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Biochemical Pathways 

Living organisms can be divided into two large groups according to the chemical form in which they obtain 

carbon from the environment. Autotrophs can use carbon dioxide from the atmosphere as their sole 

source of carbon, from which they construct all their carbon containing biomolecules. Heterotrophs 

cannot use atmospheric carbon dioxide and must obtain carbon from their environment in the form of 

relatively complex organic molecules such as glucose. Multicellular animals and most microorganisms are 

heterotrophic. 

Metabolism, the sum of all the chemical transformations taking place in a cell or organism, occurs 

through a series of enzyme-catalyzed reactions that constitute metabolic pathways. Each of the 

consecutive steps in a metabolic pathway brings about a specific, small chemical change, usually the 

removal, transfer, or addition of a particular atom or functional group. The precursor is converted into a 

product through a series of metabolic intermediates called metabolites. The term intermediary 

metabolism is often applied to the combined activities of all the metabolic pathways that interconvert 

precursors, metabolites, and products of low molecular weight. 

Catabolism is the degradative phase of metabolism in which organic nutrient molecules 

(carbohydrates, fats, and proteins) are converted into smaller, simpler end products. Catabolic pathways 

release energy, some of which is conserved in the formation of ATP and reduced electron carriers (NADH, 

NADPH, and FADH2); the rest is lost as heat. 

In anabolism, also called biosynthesis, small, simple precursors are built up into larger and more 

complex molecules, including lipids, polysaccharides, proteins, and nucleic acids. Anabolic reactions 

require an input of energy, generally in the form of the phosphoryl group transfer potential of ATP and 

the reducing power of NADH, NADPH, and FADH2. 
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For metabolism, catabolism and anabolism to occur in the cell, the substrate has to go through 

biochemical pathways. The goal of the lecture is to understand the energetics of typical pathway 

reactions and the basic principles of energetics of any biochemical reaction. 

In all the heterotrophs glycolysis (breaking up of sugar) takes place.  In this biochemical pathway 

glucose is converted in to pyruvate. To understand the energetics of typical pathways of reaction, 

glycolysis is studied as an example.  Before that, we will understand the basics of chemical reaction 

energetics. 

Energetics of the reaction: Because biological systems are generally held at constant temperature 

and pressure, it is possible to predict the direction of a chemical reaction from the change in the free 

energy G, named after J. W. Gibbs, who showed that “all systems change in such a way that free energy 

[G] is minimized.” In the case of a chemical reaction, reactants ↔ products, the change in free energy ΔG 

is given by 

ΔGproducts  -  ΔGreactants 

The relation of ΔG to the direction of any chemical reaction can be summarized in three 

statements: 

■ If ΔG is negative, the forward reaction (from left to right as written) will tend to occur 

spontaneously. 

■ If ΔG is positive, the reverse reaction (from right to left as written) will tend to occur. 

■ If ΔG is zero, both forward and reverse reactions occur at equal rates; the reaction is at 

equilibrium. 

The standard free-energy change of a reaction ΔG’o is the value of the change in free energy under 

the conditions of 298 K (25oC), 1 atm pressure, pH 7.0 (as in pure water), and initial concentrations of 1 M 

for all reactants and products except protons, which are kept at 10-7  M (pH 7.0). Most biological reactions 

differ from standard conditions, particularly in the concentrations of reactants, which are normally less 

than 1 M. 

The actual change in free energy ΔG during a reaction is influenced by temperature, pressure, and 

the initial concentrations of reactants and products and usually differs from ΔG’o. Most biological 

reactions—like others that take place in aqueous solutions—also are affected by the pH of the solution. 

We can estimate free-energy changes for different temperatures and initial concentrations, using the 

equation 

ΔG = ΔGo' +RT ln [Q] = ΔGo'+ RT ln [product]/[reactant]  

Where R is the gas constant of 1.987 cal/(degree·mol), T is the temperature (in degrees Kelvin), and Q is 

the initial concentration ratio of products to reactants.  

Regardless of the ΔGo’ for a particular biochemical reaction, it will proceed spontaneously within 

cells only if ΔG is negative, given the usual intracellular concentrations of reactants and products. For 

example, the conversion of glyceraldehyde 3-phosphate (G3P) to dihydroxyacetone phosphate (DHAP), 

G3P ↔ DHAP has a ΔGo’ of -1.840 kcal/mol. If the initial concentrations of G3P and DHAP are equal, then 

ΔG = Go’, because RT ln 1 = 0; in this situation, the reversible reaction G3P↔ DHAP will proceed in the 
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direction of DHAP formation until equilibrium is reached. However, if the initial [DHAP] is 0.1 M and the 

initial [G3P] is 0.001 M, with other conditions being standard, then Q in Equation given equals 0.1/0.001 

= 100, giving a ΔG of + 0.887 kcal/mol. Under these conditions, the reaction will proceed in the direction 

of formation of G3P. 

The ΔG for a reaction is independent of the reaction rate. Indeed, under usual physiological 

conditions, few, if any, of the biochemical reactions needed to sustain life would occur without some 

mechanism for increasing reaction rates. As we described in the previous lecture, the rates of reactions in 

biological systems are usually determined by the activity of enzymes, the protein catalysts that accelerate 

the formation of products from reactants without altering the value of ΔG.  

Cellular processes use two tricks in energetics to make energetically unfavorable reactions in to 

favorable one.  

Trick 1) An Unfavorable Chemical Reaction Can Proceed If It Is directly coupled with an 

Energetically Favorable Reaction: Many processes in cells are energetically unfavorable (ΔG › 0) and will 

not proceed spontaneously. Cells can carry out an energy-requiring reaction (ΔG1 › 0) by coupling it to an 

energy-releasing reaction (ΔG2 ‹ 0) if the sum of the two reactions has a net negative ΔG. Suppose 

A ↔ B   ΔG1 › 0  (reaction 1) 

C ↔ D   ΔG2 ‹ 0  (reaction 2) 

---------------------- 

A + C ↔ B + D   ΔG ‹ 0  (overall reaction) 

In most of the directly coupled reactions, cellular processes use ATP ↔ ADP + Pi     ΔG = - 7.3 

kcal/mol as reaction 2. 

Trick 2) An Unfavorable Chemical Reaction Can Proceed If It Is indirectly coupled with an 

Energetically Favorable Reaction:  Suppose 

In a series of reactions like   V ↔ W ↔ X ↔ Y↔ Z 

X ↔ Y   ΔG3 › 0 (reaction 3) 

Y ↔ Z   ΔG4 ‹‹ 0 (reaction 4) 

If the concentration of Y is zero and concentration of X increases, due to very high concentration 

difference (analyze with the equation ΔG = ΔGo' +RT ln [Q] = ΔGo'+ RT ln [product]/[reactant]) some 

amount of y is going to form. Since the reaction Y ↔ Z   ΔG2 ‹‹ 0, Y will be converted to Z spontaneously.  

Now let us analyze the bioenergetics of glycolysis pathway. In glycolysis 6 carbon sugar glucose is 

converted into 3 carbon pyruvate. In anaerobic condition, in some organisms pyruvate will be converted 

to ethanol and carbon dioxide. In some organisms, it is converted into lactate.  First one billion years after 

existent of life, this was the only pathway used by cellular process to produce energy. The step by step 

conversion of glucose to pyruvate is given in the figure (not necessary to remember). Analyze the 

pathway- wherever ΔGo’  becomes positive,  direct or indirect coupling of reaction takes place in the 

pathway and cellular processes keeps ΔG always  negative or zero. 
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Glucose 

↓ 

…………………………………………………………………..pyruvate………………………………………………… 

↓                                                                                                                                                  ↓ 

Ethanol + CO2                                                                                                                           Lactate 

                (yeast)                                                                                                                                   (human)    

 

 

 

Calculate the amount of ATP produced by the glycolysis pathway.  The net ATP produced is 4-2= 

2. Two ATP’S are invested to produce 4 ATPs. 
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After glycolysis pyruvate moves into mitochondria in aerobic organisms and produces 34 ATPs by 

utilizing oxygen as shown in the figure.  The biochemical pathways of glycolysis, respiration, anabolic 

reactions are interrelated as shown in the picture below. 



7 
 

 


