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Mitochondrial electron transfer 
and oxidative phosphorylation
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outer membrane

inner membrane

intermembrane space

matrix
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matrix
•inside of mitochondrion
•soluble enzymes of citric acid 
cycle, fatty acid oxidation, 
metabolites, DNA, etc.

Intermembrane
space
•contains soluble cytochrome c
•protons are pumped here

Mitochondrial cross section

inner membrane
•impermeable to ions, molecules
•electron transfer proteins, transporters 
embedded within

Outer membrane
Otuside of mitochondrion (cell cytosol)
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O2 is a strong oxidizing 
agent (it likes to be reduced)

NADH is a strong reducing 
agent (it likes to be oxidized)
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• For a redox reaction to be 
spontaneous, E°’ for the 
overall reaction must have a 
positive value

•When writing a half reaction 
in the oxidative direction, the 
sign of E°’ is switched

•The oxidized form of a given 
redox pair will react 
spontaneously with the 
reduced form of any redox
pair that is below it in a table 
of standard reduction 
potentials

O2 will be 
spontaneously 
reduced by NADH
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e- e-

e- e-
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matrix
•inside of mitochondrion
•soluble enzymes of citric acid 
cycle, fatty acid oxidation, etc.

Intermembrane
space
•contains soluble cytochrome c
•protons are pumped here

Mitochondrial cross section

inner membrane
•impermeable to ions, molecules
•electron transfer proteins, transporters 
embedded within

Outer membrane
Otuside of mitochondrion (cell cytosol)
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Ways to transfer electrons

• Direct electron transfer

• H atom transfer

• Hydride ion transfer

H- = 2e- + H+

H  = 1e- + H+

Fe2+ Cu2+
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Redox cofactors mediate biological 
oxidation/reduction reactions

• “Free” coenzymes
• Protein-bound organic coenzymes

– Covalent: prosthetic group
– Noncovalent: “weak” interactions

• Protein-bound organometallic coenzymes
• Protein-bound inorganic cofactors (Mn+, 

sometimes with inorganic S, O, Se)
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NADP+ and NADPH
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Flavin coenzymes
• Enzymatically modified forms of riboflavin (B2)
• Tightly bound to proteins/enzymes
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Two electron reduction of flavin by hydride 
transfer from NADH
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Sequential one electron reduction of flavin
through semiquinone intermediate(s)

λmax = 450 nm

colorless
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ubiquinone (Q)

semiquinone (·QH)
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Reduction of 
ubiquinone
(Coenzyme Q) to 
the one-electron 
reduced radical 
and two-electron 
reduced forms

n = 10, Coenzyme Q10

H2C C C CH2

CH3

H
isoprene

isoprenoid tail
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Coenzyme Q is a membrane-bound, 
amphipathic cofactor

The polar head group of CoQ can 
undergo oxidation/reduction on 
one side of the membrane..
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Then flip to the other side of the 
membrane to complete a redox
reaction

Coenzyme Q is a membrane-bound, 
amphipathic cofactor
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Types of hemes in cytochromes
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Axial ligands to heme C in cytochrome C
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Axial ligands to heme in Cytochrome bH and bL
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E
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Cytochrome c; a water soluble electron 
carrier protein
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Iron-sulfur clusters

• inorganic cofactors
• Fe only
• Fe + inorganic sulfur
• Covalent ligation to proteins, usually 

through cysteine residues
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Iron-sulfur clusters: “rubredoxin” type
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Rubredoxin: inorganic Fe
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Iron-sulfur clusters: “ferredoxin” type

Cysteine sulfur

inorganic sulfur
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Plant-type ferredoxin: inorganic Fe2S2
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Iron-sulfur clusters: “ferredoxin” type
Ligands to Fe:

Cysteine sulfur

Inorganic sulfur
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Bacterial-type ferredoxin: inorganic Fe4S4
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• For a redox reaction to be 
spontaneous, E°’ for the 
overall reaction must have a 
positive value

•When writing a half reaction 
in the oxidative direction, the 
sign of E°’ is switched

•The oxidized form of a given 
redox pair will react 
spontaneously with the 
reduced form of any redox
pair that is below it in a table 
of standard reduction 
potentials (under standard 
conditions)
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cyt a, cyt
a3, CuA, 
CuB

13Cytochrome c: 
O2
oxidoreductase

4CytCred + O2 + 4H+

4CytCox + 2H2O
Cytochrome oxidaseIV

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

11CoQ:cytochrome
c oxidoreductase

QH2 +  2CytCox

Q   +   2CytCred +   2H+
Cytochrome bc1III

FAD, 
Cytb560,
3 FeS
clusters

5Succinate:CoQ
oxidoreductase

Succinate + Q 
fumarate +  QH2

Succinate
dehydrogenase

II

FMN, 9 
FeS
clusters

42NADH:CoQ
oxidoreductase

NADH  + Q   +  H+

NAD+ +  QH2

NADH 
dehydrogenase

I

cofactorsNumber 
of sub-
units

Proper nameReaction catalyzedCommon nameCom-
plex

Components of the mitochondrial electron transfer chain



S. Ensign, Chem. 5700
37

Mitochondrial electron transfer

• focus first on details of electron transfer
• focus second on proton pumping by 

complexes I, III, and IV
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cIV CuA
2+ + e- cIV CuA

1+

cIV CuB
2+ + e- cIV CuB

1+

cIII Rieske Fe-S clusterox + e- cIII Rieske FeS clusterred

-0.32NAD+ + H+ + 2e- NADH
-0.30cI FMN + 2H+ + 2e- cI FMNH2

cI Fe-S clustersox + e- cI FeS clustersred

0.045ubiquinone + 2H+ + 2e- ubiquinol

0.077cIII cytochrome b (Fe3+) + e- cIII cytochrome b (Fe2+)
cIII cytochrome bH (Fe3+) + e- cIII cytochrome bH (Fe2+)
cIII cytochrome bL (Fe3+) + e- cIII cytochrome bL (Fe2+)

0.22cIII cytochrome c1 (Fe3+) + e- cIII cytochrome c1 (Fe2+)
0.254cytochrome c (Fe3+) + e- cytochrome c (Fe2+)

0.29cIV cytochrome a (Fe3+) + e- cIV cytochrome a (Fe2+)
0.35cIV cytochrome a3 (Fe3+) + e- cIV cytochrome a3 (Fe2+)

0.8166½ O2 + 2H+ + 2e- H2O
E'° (V)Half reaction

Cofactors transferring electrons from NADH 
to O2 in mitochondrial electron transfer
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matrix
•inside of mitochondrion
•soluble enzymes of citric acid 
cycle, fatty acid oxidation, etc.

Intermembrane
space
•contains soluble cytochrome c
•protons are pumped here

Mitochondrial cross section

inner membrane
•impermeable to ions, molecules
•electron transfer proteins, transporters 
embedded within

Outer membrane
Otuside of mitochondrion (cell cytosol)
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matrix

Intermembrane
space

Transfer of electrons from NADH to O2

Q

cI

cIII cIV

CytC

2 NADH 2 NAD+

2e-

O2 + 4H+ H2O
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Complex I: NADH dehydrogenase

matrix

intermembrane space
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Electron transfer cofactors in  NADH 
dehydrogenase

matrix

intermembrane space

S. Ensign, Chem. 5700
43

Electron transfer in  NADH dehydrogenase

matrix

intermembrane space

NADH + H+ NAD+

H-

(1) NADH + H+ + FMN NAD+ + FMNH2
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Electron transfer in  NADH dehydrogenase
(1) NADH + H+ + FMN NAD+ + FMNH2
(2) FMNH2 + FeSox FMNH· + FeSred + H+

(3) FeSred + Q + H+ FeSox + ·QH
(4) FMNH· + FeSox FMN + Fe-Sred + H+

(5) FeSred + ·QH + H+ FeSox + QH2

• NADH transfers two electrons as a hydride ion 
to FMN

• FMN transfers one electron to an adjacent FeS
center, forming the semiquinone FMNH·

• The electron is transferred through the “wire” of 
FeS clusters to Q, reducing it by one electron to 
·QH 

• FMNH· transfers it’s 2nd electron to the adjacent 
FeS cluster

• ·The 2nd electron is transferred through the 
“wire” of FeS clusters to ·QH , reducing it by one 
electron to QH2

1 e-

FMNH2

QH2
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Electron transfer in  NADH dehydrogenase

1 e-

FMNH·

·QH

(1) NADH + H+ + FMN NAD+ + FMNH2
(2) FMNH2 + FeSox FMNH· + FeSred + H+

(3) FeSred + Q + H+ FeSox + ·QH
(4) FMNH· + FeSox FMN + Fe-Sred + H+

(5) FeSred + ·QH + H+ FeSox + QH2

• NADH transfers two electrons as a hydride ion 
to FMN

• FMN transfers one electron to an adjacent FeS
center, forming the semiquinone FMNH·

• The electron is transferred through the “wire” of 
FeS clusters to Q, reducing it by one electron to 
·QH 

• FMNH· transfers it’s 2nd electron to the adjacent 
FeS cluster

• ·The 2nd electron is transferred through the 
“wire” of FeS clusters to ·QH , reducing it by one 
electron to QH2
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Electron transfer in  NADH dehydrogenase

1 e-

FMNH·

·QH

(1) NADH + H+ + FMN NAD+ + FMNH2
(2) FMNH2 + FeSox FMNH· + FeSred + H+

(3) FeSred + Q + H+ FeSox + ·QH
(4) FMNH· + FeSox FMN + Fe-Sred + H+

(5) FeSred + ·QH + H+ FeSox + QH2

• NADH transfers two electrons as a hydride ion 
to FMN

• FMN transfers one electron to an adjacent FeS
center, forming the semiquinone FMNH·

• The electron is transferred through the “wire” of 
FeS clusters to Q, reducing it by one electron to 
·QH 

• FMNH· transfers it’s 2nd electron to the adjacent 
FeS cluster

• ·The 2nd electron is transferred through the 
“wire” of FeS clusters to ·QH , reducing it by one 
electron to QH2
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Electron transfer in  NADH dehydrogenase

1 e-

FMN

QH2

(1) NADH + H+ + FMN NAD+ + FMNH2
(2) FMNH2 + FeSox FMNH· + FeSred + H+

(3) FeSred + Q + H+ FeSox + ·QH
(4) FMNH· + FeSox FMN + Fe-Sred + H+

(5) FeSred + ·QH + H+ FeSox + QH2

• NADH transfers two electrons as a hydride ion 
to FMN

• FMN transfers one electron to an adjacent FeS
center, forming the semiquinone FMNH·

• The electron is transferred through the “wire” of 
FeS clusters to Q, reducing it by one electron to 
·QH 

• FMNH· transfers it’s 2nd electron to the adjacent 
FeS cluster

• ·The 2nd electron is transferred through the 
“wire” of FeS clusters to ·QH , reducing it by one 
electron to QH2
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Electron transfer in  NADH dehydrogenase

1 e-

FMN

QH2

(1) NADH + H+ + FMN NAD+ + FMNH2
(2) FMNH2 + FeSox FMNH· + FeSred + H+

(3) FeSred + Q + H+ FeSox + ·QH
(4) FMNH· + FeSox FMN + Fe-Sred + H+

(5) FeSred + ·QH + H+ FeSox + QH2

Net rxn: NADH  + Q   +  H+ NAD+ +  QH2

• NADH transfers two electrons as a hydride ion 
to FMN

• FMN transfers one electron to an adjacent FeS
center, forming the semiquinone FMNH·

• The electron is transferred through the “wire” of 
FeS clusters to Q, reducing it by one electron to 
·QH 

• FMNH· transfers it’s 2nd electron to the adjacent 
FeS cluster

• ·The 2nd electron is transferred through the 
“wire” of FeS clusters to ·QH , reducing it by one 
electron to QH2
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matrix

Intermembrane space

Complex II (succinate dehydrogenase) is the only 
membrane-bound component of the citric acid 

cycle

• Asymetrically oriented membrane protein
• FAD is initial electron acceptor
• Electrons are passed through FeS clusters to 

oxidized coenzyme Q
• Overall reaction: Succinate + Q fumarate +  QH2

Q

succinate fumarate

2e-cII
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matrix

intermembrane space

Structure of succinate dehydrogenase

succinate fumarate

2e-
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matrix

intermembrane space

Electron transfer in succinate dehydrogenase

succinate fumarate

2e-
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Electron transfer in succinate dehydrogenase

succinate fumarate

2e-

FAD

FeS

FeS

FeS

CoQ

One electron transfer at 
a time from FAD to 
CoQ, as per complex I 
(FADH· and Q·
intermediates)
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Electron transfer 
to the CoQ pool

Complex II = succinate dehydrogenase
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matrix

Intermembrane
space

Consolidation of electrons in Coenzyme Q
Outside of mitochondrion (cell cytosol)

NAD+NADH + H+

2e- Q

succinate fumarate

2e-

cI

cII
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Consolidation of electrons in Coenzyme Q

matrix (“N” side)

intermembrane space (“P” side)
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matrix (“N” side)

intermembrane space (“P” side)

Consolidation of electrons in 
Coenzyme Q
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Transfer of electrons from 
Coenzyme Q to complex III
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matrix

intermembrane space

Cytochrome bc1 (complex III)
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cytochrome c1

cytochrome bH

cytochrome bL

Rieske 2Fe2S cluster

Cytochrome bc1 (complex III)

matrix

intermembrane space
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Cytochrome bc1 (complex III) cofactors

cytochrome c1

cytochrome bH

cytochrome bL

Rieske 2Fe2S cluster
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Fe
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Fe
S SH

Fe

S

N

Fe

N

N

Fe

N

N

QH2

Cytochrome bc1 Q cycle

Fe

S

N

cyt cox

cyt c1

cyt bL

cyt bH Q

matrix (“N” side)

intermembrane space (“P” side)
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N
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Fe

N

N

QH2

·QH

e-

e-

e-

Cytochrome bc1 Q cycle

Fe

S

N

cyt cox

cyt c1

cyt bL

cyt bH Q

matrix (“N” side)

intermembrane space (“P” side)
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Fe
S

Fe
S SH

Fe

S

N

Fe

N

N

Fe

N

N

Cytochrome bc1 Q cycle

Fe

S

N

cyt cred

cyt c1

cyt bL

cyt bH

·QH

Q

matrix (“N” side)

intermembrane space (“P” side)

S. Ensign, Chem. 5700
64

Fe
S

Fe
S SH

Fe

S

N

Fe

N

N

Fe

N

N

Cytochrome bc1 Q cycle

cyt c1

cyt bL

cyt bH

·QH

Q

e-

e-

e-

Q

matrix (“N” side)

intermembrane space (“P” side)
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Fe
S

Fe
S SH

Fe

S

N

Fe

N

N

Fe

N

N

Cytochrome bc1 Q cycle

cyt c1

cyt bL

cyt bH

Q

·QH

net reaction, first cycle: QH2(P) +  Q(N) + CytCox Q(p) +  CytCred +  ·QH(N) + H+

matrix (“N” side)

intermembrane space (“P” side)
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Fe

N

N

Fe

N

N

Cytochrome bc1 Q cycle

cyt c1

cyt bL

cyt bH ·QH

QH2

Fe

S

N

cyt cox

matrix (“N” side)

intermembrane space (“P” side)
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Fe
S

Fe
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Fe
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N

Fe

N

N

Fe

N

N

QH2

·QH

e-

e-

e-

Cytochrome bc1 Q cycle

Fe

S

N

cyt cox

cyt c1

cyt bL

cyt bH ·QH

matrix (“N” side)

intermembrane space (“P” side)
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Fe
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N

Fe
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N

Cytochrome bc1 Q cycle

Fe

S

N
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cyt c1

cyt bL

cyt bH

·QH

·QH

matrix (“N” side)

intermembrane space (“P” side)



S. Ensign, Chem. 5700
69

Fe
S

Fe
S SH

Fe

S

N

Fe

N

N

Fe

N

N

Cytochrome bc1 Q cycle

cyt c1

cyt bL

cyt bH

·QH

Q

e-

e-

e-

·QH

matrix (“N” side)

intermembrane space (“P” side)
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Fe
S

Fe
S SH

Fe

S

N

Fe

N

N

Fe

N

N

Cytochrome bc1 Q cycle

cyt c1

cyt bL

cyt bH

Q

QH2

net reaction, 2nd cycle:  QH2(P) + ·QH(N) + CytCox Q(p) +  CytCred +   QH2(N) + H+

matrix (“N” side)

intermembrane space (“P” side)
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Summary of the Q cycle

2nd cycle:  QH2(P) + ·QH(N) + CytCox Q(p) +  CytCred +   QH2(N) + H+

first cycle: QH2(P) +  Q(N) + CytCox Q(p) +  CytCred +  ·QH(N) + H+

overall reaction:  2 QH2(P) + Q (N) + 2 CytCox 2 Q(p) + 2 CytCred + QH2(N) + 2 H+

net reaction:  QH2 + 2 CytCox Q + 2 CytCred + + 2 H+
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matrix

Intermembrane
space

Consolidation of electrons in cytochrome C
Outside of mitochondrion (cell cytosol)

NAD+NADH + H+

2e- Q 2e-

2 CytCox

succinate fumarate

2e-

cI

cII cIII
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matrix

Intermembrane
space

Transfer of electrons from cytochrome C to 
complex IV

Q

cI

cII cIII
cIV

CytCred
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Complex IV: cytochrome oxidase dimer

matrix

intermembrane space
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Cytochrome oxidase monomer

matrix

intermembrane space

S. Ensign, Chem. 5700
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Cytochrome oxidase cofactors

matrix

intermembrane space
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CuA

Cyt a Cyt a3

CuB

Fe

S

N

cyt cred

e-

CuB and the Fe of Cyt
a3 form a binuclear 
center for O2 binding 
and reduction

Cytochrome oxidase e- transfer

O2
4H+
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CuA

Cyt a Cyt a3

CuB

Fe

S

N

cyt cred

4 e-

Cytochrome
oxidase O2
reduction

O2 + 4H+ + 4 e- 2 H2O

4
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Mechanism of O2 reduction by cytochrome oxidase
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matrix

Intermembrane
space

Summary of pathway of electron transfer from NADH or 
succinate to O2 (shown per two electrons transferred)

NAD+NADH + H+

2e- Q 2e-

2 CytCox

succinate fumarate

2e-

cI

cII cIII
cIV

½ O2 + 2H+ H2O

How is the free energy released during electron 
transfer to O2 conserved and used to synthesize ATP?

ΔG°‘ = -219 kJ/mol NADH

ΔG°‘ = -152 kJ/mol NADH

CytCred2
2e-
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e- e-

e- e-
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Matrix (“N” side)

Intermembrane space “P” side)

Complexes I, III, and IV are also proton pumps, 
coupling electron transfer to proton pumping

NAD+NADH + H+

2e- Q 2e-

2 CytCox

succinate fumarate

2e-

cI

cII cIII
cIV

½ O2 + 2H+ H2O

CytCred2
2e-

4H+
N

4H+
P

4H+
N

4H+
P

2H+
N

2H+
P
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The transmembrane “proton motive force”

Chemical potential
electrical potential
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The Chemiosmotic Theory
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The Chemiosmotic Theory
• How many protons are 

pumped into the 
innermembrane space 
during electron transfer?
– Complex I complex IV
– Complex II complex IV

• How many protons are 
moved back into the 
matrix to make a single 
ATP?
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Keeping track of proton 
movement

Complex I: (two electron inventory)
Net Reaction: NADH  +  Q   +   H+ NAD+ +  QH2
Proton Inventory reaction: NADH +  Q   +   5H+

N NAD+ +  QH2 +   4H+
P

Complex II: (two electron inventory)
Net Reaction: Succinate + Q fumarate +  QH2
Proton Inventory reaction: C4H2H2O4

2- + Q C4H2O4
2- +  QH2

Complex III: (two electron inventory)
Net Reaction: QH2 +  2CytCox Q   +   2CytCred +   2H+

Proton Inventory reaction: QH2 +  2CytCox +  2H+
N Q   +   2CytCred +   4H+

P

Complex IV: (two electron inventory)
Net Reaction: 2CytCred +  ½ O2 + 2H+ 2CytCox + H2O
Proton Inventory reaction: 2CytCred +  ½ O2 + 4H+

N 2CytCox + H2O +   2H+
P
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Overall reaction with NADH:
Net: NADH + ½ O2 + H+ NAD+ +  H2O
Proton Inventory rxn:     NADH + ½ O2 + H+ + 10H+

N NAD+ + H2O + 10H+
P

Complex I: (two electron inventory)
Net Reaction: NADH  +  Q   +   H+ NAD+ +  QH2
Proton Inventory reaction: NADH +  Q   +   5H+

N NAD+ +  QH2 +   4H+
P

Complex II: (two electron inventory)
Net Reaction: Succinate + Q fumarate +  QH2
Proton Inventory reaction: C4H2H2O4

2- + Q C4H2O4
2- +  QH2

Complex III: (two electron inventory)
Net Reaction: QH2 +  2CytCox Q   +   2CytCred +   2H+

Proton Inventory reaction: QH2 +  2CytCox +  2H+
N Q   +   2CytCred +   4H+

P

Complex IV: (two electron inventory)
Net Reaction: 2CytCred +  ½ O2 + 2H+ 2CytCox + H2O
Proton Inventory reaction: 2CytCred +  ½ O2 + 4H+

N 2CytCox + H2O +   2H+
P

Overall reaction with succinate:
Net: C4H4O4

2- + ½ O2 C4H2O4
2- +  H2O

Proton Inventory rxn:    C4H2H2O4
2- + ½ O2 + 6 H+

N C4H2O4
2- +  H2O + 6H+

P
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Overall reaction with NADH:
Net: NADH + ½ O2 + H+ NAD+ +  H2O
Proton Inventory rxn:     NADH + ½ O2 + H+ + 10H+

N NAD+ +  H2O + 10H+
P

Overall reaction with succinate:
Net: C4H4O4

2- + ½ O2 C4H2O4
2- +  H2O

Proton Inventory rxn:    C4H2H2O4
2- + ½ O2 + 6 H+

N C4H2O4
2- +  H2O + 6H+

P

Keeping track of proton movement

• Electron transfer from NADH results in removal of 12 hydrogen 
atoms from the mitochondrial matrix, with 10 of the hydrogens
being pumped as H+ into the intermembrane space

• Electron transfer from succinate results in removal of 8 
hydrogen atoms from the mitochondrial matrix, with 6 of the 
hydrogens being pumped as H+ into the intermembrane space
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Electron transfer chain inhibitors

ATP synthesis inhibitors

Uncouplers: protonophores and ionophores
S. Ensign, Chem. 5700

90

Conclusion: 
electron transfer 
and ATP synthesis 
are “coupled”
processes

(complex IV inhibitor)

Measurement of O2 consumption and ATP synthesis in isolated mitochondrial 
suspensions
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Conclusion: Electron transfer and ATP synthesis 
can be “uncoupled” by a protonophore

(ATP synthase inhibitors) (protonophore)
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O
2

co
ns

um
ed

Time (min)

What would happen to succinate-dependent O2 consumption and ATP 
synthesis in the presence of a potassium ionophore?

A
TP

 s
yn

th
es

iz
ed
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The core 
subunits of 
the ATP 
synthase F1 
component
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Intermembrane space

matrix
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Transport of mitochondrial ATP to the cytosol

Concentration 
considerations (active 
vs. passive)?

Charge considerations?
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“Transport” of cytosolic NADH to the mitochondrion:
The malate-aspartate shuttle
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“Transport” of cytosolic NADH to the mitochondrion:
The glycerol-3-phosphate shuttle
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