
Mitochondrial Shuttles and Transporters 

 

1 

 

After studying glycolysis, you were informed about the 
production of two NADH molecules, plus 2 H+.  Given that 
glycolysis is dependent on a regeneration of NAD+ to function 
as a substrate in the glyceraldehyde-3-phosphate 
dehydrogenase (G3PDH) reaction, there must be a means to 
remove these electrons and H+ from cytosolic NADH and 
regenerate cytosolic NAD+.  Now, lactate production is one 
way to do this, but it prevents pyruvate entry into the 
mitochondria for complete oxidation, which would allow added 
free energy release and greater ATP regeneration.  Discussion 
will be given to lactate production in an entire section devoted 
to the biochemistry of lactate production and removal from 
muscle fibers.  For now, it is timely and important to explore 
the role of the mitochondria in gaining the electrons and H+ of 
cytosolic NADH, and thereby regenerate cytosolic NAD+, 
support sustained pyruvate entry into the mitochondria and 
gain the benefit from the added free energy gain the complete 
oxidation of pyruvate. 

 
There are always 2 NADH and 2 H+ released per complete G6P flux through glycolysis.  
As the added electrons and protons represented by these two products have the 
potential to contribute to oxidative phosphorylation in the mitochondria, there needs to 
be a biochemical method for transferring them from the cytosol into the mitochondria.  
This task is made all the more difficult in that the NAD+ and NADH pools within the 
cytosol are separate from the NAD+ and NADH pools within the mitochondria.  In other 
words, the simple solution of directly transferring NADH from the cytosol into the 
mitochondria does not happen. 
 
As a solution to this dilemma, cells are equipped with an indirect electron and proton 
transfer system, where electrons and H+ are shuttled across the mitochondrial 
membranes in the form of amino aids and TCA cycle intermediates that have specific 
transport proteins.  There are two such systems prevalent in cells; the malate-
aspartate shuttle, and the glycerol-3-phosphate shuttle.  The malate-asparate 
shuttle is believed to be the main shuttle expressed in the liver, kidney and heart 
muscle.  The glycerol-3-phosphate shuttle is operable in skeletal muscle and the brain. 
 
Malate-Asparate Shuttle 
As the name implies, the malate-aspartate shuttle involves malate, a TCA cycle 

intermediate, and aspartate, an amino acid, in addition to -ketoglutarate, another TCA 
cycle intermediate.  The involvement of these molecules in the function of the shuttle is 
illustrated in Figure 1. 
 
In this scheme, the gained electrons and protons from the G3PDH reaction of glycolysis, 
as well as the additional protons released from glycolytic reactions (see Section on 
Metabolic Acidosis) are used in the form of cytosolic NADH + H+ to reduce oxaloacetate 
to malate via a cytosolic malate dehydrogenase.  The malate can then be transported 



Mitochondrial Shuttles and Transporters 

 

2 

 

 
Figure 1. The components and operation of the malate-aspartate shuttle. 

into the mitochondrion via a malate and -ketoglutarate reverse transport protein, where 

malate enters and -ketoglutarate leaves the mitochondrion.  Once inside the 
mitochondrial matrix, malate is converted to oxaloacetate within the TCA cycle to 
regenerate added mitochondrial NADH + H+. 
 

To avoid this shuttle robbing the TCA cycle of -ketoglutarate and malate, both 
molecules are regenerated outside of the TCA cycle.  Aspartate amino transferase 

catalyzes the conversion of glutamate + oxaloacetate to -ketoglutarate + aspartate 
within the mitochondria.  Both glutamate and aspartate are transported out of the 
mitochondria to the cytosol via another reverse transport protein, where the reverse 
reaction occurs.  This reaction reforms cytosolic oxaloacetate for subsequent reduction 
to malate. 
 
The crucial point with the malate-asparate shuttle is that it effectively, although 
indirectly, transfers a cytosolic NADH + H+ to the mitochondrial NADH + H+, making it a 
100% effective shuttle.  As you will learn in the Topic on the Electron Transport Chain, 
NADH unloads the electron and H+ in the beginning of the ETC, providing for the 
regeneration of 3 ATP.  Thus, NADH has a 3 ATP equivalent during oxidative 
phosphorylation. 
 
Glycerol-3-phosphate Shuttle 
The glycerol-3-phosphate shuttle is more simple in biochemical scheme than the 
malate-aspartate shuttle (Figure 2).  Cytosolic NADH + H+ are used to reduce 
dihydroxyacetone phosphate, a glycolytic 3 carbon intermediate, to glycerol-3-
phosphate via the enzyme glycerol-3-phosphate dehydrogenase.  The glycerol-3-
phosphate crosses the outer mitochondrial membrane where it connects to an inner 
membrane bound mitochondrial glycerol-3-phosphate dehydrogenase enzyme which 
catalyzes the reverse reaction.  However, on this mitochondrial side, the electron and 
two protons are used to reduce FAD+ to FADH2. 
 
The crucial point with the glycerol-3-phosphate shuttle is that it indirectly transfers a 
cytosolic NADH + H+ to mitochondrial FADH2.  As FADH2 unloads the electron and two 
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Figure 2. The components and operation of the 
glycerol-3-phosphate shuttle. 

 

protons lower down along the 
ETC, 4 fewer protons are 
translocated and only 2 ATP are 
regenerated.  Thus, FADH2 has 
a 2 ATP equivalent during 
oxidative phosphorylation.   
 
 
 
 
 
 

Glossary Words 
 
malate-aspartate shuttle transfers the 2 electrons and proton from cytosolic NADH to 
malate for transport entry to the mitochondria, where mitochondrial NADH is 
regenerated from malate conversion to oxaloacetate and then aspartate.  
 
glycerol-3-phosphate shuttle transfers the 2 electrons and proton from cytosolic 
NADH to glycerol-3-phosphate, which is converted to dihydroxyacetone phosphate by 
an inner mitochondrial membrane linked enzyme that regenerates mitochondrial 
FADH2. 
 
aspartate is an amino acid involved in the malate-aspartate shuttle. 
 
ATP equivalent refers to the net ATP that is eventually regenerated by the involvement 
of the metabolite in mitochondrial respiration. 
 
glycerol-3-phosphate dehydrogenase is the enzyme that catalyzes the reduction of 
dihydroxyacetone phosphate to glycerol-3-phosphate. 
 

 


