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Yes, here we are; at the point where you learn about the involvement of oxygen in 
cellular energy metabolism.  I know it has been a long walk in the park of metabolism to 
get here, but at least you know more of the big picture, along with lots of details of how 
other reactions and pathways contribute to ATP regeneration.  Yet the big forecast for 
the significance of this content to come is that you must recognize the importance of 
mitochondrial respiration to all of energy catabolism, and how other components of the 
total metabolic picture interact with mitochondria.  I cannot stress enough for how the 
compartmentalization of mitochondrial respiration within mitochondria is essential for the 
relatively high concentrations of reduced electron carriers, but constraining to the “ease” 
of ATP regeneration.  Understanding metabolism is not knowing the intricate details of 
each pathway, but knowing the intricate details of how the pathways of the cytosol are 
either directly, or indirectly connected to the pathways within mitochondria.  Once you 
understand that, I can have solace in knowing I have done my job! 

 
The Reduction Potential 
To understand how the electron transport chain (ETC) works, you first need to 
understand the concept and physical entity of the reduction potential.  The reduction 
potential refers to the inherent propensity for a molecule to receive electrons, or 
therefore to be reduced.  Table 1 provides some of the important oxidation-reduction 
pairs of energy catabolism.  Note how the molecule and reaction having the highest 
reduction potential is involves the production of water.  Hint, hint; molecular oxygen just 
so happens to be the final electron receiver reaction of the ETC!  Also note how 
comparatively low the reduction potentials are for FAD+ and NAD+.  Added explanation 
of the reduction potential will be given after detailing and explaining the components of 
the ETC. 
 
Components of the Electron Transport Chain 
Figure 1 provides a schematic of the components of the ETC, how they spatially relate 
to one another along the inner mitochondrial membrane, and where each of NADH and 
FADH2 release their electrons and proton(s).  Note that there are four protein 
components of the ETC, along with additional electron carrier intermediary molecules.  
Discussion of these components will be structured by the order in which they occur 
along the ETC in the direction of electron flow. 
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Figure 1. A schematic of the components of the ETC. 

 

 
Table 1. Examples of the main oxidation-reduction reactions of energy catabolism. 

Unidirectional Redox Reactions E’0 (V) 

2H+ + 2e-  H2 -0.414 

NAD+ + H+ + 2e-  NADH -0.320 

NADP+ + H+ + 2e-  NADPH -0.324 

FMN + 2H+ + 2e-  FMNH2 -0.300 

Ubiquitone + 2H+ + 2e-  Ubiquinol 0.045 

Cytochrome b (Fe+3) + e-  Cytochrome b (Fe+2) 0.077 

Cytochrome c (Fe+3) + e-  Cytochrome b (Fe+2) 0.254 

Cytochrome a3 (Fe+3) + e-  Cytochrome a3 (Fe+2) 0.550 

½ O2 + 2H+ + 2e-  H2O 0.816 

 
Component 1 
The NADH dehydrogenase complex is a huge protein that spans the entire inner 
membrane, and receives the 2 electrons and H+ from NADH from the mitochondrial 
matrix side of the inner membrane.  The NADH dehydrogenase complex is a 
conjugated protein, in that it also contains one or more components that are not 
proteins.  Non-protein components of enzymes are called prosthetic groups.  In this 
case, there is one added prosthetic group, a flavin mononucleotide (FMN).  When 
NADH transfers its 2 electrons and a H+, these plus one other H+ reduce FMN to 
FMNH2, as also shown in Equation 1 and Figure 2. 
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Figure 2. The oxidized and fully reduced structures of flavin mononucleotide (FMN). 

 
  NADFMNHFMNHNADH 2   Equation 1 

A series of iron-sulfur clusters then transfer the electrons from FMNH2, still within the 
NADH dehydrogenase complex, to an electron carrier intermediary molecule called 
ubiquinone (named such because it is ubiquitous throughout biological systems), also 
known as co-enzyme Q (Equation 2).  During this electron transfer within the NADH 
dehydrogenase complex, the protons are released and deposited within the inter-
membranous space, with a total of four protons transferred to the inter-membranous 
space.  An additional 2 protons are required to complete the reduction of ubiquinone 
(UQ) to ubiquinol (UQH2), and presumably these are derived from solution within the 
mitochondrial matrix. Figure 3 presents the oxidized and reduced structures of 
coenzyme Q. 
 

edtranslocatHUQHHHeFMNHUQFMNH   44224 22   

 Equation 2 

 
The reduced ubiquinone (UQH2, or ubiquinol) diffuses within the inner membrane to 
component 3. 
Component 2 
The second component is the TCA cycle enzyme complex succinate dehydrogenase; 
the only TCA cycle enzyme bound to a mitochondrial membrane.  The succinate 
dehydrogenase complex has at least two prosthetic groups, the main one being flavin 
adenine dinucleotide (FAD+).  The FADH2 produced from this reaction of the TCA 
cycle is released within component 2 where it donates the electrons and protons directly 
to reduce an additional ubiquinone to ubiquinol. Interestingly, the electron and proton 
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Figure 3. The oxidized and fully reduced 
structures of ubiquinone or coenzyme-Q. 

 
 
Figure 4. The chemical 
structure of a heme prosthetic 

group. 

 
Figure 5. A model of the three dimensional structure of 

cytochrome-c. 

shuttle of glycerol-3-phosphate interacts with 
an inner membrane bound glycerol-3-
phosphate dehydrogenase enzyme that is 
associated with the reduction of ubiquinone 
down-stream from the succinate 
dehydrogenase complex.  This is also the site 

where the FADH2 from the -oxidation of fatty 
acids donates electrons and protons to the 
ETC through the reduction of ubiquinone. 
Component 3 
This third component, called cytochrome 
reductase, contains two forms of 
cytochrome-b, cytochrome-c, and an iron-
containing protein.  A cytochrome is an 
electron transferring protein that contains a 
single heme prosthetic group (Figure 4).  The 
b cytochromes span the membrane, and 
cytochrome c (Figure 5) is located on the 
outer side of the inner membrane (Figure 1), 
facing the inter-membranous space.  These 
locations are important, as this is the second 
location where H+ and electron flow separate.  
Component 3 functions like a proton pump, 
as the cyclic reduction and oxidation of UQ 
(Q cycle) within this protein component 

transfers four protons into the inter-membranous space whereas the two electrons 
continue their flow, directed by the sequentially higher reduction potential of 
cytochrome-c.  As for all the cytchromes, the iron (Fe) containing heme group interacts 
with electrons, converting iron (Fe) from Fe+3 to Fe+2.  It is the heme prosthetic group of 
cytochromes that absorbs light at wavelengths that give them their strong color, such as 
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Figure 6. A graph of the increasing reduction potential of 
the components of the ETC in the direction of electron 

flow from NADH to O2. 

red for cytochrome-c, muscle myoglobin and the heme groups within blood 
hemoglobin. 
Component 4 
The fourth component, cytochrome oxidase, removes four electrons from 4 
cytochrome-c molecules and transfers them to reduce molecular oxygen (O2) plus four 
protons to 2 water molecules, as shown in Equation 3.  At the same time, an additional 
four protons are transferred to the inter-membranous space. 
 

edtranslocatHOHOHe   4284 22   Equation 3 

 
Direction of Electron Flow Through the ETC 
You may be asking yourself 
why the ETC supports 
electron flow from NADH to 
O2.  As introduced earlier, the 
answer lies in understanding 
the reduction potential of the 
electron transfer components 
of the ETC.  Figure 6 is a 
graph showing the distribution 
of the reduction potentials of 
the ETC components, and is 
really a graphical extension of 
Figure 1.  The trend is 
obvious.  As electrons flow 
through the ETC, they 
progress to molecules that 
have an increasing reduction 
potential, essentially directing 
electron flow towards the final 
electron receiver that has the 
largest reduction potential. 
 
This electron flow also reveals how important O2 is for the ETC.  When there is a lack of 
available O2, there is constrained electron flow, which means less NADH and FADH 
electron transfer, meaning less NAD+ and FAD+ regeneration.  A lack of NAD+ and 

FAD+ in the mitochondria would impair the TCA cycle, the -oxidation pathway starting 
fatty acid oxidation, and eventually back up to constraining the operation of the electron 
and H+ shuttles between the cytosol and mitochondria causing constraint to substrate 
flux through glycolysis.  This would mean that pyruvate has to be converted to lactate to 
regenerate NAD+ for continued glycolytic flux, and depending on the rate of ATP 
demand, added ATP regeneration would need to come from the phosphagen system.  
Obviously, inadequate O2 supply for too long would cause cell and organism death due 
to the inability to regenerate adequate cellular ATP. 
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Glossary Words 
 
electron transport chain is the sequence of electron and proton transport/carrier 
proteins located on the inner mitochondrial membrane. 
 
reduction potential refers to the propensity for a molecule to accept electrons (become 
reduced). 
 
NADH dehydrogenase complex is the large protein complex that receives the 
electrons and proton from NADH at the beginning of the electron transport chain. 
 
prosthetic groups are non-protein sub-components of proteins. 
 
flavin mononucleotide is the prosthetic group within the NADH dehydrogenase 
complex that is reduced during electron flow along the electron transport chain. 
 
ubiquinone, also known as coenzyme-Q, is an electron carrier intermediary molecule. 
 
co-enzyme Q, is the common name for ubiquinone. 
 
ubiquinol is the fully reduced form of ubiquinone. 
 
succinate dehydrogenase is the enzyme of the TCA cycle structurally linked to 
component 2 of the electron transport chain. 
 
flavin adenine dinucleotide is the electron carrier prosthetic group of component 2 of 
the electron transport chain. 
 
FAD+ is the abbreviation for the oxidized form of flavin adenine dinucleotide. 
 
FADH is the abbreviation for the reduced form of flavin adenine dinucleotide. 
 
cytochrome reductase is the enzyme consisting of cytochrome-b and –c of component 
3 of the electron transport chain. 
 
cytochrome-b spans the inner membrane of component 3 of the electron transport 
chain, and contains a heme prosthetic group which functions to accept electrons that 
are then transferred to cytochrome-c.  
 
cytochrome-c is located on the outer side of the inner membrane of component 3 of 
the electron transport chain, and contains a heme prosthetic group which functions to 
accept electrons that are transferred from cytochrome-b.  Cytochrome-c also explains 
the final movement of protons to the inner membranous space. 
 
heme is an iron containing prosthetic group. 
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myoglobinvis the oxygen binding protein found within muscle. 
 
hemoglobin is the oxygen binding protein found on the surface of red blood cells. 
 
cytochrome oxidase is the final enzyme of the electron transport chain, where 4 
electrons from cytochrome-c molecules are removed to reduce molecular oxygen to 
water. 
 

 
 


