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Text
Oxidation and Phosphorylation are coupled 
by transmembrane proton fluxes:

Introduction

Oxidation Phosphorylation
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Text
Oval-shaped 
organelles

0.5 µm X 2 µm

Contain 
Citric acid cycle 
enzymes

Fatty acid oxidation 
enzymes

respiratory assembly

1. Mitochondria
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Mitochondria are bound by a double 
membrane

1.1 Structure of Mitochondria
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Text
The reoxidation of NADH and FADH2 by 
molecular oxygen is highly exergonic.

2. Electron Transfer
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The ability of a substance to participate in 
an oxidation/reduction reaction is measured 
by its reduction potential.

2.1 High Energy Electrons

  

† 

DG0' = -nF DEo
'
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Text

2.1 Standard Reduction Potentials
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Text
Using the data  given in Table 18.1, calculate 
the standard free energy change for 
transferring 2 electrons from NADH to 1/2O2 
to form water.

Problem
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The oxidation of NADH by O2 drives 
formation of a proton gradient across the 
mitochondrial inner membrane

2.2 Formation of Proton Gradient
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If the pH of the mitochondrial intermembrane space 
is 6.8 while the pH of the mitochondrial matrix is 
8.2, what the free energy change for transporting 
one proton (H+) out of the mitochondrial matrix if 
the membrane potential is 0.14 V?

Problem
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The rate of electron transfer is dependent up 
two factors:

2.3 Electron Transfer

Distance Driving Force
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Text
The respiratory chain consists 
of four complexes

Three proton pumps

Physical link to the citric acid 
cycle

3. Respiratory Chain
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3. Respiratory Chain
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3. Respiratory Chain
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Coenzyme Q (Ubiquinone)  carries the 
electrons from Complexes I & II to Complex III

3. Carriers Between Complexes
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Cytochrome c is a 
small heme protein 
that carries the 
electrons from 
Complex III to 
Complex IV

3. Carriers Between Complexes
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3.1 NADH-Q Oxidoreductase
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High-Potential electrons of 
NADH enter the respiratory 
chain at NADH-Q 
Oxidoreductase

3.1 NADH-Q Oxidoreductase

NADH + Q + 5 H+
matrix NAD+ + QH2 + 4 H+cytosol
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The electrons from NADH are transferred to a 
bound FMN

3.1 NADH-Q Oxidoreductase
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The electrons from FMNH2 are then 
transferred to a series of iron-sulfur centers.

3.1 NADH-Q Oxidoreductase

Single Iron 2Fe-2S 4Fe-4S
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3.1 NADH-Q Oxidoreductase

NADH + Q + 5 H+
matrix NAD+ + QH2 + 4 H+cytosol

NADH
→FMNH2
→ Series of 3 4Fe-4S centers
→ bound QH2
→ 4Fe-4S center
→ mobile QH2
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The electrons from 4Fe-4S centers are 
transferred to Q.

3.1 NADH-Q Oxidoreductase
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3.2 Succinate-Q Reductase Complex
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Succinate 
dehydrogenase 
from the citric 
acid cycle is a 
component of 
the Succinate-Q 
Reductase 
complex

3.2 Succinate-Q Reductase Complex
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FADH2
→ Fe-S centers
→ mobile QH2

No hydrogens are 
pumped out of 
the mitochondrial 
matrix

3.2 Succinate-Q Reductase Complex
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3.3 Q-Cytochrome c Oxidoreductase
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Electron flow from 
ubiquinol to 
cytochrome c through 
Q–cytochrome c 
oxidoreductase

3.3 Q-Cytochrome c Oxidoreductase

QH2 + 2 Cyt cox 2 H+matrix

Q + 2 Cyt cred + 4 H+
cytosol

+
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3.3 Q-Cytochrome c Oxidoreductase

QH2 + 2 Cyt cox 2 H+matrix

Q + 2 Cyt cred + 4 H+
cytosol

+

First QH2
Electron 1
→ 2Fe-2S center
→ cyt c1
→ mobile cyt c
Electron 2
→ cyt bL
→ cyt bL
→ Q•-
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3.3 Q-Cytochrome c Oxidoreductase

QH2 + 2 Cyt cox 2 H+matrix

Q + 2 Cyt cred + 4 H+
cytosol

+

Second QH2
Electron 1
→ 2Fe-2S center
→ cyt c1
→ mobile cyt c
Electron 2
→ cyt bL
→ cyt bL
→ QH2
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3.3 Q-Cytochrome c Oxidoreductase

The Q cycle:

QH2 + 2 Cyt cox 2 H+
matrix Q + 2 Cyt cred + 4 H+cytosol+
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3.5 Cytochrome c Oxidase
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Cytochrome c 
Oxidase catalyzes 
the reduction of 
molecular oxygen 
to water

3.5 Cytochrome c Oxidase

4 Cyt cred + 4 H+matrix + O2 4 Cyt cox + 2 H2O

CuA/CuA
Heme a
Heme a3/CuB
Fe(3+)/Cu(+2)
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3.5 Cytochrome c Oxidase

4 Cyt cred + 4 H+matrix + O2 4 Cyt cox + 2 H2O

First cyt c
→ CuA/CuA
→ Heme a
→ Heme a3/CuB

   Fe(3+)/Cu(+1)
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3.5 Cytochrome c Oxidase

4 Cyt cred + 4 H+matrix + O2 4 Cyt cox + 2 H2O

Second cyt c
→ CuA/CuA
→ Heme a
→ Heme a3/CuB

   Fe(2+)/Cu(+1)
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3.5 Cytochrome c Oxidase

4 Cyt cred + 4 H+matrix + O2 4 Cyt cox + 2 H2O

→ CuA/CuA
→ Heme a
→ Heme a3/CuB

 Fe(2+)O=O Cu(+1)
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3.5 Cytochrome c Oxidase

4 Cyt cred + 4 H+matrix + O2 4 Cyt cox + 2 H2O

→ CuA/CuA
→ Heme a
→ Heme a3/CuB

 Fe(3+)-O-O-Cu(+2)
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3.5 Cytochrome c Oxidase

4 Cyt cred + 4 H+matrix + O2 4 Cyt cox + 2 H2O

→ CuA/CuA
→ Heme a
→ Heme a3/CuB

 Fe(3+)-O-O-Cu(+2)
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3.5 Cytochrome c Oxidase

4 Cyt cred + 4 H+matrix + O2 4 Cyt cox + 2 H2O

Third cyt c + H+

→ CuA/CuA
→ Heme a
→ Heme a3/CuB

 Fe(4+)=O HO-Cu(+2)
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3.5 Cytochrome c Oxidase

4 Cyt cred + 4 H+matrix + O2 4 Cyt cox + 2 H2O

Fourth cyt c + H+

→ CuA/CuA
→ Heme a
→ Heme a3/CuB

Fe(3+)-OH HO-Cu(+2)
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3.5 Cytochrome c Oxidase

4 Cyt cred + 4 H+matrix + O2 4 Cyt cox + 2 H2O

+ 2 H+

→ CuA/CuA
→ Heme a
→ Heme a3/CuB

Fe(3+)/Cu(+2)
→ 2 H2O
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3.5 Cytochrome c Oxidase
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3.5 Cytochrome c Oxidase

In addition to the 4 H+ 
that are taken up from 
the matrix side to 
make the 2 H2O, 4 
H+'s are also pumped 
across the membrane.

4 Cyt cred + 8 H+matrix + O2

4 Cyt cox + 2 H2O 4 H+matrix+
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The ability of the Fe/Cu center to hold the 
partially reduced oxygen intermediates is 
important because of the cellular toxicity of these 
intermediates:

O2 + e- → O2•-      (superoxide radical)
 O2•- + e- → O22-   (peroxide ion)
These toxic intermediates are scavanged by the 
enzymes superoxide dismutase and catalase

2 O2•-  + H+ → O2 + H2O2
     (superoxide dismutase, SOD)

2 H2O2
 → O2 + 2 H2O              (catalase)

3.6 Protective Enzymes
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Throughout evolution the structure of 
cytochrome c has been highly conserved.

3.7 Conformation of Cytochrome c Oxidase
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3.7 Conformation of Cytochrome c Oxidase
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3.7 Conformation of Cytochrome c Oxidase
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Text
A proton gradient powers the synthesis of 
ATP

4. Proton Gradient and ATP Synthesis
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4. Proton Gradient

NADH + + 1/2 O2H+ H2O + NAD+

∆G°' = -52.6 kcal/mol

Electron Motive Force

H+matrix
∆G°' = +5.2 kcal/mol

Proton Motive Force
H+cytosolic

ADP
∆G°' = +7.3 kcal/mol

ATP Synthesis
+ Pi ATP
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4. Proton Gradient
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4. Proton Gradient

The Chemiosmotic 
Theory of Peter 
Mitchell

Proposed in 1961
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ATP synthase is composed of 
a proton-conducting unit 
and a catalytic unit

4.1 Structure of ATP Synthase
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ATP is synthesized on β subunit without 
independent of the proton-motive force.

4.2 ATP Synthase Binding-Change 
Mechanism
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Proton flow through ATP synthase leads to 
the release of tightly bound ATP

4.2 ATP Synthase Binding-Change 
Mechanism
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The world's smallest molecular motor
Rotational catalysis

4.3 Molecular Motors
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Proton flow around the 
c Ring powers ATP 
synthesis.

c, γ and ε subunits 
constitute the rotor.
a, b2 and δ subunites 
constitute the stator

4.4 ATP Synthesis and Proton Flow
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Proton flow around the 
c Ring powers ATP 
synthesis.

c, γ and ε subunits 
constitute the rotor.
a, b2 and δ subunites 
constitute the stator

4.4 ATP Synthesis and Proton Flow
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The combination of the 
a and c subunits 
provide a path through 
the membrane

4.4 ATP Synthesis and Proton Flow
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4.4 ATP Synthesis and Proton Flow
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Text
The inner mitochondrial membrane is 
impermeable to most substances

Shuttles are required to move materials into and 
out of the mitochondrial matrix.

5. Shuttles
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The NADH produced in glycolysis is on the 
wrong side of the inner mitochondrial 
membrane.
There are two ways to get these electrons 
into mitochondrial matrix where they can 
feed into the electron transport chain

Glycerol 3-phosphate shuttle
Malate/Aspartate shuttle

5.1 Electrons from Cytosolic NADH
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Glycerol 3-phosphate shuttle

5.1 Electrons from Cytosolic NADH
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Malate/Aspartate Shuttle

5.1 Electrons from Cytosolic NADH



63

ATP-ADP translocase is an antiporter

5.2 ATP-ADP Translocase
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Text
The regulation of cellular respiration is 
governed primarily by the need for ATP

6. Regulation
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ATP yield for 
complete 
oxidation is 
approximately 30

6.1 ATP Yield 
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The rate of oxidative phosphorylation is 
determined by the need for ATP.

6.2 Rate of Oxidative Phosphorylation
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The electron transport 
chain can be blocked 
at several locations.

ATP synthesis stops 
because the proton 
gradient can no longer 
be estabished.

6.3 Inhibition of Oxidative Phosphorylation
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Electron transport can be uncoupled from 
ATP synthesis by allowing protons to move 
back into the matrix by alternative 
pathways.

6.3 Uncoupling of Oxidative Phosphorylation
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Sometimes uncoupling is done intentionally 
as a means for generating heat.

6.4 Regulated Uncoupling
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Proton motive force is used to power many 
cellular processes.

6.7 Power Transmission by Protein Gradients


