and a central
d.
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domain locked in place by the disulphide bonds.9,10

Oxidation of the cysteine residues is obligatory for
formation of the hexameric complex.11 Studies with
truncated Tim9 and Tim10 mutants have indicated
that the N-terminal domain of Tim10 is important
for substrate binding, and its C-terminal domain is
important for interaction with Tim9. Both N and C-
terminal domains of Tim9 were shown to be in-
volved to a lesser extent in interaction with Tim10.12

For their import into mitochondria, both Tim9 and
Tim10must be in a reduced, unfolded conformation,
and are oxidised after import to their assembly-
competent forms.11 A disulphide relay system in the
intermembrane space, including Mia40 and Erv1, is
responsible for this oxidation, and a cysteine-
dependent mixed disulphide intermediate with
Mia40 is required for import of the small Tims
across the outer membrane.13–15
In a systematic mutational analysis of the small

Tims we had previously mutated either the con-
served cysteine residues by point mutagenesis,15 or
the N and C-terminal segments by deletion muta-
genesis.12 The function of the conserved central core
residues remained unknown so we decided to
generate versions of Tim9 and Tim10 mutated in
some or all of the conserved charged residues in the
central domain of each protein. These mutants were
then tested for defects in structure, import, assembly
and function. The Tim10 mutants were also assayed
for growth complementation in yeast cells lacking
Tim10, to see how specific defects impinge on the
essential function of Tim10.

Results

Mutagenesis of small Tims and structural
analysis of mutants

Tim9 and Tim10 of Saccharomyces cerevisiae each
have four charged residues, lying in the central
domain in between the two CX3C motifs. Two or
four of these residues were mutated to alanine
(Figure 1). Prior to any functional analyses, the
quadruple charge mutants were tested for their
structural integrity by CD and by limited proteolysis
(Figure 1(b) and (c)). CD spectroscopy showed the
secondary structures of both Tim9*4 and Tim10*4 to
be predominantly α-helical, as were the wild-type
proteins. In addition to CD analysis, limited
proteolysis is an appropriate means of detecting
structural changes in proteins. We therefore purified
the different proteins, incubated with trypsin for
different time points and analysed by SDS-PAGE the
resulting tryptic patterns. Figure 1(c) shows that the
time-dependent generation of specific proteolytic
fragments was not affected by quadruple mutation
of either Tim9 or Tim10, which was indicative of an
absence of significant structural changes due to the
mutations and in line with the CD data. Further-
more, import and localisation of these mutants in
purified mitochondria was compared with that of
the wild-type proteins (Figure 1(d)) and showed no
significant differences (i.e. all proteins were effi-
ciently imported, localized mainly in the pellet after
swelling of the mitochondria, and were largely
accessible to externally added protease K during the
swelling). The charged residues in Tim9 and Tim10
core domains therefore do not interfere with their
import, or, presumably, with their interaction with
Mia40.

In vitro assembly defects of the charge mutants

Having established that mutation of the charged
residues did not induce any structural or localisa-
tion defects, we sought to determine whether
oligomerisation was affected by the mutations.
First, homo-oligomerisation was tested by cross-
linking of purified proteins with gluteraldehyde
(Figure 2(a)). Like the wild-type proteins, after 20
minutes cross-linking of both double and quad-
ruple charge mutants, the predominant species
were dimers and monomers, with a minor fraction
of higher oligomers also present. To further assess
any putative differences in the shape and size of
the mutants that would result in a difference of
their hydrodynamic characteristics (and hence their
Stokes radius), size-exclusion chromatography was
used. In all cases a very similar profile to the wild-
type proteins was obtained, indicating that size
and shape were largely unaffected by the muta-
tions (Figure 2(b)).
In vivo, Tim9 and Tim10 operate as a complex, co-

associating in a (Tim9)3(Tim10)3 heterohexamer. We
therefore investigated the effect of the mutations on
the interaction of Tim9 and Tim10 with each other.
Gluteraldehyde cross-linking showed that while
Tim10*2 retained a capacity to form a hexamer
with Tim9 similar to the wild-type Tim10, the other
three mutants all exhibited severe assembly defects
(Figure 3(a)). Both Tim9 mutants exhibited identical
behaviour, forming homo- and hetero-oligomers,
but no higher molecular weight species. For
Tim10*4, the most obvious difference compared to
both wild-type Tim10 and Tim10*2 was the absence
of a band the size of the hexamer. To further
investigate these differences, the interactions
between partner proteins were analysed by isother-
mal titration calorimetry (ITC) (Figure 3(b) and (c)).
These data demonstrate clearly that a measurable
interaction between Tim9 and Tim10 is abolished by
even double mutation of Tim9's charged residues.
Tim9*4 was not tested, but since (a) it contains the
same mutations as those in Tim9*2, plus additional
mutations, and (b) the two mutants behaved
similarly in the cross-linking assay, we assume that
Tim9*4 would generate no binding curve by ITC. In
agreement with the cross-linking data, Tim10*2
showed a strong, measurable affinity for Tim9
(Ka=1.76×10

7 M−1). The binding curve generated
by Tim10*4, however, indicates a more complicated
situation. ΔH is large, but a vast excess of Tim9 was
required for the first binding event (since several
injections of Tim9 were required to generate the first
binding peak). Subsequent to this first binding



Figure 1. Generation and characterisation of the charge mutants. (a) Schematic representation of the charge mutants,
generated by site-directed mutagenesis. Blue bars represent negatively charged residues, red bars represent positively
charged residues, and grey crosses represent mutation to alanine. (b) Far-UV CD spectra of purified Tim9*4 (light grey
line) and Tim10*4 (dark grey line) compared with wild-type Tim10 (black line). (c) 2 μg of each protein was incubated for
the indicated times with 0.1 μg trypsin. Reactions were stopped by addition of 1 μg of SBTI. Samples were separated on a
16.5% Tris-Tricine gel and visualised by staining with Coomassie brilliant blue. m, mature form of the protein p; p1, p2,
different proteolytic fragments obtained after trypsinolysis. (d) In vitro synthesised radiolabelled proteins were imported
into wt mitochondria for 10 min at 30 °C. After import samples were treated with proteinase K then PMSF. Samples were
then either loaded as intact mitochondria (– swelling), or subject to osmotic swelling in the presence or absence of
proteinase K. After swelling, the mitoplast pellet (P) and supernatant (S) (corresponding to the IMS) were loaded onto
SDS-PAGE and visualised by autoradiography. 10%=10% of the radiolabelled material used per import.
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event, the reaction did not reach saturation, and the
very low gradient of the binding curve is caused by
the low affinity of the two proteins (Ka=499 M−1). It
therefore seems that while both Tim9 mutations
essentially abolish the interaction with Tim10,
Tim10*4 does still interact with Tim9. However,
ITC showed the kinetics and thermodynamics of
this interaction to be aberrant, and the cross-linking
demonstrated that this aberrant interaction pro-
duces no hexameric complex.

In organello assembly defects of the charge
mutants

How are these in vitro assembly results relevant
for the in vivo association of the two proteins? The
assembly of Tim9 and Tim10 mutants into a
hexamer in intact mitochondria was analysed by
import of radiolabelled proteins, followed by BN-
PAGE (Figure 3(d)). In agreement with the in vitro
data, Tim10*2 retains the capacity to form a hexamer
(band just above the 67 kDa marker in lane 5, also
present in lanes 1 and 4) while the capacity of the
other three mutants to form a hexamer is strongly
diminished. Interestingly, a significant fraction of
imported Tim10*4 was present in a complex of
∼400 kDa. The identity of this complex is unknown,
but its size is consistent with that of the TOM
complex. This band may represent a trapped
import/assembly intermediate, or a non-physiolo-
gical artefact. The fact that the same band is visible
in trace amounts for all of the proteins imported
suggests that its formation is not dependent on the
Tim10 mutations, but its dissociation is. This might
therefore represent a “delayed” import intermediate
of Tim10 that is still attached to the TOM channel,
and which may require a specific interaction with
Tim9 for its dissociation with TOM. The precise
nature of this “intermediate” requires further
investigation.



Figure 2. Homo-oligomerisation of the charge mu-
tants. (a) Purified proteins were incubated with (+) or
without (−) 0.1% gluteraldehyde for 20 min at room
temperature. Cross-linking products were visualised by
Tris-tricine SDS-PAGE and Coomassie staining. (b) Pur-
ified proteins were loaded on a Superdex75 size-exclusion
column. Elution profiles of the charge mutants were
essentially the same as for the wild-type proteins.
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Effect of the charge mutations on translocation
of the substrate AAC

An import restoration assay was used to test
Tim9*4 and Tim10*4 function. Import of AAC into
mitochondria that lack the TIM10 complex is
severely restricted, and pre-import of wild-type
recombinant Tim9 and Tim10 into these mitochon-
dria has previously been shown to restore the
import of AAC.16 Purified proteins were pre-
imported into Tim9-ts mitochondria (which contain
no TIM10 complex),17 and then radiolabelled AAC
was imported (Figure 4(a)). Mitochondria were
subsequently treated with proteinase K to remove
any AAC that had not crossed the outer membrane.
Each of Tim9*4 and Tim10*4 in the presence of the
non-mutated pre-imported partner could restore
import across the outer membrane of ∼10% of the
AAC input in the assay. We have previously shown
that, in the same assay, wild-type Tim9 and Tim10
are capable of a similar level of complementation.12
In the same study,ΔNTim10, a mutant that lacks the
first 31 residues of Tim10, and was previously
shown to be impaired in its interaction with AAC,
was not able to increase the import of AAC,
providing evidence that import of AAC across the
outer membrane correlates with its interaction with
Tim10. We therefore suppose from this result that
the charge mutants' interaction with AAC is not
compromised.

Growth complementation of ↓TIM10 yeast cells

A yeast strain was engineered where the MET3
promoter, which is repressed when methionine is
present in the growth medium,18 was inserted
immediately upstream of the genomic TIM10 gene
(PMET3TIM10). Since Tim10 is essential, this strain
carrying no plasmid (or an empty plasmid) cannot
grow in the presence of methionine, but when a
second vectorial copy of TIM10 is present, controlled
by the endogenous TIM10 promoter, growth is
restored. This strain was transformed with a series
of plasmids containing wild-type Tim10, the Tim10
charge mutants described in this work, no Tim10, or
ΔNTim10. Mitochondria were isolated from each
strain after growth in the presence of methionine,
and assayed by Western blot for their levels of Tim9,
Tim10 and control proteins (Figure 4(b)). The
presence of methionine in the growth medium
effectively shuts off expression of Tim10 (lane 1),
while both Tim10 and Tim10*2 were efficiently
expressed (lanes 2 and 3). Tim10*4 is also expressed
well, but to a lower level than wild-type Tim10 (lane
4). The level of Tim9 is also reduced in cells lacking
Tim10, but not in cells expressing either charge
mutant.No Tim10was detected in the strain carrying
pRSUPΔNTim10. Western blots against recombi-
nant Tim10/ ΔNTim10 were carried out to exclude
the possibility that this result was due to decreased
cross-reactivity of the αTim10 antibody with
ΔNTim10 (data not shown). Temperature-sensitive
mutations in Tim9 and Tim10 have previously been
shown to cause a decrease in the level of the mutated
protein, and in levels of other translocon compo-
nents.3,17 This result therefore indicates that the
deletion of the N-terminal tentacle of Tim10 is
functionally more debilitating than abrogation of
TIM10 complex assembly by mutation of charged
residues. Importantly, the low resolution structure of
the complex between Tim9 and ΔNTim10 has been
solved by small angle X-ray scattering (SAXS), and
shows no significant changes in overall shape
compared to the wild-type complex (our unpub-
lished results). The low expression and/or proteoly-
tic disposal of this mutant is therefore due to specific
loss of function, and is not accountable to secondary
structural effects of the truncation.
PMET3TIM10 cells, each carrying one of the five

Tim10 plasmids, were grown on medium plus or
minus methionine, with either glucose or lactate as
the principle carbon source (Figure 4(c)). Cells
lacking the essential Tim10 cannot grow on either
glucose or lactate medium, while cells with milder



Figure 3. Hetero-oligomerisation of the charge mutants. (a) Tim9 variants (10 kDa) and His-tagged Tim10 variants
(14 kDa) were incubated together with 0.1% gluteraldehyde. Aliquots were removed at the indicated time points, and
analysed by SDS-PAGE and Coomassie staining. Molecular weight markers (in kDa) are indicated to the left of each gel.
Arrows denote the position of the hexamer, arrowheads Tim9 and asterisks His-Tim10. (b) and (c) ITC measurements of
the binding reaction of wild-type Tim9 with Tim10 and mutants (b) and wild-Tim10 with Tim9 and Tim9*2 (c). Traces of
the titration of excess wild-type protein into wild-type or mutant proteins in the cell are shown (top panels). The
integrated and normalized heats of injections for the binding were fitted to a model for a single binding site (bottom
panels). (d) In vitro synthesised radiolabelled precursors were imported into wild-type mitochondria for 10 min at 30 °C.
After import, samples were treated with proteinase K and then PMSF. Mitochondria were then solubilised in 0.16% DDM,
cleared by ultracentrifugation, and the soluble fraction was loaded on a 6–16% blue native gel and analysed by
autoradiography.
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Figure 4. Function of the charge mutants. (a) 2 μg each of the indicated small Tim proteins were imported sequentially
(in the order in which they are written) into Tim9-ts mitochondria for 15 min at 30 °C, and unimported material was
removed by trypsin proteolysis. In vitro synthesised radiolabelled AAC was then imported for 10 min at 30 °C, and
unimported material was removed by proteolysis with proteinase K. Samples were separated by SDS-PAGE and
visualised by autoradiography. (b) Mitochondria were isolated from S. cerevisiae strain PMET3TIM10, supplemented with
vector pRSUP carrying TIM10 variants, grown in media containing methionine. 400 μg of crude mitochondria were
loaded per lane and analysed by Western blot with the indicated antibodies. (c) S. cerevisiae strain PMET3TIM10,
supplemented with vector pRSUP carrying TIM10 variants (listed on the right-hand side) were grown in medium lacking
methionine, and containing glucose (top) or lactate (bottom) as the principle carbon source. Serial tenfold dilutions of
these cultures were dropped onto glucose or lactate plates with and without methionine, and grown for three days at
30 °C.
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defects in mitochondrial function have retarded
growth on lactate medium only. The first set of
growth tests on glucose revealed a strong growth
defect for cells carrying empty plasmid orΔNTim10,
but no growth defect for the charge mutants. The
second set of growth tests on lactate showed that
Tim10*2 was able to fully restore growth to wild-
type levels, but Tim10*4 orΔNTim10 did not restore
growth above the level of the empty vector. These
data show a clear distinction between the N-
terminal deletion and the charge mutations, in
their effect on Tim10 function in vivo. Tim10*2 does
not seem to impact any serious defect on Tim10 in
vivo. On the other hand, Tim10*4 is defective in
Tim10 function when cells absolutely need mito-
chondria for their metabolic energy (grown in non-
fermentable carbon sources). However, Tim10*4
does not impair the essential function of Tim10
when cells can survive on cytosolic glycolysis for
their energetic needs. Since we have demonstrated
that Tim10*4 can still bind AAC, but cannot form a
hexameric TIM10 complex, we suggest that the
essential function of Tim10 (as judged by growth on
glucose) does not rely on formation of the hexamer.
Rather, the ability of Tim10 to interact with, and
“chaperone” its substrates, is vital for its essential
function, as shown by the inability of the ΔNTim10
mutant to restore growth to ↓TIM10 cells growing
on glucose.
Discussion

In previous work we had shown that the N and
C-terminal segments of Tim9 and Tim10 have
distinct functions in complex assembly and binding
to the substrate.12 Here we aimed to extend this
work and probe for putative functions of the central
core domain of the small Tims that is delineated by
the twin CX3C motif. As this segment is internal in
the polypeptide, deletion of it would probably
dramatically affect the integrity and properties of
the subunits. We therefore used point mutagenesis
instead, thus identifying specific conserved charged
residues in the core domain of the small Tims that
are involved in assembly of the hexameric TIM10
complex. The recent publication of the crystal
structure of the human TIM10 complex19 allowed
us to construct a model for the S. cerevisiae TIM10
complex, to map exactly where these mutations lie
and to consider our biochemical and genetic analysis
in the context of the structure (Figure 5). Three of the



Figure 5. A model for the S. cerevisiae TIM10c structure. (a) Sequence alignment of S. cerevisiae (Sc) and Homo sapiens
(Hs) Tim9 and Tim10. The residues mutated in this study are coloured red. Cysteine residues are highlighted in green,
other highly conserved residues are highlighted in yellow. (b) Side and top view of the homology model of the S. cerevisiae
TIM10 complex, based on the crystal structure of the human complex (PDB identifier 2BSK).19 Tim9 molecules are
coloured lilac, and Tim10 green. The box magnifies the hydrogen bond (green dotted line) between Tim9 K62 (chain A,
lilac) and Tim10 E58 (chain B, green). The C-terminal helices of the subunits lie around the outside of the complex, and the
N-terminal helices extend down from the center of the ring.
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four charge mutants tested were found to be
defective in formation of a hexameric complex, but
the fourth, Tim10*2, showed no defect in any of our
assays. There is a conserved glutamate residue just
before the third cysteine of both Tim9 (E52) and
Tim10 (E58), which is proposed to form a salt-bridge
and/or H-bond with a conserved lysine on the
neighbouring subunit. This Glu is mutated in both
Tim9 charge mutants, and in Tim10*4 only. This
could, therefore, be the cause of the observed assem-
bly defects for these mutants. Indeed, a temperature-
sensitive Tim9 allele containing the single point
mutation E52G was previously reported as unable
to assemble into TIM10c, both in vivo and when
expressed in Escherichia coli.17 Furthermore, the
modelled structure shows the side-chains of Tim9
K51 (the second residue mutated in Tim9*2) and
Tim10 K56 (mutated in Tim10*4, but not in
Tim10*2); both point upwards from the top of the
complex, so are unlikely to be involved in inter-
subunit interactions.
While we found that neither Tim9*2 nor Tim10*4

was able to form a hexamer in vitro, ITC demon-
strated that Tim10*4 retains a measurable but very
weak affinity for Tim9, while Tim9*2 displays no
measurable interaction with Tim10. In our previous
analysis of the deletion mutants of Tim9 and Tim10,
the C terminus of both proteins was involved in
stability of the hexamer, and deletion of Tim10 C
terminus had a greater effect than deletion of Tim9
C terminus.12 The binding curve for ITC with
Tim10*4 and Tim9 may therefore be due to weak,
non-productive interactions between Tim9 and the
C-terminal domain of Tim10.
Further inter-subunit contacts have been hypothe-

sized based on the crystal structure, but the results



1322 Charged Residues Required for Small TIM Assembly
presented here demonstrate that mutation of just
two amino acid residues is sufficient to prevent
hexamer assembly. The interaction of a single Glu on
each subunit with a Lys residue on its anticlockwise
neighbour (when viewed from the top, as in Figure
5(b)) would form a network of six H-bonds around
the top ring of the complex. This glutamate residue
(E52 in Tim9, E58 in Tim10) and the lysine with
which it interacts (K62 in Tim9, K68 in Tim10) are
absolutely conserved across species.20 The situation
for the homologous TIM13 complex, composed of
Tim8 and Tim13 subunits, is less clear. Tim8 and
Tim13 are homologous members of the small Tim
family, and like Tim9 and Tim10 they interact with
each other to form a hexameric complex. Conserva-
tion of these Glu and Lys residues in Tim8 and
Tim13 is less strict, but for each species, wherever
the Tim13 Lys residue is present, the counterpart
Tim8 Glu is also conserved. For both Tim8 and
Tim13, the Glu residue is often replaced by Gln or
Asn. These substitutions maintain H-bonding cap-
abilities, even when the charge of the residues is not
conserved. Lower conservation of these residues
suggests that the same TIM10-style system for
complex assembly is also employed by some
TIM13 complexes, but others may rely on different
interactions. Certainly a system for more specific
subunit–subunit interactions must be in place to
ensure that Tim9 always partners Tim10, and Tim8
partners Tim13. This system for specific pairing may
involve accessory proteins in the intermembrane
space and formation of the hexamer in vivo may be
assisted by other factors; this might explain the very
small amounts of hexamer detected for both Tim9
mutants when imported into mitochondria (Figure
3(d)). Possible candidates for this helper protein
function are Mia40, which is required for Tim9 and
Tim10 import13,21 and Hot13, which appears to be
involved in small Tims' oxidoreduction.22
The in vivo tests for growth complementation

provide insight into the physiological importance of
the various functions of TIM10. A strain carrying
Tim10*4, which was shown to be defective only in
complex formation, does not cause any growth
defect on glucose medium. The restricted growth of
this strain only becomes apparent on lactate
medium, where mitochondrial function is vital.
Since Tim9 and Tim10 are essential for growth on
all media, this result indicates that formation of a
hexameric complex is not requisite for the essential
function of Tim10. This result is in line with another
study, where a yeast mutant lacking the soluble
TIM10 complex (but still containing some Tim9 and
Tim10) was able to insert precursors into the inner
membrane of mitochondria.23 The authors sug-
gested that the essential function of the small Tims
was in transfer of precursors to the TIM22 insertion
complex. We showed here that, in vivo, ΔNTim10
cannot complement Tim10 function under any
conditions. The chaperone activity of Tim10's N-
terminal tentacles is therefore required for the
essential function of Tim10. At this point, another
function for the N-terminal part of Tim10, in
addition to its substrate-sensor role, cannot be
excluded but is yet unknown. Since no ΔNTim10
was detected by immunoblot analysis in mitochon-
dria that were supposedly expressing this strain
(Figure 4(b)), one might argue that no conclusion
can be drawn from these experiments regarding this
mutant. However, it has been previously demon-
strated that cells carrying non-functional versions of
various Tim proteins not only have much lower
steady state levels of the mutant protein, but other
components of the translocon are also deple-
ted.3,24,25 These results therefore suggest that a
cellular mechanism might exist to dispose of non-
functional mitochondrial proteins, in which case the
decreased level of Tim10*4 may be due to its sub-
optimal functionality.
Two further lines of evidence support the hypo-

thesis that Tim10 is able to function as a chaperone
for AAC, independent of Tim9. Firstly, in an assay
for restoration of AAC import like that used in
Figure 4(a), Tim10 alone was able to restore import
of AAC across the outer membrane of TIM10-
deficient mitochondria.16 Secondly, the Tim10 sub-
unit has been shown to bind to substrate peptides
with a specificity similar to that of the complex.12,20

Tim9, on the other hand, does not bind to AAC and
does not aid AAC import across the outer mem-
brane. The essential function of Tim9 may therefore
be downstream of Tim10, in transfer of substrates to
TIM22 in the inner membrane. Indeed, a mutation in
yeast Tim9, which impaired the function of the
TIM22 complex, was shown to strongly inhibit
import of substrates to the inner membrane.17

According to this hypothesis, formation of the
TIM10 complex would coordinate the sequential
action of Tim10 and Tim9, making the system more
efficient overall.

Materials and Methods

Cloning and mutagenesis

Point mutations were introduced in Tim9 and Tim10
genes using the QuickChange Site Directed mutagenesis
kit (Stratagene) according to manufacturer's instructions.
Tim9 VNDFTTSKLTNKEQT was mutated to VNDFTT-
SKLTNAAQT in Tim9*2 and to VNAFTTSALTNAAQT in
Tim9*4. Tim10 INTSYSEGELNKNESS was mutated to
INTSYSAGALNKNESS in Tim10*2 and to INTSYSAGAL-
NANASS in Tim10*4. For expression of His-tagged
proteins in E. coli, Tim9 and mutants were amplified by
PCR using primers GGGAATTCCATATGGACGCATT-
GAACTCC and GGAATTCTTATCGGCCCAAGCCTTG,
then cloned into pET28a (Novagen) after digestion with
NdeI and EcoRI. Tim10 and mutants were amplified by
PCR using primers Tim10F (CGGGATCCATGTCTTTCT-
TAGGTTTC) and Tim10R (GGAATTCCTAAAACTTAC-
CGGCTGC), then cloned into pRSETa (Promega) after
digestion with BamHI and EcoRI. Vector pRSUP10 for
expression in yeast controlled by the TIM10 promoter
was constructed as follows: 300 bp of DNA upstream of
TIM10 was amplified from yeast genomic DNA, cloned
into pRS316 after digestion with XbaI and BamHI. Tim10
and mutants were then cloned in pRSUP10, downstream
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of the Tim10 promoter, using primers Tim10F and
Tim10R.

Protein purification

Recombinant proteins were expressed in E. coli BL21
(DE3) cells from pET or pRSET constructs. After induction
with 0.4 mM IPTG for 3 h at 37 °C cells were harvested and
washed with buffer A (150 mM NaCl, 50 mM Tris-Cl (pH
7.4)). Cells were then resuspended in buffer A+0.1 mg/ml
lysozyme, incubated 15 min on ice, then sonicated for
3 min at 50% amplification. Samples were centrifuged
30 min, 4 °C, 21,000g to pellet inclusion bodies, which
contained essentially all expressed protein. Inclusion
bodies were homogenised in buffer B (buffer A+8 M
urea) and incubated 1 h at RT before centrifugation 30min,
20 °C, 21,000g. The supernatant was diluted to 6 M urea
with buffer A and 20 mM imidazole added, then loaded
onto Ni-NTA resin (Qiagen) using 2.5 ml resin per 1 l
culture. Ni-NTA was washed with decreasing urea
concentrations, then at 0 M urea recombinant proteins
were eluted with buffer A+150 mM imidazole. Eluted
protein was further purified by gel filtration on a Tricorn
Superdex75 column (GE healthcare). Recombinant TIM10
complex was made by short incubation of equal moles of
Tim9 and Tim10, followed by gel filtration.

Yeast strains

WT yeast strain W303 and Tim9-19 were used.17 Yeast
strain PMET3TIM10 was constructed as follows: KanMX-
Met3p cassette was amplified from vector pPR33.26 Wt
yeast strain W303 was transformed with pRSUPTim10 to
maintain viability on methionine-containing media.
Transformants were than transformed with KanMX-
Met3P cassette, which was integrated into the genome
directly upstream of TIM10 by homologous recombina-
tion. Transformants were selected on YPD-G418 and
correct insertion of the cassette was confirmed by PCR.
pRSUPTim10 was lost by growing cells in SC medium
containing 5× extra Ura then plating onto SC+5xUra+5-
FOA. Colonies were tested for TIM10 repression in the
presence of methionine, then transformed with pRSUP
plasmids carrying Tim10 and mutants.

Isothermal titration calorimetry (ITC)

All experiments were performed in 50 mM phosphate
buffer (pH 7.4) at 30 °C with a Microcal™ VP-ITC
microcalorimeter. The two partner proteins to be assayed
were dialysed at 4 °C for 12 h in 1000×volume 50 mM
phosphate buffer (pH 7.4), then overnight in fresh buffer
of the same composition. For injection of Tim9 into Tim10
and mutants, concentrations were: 160 μM Tim9, 4.6 μM
Tim10, 2.6 μM Tim10*2, 7.3 μM Tim10*4. For injection of
Tim10 into Tim9 and mutants, concentrations were:
109 μM Tim10, 8 μM Tim9, 7.7 μM Tim9*2. 5 μl syringe
protein was injected into the cell every 4 min, and
temperature change in the cell was measured. Data were
analysed using Microcal™ Origin™ version V pro-
gramme using a best fit model for one site binding.
Growth complementation and methionine-repression

PMET3TIM10 S. cerevisiae carrying pRSUPTim10 and
mutants (or empty vector) was grown for two days at
30 °C. A600 nm was measured and the cell density calcu-
lated (assuming A600nm=0.1∼ 2.5 × 107 cells/ml). A
volume containing 107 cells was taken from each strain
and diluted to 1 ml with H2O, and serial tenfold dilutions
were made from this stock. An equal volume from each
dilution was dropped onto one plate containing and one
lackingmethionine. Plates were incubated for three to four
days at 30 °C. To isolate mitochondria after shut-off of the
TIM10 gene, cells were grown in SC lactate medium
without methionine untilA600 nm=0.2. 0.2 mMmethionine
was then added, and growth continued for 10 h at 30 °C.
Cultures were then diluted five times with SC lactate+
0.2 mM methionine, and grown for two days at 30 °C.
Harvested cells were converted to spheroplasts by diges-
tionwith zymolyase for 30min at 30 °C. Spheroplasts were
broken by douncing and separated from unbroken cells by
low speed centrifugation. Crude mitochondria were
isolated by centrifugation at 12,500g, and analysed by
Western blot.

TIM10 complex modelling

Tomodel yeast TIM10 complex, Tim9 (YEL020W-A) and
Tim10 (YHR005C-A) were modelled onto the structure for
the human TIM10 complex (2BSK) using DeepView v3.7
(GlaxoSmithKline), and submitted to the SwissModel
server for refinement.

Limited proteolysis

2 μg of protein in 50 mM Hepes (pH 7.4), 150 mM NaCl
was mixed with 0.1 μg of trypsin (Sigma). After incubation
on ice, 1 μg of SBTI was added at time points, and sample
buffer was added. Samples were boiled 5 min at 95 °C,
analysed by Tris-Tricine SDS-PAGE and visualised by
Coomassie staining.

Gluteraldehyde cross-linking

0.1% gluteraldehyde (Sigma) was added to proteins in
50 mM Na2PO4 (pH 7.2), 150 mM NaCl, and incubated at
room temperature (RT). At time points, aliquots were
removed and quenched by addition of 100 mM Tris,
vortexing, and 5 min incubation at RT. Sample buffer was
added, and samples were analysed by Tris-Tricine SDS-
PAGE and visualised by Coomassie staining.

Miscellaneous

Purification of mitochondria, in vitro imports, subfrac-
tionation of mitochondria, purification of GST fusion
proteins, gel filtration, BN-PAGE and CD spectroscopy
were performed according to published methods.2,10,16
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Summary

Mitochondria possess a dedicated-chaperone system in the
intermembrane space, the small Tims that are ubiquitous in all
eukaryotes from yeast to man. They escort membrane proteins
to the outer or the inner membrane for proper insertion. These
mitochondrial chaperones do not require external energy to
perform their function and have structural similarities to other
ATP-independent chaperones. Here, we discuss their structural
properties and how these relate to their chaperoning function
in the mitochondrial intermembrane space. � 2009 IUBMB
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INTRODUCTION

Proteins are synthesized in a linear manner where the N-ter-

minus of the nascent polypeptide leaves the ribosomal tunnel

before the C-terminal part has been synthesized. Thus, the

sequence available for folding is incomplete, and premature

folding often has to be prevented, until the whole protein

domain sequence is available. Furthermore, the high concentra-

tion of other macromolecules in the cytosol may disfavor the

folding process, favoring instead unproductive interactions

between the unfolded polypeptide and other macromolecules

(1, 2). Such incorrect inter- and intramolecular interactions pro-

mote aggregation and premature degradation of the proteins

(3–5). For this reason, cells have developed a system of helper

proteins, the molecular chaperones, which assist the folding of

newly synthesized proteins and prevent their aggregation while

their hybrophobic segments are transported through aqueous

compartments (6).

Chaperone functions are varied: they can act as a foldase,

assisting protein folding; as a holdase, preventing aggregation

of unfolded protein; as a translocase, escorting newly made pro-

teins to the correct cellular location, maintaining their largely

unfolded, translocation-competent state (7–10). Some chaper-

ones have additional catalytic activity, for example, as an isom-

erase, oxidase, or reductase, to rapidly reverse incorrect folding

steps and to further enhance the rate of folding (11, 12). In

addition to acting on newly synthesized proteins, chaperones

can rescue cellular proteins from denaturation, and many are

upregulated in response to cellular stress (13, 14). Chaperone

activity is not constrained in the cytosol. Compartment-specific

chaperones are present in the endoplasmic reticulum, in the

mitochondrial intermembrane space and matrix, and also in the

bacterial periplasm. Such chaperones help proteins to be folded

as they reach their destination or prevent their aggregation as

they are transported through a cellular compartment.

Most mitochondrial proteins are synthesized in the cytosol

and post-translationally targeted to the correct location within

the mitochondrion. Cytosolic chaperones assist protein transport

from ribosomes to import receptors in the mitochondrial outer

membrane, which then direct the translocating polypeptide

through the TOM channel in the outer membrane, otherwise

known as the general import pore. Upon exit from the TOM

channel, further targeting is mediated by one of the various

translocation machines, in the inner and outer membranes, and

in the intermembrane space (15). For membrane proteins, which

contain long stretches of hydrophobic residues, a chaperone

system has evolved to escort them across the intermembrane

space and to deliver them to the correct downstream transloca-
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tion machinery for integration into the right membrane (10).

This system consists of a family of small, homologous proteins,

called the small Tims.

SMALL TIM PROTEINS

In Saccharomyces cerevisiae, the small Tims form two dis-

tinct hexameric chaperone complexes in the IMS: The TIM9.10

complex (containing three Tim9 and three Tim10 subunits), and

the TIM8.13 complex (containing three molecules of each Tim8

and Tim13) (16, 17). The distinction in function between the

two complexes is not clear: both are involved in translocation

of both inner and outer membrane proteins (discussed below).

However, Tim9 and Tim10 are both essential for yeast viability,

whereas Tim8 and Tim13 are not. Furthermore, although Tim8

and Tim13 function exclusively as the TIM8.13 complex, a

small fraction of both Tim9 and Tim10 are found associated

with the inner membrane-bound TIM22 complex. Tim12 is also

essential for viability and is found exclusively in the TIM22

complex (18). Bioinformatics analysis of the small Tims from a

wide range of eukaryotes indicates that the Tim12 proteins are

not a distinct lineage, rather having arisen independently in dif-

ferent organisms by duplication of one of the other four small

Tims (19). Although it is nonessential in yeast, mutations in the

gene encoding the human homologue of Tim8, DDP1 (deafness/

dystonia peptide 1), can cause Mohr-Tranebjaerg syndrome, an

X-linked neurodegenerative disorder, characterized by deafness,

dystonia, mental retardation, and blindness (20–22). The small

Tim family shares a characteristic conserved twin CX3C motif

(where X is any amino acid), the two motifs themselves being

separated by 11–16 amino acids (23). Initially, it was proposed

that the twin CX3C motif was a zinc finger that coordinates

zinc, inducing folding of the monomer into a helix-loop-helix

conformation (18). While the small Tims are able to coordinate

zinc, various lines of enquiry have concluded that the tertiary

structure of each subunit is maintained by disulphide bonds

between the two juxtaposed CX3C motifs (24, 25).

STRUCTURE OF THE SMALL TIM CHAPERONES

Initial structural analyses included small X-ray scattering of

the soluble TIM9.10 complex and NMR of the individual unas-

sembled monomers. The main features of the complex included

a structured core and six extended protuberances emanating

from the core toward the solvent and mapped to be the N- and

C- termini of the subunits of the complex. Binding fluorescence

ANS experiments showed that the complex has increased

capacity to bind hydrophobic molecules like ANS, reminiscent

of its physiological function in vivo. A combination of NMR

and CD analysis showed that the cysteine-reduced states are

unfolded, although the cysteine-oxidized state is partially folded

to a molten globule (26). However, atomic resolution structures

for the individual small Tims are still missing. By contrast, the

crystal structures of both the TIM9.10 and the TIM8.13 com-

plexes have been solved (16, 27, 28) (Figs. 1A–1C). In both

complexes, each subunit folds into a helix-loop-helix conforma-

tion, in agreement with the proposed ‘‘press-stud’’ folding

mechanism based on the formation of two intramolecular

disulfides (25), and six subunits form a ring in a six-bladed

a-propeller structure. The central part of each subunit forms a

doughnut-shaped core around a central pore, and the antiparallel

N- and C-terminal helices or ‘‘tentacles’’ all extend downward

from this core, forming coiled-coil type contacts close to the

core, then veering apart further away. The tips of the helices

are significantly disordered, in agreement with biochemical

limited proteolysis analysis (29) so were not resolved in the

crystal structures. The folding of individual subunits is

stabilized by two intramolecular disulphide bonds (16, 25, 30),

Figure 1. Crystal structures of ATP-independent chaperones. Homo sapiens (A) and Saccharomyces cerevisiae (B) Tim9.10 hetero-

hexamers. (C) Saccharomyces cerevisiae Tim8.13 heterohexamer. Tim9 is pictured red, Tim10 blue, Tim8 orange, and Tim13

green. Up, a top view is presented, and down, a side view is presented. (D) Prefoldin from Methanobacterium thermoautotrophicum

heterohexameric complex. (E) Skp from Escherichia coli trimeric complex.
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and intersubunit contacts include key salt bridges between

adjacent monomers (16, 31). The main structural difference

between TIM9.10 and TIM8.13 is the variable length of the

helical tentacles.

Little is known for the ability of these chaperones to bind

their substrates. Based on their structure, different models were

proposed. For the binding of AAC to the TIM9.10 complex,

two different models were proposed (16). In the first model,

two connected transmembrane helices of AAC associate with

the tentacles of Tim9 and/or Tim10, forming a ‘‘bisecting U’’

dimer. In the second model, two connected transmembrane heli-

ces of AAC interact with TIM9.10 complex, displacing one

molecule of Tim9 from the complex. This is getting repeated as

AAC is getting imported by TOM complex and has as a result

three, molecules of Tim9 to be displaced by the six transmem-

brane helices of AAC, forming a complex consisted by three

molecules of Tim10 and one molecule of AAC. For those

models, no experimental evidence is available. For the binding

of TIM8.13 to Tim23 a different model was proposed, based on

the TIM8.13 crystal structure (28). Tim23 was proposed to bind

into the cavity formed by the tentacles of TIM8.13, in a proce-

dure that does not involve any complex dissociation. Computa-

tional modeling of this binding show that Tim23 fits well within

helical tentacles of the complex and regions of Tim23 that

interact with the TIM8.13 complex were found in contact with

it (28).

Crystal structures are also available for the cytosolic chaper-

one prefoldin and the bacterial periplasmic chaperone Skp, and

these reveal a strikingly similar overall architecture given that

the proteins have no evolutionary relationship (32–35). Prefol-

din is a �90 kDa complex of two a and four b subunits present

in the cytosol of eukaryotes and archea (36, 37) (Fig. 1C). It

captures nascent proteins cotranslationally and mediates their

transfer to type II chaperonin complexes, which utilize ATP for

protein folding (38, 39). The crystal structure of prefoldin has

been described as a jellyfish—it has a double b-barrel core

assembly and six long tentacles (Fig. 1D). Skp (17 kDa Protein)

is a trimeric periplasmic chaperone involved in translocation

and assembly of outer membrane proteins in the bacterial peri-

plasm (40). It is found in two conformational states: free in the

periplasm or associated with the inner membrane (41, 42). It

may function to prevent spontaneous insertion of substrates into

the inner membrane and/or to prevent folding and aggregation

in the periplasm. The trimeric complex binds to its substrates

with 1/1 stoichiometry, and the interaction is stabilized by

hydrophobic and electrostatic interactions (43). Skp binds b-bar-
rel domains of its substrates in the cavity formed by its

tentacles, maintaining their unfolded conformation before they

are transferred to the outer membrane insertion machinery (44).

The structural similarities between Skp, Prefoldin, and the

small Tim chaperones suggest there might also be similarities in

their mode of function. Although the mechanism by which the

small Tims bind substrates is not well studied, a mechanism

involving binding of the substrate to the cavity formed by its

‘‘tentacles’’ has been proposed (35), in agreement with

functional data implicating the N-terminal portion of Tim10 in

substrate binding (45).

ROLE OF SMALL TIM CHAPERONES IN THE
TIM22 PATHWAY

Role of Small Tims in Import of AAC and
Metabolite Carriers

Mitochondrial metabolite carriers are proteins of the inner

mitochondrial membrane with six transmembrane domains. The

most abundant member of this family is AAC (the ADP/ATP

Carrier). Its import into mitochondria is well studied. It is

imported via the TIM22 import pathway, with the aid of Tim9,

Tim10, and Tim12 (but not Tim8 or Tim13) (17, 23, 46).

TIM9.10 interacts with AAC during its translocation across the

outer membrane. It is required for the release of AAC from the

TOM channel (47). TIM9.10 appears to bind hydrophobic

regions on AAC, shielding it from the aqueous environment of

the IMS and thus preventing its aggregation (24, 48). The

TIM9.10-AAC complex transfers its cargo to the membrane-

embedded TIM22 complex via Tim12, a peripherally attached

subunit (49, 50) (Fig. 2A).

Role of Small Tims in the Import of Tim17 and Tim23

Like AAC, Tim17 and Tim23, two integral subunits of the

inner membrane TIM23 complex, are polytopic membrane

proteins, which are themselves inserted into the inner membrane

via the TIM22 complex. They appear to utilize both TIM9.10

and TIM8.13 complexes for their translocation (51, 52). In the

case of Tim23, the two chaperones are bound to different

parts of the precursor during import, showing a difference in

substrate specificity between the two chaperones. TIM9.10 binds

mainly to the hydrophobic C-terminal part, whereas TIM8.13

binds to the more hydrophilic N-terminal part (28, 53, 54)

(Fig. 2B).

ROLE OF SMALL TIM CHAPERONES IN OUTER
MEMBRANE PROTEIN BIOGENESIS

b-barrel proteins of the outer mitochondrial membrane are

inserted into the membrane via the SAM machinery. The main

component of the SAM complex, Sam50, is a member of the

Omp85 family. Omp85 (also called BamA) is a protein found

in the outer membrane of Gram-negative bacteria, where it has

a fundamental role in the assembly of bacterial outer membrane

b-barrel proteins (55). There are two main bacterial periplasmic

chaperones required for the biogenesis of the outer membrane

b-barrels, SurA, and Skp (56, 57). Although the crystal struc-

tures revealed structural similarities between Skp and the small

Tim complexes, as discussed earlier, the finding that TIM9.10

and TIM8.13 also function in B-barrel translocation, also trans-

ferring substrates to an Omp85 protein, demonstrated an analo-

gous functional role for the two chaperones (58, 59) (Fig. 2C).
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OTHER PATHWAYS INVOLVING SMALL
TIM CHAPERONES

In addition to the small Tims’ role in the TIM22 and SAM

pathways, inner membrane proteins with single transmembrane

domains also utilize the small Tim chaperones to traverse the

intermembrane space. The mitochondrial prohibitin Phb1 is tar-

geted to the inner membrane TIM23 complex by TIM8.13 (60),

whereas Tim11/Subunit e of the F0/F1 ATP synthase requires

both TIM9.10 and TIM8.13 for its translocation (51) (Fig. 2D).

Recently, the protein OM14 that spans the outer membrane

with the unusual arrangement of three alpha-helical transmem-

brane segments has been described (61), and it remains open

whether the small Tims may also have a role in facilitating the

insertion of proteins like OM14 as well (Fig. 2D).

BIOGENESIS OF SMALL TIMS

Like most mitochondrial proteins, the small Tims are synthe-

sized in the cytosol and then imported in the intermembrane

space through the TOM channel. After translocation through the

TOM complex, small Tims are captured in a disulphide bond-

linked intermediate with the intermembrane space oxidase

Mia40. A ternary complex is formed between the substrate,

Mia40 and the sulfhydryl oxidase Erv1, which is required for

reoxidation of Mia40 (62–64). Although the small Tims contain

no typical cleavable N-terminal signal sequence, a linear

targeting signal within Tim9 and Tim10 has recently been

shown to direct proteins across the outer membrane to the

Mia40 translocase (65).
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Figure 2. Different protein biogenesis pathways involving the small Tim chaperones of the intermembrane space. (A) Biogenesis

of AAC requires binding by the TIM9.10 complex to transfer it form TOM complex to the TIM22 complex. (B) Biogenesis of

Tim23 via TIM22 pathway involves binding of the TIM8.13 complex to the N-terminal part and TIM9.10 complex to the C-termi-

nal part to transfer it from the TOM complex to the TIM22 complex. (C) Small Tim complexes are transferring b-barrel protein
precursors from TOM complex to SAM machinery. (D) Small Tim complexes may also act as chaperones transferring different

type of hydrophobic proteins either to the inner or the outer membrane via unknown pathways.
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ABSTRACT 

Insertion of proteins at the 
mitochondrial inner membrane has 
been studied in detail for polytopic 
proteins that undergo the carrier-
import pathway mediated by the 
TIM22 inner membrane translocase. 
However, the import of single-
spanning proteins without a 
presequence is not understood. 
Subunit e of ATPase (Su e, also called 
Tim11) was used to study this process, 
which turns out to have unique 
features. The electrochemical 
potential of the inner membrane is 
required not for insertion in the inner 
membrane but rather for 
translocation across the outer 
membrane. Direct import in 
mitoplasts is unaffected by the 
potential and enhanced upon protease 
treatment of the mitoplasts. 
Additionally, Su e can insert 
efficiently in synthetic liposomes, 
independent of a diffusion potential or 
cardiolipin, arguing for an important 
role of the association between Su e 
and the lipid bilayer in the insertion 
process. Su e interacts with the small 
Tim chaperone, expanding thus the 
role of this complex as a generic 
chaperone of the intermembrane 
space. Import requires the N-terminal 
23 amino acids of Su e that function as 
a targeting and membrane-anchoring 
signal. Arginine 8 is crucial for the 
import process at the level of the outer 
membrane. Import and, in particular, 
integration at the inner membrane of 
Su e therefore seems to be 
characterized by unique and 
distinguishing features that may be 
shared by other, as yet 
uncharacterized, single spanning 

proteins of the inner membrane that 
are devoid of a presequence. 

INTRODUCTION  

The mitochondrial import machinery is 
versatile and complex. Its complexity is due 
to the multiple sub-compartments that a 
mitochondrion is made of.  A mitochondrial 
precursor is synthesized in the cytosol and 
afterwards it is targeted to the 
mitochondrion.  After crossing the outer 
mitochondrial membrane via the TOM 
translocase, the various import machineries 
will sort each precursor to its correct  sub-
mitochondrial compartment where it is 
destined to function (1).   

Different types of mitochondrial proteins use 
different sorting machineries for their 
targeting.  Outer membrane β-barrel 
proteins, after initial passage through the 
TOM channel, they are transiently 
recognized by the intermembrane space 
small Tim chaperones and are then delivered 
to the SAM machinery, which integrates 
them in the outer mitochondrial membrane 
(2).  The mitochondrial matrix proteins are 
directly delivered to the TIM23 inner 
membrane translocase, which imports them 
to the matrix, where their presequence is 
cleaved-off by the MPP protease (3).  In a 
variation of the matrix import pathway, the 
TIM23 translocase also inserts proteins with 
a cleavable presequence and one 
transmembrane domain to the inner 
membrane. In this case, the precursor 
protein is inserted at the inner membrane 
following a stop-transfer mechanism whilst 
its presequence, which is exposed to the 
matrix, is cleaved by MPP(4).  Other 
proteins inserted at the inner membrane 
follow two distinct import pathways 
described to date.  One class of proteins are 
inserted via the OXA1 pathway that operates 
after passage of the precursor through the 
TIM23 translocon and cleavage of the 
presequence in the matrix(5). A second class 
of inner membrane proteins (all of which are 
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polytopic, like the metabolite carrier family) 
follow the TIM22 import pathway  (6).  In 
this pathway, the small Tim chaperones 
receive the precursors from the TOM 
channel and deliver them to the TIM22 
translocon (7) that inserts them with the 
right topology.  Finally, the TIM23 
translocase also targets proteins to the 
intermembrane space.  This category of 
proteins is inserted to the inner membrane 
by the stop-transfer mechanism where the 
final step of maturation involves the 
intermembrane space protease IMP1 that 
cleaves the stop-transfer sorting signal and 
releases the precursor in a mature, soluble 
form  (8).  Finally, intermembrane space 
proteins that are cysteine-rich and are 
organized with twin CXnC motifs 
specifically follow the MIA pathway that 
facilitates their oxidative folding and 
retention in the intermembrane space  (9, 
10). 

Despite a wealth of knowledge about the 
targeting signals and sorting of various 
precursors for the various mitochondrial 
compartments, still little is known on the 
import of small proteins of the inner 
membrane that are membrane associated via 
a single transmembrane domain and do not 
have a defined, cleavable presequence.  In 
this category belongs the subunit e of the 
F1/F0 ATP synthase (Su e), originally 
identified as Tim11 (11, 12).  
Saccharomyces cerevisiae Su e is a small 
(96 a.a.) non-essential inner membrane 
protein exposed to the intermembrane space 
(11).  It is a subunit of the F0 part of the 
F1/F0 ATP synthase (12) and it is important 
for the oligomerisation of the ATP synthase, 
although its mechanism of action is still 
unclear (13, 14).  It is a dimer-specific 
subunit (only isolated with the dimeric form 
of the ATP sythase) (15).  Strains without Su 
e are viable (11) but presented altered cristae 
morphology (onion-like mitochondria) (16) 
and still little is known about its import 
pathway(17).  Here, we present data on 
various novel features of the import of Su e 
to mitochondria, which seems to follow a 
distinct pathway that could exemplify a 

route of insertion for other inner membrane 
proteins with a single transmembrane 
domain without a cleavable presequence. 

EXPERIMENTAL PROCEDURES 

Cloning of Su e Variants (In Vitro 
Transcription/Translation pSP65 Vectors) – 
Wild-type Su e was PCR-amplified with Su 
e (forward EcoRI) and Su e (reverse BamHI) 
primers from a yeast genomic DNA with a 5 
methionine C-terminal extension and cloned 
into pSP65 with EcoRI-BamHI. The ΔN23 
mutant was then PCR-amplified as EcoRI-
BamHI with a 5 methionine C-terminal 
extension and cloned into pSP65 (Promega). 

Bacterial Expression pQE60 Vectors – 
Wild-type Su e and ΔN23 Su e were 
extracted from pSP64 and cloned into as an 
EcoRI-BamHI fragment into pQE60 
(Qiagen) expression vector.  

Mutagenesis of Su e – Mutants of Su e were 
generated by polymerase chain reaction 
(PCR)-based site-directed mutagenesis 
(Stratagene QuickChange site-directed 
mutagenesis kit) from the pSP65-WT Su e 
plasmid. Primer design and the PCR 
conditions were performed according to the 
manufacturer’s guidelines. The mutations 
were verified by sequencing reactions. 

Import in yeast mitochondria - 35S-labelled 
precursor proteins were synthesized using 
the TNT SP6-coupled 
transcription/translation kit (Promega). The 
radioactive material was imported in wt 
mitochondria (50 μg) in the presence of 2 
mM ATP and 2.5 mM NADH 20 min at 
30°C. Mitochondria were then resuspended 
in 1.2 M sorbitol and 20 mM HEPES pH 
7.4, followed by a treatment with proteinase 
K (0.1 mg/ml) to remove unimported 
material. Finally, they were resuspended in 
SDS-sample buffer, analysed by SDS-PAGE 
and visualized by digital autoradiography 
(Molecular Dynamics). Mitoplasts were 
generated by hypo-osmotic swelling in 20 
mM HEPES/KOH pH 7.4 after import and 
proteinase K treatment. The supernatant was 
precipitated with 10% TCA for 20 min on 
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ice. The precipitated material was isolated 
by centrifugation for 20 min at 14 000 g at 
4°C before resuspending in SDS-sample 
buffer and loading on SDS-PAGE.  The 
carbonate extraction was performed with 
treatment of the mitochondria with ice-cold 
0.1 M Na2CO3 for 30 min on ice.  Then, the 
samples were centrifuged at 25,000 g for 30 
min at 4°C.  The supernatant was 
precipitated with 10% TCA for 20 min on 
ice. The precipitated material was isolated 
by centrifugation for 20 min at 14 000 g at 
4°C before resuspending in SDS-sample 
buffer and loading on SDS-PAGE. 

Import in mitoplasts and into protease K 
treated mitoplasts - Mitoplasts were 
generated by hypo-osmotic swelling of 
isolated yeast mitochondria in 20 mM 
HEPES/KOH pH 7.4 with (PK-treated 
mitoplasts) or without (mitoplasts) of 0.1 
mg/ml proteinase K.  For each import 50 μg 
of mitochondria were used.  After 
mitoplasting, the proteinase K was de-
activated by PMSF treatment (1 mM PMSF 
for 10 min on ice).  The mitoplasts were re-
isolated by centrifugation and then 35S-
labelled precursor proteins were added.  The 
radioactive material was imported in 
mitoplasts in the presence of 2 mM ATP and 
2.5 mM NADH 20 min at 30°C. 
Mitochondria were then resuspended in 1.2 
M sorbitol and 20 mM HEPES pH 7.4.  
Finally, they were resuspended in SDS-
sample buffer, analysed by SDS-PAGE and 
visualized by digital autoradiography 
(Molecular Dynamics).  The carbonate 
extraction was performed with treatment of 
the mitoplasts with 0.1 M Na2CO3 for 30 
min in ice.  Then, the samples were 
centrifuged at 25,000 g.  The supernatant 
was precipitated with 10% TCA for 20 min 
on ice. The precipitated material was 
isolated by centrifugation for 20 min at 14 
000 g at 4°C before resuspending in SDS-
sample buffer and loading on SDS-PAGE. 

Liposome Preparation - Phosphatidylcholine 
was purchased from Avanti Polar Lipids. 12 
mg of lipids in chloroform were dried with 
nitrogen for 30 min; resuspended in 1 ml of 

150 mM KCl and 50 mM Tris, pH 7.4; and 
incubated at room temperature for 1 h to 
obtain multilayer vesicles. Subsequent 
cycles of freezing/thawing (10 s in liquid 
nitrogen and 50 s in a 50 °C water bath) 
created single layer vesicles that were then 
homogenized by 10 cycles of extrusion 
through 100-nm filters. 

Flotation of Liposomes - 0.5 μg of 
recombinant protein was incubated with 
liposomes (lipid concentration of 5 mg/ml) 
in 50 μl flotation buffer (150mM NaCl and 
20mM Hepes, pH 7.4 for the liposomes +Δψ 
or  150mM KCl and 20mM Hepes, pH 7.4 
for the liposomes –Δψ), (30 min, 22 °C). 
The reaction mixture was diluted with 50 μl 
of 2.4 M sucrose, 150 mM NaCl (or KCl), 
and 20 mM Hepes, pH 7.4 (final sucrose 
concentration of 1.2 M). The K+ diffusion 
potential (+Δψ) was generated with addition 
of valinomycin (0.4 μM).  The reaction was 
overlaid with 100 μl of 0.25 M sucrose. The 
samples were centrifuged (100,000 g, 3 h, 
22 °C), and 50-μl fractions from the top 
were analyzed by SDS-PAGE and Western 
blotting (the “pellet” is material left in the 
tube and solubilized with SDS sample 
buffer). 

Peptide Spot Arrays - Peptide spot 
membranes of ScTim11/Su e (103 13-mers 
overlapping by 10 residues) were purchased 
from JPT Peptide Technologies. Screening 
of peptide spots was performed according to 
(18). 

Protein Purification - Recombinant proteins 
were expressed in the Escherichia coli 
BL21(DE3) strain from pET28a (HisTim9) , 
pRSETa (HisTim10), pGEX (Tim10 
untagged from a GST fusion) or pQE60 (Su 
e and ΔΝ Su e)  constructs. Purification of 
His6-tagged fusion proteins was performed 
according to published methods (19). 

TIM9*10 complex formation - Purified 
HisTim9 and untagged Tim10 were 
combined to 1/1 ratio.  The proteins were 
incubated for 2h in ice and then concentrated 
using an Amicon Ultra concentratior (5 kDa 
cutoff, Millipore), to a final volume 0.5 ml.  
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Then, the sample was gel filtrated and the 
fractions that corresponded to the 
heterohexameric complex were isolated.   

In vitro binding on Ni-NTA beads - 
Radiolabelled Su e or ΔN23 Su e was in 
vitro synthesized in the presence of His-
tagged Tim9 or Tim10 or TIM9*10 
complex which was created by 
combining His-Ttagged Tim9 and 
untagged Tim10.  1 μg of purified 
protein was used per μl of reaction.  
Reaction mixture was then incubated for 
one hour with Ni-NTA beads in order to 
the His-Tagged protein in buffer A (150 
mM NaCl, 50 mM Tris pH 7.4.  Beads 
were then washed to remove the 
unbound protein with buffer A three 
times. 

Miscellaneous - Purification of 
mitochondria, gel filtration, SDS-PAGE and 
western blotting were performed as 
described previously (18,19). Quantification 
of radioactive bands was made using 
Molecular Dynamics software, ImageQuant 
5.2. 

RESULTS 
 
Subunit e is imported in mitochondria and is 
inserted at the inner mitochondrial 
membrane in the presence of inner 
membrane potential - In vitro synthesized 
radiolabeled Su e was imported in energized 
and de-energized isolated wild-type yeast 
mitochondria.  Approximately 20 % of the 
total radioactive protein was imported in 
energized mitochondria (+ Δψ) (Fig. 1A, 
lane 3).  When the inner membrane potential 
is disrupted by the ionophores valinomycin 
and CCCP (-Δψ), the import in mitochondria 
is almost totally abolished (Fig. 1A, lane 
10), indicating that the import of Su e in 
mitochondria is dependent on the potential 
of the inner membrane.  Mitochondria with 
imported radiolabeled Su e were treated with 
a hypotonic solution (mitoplasting) and then 
centrifuged.  The proteins of the supernatant 
(figure 1A, lane 4) and the pellet (figure 1A, 

lane 5) were loaded on a SDS gel.  The 
radioactive protein was found to the pellet 
fraction.  Furthermore, after extraction with 
carbonate, the radioactive protein was found 
in the membrane fraction (carbonate 
extraction pellet – Fif. 1A, lane7).  This data 
shows that Su e is localized at the inner 
mitochondrial membrane, as reported 
before(11).  As a control for the import 
assay, import of the well-studied 
radiolabeled matrix-targeted precursor Su9-
DHFR was performed (Fig. 1B).  Su9-
DHFR was imported to energized 
mitochondria (+ ΔΨ), while it does not in 
de-energized mitochondria (-ΔΨ).  The 
imported mature protein was found to the 
mitoplast pellet fraction (Fig. 1B, lane 5).  
After treatment with carbonate, the 
radiolabelled Su9 – DHFR was found in the 
soluble fraction (Fig. 1B, lane 6).  This 
shows that Su9-DHFR is imported into the 
mitochondria matrix, as expected.  
 
Su e can be directly inserted to the inner 
mitochondrial membrane - To check the 
insertion of Su e at the inner mitochondrial 
membrane, the outer mitochondrial 
membrane was disrupted by treatment with a 
hypotonic solution (mitoplasting).  Half of 
the mitochondria with the outer membrane 
disrupted (mitoplasts) were treated with PK 
to digest all the exposed proteins (PK treated 
mitoplasts), while the other half remained 
untreated.  The radiolabeled precursor was 
then  presented directly to mitoplasts or to 
PK-treated mitoplasts.  The insertion to the 
inner membrane was then checked by 
carbonate extraction of the mitoplasts.  Su e 
was efficiently inserted in the inner 
membrane in mitoplasts (Fig. 2, lane 2) as 
well as in PK-treated mitoplasts (Fig. 2, lane 
5).  After carbonate extraction, the 
radiolabelled precursor was mostly found in  
the membrane fraction (carbonate extraction 
pellet – Fig. 2 lanes 4 and 7).  PK-reatment 
of the mitoplasts did not inhibit but rather 
seemed to enhance the insertion of the 
precursor into the inner membrane (Fig. 2).  
This unexpected result shows that the 
insertion of Su e to the inner mitochondrial 
membrane when directly presented to the 
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inner membrane (by-passing the outer 
membrane translocon) does not require any 
outer membrane or intermembrane space 
protein cleavable by PK, or any PK-sensitive 
protein domain exposed to the 
intermembrane space like the 
intermembrane space domains of TIM23 and 
TIM22 translocases that are  known to be 
needed for the insertion of proteins to the 
inner membrane via the well established 
TIM23 and TIM22 pathways.  Cleavage of 
the intemembrane space exposed parts of 
Tim23 and Tim22 by PK in mitoplasts was 
checked by western blotting, where only the 
membrane protected parts of those proteins 
were detected after PK treatment (not 
shown).  Mitoplasts and PK-treated 
mitoplasts were treated with valinomycin 
and CCCP in order to deplete the inner 
membrane potential before the interaction 
with the radiolabelled precursor.  The 
insertion of the radiolabelled Su e is 
surprisingly not affected by this treatment, 
excluding thus the possibility that insertion 
of Su e to the inner mitochondrial membrane 
is driven in this case solely or primarily by 
the electrophoretic force of the inner 
membrane alone (Fig. 2B, -Δψ).  Subunit e 
is inserted into phosphatidylcholine 
liposomes - To test the ability of Su e to be 
spontaneously inserted into a protein-free 
lipid bilayer,  a sucrose gradient ultra-
centrifugation assay was developed. Purified 
denatured recombinant Su e or ΔΝ23 Su e 
(lacking the first 23 amino acids including 
the membrane anchor segment) was 
incubated with K+-loaded phosphatidyl 
choline (PC) liposomes in a Na+-containing 
buffer. A K+ diffusion potential (+Δψ) was 
generated by addition of valinomycin (0.4 
μM).   The liposomes with Su e or ΔΝ23 Su 
e were then placed at the bottom of a sucrose 
gradient and then the mixture was ultra-
centrifuged at 100,000 g.  In this way, the 
liposomes floated to the top of the gradient 
together with any inserted protein into the 
liposomes.  After western blotting analysis 
with anti-Su e antibodies, Su e was mostly 
found at the top fraction (Fig. 3 A and B, 
F1), while ΔΝ23 Su e was mostly found at 
lower fractions (Fig. 3 C and D, F3 and F4).  

This indicates that only the full length 
version with the predicted transmembrane 
domain of the protein intact has the capacity 
to float with PC liposomes.  Fraction 5 (Fig. 
3, F5) corresponded to precipitated protein 
material after ultracentrifugation.  The 
absence of Su e or ΔN Su e in this fraction 
suggests that most of the protein did not 
precipitate as an aggregate during flotation.  
The insertion of the protein did not depend 
on the presence of a ΔΨ (Fig. 3 A and C) as  
Su e was inserted into PC liposomes with 
the same efficacy plus or minus ΔΨ (Fig. 3). 
The creation of a diffucion potential in the 
liposomes was confirmed by the 
accumulation of the fluorescent, potential-
sensitive dye DiSC5 (data not shown).  
Furthermore, the presence of cardiolipin into 
the liposomes (20% cardiolipin – 80% PC 
ratio) had no effect on the flotation of the 
protein (data not shown). 

 

Charges at the N-terminal part of Su e affect 
targeting into the inner mitochondrial 
membrane - In order to identify the region 
that contains the targeting information of Su 
e, the 23 N-terminal amino acids of the 
protein were deleted.  This region includes 
also the predicted transmembrane region 
part of the protein.   Import of the 
radiolabelled version of ΔΝ23Su e is 
strongly impaired (Fig. 4A), suggesting that 
the 23 first amino acids of Su e contain the 
mitochondrial targeting signal.   
To further investigate which amino acids are 
important for the recognition of Su e during 
import in mitochondria, the charged amino 
acids of the N-terminal domain were 
mutated since charged amino acids are 
generally thought to be important for the 
import of precursors into mitochondria.  Su 
e has three charged amino acids in its 23 N- 
terminal segment, an arginine in position 8, 
an arginine in position 21 and an aspartate in 
position 23.  Three mutants were 
constructed, R8G, where the arginine in 
position 8 was mutated to glycine, R21G, 
where arginine in position 21 was mutated to 
glycine and R21G/D23G where both 
arginine in position 21 and aspartate in 
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position 23 were mutated to glycines.  The 
import in intact mitochondria of the R21G 
mutant and the R21G/D23G mutant was not 
significantly affected, whilst the import of 
the R8G mutant was strongly inhibited (Fig. 
4 B, D and E, lane 3).  This shows that 
arginine in position 8 is important for the 
import of Su e in mitochondria.  
Furthermore, arginine in position 8 was 
mutated to lysine (R8K mutant), where the 
positive charge in position 8 remains.  The 
import of the R8K mutant in mitochondria 
was not affected compared to the wt, 
indicating that the positive charge in 
position 8 is needed for the import of Su e in 
mitochondria (Fig.  4, C).   
The R21G mutant is imported in 
mitochondria and localized in the mitoplast 
pellet  (Fig. 4 D, lane 5), like the wt Su e.  
However, the R21G mutant is found in both 
the supernatant and the pellet fraction after 
carbonate extraction (Fig. 4 D, lanes 6 and 
7), whilst wt and R8K mutant are mainly 
found in the pellet fraction (Fig 1 A, Fig 4 
C, lanes 6 and 7). This suggests that, in 
contrast to the wt that is inserted at the inner 
membrane, the R21G mutant is not inserted 
as efficiently at the inner membrane, after its 
import to intact mitochondria.  A similar 
effect but not as striking is observed for the 
R21G/D23G double mutant, which is also 
inserted at the inner membrane less 
efficiently than the wt (Fig. 4 E, lanes 6 and 
7).  This data indicates that arginine in 
position 21 may play a role in  the insertion 
of Su e in the inner membrane after 
translocation of the precursor in intact 
mitochondria.     
To further investigate the insertion of the 
mutants to the inner mitochondrial 
membrane, radiolabelled precursors were 
presented to mitoplasts and to PK-treated 
mitoplasts.  In all versions of Su e insertion 
at the inner mitochondrial membrane was 
similar to the wt protein (Fig. 5).  This 
suggests that when Su e is directly presented 
to the inner membrane (bypassing the outer 
membrane TOM channel as in the case of 
import into mitoplasts), the charges are not 
important for its insertion to the inner 
membrane.  The charge at position 8 that is 

required for the import of Su e through the 
outer mitochondrial membrane does not 
seem to be required for the insertion to the 
inner membrane.  Furthermore, no 
significant difference for the insertion of the 
R21G at the inner membrane was observed, 
compared with that of the wt.  This suggests 
that insertion at the inner membrane is 
affected by the arginine in position 21 only 
in the case when  the precursor is presented  
to intact mitochondria.  
 
 The N-terminal part of Su e binds to Tim10p 
and TIM9*10 complex -  Unlike inner 
membrane proteins with one transmembrane 
domain and a cleavable N-terminal 
presequence, the import of Su e is dependent 
on the intermembrane space chaperone small 
Tims.  Import of radiolabelled Su e is 
strongly inhibited in mitochondria isolated 
by a Tim9-ts strain (Fig 6A and ref 17).  In 
this strain, the amount of small Tim proteins 
Tim9 and Tim10 is strongly reduced, after 
shifting the growing yeast cells at 370C for 
6-8 hours.  As a control, radiolabelled Su9-
DHFR and the yeast ADP/ATP carrier 
AAC2 were also imported in Tim9-ts 
mitochondria.  The import of Su9-DHFR (a 
substrate for the TIM23-pathway), which 
does not depend on small Tim proteins, was 
unaffected in comparison to the import in 
mitochondria isolated from a wt strain and 
the import of AAC2, which is imported via 
the small Tim-dependent TIM22 import 
pathway and was almost totally abolished 
(Fig. 6 B, C).  This indicates that the import 
of Su e is somehow affected by the small 
Tim proteins of the intermembrane space. 
An in vitro binding assay was developed in 
order to check the binding of Sue with the 
small Tim proteins Tim9 and Tim10 and the 
Tim9*10 complex (Fig. 6D).  Radiolabeled 
Su e and ΔN Su e were synthesized in vitro 
in the presence of pre-purified N-terminally 
His-tagged Tim9, His-tagged Tim10 or 
Tim9*10 heterohexameric complex 
produced with the N-terminally His-tagged 
version of Tim9 and the untagged version of 
Tim10.  The integrity of the complex was 
confirmed by gel filtration (not shown).  5.6 
% of the radiolabelled Su e was co-
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precipitated with the Ni-NTA beads without 
the presence of any His-tagged protein.  The 
amount of the co-precipitated Su e in the 
presence of His-Tim9 was not significantly 
increased (7.2%) whilst in the presence of 
His-Tim10 or His-Tim9*10 complex was 
increased to 18.2% and 20.2%.  This 
indicates that Su e can be bound to Tim9*10 
complex and to Tim10 alone to substantial 
levels in vitro.  The same assay was repeated 
using the ΔΝ23Sue.  In this case, no 
significant binding to any of His-Tim9, His-
Tim10 nor His-Tim9*10 was observed, 
showing that the N-terminal part of the 
protein is involved to the binding with 
Tim10 and Tim9*10 complex.    
To further investigate the interacting domain 
of Su e with the small Tims a peptide spot 
assay was performed (Fig. 7) using a peptide 
library of Su e immobilized on a membrane 
and incubated with Tim9 (Fig. 7B), Tim10 
(Fig. 7C) or the Tim9*10 complex(Fig. 7D).  
In the case of Tim9, essentially no binding 
to the peptide spot membrane was detected, 
whilst in Tim10 alone and the Tim9*10 
complex bound to an array of peptides that 
correspond mainly to the transmembrane 
region as detected. This result is in good 
agreement with the findings of the in vitro 
binding assay in Fig. 6.    
 
DISCUSSION 

In this study we investigated the import of 
Subunit e of the F0/F1 ATP synthase and its 
insertion into the mitochondrial inner 
membrane. Several features of this import 
pathway were unexpected and constitute an 
apparently novel pathway of insertion into 
the membrane.  

 The insertion of Su e to the inner membrane 
of the PK-treated mitoplasts indicates that 
Su e can be inserted at the inner membrane 
without proteinaceous components that are 
otherwise absolutely needed for the insertion 
of precursors via the well characterized 
TIM23 and TIM22 translocases. The TIM23 
translocase has four subunits exposed to the 
intermembrane space, namely Tim23p, 
Tim17p, Tim21p and Tim50p.  The amino-

temirnal 50 amino acids of Tim23p which 
are responsible for the recognition of the 
presequence are cleaved by PK-treatment of 
the mitoplasts (20).  Furthermore, Tim50p, 
which is involved in the transfer of the 
precursor from TOM (21, 22) and Tim17p, 
which is an essential subunit of the TIM23 
translocase (23)  are also PK-sensitive in 
mitoplasts (24,25).  Tim21p which has 
extensively folded domains in the 
intermembrane space (26) has a 20 kDa PK-
protected part after the treatment of 
mitoplasts with PK (27).  Although the 
channel-forming domains of Tim23p are not 
accessible to PK in mitoplasts, the TIM23 
translocase will not be able to work 
normally in the absence of its 
intermembrane space domain in PK-treated 
mitoplasts. On the other hand, the TIM22 
translocase components are also expected to 
have serious functional defects and hence 
could be reasonably excluded as major 
players in the insertion of Su e to the inner 
mitochondrial membrane upon PK-treatment 
of mitoplasts.  The TIM22 translocase is 
known so far to only insert proteins with 
multiple transmembrane segments (for 
example the metabolite carrier proteins into 
the inner membrane).  Furthermore, TIM22 
subunits Tim22p, Tim18p and Tim54 get 
degraded in PK-treated mitoplasts (28).  So, 
the ability of Su e to be inserted to the inner 
mitochondrial membrane when presented 
directly to mitoplasts is most likely not 
performed via the known mechanisms for 
the insertion of proteins to the inner 
membrane. 

For the import of Su e to the mitochondria 
Δψ is required.  In contrast, for the insertion 
to the mitoplasts, Δψ is surpisingly not 
required. To the best of our knowledge this 
is the only case of insertion into the inner 
membrane in mitoplasts in the absence of a 
potential. Also, insertion of Su e in PC 
liposomes is not enhanced by the presence 
of the K+-driven Δψ. This corroborates the 
notion that inner membrane potential in the 
case of Su e is not required for the insertion 
into the inner membrane but more likely it 
helps for crossing the outer membrane 
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barrier.  Comparing the insertion of the 
protein in mitoplasts with its insertion in 
PK-treated mitoplasts shows enhanced 
insertion in the case of PK-treated 
mitoplasts.  Why is this so? The inner 
mitochondrial membrane is a protein-rich 
membrane with many proteinaceous 
domains protruding into the intermembrane 
space, ‘hiding’ thus the lipids of the inner 
membrane.  PK-treatment of the mitoplasts 
results in degradation of the vast majority of 
these intermembrane space exposed 
proteinaceous domains thereby allowing 
readily a better accessibility of the inner 
membrane lipids. This fact, in combination 
with the capacity for spontaneous insertion 
of Su e into synthetic liposomes, suggests 
that Su e can directly interact with lipids. 

Deletion of the N-terminal 23 amino acids of 
the protein strongly impairs the import of the 
protein.  This shows that this N-terminal 
segment contains important targeting 
information.  Since it is well established that 
charged amino acids are important for the 
recognition of the outer membrane receptors 
we looked for the specific role of charged 
residues within this N-terminal segment. 
Mutation of the arginine in position 8 to 
glycine strongly impairs import of Su e, but 
it does not affect the insertion at the inner 
membrane when the mutant is directly 
presented to mitoplasts.  Mutation of 
arginine 8 to the positively charged lysine 
does not affect its import or the insertion to 
the mitoplasts, which indicates that the 
positive charge in position 8 more likely 
constitutes an important determinant for the 
recognition of the protein by the outer 
translocase system (receptors and 
translocon).   

The structural characterization by NMR of 
the region 1-21 of Su e in 
docecylphosphocholine micelles revealed a 
monomer in a helical structure (29).  
Arginine in position 21 is near the surface of 
the lipids, suggesting electrostatic 
interaction between the positive charge of 
arginine and the negatively charged 
phosphate head groups.  This interaction 

would stabilize the inserted peptide and it 
may explain the defect of the insertion of Su 
e to the inner membrane in the case of the 
R21G mutant.  Arginine 8 on the other hand 
is found buried to the lipid layer and the 
suggestion was (29) that it has a role in the 
interaction with another subunit of the 
ATPase,   Su g,  while forming the F0 sector 
of ATP synthase.  Our data reveal  an 
additional role for arginine in position 8 in 
early stages of import into the organelle.  

The small Tim chaperone system of the 
intermembrane space is known to receive 
protein from the TOM and to deliver them to 
other translocases.  Their action as 
chaperones for the delivery of proteins to the 
SAM complex during biogenesis of β-barrel 
proteins and to the TIM22 inner membrane 
translocase in biogenensis of proteins with 
multiple transmembrane domains it is 
already well established (30).  The property 
of Su e to be recognized and bound by the 
Tim9*10 chaperone complex and the 
impairment of import into mitochondria with 
dysfunctional Tim9*10 complex indicates 
that Su e can be a substrate for the small 
Tim chaperones.  This expands the range of 
substrates of the small Tim chaperones, 
indicating that small Tim chaperones have a 
more general chaperone activity in the 
intermembrane space.   

The findings presented here indicate that Su 
e is imported via a different pathway from 
these already known for other precursors. 
Does this represent an oddity for Su e, or are 
there other proteins with similar import 
properties? The availability of the yeast 
mitochondrial proteome  (31) gave us a 
unique opportunity to search for proteins 
with similar characteristics as Su e. 
Specifically, we searched for  proteins of the 
inner mitochondrial membrane or with 
unknown localization with one predicted 
transmembrane domain near the N- or C- 
terminus and without any predicted 
cleavable presequence.  In Table 1 we list 
the proteins that were found to fulfil these 
criteria.  16 such proteins were indentified 
and the majority of those are small proteins. 
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Four of those are subunits of the F0/F1 ATP 
synthase (subunits e,g,i and k), and four are 
subunits of the cytochrome c oxidase 
(COX7, COX8, COX9 and COX16). 
Prohibitin 1 (Phb1) is another protein found 
in this search, for which the import 
mechanism has been studied to an extent 
(32).  Interestingly, an unconventional 
import pathway was also observed, 
involving the Tim8*13 complex (a 
functional homologue of the Tim9*10 
complex) and the TIM23 complex for 
import into mitochondria.  Although a 

general requirement for the small Tim 
chaperones might be the case for such 
single-spanning, presequence-less 
precursors, proper insertion at the inner 
membrane might follow different routes. Su 
e exemplifies a unique import and insertion 
pathway for such precursors. Further studies 
will allow dissection of all the molecular 
details and crucial interactions underpinning 
an efficient integration process in the inner 
membrane. This vital cellular process may 
apparently be accomplished by a surprising 
variability of mechanisms. 
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Table 1: Proteins from the yeast mitochondrial proteome (31) with similar characteristics to 
Su e of ATPase.  

Systematic 
Name 

Standard Name Length Description 

YDR322c-a TIM11/ATP21 96 
Subunit e of mitochondrial F1F0-ATPase 
 

YPR020w ATP20 115 
Subunit g of the mitochondrial F1F0 ATP 
synthase 

YML081c-a ATP18 59 
Subunit j of the mitochondrial F1F0 ATP 
synthase 

YOL077w-a ATP19 68 
Subunit k of the mitochondrial F1F0 ATP 
synthase 

YMR256c COX7 60 
Subunit VII of cytochrome c oxidase 
 

YLR395c COX8 78 
Subunit VIII of cytochrome c oxidase 
 

YDL067c COX9 59 
Subunit VIIa of cytochrome c oxidase 
 

YJL003w COX16 118 
Required for assembly of cytochrome c 
oxidase 

YDR079w PET100 111 
Chaperone that specifically facilitates the 
assembly of cytochrome c oxidase 

YER058w PET117 107 
Protein required for assembly of 
cytochrome c oxidase 

YGR174c CBP4 170 
Mitochondrial protein required for 
assembly of cytochrome bc1 complex 

YGR132c PHB1 287 
Subunit of the prohibitin complex (Phb1p-
Phb2p) 

YMR150c IMP1 190 
Catalytic subunit of the mitochondrial 
inner membrane peptidase complex 

YGR236c SPG1 95 
Protein required for survival at high 
temperature during stationary phase 

YER038w-a FMP49 126 
Protein of unknown function 
 

YBR262c FMP51 106 
Protein of unknown function 
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FIGURE LEGENDS 

FIGURE 1.  Import and localization of wt and ΔN Su e in wt mitochondria.  35S-labelled WT 
Su e or Su9-DHFR was imported in energized (+Δψ) or de-energized (-Δψ) mitochondria isolated 
from a WT yeast strain.  After import, the unimported protein was removed by PK-treatment.  M: 
total mitochondrial import, MPS: the supernatant fraction, after swelling by treatment with a 
hypotonic solution, MPP:  the pellet fraction, after swelling by treatment with a hypotonic 
solution, CES:  the supernatant fraction, after Na2CO3 treatment of the mitochondria, CEP: the 
pellet fraction, after Na2CO3 treatment of the mitochondria. Triton 1% to solubilize the 
mitochondria was used to check the PK degradation of the unimported protein (Tr).  10 % of the 
total 35S-labelled precursor which was added for each import was loaded on lane 1 (10%) 

 FIGURE 2.  Import of wt Su e in mitoplasts or PK-treated mitoplast.  35S-labelled WT Su e 
was presented in wt energized (+ΔΨ) or de-energized (-ΔΨ) mitochondria after hypotonic 
swelling (Mitoplasts) or after hypotonic swelling and PK treatment (PK-Treated Mitoplasts).  
MP:  The import in the mitoplasts, CES:  the supernatant fraction, after Na2CO3 treatment of the 
mitoplasts, CEP: the pellet fraction, after Na2CO3 treatment of the mitoplasts. 10 % of the total 
35S-labelled precursor which was added for each import was loaded on lane 1 (10%) 

FIGURE 3.  Flotation of Su e and ΔN23 Su e with liposomes or liposomes with a 
valinomycin-generated K+ diffusion potential.  Purified recombinant Su e or ΔN23 Su e was 
incubated with phosphatidyl-choline liposomes and floated into a sucrose gradient.  A K+ 
diffusion potential was generated by treatment with 0.4 μM valinomycin (+Δψ), or no diffusion 
potential was present (-Δψ).  Fractions F1- F4 were taken from the top (F1) to the bottom (F4) of 
the sucrose gradient.  F5 represents the precipitated fraction after ultracentrifugation.  Su e 
present in each fraction was detected by immunoblotting with anti-Su e antibodies. 10 % of the 
total pure protein which was added for each flotation was loaded on lane 1 (10%). 

FIGURE 4.  Import and localization of Sue mutants in wt mitochondria.  A. 35S-labelled 
ΔN23 Su e was imported in energized mitochondria isolated from a WT yeast strain. M: total 
mitochondrial import. B. 35S-labelled Su e mutants were imported in energized mitochondria.  
After import, the unimported protein was removed by PK-treatment.  M: total mitochondrial 
import, MPS: the supernatant fraction, after swelling by treatment with a hypotonic solution, 
MPP:  the pellet fraction, after swelling by treatment with a hypotonic solution, CES:  the 
supernatant fraction, after Na2CO3 treatment of the mitochondria, CEP: the pellet fraction, after 
Na2CO3 treatment of the mitochondria. Triton 1% to solubilize the mitochondria was used to 
check the PK degradation of the unimported protein (Tr). 10 % of the total 35S-labelled precursor 
which was added for each import was loaded on lane 1 (10%) 

FIGURE 5.  Import of Su e mutants in mitoplasts or protease-treated mitoplast.  .  35S-
labelled Su e mutants were presented in WT energized mitochondria after hypotonic swelling 
(Mitoplasts) or after hypotonic swelling and PK treatment (PK-Treated Mitoplasts).  MP:  The 
import in the mitoplasts, CES:  the supernatant fraction, after Na2CO3 treatment of the mitoplasts, 
CEP: the pellet fraction, after Na2CO3 treatment of the mitoplasts. 10% of the total 35S-labelled 
precursor which was added for each import was loaded on lane 1 (10%) 

FIGURE 6. Interaction with the small Tim proteins.  A. 35S-labelled Su e, AAC2  or Su9-
DHFR were imported in crude energized mitochondria isolated from a wild-type (WT) or a Tim9-
ts (T9ts) strain.  10% of the total 35S-labelled protein (10%) was also loaded.  Triton 1% to 
solubilize the mitochondria was used to check the PK degradation of the unimported protein (Tr) 
B,C.  35S-labelled WT Su e (B) or ΔN23 Sue (C) were in-vitro synthesized in the presence of pre-
purified N-terminal His-tagged Tim9 (His-Tim9), N-terminal His-tagged Tim10 (His-Tim10) or 
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Tim9Tim10 complex produced by N-terminus His-tagged Tim9 and untagged Tim10 (His-
Tim9*10) or without the presence of any purified protein (-).  The His-tagged proteins were 
pulled down by Ni-NTA beads and the radiolabelled proteins which were co-precipitated with the 
beads were quantified.  10% from the 35S-labelled protein used in each assay were also loaded on 
the gel (10%).  Numbers below shows the percentage of the radiolabelled protein which were co-
precipitated with the beads.  D.  Quantification of the radiolabelled protein bound to Ni-NTA 
beads, compared with the total radioactive protein used in each binding.  Error bars shows the 
standard deviation from three independent experiments. 

FIGURE 7.  Peptide spot Assay.  A.  Graphic presentation of the peptide membrane used for the 
experiment (13-mer peptides overlapping by ten residues).   Each circle corresponds to the 
position of each spot in the membrane. In grey, the spots that corresponds to the predicted trans 
membrane domain (TMD) of the protein. B,C,D. Western blot using Tim9 (B) or Tim10 (C,D) 
antibodies of the protein bound to the membrane, after incubation with purified recombinant 
Tim9 (B), Tim10 (C) or Tim9*10 complex (D). 
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Introduction
Cys-containing proteins of the mitochondrial intermembrane 
space (IMS) are oxidatively folded by Mia40 through the  
formation of transient mixed disulfides (Chacinska et al., 
2004; Naoé et al., 2004; Mesecke et al., 2005; Rissler et al., 
2005; Terziyska et al., 2005, 2007; Gabriel et al., 2007; Hell, 
2008; Müller et al., 2008; Reddehase et al., 2009). Mia40 also 
functions as a receptor recognizing these substrates by an un-
known mechanism. Current evidence supports a site-specific 
recognition of the substrate-docking Cys. For example, small 
Tims dock to Mia40 via their N-terminal end Cys, which pairs 
with the C-terminal end Cys in an outer disulfide bridge in the 
folded state (Milenkovic et al., 2007; Sideris and Tokatlidis, 
2007). In contrast, Mia40 oxidizes the inner disulfide pair of 
COX17, surprisingly and unlike the small Tims (Banci et al., 
2009). The exact Cox17 Cys used for docking is still unknown. 
The recent Mia40 solution structure uncovered a hydrophobic 

cleft that sits adjacent to the active site CPC motif and was 
proposed to be the substrate-binding domain. Evidence for 
this proposal relied on mutagenesis of Mia40 residues in this 
cleft found to be lethal in vivo and decreased substrate bind-
ing in vitro (Banci et al., 2009). However, it is still unknown 
which segments target the substrate to Mia40 to allow correct 
covalent pairing.

In this study, we describe the signal for targeting different 
classes of substrates to Mia40 (IMS-targeting signal [ITS]).  
A similar signal to the ITS was reported by Milenkovic et al. 
(2009) only for the small Tims and termed mitochondria IMS-
sorting signal (MISS). Our data suggest a partial overlap be-
tween the ITS and MISS sequences and reveal additional roles 
for the ITS not reported before. To avoid confusion, we refer to 
this signal as MISS/ITS.

The MISS/ITS is a peptide of nine residues found in es-
sentially all Mia40 substrates and primes one Cys for docking 

Mia40 imports Cys-containing proteins into the 
mitochondrial intermembrane space (IMS) by 
ensuring their Cys-dependent oxidative fold-

ing. In this study, we show that the specific Cys of the 
substrate involved in docking with Mia40 is substrate de-
pendent, the process being guided by an IMS-targeting 
signal (ITS) present in Mia40 substrates. The ITS is a 9-aa 
internal peptide that (a) is upstream or downstream of 
the docking Cys, (b) is sufficient for crossing the outer 
membrane and for targeting nonmitochondrial proteins, 

(c) forms an amphipathic helix with crucial hydrophobic 
residues on the side of the docking Cys and dispensable 
charged residues on the other side, and (d) fits comple-
mentary to the substrate cleft of Mia40 via hydrophobic 
interactions of micromolar affinity. We rationalize the 
dual function of Mia40 as a receptor and an oxidase  
in a two step–specific mechanism: an ITS-guided sliding 
step orients the substrate noncovalently, followed by 
docking of the substrate Cys now juxtaposed to pair with 
the Mia40 active Cys.
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Banci et al., 2008) were unaffected in forming the Mia40  
intermediate (Fig. 1 D, first panel; also confirmed by BN-PAGE 
in Fig. S1). The severe defect of the C45S mutant was also 
clear in BN-PAGE (Fig. S1, lanes 9–11), whereas all other 
mutants were unaffected.

In multiple Cys mutants of COX17, the Mia40 inter-
mediate was essentially abolished only when the third Cys  
was mutated (mutants C36/45S, C26/45/55S, and C36/45/55S; 
Fig. 1 E). Furthermore, when all other cysteines except C45 
were mutated (C26/36/55S), covalent binding to Mia40 was 
unaffected, confirming the crucial and specific role of C45 in 
docking to Mia40 (Fig. 1 E).

Previously, Heaton et al. (2000) showed that for yeast 
Cox17, the fourth Cys of the twin CX9C motifs (i.e., C57, 
which is equivalent to C55 of hCOX17) was essential in vivo. 
Therefore, we addressed whether yCox17 differed from hCOX17 
in the Cys docking to Mia40. The results (for single and multi-
ple mutants of yCox17) are shown in Fig. S2. We find that inter-
action of yCox17 with Mia40, in fact, depends on the fourth 
Cys (C57), which is in agreement with its essential role in vivo 
(Heaton et al., 2000).

The data on human and yeast Cox17 show that Cox17 
docks to Mia40 differently from the small Tims. This is a  
conundrum. How can different substrates be recognized by Mia40 
in a strict site-specific manner yet involving different cysteines 
in each case?

Deletion analysis of Tim10 reveals an internal 
targeting signal for the Mia40 pathway
We thought that there must be a specific targeting signal in 
the substrate that guides its precise positioning to Mia40.  
In this way, a defined substrate Cys could be juxtaposed to the 
Mia40 active site Cys to make the crucial intermolecular di-
sulfide. To identify such a putative targeting signal, we applied  
N- or C-terminal end deletion analysis on Tim10 (Fig. 2 A), 
35S labeled the Tim10 variants, and imported them into wild-
type mitochondria (the lysate input controls are in Fig. S3).  
Mia40 interaction was monitored by the presence of a -Me–
sensitive intermediate (Fig. 2 B). Increasingly longer dele-
tions of the N-terminal end showed a defect in making the 
Mia40 intermediate, which was completely abolished when 
residues 30–39 were deleted. In contrast, all C-terminal end 
deletions (lacking 21, 33, or 43 residues) were unaffected. 
Detecting the substrate released after interaction with Mia40, 
we saw that N14 and N30 were released in oxidized form. 
In contrast, C33 and C43 still bound to Mia40, but they 
were stalled in this interaction and could not be released. 
Presumably, this is because they lack the crucial third and 
fourth Cys (C61 and C65) that partner with C44 and C41 to 
make the folded oxidized species thus released from Mia40 
(Sideris and Tokatlidis, 2007). This analysis suggested that  
(a) the N-terminal end segment 30–39 is crucial for target-
ing to Mia40 and (b) the region 14–30 facilitates targeting 
but is not crucial on its own. The loss of import capacity  
of the N39 construct could be explained in two ways:  
(1) either it cannot cross the OM, or (2) it can cross the OM 
but can no longer bind to Mia40. To investigate the latter, 

with the Mia40 active site CPC motif (Banci et al., 2009;  
Terziyska et al., 2009). The MISS/ITS is necessary and suffi-
cient for IMS targeting to Mia40. Deleting it results in com-
plete loss of import, whereas fusing it to a nonmitochondrial 
protein targets it to the organelle. The ITS contains enough in-
formation for translocation across the outer membrane (OM) 
independently of Mia40, thus experimentally uncoupling these 
two processes. One crucial feature of MISS/ITS is that it forms 
a helix with vital aromatic and hydrophobic residues to the 
same side of the docking Cys. Hydrophobic noncovalent inter-
actions of this side of the MISS/ITS helix with aliphatic side 
chains of the Mia40-binding cleft orient the substrate onto 
Mia40 (sliding step), thus committing the crucial Cys for sub-
sequent covalent disulfide bonding with Mia40 (docking step). 
This two-step mechanism solves the conundrum of how sub-
strates with no sequence similarity are recognized by Mia40 
and explains how they are positioned structurally so that spe-
cific cysteines in each substrate bond with the Mia40 active site 
Cys. Finally, we measured by calorimetry, for the first time, the 
affinity involved in the crucial noncovalent interactions that 
guide the substrate onto Mia40 via MISS/ITS.

Results
Cox17 docks onto Mia40 with a different 
Cys specificity from the small Tims
Mia40 binding to the small Tims strictly depends on their  
N-terminal end Cys of the twin CX3C motif (Milenkovic  
et al., 2007; Sideris and Tokatlidis, 2007), but it is unkn-
own whether this is true for Tim-unrelated proteins like 
Cox17, which contains twin CX9C motifs (Arnesano et al., 
2005; Banci et al., 2008) How does docking of Cox17 onto  
Mia40 work?

To address this, we generated single Cys to Ser mutants 
for each Cys of the CX9C motifs of human COX17, the sub-
strate studied before in the interaction with MIA40 (Banci  
et al., 2009). Wild-type COX17 was imported efficiently in iso-
lated yeast mitochondria (Fig. 1 A, lanes 3–7), and the oxidized 
and reduced species were resolved, with the oxidized form  
increasing with a concomitant decrease of the reduced form. 
Additionally, a yMia40–COX17 mixed disulfide intermedi-
ate was observed, was coimmunoprecipitated with anti-Mia40 
antibodies (Fig. 1 A, lanes 8–10), and was -mercaptoethanol  
(-Me) sensitive, as expected. This intermediate was re-
solved also under native conditions in blue native (BN)–PAGE  
(Fig. 1 B, 140-kD band; similar to small Tims; Milenkovic et al.,  
2007; Sideris and Tokatlidis, 2007). This was DTT sensitive 
and Mia40 specific, as clearing detergent-solubilized mitochon-
dria with anti-Mia40 antiserum (but not preimmune serum)  
and protein A–Sepharose beads removed the 140-kD band spe-
cifically but not the unassembled Cox17 imported monomer 
(Fig. 1 B, lanes 4 and 5).

These assays were performed for each single Cys mu-
tant of the CX9C motifs (Fig. 1 D). Only the mutant in the 
third Cys (C45S), which pairs with the second one (C36-C45;  
Fig. 1 C), was substantially affected (Fig. 1 D). Moreover, mu-
tants of the Cys involved in copper(I) binding (C23 and C24l; 

http://www.jcb.org/cgi/content/full/jcb.200905134/DC1
http://www.jcb.org/cgi/content/full/jcb.200905134/DC1
http://www.jcb.org/cgi/content/full/jcb.200905134/DC1
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The MISS/ITS is conserved among the 
small Tims
To test whether the ITS is conserved in other small Tims, cor-
responding deletions in Tim9 and -12 were made. In Tim9, 
deleting 23 residues from the N terminus affected the inter-
action with Mia40 upon import to an extent, but deleting the 
putative MISS/ITS (N34) completely abolished the inter-
action (Fig. 3, A and B). For Tim12, the deletion N28 was 
reported previously to be import deficient (Fig. 3 C; Lionaki  
et al., 2008), which could be caused by a defective import 
through the OM or defective interaction with Mia40. As in this 
construct the putative Tim12 MISS/ITS is intact (residues 29–39; 
Fig. 3 A), we expected it to still bind to Mia40 if directed to  
the IMS as a cyb2 fusion. In fact, a time-dependent Mia40  
intermediate was seen for such a construct (Fig. 3 D, arrow-
heads), which was abolished in Mia40-depleted mitochondria 
(prepared from a galactose (GAL)-Mia40 strain; Banci et al., 
2009), confirming that the N28 can indeed interact with Mia40. 
When the putative MISS/ITS segment between residues 29 and 
39 was deleted in N39Tim12 fused to the cyb2(1–85) pre-
sequence, the interaction with Mia40 was completely abolished 
(Fig. 3 E), proving that the MISS/ITS of Tim12 segment 29–39 
is necessary for Mia40 binding. The two cyb2 fusion constructs 

we tested in vitro binding of the Tim10 constructs (in radio-
active form) to pure Mia40 (bead immobilized; Fig. 2 C). The 
results are identical to the import results showing decreased 
binding when the first 30 residues are missing (N30) and 
complete loss of binding when a further nine residues are 
missing (N39).

To verify that the observed defect for N39 is relevant  
in vivo, we directed this construct to the IMS by fusion to  
the presequence of cytochrome b2 (cyb2; residues 1–85), 
which targets precursors to the IMS independently of Mia40.  
In this way, any putative defects of N39 in crossing the 
OM are bypassed, and this domain now targeted to the IMS 
can interact with Mia40 in its physiological environment. 
The fusion cyb2(1–85)N39Tim10 could be efficiently 
imported into both wild-type– and Mia40-depleted mito-
chondria (Fig. 2 D) but did not give a Mia40 intermediate. 
This strongly argues that the N39 deletion affects the inter-
action with Mia40 in organello, which is in agreement with the 
in vitro data.

Therefore, the segment 30–39 of Tim10 directly mediates 
binding to Mia40 and functions as a Mia40-specific ITS. By 
comparison, the MISS signal reported by Milenkovic et al. 
(2009) was defined by residues 35–43.

Figure 1. Differential requirement of COX17 Cys residues for interaction with Mia40. (A) 35S-labeled COX17 import and immunoprecipitation as indi-
cated, followed by SDS-PAGE. (B) As in A but using BN-PAGE. (C) Cys organization of COX17. (D) As in A for single Cys mutants. (E) As in D for multiply 
mutated Cys. (A, D, and E) Arrowheads indicate the Mia40 mixed intermediate (interm).
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in which residues of the MISS/ITS peptide 32–39 of Tim10 
were exchanged to Ala (Fig. 4 A) and tested for Mia40 inter-
action (Fig. 4 B). Replacing M32 and N34 in the double Ala 
mutant (2Ala) only partially decreased the interaction with 
Mia40, which was completely abolished when four, six, or 
seven residues were exchanged for Ala. Because the 2 aa 
that were mutated in the 4Ala mutant additionally to the 
2Ala mutant were F33 and K35, we tested these as single 
amino acid substitutions (Fig. 4, C and D). Exchanging 
F33 to Ala completely abolished the Mia40 intermediate, 
whereas K35A had only a minor effect. L36A was affected 
to a substantial degree compared with the wild-type but  
was clearly not as critical as F33. The complete loss of inter-
mediate in the F33A/L36A double mutant can be attributed 
to the effect of F33A mutation alone. Identical results were 
obtained when the MISS/ITS mutants were used in Mia40-
binding experiments in mitoplasts (bypassing translocation 
across the OM), which thus reflects a specific interaction 
with Mia40 (Fig. 4 E). Collectively, the Ala mutagenesis 

to N28Tim12 and N39Tim12 allowed us to uncouple the im-
port to the IMS from the Mia40 interaction and to test whether 
this interaction is essential in vivo by complementation assays 
in yeast cells (Fig. 3 F). cyb2(1–85)N28, which bears the 
MISS/ITS and interacts with Mia40, could restore viability 
substantially, arguing that the interaction with Mia40 is a func-
tional one. In contrast, the cyb2(1–85)N39 lacking the MISS/
ITS and not interacting with Mia40 could not restore growth 
despite proper targeting to the IMS.

Collectively, these data suggest that the presence  
of MISS/ITS upstream of the N-terminal end Cys is con-
served for Tim9 and -12. Furthermore, they show that the 
MISS/ITS-mediated interaction with Mia40 is essential  
in vivo.

Critical residues and consensus motif of 
the MISS/ITS
To identify the critical residues for the functionality of the 
MISS/ITS, Ala-scanning mutagenesis was performed (Fig. 4), 

Figure 2. Deletion analysis of Tim10 reveals an internal targeting signal for the Mia40 pathway. (A) Tim10 truncations. (B) Import and analysis of Tim10 
versions as in Fig. 1 A. (C) GST-Mia40 pull-downs of different Tim10 versions (as in Sideris and Tokatlidis, 2007). (D) Import of cyb2(1–85)N39Tim10 
in wild-type (wt) and Mia40-depleted (Mia40↓; Banci et al., 2009) mitochondria (mitos). interm, intermediate.
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Structural basis of the MISS/ITS 
interaction with Mia40
How is the targeting function of the MISS/ITS linked to the 
requirement for Cys-specific docking onto Mia40? Because 
Mia40 recognizes substrates in a Cys-dependent manner, pre-
cise positioning of the substrate Cys must be guided by a folded 
MISS/ITS in a conformation-dependent manner to control 

identified F33 (at position 7 relative to the docking Cys) 
and L36 (at position 4) as the two important residues in the 
MISS/ITS, with F33 being absolutely critical. Both of these 
residues are conserved (there are either identical or chem-
ically similar residues in these positions) in the consensus 
MISS/ITS sequence X[Ar]XX[Hy][Hy]XXC described in 
this study (Fig. 4 F and Fig. S3).

Figure 3. The Tim10 ITS is conserved among small Tims. (A) Tim9 and -12 truncations. (B) The intermediate with Mia40 is shown by an arrowhead.  
(C) As in B for Tim12 variants. 10% of in vitro translation mix was loaded as a standard. M, total mitochondria reisolated after import and protease 
treatment. (D) Import of cyb2(1–85)N28 Tim12 fusion as in B. (C and D) Arrowheads indicate the Mia40 mixed intermediate. mitos, mitochondria;  
wt, wild type. (E) As in B but for the N39Tim12 fragment. (F) In vivo complementation of Tim12 fusion variants using a GAL-Tim12 strain as de-
scribed previously (Lionaki et al., 2008). SGal, GAL media; SC, glucose media; WT, wild type.
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 optimal attachment to Mia40. When projected in a helical wheel 
(Fig. 5 A), the MISS/ITS forms an amphipathic  helix with 
the docking Cys sitting adjacent to the critical aromatic residue 
of position 7 on the same hydrophobic face that is made by 
the functionally important residues at positions 7, 4, and 
3, whereas the hydrophilic side contains charged residues that 
are dispensable for function. The MISS/ITS is indeed helical 
in the crystal structure of the human and yeast Tim9–Tim10 
complexes (Webb et al., 2006; Baker et al., 2009). Although the 
structure of Tim9 and -10 as they interact with Mia40 is unavail-
able, the helical conformation of MISS/ITS and the nature of its 
residues could explain in structural terms its specific interaction 
with the hydrophobic substrate-binding domain cleft of MIA40 
(Banci et al., 2009). To test this concept, we produced a theo-
retical modeling of the Tim9 and -10 docking to the Mia40 cleft 
using the HADDOCK program (Dominguez et al., 2003). Only 
one cluster of structures was obtained for both TIM9–MIA40 
and TIM10–MIA40 calculations containing 195 and 182 over 
200 structures with a backbone root mean square difference to 
the mean structure for the structured region of the proteins of 
1.5 Å and 1.3 Å, respectively. The buried surface area obtained 
is 2,090 ± 60 Å2 for the TIM9–MIA40 complex and 1,471 ± 
36 Å2 for the TIM10–MIA40, which are indicative of a very 
good surface complementarity between the ITS and the binding 
cleft of Mia40 (Fig. 5 B, cloud of pink dots). The orientation 
of the hydrophobic face of the MISS/ITS amphipathic helix 
is underpinned by aromatic–aromatic and aliphatic–aliphatic 
interactions between the functionally important Tim residues 
(Fig. 5 B, gray) and hydrophobic residues of Mia40 (cyan). 
Additionally, the length of the substrate-binding cleft of Mia40 
accommodates precisely the 9-aa long MISS/ITS helix, at the 
end of which the docking Cys of the substrate engages in the 
disulfide bond with the Mia40 Cys (Fig. 5 B, yellow spheres). 
The modeling presented in this study supports the recognition 
of the MISS/ITS as a folded helix by Mia40.

To scrutinize this concept experimentally, we used Cys-
scanning mutagenesis of the docking Cys of Tim10 (C40). The 
underlying idea is that if the crucial docking Cys lies within an 
unfolded segment, moving it by up to four residues upstream or 
downstream would not substantially affect binding to Mia40. In 
contrast, if the docking works in the context of a folded MISS/
ITS helix, moving the Cys away from the wild-type position 
would put it in a completely opposite side of the helix, strongly 
affecting its interaction with the facing Cys of Mia40. Thus, 
variants of Tim10 with a unique Cys in each of four positions 
upstream or downstream of the wild-type position 40 to span a 
full helix turn were produced, starting from a Tim10 in which 

Figure 4. Ala mutagenesis identifies critical residues of the ITS. (A) The 
ITS of Tim10 with Ala substitutions (bold). (B) Imports of Tim10 Ala mutants 
performed as in Fig. 1. (C) Targeted Ala substitutions (bold) in the ITS 
of Tim10. (D) Import assays of the mutants of C. (E) As in D, but precursors  

were presented to mitoplasts. (B, D, and E) Arrowheads indicate the 
Mia40 mixed intermediate. (F) Alignment of the ITS sequence (residues 
30–40 upstream of the N-terminal C40 in Tim10) in S. cerevisiae Tim9, 
-10, and -12. The consensus ITS sequence and the Cys docking to Mia40 
are shown. The critical residues for the functionality of ITS are bolded, 
with their position relative to the docking Cys in parentheses. Colons in-
dicate that conserved substitutions are observed, periods indicate that 
semiconserved substitutions are observed, and the asterisk indicates that 
the residues or nucleotides in the column are identical in all sequences in 
the alignment. wt, wild type.
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lost the ability to form a disulphide intermediate with Mia40, 
with the exception of C39, which showed an increased amount 
of the intermediate. Therefore, changes in the positioning of the 
docking C40 are generally not tolerated for the interaction with 
Mia40. Overall, the Cys-scanning mutagenesis suggests that Cys 
docking depends on the folding of MISS/ITS into a helix that  
appropriately positions it opposite the partner Cys of Mia40.

all cysteines were exchanged to Ser. Previously, a mutant carrying 
only the wild-type docking Cys (C40) was shown to maintain 
the interaction with Mia40, as C40 is necessary and sufficient 
(Milenkovic et al., 2007; Sideris and Tokatlidis, 2007). The mu-
tants with the unique Cys in positions 36, 37, 38, and 39 or 41, 
42, 43, and 44 were tested for the formation of the Mia40 inter-
mediate after import (Fig. 5 C). All of the mutants completely 

Figure 5. Cys-scanning mutagenesis and conformational properties of the ITS. (A) Helical wheel representation of ITS in S. cerevisiae Tim9, -10, and -12. 
The hydrophobic (black) and hydrophilic (gray) faces of the helix are indicated as half circles. (B) Theoretical modeling of hTIM9 and hTIM10 docking to 
the hMIA40 substrate–binding cleft using HADDOCK. TIMS and MIA40 are shown as red and blue ribbons, respectively. Hydrophobic residues of MIA40 
interacting with TIMS are in cyan. Conserved aromatic and hydrophobic residues in the first helix of the TIMS interacting with the MIA40 hydrophobic 
cleft are in gray. Cysteines are in yellow, and the docking cysteines of the TIMS and MIA40 are shown as yellow spheres. (C) Cys substitutions in Tim10 
and import and Mia40 intermediate (interm) analysis. (D) Quantification of the Mia40 intermediate after 10-min import (three independent experiments). 
Error bars represent standard error of the mean.
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COX17: (1) the reduced COX17 shown to interact with MIA40 
by nuclear magnetic resonance (Banci et al., 2009) maintains 
a secondary structure content similar to the folded COX17 
as measured by circular dichroism (Banci et al., 2008), and  
(2) a theoretical docking between COX17 and MIA40 similar 
to that performed in this study for the small Tims and Mia40 
supports a good surface complementarity between the MISS/
ITS segment of COX17 and MIA40 (Banci et al., 2009).

How can the MISS/ITS work in the case of yeast Cox17 
in which the docking Cys is the fourth one? In the MISS/ITS 
sequence between Cys3 and -4 for the yeast protein (Fig. 6 A, 
first line), there is a Phe, Ile, and Tyr at positions 3, 4, and 7 
after the third Cys, rendering this region similar to the consen-
sus MISS/ITS of the small Tims (that has no His in position 7). 
Intriguingly, the other residues in this region of the yeast 
Cox17 all form pairs of opposite charges (four pairs of Lys 
and Glu), which could interact through salt bridges and allow 
the Phe, Ile, and Tyr to properly position the MISS/ITS in the 
cleft of Mia40. In this case, the yCox17 MISS/ITS functions 
upstream of the docking C57. Therefore, it appears that although 
there is a MISS/ITS in Cox17 that maintains the general struc-
tural features of the MISS/ITS, it functions downstream of  
the docking Cys for hCOX17 or upstream of the docking Cys 
for yCox17.

A MISS/ITS is present at the C-terminal 
end of Cox17
Is there a MISS/ITS present in Cox17 as well? Sequence align-
ment of Cox17 and small Tims does not reveal a MISS/ITS up-
stream of the COX17 docking C45, as would be expected by 
analogy to the Tims. However, such a motif became apparent 
downstream of the COX17 docking C45 (Fig. 6 A). Strictly 
conserved residues in this segment were at equal distances 
from the docking C45 as in the MISS/ITS of small Tims but 
downstream (positions 3, 4, and 7) and were thus aligned in 
the same face of the helical wheel projection with the dock-
ing Cys (Fig. 6 B). Therefore, this important structural feature 
of the MISS/ITS is maintained. To test whether the COX17 
MISS/ITS is indeed functional, the Leu and Ile at positions 
3 and 4 in COX17 (and conserved among Cox17 sequences) 
were mutagenized. This double mutant could not form a 
Mia40 intermediate (Fig. 6 C). At position 7, there is a Tyr in  
Saccharomyces cerevisiae Cox17 (also maintained as a Phe/Tyr 
in the small Tims at position 7), but this is a His in all 
higher eukaryotic Cox17 sequences. Mutating this His to Ala 
in COX17 in a triple L48/I49/H52A mutant showed a strik-
ing gain of function effect producing more intermediate with 
Mia40, arguing for the importance of a hydrophobic/aromatic 
residue in position 7. We should note two things concerning 

Figure 6. An ITS is present in the C-terminal end of Cox17. (A) Alignment of Cox17 ITS sequences from different eukaryotes. Strictly conserved residues 
in the ITS consensus are shaded gray and bolded. Colons indicate that conserved substitutions are observed, and asterisks indicate that the residues or 
nucleotides in the column are identical in all sequences in the alignment. (B) Helical wheel projection for the ITS of COX17 as in Fig. 5 A. (C) COX17 
mutants were imported and analyzed for mixed disulfide intermediate (interm) with Mia40 (arrowhead). wt, wild type.
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Swapping the MISS/ITS from the  
N- to the C-terminal end of Tim10  
does not affect targeting
The presence of the MISS/ITS at the C-terminal end of Cox17 
rather than at the N-terminal end, as for the small Tims, sug-
gested that its targeting function is independent of localization 
within the protein. Indeed, fusion of the ITS to the C terminus 
of the import-incompetent N39Tim10 (Fig. 7 A) restored  
import as well as its capacity to make a Mia40 intermediate 
(Fig. 7 B). Thus, the MISS/ITS can exert its targeting function 
independently of its localization within the targeted polypep-
tide. However, despite efficient import and interaction with 
Mia40, the N39Tim10-ITS fusion was rapidly degraded after 
import (in contrast to wild-type Tim10), presumably because of 
incomplete or improper folding. This behavior is reminiscent of 
the cyb2(1–85)N39Tim10 (Fig. 2 D). Therefore, the MISS/
ITS in N39Tim10-ITS is sufficient for translocation across the 
OM and for docking to Mia40, but it cannot lead to productive 
folding. The latter can apparently only occur when the MISS/
ITS is properly positioned N-terminally to the CX3C motifs.

The MISS/ITS can target Mia40-
independent and nonmitochondrial  
proteins to the organelle
We wanted to know whether the MISS/ITS can target effi-
ciently (a) mitochondrial proteins that are not substrates for 
Mia40 and (b) nonmitochondrial proteins. We first used Sue 
of ATPase (subunit e of yeast mitochondrial F1FoATPase), 
which is targeted to the inner membrane independently of 
Mia40 (Fig. 8 A; Tokatlidis et al., 1996; Everard-Gigot et al., 
2005). Deletion of the N-terminal end transmembrane anchor 
(N23Sue) abolished import of Sue. Fusion of the MISS/ITS 
of Tim10 to the N-terminal end of N23Sue (with Sue lack-
ing its unique endogenous C28 to avoid aberrant disulfides) 

Docking calculations using the data-driven docking 
program HADDOCK were performed to investigate the basis 
for selecting a different Cys in the Cox17–Mia40 complex 
formation in yeast with respect to human. Calculations were 
performed on both the yeast and human Mia40–Cox17 com-
plexes in which the second Cys of the CPC motif of Mia40 
was bound through a disulphide to either the C3 (Cys47 in 
COX17 or Cys45 in yCox17) or C4 (Cys57 in COX17 or Cys55  
in yCox17) of Cox17, thus resulting in two types of com-
plexes for each organism. From the analysis of the data  
(Table S1), it emerges that the yMia40–yCox17 complex in-
volving C4 of yCox17 (HADDOCK score 152.7) has, by far, a 
much better score than that involving C3 (cluster 1, HADDOCK 
score 127.4; cluster 2, HADDOCK score 121.3). On the 
contrary, the hMia40–hCox17 complex involving C3 of hCox17 
(HADDOCK score 88.7) has a better score than that involving  
C4 (cluster 1, HADDOCK score 66.6; cluster 2, HADDOCK 
score 56.0). Therefore, the docking data completely match 
the experimental results. From the comparison of the struc-
tural models of the best complexes for the two systems  
(i.e., yMia40yCox17 complex involving C4 of yCox17 vs. 
hMia40hCox17 complex involving C3 of hCOX17), it ap-
pears that their different interaction mode is dictated by the 
nature and steric hindrance of the residues of the MISS/ITS 
stretch involved in the interaction with the hydrophobic cleft 
of Mia40. Indeed, a Phe in yCox17 is changed to a Leu in 
hCOX17, and a Tyr in yCox17 is changed to a His in hCOX17. 
In particular, the Tyr in yCox17 is positioned close to two 
Phe residues of the Mia40 cleft, possibly engaging in strong 
stacking interaction, thus favoring the C4 interaction mode 
in yeast (Fig. S4). These results support the generality of  
the function of a MISS/ITS-dependent targeting mechanism 
for other substrates of the Mia40 pathway unrelated to the 
small Tims.

Figure 7. Swapping the ITS from the N- to the C-terminal 
end of Tim10 does not affect targeting. (A) Schematic rep-
resentation of the Tim10 ITS (zigzag line) and C-terminal 
end fusion to N39Tim10. wt, wild type. (B) N39Tim10-ITS 
was imported and analyzed for mixed disulfide inter-
mediate (interm) formation with Mia40.

http://www.jcb.org/cgi/content/full/jcb.200905134/DC1
http://www.jcb.org/cgi/content/full/jcb.200905134/DC1
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Fig. 8 D) was imported into mitochondria when fused with ITS 
at its N-terminal end, supporting the ability of MISS/ITS to 
target DHFR across the OM. However, no intermediate with 
Mia40 could be observed (Fig. 8 D), import was not affected 
when the mutant F33A ITS, which abolishes the interaction with 
Mia40 (Fig. 4 D), was used (Fig. 8 E), and finally, import into 
Mia40-depleted mitochondria was unaffected (Fig. 8 F). This 
suggested that although MISS/ITS ensured translocation across 
the OM, interaction with Mia40 did not occur or was not stable 
enough, which might lead to import into the matrix. Indeed, this 
was the case, as intramitochondrial localization of ITS-DHFR  
(Fig. S5 C) showed it remained intact in protease-treated mito-
plasts (similar to the endogenous matrix protein cpn10).

Thus, appending the ITS to the N-terminal end of a non-
physiological substrate for Mia40 is sufficient for translocation 
across the OM, which illustrates an important new function for 
the MISS/ITS signal, which is apparently Mia40 independent. 
In authentic Mia40 substrates, the OM translocation function is 
coupled to the Mia40-dependent oxidative folding of the sub-
strate. However, for nonmitochondrial proteins, although the 

restored import substantially (Fig. 8, A and B) and formed a  
-Me–sensitive Mia40 intermediate (Fig. 8 B) not observed for 
wild-type Sue (Fig. 8 A). Consistently, the ITS-N23Sue im-
port decreased substantially, and no intermediate was formed 
in Mia40-depleted mitochondria (Fig. 8 C). The low but mea-
surable amount of ITS-N23Sue still imported in this case 
(and is thus Mia40 independent) is attributable to the ability 
of the MISS/ITS to direct import across the OM (see next two 
paragraphs). As interaction with Mia40 suggested localization 
in the IMS, we tested this directly (Fig. S5 A). The Mia40 
intermediate and the monomeric ITS-N23Sue were largely 
degraded in mitoplasts treated with protease, indicating that 
they are accessible in the IMS.

To address the capacity of MISS/ITS to target nonmito-
chondrial proteins to the organelle, we used mouse dihydro-
folate reductase (DHFR), a small, well-folded protein used 
traditionally as a model in such experiments. As a control, fusion  
of the nontargeting 30 first residues of yeast ADP/ATP carrier 
N-terminally to DHFR did not allow significant import (Fig. S5 B).  
In contrast, a substantial amount of DHFR (around 10%;  

Figure 8. Fusion of the ITS can target to mitochondrial Mia40-independent substrates and nonmitochondrial proteins. (A) Import of Sue in wild-type mito-
chondria. (B) As in A for ITS-DHFR. interm, intermediate. (C) As in B but in Mia40-depleted mitochondria. (D) ITS-DHFR import as in A. (E) As in D but with 
the F33A Tim10 ITS mutant. (F) As in D but in Mia40-depleted mitochondria. (G) DHFR-ITS fusion and import as in D. The arrowhead indicates the Mia40 
mixed intermediate. (H) Immunoprecipitation after the import of DHFR-ITS with anti-Mia40 or preimmune serum (PI). (I) As in G but with the F33A Tim10 
ITS mutant. (J) As in G but in Mia40-depleted mitochondria.

http://www.jcb.org/cgi/content/full/jcb.200905134/DC1
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major role of hydrophobic interactions in the binding process. 
These data provide the first experimental support to the concept 
that the ITS–Mia40 interaction occurs primarily through hydro-
phobic interactions, underpinning the packing of the corresponding 
aromatic and aliphatic residues suggested by the theoretical 
docking in Fig. 5 B. They are also in full agreement with previ-
ous mutagenesis of the Mia40 substrate–binding cleft (Banci  
et al., 2009) and the mutagenesis of the substrate ITS presented 
in this study.

The thermodynamic noncovalent interactions between 
Tim10 and Mia40 were analyzed by ITC. As ITC data can 
be dominated by the strong energetic contribution of covalent 
bond formation, thus masking the lower contribution of non-
covalent interactions, N290Mia40SPS was used as explained 
in the previous paragraph. Tim10 was reduced as shown by  
AMS thiol-trapping experiments (Fig. S5 E). A clear inter-
action between N290Mia40SPS (injected) and wild-type Tim10 
(in the cuvette) was detected with a measured Kd of 3.3 µM 
(3.3 × 106 ± 0.7 × 106 M; G 7.42 kcal/mol; Fig. 9 D, 
top left), which is consistent with a specific interaction in vivo.  
Deletion of the first 30 residues of Tim10 (N30Tim10) low-
ered the affinity 19-fold (Kd 63 µM; 6.29 × 105 ± 0.14 × 
105 M; G 5.68 kcal/mol; Fig. 9 D, top right), a value still 
consistent with a physiologically relevant interaction. However, 
deletion of a further nine residues, thus entirely cleaving the 
ITS, completely abolished the interaction (Fig. 9 D, bottom left; 
background binding with Mia40 injected alone to the buffer 
 solution without any substrate in Fig. 9 D, bottom right). These 
results provide the first direct measurement of the affinity of 
the noncovalent interaction between Mia40 and one of its sub-
strates, are in agreement with the binding data (Fig. 9 A), and 
correlate well with the import and interaction of the relevant 
versions of Tim10 with Mia40 in organello (Fig. 2 B).

Discussion
Previous analyses of the Mia40-dependent oxidative folding 
showed that Mia40 recognizes specific cysteines in this pro-
cess based on studies with the small Tims showing that the first 
Cys of the CX3C motifs is crucial for docking (Milenkovic et 
al., 2007; Sideris and Tokatlidis, 2007). Binding of other sub-
strates remained a conundrum. We report the surprising finding 
that Cox17, a CX9C substrate, docks to Mia40 via its third or 
fourth Cys of the twin CX9C motifs, which is in sharp contrast 
to the small Tims. This clear difference can now be rational-
ized in the light of our identification of a novel targeting signal 
(the ITS) that is conserved among small Tims and Cox17 and 
allows a particular Cys, different in each substrate, to dock to 
Mia40. The ITS has several defined features. It is a 9-aa pep-
tide that is conserved among small Tims immediately upstream 
of their N-terminal end first Cys. The consensus sequence is 
X[Ar]XX[Hy][Hy]XXC. The Ar residue at position 7 relative 
to the first Cys is crucial as single mutagenesis of this residue 
abolishes targeting. The Hy at position 4 is also important 
but not crucial. The ITS tends to form a helix that aligns un-
charged/hydrophobic residues (in particular Ar and Hy at 7 
and 4 and 3) to the same side of the crucial docking Cys. 

ITS is sufficient for OM translocation, subsequent interaction 
with Mia40 is not always guaranteed. Conceivably, the ITS 
may not be accessible enough in well-folded protein domains 
like DHFR to bind to Mia40. This can be rationalized on the 
basis that MISS/ITS is not present at the very N-terminal end 
of physiological Mia40 substrates and that sequences upstream 
of ITS could enhance the interaction with Mia40. We alterna-
tively appended the ITS C-terminally to DHFR, as this could 
allow better accessibility of the ITS, which is in line with the 
result of N39Tim10-ITS (Fig. 7). Indeed, the DHFR-ITS  
fusion protein interacted efficiently with Mia40 (Fig. 8, G–J). 
It formed a -Me–sensitive intermediate upon import (Fig. 8 G) 
that was Mia40 specific (Fig. 8 H), abolished when the F33A 
mutant of ITS was used (Fig. 8 I), and absent from Mia40- 
depleted mitochondria (Fig. 8 J). Intramitochondrial localiza-
tion experiments confirmed that DHFR-ITS is in fact localized 
in the IMS (Fig. S5 D).

MISS/ITS-dependent binding to Mia40 is 
mediated by hydrophobic interactions of 
micromolar affinity
The discovery of the ITS targeting to Mia40, the crucial role of 
the hydrophobic residues as shown by mutagenesis, and the 
structural requirement for these to be on the same side of the 
MISS/ITS helix (supported by the theoretical modeling and the 
Cys mutagenesis experiments) all point to a key role of hydro-
phobic interactions in this targeting process. These noncovalent 
hydrophobic interactions must be strong enough to properly 
orient the substrate so that disulfide bonding can then occur in a 
second step locking the interaction with Mia40. To directly test 
the importance of these noncovalent hydrophobic interactions, 
we (a) evaluated in binding experiments in vitro the effect of 
salt and detergent and (b) measured the thermodynamics of the 
ITS-mediated interaction of the substrate with Mia40 by iso-
thermal titration calorimetry (ITC). For these experiments, we 
used N290Mia40SPS, which (a) lacks the first 290 residues 
that are not important for interaction and dispensable in vivo 
(unpublished data) and (b) has both cysteines of the active site 
CPC exchanged to Ser so that it maintains its capacity for non-
covalent interaction with the substrate without making the sub-
sequent covalent disulfide bonding with the substrate.

Binding in vitro was tested in pull-downs of different radio-
actively labeled precursors onto pure, His-tagged N290Mia40SPS 
immobilized on Ni beads. The results (Fig. 9 A) are in agree-
ment with those from import assays. Wild-type Tim10 binds 
substantially as expected; deletion of the first 30 residues weak-
ens binding to some extent, but entirely eliminating MISS/ITS 
(N39) completely abolishes binding. Similar results were ob-
tained with the N23Sue precursor, for which substantial bind-
ing was detected only when the MISS/ITS was N-terminally 
fused to N23Sue. Because this in vitro assay for noncovalent 
binding of precursors to Mia40 faithfully reflects binding in or-
ganello (Figs. 2 and 8), we tested the effect of salt and detergent 
in this assay. Salt did not seem to influence the interaction up to 
500 mM NaCl (Fig. 9 B), confirming that ionic interactions are 
not crucial. In contrast, increasing detergent concentration 
weakened the interaction substantially (Fig. 9 C), arguing for a 
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Figure 9. The noncovalent ITS-dependent binding of substrates to Mia40 is mediated by hydrophobic interactions. (A) Purified His-tagged N290Mia40SPS 
was bound to Ni2+-NTA beads. 35S-labeled proteins were incubated with Ni-NTA beads with or without N290Mia40SPS at 15°C for 2 h. (B) 35S-labeled 
Tim10 was incubated with Ni-NTA bead–immobilized N290Mia40SPS for 2 h at 30°C in the presence of 50, 150, or 500 mM NaCl. (C) As in B, but 
binding was performed in the presence of 0.01, 0.05, 0.1, or 0.5% Triton X-100. (D) ITC of 0.25 mM N290Mia40SPS alone (bottom right) or with 
0.025 mM of wild-type (WT) Tim10 (top left), Tim10 N30 (top right), or Tim10 N39 (bottom left).
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feature with the typical matrix-targeting signal, which may ac-
count for the capacity of ITS to cross the OM. In contrast, the 
ITS is much shorter, and its functionality relies mainly on the 
hydrophobic residues and the crucial Cys in contrast to the 
matrix-targeting signal, where both hydrophobicity and charge 
are important (Abe et al., 2000). One other ITS was reported 
for the cytochrome c heme lyase but is not present in other 
proteins and has very different properties from the ITS (60 
residues long and strongly hydrophilic; Diekert et al., 1999). 
During preparation of our manuscript, Milenkovic et al. (2009) 
reported the identification of the MISS targeting signal in 
Tim9 and -10. This partially overlaps with the ITS signal se-
quence reported in this study, with good agreement between 
the data. In our study, identification of ITS in the small Tims 
provided the starting point to additionally (a) identify such a 
signal in different substrates, (b) solve the conundrum of how 
different substrates are recognized equally well by Mia40, and 
(c) dissect the structural and biophysical basis of this recogni-
tion process.

The noncovalent protein–protein interactions that are cru-
cial for Mia40 binding and precede the covalent Cys docking 
were found to be primarily hydrophobic, as they were not  
affected by salt but were substantially competed by detergent  
in vitro. These results are in line with the theoretical docking  
experiments for a putative complex of different types of sub-
strates (Tims or Cox17) with Mia40, in which hydrophobic 
packing of interacting residues seems to play a major role.

We measured for the first time the affinity of the non-
covalent binding of the substrate to Mia40 by ITC. It was found 
that Tim10 had a strong noncovalent thermodynamic affinity to 
Mia40, indicating a specific recognition of Tim10 by Mia40 
before the redox chemistry can take place. This also makes 
sense thermodynamically, as the subsequent interaction of a 
folded (oxidized) Tim10 with its partner Tim9 is two orders of 
magnitude stronger with a Kd of 30 nM (Lu et al., 2004), and 
thus, the entire process can be thermodynamically driven by a 
cascade of increasing affinities. The initial interaction that 
guides the substrate to Mia40 is mainly caused by the MISS/
ITS, as cleavage of this segment (N39Tim10) completely 
abolishes binding. The fact that binding is decreased but still 
measurable for N30 suggests that the upstream 30 residues 
potentially stabilize the MISS/ITS structure for optimal inter-
action within the Mia40 cleft.

We propose a working model (Fig. 10) whereby the 
MISS/ITS has a dual function: first it guides the precursors 
through the OM, and then it orients them via hydrophobic 
interactions to the cleft of Mia40. The latter reflects the recogni-
tion by Mia40 (step 1: sliding step, ITS guided and noncova-
lent) and provides the basis for the receptor function of Mia40 
in the IMS. Juxtaposition of the correct substrate-docking Cys 
to the active site Cys of Mia40 is a consequence of this initial 
recognition process, which thereby allows the correct disul-
fide to be formed (step 2: docking step, Cys dependent and  
covalently bound). Correct Cys priming in each substrate as 
determined by the ITS provides a mechanistic framework  
for the key role of Mia40 in the mitochondrial oxidative fold-
ing pathway.

A theoretical docking of the ITS onto the substrate-binding 
cleft of Mia40 shows (a) very good surface complementarity 
(buried surface area of 1,471 Å2 or 2,090 Å2 for TIM9–Mia40 
and TIM10–Mia40 complexes, respectively) and (b) stabilizing 
hydrophobic interactions between the crucial elements of ITS 
and aliphatic side chains in the substrate cleft of Mia40. Cys-
scanning experiments provided independent support to the con-
cept that the ITS must fold in its interaction with Mia40. This 
structural, rather than simply sequential, feature of the ITS led 
us to look for such a signal in the vicinity of the docking Cys 
C45 of COX17, identifying it just downstream of C45, which is a 
striking result. Underscoring the importance of the precise nature 
of the residues in the ITS stretch, we found that in yCox17, this 
signal is oriented in such a way in the cleft of Mia40 that the last 
Cys of the twin CX9C motif is primed for docking to Mia40. 
The identification of the ITS for Cox17 agrees with the theoreti-
cal docking for a putative complex between COX17 and MIA40 
(Banci et al., 2009). Interestingly, both Tims and Cox17 are ori-
ented in the Mia40 substrate cleft similarly and perpendicularly 
to the two helices 2 and 3 of the Mia40 core. Also, the length 
of the ITS (9 aa) fits exactly to the substrate-binding cleft, ending 
up in the crucial Cys pair between the substrate and Mia40.

The variable positioning of the ITS in different Mia40 
substrates suggested that it functions independently. Swapping 
the ITS to the C-terminal end of Tim10 without affecting tar-
geting indeed proved this point. Further, fusing the ITS to either  
a mitochondrial protein that is not a substrate for Mia40 (Sue 
of ATPase) or a nonmitochondrial protein (DHFR) was suffi-
cient for targeting. The results were more compelling in the 
case of a C-terminal fusion of the ITS to DHFR, presumably 
because in this case (as in the N23TIM10-ITS), the ITS  
sequence is more accessible for binding to Mia40. The  
N-terminal end fusion ITS-DHFR retained the ability for com-
plete translocation across the OM, illustrating this new role for 
the ITS, which is Mia40 independent. This analysis allowed us 
to uncouple the two events of translocation across the OM and 
Mia40-dependent folding, which are tightly coupled for au-
thentic Mia40 substrates.

Having identified the ITS as the crucial targeting element 
in the Mia40 pathway, we checked for ITS-like signals in the 
known and predicted substrates of Mia40 (Table S2). The crite-
ria for defining a sequence as a putative ITS were (a) a length of 
9 aa upstream or downstream of the Cys and (b) the presence of 
one aromatic and one hydrophobic residue at positions 4 and 7. 
For the 15 known/predicted Mia40 substrates (Gabriel et al., 
2007), we discovered at least one ITS identified (Table S2), 
with the exception of only yTim13. In light of the results for 
yeast and human Cox17, the putative ITS identified in Table S2 
may be oriented in different ways in the cleft of Mia40. In any 
case, though, this signal primes a unique Cys for interaction 
with Mia40. Therefore, it appears that the presence of ITS is 
quite general. Furthermore, it appears that in CX3C substrates, 
ITS signals prime preferentially the first Cys for docking, 
whereas in CX9C substrates, this is less strict but with a prefer-
ence for priming one of the C-terminal end cysteines.

The ITS expands the repertoire of mitochondrial-targeting 
signals. Its propensity to form an amphipathic helix is a common 

http://www.jcb.org/cgi/content/full/jcb.200905134/DC1
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translation purposes. Yeast Mia40 N290 containing a double Cys to 
Ser substitution at the CPC catalytic center was cloned in pET22 (EMD) 
for bacterial periplasmic expression with a C-terminal His6 tag by PCR 
from pGEX/yMia40SPS (Banci et al., 2009). Amino acid substitutions for 
COX17, yeast Cox17, and yeast Tim10 were generated by PCR-based 
site-directed mutagenesis (QuikChange site-directed mutagenesis kit; Agi-
lent Technologies) from pSP64-based plasmids containing the COX17, 
yeast Cox17, and yeast Tim10 gene, respectively. Primer design and the 
PCR conditions were performed according to the manufacturer’s guide-
lines. The mutations were verified by sequencing reactions.

Import in yeast mitochondria
35S-labeled precursor proteins were synthesized using the TNT SP6-coupled 
transcription/translation kit (Promega). The radioactive material was im-
ported in 50–100 µg of wild-type yeast mitochondria in the presence of  
2 mM ATP and 2.5 mM NADH for the indicated time points at 30°C. Mito-
chondria were then resuspended in 1.2 M sorbitol and 20 mM Hepes,  
pH 7.4, followed by a treatment with 0.1 mg ml1 proteinase K with or 
without 1% (vol/vol) Triton X-100 to remove unimported material. Finally, 
they were resuspended in Laemmli sample buffer with or without -Me as 
indicated, analyzed by SDS-PAGE, and visualized by digital autoradiog-
raphy (Molecular Dynamics).

BN analysis of imported precursor
After import of radioactive 35S-labeled protein in wild-type mitochondria, 
the samples were solubilized in 0.16% N-dodecylmaltoside buffer (50 mM 
NaCl, 10% glycerol, 20 mM Hepes/KOH, pH 7.4, 2.5 mM MgCl2, 1 mM 
EDTA, and 1 mM PMSF) for 30 min on ice. The solubilized material was 
separated by a 20-min centrifugation at 100,000 g, which was then 
loaded on 6–16% gradient BN electrophoresis gel (Schägger and  
von Jagow, 1991; Schägger et al., 1994). The radioactive material was de-
tected by autoradiography. For antibody depletion, the solubilized mate-
rial was incubated with antibodies against Mia40 for 20 min on ice and 
then with protein A–Sepharose beads (GE Healthcare) for 20 min on ice. 
The unbound material was separated by centrifugation at 2,500 g for  
2 min before loading on the gradient BN gel.

Coimmunoprecipitation of imported precursor in mitochondria
After import of radioactive 35S-labeled protein in wild-type mitochondria  
for 10 min at 30°C, the samples were treated with 0.1 mg ml1 proteinase K  
to remove unimported material. Mitochondria were then resuspended in  

Materials and methods
Isolation of mitochondria
Wild-type mitochondria and Mia40-depleted mitochondria were iso-
lated from the S. cerevisiae strain D273-10B (MAT-) and from the GAL-
Mia40 strain as described previously (Daum et al., 1982; Glick, 1991; 
Banci et al., 2009) The yeast strains were grown at 30°C in medium 
containing 1% (wt/vol) yeast extract, 2% (wt/vol) bacto-peptone, and 
2% lactate (vol/vol) pH adjusted to 5.5 (YPL). In the case of the GAL-
Mia40 strain, 0.2% glucose was added to maintain the suppression of 
the endogenous gene.

Generation of mutant substrate proteins
Truncated versions of yeast Tim10, -9, and -12 were amplified by PCR and 
cloned into a pSP64 vector (Promega) downstream of the SP6 promoter 
for in vitro transcription/translation purposes. For the N-terminal deletions,  
a Met was added at position 1. To improve 35S labeling, three methionines 
were added at the C terminus where necessary. The sequence encod-
ing the first 85 aa of cyb2, which constitutes its IMS-targeting sequence 
(Glick et al., 1992; Beasley et al., 1993; Schwarz et al., 1993), was 
then cloned upstream of N39Tim10, N28Tim12, and N39Tim12 in 
pSP64. The cyb2-targeting sequence was amplified from pSM4 (a gift 
from B. Glick, University of Chicago, Chicago, IL) by PCR using appro-
priate primers. For complementation in the yeast GAL-Tim12 strain, the 
whole cyb2N28Tim12 and cyb2N39Tim12 cassette was subcloned 
from pSP64 into pRS316, which contains the promoter and terminator 
of yeast Tim12. ITS-N23 (C28S) Sue fusion was generated by PCR 
using a primer that amplified the truncated segment of Sue containing 
a Cys to Ser substitution at position 28 and contained the 32–40-aa 
segment of yeast Tim10 as a 5 overhang. The fusion protein ITS-DHFR 
was amplified by PCR using as template the vector pQE16-DHFR  
(QIAGEN). The primer at the 5 end contained the 32–40-aa segment 
of yeast Tim10 as an overhang. The fusion protein DHFR-ITS was ampli-
fied by PCR using as template the vector pQE16-DHFR (QIAGEN) with a 
primer that contained at the 3 end the 32–40-aa segment of yeast Tim10 
as an overhang. The fusion proteins ITS-F33A-DHFR and DHFR-ITS-F33A 
were cloned as ITS-DHFR and DHFR-ITS, respectively, but the primer con-
tained the 32–40-aa segment of yeast Tim10 with a Phe substitution to 
Ala at position 33, which refers to the amino acid residue of the wild-type 
yeast Tim10. All fusion inserts were cloned in pSP64 for in vitro transcription/

Figure 10. Sliding–docking model for the interaction of substrates with Mia40. (step 1, sliding) The substrate slides onto Mia40, where it is oriented by 
the MISS/ITS through noncovalent, mainly hydrophobic interactions in the cleft of Mia40. The correct Cys of the substrate is thus primed to make the 
disulfide with Mia40. (step 2, docking) The substrate now docks onto Mia40 via the covalent mixed disulfide bond between the substrate-docking Cys and 
the juxtaposed active site Cys of Mia40. Finally, complete oxidation releases the substrate in a folded state. IM, inner membrane.
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of the transient complex between human MIA40 and human TIM9 and 
between human MIA40 and human TIM10 were obtained with the 
HADDOCK program (Dominguez et al., 2003), combining mutagenesis 
analysis with in silico docking. Indeed, we constrained the modeling, 
taking account of the mutational analysis data for MIA40 (Banci et al., 
2009) and for the Tims (reported in this study) as well as the experi-
mental data that the N-terminal Cys of the Tims makes a disulfide pair 
with C55 of MIA40 (Milenkovic et al., 2007; Sideris and Tokatlidis, 
2007). The structures of MIA402S-S (PDB ID 2K3J) and fully reduced 
TIM9 and -10 were used as input. The fully reduced TIM9 and -10 struc-
tures were generated from the human TIM9–TIM10 complex structure 
(PDB ID 2BSK) by removing the two disulphide bridges from the fully 
oxidized TIM9 and -10 protomer structures and randomly opening the 
two  helices. The residues engaged in the MIA40 interaction for TIM9 
and -10, obtained by site-directed mutagenesis combined with in vitro 
and in vivo assays using the almost identical yeast homologues, were 
Tyr21, Leu24, and Cys28 and Tyr22, Met25, and Cys29, respectively. 
Corresponding residues for MIA40 engaged in interaction were Cys55, 
Leu56, Met59, Phe72, Phe75, Phe91, and Met94, which were similarly 
obtained from site-directed mutagenesis combined with in vitro and in 
vivo assays (Banci et al., 2009). A disulphide bond between Cys28 
for TIM9 or Cys29 for TIM10 and Cys55 of MIA40 was also imposed 
in docking calculations. Structural models of the complexes between 
yCox17 and yMia40 and between COX17 and MIA40 were obtained 
with the HADDOCK program after the same aforementioned procedure. 
The structures of human MIA40 (PDB ID 2K3J) and yeast Mia40 (PDB ID 
2ZXT) were used as input in the human and yeast complexes, respec-
tively. The residues engaged in the Mia40 interaction for COX17 and 
yCox17, obtained by site-directed mutagenesis combined with in vitro 
and in vivo assays (Banci et al., 2009; this study), were Leu48, Ile49, 
His52, and Cys45 and Phe50, Ile51, Tyr54, and Cys57, respectively.  
A disulphide bond between Cys45 for COX17 or Cys57 for yCox17 and 
Cys55 of MIA40 or Cys298 of yMia40, respectively, was also imposed 
in docking calculations.

Miscellaneous
Complementation in the yeast strain GAL-Tim12 was performed as de-
scribed previously (Lionaki et al., 2008). In brief, the GAL-Tim12 strain 
was transformed with the pRS316 plasmid harboring the corresponding 
genes (fusion constructs cyb2N28Tim12 and cyb2N39Tim12) under 
the control of the endogenous Tim12 promoter. The transformed clones 
were grown in minimal medium containing 0.2% GAL and then shifted to 
0.2% glucose for 36 h before the complementation test. The same dilution 
of cells was dropped on either SC or SG plates (minimal medium with 
0.2% glucose or 0.2% GAL, respectively) and incubated at 30°C for 4 d. 
SDS-PAGE was performed according to standard procedures. For the sep-
aration of proteins below 15 kD, Tris-Tricine SDS-PAGE was applied (Allen 
et al., 2003). Quantification of radioactive bands was performed using 
the Image Quant software (Molecular Dynamics), and error bars were 
generated by quantification of at least three independent experiments. In 
some figures, nonrelevant gel lanes were excised by digital treatment. 
Western blots were performed on nitrocellulose membranes according to 
standard procedures.

Online supplemental material
Fig. S1 shows the interaction of COX17 and its Cys mutants with Mia40 
in mitochondria. Fig. S2 shows the interaction of yeast Cox17 and its Cys 
mutants with Mia40 in mitochondria. Fig. S3 shows the import controls as 
a percentage of the translation mix used for import. Fig. S4 shows the theo-
retical modeling of the yeast Cox17 docking to the yeast Mia40 substrate–
binding cleft using HADDOCK. Fig. S5 shows the localization of ITS fusion 
constructs in wild-type mitochondria. Table S1 lists the calculated param-
eters of the data-driven docking of substrates to Mia40. Table S2 shows the 
prediction of ITS in Mia40 substrates. Online supplemental material is avail-
able at http://www.jcb.org/cgi/content/full/jcb.200905134/DC1.
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lysis buffer (150 mM NaCl, 10 mM Tris, pH 7.4, 0.5% Triton X-100, and 
1% SDS) and boiled for 5 min at 95°C. The sample was then diluted  
20 times with immunoprecipitation buffer (150 mM NaCl, 10 mM Tris,  
pH 7.4, and 0.5% Triton X-100) and incubated with antibodies against 
Mia40 and protein A–Sepharose beads for 2 h at 4°C. The bound mate-
rial on the beads was washed three times with immunoprecipitation buffer 
and then resuspended in Laemmli sample buffer. The immunoprecipitated 
material was analyzed under reducing and nonreducing SDS-PAGE and 
visualized by digital autoradiography.

Protein purification
Recombinant proteins were expressed in the Escherichia coli BL21(DE3) 
strain from pET22a (N290Mia40SPS) or pGEX (wild type, N30, 
and N39 Tim10 as a GST fusion) constructs. Cells carrying the 
pET22N290Mia40SPS plasmid were harvested after induction with  
0.4 mM IPTG for 3 h at 37°C. Cells were then resuspended in buffer A 
(150 mM NaCl and 50 mM Tris HCl, pH 7.4) and sonicated for 5 min 
at 50% amplification. Samples were centrifuged for 30 min at 4°C and 
21,000 g. Protein was purified from the soluble fraction. 15 mM imidaz-
ole was added and then loaded onto Ni–nitrilotriacetic acid (NTA) resin 
(QIAGEN) using 2.5 ml of resin per liter of culture. Ni-NTA resin was 
washed in buffer A + 50 mM imidazole. Then, the protein was eluted by 
buffer A + 300 mM imidazole. Eluted protein was further purified by anion 
exchange chromatography on a MonoQ HR 5/5 column (GE Healthcare). 
Cells carrying the pGEX constructs were harvested after induction with  
0.4 mM IPTG overnight at 18°C. Cells were then resuspended in buffer A 
and sonicated for 5 min at 50% amplification. Samples were centrifuged 
for 30 min at 4°C and 21,000 g. The soluble fraction was incubated with 
1 ml of swollen glutathione beads per liter of culture overnight or for 6 h 
at 4°C. Beads were washed with buffer A and then eluted with buffer A + 
50 mM reduced glutathione. Then, 5 U/ml thrombin was added and left 
to cut the GST tag overnight or for 6 h at 0°C. The cleaved fussed protein 
was isolated from the GST tag by gel filtration with a Superdex75 column 
(GE Healthcare).

Ni-NTA beads pull-down assay
Purified recombinant N290Mia40SPS was incubated with Ni-NTA beads 
(QIAGEN) for 20 min at 4°C. 1 µg of pure protein was used per 1 µl 
of beads. The beads were washed with binding buffer (150 mM NaCl,  
50 mM Tris, pH 7.4, 15 mM imidazole, 0.1% BSA, and 0.01% Triton 
X-100). 35S-labeled proteins were produced using the TNT SP6-coupled 
transcription/translation kit. After the reaction, the lysates were treated 
with saturated (NH4)2SO4 solution for 20 min in ice and centrifuged for 
20 min at 16,000 g to precipitate the 35S-labeled protein and remove the 
globins of the lysates. After precipitation, the pellet was resuspended in 
denaturing buffer (8 M urea, 150 mM NaCl, 50 mM Tris HCl, pH 8.0, 
and 1 mM DTT) in a volume equal to the volume of the lysates before 
precipitation and incubated for 1 h at room temperature. The denatured 
35S-labeled proteins were incubated with Ni-NTA beads equilibrated in 
binding buffer with or without N290Mia40SPS (5 µl of denatured pro-
tein, 20 µl of beads, and 175 µl of binding buffer) for 2 h at the indicated 
temperature. After incubation, the beads were collected by centrifugation 
and washed three times with 180 µl of binding buffer. The bound material 
was resuspended in Laemmli sample buffer, separated by SDS-PAGE, and 
visualized by autoradiography.

ITC
ITC was used to measure the association constant, enthalpy (H), en-
tropy (S), and free energy (G) changes of Tim10 variants binding to 
N290Mia40SPS. At least two independent measurements of the re-
action were made at 25°C. All experiments were performed on VP-ITC 
microcalorimetry (MicroCal). Protein samples were extensively dialyzed 
against 50 mM KPi, pH 7.4, for 12 h at 4°C. To ensure full reduction 
of the proteins, they were incubated for 1 h with 10 mM TCEP (Tris 
[2-carbxyethyl]phosphine) at 4°C and then dialyzed for 1 h with 50 mM 
KPi, pH 7.4, and 1 mM TCEP at 4°C to make sure that the proteins were 
in the same buffer conditions. Tim10, N30, and N39 were used at  
0.025 mM, and N290Mia40SPS was injected at 0.25 mM at 15-s inter-
vals. The concentration of the proteins was determined spectrophotometri-
cally using their respective extinction coefficients.

Helical wheel projection and HADDOCK
Helical wheel representations were made using the helical wheel viewer 
for  helices from the University of Virginia in Charlottesville (http://cti 
.itc.virginia.edu/~cmg/Demo/wheel/wheelApp.html). Structural models  
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