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Objectives: 

To understand the energy transformation and metabolic pathways in living 

organism. 

Unit I 

Bioenergetics: Free energy and entropy changes in biological system, coupling 

of endergonic and exergonic processes. High energy phosphate compounds-

Structure and importance of ATP. Biological oxidation-Enzymes involved in 

oxidation and reduction- oxidases, dehydrogenases, hydroperoxidase and 

oxygenases. Cytochrome P-450 monooxygenases system. 

Unit II 

Mechanism of oxidative phosphorylation- Chemiosmotic theory, ATPases. 
Oxidative phosphorylation – uncouplers, inhibitors, ionophores. Electron 
transport chain. Inhibitors of ETC. Malate and glycerophosphate shuttles. 

Unit III 

Carbohydrate metabolism: Glycolysis and its energetic. gluconeogenesis, 
oxidation of pyruvate to acetyl CoA, TCA cycle and its energetics -anaplerotic 
reactions; Hexose monophosphate pathway, glycogenesis and glycogenolysis, 
glucuronic acid cycle; glyoxalate cycle; metabolism of galactose and fructose. 

Unit IV 

Lipid metabolism: Biosynthesis of fatty acids- biosynthesis and catabolism of 

triglycerides, phospholipids and glycolipids. Oxidation of fatty acids - α, β and 

γ oxidation; Cholesterol- synthesis and degradation. Ketogenesis; plasma 

lipoproteins. 

 



 
 

Unit V 

Protein, nucleic acid and porphyrins metabolism: catabolism of amino acids - 
Deamination, decarboxylation, transamination-Glycogenic and ketogenic 
amino acids, urea-biosynthesis. Metabolism of purine and pyrimidine 
nucleotides. Biosynthesis and degradation of porphyrins, Heme. 
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AN INTRODUCTION TO BIOENERGETICS AND METABOLISM 

BIOENERGETICS  

 Bioenergetics is a field in biochemistry and cell biology  

 Bioenergetics or biochemical thermodynamics is the study of the energy 

changes (transfer and utilizations) accompanying biochemical reactions  

 The goal of bioenergetics is to describe how living organisms acquire and 

transform energy in order to perform biological work. The study of 

metabolic pathways is thus essential to bioenergetics 

METABOLISM  
 

 Metabolism is central to all cellular life. 

 Metabolism is the term given to the set of life sustaining chemical 

transformations within the cells of living organisms.  

 These enzyme catalysed reactions allow organisms to grow, reproduce 

maintain their structure and respond to their environment.  

 Metabolism, the sum of all of the chemical transformations that occur in a 

cell or organism, occurs in a series of enzyme-catalyzed reactions that 

constitute metabolic pathways.  

 Each of the consecutive steps in such a pathway brings about a small, 

specific chemical change, usually the removal, transfer, or addition of a 

specific atom, functional group, or molecule.  

 In this sequence of steps (the pathway), a precursor is converted into a 

product through a series of metabolic intermediates (metabolites).  

 The term intermediary metabolism is often applied to the combined 

activities of all of the metabolic pathways that interconvert precursors, 

https://en.wikipedia.org/wiki/Biochemistry
https://en.wikipedia.org/wiki/Cell_biology
https://en.wikipedia.org/wiki/Metabolic_network


 
 

metabolites, and products of low molecular weight (not including 

macromolecules). 

Metabolism is of two types  

1) Catabolism - break down of organic matter to harvest energy, 

 2) Anabolism - use energy to construct molecules like proteins and nucleic acids 

Catabolism is the degradative phase of metabolism, in which organic 

nutrient molecules (carbohydrates, fats, and proteins) are converted into smaller, 

simpler end products (e.g., lactic acid, CO2, NH3). Catabolic pathways release free 

energy, some of which is conserved in the formation of ATP and reduced electron 

carriers (NADH and NADPH). 

  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 the input of energy, 

generally in the forms of the free energy of hydrolysis of ATP and the reducing 

power of NADH and NADPH. 

Three types of nonlinear metabolic pathways.  

 

(a) Converging, catabolic;  

(b) diverging, anabolic; and  

(c) cyclic, in which one of the starting materials  is regenerated and reenters the 

pathway.  

Functions of metabolism are 

1) Conversion of food into energy  

2) Conversion of food to building blocks  

https://socratic.org/biology/molecular-biology-basics/proteins


 
 

3) Elimination of nitrogenous wastes. 

 

UNIT I 

FREE ENERGY AND ENTROPY CHANGES IN BIOLOGICAL SYSTEM 

Key Points 

 Every chemical reaction involves a change in free energy, called delta G 

(∆G). 

 To calculate ∆G, subtract the amount of energy lost to entropy (∆S) from the 

total energy change of the system; this total energy change in the system is 

called enthalpy (∆H ): ΔG=ΔH−TΔS. 

 Endergonic reactions require an input of energy; the ∆G for that reaction 

will be a positive value. 

 Exergonic reactions release free energy; the ∆G for that reaction will be a 

negative value. 



 
 

Key Terms 

 exergonic reaction: A chemical reaction where the change in the Gibbs free 

energy is negative, indicating a spontaneous reaction 

 endergonic reaction: A chemical reaction in which the standard change in 

free energy is positive, and energy is absorbed 

 Gibbs free energy: The difference between the enthalpy of a system and the 

product of its entropy and absolute temperature 

Free Energy 

 Since chemical reactions release energy when energy-storing bonds are broken, 

how is the energy associated with chemical reactions quantified and expressed? 

How can the energy released from one reaction be compared to that of another 

reaction? 

 A measurement of free energy is used to quantitate these energy transfers.  

 Free energy is called Gibbs free energy (G) after Josiah Willard Gibbs, the 

scientist who developed the measurement. Recall that according to the second 

law of thermodynamics, all energy transfers involve the loss of some amount of 

energy in an unusable form such as heat, resulting in entropy.  

 Gibbs free energy specifically refers to the energy associated with a chemical 

reaction that is available after accounting for entropy. In other words, Gibbs 

free energy is usable energy or energy that is available to do work. 

 Enthalpy (H) is a measure of how much energy is released or absorbed during 

a chemical reaction. Energy, in the form of heat, is released in an exothermic 

reaction, and the change in enthalpy is negative, -H. On the other hand, energy, 

in the form of heat, is absorbed in an endothermic reaction, and this time the 

change in enthalpy is positive, +H.  



 
 

 The second property is the measure of entropy (S), which is a measure of 

disorder or randomness in the system. In nature, a messy room is far more 

favored than a neat, ordered room, and when disorder increases, we have +S.  

Calculating ∆G 

Every chemical reaction involves a change in free energy, called delta G 

(∆G). The change in free energy can be calculated for any system that undergoes a 

change, such as a chemical reaction.  

To calculate ∆G, subtract the amount of energy lost to entropy (denoted as 

∆S) from the total energy change of the system. This total energy change in the 

system is called enthalpy and is denoted as ∆H.  

The formula for calculating ∆G is as follows, where the symbol T refers to 

absolute temperature in Kelvin (degrees Celsius + 273): G=ΔH−TΔS. 

The standard free energy change of a chemical reaction is expressed as an 

amount of energy per mole of the reaction product (either in kilojoules or 

kilocalories, kJ/mol or kcal/mol; 1 kJ = 0.239 kcal) under standard pH, 

temperature, and pressure conditions.  

Standard pH, temperature, and pressure conditions are generally calculated 

at pH 7.0 in biological systems, 25 degrees Celsius, and 100 kilopascals (1 atm 

pressure), respectively. 

 It is important to note that cellular conditions vary considerably from these 

standard conditions; therefore, standard calculated ∆G values for biological 

reactions will be different inside the cell. 



 
 

LAWS OF THERMODYNAMICS   

The study of energy transformations that occur in a collection of matter.   

Two Laws: 

 1. First Law of Thermodynamics  

2. Second Law of Thermodynamics  

First Law of Thermodynamics  

Energy cannot be created or destroyed, but only converted to other forms. 

This means that the amount of energy in the universe is constant.  

The main forms of energy within the body are;  

1. heat, light, mechanical  

2. chemical  

3. “free energy”  

4.  entropy  

 Entropy is a form of energy that cannot be re-used in chemical reactions, and is 

defined synonomously with increased randomness or disorder.  

 “Free energy” is referred to as Gibb’s free energy, and is abbreviated “G”. 

Typically, during energy transfers there is a change in energy forms, which is 

indicated by the “∆“ symbol. Thus, a change in Gibb’s free energy is expressed as 

a “∆G”.  

The Second Law helps resolve problem only those events that result in a net 

increase in disorder will occur spontaneously  

 



 
 

Second Law of Thermodynamics   

All energy transformations are inefficient because every reaction results in an 

increase in entropy and the loss of usable energy as heat.  Entropy: the amount of 

disorder in a system.  

Second law:  The second law of thermodynamics, which can be stated in several 

forms, says that the universe always tends toward increasing disorder: in all natural 

processes, the entropy of the universe increases.  Living organisms consist of 

collections of molecules much more highly organized than the surrounding 

materials from which they are constructed, and organisms maintain and produce 

order, seemingly oblivious to the second law of thermodynamics. But living 

organisms do not violate the second law; they operate strictly within it.  

Lessons learnt from the 2nd law of bioenergetics  

1. All reactions proceed in the direction of:  

a) ↑ entropy  

b) a release of free energy (-∆G,(Kcal/Mol))  

2. The more negative the ∆G, the greater the release of free energy during a 

chemical reaction.  

3. Chemical reactions that have a -∆G are termed exergonic reactions.  

4. By convention, reactions that require free energy input to proceed are termed 

endergonic reactions, but there are no such reactions in the human body!  

5. The free energy not used to do work is expressed as heat.  

6. Reactions that have no net change in substrate or product are termed equilibrium 

reactions, and have no change in free energy (∆G=0).  



 
 

7. All reactions are potentially reversible. 

 8. The directionality and amount of free energy release of a chemical reaction can 

be modified by altering substrate and product concentrations. - ↑’ing products may 

reverse the direction of the reaction - ↑’ing substrates can make the ∆G more 

negative Of course, if the reaction is reversed, what were the products are now the 

substrates, and vice-versa  

ENDERGONIC AND EXERGONIC REACTIONS 

Endergonic and exergonic are two types of chemical reactions, or processes, 

in thermochemistry or physical chemistry. The names describe what happens to 

energy during the reaction. The classifications are related to endothermic and 

exothermic reactions, except endergonic and exergonic describe what happens with 

any form of energy, while endothermic and exothermic relate only to heat or 

thermal energy. 

Endergonic Reactions  

 Endergonic reactions may also be called an unfavorable reaction or 

nonspontaneous reaction. The reaction requires more energy than you get 

from it. 

 Endergonic reactions absorb energy from their surroundings. 

 The chemical bonds that are formed from the reaction are weaker than the 

chemical bonds that were broken. 

 The free energy of the system increases. The change in the standard Gibbs 

Free Energy (G) of an endergonic reaction is positive (greater than 0). 

 The change in entropy (S) decreases. 

 Endergonic reactions are not spontaneous. 

https://www.thoughtco.com/chemical-reaction-definition-606755
https://www.thoughtco.com/endothermic-reaction-examples-608179
https://www.thoughtco.com/exothermic-reaction-examples-demonstrations-to-try-606692
https://www.thoughtco.com/types-of-chemical-bonds-603984
https://www.thoughtco.com/definition-of-gibbs-free-energy-605869
https://www.thoughtco.com/definition-of-gibbs-free-energy-605869
https://www.thoughtco.com/definition-of-entropy-604458


 
 

 Examples of endergonic reactions include endothermic reactions, such as 

photosynthesis and the melting of ice into liquid water. 

 If the temperature of the surroundings decreases, the reaction is 

endothermic. 

Exergonic Reactions  

 An exergonic reaction may be called a spontaneous reaction or a favorable 

reaction. 

 Exergonic reactions release energy to the surroundings. 

 The chemical bonds formed from the reaction are stronger than those that 

were broken in the reactants. 

 The free energy of the system decreases. The change in the standard Gibbs 

Free Energy (G) of an exergonic reaction is negative (less than 0). 

 The change in entropy (S) increases. Another way to look at it is that the 

disorder or randomness of the system increases. 

 Exergonic reactions occur spontaneously (no outside energy is required to 

start them). 

 Examples of exergonic reactions include exothermic reactions, such as 

mixing sodium and chlorine to make table salt, combustion, and 

chemiluminescence (light is the energy that is released). 

 If the temperature of the surroundings increases, the reaction is exothermic. 

https://www.thoughtco.com/types-of-chemical-bonds-603984


 
 

 

 

Fig: Exergonic and Endergonic Reactions: Exergonic and endergonic reactions 

result in changes in Gibbs free energy. Exergonic reactions release energy; 

endergonic reactions require energy to proceed.  

In biochemical systems, endergonic and exergonic reactions often are coupled, so 

the energy from one reaction can power another reaction. 

 Endergonic reactions always require energy to start. Some exergonic 

reactions also have activation energy, but more energy is released by the 

reaction than what is required to initiate it. For example, it takes energy to 

start a fire, but once combustion starts, the reaction releases more light and 

heat than it took to get it started. 

 Endergonic reactions and exergonic reactions are sometimes called 

reversible reactions. The quantity of the energy change is the same for both 

reactions, although the energy is absorbed by the endergonic reaction and 

released by the exergonic reaction. Whether the reverse reaction actually can 

occur is not a consideration when defining reversibility. For example, while 

burning wood is a reversible reaction theoretically, it doesn't actually occur 

in real life. 

https://www.thoughtco.com/definition-of-reversible-reaction-and-examples-605617


 
 

Free Energy and Biological Processes 

 In a living cell, chemical reactions are constantly moving towards 

equilibrium, but never reach it. A living cell is an open system: materials 

pass in and out, the cell recycles the products of certain chemical reactions 

into other reactions, and chemical equilibrium is never reached.  

 In this way, living organisms are in a constant energy-requiring, uphill battle 

against equilibrium and entropy. 

 When complex molecules, such as starches, are built from simpler 

molecules, such as sugars, the anabolic process requires energy.  

 Therefore, the chemical reactions involved in anabolic processes are 

endergonic reactions. On the other hand, the catabolic process of breaking 

sugar down into simpler molecules releases energy in a series of exergonic 

reactions.  

 As in the example of rust above, the breakdown of sugar involves 

spontaneous reactions, but these reactions don’t occur instantaneously.  

 An important concept in the study of metabolism and energy is that of 

chemical equilibrium. Most chemical reactions are reversible.  

 They can proceed in both directions, releasing energy into their environment 

in one direction, and absorbing it from the environment in the other 

direction. 



 
 

 

Endergonic and Exergonic Processes: Shown are some examples of endergonic 

processes (ones that require energy) and exergonic processes (ones that release 

energy). These include (a) a compost pile decomposing, (b) a chick hatching from 

a fertilized egg, (c) sand art being destroyed, and (d) a ball rolling down a hill. 

COUPLING OF ENDERGONIC AND EXERGONIC PROCESSES 

 This is a common feature in biological systems where some enzyme-catalyzed 

reactions are interpretable as two coupled half-reactions, one spontaneous and the 

other non-spontaneous. Organisms often the hydrolysis of ATP (adenosine 

triphosphate) to generate ADP (adenosine diphosphate) as the spontaneous 

coupling reaction  

ATP+H2O⇌ADP+Pi  

 Pi is inorganic phosphate ion 



 
 

 

The phosphoanhydride bonds formed by ejecting water between two phosphate 

group of ATP exhibit a large negative –ΔG of hydrolysis and are thus often termed 

"high energy" bonds. However, as with all bonds, energy is requires to break these 

bonds, but the thermodynamic Gibbs energy difference is strongly "energy 

releasing" when including the solvation thermodynamics of the phosphate ions; 

ΔG for this reaction is - 31 kJ/mol. 

HIGH ENERGY PHOSPHATE COMPOUNDS 

A phosphorylated molecule that upon hydrolysis yields a large amount of 

free energy.  

Also known as Energy Rich Compounds  Compounds in biological system 

which on hydrolysis yield free energy equal to or greater than that of ATP, i.e. ∆ G 

= -7.3 kcal / mol  Compounds that yield energy less than -7.3 kcal / mol are 

called Low Energy Compounds.  

 

Most of the high energy compounds contain phosphate group [except acetyl 

CoA] hence they are also called high energy phosphates.  The bonds in the high 

energy compounds which yieldsenergy upon hydrolysis are called high energy 



 
 

bonds.  These bonds are notated by the symbol '~‘ [squiggle].  Fritz Albert 

Lipmann invented this notation.  

The energy that is actually available [utilizable] to do the work is called Free 

Energy.   

Change in free energy is denoted by ∆G. Also known as Gibb’s Free Energy.  

 For endergonic reactions ∆G will be +ve   

 For exergonic reactions ∆G will be -ve  

High energy compounds are mainly classified into 5 groups:  

1. Pyrophosphates  

2. Enol phosphates  

3. Acyl phosphates  

4. Thiol phosphates  

5. Guanido phosphates or phophagens  

Pyrophosphates 

 The energy bonds in pyrophosphates are acid anhydride bonds.   

 These bonds are formed by the condensation of acid groups [mainly 

phosphoric acid] or its derivatives.   

 An example for pyrophosphates is ATP. It has two high energy diphosphate 

bonds – phosphoanhydride bonds.  

 

Enol Phosphates 

 The bond present here is enolphosphate bond It is formed when phosphate 

group attaches to a hydroxyl group which is bounded to a carbon atom 

having double bond.   



 
 

 Example : phosphoenolpyruvate 

 

Acyl Phosphate 

 An example for acyl phosphate is 1,3- bisphosphoglycerate.   

 The high energy bond in this compound is formed by the reaction between 

carboxylic acid group and phosphate group.  

 

 

Thiol phosphate 

 Here high energy phosphate bond is absent. Instead high energy thioester bond 

is present.   

 Thioester bond results from the reaction between thiol and carboxylic acid 

group’  Example : Acetyl CoA 

 



 
 

Guanido phosphates 

 Also known as phophagens 

 The bond is known as guanidine phosphates bonds  

 It is formed by the attachment of phosphate group to guanidine group.   

 Most important compound with this bond is phosphocreatine. 

 

  

 



 
 

STRUCTURE AND IMPORTANCE OF ATP 

ATP as Universal Energy Currency 

Adenosine triphosphate, also known as ATP, is a molecule that carries energy 

within cells. It is the main energy currency of the cell, and it is an end product of 

the processes of photophosphorylation (adding a phosphate group to a molecule 

using energy from light), cellular respiration, and fermentation. All living things 

use ATP 

 Adenosine triphosphate, also known as ATP, is the most important high 

energy compound in the living cell.  

 It is the main energy currency of the cell  

 It contains an adenine group,a ribose sugar and a triphosphate.   

 ATP is considered as an high energy compound because of the presence of 

two phospho anhydride bond.  

 Hydrolysis of the terminal phosphate group yields high negative free energy 

i.e. -7.3 cal / mol  

 ATP acts as an link between catabolism [exergonic reaction] and anabolism 

[endergonic reaction].   

 Catabolic reactions can give energy in the form of ATP.   

 Anabolic reactions can utilize energy through hydrolysis of ATP.  

 It transfers phophoryl groups from high energy compounds to less energetic 

compounds  

 In addition to being used as an energy source, it is also used in signal 

transduction pathways for cell communication and is incorporated into 

deoxyribonucleic acid (DNA) during DNA synthesis. 

https://biologydictionary.net/molecule/
https://biologydictionary.net/cell/
https://biologydictionary.net/phosphate-group/
https://biologydictionary.net/cellular-respiration/
https://biologydictionary.net/fermentation/
https://biologydictionary.net/cell/
https://biologydictionary.net/signal-transduction/
https://biologydictionary.net/signal-transduction/


 
 

STRUCTURE OF ATP 

 

Hydrolysis of High Energy Bond  

 

 

Resynthesis of ATP  

ATP reaction is commonly return as  

ADP + Pi + energy   ------ ATP 

The forming of ADP into ATP requires energy (endothermic -7.3kcal/mole) 

 



 
 

 

ATP/ADP cycle 

 

 



 
 

Functions of ATP 

 Energy Source 

ATP is the main carrier of energy that is used for all cellular activities.  

 Signal Transduction 

ATP is a signaling molecule used for cell communication. Kinases, which are 

enzymes that phosphorylate molecules, use ATP as a source of phosphate groups. 

Kinases are important for signal transduction 

 DNA Synthesis 

The nucleobase adenine is part of adenosine, a molecule that is formed from 

ATP and put directly into RNA.  

 Muscle contraction 

ATP is critical for the contraction of muscles; it binds to myosin to provide 

energy and facilitate its binding to actin to form a cross-bridge. ADP and 

phosphate are then released and a new ATP molecule binds to myosin. This breaks 

the cross-bridge between myosin and actin filaments, thereby releasing myosin for 

the next contraction. 

 Structural Maintenance 

ATP plays a very important role in preserving the structure of the cell by 

helping the assembly of the cytoskeletal elements. It also supplies energy to the 

flagella and chromosomes to maintain their appropriate functioning. 

 



 
 

ADP, AMP, cAMP 

Other molecules are related to ATP and have similar names, such as 

adenosine diphosphate (ADP), adenosine monophosphate (AMP), and cyclic AMP 

(cAMP). In order to avoid confusion, it is important to know some differences 

between these molecules. 

ADP 

Adenosine diphosphate (ADP), which is sometimes also known as adenosine 

pyrophosphate (APP), especially in chemistry, has already been mentioned in this 

article. It differs from ATP because it has two phosphate groups. ATP becomes 

ADP with the loss of a phosphate group, and this reaction releases energy. ADP 

itself is formed from AMP. Cycling between ADP and ATP during cellular 

respiration gives cells the energy needed to carry out cellular activities. 

AMP 

Adenosine monophosphate (AMP), also called 5’-adenylic acid, has only 

one phosphate group. This molecule is found in RNA and contains adenine, which 

is part of the genetic code. It can be produced along with ATP from two ADP 

molecules, or by hydrolysis of ATP. It is also formed when RNA is broken down. 

It can be converted into uric acid, which is a component of urine, and excreted via 

the bladder. 

cAMP 

Cyclic adenosine monophosphate (cAMP) is derived from ATP and is 

another messenger used for signal transduction and activating certain protein 

kinases. It can be broken down into AMP. cAMP pathways may play a role in 

https://biologydictionary.net/genetic-code/


 
 

certain cancers such as carcinoma. In bacteria, it has a role in metabolism. When a 

bacterial cell is not producing enough energy (from insufficient glucose, for 

example), high cAMP levels occur, and this turns on genes that use energy sources 

other than glucose. 

 

BIOLOGICAL OXIDATION 

Biological oxidation is an energy-producing reaction in living cells, and it is 

coupled with a reduction reaction. When a compound loses an electron, or is 

oxidized, another compound gains the electron, or is reduced. Oxidation-reduction 

(redox) reactions represent the main source of biological energy. 

https://biologydictionary.net/carcinoma/


 
 

These oxidation-reduction reactions involve the loss of electrons by one 

chemical species, which is thereby oxidized, and the gain by another, which is 

reduced. The flow of electrons in oxidation-reduction reactions is responsible, 

directly or indirectly, for all of the work done by living organisms. 

Oxidation-Reductions Can Be Described as Half-Reactions 

Although oxidation and reduction must occur together, it is convenient when 

describing electron transfers to consider the two halves of an oxidation-reduction 

reaction separately. For example, the oxidation of ferrous ion by cupric ion: 

 

can be described in terms of two half reactions: 

 

The electron-donating molecule in an oxidation-reduction reaction is called 

the reducing agent or reductant; the electron-accepting molecule is the oxidizing 

agent or oxidant. A given agent, such as an iron cation in the ferrous (Fe2+) and the 

ferric (Fe3+ ) state, functions as a conjugate reductant-oxidant pair (redox pair), just 

as an acid and corresponding base function as a conjugate acid-base pair. In acid-

base reactions we can write the general equation: proton donor H+ + 

proton acceptor. In redox reactions we can write a similar general equation: 

electron donor e- + electron acceptor. In the reversible half reaction (1) 

above, Fe2+ is the electron donor and Fe3+ is the electron acceptor; together, Fe2+ 

and Fe3+ constitute a conjugate redox pair. 

The electron transfers in oxidation-reduction reactions involving organic 

compounds are not fundamentally different from those that occur with inorganic 



 
 

species. We considered the oxidation of a reducing sugar (an aldehyde or ketone) 

by cupric ion  

 

This overall reaction can be expressed as two half reactions: 

 

Because two electrons are removed from the aldehyde carbon, the second half 

reaction (the one-electron reduction of cupric to cuprous ion) must be doubled to 

balance the overall equation. 

Definitions 

 

i)  Oxidation  = process which involve gaining of oxygen (formation of an oxide) 

ii) Reduction = process which involve losing of oxygen (decomposition of oxide) 

 

The equation below shows the example between oxidation and reduction process : 

The reaction is both involving reduction and oxidation processes. If both 

process are going side-by-side, this process is called redox reaction. 

 

Redox reaction involved  

 

i)  Reducing Agent : Remove oxygen from another substance 

ii) Oxidation Agent : Adding/ giving oxygen to another substance 

 

In the reaction, the iron (III) oxide is the reducing agent because it loss of oxygen 

and the carbon dioxide is the oxidation agent as it giving an oxygen. 

 



 
 

Oxidation & Reduction in Hydrogen Transfer  

Oxidation = loss of hydrogen 

Reduction = gain of hydrogen 

Oxidation & Reduction in Electron Transfer 

Oxidation = loss of electrons 

Reduction = gain of electrons 

 

      OIL                                                    RIG 

Oxidation is loss                                 Reduction is gain 

 

SUMMARY : 

* Oxidation : gain of OXYGEN, loss of HYDROGEN, loss of ELECTRONS 

* Reduction : loss of OXYGEN, gain of HYDROGEN, gain of ELECTRONS 

 

The Importance of redox reactions in metabolism : 

Metabolism can further broken down into two subgroups which are anabolism and 

catabolism: 

 

ANABOLISM  

 

 Refers to the chemical reactions where the simpler substances are combined 

to form more complex molecules. 

 Usually require energy to build new molecules and/or store energy. 

Human can synthesize amino acid by anabolism from the available metabolites 

by glycolysis, TCA cycle and pentose phosphate pathway by the nitrogen-

carrier molecules  

GLUTAMATE or GLUTAMINE  

 

i) Direct incorporation of ammonium ion into organic molecules                          

                                

* Amino acids are synthesized by incorporating free ammonium ion into 

organic molecules. 



 
 

   - Amination (product = Glutamate) 

   - Amidation (product = Glutamine)                    

 

 ii) Transamination reaction 

* Amino groups are transferred from molecules to molecules : 

    - Glutamate = an amino groups donor 

    - Glutamine = an amino groups acceptor 

CATABOLISM: 

Important : 

 As metabolic fuels 

 Removal of nitrogen 

 Eliminate the excess nitrogen 

This chemical reaction remove of the nitrogen in the amino acids that involve 

by 2 stages: 

i) Deamidation   = Remove one  nitrogen from the R-group of an amino acid 

ii) Transamination = Remove the amino group in an amino acid 

The implication of this reaction are: amino group (from original amino acids) is 

transferred to α-ketoglutarate and glutamate as the product. 

 



 
 

 

 

 

ENZYMES INVOLVED IN OXIDATION AND REDUCTION 

OXIDASES 

(a) Enzymes that catalyse the removal of hydrogen from a substrate but use only 

oxygen as a hydrogen acceptor to form water as a reaction product (with the 

exception of uricase and monoamine oxidase which form H2O2).  



 
 

Oxidation of a metabolite by Oxidase 

 

(b) They are conjugated proteins containing copper as prosthetic groups.  

(i) Cytochrome oxidase  

(a) Cytochrome oxidase is a hemoprotein widely distributed in plants and animal 

tissues.  

(b) It is the terminal component of respiratory chain found in mitochondria.  

(c) It is poisoned by cyanide and hydrogen sulfide.  

(d) More recent studies show that 2 cytochromes are combined with the same pro-

tein and the complex is known as cytochrome aa3.  

(e) Cytochrome aa3 contains 2 molecules of heme A, each having one Fe atom. 2 

atoms of Cu are also present which are associated with the cytochrome oxidase ac-

tivity.  

(f) The terminal cytochrome aa3 is responsible for the final combination of 

reducing equivalents with molecular oxygen.  

(g) This enzyme system contains copper, a component of several oxidase enzymes.  

(h) It has a high affinity for oxygen.  

(i) It is the only one in the chain which signifies the irreversible reaction.  

(j) It gives direction to the movement of reducing equivalents in the respiratory 

chain and to the production of ATP, to which it is coupled.  
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Oxidation of a metabolite by an aerobic dehydrogenase 

 

(ii) Phenolase (tyrosinase, polyphenol oxidase, cotechol oxidase)  

a) It is a copper-containing enzyme.  

(b) It converts monophenol to O-quinones.  

(iii) Ascorbic oxidase  

(a) It contains copper.  

(b) It is found only in plants.  

(iv) Uricase  

(a) It also contains copper.  

(b) It catalyzes the oxidation of uric acid to allantoin.  

(v) Monoamine oxidase  

(a) It is found in the mitochondria of several tissues.  

(b) It oxidizes epinephrine and tyramine.  

DEHYDROGENASES: 

Aerobic Dehydrogenases  

(a) They catalyse the removal of hydrogen from a substrate and use either oxygen 

or artificial substances such a methylene blue as hydrogen acceptor.  

(b) H2O2 is formed as a product.  
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(c) They are flavoprotein enzymes having FMN (flavin mononucleotide) or FAD 

(Flavin adenine dinucleotide) as prosthetic groups.  

(d) Many of the flavoprotein enzymes contain a metal for which they are known as 

metalloflavoprotein enzymes.  

(i) D-amino acid dehydrogenase (D-amino acid oxidase)  

(a) It is an FAD-linked enzyme.  

(b) It is found particularly in liver and kidney.  

(c) It catalyzes the oxidative deamination of the unnatural (D-) forms of amino 

acids.  

(ii) L-amino acid dehydrogenase (L-amino acid oxidase)  

(a) It is an FMN-linked enzyme.  

(b) It is found in kidney.  

(c) It catalyzes the oxidative deamination of naturally occurring L-amino acids.  

(iii) Xanthine dehydrogenase (Xanthine oxidase)  

(a) It occurs in milk and liver.  

(b) In the liver, it converts purine bases to uric acid.  

(c) It contains FAD as the prosthetic group.  

(d) It is highly significant in the liver and kidneys of birds which excrete uric acid 

as the end product of purine metabolism and also of protein and amino acid 

catabolism.  

(e) It is a metalloflavoprotein containing non-heme iron and molybdenum.  

(f) It also oxidizes all aldehydes.  

 



 
 

(iv) Aldehyde dehydrogenase (aldehyde oxidase)  

(a) It is an FAD-linked enzyme.  

(b) It is present in pig and other mammalian liver.  

(c) It is also a metalloflavoprotein containing nonheme iron and molybdenum.  

(d) It oxidizes aldehydes.  

(v) Glucose oxidase  

(a) It is an FAD-linked enzyme.  

(b) It is prepared from fungi.  

(c) It is used in estimating glucose.  

Anaerobic Dehydrogenases  

(a) They catalyze the removal of hydrogen from a substrate but not able to use oxy-

gen as hydrogen acceptor.  

(b) They transfer hydrogen from one substrate to another by oxidation-reduction 

reaction not involving a respiratory chain (shown in Fig). 

Oxidation of metabolite by anaerobic 

dehydrogenase not involving a respiratory chain 

 

(b) They perform oxidation of metabolite utilizing several components of a 

respiratory chain. 
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Oxidation of metabolite by anaerobic 

dehydrogenase by several components of  respiratory chain 

 

(i) Dehydrogenase dependent on Nicotinamide Coenzymes  

(a) They are linked as coenzymes either to NAD (Nicotinamide adenine 

dinucleotide) or to NADP (Nicotinamide adenine dinucleotide phosphate).  

(b) The coenzymes are reduced by the particular substrate of the dehydrogenase 

and re-oxidized by a suitable electron acceptor and synthesized from the vitamin 

niacin (nicotinic acid and nicotinamide).  

(c) NAD-linked dehydrogenases catalyze oxidoreduction reactions in glycolysis, 

the citric acid cycle and in the respiratory chain of mitochondria.  

(d) NADP-linked dehydrogenases are found in fatty acid and steroid synthesis in 

the extra-mitochondria. They are also found in hexose monophosphate shunt.  

(e) Some nicotinamide coenzyme-dependent dehydrogenases contain zinc, 

particularly alcohol dehydrogenase from liver and glyceraldehyde-3-phosphate 

dehydrogenase from skeletal muscle. The zinc ions do not take part in the 

oxidation and reduction.  
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(ii) Dehydrogenases dependent on Riboflavin Prosthetic Groups  

(a) Most of the riboflavin-linked anaerobic dehydrogenases are concerned with 

electron transport in the respiratory chain.  

(b) Succinate dehydrogenase, acyl-CoA dehydrogenase and mitochondrial 

glycerol- β-phosphate dehydrogenase transfer electrons directly from the substrate 

to the respiratory chain.  

(c) In the dehydrogenation of reduced lipoate, an intermediate in the oxidative 

decarboxylation of pyruvate and α-Ketogluta-rate, the flavoprotein (FAD) due to 

the low redox potential acts as a carrier of electrons from reduced lipoate of NAD. 

The electron transferring flavoprotein in an intermediary carrier of electrons 

between acyl-CoA dehydrogenase and the respiratory chain.  

(iii) The Cytochromes  

(a) The cytochromes excepting cytochrome oxidase are anaerobic dehydrogenases. 

They are involved as carriers of electrons from flavoproteins to cytochrome 

oxidase in the respiratory chain.  

(b) They are iron-containing hemoproteins in which iron becomes Fe+++ and Fe++ 

oxidation and reduction. The cytochromes in the respiratory chain are b, c1, c, a 

and a3.  

(c) Cytochromes are also found in the endoplasmic reticulum (cytochromes P-450 

and b5) plant cells, bacteria and yeast.  

Cytochrome C  

1. It has a molecular wt. of 13,000.  

2. The iron porphyrin group of cytochrome c is attached to protein more firmly 

than in the hemoglobin.  

3. It is quite stable to heat and acids.  

4. The reduced form of cytochrome c is not auto-oxidizable.  



 
 

5. The peptide chain of human heart cytochrome c contains 104 amino acids. 

Acetyl glycine is the N-terminal amino acid and glutamic acid is the c-terminal 

amino acid. Two cysteine residues are located at positions 14 and 17. The linkage 

of iron in heme occurs through the imidazole nitrogen of histidine residue at posi-

tion 18 in the peptide chain.  

HYDRO-PEROXIDASES  

They utilize hydrogen peroxide as a substrate.  

Two enzymes fall into this category  

(i) Peroxidase  

(ii) Catalase.  

(i) Peroxidase  

(a) It is found in milk and leukocytes and the prosthetic group is protoheme.  

(b) It catalyzes the reduction of hydrogen peroxide by the help of ascorbic acid, 

quinones and cytochrome C which act as electron acceptors.  

The reaction is complex but the overall reaction is:  

 

(ii) Catalase  

(a) It is hemoprotein and found in blood and liver.  

(b) It uses one molecule of H2O2 as a substrate electron donor and another 

molecule as electron acceptor.  

 

(c) Its function is to destroy H2O2 formed by the action of aerobic dehydrogenases.  
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OXYGENASES  

They catalyze the incorporation of oxygen into a substrate molecule.  

(i) Dioxygenases (Oxygen transferases, true oxygenases)  

(a) They catalyze the incorporation of two atoms of oxygen (O2) into the substrate:  

 

(b) Enzymes containing iron as a prosthetic group e.g., homogentisate di-

oxygenase, 3-hydro-xyxanthranilate di-oxygenase and enzymes utilizing heme as a 

prosthetic group such as L-tryptophan di-oxygenase (tryptophan pyrrolase) from 

the liver.  

(ii) Mono-oxygenase (Mixed function oxidases, Hydroxylases)  

(a) They catalyze the incorporation of only one atom of the oxygen molecule into a 

substrate. The other oxygen atom is reduced to water.  

A cosubstrate is necessary for this purpose:  

 

(b) Many of the enzymes involved in steroid synthesis are mono-oxygenase using 

NADPH as a cosubstrate. They are found mainly in the endoplasmic reticulum 

(Microsomes) of the liver and in mitochondria and the microsomes of the adrenal 

glands.  

(c) They are also involved in the metabolism of many drugs by hydroxylation. 

They are found in the microsomes of the liver together with cytochrome P450 and 

cytochrome b5. The drugs metabolized by this system are benzpyrine, aminopyrine, 

aniline, morphine and benzphetamine.  

(d) They are concerned with the synthesis or degradation of many different types 

of metabolites. 

https://www.biologydiscussion.com/wp-content/uploads/2016/07/clip_image018-67.jpg
https://www.biologydiscussion.com/wp-content/uploads/2016/07/clip_image020-58.jpg


 
 

But phenobarbital induce the formation of microsomal enzymes and of 

cytochrome P450:  

 

CYTOCHROME P450  

1. Cytochrome P450 is considered the most versatile biocatalyst. It has been shown 

by the use of 1802 that one atom of oxygen enters R-OH and one atom enters 

water. This dual fate of the oxygen is responsible for naming of mono-oxygenases 

as “mixed-function oxidases”. 

2. Hydroxylation reactions take place by the enzymes mono-oxygenases or 

cytochrome P450.  

The reaction catalyzed by a mono-oxygenase (cytochrome P450) is:  

 

[RH represents a very wide variety of xenobiotics including drugs, carcinogens, 

pesticides, petroleum products, and pollutants].  

The reaction catalyzed by cytochrome P450 is represented:  
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3. The major mono-oxygenases in the endoplasmic reticulum are cytochrome P-

450s—so named because the enzyme was prepared from microsomes that had been 

chemically reduced and exhibited a distinct peak at 450 nm on exposure to carbon 

monoxide. About 50 per cent of the drugs that humans ingest are metabolized by 

isoforms of cytochrome P450; these enzymes also act on various carcinogens and 

pollutants.  

4. About 150 isoforms of cytochrome P450 have been discovered so far. The 

abbreviated root symbol CYP denotes a cytochrome P450. CYPA1 denotes a cyto-

chrome P450 that is a member of family 1 and subfamily A and is the first 

individual member of that subfamily.  

5. Like hemoglobin, they are hemoproteins.  

6. These are widely distributed among species. Bacteria possess cytochrome 

P450s, and P450cam (involved in the metabolism of camphor) of pseudomonas 

putida is the only P450 isoform.  

7. They are present in large amount in liver. They are present mainly in the 

membranes of the smooth endoplasmic reticulum in liver and most other tissues. In 

the adrenal, they are found in mitochondria as well as in the endoplasmic 

reticulum; the various hydroxylases present in that organ play an important role in 

cholesterol and steroid biosynthesis.  

8. The mitochondrial cytochrome P450 system differs from the microsomal system 

in that it uses an NADPH-linked flavoprotein, adrenodoxin reductase, and a non-

heme iron-sulphur protein, adrenodoxin.  

9. There are at least six isoforms of cytochrome P450 present in the endoplasmic 

reticulum of human liver, each is acting on both xenobiotics and endogenous 

compounds. In recent years, the genes for many isoforms of P450 have been 

isolated and studied.  

10. NADPH is involved in the reaction mechanism of cytochrome P450. The 

enzyme that uses NADPH to form the reduced cytochrome P450 is called 

NADPH-cytochrotne P450 reductase. Electrons are transferred from NADPH to 

NADPH-cytochrome P450 reductase and then to cytochrome P450. This leads to 



 
 

the reductive activation of molecular oxygen, and one atom of oxygen is 

subsequently inserted into the substrate.  

11. Lipids are also components of the cytochrome P450 system. The suitable lipid 

is phosphatidyl choline which is found in membranes of the endoplasmic 

reticulum.  

12. Most isoforms of cytochrome P450 are inducible. The mechanism of induction 

involves increased transcription of mRNA for cytochrome P450. Induction of cyto-

chrome P450 has important clinical implications, since it is a biochemical mecha-

nism of drug interaction.  

13. Certain isoforms of cytochrome P450 (e.g., CYP1 Al) are particularly involved 

in the metabolism of polycyclic aromatic hydrocarbons (PAHs) and related 

molecules. That is why they were formerly called aromatic hydrocarbon 

hydroxylases (AHH).  

Some important properties of cytochrome P450 
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