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Figure 1. A schematic overview of phase 2 of 
glycolysis. 

 

You are now at the energy releasing phase of glycolysis.  As you will soon see, you are 
also going to study more about the proton releasing aspect of glycolysis, and we will 
come back to this when we focus attention to the biochemistry of metabolic acidosis.  
The best tips I can give for the content of this Topic are to follow along with the changes 
in substrate and product chemical structures, note the reactions that regenerate ATP, 
as well the importance of the glyceraldehydes-3-phosphate dehydrogenase reaction.  
Finally, realize that pyruvate is the final product of glycolysis, not lactate.  We will study 
muscle lactate production in another section. 

 
Phase 2 of glycolysis involves 
the re-arrangement of the 
phosphate groups within the 3-
carbon (triose) phosphate 
glycolytic intermediates, allowing 
the regeneration of 4 ATP and 2 
NADH molecules (Figure 1). 
 
Glyceraldehyde-3-phosphate 
Dehydrogenase (G3PDH) 
Reaction 
This is an extremely important 
reaction of glycolysis.  First of all, 
the glyceraldehyde-3-
phosphate dehydrogenase 
(G3PDH) reaction involves the 
phosphate addition to G3P, 
forming a two phosphate group 
(bisphosphate) product 1,3 
bisphosphoglycerate (1,3BPG, 
Figure 2).   
 
As you will see soon, this sets up 
sufficient free energy release for ATP regeneration in a subsequent reaction.  Another 
important feature of this reaction is the release of electrons and protons that are added 
to NAD+ forming NADH, effectively capturing the electrons and protons for latter 
involvement in energy catabolism.  The fact that NAD+ is a substrate for this reaction is 
also important for understanding the need for NAD+ in glycolysis, and for how either of 
mitochondrial respiration or lactate production can regenerate NAD+ for this purpose. 
 
Finally, in the Section on Metabolic Acidosis, you will learn that the G3PDH reaction is 
the most H+ releasing reaction of glycolysis and is important to understand the glycolytic 
contribution to the total H+ load of muscle metabolism during intense exercise. 
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Figure 2. The glyceraldehyde-3-phosphate 

dehydrogenase (G3PDH) reaction. 

Phosphoglycerate Kinase (PGK) 
Reaction 
The phosphoglycerate kinase (PGK) 
reaction is the first ATP regenerating 
reaction of phase 2 of glycolysis (Figure 
3).  The phosphate group is transferred 
from the third carbon of 1,3BPG to ADP 
forming ATP and 3-phosphoglycerate 
(3PG). 
 
Molecules that end in the suffix “-ate” are 
typically acid salts, which is an acid after 
a proton (H+) has been released and 
replaced with a cation, such as sodium, 
potassium of magnesium depending 
upon the specific binding kinetics 
between the compound and cations.  
You will notice that all the remaining 
triose intermediates of glycolysis are acid 
salts.  Detail will be given to acid-base 
physiology in the section on Metabolic 
Acidosis.  However, it is important to 
realize that the production of 3PG is the 
first acid intermediate of glycolysis, but is 
produced devoid of a H+ on the 
carboxylic acid (-COOH) functional 
group due to the phosphate transfer 
feature of the PGK reaction.  You need 

to understand that none of the glycolytic acid intermediates are ever in an acidic (H+ 
bound or COOH) form and therefore do not release a H+ when produced.  
Unfortunately, the biochemistry of exercise-induced metabolic acidosis is far more 
complex than to lay blame on the production of metabolic acids, of which there are 
none in skeletal muscle! 
 
Phosphoglycerate Mutase (PGM) Reaction 
Just as for phosphoglucomutase of glycogenolysis, phosphoglycerate mutase moves 
a functional group from one position within a molecule to another.  In this instance, the 
remaining phosphate group on the third carbon of 3PG is moved to the second carbon 
forming 2-phosphoglycerate (2PG) (Figure 4). 
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Figure 3. The phosphoglycerate kinase (PGK) 
reaction. 

 
 
Figure 4. The phosphoglycerate 

mutase reaction. 

 
  
Figure 5. The enolase reaction. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Enolase Reaction 
The enolase reaction (Figure 5) involves the 
removal of atoms and electrons from 2 PG, 
forming a water molecule and leaving the 
second product phosphoenolpyruvate (PEP).  
Interestingly, the simple removal of the atoms 
and electrons forming water from 2 PG 
increases the standard delta G for phosphate 
removal from 2PG from -4.2 for -14.8 for PEP.  
Thus, the enolase reaction prepares for added 
free energy release in the next reaction. 
 
Pyruvate Kinase (PK) Reaction 
The pyruvate kinase (PK) reaction (Figure 6) is 
the final allosterically regulated enzyme 
catalyzed reaction of glycolysis.  The large free 
energy release during the phosphate removal 
from carbon 2 of PEP to ADP is sufficient to 
regenerate ATP, also forming pyruvate.  During 
rest conditions, PK is inhibited by ATP, long 
chain fatty acids and acetyl-CoA.  During moderate to intense exercise, small declines 
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Figure 6. The pyruvate kinase (PK) reaction. 

 
 

Figure 7. Pyruvate can either be reduced to lactate in the cytosol, or further 

oxidized within the mitochondria. 

in cellular ATP increase the affinity for 
PK and the substrate PEP, dramatically 
increasing the rate of this reaction.  
Exercise also prevents acetyl CoA from 
leaving the mitochondria, thus also 
removing this inhibition of PK. 
 
As will be discussed in detail in other 
Sections and Topics, pyruvate can be 
converted to lactate in the cytosol, or 
alternatively, transported into the 
mitochondria and converted to acetyl 
CoA to fuel mitochondrial respiration 
(Figure 7). 
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Glossary Words 
 
phase 2 of glycolysis involves the reactions spanning aldolase to pyruvate kinase. 
 
glyceraldehydes-3-phosphate dehydrogenase (G3PDH) is the enzyme that 
catalyzes the conversion of glyceraldehyde-3-phosphate and inorganic phosphate and 
NAD+ to 1,3-bisphosphoglycerate and NADH. 
 
1,3 bisphosphoglycerate is the product, along with NADH, of the glyceraldehyde-3-
phosphate dehydrogenase reaction. 
 
NAD+ is the abbreviation for the oxidized form of nicotinamide-adenine dinucleotide. 
 
NADH is abbreviation for the reduced form of nicotinamide-adenine dinucleotide. 
 
phosphoglycerate kinase (PGK) is the enzyme that catalyzes the conversion of 1,3-
bisphosphoglycerate and ADP to 3-phosphoglycerate and ATP, the first ATP 
regenerating reaction of glycolysis. 
 
3-phosphoglycerate (3PG) is the product, along with ATP, of the phosphoglycerate 
kinase reaction. 
 
acid salts are acid molecules that have lost their proton (H+), with it being replaced by a 
cation such as sodium (Na+) or potassium (K+). 
 
carboxylic acid (-COOH) is the name of acid molecules with the acid functional group 
being a carboxy (-COOH), which at physiological pH is unprotonated (-COO-). 
 
metabolic acids are acid molecules produced from metabolism. 
 
phosphoglycerate mutase is the enzyme that catalyzes the conversion of 3-
phosphoglycerate to 2-phosphoglycerate. 
 
2-phosphoglycerate (2PG) is the product of the phosphoglycerate mutase reaction. 
 
enolase is the enzyme that catalyzes the conversion of 2-phosphoglycerate to 
phosphoenolpyruvate. 
 
phosphoenolpyruvate (PEP) is the product of the enolase reaction. 
 
pyruvate kinase (PK) is the enzyme that catalyzes the conversion of 
phosphorenolpyruvate and ADP to pyruvate and ATP, the second ATP regeneration 
reaction of Phase 2 of glycolysis. 
 
pyruvate is the product, in addition to ATP, of the pyruvate kinase reaction. 
 


