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proteins
Amino acids are the building blocks (monomers) of 
which proteins (polypeptides) are made up.  

Simple proteins are linear polymers of 2-amino 
acids. The structural units of proteins are joined 
together by amide linkages (also known as peptide 
bonds) in strict order and orientation.
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proteins
Most proteins contain several hundred to several 
thousand structural units.  

Shorter polymers composed of less than 20 
residues of 2-amino acids are called peptides. 
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proteins
From more than 500 naturally occurring amino 
acids, only 20 are proteinogenic, that is, used by 
living organisms as building blocks of proteins.  

There are approximately a million different proteins 
in the body, and these differ only in the number 
and sequence of amino acids in their chains.
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proteins
The sequence of amino acids determines the 
overall structure (and therefore function) of the 
protein;  

it allows the protein to exist in a particular shape, 
this shape being maintained by bonds and forces 
between the different amino acids in the chain. 
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the structure of proteins�6

automatically forms a precise shape. First, the chain folds or twists itself into 
the secondary structure, which is usually either a helix (coil) or a sheet. 
The secondary structure then folds further to form a tertiary structure. This 
folding happens spontaneously because of intermolecular forces between 
different parts of the chain. Small changes to the primary structure can lead to 
big changes in the tertiary structure, by changing the intermolecular forces. For 
example, changing Glu to Val in haemoglobin’s primary structure makes the 
haemoglobin fibrous and causes sickle cell disease (Section 29.1).

Primary structure
is the order in which
the amino acids are
linked in the chain

Secondary structure
is the coiling or folding
of the primary structure

Tertiary structure
is the folding of the
secondary structure
into the final shape

β-pleated sheet

α-helix

Fig 29.8 The primary, secondary and tertiary structure of a protein

Fig 29.9 The primary structure of insulin, which has two polypeptide chains. The − S − S − links between Cys residues are called disulfide bridges
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Primary structure

Proteins contain anything from 50 to 10 000 amino acids linked by peptide 
bonds. Figure 29.9 shows the primary structure of insulin, the protein which 
regulates sugars in the blood. Insulin has a relatively simple structure with 51 
amino acid residues. Because the amino acids in the polypeptide chain have 
eliminated an H2O molecule in forming each peptide link, they are called 
amino acid residues.

Secondary structure

Primary structures usually fold themselves into one of two secondary structures.

The α-helix (Figure 29.10) is a tight coil with the R groups sticking out from 
the coiled polypeptide chain. The coil is held together by hydrogen bonding 
between NH and CO groups along the polypeptide chain.

The β-pleated sheet is a flat sheet made from polypeptide chains lying 
alongside each other and held together by hydrogen bonds.

To simplify things when structures are drawn, chemists often use the simplified 
shorthand representations in Figure 29.11 to represent the α-helix and the 
β-sheet.

DEFINITIONS
Primary structure is the order of 
amino acids in a protein chain. 

Secondary structure is the 
coiling or folding of chains into a 
helix or sheet.

Tertiary structure is the folding 
of helices and sheets into the final 
shape.
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the structure of proteins
The order of amino acids along the polypeptide chain 
of a protein is described as its primary structure. 

Once the primary structure has formed, the protein 
chain automatically forms a precise shape. First, the 
chain folds or twists itself into the secondary structure, 
which is usually either a helix (coil) or a sheet.
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the structure of proteins
The secondary structure then folds further to form 
a tertiary structure.  

This folding happens spontaneously because of 
intermolecular forces between different parts of 
the chain. 
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the structure of proteins
Primary structure is the order of amino acids in a 
protein chain.  

Secondary structure is the coiling or folding of 
chains into a helix or sheet.  

Tertiary structure is the folding of helices and sheets 
into the final shape. 
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primary structure
The exact sequence of amino acid residues joined 
together by peptide linkages is known as the 
primary structure of a protein.  

Gly–Lys–Cys–Gly–Ser–Ala–Ala 
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secondary structure
Primary structures usually fold themselves into one 
of two secondary structures.  

The α-helix is a tight coil with the R groups sticking 
out from the coiled polypeptide chain. The coil is 
held together by hydrogen bonding between NH 
and CO groups along the polypeptide chain. 
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α-helix�12

267Proteins

An amino acid in a peptide chain is called a residue. Thus, aspartame has the 
residues of phenylalanine and aspartic acid.

Natural proteins are polypeptides formed by condensation polymerisation of 
many amino acids. Bovine insulin has 51 amino acids in one specifi c sequence. The 
number of diff erent ways of arranging these 51 amino acids is about the same as 
there are atoms in the whole of the Milky Way galaxy, but only one way produces 
insulin. 

The peptide bond in proteins and dipeptides can be hydrolysed by heating under 
refl ux with dilute sulfuric acid. The amino acids can then be separated by thin-layer 
chromatography.

It is remarkable that so few mutations occur to produce rogue polypeptides. 
However, sickle cell anaemia is a hereditary disease that results when two glutamic 
acid molecules (one in each ȕ-polypeptide sequence in haemoglobin) are replaced 
by valine molecules. The resulting haemoglobin molecule is a much poorer oxygen 
carrier, which tends to shorten the life of the suff erer. However, this mutation does 
provide protection against malaria, and the gene is passed on from generation to 
generation, in regions where malaria is endemic.

Structure of proteins
The primary structure is the order of the amino acids in the chain. This is specifi c 
to the protein. However, the peptide chains are not randomly arranged like a pile 
of spaghetti. They are organised into a secondary structure, of which there are 
two types:

● Į-helix — the peptide is coiled in a spiral and the structure held together by 
intramolecular hydrogen bonds between one group in one part of the chain and 
another group four residues away along the chain. There are also ionic bonds 
between the residues of basic and acidic amino acids. Myoglobin is an example of 
a protein with an Į-helical structure (Figure 11.26).

● ȕ-pleated sheet — the polypeptide chains are almost fully extended and are 
held by hydrogen bonds to other polypeptide chains (Figure 11.27). The result 
is rather like a stack of corrugated cardboard. Silk has this structure. A thread of 
silk is strong because of the many intermolecular hydrogen bonds between its 
polypeptide chains.

 False-colour scanning 
electron micrograph of normal 
red blood cells (rounded) and 
sickle cells (crescent-shaped)

Tip
Nylon is a polyamide 
in which all the pairs of 
residues are identical. Its 
secondary structure is a 
ȕ-pleated sheet, which is 
why nylon is so strong.
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β-sheets
The β-pleated sheet is a flat sheet made from 
polypeptide chains lying alongside each other and 
held together by hydrogen bonds. 

�13

β-sheets�14
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secondary structure�15
Tertiary structure

Most proteins contain a combination of helixes and sheets, folded together into 
a tertiary structure with the exact final shape. Figure 29.12 shows the tertiary 
structure of insulin.

The tertiary structure of a protein is held together in the correct shape by a 
combination of:

• hydrogen bonds,

• permanent dipole and induced dipole attractions,

• ionic attractions between COO– and NH3
+ on the R side groups,

• disulfide (− S − S −) bridges between neighbouring Cys residues.

These bonds work together to stabilise the protein in exactly the right shape. 
It is a delicate balance which is easily upset, particularly by changes in pH and 
temperature. When this happens, the protein loses its correct shape, becomes 
denatured and no longer works as it should.

The turns of the
helix are held
together by
hydrogen bonds
between C = O
and N − H groups
in the peptide
links. Each turn
has 3–4 hydrogen
bonds holding it
to the next turn

C

 −
 

 =
 

O

N
H

Fig 29.10 The α-helix. α means that the helix 
turns to the right

Fig 29.11 Shorthand representations used for 
the α-helix and β-pleated sheet

Shorthand representation

β-pleated
sheet

α-helix

Shorthand representation

Fig 29.12 A computer-generated model of a protein from the Spanish Flu virus, the virus 
responsible for the disastrous flu pandemic in 1918. This model uses the shorthand notation shown 
in Figure 29.11

Sometimes, several protein molecules cluster together to form a quaternary 
structure. For example, under physiological conditions, insulin molecules 
usually cluster together in groups of six, called insulin hexamers.

Proteins fall into two main classes as far as their overall shape and properties are 
concerned.

• Fibrous proteins such as keratin in hair and collagen in muscle.

• Globular proteins, which are folded compactly and often dissolve in water. 
Enzymes are globular proteins.

Understanding protein structure

Understanding the three-dimensional structure of a protein molecule is very 
important, because it helps scientists to explain how the protein functions and 
how it is valuable in the treatment of diseases. For example, careful analysis of 
the structure of haemoglobin in people with sickle cell disease revealed that it 
had a Val where a Glu should be. This led to an understanding of the mistake 
in the DNA coding in the gene that codes for haemoglobin.

Fig 29.13 A hedgehog’s sharp spines are 
made from keratin, a protein whose secondary 
structure is made almost entirely from 
α-helices. Human hair is also made from 
keratin
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tertiary structure 
While the secondary structure of proteins is 
stabilized exclusively by the hydrogen bonds 
between peptide linkages, the side-chains of 
amino acid residues can also participate in various 
types of intra- and intermolecular interactions.

�16

tertiary structure �17

Synthetic polyamides
Certain synthetic polymers, 
such as nylon and Kevlar, 
belong to the class of 
polyamides and closely 
resemble proteins. Like 
proteins, synthetic polyamides 
have a primary structure 
of repeating units joined 
together by amide (peptide) 
linkages. In addition, most 
polyamides have a highly 
regular secondary structure 
stabilized by hydrogen bonds 
between amide linkages of 
adjacent polymeric chains. 
Multiple hydrogen bonds in 
Kevlar are largely responsible 
for the exceptional mechanical 
strength of this polymer, which 
is five times stronger than steel 
of the same mass and therefore 
used for making personal 
armour and sports equipment. 
The structures and properties 
of synthetic polyamides are 
discussed in sub-topic A.9

Interactions between side-chains: Tertiary 
structure
While the secondary structure of proteins is stabilized exclusively 
by the hydrogen bonds between peptide linkages, the side-chains of 
amino acid residues can also participate in various types of intra- and 
intermolecular interactions. For example, two non-polar or slightly 
polar side-chains (such as –CH2CH(CH3)2 in leucine or –CH2C6H5 in 
phenylalanine) can interact via weak van der Waals’ forces (sub-
topic 4.4) while oppositely charged ionized groups (such as –CH2–COO- 
in aspartic acid and –(CH2)4NH3

+ in lysine) can experience electrostatic 
attraction and form ionic bonds. Hydrogen bonds are often formed 
between non-ionized hydroxyl and/or amino groups (such as  
–CH2–C6H4–OH in tyrosine and the heterocyclic fragment –C3H3N2 in 
histidine). Finally, covalent bonds can also be formed between certain 
functional groups of the side-chains. This includes additional peptide 
linkages between carboxyl and amino groups, ester bonds between 
carboxyl and hydroxyl groups, and disulfide bridges between two –SH 
groups of cysteine residues.
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 Figure 6 Interactions between side-chains of amino acid residues in proteins

The interactions between side-chains of amino acid residues can cause 
additional folding of the protein molecule, which leads to a specific 
arrangement of α-helices and β-sheets relative to one another. The 
resulting three-dimensional shape of a single folded protein molecule 
is known as its tertiary structure. Under physiological conditions, 
tertiary structures of most proteins are compact globules with non-
polar (hydrophobic) side-chains buried inside and polar groups facing 
outwards. Such globular proteins are readily soluble in water and 
easily transported by biological fluids. Globular proteins often act 
as biological catalysts (enzymes), chemical messengers (hormones), 
or carriers of physiologically active molecules. In contrast, fibrous 
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412 28  The chemistry of life

Tertiary structure
Th e tertiary structure involves further folding of the 
polypeptide chain. Th e complex 3-dimensional shape is 
stabilised by:
• disulfi de bridges – these are covalent ( S S ) bonds
• weak van der Waals’ forces
• relatively weak hydrogen bonds
• ionic bonds (salt bridges).
Disulfi de bridges are usually found in proteins which 
function outside the body cells; for example, digestive 
enzymes. Th e bonds are formed by oxidation of two 
cysteine residues.

Disulfi de bridges can be formed within the same 
polypeptide chain or between diff erent polypeptide 
chains. Th e disulfi de bridges help maintain the tertiary 
structure by ‘locking’ the polypeptide chains in place.

Proteins may have a mixture of secondary structures
Regions of regular secondary structure occur in many 
proteins. Figure 28.12 shows a computer graphic of 
pepsin, a digestive enzyme found in the stomach.
Th e structure of pepsin has:
• α-helical regions (represented by the cylindrical rods)
• β-pleated regions (represented by arrows).
Between the regions of secondary structure there are 
bends (β turns) and apparently randomly coiled regions.

A third type of secondary structure is found in collagen (an 
important structural protein found in skin, bones, hair, etc.). 
Collagen consists of a triple-stranded helix. About one-third 
of the amino acid residues in each strand are glycine. There is 
also a considerable amount of proline.

Fact fi le

Figure 28.11 A β-pleated sheet in silk. The hydrogen bonds are formed 
between separate polypeptide chains.

nitrogen
atom

carbon
atom

oxygen
atom

hydrogen
atom

Figure 28.12 A computer graphic model of the structure of pepsin.

Figure 28.13 A diagram illustrating the nature of the interactions 
responsible for protein tertiary structure. The forces and bonds stabilising 
the tertiary structure have been shown in exaggerated size.
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tertiary structure 
For example, two non-polar or slightly polar side-
chains (such as –CH2CH(CH3)2 in leucine or –
CH2C6H5 in phenylalanine) can interact via weak 
van der Waals’ forces.
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tertiary structure 
Oppositely charged ionized groups (such as –CH2–
CO2— in aspartic acid and –(CH2)4NH3+ in lysine) can 
experience electrostatic attraction and form ionic 
bonds.  

Hydrogen bonds are often formed between non-
ionized hydroxyl and/or amino groups. 
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tertiary structure 
Covalent bonds, like disulfide bridges, can also be 
formed between between two –SH groups of 
cysteine residues. 
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tertiary structure �22
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hydrogen bonds between the carbonyl C=O of one peptide bond and 
the NH of the peptide bond four amino acids below it. These hydrogen 
bonds are known as intramolecular hydrogen bonds, as they exist 
between atoms within the same peptide chain.

I]Z�C"eaZViZY�h]ZZi
C-pleated sheets consist of two or more stretches of amino acids in which 
the polypeptide chain is almost fully extended – they take on a pleated 
appearance, hence the name. Intramolecular hydrogen bonds form 
between a C=O on one strand and an NH on an adjacent strand, which 
stabilises the structure.

IZgi^Vgn�higjXijgZ�d[�egdiZ^ch
Each polypeptide molecule has a specifi c three-dimensional shape, and 
this is known as the tertiary structure of the protein. The tertiary 
structure exists because of a number of interactions between R groups 
(side chains) of amino acids in the polypeptide chain (Figure B10), which 
hold the polypeptide in a particular shape. These interactions include:
r� hydrogen bonds between amino acids bearing side chains containing, 

for example, OH and N
r� van der Waals’ forces between amino acids bearing hydrophobic/

non-polar side chains
r� electrostatic forces/ionic bonds between, for example, COO− and 

NH3
+ containing side chains

r� disulfi de bonds (bridges): covalent S–S bonds formed by the 
oxidation of sulfhydryl (SH) groups within two cysteine residues.

The function of the protein depends on its shape, and the shape of the 
protein depends on the interactions formed between the amino acids in 
the polypeptide chain.
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The precise sequence of amino 
acids is vital to the function 
of the protein – changes in 
the sequence can result in loss 
of important interactions and 
therefore a change in the overall 
shape.

Tertiary structure

Most proteins contain a combination of helixes and sheets, folded together into 
a tertiary structure with the exact final shape. Figure 29.12 shows the tertiary 
structure of insulin.

The tertiary structure of a protein is held together in the correct shape by a 
combination of:

• hydrogen bonds,

• permanent dipole and induced dipole attractions,

• ionic attractions between COO– and NH3
+ on the R side groups,

• disulfide (− S − S −) bridges between neighbouring Cys residues.

These bonds work together to stabilise the protein in exactly the right shape. 
It is a delicate balance which is easily upset, particularly by changes in pH and 
temperature. When this happens, the protein loses its correct shape, becomes 
denatured and no longer works as it should.

The turns of the
helix are held
together by
hydrogen bonds
between C = O
and N − H groups
in the peptide
links. Each turn
has 3–4 hydrogen
bonds holding it
to the next turn

C

 −
 

 =
 

O

N
H

Fig 29.10 The α-helix. α means that the helix 
turns to the right

Fig 29.11 Shorthand representations used for 
the α-helix and β-pleated sheet

Shorthand representation

β-pleated
sheet

α-helix

Shorthand representation

Fig 29.12 A computer-generated model of a protein from the Spanish Flu virus, the virus 
responsible for the disastrous flu pandemic in 1918. This model uses the shorthand notation shown 
in Figure 29.11

Sometimes, several protein molecules cluster together to form a quaternary 
structure. For example, under physiological conditions, insulin molecules 
usually cluster together in groups of six, called insulin hexamers.

Proteins fall into two main classes as far as their overall shape and properties are 
concerned.

• Fibrous proteins such as keratin in hair and collagen in muscle.

• Globular proteins, which are folded compactly and often dissolve in water. 
Enzymes are globular proteins.

Understanding protein structure

Understanding the three-dimensional structure of a protein molecule is very 
important, because it helps scientists to explain how the protein functions and 
how it is valuable in the treatment of diseases. For example, careful analysis of 
the structure of haemoglobin in people with sickle cell disease revealed that it 
had a Val where a Glu should be. This led to an understanding of the mistake 
in the DNA coding in the gene that codes for haemoglobin.

Fig 29.13 A hedgehog’s sharp spines are 
made from keratin, a protein whose secondary 
structure is made almost entirely from 
α-helices. Human hair is also made from 
keratin
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29.3 The structure of proteins

tertiary structure 
The tertiary structure of a protein is held together by:  
• hydrogen bonds, 
• permanent dipole and induced dipole attractions, 
• ionic attractions between CO2— and NH3+ on the R 
side chains, 
• disulfide (− S − S − ) bridges between 
neighbouring Cys residues. 
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tertiary structure 
These bonds work together to stabilise the protein 
in exactly the right shape.  

Understanding the three-dimensional structure of a 
protein molecule (tertiary structure) is very 
important, because it helps scientists to explain 
how the protein functions.
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tertiary structure 
Most proteins contain a combination of helixes and 
sheets, folded together into a tertiary structure with 
the exact final shape.

�25



enzymes
Enzymes are biological catalysts which are far more 
efficient than most inorganic catalysts.  

Enzymes are also highly specific, meaning that they 
catalyse only one type of reaction with a specific 
type of reactant, called the substrate.

�26

lock & key
The lock and key model is a simple explanation of 
enzyme action.

�27

Protein deficiency
Proteins are the main source of 
amino acids and so they must 
be present in a healthy diet 
in sufficient quantities (sub-
topic B.4). Protein deficiency 
causes various diseases 
that are widespread in many 
developing countries. One of 
these diseases, kwashiorkor, 
is characterized by a swollen 
stomach, skin discoloration, 
irritability, and retarded growth.

The efficiency of enzymes greatly exceeds the catalytic power of 
synthetic catalysts. Some enzymes can accelerate reactions as much 
as 1016 times, so chemical transformations that would normally take 
millions of years proceed in milliseconds in living organisms. At the 
same time, every enzyme is very specific and catalyses only one or few 
chemical reactions. This allows enzymes to operate with high precision 
and distinguish between very similar reactants such as the amino acids 
valine, leucine, and isoleucine.

Molecules that are modified by enzymes are called substrates. Enzymes 
are large molecules, and the substrate interacts with a relatively small 
region of the enzyme known as the active site. The catalytic process 
begins when the substrate comes into close proximity with the active site. 
If the substrate and the active site have complementary structures and 
correct orientations, a chemical “recognition” occurs and an enzyme–
substrate complex is formed. Multiple intermolecular interactions in 
this complex distort and weaken existing chemical bonds in the substrate, 
making it more susceptible to certain chemical transformations within 
the active site. The catalytic cycle completes when the reaction product 
detaches from the enzyme, leaving the active site available for the next 
substrate molecule.

The above description is a variation of the “lock-and-key model” 
(figure 11) developed in 1894 by the Nobel laureate Emil Fisher. According 
to modern views, the active site and the substrate molecule do not fit 
exactly and change their shapes slightly during the catalytic processes. This 
theory, known as the “induced fit model” (sub-topic B.7), suggests that 
the initial enzyme–substrate interactions are relatively weak but sufficient 
to induce the conformational changes in the active site that strengthen 
the binding.

active
site

substrate

enzyme enzymeenzyme–substrate
complex

enzyme–product
complex

products

 Figure 11 The “lock-and-key” model of enzyme catalysis

Like all catalysts, enzymes cannot change the equilibrium position of 
the chemical reactions they catalyse. However, by providing alternative 
reaction pathways with low activation energies (sub-topic 16.2), 
enzymes facilitate the transfer of energy between different biochemical 
processes and thus allow the equilibrium of one reaction to be affected 
by another. In the human body, the energy required for anabolic 
processes is usually supplied by the hydrolysis of ATP (sub-topic B.8).

The efficiency of an enzyme as a biological catalyst depends on the 
configuration and charge of its active site, which are very sensitive 
to pH and temperature. The amino acid residues of both the enzyme 
backbone and the active site contain ionizable side-chains that undergo 
reversible protonation or deprotonation. Any change in pH affects 
the charges of these side-chains and their ability to form ionic and 
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B . 2  P R O T E I N S  A N D  E N Z Y M E S

lock & key
Enzymes have a precise molecular shape.  

The enzyme has a particular location on its surface, 
called the active site, into which molecules of 
substrate fit exactly.

�28

In this section you will learn to:

• Describe what a biological 
enzyme is and does

• Show by use of diagrams how 
proteins interact with enzymes

• Describe different methods of 
inhibiting enzyme activity 

Insulin was the first protein to have its primary structure determined, by 
Frederick Sanger in 1958. But it was another 11 years before Dorothy Hodgkin 
worked out the tertiary structure of insulin using X-ray crystallography 
(Section 4.8). Once the primary and tertiary structures of insulin were known, 
it became possible to develop new treatments for diabetes using modified 
forms of insulin.

Today, the tertiary structures of proteins can be worked out much more 
quickly, using automated X-ray crystallography to map the density of electrons 
in a crystal of the protein. Nuclear magnetic resonance, NMR (Section 13.8) is 
used to find the positions of C and H atoms in the structure. Because proteins 
are so complex, the X-ray and NMR measurements give enormous amounts 
of data. These measurements are processed by powerful computers which 
then draw a three-dimensional representation of the structure, like the one 
shown in Figure 29.12. Protein structures can also be predicted from the primary 
structure, using computer programs that work out which groups on the protein 
chain will interact with one another.

3 Suggest reasons for the 
following:

a Most enzymes stop working 
above about 50 °C.

b Fibrous proteins like keratin 
are made almost completely 
of α-helices (Figure 29.13).

c Albumen, a globular protein 
found in egg white, sets into 
an insoluble white solid when 
the egg white is heated.

Q U E S T I O N

Enzymes are biological catalysts which are far more efficient than most 
inorganic catalysts. Enzymes are also highly specific, meaning that they catalyse 
only one type of reaction with a specific type of reactant, called the substrate. 
Catalase, for example, which is an enzyme that destroys toxic hydrogen 
peroxide, can decompose 100 000 molecules of hydrogen peroxide every 
second, but it has no effect on other compounds.

Enzymes are usually named using the suffix -ase, and the name also often refers 
to the substrate – for example glucose oxidase catalyses the oxidation of glucose.

As well as being the key to all life processes, enzymes are increasingly used in 
industry. For example, papain, an enzyme extracted from papaya fruit which 
breaks down proteins, is used to tenderise meat. Amylases, enzymes which 
break down starch, are used to turn corn starch into a sugary syrup.

The lock and key model is a simple explanation of enzyme action. Like all 
proteins, enzymes have a precise molecular shape. The enzyme has a particular 
location on its surface, called the active site, into which molecules of substrate 
fit exactly (Figure 29.14). This is an example of molecular recognition, where one 
molecule recognises another by its shape. The active site is shaped exactly to fit 
the particular shape of the substrate molecule, but no other. An enzyme may 
have more than one active site.

Enzymes29.4

Enzyme Substrate Enzyme–substrate
complex

Enzyme–product
complex

Enzyme Products

Active
site

Fig 29.14 The lock and key model of enzyme action. The exact shape of the substrate and the active site depend on the enzyme and 
substrate involved
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Proteins and DNA

lock & key
The active site is shaped exactly to fit the particular 
shape of the substrate molecule, but no other. An 
enzyme may have more than one active site. 

The substrate binds to the active site by 
intermolecular attractions such as hydrogen 
bonding.

�29

lock & key
This weakens bonds in the substrate so they break 
more easily, or it may bring atoms in the substrate 
into the correct configuration for reaction.  

The substrate is converted to products at the active 
site, which then leave the enzyme, so it is free to 
accept another substrate molecule. 
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lock & key
Locks and keys are complementary structures and 
this would also explain enzyme specificity. Only 
one substrate will fit into the active site, just as only 
one key fits a lock.

�31

DNA
DNA molecules consist of two polynucleotide 
strands in which each nitrogenous base from one 
strand forms a complementary pair with a 
nitrogenous base from another strand. 
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DNA
The double-helix shape of 
the DNA molecule is 
stabilized by hydrogen 
bonds between 
complementary nitrogenous 
bases.
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Remember that proteins are 
made up of a specifi c sequence 
of amino acids (called the 
primary structure). This sequence 
gives the protein its shape and 
therefore its function, and it is 
the sequence of nucleotide 
bases within each gene that 
dictates the primary structure 
of the protein produced. In 
other words, the information 
for the structure of each protein 
is carried in the sequence of 
nucleotide bases within the 
particular gene.

protein. It is these proteins produced by the cell that carry out the 
thousands of biochemical processes that are responsible for life.

For a cell to produce a protein, the gene must fi rst undergo a process 
called transcription. This occurs in the nucleus, and the fi rst step in this 
process is the unwinding and separation of the two strands of DNA on 
which the gene is situated. In a similar manner to DNA replication, this 
exposes the nucleotide bases of the gene and allows the bases on one of 
the DNA strands to be used as a template.

Transcription diff ers to DNA replication, however, in that only one 
strand of DNA is used as a template and the complementary strand 
produced is a ribonucleic acid called messenger RNA (mRNA). The 
complementary strand of mRNA is built up through complementary 
RNA nucleotides (called ribonucleotides) forming base pairs with 
the exposed bases of the DNA template. Guanine pairs with cytosine 
and adenine pairs with uracil (not thymine, as in DNA). As each 
ribonucleotide comes in and forms a base pair, it is joined covalently to 
the growing mRNA chain by a phosphodiester link. This results in the 
production of a strand of mRNA that has the complementary sequence 
of bases to the gene of the DNA template strand. This mRNA then leaves 
the nucleus and enters the cytoplasm, where it takes part in the second 
process to produce a protein, known as translation.

=A

Translation is the process of 
protein synthesis in which the 
code held in the sequence of 
bases of the mRNA is translated 
into the sequence of amino acids 
(primary structure) of the protein.

DNA�34

422 28  The chemistry of life

Th e bases on one strand always link to a particular 
base on the other strand. We say they form 
complementary base pairs.

You do not have to know the detailed structure of 
the bases. Th ey can be represented by blocks, as in 
Figure 28.31.
Th e structure of DNA is kept stable by
• hydrogen bonds between the base pairs
• van der Waals’ attractive forces between one base pair 

and the next.

Figure 28.32 shows the hydrogen bonding between the base pairs 
in DNA in more detail. You can see that the hydrogen bonding is not 
as regular as indicated in Figure 28.31. In reality, the bases pairs on 
each strand are not completely in line with each other; rather they 
are slightly twisted out of line. This allows the DNA double helix to 
be able to bend, rather than being a straight rod-like structure.

Figure 28.32 The detailed structure of part of a DNA molecule, 
showing the hydrogen bonding between the base pairs.

P P

P
P

CH2

CH2
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O

O
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Fact fi le

Only about half the material in chromosomes is DNA. The rest 
is made up of proteins called histones. Histones contain a large 
number of basic amino acid residues. About one in every four 
residues is lysine or arginine. Positively charged basic amino 
acid residues may help overcome repulsions between the 
negatively charged phosphate groups in the DNA backbone. 
In the chromosomes, the double helices of DNA are wound 
round a core of histones to form a superhelix.

Fact fi le

7 Th e diagram below represents the basic 
chemical unit from which DNA is formed.

Y

X
base

a State the name of:
i the whole unit
ii X
iii Y

b Name the four nitrogen-containing bases 
present in DNA.

8 a  Representing the nitrogen-containing 
bases by ‘B’, sugars by ‘S’ and phosphate 
groups by ‘P’, show how these are linked 
in a short length of double-stranded 
DNA. Use full lines (——) to show 
covalent bonds and dots (•••) to show 
hydrogen bonds.

b i  How do the two backbones in 
DNA diff er?

ii State how this diff erence is shown 
on diagrams of DNA.

Check-up

Figure 28.31 a Part of the DNA double helix. b An outline structure of 
DNA, showing base pairing. The chain has been ‘straightened out’ to 
make the base pairing clearer.
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expressed in the synthesis of proteins.
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When a cell divides to form two new cells, it needs 
to pass on an exact copy of the DNA in its nucleus.   

So DNA must have a mechanism for making exact 
copies of itself. This is where the ‘double helix’ 
structure of DNA comes in.

�37

dna replication
The two helices are held together by hydrogen 
bonds between pairs of neighbouring bases.  

As a cell divides into two, the two coils of DNA 
separate, and the two halves quickly build a new 
matching coil alongside each separated coil.

�38

dna replication
the two halves quickly 
build a new matching coil 
alongside each separated 
coil. 

Two new double helices 
are produced.
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Remember that proteins are 
made up of a specific sequence 
of amino acids (called the 
primary structure).This sequence 
gives the protein its shape and 
therefore its function, and it is 
the sequence of nucleotide 
bases within each gene that 
dictates the primary structure 
of the protein produced. In 
other words, the information 
for the structure of each protein 
is carried in the sequence of 
nucleotide bases within the 
particular gene.

protein. It is these proteins produced by the cell that carry out the 
thousands of biochemical processes that are responsible for life.

For a cell to produce a protein, the gene must first undergo a process 
called transcription.This occurs in the nucleus, and the first step in this 
process is the unwinding and separation of the two strands of DNA on 
which the gene is situated. In a similar manner to DNA replication, this 
exposes the nucleotide bases of the gene and allows the bases on one of 
the DNA strands to be used as a template.

Transcription differs to DNA replication, however, in that only one 
strand of DNA is used as a template and the complementary strand 
produced is a ribonucleic acid called messenger RNA (mRNA).The 
complementary strand of mRNA is built up through complementary 
RNA nucleotides (called ribonucleotides) forming base pairs with 
the exposed bases of the DNA template. Guanine pairs with cytosine 
and adenine pairs with uracil (not thymine, as in DNA).As each 
ribonucleotide comes in and forms a base pair, it is joined covalently to 
the growing mRNA chain by a phosphodiester link.This results in the 
production of a strand of mRNA that has the complementary sequence 
of bases to the gene of the DNA template strand.This mRNA then leaves 
the nucleus and enters the cytoplasm, where it takes part in the second 
process to produce a protein, known as translation.

=A

Translation is the process of 
protein synthesis in which the 
code held in the sequence of 
bases of the mRNA is translated 
into the sequence of amino acids 
(primary structure) of the protein.

dna replication�40

complementary to existing DNA strands and therefore produce 
two identical copies of the original DNA molecule (figure 11). 
Finally, the replication process is terminated either by a certain 
sequence in the DNA or by the action of proteins that bind to specific 
DNA regions.
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 Figure 11 DNA replication

Transcription
A mechanism similar to replication is used when an RNA molecule 
is created from a DNA template in a process called transcription. 
During transcription a DNA sequence is read by an RNA polymerase, 
which produces an RNA molecule complementary to an existing DNA 
strand. In contrast to the original DNA, the resulting RNA molecule 
contains ribose sugar (instead of deoxyribose in DNA) and uracil 
nitrogenous base (instead of thymine in DNA). In addition, RNA 
molecules usually exist as single polynucleotide strands with various 
three-dimensional configurations. The exact shape of an individual 
RNA molecule, known as its secondary structure, is determined 
by hydrogen bonds between complementary nitrogenous bases from 
different regions of the same strand.

Each type of nucleic acid plays its own role in heredity. DNA resides 
in chromosomes, stores genetic information, and acts as a template 
from which this information is copied to RNA. The resulting RNA 
molecules transfer the genetic information from chromosomes to 
other regions of the cell and in turn are used as templates for protein 
synthesis. The latter process is known as translation and occurs 
in ribosomes, which are the largest and most complex molecular 
machines in cells. All living organisms use the same genetic 
code (table 2) that allows ribosomes to translate three-nucleotide 
sequences (triplets, or codons) into sequences of amino acid 
residues in polypeptide chains.

Mutations and genetic 
diseases
Many genetic diseases such as 
phenylketonuria (sub- 
topic B.2), sickle-cell anemia 
(sub-topic B.9), and colour 
blindness may be caused by a 
single mismatched nucleotide in 
the DNA sequence (a so-called 
point mutation), which in turn 
leads to the expression of a 
protein with a single incorrect 
amino acid. In other cases a stop 
codon (table 2) might appear in 
the middle of a polynucleotide 
sequence, interrupting protein 
synthesis earlier than expected. 
Incomplete or altered proteins 
cannot perform their normal 
biological functions and may 
lead to various health conditions 
or morphological changes in the 
organism. Point mutations can 
occur spontaneously or be 
caused by UV light, ionizing 
radiation, free radicals, and 
certain chemical compounds 
known as mutagens.
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