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Get the most from this book

Welcome to the AQA A-level Biology Year | Student’s Book. This book
covers Year 1 of the AQA A-level Biology specification and all content for
the AQA AS Biology specification.

The following features have been included to help you get the most from
this book.

Prior knowledge
This is a short list of topics that

you should be familiar with before
starting a chapter. The questions
will help to test your understanding.
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Key terms and formulae
These are highlighted in the text and
definitions are given in the margin
to help you pick out and learn these
important concepts.

-

Test yourself questions

These short questions, found
throughout each chapter, are useful
for checking your understanding as
you progress through a topic.

Tips
These highlight important facts,
common misconceptions and

signpost you towards other relevant
topics.
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Activities and Required —

practicals Sigrre-. SiSttee P
These practical-based activities e e L e
will help consolidate your learning Sl e mm———
and test your practical skills. AQAs e ol e T o
required practicals are clearly : ey ' [Py

|
I
-ﬁ.“_&‘

yooqsiyy woif 3sow ay 30D

highlighted. T

Practice questions

You will find Practice questions at the end of every chapter. These

follow the style of the different types of questions you might see in your
examination, including multiple-choice questions, and are colour coded to
highlight the level of difficulty. Test your understanding even further, with
Maths questions and Stretch and challenge questions.

" Green — Basic questions that everyone should be able to answer without
difficulty.
Orange — Questions that are a regular feature of exams and that all
competent candidates should be able to handle,

(i

B Purple — More demanding questions which the best candidates
should be able to do.

F3

Stretch and challenge — Questions for the most able candidates to test
their full understanding and sometimes their ability to use ideas in
a novel situation.

Extension \
Throughout the book you will

also find Extension boxes, which e
contain extra material to deepen 7
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Dedicated chapters for developing your Maths and Practical skills and
Preparing for your exam can be found at the back of this book.
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PRIOR KNOWLEDGE

Before you start, make sure that you are confident in your knowledge and
understanding of the following points.

@ Carbohydrates, fats and proteins are used by the body as fuels and
to build cells.

@ Many small molecules [monomers] can join together to form very
large molecules [polymers).

® Protein molecules are made up of long chains of amino acids.

@® They are folded to produce a specific shape that enables other
molecules to fit into the protein.
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TEST YOURSELF ON PRIOR KNOWLEDGE
1 Name the process in which molecules such as carbohydrates are
used by the body as fuels.

2 Proteins are polymers. Name the monomer from which they are
made.

3 Explain the difference between an atom and a molecule.
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Molecules make up living organisms

You may think that

living things -are all very
different from each other,
and in some ways they

are. But when you study
them in detail, you find
that all living things are
fundamentally alike. They
are all made of cells, and
the molecules they are
made from are the same,
so at this level living things
are remarkably similar

to each other. These
fundamental similarities are
explained by evolutionary
theory: it is thought that
all living things share a
common ancestor.

Figure 1.1 All living things are fundamentally alike
when you look at the molecules they are made from.
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TIP

Water is the most common
molecule in cells and its
properties are extremely
important for life on Earth. You
will find out about the properties
of water in Chapter 10 on mass
transport in plants.

Condensation When one monomer joins to

another and a water molecule is removed.

Hydrolysis When water molecules are
added in the process of breaking bonds
between molecules, for example when
breaking a polymer into monomers.

A
Condensation Hydrolysis
linked with the broken down with
rernoval of a the addition of a

molecule of water molecule of water

S,

Figure 1.2 Monomers join together by
condensation to form a polymer. This
diagram shows two monomers joining
together. When a large number of

monomers are joined like this, we get a
polymer. A polymer can be broken down

into its monomers by hydrolysis.

(p—

Large and small molecules

The food we buy in a supermarket may be processed but, whether it is

a pizza or peanut butter, it has been derived from living organisms. It
contains substances that once made up those organisms, although maybe
not in the same proportions. Three groups of these substances are very
important in our diet. They are carbohydrates, proteins and lipids, and
they all contain carbon. We describe the molecules of substances in
these groups as being organic molecules. All other carbon-containing
substances that were once in living organisms are also organic molecules.

Carbon atoms are unusual because they can form four chemical bonds.
They can bond with other carbon atoms and with atoms of other elements.
The carbon atoms can join in long, straight chains or in branched chains.
Many of the organic molecules found in living organisms are very large in
size and are known as macromolecules. Macromolecules are built up from
much smaller molecules. In many macromolecules these small building
blocks are called monomers and they may be identical or similar to each
other. Several monomers join together to form a polymer.

Look at Figure 1.2. It shows how two monomers join together by a chemical
reaction called condensation, in which a molecule of water is formed. This
water molecule is made up of a hydrogen atom (-H) that is removed from
one of the two monomers, and a hydroxyl (-OH) group from the other.
Because parts of the molecules have been removed (to form water), we refer
to the larger parts that remain as residues. Joining a lot of monomer residues
in this way produces a polymer.

Polymers may be broken down to the monomers that formed them by
hydrolysis. This reaction is the opposite of condensation, because it
adds —H and —OH from a molecule of water (see Figure 1.2).

TIP

There are numerous examples of molecules joining together by
condensation in biology. Many of them are polymers, but many
more are not.

| O

Carbohydrates
A carbohydrate molecule contains carbon, hydrogen and oxygen. It has

twice as many hydrogen atoms as oxygen atoms — the same proportion as
in water. Carbohydrates are divided into three main types:

® Monosaccharides are single sugars. Different monosaccharides contain
different numbers of carbon atoms. Most of those that are important in
our food, such as glucose, fructose and galactose, contain six carbon
atoms.

® Disaccharides are carbohydrates that contain two monosaccharides
joined together. Sucrose, maltose and lactose are disaccharides.

® Polysaccharides are very large molecules and contain many
monosaccharides. Starch is a polysaccharide.



Figure 1.3 Most of the carbohydrate that
we eat comes from plants. This crop is
sugar cane, a plant that stores sucrose
in its stem. The carbohydrate stored by
other food plants such as potatoes and
cereals is starch.

Condensation

Y
Maltose

HO 0 OH

Glycosidic
bond
Figure 1.5 Two a-glucose molecules join

together by condensation to give a
molecule of the disaccharide maltose.

Glycosidic bond A chemical bond formed
as the result of condensation between two
monosaccharides.

Reduction is gain of electrons or hydrogen.

Glucose and other sugars

Glucose is a monosaccharide, so it is a single sugar. Its molecular formula
is CgH1706. This formula simply tells us how many atoms of each element
there are in each glucose molecule.

Now look at the structural formulae shown in Figure 1.4. They show a
molecule of a-glucose and a molecule of B-glucose. Count each type of
atom in diagram (a). There are 6 carbon atoms, 12 hydrogen atoms and

6 oxygen atoms, equal to the numbers of different atoms shown by the
molecular formula, CgH;,;0¢. This diagram also shows you how the atoms
are arranged.

All glucose molecules have the same formula, CgH; ;04 However, there
are two different kinds of glucose. This is because the atoms in the glucose
molecule can be arranged in different ways, called isomers. Figure 1.4
shows the arrangement of the atoms in the two different kinds of glucose.

(a) (b)

6CH,OH 6CH;0H
| |
H L =] H H SC =0 OH
N P PR Ll /
iC iC iC ic
2¥GT SN AT RS
HO q(]:_zf'l: OH HO BT—HI: H
H OH H OH

Figure 1.4 [a] An a-glucose molecule; and [b] a B-glucose molecule.

Look at the way that the ~H and —OH groups are bonded to the carbon
atom on the right-hand side (1C) in B-glucose. Now look at the —H and
—OH groups bonded to the carbon atom on the left-hand side (C4). Notice
that they are bonded the opposite way round. Compare this with the
diagram of a-glucose. Here, both —H groups are above the carbon atoms,
and both —OH groups are below the carbon atoms.

Galactose and fructose are also monosaccharides and have exactly the
same molecular formula as w-glucose. However, the atoms that make up
these molecules are arranged in different ways. This means that, although
all three substances are sugars, they have slightly different structures. This
gives them slightly different properties.

Monosaccharides such as a-glucose are the monomers that join together
to make many other carbohydrates. Two d-glucose molecules join by
condensation to form a molecule of the disaccharide maltose. The bond
forms between carbon 1 of one a-glucose molecule and carbon 4 of the
other; such a bond is called a glycosidic bond (see Figure 1.5).

Other disaccharides form in a similar way. Lactose, for example, is the sugar
found in milk. It is formed in a condensation reaction between a molecule
of a-glucose and a molecule of another monosaccharide, galactose. Sucrose
is formed from o-glucose and fructose.

When sugars such as a-glucose are boiled with Benedict’s solution, an orange
precipitate is formed because Cu(1l) ions in the Benedict’s solution are
reduced to orange Cu(l) ions. This reaction occurs because of the way the
chemical groups are arranged in such sugars. These sugars are therefore called
reducing sugars. Fructose, maltose and galactose are also reducing sugars.
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Extension

Structure of amylose and amylopectin

Figure 1.6 shows the structure of starch. You side-chains all stick out on the same side. This

can see that amylose is a long chain of a-glucose arrangement causes the chains of a-glucose
molecules. They are linked by 1,4-glycosidic molecules to coil into spirals as shown in Figure
bonds. This chain is coiled into a spiral and its 1.6. Amylopectin molecules have branches because
coils are held in place by chemical bonds called some of the o-glucose molecules form bonds between
hydrogen bonds. Amylopectin is also a polymer of carbon atoms 1 and 6 instead of 1 and 4. This enables
a-glucose but its molecules are branched due to starch molecules to fold up compactly.

1,6-glycosidic bonds.

In amylose, the o-glucose molecules are linked by
1,4-glycosidic bonds. Notice that the -CH,OH

Amylose Amylopectin

consists of a long chain of a-glucose residues The chain is coiled into a spiral. consists of branched chains
Hydrogen bonds hold this spiral of a-glucose residues
in shape.

¥ D i
1, 4 links

Figure 1.6 Starch consists of amylose and amylopectin. Starch from different plants contains different amounts of
these two substances.
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_ Sucrose does not give an orange precipitate with Benedict’s solution;
TIP it is a non-reducing sugar. However, when boiled with dilute acid,
Vol tan rermerber thakaddatian sucrose is hydrolysed to monosaccharides. The sucrose molecules are
is loss of electrons or hydrogen hydrolysed into a-glucose and fructose, both reducing sugars. Then it
and reduction is gain of electrons will give a positive test with Benedicts solution. (See page 14 for details
or hyd rogen by using the of qual‘itative IEStS.)
mnemonic OILRIG: Oxidation Is _
Loss, Reduction Is Gain. Starch

—— Starch, a substance found in plants, is one of the most important fuels in
the human diet. It makes up about 30% of what we eat. Starch is a mixture
of two substances, amylose and amylopectin. Both these substances

are polymers made from a large number of a-glucose molecules joined
together by condensation reactions. In the biochemical test for starch, you
add a drop of iodine solution. A blue-black colour indicates the presence
of starch.
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Storage molecules
Starch for storage

We use the starch from plants as a fuel. For many plants, starch is a storage
compound, both for short-term storage overnight when photosynthesis
cannot occur, and for long-term storage, for example in seeds and in the
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Figure 1.7 Starch molecules can fold up compactly and can therefore fit into small
storage organelles, such as the starch grains in potato tuber cells, shown here.
The starch grains are shown in green.

organs such as bulbs and tubers that survive through the winter. It is
particularly suited for storage because it is insoluble and so does not diffuse
out of cells easily or have any effects on water potential and thus osmosis.

As a storage compound it is important that starch can be easily synthesised
and broken down. Plants have enzymes that can rapidly carry out these
processes.

We have a digestive enzyme called amylase that hydrolyses the starch in our
diet to maltose. This can then be hydrolysed into glucose, which is needed
to provide a source of fuel for respiration.

Glycogen for storage

Animals such as humans do not rebuild excess glucose into starch for
storage. Instead, we make it into a polysaccharide similar to starch
called glycogen.

Like amylopectin, glycogen also consists of a-glucose chains with both
1,4- and 1,6-glycosidic bonds, but the 1,6 bonds are much more frequent,
so the molecules are much more branched (see Figure 1.8, overleaf). This
makes glycogen molecules even more compact than starch molecules. In
humans, some glycogen is stored in the muscles as a readily accessible
store of glucose close to the site where the rate of respiration is

regularly raised very rapidly. The liver stores larger reserves of glycogen
and continually breaks it down to maintain a stable blood glucose
concentration.
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Hydrogen bond A chemical bond important
in the three-dimensional structure of
biological molecules. Hydrogen bonds
require relatively little energy to break.

Figure 1.9 Cellulose is a polymer

of B-glucose molecules joined by
glycosidic bonds. Its molecules are long
and straight and form fibres that are
very strong. Cellulose gives cell walls
their strength and resistance to being
stretched,

Figure 1.8 A glycogen molecule.

Cellulose for strength

The main substance in a plant cell wall is the carbohydrate cellulose.
Like starch, cellulose is a polysaccharide and is a polymer of glucose. The
monomer in cellulose is B-glucose.

In cellulose, the B-glucose molecules join together in chains by
condensation. As when starch chains are made from a-glucose molecules,
glycosidic bonds are formed. But in the cellulose chains, every other
B-glucose is ‘upside-down’, so the -CH,OH side-chains stick out alternately
on opposite sides, as you can see in Figure 1.9, This ‘alternate’ bonding
makes the cellulose molecules very straight. They are also very long.

They line up parallel with each other and become linked together by many
hydrogen bonds. Although each hydrogen bond is weak, many together
lead to strong binding between the molecules.

microﬁbril_.

cellulose fibre

CH,0H
QO ,"':{:
;

CH,OH

glycosidic bond

O H O
o

CH,OH CH,OH

Long chain of 1,4 linked ﬁ-?[ucose residues, Hydrogen bonds link these chains
together to form rricrofibrils,



Small bundles of cellulose molecules make very thin fibres, called
microfibrils. These microfibrils are remarkably strong, They have the ability
to withstand stretching as steel fibres of the same diameter. Groups of
microfibrils are joined together to make thicker, stronger fibres, just as a
piece of string is made from many thinner strands. In cell walls, these fibres
are criss-crossed, making the walls resistant to stretching in any direction.

=
5
@

Cellulose is structurally so well suited to its functions of supporting cells
and limiting water intake that it is found throughout the plant kingdom. It
is probably the most abundant carbohydrate. Surprisingly, neither humans
nor any other mammal are able to make an enzyme that can digest cellulose.
There are bacteria and fungi that do make such an enzyme, and these play
an important role in recycling the constituents of cellulose. This is fortunate,
since otherwise the world would have disappeared under cellulose long ago.
Mammals such as cattle and rabbits, whose diet consists largely of plants,
carry bacteria in their guts that hydrolyse cellulose, so they can make use

of the energy in the large quantities of cellulose in their food. Humans,
however, have no means of extracting the energy stored in cellulose.
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TEST YOURSELF

1 Explain, using a diagram, how a-glucose molecules join together by
condensation.

2 List the differences between the structures of cellulose molecules
and starch molecules.

3 Starch is insoluble and does not affect osmosis in cells in which it
is stored. Explain how these properties make starch a good storage
compound.

4 What features of glycogen make it useful as a storage molecule in
muscle tissue?

5 The molecular formula of galactose is C;H,0,. What is the molecular
formula of a molecule of lactose?

6 Starch molecules from different plants may differ from each other.
Give two ways in which they might be different. :

L S

AN+ FFEIIRTSFSFPFED

ERSSFrae

(LI AR REN SR AR R A LR R R R R s s A RS PR R R R ARSI LY
I TERTTT S]]

Lipids

The term ‘lipids’ covers a group of substances that includes fats and oils
(triglycerides), steroids and sterols, and waxes. Two groups of lipids are
especially significant. These are triglycerides and phospholipids. You will
learn in Chapter 3 that the cell-surface membrane is made up of lipids
and proteins.

Triglycerides

The commonest lipids found in living organisms are triglycerides. Most
of the triglycerides found in animals are known as fats. They are solid
at a temperature of about 20°C. A triglyceride is made up of a molecule
of glycerol and three fatty acid molecules. The basic structures of these
molecules are shown in Figure 1.10, overleaf.

As Figure 1.10 shows, there are two kinds of fatty acids. Saturated fatty
acids have only single bonds between the carbon atoms. Unsaturated fatty
acids have at least one double bond between carbon atoms. In general,



|

—0OH R.COOH

. XL

o sb bk .
§ 4
Fi = I

(a) Glycerol is a type of alcohol. It has three -OH groups, (b) This is the simplest formula for a fatty acid molecule.
each of which can undergo a condensation reaction The letter R represents a hydrocarbon chain
with a fatty acid. consisting of carbon and hydrogen atorrs.
11T T 11T ]
0 0
Bt H e C=C—C H
o | [ ] 0o~ |
| H H H H H ] H H H
H H
(c) In saturated fatty acids, each of the carbon atorrs in (d) In unsaturated fatty acids, there are one or more double
this chain, with the exception of the last, has two bonds between the carbon atomns in the chain. Because
hydrogen atoms joined to it. The bonds between of this, sorme carbon atoms will be joined only to a
the carbon atoms are single bonds. single hydrogen atom.
Figure 1.10 The basic structure of a
molecule of [a glycerol and [b] fatty . ' _ _
acid: (c) shows the structure of a saturated fatty acids have higher melting points than unsaturated fatty
saturated fatty acid and (d] shows the acids. Fats that are solid at room temperature, such as lard or butter, tend to
structure of an unsaturated fatty acid.  have more saturated fatty acids in them, while oils that are liquid at room

temperature, such as sunflower or olive oil, have more unsaturated
fatty acids.

Glycerol is a type of alcohol. Look at Figure 1.10 (a). You will see that
there are three —OH groups in glycerol. These groups allow the molecule
to join with three fatty acids to produce a triglyceride. Figure 1.10 (b)

is the simplest possible way of showing the structure of a fatty acid
molecule. The letter R represents a chain of hydrogen and carbon atoms.
In the fatty acids found in animal cells there are often 14 to 16 carbon
atoms in this chain.

When a triglyceride is formed, a molecule of water is removed as each of
the three fatty acids joins to the glycerol. You may remember that this type
of chemical reaction is called condensation (see page 2). The formation
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of a triglyceride from glycerol and fatty acids is shown in Figure 1.11.
The bond formed between the glycerol and the fatty acid is called an
ester bond.

You can use the emulsion test to test for lipids such as triglycerides. Crush
a little of the test material and mix it thoroughly with ethanol. Pour the
resulting solution into water in a test tube. A white emulsion shows that a
lipid is present.



» Draw a diagram to show a glycerol molecule. * Rermove three molecules of water, taking the H from the glycerol

 Draw three fatty acid molecules ‘the wrong way round' next to it. and the ~OH from the fatty acids.
H
H
H—C—0H_HOOC R |
H—C—00C.R
H—C—O_HJOC.R é
H—C—O00CR + 3H,0
H—C—0H_HOOCR l
H—C—OOC.R
H |
glycerol fatty acids H

Figure 1.11 This diagram is a simple
way of showing how a molecule of
glycerol joins with three fatty acid
molecules to form a triglyceride.

o Close everything up to show the cormpleted triglyceride.

Phospholipids

A phospholipid has a very similar structure to a triglyceride, but as
you can see from Figure 1.12, it contains a phosphate group instead
of one of the fatty acids. It is quite a good idea to think of a
phospholipid as having a ‘head’ consisting of glycerol and phosphate
and a 'tail’ containing the long chains of hydrogen and carbon atoms
in the two fatty acids. The presence of the phosphate group means
that the ‘head’ is attracted to water. It is therefore described as being
hydrophilic or ‘water loving'. The hydrocarbon tails do not mix with
water, so this end of the molecule is described as hydrophobic or
‘water hating’.

Triglyceride Phospholipid
phosphate
glycerol
glycerol .
three fatty acids < two fatty acids

l I || I |

_ :
Head end of Hydrocarbon tail.
molecule. Thisis  This end of the
attracted to water molecule does not
and is described as rrix with water. It is
hydrophilic. described as

hydrophebic.

Figure 1.12 A phospholipid has a structure very similar to a triglyceride, but it
contains a phosphate group instead of one of the fatty acids.

When phospholipids are mixed with water, they arrange themselves in
a double layer with their hydrophobic tails pointing inwards and

their hydrophilic heads pointing outwards. This double layer is called
a phospholipid bilayer and forms the basis of membranes in and
around cells.
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TEST YOURSELF

7 Triglycerides are not polymers. Explain why.
8 Carbohydrates and triglycerides are both made of carbon, hydrogen
and oxygen atoms. Explain how the proportions of these atoms are

different in carbohydrates and triglycerides.
9 How is a triglyceride different from a phospholipid?
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. Fatty acids in milk

Milk contains triglycerides. Scientists investigated whether the fatty acids in

i human breast milk depend on the food that the mother eats. The scientists

: collected samples of breast milk from two groups of women. The women in one
i group were vegans and only ate food obtained from plants. Those in the other

i group, the control group, ate food obtained from both animals and plants.

i Table 1.1 shows the concentrations of different fatty acids in the milk samples.
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Table 1.1 The concentrations of different fatty acids in vegan and control group
: milk samples.

Concentration of fatty acid in breast

Number of Number of milk sample/mg g-!
double bonds carbon atoms
3 Fatty acid in hydrocarbon chain in hydrocarbon chain ~ Vegan group Control group
|| Lauric 0 12 39 33 =
| Myristic 0 14 48 80
i | Palmitic 0 16 166 276 :
| Stearic 0 18 52 108

Palmitoleic 1 16 12 36

Oleic 1 18 313 353

Linoleic 2 18 317 69

Linolenic 3 18 15 8

1 The first four fatty acids in the table are saturated fatty acids. Explain why they

:  are described as saturated.

2 Construct a table to show all of the following: ;

i ® the total concentration of saturated fatty acids in milk from the vegan group i
* the total concentration of unsaturated fatty acids in milk from the vegan group E
* the total concentration of saturated fatty acids in milk from the control group

i the total concentration of unsaturated fatty acids in milk from the control group.

3 Use an example from the table to explain what is meant by a polyunsaturated

;  fatty acid.

i 4 Describe the difference between the total concentration of polyunsaturated

i fatty acids in milk produced by the vegan group and by the control group.
Suggest an explanation for this difference.

1 BIOLOGICAL MOLECULES

O Proteins

Earlier in this chapter, we saw that starch is a polymer made up of a single
type of monomer, a-glucose. Whether these a-glucose monomers are joined
to form straight chains or branched chains, they still form starch. Different
types of starch are very similar.



Peptide bond A chemical bond formed

between two amino acids as a result of
condensation.

Amino acid Amino acid

o ——

Dipeptide
H H
H O H o
N & . ) 8
,f“—é] e
H R Eand : OH

Figure 1.14 Joining amino acids.

Proteins are different. The basic building blocks of proteins are amino acids.
There are 20 different amino acids found in almost all living organisms,
which is indirect evidence for evolution. These amino acids can be joined in
a range of different orders. In any living organism, there are a huge number
of different proteins and they have many different functions.

If we take a single tissue, such as blood, we can get some idea of just how
varied and important are the roles of proteins. Human blood is red because
it contains haemoglobin. This is an iron-containing protein that plays an
extremely important part in transporting oxygen from the lungs to respiring
cells. When you cut yourself, blood soon clots. This is because another
protein, fibrin, forms a mesh of threads over the surface of the wound,
trapping red blood cells and forming a scab. Blood also contains enzymes,
which are proteins. The antibodies produced by white blood cells are also
proteins, and are important in protecting the body against disease.

The biuret reaction enables us to test for a protein. Sodium hydroxide
solution is added to a test sample, and then a few drops of dilute copper
sulfate solution. If there is a protein present, the solution will turn mauve.

Amino acids: the building blocks of proteins

All 20 amino acids have the same general structure. Look at Figure 1.13.
Notice that there is a central carbon atom called the a-carbon and that it is
attached to four groups of atoms. There is an amine group (~NH,). This is the
group that gives the molecule its name. Then we have a carboxyl group (the
acid; =COOH) and a hydrogen atom (—H). These three features are exactly
the same in all 20 amino acids. The fourth group, called the R-group, differs
from one amino acid to another. As well as showing the general structure

of an amino acid, Figure 1.13 also shows the structures of three particular
amino acids found in proteins. In each of these three amino acids (and in the
other 17), it is only the R-group that is different.

o-carbon
hydrogen atorn
amine group —c” carboxylic acid group
| G sl S
the R-group is different . R
in different amino acids
. H
H H O
0 M .
H H o H‘\ | & N—C—C «
l\N (l: c"’# H”’N—Kl: _C\DH s CL o
7l N CH, N
W g CHy CH.
Alanine 3 Cysteine SH Valine i

Figure 1.13 The structure of amino acids.

Amino acids join together by condensation reactions. Look at Figure 1.14.
You can see that a hydrogen atom is removed from the amino group of one
amino acid. This combines with an —OH group removed from the carboxylic
acid of the other amino acid, forming a molecule of water. The bond formed
between the two amino acid residues is called a peptide bond. Joining two
amino acids together produces a dipeptide. When many amino acids are
joined in this way, they form an unbranched chain called a polypeptide.
Polypeptides can be broken down again by hydrolysis into the amino acids
from which they are made.
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Polypeptides and proteins

A protein consists of one or more polypeptide chains folded into a
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Primary structure The sequence of amino

acids in a polypeptide. complex three-dimensional shape. Different proteins have different shapes,
determined by the order in which the amino acids are arranged in the
polypeptide chains. The sequence of amino acids in a polypeptide chain is
the primary structure of a protein (see Figure 1.15).

Figure 1.15 This diagram shows the
primary structure of an enzyme called
ribonuclease. The names of the amino
acids that make up this protein have been
abbreviated. Ribonuclease has 124 amino
acids. Some proteins, such as antibodies,
are much larger and contain many more
amino acids.

We shall see in Chapter 4 that genes carry the genetic information that
enables cells to make polypeptides and ensures that the sequence of amino
acids is the same in all molecules of a particular polypeptide. Changing a
single one of these amino acids may be enough to cause a change in the
s Shape of the protein and prevent it from carrying out its normal function.
Secondary structure The shape the
polypeptide chain folds into, such as an Parts of a polypeptide chain are twisted and folded. This is the secondary
alpha helix or a beta pleated sheet. structure of a protein.
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Extension
Secondary structure: a-helix and -pleated sheet

Sometimes the chain, or part of it, coils to
produce a spiral or g-helix. Other parts of the
polypeptide may form a B-pleated sheet; this
occurs where two or more parts of the chain run
parallel to each other and are linked to each other
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by hydrogen bonds.

The sequence of amino acids in the polypeptide

decides whether an o-helix or a B-pleated sheet is Figure 1.16 Here is another diagram
formed. Some sequences are more likely to form an of a ribonuclease molecule, this time
a-helix, while others form a B-pleated sheet, as in showing its gecnndary structure.
Figure 1.16. The three spiral yellow parts of the

polypeptide chain are where it is
coiled into an a-helix. The flat blue
sections show where the chain is
folded to form a B-pleated sheet.
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Tertuarystructun.Gwesaprotemthe The twisted and folded chain may fold up further to give the whole
characteristic complex, three-dimensional polypeptide molecule a globular shape. The complex folding of the whole
shape that is closely related to its function. ~ molecule is the tertiary structure of the protein (Figure 1.17).
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As with the secondary structure, the tertiary structure is also determined
by the sequence of amino acids in the polypeptide chain. All molecules of
a particular protein have the same sequence of amino acids, so under the
same conditions they will all fold in the same way to produce molecules

with the same tertiary structure.

Tertiary structure is extremely important and is very closely related to the
function of the protein. Different types of bond form between different
amino acids within the protein and the types of bond help to maintain the
shape of the protein. These bonds include the following;

Figure 1.17 The model in this

diagram shows the tertiary structure @ Hydrogen bonds (see page 6), which form between the R-groups of
of a ribonuclease malecule. [The a variety of amino acids. These bonds are not strong. They are easily
shapes represent atoms.) This is the broken, but there are many of them.
way the whole polypeptide is folded, ® lonic bonds, which form between an amino acid with a positive
_ charge and an amino acid with a negative charge, if they are close
TIP enough to each other. These are not strong bonds and are easily broken.

Enzymes are proteins. You @ Disulfide bridges, which form between amino acids that contain sulfur in
T T il— about‘them their R-groups. These are quite strong covalent bonds, less easily broken
in Chapter 2. than hydrogen bonds or ionic bonds.

There are two categories of proteins, differing in their tertiary structure.
Fibrous proteins are typically long and thin, and they are insoluble.

They often have structural functions, such as keratin in hair or collagen that
malkes up a lot of connective tissue in our bodies. Globular proteins are more
spherical in shape. They are soluble and have biochemical functions, such as
enzymes or myoglobin, a pigment that stores oxygen in muscle tissue.

(a)

Some proteins have more than one polypeptide chain. We describe a
protein that is made up from two or more polypeptide chains as having a
quaternary structure. The polypeptide chains are held together by the same
sorts of chemical bond that maintain the tertiary structure. The ribonuclease
molecule shown in Figure 1.17 does not have a quaternary structure
because it consists of only one polypeptide chain. The red pigment in our
blood, haemoglobin, is a protein that does have a quaternary structure.

A molecule of human haemoglobin has four polypeptide chains.

(b) miﬂ#lli"'!t“#l".lllllﬁ‘ﬁ..i'lIIIIll.Il.i!.llllII‘.‘I*i"'lll"‘%‘l.".llllIIQQQ'O"IIIIII“.Q:

TEST YOURSELF

10 Polypeptides can be made up from 20 different amino acids.
A tripeptide is a polypeptide consisting of three amino acids. How
many different tripeptides is it possible to make?

11 Give one way in which the formation of a peptide bond is similar to
the formation of a glycosidic bond.

i 12 Egg white contains a protein. Which one (or more) of the following

occurs when egg white is heated in a water bath containing water

at 100°C?

A Glycosidic bonds are broken.

B The protein is killed by the heat.

C The bonds holding the tertiary structure are broken.
D The protein is hydrolysed.
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Figure 1.18 (a] Fibrous and [b] globular
proteins.



O Qualitative tests for substances in food
_ There are some tests that can be carried out to find out which

TIP substances are present in samples of food and other substances.

Qualtative tests detect the These tests are summarised in Table 1.2.
presence of a substance but do not

show exactly how much is present.
aeee—————— Table 1.2 Tests for food substances.

Substance Brief details of test Positive result
Protein Biuret test e Add sodium hydroxide to the test sample. Solution turns mauve

e Add a few drops of dilute copper sulfate solution.
Carbohydrates Benedict's test ® Heat test sample with Benedict's reagent. Orange-red precipitate is
Reducing sugars : | formed .
Non-reducing sugars e Check that there is no reducing sugar presentby | Orange-red precipitate is

heating part of the sample with Benedict's solution. | formed
e Hydrolyse rest of sample by heating with dilute
hydrochloric acid.

e Neutralise by adding sodium hydrogencarbonate.
e Test sample with Benedict's solution.
Starch lodine test e Add iodine solution. Turns blue-black
Lipid Emulsion test e Dissolve the test sample by shaking with ethanol. | A white emulsion is formed

e Pourthe resulting solution intowater in a test tube.

Care should be taken with the chemicals and methods described above. Consult the CLEAPSS Hazcards for each chemical,
and ensure sufficient safety precautions are taken with chemicals and hot water.

g

: A student was given three tubes. The table shows the contents of each tube.

Tube Contents of tube

& Protein and protease (an enzyme that digests protein] that have been left together at room temperature
for an hour.

B Sucrose, starch, lipid

C Glucose, protein

The student carried out tests for food substances on all three tubes.
The table below shows the results she obtained.

, 1 Copy the table and complete the left-hand column to indicate which ;
i tube gave which results. i

Benedict's testfor Benedict's test for Emulsion test for Biuret test for
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reducing sugars non-reducing sugars lodine test for starch lipids protein

Orange-red Test not carried out | Stayed yellowy-brown | Stayed clear Mauve :
precipitate formed
Stayed blue Stayed blue Stayed yellowy-brown | Stayed clear Mauve
Stayed blue Orange-red Blue-black colour Milky-white Stayed blue

precipitate formed emulsion formed :

2 Why did the student decide not to carry out the non-reducing sugar test =
i onone of the tubes? :
i 3 Explain why two tubes gave a positive result for the biuret test. ;
A Suggest how the student could use qualitative tests to distinguish between i
. three solutions containing different concentrations of glucose. ;
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i A student decided to investigate the sensitivity of the iodine test for starch. =
i She was given a 1% starch solution. She used this to make serial dilutions e
. as shown in Figure 1.19. <
i ~
3 bk 3 e - e - D
9 crr” distilled 9 crr” distilled 9 em” distilled 9 crr” distilled A
water water water water .E‘h
1 cm? 1 cm? 1 cm? 1cm? =)
starch solution starch solution starch solution starch solution E.
o
=
- 2
Y Y Y | 4 a
= e e =, e E"
Q
10 em?
—— 1% starch
solution
1% starch 0.1% starch 0.01% starch 0.0019% starch
solution solution solution solution

Figure 1.19 Making serial dilutions of starch.

After this she added 0.5 cm? of iodine solution to each starch solution and
. looked for a blue-black colouration.

1 How would a technician make up a 1% solution of starch? _
i 2 Give the concentration of the final solution in the diagram. TIP

You do not need to be able

3 The blue-black colouration that occurs when iodine interacts with starch
Is caused by the iodine molecules becoming trapped in the amylose helix. to recall the detsils sfthis
Use 'this informatimj to explain why the sensitivity of the iodine test can practical activity. :
be different depending on the type of starch present. —
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. Finding the concentration of reducing

- sugar in a solution

: A colorimeter is a piece of equipment that passes

! light of a particular wavelength through a sample.

. Itworks on the principle that a coloured solution

! transmits light of the same wavelength through it,

. and absorbs other wavelengths. So a blue solution

: transmits blue light through it and absorbs other

¢ wavelengths. In addition, a darker-coloured solution
. absorbs more light than a pale-coloured solution.

: This can be used to measure the concentration of a

: coloured solution. The colorimeter is set up so that it
i shines light of a complementary colour through the
i solution. For example, if the solution is red in colour,
blue light is shone through it.

! Solutions to be tested in a colorimeter are placed

. into a cuvette. This is a small plastic tube rather

. like a test tube but square in section. You can see a
i colorimeter and cuvette in Figure 1.20.

| Figure 1.20 Using a colorimeter.

¢ When using a colorimeter, you need to produce a
. calibration curve. This is done using solutions of a
: known concentration.

An alternative version of Benedict's reagent for
quantitative testing contains potassium thiocyanate
i and does not form red copper oxide. Instead the
. presence of reducing sugar is measured by the
: loss of the blue colour of copper sulfate and a white

precipitate is formed. This will settle out or can be
removed by filtering. Then the filtrate is placed in

a cuvette in a colorimeter. The intensity of the blue
colour is measured by the amount of light that is
able to pass through the solution. This method can
give an accurate measurement of the concentration
of reducing sugar in a solution, and it is much more
sensitive than the qualitative Benedict's test.

A student was given a 1 moldm-3 solution of
glucose and then made serial dilutions of this [see
page 15], giving six solutions of different known
concentrations. She put 4 cm? of each solution into
a separate labelled test tube. Next she added 2cm?
of quantitative Benedict's reagent to each tube

and placed the tubes in a boiling water bath for

b minutes. After this time, she filtered each solution
to remove the precipitate.

The student set the wavelength on the colorimeter to
red. She filled a cuvette with distilled water and put it :
into the colorimeter. This is called a 'blank’. She set  :
the transmission of light through the tube to 100%.
This meant that she could compare the transmission
of light through the test solutions to the blank.

The student put a sample of each test solution

into cuvettes, and measured the percentage
transmission of light through each tube. Next she
plotted a graph with concentration of glucose on the
x-axis and percentage transmission of light through
the solution on the y-axis.

Finally, she used the same method to identify the
concentration of glucose in two solutions of unknown
concentration.

1 How could the student use the 1 mol dm-3 solution
of glucose to make the five other solutions?

2 Why did the student use a red light in the
colorimeter?

3 What is the purpose of the ‘blank’?

4 How could the student use her graph to find the
concentration of glucose in an unknown solution?

5 If one cuvette was a little thicker than another, how i
would this affect the results? :

6 How would the student use the graph to find the
concentration of glucose in the unknown solutions?



Practice questions

" 1 a) Copy and complete the table to show the monosaccharides that
join together to form different disaccharides. 3)

Disaccharide Formed from

Lactose
Maltose
Sucrose
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b) Describe how you could test a solution to find out whether it
contained a non-reducing sugar. (4)

B0 2 Some scientists carried out an investigation into the artificial sweetener
aspartame. This was because some people said they experienced side-
effects after consuming the substance. Previous investigations had found
the artificial sweetener to be safe. The sweetener is digested in the gut to
give the amino acids aspartic acid and phenylalanine.

In the new study, the scientists recruited 50 people who believed they
had suffered side-effects because they were sensitive to aspartame.

» The volunteers were matched by age and sex to 50 people who
volunteered to eat aspartame.

¢ The volunteers were placed at random into one of two groups.

» The volunteers in each group were given either a cereal bar containing
aspartame or an aspartame-free cereal bar. They were then given
medical checks up to 4 hours after consuming it.

» The following week, the experiment was repeated with each volunteer
receiving the other type of cereal bar.

a) i) Explain why it was important that the 50 volunteers who were
happy to eat aspartame were matched by age and sex to the 50
people who believed they were sensitive to aspartame. (2)

ii) The volunteers were placed at random into two groups.
Give one method that the scientists could use to do this. (1)

ifi) It was important that the scientists and the volunteers
did not know which cereal bars contained aspartame.
Give two reasons to explain why. 2

b) The diagram shows the amino acids aspartic acid and phenylalanine.
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aspartic acid phenylalanine



Aspartame is made by joining these two amino acids together.

i) Draw a molecule of aspartame. (2)
ii) Name the reaction that occurs when these two amino
acids are joined together. (1)
¥ 3 The diagram shows two fatty acids.
0 H H H H H H H H H
« 1L L 1 1 L 1 1 |
C B ¢ C C e i R — C H
g L1 L1 L L1 I J
I H H H H H H H H H
H
0 H H H H H H H H H
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a) i) Which of these fatty acids is saturated? Explain your answer. (1)

ii) Name the reaction involved when three fatty acids combine
with a glycerol molecule to form a triglyceride. (1)

b) Describe a test you could perform to show that a mixture

contains lipids. (2)
c) Give one similarity and one difference between the structure
of a phospholipid and the structure of a triglyceride. 2)
B 4a) Copy and complete the table below with a tick if the statement
is true and a cross if it is not true. (3)
Statement Proteins Polysaccharides | Lipids

Molecule is a polymer

Contains amino acids

Contains nitrogen atoms

b) i) A protein has a tertiary structure but not a quaternary
structure. How many polypeptides does it contain? (1)

ii) Name two kinds of bond that hold a protein in its
tertiary structure. (2)
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Stretch and challenge

B 5 Research the differences between D- and L-isomers of molecules. You
should find that the amino acids in most living organisms are the
L-isomers, and the monosaccharides in most living organisms are the
D-isomers. Suggest why this is indirect evidence for evolution.




Enzymes

PRIOR KNOWLEDGE

Before you start, make sure that you are confident in your knowledge and
understanding of the following points.
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® Protein molecules are made up of long chains of amino acids, which i
are folded to produce a specific shape that enables other molecules
to fit into the protein,

@ Catalysts increase the rate of chemical reactions but are unchanged
themselves. Biological catalysts are called enzymes. Enzymes are
proteins.

® The shape of an enzyme isvital for the enzyme’s function. High
temperatures change the shape. Different enzymes work best at
different pH values. :
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TEST YOURSELF ON PRIOR KNOWLEDGE

1 Name two factors that affect an enzyme’s activity.
2 Suggest why changing the shape of an enzyme stops it from working.
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Introduction

There are many chemical reactions taking place in living organisms, mainly
inside the cells. The sum of all these reactions is known as metabolism.
Some of these reactions hydrolyse larger molecules into smaller ones, while
others join smaller molecules together to make bigger ones. There are
enzymes in biological washing powder, which help to clean clothes at lower
temperatures.

Molecules known as enzymes are required for metabolic reactions to take
place. Enzymes are biological catalysts. They speed up the rate of chemical
reactions, enabling reactions that take place in living organisms to occur fast
enough for life to continue. As they are catalysts, and so remain unchanged
during reactions, they can work many times.

Enzymes are made of protein and, as you will see, they have specific
shapes that enable them to function. You learned in Chapter 1 (page 13)
that globular proteins have a complex tertiary structure, and this is very
important in explaining how enzymes work.

reaction in a living organism. An enzyme acts as catalyst
for specific chemical reactions, converting a specific set of
reactants (called substrates) into specific products.



.
C/ How do enzymes work?

Have you ever found an old newspaper, one that was perhaps months
or even years old? If you have, you probably noticed that it had turned a
yellow-brown colour. What had happened? The paper had reacted with

oxygen in the air, but it is a very, very slow reaction.

We can easily speed up this reaction. All we need to do is to touch the
corner of the paper with a lighted match. The paper bursts into flame,
reacting with oxygen in the air much more quickly. This reaction involves
combustion. The newspaper is fuel and contains chemical potential energy.
In order to release this energy in the chemical reaction with oxygen, we
must supply some energy at the start. This is where the match comes in. It
provides the activation energy necessary to start the reaction.

We sometimes compare what happens here with what would happen if you
had a large rock at the top of a steep hill. There is a lot of potential energy
in this situation but, under normal conditions, the rock will just sit there.
However, give it a push and it will roll all the way down to the bottom of
the hill. In other words, supply activation energy at the start, and the rock
will give up a lot of its potential energy. Look at Figure 2.1. This is a graph
showing, in a different way, the idea of the energy changes that take place as
a chemical reaction progresses.

Activation energy
the energy necessary
to start the reaction

e S ST e S S Energy in
hydrogen peroxide

Energy

—————————————————————————————————— Energy in products

Reaction time ———

Figure 2.1 Activation enerqgy is necessary before a chemical reaction will
take place.

Hydrogen peroxide is a substance produced by reactions in many living
cells. It is harmful, so it is removed. It breaks down very slowly to give the
products water and oxygen:
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2H,0, 5 2H 0+ O,

The products of this reaction, water and oxygen, are not only harmless, they
are extremely useful to the organism.

We can pour some hydrogen peroxide into a test tube and it will break
down slowly. We can make the reaction go faster by heating the hydrogen
peroxide. Clearly, inside the body we cannot use a match or a Bunsen
burner to heat our cells to increase the rate at which the hydrogen peroxide
they produce is broken down. This is where enzymes come in.



Cells produce an enzyme called catalase. Its substrate, the substance on
which an enzyme acts, is hydrogen peroxide. Catalase lowers the activation
energy needed to start the breakdown reaction of hydrogen peroxide. As a
consequence, the hydrogen peroxide breaks down rapidly at the relatively low
temperatures found inside living cells. Figure 2.2 shows this as a graph. Note
that there is the same chemical potential energy at the start of the two reactions
and there is the same amount in the products of both reactions. The enzyme
has simply lowered the activation energy necessary to start the reaction.

Figure 2.2 Adding an enzyme lowers
the activation energy necessary to start Ke
a chemical reaction.

Reaction without enzyme
Reaction with enzyrre

Energy in

Energy hydrogen peroxide

Energy in products

Reaction time ————
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Extension

Enzyme shape and enzyme function: ribonuclease
A skill that a biologist must have is to be able to

interpret unfamiliar data. Here we will look at

some research carried out by Christian Anfinsen in
the 1960s. It was very important research because i 26

it demonstrated the relationship between the
structure of an enzyme and its function.

Anfinsen investigated the enzyme ribonuclease, This
enzyme hydrolyses ribonucleic acid (RNA). There are
different forms of ribonuclease. Look at the diagram
in Figure 2.3, which shows the structure of one form

of this enzyme.

The numbers on the diagram show positions along
the polypeptide chain. For example, number 26 is
the twenty-sixth amino acid along the chain. The
large shaded dots represent the amino acid cysteine.
This amino acid contains sulfur. Chemical bonds

called disulfide bonds, or disulfide bridges (see
Chapter 1, page 13), form between sulfur-containing

Figure 2.3 A molecule of one form of the enzyme ribonuclease.
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amino acids. They are quite strong bonds and help
to hold the tertiary structure of a protein together.
In Figure 2.3 on the previous page, the amino acids
at positions 26 and 84 are cysteine. The dotted line
between them is a disulfide bridge.

When we look at unfamiliar data, it is very important
to take the time to think about it carefully and make
sure that we understand it. We should be able to
answer some basic questions about Figure 2.3.

1 What chemical group is shown by the letter X on
the diagram?

This is an amino (<NH ) group. Look back at Figure 1.14
on page 11. You can see that the di peptide has a -COOH
group at one end and an —NH, group at the other. The
same is true of a polypeptide. There is always a <COOH
group at one end and an —NH, group at the other. Since
the .COOH group is shown on the diagram, position X
must be where there is an -NH, group.

2 Figure 2.3 shows one form of the enzyme
ribonuclease. How do you think other forms of
ribonuclease will be different?

Different forms of ribonuclease will have different
amino acids in different positions. In other words,
each form will have a slightly different primary
structure, However, we would not :‘.’:h’pa‘s:{ them to
differ much, because they are all forms of the same

enzyme, ribonuclease.

3 All molecules of this form of ribonuclease have the
same tertiary structure. Use information from the

diagram to explain why.

This should be quite simple, if you have understood
the diagram. All molecules of this form of ribonuclease
will have the same sequence of amino acids. The
cysteine molecules will therefore always be in the same
positions and the disulfide bridges will form in the
same place.

Hopefully, you have understood what the diagram
in Figure 2.3 tells you. We will now look at the
steps in Anfinsen’s investigation.

® Anfinsen started by measuring the activity of
untreated ribonuclease.

® He then treated the ribonuclease with
mercaptoethanol. This substance broke the
disulfide bridges in the ribonuclease molecules. He
measured the activity of the treated ribonuclease.

@ Finally, he removed the mercaptoethanol. As a
result, the disulfide bonds re-formed. His results
are shown in Figure 2.4.

80
Percentage go{
of - i
maxirnum 1
enzyme — |
activity 2070
20-H Z‘
0 = ; === '
No Mercaptoethanol Mercaptoethanal
treatment added removed

Figure 2.4 The effects of different experimental
treatments on the rate of reaction of ribonuclease.

Again, the data shown in this bar chart are probably
unfamiliar. We need to take the time to make sure
that we understand the graph. We will start by
looking at the axes. The x-axis, the horizontal one,
shows the three different treatments. The y-axis,
the vertical one, shows the enzyme activity. This

is given as the percentage of maximum enzyme
activity, so a value of 100 represents the fastest that
the enzyme could possibly react.

To make sure that we really understand the
information in the graph, we should ask the
following, for example.

4 What does the second bar show?

When the ribonuclease is treated with mercaptoethanol,
the enzyme is not very reactive, It shows only about
2% of its maximum activity.

5 Why did mercaptoethanol have such an effect on

the activity of ribonuclease?

The tertiary structure of ribonuclease is held together
by disulfide bridges. These have been broken, so

the polypeptide chain loses its shape. We say that

it is denatured. This means that the site into which
the substrate molecules fit also loses its shape.

As a result, the substrate will no longer bind to

the enzyme. Not surprisingly, the activity of the
engzyme falls.

6 What happened when the mercaptoethanol was

removed from the ribonuclease?

The bonds re-formed and the tertiary structure
of the enzyme was restored. The engzyme was

functional again.,
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TIP
See Chapter 14 to find out how to

draw a bar chart.
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Enzymes, substrates and products

If we mix an enzyme solution with biuret reagent, the solution goes
violet in colour. This is the test for proteins, and we can use it to show
that enzymes are proteins. Now look at Figure 2.5. It shows some of the
biochemical reactions that take place in a typical cell.

Each of the 520 dots is a particular substance and the
lines connecting these dots are biochemical reactions.
What is really important to understand is that each of
these reactions is controlled by a different enzyme, so

a single cell contains hundreds of different enzymes.
These enzymes differ quite a lot in size. Some are rather
small molecules and some are relatively enormous, but
all of them are proteins.

In addition, each enzyme has a unique shape, or tertiary
structure. Somewhere on the surface of the enzyme, a
group of amino acids forms a pocket. This pocket is the
active site of the enzyme. When an enzyme catalyses

a particular chemical reaction, a substrate molecule

collides with the active site and binds with it to form
an unstable intermediate substance called an enzyme—
substrate complex. This complex then breaks down to
the product molecules. The enzyme molecule is not
used up in the reaction. It is now free to bind with
another substrate molecule.

An enzyme-substrate complex forms and breaks down
rapidly, forming a complex that lowers the activation

Figure 2.5 Believe it or not, this is a simplified diagram of
some of the biochemical reactions that take place in a single

energy necessary to trigger the reaction. Scientists
suggest different ways in which the activation energy
might be lowered. The enzyme—substrate complex
might bring together substrate molecules in positions
that allow the reaction to take place more easily. Or it
might put the substrate molecule under stress so that

bonds break more readily.

cell. The dots represent different substances and the reactions

are shown as lines linking the dots. Each one of the reactions

is controlled by a different enzyme.

Active site Part of an enzyme molecule, not
part of the substrate. The active site is the
part of the enzyme molecule into which the
substrate fits during a biochemical reaction.
Active site and substrate therefore have
complementary shapes; they do not have
the same shape.

Enzymes and models

Scientists use models to help them explain their

observations. We have known for a long time that
enzymes are specific, meaning that each enzyme catalyses just one
type of reaction with one type of substrate. Amylase, for example, is an
enzyme that hydrolyses starch. It breaks down starch to maltose. If we
mix amylase and protein, however, nothing will happen, even though
the breakdown of proteins to amino acids also involves hydrolysis.
Amylase only hydrolyses its specific substrate, starch. It won't hydrolyse
any other substance.

Induced-hit model

We now know a lot about protein structure. For example, new
techniques reveal that proteins are not rigid structures and we have
found out that various parts of an enzyme molecule move in response to
a change in its environment. Some of these movements are small. Others
are quite large and happen when the substrate binds to the enzyme.
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We now have a model to explain how enzymes work, called the

Z induced-fit model, which is shown in Figure 2.6.

In this model, before the substrate binds to the enzyme, the substrate
and the active site are not precisely complementary in shape. As the
substrate binds, the active site changes shape and moulds closely round
the substrate. It is a bit like a sock and a foot. Before you put your sock

enzyme substrate "L . :
i on, it is not fcot-shaped at all. Put it on and it moulds round your foot.

Figure 2.6 In the induced-fit model, the
substrate does not fit precisely until it binds The induced-fit model is now favoured over the lock-and-key model

with the active site of the enzyme. The active  that you learned about at GCSE. In that model of enzyme action,

site then change-s shape apd. njoulds roundthe . specific shape of the substrate is said to be a precise fit for the

substrate, allowing a precise fit. Tiies i it - N 7. TR _
rigid shape of the active site of the enzyme, just like a key in a lock.
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Extension
Evidence for the induced-fit model

It is one thing to come up with a model to explain how enzymes work, but in order
to make real scientific progress we need to find evidence to support it. Is there any
evidence for the induced-fit model? We will look at one piece of evidence.

Hexokinase is an enzyme that catalyses the reaction shown below.

glucose + ATP — glucose 6-phosphate + ADP
hexokinase enzyme

Hexokinase transfers a phosphate

group from a substance called ATP to a
glucose molecule. This produces glucose
6-phosphate and ADP. Scientists used a st ek
technique called X-ray diffraction, which
enabled them to form three-dimensional
pictures of molecules. They investigated
what happened to the shape of hexokinase
when it binds to glucose.

glucose

Look at Figure 2.7. It shows you that the

active site has changed in shape and has Figure 2.7 The diagram shows the shape of a hexokinase molecule
moulded round the glucose molecule. before and after it has bound with it glucose substrate. Look at how the
active site of the enzyme has changed shape.
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1 Name the substrate and product(s| in the following reaction. Lactase
catalyses the hydrolysis of lactose to glucose and galactose.

2 Use a diagram to explain why amylase can hydrolyse starch but
cannot hydrolyse cellulose.

3 A student wrote ‘Maltase forms an enzyme-substrate complex with
maltose because maltose is the same shape as the enzyme’'s active
site’. What is wrong with this statement?

4 In the Haber process, nitrogen and hydrogen react together to form
ammonia, using a catalyst as well as 15-25 megapascals (Mpa]
pressure and 300-550°C. Nitrogen-fixing bacteria have an enzyme
called nitrogenase that enables them to carry out the same reaction
at atmospheric pressures and normal soil temperature. How does the
enzyme do this?
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O The properties of enzymes: active sites

(® e and enzyme action

gifnember that when talking Enzyme-controlled reactions depend on substrate molecules fitting into the
about enzymes you should refer active site of the enzyme. Environmental factors alter the shape of the active
to the "active site’, whereas for site and therefore alter the rate of a reaction. Such factors include high
other types of protein you should temperatures, variations in pH and the presence of inhibitors.
refer to the 'binding site’. .

— High temperatures

Each enzyme has an optimum temperature. At this temperature, its rate
s OF TEACtiON is around its maximum. If we increase the temperature above
Denaturation A permanent change tothe its optimum, we increase the kinetic energy of the enzyme molecules. As
shape of an enzyme or other protein that a result, they vibrate more vigorously, and this breaks the hydrogen and
occurs as a result of breaking the bonds that ;. 1,5, 4< that maintain the tertiary structure of the enzyme molecules.

maintain its tertiary structure. This results .
froet Sactars Eth ?5 high temperature or Once these bonds have broken, the enzyme changes its shape. This is called

large changes in pH. Denaturation only denaturation, Its active site also changes shape and, as a result, substrate
refers to changes in tertiary structure, not molecules will no longer fit and form an enzyme—substrate complex. For
to the hydrolysis of proteins into the amino  example, the saliva of many people contains amylase. This enzyme most
acids from which they are made. actively digests starch at body temperature. When very hot food is eaten,
very little will be digested in the mouth as the temperature is too high.
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EXAMPLE
Temperature and enzymes
Acetylcholinesterase is an enzyme that exists in several  Table 2.1 shows the temperature at which the rate
different forms in different animal species. It is found of reaction of this enzyme is at its maximum in
in the nervous system of many animals including fish. three different species of fish.
Table 2.1 The temperature at which the rate of the reaction catalysed by acetylcholinesterase is at its maximum
in three different species of fish.
Temperature at which the rate of
Species Habitat reaction is at a maximum/°C
lcefish Under the ice in the Antarctic —2
Trout Freshwater lakes and streams in Britain Between Z and 18
Grey mullet Mediterranean Sea 25
1 Describe the relationship between the temperature 2 Acetylcholinesterase is found in icefish and grey
of the fish's habitat and the temperature at which mullet, but it has slightly different properties in
the rate of reaction of acetylcholinesterase is at a each species of fish,
maximum. al The acetylcholinesterase in both fish breaks down
The temperature at which the enzyme's rate of a substance called acetylcholine. Explain why it is
reaction Is fastest is about the same temperature that able to do this,
the fish's habitat will be for most of the time. The enzyme has an active site that is the right shape
2 Trout have two forms of acetylcholinesterase, which for acetylcholine to fit into.
are active under different environmental conditions. bl Use your knowledge of protein structure to
One has a maximum rate of reaction at 2°C; the explain why the acetylcholinesterase found in
other has a maximum rate of reaction at 18°C. these two fish has slightly different properties.
Suggest the advantage of this to trout. Each enzyme may have a slightly different amino
One form of acetylcholinesterase will be more active acid sequence so that hydrogen bonds and disulfide
in the winter months and the other form will be more bridges form in slightly different places, giving 3
active in the summer months when the environmental siightly different tertiary structure
temperature is higher.
-




pH
The pH of a solution is a measure of its hydrogen ion

concentration. The higher the concentration of hydrogen
ions (H*), the lower the pH, and the more acid the

Rate solution. pH is a logarithmic scale, so as the pH scale falls
rea‘?;m one point from 7 to 6, the concentration of hydrogen ions

increases 10 times.

Look at the graph in Figure 2.8. It shows that the rate
of a reaction rises to a peak at pH 6.5. It then falls

3 1 < & - g o 10 11 Sharply The peak value of 6.5 is the optimum pH for

pH this enzyme.
Figure 2.8 Enzymes work efficiently over a narrow pH
range. This graph shows the effect of pH on a typical
enzyme from a human cell.

Changing the pH above or below the optimum of an
enzyme affects the rate at which the enzyme works. The
change in pH alters the concentration of hydrogen ions (H*)
or hydroxyl ions (OH") in the surrounding solution. If the
change is small, the main effect is to alter charges on the
amino acids that make up the active site of the enzyme. As
a result, substrate molecules no longer bind. A large change
in pH breaks the hydrogen and ionic bonds that maintain
the tertiary structure of the enzyme. The result is that the
enzyme is denatured.

substrate

—y o,

Inhibitors
Inhibitors are substances that slow down the rate of
enzyme-controlled reactions. Competitive inhibitors are

. molecules that are very similar in shape to the substrate of
— the enzyme, as shown in Figure 2.9. They are described
C?:ﬁ;g::e as competitive inhibitors because they compete with the
enzyme enzyme-inhibitor substrate for the active site. They fit into the active site and
complex block it. This prevents substrate molecules from entering
Figure 2.9 A competitive inhibitor competes with and stops an enzyme—substrate complex being formed.
substrate molecules for the active site of the

Figure 2.10 shows how non-competitive inhibitors
work. Notice that a non-competitive inhibitor
doesn't fit into the active site of the enzyme and
block it in the way that a competitive inhibitor
does. Instead, it binds somewhere else on the
enzyme. This causes the enzyme, including the
active site, to change shape and, as a result,
substrate molecules no longer fit and so no
enzyme—substrate complex is formed.

enzyme.
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substrate
unable to enter
active site

The higher the concentration of a competitive

enzyrme—inhibitor inhibitor, the greater the degree of inhibition. In
Bareples other words, the effect of a competitive inhibitor

Figure 2.10 Non-competitive inhibitors bind to the enzyme can be reduced b}r adding more substrate. On

somewhere other than the active site. This causes the active site the other hand, changing the:concentration of

R GHRTN S substrate has no effect on the degree of inhibition

shown by a non-competitive inhibitor.

non-competitive
inhibitor

enzyme
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TEST YOURSELF

5 Uric acid is a substance that is made in the body. Gout is a painful '
condition caused when too much uric acid is produced and crystals ¢
form in the joints. Gout can be controlled by a drug called allopurinol. i
Allopurinol is a competitive inhibitor. Suggest how allopurinol :
controls gout.

6 Ethylene glycol is a substance found in antifreeze. Sometimes it is
consumed accidentally. Ethylene glycol itself is not poisonous but it
is broken down in the body by the enzyme alcohol dehydrogenase to
substances that are toxic. One way for doctors to treat ethylene glycol
poisoning is to give the person a drink containing alcohol. Suggest
how this works to prevent the poisoning becoming fatal.

7 Figure 2.11 shows the effect of a competitive or non-competitive
inhibitor on an enzyme-controlled reaction. Explain why adding more
substrate reduces the effect of a competitive inhibitor, but adding more
substrate does not reduce the effect of a non-competitive inhibitor.

w
Make sure that you understand
the effects of different enzyme/
inhibitor concentrations on rate in
competitive and non-competitive
inhibition.
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Figure 2.11 The effect of a competitive or non-competitive inhibitor on an
enzyme-controlled reaction.
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8 Copy the graphs shown in Figure 2.11 and add a line to each to show
the effect of adding a greater amount of inhibitor.

FEERSRR R b A A SR SERRRR R4S S PP RIR R R RO RRRRRAN NN A AL LP LR RN RSP IS FORBR ARSI F PP PRGBS RBENSP R PRRRBN RN FEIHPPRRR AR R R PSS EBERERR L4 PF RS BERRERLERD
E4FFFFEEENY -

I

LI I I AR RRR L R R RRRG I LR R L] (AT RRER LA AR RRII SRR RRRT YL L]

(\

— The properties of enzymes: collisions
come first

An enzyme and its substrate must come together before an enzyme-controlled
reaction can take place. They must collide with each other with enough
energy to break existing chemical bonds and form new ones. The greater the
number of successtul collisions in a given period of time, the faster will be the
rate of reaction. Increasing the temperature and increasing the concentration
of the substrate or of the enzyme can increase the probability that a successful
collision will take place and that an enzyme—substrate complex will form.

Temperature

We have already seen that high temperatures denature enzymes and stop
them from working. At temperatures below the optimum, an increase has
a different effect. An increase in temperature increases the kinetic energy
of the enzyme and substrate molecules. As a result, they move faster. This



increases the probability that enzyme and substrate molecules will collide

with each other. In most enzyme-controlled reactions, a rise of 10°C more
or less doubles the rate of reaction, provided that temperature stays within
an acceptable range around the optimum.

Figure 2.12 The tuatara is a New Zealand reptile. Like other reptiles, the tuatara
cannot regulate its body temperature independently of the temperature of its
environment [itis an ectotherm]. The tuatara is active and its enzymes can digest
food at temperatures as low as 6°C. With an increase in temperature, its enzymes
work faster and it digests its food faster.

Extension

In reality, denaturation occurs
below the optimum; the
optimum is the balance between
slowing due to denaturation and
increasing due to more collisions.

An increase in temperature therefore increases the rate of reaction until the
temperature reaches an optimum value, and then the rate of denaturation
also increases. Around 10°C above the optimum temperature, although
the initial rate of reaction is very fast, it soon falls as the enzyme quickly
becomes denatured. This is summarised in Figure 2.13.

This is because there are two

n

g rates of two reactions: the rate

& of denaturation and the rate of Rate

- enzyme-substrate reaction. Both °¥.
reaction

o

are temperature dependent.
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Figure 2.13 The effect of temperature on the rate of
reaction of an enzyme-controlled reaction.

Rates of reaction

The rate of a reaction is how fast it is going over a given time. Catalase
catalyses the reaction in which hydrogen peroxide is broken down to
water and oxygen. One way of following the progress of this reaction is to
measure the volume of oxygen produced.



EXAMPLE

Using catalase to measure rates of reaction

1 Suppose 25¢cm?® of oxygen was produced in 20seconds
be the rate of this reaction over this 20 second period?

The rate would be the volume of oxygen produced divided 40

by the time the reaction took. In other words, 25/20 or
1.2529cm?® per second.

When we carry out this reaction in a tube in a
laboratory, its rate changes. As time progresses, it
slows down until it comes to a complete stop. Explain
why the rate of the reaction slows down. Use your
knowledge of the way in which enzymes work.

The number of hydrogen peroxide molecules will get fewer
and fewer as the substrate is broken down. The number
of molecules of catalase, however, does not change. This

fd

means that there will be fewer collisions between substrate

molecules and the active sites of the enzyme molecules.
Fewer collisions mean a slower rate of reaction,

The graph in Figure 2.14 shows a progress curve for a
reaction inwhich catalase is involved in breaking down
hydrogen peroxide.

3 Calculate the rate of the reaction between 10 and
20 seconds. Explain how you arrived at your answer.
Using a graph to calculate the rate of a reaction
is really no different from the calculation that you
have just carried out. In this case, you read off the
total volume of oxygen produced between 10 and
20 seconds. This is 20cm?®- 10cm?® 10cm? of oxygen
is therefore produced in 10seconds, so the rate is
10/10 or 1cm? per second.

Suppose, however, that you want to look at what is

happening a little later on when the rate is changing.

4 Calculate the rate of the reaction at 30 seconds.
You cannot divide the volume produced by 30, This
will give you the mean rate aver the whole 40 second
period. You want the rate at a particular time,
30seconds. Figure 2.15 shows what you should do.

. What would

Total volume
of oxygen 20
produced/cm?
10
o 5 . 515 S 0 S T 5 Y T S 0
0 10 20 30 40 50 60
Tirnels

Figure 2.14 Graph showing the breakdown of hydrogen
peroxide by catalase.
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1. Draw a tangent to the curve at the point

at which you are interested. Here it is 30 seconds.
2. Use the tangent to read the volurme of

oxygen produced. Here it is 34 — 18 or 16 cm?.
3. Use the tangent to read off the time in which

this volurre is produced. Here it is 50 - 10 or 40 s,
4. Calculate the rate by dividing the volurre by

the tirme. Here it is 16/40 or 0.4 crr® 571,

Figure 2.15 Advice on answering questions: calculate the rate
of the reaction at 30seconds. Note that a tangent is a straight
line that touches but doesn't cross a curved line.
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- Investigation into the effect of a named variable (R
. on the rate of an enzyme-controlled reaction SAFETY

. Note: This is just one example of how you might tackle this Avoid direct contact with the enzymes in
. required practical. general, and particularly proteases. Enzymes

: | | llergic reactions, and ti

¢ A student decided to investigate the effect of pH on a cah i Y iy
: ST j - e sensitisation. Wear eye protection, and wash
protem—dlggspng i She setaup =Ecratne off splashes from skin. People known to be

; tubes containing a mixture of 2¢m" of a protease enzyme | ;o jtive to enzymes should avoid the activity,
and 5cm? of a buffer solution as follows. In each tube she or wear gloves {they should be rermoved
placed a glass capillary tube containing solidified egg white carefuLlygto avbid cgntamination] Plaht -

: [a protein). She measured the length of egg white in each fungal proteins should be used it possible

. capillary tube before putting it in each tube. She left all the S e el measuring protein ;
tube.s;, stoppered, in an incubator at 30°C for 12hours. After cylinders, to avoid dislodging the material.
i this time, she removed the capillary tubes of egg white from ——
i the boiling tubes and measured the length of egg white :
: remaining. The results are shown in Table 2.2.

Table 2.2
Initial lLength of egg white in tube/mm Final lLength of egg white in tube/mm
4.8 54 47
.6 1l 45
5.8 b2 42
6.2 54 40
6.6 52 32
68 | 53 27
7.2 52 17
7.6 48 7
8.2 47 15
8.6 b2 23
2.0 54 37
9.6 53 49

1 Calculate the percentage of egg white that has been digested in each tube.
2 Plot a graph showing the dependent variable on the y-axis against the

¢ independentvariable on the x-axis.

3 Why was it important to calculate the percentage of egg white digested,

. rather than length of egg white in the tube?

4 Suggest a suitable control for this investigation. Explain why this is needed.
. 5 Why was it necessary to put stoppers in the tubes before incubating them?
i & The student used a buffer solution to create the correct pH in each tube.

. Explain why she used a buffer, rather than adding acid or alkali.

i 7 The student decided that the optimum pH for this enzyme was 7.6.

: Do you agree with this? Give reasons for your answer.
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Q Limiting factors and substrate

concentration

The shape of the curve in Figure 2.16 is one that you will often come across.
It is an example that has nothing to do with biology. Supporters are going to
a football match. To get into the ground, they have to pass through turnstiles.
The graph shows the rate at which the supporters get into the ground plotted
against the number of people outside who are trying to get in.
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Figure 2.16 The rate of entry into a football ground plotted against the number
of people outside.

We have divided this curve into two parts. Look at part A first. It shows
that the rate of entry into the ground is directly proportional to the number
of people outside. Three hours before the game starts, very few people are
trying to get in. They can go straight to a turnstile and walk through. As
more and more people arrive, the rate of entry into the ground increases.

There comes a point, however, when there are so many people outside
that all the turnstiles are working as fast as possible and queues start to
build up. The rate of entry to the ground cannot get any faster. We are
now on the part of the curve labelled B. We say that over part A of the
curve, the number of people outside is the limiting factor as it limits
the rate of entry to the ground. The curve levels out in part B. It does
not matter how much faster supporters arrive at the ground, the rate of
entry stays the same. Something else is acting as the limiting factor. It is
probably the number of turnstiles.




We will now look at a biological example that is based on the same principles.
Figure 2.17 shows what happens to the rate of reaction when the concentration
of the substrate is increased but enzyme concentration is kept constant. In this
reaction, both the temperature and the pH are at their optimum values.

Figure 2.17 The effect of substrate
concentration on the rate of an enzyme-
controlled reaction.

M—

Rate

of
reaction

Substrate concentration —————

_

EXAMPLE

The effect of substrate concentration on the rate of an enzyme-controlled reaction

successfully with the active site of an enzyme and a
reaction will take place.

1 Look at the part of the curve between point A and B
on Figure 2.17. What limits the rate of reaction over
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this part of the curve?
The answer is substrate concentration.

2 What is the evidence from the graph for this

answer?
As we increase the concentration of the substrate. the
rate of reaction also increases.

4 What causes the rate of reaction to increase over

this part of the curve?
The more substrate molecules there are, the greateris
the probability that one of these molecules will collide

Look at the part of the curve between B and C. How
does increasing the substrate concentration after
point B affect the rate of reaction?

The rate of reaction stays the same.

What caused the rate of reaction to stay the same
over this part of the curve?

At any one time, all the enzyme active sites are
occupied. The enzyme cannot work any faster. The only
way that the rate of reaction can be increased is to
increase the number of enzyme molecules.

¢ y—

TIP

Look out for curves of the shape shown in Figures 2.16 and 2.17. They
are very common in biology and their explanation relies on the same
principles every time. We will call what we plot on the x-axis X, and what
we plot on the y-axis Y.

® The first part of the curve rises. Yis limited by X because an increase in
X produces an increase in Y.

® The y-axis value on the second part of the curve stays constant. On this
part of the curve, an increase in X has no effect on ¥. Something other

than X is limiting ¥.

Rate of
reaction

The effect of enzyme concentration on reaction rate
Increasing the enzyme concentration will increase the rate of an enzyme-
controlled reaction, provided that there is enough substrate present. This is
because adding more enzymes increases the number of active sites for the
substrate molecules to collide with. This is shown in Figure 2.18.

Increasing enzyrre
concentration

Figure 2.18 The effect of enzyme
concentration on reaction rate,

Of course, the linear increase in rate of reaction only occurs until substrate
concentration becomes limiting,



AR+ SFEANEER

EFS+FFAENETES S S S FEIERERSFFFS A NAER

ERSESFFSFEEEDR

aEEES+e+SFSUEAEDE

9 Asits body temperature increases from 15°C to
30°C, the rate at which a crocodile digests its food
increases. What causes this increase?

{10 An enzyme works most quickly at a pH of 6.4. A

change in pH from 6.4 to 6.8 has a large effect on
the rate of the reaction controlled by this enzyme.
Use your knowledge of pH to explain why a small

change in pH has a large effect on the rate of the

reaction.

11 Sketch some axes with the x-axis labelled ‘enzyme
concentration’ and the y-axis labelled rate of
reaction” and draw on a line showing the rate of
reaction in the presence of excess substrate.

12 Sketch some axes with the x-axis labelled
‘enzyme concentration’ and the y-axis labelled
‘rate of reaction” and add a line to show the rate
of reaction when the substrate concentration
becomes a limiting factor.

13 The graph in Figure 2.19 shows the concentration
of product when a concentration A of an enzyme
is added to excess substrate. Sketch a line to
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: TEST YOURSELF

show the concentration of product when the
concentration of enzyme added is 2A but excess
substrate is present.

concentration A

Conc. of
product

Tirre

Figure 2.19 Concentration of product when an
enzyme is added to excess substrate.

14 Enzymes used for student practicals are
usually stored in the prep room refrigerator.
Explain why.
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Making a better oral rehydration solution

. This is an investigation that could be carried out in
: a laboratory. How would you go about it?

i Oral rehydration solutions [ORS) can be used by

. doctors to save the lives of children suffering

. from diarrhoeal diseases, often following natural

. disasters such as floods or typhoons. While children
: are suffering from diarrhoea, they are not absorbing
the nutrients they need. As a result, they become

i weaker and weaker and less able to fight off the

i effects of the next attack of diarrhoea. Scientists
wanted to develop a very effective ORS, one that

: not only prevents dehydration but also provides the
. valuable nutrients that a developing child needs.

(@

TIP
See Chapter 15, on practical skills,

to get ideas about investigating
a scientific question.
—_—

The scientists investigated an ORS based on the
starch in one type of rice flour. They found that it
rehydrated diarrhoea sufferers and also helped

to overcome malnutrition. However, at high
concentrations, a rice-flour ORS is so thick that
children cannot swallow it or take it from a feeding
bottle. The scientists decided to use the enzyme
amylase to digest the starch. This reduces its
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viscosity [thickness] so that a patient can drink it from

a cup or a feeding bottle. They investigated the effect
of different concentrations of amylase on reducing
the viscosity of rice-flour solution.
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Practice questions

© 1 Astudent carried out an investigation to find the effect of temperature
on the rate of digestion of starch by amylase. She pipetted 5cm?® of 1%
starch solution into each of three test tubes. She then added six drops
of iodine solution to each of these tubes. The student took another
three tubes. Into each of these tubes she pipetted 2 cm’ of amylase
solution and 1 cm® of a buffer solution at pH 7. She placed one test
tube containing starch solution and one test tube containing amylase
into each of three water baths, at 10°C, 20°C and 35°C. She left the
tubes in the water baths for 10 minutes. After this, she poured the tube
containing amylase into the tube containing the starch solution, mixed
the contents thoroughly and found the time taken for the blue colour to
disappear. The student’s results are shown in the table.

Temperature/°C | Time taken for blue colour to disappear/s
10 180
20 125
35 75

a) i) Describe how you could make 20cm” of 1% starch solution.  (2)

ii) Explain why the student added a buffer solution to the tubes
containing amylase. (2)

iii) The student left the tubes in the water baths for 10 minutes
before mixing them together. Explain why. 2)

b) Suggest a suitable control for this investigation, explaining why it
15 necessary. (2)

c¢) The student recorded the time taken for all the starch to be
digested. Suggest how she could use these results to calculate the
rate of reaction. Explain your answer. (2)

@ 2 The diagram shows a biochemical pathway that takes place inside a
cell. It also shows the molecular structures of two of the substances
in the pathway, glutamic acid and glucosamine 6-phosphate.
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glutamine synthesase Sy
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glutamine
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glucosamine 6-phosphate
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a) What type of substance is glutamic acid? Use the diagram to give the
reason for your answer. (3)

b) Glucosamine 6-phosphate inhibits the enzyme glutamine synthetase.
It is a non-competitive inhibitor.

i) What information in the diagram suggests that glucosamine
6-phosphate is not a competitive inhibitor? Explain your
answer. (2)
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ii) Explain how glucosamine 6-phosphate inhibits glutamate
synthetase. (3)

¢) Suggest a possible advantage to an organism of each of the following,

i) The product formed in a biochemical pathway inhibits one of the

enzymes in the pathway. (2)
ii) The enzyme that is inhibited is at the start of the pathway:. 2)
iii) The product is usually a non-competitive inhibitor. 2)

B 3 Gelatine is a protein. When a gelatine solution cools, it sets to form a jelly.
Fresh pineapple juice contains an enzyme that digests protein. A student
investigated the effect of pineapple juice on the setting of jelly He set up
three different tubes of gelatine and recorded which had set after 3 hours.
The contents of each tube and his results are shown in the table.

Tube | Contents of tube Jelly set

A 6cm? gelatine + 2cm? pineapple juice + 2cm?® water No

B 6cm? gelatine + 2em?® pineapple juice + 2cm® hydrochloric acid | Yes

C 6cm? gelatine + 2cm?® boiled pineapple juice + 2cm? water Yes
a) Explain why 2 cm® of water was added to tubes A and C. (2)
b) Explain the results of tube A and tube B. (4)
c) What was the purpose of tube C ? (3)

Stretch and challenge

B 4 How are the properties of enzymes found in organisms that live in extreme
environments, such as very cold or very hot places, different from those of
enzymes found in most other organisms? How does the molecular structure
of enzymes in organisms that live in hot environments allow them to resist
denaturation?

B 5 How are enzymes used in industry? Focus on the range of uses and also
the benefits of using enzymes rather than alternative chemical processes.
(For example, in food manufacture; in producing ‘stone-washed’ jeans; in
the production of paper; in cleaning materials, etc.)




Cells
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Before you start, make sure that you are confident in your knowledge and
understanding of the following points.
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® Most human and animal cells have the following parts:
~ a nucleus, which controls the activities of the cell
~ cytoplasm, in which most of the chemical reactions take place
— a cell membrane, which controls the passage of substances into

and out of the cell

— mitochondria, which are where where respiration occurs
— ribosomes, which are where protein synthesis occurs.

® Plantand algal cells also have a cell wall made of cellulose, which
strengthens the cell. Plant cells often have:
— chloroplasts, which absorb light to make sugar
— a permanentvacuole filled with cell sap.

® A bacterial cell consists of cytoplasm and a membrane surrounded by
a cellwall; the genes are not in a distinct nucleus.

® Dissolved substances can move into and out of cells by diffusion.

® Diffusion is the spreading of the particles of a gas, or of any
substance in solution, resulting in a net movement from a region
where they are of a higher concentration to a region with a lower
concentration. The greater the difference in concentration, the faster
the rate of diffusion.
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TEST YOURSELF ON PRIOR KNOWLEDGE

1 There are more mitochondria in a cell from an insect’s wing
muscles than in a cell from the lining of the insect’s gut. Explain the
advantage of this.

2 Give two structural differences between an animal cell and a
plant cell.

3 A cell that produces enzymes contains a Lot of ribosomes. Explain the
advantage of this.

4 What features of cellulose make it useful for building plant cell walls?
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Introduction

It was only when the microscope had been invented that scientists
could start to study the detailed structure of living things and see

that organisms are made up of cells. The Englishman Robert Hooke
(1635-1703) was a brilliant self-taught scientist who made his own
microscope. He made a microscope much better than anyone had ever
made before, so he could see structures that had never been seen before.
You can see his microscope in Figure 3.1.




Figure 3.1 Robert Hooke's microscope
in Micrographia (1665).
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Robert Hooke used his microscope to look at all kinds of things. He made

a drawing of cork as seen under his microscope. He noticed that the cork
was made up of empty spaces with walls around them. He called them cells
after the Latin word cellus, meaning ‘little room’. He calculated the number
of cells in a cubic inch to be 1259712 000. He did not see all the smaller
structures within the cell, because he was looking at the empty spaces
between the cell walls in the cork, but he was the first person to realize that

s CELLS are the building blocks of living things.
Eukaryotic cell A cell containing a nucleus

and other membrane-bound organelles. We now know that two of the kinds of cell in living things are eukaryotic
Prokaryotic cell A cell that does not cells and prokaryotic cells. Eukaryotic cells are cells that contain a nucleus,
contain a membrane-bound nucleus or such as are found in plants, animals and fungi. Prokaryotic cells include
any membrane-bound organelles. bacterial cells, and these do not contain a nucleus.

Q Studying eukaryotic cells

The cells that line the small intestine of a human are called epithelial cells.
Figure 3.2 shows epithelial cells from the human small intestine. This
photograph was taken through an optical microscope.

Figure 3.2 Epithelial cells from the hurman small intestine. This photograph has
been magnified 3300 times.
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Magnification This tells you how many

times bigger the image is than real life.

Resolution The ability to see two structures

very close together as separate structures.

electron gun

bearn of electrons

electrornagnetic
lens

specimen

intermediate
irmage

3 fluocrescent screen
— 8 camera

final image

Figure 3.3 The diagram shows the main

features of a transmission electron
microscope.

Look at it carefully and you will see that each cell contains a large structure,
which is the nucleus. We call animal and plant cells eukaryotic cells
because they possess a nucleus. The word eukaryote means ‘true nucleus’.

You will also see that the boundary of the cell, where it lines the lumen of
the intestine, shows up as a rather fuzzy thick line. If we magnify this a

bit more, it does not help a lot. All we get is a slightly thicker fuzzy line.
Magnification on its own is not enough. What we need is greater resolution.
Magnilication is making things larger. Resolution involves distinguishing
between objects that are close together. To resolve objects that are close
together, we need a microscope that will produce a sharper image.

Light waves limit the resolution of an optical microscope. Using light, it is
impossible to resolve two objects that are closer than half the wavelength of
the light by which they are viewed. The wavelength of visible light is between
500 and 650 nanometres (nm), so it would be impossible to design an optical
microscope using visible light that would distinguish between objects closer
than half of this value. That is good enough for a lot of purposes. It is certainly
fine for looking at cells from animals and plants. But it won't let you see the
very small structures inside a cell. For that we need an electron microscope.

Tem —
— frog egg
Trmm =
— single-celled
[ organism
100um
. = plant cell
[ animal cell
1oum — nucleus
— mitochondrion
Tpm |— bacterium
8 | 100nm —
— virus
— ribosome
10nm = cell-surface merbrane
— globular protein
1nml—

Figure 3.4 The scale on this diagram
goes from 1nm to 1cm. These values
have been plotted on a log scale because
this is the best way of representing such
a large range of measurements. The
diagram shows that a human eye is able
to see large single-celled organisms.
With an optical microscope we can see
things as small as bacteria. With modern
transmission electron microscopes we
can see large molecules,

The transmission
electron microscope
If the wavelength of light limits the

resolution of an optical microscope,
then one solution is to use a beam
of electrons instead. Electrons have
very much smaller wavelengths than
light, so a beam of electrons should
be able to resolve two objects that
are very close together. That is the
way an electron microscope works,
as you can see in Figure 3.3.

We cut a very thin section through
the tissue that we are going to
examine (thin enough to let
electrons through). This section,
the specimen, is preserved and
stained with the salts of heavy
metals, such as uranium and

lead. Then it is put inside a sealed
chamber in the microscope. The air
is sucked out of the chamber and
this produces a vacuum. Finally, a
series of magnetic lenses focuses

a beam of electrons through the
specimen and produces an image
on a screen. Electrons pass more
easily through some parts of the
section than others. The electrons
pass less easily through parts that
are stained with heavy metals. This
produces contrast between different
parts of the specimen.



The big advantage of using a transmission electron microscope is its
T e ¥ g S g P
TEST YOURSELF resolving power. It lets us see the structure of a cell in much more detail than

1 How many fiicraretres [jifn) we could ever hope to see with an optical microscope. Look at Figure 3.4.
s there el Jroen (o4 i It gives you a clear idea of just what can be seen with a human eye, a good
e o T8 IS th e actual length t;:f quality optical microscope and a transmission electron microscope.

the epithelial cell labelled A
in Figure 3.2 on page 37.

3 Canyou see the cell-surface
membrane surrounding
an animal cell with an
optical microscope? Use the
information in Figure 3.5 to
explain your answer.
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The scanning electron microscope

A scanning electron microscope works in a slightly different way from a
transmission electron microscope. In a scanning electron microscope, the
electron beam bounces off the surface of the object. It is particularly useful
for looking at three-dimensional structures such as viruses.
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A high resolving power means that a transmission electron microscope has a
useful magnification of up to 100000 times.
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Electron microscopes have their limitations

You might think that a transmission electron microscope with a
magnification of 100000 times is the perfect instrument to investigate cell
structure. However, such a microscope has limitations. Because there is

a vacuum inside, all the water must be removed from the specimen. This
means that you cannot use a transmission electron microscope to look at
living cells. They must be dead. Also, the lengthy treatment required to
prepare specimens means that artefacts can be introduced, which look like
real structures but are actually the results of preserving and staining.

O,

(a)
Sections through different planes

i There are also problems in interpreting what
you see. Some of these arise because a very thin
i slice has to be cut through the specimen. Look

i at Figure 3.5a. It shows a red blood cell. The
shape of a red blood cell is often described as a g2 |
i biconcave disc because it is thinner in the centre
and thicker at the edge.

cell X

cell Y

Figure 3.5 [a] A drawing of a red blood cell. Sections have been

1 Make simple drawings to show what the cut cut through it in different planes. [b) A photograph of sections

sfurffac.e of the cell in Figure 3.5a would look through human red blood cells seen with a transmission
like if it were cut through each of the planes electron microscope. A photograph like this is called an electron
shown in the figure. micrograph.

i 2 Look at Figure 3.5b. It shows very thin sections

. of red blood cells. Through which of the three planes shown in diagram [a) is the
i cell labelled X cut?

3 The cell labelled Y has a bent shape. This bent shape resulted when the cell was
:  sliced. Suggest what caused this bent shape.

When the beam of electrons in a transmission electron microscope strikes a specimen,
i some of the electrons pass straight through and some are scattered by dense parts

: of the specimen. The parts of the specimen that scatter the electrons appear dark

i coloured on an electron micrograph.

{ 4 Red blood cells show as a uniform dark colour on an electron micrograph.

. Explain why.

9 A human red blood cell measures 7pm in diameter. Calculate the magnification
i of the electron micrograph in Figure 3.5b [see page 51 for how to do this).

Figure 3.6 A scanning :
: electron micrograph of red i
: & What additional information can you get about red blood cells from Figure 3.6? blood cells. ‘

Figure 3.6 shows a scanning electron micrograph of red blood cells.
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Q/ The ultrastructure of eukaryotic cells

Figure 3.2 shows some epithelial cells from the human small intestine as they
appear when looked at with an optical microscope. Now look at Figure 3.7.
This shows part of one of the same cells, but it has been taken with a
transmission electron microscope, so you can see much more detail.

Figure 3.7 An electron micrograph
of an epithelial cell from the small
intestine.

The cells in a tissue are broken open in a
homogeniser. This is a machine rather
like a kitchen blender. The tissue is
suspended in a buffer solution which
keeps the pH constant. This solution is
kept cold and has the sarme water
potential as the tissue.

|

The homogenised mixture is filtered. This
rernoves large pieces of tissue that have

not been broken up. Look again at the boundary of the cell, where it lines the lumen of the
l intestine. It shows that the fuzzy thick line that you saw in Figure 3.2 is made
up of tiny finger-like folds in the membrane called microvilli. The nucleus
- The filtrate is now put in a centrifuge can be seen clearly as well. The rest of the cell is made up of cytoplasm in
= AV SpUr KE 0/ pRnc. Lirge orgunelies which there are many tiny structures called organelles. These organelles have
| such as nuclei fall to the bottorn of the ‘ _ { : ; :
Ll centrifuge tube where they forr a particular functions in the cell. Table 3.1 summarises the functions of the
o ; ; : ; ; :
pellet. They can be resuspended in a organelles found in an epithelial cell from the small intestine.
™ fresh solution if they are wanted.
Because of the high resolution of a transmission electron microscope, the
organelles in the cell can be seen clearly. You could not see most of these
The liquid or supernatant is now spun in organelles with an optical microscope.

the centrifuge again. This time, smaller

organelles such as mitochondria separate Sepa rating ceu 0 rgane ues
out into a pellet. '

Understanding the structure of an organelle is not the same as
l understanding its function. To find out about function, biologists need a
: _ : pure sample containing lots of the organelle that they want to investigate.

Flgare3 8 The graunqlianin asampla of. separate cell organelles from each other using the process of cell
tissue can be separated from each other . | , , ok f o WA
by the process of cell fractionation in a fractionation. In this process, a suitable sample of tissue is broken up
centrifuge. This flow chart shows the and then centrifugated at different speeds. Figure 3.8 is a flow chart that
main steps in the process. summarises the main steps in this process.



Table 3.1 The main organelles found in an epithelial cell from the small intestine.

Organelle

Ceﬁ-surfaca membrane

Main features

The membrane found around the outside of a

cell. It is made up of lipids and proteins.

Main function

Controls the passage of substances
into and out of the cell,

Mucleus

The largest organelle in the cell. It is
surrounded by a nuclear envelope consisting
of two membrane layers. There are many
holes in the envelope called nuclear pores.

Contains the DNA, which holds the
genetic information necessary for
controlling the cell.

Mitochondrion

A sausage-shaped organelle. Itis
surrounded by two membrane layers. The
inner one is folded and forms structures
called cristae.

Produces ATP during respiration. The
molecule ATP is the source of energy for the
cell's activities.

Lysosome An organelle containing digestive enzymes Digests unwanted material in
called lysozymes. These enzymes are the cell.
separated from the rest of the cell by the
membrane that surrounds the lysosome.

Ribosome Avery small organelle, not surrounded by Assembles protein molecules from

a membrane.

amino acids.

Rough endoplasmic

reticulum

Endoplasmic reticulum is made of
membranes that form a series of tubes
in the cytoplasm of the cell.

The membranes of rough endoplasmic
reticulum are covered with ribosomes.

Synthesises and transports proteins
around the cell.

Smooth endoplasmic

reticulum

Similar to rough endoplasmic reticulum, but
the membranes do not have ribosomes.

Synthesises lipids.

Golgi apparatus

A stack of flattened sacs, each surrounded
by a membrane. Vesicles are continually
pinched off from the ends of these sacs.

Packages and processes molecules
such as proteins for use in other parts of
the cell, or for export to outside the cell.
Forms lysosomes.

plasma membrane

L nucleus

Plant cells

Figure 3.9 shows a single cell from the palisade layer of a leaf. You will
notice that, like an animal cell, it is eukaryotic.

Cells in flowering plants have all the organelles that are found in
animal cells. However, they have some fundamental differences. A key
difference between plants and animals is that plants photosynthesise.
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| e This process requires light. To make glucose by photosynthesis, plants

have chlorophyll to absorb light. Since chlorophyll is only useful in
areas exposed to light, it is not present in all plant cells. For example,
in underground roots chlorophyll would have no function. In most
plants the leaves are where the majority of photosynthesis takes place,
in the palisade mesophyll and spongy mesophyll. You can see this in
Figure 3.10, overleat.

1 cytoplasm

_ rrermbrane

chloroplasts

f’;‘p © @O0 S D VO oY

Figure 3.9 A simple diagram showing
a single cell from the palisade layer of
a leaf.
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Figure 3.10 A photomicrograph of a
vertical section across a leaf, as seen
with an optical microscope [x 32].

Figure 3.11 An electron micrograph of
a chloroplast [x 14000].

cuticle

upper epidermis

palisade rriesophyll

spongy rmesophyll

lower epidermis
cuticle

As you can see in Figure 3.11, the chlorophyll is not dispersed throughout
the cells but is contained in separate organelles called chloroplasts. When
viewed with an electron microscope, a chloroplast can be seen to have a
complex structure that adapts it for photosynthesis.

The chlorophyll molecules are embedded in the membranes of disc-shaped
structures. In some areas, the disc-shaped structures are stacked up, rather like
piles of coins. These stacks show up under low magnification in an electron
microscope as dark, grainy patches. There are usually about 50 dark areas in a
chloroplast, linked together by a network of the membranes. These structures
hold the chlorophyll molecules in positions where the maximum amount

of the light that falls on the chloroplast reaches them. The chlorophyll
molecules use the light energy to split water into hydrogen ions and oxygen.

The surrounding stroma contains enzymes. These enzymes catalyse a series
of reactions that use the hydrogen ions, electrons and carbon dioxide to make
glucose. The chloroplast is surrounded by a double membrane, which enables
control and localisation of substrates and ensures that the enzymes are held
inside the chloroplast close to the chlorophyll while allowing free movement



of small molecules such as carbon dioxide and water. The structure of the
chloroplast ensures that this complex process happens efficiently in a small
space with optimum use of available light energy. Excess glucose is converted
to insoluble starch and stored temporarily in starch grains in the chloroplast.

Plant cell walls

You may have noticed that one major difference between animal and plant
cells is that an animal cell has no wall, whereas the palisade cell has a wall
outside the cell-surface membrane. This wall is fairly thin. It is not rigid like
a brick wall, but it does give the cell strength, as it resists being stretched.

It is the strength of the cell wall that stops a leaf cell from expanding and
taking in so much water that it bursts.

The leaves of most flowering plants stick out from the stems. But, as you know
if you have ever forgotten to water houseplants, when a plant is short of water
the leaves flop down — they wilt. For the leaves to stay flat, facing the light, they
need water that is taken up through the roots. It enters a leaf cell by osmosis
and fills the vacuole. The water pushes against the wall and makes the cell

firm, just as air pumped into a tyre makes the tyre hard. The cell wall is strong
enough to prevent the cell from bursting. Animal cells, however, have no cell
wall. If, for example, a red blood cell took in too much water, its cell-surface
membrane would burst. Animals have systems that control the water content of
the blood and tissue fluid surrounding cells and stop this happening.
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All life on Earth exists as cells, which all have common features. This is indirect
evidence for evolution. However, not all organisms consist of eukaryotic cells.
Prokaryotic cells are described in Chapter 6.
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: TEST YOURSELF
i & Compare the cells shown in figures 3.7 and 3.9. 5 Calculate the actual length of the chloroplast in :
¢ Describe three ways in which the structures of Figure 3.11 in micrometres. :
: the cells are similar and three ways in which é Explain how a rising glucose concentration insidea i
: they differ. chloroplast might result in damage to the chloroplast. ;
Biasenorsnrnessrssorenssssesnsnssesarsnsssre RO PRI PO PO —
_ The cell-surface membrane
TIP You saw in Table 3.1 that the cell-surface membrane is made up of
Cell-surface membranes are lipids and proteins. The commonest lipids found in living organisms are
found in both prokaryotic and triglycerides. You learned about these in Chapter 1 (pages 7-9). Most of
eukaryotic cells. Their structure is| the lipids found in a cell membrane are phospholipids. You will remember
the same in both types of cell. that a phospholipid has a ‘head’ consisting of glycerol and phosphate and a
B —

‘tail’ containing the long hydrocarbon chains of the fatty acids.

This means that when phospholipids are mixed with water they arrange
themselves in a double layer with their hydrophobic tails pointing inwards
and their hydrophilic heads pointing outwards. This double layer is called a

phospholipid bilayer and forms the basis of membranes in and around cells.

The fluid mosaic model

A cell-surface membrane is only about 7 nm thick, so we cannot see all the
details of its structure, even with an electron microscope. Because of this,
biologists have produced a model to explain its properties. This is called the
fluid mosaic model. The model was given this name because it describes
how the molecules of the different substances that make up the membrane
are arranged in a mosaic. Not all of these molecules stay in one place.



They move around, so we also describe the bilayer as being fluid. All cell
membranes have this structure, not just the cell-surface membrane.

Figure 3.12 A simple diagram showing polysaccharide attached to

the structure of a cell-surface Npoe®— protein forming a glycoprotein
membrane. The main components are y
the phospholipids, which form a bilayer,
and proteins. '?.; B

protein

phospholipid i I,
bilayer 9 ii;'f
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Look at Figure 3.12. This is a very simple diagram showing a section through
a cell-surface membrane. It illustrates how the phospholipids and proteins
are arranged. The membrane is based on a phospholipid bilayer. Very small
non-polar molecules, and molecules that dissolve in lipids, can pass easily
through this bilayer. Water-soluble substances, however, must pass through
channels and carriers in the protein molecules that span the membrane. The
phospholipid layer therefore forms a very important barrier. Since molecules
of some substances are unable to pass through it directly, passage into or out
of the cell is controlled by the protein molecules in the membrane.

Some of the proteins move freely in the phospholipid bilayer of the cell-
surface membrane. Others are attached to both the cell-surface membrane
and structures in the cytoplasm of the cell.

Membrane proteins have a variety of different functions, as follows.

® They may act as enzymes. Enzymes that digest disaccharides are found in the
cell-surface membranes of the epithelial cells that line the small intestine.

® They may act as channels through the membrane to allow specific ions or
molecules through.

® They act as carrier proteins and play an important part in transporting
substances into and out of the cell.

® They act as receptors for hormones. A hormone will only act on a cell that
has the right protein receptors in its cell-surface membrane or cytoplasm.

® They act as molecules that are important in cell recognition, and may act
as antigens.
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Carbohydrates are attached to lipids and proteins on the outside of the cell-
surface membrane, forming glycolipids and glycoproteins. They are important in
allowing cells to recognise one another. Cholesterol molecules are also found in
the cell-surface membrane of animal cells, where they add strength and prevent
movement of other molecules in the membrane.

k'
C/ Diffusion, osmosis and active transport

Diffusion

Diffusion is the random movement of the ions or atoms or molecules that
make up a substance from where they are at a high concentration to where
they are at a lower concentration. In other words, particles of the substance



diffuse down a concentration gradient. Think about what happens if you

put a drop of ink into a beaker of water. The ink molecules will gradually O
spread through the water. They will have diffused from where they were

in a high concentration in the original drop to where they are in a lower 5
concentration in the surrounding water. =

These particles are moving at random. You can see this quite easily if you
look at a tiny drop of toothpaste mixed with water under the microscope.
The toothpaste particles move around, twisting and turning. They are moving
because the molecules of water in which they are suspended are moving at
random and are bumping into them. The kinetic energy that the molecules
possess results in this movement.

In a solid, the particles are packed closely together and can only vibrate;
in a liquid, the molecules are free to move, but are close together, so
bump into each other and change direction; and in a gas, the molecules
travel much further before colliding with each other.

o
"
3
o
Gl
¥
=
Q
)
zl
]
A
=
3
-

Diffusion is also one of the ways in which substances pass into and out

of cells. During aerobic respiration, for example, cells produce carbon
dioxide. So there is a higher concentration of carbon dioxide inside a cell
than outside. Like oxygen, carbon dioxide is a small non-polar molecule and
will diffuse from where it is in a high concentration inside a cell through the
cell-surface membrane to where it is in a low concentration outside the cell.
Surfaces through which diffusion takes place are called exchange surfaces.

The rate of diffusion is the amount diffused through the surface divided by the
time taken. This depends on a number of factors. These include the following,

® Temperature: molecules move faster at higher temperatures, so the higher
the temperature, the faster the rate of diffusion.

@ Surface area: the greater the surface area of the exchange surface, the
faster the total rate of diffusion

® The difference in concentration on either side of the exchange surface. The
greater this difference, the faster the rate of diffusion. In the intestine, the
blood is continually transporting the products of digestion away from the
intestine wall. This ensures a greater concentration gradient and a faster rate
of diffusion.

® A thin exchange surface. Diffusion is only efficient over very short
distances. Exchange surfaces such as the epithelium of the intestine are
just one cell thick.
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TEST YOURSELF

7 Fish have gills. They use these gills to obtain oxygen from the water
by diffusion. Suggest three features of fish gills that are adaptations
for efficient diffusion.

8 Which type of microscope would be best to view:
al a single-celled organism swimming through some pond water?
b) the surface of a bacterial cell?
c) the internal structure of a chloroplast?
9 Small, lipid-soluble substances enter cells most quickly. Explain
why.
10 In cell fractionation, why is a buffer solution used?
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Facilitated diffusion
Large, water-soluble molecules such as those of glucose cannot pass directly
through the phospholipid bilayer of a cell-surface membrane. They need
to be taken across by carrier proteins in the membrane. These carrier
proteins have a binding site on their surface, which has a specific shape.
A glucose carrier, for example, has a binding site into which only glucose
molecules will fit. In addition, different sorts of cells have different carrier
proteins. This explains why a particular cell will take up some substances
but not others.
Diffusing molecules bind to a diffusing ‘
carrier protein. The protein molecules
changes shape and takes the ‘

molecules through the
mermbrane.

carrier protein molecule

outside cell
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Figure 3.13 In facilitated diffusion, carrier proteins in the cell membrane assist in the transport of substances
into the cell.

Look at Figure 3.13. You can see that carrier proteins change shape
when they bind to diffusing molecules, such as glucose molecules.
When this happens, the carrier proteins carry the molecules through
the membrane and into the cell. This process, in which a protein
carrier transfers a molecule that would not otherwise pass through the
membrane, is called facilitated diffusion. Another kind of facilitated
diffusion uses channel proteins. These are proteins that have a water-
filled centre which water-soluble molecules and ions can diffuse
through. As with simple diffusion, facilitated diffusion relies on the
kinetic energy of the molecules. It is also described as a passive process
because it does not require hydrolysis of ATP from respiration.

wn
-l
d
L
&)
™




(RS

FAFAFPA P AR A P FFA PR PR R FPAFI PR PRSP FAA P PRI FAR PRI EA FPAFA PP R PP FAFPA P PR FAA P PR
.
)
&
4 L
-
5

. Investigation into the effect of a
- named variable on the permeability
. of cell-surface membranes

Note: This is just one example of how you
: might tackle this required practical.

Beetroot cells contain pigments called betalains
. that give the tissue its dark purple-red colour. The
: pigment is contained in the cell vacuole.

A student decided to investigate the permeability of

: beetroot membranes. She used a cork borer to cut

: several ‘cores’ of beetroot tissue. She cut these cores
. into slices 2mm thick and placed them in a beaker of
: cold water for 2 hours.

¢ The student then took 21 test tubes. She used a

i graduated pipette to place exactly 5cm? of distilled water
: in each tube. She labelled the tubes with the temperature
. of the water bath she was going to place them in. She put
: three tubes in each water bath. The temperatures of the

: water baths were 0, 25, 40, 50, 65, 85 and 95°C. She left

. the tubes in the water baths for 5 minutes.

e L N e ET P LR R LT

SAFETY

Take care when using hot water - a water temperature
greater than 50°C can cause scalding damage to
the skin.

After this, she removed five beetroot discs from the
beaker. She handled them carefully using forceps and
gently blotted them dry using filter paper. Then she
put the discs in the first tube and made a note of the
time. She repeated this for each tube.

After exactly 45 minutes, the student shook each tube
carefully and gently removed the beetroot discs. She

placed a white tile behind each tube and made a note

of its colour.

Next, the student set the colorimeter to a blue-green
filter [530nm] and inserted a cuvette containing
distilled water. She set the absorbance to 100%.

Then she inserted a sample of the solution from each tube

in turn into the colorimeter and measured the percentage
absorbance. She obtained the following results.

Colorimeter reading/% absorption of light

Temperature/°C Colour
Tube 1

0 ﬁlear and colourless 7 0.0

Tube 2 Tube 3 Mean

0.1 0.0 0.0
25 Very pale pink 3.2 4.1 4.3 4.1
40 Very pale pink 19.3 20.4 19.9 19.9
50 Pale pink 46.2 44.3 43.5 44.7
65 Pink 76.4 78.3 75.3 76.7
85 Dark pink 99.6 98.8 98.2 98.9
25 Red 100.0 100.0 100.0 100.0

: 1 Why were the beetroot discs placed in a beaker of cold
distilled water for 2 hours before the investigation?

: 2 Why did the student handle the discs carefully

. using forceps, and why were they carefully blotted
. dry before being added to the tubes of water?

3 Why were the tubes of water left in the water bath
i for 5 minutes before the discs were added?

¢ 4 Why did the student use a red-green filter in the

. colorimeter?

5 Why did the student put a cuvette containing

i distilled water into the colorimeter before putting
the test solutions in?

Water potential and osmosis

6 Plot a graph of these results. Use this graph to
describe the effect of temperature on the amount
of pigment released from beetroot tissue.

7 Use your knowledge of the structure of cell
membranes to explain this effect.

8 Suggest at least two limitations of the student’s
method. Explain how these might cause small
inaccuracies in the results obtained, and suggest
how the effects of these limitations could be

reduced.

Look at Figure 3.14, overleaf. It shows water molecules surrounded by a
membrane. These water molecules are in constant motion. As they move
around randomly, some of them will hit the membrane. The collision of
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hit the rmermbrane.

Figure 3.14 Water molecules move at
randorm. Some will hit the surrounding

membrane and create a pressure on it.

This pressure is the water potential.

Osmosis The net movement of water

molecules from a solution with a higher
water potential to a solution with a lower
water potential through a selectively
permeable membrane.

the molecules with the membrane creates a pressure on it. This pressure is
known as the water potential and is measured in units of pressure, usually
kilopascals (kPa).

Obviously, the more water molecules that are present and able to move about
freely, the greater the water potential. The greatest number of water molecules
that it is possible to have in a given volume is in pure water, because nothing
else is present. Pure water therefore has the highest water potential. It is given
a value of zero. All other solutions will have a value less than this. They will
have a negative water potential.

Now look at Figure 3.15. This shows a cell surrounded by distilled water.
The cell-surface membrane separates the cytoplasm of the cell from the
surrounding water. It is selectively permeable. This means that it allows
small molecules such as water to pass through but not larger molecules.
The cytoplasm of the cell contains many soluble molecules and ions. They
attract water molecules, which form a 'shell’ round them. These water
molecules can no longer move around freely in the cytoplasm. Therefore,
there is a much higher concentration of free water molecules in the water
surrounding the cell than there is in the cells cytoplasm.

Water surrounding Cytoplasm
cell
o o ©
O g: O
O
&) 0O
O
050
> 0 solute rmolecule
o O surrounded by
09 o ‘shell’ of water
oo O ‘ molecules
water o Y
rmolecules O
O ,
® 00 selectively
O permeable
membrane

Figure 3.15 In this diagram, the concentration of water molecules
that are able to move freely is higher outside the cell than inside the
cell. As a result, water will move into the cell by osmosis.

The water potential is higher outside the cell than inside it, and therefore there
is net movement of water molecules from the distilled water into the cell. Water
molecules will also show net diffusion across a membrane from any solution
with a higher water potential to a solution with a lower water potential. This is
osmosis, We can, therefore define osmosis in terms of water potential.

If you put an animal cell into a solution with the same water potential as the
cell, there will be no net movement of water by osmosis into or out of the
cell so it will stay the same.

If you put an animal cell into a solution with a lower water potential than the
cell, there will be net movement of water out of the cell and it will shrink in
size. The same thing will happen to a plant cell, except that the cell membrane
and its contents will shrink away from the cell wall. The gap between the cell
membrane and the cell wall will be filled with external solution.

If an animal cell is placed in a solution with a higher water potential than the cell,
it will take in water by osmosis and swell up. Eventually it will burst. A plant cell



placed in such a solution will also take in water by osmosis, and will swell up to
become firm, but it will not burst because the cell wall acts as a protective ‘cage’
around it, stopping it increasing in volume excessively
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: Production of a dilution series of a solute to produce a TIP

. calibration curve with which to identify the water potential See Figure 1.19 in Chapter 1,
. of plant tissue page 15, for how to make up a
Note: Thisis just one example of how you might tackle this required s

¢ - E
: practical. :
. Astudentwas given a 1.0mol dm™ solution of sodium chloride and a beaker of

distilled water. He used this to put 20cm? of five different sodium chloride solutions

into five Petri dishes as follows: 1.0, 0.75, 0.5, 0.25 and 0.0 mol dm* sodium chloride.

: 1 Copy and complete the table below to show how the student made up these
:  solutions, called a dilution series.
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Volume of 1.0mol dm? sodium

chloride solution/cm? Volume of distilled water/cm?

1.0mol dm? sodium chloride

0.75 mol dm sodium chloride
0.50mol dm~? sodium chloride
0.25mol dm~? sodium chloride
0.0mol dm-? sodium chloride

| Next, the student used a cork borer to cut several ‘cores’ of potato. He then _
cut the cores into discs, with each disc about 2mm thick. He weighed the SAFETY

: discs in batches of five, made a note of the mass, and then placed the . _ _
discs into one of the dishes. This was repeated for the other four dishes. Take care when using knives and

. He left the discs in the dishes for 2 hours. cork borers. Your teacher will
g | : , demonstrate to you the correct,
After this time, the student carefully removed the discs from each dish safe technique when cutting

using forceps. He carefully blotted them dry using filter paper, and cores and discs of potato.
re-weighed them in the same batches of five. He recorded the results
: on a table. He calculated the percentage change in mass of the discs.

P~ | W R —

0
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2 Copy and complete this table to process the data appropriately.

Initial mass/g Final mass/g
1 1.0moldm? sodium chloride 3.83 ' 2.87
2 0.75moldm - sodium chloride 4.07 3.62
3 0.50mol dm- sodium chloride | 402 2.85
4 0.25mol dm- sodium chloride | 3.99 3.84
5 0.0moldm? sodium chloride 3.96 4.73

3 Itwas important that the student handled the discs carefully when removing
them from the dish and blotting them dry with filter paper. Explain why.

4 The mass of potato discs placed in each dish was not exactly the same.
Does this affect the validity of the student’s results? Explain your answer.

5 Plot a suitable graph of the processed data to find the concentration of
sodium chloride solution that has the same water potential as the potato
cells.

6 Explain the changes in mass of the potato tissue. Use the terms ‘osmosis’

. and ‘water potential’ in your answer.

7 |dentify at least two limitations of this investigation, and suggest how they

:  could be overcome,
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Figure 3.16 [a) This photograph
shows the main features of a cholera
bacterium. [b] The drawing has been
made from the photograph to enable
you to identify the various features.
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Active transport

Most cells are able to take up substances that are present in lower
concentrations outside the cells than inside. Plant cells, for example,
contain mineral ions that are present in very small concentrations in the
surrounding soil. Active transport is a process by which a cell takes up
a substance against a concentration gradient.

As with facilitated diffusion, protein carrier molecules are involved, and they
transport the substance across the membrane. The difference is, however, that
active transport requires external energy. This energy comes from molecules
of the substance ATP produced during respiration. Cells in which a lot of active
transport takes place, such as the epithelial cells lining the small intestine,
have large numbers of mitochondria, which produce the necessary ATP.

: TEST YOURSELF

. 11 Give one difference between simple diffusion and facilitated diffusion.

12 Give one similarity and two differences between facilitated diffusion
and active transport.

13 Suggest how channel proteins are specific for certain molecules or ions. i

14 List the similarities and differences between simple diffusion and
05Mosis.

15 Sometimes, in a hospital, a patient who has lost a lot of blood is given
saline [sterile solution of sodium chloride) to compensate for the loss
of blood. Why is it important that the saline solution have the same
water potential as the blood cells?

16 In cell fractionation, why is the buffer used [a) of the same water
potential as the cell and [b] ice-cold?
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(a)

Prokaryotes and their structure

Bacteria are very small, much smaller than the human cells that some of them
infect. Small size is a feature of the cells of all bacteria, and although most
features of eukaryotic cells also apply to prokaryotic cells, they do differ from
eukaryotic cells in a number of other ways. One is that a bacterial cell does
not have a nucleus. It does contain DNA, but this DNA is only present as a
circular molecule in the cytoplasm of the cell and not in a nucleus. It is not
associated with proteins to form chromosomes.

(b) cell wall
capsule




We describe bacterial cells as prokaryotes and bacteria as prokaryotic
organisms. The word prokaryote means ‘before the nucleus’. Another
feature of bacteria is that some of the DNA they contain, the genetic
material, is found in tiny loops called plasmids.

A bacterium is surrounded by a cell-surface membrane. (This membrane
is also called the plasma membrane.) Outside this membrane is a cell
wall, but, unlike plant cell walls, it is not made from cellulose. It contains
a type of glycoprotein called murein. Outside the cell wall there may be
another layer. This is the protective capsule. This is only present in some
bacteria. It helps to stop the bacterium drying out, or from being attacked
by white blood cells. It can also store toxins produced by the bacterium.
Some bacteria have at least one long whip-like flagellum, which helps the
cell to move. Flagella are found only in some species of bacteria. Bacteria do
not have any membrane-bound organelles, such as endoplasmic reticulum
or mitochondria. However, they do have ribosomes that carry out protein
synthesis. These ribosomes are smaller than ribosomes in eukaryotes.

g
L
<
S
1
L
-
o
D
’_;u
A
=
-
25
£
™

Look now at Figure 3.17. This shows a diagram of a bacterium with its
main features.

cell-surface rmermbrane* — controls entry and exit of
substances into and out of cell

cell wall rmade of murein®

Circular DNA* — this carries genes forthe proteins the cell
needs. The DNA is not cornplexed with protein

flagellurn for locomotion

food reserve granule*

slimy capsule — stores waste,
protects against drying out

ribosornes* for protein synthesis (these are smaller than
eukaryotic ribosomes)

oytoplasm*

plasrids — this is a small circular piece of DNA which carries
genes additional to those in the main genetic material,
e.g. antibiotic resistance

*found in all bacterial cells

Figure 3.17 The main features of a bacterium. Bacteria are tiny, generally ranging in size from 0.1 to 5 pm in length.

How to calculate size from an image

Look at Figure 3.18. It shows a single cholera bacterium magnified
10000 times. We will use this information to work out its actual size.

The magnification of an object in a photograph is its length in the photograph
divided by its real length. We can write this as a simple formula:

size of image
size of real object
If we rearrange this formula, we can calculate the real length of the cholera
bacterium in the photograph:

Magnification =

Figure 3.18 This photograph shows a
cholera bacterium [x 10000).

2 _ size of image
Size of real object = e
magnification



We have been given the magnification, but we need to know the length of

the bacterium in the photograph. That is straightforward. All we have to do
is use a ruler to measure the length of the bacterium in the photograph. We
won't include the flagellum. We will just measure the cell between points X

and Y in the photograph.
_ It is 30 mm in length, so we substitute these figures in the rearranged
TIP formula:
See Chapter 14 to find out how to Real Terioth i 30 = D.003m
calculate magnification. G 10000 b
See Chapter 15 to find out how to The calculation is really very simple, but the units we have used are not
use measuring instruments such very practicable. It is like measuring the cost of a postage stamp in pounds
as a graticule and a micrometer. rather than pence. It would be better in this case to give the answer in

——  micrometres (um). There are a thousand micrometres in a millimetre, so the
length of the bacterium is 0.003 x 1000, or 3 pm.
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TEST YOURSELF
17 List the similarities and differences between a prokaryotic cell and a
eukaryotic cell.
18 A bacterial cell is 2Z1um long. Its length in a diagram is 40 mm. What
is the magnification of the diagram? :
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Practice questions
" 1 The figure shows a bacterial cell.
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a) Name structures A, B and C. (3)

b) The following descriptions apply to structures found in a
human cell. Give the name of each structure. (3)

Name of structure | Description
Synthesises proteins and transports them around the cell.

Contains enzymes that digest substances, such as
worn-out organelles or ingested bacterial cells.

Increases the surface area of the cell.

" 2 a) Copy and complete the table with a tick if the statement
applies or a cross if the statement does not apply. (2)

Uses membrane proteins | Requires energy from ATP

Active transport
Facilitated diffusion

A student cut a potato tuber in half. She placed the cut part of the potato

downwards in a beaker of distilled water. She then scooped out a hollow in
the top of the potato and placed 10% sucrose solution into this hollow. She
left the potato for 3 hours. The figure shows the results of her investigation.

~ - N -

10% sucrose solution I | i

N \ v w \J | v

—~+—— distilled water —
— beaker
Lo : potato ' b
at start after 3 hours

b) The level of the solution in the hollow at the top of the potato
rose. Use your knowledge of water potential to explain why. 3)



W 3 Astudent cut 30 discs of potato tissue. Each disc was identical in size
and shape. She weighed groups of five discs, then put the discs into a
dish containing distilled water. This was repeated five more times, with
each group of discs being placed in a different concentration of sodium
chloride solution. All the dishes were left in a refrigerator for 24 hours.
After this, the student carefully dried the potato discs and re-weighed
them. She calculated the ratio of the starting mass : final mass for each
group of discs. For ease of plotting, a ratio of starting mass to final mass
of 0.95 : 1 is plotted as 0.95. The results are shown on the graph.

1.05

1.04 e

1.03 444 A

1.02

1.01

1.00 fﬁ
Ratio of start mass:
final rriass for each 0.99
group of potato discs

0.98

0.97 - s 5 1 O O

0.96 1/

0.85
0.94 é

0.93

0 0.1 02 03 04 05 06 0.7 0.8
Concentration of NaClmol dm~3

a) Explain the results obtained with a 0.75mol dm™ sodium
chloride solution. (3)

b) The student calculated the ratio of the start mass: final mass for
each group of discs, rather than the change in mass. Explain why. (2

w
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c¢) Use the graph to suggest the concentration of sodium chloride
that has the same water potential as the potato cells. (1)

d) Explain why:
i) the discs were used in groups of five 2)

ii) It was important that the potato discs were identical in size
and shape. 2



B 4 a) The plasma membrane is described as fluid mosaic. Explain why.

The graph shows the rate of diffusion of two different molecules
into a cell.

b) i) Molecule A enters the cell by simple diffusion, but molecule B
enters the cell by facilitated diffusion. Explain the evidence
from the graph to show that molecule B enters the cell by
facilitated diffusion.

The table gives some information about molecules A and B.

Molecule Description
Small, lipid-soluble
Water-soluble ion

ii) Identify molecule A and then copy and complete the table above.
Explain your answer.

Beetroot is a vegetable. Its root cells contain a red pigment. In an
investigation, discs of tissue were cut from beetroot tissue. All the
discs were similar in size and shape. They were rinsed thoroughly,
then each disc was placed separately into a test tube containing
10cm” of distilled water at various temperatures. After 1 minute

@ 4

malecule
Rates of

A
transport
| : ¢ rmolecule
(2) into cell / E

Concentration
of transported "
rmolecule outside cell

@)

2)

the disc was removed from the water and a colorimeter was used to

measure the percentage transmission of light through the solution.
The lower the transmission, the more red pigment had leaked out
of the beetroot disc into the water. The investigation was repeated
twice, so that three readings were obtained for each temperature.
The results of the investigation are recorded in the table.

Colour of tube Colorimeter reading/% transmission of light
Temperature | after disc Tube 1 Tube 2 Tube 3 Mean
/°C removed

0 Clear 100 28 Q9 29

22 Very pale pink A 95 94 75

42 Very pale pink 80 77 79 78

63 Pink 27 29 31 29

87 Dark pink | 1 1 1

93 Red 0 0 0 0
¢) i) Describe these results. 2)

ii) Use your knowledge of the structure of cell membranes to

explain these results. (2)

Stretch and challenge

B 5 Describe the detailed structure of chloroplasts and mitochondria.
Evaluate the hypothesis that chloroplasts and mitochondria have
developed from prokaryotic cells that were engulfed by primitive cells
many millions of years ago.

B 6 Describe the structure of cells of the archaebacteria. Compare and
contrast them with the ‘standard’ prokaryotic cells of the eubacteria.
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8 DNA and protein
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&1 synthesis
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PRIOR KNOWLEDGE

Before you start, make sure that you are confident in your knowledge and
understanding of the following points.

® Most human and animal cells have a nucleus, which controls the
activities of the cell.

® Chromosomes are made up of large molecules of DNA [deoxyribonucleic
acid], which has a double helix structure, together with protein.

® A geneis a small section of DNA.

® Each gene codes for a particular combination of amino acids that
makes a specific protein.

® ATP is used by cellswhenever a process requires energy.
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TEST YOURSELF ON PRIOR KNOWLEDGE

1 Put the following in order of size, starting with the smallest: gene,
nucleus, chromosome.

2 Sketch the shape of a DNA molecule.

3 Mature human red blood cells have no nucleus. Explain the advantage
of this.

4 Immature red blood cells are called reticulocytes, and these cells do
have a nucleus. Explain why.
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Introduction

The two men in Figure 4.1 are
James Watson and Francis Crick.
They worked out the structure of
DNA (deoxyribonucleic acid).
The photo shows them standing
by the model of DNA that they
produced in 1953,

In 1952, James Watson had
completed his PhD in the USA
and was carrying out research at
the University of Cambridge in the
UK. Here he met Francis Crick,
who had yet to finish the research
for his PhD in physics and was Figure 4.1 James Watson and Francis Crick
becoming quite bored with it, The ~ first proposed the structure of DNA that

two men were fascinated by DNA you will learn about in this chapter. Here,
| the two researchers are posing in front of

and spent many hours discussing 4 pNA model they built in 1953. Crick is
its possible structure. pointing at the model.
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Figure 4.2 Rosalind Franklin produced
this photograph from X-rays diffracted
through a DNA molecule on to a
photographic plate, and it told her that
DNA is a double helix. Unfortunately for
her, Watson and Crick saw her evidence
and used it before she did.

O

Mucleotides The subunits from which DNA

is made. They are formed from a pentose
sugar, a phosphate group and a nitrogen-
containing organic base.

phosphate
group _
nitrogen-
containing
5-carbon sugar  organic
(deoxyribose) base

Figure 4.3 A single DNA nucleotide is
made from a molecule of a five-carbon

sugar (a pentose] called deoxyribose, a

phosphate group and an organic base.
Mucleotides are the monomers from
which nucleic acids are made.

What other scientists had found out

They knew from experiments performed in the previous 20 years that DNA is
the hereditary material of organisms: a substance that carries information for
characteristics from one generation to the next. They knew that DNA was one
type of the substances found in cells called nucleic acids. They also knew
that it contained chemical groups of atoms called deoxyribose and phosphate,
and four types of a group called organic bases. These bases are adenine,
thymine, cytosine and guanine. Watson and Crick also knew Chargalf’s rule:
that the number of adenine bases in a molecule of DNA is always the same as
the number of thymine bases, and similarly for the pair of bases cytosine and
guanine. Maurice Wilkins and Rosalind Franklin working at Kings College in
London had evidence that DNA was a helical structure (Figure 4.2).

What Watson and Crick did

Using solely this information, molecular models and some very inspired
guesswork, Watson and Crick came up with the structure of DNA. They
published a 900-word report of their proposed structure in the journal Nature
in April 1953 and won a Nobel Prize in Physiology or Medicine in 1962 for
their discovery. Reflecting their reliance on the work of others, their Nobel
Prize was shared with Wilkins. Unfortunately, by that time, Rosalind Franklin
had died of cancer; otherwise she would also have shared the Nobel Prize.

DNA structure

Nucleotides

The structure of DNA and the way that it carries information is the same

in all organisms, which is indirect evidence for evolution. Nucleic acids are
polymers made up of repeated subunits. In this case, the subunit is called a
nucleotide. Figure 4.3 shows the structure of a single nucleotide from DNA.
It has three components, as follows.

@ First there is a pentose (five-carbon sugar): DNA gets part of its name
from the sugar in each of its nucleotides. The sugar is called deoxyribose
(which is the sugar ribose with one oxygen atom missing).

® Second is a phosphate group. This has a negative charge, which makes
DNA a highly charged molecule. This negative charge enables us to
separate fragments of DNA by a technique called electrophoresis.

@ Third is a nitrogen-containing organic base. Each nucleotide contains
one of four bases. Two are adenine (A) and guanine (G) (bases known as
purines). The other two are thymine (T) and cytosine (C) (bases known
as pyrimidines). Each base contains some nitrogen atoms in its structure.

TIP

You will learn about the technique of electrophoresis during your second
year course [see AQA A-level Biology Year 2 Student’s Book).

Polynucleotide strands

Figure 4.4 shows how two nucleotides join together by a condensation
reaction (see Chapter 1, page 2). You can see that two deoxyribose groups
(also called residues) become linked together through one of the phosphate
groups. This is called a phosphodiester bond. The carbon atoms in a
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pentose are numbered in a clockwise direction from the one that carries the
base. When many nucleotides become linked together like this, they form a
polynucleotide. You can see the diagram of a single polynucleotide strand in
Figure 4.5a. Notice how the pentoses and phosphates form a sugar—phosphate
backbone. As we will be more interested in the organic bases, we can simplify
the polynucleotide strand to the structure shown in Figure 4.5b.

O 3z
0—P=0 O—P=
(a) (b)
O 0]
“CH, o
0 =
i s g x
4 ! ! |__sugar-
j P i Ehosl hate
| I ackbone
OH OH OH —
OH — - phosphodiester bond + H;O organic
“0— P==0
T
e S |
S5CH [4 1
20 S
4 | k. o —
\3_2/ OH OCH
f.l)H é-H Figure 4.5 [a) Part of a single

Figure 4.4 Two nucleotides react to form a dinucleotide. Numbers
show the positions of the carbon atoms in the pentoses.

Hydrogen bond A chemical bond important
in the three-dimensional structure of
biological molecules. Hydrogen bonds
require relatively little energy to break.

hydrogen bond

cornplerl'nentarg.r
base pair
Figure 4.6 Hydrogen bonds form
between the complementary bases
of two nucleotides, producing a
complementary base pair.

polynucleotide strand. [b] A
simpler way to represent the same
polynucleotide strand.

TIP

If you are asked to draw a box around the phosphodiester bond in a diagram,

include the phosphate atom and all four oxygen atoms of the phosphate group.
CE ———

Base pairing

We saw in Figure 4.4 how two nucleotides condense to form a dinucleotide
joined by a phosphodiester bond. Figure 4.6 shows a different way that two
nucleotides can join together. The two nucleotides with complementary
bases (see Table 4.1) are joined by different chemical bonds called hydrogen
bonds between the bases. In this way the bases become a complementary
base pair. Individually, hydrogen bonds are weaker than the phosphodiester
bonds holding the sugar—phosphate backbone together, but collectively they

are very strong, which gives stability.

Base pairing occurs only between complementary bases. In DNA, adenine
always pairs with thymine, and cytosine always pairs with guanine.

O

TIP

You need to remember that A pairs with T, and C pairs with G. A good way
to remember this is to think of initials of people you know, or celebrities

you admire, such as footballers. Think of people whose initials are AT or
TA, and CG or GC.




Table 4.1 Complementary base pairs.

A and T are complementary bases [A=T
pairl; C and G are complementary bases
[C=G pair].

_sugar
malecule

phosphate
group

Figure 4.7 Part of a molecule of DNA
showing that it has two anti-parallel
strands.

DNA has two polynucleotide strands

Some types of nucleic acid molecule are made of a single polynucleotide
strand, like the one shown in Figure 4.5. DNA is not single-stranded, it is
made from two polynucleotide strands. The two strands are held together by
hydrogen bonds between the complementary base pairs shown in Table 4.1.

n
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Purine base Pyrimidine base

Adenine [A] | pairs with... Thymine [T]
Guanine [G] | pairs with... Cytosine [C]

Look at Figure 4.7, which shows part of a molecule of DNA. You should be
able to identify individual nucleotides, the phosphodiester bonds holding
together the nucleotides in one polynucleotide strand and hydrogen

bonds between complementary base pairs that are holding together the
two polynucleotide strands. Look closely at the base sequence of each
polynucleotide strand. Notice that one strand has a base sequence that

is complementary to the base sequence on the other strand, and that the
two strands run in opposite directions. For this reason, we call them
anti-parallel strands.

Figure 4.8a shows a simpler version of part of a DNA molecule. Here, the
sugar—phosphate backbones are shown as single lines. Figure 4.8b shows the
final complication of a DNA molecule. The two polynucleotide strands are
twisted into a coil called a helix. This diagram shows why a DNA molecule is
often referred to as a double helix.

(b)

N e
____sugar-

phosphate
backbone

Figure 4.8 [a] A simpler version of Figure 4.7. [b] A molecule of DNA, showing
the double helix of polynucleotide strands.

DNA is a stable molecule

Since DNA carries the genetic information that cells use to produce their
polypeptides, it is important that a DNA molecule does not change. Two
types of chemical bond hold DNA molecules together. The first is the
phosphodiester bond that joins the phosphate group of one nucleotide to
the sugar of the next. Look again at Figure 4.4 to see this. This is a fairly
strong (covalent) bond and is not easily broken. The second is the hydrogen
bond between bases in a base pair, as shown in Figure 4.8a. Although
hydrogen bonds are relatively weak, a single molecule of DNA might be
several thousand nucleotides long. Thousands of hydrogen bonds ensure
that the two polynucleotide strands are held firmly together.
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TEST YOURSELF

1 How many nucleotides are shown in Figure 4.77

2 What makes one DNA nucleotide different from another?

3 A hydrogen bond is a relatively weak bond. Explain why the hydrogen
bonds in DNA hold the two strands together relatively strongly.

4 What is a condensation reaction and what type of condensation bond
is formed between nucleotides?

5 Because DNA forms a helix shape, this means the molecule is coiled
up. Explain the advantage of this.

6 In part of a DNA molecule, 28% of the bases were cytosine. What were
the percentages of the other bases?
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Scientists were not easily convinced that DNA carries the genetic code. It
might be a surprise to hear that, for the first half of the twentieth century, most
scientists believed that proteins carried the genetic information. They thought
the components of DNA seemed much too simple, as they involved only four
bases! In the box below you can see some experiments that changed their minds.

Extension

Experiments showing that DNA is the genetic material

In the first experiment, a bacterium called Streptococcus Figure 4.9 shows that mice died from pneumonia
pneumoniae was used. It causes pneumonia in humans when injected with cells of the S strain.

and other mammals. The bacterium is rod-shaped and
has two strains. On agar plates, colonies of the S strain
bacterial cells produce an outer polysaccharide coat and
appear smooth. Colonies of the mutant R strain bacterial

cells lack the polysaccharide coat and appear rough.

Heat-killed S strain on its own did not cause mice to
die, yet mixed with R strain it did. The first team of
scientists concluded that the genetic information of
the heat-killed S strain was able to get into the live
cells of the R strain and transform them into S-type

A team of scientists injected mice with different cells. They did not know the chemical nature of this
combinations of these two strains of the bacterium. transforming agent.
live cells of S strain live cells of R strain heat-killed cells of S strain heat-killed cells of S strain

and live cells of R strain
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mouse rernains healthy mouse rernains healthy mouse contracts pneumonia

colonies of S strain isolated colonies of R strain isolated no colonies isolated frorm colonies of R strain and S strain
from tissue of dead mouse from tissue of healthy rmouse tissue of healthy mouse from tissue of dead mouse
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Figure 4.9 The effect of injecting mice with different combinations of the S strain and R strain of Streptococcus pneumoniae.
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Some time later, another team of scientists set up an ! (S

experiment to try to find the nature of the - capsule g
transforming agent. They treated heat-killed samples o @
of the S strain of S. pneumoniae with different =
enzymes. Each enzyme broke down specitic & g-
molecules within the bacteria. The scientists then - (protein @
mixed each of the extracts from these S strain cells only)

with a different culture of the R strain, and looked

at the type of colony that grew on an agar plate.
Table 4.2 shows their results.

Figure £.10 T2 bacteriophages are
viruses that infect the bacterium
Escherichia coli.

Table 4.2 The effect of incubation with different enzymes
on the ability of the S strain of S. pneumeoniae to transform
the R strain.

The proteins contain sulfur but DNA does not. DNA
contains phosphorus, but proteins do not. Each of these

elements has a radioactive isotope, **P and *°S. The team

Enzyme used to treat Appearance of R
heat-killed cells strain colonies

of S strain of S. growing on agar ; _ )
Experiment pneumonise plates of scientists grew some T2 bacteriophage in the presence

of *?P. which labels their DNA, and some in the

1 Protease Smooth ; ‘ ; : '
) ——— S presence of *°S, which labgls their proteins. After infecting
‘ a culture of E. coli with these labelled bacteriophages,

3 Deoxyribonuclease Rough the team put samples of the culture in a blender. This
_ , removed the bacteriophages from the surface of the
This research team suspected that three types of bacteria. They then looked to see where the radioactive
molecule found in cells might be the transforming elements were found. Figure 4.11 shows their results.
agent: DNA, RNA or protein. Table 4.2 shows that
only hydrolysis of the DNA in the S strain extract Most of the protein was found outside the infected
prevented the R strain being smooth so only DNA cells and most of the DNA was inside, so it was the
could pass on the information needed for the R strain ~ DNA that was being used by the infected bacteria to
to produce a polysaccharide coat. build new bacteriophages. The team went on to show

that new bacteriophages released by bursting E. coli

Most scientists remained unconvinced, and these results cells were labelled only with *P. This finally convinced

were largely ignored for many years. The results were scientists that DNA did carry the genetic code.
criticised for several reasons. These included:

@ some contaminating protein could have been left

in the protease preparation -
® DNA might be only part of a pathway that proteins :
used for transformation. & artiscadliler 5%

It took a Nobel Prize-winning experiment to
convince scientists around the world that DNA
did carry the genetic code. This experiment used = Percentage 60-
a bacteriophage. This is a virus that infects and o total
kills bacteria. The virus was the T2 bacteriophage.

This bacteriophage infects Escherichia coli, a

bacterium that commonly grows in the gut 2
of humans. Figure 4.10 shows a single T2
bacteriophage. Notice its simple structure: it has
an outer protein capsule surrounding a molecule
of DNA. When a T2 bacteriophage infects an E. coli 0 | : . . , .
bacterium, it multiplies to produce large numbers o 1 z 3 4 > 6

of bacteriophages that burst the bacterial cell and Running time in blender/min
are released. Figure 4.11 The location of radioactivity after removing the
T2 bacteriophage from the surface of infected E. coli cells.
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O DNA, chromosomes and genes

The DNA in prokaryotic cells is different from the DNA in eukaryotic
cells (see Chapter 3, page 50). Prokaryotes contain a single, circular
DNA molecule. In addition, they usually contain one or more

much smaller circular DNA molecules called plasmids (see Chapter 3,

page 51).

In contrast, a single eukaryotic cell always has many, different, molecules

of DNA. In eukaryotic cells each DNA molecule is linear and wrapped
around proteins called histones, and forms a rod-like structure (with two
ends) called a chromosome. Figure 4.12 shows a chromosome from a
eukaryotic cell. In it, the DNA helix is tightly coiled, so that the chromosome
looks much thicker than a DNA molecule. Look closely at Figure 4.12. Can
you see some of the polynucleotide strands within the thick chromosome?

Each chromosome carries the genetic information for a large number of
polypeptides, as well as the information for building the functional RNA
molecules needed for protein synthesis (see page 64). The base sequence of
DNA coding for a single polypeptide or a functional RNA is called a gene.
i B2 AR lsetroncmicraiaah ot Look at Figure 4.13. ‘It‘ show:sla chromosome as a long strinig of genes.

a chromosome. If you look closely, you Each gene has a specific position on a chromosome, called its locus. For
can see some bits of the polynucleotide example, the human gene that codes for pancreatic amylase (see Chapter
strand that i tightly coiled in the 8, page 141) is located at its locus on the short arm of chromosome 1. The
chromosome. sequence of bases in many genes encodes the amino acid sequence of a

single polypeptide molecule.

g;;:; ;ﬁ:: ?;?:: giizfsE?uZ;E:tof . [t might surprise you to learn that much of the DNA in eukaryotic cells
polypeptide or a functional RNA molecule. does not code for polypeptides. In fact, less than 2% of human DNA is
thought to code for them. Figure 4.14 shows how some apparently non-
coding DNA is found within a gene, and some is found between genes.
The non-coding regions of DNA within a gene are called introns; the
coding regions are called exons. In between genes, non-coding DNA often
contains the same bases sequences repeated many times called non-coding
multiple repeats.

centromere Key

[ ] Coding DNA
[ ] Non-coding DNA

chromosorne —
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loci of

different -

genes

— chrornosorne

Figure £.13 A chromosome contains | ' I | i
many genes. Each gene occurs on one part of gene 2 part of
chromosome only and occupies a fixed geoet grne 3
position called its locus. Figure 4.14 Non-coding DNA is found within a gene and between adjacent genes.

Differences between the DNA found in prokaryotic and eukaryotic cells
have been described above. These differences are summarised in Table 4.3.
Because of these differences, we should not refer to the genetic material of



a prokaryotic cell as a chromosome. However, as a shorthand description,
some people refer to ‘bacterial chromosomes’.

Table 4.3 A comparison of the DNA molecules found in prokaryotic and eukaryotic cells,

Feature of DNA

Relative length of molecule

Prokaryotic cells

Eukaryotic cells

Short, i.e. few genes Long, i.e. many genes

Shape of molecule Circular, forming a closed loop | Linear, forming part of a chromosome

Number of different molecules percell | One More than one

Association with proteins
Non-coding DNA

Mot associated with proteins
Absent

Associated with proteins, called histones

Y]
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2
2

Present within genes [introns] and as non-
coding multiple repeats between genes
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7 Give three ways in which the DNA of prokaryotic cells is different
from DNA in eukaryotic cells.

8 The DNA in a T2 bacteriophage is not associated with histone proteins.
Explain why this is important in the investigation shown in Figure 4.11.

9 Explain the difference between:
al introns and exons
b) a gene and a locus.

- 10 Describe the two types of non-coding DNA found in eukaryotic cells.
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Genome The complete set of genes in
a cell,

Proteome The full range of proteins that a
cell is able to produce.

DNA and protein synthesis

An organism’s genes are made of DNA. Genes contain the information

to synthesise proteins. All of an organism’s genes, known as its genome,
are contained in every one of its cells. The cell uses some, but not all, of
these genes to make a set of proteins. Which proteins it actually makes
depends on the type of cell it is. The particular range of proteins that a cell

: organic  produces using its DNA is known as its proteome. However, before you
C /O \ base can understand how genes work, you need to learn about another type of
4;! _!:1 nucleic acid, called ribonucleic acid (or RNA).
\ / Like DNA, a molecule of RNA is a polynucleotide chain. Figure 4.15
¢ shows a DNA nucleotide, which you are already familiar with, and an
3? ’ RNA nucleotide. Can you spot the difference? Look at carbon atom 2 of
OH  OH the five-carbon sugar. In the DNA nucleotide, it lacks an oxygen atom that

ARGcRGte is present in the RNA nucleotide. There is another difference that is not
organic  shown in Figure 4.15. An RNA nucleotide never has thymine as its base;

O-O-@— O\
T

T
H
deoxyribonucleotide

H

Figure 4.15 The molecular structures of
an RNA nucleotide and a DNA nucleotide,

RNA contains the sugar ribose; DNA
contains the sugar deoxyribose (which
has one less oxygen than ribose).

instead it has uracil.

Figure 4.16 (overleaf) shows the structure of DNA and of two different
types of RNA: messenger RNA (mRNA) and transfer RNA (tRNA). How
many differences in the structures and compositions of DNA, mRNA and
tRNA can you spot in Figures 4.15 and 4.16? Table 4.4 summarises these
differences for you.
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a) Double-stranded
DNA molecule

complermentary
base pair held
together by
hydrogen
bonds

sugar-phosphate
backbone

b) Single-stranded ¢) Single-stranded ‘
mRNA molecule tRNA molecule region where
amino acid
§ | attaches
sugar-phosphate =

backbone =

unpaired bases

[ d el el
e = ey IS
5l 1 G |G

- s 3 s
L) — 1]

hydrogen bonds

| o e o o e o e e,y et ' L between some
cormplementary
sugar-phosphate 1 bases
backbone lll
1
anticodon

Figure 4.16 [a] Part of a molecule of DNA, [b] part of a molecule of mRNA and [c] a molecule of tRNA. The polynucleotide
chains are represented as single lines. The parts are not to the same scale.

There is a third type of RNA called ribosomal RNA (rRNA) that forms part
of the structure of ribosomes.

Table 4.4 A comparison of DNA, mRNA and tRNA.

Feature mRNA

Nucleotide structure

Pentose sugar Deoxyribose Ribose Ribose

Purine base Adenine and Adenine and Adenine or uracil
thymine uracil

Pyrimidine base Cytosine or Cytosine or Cytosine or gquanine
guanine guanine |

Polynucleotide chain

Number of 2 1 1

polynucleotide

strands

Number of Many millions Several hundred | About 75

nucleotides in chain or thousands

Hydrogen Present: holds | Absent Present in parts of
bonding between two anti-parallel molecule, giving the
complementary strands together molecule a clover-leaf
base pairs [A-T, C-G] shape [A-U, C-G)

Adenosine triphosphate

You will have seen ATP (adenosine triphosphate) mentioned several
times already. For example, mitochondria make ATP during aerobic
respiration in eukaryotic cells (see Chapter 3, page 41). ATP is used by
cells whenever a process requires energy. Protein synthesis is an example
of an energy-requiring process.

ATP molecules have a structure closely related to the RNA nucleotide
containing adenine. Figure 4.17a shows how an ATP molecule has the
five-carbon sugar ribose and the base adenine, but has three phosphate
groups rather than just one. For this reason, it is called a phosphorylated
nucleotide.



adenine

phosphate groups

)

ribose

Figure 4.17 [a) Like an RNA nucleotide, an
ATP molecule is made from a molecule
of ribose and a molecule of adenine but,
unlike an RNA nucleotide, it has three
phosphate groups. [b] Hydrolysis of ATP
to ADP and aninorganic phosphate group
[P.] and resynthesis by condensation of
ADPandP,

ATP
ATP ATP
synthase hydrolase
or ATPase
O~ O O~
-o—:'v—o- v+ 0 FI’ 0 IL 0 ) adenine
@ O O
inorganic ADP
phosphate (P)

Processes such as protein synthesis require energy from the hydrolysis

of ATP. Just like any hydrolysis reaction (see Chapter 1, page 2), water is
used in a reaction catalysed by the enzyme ATP hydrolase (ATPase) to
break the bond between the second and third phosphate groups, releasing
energy. The phosphate group is often transferred to other molecules to
make them more reactive so that they have the activation energy (see
Chapter 2, page 20) to take part in another reaction. This transfer is
called phosphorylation.

Just as quickly as ATP is used up in cells, it is resynthesised by condensing
together molecules of ADP and inorganic phosphate groups (P) using
another enzyme called ATP synthase. This requires energy. In all cells,
carbohydrate or lipid molecules are hydrolysed during respiration to
release the energy required to resynthesise ATP. In some cells, ATP can
also be made using light energy during photosynthesis. However it is
made, it is important that the cell is able to supply sufficient ATP to meet
the demands of all of its energy-requiring processes, including protein

synthesis.

O

How genes are used

The sequence of bases in an organism’s DNA carries the genetic
information that determines the amino acid sequence of each polypeptide
(Chapter 1, page 12) that a cell can produce. One or more very long
polypeptides assemble to form proteins. Proteins include haemoglobin
found in red blood cells, and enzymes that regulate all the chemical
reactions of substances in cells. Because the DNA determines the sequence
of amino acids in polypeptides, and hence the nature of proteins formed
from them, it thereby indirectly controls how an organism develops and
behaves. The fact that the genetic code that determines how information
is carried on DNA is common to all living organisms and to viruses is
strong evidence for evolution from a common ancestor.

The base sequence on mRNA is used by ribosomes to make polypeptide
chains. Before looking at the process in more detail, it is helpful to gain

an overview of how genes are used. The sequence of events leading to the
production of a polypeptide from the genetic information contained in

one gene occurs in two stages: transcription and translation. Table 4.5
summarises the steps in these two stages. Figure 4.18 (overleaf) is a pictorial
summary of the same events in a eukaryotic cell.
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Table 4.5 The main steps in transcription and translation in a eukaryotic cell.

Transcription Translation

1 The sequence of DNA bases in a single 1
gene is used to make a molecule of
messenger RNA [mRNA]. 2

2 Atthe region to be copied, the DNA unwinds.

3 The hydrogen bonds holding the two 3

DNA polynucleotide chains break down,
exposing unpaired DNA bases.

& A molecule of mMRNA is madewhich hasa | &
sequence of bases that is complementary
to the base sequence of one of the DNA 5

strands.

mRNA is used by ribosomes to make a polypeptide chain with a sequence
of amino acids encoded by the mRNA base sequence.

A molecule of mMRNA leaves the DNA and moves to a ribosome in the
cytoplasm. One or more ribosomes might attach to each mRNA molecule.

Each ribosome travels along the molecule of mRNA, ‘reading’ its base
sequence. As it does so, the ribosome assembles a sequence of amino
acids, according to the sequence of bases on the mRNA.

Peptide bonds form between the amino acids brought by tRNA, making a
polypeptide chain.

Once finished, the polypeptide chain detaches from the ribosome. The
ribosome now dﬁetaches from the mRNA moLeculﬁe.

flgure 4.18 T.ranscruptmn and translation S R cytoplasm
in a eukaryotic cell. .
pore in
gene (DNA) nuclear
envelope
transcription
ribosome
; amino
translation
energy cell-surface
rmernbrane

RMNA polymerase hydrogen

' DNA “unwinds’ at

produced by pairing of RNA
des and exposed DNA bases

polypeptide

mitochondrion

Transcription: the production of
mRNA from DNA

Figure 4.19 shows in more detail what happens
during transcription. At the point at which a gene

gene to be transcribed is to be used, the DNA molecule unwinds and the

hydrogen bonds holding the two polynucleotide
strands together in a DNA molecule break down.
This exposes unpaired bases on the nucleotides of
the two DNA strands. RNA nucleotides are already
present in the cell. Bases on these RNA nucleotides

Iy TR | AR - i form new hydrogen bonds between the exposed

single-stranded mRNA molecule with
base sequence that is complementary

to that of transcribed gene more about this on page 75.

d DNA nucleotides on one of the strands of DNA by

a process of complementary base pairing. This is
similar to the complementary base pairing in DNA
replication, except that RNA nucleotides have the
base uracil in place of the base thymine. You will read

BMA nucleotides

Figure 4.19 During transcription, the base sequence of DNA is Thus, the respective base pairs between DNA and

copied into the complementary base sequence of messenger

mRNA transcribed from it are:

RNA [mRNA]. A gene is thus copied for use by ribosomes.

® adenine—uracil (A-U)

guanine—cytosine (G-C)
cytosine—guanine (C-G)
thymine—adenine (T-A).



Functional RMNA RNA that is not translated
into proteins.

o,

TIP

It might help you to remember
the difference between exons and
introns if you think of exons as
expressed sections of DNA and

introns as intervening sections
of DNA.

Figure 4.20 During transcription

in a eukaryotic cell, the entire base
sequence of a gene is copied into a base
sequence of mRMNA. This produces a
molecule of pre-mRNA that contains a
copy of the non-coding regions of the
DNA [introns] as well as the coding
regions [exons). The non-coding regions
are edited out before the mRNA leaves
the nucleus.

In this way, a chain of RNA nucleotides is made which has a complementary
base sequence to the DNA making up one gene. An enzyme called RNA
polymerase joins the ribose-phosphate backbone of these RNA nucleotides to
form a molecule of mRNA.

Both tRNA and rRNA are made in the same way as mRNA, by using the
sequence of bases in a gene. The difference is that these genes make RNAs
that are used in the process of protein synthesis, whereas mRNA is translated
to produce a protein. tRNA and rRNA are known as functional RNAs
because they have a role in translation. tRNA carries amino acids, whereas
rRNA forms part of the structure of ribosomes.

Post-transcriptional processing of mRNA
in eukaryotic cells

Earlier in this chapter you saw that not all of the DNA in eukaryotic cells
codes for polypeptides or functional RNA and that the non-coding sections
of DNA might be:

® between genes: these sections include DNA sequences that are repeated over
and over again; they are often referred to as non-coding multiple repeats

@ within genes: these non-coding sections of DNA are called introns and
they separate the coding sequences called exons.

During transcription, eukaryotic cells cannot transcribe only the coding
sections. Instead the whole gene, including introns and exons, is transcribed
into a molecule called pre-mRNA. Before it leaves the nucleus, this pre-
mRNA is edited. Figure 4.20 shows how this is done by removing the
non-coding sections of the pre-mRNA. The coding sections are then ‘edited’
together to produce mRNA that carries only the coding regions of the gene,
in a process called splicing.

intron

exon 1 exon 2 exon 3 exon 4
L ™ ™ | 7
RO I ] [T ] DOOKONA

l transcription

B T i T T [ B pre-mRNA
l editing

BT T T . mRNA
! translation
v
QOO0

A R EREERSEEEEREERSRRENRRESRREREERERRRREREESR RN AR ERERNRENE ARSI RN ERERSE N AR EERNEENENEES S SRS ER S}

L =
+ Extension :
E Exons may be spliced in many alternative ways this exon and, instead, splice into their mRNA an E
* to form different mature mRNA molecules. For exon that enables the protein to be released from >
® example, early in their development human B cells the cell. Different splicing of the same pre-RNA .
» splice into one of their mRNA molecules an exon at different times means that a single eukaryotic :
« that enables a particular protein to be retained in gene can actually code for more than one .
E the cell’s surface membrane. Later, they stop splicing  polypeptide chain. E
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- Types of nucleic acid

1 Copy and complete the table to show the differences between the three

types of nucleic acid.

Hydrogen bonds present Number of polynucleotide Anticodon present or

Type of nucleic acid or not present? strands in molecule not present?
DNA

FETrTTIRAT R

mMRNA

tRNA

| DNA is a double-stranded molecule so there are hydrogen bonds
: between complementary bases on the two strands. mRNA is

. single stranded so there is no complementary base pairing and 1
i therefore no hydrogen bonds. tRNA folds back on itself so parts of —

the molecule are double stranded with complementary base pairing exon intron exon
. and hydrogen bonds. Anticodons are only found on tRNA molecules.  Figure 4.21 Base sequence.

Figure 4.21 shows the bases on one strand of part of a DNA molecule.

2 Give the sequence of bases on the mRNA transcribed from this DNA.

i The intron would be removed from the pre-mRNA and the sections
i complementary to the two exons spliced together to form the mRNA.

FEAFAPEYT PP R P PR PA PRI AT P PR A

Codon A sequence of three mRNA bases

that codes for a specific amino acid.

Triplet A sequence of three DNA bases that
codes for a specific amino acid.

Anticodon A sequence of three tRNA bases

that is complementary to a codon.

Translation

A new molecule of mRNA moves from the DNA to ribosomes in the
cytoplasm. In a eukaryotic cell, this involves leaving the nucleus through one
of the nuclear pores in the envelope surrounding the nucleus. One or more
ribosomes attaches to a molecule of mRNA. Each ribosome moves along

the molecule of mRNA, ‘reads’ the base sequence of the mRNA and uses it

to assemble a sequence of amino acids. Peptide bonds form between the
amino acids, creating a polypeptide. Once this polypeptide is complete, the
ribosome releases the polypeptide and detaches from the molecule of mRNA.

A ribosome ‘reads’ the mRNA base sequence three bases at a time. Each set
of three bases codes for a specific amino acid (see Table 4.6 on page 70).
For this reason, each set of three mRNA bases is called a codon. Each codon
is complementary to three bases, called a triplet, on the DNA from which it
was transcribed.

Although amino acids can be free in the cytoplasm of a cell, they cannot be
used by ribosomes unless they are attached to a molecule of tRNA. At the
end of one of its arms, each tRNA molecule has three free bases that can
base pair with a complementary codon on mRNA (Figure 4.22). At the end
of another of its arms, each tRNA molecule has a site that attaches to an
amino acid. The sequence of bases on the tRNA molecule that base pairs
with a codon is called an anticodon. A molecule of tRNA with a particular
anticodon always attaches to the same specific amino acid.

Figure 4.22 shows a single molecule of mRNA at an early stage of
translation. It is attached to a ribosome and three of its bases, a codon,
are shown within the ribosome. Ribosomes contain ribosomal RNA
(rRNA). A molecule of tRNA is also shown. Notice that the tRNA has

an anticodon that is camplementary to the codon. The amino acid that



is carried by the tRNA molecule is the one encoded by the codon on
the mRNA, which in turn was determined by a triplet on the DNA.

amino acid
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anticodon

ribosorre

Figure 4.22 Aribosome has attached to one end of a molecule of mMRNA. The
ribosome is ready to read’ the first three bases: the mRNA codon. You can also see
a molecule of tRNA that has a base sequence that is complementary to the codon;
this is the anticodon of the tRNA molecule. The tRNA is attached to an amino acid.

Figure 4.23 shows a molecule of mRINA at a later stage of translation. In
this diagram, you can see that the ribosome has moved along the mRNA
molecule one codon at a time and has joined more amino acids together, so
that a polypeptide chain is being formed by the ribosome.

chain of amino acids
forming a polypeptide

detached
tRNA

ribosorme = — me—

Figure 4.23 The ribosome has moved further along the mRNA molecule and has formed
a chain of amino acids that corresponds to the codons along the mRNA molecule.

Once a ribosome has ‘read’ the entire base sequence of a molecule of mRNA,
it releases the polypeptide it has formed. The ribosome then detaches

from the mRNA. It might re-attach at the start of the mRNA molecule and
produce another molecule of the polypeptide. Several ribosomes can attach
to, and move along, a single mRNA molecule at the same time.
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TEST YOURSELF

11 Explain the difference between a DNA triplet and an mRNA codon,

12 Why does transcription in prokaryotic cells produce mRNA rather
than pre-mRNA?

13 In which direction does a ribosome ‘read” an mRNA molecule during
translation?

14 Explain how different polypeptides might be made from the same
eukaryotic gene.

15 Explain the difference between the genome of a cell and the
proteome of a cell.
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The genetic code is common, degenerate
and non-overlapping

As we have seen, organisms have coded genetic information carried on
DNA. The information is carried using the genetic code, in the form of
triplets. A triplet is a sequence of bases in a DNA molecule. During the
production of a polypeptide, each triplet of a single gene is transcribed from
DNA into a molecule of mRNA. The sequence of bases (codon) in mRNA is
translated into a sequence of amino acids in a polypeptide. For this reason,
the genetic code is often given as mRNA codons rather than DNA triplets.

Table 4.6 summarises the genetic code. We can use the table to show two
further important features of the genetic code.

Look at the codons UAA, UAG and UGA in Table 4.6. These are ‘reading
instructions’ for ribosomes. When a ribosome gets to these ‘stop’ codons it
detaches from mRNA and releases its polypeptide chain.

Now look at the codons UCA, UCG, UCC and UCU. They all code for the
same amino acid, serine (Ser). This means that it does not matter about the
third base: UCX always codes for the amino acid serine. We describe this
by saying that the genetic code is degenerate: several mRNA codons may
encode the same amino acid.

Table 4.6 The genetic code. Three bases [a codon) on a molecule of MRNA encode a specific amino acid. The four bases,
adenine [A], cytosine [C], guanine [G) and uracil [U] can form the é4 different codons that are shown in the table. Abbreviations
for the names of the amino acids that they encode are shown alongside the codons. You do not need to remember the

contents of this table!
AAA Lys CAA Gln GAA Glu UAA STOP
AAG Lys CAG Gln GAG Glu UAG STOP
o |Aac Asn CAC His GAC Asp UAC Tyr
% AAU Asn CAU His GAU Asp UAU Tyr
=
: ACA Thr CCA Pro GCA Ala UCA Ser
E ACG Thr CCG Pro GCG Ala uce Ser
= |Ace Thr cce Pro GCC Ala uce Ser
2 ACU Thr ccu Pro GCU Ala ucu Ser
>
g AGA Arg CGA Arg GGA Gly UGA STOP
& AGG Arg CGG Arg GGG Gly UGG Trp
AGC Ser CGC Arg GGC Gly UGcC Cys
AGU Ser cGu Arg GGU Gly UGu Cys
AUA Ile CUA Leu GUA Val UUA Leu
AUG Met CUG Leu GUG Val UUG Leu
AUC e Ccuc Leu GUC Val Uuc Phe
AUU Ile cuu Leu GUU Val Uuu Phe

How many other amino acids can you find in Table 4.6 that are encoded by
more than one codon? Can you find any that are encoded by only one codon?



Having learned that some codons stop translation by a ribosome, you
might wonder how a ribosome ‘knows’ where to start translating the mRNA
code. This is slightly more complicated than the STOP codons in Table 4.6.
In most organisms, the ribosome must ‘recognise’ an AUG codon that is
followed by a G and has an A preceding it by three nucleotides, for example
the sequence AXXAUGG.
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TIP

The points you need to understand are that:
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® some mRNA base sequences are start and stop messages for
translation

® ribosomes only translate the mRNA molecule by taking a whole codon
at a time.

You might realise that the sequence of mRNA bases could be ‘read’ in a
variety of ways, but it is important that the ribosome ‘reads’ the sequence
in only one way, so that a polypeptide with the encoded sequence of amino
acids is the only one that is produced.

To explain why, lets take the following mRNA base sequence:
UCCCAUGACUCAUUCCCAGGG

If translation starts at the first codon (UCC), the order of encoded amino
acids will be

serine — histidine — aspartic acid — serine — phenylalanine — proline —

glycine
This results in the correct polypeptide being produced.

If the ribosome missed the first mRNA base, it would now produce a
polypeptide with the amino acid sequence

pro]ine: — methionine — threonine — histidine — serine — glutamine

In other words, a completely different amino acid sequence would be
produced, resulting in a polypeptide that would not have the appropriate
function. Having a specific START recognition sequence ensures that the
mRNA is always translated from the correct point in the mRNA molecule.

Now suppose that the ribosome were to ‘read’ the first mRNA base sequence
above by jumping one base along each time it had ‘read’ a codon. The
original base sequence would now be ‘read’ incorrectly as UCC, then CCC,
CCA, CAU, AUG, and so on. This is an overlapping sequence and, again,
would result in a polypeptide with an inappropriate sequence of amino
acids. Translating the first three bases as a single unit, followed by the
fourth, fifth and sixth in a second unit, and so on, ensures that the mRNA
code is non-overlapping. Each base is ‘read’ only once in the codon of
which it is a part. As a result of this non-overlapping nature of translation,

an appropriate amino acid sequence is always produced from a molecule
of mRNA.




Practice questions

“' 1 The diagram shows part of a DNA molecule.

a) i) Name structures X, Y and Z. (3)
ii) Draw a circle round one nucleotide. (1)

b) Name the bonds that form between structure X and
the molecule labelled C. (1)

¢) Name the bonds between the nucleotides in each strand. (1)

d) Describe and explain two features of DNA that make it useful as
an information-storing molecule. (4)

B 2 Below is the base sequence of mRNA that codes for part
of a polypeptide in a eukaryotic cell.

ACCGUGUCCAUGUAACGU

a) What is the maximum number of amino acids this sequence
could code for? (1)

b) Give the anticodon for the second tRNA molecule that would
bind to this sequence during translation. (1)

c) Write the base sequence for the DNA from which this mRNA
was transcribed. (2)

d) The length of the section of DNA that codes for the complete
polypeptide is longer than the mRNA used to transcribe it.

Give two reasons why: (2)
Ul
0 e) The table shows the percentage of bases in two different mRNA
o molecules transcribed from different parts of a chromosome.
-
=z
E Part of Percentage of base
= chromosome A G c U
i
E Middle 38 24 18
o= End 31 22 21
(-]
z i) Copy and complete the table with the missing values. 2)
< ii) Explain why the percentages are different for the two regions
& of the chromosome. 2)
~

Stretch and challenge

B 3 This chapter began with the story of how the structure of DNA was
worked out by Francis Crick and James Watson in 1953. In 1958,
Francis Crick published a paper in which he described what he called
the Central Dogma of Molecular Biology; that is, once (sequential)
information has passed into protein it cannot get out again. This has
since been simplified, perhaps oversimplified, to "DINA makes RNA
makes protein’. Since then, further discoveries about DNA and RNA
have challenged the Central Dogma. Describe some of these discoveries
and evaluate the extent to which you think they undermine either
version of Cricks idea.




The cell cycle
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: PRIOR KNOWLEDGE
Before you start, make sure that you are confident in your knowledge and
understanding of the following points.
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® [n body cells the chromosomes are normally found in pairs.

® Body cells divide by mitosis.

@ The chromosomes contain the genetic information.

® When a body cell divides by mitosis copies of the genetic material are
made. Then the cell divides once to form two genetically identical
body cells.

@® Mitosis occurs during growth or to produce replacement cells.

® Body cells have two sets of chromosomes; sex cells [gametes| have
only one set.

® Chromosomes are made up of large molecules of DNA
[deoxyribonucleic acid], which has a double helix structure.

® Each gene has a specific position on a chromosome, called its locus.

® Each gene codes for the amino acid sequence of a polypeptide or a
functional RNA molecule.

® DNA is made up of nucleotides. Each strand of DNA is made of many
nucleotides joined together.

® The two strands of DNA join together by hydrogen bonds formed
between complementary bases from adjacent nucleotides.
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zygote
Figure 5.1 A simplified life cycle of one organism. The numbers in the boxes
represent the number of chromosomes in one cell of the organism at each stage.
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1 In Figure 5.1, what are the missing numbers of chromosomes for
i) egg and ii] zygote?

2 What are the components of a DNA nucleotide?

3 Name the four bases found in DNA, and identify the bases that form
complementary base pairs.
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O Introduction

If you have visited the Royal Botanic Gardens at Kew, in London, you
probably enjoyed the variety of plants on display in the gardens and
glasshouses. In addition to the staff who tend the gardens and glasshouses,
there are teams of plant scientists working at the Royal Botanic Gardens.

One team works in the micropropagation unit. Members of this team
are experts at cloning or propagating plants from very small pieces of
plant tissue, hence ‘micro’. The containers in Figure 5.2 show plants
that are being grown in a special medium containing all the substances
they require. They are kept in a sterile environment to make sure that
the seedlings do not become infected by moulds, which could kill them.
Some plants are grown in very large numbers. Often, they are plants of
species from all over the world that are rare and possibly in danger of
becoming extinct.

Figure 5.2 A micropropagation unit. Inside each of the containers is a tiny plant that
is growing on a sterile growth medium. Some of the plants are grown from seed.
Others are grown from small pieces of growing tissue taken from a mature plant.

Cloning plants in this way relies on taking tiny clumps of dividing cells
from parts of the plant that are growing. New buds are often used. Each
of the cells in the clump has been formed by mitosis and contains all
the genetic information needed to form roots, stems and flowers in the
developing new plant. In this chapter, we will examine how cells pass
copies of their genetic information from cell to cell and about the type of
cell division that produces new, genetically identical cells.

Q Replication of DNA

In Chapter 4, we saw that DNA contains two polynucleotide strands that
are held together by hydrogen bonds between complementary base pairs.
You will see that this base pairing is vital during DNA replication; that
is, when DNA is copied. We can describe DNA replication using the three
stages shown in Figure 5.3.
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Figure 5.3 The process of DNA replication. [a] The two strands of the DNA molecule begin to unwind
when the weak hydrogen bonds between bases break. This happens at the pointwhere the DNA is to be
copied, creating a replication fork. [b] Free DNA nucleotides pair with complementary bases that are
exposed on each strand of the unwound DNA. [c] Hydrogen bonds form between the new nucleotides and
bases of each polynucleotide strand.

Stage 1: the polynucleotide strands of DNA separate

DNAhvlucaseTheenzymethatseparates Replication of a DNA molecule begins when its double helix partially

the DNA double helix by breaking its unwinds (Figure 5.3a). As it does so, the hydrogen bonds between

hydrogen bonds. complementary base pairs break down. If you guessed that an enzyme is
involved in breaking the hydrogen bonds, you are correct. The enzyme
is called DNA helicase. The breakdown of hydrogen bonds allows the
two polynucleotide strands to move apart. The point at which they are
separating is called the replication fork. Figure 5.3b shows that we now
have two separate strands of nucleotides with unpaired bases exposed to
free nucleotides.

Stage 2: free DNA nucleotides pair with exposed bases on each
polynucleotide strand

Template strandADNAstrandthat !5 The bases on the polynucleotide strands do not remain unpaired for long.
being used as a pattern for the assembly of ~ Individual DNA nucleotides have already been made in the nucleus. They
complementary bases into a new strand. are attracted to the exposed bases on each polynucleotide strand, and

hydrogen bonds form between complementary bases (Figure 5.3c¢). For
example, a free DNA nucleotide that includes the base adenine is attracted
to an exposed thymine on one of the polynucleotide strands, and forms
hydrogen bonds with it. This happens all along the unwound section of the
DNA molecule. As a result, each of the polynucleotide strands of the DNA
soon builds up a complementary sequence of nucleotides. Because each
original strand is acting as a pattern for the assembly of a new strand, the
original strands are known as template strands.

Stage 3: the new nucleotides bond together

DNApoly rneraseTheenzymethat jUEﬂS You can see in Figure 5.3c that new nucleotides have formed hydrogen

free nucleotides to form a new DNA strand.  bonds with the bases of each polynucleotide strand. However, these
new nucleotides are not joined together themselves. This happens in
the final stage of DNA replication, shown in Figure 5.3d. In this stage,
phosphodiester bonds are formed between the nucleotides by condensation
reactions (see Chapter 4, page 58). This linking of DNA nucleotides is
controlled by the enzyme DNA polymerase.
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Extension

Like all enzymes, DNA polymerase is highly specific called discontinuous replication because on this

» .
@ L
e ®
& &
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* (see Chapter 2). Because the two original strands are side the process creates the new strand in a series of #
® anti-parallel, the two new strands are also anti-parallel short sections. These then have to be joined together ®
s (see Chapter 4). The DNA polymerase can form by other enzymes. e
« phosphodiester bonds on one new strand as the .
. replication fork opens up and free nucleotides pair The strand formed by discontinuous replication takes .
) ) \ i #
¢ up with exposed bases on the template strand. This ~ longer to form because the DNA polymerase keeps .
® is called continuous replication. But on the other having to ‘catch up’ after the replication fork has :
¢ strand, DNA polymerase enzymes must allow the opened further. For this reason, this strand is called 2
s replication fork to open up a short distance before the lagging strand, in contrast to the one being built
e being able to link new nucleotides together because ~ smoothly in the opposite direction, which is called the ¢
» the new strand is pointing the other way. This is leading strand. .
w L
] -

We end up with two new DNA molecules, each formed from one
original polynucleotide strand and one new, replicated, polynucleotide
strand. We call this semi-conservative replication: one original strand
remains intact (is conserved) and one new complementary strand

is made using the old strand as a template for replication. The DNA
molecules rewind as this process is completed. The Watson and Crick
model of DNA structure (see page 56) supports the idea that a template
strand is used for semi-conservative replication.
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Extension

In eukaryotes the DNA molecule in each chromosome is very long, so if
replication started at one end and proceeded from one end to the other
in a linear way it would be a very slow process. If the DNA molecule
unwinds at a number of points along its length, forming more than one

replication fork at the same time, replication is speeded up.
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TEST YOURSELF

1 One strand of DNA contains the base sequence ATCGACG. What will
be the sequence of bases in the complementary DNA strand?

2 Name the type of reaction that is catalysed by DNA polymerase.

: 3 What is a template strand?

: 4 Name the enzyme that breaks the hydrogen bonds and unwinds the

strands to separate them.

i B What type of bond is formed between the nucleotides in a new strand?
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. Experimental evidence for
. semi-conservative replication of DNA

t You might wonder how we know that DNA replication
| is a semi-conservative process. After all, we cannot
i see DNA actually replicating. The evidence is

i indirect. Let’s look at one experiment that provides
evidence about DNA replication.

. Look back to Figure 5.3 on page 75. The conserved
i polynucleotide strands and the new polynucleotide
i strands are coloured differently to help you to

i understand the replication process. We can do
this in a diagram, but we cannot colour real DNA
nucleotides to help identify them.

. Scientists in one laboratory came up with a neat way
i of labelling nucleotides. It depends on the use of

two isotopes of nitrogen. The more common isotope
: has 14 uncharged particles, called neutrons, in the

: nucleus of each nitrogen atom. The rarer isotope has
15 neutrons in the nucleus of each nitrogen atom.

i This makes the rarer isotope [15N} heavier than the

i more common isotope [14N). The difference in mass
- is tiny. However, there are so many atoms of nitrogen
i in a strand of DNA that a difference in mass can be
detected.

Under laboratory conditions, a bacterium rapidly

: replicates its DNA and divides into two new cells.

| Bacteria use nitrogen-containing molecules in their
i growth medium to make DNA nucleotides. In this
experiment, the scientists used two types of growth

¢ medium containing nitrogen; in one medium, all the

| nitrogen atoms were the "N isotope, and in the other
they were all the *N isotope.

i At the start of the experiment, the scientists grew

. bacteria on a growth medium in which all the

| nitrogen was the "N isotope. After many generations
i of bacteria, they removed DNA from a sample of

the bacterial cells, putitinto a liquid and spun it in

i acentrifuge. The DNA formed a band in the liquid,
shown in Figure 5.4a.

i The scientists then repeated this procedure exactly,
: but used a growth medium inwhich all the nitrogen
. was the "®N isotope. The DNA extracted from
bacteria in this experiment formed the band shown
: in Figure 5.4b.

Finally, the scientists inoculated a sample of bacteria
i from the medium containing only the ®N isotope into

TIP

Learning how to evaluate material like this is an

important skill, so make sure you can do this. i
S |

= e ==

- =3 — Sv—

liquid

s band of DNA

g N\ Ly
(a) (b) (c)

Figure 5.4 The results of an experiment to
test the theory that replication of DNA is a
semi-conservative process. Each tube shows
the position of DNA taken from bacteria after
it was centrifuged at the same speed for the
came time in a liquid. [a] DNA from bacteria :
grown for many generations in a medium ;
containing only the “N isotope of nitrogen. [b]

DNA from bacteria grown for many generations

in a mediurn containing only the "N isotope

of nitrogen. [c] DNA from bacteria grown for

many generations in a medium containing only

the N isctope of nitrogen and then a single
generation in a medium containing only the “N

isotope of nitrogen.

a medium containing only the N isotope. After one
generation, they removed DNA from a sample of ;
these bacterial cells and spun itin a centrifuge. This |
DNA formed the band shown in Figure 5.4c.

DNA replication

Consider the experiment and answer the following
questions.

1 In the final part of the experiment, the scientists
inoculated bacteria from a medium containing "*N
into a medium containing "“N, Explain why. :

2 The scientists removed the final sample of bacteria
after only one generation in the medium containing
“N. Explain why this timing was important.

3 The scientists went on to conclude that their
experiment provided evidence for the theory of
semi-conservative replication of DNA. Do you
agree with this? In answering this question, ;
consider whether there is another valid conclusion
from these results. :
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EXAMPLE
DNA replication

Figure 5.5 shows a DNA molecule being replicated. The arrow shows the
direction in which enzyme A is moving.

1 Name enzymes A and B.
Enzyme A is DNA helicase. This
is because it Is the enzyme that
IS separating the two strands
of the original DNA molecule
by breaking the hydrogen
bonds between the bases and
unwinding the helix.

Figure 5.5

Enzyme B is DNA polymerase. This is because it is the enzyme building
the new strands by joining on free nucleotides as they are attracted by the
exposed bases on the template strands.

In eukaryotic DNA replication, a number of replication forks may open
up along the DNA molecule. What is the advantage of this?

Having replication happening at a number of points at the same time speeds
up the replication of the very long DNA molecules in eukaryotic chromosomes.

O Mitosis

According to cell theory, all cells arise from previously existing cells by cell
division. Mitosis is a type of cell division that occurs in eukaryotic cells.
During mitosis, a parent cell divides to produce two daughter cells. Each of
the two daughter cells contains some of the cytoplasm from the parent cell.
They also contain a complete copy of the parent cells DNA, making them
genetically identical to the parent cell and to each other.

I

PR T L D On pages 74—76 in this chapter we looked at the replication of DNA. The

chromosome that holds together DNA of eukaryotic cells is contained in linear chromosomes. Figure 5.6
chromatids until they are separated by the ~ shows you that the appearance of a chromosome changes after its DNA has
spindle fibres. been replicated. Before DNA replication, the chromosome is a single, rod-

like structure containing one tightly wound double helix of DNA. DNA
replication gives rise to two rod-like structures, each containing identical
molecules of DNA. One region of the chromosome, the centromere, holds
the two rod-like structures together. While they are held together they are
called chromatids. We describe the chromatids in a pair as sister chromatids.
During mitosis, sister chromatids are separated from each other. At anaphase
(see Table 5.1) the chromatids become chromosomes when they separate.
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Figure 5.6 (a] Following the replication
of DNA, a chromosome appears as

a double structure composed of two
chromatids. The chromatids are the
products of replication of the DNA in
the original chromosome. They are
temporarily held together by a region
called the centromere. [b] Human ‘sister’

X [centre] and Y [lower right] sex chromatids
chromosomes. Each chromosome has
replicated and so there are two identical
structures [chromatids] joined at the
centromere.

centromere

chromosome chromosome
before replication  after replication



Table 5.1 A summary of the events occurring during each stage of mitosis.

HN

Stage of mitosis Main events that occur in each stage

2
n

Interphase Cell makes a copy of its chromosomes
involving replication of DNA. Cell grows and
undergoes its normal physiological functions.

Prophase Chromosomes coil, becoming shorter

and fatter. We can now see them with an
optical microscope. Nuclear envelope
disappears. Protein fibres form a spindle in
the cell. Each chromosome consists of two
chromatids, each containing an identical
DNA molecule from DNA replication.

One or more spindle fibres attaches

to centromere of each chromosome,
Chromosomes line up in the middle of
the spindle.

Centromere holding each pair of sister
chromatids together divides. Spindle fibres
shorten and pull one of each pair of sister
chromatids to opposite poles of the spindle.
We can now refer to the chromatids as
chromosomes.

Telophase The two sets of separated chromosomes
collect at opposite ends of the cell. A new

nuclear envelope forms around each set of
chromosomes. Chromosomes become long
and thin. We can no longer see them clearly

_ with an optical microscope. Cytoplasm
TIP divides to form two new cells [cytokinesis).

The terms 'chromatid’ and

é:romoggme can ti{e confusing. Although mitosis is a continuous process, it is often described as a series of
romatids are replicate stages. The names of these stages, and the events that occur within them,
g g

chromosomes held together s elnrETAEd i TaRle S 1
by a centromere. As soon as

they separate, they are called Usually, following telophase, the cell divides into two in a process called
chromosomes again. cytokinesis. In animal cells, the cell membrane is pulled inwards across the
——=_centre of the cell, pinching off the cytoplasm into two equal halves, each
;::f't;:mki naale Dioislon of thi cytopiasm - containing a new nucleus. In plant cells, vesicles fuse to extend the cell
give two new cells. membranes across the cytoplasm and then new cell walls develop between them.
TEST YOURSELF

6 Mitosis produces clones. What is a clone?
7 Explain the difference between a chromosome and a chromatid.

8 The chromosomes in Figure 5.6 were taken during prophase. How
would they look different if photographed during anaphase?

9 What happens to centromeres during anaphase of mitosis?
10 Describe what happens during cytokinesis.
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. A student decided to prepare a stained

t squash of cells from the root tips of a plant

: for examining under an optical microscope.

. She cut off the lower part of growing roots

. and then placed them in ethanoic alcohol

: to 'fix’ the tissue. This prevented mitosis from
: continuing in the cells. She then placed the

: root tips in dilute hydrochloric acid at 60°C.

. This separated the cells. After this, she placed the tissue on a microscope
- slide with acetic orcein stain, which stained the chromosomes. Finally,

. she put a cover slip on top, and pressed down hard on the tissue using a

. folded paper towel, to obtain a layer of tissue just one cell thick. She then
- viewed the cells undera microscope.

. Figure 5.7 shows a photograph of cells in actively dividing tissue. The
. chromosomes have been stained so that we can see them. Cells in

. this tissue were at different stages of mitosis before they were killed
: and stained. The cells with indistinct nuclei were not dividing at the

! time the photograph was taken.

1 Look at cell A in Figure 5.7. Its nucleus is clear, but all we can seeis a

5 Cells A, B, C, D, E and F are in different stages of mitosis. Put them

6 |s cell D in prophase or telophase? Explain your answer.
. 7 The mitotic index of an actively dividing tissue is found by dividing

(Cp—
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. Preparation of stained squashes
. of cells from plant root tips;

. set-up and use of an optical

. microscope to identify the stages
- of mitosis in these stained

. squashes and calculation of a

. mitotic index

This is just one example of how you

. might tackle this required practical.

dividing by mitosis.

(N

Figure 5.7 Cells from the tip of a plant root. Many of these cells are

SAFETY

Your teacher will demonstrate

to you the correct procedure for
focusing the microscope to avoid
breaking the slide. Care should
be taken when using stains -
wear eye protection and make
sure you follow all instructions
you are given by your teacher.

dark-stained nucleolus surrounded by granules that are the tightly coiled
regions of DNA. At which stage of mitosis was this cell?

Look closely. Can you see that each chromosome looks V-shaped? This is
because a spindle fibre, which you cannot see, is pulling its centromere to
the left or right side of the cell. The arms of each chromosome lag behind
its centromere, making the 'V'". At which stage of mitosis is this cell?

H
i
.
- -
.
:

2 Look at cell B in Figure 5.7. It has two groups of thread-like chromosomes.

. 3 Now look at cell E. It has chromosomes that are visible but are not such clear

threads as in cell B. There are two clumps of chromosomes and a clear area

is developing between them. At which
stage of mitosis is cell E? What is happening in the clear area between
the clumps of chromosomes?

4 Cell F has a very distinctive appearance. The chromosomes are in

a line across the centre of the cell. In which stage of mitosis is cell F?
into the correct sequence, starting with the earliest stage.
the number of cells seen in mitosis by the total number of cells

counted [Chapter 14, page 245). If 320 of these plant root cells were
observed and B4 were seen in various stages of mitosis, calculate

O

TIP

Notice how some gquestions
were easy to answer. Anaphase
Is always very easy to identify. In
other cases, you needed to work
through a logical pathway before

you could answer the question. :
——

the mitotic index for this dividing root tissue.



O_ The cell cycle

Binary fission The method of cell division

found in prokaryotes.

Not all cells in multicellular organisms retain the ability to divide, In
actively dividing tissues, the new cells formed by mitosis grow before
replicating their DNA and dividing by mitosis again. Thus a cycle is formed,
called the cell cycle. Figure 5.8 shows this cell cycle. You can see that the
two events we have described in this chapter, namely replication of DNA
and mitosis, last only a short time during this cycle.

mitosis

1 hour

:
s
A
El
=
s-
'i
) .
g
2
&

10
hours

G1

interphase

Figure 5.8 The cell cycle in a eukaryotic cell.
The times shown represent a cell cycle of

24 hours, which might be found in actively
dividing tissues. The actual length of the cycle
varies from one type of cell to another.

L L LR S A A ERRERE R RRERE A ERERESRRERERRERE R R R R AR RED.

Extension

Each part of the cycle involves specific cell activities. These are:

® G1 phase: the cell increases in size

® S phase: the cell replicates its DNA

® G2 phase: the cell increases further in size and replicates its cell organelles
® M phase: mitosis.
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Cell division in prokaryotes

When prokaryotes such as bacteria divide, the process is simpler than
mitosis. Prokaryotes do not have chromosomes, just a single, circular
DNA molecule. However, their plasmids are also replicated and passed on.
Plasmids are really just much smaller circular DNA molecules. Bacteria can 81
contain more than one copy of a plasmid at any one time and the maximum

number of copies they can have of each is tightly regulated.

Cell division in prokaryotes is called hinary lission. Figure 5.9 shows

how the circular DNA molecule and any plasmids in the cell undergo DNA
replication. The cell then divides into two cells, each containing roughly
half the cytoplasm, one copy of the circular DNA molecule and some of the
plasmid copies. Prokaryotes have no membrane-bound organelles

(see Chapter 3, page 51), there is no nuclear envelope to break down

and there are no spindle fibres.



Figure 5.9 [a) Binary fission

taking place in bacteria. [b] The
single circular DNA molecule in
prokaryotes is replicated, together
with any plasmids, and the two
daughter cells each receive a copy
of the single circular DNA molecule
and a variable number of plasmids.

bacterial DNA plasmids O
= 0

@@o )

Even though there are no spindle fibres involved in binary fission, there
are mechanisms to ensure that a copy of the single circular DNA molecule
and some copies of each plasmid are in each half of the bacterial cell before
division takes place. Obviously each daughter cell must receive a copy

of the single circular DNA molecule, but even a daughter cell that fails to
receive at least one copy of a plasmid may die.

k3
Replication in viruses
Viruses are acellular and non-living (see Chapter 6, page 99) — they do not
have a cell structure, and consist only of DNA or RNA surrounded by a
protein coat. This means that they do not carry out cell division. Instead,
they replicate following injection of their nucleic acid into a host cell.
Different viruses use either prokaryotic cells or eukaryotic animal or plant
cells as hosts. Once their nucleic acid is inside a host cell, the hosts DNA-
replicating and protein-synthesising systems make more virus particles.
Eventually, these are released when the whole host cell bursts, or by
‘budding’ one at a time through the host cell membrane (Figure 5.10).
This is why viruses damage host cells and can cause disease.

Figure 5.10 Virus particles leaving
a host cell after replication.
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TEST YOURSELF

11 Name two processes involving actively dividing tissue.

12 How many double helices of DNA are present in each chromosome
lal at the start of the G1 phase and [b] at the start of the G2 phase?

13 Apart from the processes mentioned above, name two processes
occurring in cells during interphase.

14 List the differences between mitosis in eukaryotes and binary fission
in prokaryotes.
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O Cell differentiation

Not all eukaryotic cells undergo the cell cycle shown in Figure 5.8. Some
fungi grow as filaments that contain cells with more than one nucleus in
them. As described above, during mitosis the DNA of these fungi replicates
and then the new nuclei are formed. However, the cytoplasm does not then
divide. Many cells in mature plants, and most cells in mature animals, lose
the ability to divide. This is why;, in plant micropropagation, described at the
start of this chapter, it is easier to use actively dividing cells to obtain explants.

In most multicellular organisms newly formed cells change their properties
when they become specialised for specific functions. We call this process
differentiation, and it does not occur at random. Cells in one part of a
mature organism differentiate to form a tissue in which all the cells perform
the same function. Tissues are organised into organs and groups of organs
form systems, such as the digestive system.

O The cell cycle and cancer

During differentiation, most human cells lose the ability to divide by
mitosis. Even cells that continue to divide, such as those near the surface
of your skin, normally divide only about 20 to 50 times before they die.
Losing the ability to divide and programmed cell death are two ways in
which cells control their own division and thus numbers. Sometimes these
control mechanisms break down. The result is that, if kept supplied with
the necessary nutrients, such cells undergo repeated, uncontrolled division.
A large mass of these cells is called a tumour. Tumours may become
cancerous. Cancer occurs if cells from a tumour are able to break away and
form secondary tumours elsewhere.

In about 50% of people with all types of cancer, a gene that helps to
control cell growth (called p53) has mutated. However, there are many
other reasons why the normal control of cell division breaks down.
Consequently, there is no single treatment for cancer sufferers. However,
many cancer treatments work by controlling the rate of mitosis.
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Extension

Cancer treatments that control the rate of mitosis do so in different ways:

@ adriamycin and cytoxan are drugs that stop DNA unwinding prior to
replication
® methotrexate is a drug that stops cells making DNA nucleotides

@ taxol and vincristine are drugs that inhibit formation of the mitotic
spindle.
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TEST YOURSELF

15 How is a tumour formed?
16 Which process is prevented by methotrexate? Explain your answer.

17 Many drugs that are used to treat cancer have side effects because
they also affect healthy cells.Suggest why.
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Practice questions

1 a) The following statements describe different stages in mitosis. Put
them into the right order.

(1)

A | Chromatids separate and move to opposite poles of the cell.

breaks down.

B | Chromosomes become shorter and thicker, and the nuclear membrane

C | A new nuclear membrane forms around each group of chromosomes.

D | Chromosomes line up along the equator of the spindle.

b) Look at the figure. Put the letters A, B, C, D and
E in order to indicate the correct order of the
stages of mitosis. The first one has been done
for you. (1)

c

¢) The table shows the number of cells in different A
stages of mitosis in part of the growing region of
an onion root tip.

Stage of mitosis Number of cells
Interphase 47
Prophase 18
Metaphase b
Anaphase 2
Telophase 4

i) Calculate the mitotic index for this tissue.

ii) If the whole cell cycle for these cells takes 30 hours, calculate
how long the cells take to complete mitosis.

iii) Calculate how long the cells spend in metaphase.

2 The graph shows the mean distance between the centromeres and
the poles of the cell during mitosis.

a) i) At what time did metaphase begin? Explain your answer.

ii) Calculate the mean rate of chromatid movement during the
first 100 minutes of anaphase.

iii) Using a tangent on the graph, find the rate of chromatid
movement for the second 100 minutes of anaphase.

b) Vincristine is a drug used to treat cancer. It inhibits spindle
formation.

i) Which stage of mitosis does vincristine inhibit? Explain your
answer.

ii) Cancer patients who take vincristine can suffer hair
loss and anaemia. Suggest why.

(1)

2)
2)

(2)

(1)

2)

@)

2)

40+
30+
Distance/pm 20-
10-

0

0

50 100 150 200
Time/minutes



™ 3 Yeast cells are eukaryotic. They reproduce by a form of mitosis called

budding. Scientists sampled a yeast culture every hour for 6 hours. §
They counted how many yeast cells were in each sample and measured =
the DNA concentration. The results are shown in the graph. &
Key %
T -—= nurmber of o
yeast cells o
— concentration 2
No. yeast of DNA
cells and
DNA conc.

Tirne/hours

a) What process was happening between the 1 and 2 hour samples? (1)

b) In which stage of the cell cycle were many of the yeast cells

between | and 2 hours? (1)
c) Between which samples was cell division happening? (1)
d) Yeast cells are single-celled organisms. Cell division by budding daughter cell

results in two genetically identical daughter cells in the same '
way that binary fission does in prokaryotes. How does
budding differ from binary fission? (1) B =

e) Yeast cells are eukaryotic. Using your knowledge, explain how
mitosis in yeast differs from binary fission in bacteria. (3)

B 4 The bases in DNA nucleotides contain nitrogen. Scientists grew bacteria
on a medium containing N (‘heavy’ nitrogen) for many generations.
They then transferred the bacteria to a medium containing *N
(‘ordinary’ nitrogen). They analysed DNA from the bacteria at three

stages:
5 | bacteria grown bacteria grown cells in "N

1 while the bacteria were growing on the 5N on N mediurm first generation second generation
medium ) e . —

2 after one division of the bacteria on the *N e » —

; m—— e— T

medium

3 after two divisions of the bacteriaonthe "N | | ______ 1 | ________ =
medium. =

The DNA was analysed by extracting it from the SN - ————-  fm———————-

cells and centrifuging it in a tube. The layer of DNA
in the tube formed at different heights because of its

density. The diagram shows their results. L \_/ \_/
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a) i) Copy and complete the diagram on the right to show how the
tube would appear after one more division of the bacteria on
the "N medium. 2)

ii) Explain how these results confirm that DNA replication is
semi-conservative. (3)

b) An alternative theory was that DNA replication is conservative.
This theory suggested that the original DNA molecule
remained intact and that a new molecule of DNA was produced
without using any of the nucleotides from the parent strands.
Complete the diagrams below to show the bands of DNA that
would have appeared in the tubes if DNA replication had
been conservative. 2)

After one division of the bacteria on the *N medium.
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After two divisions of the bacteria on the **N medium.
 —>1

—

e

&

Stretch and challenge

5 The replicon model was first proposed as far back as 1964 to explain
prokaryotic DNA replication. What are replicons and how do they differ
in prokaryotic and eukaryotic DNA replication?




The immune system
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: PRIOR KNOWLEDGE

Before you start, make sure that you are confident in your knowledge and
understanding of the following points.

FEwuw

® Micro-organisms that cause infectious disease are called pathogens.

® Bacteria and viruses might reproduce rapidly inside the body; some
produce poisons [toxins) that make us feel ill.

® Viruses damage the cells in which they reproduce.

® White blood cells help to defend against pathogens by:

— ingesting pathogens

— producing antibodies, which destroy particular bacteria orviruses

— producing antitoxins, which counteract the toxins released by the
pathogens.

@® The immune system of the body produces specific antibodies that
destroy a particular pathogen. This leads to immunity from that
pathogen because, if exposed to the same pathogen, they rapidly
produce more of the correct antibodies.

@ People can be immunised against a disease by introducing small
quantities of dead or inactive forms of the pathogen into the body
[vaccination). Vaccines stimulate the white blood cells to produce
antibodies that destroy the pathogens.
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: TEST YOURSELF ON PRIOR KNOWLEDGE

1 Give two ways in which pathogens might affect the body cells they
infect.

2 Why are antibodies described as specific?

i3 Apart from antibodies, give one way in which white blood cells protect
the body against pathogens.

4 |f you arevaccinated against measles, you will not suffer from
measles. Explain why.

5 Colds are caused by a virus. You might suffer from more than one
cold in a single winter. Explain why.
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Introduction

Look at the baby in Figure 6.1 (overleaf). He lives in the plastic cage or
bubble that you can see around him. The bubble is completely airtight. The
air that he breathes has to be filtered before it is pumped into the bubble.
The food and water that he consumes must pass through an air lock before
he can touch them. Anyone who wishes to touch him must work through
the plastic gloves you can see in the photograph. This boy can never leave
the plastic bubble. He will not be able to go to school. He will not be able to
play out with friends. He will not be able to touch his mother, his father or
his siblings. Can you imagine a life like this?
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Figure 6.1 This boy suffers from SCID. The plastic bubble in which he lives protects
him from infection.

This boy was born with an inherited condition, called severe combined
immunodeficiency (SCID). His immune system is unable to recognise
foreign cells and does not produce enough white blood cells. White blood
cells are part of the immune system, the system that helps to protect us
against disease. If he were to suffer any infection he could not fight it off.
As a result, even the mildest infection could kill him.

Thankfully, for most of us the body has a number of defences against
pathogens. The first is to prevent their entry by various physical and
chemical barriers, such as the skin, membranes, tears and saliva. If this
fails, the second is for the region invaded by the pathogen to swell and
become red, in what is called a non-specific inflammatory response. If
this fails, the third defence occurs. Here, the body is able to recognise
‘foreign’ cells and target particular pathogens in a specific immune
response.

Surface proteins are important in enabling the body to recognise

its own cells (‘self’) and the cells of pathogens that are invading the
body (‘non-self’). Key to this is the way that proteins on the surface
membranes of cells are used to identify them (see the fluid mosaic
model on page 43). Understanding the role of proteins on the surface
membranes of cells is vital to understanding the specific immune
response. You will remember that you learned about the proteins in cell
membranes in Chapter 3. Some of the surface proteins of white blood
cells are receptors that bind to the proteins on the surface of pathogens.
One type of white blood cell releases copies of its surface receptors as
antibodies.



O Phagocytes and lysosomes

If a pathogen gets into your body, an inflammatory response is your second
line of defence. This type of response is non-specific, meaning that it is the
same for all pathogens. Blood contains two types of blood cell: red cells
and white cells. Unlike red cells, there are many different types of white
cell. Some of these are phagocytes. This means that they can surround and
digest microscopic pathogens.

The white blood cell in Figure 6.2 is the most common type of
phagocyte in your blood, called a neutrophil. You can see that its
cytoplasm is full of lysosomes. You learned about lysosomes in
Chapter 3 (see Table 3.1 on page 41). They contain enzymes that
can digest proteins, lipids and carbohydrates and are important in
destroying pathogens.
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The cell-surface membrane of a neutrophil has protein receptors that bind
to antigens such as those on the surface of pathogens. Their complementary
binding sites enable a neutrophil to bind to a pathogen such as a bacterial
cell. You can see in Figure 6.3 how a neutrophil then ingests the pathogen,
forming a membrane-bound vacuole around it.

Lysosomes move to this vacuole and their membranes fuse with the
membrane around the vacuole. This fusion releases enzymes, called
lysozymes, onto the ingested pathogen. The lysozymes hydrolyse the
pathogen and the neutrophil absorbs the harmless products of digestion.
In this way, all phagocytes kill bacteria and other pathogens that have

Figure 6.2 This blood cellis a

neutrophil, the most common type of
phagocyte in your blood. Phagocytes
are cells that can ingest and then entered the body.

digest microscopic pathogens. Notice ey prophils are carried in the blood, but they can also move and leave
that its cytoplasm is full of lysosomes

(coloured red). These contain enzymes,  the blood to attack microscopic pathogens in other tissues. They leave the
called lysozymes, that are importantin blood by squeezing through tiny gaps between the cells that form capillary
destroying ingested pathogens. walls (see page 158).

Extension

The release of a chemical called histamine helps neutrophils leave the
blood by making the walls of capillaries leaky’. Histamine is released by
another type of white blood cell, called a mast cell, when tissues outside
the circulatory system are damaged. It causes capillary walls to become
more permeable so that they lose more fluid to their surroundings. This
leads to localised swelling,
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Figure 6.3 How a phagocyte destroys a pathogen.
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TEST YOURSELF

1 Explain the meaning of the term ‘pathogenic’.

2 The vast numbers of bacteria living in your large intestine help to
prevent infection by pathogens. Suggest how.

3 Pathogens are harmful but, once digested by phagocytes, the
products of their digestion are not. Explain why.

4 A site of inflammation, such as a cut on your finger, becomes hotter
than the surrounding skin. Suggest why.
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O The specificimmune response:
lymphocytes
The immune system recognises and destroys any foreign cells, pathogens,
abnormal cells or toxins. The immune system does this by recognising
molecules on the surface of the body’s own cells and identifying them as
‘self’. Any cells, toxins or pathogens that have other molecules on their

surface are recognised as ‘foreign’, and these are attacked by the cells of the
immune system.

Phagocytes, which you have just learned about, do not respond in a
specific way to a microscopic pathogen; they ingest and destroy any.

In contrast, lymphocytes are specific. Lymphocytes are another type

of white blood cell. Each lymphocyte attacks only one type of antigen.
Figure 6.4 shows the appearance of a lymphocyt<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>