
BIOENERGETICS AND 

METABOLISM



Metabolism is a highly coordinated cellular activity many 
multienzyme systems (metabolic pathways) cooperate 
to: 

1. Obtain chemical energy by capturing solar energy or 
degrading energy-rich nutrients from the environment; 

2. Convert nutrient molecules into the cell’s own 
characteristic molecules, including precursors of macro-
molecules;

3. Polymerize monomeric precursors into macromolecules: 
proteins, nucleic acids, and polysaccharides;

4. Synthesize and degrade biomolecules required for 
specialized cellular functions.



The central metabolic pathways are few in number and 
remarkably similar in all forms of life.

Living organisms can be divided into two large groups.

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

Some autotrophic organisms can use atmospheric nitrogen 
to generate all their nitrogenous components.

Heterotrophs cannot use atmospheric carbon dioxide must 
obtain carbon from their environment in the form of 
relatively complex organic molecules.



Many autotrophic organisms are photosynthetic and obtain 
their energy from sunlight, heterotrophic organisms 
obtain their energy from the degradation of organic 
nutrients produced by autotrophs.

Autotrophs and heterotrophs live together in an 
interdependent cycle, autotrophic organisms use 
atmospheric carbon dioxide to build their organic 
biomolecules, some of them generating oxygen from 
water in the process. 

Heterotrophs in turn use the organic products of autotrophs
as nutrients and return carbon dioxide to the atmosphere.



The oxidation reactions 
produce carbon dioxide, 
consume oxygen, conver-
ting it to water.

Carbon, oxygen, and water 
are constantly cycled 
between the heterotrophic 
and autotrophic worlds, 
with solar energy as the 
driving force.

Cycling of carbon dioxide and oxygen 
between the autotrophic (photosynthetic) 

and heterotrophic domains in the 
biosphere



All living organisms also require a 
source of nitrogen. 

Plants can generally use either 
ammonia or nitrate as their sole 
source of nitrogen, vertebrates 
must obtain nitrogen in the form 
of amino acids or other organic 
compounds. 

Only a few organisms are capable 
of converting (“fixing”) atmos-
pheric nitrogen (N2) into 
ammonia.

Cycling of nitrogen in the biosphere



These cycles of matter are driven by an enormous flow of 
energy into and through the biosphere.

In metabolic processes, there is a loss of useful energy 
(free energy) and an inevitable increase in the amount of  
unusable energy (heat and entropy).

Organisms cannot regenerate useful energy from energy 
dissipated as heat and entropy.

Metabolism, the sum of all the chemical transformations 
taking place in a cell or organism, occurs through a series 
of enzyme-catalyzed reactions that constitute metabolic 
pathways.



The precursor is converted into a product through a series 
of metabolic intermediates called metabolites. 

The term intermediary metabolism is often applied to 
the combined activities of all the metabolic pathways.

Catabolism is the degradative phase of metabolism in 
which organic nutrient molecules are converted into 
smaller, simpler end products.

Catabolic pathways release energy, some of which is 
conserved in the formation of ATP and reduced 
electron carriers (NADH, NADPH, and FADH2); the 
rest is lost as heat.



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

Anabolic reactions require an input of energy, generally in 
the form of the phosphoryl group transfer potential of 
ATP and the reducing power of NADH, NADPH, and 
FADH2.

Some metabolic pathways are linear, and some are 
branched, yielding multiple useful end products from a 
single precursor or converting several starting materials  
into a single product.



Energy relationships 
between catabolic and 

anabolic pathways

Catabolic pathways deliver 
chemical energy in the form 
of ATP, NADH, NADPH, 
and FADH2. 

These energy carriers are 
used in anabolic pathways 
to convert small precursor 
molecules into cell macro-
molecules.



(a) Converging, catabolic; (b) diverging, anabolic; and (c) cyclic, in which one of the starting 
materials (oxaloacetate in this case) is regenerated and reenters the pathway. Acetate, a key 
metabolic intermediate, is the breakdown product of a variety of fuels (a), serves as the precursor 
for an array of products (b), and is consumed in the catabolic pathway known as the citric acid 
cycle (c).

Three types of nonlinear metabolic pathways.



Some pathways are cyclic: one starting component of the 
pathway is regenerated in a series of reactions that 
converts another starting component into a product.

Most cells have the enzymes to carry out both the 
degradation and the synthesis of the important categories 
of biomolecules.

For both anabolic and catabolic pathways to be essentially 
irreversible, the reactions unique to each direction must 
include at least one that is thermodynamically very 
favourable, a reaction for which the reverse reaction is 
very unfavourable.



Catabolic and anabolic reaction sequences, catabolic and 
anabolic pathways commonly take place in different 
cellular compartments.

The concentrations of intermediates, enzymes, and 
regulators can be maintained at different levels in these 
different compartments.

Metabolic pathways are regulated at several levels.
The most immediate regulation is by the availability of 

substrate.
The rate of the reaction depends strongly upon substrate 

concentration. 
A second type of rapid control from within is allosteric

regulation by a metabolic intermediate or coenzyme.



In multicellular organisms the metabolic activities of 
different tissues are regulated and integrated by growth 
factors and hormones that act from outside the cell.

Most cells have the capacity to carry out thousands of 
specific, enzyme-catalyzed reactions:

– Transformation of a simple nutrient such as glucose into 
amino acids, nucleotides, or lipids.

– Extraction of energy from fuels by oxidation.

– Polymerization of monomeric subunits into macro-
molecules.



Most of the reactions in living cells fall into one of five 
general categories:

– oxidation-reductions; 

– internal rearrangements, isomerizations, and eliminations;

– group transfers;

– reactions that make or break carbon–carbon bonds; 

– free radical reactions.



Oxidation-reduction reactions

Carbon atoms in biochemistry can exist in five oxidation 
states, depending on the elements with which carbon 
shares electrons. 

The oxidation states of carbon in 
biomolecules

Each compound is formed by 
oxidation of the red carbon in the 
compound listed. 

Carbon dioxide is the most highly 
oxidized form of carbon found in 
living systems.



In many biological oxidations, a compound loses two electrons and 
two hydrogen ions.

These reactions are commonly called dehydrogenations and the 
enzymes that catalyze them are called dehydrogenases.

An oxidation-reduction reaction
The oxidation of lactate to pyruvate. 
In this dehydrogenation, two electrons and two hydrogen ions (the equivalent of two 

hydrogen atoms) are removed from C-2 of lactate, an alcohol, to form pyruvate, a 
ketone. 

In cells the reaction is catalyzed by lactate dehydrogenase and the electrons are 
transferred to a cofactor called nicotinamide adenine dinucleotide.

This reaction is fully reversible; pyruvate can be reduced by electrons from the 
cofactor.



In some biological oxidations, a carbon atom becomes 
covalently bonded to an oxygen atom. 

The enzymes that catalyze these oxidations are generally 
called oxidases or, if the oxygen atom is derived directly 
from molecular oxygen (O2), oxygenases.

Every oxidation must be accompanied by a reduction, in 
which an electron acceptor acquires the electrons removed 
by oxidation. 

Oxidation reactions generally release energy.

Most living cells obtain the energy needed for cellular work 
by oxidizing metabolic fuels such as carbohydrates or fat.

Photosynthetic organisms can also trap and use the energy of 
sunlight.



Reactions that make or break carbon–carbon bonds

Heterolytic cleavage of a C−C bond yields a carbanion and 
a carbocation. 

The formation of a C−C bond involves the combination of 
a nucleophilic carbanion and an electrophilic carbocation.



Internal rearrangements, isomerizations, and eliminations

An example of isomerization is the formation of fructose 6-
phosphate from glucose 6-phosphate during sugar 
metabolism.

Carbon-1 is reduced (from aldehyde to alcohol) and C-2 is 
oxidized (from alcohol to ketone).

A simple transposition of a C=C bond occurs during 
metabolism of the common fatty acid oleic acid.

Elimination of water introduces a C=C bond between two 
carbons that previously were saturated.

Similar reactions can result in the elimination of alcohols and 
amines.



Group transfer reactions

The transfer of acyl, glycosyl, and phosphoryl groups from 
one nucleophile to another is common in living cells.

Phosphoryl group transfers play a special role in metabolic 
pathways.

Among the better leaving groups in nucleophilic
substitution reactions are inorganic orthophosphate (the 
ionized form of H3PO4 at neutral pH, a mixture of H2PO4
and HPO4, commonly abbreviated Pi) and inorganic 
pyrophosphate (P2O7, abbreviated PPi); esters and 
anhydrides of phosphoric acid are effectively activated 
for reaction.

−
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In a very large number of metabolic reactions, a 
phosphoryl group is transferred from ATP to an alcohol 
(forming a phosphate ester) or to a carboxylic acid 
(forming a mixed anhydride).

The large family of enzymes that catalyze phosphoryl
group transfers with ATP as donor are called kinases. 

Hexokinase “moves” a phosphoryl group from ATP to 
glucose.

Thioalcohols (thiols), in which the oxygen atom of an 
alcohol is replaced with a sulfur atom, are also good 
leaving groups. 

Thiols activate carboxylic acids by forming thioesters
(thiol esters) with them.



Free radical reactions

The homolytic cleavage of covalent bonds to generate free 
radicals has now been found in a range of biochemical 
processes.



PRINCIPLES OF 

BIOENERGETICS

The total energy of the universe is constant; the total entropy is 
continually increasing.

Rudolf Clausius,
(1865)



Living cells and organisms must perform work to stay alive, to 
grow, and to reproduce. 

The ability to harness energy and to channel it into biological 
work is a fundamental property of all living organisms.

They use the chemical energy in fuels to bring about the 
synthesis of complex, highly ordered macromolecules from 
simple precursors. 

They convert the chemical energy of fuels into concentration 
gradients and electrical gradients.

Antoine Lavoisier, recognized that animals somehow transform 
chemical fuels (foods) into heat and that this process of 
respiration is essential to life.

Biological energy transductions obey the same physical laws 
that govern all other natural processes.



1. Bioenergetics and Thermodynamics



Bioenergetics is the quantitative study of the energy 

transductions that occur in living cells and of the nature 

and function of the chemical processes underlying these 

transductions.



Biological energy transformations obey the laws of 
thermodynamics

Two fundamental laws of thermodynamics:
The first law is the principle of the conservation of energy: 

for any physical or chemical change, the total amount of 
energy in the universe remains constant; energy may 
change form or it may be transported from one region to 
another, but it cannot be created or destroyed. 

The second law of thermodynamics says that the universe 
always tends toward increasing disorder: in all natural 
processes, the entropy of the universe increases.

Living cells and organisms are open systems, exchanging 
both material and energy with their surroundings; 
living systems are never at equilibrium with their 
surroundings.



Three thermodynamic quantities that describe the energy 
changes occurring in a chemical reaction:

Gibbs free energy (G)
Enthalpy (H)
Entropy (S).

Gibbs free energy:
It expresses the amount of energy capable of doing work 

during a reaction at constant temperature and pressure. 
When a reaction proceeds with the release of free energy the 

free-energy change, ΔG, has a negative value and the 
reaction is said to be exergonic. 

In endergonic reactions, the system gains free energy and 
ΔG is positive.



Enthalpy:
It is the heat content of the reacting system.
When a chemical reaction releases heat, it is said to be 

exothermic.
The heat content of the products is less than that of the 

reactants and ΔH has a negative value.
Reacting systems that take up heat from their surroundings are 

endothermic and have positive values of ΔH.

Entropy:
It is a quantitative expression for the randomness or disorder 

in a system.
When the products of a reaction are less complex and more 

disordered than the reactants, the reaction is said to proceed 
with a gain in entropy.



The units of ΔG and H are joules/mole, units of entropy are 
joules/mole · Kelvin (J/mol · K).

Under the conditions existing in biological systems 
(including constant temperature and pressure), changes in 
free energy, enthalpy, and entropy are related to each other 
quantitatively by the equation:

ΔG = ΔH − TΔS
ΔG: the change in Gibbs free energy of the reacting system, 
ΔH: the change in enthalpy of the system,
T: the absolute temperature, 
ΔS: the change in entropy of the system. 

By convention, ΔS has a positive sign when entropy 
increases and ΔH has a negative sign when heat is released 
by the system to its surroundings.



Cells require sources of free energy

Cells are isothermal systems, they function at essentially 
constant temperature.

The energy that cells can use is free energy, described by 
the Gibbs free-energy function G, which allows 
prediction of the direction of chemical reactions.

Heterotrophic and photosynthetic cells transform this free 
energy into ATP and other energy-rich compounds 
capable of providing energy for biological work at 
constant temperature.



The standard free-energy change is directly related to 
the equilibrium constant

At the equilibrium concentration of reactants and products, 
the rates of the forward and reverse reactions are exactly 
equal and no further net change occurs in the system. 

The concentrations of reactants and products at equilibrium 
define the equilibrium constant, Keq. 

In the general reaction aA + bB cC + dD, where a, b, c, 
and d are the number of molecules of A, B, C, and D 
participating, the equilibrium constant is given by

where [A], [B], [C], and [D] are the molar concentrations 
of the reaction components at the point of equilibrium.

ba

dc

eq ]B[]A[
]D[]C[K 



Under standard conditions (298 K = 25 °C), when 
reactants and products are initially present at 1 M 
concentrations or, for gases, at partial pressures of 
101.3 kilopascals (kPa), the force driving the system 
toward equilibrium is defined as the standard free-
energy change, ΔG°.

By this definition, the standard state for reactions that
involve hydrogen ions is [H+] = 1 M, or pH 0. 

Most biochemical reactions occur in well-buffered
aqueous solutions near pH 7; both the pH and the 
concentration of water (55.5 M) are essentially 
constant.



Biochemists therefore define a different standard state, in 
which the concentration of H+ is 10–7 M (pH 7) and that 
of water is 55.5 M; for reactions that involve Mg2+, its 
concentration in solution is commonly taken to be 
constant at 1 mM.

Physical constants based on this biochemical standard state 
are called standard transformed constants and are 
written with a prime (such as ΔG’° and K’eq).

There is a simple relationship between K’eq and ΔG’°:

ΔG’° = −RT ln K’eq



The standard free-energy 
change of a chemical 
reaction is simply an 
alternative mathematical way 
of expressing its equilibrium 
constant. 

Table shows the relationship 
between ΔG’° and K’eq.

K’eq ΔG’° 
(kJ/mol) 

103 −17.1 
102 −11.4 
101 −5.7 
1 0.0 

10−1 5.7 
10−2 11.4 
10−3 17.1 
10−4 22.8 
10−5 28.5 
10−6 34.2 

 

Relationship between the equilibrium 
constants and standard free-energy 

changes of chemical reactions



If the equilibrium constant for a given chemical reaction 
is 1.0, the standard free-energy change of that reaction 
is 0.0 (the natural logarithm of 1.0 is zero). 

If K’eq of a reaction is greater than 1.0, its ΔG’° is 
negative. 

If K’eq is less than 1.0, ΔG’° is positive. 

Because the relationship between ΔG’° and K’eq is 
exponential, relatively small changes in ΔG’°
correspond to large changes in K’eq.



ΔG’° is the difference between the free-energy content of 
the products and the free-energy content of the reactants, 
under standard conditions. 

When ΔG’° is negative, the products contain less free 
energy than the reactants and the reaction will proceed 
spontaneously under standard conditions.

All chemical reactions tend to go in the direction that 
results in a decrease in the free energy of the system. 

A positive value of ΔG’° means that the products of the 
reaction contain more free energy than the reactants, and 
this reaction will tend to go in the reverse direction.



Relationships among K’eq, ΔG’°, and the Direction of 
Chemical Reactions under Standard Conditions



A simple calculation of the standard free-energy change of the 
reaction catalyzed by the enzyme phosphoglucomutase:

glucose 1-phosphate      glucose 6-phospahte

The equilibrium constant: 

From this value of K’eq the standard free-energy change:
ΔG’° = −RT ln K’eq

= −(8.314 J/mol·K)(298 K)(ln 19)
=  −7.3 kJ/mol

Because the standard free-energy change is negative, the 
conversion of glucose 1-phosphate to glucose 6-phosphate 
proceeds with a loss (release) of free energy.

For the reverse reaction ΔG’° has the same magnitude but the 
opposite sign.

19mM1
mM19

phosphate]1[glucose
phosphate]6[glucose'K eq 






ΔG’°

Standard free-

energy changes of 

some chemical 

reactions at pH 7.0 

and 25 °C (298 K)



The standard free-energy changes for some representative 
chemical reactions:

Hydrolysis of simple esters, amides, peptides, and 
glycosides, as well as rearrangements and eliminations, 
proceed with relatively small standard free-energy 
changes.

Hydrolysis of acid anhydrides is accompanied by relatively 
large decreases in standard free energy. 

The complete oxidation of organic compounds such as 
glucose or palmitate to CO2 and H2O, results in very 
large decreases in standard free energy.



Actual free-energy changes depend on reactant
and product concentrations

Each chemical reaction has a characteristic standard free-
energy change, which may be positive, negative, or zero, 
depending on the equilibrium constant of the reaction. 

The standard free-energy change tells us in which direction 
and how far a given reaction must go to reach equilibrium 
when the initial concentration of each component is 1.0 M, 
the pH is 7.0, the temperature is 25 °C, and the pressure is 
101.3 kPa.

ΔG and ΔG’° for any reaction A + B C + D are related by 
the equation:

[A][B]
[C][D]lnTRΔG'ΔG  



When a reaction is at equilibrium – when there is no force 
driving the reaction in either direction and ΔG is zero –
equation reduces to:

ΔG’° = −RT ln K’eq

It is the equation relating the standard free-energy change 
and equilibrium constant.

eqeq

eqeq

]B[]A[
]D[]C[

lnRT'GG0  ,    or



In living cells, reactions that would be extremely slow if 
uncatalyzed are caused to proceed, not by supplying 
additional heat but by lowering the activation energy 
with an enzyme.

The free-energy change for a reaction is independent of 
the pathway by which the reaction occurs.

It depends only on the nature and concentration of the 
initial reactants and the final products. 

Enzymes cannot, therefore, change equilibrium constants; 
but they can and do increase the rate at which a reaction 
proceeds in the direction dictated by thermodynamics.



Standard free-energy changes are additive

In the case of two sequential chemical reactions, A B 
and B C, each reaction has its own equilibrium 
constant and each has its characteristic standard free-
energy change, ΔG’° and ΔG’°. 

As the two reactions are sequential, B cancels out to give 
the overall reaction A C, which has its own 
equilibrium constant and thus its own standard free-
energy change, ΔGtotal. 

1 2

’°



The ΔG’° values of sequential chemical reactions are 
additive.

For the overall reaction A↔C, ΔGtotal is the sum of the 
individual standard free-energy changes, ΔG’° and 
ΔG’°, of the two reactions: ΔGtotal = ΔG’° + ΔG’°.

(1) A → B ΔG’°
(2) B → C ΔG’°

Sum:       A → C ΔG’° + ΔG’°

This principle of bioenergetics explains how a 
thermodynamically unfavourable (endergonic) reaction 
can be driven in the forward direction by coupling it to 
a highly exergonic reaction through a common 
intermediate.

1

1

2
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The synthesis of glucose 6-phosphate is the first step in the 
utilization of glucose by many organisms.

glucose + Pi → glucose 6-phosphate + H2O
ΔG’° = 13.8 kJ/mol

The positive value of ΔG’° predicts that under standard 
conditions the reaction will tend not to proceed 
spontaneously in the direction written. 

Another cellular reaction, the hydrolysis of ATP to ADP 
and Pi, is very exergonic:

ATP + H2O → ADP + Pi

ΔG’° = −30.5 kJ/mol



These two reactions share the common intermediates Pi and 
H2O and may be expressed as sequential reactions:

(1) glucose + Pi → glucose 6-phosphate + H2O
(2) ATP + H2O → ADP + Pi 

Sum: ATP + glucose → ADP + glucose 6-phosphate
The overall standard free-energy change is obtained by adding 

the ΔG’° values for individual reactions:

ΔG’° = 13.8 kJ/mol + (−30.5 kJ/mol) = −16,7 kJ/mol
The overall reaction is exergonic. Energy stored in ATP is used 

to drive the synthesis of glucose 6-phosphate.
This common-intermediate strategy is employed by all living 

cells in the synthesis of metabolic intermediates and 
cellular components.



Summary for „Bioenergetics and Thermodynamics” I.
• Living cells constantly perform work. They require 

energy for maintaining their highly organized 
structures, synthesizing cellular components, 
generating electric currents, and many other processes.

• Biological energy transformations obey the laws of 
thermodynamics.

• All chemical reactions are influenced by two forces: the 
tendency to achieve the most stable bonding state and 
the tendency to achieve the highest degree of 
randomness, expressed as entropy, S. The net driving 
force in a reaction is ΔG, the free-energy change, 
which represents the net effect of these two factors: 
ΔG = ΔH − TΔS.



• The standard transformed free-energy change, ΔG’° is 
characteristic for a given reaction and can be calculated 
from the equilibrium constant for the reaction: 
ΔG’°= −RT ln K’eq.

• The actual free-energy change, ΔG, depends on ΔG’° and 
on the concentrations of reactants and products: ΔG =
ΔG’°+ RT ln ([products]/[reactants]).

• When ΔG is large and negative, the reaction tends to go 
in the forward direction; when ΔG is large and 
positive, the reaction tends to go in the reverse 
direction; and when ΔG = 0, the system is at 
equilibrium.

Summary for „Bioenergetics and Thermodynamics” II.



• The free-energy change for a reaction is independent of 
the pathway by which the reaction occurs. Free-energy 
changes are additive; the net chemical reaction that 
results from successive reactions sharing a common 
intermediate has an overall free-energy change that is 
the sum of the ΔG values for the individual reactions.

Summary for „Bioenergetics and Thermodynamics” III.



2. Phosphoryl Group Transfers 
and ATP



Heterotrophic cells obtain free energy in a chemical form 
by the catabolism of nutrient molecules, and they use that 
energy to make ATP from ADP and Pi. 

ATP then donates some of its chemical energy to 
endergonic processes such as the synthesis of metabolic 
intermediates and macromolecules from smaller 
precursors, the transport of substances across membranes 
against concentration gradients, and mechanical motion. 

This donation of energy involves the covalent participation 
of ATP in the reaction that ATP is converted to ADP and 
Pi or, in some reactions, to AMP and 2 Pi.



The free-energy change for ATP hydrolysis is large 
and negative

The hydrolytic cleavage of the terminal phosphoric acid 
anhydride (phosphoanhydride) bond in ATP separates one 
of the three negatively charged phosphates and thus 
relieves some of the electrostatic repulsion in ATP:

– The Pi (HPO4 ) released is stabilized by the formation of 
several resonance forms not possible in ATP.

– ADP2−, the other direct product of hydrolysis, immediately 
ionizes, releasing H+ into a medium of very low [H+] 
(~10−7 M).

Because the concentrations of the direct products of ATP 
hydrolysis are, in the cell, far below the concentrations at 
equilibrium, mass action favours the hydrolysis reaction in 
the cell.

2−



Chemical basis for the large free-
energy change associated with 

ATP hydrolysis 
(1) The charge separation that results 

from hydrolysis relieves 
electrostatic repulsion among the 
four negative charges on ATP. 

(2) The product inorganic phosphate 
(Pi) is stabilized by formation of 
a resonance hybrid, in which 
each of the four phosphorus–
oxygen bonds has the same 
degree of double-bond character 
and the hydrogen ion is not 
permanently associated with any 
one of the oxygens.

(3) The product ADP2− immediately 
ionizes, releasing a proton into a 
medium of very low [H+] (pH 7).



The hydrolysis of ATP is highly exergonic (ΔG’°= −30.5 
kJ/mol), the molecule is kinetically stable at pH 7 because the 
activation energy for ATP hydrolysis is relatively high. 

Rapid cleavage of the phosphoanhydride bonds occurs only 
when catalyzed by an enzyme.

The free-energy change for ATP hydrolysis is −30.5 kJ/mol 
under standard conditions, but the actual free energy of 
hydrolysis (ΔG) of ATP in living cells is very different: the 
cellular concentrations of ATP, ADP, and Pi are not identical 
and are much lower than the 1.0 M of standard conditions.

In intact cells, ΔG for ATP hydrolysis, usually designated ΔGp, 
is much more negative than ΔG’°, ranging from −50 to −65 
kJ/mol. 

ΔGp is often called the phosphorylation potential.



Other phosphorylated compounds and thioesters
also have large free energies of hydrolysis

Phosphoenolpyruvate contains a phosphate ester bond that 
undergoes hydrolysis to yield the enol form of pyruvate, 
and this direct product can immediately tautomerize to 
the more stable keto form of pyruvate.

The standard free energy of hydrolysis of phospho-
enolpyruvate: ΔG’°= −61.9 kJ/mol.



Hydrolysis of phosphoenolpyruvate (PEP)

Catalyzed by pyruvate kinase, this reaction is followed by 
spontaneous tautomerization of the product, pyruvate.

Tautomerization is not possible in PEP, and thus the products of 
hydrolysis are stabilized relative to the reactants.



Another three-carbon compound, 1,3-bisphosphoglycerate, 
contains an anhydride bond between the carboxyl group 
at C-1 and phosphoric acid.

Hydrolysis is accompanied by a large, negative, standard 
free-energy change (ΔG’°= −49.3 kJ/mol), which can be 
explained in terms of the structure of reactant and 
products.



Hydrolysis of 1,3-bisphosphoglycerate

The direct product of hydrolysis is 3-phosphoglyceric acid, with an 
undissociated carboxylic acid group, but dissociation occurs 
immediately.



In phosphocreatine the P−N 
bond can be hydrolyzed to 
generate free creatine and Pi.

The standard free-energy 
change  of phosphocreatine
hydrolysis is large, –43.0 
kJ/mol.

The table lists the standard free 
energies of hydrolysis for a 
number of phosphorylated
compounds.

Standard free energies of hydrolysis 
of  some phosphorylated compounds 

and acetyl-CoA (a thioester)
ΔG’°



Thioesters, in which a sulfur atom replaces the usual 
oxygen in the ester bond, also have large, negative, 
standard free energies of hydrolysis. 

Acetyl-coenzyme A, or acetyl-CoA, is one of many 
thioesters important in metabolism. 

The acyl group is activated for transacylation, con-
densation, or oxidation-reduction reactions.

The difference in free energy between the reactant and its 
hydrolysis products, which are resonance-stabilized, is 
greater for thioesters than for comparable oxygen esters.

Result in the large, negative ΔG’° (−31 kJ/mol) for acetyl-
CoA hydrolysis.

To summarize, the products are more stable than the 
reactants.



Hydrolysis of acetyl-
coenzyme A 

Acetyl-CoA is a thioester
with a large, negative, 
standard free energy of 
hydrolysis.



ATP provides energy by group transfers, not by simple 
hydrolysis

A single reaction arrow almost invariably represents a two-
step process in which part of the ATP molecule, a 
phosphoryl or pyrophosphoryl group or the adenylate
moiety (AMP), is first transferred to a substrate molecule 
or to an amino acid residue in an enzyme.

Becoming covalently attached to the substrate or the enzyme 
and raising its free-energy content. 

In a second step, the phosphate-containing moiety transferred 
in the first step is displaced, generating Pi, PPi, or AMP. 

Thus ATP participates covalently in the enzyme-catalyzed 
reaction to which it contributes free energy.



ATP hydrolysis in two steps 

(a) The contribution of ATP to 
a reaction is often shown as 
a single step, but is almost 
always a two-step process.

(b) Shown here is the reaction 
catalyzed by ATP-dependent 
glutamine synthetase. 

(1) A phosphoryl group is 
transferred from ATP to 
glutamate, then (2) the 
phosphoryl group is 
displaced by NH3 and 
released as Pi.



The phosphate compounds found in living organisms can 
be divided into two groups, based on their standard free 
energies of hydrolysis.

“High-energy” compounds have a ΔG’° of hydrolysis more 
negative than −25 kJ/mol; 

“Low-energy” compounds have a less negative ΔG’°. 

Based on this criterion, ATP, with a ΔG’° of hydrolysis of 
−30.5 kJ/mol, is a high-energy compound. 

Glucose 6-phosphate, with a ΔG’° of hydrolysis of 
−13.8 kJ/mol, is a low-energy compound.



Although in aqueous solution ATP is thermodynamically 
unstable and is therefore a good phosphoryl group donor, 
it is kinetically stable. 

Because of the huge activation energies (200 to 
400 kJ/mol) required for uncatalyzed cleavage of its 
phosphoanhydride bonds.

ATP does not spontaneously donate phosphoryl groups to 
water or to the hundreds of other potential acceptors in 
the cell. 

Only when specific enzymes are present to lower the 
energy of activation does phosphoryl group transfer from 
ATP proceed.



ATP donates phosphoryl, pyrophosphoryl, and 
adenylyl groups

Nucleophilic attack by an alcohol on the phosphate 
displaces ADP and produces a new phosphate ester.

The bridge oxygen in the new compound is derived from 
the alcohol, not from ATP.

The group transferred from ATP is a phosphoryl (−PO2−), 
not a phosphate (−OPO2−). 

Phosphoryl group transfer from ATP to glutamate or to 
glucose involves attack at the  position of the ATP 
molecule.

3
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Any of the three P atoms 
(, , or ) may serve 
as the electrophilic
target for nucleophilic
attack.

The nucleophile may be 
an alcohol (ROH), a 
carboxyl group 
(RCOO−), or a 
phosphoanhydride.

(a) When the oxygen of the nucleophile attacks the γ position, the bridge 
oxygen of the product is labeled, indicating that the group transferred 
from ATP is a phosphoryl (−PO2−), not a phosphate (−OPO2−). 

Nucleophilic displacement reactions of ATP

3 3



(b) Attack on the  position displaces AMP and leads to the transfer of a 
pyrophosphoryl (not pyrophosphate) group to the nucleophile. 

(c) Attack on the  position displaces PPi and transfers the adenylyl group to 
the nucleophile.



Attack at the  phosphate of ATP displaces AMP and 
transfers a pyrophosphoryl group to the attacking 
nucleophile.

Nucleophilic attack at the  position of ATP displaces PPi
and transfers adenylate as an adenylyl group; the reaction 
is an adenylylation.

Hydrolysis of the – phosphoanhydride bond releases 
considerably more energy (~46 kJ/mol) than hydrolysis 
of the – bond (~31 kJ/mol).

The PPi formed as a byproduct of the adenylylation is 
hydrolyzed to two Pi by the ubiquitous enzyme 
inorganic pyrophosphatase, releasing 19 kJ/mol.

Fatty acid activation is a good example of this energy-
coupling strategy.



The first step in the activation of a fatty acid is the 
formation of its thiol ester. 

The direct condensation of a fatty acid with coenzyme A is 
endergonic, but the formation of fatty acyl–CoA is made 
exergonic by stepwise removal of two phosphoryl groups 
from ATP. 

First, adenylate (AMP) is transferred from ATP to the 
carboxyl group of the fatty acid, forming a mixed 
anhydride (fatty acyl adenylate) and liberating PPi. 

The thiol group of coenzyme A then displaces the 
adenylate group and forms a thioester with the fatty acid.



The sum of these two reactions is energetically equivalent 
to the exergonic hydrolysis of ATP to AMP and PPi

(ΔG’° = −45.6 kJ/mol) and the endergonic formation of 
fatty acyl-CoA (ΔG’° = 31.4 kJ/mol). 

The formation of fatty acyl-CoA is made energetically 
favorable by hydrolysis of the PPi by inorganic 
pyrophosphatase. 

In the activation of a fatty acid, both phosphoanhydride
bonds of ATP are broken. 

The resulting ΔG’° is the sum of the ΔG’° values for the 
breakage of these bonds:

ATP + 2 H2O → AMP + 2 Pi ΔG’° = −64.8 kJ/mol



Assembly of informational macromolecules requires 
energy

When simple precursors are assembled into high molecular 
weight polymers with defined sequences (DNA, RNA, 
proteins), energy is required both for the condensation of 
monomeric units and for the creation of ordered 
sequences. 

The precursors for DNA and RNA synthesis are nucleoside 
triphosphates, and polymerization is accompanied by 
cleavage of the phosphoanhydride linkage between the α
and  phosphates, with the release of PPi.



The moieties transferred to the growing polymer in these 
reactions are adenylate (AMP), guanylate (GMP), 
cytidylate (CMP), or uridylate (UMP) for RNA 
synthesis, and their deoxy analogs (with TMP in place of 
UMP) for DNA synthesis.

The activation of amino acids for protein synthesis 
involves the donation of adenylate groups from ATP, and 
several steps of protein synthesis on the ribosome are 
also accompanied by GTP hydrolysis.



ATP energizes active transport

ATP can supply the energy for transporting an ion or a 
molecule across a membrane into another aqueous 
compartment where its concentration is higher.

Transport processes are major consumers of energy; in 
human kidney and brain as much as two-thirds of the 
energy consumed at rest is used to pump Na+ and K+

across plasma membranes via the Na+K+ ATPase.



Transphosphorylations between nucleotides occur in all 
cell types

ATP the cell’s energy currency and donor of phosphoryl
groups, all other nucleoside triphosphates (GTP, UTP, 
and CTP) and all the deoxynucleoside triphosphates
(dATP, dGTP, dTTP, and dCTP) are energetically 
equivalent to ATP.

ATP is the primary high-energy phosphate compound 
produced by catabolism, in the processes of glycolysis, 
oxidative phosphorylation, and, in photosynthetic cells, 
photophosphorylation.

Several enzymes then carry phosphoryl groups from ATP 
to the other nucleotides.



Nucleoside diphosphate kinase, found in all cells, catalyzes 
the reaction:

ATP + NDP (or dNDP) ADP + NTP (or  dNTP)
ΔG’° ≈ 0

Although this reaction is fully reversible, the relatively high 
[ATP]/[ADP] ratio in cells normally drives the reaction to 
the right, with the net formation of NTPs and dNTPs. 

The enzyme actually catalyzes a two-step phosphoryl
transfer.

First, phosphoryl group transfer from ATP to an active-site 
His residue produces a phosphoenzyme intermediate; then 
the phosphoryl group is transferred from the P –His residue 
to an NDP acceptor.

Mg2+



Ping-Pong mechanism of nucleoside diphosphate kinase. 

The enzyme binds its first substrate (ATP in our example), and a
phosphoryl group is transferred to the side chain of a His residue.

ADP departs, and another nucleoside (or deoxynucleoside) 
diphosphate replaces it, and this is converted to the 
corresponding triphosphate by transfer of the phosphoryl group 
from the phosphohistidine residue.



Phosphoryl group transfers from ATP result in an 
accumulation of ADP.

The cell lowers the ADP concentration, and at the same 
time acquires ATP, by the action of adenylate kinase:

2 ADP              ATP + AMP ΔG’° ≈ 0

This reaction is fully reversible, so after the intense 
demand for ATP ends, the enzyme can recycle AMP by 
converting it to ADP, which can then be phosphorylated
to ATP in mitochondria.

Mg2+



Biochemical and chemical equations are not identical
Biochemists write metabolic equations in a simplified way, and 

this is particularly evident for reactions involving ATP.
We write ATP hydrolysis as the biochemical equation

ATP + H2O → ADP + Pi

We can write a chemical equation when ATP is hydrolyzed at a 
pH above 8.5 in the absence of Mg2+.

ATP4− + H2O → ADP3− + HPO2− + H+

Both ways of writing a metabolic reaction have value in 
biochemistry. 

Chemical equations are needed when we want to account for all 
atoms and charges in a reaction, as when we are considering 
the mechanism of a chemical reaction. 

Biochemical equations are used to determine in which direction 
a reaction will proceed spontaneously.
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Summary for „Phosphoryl Group Transfers and ATP” I.

• ATP is the chemical link between catabolism and 
anabolism. It is the energy currency of the living cell. 
The exergonic conversion of ATP to ADP and Pi, or to 
AMP and PPi, is coupled to many endergonic reactions 
and processes.

• Direct hydrolysis of ATP is the source of energy in the 
conformational changes that produce muscle 
contraction but, in general, it is not ATP hydrolysis but 
the transfer of a phosphoryl, pyrophosphoryl, or 
adenylyl group from ATP to a substrate or enzyme 
molecule that couples the energy of ATP breakdown to 
endergonic transformations of substrates.



• ATP provides the energy for anabolic reactions, 
including the synthesis of informational molecules, and 
for the transport of molecules and ions across 
membranes against concentration gradients and 
electrical potential gradients.

• Cells contain other metabolites with large, negative, free 
energies of hydrolysis, including phosphoenolpyruvate, 
1,3-bisphosphoglycerate, and phosphocreatine. These 
high-energy compounds have a high phosphoryl group 
transfer potential; they are good donors of the 
phosphoryl group. Thioesters also have high free 
energies of hydrolysis.

Summary for „Phosphoryl Group Transfers and ATP” II.



3. Biological Oxidation-
Reduction Reactions



The transfer of phosphoryl groups is a central feature of 
metabolism. 

Equally important is electron transfer in oxidation-
reduction reactions.

These reactions involve the loss of electrons by one 
chemical species, which is thereby oxidized, and the gain 
of electrons by another, which is reduced.

The flow of electrons in oxidation-reduction reactions is 
responsible, directly or indirectly, for all work done by 
living organisms. 



In nonphotosynthetic organisms, the sources of electrons 
are reduced compounds (foods); in photosynthetic 
organisms, the initial electron donor is a chemical 
species excited by the absorption of light.

The path of electron flow in metabolism is complex. 

Electrons move from various metabolic intermediates to 
specialized electron carriers in enzyme-catalyzed 
reactions.

The carriers donate electrons to acceptors with higher 
electron affinities, with the release of energy.

Cells contain a variety of molecular energy transducers, 
which convert the energy of electron flow into useful 
work.



The flow of electrons can do biological work

Every time we use the flow of electrons to accomplish work.
The two chemical species differ in their affinity for electrons,

electrons flow spontaneously through the circuit, driven by a 
force proportional to the difference in electron affinity, the 
electromotive force.

Living cells have a biological “circuit,” with a relatively reduced 
compound such as glucose as the source of electrons. 

As glucose is enzymatically oxidized, the released electrons flow 
spontaneously through a series of electron-carrier intermediates 
to another chemical species, such as O2. 

This electron flow is exergonic, because O2 has a higher affinity 
for electrons than do the electron-carrier intermediates.

The resulting electromotive force provides energy to a variety of 
molecular energy transducers that do biological work.



Oxidation-reductions can be described as half-reactions
Oxidation and reduction must occur together. 
The oxidation of ferrous ion by cupric ion,

Fe2++ Cu2+ Fe3+ + Cu+

can be described in terms of two half-reactions:
(1) Fe2+ Fe3+ + e−

(2) Cu2+ + e− Cu+

The electron-donating molecule in an oxidation-reduction 
reaction is called the reducing agent or reductant; the 
electron-accepting molecule is the oxidizing agent or 
oxidant. 

An iron cation existing in the ferrous (Fe2+) or ferric (Fe3+) 
state, functions as a conjugate reductant-oxidant pair 
(redox pair).



In redox reactions we can write a similar general equation: 
electron donor        e− + electron acceptor. 

In the reversible half-reaction (1) Fe2+ is the electron donor 
and Fe3+ is the electron acceptor; together, Fe2+ and Fe3+

constitute a conjugate redox pair.

Oxidation of a reducing sugar by cupric ion::

Can be expressed as two half-reactions



Biological oxidations often involve dehydrogenation

Oxidation (loss of electrons) is coincident with the loss of 
hydrogen. 

In biological systems, oxidation is often synonymous with 
dehydrogenation, and many enzymes that catalyze 
oxidation reactions are dehydrogenases.

Not all biological oxidation-reduction reactions involve 
carbon.

For example, in the conversion of molecular nitrogen to 
ammonia, 6 H+ + 6 e− + N2 → 2 NH3, the nitrogen atoms 
are reduced.



Electrons are transferred from one molecule (electron donor) 
to another (electron acceptor) in one of four different ways:

1. Directly as electrons. For example, the Fe2+/Fe3+ redox pair can 
transfer an electron to the Cu+/Cu2+ redox pair:

Fe2+ + Cu2+ Fe3+ + Cu+

2. As hydrogen atoms. A hydrogen atom consists of a proton (H+) 
and a single electron (e−). The general equation:

AH2 A + 2 e− + 2 H+

where AH2 is the hydrogen/electron donor.

AH2 and A together constitute a conjugate redox pair (A/AH2), 
which can reduce another compound B (or redox pair, B/BH2) 
by transfer of hydrogen atoms:

AH2 + B A + BH2



3. As a hydride ion (:H−), which has two electrons. 

4. Through direct combination with oxygen.

Oxygen combines with an organic reductant and is 
covalently incorporated in the product, as in the 
oxidation of a hydrocarbon to an alcohol:

R−CH3 + ½O2 → R−CH2−OH

The hydrocarbon is the electron donor and the oxygen 
atom is the electron acceptor.



Reduction potentials measure affinity for electrons
When two conjugate redox pairs are together in solution, 

electron transfer from the electron donor of one pair to 
the electron acceptor of the other may proceed 
spontaneously. 

The tendency for such a reaction depends on the relative 
affinity of the electron acceptor of each redox pair for 
electrons. 

The standard reduction potential, E°, a measure of this 
affinity, can be determined in an experiment.

Electrochemists have chosen as a standard of reference the 
half-reaction

H+ + e− → ½ H2



Measurement of the standard reduction potential (E’°) of a 
redox pair

Electrons flow from the test 
electrode to the reference 
electrode, or vice versa. 

The ultimate reference half-cell is 
the hydrogen electrode, as shown 
here, at pH 0.

The electromotive force (emf) of 
this electrode is designated 
0.00 V. 

At pH 7 in the test cell, E’° for the 
hydrogen electrode is −0.414 V.



The direction of electron flow 
depends on the relative 
electron “pressure” or 
potential of the two cells. 

A salt bridge containing a 
saturated KCl solution 
provides a path for counter-
ion movement between the 
test cell and the reference cell. 

From the observed emf and the 
known emf of the reference 
cell, the experimenter can find 
the emf of the test cell 
containing the redox pair.



The electrode at which this half-reaction occurs is arbitrarily 
assigned a standard reduction potential of 0.00 V. 

When this hydrogen electrode is connected through an 
external circuit to another half-cell in which an oxidized 
species and its corresponding reduced species are present 
at standard concentrations (each solute at 1 M, each gas at 
101.3 kPa), electrons tend to flow through the external 
circuit from the half-cell of lower standard reduction 
potential to the half-cell of higher standard reduction 
potential. 

By convention, the half-cell with the stronger tendency to 
acquire electrons is assigned a positive value of E°.



The reduction potential of a half-cell depends not only on 
the chemical species present but also on their activities, 
approximated by their concentrations.

Nernst derived an equation that relates standard reduction 
potential (E°) to the reduction potential (E) at any 
concentration of oxidized and reduced species in the cell:

where R and T have their usual meanings, n is the 
number of electrons transferred per molecule, and F is 
the Faraday constant. 

At 298 K (25 °C), this expression reduces to
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Standard reduction potentials can be used to calculate the 
free-energy change

The energy made available by this spontaneous electron 
flow is proportional to ΔE:

ΔG = −nFΔE or ΔG’°= −nFΔE’°
Here n represents the number of electrons transferred in 
the reaction. 

With this equation we can calculate the free-energy change 
for any oxidation-reduction reaction from the values of 
E’°.

Consider the reaction in which acetaldehyde is reduced by 
the biological electron carrier NADH:

Acetaldehyde + NADH + H+ → ethanol + NAD+



The relevant half-reactions and their E’° values are:
(1) Acetaldehyde + 2 H+ + 2 e− → ethanol

E’° = −0.197 V
(2) NAD+ + 2 H+ + 2 e− → NADH + H+

E’° = −0.320 V

By convention, ΔE’° is expressed as E’° of the electron 
acceptor minus E’° of the electron donor. 

Because acetaldehyde is accepting electrons from NADH in 
our example, 
ΔE’° = −0.197 V − (− 0.320 V) = 0.123 V, and n is 2. 

Therefore:
ΔG’° = −nFΔE’° = −2(96,5 kJ/V·mol)(0.123 V) = −23.7 kJ/mol.



This is the free-energy change for the oxidation-reduction 
reaction at pH 7, when acetaldehyde, ethanol, NAD+, and 
NADH are all present at 1.00 M concentrations.

It is thus possible to calculate the free-energy change for 
any biological redox reaction at any concentrations of the 
redox pairs.



Cellular oxidation of glucose to carbon dioxide requires 
specialized electron carriers

In many organisms, the oxidation of glucose supplies energy 
for the production of ATP. 

The complete oxidation of glucose:
C6H12O6 + 6 O2 →6 CO2 + 6 H2O

ΔG’° = −2,840 kJ/mol
Cells convert glucose to CO2 not in a single, high-energy-

releasing reaction, but rather in a series of controlled 
reactions, some of which are oxidations. 

The free energy released in these oxidation steps is of the same
order of magnitude as that required for ATP synthesis from 
ADP.

Electrons removed in these oxidation steps are transferred to 
coenzymes specialized for carrying electrons, such as NAD+

and FAD.



A few types of coenzymes and proteins serve as 
universal electron carriers

The multitude of enzymes that catalyze cellular oxidations 
channel electrons from their hundreds of different 
substrates into just a few types of universal electron 
carriers.

NAD+, NADP+, FMN, and FAD are water-soluble 
coenzymes that undergo reversible oxidation and 
reduction in many of the electron-transfer reactions of 
metabolism. 

The nucleotides NAD+ and NADP+ move readily from one 
enzyme to another; the flavin nucleotides FMN and FAD 
are usually very tightly bound to the enzymes, called 
flavoproteins.



NADH and NADPH act with dehydrogenases as soluble 
electron carriers

Nicotinamide adenine dinucleotide (NAD+ in its oxidized 
form) and its close analog nicotinamide adenine 
dinucleotide phosphate (NADP) are composed of two 
nucleotides joined through their phosphate groups by a 
phosphoanhydride bond.

These compounds are sometimes called pyridine 
nucleotides. 

The vitamin niacin is the source of the nicotinamide
moiety in nicotinamide nucleotides.

Both coenzymes undergo reversible reduction of the 
nicotinamide ring.



NAD and NADP

Nicotinamide adenine dinucleotide, 
NAD+, and its phosphorylated analog
NADP+ undergo reduction to NADH 
and NADPH, accepting a hydride ion 
(two electrons and one proton) from an 
oxidizable substrate. 

The hydride ion is added to either the 
front or the back of the planar 
nicotinamide ring.



As a substrate molecule undergoes oxidation 
(dehydrogenation), giving up two hydrogen atoms, the 
oxidized form of the nucleotide (NAD+ or NADP+) and 
is transformed into the reduced form (NADH or 
NADPH).

The half-reaction for each type of nucleotide is:
NAD+ + 2 e− + 2 H+ → NADH + H+

NADP+ + 2 e− + 2 H+ → NADPH + H+

Reduction of NAD+ or NADP+ converts the benzenoid ring 
of the nicotinamide moiety (with a fixed positive charge 
on the ring nitrogen) to the quinonoid form (with no 
charge on the nitrogen).

The reduced nucleotides absorb light at 340 nm; the 
oxidized forms do not.



The UV absorption spectra of NAD+ and NADH. 

Reduction of the nicotinamide ring produces a new, broad 
absorption band with a maximum at 340 nm. 

The production of NADH during an enzyme-catalyzed reaction can 
be conveniently followed by observing the appearance of the 
absorbance at 340 nm.



The plus sign in the abbreviations NAD+ and NADP+ 

indicates that the nicotinamide ring is in its oxidized form, 
with a positive charge on the nitrogen atom. 

In the abbreviations NADH and NADPH, the “H” denotes 
the added hydride ion.

The total concentration of NAD+ + NADH in most tissues is 
about 10−5 M; that of NADP+ + NADPH is about 10−6 M. 

In many cells and tissues, the ratio of NAD+ to NADH is 
high, favouring hydride transfer from a substrate to NAD+

to form NADH.

NADPH is generally present in greater amounts than its 
oxidized form, NADP+, favouring hydride transfer from 
NADPH to a substrate.



NAD+ generally functions in oxidations nearly always as part 
of an anabolic reaction.

Oxidations of fuels such as pyruvate, fatty acids, and α-keto
acids derived from amino acids occur in the mitochondrial 
matrix, whereas reductive biosynthesis processes such as 
fatty acid synthesis take place in the cytosol.

More than 200 enzymes are known to catalyze reactions in 
which NAD+ (or NADP+) accepts a hydride ion.

The general reactions are
AH2 + NAD+ → A + NADH + H+

A + NADPH + H+ → AH2 + NADP+

where AH2 is the reduced substrate and A the oxidized 
substrate.



The general name for an enzyme of this type is 
oxidoreductase; they are also commonly called 
dehydrogenases.

Alcohol dehydrogenase catalyzes the first step in the 
catabolism of ethanol, in which ethanol is oxidized to 
acetaldehyde:

CH3CH2OH + NAD+ → CH3CHO + NADH +H+

One of the carbon atoms in ethanol has lost a hydrogen; the 
compound has been oxidized from an alcohol to an 
aldehyde.

ethanol acetaldehyde



The association between a dehydrogenase and NAD or 
NADP is relatively loose.

The coenzyme readily diffuses from one enzyme to 
another, acting as a water-soluble carrier of electrons 
from one metabolite to another.

In the production of alcohol during fermentation of glucose 
by yeast cells, a hydride ion is removed from 
glyceraldehyde 3-phosphate by one enzyme 
(glyceraldehyde 3-phosphate dehydrogenase) and 
transferred to NAD+.



The NADH produced then leaves the enzyme surface and 
diffuses to another enzyme (alcohol dehydrogenase), 
which transfers a hydride ion to acetaldehyde, 
producing ethanol:

(1) glyceraldehyde 3-phosphate + NAD+ →
3-phosphoglycerate + NADH + H+

(2) acetaldehyde + NADH + H+ → ethanol + NAD+

Sum: glyceraldehyde 3-phosphate + acetaldehyde →
3-phosphoglycerate + ethanol



Dietary deficiency of niacin, the vitamin form of NAD 
and NADP, causes pellagra

The pyridine-like rings of 
NAD and NADP are 
derived from the vitamin 
niacin (nicotinic acid), 
which is synthesized from 
tryptophan. 

Humans generally cannot 
synthesize niacin in 
sufficient quantities, and 
this is especially so for 
those with diets low in 
tryptophan.

Structures of niacin (nicotinic acid) 
and its derivative nicotinamide. 

The biosynthetic precursor of these 
compounds is tryptophan.



Niacin deficiency, which affects all the NAD(P)-dependent 
dehydrogenases, causes the serious human disease 
pellagra.

Dermatitis, diarrhea, and dementia, followed in many cases 
by death.

Supplementation of the human diet with this inexpensive 
compound led to the eradication of pellagra in the 
populations of the developed world.

Pellagra is still found among alcoholics, whose intestinal 
absorption of niacin is much reduced.



Flavin nucleotides are tightly bound in flavoproteins

Flavoproteins are enzymes that catalyze oxidation-
reduction reactions using either flavin mononucleotide 
(FMN) or flavin adenine dinucleotide (FAD) as 
coenzyme.

These coenzymes, the flavin nucleotides, are derived from 
the vitamin riboflavin.

The fused ring structure of flavin nucleotides (the 
isoalloxazine ring) undergoes reversible reduction, 
accepting either one or two electrons in the form of one 
or two hydrogen atoms.

The fully reduced forms are abbreviated FADH2 and 
FMNH2.



Structures of oxidized and 
reduced FAD and FMN

FMN consists of the structure above 
the dashed line on the FAD 
(oxidized form). 

The flavin nucleotides accept two 
hydrogen atoms (two electrons 
and two protons), both of which 
appear in the flavin ring system.



Flavoproteins that are fully reduced (two electrons 
accepted) generally have an absorption maximum near 
360 nm. 

When partially reduced (one electron), they acquire 
another absorption maximum at about 450 nm; when 
fully oxidized, the flavin has maxima at 370 and 440 nm.

The flavin nucleotide in most flavoproteins is bound rather 
tightly to the protein, and in some enzymes, such as 
succinate dehydrogenase, it is bound covalently. 

Such tightly bound coenzymes are properly called 
prosthetic groups.



Summary for „Biological Oxidation-Reduction 
Reactions” I.

• In many organisms, a central energy-conserving process 
is the stepwise oxidation of glucose to CO2, in which 
some of the energy of oxidation is conserved in ATP as 
electrons are passed to O2.

• Biological oxidation-reduction reactions can be 
described in terms of two half-reactions, each with a 
characteristic standard reduction potential, E’°.

• When two electrochemical half-cells, each containing the 
components of a half-reaction, are connected, electrons 
tend to flow to the half-cell with the higher reduction 
potential.



• The standard free-energy change for an oxidation-reduction 
reaction is directly proportional to the difference in 
standard reduction potentials of the two half-cells: 
ΔG’°= −nFΔE’°.

• Many biological oxidation reactions are dehydrogenations in 
which one or two hydrogen atoms (H+ + e−) are transferred 
from a substrate to a hydrogen acceptor.

• NAD and NADP are the freely diffusible coenzymes of many 
dehydrogenases. Both NAD+ and NADP+ accept two 
electrons and one proton.

• FAD and FMN, the flavin nucleotides, serve as tightly bound 
prosthetic groups of flavoproteins. They can accept either 
one or two electrons.

Summary for „Biological Oxidation-Reduction 
Reactions” II.


