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Introduction to Metabolism

LEARNING OBJECTIVES
After completing this chapter, you will be able to understand the following:
• Concept of metabolism and metabolic
pathways.
• Concept of non-equilibrium steady-state.
• Photosynthesis as a means of autotrophic
nutrition.
• Concept of light and dark reactions.
• Light reactions and the two photosystems.
• Z scheme of electron transport.
• Process
of
cyclic
and
non-cyclic
photophosphorylation.
• Factors involved in building proton gradient.
• Biosynthetic phase of photosynthesis—C3
pathway.
• Occurrence and significance of C4 pathway.
• Characteristics of Crassulacean acid metabolism (CAM).
• Process of photorespiration.

5.1

• Internal and external factors affecting
photosynthesis
• Concept of respiratory substrates.
• Types of respiration.
• Various reactions of glycolysis and regulation of
glycolytic pathway.
• Metabolic fate of pyruvic acid.
• Types of fermentation.
• Oxidative decarboxylation of pyruvate.
• General features and reactions of tricarboxylic
acid (TCA) cycle.
• Role of electron transport system (ETS).
• Balance sheet for respiration..
• Role of respiration in biosynthesis.
• Concept of amphibolic pathway.
• Calculation of respiratory quotient.

Metabolism and Its Concepts

In the previous chapters, we have learnt about the various biomolecules present in the living body. The
concentrations of these biomolecules is expressed as moles/liter or moles/cell. By virtue of turnover, these
biomolecules keep changing from one form to the other or they are being made from other biomolecules
and show tremendous diversity of molecular conversions.
This takes place through metabolism which is defined as the sum total of all biochemical reactions that
occur within a cell arising from interactions amongst different types of molecules within the cells. These
reactions take place through metabolic pathways which represent a sequence of chemical reactions in which
each reaction is catalyzed by a specific enzyme which is a protein.
The product of one reaction is the substrate for the next. The product formed in each step is known as
metabolic intermediate or metabolite. Ultimately the end product is formed which consists of molecules
having particular function in the cell. For example, an amino acid that can be incorporated into a polypeptide.
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The metabolic pathways of a cell may be linear or circular and are interconnected at various junctions so that a compound generated by one pathway may be routed to other directions depending on the
requirements of the cell at the time. Besides, the metabolite flow has defined rates and directions which is a
dynamic state of body constituents.

5.2

Metabolic Basis for Living—Anabolic and Catabolic Pathways

We have learnt that metabolism is a collection of biochemical reactions taking place in a cell. Metabolic
pathways can be of two types —anabolic and catabolic pathways.
1. Anabolic pathway or anabolism: Also known as biosynthetic pathways, they refer to the synthesis of complex compounds from simple substances. The chemical reactions in the anabolic pathway
require energy (endergonic) and utilize chemical energy released by the exergonic catabolic pathways
(described shortly). For example, conversion of acetic acid to cholesterol, formation of starch from
glucose.
2. Catabolic pathway or catabolism: It refers to the degradation pathway in which the complex molecules are converted to simple products. For example, glucose to lactic acid in skeletal muscles. The
important functions of catabolic pathways are:
		(a) To make the raw materials available from which other molecules can be synthesized.
		(b)	To provide chemical energy required for the activities of a cell such as biosynthetic, mechanical
and osmotic.
The major anabolic and catabolic pathways can be interconnected and can be divided into 3 stages (Figure 1):
1. Stage I: The macromolecules are hydrolyzed (catabolism) into the simple molecules from which they
are made. These simple molecules may again form other macromolecules of the same class (anabolism).
2. Stages II and III: They can be converted to different compounds to make other products, or degraded
further.
Figure 1 shows how the catabolic pathways (Stage I arrows downward) converge and form common metabolites which in turn lead to ATP synthesis in stage III. The substances in stage III form the precursors of the
anabolic pathways (blue arrows upward). The energy in the form of ATP is used to synthesize a large variety
of compounds in the cell.
The energy released by catabolic pathways is stored in the chemical bonds and is released as and when
required. It is temporarily stored in two forms:
(a) High-energy phosphates (primarily ATP).
(b) High-energy electrons (primarily in NADPH).

Substances Involved in Metabolism
1. Adenosine triphosphate is the “energy currency” of living systems (Figure 2). It transfers the energy
liberated in exergonic catabolic reactions to power cellular activities that require energy (endergonic
reactions). For example, muscular contractions, movement of chromosomes during cell division,
movement of structures within cells, transport of substances across cell membranes and synthesis of
larger molecules from smaller ones.
As its name implies, ATP consists of three phosphate groups attached to adenosine, a unit composed of adenine and the five-carbon sugar ribose. Squiggles (~) indicate the two phosphate bonds that
can be used to transfer energy. Energy transfer typically involves hydrolysis of the last phosphate bond
of ATP.
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Figure 1 Three stages of metabolism.

2. The coenzymes NAD+, NADP+, and FAD are also important in metabolism. During oxidation reactions in catabolism, these are converted to their reduced forms NADH, NADPH, and FADH2. The
energy released can be used to produce ATP or the reduced forms can act as hydrogen donors during
anabolism.
3. Coenzyme A (CoA) and acetyl-CoA are also useful in metabolism. In some pathways, coenzyme A
residue attaches itself to the reactants to increase their activity. When this group is removed, the energy
released can be used to drive other reactions. Acetyl-CoA is a common product formed in the breakdown of carbohydrates, fatty acids, and some amino acids; and initiates the citric acid cycle.

Bioenergetics
In order to understand the strategies that living organisms have developed to derive energy, the mode of
storage of this energy and the process of conversion of this energy into work, let us understand the concept
of bioenergetics.
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Figure 2 Structures of ATP and ADP.
The study of transformation of energy to various forms in living organisms is known as bioenergetics.
Energy is defined as the capacity to do work. The study of changes in energy that are associated with events
is referred to as thermodynamics.
According to the first law of thermodynamics or law of conservation of energy, energy can neither be
created nor destroyed. It can only be changed from one form to the other. The second law of thermodynamics states that any event proceeds from high energy state to a low energy state and every event is accompanied by disorder or randomness. The events that do not require any external energy are called spontaneous.
In living system, some amount of energy is always lost while carrying out some work. For example, the
chemical energy from the grass on which a cow feeds, is never fully available to the cow. Some amount of
it is always lost. This is due to the disorder or randomness that occurs every time there is energy transfer.
Entropy is the gain in disorder.
Living organisms decrease their own entropy by increasing the entropy of their environment. This
happens when simple molecules like amino acids form the complex protein myoglobin in a muscle
cell. To increase the entropy of the environment, complex molecules such as glycogen stored in liver
or muscle tissue are converted into heat, thereby releasing small compounds (such as CO2 and H2O)
into the environment. In this stage, the living organisms are in ordered state. Besides, the information
content of the macromolecules also helps in measuring the energy state of the living organism. For
example, the highly ordered proteins or nucleotides require energy inputs to be in that ordered state
(low entropy). Once they are in that state, they are able to provide more information than they otherwise would. Combining the first and second law of thermodynamics, we understand that though the
total energy of the universe is constant but entropy moves towards maximum. The following equation
was given by Willard Gibbs:
ΔH = ΔG + TΔS
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where, ΔG = change in free energy (the change during a process in the energy available to do work); ΔH =
change in enthalpy (total energy content of the system); T = absolute temperature and ΔS = change in the
entropy of the system.
According to this equation, the total energy change is equal to the sum of the changes in useful energy
(ΔG) and energy that is unavailable to do further work (TΔS).
The reactions that occur spontaneously and are thermodynamically favored have a –ΔG. They are
known as exergonic. If the ΔG for a given process is positive, then it cannot occur spontaneously and
are thermodynamically unfavorable. They are known as endergonic. The living organisms have evolved a
strategy that the reactions that are normally endergonic can be made to occur by coupling them to energyreleasing processes.

5.3

Concept of Non-Equilibrium and Steady State

All chemical reactions have the tendency to proceed toward a state of equilibrium where the rates of the
forward and backward reactions are equal. At this stage, there is a decrease in the free energy available to do
work and an increase in the entropy.
The steady state is a non-equilibrium state for the cells. The metabolism in cells is actually at a state
of non-equilibrium. This is because the cell is an open system unlike the closed systems on which the laws
of thermodynamics were formulated. In a cell, materials and energy can flow into and out of the cell from
the bloodstream or culture medium. This allows cellular metabolism to maintain itself at irreversible, nonequilibrium conditions. For example, blood–glucose level for a normal healthy body is 4.5–5.0 mM.
Although some reactions in a cell may be at equilibrium, at least one or often several reactions in a
pathway are usually far from equilibrium, and thereby irreversible. It is because of these reactions that the
pathway moves in a single direction. These are the reactions that can be regulated as the metabolite flow
through the entire pathway can be increased or decreased by stimulating or inhibiting the activity of the
enzymes that catalyze these reactions.
Figure 3a explains the relationship between steady-state and equilibrium. The living Amoeba takes in
nutrients from the outside environment and obtains the energy required to maintain concentrations of compounds at a steady-state, which may be far from equilibrium. The colored dots and histogram indicate the
steady-state concentrations of ATP and ADP. Once the Amoeba dies, the state of equilibrium is reached. The
concentrations of ATP and ADP (and other biochemicals) shift toward their equilibrium ratios (Figure 3b).
Steady state

Equilibrium

CO2

ADP ATP
Steady state

(a)

ADP ATP
Equilibrium

(b)

Figure 3 Steady-state versus equilibrium. (a) Steady-state and (b) equilibrium.
From the lessons in physics, we know that if the system is the contents of a reaction vessel, and if
there is no change in pressure or volume of the contents, there is no work being done by the system on its

Chapter 05.indd 77

7/31/2018 6:16:20 PM

78

•

C H A P T E R 5 / I n tr o d u cti o n t o M eta b o l i s m

surroundings, or vice versa. Similarly, had the cell always been at equilibrium, it would not have been able to
perform work. Since, work is being constantly carried out, it cannot reach the equilibrium state. Since a cell
is at non-equilibrium state, free energy is available to carry out work which is obtained through metabolism.
This suggests that the metabolic activities are essential for a cell to remain in living state and it also ensures
that the cell does not reach equilibrium.

5.4

Photosynthesis

Photosynthesis is a physicochemical process by which plants use light energy and synthesize carbohydrates
from carbon dioxide and water in the presence of chlorophyll. It occurs mainly in the leaves of green plants,
specifically chloroplasts. The raw material for photosynthesis comprises sunlight, carbon dioxide, water and
the green pigment chlorophyll along with some enzymes. The site for photosynthesis is the green parts of a
plant mainly the chloroplasts present in leaves, stems, green sepals and green petals of a flower.
The process of photosynthesis can be broadly categorized into the following:
1. Light reactions which take place in the presence of light and in the thylakoid membranes.
2. Dark reactions which are not dependent directly on light and take place in the stroma.
Pigments found in green plants are chlorophyll a, chlorophyll b, xanthophyll and carotenes:
1. Chlorophyll a (chl a) is the primary pigment or universal photosynthetic pigment involved in photosynthesis.
2. Chlorophyll b (chl b) is an accessory pigment that has the same structure as that of chl a except that it
consists of CHO instead of CH3. The amount of chl b in plant is usually half that of chl a.
3. Carotenoids are accessory pigments which absorb and provide light energy to chlorophyll molecules and
protect the chl a from photo-oxidation. They are of two types—carotenes (carotene was the first carotenoid
discovered) and xanthophylls (oxygenated carotenes, for e.g., xanthophylls are violaxanthin and lutein).
4. Phycobilins are open-chain tetrapyrrole accessory pigment molecules which absorb light and transfer
it to chl a and are useful in chromatic adaptation. For example, phycoerythrin, blue phycocyanin and
allophycocyanin.

Mechanism of Photosynthesis
Photosynthesis occurs in two phases:
1. Light reaction: Solar energy is trapped by chlorophyll, and is stored in the form of chemical energy
(ATP) and as reducing power (NADPH). Emerson and Arnold subjected unicellular algae, Chlorella,
to brief flashes of light or continued light at high intensities and observed O2 evolution.
		(a)	Light reaction occurs in the thylakoids of grana. All those events which require light are included
in this phase.
		(b)	A photon absorbed anywhere in the trapping (or harvesting) zone of P680 center can pass its
energy to the P680 molecule. Along with P680 these molecules make up the Photosystem II
(PS II). In the same way P700 along with accessory pigments which absorb at or below 700 nm,
constitute the Photosystem I (PS I), located both in stroma and grana (non-apprised regions).
PS II is located in grana (appressed regions). It possesses chlorophyll a, chlorophyll b and
carotenoids.
		(c)	The electron released by P700 moves uphill and reduces Fe-S protein. From here it moves downhill through ferredoxin and reduces NADP+ in presence of protons (Figure 4).
		(d)	The electron released by P680 moves uphill and reduces phaeophytin. From here it moves downhill through quinone, cytochrome f and plastocyanin to P700 (non-cyclic ETS). An ATP molecule is generated when electrons are transported from plastoquinone to cytochrome f (Figure 5).
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Figure 5 Schematic representation of cyclic photophosphorylation.
		(e)	The gap of P680 is filled by photochemical splitting of water. There is evolution of oxygen and
the electrons move to P680 through Mn protein complex.
		(f )	The ferredoxin may also pass electrons to cytochrome b6 and through plastoquinone (PQ), cytochrome f, plastocyanin (PC) to P700 (cyclic electron transport system). Two ATP molecules are
said to have generated here.
		(g)	According to Mitchell’s chemiosmotic coupling hypothesis, a pH gradient develops across the
thylakoid membrane. A proton flow is maintained across the coupling factor. The head of these
particles act as seats of photophosphorylation (Figure 6).
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		(h) Thus, photophosphorylation can be:
		
(i) Cyclic photophosphorylation operates by absorbing light of wavelength more than 680 nm. If
only PS I operate and flow of electrons is cyclic. It is associated with formation of 2 moles of
ATP.
		
(ii) Non-cyclic photophosphorylation operates by absorbing light of less than 680 nm if both PS I
and PS II operate simultaneously and flow of electron is unidirectional (from PS II to PS I). It
is associated with the formation of 1 mol of ATP, oxygen and 2 moles of NADPH2. It takes the
shape of Z, also called Z-scheme.
2. Dark reaction: Biosynthetic phase (Dark reaction) is so called because it is independent of light.
The ATP and NADPH produced by the light reactions are utilized in the dark reaction to reduce
carbon dioxide to carbohydrate by a process called carbon fixation. It occurs in the stroma. The process comprises a series of reactions controlled by enzymes. The sequence of these reactions was determined in Chlorella and Scenedesmus by Calvin, Benson and Bassham using radioactive carbon 14C, and
techniques like chromatography and autoradiography. Therefore, it is also known as Calvin cycle or
Calvin-Benson.
The three main stages into which the Calvin cycle can be divided are (Figure 7):
		(a)	
Carboxylation: In this stage, carbon dioxide is fixed to form a stable organic compound.
Carboxylation of RuBP takes place and it is converted to two molecules of three-carbon compound called 3-PGA. First stable product is three carbon, hence cycle is called C3 Cycle
		(b)	Reduction: In this stage, ATP and NADPH are used to convert 3-PGA to triose phosphate which
is then converted into glucose.
		(c)	Regeneration: In this stage, ATP is used to convert some triose phosphate to RuBP so that the
process of CO2 fixation can be continued.
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Figure 7 Three stages of Calvin cycle.

5.5

Photorespiration (C2 Cycle)

RuBP carboxylase (RuBisCO) accents not only CO2, but also oxygen as a substrate. If oxygen is accepted,
the following reaction occurs:

O2 + RuBP 
→ Phosphoglycolate + PGA
RuBP oxygenase

5C

2C

2C

Thus, oxygen is a competitive inhibitor of CO2 fixation. An increase in O2 concentration would favor the
uptake of oxygen rather than CO2 and thus inhibit photosynthesis. This is called Warburg effect.
The phosphoglycolate is immediately converted to glycolate. The peroxisomes present in the cell metabolize the glycolate into glycine and glycine into serine and carbon dioxide without the production of ATP or
NADPH. This process is called photorespiration.

5.6

C4 Pathways

H.P. Kortschak and C.E. Hartt found that in sugarcane, leaves removed CO2 more efficiently from the
atmosphere and the first products of photosynthesis were acids containing 4-carbon atoms (e.g.malic, oxaloacetic and aspartic), rather than the 3C-acid PGA. These plants are called C4 plants.
Hatch and Slack showed that C4 plants were much more efficient in CO2 utilization than C3 plants.
Such plants do not show photorespiration. They explained the process of CO2 fixation and reduction in
such plants. The new carbon pathway in C4 plants is called Hatch Slack Pathway.
The C4 plants possess a characteristic leaf anatomy. Their vascular bundles are surrounded by two rings
of cells. The inner ring, called bundle sheath cell, contains starch-rich chloroplasts lacking grana which
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differ from those in the mesophyll cells which makes the outer ring. The chloroplasts in these plants are,
therefore, called dimorphic. This peculiar anatomy is called Kranz anatomy.

Significance of C4 Plants
1. They are found in dry tropical and sub-tropical regions where light is abundant.
2. They exhibit Kranz anatomy having both well-developed sheath around vascular bundle.
3. In C3 plants, Calvin cycle takes place in all mesophyll cells but in C4 plants, it takes place only in
bundle sheath cells and not in the mesophyll cells.
4. Under high light intensity and high temperature (30–40°C), C4 plants show 2–3 times higher rate of
photosynthesis (measured by CO2 uptake or O2 evolution) than C3 plants.
5. Photorespiration is either absent or suppressed in C4 plants but it is observed in C3 plants. This is
because in C4 plants, the high concentration of CO2 in the bundle sheath cells, outcompetes O2 from
binding to RuBisCO which has sites for binding to both CO2 and O2. Thus, photosynthesis in C4
plants is not inhibited by oxygen as observed in C3 plants and serves as a physiological adaptation.
6. C4 plants can assimilate 2–3 times more CO2 than C3 plants under similar conditions.
7. Biochemical and anatomical adaptations of C4 plants suggest that thick impervious walls of the
bundle sheath cells do not allow CO2 to escape from the cell. Even if it does, it is trapped by phosphoenol pyruvate carboxylase (PEPcase) present in the adjacent mesophyll cells before it can escape
from the leaf. Thus, C4 plants, apart from absorbing CO2, also play a role in trapping and recirculating it.
8. C4 plants can withstand drought or water stress conditions and can maintain photosynthesis when
available water is low.

5.7

CAM Cycle (In Succulent Plants)

The leaves of plants belonging to Crassulaceae family, e.g., certain cactus, orchids, pineapple, Kalanchoe
and Sedum undergo crassulacean acid metabolism and such plants are called CAM plants. All such plants
are succulent in habit.
Their stomata remain open in night and closed during the day. CO2 is fixed during night (dark) to malic
acid via PEP carboxylase. The CAM plants also contain the enzyme of Calvin cycle. Thus, during the day
time, malic acid thus formed breaks into pyruvate and CO2. While CO2 enters the Calvin cycle, pyruvate is
used up to regenerate PEP.
The succulents, therefore, synthesize plenty of organic acid from CO2 during night (when stomata are
open and plenty of carbohydrates during the day (when stomata are closed).

5.8

Factors Affecting Photosynthesis

Blackman (1905) proposed law of limiting factor which states that when a biological process is conditioned
as to its rapidity by a number of separate factors, the rate of the process is limited by the pace of the slowest
factor. Blackman’s law of limiting factors is based on Liebig’s law of minimum. Every factor affecting photosynthesis has three cardinal points minimum, optimum and maximum. The process starts when minimum
condition is available, proceeds at its best at optimum and almost stops at maximum.
1. Light: No photosynthesis occurs in a very weak intensity of light. A strong intensity of light causes
solarizaion. In this process photo-oxidation occurs which, after some hours destroy photosynthetic
apparatus. Among monochromatic lights, maximum photosynthesis occurs in red wavelength, second
maximum in blue and minimum in green.
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2. Temperature: The temperature cardinals for photosynthesis 10°C, 25–30°C and 40°C. It can occur at
–35°C in cryophytes and at 75°C in thermal algae.
3. Carbon dioxide: The concentration of CO2 in atmosphere is 0.3% by volume. If this concentration
increases or decreases by 15 times, the photosynthesis rate also shows a corresponding increase or
decrease.
4. Water: It is an essential ingredient for photosynthesis. It also acts as a medium for enzymatic action.
5. Oxygen: A high concentration of oxygen decreases photosynthesis and the phenomenon is called as
Warburg effect.
6. Pollutants: Pollutants like PAN block hill reaction.
The light intensity at which rate of photosynthesis is equal to the rate of respiration is called compensation
point:

5.9

Respiration

In this section, we shall discuss about the process of cellular respiration which is defined as a process
having a series of metabolic reactions in which C–C bonds of complex molecules formed as a result of
photosynthesis is broken down by oxidation and energy is released. The energy is utilized in the synthesis of adenosine triphosphate (ATP). Since this process takes place in the cell, it is known as cellular
respiration.
Photosynthesis takes place in chloroplasts of eukaryotes while respiration takes place in cytosol and
mitochondria of eukaryotes. So, respiration occurs in all the cells of the plant, while photosynthesis occurs
in only those cells which have chloroplasts. That respiration is dependent on photosynthesis can be illustrated in Figure 8.
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Figure 8 M
 etabolic interactions between chloroplast, cytosol and mitochondrion in
the mesophyll cell of a leaf.
Figure 8 illustrates how water is oxidized by photosynthesis and is converted to oxygen. Carbon dioxide
is reduced to triose phosphate which is either stored as starch or is transported to cytosol. In the cytosol,
triose phosphate is converted to sucrose and is exported from the cell or it undergoes the process of
glycolysis (discussed later) and is converted to pyruvate by glycolytic pathway.
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1. In the presence of oxygen, it is transported to mitochondrion and is completely oxidized to CO2 and
H2O.
2. In the absence of oxygen, it is oxidized to ethanol by a process called fermentation (discussed later).
To summarize, the light energy that is stored as fixed carbon by photosynthesis is ultimately converted to
ATP in the mitochondrion and NADH and FADH2 (FAD; flavin adenine dinucleotide).
The compounds that are catabolized in living cells and release energy during respiration are
known as respiratory substrates. They are generally, but may not necessarily be carbohydrates. They
can also be proteins and lipids and even organic acids. The complex molecules are broken down
into simpler molecules which the cells can use either as fuel (energy) or as building blocks (carbon
skeletons) to manufacture substances for growth, repair and maintenance. The energy is trapped in
ATP as chemical energy. Hence, the energy is not used directly but is used to synthesize ATP. ATP is
broken down to release energy whenever a cell needs energy and thus it acts as the energy currency of
the cell.

5.10

Glycolysis

Glucose, the most common respiratory substrate and the major source of metabolic energy, can be broken
down both aerobically and anaerobically. Both aerobic and anaerobic processes begin with a process known
as glycolysis (Figure 9). Glycolysis (glycos = sugar; lysis = splitting) refers to a group of reactions by which
hexose sugars undergo partial oxidation to form pyruvic acid or pyruvate.
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Figure 9 Schematic diagram of respiration.
Glycolysis consists of a sequence of 10 enzymatic reactions in which one molecule of glucose is converted to two molecules of the three-carbon compound pyruvate or pyruvic acid with the net gain of 2 ATP
molecules. It occurs universally in all living organisms. It is the only method of respiration in anaerobic
organisms. Energy released as a result of glycolysis is low but it can support growth of anaerobic organisms
and in aerobic organisms under anaerobic conditions.
Glycolysis or Embden–Meyerhof–Parnas (EMP) pathway is a partial oxidation of glucose to form
two molecules of pyruvate, two molecules of NADH and two molecules of ATP. Glycolysis takes place in
cytoplasm.
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Source of Glucose
In plants, glucose is obtained from sucrose or from other stored carbohydrates. Sucrose is produced as a
result of photosynthesis. The enzyme invertase acts on one molecule of sucrose to form one molecule each
of glucose and fructose.
In animals, glucose is present in the blood as a result of breakdown of dietary starch or glycogen
present in the liver. It can also be synthesized from non-carbohydrate precursors by a process known as
gluconeogenesis.
Stages in Glycolysis
Process of glycolysis can be broadly divided into two stages (Figure 10):
1. Stage I: Glucose is phosphorylated and cleaved to form two molecules of triose phosphate. Two ATP
molecules are used up in this stage.
2. Stage II: Two molecules of pyruvic acid are formed from triose phosphates. Four molecules of ATP are
formed in this process.

5.11

Fermentation

Fermentation is an anaerobic biological process by which cells extract energy from glucose. The pool of
NADH and NAD+ is very small in the cytoplasm. Hence, NADH formed during glycolysis needs to be
recycled so that NAD+ is available for glycolysis. Fermentation takes place to regenerate NAD+ by passing
the electrons of NADH off to other molecules. If the condition is anaerobic, pyruvic acid must be converted to a reduced product so that NADH produced in glycolysis is reoxidized. This can take place by two
methods:
1. Alcoholic fermentation (Figure 11a): In yeast, anaerobic respiration occurs in sugary solution causing fermentation. Pyruvate undergoes oxidative decarboxylation in the presence of enzyme pyruvate
decarboxylase to yield CO2 and acetaldehyde, which is then reduced by NADH in the presence of
dehydrogenase to yield NAD+ and ethanol.
Pyruvate decarboxyalse, Mg 2+ , TPP

Pyruvic acid 
→ Acetaldehyde + CO2
dehydrogenase
Acetaldehyde + NADH + H+ Alcohol

→ Ethyl alcohol + NAD+

2. Lactic acid fermentation (Figure 11b): Under anaerobic conditions in some bacteria or in muscles of
animals, pyruvate is reduced to lactate to regenerate NAD+. It is also known as homolactic fermentation (i.e., production of lactic acid exclusively). The reaction is catalyzed by the enzyme lactic dehydrogenase which requires FMN (flavin mononucleotide) and Zn2+.
2+

dehydrogenase,Mg ,FMN
Pyruvic acid + NADH +H+ Lactic

→ Lactic acid + NAD+

5.12

Aerobic Respiration

Cells that depend only on glycolysis infact lose a lot of energy from carbohydrates by not utilizing it to
the fullest. During alcoholic or lactic acid fermentation, a highly reduced product is produced. Instead, if
pyruvate is further oxidized by aerobic respiration, a relatively high amount of energy would be produced.
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Figure 10 Schematic diagram of two stages of glycolysis
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Glucose
Glucose

Pyruvate
Pyruvate
NADH + H+

Acetaldehyde
NADH + H+
NAD+

NAD+
Lactic acid

Ethanol + CO2
(a)

(b)

Figure 11 Anaerobic respiration. (a) Alcoholic fermentation and (b) lactic acid fermentation.
Aerobic respiration takes place in mitochondria. Pyruvate produced during glycolysis is transported from
cytoplasm into mitochondria. Two general steps in aerobic respiration are:
1. Complete oxidation of pyruvate derived from glucose to three molecules of CO2 by removal of hydrogen atoms. This process takes place in the mitochondrial matrix.
2. Molecular oxygen serves as electron acceptor for the electrons removed as part of hydrogen atoms. This
process takes place in the inner membrane of the mitochondria. Oxygen is required only in the terminal step of aerobic respiration, but its presence is very important as it drives the removal of hydrogen
by acting as a final hydrogen acceptor.

Oxidative Decarboxylation of Pyruvate (Link Reaction)
Pyruvate which is produced in the cytosol during glycolysis is transported to mitochondria for further
oxidation. It is imported by a transport protein along with H+. Acetyl CoA is formed from pyruvate by
its oxidative decarboxylation by the enzyme pyruvate dehydrogenase. The overall reaction can be given as
follows:
Pyruvate dehydrogenase , Mg 2+

Pyruvic acid + CoA + NAD+ 
→ Acetyl CoA + CO2 + NADH + H+
Acetyl CoA, a two-carbon compound, then enters tricarboxylic acid (TCA) cycle or citric acid cycle (CAC).
Therefore, the above reaction is also called link reaction and the acetyl CoA forms a link between glycolysis
and the TCA cycle.

Tricarboxylic Acid Cycle
Tricarboxylic acid cycle (Figure 12) consists of a series of eight reactions that oxidizes the acetyl group of
acetyl-CoA to two molecules of CO2 produces reduced compounds NADH and FADH2.
General Features of TCA Cycle
The general features of TCA cycle are elucidated as follows:
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Figure 12 Tricarboxylic acid (TCA) cycle.
1. It is cyclic in which acetyl groups from many sources such as amino acids and fatty acids are oxidized
besides pyruvate. Since it forms the major portion of carbohydrate, fatty acid and amino acid oxidation, it is also called the “hub” of cellular metabolism.
2. The oxaloacetic acid that is the first member of TCA cycle is regenerated in the last step of the cycle.
Thus, this cycle can oxidize an unlimited number of acetyl groups.
3. All the enzymes of TCA cycle are located in the mitochondria.
4. The net effect of each round of TCA cycle is the oxidation of one acetyl group to 2CO2.
5. The intermediates of TCA cycle are precursors for the biosynthesis of other compounds (e.g., oxaloacetate for gluconeogenesis).
6. For oxidation of an acetyl group to 2CO2, transfer of four pairs of electrons is required. The reduction
of 3 NAD+ to 3 NADH needs three pairs of electrons; the reduction of FAD to FADH2 accounts for
the fourth pair. Much of the free energy of oxidation of the acetyl group is conserved in these reduced
coenzymes. Energy is also recovered as ATP (or GTP).
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The overall reaction of TCA cycle and oxidative decarboxylation of pyruvic acid can be summarized as
follows:

Pyruvic acid + 4NAD+ + FAD+ +2H2 O + ADP+Pi 
→ 3CO2 + 4NADH + 4H+ + FADH2 + ATP
Electron Transport System (ETS)
An electron transport system (ETS) is a series of enzymes and coenzymes in the inner mitochondrial membrane that take part in the passage of electrons from a substance to its ultimate acceptor is oxygen. The
various components of electron transport system are cytochrome b, two types of cytochrome c, ubiquinone, flavoprotein, iron-sulphur protein and enzyme cytochrome oxidase which is intimately associated
with cytochrome a and a3. These components are arranged in four kinds of complexes (Figure 13) arranged
in a definite sequence in the inner mitochondrial membrane:
Intermembrane
space

2H

+

2H+

Inner
mitochondrial
membrane
2H
2H FMN

2e−
FeS

FeS

OH2

2e−
O

Matrix
NADH
+H+
NAD+

2H+

2e−
Cyt b
2e−
FeS
2H+

OH2

2e−

2e−
Cyt
Cyt c

2H+
O2
2H+
H2O
1
2

2e−
Cya-a3

(b)

Figure 13 Electron transport system.
1. Complex I (NADH dehydrogenase complex): It catalyzes oxidation of NADH by Co
(ubiquinone):
NADH + CoQ (oxidized) → NAD+ + CoQ (reduced)
2. Complex II (Succinate dehydrogenase complex): It catalyzes the oxidation of FADH2 by CoQ:
FADH2 + CoQ (oxidized) → FAD + CoQ (reduced)
In this reaction, sufficient free energy to synthesize ATP is not released. Hence only the electrons from
FADH2 are transferred to the electron transport system.

Chapter 05.indd 89

7/31/2018 6:16:24 PM

90

•

C H A P T E R 5 / I n tr o d u cti o n t o M eta b o l i s m

3. Complex III (Cytochrome bc1 complex): It catalyzes oxidation of CoQ (reduced) by cytochrome c:
CoQ (reduced) + 2cytochrome c (oxidized)
CoQ (oxidized) + 2cytochrome c (reduced)
4. Complex IV (cytochrome oxidase complex): It catalyzes oxidation of reduced cytochrome c by O2,
the terminal electron acceptor of the electron-transport process:
2cytochrome c (reduced) + 1/2O2 → 2cytochrome c (oxidized) + H2O

Oxidative Phosphorylation
The oxidative phosphorylation involves synthesis of ATP driven by a proton gradient (Figure 14). It can
also be defined as the ATP synthesis driven by energy release by electrons that are lost during substrate oxidation through a series of redox reactions that utilize the reducing power of NADH and FADH2.
Chemiosmotic hypothesis was put forth by Peter D. Mitchell and involves a mechanism by which ADP
is phosphorylated to ATP in mitochondria and chloroplasts. It has been discussed in Chapter 3.
The first step of oxidative phosphorylation involves oxidation of substrates isocitrate and succinate. The
electrons removed are transferred to NAD+ or FAD to form reduced forms NADH and FADH2, respectively. From these, the electrons are transferred from one electron carrier to another through an electron
transport chain. The energy released in the process is used to translocate protons from the matrix to the
intermembrane space of the mitochondria. Electron transport takes place in the transport of H+ out of inner
mitochondrial membrane through an ATP synthesizing complex (ATP synthase), thereby creating a measurable electrochemical gradient across this membrane. The energy stored in the gradient is used for ATP
synthesis.
Step 1

Matrix

H+ (protons)

⋅e s

−0.32 V

−

NAD:H

H+

Reduced
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⋅e s
−

FAD:H2

H+

Electron
energy

O2
H+
H:O:H

Step 2

⋅e s
−

+ 0.82 V

ADP
H+
ATP

F1

F0

Figure 14 Process of oxidative phosphorylation.
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ATP synthase is also known as proton-pumping ATP synthase and F1-F0-ATPase. It is a multisubunit
transmembrane protein. It is composed of two main parts—F0 and F1 present in the inner mitochondrial
membrane.
1. F0: It is a water-insoluble integral transmembrane protein. It is made up of 8 types of sub-units. It
forms a channel through which protons can pass through the inner membrane.
2. F1: It is the head piece and is a water-soluble peripheral membrane protein. It is composed of five types
of subunits. Solubilized F1 can hydrolyze ATP but cannot synthesize it (hence it is called ATPase).

5.13

Summary of Respiratory Processes and Balance Sheet

If one molecule of glucose follows all the steps listed above, ATP will be formed as follows:
1. In glycolysis: Net gain of 2ATP + 2NADH (will form 3ATP molecules in ETS) = 8ATP molecules
2. In link reaction: Net gain of 2NADH (will form 3ATP molecules in ETS) = 6ATP molecules
3. In Krebs’ cycle: 2ATP + 6NADH (6 × 3 = 18ATP in ETS) + 2FADH2 (2 × 2 = 4ATP in ETS) =
24ATP molecules.
This gives a total of 38 ATP molecules from glycolysis and Krebs’ cycle under aerobic conditions.
In eukaryotes, NADH produced in glycolysis is transferred to mitochondria for ATP synthesis. For this,
two shuttle systems operate at the inner mitochondrial membrane.
1. NADH + H+ → NAD+ → NADH + H+
2. NADH + H+ → FAD → FADH2
The shuttle system (1) is more efficient with no expenditure of energy and operates in liver, heart and
kidney cells. The shuttle system (2) is less efficient as it shuttles 2NADH molecules to the mitochondrion
at the cost of 2ATP molecules, and occurs in muscle and nerve cells. Thus, when one molecule of glucose
is oxidized, 38ATP molecules are produced in heart, liver and kidney cells, while 36ATP molecules in the
muscle and nerve cells.

5.14

Role of Respiration in Biosynthesis

In the beginning of this chapter we had studied that the function of respiration is to provide energy as well
as carbon skeletons. We have learnt so far how energy is obtained from the respiratory pathway. In this section, we will learn how respiratory pathway is important in biosynthesis. Synthesis of nucleic acids, proteins
and other cellular structures requires carbon skeletons. Some important building blocks can be formed from
glycolytic and TCA cycle intermediates as shown in Figure 15.

5.15

Amphibolic Pathway

We have learnt in the beginning of the chapter that although glucose is the preferred substrate, it is not the
only one used for respiration. Carbohydrates are broken down into simple sugars such as glucose or into
sugars that are changed to glucose. Glucose is metabolized by glycolysis, the Krebs’ cycle and the electron
transport chain (Figure 16a). Certain intermediary products formed in glycolysis may be used to build
carbon compounds the body needs as discussed in previous section.
Proteins are broken down to amino acids by proteases (Figure 16b). The carbon portions of amino acids
are chemically modified (deaminated) and are then metabolized by the Krebs’ cycle bypassing glycolysis or
as pyruvic acid or acetyl CoA and electron transport chain. Hence apart from carbohydrates that are broken

Chapter 05.indd 91

7/31/2018 6:16:25 PM

92

•

C H A P T E R 5 / I n tr o d u cti o n t o M eta b o l i s m
Starch

Nucleic acids
ATP
NAD
Cytokinins

Pentose - P

Glucose - 6 - P

Cellulose

Triose - P

Triglycerides
Phospholipids

Glycerol

Phosphoenolpyruvate

Shikimic acid
Amino acids

Pyruvate

Auxin Protein Other
amino
acids

Acetyl CoA

Aspartate
Other amino acids
Alkaloids
Protein

Alanine

Protein

Fatty acids

Chlorophyll
Carotenoids
Gibberellins
Terpenes

Isoprenoids

Citrate
Oxaloacetate
Citric acid
cycle
a - Ketoglutarate

Chlorophyll
Cytochrome
Phytochrome

Porphyrins

Glutarate
Other amino acids
Protein

Figure 15 Role of respiration in biosynthesis.
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Figure 16 B
 reakdown of complex molecules via respiratory pathway.
(a) Carbohydrates, (b) proteins and (c) fats.
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down to glucose, other respiratory substrates do not enter the respiratory pathway at the first step. The
nitrogen in proteins is eliminated in the urine. Amino acids are generally used to build proteins rather than
being used for energy.
Fats are split into fatty acids and glycerol (Figure 16c). Fats are converted to substances that can also
be metabolized by glycolysis, Krebs’ cycle and electron transport chain or used to build other fats the body
needs. Fatty acids are first degraded to acetyl CoA in mitochondria by beta oxidation which then enters the
TCA cycle. Glycerol first gets converted into PGAL and then enters the pathway. Hence, these substances
can also be used to derive energy.

5.16

Respiratory Quotient

Apart from glucose, other substrates can be used as substrate. Besides, fats, proteins and organic acids can
also serve as substrates. The type of substrate used depends on the species or organ, physiological state and
developmental stage.
By measuring the relative amount of O2 consumed and CO2 evolved, it is possible to determine the
respiratory substrate. This is given by respiratory quotient (RQ). Respiratory quotient (RQ) is defined as the
ratio of volume of CO2 evolved to the amount of O2 consumed.

RQ =

Volume of CO2 evolved
Volume of O2 consumed

Carbohydrates as Substrate
When carbohydrates (e.g., fruits, cereals, flowers, leaves, etc.) serve as substrates, RQ is equal to unity or 1.
This is because, the amount of CO2 evolved is same as the amount of O2 evolved.
If there is incomplete oxidation of carbohydrates, RQ can be less than one. For example, when carbohydrates undergo incomplete oxidation to form organic acids as observed in some succulents, RQ can be zero.
Fats as Substrate
When fats (e.g., seeds of castor, sesame, etc.) serve as substrates, RQ is less than 1. This is because, they are
more reduced than carbohydrates, hence they require more oxygen to complete their oxidation.
Proteins as Substrates
Like fats, proteins also show an RQ less than 1 for the same reason. The RQ of proteins is about 0.9.
Organic Acid as Substrates
Organic acids such as citric or malic acids are more oxidized than carbohydrates. Hence, they require less
oxygen for their complete oxidation. When organic acids are used as substrates, RQ is generally more than
one (e.g., for malate, RQ = 1.3).

		 Key Terms
Aerobic respiration
Glycolysis
Photosynthesis
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		 Objective Type Questions
Multiple-Choice Questions
1. ATP molecules produced respectively by
NADH and FADH2 during electron transport
are
		(a) 3 and 2
		(b) 1 and 1
		(c) 2 and 3
		(d) 3 and 3
2. In cytochromes, electrons are picked up and
released by
		(a) Fe
		(b) Mo
		(c) Cu
		(d) Zn
3. Correct sequence in Krebs’ cycle is
		(a)	
α-Ketoglutaric acid → Isocitric acid →
Oxalosuccinic acid
		(b)	Isocitric acid → Oxalosuccinicacid →
α-Ketoglutaric acid
		(c)	Isocitric acid → α-Ketoglutaricacid →
Oxalosuccinic acid
		(d)	Oxalosuccinic acid → Isocitricacid →
α-Ketoglutaric acid
4. Enzyme helping in oxidative decarboxylation
of pyruvic acid is
		(a) pyruvic kinase.
		(b) pyruvic dehydrogenase.

		(c) malate dehydrogenase.
		(d) succinic dehydrogenase.
5. In which of the following form is glucose stored
in liver?
(a) Cellulose
(b) Starch
(c) Glycogen
(d) Sucrose
6. In photosynthesis, the light-independent reactions take place at:
(a) stromal matrix.
(b) thylakoid lumen.
(c) photosystem-I.
(d) photosystem-II.
7. Chlorophyll in chloroplasts is located in
(a) grana.
(b) pyrenoid.
(c) stroma.
(d) both (a) and (c).
8. The respiratory process of yeast is
		(a) rarely anaerobic.
		(b) anaerobic.
		(c) purely aerobic.
		(d) both aerobic and anaerobic.

Fill in the Blanks
1. In photosynthesis, the light-independent reactions take place at ____________.
2. The respiration using proteins as respiratory substrates is termed as ______________.
3. _____________ discovered that yeast can respire in the absence of oxygen.
4. The end products of aerobic respiration are _________, ____________ and ___________.
5. Krebs’ cycle yields ____________ molecules.
6. The organic substances which are catabolized in the living cells and release energy during respiration
are called ______________.
State Whether True or False
1. Four ATP molecules are consumed during glycolysis for phosphorylation reactions of glucose to glucose-6-phosphate and of fructose-6-phosphate to fructose-1,6-biphosphate.
2. NADH produced during glycolysis is used for reduction of pyruvate in fermentation.
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3. Under anaerobic conditions in some bacteria or in muscles of animals, pyruvate is reduced to lactate to
regenerate NAD+. It is also known as homolactic fermentation.
4. Anaerobic respiration takes place with respiratory substrate as fat.

		 Review Questions
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

Give an account of external factors which affect photosynthesis.
What are photosystems? Explain in brief.
What is terminal oxidation?
Why is anaerobic respiration less efficient than aerobic respiration?
What are the general features of TCA cycle?
What is number of ATP produced when a molecule of glucose undergoes fermentation?
What are the two crucial stages in aerobic respiration? What are their end products?
What is the importance of F0–F1-ATPase in aerobic respiration?
Discuss the role of respiration as an amphibolic pathway.
What are the chemical changes that take place in pyruvic acid molecule after it enters mitochondria?

		 Answers
Multiple-Choice Questions
1. (a)
6. (a)

2. (a)
7. (d)

3. (b)
8. (d)

4. (b)

5. (c)

Fill in the Blanks
1. Stromal matrix
4. Carbon dioxide, water and energy

2. Protoplasmic respiration.
5. 2 ATP/GTP

3. Louis Pasteur
6. Respiratory substrates

State Whether True or False
1. False
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2. True

3. True

4. False
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