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The double mitochondrial membrane constrains the transfer of long chain (> 
15 carbons) fatty acids into the mitochondria.  This topic is another example of 
the constraints to energy catabolism caused by the compartmentalization of 
cellular respiration within mitochondria.  However, that said, this is a negative 
bias to this topic, for without the mitochondrial organelle there could not be 
cellular respiration.  Such compartmentalization is needed to develop and 
maintain a very different redox potential (NAD+/NADH) that is far smaller than 
in the cytosol so that there is sufficient electron substrate to infuse into the 
electron transport chain.  You will soon see that the need to activate free fatty 
acids such a palmitate by the addition of a CoA group is ATP costly (2 per 
each CoA addition), and yet again causes the addition of added reactions to 
the oxidation of fatty acids.  Knowing the structure of a fatty acid enables you 
to picture the ease to which the 2 carbon acetyl group can be formed from 
each repeated 2 carbon degradation of a saturated fatty acid.  Such metabolic 
steps also require the plentiful supply of CoA and each of NAD+ and FAD+ to 
assist in the oxidation of the 2 carbon groups to form acetyl CoA, NADH and 
FADH2.  Thus, saturated fatty acids are a dense form of chemical energy due 
to the repeated nature of the heavily hydrogenated carbon chain.  These 
proton and electron sources become readily available for electron transfer 
through β-oxidation, and can therefore explain the far greater energy yield 
from fat vs. carbohydrate.  Nevertheless, the formation of FADH2 during β-
oxidation is not as efficient in ATP formation as NADH (2 vs. 3), which 
eventually constrains the benefit of fatty acid oxidation to cellular energy flux 
during times of high ATP demand.  

 
Once long chain (> 15 carbons) free fatty acids have been released from lipolysis within 
the cytosol of skeletal muscle, they are chemically modified, or activated, by the addition 
of coenzyme A (CoA) by acyl-CoA synthetase (Equation 1, Figure 1). 
 

PPiAMPCoAacylfattyATPCoAacidFatty          Equation 1 

 
The PPi represents two connected Pi molecules, called pyrophosphate.  The PPi is 
enzymatically cleaved into two Pi molecules by the enzyme inorganic pyrophosphatase, 
with the free energy of this highly exergonic reaction lost as heat.  Thus, there is an 
equivalent of a two ATP cost for the activation of a long chain free fatty acid.  Once 
again, such activation is only required for long chain fatty acids.  Medium and short 
chain fatty acids are transported to the mitochondria and pass through the inner 
membrane by passive diffusion.  However, as previously stated, palmitate, a 16 carbon 
saturated fatty acid, is the main fatty acid of intramuscular triacylglycerols in humans, 
and the main fatty acid used in fat oxidation within the mitochondria. 
 
The fatty acyl-CoA molecules cannot pass through the inner mitochondrial membrane.  
Rather, they interact with the molecule carnitine, forming an acyl-carnitine and 
releasing CoA, catalyzed by carnitine acyl-transferase I (CAT I) (Figure 2).  The 
resulting acyl-carnitine is then transferred through the inner membrane via a specific 
protein acyl-carnitine transporter complex.  When the acyl-carnitine is associated on 
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Figure 1. Activation of fatty acids by acyl-CoA synthetases. 

the matrix side of the inner membrane, another enzyme, carnitine acyl-transferase II 
(CAT II) removes the carnitine, adds a miochondrial CoA, and reforms the fatty acyl-
CoA.  The free carnitine molecule formed within the mitochondrial matrix can readily 
pass through the transporter and be available for another round of the transport 
process.  For obvious reasons, this process is called the carnitine shuttle.  The now 

intra-mitochondrial fatty acyl-CoA is available for oxidation via the -oxidation pathway. 
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Figure 2. A schematic of the carnitine shuttle. 

 

Glossary Words 
 
acyl-CoA synthetase is the enzyme that catalyzes the addition of CoA to the fatty acid 
molecule. 
 
pyrophosphate is the name given to two connected inorganic phosphate molecules. 
 
carnitine is the carrier protein that transfers an acyl-CoA molecule into the 
mitochondria. 
 
acyl-carnitine is the name given to a carnitine and fatty acyl group that is covalently 
bound. 
 
carnitine acyl-transferase I (CAT I) is the cytosolic enzyme that catalyzes the removal 
of CoA and covalent bonding of carnitine to a fatty acid molecule.  
 
acyl-carnitine transporter complex is the protein that facilitates the transfer of an 
acyl-carnitine molecule into the mitochondria. 
 
carnitine acyl-transferase II (CAT II) is the intra-mitochondrial enzyme that catalyzes 
the removal of carnitine and covalent bonding of CoA to a fatty acid molecule.  
 
fatty acyl-CoA is the CoA activated form of a fatty acid molecule. 
 

 


