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Bioenergetics
BIOMEDICAL IMPORTANCE
Bioenergetics, or biochemical thermodynamics, is the study of the energy changes
accompanying biochemical reactions. Biologic systems are essentially isothermic
and use chemical energy to power living processes. How an animal obtains suitable
fuel from its food to provide this energy is basic to the understanding of normal
nutrition and metabolism. Death from starvation occurs when available energy
reserves are depleted, and certain forms of malnutrition are associated with energy
imbalance (marasmus). Thyroid hormones control the rate of energy release
(metabolic rate), and disease results when they malfunction. Excess storage of
surplus energy causes obesity, one of the most common diseases of Western
society.
Bioenergetics is the quantitative study of energy transductions—changes of
one form of energy into another— that occur in living cells, and of the nature
and function of the chemical processes underlying these transductions.
 Defination:
- Bioenergetics means study of the transformation of energy in living organisms.
- 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.
- In a living organism, chemical bonds are broken and made as part of the
exchange and transformation of energy. Energy is available for work (such as
mechanical work) or for other processes (such as chemical synthesis and anabolic
processes in growth), when weak bonds are broken and stronger bonds are made.
The production of stronger bonds allows release of usable energy.
- Adenosine triphosphate (ATP) is the main "energy currency" for organisms; the
goal of metabolic and catabolic processes are to synthesize ATP from available
starting materials (from the environment), and to break- down ATP (into adenosine
diphosphate (ADP) and inorganic phosphate) by utilizing it in biological processes.
- In a cell, the ratio of ATP to ADP concentrations is known as the "energy charge"
of the cell.
- A cell can use this energy charge to relay information about cellular needs; if
there is more ATP than ADP available, the cell can use ATP to do work, but if
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there is more ADP than ATP available, the cell must synthesize ATP via oxidative
phosphorylation.
- Living organisms produce ATP from energy sources via oxidative
phosphorylation. The terminal phosphate bonds of ATP are relatively weak
compared with the stronger bonds formed when ATP is hydrolyzed (broken down
by water) to adenosine diphosphate and inorganic phosphate. Here it is the
thermodynamically favorable free energy of hydrolysis that results in energy
release; the phosphoanhydride bond between the terminal phosphate group and the
rest of the ATP molecule does not itself contain this energy.
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The potential energy of the water at the top of a waterfall is transformed into
kinetic energy in spectacular fashion.
COUPLING
Thermodynamics is the branch of physical chemistry that deals with the energy
changes. And biochemical thermodynamics (or biochemical energetics
or bioenergetics, as it is also called) is the field of b i o c h e m i s t r y
concerned with the transformation and use of energy by living cells. The chemical
reactions occurring in living beings (or biochemical reactions) are associated with
the liberation of energy as the reacting system moves from a higher to a lower
energy level. Most often, the energy is liberated in the form of heat. In
nonbiologic systems, heat energy may be transformed into mechanical or electrical
energy. Since the biologic systems are isothermic, the heat energy cannot be used
to drive the vital processes (such as synthesis, active transport, nerve conduction,
muscular contraction etc.) obtain energy by chemical linkage (or coupling) to
oxidation reactions. The simplest type of coupling (Fig. 20–1) may be represented
by the equation.
A + C→ B + D + Heat
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The conversion of metabolite A to metabolite B occurs with the release of energy.
It is coupled to another reaction, wherein energy is required to convert metabolite
C to metabolite D.
CONCEPT OF ENERGY
Energy is defined as the capacity to do work, which is the product of a given force
acting through a given distance:
Work = Force × Distance
It is one of the fundamental components of any system. Energy exists in a variety of
forms, such as electrical, mechanical, chemical, heat and light energy. These different
forms of energy are inter-convertible, for example, an electric motor converts electric
into mechanical energy, a battery changes chemical into electrical energy and a steam
engine transforms heat into mechanical energy. Some of the common examples of
transformations of energy in biological systems are given in Fig. 20–2. Besides, these
various forms of energy are also interrelated quantitatively, for example,
1.0 calorie of heat energy ≡ 4.185 × 107 ergs of mechanical energy
(a) (b) (c)
Fig. 20–2. Transformation of energy in biological systems
(a) The running horse represents conversion of chemical energy to mechanical energy.
(b) The electric fish (Torpedinidae) converts chemical energy to electrical energy.
(c) The phosphorescent bacteria convert chemical energy into light energy.
Furthermore, during conversion of one form of energy to the other, there is always
some loss. As an example, when an electric motor transforms electric into
mechanical energy, the output of useful energy is always less than the input. This
is due to friction in the motor which generates heat. The heat, in turn, is dissipated
in the environment and is no longer useful. Thus, when a work is done or when one
form of energy is changed to the other, there is a loss of useful energy.
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THERMODYNAMIC PRINCIPLES
Many quantitative observations made on the inter-conversion of various forms of
energy have led scientists to the formulation of two fundamental laws of
thermodynamics, the first and second.
These laws help us understanding:
(a) The direction of a reaction, whether from left to right or vice versa,
(b) The accomplishment of work, whether useful or not, and
(c) Whether the energy for driving a reaction must be delivered from an external
source.
The First Law: Principle of Conservation of Energy
In thermodynamics, a system is a matter within a defined region. The matter in the
rest of the universe is called the surroundings. Thus, the system plus the
surroundings constitute the universe (Fig. 20–3), which literally includes the entire
earth, rather even the outer space. Some physical or chemical processes can be
made to take place in isolated systems which are unable to exchange energy with
their surroundings. But in the biological world, the reacting system do exchange
energy, and often matter also with their surroundings. The principle of
conservation of energy was first formulated by V. Mayer in 1841 as a result of a
study of energy transformation in the inanimate (non-living) world, but it is equally
applicable to living systems. The first law of thermodynamics states that the total
amount of energy in the universe (i.e., the system + surroundings) remains
constant.
Paraphrased, it says that energy cannot be created or destroyed. To date, there is no
known exception to this law. Thus, whenever energy is used to do work or is
converted from one to the other form, the total amount of energy is unchanged.
The mathematical expression of the first law is:
Δ E = EB – EA = Q – W ... (1)
Where, Δ E = change in internal energy
Δ EA = energy of a system at the start of a process
Δ EB = energy of a system at the end of a process
Q = heat absorbed by the system
W = work done by the system.
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The Second Law
The first law of thermodynamics cannot be used to predict whether a reaction can
occur spontaneously, although Δ E is positive. In such cases, the system absorbs
heat from its surroundings so that the sum of the energies of the system and its
surroundings remains the constant. It is evident that a function other than Δ E is
required. One such function is entropy, which is denoted by the symbol S. Entropy
is energy in a state of randomness or disorder. It is unavailable, useless energy. In
other words, entropy is a measure of the degree of randomness or disorder of a
system. The entropy of a system increases (i.e., Δ S is positive) when it becomes
more disordered. Entropy becomes maximum in a system as it approaches
equilibrium. When equilibrium is attained, no further change can occur
spontaneously unless additional energy is supplied from outside the system.
Thus, according to the second law, at each transfer or transformation of energy,
part of that energy assumes a form that cannot be passed on any further because it
is randomly dispersed, often as heat. And it is this randomly dispersed energy
which is called entropy. Ultimately closed systems run down. Open systems, such
as ecosystems, however, with their constant input and outflow, maintain a steady
state in spite of the second law of thermodynamics. Biological systems, thus, do
not seem to conform to the second law, for the tendency of life is to produce order
out of disorder, to decrease rather than increase entropy.
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Combining the Two Laws
Since the entropy changes of chemical reactions are not readily measurable, the
entropy is not used as a criterion whether a biochemical process can occur
spontaneously or not. Furthermore, for spontaneity, both the entropy changes (that
of the surroundings and of the system) should be known. These difficulties are
alleviated by using a different thermodynamic function, called the free energy,
which is denoted by the symbol G (In older literature, however, the symbol F is
used in its place).
In 1878, Gibbs created the free energy function by combining the first and second
laws of thermodynamics in the form of following equation:
ΔG = Δ H – TΔS ... (3)
Where, Δ G = the change in free energy of a reacting system,
Δ H = the change in heat content or enthalpy of this system,
T = the absolute temperature at which the process is taking place, and
Δ S = the change in entropy of this system.
In fact, this equation represents quantitative interrelationship between the changes
in free energy, heat and entropy in chemical reactions at constant temperature (T)
and pressure (P), the conditions prevailing in biological systems.
The term TΔ S is that fraction of Δ H which cannot be put to useful work. The Δ G
indicates the free energy change or the theoretically available useful work.
Naturally, in most cases the system is ‘inefficient’ and not all of the theoretically
available work can be utilized. However, the properties of the surroundings do not
enter into this equation. The enthalpy change, ΔH is given by the following
equation:
ΔH = ΔE + PΔV ... (4)
Where, ΔE = the change in internal energy of a reaction, and
ΔV = the change in volume of this reaction.
As the volume change, ΔV is small for nearly all biochemical reactions, hence ΔH
is nearly equal to the change in internal energy, ΔE. Therefore, equation 3 modifies
as follows:
ΔG ≅ ΔE – TΔS ... (5)
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Thus, the change in free energy of a reaction, ΔG depends both on the change in
internal energy and on the change in entropy of the system. The ΔG is a valuable
criterion in determining whether a reaction can occur spontaneously. Thus,
(a) If ΔG is negative in sign, the reaction proceeds spontaneously with loss of
free energy,
i.e., it is exergonic. If, in addition, ΔG is of great magnitude, the reaction goes
virtually to completion and is essentially irreversible.
(b) If, however, ΔG is positive, the reaction proceeds only if free energy can be
gained,
i.e., it is endergonic. If, in addition, ΔG is of high magnitude, the system is
stable with little or no tendency for a reaction to occur.
(c) If ΔG is zero, the reaction system is at equilibrium and no net change takes
place.
With regard to the free energy change, ΔG of a reacting system two more points
need to be emphasized:
I. Firstly, the ΔG of a reaction depends only on the free energy of the
products minus that of the reactants. The ΔG of a reaction is independent
of the path of transformation. Obviously, the mechanism of a reaction has
no effect on ΔG. As an instance, the value of ΔG is the same for the
oxidation of glucose to CO2 and H2O whether it takes place by
combustion or by a series of enzyme-catalyzed reactions.
C6H12O6 + 6O2 → 6CO2 + 6H2O
II. Secondly, the value of ΔG provides no information about the rate of a
reaction. A negative ΔG indicates that a reaction can occur
spontaneously, but it does not signify that it will occur at a perceptible
rate. As already pointed out, the rate of a reaction rather depends on the
free energy of activation (ΔG≠
), which is unrelated to ΔG.
 Types of Bioenergetics Reactions:
1. Exergonic Reaction
- Exergonic implies the release of energy from a spontaneous chemical reaction
without any concomitant utilization of energy.
- The reactions are significant in terms of biology as these reactions have an ability
to perform work and include most of the catabolic reactions in cellular respiration.
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- Most of these reactions involve the breaking of bonds during the formation of
reaction intermediates as is evidently observed during respiratory pathways. The
bonds that are created during the formation of metabolites are stronger than the
cleaved bonds of the substrate.
- The release of free energy, G, in an exergonic reaction (at constant pressure and
temperature) is denoted as
ΔG = GPRODUCTS – GREACTANTS < 0
2. Endergonic Reactions
- Endergonic in turn is the opposite of exergonic in being non-spontaneous and
requires an input of free energy. Most of the anabolic reactions like photosynthesis
and DNA and protein synthesis are endergonic in nature.
- The release of free energy, G, in an exergonic reaction (at constant pressure and
temperature) is denoted as
ΔG = GPRODUCTS – GREACTANTS > 0
3. Activation Energy
- Activation energy is the energy which must be available to a chemical system
with potential reactants to result in a chemical reaction. Activation energy may also
be defined as the minimum energy required starting a chemical reaction.
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 Examples of Major Bioenergetics Processes
 Glycolysis is the process of breaking down glucose into pyruvate,
producing net eight molecules of ATP (per 1 molecule of glucose) in the
process. Pyruvate is one product of glycolysis, and can be shuttled into other
metabolic pathways (gluconeogenesis, etc.) as needed by the cell.
Additionally, glycolysis produces equivalents in the form of NADH
(nicotinamide adenine dinucleotide), which will ultimately be used to donate
electrons to the electron transport chain.
 Gluconeogenesis is the opposite of glycolysis; when the cell's energy
charge is low (the concentration of ADP is higher than that of ATP), the cell
must synthesize glucose from carbon- containing biomolecules such as
proteins, amino acids, fats, pyruvate, etc. For example, proteins can be
broken down into amino acids, and these simpler carbon skeletons are used
to build/ synthesize glucose.
 The citric acid cycle is a process of cellular respiration in which acetyl
coenzyme A, synthesized from pyruvate dehydrogenase, is first reacted with
oxaloacetate to yield citrate. The remaining eight reactions produce other
carbon- containing metabolites. These metabolites are successively oxidized,
and the free energy of oxidation is conserved in the form of the reduced
coenzymes FADH2 and NADH. These reduced electron carriers can then be
re- oxidized when they transfer electrons to the electron transport chain.
 Ketosis is a metabolic process whereby ketone bodies are used by the cell
for energy (instead of using glucose). Cells often turn to ketosis as a source
of energy when glucose levels are low; e.g. during starvation.
 Oxidative phosphorylation and the electron transport chain is the
process where reducing equivalents such as NADPH, FADH2 and NADH
can be used to donate electrons to a series of redox reactions that take place
in electron transport chain complexes. These redox reactions take place in
enzyme complexes situated within the mitochondrial membrane. These
redox reactions transfer electrons "down" the electron transport chain, which
is coupled to the proton motive force. This difference in proton
concentration between the mitochondrial matrix and inner membrane space
is used to drive ATP synthesis via ATP synthase.
 


	11. Page 11 of  30
 Photosynthesis, another major bioenergetic process, is the metabolic
pathway used by plants in which solar energy is used to synthesize glucose
from carbon dioxide and water. This reaction takes place in the chloroplast.
After glucose is synthesized, the plant cell can undergo
photophosphorylation to produce ATP.
 Bioenergetics Relationship Between Free Energy, Enthalpy & Entropy
- Every living cell and organism must perform work to stay alive, to grow and to
reproduce. The ability to harvest energy from nutrients or photons of light and to
channel it into biological work is the miracle of life.
- 1st Law of Thermodynamics: The energy of the universe remains constant.
- 2nd Law of Thermodynamics: All spontaneous processes increase the entropy of
the universe.
- The important state functions for the study of biological systems are:
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 The Gibbs free energy (G) which is equal to the total amount of energy is
capable of doing work during a process at constant temperature and
pressure.
 If ΔG is negative, then the process is spontaneous and termed exergonic.
 If ΔG is positive, then the process is nonspontaneous and termed
endergonic.
 If ΔG is equal to zero, then the process has reached equilibrium.
 The Enthalpy (H) which is the heat content of the system . Enthalpy is the
amount of heat energy transferred (heat absorbed or emitted) in a chemical
process under constant pressure.
 When ΔH is negative the process produces heat and is termed exothermic.
 When ΔH is positive the process absorbs heat and is termed endothermic.
 The Entropy (S) is a quantitative expression of the degree of randomness or
disorder of the system. Entropy measures the amount of heat dispersed or
transferred during a chemical process.
 When ΔS is positive then the disorder of the system has increased.
 When ΔS is negative then the disorder of the system has decreased.
- The conditions of biological systems are constant temperature and pressure.
Under such conditions the relationships between the change in free energy,
enthalpy and entropy can be described by the expression where T is the
temperature of the system in Kelvin. ΔG = ΔH − TΔS
[ΔG = Gibbs Free Energy; ΔH = Change in Enthalpy; T = Temperature in K; ΔS
= Change in Entropy]
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ATP AS UNIVERSAL CURRENCY OF FREE ENERGY IN
BIOLOGICAL SYSTEMS
The living objects require a continuous supply of free energy mainly for the
following 4 purposes:
(a) To synthesize macromolecules from simpler and smaller precursors,
(b) To transport molecules and ions across membranes against gradients,
(c) To perform mechanical work, as in the muscle contraction, and
(d) To ensure fidelity of information transfer.
The free energy in these processes is derived from the environment. The
phototrophs obtain this energy by trapping light energy from the sun. On the other
hand, the chemotrophs obtain it by the oxidation of foodstuffs. This free energy
(derived from light or from the oxidation of foodstuffs) is partly transformed into a
special form before it is used for biosynthesis, transport, motion and fidelity. This
special carrier of free energy is adenosine triphosphate (ATP). ATP plays a central
role in the transference of free energy from the exergonic (= energy-yielding) to
the endergonic (= energy-requiring) processes in the cells. During breakdown of
energy-rich foodstuffs or fuel molecules, some of the free energy is harnessed to
make ATP from adenosine diphosphate (ADP) and inorganic phosphate (Pi), a
process that requires input of free energy. ATP then donates much of its chemical
energy to energy-requiring processes (biosynthesis, transport etc.) by undergoing a
breakdown to ADP and Pi (Fig. 20–6).
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Energy Rich Compounds
ROLE OF HIGH ENERGY PHOSPHATES AS THE ‘ENERGY
CURRENCY’ OF THE CELL
ATP has a position midway down the list of standard free energies of
hydrolysis of organophosphates (refer Table 20–5). Therefore, ATP acts as a donor
of high energy phosphates to the compounds below it in the table.
Likewise, ADP can accept high energy phosphate, in the presence of
enzyme, to form ATP from the compounds above ATP in the table.
Thus, an ATP/ADP cycle connects these two types of processes, i.e., those which
generate ~P and those which utilize ~P.
A. Processes which generate ~P. The processes that feed ~P into ATP/ADP
cycle fall mainly within 4 groups:
Fig. 20–13. Ribbon model of the X-ray structure of ATP synthetase
This enzyme is a molecular assembly that transduces the free energy associated
with a proton gradient to the chemical energy associated with ATP. The proton
gradient drives the rotation of one component of the assembly within the other.
This rotational motion in turn drives the synthesis and release of ATP.
I. Oxidative phosphorylations. The greatest quantitative source of ~P in
aerobes is from reactions catalyzed by the enzyme ATP synthetase
(Fig. 20 13.), which in fact reverses the hydrolysis of ATP. The free
energy to drive this process is obtained from respiratory chain
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oxidation within mitochondria, often called oxidative
phosphorylation.
II. Catabolism of glucose to lactic acid. Energy is also captured during
catabolism of glucose to lactic acid in a sequence of reactions
commonly called as Embden Meyerhof pathway (E.M.P.) of
glycolysis. In this pathway, there is a net formation of 2 high energy
phosphate groups which produce 2 ATP molecules from 2 ADP
molecules. One ATP molecule is formed when 1, 3
diphosphoglycerate, one of the intermediates of the pathway, is
enzymatically catalyzed to 3-phosphoglycerate.
phosphoglycerokinase
1,3-diphosphoglyceric acid + ADP ---------------3-phosphoglyceric acid + ATP
Another ATP molecule results when another intermediate, 2-phosphoenolpyruvate
changes enzymatically to pyruvate.
Pyruvatekinase
2-phosphoenolpyruvic acid + ADP →Pyruvic acid + ATP
III. Oxidation of pyruvic acid. Further energy capture occurs at the
succinyl thiokinase step of the Krebs’ Cycle (= citric acid cycle)
wherein succinyl CoA, one of the intermediates of the cycle,
transforms to succinate. Here again, one ATP molecule is formed
from one ADP molecule.
IV. The muscle compounds. Another group of compounds acting as
storage forms of high energy phosphate within muscles include
creatine phosphate, occurring in vertebrate muscle and arginine
phosphate, occurring within invertebrate muscle. A substantial free
energy is lost in the reaction,
Under physiologic conditions; the above reaction allows ATP concentrations
to be maintained in muscle whereas ATP is being used as a source of energy
for muscular contraction. On the other hand, when ATP is in sufficient
quantity, the reaction occurs in reverse direction and allows the
concentration of creatine phosphate to increase substantially and thus acts as
a store of high energy phosphate.
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B. Processes which utilize ~P. When adenosine triphosphate (ATP) acts as a
phosphate donor, the phosphate group is invariably converted to one with low
energy, producing phosphoric esters of alcohols. Such reactions are catalyzed by
kinases. Among them is hexokinase, which catalyzes transfer of phosphate group
from ATP to D-glucose. This reaction proceeds by an orthophosphate cleavage of
ATP, in which ATP loses a single orthophosphate group.
D–glucose + Adenosine–P~P~P →D–glucose 6-phosphate + Adenosine–P~P
(ATP) (ADP)
Another enzyme is glycerol kinase, which catalyzes transfer of phosphate group
from ATP to glycerol. This reaction also proceeds by an orthophosphate cleavage
of ATP.
Glycerol + Adenosine–P~P~P → Glycerol 3-phosphate + Adenosine–P~P
In both the cases, a hydroxyl group of the acceptor molecule is phosphorylated to
yield a phosphoric ester. Since the ΔG°′ values for the hydrolysis of glucose 6-
phosphate and glycerol 3-phosphate are smaller than for ATP, the above reactions
proceed to the right as written, if we begin with 1.0 M concentrations of the
substrates and reactants. Glucose 6-phosphate and glycerol 3-phosphate may be
considered as energized forms of glucose and glycerol respectively. These
compounds can now undergo further enzymatic reactions in which they serve as
activated building blocks for the synthesis of larger molecules, i.e., glycogen and
lipid respectively. Fig. 20–14 shows the flow sheet of enzymatic phosphate transfer
reactions in the cell.
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An important feature of this cycle is that all super high-energy phosphate
compounds must pass their phosphate groups via ATP to various acceptor
molecules to form their low energy phosphate derivatives.
- High energy phosphates act as energy currency of cell.
- Three major sources of high energy phosphates taking part in energy
conservation or energy capture.
1. Oxidative phosphorylation (or OXPHOS in short)
- In metabolic pathway, cells use enzymes to oxidize nutrients, thereby releasing
energy which is used to produce adenosine triphosphate (ATP). In most
eukaryotes, this takes place inside mitochondria. Almost all aerobic organisms
carry out oxidative phosphorylation. This pathway is probably so pervasive
because it is a highly efficient way of releasing energy, compared to alternative
fermentation processes such as anaerobic glycolysis.
- The process that accounts for the high ATP yield is known as oxidative
phosphorylation.
- In glycolysis and the citric-acid cycle generate other products besides ATP and
GTP, namely NADH and FADH2. These products are molecules that are oxidized
(i.e., give up electrons) spontaneously. The body uses these reducing agents
(NADH and FADH2) in an oxidation-reduction reaction
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2. Glycolysis:
- Cells use the glycolysis pathway to extract energy from sugars, mainly glucose,
and store it in molecules of adenosine triphosphate (ATP) and nicotinamide
adenine dinucleotide (NADH). The end product of glycolysis is pyruvate, which
can be used in other metabolic pathways to yield additional energy.
- During glycolysis ATP molecules are used and formed in the following reactions
(aerobic phase).
Reactions Catalyzed ATP used ATP used
Stage I:
1.Glucokinase(for
phosphorylation)
1
2.phosphofructokinase I (for
phosphorylation)
1
Stage II:
3.Glyceraldehyde 3-phosphate
dehydrogenase ( oxidation of
2 NADH in respiratory chain)
6
4.phosphoglycerate kinase
(substrate level
phosphorylation)
2
Stage IV:
5.pyruvate kinase (substrate
level phosphorylation)
2
Total 2 10
Net gain 08
- In the anaerobic phase oxidation of one glucose molecule produces 4 - 2 = 2
ATP.
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4. TCA Cycle
- The citric acid cycle (CAC) – also known as the tricarboxylic acid (TCA) cycle
or the Krebs cycle is a series of chemical reactions used by all aerobic organisms to
release stored energy through the oxidation of acetyl-CoA derived from
carbohydrates, fats, and proteins into carbon dioxide and chemical energy in the
form of adenosine triphosphate (ATP).
- If one molecule of the substrate is oxidized through NADH in the electron
transport chain three molecules of ATP will be formed and through FADH2, two
ATP molecules will be generated. As one molecule of glucose gives rise to two
molecules of pyruvate by glycolysis, intermediates of citric acid cycle also result as
two molecules.
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 Energy shuttles:
i. NADH: An energy shuttle which delivers high energy electrons to the electron
transport chain where they will eventually power the production of 2 to 3 ATP
molecules. When this electron shuttle is not carrying high energy electrons,
meaning it has been oxidized (lost its electrons), it is left with a positive charge and
is called NAD+.
ii. FADH2: Another energy shuttle that carries high energy electrons to the
electron transport chain, where they will ultimately drive production of 1 to 2 ATP
molecules. The oxidized form of FADH2 is FAD and happens just like in NADH.
High energy molecules:
iii. ATP: The basic energy currency of the cell. It’s a form of energy that cells can
use right away.
iv. GTP: Similar to ATP, GTP can be easily converted to ATP in the cell.
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4. Energy Released by Hydrolysis of Some Phosphate Compounds
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 ADENOSINE TRIPHOSPHATE (ATP)
 Adenosine-5'-triphosphate (ATP) is a multifunctional nucleotide used in
cells as a coenzyme.
 It is often called the "molecular unit of currency" of intracellular energy
transfer. ATP transports chemical energy within cells for metabolism.
 It is produced by photophosphorylation and cellular respiration and used by
enzymes and structural proteins in many cellular processes, including
biosynthetic reactions, motility, and cell division.
 One molecule of ATP contains three phosphate groups and it is produced by
ATP synthase from inorganic phosphate and adenosine diphosphate (ADP)
or adenosine monophosphate (AMP).
 The structure of this molecule consists of a purine base (adenine) attached to
the 1' carbon atom of a pentose sugar (ribose). Three phosphate groups are
attached at the 5' carbon atom of the pentose sugar. It is the addition and
removal of these phosphate groups that inter-convert ATP, ADP and AMP.
When ATP is used in DNA synthesis, the ribose sugar is first converted to
deoxyribose by ribonucleotide reductase.
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The three main functions of ATP in cellular function are:
1. Transporting organic substances—such as sodium, calcium, potassium—
through the cell membrane.
2. Synthesizing chemical compounds, such as protein and cholesterol.
3. Supplying energy for mechanical work, such as muscle contraction.
The standard amount of energy released from hydrolysis of ATP can be
calculated from the changes in energy under non-natural (standard) conditions,
then correcting to biological concentrations. The energy released by cleaving either
a phosphate (Pi) or pyrophosphate (PPi) unit from ATP at standard state of 1 M
are:
ATP + H2O → ADP + Pi ΔG˚ = −30.5 kJ/mol (−7.3 kcal/mol)
ATP + H2O → AMP + PPi ΔG˚ = −45.6 kJ/mol (−10.9 kcal/mol)
These values can be used to calculate the change in energy under physiological
conditions and the cellular ATP/ADP ratio (also known as the Energy Charge).
This reaction is dependent on a number of factors, including overall ionic strength
and the presence of alkaline earth metal ions such as Mg2+ and Ca2+. Under
typical cellular conditions, ΔG is approximately −57 kJ/mol (−14 kcal/mol).
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CYCLIC ADENOSINE MONOPHOSPHATE
(cAMP, cyclic AMP or 3'-5'-cyclic adenosine monophosphate)

It is a second messenger important in many biological processes. cAMP is
derived from adenosine triphosphate (ATP) and used for intracellular signal
transduction in many different organisms, conveying the cAMP-dependent
pathway.
cAMP is synthesised from ATP by adenylyl cyclase located on the inner side
of the plasma membrane. Adenylyl cyclase is activated by a range of signaling
molecules through the activation of adenylyl cyclase stimulatory G (Gs)-protein-
coupled receptors and inhibited by agonists of adenylyl cyclase inhibitory G (Gi)-
protein-coupled receptors. Liver adenylyl cyclase responds more strongly to
glucagon, and muscle adenylyl cyclase responds more strongly to adrenaline.
cAMP decomposition into AMP is catalyzed by the enzyme
phosphodiesterase.
Function: cAMP is a second messenger, used for intracellular signal
transduction, such as transferring the effects of hormones like glucagon and
adrenaline, which cannot pass through the cell membrane. It is involved in the
activation of protein kinases and regulates the effects of adrenaline and glucagon.
It also regulates the passage of Ca2+ through ion channels. cAMP and its
associated kinases function in several biochemical processes, including the
regulation of glycogen, sugar, and lipid metabolism by activating protein kinase.
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GUANOSINE TRIPHOSPHATE (GTP)
Guanosine-5'-triphosphate (GTP) is a purine nucleoside triphosphate. It can act
as a substrate for both the synthesis of RNA during the transcription process and of
DNA during DNA replication.
It also has the role of a source of energy or an activator of substrates in
metabolic reactions, like that of ATP, but more specific. It is used as a source of
energy for protein synthesis and gluconeogenesis.
GTP is essential to signal transduction, in particular with G-proteins, in second-
messenger mechanisms where it is converted to Guanosine diphosphate (GDP)
through the action of GTPases.
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USES:
Energy transfer
- GTP is involved in energy transfer within the cell. For instance, a GTP molecule
is generated by one of the enzymes in the citric acid cycle. This is tantamount to
the generation of one molecule of ATP, since GTP is readily converted to ATP
with nucleoside-diphosphate kinase (NDK).
Genetic translation
- During the elongation stage of translation, GTP is used as an energy source for
the binding of a new amino-bound tRNA to the A site of the ribosome.
Mitochondrial function
- The translocation of proteins into the mitochondrial matrix involves the
interactions of both GTP and ATP.
Synthesis of AMP and GMP from IMP.
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Cyclic Guanosine Monophosphate
- Cyclic guanosine monophosphate (cGMP) is a cyclic nucleotide derived from
guanosine triphosphate (GTP).
- cGMP acts as a second messenger much like cyclic AMP. Its most likely
mechanism of action is activation of intracellular protein kinases in response to the
binding of membrane-impermeable peptide hormones to the external cell surface.
- Synthesis: Guanylate cyclase (GC) catalyzes cGMP synthesis. This enzyme
converts GTP to cGMP.
Schematic representation of synthesis, degradation, and function of cGMP. The three targets
of cGMP molecules are (i) cGMP dependent protein kinases, (ii) cGMP gated ion channels and
(iii) cGMP-dependent phosphodiesterases. While phosphodiesterases are involved in the
degradation of cGMP to GMP, the protein kinases and activation of ion channels are
subsequently involved in various bacterial signaling pathways. GTP: Guanosine 5′-triphosphate;
sGC: soluble guanylate cyclase; NO: nitric oxide; H-NOX: Heme-Nitric oxide/Oxygen domain;
cGMP: cyclic guanosine 3′,5′-monophosphate; PDE: Phosphodiesterase; GMP: guanosine 3′,5′-
monophosphate; ATP: adenosine 5′-triphosphate.
 


	28. Page 28 of  30
Effects
 cGMP is a common regulator of ion channel conductance, glycogenolysis,
and cellular apoptosis. It also relaxes smooth muscle tissues. In blood
vessels, relaxation of vascular smooth muscles leads to vasodilation and
increased blood flow.
 cGMP is a secondary messenger in phototransduction in the eye.
 cGMP is involved in the regulation of some protein-dependent kinases.
Biological oxidation
Oxidation is defined as the loss of electrons and reduction as the gain of electrons.
This may be illustrated by the interconversion of ferrous ion (Fe2+) to ferric ion
(Fe3+).
 


	29. Page 29 of  30
The electron lost in the oxidation is accepted by an acceptor which is said to be
reduced. Thus the oxidation-reduction is a tightly coupled process.
The general principle of oxidation-reduction is applicable to biological systems
also. The oxidation of NADH to NAD+ coupled with the reduction of FMN to
FMNH2 is illustrated
In the above illustration, there are two redox pairs NADH/NAD+ and
FMN/FMNH2. The redox pairs differ in their tendency to lose or gain electrons.
Redox potential (E0)
The oxidation-reduction potential or, simply, redox potential, is a quantitative
measure of the tendency of a redox pair to lose or gain electrons. The redox pairs
are assigned specific standard redox potential (E0 volts) at pH 7.0 and 25°C.
The redox potentials of some biologically important redox systems are given in
Table 1.0 The more negative redox potential represents a greater tendency (of
reluctant) to lose electrons. On the other hand, a more positive redox potential
indicates a greater tendency (of oxidant) to accept electrons. The electrons flow
from a redox pair with more negative E0 to another redox pair with more positive
E0.
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Table 1.0
Standard redox potential (E0) of some oxidation-reduction systems
The redox potential (E0) is directly related to the change in the free energy (ΔG°).
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