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Mitochondria are tiny organelles inside cells that generate almost all our 
energy in the form of ATP. On average there are 300–400 in every cell, giving 
ten million billion in the human body. Essentially all complex cells contain 
mitochondria. They look like bacteria, and appearances are not deceptive: 
they were once free-living bacteria, which adapted to life inside larger cells 
some two billion years ago. They retain a fragment of a genome as a badge 
of former independence. Their tortuous relations with their host cells have 
shaped the whole fabric of life, from energy, sex, and fertility, to cell suicide, 
ageing, and death.
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The way in which mitochondria generate energy is one of the most bizarre 
mechanisms in biology. Its discovery has been compared with those of 
Darwin and Einstein. Mitochondria pump protons across a membrane to 
generate an electric charge with the power, over a few nanometres, of a bolt 
of lightning. This proton power is harnessed by the elementary particles of 
life—mushroom-shaped proteins in the membranes—to generate energy in 
the form of ATP. This radical mechanism is as fundamental to life as DNA 
itself, and gives an insight into the origin of life on Earth
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Does life inherently become more complex? There may be nothing in the 
genes to push life up a ramp of ascending complexity, but one force lies 
outside the genes. Size and complexity are usually linked, for larger size 
requires greater genetic and anatomical complexity. But there is an 
immediate advantage to being bigger: more mitochondria means more 
power and greater metabolic efficiency. It seems that two revolutions were 
powered by mitochondria—the accumulation of DNA and genes in 
eukaryotic cells, giving an impetus to complexity, and the evolution of 
warm-blooded animals, which inherited the earth
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Tomograph of rat liver 
mitochondrion
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This is a look inside an isolated mitochondrion, showing the outer membrane (OM), inner 
peripheral membrane (IM), and some of the internal compartments called cristae (C) formed by 
infolding of the inner membrane. Arrows point to narrow tubular regions of the IM that connect 

cristae to periphery and to each other.
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Figure 14-26. The path of electrons through the three respiratory enzyme complexes. The relative size and shape of each 
complex are shown. During the transfer of electrons from NADH to oxygen (red lines), ubiquinone and cytochrome c serve as 
mobile carriers that ferry electrons from one complex to the next. As indicated, protons are pumped across the membrane by 

each of the respiratory enzyme complexes.

Molecular Biology of the Cell Bruce Alberts, Alexander Johnson, Julian Lewis, Martin Raff, Keith Roberts, and Peter Walter. 
2007























A. The proton motive force across the boundary of LUCA.   
The pmf is a gradient of H+ concentration and electrical 
potential that stores energy and makes it available for synthesis 
and transport.  The pmf is made by an alkaline (high pH) 
internal effluent from LUCA's founding hydrothermal vent and 
by an acidic (low pH) external environment of carbonic acid 
solution.
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B. The proton motive force of living cells descended from LUCA.  
The pmf is a gradient of H+ concentration and electrical 
potential that stores energy and makes it available for synthesis 
and transport. The pmf is made by an alkaline (high pH) 
cytoplasm and by an acidic (low pH) extracellular environment.  
The gradient is continuously replenished by electrons flowing 
across the membrane from donors to acceptors.
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