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iving cells require a continuous supply of energy for maintaining various life activities. This 

energy is obtained by oxidizing the organic compounds (carbohydrates, proteins, and lipids) 

in the cells. This process of harvesting chemical energy for metabolic activities in the form of 

ATP by oxidising the food molecules is called ‘respiration’. The most common substrate used 

in respiration for oxidation is glucose. 

Factor affecting the respiration 

(1) Oxygen Content of the Atmosphere: 

The percentage of oxygen in the surrounding atmosphere greatly influence the rate of 

respiration. But reduction of the oxygen content of the air, however, causes no significant 

lowering in the respiratory rate until the percentage drops to about 10%. With the increase of 

oxygen concentration in the atmosphere, the rate of respiration also increases, but this effect is 

not as accelerating as might be expected. In certain plants, like rice, on removal of oxygen the 

rate of respiration in terms of total carbon dioxide produced actually increases. This indicates 

that anaerobic respiration comes into action when oxygen is no longer available and that the 

plant, if it has to make up for the relative inefficiency of this system, has to respire faster. 

(2) Effect of Temperature: 

Like most chemical reactions, the rate of respiration is greatly influenced by temperature. If the 

rise is at a much higher starting temperature, say between 20° and 30°C, then the Q 10 may fall 

below 2. In certain cases the rate of respiration increases at lower temperature. increase in the 

rate of respiration is primarily due to increase in the quantity of respirable materials (such as 

soluble carbohydrates) which tend to accumulate in Irish potato at temperature slightly above 

0°C. At temperatures higher than the optimum for respiration, the rate of respiration (in terms 

of oxygen utilized and CO2 produced) falls due to inter-conversions of respirable materials. 

(3) Effect of Light: 

L 
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Light has indirect effects on the rate of respiration. With the increase in light intensity, the 

temperature of the surrounding atmosphere also increases thus affecting the rate of respiration. 

Secondly, the quantity of respirable material in the plant largely depends upon the rate of 

photosynthesis which is directly influenced by light and thirdly, stomata remain open during 

daylight and hence rapid exchange of gases takes place through them. 

(4) Effect of Water Contents: 

Over a certain range, water content of the plant tissue greatly influence its rate of respiration. 

In most of the storage able seeds the moisture content is kept below the point which allows a 

rapid respiration. With the increase in moisture content, the rate of respiration is likely to go 

up with the result a rapid loss of viability will occur and at the same time the temperature will 

also rise and the grain may be spoiled 

(5) Effect of Carbon Dioxide Concentration: 

The rate of respiration is normally not affected by increase of carbon dioxide concentration in 

the surrounding atmosphere up to 19%, but as the concentration increases from 10% to 80%, a 

progressive decrease in respiration occurs. 

(6) Protoplasmic Conditions: 

The young growing tissues which have greater amount of protoplasm as compare to older 

tissues, show higher rate of respiration. Their higher rate of respiration support the meristematic 

activities of the cells by supplying large amount of energy. The degree of hydration of the 

protoplasm in the cells affects the rate, and mechanical injury to plant tissues will accelerate 

respiration. 

(7) Other Factors: 

Various chemicals, such as cyanides, azides and fluorides, have been reported to possess 

respiration retarding properties through their effect on respiratory enzymes. Respiration rate 

may likely be accelerated by low concentrations of the compounds like ethylene, carbon 

monoxide, chloroform and ether. 

Types of respiration- There are two types of respirations Aerobic respiration is one in which 

molecular oxygen is used for the complete oxidation of glucose to yield CO2, H2O and 38 

ATP molecules. Anaerobic respiration is one in which glucose is partially oxidised without 

using oxygen to yield lactic acid or ethyl alcohol and 2 ATP molecules. 
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Overall reactions- 

 Aerobic respiration- 

 Glucose (C6 H12 O6) + 6O2                              6CO2 + 6H2 O+38ATP 

Anaerobic respiration- 

Glucose (C6 H12 O6)                                    2C2 H5 OH +2ATP +2CO2 (alcohol fermentation) 

 OR 

 Glucose (C6 H12 O6)                                 2CH3CHOHCOOH +2ATP (Lactic acid fermentation)   

Aerobic respiration: It has three steps 

1. Glycolysis/Embden-Meyerhof-parnas pathway (EMP pathway) 

2. Kreb’s cycle/Citric acid cycle/Tricarboxylic acid cycle 

 3. Electron transport system (ETS). 

Glycolysis 

Glycolysis is a metabolic pathway and an anaerobic source of energy that has evolved in nearly 

all types of organisms.  The process entails the oxidation of glucose molecules, the single most 

important organic fuel in plants, mirobes, and animals.  Glucose is a hexose sugar, which means 

that it is a monosaccharide with 6 carbon atoms and 6 oxygen atoms. The first carbon consists 

of an aldehyde group, and the other 5 carbons have 1 hydroxyl group each. Most cells prefer 

glucose (there are exceptions, such as acetic acid bacteria which prefer ethanol).  In glycolysis, 

per molecule of glucose, 2 ATP molecules are utilized, while 4 ATP, 2 NADH, and 2 pyruvates 

are produced. The pyruvate can be used in the citric acid cycle, or serve as a precursor for other 

reactions. Glycolysis takes place in the cytoplasm of the cell and is common to both aerobic 

and 

Anaerobic respirations. 

Glucose + 2 NAD+ + 2 ADP + 2 Pi --> 2 Pyruvate + 2 NADH + 2 H+ + 2 ATP + 2 H2O 
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 The hydroxyl groups allow for phosphorylation. The specific form of glucose used in 

glycolysis is glucose 6-phosphate. 

Glucokinase is a subtype of hexokinase found in humans. 

Mechanism 

Glycolysis Phases 

There are two phases of glycolysis: the investment phase and the payoff phase. The 

investment phase is where energy as ATP is put in, and the payoff phase is where net ATP and 

NADH molecules are created. A total of 2 ATP is put in the investment phase, and a total of 4 

ATP is made in the payoff phase; thus, there is a net total of 2 ATP. The steps with which new 

ATP are created is called substrate-level phosphorylation. 

 

Investment Phase 

In this phase, there are 2 phosphates added to glucose. Glycolysis begins with hexokinase 

phosphorylating glucose into glucose-6 phosphate (G6P). This is the first transfer of a 

phosphate group and where the first ATP is used. Also, this step is an irreversible step. This 

phosphorylation traps the glucose molecule in the cell because it cannot readily pass the cell 

membrane. From there, phosphoglucose isomerase isomerizes G6P into fructose 6-phosphate 

(F6P). Then, the second phosphate is added by phosphofructokinase (PFK-1). PFK-1 uses the 

second ATP and phosphorylates the F6P into fructose 1, 6-bisphosphate. This step is also 

irreversible and is the rate-limiting step. In the following step, fructose 1,6-bisphosphate is 

lysed into 2. Fructose-bisphosphate aldolase lyses it into dihydroxyacetone phosphate (DHAP) 

and glyceraldehyde 3-phosphate (G3P). DHAP is turned into G3P by triosephosphate 
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isomerase. DHAP and G3p are in equilibrium with each other, meaning they transform back 

and forth. 

Payoff Phase 

It is critical to remember that in this phase there are a total of 2 3-carbon sugars for every 1 

glucose in the beginning. The enzyme, glyceraldehyde-3-phosphate dehydrogenase 

metabolizes the G3P into 1,3-diphosphoglycerate by reducing NAD+ into NADH. Next, the 

1,3-diphosphoglycerate loses a phosphate group by way of phosphoglycerate kinase to make 

3-phosphoglycerate and creates an ATP through substrate level phosphorylation. At this point, 

there are 2 ATP created, one from each 3-carbon molecule. The 3-phosphoglycerate turns into 

2-phosphoglycerate by phosphoglycerate mutase, and then enolase turns the 2-

phosphoglycerate into phosphoenolpyruvate (PEP). In the final step, pyruvate kinase turns PEP 

into pyruvate and phosphorylates ADP into ATP through substrate-level phosphorylation, thus 

creating two more ATP. This step is also irreversible. Overall, the input for 1 glucose molecule 

is 2 ATP, and the output is 4 ATP and 2 NADH and 2 pyruvate molecules. 

In cells, it is critical that NADH is recycled back to NAD+ to keep glycolysis running. Without 

NAD+ the payoff phase will halt and cause a backup in glycolysis. In aerobic cells, NADH is 

recycled back into NAD+ by way of the oxidative phosphorylation. In aerobic cells, it is done 

through fermentation. There are 2 types of fermentation: lactic acid and alcohol fermentation. 
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Significance of the Glycolysis Pathway 

1. Glycolysis is the only pathway that is taking place in all the cells of the body. 

2. Glycolysis is the only source of energy in erythrocytes. 

3. In strenuous exercise, when muscle tissue lacks enough oxygen, anaerobic glycolysis forms 

the major source of energy for muscles. 

4. The glycolytic pathway may be considered as the preliminary step before complete 

oxidation. 

5. The glycolytic pathway provides carbon skeletons for synthesis of non-essential amino acids 

as well as glycerol part of fat. 

6. Most of the reactions of the glycolytic pathway are reversible, which are also used for 

gluconeogenesis. 

The Fates of Pyruvate 

Pyruvic acid can be made from glucose through glycolysis, converted back to carbohydrates 

(such as glucose) via gluconeogenesis, or to fatty acids through acetyl-CoA. It can also be used 

to construct the amino acid alanine, and it can be converted into ethanol. 

Pyruvic acid supplies energy to living cells through the citric acid cycle (also known as the 

Krebs cycle) when oxygen is present (aerobic respiration); when oxygen is lacking, it ferments 

to produce lactic acid. Pyruvate is an important chemical compound in biochemistry. It is the 

output of the anaerobic metabolism of glucose known as glycolysis. One molecule of glucose 

breaks down into two molecules of pyruvate, which are then used to provide further energy in 

one of two ways. Pyruvate is converted into acetyl- coenzyme A, which is the main input for a 

series of reactions known as the Krebs cycle. 

The net reaction of converting pyruvate into acetyl CoA and CO2 is: 

 

Pyruvate is also converted to oxaloacetate by an anaplerotic reaction, which replenishes Krebs 

cycle intermediates; also, oxaloacetate is used for gluconeogenesis. These reactions are named 

after Hans Adolf Krebs, the biochemist awarded the 1953 Nobel Prize for physiology, jointly 

with Fritz Lipmann, for research into metabolic processes. The cycle is also known as the citric 
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acid cycle or tri-carboxylic acid cycle, because citric acid is one of the intermediate compounds 

formed during the reactions. 

 

If insufficient oxygen is available, the acid is broken down anaerobically, creating lactate in 

animals and ethanol in plants and microorganisms. Pyruvate from glycolysis is converted by 

fermentation to lactate using the enzyme lactate dehydrogenase and the coenzyme NADH in 

lactate fermentation. Alternatively it is converted to acetaldehyde and then to ethanol in 

alcoholic fermentation. 

Pyruvate is a key intersection in the network of metabolic pathways. Pyruvate can be converted 

into carbohydrates via gluconeogenesis, to fatty acids or energy through acetyl-CoA, to the 

amino acid alanine, and to ethanol. Therefore, it unites several key metabolic processes. 

Regulation of Glycolysis 

The preliminary function of glycolysis is to produce energy (ATP), it must be regulated so that 

energy is released (ATP is generated) under needful situations 

 In glycolysis, the reactions catalyzed by hexokinase (glucokinase), 

phosphofructokinase, and pyruvate kinase are such irreversible reactions and can behave as 

checkpoints for regulation of the entire pathway  

 These enzymes regulated by 1. Availability of substrate 2. Concentration of enzymes 

responsible for rate-limiting steps 3. Allosteric regulation of enzymes regulates pathway with 

in milliseconds 4. Covalent modification of enzymes (e.g. phosphorylation) regulates pathway 

within few seconds 5. Transcriptional control (hours) 

 The intracellular concentration as well as transcription of all three enzymes is well 

regulated by hormonal action.  

 Hormone pair of insulin-glucagon secreted by pancreas in response to sudden rise and 

fall in blood glucose levels. Insulin is also released in response to sudden rise in amino acid 

levels in the blood. As a universal effect insulin promotes the storage of excessive energy under 

fed state while glucagon acts antagonist to insulin in every manner.  

 Insulin promotes the transcription of glucokinase (hexokinase), phosphofructokinase, 

and pyruvate kinase, while glucagon demotes the transcription of these 3 enzymes 
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Regulation of Hexokinase 

 Hexokinase catalyzed phosphorylation of glucose is the first irreversible step of 

glycolysis  

 Regulated only by excess glucose-6-phosphate. If G6P accumulates in the cell, there is 

feedback inhibition of hexokinase till the G6P is consumed.  

 Glucose-6-phosphate is required for other pathways including the pentose phosphate 

shunt and glycogen synthesis. So hexokinase step is not inhibited unless G-6-P 

accumulates. (no regulation by downstream intermediates / products of metabolism) 

 whereas counterpart of hexokinase enzyme in liver and pancreas is glucokinase, acts at 

a higher concentration of glucose 

 Thus when glucose concentration is at peak after rich carbohydrate intake the enzyme 

helps liver to remove excess glucose and thereby regulate blood glucose after meals. 

Moreover the enzyme activity is not inhibited by glucose-6-phosphate 

Regulation of Hexokinase  

 Phosphofructokinase (PFK) catalyses the phosphorylation and converting fructose-6-

phosphate to fructose-1-6-bisphosphate an irreversible as well as rate limiting reaction 

of glycolytic pathway 

 Phosphofructokinase is a tetramer having four identical subunits. ATP is allosteric 

inhibitor of PFK hence glycolysis is down regulated when intracellular ATP level is 

high  

 The allosteric mechanism includes binding of ATP at a distinct site on PFK different 

from catalytic site and inducing a conformational change that rotates positions of two 

amino acids Glu161 and Arg162 

 This conformational change helps maintain intracellular ionic strength and regulate 

blood pH further reducing glycolysis and preventing accumulation of acids due to 

rigorous muscular activity under low oxygen environment. It also helps regulate and 

minimize lactoacidosis 

 Other regulators of this enzyme are ATP(feedback inhibition), AMP(reverse 

inhibition), ADP(allosteric inhibition), citrate(feedback inhibition) and β-D-fructose 2-

6-bisphosphate (feed-forward inhibition) 
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Regulation of pyruvate kinase 

 If glycolysis gets past the phosphofructokinase step, then regulation is at the pyruvate 

kinase step. 

 Pyruvate kinase activity is inhibited under low glucose conditions by covalent 

phosphorylation 

 But if fructose 1,6 bisphosphate is formed, the reaction is activated instead and as a feed 

forward activator fructose-1,6-bisphosphate leads the enzyme catalysed reaction in 

forward direction  Other regulators are AMP and ADP that positively regulate the 

reaction while ATP is a negative effector of the reaction 

Oxidative decarboxylation of Pyruvate 

 In aerobic organisms, glucose and other sugars, fatty acids, and most amino acids are 

degraded to the Acetyl group of Acetyl-CoA, the form in which the citric acid cycle 

accepts most of its fuel input. 

 The oxidative decarboxylation of Pyruvate to form Acetyl-CoA is the link between 

Glycolysis and the Citric acid cycle. 

 The reaction occurs in the mitochondrial matrix. 

 The pyruvate derived from glucose by glycolysis is dehydrogenated to yield acetyl 

CoA and CO2 by the enzyme pyruvate dehydrogenase complex (PDC) 

 It is an irreversible oxidation process in which the carboxyl group is removed from 

pyruvate as a molecule of CO2 and the two remaining carbons become the acetyl 

group of Acetyl-CoA. 

 High activities of PDC  are found in cardiac muscle and kidney 

Pyruvate Dehydrogenase Complex 

PDC is a large multienzyme composed of: 

1. Pyruvate dehydrogenase or Pyruvate decarboxylase (E1) 

2. Dihydrolipoyl transacetylase (E2) 

3. Dihydrolipoyl dehydrogenase (E3) 

The enzyme also consists of 5 coenzymes viz., Thiamine pyrophosphate (TPP), Lipoic acid 

(LA), Flavin adenine dinucleotide (FAD), Coenzyme A (CoA) and Nicotinamide adenine 

dinucleotide (NAD+). 
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 All these enzymes and coenzymes are organized into a cluster to keep the prosthetic 

groups close together, thus allowing the reaction intermediates to react quickly with 

each other. 

 These 3 enzyme components associate by the noncovalent bond to form the pyruvate 

dehydrogenase complex when they are mixed at neutral pH in the absence of urea. 

 The organization of the PDH complex is very similar to that of the enzyme complexes 

that catalyze the oxidation of α-ketoglutarate and the branched-chain α-keto acids. 

Working mechanism of PDC: 

The enzyme carries out the five consecutive reactions in the decarboxylation and 

dehydrogenation of pyruvate. 

1. Pyruvate reacts with the bound thiamine pyrophosphate (TPP) of pyruvate 

dehydrogenase (E1), undergoing decarboxylation to from hydroxyethyl derivative of 

thiazole ring of TPP. 

2. Pyruvate dehydrogenase transfers two electrons and the acetyl group from TPP to the 

oxidized form of the lipoyllysyl group of the core enzyme, dihydrolipoyl transacetylase 

(E2), to form the acetyl thioester of the reduced lipoyl group. 

3. It is a transesterification process in which the —SH group of CoA replaces the—SH 

group of E2 to yield acetyl-CoA and the fully reduced (dithiol) form of the lipoyl group. 

4. Dihydrolipoyl dehydrogenase (E3) promotes transfer of two hydrogen atoms from the 

reduced lipoyl groups of E2 to the FAD prosthetic group of E3, restoring the oxidized 

form of the lipoyllysyl group of E2. 

5. The reduced FADH2 of E3 transfers a hydride ion to NAD+, forming NADH. The 

enzyme complex is now ready for another catalytic cycle. 
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Regulation of Oxidative Decarboxylation of Pyruvate: 

The conversion of pyruvate into acetyl-CoA is a key irreversible step in the metabolism of 

animals because the animals cannot convert acetyl-CoA into glucose. PDC which catalyzes the 

oxidative decarboxylation of pyruvate is regulated in 3 ways: 

End-product inhibition: 

Acetyl-CoA and NADH, both end products of the pyruvate dehydrogenase reaction, are potent 

allosteric inhibitors of the enzyme. The inhibitory effects are reversed on the addition of 

coenzyme A and NAD+ respectively. 

Feedback regulation: 

The activity of PDC is controlled by the energy charge. The pyruvate dehydrogenase 

component is specifically inhibited by GTP and activated by AMP. 

Covalent modification. 

Under conditions of high concentrations of ATP, acetyl-CoA and those of the intermediates of 

TCA cycle, further formation of acetyl-CoA is slowed down. This is accomplished by covalent 

modification. 
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