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Researchers could measure two main parameters at that time

a)  the rate of electron transport – the number of electrons 
transferred along the chain in unit time – by measuring the 
rate at which oxygen is consumed (1 0 atom = 2e-)

b)  the amount of ATP synthesised (or amount of ADP or Pi 
converted into ATP)
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characteristics fall into 5 main categories

1] Energy coupling sites

2] Respiratory control
3] Uncoupling agents

4] Phosphorylation inhibitors

5] Reverse electron transfer

You will observe 1-4 in the laboratory classes.
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It became apparent that the amount of ATP formed (or ADP/Pi 
converted into ATP) was stoichiometric with amount of oxygen 
consumed  

This stoichiometry is called

P/O    or    P/2e-   quotient
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ADP/O or  ADP/2e- quotient

The value obtained reflects several parameters

   1)  the nature of the substrate undergoing oxidation

   2)  the integrity of coupling membrane

   3)  the redox carrier composition of respiratory chain

1] Energy Coupling Sites





In late 1940s and early 1950s several labs showed 
that oxidation of NADH (in fact oxidation of substrates 
like  βHOB that feed into resp. chain via NADH) leads 
to production of 3 molecules of ATP for every oxygen 
atom consumed, that is, for every pair of electrons 
(2e-) transferred through the chain (ATP/O quotient of 
3).



In late 1940s and early 1950s several labs showed 
that oxidation of NADH (in fact oxidation of substrates 
like  βHOB that feed into resp. chain via NADH) leads 
to production of 3 molecules of ATP for every oxygen 
atom consumed, that is, for every pair of electrons 
(2e-) transferred through the chain (ATP/O quotient of 
3).

Results with different electron donors and acceptors 
showed varying ATP/O (or ATP/2e-) quotients.



In late 1940s and early 1950s several labs showed 
that oxidation of NADH (in fact oxidation of substrates 
like  βHOB that feed into resp. chain via NADH) leads 
to production of 3 molecules of ATP for every oxygen 
atom consumed, that is, for every pair of electrons 
(2e-) transferred through the chain (ATP/O quotient of 
3).

Results with different electron donors and acceptors 
showed varying ATP/O (or ATP/2e-) quotients.

It is possible to isolate particular sections of the 
respiratory chain with different electron donors and 
acceptors, together with electron transfer inhibitors to 
inhibit other parts of the chain.
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Results showed the presence of three phosphorylation or coupling  sites

Site 1   In complex I

Site 2   In complex III

Site 3    in complex IV

(Shown subsequently if one generates high  [NADPH][NAD+]/[NADP+][NADH] 
ratio one can observe a fourth coupling site in complex 0, but not of 
physiological importance)

Each of the three sites exhibited a different ATP/2e- quotient

 site                                   1                  2                 3

ATP/2e- quotient               1.0               0.5              1.5

However these stoichiometries were determined using added (exogeneous) 
ADP and Pi and so include expenditure of energy required to transport ADP 
and Pi into the matrix to the site of ATP synthesis (ATP synthase). 

An increased ATP/2e- quotient is observed if it is measures with ADP and Pi 
already inside (endogeneous) mitochondria. About 25% of energy released 
by electron transfer is used for this active transport of ATP, ADP and Pi.
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rate at which energy for ATP synthesis (provided by electron transfer) is 
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b)   If ADP is added then the rate of electron transfer increases dramatically 
until another rate – state III – is reached. State III is limited by the rate at 
which energy is dissipated (actually the limiting factor is the activity of 
ADP/ATP translocase importing ADP and exporting ATP)

c)  The rate then remains high until all the ADP has been phosphorylated to 
give ATP. At this point the rate declines again to state IV
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• abolish ATP synthesis
• abolish other energy-dependent membrane-linked functions such 

as active transport
• at the same time cause a permanent stimulation in rate of electron 

transfer, to a rate greater than state III, whether ADP and Pi are 
present or not 

These compounds are called uncoupling agents or uncouplers, and 
in their presence mitochondria said to be uncoupled.

Uncouplers affect each of the individual coupling sites to same 
extent – there is no site-specific uncoupler. Electron transfer is 
therefore coupled to ATP synthesis via an energised state, which 
is common to all coupling sites. 

Uncouplers dissipate this energised state as heat, and so no ATP 
synthesis takes place. Electron transfer then proceeds at a 
maximal rate because it is no longer controlled by back-pressure 
from the energised state – respiratory control has been 
abolished.
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Phosphorylation inhibitors are also known as energy transfer 
inhibitors.  They inhibit the activity of the ATP synthase enzyme 
itself, so preventing the use of the energised state for ATP 
synthesis.

They have the following effects:-

• Phosphorylation inhibitors cause the ADP-induced state III rate to 
decrease back to state IV, and further additions of ADP have no 
effect

• Phosphorylation inhibitors have no effect on the rate of uncoupled 
electron transfer

• If mitochondria are already inhibited to state IV by phosphorylation 
inhibitor, added uncoupler will stimulate rate of electron transfer.

This evidence indicates that uncouplers act between electron 
transfer and ATP synthesis, that is, on the  energised state.
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A view of mitochondrial electron transfer as a series of redox (oxidation-
reduction) carriers in the inner mitochondrial membrane. This view concentrates 
on redox centres, substrates, and inhibitors, and neglects the significance of the 
proteins to which they bind, and of the mitochondrial inner membrane to which 
the proteins are bound. 
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