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RespiratoryRespiratory chainchain andand

oxidativeoxidative phosphorylationphosphorylation::

SummarySummary

* Transfer of electrons via electron carriers (respiratory 
chain) to oxygen in the inner membrane

* Proton pumping from the matrix to the cytosolic site of 
the inner mitochondrial membrane (proton gradient).

Protonmotive force = pH gradient + membrane potential

* Protons flow through ATP synthase and  power the 
synthesis of ATP.
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StoichiometryStoichiometry ofof oxidativeoxidative phosphorylationphosphorylation

• If F0 complex has 10 c subunits: one complete turn
means flow of 10 protons.  

• The F1 part has three ATP-producing sites: one complete
turn of the shaft means synthesis of three ATP from ADP 
+ Pi

• At least 3 H+ have to be pumped out of the matrix for
production of 1 ATP

• One more H+ is consumed for import of phosphate

• Transport of 2 electrons from NADH to oxygen 
(complexes I, III, IV) pumps 10 protons, from FADH2 to 
oxygen (complexes III, IV) 6 protons .

• Oxidation of 1 NADH produces 2.5 ATP 

• Oxidation of 1 FADH2 produces 1.5 ATP
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∆∆∆∆∆∆∆∆G = G = ∆∆∆∆∆∆∆∆H   H   —— T T ∆∆∆∆∆∆∆∆SS

The chemical reaction can The chemical reaction can 

occur only if theoccur only if the ∆∆∆∆∆∆∆∆G is negative. G is negative. 

It means: when the products have 
less free energy than the reactants 

have.
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[Ceq][Deq]
Keq =  

[Aeq][Beq]

∆∆∆∆∆∆∆∆G aG andnd chemicchemicalal equilibriumequilibrium

A  +  B   C  +  D

[C][D] 

∆∆∆∆G  = – RT ln Keq +   RT ln

[A][B]

A  +  B → C   +   D ∆G negative

A  +  B ← C   +  D ∆G positive (negative 
for reverse reaction)

A  +  B ←→ C   +   D ∆G = 0 (equilibrium)
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Standard Standard freefree enenthalpythalpy

∆∆∆∆Go’ = – RT lnKeq
’

1.0M, 25 °C pH 7.0

R ... universal gas constant 8.3143 J mol-1K-1

T ... absolute temperature in Kelvins (298.15 K = 25oC)

[C][D] 

∆∆∆∆G  = – RT ln Keq +   RT ln

[A][B]

[C][D] 

∆∆∆∆G  = ∆∆∆∆∆∆∆∆GGoo’’ +  RT ln

[A][B]
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RedoxRedox potentialpotential

XX–– +  Y  +  Y  ↔↔↔↔↔↔↔↔ X  + YX  + Y––

XX––↔↔↔↔↔↔↔↔ X  + eX  + e––

Y + eY + e–– ↔↔↔↔↔↔↔↔ YY––

Difference in affinities to 
electrons between two
redox couples, in volts.
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RedoxRedox potentialpotential

EEoo ……standard standard redoxredox

potentialpotential, 1.0 M, , 1.0 M, pHpH 00

EEoo’’ …… standard standard redoxredox

potentialpotential, 1.0 M, , 1.0 M, pHpH 77

Reference hydrogen electrode:

EEoo =  0.0 V=  0.0 V EEoo’’ =  =  ––0.42 V0.42 V
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(from Harper‘s Illustrated Biochemistry, 27th edition, McGraw-Hill Co. 2006)
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RelationshipRelationship betweenbetween freefree

enthalpyenthalpy andand redoxredox potentialpotential

n n …… numbernumber ofof transferedtransfered electronselectrons

F ... FaradayF ... Faraday cconstantonstant = 96 485 C /mol= 96 485 C /mol

∆∆∆∆∆∆∆∆G = G = –– nFnF ∆∆∆∆∆∆∆∆EE

C (Coulomb) = J/ VJ/ V
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TheThe NernstNernst equationequation
Tells voltage of galvanic cell, or redox potential, for various
concentrations of components.

∆∆∆∆∆∆∆∆G = G = ––nFnF ∆∆∆∆∆∆∆∆EE
[C][D] [C][D] 

∆∆∆∆∆∆∆∆G  =G  = ∆∆∆∆∆∆∆∆GGoo’’ +  RT+  RT lnln ————————

[A][B][A][B]
+

RTRT [[OXOX] ] 

∆∆∆∆∆∆∆∆EE == ∆∆∆∆∆∆∆∆EEoo’’ + + ———— lnln ————————

nFnF [[REDRED]]

Walther Hermann Nernst (1864-1941): Nobel Prize 1920

Equation also called Nernst-Peters
(Peters applied Nernst equation for redox processes)
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ExampleExample I: Transfer I: Transfer ofof electronselectrons fromfrom NADHNADH to to 

oxygenoxygen::

NADH  + HNADH  + H++ + 1/2O+ 1/2O22 →→→→ NADNAD++ + H+ H22OO

RedoxRedox couplescouples::

NADH  + HNADH  + H++ →→→→ NADNAD++ + 2H+ 2H++ + 2e+ 2e–– EEoo’’ = = –– 0.320V0.320V

1/2O1/2O22 + 2H+ 2H++ + 2e+ 2e–– →→→→ HH22O           O           EEoo’’ = = + + 0.816V0.816V

ForFor thethe wholewhole reactionreaction::

∆∆∆∆∆∆∆∆EEoo’’ = 0.816V = 0.816V –– ((–– 0.320V 0.320V ))= 1.136V= 1.136V

∆∆∆∆∆∆∆∆GGoo’’ = = ––nFnF ∆∆∆∆∆∆∆∆EEoo’’

∆∆∆∆∆∆∆∆GGoo’’ = = ––22(96.5 (96.5 kJkJ VV––1 1 mol mol ––11)()(1.136V) = 1.136V) = –– 219.25 219.25 kJkJ mol mol ––11
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ExampleExample II: II: SuccinateSuccinate dehydrogenasedehydrogenase

RedoxRedox couplescouples::

succinatesuccinate →→→→ fumaratefumarate + 2H+ 2H++ + 2e+ 2e–– EEoo’’ = = ++ 0.0.003V3V

FADFAD + 2H+ 2H++ + 2e+ 2e–– →→→→ FADFADHH22 EEoo’’ = = –– 0.0.1212VV

∆∆∆∆∆∆∆∆GGoo’’ = = ––22(96.5 (96.5 kJkJ VV––1 1 mol mol ––11)()(––00.1.155V) = V) = ++ 2288..995 5 kJkJ mol mol ––11

Reaction cannot proceed ??? 
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ExampleExample II: II: SuccinateSuccinate dehydrogenasedehydrogenase
RedoxRedox couplescouples::

succinatesuccinate →→→→ fumaratefumarate + 2H+ 2H++ + 2e+ 2e–– EEoo’’ = = ++ 0.0.003V3V

FADFAD + 2H+ 2H++ + 2e+ 2e–– →→→→ FADFADHH22 EEoo’’ = = –– 0.0.1212VV

ButBut, , ifif fumaratefumarate isis consumedconsumed in in thethe nextnext reactionreaction, , andand FAD FAD 

reoxidizedreoxidized, , thethe actualactual ratiosratios succinatesuccinate//fumaratefumarate andand

FAD/FADHFAD/FADH22 wouldwould not not bebe 1:1 1:1 

IfIf succinatesuccinate : : fumaratefumarate isis 500:1, 500:1, redoxredox potentialpotential ofof thethe systemsystem

usingusing thethe NernstNernst equationequation wouldwould bebe: : 

RTRT [[OXOX] ] 

∆∆∆∆∆∆∆∆EE == ∆∆∆∆∆∆∆∆EEoo’’ + + ———— lnln ———————— =  0.03 + (=  0.03 + (––0.08)  = 0.08)  = –– 0.05  V0.05  V

nFnF [[REDRED]]

And And forfor FAD/FADHFAD/FADH22 500:1  500:1  ∆∆∆∆∆∆∆∆EE = = ––0.12 + 0.08 = 0.12 + 0.08 = –– 0.04 V0.04 V

16

LikewiseLikewise malatemalate dehydrogenasedehydrogenase reactionreaction::

RedoxRedox couplescouples::

malatemalate →→→→ oxaloacetateoxaloacetate + 2H+ 2H++ + 2e+ 2e–– EEoo’’ = = –– 0.0.1717VV

NADNAD++ + 2H+ 2H++ + 2e+ 2e–– →→→→ NADH  + HNADH  + H++ EEoo’’ = = –– 0.0.3232VV
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IonicIonic gradient on a gradient on a membranemembrane cancan alsoalso do do workwork

Na

Na

Na

Na Na

Na

Na

Na
Na

NaNa

Na Na
Na

c(Na+)1 = 120 mmol/l

c(Na+)2 = 12 mmol/l

cc11

∆∆∆∆∆∆∆∆G  =G  = –– RTRT lnln ————————

cc22

= –(8.3143 × 298.15) × ln 10  =

=  – 5.7 kJ/mol 

Equation is valid if c1 > c2 (diffusion to c2); for 37 °C the coefficient is – 5.9
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ProtonmotiveProtonmotive forceforce

∆∆ pp =  =  ∆∆∆∆∆∆∆∆ pHpH ++ ∆∆∆∆∆∆∆∆ ψψψψψψψψ

Difference in 
concentration of
protons
- about 1 pH unit

…from Nernst
equation is 60 mV

Electric potential
on the inner
membrane.

Must be measured, 
value e.g. 160 mV

∆∆ pp =  60 =  60 mVmV ++ 160 160 mVmV = 220 = 220 mVmV
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EfficiencyEfficiency ofof mitochondrialmitochondrial productionproduction ofof ATPATP

Oxidation of 1 mole of NADH leads to pumping of 10 mol protons
and production of 2.5 mol ATP, protonmotive force is 220 mV

Oxidation of 1 mol NADH: ∆∆∆∆∆∆∆∆GGoo’’ = = –– 219.25 219.25 kJkJ/mol/mol

Protonmotive force ∆p = 220 mV corresponds to:

∆∆∆∆∆∆∆∆GG =  =  ∆∆∆∆∆∆∆∆µµµµµµµµHH++ =  =  –– F F ·· ∆∆∆∆∆∆∆∆p p = = –– 21.2 21.2 kJkJ/mol/mol

For pumping 10 mol protons: ∆∆∆∆∆∆∆∆GG = 10 x (21.2) = 212 = 10 x (21.2) = 212 kJkJ

……Most Most ofof thethe energyenergy fromfrom oxidationoxidation isis convertedconverted

to proton gradientto proton gradient

∆µH+

is electrochemical
proton gradient
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EfficiencyEfficiency ofof mitochondrialmitochondrial productionproduction ofof ATPATP

Oxidation of 1 mole of NADH leads to pumping of 10 mol protons
and production of 2.5 mol ATP, protonmotive force is 220 mV

Oxidation of 1 mol NADH: ∆∆∆∆∆∆∆∆GGoo’’ = = –– 219.25 219.25 kJkJ/mol/mol

Protonmotive force ∆p = 220 mV corresponds to:

∆∆∆∆∆∆∆∆GG =  =  ∆∆∆∆∆∆∆∆µµµµµµµµHH++ =  =  –– F F ·· ∆∆∆∆∆∆∆∆p p = = –– 21.2 21.2 kJkJ/mol/mol

For pumping 10 mol protons: ∆∆∆∆∆∆∆∆GG = 10 x (21.2) = 212 = 10 x (21.2) = 212 kJkJ

∆µH+

is electrochemical
proton gradient

For 1 ATP is needed: ∆∆∆∆∆∆∆∆GGoo’’ = 30.5 = 30.5 kJkJ/mol, /mol, 

In the cell really (excess of ATP): ∆∆∆∆∆∆∆∆GG’’= = asiasi 50 kJ/mol50 kJ/mol

4 4 protonsprotons do do workwork 84.9 84.9 kJkJ/mol, /mol, whichwhich

isis certainlycertainly enoughenough forfor 1 ATP1 ATP
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EfficiencyEfficiency ofof mitochondrialmitochondrial productionproduction ofof ATPATP

Oxidation of 1 mole of NADH leads to pumping of 10 mol protons
and production of 2.5 mol ATP, protonmotive force is 220 mV

Oxidation of 1 mol NADH: ∆∆∆∆∆∆∆∆GGoo’’ = = –– 219.25 219.25 kJkJ/mol/mol

Protonmotive force ∆p = 220 mV corresponds to:

∆∆∆∆∆∆∆∆GG =  =  ∆∆∆∆∆∆∆∆µµµµµµµµHH++ =  =  –– F F ·· ∆∆∆∆∆∆∆∆p p = = –– 21.2 21.2 kJkJ/mol/mol

For pumping 10 mol protons: ∆∆∆∆∆∆∆∆GG = 10 x (21.2) = 212 = 10 x (21.2) = 212 kJkJ

∆µH+

is electrochemical
proton gradient

For 1 ATP is needed: ∆∆∆∆∆∆∆∆GGoo’’ = 30.5 = 30.5 kJkJ/mol, /mol, 

In the cell really (excess of ATP): ∆∆∆∆∆∆∆∆GG’’= = asiasi 50 kJ/mol50 kJ/mol

OxidationOxidation ofof 1 mol NADH 1 mol NADH givesgives theoreticallytheoretically energyenergy forfor

makingmaking 4.4 mol ATP, 4.4 mol ATP, practicallypractically 2.5 mol 2.5 mol isis producedproduced

…… efficiencyefficiency cca 57 % (cca 57 % (forfor standard standard conditionsconditions cca 35 %)cca 35 %)


