Mitochondrial
respiratory chain
(electron transport chain and
oxidative phsophorylation)
See at:

http://www.johnkyrk.com/mitochondrion.html

Recovers NADH and FADH2
Produces ATP
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II - Mitochondria and respiratory chain
• The respiratory chain is constituted of a series of enzymes (complex I, II, II, IV
and V) and coenzymes Redox incorporated in the internal membrane of the
mitochondria.
• These enzymes are also membrane transporters that allow, at the end of the
process, synthesis of ATP carried by the ATP synthase under an oxidative
phosphorylation reaction.

Respiratory chain location
 Mitochondria

2

Respiratory chain composition
Nomber
of subunits
46

Prosthetic
groups

Complexes

Names

Complex I

NADH
Dehydrogenase

Complex II

Succinate-CoQ
Reductase

5

FAD, cyt b560,
Fe-S

Complex III

CoQ-cyt c
Reductase

11

cyt bH, cyt bL,
cyt c1, Fe-S

Complex IV

Cytochrome
Oxidase

13

cyt a, cyt a3,
CuA, CuB

Molecular view

FMN,
Fe-S

ATP
synthase
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Respiratory chain composition
Séquence de transfert des électrons
NADH + H+
NAD+

FMN

Fe2+S

CoQ

FMNH2

Fe3+S

CoQH2

Succinate

FAD

Fe2+S

CoQ

Fumarate

FADH2

Fe3+S

CoQH2

CoQH2
CoQ

cyt b ox
cyt b red

Fe2+S
Fe3+S

cyt c1 ox
cyt c1 red

cyt c red
cyt c ox

cyt c red

cyt a ox

cyt a3 red

O2

cyt c ox

cyt a red

cyt a3 ox

2 H2O

Thermodynamic aspects of electron tranport
RE-DOX potential of main transporters
 Standard reduction potential (E’°)
 E’° allows the measure of oxidative potency of a couple redox

 RE-DOX dye (blue) : 2,6-Dichlorophenolindophenol (DCPIP or DPIP)

TP

blue

Incolore

 Standard reduction potential of DCPIP / DCPIPH2: E°’ = +0,22 V
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Thermodynamic aspects of electron transport
Reduction potential of main electron transporters

 High E°’ : oxidant,
electron captor.
 Low E°’ : redutor, electron
donor


Relation
between
standard
reduction potential (ΔE°’) and free
energy produced (ΔG°’ )

Thermodynamic aspects of electron tranport


Relation between standard reduction potential (ΔE°’) and free
standard energy (ΔG°’ )
½O2 + NADH + H+ ↔ H2O + NAD+
NADH ↔ NAD+ + H+ + 2e- (E °′ = -0,315 V)
½O2 + 2H+ + 2e- ↔ H2O

(E °′ = 0,815 V)

ΔE °′ = E °′(accepteur e-) - E °′(donneur e-)
ΔE °′ = 0,815 - (-0,315) = 1,130 V

ΔG°′ = -nFΔE °′
Si ΔE°’ < 0 donc ΔG°’ > 0; Si ΔE°’ > 0 donc ΔG°’ < 0

F = Faraday constant (96,5 kJ/ V mol-1)
n = number of transferred e-

ΔG°’= -2 (96,5 kJ/V mol x 1,130 V)
ΔG°’= -218 kJ mol-1

ATP yield = 100 × (3 × 30,5)/218 = 43%
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ATP Synthesis : Oxidative Phosphorylation
P. Mitchell Theory : chemo-osmotic coupling

 Protons returns to mitochondria
matrix though ATP synthase, a
enzyme that synthesize ATP by
using the H+ chemical gradient

Force proton-motrice

The electrons transport is coupled to ATP synthesis
Succinate
FAD + 2H+ + 2e-

Fumarate + 2e- + 2H+ (E°’ = 0,03 V)
FADH2 (E°’ = -0,18 V)

 CN-: blocage transfert d’e- entre cytochrome oxydase et O2
 Venturicidine et oligomycine: Inhibiteurs de l’ATP-synthase
 Dinitrophenol (DNP): Découpleur respiration et synthase de
l’ATP
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Principle
• The respiratory chain is a sequence of reactions allowing the regeneration of
NAD+ and FAD from NADH and FADH2 through oxygen involvement :
DPG1

• Oxidation energy is used to synthesize ATP.

3 (ADP + P) 3 ATP

2 (ADP + P) 2 ATP

Commentaires
• La chaîne respiratoire est la principale séquence de production d’ATP chez les animaux
et végétaux. Elle permet d’accumuler transitoirement l’énergie libérée par l’oxydation
du glucose et de triglycérides sous forme d’ATP.
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Respiratory chain coenzymes
NAD, FAD
FMN, coenzyme Q (CoQ), and cytochromes

These are:
– « free » coenzymes : non covalently linked to the complexes in
the mitochondrial membrane (for instance CoQ).
– Prosthetic groups : covalently linked to the complexes (for
instance FMN).

Constitutive respiratory chain coenzymes
FMN
• Flavine mononucleotide (FMN) :
– Is a prosthetic group of complex 1 (1).
– Is structurally similar to FAD but without adenosine-P moiety.

• It can be reduced :
FMN + 2 H+ + 2 e-  FMNH2
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Constitutive respiratory chain coenzymes

Coenzyme Q (CoQ)
• Structure of Coenzyme Q or Ubiquinone:

O

H3 CO

CH3

H3 CO

CH3
(CH2 CH C CH2 )10 H
O

• Reduction reaction: CoQ + 2 H+ + 2 e  CoQH2
R3

O
R1

R4

R2
O

2 H+ + 2 e

OH
R3

R1

R4

R2

CoQ

OH

• CoQ is a free coenzyme present in the
mitochondrial between the two lipid layers of the
internal membrane.

Constitutive respiratory chain coenzymes

Cytochromes (Cyt Fe2+ or Cyt Fe3+)
Cytochromes are highly conjugated aromatic molecules able to complex Fe2+ or
Fe3+ ions.
Reaction: Cyt Fe3+ + e-  Cyt Fe2+ (1).
• There are 3 cytochromes (a, b & c) differing in the nature
of R chain: R1, R2, R3 (2).
• Cytochromes a (Cyt a Fe*) is a prosthetic
group of complex IV.
• Cytochromes b (Cyt b Fe*) is a prosthetic group
of complex III.
• Cytochromes c (Cyt c Fe*) are free coenzymes
fixed at the mitochondria membrane.
Lumière

Cyt c

Matrice

(1) Cytochromes strcuture is similar to hemoglobine
and myoglobine structures. However, in these last
proteins Fe is always present as Fe2+ in vivo.

(2) There are cytochrome families. For instance,
cyt a, cyt a3….
(3) Cytochrome c is linked to a small non
catalitic protéin.
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The complexes
• Respiratory chain complexes are enzymes that catalyze the transfer of electrons
(oxydo-reductions) between coenzymes.
• They are also H+ transporters.
• These enzymes have several units.
• They have associated red-ox prosthetic groups involved in the red-ox catalysis
under a ping pong mechanism:

• A free coenzyme in a reduced form (NADH, FADH2, CoQH2, Cyt c Fe2+) is fixed to a first
active site to reduce a prosthetic group. Then, the free coenzyme leaves the complex.
• Another free coenzyme in an oxidized form (FAD, CoQ, Cyt c Fe3+), or oxygen, is then
fixed to a second active site to oxidize the prosthetic group. The free oxidized
coenzyme is dissociated.

Complex 1
• Complex 1, also called NADH dehydrogenase, catalyze the oxidation of
NADH by CoQ.
• This complex transports simultaneously 3 H+ from inside mitochondria to
the intermembrane space.
NADH + CoQ

NAD+ + CoQH2

3 H+mito 3 H+lum

The coenzyme (prosthetic group) of complex 1 is FMN.

Complex 2
• Complex 2, also called FADH2 dehydrogenase or succinate dehydrogenase in
TCA cycle, catalyze the oxidation du FADH2 by CoQ (1).
• Complex 2 is not a H+ transporter.
FADH2 + CoQ

FAD + CoQH2

Comment
(1) Complex 2 contains FAD as a prosthetic group allowing the direct oxidation of succinate
by CoQ.
Complex 2 is the succinate dehydrogenase studied in the TCA cycle (« Krebs cycle»).
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Complex 3
• Complexe 3, also called Coenzyme Q reductase, catalyze the oxidation of
CoQH2 by Cyt c.
• This complex simultaneously transport 4 H+ from inside mitochondria to the
intermembrane space.
CoQH2 + 2 Cyt c Fe3+

CoQ + 2 Cyt c Fe2+

4 H+mito 4 H+lum

Complex 3 contains Cyt b.

Complex 4
• Complex 4, or Cyt c oxidase, catalyzes the oxidation of Cyt c Fe2+ by oxygen.
• This complex simultaneously transport 4 H+ from inside mitochondria to the
intermembrane space :
2 Cyt c Fe3++ 1/2 O2

2 Cyt c Fe2+ + H2O

4 H+mito 4 H+lum

Complex 4 contains Cyt a.
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