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Figure 1. Photograph 

of Peter Mitchell. 

As of yet, discussion of mitochondrial respiration has only yielded 1 ATP per cycle of the 
TCA cycle.  Where does all the ATP come from during mitochondrial respiration?  This 
is a routine question for the study of mitochondrial metabolism, and it is important to 
understand the content that leads to the answer.  I am sure you will soon comprehend 
such content.  However, it is my goal for you to learn even more, and more importantly, 
have far greater inquisitiveness for the roles of mitochondria to cellular energy 
metabolism.  I want you to delve deeper into asking questions about where does the 
ADP, Pi and H+ substrates come from for reduction of molecular oxygen to water within 
the mitochondria?  What is critical intracellular oxygen partial pressure for unhindered 
mitochondrial respiration?  What are the cellular stimuli for increasing mitochondrial 
mass?  Can mitochondrial metabolic capacities improve without increasing 

mitochondrial mass?  Why 
does the inner mitochondrial 
membrane have to be so 
prohibitive of metabolite flux 
to the cytosol?  How do 
mitochondria influence 
cytosolic NAD+ and NADH?  
There are so many 
questions that most 
textbooks simply do not 
attempt to answer.  I will try 
to address these questions, 
and others, as we progress 
through the study of 
mitochondrial metabolism. 

 
Peter Mitchell (Figure 1) proposed a chemiosmotic theory of 
oxidative phosphorylation in 1961.  Mitchell’s theory 
hypothesized that the electron transport chain generated a H+ 
gradient across the inner mitochondrial membrane, and that 
this gradient was in some way responsible for the free energy 
required for the phosphorylation of ADP to ATP.  At this time, 
this differed to conventional belief that some form of activated 
protein complex or a high energy activated intermediate 
provided the energy to regenerate ATP.  Since Mitchell’s 
proposed chemiosmotic theory, subsequent research has 
verified the bulk of the original hypotheses, and thanks to 
modern techniques in molecular biology, the chemiosomotic 
theory of oxidative phosphorylation is now an accepted 
process in the energetics of multiple life-forms, which of 
course includes human mitochondria.  Peter Mitchell won the Nobel Prize for Chemistry 
in 1978. 
 
Today, considerable evidence from molecular biology informs us about the components 
of the chemiosmotic process of oxidative phosphorylation.  Figure 2 shows an electron 
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Figure 2. An electron 
micrograph of the inner 
mitochondrial membrane 
cristae. 

 
Figure 3. schematic of the model of 
the mitochondrial ATP synthase 
F0F1 protein. 

micrograph of the inner mitochondrial membrane cristae, 
revealing a dense covering of knob-like protrusions.  
These protrusions are separate enzyme-linked protein 
channels called ATP synthase.  A model of the ATP 
synthase protein is presented in Figure 3.  ATP synthase 
has two main components, abbreviated F0 and F1, 
respectively (F0F1 protein).  The F0 component is the 
base and inner membrane spanning component, which 
functions as a H+ channel through the membrane.  It is 
subscripted “0” because this component is inhibited by the 
molecule oligomycin, resulting in no ATP regeneration.  
The remainder of the ATP synthase, which projects into 
the matrix, is abbreviated the F1 unit. 
 
Remember that as 
electrons flow down 
the electron 
transport chain 
(ETC), protons are 
transferred to the 
intermembranous 

space.  When accounting for the 4 electrons that 
are used to reduce molecular oxygen to two water 
molecules, 20 protons are transferred, totaling 10 
per water molecule produced.  Such H+ movement 
develops a large concentration and charge 
difference between the intermembranous space 
and mitochondrial matrix.  Application of 
biophysics has proven that concentration gradients 
and membrane potentials store electrochemical 
energy, and for this H+ and charge gradient, such 
an energy source has been labeled the proton-motive force.  Computation of the delta 
G for such chemical gradients is based on adjustments of the pH gradient and the 
charge gradient (membrane potential), as shown in Equation 1. 
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Based on the free energy potential of the proton motive force and the development of 
the H+ gradient by the electron flow along the ETC, we now know that there is indeed 
sufficient energy from the proton motive force to phosphorylate ADP during ATP 
regeneration.  Basically, the movement of protons through the F0F1 protein, down the H+ 
concentration and charge gradient, provides the energy for the phosphorylation 
component of oxidative phosphorylation.  The ETC completed the oxidation component 
ending in the reduction of molecular oxygen to form water.  As such, note how the two 
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Figure 4. A schematic of the components of the electron transport chain 

along with the ATP synthase FoF1 protein. 

components, oxidation and phosphorylation are functionally and spatially separate.  It is 
the H+ movement through the F0F1 ATP synthase protein that connects, or couples, the 
two processes into one functional entity; oxidative phosphorylation. 

Research using isolated mitochondrial membranes has verified that when 1 NADH is 
the electron donor, approximately 3 ATP are regenerated from oxidative 
phosphorylation.  When FADH2 is the electron donor, approximately 2 ATP are 
regenerated.  Thus, the ATP equivalents for NADH and FADH2 have been accepted as 
3 and 2, respectively.  Figure 4 once again presents the components of the ETC, with 
the F0F1 protein added to show the coupling of the ETC to ATP regeneration.  Notice 
how only 2/3 of the H+ transfer occurs for FADH2 (succinate to fumarate reaction) 
compared to NADH, and how this complements with the difference in ATP equivalents 
between the two electron donors. 
 
 

Glossary Words 
 
chemiosmotic theory was originally proposed by Nobel Laureat Peter Mitchell, where 
the proton gradient generated by electron flow through a sequential series of reductant 
protein complexes provides the free energy for ADP phosphorylation to ATP. 
 
F0F1 protein is the protein responsible for coordinated movement of protons down a 
proton gradient and a release of free energy. 
 
proton-motive force refers to the free energy potential of the proton gradient 
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generated by electron flow through the electron transport chain. 
 
ATP equivalent refers to the equivalent ATP yield for a given electron carrier (NADH or 
FADH2). 
 

 


