19.2     ATP Synthesis
1. ATP synthesis is explained by chemiosmotic model (Fig. 19-19).
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1. Electron flow is accompanied by proton transfer across the membrane, producing both a chemical gradient and an electrical gradient.
1. The proton-motive force drives the synthesis of ATP as protons flow back into the matrix through a proton pore associated with ATP synthase.
1. ATP synthase has two functional domains, F0 and F1.
1. If 
1. 10 protons are pumped out per NADH
1. 6 protons are pumped out per FADH2 
1. 4 protons must flow in to produce 1 ATP 
1. 2.5 molecules of ATP are generated by using 1 NADH in oxidative phosphorylation.
1. 1.5 molecules of ATP are generated by using 1 FADH2 in oxidative phosphorylation.
Shuttle Systems Indirectly Convey Cytosolic NADH into Mitochondria for Oxidation 
1. Complex I can accept electrons only from NADH in the matrix.
1. The inner membrane is not permeable to NADH.
1. How can the NADH generated by glycolysis in the cytosol be reoxidized to NAD+ by O2 via the respiratory chain?
1. Special shuttle systems carry cytosolic NADH into mitochondria by indirect route.
1. One of them is malate-aspartate shuttle (Fig. 19-31). Complex I can accept electrons from NADH.
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1. The other is glycerol 3-phosphate shuttle (Fig. 19-32). Ubiquinone can accept electrons from FADH2.
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1. Complete oxidation of a molecule of glucose to CO2 yields 30 or 32 ATP (Table 19-5).
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THE END
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FIGURE 19-31 Malate-aspartate shuttle. This shuttle for transporting
reducing equivalents from cytosolic NADH into the mitochondrial matrix is
used in liver. kidney, and heart. @) NADH in the cytosol enters the
intermembrane space through openings in the outer membrane (porins). then
passes two reducing equivalents to oxaloacetate, producing malate. €) Malate
crosses the inner membrane via the malate—c-ketoglutarate transporter. € In

the matrix, malate passes two reducing equivalents to NAD™, and the resulting
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NADH is oxidized by the respiratory chain: the oxaloacetate formed from
malate cannot pass directly into the cytosol. @) Oxaloacetate is first
transaminated to aspartate. and @ aspartate can leave via the glutamate-
aspartate transporter. (@ Oxaloacetate is regenerated in the cytosol. completing
the cycle. and glutamate produced in the same reaction enters the matrix via the
glutamate-aspartate transporter.
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FIGURE 19-32 Glycerol 3-phosphate shuttle. This alternative means of
moving reducing equivalents from the cytosol to the respiratory chain operates
in skeletal muscle and the brain. In the cytosol, dihydroxyacetone phosphate
accepts two reducing equivalents from NADH in a reaction catalyzed by
cytosolic glycerol 3-phosphate dehydrogenase. An isozyme of glycerol 3-
phosphate dehydrogenase bound to the outer face of the inner membrane then
transfers two reducing equivalents from glycerol 3-phosphate in the
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intermembrane space to ubiquinone. Note that this shuttle does not involve
membrane transport systems.
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TABLE 19-5 ATP Yield from Complete

Oxidation of Glucose

Final
Process Direct product ATP
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Glycolysis 2NADH 3or
(cytosolic) 52
2 ATP 2
Pyruvate oxidation (two per 2NADH
glucose) (mitochondrial
matrix)
Acetyl-CoA oxidation in citric acid 6 NADH
cycle (two per glucose) (mitochondrial
matrix)
2 FADH,
2 ATP or 2 GTP

Total yield per glucose

2f the malate/aspartate shuttle is used to transfer reducing equivalents into
the mitochondrion, yield is 5 ATP. If the glycerol 3-phosphate shuttle is
used, the yield is 3 ATP.
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FIGURE 19-19 Chemiosmotic model. In this simple representation of the
chemiosmotic theory applied to mitochondria. electrons from NADH and other
oxidizable substrates pass through a chain of carriers arranged asymmetrically
in the inner membrane. Electron flow is accompanied by proton transfer across
the membrane, producing both a chemical gradient (ApH) and an electrical
gradient (Ay). which, combined. create the proton-motive force. The inner
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‘mitochondrial membrane is impermeable to protons: protons can reenter the
‘matrix only through proton-specific channels (o). The proton-motive force

that drives protons back into the matrix provides the energy for ATP synthesis.
catalyzed by the F; complex associated with F.
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