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ESSENTIAL IDEAS
■ Metabolic reactions involve a complex interplay between many different components in 

highly controlled environments.
■ Proteins are the most diverse of the biopolymers and are responsible for metabolism and 

structural integrity of living organisms.
■ Lipids are a broad group of biomolecules that are largely non-polar and therefore 

insoluble in water.
■ Carbohydrates are oxygen-rich biomolecules which play a central role in metabolic 

reactions of energy transfer.
■ Vitamins are organic micronutrients with diverse functions that must be obtained from 

the diet.
■ Our increasing knowledge of biochemistry has led to several environmental problems, 

while also helping to solve others.

Additional higher level (AHL)
■ Analyses of protein activity and concentration are key areas of biochemical research.
■ DNA is the genetic material that expresses itself by controlling the synthesis of proteins 

by the cell.
■ Biological pigments include a variety of chemical structures with diverse functions which 

absorb specific wavelengths of light.
■ Most biochemical processes are stereospecific and involve only molecules with certain 

configurations of chiral carbon atoms.

23.1 Introduction to biochemistry – metabolic reactions 
involve a complex interplay between many different components in highly controlled 
environments

Biochemistry is the subject that seeks to find explanations at a molecular level for the key 
biological phenomena that sustain life. Living things extract and transform energy from their 
environment, build complex structures, and have the ability to self-regulate and self-replicate. 
Historically there were ideas that the chemistry of living matter was somehow composed of 
distinctive compounds separate from inorganic chemistry – summarized in the notions of 
‘vitalism’. We have seen how these ideas were confounded by the chemical synthesis of urea 

without the presence of any biological tissue (see Chapter 10). Following this 
synthesis Wöhler wrote to his mentor, Berzelius, saying: ‘I must tell you that I can 
make urea without the use of kidneys, either man or dog. Ammonium cyanate is 
urea.’ All living organisms are made of molecules that individually are no different 
from any other molecules found in non-living matter. There is still a subtle but 
general belief in the distinction between ‘animal’ and ‘mineral’ but contrary to 
this minerals and animals do not belong to separate kingdoms. Many minerals 
are produced in and by life, sometimes in crystalline form. One of the most 
common minerals, calcium carbonate, is formed by living marine animals such 
as coccolithophores as shells (Figure 23.1). When the organism dies, the plates 
separate and sink to the ocean floor. Individual plates have been found in vast 
numbers and can make up the major component of a particular rock, such as the 
chalk of England. Emiliana huxleyi is found in marine environments worldwide.

Another compound, calcium phosphate, is precipitated by the cells of human 
bones. All the different forms of living organism have members that produce 
minerals, with over 50 different minerals now known to be produced by living 
cells. While we can marvel at the distinct capabilities of different biological 
molecules, we should not forget how life is interwoven with the inanimate world.

■■ Figure 23.1 Coloured scanning 

electron micrograph (SEM) of 

Emiliana huxleyi – a small algal 

organism (coccolithophore) is 

surrounded by a skeleton of calcium 

carbonate plates
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There are many questions that remain unanswered in the study of the origin and nature of 
life but there is general agreement as to the medium from which life emerged. Life began in a 
water environment and a key event was the development of a membrane that enclosed a defined 
volume of that medium – a contained volume known as a cell. The chemistry of the living cell 
is predominantly the chemistry that can take place in an aqueous environment under relatively 
mild conditions of temperature and pH.

Humans, like all living matter, are mostly water. The chemistry of life at its most basic level is 
the chemistry of a spectrum of complex organic compounds made from a surprisingly limited 
number of elements (carbon, hydrogen, nitrogen, oxygen, sulfur, calcium, potassium and 
phosphorus are the only elements with a percentage by mass greater than 0.25 per cent in the 
human body), which together with a range of inorganic elements (zinc, magnesium, iron, iodine 
and copper, for instance) participate in carefully controlled reactions in just one solvent – water 
(Figure 23.2). The study of life from this perspective has revolutionized our view of ourselves and 
led to some of the most astounding scientific discoveries and advances of modern times.

■■ The nature of metabolism
Cells are the basic unit of structure and function in all living organisms (Figure 23.3). Complex 
organisms contain vast numbers of cells, which together carry out all the life processes. 
Fibroblasts, for instance, are cells forming connective tissue, and are responsible for secreting 
connective tissue proteins such as collagen.

At any one time within the microscopic volume of a living cell, thousands of chemical 
reactions occur involving a range of biochemically important molecules that have a series of 
diverse roles. These roles include:
■ Controlling self-replication and carrying genetic information – DNA (deoxyribonucleic 

acid) molecules determine who we are; the sequence of nitrogenous bases in DNA molecules 
constitutes the genetic code while RNA (ribonucleic acid) molecules are involved in the 
transmission of the genetic message into proteins.

■ The conversion of light energy to chemical energy in the process of photosynthesis – for 
example, one pigment, chlorophyll, facilitates this because it has an extended system of 
alternating single and double bonds.

■ Energy production and storage – fats and sugars are involved in reactions that convert 
chemical energy to other forms of energy. The energy living things absorb from their 
environment is used to synthesize their own complex structures and to carry out functions 
such as movement and reproduction. The structure of glucose allows it to be soluble in water 
so that it can provide a readily available source of energy.

■ Containing catalysts required for biochemical reactions – enzymes are proteins that 
accomplish this role with specificity for a particular reaction, or type of reaction, that is 
greater than inorganic catalysts (Figure 23.4). Their complex three-dimensional structure 
can accommodate the bonding of other molecules for the purpose of both catalysis and 
control.

■■ Figure 23.2 The 

chemical components 

of a bacterial cell

■■ Figure 23.3 
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■ The provision of structural support in cells (the cytoskeleton in Figure 23.3) and tissues – the 
cytoskeleton supports the cell’s structure, allows the cell to move and assists in the transport of 
organelles and vesicles within the cell. In plants, cellulose is a polymeric carbohydrate made up 
of long chains of sugar molecules that pack together closely to provide structure and support.

These are just some of the roles carried out by biological molecules and these and other 
functions of biological molecules will be discussed in subsequent sections.

The sum of all these reactions taking place in an organism is known as metabolism. This 
complex chemistry is dependent on a high level of order where every compound has a distinct 
function. Some features of metabolism are:
■ Reactions are controlled in sequences and cycles known as metabolic pathways. The product 

of each step is the reactant for the next. Compounds taking part in metabolism are known as 
metabolites. Figure 23.5 shows a small section of the many metabolic pathways in the human 
body, focused on those involved in aerobic respiration. Note the overall pattern of linked 
reactions and pathways, and the compartmentalization of certain pathways in the cytoplasm 
or mitochondria.

■ Every reaction is controlled by a specific catalyst called an enzyme.
■ Similar pathways and enzymes exist in a wide range of different organisms.
■ Reactions can be coupled so that energy from one reaction is used to drive another.
■ Many reactions are reversible, which allows for feedback control of a pathway or cycle. The 

products of a metabolic pathway may exert control on the overall pathway. For example, the 
adenosine triphosphate (ATP) produced in respiration can act as an inhibitor for one of the 
enzymes involved in respiration, so that ATP controls its own production. This is an example 
of end-product inhibition.

■■ Figure 23.4 

Human catalase, 

molecular model. 

This enzyme, found 

in the liver, kidney 

and blood, catalyses 

the breakdown of 

hydrogen peroxide to 

water and oxygen

■■ Figure 23.5 A small 

section of the many 

metabolic pathways 

in the human body, 

focused on those 

involved in aerobic 

respiration
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Given the complexity of metabolism, it is useful to classify pathways according to their broad 
purpose. Later in this chapter, specific examples of metabolic processes will be discussed in 
more detail.

Anabolic pathways
Anabolism is the process of synthesizing molecules needed by cells – it requires energy. The 
reactants are small molecules called precursors, and the products are larger, more complex 
molecules of higher energy. Anabolic pathways therefore require energy. Examples include the 
synthesis of proteins from amino acids, nucleic acids from nucleotides, and carbohydrates from 
the process of photosynthesis.

Catabolic pathways
Catabolism is the breakdown of larger molecules into smaller ones with the release of energy. 
Catabolic reactions release energy and produce energy-poor end-products, such as carbon dioxide 
and water. Examples include the breakdown of glucose in respiration or the oxidation of fatty 
acids. Catabolism results in the production of ATP, and ATP is used as an energy source in 
anabolism.

Metabolic reactions occur in a highly controlled aqueous environment in the nuclei, 
mitochondria and cytoplasm of cells. Slight changes in pH and temperature, for example, 
can have large effects on the structures of biomolecules and the reactions that occur during 
metabolism.

■■■Photosynthesis
An example of an anabolic process is photosynthesis. This is an endothermic reaction using 
light energy from the Sun to produce energy-rich molecules (glucose) from carbon dioxide and 
water. The overall reaction is:

6CO2(g) + 6H2O(l) → C6H12O6(aq) + 6O2(g)

Green plants (and some other organisms) are able to capture solar energy and use it to synthesize 
energy-rich biomolecules. The key to photosynthesis is the absorption of sunlight by photosynthetic 
pigment molecules. The primary pigment is chlorophyll. The light energy trapped drives a series of 
redox reactions, in which remarkably water is split into hydrogen and oxygen. The oxygen is released 
as a waste product and the hydrogen ultimately reduces carbon dioxide to simple sugar molecules. 
This is a highly complex process – summarized in the equation above – which involves many 

intermediates, electron carriers and enzymes. In essence, photosynthesis 
transforms the energy-poor molecules carbon dioxide and water into 
energy-rich sugars with the release of oxygen (Figure 23.6).

■■  Respiration
An example of catabolism is the breakdown of glucose, in a series 
of complex steps, into carbon dioxide and water with the release of 
energy (in the form of adenosine triphosphate, ATP). This process is 
called respiration and the overall equation can be represented as:

    C6H12O6(aq) + 6O2(g) → 6CO2(g) + 6H2O(l)

This reaction provides the energy for other processes in cells.
To recap, photosynthesis is carried out in a range of organisms 

from plants to bacteria and is the ultimate source of chemical 
energy in all the food we eat. Respiration is then carried out by all 
organisms to produce energy from food. The first stage of respiration, 
known as glycolysis, is common to all cells and does not use oxygen. 
Only a small proportion of the energy in glucose is released, as most 
is trapped in the products of this stage. Under anaerobic conditions, 

■■ Figure 23.6 An overview of photosynthesis, 

showing the importance of sunlight as the source 

of energy
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in the absence of oxygen, this is the only energy released, and it is enough to 
keep some cells alive, temporarily in the case of muscle cells and permanently in 
the case of some bacteria. Products of anaerobic respiration such as lactate and 
ethanol are therefore energy-rich molecules (Figure 23.7).

In the presence of oxygen (aerobic conditions) the oxidation of glucose is 
complete, and much more energy is released. This is why most cells are dependent 
on a continuous supply of oxygen. The end-products of aerobic respiration are the 
energy-poor molecules carbon dioxide and water.

Aerobic respiration involves a series of coupled redox reactions, where reactants 
known as cytochromes are successively reduced and then re-oxidized. Ultimately, 
oxygen acts as the terminal electron acceptor when it is reduced to water. The 
overall equation for the aerobic respiration of glucose was shown earlier. Note that 
the reactants and products are the same as for the combustion of glucose.

Photosynthesis and respiration are opposites – for every six molecules of carbon 
dioxide removed from the atmosphere in photosynthesis, six molecules are added 
by respiration. The same is true for oxygen in the opposite direction. Respiration 
is often likened to burning a fuel in oxygen, though in reality it is a much more 

complex and highly controlled process. Similar to burning, it does involve reactions of oxidation 
where the amount of energy released depends on the extent of oxidation achieved. Indeed the 
comparison shows how biological systems achieve the equivalent of a reaction from the everyday 
world under mild and controlled conditions.

These two processes of photosynthesis and respiration help to maintain the balance between 
carbon dioxide and oxygen in the atmosphere. Of course, there are things that disrupt this 
balance – for instance, burning fossil fuels, which releases carbon dioxide that was removed from 
the atmosphere by photosynthesis millions of years ago.

The discussion of photosynthesis and respiration places emphasis on the chemical processes 
known as reduction and oxidation. In the next section we consider two other important 
reaction types: those involving condensation and hydrolysis.

1 Define reduction and oxidation in terms of the following possible changes:
a Electron transfer
b Gain or loss of hydrogen
c Gain or loss of oxygen
d A change of oxidation state.

2 In human cells under certain conditions a series of metabolic processes can result in the following overall 
reaction:

     CH3C(O)COOH        + CH3CH(OH)CH3 → CH3CH(OH)COOH + CH3C(O)CH3
 2-oxopropanoic acid propan-2-ol  2-hydroxypropanoic acid  propanone
     (or pyruvic acid) (or lactic acid)

a State which of the two reactants has been oxidized and which reduced.
b Deduce redox half-equations for the two processes. Use protons or water molecules to balance the 

equations where necessary. The two half-equations must produce the overall equation above when 
added together.

■■ Atmospheric variation
Data from the Mauna Loa research station in Hawaii has provided a record of atmospheric 
carbon dioxide concentration since 1958. Taking into account seasonal variation, the overall 
trend has been an increase in carbon dioxide levels from about 315 ppm to about 390 ppm in 
the past 50 years. Carbon dioxide is a greenhouse gas that absorbs and re-radiates infrared 
radiation, and so this dramatic increase in its concentration is widely accepted as a major factor 
influencing climate change. Increased combustion of fossil fuels is seen as a major contributor 
to the progressive elevation of carbon dioxide levels, but deforestation in various regions of the 
world has also contributed and also resulting in prolonged periods of haze and smog in certain 

■■ Figure 23.7 The anaerobic and 
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parts of the world. Part of the drive for burning of forest areas has been the need to supply beef 
and other animal products to the increasing human population, and this emphasizes the need for 
international cooperation and action to control this type of development.

Our concern over atmospheric pollution and climate change and the extent to which we 
can exert control and reverse or ameliorate current trends is absolutely necessary. But it is also 
worth pausing to consider earlier pollution events in the life of the planet. The pollution crisis 
caused by the rise of photosynthetic organisms (cyanobacteria) in pre-history was far greater in 
its effect than current developments. The degree of change on the global environment brought 
about by the development of the cyanobacteria (Figure 23.8) was very dramatic, introducing the 
highly dangerous gas oxygen into the Earth’s primitive atmosphere. The remaining colonies of 
these organisms represent the origins of photosynthesis in the development of the planet and a 
reminder that pollution is a natural phenomenon.

■■ Condensation and hydrolysis reactions
These are two extremely important reactions in the build-up and breakdown of molecules in 
biological systems.

Condensation is the joining together of two molecules with the formation of a covalent bond 
and the elimination of a small molecule, usually water, as the bond is made (Figure 23.9).

Amino acids (to form proteins), carboxylic acids with alcohols (to form the esters present 
in lipids) and sugar molecules (to form disaccharides and polysaccharides) all undergo 
condensation reactions.

A hydrolysis reaction is essentially the reverse of condensation – it involves breaking a 
covalent bond by the addition of water (Figure 23.10).

■■ Figure 23.9 The condensation reactions involved in the formation of proteins, lipids and polysaccharides

■■ Figure 23.10 
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The breakdown of these molecules reverses a condensation reaction, adding a molecule of 
water for each covalent bond broken. The water is split with –H and –OH attaching separately 
to the product molecules. These are hydrolysis reactions and occur during chemical digestion. 
Biologically they are catalysed by enzymes, but can also be favoured by heat and acidic or 
alkaline conditions when extracted molecules are subjected to analysis.

■■ Figure 23.8 Living 

bacterial structures 

called stromatolites 

at Shark’s Bay, 

Australia represent 

remaining colonies 

of photosynthesizing 

cyanobacteria



 23.1 Introduction to biochemistry 7

Chemistry for the IB Diploma, Second Edition © Christopher Talbot, Richard Harwood and Christopher Coates 2015

As mentioned, examples of condensation and hydrolysis reactions include the synthesis and 
breakdown of proteins from amino acids and polysaccharides from sugars. Lipids, although they 
do not form polymers, also involve condensation and hydrolysis reactions between their sub-
components. These are all discussed in more detail later in this chapter..

Nature of Science A case of rapid development

The study and development of biochemistry is a prime example of how scientific knowledge 
is ever changing and rapidly growing. It is an extremely complex field and has developed into 
several different specialisms such as molecular biology. The double-helix structure of DNA 
was discovered only 60 years ago and the use of new techniques such as X-ray crystallography 
has allowed the elucidation of this structure as well as the structures of many other complex 
biological molecules. We can now routinely sequence both protein and DNA molecules and 
aspects of biochemistry have become the focus of ‘big science’ with the mapping of the human 
genome and that of other organisms.

Some 60 years ago there were still those who questioned the existence and role of messenger 
RNA in the cellular synthesis of proteins and yet now we are able to ‘engineer’ proteins in 
foreign organisms demonstrating that key processes have been conserved over a wide range of 
species.

Data is extremely important in science, and the collection of large amounts of data using 
a variety of instruments and techniques has meant that our knowledge and understanding of 
the reactions that occur in metabolism has increased greatly over the past 50 years. As more 
and more data has been obtained on biochemical pathways, similar reaction patterns are seen 
in metabolic processes in species that may not be closely related. For this reason biochemistry 
is now a major part of the study of evolutionary biology. This is an example of how an 
interdisciplinary approach can contribute to deeper knowledge and understanding.

■■ Pathway engineering
One area that illustrates the expansion of ideas possible in a growing field of research is the 
development of ‘pathway engineering’. Pathway engineering (Figure 23.11) is defined as the 
improvement of metabolic pathways by the manipulation of the enzyme and regulatory functions 
of the cell using recombinant DNA technology. It specifically seeks to mathematically model the 

metabolic networks, calculating a yield of useful products and pinpointing 
parts of the network that constrain the production of these products. 
Genetic engineering techniques can then be used to modify the pathways 
within a suitable microorganism in order to relieve these constraints. This 
modified metabolic pathway can be modelled to calculate the new product 
yield.

Pathway engineering is viewed as a highly positive development 
as it has the potential to produce from simple, readily available, cheap 
starting materials a large number of chemicals that are currently derived 
from non-renewable resources or limited natural resources. Common 
target pathways have been glycolysis, the Krebs cycle and amino acid 
biosynthesis. The target molecules are usually at major branch points 
within these metabolic pathways.

Pathway engineering has been carried out in a range of bacteria 
and yeasts. In yeasts, pathway engineering has been used to develop 
yeast strains that can ferment xylose (a breakdown product of cellulose) 
anaerobically. These new strains can ferment hydrolysed cellulose as a 
feedstock, which is available in large amounts. The new strain of yeast 
has a new gene for xylose metabolism introduced by genetic engineering 
techniques.

A simple example of pathway engineering is the introduction of a new 
metabolite by inserting a new gene into a microorganism. For example, 
1,3-propanediol, a useful intermediate in the synthesis of polyurethanes 
and polyesters, is now being produced from glucose by Escherichia coli 
engineered with genes from the yeast Saccharomyces cerevisiae. Recent 

■■ Figure 23.11 A summary of the approach 
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advances in pathway and protein engineering have made it possible to develop micro-organisms 
that produce hydrocarbons with properties similar to those of petroleum-derived fuels and 
thus compatible with our existing transportation infrastructure. Linear hydrocarbons (alkanes, 
alkenes and esters) typical of diesel and jet fuel can be produced by the fatty acid biosynthetic 
pathway.

■■ Dietary health
The supply and availability of food have been important factors shaping the emergence and 
development of human civilizations for thousands of years. For the past few decades food has 
been cheaper in real terms and more readily available than probably at any time in history. 
However, it cannot be said we have a functioning global food system when one in seven people 
today still do not have access to sufficient food and hence are malnourished, and an equal 
number are over-fed and many obese. There are a number of known threats to the food system 
and factors that will increase the risks of a rise in hunger. Population and consumption growth 
will lead to the demand for food increasing for most of the current century, while increasing 
competition for land, water and other resources threaten the supply of food.

Many differences in human health across the world are the result of differences in the supply 
of nutritious food. Metabolism in the human body is dependent on a regular dietary supply of a 
range of diverse nutrients. For instance, proteins are the main source of amino acids for the body 
and so they must be present in sufficient quantity in a healthy diet. Protein deficiency results 
in various diseases that are widespread in different parts of the world. One of these diseases, 
kwashiorkor, is characterized by a swollen stomach, skin discoloration and retarded growth.

Protein deficiency in the diet is significant because, while certain 2-amino acids can be 
synthesized by the body, other proteogenic amino acids must be supplied in the diet. These 
amino acids are referred to as essential amino acids, and include histidine (His), isoleucine (Ile), 
leucine (Leu), lysine (Lys), methionine (Met), phenylalanine (Phe), threonine (Thr), tryptophan 
(Trp) and valine (Val). Certain other amino acids become dietary essentials at different stages 
of growth. Thus, arginine, cysteine and tyrosine must be present in the balanced diet of infants 
and growing children. Other amino acids, hydroxyproline and hydroxylysine, synthesized post-
translationally in the polypeptide chain are important for the structure of connective tissue 
protein and require adequate levels of vitamin C in the diet.

The above illustrates the importance of diet and it is distressing to see the effects of 
deprivation in different parts of the world, particularly where children are involved. However, 
even in relatively wealthy countries there can be regional differences in life expectancy and 
general health that are thought to be dependent on local provision and dietary preference. Such 
situations place pressure on local health and education services when attempting to rectify the 
regional imbalance.

23.2 Proteins and enzymes – proteins are the most diverse of the 
biopolymers responsible for metabolism and structural integrity of living organisms

Proteins make up approximately 18 per cent of the mass of an average person (Figure 23.12).

■■ Figure 23.12  
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Many proteins, such as antibodies, enzymes and hemoglobin, are water-soluble molecules and 
can be transported easily within and between cells and tissues. Others, such as collagen and 
keratin, are insoluble and form very tough, stable structures. Some proteins of the human body 
and their functions are listed in Table 23.1.

The variable side-chain (R) has a different structure in the 20 amino acids (Figure 23.14) and 
determines the individual chemical and physical properties and shapes of the folded proteins.

■■ Table 23.1 Some 

proteins of the 

human body and their 

functions

Protein Function Where found in the body

Collagen Structural protein, gives strength and elasticity Skin, tendon

Keratin Structural Hairs, nails

Myosin Muscle contraction Muscle tissue

Actin Muscle contraction Muscle tissue

Chymotrypsin Digestive enzyme, breaks down food Small intestine

Pepsin Digestive enzyme, breaks down food Stomach

Insulin Hormone, enables use of glucose for energy Blood, pancreas

Immunoglobulins Antibodies Blood, lymph

Hemoglobin Oxygen transport between lungs and rest of body Blood

■■ Figure 23.13 
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■■ Figure 23.14  
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Proteins are linear polymers composed of subunits called amino acids. The 20 biologically 
important 2-amino acids (often referred to as α-amino acids, as the amino group is attached to 
the first carbon after that of the acid grouping in the chain) have the general formula shown 
in Figure 23.13. A central carbon atom is attached in turn to a hydrogen atom (−H), an amino 
group (−NH2), a carboxylic acid functional group (−COOH) and a variable side-chain referred 
to as R. In the simplest amino acid, glycine, R represents a hydrogen atom. Amino acids are 
amphoteric; that is, they are able to act as acids and bases in aqueous solutions.
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A complete list of all the amino acids used in proteins is given in Section 33 of the IB 
Chemistry data booklet. Amino acids can be classified according to the chemical nature of 
their R group, usually on the basis of their different polarities, as shown in the examples  
in Table 23.2.

■■ Table 23.2  

Some examples of the 

different types of R 

groups in amino acids

Type of amino acid R group contains Example Structure

Non-polar/hydrophobic Hydrocarbon chain Alanine, Ala CH COOH

CH3

H2N

Polar, uncharged Hydroxyl (–OH) 
sulfhydryl (–SH) or 
amide (–CONH2) 
groups

Serine, Ser CH COOH

CH2 OH

H2N

Basic (positively 
charged at pH 6.0–8.0)

Amino group  
(–NH2) 

Lysine, Lys CH COOH

CH2 CH2 CH2 CH2 NH2

H2N

Acidic (negatively 
charged at pH 6.0–8.0)

Carboxylic acid 
group (–COOH)

Aspartic 
acid, Asp

CH COOH

CH2 COOH

H2N

3 a Glycine is the simplest amino acid. What is the IUPAC systematic name for glycine?
b Draw the structural formula of glycine. Glycine is the only α-amino acid that does not contain a chiral 

centre. Explain why.
c Which type of stereoisomerism is not shown by glycine but is shown by other α-amino acids? State two 

physical properties of glycine.
d Write equations showing the reactions of glycine with dilute hydrochloric acid and methanol.

■■■Enantiomers of amino acids
The central carbon atom is a chiral centre in all the 
2-amino acids, except for glycine. The two possible 
enantiomers (Figure 23.15) are labelled d- and l- (see 
Chapter 20). All the naturally occurring amino acids 
found in proteins have the l-configuration, although 
the actual direction in which they rotate the plane 
of plane-polarized light depends on the nature of 
the variable side-chain, R. This finding serves to 
emphasize how tremendously important molecular 
shape is in biological systems.

The 2-carbon atom in alanine and the other amino 
acids is a chiral centre because it has four different 
atoms or groups attached to it. As a result, two different 
enantiomers, or optical isomers, can exist containing the 
same groups. These two isomers are mirror image forms 
of each other which cannot be superimposed on each 
other (Figure 23.15b and c). The crucial point here is 
that biological organisms use only one of these isomeric 
forms to build proteins.

■■ Figure 23.15 a The 

enantiomers of alanine 

are mirror images 

of each other. b The 

two forms are not 

superimposable on 

each other – if two 

groups are in position, 

the other two are not. 

c If the top model is 

rotated it cannot be 

made to fit with the 

bottom one

CH3

C
NH2

H

HOOC

CH3

C
H2N

H

COOH

imaginary mirror

(L) (D)

rotate

(D)

(L)

b c

a
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Non-standard amino acids
There are 20 ‘standard’ amino acids (i.e. those specified by the genetic code and incorporated 
into proteins under genetic control). Some bacteria use the non-standard amino acid 
selenocysteine (Figure 23.16), which is similar to cysteine except that it has selenium in the 
place of sulfur. In humans some antioxidant enzymes are selenoproteins. Selenium is therefore 
a biologically essential trace element.

In addition β-alanine, 3-aminopropanoic acid, is a normal metabolite in the human body but is 
a non-chiral molecule.

Additional 
Perspectives

■■ Figure 23.16 

Structures of the 

amino acids cysteine 

and selenocysteine

■■ Formation of zwitterions
Crystalline 2-amino acids have relatively high melting or decomposition points. They are 
more soluble in water than in non-polar solvents, such as hexane. In these ways amino acids 
show the physical properties characteristic of ionic compounds. These observations and 
other experimental data suggest that amino acids exist as dipolar ions, known as zwitterions 
(Figure 23.17). A zwitterion (from the German word zwitter – ‘hybrid’) is a chemical 
compound that is electrically neutral but carries formal positive and negative charges on 
different atoms.

The ionic nature of amino acids explains the fact that they are fairly solubility in water – 
the degree of solubility depends on the nature of the R group. This relatively high solubility in 
water can be explained by the fact that in aqueous solution amino acids can be readily solvated 
(hydrated) by water molecules. The solubility in water is affected by pH, with solubility generally 
being lowest around the isoelectric point but higher at other pH values because the amino acid 
then has an overall charge.

Their low solubility in non-polar organic solvents can also be explained in terms of the 
zwitterion – the energy needed to overcome the stronger electrostatic forces between the ions 
cannot be paid back by the formation of relatively weak London forces between the amino acid 
and the organic solvent molecules.

The electrostatic forces of attraction between oppositely charged functional groups account 
for the high melting or decomposition points. The zwitterion formation can be regarded as an 
internal acid–base reaction: the zwitterions are sometimes referred to as internal salts, as the 
charges result from this internal acid–base reaction, with the transfer of a proton (H+) from the 
acidic –COOH group to the basic –NH2 group in the same amino acid.

■■ Figure 23.17 

Zwitterion formation 

by an amino acid

As amino acids contain both an acidic group and a basic group, they are amphoteric or 
amphiprotic (see Chapter 8). In aqueous solution, the zwitterion form of an amino acid can 
behave as either an acid (proton donor) or a base (proton acceptor).
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■■ The isoelectric point of amino acids
In aqueous solution at around pH 7 both the acid and amino groups of an amino acid molecule 
can be ionized. In aqueous solution, this zwitterion form can behave as either an acid (proton 
donor) or a base (proton acceptor). As a consequence, these molecules show the properties of 
both an acid and a base – they are amphoteric.
■ In alkaline solution (high pH/low H+ ion concentration), the zwitterion can donate a proton 

(an H+ ion), and the anionic form is favoured:

4 a Name and give the formulas of the two functional groups present in all 2-amino acids.
b Which one of the 20 amino acids found in proteins has an unusual structure involving one of these 

functional groups? What is distinctive about its structure?
c Which 2-amino acids have non-polar R groups?
d Which 2-amino acids have polar R groups?
e Which two 2-amino acids contain acidic groups in their R groups?

5 Lysine contains an amino group in its R group.
a What feature of an amino group means that it can accept a proton (H+ ion) under certain conditions?
b What property does the R group of lysine show as a result of the presence of the amino group?

6 2-Aminocarboxylic acids (2-amino acids) have the general structure shown in Figure 23.13, where R 
represents a variety of different side-chains.
a Re-draw this structure, showing the main form in which this general amino acid would exist when in 

aqueous solution at pH 7.
b What is the overall charge on an amino acid in aqueous solution at pH 7 if R is non-polar?

7 Alanine is a white crystalline solid that readily dissolves in water. What special features about the structure 
of the molecule account for:
a Its crystalline nature?
b Its solubility in water?

■ In acid solution (low pH/high H+ ion concentration), the zwitterion can accept a proton, and 
the cationic form is favoured:

The precise charged form of a particular amino acid depends on the pH of the solution. At low 
pH (high H+ concentration) only the amino groups are charged (–NH3

+). Conversely, at high pH 
(low H+ concentration) only the acid groups carry a charge (–COOH) (Figure 23.18).

■■ Figure 23.18 The isoelectric point (pI) of alanine. a The ionic forms at different 

pH. b The acid–base equilibria in a 0.1 mol dm−3 solution (pI = 6.0)
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So amino acids tend to be positively charged at low pH and negatively charged at high pH. 
The intermediate pH at which the amino acid is electrically neutral is known as its isoelectric 
point (pI). With no net charge at this pH, amino acids will not move in an electric field. Also 
at this point, the molecules will have minimum mutual repulsion and so be the least soluble. 
Different amino acids will have different isoelectric points, particularly those with additional 
amino groups or carboxylic acid groups in their side-chains. Section 33 in the IB Chemistry data 
booklet gives the pH of the isoelectric point of each amino acid alongside its structure, and some 
examples are shown in Table 23.3.

■■ Table 23.3  

The isoelectric points 

of several amino acids

Name of amino acid Short form Structure Isoelectric point

Glycine Gly H2N CH2 COOH 6.0

Alanine Ala CH COOH

CH3

H2N 6.0

Lysine Lys CH COOH

CH2 CH2 CH2 CH2 NH2

H2N 9.7

Aspartic acid Asp CH COOH

CH2 COOH

H2N 2.8

Table 23.3 shows that amino acids such as alanine and glycine, which have uncharged R groups, 
have the same isoelectric point of pH 6.0. But where the R group contains an acidic or a basic 
group, the presence of these groups will also influence the charge as pH changes. This is why 
aspartic acid and lysine, for example, have very different isoelectric points. The isoelectric effect is 
the basis for a separation technique known as electrophoresis in which the different amino acids 
can be separated on the basis of their movement in an electric field. The word electrophoresis is 
derived from the term electro- and the Ancient Greek word phoresis, ‘the act of bearing’.

The ability of amino acids or proteins to exist in various forms and neutralize both strong 
acids and strong bases is important in maintaining the acid–base balance in living organisms 
(see Section 23.7).

8 The isoelectric point (pI value) of the amino acid serine (2-amino-hydroxypropanoic acid) is 5.7. Draw the 
main structural formula of serine, in the solid state and in an aqueous solution at pH values of 1, 14 and 5.7.

■■ Electrophoresis
As we have seen in our discussion, in a solution of an amino acid in water, the average charge 
on the amino acid molecules in the solution depends on the solution pH. This is because of the 
amphoteric properties of amino acids. The pH at which the net or overall charge is zero is called 
the isoelectric point of that amino acid.

The isoelectric point of glycine is 6.0. In aqueous solution at pH values greater than 6.0, the 
average charge on glycine molecules becomes negative (the anion or acidic form predominates); 
at pH values less than 6.0, the molecules become positively charged (the cation or basic form 
predominates) (Figure 23.19).

■■ Figure 23.19 

Behaviour of glycine 

molecules at different 

pH values
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Depending on the nature of the variable side-chains, different amino acids have isoelectric 
points at different values. Basic amino acids, such as lysine (Lys), have a tendency to form 
cations if dissolved in water and have isoelectric points greater than 7. Acidic amino acids, such 
as aspartic acid (asp), have a tendency to form anions if dissolved in water and have isoelectric 
points less than 7 (see Table 23.3).

If glycine, lysine and aspartic acid were dissolved together in the same buffer solution 
maintained at pH 6.0, the molecules of glycine would be neutral, the molecules of lysine would 
be positively charged and the molecules of aspartic acid would become negatively charged 
(Figure 23.20).

■■ Figure 23.20 The ions formed from glycine, lysine and aspartic acid at pH 6.0

This mixture of amino acids can be separated by the process of electrophoresis, which involves 
separating the molecules (dissolved in a buffer and strong electrolyte) by means of an electric 
field (generated by a voltage). Traditionally, electrophoresis was performed on paper, but modern 
approaches use a variety of natural and synthetic gels.

The samples are spotted in the centre of the paper or gel, a high voltage is applied, and the 
spots migrate according to their charges. After electrophoresis, the separated components can be 
detected by a variety of staining techniques, depending upon their chemical identity.

If the mixture of glycine, lysine and aspartic acid were subjected to electrophoresis, the lysine 
molecules would migrate to the cathode, the aspartic acid molecules would migrate to the anode 
and the glycine molecules, having no overall charge, would not move at all (Figure 23.21).

■■ Figure 23.21 

Electrophoresis of a 

mixture of glycine, 

lysine and aspartic acid

■■ Chromatography
The amino acids present in a protein can be separated by chromatography. To do this, the protein 
is completely hydrolysed by hydrochloric acid. Samples of the hydrolysed protein are then placed on 
to chromatography paper. The cellulose molecules of the paper fibres are hydrated and this water 
remains bonded to the cellulose, forming a stationary phase for the partition chromatography. 
The solution of amino acids and excess hydrochloric acid moves up the vertically held paper by 
capillary action. The amino acids become distributed between the two phases according to their 
differing solubilities in the stationary and mobile phases. At the end of the separation process the 
different amino acids have moved different distances from the origin. Amino acids are colourless, 
so once the process is complete the paper is sprayed with ninhydrin. A chemical reaction occurs 
and coloured spots are formed. Ninhydrin is known as a locating agent. Commercial samples of 
appropriate amino acids are used as standards and run alongside the samples.
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For each of the amino acids a retention factor (Rf value, or 
retardation factor) can be calculated (Figure 23.22). Standard 
Rf values are tabulated for amino acids using specific 
solvents or solvent mixtures under standard conditions. The 
amino acids in the hydrolysed protein can be identified by 
comparing their Rf values against the standards.

Further resolution of amino acids can be achieved 
by performing two-dimensional chromatography 
(Figure 23.23). After the initial separation process the 
paper is allowed to dry and then a different solvent or 
solvent mixture is used with the paper rotated through 
90°. This approach allows the separation of complex 
mixtures of amino acids.

9 Calculate the Rf value in the second solvent of the spot labelled B in the following experiment.

 

1st solvent front

1s
t s

ol
ve

nt
 fr

on
t

2nd solvent front

two solutes
overlappingB

mixture of
three solutes

rotate paper
through 90°

original
mixture

three solutes now
completely separated

10 The diagram shows a two-way chromatogram carried out 
on the products of the hydrolysis of a polypeptide. The X 
marks the starting point of the sample.
a How many different amino acids were present in the 

sample?
b What could have been used to make the spots visible?
c Sketch the chromatogram you might expect if only the 

first solvent had been used.

■■ Figure 23.22 Calculating the Rf value from a chromatogram
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■■ Figure 23.23  
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Thin-layer chromatography (TLC) is similar to paper chromatography, but the stationary 
phase is a thin layer of a solid such as alumina or silica supported on an inert base such 
as glass, aluminium foil or insoluble plastic. The plate can be prepared in the laboratory 
by using a slurry of the powder and then carefully oven dried; alternatively, commercially 
prepared plates are available. TLC has advantages over paper chromatography in that its 
results are more reproducible, and separations are very efficient because of the much smaller 
particle size of the stationary phase.

The ways in which spots of colourless compounds on a TLC plate can be visualized 
are similar to those used for paper chromatography, but the visualization of compounds 
containing aromatic rings, or other systems, such as amino acids or peptides, that absorb 
UV radiation at 254 nm can be enhanced by impregnating the silica or alumina layer with 
a fluorescent insoluble compound that absorbs UV light and emits it as visible light. When 
placed under a UV lamp, the plate emits a bright white light except where a UV-absorbing 
compound is situated. Here, a dark spot is observed.

Analysis of a hydrolysate of aspartame
An interesting experiment in this context is the hydrolysis and chromatography of the 
artificial sweetener aspartame. Aspartame contains two amino acids, aspartic acid and 
phenylamine. In this activity, aspartame is hydrolysed by heating with hydrochloric acid 
(6 mol dm−3). The hydrolysed product is then analysed by paper chromatography using amino 
acid standards to demonstrate their identity. The amino acids are located using a UV lamp or 
ninhydrin spray.

Method
Stage 1: hydrolysis of the sweetener
12 g of aspartame is placed in a round-bottomed flask and 200 cm3 of hydrochloric acid 
(6 mol dm−3) is added. The mixture is then refluxed for 30–60 minutes. After a short time, the 
mixture will begin to turn brown; by the time this stage is finished, it will be black.

Stage 2: paper chromatography of the amino acids
Care should be taken to touch the chromatography sheets only at the top corners as fingerprints 
contain traces of amino acids. It is best to wear thin surgical gloves.

A small sample of the black mixture is first decolourized by using activated charcoal. A 
dropping pipette is used to transfer about 5 cm3 of the hydrolysed sample to a clean test tube. 
This is decolourized with about 100 mg of activated charcoal and then filtered to give a clear 
solution for spotting on to the chromatogram.

The solvent mixture (ethanol : water : ammonia / 80 : 10 : 10) is placed in the tank, which is 
covered to produce a saturated atmosphere. Cling film or aluminium foil can be used for this.

The paper is prepared and spots of each of the reference amino acids and also the sample 
are placed on the paper. This can be done using capillary melting point tubes. The spots 
should not be too large. This can be achieved by spotting several times for the one sample, 
and drying with a hairdryer or heat lamp in between applications. Pencil identification 
marks are made at the top of the paper.

The paper is formed into a cylinder and secured with clips. It is then placed in the tank with 
the spotted end down, taking care not to let the paper touch the glass walls. The tank is closed. 
No observations can be made while the chromatogram is running because the compounds used 
are colourless. The separation is run for a minimum of 1 hour, longer if possible (take note of 
where the solvent front is). It is then removed from the tank, the solvent front is marked with a 
pencil and the paper is allowed to dry.

The paper is then hung up in a fume cupboard and sprayed sparingly with the ninhydrin 
solution. It is then heated in an oven at 110 °C for 5–10 minutes, when the amino acids should 
appear as purple spots. The colour is stable for some weeks if kept in the dark and can be 
photocopied to give a permanent record.

Alternatively, the dried chromatogram can be viewed under a UV lamp to visualize the 
spots.
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This experimental method can be used to analyse other standard mixtures of amino acids 
and introduce the idea of two-dimensional chromatography (using a different solvent such 
as a butan-1-ol/ethanoic acid/water mixture). Such a two-dimensional method gives a better 
separation of the amino acids.

Nature of Science Scientific testing and reliability

The artificial sweetener aspartame is a further example of an ‘accidental’ discovery; it is 
also a cautionary tale in how electronic media, un-edited as it largely is, can be misleading. 
In December, 1965, Jim Schlatter, a chemist at G.D. Searle, was working on a project to 
discover new treatments for gastric ulcers. To test new anti-ulcer drugs, the biologists used a 
tetrapeptide (four amino acids) normally produced in the stomach; Schlatter was synthesizing 
this tetrapeptide in the laboratory, and one of the steps in the process was to make a dipeptide 
intermediate, aspartyl-phenylalanine methyl ester. In the course of his work, Schlatter 
accidentally got a small amount of the compound on his hands without noticing it. This led to 
his discovering and testing the sweet taste he found on his fingers. Eventually this adventitious 
discovery led to the mass market sweetener that is available to us today.

The use of aspartame has hardly been uncontroversial and despite several reproducible 
trials by various food agencies internationally, all of which have shown that it is not 
harmful to health, it has been subjected to misleading campaigns and adverse publicity 
on the internet. Such campaigns can undermine correctly conducted science and need 
to be carefully appraised when making judgements regarding health issues. One recent 
salutary example of the danger of ‘bad science’ campaigning is the undermining of the child 
vaccination programme in the UK. The results of biased and ill-managed testing led to 
many parents avoiding the MMR vaccine for their children, resulting in an increase in the 
incidence of dangerous conditions affecting the health of children. Such instances are an 
important reminder to be wary of some internet material, and of the need for comprehensive 
and reliable product testing.

■■ Formation of polypeptides
Within the cell, proteins are formed from amino acids inside ribosomes. Adjacent amino 
and carboxylic acid functional groups are joined together to form a peptide linkage. This 
reaction is a condensation process since it involves the formation of a water molecule. The 
reaction between two amino acids results in the formation of a dipeptide (Figure 23.24). 
The two amino acid residues are joined by a strong carbon–nitrogen bond. The process 
of condensation polymerization is repeated until a long chain of amino acids, known as a 
polypeptide (Figure 23.25), is formed. A protein results when the polypeptide chain leaves 
the ribosome and undergoes a folding process.

■■ Figure 23.24 Peptide 
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By convention, when you are drawing peptide chains, the –NH2 group which has not been 
converted into a peptide link is written at the left-hand end. The unchanged –COOH group is 
written at the right-hand end. The end of the peptide chain with the –NH2 group is known as 
the N terminus, and the end with the −COOH group is the C terminus. This reflects the fact 
that the synthesis of a protein is directional, with the protein chain being synthesized from the 
N-terminal end to the C-terminal end.

Depending on which ends of the amino acids form the peptide linkage, two distinct 
dipeptides can be formed from two different amino acids. For example, the two dipeptides 
formed from alanine (Ala) and glycine (Gly) are glycyl-alanine, Gly-Ala, and alanyl-glycine,  
Ala-Gly (Figure 23.26). Note that both dipeptides are drawn according to the convention that the 
N terminus is on the left.
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■■ Figure 23.26 The structures of the two dipeptides formed from alanine (Ala) and glycine (Gly)

+ +

amino acid 1

For example, glycine and alanine can react like this:

amino acid 2 dipeptide

peptide bond

water

CO
 
O–

R H H

CH
3
N+ COO–

R'

CH
 3
N+ H

2
OCO

R

CH
3
N+ COO–

R'

CNH

+

glycine

But if the amino group of glycine reacts with the carboxyl group of alanine, a different dipeptide, alanyl-glycine, is formed

alanine glycyl-alanine

CO
 
O–

H H

H

CH
3
N+ COO–

CH
3

H

CH
3

CH
 3
N+

H
2
O

COCH
3
N+ COO–CNH

H H

H

H

peptide bond

+

glycinealanine alanyl-glycine

CO
 
O–

H H

H

CH
3
N+ COO–

CH
3

H

CH
3

CH
 3
N+

H
2
O

COCH
3
N+ COO–CNH

H

H

peptide bond

■■ Figure 23.25 The structure of the human protein lysozyme
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A protein chain will have somewhere in the region of 50–2000 amino acid residues. The term 
amino acid residue has to be used since a peptide chain is not made up of amino acids. When the 
amino acids chemically combine together, a water molecule is lost. The peptide chain is made up 
from what is left after the water is lost – in other words, it is made up of amino acid residues.

■■ The peptide bond
The peptide bond has some special properties due to π delocalization or resonance (Chapter 
14), shown in Figures 23.27 and 23.28. This gives the peptide bond some double bond character, 
preventing rotation about the bond. The peptide bond is rigid and planar, and usually occurs 
in the trans conformation shown in Figure 23.28, as opposed to the cis conformation in which 
the hydrogen atom would be on the same side of the double bond as the oxygen atom. The trans 
conformation prevents steric hindrance between the oxygen and the hydrogen atom, whereas in 
the cis conformation, interactions between the two groups destabilize the conformation. In the 
cis conformation, steric clashes occur between the side-chains. This is a major reason why the 
peptide bond is usually found in the trans conformation.

■■ Protein hydrolysis
As mentioned earlier proteins can be hydrolysed back to their amino acids by boiling with 
6 mol dm−3 hydrochloric acid solution for 24 hours. The peptide bonds (amide links) are broken 
and free amino acids are released (Figure 23.29). In this acid hydrolysis, the bond between the 
C=O and the N of each amide link must be broken, and the elements of water added: –OH to 
the C=O and H to the N–H.

■■ Figure 23.28 
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■■ Figure 23.27 The structure of the peptide bond showing a the unused p orbitals following formation 
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The presence of peptide bonds in a protein can be demonstrated by the Biuret test. Biuret is a blue 
reagent and contains copper(ii) sulfate dissolved in alkaline solution. Proteins give a purple colour 
with Biuret reagent (Figure 23.30), whereas Biuret remains blue in the presence of amino acids.

Protein analysis by UV–visible spectroscopy typically involves 
first reacting the sample with a reagent such as Biuret that 
generates a colour change which is dependent on the amount of 
protein present. This will promote absorption in the UV–visible 
range. Several different reagents can be used which react with 
different groups within the protein molecules, such as peptide 
bonds, aromatic side-groups or basic groups. Biuret reagent 
generates a purple colour by reaction with peptide bonds.

In order to find the protein concentration of an unknown 
sample a calibration curve (or standard curve) must first be 
established using protein solutions of known concentration. 
Such a calibration curve is based on standard solutions, those 
with a known concentration of protein, which are prepared to 
cover a range of concentrations on either side of the value being 
investigated. Usually a series of dilutions of a standard such as 
bovine serum albumin of known concentration are prepared. 
These solutions are then tested with the Biuret reagent and their 
absorbance is measured at the selected wavelength (660 nm for 
the Biuret test). The absorbance readings are then plotted to 
obtain the calibration curve (Figure 23.31).

The absorbance of the solution being analysed is then measured at the same wavelength 
and its protein concentration determined from the calibration curve as shown (Figure 23.31). 
Although referred to as a calibration curve, the useful portion of the graph is the linear region 
in which Beer–Lambert’s law is being observed. In this region the absorbance is directly 
proportional to the amount of protein present in the sample.

■■ Protein structure
In 1959, Perutz and Kendrew published an article on the three-dimensional structure of whale 
myoglobin, which is a small protein responsible for the transport of oxygen in whale cells. 
By investigating the protein’s structure, the two scientists wanted to understand the oxygen-
carrying mechanism at a molecular level. They grew crystals of the protein and determined its 

■■ Figure 23.30 
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structure by analysing the X-ray diffraction pattern of the crystal. Crystallizing proteins is an 
awkward task, having to be carried out in a controlled way. However, it is possible to devise a 
suitable protocol to obtain crystals of lysozyme in a school laboratory and this makes for a useful 
practical exercise (Figure 23.32; for an article which can be downloaded from the online journal 
Science in School see www.scienceinschool.org/2009/issue11/lysozyme).

■■ Figure 23.32 

Crystals of the protein 

lysozyme grown in a 

school laboratory

Nature of Science Exploiting a technique

Pioneering studies such as those of Perutz and Kendrew laid the foundation for the elucidation 
of the different levels of organization of protein chains and how structure relates to function 
for different types of protein. Their work on myoglobin and hemoglobin gained them the 
Nobel Prize in Chemistry in 1962. Their achievements were linked to, and developed from, the 
establishment of the principles of X-ray crystallography by scientists such as Lawrence Bragg. 
Bragg, to date the youngest ever winner of a Nobel Prize, had outlined the basis of the technique 
following on the work of his father, William Bragg. Together they are the one father and son 
combination to win the prize (for Physics), which they did in 1915.

Perutz and Kendrew were just two of a series of crystallographers who participated in a 
‘golden era’ of the use of X-ray crystallography in probing the structure of proteins and other 
biological macromolecules.

Dorothy Hodgkin, a British biochemist, was another credited with the development of protein 
crystallography. She was awarded the Nobel Prize in Chemistry in 1964. She advanced the technique 
of X-ray crystallography and among her most influential discoveries are the confirmation of the 
structure of penicillin, and then the structure of vitamin B12, for which she became the third woman 
to win the Nobel Prize in Chemistry. In 1969, five years after winning the Nobel Prize, Hodgkin was 
able to decipher the structure of insulin. X-ray crystallography became a widely used tool and was 
critical in later determining the structures of many biological molecules where knowledge of structure 
is critical to an understanding of function. David Phillips also elucidated the structure of egg white 
lysozyme in 1965, an influential step in understanding the functioning of enzymes.

The technique was central to the work undertaken by Maurice Wilkins and Rosalind 
Franklin. Their crystallographic studies were instrumental in the discovery of the structure of 
DNA reported by James D. Watson and Francis Crick in February 1953. Such crystallography 
studies proved very influential in forwarding the understanding of molecular biology, particularly 
because the findings were reported alongside other crucial developments in other aspects of 
biochemistry including protein sequencing.

Frederick Sanger was an English biochemist awarded the Nobel Prize in Chemistry 
twice. He used the protease trypsin to partially hydrolyse insulin and then used 
electrophoresis to separate the fragments based on their charge and solubility. Sanger 
published the primary structure of insulin 1955 and was awarded the Nobel Prize in 1958. 
Later he developed methods of sequencing DNA and was awarded a second Nobel Prize in 
1980 with Walter Gilbert.

This whole period of breakthrough in the structural analysis of biological macromolecules 
illustrates the significance of periods in science when a novel technique is developed and then 
creatively applied to a range of problems, producing an upsurge in understanding of structure 
and function.
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Primary structure
Each polypeptide chain is a linear polymer of amino acids and as such has an 
amino- (or N-) terminal end and a carboxyl- (or C-) terminal end. The primary 
structure (Figure 23.34) of a protein is the linear sequence of amino acid 
residues in the polypeptide chain including any covalent cross links. Covalent 
bonds, known as disulfide bridges, –S–S–, can form when two cysteine amino 
acid side-chains react (under enzyme control) (Figure 23.33). Proteins differ in 
the variety, number and order of their constituent amino acid residues.

The primary structure of a protein is determined by the sequence of 
bases in the gene that codes for the protein (see later). As mentioned 
earlier, in a cell polypeptide chains are always synthesized from the 

N-terminal end to the C-terminal end. Thus, when writing out the primary sequence of a 
polypeptide chain the amino acids are numbered from the N-terminal end. As an example, 
the primary structure of the insulin ‘A’ chain is shown in Figure 23.34. (The position in the 
primary structure of any cysteine residues is of particular significance, as these can form 
disulfide bridges that stabilize the three-dimensional structure of a protein.) The changing 
of a single amino acid (due to a mutation (change) in the DNA of its gene) will alter its 
properties, often drastically.

■■ Figure 23.34 The primary sequence of the insulin A chain (a short polypeptide of 21 amino acids). Note the cysteine 

residues at positions 6, 7, 11 and 20 in the chain. They form disulfide bridges (the one between residues 6 and 11 is 

shown here) that stabilize the three-dimensional structure of the insulin molecule. The Cys residues at positions 7 and 

20 form inter-chain disulfide bridges to the insulin B chain

The amino acids present in a protein can be established by acid hydrolysis followed by paper 
chromatography or electrophoresis. However, these techniques do not indicate the primary 
structure. The primary sequence of a protein can be established by partially hydrolysing the 
protein (with a number of specific proteases) and then overlapping the fragments to give the 
complete sequence (Figure 23.35).

■■ Figure 23.33 The formation of a 
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■■ Figure 23.35 
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Secondary structure
The secondary structure of a protein refers to the regular and permanent arrangement of 
sections of the polypeptide chain. Every polypeptide has a ‘backbone’ that runs the length of the 
chain (Figure 23.37).

Permanent styling
Hair is composed of a structural protein named keratin whose long polypeptide chains fold up 
into an α-helix structure. One of the amino acids in keratin is cysteine, the side-chain of which 
contains a thiol (−SH group). Thiol groups can interact to form a covalent disulfide bridge 
(−S−S−). Perming the hair involves the breaking and re-forming of disulfide bonds. A two-stage 
process is used: first, the hair is treated with a solution of a thiol which reacts with the disulfide 
bonds. The hair is then set into the required style, usually with rollers. The final step is to form 
new disulfide bonds by oxidation of the thiol groups, which sets the new style permanently into 
position (Figure 23.36)

Additional 
Perspectives

■■ Figure 23.36  
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As the only difference between the amino acids lies in the R groups, this backbone is 
essentially the same for all proteins (–C–C–N–C–C–N–, etc.). Although the rigid planar 
structure of the peptide bond restricts some of the shapes that a polypeptide chain can adopt, 
the backbone is flexible and in certain sections can fold in a regular manner, and this is 
the secondary structure. The folding in the polypeptide backbone is stabilized by hydrogen 
bonding. The N–H of one peptide bond forms a hydrogen bond to the CPO of another 
peptide bond (Figure 23.38).

Two of the most stable types of secondary structure are the α-helix and β-pleated sheet. 
In both these types the polypeptide chain is folded in a very stable arrangement because of 
the many hydrogen bonds formed between adjacent peptide bond regions.

The α-helix
The α-helix (Figure 23.39) is a regular coiled conformation of the polypeptide chain, 
somewhat like a narrow tube. The polypeptide chain is coiled in a spiral, and the variable R 
groups of the amino acid residues project outwards from the spiral of the helix. There are 3.6 
residues per turn (Figure 23.39b). Each peptide group is involved in two hydrogen bonds, with 
the CPO of a peptide group being hydrogen bonded to the N–H of the peptide group four 
units ahead in the primary structure. The hydrogen bonds run down the length of the α-helix 
and hold the structure in place. Alpha-helices are always right-handed.

However, not all amino acids allow such structures to form; some R groups destabilize an α-helix. 
Of particular note here is the amino acid proline.

Because of its distinctive cyclic structure, proline breaks up a α-helical region by introducing 
a sharp kink in the chain. Many proteins have extensive stretches of α-helices located along 
their polypeptide chain (Figure 23.40). Hemoglobin and myoglobin are other examples (see 
Figure 23.47), while keratin, found in nails and hair, consists of a number of α-helices coiled 
around each other and held together by disulfide linkages.

■■ Figure 23.39 The α-helix. a The structure of the α-helix. b The helix extends 0.54 nm for each 

complete turn (this is known as the pitch of the helix). c The end-on view shows that the R groups all 

point outwards from the helix
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The β-sheet
The β-sheet is the second form of protein secondary structure. It is composed of adjacent 
polypeptide chains (within the same protein) lying side-by-side and connected by intramolecular 
hydrogen bonding, forming a sheet (Figure 23.41). The R groups of the amino acid residues point 
above and below the plane of the sheet while the CPO and N–H groups of the peptide groups 
in adjacent sections point towards each other. Hydrogen bonds form between these adjacent 
sections and so stabilize the structure.

The protein fibroin found in the silk fibres produced by silkworms (the larvae of the silk 
moth, Bombyx mori) has extensive β-sheets. Figure 23.42 shows three antiparallel sections of 
a polypeptide chain in a β-sheet, illustrating the pleated sheet arrangement. All the variable 

■■ Figure 23.40 Some proteins show extensive regions of α-helical structure such as BipD, an invasion protein from the 

bacterium Burkholderia pseudomallei which causes the disease mellioidosis. Alpha helices are shown in red and beta 

strands in pale green, with the intervening loops coloured cream

■■ Figure 23.41 Structure of a β-sheet
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■■ Figure 23.42  

The β-pleated sheet 

structure – showing 

that the R groups 

point above and 

below the sheet

11 a What type of polymerization takes place when a protein chain is assembled from 2-amino acids?
b Draw a diagram showing the bond formed between two amino acids (NH2CH(R)COOH) during 

formation of a protein chain. Label the approximate bond angles and describe the shape of the 
fragment that you have drawn,

c Explain (i) why the structure in this region is rigid, and (ii) why the >C=O group and the >N-H group are 
arranged trans to each other (consider the size of the R groups on each amino acid).

12 a What type of bonding is responsible for maintaining the primary structure of a protein chain?
b A polypeptide chain is said to have direction. How are the two ends of the chain referred to?

13 Name and give the structures of the amino acids that would be formed by the hydrolysis of the 
polypeptide below. Use the information on their structures given in Table 23.2 and Section 33 of the IB 
Chemistry data booklet to help identify them.
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a State the name of the chemical bond linking the amino acids together in the tetrapeptide.
b Draw the structural formula of the amino acid at the N- and C-terminal ends of the peptide.
c State how many optically active molecules are formed when the tetrapeptide is completely hydrolysed.

1.39nm

Secondary structure and membrane proteins
Membrane proteins are an important group of proteins that play a part in biological processes 
as enzymes (phospholipase A, for instance), receptors for hormones and pharmaceutical drugs 
(see Chapter 25), as an integral part of photosystems in cells (see Chapter 24), and as part of the 
immune system (see the discussion on AIDS in Chapter 25). Here we mention them as a case 
study in how the secondary structure of a protein links to its role and position in cell structure.

Membrane proteins can be either intrinsic or extrinsic to the membrane. Extrinsic (or 
peripheral) membrane proteins, such as phospholipase A, are attached to one surface of the 

side-chains extend above or below the sheet. It should be noted that the strands of polypeptide 
arranged in a sheet can run antiparallel (as here), parallel or as a mixture of the two, depending 
on the folding in the adjacent regions.
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membrane whereas intrinsic proteins are integral to the structure of the 
membrane. Most of the latter span the whole of the phospholipid bilayer (i.e. 
they are transmembrane proteins). Membrane proteins have proved difficult 
to analyse structurally; of over 100 000 structures available in the Worldwide 
Protein Database only 494 are membrane proteins (http://blanco.biomol.
uci.edu/mpstruc/ and http://www.wwpdb.org/stats.html). However, in all the 
transmembrane proteins examined to date, the membrane-spanning domains 
are α-helices or multiple β-strands (as in porins).

Proteins containing seven membrane-spanning α-helices form a major 
class that includes bacteriorhodopsin and many cell-surface receptors. 
Bacteriorhodopsin is a protein found in a photosynthetic bacterium (Figure 
23.43). Absorption of light by the retinal group attached to bacteriorhodopsin 
causes a conformational change in the protein that results in pumping of 
protons from the cytosol across the bacterial membrane to the extracellular 
space. Other seven-spanning membrane proteins include the opsins (eye 
proteins that absorb light), cell-surface receptors for many hormones, and 
receptors associated with the sense of smell.

The porins are a class of transmembrane proteins whose structure 
differs radically from that of other integral proteins. All porins are trimeric 
transmembrane proteins. Each subunit is barrel-shaped with β-strands forming 

the wall and a transmembrane pore in the centre. Several types of porin are found in the outer 
membrane of gram-negative bacteria such as E. coli (see Figure 23.44). The outer membrane protects 
an intestinal bacterium from harmful agents (e.g. antibiotics, bile salts, proteases) but permits the 
uptake and disposal of small hydrophilic molecules including nutrients and waste products. The 
porins in the outer membrane of an E. coli cell provide channels for passage of disaccharides (sucrose, 
for instance), phosphate and similar molecules.

■■ Figure 23.44 
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Spider silk
Spider silk is a remarkable material. The purpose of this activity is to research, using the library 
or internet, the seven different forms of spider silk mentioned below, and their structure and 
function.

Based on weight, spider silk is five times stronger than steel wire of the same diameter. 
There are historical records that suggest that bullets have been unable to break through 
a silk handkerchief. George Emery Goodfellow (a doctor at Tombstone, Arizona, USA) 
wrote in the spring of 1881, ‘I was a few feet from two men quarrelling, they began shooting, 
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Tertiary structure
The tertiary structure is the overall three-dimensional shape of a single protein. A series of 
possible interactions between the R groups of different amino acid residues produces this third 
level in the hierarchy of protein folding. This is known as the tertiary structure and is crucially 
important to a protein’s function. The protein molecule is held in a specific shape by hydrogen 
bonds and other intramolecular forces involving the side-chains. Disulfide bridges may also 
be present. At this level, the chemical nature of the different R groups becomes particularly 
significant. The different possible interactions responsible for maintaining the tertiary structure 
of a polypeptide chain are summarized in Figure 23.46.

two bullets pierced the breast of one man, who staggered, fired his pistol 
and crumpled on to his back. Despite fatal injuries, not a drop of blood had 
come from either of the two wounds.’ Further investigation located a bullet 
wrapped within a silk handkerchief. It appears that the bullet had passed 
through clothes, flesh and bones but not his silk handkerchief. More recently, 
it has been suggested that a strand of spider silk as thick as a pencil would 
stop a jumbo jet in flight.

The golden orb-weaving spider (Figure 23.45) produces a dragline silk (a 
dragline connects a spider to its web and is also used for dynamic kiting – the 
means by which spiders move location) that is the strongest form of spider silk. 
The protein in dragline silk is fibroin. There are actually seven different kinds 
of spider silk, each being produced by different glands. Each type has a different 
function. Fibroin has a molecular mass of 200 000–300 000 and consists of large 
regions of β-pleated sheet structure and a distinctive amino acid composition of 
42 per cent glycine and 25 per cent alanine, with the remainder coming from 
just seven other amino acids.

■■ Figure 23.45 Female golden orb 

spider (Nephila sp.) producing silk. 

The Nephila spiders are a tropical 

genus that spin enormous webs up 

to 2 m across. Their silk is among the 

strongest known, and their webs 

often catch small birds

■■ Figure 23.46 Interactions maintaining protein tertiary structure
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These interactions are:
■ ionic bonds between charged R groups, such as those of 

lysine and aspartic acid;
■ hydrogen bonds between polar R groups;
■ instantaneous dipole-induced dipole forces between non-

polar side-chains, such as those of valine and phenylalanine;
■ covalent disulfide bonds formed between cysteine residues 

at different locations in the primary sequence (see Figure 
23.33).

The interactions between particular R groups in different 
regions of a polypeptide chain reinforce a specific folding 
arrangement. Some of these interactions are relatively easily 
disrupted, and others not so. The formation of disulfide bridges 
is of particular significance. Because of their covalent nature, 
disulfide bonds can have the effect of locking a particular 
tertiary structure in place.

Figure 23.47 shows the secondary and tertiary structures of 
myoglobin. This protein acts as a store of oxygen in muscle.

Quaternary structure
Some proteins, for example hemoglobin, consist of two or more tightly bound polypeptide 
chains, or subunits. The overall conformation or shape is referred to as the quaternary 
structure. The types of forces between the chains are the same as those that maintain the 
tertiary structure of the individual chains.

The different levels of the hierarchy of protein folding are summarized in Figure 23.48.

■■ Figure 23.48 
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Hemoglobin (Figure 23.49) is composed of four polypeptide chains: two α-chains and two 
β-chains. (The use of the terms α- and β- as applied by biochemists in this context might seem 
confusing! The terms α- and β- are used here just to differentiate between the two different 
chains, and this use is not at all related to how we used them before, to describe the α-helix 
and the β-pleated sheet secondary structures of proteins.) The α- and β-chains both have very 
similar primary structures to each other and to myoglobin. Each of these is bound to a heme 
unit, at the centre of which is an iron(ii) ion that binds reversibly to oxygen. There is a high 
percentage of α-helices in the α- and β-chains. The four chains are held together by a variety of 
non-covalent interactions.
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Overall, hemoglobin is described as α2β2. Each of the four protein chains is also bound to a non-
protein heme group that contains an iron(ii) ion (Fe2+). It is the Fe2+ ions in the heme groups 
that bind oxygen to hemoglobin. Each heme group can bind one oxygen molecule (Figure 23.50) 
and each of the four heme groups binds oxygen simultaneously, so the overall reaction is:

Hb         +  4O2  ⇌         HbO8
hemoglobin oxyhemoglobin

15 Describe how a section of a protein containing valine, glutamic acid and cysteine (see the IB Chemistry 
data booklet for structures of these amino acids) can contribute to the ordered secondary and tertiary 
structure of a protein with an α-helix. Include diagrams in your answer and discuss the relevant bonds and 
forces that stabilize the structure.

16 Tertiary structure in proteins is stabilized in part by hydrogen bonds between the R groups of amino acid 
residues. Consider the R groups present in the amino acids lysine, asparagine, valine and aspartic acid. For 
each amino acid, predict whether the R groups can contribute to a hydrogen bond.

■■ Figure 23.49 
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The Fe2+ ions act as the centres of complex ions; the ligands are the heme group, the protein 
chain and a molecule of oxygen. The heme group binds to the Fe2+ ion via four nitrogen atoms 
and the protein chain also binds via a nitrogen atom. The elucidation of the structures of the 
related proteins, myoglobin and hemoglobin, explained why the Fe2+ ion in the heme group is 
not oxidized in the process of binding oxygen.
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Nature of Science Computer graphic imagery of protein structures

The interaction between studies of the structure of a wide range of proteins and the onset of 
sophisticated methods of computer graphics and imaging has proved immensely productive and 
resulted in a new ‘language’ of visualization of protein structure. Such developments vastly aid 
understanding and we have seen in the images represented throughout this chapter the way 
in which the two key types of secondary structure are represented in these computer graphics 
(Figure 23.51).

The assembly of databanks of computer-generated images of a wide range of protein molecules, 
together with precise information on the ‘mapping’ of their structures, has been a notable 
development in international cooperation within science and the development of the field of 
proteomics.

UniProt is a central resource for storing and interconnecting biological information for 
storing and interconnecting information from large and disparate (very different) sources. 
It is a comprehensive catalogue of protein sequence (primary structure of amino acids) and 
functional annotation, which gives information about the function of the protein. UniProt 
is built upon the bioinformatics infrastructure and scientific expertise at the European 
Bioinformatics Institute (EBI), Protein Information Resource (PIR) and Swiss Institute of 
Bioinformatics (SIB). UniProt has three different protein databases optimized for different 
uses. UniProt is updated and distributed every month and can be accessed online for searches 
or downloaded at www.uniprot.org.

The Worldwide Protein Data Bank (wwPDB; www.wwpdb.org/) consists of organizations that 
act as deposition, data processing and distribution centres for PDB data. Members are RCSB PDB 
(USA: www.rcsb.org/pdb/), PDBe (Europe: www.ebi.ac.uk/pdbe/), PDBj (Japan: http://pdbj.org/) 
and BMRB (USA: www.bmrb.wisc.edu/). The Worldwide Protein Data Bank’s aim is to maintain 
a single archive of macromolecular structural data that is freely and publicly available to the global 
community.

Protein sequencing is now a routine operation in biochemical research, with machines able 
to deduce the entire sequence of a large protein very quickly. This is a major part of proteomics, 
the study that explores the relationship between structure and function of proteins. The 
synthesis of new so-called designer proteins through protein engineering has many applications 
in pharmaceutical and environmental research. The databases mentioned above also allow 
for extensive comparative studies of protein sequences in studies of biochemical evolution to 
determine the relationships between organisms.

■■ Figure 23.51 a The protein calexcitin with the bound calcium ions in grey (the secondary structure is coloured according to 

the same scheme as Figure 23.40). b The pepsin-like protease endothiapepsin with a drug molecule bound in the active site 

cleft shown in ball-and-stick representation
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■■ Globular and fibrous proteins
Proteins are classified into fibrous and globular proteins. Fibrous proteins consist of long 
molecules arranged to form fibres, such as keratin of hair and nails, and collagen, which is 
present in skin, bones, teeth and tendons (Figure 23.52). Fibrous proteins are insoluble.

Collagen is the most abundant fibrous protein in the human body. It consists of three 
polypeptide chains, each about 1000 amino acid residues long. The three polypeptide chains are 
wound together as a unique triple helix (Figure 23.53).

■■ Figure 23.53 

Collagen – an example 

of a fibrous protein

three long polypeptide
molecules, coiled together
to form a triple helix

every third amino acid is glycine
(the smallest amino acid) and the 
other two amino acids are mostly
proline and hydroxyproline

covalent bonds are formed between
the polypeptide chains – together
with many hydrogen bonds

■■ Figure 23.52 Electron micrographs of collagen fibres. a The collagen fibres are arranged in bundles in the body. Note some are 

cut in cross section. b, c Stained fibres: the repeating pattern of the stain shows the regular, repetitive amino acid sequence of the 

collagen chains

In a globular protein the polypeptide chain(s) are folded into a compact but precise shape. 
Enzymes, hemoglobin and protein-based hormones, for example insulin, are globular. They 
tend to be soluble in water. The mechanisms by which globular proteins fold are still being 
actively researched. However, it is known that they fold compactly, leaving little room for water 
in the interior. The polar side-chains are on the outer surface of the molecule and help to make 
the protein water soluble. In contrast, the non-polar side-chains point to the interior of the 
molecule. When a protein folds there is a loss of entropy (Chapter 15) in the protein chain, but 
the removal of water from the interior increases the entropy in the surroundings. There is a 
fine balance between these processes and there is often only a small difference in free energies 
(Chapter 15) between the folded and unfolded states.
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■■ Protein folding disorders
The structure of a protein and its ability to carry out its biological function are so strongly correlated 
that very small structural defects can lead to a number of protein folding diseases. These include 
genetic diseases such as sickle cell anemia, which is caused by a single residue mutation. A number of 
diseases have been linked to protein folding problems which lead to the build-up of insoluble protein 
plaques in the brain. These diseases include diseases such as bovine spongiform encephalopathy 
(BSE) (‘mad cow disease’) and its human equivalent Creutzfeld–Jakob disease (CJD). Researchers 
have found that normal prion proteins in the brain consist of many α-helices but in CJD these prion 
proteins ‘flip’, unfold and refold into a protein with β-sheets – these then cause other normal prion 
proteins to ‘flip’ and insoluble fibrils are formed inside brain cells (Figure 23.54).

■■ Figure 23.54  
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■■ Gel electrophoresis
We saw earlier the usefulness of separating amino acids on the basis of their charge at 
a particular pH. That technique of electrophoresis can be applied to proteins and has 
proved extremely useful in analysing complex mixtures of proteins and obtaining data 
on the molecular size of protein chains. Electrophoresis of proteins is usually performed 
in a polyacrylamide gel rather than on paper. The polyacrylamide gel is an inert 
supporting material through which molecules will move when a potential difference is 
applied. The gel acts a molecular sieve, slowing larger molecules and allowing smaller 
molecules to move more quickly. Therefore in this form of electrophoresis separation is 
based upon both molecular size and charge (Figure 23.55) – the electrophoresis here is 
carried out on native proteins.

Proteins and other biological molecules are often treated with a strong detergent 
known as sodium dodecyl sulfate (SDS) which attaches to the molecules, making 
them negatively charged. This form of electrophoresis is known as SDS-PAGE (sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis; Figure 23.56) and separation is 
based solely on molecular size or mass.

■■ Figure 23.55  
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■■ Functions of proteins
Proteins are crucial components for basic life processes (Figure 23.57). They are responsible 
for transport throughout a cell or organism, for maintaining cellular structures and for basic 
metabolism, among other processes.

Essential functions, such as transport of oxygen throughout blood and its storage in muscle 
cells, are carried out by proteins such as hemoglobin and myoglobin.

Structural proteins such as elastin are included in the walls of arteries and veins and of 
the bronchioles (airways) in the lungs. Collagen is the main structural protein of connective 
tissue in animals and the most abundant protein in mammals. It is the major component of 
cartilage, ligaments (joining bone to bone) and tendons (joining bones to muscle). Muscle is also 
composed of proteins, for example actin and myosin form the fibres.

■■ Figure 23.56 
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Pore proteins form channels that transport ions, water and other molecules through the cell 
membrane. Many proteins have enzymatic activity, for example catalysing the digestion of 
protein, starch and lipids in the gut. Digestive enzymes are extracellular enzymes which operate 
outside cells. However, there are also many intracellular enzymes that operate inside cells. They 
control respiration, photosynthesis (in plants), DNA repair and replication, and many other 
biochemical reactions.

Proteins are also involved in the immune system by acting as immunoproteins (antibodies). 
Antibodies are present in blood and identify and neutralize harmful bacteria and viruses. 
Antibodies are produced by a group of white blood cells known as B cells. HIV infects a 
variety of cells in the body, most notably T cells which regulate the B cells of the immune 
system.

Hormones are chemical messengers that carry a signal from a cell or a group of cells to 
another via the bloodstream. All animals and plants produce a variety of hormones. In general 
hormones control the function of their target cells. Insulin is a protein-based hormone produced 
by the pancreas of mammals. It is released by cells within the pancreas when blood glucose levels 
are low. Its main target cells are liver cells and muscle cells, which absorb the excess glucose and 
convert it to glycogen.

■■ Protein denaturation
So far we have studied the formation and structure of proteins. However, it is also important to 
consider the disruption of protein structure, which is known as denaturation. Many enzymes 
only function within a narrow range of pH and temperature values. This is because high or low 

■■ Figure 23.57  
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values of pH and temperature cause a physical change known as denaturation. This involves loss 
of tertiary and quaternary structures, but is often reversible. In denaturation no covalent bonds 
are broken.

The peptide bonds between the individual amino acids in a polypeptide chain are strong 
covalent bonds. However, we have seen that the overall shape and function of a protein depends 
on weaker interactions that are more easily disrupted. When a protein loses its unique three-
dimensional shape it has been denatured. This denaturation can be temporary or permanent.
Everyday examples of denaturation include:
■ the curdling of milk proteins when milk turns sour or when milk is mixed with vinegar;
■ the thermal denaturation of egg or meat protein when it is cooked;
■ the mechanical denaturation of egg white when it is whisked.

In all these cases the process is irreversible; the protein cannot be reassembled. Proteins may 
change shape in response to a variety of factors, such as:
■ changes in pH;
■ changes in temperature;
■ disruption of instantaneous dipole-induced dipole forces by certain metal ions, including 

those of heavy metals;
■ the addition of a small polar molecule such as urea (CO(NH2)2) in concentrated solution – 

urea causes complete denaturation by specifically disrupting hydrogen bonds;
■ the presence of mild reducing agents capable of breaking disulfide bridges.

■■ Enzymes
Nature can be considered as a chemical industry: it turns out billions of tonnes of a vast range 
of products every year using the simplest starting materials. The catalysts that make all this 
possible are enzymes – all large protein molecules. Enzymes take part in the homogeneous 
catalysis of reactions in an aqueous environment which otherwise would be so slow that life 
would be impossible. The digestion of food, the release of energy for movement, the copying of 
genes in reproduction – all of these processes and more rely on enzymes.

Enzymes are globular proteins specialized to catalyse biochemical reactions, and exist in 
compact spherical shapes when in aqueous solution in cells. As biological catalysts, enzymes 
increase the rate of a chemical reaction without undergoing a permanent chemical change. 
The enzyme performs its catalytic function by providing an alternative mechanism with a lower 
activation energy for the reaction. The molecule whose reaction is catalysed by an enzyme is 
referred to as its substrate. A relatively small part of the protein is called its active site, to  
which the substrate can bind. Enzymes combine temporarily with the substrate to produce a 
transition state having a lower free energy than the transition state of the uncatalysed reaction 
(Figure 23.58). When the reaction products are formed, the free enzyme is regenerated.

■■ Figure 23.58  
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Enzymes have a well-defined tertiary structure that gives them a specific three-dimensional 
shape (Figure 23.59), which is essential for enzyme activity. Enzymes are typically relatively large 
molecules, containing several hundred amino acids, and some also have a quaternary structure. 
For example, many of the enzymes involved in the first stage of respiration are dimeric proteins, 
meaning they contain two polypeptide chains. In addition, some enzymes require non-protein 
molecules to be bound for activity. These are known as co-factors and may be organic, when 
they are known as co-enzymes, or inorganic, such as metal ions (note the comment on the 
activity of carbonic anhydrase in Figure 23.59). Common examples include vitamins, many of 
which act as precursors for co-enzymes.

Enzyme activity is the rate at which a biochemical reaction takes place in the presence of an 
enzyme. It is measured in terms of the rate of appearance of a product or consumption of the 
reactant. Enzymes generally have very high specificity, meaning that only certain substrates are 
acted upon and only a single type of reaction takes place, without side reactions or by-products. 
This high specificity occurs because the active site has a very close fit to the substrate, and 
enzyme and substrate have complementary structures whereby all the charged hydrophilic and 
hydrophobic amino acid residues are paired. Although very specific compared to inorganic 
catalysts, enzymes do vary considerably in their degree of specificity. Some are absolutely specific 
for a particular substrate and will not attack even the enantiomer, whereas others will react with 
a whole class of molecules but at widely differing rates.

■■ Figure 23.59  

A computer-generated 
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■■ Table 23.4  

The turnover numbers 

of certain enzymes

Enzyme Turnover numbera/s−1

Carbonic anhydrase 600 000

Catalase 93 333

β-Amylase 18 333

β-Galactosidase 208

Phosphoglucose isomerase 21

Succinate dehydrogenase 19

a The turnover number is defined as the maximum number of molecules of substrate that an enzyme can 
convert to product per catalytic site per unit time. Each carbonic anhydrase molecule can produce up to 
600 000 molecules of carbon dioxide product per second.

Enzymes are very efficient catalysts and function in dilute aqueous solution at biological pH and 
moderate temperature, in contrast to the rather extreme conditions often used with inorganic 
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industrial catalysts. Although enzymes function within the rules that define catalytic activity, 
they differ from inorganic catalysts in several important respects:
■ Higher reaction rates: the rates of enzyme-catalysed reactions are typically increased by factors 

of 106–1012 compared to the uncatalysed reaction (see Figure 23.60 later). These reaction rates 
are several orders of magnitude greater than those for inorganic catalysts (Table 23.4).

■ Milder conditions: enzyme-catalysed reactions occur under relatively mild conditions: 
temperatures below 100 °C, atmospheric pressure and usually at pH values around pH 7.

■ Greater reaction specificity: enzymes are highly selective in their actions; they are usually 
capable of catalysing the reaction of just one molecule or class of molecules.

■ The reactions are ‘clean’, with very few side products.
■ Ease of control: the catalytic activities of many enzymes can be varied by altering the 

concentrations of substances other than the reactant: the way the reaction is controlled can 
be complex.

The activity and specificity of enzymes depends on their conformation or three-dimensional 
shape (tertiary and quaternary structures). Small changes in the conformation of a protein will 
lead to loss of activity and specificity. The differences between inorganic catalysts and enzymes 
are summarized in Table 23.5.

■■ Table 23.5 

Differences between 

enzymes and inorganic 

catalysts

Enzymes Inorganic catalysts

Enzymes are complex globular proteins Inorganic catalysts are generally ions or 
simple molecules

Enzymes are synthesized by living cells Inorganic catalysts are not produced by 
living cells

Enzymes are usually highly specific in 
action

Inorganic catalysts are usually less specific 
in action

Enzymes are sensitive to changes in pH and 
temperature

Inorganic catalysts are usually less sensitive 
to changes in pH and temperature

Enzymes only function in aqueous solution Some inorganic catalysts function in 
aqueous solution

■■ Table 23.6  

The categorizing and 

naming of enzymes

Type of enzyme Reaction Example(s)

Oxidoreductase Redox reactions, e.g. removal of hydrogen Succinate dehydrogenase, cytochrome 
oxidase

Transferase Transfer of groups, e.g. transfer of a 
phosphate from one molecule to another

Phosphofructokinase, hexokinase

Hydrolase Breakdown of molecules by hydrolysis Urease, trypsin, lipase, ribonuclease, 
amylase

Lyase Removal of a group from, or addition to, a 
double bond

Pyruvate decarboxylate

Isomerase Isomerization, moving groups within a 
molecule

Phosphoglucose isomerase, maleate 
isomerase

Ligase Synthetic reactions, joining molecules 
together

Glycogen synthase

Categorizing enzymes
The digestive enzymes of the stomach and small intestine were among the first enzymes to be 
discovered. These enzymes were given names ending with ‘-in’: hence the names pepsin, trypsin 
and chymotrypsin. These enzymes are all proteases, meaning that they break proteins down by 
hydrolysis. The first enzyme to be successfully isolated and crystallized was urease. James Sumner 
(1887–1955) was the American chemist who achieved this and showed that urease was a protein. 
He shared the Nobel Prize in Chemistry in 1946. Enzymes are now categorized and named on 
the basis of six main reaction types (Table 23.6). As well as ending in ‘-ase’, an enzyme’s name 
also indicates the type of reaction it catalyses and the substrate involved.
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What is perhaps rather surprising is that there are only six categories of enzyme-catalysed 
reactions. This illustrates an important point about metabolic systems in cells. The changes 
achieved by these metabolic pathways are often large, but they are achieved in a series of simple 
reactions, each catalysed by a specific enzyme. It is the cumulative effect of these small changes 
that produces the overall large change.

Genetically inherited disorders

The importance of shape and structure to the functional activity of enzymes is highlighted 
by the range of genetically inherited conditions where mutation produces a defective or 
reduced function for a specific enzyme, resulting in a health condition. Many serious or 
fatal illnesses are the product of genetically inherited disorders that result in the failure 
of a single enzyme. For example, the condition phenylketonuria (PKU) that can lead to 
intellectual disability is the consequence of a malfunction in the enzyme responsible for 
the breakdown of the amino acid phenylalanine in the liver. This condition is the reason 
why many food and drinks that contain aspartame are labelled ‘contains a source of 
phenylalanine’. In many parts of the world babies are screened for PKU soon after birth. 
Patients who are diagnosed early and maintain a strict diet can have a normal lifespan with 
normal cognitive development.

Ehlers–Danlos syndrome (EDS) is an inherited connective tissue disorder with different 
presentations that have been classified into six primary types. EDS is caused by a defect 
of genetic origin in the structure, production or processing of collagen, or proteins that 
interact with collagen, including the enzymes involved in post-translational processing of 
collagen (e.g. lysyl hydroxylase).

There are a range of such genetic disorders and their incidence can show ethnic and racial 
differences in distribution. The development and extension of antenatal and postnatal screening 
for such conditions, together with treatment regimes, is needed internationally to help deal with 
the consequences of these disorders.

Measuring rates of enzyme-controlled reactions
The rate of an enzyme-catalysed reaction is the amount of substrate that has been 
consumed from a reaction mixture, or the amount of product that has been formed. The SI 
units of rate (Chapter 6) are moles per cubic decimetre per second, mol dm−3 s−1, but other 
units such as moles per minute (mol min−1) or cubic centimetres per second (cm3 s−1) are 
also used.

One well-studied enzyme is catalase, which catalyses the breakdown of hydrogen peroxide to 
water:

2H2O2 → 2H2O + O2

Catalase occurs in all cells (liver cells are an especially rich source) and protects them from 
hydrogen peroxide, a highly oxidizing minor by-product of respiration and a chemical employed 
by natural killer cells in the immune system.

The rates of enzyme-controlled reactions can be followed by measuring any variable that 
varies with time during the reaction, for example pH, absorbance, turbidity (cloudiness) and, in 
the case of catalase, total gas volume. The results are plotted on a graph. Tangents can be drawn 
to the curve obtained to calculate initial rates (Figure 23.60).
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Mechanisms of enzyme action
Enzymes function as catalysts by binding to their substrate molecule(s) at a specific pocket or cleft in 
the enzyme. The binding site is known as the active site and is where catalysis occurs. The active site 
contains specific amino acid residues which are responsible for the substrate specificity and catalysis, 
often acting as proton donors or acceptors. The active site is also the site of inhibition of enzymes.

The activity and specificity of many enzymes can be explained by the lock and key 
hypothesis (Figure 23.61). As the enzyme (E) and substrate (S) interact they form an enzyme–
substrate complex (ES), which forms a transition state that breaks down to form products (P) 
and unchanged enzyme (E).

Enzyme + Substrate ⇌ Enzyme–Substrate → Enzyme + Products
 (lock)  (key)  (key in lock)
 E + S ⇌ ES → E + P

■■ Figure 23.61  
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Induced fit model
Enzymes were originally considered to be a rigid template in which the substrate had to fit 
like a key in a lock. However, it became apparent that a rigid fit between molecular structures 
cannot explain all aspects of enzyme catalysis. The lock and key model of enzyme activity 
does not fully account for the combined events of binding and simultaneous chemical change 
observed in some enzyme-catalysed reactions. It also fails to account for the broad specificity 
of some enzymes – that is, the ability of enzymes to bind to several related substrates.

In 1958, Daniel Koshland postulated that the substrate 
may cause an appreciable change in the three -dimensional 
relationship of the amino acids at the active site. The idea of a 
precise fit was retained from Fischer’s lock and key model, but 
the fit occurred only after the changes induced by the substrate 
itself. In the active sites of some enzymes a small but essential 
change of shape is induced in the enzyme molecule when the 
substrate binds. This change in shape is critical in converting 
the substrate to resemble the transition state. An analogy for 
the induced fit hypothesis is that of a hand slightly changing 
the shape of a glove as the glove is put on (Figure 23.62).

Once the transition state is formed, other amino acids residues of the active site  
catalyse the breaking of specific bonds in the substrate molecule. The induced fit model 
(Figure 23.63) is based on experimental data that suggests the active sites of some enzymes 
are relatively ‘flexible’ structures.

■■ Figure 23.63 A detailed view of the induced fit model of enzyme action

■■ Figure 23.62 The induced fit model of enzyme action
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Induced fit has the advantage that it allows the possibility of ordered binding to occur. For 
example, with some enzymes that have two substrates (say, A and B), one of them (A, for 
example) binds and induces a conformational change such that the enzyme closes partly to form 
the binding pocket for the second substrate (in this case, B). This is an example of how induced 
fit would enhance the subtlety and rate of catalysis of an enzyme compared to the lock and key 
model. This is because, with the lock and key model, the two binding sites for A and B would 
have to be present all the time and, if B were to bind first, it might physically block A from 
binding, and the reaction would not occur.
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Factors that affect enzyme activity

Temperature
Temperature has two effects on the rate of an enzyme-catalysed reaction. An increase in 
temperature always increases the number of effective collisions – collisions that have sufficient 
combined kinetic energy to bring about the reaction (Chapter 6). Initially the rate of the 
reaction increases exponentially with increasing temperature (Chapter 16) until a maximum rate 
is achieved. However, beyond this temperature the rate of reaction decreases, often rapidly, and 
this loss of activity is often irreversible (Figure 23.64).

■■ Figure 23.64  
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Nature of Science  Refining a model

Science involves an ever-changing and developing body of knowledge – ideas build on previous 
theories and extend them as new information and greater experimental sophistication enhance 
understanding. The induced fit theory introduced by Koshland in the 1950s has superseded the 
lock and key theory of enzyme activity but it is important to see that the basis of the current 
model, or analogy, is embedded in the original. The induced fit model is a subtle development 
from the lock and key analogy. It is not that the earlier model is now totally erroneous, but 
simply that we now have a more comprehensive and developed view of enzyme activity. Both 
models emphasize the key importance of the need for the integrity of an enzyme’s structure to be 
maintained for it to function effectively.

Indeed although the induced fit model provides a reasonably good description of how 
enzymes work it is now clear that the model needs further refinement. Rather than the binding 
of the substrate ‘forcing’ or inducing a change to the enzyme, it is actually much more accurate 
to think of the free enzyme as being in a dynamic state in which most of the time it looks much 
like the ‘free state’ (as seen in crystal structures of free enzyme, for example) but it also undergoes 
motional processes in which it can adopt other conformations, some of which look much more 
like the conformation of the active enzyme.

The substrate is then thought to bind to one of these more active conformations, altering the 
shape to that of the enzyme–substrate complex (ES). Thus, in this model, there is a pre-existing 
conformational equilibrium which is disturbed by the binding of the substrate. This model 
has been called the conformational selection or pre-existing equilibrium model and is widely 
agreed to be in general a more accurate model than induced fit.

While beyond the scope of the current IB syllabus, the development of this model serves to 
illustrate how scientific ideas develop – in this case, around the concepts of the importance  
of subtle changes of shape to the functioning of a protein. This is an idea we will meet again in 
discussion of the function of hemoglobin in a later section.

Temperature at which the rate was measured/°C

Up to about 40°C the rate increases –
a 10°C rise in temperature is accompanied by
an approximate doubling of rate of reaction.

enzyme in
active state

Now the enzyme-catalysed reaction rate
decreases, owing to the denaturation of
the enzyme and destruction of active sites.
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The activity of an enzyme depends on its precise three-dimensional shape (conformation). Many of 
the intermolecular forces maintaining that structure are relatively weak. As the temperature rises, 
the weak inter-molecular forces between and within the polypeptide chains break as molecular 
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pH
Many enzymes work efficiently over a narrow range of pH values. The optimum pH is the pH 
value at which the maximum rate of reaction occurs. For many enzymes their optimum pH is 
close to neutrality (pH 7). When the pH value is above or below this value, the rate of enzyme 
activity is significantly decreased. Most enzymes exhibit a characteristic bell-shaped curve of 
enzyme activity against pH (Figure 23.66).

Changes in pH alter the charge of the acidic groups (−COO−) and basic groups (−NH3
+) present 

in the amino acid residues of the enzyme’s active site. This leads to a change in the enzyme’s shape, 
particularly at the active site. The effects of a small change in pH are usually reversible, and if the pH 
is restored to the optimum for the enzyme its activity may be restored. Buffer solutions (Chapter 18) 
are often used during investigations involving enzymes to maintain a constant pH.

movement increases. At quite moderate temperatures, the molecules start to unravel and become 
disordered (a so-called random coil). Some enzymes are much more susceptible to temperature 
change than others; each enzyme is said to have a temperature optimum at which it works best.

There are bacteria, known as archaebacteria, living in the hot springs of the Yellowstone 
National Park; one bacterium has been isolated which grows best at about 105 °C and can survive in 
superheated water at 113 °C. Enzymes which have unusually high optimum temperatures are known 
as thermostable enzymes and are being used increasingly in industry. One example is Taq polymerase; 
this can be used at 60–90 °C to increase the amount of DNA available for DNA profiling.

Heavy metal ions
The heavy metals are metals with a relatively high relative atomic mass. Examples of heavy 
metals include mercury, cadmium, zinc and silver. Heavy metals and their ions can act as 
irreversible inhibitors of some enzymes at very low concentrations. They form bonds with  
free −H groups present in the amino acid cysteine. The free −SH groups, if present in the active 
site, may be essential to the activity of the enzyme (Figure 23.65).

■■ Figure 23.66  
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■■ Figure 23.65  
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Digestive enzymes show clearly how each enzyme has its own distinct optimum 
pH, reflecting the environment in which it is operating (Figure 23.67):
■  Pepsin hydrolyses proteins to peptides in the very acidic conditions of the 

stomach.
■  Amylase, found in saliva, hydrolyses starch to a mixture of glucose and maltose. 

Saliva is approximately neutral.
■  Trypsin hydrolyses peptides to amino acids in the mildly alkaline conditions of 

the small intestine.

17 a Sketch the energy profile of an uncatalysed exothermic reaction, showing:
i the activation energy (Ea) 
ii the enthalpy change of reaction (∆Hr).

b Sketch a similar energy profile for the reaction in part a when the reaction is enzyme-
catalysed.

18 The turnover number of an enzyme is the number of substrate molecules that one 
molecule of an enzyme can convert to product in unit time under optimum conditions. 
The turnover numbers of several enzymes are given in Table 23.4 on p. 37.
a In measuring the turnover number of a particular enzyme, there must be an excess of 

the substrate present. Why is this so?
b What effect would a fall in temperature of 10°C have on the turnover number of the 

enzymes? Explain your answer.

23.3 Lipids – lipids are a broad group of biomolecules that are largely non-
polar and therefore insoluble in water

Lipids are a varied group of biochemical compounds that contain the elements carbon, hydrogen 
and oxygen, but the proportion of oxygen is less than in carbohydrates. They are grouped 
together because of their non-polar nature. Lipids are largely insoluble in water, but are soluble in 
non-polar solvents such as hexane. Lipid molecules are not polymers but their non-polar nature 
means that they tend to group together when placed in water.

Lipids play essential roles in cell structure and metabolism. Biochemically important lipids 
include the following: triglycerides, phospholipids and steroids.
■ Triglycerides occur in animal fats, which are semi-solid at room temperature, and vegetable 

oils, which are liquid at room temperature. Triglycerides are the major storage form of the 
energy needed to drive reactions in plants and animals.

■ Phospholipids (glycerophospholipids or phosphoglycerides) are important constituents of cell 
membranes.

■ Steroids are another series of biologically important molecules.

■■ An epidemic of obesity
Fat is an important part of the human diet. Among tribal communities in Africa a normal cycle 
of accumulating and using body fat can be demonstrated. Immediately after harvest each year 
everyone in a rural village gains weight. Most adults double their reserves of body fat at this 
time. This fat is then used to prevent starvation when food stores diminish later in the year. 
This natural cycle reminds us that the ability to lay down stores of energy in the form of fat is an 
evolutionary advantage – fat people are more likely to survive a famine.

Obesity is often stigmatized in the modern Western world. However, it has been 
perceived as a symbol of wealth and fertility at other times in history, and still is in many 
parts of Africa.

Obesity is a condition in which excess body fat has accumulated to an extent that health 
may be negatively affected. Excessive body weight is associated with various diseases, particularly 
heart disease, diabetes mellitus and certain types of cancer. Hence, obesity reduces life 
expectancy. Obesity is generally due to lack of exercise and a diet that supplies energy in excess 

■■ Figure 23.67 The pH profiles for 

pepsin, amylase and trypsin

A
ct

iv
ity

0 2 7 10
pH

pepsin amylase trypsin



 23.3 Lipids 45

Chemistry for the IB Diploma, Second Edition © Christopher Talbot, Richard Harwood and Christopher Coates 2015

of the body’s requirements. Obesity is usually treated with dieting and physical exercise. The risk 
of obesity is greater when the diet is high in fat. In this context fats are divided into ‘good fats’ 
and ‘bad fats’. Good fats include mono-unsaturated and poly-unsaturated fats. ‘Bad fats’ include 
saturated fats and trans fats.

With supermarkets and restaurants open long hours and much food now highly 
processed, most modern societies have eliminated famine. However, the penalty for this 
is a rise in obesity. Obesity now ranks with asthma as one of the fastest-growing medical 
epidemics afflicting the West. The proportion of obese adults in the UK doubled during the 
1980s and is continuing to rise.

In 1995, newspapers in the USA reported the death of the fattest man in the world. He 
died weighing 465 kg. The tragedy of his situation was emphasized by the fact that it once 
required a fork-lift truck to transport him to hospital. And yet, his over-eating need not 
have been particularly excessive. If he had started at a weight of 70 kg when he was 16 years 
old, it has been estimated that he merely needed to eat slightly less than a bar of chocolate 
too much each day in order to reach his final weight. His was an extreme case of a loss of 
regulatory control.

Most of us regulate our body weight more tightly. Even so, the growing number of people 
becoming obese indicates that our sedentary lifestyle and high-fat diet are taking their toll. 
The need for scientists to develop a greater understanding of how the body balances energy 
input with its energy requirements is going to be of great importance in averting major 
health problems.

■■ Triglycerides
Triglycerides are the most common lipids in living organisms and are classified as fats 
(semi-solid at room temperature) or oils (liquid at room temperature), depending upon their 
physical state at 20 °C. Triglycerides are formed from the condensation reactions of propane-
1,2,3-triol (glycerol) and fatty acids (long-chain carbon carboxylic acids) (Figure 23.68). 
They are non-polar and hence do not dissolve in water. The fatty acid chains of a 
triglyceride can be classified as saturated or unsaturated, depending on whether or not it 
contains only carbon–carbon single bonds.

■■ Figure 23.68 a The generalized formula of a triglyceride, where R1, R2 and R3 

represent fatty acid chains, which may be the same or different. b A model of 

tristearin, a triglyceride found in animal fat
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Simple triglycerides contain three molecules of one particular fatty acid bonded to one molecule 
of propane-1,2,3-triol. For example, tristearin, which is found in the fatty tissue of animals, is 
formed from propane-1,2,3-triol and three molecules of stearic acid.

Most naturally occurring triglyceride molecules are mixed triglycerides: they have two 
or three different fatty acids attached to the propane-1,2,3-triol molecule. The fatty acid 
composition varies with the organism that produces them.
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Unsaturated fatty acids tend to have lower melting points than saturated fatty acids 
(see Table 23.7). This means that fats containing unsaturated fatty acids melt at lower 
temperatures than those with saturated fatty acids. This trend in melting points is the 
consequence of a steric effect and occurs because the introduction of a double bond prevents 
the triglyceride molecules from approaching each other closely and hence interacting via 
London dispersion forces.

As can be seen from Figure 23.68, long-chain saturated fatty acids have a regular 
tetrahedral arrangement of carbon atoms. This means that they can pack closely together 
and the dispersion forces between chains are strong because of their extended surface 
area. In unsaturated fatty acids the bond angle in the chains changes around the double 
bond and the structure becomes rigid at that point. This introduces a kink in the chain 
(Figure 23.69) and they are unable to pack so closely together. The dispersion forces become 
weaker which results in these acids having lower melting points. This packing arrangement 
is similar in the triglycerides and explains why unsaturated fats (oils) have lower melting 
points.

■■ Structure of fatty acids
The major distinction in the fatty acid composition of triglycerides is between saturated 
and unsaturated fatty acids. Saturated fats and oils have no carbon–carbon double bonds 
between the carbon atoms in their fatty acids. They contain fatty acids such as palmitic acid 
and stearic acid. Mono-unsaturated or poly-unsaturated fats have one or more carbon–
carbon double bonds in their fatty acids; they involve fatty acids such as oleic acid and 
linoleic acid (Figure 23.69).

Name of fatty acid
Number of 

carbon atoms
Number of CPC 

double bonds
Melting 
point/°C

Saturated fatty acids

Lauric acid
CH3(CH2)10COOH

12 0 44.2

Myristic acid
CH3(CH2)12COOH

14 0 54.1

Palmitic acid
CH3(CH2)14COOH

16 0 62.7

Stearic acid
CH3(CH2)16COOH

18 0 69.6

Arachidic acid
CH3(CH2)18COOH

20 0 75.5

Unsaturated fatty acids

Palmitoleic acid
CH3(CH2)5CH=CH(CH2)7COOH

16 1 −0.1

Oleic acid
CH3(CH2)7CH=CH(CH2)7COOH

18 1 10.5

Linoleic acid
CH3(CH2)4CH=CHCH2CH=CH(CH2)7COOH

18 2 −5.0

Linolenic acid
CH3CH2CH=CHCH2CH=CHCH2CH=CH(CH2)7COOH

18 3 −11.0

Arachidonic acid
CH3(CH2)5(CH=CHCH2)4(CH2)COOH

20 4 −49.0

■■ Table 23.7  

The melting points of 

selected saturated and 

unsaturated fatty acids
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Most naturally occurring fats and oils contain a mixture of saturated, mono-unsaturated and 
poly-unsaturated fatty acids and are classified according to the predominant type of unsaturation 
present (Figure 23.70).

For example, linseed soil (from the flax plant) has a relatively low percentage of saturated fatty 
acid residues and hence is classified as an unsaturated fat. In contrast, beef tallow – extracted from 
beef fat – is high in saturated fat and low in unsaturated fatty acids and hence is classified as a 
saturated fat. Animal lipids are generally saturated and vegetable lipids tend to be unsaturated.

This melting point trend seems to be a significant factor in influencing the triglyceride 
composition produced by different organisms. Animal fats are usually richer in saturated fatty 
acids than plant oils (Table 23.8). In warm-blooded animals, body temperature is high enough 
to allow most fats to be above their melting temperature. This eases their transport around the 
body in liposomes. These fats tend to be highly saturated, with a high content of palmitic acid 
and stearic acid.

Plants have no means of keeping themselves warm when faced with cold conditions. Plant 
oils must therefore have lower melting points and are often highly unsaturated. They contain 
high proportions of oleic acid and linoleic acid.

Fish oils are highly unsaturated for similar reasons. They can contain long fatty acid groups 
with as many as six CPC bonds.

■■ Figure 23.69 Saturated and unsaturated fatty acids, and the triglycerides they form

Fat or oil Main fatty acids

Palm oil Oleic (45%), palmitic (40%)

Olive oil Oleic (80%), linoleic acid (10%)

Lard Oleic (56%). palmitic (28%), stearic (8%)

Butter fat Oleic (30%), palmitic (30%), stearic (11%), myristic (10%)

Ground nut Oleic (57%), linoleic (23%), palmtic (12%)

■■ Table 23.8 
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Linolenic acid (Figure 23.72) is an essential fatty acid found in rapeseed, soya beans, walnuts 
and hemp. Green-leaved vegetables are also good sources of linolenic acid. Linolenic acid is an 
omega-3 fatty acid.

■■ Essential fatty acids
Just as we saw with the proteogenic 2-amino acids, there are certain poly-unsaturated fatty 
acids which cannot be synthesized in the human body and therefore must be supplied from 
the diet. Linoleic acid (Figure 23.71) is a member of a group of essential fatty acids called the 
omega-6 fatty acids. Chemically, linoleic acid is a carboxylic acid with an 18-carbon chain and 
two cis carbon–carbon double bonds; the first double bond is located at the sixth carbon from 
the furthest (or omega, ω) end from the acid group. The omega end refers to the methyl end 
of the fatty acid chain. Linoleic acid is an essential fatty acid found in many vegetable oils, 
especially safflower and sunflower oils. Linoleic acid is used in the synthesis of prostaglandins.

■■ Figure 23.70 
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■■ Figure 23.71 The structure of linoleic acid (cis,cis-9,12-octadecadieonic acid)
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Linolenic acid is a carboxylic acid with an 18-carbon chain and three cis carbon–
carbon double bonds. The first double bond is located at the third carbon from the 
omega end. Studies have found evidence that linolenic acid is related to a lower 
risk of cardiovascular disease.

Note that oleic acid, CH3(CH2)7CH=CH(CH2)7COOH, can be made in 
human metabolism and is a non-essential fatty acid. Using the omega notation, 
it is an ω-9 (omega-9) fatty acid. Plants, seeds and vegetable oils are good dietary 
sources of omega-6 fatty acids, while fish, shellfish and flaxseed oil are notably rich 
in omega-3 fatty acids (Figure 23.73).

■■■The hydrogenation of oils
Unsaturated oils can be hydrogenated to convert them to semi-solid fats with a 
lower degree of unsaturation. Margarine is made by the hydrogenation of corn oil 
or sunflower oil. The liquid component of margarine is made from milk and water. 
This process is called ‘hardening’ and the principal oil involved is oleic acid, which 
may be hardened by converting it to stearic acid:

     CH3(CH2)7CHPCH(CH2)7COOH(l) + H2(g) → CH3(CH2)16COOH(s)

The finely divided metal catalyst (nickel, copper or zinc) is mixed with the oil and this is heated 
to a temperature of about 180 °C. The mixture is stirred and the hydrogen bubbled through the 
reaction mixture. After hydrogenation, the catalyst and the oil are separated by simple filtration. 
In addition to hardening the oil, hydrogenation increases its chemical stability.

The process of catalytic hydrogenation is intended to add hydrogen atoms to cis-unsaturated 
fats, eliminating a double bond and making them more saturated. These saturated fats have a 
higher melting point, which makes them attractive for baking and solid but spreadable from the 
refrigerator, and extends their shelf life.

However, a partial process is often used that has a side effect that converts some cis-isomers 
into trans-unsaturated fats instead of hydrogenating them completely. Trans-unsaturated fats 
(Figure 23.74) have a straight, rather than kinked, shape for the carbon chain, more like the 
straight chain of a fully saturated fat. A margarine may contain up to 20 per cent of fatty acids 
with trans double bonds.

oleic acid stearic acid

■■ Figure 23.73 Flaxseed (linseed) oil 

is rich in omega-3 fatty acids

■■ Figure 23.74 a The structures of the cis,cis form of linoleic acid and b the straightening of the trans,trans form of linoleic acid
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Trans fats occur when the cis-double bonds in the fatty acid chains are not completely saturated 
during the hydrogenation process. The catalysts used to aid the addition of hydrogen appear to 
cause the remaining double bonds to isomerize to their trans configuration. These unnatural 
trans fats appear to be associated with increased heart disease, cancer, diabetes and obesity, and 
to give rise to immune response and reproductive problems.
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Several large studies have indicated a link between consumption of high amounts of trans 
fats and coronary heart disease. This is mainly because trans fats increase the amount of LDL 
cholesterol and decrease the amount of HDL cholesterol in the bloodstream. Trans fatty acids are 
used by the body like saturated fats, mainly in respiration, but tend to block the use of omega-3 
and omega-6 fatty acids for vital bodily functions.

Trans fats are only present in small amounts in natural oils and fats of plants and animals. 
The following products contain trans fats: margarine and other spreads, cake mixes, fast foods 
(fries and fried chicken), baked products (biscuits and cakes), salad dressings and crisps.

Although there seems compelling evidence for a correlation between the consumption of 
trans fats and adverse effects on human health, a definitive link has not been established.

Nature of Science  A causal relationship?

There has been evidence put forward that saturated fatty acids, particularly lauric (C12), 
myristic (C14) and palmitic (C16) acids, increase the levels of low-density lipoprotein 
cholesterol (LDL cholesterol) as do trans unsaturated fats. Conversely omega-3 poly-
unsaturated fatty acids, such as in natural unsaturated oils (olive oil, for instance), are thought 
to lower LDL cholesterol and consequently be beneficial. The hydrogenation of unsaturated 
oils to produce semi-solid fats has had unintended consequences, increasing the level of trans 
fats in the diet in parts of the world. Although hydrogenation imparts desirable features – such 
as spreadability, texture, ‘mouth feel’ and increased shelf life – to naturally liquid vegetable 
oils, it may introduce some serious health problems.

Such considerations can even affect our liking for chocolate – particularly if we live in a 
warm climate. Cocoa butter is a pale-yellow vegetable fat extracted from ground cocoa beans. It 
is used to make chocolate, ointments and suppositories. Cocoa butter is one of the most stable 
fats known, containing natural antioxidants that prevent rancidity and give it a storage life of 
2–5 years, making it a good choice for non-food products. Cocoa butter has a narrow melting 
range that is close to body temperature. This accounts for its characteristic ‘melt-in-your mouth’ 
property. About 80% of its triglycerides in cocoa butter are of one class, which contain palmitic 
or stearic acids and oleic acid. The triglycerides of this class all have similar shapes and pack 
together relatively well, giving a relatively sharp melting range. However, the chocolate produced 
in warm countries needs to have a higher melting point and to achieve this the cocoa butter 
used is partially hydrogenated to decrease its unsaturation level. This increases the level of trans 
fats in the product.

There have been a number of studies on the influence of the lipid content of a regional 
diet on human longevity – with reference made to the Mediterranean diet, rich in olive oil, 
and the Japanese diet, with its emphasis on fish oils. The aboriginal population of the Arctic 
has a heavily meat-based diet high in fats and proteins. The metabolism of the Inuit peoples 
has adapted to their diet and they are able to synthesize large amounts of glucose from fat and 
protein metabolites. This process of neoglucogenesis requires large amounts of energy derived 
from the high fat consumption. In addition, the fats that predominate in the Inuit diet are 
naturally rich in mono- and poly-unsaturated fatty acids and so do not impose the same health 
risk as the typical Western diet.

The scientific evidence links the consumption of saturated and trans fats with elevated 
LDL cholesterol and the incidence of coronary heart disease. The hypothesis is that by 
raising LDL cholesterol the trans fats contribute to the formation of atherosclerotic plaques in 
arteries. There is a strong correlation between the consumption of trans and saturated fatty 
acids and the incidence of coronary heart disease, but a causal relationship is very difficult to 
prove because other factors also play a role, including genetics, other foods, consumption of 
alcohol and lifestyle.

■■ Iodine number and unsaturation
We have seen that the degree of unsaturation of a fat or oil is a significant property of lipids. 
Saturated lipids do not react with bromine or iodine, but unsaturated lipids will undergo an 
addition reaction with halogens.
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The iodine number is the mass of iodine in grams that reacts with 100 g of a chemical 
substance, such as unsaturated lipid. An iodine solution is yellow–brown in colour and any 
carbon–carbon double bonds in the lipid that reacts with iodine will make the colour disappear 
at a precise concentration. The amount of iodine solution thus required to keep the solution 
yellow–brown is a measure of the amount of the unsaturation in the lipid.

Animal fats contain relatively few carbon–carbon 
double bonds and thus have low iodine numbers, 
typically in the region of 40–70 (see Table 23.9). 
Vegetable and fish oils have a greater degree of 
unsaturation, and hence higher values of iodine 
number, often lying between 80 and 140, though they 
can be as low as 10 for coconut oil and as high as 200 
for linseed and fish oils.

19 In an experimental determination of iodine number, 0.01 moles of linoleic acid reacts with 1.5 grams of iodine.

a Determine the number of carbon–carbon double bonds present in the fatty acid.
b Calculate the iodine number of linoleic acid, C17H31COOH.

20 Fats and vegetable oils can be saturated or unsaturated. A simple experiment can be carried out to 
measure the degree of unsaturation in these compounds.

 Five drops of a liquid, or a similar volume of a solid, are dissolved in 4 cm3 of ethanol. A dilute iodine 
solution is added a drop at a time. At first, the brown colour disappears. When enough iodine has been 
added to react with all the double bonds in the sample, the brown colour remains. The number of drops 
of iodine solution needed to produce a permanent brown colour is recorded. This test was carried out on 
a variety of cooking products. The results are shown in the following table:

Cooking product

Mass of saturated 
fat in 100 g of 

cooking product/g

Mass of unsaturated 
fat in 100 g of cooking 

product/g

Number of drops 
of iodine solution 

used

Olive oil 11 84 14

Peanut oil 20 72 12

Butter 45 30  5

Soft margarine 35 40

Poly-unsaturated 
margarine

11 66

a Why was ethanol, and not water, used as a solvent in this experiment?
b Suggest values to complete the table.
c One medical theory is that using unsaturated fats in the diet, instead of saturated fats, will reduce the 

number of cases of heart disease. Which of the cooking products in the table is the least likely to cause 
heart disease?

21 A sample of vegetable oil (2.5 g) reacted completely with 19 cm3 of a 0.50 mol dm−3 solution of iodine.
a What is the iodine number of the oil?
b Estimate the average number of carbon-carbon double bonds per molecule of this oil if its average 

molecular mass is 865 g mol−1.
c Why is the figure in b necessarily an average figure for the number of double bonds per molecule?

22 a Predict and explain which fatty acid in each group has the highest melting point.
i Butanoic acid, palmitic acid and stearic acid.
ii Linoleic acid, oleic acid and linolenic acid.

b Chocolate is a food made from cocoa, sugars, unsaturated vegetable fats, milk whey and emulsifiers. 
Chocolate bars sold in hot climates are made with a different blend of vegetable fats from those sold in 
colder climates.
i Explain why fats with a different physical properties are used for making chocolate in different 

climates.
ii Suggest how the fat molecules used in a hot climate differ chemically from those used in a cold climate.

Fat or oil Iodine number

Soya bean oil 122–134

Olive oil 80–90

Bacon fat 47–67

Beef fat 35–45

■■ Table 23.9 Typical iodine number values 

of certain fats and oils



52 23  Biochemistry

Chemistry for the IB Diploma, Second Edition © Christopher Talbot, Richard Harwood and Christopher Coates 2015

The fatty acid hydrocarbon chains, R1, R2 and R3, may be identical. For example. tristearin has 
three stearic acid molecules and triolein has three oleic acid molecules. However, R1, R2 and R3 
are usually different.

Enzyme-catalysed hydrolysis
Lipids are poorly soluble in water and hence do not undergo significant hydrolysis in water. 
Lipases are a group of digestive enzymes that break lipids down chemically. The major 
component of lipids in the human diet is triglycerides. Although a small amount of lipase is 
secreted by the tongue and the stomach, these digestive actions are not significant, as almost no 
breakdown of lipids occurs until they reach the first part of the small intestine.

Lipid digestion and absorption require that the lipid molecules be broken down into smaller 
and hence more soluble molecules. The lipids mix with the lipase, which enters the small 
intestine from the pancreas – the main source of enzymes for digesting lipids and proteins.

Lipase hydrolyses triglyceride molecules into fatty acid molecules and glycerol molecules 
(Figure 23.76). However, because lipids do not dissolve in water, the lipid molecules enter the small 
intestine in a congealed mass. This makes it impossible for the pancreatic lipase enzymes to attack 
them, since lipase is a water-soluble enzyme and can only attack the surface of the lipid molecules.

■■ Triglyceride formation and hydrolysis

Condensation
Glycerol (propane-1,2,3-triol) has three hydroxyl groups (−OH), all of which can undergo a 
condensation reaction with a fatty acid molecule to form an ester. Usually all three hydroxyl 
groups undergo an enzyme-controlled condensation reaction, as shown in Figure 23.75, and the 
lipid formed is a triester known as a triglyceride.

■■ Figure 23.75 
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■■ Figure 23.76 
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To overcome this problem the digestive system uses a substance called bile, produced in the liver 
but stored in the gallbladder, which enters the small intestine via the bile duct. Bile emulsifies 
fats – it disperses them into small droplets which then become suspended in the watery contents 
of the digestive tract. Emulsification allows lipase to gain easier access to the fat molecules and 
thus accelerates their digestion.
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Absorption of fatty acids and glycerol occurs in the villi – the 
finger-like projections which cover the walls of the small intestine. 
Inside each villus (Figure 23.77) is a series of lymph vessels 
(lacteals) and blood vessels (capillaries). The lacteals absorb the 
fatty acids and glycerol into the lymphatic system which eventually 
drains into the bloodstream. The fatty acids are transported via 
the bloodstream to the membranes of adipose cells or muscle cells, 
where they are either stored or respired for energy. The glycerol 
enters the liver.

In addition to the biological function, non-enzymatic hydrolysis 
also has important analytical and commercial uses. Since it is the 
fatty acid component of triglycerides that varies from one source 
to another, isolating the fatty acids by hydrolysis is the first stage in 
the analysis of triglycerides. The fatty acids present in the different 
oils are separated and analysed by a variety of chromatography 
techniques.

The hydrolysis of triglycerides is commercially important in the 
manufacture of soaps. Soft soaps are generally made by hydrolysing 
the triglyceryl esters present in a blend of animal fats and vegetable 
oils by heating them with a solution of sodium hydroxide.

Soap production
Triglycerides (fats and oils) are the glyceryl triesters of long-chain 
carboxylic acids. Heating triglycerides with a concentrated solution 
of aqueous sodium hydroxide (a strong alkali) causes hydrolysis 
(Figure 23.78). The sodium salts of the long-chain carboxylic acids 
are precipitated by adding salt to the mixture, and this solid is then 
washed and compressed into bars of soap. Perfume and dyes are 
also added.

■■ Figure 23.77 The internal structure of a villus in the 
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■■ Figure 23.78 
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The alkaline hydrolysis of fats and oils is known as saponification. The name saponification 
literally means ‘soap making’. The root word, sapo, is Latin for soap. Lipids can be classified 
into saponifiable lipids, for example triglycerides and phospholipids (as diglycerides), and non-
saponifiable lipids, for example cholesterol.

Fats and oils are hydrolysed commercially in alkaline conditions. The products are glycerol and 
the salts of the fatty acids. The salts of the long-chain fatty acids are known as soaps. They are 
extremely useful as they help oil and water mix together by reducing the surface tension. Glycerol 
is a useful by-product of this reaction as it can be used to make pharmaceuticals and cosmetics. 
Soap molecules have a polar carboxylate functional group, which attracts water and other 
hydrophilic groups. They also have a non-polar end, which is the long-chain hydrocarbon, which 
attracts oils and other hydrophobic species. The same molecule is thus attracted to aqueous species 
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and oily species, thus enabling them to mix. When added to water, the soap molecules lower the 
surface tension of the water, so that it wets objects more easily. The molecules also interact with 
the grease present (Figure 23.79). The hydrophobic hydrocarbon chain is attracted to the grease 
and becomes embedded in it.

The hydrophilic ionic head of the molecule sits outside the grease, in contact with water. 
When the water is agitated, the grease is released from the cloth fibre or dish and is completely 
surrounded by soap molecules. Rinsing with fresh water removes these grease–detergent 
droplets.

Ghanaian black soap
Although a massive worldwide industry, soap making also has a long artisanal history and the 
technology for making it stretches back in history in different parts of the world. African black 
soap production is an integral part of village life and uses readily available raw materials. Black 
soap is a handmade soap, that has been used for centuries throughout western Africa, known 
for being gentle and alleviating skin ailments (Figure 23.80). It consists of a naturally derived 
emollient (unrefined shea butter) combined with the nutrient-rich ashes of native African plant 
materials – cocoa pod or plantain ashes. The ashes supply a natural, local and income-generating 
source of potassium hydroxide. Local coconut oil or palm kernel oil complete the saponification 
process and generate a moisturizing soap.

■■ Figure 23.79 
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and flavour is due to the release of free fatty acids such as butanoic and octanoic acids, which 
are released from rancid milk and dairy products. As hydrolytic rancidity is favoured by higher 
temperatures, it can be substantially reduced by refrigeration. This hydrolysis is speeded up by 
the presence of certain microorganisms (microbial rancidity).

Oxidative rancidity occurs when unsaturated fats react with oxygen from the air. The 
products responsible for the rancidity are volatile aldehydes and ketones and are a result of 
the reactivity in the carbon–carbon double bonds in unsaturated triglycerides. The process, 
known as auto-oxidation, is often accelerated by light and enzymes or metal ions. The 
reactions proceed via a free radical mechanism and yield a mixture of products. Oxidative 
rancidity is characteristic of fats and oils that have a high proportion of carbon–carbon 
double bonds, such as those from oily fish like herring. It can be controlled by the use of 
light-proof packaging, a protective (oxygen-free) atmosphere and the addition of natural or 
synthetic antioxidants.

Food antioxidants
Food antioxidants are compounds that increase the resistance of fats to oxidation and 
consequent deterioration or rancidity. They are common additives in developing countries. 
Only specifically approved antioxidants are able to be added to foods susceptible to 
rancidity. Antioxidant inclusion is restricted to specific limits and must be declared on 
product labels. Some of the approved antioxidants are butylated hydroxyanisole (BHA), 
butylated hydroxytoluene (BHT), propyl gallate and tocopherols (Chapter 9). These primary 
antioxidants are often used in combination with citric or phosphoric(V) acid. Use of one or 
more of the primary antioxidants in combination with one of the acids is common because 
combinations are much more effective than single antioxidants. Freezing and vacuum 
packaging are also used to slow down rancidity in meat sold by supermarkets in developed 
countries.

Natural antioxidants, such as those contained in spices, are used in developing countries 
for the slowing down of rancidity in meat products. These and other natural antioxidants not 
only slow down the rancidity in pre-cooked meat products, but also provide a pleasant smell 
(aroma) and flavour. Some spice extracts, particularly rosemary, are prepared primarily for their 
antioxidant activity and do not include strong flavour components.

■■ Energy value of fats
Fats and oils are efficient long-term stores of chemical energy. Typical fats and oils provide 
approximately 38 kilojoules of energy per gram, while typical carbohydrates provide only 

17 kilojoules of energy per gram (Table 23.10). This is because lipids are a more 
highly reduced form of biomolecule than a sugar. In other words, lipid molecules 
contain a higher proportion by mass of hydrogen and carbon than sugars.

A person’s supply of glycogen acts as a relatively short-term energy store: it can 
provide energy for less than 24 hours. Triglycerides are the longer-term energy 
store in the human body. The fat content of an average person in the West 
(21 per cent for men, 26 per cent for women) enables them to survive starvation for  
2–3 months.

Table 23.11 summarizes the main features of glycogen and fats as energy stores.
In animals, triglycerides are synthesized and stored in specialized fat cells (Figure 

23.81). These cells can be almost entirely filled with fat globules, unlike other cell 
types that contain only a few droplets of fat. Triglycerides, being weakly polar molecules, are stored 
in anhydrous form. In contrast, glycogen binds about twice its weight of water. Because of this, 
under the conditions found in the body, fats provide about six times the metabolic energy of an 
equal weight of hydrated glycogen.

Fats are a highly efficient form in which to store energy because they can be regarded 
essentially as long hydrocarbon chains made up of –CH2– units. Carbohydrates, in contrast, 
contain a much higher proportion of oxygen. They can be regarded as molecules made up of  
−CH(OH)− units. Carbohydrates are already partly oxidized and therefore give less energy when 
converted to carbon dioxide (CO2) and water (H2O).

Food 
constituent

Available energy/
kJ g−1 dry weight

Fat 38

Carbohydrates 17

Proteins 17

Ethanol 30

Dietary fibre 0–8

■■ Table 23.10 The energy content of 

the major food components
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Factor Glycogen Triglycerides (fats)

Efficiency Efficient, relatively short-term, 
concentrated energy store

Highly efficient, long-term, 
concentrated energy store

Storage Compact, insoluble polymer molecules, 
stored in granules

Triglyceride molecules are completely 
insoluble, aggregate together in 
droplets

Need for hydrolysis Glycogen chains readily hydrolysed to 
glucose prior to oxidation

Triglycerides readily hydrolysed to free, 
long-chain acids prior to oxidation

Energy per mole Glucose molecules from glycogen are 
already partially oxidized, containing 
oxygen atoms – they can be regarded as 
having the formula (CHOH)n and so:
• provide more instant access to energy 

than fats
• produce less energy per mole than fats

Long-chain acid molecules represent 
carbon and hydrogen in a highly 
reduced form – they can be regarded as 
having the formula (CH2)n and so:
• produce more energy per mole than 

glucose
• also release more water when 

metabolized (known as metabolic 
water; this is important in dry 
climates)

Need for oxygen Glucose molecules are already partially 
oxidized, so can be metabolized under 
anaerobic conditions to produce some 
energy

Triglycerides cannot be metabolized 
under anaerobic conditions – energy 
cannot be released in the absence of 
oxygen

■■ Table 23.11  

A comparison 

of glycogen and 

triglycerides as energy 

stores

This difference can be illustrated by comparing the energy diagrams for the 
oxidation of the two basic units (Figure 23.82). Using bond enthalpies it is possible 
to estimate the difference between the energy given out in the two cases. Do note 
that this is only an illustration as the values we use are for changes in the gas phase.

Triglycerides store energy in a highly efficient form. However, unlike glycogen, they 
cannot produce energy when muscles are starved of oxygen (anaerobic conditions), for 
example during extreme exercise such as sprinting. This means that both glycogen and 
triglycerides are required for humans to function properly.

The respiratory quotient
The respiratory quotient (RQ) is the ratio of the amount of carbon dioxide 
produced to the amount of oxygen taken in by an organism in a given time:

RQ = 
CO2 produced

O2 taken in

The RQ value is useful because it indicates which substrate is being oxidized 
during respiration. For example, when glucose is 
respired aerobically the reaction is:

   C6H12O6 + 6O2 → 6CO2 + 6H2O

Hence, the RQ is:

   
6CO2

6O2
 = 1.0

However, when fatty acids are respired aerobically 
(during starvation), the reaction is:

   C18H36O2 + 26O2 → 18CO2 + 18H2O

and the RQ value is:

   
18CO2

26O2
 = 0.7

■■ Figure 23.82 Comparison of the energy released from glucose and 

triglycerides
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■■ Figure 23.81 Coloured 

transmission electron micrograph 

(TEM) of lipid droplets (yellow) in a 

developing fat cell (adipocyte). The 

cell’s nucleus is purple. Adipocytes 

form adipose tissue, which stores 

energy as an insulating layer of fat
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23 a Explain the meaning of the following terms: lipid; triglyceride; saturated fatty acid; and polyunsaturated 
fatty acid.

b If too much glucose is absorbed by organisms, some of the excess is converted into fatty acids. One 
such fatty acid is palmitic acid, which has the formula C15H31COOH.
i Write down the formula of the triglyceride derived from palmitic acid and propane-1,2,3-triol.
ii What name is given to the type of link that joins the fatty acid to propane-1,2,3-triol?
iii Is this compound likely to be solid or liquid at room temperature?

c i Write a structural formula for the mixed triglyceride molecule formed from propane-1,2,3-triol, 
hexadecanoic acid, octadecanoic acid and octadeca-9,12-dienoic acid.

ii Write the equation for the saponification of this triglyceride.

The RQ due to fatty acid respiration is significantly lower than that due to the respiration of 
carbohydrates. This is because fatty acids have a greater proportion of hydrogen atoms relative 
to oxygen atoms. Therefore the metabolism of fat consumes a great deal more oxygen for each 
carbon dioxide molecule produced than the metabolism of carbohydrates.

The role of lipids in the body – an overview
A major function of lipids is to act as a long-term energy store – they are a more reduced energy 
source than carbohydrates. Consequently they have a higher calorific value than carbohydrates 
and are aerobically respired when glycogen levels in the muscles and liver run low. Fat is also 
respired after exercise so that glycogen levels can be restored.

Animals, such as bears, store extra fat when hibernating during the winter, and fat is also found 
below the dermis of the skin of mammals where it serves as an insulator to prevent heat loss. It is 
most extensive in aquatic mammals living in cold climates, such as whales and seals, where it takes 
the form of blubber. Fat also protects a number of organs, including the kidneys and intestines.

Plants usually store oils rather than fats. Seeds and fruits are often rich in oils, for example 
coconuts, soya beans, peanuts, and flax and sunflower seeds. When fat is respired (oxidized), 
water is a product. This is known as metabolic water and is essential to animals that live in hot 
deserts, such as the kangaroo rat. Camels store fat in their humps primarily as a water source 
rather than as an energy source.

Phospholipids are lipids with a covalently bonded phosphate group. They are the major 
constituents of cell membranes in plant, animal and bacterial cells. Lipoproteins are associations 
of lipids with proteins. They are present in cell membranes and play an important role in the 
transport of cholesterol in the blood.

Steroids are classified as lipids, but they are not formed from fatty acids. They have similar 
physical properties to triglycerides. Steroids are common in both animals and plants and have 
a wide range of functions. Steroids act as precursors for the synthesis of the sex hormones 
(progesterone, oestrogen and testosterone) and aldosterone. Steroids are also involved in the 
synthesis of bile, which emulsifies lipids during digestion. Vitamin D is a steroid derivative (see 
Section 23.5).

Omega-3 poly-unsaturated fatty acids are found in oil from certain types of fish, vegetables 
and other plant sources (Figure 23.83). These fatty acids are not made by the body and must 
be consumed in the diet. Omega-3 poly-unsaturated fatty acids work by lowering the body’s 
production of triglycerides. High levels of triglycerides can lead to coronary heart diseases 
and strokes. There is preliminary evidence that supplementation might be helpful in cases of 
depression and anxiety.

Mono-unsaturated fat is the primary fat source found in olive oil. Research shows that mono-
unsaturated fat may have an LDL cholesterol-lowering effect when substituted for equal amounts 
of saturated fat, and can help reduce the risk of heart disease. Mono-unsaturated fat may also 
help control blood sugar levels. Poly-unsaturated fat is found in plant oils, nuts and fish. Poly-
unsaturated fat also helps to maintain heart health and lower blood cholesterol levels.

All animal fats (meat, poultry and dairy) contain saturated fat. These fats can raise blood 
cholesterol levels and increase the risk of heart disease. The major triglycerides present in 
saturated fat are lauric, myristic and palmitic acids. Lauric acid (C12) is the main fatty acid in 
coconut milk and palm kernel oil. Myrisitic acid (C14) is present in palm oil, coconut oil and 

■■ Figure 23.83 Oilseed 

rape: the oil contains 

both omega-6 and 

omega-3 fatty acids in 

a ratio of 2 : 1
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■■ Phospholipids
All cells are surrounded by a membrane which controls the exchange of chemicals, such as food 
and waste products, between the cell and its environment. Membranes are also present within 
cells, where they surround the various internal compartments. The major lipid component of 
these cell membranes is phospholipids (phosphoglycerides).

Phospholipids have a structure very similar to that of a trigylceride, except that one of the 
three fatty acid groups is replaced by a phosphate group (Figure 23.84) – hence, phospholipids 
are diglycerides. The phosphate group is ionized and negatively charged. Water molecules will 
therefore be attracted to this polar part of the molecule, making this end of the molecule soluble 
in water (this part of the molecule is hydrophilic). However, the other two fatty acid chains are 
long hydrocarbon chains and hence non-polar. These parts of the molecule will be hydrophobic 
(they will not attract water molecules). Note the meaning of the important terms hydrophilic 
and hydrophobic: literally hydrophilic means ‘water liking’ and hydrophobic means ‘water 
hating’. Since these molecules contain both hydrophilic and hydrophobic regions they can be 
referred to as amphiphilic.

butter fat. Palmitic acid (C16) is one of the most common saturated fatty acids found in animals 
and plants.

Trans fats are also naturally present in meat and dairy products, though in small amounts. Most 
trans fats are created through hydrogenation. Trans fats remain solid at room temperature, like 
saturated fats. Trans fats may raise LDL cholesterol levels while decreasing HDL cholesterol levels.

ToK Link
Food labelling and dietary information
Food labels are important, both practically and ethically. Reading the label is a key way to make sure the 
food item you are buying meets your needs. Labels can help inform consumers about what they are buying, 
reducing what economists call information asymmetries between buyer and seller. Where substantial 
information asymmetries exist, voluntary exchanges can fail to live up to the promise of mutual benefit, and 
society as a whole suffers from the resulting reduction in market efficiency. The recent experience regarding 
the labelling of meat products in the UK has shown that deviation from compliance with labelling standards 
can involve serious criminality.

It can be argued that any substance in a food that is scientifically proven to be a hazard should be a 
mandatory label. For example, a label that a product contains nuts is justified by severe allergic reactions, 
even though the additional label may add to the cost of a product for people who do not have allergies.

Any label that does not have a proven hazard is simply a label of preference so should not be mandatory. 
Instead, voluntary labels are appropriate. For example, producers may choose to label products as free 
from animal products if they think the cost of sourcing non-animal ingredients, testing and labelling will be 
rewarded by additional purchases of their products by vegetarians and vegans. Non-vegetarians should not 
have to pay for a label that is based on preference, not science.

Practical concerns are not the only reason to label or not label foods, however. Ethics definitely comes into 
play. Do people have a right to labels, such as labels that indicate a product contains ingredients derived 
from genetically modified organisms (GMO)?

Some consumers think that GMOs are a ‘like to know’ issue and that a ‘Contains GMOs’ type label would 
simply be confusing to consumers, possibly interpreted as a warning. Other consumers might argue that 
GMOs are a ‘right to know’ issue and hence an ethical issue. Do consumers who want to know if products 
contain products of genetic engineering have rights that are upheld to be more important than the rights of 
consumers who do not care? What about the rights of farmers, distributors, grocers and supermarkets?

The use and labelling of food additives is regulated by national and international law. In Europe a system 
of ‘E’ numbers is used whereby each additive has its own unique number. The same numbers without 
the E prefix are used in many non-European countries. In the USA food additives are regulated by the 
US Food and Drugs Administration (FDA). Worldwide though it is not uncommon for food additives 
approved in one country to be listed as harmful and banned in another. The International Organization 
for Standardization has drawn up a set of universal standards but as yet these have not been adopted by 
many countries.
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In some phospholipids the phosphate group can 
also be attached, also via an ester link, to the 
−OH group of a small polar molecule such as 
choline, ethanolamine or serine.

Different phospholipids vary in their fatty acid 
chains and in the group attached to the phosphate. 
One of the most common phospholipids is lecithin, 
or phosphatidylcholine; this belongs to a group of 
phospholipids which incorporate choline as a head 
group (Figure 23.85). They are a major component 
of biological membranes and can be isolated 
from egg yolk or soya beans, from which they are 
mechanically extracted or chemically extracted using 
hexane. Lecithin is used as a natural emulsifier.

■■ Figure 23.84 The generalized structure of a simple phospholipid
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■  Cell membranes
In cells, phospholipids often occur with proteins and cholesterol in a bilayer in the form 
of a cell membrane (Figure 23.86). Lipid bilayers occur when hydrophobic ‘tails’ line up 
against one another, forming a membrane with hydrophilic ‘heads’ on the outside facing 
the water. This phospholipid bilayer provides the basis of membrane structure.

■■ Figure 23.85  
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■■ Figure 23.86 The structure of a cell membrane
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■■ Figure 23.89 a Computer artwork of a liposome. b Coloured scanning electron micrograph (SEM)  

of liposome vesicles

Self-assembly – monolayers, micelles and membranes
Triglyceride molecules are insoluble in water. If enough triglyceride 
molecules are present, they can group together to form spherical structures 
known as micelles. In these structures, the polar heads of the triglyceride 
molecules face out into the water, and the non-polar tails group together in 
the centre of the sphere, away from the water (Figure 23.87a). This process 
is a simple example of self-assembly.

Triglycerides do not form structures more complicated than the simple 
micelles shown in Figure 23.87a. This is because of the bulk of the three 
hydrocarbon chains in a triglyceride molecule. However, the structure of 
phospholipids, with two hydrocarbon chains forming the non-polar ‘tail’, 

is more rectangular. Structures formed from phospholipids can be enlarged to contain sections 
where the molecules are arranged in a bimolecular layer (Figure 23.87b). These bimolecular 
layers can take different forms:
■ The packing together of phospholipids in aqueous suspension gives rise to disc-shaped 

micelles that are really extended bimolecular layers (Figure 23.88a).
■ If a concentrated suspension of phosphoglycerides in water is subjected to ultrasonic 

vibrations then structures are formed that contain water inside, bounded by only a single 
bimolecular layer (Figure 23.88b). This type of structure, often referred to as a liposome, has 
been used as a model of cell membranes (Figure 23.89).

■■ Figure 23.87 a The structure of a micelle 

formed from triglycerides. b A bimolecular 

layer formed by phospholipids

watera b

■■ Figure 23.88 a Structure of a disc-shaped micelle formed from phospholipids in water can be 

considered an extended bimolecular layer. b Phospholipids can form structures that contain water 

within the bimolecular layer – a liposome

membrane-bound
compartmenta b

Our current model for the structure of membranes is the fluid mosaic model. The phospholipid 
bimolecular layer forms the core of the structure. The phospholipids are able to move from 
side to side, giving the cell flexibility, while cholesterol molecules are present to give the 
membrane greater rigidity. The phospholipids also give the cells high electrical resistance and an 
impermeability to highly polar molecules. A ‘mosaic’ of proteins is embedded in the bimolecular 
layer. Proteins can be located in one or other of the membrane surfaces or can span the whole 
membrane from one surface to the other (see Figure 23.86 and Section 23.2).
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Nature of Science  Liposomes

The development of liposomes as a model of cell membranes has illustrated how a technique 
involved in ‘pure’ research can impact on practical technology and applied science. These 
artificially constructed spherical vesicles possess a selectively permeable wall that closely 
resembles the membrane of a living cell. The membrane consists of a dual layer of phospholipids. 
Liposomes can be used to carry drugs or genes to target cells. This is particularly useful for highly 
toxic cancer drugs as it reduces unpleasant side effects.

Liposomes are used in biotechnology research to investigate the functioning of the cell 
membrane and, since they can be incorporated into living cells, are used to deliver drugs of 
high toxicity to specific cells in the body, such as cancer cells. Liposomes are also used in the 
cosmetics industry.

24 a What distinctive features of phospholipid molecules 
enable them to fulfil their role as a major component of 
cell membranes?

b The diagram represents the structure of a cell membrane.
i   What term is applied to this model of cell plasma 

membrane structure?
ii  State the names of components A–E.
iii   Research an approximate figure for the width (W ) of 

the plasma membrane.
iv  What role does cholesterol play in plasma membranes?

■■ ■Steroids
Steroids are classified as lipids, although they do not contain fatty acids. They are 
classified as lipids because they have similar physical properties to triglycerides and are 
synthesized using common intermediates.

Steroids all contain a 17-carbon atom skeleton (or ‘nucleus’) consisting of four fused 
rings (Figure 23.90). Methyl groups (−CH3) are usually attached to carbon atoms 18 and 
19 and a side-chain usually occupies position 17. Steroids vary by the functional groups 
attached to these rings and the oxidation state of the rings.

Steroids are found in animals and plants and have 
many important biochemical roles. Steroids form bile 
acids, the constituents of bile that emulsify and solubilize 
lipids during the physical digestions of fats and oils. The 
sex hormones, for example progesterone, oestrogen and 
testosterone, are all steroid-based hormones. Aldosterone, 
secreted by the adrenal glands, is a member of another 
family of steroid-based hormones concerned with 
controlling the concentration of sodium and potassium 
ions. Vitamin D (calciferol) is a steroid-based vitamin (see 
Section 23.5).

Anabolic steroids
Anabolic steroids are synthetically produced variants of the naturally occurring male hormone 
testosterone. They include compounds such as dianabol and nandrolone. Anabolic steroids 
are primarily used by body builders and athletes who claim steroids give them a competitive 
advantage or improve their physical performance. Steroids increase lean body mass, strength and 
aggressiveness. Steroids also reduce recovery time between workouts, which makes it possible to 
train harder and thereby further improve strength and endurance.
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■■ Figure 23.90 The steroid 

‘nucleus’ of four fused rings
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■■ Figure 23.91 The skeletal structure of cholesterol. This is the 

most abundant steroid in humans
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Apart from giving unfair advantage to athletes and sports participants in international 
competition, anabolic steroids present significant health risks ranging from acne to high blood 
pressure and liver damage. Additionally many of these anabolic steroids suppress the normal 
production of sex hormones in the body and increase the level of LDL cholesterol.

Such steroids are banned by most sports governing bodies and regular testing of participants 
is carried out, both in competition and during training periods. The methods used to detect 
these steroids and their metabolites in urine and blood samples include gas-liquid and high-
performance liquid chromatography and mass spectrometry.

■■ Cholesterol
Cholesterol is found in all tissues since it is a component of cell membranes (see Figure 23.86). 
High concentrations of cholesterol are found in the blood, brain and spinal cord. Some 
cholesterol enters the body via the diet.

Since cholesterol, like other lipids, is almost insoluble in blood, it is transported in the 
plasma of the blood within lipoproteins known as apoproteins. The outer surface of the 

apoprotein is water soluble (polar) and the inward-facing 
surface is fat soluble (non-polar). Some of the cholesterol 
within the lipoprotein is in the form of cholesteryl ester: an 
ester bond is formed between the carboxylic acid group of a 
fatty and the hydroxyl group of cholesterol.

There are two main types of lipoproteins in the blood: 
high-density lipoprotein (HDL) and low-density lipoprotein 
(LDL). The cholesterol within the two types of lipoproteins 
is identical.

High-density lipoproteins (HDL) are composed mainly 
of proteins, with only small amounts of cholesterol. HDLs are 
often referred to as ‘good cholesterol’ because they help remove 
cholesterol from artery walls and transport it to the liver for 
removal from the body. In healthy individuals, about 30 per 
cent of blood cholesterol is carried by HDL.

 Low-density lipoproteins (LDL) (Figure 23.92) are 
composed mainly of cholesterol and have very little 
protein. They are often referred to as ‘bad cholesterol’ 
because they are primarily responsible for depositing 
cholesterol within arteries.

■■ Lipoproteins and health
Excess lipids in the diet are increasingly linked to negative effects on health. 
These arise largely due to their low solubility that causes some lipids to be 
deposited in the walls of the main blood vessels (Figure 23.93). This can restrict 
blood flow, a condition known as atherosclerosis. It is usually associated with high 
blood pressure and can lead to heart disease. In addition, because of the body’s 
ability to convert excess fats into adipose tissue, a diet too rich in lipids can lead to 
the excess accumulation of body fat known as obesity.

This is linked to many other health issues including type 2 diabetes and a 
variety of cancers. The molecule that is often the main culprit in circulatory 
diseases is cholesterol. It is present in the human diet, particularly from animal 
fat, and is also synthesized in the body. Because cholesterol is insoluble in blood, 
it is transported bound in different lipoproteins as we have seen earlier. LDL 
cholesterol is associated with increased deposition in the walls of the arteries, 
while high levels of HDL cholesterol seem to protect against heart attack.

■■ Figure 23.93 Coloured light 

micrograph of a cross section through 

an artery obstructed with atheroma 

plaque. This arterial disease is known 

as atherosclerosis. The muscular wall 

of the artery (orange) takes up much 

of the image. At the centre, fatty 

deposits of plaque (grey) are seen 

on the inner arterial wall; the lumen 

(black) has been severely reduced for 

the flow of blood

■■ Figure 23.92 Structure of LDL

unesterified
cholesterol

phospholipid

cholesteryl ester

apoprotein B-100
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HDL is thought to carry cholesterol away from the arteries and back to the liver, where it 
can be metabolized, so slowing its build-up. The main sources of LDL cholesterol are saturated 
fats and trans fats, the chemical nature of which we discussed earlier.

Clearly the type of fat consumed is as important as the total amount. In general 
an intake of poly-unsaturated fats, such as those found in fish, many nuts and corn 
oil, is considered beneficial in lowering levels of LDL cholesterol. Also, omega-3 poly-
unsaturated fatty acid, found for example in fish oils and flax seeds, has been shown to be 
linked with reduced risk of cardiovascular disease as well as with optimum neurological 
development. These fatty acids must be taken in as part of the diet.

Nature of Science Scientific interventions

The public explanation of scientific developments in terms of understanding the impact of the 
negative effects of diets high in saturated and trans fats and cholesterol has led to discussion 
about possible interventions and new food products.

Statins
Atorvastatin (Figure 23.94) is a member of the drug class known as statins, used for lowering levels 
of blood cholesterol and preventing strokes. Marketed by Pfizer under the trade name Lipitor, 
atorvastatin became the world’s largest-selling drug of all time. Pfizer’s patent on atorvastatin 
expired in November 2012, so various generic forms have been available under a range of brand 

names since May 2013. Atorvastatin works by inhibiting a liver enzyme involved in 
the synthesis of a key intermediate in the production of cholesterol.

Recent discussion in the UK has centred on the feasibility and ethics of 
prescribing statins to individuals over a certain age en masse in order to lower the 
incidence of strokes and heart disease.

Fat replacers and mimetics
A large number of substances have been suggested as fat replacers. They 
include modified starches, fibre, gums, emulsifiers and restructured proteins. Fat 
substitutes are lipid-like substances which replace fats and oils on a one-to-one 
basis. Fat mimetics are proteins or carbohydrates which imitate the texture, taste 
and mouth feel of real fats and oils.

Olestra, also known as Olean, is an emulsifier produced by reacting sucrose 
with six to eight moles of C12–C22 fatty acids in the presence of a catalyst. 
Olestra was approved in 1996 for use in savoury foods. Less completely esterified 
sucrose esters (two to three moles of fatty acids) have been produced which are 
hydrophobic and also more digestible.

The fat mimetics are non-lipid compounds that are able to simulate the 
physical properties of lipids, such as creaminess and smoothness. Carbohydrate 
fat mimetics, such as Avicel and Methocel, include micro-particulate cellulose. 
These materials provide the mouth feel and flow properties of fat but lack the 
flavour characteristics of edible fats.

■■ Figure 23.94 Structure of 

atorvastatin (Lipitor)
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Health issues
Dealing with poor health arising from personal lifestyle choices is a major public health challenge. Doctors 
see the consequences of poor diet, smoking and alcohol abuse every day in clinics, emergency departments 
and hospital wards. Doctors and nurses have a clear role to play in treating illness and in providing support 
and education to patients. By their nature, therapeutic treatments, such as surgery, tend to treat the 
consequences rather than the causes of these health problems.

How far the government or state can legitimately interfere in the private choices of its citizens is controversial. 
Most people accept that the state has a role to play in health promotion. Dealing successfully with health 
threats, such as infectious diseases, and the close link between health and happy lives provides clear 
justification. But liberal societies also value freedom of choice. Although it is widely accepted that the 
government is justified in restricting the freedom of individuals to prevent harm to others, the extent to which 
the state should intervene in the decisions of individuals for their own benefit is far more controversial.
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Value of n Example Formula Type of sugar

3 Glyceraldehyde
(2,3-dihydroxpropanal)

C3H6O3 Triose

4 Erythrose C4H8O4 Tetrose

5 Ribose C5H10O5 Pentose

6 Glucose C6H12O6 Hexose

■■ Table 23.12  

The classification of 

simple sugars according 

to chain length

23.4 Carbohydrates – carbohydrates are oxygen-rich biomolecules 
which play a central role in metabolic reactions of energy transfer

Carbohydrates, as the name implies, are composed of the three elements carbon, hydrogen 
and oxygen, with the hydrogen and oxygen always in the same ratio as they are in water  
(i.e. 2 : 1). Note that this higher ratio of oxygen represents a more oxidized state for the 
carbon atoms than occurs in lipids and this is significant when comparing carbohydrates 
and lipids as fuels (see Section 23.3)

■■ ‘Non-stop fuel’ – carbohydrate loading and endurance
Modern sports training has developed the link between correct diet and physical performance. 
Such interest has shown that carbohydrate-rich foods provide the most appropriate fuel for 
prolonged heavy exercise. Studies using samples from the muscles of athletes have shown a clear 
link between fatigue and reduced levels of the carbohydrate glycogen (glycogen is the main 
short-term energy store in the muscles).

If an athlete in training eats a high-carbohydrate diet 
after exercising to exhaustion, then their muscle glycogen 
levels recover to higher values than those existing before the 
exercise. This ‘carbo-loading’ increases the length of time that 
an athlete can exercise by up to 50 per cent (Figure 23.95). 
Drinking a well-formulated sports drink containing 5–8 per 
cent carbohydrate also aids performance during sport. Such 
sports performance studies emphasize the role of carbohydrates 
as energy sources.

In this section we will consider the different roles of 
carbohydrates – as a source of energy, as a store of energy 
and as a component of physical structures in organisms. 
This last role is also linked to the usefulness of some 
carbohydrate polymers as a source of dietary fibre for humans. 
Carbohydrates are classified according to their structure:
■  monosaccharides – simple sugars with the empirical 

formula (CH2O)n

■ disaccharides – dimers of monosaccharides
■  polysaccharides – polymers of monosaccharides or 

disaccharides.

■■ ■Structures of monosaccharides
Monosaccharides are simple sugar molecules that provide 
instant-access energy to plants and animals, and act as 

structural units of polysaccharides. They are simple sugars that contain a carbonyl group (>C=O) and 
two or more hydroxyl groups (−OH). Glucose, C6H12O6, is the most common monosaccharide and is 
the monomer for the polysaccharides starch, glycogen and cellulose. Many monosaccharides, such as 
glucose, have the general formula (CH2O)n. The value of n ranges from 3 to 9; monosaccharides can 
be categorized by the value of n (Table 23.12).

■■ Figure 23.95 The results of carbo-loading. The graph 

shows the concentration of glycogen in muscle before and 

immediately after strenuous exercise for athletes following 

three different diets. The time recorded on the graph is the 

time taken to reach exhaustion. A high-carbohydrate diet 

leads to higher glycogen levels both before and after exercise 

and enables athletes to exercise for longer
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Monosaccharides are aldehydes or ketones, depending on the position of the carbonyl group 
(>C=O) in the carbon chain. If the carbonyl group is at the end of the molecule then the 
monosaccharide is an aldose, for example glucose (Figure 23.96); if the carbonyl group is in any 
other position, the monosaccharide is a ketose, for example fructose (Figure 23.97). All simple 
monosaccharides are white, crystalline solids soluble in water due to the ability of the polar −OH 
groups to hydrogen bond with water.

■■ Figure 23.96  

The structure of 

d-glucose, an aldose

■■ Figure 23.97  

The structure of 

d-fructose, a ketose
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Glucose and fructose are both simple monosaccharides that have the molecular formula 
C6H12O6. Sometimes the number of carbon atoms and the functional group are combined 
in a single designation of the structure. Thus glucose is an aldohexose whereas fructose is a 
ketohexose.

Due to the presence of a carbonyl group and several hydroxyl groups in the same 
molecule, straight-chain forms of monosaccharides are unstable and undergo intramolecular 
nucleophilic addition reactions to form cyclic structures. This reaction occurs internally within 
a monosaccharide molecule due to the shape and flexibility of the open-chain structure. For 
example, in glucose a lone pair of electrons on the C-5 hydroxyl group can attack the C-1 aldehyde 
group. This nucleophilic addition reaction results in the formation of a cyclic structure consisting 
of five carbon atoms and an oxygen atom (Figure 23.98). The six-membered ring formed from 
glucose is sometimes referred to as a pyranose ring.

■■ Figure 23.98 

The formation of the 

pyranose ring structure 

of glucose. The cyclic 

structure shows the 

two possible isomers 

of glucose, differing in 

the positions of the H 

and OH on carbon 1
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Fructose, a ketohexose, also forms a cyclic structure, though this time it is a five-membered 
(furanose) ring (Figure 23.99)
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Each cyclic form of a monosaccharide can exist as two stereoisomers known as α- and β-forms. 
The stereoisomerism of monosaccharides is covered in Section 23.10. The straight-chain and 
α-ring forms of glucose and fructose are given in Section 34 of the IB Chemistry data booklet so 
they do not have to be learnt.

Crystalline glucose consists only of the cyclic form of the sugar. However, when dissolved 
in water, it is converted into an equilibrium mixture of the α- and β-forms. A very small, but 
significant, amount of the open-chain structure is also present. The −OH group attached to 
carbon-1 is particularly reactive – it is the group involved in forming bonds to other glucose 
molecules during the condensation reactions that produce disaccharides and polysaccharides.

Aldopentoses such as ribose and deoxyribose predominantly exist in the five-membered 
(furanose) cyclic form (Figure 23.100). These sugars are highly significant as they are 
constituents of ribonucleic acid (RNA) and deoxyribonucleic acid (DNA), respectively. You 
will note from Figure 23.100 that deoxysugars, such as deoxyribose, have one less oxygen 
atom than a normal monosaccharide of the same carbon chain length.

Glucose is the most important monosaccharide found in nature. 
As the product of photosynthesis, glucose has played a pivotal role in 
the development of life on Earth. The nature of its reactivity means 
that the energy from the Sun trapped by photosynthesis can be easily 
released by the metabolic processes of respiration (see Section 23.1).  
Because glucose can be polymerized, its energy can be stored for 
later use. The human brain requires the energy from two small 
spoonfuls of glucose per hour. In the diet, glucose can come from the 
monosaccharide itself, from some disaccharides or from starch-based 
foodstuffs.

■■ Figure 23.99 The 

structures of fructose 

in aqueous solution
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■■ Figure 23.100 The structures of ribose and 

deoxyribose – the sugar components of RNA 

and DNA
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Haworth projections
The skeletal representations of the cyclic forms of sugars are often 
drawn as Haworth projections. The edge of the ring nearest the reader is 
represented by bold lines, and the letter C for the carbons in the ring are 
usually omitted from the structure (Figure 23.101).

Haworth projections are useful in that they emphasize the nature 
of the ring and the positions of the functional groups attached to it. 
The cyclic forms adopted by monosaccharides result in space-efficient 
molecules and this is important in their role as components of 
disaccharides and polysaccharides.

Nature of Science  Representing structure

The use of simplified structural diagrams (Haworth projections) of molecules such as 
monosaccharides allows biochemists to visually represent the key features of the stereochemistry 
and three-dimensional arrangement of the units in biopolymers such as starch or DNA. It, 
and other agreed ‘shorthand forms’, allows us to focus on the overall features and shape of the 
molecules concerned.

Haworth formulas can, however, be misleading as they suggest that the five-membered ring 
of fructose and six-membered ring of glucose are planar, which is not the case. In reality these 

exist as puckered rings (‘chair’ and ‘boat’ forms) in different conformations 
which can interconvert by rotation around single bonds (Figure 23.102). It 
is an interesting exercise to construct models of these structures and see 
how they interchange.

Models and visualizations are important in science to communicate 
knowledge, but often any single representation is inadequate. 
Understanding can therefore be enhanced by the use of a variety of 
models, including computer simulations and mathematical models.

■■ Figure 23.101 The Haworth projections 

of the cyclic structures of α-glucose and 

α-fructose

skeletal formula
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skeletal formula
of α-fructose
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■■ Figure 23.102 ‘Chair’ and ‘boat’ forms 

of a single-bonded six-membered ring 

structure such as occurs in glucose

chair boat

25 Which of the following is or are a ketone, an aldehyde, a triose, a pentose and a hexose?

26 Glucose is an example of an aldohexose sugar which dissolves in water. In aqueous solution, glucose exists in 
three different structures which are in equilibrium with each other. The three structures are shown below:

a What chemical term is used to describe the different forms shown above?
b Explain why glucose is very soluble in water.
c Which of the two cyclic forms of glucose can be described as α-glucose?
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Health concerns – diabetes
Diabetes is a group of metabolic diseases in which there are high blood glucose levels over 
a prolonged period. This high blood sugar produces the symptoms of frequent urination, 
increased thirst and increased hunger. Untreated, diabetes can cause many complications. Acute 
complications include diabetic ketoacidosis and induced coma. Serious long-term complications 
include heart disease, stroke, kidney failure and damage to the eyes.

Approximately 180 million people worldwide have diabetes, and one significant aspect of 
the picture is that it is thought that up to one in five people with diabetes are unaware that they 
have the condition. Worldwide, in 2012 and 2013, diabetes resulted in 1.5 of 5.1 million deaths 
per year, making it the eighth leading cause of death. Of particular concern is the increase in 
the incidence type 2 diabetes which is linked to the health concerns surrounding raised levels of 
obesity in the adult population discussed earlier.

Diabetes can be successfully managed, but it is a chronic disorder which currently does not 
have a cure. It has several long-term health effects. This is particularly true if an individual’s 
blood glucose levels are poorly controlled. There are two types of diabetes affecting the adult 
population: type 1 and type 2 diabetes.

Type 1 diabetes is an autoimmune disease and accounts for up to 10 per cent of diabetes cases 
in a population (in the UK, for instance). It typically develops before the age of 40 and occurs 
when the pancreas can no longer produce insulin.

Type 1 diabetes develops when the person’s own immune system destroys the beta cells of the 
islets of Langerhans. As a result insulin is no longer produced and blood sugar levels rise. This 
leads to the rapid onset of the symptoms of diabetes, including fatigue, unquenchable thirst, 
weight loss and the production of large volumes of urine. The risk of developing type 1 diabetes 
has recently been linked with genetic factors and may be associated with lifestyle factors such as 
diet and exercise.

Type 1 diabetes is treated by insulin injections alongside a healthy diet and regular exercise. 
People with type 1 diabetes are usually required to have either two or four injections of insulin 
every day. These injections of insulin are vital to keep these people alive.

Type 2 diabetes is a disorder that is increasing in both developed and developing nations 
as unhealthy diets and lifestyles become more common. It develops when the body can still 
make some insulin but not enough, or when the insulin that is produced does not work 
properly (known as insulin resistance). In most cases this is linked with the person being 
overweight. Type 2 diabetes usually occurs in people over the age of 40. In South Asian and 
African-Caribbean people it often appears after the age of 25. Recently more children are being 
diagnosed with the condition. Type 2 diabetes is more common than type 1 diabetes accounting 
for 85–95 per cent of people with diabetes.

Many factors influence the development of type 2 diabetes, such as an inherited 
predisposition to diabetes and a diet high in saturated fats and sugar and low in fibre. Being 
overweight also increases the chance of developing type 2 diabetes.

This increase in the level of type 2 diabetes, and the extension of its occurrence to 
younger groups in the population, is of concern to health professionals and authorities in a 
number of countries and emphasizes the importance of effective dietary and lifestyle advice to 
the public.

■■ Disaccharides
The disaccharides consist of two monosaccharides joined by a glycosidic linkage (−O−). The 
bond is formed by the condensation reaction between the −OH on the carbon-1 atom with a 
hydroxyl group, −OH, of another monosaccharide. The reaction is a condensation reaction as it 
involves the elimination of water. Disaccharides are all soluble molecules that can be hydrolysed 
into two monosaccharides by acid hydrolysis or by enzyme-catalysed reaction. Combining 
different monosaccharides will produce different disaccharides.

Maltose is a disaccharide composed of two α-glucose residues and is found in germinating 
seeds (Figure 23.103).
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■■ Figure 23.103  

The formation of 

maltose

■■ Figure 23.104  

The formation of 

sucrose

The oxygen bridge in maltose connects the carbon-1 of the first glucose residue with the 
carbon-4 of the second glucose unit, so it is a 1,4-glycosidic link. The stereochemistry of 
glycosidic links is discussed in Section 23.10.

The most common disaccharides are maltose, lactose and sucrose. Sucrose, table sugar, is 
composed of an α-glucose and a β-fructose residue and is found in fruit, sugar cane and sugar beet.

In this case, the six-membered (pyranose) ring of glucose is linked to the five-membered (furanose) 
ring of fructose. As can be seen in Figure 23.104, the bonding in this case is by a 1,2-glycosidic link.

Sugar production
Sugar is produced in 121 countries and global production now exceeds 120 million tons a year. 
Approximately 70 per cent is produced from sugar cane, a very tall grass with big stems which 
is largely grown in the tropical countries. Sugar cane is the world’s largest crop and is exported 
largely from tropical and sub tropical regions of Brazil, India, China and Thailand.

The remaining 30 per cent is produced from sugar beet-producing countries in more temperate 
areas of the world. Sugar beets are grown mainly in cooler climates, such as the northern USA, 
countries in the European Union and Russia. The plant grows a bushy leaf structure above the 
ground and is grown in rows. The root of the plant provides the sugar, which has about 15 per cent 
sugar content. At harvest, the roots are dug up and sent to a processor for refining of the sugar. Other 
parts of the plant can be used to feed to livestock.

Sugar cane (Figure 23.105) is a genus of tropical grasses which requires strong 
sunlight and high levels of water for growth. Binomial names of the species 
include Saccharum officinarum, S. spontaneum, S. barberi and S. sinense. Farmers 
usually grow hybrid species which can reach heights of 5 m. A typical sugar 
content for mature cane would be 10 per cent by weight but the figure depends 
on the variety and varies from season to season and location to location.
Ethanol is generally available as a by-product of sugar production. It can be 
used as a biofuel alternative to gasoline and is widely used in cars in Brazil. It 
may become the primary product of sugar cane processing, rather than sugar.

Lactose is the primary carbohydrate of human and cow’s milk, providing 
about 40 per cent of their total energy values. It is composed of a glucose 
residue and a β-galactose residue (Figure 23.106).

It should be noted that galactose is an aldohexose isomer of glucose, 
differing in the orientation of the hydroxyl (−OH) group on the carbon-4 of 
the structure (Figure 23.107).
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Lactose, sucrose and another important disaccharide, trehalose, are used to 
transport energy.
■  Carbohydrates are transferred from a mother to her infant as the 

disaccharide lactose in milk.
■  Plants usually transport sugars between tissues as concentrated solutions of 

sucrose. When extracted and refined from sugar cane or sugar beet, sucrose 
is sold as table sugar and is used as the sweetener in many food products 
and drinks.

■ Trehalose is important for the transport of sugars in insects and certain fungi.

However, higher animals invariably use the monosaccharide glucose to 
transport energy in the bloodstream as we have seen in our earlier discussion 
of diabetes.

■■ ■Reducing sugars
The redox properties of monosaccharides disaccharides depend on the position 
of the carbonyl in their molecules. Aldoses, including glucose, are reducing 
sugars in solution because they contain a terminal carbonyl (aldehyde) group 
and are readily oxidized under relatively mild conditions.

Reducing sugars can be detected in the laboratory by Fehling’s solution – an 
alkaline solution containing sodium potassium tartrate, copper(ii) sulfate and 
sodium hydroxide. When heated with an aldose solution the deep blue colour 
of the reagent solution disappears and a red precipitate of copper(i) oxide is 
produced as the Cu2+ ions are reduced to Cu+ ions. Benedict’s reagent can be 
used as a less hazardous alternative – being less strongly alkaline – to Fehling’s 
solution.

The reaction takes place because, as mentioned earlier, the glucose solution contains a small 
proportion of the straight-chain form of the structure (Figure 23.108). As these molecules react 
the equilibrium is disturbed and more of the straight-chain molecules are formed (Le Chatelier’s 
principle). The process continues until all of the glucose is oxidized.

Disaccharides such as maltose and lactose will also give a positive test with Fehling’s or 
Benedict’s reagent on heating. This indicates the presence of an aldehyde grouping in the 
straight-chain form of the molecules present in equilibrium in the aqueous solutions of these 
sugars. Sucrose, however, does not rearrange into a straight-chain form in solution and so is a 
non-reducing sugar, giving a negative test with these reagents. Thus sucrose can be distinguished 
from reducing monosaccharides and disaccharides.

Lactose intolerance
Lactose intolerance is the inability to digest the lactose found in milk and other dairy products 
into its constituent monosaccharides, glucose and galactose. Lactose is a disaccharide and 
cannot pass through the plasma membrane of the cells of the gut epithelium. It must first be 
hydrolysed by enzymes bound to the membrane of microvilli. Digestion of lactose is carried 
out by the enzyme lactase present in all young mammals. The monosaccharides produced are 

■■ Figure 23.106  
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transported across the cell membranes of the gut epithelial cells into the bloodstream and then 
metabolized by tissues to yield ATP or are stored as glycogen in the liver and muscle for later use.

Milk provides carbohydrate, protein, fat, mineral and vitamins and is produced by the 
mammary glands of all female mammals after giving birth. When mammals stop breast feeding 
their young, their young lose the ability to make lactase; after weaning most mammals never 
drink milk again so lactase is not required – continuing to synthesize an enzyme in the gut and 
hydrolyse a nutrient that will not appear in the diet would be a waste of energy. 

Lactose intolerance can be considered to be a physiological response to the intake of lactose 
in the diet by an individual who has undergone a genetically programmed loss of the enzyme 
lactase after weaning. The lactase gene plays a critical role in directing the synthesis of lactase 
at birth, as a major source of carbohydrate in the baby’s nutrition is the lactose in the mother’s 
milk. In many developed countries due to modern storage and distribution methods, adults 
now consume milk and milk products in greater quantities. In other parts of the world, such 
as Asia, milk products do not form a part of the adult diet and switching off the lactase gene 
is a normal phenomenon that goes unnoticed, so the lactose remains undigested and cannot 
be absorbed into the bloodstream. Lactose therefore passes unchanged into the last part of the 
large intestine, and bacteria living here switch their metabolism and begin to ferment lactose, 
producing lactic acids and large amounts of gases.

A geographical bias can be seen in the distribution of lactose intolerance worldwide linked to 
the dietary pressures of availability and preference. Lactose-free milk has become available and 
commercially viable as Western dietary preferences have spread into other regions. The situation 
has become more complex as the condition of lactose intolerance has tended to become confused 
with a ‘milk intolerance’ caused by a mutation in the protein content of cow’s milk. A major study 
by scientists at Curtin University (Perth, Australia) has suggested that millions of people who 
believed that they were lactose intolerant could return to consuming commercial cow’s milk using 
the A2 version that is now becoming more readily available.

Originally all cows produced only the A2 beta-type protein in their milk, but a genetic mutation 
in European herds produced the A1 protein. This spread throughout many countries and milk with 
this A1 protein now makes up the majority of the milk in our fridges. It is this A1 protein that causes 
many people the digestive discomfort that may be mistaken for lactose intolerance. The increasing 
commercial availability of A2 milk which does not cause this problem could mean that fewer people 
have an adverse reaction to milk and dairy products, but there are intriguing conflicts of commercial 
interest that could play out in various countries over the next few years.

■■ ■Polysaccharides
Polysaccharides are condensation polymers of monosaccharide. The three most common and 
important polysaccharides are starch, cellulose and glycogen. All three are formed from glucose 
residues. Starch (Figure 23.109) and glycogen are both polymers of α-glucose; cellulose is a 
polymer of β-glucose.

Polysaccharides are a further example, together with proteins and nucleic 
acids, of biologically important condensation polymers. You will remember that 
condensation polymers are built from monomers that each contain two functional 
groups capable of reacting to produce water. Each time a bond is formed between 
monomers, a water molecule is eliminated. In forming a polysaccharide chain, it 
is the −OH groups of the glucose molecules which react, and glycosidic links are 
formed between the monomers.

Starch and glycogen are used to store glucose in plants and animals, respectively. 
Glycogen is present in the liver and muscles, while starch is formed in leaves but 
stored in seeds and in roots. Cellulose is the major component of plant cell walls 
and, together with lignin, provides the structure to the cell walls. It is the major 
component of wood and cotton.

The differences in the structure and function of these three important 
polysaccharides, starch, cellulose and glycogen, depend largely on two features:
■ the type of glycosidic link between the monomer units
■ the isomer of glucose involved in their construction.

■■ Figure 23.109 False-colour 

scanning electron micrograph 

(SEM) of a single, broken cell from a 

potato, showing several large starch 

granules
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Comparing starch and cellulose
Starch occurs in two forms: amylose and amylopectin (Figure 23.110). Amylose consists of 
long unbranched chains of around 300 residues in which all the glucose units are bonded via 
α-1,4-glycosidic linkages. The orientation of the rings around the α-l-4 links produces a helical 
molecule with six glucose units per turn. This structure is stabilized by intra-molecular hydrogen 
bonding involving the hydroxyl groups on carbon-2 and carbon-3 in each ring and the O atoms 
of the link and ring respectively.

The other form of starch, amylopectin, is a branched molecule with the length of each 
branch being on average between 24 and 30 glucose residues. The backbone of amylopectin 
contains α-1,4 glycosidic linkages. However, the branch points are α-1,6-glycosidic linkages. 
Glycogen has a structure very similar to that of amylopectin. However, it is more highly 
branched and has a higher molar mass. The polymer molecules are very large, involving up to a 
million glucose units. This makes amylopectin molecules among the largest in nature.

Starch constitutes up to 80 per cent of the dry mass of staple foods such as wheat, corn, rice and 
potato, which makes it the commonest carbohydrate in the human diet. Starch is the storage 
polymer of glucose in plants. It is used as a carbohydrate store in roots, tubers, seeds and fruits. Plant 
cells store starch in the form of insoluble starch grains (see Figure 23.109), which contain variable 
amounts of the two polysaccharides, amylose (25–30 per cent) and amylopectin (70–75 per cent).

The structures of amylose and amylopectin are well suited to their storage function 
because:
■ They are compact and do not take up much space, their helical structure enabling this.
■ They are insoluble and so cannot move out of the cells in which they are stored.
■ They enable a very large number of glucose units to be stored within cells without generating 

a high osmotic pressure (osmotic pressure is a property dependent on the number of solute 
particles present in a solution – if a large number of glucose monomers are present inside the 
cell, the net flow of water molecules into the cell would burst it).

■ They do not become involved in the immediate metabolic processes of the cells.
■ They are easily hydrolysed by enzymes to soluble sugars when required.

■■ Figure 23.110 Structures of amylose and amylopectin
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Worldwide, about 30 million tonnes of starch are obtained from plants each year. Perhaps 
surprisingly, most of this starch is used for industrial purposes. These uses include making 
glues, wallpaper paste, paper and card coatings, carbon paper, corrugated board, textiles, 
paints, packaging and insulating materials, biodegradable plastics and rubber. Various 
different forms of starch are used to make high-value products such as cosmetics and 
medicines, and even a form of concrete.

Cellulose (Figure 23.111), like amylose, is an unbranched polymer of glucose. Up to 15 000 
units of glucose are present in each chain. Unlike amylose, the glycosidic linkages are β-1,4 
linkages. These β-1,4 linkages are bonds that connect carbon-1 of one glucose to carbon-4 
of the other glucose, where the oxygen is in the β position on carbon-1. The change in 
bonding results in significant differences in the properties of starch and cellulose. Cellulose is 
insoluble in water; starch is slightly soluble. Cellulose forms fibres; starch is a powder.

Due to the orientation of the glucose units the molecules do not coil into a helical shape but 
form a linear molecule. Parallel neighbouring chains are able to interact with each other by 
cross-linked hydrogen bonds. Up to 60 or 70 individual chains can be held together to form 
a column known as a microfibril (Figure 23.112). Bundles consisting of many microfibrils are 
assembled together to form the cellulose fibres which give tensile strength to the cell wall.

■■ Figure 23.111 Structure of cellulose
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■■ Carbohydrate solubility
All the different carbohydrates contain a significant number of −OH groups. For the 
monosaccharides and disaccharides, the −OH groups are an important factor in their solubility 
since they form hydrogen bonds with water molecules (Figure 23.114). This solubility enables 

small sugar molecules to be transported and metabolized readily.
In contrast with monosaccharides and disaccharides, an 

essential part of the function of polysaccharides is that they are 
not readily soluble in water:
■  In cellulose, the linear molecules interact strongly with one 

another, forming fibrous structures that are insoluble in water. 
Although there are many −OH groups, they tend to be on 
the inside of the fibres and are involved in internal hydrogen 
bonding between the chains. As a result, the interactions of 
the polymeric chains with water are restricted.

■ Neither amylose nor amylopectin is truly soluble in water.   
 The −OH groups in the unbranched, coiled chains of amylose  
 are more accessible to water than those of the more compact, 

Animals have enzymes that degrade amylose and amylopectin 
into glucose. However, these enzymes do not bind cellulose 
and they are unable to hydrolyse cellulose. It therefore passes 
through the digestive system as dietary fibre (see below). Some 
animals, such as termites, secrete cellulase which breaks down 
the wood they eat. Cows contain bacteria in their stomachs 
which secrete cellulase and allow the cow to digest grass. 
Fungi are also able to break down cellulose.

Glycogen (‘animal starch’) is an energy storage molecule 
in animals, where it occurs in liver cells and muscle tissue 
(Figure 23.113). The structure of glycogen is very similar 
to amylopectin (see Figure 23.110), but glycogen is more 
extensively branched. The unbranched sections are formed 
from glucose molecules linked by α-l,4 glycosidic bonds. 
At the branch points, α-l,6 glycosidic bonds are found. In 
glycogen the branching points occur every 8 to 12 residues 
and the branches are shorter. Glycogen forms a very compact 
structure.

The structures of the three main polysaccharides, cellulose, 
starch and glycogen, are closely related to their function. 
Table 23.13 summarizes the features of the three main 
polysaccharides.

■■ Figure 23.113 Coloured transmission electron 

micrograph (TEM) of a liver cell. Glycogen granules are 

seen as black dots. Glycogen is also stored in skeletal 

muscle

Polysaccharide Monomer
Type of 
glycosidic link

Shape of 
macromolecule Function

Starch Amylose α-Glucose α-1,4 Unbranched 
chains wound into 
a helix

Carbohydrate 
storage in 
plants

Amylopectin α-Glucose α-1,4 and 
also α-1,6 at 
branches

Tightly packed 
branched chains

Carbohydrate 
storage in 
plants

Glycogen α-Glucose α-1,4 and 
also α-1,6 at 
branches

Very branched, 
compact 
molecules

Carbohydrate 
storage in 
animals

Cellulose β-Glucose β-1,4 Linear Structural 
component in 
plant cell walls

■■ Table 23.13  

A summary of the 

features of the major 

polysaccharides

■■ Figure 23.114 The hydrogen bonding between 

glucose and water enables the sugar to be soluble
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branched amylopectin chains. Thus there is more scope for hydrogen bonding with water in 
the case of amylose. As a result, amylose is the more soluble polymer of the two.

■  Glycogen is even more branched than amylopectin and is likewise only sparingly soluble in 
water.

Cooking a rice or pasta dish illustrates the effect of water on carbohydrate polymers. As the 
pasta or rice is heated in water, it swells as the polymer chains become hydrated. However, 
although swollen, the polymer chains do not dissolve away.

■■ Hydrolysis of carbohydrates
Hydrolysis is the reverse of the condensation reaction that forms disaccharides and 
polysaccharides. Covalent bonds are broken during hydrolysis, with water (as H and OH) being 
added to the fragments.

monosaccharides  disaccharides or polysaccharides + water

Acid hydrolysis
Hydrolysis of disaccharides or polysaccharides can be brought about by warming (70 °C) with dilute 
hydrochloric acid (1 mol dm−3). Acid hydrolysis of polysaccharides can be used in analysing the 
structure of complex carbohydrates. The hydrolysis is usually followed up by chemical testing and 
then paper chromatography is used to find the nature of the monomers present in the structure. 
Acid hydrolysis of starch can also be used as a source of glucose in the food industry. An example 
of this is the production of sweetening syrup. Glucose itself is not as sweet as fructose and so the 
glucose produced by acid hydrolysis is converted to fructose using immobilized glucose isomerase.

Enzyme hydrolysis
Biological systems require the hydrolysis of specific glycosidic bonds. Plants and animals have 
enzyme systems for the controlled hydrolysis of stored starch or glycogen, respectively, while 
starch taken in by animals as food can also be hydrolysed.

In humans, the digestion of starch begins in the mouth. Saliva contains an α-amylase, an 
enzyme that specifically hydrolyses α-l,4 glycosidic bonds. Digestion of starch with this enzyme 
produces a mixture of glucose and maltose. This enzyme cannot break bonds in the region of the 
branching points in amylopectin. A pancreatic α-amylase continues to digest starch in the small 
intestine. This enzyme is again specific for α-l,4 links.

Starch and cellulose are isomers because they are different compounds with the same 
molecular formula (C6H10O5)n. They are stereoisomers because only the three-dimensional 
arrangement of atoms is different. How the six-membered rings are joined together has an 
enormous effect on the shape and properties of these carbohydrate molecules.

Human amylases cannot hydrolyse β-glycosidic links. Because of this, we cannot digest 
cellulose. Any cellulose in our diet acts as dietary fibre. This has the beneficial effect of 
providing bulk to our food and helping its passage through the digestive system. Despite the 
abundance of cellulose in nature, cellulase enzymes are rare and most animals cannot utilize 
cellulose as food. However, some bacteria and fungi are able to synthesize such an enzyme. 
Animals such as cows and sheep have bacteria in their stomachs that produce a cellulase to 
break down cellulose. These mammals can use grass and hay as food; they then absorb the 
monosaccharides and disaccharides released by the bacteria.

The difference between them can be described using slightly different terminology 
relating to the orientation of the linking bonds in the molecule. Cellulose and starch are 
both composed of the same repeating unit, α-glucose, but they differ in the position of the 
oxygen atom joining the rings together. In cellulose the oxygen atom joins two rings using 
two equatorial bonds, but in starch the oxygen atom joins two rings using one equatorial 
and one axial bond.

Cellulose is composed of long chains held together by inter-molecular hydrogen bonds, thus 
forming sheets that stack in an extensive three-dimensional network. The axial–equatorial ring 
junction in starch creates chains that fold into a helix. The human digestive system contains 

condensation
polymerization

hydrolysis
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the enzyme necessary to hydrolyse starch by cleaving its axial C–O bond, but not an enzyme 
to hydrolyse the equatorial C–O bond in cellulose (Figure 23.115). Hence an apparently minor 
difference in the three-dimensional arrangement of atoms gives very different properties to 
starch and cellulose.

■■ Figure 23.115  
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■■ Figure 23.116 
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27 The diagram below shows a part of the structure of a carbohydrate storage polymer which can be 
broken down by enzyme action.

a What types of glycosidic linkages are present in this structure?
b Name this type of breakdown reaction.
c Draw the structure of the monomer unit produced
d Suggest which carbohydrate polymer this drawing represents.
e Suggest why the polymer functions as an energy store but the monomer does not.

28 Describe the difference in structure between starch and cellulose. How does this difference affect human 
nutrition?
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■■ Dietary fibre
Dietary fibre (or roughage) is the indigestible portion of plant-based food that retains water 
and so aids motility and makes defecation easier. Dietary fibre contains cellulose, hemicellulose, 
lignin and pectins. Lignin is present in wood and plant stems and is an important component 
of mature plant cell walls. It is a complex alcohol-based polymer and cross-linked with other 
cell wall components. Hemicellulose is similar to cellulose but is formed from a variety of 
monosaccharides. Pectin is another complex polysaccharide present in the material that binds 
adjacent plant cells together.

Sources of dietary fibre are usually divided according to whether they are water soluble 
or water insoluble. Both types of fibre are present in all plant foods. Insoluble fibre possesses 
water-attracting properties that help to shorten transit time through the intestine. Soluble fibre 
undergoes fermentation by the gut microflora (probiotic bacteria – Figure 23.116) with healthy 
effects. Prunes have a thick skin covering a juicy pulp. The prune’s skin is an example of an 
insoluble fibre source, whereas soluble fibre sources are inside the pulp.
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The importance of dietary fibre in the diet
As the dietary fibre passes through the small intestine it undergoes a process of fermentation 
(to varying degrees). A variety of short fatty acids are produced that protect and promote 
the environment in the large intestine and stimulate the immune system. Dietary fibre 
(Figure 23.117) may be helpful in the prevention of conditions such as diverticulosis, irritable 
bowel syndrome, constipation, obesity, Crohn’s disease, hemorrhoids and diabetes mellitus, and 
in lowering cholesterol levels.

Diverticulosis is characterized by the presence of pockets of tissue in the 
lining of the colon (large intestine) due to weakness in the muscle layers. 
It is thought to be caused by pressure in the colon which may result from 
a diet low in fibre. Symptoms include bleeding, bloating and abdominal 
cramps after eating.

Irritable bowel syndrome (IBS) is a bowel disorder characterized by 
abdominal pain relieved by defecation. The underlying cause of IBS 
is not known, but it may be caused by the body’s immune system as a 
response to the presence of excessive microflora in the colon. IBS may 
also be triggered by certain foods in the diet.

Crohn’s disease has similar symptoms to IBS. It affects men and 
women equally and appears to be genetically determined. It is especially 
common in Jewish people and African-Americans. It is believed to 

be an autoimmune disease involving the body’s immune system responding to food and its own 
bacteria as ‘foreign’. A common complication with Crohn’s disease is blockage of the intestine.

Hemorrhoids or piles occur when the veins in the rectum or anus become swollen and 
inflamed. Consequently, defecation is painful and blood is present in the stools. The general 
cause of hemorrhoids is pressure on the rectal veins. Increased straining caused by constipation 
or diarrhoea may lead to hemorrhoids. Severe cases of hemorrhoids are treated by surgery. A 
common approach is to cut the blood supply so the hemorrhoid dies and enters the stools.

■■ Uses and functions of carbohydrates

Metabolic involvement
The themes of energy and energy storage have persisted through the aspects of 
carbohydrates that we have considered in this section. It is worth reiterating that 
carbohydrates often act as energy sources for respiration (Figure 23.118), with glucose 
being the major substrate for respiration. Starch and glycogen can be broken down by 
appropriate enzymes to release glucose. Fructose can also enter the respiratory process 
(via phosphorylation). The intermediates of sugars formed during respiration can act 

■■ Figure 23.117 A high-fibre breakfast cereal

■■ Figure 23.118 
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So far in this chapter we have discussed proteins, carbohydrates and lipids. All these are required 
in relatively large amounts in the human diet – they are known as macronutrients. Vitamins are 
a group of complex organic molecules that are classified as micronutrients. These are essential in 
small amounts (<0.005 per cent body weight) for the normal functioning of the body. They are 
required in milligram (mg) or microgram (μg) amounts. Micronutrients include the vitamins and 
many so-called trace minerals such as iron (Fe), copper (Cu), zinc (Zn), iodine (I), selenium (Se), 
manganese (Mn), molybdenum (Mo), chromium (Cr) and cobalt (Co).

Vitamins are categorized according to their biological function rather than chemical 
structure. Such functions include acting as prosthetic groups or co-factors by binding to enzymes, 
acting as hormones or antioxidants, or facilitating the transfer of functional groups or electrons. 
The name vitamin C refers to a single compound, ascorbic acid, but the name vitamin A refers 
to a group of compounds that include retinol (an alcohol), retinal (an aldehyde), retinoic acid 
and several poly-unsaturated hydrocarbons (the carotenes, can be converted to retinol and 
retinal in the body). Vitamin B comprises a diverse group of compounds (with molecular masses 
ranging from 123 to 1580). Vitamin D consists of four structurally similar compounds produced 
from the same precursor, 7-dehydrocholesterol, by different metabolic pathways (note that 
7-dehydrocholesterol is also a precursor of cholesterol).

Nature of Science  The importance of vitamins

Careful observation is a cornerstone of science and the idea of vitamins originated when it was 
observed that certain diseases arose when people consumed diets deficient in certain foods. 
For instance, sailors often developed scurvy when they went on long journeys and did not 

■■ Figure 23.119 
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as precursors for a range of molecules, for example amino acids and porphyrins such as 
chlorophyll and hemoglobin. The nitrogenous bases of DNA are also synthesized from 
amino acids, which in turn are synthesized from the intermediates of aerobic respiration.

Carbohydrate fillers
We have mentioned a range of major uses for glucose, sucrose and various polysaccharides as 
we have progressed through this section. It is worth adding that many carbohydrates and their 
derivatives are used in the pharmaceutical industry to bind preparations into tablets or to act as 
‘inert’ bulking agents for small quantities of drugs. Glucose, starch, sucrose and mannitol are all 
used for their adhesive properties. Mannitol is an alcohol sugar with the formula C6H8(OH)6. 
Dextran is used as a plasma substitute, which increases blood volume in patients who have lost 
large amounts of blood. Dextran is a complicated branched polysaccharide of glucose.

23.5 Vitamins – vitamins are organic micronutrients with diverse functions 
that must be obtained from the diet

■■ Vitamins as micronutrients
A nutrient is a substance required by an organism. Nutrients are needed for metabolism – the 
chemical reactions that occur inside cells and ensure growth and survival. Nutrients include 
proteins, carbohydrates, lipids, vitamins, minerals and water. Nutrients are divided into 
micronutrients and macronutrients (Figure 23.119).
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have access to citrus fruit or other fresh fruit and vegetables; and people who ate white rice 
often developed beriberi, but those who ate brown rice did not. In these cases the treatment 
preceded a clear understanding of any underlying cause. These and similar observations led 
to the hypothesis of deficiency diseases – the idea that a lack of something in the diet could 
cause disease. This was formulated in 1912 and is now firmly established in healthcare practice. 
Vitamins were originally named ‘vitamines’ (vital amines). However, it was later found that not 
all vitamins are amines, so the ‘e’ was dropped and the term vitamins adopted.

■■ Vitamins and their solubility
Vitamins cannot generally be made in the body (with the exceptions of vitamin D, which can 
be synthesized in the skin, and niacin, which can be formed from the essential amino acid 
tryptophan) so they must be obtained from the ingestion of suitable foodstuffs as part of a 
healthy diet. They are present in very small quantities in food and absorbed into the body during 
digestion. They have no energy value, but are essential for a healthy body and for maintaining 
body metabolism. They are also sometimes taken in the form of food supplements – vitamin 
tablets. The structures of vitamin A (retinol), vitamin D (calciferol) and vitamin C (ascorbic 
acid) are shown in Figure 23.120. Note that the names and structural formulas of these three 
vitamins are given in the IB Chemistry data booklet which is available during examinations.

■■ Figure 23.120 
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The vitamins are classified into two groups: water-soluble vitamins and fat-soluble vitamins. 
Vitamins A, D, E and K are fat-soluble vitamins and accumulate in the liver and adipose (fat) 
tissue where they can be stored for prolonged periods of up to several months. Such vitamins 
can be consumed less frequently than others without any detrimental health effects. Indeed, if 
excessive amounts are taken, levels can build up, resulting in toxicity.

Fat-soluble vitamins
The solubility of a vitamin can be readily deduced from its structure. Consider the structure of 
vitamin A (retinol) (Figure 23.121). Although the molecule contains a polar hydroxyl group, −OH,  
it is essentially non-polar due to the presence of a large hydrocarbon ‘skeleton’. Vitamin A is therefore 
predicted to be predominantly hydrophobic, fat soluble and largely insoluble in water.
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Retinol is a long-chain alcohol with an extensive system of alternating single and double carbon–
carbon bonds. The π-electron clouds of the adjacent double bonds overlap with each other to produce 
an extended cloud of delocalized electrons – a conjugated system which, in retinol, involves ten carbon 
atoms (including two in the six-membered ring). Carotenes, another group of vitamin A compounds, 
have even longer conjugated systems (up to 22 carbon atoms). The longer chain of β-carotene can 
be cleaved to produce retinol. This electron conjugation makes the vitamin A compounds efficient 
antioxidants that readily react with molecular oxygen and free radicals. The conjugated systems also 
mean that all these compounds absorb visible light and therefore have bright colours.

The absorption of these hydrophobic vitamin A compounds into the intestinal tract and 
their transport depends on certain lipids and lipoproteins. Consequently, low-fat diets may lead 
to secondary vitamin A deficiencies that cannot be corrected simply by increased intake of the 
vitamins and may require a change in dietary habits.

Vitamin D is a collective name referring to cholecalciferol (vitamin D3), ergocalciferol 
(vitamin D2) and two other related compounds (vitamins D4 and D5), each also with a partly 
broken steroidal structure. Vitamin D without a subscript usually refers to either D2 or D3 or 
both. These are known collectively as calciferol.

In the human body cholecalciferol can be synthesized in the skin and requires ultraviolet 
(UV) light. The human body is normally able to synthesize enough vitamin D to meet metabolic 
requirements. However, when circumstances limit exposure to sunlight – winter months at high 
latitudes, for instance – vitamin D becomes an essential micronutrient that must be obtained 
from the diet or by supplement.

Vitamin D is fat soluble and transported in body fluids in the form of lipoprotein complexes. 
Natural sources and food supplements that contain vitamin D are usually rich in lipids and so do 
not require any additional fat intake as is the case with vitamin A. There are only a few dietary 
sources of vitamin D: oily fish such as salmon and herring, liver and eggs. Vitamin D stimulates 
the uptake of calcium ions by cells and is important in the health of bones and teeth

Water-soluble vitamins
In contrast to vitamins A and D, consider the structure of vitamin C (Figure 23.122). The 
molecule has a much smaller hydrocarbon ‘skeleton’, but this contains four polar hydroxyl 
groups, −OH, which can form hydrogen bonds with water molecules. Vitamin C (ascorbic 
acid) is therefore expected to be soluble in water.

Both vitamin C and the B group of vitamins (consisting of eight different vitamins) are 
water soluble. Water-soluble vitamins are transported directly in the blood, and excesses are 
filtered out by the kidneys. They are excreted readily in the urine and stores can become 
depleted, so a dietary intake is required. Unlike fat-soluble vitamins where there may be 
large body stores, reserves of water-soluble vitamins are small. Note, however, that it may 
take up to 6 months to deplete body reserves of vitamin C enough for deficiency signs to 
appear. By contrast, deficiency of vitamin B1 may occur within about a week of depletion.

Vitamin C participates in a broad range of metabolic processes, including the 
biosynthesis of collagen. It is a powerful antioxidant and reducing agent capable of donating 
electrons in redox reactions. 

■■ Figure 23.121  

The structure of 

vitamin A and 

classification into polar 

and non-polar regions

CH
3

C

CH
2

CH
2

H
2
C

H
2
C

CH

CH

CH

CH

CH

CH
3

CH
3

CH
3

CH
3

C

CHC

C

C OH

non-polar

polar

■■ Figure 23.122 The structure 

of vitamin C showing its polar 

groups

CH

C

C C
OO

C
H

OH

OH

OH

OH

CH
2polar group



81 23.5 Vitamins 

Chemistry for the IB Diploma, Second Edition © Christopher Talbot, Richard Harwood and Christopher Coates 2015

Vitamin C is an important factor in the functioning of enzymes involved in collagen 
synthesis. More generally, a number of enzymes function only in the presence of a co-
enzyme. These are small organic molecules and are temporary parts of an enzyme’s structure. 
Co-enzyme molecules are often vitamins or are made from vitamins. Examples of vitamins 
acting as co-enzymes include vitamin B1 (thiamin), vitamin B6 (pyridoxine) and vitamin B2 
(riboflavin).

■■ Heat sensitivity of vitamins
Some vitamins, particularly those that are water soluble, such as vitamin C and vitamin B1 
(thiamin), are sensitive to heat. This can be important as many foods that we consume are heat 
processed in some way (the pasteurization of milk, for instance) and this can cause a reduction 
in their vitamin content.

The concentration of vitamin C in solution can be determined by redox titration using DCPIP 
(2,6-dichlorophenol-indophenol, C12H7NCl2O2) as an indicator. In the presence of ascorbic acid 
the blue solution becomes colourless as DCPIP is reduced:

C12H7NCl2O2 + C6H8O6 → C12H9NCl2O2 + C6H6O6

When all the ascorbic acid has reacted the blue colour of the DCPIP will persist. Note that 
some plant materials may be very acid, in which case the colour of the DCPIP becomes pink–
magenta. In this case, look for the appearance of a permanent pink colour during the titration, 
rather than a blue colour. Note that when using the DCPIP assay for vitamin C in vegetables 
or fruit, the food must be homogenized in acid (commonly phosphoric acid). The problem is 
that plant cells contain ascorbate oxidase, which destroys the vitamin C at neutral pH. It is 
inactivated when the food is homogenized in acid.

Ascorbic acid is a food additive (E300) used, along with other antioxidants, to prevent 
oxidative rancidity.

The solubility and key properties of vitamins A, C and D are summarized in Table 23.14.
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Vitamin Solubility and properties

A, retinol Fat soluble

Hydrocarbon chain and ring are non-polar and influence the solubility 
more than the single –OH group does

Involved in the visual cycle in the eye, and particularly important for 
vision at low light intensity

C, ascorbic acid Water soluble

Several –OH groups enable hydrogen bonds to form with water

Acts as co-factor in some enzyme reactions (hydroxylation of proline 
in collagen synthesis, for example); important in tissue regeneration 
during wound healing and following injury

It can also act as an antioxidant, protecting the body from damage by 
free radicals produced naturally during normal metabolic processes

D, calciferol Fat soluble

Predominantly a hydrocarbon molecule with four non-polar rings and 
only one –OH group; chemically similar to cholesterol

Stimulates the absorption of calcium from the gut; important in whole 
body calcium homeostasis and the health of bones and teeth

■■ Table 23.14  
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The half-equation for its conversion to dehydroascorbic acid is:

C6H8O6 ⇌ C6H6O6 + 2H+ + 2e−
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Vitamin C will be lost when vegetables such as broccoli are boiled in water. This is due 
to the effect of the heat, which results in the oxidation of the vitamin to dehydroascorbic 
acid, but also because the vitamin C is soluble in water and will dissolve in the cooking 
water. The hydrocarbon backbones of the fat-soluble vitamins A and D are relatively stable 
to heat and do not decompose significantly when food is steamed or boiled. Over-cooked or 
fried food can lose more than 50 per cent of its fat-soluble vitamin content and virtually all 
its vitamin C.

Vitamins A and C, containing carbon–carbon double bonds and –OH groups, are more 
sensitive to light and air than vitamin D as they are susceptible to free radical and redox 
reactions.

Measuring vitamin C content
It is possible to measure the vitamin C (ascorbic acid) content of a sample of fruit juice 
by measuring the volume of the sample required to decolourize a solution of DCPIP 
(2,6-dichlorophenol-indophenol).

Calibrate the results by comparison with a known concentration of vitamin C. A standard 
1% solution of vitamin C with 1 g of vitamin C dissolved in 100 cm3 is suggested; this is 
10 mg cm−3.
1 Pipette 2 cm3 of the juice or vitamin C solution into a test tube.
2 Using a graduated pipette or a burette, add 1% DCPIP drop by drop to the vitamin solution. 

Shake the tube gently after adding each drop. Add DCPIP until the blue colour just 
disappears.

3 Record the exact amount of DCPIP solution that was added.
4 Repeat the procedure and calculate an average result.
5 Repeat with the juice to be tested. If the juice decolourizes a large volume of DCPIP, dilute 

the fruit juice and repeat the test. If the juice has a strong colour that will interfere with 
determining the end-point, dilute the juice before testing.

6 Calculate the amount of vitamin C in the standard solution in mg cm–3. Calculate how 
much vitamin C there is in each of the fruit juices in mg cm–3.

29 Consider the structures of two vitamins given below:

a Name two oxygen-containing functional groups in the structure of I.
b Name two oxygen-containing functional groups in the structure of II.
c Classify each of these vitamins as either water soluble or lipid soluble.
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Having established the reliability of the procedure, the following statements could be tested:
■ Fresh juices have more vitamin C than long-life juices.
■ Juice ‘not from concentrate’ is best in terms of vitamin content.
■ Fruit squashes have less vitamin C than fruit juices.
■ If heat destroys vitamin C, then heat-treated long-life juices will have lower concentrations.
■ If heat destroys vitamin C, then boiled fruit juice will have lower concentrations than 

unboiled juice.
■ Manufacturers generally provide reliable information about their products.
■ Vitamin C degrades in vitamin tablets, and old tablets will have less vitamin C than fresh ones.

Note that:
■ The method can be adapted to measure the vitamin C content of fruit and vegetables directly – 

see earlier note on homogenization in acid (www.saps.org.uk/secondary/teaching-resources/191-
measuring-changes-in-ascorbic-acid-vitamin-c-concentration-in-ripening-fruit-and-vegetables)

■ Similar estimates of ascorbic acid content can be carried out using redox titrations involving 
potassium iodate(V) or iodine (www.outreach.canterbury.ac.nz/chemistry/documents/vitaminc_
iodine.pdf).

Nature of Science  Vitamin C and the common cold

Science is not without controversy and it is definitely not the case that all scientists believe the 
same things, or indeed that one scientist always backs the correct ideas. One of the greatest 
chemists of the 20th century was the US scientist Linus Pauling (the only person to win two 
unshared Nobel prizes – one for chemistry and one for peace). He elucidated the structure of 
the α-helix in protein secondary structure and we will refer to him again when discussing the 
structure of DNA. Later in life he heavily backed the idea that high doses of vitamin C could 
prevent a number of diseases, including the common cold and could even be a treatment for 
cancer. His claims and the scientific studies associated with them were very controversial. There 
were flaws in the methodology of the studies – a lack of blind trials – and in the logic of the 
arguments used. He appears to have taken the vitamin C intake of primates in a zoo, where they 
were fed large amounts of fruit, as their requirement for the vitamin, which is not so. The debate 
still carries on today as to whether high doses of vitamin C have any beneficial effect.

In the context of such controversies it is important to note that the ‘authority of science’ lies 
in its methodology and not in individual or groups of scientists. It is important also to realize 
that this ‘authority’ is confined to areas which the scientific method is competent to address.

ToK Link
Authority and science
The involvement of well-known and prestigious scientists in backing controversial ideas does raise issues 
around how scientists use their authority and their responsibility to speak carefully on issues of the day. 
There is a social contract between science and other institutions in society, and following World War II, an 
almost unquestioned cultural belief in the value and material benefits of science. This meant that scientists 
have enjoyed considerable social and political freedom within many developed countries.

In this period the ‘authority of science’ was based on its distinctive understanding and ‘way of knowing’ as a valid 
and, to some, a seemingly better approach compared to competing understandings (for example, an emotional 
intuition or a religious understanding that treats as known matters revealed by the word of God, etc.).

However, beginning in the late 1960s, the heavy reliance on science and technology for sustained economic 
growth combined with the growing technical and moral risks of scientific development (for example, the use 
of embryonic stem cells) resulted in constraints on the autonomy of science, and increased demands from 
various societal interests for greater input on science-related policy.

There is also a growing reaction to what some see as a growing ‘absolutism’ in the approach of some 
scientists in communicating the findings of science and opinion generated from them. Professor Brian Cox, 
one of Britain’s best-known scientists and communicators on science, became involved in a debate on this 
issue while commenting on the issues involved in assessing climate change. In proposing the validity of the 
computer models of the progress of climate change, he made a particular statement that the subsequent 
discussion latched on to, generating significant online reaction. That statement was that ‘it’s clearly a bad 
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Vitamin A deficiency
Mammals, including humans, will die if their diet is deficient in vitamin A, but they do not die 
because of problems with their visual pigments. Vitamin A has a much more important function 
in maintaining life, growth and general health. The active form of A in this systemic mode of 
action is retinoic acid. Rats given a diet containing retinoic acid as the sole source of vitamin A 
become blind because they cannot reduce retinoic acid to retinal to serve as visual pigments, but 
they grow normally and are outwardly healthy, illustrating the two separate functions. Note that 
retinoic acid has hormone-like actions, controlling gene expression, and is also essential for the 
functions of vitamin D and thyroid hormone.

Deficiency of vitamin A can result in a condition called xerophthalmia, which is 
a leading cause of blindness in many developing countries. Fortification of foods with 
vitamin A (adding vitamin A to foods) has proved a successful strategy for combating this 
deficiency.

Programs also exist to encourage farmers to grow varieties of foods richer in β-carotene 
(provitamin A; which can be converted into vitamin A in the body) – this is called 
biofortification. For instance, the introduction of orange-fleshed sweet potato into Uganda to 
replace the indigenous white-fleshed variety has met with some success in reducing vitamin A 
deficiency. The complexity of the situation is illustrated by the fact that many trials to increase 
consumption of dark green leafy vegetables and other sources of carotene have failed to prevent 

■■ Nutrient deficiencies
A disorder occurs if the diet does not contain enough of a vitamin, which is termed a deficiency 
disease. When the intake in the diet is insufficient, the deficiency disease can be avoided by 
supplementing the diet with the necessary vitamin. Table 23.15 indicates some of the sources 
and biochemical functions of selected vitamins required in the human diet and the associated 
deficiency disease.

Name of 
vitamin Important sources Biological function Deficiency disease

A (retinol) Milk, butter, eggs, liver, cod 
liver oil, green and yellow 
vegetables

The aldehyde form known as retinal 
is essential for the formation of the 
visual pigment rhodopsin

Skin and cornea in eye become dry (not 
connected with the function of retinal in 
rhodopsin); poor ‘night vision’

D (calciferol) Cod liver oil, eggs, margarine 
(if fortified), milk (if fortified); 
also synthesized by the body 
in the presence of sunlight

Controls calcium absorption; 
important in bone and tooth 
formation

Rickets in children: failure of bones to calcify 
and become hard; osteomalacia in adults: 
spontaneous fractures

C (ascorbic acid) Citrus fruits, green 
vegetables, potatoes, 
tomatoes

Essential for collagen synthesis Scurvy – skin of gums becomes weak and 
bleeds; wounds fail to heal; connective tissue 
fibres fail to form

B1 (thiamin) Unprocessed rice, whole 
cereals, egg yolk, liver, milk, 
green vegetables, fruits

Acts as a co-enzyme in aerobic 
respiration

Beriberi – nervous system affected; muscles 
become painful and weak; loss of appetite

Niacin Meat, wholemeal bread, yeast 
extract, liver

Essential part of several co-enzymes Pellagra – skin lesions, rashes, diarrhoea

■■ Table 23.15 The sources, functions and deficiency diseases of the major human vitamins

thing for knowledge to be controversial’. To what extent is this valid? His critics argued to the contrary, stating 
that from the Enlightenment onwards the reasoned believed that actually it was good – essential, in fact – for 
knowledge to be treated as controversial and open to the most stringent questioning. For instance, John Stuart 
Mill suggested that controversy is the lifeblood of knowledge: ‘complete liberty of contradicting and disproving 
our opinion is the very condition which justifies us in assuming its truth for the purposes of action’.

Does the general public possess adequate knowledge to weigh and assess science and technology claims 
that appear in the mass media? Has the public followed and reflected on the issues? What role does public 
trust in institutions play in the public understanding of science, and can institutions promote understanding 
via new forms of public engagement? What is the inter-relationships between trust and knowledge in 
shaping public perceptions and subsequent action?
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vitamin A deficiency in developing countries where the intake of fat is below about 20 per cent 
of energy requirement, meaning that the carotene is not absorbed.

Vitamin B group deficiency
Niacin is converted to a co-enzyme that plays a key role in oxidation–reduction processes in 
the cell. Deficiency results in a condition called pellagra, characterized by diarrhoea, dermatitis 
and dementia. Vitamin B1 (thiamin) is converted to a co-enzyme that is essential for energy 
production within cells. Deficiency leads to beriberi, characterized by muscle weakness. Many 
foods, such as breakfast cereals, are fortified with niacin and thiamin, and deficiency is rare in 
developed countries.

Vitamin C deficiency
Vitamin C deficiency results in scurvy – a condition with symptoms of bleeding gums, poor 
wound healing, poor resistance to infection and dark spots on the skin. This used to be a common 
problem among sailors who spent long periods at sea without fresh fruit and vegetables – then it was 
recognized that a regular intake of citrus and other fruits and vegetables would prevent this disease.

James Cook succeeded in circumnavigating the world (1768–1771) in HM Bark Endeavour 
without losing a single man to scurvy, but his suggested methods, including a diet of sauerkraut, are 
now thought to be of limited value. Sauerkraut was the only vegetable food that retained a reasonable 
amount of ascorbic acid in a pickled state, but it was boiled to prepare it for preservation and much of 
the vitamin C content would have been lost. In Cook’s time it was impractical to preserve citrus fruit 
for long sea voyages. More important was Cook’s regime of shipboard cleanliness, enforced by strict 
discipline, as well as frequent replenishment of fresh food. But it is interesting to note that while 16th 
and 17th century British and other sailors suffered from scurvy during long sea voyages, the Dutch 
who consumed relatively large amounts of sauerkraut, rarely did.

Nowadays, scurvy is rarely present in adults, although infants and elderly people can 
be affected. Vitamin C is destroyed by the process of pasteurization, so babies fed with 
ordinary bottled milk sometimes develop scurvy if they are not provided with adequate 
vitamin supplements. Virtually all commercially available baby formulas contain added 
vitamin C for this reason, but heat and storage destroy vitamin C. Human breast milk 
contains sufficient vitamin C if the mother has an adequate intake herself.

Scurvy is one of the accompanying diseases of malnutrition and thus is still 
widespread in areas of the world depending on external food aid. Though rare, there 
are also documented cases of scurvy due to poor dietary choices by people living in 
industrialized nations.

Vitamin D deficiency
Vitamin D deficiency can result in rickets in children (Figure 23.123). As explained above, 
it is a condition in which softening and deformity of the bones occur due to a reduction 
in the uptake of calcium and phosphate from food. Fortification of dairy products with 
vitamin D means that deficiency is now rare in industrialized countries. However, it is 
still a problem in some developing countries where intake of dairy products may be low 
or where religious or social customs (wearing clothes that cover virtually all the body) or 
climatic conditions prevent an adequate exposure to sunlight, and there is still a problem of 
(preclinical) rickets in developed countries with poor sunlight exposure.

A recognized consequence of low vitamin D is osteomalacia in adults. It also contributes 
to osteoporosis in elderly people that results in fragility fractures, partly through increased risk 
of falls. Vitamin D deficiency has also been implicated in cardiovascular disease, increased 
cancer risk and mortality, falls, diabetes, multiple sclerosis, osteoarthritis and epilepsy.

The ‘sunshine vitamin’ and supplements
The main source of vitamin D comes from exposure of the skin to sunlight. Hence there is 
considerable seasonal variation, with concentrations higher at the end of summer compared 
to other seasons. Vitamin D is found in fatty fish such as herring, salmon and mackerel. Other 
sources include eggs, meat and fortified foods such as margarine. Adequate vitamin D is unlikely 
to be achieved through dietary sources alone without fortification. Exposure to sunlight must be 
balanced with the risks of skin aging and skin cancer.

■■ Figure 23.123 Coloured 
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Urban lifestyles and the more widespread use of sunscreen lotions during the summer months 
seem to have resulted in greater concern over an increase in vitamin D deficiency even in affluent 
populations. Even a sunscreen with a minimal SPF (sun protection factor) of 15 is sufficient to block 
a significant proportion of ultraviolet radiation and reduce the synthesis of cholecalciferol in the skin 
by 98 per cent. Higher SPF sunscreens can effectively prevent any synthesis of vitamin D and make 
an individual totally dependent on dietary supplements.

The supplementation of vitamin D in the diet using ‘vitamin pills’ is probably one of the most 
frequent use of such supplements. There is increasing evidence that higher intakes of vitamin D 
than are required to prevent rickets and osteomalacia may be beneficial, especially with respect to 
some cancers and type 2 diabetes.

The nutritional supplement industry, especially the sale of vitamin pills, is in a time of 
continual global growth. The demand for vitamins and nutritional supplements continues 
to increase at a steady pace, with sales rising to $84 billion in 2011, up 6.1 per cent from $80 
billion in 2010, with the USA holding top market share. Global sales in dietary supplements are 
estimated to continue growing by at least 4% each year up to 2018.

■■ Malnutrition
Malnutrition is a general term for a medical condition caused by an improper or inadequate diet. 
An individual will experience malnutrition if the appropriate amount or quality of nutrients 
comprising a healthy diet is not consumed. An extended period of malnutrition can result in 
starvation, vitamin or mineral deficiency diseases and infection (since the immune system is 
affected). Protein–energy malnutrition refers to a form of malnutrition where there is inadequate 
protein intake. There are two forms: marasmus and kwashiorkor (Figure 23.124).

■■ Figure 23.124 
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Marasmus is a form of severe malnutrition characterized by energy deficiency. The malnutrition 
associated with marasmus leads to extensive tissue and muscle wasting and oedema 
(accumulation of fluid beneath the skin or in a body cavity). Other common characteristics 
include dry skin and loose skin folds hanging over the buttocks and armpits. There is also drastic 
loss of adipose (fat) tissue from normal areas of fat deposits, such as the buttocks and the thighs. 
People with marasmus are often irritable and extremely hungry. In children body mass may be 
reduced to less than 80 per cent of the normal mass for that height.

Kwashiorkor is a type of malnutrition that was commonly believed in part to be caused by 
insufficient protein consumption. However, all the recent evidence (over the past 20 years) 
suggests that the problem of kwashiorkor is overall lack of food, not specifically of protein. 
Children aged 1–4 years are most often affected, although it also occurs in older children 
and adults. Kwashiorkor is a Ga word meaning ‘displaced child’, referring to the fact that the 
condition often develops after breast feeding has stopped – the disease was first described and 
named in what was the Gold Coast, now Ghana. Symptoms of kwashiorkor include a swollen 
abdomen (pot belly, due to fatty infiltration of the liver because of failure to synthesize transport 
proteins for export of fat from the liver), alternating bands of pale and dark hair, and weight loss. 
Common skin symptoms include a sunburn-like dermatitis, similar to that seen in pellagra, often 
called sooty dermatitis.
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Kwashiorkor is likely due to deficiency of protein in combination with one of several types of 
micronutrients (e.g. iron, folic acid, iodine, selenium and vitamin C), particularly those involved 
with antioxidant properties.

■■ Food fortification
Some foods are ‘fortified’ to ensure that a normal diet can provide sufficient vitamins or minerals to 
maintain health. For example, the milling of wheat removes part of the grain richest in vitamin B1, so 
white flour has this vitamin added to it. Margarine has vitamins A and D added (to match that found 
in butter), and vitamin C is often added to fruit juices and dehydrated mashed potato. Potassium 
iodate(V) is commonly added to table salt in regions where iodine deficiency is a problem.

A more controversial form of biofortification involves genetic modification (GM) of 
foodstuffs to make them richer in a particular vitamin. Genetic modification has been used to 
produce ‘golden rice’ – a variety of rice rich in provitamin A (β-carotene). It is hoped that the 
use of golden rice will make a significant difference to vitamin A deficiency in countries such as 
India, Bangladesh and Vietnam.

Biofortification and genetically modified crops
A number of scientists are claiming that GM plants can significantly reduce malnutrition, 
especially in the developing world, through the development of plants that are resistant to pest-
derived disease, adverse soil pH or drought conditions. In addition, plants can be engineered to 
have high levels of specific nutrients.

The advantages of using GM crops include a potential reduction in input in terms of labour 
and machinery costs (of particular importance to resource-poor farmers), a reduction in the use 
of potentially harmful fertilizers and insecticides, and a potential reduction in the amount of 
land required for cultivation due to an increase in yield (or rather a decrease in the numbers of 
diseased plants).

Golden rice is a variety of rice (Oryza sativa) produced through genetic engineering to 
biosynthesize β-carotene, a precursor of vitamin A (retinol) in the edible parts of rice. Golden 
rice was developed as a fortified food to be used in areas where there is a shortage of dietary 
vitamin A. However, it is worth noting that an adequate fat intake is essential for the β-carotene 
from golden rice to be absorbed. Approximately 24 million people, in 118 countries, were 
estimated to be affected by vitamin A deficiency. It is responsible for 1–2 million deaths, 500 000 
cases of irreversible blindness and millions of cases of xerophthalmia every year. Vitamin A 
deficiency is currently treated orally or by injection.

ToK Link
Fluoridation and iodization
The practice of food fortification increases the nutritional values of dietary products and avoids widespread 
deficiencies caused by geographical or cultural factors. However, while beneficial for the majority of a population, 
it limits the freedom of an individual to choose their diet and, in rare cases, can lead to vitamin poisoning and 
allergic reactions. The practice raises issues concerning the balance between the rights of an individual, the 
interests of society and the level at which government should provide for and protect society. Illustrative cases 
that highlight these issues are two additions to public supply carried out in the interests of public health:

■ fluoridation of the drinking water supply to prevent tooth decay

■ the iodization of salt to counteract iodine deficiency disorders.

For almost 100 years an inverse correlation between the levels of fluoride and occurrence of dental decay 
has been noted. This resulted in a preventative policy in many countries of fluoridation of water in areas 
with a low fluoride level. There were objections on the basis of suspected undesirable side effects of 
fluoride such as Down’s syndrome and various cancers. The ethical objection is that adding fluoride to the 
water supply is a compulsory medication and, therefore, a violation of individual rights.

The issues involved include:

■ Beneficence (action for the benefit of others): iodine deficiency disorders comprise a spectrum 
ranging from abortion to hypothyroidism. The most serious and irreversible consequences of iodine 
deficiency are abortions, stillbirths, congenital malformations and mental retardation. Fortification 
of salt with iodine can be considered as a ‘vaccine’ for ensuring the proper physical and mental 
development of a child.
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Mineral Major food source Function
Calcium Milk, cheese, bread Bone and teeth formation, muscle contraction, 

nerve action, blood clotting, blood formation
Phosphorus Cheese, eggs Bone and tooth formation, respiration, ATP and 

nucleic acid formation
Sulfur Dairy products, meat, eggs, broccoli Formation of keratin and extracellular matrix

Potassium Potatoes, meat, chocolate Muscle contraction, nerve action, active transport 
across cell membranes

Magnesium Meat, green vegetables Formation of bones and co-enzymes for 
respiration

Chlorine Salted foods, e.g. crisps, sea food Maintaining the anion/cation balance in cells, 
formation of gastric juice (hydrochloric acid)

Sodium Any salted food, meat, eggs, milk Muscle contraction, nerve action, active transport 
across cell membranes

■■ Table 23.16 

Macronutrient minerals

Mineral Major food source Function
Iron Liver, red meat, some 

vegetables, e.g. spinach
Heme group in hemoglobin (oxygen carrier in blood)

Copper Most foods Cytochrome c oxidase (electron transport chain), many 
other enzymes

Fluorine Milk, drinking water in some 
areas

Component of tooth enamel and bone

Zinc Most foods Co-factor for many enzymes
Iodine Seafood and iodized salt Thyroxine (thyroid hormone) synthesis (control of basal 

metabolic rate)
Selenium Plants, seafood, meat, 

mushrooms
Antioxidant enzymes, reduces risk of cancer and heart 
disease, boosts selenoproteins in immune system

Manganese Most foods Phosphatase enzymes (transfer phosphate groups)
Molybdenum Most foods Enzyme co-factor

Chromium Most foods Uptake of glucose

Cobalt Most foods Red blood cell development

■■ Table 23.17 

Micronutrient minerals

■■ Important minerals
Other nutrients that are highly significant components of a balanced diet include minerals. 
Minerals act as metabolites for various cell processes, raw materials for body tissue formation 
and components of enzymes and provide the correct chemical environment for cells.

A selection of minerals essential to human health are listed in Tables 23.16 and 23.17. Plants 
and animals lacking an essential mineral will develop a characteristic deficiency disease or disorder.

Minerals have four functions in the body:
■ They act as raw materials for the formation of body tissues.
■ They provide the necessary chemical environment for cells.
■ They act as metabolic intermediates for cell processes.
■ They act as co-enzymes.

The minerals in the first two categories above are required in relatively large amounts and are 
macronutrients (Table 23.16). The quantities required will be in excess of 0.005 per cent of body mass.

Minerals in the last two categories are required in much smaller amounts and are micronutrients 
(Table 23.17). They are required in milligram or microgram quantities (103 mg = 1 g; 106 μg = 1 g).

■ Non-maleficence: no harmful effects of excess iodine consumption have been reported from countries 
that were previously iodine sufficient. Allergy to iodine in the fortified salt has not been reported, 
though it is possible.

■ Justice (equity): this means that priority should be given to those who are in need, in proportion 
to their need. In the case of iodine deficiency, the communities that are deficient in iodine are the 
‘needy’ communities.

■ Autonomy (freedom to make choices): universal salt iodization can be looked upon as a compulsory 
medication and, therefore, a violation of an individual’s rights.
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Just as for vitamins, deficiency diseases can also arise when a person’s diet lacks a specific 
mineral (Table 23.18).

Mineral Deficiency disease Symptoms of deficiency 
disease

Calcium and 
phosphorus

Rickets in children and 
osteomalacia (softening 
of bones) in adults, 
osteoporosis in adults

Bones and teeth are affected: 
twisted limbs or unformed teeth

Sulfur Skin problems or disorders, 
muscle pain, nerve disorders, 
circulatory trouble, stress, 
infection

Potassium Rarely deficient Heart disease

Chlorine Muscular cramps

Sodium Muscular cramps, heart disease

Iron Anaemia: low level of red 
blood cells

Fatigue, dizziness, rapid heart 
beat

Iodine Goitre (Figure 23.125) Enlarged thyroid gland, 
protruding eyes

■■ Table 23.18 The sources, functions and deficiency diseases of the major 

minerals in the human diet

■■ Figure 23.125 An adult untreated with goitre

23.6 Biochemistry and the environment – our 
increasing knowledge of biochemistry has led to several environmental problems, while 
also helping to solve others

Biochemistry is a multidisciplinary science that has expanded significantly in recent years and greatly 
increased our understanding of biochemical processes and our ability to control biological systems. 
However, that development, together with massive technological expansion and development, has 
created and revealed serious ecological problems. It has also increased our awareness of environmental 
impact and the ethical implications of scientific and technological development. This topic focuses 
on the use of biochemical techniques in industrial, agricultural and household applications and their 

effects on worldwide and local ecosystems. It also indicates aspects of the role of biochemistry 
in alleviating the environmental impact of human activities.

■■ ■Xenobiotics – foreign compounds
Xenobiotics are chemical compounds that are found in a living organism but are 
foreign to that organism (from the Greek xenos, ‘stranger’, and biotic, ‘related to living 
organisms’). The term can also be applied to chemicals found in higher-than-normal 
concentrations in an organism, or to compounds that are not produced naturally but only 
by synthetic processes – in other words, chemicals that are foreign to the biosphere.

Specifically, drugs such as antibiotics are xenobiotics in humans because the human body 
does not produce them itself and they are not part of a normal diet. Natural compounds 
can also become xenobiotics if they are taken up by another organism, such as the uptake of 
natural human hormones by fish found downstream of sewerage treatment plant outfalls.

The presence of pharmaceuticals, including antibiotics, chemotherapy drugs and 
hormones, in waste water is becoming a big problem. These pharmaceuticals are then 
carried to sewerage treatment plants. These pharmaceuticals may be discharged from 
industries or hospitals, or passed through the human body and released unmodified or 
partially metabolized in urine. This situation is a relatively new problem which sewerage 
treatment plants were not specifically designed to deal with. Sewerage treatment plants 
may break down the xenobiotics through bacterial action, but too often this process is 
incomplete. The diverse nature of the chemicals involved compounds the problem. These 
issues taken together mean that these extraneous substances are not effectively removed 
from the waste water and some are released into the environment. The result of this is that 

■■ Figure 23.126 River 

pollution in northern 

England. The frothy scum 

of an industrial pollutant 

formed on the surface of a 

river. Although the pollutant 
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not until the river passes over 

a weir that the scum forms
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water containing a variety of pharmaceuticals can be taken up by fish living downstream and is 
used for drinking and the irrigation of agricultural land. Although these pharmaceuticals are found 
in drinking water in only very small amounts (at concentrations of the order of ng dm−3), there are 
concerns that long-term exposure could result in damage to human health.

One particular problem is the release of antibiotics into the environment in waste water. 
This is regarded as a particular problem because not only can they cause damage to aquatic 
organisms, but they can also result in increased bacterial resistance to antibiotics. Antibiotics 
are used to treat a variety of conditions but if bacteria develop resistance to antibiotics such 
as penicillin these diseases can become much more difficult to cure. This is an environmental 
aspect to the problem of antibiotic resistance that is reportedly resulting from over-prescription 
in parts of the developed world.

The waste water from sewerage treatment may also contain sex hormones such as the female 
oestrogens that have been released in human urine, particularly due to use of the synthetic 
contraceptive pill. There is some concern that male fish may absorb sufficient quantities of 
oestrogens to become ‘feminized’ and unable to breed.

The following xenobiotics are causing current concern in the environment:
■ household and industrial detergents
■ pharmaceutical drugs, including antibiotics such as penicillin
■ food additives
■ pollutants, such as PCBs and dioxins
■ insecticides, such as DDT
■ heavy metals, such as mercury and lead compounds
■ hormones, such as oestrogens
■ plasticizers from polymer manufacture

Depending on their chemical nature, some xenobiotics can be completely digested by 
microorganisms, plants and animals. The body removes xenobiotics by xenobiotic metabolism. 
Xenobiotic metabolism is the set of metabolic pathways that modify the chemical structure of 
xenobiotics. In general, drugs are metabolized more slowly in fetal, neonatal and elderly humans 
and animals than in adults.

Polar molecules are often soluble in water and are quickly metabolized within the organism 
or undergo photochemical oxidation. Non-polar molecules, on the other hand, pass relatively 
easily across the hydrophobic cell membranes. They enter cells where they may be modified by 
enzymes and then detoxified. This consists of the deactivation and the excretion of xenobiotics 
and happens mostly in the liver. This is how many drugs are broken down in the body. Excretion 
routes are urine, faeces, breath and sweat. However, many synthetic chemicals produce toxic 
metabolites, affect the metabolism of other compounds or affect the development of the 
organism. Certain xenobiotics cannot be metabolized by existing pathways and remain within 
the organism or are excreted unmodified.

If the xenobiotic cannot be modified in the organism it may build up in the cells. The 
increasing concentration of the substance in an organism is known as bioaccumulation. For 
example, mercury compounds in the form of methylmercury, which is non-polar, cross into the 
brain, where they build up, causing mercury poisoning (Figure 23.127).

Minamata disease
Outbreaks of methylmercury poisoning occurred in several places in Japan during the 1950s due 
to industrial discharges of mercury into rivers and coastal waters. The best-known instances 
were in Minamata and Niigata. In Minamata alone, more than 600 people died due to what 
became known as Minamata disease. More than 21 000 people filed claims with the Japanese 
government, and almost 3000 became certified as having the disease. In 22 documented cases, 
pregnant women who consumed contaminated fish showed mild or no symptoms but gave birth 
to infants with severe developmental disabilities.

The Chisso Minamata factory first started ethanal production in 1932, and output increased 
progressively until 1960. The chemical reaction used to produce the ethanal used mercury sulfate as 
one of the catalysts. Starting in August 1951, following a change of co-catalyst, a side reaction of the 

■■ Figure 23.127 
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catalytic cycle led to the production of a small amount of methylmercury. This 
highly toxic compound was released into Minamata Bay from the change of the 
co-catalyst in 1951 until 1968, when this production method was discontinued.

In February 1959, the mercury distribution in Minamata Bay (Figure 
23.128) was investigated. The results shocked the researchers involved. Large 
quantities of mercury were detected in fish, shellfish and sludge from the bay. 
The highest concentrations centred around the Chisso factory waste-water 
canal in Hyakken Harbour and decreased going out to sea, clearly identifying 
the plant as the source of contamination. Pollution was so heavy at the mouth 
of the waste-water canal that a figure of 2 kg of mercury per ton of sediment 
was measured: a level that would be economically viable to mine.

The incidence of this form of mercury poisoning was not confined to 
Japan. Ontario Minamata disease is a neurological syndrome caused by severe 
mercury poisoning. It occurred in the Canadian province of Ontario in 1970, 
and severely affected two First Nation communities in north-western Ontario 
following consumption of local fish contaminated with mercury, and another 

First Nation community in southern Ontario (Sarnia) due to illegal disposal of industrial 
chemical waste.

The first of these Ontario cases concerned a chlor-alkali plant manufacturing sodium 
hydroxide using the mercury electrolysis cell technology (Castner–Kellner cell). Such cells 
use a flowing mercury cathode. Current-day mercury cell plant operations are criticized on 
environmental grounds and as a result of these concerns mercury cell plants are being phased 
out. They are being replaced by plants using semi-permeable membrane cell technology, which 
eliminates use of mercury. This is a successful example of environmental concern driving the 
development of new industrial technology for a key economic process.

■■ Biomagnification
Although biological processes can produce many harmful substances, snake venom and plant toxins 
for instance, natural toxins do not build up in the environment as they are broken down by enzymes. 
By contrast, some synthetic chemicals are not broken down naturally as there are no enzymes to 
achieve this. Consequently, these synthetic compounds build up in the air, water, soil and living cells, 
and in some cases their concentration can increase in food webs to potentially harmful levels.

Biomagnification is a term that refers to this increase in concentration of a xenobiotic substance 
as it passes up a food chain. It occurs when a xenobiotic cannot be metabolized, and so is taken up 
directly when one organism feeds on another, causing the greatest effects in animals that feed at the 
top of a food chain. For biomagnification to occur the organic substance involved should:
■ not be broken down in the environment
■ not be broken down naturally
■ be a lipid- or fat-soluble compound so that it is not readily excreted but is stored in fatty tissue instead.

The terms bioaccumulation and biomagnification have become important ideas in discussing 
xenobiotics and it is important to distinguish the two. Bioaccumulation refers to the build-up 
of a substance within an organism; biomagnification refers to the build-up of a substance at 
different levels in a food chain.

Probably the most noted and well-studied example of this is the insecticide DDT, 
dichlorodiphenyltrichloroethane (Figure 23.129), the first synthetic pesticide.

DDT is a complex aromatic molecule which was used to great effect starting during 
World War II to control the mosquitoes that are responsible for the spread of diseases 
such as malaria, dengue fever and typhus. The World Health Organization (WHO) 
suggests that 5 million lives were saved in the early years of its use. DDT is readily soluble 
in fat, and does not undergo metabolic breakdown. It therefore accumulates in tissues 
and passes unchanged through food chains. Some of the DDT used to spray areas of 
land found its way into rivers and lakes. It was taken up by microscopic plants, which 
were eaten by microscopic animals, which were in turn eaten by fish. The accumulated 
DDT progressed up the food chain and at each level, the concentration of DDT in the 
organism increased (Figure 23.130).
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■■ Figure 23.130  
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In the 1960s it was noticed that birds of prey, such as ospreys (Figure 23.131), bald eagles and 
peregrine falcons, suffered a serious decline in their numbers. The cause was traced to a thinning 
of their eggshells. These birds could not build shells strong enough to last through incubation – 
the eggs broke under their parents’ weight – because they could not process calcium properly.

Investigation showed that this thinning was due to the toxic effects of the high levels of 
DDT in their tissues. This and other negative environmental impacts eventually led to a ban of 
the use of indiscriminate spraying of DDT in many countries by the 1970s. Nonetheless, some 
continued use of DDT persists in vector control, particularly in countries where malaria is a 
serious health risk, and this remains controversial.

Nature of Science  Significant publications

Awareness of the environmental impact of DDT and other pesticides, particularly on bird 
life, came to public attention through the publication in 1962 of the book Silent Spring by US 
biologist Rachel Carson. This book made a highly significant impact and is now widely credited 
as launching the global environmental movement.

An understanding of science is essential if the public and politicians are to make informed 
judgements about the advantages and disadvantages of using substances such as DDT, and this 
is precisely what the book Silent Spring did. It is essential that scientists provide the evidence 
in a way that is as complete as possible, but also objective so that people can make their own 
decisions. In the case of the re-introduction of DDT into Africa, the scientists provide the 
evidence but it is the politicians that ultimately make the decisions.

Another example of a publication that generated and informed public and 
political debate is Al Gore’s An Inconvenient Truth, dealing with the issues 
around global warming and climate change. Significant in the development 
of environmental awareness in the past half-century have been the images of 
the Earth that have come into the shared domain through space exploration 
(Figure 23.132). This is in addition to the valuable hard data that space probes 
have provided on problems such as ozone depletion. Many people in recent 
generations have now seen the Earth from a totally different perspective and this 
has altered the psychology of our relationship with the planet.

When DDT was first introduced scientists did not consider possible negative 
effects on the environment but nowadays we are much more aware of such issues. 
When substances are made the environmental impact of the synthesis and use of 
the substance are often major considerations. There are two major approaches to 
the environmental issues and these are remedial action and prevention. The areas of 
hazard awareness, risk assessment and baseline evaluation have developed significantly 
over recent years, meaning that prevention is now becoming a more important factor.

■■ Figure 23.131 An osprey 

eating fish

■■ Figure 23.132 The Earth from the 

Moon – North and South America 

are visible
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DDT, mercury and other heavy metals can become more concentrated 
as they move up a food chain. There continue to be worries about the 
level of mercury present in tuna consumed by humans, especially pregnant 
women. Sources of mercury include waste incineration, gold mining and 
coal combustion.

There are also health worries about biomagnification of other 
organic substances – for example, dioxins and dioxin-like substances 
such as polychlorinated dibenzodioxins (PCCDs) (Figure 23.133) and 
polychlorinated biphenyls (PCBs).

Dioxins are produced as by-products in the manufacture of some 
chlorinated organic compounds and the incineration of polymer waste 
materials. They are highly carcinogenic, particularly the chlorinated 
dioxins, and they can disrupt the endocrine system (hormone action) and 
lead to cellular and genetic damage.

PCBs are not strictly dioxins as they contain no oxygen. They contain one to ten 
chlorine atoms attached to a biphenyl molecule (Figure 23.134). They are highly stable, 
with high electrical resistance, and so were widely used in the 20th century as coolants, 
plasticizers, lubricants and insulating liquids. Their production in most countries was 
banned in the 1970s, but they can still persist in the environment.

Persistent organic chemicals (POPS)
It is the responsibility of scientists and industrial companies to consider the ways in which 
their research and findings impact on the environment, and to find ways of amelioration where 
damage has already been done. This involves baseline evaluation, risk assessment and long-term 
data collection. The issues presented raise ethical issues which cross national boundaries and 
demand international collaboration by scientists from different disciplines.

The Stockholm Convention on Persistent Organic Pollutants (POPs) in 2001 identified 12 
chemicals, ‘the dirty dozen’, whose use should be banned. Although legislation to this effect now 
exists in many countries, many of these chemicals are particularly stable and they continue to 
persist in the environment. There is concern that climate change causing melting of the polar 
ice is re-mobilizing some of these banned chemicals into the Arctic atmosphere.

Bisphenol A (BPA) is an organic compound widely used in making polymers such as the 
polycarbonate plastics used in food packaging, reusable water bottles and water pipes. BPA has 
become controversial because it may mimic hormones, especially oestrogens, and so give rise to 
a range of health problems, including a lowering of the sperm count in men. Studies have shown 
that the risk of the chemical leaching from the plastic is increased when it is heated, and so 
particular concern has been expressed about its use in babies’ bottles that are routinely heated 
during sterilization. While debate continues about safe levels, many industries have withdrawn 
these products and several governments have legislation pending to limit their use.

■■ Figure 23.133 The structure of 1,4-dioxin and 
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■■ Figure 23.134 The 

generalized formula of 
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30 The information in the following table represents the energy flow in a hypothetical spring which was sprayed 
with DDT. The concentration of DDT found in the organisms at each trophic level is also given.

Trophic (feeding) level
Productivity/ 

kcal/m2/yr
Ecological 
efficiency

DDT present/
ppm Increase in DDT 

Producers (plants) 9000 – 0.04 –

Primary consumers 1500 0.23

Secondary consumers 120 2.07

Tertiary consumers 12 13.8

Percentage of energy 
from producers to tertiary 
consumers: ___%
Concentration of DDT in 
the producer as compared 
to the water: ___ times 
more
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■■ Host–guest chemistry
There is a growing focus of environmental concern on remedial action to ameliorate some of 
the situations that have arisen in ecosystems. Host–guest chemistry is one possible approach 
to amelioration. Host–guest chemistry is a form of supramolecular chemistry – it deals with 
systems bigger than a single molecule. The interaction between an enzyme and its substrate is 
an example of host–guest chemistry. The substrate (guest) does not form covalent bonds with 
the groups in the active site of the enzyme (the host) but is held in place by interactions such as 
London forces, ionic interactions and hydrogen bonding.

When host–guest chemistry is applied to environmental remediation the xenobiotic is 
the guest, and its chemical features determine the synthesis of the host, which is designed 
to bind to it. Many host molecules have a cage-like or tube-like structure which traps the 
guest molecule.

H + G ⇌ H–G

There are many types of host–guest complexes that have applications in removing toxic 
materials from the environment. One class that has been used for removal of heavy metal ions 
from solutions is the calixarenes. These have been used in the removal of radioactive ions such 
as caesium-137 from nuclear waste and to extract uranium ions from water. Calixarenes have the 
basic structure shown in Figure 23.135a and form a cup-like structure (Figure 23.135b) into which 
the metal ion is ‘captured’. The cup-like shape, which is similar to the active site of an enzyme, 
makes it size-selective and ion–dipole interactions can form between the caesium ions and the 
oxygen atoms of the −OH groups.

host guest host–guest complex

■■ Figure 23.135 a A 

calixarene molecule.  

b The cup-like structure 

of a calixarene showing 

the rings in different 

colours to make the 

structure clearer

a Calculate the percentage ecological efficiency of energy transfer from:
i producers to primary consumers
ii primary consumers to secondary consumers
iii secondary consumers to tertiary consumers

b Calculate the percentage of the energy from the producers that is transferred to the tertiary consumers.
c The concentration of DDT in the water was 1.0 × 10−8 mg dm−3.

i Deduce how many times more concentrated is the DDT in the producers as compared to the water.
ii Calculate the increase of DDT between trophic levels, as it accumulates from producers to primary 

consumers, primary consumers to secondary consumers, and secondary consumers to tertiary 
consumers. (This will be expressed as how many times more concentrated, rather than a percentage.)
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The word calixarene is derived from calix (or chalice), because this type of molecule resembles 
a vase, and arene, which refers to the aromatic building block. Calixarenes have hydrophobic 
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cavities that can hold smaller molecules or ions and belong to the class of cavitands known in 
host–guest chemistry; others include crown ethers and zeolites. Calixarene nomenclature is 
straightforward and involves counting the number of repeating units in the ring and include it 
in the name. A calix[4]arene, such as the one in Figure 23.135, has four units in the ring, while a 
calix[6]arene has six units.

BOBCalix6 (Figure 23.136) is an example of a host molecule developed for a specific purpose: 
to bind the caesium-137 ions in nuclear waste.

Another environmental example of the use of host–guest chemistry is the removal of 
carcinogenic aromatic amines from polluted water. Drugs and drug metabolites are also targets of 
research for suitable host molecules for their removal.
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O O

O O

O
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O
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■■ Figure 23.136 Host 

molecule (BOBCalix6) 

shown with a positively 

charged caesium ion 

held inside one of its 

cavities

Nature of Science  Transferable ideas – coordination chemistry

It is important for the development of ideas in chemistry that information from one application 
feeds ideas into another area. The use of crown ethers in coordination chemistry provided useful 
information that fed into the above ideas for xenobiotic remediation. Metal cations are Lewis 
acids (electron pair acceptors) and so can interact with Lewis bases (electron pair donors). This is 
the basis of coordination chemistry (Chapter 13). A molecule or anion that reacts with a metal 
ion or atom is a ligand and forms a coordinate bond to a metal. A compound containing ligands 
coordinated to a metal is known as a complex.

The group 1 cations have a single positive charge and a large ionic radius and so have a low 
charge density. They are weak Lewis acids, but can form stable complexes with ligands known 
as crown ethers (in non-aqueous solvents). A crown ether (Figure 23.137) is an example of a 
macrocyclic ligand where all the donor atoms are contained within a ring.
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■■ Figure 23.137 

Various different 

crown ethers

The size of the ring is crucial in determining which metal ion forms the most stable 
complex. For example, 18[crown]-6 forms more stable complexes with K+ than with either 
Na+ or Cs+. Na+ is too small to coordinate with all of the oxygen atoms at the same time 
and Cs+ is too large to fit into the cavity inside the ring. The larger crown ether [21]crown-7 
forms its most stable complexes with Cs+.

31 Research, using 
the internet and 
school library, 
the structure 
and action of 
the antibiotic 
vancomycin.
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■■ Figure 23.138 The 

coordination of a 

metal ion by a crown 

ether
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The complexes are known as supramolecules or host–guest complexes (Figure 23.138) and 
mimic the structures of enzyme–substrate complexes in the active sites of enzymes.

■■ ■Biodegradable plastics
Substances that cannot be broken down by natural processes, 
which mostly involve microbial action, are said to be non-
biodegradable. Compounds in this category often contain 
carbon–halogen bonds or stable aromatic structures, which 
enzymes are not able to break. This is why many plastics, such 
as PVC and polystyrene, and compounds like DDT persist in 
the environment indefinitely.

Alternatively, a compound is biodegradable if it can 
undergo bacterial degradation into end-products that are found 
in nature and therefore are not harmful to the environment.

Biodegradable and photodegradable plastics
Much research attention has been given to the development 
of biodegradable plastics. By modifying the structure of the 

polymer, it is possible to produce a plastic which can be decomposed when buried in a landfill. 
Other plastics are designed to undergo photochemical reactions, so the action of sunlight 
gradually breaks down the plastic. Biodegradable (Figure 23.139) and photodegradable plastics 
must be carefully sorted from plastic waste, because if they are incorporated into recycled plastic 
they will weaken the resulting items.

Two main types of biodegradable plastic bag currently exist.

Plant-based hydro-biodegradable plastic
This has a high starch content and is often obtained from corn. Genetic modification of grasses 
may help to produce similar plastics. The breakdown is initiated by hydrolysis and produces 
carbon dioxide and water. Swelling of starch grains can help to break up the plastic. At high 
temperatures it decomposes relatively quickly, but when buried in a landfill it may take much 
longer to decompose and may produce methane when decomposed anaerobically. In theory this 
type of starch-based bioplastic produced as biomass could be almost carbon neutral but there 
remain problems with using land that could serve more productive purposes, and the release of 
methane if the plastics are disposed of in landfill sites.

Polylactic acid (PLA) is a polyester derived from lactic acid (2-hydroxypropanoic acid). The lactic 
acid can be obtained from corn starch by microbial fermentation. PLA has found use as a packaging 
material and for making plastic cups and surgical thread. Again there are issues regarding land use 
to grow the corn for this purpose; the corn is a GM crop, and PLA will only degrade at a measurable 
rate in an industrial composter. (This highlights the difference between the terms biodegradable and 
compostable – the first simply means the product can be broken down by bacteria; the second means 
that the breakdown takes place at a rate comparable to that of naturally occurring polymers.)

Biopol is a polyester composed of hydroxybutyrate units with hydroxyvalerate units randomly 
distributed along the polymer chain. Biopol is produced by fermenting sugar with Alcaligenes 
eutrophus, a bacterium found in water and soil. Biopol biodegrades to water and carbon dioxide, 
in both aerobic and anaerobic conditions. Genetically modified plants which produce Biopol 
may make the plastic commercially viable.

■■ Figure 23.139 A biodegradable plastic bag
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Petroleum-based oxo-biodegradable plastic
This is derived from a by-product of the oil industry. Additives, often cobalt, are used to act as 
catalysts for the breakdown process, which can be programmed for different times depending 
on the use of the plastic. The plastic degrades into microfragments which are dispersed and 
eventually broken down by bacteria.

Making polylactic acid
This activity allows you to join about 10–30 lactic acid molecules together to begin to make a 
polymer. In industry several hundred molecules are joined together and so the properties of the 
polymer product are different from those of the polymer you will make.

Apparatus and chemicals
Test tube
Test-tube holders
Bunsen burner and heat-proof mat
Anti-bumping granules
Lactic acid (Irritant)
Hydrochloric acid 2 mol dm−3 (Irritant)
Petri dish or white tile
Eye protection

Safety: The boiling point of lactic acid is 122 °C. It will get very hot during the experiment. Be 
careful not to get it on your skin. If you do, put your skin under the cold tap immediately.

Method
1 Fill a test tube ⅕ full with lactic acid.
2 Add five drops of hydrochloric acid and two anti-bumping granules.
3 Put the test-tube holders around the top of the test tube and begin to heat the tube.
4 Be careful not to point the open end of the test tube at anyone in the room.
5 Keep the mixture gently boiling and stir or gently shake the tube occasionally to mix the 

contents.
6 After about 10 or 15 minutes the mixture will begin to go a yellowish colour. Leave it for 

another minute or two and then quickly pour the contents of the tube on to a petri dish or a 
white tile.

7 Leave the mixture to cool.

32 The Great Pacific garbage patch, also described as the Pacific trash vortex, is a gyre of marine debris 
particles in the central North Pacific.

 Use the internet, magazines and journals, and the library to research the impact of pollution by plastic 
waste on the Earth’s oceans. Consider the issues raised below and others that come to your attention:
• whether the above area of the Pacific is the only such accumulation of waste in the oceans, and how 

do they form
• the impact on this pollution on the natural environment and marine life
• the longevity of this form of pollution in the oceans – consider the role of photodegradation, and the 

possible leaching out of harmful organic chemicals such as bisphenol A and PCBs.

■■ ■■Enzymes and bioremediation
Although crude oil is a natural product, it can be present in sufficient concentrations to be 
considered xenobiotic. Such a situation arises, for example, when oil spills occur on land or at 
sea, depositing millions of litres into the surrounding environment (Figure 23.140). Organisms 
such as sea birds and marine mammals are then at risk from physical damage and from the 
toxic effects of the crude oil spill. Ways to ameliorate the impact of oil spills include the use of 
microorganisms which are able to break down the oil by using it as a food source and oxidize it 
in respiration. This is known as bioremediation.
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As crude oil contains a large number of different 
compounds, many different chemical reactions are involved in 
its breakdown. Microorganisms have evolved different enzymes 
that are specific for the degradation of different hydrocarbons 
in the oil so breakdown of the oil takes the combined action 
of a community of bacteria and fungi. Most of these are found 
naturally in the environment.

Over time, microbes are a dependable means of breaking 
down oil in the environment, although some of the larger and 
more highly branched molecules seem resistant to break down by 
enzymes. Environmental conditions such as temperature, supply 
of nutrients and availability of oxygen all influence the efficiency 
of the process, and in many cases the process may be too slow to 
prevent ecological damage. Research is ongoing to find ways to 
enhance the enzymatic processes involved. It has been suggested 

that the naturally occurring bacteria should be augmented with extra bacteria capable of 
breaking down the oil, or a mixture of enzymes and added nutrients to aid the breakdown of the 
oil spill. Oil spill Eater II (OSE II) is a commercial product that is able to convert crude oil into 
feedstock for naturally occurring bacteria and has been used in this type of situation.

Immobilized enzymes (enzymes attached to a solid support – see Section 23.7) have been 
used in the clean-up of industrial waste such as effluents from paper mills, textile industries and 
the leather industry. They can break down specific chemicals, such as pesticides or cyanide, to 
prevent their release into the environment.

■■ Biological detergents
Another type of common environmental pollutant is industrial and household detergents 
containing amphiphilic molecules that facilitate the cleansing of fabrics and surfaces. Many 
detergents are branched-chain alkylbenzenesulfonates (ABSs) and as such have a very limited 
degree of biodegradability. They accumulate in sewerage treatment plants, producing persistent 
foam and altering the bacterial composition of recycled water. Many developed countries have 
phased out branched-chain detergents in favour of biodegradable linear alkylbenzenesulfonates 
(LASs).

‘Biological’ washing powders are those that contain enzymes. The first biological washing 
powders to be produced contained a protease called subtilisin. (Proteases are enzymes that 
break down proteins.) Subtilisin removed protein stains such as blood and egg, was stable at the 
alkaline pH of the detergent and retained its activity at temperatures up to 60 °C. Subtilisin 
has since been adapted to be effective at different, and lower, temperatures. Modern biological 
washing powders are also likely to contain an amylase to digest starch-based stains and a lipase 
to digest fat-based stains. The most recent powders also contain a cellulase (an enzyme that 
breaks down cellulose) to ‘condition’ the fabric. The cellulase enzyme removes stray ends of 
fibres produced by wear on the fabric. Such biological detergents are now available in powder, 
tablet or liquid form and for use in dishwashers too.

Biological detergents allow for use at lower temperatures than non-biological ones and so save 
energy. The only known side effect of biological detergents in humans is the possibility of an 
adverse allergic response in certain individuals with increased skin sensitivity.

■■ ■Environmental sustainability
Whether carrying out an experiment in a laboratory, planning the protocols around the handling of 
any chemical material or setting up an industrial plant, the emphasis has shifted to the need to assess 
the hazards involved and the risk that such hazards may come into play. The need is for evaluation of 
the risks involved so as to ensure minimal harm, whether to personnel or the environment.

Concerns over health and environmental impact have put the chemical industry under 
a lot of pressure for greater accountability. This has become formalized to some extent with 
the establishment of various protocols to guide the baseline testing (Figure 23.141) and 
setting up of a project, and to assess and guide its sustainability. The following is just one 

■■ Figure 23.140 Oil from the Deepwater Horizon oil spill
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example of such a protocol, produced in this case to guide the 
implementation of hydroelectric power projects but illustrating 
the complex range of issues that must guide such assessments.

The Hydropower Sustainability Assessment Protocol is an 
international enhanced sustainability assessment tool used to 
measure and guide performance in the hydropower sector. The 
protocol assesses the four main stages of hydropower development:
■ early stage
■ preparation
■ implementation
■ operation.

Assessments rely on objective evidence to create a sustainability 
profile against some 20 topics depending on the relevant stage, 
covering all aspects of sustainability (Figure 23.142).
In summary the protocol is:

■  a method for the assessment of individual projects against globally applicable criteria
■  a series of assessment tools applicable to all stages of hydropower development in all global 

contexts
■  an evidence-based objective assessment of a project’s performance, prepared by an accredited 

assessor
■  a project which involves leading NGOs (e.g. WWF, the Nature Conservancy, Transparency 

International)
■  developed and governed by a multi-stakeholder, consensus-based structure.
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0-1 Communications
and consultations

0-2 Governance

0-3 Environmental and social
issues management

0-7 Financial viability

0-8 Project benefits

0-9 Project-affected communities
and livelihoods

0-10 Resettlement0-11 Indigenous peoples

0-12 Labour and working conditions

0-13 Cultural heritage

0-17 Water quality

0-18 Reservoir management

0-19 Downstream flows

0-14 Public health

0-15 Biodiversity

0-5 Asset reliability

0-6 Infrastructure safety

0-4 Hydrological resource

0-16 Erosion and
sedimentation

■■ Figure 23.142 

Profiling the 

sustainability of 

a hydropower 

development using 

the Hydropower 

Sustainability 

Assessment Protocol

■■ Figure 23.141 Biomonitoring the health of the fish 

population as part of a baseline study prior to a mining 

project in northern British Columbia

■■ Sustainable/green chemistry
Green chemistry is chemists’ response to the challenges of sustainable development and to 
the awareness of the impacts that human activities have on the environment, and of the 
implications of these impacts on humanity.
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The scope of green chemistry is embedded in the concept of chemistry as the science of 
substances. The principles of green chemistry focus on substances, on the characteristics that are 
relevant for human health and safety (non-hazardous, non-toxic) and on the way in which they 
are produced. Green chemistry aims to protect human health and the environment by selecting 
the types of substances preferably to be produced, the best (safer and more environmentally 
compatible) ways of producing them and the best ways of using them.

Its emergence in the USA in 1991 was prompted by the awareness of the damages of 
environmental pollution. Green chemistry aims to prevent such damages at the source, by selecting 
less hazardous substances and designing less hazardous ways of producing them. In the USA new 
regulations restricted the use of chemicals and increased testing of chemical substances to determine 
their hazard provided powerful incentives for industry to find replacements, substitutes or alternatives. 
The toxicity testing required by many of these statutes (laws) generated new knowledge and a new 
awareness about the type and degree of hazard associated with numerous chemicals. As the collective 
knowledge grew in scientific and industrial circles, there was a corresponding growth in the public’s 
demand for more information about chemicals that are present in their communities.

The spreading of green chemistry research, and also of the basic information about what it is, 
has followed different patterns in different countries and resulted in developments in education 
and legislation (passing of laws) in different countries.

By focusing on substances, their production and their usages, it relates to contextual realities. 
Therefore, some features of its spreading and development are different for different contexts, 
although the principles and the chemical background constitute a common basis for all contexts.

Twelve principles have been developed which cover concepts that seek to reduce the footprint 
of chemical manufacturing processes while improving product and environmental safety.
1 Prevention – it is better to prevent waste than to treat or clean up waste after it is formed.
2 Atom economy – synthetic methods should be designed to maximize the incorporation of all 

materials used in the process into the final product.
3 Less hazardous chemical syntheses – wherever practicable, synthetic methodologies should be 

designed to use and generate substances that possess little or no toxicity to human health 
and the environment.

4 Designing safer chemicals – chemical products should be designed to preserve efficacy of 
function while reducing toxicity.

5 Safer solvents and auxiliaries – the use of auxiliary substances (solvents, separation agents, 
etc.) should be made unnecessary whenever possible and innocuous when used.

6 Design for energy efficiency – energy requirements should be recognized for their 
environmental and economic impacts and should be minimized. Synthetic methods should 
be conducted at ambient temperature and pressure.

7 Use of renewable feedstocks – a raw material or feedstock should be renewable rather than 
depleting whenever technically and economically practicable.

8 Reduce derivatives – unnecessary privatization (blocking group, protection/deprotection, 
temporary modification of physical/chemical processes) should be avoided whenever possible.

9 Catalysis – catalytic reagents (as selective as possible) are superior to stoichiometric reagents.
10 Design for degradation – chemical products should be designed so that at the end of their function 

they do not persist in the environment and do break down into innocuous degradation products.
11 Real-time analysis for pollution prevention – analytical methodologies need to be further developed to 

allow for real time, in-process monitoring and control before the formation of hazardous substances.
12 Inherently safer chemistry for accident prevention – substances and the form of a substance used 

in a chemical process should be chosen to minimize the potential for chemical accidents, 
including releases, explosions and fires.

Different aspects of green chemistry have been referred to throughout this book. One such key 
concept is atom economy (see Chapter 1). It is important to remember that atom economy is not 
the same as the yield of a reaction. Atom economy is a theoretical quantity based on a chemical 
equation and allows evaluation of how much waste (products) will be produced. The yield of 
a reaction is an experimental quantity worked out from how much of the desired product is 
actually made in a chemical reaction. When evaluating how green or environmentally friendly a 
particular process is, both atom economy and yield must be considered.
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23.7 Proteins and enzymes (AHL) – analyses of protein 
activity and concentration are key areas of biochemical research

■  Enzyme kinetics
The general principles of reaction kinetics apply to enzyme-catalysed reactions, but with one very 
important feature not usually observed in non-enzymatic reactions (except in surface chemistry) – that 
of saturation with substrate (Figure 23.143). (The graph takes the form of a right rectangular hyperbola 
which is asymptotic to the maximum enzyme rate, Vmax.)

At low substrate concentration, the enzyme activity, 
V (reaction rate), is nearly proportional to the substrate 
concentration, and the reaction is, therefore, approximately 
first order (Chapter 16) with respect to the substrate. As the 
substrate concentration is increased, the activity (reaction 
rate) increases less and is no longer nearly proportional to 
the substrate concentration: the reaction is now mixed order. 
With a further increase in the substrate concentration, 
the activity (reaction rate) tends to become independent 
of substrate concentration and approaches a constant rate, 
Vmax. In this region the reaction is essentially zero order with 
respect to the substrate and the enzyme is said to be saturated 
with its substrate. All enzymes show this saturation (if the 
substrate is soluble enough) but there is variation in the 
substrate concentration required to produce it.

This saturation behaviour (Figure 23.144) suggests that the enzyme and substrate react 
reversibly to form a complex as an essential step of the enzyme-catalysed reaction, and also 
suggests that enzymes possess active sites where the substrate binds and chemical reaction 
occurs. Michaelis and Menten were the first researchers to develop a general theory of enzyme-
catalysed reactions and kinetics.

■■ Figure 23.143 The effect of substrate concentration on the 

rate of an enzyme-catalysed reaction
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■■ Figure 23.144 

Interpreting the 

change in initial 

reaction rate with 

substrate concentration 

of an enzyme-catalysed 

reaction

The Michaelis and Menten theory assumes that the enzyme, E, first binds with the substrate, S, 
to form an enzyme–substrate complex. This then breaks down to form the free enzyme and the 
product P. The first reaction is reversible and the enzyme–substrate concentration is assumed to 
be constant during the reaction.

E + S ⇌ ES

ES ⇌ E + P
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For reactions of this type, at a very low substrate concentration [S], the activity (rate of 
reaction) V increases almost linearly as a function of [S]. As [S] increases further, V increases 
less rapidly. Eventually, V reaches a limiting value called Vmax at saturating [S]. Vmax is the 
maximum activity (rate of reaction) at ‘infinite’ substrate concentration. The [S] at which V 
equals Vmax/2 is called the Michaelis constant, Km (units of mol dm−3) (shown in Figure 23.143).

An approximate value of the Michaelis constant for any given enzyme can be easily 
determined from a series of simple experiments in which the enzyme’s activity (rate) is 
measured at different initial concentrations of the substrate with a fixed concentration of 
enzyme, and values plotted.

If the value of the Michaelis constant, Km, is low, then a low concentration of substrate 
is sufficient to reach the maximum activity, Vmax. If the value of the Michaelis constant, Km, 
is high, then a high concentration of substrate is sufficient to reach the maximum activity, 
Vmax. The Michaelis constant, Km, is therefore a measure of the affinity of an enzyme for its 
substrate.

The Michaelis constant is not a fixed value but may vary with the structure of the substrate, 
with pH and with temperature. Inside cells, enzymes are not necessarily saturated with their 
substrates. The maximum activity (rate of reaction), Vmax, also varies widely from one enzyme to 
another for a given enzyme concentration. Vmax also varies with the structure of the substrate, 
with pH and with temperature.

The catalytic properties and specificity of an enzyme are determined by the functional 
groups in a small region of the protein surface called the active site. The active site is always 
found in a cleft or crevice in the enzyme structure and has two distinct functions:
■ binding of the substrate
■ catalysis.

Enzymes exhibit remarkable specificity because of the precise fit between their binding site 
and the substrate. This model of enzyme action is known as the lock and key model. This is 
the (lock/enzyme) and (key/substrate) analogy. The binding between substrate and enzyme 
can involve ionic bonding, hydrogen bonds and the range of van der Waals’ interactions. 
We looked at this model, and its refinement in the induced fit model, in Section 23.2.

Enzymes bind the substrates so that the atoms participating in the bond to be made or 
broken are orientated properly with respect to catalytic groups in the enzyme’s active site.  
The active site is stereospecific so that even enantiomers (optical isomers) of a substrate 
will not fit.

Case studies of enzyme action

Lysozyme
Lysozyme is an enzyme found in nasal mucus and tears. It was first named and studied by 
Alexander Fleming, discoverer of penicillin. Lysozyme is an antibacterial agent which catalyses 
the hydrolysis of specific polysaccharides. (Figure 23.145). The water molecule acts as a 
nucleophile. One of its lone pairs attacks the carbon atom of sugar A. The carbon–oxygen bond 
joining the two sugar residues is cleaved. The carbon–oxygen bridge is replaced by two hydroxyl 
groups.
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polysaccharide
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Enzymes bind their substrates in a cleft-shaped active site. The active site of lysozyme can 
hold six sugar (monosaccharide) residues. Five of the six sugars are bonded without any 
strain, but one of the sugars is stretched and bent, imposing stress on one of the glycosidic 
linkages (Figure 23.147).
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■■ Figure 23.146 
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■■ Figure 23.147 A simplified picture of the enzyme–substrate complex of lysozyme. Sugar residues A, 

B, C, E and F fit into the active site without distortion or strain while D, where the hydrolysis occurs, is 

strained and distorted

Lysozyme contains 129 amino acids and four disulfide bridges. It is a globular protein with only 
small lengths of α-helix (Figure 23.146).

Part of the enzyme’s active site is shown as a structural formula in Figure 23.148. The diagram 
shows three sugar residues A, B and C, and some key amino acid functional groups.
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■■ Figure 23.148 Part 

of the lysozyme–

polysaccharide complex
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The enzyme-catalysed reaction of polysaccharides by lysozyme is similar to the acid hydrolysis 
of starch. The glutamic acid (glutamate) 35 residue donates a catalytic proton (H+). Glutamine 
is an acidic amino acid with a pKa value of 6, and hence is able to donate hydrogen ions at 
pH 7. The resulting carbocation intermediate is electrostatically stabilized by the presence 
of two charged carboxylate groups: glutamine 35 and aspartate 52. Monosaccharide D is in a 
strained conformation and the bridge carbon atom in ring D has been forced from a tetrahedral 
configuration into a planar configuration. Hence, it has the configuration it will adopt in 
the intermediate. The reaction is completed in a third step in which hydroxide ions (OH−) 
and protons (H+) from the dissociation of water complete the hydrolysis and ‘regenerate’ the 
catalytic hydrogen on glutamine 35. The cleaved polysaccharide molecule diffuses out of the 
active site (Figure 23.149).
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■■ Figure 23.149 The enzyme-catalysed hydrolysis of a polysaccharide

Chymotrypsin
In humans, two of the proteases secreted by the pancreas into the small intestine neatly 
illustrate the subtleties of enzyme activity. Chymotrypsin and trypsin are both enzymes that 
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break down proteins by hydrolysing peptide bonds, but the two enzymes break polypeptide 
chains in different places:
■ Chymotrypsin hydrolyses the peptide bond immediately after a non-polar aromatic amino 

acid (phenylalanine, for example).
■ Trypsin hydrolyses the peptide bond immediately after a basic residue (arginine, for example).

The substrate-binding regions of the two active sites must be different. That of chymotrypsin 
must consist of non-polar R groups that will be able to interact with aromatic amino acids, 
whereas that of trypsin will need to involve acidic R groups.

The catalytic action of conversion of substrates into products at an active site is carried out by 
specific R groups. It is important to note that when looking at the primary structure of an enzyme, 
these R groups are often found to be very far apart in the polypeptide chain. For example, the 
three R groups involved in the catalytic action of chymotrypsin are those of histidine (residue 
57), aspartic acid (residue 102) and serine (residue 195). It is the folding involved in the tertiary 

structure of the enzyme that brings these groups into position to carry out 
their catalytic function. The three R groups involved in the active site 
of chymotrypsin act together by transferring protons (H+ ions) between 
themselves. They act in such a way as to leave the R group of serine with an 
ionized −O− group.
This is something that would not normally happen in aqueous solution 
at the weakly alkaline pH of the small intestine. The negatively 

charged serine residue attacks the substrate as a nucleophile, bringing about the hydrolysis 
of a peptide bond. This particular example illustrates a feature of enzyme catalysis. An 
active site is a micro environment in which the properties of chemical groups are altered so 
they can take part in reactions that would not occur in free aqueous solution.

■■ Enzyme inhibition
Inhibitors are chemicals that bind to enzymes and reduce their activity. Reversible inhibitors 
of enzymes are divided into two groups: competitive and non-competitive inhibitors  
(Figure 23.150). These can be recognized experimentally by their effects on the reaction 
kinetics of the enzyme.
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Competitive inhibitors
A competitive inhibitor will combine with the free 
enzyme in such a way that it competes with the 
substrate for binding at the active site. The inhibitor 
resembles the substrate molecules sufficiently well to 
form some of the proper interactions of the binding 
site but is not sufficiently similar to take part in the 
reaction and be released. The percentage of competitive 
inhibition at fixed inhibitor concentration can be 
decreased by increasing the substrate concentration.

At high concentrations of the substrate it is possible 
to reach Vmax even in the presence of the inhibitor; 
however, the effect is to increase the value of Km 
(Figure 23.151).

The extent of competitive inhibition will, therefore, depend on:
■ the concentration of an inhibitor
■ the concentration of the substrate
■  the relative affinity of the active site for the inhibitor and substrate.

An example of competitive inhibition is the inhibition of the enzyme succinate 
dehydrogenase by molecules such as malonic acid which structurally resemble the 
substrate, succinic acid (Figure 23.152).

Non-competitive inhibitors
A non-competitive inhibitor will bind to a site on the enzyme other than 
the active site. The term allosteric site refers to the binding site of the non-
competitive inhibitor on the enzyme. This often deforms the enzyme so that 
it does not form the enzyme–substrate complex readily. The non-competitive 
inhibitor may also combine directly with the enzyme–substrate complex.

The inhibitor in this case is not shaped like the substrate and combines 
with some region near or in the active site, preventing access by the substrate; 
in this case there is no competition between the substrate and the inhibitor. 

Non-competitive inhibition can be recognized from plots of V0 (initial reaction rate) against [S] 
(substrate concentration) (Figure 23.153).
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■■ Figure 23.152 The role of malonate 
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■■ Figure 23.153 The kinetic behaviour of a non-competitive 

inhibitor

Vmax is decreased by the inhibitor and cannot be restored by increasing the substrate 
concentration.

Non-competitive inhibition depends on:
■ the concentration of the inhibitor
■ the affinity of enzyme for the inhibitor.
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The most common type of non-competitive inhibition is given by reagents that can combine 
reversibly with some functional group of the enzyme that is essential for maintaining the 
catalytically active three-dimensional conformation (shape) of the enzyme molecule.

Table 23.19 summarizes some of the main differences between competitive and non-
competitive inhibitors.

■■ Table 23.19  

A comparison of the 

main features of 

competitive and non-

competitive inhibition

Competitive inhibition Non-competitive inhibition

Binding site on enzyme Binds at active site Binds at allosteric site

Effect on Vmax Not affected Decreased

Effect on Km Increased Not affected

Feedback control by non-competitive inhibition
Feedback control by reversible non-competitive inhibition plays 
an important role in the delicate control of biochemical processes. 
This occurs when the end-product of a metabolic pathway inhibits 
an enzyme early in the pathway and so lowers the activity of the 
enzyme. This prevents too much of the end-product being formed.

When demand for the end-product increases, its concentration 
falls. The end-product molecules no longer inhibit the enzyme and 
activity is restored. This enables metabolic processes to respond 
quickly to immediate demands. Feedback control is summarized in 
Figure 23.154.

A simple example of feedback control can be seen in the use of a thermostat to control 
the temperature of a room. Here the end product is the heat produced by a radiator. When 
more heat is needed (as, for example, when cold air comes in through an open door), then the 
thermostat switches the radiator on. When the room is hot enough and no more heat is needed, 
the thermostat switches the radiator off.

One significant example of feedback control is that exerted by ATP (adenosine triphosphate) 
on its own synthesis in the sequence of reactions involved in glycolysis (the initial sequence 
of reactions involved in respiration; see Section 23.1). ATP is an inhibitor of the enzyme 
phosphofructokinase in that metabolic sequence, and so exerts control over its own synthesis. 
ATP is the short-term energy source for cells and so this example of feedback control is particularly 
important.

Nature of Science  Biotechnology and ‘green’ chemistry

Enzyme action is the basis of the brewing and cheese-making industries, possibly the oldest forms 
of biotechnology. Cheeses and fermented drinks are often associated with specific place names, 
according to the different flavours produced by enzymes in local microorganisms. Cheese making 
illustrates not just the use of enzymes but also the precipitation of proteins at their isoelectric point.

Beer is one of the world’s oldest prepared beverages, possibly dating back to the early 
Neolithic or 9500 bce, when cereal was first farmed, and is recorded in the written history of 
ancient Iraq and ancient Egypt. The earliest known chemical evidence of barley beer dates 
to around 3500–3100 bce from the site of Godin Tepe in the Zagros Mountains of western 
Iran. Some of the earliest Sumerian writings contain references to beer; examples include 
a prayer to the goddess Ninkasi, known as ‘The Hymn to Ninkasi’, which served as both a 
prayer and a method of remembering, and passing on, the recipe for beer within the culture. 
Almost any substance containing sugar can naturally undergo alcoholic fermentation. 
It is likely that many cultures, on observing that a sweet liquid could be obtained from a 
source of starch, independently invented beer. Bread and beer increased prosperity to a 
level that allowed time for development of other technologies and so, as some have argued, 
contributed to the building of civilizations (Figure 23.155).

Bread and beer making are both traditional examples of biotechnology that are 
reliant on the process of anaerobic respiration (fermentation) in yeast  
(Figure 23.156).

■■ Figure 23.154 Feedback control of a metabolic 

pathway. The rate of reaction of the whole sequence 

is controlled by the concentration of the end-product

inhibition

enzyme 1 enzyme 2 enzyme 3

substrate product 1 product 2 product 3
(end product)

■■ Figure 23.155 A 16th-

century engraving of a 

brewer at work
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■■ Figure 23.156 

Anaerobic 

versus aerobic 

cell respiration. 

Anaerobic 

fermentation in 

yeast is the basis 

of bread and beer 

making

33 The addition of a phosphate group to glucose is the first step in the breakdown of glucose and is 
universally catalysed by an enzyme called hexokinase.
a i Sketch a graph to show how the rate of this reaction changes as a fixed amount of the enzyme is 

reacted with increasing concentrations of glucose (label the line S).
ii Explain the shape of your graph.

b Some compounds can inhibit the rate of an enzyme-catalysed reaction.
i On your graph from part a draw a second line to show the effect of a competitive inhibitor (label this 

line C).
ii Explain how a competitive inhibitor functions.

c On your graph from part a
i Draw a third line to show the effect of a non-competitive inhibitor (label this line N).
ii Explain how a non-competitive inhibitor functions.

■■ Table 23.20 Industrial uses of enzymes

Application Enzymes employed Uses

Biological washing 
powder

Primarily proteases, produced in an 
extracellular form from bacteria

Used for pre-soak conditions and direct liquid applications, helping with 
removal of protein stains from clothes

Dishwasher detergent Amylase enzymes Detergents for machine dishwashing to remove resistant starch residues

Baby foods Trypsin (a protease) To pre-digest baby foods

Fruit juices Cellulase, pectinase (act on cell walls) Clarify fruit juices, e.g. apple juice

Baking industry Fungal α-amylase enzymes: 
normally inactivated at about 50 °C; 
destroyed during baking process

Catalyse breakdown of starch in the flour to glucose; yeast action on 
sugar produces carbon dioxide

Starch industry Glucose isomerase Converts glucose into fructose (high-fructose syrups derived from 
starchy materials have enhanced sweetening properties and lower 
calorific values)

Photographic industry 
(though largely replaced 
by digital now)

Protease Dissolve gelatin off the scrap film, allowing recovery of silver present

Brewing industry Enzymes from barley are released 
during the mashing stage of beer 
production

Degrade starch and proteins to produce simple sugars, amino acids and 
peptides that are used by yeast to enhance fermentation

Mouthwash Glucose oxidase, lactoperoxidase, 
lactoferrin and lysozyme

Contains four natural antibacterial enzymes that kill bacteria found in 
oral infections and gingivitis without side effects

Glucose

2 ATP

2 pyruvate

34 more
ATP

ox
yg

en

aerobic respiration fermentation

no oxygen

ethanol + CO2
(yeasts, plants)

lactate
(animals)

Brewing and bread making represent the historical use of enzymes in biotechnology, but there 
are a range of important new technologies that involve enzyme biochemistry. Some of these are 
summarized in Table 23.20. The traditional uses of enzymes involve intact microorganisms (yeast 
and bacteria) and have the advantage that all the necessary reactants are present within the 
microorganisms. Perfect conditions for enzyme activity can be produced relatively easily.

A newer industry of enzyme technology, using enzymes that have been extracted and purified 
from organisms, now has many commercial applications. Enzymes are catalysts, and so remain 
unaltered by the reaction process; as a result, it should be possible to reuse them. However, it is 
often difficult to remove enzymes from the reaction mixture because they are soluble in water. 
This problem has been overcome by the development of immobilized enzymes.
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■■ Immobilized enzymes
For prolonged use in industrial processes, an enzyme can be immobilized by attachment to a 
solid surface. The overall advantages of this technology are that:
■ the enzyme can be easily removed from a reaction mixture by centrifuging or filtration
■ the enzyme can be packed into columns and used continuously for long periods
■ the products can be easily removed from the reaction mixture so that inhibition of the 

reaction by the end-product can be avoided
■ the stability of the enzyme to thermal denaturation can be increased, enabling the enzyme to 

be used for longer periods
■ the optimum temperature of the enzyme may be increased, also allowing the reaction to be 

carried out at higher temperatures, so increasing the rate of reaction.

The initial costs of preparing the immobilized enzyme may be significantly greater than simply 
using the free enzyme. However, the ability to use the enzyme for longer under more productive 
conditions makes the use of the immobilized enzyme more economic overall.

The industrial importance of this idea has led to several different methods of immobilization 
being explored. The enzyme can be bound to a solid support either by weak intermolecular 
forces or by covalent bonding. The various methods of immobilization currently in use are 
summarized in Figure 23.157:
■ adsorption on to an insoluble matrix
■ covalent binding on to a solid support
■ entrapment within a gel
■ encapsulation behind a selectively permeable membrane.

Each of the methods shown in Figure 23.157 has been successfully used in a variety of 
applications. The key to success is that the interaction with the support must not interfere with 
the shape of the active site.

For example, the production of high-fructose syrup, which is used as a sweetener in the food 
industry, requires the conversion of glucose into fructose. Glucose, from the hydrolysis of starch, 
is converted into the much sweeter compound fructose using the enzyme glucose isomerase. This 
enzyme has proved easy to immobilize and can be used in a continuous reactor at 60–65 °C and 
pH 7 for over 1000 hours. The use of immobilized enzyme has dramatically reduced the cost of 
producing high-fructose syrup.
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enzyme

enzyme

enzyme

enzymeporous
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selective
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■■ Figure 23.157 

Different techniques 

for preparing 

immobilized enzymes 

for use in bioreactors

The benefits of using enzymes to bring about useful transformations under milder conditions 
links well with some of the key themes of sustainable, or ‘green’, chemistry (see Section 23.6 for 
an outline of the 12 principles of green chemistry). Table 23.21 summarizes the advantages of 
using enzymes to achieve chemical change using biological processing.
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Factor Chemical/non-biological processing Biological processing

Temperature Very high or low temperatures often 
required to make the reaction occur – low 
temperatures are sometimes required to 
maintain stability of the catalyst or ensure 
solvents do not boil

Moderate temperatures usually 
employed – heating or refrigeration 
costs are lower

Solvent Organic solvents often needed – may be 
both expensive and toxic

Water is the normal solvent for the 
enzymic reaction mixture or growth 
medium 

Catalyst Inorganic catalysts often used; often 
toxic, expensive and lacking in specificity; 
unwanted by-products may be produced

Enzymes are highly specific, therefore 
less wasteful of substrate and fewer 
by-products formed

Conditions Extremely acidic or alkaline conditions 
often used – requires expensive corrosion-
resistant vessels

Moderate pH usually used

Cost Raw materials often expensive Raw materials usually inexpensive

Length of reaction Lengthy preparation time often required Short fermentation or reaction times 
employed – higher production rate

■■ Table 23.21 The 

advantages of the 

use of enzymes in 

industrial chemistry

■■ Buffer action
A buffer solution is one that resists changes in pH when small amounts of acid or alkali are 
added to the solution. A buffer solution consists of two components – a conjugate acid–base 
pair such as ethanoic acid–ethanoate ion. The action of buffer solutions in maintaining 
a controlled pH is covered in Chapter 8, but consider the rationale behind the ethanoate 
buffer solution mentioned above.

Since ethanoic acid is only slightly dissociated and sodium ethanoate is completely 
dissociated, a mixture of the two contains a relatively low concentration of hydrogen ions, but a 
large proportion of ethanoic acid molecules and ethanoate ions:

CH3COONa(aq) → CH3COO−(aq) + Na+(aq)
CH3COOH(aq) ⇌ CH3COO−(aq) + H+(aq)

If an acid is added to the buffer, the additional hydrogen ions will be removed by combination 
with the ethanoate ions to form undissociated acid molecules. The presence of sodium ethanoate 
ensures there is a large ‘reservoir’ of ethanoate ions to ‘mop up’ the additional hydrogen ions 
from an acid.

If an alkali is added, the hydroxide ions combine with the hydrogen ions to form water molecules:

H+(aq) + OH−(aq) → H2O(l)

The removal of hydrogen ions via neutralization results in the dissociation of ethanoic acid 
molecules to replenish the hydrogen ions removed. The presence of ethanoic acid ensures that 
there is a large ‘reservoir’ of undissociated ethanoic acid molecules that will dissociate following 
the addition of an alkali.

Other buffering systems are available such as that using the ammonia/ammonium ion 
conjugate pair. The use in experiments is determined by the pH that they are meant to 
maintain.

The use of buffer systems is crucial to much of the experimental work in biochemistry. We 
have seen that enzymes are sensitive to changes in pH and can be denatured by significant 
deviation from their pH optima. Analytical techniques such as electrophoresis and protein assay 
also involve the use of buffers.

The maintenance of the pH in the blood and tissues of the body is of great importance 
and amino acids and proteins contribute to the buffering that sustains these critical 
conditions.
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Acid–base properties of 2-amino acids and proteins
In aqueous solution the amino and carboxylic acid functional groups both ionize, or dissociate. 
The carboxylic functional group releases hydrogen ions and hence acts as a Brønsted–Lowry acid 
(see Chapter 8):

−COOH(aq) ⇌ −COO−(aq) + H+(aq)

The amino functional group can accept hydrogen ions from solution and so acts as a Brønsted–
Lowry base:

−NH2(aq) + H+(aq) ⇌ −NH3
+(aq)

In neutral solution both the amino and carboxylic functional groups are ionized or 
dissociated. In an acidic solution (low pH), the amino acid accepts hydrogen ions and 
becomes positively charged. This reaction occurs because the lone pair of electrons on the 
nitrogen of the amino group can form a coordinate bond (Chapter 4) with an electron-
deficient hydrogen ion. In an alkaline solution (high pH) the carboxylic acid functional 
group donates hydrogen ions to the hydroxide ions and forms a negatively charged 
carboxylate functional group.

Consequently, amino acids act to maintain the pH of an aqueous solution, because they 
remove excess hydrogen ions (H+) or hydroxide ions (OH−), forming water molecules. However, 
zwitterions of amino acids have pKa values of approximately 2 and 10, and hence buffer 
effectively only at high and low values of pH.

This buffering capacity is retained when amino acids are polymerized to form proteins. 
Proteins are able to act as buffers because a number of amino acids contain either a basic 
amino group or an acidic carboxylic acid functional group in their variable side-chain  
(R group). Proteins play important roles as buffers (Figure 23.158) both inside and 
outside cells.
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■■ Figure 23.158 The 

buffering action of 

amino acids in aqueous 

solution

The buffering role of amino acids is important in helping to maintain a constant pH in 
cells, a crucial need for biological systems. Many of the protein components, especially 
enzymes, are extremely sensitive to changes in pH and could be made inactive by any 
significant fluctuation in pH. For example, human blood has a pH of 7.4, and an increase or 
a decrease of more than 0.5 pH units can be fatal. Clearly, effective buffering is important. 
There are several different buffer systems at work in the human body and these include 
those involving amino acids and proteins.

It is important to realize that an amino acid does not act as a buffer around its isoelectric 
point because there is only one species present. The titration curve for alanine (isoelectric  
point = 6.0) is shown in Figure 23.159, with the buffering regions being the almost horizontal 
regions of the curve (around pKa1 and pKa2).
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An amino acid such as alanine (where R is a methyl group) is dibasic when it exists in its 
fully protonated form. It can donate two protons (H+) during its titration with a strong base:

H3N+CH(CH3)COOH(aq) + OH−(aq) ⇌ H3N+CH(CH3)COO−(aq) + H2O(l)
H3N+CH(CH3)COO−(aq) + OH−(aq) ⇌ H2NCH(CH3)COO−(aq) + H2O(l)

The first part of the curve corresponds to the first reaction and the second part of the curve 
corresponds to the second reaction. The flatter portions of the curves correspond to buffering 
regions, where the pH does not vary significantly with the concentration of base.

Moles of OH– per mole of amino acid
0 1.0 2.00.5 1.5

0

2

1

3

5

7

9

4

6

8

11

pH

10

12

13

H
3
N+CHRCOO–

(2)

(3)
H

2
NCHRCOO–

pK
a1

 = 2.3

pK
a2

 = 9.7

pH
2
 = 6.0

equal amounts
of (1) and (2)

equal amounts
of (2) and (3)

H
3
N+CHRCOOH

(1)

■■ Figure 23.159 

Titration curve for 

alanine

At pH 6.0 there is a point of inflection between the two separate halves of the titration curve. 
There is no net or overall electrical charge on the molecule at this pH, and the amino acid will 
not move in an electric field. The pH is called the isoelectric point (pI), and the amino acid has 
the least buffering effect at this point:

isoelectric pH = 1
2
(pKa1 + pKa2)

Consideration of the titration curve shows why amino acids can only act as acid–base 
buffers within a certain pH range, where both components of the conjugate acid–base pair 
are present in solution at sufficient concentrations. Maximum buffering capacity occurs 

where the concentrations of the two possible forms are 
equal – so at pKa1 and pKa2. According to the Henderson–
Hasselbalch equation (see Chapter 18 and the IB 
Chemistry data booklet), the ratio between the components 
of a conjugate pair increases or decreases by a factor of 
ten for a pH change of one unit. So an amino acid such 
as alanine or glycine can act as a buffer in the ranges pH 
= pKa1 ± 1 and pH = pKa2 ± 1. Outside these ranges the 
amino acid exists predominantly as a single ionic species 
and cannot act as a buffer.

The situation is further complicated by the presence of 
side-groups in the amino acid, some of which can also act as 
acids and bases. This is the reason that proteins can also act 
as buffers. Consider a protein that is rich in lysine (Figure 
23.160a).

■■ Figure 23.160 a The R group of lysine. b The acid–base 

equilibrium of the R group of lysine
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At pH 10, some of the NH2 side-groups will be protonated and others will not (Figure 
23.160b). So there will be a mixture of acid and base present – and therefore a buffer.

Calculating the pH of a buffer solution
For a buffer solution made up of a mixture of HA (acid) and A− (base), the pH of the buffer can 
be worked out using the Henderson–Hasselbalch equation:

pH = pKa + log10 [A−(aq)]/[HA(aq)]

or

pH = pKa + log10 [conjugate base]/[conjugate acid]

The Henderson–Hasselbalch equation allows calculation of the pH of an amino acid solution 
with known acid–base composition or the concentration of conjugate acid and base in a solution 
of known pH.

For amino acids the pKa1 value characterizes the equilibrium between the cationic form of 
the amino acid (species 1 on the titration curve) and the zwitterion, so the equation becomes:

pH = pKa1 + log10 [zwitterion]/[cation]

The pKa2 value characterizes the equilibrium between the zwitterion and the anionic form 
(species 3 on the titration curve), so the equation becomes:

pH = pKa2 + log10 [anion]/[zwitterion]

Note that the same zwitterion is the conjugate base in the first acid–base equilibrium, but the 
conjugate acid in the second.

34 a The isoelectric point (pI value) of the amino acid serine (2-amino-hydroxypropanoic acid) is 5.7. Draw the 
main structural formula of serine, in the solid state and in an aqueous solution at pH values of 1, 14 and 5.7.

b Calculate the pH of an aqueous solution that contains 0.8 mol dm−3 zwitterionic and 0.2 mol dm−3 
anionic forms of serine. (For serine pKa1 = 2.2 and pKa2 = 9.1.)

35 Identify the conjugate acid and conjugate base in a 0.500 mol dm–3 solution of glycine (pI = 6.0) at  
pH = 3.0. Calculate the concentration of both glycine species. (For glycine pKa1 = 2.3 and pKa2 = 9.6.)

36 The following examples illustrate the calculation of pH in some buffer systems used in working with 
biochemical systems:
a Calculate the pH of a solution containing 0.200 mol dm−3 ethanoic acid (Ka = 1.74 × 10−5 mol dm−3) and 

0.250 mol dm−3 sodium ethanoate.
b Phosphate buffers are routinely used in biochemical experiments, particularly for buffering around 

neutral pH. Calculate the pH of a buffer solution containing 0.055 mol dm−3 H2PO4
− (pKa = 7.21) and 

0.045 mol dm−3 HPO4
2−.

c TRIS is a buffer system used frequently in biochemistry. A buffer solution is prepared by adding 
hydrochloric acid to TRIS to form a mixture of TRIS and its protonated form (TRIS–acid). The equilibrium 
that exists in the buffer solution is:

 Calculate the pH of a buffer solution containing 0.650 mol dm−3 TRIS–acid (pKa = 8.30) and  
0.750 mol dm−3 TRIS.

 Note: When working out the pH of a buffer solution, you can check whether or not your answer is 
reasonable. If the solution contains a higher concentration of acid than base, the pH of the solution will 
be lower than the pKa of the acid; if there is a higher concentration of base than acid, the pH will be 
higher than the pKa.
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HO NH2
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■  A series of protein solutions of known concentration are made up – 
for example, 1.00 mg dm−3, 2.00 mg dm−3, 3.00 mg dm−3 etc. This 
is usually done by serial dilution of a stock solution of accurately 
known concentration (note that 1.00 mg dm−3 is the same 
concentration as 1 ppm).

■  The absorbance of each of these protein solutions is measured at 
280 nm.

■ A calibration curve of absorbance against concentration is plotted.
■  The absorbance of the protein solution(s) of unknown 

concentration is then measured.
■  The concentration of the unknown solution is read off the 

calibration curve.

If the absorbance of the unknown protein solution was 0.29, then its 
concentration, read from the calibration curve in Figure 23.162, is 3.6 ppm 
(or mg dm−3).

■■ Assay of proteins
A protein assay is a method of determining the concentration of a protein in solution. We 
introduced the idea behind this type of assay in Section 23.2 where we discussed a method using 
Biuret reagent. Protein assays usually involve ultraviolet–visible (UV–Vis) spectroscopy. There 
are two basic approaches:
■ The absorption of radiation by the protein in the UV region of the spectrum (at a 

wavelength of 280 nm) can be measured
■ A coloured dye is added that binds to the protein and the absorption in the visible region of 

the spectrum of the protein–dye complex can be measured. 

In each case the concentration of the protein is determined by reference to a calibration curve 
which is constructed using known concentrations of a protein standard (often bovine serum 
albumin – BSA).

UV assay
Proteins absorb electromagnetic radiation in the UV region due to the presence of aromatic rings 
in the amino acid side-chains (R groups such as phenylalanine, tyrosine and tryptophan). The 
wavelength at which maximum absorbance occurs is 280 nm. The following steps are taken to 
construct a calibration curve and determine the concentration of an unknown protein solution:
■  The UV–Vis spectrophotometer (Figure 23.161) is zeroed at 280 nm with a cuvette containing just 

the solvent. This is the blank sample. For UV spectroscopy the cuvette must be made of quartz or 
a plastic that allows the transmission of UV light.
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■■ Figure 23.161 A schematic diagram of a UV–Vis spectrophotometer. The combination of the filter 

and monochromator ensures that only light of a particular wavelength is shone through the sample. 
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■■ Figure 23.162 A calibration curve for the 

UV assay of proteins using absorbance at 
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Visible assay
There are various other methods for determining the concentration of protein using visible 
spectroscopy that rely on chemical reaction with the peptide bonds in the protein or dye binding 
to the amino acids in the protein chains. The basic method is the same as described above, with 
a calibration curve first being constructed using standard solutions of known concentration. For 
visible spectroscopy a glass or clear plastic cuvette can be used.

The visible assay of protein concentration using Biuret reagent has already been described 
in Section 23.2 (see Figure 23.30). This is based on a specific reaction between copper(ii) 
ions (Cu2+) in alkaline solution and the peptide bonds as found in proteins. A violet-coloured 
complex is formed. This test is very insensitive and will not detect proteins in solution with 
a content of less than 1 mg cm–3. The Lowry method has been used quite extensively and is a 
combination of the Biuret method and the oxidation of tyrosine and tryptophan residues with 
Folin and Ciocalteu’s reagent to give a blue–purple colour. This method is very sensitive but is 
easily affected by non-protein substances.

One such dye-binding method uses Coomassie Brilliant Blue G-250 dye (sometimes referred 
to as the Bradford assay). The bound and unbound forms of the dye have different colours and 
the concentration of the protein can be determined by measuring the absorbance at 595 nm, 
which is in the visible region of the spectrum.

The dye only binds to certain specific amino acids – the basic amino acids (arginine, 
histidine, lysine) and aromatic amino acid residues (tyrosine, tryptophan, phenylalanine). All 
proteins contain these amino acids but the total amounts of these amino acids vary between 
proteins and this can produce variation in the colour response with different proteins. It is 
important therefore to choose an appropriate standard. By testing with BSA and bovine plasma 
gamma globulin (IgG) it can be shown that the absorbance produced is dependent on the 
protein used – with BSA giving a higher absorbance than IgG.

It is worth noting that it is feasible to carry out this assay using a simple colorimeter which 
uses colour filters to produce light of a given wavelength. The absorption can be measured at 
600 nm in this case.

The Beer–Lambert law
This law relates the amount of light absorbed by a solution to its concentration and the 
path length (Figure 23.163).

The Beer–Lambert law is:

log10(I0/I) = A = εcl

where:
■ I0 is the intensity of the light before it passes through the sample
■ I is the intensity of the light after it has passed through the sample
■ A is the absorbance = log10(I0/I)
■  ε is the molar absorptivity or molar extinction coefficient (with units cm−1 mol−1 dm3) 

– this is the absorbance of a 1.00 mol dm−3 solution in a 1.00 cm cell at the specified 
wavelength

■ c is the concentration of the solution in mol dm−3

■  l is the path length – the thickness of the sample (usually in cm – a path length of 
1 cm is used in most instruments).

The Beer–Lambert law is usually used in the form:

A = εcl

It tells us that more radiation is absorbed by a more concentrated solution or if the radiation 
has to pass through a thicker sample. If the light encounters twice as many particles as it passes 
through the sample, then twice as much will be absorbed.

The concentration of protein in a sample can be determined from absorbance data and 
application of the Beer–Lambert law. First of all the value of the molar extinction coefficient, 

■■ Figure 23.163 The Beer–

Lambert law relates the 
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37 The absorbance observed for the protein solution in the experiment above was 0.29 using a 1 cm path 
length cuvette. Confirm using Beer–Lambert’s law that the concentration of this solution was 3.6 ppm.

38 Using Beer–Lambert’s law, calculate the concentration of each of the following protein solutions. All 
absorbances were measured at 280 nm in a cuvette of path length 1.0 cm.
a The molar absorptivity at 280 nm for a particular protein solution is 500 cm−1 mol−1 dm3 and the 

absorbance = 0.31.
b The molar absorptivity at 280 nm for a particular protein solution is 63.5 cm−1 mol−1 dm3 and the 

absorbance = 0.23.
 (You will note that absorbance has no units.)

ε, must be worked out – this can be done either by measuring the absorbance of a solution of 
known concentration or from the calibration curve. If the data in Figure 23.162 were obtained 
using a constant path length of 1 cm, we have:

A = ε c

Thus ε is the gradient of the graph of absorbance against concentration.

ε = 0.32/4.00 = 0.0800 cm−1 ppm−1

Nature of Science  The limitations and development of methodology

Protein analyses are used routinely in analytical chemistry, but it is important for scientists 
to have an understanding of the sensitivity, accuracy and precision of their data. They must 
be aware of possible systematic errors in their procedures which, although they might give 
reproducible results, are not accurate. Different protocols have been developed from the very 
simple methods described here to give reliable and accurate readings for protein concentrations. 
In introducing the methods we have noted the importance of the following:
n the possible interference of other components of the complex mixtures often encountered 

in biological samples
n the sensitivity of the assay used and the nature of the interaction upon which it is based
n the need to use an appropriate standard to construct the calibration curve.

Publication and collaboration in science results in the refinement of experimental protocols and 
the extension of methods into new applications.

23.8 Nucleic acids (AHL) – DNA is the genetic material that expresses 
itself by controlling the synthesis of proteins by the cell

 ■ DNA – the source of heredity
Deoxyribonucleic acid (DNA) was discovered in 1869, 10 years after the publication 
of Darwin’s The Origin of Species. The Swiss biochemist Friedrich Meischer isolated a 
sample of DNA from white blood cells in pus sticking to discarded bandages. At this 
time there was no suspicion of the immense significance of the molecule as the ‘vehicle’ 
of heredity and evolution. Not until 1944 did Oswald Avery demonstrate that DNA 
was the material that transferred genetic information from one cell to another.

A one-page letter published on 25 April 1953 in the scientific journal Nature 
started the recent rapid increase in information about the origins of life, evolutionary 
development and the transfer of genetic information:

‘We wish to suggest a structure for the salt of deoxyribonucleic acid (DNA). This 
structure has features which are of considerable scientific interest...It has not escaped our 
notice that the specific base pairing [inherent in the proposed structure] suggests a possible 
copying mechanism for the genetic material.’

The structure of DNA proposed thus by James Watson and Francis Crick led to 
the advent of molecular biology and genetic engineering. It was arguably the most 
important scientific development of the 20th century. In making their discovery, 
Watson and Crick used a model-building approach composition of DNA and, most 
importantly, data from X-ray crystallography (Figure 23.164).

■■ Figure 23.164 The discoverers 

of the structure of DNA: James 

Watson (on left) and Francis Crick, 

with their model of part of a DNA 

molecule in 1953
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The development of science often builds on previous results. Elucidating the structure of 
DNA would have been impossible without the discovery of X-rays in 1895. Then in 1925, von 
Laue showed that the diffraction of X-rays could be used to find the arrangement of atoms in 
crystals. The method was successfully applied to determine the structure of proteins, including 
myoglobin and insulin, for example. Then, in 1952, Rosalind Franklin, working with Maurice 
Wilkins, shone X-rays on to crystalline forms of DNA and produced diffraction patterns that 
were both beautiful and complex (Figure 23.165). Watson, Crick and Wilkins were awarded the 
Nobel Prize for Physiology and Medicine in 1968. Tragically, Franklin died of cancer in 1958 and 
the Nobel Prize cannot be awarded posthumously.

The ordered X-ray patterns produced reflected the regularity of a double helical structure. 
Two DNA strands, running in opposite directions, are linked together in a ladder-like molecule 
– but a twisted ladder or a right-handed helix (Figure 23.166).

■■ Figure 23.165 X-ray 

diffraction photograph of DNA. 

This image of the β-form of 

DNA was obtained by Rosalind 

Franklin in 1953. The cross of 

bands indicates the helical 

nature of DNA

■■ Figure 23.166 The double helix formed 

from two DNA strands. The sugar–

phosphate backbone is on the outside 

and the bases are in the centre. London 

dispersion forces maintain the helical 

structure. Without such forces DNA would 

be a ‘ladder’ rather than a double helix

Each DNA strand is a condensation polymer of sugar molecules and phosphate groups. 
Attached to this sugar–phosphate backbone is a sequence of organic bases constructed 
from a choice of just four, often referred to simply by the first letter of their names: A, C, G 
and T. Heredity information is stored as the sequence of these bases along the chain. The 
genetic message is written in a language of only four letters.

■■ Nucleic acids
Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) are essential components of all living 
cells. They are involved in the transmission of heredity information and in the production of the 
vast range of proteins made by cells. Both molecules are synthesized in cells by the condensation 
polymerization of nucleotides – they are polynucleotides. DNA controls heredity on a molecular level:

■  it is a self-replicating molecule capable of passing genetic information from one generation to 
the next

■ it contains in its base sequence the genetic code used to synthesize proteins.

Various forms of RNA are involved in the processes of ‘gene expression’ that result in the 
production of proteins
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Components of 

nucleotides

Nucleotides are themselves made from three smaller types of molecule (phosphate, pentose 
sugar and base) covalently bonded together under enzyme control. The phosphate group is a 
chemically reactive functional group that allows new molecules to be added via a condensation 
reaction. Hence, nucleotides can form long chains (linear polymers). The phosphate groups are 
also ionized and are partly responsible for the solubility in water of nucleic acids.

The second component of a nucleotide is a pentose sugar (five-carbon monosaccharide) – 
deoxyribose in DNA and ribose in RNA. These sugars are chemically reactive and are 
involved in bonding different nucleotides together. This occurs via condensation reactions 
(under enzyme control) involving the hydroxyl groups located at carbon atoms 1 and 5.

The third component of each nucleotide is known as a base. It is covalently bonded to the 
pentose sugar via the carbon atom in position 1 of the ring. Four different bases are found in 
DNA: adenine (A), thymine (T), guanine (G) and cytosine (C). A fifth base (uracil) is found in 
RNA (see page 119). Cells continually synthesize nucleotides (Figure 23.167) and these form a 
‘pool’ in the cytoplasm from which nucleotides can be used by the cell for synthesizing DNA.
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■■ ■Structure of DNA
DNA consists of two linear polynucleotide strands which are wound together in the 
form of a double helix. The double helix is composed of two right-handed helical 
polynucleotide chains coiled around the same central axis. The bases are inside the helix 
and the sugar–phosphate backbone is on the outside. The two chains of the double helix 
are held together by hydrogen bonds between the bases on the two polynucleotide chains 
(Figure 23.169).

■■ Table 23.22 Summary of the differences between RNA and DNA

DNA RNA

Generally very long strands, several 
millions of nucleotides long

Relatively short strands, 100–1000 
nucleotides long

Contains deoxyribose Contains ribose

Consists of two antiparallel 
polynucleotide strands of 
complementary base pairs: cytosine 
(C) with guanine (G), adenine (A) 
with thymine (T); the strands are held 
together by hydrogen bonds in the 
form of a double helix

Messenger RNA is single-stranded; 
transfer and ribosomal RNA have 
both single- and double-stranded 
sections; contains uracil (U) rather 
than thymine (T)

Relatively stable towards chemicals 
(especially alkalis) and enzymes

Less stable towards chemicals and 
enzymes

■■ ■Differences between DNA and RNA
Both RNA and DNA molecules are polynucleotides, but RNA 
molecules are considerably shorter than those of DNA. In RNA 
the nucleotides contain ribose and the bases are cytosine, guanine, 
adenine and uracil (Figure 23.168). In living cells there are 
three main functional types of RNA, known as messenger RNA 
(mRNA), transfer RNA (tRNA) and ribosomal RNA (rRNA). 
(Thymine only occurs as one of a number of minor bases in tRNA.) 
All three forms of RNA are directly involved in the synthesis of 
proteins.

DNA molecules occur in the chromosomes and form very long 
strands, containing several million nucleotides. In all DNA molecules 
the nucleotides contain deoxyribose. The bases in DNA are cytosine, 
guanine, adenine and thymine, but never uracil.

The DNA molecule consists of two polynucleotide strands held 
together by inter-molecular hydrogen bonding. The two strands 
take the shape of a double helix. Transfer RNA and ribosomal 
RNA contain both double-stranded (with an approximate 
helical shape) and single-stranded regions. In all cases RNA and 
DNA molecules are held together in the double-stranded form 
by complementary base pairing. Table 23.22 summarizes the 
differences between RNA and DNA.
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■■ Figure 23.169  

The structure of DNA
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On heating, the two strands of DNA separate from each other. This is known as the melting of 
DNA. The temperature at which the two strands of DNA separate completely is known as the 
melting temperature of DNA. A DNA molecule which is rich in GC pairs has a higher melting 
temperature than a DNA molecule (of the same length) rich in AT pairs. This is because GC 
pairs are held together by three hydrogen bonds, but the AT base pair is only held together by 
two hydrogen bonds. The two strands of the double helix are antiparallel – that is, they run 
in opposite directions. The 5'–3' phosphodiester linkages run in opposite directions. The 5' 
(pronounced ‘five prime’) end designates the end of the DNA strand that has the fifth carbon 
in the sugar ring of the deoxyribose at its terminus. The 3' (pronounced ‘three prime’) end of a 
strand ends at the hydroxyl (−OH) group of the third carbon in the deoxyribose sugar ring. The 
fact that the DNA chains have direction is significant in the context of the fact that they carry 
a ‘coded message’ that must be read in a particular direction.

The hydrogen bonding between the bases of the two strands is highly specific. Thymine (T) pairs 
with adenine (A), via the formation of two hydrogen bonds, and cytosine (C) pairs with guanine 
(G), via the formation of three hydrogen bonds. These base pairs are favoured energetically and are 
known as complementary base pairs. A further set of interactions that is important to the formation 



 23.8 Nucleic acids 121

Chemistry for the IB Diploma, Second Edition © Christopher Talbot, Richard Harwood and Christopher Coates 2015

and stability of the double helix are the London forces between the base pairs as they stack on top of 
each other in the structure – this is referred to as ‘base stacking’. Overall the stability of the helix is 
achieved by the fact that it maximizes hydrophobic interactions between the non-polar stacked bases 
in the sequestered environment in the middle of the molecule, while allowing polar and charged 
groups in the sugar–phosphate backbone to interact with the aqueous solution.

Consequently, the two strands of DNA are complementary to each other and the sequence 
of bases in one strand determines the sequence of bases in the other chain. Opposite each 
adenine on one chain there is always a thymine on the other chain, and opposite guanine there 
is cytosine. Complementary base pairing is the underlying basis for the processes of replication, 
transcription and translation.

Nature of Science  The build-up of ideas

The background to the realization of the importance of base pairing illustrates how findings 
from different experimental techniques come together to generate an overall picture. In 1950 
Erwin Chargaff analysed the base content of DNA from different species of organism using 
paper chromatography (Table 23.23). His results showed the intriguing finding that, although 
the proportions of the bases varied between species, the number of purines equalled the number 
of pyrimidines in any sample of DNA. Chargaff went on to show that the DNA from any tissue 
of a particular species has equal numbers of adenine and thymine residues and equal numbers of 
guanine and cytosine residues. Watson and Crick realized that this evidence was crucial and used 
it alongside the X-ray crystallography data to build their model.

Source of DNA Adenine, A/ 
molar %

Thymine, T/  
molar %

Cytosine, C/ 
molar %

Guanine, G/ 
molar %

Bacteria 15.1 14.6 35.4 34.9

Wheat 27.3 27.1 22.8 22.7

Salmon 29.7 29.1 20.4 20.8

Human 30.9 29.4 19.8 19.9

■■ Table 23.23 The 

molar proportions 

of A, T, C and G in 

samples of DNA

ToK Link
Information and knowledge
DNA stores information in the form of a linear chain of four bases: adenine, thymine, guanine and cytosine. 
The sequence of these bases along the coding strand is ultimately read as triplets and translated into a linear 
chain of amino acids (a protein). Each amino acid has one or more unique triplets of bases that code for it 
during translation in the ribosome. This is the genetic code. DNA holds information, but it generally does 
not actively apply that information. DNA does not make proteins directly. To extract the information and get 
it to the ribosomes the DNA sequence is transcribed into a corresponding sequence in a ‘carrier’ molecule 
called ribonucleic acid, or RNA. The portions of DNA that are transcribed into RNA are genes. The gene 
code is not a code for an organism in the same way as a blueprint does not build a building without the 
builders to build it and the technical know-how of the construction team. The information in the genome is 
at many different levels, in sequence, in structure, between the genes in the junk DNA and in the chemistry. 
It is not 0 and 1 – it is an intimate layering of information.

UniProt is a central resource for storing and interconnecting biological information from large and disparate 
(very different) sources. It is a comprehensive catalogue of protein sequence (primary structure of amino acids) 
and functional annotation, which gives information about the function of the protein. UniProt is built upon the 
bioinformatics infrastructure and scientific expertise at the European Bioinformatics Institute (EBI), the Protein 
Information Resource (PIR) and the Swiss Institute of Bioinformatics (SIB). UniProt has three different protein 

The nitrogenous bases found in DNA are derivatives of purine or pyrimidine. Cytosine and 
thymine are pyrimidines and consist of one heterocyclic ring. Adenine and guanine are purines 
and consist of two heterocyclic rings. Heterocyclic rings contain atoms other than carbon. Only 
these particular base pairings will hydrogen bond together strongly and fit inside the double 
helix. Cytosine and thymine are too large to fit into the helix, and adenine and guanine are too 
far apart to form stable hydrogen bonds.
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databases optimized for different uses, and is updated and distributed every month. It can be accessed online 
for searches or download at www.uniprot.org. Given the development of databanks such as this, and the stress 
placed on access to information in modern science, it is worth looking at the relationship between the terms.

Data represents raw numbers (binary 1 and 0 for computer data) or assertions. Data comprises facts, 
observations or perceptions. Information is data with context and relevance. In contrast, data, for example 
computer data, can include millions of useless garbage bits, which are nothing more than uninterpretable 
binary zeros and ones. Information involves manipulation of raw data. Often, information can be used to 
obtain a more meaningful indication of trends or patterns. Knowledge is information with decision-making 
and action-directed utility and purpose. The Greek philosopher Plato suggested knowledge is defined as 
a justified true belief. Knowledge is information that helps to produce information from data, or produce 
more valuable information from less valuable information (Figure 23.170).

We live in the information age. But every era of history has 
had its own information revolution: the invention of writing, 
the composition of dictionaries, the creation of the charts 
that made navigation possible, the discovery of the electronic 
signal, the cracking of the genetic code.

An interesting interpretation of the history that has led up to 
our ‘information age’ is given in the book The Information: 
A History, a Theory, a Flood by James Gleick. He aims to tell 
the story of how human beings use, transmit and keep what 
they know. From African talking drums to Wikipedia, from 
Morse code to the ‘bit’, it is one account of the modern age’s 
defining idea and an exploration of how information has 
revolutionized our lives.

39 a Representing molecules of purine or pyrimidine bases by B, sugars by S and phosphoric acid or 
phosphate groups by P, and using no other symbols, draw a diagram to show how these are linked in a 
short length of double-stranded DNA. Use full lines (–) for normal covalent bonds and dotted lines (…) 
for hydrogen bonds.

b Your sketch makes the two strands look identical. Ignoring the difference between the bases:
i Explain how the two strands differ.
ii Give the technical term which describes this difference.
iii State how it is indicated on diagrams of DNA.

c When a DNA molecule is gently heated in solution, the two chains gradually separate. The temperature at 
which 50 per cent of the helical structure is lost is called the melting temperature. Explain why the melting 
temperature of a particular DNA sequence is dependent upon the percentage of GC base pairs in the DNA.

40 a What role do hydrogen bonds play in the accurate replication of DNA?
b DNA is replicated semi-conservatively. What is meant by this term?
c i What type of interaction takes place between the bases in the two DNA strands?

ii Condensation reactions are involved in the formation of DNA. What is the name given to the links 
which form the backbone of a DNA strand?

41 a State three ways in which the structure of DNA differs from  
that of RNA.

b i Name two nitrogenous bases present in DNA, one a purine  
and the other a pyrimidine.

ii Suggest the most appropriate name for each of the  
following outline structures: purine or pyrimidine.

■■ Figure 23.170 The interaction 

between knowledge and data that 

increases the value of the acquired 

information

value

knowledge

zero low

data information

medium high very high

I II

■■ Replication
DNA has the unique property among biomolecules of duplicating itself in the presence of 
appropriate enzymes. The genetic information inside a cell is coded into the sequence of bases 
in its DNA molecules. During cell division, DNA molecules replicate and produce exact copies 
of themselves. Each daughter cell has DNA molecules identical to that of the parent cell. 
DNA replication is a very complex process but the underlying feature is that the two strands 
of DNA are unwound (under enzyme control) and each strand serves as a template pattern 
for the synthesis of a new complementary DNA strand (Figure 23.171). The specificity of 
complementary base pairing ensures the exact duplication of the sequence of bases in the new 
daughter strand of DNA.
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Simplified summary of 

the replication of DNA

During replication, the hydrogen bonds and instantaneous dipole-
induced dipole forces between the base pairs in the double helix 
are broken. The original strands act as templates for the synthesis 
of two new strands. Each new strand contains a sequence of bases 
complementary to the bases of the original strand.

Hydrogen bonds and London (dispersion) forces form between 
the original and new strands, creating a stable helical structure. 
Thus, two daughter molecules are formed from the parent double 
helix (Figure 23.172). This form of replication is known as semi-
conservative replication, because each daughter molecule contains 
one newly produced strand and one strand from the original  
DNA molecule.■■ Figure 23.172 The outcome of semi-conservative 

replication
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Nature of Science  Competition and collaboration in science

The story of the discovery of the structure of DNA shows how different approaches to solving the 
same problem can lead to a consistent conclusion. James Watson and Francis Crick, working in 
Cambridge, England, tackled the question largely by building molecular models, while Maurice 
Wilkins and Rosalind Franklin, working in London, approached it through X-ray crystallography. 
It is, however, also a story interwoven with tales of personal ambition and human conflict that 
reflects some failure of the different teams of scientists to collaborate and communicate effectively. 
Mingled in the events taking place in the UK is the intervention of the Nobel laureate, Linus 
Pauling, who, shortly before Crick and Watson’s letter was published, put forward a triple-helical 
structure for DNA. His reasoning was flawed, probably in part because the data he was working 
was incorrect. One of the drawbacks of his structure was that he had placed the phosphate groups 
internal to the structure, where they would essentially repel each other.

The inter-relationships between the different groups involved in the ‘race’ to elucidate 
the structure serve to illustrate that the practice of science is not impersonal and abstract 
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but involves careers, personal and group ambition, and competitiveness. There have been 
other more modern examples that also illustrate this – from research into AIDS, the 
sequencing of the human genome, and discussion on the nature of the evolutionary process, 
for instance – but the DNA story remains well known and well documented. It is partly 
coloured by the tragic story of Rosalind Franklin missing out on her acknowledgement 
in the form of a Nobel Prize. Her story is detailed in Brenda Maddox’s biography Rosalind 
Franklin: the dark lady of DNA.

Having noted the above, it is worth acknowledging that interdisciplinary collaborative 
research is widely recognized for its importance in advancing scientific knowledge. Many 
of the great discoveries and achievements in the 20th and 21st centuries were the results 
of collaborative efforts between scientists and engineers from diverse fields. The discovery 
of the Higgs boson, the Intergovernmental Panel on Climate Change assessments, the 
mapping of the ocean floor, combatting bacteria via vaccines and antibiotics, and the 
discovery of DNA are just a few examples that exemplify the power of interdisciplinary 
collaborations. Great scientific work often occurs when two groups, given the same problem, 
ask different questions, notice different details, use different approaches to describe the 
problem, and come into the situation with different perspectives. This is the strength of 
interdisciplinary collaborative research. The mixing of different frameworks of thinking is a 
great way to stimulate the development of new approaches to a problem that a single group, 
or scientific discipline, would not be able to do.

■■ DNA and chromosomes
DNA molecules are enormous macromolecules. They need to be, as the 
DNA contains the essential genetic information that defines the organism 
concerned. The molecular sizes increase with the complexity of the 
organism:
■  The DNA of a bacterial virus (bacteriophage A) is 166 000 base pairs 

(166 kilobases) in length.
■  The DNA of the bacterium E. coli contains about 4 700 000 base pairs 

(4700 kilobases).
■  In animal cells the DNA is compartmentalized in the nucleus (Figure 

23.173), where it is packaged into chromosomes, which are each thought 
to consist of a single molecule of DNA with associated proteins; 
the length of DNA in each of the human chromosomes varies from 
48 000 000 to 240 000 000 base pairs (48 000 to 240 000 kilobases) 
(Figure 23.174).

The folding of such lengths of DNA into the compact chromosomes that 
become visible under a light microscope at cell division represents an 
amazing feat of packaging. A point to note is that only a small proportion of 
all of this DNA codes for proteins. The remainder is a mixture of ‘junk’ and 
sections that regulate the decoding itself. The functional regions of DNA 
are known as genes.

When analysed by gel electrophoresis (see later) it is noted that all 
DNA fragments are observed to migrate towards the positive electrode in 
electrophoresis, indicating that they are negatively charged. The double-
helix structure of DNA shows that the origin of this charge is on the 
phosphate groups that link the sugars together in the backbone of the 
molecule. The negative charge causes DNA to associate with proteins 
known as histones that have a high proportion of basic amino acids and so 
carry positive charges at cell pH. The combination of DNA and histones, 
known collectively as chromatin, helps to stabilize the DNA within the 
chromosomes in the nucleus (Figure 23.175).

■■ Figure 23.173 Transmission electron 

micrograph (TEM) of a section through a rat 

liver cell. At the centre is the nucleus, which 

contains the cell’s genetic information

■■ Figure 23.174 Coloured scanning 

electron micrograph (SEM) of pairs 

of human chromosomes
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■■ Protein synthesis
The DNA molecules in the nucleus of an animal cell hold the genetic code for 
protein synthesis. Each gene is responsible for the production of a single protein. 
The genetic information is coded in DNA in the form of a specific sequence of 
bases within a gene. The synthesis of a protein involves two steps: transcription 
and translation.

Messenger RNA
RNA (ribose nucleic acid) is a single-stranded molecule that is formed by 
transcription from DNA (Figure 23.176). The DNA molecule separates 
into two strands (under enzyme control) to reveal its bases, as in 
replication. However, in transcription, it is free ribonucleotides (and not 
deoxyribonucleotides) that base pair to it and form an RNA molecule.  
The RNA molecule, known as messenger RNA (mRNA), is transported out 
of the nucleus of the cell and attaches to a cell organelle known as a ribosome. 
Ribosomes are formed from protein and RNA, and are the sites at which 
proteins are synthesized from amino acids, during a process called translation. 
Messenger RNA is responsible for converting the genetic code of DNA  
into protein.

■■ Figure 23.175 A molecular model 

of a nucleosome, the fundamental 

repeating unit used to package DNA 

inside cell nuclei. The DNA is coiled 

round a core of histone proteins (the 

multicoloured ribbons). Each set of 

two DNA loops around a histone 

core and is known as a nucleosome. 

Further compacting and packaging 

(not seen here) form the denser 

forms of chromatin, and eventually 

the cell’s chromosomes

1 Part of the DNA double
helix of one chromosome

2 DNA of a gene unwinds
(hydrogen bonds ‘unzip’)

transcription process

3 RNA polymerase catalyses
the synthesis of mRNA

4 Strand of mRNA formed, by base pairing,
so that the mRNA is complementary to
the coding strand of DNA

5 Genes contain short lengths 
of ‘nonsense’ DNA called ‘introns’. 
These are copied into the mRNA, 
but are then ‘edited’ out of the
mRNA moleciule by enzymes 
before the ‘mature’ mRNA 
passes into the cytoplasm

6 mRNA is released and 
the gene is further
copied, or returns to 
its helix form immediately

length of gene (coding for a specific protein)

‘start’ codon on
coding strand of DNA

‘stop’ codon on
coding strand of DNA

complementary (non-coding)
strand of DNA
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7 mRNA is transported to ribosomes 
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enzyme

pool of nucleotides used
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direction of
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GT C A

CA G T

GU C A

■■ Figure 23.176 Transcription
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p53
Protein 53 (p53) is a transcription factor 
that in humans is encoded for by the 
TP53 gene. A transcription factor is a 
protein that binds to specific sequences of 
DNA and controls the transcription of 
genes. p53 regulates cell division and 
functions as a tumour suppressor gene 
(Figure 23.177). For this reason, p53 has been 
described as the ‘guardian of the genome’. 
It has a number of anti-cancer mechanisms; 
for example, it can activate DNA repair 
proteins when DNA is damaged and needs to 
be repaired, and it can initiate programmed 
cell death if the damaged DNA cannot be 
repaired. More than half of human tumours 
contain a mutated TP53 gene. The p53 
molecules from mutated TP53 genes either are 
misfolded or lack essential functional residues 
and do not bind to DNA.

Additional 
Perspectives

■■ Figure 23.177 Tumour suppressor p53 

bound to DNA

The triplet code
The primary structure of a protein consists of a chain of amino acids connected by peptide 
links. There are about 20 naturally occurring amino acids. The structure of DNA includes the 
four nitrogenous bases adenine (A), guanine (G), cytosine (C) and thymine (T). The code for 
each amino acid (called a codon) is a sequence of three bases. There are 64 (43) different triplets 
(sequences of three bases) that can be made up by four bases. As a result, some amino acids are 
encoded by more than one codon. The codons for some amino acids are given in Figure 23.178. 
Of the 64 codons, 61 code for amino acids and three act as ‘stop’ signals that terminate protein 
synthesis when the end of the polypeptide chain has been reached.

■■ Figure 23.178 Part 

of a gene and how its 

DNA codes for amino 

acids

part of the DNA
molecule of a
chromosome

reference strand
(coding strand)

DNA base
sequence is
read in one

direction only

the triplet code
for serine (Ser)

part of the amino acid sequence
of a particular protein which

the gene codes for

the genetic information
of the coding strand: it 

specifies the linear sequence
of amino acids that make up a protein

complementary strand
(complementary to
the coding strand)

part of 
a gene
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the triplet code
for aspartic acid (Asp)
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for lysine (Lys)
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Universality and redundancy in the genetic code
Many codons are redundant, which means that two or more codons can code for the same 
amino acid. Degenerate codons may differ in their third positions; for example, both GAA 
and GAG code for the amino acid glutamic acid. The degeneracy of the genetic code is what 
accounts for the existence of silent mutations. These are DNA mutations that do not result in a 
change to the amino acid sequence of a protein.

Degeneracy occurs because there are only 22 different codons required – one for each of 
the 20 amino acids and a stop and start codon. However, there are four bases arranged in 
triplet codons, which can produce 64 different codons (43 = 64). (Note that with four bases, 
if there were two bases per codon the number of possible codons would only be 16, as  
42 = 16.)

The genetic code in Figure 23.179 has also been called the universal genetic code. It is 
described as universal because it is used by all known organisms as a code for DNA, messenger 
RNA and transfer RNA. The universality of the genetic code encompasses animals (including 
humans), plants, fungi, bacteria and viruses.
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Role of ribosomes in protein synthesis
Protein synthesis takes place in ribosomes located in the 
cytoplasm. One end of an mRNA molecule binds to a 
ribosome, which moves along the mRNA strand three 
bases at a time. Molecules of another type of RNA, called 
transfer RNA (tRNA; Figure 23.180), bind to free amino 
acids in the cytoplasm. The tRNA molecules each carry 
a specific amino acid. They also each have their own base 
triplet, known as an anticodon, which binds via hydrogen 
bonding to the complementary codon triplet on the 
mRNA. In this way the mRNA determines the order of 
amino acids. Peptide links form between adjacent amino 
acids, and the protein chain steadily grows. Figure 23.181 
summarizes the process of protein synthesis.
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■■ Figure 23.180 

RNA, although 

single-stranded, can 

form helical loops 

by bending back on 

itself. Here, tRNA has 

a ‘cloverleaf’-type 

structure with four 

sections containing 

base-paired regions

GG G GU U U UUU U U UU CCA AA G A A

A A A

Phe

U
U

C

Glu

C

GG G GU U U UUU U U UU CCA AA G A A

A A A A

G
C

A

A

Phe

Ala

Glu
Glu

Val

Phe

mRNA from
nucleus

complementary
codons/anticodons
held by hydrogen
bonds tRNA/amino acid

complex with anticodon
(Glu arriving)

ribosome moving along
mRNA one triplet at a time

 (three steps later)

used tRNA leaving

amino acid residues

protein chain being built up

codons to
be ‘read’

mRNA

ribosome acting
as supporting
framework and as
site for enzymes

mRNA strand being read (’translated’) at one ribosome

two tRNAs
temporarily held
in ribosome

peptide bond formed between amino
acids held at the ribosome

Several ribosomes may move along the mRNA at one time.
This structure (mRNA, ribosomes plus growing protein

chains) is called a polysome.

‘stop’ codon

■■ Figure 22.181 Translation: protein synthesis
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Ribosomes
All cells contain ribosomes (Figure 23.182) as they are the site of protein synthesis. They 
are complex assemblies of structural ribosomal RNA molecules and a substantial number of 
proteins. They are a further example of the process of self-assembly as isolated ribosomes can be 
dis-assembled into their various components and then reassembled into functional ribosomes in 
the test tube.

■■ Figure 23.183 The central dogma

Nature of Science  Expressing and delivering the message

The language used in describing the stages involved in the complexity of genetic transfer 
and expression is understandably borrowed from normal linguistic expression and code-
breaking. The genetic message encoded in the DNA of cells is used to form protein 
molecules by the processes of transcription and translation. These two processes together 
are termed gene expression. Thus DNA, by the processes of transcription and translation, is 
ultimately responsible for the structure of all the proteins synthesized by cells.

There is a one-way flow of coded information from the nucleus to the cytoplasm in animal 
cells. This was termed the ‘central dogma’ by Francis Crick (Figure 23.183). However, a group of 
viruses known as retroviruses (including HIV) contain RNA, which is reverse transcribed into 
DNA by an enzyme known as reverse transcriptase.

DNA

replication
DNA is
self-replicating

transcription
the base sequence of DNA is copied
into a messenger (messenger RNA)

mRNA protein

translation
information in mRNA is coded
into an amino acid sequence

messenger RNA moves from the nucleus
to the cytoplasm and is ‘read’ in ribosomes

■■ Figure 23.182 A 

computer-generated 

side-on image of 

a ribosome from a 

bacterial cell. Each 

ribosome consists of 

a large and a small 

subunit. Each subunit 

contains a different 

form of ribosomal RNA 

in association with 

a large number of 

ribosomal proteins
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■■   DNA profiling
DNA profiling (Figure 23.185) uses the techniques of 
genetic engineering to identify a person from a sample of 
their DNA. DNA profiling used to be referred to as ‘DNA 
fingerprinting’ but this was changed to avoid confusion 
with actual fingerprinting in forensic investigations. It 
is widely used to eliminate or charge suspects in crimes 
in which blood, tissue or body fluid samples, for example 
semen and blood, are available. It can also be used to 
establish evolutionary relationships between people and 
establish whether a person is the biological mother or 
father in a paternity case.

Large portions of a person’s DNA are identical to every 
other person’s DNA. In addition, large sections of DNA are 
not genes and do not code for proteins. However, small sections 
or fragments of our human DNA are unique to a particular 
individual. These non-coding fragments of DNA are termed 
polymorphic because they vary from person to person. DNA 
profiling is essentially the process of separating an individual’s 
unique, polymorphic fragments from the common ones.

Sickle cell anemia
Sickle cell anemia (Figure 23.184) is a genetic disorder in which red blood cells are distorted and 
have a reduced ability to transport oxygen. In normal hemoglobin, the amino acid at position 6 
in the β-polypeptide chain is glutamic acid. In sickle cell anemia, this amino acid is valine. This 
change in one amino acid has come about because of a faulty sequence of nucleotides in the 
section of DNA that codes for hemoglobin synthesis. This disease is inherited: it can be passed 
from parents to their children. A selective advantage of this faulty sequence of nucleotides is that 
it protects carriers of sickle cell anemia from the worst effects of malaria, which is constantly 
present in the areas of Africa where sickle cell anemia is most common.

Additional 
Perspectives

■■ Figure 23.184 Sickle cell anemia: an example of a single mutation
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■■ Figure 23.185 A simulation of DNA profiling in a school 

laboratory. Bacteriophage lambda DNA is treated with 

restriction enzymes and the fragments then electrolysed. 

The DNA fragments are visualized using Fast Blast DNA 

stain (Bio-Rad)
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■■ Figure 23.187

An example of DNA 

profiling

The process of DNA profiling is summarized in outline form:
■  A sample of cells is obtained from blood, semen, hair root or 

body tissues, and the DNA is extracted from the disrupted cells.
■  The DNA is copied and amplified by an automated process 

called polymerase chain reaction (PCR) (Figure 23.186). 
This technique separates the strands of the DNA (using high 
temperature) and then uses a heat-stable DNA polymerase to 
make thousands of exact copies of the original DNA. This 
process produces sufficient DNA to analyse.

■  The DNA is then cut into small, double-stranded fragments 
using restriction enzymes. These enzymes recognize certain 
sequences within the non-coding DNA which often contains 
many highly repetitive regions of DNA sequences.

■  The resulting DNA fragments of varying lengths are separated by 
gel electrophoresis into a large number of invisible bands.

■  The gel is treated with alkali to split double-stranded DNA into single strands.
■  A copy of the strands is transferred to a membrane and selected radioactively labelled DNA 

probes are added to the membrane to base pair with particular DNA sequences. The excess 
probes are washed away.

■ The membrane is overlaid with X-ray film which becomes selectively ‘fogged’ by emission of 
ionizing radiation from the based-paired radiolabels.

■ The X-ray film is developed, showing the positions of the bands (fragments) to which probes 
have base paired.

DNA profiling can be used to identify the parents of a child since the child will inherit half of 
its DNA from the father and half from the mother. Figure 23.187 shows the DNA profiles of a 
mother and a daughter together those of two men, one of whom is the father.

Ignoring the three bands in Eileen’s DNA profile which occur in the same position as 
her mother’s, you will see that all four of the remaining bands correspond with those of 
Tom, while only one matches with those from Harry. It is therefore unlikely that Harry is 
Eileen’s father.

■■ Figure 23.186 A PCR machine

Eileen (daughter) Susan (mother) Tom Harry

An important group of enzymes is known as restriction endonucleases. They are usually just 
known as restriction enzymes and occur naturally in bacteria. They protect bacteria against 
viral DNA by cutting it into small pieces, thereby inactivating it. Many restriction enzymes 
have been isolated and purified from bacteria. Restriction enzymes ‘cut’ DNA at certain 
specific target sequences called restriction sites. Their action results in either blunt ends or 
sticky ends (Figure 23.188). Restriction enzymes can be used to ‘cut out’ specific genes from 
an organism and then, using other enzymes, the genes can be introduced into a different 
organism.
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■■ Figure 23.188 The 

role of restriction 

endonucleases 

(restriction enzymes)

Nature of Science  Owning the knowledge

The term genome refers to the all DNA sequences present in the chromosomes of a cell. The genome 
includes the genes and all of the non-coding sequences. In 1990 the Human Genome Project set out 

to identify all of the genes in human chromosomes (Figure 23.189) (around 
30 000 of them) and to sequence the 3 billion base pairs which make up 
human DNA. As a result of advances in the technology used to sequence 
DNA, the task of producing the complete human genome was completed 
2 years ahead of schedule in 2003. The Human Genome Project has been 
an example of successful international cooperation, with scientists in 18 
countries all working on sequencing the DNA.

The success of the project has opened a range of possibilities, with 
the genomes of other species, from yeasts to mosquitoes, being targeted. 
In the UK, a government-backed project, the 100 000 Genomes Project, 
has been set up to sequence the whole genomes of participants by 2017. 
The bank of information generated by such a scheme offers clinical 
opportunities and has a range of medical and ethical implications.

■■ Figure 23.189 The set of human 

chromosomes
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During the pursuit of the Human Genome Project tensions grew between business-funded 
research and the open public project. That issue has raised itself several times in the short history 
of the molecular biology ‘story’. When asked if he and Crick would patent their discovery of DNA, 
Watson is reported to have laughed saying that ‘there was no use for it’. Twenty years later when the 
process for making recombinant DNA was developed at Stanford University, USA, by Boyer and 
Cohen, the technique was patented – leading to a revenue of $255 million in the biotech industry 
before the patent expired in 1997.

For several years patents on genetically modified seeds and animals have been granted 
worldwide. There have been documented damaging impacts on famers, who are deprived of their 
right to save the seeds, and on breeders who can no longer freely use the patented seeds or further 
breeding. In North America, for example, the multinational seed company Monsanto has sued 
many farmers for alleged patent infringements. The possibility of patenting seeds has resulted in a 
highly concentrated market structure with only ten multinational companies controlling half of 
the international seeds. A number of farmers’ organizations and non-governmental organizations 
are opposing these patents. Currently, as genetically modified organisms are still not grown or 
raised in most countries, the negative issues associated with these patents are not experienced 
in all countries. There is a trend for patents to be aimed not only at GM crops but also at 
conventional plants. For example, patent claims have been made for soy beans with a better oil 
quality covering part of the plant genome. Some of the most controversial examples are patent 
claims which cover large parts of the rice genome and its use in the breeding of any food crops that 
have similar genomic information to rice, such as maize and wheat.

This has opened many controversies, including the question of right of ownership of 
biological knowledge. What limits do you think should apply to patenting, which implies sole 
rights to use information?

Tests using gene probes (Figure 23.190) are being developed to diagnose inherited diseases. 
Some of the new treatments developed using knowledge from the Human Genome Project target 
precise cells in the body, such as cancer cells. Others work most effectively in people with a 
particular genetic make-up. In future, medicines may even switch genes on or off to control disease. 
In gene therapy the idea is to overcome genetic diseases by modifying the mutated DNA which 
causes disorders such as thalassemia and cystic fibrosis. Results from the Human Genome Project 
should help scientists make progress in this exciting new area of treatments.

■■ Figure 23.190 Gene 

probe technology
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23.9 Biological pigments (AHL) – biological pigments 
include a variety of chemical structures with diverse functions which absorb 
specific wavelengths of light

One of the most pleasing natural sights, particularly in certain areas of the world, are the 
colours of woodland trees in the autumn (fall) (Figure 23.191). This colouration is in part due 
to the breakdown of green chlorophyll, which unmasks the already present orange and yellow 
pigments (carotenoids and xanthophylls) in the leaves. The red colours of the anthocyanins 
also appear at this time as their synthesis is initiated upon the breakdown of the chlorophyll.

Biological pigments are coloured compounds which are produced by metabolism. Many 
organic compounds are colourless, whereas others have very distinctive colours. Examples 
of naturally occurring coloured organic compounds include the anthocyanins, carotenoids 
(e.g. β-carotene) and the porphyrins (e.g. chlorophyll, hemoglobin and myoglobin). Their 
colour results from the absorption of certain wavelengths of visible light. They include the 
bright colours in the wings of insects and the feathers of birds, the wide variety of colours 
of flowers and seaweeds, and the chemicals that give colour to human skin, hair, eyes and 
blood. What does this diverse group of molecules have in common?

All pigment molecules have intense absorption bands in the visible region of the spectrum. 
The colour that we see is the light that is not absorbed but instead is reflected. For example, 
chlorophyll appears green because it absorbs red and blue light but reflects green.

 ■ Colour

■■ Figure 23.192  

The visible spectrum

■■ Figure 23.191 Green and 

red leaves on trees
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The visible region of the electromagnetic spectrum lies between 400 nm and 750 nm. White 
light is a mixture of visible wavelengths or colours as shown in Figure 23.192. The colours 
gradually merge into each other. Any substance that reflects or transmits all of these 
wavelengths therefore appears white. An object that absorbs all visible light and transmits 
none looks black, for example graphite. Coloured substances are those that absorb only certain 
wavelengths of the visible spectrum (Figure 23.193).

■■ Figure 23.193 Colour and absorption of visible light wavelengths
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The colour perceived by the eye of the coloured compound is determined by which wavelengths 
of the visible light are reflected by the substance in question into the eye (Figure 23.194).
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Worked example

Absorption spectra for two coloured substances, A and B, are shown in Figure 23.196. What colour will 
these substances have? Substance A absorbs most light except red light and so appears red. Substance B 
absorbs most light except violet–blue and hence appears blue.

■■ Figure 23.194 A table of complementary colours. These are in 

the left- and right-hand columns – the colour of a compound is 

the colour complementary to the colour of the light it absorbs

Wavelength
absorbed

/nm

Colour of compound Colour of light absorbed

610–700

590–610

560–590

530–560
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400–430

blue–green to green

greenish yellow

yellow to orange

red

purple

violet

blue

greenish blue

red

violet

blue

blue–green

green

yellow–green

yellow

orange

White light can be described as a mixture of red, green and blue light. These are known as 
the primary colours and when mixed together (in equal intensities) produce white light. All 
the colours can be generated from the three primary colours.

The colour that we see is white light minus the colour being absorbed. The colour we see is 
called the complementary colour to the colour being absorbed. A colour wheel (Figure 23.195) 
illustrates the approximate complementary relationship between the wavelengths of light absorbed 
and the wavelengths transmitted or reflected. For example, a blue substance will strongly absorb the 
complementary colour of light, orange. In this case, the absorption spectrum of a blue solution would 
have a maximum absorbance at a wavelength corresponding to orange light.

■■ Figure 23.195 A simple colour wheel: complementary 

colours are opposite one another
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■■ Figure 23.196 Absorption spectra for substances A and B 
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Nature of Science  What is colour?

Colours play an important role in people’s lives. Our eyes detect the colours of objects and send 
nerve impulses to the brain providing us with a constant stream of sense perception information. 
The colour of a food determines how appetizing it appears and may indicate how fresh it is. 
Advertisers are aware of how we are physiologically influenced by colour. So what is colour?

We know from Chapter 2 that visible light is electromagnetic radiation with wavelengths 
between approximately 400 nm and 700 nm. Light can be viewed as an electromagnetic wave 
or a stream of ’packets’ of energy known as quanta. Isaac Newton was the first to realize that 
white light from the Sun is in fact made up of seven colours: red, orange, yellow, green, blue, 
indigo and violet. These colours are arranged in order of increasing frequency and energy, but 
decreasing wavelength.

But it should be recognized that a rainbow (Figure 23.197) has an infinite number of 
different colours and that this classification into seven colours is somewhat arbitrary and 
subjective and based on Newton’s religious belief that seven was a special number.

Newton passed sunlight through a prism to obtain the visible spectrum. He also 
demonstrated that when this spectrum of colours was passed through a second prism it 
produced white light once more. One hundred and fifty years later, Thomas Young and 
George Palmer independently suggested that receptors in the eyes were sensitive to blue, 
green or red light and that different stimulation of these three colour receptors (cones) 
allows us to perceive all the different colours.

The three colours – blue, green and red – are called additive primary colours because 
they cannot be produced by the combination of other coloured lights. Traditional colour 
televisions make use of the three additive primary colours. The inside of the screen is 
coated with a large number of phosphor dots which glow either blue, red or green when 
they are struck by an electron beam. The dots combine to form coloured images.

The reason the world appears colourful is that many chemical compounds around us 
absorb and reflect different wavelengths from light that falls on to them. For example, 
chlorophyll in a leaf appears green because it absorbs red light and reflects light of 
other wavelengths. A substance appears coloured if it absorbs some but not all of the 
electromagnetic radiation from white light. When a compound absorbs wavelengths 

of one particular colour, a complementary colour appears. Pairs of complementary colours are 
represented on the colour wheel in Figure 23.195. The coloured wavelengths that are absorbed 
lie opposite their complementary colours.

The colorimeter is a simple form of visible spectrometer. A fixed wavelength of visible light is 
selected using a coloured filter. This is then passed through the solution under test. The light that 
has not been absorbed by the solution is transmitted to a photocell. The light generates a small 
electric current which is measured by a meter. The more light that is transmitted by the solution, 
the greater the electric current produced. However, most colorimeters are calibrated so that they 
record the light absorbed by the solution rather than the light transmitted. The absorbance of a 
solution is proportional to the concentration of the coloured compound in the solution. Rates of 
reaction can be determined if one of the species in the reaction is highly coloured.

■■ UV–Vis absorption
In order to absorb electromagnetic radiation in the ultraviolet–visual (UV–Vis) region of the 
spectrum, molecules must generally contain a double bond in the form of C=C, C=O or a 
benzene ring. These groups, which give rise to absorptions in the UV−Vis region, are called 
chromophores. Electromagnetic radiation in the UV–Vis region of the spectrum is absorbed 
to promote electrons from a low energy level (molecular orbital) in molecules to a higher 
energy level (molecular orbital). Molecules containing one or more double bonds will absorb 
ultraviolet radiation. The bonds may be carbon–carbon double bonds in alkenes and arenes, 
for example benzene, or carbon–oxygen double bonds in aldehydes and ketones. Molecules 
with conjugated systems absorb ultraviolet radiation and, often, visible light. Conjugated 
systems are molecules that have an alternating arrangement of carbon–carbon single and 
carbon–carbon double bonds. They are also termed delocalized systems.

■■ Figure 23.197 The colours 

of the spectrum shown in a 

rainbow



 23.9 Biological pigments 137

Chemistry for the IB Diploma, Second Edition © Christopher Talbot, Richard Harwood and Christopher Coates 2015

■■ Figure 23.199 Structure of a red azo dye

CH
3

CH
3

OH

Cl N N

NH

O

■■ Figure 23.200 Structure of the 

alkaline form of phenolphthalein
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Ultraviolet spectra are usually recorded in solution. Water, ethanol and methanol are commonly 
used as solvents. Some solvents such as benzene cannot be used because they absorb ultraviolet 
radiation. Ultraviolet spectra can also be recorded for transparent solids and films and for gas 
phase molecules (Figure 23.201). The spectra (Figure 23.202) generally appear as broad bands 
with one or two humps. Chemists record the wavelength of the highest part of each peak and 
the relative degree of absorption.

■■ Figure 23.202 Ultraviolet spectrum of benzene
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The height of the absorption peak at a particular wavelength varies with the concentration 
of the absorbing substance. This means that ultraviolet spectroscopy can be used to estimate 
amounts of substance in solution for colourless substances (as can visible spectroscopy for 
coloured substances – see Section 23.8).

■■ The effect of conjugation on the absorption of light by  
organic molecules

Table 23.24 summarizes the absorption of three related hydrocarbon molecules. Ethene 
contains a simple isolated carbon–carbon double bond, but the other two have conjugated 
carbon–carbon double bonds. In these cases, there is delocalization of the pi bonding orbitals 
over the whole molecule.

A ‘conjugated’ molecule is one that possesses alternating double and single bonds. 
Many conjugated molecules have alternating carbon–carbon double and single bonds. A 
consequence of conjugation is that the π electrons in the double bonds are ‘spread’ in a π 
molecular orbital that extends above and below over all the carbon atoms. Buta-1,3-diene is 

A number of biological molecules are highly conjugated, for example chlorophyll, 
anthocyanins (Figure 23.198), β-carotene, hemoglobin, retinol and myoglobin. The conjugation 
may be linear, for example β-carotene, or cyclic, for example chlorophyll. Artificial dyes, such as 
azo dyes (Figure 23.199), and acid–base indicators, such as phenolphthalein (Figure 23.200), are 
also conjugated systems.

■■ Figure 23.198 A 

rose – the colour is 

due to the presence 

of anthocyanins 

based on cyanidin 

3,5-diglucoside

■■ Figure 23.201 An ultraviolet–visible 

spectrometer
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an example of a simple conjugated molecule with alternating carbon–carbon single and 
double bonds. The π molecular orbital is formed by the sideways overlap of unhybridized 
pz orbitals and extends evenly over four carbon atoms (Figure 23.203).

The conjugation of additional π electrons within a molecule will shift the wavelength 
of the maximum absorption band (λmax) from the ultraviolet region of the electromagnetic 
spectrum to the visible region – that is, towards longer wavelengths.

Name of molecule Structure of molecule
Wavelength of maximum 

absorption, λmax/nm 

Ethene CH2=CH2 171

Buta-1,3-diene CH2=CH–CH=CH2 217

Hexa-1,3,5-triene CH2=CH–CH=CH–CH=CH2 258

■■ Table 23.24 Ultraviolet absorptions of ethene, buta-1,3-diene and hexa-1,3,5-triene

■■ Figure 23.203 The 

conjugation of two alkene, 

>C=C<, chromophores in 

buta-1,3-diene
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All three molecules in Table 23.24 give similar UV–Vis absorption spectra except that the 
absorption band in the ultraviolet region moves to a longer wavelength as the amount of 
delocalization in the molecule increases. Therefore the maximum absorption is moving to 
shorter frequencies as the amount of delocalization increases. Hence, absorption maxima move 
progressively to lower energy as the amount of delocalization increases.

If the conjugated system is very extensive then a number of the absorption bands may extend 
to the visible region of the electromagnetic spectrum and the compound will appear coloured. 
For example, β-carotene (Figure 23.204), the pigment responsible for the orange colour of 
carrots, has a conjugated chain containing 11 carbon–carbon double bonds. Figure 23.205 shows 
the visible spectrum of beta-carotene.

■■ Figure 23.204 The 

structure of β-carotene
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■■ Figure 23.205 The 

visible spectrum of 

β-carotene
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Lycopene, which has a system of 11 conjugated double bonds (Figure 23.206), absorbs light in the 
blue–green part of the visible spectrum and therefore appears red. It is the red pigment in tomatoes.

■■ Figure 23.206 Lycopene, the red pigment in tomatoes, has 11 conjugated double bonds (highlighted). Note that not all 

the C=C bonds in lycopene are part of the conjugated system
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Molecular orbital theory and conjugation
The increase in the length of conjugation in a carbon chain reduces the difference in energy 
between its pi bonding (π) and excited pi antibonding (π*) energy levels as shown in Figure 23.210. 
The energy required to produce a π → π* transition decreases and the wavelength of light increases. 
(This is known as a bathochromic shift.) Note that with increased conjugation, there is an 
increased number of π → π* transitions; hence multiple absorption bands will be observed for the 
ultraviolet spectrum of a highly conjugated system such as beta-carotene.

Additional 
Perspectives

■■ Figure 23.210 

Effect of increasing 

conjugation on the 

energy gap between 

π and π* orbitals

Retinol (Figure 23.207), however, only has a system of five conjugated 
double bonds and therefore does not absorb visible light (it only 
absorbs ultraviolet radiation) and is colourless.

Chlorophyll a and b have long conjugated systems (highlighted 
in Figure 23.208). They absorb light in the 400–500 nm region and in 
the 600–700 nm region (Figure 23.209). The green light in the middle 
of the spectrum is not absorbed, and so these molecules look green in 
natural light.

■■ Figure 23.207 Retinol has only five conjugated 

double bonds and absorbs only in the UV region 

of the electromagnetic spectrum
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■■ Figure 23.209 The visible spectrum of 

chlorophyll
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Nature of Science  The perception of colour – importance of quantitative data

Quantitative data is very important in science and collection of data concerning the wavelength 
absorbed and the absorbance of a solution provides a lot more information than verbal 
descriptions just based on colour. Indeed, analysis of the wavelengths of light absorbed to 
produce a given colour goes towards answering the question as to whether we are all perceiving 
the ‘same thing’. It provides an objectivity to the observations and a firmer basis for reliability 
than simple verbal descriptions.

As we have developed an understanding of how we see, and indeed of the various forms of colour-
blindness, we have established a firmer reality for our descriptions of colour in whatever context.

■■ Carotenoids
Carotenoids are the most widespread pigments in nature and are found in algae, where they 
provide protection against damage by light. They also act as accessory pigments and help to 
absorb blue light for photosynthesis. In humans, some carotenoids can act as a precursor for 
vitamin A synthesis (see Section 23.5). The dark greenish purple colour of the crab shell is 
caused by a complex of protein with the carotenoid astaxanthin (Figure 23.211).

■■ Figure 23.211 The 

structure of astaxanthin
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When the crab is boiled, the protein is denatured and the colour changes to the typical red 
colour of a carotenoid (Figure 23.212). Astaxanthin is also responsible for the pink colour of 
fresh salmon. The pink colour of flamingos is caused by carotenes absorbed from the algae in 
their diet (Figure 23.213)

The carotenoids are found in many different plant groups including leafy green vegetables. Mixtures 
of carotenoids are often found, but in some fruits and vegetables, such as the mango and the carrot, 
β-carotene predominates. In the tomato the major carotenoid is lycopene, and in the red pepper it is 
capsanthin. The structures, classification and uses of carotenoids have been discussed previously.

Most carotenoids are derived from a 40-carbon polyene chain (multiple C=C double bonds). 
The ends of the chain may terminate in a cyclic (ring) group which may or may not have 
oxygen-containing functional groups attached. The carotenoids are divided into two groups:
■ the carotenes, which are hydrocarbons
■ the xanthophylls, which contain oxygen.

β-carotene is a carotene (see Figure 23.204), while astaxanthin is a xanthophyll (see Figure 23.211).

■■ Figure 23.213 The pink colour of flamingos 

is caused by their dietary intake of algae■■ Figure 23.212 Fresh and boiled crabs
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Carotenoids are highly unsaturated molecules and the presence of carbon–carbon 
double bonds makes them susceptible to chemical attack. Degradation pathways include 
isomerization, oxidation and decomposition of the carotenoid molecules. Heat, light and 
acids promote isomerization of the trans form of carotenoids to the cis form. Light, enzymes 
and reaction with hydroperoxides (from oxidation of unsaturated lipids) cause oxidation. 
This results in the bleaching of colour, the production of unpleasant odours and, for some 
carotenoids, loss of vitamin A activity.

Carotenoids are involved in light-harvesting in plants during photosynthesis – a photon of 
light is absorbed by a carotenoid molecule to promote an electron to an excited state. The energy 
it has absorbed is then transferred to chlorophyll.

Nature of Science  An evolutionary event

The appearance of photosynthesizing cyanobacteria on the early Earth is arguably one of the 
most significant events in the evolution of life on the planet (see Section 23.1). The success of 
these organisms took life in a new direction and changed the composition of the atmosphere. 
Inherent in that evolutionary step is the emergence of a viable system for harvesting light to 
provide energy for the cells.

Photosystem II (or water-plastoquinone oxidoreductase) is the first protein complex in the 
light-dependent reactions of oxygenic photosynthesis. It is located in the thylakoid membrane 
of plants, algae and cyanobacteria. Within the photosystem, enzymes capture photons of 
light to energize electrons that are then transferred through a variety of co-enzymes and 
co-factors to reduce plastoquinone to plastoquinol. The energized electrons are replaced by 
oxidizing water to form hydrogen ions and molecular oxygen. By replenishing lost electrons 
with electrons from the splitting of water, photosystem II provides the electrons for all of 
photosynthesis to occur.

Photosystem II (of cyanobacteria and green plants) is composed of around 20 subunits 
(depending on the organism) as well as other accessory light-harvesting proteins. Included in the 
complex are molecules of both chlorophyll a and β-carotene (Figure 23.214).

■■ Figure 23.214 

Structure of 

photosystem II

Carotenoids are generally poorly soluble in water, but freely soluble in non-polar organic solvents 
such as hexane. Carotenoids are essentially hydrocarbon in nature, despite the presence of polar 
functional groups. The properties of the polar functional groups, such as −OH, are outweighed by 
the much larger polyene backbone, which is hydrophobic. The dissolving of a carotenoid in water 
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would be an energetically unfavoured process – strong hydrogen bonds between water molecules 
would be replaced by weaker interactions involving London dispersion forces. The only carotenoids 
that are soluble in water are those containing a carboxylic acid functional group, such as crocetin 
present in the spice saffron. It can form water-soluble salts in alkaline conditions.

■■ Anthocyanins
The anthocyanins are a group of pigments responsible for the colours of flowers (Figure 23.215). 
The blue colour of cornflowers and the red colour of roses are both caused by the presence of 
anthocyanins. These pigments are also responsible for the colours in vegetables and fruits including 
cranberries, blueberries, strawberries, cherries, red apples, bilberries and raspberries (Figure 23.216).

■■ Table 23.25 The groups that contribute to the structures of the six 

different anthocyanidins

Name R1 functional group R2 functional group

Pelargonidin –H –H

Cyanidin –OH –H

Peonidin –O–CH3 –H

Delphindin –OH –OH

Petunidin –O–CH3 –OH

Malvidin –O–CH3 –O–CH3

■■ Figure 23.216 Fresh raspberries

The anthocyanins are polyphenols and occur naturally as glycosides – the molecules are 
covalently bonded to a sugar. The aglycones, or the molecules without the attached sugar, 
are known as anthocyanidins. All anthocyanidins are flavanoids – their structure is based 
on the flavan structure shown in Figure 23.217. It has a C6–C3–C6 skeleton with two 
conjugated benzene rings isolated by an oxygen-containing pyran ring.

Six different anthocyanidins occur in nature (due to the different atoms and functional 
groups represented by R1 and R2 in Figure 23.218) (see Table 23.25), but because these 
molecules will contain one or more sugar residues there are a huge number of different 
anthocyanins. Anthocyanidins are fully conjugated benzopyrylium (or flavylium) salts – 
note the positive charge on the oxygen atom.

■■ Figure 23.217 Structure 

of the flavan nucleus
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■■ Figure 23.218 Generalized 

structure of the anthocyanidins
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A number of different monosaccharides can be attached to the anthocyanins at a number of 
different positions. The sugar residue may also undergo a reaction with an organic acid to form 
an ester, so the range of different anthocyanins is quite large. Any single plant species will also 
contain a significant number of different anthocyanins.

Anthocyanins always have a sugar residue at position 3 (Figure 23.218), and glucose (or 
another monosaccharide, for example galactose) often occurs additionally at position 5 and 
occasionally at positions 7, 3' and 4'. The colours of anthocyanidins and anthocyanins are 
sensitive to factors such as pH, temperature and presence of metal ions. Quercetin (Figure 
23.219) is one of the most bioactive of the flavonoids, and many medicinal plants owe much 
of their activity to their high quercetin content.

■■ Figure 23.215 Grape hyacinth, muscari 

atlanticum
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Quercetin has demonstrated significant anti-inflammatory and antioxidant 
activity. Foods rich in quercetin include apples, honey, black and green tea, 
onions, raspberries, red wine, red grapes, citrus fruits, broccoli and cherries.

Anthocyanins are freely soluble in water, but poorly soluble in non-
polar organic solvents. The presence of one or more sugar residues helps the 
anthocyanin maintain its solubility in water. The sugar residue contains 
one or more hydroxyl groups which can hydrogen bond with adjacent water 
molecules. If the sugar is hydrolysed, or lost, the solubility decreases.

The origin of the colour of anthocyanins
The absorbance spectra of anthocyanins are similar to those of cyanidin. This is 

the parent compound of anthocyanins but lacks the glucose residues. Under acidic conditions 
(low pH) thecyanidin is red. The absorbance spectrum shown in Figure 23.220 shows that 
cyanidin absorbs light at 375 nm and 530 nm, and compares the absorbance of the anthrocyanin 
to that of green chlorophyll a and b.

■■ Figure 23.219 Structure of quercetin
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The stability of anthocyanins
The range of colours exhibited by flowers petals and fruit is due, in part, to the presence of 
different mixtures of anthocyanins. However, the pH and presence of other substances are also 
strong influences on the range of colours.

In aqueous solution, anthocyanins exist in a complex equilibrium between four different 
structural forms (Table 23.26):

A ⇌ AH+ ⇌ B ⇌ C

Which of these species predominates, and hence where the position of the equilibrium lies, 
depends on the pH and the temperature of the solution. At low pH the red flavylium cation 
form predominates. This is converted to the carbinol base form as the pH is increased. This has 
a shorter conjugated system than the flavylium cation and so only absorbs in the UV region of 
the spectrum and is therefore colourless. This species dominates at pH 4–5 and the colour of 
the mixture in this pH range will be quite pale. As the pH is increased the carbinol base form is 
converted to the yellow chalcone form. If the pH is increased still further, the purple quinoidal 
base form is also formed which is in equilibrium with its intensely blue-coloured anion. The 
complex equilibrium with its series of colour shifts is shown in Figure 23.221.

■■ Figure 23.220 a Ultraviolet–visible spectrum of cyanidin compared to that of b chlorophyll a and b
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■■ Table 23.26 The 

different forms of 

anthocyanin involved 

in the changes with pH

Anthocyanin Structural form Colour Structure

A Quinoidal base Purple–blue
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OH
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B Carbinol base Colourless
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C Chalcone Yellow
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■■ Figure 23.221 A complex equilibrium, which is very sensitive to pH, exists in an anthocyanin solution
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Anthocyanins also form complexes with metal ions – especially strongly 
polarizing ions such as Fe3+(aq) and Al3+(aq) – and these are responsible for the 
unusual colour developments observed in canned fruit. Interactions between the 
anthrocyanins in the petals of the hydrangea and the uptake of Al3+ ions from 
the soil is thought to cause the colour change that can be seen in the flowers in 
response to the acidity of the soil (Figure 23.223).

Temperature is another factor that affects the colour of anthocyanins. 
As the temperature is increased, the anthocyanin structure is increasingly 
destabilized and destroyed. There is a loss of initial colour and a brown colour 
develops.

■■ ■■■Porphyrin rings in heme and chlorophyll
The principal structure in both heme and chlorophyll is based on a complex, 
planar macrocyclic unit called a porphin ring which contains a system of 
conjugated C=C double bonds. The term macrocycle can be used in many 
ways – here it means a large ring with multiple donor atoms (nitrogen atoms, 
each with a lone pair of electrons) that can bond to metal ions by coordinate 
bonding.

Porphin (Figure 23.224) is the parent compound for porphyrins, which are present 
in myogblobin, hemoglobin, vitamin B12 (see Section 23.5) and the chlorophylls.

Porphin is an organic compound which consists of four pyrrole rings joined by 
four =C– groups. Around the edge of the porphin cyclic system there is a conjugated 
system with extensive π electron delocalization. The ability of the porphin ring to 
form stable complexes with a variety of metal ions is often crucial to the biological 
properties of porphyrins.

Porphyrins are based on the porphin ring structure, but have a ring system 
which is more oxidized (by removal of hydrogen atoms) and has a number of 
functional groups attached. They still retain extensive conjugation and hence π 
delocalization, which makes them coloured.

Chlorophylls contain a porphyrin unit complexed to a central Mg2+ ion  
(Figure 23.225a), while heme is a complex between a porphyrin unit and an Fe2+ ion 
(Figure 23.225b).

■■ Figure 23.222 

The colour changes 

observed with an 

anthocyanin indicator 

extracted from red 

cabbage as the pH is 

increased from low pH 

(left) to high pH (right)

■■ Figure 23.223 The colour of the 

flowers on a hydrangea bush change 

colour in response to soil acidity

■■ Figure 23.224 

Structure of the 

porphin ring – a 

macrocycle
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Because the colour changes with pH, anthocyanins can be used as indicators. Many 
chemistry courses include the extraction of an indicator solution from red cabbage – the 
indicator extracted contains anthocyanins and demonstrates the colour changes just 
described. Figure 23.222 shows the range of colours that can be seen as the pH is increased 
(from left to right).
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Heme in myoglobin and hemoglobin
Heme is present in the respiratory pigments hemoglobin and myoglobin. It 
acts as a prosthetic group in both myoglobin (the pigment in muscles) and 
hemoglobin (the pigment in red blood cells). In both the heme group is 
associated with a polypeptide chain in a 1 : 1 ratio. A hemoglobin molecule 
contains four protein chains and a myoglobin molecule contains one protein 
chain. Hemoglobin contains four heme subunits, while myoglobin contains 
one heme ring. Each heme ring contains one iron(ii) ion (Figure 23.226).

Heme groups are responsible for the red and purple colours of oxidized 
hemoglobin and myoglobin. In the body, the iron in the heme group is 
coordinated to the four nitrogen atoms of the porphyrin ring, and also to a 
nitrogen atom from a histidine residue of the hemoglobin protein, known as 
globin. The sixth position (coordination site) around the iron of the heme is 
occupied by oxygen when the hemoglobin protein is oxygenated.

The binding of oxygen to hemoglobin
Hemoglobin transports oxygen from the lungs through the bloodstream and releases it to the 
cells of the tissues to carry out respiration.

Hemoglobin consists of four polypeptide subunits, each of which contains a heme prosthetic 
group with the iron at the centre of the heme having oxidation number +2. Each heme can carry one 
molecule of oxygen, so each hemoglobin unit can transport four molecules of oxygen simultaneously.

The iron in the heme can bond to six ligands. In the unbound state, the Fe2+ is bonded to 
five ligands – four are the nitrogen atoms of the porphyrin and the other is an amino acid (His) 
that attaches it to the protein. When molecular oxygen binds, this becomes the sixth ligand, and 
hemoglobin is said to be oxygenated (it is this oxygenated form that gives blood its red colour, 
because of the red colour of the heme prosthetic group). Binding of the oxygen molecules results in 
Fe2+ being oxidized to Fe3+, though this is reversed when the oxygen is released. In hemoglobin, the 
oxygen binds reversibly, allowing its release to tissue cells to be used in cellular respiration.

The graph in Figure 23.227 shows how the affinity of hemoglobin for oxygen changes as the 
partial pressure of oxygen changes. The scale on the y-axis represents the fraction of iron ions 
bound to oxygen molecules. This is called an oxygen binding curve or oxygen dissociation curve.

■■ Figure 23.226 The structure of the heme 
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The type of curve in Figure 22.227 is described as sigmoidal. When the partial pressure of oxygen 
is low, hemoglobin has a low affinity for oxygen, but the affinity increases markedly as the partial 
pressure of oxygen increases – the gradient of the curve increases. This suggests that it becomes easier 
for oxygen to bind to hemoglobin when some oxygen molecules have already bound to the iron and 
that the binding of oxygen is cooperative. This cooperative effect is due to subtle changes that occur 
in the quaternary structure as oxygen binds. A conformational shift caused by the binding of oxygen 
at one heme group makes the other heme groups more receptive to oxygen. It is an allosteric effect. 
From the graph we can deduce the following about how this affects hemoglobin’s ability to bind O2.
■ At low concentrations of O2, hemoglobin has a low affinity for O2.
■ At high concentrations of O2, hemoglobin has a high affinity for O2.

In other words, the equilibrium shifts to the right in the lungs, causing oxygen uptake where 
oxygen concentration is high, and shifts to the left in respiring cells, releasing oxygen where 
oxygen concentration is low:

Hb(aq) + 4O2(g) ⇌ Hb(O2)4(aq)

Simplified form: Hb(aq) + O2 (g) ⇌ HbO2(aq)

This type of curve is important for the functioning of hemoglobin as an oxygen carrier – the 
affinity for oxygen is high when the blood passes through the lungs (high partial pressure of 
oxygen) so the hemoglobin binds lots of oxygen, but the affinity is much lower in the tissues and 
so the hemoglobin gives up the oxygen to the tissue (because it is bound to more oxygen than it 
can be at that partial pressure).

The effect of pH, carbon dioxide and temperature on the binding of 
oxygen by hemoglobin
Hemoglobin also transports H+ ions and CO2 molecules around the body. Both pH and 
concentration (partial pressure) of carbon dioxide affect the ability of hemoglobin to bind 
oxygen. As pH decreases ([H+] increases) the affinity of hemoglobin for oxygen decreases.  
This can be represented by the equilibrium:

HbO2 + H+ ⇌ HbH+ + O2

As the H+ concentration increases, the position of this equilibrium shifts to 
the right and O2 is released from the hemoglobin. The H+ does not bind to 
the same site as the O2 but rather to an amino acid side-chain; it is acting 
in a similar way to a non-competitive inhibitor of an enzyme. Binding H+ 
changes the shape (conformation) of the protein slightly to reduce the 
affinity for oxygen (Figure 23.228).

The curve shows that decreasing pH reduces the affinity of hemoglobin 
for O2, because the curve has shifted to the right as the acidity increases. Note 
that increasing the concentration of CO2 has the same effect. Carbon dioxide 
produced in respiration in cells diffuses into red blood cells, where it dissolves 
to form an acidic solution (carbonic acid, H2CO3). This lowers the pH so that 
more H+ binds to hemoglobin and causes a release of oxygen.

Hemoglobin also binds carbon dioxide, but not at the same site as O2. 
This carbon dioxide reacts with the −NH2 group on the terminal amino acid 
of each polypeptide chain that makes up hemoglobin (Figure 23.229). This 
process has two effects – it releases H+ and also changes the shape of the 
protein; both of these reduce the affinity of hemoglobin for oxygen.

oxygenated hemoglobin protonated form of deoxyhemoglobin
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The ability of hemoglobin to bind oxygen decreases as the temperature 
increases, as illustrated by the curves in Figure 23.230.

This suggests that the oxygenation process is exothermic, and that the 
deoxygenation process is endothermic:

 HbO2  ⇌  Hb  +  O2   ΔH = +ve

Increasing the temperature causes the position of equilibrium to shift to the 
right – towards the deoxygenated form, causing the release of oxygen. This 
means that oxyhemoglobin more readily releases its oxygen in conditions of 
higher temperature, for example in cells during high metabolic activity such 
as exercise.

The equation below summarizes the factors that influence the equilibrium position in the 
oxygenation of hemoglobin:

Hb + 4O2  Hb–(O2)4

Factors that increase the affinity of hemoglobin for O2 displace the oxygen dissociation curve to 
the left; factors that decrease hemoglobin’s affinity for O2 displace the oxygen dissociation curve 
to the right.

oxygenated 
hemoglobin

deoxygenated 
hemoglobin

in lungs, high pO2
lower temperature
high pH/low pCO2

in respiring cells, low pO2
higher temperature
low pH/high pCO2

■■ Figure 23.230 The effect of temperature 
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The mechanism of oxygen transport
The mechanism of oxygen transport has been extensively studied. ‘Naked’ heme, in which the 
iron(ii)–porphyrin ring is free of globin protein, is easily and irreversibly oxidized by molecular 
oxygen (O2) to iron(iii), forming a dimer in which the two Fe3+ ions are linked by a peroxide group, 
–O–O–. One of the functions of the globin protein chain is to prevent this oxidation to the dimer.

The oxygen-free form of hemoglobin contains a five-coordinate iron(ii) ion in which four of the 
coordination positions are occupied by the nitrogen atoms of the porphyrin ring and the fifth 
by the nitrogen atom of a histidine in the globin protein (Figure 23.231).

Additional 
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■■ Figure 23.231 
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Crystal field theory (see Chapter 13) is required in order to understand what happens when 
hemoglobin transports oxygen. This simple bonding theory assumes that when a cation 
interacts with ligands (lone pair donors) electrostatically, it attracts an anion or the negative 
end of a molecule of a polar ligand.

Ligands in the horizontal x–y plane (containing the four nitrogen atoms of the porphyrin 
ring) will repel the electrons in the dx2–y2 orbital more strongly because the lobes of that 
orbital lie along the x and y axes (Figure 23.232). Similarly, the ligands along the z axis 
(the nitrogen of the histidine amino acid) repel electrons in the dz2 orbital, but there is less 
repulsion because there is only one ligand. The other d orbitals (dyz, dxz and dxy) have lobes 
that lie between the axes, so they interact less strongly with the ligands. As a result, the d 
sub-shell is ‘split’ into three sets of d orbitals.

The iron(ii) ion in hemoglobin has the condensed electron configuration [Ar] 3d6 and the 
six d electrons arrange themselves into a high-spin arrangement. The diameter of a high-spin 
Fe2+ ion is a little larger than the ‘central’ hole of the porphyrin ring, so it sits just above it.

When the sixth coordination position is occupied by an oxygen molecule an octahedral 
complex is formed containing a Fe3+ ion, and the splitting of the d orbitals is changed and 
increased (Figure 23.233).

The Fe3+ ion has a d5 configuration and because the splitting of 
the d orbitals has increased, it becomes energetically favourable 
for the d electrons to rearrange themselves, with all of them 
paired up in the lower orbitals (the low spin arrangement).

This low-spin Fe3+ ion is much smaller than the high-spin Fe3+ 
ion and it can now fit into the hole in the porphyrin ring. As the 
Fe3+ ion drops into the hole of the porphyrin ring, it pulls the 
nitrogen of the histidine ring with it, altering the shape of the 
globin protein chain, which increases its affinity for oxygen.

■■ Figure 23.232 
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The effects of altitude
In the human body, many chemical equilibria are maintained to ensure the health and 
functioning of the human body. If environmental conditions change, the body must 
adapt to keep functioning. The consequences of a sudden and large change in altitude 
demonstrate this fact. This may happen during a flight or mountain climbing and can cause 
headache, nausea, extreme tiredness and other discomforting symptoms. These conditions 
are all symptoms of hypoxia, a deficiency in the amount of oxygen reaching the cells of body 
tissues. However, a person living at a high altitude for several months gradually recovers 
from altitude sickness and adjusts to the lower oxygen concentration in the atmosphere.

The reversible combination of oxygen with hemoglobin can be represented by the simplified 
equation:

Hb(aq) + O2(g) ⇌ HbO2(aq)

where HbO2 is oxyhemoglobin and the equilibrium expression constant is

Kc = [HbO2(aq)]/[Hb(aq)] [O2(g)]

According to Le Chatelier’s principle, a decrease in oxygen concentration will shift the equation 
shown in the equation above from right to left. This change decreases the supply of hemoglobin 
causing hypoxia. Given sufficient time, the body deals with this problem by synthesizing more 
hemoglobin molecules. The equilibrium will then gradually shift back towards the formation of 
oxyhemoglobin. It takes several weeks for the increase in hemoglobin production to meet the 
body’s basic metabolic needs adequately. The number of red blood cells in the blood increases 
during acclimatization to high altitudes.

People who live permanently at high altitude (Figure 23.234), 
such as in the Andes in South America or the Himalayas, show a 
number of adaptations to their low-oxygen environment. They are 
not genetically different from people who live at low altitudes, but 
their exposure to a low-oxygen environment from birth stimulates 
the development of these adaptations from an early age. They 
often have especially broad chests, providing larger than normal 
lung capacities. The heart is often larger than in a person who 
lives at low altitude, especially the right side, which pumps blood 
to the lungs. They also have more red blood cells and hemoglobin 
to increase the efficiency of oxygen transport.

The effect of carbon monoxide
Carbon monoxide, CO, is a toxic gas as it is a better ligand 
than oxygen, binding to the iron ions in hemoglobin more 

strongly than oxygen does, so carbon monoxide is a competitive inhibitor for the binding of 
oxygen to hemoglobin. Its affinity for hemoglobin is about 200 times that of oxygen, and so 
it effectively makes the hemoglobin unavailable to carry oxygen to respiring cells. The lone 
pair on the carbon atom in carbon monoxide binds to the iron ion.

This can be compared with the effect on hemoglobin of CO2 and H+ which is non-
competitive because they do not bind at the same site as oxygen. Binding of carbon 
monoxide to hemoglobin forms carboxyhemoglobin, which does not readily dissociate.

Carbon monoxide poisoning can occur from the burning of fossil fuels with insufficient 
ventilation and from smoking tobacco.

Fetal hemoglobin
Fetuses (embryos) in the womb have a different type of hemoglobin (hemoglobin F) to adult 
humans (hemoglobin A). Fetal hemoglobin has a higher affinity for oxygen under the same 
conditions. This is important because it allows the transfer of oxygen from the mother’s 
hemoglobin to that of her fetus.

The four polypeptide chains in adult hemoglobin are two α-chains and two β-chains (α2β2). 
Before birth hemoglobin in the fetus has a different structure with two α-chains and two γ-chains 

■■ Figure 23.234 Living in a mountain environment
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(α2γ2). Fetal hemoglobin has a higher affinity for oxygen under the same 
conditions (Figure 23.235). The fact that its oxygen dissociation curve lies 
to the left of adult blood indicates that it is able to extract oxygen from the 
maternal blood. Following birth the fetal hemoglobin levels decline and after 
6 months adult hemoglobin becomes the predominant form.

Myoglobin also has an oxygen dissociation curve to the left of that of 
hemoglobin, which means it has greater affinity for oxygen and can pick it 
up from hemoglobin for storage. The dissociation curve for myoglobin is not 
sigmoidal in shape as there can be no cooperative binding within its one 
heme structure.

The oxygen bound to the iron(ii) in myoglobin is responsible for the red 
colour of raw meat. When meat is cooked this oxygen is replaced by water 
and the meat loses its original colour and turns brown.

■■ Chlorophyll
The chlorophylls are the green pigments of leafy vegetables – they also give the green colour to 
the skin of apples and other fruits, especially when they are unripe. Chlorophylls are involved in 
absorbing the light needed in the process of photosynthesis.

Chlorophyll (Figure 23.236) occurs in plants in two forms:
■ chlorophyll a – blue–green
■ chlorophyll b – yellow–green.

Chlorophyll b differs from chlorophyll a by having an aldehyde (–CHO) group in place of a 
methyl group (–CH3). It is a porphyrin pigment, composed of four pyrrole rings linked to form a 
tetrapyrrole, with a magnesium ion complexed in the centre of the rings.

■■ Figure 23.236  
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Chlorophyll absorbs light strongly in the blue part of the spectrum and to a lesser extent in 
the red (see Figure 23.209). Other photosynthetic pigments, known as accessory pigments, 
harvest light in different parts of the spectrum and pass their energy to chlorophyll. As a result, 
chlorophyll undergoes a redox change, passing electrons to a series of electron transport carriers. 
Ultimately, chlorophyll is reduced back to its original state by gaining electrons from water, the 
water being oxidized to oxygen. This oxygen is released to the atmosphere. The process stores 
‘reducing power’ which is able to reduce carbon dioxide to carbohydrate in reactions that do not 
depend on light energy (Figure 23.237).
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■■ Figure 23.237 
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The thermal stability of chlorophyll is pH dependent. In acidic solution magnesium is 
lost from the porphyrin ring and replaced by two H+ ions. This causes a colour change 
from green to olive-brown as the chromophore is altered. Cooking food often breaks cell 
membranes, releasing acids which decrease the pH and bring about this colour change. 
Chlorophyll is more stable in alkaline conditions, which is why sodium hydrogencarbonate 
is sometimes added to water during cooking. The bright green colour of chlorophyll is often 
used as an indication of the freshness of food.

■■ Cytochromes: electron transport carriers
Molecular oxygen, which is supplied to tissues of the body by hemoglobin, is reduced to 
water during the final step of aerobic respiration (see Section 23.1). This takes place in the 
mitochondria and involves a group of enzymes known collectively as cytochromes.

Cytochromes are a varied group of protein molecules that also contain the heme prosthetic 
group. They are found embedded in mitochondrial membranes and are responsible for electron 
transport during the redox reactions of aerobic respiration and photosynthesis. During the 
reactions they become successively reduced and then re-oxidized as they in turn accept and then 
pass on electrons. They are organized in sequence, corresponding to their electrode potentials, 
so that the electrons effectively flow down an electrochemical gradient.

In cytochromes the iron of the heme group interconverts its oxidation state between +2 
and +3 as the cytochrome undergoes redox change. The final cytochrome involved in aerobic 
respiration passes its electrons to the terminal acceptor oxygen with the formation of water:

4Fe2+
(cytochrome c) + 4H+ + O2 → 4Fe3+

(cytochrome c) + 2H2O

This is also the site of inhibition of the poison cyanide. By blocking the electron transport chain 
it prevents aerobic respiration from occurring, which is why it is such a potent poison.

■■ Historical use of dyes and pigments
Dyes and pigments are coloured substances that are different in one important way: dyes are 
soluble in the liquid in which they are applied and pigments are insoluble. Dyes and pigments 
have been used by humans since early times. Some cave paintings discovered in southern France 
and northern Spain are up to 30 000 years old. The artists used mineral pigments to colour 
them: iron(iii) oxide, Fe2O3, provided the red colour, iron(ii) carbonate, FeCO3, provided the 
yellow colour and carbon (charcoal) or manganese(iv) oxide, MnO2 provided the black colour. 
Pigments are spread as a surface layer in paints or in coloured plastic articles. Artists’ paints 
used to contain hazardous lead and chromium compounds. They have been replaced by safer 
red and yellow organic pigments. In contrast to pigments, dyes are soluble. Dye molecules attach 
themselves to the molecules of the substance they are colouring, sometimes by ionic or covalent 
bonds but often by London dispersion forces. The dyeing of fabrics has a long history and until 
the 19th century dyes came from animals or plants. One highly prized dye from the Roman 
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Empire was Tyrian purple obtained from a mollusc. Only members of the Emperor’s family could 
wear clothes dyed with Tyrian purple, so it became known as royal purple.

■■ ■Investigation of pigments by 
chromatography
Dyes and pigments are highly appropriate candidates for 
separation by chromatographic techniques. Such methods can 
be applied readily to the biological pigments described in this 
section and to the separation of synthetic food dyes.

A food dye is a food-grade synthetic water-soluble colour – many 
food dyes are used as food additives. Natural food dyes include 
caramel, chlorella, saffron and paprika. Artificial food dyes include 
tartrazine (Figure 23.238), sunset yellow FCF and fast green FCF.

Paper chromatography
Paper chromatography is the simplest of the chromatographic techniques, and is often used to 
separate dyes in a mixture. In this technique the stationary phase is made up of water molecules 
that are trapped in the cellulose fibres of paper. The mobile phase is the aqueous or organic 
solvent that moves up the paper by capillary action. This capillary action is caused by the forces 
between the cellulose fibres of the paper and the solvent. Dyes that are more soluble in the 
solvent than they are in the water molecules of the stationary phase move rapidly up the paper, 
while those that are more soluble in the water are not carried as far up the paper (Figure 23.239).

■■ Figure 23.238 The structure of tartrazine (E102)
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When the solvent front has almost reached the top, the paper is removed and left to dry in a fume 
cupboard (Figure 23.240). For each of the different components, a retention factor (or Rf value) can 
be calculated:

Rf = 
distance moved by component

distance moved by solvent

■■ Figure 23.240 
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Standard retention factors are tabulated for a wide variety of substances, using particular 
solvents under standard conditions. These allow the identification of unknown components by 
comparison with these standard retention factor values. Note that the retention factor is not 
dependent on the distance travelled by the solvent. It is dependent on the nature of the mobile 
and stationary phases as well as on the components of the substance being separated.

It is sometimes necessary in these cases to carry out a variation of simple chromatography. 
After the initial separation process the paper is allowed to dry and then rotated 90 degrees. A 
different solvent is used to repeat the process after the paper has been rotated. This technique 
is known as two-dimensional chromatography and allows the separation of complex mixtures 
(see also Section 23.2).

The substances to be separated do not have to be coloured. Colourless substances can be 
made visible by spraying or treating the chromatogram with a locating agent. For example, 
ninhydrin (Figure 23.241) can be used as a locating agent for amino acids produced by the 
hydrolysis of proteins. The locating agent reacts with the colourless substance, either to form 
a coloured product or to allow the spots to be located by, for example, using ultraviolet light.

Sugars can be detected by allowing a paper chromatogram to dry and then pulling it 
through a solution of silver nitrate in aqueous propanone. The solvent is allowed to evaporate 
and the paper sprayed with sodium hydroxide in aqueous ethanol. Reducing sugars, for 
example glucose and maltose, produce black spots of silver. Unreacted silver ions are removed 
by immersing the paper in ammonia solution.

If required, the individual components can be extracted from the paper by cutting out the 
individual spots using scissors and then extracting the components using a suitable solvent.

■■ Figure 23.241 
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Worked example

Paper chromatography was performed on three green food colourings, A, B and C. The chromatogram 
(Figure 23.242) was developed at a temperature of 25 °C using a solvent consisting of 60% by volume 
propanone in water.

1 Which of the food colourings are mixtures and which could be a pure compound?

2 Calculate the retention factor for food colouring B.

3 The food colouring known as sunset yellow has an Rf of 0.64 (under the stated conditions, on the same 
paper strip). Could any of these samples contain this compound?

4 Explain whether A could be a mixture of B and C.

1 Food colouring B may be a pure compound (one spot), but the other food colourings, A and C, are 
mixtures (three and two spots).

2 The retention factor of B = 
distance travelled by B

distance travelled by solvent front

 = 
8.0
22.0

 = 0.36

■■ Figure 23.242 Chromatograms for three green food colourings
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3 Rf value = distance travelled by component
distance travelled by solvent front

 0.64 = distance travelled by component
22 cm

 Hence, sunset yellow will travel 14 cm. Food colourings A and C both contain this compound.

4  A could contain C as it has spots with identical colour and position. However, it cannot contain B since 
although the spot is in the correct position, it has a different colour and so cannot be the same dye.

■■ Figure 23.243  

The principles of TLC

Thin-layer chromatography
To prepare thin-layer chromatography (TLC) plates, the silica or alumina is first heated to a high 
temperature so that all the water is removed from it. The compounds then act as polar solids and 
the solutes are transferred from the liquid mobile phase by adsorption on the surface. However, 
both these stationary phases attract water molecules and the surfaces become hydrated: SiO2.xH2O 
(silica gel) and Al2O3.xH2O (hydrated alumina). The water present then forms the stationary phase 
and the solutes are separated by partition (Figure 23.243). A thin layer of cellulose can also be used 
as the stationary phase, but, since it retains water, the separation is by partition.

The basis of TLC is similar to that of paper chromatography. The paper stationary phase is 
replaced by a TLC plate, which is a thin layer of a substance such as silica (SiO2) or alumina 
(Al2O3) coated on a glass, aluminium foil or plastic plate.

A spot of the sample solution is placed near the bottom of the plate. The plate is placed in 
a closed vessel containing solvent (the mobile phase) so that the liquid level is below the spot. 
The solvent ascends the plate by capillary action, the liquid filling the spaces between the solid 
particles. The technique is usually carried out in a closed vessel to ensure the atmosphere is 
saturated with solvent vapour and that evaporation from the plate is minimized.

The components may be recovered by scraping the areas containing the spots into a suitable 
solvent. Alternatively, TLC plates and paper chromatograms can be scanned by a device known 
as a densitometer to give quantitative information about the components of the mixture.

molecule M dissolved
in mobile phase

mobile phase, e.g. ether

molecule M adsorbed
to stationary phase

stationary phase, e.g. silica

M M

mobile phase moves upwards
due to capillary action

Thin-layer chromatography is faster than paper chromatography and will work with smaller 
samples. Since the thin layer can be made from different solids, a wide range of mixtures can 
be separated. A further advantage is that it is easier to retrieve the spots after separation simply 
by scraping them off the supporting backing of the plates. Thin-layer chromatography is mainly 
used for the separation of organic compounds. It is a simple, reliable and low-cost technique that 
is often used to select the conditions for larger-scale separations.

Once a thin-layer chromatogram has been developed, it is often necessary to use some method to 
make the separated components visible, because most organic compounds are colourless. This is often 
done by illuminating the plate with a short- or long-wave ultraviolet lamp. The solutes are identified 
in the same way as for paper chromatography, using Rf values and pure compounds as references.

There are a number of semi-permanent methods for visualization which not only allow you 
to see these compounds but also provide a method for determining what functional groups are 
contained within the molecule. This method is referred to as staining the TLC plate.  
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The staining of a TLC plate with iodine vapour is among the oldest methods for the 
visualization of organic compounds. It is based upon the observation that iodine has a high 
affinity for both unsaturated compounds and those containing a benzene ring.

Column chromatography
Column chromatography is a convenient variation of the chromatography technique that allows for 
the large-scale separation of mixtures. Traditionally, a glass column is packed with an inert substance 
such as silica or alumina, which acts as an inert stationary phase. The column must be tightly packed 
as trapped air bubbles will hamper the separation of the components. The mixture to be separated 
is introduced at the top of the column and then the solvent is allowed to run through under the 
force of gravity, more being added as needed. As the separation takes place the different components 
will arrive at the bottom of the column at different times and may be collected in different flasks for 
further use (Figure 23.244). The components may be obtained by evaporating the solvent.

Column chromatography can be used to separate and identify the constituents in a mixture 
of dyes and the constituents of vegetable extracts. In pharmacy it is used for the separation of 
vitamin A from fish liver oil and in the detection of adulterants in foods and wines. Adulterants 
are chemical substances that should not be present in foods or drinks.

23.10 Stereochemistry in biomolecules (AHL) – 
most biochemical processes are stereospecific and involve only molecules with certain 
configurations of chiral carbon atoms

Handedness in humans has a long and culturally troubled history, with unhelpful connotations 
and stigma being attached at times to individuals depending on whether they are left-handed or 
right-handed. There are many aspects to this phenomenon and there are extensive studies being 
carried out into its origins, advantages and social implications. What concerns us here is the 
notion of ‘handedness’, or chirality, in biochemistry and how it relates to the way molecules ‘see’ 
each other, interact, assemble into highly complex structures, and control activity in the many 
metabolic pathways that control the functioning of organisms.

Shape – three-dimensional configuration – is a key concept in biochemistry. Molecules that 
have the same sequence of atoms and chemical bonds but different arrangements of atoms in space 
are known as stereoisomers (see Chapter 20). Stereoisomers that cannot be transformed into one 
another without breaking chemical bonds are known as configurational isomers and include two 
classes: optical isomers (enantiomerism) and cis-trans isomers.

The discussion in this section covers the stereochemistry of some biologically important 
compound,s namely the proteogenic 2-amino acids, monosaccharides and carbohydrates, lipids 
and retinoids.
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■■ Stereochemical notations
The d/l notation

The d and l convention for naming enantiomeric forms of a molecule tends to be used for 
carbohydrates and amino acids. The system has a long history having been developed before X-ray 
crystallography allowed the determination of the absolute configuration of molecules. When the d 
and l system is used, everything is compared to glyceraldehyde (2,3-dihydroxypropanal).

Carbohydrates
Representing in two dimensions the three-dimensional structures of open-chain monosaccharides 
and their various isomers requires a systematic approach. The system suggested by Emil Fischer in the 
1890s is still the agreed method for drawing these structures. In a Fischer projection, a tetrahedral 
carbon atom is represented by two crossed lines. By convention, the horizontal lines represent bonds 
coming out of the page. The vertical lines represent bonds going into the page. Using molecular 
models is the easiest way to understand how the two-dimensional Fischer projection represents a 
three-dimensional structure (Figure 23.245). In fact, Emil Fischer initially developed his projection 
using molecular models made of toothpicks and bread rolls!

■■ Figure 23.245 
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The enantiomers of glyceraldehyde are shown in Figure 23.246 and their 
Fischer projections are shown beneath them.

Note that, by definition, when shown in Fischer projection, if the OH 
group on the chiral carbon is on the right, the molecule is assigned the label 
d; if the OH group is on the left, it is given the label l.

These projections are a method of representing the structure of any 
straight-chain forms of a sugar by projection on to a plane. In a Fischer 
projection, the sugar molecule is shown with the carbon numbered 1 
at the top – according to the normal naming rules the aldehyde/ketone 
group will get the lowest possible number. Groups that point away from 
you are drawn vertically and those that point towards you are drawn 
horizontally (see Figures 23.245 and 23.246).

In larger structures, such as ribose or glucose (see Figure 23.247), the 
tetrahedral centres are simply stacked on top of each other, with the 
aldehyde group at the top.

The open-chain structure of glucose has four chiral centres (marked * 
in Figure 23.247). Looking at two forms of glucose in the Fischer projection, 
we can compare them to glyceraldehyde to determine which is the d 
enantiomer and which is the l form (Figure 23.248). In d-glucose the OH 
group on the chiral centre furthest from the carbonyl group is on the right 
and in l-glucose it is on the left.

There are four chiral centres in glucose and in d- and l-glucose 
all chiral centres have the opposite configuration, so that the two 
molecules are mirror images. If only some of the chiral centres have 
the opposite configurations, so that the molecules are not mirror 
images (Figure 23.249), then the two molecules are diastereomers 
and are given different names, the configurations at the other chiral 
centres determining the name of the substance.

■■ Figure 23.246 The structures of 

d- and l-glyceraldehyde, showing 

the Fischer projections
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■■ Figure 23.247 Open-chain structures of ribose 

and glucose. These structures are drawn as 

Fischer projections, which enables stereoisomers 
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■■ Figure 23.248 Fischer projections of the two stereoisomers of 

glucose and their relationship to glyceraldehyde, showing how 

the structure of glucose at carbon-5 is related to the structure of 

glyceraldehyde
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The d/l notation is especially useful for naming sugars (Figure 23.250). For example, the name 
d-galactose defines the relative stereochemistry of all the chiral centres in the molecule. ‘d’ or 
‘l’ determines the absolute stereochemistry of the highest-position chiral carbon, and hence the 
absolute stereochemistry of all centres can be defined in a very convenient manner. d-Galactose 
has four chiral centres – the number of isomers is 2n, where n represents the number of chiral 
carbon atoms. Hence, this molecule has 16 stereoisomers – only one of these is d-galactose. 
All of the d-aldohexoses have the same arrangement at C-5 and it is this carbon atom which is 
configurationally related to d-glyceraldehyde (see Figure 23.248), the Fischer representation of 
which has the –OH group on the right-hand side of the projection.

The d sugars are the most abundant form in nature.

The ring forms of sugars
The conversion of sugars in the straight-chain form to the ring form, described in Section 
23.4, creates an additional type of isomer, known as α- and β- forms (Figure 23.251). These are 
distinguished by the relative position of the groups attached to the carbon atoms that close the 
ring by forming an ether link with oxygen. The α- and β-forms are isomers known as anomers.

When a sugar cyclizes from the straight-chain form, an extra chiral centre is formed 
(Figure 23.251). The oxygen on carbon 5 can attack the C=O group from either above the 
plane of the group or below and thus two possible cyclic molecules can be formed. These are 
called α- and β-forms. If the OH on the new chiral centre (anomeric carbon) is on the same 
side of the ring as carbon-6 then the isomer is β, and if it is on the opposite side then it is α.

An additional consideration to this is that if the ring is drawn as a Haworth projection with 
carbon-6 above the ring, then:
■ if the OH on the anomeric carbon is below the ring, it is the α-form
■ if it is above the plane of the ring it is the β-form.
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■■ Figure 23.251 The 

structures of glucose in 

aqueous solution; the 

formation of the ring 
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■■ Figure 23.250 

Structure of d-galactose
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The α- and β-forms of fructose are shown in Figure 23.253. Note 
that in fructose it is carbon-2 that is the new chiral centre, and it is 
the orientation of the –OH group on this carbon anomeric carbon 
that distinguishes the two forms. Glucose and fructose both exist in 
aqueous solution in an equilibrium between the acyclic (straight-chain) 
form and the two cyclic (ring) α- and β-forms. The two cyclic forms are 
heavily favoured in the equilibrium.

A further piece of terminology that you may encounter is that 
sugars, such as glucose, with six atoms in the ring (including the 
oxygen atom) are in the pyranose form, and structures with five atoms 
in a ring, such as fructose, are in the furanose form.

■■ Figure 23.252 

The formation of 

α-fructose

Mutarotation
The two anomers of glucose have very slightly different effects on plane-polarized light (see 
Chapter 20). For example, α-d-glucose has an optical rotation of +112° and its anomer, β-d-
glucose, has an optical rotation of +19°. If the pure anomer is placed in water the optical rotation 
will change until an equilibrium mixture is formed. This process is known as mutarotation.
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■■ Figure 23.253 The anomeric forms of fructose
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Amino acids
The structures of naturally occurring amino acids can also be related to l-glyceraldehyde 
(Figure 23.254). It is assumed that the amine (–NH2) and carboxylic acid (–COOH) functional 
groups of an amino acid are analogous to the hydroxyl (–OH) and aldehyde (–CHO) groups of 
glyceraldehyde. The variable side-chain (R) is analogous to the hydroxymethyl group (–CH2–OH).

Whereas glucose is an aldohexose, fructose is a ketohexose and also forms cyclic anomers. 
Figure 23.252 shows the formation of α-fructose.
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For amino acids, the CORN rule is applied to determine whether the amino acid is the d or 
the l form. Arrange the substituents COOH, R, and NH2 around the chiral carbon so that 
the hydrogen atom is pointing towards you, in front of the plane of the paper. If the CORN 

groups are arranged clockwise, then it is the l enantiomer 
(Figure 23.255); if they are arranged anticlockwise it is the d 
enantiomer.

All amino acids are chiral, except glycine, which has only 
three different groups around the central carbon. The l and 
d forms of amino acids have identical physical properties and 
chemical reactivities apart from the direction in which they 
rotate plane-polarized light and their reactions with reagents 
that are chiral. This last point is crucial in biochemistry. As 
enzymes, themselves made of proteins, are chiral molecules, 
they distinguish completely between the l and d forms of 
amino acids. Biological systems have evolved to use only the 
l forms of amino acids. All amino acids found in naturally 
occurring proteins are l-amino acids.

■■ Figure 23.254 Diagrams showing the absolute configurations of l- and d-glyceraldehyde and 

l- and d-amino acids (as a generalized molecular structure)

42 Work out whether each of the sugars shown below is the d form or the l form:

43 Classify the following amino acids below as either the d or the l form, and name them by referring to the 
IB Chemistry data booklet.

44 Glucose is an example of an aldohexose sugar which dissolves in water. In aqueous solution, glucose exists in 
three different structures which are in equilibrium with each other. The three structures are shown below:

a What chemical term is used to describe the different forms shown above?
b Explain why glucose is very soluble in water,
c Which of the two cyclic forms of glucose can be described as α-glucose? Give a reason for your answer.

OHC

CHO

H

L-glyceraldehyde D-glyceraldehyde L-amino acid D-amino acid

CH
2
OH

CC CHO

OHC

H

HOH
2
C

COOH

H

R R

H
2
N

HOOC

HNH
2

■■ Figure 23.255 The CORN rule illustrated for l-alanine 

– the view shown is for looking down the C–H bond of 

alanine

HOOC
C

H

CH
3

NH
2

COOH

CH
3NH

2

C

‘CO’

‘R’

‘CORN’

‘N’

C

view

appears as

CHO

HHO

OHH

HHO

OHH

CH2OH

CHO

HHO

HHO

HHO

HO H

CH2OH

CH2OH

C O

HHO

HHO

OHH

CH2OH

A B C

COOHA B C
H

H2N CH3

C

CH2C6H5

H2N
H COOH

C

CH2OH

H
H2N COOH

C

H C OH

C

C

HHO

C

OHH

CH2OH

H

CHOB CA

OH

O

OH H
H

C

C C

C

CHO

H

H

H

OH

OH

CH
2
OH

O

OH H
H

C

C C

C

CHO

H

OH

H

H

OH

CH
2
OH



 23.10 Stereochemistry in biomolecules 161

Chemistry for the IB Diploma, Second Edition © Christopher Talbot, Richard Harwood and Christopher Coates 2015

45 The diagrams below show the structures of three hexoses: mannose, galactose and glucose.

a Explain why are all three are reducing sugars.
b Which form are they all in – d or l form? Explain why you reached that conclusion.
c By suitably numbering the carbon atoms, explain which chiral centres are different in the three 

molecules. What is the name given to such molecules?

HO H

C

C

HHO

C

OHH

CH2OH

H

C

C

HA B CO

OH

H OH

C

C

HHO

C

HHO

CH2OH

H

C

C

H O
C

H O

OH

H OH

C

C

HHO

C

OHH

CH2OH

H

C

OH

The R/S notation
It is now relatively easy to establish the absolute configurations of chiral centres within 
molecules using X-ray crystallography (see Chapter 4) or two-dimensional NMR (see 
Chapter 21). There is no need for reference molecules such as glyceraldehyde.

The chemists Cahn, Ingold and Prelog jointly developed a set of rules for assigning the 
absolute configuration of any chiral centre. The term ‘absolute configuration’ refers to the 
actual three-dimensional structure of a chiral molecule. The Cahn–Ingold–Prelog rules 
involve assigning ‘priorities’ to the functional groups or atoms attached to the chiral centre, 
and then relating these priorities to a description of the chiral centre. The two possibilities 
are known as R and S configurations.

The letters used for the two forms are derived from Latin: R is from the Latin word rectus 
meaning right, and S is from the Latin word sinister meaning left.

The Cahn–Ingold–Prelog rules are summarized below.
Decreasing priorities – numbered 1, 2, 3 and 4 – are assigned to the 

atoms attached to the carbon atom that is the chiral centre. Higher priority 
is given to atoms of higher atomic number. In the case of all chiral amino 
acids found in natural proteins, this leads to the priorities nitrogen (N) > 
carbon (carboxylic acid) and C (variable side-chain) > hydrogen (H). So 
the amine (amino) group is numbered 1 and the hydrogen atom 4.

The chiral centre is viewed from the side opposite the lowest priority 
atom. If the direction of decreasing priority (1, 2, 3) of the other three 
atoms is clockwise then the configuration is designated R; an anticlockwise 
arrangement is designated S. Figure 23.256 shows how this applies to the 
bromochloroiodomethanes.

These rules are also illustrated in Figure 23.257 for the amino acid alanine. In the case 
of alanine, the priorities of the atoms attached to the 2-carbon atom are nitrogen (Ar = 14) 
> carbon (Ar = 12) > hydrogen (Ar = 1). Hence, the amine group is numbered 1 and the 
hydrogen is numbered 4. The carbon atom of the carboxyl group is bonded to oxygen and 
hence has higher priority than the carbon in the methyl group, which is bonded to hydrogen. 
The overall priority order is therefore nitrogen > carbon (carboxylic acid functional group) > 
carbon (methyl side-chain) > hydrogen. When the 2-carbon is viewed from the side opposite 
the hydrogen (priority 4), the decreasing priority of the other groups follows an anticlockwise 
pattern – and therefore the absolute configuration is designated as S.

The R/S system has no fixed relationship to the d/l system described earlier. Nor indeed 
does it have any fixed relationship with the final type of notation we consider next – the (+)/(−) 
system based on the rotation of the plane of polarized light by the enantiomers. An R isomer can 
be either dextrorotatory or levorotatory, depending on its exact groups.

■■ Figure 23.256 Describing 

bromochloroiodomethanes as R and S 

isomers

R

C
I

H

Cl

Br

S

C
Cl

H

I

Br



162 23  Biochemistry

Chemistry for the IB Diploma, Second Edition © Christopher Talbot, Richard Harwood and Christopher Coates 2015

■■ Figure 23.257 

Identifying the 

absolute configuration 

of amino acids, using 

alanine as an example

46 Research using the internet, journals and the library about the evolutionary origin of chirality in amino acids.

47 The open-chain form of d-glucose has the structure 
shown here (on the left).
a Draw the Haworth projection of beta-d-glucose.
b Explain why d-glucose is water soluble.

48 The structure of ribofuranose is shown here (right). It is a 
monomer involved in the formation of RNA.
a State which anomer is shown.
b  State whether the sugar is a reducing or non-reducing 

sugar.
c Draw the Fischer projection of d-ribose.
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The (+)/(−) notation: optical activity
An enantiomer can also be named by the direction in which it rotates the plane of plane-
polarized light. If it rotates plane-polarized light clockwise (as seen by a viewer towards whom 
the light is travelling), that enantiomer is labelled (+) and its mirror image is labelled (−). The 
(+) and (−) isomers have also been termed d and l, respectively – for dextrorotatory (Latin for 
right-handed) and levorotatory (for left-handed), but this terminology is no longer favoured.

The d/l labelling system is unrelated to (+)/(−) system: it does not indicate which enantiomer 
is dextrorotatory and which is levorotatory.

Nature of Science  The origin of chirality

There are a number of reasons why living organisms have a strictly controlled chiral 
environment. The existence of regular structures in nucleic acids (the double helix) and proteins 
(the alpha helix and beta sheet) requires pure enantiomers. A mixture of two enantiomers, 
for example, sugars and amino acids, would not lead to regular secondary structures. And if 
the active site of an enzyme is to bind a substrate in a very stereospecific arrangement, then a 
precise arrangement of binding groups is required, and this will only operate for one stereoisomer 
and not the other. If living systems have l-and d-amino acids they would need twice as many 
enzymes, which would be very wasteful metabolically.
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49 Consider the following two monosaccharides:

 Draw Fischer projections of the open-chain forms of a and b.

■■ The stereochemistry of carbohydrates
The structural differences between α- and β-glucose have a large effect on the properties of the 
disaccharides that can be formed from these monomers, and also on the polymers that can be 
built when these are extended.

Disaccharides
Two important disaccharides, maltose and cellobiose, are both dimers of glucose. The differences 
between them arise from how the two glucose molecules are linked.
■ In maltose, a glycosidic link is formed between carbon-1 on the first glucose molecule and 

carbon-4 on the second (Figure 23.258a). The first glucose molecule (drawn on the left) is 
in the α-form and so the bond is an α-glycosidic link: the link in maltose is written as α-1,4. 
Maltose is an α-glycoside since the left-hand glucose ring is locked in the α configuration. 
Because carbon-1 on the right-hand ring is still free, further glucose molecules can be added 
and the chain can be extended to form the polysaccharide starch.

■ Cellobiose, like maltose, is also built from two glucose molecules. However, in this case, the 
left-hand glucose molecule is in the β-form. A β-1,4 glycosidic link is formed between the two 
glucose units (Figure 23.258b). Cellobiose is a β-glycoside since the left-hand ring is fixed in 
the β-form. Again, further glucose molecules can be added, to form cellulose.

Three other disaccharides involving glucose linked to other sugars are lactose, sucrose and trehalose. 
These are involved in energy transport in various situations and were discussed in Section 23.4.

■■ Figure 23.258  

a The formation of 

maltose, with an 

α-1,4 glycosidic link. 

b The formation of 

cellobiose, with a 

β-1,4 glycosidic link. 
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Polysaccharides
The structural differences between α- and β-glucose have a large effect on the properties of their 
polymers. The differences in structure between maltose and cellobiose are carried forward in 
their extended polymers, starch and cellulose respectively.
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■ Starch and glycogen are polymers of α-glucose. Starch forms a relatively compact spiral 
structure and is stored as starch grains in plant cells. Starch consists of a mixture of two types 
of glucose polymers, called α-amylose and amylopectin. α-Amylose consists of thousands of 
α-glucose units linked together to form linear, unbranched chains. These glucose units are 
linked by α-1,4-glycosidic linkages (Figure 23.259a). An α-1,4-glycosidic linkage is formed 
between the C-1 of an α-sugar molecule and the C-4 of another sugar molecule.

 Amylopectin is a branched polymer of α-glucose units linked by α-1,4-glycosidic linkages  
and α-1,6-glycosidic linkages at the branch points (Figure 23.259b).

■■ Figure 23.259  
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■■ Figure 23.260 The linear structure of a cellulose chain
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■ Cellulose is a polymer of β-glucose. It is a linear polymer with β-1,4-glycosidic links. These 
position the sugars at a different angle from the α-glycosidic links found in starch so the cellulose 
chain forms an uncoiled linear structure with alternate glucose monomers ‘upside down’ with 
respect to each other (Figure 23.260). This enables the hydroxyl groups of one molecule to form 
hydrogen bonds with the hydroxyls of other cellulose molecules lying parallel to it.

 Consequently, cellulose forms cables, known as microfibrils, of parallel chains that give it a rigid 
structure. Cellulose is found in all plant cell walls and is one of the main sources of support in 
plant cells. This is why wood, which is rich in cellulose, is such a useful building material. Aspects 
of the structure of starch, glycogen and cellulose were discussed in Section 23.4.

Digestion and dietary fibre
Starch and glycogen can be relatively easily hydrolysed into glucose by the action of digestive 
enzymes (α-glycosidases such as α-amylase), but the human body does not produce an enzyme to 
hydrolyse the β-glycosidic links in cellulose. Most cellulose therefore passes through the human 
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gut largely chemically intact, contributing to the bulk of the faeces. As such it is now commonly 
referred to as dietary fibre and is seen as an important component of the human diet. There are 
two types of dietary fibre:
■ Insoluble fibre includes cellulose, hemicellulose and lignin found in plant cell walls.
■ Soluble fibre includes pectin found in plant cells; sources include oats, oat bran and beans.

Medical studies have indicated that this dietary fibre is of benefit to the health of the 
large intestine. The cellulose fibrils abrade the wall of the digestive tract and stimulate the 
lining to produce mucus which helps in the passage of undigested food through the gut. 
Fibre in the diet helps to reduce conditions such as constipation, hemorrhoids and, possibly, 
colorectal cancer. In addition dietary fibre helps regulate the absorption of sugars and bile 
acids, reducing the risk of diabetes and cholesterol-related heart diseases. Generally, foods 
derived from plants with little or no processing are likely to be a good source of fibre.

In contrast to humans, many microorganisms produce cellulase and other β-glycosidases 
which allows them to digest cellulose and use it as a principal source of food. Ruminants 
such as cattle and sheep, horses and insects such as termites can extract energy from plant 
tissue and wood using cellulase-producing bacteria in their digestive systems.

In fact, a certain amount of dietary fibre can be fermented by cellulase-producing 
bacteria in the human large intestine. These bacteria produce short-chain fatty acids, 
together with other metabolites, which help to prevent the development of various 
adverse health conditions such as hemorrhoids, Crohn’s disease, irritable bowel syndrome 
(Figure 23.261) and bowel cancer. In many countries dietary fibre is now a recommended 
macronutrient contributing to a healthy diet.

Understanding health issues
Many governments are stressing concern over health issues and promoting programmes to 
reinforce advice on healthy eating. This involves social concern for the public and also a 
growing awareness of the economic costs of lost working time and health service demands.

The World Health Organization cites a low fruit and vegetable intake as a key risk factor in 
chronic diseases such as diabetes, obesity and some cancers. Our growing understanding of the 
significance of fibre in the diet has led to an increase in the marketing of whole grain foods and 
plant foods such as vegetables and salads.

Fruit and vegetable intake varies considerably from country to country, largely reflecting the 
prevailing economic, cultural and agricultural environments. In developed countries fresh fruit 
and vegetable intake has decreased with increasing dependence on fast foods that are highly 
processed. It is estimated that globally 2.7 million deaths per year can be traced to low fruit and 
vegetable intake.

There is also growing awareness of the link between trans fats and cardiovascular and other 
diseases, but again that has generated different responses around the world. Canada was the 
first country to introduce mandatory labelling of trans fats on food products, while Denmark, 
Iceland and Switzerland have banned their use. The World Health Organization has called for 
the elimination of trans-fatty acids from the global food supply. The cost of this, however, will 
be considerable as it will involve very major changes in food formulations and eating habits. 
The next section gives some background on the chemistry of cis on and trans fats and the issues 
surrounding their part in our diet.

■■ Stereochemistry of lipids
Fats and oils that are saturated have no carbon–carbon double bonds between the carbon atoms 
in their fatty acids. The unsaturated fatty acids in fats and oils contain carbon–carbon double 
bonds. These can be termed mono- or poly-unsaturated fats depending on whether they have 
one or more carbon–carbon double bonds in their fatty acids.

Unsaturated fats exist in two forms, known as cis–trans isomers, which arise due to the 
restriction on rotation around the double bond. This type of isomerism was introduced in 
Chapter 20, while examples of unsaturated fatty acids and their role in lipids were discussed 
in Section 23.3.

■■ Figure 23.261 Medication 

for relief from irritable bowel 

syndrome
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■ The cis form of a long-chain fatty acid occurs when the hydrogens attached to the carbons 
involved have the same orientation relative to the double bond.

■ The trans form of a long-chain fatty acid occurs when the hydrogens attached to the carbons 
involved have the opposite orientation across the double bond.
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With the exception of some dairy products, most naturally occurring unsaturated fats are in the 
cis form. As discussed earlier, cis C=C double bonds introduce kinks into the fatty acid chains, 
thus molecules of the cis isomer cannot easily arrange themselves side by side to solidify, so they 
tend to have lower melting points than the corresponding trans isomer.

In order to make products derived from vegetable oils more presentable and yet able to be 
spread from the refrigerator, the food industry introduced the process of hydrogenation to reduce 
the level of unsaturation. Hydrogenation of vegetable oils takes place in the food industry when 
hydrogen is added across the carbon–carbon double bonds using a finely divided metal catalyst 
such as nickel (Figure 23.262).

■■ Figure 23.262 Partial hydrogenation of a poly-unsaturated vegetable oil – showing only the hydrogens that have been added in 

the process
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The product is a fat that, as it is more saturated, has a higher melting point and is therefore a 
more convenient form for packing and storage as a solid or semi-solid. Fats made in this way also 
break down less easily under conditions of high-temperature frying and usually have a longer 
shelf life than liquid oils. Most margarines and shortening come into this category.

However, there is a problem with the process. In partial hydrogenation, only some of the 
carbon–carbon double bonds in the oil are broken, and those that remain often get chemically 
modified (isomerized) from the cis position to the trans position. The resulting fatty acids are 
therefore known as trans fats and are particularly prevalent in processed foods. These have been 
implicated in a number of cardiovascular diseases. The body finds it difficult to metabolize trans 
fatty acids (lipase enzymes seem to recognize only cis forms) and so they tend to accumulate in the 
adipose tissue rather than be excreted. Medical evidence shows that consuming trans fats raises 
the level of the more harmful forms of circulating cholesterol – low-density lipoproteins (LDL 
cholesterol) – which is a risk factor for heart disease. A further associated effect is that increased 
levels of trans fats reduce the blood levels of HDL cholesterol, which has a protective function 
against heart disease. Finally, trans fats are a lower-quality source of energy compared to their cis 
counterparts.
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Nature of Science  The benefit of hindsight

Sometimes the practice and developments of science can have unintended consequences. 
For instance, the development of hydrogenation reactions to convert liquid oils into solid fats 
that are less prone to going rancid would, at first sight, seems to be advantageous progress. 
As knowledge develops about both the hydrogenation reaction and biochemical processes, 
fresh insights about unexpected consequences come to light. Nowadays, hydrogenated fats are 
generally regarded as things to be avoided at all costs.

We learn from the experience and should aim to build in as much rigorous pre-testing as 
possible, but there will always be aspects of the complex interactions in biochemistry which will 
catch us unawares. Theories can be used to explain natural phenomena. The understanding 
that many biological molecules are chiral is essential to an understanding of the biochemical 
processes that occur in cells.

■■ Stereochemistry in vitamins – retinal and vision chemistry
Vitamin A is a collective name referring to a group of poly-unsaturated compounds with 
a range of biological functions. One of these compounds is retinal, a long-chain aldehyde 
involved in what is termed the visual cycle – the photochemical changes associated with our 
ability to detect light.

The retina of the eye contains millions of two types of light-sensitive cells, known as 
rods and cones. The rods are stimulated by light of lower intensity and do not provide colour 
vision. Rod cells are concentrated at the outer edges of the retina and are used in peripheral 
vision and night vision. The major photoreceptor pigment (‘visual purple’) on the surface 
of rod cells is a large conjugated protein molecule called rhodopsin (Figure 23.263). This 
consists of a protein, opsin, tightly bound to 11-cis-retinal, which is derived from vitamin A 
(see Figure 23.264).

■■ Figure 23.263  
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■■ Figure 23.264 The light-induced transformation of 11-cis-retinal to all-trans-retinal
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In cis-retinal, one of the C=C double bonds in the chain is in the cis configuration, and all the 
others are trans. The molecule is named 11-cis-retinal referring to the position of the double 

bond. In the light-sensitive rhodopsin complex the aldehyde 
group of 11-cis-retinal is reversibly bound to a lysine residue 
in the protein opsin. When this light-sensitive pigment 
(rhodopsin) is exposed to light, a transformation of 11-cis-
retinal occurs, changing it to all-trans-retinal (Figure 23.264).

This causes the all-trans-isomer to dissociate from 
the opsin, which triggers a nerve impulse to the brain. 
Rhodopsin is regenerated from opsin and 11-cis-retinal after 
the all-trans form has isomerized back to the 11-cis form in 
a series of steps catalysed by enzymes. A summary of the 
visual cycle is given in Figure 23.265.
In the human body retinal can only be synthesized from other 
vitamin A group compounds such as retinol or β-carotene. 
Insufficient production of retinal resulting from vitamin A 
deficiency can cause night blindness, a common medical 
condition in developing countries.■■ Figure 23.265 The visual cycle
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 Vision chemistry
In the body, β-carotene is converted into retinol (vitamin A) (Figure 23.266), which is essential 
for vision. The retina at the back of the eye contains two types of receptors: rods (black and 
white vision) and cones (colour vision).
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CH3CH3 CH3 CH3

H
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The rods contain retinol which is converted to retinal in an enzyme-controlled reaction.  
The trans isomer of both molecules is the more stable isomer and an enzyme in the rods 
converts trans-retinal to 11-cis-retinal. This immediately bonds to the protein opsin to form  
the light-detecting molecule known as rhodopsin.

Rhodopsin is formed by the nucleophilic 
attack of the primary amine group, –NH2, 
of the protein on the –CH=O group of 
the retinal molecule (Figure 23.267). The 
11-cis-retinal is covalently bonded to the 
protein and also interacts with the protein 
through London (dispersion) forces. The 
complex of retinal and opsin shifts the 
wavelength of maximum light absorption 
from close to 400 nm to 493 nm. The 
absorbed light triggers the nerve impulse 
that is sent to the brain.

When a rhodopsin molecule absorbs light 
the carbon–carbon double bond at position 
11 causes an electron in the pi orbital of 
the π bond to undergo a transition to the 
pi antibonding orbital (π*).

This π–π* transition can lead to a singlet excited state (with the electron spins of the ground 
state and excited electrons still opposed), but this can be followed by transfer to the triplet state, 
when the spin of electron in the π* orbital reverses. This triplet excited state has a relatively 
long life time. The pi bond has been weakened by the removal of one electron (Figure 23.268). 
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The 11-cis-retinal now converts to 
the more stable trans form and it 
is this molecular event that allows 
vision to occur. The all-trans-
retinal is a very different shape 
from 11-cis-retinal and will not 
bond and combine with opsin.

Hence the absorption of light 
energy causes the conversion 
of 11-cis-retinal to the all-trans 
form causing the dissociation of 
rhodopsin into opsin and retinal. 
This isomerization causes an 
impulse in the optic nerve by 
altering the permeability of the 
rod cell membrane to sodium ions.
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 ■ Examination questions – a selection

filter paper soaked
in buffer at pH 7.0

mixture of amino acids

– +

 After electrophoresis of the amino acid 
mixture using the technique shown above, 
the filter paper is stained with ninhydrin, 
which gives a purple colour in the presence 
of amino acids. 

 A small peptide consisting of three amino acid 
units, shown below, is hydrolysed and the mixture 
is separated by electrophoresis (at pH 7.0).

CH CO NH CH CO NH CH CO2HH2N
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i Sketch the pattern of separation of amino 
acids that will be obtained on the filter 
paper after staining. Explain how you came 
to your conclusions. [3]

ii Explain how the result will be different if the 
electrophoresis is performed at pH 12.0. [2]

b When a protein chain is folded into its 
three dimensional structure, it is normally 
found that amino acids such as valine and 
isoleucine are found buried in the interior of 
the protein structure, whereas amino acids 
such as glutamic acid and lysine are found 
on the protein surface. By referring to the 
structures of these amino acids in Section 3 
of the IB Chemistry data booklet, explain this 
observation. [3]

Q1 Glucose is the major source of energy for the  
human brain. It is completely oxidized to carbon 
dioxide and water in aerobic respiration in brain cells. 
Calculate the mass of carbon dioxide produced in 
the brain per day if its daily consumption of glucose 
is 135 g. [3]

Q2 State the difference between anabolic and 
catabolic pathways in cell metabolism. [2]

Q3 Explain the difference between hydrolysis and 
condensation reactions. [2]

Q4 a  The diagram below represents the structure of 
part of a protein chain. 
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 Draw the structures of two of the amino 
acids that went to make up this protein (using 
the form of representation used here in the 
structure of the polymer). [2]

b Complex carbohydrates such as starch are 
another group of condensation polymers. 
Enzymes such as amylase, a carbohydrase, can 
hydrolyse complex carbohydrates to simple 
sugars which can be represented as:

HO OH

 Draw the structure of the complex 
carbohydrate chain (showing at least three 
monomer units). [2]

Q5 Aspartame is an artificial sweetener that is 160 
times sweeter than sucrose. It is a dipeptide of the 
amino acids aspartic acid and phenylalanine, with 
the methyl ester of phenylalanine forming the 
C-terminal end. By referring to Figure 23.24, draw 
the structure of aspartame. [3]

Q6 a  Electrophoresis is a technique that separates 
molecules according to their electrical charge. 
The diagram below shows, in outline, a 
technique that could be used for separating 
the amino acids that are obtained when a 
protein is hydrolysed.
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Q7 The diagram below shows a two-dimensional 
chromatogram of an amino acid mixture. The 
amino acid mixture was initially placed at point 
X and separated with an aqueous mixture of 
butan-1-ol and ethanoic acid (in dimension 1). 
The chromatogram was allowed to dry and then 
the paper turned around by 90° and a second 
solvent mixture of phenol and ammonia was 
applied. 
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a Define the term retention factor, Rf. [1] 
b Calculate the Rf values of glutamic acid and 

isoleucine (in aqueous butan-1-ol and ethanoic 
acid) (to one decimal place). [1] 

c Calculate the Rf values of asparagine, threonine 
and methionine (in aqueous phenol and 
ammonia) (to one decimal place). [1] 

d State which amino acids were completely 
separated by developing the chromatogram in 
dimension 1 and dimension 2. [2] 

e Name another technique that can be used to 
separate a mixture of amino acids. [1]

Q8 a  By means of simple labelled diagrams indicate 
the structural differences between a triglyceride 
(fat) molecule and a phospholipid. [3]

b i What is the difference between a saturated 
and an unsaturated fat? [1]

ii Olive oil is said to be ‘rich in mono-
unsaturated fats’. What do you understand 
by the term ‘mono-unsaturated’? [1]

iii Elaidic acid (octadec-trans-9-enoic acid) 
and oleic acid can be represented by the 
structures

elaidic acid

COOH

oleic acid

COOH

 What type of isomerism is shown by these 
two fatty acids? What is the systematic 
name for oleic acid? [2]

Q9 Some foods contain natural antioxidants which 
help to prolong their shelf life. The shelf life of oily 
fish decreases upon exposure to light.

a Identify the chemical feature in the oil in fish 
that is susceptible to photo-oxidation. [1]

b State the specific term given to food that is 
unsuitable for eating as a result of photo-
oxidation. [1]

c Suggest how light initiates this process. [1]
d Some foods contain a yellow spice called 

turmeric. The active ingredient in turmeric is 
curcumin, shown below.

HO

O

CH3 O O

O

OH

CH3

 Suggest which structural feature of curcumin is 
responsible for extending the shelf life of such a 
food. [1]

Paper 3, May 2012, QF3

Q10 Vitamins are organic compounds needed in small 
amounts for normal metabolism in the body. 
Vitamins can be classified as water-soluble or fat-
soluble.

a Vitamin B9 is water-soluble and is important 
in the repair of DNA. The structure of vitamin 
B9 is given below. Suggest why this vitamin is 
water-soluble. [1]
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b Vitamin A (retinol) is important for maintaining 
healthy skin. The structure of vitamin A 
(retinol) is given in Table 35 of the IB Chemistry  
Data Booklet. 
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i State one disease caused by a deficiency of 
vitamin A in the body. [1]

ii The livers of polar bears and seals contain a 
very large amount of vitamin A. Some early 
explorers in the Arctic died from consuming 
too many livers. Suggest an explanation 
for this even though males require at least 
0.9 mg of the vitamin per day (females 
require at least 0.7 mg per day). [1]

Q11 The organic compound 1-phenylethanone 
(C6H5COCH3) is being investigated as a potentially 
useful enzyme inhibitor.

 There are two possible ways of synthesizing 
1-phenylethanone from 1-phenylethanol under 
consideration.

 Method 1:

3C6H5CH(OH)CH3 + 2CrO3 + 3H2SO4 → 
C6H5COCH3 + Cr2(SO4)3 + 6H2O

 Method 2 (using a catalyst):

C6H5CH(OH)CH3 + ½O2 → C6H5COCH3 + H2O

a Calculate the atom efficiency of both of these 
methods. [3]

b Identify two other considerations which would 
need to be borne in mind, besides the atom 
efficiencies, when deciding which method is 
‘greener’ and therefore the preferred option. [2]

Q12 An amino acid buffer has been prepared by 
mixing 0.60 dm3 of 0.20 mol dm−3 HCl and 
0.40 dm3 of 0.50 mol dm−3 glycine solutions. 
Calculate the following:

a The pH of the original buffer solution [3]
b The pH of the solution after the addition of 

1 cm3 of 1.0 mol dm−3 HCl solution. [2]
c The pH of the solution after the addition of 

0.40 g of solid NaOH. [1]
Q13 DNA is the molecule that carries genetic 

information in nearly all cells. Two months before 
Watson and Crick published their paper describing 
the double helical nature of DNA in 1953, Linus 
Pauling published a suggested structure for DNA 
based on a triple helix. Pauling’s model soon 
proved to be incorrect; it had the phosphate 
groups facing into the core of the helix and the 
nitrogenous bases facing out.

a Suggest why Pauling’s model would not have 
been a stable structure for DNA. [2]

b DNA has the unusual property of being able 
to replicate. State the type and position of the 
bonds that break at the start of the replication 
process. [1]

Q14  Thymine is one of the four nitrogen-containing 
bases present in DNA.

a Explain how thymine forms part of a 
nucleotide in DNA. [2]

b The four nitrogen-containing bases are 
responsible for the double helix structure of 
DNA. Using the structure of thymine and the 
structure of one of the other bases in the IB 
Chemistry data booklet, draw a diagram to 
explain how thymine is able to play a role in 
forming a double helix. Identify the type of 
interactions between the two bases. [3]

c Describe how the order in which the  
four bases occur in DNA provides the 
information necessary to synthesize proteins 
in the cell. [2]

d It is now possible to purchase a work of art 
made from your own DNA profile. Outline the 
role that restriction enzymes play in making a 
DNA profile. [2]

Paper 3, May 2010, QF4

Q15 The pigment in blueberries is an anthocyanin.

a With reference to the colour wheel (see IB 
Chemistry data booklet) explain how the 
pigment in blueberries causes them to be blue.
 [2]

b State the combination of pH and temperature 
that produces the strongest colour in 
anthocyanins. [1]

Paper 3, November 2010, QF5

Q16 Different conventions are used to classify 
enantiomers. Orange and lemon peel contain 
different enantiomers of the compound limonene. 
One of the enantiomers is represented below.

CH3

C

C
H H

CH3

H

a Identify the chiral centre in this enantiomer 
with an asterisk (*). [1] 

b The (+)-enantiomer has the characteristic 
smell of oranges and the (−)-enantiomer has 
the characteristic smell of lemons. Explain the 
meaning of the (+) and (−) symbols used in this 
notation. [1]

c The R/S notation is also used. The 
(+)-enantiomer is often described as 
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R-limonene and the (−)-enantiomer as 
S-limonene. Explain what is meant by the 
R/S notation and state whether the structure 
shown is R or S. [2]

Q17 a  The rod cells in the retina at the back of the 
eye contain a primary alcohol called retinol 
which is responsible for their sensitivity to 
visible light. Retinol is oxidized by an enzyme-
catalysed reaction to the aldehyde retinal.

O

retinal

i Deduce the molecular formula of retinal 
from its skeletal formula shown above. [1]

ii Suggest the structure of the alcohol retinol 
by completing the skeletal formula below. [1]

retinol (incomplete)

iii Identify a functional group which is present 
in both the retinol and retinal molecules. [1]

iv Outline the reagents and conditions that 
could be used to convert an alcohol to an 
aldehyde in a laboratory. [4]

v Deduce how many moles of hydrogen 
molecules you would expect to react with 
one mole of retinol (in the presence of a 
heated nickel catalyst). [1]

b When light enters the rod cells an enzyme-
catalysed reaction occurs. This changes the 
arrangement around the double bond at 
position 11 from trans to cis, as indicated in 
the structure below.

retinal
trans

O

i Suggest the structure of cis-retinal by 
completing the skeletal formula below. [1]

cis-retinal (incomplete)

cis

ii The cis-retinal covalently to the protein 
opsin to form rhodopsin. Part of the 
mechanism of this reaction is shown below. 
State the name of the functional group on 
opsin which is reacting with the aldehyde 
group on the cis-retinal molecule. [1]

iii State the type of reaction mechanism which 
starts in step 1 and is completed in step 2. [1]

iv Deduce a structure for compound X that 
would be drawn in the box below. [1]

R C

H

O

H2N opsin R C

H

O-

N

H

opsin+

H

H

O

cis-retinal (incomplete)

step 1 
H

step 2 

compound X 

step 3
elimination of
water

R C N

H

opsin

rhodopsin


