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ATP Formation Coupled to Glycolysis:  

During glycolysis some of the energy of the glucose molecule is 

conserved in ATP, while much remains in the product, pyruvate. The 

overall equation for glycolysis is 

 

 

For each molecule of glucose degraded to pyruvate, two molecules 

of ATP are generated from ADP and Pi. We can now resolve the equation 

of glycolysis into two processes—the conversion of glucose to pyruvate, 

which is exergonic: 

 

 

and the formation of ATP from ADP and Pi, which is endergonic: 

 

 

The sum of Equations 14–2 and 14–3 gives the overall standard free-

energy change of glycolysis, ΔG's
o : 

 

 

Importance of Phosphorylated Intermediates 

 Each of thenine glycolytic intermediates between glucose and pyruvate is 

phosphorylated (Fig. 2). The phosphoryl groups appear to have three 

functions. 



1.Because the plasma membrane generally lacks transporters for 

phosphorylated sugars, the phosphorylated glycolytic intermediates 

cannot leave the cell. After the initial phosphorylation, no further energy 

is necessary to retain phosphorylated intermediates in the cell, despite the 

large difference in their intracellular and extracellular concentrations. 

2.Phosphoryl groups are essential components in the enzymatic 

conservation of metabolic energy. 

Energy released in the breakage of phosphoanhydride bonds (such as 

those in ATP) is partially conserved in the formation of phosphate esters 

such as glucose 6-phosphate. High-energy phosphate compounds formed 

in glycolysis (1,3-bisphosphoglycerate and phosphoenolpyruvate) donate 

phosphoryl groups to ADP to form ATP. 

3. Binding energy resulting from the binding of phosphate groups to the 

active sites of enzymes lowers the activation energy and increases the 

specificity of the enzymatic reactions. The phosphate groups of ADP, 

ATP, and the glycolytic intermediates form complexes with Mg2, and the 

substrate binding sites of many glycolytic enzymes are specific for these 

Mg2 complexes. Most glycolytic enzymes require Mg+2 for activity. 

The Preparatory Phase of Glycolysis Requires ATP  

In the preparatory phase of glycolysis, two molecules of ATP are 

invested and the hexose chain is cleaved into two triose phosphates. The 

realization that phosphorylated hexoses were intermediates in glycolysis 

came slowly and serendipitously. In 1906, Arthur Harden and William 

Young tested their hypothesis that inhibitors of proteolytic enzymes 

would stabilize the glucosefermenting enzymes in yeast extract. They 

added blood serum (known to contain inhibitors of proteolytic enzymes) 

to yeast extracts and observed the predicted stimulation of glucose 

metabolism. However, in a control experiment intended to show that 

boiling the serum destroyed the stimulatory activity, they discovered that 

boiled serum was just as effective at stimulating glycolysis. Careful 

examination and testing of the contents of the boiled serum revealed that 

inorganic phosphate was responsible for the stimulation. Harden and 

Young soon discovered that glucose added to their yeast extract was 

converted to a hexose bisphosphate (the “HardenYoung ester,” eventually 



identified as fructose 1,6- bisphosphate). This was the beginning of a long 

series of investigations on the role of organic esters of phosphate in 

biochemistry, which has led to our current understanding of the central 

role of phosphoryl group transfer in biology.  

1.Phosphorylation of Glucose:  In the first step of glycolysis, glucose is 

activated for subsequent reactions by its phosphorylation at C-6 to yield 

glucose 6-phosphate, with ATP as the phosphoryl donor: 

 

 

 

 

This reaction, which is irreversible under intracellular conditions, 

is catalyzed by hexokinase. Recall that kinases are enzymes that catalyze 

the transfer of the terminal phosphoryl group from ATP to an acceptor 

nucleophile (see Fig. 13–10).  

 



(Fig. 4): Nucleophilic displacement reactions of ATP 

Kinases are a subclass of transferases. The acceptor in the case of 

hexokinase is a hexose, normally D-glucose, although hexokinase also 

catalyzes the phosphorylation of other common hexoses, such as D-

fructose and D-mannose. Hexokinase, like many other kinases, requires 

Mg2 for its activity, and the other nine enzymes of glycolysis, hexokinase 

is a soluble, cytosolic protein. Hexokinase is present in all cells of all 

organisms. Two enzymes that catalyze the same reaction but are encoded 

in different genes are called isozymes.  

2.Conversion of Glucose 6-Phosphate to Fructose 6-Phosphate: 

The enzyme phosphohexose isomerase (phosphoglucose isomerase) 

catalyzes the reversible isomerization of glucose 6-phosphate, an aldose, 

to fructose 6-phosphate, a ketose: 

 

3.Phosphorylation of Fructose 6-Phosphate to Fructose 1,6- 

Bisphosphate: 

In the second of the two priming reactions of glycolysis, 

phosphofructokinase-1 (PFK-1) catalyzes the transfer of a phosphoryl 

group from ATP to fructose 6-phosphate to yield fructose 1,6-

bisphosphate: 



 

The PFK-1 reaction is essentially irreversible under cellular conditions, 

and it is the first “committed” step in the glycolytic pathway; glucose 6-

phosphate and fructose 6-phosphate have other possible fates, but 

fructose 1,6 bisphosphate is targeted for glycolysis. Some bacteria and 

protists and perhaps all plants have a phosphofructokinase that uses 

pyrophosphate (PPi), not ATP, as the phosphoryl group donor in the 

synthesis of fructose 1,6-bisphosphate: 

 

Phosphofructokinase-1 is a regulatory enzyme, one of the most complex 

known. It is the major point of regulation in glycolysis. The activity of 

PFK-1 is increased whenever the cell’s ATP supply is depleted or when 

the ATP breakdown products, ADP and AMP (particularly the latter), are 

in excess. The enzyme is inhibited whenever the cell has ample ATP and 

is well supplied by other fuels such as fatty acids. In some organisms, 

fructose 2,6-bisphosphate (not to be confused with the PFK-1 reaction 

product, fructose 1,6-bisphosphate) is a potent allosteric activator of 

PFK-1. 

4.Cleavage of Fructose 1,6-Bisphosphate: The enzyme fructose 1,6-

bisphosphate aldolase, often called simply aldolase, catalyzes a reversible 

aldol condensation (p. 485). Fructose 1,6-bisphosphate is cleaved to yield 

two different triose phosphates, glyceraldehydes 3-phosphate, an aldose, 

and dihydroxyacetone phosphate, a ketose: 



 

5.Interconversion of the Triose Phosphates: Only one of the two triose 

phosphates formed by aldolase, glyceraldehyde 3-phosphate, can be 

directly degraded in the subsequent steps of glycolysis. The other 

product, dihydroxyacetone phosphate, is rapidly and reversibly converted 

to glyceraldehyde 3-phosphate by the fifth enzyme of the sequence, triose 

phosphate isomerase: 

 

After the triose phosphate isomerase reaction, C-1, C-2, and C-3 of the 

starting glucose are chemically indistinguishable from C-6, C-5, and C-4, 

respectively, setting up the efficient metabolism of the entire six-carbon 

glucose molecule. This reaction completes the preparatory phase of 

glycolysis. The hexose molecule has been phosphorylated at C-1 and C-6 

and then cleaved to form two molecules of glyceraldehyde 3 phosphate. 

The Payoff Phase of Glycolysis Yields ATP and NADH  

The payoff phase of glycolysis (Fig. 2) includes the energy-

conserving phosphorylation steps in which some of the free energy of the 

glucose molecule is conserved in the form of ATP. Remember that one 

molecule of glucose yields two molecules of glyceraldehyde 3-phosphate; 

both halves of the glucose molecule follow the same pathway in the 

second phase of glycolysis. The conversion of two molecules of 



glyceraldehyde 3-phosphate to two molecules of pyruvate is accompanied 

by the formation of four molecules of ATP from ADP. However, the net 

yield of ATP per molecule of glucose degraded is only two, because two 

ATP were invested in the preparatory phase of glycolysis to 

phosphorylate the two ends of the hexose molecule. 

 


