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Introduction 

Glucose occupies a central position in the metabolism of plants, 

animals, and many microorganisms. It is relatively rich in potential 

energy, and thus a good fuel. By storing glucose as a high molecular 

weight polymer such as starch or glycogen, a cell can stockpile large 

quantities of hexose units while maintaining a relatively low cytosolic 

osmolarity. When energy demands increase, glucose can be released from 

these intracellular storage polymers and used to produce ATP either 

aerobically or anaerobically. 

The glucose molecules has three major fates: it may be stored (as a 

polysaccharide or as sucrose); oxidized to a three-carbon compound 

(pyruvate) via glycolysis to provide ATP and metabolic intermediates; or 

oxidized via the pentose phosphate (phosphogluconate) pathway to yield 

ribose 5-phosphate for nucleic acid synthesis and NADPH for reductive 

biosynthetic processes (Fig. 1). 

 

(Fig. 1): Major pathways of glucose utilization. Although not the only possible fates 

for glucose, these three pathways are the most significant in terms of the amount of 

glucose that flows through them in most cells. 

Organisms that do not have access to glucose from other sources 

must make it. Photosynthetic organisms make glucose by first reducing 

atmospheric CO2 to trioses, then converting the trioses to glucose. 

Nonphotosynthetic cells make glucose from simpler threeand four-carbon 



precursors by the process of gluconeogenesis, effectively reversing 

glycolysis in a pathway that uses many of the glycolytic enzymes. 

Glycolysis 

In glycolysis (from the Greek glykys, meaning “sweet,”and lysis, 

meaning “splitting”), a molecule of glucose is degraded in a series of 

enzyme-catalyzed reactions to yield two molecules of the three-carbon 

compound (pyruvate). During the sequential reactions of glycolysis, some 

of the free energy released from glucose is conserved in the form of ATP 

and NADH. Glycolysis was the first metabolic pathway to be elucidated 

and is probably the best understood. From Eduard Buchner’s discovery in 

1897 of fermentation in broken extracts of yeast cells until the elucidation 

of the whole pathway in yeast (by Otto Warburg and Hans von Euler-

Chelpin) and in muscle (by Gustav Embden and Otto Meyerhof) in the 

1930s, the reactions of glycolysis in extracts of yeast and muscle were a 

major focus of biochemical research. The philosophical shift that 

accompanied these discoveries was announced by Jacques Loeb in 1906: 

Through the discovery of Buchner, Biology was relieved of another 

fragment of mysticism. The splitting up of sugar into CO2 and alcohol is 

no more the effect of a “vital principle” than the splitting up of cane sugar 

by invertase. The history of this problem is instructive, as it warns us 

against considering problems as beyond our reach because they have not 

yet found their solution. The development of methods of enzyme 

purification, the discovery and recognition of the importance of 

coenzymes such as NAD+, and the discovery of the pivotal metabolic role 

of ATP and other phosphorylated compounds all came out of studies of 

glycolysis. The glycolytic enzymes of many species have long since been 

purified and thoroughly studied.  

Glycolysis is an almost universal central pathway of glucose 

catabolism, the pathway with the largest flux of carbon in most cells. The 

glycolytic breakdown of glucose is the sole source of metabolic energy in 

some mammalian tissues and cell types (erythrocytes, renal medulla, 

brain, and sperm, for example). Some plant tissues that are modified to 

store starch (such as potato tubers) and some aquatic plants (watercress, 

for example) derive most of their energy from glycolysis; many anaerobic 

microorganisms are entirely dependent on glycolysis.  



Fermentation is a general term for the anaerobic degradation of 

glucose or other organic nutrients to obtain energy, conserved as ATP. 

Because living organisms first arose in an atmosphere without oxygen, 

anaerobic breakdown of glucose is probably the most ancient biological 

mechanism for obtaining energy from organic fuel molecules. In the 

course of evolution, the chemistry of this reaction sequence has been 

completely conserved; the glycolytic enzymes of vertebrates are closely 

similar, in amino acid sequence and three-dimensional structure, to their 

homologs in yeast and spinach. Glycolysis differs among species only in 

the details of its regulation and in the subsequent metabolic fate of the 

pyruvate formed. The thermodynamic principles and the types of 

regulatory mechanisms that govern glycolysis are common to all 

pathways of cell metabolism. A study of glycolysis can therefore serve as 

a model for many aspects of the pathways discussed throughout this 

book. 

Before examining each step of the pathway in some detail, we take 

a look at glycolysis as a whole. 

 

An Overview: Glycolysis Has Two Phases  

The breakdown of the six-carbon glucose into two molecules of the 

three-carbon pyruvate occurs in ten steps, the first five of which 

constitute the preparatory phase (Fig. 2a). In these reactions, glucose is 

first phosphorylated at the hydroxyl group on C-6 (step 1 ). The D-

glucose 6-phosphate thus formed is converted to Dfructose 6-phosphate 

(step 2 ), which is again phosphorylated, this time at C-1, to yield D-

fructose 1,6- bisphosphate (step 3 ). For both phosphorylations, ATP is 

the phosphoryl group donor. As all sugar derivatives in glycolysis are the 

D isomers, we will usually omit the D designation except when 

emphasizing stereochemistry. Fructose 1,6-bisphosphate is split to yield 

two three-carbon molecules, dihydroxyacetone phosphate 

and glyceraldehyde 3-phosphate (step 4 ); this is the “lysis” step that 

gives the pathway its name. The dihydroxyacetone phosphate is 

isomerized to a second molecule of glyceraldehyde 3-phosphate (step 5 ), 

ending the first phase of glycolysis. From a chemical perspective, the 

isomerization in step 2 is critical for setting up the phosphorylation and 

COC bond cleavage reactions in steps 3 and 4 , as detailed later. Note that 



two molecules of ATP are invested before the cleavage of glucose into 

two three-carbon pieces; later there will be a good return on this 

investment. To summarize: in the preparatory phase of glycolysis the 

energy of ATP is invested, raising the free-energy content of the 

intermediates, and the carbon chains of all the metabolized hexoses are 

converted into a common product, glyceraldehyde 3-phosphate.  

The energy gain comes in the payoff phase of glycolysis (Fig. 2b). 

Each molecule of glyceraldehydes 3-phosphate is oxidized and 

phosphorylated by inorganic phosphate (not by ATP) to form 1,3 

bisphosphoglycerate (step 6 ). Energy is then released as the two 

molecules of 1,3-bisphosphoglycerate are converted to two molecules of 

pyruvate (steps 7 through 10). Much of this energy is conserved by the 

coupled phosphorylation of four molecules of ADP to ATP. The net yield 

is two molecules of ATP per molecule of glucose used, because two 

molecules of ATP were invested in the preparatory phase. Energy is also 

conserved in the payoff phase in the formation of two molecules of 

NADH per molecule of glucose.  

In the sequential reactions of glycolysis, three types of chemical 

transformations are particularly noteworthy: (1) degradation of the carbon 

skeleton of glucose to yield pyruvate, (2) phosphorylation of ADP to ATP 

by high-energy phosphate compounds formed during glycolysis, and (3) 

transfer of a hydride ion to NAD, forming NADH. 

 

 

 

 

 



 

(Fig. 2): The two phases of glycolysis. For each molecule of glucose that passes 

through the preparatory phase (a), two molecules of glyceraldehyde 3-phosphate are 

formed; both pass through the payoff phase (b). Pyruvate is the end product of the 

second phase of glycolysis. For each glucose molecule, two ATP are consumed in the 

preparatory phase and four ATP are produced in the payoff phase, giving a net yield 

of two ATP per molecule of glucose converted to pyruvate. The numbered reaction 

steps are catalyzed by the enzymes listed on the right, and also correspond to the 

numbered headings in the text discussion. Keep in mind that each phosphoryl group, 

represented here as P , has two negative charges (OPO3-2). 



Fates of Pyruvate With the exception of some interesting variations 

in the bacterial realm, the pyruvate formed by glycolysis is further 

metabolized via one of three catabolic routes. In aerobic organisms or 

tissues, under aerobic conditions, glycolysis is only the first stage in the 

complete degradation of glucose (Fig. 3). Pyruvate is oxidized, with loss 

of its carboxyl group as CO2, to yield the acetyl group of acetyl-

coenzyme A; the acetyl group is then oxidized completely to CO2 by the 

citric acid cycle. The electrons from these oxidations are passed to O2 

through a chain of carriers in the mitochondrion, to form H2O. The 

energy from the electron-transfer reactions drives the synthesis of ATP in 

the mitochondrion 

The second route for pyruvate is its reduction to lactate via lactic 

acid fermentation. When vigorously contracting skeletal muscle must 

function under lowoxygen conditions (hypoxia), NADH cannot be 

reoxidized to NAD, but NAD is required as an electron acceptor for the 

further oxidation of pyruvate. Under these conditions pyruvate is reduced 

to lactate, accepting electrons from NADH and thereby regenerating the 

NAD necessary for glycolysis to continue. Certain tissues and cell types 

(retina and erythrocytes, for example) convert glucose to lactate even 

under aerobic conditions, and lactate is also the product of glycolysis 

under anaerobic conditions in some microorganisms (Fig. 3). The third 

major route of pyruvate catabolism leads to ethanol. In some plant tissues 

and in certain invertebrates, protists, and microorganisms such as 

brewer’s yeast, pyruvate is converted under hypoxic or anaerobic 

conditions into ethanol and CO2, a process called ethanol (alcohol) 

fermentation (Fig. 3). The oxidation of pyruvate is an important catabolic 

process, but pyruvate has anabolic fates as well. It can, for example, 

provide the carbon skeleton for the synthesis of the amino acid alanine. 

We return to these anabolic reactions of pyruvate in later chapters.  

 

 

 

 

 



 

(Fig. 3): Three possible catabolic fates of the pyruvate formedin glycolysis. 

Pyruvate also serves as a precursor in many anabolic reactions, not shown here 

 


