
1

Κεφάλαιο 18

Οξειδωτική φωσφορυλίωση

Δρ. Νικόλαος Ελευθεριάδης, Επίκουρος Καθηγητής, Τμήμα Χημείας

Βιοχημεία I

Χρειαζόμαστε 83kg ATP σε μια ημέρα
Έχουμε 250g διαθέσιμα

Κάθε μόριο ΑΤΡ ανακυκλώνεται περίπου
300 φορές ημερησίως.

Η οξείδωση καύσιμων μορίων και η
σύνθεση της ΑΤΡ είναι συζευγμένες
μέσω μιας βαθμίδωσης συγκέντρωσης
πρωτονίων μεταξύ δύο πλευρών της
εσωτερικής μιτοχονδριακής μεμβράνης.
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18.0 Εισαγωγή

Εποπτική εικόνα της οξειδωτικής φωσφορυλίωσης
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  Oxidative Phosphorylation  

  T   he amount of ATP that human beings require to go about their lives is 
staggering. A sedentary male of   70 kg   (  154 lbs  ) requires about 8400 kJ 

(2000 kcal) for a day’s worth of activity. To provide this much energy 
requires   83 kg   of ATP. However, human beings possess only about   250 g   
of ATP at any given moment. The disparity between the amount of ATP 
that we have and the amount that we require is compensated by recycling 
ADP back to ATP. Each ATP molecule is recycled approximately 300 
times per  day. This recycling takes place primarily through   oxidative 
phosphorylation.  

  We begin our study of oxidative phosphorylation by examining the oxi-
dation–reduction reactions that allow the flow of electrons from NADH 
and FADH  2   to oxygen. The electron flow takes place in four large protein 
complexes that are embedded in the inner mitochondrial membrane, 
together called the   respiratory chain   or the   electron-transport chain  .  

NADH 1 1y2 O2 1 H1 ¡ H2O 1 NAD1

DG89 5 2220.1 kJ mol21 (252.6 kcal mol21)

  The overall reaction is exergonic. Importantly, three of the complexes of the 
electron-transport chain use the energy released by the electron flow to 
pump protons out of the mitochondrial matrix. In essence, energy is trans-
formed. The resulting unequal distribution of protons generates a pH gradi-
ent and a transmembrane electrical potential that creates a   proton-motive 
force  . ATP is synthesized when protons flow back to the mitochondrial 
matrix through an enzyme complex.  

ADP 1 Pi 1 H1 S ATP 1 H2O
DG89 5 130.5 kJ mol21 (17.3 kcal mol21)

  Mitochondria, stained green, form a network inside a 
fibroblast cell (left). Mitochondria oxidize carbon fuels to 
form cellular energy in the form of ATP.     [(Left) Courtesy of 
Michael P. Yaffee, Department of Biology, University of 
California at San Diego.]  
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Delivered by
blood flow

Αντιδράσεις οξειδοαναγωγής, που
επιτρέπουν την ροή e- από το NADH και το
FADH2 προς το Ο2

Λαμβάνει χώρα σε 4 μεγάλα συμπλέγματα
πρωτεϊνών που βρίσκονται βυθισμένα
στην εσωτερική μεμβράνη των
μιτοχονδρίων και συλλογικά ονομάζονται
αναπνευστική αλυσίδα ή αλυσίδα
μεταφοράς ηλεκτρονίων
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18.0 Εισαγωγή

Εποπτική εικόνα της οξειδωτικής φωσφορυλίωσης

Τρία από τα συμπλέγματα αντλούν Η+ από
τη μιτοχονδριακή μήτρα προς τον
διαμεμβρανικό χώρο

1) Βαθμίδωση pH και 2) μια μεμβρανική
διαφορά δυναμικού, ώστε να παραχθεί
μια πρωτονιοκίνητη δύναμη

Η ΑΤΡ συντίθεται όταν τα Η+ ρέουν προς
την μιτοχονδριακή μήτρα μέσω ενός
ενζυμικού συμπλέγματος (της συνθάσης
της ΑΤΡ)
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18.0 Εισαγωγή

Εποπτική εικόνα της οξειδωτικής φωσφορυλίωσης

Η παραγωγή ηλεκτρονίων υψηλού
δυναμικού μεταφοράς στον κύκλο του
κιτρικού οξέος, η ροή τους μέσω της
αναπνευστικής αλυσίδας και η
συνοδεύουσα σύνθεση της ΑΤΡ
ονομάζονται στο σύνολο τους κυτταρική
αναπνοή ή αναπνοή.
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18.1 Η οξειδωτική φωσφορυλίωση στους ευκαρυωτικούς οργανισμούς λαμβάνει χώρα στα μιτοχόνδρια

Τα μιτοχόνδρια περιβάλλονται από μια διπλή μεμβράνη

• Ωοειδή οργανίδια που έχουν συνήθως
μήκος 2 μm και διάμετρο 0,5 μm,
δηλαδή έχουν διαστάσεις βακτηρίου

• Μια εξωτερική μεμβράνη

• Μια μεγάλων διαστάσεων εσωτερική
μεμβράνη

• Στην μήτρα πραγματοποιούνται οι
περισσότερες αντιδράσεις του κύκλου
του κιτρικού οξέος

• Στην εσωτερική μεμβράνη η οξειδωτική
φωσφορυλίωση
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18.1

Τα μιτοχόνδρια και τα βακτήρια



7Δρ. Νικόλαος Ελευθεριάδης, Επίκουρος Καθηγητής, Τμήμα Χημείας

18.2 Η οξειδωτική φωσφορυλίωση εξαρτάται από τη μεταφορά ηλεκτρονίων

Το δυναμικό μεταφοράς ηλεκτρονίων μετράται ως
δυναμικό οξειδοαναγωγής (ή δυναμικό αναγωγής)

Ένα ισχυρό αναγωγικό αντιδραστήριο (π.χ. NADH)
είναι σε θέση να δώσει ηλεκτρόνια και έχει αρνητικό
δυναμικό αναγωγής

Ένα ισχυρό οξειδωτικό αντιδραστήριο (π.χ. Ο2) είναι
έτοιμο να δεχθεί ηλεκτρόνια και έχει θετικό δυναμικό
αναγωγής
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textbooks, except that a hydrogen ion concentration of 10  2  7   M (pH 7) 
instead of   1 M   (pH 0) is the standard state adopted by biochemists. This 
difference is denoted by the prime in   E  !  0  . Recall that the prime in   D  G  89   
denotes a standard free-energy change at pH 7.  

  The standard free-energy change   D  G  89   is related to the change in reduc-
tion potential   D  E  9  0   by  

  ¢G89 5 2nF¢E90  

  in which   n   is the number of electrons transferred,   F   is a proportionality 
constant called the   Faraday constant   [96  .  48 kJ mol  2  1   V  2  1     (23  .  06 kcal mol  2  1   
V  2  1  )],     D  E  9  0   is in volts, and   D  G  89   is in kilojoules or kilocalories per mole.  

    The free-energy change of an oxidation–reduction reaction can be read-
ily calculated from the reduction potentials of the reactants. For example, 
consider the reduction of pyruvate by NADH, catalyzed by lactate dehy-
drogenase. Recall that this reaction maintains redox balance in lactic acid 
fermentation (Figure 16.11).  

   Pyruvate 1 NADH 1 H1 ∆ lactate 1 NAD1   (A)  

  The reduction potential of the NAD  1     :     NADH couple, or half-reaction, is 
  2  0.32 V, whereas that of the pyruvate:lactate couple is   2  0.19 V. By conven-
tion, reduction potentials (as in Table 18.1) refer to partial reactions written 
as reductions: oxidant   1   e  2     S     reductant  .   Hence,  

   Pyruvate 1 2 H1 1 2 e2 S lactate      E90 5 20.19 V      (B)  
    NAD1 1 H1 1 2 e2 S NADH     E90 5 20.32 V    (C)  

  To obtain reaction A from reactions B and C, we need to reverse the direc-
tion of reaction C so that NADH appears on the left side of the arrow. In 
doing so, the sign of   E  !  0   must be changed.  

   Pyruvate 1 2 H1 1 2 e2 S lactate      E90 5 20.19 V    (B)  
    NADH S NAD1 1 H1 1 2 e2     E90 5 10.32 V   (D)  

  For reaction B, the free energy can be calculated with   n     5   2.  

   ¢G89 5 22 3 96.48 kJ mol21 V21 3 20.19 V   
    5 136.7 kJ mol21(18.8 kcal mol21)   

  Likewise, for reaction D,  

   ¢G89 5 22 3 96.48 kJ mol21 V21 3 10.32 V   
    5 261.8 kJ mol21(214.8 kcal mol21)   

  Thus, the free energy for reaction A is given by  

   ¢G89 5 ¢G89 (for reaction B) 1 ¢G89 (for reaction D)  
    5 136.7 kJ mol21 2 61.8 kJ mol21   
    5 225.1 kJ mol21(26.0 kcal mol21)   

  A 1.14-volt potential difference between NADH and molecular 
oxygen drives electron transport through the chain and favors the 
formation of a proton gradient  

  The driving force of oxidative phosphorylation is the electron-transfer 
potential of NADH or FADH  2   relative to that of O  2  . How much energy is 
released by the reduction of O  2   with NADH? Let us calculate   D  G  89   for this 
reaction. The pertinent half-reactions are  
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18.3 Η αναπνευστική αλυσίδα

Τα συστατικά της αλυσίδας μεταφοράς ηλεκτρονίων (4 σύμπλοκα)
• 3 αντλίες Η+

• Φυσική σύνδεση με τον κύκλο του κιτρικού οξέος

Τα ηλεκτρόνια ρέουν σε μια βαθμίδωση ενέργειας από το NADH στο Ο2

Διαμεμβρανικός Χώρος

Fe-S

Αίμη bL
Αίμη C1
Fe-S

Fe-S
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18.3 Η αναπνευστική αλυσίδα

Συνένζυμο Q (ουβικινόνη)

Εξειδικευμένοι φορείς ηλεκτρονίων μεταφέρουν
ηλεκτρόνια από το ένα σύμπλοκο στο επόμενο
(συζευγμένα με πρόσδεση και απελευθέρωση Η+)

Γιατί η 
αλυσίδα 

ισοπρενίου;

• Δεξαμενή Q και QΗ2 (εσωτερική μιτοχονδριακή μεμβράνη)
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18.3 Η αναπνευστική αλυσίδα

Σύμπλοκα σιδήρου-θείου είναι κοινά συστατικά της αλυσίδας μεταφοράς ηλεκτρονίων (αντιδράσεις οξειδοαναγωγής)

Fe-S 2Fe-2S

4Fe-4S

Αλλάζουν το σθένος τους μεταξύ Fe2+ (ανηγμένα) και Fe3+ (οξειδωμένα)
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18.3 Η αναπνευστική αλυσίδα

Τα ηλεκτρόνια υψηλού δυναμικού του NADH εισέρχονται στην αναπνευστική αλυσίδα μέσω της οξειδοαναγωγάσης του

ζεύγους NADH-Q (Σύμπλοκο Ι)

• Η ροή 2 e- από το NADH στο συνένζυμο Q οδηγεί στην άντληση 4

Η+ έξω από τη μήτρα του μιτοχονδρίου

• Το Q2- προσλαμβάνει 2 Η+ από τη μήτρα καθώς ανάγεται σε QH2
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the central and peripheral nervous as well as the heart and skeletal system. 
Severe cases lead to death in young adult life. The most common mutation 
is trinucleotide expansion (Section 28.5) in the gene for frataxin.  

  The high-potential electrons of NADH enter the respiratory chain 
at NADH-Q oxidoreductase  

  The electrons of NADH enter the chain at   NADH-Q oxidoreductase   
(also  called   Complex I   and   NADH dehydrogenase  ), an enormous enzyme 
(  .  900 kDa) consisting of approximately 46 polypeptide chains. This pro-
ton pump, like that of the other two in the respiratory chain, is encoded by 
genes residing in both the mitochondria and the nucleus. NADH-Q oxido-
reductase is L-shaped, with a horizontal arm lying in the membrane and a 
vertical arm that projects into the matrix.  

    The reaction catalyzed by this enzyme appears to be  

  NADH 1 Q 1 5 H1
matrix S NAD1 1 QH2 1 4 H1

cytoplasm  

  The initial step is the binding of NADH and the transfer of its two high-
potential electrons to the   flavin mononucleotide   (FMN) prosthetic group, 
yielding the reduced form, FMNH  2     (Figure 18.9). The electron acceptor of 
FMN, the isoalloxazine ring, is identical with that of FAD. Electrons are 
then transferred from FMNH  2   to a series of   iron–sulfur clusters  ,   the second 
type of prosthetic group in NADH-Q oxidoreductase.  

    Recent structural studies have suggested how Complex I acts as a proton 
pump. What are the structural elements required for proton-pumping? The 
membrane-embedded part of the complex has four proton half-channels 
consisting, in part, of vertical helices. One set of half-channels is exposed to 
the matrix and the other to the inner membrane space (Figure 18.10). The 
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FIGURE 18.9 Oxidation states of flavins.
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clusters can undergo oxidation–reduction reactions.
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18.3 Η αναπνευστική αλυσίδα

Τα ηλεκτρόνια υψηλού δυναμικού του NADH εισέρχονται στην αναπνευστική αλυσίδα μέσω της οξειδοαναγωγάσης του

ζεύγους NADH-Q (Σύμπλοκο Ι)
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18.3 Η αναπνευστική αλυσίδα

• Το Q2- αλληλεπιδρά ηλεκτροστατικά με υδρόφιλα
αμινοξέα (μεταφέρεται το φορτίο του)

• Αλλαγή στην διαμόρφωση

• Αλλαγή στο pKa των αμινοξέων

• Τα Η+ από την μήτρα εισέρχονται

• Τα Η+ εξέρχονται στο διαμεμβρανικό χώρο

• Το Q2- προσλαμβάνει 2 Η+ από τη μήτρα καθώς
ανάγεται σε QH2
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vertical helices are linked on the matrix side by 
a long horizontal helix (HL) that connects the 
matrix half-channels, while the cytoplasmic 
half-channels are joined by a series of   b  -hair-
pin-helix connecting elements (  b  H). An 
enclosed Q chamber, the site where Q accepts 
electrons from NADH, exists near the junc-
tion of the hydrophilic portion and the mem-
brane-embedded portion. Finally, a hydro-
philic funnel connects the Q chamber to a 
water-lined channel (into which the half chan-
nels open) that extends the entire length of the 
membrane-embedded portion.  

    How do these structural elements cooperate 
to pump protons out of the matrix? When Q 
accepts two electrons from NADH, generating 
Q  2  2  , the negative charges on Q  2  2   interact elec-
trostatically with negatively-charged amino 
acid residues in the membrane-embedded arm, 
causing conformational changes in the long 
horizontal helix and the   b  H elements. These 
changes in turn alter the structures of the con-
nected vertical helices that change the p  K  a   of 
amino acids, allowing protons from the matrix to first bind to the amino acids, 
then dissociate into the water-lined channel and finally enter the     intermem-
brane space. Thus,   the flow of two electrons from NADH to coenzyme Q through 
NADH-Q oxidoreductase leads to the pumping of four hydrogen ions out of the 
matrix of the mitochondrion.   Q  2 2    subsequently takes up two protons from the 
matrix as it is reduced to QH  2  . The removal of these protons from the matrix 
contributes to the formation of the proton motive force. The QH  2   subsequently 
leaves the enzyme for the Q pool, allowing another reaction cycle to occur.  

    It is important to note that the citric acid cycle is not the only source of 
mitochondrial NADH. As we will see in Chapter 22, fatty acid degradation, 
which also takes place in mitochondria, is another crucial source of NADH 
for the electron-transport chain. Moreover, electrons from cytoplasmically 
generated NADH can be transported into mitochondria for use by the 
electron- transport chain (Section 18.5).  

  Ubiquinol is the entry point for electrons from FADH  2   of flavoproteins  

  FADH  2   enters the electron-transport chain at the second protein complex of 
the chain. Recall that FADH  2   is formed in the citric acid cycle, in the oxidation 
of succinate to fumarate by succinate dehydrogenase (Section 17.2). Succinate 
dehydrogenase is part of the   succinate-Q reductase complex (Complex  II),   an 
integral membrane protein of the inner mitochondrial membrane. FADH  2   
does not leave the complex. Rather, its electrons are transferred to Fe-S centers 
and then finally to Q to form QH  2  , which then is ready to transfer electrons 
further down the electron-transport chain. The  succinate-Q reductase com-
plex, in contrast with NADH-Q oxidoreductase, does not pump protons from 
one side of the membrane to the   other. Consequently, less ATP is formed from 
the oxidation of FADH  2   than from NADH.  

  Electrons flow from ubiquinol to cytochrome   c   through 
Q-cytochrome   c   oxidoreductase  

  What is the fate of ubiquinol generated by Complexes I and II? The electrons 
from QH  2   are passed on to   cytochrome   c   (Cyt   c  ), a water-soluble protein, by 
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FIGURE 18.10 Coupled electron–proton transfer reactions through NADH-Q 
oxidoreductase. Electrons flow in Complex I from NADH through FMN and a series 
of iron–sulfur clusters to ubiquinone (Q), forming Q2−. The charges on Q2− are 
electrostatically transmitted to hydrophilic amino acid residues (shown as red 
(glutamate) and blue (lysine or histidine) balls) that power the movement of HL and 
bH components. This movement changes the conformation of the transmembrane 
helices and results in the transport of four protons out of the mitochondrial matrix. 
[Information from R. Baradaran et al., Nature 494:443–448.]
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18.3 Η αναπνευστική αλυσίδα

Η ουβικινόλη είναι το σημείο εισόδου ηλεκτρονίων από το FADH2 των φλαβινοπρωτεϊνών

Το FADH2 σχηματίζεται στον κύκλο του κιτρικού οξέος κατά την οξείδωση του
ηλεκτρικού σε φουμαρικό από την ηλεκτρική αφυδρογωνάση

Η ηλεκτρική αφυδρογωνάση είναι μέρος του συμπλόκου της αναγωγάσης του
ζεύγους ηλεκτρικού-Q (Σύμπλοκο ΙΙ)
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18.3 Η αναπνευστική αλυσίδα

Tα ηλεκτρόνια ρέουν από την ουβικινόλη (QH2) προς το κυτόχρωμα c (εξειδικευμένος φορέας e-),
μέσω της οξειδοαναγωγάσης του ζεύγους Q-κυτοχρώματος c (Σύμπλοκο ΙΙI)

Η ίδια η οξειδοαναγωγάσης του ζεύγους Q-κυτοχρώματος c περιέχει δύο
τύπους κυτοχρωμάτων (b, c1)

Τo κυτόχρωμα είναι πρωτεΐνη μεταφοράς ηλεκτρονίων που περιέχει
προσθετική ομάδα αίμης
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the second of the three proton pumps in the respiratory chain,   Q-cytochrome   
c   oxidoreductase   (also known as   Complex III   and as   cytochrome   c   reductase  ). 
The flow of a pair of electrons through this complex leads to the effective net 
transport of 2 H  1   to the cytoplasmic side, half the yield obtained with 
NADH-Q reductase because of a smaller thermodynamic driving force.  

  QH2 1 2 Cyt cox 1 2 H1
matrix S Q 1 2 Cyt cred 1 4 H1

cytoplasm  

    Q-cytochrome   c   oxidoreductase itself contains two types of cytochromes, 
named   b   and   c  1   (Figure 18.11).   A cytochrome is an electron-transferring protein 
that contains a heme prosthetic group.   The heme prosthetic group in cyto-
chromes   b, c  1  , and   c   is iron-protoporphyrin IX, the same heme present in 
myoglobin and hemoglobin (Section 7.1). The iron ion of a cytochrome, in 
contrast to hemoglobin and myoglobin, alternates between a reduced ferrous 
(  1  2) state and an oxidized ferric (  1  3) state during electron transport. The 
two cytochrome subunits of Q-cytochrome   c   oxidoreductase contain a total 
of three hemes: two hemes within cytochrome   b  , termed heme   b  L   (L for low 
affinity) and heme   b  H   (H     for high affinity), and one heme within cytochrome 
  c  1  . These identical hemes have different electron affinities because they are in 
different polypeptide environments. For example, heme   b  L  , which is located 
in a cluster of helices near the cytoplasmic face of the membrane, has lower 
affinity for an electron than does heme   b  H  , which is near the matrix side.  

    In addition to the hemes, the enzyme contains an iron–sulfur protein with 
a 2Fe-2S center. This center, termed the   Rieske center,   is unusual in that one 
of the iron ions is coordinated by two histidine residues rather than two cyste-
ine residues. This coordination stabilizes the center in its reduced form, rais-
ing its reduction potential so that it can readily accept electrons from QH  2  .  

His

His

Cys

Cys

Rieske iron–sulfur center

His

His

HisHis

Heme c1

Heme bL

Heme bH

His
Met

CysCys

 FIGURE 18.11 Structure of 
Q-cytochrome c oxidoreductase. 
This enzyme is a homodimer with each 
monomer consisting of 11 distinct 
polypeptide chains. Some of the more 
prominent components in one monomer 
are colored while the other monomer is 
white. Although each monomer contains 
the same components, some are identified 
in one monomer or the other for ease of 
viewing. Notice that the major prosthetic 
groups, three hemes and a 2Fe-2S cluster, 
are located either near the cytoplasmic 
edge of the complex bordering the 
intermembrane space (top) or in the region 
embedded in the membrane (a helices 
represented by tubes). They are well 
positioned to mediate the electron-transfer 
reactions between quinones in the membrane 
and cytochrome c in the intermembrane 
space. [Drawn from 1BCC.pdb.]

διαμεμβρανικός χώροςμήτραςΚυτ cοξ. Κυτ cαν.
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18.3 Η αναπνευστική αλυσίδα

Δομή της οξειδοαναγωγάσης του ζεύγους Q-κυτοχρώματος c

• Ομοδιμερές

• Αίμη c1, bL και bH

• Κέντρο Rieske 2Fe-2S

• Κατά τη μεταφορά ηλεκτρονίων, το ιόν σιδήρου
ενός κυτοχρώματος εναλλάσσεται μεταξύ της
κατάστασης αναγωγής, σιδηρο-(+2), και της
κατάστασης οξείδωσης, σιδηρι-(+3).
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18.3 Η αναπνευστική αλυσίδα

Η οξειδάση του κυτοχρώματος c (Σύμπλοκο ΙV) καταλύει την αναγωγή του μοριακού οξυγόνου σε νερό

4 e- διοχετεύονται στο Ο2 για την πλήρη αναγωγή του σε Η2Ο, και παράλληλα
4 H+ αντλούνται από τη μιτοχονδριακή μήτρα προς τον διαμεμβρανικό χώρο

Η απαίτηση για μοριακό αέριο οξυγόνο σε αυτή την αντίδραση είναι εκείνη
που καθιστά τους «αερόβιους» οργανισμούς αερόβιους

Η αντίδραση αυτή είναι ο λόγος που πρέπει να αναπνέουμε

536
CHAPTER 18 Oxidative Phosphorylation

  4 Cyt cred 1 8 H1
matrix 1 O2 S 4 Cyt cox 1 2 H2O 1 4 H1

cytoplasm  
  The requirement of oxygen for this reaction is what makes “aerobic” organisms 
aerobic. To obtain oxygen for this reaction is the reason that human beings must 
breathe. Four electrons are funneled to O  2   to completely reduce it to H  2  O, and, 
concomitantly, protons are pumped from the matrix to the cytoplasmic side of 
the inner mitochondrial membrane. This reaction is quite thermodynamically 
favorable. From the reduction potentials in Table 18.1, the standard free-energy 
change for this reaction is calculated to be   D  G  89     5     2  231.8 kJ mol  2  1   (  2  55.4 kcal 
mol  2  1  )  .   As much of this free energy as possible must be captured in the form of 
a proton gradient for subsequent use in ATP synthesis.  

    Bovine cytochrome   c   oxidase is reasonably well understood at the struc-
tural level   (Figure 18.13). It consists of 13 subunits, 3 of which are encoded by 
the mitochondrion’s own genome. Cytochrome   c   oxidase contains two   heme   
  A   groups and three   copper ions,   arranged as two copper centers, designated 
A  and B. One center,   Cu  A  y  Cu  A  , contains two copper ions linked by two 
bridging cysteine residues. This center initially accepts electrons from reduced 
cytochrome   c.   The remaining copper ion,   Cu  B  , is bonded to three histidine 
residues, one of which is modified by covalent linkage to a tyrosine residue. 
The copper centers alternate between the reduced Cu  1   (cuprous) form and 
the oxidized Cu  2  1   (cupric) form as they accept and donate electrons.  

    There are two heme A molecules, called   heme   a and   heme   a  3  , in cyto-
chrome   c   oxidase. Heme A differs from the heme in cytochrome   c   and   c  1   in 
three ways: (1) a formyl group replaces a methyl group, (2) a C  17   hydrocar-
bon chain replaces one of the vinyl groups, and (3) the heme is not cova-
lently attached to the protein.  

Heme a3

CuB

His

His

His

His

Tyr

Cu
Fe

Cu Cu

Cys

Cys His
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CO(bb)

CuA/CuA

Heme a
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His

Fe

 FIGURE 18.13 Structure of cytochrome c oxidase. This enzyme consists of 13 
polypeptide chains. Notice that most of the complex, as well as two major prosthetic groups 
(heme a and heme a3–CuB) are embedded in the membrane (a helices represented by vertical 
tubes). Heme a3–CuB is the site of the reduction of oxygen to water. The CuA/CuA prosthetic 
group is positioned near the intermembrane space to better accept electrons from 
cytochrome c. CO(bb) is a carbonyl group of the peptide backbone. [Drawn from 2OCC.pdb.]
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Κυτ cαν. Κυτ cοξ. διαμεμβρανικός χώροςμήτρας
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18.3 Η αναπνευστική αλυσίδα

Η δομή της οξειδάσης του κυτοχρώματος c

• 2 ομάδες αίμης α

• 3 ιόντα χαλκού σε διάταξη δύο κέντρο
χαλκού που ονομάζονται Α και Β

• Εναλλάσσονται μεταξύ Cu+ και Cu2+
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18.3 Η αναπνευστική αλυσίδα

Ο μηχανισμός της οξειδάσης
του κυτοχρώματος c
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18.3 Η αναπνευστική αλυσίδα

Ο μηχανισμός της οξειδάσης
του κυτοχρώματος c
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18.3 Η αναπνευστική αλυσίδα

Μεταφορά Η+ από την οξειδάση του κυτοχρώματος c
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18.3 Η αναπνευστική αλυσίδα

Η αλυσίδα μεταφοράς ηλεκτρονίων
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18.3 Η αναπνευστική αλυσίδα

Το αναπνεόσωμα
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18.3 Η αναπνευστική αλυσίδα

Τοξικά παράγωγα του μοριακού οξυγόνου, όπως οι ρίζες του σουπεροξειδίου, περισυλλέγονται από προστατευτικά ένζυμα
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  1.   Electrons from two molecules of reduced cytochrome   c   flow down an 
electron-transfer pathway within cytochrome   c   oxidase, one stopping at 
Cu  B   and the other at heme   a  3  . With both centers in the reduced state, they 
together can now bind an oxygen molecule.  

  2.   As molecular oxygen binds, it abstracts an electron from each of the 
nearby ions in the active center to form a peroxide  (O2

22)  bridge between 
them (Figure 18.15).  

  3.   Two more molecules of cytochrome   c   bind and release electrons that 
travel to the active center. The addition of an electron as well as H  1   to each 
oxygen atom reduces the two ion–oxygen groups to Cu  B  2  1  ¬OH and 
Fe  3  1  ¬OH.  

  4.   Reaction with two more H  1   ions allows the release of two molecules of 
H  2  O and resets the enzyme to its initial, fully oxidized form.  

  4 Cyt cred 1 4 H1
matrix 1 O2 S 4 Cyt cox 1 2 H2O  

  The four protons in this reaction come exclusively from the matrix.   Thus, the 
consumption of these four protons contributes directly to the proton gradi-
ent. Recall that each proton   contributes 21.8 kJ mol  2  1   (5.2 kcal mol  2  1  ) to 
the free energy associated with the proton gradient; so these four protons 
contribute 87.2 kJ mol  2  1   (20.8 kcal mol  2  1  ), an amount substantially less 
than the free energy available from the reduction of oxygen to water. What 
is the fate of this missing energy? Remarkably,   cytochrome   c   oxidase uses this 
energy to pump four additional protons from the matrix to the cytoplasmic side 
of the membrane in the course of each reaction cycle for a total of eight protons 
removed from the matrix   (Figure 18.16). The details of how these protons are 
transported through the protein are still under study. However, two effects 
contribute to the mechanism. First, charge neutrality tends to be main-
tained in the interior of proteins. Thus, the addition of an electron to a site 
inside a protein tends to favor the binding of H  1   to a nearby site. Second, 
conformational changes take place, particularly around the heme   a  3  –Cu  B   
center, in the course of the reaction cycle. Presumably, in one conformation, 
protons may enter the protein exclusively from the matrix side, whereas, in 
another, they may exit exclusively to the cytoplasmic side. Thus, the overall 
process catalyzed by cytochrome   c   oxidase is  

  4 Cyt cred 1 8 H1
matrix 1 O2 S 4 Cyt cox 1 2 H2O 1 4 H1

cytoplasm  

    Figure 18.17 summarizes the flow of electrons from NADH and 
FADH  2   through the respiratory chain. This series of exergonic reactions is 
coupled to the pumping of protons from the matrix. As we will see shortly, 
the energy inherent in the proton gradient will be used to synthesize ATP.  

  Toxic derivatives of molecular oxygen such as superoxide radicals 
are scavenged by protective enzymes  

  As discussed earlier, molecular oxygen is an ideal terminal electron accep-
tor, because its high affinity for electrons provides a large thermodynamic 
driving force. However, danger lurks in the reduction of O  2  . The transfer of 
four electrons leads to safe products (two molecules of H  2  O), but partial 
reduction generates hazardous compounds. In particular,   the transfer of a 
single electron to O  2   forms superoxide ion, whereas the transfer of two electrons 
yields peroxide.  

O2 ¡
e2   

O2
?2 ¡

e2  
O2 

22

 Superoxide
ion

Peroxide

Peroxide

Cu2+
Fe3+

FIGURE 18.15 Peroxide bridge. The 
oxygen bound to heme a3 is reduced to 
peroxide by the presence of CuB.

Fe Cu

4 44 H+

4 H+

Pumped
protons

4 H+

Chemical
protons

O2 2 H2O

Cyt creduced Cyt coxidized

FIGURE 18.16 Proton transport by 
cytochrome c oxidase. Four protons are 
taken up from the matrix side to reduce 
one molecule of O2 to two molecules of 
H2O. These protons are called “chemical 
protons” because they participate in a 
clearly defined reaction with O2. Four 
additional “pumped” protons are 
transported out of the matrix and released 
on the cytoplasmic side in the course of 
the reaction. The pumped protons double 
the efficiency of free-energy storage in the 
form of a proton gradient for this final step 
in the electron-transport chain.

Ανιόν του
σουπεροξειδίου

Υπεροξείδιο
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    Both compounds are potentially destructive. The strategy for the safe 
reduction of O  2   is clear:   the catalyst does not release partly reduced intermedi-
ates.   Cytochrome   c   oxidase meets this crucial criterion by holding O  2   tightly 
between Fe and Cu ions.  

  Although cytochrome   c   oxidase and other proteins that reduce O  2   are 
remarkably successful in not releasing intermediates, small amounts of 

superoxide anion and hydrogen peroxide are unavoidably formed. Superoxide, 
hydrogen peroxide, and species that can be generated from them such as the 
hydroxyl radical (OH  ?  ) are collectively referred to as   reactive oxygen   species   or 
  ROS.   Oxidative damage caused by ROS has been implicated in the aging 
process as well as in a growing list of diseases (Table 18.3).  

    What are the cellular defense strategies against oxidative damage by 
ROS? Chief among them is the enzyme   superoxide dismutase.   This enzyme 
scavenges superoxide radicals by catalyzing the conversion of two of these 
radicals into hydrogen peroxide and molecular oxygen.  

O2
2?  1 2H1 

Superoxide 
dismutase
∆ O2 1 H2O2 

    Eukaryotes contain two forms of this enzyme, a manganese-containing 
 version located in mitochondria and a copper-and-zinc-dependent cyto-
plasmic form. These enzymes perform the dismutation reaction by a similar 
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FIGURE 18.17 The electron-transport 
chain. High-energy electrons in the form 
of NADH and FADH2 are generated by 
the citric acid cycle. These electrons 
flow through the respiratory chain, which 
powers proton pumping and results in 
the reduction of O2.

TABLE 18.3 Pathological conditions that may entail free-radical injury

Atherogenesis
Emphysema; bronchitis
Parkinson disease
Duchenne muscular dystrophy
Cervical cancer
Alcoholic liver disease
Diabetes
Acute renal failure
Down syndrome
Retrolental fibroplasia (conversion of the retina into a fibrous mass in premature infants)
Cerebrovascular disorders
Ischemia; reperfusion injury

Information from Michael Lieberman and Allan D. Marks, Basic Medical Biochemistry: A Clinical Approach, 
4th ed. (Lippincott, Williams & Wilkins, 2012), p. 437.

Dismutation
A reaction in which a single reactant is 
converted into two different products.

Δισμουτάση του 
σουπεροξειδίου
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mechanism (Figure 18.18). The oxidized form of the enzyme is reduced by 
superoxide to form oxygen. The reduced form of the enzyme, formed in this 
reaction, then reacts with a second superoxide ion to form peroxide, which 
takes up two protons along the reaction path to yield hydrogen peroxide.  

    The hydrogen peroxide formed by superoxide dismutase and by other 
processes is scavenged by   catalase,   a ubiquitous heme protein that catalyzes 
the dismutation of hydrogen peroxide into water and molecular oxygen.  

2 H2O2
 Catalase 
∆ O2 1 2 H2O

  Superoxide dismutase and catalase are remarkably efficient, performing 
their reactions at or near the diffusion-limited rate (Section 8.4). Glutathione 
peroxidase also plays a role in scavenging H  2  O  2   (Section 20.5). Other cel-
lular defenses against oxidative damage include the antioxidant vitamins, 
vitamins E and C. Because it is lipophilic, vitamin E is especially useful in 
protecting membranes from lipid peroxidation.  

  A long-term benefit of exercise may be to increase the amount of 
superoxide dismutase in the cell. The elevated aerobic metabolism 

during exercise causes more ROS to be generated. In response, the cell syn-
thesizes more protective enzymes. The net effect is one of protection, 
  because the increase in superoxide dismutase more effectively protects the 
cell during periods of rest (Problem 48).  

    Despite the fact that reactive oxygen species are known hazards, recent 
evidence suggests that, under certain circumstances, the controlled genera-
tion of these molecules may be an important component of signal- transduction 
pathways. For instance, growth factors have been shown to increase ROS 
levels as part of their signaling pathway, and ROS regulate channels and 
transcription factors. ROS have been implicated in the control of cell 
 differentiation, the immune response, autophagy as well as other metabolic 
activities. The dual role of ROS is an excellent example of the wondrous 
complexity of biochemistry of living systems: even potentially harmful sub-
stances can be harnessed to play useful roles.  

  Electrons can be transferred between groups that 
are not in contact  

  How are electrons transferred between electron-carrying 
groups of the respiratory chain? This question is intrigu-
ing because these groups are frequently buried in the 
interior of a protein in fixed positions and are therefore 
not directly in contact with one another. Electrons can 
move through space, even through a vacuum. However, 
the rate of electron transfer through space falls off rapidly 
as the electron donor and electron acceptor move apart 
from each other, decreasing by a factor of 10 for each 
increase in separation of 0.8 Å. The protein environment 
provides more-efficient pathways for electron conduc-
tion: typically, the rate of electron transfer decreases by a 
factor of 10 every 1.7 Å (Figure 18.19). For groups in 
contact, electron-transfer reactions can be quite fast, with 
rates of approximately 10  13   s  2  1  . Within proteins in the 
electron-transport chain, electron-carrying groups are 
typically separated by 15 Å beyond their van der Waals 
contact distance. For such separations, we expect elec-
tron-transfer rates of approximately 10  4   s  2  1   (i.e., electron 
transfer in less than 1 ms), assuming that all other factors 
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FIGURE 18.18 Superoxide dismutase 
mechanism. The oxidized form of 
superoxide dismutase (Mox) reacts with 
one superoxide ion to form O2 and 
generate the reduced form of the enzyme 
(Mred). The reduced form then reacts with 
a second superoxide and two protons to 
form hydrogen peroxide and regenerate 
the oxidized form of the enzyme.
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FIGURE 18.19 Distance dependence of electron-transfer rate. 
The rate of electron transfer decreases as the electron donor and 
the electron acceptor move apart. In a vacuum, the rate decreases 
by a factor of 10 for every increase of 0.8 Å. In proteins, the rate 
decreases more gradually, by a factor of 10 for every increase of 
1.7 Å. This rate is only approximate because variations in the 
structure of the intervening protein medium can affect the rate.

Καταλάση
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18.3 Η αναπνευστική αλυσίδα

Αντιδραστικές ενώσεις οξυγόνου
ROS
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18.4 Η σύνθεση ATP ωθείται από την βαθμίδωση συγκέντρωσης πρωτονίων

Ροή ηλεκτρονίων από NADH προς το O2 (εξώεργη διεργασία)

are optimal. Without the mediation of the protein, an electron transfer over 
this distance would take approximately 1 day.  

    The case is more complicated when electrons must be transferred 
between two distinct proteins, such as when cytochrome   c   accepts electrons 
from Complex III or passes them on to Complex IV. A series of hydro-
phobic interactions bring the heme groups of cytochrome   c   and   c  1   to within 
4.5 Å of each other, with the iron atoms separated by 17.4 Å. This distance 
could allow cytochrome   c   reduction at a rate of 8  .  3     3     10  6     s  2  1  .  

  The conformation of cytochrome   c   has remained essentially 
constant for more than a billion years  

  Cytochrome   c   is present in all organisms having mitochondrial respi-
ratory chains: plants, animals, and eukaryotic microorganisms. This 

electron carrier evolved more than 1.5 billion years ago, before the diver-
gence of plants and animals. Its function has been conserved throughout this 
period, as evidenced by the fact that   the cytochrome   c   of any eukaryotic species 
reacts in vitro with the cytochrome   c   oxidase of any other species tested thus far. 
  For example, wheat-germ cytochrome   c   reacts with human cytochrome   c   
oxidase. Additionally, some prokaryotic cytochromes, such as cytochrome   c  2   
from the photosynthetic bacterium   Rhodospirillum rubrum   and cytochrome 
  c  550   from the denitrifying bacterium   Paracoccus denitrificans  , closely resem-
ble cytochrome   c   from tuna-heart mitochondria (Figure 18.20). This evi-
dence attests to an efficient evolutionary solution to electron transfer 
bestowed by the structural and functional characteristics of cytochrome   c  .  

Tuna Rhodospirillum rubrum Paracoccus denitrificans

 FIGURE 18.20 Conservation of 
the three-dimensional structure of 
cytochrome c. Notice the overall structural 
similarity of the different molecules from 
different sources. The side chains are 
shown for the 21 conserved amino acids 
as well as the centrally located planar 
heme. [Drawn from 3CYT.pdb, 3C2C.pdb, 
and 155C.pdb.]
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FIGURE 18.21 Evolutionary tree 
constructed from sequences of 
cytochrome c. Branch lengths are 
proportional to the number of amino acid 
changes that are believed to have 
occurred. [Information from Walter M. Fitch 
and Emanuel Margoliash.]

    The resemblance among cytochrome   c   molecules extends to the level of 
amino acid sequence. Because of the molecule’s small size and ubiquity, the 
amino acid sequences of cytochrome   c   from more than 80 widely ranging 
eukaryotic species have been determined by direct protein sequencing. The 
striking finding is that   21 of 104 residues have been invariant for more than 
one and a half billion years of evolution.   A phylogenetic tree, constructed 
from the amino acid sequences of cytochrome   c,   reveals the evolutionary 
relationships between many animal species (Figure 18.21).  

  18.4     A Proton Gradient Powers the Synthesis of ATP  

  Thus far, we have considered the flow of electrons from NADH to O  2  , an 
exergonic process.  

NADH 1 1y2 O2 1 H1 ∆ H2O 1 NAD1

DG89 5 2220.1 kJ mol21 (252.6 kcal mol21)
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    Next, we consider how this process is coupled to the synthesis of ATP, an 
endergonic process.  
  ADP 1 Pi 1 H1 ∆ ATP 1 H2O  

  ¢G89 5 130.5 kJ mol21(17.3 kcal mol21)  
  A molecular assembly in the inner mitochondrial membrane carries out the 
synthesis of ATP. This enzyme complex was originally called the   mitochondrial 
ATPase   or   F  1  F  0     ATPase   because it was discovered through its catalysis of the 
reverse reaction, the hydrolysis of ATP.   ATP synthase,   its preferred name, 
emphasizes its actual role in the mitochondrion. It is also called   Complex V  .  

    How is the oxidation of NADH coupled to the phosphorylation of 
ADP? Electron transfer was first suggested to lead to the formation of a 
covalent high-energy intermediate that serves as a compound having a high 
phosphoryl-transfer potential, analogous to the generation of ATP by the 
formation of 1,3-bisphosphoglycerate in glycolysis (Section 16.1). An alter-
native proposal was that electron transfer aids the formation of an activated 
protein conformation, which then drives ATP synthesis. The search for 
such intermediates for several decades proved fruitless.  

    In 1961, Peter Mitchell suggested a radically different mechanism,   the 
chemiosmotic     hypothesis  . He proposed that electron transport and ATP syn-
thesis are coupled by   a proton gradient across the inner mitochondrial mem-
brane  . In his model, the transfer of electrons through the respiratory chain 
leads to the pumping of protons from the matrix to the   cytoplasmic side of 
the inner mitochondrial membrane. The H  1   concentration becomes lower 
in the matrix, and an electric field with the matrix side negative is generated 
(Figure 18.22). Protons then flow back into the matrix to equalize the dis-
tribution. Mitchell’s idea was that this flow of protons drives the synthesis 
of ATP by ATP synthase. The energy-rich unequal distribution of protons 
is called the   proton-motive force  . The proton-motive force is composed of 
two components: a chemical gradient and a charge gradient. The chemical 
gradient for protons can be represented as a pH gradient. The charge gradi-
ent is created by the positive charge on the unequally distributed protons 
forming the chemical gradient. Mitchell proposed that both components 
power the synthesis of ATP.  
  Proton-motive force(¢p) 5   

  chemical gradient(¢pH) 1 charge gradient(¢!)  
    Mitchell’s highly innovative hypothesis that oxidation and phosphoryla-

tion are coupled by a proton gradient is now supported by a wealth of evi-
dence. Indeed, electron transport does generate a proton gradient across the 
inner mitochondrial membrane. The pH outside is 1.4 units lower than 
inside, and the membrane potential is 0.14 V, the outside being positive. As 
calculated on page 529, this membrane potential corresponds to a free 
energy of 21.8 kJ (5.2 kcal) per mole of protons.  
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FIGURE 18.22 Chemiosmotic hypothesis. 
Electron transfer through the respiratory 
chain leads to the pumping of protons from 
the matrix to the cytoplasmic side of the 
inner mitochondrial membrane. The pH 
gradient and membrane potential constitute 
a proton-motive force that is used to drive 
ATP synthesis.

Some have argued that, along with the 
elucidation of the structure of DNA, the 
discovery that ATP synthesis is powered by 
a proton gradient is one of the two major 
advances in biology in the twentieth 
century. Mitchell’s initial postulation of the 
chemiosmotic theory was not warmly 
received by all. Efraim Racker, one of the 
early investigators of ATP synthase, recalls 
that some thought of Mitchell as a court 
jester, whose work was of no consequence. 
Peter Mitchell was awarded the Nobel Prize 
in chemistry in 1978 for his contributions to 
understanding oxidative phosphorylation.

Some have argued that, along with the 
elucidation of the structure of DNA, the 
discovery that ATP synthesis is powered by 
a proton gradient is one of the two major
advances in biology in the twentieth 
century. Mitchell’s initial postulation of the
chemiosmotic theory was not warmly
received by all. Efraim Racker, one of the 
early investigators of ATP synthase, recalls 
that some thought of Mitchell as a court 
jester, whose work was of no consequence. 
Peter Mitchell was awarded the Nobel Prize 
in chemistry in 1978 for his contributions to 

g p p yunderstanding oxidative phosphorylation.

Σύνθεση ΑΤΡ (ενδόεργη διεργασία) πως οι διεργασίες αυτές 
είναι συζευγμένες;

H συνθάση ATP (Σύμπλοκο V)
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18.4 Η σύνθεση ATP ωθείται από την βαθμίδωση συγκέντρωσης πρωτονίων

Χημειωσμωτική υπόθεση

• Η μεταφορά ηλεκτρονίων μέσω της
αναπνευστικής αλυσίδας οδηγεί στην
άντληση πρωτονίων από τη μήτρα προς τον
διαμεμβρανικό χώρο

• Ο συνδυασμός 1) βαθμίδωσης pH και 2)
ηλεκτρικού δυναμικού της εσωτερικής
μεμβράνης αποτελούν μια πρωτονιοκίνητη
δύναμη η οποία χρησιμοποιείται για να
ωθήσει τη σύνθεση της ΑΤΡ
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    Next, we consider how this process is coupled to the synthesis of ATP, an 
endergonic process.  
  ADP 1 Pi 1 H1 ∆ ATP 1 H2O  

  ¢G89 5 130.5 kJ mol21(17.3 kcal mol21)  
  A molecular assembly in the inner mitochondrial membrane carries out the 
synthesis of ATP. This enzyme complex was originally called the   mitochondrial 
ATPase   or   F  1  F  0     ATPase   because it was discovered through its catalysis of the 
reverse reaction, the hydrolysis of ATP.   ATP synthase,   its preferred name, 
emphasizes its actual role in the mitochondrion. It is also called   Complex V  .  

    How is the oxidation of NADH coupled to the phosphorylation of 
ADP? Electron transfer was first suggested to lead to the formation of a 
covalent high-energy intermediate that serves as a compound having a high 
phosphoryl-transfer potential, analogous to the generation of ATP by the 
formation of 1,3-bisphosphoglycerate in glycolysis (Section 16.1). An alter-
native proposal was that electron transfer aids the formation of an activated 
protein conformation, which then drives ATP synthesis. The search for 
such intermediates for several decades proved fruitless.  

    In 1961, Peter Mitchell suggested a radically different mechanism,   the 
chemiosmotic     hypothesis  . He proposed that electron transport and ATP syn-
thesis are coupled by   a proton gradient across the inner mitochondrial mem-
brane  . In his model, the transfer of electrons through the respiratory chain 
leads to the pumping of protons from the matrix to the   cytoplasmic side of 
the inner mitochondrial membrane. The H  1   concentration becomes lower 
in the matrix, and an electric field with the matrix side negative is generated 
(Figure 18.22). Protons then flow back into the matrix to equalize the dis-
tribution. Mitchell’s idea was that this flow of protons drives the synthesis 
of ATP by ATP synthase. The energy-rich unequal distribution of protons 
is called the   proton-motive force  . The proton-motive force is composed of 
two components: a chemical gradient and a charge gradient. The chemical 
gradient for protons can be represented as a pH gradient. The charge gradi-
ent is created by the positive charge on the unequally distributed protons 
forming the chemical gradient. Mitchell proposed that both components 
power the synthesis of ATP.  
  Proton-motive force(¢p) 5   

  chemical gradient(¢pH) 1 charge gradient(¢!)  
    Mitchell’s highly innovative hypothesis that oxidation and phosphoryla-

tion are coupled by a proton gradient is now supported by a wealth of evi-
dence. Indeed, electron transport does generate a proton gradient across the 
inner mitochondrial membrane. The pH outside is 1.4 units lower than 
inside, and the membrane potential is 0.14 V, the outside being positive. As 
calculated on page 529, this membrane potential corresponds to a free 
energy of 21.8 kJ (5.2 kcal) per mole of protons.  
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FIGURE 18.22 Chemiosmotic hypothesis. 
Electron transfer through the respiratory 
chain leads to the pumping of protons from 
the matrix to the cytoplasmic side of the 
inner mitochondrial membrane. The pH 
gradient and membrane potential constitute 
a proton-motive force that is used to drive 
ATP synthesis.

Some have argued that, along with the 
elucidation of the structure of DNA, the 
discovery that ATP synthesis is powered by 
a proton gradient is one of the two major 
advances in biology in the twentieth 
century. Mitchell’s initial postulation of the 
chemiosmotic theory was not warmly 
received by all. Efraim Racker, one of the 
early investigators of ATP synthase, recalls 
that some thought of Mitchell as a court 
jester, whose work was of no consequence. 
Peter Mitchell was awarded the Nobel Prize 
in chemistry in 1978 for his contributions to 
understanding oxidative phosphorylation.
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28Δρ. Νικόλαος Ελευθεριάδης, Επίκουρος Καθηγητής, Τμήμα Χημείας

18.4 Η σύνθεση ATP ωθείται από την βαθμίδωση συγκέντρωσης πρωτονίων

Η συνθάση της ΑΤΡ αποτελείται από μια μονάδα αγωγής πρωτονίων και μια καταλυτική μονάδα

καταλυτική μονάδα

δίαυλος πρωτονίων
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18.4 Η σύνθεση ATP ωθείται από την βαθμίδωση συγκέντρωσης πρωτονίων

Η ΑΤΡαση συμβάλλει στον σχηματισμό των ακρολοφιών
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18.4 Η σύνθεση ATP ωθείται από την βαθμίδωση συγκέντρωσης πρωτονίων

Η ροή πρωτονίων μέσω της συνθάσης ΑΤΡ στην απελευθέρωση στερεά προσδεμένης ΑΤΡ
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to the outside of the ring. The F  0   and F  1   subunits are connected in two 
ways: by the central   !´   stalk and by an exterior column. The exterior col-
umn consists of one   a   subunit, two   b   subunits, and the   d   subunit.  

    ATP synthases associate with one another to form dimers, which then 
associate to form large oligomers of dimers. This association stabilizes the 
individual enzymes to the rotational forces required for catalysis and facili-
tates the curvature of the inner mitochondrial membrane. The formation of 
the cristae allows the proton pumps of the electron transport chain to local-
ize the proton gradient in the vicinity of the synthases, which are located at 
the tips of the cristae, thereby enhancing the efficiency of ATP synthesis 
(Figure 18.25).  

  Proton flow through ATP synthase leads to the release of tightly 
bound ATP: The binding-change mechanism  

  ATP synthase catalyzes the formation of ATP from ADP and 
orthophosphate.  

  ADP32 1 HPO4
22 1 H1 ∆ ATP42 1 H2O  

    The actual substrates are ADP and ATP complexed with Mg  2  1  , as in 
all known phosphoryl-transfer reactions with these nucleotides. A terminal   
  oxygen atom of ADP attacks the phosphorus atom of P  i   to form a pentacova-
lent intermediate, which then dissociates into ATP and H  2  O (Figure 18.26).  

    How does the flow of protons drive the synthesis of ATP? Isotopic-
exchange experiments unexpectedly revealed that   enzyme-bound ATP forms 
readily in the absence of a proton-motive force.   When ADP and P  i   were added 
to ATP synthase in H  2  18  O,   18  O became incorporated into P  i   through the 

FIGURE 18.26 ATP-synthesis mechanism. One of the oxygen atoms of ADP attacks the 
phosphorus atom of Pi to form a pentacovalent intermediate, which then forms ATP and 
releases a molecule of H2O.
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FIGURE 18.25 ATPase assists in the 
formation of cristae. Oligomers of ATP 
synthase dimers facilitate cristae formation, 
creating an area where the protons (red 
balls) are concentrated and have ready 
access to the Fo portion of the ATP 
synthase. The electron transport chain is 
represented by the yellow cylinders 
embedded in the inner mitochondrial 
membrane. [Information from K. M. Davies 
et al., Proc. Natl. Acad. Sci. U.S.A. 108: 
14121–14126, 2011.]

Ο ρόλος της βαθμίδωσης συγκέντρωσης Η+ δεν είναι για να σχηματίσει ΑΤΡ αλλά να την ελευθερώσει από την συνθάση
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18.4 Η σύνθεση ATP ωθείται από την βαθμίδωση συγκέντρωσης πρωτονίων

Οι θέσεις πρόσδεσης νουκλεοτιδίων στην συνθάση της ΑΤΡ δεν είναι ισοδύναμες

3 υπομονάδες β της συνιστώσας F1, δηλαδή 3 ενεργά κέντρα

Το καθένα επιτελεί διαφορετική λειτουργία ανά πάσα στιγμή

L: δεσμεύει ADP και Pi

Τ: προσδένει ΑΤΡ με υψηλή συγγένεια (ώστε να μπορεί να μετατρέψει την
προσδεμένη ADP και Pi σε ΑΤΡ)

Ο: δεσμεύει και απελευθερώνει νουκλεοτίδια αδενίνης

Η αλληλομετατροπή των 3 μορφών αυτών ωθείται από την περιστροφή της υπομονάδας γ
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18.4 Η σύνθεση ATP ωθείται από την βαθμίδωση συγκέντρωσης πρωτονίων

Μηχανισμός αλλαγής συγγένειας πρόσδεσης
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18.4 Η σύνθεση ATP ωθείται από την βαθμίδωση συγκέντρωσης πρωτονίων

Μηχανισμός αλλαγής συγγένειας πρόσδεσης
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18.4 Η σύνθεση ATP ωθείται από την βαθμίδωση συγκέντρωσης πρωτονίων

Άμεση παρακολούθηση της ωθούμενης από ΑΤΡ περιστροφής της συνθάσης της ΑΤΡ
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18.4 Η σύνθεση ATP ωθείται από την βαθμίδωση συγκέντρωσης πρωτονίων

Άμεση παρακολούθηση της ωθούμενης από ΑΤΡ περιστροφής της συνθάσης της ΑΤΡ
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18.4 Η σύνθεση ATP ωθείται από την βαθμίδωση συγκέντρωσης πρωτονίων

Συνιστώσες του πρωτονιοαγωγού μονάδας της συνθάσης της ΑΤΡ
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18.4

Η ροή των πρωτονίων γύρω
από τον δακτύλιο c ωθεί την
σύνθεση της ΑΤΡ
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18.4 Η σύνθεση ATP ωθείται από την βαθμίδωση συγκέντρωσης πρωτονίων

Η πορεία του πρωτονίου διαμέσου της μεμβράνης
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18.4

Εποπτική εικόνα
της οξειδωτικής
φωσφορυλίωσης
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18.5 Πολλά συστήματα μεταφοράς επιτρέπουν τη μετακίνηση ουσιών διά μέσου των μιτοχονδριακών μεμβρανών

Τα ηλεκτρόνια του κυτταροπλασματικού NADH εισέρχονται στα μιτοχόνδρια με σύστημα μεταφοράς

• Σύστημα μεταφοράς της 3-φωσφορικής γλυκερόλης
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transferred to an FAD prosthetic group in this enzyme to form FADH  2  . 
This reaction also regenerates dihydroxyacetone phosphate.  

    The reduced flavin transfers its electrons to the electron carrier Q, which 
then enters the respiratory chain as QH  2  .   When cytoplasmic NADH trans-
ported by the glycerol 3-phosphate shuttle is oxidized by the respiratory chain, 
1.5 rather than 2.5 molecules of ATP are formed.   The yield is lower because 
FAD rather than NAD  1   is the electron acceptor in mitochondrial glycerol 
3- phosphate dehydrogenase. The use of FAD enables electrons from cyto-
plasmic NADH to be transported into mitochondria against an NADH 
concentration gradient. The price of this transport is one molecule of ATP 
per two electrons. This glycerol 3-phosphate shuttle is especially prominent 
in muscle and enables it to sustain a very high rate of oxidative phosphoryla-
tion. Indeed, some insects lack lactate dehydrogenase and are completely 
dependent on the glycerol 3-phosphate shuttle for the regeneration of cyto-
plasmic NAD  1  .  

    In the heart and liver, electrons from cytoplasmic NADH are brought 
into mitochondria by the   malate–aspartate shuttle,   which is mediated by 
two membrane carriers and four enzymes (Figure 18.36). Electrons are 
transferred from NADH in the cytoplasm to oxaloacetate, forming malate, 
which traverses the inner mitochondrial membrane in exchange for 
  a  -ketoglutarate and is then reoxidized by NAD  1   in the matrix to form 
NADH in a reaction catalyzed by the citric acid cycle enzyme malate dehy-
drogenase. The resulting oxaloacetate does not readily cross the inner 
mitochondrial membrane and so a transamination reaction (Section 23.3) 
is needed to form aspartate, which can be transported to the cytoplasmic 
side in exchange for glutamate. Glutamate donates an amino group to oxa-
loacetate, forming aspartate and   a  -ketoglutarate. In the cytoplasm, aspar-
tate is then deaminated to form oxaloacetate and the cycle is restarted.  

  The entry of ADP into mitochondria is coupled to the exit of 
ATP by ATP-ADP translocase  

  The major function of oxidative phosphorylation is to generate ATP from 
ADP. ATP and ADP do not diffuse freely across the inner mitochondrial 
membrane. How are these highly   charged molecules moved across the inner 
membrane into the cytoplasm? A specific transport protein,   ATP-ADP 
translocase,   enables these molecules to transverse this permeability barrier. 
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FIGURE 18.36 Malate–aspartate shuttle.
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18.5 Πολλά συστήματα μεταφοράς επιτρέπουν τη μετακίνηση ουσιών διά μέσου των μιτοχονδριακών μεμβρανών

Τα ηλεκτρόνια του κυτταροπλασματικού NADH εισέρχονται στα μιτοχόνδρια με σύστημα μεταφοράς

• Σύστημα μεταφοράς μηλικού-ασπαραγινικού
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transferred to an FAD prosthetic group in this enzyme to form FADH  2  . 
This reaction also regenerates dihydroxyacetone phosphate.  

    The reduced flavin transfers its electrons to the electron carrier Q, which 
then enters the respiratory chain as QH  2  .   When cytoplasmic NADH trans-
ported by the glycerol 3-phosphate shuttle is oxidized by the respiratory chain, 
1.5 rather than 2.5 molecules of ATP are formed.   The yield is lower because 
FAD rather than NAD  1   is the electron acceptor in mitochondrial glycerol 
3- phosphate dehydrogenase. The use of FAD enables electrons from cyto-
plasmic NADH to be transported into mitochondria against an NADH 
concentration gradient. The price of this transport is one molecule of ATP 
per two electrons. This glycerol 3-phosphate shuttle is especially prominent 
in muscle and enables it to sustain a very high rate of oxidative phosphoryla-
tion. Indeed, some insects lack lactate dehydrogenase and are completely 
dependent on the glycerol 3-phosphate shuttle for the regeneration of cyto-
plasmic NAD  1  .  

    In the heart and liver, electrons from cytoplasmic NADH are brought 
into mitochondria by the   malate–aspartate shuttle,   which is mediated by 
two membrane carriers and four enzymes (Figure 18.36). Electrons are 
transferred from NADH in the cytoplasm to oxaloacetate, forming malate, 
which traverses the inner mitochondrial membrane in exchange for 
  a  -ketoglutarate and is then reoxidized by NAD  1   in the matrix to form 
NADH in a reaction catalyzed by the citric acid cycle enzyme malate dehy-
drogenase. The resulting oxaloacetate does not readily cross the inner 
mitochondrial membrane and so a transamination reaction (Section 23.3) 
is needed to form aspartate, which can be transported to the cytoplasmic 
side in exchange for glutamate. Glutamate donates an amino group to oxa-
loacetate, forming aspartate and   a  -ketoglutarate. In the cytoplasm, aspar-
tate is then deaminated to form oxaloacetate and the cycle is restarted.  

  The entry of ADP into mitochondria is coupled to the exit of 
ATP by ATP-ADP translocase  

  The major function of oxidative phosphorylation is to generate ATP from 
ADP. ATP and ADP do not diffuse freely across the inner mitochondrial 
membrane. How are these highly   charged molecules moved across the inner 
membrane into the cytoplasm? A specific transport protein,   ATP-ADP 
translocase,   enables these molecules to transverse this permeability barrier. 
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FIGURE 18.36 Malate–aspartate shuttle.
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18.5 Πολλά συστήματα μεταφοράς επιτρέπουν τη μετακίνηση ουσιών διά μέσου των μιτοχονδριακών μεμβρανών

Η είσοδος της ADP στα μιτοχόνδρια είναι συζευγμένη με την έξοδο του ΑΤΡ μέσω της μετατοπάσης ΑΤΡ-ADP
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Most important, the flows of ATP and ADP are coupled.   ADP enters the 
mitochondrial matrix only if ATP exits, and vice versa.   This process is carried 
out by the translocase, an antiporter:  

  ADP32
cytoplasm 1 ATP42

matrix S ADP32
matrix 1 ATP42

cytoplasm  

  ATP-ADP translocase is highly abundant, constituting about 15% of the 
protein in the inner mitochondrial membrane. The abundance is a manifes-
tation of the fact that human beings exchange the equivalent of their weight 
in ATP each day. Despite the fact that mitochondria are the sites of ATP 
synthesis, both the cytoplasm and the nucleus have more ATP than the 
mitochondria, a testament to the efficiency of transport.  

    The 30-kDa translocase contains a single nucleotide-binding site that 
alternately faces the matrix and the cytoplasmic sides of the membrane 
(Figure 18.37). ATP and ADP bind to the translocase without Mg  2  1  , and 
ATP has one more negative charge than that of ADP. Thus, in an actively 
respiring mitochondrion with a positive membrane potential, ATP trans-
port out of the mitochondrial matrix and ADP transport into the matrix are 
favored. This ATP-ADP exchange is energetically expensive; about a quar-
ter of the proton-motive force generated by the respiratory chain is con-
sumed by this exchange process. The inhibition of the translocase leads to 
the subsequent inhibition of cellular respiration as well (p. 557).  

  Mitochondrial transporters for metabolites have a 
common tripartite structure  

  Examination of the amino acid sequence of the ATP-ADP translocase 
revealed that this protein consists of three tandem repeats of a 100-amino-
acid module, each of which appears to have two transmembrane segments. 
This tripartite structure has recently been confirmed by the determination 
of the three-dimensional structure of this transporter (Figure 18.38). The 
transmembrane helices form a tepee-like structure with the nucleotide-
binding site (marked by a bound inhibitor) lying in the center. Each of the 
three repeats adopts a similar structure.  
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ADP(matrix)

ATP(cyt)
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ADP
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ADP

FIGURE 18.37 Mechanism of mitochondrial ATP-ADP translocase. The translocase 
catalyzes the coupled entry of ADP into the matrix and the exit of ATP from it. The binding 
of ADP (1) from the cytoplasm favors eversion of the transporter (2) to release ADP into the 
matrix (3). Subsequent binding of ATP from the matrix to the everted form (4) favors eversion 
back to the original conformation (5), releasing ATP into the cytoplasm (6).

Matrix side

Cytoplasmic side

Inhibitor

N

C

FIGURE 18.38 Structure of 
mitochondrial transporters. The structure 
of the ATP-ADP translocase is shown. 
Notice that this structure comprises three 
similar units (shown in red, blue, and 
yellow) that come together to form a 
binding site, here occupied by 
atractyloside, an inhibitor of this transporter. 
Other members of the mitochondrial 
transporter family adopt similar tripartite 
structures. [Drawn from 1OKC.pdb.]

Μηχανισμός της μιτοχονδριακής 
μετατοπάσης ATP-ADP
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18.6 Η ρύθμιση της κυτταρικής αναπνοής καθορίζεται κυρίως από τις ανάγκες σε ΑΤΡ

• O ρυθμός της οξειδωτικής φωσφορυλίωσης καθορίζεται από τις ανάγκες σε ATP
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18.6 Η ρύθμιση της κυτταρικής αναπνοής καθορίζεται κυρίως από τις ανάγκες σε ΑΤΡ

• Η ρυθμιζόμενη αποσύζευξη και παραγωγή θερμότητας

Τέτοιου είδους αποσύζευξη είναι ένα
μέσο για την παραγωγή θερμότητας ώστε
να διατηρηθεί η θερμοκρασία του
σώματος σε ζώα που βρίσκονται σε
χειμερία νάρκη, σε ορισμένα νεογέννητα
ζώα (συμπεριλαμβανομένου του
ανθρώπου), καθώς και σε πολλά
θηλαστικά, ιδίως στα προσαρμοσμένα στο
ψύχος.
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18.6 Η ρύθμιση της κυτταρικής αναπνοής καθορίζεται κυρίως από τις ανάγκες σε ΑΤΡ

• Η ρυθμιζόμενη αποσύζευξη και παραγωγή θερμότητας

Ο καστανός λιπώδης ιστός αποκαλύπτεται με την
έκθεση στο κρύο

Ο καστανός λιπώδης ιστός είναι πολύ πλούσιος σε
μιτοχόνδρια

Αποτέλεσμα συνδυασμένης τομογραφίας εκπομπής 
ποζιτρονίων και αξονικής τομογραφίας (PETCT)
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18.6 Η ρύθμιση της κυτταρικής αναπνοής καθορίζεται κυρίως από τις ανάγκες σε ΑΤΡ

Η μεταφορά ενέργειας από βαθμιδώσεις συγκέντρωσης πρωτονίων: ένα κεντρικό θέμα της βιοενεργητικής

Στα βιολογικά συστήματα οι βαθμιδώσεις
συγκέντρωσης πρωτονίων είναι ένα
αλληλομετατρεπτόμενο νόμισμα ελεύθερης
ενέργειας


